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S U M M A R Y 

KAERI has developed the conceptual design of a Liquid Metal Reactor, KALIMER 
(Korea Advanced LIquid MEtal Reactor) under the Long-term Nuclear R&D Program. 
KALIMER addresses key issues regarding future nuclear power plants such as plant 
safety, economics, proliferation, and waste. In this report, key safety design features are 
described and safety analyses results for typical ATWS accidents in the KALIMER 
design with breakeven core are presented.  

First, the basic approach to achieve the safety goal is introduced in Chapter 1, and the 
event categorization and acceptance criteria for the KALIMER safety analysis are 
described in Chapter 2.  

In Chapter 3, results of inherent safety evaluations for the KALIMER conceptual design 
are presented. The KALIMER 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 system response to the events. They are categorized as bounding events 
(BEs) because of their low probability of occurrence.  

In Chapter 4, the performance analysis results of the KALIMER containment dome are 
described along with the HCDA accident scenario and source terms. The major 
containment parameters of peak pressure and peak temperature have been calculated 
using the CONTAIN-LMR code. Radiological consequence has been evaluated by the 
MACCS code. 

Finally, a simple methodology is introduced to investigate the core energetics behavior 
during HCDA in Chapter 5. Sensitivity analyses have been performed for the 
KALIMER core behavior during super-prompt critical excursions, using SCHAMBETA 
code developed in the framework of the Modified Bethe-Tait method. Work energy 
potentials based arising from the sodium expansion as well as the isentropic fuel 
expansion are then calculated to evaluate the structural integrity of the reactor vessel, 
reactor internals and primary coolant system of KALIMER. 
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CHAPTER 1  Introduction 

1.1 Safety Objectives and Design Description 

1.1.1 Safety objectives 
KALIMER (Korea Advanced LIquid MEtal Reactor) is a liquid metal sodium 

cooled fast reactor plant. The ultimate objectives for KALIMER conceptual design [1-1] 
are to make it safer, more economical, more resistant to nuclear proliferation, and yield 
less impact on the environment. The safety systems of KALIMER are based on passive 
system and KALIMER does not require active components in coping with accidents. It 
improves the reliability of KALIMER safety function. KALIMER also has other 
enhanced safety features such as using metallic fuel, USS, GEM in the core and Passive 
Safety Decay Heat Removal System (PSDRS).  

KALIMER accommodates unprotected anticipated transients without scram (ATWS) 
events without operator action, and without the support of active shutdown, shutdown 
heat removal, or any automatic system without damage to the plant and without 
jeopardizing public safety. Neither operator action nor offsite support is required for at 
least three days without violating core protection limits at an accident. 

1.1.2 KALIMER conceptual design 
In the KALIMER conceptual design, 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 NSSS and Fig. 1-2 shows the layout of the 
KALIMER system including BOP. 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 has a 
net electrical rating of 150MWe and the plant thermal balance was setup to the electric 
out put. The required core thermal output is 392 MWth. The plant system design 
parameters are based on the electrical rating and core thermal power. Fig. 1-3 illustrates 
the energy balance in the KALIMER system. 

1.1.2.1 Core 
The core adopts a heterogeneous configuration in the radial direction that 

corporates annular rings of internal blanket and driver fuel assemblies. The core layout, 
shown in Fig. 1-4, consists of 54 driver fuel assemblies, 24 internal blanket assemblies, 



48 radial blanket assemblies, 6 control rods, 1 ultimate shutdown system (USS) 
assembly, 6 gas expansion modules (GEMs), 48 reflector assemblies, 54 B4C shield 
assemblies, 72 shield assemblies, and 54 in-vessel storages (IVSs). There are no upper 
or lower axial blankets surrounding the core. The core has an active core height of 100.0 
cm and a radial equivalent diameter (including control rods) of 207.7 cm. The 
physically outermost core diameter of all assemblies is 344.3 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 blanket assembly data, respectively. 

The base alloy, ternary (U-Pu-10%Zr) metal fuel is used for the KALIMER as the driver 
fuel. The fuel pin is made of sealed HT-9 tubing containing metal fuel slug in columns.  
The fuel is immersed in sodium for thermal bonding with the cladding. A fission gas 
plenum is located above the fuel slug and sodium bond. The bottom of each fuel pin is a 
solid rod end plug for axial shielding. The 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 indentical 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. Gas expansion 
modules (GEMs) located at the periphery of the active core are passive reactivity 
feedback assemblies that insert negative reactivity into the core during the loss of flow 
events. The ultimate shutdown system (USS) which drops neutron absorber by gravity 
is located in the core 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 initial and equilibrium core are summarized in 
Tables 1-4 and 1-5, respectively. 

1.1.2.2 Primary and intermediate heat transport systems 
Primary heat transport system (PHTS) mainly delivers the core heat to 

intermediate heat transport system (IHTS) and IHTS works as the intermediate system 
between PHTS where nuclear heat is generated and the steam generator system (SGS) 



where the heat is converted to steam. The steam generator is a once through steam 
generator with helical tube with a superheated steam cycle. Figure 1-7 indicates the 
schematic of PHTS. 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. 
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 EM pumps and IHXs. 
Elevation and coolant volume of the compartments of reactor vessel are indicated in Fig. 
1-8.

The system reliability is improved by using electro-magnetic (EM) pumps which do not 
have moving parts for both of the primary and intermediate coolant pumping. The low 
momentum inertia of the EM pump is compensated for by the flow inertia device. The 
device stores rotating kinetic energy when the EM pump runs normally but supplies 
electricity to the EM pump by converting the stored rotating kinetic energy to electricity 
at a pump power supply failure. Cold sodium from the cold pool is pumped by the 
primary EM pumps into the core inlet plenum and thence 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 inlet pump to the core inlet plenum. 



1.2  KALIMER Approach to Safety 

1.2.1 Safety design philosophy 
 KALIMER is designed in accordance with a defense-in-depth safety philosophy 

that utilizes multiple fission product barriers to prevent the release of radioactivity to the 
environment, and multiple levels of safety to protect these barriers and reduce the 
consequences of their failure. KALIMER has three fission product barriers to physically 
prevent the release of fission products to the outside environment. These are the fuel pin 
cladding, the primary 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 are: 

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

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

3) Use of two 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.  

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 like the GEMs and negative temperature and power reactivity coefficients of 
the reactor to limit the power increase.  



The fifth level of safety focuses primarily on extremely unlikely events which may lead 
to core meltdown. This level ensures that the released fission products and molten fuel 
remain confined within the reactor vessel. To accomplish this level of protection, the 
reactor vessel head is designed with enough margin to accommodate the pressure loads 
from a hypothetical energetic severe accident and 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, much efforts are devoted to accident 

resistance, accident mitigation, core damage prevention, and prevention of large 
radioactivity release.       

 For the accident resistance, simplicity is emphasized in all aspects of design, 
construction, operation, and maintenance. Complexity of plant design has been one of 
the main sources for the high capital cost and threat to the safety of conventional 
nuclear plants 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 large thermal capacity of the pool makes system 
transient slower and thus provides more time to cope with abnormal events and higher 
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. 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, GEM, 
and USS. The 3 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 which 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, KALIMER operation is to be realized in the next century and 
the CDF (Core Damage Frequency), which is a representative safety level of a nuclear 
plant, should be lower in KALIMER (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 core damage prevention, CDF should be lower in 
KALIMER than in currently planned LWR, , and  

For prevention of large radioactivity release, containment is the last barrier to the 
radioactivity release and the KALIMER containment should be designed to realize the 
release rate target considering the fuel source strength characteristics. Large 
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 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 worths for KALIMER breakeven 
core is provided in Tables 1-4 and 1-5. 

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. 

Metallic fuel expands significantly as it heats. Fuel thermal expansion is also a fast 
feedback mechanism. Radial fuel slug expansion is accommodated within the pin and 
the fuel bundle lattice and does not affect 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. 

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 increased leakage of neutrons from the 
core because there are fewer sodium atoms to scatter them back into the core. 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. 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 
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 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. 

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 
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. 



Table 1-1  Major Design Parameters of KALIMER 

OVERALL 
Net plant Power, MWe                               150 
Core Power, MWt                               392.2 
Gross Plant Efficiency, %              41.5 
Net Plant Efficiency, %                             38.2 
Reactor                                           Pool Type 
Number of IHTS Loops                    2 
Safety Shutdown Heat Removal            PSDRS 
Seismic Design     Seismic Isolation Bearing 

CORE 
Core Configuration                    Heterogeneous 
Core Height, mm                                        1000 
Axial Blanket Thickness, mm                          0 
Maximum Core Diameter, mm                   3373  
Fuel Form           U-Pu-10% Zr Alloy 
Feed Driver Fuel TRU Enrichment for        30.0 
Equilibrium Core, % 
Assembly Pitch, mm                                  161.0 
Fuel/Blanket Pins per Assembly          271 / 127 
Cladding Material                                        HT9 
Refueling Interval, months                             18 

PHTS
Reactor Core I/O Temp., 0C            386.2 / 530.0 
Total PHTS Flow Rate, kg/s              2143.1 
Primary Pump Type                 Electromagnetic 
Number of Primary Pumps                      4 

IHTS  
IHX I/O temp., 0C                         339.7 / 511.0 
IHTS Total Flow Rate, kg/s                    1803.6 
IHTS Pump Type              Electromagnetic 
Number of IHXs                     4 
Number of SGs                     2 

Steam System
Steam Flow Rate, kg/s          175.45 
Steam Temperature., 0C                           483.2  
Steam Pressure, MPa                                15.5 



Table 1-2  Design Parameters of Driver Fuel Assembly 

ASSEMBLY DATA
Cold condition Hot condition

Number of Pins per Assembly 271 271
Fuel Smeared Density(%) 75.0 75.0
Duct Material HT9 HT9
Duct Wall Thickness(mm) 3.70 3.72
Duct Outer Flat to Flat (mm) 157.00 157.84
Duct Inner Flat to Flat (mm) 149.60 150.40
Active Length (cm) 100.00 105.00
Fuel Element Length (cm) 346.80 353.40
Gap Distance between Ducts (mm) 4.00 4.02
Assembly Lattice Pitch (mm) 161.00 161.86
Assembly Area (cm2) 224.482 226.881
Upper Gas Plenum(/Na Filled) Length (cm) 132.50 20.00 133.49 20.15
Upper End Plug (cm) 2.54 2.56
Lower End Plug and Shielding (cm) 111.76 112.36
Overall Assembly Length (cm) 442.17 449.40

PIN DATA

Fuel Type U-Pu-10%Zr U-Pu-10%Zr
Fuel Fabrication Density (%TD) 100.0 100.0
Cladding Material HT9 HT9
Pin Overall Length (cm) 346.80 353.40
Pin Outer Diameter (mm) 7.40 7.45
Pin Inner Diameter (mm) 6.30 6.34
Cladding Thickness (mm) 0.55 0.55
Fuel Slug Diameter (mm) 5.46 6.34
Fuel Cladding Gap (mm) 0.42 0.00
Pin Pitch (mm) 8.90 8.95
Pin P/D Ratio 1.203 1.201
Wire Wrap Diameter (mm) 1.40 1.41
Wire Wrap Pitch (cm) 20.49 20.62
Bond Na Na



Table 1-3   Design Parameters of Blanket Assembly 

ASSEMBLY DATA
Cold condition Hot condition

Pins per Assembly 127 127
Smeared Density(%) 85.0 85.0
Duct Material HT9 HT9
Duct Wall Thickness(mm) 3.70 3.72
Duct Outer Flat to Flat (mm) 157.00 157.84
Duct Inner Flat to Flat (mm) 149.60 150.40
Active Length (cm) 100.0 105.0
Fuel Element Length (cm) 346.80 353.40
Gap Distance between Ducts (mm) 4.00 4.02
Assembly Lattice Pitch (mm) 161.00 161.86
Assembly Area (cm2) 224.482 226.881
Upper Gas Plenum(/Na Filled) Length (cm) 132.50 20.00 133.49 20.15
Upper End Plug (cm) 2.54 2.56
Lower End Plug and Shielding (cm) 111.76 112.36
Overall Assembly Length (cm) 442.17 449.40

PIN DATA

Fuel Type Depleted U-10%Zr Depleted U-10%Zr
Fuel Fabrication Density (%TD) 100.0 100.0
Cladding Material HT9 HT9
Pin Overall Length (cm) 346.80 353.40
Pin Outer Diameter (mm) 12.00 12.08
Pin Inner Diameter (mm) 10.92 10.99
Cladding Thickness (mm) 0.54 0.54
Fuel Slug Diameter (mm) 10.07 10.99
Fuel Cladding Gap (mm) 0.43 0.00
Pin Pitch (mm) 13.00 13.07
Pin P/D Ratio 1.083 1.083
Wire Wrap Diameter (mm) 0.95 0.96
Wire Wrap Pitch (cm) 30.00 30.19
Bond Na Na



Table 1-4  Summary of Reactivity Worths (Initial core) 

BOEC EOEC
Fuel Temperature(Doppler) Coefficient (d rho/ dT)
  Sodium Flooded  -0.08692T-1.44  -0.08191 T-1.42

  Sodium Voided  -0.08787T-1.47  -0.08657 T-1.46

Uniform Raidal Expansion Coefficient
  (dk/k) /(R/dR)(pcm/%) -143 -141
  dk/dT (x 10-4)(1/K) -8.6899 -8.3742

Sodium Void Effect (pcm)
  Driver Fuel (DF) 560.63 760.40
  Internal Blanket (IB) 606.71 664.46
  Radial Blanket (RB) -186.66 -159.50
  DF + IB 1205.75 1462.89
  DF + IB + RB 1012.74 1298.46
  DF + IB + RB + GEM -302.48 130.54

Control Rods (pcm)
  1 Rod 970.13 1021.63
  3 Rods (Cluster) 3632.25 3793.89
  6 Rods (Total) 7688.38 8051.33
  Interaction Factor
    Adjacent Rods 0.925 0.931
    Clusters 1.058 1.061

GEM (pcm) 1228.55 1086.66

USS (pcm) 1441.87 1847.07

Total Beta-effective 0.00397 0.00392



Table 1-5  Summary of Reactivity Worths (Equilibrium core) 

BOEC EOEC
Fuel Temperature(Doppler) Coefficient (d rho/ dT)
  Sodium  -0.08649 T-1.42  -0.08367 T-1.41

  Sodium Voided  -0.09095 T-1.46  -0.08150T-1.45

Uniform Raidal Expansion Coefficient
(dk/k) /(R/dR)(pcm/%) -141 -139

  dk/dT (x-4)(1/K) -8.4056 -8.2541

Sodium Void Effect ($)
  Driver Fuel 2.02 2.10
  Internal Blanket 2.32 2.60
  Radial Blanket -0.45 -0.38
  DF + 4.45 4.80
  DF + IB + 3.99 4.41
  DF + IB + RB + 1.28 2.02

Control Rods ($)
  1 2.88 2.95
  3 Rods 10.72 10.89
  6 Rods (Total) 22.71 23.10
  Interaction 
    Adjacent 0.930 0.934
    1.059 1.060

GEM ($) 2.55 2.24

USS ($) 5.06 6.10

Total Beta-effective 0.00355 0.00358



Fig. 1-1  Schematic of KALIMER System 



         Fig. 1-2  Layout of KALIMER System  
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Fig. 1-3  Energy Balance of KALIMER 



Fig. 1-4  Breakeven Core Configuration 
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Fig. 1-4 Driver Fuel and Blanket Design 

Fig. 1-5  Driver Fuel Assembly  



Fig. 1-6  Driver Fuel Pin  
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Fig. 1-7  Schematic of Primary Heat Transport System



Fig. 1-8  Dimension of KALIMER PHTS 



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 
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 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 design concept. 

Specific selection criteria of the DBEs are: 
1) Event sequences with frequency greater than 10-6 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 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 



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 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. 



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 
conceptual design stage of the KALIMER are presented in Fig. 2-1. XUs should be 
analyzed on a best-estimate basis, rather than on a known conservative basis for IEs and 
UEs. In selecting the events to be included in XU, the KALIMER 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 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 design in order to 
account for uncertainties in design and reliability and the acknowledge the difficulty in 
being able to identify, particularly at the conceptual design stage, all failure modes of a 



system or component. The major sources of uncertainty affecting the event selection are 
limitation of performance and reliability data for the critical systems, mainly the PSDRS 
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 performed for the KALIMER DBEs. 
Conservative calculations are used to predict plant response during the postulated DBEs. 
Also, for each event category except XU, a single limiting event is selected for those of 
the postulated consequences envelope all of the others in that category.  

This evaluation uses four sets of acceptance criteria: reactor shutdown, shutdown heat 
removal, radiation exposure to 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 10 CFR 100 are not exceeded for the postulated site suitability 
source term, then the public health and safety are adequately protected. 

The reactor shutdown acceptance criteria are that the core fission power should be shut 
down for all DBEs such that the calculated temperature limits of Table 2-2 are not 
exceeded during the event sequence. Temperature limits are established for the reactor 
core cladding, core sodium, PHTS sodium coolant boundary, and fuel centerline. 
Specific temperature limits for the PHTS are based on the type of materials used in 
KALIMER, the frequency of occurrence of each event category and the time duration of 
each event. These parameters are evaluated using the service levels limits of Table 2-3. 
These service level limits are consistent with current PWR practice. The radiation 
exposure to plant personnel acceptance criteria shown in Table 2-2 are consistent with 
the PRISM practice. The offsite radiological dose acceptance criteria are those 
recommended by 10 CFR 50 and 100. 



