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Abstract

Three Work Packages (WPs) were defined in this Coordinated Research Project (CRP) whose objective was to estimate fission-product-transportation behavior inside the reference pool-type sodium-cooled fast reactor (SFR) volumes (i.e., in-primary vessel, cover gas system and in-containment building) at different time scales under severe accident conditions. This WP, WP-2, is dedicateddefined to estimate the primary system/containment system interface source term using improved models and tools to evaluate for the cover gas, sodium ejection via leak paths through the top shield of the reactor vessel., radionuclide chemical composition and distribution in the containment. After the discussion between the participants of this WP, it was decided to evaluate The mass of primary sodium instantaneously ejected into the Reactor Containment Building (RCB) was evaluated as a common benchmark problem which will be the input for the subsequent WP, WP-3, where radionuclide chemical composition and distribution, and sodium combustion within the containment system will be evaluated. The exercises were carried out for a reference pool type SFR of 1250 MWth capacity with mixed oxide fuel. The accident sequence to be considered is Unprotected Loss of Flow Accident (ULOFA) which is assumed to result in a core damage event with release of radionuclides into the primary coolant and cover gas. Four organizations, NCEPU (China), IBRAE RAN (Russian Federation), IGCAR (India) and JAEA (Japan) finally participated in this WP. Reference case calculation using a common pressure history and sensitivity study were carried out. Basic and parametric cases of the calculation were carried out. The total amount of the ejected sodium onto the top shield for referencebasic case was in a good agreement between the participants. The results of the sensitivity studyparametric analysis revealed that the change of the parameters regarding uncertainty, such as inlet pressure, outlet pressure, cross-sectional area, and loss coefficient bring about the change of leaked mass in the range of several tens of %.pressure difference above and below the top shield, which is the driving force of the sodium ejection, and the loss coefficient of the bend portion of the plug gap make a relatively large contribution to the amount of sodium ejected.
1. INTRODUCTION
Towards improving the current state of the art for modelling the in-vessel and in-containment source terms IAEA launched the Coordinated Research Project (CRP) in which participants from nine countries are doing benchmark simulations for the source term estimation with different models and tools. The technical aspects to be addressed are divided into three Work Packages (WPs). First is WP-1, the in-vessel source term estimation, consisting of risk important fission product distribution in the fuel pins, their release mechanisms into the coolant and subsequent reaction and transport in the coolant and release to the cover gas. Second is WP-2, the primary system/containment interface source term estimation consisting of models for the cover gas, sodium ejection and radionuclide chemical composition and distribution in the containment. The third part is WP-3, the estimation of the fission product evolution within the containment considering sodium burning scenarios, aerosol behavior and physical boundary conditions. The scope of the CRP was to predict and compare in-vessel, interface and in-containment radio nuclide release fractions using improved models and tools.
In order to benchmark the development of mechanistic models for the assessment of in vessel and in containment source term, a reference Sodium-cooled Fast Reactor (SFR) has been defined [1]. The reference reactor is a generic model loosely based on the Prototype Fast Breeder Reactor, currently under commissioning in India. The reference reactor is pool type SFR which consists of a primary sodium circuit, two secondary sodium circuits and a steam water circuit. Primary sodium circuit consists of core, control plug, hot pool, cold pool, two primary sodium pumps, four Intermediate Heat Exchangers (IHX), and Safety Grade Decay Heat Removal System (SGDHRS).
Four organizations, NCEPU (China), IBRAE RAN (Russian Federation), IGCAR (India) and JAEA (Japan) were finally participated in this work package, WP-2. NCEPU calculate the leakage of liquid sodium using CFD code, FLUENT. IBRAE RAN did the simulations with their own code EUCLID/V2. IGCAR used NETFLOW codes for simulations. JAEA used PLUG code for the calculations of sodium ejection.
This WP is dedicated to estimate the primary system/containment system interface source term using improved models and tools to evaluate sodium ejection via leak paths through the top shield of the reactor vessel. The mass of primary sodium instantaneously ejected into the Reactor Containment Building (RCB) was evaluated as a common benchmark problem which will be the input for the subsequent WP, WP-3, where radionuclide chemical composition and distribution, and sodium combustion within the containment system will be evaluated.
After the discussion between the participants of this WP, it was decided to evaluate mass of primary sodium instantaneously ejected into the Reactor Containment Building (RCB) as a common benchmark problem. Leaked mass of the sodium will be utilized in WP-3 as input for the sodium combustion calculation.
In thethe paper, the scope of this study, calculation methods ofsodium leak evaluation by each institution, and thecalculation results and discussion regarding the evaluation result are respectively described.
2. SCOPE OF THIS STUDY
Objective
The objective of this WP, WP-2, is to evaluate the mass of primary sodium instantaneously ejected into the RCB through the leak paths within the top shield. Reference case calculation is carried out by each participant using a common pressure history as a benchmark analysis. Participants also do the sensitivity study for the purpose to investigate the uncertainty along with their own interests.
Accident Sequences
The accident sequence to be considered is Unprotected Loss of Flow Accident (ULOFA). This event is assumed to result in a core damage event with release of radionuclides into the primary coolant and cover gas. ULOFA transient is initiated due to loss of primary coolant flow resulting from loss of power to both the primary pumps and failure to shut down the reactor. This leads to coolant temperature rise and voiding in the upper part of highly rated channel. As void spreads widely in core region large positive reactivity is introduced. It leads to power excursion and finally to rapid increase in clad and fuel temperatures which results in Core Disruptive Accident (CDA)core disassembly. 
There are two accident progression sequences of ULOFA: energetic one and non-energetic one. Energetics is defined as the event which gives mechanical load on the reactor vessel as a result of core disassembly. In a core disassembly phase, fuel vapor is generated due to nuclear heating. Then CDA bubble, which is mixture of fuel, steel vapor and fission gas, and molten core material, expands into upper plenum via upper core structure. After that sodium vapor is generated due to Ffuel-Ccoolant Iinteraction (FCI) in the upper plenum. If the mechanical energy generated is sufficiently large, sodium slug impacts on the lower surface of the top shield. The consequences of the slug impact can result in the following: one is the reactor vessel failure and the other is the sodium ejection via gaps between shield plugs which leads to sodium combustion within RCB. In this WP, we focused on investigating sodium ejection behaviour via gaps between shield plugs.
Analysis Condition
Schematic of top shield is shown in Fig. 1. The major leak paths in the top shield are the annular gaps between the Roof Slab (RS) and Large Rotating Plug (LRP), and LRP and Small Rotating Plug (SRP). The other penetrations in the RS are passage for IHX, Primary Sodium Pumps, DHX, Fuel Transfer PortIn Vessel Transfer Post cum Periscope access, Hot Pool Level Detector (HPLD), Cold Pool Level Detector (CPLD), Delayed Neutron Detector (DND), Sodium Fill and Drain Lines, Argon Feed and Outlet Lines, Sodium Purification Lines and Inclined Fuel Transfer Machine Bottom Frange(IFTM). The penetrating paths in the SRP are due to Control Plug, Oval Shield Plug of Transfer Arm and Guide Tube of Transfer Arm. Control plug has penetrating paths due to Control and Safety Rod Drive Mechanisms (CSRDM), Diverse Safety Rod Drive Mechanisms (DSRDM), Failed Fuel Location Modules (FFLM). All the components are large and are secured with adequate number of bolts (~150), with good redundancy. Hence, no ejection of any component is considered. The leak paths are only due to extension of the bolts. Rupture of pipe lines is not postulated as the lines are designed to bear thefor static equivalent of dynamic pressure under CDA. Hence, no ejection of the sodium from reactor vessel beyond top shield through the leak paths between components is considered.


