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FOREWORD

The IAEA supports Member States in the area of advanced fast reactor technology
development by providing a major fulcrum for information exchange and collaborative
research programmes. The IAEA’s activities in this field are mainly carried out within the
framework of the Technical Working Group on Fast Reactors (TWG-FR), which assists in the
implementation of corresponding IAEA support, and ensures that all technical activitiesarein
line with expressed needs of Member States. Among this broad range, the IAEA proposes and
establishes coordinated research projects (CRPs), aimed at improving Member State
capability in fast reactor design and analysis.

An important opportunity to perform collaborative research activities was provided by the
system startup tests carried out by the Japan Atomic Energy Agency (JAEA) in the prototype
loop type sodium cooled fast reactor Monju, in particular a turbine trip test performed in
December 1995. As the JAEA opened the experimental dataset to international collaboration
in 2008, the IAEA launched the CRP on Benchmark Analyses of Sodium Natural Convection
in the Upper Plenum of the Monju Reactor Vessel.

The CRP, together with eight institutes from seven States, has contributed to improving
capabilities in sodium cooled fast reactors simulation through code verification and
validation, with particular emphasis on thermal stratification and natural circulation
phenomena.

The objective of this publication is to document the results and main achievements of the
CRP. The IAEA expresses its appreciation to all participants in the CRP for their dedicated
efforts leading to this publication. The IAEA officer responsible for this publication was
S. Monti of the Division of Nuclear Power.
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1. INTRODUCTION

1.1. OBJECTIVES OF THE COORDINATED RESEARCH PROJECT

The JAEA performed a turbine trip transient test from 40% rated electrical power in
December 1995, as a system startup test (SST) of the Japanese prototype fast breeder reactor
Monju, and obtained detailed experimental data in the upper plenum of the reactor vessel
(RV). These measurements captured the thermal stratification phenomena. The data,
considered to be useful for the validation of thermal-hydraulic codes for sodium cooled fast
reactors (SFR), were offered to the IAEA which decided to launch a coordinated research
project (CRP) titled ‘Benchmark analyses of sodium natural convection in the upper plenum
of Monju reactor vessel’.

The overall objective of the CRP was to improve Member States’ analytical capabilities in
the field of fast reactor in-vessel sodium thermal-hydraulics. A necessary condition towards
achieving this objective is a wide international validation effort of the data and codes
currently employed for the simulation of the various physical effects involved in this field.
The CRP contributed towards achieving this objective with the help of benchmark exercises
focusing, in this first stage, on the numerical simulation of thermal stratification of sodium
observed in the Monju reactor vessel at a turbine trip test conducted in December 1995
during the original startup experiments, and with the help of a thorough assessment of the
calculation versus measured data comparisons.

The CRP’s specific research objectives were:

— Review of the detailed description of the boundary conditions of the above mentioned
test, as well as of all the experimental data obtained and specification of the benchmark
models;

— Validation of various multi-dimensional fluid dynamics codes in use in Member States
through simulation of sodium cooled fast reactor upper plenum temperature distributions
and comparison with measured data;

— Identification of weaknesses in current methodologies and of the R&D needs to resolve
the identified open issues.

1.2. IMPORTANCE OF THERMAL STRATIFICATION IN THE UPPER PLENUM OF
SODIUM COOLED FAST REACTORS

Thermal-hydraulic phenomena in the RV upper plenum of SFRs such as thermal stratification
in the post-scram transients may cause severe thermal stress problems. The thermal
stratification occurs in low flow rate conditions such as plant shutdown under pony motor
operation, with buoyancy force largely affecting both flow and temperature fields. Mock-up
tests using water and sodium as working fluids have been conducting in many organizations
in order to evaluate these phenomena and validate numerical simulation codes. However, in
the past detailed calculations were not feasible and/or satisfactory because of the limited
computational power and lack of suitable numerical algorithms. Recently, numerical analysis
codes with highly advanced algorithms have been developed and the computational
performances have been also improved remarkably [1]. As a consequence, thermal-hydraulic
analyses of large and complex regions have turned out to be practicable with reasonable
computational costs, making the utilization of high performance thermal-hydraulic codes
become common practice for the design and the safety analysis of SFRs. However, due to the
limited availability of experimental data coming from the few SFRs in operation, these codes
have not been extensively validated so far. The data measured during the original startup tests



of the Monju reactor represent, therefore, a unique occasion to validate thermal-hydraulics
codes for natural circulation in complex geometry.

1.3. PROCEDURE FOR CRP IMPLEMENTATION

The CRP was carried out between 2008 and 2012, with the aim to improve the participants’
analytical capabilities in the field of fast reactor in-vessel sodium thermal-hydraulics. Eight
research organizations from seven countries with an active programme on SFRs — namely
China, France, India, Japan, Republic of Korea, Russian Federation and the USA -
contributed to this CRP. The experimental data for the benchmark analysis were provided by
the JAEA [2] and concerned the measurements of thermal stratification of sodium observed
at the turbine trip test during the original SST. In particular, the CRP participants were
provided with the vertical temperature distribution and outlet temperatures of fuel
subassemblies measured during the test. The thermal-hydraulic simulations performed in
view of the subsequent comparison with the experimental data were rather challenging due to
the complex geometry of the upper plenum of the Monju RV which, in particular, includes an
inner barrel with many flow holes, as well as an upper core structure (UCS) composed of
fingers, control rod guide tubes (CRGTs), and flow guide tubes (FGTs). The approaches for
the development of the models and simulation of various parameters of the participating
organizations were discussed in the four research coordination meetings (RCMs) held in 2008
at the TAEA headquarters, in 2009 at the Commissariat a 1'énergie atomique et aux énergies
alternatives (CEA), France, in 2010 at the Argonne National Laboratory (ANL), USA, and in
2012 at the JAEA, Japan. Preliminary results were also presented at various international
conferences by the various organizations participating in the CRP [3-10].

This report describes the main results of the simulations and the comparison with the
experimental data. These comparisons substantiate the claim that the CRP was successful
since (i) it contributed towards validating different thermal-hydraulic codes used by the
participants in this efforts, and (ii) it identified the key parameters that affect the thermal
stratification phenomena in the upper plenum of advanced SFRs.

2. DESCRIPTION OF MONJU

Monju is a nuclear power plant which breeds fuels by fast neutrons and is cooled by sodium.
It is a power generating prototype reactor and has been developed to confirm its function as a
power generating plant and the technical feasibility of power increasing capability. Thus, the
data obtained while generating power will be utilized for the development of a future fast
breeder reactor. The main cooling system of the reactor consists of three loops. The thermal
output is 714 MW, and the electric output is 280 MW, due to the high thermal efficiency. The
schematic of the reactor is shown in Fig. 1. The heat transport system including the generator
and substation are shown in Fig. 2.
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FIG. 1. The schematic of MONJU reactor.

2.1. REACTOR

The reactor of the Monju plant consists of core fuel assemblies, blanket fuel assemblies,
control rods, core internals structure, upper core structure, shield plug, reactor vessel, guard
vessel, etc. The cylindrical reactor vessel is a vertical type, made of stainless steel and
installed in a guard vessel. The reactor vessel is fabricated adopting peripheral welding
structure of twelve forged rings, aiming at the improvement of reliability and the
simplification of the in-service inspection (ISI) system.

The nuclear heat generated in the core is cooled by the sodium which flows into the reactor
vessel through three inlet nozzles located at the lower part of the vessel and flows out through
three outlet nozzles. The top of the reactor vessel is covered by a shield plug to shield the
heat and radiation from the core, which consists of a fixed plug and an off-centered rotating
plug. A fuel handling machine can be mounted on the upper side of the rotating plug, and the
upper core structure is suspended on the downside of it. Nineteen control rods are driven by



the control rod drive mechanisms mounted on the rotating plug. The control rods are
designed to free fall into the core in case of emergency, by cutting current supply to the
electromagnets connecting the rod top to the rod drivers.

Horizontal displacement of the reactor guard vessel is restricted by a lower support structure
equipped on the floor. The lower support structure has a highly accurate inlay structure,
aiming at absorption the thermal expansion effect and maintaining the installation accuracy.

2.2. HEAT TRANSPORT SYSTEM

2.2.1. Primary heat transport system

Each loop of the primary heat transport system (PHTS) consists of an intermediate heat
exchanger (IHX), a pump, a reactor vessel (RV) and pipes connecting these components. The
heated sodium in the core is transported from the RV to the IHX where heat is transferred
from primary to secondary sodium and the cooled sodium is circulated back to a RV by
pump. The sodium entered the RV from its lower part is heated in the core while flowing
upward.

2.2.2. Secondary heat transport system

Each loop of the secondary heat transport system (SHTS) consists of a steam generator (SG),
a pump and pipes connecting the two and the IHX. The secondary sodium heated in the THX
is transported to the SG where steam is produced. One SG consists of an evaporator (EV)
which produces steam from water and a super heater (SH) which produces superheated
steam. The sodium out of the SG is circulated back to the IHX by the pump.

2.2.3. Water/steam system and turbines

The superheated steam from the three SHs goes to a turbine through main steam stop valves,
and generates electricity by driving the turbine and a generator connected to it. The turbine
consists of one high-pressure and two low-pressure turbines, all in series. The steam from the
turbine goes to a condenser where it is condensed by seawater and sent to a feed water line by
pumps. The feed water is heated while going through low-pressure heaters, a deaerator and
high-pressure heaters and finally sent to three EVs.

2.3. GENERATOR AND SUBSTATION

Electricity is generated by the turbine-driven generator. A single generator produces
280 MW(e) and its speed is 3600 rpm. The generated electricity, after its voltage being
increased from 15 kV to 275 kV, is sent to a switch yard through underground cables and
connected to power lines.



Plant Specifications
Thermal output : 714 MW / Electrical output : 280 MWe
Fuel : MOX
PHTS Hot/Cold-leg temp. : 529/397 °C
Coolant: Sodium (3 Loop-Type)
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FIG. 2. Schematic of heat transport system, generator and substation of Monju.

2.4. BASIC SPECIFICATIONS OF THE PLANT

Reactor type Sodium-cooled FBR

Purpose Development of FBR and power generation
Thermal output 714 MW

Electric output 280 MW

Fuel

Composition Pu-U mixed oxide

Pu enrichment (%Pu fiss.) ~ 16/21 (inner/outer)

Fiss. Pu mass I t*

Breeding ratio 1.2%

Average burn-up 80,000 MWd/t*

Core fuel subassemblies (S/A)

No. of fuel subassemblies 198
No. of fuel pins per S/A 169

Length of fuel pin 2.8 m*
Length of S/A 4.2 m*
Material of fuel pin SS 316 equivalent

Max. temp. of fuel pin 675 °C*

Radial breeder blanket subassemblies

No. of blanket subassemblies 172
No. of fuel pins per S/A 61
Length of fuel pin 2.8 m*



Length of S/A 4.2 m*
Fuel pin material SS 316 equivalent

Control rods

No. of control rods 3/10/6 (fine control/coarse control/backup shutdown)
No. of elements per rod 19

Effective height of absorber 0.93 m*

Material of control element Boron Carbide (B4C)

Reactor vessel

Form Cylindrical vessel with end-plate at the bottom
Inner diameter 7.1 m*

Height 17.8 m*

Material SS 304

Primary heat transport system (PHTS)

Coolant Sodium
Sodium Quantity 760 t*
Flow rate/loop 5,100,000 Kg/h* (/loop)

RV inlet/outlet sodium temp. 397/529 °C*

Secondary heat transport system (SHTS)

Coolant Sodium

Sodium Quantity 760 t*

Flow rate/loop 3,700,000 Kg/h* (/loop)
IHX secondary inlet/outlet

temp. 325/505 °C*

Water-steam system

Feed water temperature 241 °C*

Turbine inlet steam temp. 483 °C*

Max. EV inlet feed

water pressure 1.62x107 Pa (absolute value)
Turbine inlet steam pressure 1.26x107 Pa (absolute value)
Feed water flow rate 379,000 Kg/h* (/loop)

Note: * indicates approximate figures.



3. TURBINE TRIP TEST FROM 40% ELECTRIC OUTPUT CONDITION
CONDUCTED IN DECEMBER 1995

The purpose of this test was to confirm the safety feature of Monju plant against turbine
failure, by generating a simulated ‘condenser vacuum low’ signal to confirm that the plant is
safely shutdown as designed.

The major plant responses following the simulated anomaly signal are shown in Fig. 3.

Turbine Trip
v
Reactor Trip Breaker Open
v

CRD Insertion

v v v v v
PHTS SHTS Air Cooler Steam  Control Diesel

L 4 v Outlet Valve Valve Generator
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v Quick Close

¢ v Air Cooler
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v >
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Valve Close Air Cooler Main Feedwater

! 3 Blower Pump Trip
Pony Motor Pony Motor Start-up
Pump Pump 1
Operation :

P Operation Air Cooler Inlet Vane
& Outlet Dumper
Under Control

Decay Heat Removal Operation

FIG. 3. The turbine trip test sequence of 40% rated power operation.

After these actions, the residual heat was released to the atmosphere by means of sodium-air
heat exchangers installed in parallel with the SGs, via sodium circulation in PHTS and in
SHTS, maintaining by pony motor operations approximately 10% and 8% of the nominal
flow rates, respectively. The decay heat removal capability in case of turbine failures has
been confirmed, though the PHTS sodium flow rate was so small that sodium temperature
stratification took place in the reactor vessel upper plenum.



4. TIME CHANGE OF TEMPERATURES ON THE VERTICAL TC PLUG

Temperatures measured by the vertical array of thermocouples in the reactor upper plenum
during the turbine trip test in December 1995 are provided basically on the same time points
as the flow inlet boundary data submitted at the kick-off meeting of the CRP, with some
additional time points in steep temporal gradients. Each temperature value is the average
within the 1 second time window, in order to cancel oscillations of temperatures measured at
intervals of 0.1 second.

The vertical positions of the TCs inserted in the RV upper plenum are shown in Fig. 4, and
the temperature changes measured by the TCs are given in Figs. 5-14. Time constant
(amount of time required for a thermocouple to indicated 63.2% of step change in
temperature of a surrounding media) of these TCs is measured to be 57+9 ms in a separate
test.
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FIG. 4. Vertical positions of TCs inserted in the RV upper plenum.
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FIG. 6. TC-Plug sodium temperature 0-300 s (2/35).
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FIG. 7. TC-Plug sodium temperature 0-300 s (3/3).
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FIG. 8. TC-Plug sodium temperature 0-300 s (4/5).
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FIG. 9. TC-Plug sodium temperature 0-300 s (5/5).
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FIG. 10. TC-Plug sodium temperature 0-9000 s (1/5).
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FIG. 11. TC-Plug sodium temperature 0-9000 s (2/5).
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FIG. 12. TC-Plug sodium temperature 0-9000 s (3/5).
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FIG. 13. TC-Plug sodium temperature 0-9000 s (4/5).
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The following descriptions are limited to those components and structures that form the
boundary conditions for the thermal-hydraulic analysis of liquid sodium in the upper plenum
of Monju reactor, as shown in Fig. 15. The inlet and outlet boundaries are given at the reactor
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FIG. 14. TC-Plug sodium temperature 0-9000 s (5/5).

5. BENCHMARK SPECIFICATIONS

9000

OF THE MONJU REACTOR VESSEL UPPER

core top surface and thermocouple positions in the reactor outlet nozzles, respectively.
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Fuel Transfer Machine
Lower Guide

In-Vessel Racks |

FIG. 15. Components and structures forming the boundary conditions for the thermal-
hydraulic analysis of the CRP.

5.1.1. Coordinate system applied to the descriptions

Positions of the components and structures are specified in R-0-Z or X-Y-Z coordinates. The
0 coordinate is defined as shown in Fig. 16, around the symmetric axis of the vessel wall.
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180°

270°

FIG. 16. Definition of the 6 coordinate and X-Y coordinates (displayed on the top view with
perspective effect).

The vertical coordinate is defined as the same as elevation level (EL). The elevation levels of
important positions of components inside the reactor upper plenum are shown in Fig. 17.
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Liquid Level:
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Center of outlet nozzles
and lower flow holes on
o o the inner barrel :

/ EL27750mm
Core top surface:

/ EL27050mm

Surface of upper

! support plate:
EL26120mm

FIG. 17. Elevation levels of important positions inside the reactor upper plenum.

5.1.2. Reactor vessel wall and the three outlet nozzles

The reactor vessel wall and the outlet nozzles are shown in Fig. 18.
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FIG. 18. Vessel wall above the core support plate and three outlet nozzles.

Note that the upper skirt structure is also shown for understanding of the entire shape of the
reactor vessel, but this structure doesn't form the boundary conditions.

Reactor vessel wall

— Shape: vertical circular cylinder;

— Inner diameter: 7060 mm, wall thickness: 50 mm,;

— Vertical positions (of sodium-filled region): top - EL33050 mm (liquid level),
bottom - EL.26120 mm;

— Hollows: 3 holes connected to the outlet nozzles (inner diameter: 790.6 mm);

— Material: Type 304 stainless steel;

— Contacts with coolant on the inner surface;

Three outlet nozzles

— Shape: horizontal hollow circular cylinder;

— Directions: 107.5, 227.5 and 347.5 degrees;

— Vertical positions of the cylinder axis: EL27750 mm;
— Inner diameter: 790.6 mm;

— Material: Type 304 stainless steel (forged);

— Contact with coolant at inner surface;
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5.1.3. Inner barrel

The inner barrel with flow holes is shown in Fig. 19.

-

FIG. 19. Inner barrel with flow holes.

— Shape: vertical circular cylinder with upper and lower lines of flow holes;
— Vertical positions: top: EL 32000 mm, bottom: EL 126120 mm;
— Inner diameter: 6520 mm, outer diameter: 6600 mm;
— Flow holes:
o Shape: circular hole on the cylinder wall;
o Upper flow holes: equally spaced 24 holes;
= Vertical center position of upper holes: EL28670 mm;
= Diameter: 92 mm;
o Lower flow holes: equally spaced 48 holes;
= Vertical center position of upper holes: EL27750 mm;
= Diameter: 92 mm;
— Material Type: 304 stainless steel;

— Contact with coolant at the inner and outer surface and inner surface of flow holes.

5.1.4. Upper support plate, core barrel, in-vessel racks and in-vessel transfer machine

lower guide

The upper support plate, core barrel, in-vessel racks and in-vessel transfer machine lower

guide are shown in Fig. 20.
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In-Vessel Transfer s

Machine
Lower Guide \

Core Barrel Upper Support Plate

FIG. 20. Upper support plate, core barrel, in-vessel racks and in-vessel transfer machine
lower guide.

Upper support plate

— Shape: horizontal circle plate with a concentric hollow for the core barrel;
— Vertical position: EL 26120 mm;

— Outer diameter: 7060 mm, hollow diameter: 3955 mm,;

— Contact with coolant at the top surface.

Core barrel

— Top surface:
o Shape: horizontal circle with a concentric hexagonal hollow for subassemblies;
o Vertical position: EL 27020 mm (30 mm below the core top);
o Outer diameter: 3955 mm.
— Side surface:
o Shape: circular cylinder;
o Top: EL 27020 mm, bottom: EL 26120 mm, outer diameter: 3955 mm.

In-vessel racks

— Shape: vertical circular hollow cylinder;
— Outer diameter: 190, wall thickness: 2.5 mm;
— Vertical position: located on the upper support plate(EL26120 mm),top: EL27050 mm;
— Horizontal positions:
1) distance from the vessel center: 2630 mm;
directions: 80, 100, 120, 140, 160, 180, 240, 260 and 280 degrees;
2) distance from the vessel center: 2370 mm;
direction: 217.14 degrees;
— Contact with coolant at inner, top and outer surfaces;
— Material type: 304 stainless steel.

In-vessel transfer machine lower guide

In-vessel transfer machine lower guide is shown in Fig. 21.
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/ Top end radius: 308 mm

/ Bottom end radius: 256 mm
Height: 345 mm

4 S | / Lower truncated cone

7'y Top end radius: 398 mm

Bottom end radius: 510 mm

Height: 910 mm

\ Cutting-off plate

Direction: perpendicular to the X axis

Distance from the concentric axis: 245 mm

FIG. 21. In-vessel transfer machine lower guide.

— Shape: concentrically connected two vertical circular truncated cones, eccentrically cut-

off by a plumb-bob vertical plane;
— Horizontal position: direction: 0 degree, distance from the vessel center: 2423.5 mm;

— Thickness varies depending on the positions but can be averaged to about 20 mm;
— Material type: 304 stainless steel.

5.1.5. Upper core structure

The upper core structure (UCS) is a stainless steel-made structure suspended from the
rotating plug to hold and guide the control rod drive mechanism and the containment of
thermocouples for monitoring the sodium temperature at the outlet of fuel assemblies. This
structure consists of a main body, control rod guide tubes, flow guide tubes and fingers, flow

guide tubes and a honeycomb structure (HS).

A scheme of the UCS is reported in Fig. 22.
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Main Body

Honeycomb Structure
And flow guide tubes

Main body

shape: vertical circular cylinder with a shallow circular
cone on the bottom and with a short truncated corn on
the top

upper truncated corn:

top: EL.33050mm, outer diameter: 1997mm

bottom: EL32763mm, outer diameter: 1840mm
circular cylinder:

top: EL32763mm, outer diameter: 1840mm

bottom: EL28285mm, outer diameter: 1840mm
lower circular cone:

top: EL.28285mm, outer diameter: 1840mm

bottom: EL.28073mm(apex)

material: TYPE 304 STAINLESS STEEL

CRD guide tubes(see also core region map)

top: EL28460mm

sleeves for backup control rod: length: 1350mm,
inner diameter: 146mm, outer diameter: 1 56mm
bottom: EL27100mm(50mm above the core top)
sleeves for fine and coarse control rods: length:
1030mm, inner diameter: 146mm, outer diameter:
150mm

material: TYPE 304 STAINLESS STEEL

Fingers

outer diameter: 47.7mm, bottom: EL 27563.9mm
Flow/thermometers

outer diameter: 19mm, bottom: EL. 27375mm

Honeycomb Structure:

bottom: EL.27425mm

top: EL27500mm,

flow guide tubes:

bottom: EL27100mm,

top:EL 27525mm

inner diameter: 68mm

outer diameter: 76mm

outer diameter above honeycomb structure: 91mm

FIG. 22. UCS overall view.

The space between the reactor core top surface and the bottom surface of the UCS main body
has very complicated geometry, because hundreds of guide tubes are penetrating the main

body and the honeycomb structure suspended above the reactor core top surface.

The guide tubes are divided into two categories:

1) Control rod (CRD) guide tubes: 19 vertical straight cylinders to secure CRD

msertion/withdrawal actions;

2) Fingers and flow guide tubes for sodium temperature and velocity measurement at SA

outlets.

Each bottom end of the flow guide tubes is positioned concentrically 50 mm above the
corresponding subassembly to guide the sodium to a penetration in the honeycomb structure,
where a thermo/flow meter is installed at the bottom end of the finger suspended from the
UCS main body. On the other hand, cross section of the CRD guide tubes is larger than that
of subassembly, to push aside the surrounding penetrations of the honeycomb structure for
instrumentation cables. Furthermore, horizontal positions of the outermost S/As with the
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instrumentations are outside of the projected cross section of the UCS main body. Therefore,
some of the fingers and flow guide tubes are crooked due to the horizontal deviations among
vertical portions. X and Y coordinates of center positions of the fingers and guide tubes at the
core top, the honeycomb structure and at the connection to the UCS main body are shown in
Figs. 25-27.

Curves of the fingers and flow guide tubes between horizontally deviated positions are given

in Fig. 23.
Upper circular arc — " R:
o curve  H: Height
e R=( H*+D?/4D
. 7 \ 0=arcsin {2HD/( H*+D?)}
(I v
54- »!