KALIMER has top-level design requirements for safety. Conservatively quantifiable 
criteria are set based on current knowledge of irradiated metal fuel and HT9 pin 
behavior to insure that these design requirements are met. These criteria are based on 
physical phenomena that govern the safety and reliability. The currently accepted 
temperatures corresponding to the core performance criteria for normal operation and 
design basis event transients are summarized in Table 2-2. Core outlet temperature 
limits to assure the structural integrity for the given event category, as shown in Table 2-
3, are summarized in Table 2-2, too. 

Especially, the acceptance criteria for the anticipated transients without scram (ATWS), 
belonging to bounding events (BEs) in XU category, are: (1) no sodium boiling, (2) no 
structural integrity violation, (3) no cladding failure, (4) no fuel melting. In order to 
assure that the requirements for BEs are met, conservative acceptance criteria in terms 
of temperature limits are set based on the current knowledge of irradiated metal fuel and 
HT9 pin behavior. The temperature limits are dependent on the specific KALIMER fuel 
and cladding compositions and are subjected to revision as additional experimental test 
data become available. Although the temperature limits may be modified somewhat 
over time, the phenomenological safety criteria are not expected to change.  

(1) No sodium boiling 
Protection of the reactor structures is provided by limiting the potential for ATWS 
events to progress into energetic HCDA events. Because U-Pu fueled core has positive 
coolant voiding reactivity coefficient over much of the active core length, significant 
boiling must be avoided. Local boiling in the core may also result in an increased 
cladding failure rate as cladding and fuel-cladding interface temperature increase. The 
sodium boiling temperature depends on the pressure, which varies with sodium depth 
and pumping. In KALIMER, the in-core sodium boiling temperature is about 1343 K 
(1070 oC) if the pumps are operating and 1233 K (960 oC) if the pumps are off.  

(2) Maintain structure integrity 
The ASME Code Level D limits are 1033 K (760 oC) over the short term (less than two 
hours) or 973 K (700 oC) over the longer term, i.e., more than one hour. The level D 
limits for the core average outlet temperature are given in Table 2-2. The structural 
temperature will be similar to the core outlet sodium temperature although they will lag 
sodium temperature significantly during the early portion of a transient. 



(3) No cladding failure 
TREAT tests of metal fuel pins combined with transient computer model analyses 
indicate that cladding rupture is the principal fuel mechanism that release fission 
products and fuel into the coolant. Failure by cladding creep rupture, with cladding 
thinning by fuel-cladding liquid phase formation, is the appropriate mechanistic 
cladding breach criterion. This criterion is simplified for the conceptual design into a 
cladding temperature limits that serve to limit the cladding creep strain to magnitudes 
less than that associated with cladding rupture. 

Cladding creep strength is a key issue in cladding rupture prevention. The ferritic alloy 
HT9 has significant degradation in creep strength at elevated temperature. For the 
conceptual design phase of KALIMER, a simplified temperature limit of 790 oC (1063 
K) at the cladding mid-wall has been selected to preclude early cladding rupture (less 
than 2 hours).  

A complexity of the cladding creep rupture phenomena is the internal cladding wastage 
caused by formation of a low melting temperature alloy of the metal fuel and cladding. 
Below the alloy melting temperature of 704 oC, the alloy formation is limited to a solid 
diffusion process and cladding degradation is extremely slow. Once the alloy has melted, 
the wastage rate increases rapidly. To limit the strength degradation and the amount of 
fuel liquefied, the internal attack is limited to less than 10% of the cladding wall 
thickness. Short term excursions above the alloy solidus do not result in cladding failure 
and are permitted if evaluation shows less than 10% cladding thinning. In the 
preliminary design limit of PRISM, GE has limited the cladding attack to be less than 
10 percent of the wall thickness. However, this criterion is not applicable to KALIMER 
because of lack of the available information regarding HT9 property. Instead it is 
suggested a cladding temperature limit about 977 K (704 oC) based on conservative 
assessment of literature available on the eutectic data and physics. Both the ternary 
metal fuel and the HT9 cladding are in a development stage, and there are little data 
available at significant burnup levels. Therefore the temperature limit for eutectic 
formation is not well known. 

(4) No fuel melting 
The M series of TREAT tests and Argonne whole pin furnace tests have demonstrated 
that extensive fuel melting doest not affect the basic pin failure mechanism. Based on 



the aggregate of metal fuel tests, centerline fuel melting, even extensive melting 
exceeding 80% of a given cross-section, is not a problem and does not result in pin 
failure. Fuel melting temperature is well above the minimum temperature for formation 
of fuel-cladding liquid phase, except for the case of extremely high coolant temperature.  

Even though the centerline molten fuel at the overpower transient does not contribute to 
the cladding failure, limitation of the amount and time duration of molten fuel is given 
as shown in Table 2-2. Fuel melting should be less than 50% of pin cross-sectional area 
for less than 2 minutes. Equivalent fuel temperature greater than 1070 oC (1343 K) for 
less than 2 minutes eliminates the potential of the fuel motion reactivity effect. 



Table 2-1 
KALIMER Event Categorization and Evaluation Criteria 
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Table 2-2 
KALIMER Safety Criteria for Event Category 



Table 2-3 
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 Event Categorization 



CHAPTER 3.  Accident Analysis of ATWS 

This chapter presents inherent safety evaluations for the KALIMER conceptual design. 
The KALIMER 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 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 PSDRS. Analyses of the selected ATWS are conducted 
to assure that these inherent features are effective in the KALIMER design. The events 
considered are: Unprotected control rod withdrawal (UTOP), Unprotected loss of heat 
sink (ULOHS), Unprotected loss of primary flow (ULOF), and combination of those 
events. 

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 
code was used for assessment of the inherent safety features in the KALIMER 
conceptual design. 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 KALIMR development project. 

The SSC-K is based on the methods and models of SSC-L [3-2], as its parent code, that 
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, and the PSDRS. Also a 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. The SSC-K 
code also has been applied to the computational engine for an interactive simulation of 
the KALIMER plant. 

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 as shown in 
Fig.3-1 in which several major components are represented. Each PHTS is represented 
by the reactor vessel flow passages, the primary pump, and the shell side of the IHX. 
Each 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 [3-3]. In KALIMER, 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 
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 radial blanket, 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 structure 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. 

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 [3-4] 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 -  turbulence model 
are made in a generalized coordinate system. The SIMPLEC [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]. However, the two dimensional hot pool model was not 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, several modifications have 
been made [3-7, 3-8]. For neutronic calculations, SSC-K uses a point kinetic 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 core. 

In addition to the reactivity model, a GEM model has been developed for SSC-K. The 
GEM assemblies are added to KALIMER core in order to supplement the negative 
reactivity feedback once the pump is tripped. For safety margin in the event of loss of 
the primary coolant flow, GEMs are included at the periphery of the active core. A GEM 
has the same external size and configuration as the ducts of the other core assemblies as 
shown in Fig. 3-6. The GEMs are hollow assembly ducts, which are open to flow at the 
bottom but are closed to flow at the top. The GEMs are filled with vessel cover gas 
before insertion into the core, and this gas is compressed as the GEMs are filled with 
sodium.

With the primary pumps on, the high pressure in the inlet plenum compresses the gas 
captured in the GEMs and raises the sodium level in the GEMs to a region above the 
active core. When pumping power is lost in the primary system and the pressure drops, 
the gas expands, which results in displacing the sodium in the GEMs to a level below 



the active core. The resultant void near the core periphery increases neutron leakage and 
introduces significant negative reactivity which limits the peak temperatures attained 
during the loss of flow events. Currently, the sodium density inside the GEM is assumed 
to be the axial average of the neighboring channels. A sensitivity study is needed to 
investigate the effect of sodium density on the sodium level. If needed, the GEM model 
will be modified so that the axial sodium density can be calculated considering inter-
assembly heat transfer. The temperature of the GEM gas is assumed to be the average of 
the structural temperature of neighboring channels. It is noted that improvement of the 
current GEM model can also be made by calculating the GEM gas temperature with 
taking account of the inter-assembly heat transfer. 

SSC-K uses a decay heat treatment similar to that normally used for delayed neutron 
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 system model 
PSDRS is a heat removal feature in the KALIMER design which is characterized 

to cool the containment outer vessel with atmospheric air in a passive manner. Figure 3-
7 exhibits the schematic of PSDRS. The gap between the reactor vessel and the 
containment vessel is filled with argon gas and thus radiation heat transfer prevails due 
to the high temperature of these walls. Atmospheric air comes in from the inlets located 
at the top of the containment, and flows down through the annulus gap between the air 
separator and the concrete silo. It then turns back upward passing through the other 
annulus gap between the containment outer surface and the air separator, and finally 
flows out through the stack with raised temperature by the energy gained from cooling 
the containment vessel. The air flowrate is determined from various parameters. The air 
temperature difference between the two annulus channels, flow path or pressure drop of 
an orifice placed for flow control, and friction exerted on the surfaces are the main 
parameters affecting the flow rate. 

The significance of PSDRS in the KALIMER design is that it plays a role of the only 
heat removal system in a total loss of heat sink accident. For this reason, its function is 
crucial to prevent core damage, so that performance analysis as well as realistic 
modeling of the system might be a key issue to provide essential knowledge for a safety 
evaluation of the KALIMER design. The PSDRS model [3-9] was developed to predict 
the heat removal rate by this system. The model calculates not only energy balances by 



the heat transfers between the walls, but also the air flow rate driven by gravitational 
force between the air flow channels to estimate the heat removal rate. Non-linear 
differential equations are solved using the Runge-Kutta method while the air 
temperature profile is obtained from theoretical manipulation. The PSDRS model is 
connected to the SSC-K code and the heat removal calculation through the PSDRS is 
coupled with the SSC-K calculation.  

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 [3-10] package, which was 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 EM pump 
representation is simplified because SSC-K has no explicit provision for representing 
the EM pump. The characteristic curve of pump head vs. flow for normal operation is 
embedded into the SSC-K code. The EM 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 PSDRS 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, and GEM. The fuel temperature (Doppler) coefficients 
due to the Doppler effect at BOEC and at EOEC for the initial and equilibrium cores are 
presented in Tables 1-4 and 1-5, respectively. They show that the present plutonium core 
has a hard neutron spectrum for a small, metallic fueled fast reactor. The fuel 
temperature coefficients do not show any substantial change with burnup. In the 
sodium-voided case, the fuel temperature coefficient becomes less negative, compared 
with the flooded case. This fact manifests the spectrum hardening due to sodium 
voiding. For the partial voiding, all the regions have a positive sodium void worth. Even 
the activation of GEMs is not sufficient to bring the core subcritical. The sodium void 
worths increase in their magnitude with burnup. 

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. The induced negative reactivity from GEM activation only is not enough 
to bring the core subcritical in any sodium-voided conditions. 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. It should be noted that, due to the state of insufficient 
knowledge about the core during the KALIMER conceptual design, the uncertainties for 
the reactivity components are large.  

To illustrate the steady-state calculation capability of SSC-K, the null transient 
calculations [3-11, 3-12] have been made for the full power operation condition of the 



equilibrium and the initial core, respectively. The null transient has been terminated 
after 2000 seconds. Design data are obtained from the design documents [3-13, 3-14], 
which contain all design data supplied from each design groups. Figure 3-8 shows the 
system conditions obtained 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. 3-9 through 3-14. These figures show that a steady-state can be
achieved with only small variations in the key plant parameters. Similar good steady-state 
results for the initial core were obtained and their plots are omitted herein. 

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 
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 PSDRS for example, to maintain the structural integrity is 
dependent on the coolant temperature. 

The duration of two key periods during the accident transients is considered, as shown 
in Table 2-2, for the acceptance criteria. For some transients there is a brief interval 
shortly after the start of the event during which the highest temperatures occur. For the 
brief highest temperature period of the short-term transient < 1 hr), the most likely 
cladding mid-wall failure mechanism is expected to be stress-rupture due to weakening 
of the HT9 cladding at high temperature. For this situation, the cladding mid-wall 
temperature limit is 790 °C. For the longer period of the transient (> 1 hr) at lower 
temperatures, the most likely cladding failure mechanism is the formation of a low-
melting point eutectic between the cladding and the metal fuel. The fuel-cladding 
interface temperatures limit for this situation is 704 °C.

The containment function of the vessel structures and boundaries is protected by 
limiting their temperatures to be less than 760 °C for short-term period. This  criterion 
is equivalent to the reactor structures design basis Level D condition as shown in Table 
2-3. Besides thermal damage protection, the criteria also preclude dynamic loads on the 
vessel by ensuring that margins are maintained relative to fuel melting (1070 oC) and 



sodium boiling (1070 °C if pump on, or 960 °C if pump off). These physical phenomena 
are to be avoided since they are considered necessary initial events in the development 
of any severe dynamic loading. 

3.3  Unprotected Transient Overpower Event (UTOP) 

3.3.1 Description of UTOP 
     A transient overpower accident (TOP) in a LMR refers to an off-normal condition 
in which reactivity insertion occurs. Because no core damage results unless the RPS 
failure occurs, the only TOP that is of safety concern is the postulated unprotected TOP 
(UTOP) case. Given the assumption of the reactivity insertion occurring in the operating 
LMR, combined with the hypothesis of complete failure of RPS, the problem is to 
determine the intrinsic dynamic response of the reactor.  

The limiting case assumption 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 ensure that only small reactivity insertions 
are possible. In the KALIMER design, this is achieved through the control rod stop 
system (CRSS) which is one of the KALIMER RPS. The amount of reactivity available 
for a UTOP is reduced by CRSS so that only a limited amount of excess reactivity can 
be added.  

3.3.2 Analysis method 
The UTOP event is initiated from full power and postulates that a malfunction in 

the reactivity controller causes the shim motor to continue to withdraw all of the control 
rods until the drivelines reach the rod stops and that the RPS either fails to detect the 
event or that the control rods fail 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 at the rated 



conditions for this event and that the feedwater is sufficient to keep the sodium outlet 
temperature from the steam generator constant. Thus, the four EM pumps are assumed 
to continue to operate at the nominal conditions. The residual heat removal system 
(PSDRS) is assumed not to function, which would have a minor effect on the analysis 
results.  

Figure 3-15 illustrates the sequence events of UTOP, where various reactivity 
components dependent on the core thermo-hydraulics are shown. The main concern of 
the UTOP analysis is to evaluate the system response by nuclear-kinetic and thermal-
hydraulic effects that involve inherently shutting the core down to acceptable power 
levels, which precludes coolant boiling and fuel damage. Since such severe situation 
occurs during the initial period extending over the initial several hundred seconds of the 
transient, the SSC-K calculation is terminated at 10 minutes by the user. 

After the initial period, the reactor power will continue to decrease until subcriticality is 
reached and the core is generating only decay heat. Consideration for multi-dimensional 
effects is important for the long-term cooling of system but are typically second order 
for the initial period. Therefore, one-dimensional thermal-hydraulic model is utilized for 
the pool simulation in the SSC-K calculation. 

Doppler feedback is the usual mechanism to limit an overpower event of the core. But 
the metallic fueled core has small Doppler feedback due to hard neutron spectrum, the 
UTOP can be very challenging for the KALIMER core. Instead of the Doppler feedback, 
the KALIMER core must rely on reactivity feedbacks from core radial expansion, fuel 
axial expansion, and control rod expansion to limit the peak power. Therefore, the 
inherent safety features of KALIMER are strongly dependent on the reactivity feedback 
effect in the core. 

3.3.3 Analysis results 
     The UTOP transient results for power and flow, reactivity feedbacks, and 
temperatures are shown in Figs. 3-16 through 3-23. The power and flow transients 
during the initial 600 seconds are indicated in Fig. 3-16. SSC-K calculates later power 
peak and slower power decay in the initial core rather than in the equilibrium core. 
Because the total reactivity in the initial core is less negative than that in the equilibrium 
core. Their peak powers are the same but their occurring times are somewhat different. 
For the equilibrium core, SSC-K predicts that the power reaches a peak of 1.48 times 



the rated power at 16.0 seconds into the transient and begins to level off at 1.08 times 
the rated power by 400 seconds. For the equilibrium core, the same peak power occurs 
at 33.0 seconds and later stabilizes to the same power level after 400 seconds. The core 
flow stays constant for two core conditions but the mass flow rates slightly change due 
to the density change of sodium coolant by temperature increase of the core.  

The changes in the reactivity for the initial and equilibrium core conditions are shown in 
Figs. 3-17 and 3-18, respectively. The overall trend of individual reactivity component 
in the initial core is similar to that in the equilibrium core. The net reactivity starts out 
positive value because of the reactivity from the control rods being removed, but turns 
downward once the negative reactivity feedback increases enough to counter the 
positive insertion. The rise in fuel temperatures first increases the Doppler absorption of 
the neutrons and then triggers the fuel’s elongation. Higher sodium temperatures create 
a harder neutronic spectrum, which generates a positive reactivity feedback. The higher 
sodium temperatures cause the thermal expansion of the control rod driveline and radial 
expansion, which are negative feedbacks. The control rod drivelines have a large time 
constant and are slow to act compared to radial expansion. The radial expansion adds 
the crucial amount of the reactivity that eventually limits the power increase to 1.48 
times the rated power and contributes to the power reduction that follows. Although the 
reduced power decreases the worth of Doppler, sodium and axial expansion, the control 
rod driveline and radial expansion effects cause the total reactivity to become slightly 
negative and re-stabilize the power near 1.08 times the rated level. It is noted that the 
sodium density feedback in the initial core is apparently lower than that in the 
equilibrium core as shown in the figures. The resultant sodium reactivities for two core 
conditions can be expected from Table 3-1. Table 3-1 indicates the comparison of 
reactivity coefficients between the initial and equilibrium cores. 