[image: ]

FIG. 1.	Schematic of top shield.
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The actual top shield is designed as described above, but in this WP, it is hypothesized that each of the above leak paths is opened with a certain gapat a certain interval in advance, that is, the fastening bolt is assumed to be statically stretched. Then, the amount of sodium ejected from the reactor vessel to the upper surface of the top shield through the leak path is evaluated. The name of the leak path is represented by a combination of shielding plugs in contact with the leak path as shown in Table 1, where the name, type, number and flow path width of each leak path are shown. The leak paths to be evaluated are classified into seven types as shown in Table 1. Dimensions of sodium leak paths of type 5 is listed in Table 2.

TABLE 1.	CHARACTERISTICS OF THE LEAK PATH

	No.
	Path name
	Type
	Qty
	*
	
	No.
	Gap name
	Type
	Qty
	*

	1
	RS-LRP
	1
	1
	5.0
	
	9
	RS-FTP
	5
	1
	0.5

	2
	LRP-SRP
	2
	1
	5.0
	
	10
	RS-IFTMBF
	5
	1
	0.5

	3
	SRP-OSP
	3
	1
	1.0
	
	11
	RS-DND
	5
	1
	0.5

	4
	SRP-CP
	5
	1
	1.0
	
	12
	OSP-GT
	4
	1
	1.0

	5
	RS-IHX
	5
	4
	0.5
	
	13
	CP-FFIM
	5
	3
	0.3

	6
	RS-PSUMP
	5
	2
	0.5
	
	14
	RS-HPLD
	5
	1
	0.5

	7
	RS-CPLD
	5
	1
	0.5
	
	15
	CP-CSRDM
	6
	9
	0.2

	8
	RS-DHX
	5
	4
	0.5
	
	16
	CP-DSRDM
	7
	3
	0.2


 *: width of the leak path which dominates the leak rate (mm)