D: Holrizontal deviation

FIG. 23. Curve geometry of fingers and guide.

Note that the fingers and flow guide tubes are drawn as Bezier curves due to the software
handling restrictions. Also, the positions and sizes of many holes in the honeycomb structure
other than penetrations for flow guide or CRD guides are not available. The corresponding
geometry data are built to visually match the drawings. The participants were guided to
appropriately interpret the data into each analytical input data.

Sub-assembly address

The addresses of CRDs and subassemblies equipped with thermo/flow meters are shown in
Fig. 24. The coordinates of the center positions of subassemblies, of penetration centers in the
honeycomb structure and of the guide tube centers at the connection to the UCS main body
are shown in Figs. 25-27.
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FIG. 24. Addresses of CRDs and subassemblies equipped with thermo/flow meters.



Top of SAs

X and Y coordinates (mm)

EL 27050mm

same color : symmetric with respect to the origin

FIG. 25. X and Y coordinates of center positions of subassemblies.
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FIG. 26. X and Y coordinates of penetration centers in the honeycomb structure.



X and Y coordinates (mm)

Top of lower circular cone, Upper Core Structure
EL 28285mm X and Y coordinates (mm)
(horizontally deviated
from the corresponding honeycomb position)

same color : symmetric with respect to the origin

90
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FIG. 27. X and Y coordinates of the guide tube centers at the connection to the UCS main
body.

31



5.1.6. Fuel handling machine (hold down arm)
A scheme of the fuel handling machine is reported in Fig. 28.

Holddown Arm Axis

Shape: vertical cylinder with a horseshoe-shaped cross
section, outer diameter: 892 mm

vertical positions:

bottom: E27973mm, top: EL33050mm(liquid level)
horizontal position:

distance from the vessel center: 2744 mm

direction: 180 degrees(axis center)

Upper Holddown Arms

Shape: two horizontal circular cylinders with outer
diameter of 228 mm.

Distance of the two cylinder centers is 526 mm.
vertical positions: EL 31735 mm

Lower Holddown Arms

Shape: two circular sigmoid-curved cylinders with outer
diameter of 228 mm.

Distance of the two cylinder centers is 526 mm
vertical positions: arm axis side: EL. 27068 mm

gripper guide tube side: EL 28343 mm

Gripper Guide Tube

Shape: Vertical channel with squared-off U-shape cross section
outer/inner width: 256 mm, depth:224mm, thickness:28mm

horizontal position: distance from the vessel center: 2370 mm, direction: 217.14 degrees(axis center)

FIG. 28. Fuel handling machine hold down arm.
The fuel handling machine itself is removed from the upper plenum under plant operation
conditions;
— Contact with coolant at outer surface;
— Thermal capacity: stagnant inner sodium + cylinder tube (Type 304 stainless steel).
5.1.7. Dip plate

A dip plate is prepared to prevent sloshing of the sodium surface in the reactor vessel during
the operation, consisting of stator and rotor, installed under the plugging structure of the
reactor vessel. The ‘rotor’ can be rotated for fulfilling fuel handling functions, but the both
two parts were fixed during the target test as shown in Fig. 29.

The top surface is ‘dipped’ inside the liquid sodium at EL 33015 mm (35 mm blow the liquid
level) with the thickness of 20 mm.
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Stator
Shape: Horizontal circular disk with the

eccentric hole

outer diameter: 6880mm

Inner eccentric hole diameter: 4810mm
(decentering: 1080 mm)

Rotor

Shape: Horizontal circular disk 1080 mm
concentric with the eccentric circular hole
of the stator disk

outer diameter: 4460 mm

Inner hole diameter: 2310 mm

Positions ol points A, B, C, D, and E are:
X Y

A 3183.64 740.0

B 2400.0 740.0

C 24000 -427.24
D 2744.0 -854.48

E 2089.24 -1988.55

FIG. 29. Dip plate (top view).

— Material: Type 304 stainless steel;
— Contact with coolant at the upper and bottom surfaces.

5.1.8. Thermocouple plug
Location of the thermocouple plug (TP) is shown in Fig. 30.
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Shape: vertical circular cylinder

outer diameter:200mm

horizontal position:
direction: 305degrees
distance from vessel center: 3043mm

(217mm inside the barrel inner wall)

vertical positions:
top: EL33550mm(500mm above the liquid level),
bottom: EL27000mm(6050mm below the liquid level)

FIG. 30. Location of thermocouple plug.

Vertical positions of thermocouples relative to the liquid level are reported below:
TE1:-6050mm, TE2:-5700mm, TE30:-5400mm, TE3:-5350mm, TE4:-5160mm,
TES5:-4970mm, TE6:-4780mm, TE7:-4680mm, TES8:-4580mm, TE9:-4480mm,
TE31:-4430mm, TE10:-4380mm, TE11:-4430mm, TE12:-4180mm, TE13:-3950mm,
TE34:-3700mm, TE14:-3450mm, TE32:-3200mm, TE15:-2950mm, TE35:-2700mm,
TE16:-2450mm, TE33:-2200mm, TE17:-1950mm, TE36:-1700mm, TE18:-1450mm,
TE19:-1350mm, TE20:-1250mm, TE21:-1150mm, TE22:-1050mm, TE23:-950mm,
TE24:-850mm, TE25:-750mm, TE26:-650mm, TE27:-550mm, TE28:-350mm,
TE29:-150mm.

These positions are substantial when temperature measurement data are provided.

5.2. FLOW INLET BOUNDARY CONDITIONS

The flow inlet boundary conditions of the Monju reactor vessel upper plenum are given only
at the reactor core top surface. Sodium in the upper plenum flows out into hot-leg piping only
through the three outlet nozzles.

Based on designed flow distribution among the core fuel subassemblies, the entire core
channels are divided into in-total eighteen regions shown in Fig. 31.
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Core Region Flow Channel ID
Inner Driver Core 1
2
3
4
5
Quter Driver Core 6
7
8
Neutron Source N
Blanket 9
10
11
Neutron Shielding 12
13
FC
Coarse Control Rods C
Fine Control Rods F
Backup Control Rods B

FIG. 31. Region division scheme of the flow channels of Monju reactor core.

Temporal changes of outlet sodium temperature measured at the core top thermometers are
given in Table 1. Similarly, temporal changes of sodium flow rate per single assembly of the
flow channels are given in Table 2. These temporal changes of temperatures and flow rates

are plotted in Figs. 32-35.
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TABLE 1. S/A OUTLET SODIUM TEMPERATURE (°C)

36

COREI1 CORE2
. Channel-1 Channel-1 Channel-2 Channel -3 Channel -4 Channel-5 Channel-6 Channel-7 Channel-8
tlme(sec) (1st array) (2nd array) (3rd array) (4th array) (5th array) (6th array) (7th array) (8th array) (8th array)
0 513.0 510.6 509.5 500.4 499.1 482.2 492.4 497.2 469.9
2 513.0 510.5 509.5 500.3 499.1 482.2 492.4 498.1 469.9
4 512.9 510.4 509.4 500.3 498.9 482.1 492.3 497.9 469.9
6 509.4 506.7 506.5 499.1 498.2 479.4 491.8 497.2 468.9
8 501.3 498.2 498.4 495.0 495.0 472.1 489.3 494.1 464.9
10 490.9 487.8 488.1 489.0 489.9 463.0 485.1 489.5 458.5
12 480.1 476.9 477.2 481.9 484.0 454.1 479.6 483.6 451.4
14 469.5 466.3 466.7 474.5 477.7 445.6 473.5 476.9 4443
16 459.5 456.4 457.0 467.3 471.0 438.0 467.2 470.8 437.5
18 450.5 447.7 448.1 460.3 464.6 431.1 460.7 464.4 431.3
20 443.4 440.9 4413 4543 458.6 425.8 454.7 458.7 426.1
30 416.4 415.2 415.5 428.8 4332 405.0 428.8 433.8 406.2
40 404.5 404.2 404.6 414.1 417.3 395.4 412.3 418.4 396.1
50 400.0 399.5 400.5 406.3 408.1 391.4 403.2 409.5 391.4
60 398.2 397.8 398.7 402.1 402.9 389.8 398.3 404.6 389.4
120 390.3 390.0 390.5 390.4 390.0 383.8 387.6 392.0 383.2
300 383.1 383.2 382.9 381.8 380.9 378.5 380.2 382.2 377.5
600 369.0 368.2 367.7 366.4 365.6 363.6 364.7 366.5 364.7
900 371.2 371.9 371.4 370.1 369.4 368.4 369.1 370.4 366.7
1200 371.8 372.0 371.5 370.5 369.7 368.5 369.5 370.3 367.4
1500 365.3 364.9 364.3 363.4 362.8 361.1 362.3 363.2 361.2
1800 356.1 355.8 355.2 354.4 353.6 352.0 353.0 354.1 352.9
3600 329.7 329.6 329.2 328.5 3279 326.8 3275 328.6 327.0
5400 318.5 318.6 3183 317.6 317.0 316.1 316.7 317.5 3159
7200 313.0 313.4 3129 312.3 311.7 311.1 311.5 312.6 310.7
9000 312.4 312.8 312.4 311.8 311.2 310.6 311.0 312.0 310.2
BLANKET N-SHIELDING N-SOURCE [CR
Channel-9 | Channel-10 § Channel-11
time(sec) (Oth array) | (10th array) | (1 1th array) Channel-12 | Channel-13 | Channel-FC | Channel-N | Channel-C Channel-F Channel-B
0 4274 410.0 415.0 422.6 458.7 405.0 382.0 389.0 385.0 421.0
2 4273 409.9 414.9 422.5 458.6 404.9 381.9 388.9 384.9 420.9
4 4273 409.9 414.9 422.5 458.5 404.9 381.9 388.9 384.9 420.9
6 427.1 409.8 414.8 4223 458.3 404.8 381.8 388.8 384.8 420.8
8 427.1 409.8 414.7 4223 458.3 404.8 381.8 388.8 384.8 420.7
10 427.0 409.7 414.6 4222 458.2 404.7 381.7 388.7 384.7 420.6
12 426.8 409.5 414.4 422.0 457.9 404.5 381.6 388.6 384.6 420.4
14 426.4 409.2 414.1 421.7 457.5 404.2 381.4 388.3 384.4 420.1
16 426.0 408.8 413.7 421.2 456.9 403.8 381.1 388.0 384.0 419.6
18 425.6 408.4 413.4 420.8 456.4 403.5 380.8 387.7 383.8 419.3
20 4249 407.9 412.8 420.3 455.7 403.0 380.4 387.3 383.4 418.7
30 421.0 404.5 409.3 416.5 450.8 399.8 377.9 384.6 380.8 415.0
40 4153 399.6 404.1 411.0 443.6 395.1 374.2 380.6 376.9 409.5
50 409.4 394.4 398.7 405.2 436.2 390.1 370.4 376.4 372.9 403.8
60 405.1 390.7 394.9 401.1 430.9 386.6 367.6 373.4 370.1 399.8
120 3923 379.6 383.2 388.7 414.8 376.0 359.3 364.4 361.5 387.6
300 382.1 370.9 374.1 379.0 402.3 367.7 3529 357.4 354.8 378.0
600 371.4 361.7 364.5 368.7 388.9 358.9 346.0 349.9 347.6 367.8
900 368.7 359.3 362.0 366.1 385.6 356.6 344.2 348.0 345.8 365.2
1200 369.2 359.8 362.6 366.7 386.3 357.1 344.6 348.4 346.2 365.8
1500 365.2 356.4 359.0 362.8 381.3 353.8 342.0 345.6 343.6 362.0
1800 358.0 350.0 3523 355.7 3722 347.8 3373 340.5 338.7 355.0
3600 330.5 326.3 3275 3293 338.0 325.1 319.6 3213 320.3 329.0
5400 318.5 3159 316.6 317.7 3229 315.2 311.9 312.9 312.3 317.5
7200 3123 310.6 311.1 311.8 3153 310.1 307.9 308.6 308.2 311.7
9000 311.5 309.8 310.2 310.9 314.1 309.3 307.3 307.9 307.6 310.8




TABLE 2. S/A SODIUM FLOW RATE (KG/SEC)

COREI1 CORE2
. Channel-1 Channel-1 Channel-2 Channel -3 Channel -4 Channel-5 Channel-6 Channel-7 Channel-8
tlme(sec) (1st array) (2nd array) (3rd array) (4th array) (5th array) (6th array) (7th array) (8th array) (8th array)
0 10.24 10.24 9.69 9.25 8.63 8.07 9.32 7.95 7.24
2 10.41 10.27 9.89 9.55 8.55 8.15 9.46 8.01 7.17
4 9.47 9.33 9.07 8.59 7.88 7.59 8.64 7.76 6.64
6 8.45 7.98 7.54 7.37 6.88 6.59 7.72 6.49 5.89
8 7.58 6.68 6.84 6.45 6.00 5.82 6.58 5.65 4.99
10 6.65 6.10 6.00 5.58 5.13 5.13 5.90 4.78 4.33
12 6.12 5.37 5.23 4.82 4.48 4.50 5.45 4.18 3.63
14 5.45 4.54 4.47 4.26 3.79 4.18 4.96 3.49 2.87
16 5.09 3.65 3.90 3.80 3.34 3.55 4.68 3.16 2.46
18 4.61 3.30 3.34 3.47 2.80 3.15 4.33 2.79 1.96
20 4.38 2.92 2.90 3.19 2.39 2.68 4.01 2.53 1.65
30 322 1.42 1.80 2.06 1.30 1.54 3.15 1.51 0.66
40 2.87 1.05 1.51 1.74 1.08 1.23 2.85 1.34 0.55
50 2.98 1.24 1.69 1.82 1.22 1.22 2.84 1.47 0.61
60 3.06 1.41 1.80 1.95 1.36 1.31 2.85 1.55 0.84
120 2.98 1.98 2.30 2.15 1.79 1.79 2.73 1.85 1.34
300 2.83 2.25 2.56 2.25 2.06 2.20 2.52 1.99 1.56
600 2.72 2.13 2.37 2.11 1.92 2.12 2.35 1.86 1.50
900 2.67 2.23 2.56 2.25 2.09 2.20 2.48 1.98 1.65
1200 2.71 2.27 2.51 2.31 2.07 2.24 2.49 2.00 1.63
1500 2.69 222 247 222 1.95 2.16 2.51 1.91 1.60
1800 2.60 2.19 243 2.23 1.96 2.18 2.46 1.88 1.58
3600 2.53 2.15 2.28 2.04 1.85 2.08 2.34 1.87 1.58
5400 242 2.11 2.18 2.08 1.82 2.07 2.28 1.88 1.67
7200 2.48 2.17 2.17 2.08 1.80 2.13 2.40 1.86 1.65
9000 2.51 2.14 2.28 2.12 1.85 2.11 2.38 1.85 1.71
BLANKET N-SHIELDING N-SOURCE |CR
Channel-9 [ Channel-10 | Channel-11
time(sec) (Oth array) | (10th array) | (1 1th array) Channel-12 | Channel-13 | Channel-FC | Channel-N | Channel-C Channel-F Channel-B
0 2.270 1.090 0.502 0.0710 0.0920 0.0770 1.860 4.150 4.150 1.490
2 2.337 1.122 0.517 0.0731 0.0947 0.0793 1.915 4272 4272 1.534
4 2.131 1.023 0.471 0.0666 0.0863 0.0723 1.746 3.895 3.895 1.398
6 1.785 0.857 0.395 0.0558 0.0723 0.0605 1.462 3.263 3.263 1.171
8 1.542 0.740 0.341 0.0482 0.0625 0.0523 1.263 2.819 2.819 1.012
10 1.364 0.655 0.302 0.0427 0.0553 0.0463 1.118 2.494 2.494 0.896
12 1.101 0.528 0.243 0.0344 0.0446 0.0373 0.902 2.012 2.012 0.722
14 0.866 0.416 0.191 0.0271 0.0351 0.0294 0.709 1.582 1.582 0.568
16 0.726 0.349 0.161 0.0227 0.0294 0.0246 0.595 1.327 1.327 0.477
18 0.545 0.261 0.120 0.0170 0.0221 0.0185 0.446 0.996 0.996 0.357
20 0.508 0.244 0.112 0.0159 0.0206 0.0172 0.416 0.929 0.929 0.334
30 0.333 0.160 0.074 0.0104 0.0135 0.0113 0.273 0.609 0.609 0.219
40 0.293 0.141 0.065 0.0092 0.0119 0.0099 0.240 0.535 0.535 0.192
50 0.203 0.097 0.045 0.0063 0.0082 0.0069 0.166 0.370 0.370 0.133
60 0.188 0.090 0.041 0.0059 0.0076 0.0064 0.154 0.343 0.343 0.123
120 0.133 0.064 0.029 0.0042 0.0054 0.0045 0.109 0.244 0.244 0.088
300 0.235 0.113 0.052 0.0074 0.0095 0.0080 0.193 0.430 0.430 0.155
600 0.135 0.065 0.030 0.0042 0.0055 0.0046 0.111 0.247 0.247 0.089
900 0.242 0.116 0.054 0.0076 0.0098 0.0082 0.199 0.443 0.443 0.159
1200 0.191 0.092 0.042 0.0060 0.0078 0.0065 0.157 0.350 0.350 0.126
1500 0.224 0.108 0.050 0.0070 0.0091 0.0076 0.184 0.410 0.410 0.147
1800 0.162 0.078 0.036 0.0051 0.0066 0.0055 0.133 0.296 0.296 0.106
3600 0.071 0.034 0.016 0.0022 0.0029 0.0024 0.058 0.129 0.129 0.046
5400 0.148 0.071 0.033 0.0046 0.0060 0.0050 0.121 0.271 0.271 0.097
7200 0.190 0.091 0.042 0.0060 0.0077 0.0065 0.156 0.348 0.348 0.125
9000 0.172 0.082 0.038 0.0054 0.0070 0.0058 0.141 0.314 0.314 0.113
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FIG. 35. S5/4 sodium flow rate (2/2).

6. DESCRIPTION OF MODELS

6.1. DESCRIPTION OF SIMPLIFIED GEOMETRY

In order to simplify the process of model development as well as the comparison of
predictions from code to code, a geometric representation of the Monju upper plenum was
developed and shared with all participants via a neutral CAD file. Several simplifications
were made to the actual Monju plenum geometry, in order to create a 60° (or 1/6) segment.
Because some participants may disagree with particular simplifications, utilization of the
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simplified geometry was not required for the benchmark exercise. The simplified geometry is
described in further detail in the following sections.

6.1.1. Overview

The simplified geometry consists of a 60° ‘symmetric’ segment of Monju upper plenum
developed on the basis of the geometric information given in Section 5. The simplified model
was developed using a commercially available Gambit geometric modeling and mesh
generation software (distributed by ANSYS/FLUENT). The simplified model includes only
the region between the support plate at the bottom, and the dip plate on top. The dip-plate is
modeled as a solid wall. In the geometric representations, the elevations are adjusted with
respect to the support plate (assuming the support plate is at elevation 0 mm). The thickness
of the reactor vessel is ignored and the inner barrel is modeled as an adiabatic gap in the flow
domain (i.e. the conductive heat transfer through the thickness of the inner barrel is
neglected). The front, side, top, and isometric views of the simplified model geometry are
shown in Fig. 36.

To achieve symmetry, the fuel handling machine hold-down arm and lower guide, fuel
transfer machine lower guide, in-vessel spent fuel storage racks, and the thermocouple plug
are excluded. Also, the reactor outlet nozzle is rotated 12.5 degrees clockwise to align it
symmetrically with respect to the hexagonal core configuration. One of the symmetry planes
cuts the outlet nozzle in half. Although the outlet nozzle in the CAD model is considerably
longer than what is indicated in the JAEA benchmark specifications, based on earlier
experiences, extending the outlet end of pipes/nozzles away from the computational domain
is deemed to be important to avoid the undue influence of the outlet boundary conditions on
the upstream results.

Other than the larger control rod guide tubes, the complex geometric structures above the
core (flow guide tubes, honeycomb structure, thermocouples and flow meters, and fingers)
are excluded in the simplified model and this region is modeled using the porous media
approach.
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FIG. 36. Front (top left), side (top right), top (bottom left), and isometric (bottom right)
transparent views of the Monju simplified upper plenum model.

6.1.2. Inlet boundary regions

The 1/6 symmetric segment (60° section) corresponds to the W-SW portion of the core as
shown in Fig. 37. All of the subassembly outlets (inlets of the upper plenum model) are taken
as hexagonal with uniform velocity profiles. In order to distinctly identify different inlet
zones at the inner core, outer core, radial blanket subassemblies, neutron shielding zone, and
control assembly outlets, the subassembly outlets are placed at slightly different elevations to
match the configuration shown in Fig. 37. That is, the top ends of the subassemblies in the
same zone are slightly offset (by 10 mm) for easy identification of nineteen different inlet
boundaries, each with a distinct flow rate and core outlet temperature as described in Section
5.2. Having each inlet zone modelled with a geometrically distinguishable ‘face’ makes the
boundary condition implementation much easier with most CFD software.
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FIG. 37. W-SW portion of the Monju reactor core included in the 1/6 symmetric upper
plenum model.

The core region of the simplified model has some differences with the real geometry. The
simplified model core outlet zone definitions are summarized in Table 3. In brief, the
influence of the blanket subassemblies, neutron shielding, and control rods, and neutron
source channels are either under- or over-estimated since the actual core configuration does
not comply with a 1/6 symmetry. Since the influence of the inner and outer driver core
subassemblies are captured in exact proportions to the actual core configuration, however, the
differences are not considered to be significant.

TABLE 3. MONJU SIMPLIFIED MODEL CORE OUTLET ZONE DEFINITIONS.

Core region Flow channel ID Number gfa.ssen.lbhes in 1/6
symmetric simplified model

1-inner row 1

1-outer row 1+2('%)
Inner driver core 2 2

3 3+2(%%)

4 4

5 4+2(Y%)

6 7
Outer driver core 7 2+2(%%)

8 5

9 9
Blanket assemblies 10 9+2('%)

11 10

12 41
Neutron shielding 13 6

FC 6+2(%%)

C-coarse control rods 2+(1/6)
Control rods F-fine control rods 0

B-backup control rods 1
Neutron source N 0
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The CAD model files for the common simplified upper plenum model were provided in
various formats including IGES, ACIS, Parasolid, Step, and Catia V4.

6.1.3. Upper core structures

In addition to the large cylindrical main body, the Monju UCS includes flow guide tubes that
channel a portion of the hot sodium above the core outlets into the region where the
thermocouples and flow meters are located, a thin honeycomb grid that holds the flow guide
tubes in place, the large diameter control rod guide tubes, and the fingers that extend from the
bottom end of UCS main body down to just above the honeycomb grid to support the
thermocouples and flow meters above the flow guide tube exits. The main body and control
rod guide tubes are modeled explicitly in the simplified geometry. However, the dimensions
of the flow guide tubes, honeycomb structure and fingers are much smaller, and so their
influence on the flow field is accounted for through a multi-region direction-dependent
porous media representation described in Section 6.2.

A combined view of the control rod and flow guide tubes as well as honeycomb structure is
shown in Fig. 38. Since the control rod guide tubes are much larger in diameter with respect
to the other components of the upper core structure, they are included in the symmetric model
explicitly. The influence of other components is captured via porous media formulation.

CRD Guide Tubes

Honeycomb Structure

Flow Guide Tubes

FIG. 38. Combined view of the control rod and flow guide tubes held together by the
honeycomb grid in Monju upper core structures (the fingers are excluded from the view).
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There are three complete and one 1/6 (at the center of the core) control rod assemblies in the
simplified model. Since the circular control rod guide tube cross section area is greater than
the hexagonal subassembly cross section area, the 1/6 symmetric simplified model cuts
through a small portion of the coarse control rod C in channel 2. Also, although the backup
control rod in channel 2 is not part of the simplified model, one of the symmetry planes cuts
through a small portion of the control rod guide tube belonging to it and, therefore, it is
included in the simplified model. In a way, the small portion of the backup control rod guide
tube included in the simplified model completes the cut off coarse control rod guide tube in
the second channel.

