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FOREWORD

One of the fundamental steps for a successful reactor core thermohydraulic design is the
capability to predict, reliably and accurately, the temperature distribution in the core
assemblies. A detailed knowledge of the assembly and fuel pin thermohydraulic behaviour in
the steady state and transient conditions is an indispensable prerequisite to safe and stable
operation of the reactor. Considerable experimental and theoretical studies on various aspects
of LMFR core thermohydraulics are necessary to acquire such knowledge.

During the last decade, there have been substantial advances in fast reactor core
thermohydraulic design and operation in several countries with fast reactor programmes
(notably in France, the Russian Federation, Japan, the United Kingdom, Germany and the
United States of America). Chief among these has been the demonstration of reliable
operation of reactor cores at a high burnup.

During the last years, some additional countries such as China, India and the Republic of
Korea have launched new fast reactor programmes. International exchange of information and
experience on LMFR development including core thermohydraulic design is becoming of
increasing importance to these countries. It is with this focus that the JAEA convened the
Technical Committee on "Methods and Codes for Calculations of Thermohydraulic
Parameters for Fuel, Absorber Pins and Assemblies of LMFR's with Traditional and Burner
Cores".

This meeting, which included participants from seven countries, brought together a group of
international experts to review and discuss the thermohydraulic advances and design
approaches providing a reliable, safe and robust reactor core, as well as to exchange the
experience accumulated in different countries of using the codes for thermohydraulic
calculations and to discuss the issues requiring further research and development. A total of
thirty technical papers were presented by the meeting participants.

The IAEA wishes to thank all the participants of the technical committee meeting for their
valuable contributions, especially A. Sorokin. The IAEA officer responsible for this
publication was A. Rineiskii of the Division of Nuclear Power.
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SUMMARY
1. INTRODUCTION

The Technical Committee Meeting (TCM) on “Methods and Codes for Calculations of
Thermohydraulic Parameters for Fuel, Absorber Pins and Assemblies of LMFR's with
Traditional and Burner Cores” was held in Obninsk, Russian Federation from 27-31 July,
1998. This meeting was convened by the International Atomic Energy Agency (IAEA) and
was hosted by the Federal Scientific Center, Institute of Physics and Power Engineering
(IPPE). This meeting was organized as a forum for experts of Member States with fast reactor
programmes to collectively review the present status and international progress made in
LMFR's core thermohydraulics.In addition, to exchange scientific and technical information,
accumulated in different countries using their codes and methods of thermohydraulic
calculation, to indicate the procedures of verification of the codes available for the calculation
of reactor core thermal hydraulics under steady state and transient conditions and to discuss
the issues requiring further research and development.

Attendance at this TCM included twenty seven participants and fifteen observers from
seven countries (China, France, India, Japan, the Republic of Korea, the Russian Federation
and the United Kingdom). Thirty papers were presented by the participants on a myriad of fast
reactor core thermohydraulics including thermal-hydraulic subchannel analysis, thermal-
hydraulic design of LMFR core, status of the validation of codes, analytical and experimental
studies on local flow blockages in subassemblies, natural convection analysis and verification
for LMFR assemblies, pre-boiling and boiling transients. Each presentation was followed by
general discussion and the TCM concluded with a closing session on the evaluation of future
code and method development requirements and exploration of arecas for LMFR core
thermohydraulics.

2. STATUS OF LMFR’s CORE THERMOHYDRAULICS ACTIVITIES

The subchannel (S/C) approach was developed from studies which were performed in
France during the 70°s and 80’s. The design code CADET represents the French synthesis of
this period. The aim of CADET code is to determine the Maximum Clad Temperature (MCT)
- thus the coolant fluid temperature for nominal and slightly deformed geometry, under forced
and mixed convection (no natural convection and reversal flow) for turbulent flows. The
coolant fluid temperature is calculated with the help of a thermal balance for each S/C. This
equation takes into account the power distribution (axial and radial), the boundary conditions
and the effect of the helical wire wrap spacer. This last effect gives transversal flows and
transverse thermal couplings. These deviated flows are evaluated by correlations based on
geometrical and experimental arguments. This modelling was qualified on water and sodium
experiments in the framework of SuperPhenix (SPX) developments. CADET is used to design
all French S/A's in reactor conditions.

A new R/D approach has just started: the 3D numerical simulation. The pins (clads,
fuel pellets), the helical wire spacers and the S/Cs are represented with a refined mesh
(structured meshes). Navier-Stokes equations are solved in the fluid domain, pins and
wires.At present this approach is limited to a 37 pin bundle (700 Mbytes CPU size). In a first
stage, these computations will be used for phenomenological thermal-hydraulic studies of new
S/A concepts which are compared to those which are well known, the standard SPX S/A. It



will determine if new phenomena must be qualified and introduced into thedesign code
CADET.

As far as severe accident analysis is concerned one of the tools used in CEA is the
SIMMER-III (S-IIT) code. S-III is dedicated to the CDA analysis of LMRs. It has been
accessed in the last 4 years by CEA within an international joint program with FZK and PNC.
This programme includes two phases: phase 1 for individual code modelling and phase 2 for
integral test calculations. CEA contributed to phase 1, with the qualification of the two-phase
flow models based on air-water and steam-water experiments. CEA experience and data
related to fuel freezing problems was also applied to the assessment of the freezing
modelling.Following the milestone reached in 1996 for the phase 1 assessment, CEA
continued the studies. Firstly, they were dedicated to the shortcomings identified during the
phase 1, such as the turbulence model implementation for boiling pools, and 1D two-phase
flows. Secondly, more integral experiments were calculated for phase 2, related to the
following key phenomena of CDAs: expansion phase, fuel melting and propagation, fuel-
coolant interactions, boiling pools,and core compaction coupled with neutronics.

A 3-D computer code development for studying the thermo-hydraulic behaviour of
fuel SA is under progress in India. A porous body formulation has been adopted in which rod
bundles are represented by defining volume porosity, surface permeability, distributed
resistance and heat source. A cell centered collocated finite volume method is formulated for
non-orthogonal meshes. Equations are written in Cartesian co-ordinates and are discretised in
physical plane. First order upwind and Quick scheme as a deferred correction to the first order
upwind are used for the treatment of convective fluxes, while second order central
differencing is employed for diffusive fluxes. In order to avoid decoupling between pressure
and velocity a special interpolation technique is used when computing the mass fluxes at cell
faces. The pressure correction equation is obtained by the SIMPLE algorithm. In order to
accelerate the convergence rate, the preconditioned conjugate gradient square method is used
in the solution of the algebraic equations. At present 2-D version of the code has been
validated against benchmark problems and experimental results for laminar flows and natural
convection studies. It, also, has been applied to complex geometries like flow over a single
cylinder, across banks of staggered cylinders,an eccentric cylinder placed in a cavityand
natural convection studies in a porous medium. Once developed, the code will be used to
- define MAD in addition to investigate thermo-hydraulic behaviour of fuel SA with non-
nominal geometry.

For predicting the thermo-hydraulic behaviour of totally blocked SA at the inlet,
another computer code is under development. This code takes into account the presence of
neighboring SA receiving full flow by the way of prescribing suitable convective boundary-
conditions. The code is based on porous medium approach. This finite volume code is
formulated for orthogonal meshes. Staggered grid arrangement is employed to avoid
decoupling between pressure and velocity. SIMPLE algorithm is used for obtaining pressure
correction equation. The code will be validated against the experimental results.

The following hydraulic experiments are under progress to validate the design and
theoretical predictions '

e Pressure drop and cavitation characteristics of bare SA;
e Pressure drop and cavitation characteristics of labyrinths and orifices;



o Pressure drop characteristics of SA in each zone;
¢ Pressure drop characteristics and Lifting force on CSR; and
o Lifting forces on fuel and blanket SA.

Water temperature is selected as 70 °C to reduce the flow rate requirement for
maintaining Reynolds similarity. Temperature is maintained constant using the secondary
loop consisting of heat exchanger and cooling tower. Since the flow rate through various types
of SA differ widely, the water loop consists of four pumps delivering a flow ranging from 25
to 250 m’h at 160 mic head. All these four pumps are connected in parallel to three test
sections.

Flow is measured using an orifice flow meter and RTD are used for temperature
measurement. The pressure drop across various locations of the SA is measured using
Differential Pressure transmitters and the absolute pressures are measured using pressure
transducers.

The development status of the detailed subchannel analysis code MATRA-LMR was
assessed from the benchmark calculations with the SABRE4 and SLTHEN codes in the
Republic of Korea.. The MATRA-LMR calculations for the ORNL 19-pin assembly tests and
EBR-II 91-pin experiments were compared to the measurements, and to SABRE4 and
SLTHEN code calculation results, respectively.

The comparison results for ORNL 19 pin tests showed that there was a good
agreement between MATRA-LMR calculations and the experimental data, as shown in the
axial temperature profiles. Also, the accuracy of the pressure drop models was compared for
the ORNL 19-pin assembly tests. The results indicated that the CRT predictions were in good
agreement with the experimental results and better than other methods. SABRE4
overmediated the temperatures at the edge and side and SLTHEN results showed higher
temperatures in the internal region. The differences are found among the three codes because
of the pressure drop induced by the wire wrap. In comparisons for EBR-II seven assembly
problem calculations, it was observed that MATRA-LMR predicted slightly different
temperatures from the other two codes by as much as 3% higher in the average exit and lower
in the peak subchannel temperatures. Whereas the computational time of MATRA-LMR is
" 75% less than SABRE4 but is considerably larger than SLTHEN. In the application for
KALIMER design, MATRA-LMR predicted just as well as the other two codes.

From all the benchmark calculations, it can be concluded that MATRA-LMR code is
a reliable analysis tool for KALIMER subassembly design and performance analysis. The
current version of MATRA-LMR is used only for a single subassembly analysis, but it is
planned to extend in to the multi-assembly whole core calculations.

A methodology for thermal hydraulic conceptual design and performance analysis of
KALIMER core was developed especially for the preliminary methodology of flow grouping
and peak pin temperature calculation in detail. For preliminary steady state thermal hydraulic
performance analysis, ORFCE-F60 and ORFCE-T60 modules are used for the flow grouping
and the peak pin temperature calculation respectively. The major technical results for the
preliminary conceptual design for KALIMER 98.03 design core are shown and compared
with the results of KALIMER 97.07 design core. The number of flow groups are reduced



from 16 to 11, as is the equalized peak cladding midwall temperature from 654°C to 628°C
through a core design optimization study. The comparison for the KALIMER 98.03 core
design results of this preliminary calculation with SLTHEN, MATRA-LMR and SABRE4
code calculations shows that ORFCE modules can be used in the preliminary conceptual
design with a sufficient margin.

At later design stages, the basic subchannel analysis will be performed with the
SLTHEN code, a steady state thermal hydraulic analysis code based on the ENERGY model.
The detailed subchannel analysis will be done with the MATRA-LMR code which is being
developed based on COBRA-IV-I and MATRA. MATRA-LMR is now used for a single
assembly analysis but will be extended for the multi-assembly whole core calculations.The
SABRE4 code, a three dimensional subchannel code developed in the UK AEA, will be used
for benchmark calculations. These three codes provide temperature maps for all pins in all
assemblies and thus facilitate core-wide failure probability studies. It is expected they will
form the licensing data basis and will be extensively used during preliminary and final design
phases.

JNC (Japan Nuclear Fuel Cycle Development Institute) and TIT (Tokyo Institute of
Technology) activities in the thermohydraulic area are as follows:

e Natural Convection Decay Heat Removal (JNC) focusing on the inter-wrapper flow multi-
dimensional whole core analysis method was developed and a validation study showed
good agreement with the data from a 37-pin bundle surrounded by six 7-pin bundles. Also,
focus was given to the intra-subassembly transfer phenomena including mixing enhanced
by the thermal plume effect in a subchannel. A function based on Richardson number was
proposed to control the usage of the correlations with respect to the flow regime. The
method was applied to larger pin bundles up to a 169-pin bundle and showed good
agreement with experiment.

e As for the studies in the area of local fault with porous blockage (JNC), a series of water
experiments with a 4 subchannel model, blocked by porous media was shown and a 3-D
calculation was carried out to look into subchannel scale phenomena using a porousbody
model. The computational result showed fairly good agreement with the experiment and
gave information on the flow field inside the porous blockage. The information provided
by the experiment and the 3-D calculation will be used to derive lumped model parameters
for a subchannel analysis which will be a tool for production runs of safety assessments.

e An overview of thermohydraulic code development (JNC ) was given for the single-phase
flow subchannel analysis code ASFRE, a whole core analysis code ACT and a FEM code
SPIRAL. The distributed resistance model (DRM) in ASFRE was explained briefly, in
describes spacers and influences on momentum transfer due to the presence of the wire-
spacers in a rod bundle

o General safety evaluation model (TIT) was developed which is based on a simple
analytical method to predict transient temperature distributions in a metallic fuel FR. The
conditions under which sodium boiling or fuel melting takes place are correlated into
unique linear functions in terms of effective fuel and coolant reactivities.



e A computational fluid dynamics approach that enables the prediction of the wall shear
stress distribution in a distorted rod bundle was developed (TIT). A code system COOLFD
was written based on the EFD scheme and on the object-oriented programming technique
that gives flexibility in generating orthogonal mesh grids. Comparison of calculated
sodium temperature along the simulated fuel pins and wall shear stress were fairly good.

The large complex of experimental, theoretical and calculated work in the area of fast
reactor core thermohydraulics is carried out in Russia with the purpose of supporting the
operation of demonstration fast reactor BN-600, experimental reactors BOR-60 and BR-10,
both development and substantiation of the reactor BN-800 project and advanced fast reactors
of a higher potency.

The physical regularities of thermohydraulic processes in core and fuel subassemblies
are investigated, their performances for various modes of operations are defined:

e characteristics of an interchannel exchange ;

e analytical closure relationships for subchannel wall friction, heat and mass transfer
coefficients;

o flow resistance in rod assemblies.

The methods and codes for thermohydraulic calculations of fast reactor cores are
created, validation calculations are carried out:

e small Reynolds k- model of turbulence for the calculation of flows inside fast reactor
channels with complex form;

e method of approximate modeling of nonstationary temperature fields in central zones of
fast reactor fuel assemblies;

¢ the two-fluid model of liquid metal two-phase flow in the FBR core channels;

e method of statistical calculation of fast reactor core with an account of influence of the
fuel assembly form change in process of campaign and other factors;

e MIF code on base of subchannel analysis for calculation of nominal and transient
conditions;

e GRIF-SM code for analysis of beyond design basis accidents on sodium cooled reactors;

e hydrodynamic module of THEHYCO-SDT code.

Large volume of calculated researches in the substantiation nominal, unnominal,
transitional and emergency operation of working fast reactors core is carried out:

e temperature field formation in the system of interacting fuel subassemblies in fast reactor
core;

¢ numerical simulation of fuel assembly thermohydraulics of fast reactors with the partial
blockage of cross section under the coolant;

e 3-D thermal hydraulic analysis of transient heat removal from fast reactor core using
immersed coolers.

The realization of the significant programme of experimental and theoretical
researches is rated on study, first of all, of emergency conditions of core cooling: researches
of liquid metal coolant boiling under conditions of heat removal, modelling of natural
convection processes in a reactor tank with use of accident heat removal systems with inner



heat-exchangers, creation and study of passive devices for emergency protection based on
various physical principles.

The work above drives the creation of the advanced three-dimensional codes with use
of three and four-parametrical turbulence models for the analysis of transients and
emergencies in core. This work is proceding.

The analysis of research into thermohydraulic condition of the fast reactor core is
being conducted, the problems of advanced fast reactor thermohydraulics are defined.

The preliminary design of the China experimental fast reactor (CEFR) was completed
in the early part of 1997. In the framework of thermal hydraulic design of a CEFR core, the
programmes undertaken / completed are as follows:

1. Hydraulic simulation of local blockage in a CEFR fuel subassembly.

Local flow blockage in a fuel subassembly is of continuing interest in nuclear safety
research as one of the hypothetical accidents of the LMFR's. Analytical work on the problem
and many experimental studies have been carried out. Prediction and evaluation of the
phenomena of local flow blockage have been achieved by various computer codes. It was
concluded that the numerical results of the codes must be checked by experimental data.

The test section was constructed of an electrically heated CEFR core assembly with
19 fuel pins cooled by liquid sodium. The comparison of code predictions against experiments
(including non-blockage and ten blockage positions) appears good. The thermal hydraulic
behaviour of a fuel assembly with a 61 fuel pin blockage was calculated with a two-
dimensional computer code SIMPLE-P. The results indicate that the maximum coolant
temperature is 815°C when the blockage area is about 37% (54% subchannels are blocked).
This means that the fuel pin cladding is not damaged and no sodium boiling takes place.

2. The development of fast reactor thermohydraulic studies for the near future consists
of two parts:

2.1. Experimental Programme:

o hydraulic tests of fuel assembly pressure drop characteristics,
e coolant flow rate distribution in the core fuel subassemblies,
e transient studies of a hot pool.

2.2. Development and code validation :

e SIMPLE-P code (2D porous body model),
¢ FASTER code (3D porous body model),
o DHRS code (system analysis code for decay heat removal).

Research and development on fast reactor thermal-hydraulics was slowed down in the
UK when funding for further fast reactor development and the EFA project was terminated by
the UK government in 1993. Since then, fast reactor work has been funded by private
industry. A small UK effort has been mainly devoted to the CAPRA project and innovative
features and alternative coolants for EFR. The work on the CAPRA project has been mainly
concerned with the development of core calculation methods and design for plutonium and
minor actinide burning.



3. CONCLUSIONS AND CHALLENGES FOR THE FUTURE

From all benchmark calculations and experiments it might be concluded that there are
reliable tools for steady-state thermohydraulic analysis of the conventional core design with
nominal geometric parameters of the fuel assembly and nominal operational regimes. The
computational method using multi-dimensional codes (e.g. CADET, AQUA, SABRE4,
TEMP-M, MATRA-LMR) have been established in Member States for thermohydraulics
inside the fuel assembly.