TABLE 2.	DIMENSIONS OF SODIUM LEAK PATHS OF TYPE 5

	No.
	Path name
	Type
	Qty
	(m)
	(m)
	(m)
	(m)
	(m)
	(m)

	4
	SRP-CP
	5
	1
	2.25
	2.29
	1.8
	0.05
	0.02
	0.001

	5
	RS-IHX
	5
	4
	2.18
	2.2
	1.8
	0.06
	0.02
	0.0005

	6
	RS-PSP
	5
	2
	2.18
	2.2
	1.8
	0.06
	0.02
	0.0005

	7
	RS-CPLD
	5
	1
	0.68
	0.7
	1.8
	0.15
	0.01
	0.0005

	8
	RS-DHX
	5
	4
	0.56
	0.58
	1.8
	0.06
	0.01
	0.0005

	9
	RS-FTP
	5
	1
	0.56
	0.58
	1.8
	0.14
	0.01
	0.0005

	10
	RS-FTMBF
	5
	1
	0.56
	0.58
	1.8
	0.14
	0.01
	0.0005

	11
	RS-DND
	5
	1
	0.33
	0.35
	1.8
	0.14
	0.01
	0.0005

	13
	CP-FFIM
	5
	3
	0.31
	0.316
	2.310
	0.052
	0.003
	0.0003

	14
	RS-HPLD
	5
	1
	0.18
	0.2
	1.8
	0.12
	0.01
	0.0005



Vertical view of the leak paths considered in this study are shown in Figs. 2-4., and the name, type, number and flow path width of each leak path are shown in Table 1. The leak paths to be evaluated are classified into any of Figs. 2-4.
  The pressure, which acts on the lower surface of the top shield, used for benchmark calculationevaluation is given by the following equation, considering the core bubble pressure evolution during the quasi-static stage of the CDA [2]:basically evaluated independently by each participating institution. Typical pressure evaluation method is shown [2], and it is recommended to compare the analysis results using this method.

	
	(1)



where  is the time constant (0.8 s),  is the starting pressure of the quasi-static pressure value, 0.21 (MPa).  (81 m3) is the starting volume of the core bubble corresponding to pressure, .  is the quantity of sodium (volume) released from the reactor assembly, although it is neglected in the calculations as it is small compared to V0.  is obtained from the model of core bubble fuel vapor condensation [2]. Obtained pressure history is shown in Fig. 5, and used by each participant as a common inlet pressure.
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FIG. 2.	Vertical view of the leak paths considered in this study (type 1 and 2).
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FIG. 3.	Vertical view of the leak paths considered in this study (type 3, 4 and 5).
[image: ]
FIG. 4.	Vertical view of the leak paths considered in this study (type 6 and 7).
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FIG. 5.	Pressure history used for the benchmark calculation.

3. CALCULATION METHODEVALUATION BY EACH PARTICIPANTS
NCEPU(China)
ANSYS FLUENT was used for the calculation of the sodium ejection in NCEPU. FLUENT has a wide range of model systems to provide leading turbulence simulation capabilities which include several popular versions of k-epsilon and k-omega models, as well as Reynolds stress models for highly anisotropic flows. It also provides advanced scale-solving turbulence models, including large eddy simulation (LES), separated eddy simulation (DES), and adaptive eddy simulation (SAS). In this study, the standard k-e was established by NCEPU. The commercial software ICEM CFD was used to build the models needed for this study. Except for the two main leakage channels, the other channels have similar geometric characteristics. They all have similar geometric features, with an "inverted L" shape. The geometric model of the fluid domain is established based on known parameters, and the model is meshed with ICEM CFD to calculate the leakage of liquid sodium using FLUENT.
The movement of liquid sodiumfission products in the RS-FTP gap channel under severe reactor accidents is at first explained. NCEPU attempted to create a 360° "inverted L" leaky channel model (Fig. 65). The pressure boundary conditions are compiled into a user-defined function (UDF), and the change in leakage at the outlet over time is calculated in FLUENT. Other leak paths are also modelled based on the above methods. Different “inverted L” leak paths are modelled and calculated separately according to the corresponding dimensions. 
The steps of simulation calculation and setting of boundary conditions are the same for all models in FLUENT. Import the meshed model into FLUENT. First, the unit of the grid is determined to be millimetre, and then the grid parameters are checked. There is no negative grid, that is, the volume of the grid must be a positive number. Next, the algorithm selects an algorithm with pressure as a parameter. The flow field is a constant flow. The turbulence model selects the Standard k-e model. The wall uses an algorithm to select the Standard function. The core melt in the sodium cooled fast reactor is liquid metal sodium, and the outlet surface pressure is atmospheric pressure. And then select the number of iteration steps to get the residual curve indicating that it is convergent.
We monitored the mass flow and velocity changes at the exit, while monitoring the changes in these parameters during the flow, as many transient changes have stabilized during this time, so the calculations are more scientifically optimized. According to the calculation results of FLUENT, the sodium leakage in typical subchannel is sorted out, as shown in Fig. 6. We found that in the two main leakage channels (RS-LRP & LRP-SRP), the leakage rate of Na peaked at about 0.13 s and then decreased to 0. In other narrower leakage channels, the leakage rate will reach its peak in less time, less than 0.05s. In all channels, the sodium leakage rate tends to 0 after 0.55 s.
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FIG. 65. A 360° "inverted L" leaky channel model