The guide tubes for backup control rods (marked as B in Fig. 37) are taller than the guide
tubes for coarse control rods (marked as C in Fig. 37). The guide tubes for coarse control rods
extend just below the honeycomb grid while the bottom end of the guide tubes for backup
control rods align with the bottom end of the flow guide tubes (50 mm above the
subassembly outlets). The outer diameter for both types of control rod guide tubes above the
honeycomb grid is 167 mm. The outer diameter of the backup control rod guide tubes below
the honeycomb grid is 156 mm. Both types of control rod guide tubes are included in the
simplified model as solid objects with adiabatic boundaries.

The bottom inlet of the flow guide tubes are placed 50 mm above the core outlets. There is a
flow guide tube for each of the 198 core subassembly outlets (33 in the simplified model) of
the channels 1-8, and 16 guide tubes (3 in the simplified model) for some of the
subassemblies belonging to the channel 9. The fingers with thermocouples and flow meters
extend into the top outlet end of the flow guide tubes just above the honeycomb structure.
The honeycomb grid itself is a 75 mm thick perforated plate with holes of different diameters
to support the flow and control rod guide tubes.

In order to support the development of the porous media model (see Section 6.2), calculations
were performed to determine the flow allocation through various pathways in the UCS.
Details of the flow splits are provided in Table 4. From this table, the flow rate through the
honeycomb region at the is approximately 60% of the total flow at the initial condition, and
67% at the flow rates reached 1 hour into the test. Thus, the difference in flow splits between
the initial (nominal) and final (under the influence of natural convection) conditions is not
significant. However, the flow resistance of the honeycomb grid is important for the flow
distribution inside the flow guide tube region. Therefore, the porous media representation of
the upper core structures must take the influence of honeycomb grid into account as a distinct
component.

TABLE 4. CALCULATED FLOW SPLITS IN UPPER CORE STRUCTURE

Relative Flow | Relative Flow
Flow Path

=0 =1 hour
Bypassing upper core structure 15% 3%
Through flow guide tubes 47% 52%
Vertical flow between flow guide tubes,

13% 15%
through honeycomb structure
Lateral flow between flow guide tubes,

' 25% 30%

bypassing honeycomb structure
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From Table 4, approximately half of the core subassembly flow is channelled through the
flow guide tubes. The porous medium that represents the flow guide tubes occupies the
region vertically between 27,100 mm and 27,525 mm as marked by the lower and upper end
of the actual flow guide tubes. It is 425 mm high and starts 50 mm above the core
subassembly outlets. The lateral extent of this porous region reaches to the boundary between
the channels 8 and 9 and, in the simplified model, it is approximated as a cylindrical zone
with a diameter of 2,200 mm. The influence of the honeycomb grid is simplified via
representation of this component as a zero thickness porous baffle at vertical elevation of
27,425 mm (375 mm above the core subassembly outlets).

The fingers are located vertically between the porous region representing the flow guide
tubes and the solid bottom wall of the upper core structure main body. In the complete Monju
model, there are 214 fingers (36 in the simplified 1/6 symmetric model), each equipped with
a thermocouple at its end. Some of the flow guide tubes are bent outward, such that the
horizontal positions of the outermost instrumented subassemblies are outside the projected
cross section of the UCS main body. Therefore, the lateral extent of the porous medium
representing the fingers has the distinct shape shown in Fig. 39. There is a 39 mm gap
between the porous media representing the fingers and the flow guide tubes. The
thermocouples and flow meters located in this gap have a small diameter (19 mm) compared
to the diameter of the fingers (47.7 mm). Therefore, their influence is neglected in the
simplified model and no pressure loss correlations are specified for this gap.

129 mm]\

310 mm

825 mm

700 mm
510 mm

933 mm

FIG. 39. The geometric dimensions of the area occupied by fingers in the Monju upper core
structures and modeled as porous medium.

6.2. DESCRIPTION OF POROUS BODY MODEL FOR THE UPPER CORE
STRUCTURE

The UCS is modeled by a porous media with directional pressure losses [11]. The two
regions (FGT and fingers) are filled with tube bundles. The correlation defining the friction
coefficient Cf, which is used to predict the pressure loss within these regions, is valid for flow
inside and outside of tube bundles with a circular pitch [11]:
D
Cf=aRe™ with Re=YP (1)
1%
Here, Re is the Reynolds number, U the local velocity, D a characteristic diameter and v the
kinematic viscosity. The correlation distinguishes the axial and the transverse direction of the
flow. The different parameters of the correlation are given in the Table 5.
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TABLE 5. PARAMETERS FOR THE PRESSURE LOSS CORRELATION

a b U Characteristic diameter D

Axial direction 0.316 | 0.25 | Axial velocity U . Hydraulic diameter D;,

Transverse direction | 4.03 | 0.27 | Transverse velocity U, | External diameter of tubes D,

A volumetric porosity of 0.83 is defined for the fingers region to simulate the acceleration of
the flow outside of the tubes due to mass conservation considerations. The hydraulic diameter
Dy, is defined by:

)

p -4
P

S is the fluid cross-section and P the wetted perimeter of the tubes. The axial velocity U, and
transversal velocity U, are then calculated as a function of tube direction vector d

U =0.d)d, and U, ,=U-U, 3)

The tube direction vector ('_ja defines the main tube alignment and is simplified as the global

vertical direction (0,0,1)". In CFD codes, the directional pressure loss P, is treated usually as

a source term in the Navier-Stokes equation. The parameters of the correlation for both
regions are gathered in Table 6.

TABLE 6. PRESSURE LOSS PARAMETERS

Type Pressure loss correlation Parameters
Erce};r B =9Y__,cr, Mﬁa - pCf, o U, gﬁiﬁ ﬁ
dt 2.D, 2.D,
C.ircular U D, D;=47.7 mm
FGR | bt | € =0-316Re™ with Re="— 0.24m for EL<27874
area - D, =40.17m for EL>28135
Cf[ —4.03Re " with Re= U,D, linear between the two EL
v

It is important to verify that the implementation of the transversal pressure loss leads to angle
independent results for flow source in the centre of a symmetric rod bundle. The plate of the
honeycomb structure is modelled like a plate without any thickness. The singular pressure
loss which is applied on the plate is a grid pressure loss correlation [11]. The directional
pressure lossAP applied on the HS plate is defined as:

AP ==p K|0| @) )

Here, p is the fluid density, K the pressure loss coefficient of the HS and 7z the normal vector
of the surface of the HS plate. According to Ref. [12], the value of the pressure loss
coefficient K is constant during the trip test and is equal to 60.
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6.3. METHODS, CODES AND MODELS

6.3.1. 1/6 sector model

6.3.1.1. CEA

The CFD reference code of the CEA is called Trio U [13]. Trio U is a CFD code for
strongly unsteady low Mach number, turbulent flows. The code is especially designed for
industrial LES calculations on structured and non-structured grids of hundreds of millions of
nodes. Trio_U is based on an object oriented, intrinsically parallel approach and is coded in
C++. The parallelism is implemented by the overlapping domain decomposition method
where the data exchange is assured when necessary by means of MPI libraries. The flexible
code structure allows the user to choose a suitable discretization method and to combine
various appropriate physical models, including different treatments of turbulence. Several
convection and time marching schemes as well as a wide range of boundary conditions are
available. This flexibility is implemented for massively parallel computing without a
significant reduction of the overall performance of the code.

For unstructured grids, the hybrid Finite Volume based Finite Element method is applied.
This method consists in determining for a continuous problem a discrete solution in the space
of the finite element by maintaining the balance notation of finite volumes. The space
discretization is performed on triangles (2D cases) and on tetrahedral cells (3D cases). In
Trio_U, the main unknown velocity and temperature is located in the centre of the faces of an
element what results in a Pl non-conforming discretisation element. The pressure is
discretized in the centre (PO) and in the vertices (P1) of the element. This localization of
unknowns is known as staggered mesh which avoids the presence of spurious pressure
modes, improves the velocity/pressure coupling and extends the divergence free basis. The
standard numerical scheme used for RANS calculation is presented in Table 7; more details
on the actually used numerical scheme are given in the following chapters of this report.
More information on the code and the discretization can be found in Refs. [13—14].

TABLE 7. STANDARD NUMERICAL SCHEME FOR RANS CALCULATIONS

Meshing Tetrahedrons At least 9 calculation point between Walls
Discretization Finite Volume PO/P1 for the Pressure
Elements P1 non-conform for Velocity
Time scheme 1* order Euler implicit scheme
Momentum Convection 1* order upwind
transport
Diffusion 2" order centred
Wall treatment Wall law « Reichardt » with y' > 30
Turbulence: k-& model with standard coefficients
Solution procedure | Transient calculation | Implicit fractional step method
Ap/p< 0.1
. .| Pr=0.0039 at 700°C
Thermal effects Boussinesq hypothesis turbulence model (k-¢) includes thermal
stratification effects
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6.3.1.2. IGCAR

(1) 3-D model

For 3-D simplified benchmark model, a segment of the Monju upper plenum excluding fuel
handling and transfer system is considered. A 60° sector of the hot pool is taken for this study
(Fig. 40). To maintain symmetry with respect to hexagonal core, outlet nozzle is rotated
12.5°. Upper core structure and control rod guide tube are represented explicitly in this
model. Flow guide tubes, honeycomb grid, and fingers are accounted by appropriate porous
media models. Nozzle is extended and thus outflow boundary condition is applied. The flow
holes in the inner barrel are also modeled explicitly. Inner barrel is accounted by an adiabatic
gap. Zone based staggering is applied to S/A outlets to identify inlet zones.

The free surface of sodium is assumed as a wall with zero shear. All external walls are
adiabatic. Boussinesq approximation is employed to account for the buoyancy effect in the
vertical momentum equation. High Reynolds number standard k-¢ model [15] is enabled for
simulating turbulence. Computations have been carried out using the commercial CFD code
STAR-CD [16]. About 0.28 million hexahedral mesh have been employed for the simulation.

T
T

FIG. 40. Computational domain of benchmark model.
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(2) Algorithm

Details of solver and algorithms are given in Table 8:

TABLE 8. DETAILS OF SOLVER AND ALGORITHMS

Steady / transient
steady transient
Presspre velocity coupling SIMPLE PISO
algorithm
Conjugate Conjugate Gradient
Convergence Accelerator Gradient method | method

(3) Schemes for combining convection and diffusion fluxes

Details of schemes are given in Table 9.

TABLE 9. DETAILS OF SCHEMES FOR COMBINING CONVECTION AND
DIFFUSION FLUXES

Steady / transient
Schemes !

steady transient
Momentum equation MARS scheme MARS scheme
Energy equation 1*" order Upwind 1*" order Upwind
Turbulence equations MARS scheme MARS scheme

(4) Turbulence parameters

Turbulence parameters are given in Table 10.

TABLE 10. TURBULENCE PARAMETERS

Steady / transient
steady transient
Intensity, % 5.0 5.0
Mixing Length, m 0.00005 0.00005

(5) Porous body formulation

The flow through the main body and control rod guide tubes of the UCS are assumed as zero.
Other components, viz., flow guide tubes, honeycomb grid and fingers are modeled as porous
sub-region as recommended by CEA [17]. Direction dependant pressure loss coefficients are
used to account for the resistance offered by fine-scale structures of UCS. The pressure loss
coefficient, for flow guide tubes and fingers are calculated from friction factor correlations
for pin bundle configurations [17].
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6.3.1.3. KAERI

(1) Methods and code

Computations are carried out using the commercial code CFX-13 and the details of the
numerical method are summarized in Table 11.

TABLE 11. SUMMARY OF NUMERICAL SCHEME

Dimension 3D calculation

Physical properties Sodium at 400 °C

Mesh 1.3 million tetrahedral elements

Unsteady term (all) 2"order backward difference scheme

Convection term (all) Higher-order (more than 2™-order) scheme

Diffusion term (all) Central difference scheme

Buoyancy term Boussinesq assumption

Turbulence model k- w shear stress transport (SST) model
(2) Numerical grids

Using the CAD model of the simplified 60° geometry, the numerical grids are generated with
the ICEM CFD software. A total of 1.3 million tetrahedral elements are generated in the
whole computational domain. Fig. 41 shows the numerical grids employed in the present
study for a simulation of the whole solution domain.

] 1.000 2.000 (m)
| E— o i
0.500 1.500

FIG. 41. Numerical grids.
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(3) Turbulence model

The turbulence model employed in the present simulation is the shear stress transport (SST)
model. In this model, the transport equations for the turbulence kinetic energy (k) and its
frequency ( ) are solved. The governing equations for k and @ are as follows;

D 0 Ok "

—(pk)=— (/1+O'k3 ﬂz)_ +P(Pk+Gk)_PﬁQ’k (%)
Dt axj ﬁxj

D 0 ow Y3 2 T2 ok Ow

= -2 O o B(p 16, )- 2p(1 - ) Tez K 0O

o (P axj{(ﬂJrO'cos ﬂf)axj}pﬂf(w )= p B’ +2p(1-F) o o B, (6)

In this model the Reynolds stresses and turbulent heat fluxes are expressed as follows:

oU . )
u, =—v —J-»—aU’ +gk§-- 7
t ! ox; 6xj 3 Y
— v, | oT
Gy. = ——L | =
/ Pr,(@xj] )

where the turbulent eddy viscosity is given as follows:

_ pak _He
He max(al o, SFZ) "V el ®
= —tanh((arg1)4), F, =Ianh((arg2)2) (10)
dpk
argl =min| m ;/E , 50201/} P O-wg , arg2= max(z*i, 5(301/} (11)
B oy yo)CDyy poy y o
2
CDy, =m &i@_&) 10710 (12)
w  0x; 0x;

The coefficients of the SST model are a linear combination of the corresponding coefficients
such that

py=F ¢ +(1-F ) (13)

Where F; is a blending function defined by Eq. (10), and the o33, 0,3, B3 , and y3 are
calculated by Eq. (13) using the following values of constants;

o =085 o, =0500, B =00750, 3, =p8/B* -,k /B (14

and

B =009, @ =031, x=04187, Pr, =09, v=ulp (16)

53



1(oU, U,
Slj=—[ +—], S = ZSI-J-SU (17)

20 ox;  ox
—oU; v, oT
Pommuity g =B Es 19
i 4 i

(4) Boundary conditions

The time-dependent mass flow rate and temperature are prescribed at the each subassembly
outlet using the experimental data provided by JAEA. The mass flow rate and temperature at
each subassembly are assumed to be spatially uniform. The turbulent kinetic energy and its
frequency are specified using the turbulence intensity (5%) and the geometric data of each
subassembly outlet. All the walls are treated as adiabatic, and no slip boundary condition is
specified at the wall since the calculation is carried out all the way to the wall without using
the wall functions. The symmetry condition is specified at the two lateral surfaces of the 60°
geometry. The pressure boundary condition is specified at the outlet nozzle.

6.3.1.4. IPPE

(1) GRIF code structure

GRIF is the Russian computational tool for I-phase thermal-hydraulics analysis of the
transients in the reactor as a whole and in its parts.

The code should be classified as ‘system’ code and it contains of the following modules:

— 3D thermal-hydraulic model for calculation of sodium velocity, pressure and temperature
in the primary circuit;
— 3D model for simulation of inter-wrapper sodium thermal-hydraulics.

The code also includes the following modules:

— Primary pump model (analytical correlation);

— Module «Wrapper» for calculation of temperature distributions in the Sa wrappers;

— Module «IHX» for simulation of flow and temperature in the IHXs;

— Module «DHX» for simulation of flow and temperature in the DHXSs;

— Module «PIN» option of 1D-3D models for fuel pins, absorber pins and shielding
elements simulation;

— Module «REACTIVITY», analytical correlations with recalculated reactivity
coefficients;

— Module «KINETICS» ‘Point’ kinetics with 6 groups of delayed neutrons.

Only one but important module of the GRIF code (3D thermal hydraulic model) is used as a
tool for the analysis of Monju NC tests.

(2) GRIF code approach

For the simulation of heat and mass transfer in the reactor the set of 3D and mass momentum
and heat transfer equations are solved in the GRIF code, taking into account the following:

— Porous body formulation is used for the simulation of flow and heat exchange in the
regions with complex internal structure;

54



— The coolant is assumed as incompressible;

— The Bousinesq approach is used for the simulation of NC phenomena;

— Cartesian or cylindrical coordinates with non-uniform meshing could be chosen for
modelling;

— Only algebraical model could be used for simulation of turbulence phenomena.

(3) Nodalization scheme

The simplified Monju upper plenum model includes a 60° symmetric segment of the Monju
upper plenum (in the azimuthal direction) and the region between the bottom support plate
and the top dip plate (in the axial direction). A schematic view of Monju upper plenum is
shown in Fig. 42. The large cylindrical main body of the upper core structure is represented
explicitly in the numerical model but the heat exchange between sodium and the main body is
not taken into account. The other upper core structure components (flow guide tubes,
honeycomb grid, and fingers) are left out from the porous media models. The holes on the
inner vessel barrel are represented explicitly but by using one mesh cell for each hole.

The 1/6 part of Monju upper plenum is covered with the following non-uniform (R*Z*F1i)-
mesh: (33*43%24). Mesh indexes are accordingly (i, k, j).

Vertical cross-sections of the model are presented in Fig. 43, horizontal cross-sections in
Fig. 44.

Table 12 gives the distribution of subassemblies among the rings of core model.

TABLE 12. DISTRIBUTION OF SUBASSEMBLIES AMONG THE RINGS OF CORE
MODEL

SA types Ring number ‘I’ | Number of SAs
Fuel Inner SA+1 Control rods 2 19
Fuel Inner Sa+Control rods 3 18
Fuel Inner SA 4 24
Fuel Inner SA+6 Control rods 5 24
Fuel Inner SA+6 Control rods 6 36
Fuel Outer SA 7 42
Fuel Outer SA 8 18
Fuel Outer SA 9 30
Fuel Outer SA+2 NS 10 54
Blanket 11 60
Blanket 12 60
Neutron shielding 13-15 240
Neutron shielding 16 36
Neutron shielding 17 42
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FIG. 42. Schematic view of Monju upper plenum.
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(4) Other code performance parameters
Mesh size and time step size combination:
Radial: range 0.04-0.23, most typical 0.11;
Axial: range 0.08—0.023, most typical 0.2;
Azimuthal: range 0.014—0.051(rad), most typical 0.05.

The time step size range is 0.01 s at the beginning of transient and 0.5 s after 1000 seconds
from the beginning of the transient.

The calculations were performed on the ‘hp workstation xw6200°.

Calculation of one transient of 9000 seconds takes 15 ours of computer time.

6.3.1.5. ANL

(1) CFD mesh and model

The volume mesh for the simplified model is built using various options at ANL. Starting
with the CAD model of the simplified model, a finely triangulated surface mesh enclosing the
volume occupied by the liquid sodium is prepared with commercial STAR-CD CFD software
[18] as the first step. This common surface mesh established the basis to generate volume
meshes using both trimmed hexahedral and polyhedral cells, each with a coarse and a refined
grid with total computational cell count ranging from 0.4 to 3.5 million. All volume meshes
included local refinements around the upper core structure, in the outlet nozzle, and around
the flow holes on the inner barrel. The steady-state calculations (to simulate the conditions
before the test is initiated as well as one hour after the transient) are performed to assess
sensitivity of the calculated results to the mesh structure.

Although the grid independent solutions are obtained with both types of meshes at steady-
state, the transient calculations are pursued with an optimal CFD grid using polyhedral mesh
with 100 mm base (reference) cell size. Near the surfaces of various upper plenum
components, additional constraints are specified to enforce local cell refinements. These
constraints include minimum 36 points to represent the curvature of a circle and several
volumetric controls to enforce reduced base cell size. Specifically, the base cell size is limited
to 25 mm in the region just above the subassembly outlets and inside the outlet nozzle,
50 mm in the porous region representing the upper core structures, 12.5 mm in the transition
region between the reactor vessel and outlet nozzle, and 6.25 mm around each flow hole to
assure accurate representation of the pressure drop for bypass flow through them. ‘Medium’
growth rate is specified to assure gradual transition between the bulk volume mesh and the
regions with local refinements.

The polyhedral mesh has four layers of prismatic cells near the wall boundaries with 25 mm
total thickness and 1.3 as the ratio of the thickness of consecutive layers (about 4 mm for the
thickness of near-wall boundary layer). Around the holes through the inner barrel, 8 prismatic
cell layers with a total thickness of 20 mm is enforced using 1.25 as the ratio of the thickness
of consecutive layers. Inside the outlet nozzle, 8 prismatic cell layers with a total thickness of
25 mm is enforced using 1.2 as the ratio of the thickness of consecutive layer. With these
parameters, the final mesh has about 840,000 CFD cells as a reasonably refined near-optimal
mesh suitable for simulations of hours long transient. An isometric view of the final CFD
mesh as well as cross section cuts through the holes, outlet nozzle, and core subassembly
outlets are shown in Fig. 44.
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FIG. 45. Complete and enlarged cross section views of the CFD mesh for the simplified
Monju model.

Other than the larger control rod guide tubes, the complex geometric structures above the
core (flow guide tubes, honeycomb structure, thermocouples and flow meters, and fingers)
are excluded in the simplified model. Instead, this crowded region is modelled using the
porous media approach. In STAR-CD, the pressure drop for flow through a porous medium is
formulated as an additional force per unit volume in the momentum conservation equation:

F,=-K-v (19)

P

where K is the porous resistance tensor and v = n'a/(pAm,) is the superficial velocity. The
porous resistance tensor has the following form:

K, =aM+p, (20)

where «,and g, are directionally dependent user supplied coefficients. The values for these

coefficients are specified based on characterization of distributed resistance of various
components as determined by CEA [19]. The porous-baffle effect of the honeycomb grid
which poses some resistance to axial flow is neglected.

The inlet boundary conditions at the core subassembly outlets are specified in user
subroutines as the time dependent values for the sodium flow rates and subassembly outlet
temperatures and linearly interpolated between the tabulated values. The subassembly mass
flow rates (in kg/s) are converted to velocities (in m/s) by taking into account the proper
density of the liquid sodium at the specified outlet temperature of the corresponding
subassembly. These ‘superficial’ velocities are then specified to apply uniformly at the
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subassembly outlet neglecting the effect of the reduced cross section flow area due to
potential blockage of structures or fuel pins. This approximation is expected to underestimate
the pressure drop near the subassembly outlets; however, it is consistent with the porous
media representation of the upper core structures. Other than the two symmetry planes and
the end of the outlet nozzle, all other boundaries in the simplified model are treated as
adiabatic walls. The end of the outlet nozzle is modelled as flow-split outlet boundary to
avoid any inflow due to temporal pressure fluctuations.

The calculations are performed using the realizable k-¢ turbulence model with standard wall
functions. The prismatic cell layers are used to provide appropriate wall boundary thicknesses
suitable with the Reynolds-Averaged Navier-Stokes (RANS) turbulence models intended to
be used in simulations. Also, the sharp edge between the outlet nozzle and reactor vessel is
rounded to avoid large pressure fluctuations and recirculation around that edge. The second-
order proprietary MARS scheme is evaluated for both the initial steady-state and transient
reference case calculations. The algebraic set of finite volume equations resulting from
discretization of conservation and turbulence transport equations are solved using the well-
established Semi-Implicit Method for Pressure Linked Equations (SIMPLE) in conjunction
with a first-order, fully-implicit Euler scheme. The SIMPLE method usually provides
accurate results for lower computational cost, but a separate calculation using the more
conventional PISO transient solver scheme that involves predictor-corrector stages for each
time step is also performed for comparisons. The algebraic multi-grid (AMG) solver is used
to accelerate the convergence.