Sodium temperatures of the cold and hot pools are shown in Fig. 3-19 where pool 
temperatures gradually increase due to normal heat removal through IHTS and steam 
generators. Sodium levels of the cold and hot pools are shown in Fig. 3-20 where pool 
levels very slowly increase by thermal expansion of sodium coolant. Figures 3-19 and 
3-20 are thermal hydraulic transients of the reactor vessel for the equilibrium core.  

Figure 3-21 illustrates the temperature distribution at the sixth axial fuel node from the 
bottom of the core in the hot assembly. A slight difference in the peak fuel temperature 
between two core conditions is noted. Figures 3-22 and 3-23 indicate the peak 



temperatures of the fuel centerline, the clad, the coolant sodium within the hot assembly, 
and the core outlet.  

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 the fuel 
relocation. The peak fuel centerline temperatures predicted by SSC-K reach 1229 K at 
20 seconds in the equilibrium core (Fig. 3-23), and 1238 K at 33 seconds in the initial 
core (Fig. 3-22). Two prediction results are below the melting temperature of fuel, 1343 
K (1070 oC). There is substantial safety margin for the UTOP event. 

The cladding temperature is an important parameter for slow transients, on the order of 
several minutes to hours. The eutectic penetration occurs over time (at specific 
temperature). The cladding temperatures predicted by SSC-K reach maximum level of 
893 K in the equilibrium core (Fig. 3-23), and 916 K at 34 seconds in the initial core 
(Fig. 3-22). The peak cladding temperatures are significantly below the threshold for 
eutectic formation, 1063 K (790 oC), and provide a large safety margin. No cladding 
damage is expected.  

The sodium coolant temperature is another important parameter for slow transients. The 
ability to remove decay heat through the PSDRS, to maintain structural integrity, is 
dependent on the coolant temperature. The peak sodium temperatures in the hot driver is 
867 K in the equilibrium core (Fig. 3-23), and 873 K in the initial core (Fig. 3-22). 
These temperatures are also significantly below sodium boiling point.  

3.3.4 Discussions 
     The best defense against the UTOP vulnerability is to ensure that only small 
reactivity insertions are possible. In the KALIMER conceptual design with breakeven 
core, 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 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. 

Although the design meets the performance limits for ATWS events with margin (Table 
2-2), the limiting condition appears to be the clad temperature at the elevated 
equilibrium conditions. This temperature must remain below the 1063 K (790 oC) limit 
to prevent eutectic formation because the reactor could be in that state indefinitely. 
Although the cladding temperature may exceed the eutectic formation temperature 
during the power ascent phase of the UTOP with larger than 30 cents insertion reactivity, 
the clad attack may be small because of the short duration of the elevated temperature 
condition.

It is noted that a bowing effect is intentionally left out of the SSC-K calculation because 
the SSC-K does not model a bowing effect of fuel rods. The bowing effect generally 
gives negative reactivity. The quantification of the radial bowing is very difficult and 
the feedback is always negative when the temperatures are rising. It is believed to omit 
the bowing effect is conservative. The bowing feedback will not be a significant issue 
until there is a case identified where one needs the bowing contribution to predict a safe 
response to a postulated event. 

3.4  Unprotected Loss of Heat Sink (ULOHS) Analysis 

3.4.1 Description of ULOHS 
     In the KALIMER design, the loss of heat sink accident is presumed to occur if 
IHTS would be isolated to prevent the potential for the propagation of sodium-water 
chemical reaction in a sodium-to-water heat exchanger (Steam Generator), an IHTS 
pipe is ruptured, or the rupture disk bursts [3-15]. The accident is assumed to begin with 
a sudden loss of the normal heat sink by sudden stoppage of the IHTS flow. Natural 
circulation in IHTS is ignored so that this event could be similar to complete loss of 
coolant in the IHTS, as might be true for the pipe rupture or the rupture disk burst. All 
heat generated in the core is, thus, retained in the primary vessel. PSDRS is designed to 
avoid such unlimited heat up of the primary system, which could lead to significant core 
damage and offsite release of radioactive material. 

The reactor should be tripped due to high core outlet sodium temperature by the 



protection system, the reactor trip, however, is precluded in the present analysis. Such 
an unprotected accident is categorized as design basis in the KALIMER design and it 
has to be analyzed, because the design uncertainties and reliabilities are not ensured for 
the advanced design concept. The primary pumps are designed to operate at the rated 
conditions until tripped by the pump protection system, a safety grade system to open 
the pump breakers if the pump inlet temperature exceeds the setpoint. The automatic 
control system and operator actions are of importance because the primary pumps 
contribute a major heat source to PSDRS for the long term cooling. In the present 
analysis, however, the primary pumps (four pumps) are also unprotected.  

PSDRS is the only reliable system for stabilizing heat up of the primary system under 
such an accident as a loss of heat sink (LOHS) accident, it has been designed to operate 
in a passive manner for reliability. PSDRS cools the outer surface of the containment 
through the circulation of atmospheric air as schematically represented in Fig. 3-24. 
Relatively colder atmospheric air enters the intake located on the top of the containment 
and flows downward through the annular gap between the outer divider wall and the 
inner concrete wall. The air then turns upward at the bottom and flows upward through 
the annular gap between the containment outer wall and the inner divider as it gets 
hotter by cooling the containment wall. The air flow rate depends on the difference of 
the average air temperature between the inner and outer channels, form loss of the path, 
the pressure drop due to the orifice installed for the air flow control, and the wall 
friction inside the flow path. Therefore, insulation of the divider is very important to 
increase air flow rate. It is also noted that radiation heat transfer between the reactor and 
containment vessels plays an important role, because helium gas is filled in the annulus 
gap between the inner and outer walls inside the primary vessel. 

Since PSDRS is the only safety-grade heat removal system for KALIMER, it is required 
to closely scrutinize its potential failure modes. Some degradation in the system 
performance is possible and some partial failures are also conceivable. The failure mode 
that seems most significant would be blockage of the air-flowing duct. However, the 
four independent air-flowing ducts are very large and less probable to be fully blocked, 
except via a massive earthquake or an extremity through the act of sabotage. In the 
present analysis, therefore, 100% functioning of PSDRS (Available PSDRS case) is 
assumed as the first step to evaluate the long-term cooling. 

The main concerns in the analysis are to confirm inherent safety characteristic of the 



KALIMER design with break-even core and to assess the short- and long-term cooling 
capability of the KALIMER design under the ULOHS accident. For this analysis, the 
core physics data were delivered from the data books for the safety analysis [3-13, 3-14]. 
The analysis is carried out using SSC-K. The Ver1.2.1F90-BP that has been coupled 
with PSDRS model [3-9, 3-16] independently developed with the SSC-K for the 
KALIMER application was used.  

3.4.2 Analysis results 
3.4.2.1 Short-term analysis 
      The basic assumptions considered in the present analysis are:  

 (1) 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. Thus, natural 
circulation in IHTS is ignored and this event is similar to complete loss of 
coolant in the IHTS, as may be true for the pipe rupture or the rupture disk burst.  

(2) A core protection system is not available. The primary pumps are neither 
automatically nor manually tripped during the whole transient. 

In the present analysis the transient simulation is made for 2,000 sec. The time period of 
the simulation seems to allow one not only to analyze the short-term (1 hour) behaviors 
of the concerned transient parameters required for safety evaluation, but also to presume 
the asymptotic behavior of the long-term cooling. These results are also used for 
assessment of the conservatism incorporated in the calculation of the simple long-term 
cooling analysis model that was developed for a quick calculation in 72 hours after the 
accident. 

The accident is initiated at 0.0 sec. Figure 3-25 shows the core power and flow rate 
changes with time for 2,000 sec. As the accident occurs, the core heat generation goes 
up by about 1 % due to approximately 25 cents in around 50 sec and then, drops rapidly 
due to the net negative reactivity. The initial power peak is primarily caused by sodium 
positive reactivity, but thereafter the major contributions to the negative reactivity 
feedback result from all the reactivities other than the sodium reactivity. As the coolant 
temperature in the primary system increases, the primary vessel expansion, fuel 
temperature increase, fuel axial expansion, and radial expansion contribute to the 
positive reactivity as seen in Fig. 3-26. The reactivity after about 1,150 sec, however, 
does not affect the core power generation substantially any longer, because the decay 
heat is the main core heat source after that time. The Doppler reactivity is relatively less 



significant in the breakeven core. For the equilibrium core the power return that is 
observed around the period between 500 sec and 750 sec is associated with slowing 
down of the effect of the negative radial expansion reactivity, while the CRDL reactivity 
keeps on increasing almost linearly. The change of the radial expansion reactivity 
around this period may be explained in a following way. The temperatures of coolant in 
some channels other than the active core may be higher than those of the heat structures 
due to their higher heat capacity. It cools down the coolant and causes slowing down of 
the radial expansion. As the consequence, the averaged radial reactivity may become 
slightly positive for a short period until the sodium gets an equilibrium state with the 
structures. On the other hand the core flow reduction is small and eventually sustains 
almost 95 % of the initial flow because of pump operation. In the present analysis the 
core protection systems are not assumed to be available, but the amount of reactivity 
introduced turns to be enough to shutdown the reactor. The core power after 1,150 sec 
tends to keep the decay heat level of about 25 MWt, which corresponds to 
approximately 6.3 % of the nominal power. As the power is not affected by the 
reactivity since after, it continues to decrease following the decay heat curve. 

Fig. 3-27 represents the results of the temperatures in the hot active fuel channel at a 
mid node (node # 6), because the peak fuel temperature is appears at the node #6. Since 
the safety criteria are given 1343 oK (1070 oC), 1063 oK (790 oC), 1343 oK (1070 oC) 
for the fuel, cladding, and coolant, respectively, all the temperatures satisfy these safety 
criteria. The loss of cooling in the IHX results in rapid increase of the cold pool 
temperature within a short time. As illustrated in Fig. 3-28, the cold pool temperature 
reaches almost the same value as that in the hot pool within about 400 sec and so does 
the core inlet temperature. Thereafter, the temperature increases slowly as the power 
reduces. It is clearly seen that the hot pool level exceeds the core baffle and the 
initiation of the over-flow from the hot pool to the cold pool is indicated in Fig. 3-29 
around 650 sec and 3140 sec for the equilibrium and initial cores, respectively, 
representing rapid increases of the cold pool levels. The smooth change of the pool 
temperatures between approximately 400 and 800 sec in Fig. 3-28 attributes to the heat 
transfer from the rapidly heat-up coolant to the structures which have larger heat 
capacity as discussed earlier.  

As the cold pool level locates above the baffle, the hot pool level also should be higher 
than the baffle height. Then the SSC-K calculates the over-flow using the sodium 
volume above the cold pool sodium level.  



3.4.2.2 Long-term analysis 
According to the safety criteria developed for the KALIMER design, the system 

should return to the safe state without an operator action for 72 hrs after accidents. 
Obviously, a concern comes up with whether the PSDRS is capable of removing the 
heat generated in the primary system alone. Thus, the safety analysis was carried out to 
find what the sodium temperature and safety margin in the primary system would be, 
and whether the heat removal capability of the PSDRS would be enough under the 
accident. The analysis was based on assumption of the unprotected accident, which 
precludes the reactor trip actuated by the high core outlet sodium temperature. The 
primary pumps (four pumps) were also unprotected even though the primary pumps 
should be designed to operate at the rated condition until they are tripped by the pump 
protection system, a safety grade system to open the pump breakers if the primary cold 
leg temperature exceeds the setpoint. The main objective in the analysis is to confirm 
the long-term cooling capability of the KALIMER design for the breakeven core. The 
pump operation is of importance, because the primary pumps could contribute a major 
heat source to PSDRS for the long term cooling.  

The analysis using SSC-K generates enormous output from the long simulation time of 
72 hours, and the problem how to predict the coolant temperature for such a long time 
after the accident, was confronted. For a solution to the problem, the present long-term 
cooling model has been developed. The model simplifies the system based on 
reasonable assumptions for such long time simulation and acquires the necessary 
parameters from SSC-K results at a reasonable time as the initial conditions, in order to 
extrapolate the parameter behaviors up to 72 hours after the accident. 

The primary system of KALIMER is modeled with a single control volume with two 
kinds of heat structure materials as illustrated in Fig. 3-30. The following assumptions 
are possible based on this simplification: 

(1) The temperatures of the hot and cold pools are same. 
(2) The sodium levels in the hot and cold pools are same and move simultaneously 

depending on the energy balance, so that the whole primary coolant system can 
be represented with a single lumped system.  

(3) Each of the two structure materials can also be lumped together, which means 
that each one is represented with a constant heat capacity and a single 



temperature. 

It is recognized that the cold pool temperature and level nearly approach to the hot pool 
temperature and level soon after the accident initiation as shown in Fig. 3-29. Both 
temperatures and levels behave similarly thereafter. A mid-value between the hot and 
cold pool levels is taken as the lumped sodium level. The relative error of the level 
difference between two pools after sodium over-flow from the hot to cold pool is 
estimated less than 2.0 % to the cold pool level. It, nevertheless, does not seem to give a 
significant effect on the PSDRS heat removal even when the pumps are operating, 
because the sodium temperature is usually more sensitive to the PSDRS. Therefore, the 
assumptions used are considered reasonable. The core heat generation drops to the 
decay heat level within 1,000 sec (Fig. 3-25). The actual core heat generation is the 
value that the pump heat (0.8 MW per a pump) is added to the given decay power. The 
model also takes into account the heat capacities of the structure materials, that are the 
baffle plate, the thermal linear, the IVTM (In-Vessel Transfer Machine) and the UIS 
(Upper Internal Structure).  

The developed model is applied to analysis for the long term cooling under the ULOHS 
accident. The equilibrium core is analyzed because of conservatism. The initial values 
such as the core heat generation, PSDRS heat removal, pool temperatures and levels are 
taken from the SSC-K results at 1000.0 sec, because the hot pool sodium over-flows 
into the cold pool and sodium levels in both the hot and cold pools approach each other. 
Thus, the assumption of a single volume for sodium in the both pools is considered 
acceptable. A fairly large time-step 0.5 sec is used compared with that used in SSC-K 
calculation (~ 0.125 sec). Figure 3-31 shows comparison between the heat generation 
and PSDRS heat removal. The core heat generation balances the PSDRS heat removal 
roughly about 52,500 sec (14.6 hours) after the accident if the heat transfer coefficient 
between the sodium coolant in the cold pool and reactor vessel is assumed to be 600 
W/m2-K. Thereafter, the pool temperature declines (Fig. 3-32). The PSDRS heat 
removal is sensitive to the heat transfer between the sodium coolant and reactor vessel 
so that the calculation is repeated with different heat transfer coefficients, because a 
large uncertainty is involved in the estimation of the heat transfer coefficient. From the 
result in Fig. 3-32, the pool temperature would satisfy the safety criteria for the heat 
transfer coefficient larger than approximately 600 W/m2-oK. Other results are also 
presented in Fig 3-33 and 3-34. Since some heat capacities of the fuel, reactor vessel, 
and upper head are ignored in the long-term cooling model, the increase of the sodium 



coolant temperature predicted by the simple model would be faster than the actual 
system and it is considered relatively conservative. It is also confirmed previous 
comparison between the result from the simple model and that from SSC-K. 

3.4.3 Discussions  
     In the present simulation, consistent results are obtained and they could be 
explained on the physical basis. The inherent safety induced from the net negative 
reactivity in the KALIMER design under ULOHS accident is demonstrated through the 
present analysis. It is noticed that the net negative reactivity mainly results from the 
competition between those for the sodium, CRDL, and radial expansion. All the short-
term safety criteria are satisfied for all 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. On the 
other hand, the acceptance of the long-term cooling results are a problem due to the 
uncertainty involved in the heat transfer coefficient between the pool sodium coolant 
and reactor vessel, which may play a crucial role in the safety decision. Since a proper 
research result regarding the heat transfer coefficient for this system is not found at this 
time, the difficulty remains for the way of validating the value used for the heat transfer 
coefficient. Additional literature survey or own experimental datum is presumed to be 
required. It is also pointed out that some radiation heat transfer coefficients adopted in 
the PSDRS model are not sufficiently evaluated so that an effort should be made on the 
validation. The effect of PSDRS and its success of coupling with SSC-K has already 
been demonstrated [3-16]. Therefore, overall prediction by SSC-K seems to be 
reasonable qualitatively. 

Further studies, however, should be made to complete the safety analysis related with 
DBE (Design Basis Events) for the KALIMER design. Therefore, both analytical and 
experimental efforts must be continued in such areas as PSDRS effect and overall 
validation of SSC-K for the complete safety analysis of the KALIMER design. 

3.5  Unprotected Loss of Flow (ULOF)  

3.5.1 Description of ULOF 
 A safety evaluation during the unprotected loss of flow (ULOF) has been 

performed. The purpose of this analysis is to assess the effectiveness of the inherent 
safety features adopted in the KALIMER conceptual design during the ULOF event. 



Two breakeven core conditions for the initial and the equilibrium are considered. The 
ULOF event is initiated by all primary pump trips followed by coastdown. Although 
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 sequence of events for ULOF is described in Fig. 3-35. 

For a loss of flow accident, the power to flow ratio is the key parameter that determines 
the consequences of the accident. Thus, the pump coastdown plays an important role for 
the plant safety. As an EM pump has virtually no inertia, it is necessary to use 
synchronous machines to provide an artificial coastdown. These safety-grade machines, 
which consist of flywheels and motor-generator units, are operated continuously so that 
coastdown will be possible if there is a power loss or other malfunction. As the 
synchronous machine is coasting down, the rotational energy is converted to electrical 
power for the EM pumps, which then experience a gradual reduction in pumping power. 
Therefore, the plant safety depends on the capacity of the pump synchronous generator.  