For the non-nominal conditions there are thermohydraulic issues which influence on the
accuracy of prediction of the temperature distributions in the coolant, fuel and assembly
structures. Such conditions may occur because of flow blockage either at the inlet of the core
assembly or by local blockage within assemblies by e.g. excessive bowing or swelling. There
are several types of anticipated transients without scram (ATWS) which need the advanced
thermohydraulic analysis computer code.

The challenges enumerated in the following paragraphs remain.

3.1. Off-normal conditions. Thermohydraulic performance of fuel with non-nominal geometry
and flow cross-section has received considerable attention. Once the fuel elements are
distorted or local flow cross-sections are varied due to irradiation-induced or local blockages,
the geometrical flow paths become very complex, making their accurate representation in
calculational procedure very difficult. Some participants pointed out that subchannel analysis
for distorted or blocked rod-bundle geometries can be subject to some difficulties and errors.
The porous medium approach has the advantage over subchannel analysis in that the distorted
and blocked geometry can be represented more accurately by varying the volume porosity and
surface permeability. It was stressed that although the analysis of existing experimental results
has allowed to evaluate rough thermohydraulic characteristics of the blockages, additional
systematic studies are required. Also, there is a little data available related to smaller
blockages. Some of the data was obtained for blocked assemblies of smooth pins. The
hydrodynamic characteristics of the blockage in the weak region could be appreciably
different in the case of rod-bundle with wire-wrap due to higher lateral heat and momentum
exchange.

To establish a reliable evaluation method for predicting the thermal-hydraulic
parameters in the subassembly with porous blockages, comprehensive development has been
carried out at JNC (Japan). The fundamental water and sodium experiments have been
performed to understand the phenomena in the subchannel and subassembly. It was pointed
out that the developed multi-dimensional analysis gave useful information to understand
blockages inside /outside interactions.

3.2. Heterogeneous fuel assemblies. In the Western European countries, Japan and Russia
there is interest in fast “burner”-reactors (as opposed to “breeders”). The French CAPRA
project is aimed at the incineration of Plutonium stocks arising from the operation of
commercial thermal reactors. Each assembly of a dilute core in CAPRA reactor contains a
large number of small diameter pins about two thirds of which contain fuel and the remaining
one third contains empty pins. It was noted that these could give high-temperature
heterogeneity in the sub-channel. On the other hand, the helical wire increase the mixing of
the coolant fluid, but perturbs the clad/fluid heat transfer. These effects could be evaluated by
multi-dimensional computations. The FAIDE supporting experimental programme gives



information on the velocities inside the triangular sub-channels. The exchange of information
on heterogeneous fuel assembly thermohydraulics was acknowledged by many meeting
participants.

3.3. ATWS analysis. There are several types of anticipated transients without scram (ATWS)
which need careful attention. The ULOF (unprotected loss of flow) is potentially one of the
most severe ATWS. The advanced tools to analyze ATWS should provide the possibility of
evaluating of pre-boiling, boiling and post-failure transients including material-coolant
interaction and material movement and relocation in the reactor. The thermohydraulic analysis
aimed to achieve long-term coolability of the established core configuration after reactivity-
initiated accident.

Several computer codes for system analysis exist in the Member States to evaluate
ATWS, and two of them were discussed at the meeting.

The Russian GRIF-SM code package with the complementary CANDLE code package
provides results for ULOF-type transients up to molten clad relocation. Future developments
deal with coupling a transient fuel pin mechanics code package to the system and will extend
the capabilities of the code system to describe material relocation phenomena after fuel pin
failure or break-up.

SIMMER-III (SIII) code is developed by JNC (Japan) in cooperation with CEA (France)
and FZK (Germany) to investigate postulated core disruptive accident (CDA) in LMFR. SIII
is two-dimensional multiphase, multi-component fluid-dynamic code coupled with a space-
and energy-dependent neutron kinetics model. It includes advanced features such as interfacial
area convection and generalized heat and mass transfer. After approaching completion with
experimentally qualified models SIII will allow to evaluate consequences along all stages of
the CDA.

3.4. Issues requiring further research and development:

e LMFR with passive decay heat removal and shutdown systems, and core design with
strong negative reactivity feedback;

¢ abenchmark exercise for 3-D numerical simulation of pin bundles;
e inter wrapper flow simulation in LMFR core;
¢ fuel behaviour under handling operations.
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Abstract

The paper represents an overview of the codes developed for predicting the behavior of fast
reactor core under nominal and transient operating conditions. The possibilities for solution of a wide
variety of thermohydraulic issues taking into account an influence of such factors as non-regular
geometry in different parts of subassembly, non-uniform length distribution of power production,
subassembly deformation, coolant flow through the inter-subassembly gap, different directions of
wire wrapped on fuel pins, blockages and others are demonstrated with some codes based on the
porous body model.

Numerical approaches are classified on three groups: (1) local (finite-differences, finite
elements, variational, thermal source and so on), (2) subchannel and (3) porous body model.
Comparative analysis of the approaches (possibilities, realization, advantages and drawbacks) is
presented, too. The tendencies for the further development of numerical methods and fast reactor
thermohydraulic codes are analyzed.

OBJECTIVES AND GOALS OF REACTOR CORE THERMOHYDRAULIC ANALYSIS

Thermohydraulic analysis is one of the most important part among the interconnected
definitions of nuclear power plant parameters, concerned with physics, thermal mechanics,
theory of stress and other components (Fig.1). It covers prediction of reactor core unit
behavior, determining temperature field, hydraulic characteristics, operating and maximum
power of fuel subassemblies. One of the major problem facing the researcher is to show that
under all operating conditions the coolant parameters and thermal mechanical characteristics
of the structure fall within the ranges allowing reliable operation of reactor.

In development of the methods of thermohydraulic analysis, consideration must be
~ given to the design, technological and physical features of fast reactor core.

Design features. Central reactor components are core and blanket built up of
hexagonal subassemblies (SA) with distributed flow rate of the coolant (Fig. 2-a,b).
Subassembly represents the bundle of the fuel pins arranged in triangular lattice (or in square
one for reactors cooled by lead) (Fig. 2-¢).

The key design features of fast reactor are the following:

— Great number of fuel pins in SA causes the dimension of fast reactor core SA to be large.
Geometry of SA is combined and multiply connected

— Technological margin causes the geometrical parameter within SA to be distributed, with
the distribution mentioned being of statistical character. Periphery of SA differs in
geometry from the internal area.

— Wire wrap on the fuel pins lead to the coolant circulation around the pin to be complicated,
helical wire wrap is favorable to the initiation of definitely directed flow streams.

— Inter-subassembly gap allows the coolant flowing between neighboring SAs.

Technological features. Among them it should be noted the following:
— Low heat capacity of liquid metal coolant causes its heating up to ~200 K.



— High thermal conductivity of liquid metal (sodium) is the reason for small "wall-liquid"

temperature difference being about 5-20 K.
Physical features.

— Distribution of power production depends on the reactor core volume, type and shape of
surrounding shields, number of zones, availability of blanket inserts, availability and type
of reactivity controls, state of reactor with reference to the refueling moment. Thus, the
features aforementioned cause a considerable non-uniformities within SA to exist .
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— Under high dose of radiation both hexagonal wrapper tube and pin bundles being under
non-uniform temperature and neutron fields may be deformed significantly due to as
radioactive effects (swelling, creeping) and thermal expansion.

In addition to validity of predicted parameters an advanced thermohydraulic analysis
of reactor core SA should take into account the following specific features:

~ inter-channel exchange by mass, momentum and energy;

~ complicated irregular geometry, multiply connected calculation domain, number of nodes;

— influence of deformation both wrapper tube and pin bundle within SA on heat transfer

characteristics and velocity disturbances;

— conjugate consideration of pin/coolant heat transfer;

— variable power production with SA length and across core and SA,;

— heat transfer in the near-wrapper area, diabatic boundary conditions at the wrapper tube;

— exposure of availability of wire wrap on the fuel pin on velocity and temperature fields;

~ possibility to vary thermohydraulic parameters of the core units and to optimize them;

— stochastic distribution of input parameters.

DEVELOPMENT OF METHODS AND CODES FOR PREDICTING FAST REACTOR
CORE THERMOHYDRAULICS

Naturally, when analyzing hydraulics and heat transfer in fast reactor subassembly, a
single channel was initially considered. In 50-s - 60-s some approaches were developed,
which are analytical method by P.A.Ushakov [l], [2], method of point source by
A.A.Sholochov et al [3], some later a finite differences by N.Buleev [4], A.Zhukov [5], finite
elements by P. Milbauer [6], H.G. Kaiser [7], variational differences by E.Nomofilov,
V.M.Trevgoda [8]. First of all, the temperature irregularities within the separated channels
were investigated.

In the beginning of 60-s, so called subchannel method treating the system of
interacting channels which the subassembly is divided on, was under development. It allowed
consideration of influence of spatial irregularity in geometry and power production, and
mainly the interchannel exchange. First codes (THINC-1[9] (USA), JOTO [10] (Japan),
TEMP [12] (USSR) and others) were intended to define the location of hot channel
considering the influence of periphery and variable power production of the pins. In the
beginning of 70-s the set of subchannel codes simulating coolant flows in the event of
~ availability of the spacing wire wrap on the fuel pins was created (COTEC [13], SIMPLE
[13], SWEEP [14], TEMP-M [15] and others.). Conservation equations for momentum and
energy were considered with approximation of invariant pressure in the given SA cross
section ( P = idem).

Stochastic distribution of one of the topical parameter defining to a large extent the
temperature behavour in subassembly - that is technological margin - was realized in the
codes PACT [16] and TEMP-M [15] based on Monte Carlo procedure. In terms of dispersion
of coolant temperature across the subassembly, results of calculations on PACT are shown in
[16]. Comparison of experimental data on coolant temperature in cross section of reactor
"RAPSODIA" with predictions on code DISTAV [17], showed that pin bundle geometry was
of statistical character.

Next was the development of the codes treating governing equations with different
value of pressure in channels, different initial boundary conditions for steady state and
transient processes (DIANA [18], HAMPO [19], COBRA II [20], FLICA III [21], CORTRAN
[22] and others.). These codes were effective tools for SA thermohydraulic analysis.

A number of codes was developed with the purpose to analyze the temperature
behavior in reactor core having regard to thermal interaction between adjacent subassemblies
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(SUPERENERGY (23], MONICAN [24], MIF-C [25]). It was shown that inter-SA heat
transfer defines temperature behaviour of considerable amount of pins. At the second half of
70-s and at the beginning of 80-s some codes were developed for predicting thermohydraulics
in blockaded subassembly. Governing equations were solved as in subchannel approximation
and in the framework of the porous body model. Subchannel approach was developed in such
codes as COBRA-IV-I [26], TOPFRES [27], SABENA [28], a porous body model in UZU
[29], COMMIX-1 [30], PORTER [31], SABRE-1 [32].

In parallel, some codes were developed in order to analyze the accidents associated
with liquid metal boiling, at first in homogeneous approximation of two-phase flow, then
considering the separated phases. Analysis of these codes will be presented in other paper.
Overview in detail is presented in [33].

CLASSIFICATION AND BRIEF OVERVIEW

Let us take a look at the thermal hydraulic approaches applied to analysis of fuel
subassemblies. Thermal hydraulic analysis of reactor subassembly implies that mass,
momentumn and energy conservation equations are solved together with initial and boundary
conditions. Mathematical modeling of hydrodynamics and heat transfer in fast breeder reactor
have been analyzed in [33-36].

Fuel pins in combination with the subassembly wrapper and displacers form the
channel of complex shape with essentially variable thermal and hydraulic characteristics
across the channel, that results in 3-D coolant flow. That is why, researcher fails to find
thermal hydraulic characteristics with a required accuracy by the methods based on an idea of
“equivalent channel” determining an average parameters of subassembly.

Three lines in thermal hydraulic analysis of pin bundle (Fig.3) can be curently
recognized, with each of them having its own advantages and disadvantages:

— prediction of local velocities and temperatures in SA;

— prediction of average characteristics in the framework of the porous body model;

— prediction of lumped parameters (coolant velocities and temperatures averaged over the
channel under consideration), that is subchannel analysis (Fig.4 a, b, ¢).

The main difficulties in application of mathematical models to thermal hydraulic
analysis are the combined geometry and large length of the calculation domain.

Local methods based on the system of differential equations (in Reynolds
approximation) allow the local flow characteristics to be predicted and then starting from
" them the integral parameters, such as friction factor, heat transfer, maximum non-uniformity
of temperature at the pin cladding, to be evaluated. Moreover, the complexity of the bundle
geometry (especially in the event of deformation), a tedious procedure of solution of the heat
and mass transfer equations give no way of taking into account an influence of various factors
on temperature behaviour in subassembly. As usual the problem is considered in general as
steady state coolant flow in the bundle of smooth pins.

To find an average flow parameters on the basis of averaged momentum and energy
equations with the use of Euler procedure (the porous body model and subchannel analysis)
extends calculation domain, allows an influence of various factors to be taken into account.
But, such a methods involve an additional procedure, from which one can define the
temperature of units in subassembly structure.

The porous body model, which implies that an averaging is carried out with the greater
scale, and in some cases, the vastly greater, than the size of the channel in bundle and which
uses the mesh being not coincident with the bundle channels allow us to gain the less detailed
solution. This method reflects an effects being much more extended than the channel in
bundle, whereas subchannel analysis covers phenomena with inherent scale being equal to the
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distance between the pins' axis. Thus, a porous body model describes macro parameters, and
subchannel approach can be considered as macro-micro approximation in the sense that it
describes macro effects in reference to the phenomena occurring in the channel, and yet
describes micro effects in reference to the bundle dimension.

In spite of commonness of setting up the problem for different approaches, similarity
of equations, and respective calculation procedure, there is distinction between them
associated with the evaluation of the constants inherent in equations (transport factors and
others). These methods are followed to be mutually relative. The use of the local methods
allows the constants to be defined as input parameters for solving transport equations with
averaged flow approximation.

It should be noted that in spite of a number of fundamental works (for example, [37,
38]) concerned with the derivation of governing equations the system of correct equations has
not be yet written in the full form.

Analogy between equations for the model of continuos media and the porous body
model allows the mathematical class of the problems to be specified and also the approximate
equations to be analyzed, for example, without regard to axial diffusion, with the use of the
hypothesis of isobaric cross section, and the algorithm of the problem solution to be
simplified.

Strict analysis of macro-transport equations (conservation equitation) indicates that
mass, momentum and heat transfer exchange in pin bundles is due to molecular, turbulent,

Local differential equations:
Governing - diffusion (concentration of component),
equations « momentum (velocity, pressure),

- energy (enthalpy, temperature)

|

Over ﬁ;ne Over channels Over space
Averaging (local characteristics) (subchannel model) (porous body model)

T~

Mathematical Differential equations Macro transport

model (Reynolds approximation) equations
Molecular and Inter-phase Inter-channel Hydraulic
Constan turbulence diffusion exchange exchange resistance

| | l |
/ \

Transient Steady state
Approximations /\ \
Axial diffusion Boundary layer Stable
Finite Finite Analytical
Numerical differences ¢lements methods
procedures /\
Explicit Semi-explicit Implicit
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Fig. 3. Classification of approaches to thermal hydraulic analysis
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convective mechanisms, as well as due to heat conduction over the pin cladding. Physics of
exchange varies under influence of various factors on velocity and temperature fields
(deformation, wire wrap and so on) [39].

TENDENCIES FOR DEVELOPMENT OF THERMOHYDRAULIC METHODS AND
CODES

Development of thermohydraulic codes for liquid metal cooled reactors is directly
related to the widening of the problems under consideration, accumulating experimental data
on structure and characteristics of liquid metal flow in reactor subassembly, attempts to
explain the data available, advanced numerical modeling of the equations to be solved,
availability of modern advanced computers.

The data on turbulence velocity pulsations obtained by Heina J. et al [40] in
experimental deformed pin bundle is that the radial distribution of axial turbulence velocity
pulsations in the area between pins in deformed arrangement differ considerably from those in

round tube. Near the wall the value of u//v” is close to the value in round tube. The value of

u'/v” increases for a number of profiles outward from the wall, having maximum in the flow
core. It explains a very flat distributions of axial velocity gained in experiment (Fig. 4d). Local
maximum of u'/v" is observed in a direction toward to the channel expansion.

In the area between shifted pins, which form deformed channel, velocity turbulence
pulsations in radial and azimuthal directions arise, whereas their values in the remainder of the
channel follow the relationship for round tube.

The more flat velocity profile in that area of the channel formed by the shifted pins is
explained by intensive transverse momentum transfer in the gap between pins. Rearrangement
of velocity profile occurs due to variation of turbulence structure and energy. As a
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consequence of momentum transfer from internal area of adjacent channels a turbulence
energy increases over the gaps, as well as in the space between the shifted pins.

An influence of large-scale turbulence on temperature behaviour is illustrated in [41].
General k-¢ model of turbulence does not allow modeling large-scale turbulence tranfer of
momentum and energy. Attempts to develop such a models were made by N.L.Buleev [41] and
Y.A. Hassan [42], as well in [44] in four-parameters turbulence model.

Recently, an information on local structure of inter-channel convective exchange
within bundles of wire wrapped pins has been gathered [45]. To simulate actions of wire wrap
on coolant flow is based on the representation of the wrap as a forced force [46,47].

It can be marked a considerable successes in realization of finite differences, as
applied to calculation of the complete subassembly area, made by Larrauri D., et al [48],
Nagayoshi T., et al. [49]. Conjugate consideration of pin/liquid heat transfer is of important
practical use.

In the framework of subchannel approach, it is of great importance to simulate a local
structure of inter-channel exchange based on the model of mole motion [47] and to take into
account a centrifugal effect in the event of longitudinal deformation of the bundle [50]. Based
on the aforementioned the thermal effects predicted with MIF code for specific situations in
Phenix reactor [51] may be quite considerable.