6.3.2. Full sector model

6.3.2.1. CIAE

A 360° full sector model, as showed in Fig. 46, has been used for considering the non-
symmetry layout of the nozzle outflow and the inlet flow per S/A from the reactor core of
Monju in CIAE. Most of the structures in the reactor block are simulated in detail without
any approximation. For example, the bottom parts of the UCS, including the fingers,
honeycomb structure and flow guide tubes which have effects on the flow direction in the
normal conditions and shutdown condition of the reactor are modelled by fine mesh. It should
be pointed out that these trimmed grids for modelling complicated structure of the bottom
parts of UCS only show the shape of the solid parts, not the entity. So the thermal capacity of
the structures is not considered in the simulation as well as the heat transfer and thermal
conductivity of the inner barrel.

FIG. 46. 360° model for the reactor block with the detailed part.
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6.3.2.2. JAEA

(1) Governing equations

In this study, multi-dimensional thermal-hydraulic analysis code FrontFlow/Red [20], which
was developed by University of Tokyo under the project of Revolutionary Simulation
Software, was applied to the present calculations. The governing equations applied in this
code were mass, momentum and energy conservation equations for incompressible fluid,
which were discretized by FVM. The standard k-&¢ model with the re-normalization group
theory (RNG k-& model) was also applied as the turbulence model.

Buoyancy force was considered as the third terms in the Eq. (21). Flow holes on the HS are
too small compared to the plenum size to be modelled even by the present detailed grids.
Hence, the HS was assumed as a porous medium; only these holes were modelled by porous
media approaches with pressure loss correlations, which were also added in the fourth terms
of'the Eq. (21):

) ol  ou;
o) | il u])=_a_p+£[(ﬂ+ﬂt{%+ﬁﬂ+(ﬂ_,00)gi_5(Z_ZO)K%p|”i|”i (21)
J

ot ox j axi Oox j axi

where z( is the location of the bottom of the HS. p, 4 and p are the density, viscosity and
pressure of liquid sodium, respectively. p, is the density at a reference temperature in the

upper plenum. g is the turbulent viscosity (g, = C/,k2 /e) and K is the pressure loss
coefficient which was evaluated and proposed as K =25 [21]. &(z) is the Dirac delta function.

(2) Discretization of governing equations

FrontFlow/Red employs implicit methods to solve the algebraic finite volume equations for
hexahedron, tetrahedron, triangular prism and square pyramid meshes using the general
curvilinear coordinate system with the collocated grid arrangement of the variables, in which
the velocity components and the pressure are defined at the cell center and the fluxes are
defined on the cell-bounding surfaces. Rhie-Chow correction [6—12] is also used to remove
oscillations in the pressure solutions. The fully-implicit scheme of SIMPLE method was
applied to all equations in the present steady state calculations. The first order upwind and the
second order central difference scheme were respectively applied to the advection and
diffusion terms. ICCG for the pressure Poisson equation and BiCGSTAB for the other
equations were also applied to the matrix solvers. In order to avoid converging to inadequate
solutions and to accelerate convergence of the iterative process, a pseudo time-marching
approach was applied in the present calculations: The discretized transient equations were
solved by using under-relaxation factors.

(3) Calculation models

The region from the support plate to the dip plate except for the upper skirt structure was
basically modelled in detail without any approximation, although only honeycomb structure
(HS) was modelled with porous media approaches: The shapes of the outlets of core
subassembly, FHM, TC-plug, in-vessel racks and IVTM lower guide were modelled in detail
by using hexahedron, tetrahedron, triangular prism and square pyramid meshes. These
models and the close-up views of the FHs are shown in Fig. 47.
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FIG. 47. Analytical model of Monju RV upper plenum.

The close-up views in the UCS region and around HS are also shown in Fig. 48. The red
painted region is the HS and flow holes opened between the FGTs and CRGTs were
modelled by the porous media approaches. The total number of the mesh increased to
approximately 18 millions of which the maximum and minimum sizes were 50.0 mm near the
sodium surface and 3.0 mm in the UCS region, respectively.

Fingers

FIG. 48. (a) Close-up view of UCS region (b) Close-up view around HS

(4) Boundary and initial conditions

We applied the detail mesh around the flow holes in the present study. The velocity condition
on the structure surfaces was given as logarithmic law (log-law) conditions in all the cases.
The thermal conduction calculation with heat transfer correlations was performed for the
inner barrel. In the previous calculations, every flow hole on the inner barrel was composed
of 27 hexahedron meshes, however, it had approximately 2300 tetrahedrons in the present
calculations. The flow rates of the outlets of core subassembly were also given as the 40%
rated operational conditions, while those of the RV outlet nozzles were free outlet conditions.

The temperature conditions on the structure surfaces except for the inner barrel and the upper
support plate were assumed as adiabatic conditions. The inner barrel surfaces were assumed
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as a heat transfer conditions. The heat transfer correlations of Eq. (22) were given on the
surfaces of the inner barrel for the thermal conduction calculations in all the cases.

~ { 3.64 (Pe<47.5)

5.0+0.038- P (Pe>47.5)" (22)

where Nu and Pe are Nusselt and Peclet number whose characteristic lengths were given as
the distance between the neighbouring cell center and the surface of the inner barrel which
was measured in the previous SSTs.

6.3.2.3. University of Fukui

The whole upper plenum with the internals was modeled using CAD software named ‘Design
Modeler’ by ANSYS Inc. (2009), and a calculation model with approximately 25 million
tetrahedral meshes was created using meshing software ‘Meshing” by ANSYS Inc. (2009).
Figs. 49-50 show the overall mesh configuration of the upper plenum, i.e., a top view and a
view in a cross section plane going through the center of the core and the center of the TC-
plug. The honey comb structures for flow guides, the inner barrel, the fuel handling machine,
and other internals are modeled using tetrahedral meshes. Hexahedral meshes are used for the
layers of the outer shroud. The upper instrumentation structure (UIS) located in the center of
the upper plenum is treated as a solid body with a heat capacity corresponding to steel and
sodium. In the heat transfer calculation, no sodium flow is assumed inside the UIS, and heat
is transferred by conduction from the center to the surface; and then transferred to the sodium
of the upper plenum by convection. The fuel handling machine which is not illustrated in the
figure is treated as a body without heat capacity. The column illustrated at the center of
Fig. 49 represents a control rod guide tube. Since the flow guide tubes above the core seem to
be important to rectify the flow, their configurations are considered explicitly in the present
analysis. However, the mesh for the flow guide tubes is not illustrated in Fig. 50. The TC-
plug is situated on the left hand side of the figure. Since three temperatures were measured at
one axial elevation, the locations of the thermocouples are modeled exactly in order to
accurately calculate the temperature response of each thermocouple. The inner barrel is
modeled taking into account the heat transfer between the sodium inside of the inner barrel
and sodium outside the inner barrel.
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FIG. 49. Top view of the upper plenum meshing.
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FIG. 50. Tetrahedral mesh configuration in the plenum (25 million).

Figure 51 shows the assumed configuration of a flow-hole with chamfer. The original model
is illustrated on the left hand side. Although there is no information on the configuration, 5
mm chamfer is assumed on both sides of the flow-hole in the present analysis according to
the engineer’s intuition. Even if this configuration does not fully represent the actual
configuration of the flow-holes, the effects of the chamfer on the moving velocity with which
the thermal stratification interface rises can be investigated with the present model. The
assumed rounded edge configuration is also discussed in the present study.
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FIG. 51. The configuration of the flow-holes. Left: straight edge as used in earlier analysis,
center: chamfered edge, right: rounded edge on the both flow-hole edges

Fig. 52 illustrates the meshes around the flow-holes for both cases. The inner barrel is
illustrated at the center of the figure, and the reactor vessel is situated on the right hand side.
Since there are many flow-holes to be analyzed in our model, the relatively large mesh sizes
have been chosen to make the calculation system, so the shape of the mesh is somewhat
rough. However, the difference of the meshes between the two cases can be seen from the
figures. The overall complexity of the mesh is more or less the same between the two
calculation cases.

The FLUENT12.1 code was used to compute the thermal hydraulics in the upper plenum.

FIG. 52. Meshes around the flow-hole. Left above: straight edge, Right above: chamfered
edge, Left below: rounded edge.
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Notice that between these three models, the complexity of the overall mesh is more or less
the same.

6.4. THERMO-PHYSICAL PROPERTIES

6.4.1. Provided equations

The following thermo-physical properties of liquid sodium and stainless steel were provided
by JAEA in the 2nd RCM.

1) Liquid sodium
— Thermal conductivity; 2 [W/(m-K)]

A=124.67—0.11381-T +5.5226x10™ - T? —1.1842x107° - T°, T; [K] (23)
— Specific heat; ¢, [kJ/(kg'K)]

¢, =1.6582-8.4790x10™* - T + 4.4541x10~" - 7% -=2992.6 -7, T; [K] (24)
— Density; p[kg/m’]

h
p=pc+f(1—TlJ+g(l—TlJ , T; [K] (25)

c c

Where p, =219.0, f=275.32, g=511.58, h=0.5 and 7, =2503.7.

— Viscosity; u[Pas]

tn(u)=—6.4406 — 0.3958 - (n(T) + 536.835 ', [K] (26)
2) Stainless steel
— Thermal conductivity; 2 [W/(m'K)]

A=12.66-0.01924-T —5.882x107° - T*; T;[°C] (27)
— Specific heat; ¢, [kJ/(kg-'K)]

¢, =490.5+8.834x107 - T +1.666x107* - T*, T;[°C] (28)
— Density; p [kg/m3]

p=8035.5-0.4049 - T —=5.02x107° - T*, T;[°C] (29)

6.4.2. Other equations
CEA

Liquid sodium is used as coolant in the reactor. The fluid is treated as incompressible and all
physical properties are temperature independent. At the reference temperature 400°C, the
physical properties of sodium are:

Density: 858 kg'm”

Dynamic viscosity: 2.81-10" kg:m™-s™
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Thermal conductivity: 69.7 W-m" K"
Heat capacity: 1284 J-kg' K

Volumetric thermal-expansion coefficient: 2.68-10™ K.

University of Fukui

The following thermo-physical properties for liquid sodium and stainless steel are used in the
computation. The original data is taken from the handbook published by IAEA, i.e., Thermo-
physical Properties of Material For Nuclear Engineering: A Tutorial and Collection of Data
(2008). The unit of the temperature is Kelvin.

1) Liquid sodium: 400 K<T<1100 K

— Thermal conductivity (W/m/K):

k =99.492-0.039094T (30)
— Specific heat (J/kg/K):

Cp =1575.2-0.57747T +9.4364x10°T? +2.0502x 107 T* —4.4644 x107'T*  (31)
— Density (kg/m’):

p =1021.9-0.26198T +3.083x10°T? -1.2419 x10°T* (32)
— Dynamic viscosity (Pa-s):

1=2.301x107 -7.2866 x10°T +9.6134 x10° T? —5.7003 x 102 T? +1.2569x 107> T*

(33)

2) Stainless steel (S.S. 304)
— Thermal conductivity (W/m/K):

k =14.5+2.77556x10"° T +1.25x10°T? (34)
— Specific heat (J/kg/K):

Cp =480 —0.0125T +2.375x107*T? (39)
— Density (kg/m’):

0 =8160.9 —0.45T (36)
KAERI

Liquid sodium is used as a coolant in the Monju reactor. The physical properties are assumed
to be constant for the whole computational domain, which means that the physical properties
do not vary with temperature. The reference temperature is 400°C, and the physical properties
of sodium at this reference temperature are given in Table 13.

TABLE 13. PHYSICAL PROPERTIES OF SODIUM AT 400°C

Quantity Value Dimension
Density 858 kg/m’
Dynamic viscosity 2.81x10™ kg/(m-sec)
Thermal conductivity 69.7 W/(m-K)
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Heat capacity

1284

J/(kg-K)

Volumetric thermal-expansion coefficient

2.68x10™

/K

IPPE

The following thermo-physical properties for liquid sodium and stainless steel are used in the

computation. The unit of the temperature is Kelvin.
1) Liquid sodium:

— Thermal conductivity:

2=90.604-0.048523-(T-273) , W/m/K
— Specific heat:

Cp=1436.74-0.58049- (T-273)+4.6229-1.E-4- (T-273)%, J/kg/K

— Density:

p=949.-0.223- (T-273)-1.75-1.E-5- (T-273)*, kg/m’

— Kinematic viscosity:

v=1.2162E-5-p1/3-¢0.6976-p /T , m’/s

2) Stainless steel:
— Thermal conductivity:

A=25 W/m/K
— Specific heat:

Cp=599 J/kg/K
— Density:

p= 7900 kg/m’

7. PRELIMINARY RESULTS BASED ON BENCHMARK SPECIFICATION

7.1. STEADY AND TRANSIENT SIMULATIONS

7.1.1. CIAE

(37)

(38)

(39)

(40)

(41)

(42)

(43)

In the primary calculation, the sharp edge of the flow holes is used, just as shown in Fig. 53.

67



L:40mm

FIG. 53. Configuration of the flow holes and the mesh description.

Figs. 5455 show the velocity and temperature distribution in the cross section. It can be seen
that the sodium mixing in the upper plenum is very strong and two clear eddies are formed in
the upper part and bottom part (cavity) due to the forced flow. Sodium from the outlet of the
reactor core flow obliquely upward to the upper region of the reactor vessel in a direction of
45° with the horizontal. When it reaches to the top of the vessel and changes the flow
direction then goes into the annulus region between the inner barrel and the reactor vessel
wall and finally to the reactor outlet nozzle. This flow is the main flow path and the flow rate
i1s about 85% of the total flow. Meanwhile, there is a small fraction of the sodium flows
through the two rows of holes in the inner barrel finally to the outlet of the vessel under the
normal condition of 40% power. This kind of flow is weak and some part under the core
barrel may be the flow stagnant area which induces the uniform temperature.

It is clear in Fig. 54 that it can be divided two parts: high temperature part and lower
temperature one according to the temperature distribution of the sodium temperature in the
reactor vessel. The high temperature part is above the core barrel which has the approximate
well-proportioned temperature 490°C except that of the core part outlet region. This part is
greatly affected by the boundary conditions. The lower temperature part is the area which is
below the lower flow holes in the inner barrel, where the sodium temp is greatly affected by
the structures around the core.

i |

a82.00

FIG. 54. Velocity distribution under FIG. 55. Temperature distribution
the steady condition. under the steady condition.

Transient simulation of the thermal stratification in the upper plenum of Monju is a long and
slow-motion process which is carried out only for a duration of 190 minutes in CIAE. The
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standard k-epsilon model for the turbulence analysis is used at the beginning of the numerical
simulation of this transient process.

Fig. 56 shows the velocity distribution of vertical section at 30s, the mixing intensity of the
hot sodium in the upper plenum is still strong, and the flow rate from the core outlet remains
at a relative lower level, and at the same time the mass flow rate through the holes in the
inner barrel increases and the flow through the annulus between inner barrel and reactor
vessel wall decreases. Fig. 57 shows that the temperature in the annulus mass flow is still
high due to the high flow rate in this area. At this time, the flow pattern in the upper plenum
changes quickly and strongly for reduction of the mass flow rate from the reactor core. With
the gradual weaken of kinetic energy of the sodium out of the core, the mixing intensity of
the hot sodium in the upper plenum is gradually reduced, and the horizontal kinetic energy of
the coolant is disappeared after 60 seconds. So after 60 seconds, in the Fig. 58 and Fig. 59, it
can be seen that the flow rate from the core outlet remains at a relative lower level, the
thermal stratification can be formed in the area above the upper flow holes. Then in the
following time, for example 120s, 240s and 600s, the interface of stratification goes upwards
slowly and the flow pattern of sodium keeps almost the same, no obvious change takes place.
This can be shown in the velocity and temperature distribution in Figs. 60—65. In order to
compare to the test data, we choose these key time point to show the development of the
thermal stratification in the upper plenum of Monju Reactor.
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FIG. 56. Velocity distribution of the FIG. 57. Temperature distribution of
vertical section at 30s. the vertical section at 30s.
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FIG. 58. Velocity distribution of the FIG. 59. Temperature distribution of

vertical section at 60s. the vertical section at 60s.
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FIG. 64. Velocity distributionwof the FIG. 65. Temperature distribution of
vertical section at 600s. the vertical section at 600s.

In the later time of the transient process, we focus on two time points, 1200 s and 2800 s, just
as shown in Figs. 66—69. From these figures, it can be seen that the interface of the
stratification has been moved to the top of the upper plenum, above the surface of the inner
barrel, remains almost the same height level. It also can be seen that with the time goes on,
the average temperature in the upper plenum gets down and colder sodium with lower
velocity from the core outlet will fill the bottom part of the upper plenum first then the pushes
the higher sodium up gradually.
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7.1.2. CEA
(1) CAD model and meshing

ANL has provided the CAD model of the simplified 60° geometry in IGES format (see
Section 6.1). This model has been imported into the commercial mesh generator ICEMCFD.
The upper core structure regions ‘flow guide tubes’ and ‘fingers’ are defined as internal sub-
domains and the honeycomb structure is implemented as an internal, permeable wall. A pure
tetrahedral mesh of 335000 elements has been created by using the Delaunay method. This
coarse mesh is shown on Fig. 70 on the examples of a horizontal cut plane through the lower
line of the inner barrel flow holes and of a view of the symmetry plane going through the
outlet pipe.
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Symmetry plane Horizontal cut plane

FIG. 70. Visualisation of the coarse mesh.

(2) Thermal-hydraulic conditions of the calculations

The thermal hydraulic conditions of the reference calculation are given in this section. The
conditions of the sensitivity studies which differ from these conditions are summarised later
in Section 7.2.

(3) Boundary conditions

The upper plenum inlet conditions at the sub assembly (S/A) outlets are given in the data
description report [2]. The time-dependant courses are linearly interpolated between given
values.

For each S/A an outflow sodium velocity is calculated from the given S/A sodium flow rates.
The surface of an S/A outlet is 11573 mm”® and the sodium density at 400°C is used. A
uniform spatial distribution of the temperature and of the velocity is assumed for each S/A
outlet. The turbulent kinetic energy k and its dissipation rate ¢ are predicted from the
assembly diameter and a fluctuation velocity which is assumed to be 10% of the mean S/A
outflow velocity.

All walls of the upper plenum are treated as adiabatic. The two lateral surfaces of the 60°
geometry are modelled with the symmetry hypothesis. A pressure outlet condition is used for
the outlet nozzle boundary, associated with free out-stream conditions for the velocity and the
temperature.

(4) Initial conditions for the pump trip

At the beginning of the pump trip transient, well established temperature and the velocity
fields are assumed in the upper plenum. Thus, a first steady state calculation is performed in
order to obtain these fields. The upper plenum inlet conditions at the S/A outlets are those of
the beginning of the test (t=0s). Starting from a reposing (# =0) and isothermal situation
(T=400°C), the steady state flow field in the upper plenum is considered as established when
all 120 temperature samples placed along the thermocouple plug are temporally stabilized;
this is especially important for those located near the bottom of the upper plenum.
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(5) The numerical scheme

The numerical scheme used ion Trio_U is summarised in Table 14.

TABLE 14. NUMERICAL SCHEME USED IN THE TRIO U CALCULATIONS

General Physical properties Sodium at 400°C
Gravity: g.=-9.81 m’.s"
Mesh Tetrahedral
Discretization PO/P1 for: pressure
PINC for: U, T, k and ¢
Time scheme 1* order Euler implicit
Navier-Stokes equation | Convection 1* order upwind
Diffusion Centered
Pressure solver Cholesky
Thermal effects Boussinesq hypothesis
Wall law Logarithmic wall law
Turbulence RANS: Boussinesq approximation
with turbulent viscosity [1[];)
Turbulence Turbulence model High Reynolds k — € model
k — € convection 1* order upwind
k — ¢ diffusion Centered
Thermal equation Temperature convection 1* order upwind
Temperature diffusion Centered
Wall law Logarithmic wall law
Turbulence Turbulent Prandtl number Pr
Mass conservation Incompressible fluid Pressure solver (projection method)
div(u)=0

Turbulent mixing is treated with the high Reynolds form of the k-¢ model. The model allows
to some extent the presence of buoyancy effects [22]. In the Boussinesq hypothesis
framework, the turbulent viscosity is linked to the turbulent kinetic energy k and the
dissipation rate of the turbulent kinetic energy ¢ via:

k2

v,=c, (44)

g
Conservation equations are written for both the turbulent kinetic energy k and the turbulent
dissipation rate &.

K aVk =V VE) -+ P+ G (45)
ot o,
2
o _ vy £ £ £
E'FUVE = V(O_—VE)—ng7+C81P;+C81C83G; (46)
£

The production of turbulence kinetic energy is calculated by

— Ou. - u.  Ou,
P:—uiuA% with —uu, =v, %+—" —gké'i.
’ 0Ox, / ox, ox, ) 3 "7

J

(47)
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Buoyancy effects for incompressible flows are treated by:
G=-"-p,gVT. (48)
Pr,

The following empirical coefficients (Table 51) are used.

TABLE 15. COEFFICIENTS OF THE STANDARD HIGH REYNOLDS NUMBER k-¢
MODEL

C Gk Gg Cg] ng Cg3 Prt Sct

p
0.09 1.0 1.3 1.44 1.92 1.0 0.9 0.9

To take into account the effect of thermal stratification, the following assumption is made
[22]:

C.=0 if G <0 (stable stratification with reduced buoyancy effects)

&3

C.=1 if G >0 (unstable stratification with full buoyancy effects)

&3

This extension of the standard k-&¢ model has been tested for Sodium flow by analysing
various natural and mixed convection experiments [23].

(6) Reference calculation

The temperature profile inside the Plenum is measured with the thermocouple plug. The
vertical positions of the temperature probes are relative to the liquid level and are given by
the Measured Level (ML). The top of the Inner Barrel is thus situated at ML -1000 and the
two lines of flow holes are located between ML -4000 and ML -6000. The plug is situated at
3043 mm from the vessel centre and at a direction of 305°, what gives a direction of 55° for
the 60° model [24].

(7) Steady state flow before the pump trip

Fig. 71 shows on the left hand side the temperature - and velocity distribution in the
symmetry plane of the upper plenum at the beginning of the test. The main part of the sodium
leaving the S/A outlets is hotter than the sodium in the upper plenum. It is transported in form
of a free jet into the upper region of the upper plenum and passes above the inner barrel to the
outlet pipe. The comparison between the calculated and measured temperature profiles is
given on the right hand side of Fig. 71. The measured values given by Yamaguchi in Ref.
[25] have been digitalized and smoothed out.
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FIG. 71. Temperature distribution and temperature profiles before the pump trip.

For the beginning of the pump trip test the calculated temperature profile is in accordance to
the measured profile. Hence, the steady state model seems to be able to determine correctly
the forced convection flow at the beginning of the trip test [24].

(8) The transient of the pump trip

Two minutes after the beginning of the pump trip test, the first experimental temperature
profile is compared to the calculated one in Fig. 72 (left hand side). The temperature profiles
show that the thermal stratification becomes visible approximately between the top of inner
vessel (ML=-2000mm) and the upper flow holes (ML=-4400). For ML<-5000, the
calculation slightly overestimates the temperature of the experiment.
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FIG. 72. Temperature profiles 2 and 4 minutes after the beginning of the pump trip.

Four minutes after the beginning of the pump trip, in the lower part of the Plenum, the
calculated profile becomes consistent with the experimental profile (right hand side of
Fig. 72). In the upper part of the Plenum (ML>-3000), the calculated temperature is slightly
underestimates the measured temperature. This is an indicator that the cooling of the upper
part of the Plenum is overestimated in the calculation.