IBRAE RAN(Russia)
An universal integrated computer code, EUCLID/V2, is being developed at IBRAE RAN. The code is intended for the safety analysis of employed and designed fast reactors with liquid metal coolants (lead, lead-bismuth and sodium) at all operation regimes, including severe accidents. The first module integral EUCLID/V2 code used for this simulation is system thermal-hydraulic code HYDRA-IBRAE/LM. It allows performing calculation of non-stationary thermo-hydraulics applied to reactor loops and experimental facilities with liquid metal coolants, including a capability to describe the behavior of the water circuit and heat exchange equipment important for the safety of the NPP [3,4]. Computation of the thermal-hydraulic processes in HYDRA-IBRAE/LM is based on the non-equilibrium nonhomogeneous two- or three-fluid model.
The correlations for the calculations of friction pressure losses, heat exchange with wall and interphase interactions used in the thermohydraulic module were obtained mainly in FSUE "SSC RF – IPPE" on the basis of analysis of experimental data. Local pressure loss  are determined as follows:

	
	(21)



where  is coefficient of local resistance,  is average coolant velocity, and  is coolant density. Coefficient of local resistance is determined depending on the change of the flow area, whether the channel is the bend or the T-branch.
The pressure developed within the vessel during CDA can lead to sodium release to RCB though several potential leak paths in the top shield structure of the reactor. The object is to find out mass of ejected sodium to the RCB. The major leak paths and its number in top shield are given in Table 1. Nodalization scheme for penetrations consists of vertical and horizontal annular channel, as shown in Fig. 7. Inlet sodium pressure is obtained from the following equation:
where=0.21 (MPa) at =0 (s), is the quasi-static pressure at the instant of starting of sodium release, =0.8(s), =80 (m3),  - the volume of sodium released into containment building through all leak paths to time . Outlet pressure assumed to be atmospheric pressure. Sodium temperature is 900 K. For initial conditions inside leak paths next situation was explored: initially leak path volumes are filled with sodium.

Sodium ejection rate to the reactor containment building for each penetration is shown in Fig. 7. The most of the sodium mass was released through following leak paths: RS-LRP (150.55 kg), LRP-SRP (108.02 kg), RS-IHX (27.32 kg), SRP-CP (15.6 kg), RS-Pump (13.66 kg), RS-DHX (7.6 kg), SRP-OSP (11.46 kg). Total injected sodium mass to the reactor containment is 345.13 kg.
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	a) Simple leak path
	b) RS-LRP and LRP-SRP


FIG. 7. Nodalization scheme for simple leak path, RS-LRP and LRP-SRP penetrations.

IGCAR(India)
In order to perform the calculations of the quantity of the sodium released into the containment, a general-purpose hydraulic network model was developed to determine the leak rate of sodium mass through various sections of the leak paths in the top shield. The equations that govern the leak rate are based on force balance between flow resistance, inertia of sodium mass in various sections of leak paths, gravitational force, and upward force acting due to the quasi-static core bubble pressure [5,6]. A network model, NETFLOW, is developed to simulate the sodium flow through gaps between the top shield components. The network model is useful for modelling arbitrary leak paths. A basic equation of force balance for a path is written as follows:
	
	(3)


where  is the mass and  is the velocity of the sodium in a path,  is the area and  is the loss coefficient of a path,  is the pressure difference in a path,  is the gravitational force of the sodium in a path.
All the leak paths are modelled, though the major leakage paths are RS-LRP and LRP-SRP which consist of two branches, as can be seen in Figs. 82 and 3. The schematic of leak paths in other components mounted over roof slab are shown in Figs. 4 and 5. The flow resistance in the leak paths depends on type of the flow, geometrical features of the flow channels, flow area etc. For this calculation, the loss coefficients were adapted from the open literature [7].