Local model of convective transfer is seemed to be very effective in the event of the
counter-directional wire wraps are used (Fig.5). Analysis of influence of various factors on
temperature field is demonstrated in Fig. 6.
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CONCLUSION

Over 60-s - 90-s in current century many codes were developed to analyze

thermohydraulics in fast reactor core, which may be classified in accordance with three lines:
— prediction of local velocities and temperature in the individual subassembly;
— prediction of averaged over channel fields in subassembly and in reactor core in whole;
— prediction of averaged over volume velocity and temperature fields.

The most advanced is simulation of averaged characteristics of the flow. Recently a
wide class of the problems is resolved in order to validate nominal, non-nominal and accident
performance of fast reactor subassembly.

Significant experimental data were accumulated, that indicates features of exchange by
mass, momentum and energy in multiply connected areas in pin bundles and gives the
possibility to verify the code developed.

Advances in numerical solution of heat transfer and hydrodynamic equations,
improved computer possibilities cause the progress in modeling of local characteristics in
such cases as:

— deformation of the bundle;
- influence of wire wrap on coolant flow;
— solution of conjugate pin/liquid heat transfer problem.

To conclude, it should be noted that at present it is central to develop as codes for
modelling of local characteristics and procedures for engineering estimations of reactor core
in whole, and optimization of the core parameters for the use in the combined neutron-
physical and thermohydraulic calculations.
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ABSTRACT

An outlook was addressed on investigative activities of the fast reactor core thermal-hydraulics
at Power Reactor and Nuclear Fuel Development Corporation. Firstly, a computational modeling to
predict flow field under natural circulation decay heat removal condition using multi-dimensional
codes and its validation were presented. The validation was carried out through calculations of sodium
experiments on an inter-subassembly heat transfer, a transient from forced to natural circulation and
an inter-wrapper flow. Secondly, experimental and computational studies were expressed on local
blockage with porous media in a fuel subassembly. Lastly, information was presented on an advanced
computational code based on a subchannel analysis code. The code is under the development and
extended to perform whole core simulation.

1. INTRODUCTION

An overview is presented in this paper on fast reactor core thermal-hydraulic research and
development of numerical analysis methods at Power Reactor and Nuclear Fuel Development
Corporation (PNC). A natural circulation decay heat removal (NCDHR) has been one of the most
important issues in this R&D field. Some computational models for a 3-dimensional code have been
developed to predict the core thermal-hydraulic characteristics under NCDHR conditions accurately.
The development was carried out in two stages: modeling for 1) thermal-hydraulics in the
subassembly[1] and 2)thermal-hydraulic interaction between inside and outside the subassembly.
The code was validated through the analysis of the sodium experiments: 61-pin subassembly steady
state tests, unsteady 7-subassembly sodium tests under the transitions from forced to natural
circulation with/without the inter-subassembly heat transfer and steady state test on the inter-wrapper
" flow (convection in the gap region between the subassemblies).

A local blockage with porous media at certain subchannels inside the subassembly brings
another main thermal-hydraulic issue in which the maximum cladding temperature and its appearing
position are of interests. A water test with magnified, 5/1 scale, 4 subchannel bare rod bundle model
has been performed and its 3-dimensional thermal-hydraulic simulation model was developed. The
computational result gave insights on the flow pattemn and cooling mechanism inside the porous
blockage and the interaction between the blockage inside/outside flows. Sodium and water tests with
1/1 scale 37-pin subassemblies have been also performed on the local blockage. These tests pay
attention on corner blockage in which two rows of subchannels were blocked by the porous media
from the inner face of one side wall of the wrapper tube. Preliminarily sodium test results were
obtained. And flow visualization of the water test have been performed. Some calculations using
subchannel analysis code ASFRE[2] were carried out for the sodium test to predict the maximum
temperature and its appearing position.

Some advanced codes for the core thermal-hydraulics are under the development. ASFER is
extended to the whole core thermal-hydraulic code ACT. To calculate detailed flow field in the
subchannel of the wire wrapped rod bundles, a finite element method code is also developed.

All the data from the sodium and the water experiments were used for the validations of
analysis codes to develop them capable of predicting thermal-hydraulics in the real reactor.
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2. NATURAL CIRCULATION DECAY HEAT REMOVAL

2.1 Development of computational model for multi-dimensional codes
2.1.1 Subassembly thermal-hydraulics

The prediction of temperature distribution in the fuel subassembly is one of the most important
issues for the reactor safety assessment. Temperature distributions thus the maximum cladding
temperature in the subassemblies are interactively affected by inter-subassembly heat transfer and
cooling capability of an inter-wrapper flow. The inter-subchannel mixing, which is caused by wire
sweeps, turbulence, and thermal plumes due to heating, is one of the most important parameters
predominating temperature profiles inside the subassembly. A systematically formulated mixing
correlation was constructed at MIT for the subchannel analysis to apply to all flow regimes{3],[4].

Cheng and Todreas[3] reported that under the forced convection, the mixing due to swirl flows
generated by wrapped wire spacers on the pins plays key role. While the mixing induced by thermal
plumes prevails, in the mixed convection flow regime. And the inter-subchannel mixing plays minor
role under the natural convection condition. Because an inter-subchannel flow redistribution is
predominant in determining temperature profiles inside the subassemblies. From these contexts, a
threshold function was proposed to control the usage of mixing factor and enabled simulations to
handle the all flow regimes continuously; forced, mixed and natural convection, appeared in the
reactor transient conditions. A detailed expression of this modeling is presented in Ref.[1]. This
modeling for effective diffusivity was implemented to the diffusion terms of the conservation
equations in the multi-dimensional thermal hydraulic code AQUA[S]. The computational models and
the code were validated through the analyses of a sodium experiments.

2.1.2 Thermal-hydraulic interactions between flows inside and outside the subassembly

The inter-wrapper flow (IWF) occurred in NCDHR is a flow of cold coolant fluid comes from
direct heat exchanger (DHX) immersed into a hot plenum([6]. It penetrates into the gap regions
between the subassemblies (inter-wrapper gaps) cooling the subassemblies from outside of the
wrapper tube wall. Two major influences have been concemed on the IWF: 1) temperature decrease
inside the subassemblies and 2) decrease in natural circulation head within the primary loop. Of
course the former is a positive effect and the latter is a negative one regarding the decay heat removal
capacity.

Another type of the IWF was reported{7] which was observed under forced circulation
conditions. This type of the IWF is occurred by the driving force from the pressure difference between
the core outlet region just below the upper internal structure (UIS) and the hot plenum. Thus the
coolant dives into inter-wrapper gaps within the center region of the core outlet, turns to horizontal
direction crossing through the wrapper tube bundle, goes upward in the outer region of the core and
exits from the inter-wrapper gaps into the upper plenum.

The TWF occurred in NCDHR has been mainly studied at PNC recently. In this case, an
adequate modeling is of importance to treat the interactions between thermal-hydraulic fields inside
and outside the subassembly. Inside the subassembly, a large difference of friction force exists
between interior and edge subchannels which imposes velocity difference between them. This also
makes temperature in the edge subchannels lower than subassembly bulk temperature. Therefore, edge
subchannel temperature should be referred to as a characteristic temperature of flow inside the
subassemblies to calculate heat fluxes through the wrapper wall tubes unless a specific correlation for
heat transfer were used. A square mesh model of the subassemblies was proposed to simulate the IWF,
flows inside the subassembly and the hot plenum simultaneously. The interior and edge subchannels
had each own mesh in this arrangement. Typical mesh arrangement of this model is presented in FIG.
1. This mesh simulated the 7-subassembly sodium test facility: plant dynamics test Joop with direct
heat exchanger (PLANDTL-DHX, see FIG. 5). The detail of the test facility will be addressed later.
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2.2 Validation through sodium experniments
2.2.1 Inter-subassembly heat transfer

Predictive capabilities of house code AQUA was examimed on temperature profiles n the
subassemblies accompanied by the inter-subassembly heat transfer. The code vahdation was carried
out through calculations of sodium experiments core component test loop (CCTL-CFR)[8] and
PLANDTL-DHX. A schematic diagram of CCTL-CFR and 1its test section are shown m FIG. 2.
TABLE 1 shows specifications of the test rigs simulated m the present code validation. The test
section 15 consisted of a 61-pin bundle and two 19-pmn bundles, simulating the blanket and dniver
subassemblies respectively. Each bundle 1s such bounded by solid steel slab to the others that the heat
flux due to the iter-subassembly heat transfer 1s measurable using thermocouples enveded on the slab
surfaces. A cooling channel was also equipped 1n 61-pin bundle behind the wrapper wall opposite to
the 19-pin bundle side to provide various thermal boundary conditions simulating the nter-
subassembly heat transfer.

Test conditions of CCTL-CFR used 1 the code validation were shown m TABLE 2. In Case-
61A, the 61-pin bundle was heated by the 19-pin bundles and cooled by the cooling channel featuring
heat flux crossing the 61-pin bundle. While the 61-pin bundle was under almost adiabatic wrapper
wall condition 1 Case-61B. A staggered half pin mesh arrangement[9] were used to simulate the fuel
pin bundles, in which each mesh accommodates only 1 subchannel 1n 1ts horizontal cross section.

Companisons of the experimental and numerical temperature distributions are shown i FIG 3
The difference of temperature between the experiment and the prediction 1s less than 3 °C that 1s
within the uncertainties of the measurements. In Case-61A prediction reproduced temperature gradient
imposed by the heat flux crossing the 61-pin bundle from 19-pimn bundle side to the cooling channel.

2.2.2 Transient from forced to natural circulation

To simulate the complex phenomena in the reactor, a core model composed of seven
subassemblies was mstalled in the sodium test loop PLANDTL-DHX. A schematic flow diagram of
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PLANDTL-DHX is shown in FIG. 4. The core model’s horizontal cross section is illustrated in FIG.
5, and TABLE 1 shows specifications of it. The core model was connected to the upper plenum in
which DHX of a direct reactor auxiliary cooling system (DRACS) was immersed to remove the decay
heat. The inter-wrapper gaps filled with sodium were also connected to the upper plenum. The primary
circuit had an intermediate heat exchanger (IHX) equipped with a primary reactor auxiliary cooling
system (PRACS), a pump, and a lower plenum. Sodium coolant flow was fed by three lines
respectively to the center subassembly, the three surrounding subassemblies ranging in one side, and
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FIG.2 Schematic diagram of core component test loop (CCTL-CFR) and its test section

TABLE 1 SPECIFICATIONS OF SODIUM TEST SUBASSEMBLIES
CCTL-CFR PLANDTL-DHX
Driver Blanket Center Surrounding

Number of Subassemblies 1 2 1 6
Number of Pins 61 19 37 7
Pin Diameter (mm) 16.0 25.0 8.3 20.8
Pin Pitch (mm) 17.4 30.2 9.9 22.4
Spacer Wire Diameter (mm) 1.4 5.2 1.5 1.5
Spacer Wire Lead (mm) 200 700 165 165
Wrapper Tube Inner
Flat I:g Flat Distance (mm) 140.0 63.0
Inter-wrapper Gap Width (mm) 0 7
Wrapper Tube Thickness (mm) 15 4
Heated Length (mm) 1700 1000
Axial Power Profile Uniform Chopped Cosine
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TABLE 2 TEST CONDITIONS OF CCTL-CFR

Heater Power Flow Rate Inlet Temperature TrIa{.z:;er
Case (KW/Ass.) (¢/min/Ass.) (°C) To
No. 6lpin  19pin 6lpin 19pin COOLING 61pin 19pin COOLING 61pin
Bundle Bundle Bundle Bundle CHANNEL Bundle Bundle CHANNEL Bundle
61a 145 335 103 131 L0 2513 2520 2472 heated
61B 15.3 7.8 29.4 13.5 0.0 2512 2520 - isothermal
Wrapper Wall Y-Plate Wrapper Wall

1 Cooling
Channeli

(c)
(c)

Temperature
Temperature

265 B2
-180-120 -60 0 60 120 180 ~180-120 =60 O
Position (mm)

(a) Case-61A (b) Case-61B

FIG.3 Comparisons of temperature profiles in CCTL-CFR
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FIG. 4 Flow diagram of PLANDTL-DHX
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FIG.5 Horizontal cross section of the core model
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the opposite side. The flow rate in each line of the three was controlled individually. The secondary
circuits of the IHX and the two reactor auxiliary cooling systems had air coolers and pumps. This
facility could simulate transitions from forced to NCDHR conditions in the primary and decay heat
removal systems of FBRs.

The center subassembly consisted of a 37-pin bundle. And the surrounding subassemblies had 7
pin bundles in each. Every pin was heated by electrical heater. The heater pin in the center
subassembly simulated a core fuel pin of a FBR in full scale. The flat to flat distance of the
subassembly was about 1/2 of that of FBRs which contains 217 or 271 fuel pins. Coolant temperatures
of the core model were measured by K-type thermocouples of 0.3 or 0.5 mm in diameter. The
positions of thermocouples were also shown in FIG. 5. The signal of temperature, flow rate, and
electric power of heater pins were recorded at a sampling interval of 0.096 s using a mini-computer
system.

Symmetry with respect to the vertical center plane (parallel to 90°-270° line, see FIG. 5) of the
core model was assumed on the thermal hydraulic field regarding the geometry and the boundary
conditions. Again the staggered half pin mesh arrangement was applied to the core model of
PLANDTL-DHX. In vertical direction, each subassembly was divided into 29 meshes for the total
length of 2825 mm. And the mesh widths in the heated length were 82.5 mm or 87.5 mm. The sodium
coolant in the inter-wrapper gaps were assumed to be stagnant in the calculations.

Transient behaviors in the multi subassemblies were studied under the conditions with and
without inter-subassembly heat transfer. In the experiment of Case-TR43, a transient condition was
given as follows. Initially, the facility was operated at 12% power and forced flow velocity
corresponding to the rated condition of the real reactor. Then scram shutdown was imposed to reach
2% forced flow rate which simulated the NCDHR condition. Time trends of power and flow rates are
shown in FIG. 6. During the transition, the flow rates and the heater powers in the all subassemblies
were controlled to kept identical with each other. In this condition, therefore, no inter-subassembly
heat transfer could occur.

IHX was used as a heat sink of the primary system to suppress the IWF. The IWF is also
suppressed if the PRACS were applied as a heat sink. Therefore, the experiments mentioned below
were characterizing NCDHR with IHXs or PRACSs.

In Case-TR49, all test conditions were set similar to that of Case-TR43 except the initial heater
powers of the surrounding subassemblies. They were set lower than the center subassembly to make
the surroundings outlet temperature lower by 30 °C than the center if adiabatic wrapper walls were
assumed. Thus the inter-subassembly heat transfers occurred in Case-TR49.

Time trend of temperature variations are presented in FI/G. 7 at the center subchannel in the
center subassembly where peak temperatures were observed. The maximum temperatures in space and
time were observed at the top end of the heated section and around 150 s. in both cases. The numerical
results over-predicted the maximum temperatures by 15 to 20 °C. Overall, the calculations showed
good agreement with the experiments.

Figure 8 shows variations of horizontal temperature profiles at the top end of the heated section. In
both cases, the prediction reproduced the change of temperature profiles well. At the start of the scram
(t = 0 s), the predicted and the experimental temperature profiles are in good agreement in both cases .
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FIG. 6 Power and flow rate time trend of transition experiments
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. After 50 s from the scram, predicted temperatures were 15 to 20 °C higher than the experiments in the
surrounding subassemblies. And at 150 s of both cases, the predicted maximum temperatures were
over-estimated by 15 to 20 °C both in the center and the surrounding subassemblies. Temperatures in
the inter-wrapper gaps also gave large deviation between the predictions and the experiments. This
deviation caused the over-prediction of the maximum temperature. In the calculations, sodium in the
inter-wrapper gaps was assumed to be stagnant. Although, these experimental results suggest
existence of cooling effect by the IWF which was neglected in the calculations. Actually, temperature
differences about 25 °C are seen between the center and outer inter-wrapper gaps at 150 s in both
cases. These temperature differences may cause the IWF in reality. At 400 s, the predictions gave
good agreements with the experiments of both cases.

2.2.3 Inter-wrapper flow

Some tests were performed on the IWF using PLANDTL-DHX. During first stage of the scram,
l.e. the fast transient period, the IWF would show slight cooling effect as seen in the above transient
tests. The cooling effect of the IWF becomes more active after the hot plenum is cooled by DHXs.
Because cold coolant from the DHX penetrates into the inter-wrapper gaps. Therefore, it is important
to clarify behavior of the IWF after the hot plenum is cooled: in general 1000 s after the scram and
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essentially under quasi-steady states. From this point of view, we carried out the sodium test under the
steady states. The 7 subassemblies were set to provide the same heater power. The DRACS removed
all the thermal energy generated by the heaters except heat loss which was about 5 % of the total
heater power. The test condition is listed in TABLE 3. The sampling time and its interval of
temperature data acquisition were 180 s and 0.096 s respectively.

TABLE 3 CONDITIONS OF TESTS ON THE INTER-WRAPPER FLOW

Power Flow Rate Inlet Heat Sink in

Case No. Temperature the Primary
(kW) (%) (¢/min/Ass.) (%) Loop
110 18.38 1.53 4.15 1.04 277.4 DHX
105 18.38 1.52 2.06 0.52 301.9 DHX

A sector model of 180 ° was used in the calculation based on the assumption of flow field
symmetry regarding geometry and boundary condition of the test section. The computational region
took 7-subassembly core model and the hot plenum into account. Five of seven subassemblies were
simulated by the square shaped model with their full length (see FIG. I). The cross section of a
subassembly was such modeled that the peripheral length of a rectangle wrapper wall in the numerical
model was set equal to that of the hexagonal wrapper tube of the test rig, to simulate the heat transfer
area and relative position of the subassemblies. The all subassemblies were thermally connected to the
inter-wrapper gaps using the thermal structure model. In the hot plenum, the following components
were modeled: DHX, UIS and outlet nozzle. For inlet boundary conditions of the primary system, the
flow rate and the temperature were set at the pin bundle inlet of the subassemblies. In the DHX model,
the flow rate and the inlet temperature of the secondary (i.e. auxiliary) system were provided as
boundary conditions. The test condition calculated here corresponded to natural circulation flow
regime. And inter-subchannel mixing plays so minor role in this flow regime, as mentioned in section
2.1.1, that no mixing correlation was used in this calculation.