3.5.2 Analysis method 
It is noted that the KALIMER EM pump has not been designed in detail yet and 

the performance characteristics of the EM pump is not available at present, and thus the 
mechanistic model for pump coastdown operation has not been used in this analysis. 
Since the current SSC-K version does not have EM pump model, the coastdown curve 
of the KALIMER EM pump has been directly embedded into the SSC-K code as a 
function of flow vs time. The characteristic of KALIMER EM pump is shown in Fig. 3-
36.

KALIMER is equipped with the advanced safety feature of GEM to provide additional 
negative reactivity in response to loss-of-flow events. Figure 3-6 indicates the operation 
of scheme GEM. When the pumps are operating, sodium is pumped into the GEM, and 
the trapped helium gas is compressed into the region above the active core. Sodium then 
occupies that portion of the GEM adjacent to the fueled region of the active core. In 
contrast, when the pumps are off, the helium gas region expands into the active core 
region, displacing the sodium in the GEM below the active core top. The resultant void 
near the core periphery increases neutron leakage and introduces significant negative 
reactivity. 

Some over-simplified characteristic values or unrealistic values are used only when 



conservatism is guaranteed. The following assumptions are made in the conservative 
manner. All design data used for preparing SSC-K input are obtained from the 
references [3-14, 3-15].  

(1) This transient is assumed to initiate at full-power conditions. 
(2) The transient is initiated by all primary EM pumps trip at 0 seconds and 

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

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

(4) 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 be inserted. Therefore, 
reactor scram is assumed not to occur throughout the entire transient. 

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

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

(7) Two ULOF cases are analyzed to evaluate the effects of GEM. In the first 
case GEM effect is considered in the reactivity feedback calculation; 
however, it is not credited in the second case. 

(8) As normal heat removal path is available, the system would be ultimately 
stabilized. Therefore system behaviors in long term are not important in this 
analysis. It is enough long to investigate the core and system behaviors until 
1000 seconds. 

(9) Since detailed distribution data of pressure drop over the flow path are not 
available, it is assumed that pressure drop occurs only at important points 
such as IHX, Core, and pump discharge pipes. Of course the whole pressure 
drop along the PHTS is adjusted to be same as the design data. 

(10) 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 [3-2]. The emmisivity of concrete vessel for the PSDRS is assumed 
to be 0.80 according to reference [3-15]. 

(11) The safety-grade machine which consist of flywheels and motor-generator 
units, are operated continuously so that coastdown will be possible if there is 



a power loss or other malfunction. 

3.5.3 Analysis results 
The transient is initiated from the full-power condition. Major plant variables 

including core parameters for the equilibrium core are shown in Figs. 3-37 through 3-46. 
The ULOF case has been analyzed, namely with and without GEMs. The power 
transients for two cases are plotted in Fig. 3-37 and 38. For the case with GEMs, the 
power immediately begins to drop and reaches decay heat level by about 60 seconds 
since there is enough negative reactivity insertion due to GEMs. Without the GEMs, the 
power is higher and decreases somewhat slowly because temperature increases must 
affect the reactivity. The reactivity feedbacks for two cases respond differently in the 
power reduction.   

With the GEMs, negative reactivity is enough to drive the core in subcritical, and the 
power transitions rapidly down to the decay heat level as shown in Fig. 3-37. The 
GEMs reach their full worth about –226 ¢ by about 50 seconds (Fig. 3-42), and the 
worth remains throughout the entire transient. The reactivity feedbacks with the GEMs 
behave as shown in Fig. 3-39. The Doppler feedback shows a positive response because 
the GEMs reduce the power so quickly that the fuel actually cools down and does not 
heat up enough to produce a negative reactivity. The reactivity feedbacks for the axial 
and radial expansion are slightly negative in the early transient but they become soon 
positive since their temperatures become lower than the reference ones due to the GEMs. 
GEMs push the power and temperatures down. The control rod driveline (CRDL) 
reactivity feedback turns slightly positive due to vessel expansion. The usual positive 
reactivity feedback from sodium density becomes negative because the average sodium 
temperature is decreased from the reference value at the nominal operating condition.  

Without the GEMs, since the core heats up significantly as the sodium flow rate reduces, 
the Doppler, axial expansion, radial expansion, and control rod drive line reactivity 
feedbacks initially turn negative, except the sodium reactivity feedback which is 
positive. The reactivity feedbacks without the GEMs behave as shown in Fig. 3-40. The 
net is negative reactivity feedback initially, but it decays with fluctuation as time goes 
on.

The pool temperatures for both cases are shown in Fig. 3-41. The sodium level of GEM 
are shown in Fig. 3-42. The helium gas in the upper plenum of GEM expels sodium 



below active core in 50 seconds as shown in Fig. 3-42. The fuel temperature distribution 
at the 6th axial node in the hot pin with the GEMs is shown in Fig. 3-43. The reduction 
of core flow due to the pump trips causes an initial peak centerline temperature before 
the power begins to fall. However, the peak fuel temperatures satisfy the safety criteria 
for the case without the GEMs. Ultimately the fuel temperatures decrease, and fuel 
damage is not a significant risk for this event. The fuel temperature distribution in the 
hot pin without the GEMs is shown in Fig. 3-44. Rapid decrease of temperature due to 
GEM effect is not shown in this case. The peak temperatures for two cases, associated 
with the fuel centerline, the clad, the sodium coolant within the hot assembly, and the 
core outlet, are indicated in Figs. 3-45 and 3-46, respectively. For the case without the 
GEMs, the entire fuel temperatures gradually increase to their first peak values by about 
90 seconds. 

For the initial breakeven core, only the case with the GEMs has been analyzed. 
Important parameters are shown in Figs. 3-47 through 3-52. No significant difference is 
found between the equilibrium and initial cores. The sodium reactivity feedback in the 
initial core is less than that of the equilibrium core. 

The combined ULOF/LOHS has been analyzed. The transient is initiated from full 
power condition by the primary EM pumps trip and followed by beginning to 
coastdown. While the IHXs stop removing heat from the primary heat transport system. 
The reactor is assumed not to scram. The key parameters of the KALIMER system are 
shown in Figs. 3-53 through 3-59. The net reactivity plotted in Fig. 3-54 indicates that 
the net reactivity at 10 minutes is near 1.5 dollars. The dominant feedback during this 
event is the negative feedback from the GEMs. The fuel temperatures drop very quickly 
at the core center. As shown in Figs. 3-55 and 3-56, the peak clad and sodium coolant 
temperatures shift to the core exit during the transient. The peak sodium temperatures 
cause the highest clad temperature. 

3.5.4 Discussions 
 The SSC-K predictions show that KALIMER would be able to withstand the 

ULOF with the aid of the GEMs. The GEMs can induce the negative reactivity 
feedback and can bring the power down to the decay heat level. The fuel temperatures 
decrease, and fuel damage is not a significant risk for this event. The case without the 
GEMs shows the usual heat up of the structures, which activates the reactivity 
feedbacks, however, the acceptance criteria are violated. If enough coolant flow is not 



available to remove the generated heat, the fuel temperature exceeds the acceptable 
level. 

The GEMs can be helpful in three respects. First, they add to the safety margin 
regarding sodium boiling, which is a crucial threshold to avoid. Second, if one or more 
of the pump coastdowns are less than anticipated (e.g., if one of the synchronous 
machines seizes), then the GEMs could help avoid a potentially serious accident. Third, 
when the unprotected event is prolonged, the reactor vessel expands and pulls the 
control rods out somewhat from the core, and the GEMs help to overcome this delayed 
reactivity addition, which may be quite significant. 

3.6  Conclusion 

Reactivity insertion or undercooling events, with scram, are not major challenge 
to the KALIMER safety. Chapter 3 focuses principally on the unprotected event, ATWS 
events, analyses. There are three events of concern: UTOP, ULOHS, and ULOF.  
These postulated ATWS events have been analyzed using 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 for ATWS events. For the sodium 
boiling and structural integrity (ASME codes), these limits are easily quantified. The 
situation for the HT9 cladding is not clear and involves 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. There is a time factor 
involved in some of the failure limits, especially the cladding and structural temperature 
limits.

The evaluation results of ATWS event are summarized and compared to the set of 
acceptance criteria in Fig. 3-60. The summary of analysis results for the various unprotected 

events is also presented in Table 3-2. It clearly shows that the inherent safety characteristics of 
KALIMER from the reactivity feedbacks are ensured. It is concluded that the metal 
breakeven core KALIMER design will successfully meet all of the inherency criteria 
with margin. The analysis results indicate that because of the reactivity feedback 
characteristics of the KAIMER, there is the potential for the KALIMER response to 
ATWS events to be benign; therefore, some degree of passive shutdown safety is to be 
expected. However, the greatest challenge for the current design characterization 
appears to be the ULOHS event for the long-term cooling, whose acceptance depends 
on the heat transfer coefficient between the sodium and reactor vessel inner surface.  



The following safety issues are of concern for the KALIMER conceptual design: Since 
postulated UTOP events may lead to some localized fuel melting, additional analyses 
will be necessary to determine how much, if any, localized fuel melting is acceptable in 
the ternary metal fuel. At elevated temperatures, the HT9 cladding begins to interact 
with the fuel to form a low-melt eutectic. The eutectic depends, in part, on the 
composition of the fuel in the outer radial zone, which in turn depends on the burnup 
level and the amount of component migration in the ternary metal fuel.  

The GEMs are very effective for ULOF events. However, there are potential safety 
issues associated with the GEMs regarding testability and reliability during operation. 
As the analysis results of KALIMER, it has been identified that the GEMs have 
provided sufficient negative reactivity for the passive shutdown mechanism to prevent 
damage from ULOF events. 



Table 3-1  Comparison of Reactivity Coefficients between the Initial and  
Equilibrium Cores  

β



Table 3-2.  Summary of Safety Analysis for Various Unprotected Events 

* Primary pumps are not tripped intentionally. 



Fig. 3-1  SSC-K Modeling for KALIMER Plant 



Fig. 3-2  SSC-K Core Model



Fig. 3-3  Core Channel Node Structure 



Fig. 3-4  Two Mixing Zone Model for a Hot Pool 
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Fig. 3-5  Reactivity Components in a Metallic Fueled Core 



Fig. 3-6  Operation of GEM 
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Fig. 3-7  PSDRS Model 
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Fig. 3-9  Core Power (Steady State)



0 500 1000 1500 2000
2000

2050

2100

2150

2200

Fl
ow

ra
te

, k
g/

se
c

Time, sec

Fig. 3-10  Core Flowrate (Steady State) 
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Fig. 3-11  Core Channel Flowrate (Steady State) 
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Fig. 3-12  Fuel Temperature Distribution (Steady State)
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Fig. 3-13  Sodium Level of Pool and GEM (Steady State) 
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Fig. 3-14  Pool Temperature (Steady State) 
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Fig. 3-15  Sequence of UTOP Transient 



Fig. 3-16  Power and Flow (UTOP) 
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Fig. 3-17  Reactivity (UTOP, Initial Core) 
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Fig. 3-18  Reactivity (UTOP, Equilibrium Core) 



Fig. 3-19  Pool Temperature (UTOP, Equilibrium Core) 
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Fig. 3-20  Pool Level (UTOP, Equilibrium Core) 



          Fig. 3-21  Fuel Temperature (UTOP) 
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Fig. 3-22  Peak Temperatures of Fuel and Coolant (UTOP, Initial Core) 
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Fig. 3-23  Peak Temperatures of Fuel and Coolant (UTOP, Equilibrium Core) 



          Fig. 3-24  Configuration for PSDRS 



Fig. 3-25  Power and Flow (ULOHS) 
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Fig. 3-26  Reactivity (ULOHS, Equilibrium Core) 
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Fig. 3-27  Temperatures in Hot Active Core Channel  (ULOHS) 



Fig. 3-28  Pool Sodium Temperatures (ULOHS) 
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Fig. 3-29  Pool Sodium Levels (ULOHS)



Fig. 3-30  Modeling of Long-Term Cooling



   Fig. 3-31  Core Heat Generation and PSDRS Heat Removal 
            (Long-Term, Equilibrium) 
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Fig. 3-32  Heat Transfer Coefficient Effects on Pool Sodium Temperatures
         (Long-Term, Equilibrium) 
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Fig. 3-33  Pool Sodium Level Change (Long-Term, Equilibrium Core) 
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Fig. 3-34  PSDRS Air Flow Rates (Long-Term, Equilibrium Core) 



Fig. 3-35  Sequence of ULOF Transient 



 Fig. 3-36  Coastdown Flow and Head of KALIMER Primary EM Pump 
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Fig. 3-37  Power and Flow Fractions (ULOF W/ GEM, Equilibrium Core) 



Fig. 3-38  Power and Flow Fractions (ULOF W/O GEM, Equilibrium Core)
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Fig. 3-39  Reactivity (ULOF W/ GEM, Equilibrium Core) 
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Fig. 3-40  Reactivity (ULOF W/O GEM, Equilibrium Core) 
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           Fig. 3-41  Pool Temperature (ULOF, Equilibrium Core ) 
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Fig. 3-42  GEM Level (ULOF W/ GEM, Equilibrium Core) 



  Fig. 3-43  Fuel Temperatures (ULOF W/ GEM, Equilibrium Core) 
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 Fig. 3-44  Fuel Temperatures (ULOF W/O GEM, Equilibrium Core) 

0 100 200 300 400 500 600
600

700

800

900

1000

1100

1200

 Fuel centerline
 Fuel outer boundary
 Clad
 Coolant

Hot fuel
6th axial node from bottom

Clad criteria
Saturation temp.

Te
m

pe
ra

tu
re

, K

Time, sec



1 10 100
600

700

800

900

1000

1100

1200
,

 Fuel centerline
 Clad
 Sodium
 Core outlet

Clad criteria

Saturation temp.

Te
m

pe
ra

tu
re

, K

Time, sec

  Fig. 3-45  Peak Temperatures (ULOF W/ GEM, Equilibrium Core)
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  Fig. 3-46  Peak Temperatures (ULOF W/O GEM, Equilibrium Core) 



Fig. 3-47  Power and Flow Fractions (ULOF W/ GEM, Initial Core) 
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Fig. 3-48  Reactivity (ULOF W/ GEM, Initial Core) 
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       Fig. 3-49  Pool Temperature (ULOF, W/ GEM, Initial Core ) 
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Fig. 3-50  GEM Level (ULOF W/ GEM, Initial Core) 
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  Fig. 3-51  Fuel Temperatures (ULOF W/ GEM, Initial Core) 
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  Fig. 3-52  Peak Temperatures (ULOF W/ GEM, Initial Core) 



 Fig. 3-53  Power and Flow Fraction (ULOF/LOHS, Equilibrium Core) 

0 100 200 300 400 500 600
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 Power
 Flow

N
or

m
al

iz
ed

 P
ow

er
 a

nd
 F

lo
w

Time, sec



            Fig. 3-54  Reactivity (ULOF/LOHS, Equilibrium Core)  
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  Fig. 3-55  Fuel Temperature Distribution at 6th Axial Node 
(ULOF/LOHS, Equilibrium Core)
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  Fig. 3-56  Fuel Temperature Distribution at 10th Axial Node 
(ULOF/LOHS, Equilibrium Core)
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Fig. 3-57  Pool Temperatures (ULOF/LOHS, Equilibrium Core) 
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     Fig. 3-58  Temperatures of Wall and Air  in the PSDRS 
(ULOF/LOHS, Equilibrium Core)
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  Fig. 3-59  Peak Temperatures (ULOF/LOHS, Equilibrium Core) 



  Fig. 3-60  Temperature Summary for Various Unprotected Events 
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CHAPTER 4.  Containment Analysis 

The objective of this study is to determine the KALIMER containment dome design and 
to assess that the designed KALIMER containment dome concept is acceptable or not in 
the aspect of acceptance criteria. 

There are two acceptance criteria for the KALIMER containment dome performance 
analysis. One of the acceptance criteria for containment dome 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 HCDA (Hypothetical Core Disruptive Accident) 
occurs, large amount of radionuclide is released and causes significant hazards to 
environment and public health. To prevent and mitigate the accidents, KALIMER 
containment is designed to constrain release of radionuclide. In this study, performance 
analysis for KALIMER containment is made to determine whether the containment can 
maintain its integrity and achieve its purpose in case of HCDA. Performance analysis of 
KALIMER containment is also made through evaluating radiation dose at site boundary. 
For those purpose, HCDA source terms and HCDA scenarios 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 HCDA source term is determined reasonably and 
conservatively. Sodium pool fire and sodium spray fire are selected as HCDA scenarios 
for performance analysis for KALIMER containment in like manners with PRISM.  

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 HCDA accident 
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 guideline 
and 10 CFR limit, radiological consequences for HCDA are evaluated. 

4.2  HCDA Source Terms 

In previous study, HCDA source term developed for PRISM reactor safety 
analysis was used as KALIMER 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, 
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  HCDA 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 
melting and cladding failure are assumed to happen. Right after the accident begins, 



radionuclide in sodium pool are assumed to be released into containment air. Release 
amount of each radionuclide is calculated using radionuclide core inventory and HCDA 
source term. 