75



The temperature distribution is shown in Fig. 73 for the instant ten minutes after the
beginning of the pump trip. On the left hand side, the temperature - and velocity distribution
in the symmetry plane of the Upper Plenum is shown. The sodium leaving the S/A outlets is
colder than the Sodium in the Upper Plenum. Due to buoyancy effects, the colder Sodium is
now distributed in the lower part of the Upper Plenum, mainly in form of large eddies. The
Sodium is predominantly transported through the holes of the Inner Barrel to the outlet pipe.
On the right hand side of this figure, calculated and measured profiles are compared. In the
lower part of the Plenum up to the upper flow holes at ML=-4400, the calculated profiles are
close to the experimental ones. Above the upper flow holes, the calculated thermal
stratification rises faster upward than the experimentally determined stratification. It seems
that the mass flow rate going through the flow hols is underestimated and the mass flow rate
going above the Inner Barrel is overestimated [24].
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FIG. 73. Temperature distribution and temperature profiles 10 minutes after the beginning of
the pump trip.

At a later time than about 15 minutes after the beginning of the pump trip, the calculation
shows a completely mixed Upper Plenum and a uniform axial temperature distribution. In the
experiment however such a temperature distribution has been reached more than one hour
after the beginning of the pump trip [24].

(9) Flow repartition
Fig. 74 shows for the calculation the repartition the flow rate between the flow going above
the Inner Barrel and going through the flow holes. At the beginning of the pump trip, at t=0s,

92% of the flow passes above the Inner Barrel and only 8% of the flow is going through the
flow holes.
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FIG. 74. Repartition of the flow path between flow holes and above the inner barrel.

Later, at a time above 600 seconds, the main part of the flow passes through the flow holes
(70%) and only 30% passes above the Inner Barrel. The flow rate which passes through the
flow holes can be further divided in two flow rates which are approximately constant during
the trip test:

— The lower line flow represents 70% of the holes flow rate (8 holes).
— The upper line flow rate represents 30% of the holes flow rate (4 holes).

7.1.3. IGCAR
(1) Benchmark model steady state

The simplified benchmark model proposed by ANL is used for the preliminary study. The
predicted velocity and temperature distributions in the hot pool at a vertical section through
outlet nozzle are depicted in Fig. 75 and Fig. 76 respectively. Sodium from core outlet enters
the pool at ~ 30 deg inclination to the horizontal. On meeting the inner barrel, it turns
upwards towards free surface. But the flow does not travel up to free surface. It turns out
radially at the top of the inner barrel and then passes downwards through the annulus between
inner barrel and the reactor vessel, before leaving through the outlet nozzle. There is an anti-
clockwise recirculation region near the main body of UCS. The sodium between the core
barrel and the inner barrel is nearly stagnant, leading to stratification.

The cavity between core barrel and the inner barrel is isothermal at ~ 710 K. There is large
temperature variation in the axial distance between core top and main body of UCS. Above
this, again the pool is isothermal at ~755 K.
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(2) Benchmark model transient

The predicted evolutions of velocity and temperature fields in a vertical plane through outlet
nozzle are depicted in Fig. 77 and Fig. 78 respectively. Calculations have been carried out for
a duration of 3600 s. It is evident that the communication from hot pool to outlet nozzle is
primarily through the holes in the inner barrel. But, there is still significant flow from hot
pool to outlet nozzle via. The annulus between inner barrel and reactor vessel, as evident
from the temperature contours. The thermal stratification interface moves upwards gradually.
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(3) Comparison of predicted results with plant data

The predicted temperature distribution along the height of the hot pool at three different
instants is depicted in Fig. 79 along with the plant measurements. It is clear that the CFD
simulation over-predicts the upward movement of stratification interface. Further, the
temperature gradient at the interface is sharper in numerical simulations than in the
measurements.
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FIG. 79. Comparison of predicted data with plant measurements.

7.1.4. JAEA
(1) Boundary and initial conditions for steady state calculations

We calculated three cases, which had different boundary conditions and buoyancy forces:
The velocity condition on the structure surfaces was given as logarithmic law (log-law)
conditions in all the cases. The flow rates of the outlets of core subassembly were also given
as the 40% rated operational conditions, while those of the RV outlet nozzles were free outlet
conditions.

The temperature conditions on the structure surfaces except for the inner barrel were assumed
as adiabatic in Cases 1 and 2. On the other hand, the inner barrel surfaces were assumed as
adiabatic and the temperature on support plate was assumed 375°C in Case 3 which was
measured in the previous SSTs. The initial temperatures were 477°C and initial velocities
were zeros in the upper plenum.

Buoyancy force affects to the thermal stratification in the upper plenum in case of scram
transients. However, there is a possibility that the effect could be negligible in the steady state
conditions with larger flow rates and higher temperatures. Hence, we calculated Case 2
without buoyancy and Cases 1 and 3 with buoyancy in order to evaluate the effect of
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buoyancy. In the present calculations, the pseudo time step and Courant number were 0.1 and
approximately 120, respectively.

(2) Heat and mass balance in upper plenum

The difference between total inflow enthalpy from the core subassembly outlets and total
outflow enthalpy from the outlet nozzles was less than 0.1% in Cases 1 and 2 and the
difference in Case 3 was approximately 0.3%. Temperatures on the TC-plug did not change
more than 0.3°C even in thousands of additional calculations except in the region formed
temperature stratification and the region around a jet flow. Amplitude of temperature changes
on the TC-plug around the jet flow were approximately 1°C and that in the region formed
temperature stratification were approximately 10°C. Compared to the SST results, the
average temperature of the outlet nozzles was approximately 2°C lower and the total mass
outflow from the outlet nozzles was approximately 1.6% smaller. Considering sodium leak
flow from the intermediate plenum through the support plate which has been evaluated as
1.4% of the total flow rate in the SSTs, the error of the flow rate is small enough to be
tolerable.

(3) Velocity and temperature distribution in upper plenum

Fig. 80 shows the velocity and temperature distribution in Case 1 calculation on the vertical
cross section, of which location in the circumferential direction is illustrated in the upper part
of this figure. Sodium from the top of the UCS region flow obliquely upward direction to the
upper region of the upper flow holes on the inner barrel. From this region, the flow is divided
to the upward and downward direction along the inner barrel. The upward flow mainly
overflows into the annular region between the RV wall and the inner barrel, while the
downward flow, which partially flows out from the two levels of the flow holes, mainly re-
circulates to the core top region through the upper part of the support plate. Concerning the
temperature distribution around the jet flow, the difference appeared between the upper and
lower regions of the jet flow.

B 513°C

. 375°C
Location of 1 [mis]
the Cross Section e

FIG. 80. Velocity and temperature distribution in case I calculation.

The velocity and temperature distribution on the same location in Case 2 results are shown in
Fig. 81. While the velocity is distributed similar characteristics, the temperature in Case 2
shows different distribution from that in Case 1, i.e. the temperature from the sodium surface
to the support plate is only approximately 2°C difference in Case 2, while that is
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approximately 40°C difference in Case 1. The gravity forces were added in the momentum
equation in Case 1, while they were neglected in Case 2, i.e. the difference between the two
was only with and without buoyancy forces. In case with the buoyancy forces, the colder
sodium from the outlets of the blanket and reflector subassembly mainly flows down and
accumulates in the outer region of the core barrel. In case without buoyancy forces, however,
the colder sodium does not flow down but it is well mixed with the hotter sodium in all
regions.

The results of Case 3 are shown in Fig. 82. In this calculation, the boundary temperature on
the support plate is different from Cases 1 and 2. While the velocity distribution has similar
characteristics to Cases 1 and 2 in the core top region, the temperature distribution is
apparently different in the lower region. The temperature distribution in Case 3 has steeper
gradient than that in Cases 1 and 2. This difference is caused obviously by the boundary
condition of the support plate.

FIG. 81. Velocity and temperature FIG. 82. Velocity and temperature
distribution in case 2 calculation. distribution in case 3 calculation.

(4) Vertical temperature distribution on TC-plug

Temperature distributions of all the cases in the vertical direction on the TC-plug are shown
in Fig. 83. The measured temperatures on the TC-plug are also plotted in this figure.
Temperatures on the TC-plug agreed at the height from -5000 to 0 mm in all cases and their
differences from measured ones were 5 to 10°C. These tendencies were similar on the
opposite side. On the other hand, the calculated temperatures at the lowest level of the TC-
plug were respectively around 30°C, 65°C and 18°C higher in Cases 1, 2 and 3 than the
measured temperature of approximately 415°C: The calculated temperatures in Case 1
dropped down largely from -5700 mm to -6000 mm, while those in Case 2 were almost
constant from the top to the bottom. In Case 3, the calculated temperatures in the region
under -5700 mm also dropped down and became lower than those in Case 1, but they were
still around 15°C higher than the measured one.

We applied RNG k-& model in these calculations, which calculated larger eddy viscosity.
Hence, it is estimated this turbulent model calculated the flatter temperature distributions in

83



the upper region and also calculated the higher temperatures in the lower region. The
calculation models applied in [26-27] were different from our model: A porous media
approach was applied in the UCS region and the fine mesh partitioning was also applied
around the flow holes of the inner barrel in these references. As reported in [27], our coarse
mesh partitioning of a flow hole might overestimate the pressure drop and eventually might
affect the temperature profile. However, our temperature distributions along the TC-plug and
jet profile from the upper part of the UCS region to the inner barrel agreed well with our
results reported in [27]. These results indicate that the porous media approach was reasonable
and that the flow rate through the flow holes did not affect the thermal-hydraulics of the
upper plenum in the present steady state condition.
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FIG. 83. Temperature distribution on TC-plug.

7.1.5. University of Fukui
(1) Steady-state and transient simulations

After the initial steady state calculation, the transient calculation is conducted using the
FLUENT code based on the boundary conditions provided by IAEA. Fig. 84 shows the
comparison between the calculation and measured results indicated as ‘Test’. As one can
understand from this figure, temperature near the sodium surface at time zero is under
predicted by 8°C. The temperature distribution due to the thermal stratification interface is
higher than that of measurement. These are two major problems of the benchmark
calculation. Therefore, different flow-hole configuration is tried whether the calculation
using the CFD code to predict better result in terms of thermal stratification interface.

It is clear that there are two problems in our computed result. One is under prediction of the
temperature near the liquid sodium surface. The other one is over prediction of the thermal
stratification surface. The first problem will be solved when the boundary conditions of the
benchmark is re-evaluated.

Fig. 85 illustrates contour maps of velocity and temperature distribution inside the upper
plenum at 0 second and 10 minutes. The flow from the reactor is bended at the bottom of the
UIS under the steady state condition. However, the flow from the reactor goes towards the
flow-hole direction and the temperature distribution is stratified when the flow rate is
decreased. These contour maps suggest that the height of the thermal stratification interface is
greatly affected by the discharge flow rate from the flow-hole.
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7.1.6. KAERI
(1) Steady-state solution

A steady-state computation is performed to provide the initial condition for a transient
simulation. The time marching strategy with a time step size of 0.01 seconds provides a
complete convergence after 70,000 time marching. This buoyancy dominated solution was
obtained when the initial guess was imposed with zero velocity and a constant temperature
and pressure. Fig. 86 shows the steady-state velocity magnitude and temperature contour
plots on the symmetry plane through the outlet. This buoyancy dominated solution shows that
the hot sodium moves upward along the outer wall of the UCS main body by a strong
buoyancy force and passes the upper symmetry plane, and then flows downward to the
annular region between the inner barrel and reactor vessel and flows out of the reactor at the
outlet. For both solutions, the flow field is almost stagnant with significantly colder sodium
below the core outlet level. It is noted that the sodium in most of the upper plenum and outlet
region is rather well mixed and the temperature of the sodium is nearly uniform except for a
certain region. Small flow holes in the inner barrel do not play a significant role in mixing the
fluid on the opposing sides of the inner barrel for steady-state conditions (in a normal
operation). Small flow holes on the inner barrel do not play a significant role in mixing the
fluid on the opposing sides of the inner barrel for the steady-state conditions.
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Fig. 87 shows the predicted vertical temperature distribution along the thermocouple tree
together with the experimental data. The predicted temperature distribution agrees fairly well
with the experimental data, especially when the complex structures of the core upper plenum
and the assumptions introduced for the 1/6 simplified model are considered. It was noted that
the temperature varies rapidly at a height of y=1.4 m, and does not vary significantly above
this height. The temperature at the upper region is under-predicted.
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FIG. 87. Vertical temperature profile along the thermocouple tree.

(2) Transient solution

Fig. 88 shows the transient evolution of the temperature field at the upper plenum of the
Monju reactor. When the transient starts and the core outlet temperature gradually drops
owing to a reactor shutdown, the cooler sodium stays near the bottom of the vessel and the
hotter primary sodium at the higher elevation in the upper plenum stays largely stagnant. As
the transient continues, the cold sodium in the lower portion of the plenum moves upward
and a thermal stratification begins to form. A rather stable thermal stratification is established
at 5 minutes for both solutions. It is noted that the two solutions behave very similarly after 2
minutes, although they behave very differently before 1 minute. A slow movement of cold
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sodium is observed between 3 and 5 minutes. The rapid coastdown of the mass flow rate after
a pump trip is finished at about 5 minutes, and the mass flow rate from the core becomes
nearly constant after 5 minutes. Thus, the type of flow until 5 minutes is a mixed convection
and the natural convection begins after 5 minutes. At 10 minutes, the thermal stratification
interface moves upward rather quickly even though the flow is a natural convection. At 15
minutes, the thermal stratification interface reaches the top of the inner barrel and the
temperature field in most of the upper plenum is mixed and homogenized. This shows that a
relatively strong thermal mixing has occurred in a large portion of the upper plenum. Thus,
the computed temperature field contradicts the real physics of the fluid flow and heat transfer
in this region. A stable thermal stratification should form and persist after 3 minutes. The
origin of this discrepancy is due to the turbulence model employed in the present calculation.
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FIG. 88. Evolution of temperature contour during the transient calculations.

Fig. 89 shows the predicted transient temperature profiles along the thermocouple tree
together with the experimental data. It is observed that the predicted temperature profiles
agree very well the experimental data until 300 seconds. However, the predicted results
deviate greatly from the experimental data at 600 and 900 seconds. The temperature at the
upper region is under-predicted.
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7.1.7. 1IPPE
(1) Steady state results

Results of GRIF calculations for steady state were compared with results calculated by
Kamide and H. Ohshima. From the comparison of flow and temperature distributions that are
presented on Fig. 90 one can conclude that calculated flow pattern are rather different. GRIF
predicts the ‘ascending flow mode’ when the hot sodium ejecting from UCS region into
plenum goes upward washing the upper column body and as a result only one large
recirculation zone forms in the plenum. Another flow pattern that can be called as ‘jet flow
mode’ was predicted by calculations of H. Kamide and H. Ohshima. In that case strong jet
ejecting from UCS region crosses the plenum space and divides it on two recirculation zones.
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As a result, the temperature distributions for these two different flow patterns are quite
different.

It is worth to mention that the results of calculations of other CRP participants (ANL, CEA,
IGCAR) that were be presented on 2nd RCM also predicted the ‘jet flow mode’ for steady
state. The possible reason of such difference of preliminary GRIF results will be explained in
section 7.2 where the results of sensitivity study are presented.
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FIG. 90. Velocity and temperature distributions for initial steady state. Results of preliminary
GRIF calculations and comparison with H. Kamide and H. Ohshima results.

(a) H. Kamide and H. Ohshima results; (b) GRIF results - Vertical cross-section j=2;
(c) GRIF results - Horizontal cross-sections.

Data in Table 16 show that sodium flow through upper (Gy,) and lower (Gpy) rows of holes is
relatively small in initial steady state conditions and main part of sodium leaves upper
plenum through the gap between the top of inner barrel and dip plate.

TABLE 16. FLOWS IN INNER BARREL REGION, [KG/S]
Ghb Ghu Gtop
7.0 4.0 327.

(2) Transient results

GRIF calculations shows (Fig. 91) that ‘ascending flow mode’ in upper plenum invariably
keeps during initial period of transient but for later stages the stratification of the sodium in
the plenum begins to influence on the flow pattern. But the comparison of measured and
calculated temperature distribution along plenum height (Fig. 92) shows that GRIF code
overestimates coolant mixing in the upper plenum.
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7.1.8 ANL

(1) Initial steady-state

The steady-state calculations are completed to obtain the initial state from which the transient
calculations are assumed to start, but also to assess the suitability of the CFD mesh for the
simulation of expected natural convection conditions in the Monju upper plenum during the
long transient. These initial simulations exhibited some convergence difficulties with both
trimmed hexahedral and polyhedral mesh structures, requiring an approach to the initial
(steady-state) solution by means of time steps. In the first stage, stead-state calculations are
run to force the solver to achieve a time-averaged flow field and temperature distributions
with limited convergence. In the second stage, a time-dependent null transient is computed
for an additional one minute of simulation time to allow the solution to settle into one of its
common modes of fluctuations typically observed in mixed convection flow regimes.

The velocity magnitude contour plots on the symmetry plane through the outlet nozzle, and
on the horizontal plane that cuts through the lower holes on the inner barrel and the outlet
nozzle are shown in Fig. 93. The temperature contour plots on the same planes are shown in
Fig. 94. The results indicate a fairly large annular recirculation zone in the upper plenum with
hot plume from the core first spreading conically outward and then upward flow along the
inner barrel inner surface, followed by a downdraft along the vertical surface of the upper
core structure main body. The flow field between the inner barrel and reactor vessel is
uniformly downward, converging toward the outlet nozzle. As expected, the small holes on
the inner barrel do not play a significant role on mixing of the fluid on opposing sides of
inner barrel for the initial steady-state conditions.
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FIG. 93. Velocity magnitude plots for initial conditions on the symmetry plane through the
outlet nozzle (left) and the horizontal plane that cuts through the lower holes on the inner
barrel (right).
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FIG. 94. Temperature contour plots for initial conditions on the symmetry plane through the
outlet nozzle (left) and on the horizontal plane that cuts through the lower holes on the inner
barrel (right).
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The temperature contour plots in Fig. 94 indicate substantial thermal striping near the core
subassembly outlets, but otherwise fairly uniform temperatures for the well-mixed flow in the
bulk of the upper plenum. Although there is no major thermal stratification in the upper
portion of the upper plenum initially, the results predict a significantly lower temperature for
the stagnant sodium below the core barrel. The temperatures along the thermocouple tree for
the initial conditions are compared with the test data in Fig. 95 for both the polyhedral and
trimmed hexahedral meshes. The consistency of the results with both mesh types confirms
the grid independence of the solutions.

In agreement with the test data, the steady-state calculations predict significantly cooler
liquid sodium in the reactor vessel below the core outlet with the only thermocouple at that
elevation measuring about 75°C lower temperature than what is calculated for upper part of
the plenum. In the upper portion of the reactor vessel, the fairly uniform sodium temperature
is predicted about 5°C cooler than the experimental data. Since most of sodium coolant in the
upper plenum above the elevation of the holes on the inner barrel is at that temperature, this
discrepancy corresponds to either an underestimation of flow through the bypass holes or
about 4% uncertainty in energy balance for measured core flow or power during the initial
steady-state conditions.
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FIG. 95. Comparison of temperature distributions along the thermocouple tree.

(2) Transient analysis

The transient calculations started following a 60 seconds long null transient and completed in
several stages. The critical first minute of simulations (when the flow rate nominally drops
down to 1/5th of the initial, steady-state value due to primary pump trip) is completed using 5
msec time steps. Following four minutes of the tests during which the core outlet temperature
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drops more than 100 K on average following the reactor shutdown and the flow rate coasts
down to the natural circulation levels are simulated with 10 msec time steps. The remaining
transient calculations are performed using 50 msec time steps.

The temperature contour plots on the symmetry plane through the outlet nozzle calculated
with the SIMPLE transient solver option are shown in Fig. 96 during first five minutes of the
transient. Despite a sudden drop in the flow rate through the core following the pump trip and
subsequent flow coast-down, the temperatures in the upper plenum decrease at a much slower
rate primarily due to thermal stratification. At the beginning of the transient, the bulk of the
primary sodium in the upper plenum (except in lower elevations below the core outlet) is
more or less at the same temperature (about 755 K). When the transient starts and core outlet
temperature gradually drops due to reactor shutdown, the cooler (more dense) sodium stays
near the bottom of the vessel and the hotter (and less dense) primary sodium at the higher
elevations in the upper plenum stays largely stagnant. The calculations predict that the
resulting thermally stratified mixing pattern prevails for only about fifteen minutes into the
transient.

Normally, the thermal stratification in the upper plenum impedes the natural circulation and
degrades the passive safety performance of a reactor. When the colder and denser sodium is
trapped at lower elevations, the upper plenum outlet temperature (as well as in the outlet
nozzle) could stay high for a long period of time. Since the natural circulation flow rate in the
primary system depends heavily on the temperature differential and elevation difference
between the reactor core and main heat sink (in this case, the intermediate heat exchanger), a
thermally stratified upper plenum translates to lower natural circulation flow rates.

In Monju design, however, two sets of holes on the inner barrel provide alternative flow paths
between the core outlet and outlet nozzle, bypassing the thermally stratified region of the
upper plenum, which poses larger impedance to natural circulation flow patterns following a
reactor shutdown. Because of these bypass flow paths through the holes on the inner barrel,
the average temperature through the outlet nozzle (the inlet temperature into the intermediate
heat exchanger) starts decreasing as early as two minutes into the transient while most of the
upper plenum above the core remains hot. Once the colder sodium fills the annular gap
between the reactor vessel and inner barrel below the elevation of the outlet nozzle, the
average temperature in the outlet nozzle follows the average core outlet temperatures fairly
closely.
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FIG. 96. The temperature contour plots on the symmetry plane through the outlet nozzle.



A comparison of the calculated transient temperatures along the thermocouple tree with the
test data at various points during the test is shown in Fig. 97. Although during the initial
stages of the transient (first few minutes) the calculated results are in reasonably good
agreement with the test data along the entire height of the upper plenum, around the 5 minute
mark the discrepancy above the elevation of the holes on the inner barrel (2,550 mm mark in
Fig. 97) starts growing. Only 15 minutes into the transient, the calculations indicate fairly
uniform sodium temperature almost along the entire height of the upper plenum except at
elevations above the upper end of the inner barrel, whereas the test data shows still significant
stratification at elevations above the holes on the inner barrel at that point. In fact, the test
data indicates that the thermal stratification persists in the upper plenum for well over an
hour.
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FIG. 97. Comparison of transient results with test data for various stages during the test.

7.2. SENSITIVITY ANALYSIS TO INVESTIGATE THE DISCREPANCIES WITH
EXPERIMENTAL DATA

7.2.1. CIAE

Fig. 98 shows the axial temperature comparison between the analysis and the test data. The
lines with the symbols show the experimental data and the smooth line is the numerical
analysis data. It can be seen from this figure that at the beginning of the reactor trip, or about
600 seconds after the reactor trip condition, the calculation data agrees with the test data well.
But in the following time of the process, it has a great discrepancy with that of the test above
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the -4000mm height level. For example, the calculation data is lower than that of the test data

at 1800 second at height le

vel -3000mm, and it reach to the lowest point at -1000mm, which

means that the formation and development of the thermal stratification in the calculation is

faster than that in the test.
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FIG. 98. The temperature comparison between the analysis and test data.