Velocity fields in the vertical section of the inter-wrapper gaps are shown in FIG. 9. In the case
of 0.5% flow rate (Case-105), the cold coolant dived into the core barrel from the right side, went
down, turned, went up and out to the hot plenum at the left side. While flow direction was entirely
opposite in Case-110. Temperature field in the core barrel was colder at the upper part and hotter at the
lower part, when the IWF occurred. In such a temperature field, specific weight field of the fluid is so
unstable that axially symmetrical flow was hard to be occurred unless an adequate flow shroud were
installed, even the initial boundary condition was axially symmetrical. And flow direction could not be
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FIG. 9 Velocity fields in the vertical section of the inter-wrapper gaps
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reproduced deterministically. Figure 10 presents velocity fields in the region including the heated
section. In both cases, reverse and recirculating flows were occurred inside the subassembly at the
diving side of the IWF. The recirculating flow was lager in lower flow rate case. Diving depth and
velocity of the IWFs were almost same in both cases. A comparison of axial temperature profile along
the center subchannel in the center subassembly are shown in FIG. /. Numerical data agreed well to
the experiment in Case-110. While the computation over-predicted the temperature especially in the
upper part of the subassembly in Case-I05, invalidating predicted heat removal capability of the TWE.
Horizontal temperature profiles at the top end of the heated section is presented in FIG. /2. The
calculations reproduced overall features of the temperature profiles. In Case-I10, the experimental
temperature was traced well by the prediction in the center subassembly. The experimental and
numerical data showed differences in the outer subassemblies. However if the numerical data plots in
the right and left sides of the outer subassemblies were changed, they showed fairly good agreement.
In Case-105, numerical data over-predicted the temperature. The maximum difference was seen at the
left side inter-wrapper gap. This result may imply invalidity of assumption of the vertical symmetrical
plane including 90° -270° line. The test section had another symmetrical plane in 120°-300° direction.
Further more, in such an unstable flow field, no symmetrical plane could be expected. Therefore,
strictly speaking, the IWF is essentially 3-dimensional and unsteady. This suggests the need for a
time-dependent computation of full-sector core.

3. LOCAL FAULT WITH POROUS BLOCKAGES
3.1 Evaluation methods and experimental program

Local blockage issue in the subassembly is one of the most important issue of safety
assessments for the fast reactor. An experimental program is under going in PNC to establish the
evaluation methods for the local fault issue. The porous type blockage is assumed in the program as
the most certain form of the blockage in the wire wrapped pin bundle geometry.

Computational methods have been developed to evaluate the highest temperature in the blocked
subassembly. Integrity of the subassembly or the fuel pin depends strongly on the highest temperature
of the structures. Two methods were developed to cover the phenomena in a subchannel scale and in a
subassembly scale.

The subchannel scale phenomena inside/outside the porous blockage were calculated by a three-
dimensional thermal-hydraulic analysis code, CASCADE. In the code, three-dimensional thermal
conduction in a porous structure was modeled. Flow through the porous structure and heat transfer
among coolant fluid, fuel pins, and porous structure were taken into account in the porous-body
model.

. Whole subassembly analysis was performed by an subchannel analysis code, ASFRE. It would

predict the highest temperature in a blocked subassembly under actual reactor conditions. In the code,
the porous blockage was also calculated by a physical model using lumped parameters of the
subchannel scale, for example, an effective heat conduction coefficient. Such lumped parameters were
derived from fine mesh calculations using the CASCADE code.

In the experimental program, three kinds of tests were planned in order to investigate the
phenomena in a subchannel scale and in a subassembly scale. These were 4-subchannel water test, 37-
pin water test, and 37-pin sodium test.

The 4-subchannel water test were carried out as a fundamental experiment to investigate the
thermal-hydraulics in a porous blockage and also interaction between the inside/outside flows of the
blockage. Schema of the test section is shown in FIG. 3. Spatial distributions of temperature and
flow velocity in a porous blockage are of interests to establish a lumped model of the porous blockage
and to validate the computational method of subchannel scale using the CASCADE code.

Two types of pin bundle geometry experiments were carried out using water and also sodium as
working fluids. For the water and sodium experiments, the same geometry of 37-pin bundle was used.
Flow field was measured in the water test. The velocity data are helpful to understand the phenomena
in the sodium experiment which provides only the temperature data. These data are used to validate
the subchannel analysis code, ASFRE and also the lump parameters of porous blockage.
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FIG. 10  Velocity fields in vertical planes at heated section of the core model
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FIG. 12 Horizontal temperature profiles at the top end of the heated section

3.2 Fundamental experiment

Velocity measurements in the unplugged subchannel and temperature measurements of the
coolant inside/outside the blockage were made. Particular interest was the correlation between the
temperature inside/outside the blockage and the flow field outside the blockage, thus revealing the
heat transfer mechanism within the blockage.
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FIG. 13 Schematic view of 4-subchannel test section

In parallel, a multi-dimensional analysis modeling with CASCADE code has been developed to
predict the hottest point and the maximum temperature in the subassembly. The porous blockage was
modeled with porous body model introducing a volume porosity and a surface permeability of the
fluid. A thermal structure model was used to calculate the heat transfer among the heater pins, the
blockage and the coolant fluid. The interaction of heat transfer among these structures and the fluid
was calculated by empirical correlations of wall-particles, wall-fluid, particles-fluid, and equivalent
thermal conductivity of the fluid in the porous media. Turbulent and laminar calculations, i.e.
calculations with and without k-€ two equation turbulence model were performed.

Comparisons of the horizontal temperature profiles are shown in FIG. 14. In the lower part of
the blockage, the laminar calculation showed better agreement with the experiment than the turbulent
" one. While the turbulent calculation gave better result in the upper part. Figure 15 presents predicted
distributions of temperature and flow patterns inside the porous blockage. One can see an injection
into the porous media at the bottom plane. On the right hand side plane facing to the unplugged
subchannel, a suction occurred in the half lower portion, and a small injection region was seen just
above the suction part. Only vertical upward flow was occurred at the left hand side plane facing to
the heater pin surface. The position of the maximum temperature was observed on the heater pin
surface and in the blockage region. This position of hottest point implied influences of cooling due to
the horizontal velocity component inside the porous media. Because temperature should rise
monotonously with rise in level if only the upward axial velocity component existed. The importance
of horizontal flows on the cooling was also confirmed experimentally[10]. The multi-dimensional
analysis provide useful information to understand thermal-hydraulic interactions inside/outside the
blockage. Nevertheless the present modeling needs more brush up in quantitative predictive capability.

3.3 Experiments with 37-pin bundles

Evaluations under the actual reactor conditions will be performed by the subchannel analyses.
To validate such simulation method, pin bundle geometry experiments were planned using water and
sodium as working fluids and the identical geometry of 37-pin bundle. The porous blockage is set at
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outer most two layers of subchannels along one side of hexagonal wrapper tube. Figure 16 shows
schema of the test section of sodium test. This arrangement includes a blocked subchannel surrounded
by three blocked subchannel, which will have the maximum temperature due to restricted flow paths
to cool the blockage.

In the water test, flow fields are measured in the subassembly, especially around the blockage,
for example, a recirculation flow region downstream of the blockage. The velocity data are measured
by an two-dimensional laser Doppler anemometer and ultrasonic velocity profile monitor (UVP). For
fine measurements of spatial dependency, two times enlarged model is used. Influences of swirl flow
due to the wrapping wires are also of interests. The wrapping wires and the blockage can be removed
from the test section. The experiments are under going. The velocity data will be useful to estimate the
sodium experimental results and the code validation.

The sodium test is also under going using the identical geometry of the water test with the 1/1
scale of the Japanese demonstration reactor. The wrapping wires are simulated and heated length is
0.65 m with a flat power distribution. The porous blockage is set at middle level of the heated length.
The temperatures at pin surfaces covered by the blockage and the center of blocked subchannels are
measured at several heights in the blockage and also in the downstream region. The experimental
parameters are heater power of the simulated fuel pins and sodium flow rate in the subassembly.
Preliminary tests were carried out under low power conditions. The temperature profiles including the
porous blockage were successfully measured. The calculation has predicted that the maximum
temperature was yielded almost upper end of the blockage. And the temperature rise from the inlet to
the maximum values was essentially proportional to the ratio of heater power to flow rate. These
features were also observed in the preliminary experiments.

4. ADVANCED CODES FOR CORE THERMAL-HYDRAULICS
4.1 ASFRE and SPIRAL codes - fuel subassembly thermal-hydraulics

For the design of the FBR, it is necessary to evaluate the coolant thermal-hydraulic behavior in
wire-wrapped fuel-pin bundles accurately under various operational and unusual conditions, e.g.
forced to natural circulation, local blockage, deformed fuel pin and so on. The simulation of thermal-
hydraulics in fuel subassemblies has been generally done by using mathematically expressed empirical
correlations on the basis of model parameters, i.e. engineering model. They should be determined
based on experiments that reflect actual geometry and thermal-hydraulic characteristics. However,

Wrapper tube

Porous blockage

Heater pin

(LKL ERTre

FIG. 16 Schematic test section of 37-pin sodium subassembly
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measurement in sodium is not easy and the experimental cost is expensive. Direct numerical
simulation could be an alternative way to determine the empirical correlation for the engineering
model. From this viewpoint, two numerical methodologies are being developed and applied to the
thermal-hydraulic simulation in the wire-wrapped fuel subassembly. One is a parametric method, i.e. a
subchannel analysis code ASFRE that uses more empirical correlations in the physical modeling and
that is applicable to large-scale fuel subassemblies such as 271-pin bundle. The other is a mechanistic
numerical simulation, i.e. finite element analysis code SPIRAL that uses the least empirical
correlations, if any. However, it is noted that the mechanistic approach is not feasible to solve whole
271-pin bundle fuel subassembly because of high computing cost. Therefore interactive use of the two
approaches is a practical way.

ASFRE code is designed to calculate single-phase flow thermal-hydraulic phenomena in the
fuel subassemblies, taking into account of the fuel pin heat conduction and heat transfer to the fluid. A
triangular coordinate system is adopted in ASFRE to model the fuel bundle in accordance with the
triangular pin array configuration. The finite difference equations of mass, momentum and energy
conservation are derived using the standard control volume integration method based on a specific
subchannel control volume. A large system of non-linear equations and the equation of state are

solved based on the semi-implicit method developed Liles and Reedl11]. All equations are reduced to
a set of the Newton-Raphson iteration equations in the form of a large and sparse matrix. The resulting
pressure equation is solved by the Incomplete LU Decomposition Bi-Conjugate Gradient (ILUBCG)

method[12]. Momentum or energy exchange between stationary solid wall and fluid and between
fluids at subchannel boundaries are modeled in terms of rather simple correlations such as friction
factor, wire forcing function, heat transfer coefficient, and turbulence mixing coefficients. The
distributed resistance mode] is adopted for modeling of momentum exchange between wire-wrapped

fuel pin wall and fluid(13]. The transport of momentum and energy by turbulence diffusion across the
subchannel volume boundaries was considered by the effective viscosity and conductivity. ASFRE
was parallelized to enhance the computational performance for large-scale pin bundle analysis. For
small-size 37-pin subassembly analysis, the computation performance is found to be improved by
more than 60 times of the original version on CRAY-T3D (128 processor elements).
Code verification and validation were made using the data of the following out-of-pile

experiments in both sodium and water with wire-wrapped pin bundles:

1) JOYO fuel subassembly mock-up test (128-pin bundle; water) for axial pressure drop,

2) MONJU fuel subassembly mock-up test (169-pin bundle; water) for axial pressure drop and

circumferential pressure distribution along wrapper tube,
3) PLANDTL test (37-pin bundle; sodium) for coolant temperature fields in nominal operation

condition[14],
4) CCTL-CER test (61-pin bundle; sodium) for coolant temperature distribution under natural

circulation condition[8], and
5) Scarlet-2 test (19-pin bundle; sodium) for coolant temperature distribution under partially

flow-blocked condition (porous blockage)“SJ.
Each calculation resuit showed good agreement with experimental data. Numerical and experimental
pressure drops are shown in FIG. I17. The experimental plots were from the water tests of 128-pin
(Joyo) and 169-pin (Monju) bundles. These plots were traced well by ASFRE. Figure 18 shows
comparison of temperature profiles in 37-pin subassemblies of PLANDTL. One can see that the
computational error was slightly larger than uncertainty of the measurement.

The finite element analysis code SPIRAL is under development for predicting local
characteristics of thermal-hydraulics behavior. The flow channel is descretized using second order
isoparametric elements. This code will be used to evaluate the model parameters in the empirical
correlations and offer detailed data for the engineering model verification of ASFRE. The present
approach aims at substituting the mock-up experiment with the computer codes regarding thermal-
hydraulic prediction of FBR fuel subassembly. '
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4.2 Whole core thermal-hydraulic analysis code ACT

Whole core thermal-hydraulic analysis code ACT is being developed for the purpose of
evaluating detailed in-core thermal hydraulic phenomena of fast reactors. For the high accurate
predictive capability of the in-core thermal-hydraulics, key phenomena such as the IWF and core-
plenum thermal-hydraulic interaction should be accounted for. Therefore, ACT consists of several
thermal-hydraulic calculation modules related to the following regions:

1) subassemblies (fuel, blanket and control rods)
2) inter-subassembly gaps,
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3) upper plenum and
4) primary heat transport system.

The subassembly module is almost equivalent to the subchannel analysis code ASFRE. The
inter-subassembly gap module is used for calculating the flow and temperature fields in the gaps
between the wrapper tubes (i.e. the IWF) and was also developed based on ASFRE code. The upper
plenum and primary heat transport system modules are utilized to offer complicated boundary
conditions to the whole-core analysis especially under natural circulation conditions with the
operation of the direct reactor auxiliary coolant system. These four modules will be coupled with each
other and be calculated simultaneously by using parallel computers.

The core model as the main part of ACT has been already developed by coupling the
subassembly modules and the inter-subassembly gap module and it has made possible to calculate
flow and temperature fields in the whole core including thermal interaction between the inner
subassemblies and the inter-subassembly gaps. The coupling was made explicitly through the heat
exchange on the wrapper tube outer surface from the viewpoints of flexibility to model various core
geometry and program parallelization for large-scale simulation. The core model was applied to the
analysis of PLANDTL-DHX sodium experiment whose test section consisted of 7 subassemblies for
code verification. It was confirmed that the predicted sodium temperature distributions agreed with the
measured data within the measurement error.

5. CONCLUSION

The overview was addressed on investigative activities of the fast reactor core thermal-
hydraulics at PNC. The activities are mainly divided into three categories: Studies on natural
circulation decay heat removal, local fault with blockage of porous media and advanced simulation
codes. The status of these studies are summarized as follows.

1) Natural circulation decay heat removal

- The numerical modeling was developed to predict thermal-hydraulic field in the subassemblies
by introducing inter-subassembly mixing correlations. The modeling was validated thorough
the analyses of steady and transient sodium experiment with and without inter-subassembly
heat transfer. The numerical and experimental results agreed well showing that the modeling
is capable of predicting the thermal-hydraulic field inside the subassembly.

- The brick subassembly mesh arrangement was proposed to simulate the thermal interactions
between inside and outside the subassemblies, especially featuring the TWF. This method
could reproduce characteristics of the thermal-hydraulic field of the IWF.

2) Local fault with porous blockages

- The strategic development has been carried out to establish a reliable evaluation method for
predicting the hottest position and the highest temperature in the subassembly with porous
blockages. The fundamental water test with 4-subchannel model and full-bundle with 37-pin
water and sodium experiments have been performed to understand the phenomena in the
subchannel scale and the subassembly scale. Also the multi-dimensional and subchannel
analysis models have been developed. The multi-dimensional analysis gave useful information
to understand blockage inside/outside interactions. The information from the experiments and
the multi-dimensional analysis is used to derive lumped parameters and a model of porous
blockage for the subchannel analysis.

3) Advanced codes for core thermal-hydraulics

- The aims and strategies on the advanced codes development were presented. The ACT code
based on subchannel code ASFRE is extended to perform whole core computation and under
development to apply to the overall primary system dynamic calculation. The finite element
code SPIRAL is also developed to carry out detailed simulations of the deformed bundles.

The sodium and water experiments will be performed continuously from now on to take thier

advantages to develop the numerical modeling for the simulation codes. And detailed computations
with the multi-dimensional codes will be also carried out to break down thermal-hydraulic phenomena
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and complement the information acquired from the experiments to derive engineering models with
lumped parameter for production runs of safety assessment using the codes such as ACT and ASFRE.
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Abstract

The thermal-hydraulic design of core is important in respecting temperature limits
while achieving higher outlet temperature. This paper deals with the analytical process
developed and implemented for analysing steady state thermal-hydraulics of PFBR core. A
computer code FLONE has been developed for optimisation of flow allocation through the
subassemblies(SA). By calibrating B, (ratio between the maximum channel temperature
rise and SA average temperature rise) values with SUPERENERGY code and using these
values in FLONE code, prediction of average and maximum coolant temperature
distribution is found to be reasonably accurate. Hence, FLONE code is very powerful
design tool for core design. A computer code SAPD has been developed to calculate the
pressure drop of fuel and blanket SA. Selection of spacer wire pitch depends on the
pressure drop, flow-induced vibration and the mixing characteristics. A parametric study
was made for optimisation of spacer wire pitch for the fuel SA.