Sodium pool fire occurs when there happens extremely small break in reactor head. In 
that case sodium is sprayed into containment air through the crack. Conservatively, fuel 
melting and cladding failure are assumed to happen. Right after the accident begins, 
radionuclide in sprayed sodium are assumed to be released into containment air with 
cover gas release. Cover gas release continues for 10 seconds, and afterward primary 
sodium is sprayed for 1 second. Release amount of each radionuclide is like that for 
sodium pool fire. 

4.4  KALIMER Containment Design 

KALIMER has many great differences in design concept including containment 
system in comparison with PWR reactors. One of the most important differences lies in 
containment design. Primary system of PWR is maintained at high pressure, so 
containment needs high design pressure and thick walls to endure enormous energy 
generated from severe accidents such as LOCA. But, KALIMER is liquid metal reactor 
whose containment does not need high design pressure and thick walls. The main reason 
is that sodium coolant has heat transfer characteristics much better than light water and 
pressure does not need to be maintained highly in LMR primary system. Leakage rate of 
containment is nearly the same in PWR and LMR. Design parameters for KALIMER 
are described in Table 4-1. Fig. 4-1 and Fig. 4-2 are design schematics for KALIMER. 
Figure 4-3 describes system and containment of KALIMER. 

KALIMER containment system consists of lower containment and upper containment. 
Lower containment to surround reactor core is cylinder shape and upper containment to 
mitigate HCDA consequences is dome shape. The containment dome consists of upper 
dome and lower dome. The detailed design parameters for containment dome are 
presented in Table 4-1. Containment dome model for performance analysis is described 
in Fig. 4-4 for sodium pool fire. In the figure containment dome is divided into 4 cells. 
Containment dome model for performance analysis is described in Fig. 4-5 for sodium 
spray fire. For sodium spray fire, containment dome is regarded as one cell. In sodium 
pool fire, sodium burns up at surface area of sodium pool, and natural convection flow 
is formed. Since heat transfer mechanism is mainly the natural convection, containment 



dome region had better be divided into several nodes. But, in sodium spray fire, sodium 
is directly sprayed into containment dome region and energy generated from sodium 
burning is transferred to containment air. Thus, containment dome region is regarded as 
one cell.  

4.5  Performance Analysis for KALIMER Containment Dome 

For sodium pool fire and sodium spray fire accidents, performance analysis for 
KALIMER containment dome is carried out using CONTAIN-LMR code. Comparing 
design parameters with code calculation results, we determine whether KALIMER 
containment dome fail or not. The major parameters are peak pressure and peak 
temperature in containment after HCDA accident occurs. Design temperature and 
pressure of KALIMER containment dome is 0.24 MPa and 450 . The procedure of 
code jobs for containment dome performance and radiation dose evaluation as follows: 

1) Using ORIGEN2 code, core inventory of radionuclide at steady state is calculated. 
2) Using the core inventory and KALIMER HCDA 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. 

4.5.1 Sodium pool fire 
Pressure change in containment is described in Fig. 4-6. Peak pressure reaches 

0.188 MPa at about 4 minute after accident outbreak, this pressure value below 0.24 
MPa of KALIMER containment design pressure. Perturbation at about 20 minute 
indicates that sodium-water reaction ends at this time, and thus one source contributing 
to pressure rising disappears. The same phenomenon can be seen in Fig. 4-7. In Fig. 4-7, 
water vapor mass in containment air continuously decreases and at 20 minute after 
accidnt outbreak it is finally exhausted. In Fig. 4-8, temperature change in containment 
is described. Peak temperature reaches 368  at about 7 minute after accident 
outbreak, this temperature value below 450  of KALIMER containment design 



temperature. Similar perturbation can be seen as pressure change. Oxygen mole fraction 
change is described in Fig. 4-9 . At about 250 min after accident outbreak it reaches 
zero, and it indicates that sodium pool fire ends at this time. 

During sodium fire accident, natural convection is formed in containment. Hot air 
heated from pool fire rises from Cell 1 to Cell 2. The risen air and aerosols migrate from 
Cell 2 to Cell 3 and Cell 4 by wall side and finally comes down to Cell 1. In Fig. 4-10, 
Flow rate change can be seen. At about 200 min after accident outbreak, fire gets weak 
and flow rate becomes steady. 

In Fig. 4-11, Fig 4-12 and Fig. 4-13, oxygen consumption rate, sodium combustion rate 
and energy generation rate for sodium pool fire are described respectively. They all 
represent common trend similar to that in Fig. 4-9.  

In Fig. 4-14, temperature change of containment roof is described. The temperature 
ascends until about 120 minute but descends after the time. Leakage rate into 
containment outside atmosphere is described in Fig. 4-15. 

4.5.2 Sodium spray fire 
Analysis for sodium spray fire is carried out for 45 kg sodium spray as a base case. 

Pressure change in cover gas region and containment is described in Fig. 4-16. The 
pressure ascends rapidly and reaches 0.223 MPa at 12 second after accident outbreak, 
and then descends. Design pressure of KALIMER containment dome is 0.24 MPa. 
Pressure in cover gas region descends rapidly until 12 second and descends relatively 
slowly from 12 second to 2 minute. It is because until 12 second air flows from cover 
gas region to containment region but the flow direction reverses after the time. Pressure 
rising between about 7 and 9 minute is due to sodium pool fire by the introduced air. 
After 10 minute pressures in the two region gets the same value and decreases. In Fig. 
4-17, water vapor mass change is described in containment region. Water vapor is not 
exhausted in sodium spray fire. It is different from sodium pool fire case. It is because 
water vapor does not react totally with 45 kg sodium that is sprayed. In Fig. 4-18, 
temperature change in cover gas region and containment is described. It shows similar 
trend to pressure change. Peak temperature in containment dome reaches 422  at 12 
second after accident outbreak. Oxygen mole fraction is described in Fig. 4-19. At about 
12 second oxygen mole fraction in cover gas region begins to increase owing to 
introduction of containment air. At about 7 minute it decreases when sodium pool fire 



starts.

Flow rate from cover gas region to containment dome region is described in Fig. 4-20. 
At fist stage flow forms from cover gas region to containment region. And then, as 
pressure in containment increases rapidly owing to spray fire, the flow direction 
reverses and air flows into cover gas region. As spray fire ends in containment, pressure 
in containment decreases. In cover gas region, introduced air causes sodium pool fire, 
and thus pressure in the region increases. Afterward flow rate increases again 
(negatively), this is because energy generated from sodium pool fire decreases and also 
pressure decreases in cover gas region. Afterward energy generated from sodium pool 
fire increases again, and flow direction reverses. 

In Fig. 4-21, Fig 4-22 and Fig. 4-23, oxygen consumption rate, sodium combustion rate 
and energy generation rate in cover gas region are described respectively. Increase 
appears twice in the figures, and this indicates that sodium pool fire occurs twice in 
cover gas region. 

In Fig. 4-24, temperature change of containment roof is described. It largely differs 
from the graph of temperature and pressure in containment dome. Peak temperature also 
much lower than that of sodium pool fire case. Leakage rate into containment outside 
atmosphere is described in Fig. 4-25.  

In Fig. 4-26 and Fig. 4-27, pressure and temperature change in cover gas region and 
containment region are described for 70 kg sodium spray fire. Peak pressure and 
temperature reaches 280 MPa and 615  at 12 second after accident outbreak. These 
values are higher than containment design values of 0.24 MPa and 450 .

4.6  Radiological Consequences Evaluation 

Using radionuclide core inventory, HCDA source term, and radioactive nuclide 
release amount into containment dome outside thst is calculated by CONTAIN-LMR 
code, release fractions for each radionuclide groups are calculated. Radiation dose at 
site boundary is calculated by using the release fraction as a input data to MACCS code. 
Radionuclide release amounts calcuated from CONTAIN-LMR code job have 
maximum, minimum and average values. Conservatively, maximum value among these 
vlaues is chosen as release amount for each nuclide, and maximum release fraction 



value in a nuclide group is chosen as representative release fraction value for the nuclide 
group.    

In radiation dose assessment job using MACCS code, site informations and 
meteorological data of YGN 3&4 Unit are utilized. The results are presented Table 4-2. 
Dose consequence of sodiium pool fire is greater than that of sodium spray fire. 
Nevertheless, these dose values are far below both PAG (Protective Action Guideline) 
guideline and 10 CRR limit. The results of spray fire in the table are obtained in case of 
45 kg sodium spray. In case of 70 kg sodium spray, dose values are evaluated to be less 
than those for 45 kg sodium spray. 



Table 4-1 

Design Parameter Description 

 - General - 

Plant Power  162.6 MWe

Reactor Thermal Power  391.6 MWt

Coolant  Liquid Sodium 

 Cover Gas  He 

 Containment Vessel Gas  Ar 

- Containment - 

Design Pressure  0.24 MPa

Design Temperature  450 

 Initial Pressure  0.1013 MPa

Initial Temperature  35 

 Maximum Containment Leakage  1 % /day 

 Upper Dome Diameter  8 m 

 Upper Dome Thickness  2.5 cm 

 Lower Dome Diameter  14 m 

 Lower Dome Thickness  2.5 cm 

 Height  8.4 m 

 Material  2.25Cr-1Mo Steel

Volume  1036.5 m3

Weight  105 ton 



Table 4-2 
Radiation Dose at Site Boundary for Sodium Fire 

                                                 (units: rem) 
 Pool Fire Spray Fire PAG limit 10CFR limit

Whole Body 0.042 0.008 1.0 25 

Thyroid 0.512 0.288 5.0 300 



Fig. 4-1  Schematic of KALIMER Plant  
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Fig. 4-2  Schematic of KALIMER Containment  



Fig. 4-3  KALIMER and Containment Dome 



Fig. 4-4  Containment Dome Modeling for Sodium Pool Fire 
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Fig. 4-5  Containment Dome Modeling for Sodium Spray Fire 
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Fig. 4-6  Pressure for Sodium Pool Fire 
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Fig. 4-7  Water Vapor Mass in Containment for Sodium Pool Fire (Cell 1) 
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Fig. 4-8  Temperature for Sodium Pool Fire 
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Fig. 4-9  Oxygen Mole Fraction in Containment for Sodium Pool Fire (Cell 1)
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Fig. 4-10  Flow Rate for Sodium Pool Fire (Cell 1  Cell 2) 
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Fig. 4-11  Oxygen Consumption Rate for Sodium Pool Fire 
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Fig. 4-12  Sodium Combustion Rate for Sodium Pool Fire 
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Fig. 4-13  Energy Generation Rate for Sodium Pool Fire 
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Fig. 4-14  Containment Dome Temperature for Sodium Pool Fire 
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Fig. 4-15  Leakage Rate Outside Containment for Sodium Pool Fire 
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Fig. 4-16  Pressure for Sodium Spray Fire (45 kg Sodium Spray) 
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Fig. 4-17  Water Vapor Mass in Containment for Sodium Spray Fire 
         (45 kg Sodium Spray) 
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Fig. 4-18  Temperature for Sodium Spray Fire (45 kg Sodium Spray) 
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Fig. 4-19  Oxygen Mole Fraction for Sodium Spray Fire (45 kg Sodium Spray) 



0.0 0.1 1.0 10.0 100.0 1000.0 10000.0
TIME (min)

-0.20

-0.10

0.00

0.10

FL
O

W
R

AT
E

(k
g/

se
c)

Fig. 4-20  Flow Rate for Sodium Spray Fire (45 kg Sodium Spray) 
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Fig. 4-21  Oxygen Consumption Rate for Sodium Spray Fire (45 kg Sodium Spray)



0.0 0.1 1.0 10.0 100.0 1000.0 10000.0
TIME (min)

0.000

0.005

0.010

0.015

C
O

M
B

U
S

TI
O

N
R

A
TE

(k
g/

se
c)

Fig. 4-22  Sodium Combustion Rate for Sodium Spray Fire (45 kg Sodium Spray)
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Fig. 4-23  Energy Generation Rate for Sodium Spray Fire (45 kg Sodium Spray) 
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Fig. 4-24  Containment Dome Temperature for Sodium Spray Fire (45 kg Sodium Spray) 
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Fig. 4-25  Leakage Rate Outside Containment for Sodium Spray Fire (45 kg Sodium Spray)
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Fig. 4-26  Pressure for Sodium Spray Fire (70 kg Sodium Spray) 
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Fig. 4-27  Temperature for Sodium Spray Fire (70 kg Sodium Spray) 



CHAPTER 5.  Hypothetical Core Disruptive Accident (HCDA)  
              Analysis 

5.1  Introduction 

In early safety studies of small uranium metal reactors like EBR-II [5-1] and the 
Fermi Reactor, a sequence of super-prompt critical accident caused by fuel slumping in 
the sodium voided core, which is eventually terminated by disassembly of the core, was 
assumed to set the upper-bound design limits of containment systems. The analytic 
method used in the evaluation of this type of super-prompt critical core disruptive 
accident (CDA) in a fast reactor was originally developed by Bethe and Tait, further 
elaborated by Jankus [5-2]. 

The two most essential assumptions that characterize the method are the following; first, 
the power distribution is independent of time and the reactivity changes during the 
excursion are estimated by first-order perturbation theory, and, secondly, the material 
density remains constant, independent of time, in the hydrodynamic equations for 
disassembly and, therefore, pressure wave propagation is ignored. These two 
assumptions had been shown to result in little error for most of the super-prompt critical 
accidents. This is because the maximum reactivity attained above prompt critical is 
small and thus the total movement of material required to compensate this amount of 
reactivity is small [5-3]. They assumed a simple relation between pressure generation 
and energy density, taking the vapor pressure to be negligible until the energy density 
reaches a threshold value of single-phase liquid and increasing linearly thereafter. Other 
simplifications of the original method include restriction of the analysis to uniform 
spherical geometry, and the neglect of delayed neutrons, among others. 

Many improvements and modifications had subsequently been made on the basic 
method by a number of authors and they are often classified as Modified Bethe-Tait 
Methods as long as they adopt the two assumptions above. The two main modifications 
made to the original method are the inclusion of the Doppler reactivity effect and the 
use of a more realistic equation of state of the fuel. It had been suggested in the studies 
of Wolfe et al. [5-4], Nicholson [5-3, 5], Hicks and Menzies [5-6] and Meyer et al., that 
the vapor pressure becomes significant while the power is varying much less rapidly, 
and core dispersion is then due to much lower pressures acting for a much longer time. 
The difference was particularly marked with large oxide-fuelled power reactors having a 



large Doppler constant. Calculations were performed in these studies using the spherical 
and cylindrical models of Modified Bethe-Tait Methods, and the results showed good 
agreement between the two models [5-5]. It was also shown that the influence of the 
delayed neutrons was generally insignificant except for the excursion initiated by low 
rate of reactivity insertion [5-5]. Meanwhile, a more rigorous approach was initially 
taken by Okrent et al. for the computer code AX-1 [5-7], in which the reactivity is 
calculated periodically by a modified Sn method rather than perturbation theory, and the 
core hydrodynamics are treated more rigorously. Subsequent studies [5-8], using the 
QX-1 code [5-9, 10], confirmed that such a quasistatic space-time treatment is an 
accurate approximation to treating local effects of reactivity feedback for delayed 
supercritical excursions in fast reactors. 

A recognition that the arbitrary assumption of coherent core collapse gave excessively 
conservative results led to the development of a mechanistic approach to the analysis of 
core disruptive accidents over the 1970s and early 1980s. Instead of postulating 
arbitrary conditions that lead to core disassembly, the mechanistic approach attempts to 
analyze accident sequences from a given initiating event up to the conclusion of the 
accident. A large number of codes have been developed for mechanistically analyzing 
comprehensive phenomena of accident sequences for the oxide-fuelled fast reactors. It 
would not be possible, however, in the current state of the art to mechanistically trace an 
accident sequence through a generalized meltdown sequence from the initiator to a final, 
stable, coolable geometry, particularly for the metal-fuelled reactors like KALIMER. 

Under the circumstances, an effort has been made to evaluate the inherent safety of a 
conceptual design of the KALIMER for core meltdown accidents utilizing Modified 
Bethe-Tait method. Modifications were made to the original method mainly in the use 
of a more realistic equation of state of the fuel. The equations of state of the pressure-
energy density relationship were derived for the saturated vapor as well as the solid 
liquid of metallic uranium fuel, and implemented into the formulations of the 
disassembly reactivity. Mathematical formulations and a computer code called 
SCHAMBETA (Scoping Code for HCDA Analysis using Modified Bethe-Tait Method) 
[5-11] were developed in a form relevant to utilize the improved equations of state as 
well as to consider the Doppler effects. Calculations of the energy release during 
excursions in the sodium-voided core of the KALIMER were subsequently performed 
using the scoping code for various reactivity insertion rates up to 100 $/s, which has 
been traditionally set as the upper limit of ramp rate. 



To test the accuracy of calculations with the simple method developed, a number of 
calculations were carried out and compared with more detailed analysis results given in 
the work by Hicks and Menzies for oxide fuelled fast reactor[5-6]. Our method results 
in a conservative estimate of the core energy density relative to those by Hicks and 
Menzies. Various parametric studies were also performed to investigate the sensitivity 
of the results on the equation of state for pressure and energy, and other 
thermodynamics and reactor parameters. A scoping code like SCHAMBETA proved 
very useful for sensitivity studies for various parameters of uncertainties. Sensitivity 
studies are in need particularly for the fast reactor core loaded with metal fuel, for which 
our experience and knowledge are limited relative to the oxide-fuelled core.   