The flow rate relationship between the annulus flow and the by-pass flow through the flow-
holes in the inner barrel are shown in Fig. 99. The flow rate in the annulus reaches the lowest
point at about 600 second after the reactor trip. Then it increases in the following time which
effect the thermal stratification process. So the flow rate distribution in the annulus and the
bypass flow rate in the inner barrel is the key.
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FIG. 99. The flow rate distribution in the different flow pathes (flow holes with sharp edge).
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7.2.2. CEA

Compared to the coarse mesh of the reference calculation (334000 tetrahedrons, see Section
7.1.1), two refined pure tetrahedral mesh of respectively 1.2 Million tetrahedrons (fine mesh)
and 3 Million tetrahedrons (finest mesh) have been created for the sensitivity calculations.
The commercial mesh generator ICEMCFD has been used for this purpose by applying the
Octree method. The meshing of both, the flow holes and the volume of the upper plenum has
been refined for an improved treatment of the pressure loss of the flow holes and of sharp
velocity and temperature gradients in the upper plenum. This revised finest mesh is shown on
Fig. 100 on the examples of a horizontal cut plane through the lower line of the Inner Barrel
flow holes and of a view of the symmetry plane going through the outlet pipe.

Symmetry plane Horizontal cut plane

FIG. 100. Visualisation of the finest mesh.

(1) Steady state calculation

At the beginning of the trip transient, the temperature field and the velocity flow are well
established in the Upper Plenum. A first calculation is performed in order to obtain this initial
condition. The boundaries conditions for the calculation are the conditions at the beginning of
the test. Starting from a reposing (u =0), isothermal flow, the flow field is considered as
established in the plenum when all 120 temperature samples placed along the thermocouple
plug have reached a stabilized value. At that time, the calculated temperature profile should
be close to the temperature profile measured by the thermocouple plug. Three different steady
solutions have been achieved which can be distinguished regarding the driving physical
process:

— A momentum dominated solution S1;
— A buoyancy dominated solution S2;
— A mixed convection dominated solution S3.

All solutions have a similar reduced Froude Number Fr =u/\/g-Ap/ p-d which is in the
order of 3.5 (mixed convection). The resulting three different flow patterns and temperature
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fields are given in Fig. 101. A vertical cut plane in a symmetry plan is shown and the
temperature profiles along the thermocouple plug are compared. From these temperature
profiles it seems not possible to conclude definitively on the flow patterns which have been
present during the Monju experiment. Nevertheless, extensive sensitivity studies on the
meshing, on the order of the numerical scheme and on the initialisation of the calculation give

some insight on the code behaviour. The effects of the sensitivity studies are summarized in
Table 17.
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FIG. 101. Visualization of different solutions; comparison of the axial temperature profiles.

The following conclusions of the sensitivity calculations can be made:

— A bifurcation into ‘momentum’ and ‘buoyancy’ driven solutions is observed, depending
on the mesh refinement and the order of the numerical scheme;

— The momentum driven solution (S1) seems to be attained for the coarse mesh and first
order convection scheme (initializing with a reposing fluid);

— The buoyancy driven solution (S2) seems to be attained for the fine mesh and second
order convection schemes (initializing with a reposing fluid);
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— Once a stationary solution is achieved (either S1 or S2), this solution cannot be altered by
changing the numerical scheme and/or the mesh refinement (stable solution);

— The modelling of the UCS has a strong influence on the flow pattern, especially on the
width and angle of the jet leaving the UCS; however a real qualification of the modelling

is not possible due to the lack of data.

TABLE 17. PROCEDURES TO ACHIEVE THE DIFFERENT SOLUTIONS

Initialisation at t=0s Solution procedure Solution
Coarse mesh; Reposing | Transient calculation to reach steady state 3]
flow field at T=418°C conditions; first order convection scheme: upwind
Fine mesh; Reposing Transient calculation to reach steady state 3
flow field at T=418°C conditions; second order convection scheme: muscl
Fine mesh; Reposing Transient calculation to reach steady state 3
flow field at T=513°C conditions; first order convection scheme: upwind
Fine mesh; Solution S2; | Transient calculation to reach steady state 33

UCS is not modelled

conditions; second order convection scheme: muscl

Fine mesh; Solution S1;

Transient calculation to reach steady state

conditions; convection schemes: upwind, muscl S1
Time schemes: 1% order explicit; 1% order implicit

Transient calculation to reach steady state
conditions; convection schemes: upwind, muscl 2
Time schemes: 1% order explicit; 1% order implicit

Coarse mesh;
Solution S2;

In order to verify mesh convergence, a simulation on the finest mesh (3 Million tetrahedrons)
has been achieved. Starting from a reposing flow at T=418°C and applying a second order
convection scheme (muscl) the buoyancy driven solution S2 has been attained as steady state
solution.

The detailed ‘history’ which had led to the flow pattern in the Monju plant before the pump
trip experiment is not known by the author. Assuming the same sensitivity of the flow pattern
in the Monju plant as in the sensitivity calculation, it seems hardly possible to predict clearly
and without ambiguity the flow patterns at the beginning of the experiment. Nevertheless,
JAEA has estimated from many scaled tests using sodium and water that the momentum
driven solutions were close to the actual behaviour. According to JAEA, this assumption is
supported by the measured temperature change in the middle part of the plug, 3m and 3.75m
above the vessel bottom. However, the momentum driven solution S1 presented in Fig. 103
did not reproduce these temperature changes whereas the buoyancy driven solution S2 does
roughly.

(2) Transient calculations

The preliminary analysis of the CEA has shown that under natural convection conditions, the
stratification front has moved upwards significantly faster in the calculation than observed in
the experiment (see Section 7.1.2). Concerning the modelling, several key effects might be
responsible for this behavior:

(a)Insufficiently fine meshing of the flow holes overestimates the local pressure loss of the
holes;
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» Significantly finer meshing of the flow holes.
(b)Insufficiently fine meshing of the Plenum can avoid the creation of steep gradients;
» Finer meshing of the Plenum.
(c)Strongly dissipative convection schemes can inhibit buoyancy effects;
» Application of less dissipative convection schemes.
(d)Temperature dependent physical properties can modify buoyancy effects;
» Introduction of temperature dependent physical properties.
(e) Treatment of turbulent temperature mixing of liquid metals;
» Adaptation of the turbulent conductivity for low Prandt] Number fluids.
(f) Oversimplified geometry;

» Elimination of the porosity model of the Upper Core Structure. Meshing of
o Flow Guide Tubes,
o Honeycomb structure,
o Fingers.

» Introduction of a 360° model including Upper Plenum internals,
» Modification of the geometry of the Inner Barrel flow holes.
(3) Numerical aspects

The reference calculation has been performed with the coarse mesh and a first order upwind
convective scheme. This kind of scheme introduces a strong numerical diffusion. Thus, the
sensitivity calculation was made with a more accurate second order convection scheme called
ef stab [28], applied to the Navier-Stokes equations as well as to the transport equations ofk,
¢ and the temperature [29]. Further, the meshing was refined in the Upper Plenum and
especially in the flow holes (finest mesh). All other parameters of the reference calculation
(see Section 7.1.2) are not modified for this first sensitivity calculation, called second
calculation.

The calculated temperature profiles are compared to the experimental values of Yamaguchi
[25]. Fig. 102 compares the axial temperature profiles at initial stage (t=Omin) and for the
times 2, 4 and 10 minutes after the beginning of the pump trip. Due to the high CPU cost, the
transient calculation which leads to the steady state initialization of the pump trip test at
t=0min was stopped before the coldest temperature near the bottom of the Upper Plenum has
reached the experimental level.

At the beginning of the pump trip at t=2min, the calculated temperature profiles near the
bottom of the Upper Plenum lag behind the experimental values. The lag disappears at
t=4min; at t=10min the overestimation of the stratification formation is visible. For forced
convection conditions at t<6min, the calculated temperature profiles are close to the profiles
of the reference calculation. Under natural convection conditions at t>6min, a qualitative
improvement of the calculated mixing behaviour is not noticed. The 2nd order upwind
convection scheme of the second calculation has introduced low frequency temperature
fluctuations in the Upper Plenum. This is due to the fact that the 2nd order scheme is less
diffusive than the 1st order upwind convection scheme of the reference calculation. The
scheme could not have been stabilized by the refined meshing.
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FIG. 102. Axial temperature profiles at different times.

Fig. 103 shows the repartition the flow rate between the flow going above the Inner Barrel
and going through the flow holes. At the beginning of the pump trip at t=0s, 92% of the flow
passes above the Inner Barrel and only 8% of the flow is going through the flow holes.
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FIG. 103. Repartition of the flow path between flow holes and above the inner barrel.

Later, at times around 600 seconds, the main part of the flow passes through the flow holes
(80%) and only 20% passes above the inner barrel. The flow rate which passes through the
flow holes can be further divided in two flow rates which are approximately constant during
the trip test:
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— The lower line flow represents 70% of the holes flow rate (8 holes).
—  The upper line flow rate represents 30% of the holes flow rate (4 holes).

(4) Temperature dependent physical properties

The reference calculation was performed with constant physical properties of sodium. The
temperature variations inside the Plenum during the pump trip are around 150°C, what might
modify the physical properties between cold and hot regions. A third calculation is performed
with temperature dependant physical properties of sodium. As the fluid in Trio_U is a priori
incompressible, the density, the heat capacity and the volumetric thermal expansion
coefficient are taken constant. The temperature dependencies of p, Cp and (p, Cp) are given
in Table 18.

TABLE 18. PHYSICAL PROPERTIES OF SODIUM BETWEEN 350°C AND 500°C

Quantity p kgm’) | C, (kJkg/K) | p.C, (kJ/m’/K)
350°C 869 1.295 1125
Temperature | 400°C 858 1.284 1101
500°C 834 1.264 1054

This weak temperature dependency might not explain the enhanced cooling in the upper part
of the plenum. The dependency of the dynamic viscosity and the thermal conductivity on the
temperature are given in the Table 19.

TABLE 19. PHYSICAL PROPERTIES OF SODIUM BETWEEN 327°C AND 527°C

Quantity Value Unit
Temperature 327 427 527 °C
Dynamic viscosity | 3.21'110* | 2.6410* | 2.2710" | kg/m/s
Thermal conductivity 73.70 68.00 62.90 W/m/K

A fourth calculation has been performed in order to quantify the influence of temperature
dependant dynamic viscosity and thermal conductivity on the mixing. The convection scheme
used for this calculation is that of the scheme of the second calculation (2nd order upwind)
and the coarse mesh of the reference calculation is used. In Fig. 104, the temperature profile
of the fourth calculation is compared to the profile of the reference calculation. The instant
four minutes after the beginning of the trip test is shown.
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FIG. 104. Temperature profiles after 4 minutes.

(5) Further sensitivity tests
a) Treatment of turbulent temperature mixing of liquid metals

The hypothesis of the similarity of the momentum and heat transfer is justified for most
fluids. The similarity is fulfilled when the Prandtl number Pr is in the order of one:

Pr=v.-p-c,/A~1 (49)

The analogous hypothesis is made for the turbulent momentum and heat transfer by defining
a turbulent Prandtl Number Pr; . For liquid metals as sodium the Prandtl Number is in the
order of 0.005. For fluids with such low Prandtl numbers Pr;can be expressed by an
analytical function of v; [30]:

y) 2
pr, =21 - Vi (50)

pc
N +0.85-v,
p'cp

Using this function in the reference calculation to predict the turbulent temperature transport
in the upper plenum, a sensitivity calculation has been performed for the first four minutes of
the pump trip. The formation of the thermal stratification did not show any modification with
respect to the reference calculation.

b) Single effect study on the meshing of the Inner barrel flow holes

In order to predict the correct pressure loss of the Inner Barrel flow holes, single effect
studies have been made with Trio_U. The objective was to determine for the flow holes the
coarsest mesh possible which still gives in good accordance the pressure losses of single
holes known from correlations. The tests are based on the pressure loss of a single, shape
edged hole in a large vertical wall. The pressure loss correlation is given in Ref. [31]. The
correlation as well as the associated geometry and the coefficients of the correlation are
summarized in Table 20.
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TABLE 20. SUMMARY OF THE PRESSURE LOSS CORRELATION OF A SINGLE
SHARP HOLE IN A WALL

Correlation /d/ Geometry Coefficients
U2
AP=¢P
2 Re <o &g
Re>10°: (=25 i — 10* [0.15 [ 217
2.10° | 0.11 | 2.38
Re<10’: £ =C(,+0342¢, (' H
¢ =¢ ¢ _ 10° | 0.04 | 2.56
=25 N

The ratio L/D is equal to 0.43 for the holes in the Inner Barrel (D=92mm; L=40mm). In the
reference calculation, the flow rate inside the hole varies during the pump trip from 4.10” to
4.10™ m’/s what leads to Reynolds number between 2.10° and 2.10°.

Calculations with successive refinement of the meshing in the hole have shown the following
accuracy of the pressure loss for 10 tetrahedral meshes per diameter, what corresponds to
about 20 calculation points of the velocity for the discretisation method of Trio_ U (unknowns
are located on the faces of a tetrahedron):

— Re=2.10’ overestimation of the pressure loss around 20%;
— Re=2.10" overestimation of the pressure loss around 5%.

This single effects test supports the local fine-tuning of the finest mesh within the flow holes.
However, the pressure loss of the inner barrel flow holes seem to be overestimated with the
coarse mesh and the fine mesh due to an insufficient fine meshing of the flow holes.

c) Rejected modifications of the geometrical modelling

In order to improve the calculated flow in the upper core structure it has been tested to
replace the porosity approach of the simplified 60° model (see Section 6.2) by a complete
CAD modelling strategy. It was tested to mesh the flow guide tubes, the honeycomb structure
and the fingers. The resulting CAD model of the upper core structure is given in Fig. 105 for
the 60° mode, where only the fingers are not shown for an improved visibility. For using this
model, the limitation is not the increased total mesh number (about 15 million tetrahedrons)
but the resulting time step for the transient. When respecting a mesh refinement within the
flow guide tubes of about ten meshes per tube diameter, the criterion of numerical stability
(Courant-Friedrichs-Lewy condition) demands time steps of about 10-5 s. It is evident that a
transient of at least 600 s cannot be calculated in a reasonable time with such small time
steps.
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CRD guide tube

FIG. 105. Completed CAD model of the upper core structure (60° model).

7.2.3. IGCAR
(1) Thermal capacity

It may be recalled that there is significant deviation between the CFD predicted temperature
distribution and the plant data, discussed in Section 7.1. Measured data indicate that
stratification prevails in the hot pool for a longer duration. Also, the transient temperature
gradient at the stratification interface is lower in the case of plant data. One of the possible
reasons for this difference between the plant data and CFD predicted data could be the effect
of thermal capacity of hot pool structures, which is not accounted in the CFD predictions
reported in Section 7.1. The present section deals with an attempt to assess if the thermal
capacity has any effect on the stratification characteristics. Details of the study along with
input data and the thermal capacity models adopted for CFD simulations are presented in this
section.

(2) Computational details

A segment of Monju upper plenum excluding fuel handling and transfer system is considered.
The 60° sector of the hot pool taken for this study is depicted in Fig. 106. For studying the
thermal capacity, core barrel, inner barrel, UCS, upper support plate (USP) and reactor vessel
are modelled. Details of thermal capacity model are given below:

The UCS exchanges heat with sodium and it is represented by an equivalent heat capacity.
The volumetric percentage of stainless steel and sodium in UCS are:

— Stagnant liquid sodium: 82.1%
— Stainless steel:  17.9%

The properties of UCS were averaged based these fractions. Sodium mass exchange between
inside and outside of the UCS surface is negligible. Sodium flow from CRD assemblies into
UCS through the CRD guide tubes is also negligible. The thicknesses USP, inner barrel and
reactor vessel are 30 mm, 40 mm and 50 mm respectively. They are made up of SS-304
material. Heat loss through the thermal insulation of reactor vessel wall is taken to be zero.
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FIG. 106. Computational model accounting for the thermal capacity of hot pool structures.

(3) Steady state results

The predicted velocity and temperature distributions in hot pool at a vertical section through
outlet nozzle are depicted in Fig. 106. There is an anti-clockwise recirculation region near the
main body of UCS. The velocity of flow through inner barrel holes is of the order of 0.5 m/s
only. The sodium between the core barrel and the inner barrel is nearly stagnant, leading to
stratification. Comparing Fig. 106 with Fig. 75, it is clear that the flow pattern with thermal
capacity is nearly identical to that without the capacity. That is the structural thermal capacity
does not significantly affect the steady state flow field in the pool. But with thermal capacity,
temperature of sodium near upper support plate is colder than that without capacity (Compare
Fig. 107 and Fig. 76). This is because the peripheral sodium stream cools the core barrel.
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FIG. 107. Steady state velocity with thermal — FIG. 108. Steady state temperature field with
capacity. thermal capacity.
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(4) Transient results

Transient calculations have been carried out for a duration of 3600 s. Predicted velocity fields
in a vertical plane through outlet nozzle are depicted in Fig. 109. The corresponding
temperature fields are depicted in Fig. 110. It is evident that the communication from hot
pool to outlet nozzle is primarily through the holes in the inner barrel. But, there is still
significant flow from hot pool to outlet nozzle via the annulus between inner barrel and
reactor vessel, as evident from the temperature contours. The interface moves upwards
gradually as time marches. On comparing with the corresponding results without thermal
capacity effects (Fig. 77 and Fig. 78), it is clear that the thermal capacity does not
significantly affect the thermal stratification characteristics.

Vertical variation of temperature along the thermocouple stack is compared in Fig. 111 and
Fig. 112 for various instants. It is clear that the effect of thermal capacity on thermal
stratification is only marginal.
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FIG. 112. Thermocouple reading and CFD predicted data at 10 minutes.

(5) Turbulence model

Turbulence model is a critical issue in CFD analysis, especially for stratified flow conditions.
Most of the turbulence models have been developed mainly for forced convective flows.
Identification of suitable turbulence model for buoyancy dominated flows is essential. It may
be recalled that the results presented in the earlier sections are based on standard high
Reynolds number k-¢ model. In order to assess if the Reynolds Stress Model is capable of
better prediction for the current situation, it has been adopted in one of the parametric studies.
Other computational details are same as that of the benchmark model. The predicted
thermocouple data at two instants are compared in Fig. 111 and Fig. 112 against plant data as
well that predicted by the k-¢ model. It is seen that the predictions of the Reynolds Stress
Model is very similar to that of the k-¢ model, indicating an isotropic turbulence model is
adequate for the current purpose.
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7.2.4. JAEA
(1) Temperature and velocity distribution in the upper plenum

A relatively high resolution mesh around the flow holes (FHs) on the inner barrel as shown in
Fig. 113 was applied to case 4 in this section. The low resolution mesh used in the previous
calculation (Cases 1, 2 and 3 in Section 7.1.4) is also shown in this figure in order to evaluate
the FH mesh effects in steady state conditions.

Previous meshes

In—Vessel Transfer Machine In—Vessel Rack
I ower Guide

FIG. 113. Analytical model of Monju RV upper plenum.

Temperature distribution on the vertical cross section VCS-1, VCS-2 and VCS-3 are shown
in Fig. 114 respectively. These temperature distributions in the upper region were similar to
each other, however, those in the lower part of FHM on VCS-3 became lower than the others.

Temperature distributions on the horizontal cross section (HCS) at the different steps in the
steady state are shown in Fig. 115, whose height is also shown in the upper part of Fig. 114.
The velocity and temperature distributions changed in every step even after the steady state
had been reached. Hence, these figures were described in every 2,000 step interval including
the last calculation step, which were steps 1, 2 and 3, respectively. Temperature below the
FHM became lower in every step, while that in the other region changed in the different
steps. Sodium flows out obliquely upward direction to the upper area of the upper FHs of the
inner barrel. From this region, the flow is divided into the upward and downward direction
along the inner barrel in the region without FHM. The downward flow, which partially flows
out from the two levels of the flow holes, mainly re-circulates to the core top region and
mixes with colder sodium above the upper plate. In the region around FHM, however, the
colder sodium cannot be mixed enough with the hotter one, since most of the jet flows in the
upward direction.

The velocity distributions on VCS-2 and VCS-3 at Step 1 are shown in Figs. 116 (a) and (b),
respectively. The symmetrical distributions were calculated on VCS-2 at step 1, while the
slope of the jet in the left region became larger than that in the right region on VCS-3.
However, the asymmetry disappeared at step 2 as shown in Fig. 116 (c). These profiles also
indicate the fluctuating velocity fields in the steady state conditions
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FIG. 116. Velocity distributions on VCSs at different steps.

(2) Effects of high resolution mesh around flow holes

Temperature distributions on TC-plug of these cases are shown in Fig. 117. The temperature
distribution in case 4 is almost same as that in case 1; both cases have approximately 10°C
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differences from the measured temperature above the UCS lower cone. The flow rates of the
upper FHs were in the range from 1.2 to 2.8 kg/s in case 4, while those of the lower ones
were in the range from 1.8 to 3.9 kg/s. These flow rates near RV outlet nozzles became larger
than the others. It is considered that these distributions were caused by the negligible
circumferential pressure drops between the inner barrel and RV wall. On the other hand, the
flow rates of near-FHM flow holes became smaller than the others, since the downward flow
along the inner barrel in the region near FHM became smaller than that in the other region.
The flow rate in the previous calculation with rough meshes around FHs showed quite similar
tendency and amounts to those in case 4, although the maximum and minimum values had
some differences.
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FIG. 117. Temperature on TC-plug.

The total flow rates of the upper and lower FHs in both calculations are summarized in
Table 21. The percentages of the flow rates in the upper and lower FHs to the total inflow
rate from the core were approximately 2.3% and 5.6%, respectively in case 4 and
approximately 2.3% and 5.8%, respectively in the previous calculation. These percentages
were almost equal in both results in spite of different resolution around the FHs.

TABLE 21. TOTAL FLOW RATE AND FLOW RATIO OF FHS

Upper FHs Lower FHs
Flow rate (kg/s) | Percentage (%) | Flow rate (kg/s) | Percentage (%)
Case 4 46.0 2.3 113.8 5.6
Case 3 473 2.3 117.2 5.8

Flow rates through all flow holes of the present full sector model and those of the 1/6 sector
model by CEA [32] are plotted in Fig. 118. The 1/6 sector model was applied high resolution
meshes around FHs. The results of cases 3 and 4 agreed well with those of the 1/6 sector
model. In the present steady state conditions, all the percentages are so small that these
differences may not largely affect to the thermal-hydraulics in the upper plenum.
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Fig. 119 shows the pressure loss coefficients calculated by Eq. (51) using above-mentioned
flow rates and the pressure differences between the outside and inside of flow holes. The
coefficients of the previous rough meshes are also plotted in this figure.

(4P)= & plu)’ 1)

where (u) is the average velocity through a FH, (AP) is the pressure difference between the
inside and the outside of a flow hole with identical areas to the flow holes, and & is the
pressure loss coefficient.
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FIG. 119. Pressure loss coefficients of FHs on inner barrel.

The average coefficients of the upper flow holes and the lower ones in case 4 were
approximately 2.2 and 1.9, respectively, while those in case 3 were approximately 2.9 and
2.4, respectively: The average coefficients of case 4 were approximately 30% larger than
those of case 3, while flow rates of the two showed similar values. These results indicate that
the coefficient becomes very sensitive because both pressure drop and velocity fluctuate at
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every step in the calculations. The coefficient of 1.6 was evaluated in the mock-up tests,
which was mainly for the scram transients conditions of the lower FHs.

(3) Thermal-hydraulics without flow holes on the honeycomb structure

Fig. 120 b) shows the velocity distribution of case 4 on the vertical lines described in Fig. 120
a), which shows outflow distributions in the radial direction from the UCS region. Sodium
mainly flows out from the upper region of the HS, especially from the bottom of UIS: it does
not flow out from the lower region. These distributions are similar to each other in the
circumferential direction. In the case without flow holes on the HS (Case 5), however, the
velocity in the radial direction appears below the HS and the amounts from the upper region
become smaller, which are shown in Fig. 120 c). This means the transverse velocity below
the HS which cannot flow into the FGTs but flow out to the upper plenum.
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FIG. 120. Velocity distributions on vertical line along HS.