Experimental programme with 19 pin-bundle has been undertaken to find the flow-
induced vibration characteristics of fuel SA. Also, experimental programme has been
undertaken on a full-scale model to find the pressure drop characteristics in unorificed SA,
orifices and the lifting force on the SA.

1.0 Introduction

The primary objective of thermal-hydraulics design of the core is to ensure that
adequate flow of coolant is passed through each subassembly(SA) and to determine the
temperature distributions and coolant velocity distributions in the core which are inputs for
structural design of core components. Methods developed for temperature distributions should
. be able to account for the effects of geometrical tolerances and wide ranges of operating -
conditions for different SA. This paper describes the various methods developed/adopted for
analysing the steady state temperature distribution of PFBR core.

2.0 Coolant Flow Allecation

The power distribution in the reactor is not uniform. About 90% of the total power is
generated in the fuel region, 8% in the blanket region, 0.4% in control and 0.15% in the
shielding region. Again the blanket power increases with the burnup due to accumulation of
fissile material while the fuel power decreases. This causes a change of radial profile from
Beginning-of-life (BOL) to End-of-life (EOL). Given the total power and the average
temperature rise, the total mass flow rate through the core gets fixed and this flow should be
distributed to various regions such that the design criteria are met under operating conditions
of individual SA. Thermal-hydraulic performance predictions for the core SA begin by
calculating SA flow rates necessary to satisfy the limiting design parameters or constraints.
Typical constraints are :

- the maximum cladding temperatures in the SA during steady state and transient
operations must be limited to avoid premature failure;
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- the maximum coolant temperature during severe transients must be limited so that
wide spread coolant boiling is avoided throughout the accident and coolable geometry is
maintained;

- the maximum temperature exiting the core SA and the temperature difference between
the adjacent SA must be within the acceptable limits for the structural integrity of the upper
core structure from thermal striping consideration;

- the maximum velocities in the SA must be limited to avoid cavitation, flow-induced
vibration, erosion and corrosion problems;

- the maximum fuel, blanket, absorber temperature must be limited to avoid large scale
melting during over power transients;

- the number of flow zones must be minimum for practical reasons.

The maximum cladding temperature is primarily determined by the coolant
temperature rise and coolant inlet temperature. Judicious allocation of flow to each SA by
orificing at the inlet of SA, makes the maximum cladding temperature in different SA nearly
equal, thereby minimising the highest cladding temperature in the core for a given set of plant
operating conditions. Hence, for a given total coolant flow, it is desirable to adjust the flows
to the SA proportional to their power ratings to obtain the uniform outlet temperature as high
as possible. Uniform outlet temperature is desirable from thermal striping considerations too.
Equilibrium core rather than the first core should be taken as the basis for flow zoning[1]as
e the reactor is expected to operate at equilibrium core for more than 80% of its life time;

e at full power, the temperatures are usually lower during first-core rather than at
equilibrium; and
e ifnecessary, operation at reduced power is possible during the initial years.

Because of different life time of fuel and blanket SA and outlet temperature of the
blanket SA are not monitored, the maximum cladding temperatures in fuel and blanket SA
should be set at different values. Also, the maximum cladding temperature should not exceed
the maximum cladding hotspot temperatures during lifetime. While allocating the flow
through each assembly, it is necessary to take into account the mixing in the SA as this factor
affects the maximum temperature. Due to mixing, the average temperature of the SA
improves. This can be seen from fig. 1 where temperature profiles for the central and
peripheral assemblies are shown. Also, for blanket SA, where coolant flow rate is very less
compared to fuel SA, inter SA heat transfer plays an important role. Hence, unless these two
factors are considered while allocating the flow for a given hotspot temperature, flow through
the SA will be overpredicted. Hence, a judicious estimate of these factors is necessary.

2.1 Design Criteria

1) General
e Power and residence time of SA shall be restricted such that the temperature difference
between the two adjacent SA does not exceed 100K during its life-time;
o there shall be no cavitation even under 110% of the rated flow through the SA.
2) Fuel SA
- clad mid-wall hotspot temperature shall be restricted to 973K ( 700°C ) under normal
operation;
3) Blanket SA

- clad mid-wall hotspot temperature shall be limited to 953K ( 680°C ) under normal
operation.
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4) CSR & DSR SA4
Flow in CSR & DSR SA shall be such that

e clad mid-wall hotspot temperature shall not exceed 953K ( 680°C ) under normal
operating conditions.

¢ sodium (hotspot) shall not exceed boiling point under the hypothesis that a single absorber
rod is fully in the core when the reactor is operating at full power.

5) Internal storage
The flow in the storage locations shall be such that clad mid-wall hot spot temperature
is restricted to

e 953K ( 6800C ) under normal operating conditions;
e 1073K ( 800°C ) under safety grade decay heat removal (SGDHR) condition.

2.2 Theoretical Background
The cladding mid-wall hotspot temperature is given by

AT,
Tows =T + B Ea AT, + ATLF, + TFCI ey
where
Th = coolant inlet temperature, K
AT, = average coolant temperature rise in the SA, K
Bn = ratio of maximum channel temperature rise to the average coolant
temperature rise in a SA
F = coolant hotspot factor
F; = film hotspot factor
F, = cladding hotspot factor

For a fixed cladding mid-wall hotspot temperature the mass flow rate in each SA
depends on ATs and hotspot factors. Once the mass flow rates in each of the SA are known,
the flow zoning can be obtained by lumping the SA in such a way to satisfy

M = ZIM, (2)

and P = ZP,=M.C, AT 3)
where P = total reactor power, W

AT = average coolant temperature rise in the core, K

M = total mass flow rate in the core, kg/s

P, = maximum powerofa SA

M, = nmassflowrate ofaSA,kg/s

Ce = gpecific heat of coolant, J’kg K
23 Input

For fuel, the peak power of each SA is taken for deciding the mass flow rate. For
blanket region, an optimisation study has been carried out to determine the blanket residence
time based on design criteria.

The 30° sector of the core with peak power for fuel and blanket SA is shown in fig. 2.
There are 75 positions for storage of spent fuel SA. During fuel handling operation, the
maximum rated SA is put into internal storage position after 10 days after reactor shut down.
The maximum decay heat power of the central SA after 10 days of shut down is 15.2 kW .
While refuelling campaign is going on, if total power failure occurs, SGDHR will be in
operation after 1/2 h after power failure. During this time, the core will be cooled by natural
convection. So mass flow rate in storage location is based on removal of decay heat power of
15.2 kW under SGDHR condition.
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Uncertainty analysis has been carried out to find the hotspot factors of each type of
SA. These values are given in Table - I. B, values depend on the ratio of peak pin power to
average pin power and mixing characteristics of a particular SA. These values are obtained by
using SUPERENERGY][2] code by giving power data and a nominal flow as the input for
each fuel and blanket SA. For avoiding risk of cavitation, a certain percentage of leakage flow
has to be permitted through the seating of SA from the grid plate. This leakage flow is
assumed to be 3% of the total flow through the core. This flow will mix with the fluid coming
out of the SA at the upper plenum, thereby changing average coolant outlet temperature.
Hence, the total mass flow rate through the core has been calculated in such a way that mixed
mean temperature rise at the core outlet becomes 150K.

24 Analysis

For determining the mass flow rates in each SA a computer code FLONE has been
developed. The flow diagram of this code is given in fig. 3.
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Table-I  Hot Spot Factors

Type of SA Hot Spot Factors
Coolant, F, Cladding, F, Film, F,
Fuel 1.2118 1.4213 2.3919
Blanket 1.3346 1.4650 5.1684
CSR & DSR 1.3209 1.5680 5.8233
Reflector & 1.3127 1.6852 5.9401
Shielding

Internal storage 1.3127 1.6852 5.9401

The code starts with calculation of the minimum flow required for each SA so as not
to exceed the limiting temperatures once the inputs are given. Thus for a given power
generation, the limiting flow is uniquely determined for each SA. It may be noted that about
1.06 % of total SA power is generated in the upper axial blanket region. Although this power
will contribute to the SA outlet temperature rise, it will not have any effect on the maximum
clad mid-wall temperature.

The code then calculates the minimum mass flow rate through the core that would
satisfy the temperature limits. This flow is found to be 5882.91 kg/s. However, for a reactor
outlet temperature rise of 150 K and power level of 1253 MWt, flow rate is 6407 kg/s which
is the available flow through the core. Thus it is possible to reduce the number of flow zones.
The SA having nearly equal power are grouped together to form a flow zone and the total
mass flow rate through the core for a particular flow zone scheme is compared with the
available flow to decide the number of flow zones.

Also, during optimising of the number of flow zoning, it was observed that the fuel
region need not always be lumped first and then the blanket region. In fact from Table- II, it
can be observed that for increase in total number of flow zones from 8 to 9, benefit in
increasing the number of flow zones in blanket region is better than increasing flow zones in
other regions. By having 2 zones in blanket, the minimum total mass flow rate is obtained.
The optimised flow zones thus obtained is shown in Table- III.

2.5 Rationalisation of Flow zones

From Table- III, it can be seen that the difference in mass flow rates between zone
number 3 and 5 is very small. Since the mass flow rates through each SA are to be achieved
by orificing, rationalisation of mass flow rates through the above zones becomes necessary to
simplify the orifice design. After rationalisation the flow in each flow zone is shown in Table-
I'V. It can be seen that total mass flow rate required is 6388.83 kg/s against the available mass
flow rate of 6407 kg/s. Hence, the number of flow zones has been fixed at 15. With these flow
rates, temperature distributions in the core have been carried out. The power, flow and
temperature distributions for BOEC are shown in figs. 4 and 5. Also the temperature rise in
each zone is shown in Table V.

3.0 Orificing

For designing the orifice in each SA so that the required flow rates can be allocated, it
is necessary to determine the pressure drops through each SA in each zone. For pin-bundle
pressure drop, a comparison has been made with various correlations. This is shown in fig. 6.
Based on this study, Cheng’s correlation [3] is used as it covers a wide range of Reynolds
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number, pin pitch-to-diameter ratio and wire-wrap pitch-to-diameter ratio. The pressure drops
in fuel and blanket SA in each zone have been calculated by a computer code SAPD and are
shown in Table VI. Since the pressure drop in CSR&DSR, reflector and shielding SA is very
small, it is felt that the entire pressure drop is to be achieved outside of the SA. However, the
final design will depend on the results of hydraulic experiments.

4.0 Effect of Surface Roughness and Tolerances

The effect of tolerances is to reduce the channel area and thereby increase the pressure
drop. Also, the pin-bundle pressure drop will be affected by surface roughness. Normally,
these effects are taken care of through the hot spot factors. However, it was found that a

Table-II Optimisation Scheme

Total No. of Flow Zones in each region Minimum required
no of Fuel ] CSR | Shielding | Internal | Flow rate to meet
Flow | inner | outer | Blanket | & & Storage | Design criteria
zones DSR | Reflector (kg/s)

8 1 2 1 1 1 1 7346.50

9 1 2 2 1 1 1 7059.15

10 2 2 2 1 1 1 6819.85

11 2 3 2 1 1 1 6628.20

12 3 3 2 1 1 1 6547.80

13 3 4 2 1 1 1 6484.75

14 3 4 3 1 1 1 6428.31

15 3 4 4 1 1 1 6385.67

Table- III Flow zoning before Rationalisation

Region| SA Type | Zone | Mass flow | Total no. | Total mass | Min. required flow
no. | per SA of SAin | flow in the | rate to meet design
(kg/s) the zone | zone (kg/s) | criteria (kg/s)
1 Fuel 1 35.83 31 1110.73
inner 2 31.40 24 753.60
3 28.72 30 861.60
2 4 34.07 24 817.68
Fuel 5 28.80 30 864.00
outer 6 25.30 18 455.40
7 20.82 24 499.68
3 8 5.46 6 32.76 6385.79

Blanket 9 4.42 54 238.68
10 3.18 48 152.64
11 2.64 78 205.92
4 CSR &DS | 12 2.55 12 30.60
5 Reflector | 13 0.3 72 21.60
6 Shielding | 14 0.3 69 20.70
7 Storage 15 3.88 75 285.00
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reduction in the uncertainty in flow through the SA leads to a gain of 1.5 - 1.8 K in coolant
temperature. Hence, a study was carried out to determine effect of tolerances on the flow
through the SA as well as in the channel. For the analysis, maximum tolerance on the wrapper
inside width-across-flats (WAF) and statistical variation of tolerances for 3¢ deviations on
217 pin outer diameter and wire diameter was considered. The uncertainty value for flow
through SA was found to be 5% . The pressure drop was found to increase by ~4%.

Table- IV Flow zoning after Rationalisation

Region| SA Type Zone | Mass flow | Total no. | Total mass | Min. required
no. |perSA of SAin | flow in the | flow rate to meet
(kg/s) the zone | zone (kg/s) | design criteria
(kgfs)
1 Fuel 1 35.83 31 1110.73
inner 2 31.40 24 753.60
3 28.80 30 864.00
2 4 34.10 24 818.40
Fuel 5 28.80 30 864.00
outer 6 25.30 18 455.40
7 20.82 24 499.68
3 8 5.46 6 32.76 6388.83
Blanket 9 442 54 238.68
10 3.18 48 152.64
11 2.64 78 205.92
4 CSR &DSR | 12 2.55 12 30.60
5 Reflector 13 0.3 72 21.60
6 Shielding 14 0.3 69 20.70
7 Storage 15 3.88 75 285.00

Total mass flow rate allowed for average
core outlet temperature rise of IS0 K~ = 6407 kg/s.

Table - V. Temperature distribution for BOEC

Region| Zone | Mass flow (kg/s) Power (MWt) Temp rise, K
Each zone | Total |Eachjone | Total | Each zone| Total

1 1110.73 243.74 173.4

1 2 753.60 | 2728.33 170.88 609.62 179.1 176.5
3 864.00 195.00 179.3
4 818.40 176.52 170.6

2 5 864.00 |[2637.40 186.24 559.38 179.3 167.6
6 455.40 91.02 157.9
7 499.68 105.60 167.0
8 32.46 6.21 149.7

3 9 238.68 630.00 32.45 61.93 107.5 77.7
10 152.64 13.50 69.8
11 205.92 ! 9.77 37.5
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Table - VI Pressure Drop in SA

SA Type Zone no | Mass flow Bare SA pressure Additional
(kg/s) drop (m of Na) Pressure drop
required (m of Na)
1 35.83 58.11 0.0

2 31.40 45.80 12.31

3 28.80 39.19 18.92

Fuel 4 34.10 53.17 4.92

5 28.80 39.19 18.92

6 25.30 31.07 27.04

7 20.82 21.98 36.11

8 5.46 12.86 45.25

Blanket 9 4.42 8.37 49.74
10 3.18 4.44 53.67

11 2.64 3.04 55.07

CSR&DSR | 12 2.55 0.93 57.18
Reflector 13 0.30 ~0.0 ~58.11
Shielding 14 0.30 ~0.0 ~58.11
Storage 15 3.80 1.0 57.11

BLANKET POSITION

SA power {MWt)
SA No.
SA FLOW (Kg/s)

POWER AND FLOW FOR BOEC

Fig.4
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Normally the pressure drop correlations are based on friction correlation for smooth
pipe for which the surface roughness is ~ 0.2 um. By using Pontier’s correlation [4] it was
observed that the pin-bundle pressure drop for nominal geometry increases by 3.28% for
increase in surface roughness from 0.2 pm to 0.6 um. The combined effect of tolerance and
surface roughness was 7.8% increase in pressure drop from the nominal configuration.

5.0  Effect of Spacer Wire Pitch

Selection of spacer wire pitch depends on the pressure drop, flow-induced vibration
and the mixing characteristics. As the spacer wire pitch reduces, pressure drop increases,
flow-induced vibration reduces and better mixing takes place, thereby reducing the clad mid-
wall temperature. Hence, a parametric study was made for optimisation of the spacer wire
pitch for the fuel SA. The study has indicated that there is practically no effect on mixing and
vibration strain for wire-wrap pitches from 150 mm to 250 mm. However, the saving in
pumping power because of the lower pitch is appreciable. This is shown in Table- VIL.

Table VII Effect of spacer wire pitch on some SA parameters

Pin vibration
Pitch Bundle Clad hot spot | Displacement Stress Strain
(mm) | pressure drop | temperature x 10? x 10°¢
(m of Na) K (mm) (MPa)
150 49.0 ~970 3.4 0.76 476
200 43.0 970 8.2 1.04 6.48
250 39.4 971 16.3 1.32 8.24

At present, top axial shield is of solid block type. However, as an alternative, Pin-
bundle type may also be considered as this concept offers better homogeneity, larger B,C
volume fraction and ease of fabrication. Also, the outlet temperature of the coolant will be
more uniform due to better mixing in the bundle concept. But the pressure drop for the pin-
bundle concept was found to be 6.5 m of Na compared to 1.12 m of Na for solid block
concept. This increase in pressure drop can be compensated by choosing wire-wrap pitch of
200 mm for the fuel SA. However, the final choice will be made after evaluation of the
behaviour of the totally/partially blocked SA during natural convection.

6.0 Core Wide Temperature Distribution

Once the coolant flow allocation to each core SA has been determined, it is necessary
to find out the coolant flow and temperature distributions in the core. This is required to
accurately predict the clad mid-wall temperatures of all SA. For this calculation,
SUPERENERGY]|2] code was used for analysing the fue] and blanket SA as this code takes
care of the inter-assembly heat transfer into account, important especially for peripheral
SA(blanket).

7.0 R & D Activities

As part of the design evaluation of PFBR SA, Hydraulic and Flow Induced Vibration
(FIV) studies on dummy full scale SA and on 19 pin-bundle model in water are in progress.