The initial quasi static pressure of core bubble is 0.21 MPa. The transient variation of core bubble pressure after start of quasi static phase is given in the Fig. 9. The core bubble reaches the atmospheric pressure in 0.52 seconds, calculated from equation (4),
	
	(4)


where  is the time constant (0.8 s),  is the starting pressure of the quasistatic pressure value, 0.21 (MPa).  (81 m3) is the starting volume of the core bubble corresponding to pressure, .  is the quantity of sodium (volume) released from the reactor assembly.  is neglected in the calculations as it is small compared to V0.  is obtained from the model of core bubble fuel vapor condensation.
The calculated total mass leaked through major leak paths are given in the Table 2. As shown in Table 2, 77% (~254 kg) of total sodium released comes from the RS-LRP and LRP-SRP leak paths. The leak from other leak paths is about ~76 kg. The total released sodium is about ~330 kg. The mass flow rates through different leak paths are shown in Fig. 10.
The flow resistance in the leak paths depends on type of the flow, geometrical features of the flow channels, flow area etc. For this calculation, the loss coefficients were adapted from the open literature [7]. A sensitivity study was performed to study effect of loss coefficients on the leaked sodium amounts. Two cases were considered viz., 1) The entry coefficients are neglected 2) The loss coefficient for bend is varied from 0.3-1.0. As shown in Fig. 11, when entry coefficients are neglected, the peak mass flow rates increase by ~25 Kg/sec, which leads to 10 Kg increase in leaked sodium from the reference case. When the bend coefficients are varied from 1 to 0.3, the peak mass flow rate increases by 120 Kg/sec. This leads to ~47 Kg increase in the leaked sodium from the reference case. These results indicate that the mass flow rates are sensitive to the loss coefficients; the accurate estimation of the loss coefficient is crucial.
Considering the fact that sodium release is a fast-transient process and the annular flow paths are complex with multiple bends, experiments [2] have been conducted to verify the numerically predicted quantity of sodium release.
[image: ]
FIG. 8. Flow network model of a typical sodium leak path in top shield. Nodes n1, n3 and n5 are boundary nodes.
JAEA(Japan)
JAEA utilized the PLUG code, which was developed to model the dynamic movement of shield plugs and connecting bolts that fix them, and to evaluate the amount of sodium ejected onto the top shield through the gaps between the plugs using the pressure difference above and below the shield plugs as input. In this project, the amount of sodium ejected onto the top shield is calculated without calculating the dynamic movement of the plugs, assuming that each of the leak path is opened withat a certain gap widthinterval in advance as an initial condition. In PLUG code, the amount of sodium ejected to the space above top shield is calculated based on the modified Bernoulli's equation:
	
	(45)


where  is pressure (Pa),  is density (kg/m3),  is gravity acceleration (m/s2),  is height from reference level (m),  is velocity (m/s),  is subscript indicating position 0 (outlet),  is subscript indicating position 1 (inlet),  is the sum of all the friction and singular loss (Pa).
Equation (45) is steady-state equation which doesn’t include the time derivative term. PLUG code calculates the amount of sodium ejected in each time step by solving equation (45) with the pressure difference between above and below the top shield as input assuming that the gaps between plugs are filled with liquid sodium and the flow there is in steady-state. Friction loss in the vertical flow path, horizontal flow path and singular loss of bend and inlet section is calculated using Darcy-Weisbach equation. Vertical flow path is modelled as a concentric ring, and . Hhorizontal flow part is modelled as a path with rectangular cross section, which width, height and depth are respectively perimeter of large concentric ring, height of concentric ring and difference of radii between large and small ring, as shown in Fig. 9. Cross sectional area of inlet side of bend and narrow side of inlet section is used for velocity calculation. Resistance coefficient of 1.0 is given for all bend and narrow inlet section (except the first entrance). All the paths listed in Table 1 are modelled in this study.
There are two calculation cases performed: one is the basic case using pressure history calculated using equation (4) with the starting pressure of the quasistatic pressure value, 0.21 (MPa) and the other is parametric case using pressure history calculated by SIMMER code [8].
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(a) vertical flow path                        (b) horizontal flow path