The velocity and temperature distributions on VCS-3 are shown in Fig. 121 a) and b),
respectively. The slope of the jet in case 5 becomes smaller than that in case 4 and the
temperature around the core barrel become higher. Colder sodium flowed out from the
neutron shielding and blanket subassemblies mixed directly with hotter sodium, and flowed
out from the lower region of HS. Eventually, the mixture was transported to the core side
region. These temperatures on TC-plug also became higher than measured temperatures as
shown in Fig. 117. From the results shown above, it becomes clear that the proper estimations
of the pressure loss coefficients on the HS are also important because the coefficients affect
the thermal-hydraulics in the upper plenum.

FIG. 121. Velocity and temperature distributions on VCS-3 without FHs on HS.
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7.2.5. University of Fukui
(1) Problem of boundary conditions

The total flow rate from each group of subassemblies specified in the TAEA benchmark
calculation is approximately 97% of the measured flow rate at the Monju plant. This
discrepancy was identified when the test data by Miyakawa was investigated [33]. When we
calculate the mixing temperature on the basis of boundary conditions provided by IAEA
using the following equation,

7 - NPT e (52)

! ZNiWiCpi

where T, stands for mixed temperature (°C), 7; for the inlet temperature (C), N; for the
number of channels, w; for the mass flow rate (kg/s), Cp; for the specific heat (J/kg/K), i for
the channel group. The mixing temperature is approximately 482 °C which is lower than the
measured temperature near the liquid surface.

The outlet temperatures from each subassembly groups in the IAEA benchmark are measured
results except that for the shielding subassemblies. Therefore, the boundary conditions for
the IAEA benchmark are somewhat hybrid (combination of calculated and measured data),
and resulting in the lower simultaneous mixing temperature than measured one. The total
amount of energy input into the upper plenum is underestimated if the total flow rate does not
include some other flow rate.

In order to maintain consistency of the boundary conditions from the point of view of the
amount of energy transferred into the upper plenum, a 1D analysis has been conducted using
the NETFLOW++ code developed by Mochizuki [34]. This code has been validated using the
various plant data measured at Monju. The plant calculation model using NETFLOW++ code
is illustrated in Fig. 122. This model consists of the primary heat transport system (HTS),
secondary HTS and water loop which includes a high-pressure turbine and high-pressure feed
water heaters. The low-pressure system is assumed by the boundary conditions. The total
flow rate in the table shows the targeted flow rate at 45% thermal power. Bypass flows from
the high-pressure plenum and the low-pressure plenum are added and are modelled as a total
flow rate in channel 11. After the steady state situation was established, the reactor trip and
pump coast-down processes are calculated first, and then the forced circulation by a small
capacity motor is calculated continuously. The calculated flow rates and temperatures at the
outlet of the subassemblies shown in Fig. 123 are given to the CFD code as boundary
conditions. The outlet temperatures from each group of subassemblies are predicted within 10
K and the flow rate in the B-loop shows good agreement with the measured data. The flow
rates in the A-loop and C-loop are almost the same as that of B-loop, and these flow rates are
predicted with the same accuracy. In the following analysis, the NETFLOW++ results are
used as boundary conditions, replacing the boundary conditions provided in the TAEA
benchmark.

(2) Effect of flow-hole configuration on temperature distribution

It was easily estimated that the configuration of the flow-hole has a considerable effect on the
discharge flow rate. Therefore, the sensitivity study was conducted.

Fig. 124 shows the comparison between two calculations under the different flow-hole
configurations. The height 0 stands for the liquid sodium surface. The parameter in the legend
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shows time after the transient. The character ‘S’ stands for flow-hole with straight edge, and
‘C’ stands for flow-hole with chamfer. Since three calculated results at the same height where
three thermocouples are installed are plotted in the same figure, the calculated results have
widths. It is obvious from the comparison that the analysis with chamfer results in a lower
thermal stratification interface. The interface is lowered by approximately 300 mm at 600
seconds after the start of the test. If the edge has curvature, height of the thermal stratification
interface will be much lower. Therefore, much precise meshing around the flow-hole is
required to trace the height of the thermal stratification if the flow-hole has the round edge.

Fig. 125 shows the comparison of calculations between the basic case and the result taking
into account chamfer and heat capacity of the UIS. The character ‘C+HC’ stands for flow-
hole with chamfer and heat capacity of the UIS. It is assumed that the UIS consists of steel
and sodium with no flow. As shown in the figure, the interface at 600 seconds is lowered by
500 mm compared with the basic case. Therefore, the effect of the heat capacity of the UIS
on the interface cannot be neglected.

(3) Preliminary result

A comparison between the test result and the simulation is illustrated in Fig. 126 when the
above mentioned effects are reflected in the analysis. The calculated results trace the rising of
the thermal stratification interface in general. However, the height of the thermal stratification
interface is calculated lower before 240 seconds, and the thermal stratification interface is
calculated higher than the test result after 420 seconds. Especially, the thermal stratification
interface is higher than the experimental result by approximately 1.0 m at 600 seconds. This
result prospects that the good result would be obtained if the flow-hole configuration is
correctly reflected to the analysis.
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FIG. 126. Comparison between measured results and calculation taking into account the
flow-hole with chamfer, heat capacity of ULS and boundary conditions at the outlet of the
subassemblies.

7.2.6. KAERI

During the steady-state simulation, it was found that dual solutions exist depending on the
initial guess. The buoyancy dominated solution (BDS) was obtained when the initial guess
was imposed with zero velocity and a constant temperature and pressure. The momentum
dominated solution (MDS) was obtained when the initial guess was imposed by a separate
numerical solution, which was calculated without a buoyancy term and with a lower-order
convection scheme. It is noted that Bieder et al. (2011) also found this phenomenon. They
observed that the momentum dominated solution is obtained when the numerical grids is
coarse and the lower-order convection scheme is used for calculation, while the buoyancy
dominated solution is obtained when the numerical grids are fine and the higher-order
convection scheme is used. It is not clearly understood why such dual solutions exist in the
numerical solution and behave quite differently. In the common sense the inertia force will be
dominant over the buoyancy force in the steady-state normal operation. The previous
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experimental and numerical works also advocate that the momentum dominated solution is a
correct solution.

Fig. 127 shows the predicted transient temperature profiles along the thermocouple tree
together with the experimental data for both solutions. The difference between the two
solutions is minimal. It is observed that the predicted temperature profiles agree very well
with the experimental data until 5 minutes. However, the predicted results deviate greatly
from the experimental data at 10 and 15 minutes. This is due to the use of an inadequate
thermal turbulence model in the present calculation.
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FIG. 127. Temperature profiles along the thermocouple tree during the transient
calculations.

7.2.7. 1IPPE

(1) Parametric study of the influence of total reactor sodium flow on flow pattern in upper
plenum

Parametric study was performed using 2-D R-Z computational model of upper plenum. Axial
and radial finite-difference mesh were chosen the same as it was used in 3D model but the
rows of holes and the outlet pipe were presented as a slots with equivalent cross-sections. The
set of steady state calculations were performed (18 different cases in total). The following
parameters are varied:

— Total flow through the plenum in the range G=(0.4 — 2.0) Gy. , were Gy is a total flow in
the ‘NC-test’;
— Flow pattern taken as initial approach for the case.

The sequence of calculations of all cases is shown on Fig. 128. Calculations were started
from case 1 at which the total flow was two times larger than flow in ‘NC-test’ and well
pronounced ‘jet flow mode’ was calculated by code. Then the steady state flow and
temperature distributions were taken as initial approach and cases from 2 to 9 were calculated
with the same initial approach but decreasing from case to case the total flow. For cases from
1 to 7 ‘jet flow mode’ was invariably observed but after transition to the case 8 (G=0.6 Gy)
flow pattern in the plenum was changed and ‘ascending flow mode’ was realized (Fig. 129
a)). Then the steady state flow and temperature distributions calculated in case 9 were taken
as initial approach for next series (cases from 10 to 18) with increasing the total flow from
case to case. The result of calculations, shown in Fig. 129 b) was that ‘ascending flow mode’
was observed up to the transition from case 17 (G=1.7 Gy) to case 18 (G=1.8 Gy).

The conclusion is that in the flow range G=0.7-1.7 Gy the problem has two solutions and
what solution of that two is realized depends on specified initial approach.
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“Jet Flow Mode” (19
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FIG. 128. Diagram that illustrates the sequence of calculations of different cases
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FIG. 129. Steady state velocity and temperature distributions for cases differing by total flow
(k¢=G/G,).
(2) Influence of heat exchange with cold plenum (through support plate)

For analysis of the influence of heat exchange with cold plenum it was assumed that:

— The thickness of support plate is equal to 0,05m;
— Sodium temperature in the ‘cold plenum’ is 400°C.

Calculations of steady state temperature distributions in the Monju plenum for the parametric
case for which heat losses through support plate were taken into account were performed and
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the results were compared with base case. The influence of heat losses is still visible in the
cavity adjoining to support plate but this effect is negligible in the upper plenum as a whole

(Fig. 130).
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FIG. 130. Axial profiles of sodium temperature calculated with and without considering the
heat losses through support plate.

(3) Effect of mesh refinement

Mesh size of space discretization could effect on accuracy of calculations of temperature
profiles in the upper plenum. For analysis of that influence the calculation of steady state
velocity and temperature distributions for two cases were performed:

— Case 1 — 2D - with finite-difference (R*Z) mesh - (34*44);
— Case 2 — 2D - with finite-difference (R*Z) mesh - (57*130). Calculative domain and
calculated velocity and temperature fields for case 2 are shown on Fig. 131 a).
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FIG. 131. (a) Calculative domain, (b) Velocity and temperature distributions for initial
steady state, (Mesh - 57*130).
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FIG. 132. Axial profiles of sodium temperature at T-pole position at initial steady state.

The comparison of calculated temperature profiles with experiment is made on Fig. 132. The
conclusion is that after mesh refinement temperature in the bottom part of the plenum where
the most pronounced temperature gradient is observed decreases from 476°C to 435°C and
became much closer to experimental value 415 °C.
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(4) Effect of thermal conduction of inner barrel

Temperature of sodium washing internal and external surfaces of inner barrel can be different
especially during the transient and one can assume that heat transfer through the inner barrel
due to conductivity can effect on sodium temperature distributions in its vicinity. Final
analysis of this effect was carried out with improved 3D GRIF calculative model. One of
representative parameters that characterizes the transient as a whole and the rate of
temperature redistribution in the upper plenum is the total duration of stage when
stratification is still observed. The duration of that stratified stage (DSS) in the test is 7200-
7400 seconds (Fig. 133).
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FIG. 133. Monju test, thermocouple readings versus time.

The heat conductivity of the inner barrel was varied in the range 20-50 W/(m-s) which
covers variation of conductivity for typical stainless steels. The set of transient calculations
with different heat conductivity of the inner barrel was carried out and the dependence of
DSS versus heat conductivity A was obtained (Fig. 134).
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FIG. 134. Duration of stratified stage (DSS) versus heat conductivity of the inner barrel.

The conclusion from that sensitivity study is that the rate of flow and temperature
redistribution in the upper plenum during the test is rather sensitive to heat exchange between
sodium in the upper plenum and sodium flow in downcomer. This means that heat
conductivity of the inner barrel and heat transfer coefficients on its inner and outer surfaces
should be accurately calculated.

(5) Influence of pressure loss coefficient of the holes in the inner vessel on transient
temperature distributions in the plenum

One more uncertainty could be related to calculation of pressure loss coefficient of the holes
in the inner barrel. Empirical correlation for this coefficient is well known if the flow is
perpendicularly directed to the wall but in our case the sodium flows angularly and the angle
is changing versus time and position. The results of sensitivity study are presented on
Fig. 135.
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FIG. 135. Duration of stratified stage (DSS) versus pressure loss coefficient of the holes in
the inner barrel.
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It is clear from data on Fig. 135 that duration of stratified stage is extremely sensitive to
pressure loss coefficient of the holes. The increase of the last only on 10% results in almost 2
times acceleration of temperature front movement along the plenum height. Therefore special
attention should be paid to the simulation of pressure losses in the holes in the inner barrel.

7.2.8. ANL

The steady-state calculations at ANL predict about 5°C cooler sodium temperature in the
upper portion of the reactor vessel (above the core outlet level) than the experimental data.
Since most of sodium coolant in the upper plenum above the elevation of the holes on the
inner barrel is at that temperature, this discrepancy corresponds to either an underestimation
of flow through the bypass holes or about 4% uncertainty in energy balance for measured
core flow or power during the initial steady-state conditions. In order to better understand this
discrepancy, the importance of inner barrel holes to provide a bypass flow path for colder
sodium (leaving the sodium hotter in higher elevations) was evaluated using an alternative
model with blocked holes. As shown in Fig. 136, the model with blocked inner barrel holes
shows a similar temperature distribution, confirming the conclusion that the influence of
holes is negligible at steady-state with full-flow. However, it does not rule out the possibility
of greater bypass flow than what is predicted with the CFD model.
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FIG. 136. Comparison to assess the effect of inner barrel holes at steady-state.
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Although a similar degree of agreement between ANL predictions and test data prevails
during the first few minutes of the transient, comparisons using the reference CFD model
described in Section 7.1 indicates large discrepancies after the first few minutes of the
transient, especially above the elevation of the holes on the inner barrel. While the test data
shows that the thermal stratification persists in the upper plenum for well over an hour, the
simulations suggest fairly uniform sodium temperature in the entire upper plenum after 15
minutes into transient.

In order to eliminate the transient solver option as the potential source of discrepancy, the
first ten minutes of the transient calculations are repeated with the PISO predictor-corrector
scheme. The temperature contour plots on the symmetry plane through the outlet nozzle
calculated with both SIMPLE and PISO transient solver options are compared in Fig. 137
during various stages of the transient. The relative consistency of the solutions with SIMPLE
and PISO schemes in Fig. 137 eliminates the transient solver option as the potential source of
discrepancy between the calculations and the experiment.

To assess the impact of turbulence modelling on the mixing, two extreme case simulations
are also performed at ANL: one using a small constant value for the turbulent viscosity, and
another with laminar flow. As expected, the case with small constant value for turbulent
viscosity does not differ much from the earlier predictions since the impact of turbulent
mixing dies down once the primary pump stops and turbulence dissipates. Although the
laminar flow solution exhibits convergence problems, it is more or less consistent with the
solutions using turbulence models and does not address the observed discrepancies.

The impact of stored heat in the upper core structure and the stagnant sodium above the dip
plate is also evaluated using a constant temperature (755 K) boundary condition at those
surfaces to exaggerate these effects. However, these changes in the boundary conditions did
not extend the thermal stratification in the upper plenum significantly to explain the
discrepancy with experimental data. Finally the cross code comparison between STAR-CD
and STAR-CCM+ codes using the same mesh structure and almost identical CFD models
(material properties, boundary conditions, and solver options) resulted almost identical
thermal stratification patterns, failing to explain the discrepancy between the calculations and
test results.

As suggested by IPPE analyses, the most plausible explanation of the discrepancies between
the calculations and test data is that the bypass flow through the holes on the inner barrel is
underestimated in the CFD model. In Monju design, these holes provide alternative flow
paths between the core outlet and outlet nozzle. These alternate flow paths are especially
effective in bypassing the thermally stratified region of the upper plenum following a reactor
shutdown (to facilitate natural convection to cool the core). If the bypass flow is greater than
what is predicted in the simulations, it could account for a larger fraction of the primary
system flow both before and after the turbine trip, leaving the bulk of the sodium coolant in
the upper plenum (above the holes on the inner barrel) stagnant for a longer period of time.
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FIG. 137. The temperature contour plots on the symmetry plane through the outlet nozzle for
various stages during the transient calculations.

Since the holes in the simplified model described in Section 6.1 are represented explicitly
based on the benchmark specifications provided by JAEA (with a given diameter and inner
barrel thickness), the only flexibility for a sensitivity analysis is to assume rounded edge for
the holes. A quick review of the literature for flow through orifices suggests that round edge
holes could reduce the pressure drop by as much as an order of magnitude in comparison to
the current configuration with sharp edge holes. In order to assess the importance of bypass
flow through the holes on the inner barrel, the calculations are repeated at ANL using
rounded edge hole profiles (using fillet option to smooth the edges on both sides) as shown in
Fig. 138.

Since the pressure drop for flow through the inner barrel holes with the sharp edge is
significantly greater than the pressure drop for holes with round edge, the hole profile makes
the most significant difference. In the configuration analyzed here, the maximum diameter
fillets are considered on both edges of the holes resulting in the least possible pressure drop
for the through-flow. A comparison of the calculated thermal stratification patterns with both
sharp- and round-edge hole models is shown in Fig. 139 for 15 minute after the transient
starts.
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FIG. 138. Mesh structure in a horizontal plane through the holes on the inner barrel: (a) for
the reference model with sharp edge holes (left), (b) for an alternative model with round edge
holes (right).

FIG. 139. Comparison of thermal stratification patters at 15 min mark during the transient:
(a) with sharp edge holes as reference case (left), (b) with round edge holes (right).

7.3. OUTCOME OF SENSITIVITY ANALYSIS AND RECOMMENDATIONS FOR
FURTHER SIMULATIONS

7.3.1. CIAE

The preliminary analysis calculation result with the CFD code STAR-CCM+ shows great
discrepancies with the experimental results. It was well known that the flow resistant
coefficient through the upper and lower flow holes cannot be set by manual in the CFD code
which may have a great effect on the flow distribution between the annulus flow rate and by-
pass flow through the two roles of holes in the inner barrel. Of course, some other factors
such as the thermal capacity of the structures included in the upper plenum, heat transfer and
thermal conduction of the inner barrel, turbulence model used in this benchmark calculation
and the modelling of the upper core structure, fuel handling machine also had some effects on
the thermal stratification process more or less. But all of these were not the crucial factors
expect of the flow rate distribution between the annulus and the by-pass flow according to
other institutes of CRP researches. In addition, the sensitivity analysis to flow rate
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distribution in the different flow paths in previous section also gave us the right direction that
the kind of shape of the edge of the flow holes may be the pride of place in the final
simulation. One reason was that the sharp holes provided the maximum pressure loss and
result in the minimum flow rate through the holes. The second was that the sharp holes were
rarely used in the design and fabrication of the inner barrel from an engineering perspective.
So the round-edged model should be adopted in the final simulation.

7.3.2. CEA

The flow and temperature distributions in the upper plenum of the Monju reactor has been
analysed with the CFD code Trio U. In angular direction only 1/6 of the Monju upper
plenum has been taken into account in the analysis. This reduced domain was discretized in
up to 3.3 Million tetrahedral elements. A high Reynolds number turbulence model (k-g) was
used to account for turbulent mixing with additional terms for treating buoyancy effects.

For the steady state initial condition before the pump trip transient, a bifurcation of the
solutions into a ‘momentum dominated solution’ and a ‘buoyancy dominated solution’ was
observed. Such a bifurcation has also been found experimentally at CEA in similar mixed
convection experiments. Initializing the coarsest mesh with a reposing fluid and using a 1st
order convection scheme, the momentum dominated solution was attained. Initializing the
fine mesh with a reposing fluid and using a 2nd order convection scheme, the buoyancy
dominated solution was attained. After successively refining the mesh, each solution was
found to be meshing independent. The experimentally detected temperature stratification
seems not being a good indicator to distinguish the flow fields of the two solutions. For a
more profound understanding, further numerical analysis is necessary. This concerns the
solution procedure (iterative methods as SIMPLE instead of a transient calculation as
presented) and maybe the use of more sophisticated turbulence modelling approaches.

The pump trip experiment has shown the formation of a thermal stratification within the
plenum. The calculations with the intermediate mesh predict well the stratification formation
in the first 10 minutes of the pump trip. In the experiment, the stratification persists for more
than two hours whereas all calculations of Trio U have shown a homogenization of the
temperature in the plenum after about 15 to 20 minutes (significant overestimation of the
internal mixing). Further analysis seems to be necessary to better understand the
overestimation of the mixing in the upper plenum. One reason for the overestimation might
be the assumed form of the inner barrel flow holes (possible overestimation of the pressure
drop by using the sharp edges given in the JAEA CAD file), however, as long as the real
form of the flow holes is not known, this explanation is not totally satisfying. Special
attention should also be turned on the capacity of the numerical schemes to balance in
reposing fluids linear temperature gradients by the pressure without creating spurious
velocity modes.

7.3.3. IGCAR

Flow and temperature distributions in the hot pool of Monju, during the simulated event of
reactor trip following a ‘condenser vacuum low’ signal have been simulated. The analyses
indicate that stratification is present during initial steady state itself. The predicted vertical
temperature distribution along the thermocouple stack in transient analysis deviated from the
measured data. To find out the reason for this difference between the measured data and the
CFD predicted data, sensitivity studies have been performed. The parameters of these studies
are: (1) thermal capacity of upper core structures and (ii) turbulence models. It was found that
the thermal capacity of the upper core structure does not affect the thermal stratification
characteristics in the plenum. The standard high Reynolds number k-e model and RSTM
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model predict identical results and also, k-e model good enough for prediction of
stratification. Finally it is noticed that the configuration of holes in the inner barrel influences
the stratification interface movement significantly. Simulation using round edged holes in the
inner barrel predicted stratification interface movement which closely matched with
measured data. Thus, the major findings of the studies are: (i) standard high Reynolds number
k-e model is adequate to simulate thermal stratification and (ii) detailed modeling of the hole-
profile is very critical for stratification prediction.

7.3.4. JAEA

In the sensitivity study of this CRP, almost all possibilities to affect the moving-up rate of the
thermal stratification front were discussed in the RCMs and participants performed various
parameter simulations concerning the pressure loss of the flow holes on inner barrel.
Consequently the only possibility to largely affect the moving-up rate was the shape of flow
holes. Therefore JAEA provided information that the rounded edge was the actual shape but
could not provide the curvature because of keeping manufacture’s designing know-how.
Nevertheless, the CRP participants could predict the experimental data with good accuracy
when they apply a round edge to either simplified or full-sector model.

7.3.5. University of Fukui

As a sensitivity study relating the flow-hole configuration, the modelling of the flow-hole is
most important thing to simulate the behaviour of the thermal stratification in the upper
plenum. In order to discuss the thermal hydraulics, the precise configuration of the flow-hole
should be known.

7.3.6. KAERI

The simple gradient diffusion hypothesis for a treatment of the turbulent heat flux in the
CFX-13 code predicts very well when the flow is a mixed convection; however, the model
invokes a relatively strong mixing for a natural convection flow. Thus, a faster thermal
mixing is observed than that shown in the experiment after 10 minutes. This discrepancy may
be due to the shortcomings of the thermal turbulence models available in the CFX-13 code
for a natural convection flow with thermal stratification. The use of an advanced turbulence
model like the algebraic heat flux model with the elliptic-blending second-moment closure is
recommended. In the future study, the heat conduction heat transfer in the inner barrel should
be included and the LES solution may cure the turbulence model problem.

7.3.7. IPPE
Sensitivity study enables to make the following conclusions and recommendations:

— After first round of calculations some inconsistencies between GRIF calculations and the
results of other participants were revealed. For steady state GRIF predicted a flow pattern
that can be called as ‘ascending flow mode’ but calculations of other participants
predicted another flow picture in the upper plenum - flow pattern that can be called as
‘jet flow mode’. Special parametric study showed that the calculated flow pattern in the
upper plenum depends on total flow and on velocity and temperature distributions that
used as initial approach for steady state calculations.

This means that the problem has two different steady state solutions and what solution of that
two is realized depends on value of total flow and specified initial approach.