7.1 Flow Induced Vibration Studies on 19 Pin Model

The fuel SA of PFBR consists of 217 fuel pins wrapped with spacer wire. The sodium
flow velocity in the fuel bundle region is about 7.6 m/s. The turbulent flow in the bundle
region can excite vibration of fuel pins. The induced vibration leads to fretting and wear
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causing failure of pin. Pin vibration amplitude decreases with decrease of spacer wire pitch.
Hence, experimental studies were conducted on a 19 pin-bundle to optimise spacer wire
pitch.

The model consists of 19 dummy fuel pins contained inside a hexagonal sheath and
stainless steel pellets are used in place of fuel pellets. Preliminary studies were conducted with
19 pin-bundle with 6.6 mm outer diameter and 1.65 mm wire diameter and up to a maximum
velocity of 9.88 m/s. The spacer wire pitch was varied from 150 to 250 mm. The test set up is
shown in fig. 7. Pin vibration was measured with strain gages mounted axially on the pin
outer surface which respond to bending strain. The strain gages were located at mid point of
third span from bottom. Required test flow velocity was arrived at using Burgreen correlation.
The experimental results were compared with the analytical results. It was concluded that for
200 mm spacer wire pitch, overall strain rate are below the permissible values from both
fatigue and fretting wear consideration. With 250 mm spacer wire pitch, the measured overall

L &
= y
1 2 P> 3 > 4
——— \f
7] =
5
TEST
SZCTICN
x — e —
INSTRUMENTED PINS
DUNMMY
AN
Py
7-7  ——
( | [Leao w SECTION XX
j {0} |
] WATER TANK
SPACER
WIRE f [ 1
BRI

GROCVED PELLETS FLEXIBLE HOSE

1. Canditioning omplifier 2. High pass fter 3. Low poss filter

4. Oscilloscope 5. Signal Analyzer 6. Pewer supply unit

Fig. 7 EXPERIMENTAL SET—-UP FOR FIV TEST

53



¥s

2

Cooling tower

ok Vent

Test.
Sections ’
i

. 2

[0 S n—

) Orifice flow i
. meler ‘
é T : r—fl
P =
20 { {
T L | i I
— & Heat Exchanger
2\ | =
/ }E_J ._.]_._ |
/™ | | | ‘
; N ¥ ¥ater Tank ( .
I\T/\ i,\)\:\:‘ 1 l ’
[P [ AN i !
| Drain Filter !
Fig. 8 Schematic of PFBR Subassembly Test Rig

e

Deteils of pumps:
r Flow Discharge
cum/h Head (bon)

1 250 16

2 100 16

3 50 18

4 25 186

5 30 18




strain levels exceeded the permissible limits. A full scale instrumented fuel SA is being
fabricated with 200 mm spacer wire pitch for qualifying the SA against FIV.

7.2  Hydraulic Studies:

The following hydraulic experiments are under progress to validate the design and
theoretical predictions

Pressure drop and cavitation characteristics of bare SA;

Pressure drop and cavitation characteristics of labyrinths and orifices;

Pressure drop characteristics of SA in each zone;

Pressure drop characteristics and Lifting force on CSR; and

Lifting forces on fuel and blanket SA.

Water temperature is selected as 70° C to reduce the flow rate requirement for maintaining

Reynolds similitude. Temperature is maintained constant using the secondary loop consisting

of heat exchanger and cooling tower (fig. 8). Since the flow rate through various type of SA

differ widely, the water loop consists of four pumps delivering flow ranging from 25 to 250

m’/h at 160 mlc head. All these four pumps are connected in parallel to three test sections.
Flow is measured using an orifice flow meter and RTD are used for temperature

measurement. The pressure drop across various locations of the SA is measured using

Differential Pressure transmitters and the absolute pressures are measured using pressure

transducers.

8.0 Conclusion

Based on the optimisation and rationalisation study, the number of flow zones has
been fixed at 15. Required flow through fuel SA has been calculated based upon fresh SA

peak power in equilibrium core configuration. The temperature limits of 700°C for fuel clad

and 680°C for blanket clad and 680°C for CSR & DSR clad have been respected in deciding
the flow required. The temperature difference between adjacent coolant streams has been

limited to 1000C from thermal striping considerations. Temperature distribution in core has
been given for BOEC configuration. Pressure drops in SA are also presented. For CSR, DSR,
Reflector and shielding SA the pressure drop is very low, as the flow in these SA are very

small. Hence, for these SA , it is necessary to achieve the required pressure drop outside the
SA.
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Abstract

This paper summarizes the methodology for thermal hydraulic conceptual design and performance
analysis which is used for KALIMER core. especially the preliminary methodology for flow grouping and peak
pin temperature calculation in detail. And the major technical results of the conceptual design for the
KALIMER 98.03 core was shown and compared with those of KALIMER 97.07 design core. The KALIMER
98.03 design core is proved to be more optimized compared to the 97.07 design core. The number of flow
groups are reduced from 16 to 11, and the equalized peak cladding midwall temperature from 654C to 628C.
It was achieved from the nuclear and thermal hydraulic design optimization study, i.e. core power flattening and
increase of radial blanket power fraction. Coolant flow distribution to the assemblies and core
coolant/component temperatures should be determined in core thermal hydraulic analysis. Sodium flow is
distributed to core assemblies with the overall goal of equalizing the peak cladding midwall temperatures for the
peak temperature pin of each bundle, thus pin cladding damage accumulation and pin reliability. The flow
grouping and the peak pin temperature calculation for the preliminary conceptual design is performed with the
modules ORFCE-F60 and ORFCE-T60 respectively. The basic subchannel analysis will be performed with the
SLTHEN code, and the detailed subchannel analysis will be done with the MATRA-LMR code which is under
development for the K-Core system. This methodology was proved practical to KALIMER core thermal
hydraulic design from the related benchmark calculation studies, and it is used to KALIMER core thermal
hydraulic conceptual design.

1. INTRODUCTION

KALIMER (Korea Advanced Liquid Metal Reactor), a pool-type sodium cooled prototype reactor with
thermal output of 392 MW (electric power of 150 MW), is currently under conceptual design study at KAERI.
The objective of the KALIMER program is to develop an inherently and ultimately safe, environmentally
friendly, proliferation-resistant and economically viable fast reactor concept. The KALIMER core is initially
designed with 20% enriched U-10%Zr binary alloy metallic fuels, which generates a net negative reactivity with
an inherent safety characteristics{1].

In this context, K-Core system, an integrated system of the KALIMER core design and analysis modules,
is being developed in the KALIMER core design and technology development team, to provide major data links
among the principal core design modules.

Core steady state thermal hydraulic performance analysis includes coolant flow distribution to the
assemblies and core coolant/fuel temperature calculations. LMR core has generally configured duct assemblies
with a triangular channel arrangement of fuel rods within, which made a closed circuit by themselves without
any flow path between them. Thus the purpose of core thermal hydraulic design is to efficiently extract the
thermal power of each assembly by distributing the appropriate sodium coolant flow.

1.1. Coolant Flow Distribution to the Assemblies

Sodium coolant flow is distributed to the assemblies with the overall goal of equalizing pin cladding
damage accumulation and pin reliability. Sodium flow distributed in each assembly has to ensure the integrity
of fuels and structures, and no sodium coolant boiling is allowed in both steady state and transient
conditions{2,3].

In practice, initial flow grouping analysis attempts to equalize peak pin cladding midwall temperatures in
all assemblies. Assuming peak fuel burnup to be equal in all assemblies, this flow grouping analysis can
equalize fission gas pressure, cladding stress and damage accumulation.

Sodium flow is distributed according to the peak linear power of each assembly. The peak temperatures
of the coolant assembly outlet, cladding midwall and fuel centerline are calculated in each assembly with
previously distributed flows. Once the flow is distributed so as to equalize peak cladding temperatures in all
assembilies, the remaining flow and thermal criteria should be checked to verify all criteria are met.
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1.2. Coolant and Fuel Temperature Calculation

The key core temperature parameters are: (a) peak subchannel coolant temperature, (b) peak cladding
midwall temperature, (¢) peak thermal striping potential, (d) peak assembly outlet temperature, (¢) peak fuel
surface temperature and (f) peak fuel centerline temperature. The peak subchannel coolant temperature
indicates the margin to coolant boiling. The saturation temperature of sodium at the depth of the core is greater
than 950C with the pump pressure off and greater than 1,060°C with the pumps on. So 950C is used as the
conservative limit for this parameter[4].

Temperatures are computed by adding relevant temperature rises to the assembly inlet temperature. 2 ¢
hot channel factors based on CRBR analyses are used in temperature predictions to account for core design,
analysis, fabrication and operational uncertainties and variations{5].

1.3. Pressure Drop Calculation

Once the flow grouping and the peak pin temperature calculation was performed, the core pressure drop
based on the fuel assembly with maximum flow, has to be calculated to see if it does not exceed the limit value.
The primary pump of 0.8 MPa pressure head is used in KALIMER design. Thus the assembly bundle pressure
drop has to be within 0.32 MPa with 20 % uncertainty, noting that pressure loss through the fuel element bundie
and loss through the core contribute 40 and 80 % of the total reactor pressure loss, respectively[6].

Three models developed for the wire wrap rod spacing assemblies are used in bundle pressure loss
calculations: (2) Novendstern model, (b) Chiu-Rohsenow-Todreas model, (¢) Cheng-Todreas model{7].

1.4. Steady State Subchannel Analysis

Detailed core wide coolant temperature profiles are efficiently calculated using the simplified energy
equation mixing model and the subchannel analysis method. SLTHEN code is a steady state thermal hydraulic
analysis code based on the ENERGY model{8]. The efficiency of the ENERGY model in both computer
storage and run time is due to the simplicity of its computational model where only the energy equations are
solved, and the momentum and continuity equations are not directly included. The momentum coupling
between coolant channels is indirectly taken into account using enhanced eddy diffusivity and the swirl velocity
ratio with the experimental modellings developed for the wire-wrap spacing rod assemblies.

SLTHEN has a capability to calculate the multi-assembly whole core calculations. This code provide
temperature maps for all pins in all assemblies and thus facilitate core wide failure probability studies.

1.5. Detailed Subchannel Analysis

The detailed subchannel analysis will be performed with MATRA-LMR code[9] which is being developed
for KALIMER, and SABRE4 code[10] developed in the UK AEAT. MATRA-LMR is the detailed subchannel
" analysis code developed based on COBRA-IV-I[11] and MATRA[12]. MATRA-LMR solves the mass, axial
and transverse momentum, and energy equations. MATRA-LMR is used for a single assembly analysis and
will be extended for the multi-assembly whole core calculations. SABRE4 was initially developed for grid
spacing assemblies and modified to wire wrap version. It is a three dimensional subchannel code which has
good predictions especially in the blocked channel analysis.

It is expected they will form the licensing data basis and will be extensively used during preliminary and
final design phases.

In this paper, the preliminary methodology for flow grouping and peak pin temperature calculation used
for KALIMER core conceptual design is summarized. Figure 1 shows the overall conceptual design procedure
for KALIMER core thermal hydraulics. The major technical results of the conceptual design for the
KALIMER 98.03 core is shown and compared with those of KALIMER 97.07 design core. The steady state
and detailed subchannel analysis methodology and the results are summarized in the other paper presented at this
meetingf13].
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Figure 1. Conceptual Design Procedure for KALIMER Core Thermal Hydraulics

2. PRELIMINARY CONCEPTUAL DESIGN METHODOLOGY

2.1. Flow Grouping

Coolant flow controls, i.e orificing flow restrictions, are located at the mlet orificing modules into which
the assemblies are mserted at the lower nosepieces end. The flow groups remain in the same core locations for
the plant lifetime. Thus 1t is associated with a core location and not with a particular assembly. Sodium
coolant flow has to be supplied to the assemblies based on the peak linear heat generation rate for their whole
lifetime to ensure the structural mntegrity of fuels, claddings and ducts. But small flow control is not expected
with this method, so flow groups are limited in number.

During the conceptual design, reflector, shield and IVS were not considered for flow grouping, because
their flow rates are small and the powers do not change so significantly throughout their lifetime to complicate
their detailed orificing. The orificings for the reflector, shield and IVS were determined based on an average
group assembly[4,5].
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Total primary loop flow is set by the core power and the desired reactor temperature rise. A small
portion of flow is assumed to bypass the core by leaking around the inlet module and assembly nosepieces seal
rings, and to be used for structural cooling within the reactor. In general, 1.5% of the primary loop flow is
assumed to bypass the core and is thus not included in the flow distribution to the assemblies, thus which is not
included in the initial flow grouping.

Every assembly in the range of about 10% power difference was put in the same group. And separate
flow groups were maintained for each assembly type, even where flows were virtually identical. This gives the
conservative estimations in the number of flow groups, which will be improved at further design changes,
considering the non-fuel assemblies. The flow groupings for these regions will be expanded later with better
gamma heating calculations into those assemblies and thus increase the total number of flow groups.

Coolant Temperature Along Pin

Maximum coolant temperature increases along the pin can be calculated from the bundle average
temperature rise as follows.

Maximum subchannel coolant temperature rise, A7, .. , can be expressed as

AT 0 = f ATg (1)
where
f is the peak pin AT peaking factor,
ATy is the bundle average temperature rise,

3 is for bundle.

And the bundle average temperature rise is calculated as

0
ATB == B (2)
mgcCp
where
[0 is the total heat generation in bundle,
mp is the total mass flow rate in bundle,
Cp is the coolant specific heat.

In the equation (2), total heat generation in bundle O, is, from the number of pins in bundle (») and the
average heat generation from the fuel pin (q,,, ), @z =7 ¢, , and the bundle mass flow rate is

where
P is the coolant density,
uy is the bundle average velocity,
A, is the flow area in bundle.

Substituting the above relation and equation (3) in equation (2), the bundle average temperature rise
becomes

ATy =— o2 @

With equation (4) and (1), the maximum subchannel coolant temperature rise becomes



ATy = f{——"—q—g——} )

pug Agcp

Otherwise, maximum subchannel coolant temperatures that rise along the pin can be also calculated in the
hottest channel as

dc
ATpax = ©)
me cp
where
gc is the heat added to the subchannel by adjacent pins,
me is the subchannel mass flow rate,
c is for subchannel,

and where g, is from 3 pins as shown in the figure below.

Assuming they are the hottest pins, g, becomes

qmax - qmax

=3 x
dc 6 2

and the bundle mass flow rate m is
me = puc Ac
So the equation (6) becomes

Imax /2
ATy = — B8 —— Q)
puc Ac cp

Equalizing equations (5) and (7) with the assumption of uniform density and specific heat of the coolant,
the following relation is obtained

n qavg Fmax /2
= (8)
pugAgcp | puc Accp

AT =fl:

Peak pin AT peaking factor, f, can be expressed, from the equation (8), as

_| Gmax || ¥8 || _As
o)) ®

Each term in the right hand side of the equation (9) has the meaning as follows

fp= %ﬁi‘— is the bundle radial power peaking factor, (10)
an
fo = %ﬁ is the bundle radial split factor, (1D
¢
AB .
fe= o is the geometry factor. (12)
- .

Using these factors and the bundle average temperature rise, ATy, the maximum coolant temperature rise,
AT, ,can be calculated. Because temperature is directly related to power, these factors have to be considered
in the flow grouping procedure, in modifying the peak pin linear power of each assembly.

61



2.2. Peak Pin Temperature Calculation

Temperatures are computed by adding relevant temperature rises to the assembly inlet temperature. Each
temperature rise is computed from energy input, heat capacity, thermal conductivity and heat transfer
coefficients. The temperature rises to be included are: (3) the coolant subchannel temperature rise from the
inlet to the elevation modeled, (b) the film temperature rise between the subchannel bulk coolant and the
cladding surface, (¢) the cladding temperature rise, either to the midwall radius or to the inner surface, (d) the

gap temperature rise between the cladding and the fuel surface and (e) the fuel temperature rise from the surface
to the center[4,5].

Hot channel factors are introduced in the temperature predictions to account for core design. analysis,

fabrication and operational uncertainties and variations. 2 ¢ uncertainty factors based on CRBR analyses were
employed in the KALIMER design.

The temperatures which influence design conditions have to be checked with the limit values because they
are important in the following senses. The limit to the nominal peak assembly outlet temperature is set to limit
thermal aging effects and the thermal striping potential temperature is set to limit thermal fatigue effects in the
UIS. The peak thermal striping potential temperature is a possible maximum difference in the assembly
coolant discharge temperatures of adjacent assemblies. The maximum differences possible by combining +2 ¢
outlet temperatures adjacent to -2 ¢ are used. A limit of 190°C 1s applied to this parameter to control high
cycle fatigue of the permanent upper internal structures. Mixing between the core and UIS, about 1 meter
above the core assembly coolant discharge reduces this temperature difference to an acceptable level for
permanent structural components. These become important during transient analysis of duty cycle events and
primarily serve to set maximum rates of power and temperature change during plant maneuvering. A
considerable damage accumulation margin is reserved in assembly steady state structural analyses to
accommodate these transients. The low powers in the control and USS assemblies require the minimum flow
These assemblies have low outlet temperatures. As a result, the control assemblies and their immediate
neighbors set the maximum thermal striping potential. The equalized cladding midwall temperature is limited
to about 650C for fuel and blanket assemblies to ensure the cladding material's structural integrity. The peak
fuel surface temperature is limited to 700C to avoid liquefaction of a low melting temperature alloy formed by
inter diffusion of cladding iron and fuel uranium and plutonium. Liquefaction greatly accelerates cladding

internal wastage rates and shortens pin lifetime. The peak fuel centerline temperature indicates the margin to
fuel melting.