5.2  Method of Analysis 

5.2.1 Basic approach 
 It is assumed that the power excursion begins with the reactor prompt critical at 

time zero and the energy density generated during the excursion is governed by the 
reactor kinetics equation with no delayed neutrons and the source [5-2, 3, 4, 12],  

2

2

-1-d Q k dQ
dt l dt

β=                              (5-1) 

where Q(t) is the time dependence of the energy generation density ( , ) ( ) ( )E r t N r Q t= .
( )N r  is the normalized spatial power distribution. The other quantities in Eq. (5-1) are 

expressed in standard notation; k for multiplication constant,  for prompt neutron 
lifetime, and β delayed neutron fraction.  

The neutron multiplication constant as a function of time may be expressed in the form 

0 d( ) ( ) ( ) ( )I Dk t k k t k t k t= + + +  (5-2) 

where 0k is the initial multiplication constant, ( )Ik t  is the reactivity insertion 
responsible for initiating the excursion, ( )dk t  is the reactivity feedback resulting from 
material displacement during disassembly process, and ( )Dk t  is the feedback from 

Doppler effect. The initial multiplication constant at prompt critical is by definition 

0 1k β= + . Initial energy content (0)Q , initial power level (0)Q , and (0)k  are the 



initial conditions to be specified for a set of the coupled equations in the above to have a 
unique solution. Starting with the initial conditions, the coupled equations (5-1) and (5-
2) can be numerically solved by iteration. 

5.2.2 Reactivity insertion and initial conditions  
 The rate of reactivity insertion initiating the excursion is assumed constant and 

( )Ik t  may be written as; Ik ( ) [dk/dt]t t tα= = . In the case that a ramp insertion of 

reactivity initiates the accident, an equivalent step insertion is frequently used in the 
Bethe-Tait type of analysis. For the purpose of determining the equivalent step insertion, 
it is convenient to divide the power excursion into two phases. During the first phase, 
reactivity is added at an assumed constant rate and the power rises until the time 1t ,

when the total energy generated becomes sufficiently large to produce pressures that 
bring about significant material movement. Once the core begins to disassemble it goes 
very rapidly, and it is found that one can safely neglect any further addition of reactivity 
afterward. An asymptotic representation of the time 1t  may be obtained by solving 

Eq.(5-1) without reactivity feedback. The result is given as [5-3, 5, 12],  

ln ln lnt X X
α

≈ +    (5-3) 

where

2
21( ) [ (0)]Q t

X Q
α −≡  (5-4) 

Total reactivity inserted by the ramp prior to the large pressure is then given by 

I 1 1( ) ln ln(ln )k t t X Xα α= = +  (5-5) 

It is assumed that the step reactivity, equivalent to the total reactivity inserted by the 
ramp during the excursion, is initially introduced beyond prompt critical. The initial 
multiplication constant is then defined as 

I0 1 1(0) ( ) 1k k k t tβ α= + = + +  (5-6) 



Since the net reactivity is initially at its maximum and reduced with the negative 
reactivity feedback from the Doppler effect and/or core disassembly during the 
excursion, 1( )Ik t is termed maxk  in the following for clarity as well as for convenience. 
It is assumed in our study that 1t  comes when the fuel boiling occurs at the peak power 

location of the core. 

5.2.3  Disassembly reactivity 

5.2.3.1 Bethe-Tait approach  
  The reactivity feedback due to a change in density, ( , )r tρ , of the reactor 

material caused by the material displacement, ( , )u r t , can be written as [5-2] 

d ( )k t = r t u r tρ · ( )w r dV∇  (5-7) 

where ( )w r  is the reactivity change due to removal of unit mass of material at position 

r . Under the assumption that the density in the hydrodynamic equations is constant in 
time, Eq. (5-7) is differentiated twice in time, holding ( , )r tρ  constant at its initial 
value ( )rρ , and then displacement is related to the pressure by equation of motion to 

give 
2

d

2

( ) ( , )d k t
p r t

dt
= − ∇ · ( )w r dV∇  (5-8) 

Applying the first-order perturbation theory to the one group diffusion equation, we 
obtain for a spherical reactor [5-2],  

2

7 2

48 /
4 [1 (6 /5) (3 /7)]

c
d

tr f

q F
k

b q q
ρ

π ν
=

Σ Σ − +
pdV   (5-9) 

where trΣ , fνΣ  are the transport and fission cross-sections, b  is the core radius, F

is fraction of fission in the core, cρ  and p  are density and pressure of the core, 

respectively.  It is assumed that the flux can be approximated by a parabola in the core, 



2 21 ( / )q r bΦ = − . Thus dk  is proportional to the pressure integrated over the volume 

of the core. The pressure-energy relations for the core during the power excursion are 
among the key parameters to be provided for the core disassembly process. Bethe and 
Tait assumed a particularly simple relation between pressure generation and energy 
density, taking the pressure to be negligible until the energy density reaches a threshold 
value Q* and increasing linearly thereafter without significant expansion. 

5.2.3.2 Development of equations of state  
  At the initiation of the super-prompt critical excursion, liquid uranium is 

assumed interspersed with void spaces left in the core when the coolant is expelled. As 
the temperature rises, the voids are filled with the expanded liquid producing saturated 
vapor pressure. If the liquid reaches the threshold energy to fill the voids completely, the 
pressure begins to rise rapidly thereupon. In this context, therefore, the equations of 
state of pressure-energy density relationship are derived in this study for the saturated-
vapor as well as the single-phase liquid of metallic uranium fuel. Mathematical 
formulations for the disassembly reactivity are then developed to utilize the improved 
equations of state. 

A vapor pressure equation for uranium is given by Raugh and Thorn [5-13] as, 

23,300log 5.702 ( )
T

p = − .     (5-10) 

where pressure is in atmosphere and temperature in K. This equation has been shown to 
provide the vapor pressure in reasonable accuracy from the melting point to the critical 
point. We need an expression relating pressure to energy rather than to temperature. 
Assuming 0.1J/g-K as a reference value of the specific heat of the vaporized uranium 
core, the pressure-temperature relation was converted to that of pressure and energy 
density, which was then curve-fitted to a fourth-order polynomial, 

4

0

i
i

i

p B E
=

=                                     (5-11) 

with  B0 = 1.297 x 103,  B1 = -6.018 x 103,  B2 = 10.495 x 103 ,  
      B3 = -8.182x 103,  B4 = 2.416 x 103 (5-12) 



where the pressure is measured in MPa and the liquid energy in KJ/g. 

Meanwhile, for the single-phase liquid region, an equation of state is developed in a 
linear threshold type. The use is made of the equation-of-state data calculated by Brout 
for the uranium density of 9.92g/cm3, which is close to the density of the sodium-voided 
core of the KALIMER. The Brout’s data are listed in Table 5-1 [5-5], where T* and p* 
denote the reduced temperature and pressure, respectively; T=14,000T*(K), 
p=8,650p*(atmospheres). Tc is the critical temperature of uranium and R is gas constant. 
The result of our fitting is 

11,000( 1.10)p E= −   (5-13) 

where the pressure is measured in MPa and the liquid energy in kJ/g.(See Fig. 5-1) 
.

5.2.3.3 Equations for disassembly reactivity 
  The equations of state developed in the above can be utilized to obtain the 

expressions for the disassembly reactivity. For the single-phase liquid region, we may 
substitute Eq. (5-13) into Eq. (5-9), the Bethe-Tait form of expressions for the 
disassembly reactivity. In the saturated vapor region, the curve-fitted equation of state 
Eq. (5-11) is used and we get the second derivatives of the reactivity in time as follows 
[5-14] ; 

d 0k = ,    for   bQ Q<

3 4
max

d i2
i 0

1( ) A ( ) ik
k z Q

x =

= − ,    for    b 1
bQ

Q Q
q

< <
−

 (5-14 ) 

3 4
max

d i2
i 0

1( ) A ( ) ik
k q Q

x =

= −  ,   for   b

1 b

Q
Q Q

q
< <

−

where X  is a constant parameter characterizing the reactor core, q  is a power shape 
factor, bQ  is the energy density at the boiling temperature of the core, and 

2/3
0 0

2( )
3

A z z B=



2/3 2/5
1 1

2 2( ) ( )
3 5

A z z z B= −

2/3 2/5 2/7
2 2

2 4 2( ) ( z )
3 5 7

A z z z B= − +                   (5-15) 

2/3 2/5 2/7 2/9
3 3

2 6 6 2( ) ( z - z )
3 5 7 9

A z z z B= − +

2/3 2/5 2/7 2/9 11/2
4 4

2 8 12 8 2( ) ( z - z z )
3 5 7 9 11

A z z z B= − + +

Here, 01 /z Q Q= −  and 0Q  denotes the initial energy density of the core. The 
coefficients ( )iA q are obtained replacing z  with the power shape factor q  in Eq. (5-15). 

It is convenient for numerical analysis to define the following dimensionless variables 
[5-3, 5, 12] 

0

0

Q Q
y

Q
−=                                           (5-16) 

max

( ) 1( )
1

k t
t

k
βκ
β

− −=
− −

                                     (5-17) 

max 1k
t

βτ − −=                                      (5-18) 

Eq. (5-14) may then be reduced to a simple set of differential equations in terms of the 
above dimensionless variables [5-14], 
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where *Q  is the threshold energy of the single-phase liquid region. Likewise, it can be 

written for the single-phase liquid region [5-14], 

2
5/20 0

2 *

Q 1 * /1( )( )
Q 1

y Q Qd y
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            (5-20) 

5.2.4 Doppler reactivity feedback and numerical analysis 
 Following the approach taken by Wolfe et al. [5-4], the time rate change of the 

Doppler effect can be written as 

1

max

(1 0.6 )
[ (1 0.6 )( 1) 1]

n
D

n

d q dy
d k q y d

α θ
τ θ τ

−Γ − −=
+ − + −

 (5-21) 

where
max

Dk
k

Γ = , 0

0

vC T
Q

θ =  , and 
00 ( )D

D T

dk
T

dT
α = − . Here 

0
( / )D Tdk dT  is the Doppler 

temperature coefficient at temperature 0T , at which the energy density 0Q  is achieved. 

The Doppler effect is assumed to decrease in magnitude inversely as the nth power of 
the temperature T, measured from absolute zero. vC  is a constant value of the heat 

capacity at constant volume of reactor core.  

Rewriting Eq. (5-1) into the dimensionless form likewise, we obtain the  equation for 
energy density 

d y dy
d d

κ
τ τ

− + Γ =                                     (5-22) 

with the initial conditions  

(0) (0)(0) 0,  (0) 1,  (0) 0,  1,  0dy d
y

d d
κκ

τ τ
= = Γ = = =             (5-23) 



which, together with Eqs. (5-19), (5-20) and (5-21), constitute a complete set of 
equations to have a unique solution of the problem. Starting with the initial conditions, 
the above equations can be numerically integrated using the Runge-Kutta method on a 
digital computer. Iterations are continued until the reactor power falls below a preset 
value.

5.3. Analysis of Core Meltdown Accident in KALIMER 

5.3.1 Reactor model 
 The KALIMER core system is designed to generate 392MWt of power. The 

reference core utilizes a heterogeneous core configuration with driver fuel and internal 
blanket zones alternately loaded in the radial direction. The core consists of 48 driver 
fuel assemblies, 18 internal blankets, 6 control rods, 1 ultimate shutdown system(USS) 
assembly, 6 gas expansion modules (GEMs), and is surrounded by layers of radial 
blankets, reflectors, shield assemblies, and  in-vessel storage  of fuel assemblies, in an 
annular configuration. There are no upper or lower axial blankets surrounding the core. 
The reference core has an active core height of 120 cm and a radial equivalent diameter 
(including control rods) of 172 cm [5-14]. 

The driver fuel assembly includes 271 fuel pins. The fuel pins are made of sealed HT-9 
tubing containing metal fuel slug of U-Pu-10%Zr in columns. The driver fuel and 
blanket have smeared densities of 75% and 85%, respectively. The power fractions of 
the internal blankets significantly increase with burnup and, consequently, the location 
of the peak linear power shifts from the inner driver fuel zone to the innermost internal 
blanket region. The peaking factor is close to 1.5, which provides a basis for using the 
power-shape factor q of 0.6 in this study. The peak linear power is 286.5 W/cm, which 
is equivalent to a specific power of about 60 W per gram of fuel. Table 5-2 lists the 
KALIMER reactor parameters used in this study for the base cases.  

The fuel temperature (Doppler) coefficients are evaluated for sodium-flooded/voided 
cases. It is estimated to vary as 0.11 1.49T − for the sodium-voided case, whereas it varies 
as 0.10 1.43T −  in the case of the sodium-flooded core. The Doppler coefficient does not 
show any substantial change with burnup. Taking into account some uncertainty with 
the correlation for Doppler coefficients, –0.002 is taken as the best-estimate value of the 
Doppler constant for the subsequent analyses for the sake of conservatism [5-15]. 



5.3.2 Initial conditions and thermal properties  
 The core is assumed to be initially at prompt critical in molten state. Initial energy 

content of the core, 0Q , is therefore taken to be 0.25 KJ/g, the internal energy to heat 

uranium from room temperature to the melting point (1,400 K). The boiling temperature 
of the core is set at around 4,500 K and the corresponding energy bQ  at 0.8 KJ/g. The 

specific heat of metallic fuel is assumed to be close to 0.2 J/g-K just above the melting 
point and assumed to stay constant beyond.  

Another initial condition to specify is maxk , the amount of step reactivity equivalent to 

the total reactivity inserted by the ramp during the excursion, as given in Eq. (5-6). In 
addition to what are given in the above, we need the power at the prompt critical 
state, (0)Q . A simple formula for (0)Q , brought by introducing the reactivity at the 

constant rate of a dollars per second to an initially delayed critical reactor of the power 

level, ssQ , may be derived by solving the one-group point kinetics equations without 

reactivity feedback [5-16]; 

1/2(0) ( )
2ssQ Q

a
πβ= . (5-24) 

Table 5-3 shows the ratio of the power at prompt critical to a steady-state power, time of 
boiling 1t , and maxk  for each of the assumed reactivity insertion rates, estimated using 

Eqs. (5-3), (5-4), (5-5) and (5-24). 

5.3.3 Analysis results 
 Results of the reference case are listed in Table 5-4 for the peak values of energy 

generation density, temperature and pressure for various reactivity insertion rates and 
Doppler constants. It can be observed from the table that the Doppler effect significantly 
affects the power excursion. Without the Doppler effect considered, the excursions are 
terminated with fairly large energy releases accompanying strong pressure rises, in the 
range of a few tens of thousands atmosphere, over quite a short period of time, typically 
a few hundred microseconds. The Doppler effects are more pronounced with the 
excursions initiated by low rates of reactivity insertion. For the Doppler constant of -
0.002 taken as the reference value for KALIMER in this study, the power excursions are 
terminated even before the core reaches the assumed energy density of the boiling point 
(0.8KJ/g) for reactivity insertion rates up to 50 $/s. And reactor would shutdown 



without any significant pressure rise or energy release. For the reactivity insertion rate 
of 100 $/s, the energy density at the peak location of the core goes over the boiling point 
but stays around the threshold value of the solid liquid region (1.10 KJ/g). Only the 
peak spot of the core would boil, however, whereas most area of the core would be in 
the pre-boiling liquid state. As the fuel vapor generated at the peak spot of the core fills 
some of the voids left out of sodium coolant, the pressure gradually rises, while the 
power continues to be in decline under the influence of Doppler feedback. The core 
dispersion would be then with the fuel of low energy density driven by relatively low 
pressure.

5.4 Benchmark Analysis of Oxide-Fuelled Core 

A number of simulations were performed for the cases studied by Hicks and 
Menzies [5-6], as a means to check the extent of accuracy or conservatism of our 
method, particularly the assumption of step reactivity insertion equivalent to ramp rate. 
Hicks and Menzies investigated various aspects of the course of events during a super-
prompt critical excursion for a spherically symmetric sodium-voided core using the 
PHOENIX program. An extensive set of density-dependent equations of state for 
temperature and energy density as well as pressure and energy density was developed 
for the fuel assumed to be UO2. The Doppler constant was estimated to be –0.24 %. In 
our calculations of energy release, information available in the report by Hicks and 
Menzies or typical values of oxide-fuelled core were assumed for the reactor parameters.  

The results of these calculations are summarized for several reactivity insertion rates in 
Table 5, which compares the peak values of the energy density at the core center with 
those given by Hicks and Menzies. It may be noted from the fourth column of the table 

that our method, using the asymptotic values of 1t  and maxk  given in Eqs. (5-3), (5-4), 

and (5-5), consistently predicts higher values of energy release, about two times on the 
average, than those by Hicks and Menzies. This trend is more pronounced as the 
excursion gets stronger.  

The trend of overestimates of our method for energy release mostly comes from the 
conservatism put into estimating the amounts of step reactivity equivalent to the ramp 
rates. It was observed in the course of our calculations that the asymptotic values of 1t ,
are much larger than the actual values of time of boiling bt  (, which resulted from our 



analyses of the excursions), about 50 times depending on the ramp rates and Doppler 
constants assumed for the study. Being converted into the inserted reactivity by Eq. (5-
5), this gives rise to the overestimation of maxk , which comes to drive power excursions 
much more severely in our calculations. The values of 1t  were subsequently adjusted 
so that the resulting values of bt  come close 1t  for each case of excursions. The 

results are listed in the last column of Table 5-5. As shown, the results are in good 
agreement with those of Hicks and Menzies being within about 10 % in cases of ramp 
rates of 75 and 150 $/s, which are in the range of our design-basis ramp rates. Such an 
agreement appears fairly remarkable, considering the uncertainties involved in these 
kinds of hypothetical accidents, including the high-temperature material properties, 
equations of state and reactor parameters, among others. 