FIG. 9. Flow path model of PLUG code.
The pressure history used in the calculation and the calculated sodium flow rate are plotted on Figs. 12 and 13, respectively. In basic case, the maximum flow rate amounts to 560 kg/s at RS-LRP path, whereas it amounts to 1500 kg/s in parametric case, depending on the pressure loaded under the shield plugs. The amount of sodium ejected from all the leak paths is 335 kg in basic case, whereas it is 1840 kg in parametric case. In parametric case, not only peak pressure increased relative to the reference case from 0.2MPa to 0.7MPa but also duration of the pressure loading increased from 0.5s to 1.5 s. This is the reason of the increase of the amount of sodium ejecte
CALCULATION RESULTS AND DISCUSSION
3. Results with common pressure
The leaked sodium mass calculated by each participant is compared on Table 3 and Fig. 10. Overall, the calculation results of all the participants are similar. This indicates that the variation in modelling for this calculation is small, and that the accuracy of the analysis methods of each institution are almost the same. In the process of liquid sodium passing through the top shield, there are two main leak paths: RS-LRP and LRP-SRP. As shown in Table 3, total released sodium is about ~330 kg, and about 80 % of total sodium released comes from the RS-LRP and LRP-SRP leak paths.
Fig. 11 shows the sodium leakage rate calculated by each participant. The leakage rate of sodium peaked out at about 0.1 s with the peak value being 400-500 kg/s in NCEPU, IBRAE and IGCAR, and then decreased to zero. The result of JAEA calculation is different from those of others especially flow rate change at the beginning. This is due to the fact that the time derivative is considered in the basic equation adopted in NCEPU, IBRAE and IGCAR although that it is not considered in JAEA. However, the amount sodium ejected in JAEA calculation is 335 kg, and this is not so different from those of IBRAE and IGCAR. This result can be explained that at the beginning of the leak, mass flow rate is greater in JAEA calculation, whereas at the end of the leak, mass flow rate decreases rapidly in JAEA calculation due to no inertia effect. As a result, the total leaked mass become comparable with IBRAE and IGCAR.

TABLE 3.	TOTAL LEAKED MASS FROM EACH LEAK PATHS

	Leak Paths
	NCEPU**
	IBRAE RAN
	IGCAR
	JAEA

	RS-LRP
	149.8
	150.6
	150.5
	141.1

	LRP-SRP
	93.3
	108.0
	103.7
	95.9

	RS-IHX/PSP (4/2)*
	33.8
	41.0
	36.2
	44.0

	SRP-CP
	14.3
	15.6
	14.5
	19.7

	SRP-OSP
	--
	11.5
	8.57
	12.1

	RS-DHX (4)*
	6.5
	7.6
	6.84
	8.8

	Others
	10.0
	11.0
	9.29
	13.4

	Total:
	307.7
	345.1
	329.6
	334.9


* Value in the bracket corresponds to the number of the component.
** Inlet pressure of NCEPU is +10 kPa greater than the reference pressure.
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* Inlet pressure of NCEPU is +10 kPa greater than the reference pressure.
FIG. 10. Leaked sodium mass calculated by each participant.
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* Inlet pressure of NCEPU is +10 kPa greater than the reference pressure.
FIG. 11. Sodium ejection rate at the leak path RS-LRP calculated by each participant.
Sensitivity study
The result of NCEPU calculation listed in Table 3 was obtained when they use inlet pressure +10 KPa of the reference one. With the reference inlet pressure, NCEPU obtained the leaked sodium mass of 267.6 kg (87 % of the value listed in Table 3). The reason of less sodium ejection in NCEPU calculation is probably due to the difference of the calculation model. NCEPU uses the multi-dimensional flow model whereas the other participants use one-dimensional model.
In IBRAE, the sensitivity of grid size was investigated. They gave different grid size of 0,5*N, N and 2*N, where N is cell number for nominal case. The results show that there is no difference of the leaked sodium mass with the parameters given here, as shown in Fig. 12. The influence of input parameters on the calculation results was also investigated in IBRAE. In a series of calculations, following input parameters were varied: sodium temperature, inlet and outlet pressure and cross-section area. Changing ranges for the parameters are: 1) sodium temperature, 50K, 2) inlet pressure, 5%, 3) outlet pressure, 0-10 kPa, and 4) cross-section area, 3%. Results of sensitivity study are presented in Fig. 12. The inlet and outlet pressure have the greatest influence on the calculation results. Injected sodium mass varies from 297.8 to 370.5 kg (86 % to 107 % of the reference case).
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(a) sensitivity of grid size                      (b) influence of input parameters
FIG. 12. Results of the parametric analyses carried out in IBRAE.