Second Row Peak Pin Modification

The peak power pin appears generally in the last row facing the core center in each assembly. But the
channel area surrounding that pin is larger than the interior channels, thus it is cooled more than other pins. So
the real peak temperature channel is in one row inside. This peak temperature channel factor can be considered
by the linear interpolation method, as shown in the figure below.

fl:f[n—z) (13)
n-1
Ppoevi]:r /_\ Peak Temperatute Pin
" \ }/\/ /—\ / . 'l 1
NN AN pins | rows { -;_—J
v N T 271 | 10 | 08889
TN TN 217 | 9 | 08750
2N 169 | 8 | 0857
N 127 | 7| 08333
Q\/ i 91 | 6 | 0.8000
61 | 5| 0750
o ) 37 | 4| 06667
\ 19 | 3| 05000
" o o 7 | 2| 00000

linear interpolation
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And from the equation (13), the power factor in one row inside can be obtained

1+f'=1+f(n_2)=1+(fp—1){:1— 1 } (14)

n-1 n-1

where

1+ f = f, =Gmax /9o 1is the bundle radial power peaking factor.

The bracket term in the right side of the equation (14) has only the geometry dependency as shown in the
table above.

Thus the linear pin power can be modified with these factors as follows

(15)

1
SV s =3
q’lrowz _[E—L] qllrowl = - ’

= 1+f fp qlrowl

Subchannel AT, can be modified in the same way. The peak subchannel temperature rise AT, . is

expressed in the equation (7). But the real peak temperature channel is in one row inside, so the equation (7)
becomes

Grmax /2 (1+f’
AT s rows = 16
max,row2 puCACcPk1+f (16)

The above equation (16) can, using the equations (4), become

A 2 !
ATmax row? - ATB R p uB B CP . qmax/ (I + f J
' 1 Gavg puc Accp \ 1+ f

_ar, (o (22 ) _Ae (128"
? Gavg Uuc 2nAC 1+f

The meaning of each term in the right hand side is in the equations (10), (11), (12) and (14).

a7

Thus, the real maximum subchanne] coolant temperature rise can be obtained from the equation (17), (14)
and the relation g,,,, /g g = fp =1+ f,

ATma.x,rowz = ATB (f‘ 'fg)'(l +fl)
= AT, -FF»[H—(fp —1){1-—1—” (18)

n-1
where

FF =f, - f, Isthe bundle radial flow peaking factor.

Each temperature rise is recalculated in order to account for the uncertainties, i.e., design, analysis,
fabrication and operational uncertainties and variations. 2 ¢ hot channel factors based on CRBR analyses are
used in KALIMER analysis.

The 2 ¢ temperature rises are obtained from the nominal temperature rise, with the corresponding hot
channel factors

AT, iy = AT, - HCF, (19)
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where
HCF, 1s the corresponding hot channel factors for i component

3. CONCEPTUAL DESIGN CHARACTERISTICS OF KALIMER CORE

KALIMER core thermal hydraulic conceptual design was performed with the above mentioned
methodology. In 97.07 design core, there were 16 flow groups and the equalized cladding midwall temperature
was 654TC. Some nuclear design optimizations were done to improve the performances[14].

Table 1 and figure 2 show core configuration and the basic design data of KALIMER 98.03 design
respectively. The core flow grouping and the peak pin temperature calculation results are shown in table 2 and

Table 1. Basic Design Data of KALIMER 98.03 Design Core

Core Thermal Output (MWth) 392.2

Core Electric Power (MWe) 150.0

Net Plant Thermal Efficiency (%) 38.2

Core Iniet/Out Temperature (C) 386.2/530.0

Total Flow Rate (kg/s) 2143

Active Core Height (cm) 100.0

Core Diameter (cm) 344.73

Core Configuration Radial Homogeneous
Number of Core Enrichment Zones 2

Feed Fuel Enrichments (w/0%) (IC/OC) 14.41/20.00

Fuel Form U-10%Zr Binary Alloy
Refueling Interval (months) 12

Refueling Batches (Driver/Radial Blanket) 3/6

Duct Inside Flat to Flat Distance (mm) 149.8

Pins per Fuel Assembly (Driver/Radial Blanket) 2717217

Pin Outer Diameter (Driver/Radial Blanket) (mm) 7.67/12.0

Pin P/D Ratio (Driver/Radial Blanket) 1.167/1.083
Average/Peak Fuel Burnup (MWD/kg) 25.35/42.67

Avg/Peak Linear Power for Driver (BOEC) (W/cm) 160.2/208.5
Peak Fast Neutron Fluence (E>0.1 MeV) (x10®n/cm?)  1.399
Cladding Material HT9

O Inner Core 30
@ Quter Core 66
) Rradial Blanker 42
. Control Rod 6
& uss 1
® o 6
O Reflectox 48
[]]]I[[] B C Shield 54
@ s 54
& shield 72
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Figure 2. KALIMER 98.03 Design Core Configuration



figure 3 on the 1/6 core configuration map Table 3 shows an example of the peak pin temperature calculation
results for three peak flow assemblies of inner and outer enrichment zones, and radial blankets Design data
and core configuration are shown m table 5 and figure 4 respectively for KALIMER 97 07 design, and the flow
grouping and the peak pin temperature calculation results 1n table 6 and figure 5

Both cores have the same thermal power of 392 MW (electric power of 150 MW)  The core exit
temperature 15 the same for both cores (5307C), but the core mlet temperature 1s increased from 3614C to

Table2 Flow Grouping and 2 ¢ Peak Pin Temperature Calculation Results
of KALIMER 98 03 Design Core

Flow | Assy { Assy | Assy | Zone | Assy { Thermal |Cladding| Fuel Fuel
Group| Type | Count | Flow | Flow |OQutlet| Striping | Midwall | Surface| Center
kg/s)| (o) | (C) | () (C) 1 (&) | ()
limut 590 190 650 700 1000
1 IC 6 216 575 160 628 635 680
2 IC 24 204 578 158 628 635 674
3 oC 24 237 571 148 628 636 691
4 oC 12 206 561 31 628 635 675
5 oC 12 192 556 78 628 634 667
6 ocC 18 158 | 90 554 79 628 633 650
7 RB 12 46 508 78 628 632 642
8 RB 18 33 501 79 628 631 641
9 RB 12 27 7 498 71 628 631 641
10 CTL 6 31 397 158 - - -
11 USS 1 31 1 393 160 - - -
Total primary loop flow 2143 kg/s
Total bypass flow 20%

Assembly Locahon
Assembply Type

Flow GrougO

Assemb#/ wer (MWIh)

Assy Outiet Nominal Temnp (C)

Figure 3 Flow Grouping and Temperature Calculations
of KALIMER 98 03 Design Core (1/6 Core Map)
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386.2°C (the average temperature rise in the core is decreased from 168.6°C to 143.8C).
radius is increased also from 7.4mm to 7.67mm and the fuel enrichment in the outer core is decreased from
15.0% to 14.4%, based on the nuclear and thermal hydraulic design optimization study[14].
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The pin's outer

Table 3. Temperature Calculation Summary Table of 98.03 Core (Example)
ASSEMBLY & Assy 1 Assy 11 Assy 11
GROUP MODEL DATA (1C) (0C) (RB)
Type & Location F | @D| F [(3)] RB | (7,2
Orifice Group & Flow Rate (kg/s) 1 21.6 3 23.7 7 4.6
Inlet Temp. ('C) & Avg. Cp (J/kg-C) |386.2 ]1267.8| 386.2 [1267.8| 386.2 |1267.8
Film & Gap Coefficients (kW/m?-C) | 132.5|132.5 132.5|132.5| 88.3 | 132.5
Pin OD & ID (mm) 767 | 661 | 7.67 | 6.61 | 12.0 { 10.9
Clad Thickness & Pellet OD (mm) 053] 58 | 0.53 ) 5.8 ) 0.54 | 10.1
|IAdjustment For 2nd Row Pin Power 0.8889) — |0.8889 0.8333
Power Factor: Peak Clad, Peak Fuel 0.41 1 092 1 041 | 0.92 | 0.35 | 0.73
Temperature Factor:
Peak Clad, Peak Fuel 1 0.71 1 0.71 1 0.85
BOL | EOL { BOL | EOL | BOL | EOL
Peak Pin W/cm, BOL & EOL 189.51186.71207.8(201.7| 69.6 | 80.3
|Assembly Total Power (MWth) 4,404 1 4.377 14.750 | 4.654 | 0.488 | 0.581
Bundle Radial Power Peaking Factor 1.042 1 1.040 {1.063 [ 1.062|1.520] 1.467
Bundle Radial Flow Peaking Factor 1.13 1 1.13 | 1.13 | 1.13 | 1.21 | 1.21
Fuel Porosity Factor 05107 051071051 07
ASSY OUTLET TEMPERATURE
Assy T Rise Based On Core Cp (C) 143.6] 142.6| 1402| 137.0] 66.2| 822
Assy Avg T Based On Core Cp (C) 466.9| 466.4| 4652| 463.6| 428.2| 4362
Cp (J/kg-TC) 1266.5|1266.6|1266.7|1267.0[1272.9|1271.5
Assy Nominal T Rise (C) 143.7| 142.7| 140.3| 137.1] 65.9 81.9
Nominal Outlet Temp (C) 5477 546.7| 544.3] 541.1] 469.8| 485.9
Nominal Peak Subchannel T (C) 574.5] 574.0| 574.8| 570.9| 531.2| 553.7
Nominal Peak Clad Midwall T (C) 581.0| 579.5| 580.9| 576.8| 532.5| 555.2
Nominal Peak Fuel Surface T (C) 587.0| 585.3| 587.4] 583.2{ 533.6 556.5
Nominal Peak Fuel Centerline T (C) | 637.6] 610.2| 647.5] 614.9 541.3] 556.3
+2c ASSEMBLY PEAK T (TC)
+20 Coolant Outlet 574.8 570.9 507.6
+2c Thermal Striping 160.0 26.9 78.0
+2c Cladding Midwall 628.5 628.6 628.1
+2c Fuel Surface 635.1 635.8 629.5
+2a Fuel Centerline 680.4 691.2 631.6
+2c Peak Fuel Surface At Scram 667.1 667.9 660.8
+2¢ Peak Fuel Center At Scram 718.3 730.5 6632

Table 4. Comparisons of the Calculation Results of KALIMER 98.03 Core

Temperature Peak Subchannel Bundle Average
Code © IC ocC RB IC OC | RB
ORFCE 574.5 | 574.8 | 531.2 | 547.7 |544.3] 469.8
SLTHEN 548.2 | 544.6 | 481.9 | 530.0 |527.0| 458.9
SABRE4 565.3 | 561.4 | 485.1 | 533.0 }530.0| 462.5
MATRA-LMR 556.2 | 552.5 | 482.7 | 533.0 |530.0| 462.5




Table 5. Basic Design Data of KALIMER 97.07 Design Core

Core Thermal Output (MWth) 392.0

Core Electric Power (MWe) 150.0

Net Plant Thermal Efficiency (%) 383

Core Inlet/Out Temperature (C) 361.4/530.0

Total Flow Rate (kg/s) 1824

Active Core Height (cm) 100.0

Core Diameter (cm) 3443

Core Configuration Radial Homogeneous
Number of Core Enrichment Zones 2

Feed Fuel Enrichments (w/0%) (IC/OC) 15.0/20.0

Fuel Form U-10%Zr Binary Alloy
Refueling Interval (months) 12

Refueling Batches (Driver/Radial Blanket) 3/3

Duct Inside Flat to Flat Distance (mm) 149.0

Pins per Fuel Assembly (Driver/Radial Blanket) 2717217

Pin Outer Diameter (Driver/Radial Blanket) (mm) — 7.4/12.0

Pin P/D Ratio (Driver/Radial Blanket) 1.189/1.083
Average/Peak Fuel Burnup (MWD/kg) 28.0/47.3

Avg/Peak Linear Power for Driver (BOEC) (W/cm) 151.9/234.6
Peak Fast Neutron Fluence (E>0.1 MeV) (x10n/em?®) 1.434
Cladding Material HTS

O Inner Core 30
@ Outer Core 6€
O Radial Blanket 42
‘ Control Rod €
& uss 1
(® o 6
O Reflector 48
@ =c shiela 54
‘ IVsS 60
& shield 66
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Figure 4. KALIMER 97.07 Design Core Configuration

Eleven flow groups were specified, as shown in table 2, for the present KALIMER 98.03 design core:
six groups are used for fuel assemblies, the radial blanket assemblies utilize three flow groups and the six control
assemblies and the USS assembly use a single flow group each. Both the control and USS assemblies have
sliding rod bundles and their flow grouping is subject to a minimum flow that maintains turbulent flow cooling
during a scram drop. These assemblies strongly affect thermal striping potential temperatures during
conceptual design. The minimum flow was assumed to be 3.15 kg/s based on ALMR design analyses[3].
One flow group for GEMs are subject to the high pressure coolant plenum with no orificing restriction and
serves as the sodium inlet and outlet connection which activates the GEM reactivity feedback upon loss of
pumped flow. With the 1.5 % bypass flow, an additional 0.5% of primary flow was omitted in the conceptual
design study and is reserved for the perimeter assemblies not explicitly being orificed. Thus 2.0% of primary
flow is not distributed in the initial flow grouping analyses.
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Table 6. Flow Grouping and 2 ¢ Peak Pin Temperature Calculation Results
of KALIMER 97.07 Design Core

Flow | Assy | Assy | Assy | Zone | Assy | Thermal |Cladding| Fuel | Fuel
Group| Type |Count| Flow { Flow |Outlet{ Striping { Midwall | Surface |Center
(kg/s)| (%) | (C) | (C) (T) (C) 1 ()
Limut 590 190 650 700 | 1000
1 IC 6 18.4 593 190 654 663 728
2 IC 6 17.8 592 33 654 663 718
3 IC 6 17.3 591 172 654 662 713
4 IC 12 | 164 587 169 654 661 704
5 oC 18 | 26.2 538 116 654 663 734
6 oC 6 17.4 584 166 654 663 733
7 ocC 12 | 16.1 579 62 654 661 711
8 ocC 12 | 14.6 577 98 654 661 701
9 oC 6 12.5 561 101 654 660 676
10 | OC 12 1 11.8 | 92 | 557 100 654 660 673
11 RB 12 2.0 540 98 654 657 666
12 | RB 6 2.4 500 57 654 657 667
13 RB 12 2.3 493 101 654 657 666
14 | RB 12 2.1 5 487 100 654 657 665
15 | CTL 6 3.1 409 172 - - -
16 | USS 1 3.1 1 385 190 - - -
Total primary loop flow : 1824 kg/s
Total bypass flow 2.0 %

AdAAL

Assembly Locahon

Assembly Type
Flow Gioy|

Assermdly Bower vty
et Noming! Temp (C)

Assy Qu

Figure 5. Flow Grouping and Temperature Calculations

of KALIMER 97.07 Design Core (1/6 Core Map)




The key peak temperatures are calculated for the peak power pin of each flow group and compared to the
appropriate limits in table 2 and 6.  The criteria used for steady state thermal performance are the same as those
for design basis events. As shown in table 2, all the criteria are met with a margin, not in the case of table 6.
In the KALIMER 98.03 design core, given the core power distribution and total flow rate, the equalized cladding
midwall temperature is about 628°C for fuel and blanket assemblies which is below the limit temperature of
about 650°C. The maximum +2 ¢ cladding temperature is limited to ensure adequate fuel lifetime. Table 3
lists some of the detailed peak pin temperature calculation results for the peak flow assembiies of inner and outer
enrichment zones, and radial blankets. [t shows an example of the calculation results for each assembly.

Table 4 shows the comparison for KALIMER 98.03 core design results of this preliminary calculation
with SLTHEN, MATRA-LMR and SABRE4 code calculations. It is done for the nominal subchanne! peak and
bundle average temperatures in the peak flow assemblies of inner and outer enrichment zones, and radial
blankets. Table 4 shows that ORFCE calculation can be used in the preliminary conceptual design with a
sufficient margin.

In summary, the number of flow groups are reduced from 16 to 11, the equalized peak cladding midwall
temperature from 654C to 628°C for the KALIMER 98.03 design core. It was achieved through a core
design optimization study, i.e., power flattening and radial blanket power fraction increase. The peak assembly
flow rate is decreased from 26.2 kg/s to 23.7 kg/s, and thus the average flow velocity from 4.26 m/s to 4.05 m/s
and the maximum bundle pressure drop from 0.21 MPa to 0.18 MPa. The KALIMER 98.03 design core is
proved to be more optimized compared to the 97.07 design core.

4. CONCLUSION

A Methodology for thermal hydraulic conceptual design and performance analysis of KALIMER core is
summarized, especially the preliminary methodology for flow grouping and peak pin temperature calculation in
detail. For its preliminary steady state thermal hydraulic performance analysis, ORFCE-F60 and ORFCE-T60
modules are used for the flow grouping and the peak pin temperature calculation respectively. The major
technical results of its preliminary conceptual design for KALIMER 98.03 design core are shown and compared
with the results of KALIMER 97.07 design core. The number of flow groups are reduced from 16 to 11, as is
the equalized peak cladding midwall temperature from 654°C to 628°C through a core design optimization
study. The comparison for the KALIMER 98.03 core design results of this preliminary calculation with
SLTHEN, MATRA-LMR and SABRE4 code calculations shows that ORFCE modules can be used in the
preliminary conceptual design with a sufficient margin.