Calculations were repeated for the KALIMER with the amounts of the maximum step 
reactivity maxk  adjusted as described in the above. All the power excursions studied 

were terminated before the core gets to its boiling point, given the reference value of 
Doppler constant. It was also noted that the accidents are terminated without any 
significant energy yield even with a lower value of Doppler constant ( Dα = -0.001). 

5.5 Sensitivity Study 

5.5.1 Equation of state 
 The equation of state plays an important role in calculations of the course of a 

hypothetical fast reactor excursion, for it serves as the link between the neutronic 
relations and dynamic behavior of a core which leads to ultimate shutdown. There exist, 
however, considerable uncertainties in our knowledge of the equation of state as well as 
material properties at extreme conditions of the temperature and pressure, occurring 
during the power excursion of fast reactors. Resort has therefore been made to theory 
and correlation for the estimation of these physical properties at extreme conditions. For 
instance, R. H. Brout applied the law of corresponding states and developed empirical 
relations data for pressure and energy for constant-volume, single-phase conditions of 
uranium [5-5]. A set of his data, as listed in Table 1, was used to generate the reference 
equation of state for the single-phase region of sodium-voided core. Another equation of 
state is generated based on the Brout’s data for lower core density (  = 7.44g/cc), to see 
the effect on the energy yield of higher value of threshold energy and slower pressure 
rise. The equation is 



5,940( 1.44)p E= −                                     (5-25) 

where the pressure is measured in MPa and the liquid energy in KJ/g.  

The vapor pressure equation, given by Rau and Thorn in Eq. (5-10), has been shown to 
provide the vapor pressure in reasonable accuracy from the melting point to the critical 
point. The framework of methods in our study, however, requires an expression relating 
pressure to energy rather than to temperature. The specific heat of uranium is not well 
known in the high temperature region, particularly so above the vaporization 
temperature. As described in Section 5.2.3.2, the reference value of specific heat 
constant of uranium was set to be 0.1 J/g-K at the vapor region, in line with the works 
by Brout and Nicholson [5-5]. Sensitive studies were carried out assuming 0.2 J/g-K as 
the specific heat, which was expected to yield higher pressure as well as energy release. 
The resulting coefficients for the pressure as function of energy, curve-fitted to a fourth-

order power series are 
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with  B0 = -87.25 , B1 = 104.7 , B2 = -1.530 , B3 = -36.25, B4 = 11.07         (5-26) 

where the pressure is measured in MPa and the liquid energy in KJ/g. Figure 1 
illustrates various equations of state selected for the sensitivity studies. 

Two sets of the pressure-energy relationship for each phase then make four cases of 
sensitivity calculation in this study; 

1) Case 1(Reference Case): Eq. (5-12) for saturated vapor ( vC = 0.1 J/g-K), 
                      Eq. (5-13) for single-phase liquid ( ρ  = 9.92g/cc), 

2) Case 2: Eq. (5-26) for saturated vapor ( vC = 0.2 J/g-K), 
         Eq. (5-13) for single-phase liquid ( ρ  = 9.92g/cc), 

3) Case 3: Eq. (5-12) for saturated vapor ( vC = 0.1 J/g-K), 
         Eq. (5-25) for single-phase liquid ( ρ  = 7.44g/cc), 

4) Case 4: Eq. (5-26) for saturated vapor ( vC = 0.2 J/g-K), 
               Eq. (5-25) for single-phase liquid ( ρ  = 7.44g/cc), 



Results of the energy densities at the peak spot of the core are listed in Table 5-6 for 
each of the four cases described in the above. There are essentially no differences in the 
results between the first two cases, meaning that the results are insensitive to the 
particular equation of state for the saturated vapor pressure. Meanwhile, we can see by 
comparing Cases 1 and 3 (and Cases 2 and 4 as well) that the results are rather sensitive 
to the equation of state for the liquid. The differences are more pronounced with a 
smaller value of Doppler constant, reaching as much as 35 % for the cases of no 
Doppler feedback. It was observed that the value of threshold energy affects the results 
more than the gradient of the linear curve. For the Doppler constant of –0.002, however, 
the results essentially remain the same upon changing the linear threshold equation, 
simply because the core is not heated up much above the threshold energy of 1.10 kJ/g.  

An observation to be drawn from this study is then that the results of energy release are 
not sensitive at all to the equation of state for vapor pressure. The threshold energy of 
the single-phase liquid of uranium affects the results but only when Doppler effects are 
rather small.  

5.5.2 Specific heat of the metal fuel 
 We have seen that the Doppler reactivity feedback effect plays a crucial role in 

determining the core behavior during the accidents. One of the parameters of 
importance for the effect is the specific heat of the metal fuel. There had been 
considerable disagreement about its value for uranium at a high temperature above its 
melting point. Some measurement has been made just above the melting point, the 
values ranging from 0.1 to 0.2 J/g-K [5-5]. More recent measurement indicates toward 
close to 0.2J/g-K [5-21, 22]. There exist, however, large uncertainties about the 
behavior of the specific heat far above the melting point. A parametric study was 
performed, therefore, to look into the sensitivity of our calculation with three values of 
the specific heat at the melting temperature and beyond; 0.1, 0.15 and 0.2 J/g-K. As 
described in the above, 0.2 J/g-K was taken as the reference value above the melting 
temperature in our study. 

Table 5-7 lists the peak-spot energy densities of the core calculated for each of the three 
values of specific heat. It can be seen that, as the specific heat gets lower, energy 
densities decrease. The extent of the effect is more pronounced as the Doppler constant 
gets larger. Assuming the specific heat to be 0.15 J/g-K, for instance, gives the energy 



density of 0.9 kJ/g, which is about 20% less than what we get with the reference value 
of specific heat for the reference case. As the specific heat is further reduced to the 
lower extreme of 0.1 J/g-K, the energy densities decrease by about 50 % for the Doppler 
constant of -0.001 to –0.002. It may be summarized then that the effect of the specific 
heat of the fuel on the Doppler reactivity feedback would not be that important as long 
as it stays in the range of 0.15 to 0.2 J/g-K above the melting point. 

5.5.3 Reactor parameters 
 There are a number of reactor parameters known to potentially influence the 

energy yield, which include the prompt neutron lifetime, the power distribution in the 
core, and neutron cross sections, among others. It was shown in our parametric study 
that the results of energy yield are not sensitive to neutron cross sections of the core. In 
this section, the results of sensitivity studies with the remaining two parameters are 
described.

In this scoping study, the power distribution in the assumed spherical core is represented 
by the power-shape factor q in the normalized distribution; 2 2( ) 1 ( / )N r q r b= − , where 

b is the core radius. At the time a core disassembly takes place, only the central part of 
the core goes beyond the boiling point and vapor pressure is built up there. When the 
core power is flattened, much larger portion of the core may go beyond the boiling point 
resulting in the increase of energy yield. A parametric study was performed with three 
values of q; 0.6, 0.4 and 0.2 in the increasing order of flattening, for various reactivity 
insertion rates and Doppler constants. When the value of q was changed from the 
reference value of 0.6 to 0.2, the peak energy density was increased by about 10% from 
the reference value, for the case of ramp rate of 100$/s and Doppler constant –0.002. If 
the Doppler effect is not considered, the amount of increase reached 20 % or so for the 
same case. The effect of the core flattening is shown to become smaller for the lower 
ramp rates.  

Table 5-8 lists the peak energy density calculated for three values of prompt neutron 
lifetime, 10-7s, 2.65 × 10-7s (design value) and 5 × 10-7 s, for the two different ramp 
rates and various Doppler constants. It may be noted that, in the case of no Doppler 
effect, the energy release decreases with increase in neutron lifetime. With the Doppler 
effect considered, however, the energy density increases with increasing neutron 
lifetime. With the increase of the neutron lifetime to about two times the reference value, 
the energy yield increases about 20% for the reference case. The extent of the increase 



gets smaller for lower ramp rates and Doppler constants.  

5.6 Fuel Vapor Expansion Work 

5.6.1 Background 
 The work energy resulting from the high pressures generated in core disruptive 

accidents may cause structural damage of various parts of reactor system. Deformation 
of reactor internals is most likely to occur. However, a more severe spectrum of 
accidents may lead to the lifting of the reactor vessel head or rupture of the vessel. To 
preclude such unacceptable consequences in KALIMER, a conservative estimate of the 
work energy from the design basis excursion is made using a bounding approach, in 
which the maximum theoretical PdV work is computed assuming that the two-phase 
fuel expands isentropically down to a final pressure of one atmosphere. This work 
energy may then be compared to the design basis value of 500 MJ for the structural 
strength of the reactor system. In reality, the fuel vapor is likely to lose a significant part 
of its energy to the surrounding medium by radiation and other heat transfer 
mechanisms. It is also known that pressure inside the reactor vessel would be 
considerably higher than one atmosphere at the time of the bubble expansion process is 
complete 

5.6.2 Analysis methods 
 To estimate the work done by the expanding fuel vapor, it is assumed that the 

coolant has been expelled from the reactor core, and two-phase fuel mixture of droplets 
and vapor are in thermal equilibrium with one another. The destructive work is then 
produced by the isentropic (i.e., adiabatic and reversible) expansion of this two-phase 
mixture to a lower pressure. The expansion would cease after the sodium above the core 
impacted the closure head of the reactor vessel and the fuel bubble filled all the space 
left by the rising sodium and strained vessel. 

An approximate calculation can be made by assuming that the entire core is at the core 
average temperature, iT , at the completion of core disassembly. A simple expression can 

be derived in terms of the variables at the initial and final states of isentropic fuel 
expansion by making the following approximations: the fuel vapor acts as a perfect gas; 
fuel properties such as heat of vaporization, hfg, and specific heat for liquid fuel, cp,
remain constant over the expansion process. The work energy generated in the process 
of fuel expansion is then 
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where FM  is the fuel mass expanded and R  is the gas constant for the fuel, and ’s are 

the qualities for the fuel [5-19, 20]. 

The initial quality i can be expressed in terms of initial values of specific volume 
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where iυ  is the specific volume of the two-phase mixtures; ,g iυ  and ,l iυ  are the 

saturated vapor and liquid specific volume of the fuel, respectively at the initial stage of 
the expansion. The value of iυ  can be estimated by assuming that the total fuel 
mass FM  is uniformly dispersed over the core volume cV :
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υ =  (5-29) 

If coolant or structural material remains in the core, the volume of Vc is reduced to 
include only the fuel volume plus any free volume within the core not occupied by the 
other materials. 

The quality at the completion of fuel expansion can be determined from the relation 
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T c T T
T h T

χ χ= +    (5-30) 

The final temperature of the fuel mixture, Tf , can be determined from the equation of 
state for pressure and temperature, once the final pressure is known. A vapor pressure 
equation for uranium is given by Raugh and Thorn [5-13],  



23,300log 5.702 ( )
T

p = −  (5-31) 

where pressure is in atmosphere and temperature in K.  

5.6.3 Analysis results 
 At the time of initiation of a super-prompt critical accident, the core is assumed to 

be  in molten state and the energy content of the core is therefore taken to be 0.25 KJ/g, 
the internal energy needed to heat uranium from room temperature to the melting point 
(1,400 K). The boiling temperature of the core is set at around 4,100 K and the 
corresponding energy at 0.8 KJ/g. The specific heat of metallic fuel is assumed to be 
close to 0.2 J/g-K just above the melting point and assumed to stay constant beyond. A 
vapor pressure equation for uranium is given Eq. (5-31). Assuming 0.1 J/g-K as a 
reference value of the specific heat of the vaporized uranium core, the pressure-
temperature relation was converted to that of pressure and energy density, which was 

then curve-fitted to a fourth-order polynomial,
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phase liquid region, an equation of state is developed in a linear threshold type. The use 
is made of the equation-of-state data calculated by Brout for the uranium density of 10.0 
g/cm3,.which is close to the density of the sodium-voided core of the KALIMER.  

For the design-base case of reactivity insertion rate of 100 $/s, the energy density at the 
peak location of the core goes over the boiling point and stays around 1.10 KJ/g. The 
temperature is about 7,100 K at the peak location of the core. Only the central part of 
the core would boil, whereas outer area of the core would be in the pre-boiling liquid 
state. As the fuel vapor generated at the peak spot of the core fill some of the voids left 
out of sodium coolant, the pressure gradually rises, while the power continues to be in 
decline under the influence of Doppler feedback. The core dispersion would be then 
with the fuel of low energy density driven by relatively low pressure.  

To calculate the work energy arising from expansion of the two-phase fuel mixture, we 
need to know its mass and average temperature. Given the maximum energy or 
temperature at the peak location of the core, we can find out the average temperature of 
the mixture Tavg, using the relationship 
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Here

avgQ  =  average energy density of the fuel mixture 

maxQ  =  maximum energy density of the core 

bQ   =  fuel vaporization energy(0.8 kJ/g) 

bT  =  fuel boiling temperature(4,100 K) 

Table 5-9 lists the values of energy densities and temperatures of the two-phase 
mixtures averaged over the boiling regions of the core, for a set of given values of them 
at the core center. 

We can see in the table that the average temperature of the fuel vapor mixture ranges 
from about 5,000 K to 7,000 K for a range of values of energy density at the peak 
location of the core which may result at the time of the completion of core disruptive 
accidents. For the reference case, its value is about 5, 300 K. Taking this as a initial core 
temperature for fuel expansion down to one atmosphere and applying Eq. (5-27), we get 
the work energy density of about 48 j/g. Results for other cases are listed in Appendix 1. 

Mass of the two-phase fuel mixture to expand is given by 
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 where 
cM  =  the mass of total fuel loading in the core (9.2MTU), 

0Q  =  energy density at the core center 

bQ  =  fuel vaporization energy (0.8 kJ/g) 

    q  =  power shape factor  

Table 5-10 lists the values of the mass fraction of expanding fuel vapor for a range of 



energy densities at the core center with the value of q set as 0.6 in Eq. (6). Mass fraction 
of the two-phase fuel mixture is 0.455 for the reference case. Since the amount of total 
core fuel loading is 9.2 MTU in KALIMER, the mass of the mixture is then about 4.2 
MTU. This gives the work potential of 200 MJ. 

Figure 5-2 shows the work energy released as a function of final pressures for the 
design-basis case, where the two-phase fuel is initially of average temperature at 5,300 
K. It can be noted that a substantial part of the work energy is released after relatively 
low pressure is reached. 

5.7 Sodium Expansion Work 

5.7.1 Background 
At the end of the nuclear disassembly phase, the fuel expands and eventually 

comes into contact with the sodium coolant. If a substantial amount of energy can be 
rapidly transferred from the molten and vaporized fuel to the sodium, much higher 
mechanical work energies can be obtained because the sodium is a more efficient 
expansion fluid than the fuel. The sodium expansion models have been divided 
arbitrarily into thermodynamic models and finite heat transfer models.    

The thermodynamic models are characterized by the assumption that the rate of heat 
transfer is either infinite (Hicks and Menzies model)[5-6] or zero (modified Hicks and 
Menzies method) [5-21] during the sodium expansion. Consequently the expansion of 
the sodium is independent of the system geometry and can be calculated from 
thermodynamic principles. In the finite heat transfer rate models as used in SOCOOL-II 
code [5-22], the rate of heat transfer is determined by conduction in the fuel and sodium 
and geometrical constraints are utilized to determine the time available for heat transfer.    

5.7.2 Thermodynamics model analysis 
5.7.2.1 Analysis methods 

The Hicks & Menzies model is a two-step process. First, fuel and sodium are 
mixed and heat is instantaneously transferred from molten fuel to liquid sodium until 
thermal equilibrium is reached. In the second step, the sodium vaporizes and expands 
doing pdV works on surroundings. Throughout the expanding process, heat transfer 
from the fuel to the sodium is assumed to continue so that the mixture of the two 
remains in thermal equilibrium. This assumption results in a bounding estimate of the 



thermal efficiency of the process of converting heat to work by sodium vaporization [5-
6]. 

Suppose that a mass m of sodium at absolute temperature TNa mixes intimately with unit 
mass of fuel at temperature Tf and that thermodynamic equilibrium is established 
instantaneously. Assuming no phase change during the initial mixing process and 
constant specific heats, the initial equilibrium temperature of the mixture is given by 

0
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=
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where Cf and CNa are the specific heats of fuel and liquid sodium, respectively.  

It is supposed then that the mixture begins to expand adiabatically, remaining in 
thermodynamic equilibrium throughout the expansion. During the expansion, the 
sodium is the fluid that does work on the surroundings. The fuel transfer its heat to the 
sodium and is always at the same temperature as the sodium. The mixture is assumed to 
be made up of unit mass of fuel, mass  of sodium vapor, and mass (m- ) of liquid 
sodium, all at absolute temperature T and pressure sodium vapor P.

Assuming that the liquid phase of the sodium is incompressible and of negligible 
specific volume compared with the vapor phase, and that sodium vapor is an ideal gas, 
the work done per unit mass of fuel during the adiabatic expansion is given by, 

0( )( ) ( )f Na fgW c mc T T h RTχ= + − − −  (5-36) 

where hfg is the latent heat of vaporization of sodium, R is the gas constant per unit mass 
of sodium, and the specific and latent heats are assumed to be constant. 

For the work to be evaluated in Eq.(5-36),  an auxiliary relationship for  must be 
derived. Assuming that the liquid phase of the sodium is incompressible and of 
negligible specific volume compared with the vapor phase, and that sodium vapor is an 
ideal gas, the adiabatic relation for the mixture is 
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This integrates to the desired expression for ,
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The results in the above are not effective once all the sodium has been vaporized. That 
is, they hold up until  reaches sodium mass fraction m during the expansion. During the 
further adiabatic expansion of the mixture, the appropriate adiabatic relation is given by 
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where Cp,g is the constant-pressure specific heat of sodium vapor and Tv is the 
temperature of sodium vapor when  reaches sodium mass fraction m. The additional 
work done is 

,( )( )v f v g vW c mc T T= + −  (5-40) 

where Cv,g is the constant volume specific heat of sodium. 