A sensitivity study was performed in IGCAR to study effect of loss coefficients on the leaked sodium amounts. Two cases were considered viz., 1) the entry coefficients are neglected 2) the loss coefficient for bend is varied from 1.0 to 0.3. As shown in Fig. 13, when entry coefficients are neglected, the peak mass flow rates in leak path RS-LRP increase by ~25 Kg/sec, which leads to 10 Kg increase in leaked sodium from the reference case. When the bend coefficients are varied from 1.0 to 0.3, the peak mass flow rate increases by 120 Kg/sec. This leads to ~47 Kg increase in the leaked sodium from the reference case in leak path RS-LRP. This amounts to 409 kg of the total amount of leaked sodium (131 % of the reference case). These results indicate that the mass flow rates are sensitive to the loss coefficients; the accurate estimation of the loss coefficient is crucial.

[image: ]
FIG. 13. Sensitivity study of loss coefficient on sodium leak in IGCAR.
Pressure parameter case in JAEA
JAEA carried out a parameter case calculation with varying inlet pressure history. Inlet pressure history was calculated by SIMMER code [8], where molten fuel and steel ejection from the core region to the upper sodium plenum, and resultant FCI which gives pressure loading onto the top shield were modelled and calculated. The pressure history used in the calculation and the calculated sodium flow rate are plotted on Fig. 14. As shown in Fig. 14, there are several pressure peaks due to multiple but not so strong slug impact onto the lower surface of the top shield which are the result of multiple FCIs in the upper sodium plenum. This pressure history gives multiple peaks of the mass flow rate. The amount of sodium ejected from all the leak paths is 1840 kg in this pressure parameter case, whereas it is 335 kg in reference case. The reason of the sodium mass increase is not only peak pressure increase relative to the reference case from 0.2 MPa to 0.7 MPa but also duration increase of the pressure loading from 0.5 s to 1.5 s.
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(a) Inlet pressure                    (b) Mass flow rate of the leaked sodium

FIG. 14.	Pressure parameter case in JAEA.
DISCUSSION
Table 2 shows a comparison of the evaluation results of each institution for the amount of sodium ejected onto the top shield. In the analysis shown in Table 2, each institution uses almost the same pressure history, and the analysis results are almost the same. Hereinafter, this is referred to as a reference case. This indicates that the variation in modelling for this problem is small, and the accuracy of the analysis method of each institution is almost the same. The amount of sodium ejected onto the top shield calculated in reference case will be utilized in WP-3 as input for sodium combustion calculation.

TABLE 2.	TOTAL LEAKED MASS FROM EACH LEAK PATHS

	Leak Paths
	NCEPU
	IBRAE RAN
	IGCAR
	JAEA

	RS-LRP
	149.82
	150.6
	150.54
	141.1

	LRP-SRP
	93.34
	108.0
	103.73
	95.9

	RS-IHX/Pump (4/2)*
	33.84
	41.0
	36.15
	44.0

	SRP-CP
	14.28
	15.6
	14.47
	19.7

	SRP-OSP
	--
	11.5
	--
	12.1

	RS-DHX (4)*
	6.46
	7.6
	6.84
	8.8

	Others
	10.00
	10.95
	--
	13.38

	Total:
	307.7
	345.13
	311.73
	334.9


* Value in the bracket corresponds to the number of the component.

Table 3 shows the results of the parametric analysis. Parameter analyses of IBRAE RAN concludes that the leaked mass was largest in the following combinations, of which the effect of input pressure was most pronounced: sodium temperature / reference (900K) -50K, inlet pressure / reference +5%, outlet pressure / reference -10kPa, cross-section area / reference +3%. IGCAR conducted a parameter analysis in which the loss coefficient at the bend was changed from 1.0 to 0.3, and this results in the leaked mass increased from 312 kg to 409 kg. JAEA conducted an analysis using the input pressure as a parameter (pressure obtained by the analysis using SIMMER code), and the leaked mass increased from 335 kg to 1840 kg. From the results of these parametric analyses, the effect of the difference in the input pressure is the largest. The effect of the loss coefficient of the flow path is also recognized.

TABLE 3.	RESULT OF THE PARAMETRIC CALCULATIONS

	
	IBRAE RAN
	IGCAR
	JAEA

	Released mass of sodium
(relative to reference case)
	370 kg
(107 %)
	409 kg
(131 %)
	1840 kg
(549 %)



In this benchmark analysis, it is assumed that the leak path is filled with sodium as the initial condition in all the participantsinstitutions. This ignores the calculation of the transients that sodium flowsis filling into the leak path. In reality, it is thought that the sodium enters into the gaps between the plugs after the sodium slug impacts on the lower surface of the top shield, and only after the gap capacity being filled with the sodium, it outflows onto the top shield. The approximate capacity of the gaps between the plugs is shown in Table 4. In the estimation of the capacity, liquid sodium density is assumed to 820 kg/m3 (~550 °C), and only the volume of vertical and horizontal part of the leak paths is considered (volume of the bends is excluded). Since the leaked mass obtained by the calculation of the reference and parameter cases in NCEPU, IBRAE and IGCAR is less than this gap capacity, the sodium does not outflow onto the top shield in the reference case if this gap capacity is taken into consideration. JAEA's PLUG code can consider the effect of sodium filling the volume of each leak path. When this is taken into consideration, tThe amount of leaked mass is zero in the reference case and 75 kg in the pressure parameter case parametric casein JAEA when the gap capacity is taken into account.