— Parametric analysis of the influence of heat exchange with cold plenum (through support
plate) showed that this phenomenon can be neglected;
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— Mesh refinement in the regions where large temperature gradients are observed is
desirable;

— The rate of flow and temperature redistribution in the upper plenum during the test is
rather sensitive to heat exchange between sodium in the upper plenum and sodium in
downcomer. This means that heat conductivity of the inner barrel and heat transfer
coefficients on its inner and outer surfaces should be accurately calculated;

— The transient behavior of flow and temperature in the Monju upper plenum and
particularly the duration of ‘stratified stage’ are extremely sensitive to pressure loss
coefficient of the holes in the inner barrel. Therefore special attention should be paid to
the simulation of pressure losses in the holes in the inner barrel.

7.3.8. ANL

Sensitivity analyses performed by ANL using different transient solvers, different grid types
and structures, and turbulence models ruled these factors out as a source of discrepancy
between the calculated and measured thermal stratification patterns a few minutes into the
transient. The main conclusion of ANL results is the importance of the bypass flow through
the holes on the inner barrel. If the pressure drop for flow through the inner barrel holes is
much less than what is predicted with sharp edge shapes of these holes in the benchmark
specifications, much of the cold sodium coming out of the core after reactor shutdown goes
through these holes, bypassing the upper plenum and extending the thermally stratified
pattern prevail much longer. In fact, when one assumes a round edge profile (with maximum
diameter fillets considered on both edges of the holes as shown in FIG. 7.86), ANL results
agree well with the measurements along the thermocouple-tree throughout the transient.
Therefore, the hole profile makes the most significant difference.

8. FINAL CRP RESULTS

8.1. STEADY STATE AND TRANSIENT RESULTS

8.1.1. CIAE
(1) Steady and transient simulation

To concern on the precision calculation, the round edge of the flow holes in the inner barrel is
used just as shown in Fig. 140.

®:92mm

R:10mm

FIG. 140. Configuration of the flow holes and the mesh description (round edge).
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Figs. 141-150 show the velocity and temperature distribution of the vertical section at the
typical time. From these pictures, we can see the formation and development of the thermal
stratification and the different results by using the sharp and round shape of the flow holes. It
can be showed that the cold sodium from the core outlet has the strong motion energy at 30
second in Fig. 141. Compared to the previous figure at the same time, the interface of the hot
and cold sodium is lower than that in Fig. 141. So the effect of shape of the flow holes is very
distinct, which means that the flow resistance is getting smaller in the round holes and more
cold sodium flows to the outlet nozzle through by-pass channel.

It can be seen that the upward flow kinetic energy of the cold sodium is getting weak at 60
sec in Figs. 141-144 and the outlet flow from the reactor core then turns to the horizontal
flow and cold sodium remains at the bottom of the plenum. But in the following time, the
flow in the plenum is very slow and the interface of the thermal stratification is formed.
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FIG. 142. Temperature distribution of
the vertical section at 30s.

FIG. 141. Velocity distribution of the
vertical section at 30s.
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FIG. 143. Velocity distribution of the
vertical section at 60s.

FIG. 144. Temperature distribution of
the vertical section at 60s.
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(2) Sensitivity analysis to investigate the discrepancies with experimental

Fig. 151 shows the final simulation results in 30 minutes with the test using the round edge of
the flow holes, the same colour of the lines represent the same time. Fig. 152 shows the flow
rate change and distribution in the three different paths after the reactor trip. Compared to the
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previous calculation, the flow rate in the annuls in Fig. 152 show an obvious difference using
the round edge of the flow holes. The flow rate of annulus flow decrease quickly at the initial
600 seconds and then it change to decrease smoothly in the following time. This trend keeps
to the end of the calculation time. Meanwhile the flow rate of the upper holes, lower holes in
the inner barrel increase quickly and changes very little after 600 seconds. These change can
be reflected in the temperature distribution of Fig. 151 that the good agreement between the
calculation data for the case of the holes with round edge and the test data.
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FIG. 151. Comparison between the test and FIG. 152. The flow rate distribution in the
calculation (flow holes with round edge). different flow paths (flow holes with round
edge).

8.1.2. CEA

As shown in Section 7.1.1, the analysis of the pump trip transient gave a fairly well
prediction of the thermal stratification formation in the first 10 minutes after the pump trip. In
the experiment, the thermal stratification persists for more than one hour. However, the
stratification disappears in the calculation after about 15 minutes and a homogeneous
temperature distribution is predicted for the upper plenum.

During the 3" TAEA-RCM, an underestimation of the flow passing through the core barrel
holes has been identified as a potential source of uncertainty regarding long term
stratification formation. For the exact form of the holes is not known to date, the impact of
the two extreme hole-forms on the stratification formation was analysed; sharp edged holes
and rounded holes (fillet) which have the same minimum cross section as the sharp edged
holes.

Separate effects calculations with successive refinement of the meshing of a rounded flow
hole have shown convergence on the mesh-refinement with about 30 to 35 calculation points
per diameter of the hole. Due to the required small time step imposed by the CFL stability
criteria, it was not possible to conduct a transient calculation of a length of 20 minutes with
such a fine mesh in the flow holes. As a consequence, it was not possible to improve the
result already presented in Section 7.1.2.

8.1.3. IGCAR
(1) Model

It may be recalled that there was significant difference between the plant data and CFD
results predicted by the simplified benchmark model. In order to identify the reason for this
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difference, the effect of thermal capacity of UCS, core barrel, inner barrel and outer vessel
has been accounted and CFD simulations repeated. But no visible improvement in the
predictions has been observed. Following this, various turbulence models have also been
tested and all the turbulence models were found to over-predict the movement of
stratification interface. Finally, it was noticed that the flow bypassing the holes in the inner
barrel was critical and required accurate treatment. This aspect led to study pressure drop
across the holes. It is known that sharp edged holes (Fig. 153) offer a large resistance for
sodium to flow from hot pool to exit nozzle leading to enhanced upward flow and hence a
faster movement stratification interface. However, round edged holes (Fig. 154) offer a low
flow resistance and hence an easy by-pass of sodium from hot pool to exit nozzle. There is
lack of data on the exact profile/shape of the holes incorporated in the inner barrel of the
reactor. Hence, holes with fillet equal to hole radius are chosen in the CFD simulations. This
treatment for the holes demanded a larger mesh count (about 0.76 millions). Other details of
the computational model, viz, schemes, solver, turbulence model are same as that given in
Section 6.3.

FIG. 153. Straight edged holes considered FIG. 154. Round edged holes considered for
for the preliminary studies. the final simulation.

(2) Final results

The evolution of predicted transient temperature in the pool is depicted in Fig. 155. It can be
seen that there is strong stratification prevailing in the hot pool. Similar stratification is
observed in the exit nozzle also. The depth of hot sodium in the pool is less than that in the
annulus between the inner barrel and reactor vessel. This suggests that the entire core flow is
not by-passing the hot pool. Investigation of the results corresponding to 5 minutes indicates
that there is hot sodium in the cavity region during the initial phase of the transient.
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Time = 1 min.

Time = 10 min.

ime =5 min.

FIG. 155. Temperature contours (K) at different instants with round edged holes.

3) Comparison of predicted results with plant data

Predicted steady state and transient data at three different instants are depicted in Fig. 156.
Also shown in the same figure are the thermocouple data measured in the reactor at the
corresponding times. It can be seen that there is a good match between the measured and
predicted data, especially at the stratification interface. However, some minor deviation is
observed in the cavity region for initial phase of the transient. But as time progresses the
comparison in the cavity region also improves. Comparing Fig. 156 with Fig. 79, it is clear
that the hole profile has a significant influence on the stratification pattern.
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FIG. 156. Comparison of predicted data with round edged holes against plant measurements.

8.1.4. JAEA

JAEA provided the detail geometry data of the Monju RV upper plenum and the boundary
conditions of the turbine trip test under the 40% rated electrical power condition. The
designed flow rates were applied to these conditions, while the measured temperatures in the
core region and designed temperatures in the outside of core region were also applied to the
outlet of these subassemblies. These boundary conditions are considered to produce the
energy imbalance. However, it is not considered to become a critical problem to attain the
CRP objectives of the improvement of the member states’ analytical capabilities and
identifying the key parameters of the moving-up rate of thermal stratification front.

In the benchmark simulation, JAEA investigated the effect of temperature distribution due to
the asymmetric structure location, the pressure loss effects of flow hole shape on the inner
barrel and the pressure loss effects of the honeycomb structure in the UCS region. These
simulation results showed these parameters did not affect largely to the thermal-hydraulic
behaviour in the steady state conditions. These results are shown in Figs. 114—-124 in Section
7.2.4.

8.1.5. University of Fukui
(1) Steady-state and transient simulations

Based on the preliminary computation, the rounded edge flow-hole configuration is adopted
as the final computation. Regarding the boundary conditions of the computation at the inlet of
the upper plenum, the discussed result is reflected to the computation in order to correct the
discrepancy of insufficient energy input into the upper plenum. The heat capacity of the
upper instrumental structure is taken into account. Other conditions are the same as
mentioned in the previous section.
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Fig. 157 illustrates the comparison between measured result and the computed results. The
characters ‘R’ and ‘HC’ in the legend stand for the flow-hole with rounded edge and the heat
capacity of the UIS, respectively. As one can see from the comparison, good agreement is
obtained between the measured and computed results. The temperature distributions from the
initial up to around 5 minutes are predicted almost perfectly. However, the thermal
stratification interface is over predicted a bit after 5 minutes. It is estimated that the meshed
configuration has still several irregularity inside the flow-hole surface. The irregularity would
increase the local loss coefficient at the flow-hole. The other important factor is
overestimation of the inlet temperature of the plenum which is used as one of the boundary
conditions. The temperature in the lower region of the plenum is overestimated because of
the high temperature sodium flow. This flow pushes the thermal stratification interface
upward.
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FIG. 157. Comparison between measured results and computed results from the steady state
to 10 min.

8.1.6. KAERI
(1) Steady-state solution

Fig. 158 shows the steady-state velocity magnitude and temperature contour plots on the
symmetry plane through the outlet and vertical temperature profile along the thermocouple
plug. The hot sodium from the core spreads conically outward and then moves upward along
the inner surface of the inner barrel. Owing to this strong flow, there exists a relatively weak
counter current along the vertical surface of the upper structure main body, resulting in a
large toroidal recirculation zone above the core outlet level. The sodium in the annular region
between the inner barrel and reactor vessel flows downward and flows out of the reactor at
the outlet. Below the core outlet level, the flow field is almost stagnant with significantly
colder sodium. It is noted that the sodium in most of the upper plenum and outlet region is
well mixed and the temperature of the sodium is nearly uniform. Small flow holes on the
inner barrel do not play a significant role in mixing the fluid on the opposing sides of the
inner barrel for the steady-state conditions.
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FIG. 158. Steady-state velocity magnitude and temperature contours.

Fig. 159 shows the predicted vertical temperature distribution along the thermocouple tree
together with the experimental data. The predicted temperature distribution agrees fairly well
with the experimental data, especially when the complex structures of the core upper plenum
and the assumptions introduced for the 1/6 simplified model are considered. It was noted that
the temperature varies rapidly at a height of y=1.4 m, and does not vary significantly above
this height.
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Temperature (C)
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480 500

FIG. 159. Vertical temperature profile along the thermocouple tree.

(2) Transient solution

Fig. 160 shows the transient evolution of the temperature field at the upper plenum of the
Monju reactor. When the transient starts and the core outlet temperature gradually drops
owing to a reactor shutdown, the cooler sodium stays near the bottom of the vessel and the
hotter primary sodium at the higher elevation in the upper plenum stays largely stagnant. As
the transient continues, the cold sodium in the lower portion of the plenum moves upward
and a thermal stratification begins to form. A rather stable thermal stratification is established
at 300 seconds. A slow movement of cold sodium is observed between 240 and 300 seconds.
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The rapid coast-down of the mass flow rate after a pump trip is finished at about 300 seconds,
and the mass flow rate from the core becomes nearly constant after 300 seconds. Thus, the
type of flow until 300 seconds is a mixed convection and the natural convection begins after
300 seconds. At 600 seconds, the thermal stratification interface moves upward rather quickly
even though the flow is a natural convection. At 900 seconds, the thermal stratification
interface reaches the top of the inner barrel and the temperature field in most of the upper
plenum is mixed and homogenized. It shows that a relatively strong thermal mixing has
occurred in a large portion of the upper plenum. Thus, the computed temperature field
contradicts the real physics of the fluid flow and heat transfer in this region. A stable thermal
stratification should form and persist after 300 seconds. The origin of this discrepancy is due
to the turbulence model employed in the present calculation. As explained before, the simple
gradient diffusion hypothesis for treatment of the turbulent heat flux invokes a relatively
strong mixing. A more advanced thermal turbulence model like the algebraic flux model
should be used for a prediction of the thermal stratification; however, such a turbulence
model is not available in the CFX-13 code at present.
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FIG. 160. Evolution of temperature contour during the transient calculations.

Fig. 161 shows the predicted transient temperature profiles along the thermocouple tree
together with the experimental data. It is observed that the predicted temperature profiles
agree very well the experimental data until 300 seconds. However, the predicted results
deviate greatly from the experimental data at 600 and 900 seconds.
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FIG. 161. Temperature profiles along the thermocouple tree during the transient

calculations.

8.1.7. IPPE

(1) Final steady-state and transient results of NC-test calculation with improved model

The following modifications and amendments of GRIF calculative model simulating Monju
upper plenum were made on the results of sensitivity study:

— Flow and temperature distributions corresponding to ‘jet flow mode’ were taken as initial
approach for calculation of initial steady state;
— Heat conductivity of inner barrel was specified as equal to 25 W/(m's);
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— Calculation of heat transfer coefficient on the inner and outer surfaces was introduced in
the code;

— Pressure loss coefficient for all holes (for upper and lower rows) was specified as equal
to 1.5;

— The correlation used in the code for calculation of pressure losses in the holes was
modified in order to simulate more correctly the dependence of the losses on the angle of
oncoming flow.

As it can be seen from Fig. 162 the combined action of forced and natural convection leads to
essential redistribution of flow and temperature in the plenum after total flow rundown.
Stratification of sodium in the plenum and formation of ‘hot plug’ in the upper part occurs
after 2 minutes. Then the ‘cold’ front moves upward and finally reaches the upper edge of
inner barrel.

7=0s 7=120s 7=600s 7=1800s

FIG. 162. Evolution of velocity and temperature distribution in the plenum (GRIF
calculation).

The rate of the movement of stratification front is determined by relative distributions of
sodium flows on the following three paths: path 1 - through lower flow holes, path 2 -
through upper flow holes and path 3 - through the gap above the upper edge of inner barrel
(Fig. 163). At initial state 95% of total sodium flow leaves the upper plenum through the gap
above the upper edge of inner barrel. But total flow decreases soon and ‘hot plug’ almost
totally blocks that path. As a result during whole part of transient for the time being the
stratification exists in the plenum the sodium mostly releases from the plenum through the
holes in the inner barrel (60% through path 1 and 30% through path 2).
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FIG. 163. Distributions of sodium flows on three paths: through lower flow holes (Ghb),
through upper flow holes (Ghu) and through the gap above the upper edge of inner barrel

(Gtop).

Results of calculations of sodium temperature are compared with thermocouple readings on
Fig. 164 and Fig. 165.
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FIG. 164. Transient behavior of some selected thermocouple readings.
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FIG. 165. Comparison of calculated by GRIF temperatures with thermocouple readings.

Significant deviation of calculation from experiment is observed only for one thermocouple -
TE28. This thermocouple is located above upper edge of inner barrel, in the zone of flow
stagnation where large temperature gradients occur. Probably this deviation can be attributed

to relatively rough meshing in that area. The agreement for all other thermocouples can be
recognized as satisfactory.

It is necessary to note that good agreement was obtained for fixed predetermined value of
pressure loss coefficient of the holes in the inner barrel £&=1.5. In practice this coefficient can
depend on geometry of the holes and flow conditions in hole’s vicinity and can be determined
more precisely on the base of empirical information only. As it was demonstrated in section
2.3 the small error in calculation of pressure loss coefficient of the holes can result in
essential error in calculation of transient flow and temperature in the plenum.

8.1.8. ANL

As explained in Section 7.2 for ANL sensitivity analyses, the most promising explanation of
the discrepancy between the calculations and test data is the underestimation of the bypass
flow through the holes on the inner barrel due to the shape of these holes.

Since the round edge holes could reduce the pressure drop by as much as an order of
magnitude in comparison to the reference configuration with sharp edge holes, the hole
profile makes a significant difference. When the bypass flow through these inner barrel holes
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is greater than what is predicted with the reference model described in Section 7.1, it
accounts for a larger fraction of the primary system flow, leaving the bulk of the sodium
coolant in the upper plenum stagnant and thermally stratified for a longer period of time.

In the configuration presented here for the final ANL results, the maximum diameter fillets
are considered on both edges of the holes resulting in the least possible pressure drop for the
bypass flow. A comparison of the calculated bypass flow patterns with both sharp- and
round-edge hole models is shown in Fig. 166 for comparison.

FIG. 166. Comparison of velocity magnitudes in a consistent scale on the horizontal plane
through the lower inner barrel holes (a) with sharp edge holes (left), (b) with round edge
holes (right).

A comparison of the calculated transient temperatures with the test data along the
thermocouple tree during the first 15 minutes of test is also shown in Fig. 167. Other than the
hole profiles, the two models have nearly identical mesh characteristics and consistent
modelling assumptions (turbulence models, boundary conditions, material properties,
boundary conditions etc.). As seen in Fig. 167, the predicted thermal stratification pattern
with the model using round-edge holes is in much better agreement with the experimental
data, confirming the importance of the bypass flow through the inner barrel holes. Since the
actual shape of these holes is not specified, the analysis with round edge holes remains only a
speculation at this point. Different hole profiles (with chamfer instead of fillet) and the effect
of one-sided rounding need to be evaluated.
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FIG. 167. Comparison of transient results for both sharp (reference model) and round edge
inner barrel hole profiles with test data during the first 15 minutes of the Monju plant turbine
test.

8.2. COMPARISON OF RESULTS

Steady state and transient temperature distributions on the TC-plug at different times
calculated by the participating organizations are compiled in Fig. 168. As described in detail
in the previous sections, in these simulations CEA and KAERI applied a sharp edge of the
inner barrel holes, while CIAE, IGCAR, JAEA, University of Fukui and ANL applied round
edge holes. IPPE applied the porous model approach.

As far as the steady state calculations, the following considerations can be drawn from the
analysis of Fig. 168:

— Temperatures in the upper part of the plenum calculated by all organizations are lower
than experimental data because of the energy imbalance at the subassembly outlet. The
results of University of Fukui agreed well with test data by adjusting the imbalance;
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The shape of the inner barrel holes do not largely affect these temperature profiles, both
in simplified and full-sector models;

Temperatures in the lower part of the plenum agree well with experiments when
applying a constant heat capacity;

In any cases, the temperature profile on the TC-plug can predict well the experiments by
using the correct energy balance, as done by University of Fukui.

In the transient calculations, the formation of thermal stratification seems to be different; in

fact:

From 30 to 240 sec., both sharp edge and round edge hole models can capture the
thermal stratification front with good accuracy. During this time interval, the front of the
thermal stratification moving upwards is not affected by the pressure drop through the
iner barrel holes;

From 300 to 900 sec. the sharp edge hole model predicted larger moving-up rate of the
front, while the round edge hole model and the porous model predicted it well, regardless
of the different edge curvatures, both in simplified and full-sector models;

From 1200 to 7200 sec., the porous model predicted the moving-up rate of the front of
the thermal stratification with good accuracy except for the upper part of the plenum,
while the full-sector and round edge hole model have some discrepancies with respect to
the measured data. These results show that proper boundary conditions on the upper
surface of the porous model allow to predict correctly the temperature in the upper
region, and that a proper flow resistance of inner barrel holes allows to predict the
moving-up rate pretty well.

In conclusion, the benchmark exercise performed during the CRP allowed to improve the
analytical capabilities of the participating organizations in field of in-vessel sodium thermal-
hydraulic, as well as to identify the key parameters which affect the moving-up rate of the
thermal stratification.
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FIG. 168. Comparison of steady state and transient results on TC plug.

9. CONCLUSIONS

The CRP was carried out between 2008 and 2012, and eight research organizations from
seven countries with an active programme on SFRs - namely China, France, India, Japan,
Republic of Korea, Russian Federation and the USA - contributed to this CRP. The
experimental data for the benchmark analysis were provided by JAEA and concerned the
measurements of thermal stratification of sodium observed in the upper plenum of the Monju
RV at a turbine trip test performed during the original SST of the reactor. In particular the
CRP participants were provided with the vertical temperature distribution and outlet
temperatures of fuel subassemblies measured during the test. The thermal-hydraulic
simulations performed in view of the subsequent comparison with the experimental data were
rather challenging due to the complex geometry of the upper plenum of the Monju RV which,
in particular, includes an inner barrel with many flow holes, as well as an upper core structure
(UCS) composed of fingers, control rod guide tubes (CRGTs), and flow guide tubes (FGTs).
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Based on the geometry and the boundary conditions provided by JAEA, a simplified model
(1/6 sector model) with detail meshing around each flow hole on the inner barrel and porous
media approach for the UCS region was developed, and preliminary calculations were carried
out. Different turbulence models and/or heat capacity of the UCS were applied.

The following results were obtained;

— In the steady state calculations, temperatures on the thermocouple tree (TC-plug) in the
upper part are approximately 5—10°C lower than measured ones;

— Two kinds of solutions, i.e. buoyancy driven and momentum driven solution, were
obtained in the steady state calculations by using different numerical schemes, namely
time-marching approach and iterative method;

— In the transient calculations, the thermal stratification front moves upwards faster than
shown by the measured data.

The CRP participants deem that the problem associated with the temperature discrepancies on
the TC-plug was caused by a few percent of energy imbalance between the given temperature
values imposed as boundary conditions and the actual values.

As far as discrepancies between simulation results and test data for the thermal stratification
pattern over time, the following possible justifications were suggested:

— Influence of the thermal conductivity of the inner barrel, which was neglected in the
simulation models;

— Pressure loss coefficients of the UCS assumed in the porous model were too small, and

— The calculated pressure loss through the holes on the inner barrel was too.

Therefore, in more refined simulations the thermal conductivity of the inner barrel and/or
larger pressure loss coefficients of UCS were implemented in both simplified and full-sector
models. However both factors could not explain the discrepancies with the experimental data.
Too high pressure loss of the flow through the inner barrel holes was then anticipated to be
the main source of the discrepancies. As a consequence the CRP participants focused on this
issue and parametric simulations were performed using both simplified and full-sector
models. By considering round edge instead of sharp edge holes, the simulation results with
both models agreed pretty well with the experimental data, confirming the importance of the
bypass flow through the inner barrel holes. However, since the actual shape of these holes is
not specified, the analysis with round edge holes remains only a speculation at this point.
Different hole profiles (with chamfer instead of fillet) and the effect of one-sided rounding
still need to be evaluated.

In conclusion, the main achievements drawn from the benchmark analyses and the intense
discussions between the CRP participants can be summarized as follows:

— Analytical capabilities of the participating organizations in the field in-vessel sodium
thermal hydraulics, especially meshing and algorithm selection criteria, were improved
by this CRP which presented challenging issues due to the complex geometry of Monju
as well as the involved phenomena;

— In the steady state calculations, two kinds of solutions were obtained by different
calculation approaches. The momentum driven solutions were considered as the actual
flow pattern in the upper plenum of Monju RV at the 40% rated power operational
condition;

— Turbulence models based on the standard k-¢ model for high Reynolds number and the
thermal capacity of the UIS did not significantly affect the moving up rate of the
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thermal stratification front, even applying the higher order upwind method to the
advection terms, and

Since the pressure drop through the holes on the inner barrel strongly affect the
moving-up rate of the thermal stratification front, the CRP participants concluded that
the shape of the flow hole edge is an important factor for the correct prediction of this
phenomenon.
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