5.7.2.2 Analysis approach and results 
To calculate the work energy during the expansion of the fuel-sodium mixture, 

we need to know the initial temperatures of the fuel and sodium as well as the 
thermodynamic properties of them. It is assumed that no sodium is present in the core at 
the time of core disassembly, which provides a basis for determining the initial 
condition for our work energy analysis. As the fuel vapor generated at the peak spot of 
the core fill some of the voids left out of sodium coolant, the pressure gradually rises, 
while the power continues to be in decline under the influence of Doppler feedback. The 
core dispersion would be then with the fuel of low energy density driven by relatively 
low pressure. 

In this scoping analysis, the two-phase mixture of vapor and droplets of molten fuels is 



assumed to be ejected from the core and expands in a single bubble constrained by the 
inertia of the sodium pool above the core. The fuel is assumed to be mixed with some 
amount of sodium from the surrounding pool, and come to temperature equilibrium 
without heat loss from the fuel-sodium mixture. 

In Equation (5-35) to determine the initial temperature of the mixture, we use a whole 
core average fuel temperature for Tf from preceding analysis of core disruptive 
accidents. The average sodium temperature of the pool is taken to be 1,150 K, which is 
used as the value of TNa in this study. For the design-base case of reactivity insertion 
rate of 100 $/s, the energy density at the peak location of the core goes over the boiling 
point and stays around 1.10 KJ/g. The temperature is about 7,100 K at the peak location 
of the core. Only the central part of the core would boil, whereas outer area of the core 
would be in the pre-boiling liquid state. Assuming that, at the final phase of super-
prompt critical accidents, the core temperature remains just above the melting point 
(1,400 K and corresponding energy 0.25 J/kg) at around the core periphery, we can get 
the core average energy of 0.55 J/kg and corresponding temperature of about 3,000 K 
from Eqs. (5-32) and (5-33). In must be noted that, in these equations, the boiling 
temperature Tb of the core set at around 4,100 K and the corresponding energy Qb of 0.8 
KJ/g are replaced by the melting temperature and corresponding energy.  

Thermodynamic properties of the fuel and sodium are assumed to be constant over the 
expansion process. Parametric values used in the calculations are as follows: 

Cf  = 0.2 J/g.K,  CNa =1.2 J/g.K 
Cp,g = 0.9 J/g.K, hfg = 40 kJ  
R = 0.33 J/g.K 

A vapor pressure equation for sodium is given by [5-6] 

5, 220log 4,521p
T

= −  (5-41) 

where pressure is in atmosphere and temperature in K.  

Figure 5-3 compares the Hicks and Menzies method with the modified the Hicks and 
Menzies method, showing the work potential per unit mass of fuel as a function of 



sodium mass fraction for the thermal interaction of the liquid fuel at 3,100 K with 
sodium at 1,150 K. As the sodium mass fraction increases, the work done first increases 
to the maximum value (of about 160 J/g of fuel at the sodium mass fraction of around 
0.06), and then decreases, with the Hicks and Menzies method used. The initial increase 
is due to the formation of an increasing volume of sodium vapor. The later decrease is 
due to the quenching effect of the sodium; the loss of energy in heating liquid sodium. 
In the mean time, the work potential monotonically increases to be saturated to about 72 
J/g with the modified Hicks and Menzies method. The work potential is only 20 to 50 % 
that for the Hicks and Menzies method, depending on the sodium mass fraction. 

Since the total mass of the reference breakeven core with the axial height 120 cm is 
about 8.4 MT, the total energy release amounts to the maximum of approximately 1,350 
MJ with the use of Hicks and Menzies method. Using the modified method would result 
in the energy release of about 600 MJ at maximum. This value is slightly greater than 
the structural design criteria for the KALIMER reactor system, which is set at 500 MJ.  
It must be noted that these values are based on the assumption that the mixture of fuel 
and sodium expands down to the final pressure of 1 atm. Under realistic accident 
conditions, the final pressure would be expected be greater than 1 atm. Figure 5-4, for 
instance,  shows the work energy released as a function of final pressures for the 
design-basis case, where the core fuel and surrounding sodium is initially of average 
temperature at 4,000 K and 1,150K, respectively. It can be noted that a substantial part 
of the work energy is released after relatively low pressure is reached. 

5.7.3 SOCOOL-II analysis 
5.7.3.1 Analysis methods 

Both the heat transfer from the fuel to the sodium and the motion of the 
expanding sodium are time-dependent processes. In the SOCOOL-II model, it is 
assumed that fuel particles are instantaneously and uniformly dispersed in a mixing 
region surrounded by unheated liquid region, as shown in Figure 5-5. The expanding 
sodium in the mixing zone is constrained by the surrounding region like the sodium 
pool above the core resulting in high pressure, which suppress normal boiling. There is 
no heat transfer between these two regions [5-22, 5-23]. 

The constraint of the mixing zone is modeled in two stages, an acoustic constraint 
followed by an inertial constraint. If the time for heat transfer is small compared to the 
acoustic period, which is the time for a pressure wave to travel to the nearest free 



surface and back, the unheated liquid assumed to be compressible and the region is 
considered to be under acoustic constraint. The vaporization can take place only when 
sufficient expansion relieves the high pressures generated by the rapid heating or if a 
rarefaction wave suddenly reduces the pressure in the mixing region below the 
saturation pressure corresponding to the temperature of the heated liquid. For the 
acoustic constraint time domain, the expansion of the system can be approximated by 
one-dimensional acoustic equation, 

0 0 0( ) dZ
p t p c

dt
ρ− =  (5-42) 

where P is the system pressure, Z is  the height of the mixing region, and Po, o, Co are 
the initial values of pressure, density, and sonic velocity in the constraining sodium. 

For times which are large compared to the acoustic period of the heated region, the 
mixing region can be assumed to be under inertial restraint. The unheated liquid can be 
assumed to be incompressible and the expansion of the system can be determined using 
Newton’s law of motion, 

2

0 0 2( ) d Z
p t p L

dt
ρ− =  (5-43) 

where L is the height of the sodium being accelerated above the mixing zone, Po is the 
pressure in the cover gas over the sodium. 

The rate of heat transfer is determined by considering a single spherical fuel particle 
concentrically surrounded by sodium. The parabolic heat conduction equation in 
spherical coordinate r with internal heat generation '''Q ,

2
'''

2

2( )p

T T T
c k Q

t r r r
ρ ∂ ∂ ∂= + +

∂ ∂ ∂
 (5-44) 

is solved using an implicit numerical technique assuming the thermal resistance at the 
fuel-sodium interface is negligible. 

The rate of pressure increase is obtained by the relationship, 



1
V

T

dp dT dV
dt dt V dT

γ
β

= −  (5-45) 

where

( )V

p
T

γ ∂=
∂

 = thermal pressure constant 

1 ( )T

V
V p

β ∂= −
∂

 = isothermal compressibility 

The rate of temperature increase, dT/dt is calculated from the heat conduction equation 
in the above and the rate of volume increase, dV/dt is calculated from one-dimensional 
acoustic equation, Eq.(5-42). 

5.7.3.2 Analysis approach and results 
In the SOCOOL-II code, the acoustic work is first calculated by integrating 

under the pressure-volume curve until vaporization conditions are attained either by 
gradual expansion (until the pressure in the heated liquid becomes less than the 
saturation pressure) or when the time becomes equal to the acoustic period and the 
rarefaction wave reflected from the free surface returns to the heated region. The inertial 
work is then calculated from an adiabatic expansion of the superheated sodium 
assuming that there is no further heat transfer from the fuel. 

The heat transfer rate and the expansion work calculated by SOCOOL-II code are 
strongly affected by the fuel droplet size. The rate of heat transfer is determined by 
considering a single spherical fuel particle concentrically surrounded by sodium. For 
uranium dioxide fuel, mean particle diameter of the fragmented fuel in sodium is known 
to be in the order of 100 to 1,000 micrometers. The thermal equilibrium case like Hicks 
and Menzies model corresponds to a droplet size of zero. 

 Figure 5-6 shows the work potential per unit mass of fuel for the fuel particle diameter 
of 0.1 mm and 1.0 mm, respectively, as a function of sodium mass fraction during the 
thermal interaction of the liquid fuel at 3,100 K with sodium at 1,150 K. As the sodium 
mass fraction increases, the work potentials monotonically increase and gradually 
saturated. It can be seen that the work energy gets large as the fuel diameter gets small. 
With the sodium mass fraction of around 10 %, which is the typical design value for the 
KALIMER core, work potentials are 53 J/g for the fuel diameter 1.0 mm and 85 J/g for 



the diameter 0.1 mm. These values of work energy are certainly less than 150 J/g, which 
is predicted by the Hicks and Menzies method.  For the case of fuel diameter 1.0 mm, 
SOCOOL-II code predicts approximately same value of the work energy as that 
calculated by the modified Hicks and Menzies method. It may be said that, for the fuel 
diameter 0.1 mm to 1.0 mm, the SOCOOL-II method predicts the work energy in the 
range between the Hicks and Menzies method (infinite heat transfer model) and the 
modified H & M method (finite heat transfer model) but more close to the latter one. 

Since the total mass of the reference breakeven core with the axial height 120 cm is 
about 8.4 MT, the total energy release amounts to approximately 450 MJ for the case of 
fuel particle diameter 1.0 mm and 710 MJ for the diameter 0.1 mm, respectively. These 
values are is slightly smaller or greater than 500 MJ, which is the structural design 
criteria for the KALIMER reactor system.   

5.8  Conclusions 

Analysis of the behavior of the sodium-voided core of the KALIMER during the 
super prompt-critical excursions was performed for various reactivity insertion rates up 
to100 $/s, using the SCHAMBETA code developed in this study. The result shows that 
there exist significant influences of Doppler effect on the power excursions in the 
metallic core of the KALIMER. For the best-estimate value –0.2 % for the KALIMER, 
the power excursion was terminated without an energetic disassembly even for the 
extremely large reactivity insertion rates of 100 $/s,  

Benchmark calculations showed that our method predicts higher values of energy 
release, about two times on the average, than those by Hicks and Menzies for the oxide 
fuelled core of fast reactor. With a parametric adjustment of the maximum reactivity 
inserted into the core, the results came to be in good agreement with those of Hicks and 
Menzies being within about 10 % in the range of our design-basis ramp rates. 
Sensitivity studies were performed to look into the influences of various parameters on 
the consequences of the power excursions. Parameters investigated in this study include 
equations of state for pressure and energy, specific heat of uranium, and such reactor 
parameters as the neutron lifetime, power distribution and neutron cross sections. It 
turned out that the results of energy release were insensitive to the equation of state for 
vapor pressure. The threshold energy of the single-phase liquid of uranium affects the 
results to some degree but only when Doppler effects are rather small. On the other 



hand, the specific heat of the fuel may significantly affect the consequence via changing 
the Doppler reactivity feedback effect if its value is out of the range between about 0.15 
and 0.2 J/g-K at the melting point and beyond. The influence of the reactor parameters 
was not much significant in terms of the peak energy density of the core as long as they 
remain within a reasonable range of the design value.  

A conservative estimate of the work energy from the design basis excursion was made 
using a bounding approach, in which the maximum theoretical PdV work is computed 
assuming that the two-phase fuel expands isentropically down to a final pressure of one 
atmosphere. The resulting value of the maximum work energy was about 200 MJ for the 
two-phase fuel initially at average temperature at 5,300 K. This work energy is lower 
than the design basis value of the structural strength of the reactor system, which is set 
to be 500 MJ. Work potentials were also calculated for sodium expansion using the 
Hicks and Menzies method (infinite heat transfer model) and more realistic zero heat 
transfer model for a typical initial condition of core disruptive accident. In accordance 
with the Hicks and Menzies method, work potential reaches the maximum value of 
about 160 J/g of fuel at the sodium mass fraction of around 0.06, for the thermal 
interaction of the liquid fuel at 3,100 K with sodium at 1,150 K and then decreases. In 
the mean time, the work potential monotonically increases to be saturated to about 72 
J/g with the modified Hicks and Menzies method. The work potential is only 20 to 50 % 
that for the Hicks and Menzies method, depending on the sodium mass fraction. Since 
the total mass of the reference breakeven core with the axial height 120 cm is about 8.4 
MT, the total energy release amounts to the maximum of approximately 1,350 MJ with 
the use of Hicks and Menzies method. Using the modified method would result in the 
energy release of about 600 MJ at maximum. This value is slightly greater than the 
structural design criteria for the KALIMER reactor system, which is set at 500 MJ.  

Finally, work energy arising from expanding sodium was calculated using SOCOOL-II 
code, which deals with time-dependent finite heat transfer between the fuel particle and 
surrounding sodium. For the case of fuel diameter 1.0 mm, SOCOOL-II code predicts 
approximately same value of the work energy as that calculated by the modified Hicks 
and Menzies method. It may be said that, for the typical fuel diameter 0.1 mm to 1.0 
mm, the SOCOOL-II method predicts the work energy in the range between the Hicks 
and Menzies method and the modified H & M method but more close to the latter one. 
The total energy release amounts to 450 MJ for the case of fuel particle diameter 1.0 
mm and 710 MJ for the diameter 0.1 mm, respectively.. These values are is slightly 



smaller or greater than 500 MJ, which is the structural design criteria for the KALIMER 
reactor system.   



Table 5-1  Data for Equation of State 

T* p* E/RTc

0.96 - 2.0 
1.05 2.0 2.1 
1.11 3.0 2.2 
1.21 5.0 2.5 
1.33 7.0 2.8 
1.60 10.0 3.4 
1.90 15.0 4.0 
2.40 20.0 5.0 

Table 5-2  Reactor Parameters of KALIMER

trΣ fΣν

β

hydρ
cρ

310004.1 −×

7102 −×
0.035

310030.1 −×

7102 −×



Table 5-3  Parameters for Initial Conditions

a )0(Q ssQ 1t maxk

Table 5-4  Results of Energy, Temperature and Pressure  

Peak Values at Core Center 
Ramp 
Rate  
($/s) 

Doppler
Constant
 ( Dα )

Energy 
Density(KJ/g)

Temperature
(K)

Pressure
 (bar) 

10
0.0

-0.001
-0.002

1.46
0.68
0.48

7,440
3,560
2,570

4,030
38
0

20
0.0

-0.001
-0.002

1.58
0.91
0.58

8,030
4,720
3,040

52,400
70
0

50
0.0

-0.001
-0.002

1.79
1.32
0.80

9,090
6,770
4,160

75,700
1,700

0

100
0.0

-0.001
-0.002

2.01
1.58
1.12

10,220
8,030
5,770

100,700
5,250

360



Table 5-5  Comparison of Energy Densities of Oxide-Fuelled Core  

Energy Density at Core Center (KJ/g) 
Our Methods Ramp 

Rate  
($/s) 

Doppler
Constant
( Dα )

Hicks & 
Menzies Asymptotic

maxk
 Adjusted  

maxk

75
0.0

-0.001
-0.002

3.52
1.81
1.71

7.25
4.10
2.42

3.47
1.63
1.57

150
0.0

-0.001
-0.002

4.11 
1.99
1.90

8.82
5.30
3.55

3.96
1.76
1.70

Table 5-6  Calculation of Energy Densities for Various Equations of State 

Peak Energy Densities(kJ/g) 
Ramp 
Rate  
($/s) 

Doppler
Constant
( Dα )

Case 1 
(Ref.)

Case 2 Case 3 Case 4 

50
0.0

-0.001
-0.002

1.79
1.32
0.80

1.79
1.34
0.80

2.30
1.38
0.80

2.41
1.53
0.80

100
0.0

-0.001
-0.002

2.01
1.58
1.12

2.02
1.58
1.14

2.67
1.85
1.12

2.74
1.98
1.14



Table 5-7  Energy Densities with Various Specific Heat Constants 

Peak Energy at Core Center (kJ/g) Ramp 
Rate 
 ($/s) 

Doppler
Constant
( Dα )

vC = 0.10 
 (J/g-K) 

vC =0.15
 (J/g-K) 

vC =0.20
 (J/g-K) 

50
0.0

-0.001
-0.002

1.71
0.64
0.44

1.79
1.18
0.66

1.79
1.32
0.80

100
0.0

-0.001
-0.002

2.01
0.80
0.53

2.01
1.48
0.90

2.01
1.58
1.12

Table 5-8  Energy Densities for Various Neutron Lifetimes 

Prompt  Neutron Lifetime( )Ramp 
Rate  
($/s) 

Doppler
Constant
( Dα )

710−×0.1 s 7102.65 −× s
(Reference) 

7105.0 −× s

 50 
 0.0 
-0.001
-0.002

1.87
0.95.
0.59

1.79
1.32
0.80

1.74
1.43
1.04

100
 0.0 
-0.001
-0.002

2.13
1.33
0.75

2.01
1.58
1.12

1.95
1.65
1.37



Table 5-9  Initial Core Energy and Temperature 

Table 5-10  Fuel Vapor Mass Fraction 
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Fig. 5-1  Equations of State for Pressure and Uranium in Core 
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Fig. 5-2  Work Potential by Expanding Fuel Vapor of Initial Temperature 5,300K 



Fig. 5-3  Comparison of Work Potentials due to Sodium Expansion
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Fig. 5-4  Work Potential as a Function of Pressure
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