TABLE 4.	CAPACITY OF THE LEAK PATH

	Leak Paths
	Capacity* (in kg of sodium)

	RS-LRP
	908

	LRP-SRP
	460

	RS-IHX/PSPump
	1214 (6*205)

	SRP-CP
	213

	SRP-OSP
	34

	RS-DHX
	108 (4*27)

	Others
	256

	Total:
	3223


* Liquid sodium density is assumed here to 820 kg/m3 (~550 degree C). Only the volume of vertical and horizontal part of the leak paths is considered (volume of the bends is excluded).



In this benchmark analysis, each of the leak path being opened at a certain widthinterval in advance was assumed as the calculation condition, and the amount of sodium ejected onto the top shield was compared. In reality, ordinary plugs including roof slab are fixed with bolts, and rotating plugs are often fixed with freeze seals and then prevention measures for the missile are taken. Therefore, even if the pressure increases in the reactor vessel, the plugs will not move upward nor open the leak path onto the top shield unless the pressure exceeds the weight of the plug and the force of the bolt and a leak path onto the top shield will not open. In order to evaluate this effect, it is necessary to analyse the dynamic response of the plugs.
In this benchmark analysis, design clearances (as built) of the leak path were used. This clearance may vary with aging or sodium mist deposition onto the path wall. These effects probably result in narrowing the leak paths and are better to be considered.
CONCLUSIONS
Four institutions participating in this CRP conducted benchmark analyseis of sodium ejection. In the analyseis using a common pressure history (reference case), the results of the analysis of each institution were in good agreement. This indicates that the variation in modelling for this task is small, and that the analysis accuracy of the analysis methods of each institution areis almost the same. The amount of sodium ejected onto the top shield calculated in reference case is conservatively approximated to be 350 kg and will be utilized in WP-3 as input for primary system/containment system interface source term calculation and sodium combustion calculation.
According to the results of the parameter analyseis performed here, the change of parameters regarding uncertainty, such as input pressure, outlet pressure, cross-sectional area, and loss coefficient bring about the change of leaked mass in the range of several tens of %.difference in the input pressure had the greatest effect on the amount of sodium ejected. It was also confirmed that the loss coefficient of the flow path also had a certain effect.
It is assumed in this benchmark analysis that the leak paths is have already opened and filled with sodium as the initial condition in all the institutions in this benchmark analysis. This ignores the calculation of the transients that sodium is flowsfilling into the leak paths between the plugs. In reality, the sodium flowsenters into the leak pathsgaps between the plugs after the sodium slug impacts on the lower surface of the top shield, and only after the gap capacity leak paths being filled with the sodium, it outflows onto the top shield. Considering the volume of the leak paths, sodium iswas not ejected onto the top shield if we use a under common pressure historyconditions, and the ejection amount iswas about 75 kg even in the case of the JAEA pressure parameter case.
Ordinary plugs including roof slab are fixed with bolts, and rotating plugs are often fixed with freeze seals and then prevention measures for them being missile are taken. Therefore, even if the pressure increases in the reactor vessel, the plugs will not move upward nor open the leak paths onto the top shield unless the pressure exceeds the weight of the plugs and the force of the bolts. and a leak path onto the top shield will not open. In order to evaluate this effect, it is necessary to analyse the dynamic response of the plugs.
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1
RS		Roof Slab
LRP		Large Rotating Plug
SRP		Small Rotating Plug
CP		Control Plug
IHX		Intermediate Heat Exchanger
PSP		Primary Sodium Pump
CPLD		Cold Pool Level Detector
DHX		Decay Heat Exchanger
FTP		Fuel Transfer Port

IFTMBF		Inclined Fuel Transfer Machine Bottom Flange
DND		Delayed Neutron Detector
OSP		Oval Shield Plug of Transfer Arm
GT		Guide Tube
FFIM		Failed Fuel Identification Module
HPLD		Hot Pool Level Detector
CSRDM	Control and Safety Rod Drive Mechanisms
DSRDM	Diverse Safety Rod Drive Mechanisms
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