At later design stages, the basic subchannel analysis will be performed with the SLTHEN code, a steady
state thermal hydraulic analysis code based on the ENERGY model, and the detailed subchannel analysis will be
done with the MATRA-LMR code which is being developed based on COBRA-IV-I and MATRA. MATRA-
LMR is now used for a single assembly analysis but will be extended for the multi-assembly whole core
calculations. And SABRE4 code, a three dimensional subchannel code developed in the UK AEA, will be used
as benchmark calculations. These three codes provide temperature maps for all pins in all assemblies and thus
facilitate core-wide failure probability studies. It is expected they will form the licensing data basis and will be
extensively used during preliminary and final design phases.
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Abstract

SIMMER-III (SII) is a two-dimensional, three-velocity-field, multiphase, multicomponent, Eulerian, fluid-dynamics code
coupled with a space- and energy- dependent neutron kinetics model, to investigate postulated core disruptive accidents in
LMFRs. It is developed by PNC, Japan. The paper makes the synthesis of the SII assessment performed at CEA-Grenoble
since 1996, which covers a large variety of multiphase flows, from two-phase flow basic modelling to LMFR accident simula-
tion experiments with real materials. Single bubbles or droplets equilibrium radii and velocities, air/water experiments in
tubes, and comparisons with the literature, are used to qualify the interfacial area convection equation and the momentum
exchange functions. Using the second order differencing scheme of the Navier-Stokes equation, a turbulence mode] for two-
phase recirculating flows is implemented. It is successfully validated on an adiabatic air/water experiment, and on the Sebulon
boiling pool simulation experiment, which is a box of water internally heated, with a cover gas, and cooled at the walls. The
successful calculations of the SGI experiment and of a reactor scale case contribute to the code validation for LMFR expansion
phase. Besides, the large scale UO2/sodium interactions of the Termos T1 experiment, and the UO2 boiling pool laterally
cooled with sodium flow at the wall of the Scarabee BF2 experiment, is also studied with SIII. Lastly, satisfying results are
obtained with the calculation of the Scarabee APL3 slow pump run down without scram. It is shown that SIII is a state-of-the-
art tool to simulate transient multiphase phenomena. The paper also discusses those areas, identified through these assessment
calculations, which require further research and development.

1. INTRODUCTION

The advanced safety analysis computer code, SIMMER-III (S1II), has been developed to investigate postu-
lated core disruptive accidents (CDA) in liquid-metal fast reactors (LMFR). SIII is a two-dimensional, three-
velocity-field, multiphase, multicomponent, Eulerian, fluid-dynamics code coupled with a space- and energy-
dependent neutron kinetics model. It includes advanced features such as interfacial area convection and general-
ized heat and mass transfer. After an initiation at the Los Alamos National laboratory in 1988, the SHI program
has been conducted by the Power Reactor and Nuclear Development Corporation (PNC), at O-Arai, Japan, in col-
laboration for the assessment with the Commissariat a I' Energie Atomique (CEA), France, and the Forschung-
szentrum Karlsruhe (FZK), Germany. The systematic assessment program is being conducted in two steps: phase
1 for fundamental assessment and phase 2 for integral code assessment. The phase 1 was dedicated to fundamen-
tal or separate-effect of individual code models. It was achieved and compiled in 1996 [1]. It consisted in 32 prob-
lems treating the fluid convection algorithm, the flow regimes, the momentum exchange and interfacial area
models, the heat and mass transfers. It demonstrated the code potential to simulate a variety of transient multi-
phase flows.

Many of the problems areas highlighted during the phase 1 have been partially solved since 1996. The SIM-
MER-IH code has reached a stage which allows to study key phenomena in CDAs [2]. The CEA-Grenoble (CEA-
Gre) contribution is focused on the thermohydraulics and the study of multiphase flows. Since 1996 CEA-Gre
worked on basic problems related to two-phase flows, on boiling pools, and on phase 2 type integral experiments
calculations. The paper presents a synthesis of these studies.

1t begins with phase 1 type basic problems. Most of them are related to the qualification of the interfacial area
(IFA) and momentum exchange functions (MXF) modelling, with the following calculations: academic cases of a
single water droplet falling in air or a single air bubble rising in water; two phase air/water flows in tubes, predic-
tion of the pressure drop and flow regimes.

As far as phase 2 assessment is concerned, the paper presents applications which are connected to phenomena
relevant to CDA issues. The focus is on boiling pool dynamics, and fuel removal and freezing. The SIII verifica-
tion on material expansion into pool was recently presented [3]. Fuel Coolant Interactions applications have been
studied and presented by Morita et Al [4][2] and Teyssier et Al [S]. So these two items will be just shortly evoked
in this paper.

As SIII applies to materials very different from water in a great variety of multiphase flow situations, it is not
interesting to adjust the code on a particular case. Therefore the presented results are not obtained by the tuning of
parameters. Most of the time only the default models and parameters are used.

**CISI Company, France
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2 TWO-PHASE FLOW MODELLING ASSESSMENT

2.1. Basic SIMMERG-III Fluid dynamics features

The conservation equations involving fluid mass, momentum and internal energy are solved, with an algorithm
based on a time-factorization approach developed for AFDM [6], with a higher order differencing scheme. The
prediction of the interfacial areas in multicomponent multiphase thermohydraulics transients is essential, because
the components exchange mass, momentum, and energy mutually through them. An interfacial area convection
equation is solved in a general form as proposed by Ishii [7] The source terms of the equation deal with the
hydrodynamic break-up, the flashing, the turbulence-driven break-up, the nucleation, the bubbles and the droplets
coalescence, the interfacial area changes due to mass transfer or the change of microscopic densities [8].

Given the extreme complexity and the large spectrum of multicomponent multiphase flows that SIII is
designed to describe, it uses quite a simple flow regime map based on the volume fraction and on the entrainment
fraction Er (Fig.1). Its equilibrium value E, is derived from the Ishii and Mishima correlation [9]. Eu is the upper

limit of the entrainment. oy (resp. Oip) is constant equal to 0.3 (resp. 0.7). SIII is able to distinguish seven types of

channel flow regimes In 1D and 2D: bubbly, transition, dispersed; only in 1D: interpolated, annular dispersed,
slug, annular. In transition flows, the flow in a mesh is divided into two parts: a gas continuous and a liquid contin-
uous region.
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Fig.1: Sl flow regime map.

2.2. Verification of equilibrium IFA and MXF in simple cases

In the literature [10] is given reference values of the terminal speed and maximum radius of a single drop fall-
ing in air at 1 bar and 293K (9.2 m/s, r=5mm). A SIII calculation of drops falling in air until they reach their equi-
librium has been performed. The result is very close to the one given by Ishii's correlation [11] but in comparison
with the experimental values the drop radius is 2 times too big and the velocity 30% too low. The IFA source term
due to droplets coalescence seems gives the impression of a correct order of magnitude, no more can be said
because no data was referred to.

In the case of a single air bubble rising in water, the consistency with the Ishii's correlation [11] is also very
good, but the consistency with experiments looking for the maximum size of a single bubble rising in stagnant
water is not high because SIII does not take into account the Kelvin-Helmoltz instabilities which are the govern-
ing phenomena in this case [12].

2.3. Bubble coalescence and breakup

The Dedale experiment {13] was calculated with SIII. It consists in an experimental study of the axial develop-
ment of a two-phase air-water upward bubbly flow in a vertical cylindrical pipe, in which the bubble coalescence
is observed. The bubble coalescence modelling is necessary to simulate the tests. SIII coalescence term order of
magnitude seems correct, with an error estimated to be around a factor 2.

The SIII models of the bubbles coalescence due to turbulence and of the turbulent breakup maximum diameter
take 1nto account the turbulence intensity uy . There are two contributions to uy : the liquid motion itself, some-
times called the 'true turbulence' [14], and the fluctuations velocity induced by the bubbles wakes. Both are evalu-
ated in SIII and the maximum of these two effects is chosen. The first one is evaluated as a function of the velocity
gradients, the second one is evaluated with the correlation from Theofanous and Sullivan [15]. Several bubble
maximum diameter, turbulence intensity, and bubble coalescence models from the bubbly flows literature were
compared with SIII. They were all published during the 90's, that is 1o say later than the related SIII code models

[8] which are mainly coming from the AFDM code [16]. The up models were compared against the Serizawa et
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al. experiment [17] and on Dedale [13]. Theofanous and Sullivan [15] proposed two formulas for uy . The first one
is the current SIII model. The comparison with the Dedale data shows that it is too low. On the other hand the sec-
ond formula gives satisfying results. The taite]l et al. [18] and the Kocamustafaogullari et al. [19] u; models
assume that u;_increases with the wall friction. It is against the Dedale data. For void fractions over 0.1 the bubble
maximum diameter (dp,,,) in SHI is consistent with the Kocamustafaogullari et al. [19] model. For low void frac-
tions below 0.08, all the models agree quite well except the SIII d,,,, which increases due to a questionable
dependency on the inverse of the void fraction. If d ,,, is calculated with a turbulent break-up Weber number and
the second formula of Theofanous and Sullivan, this problem does not occur and a remarkable consistency with
the Blahak and Stadkte formulation [20] is obtained. The SIII current coalescence model is still up-to-date when
compared to other more recent models [20][21][22], even if it overestimates the coalescence up to a factor 5 with
our data deduced from the Prince and Blanch experiment [21]. Its results are improved by a factor two if the sec-
ond formula of Theofanous and Sullivan is used for the turbulence intensity and if the Prince and Blanch coales-
cence efficiency [21] is used instead of the SIII constant collision probability equal to unity.

As the code is designed to calculate extremely complex 2D multiphase flows in the whole range of volume
fractions, it can calculate situations which involve phenomena in which there remain many unknowns and limita-
tions in the state of the art knowledge. Therefore when the verification is focused on very isolated models as
described above, a high level of accuracy is not looked for, but only a consistency with all the other assumptions.
Consequently the above results of section 2.2. and section 2.3. were judged satisfactory in a first step, even if a lot
of work on the physics could be done to improve the models, providing that new data are available to separately
assess each interfacial area source term and momenturmn exchange function.

2.4. Prediction of flow regimes and pressure drop in 1D two-phase flow

The LOTUS experiment [23][24] was chosen to assess SIII on these items [25]. It gives fully developed flow
data under controlled conditions. This rig consists of a 31.8mm diameter vertical tube with the total length of

23m. With a constant outlet pressure of 2.39 10° Pa, a fixed liquid mass flow of 297 kg m%s”!, and gas mass

flowrates ranging from 2.96 to 162 kg m2s], the following classical two-phase flow regimes are covered: bubbly,
slug, slug/churn, churn, churn/annular, annular. The apparatus is especially dedicated to the study of the annular
flow, with the measurements of the film flowrates which are used for the code entrainment model assessment.

In the bubbly, slug and churn flows, it was shown [26] that the interfacial friction can be directly expressed in
terms of the drift flux model [27] coefficients. This model is commonly used for the bubbly, slug and churn flow
in the LOTUS range of flowrates, pressure and diameter. A good agreement was found between the SIII gas veloc-
ity and the gas velocity predicted by the above drift flux correlation with classical correlations for the drift veloc-
ity [27] and the distribution parameter [28], as a function of J, the total superficial velocity.

The discrepancy in the liquid film flowrate prediction can be explained by the known uncertainties [24] of the
Ishii and Mishima correlation for the entrainment rate [9] used in the code. The agreement with the pressure gra-
dient is good, within 12%, when the Ueda model [29] is used. This model was implemented to take into account
the turbulence effect in the liquid film for the liquid/structure friction. It improves significantly the calculation of
the pressure gradient at moderate gas flowrates in annular-dispersed flows, but it requires more validation, espe-
cially with reactor materials. The same is truefor the entrainment correlation which was shown to fit earlier data
with air-water only. With or without the Ueda model, the phenomenology of the flow regimes is quite well pre-
dicted. As for calculations, a «churn» case means oscillations, instabilities; a «slug» case, in a mesh with a lower
size than a typical taylor bubble length, means: oscillations between annular flow and a flow with more liquid
[25]. Therefore our slug flow calculations oscillate consistently with the observed phenomenology because it
reproduces the experimental fact that the liquid phase flow near the wall changes from upwards to downwards and
back to upwards as the Taylor bubble passes along the tube. The SHI Taylor bubble is represented as a SIII annu-
lar flow. The churny experimental runs give SIII chaotic and/or oscillatory calculations with reasonable average
results. The flow stabilizing corresponding to the occurrence of the annular-dispersed flow which goes together
with an increase of the pressure gradient with the gas flowrate is predicted, so that the annular dispersed flow cal-
culations are stable.

Last, one can mention that in this study the equilibrium value of the entrainment rate was evaluated, and not
the entrainment transient equation. It would be of interest to study it with a suitable experiment.

3. IMPROVEMENT OF THE BOILING POOL MODELLING

3.1. Modelling the momentum diffusion in the SIMMER-III code

The SIMMER-1II code is expected to allow the correct representation of LMFBR severe accident situations, as
the transition phase one. According to Bohl [30], one significant difficulty in satisfying such an expectation is the
need for modelling the momentum diffusion in the direction perpendicular to the velocity. It can be represented by
modelling the diffusion of mass, momentum and energy through the transport of turbulent eddies. Because reactor
materials, as soon as they are in liquid form, have low viscosity, turbulence is the most important phenomenon in
diffusion transport. In the absence of general turbulent flow theory, practical approaches deal with methods that
are based upon simulation and modelling. The different approaches are characterized by different levels of accu-
racy to be reached, and by different levels of sophistication in computational models. In our approach, a statistical

model is considered, for which some averaging operations are required.

73



3.2. Accuracy of the model and computational approach

Due to the computational approach, a certain roughness has to be expected in the modelling. Flow quantities
are locally estimated with uncertainties. Our purpose cannot consist in an accurate description of phenomena, for
two different reasons. First, in two phase flow computational modelling, and in view of the present day state of
computational resources, physical balances have to be locally written in numerical cells the size of which is far
larger than the space scale of many phenomena. Let us mention turbulent dissipation, or, in the frame of two phase
flow investigations, phenomena that are related to the dispersed phase. The physical quantities of the flow are
defined over each computational cell, in an averaged way, at each time step. They are reduced to discrete ones.
More over, the different physical and chemical species of the flow are schematically represented, in each cell, by
the mean of few volume fractions only. Some phenomena are therefore represented in an idealized way. This is
true especially for LMFBR severe accident studies, where motions in the domain are described by the mean of
three velocity fields only, in the present version (V2) of the SIMMER-III code.

3.3. Two dimensional calculations

Finally, an emphasis has to be lain on the fact that while turbulence phenomena are basically three dimen-
sional ones, a rough model remains of interest, in the present version of the SIMMER-III code, where the calcula-
tion domain is a two dimensional one. The physics of turbulence can correctly be modelled, in 1D or 2D
computational investigations, in some particular situations only, where the ratio between the geometrical charac-
teristic lengths of the domain, in different space directions, keeps a value far from one. Let us mention one dimen-
sional calculations in pipe flows, or two dimensional ones, in meteorological forecasting. One can notice that in
these studies, the momentum transfer is the largest in the directions that are not directly represented in the compu-
tational investigations: the radial one, in pipe flows, due to the boundary layers close to the solid walls; the vertical
direction, in meteorology, due, among other phenomena, to boundary layer, upon the soil. Characteristic times for
mass, momentum and energy transfers in the ignored directions have much lower values than in the directions
directly represented in the approach.

Nevertheless, in the frame of our studies, we cannot consider that the geometrical dimensions of the systemn
are of different orders of magnitude, in the different space directions. The interest of full three dimensional calcu-
lations should be underlined. A two dimensional approach leads there to a basically rough modelling. The rough-
ness of the model has to be compared with the level of accuracy of the code calculations themselves.

3.4. Accuracy of experimental data

Finally, one can notice that, in the experiments, we consider for the assessment of the SIMMER-III code,
rarely detailed measurements are obtained, for example three dimensional ones. The level of accuracy of the tur-
bulence model has to be compared not only with the roughness of the computational approach, but with the infor-
mations available in the literature about experimental data.

3.5. Simplicity of the modelling

In qualification experiments, fluids in the domain generally are air, water and steam. More over, the geometri-
cal features of the domain are not time dependent. Thus experimental data or general considerations help to assess
the input data. In the reactor safety analysis, one can face the problem considering the uncertainties in the knowl-
edge of the accident scenario itself. In that case, basic calculations, with best estimated quantities, could be car-
ried out. A simple model is defined, in which the turbulent viscosity coefficient is locally determined. In each
region of the flow, it can be supposed either to keep a time constant and space uniform value, or to depend on the
local average velocity value.

No transport equation is solved, to estimate the local value of the turbulent viscosity coefficient. Firstly, the
approaches based upon transport equations lead to take into account local values of specific terms in the equa-
tions, the accurate determination of which would be a difficult task, for reason of roughness of the computational
approach. Secondly, the validation of such a model on the basis of some qualification experiments would be of
relatively low interest, in the frame of LMFBR severe accidents studies. Large uncertainties in the scenario are
there expected. The modelling would have no universal character. Thirdly, the turbulence model in which trans-
port equations are solved generally is the k-€ one. Such an approach is basically very rough. The representation of
turbulent quantities is subject to important numerical damping. For example, pressure peaks are underestimated.
More over, the basic assumption of the k-&€ model deals with the isotropic feature of turbulent structures. Wrong
results are obtained in the case where turbulence is an anisotropic phenomenon, as close to the solid walls. Let us
notice that generally turbulence level is the highest close to the walls. Lastly, the need for accuracy in turbulent
modelling in transition phase boiling pools of LMFBR severe accidents has to be related to other phenomena that
can take place in the flows, as, for instance, two phase ones.

3.6. Local approach

Some basic assumptions are deduced from the results of some analytic experiments as the Burty [31] or the
Sebulon one [32]. Above all, we consider the approach that consists in assuming that the domain is divided in
three different subregions, in each of which the physics of the flow has different features. The regions are defined
as follows.
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a- A quasi single phase one lies in the center of the bulk, where the volume fraction is less than the value of a
given parameter Ol It is situated far from the solid walls. Although turbulence dissipation of momentum is less

important in that region than close to the vertical wall, it should be correctly modelled, because in that region tran-
sit phenomena take place: momentum is there transported from the two phase region to the boundary layer one. In
adiabatic situations, the characteristic length of the flow in the liquid bulk is generally given by the hydraulic
diameter of the pool. In natural convection ones, it is given by the height of the pool. The importance of that quan-
tity may be underlined, seeing the definition of the non dimensional Rayleigh number, which depends on the cor-
responding parameter by a power superior to one. In this region, the classical k-& model is valid. Thus developed
turbulence takes place. Turbulent quantities are there assumed to have isotropic and homogeneous properties. The
general expression of the turbulent viscosity is there:

HipuLk = P'Cu'Hw/E (1)

where H is the height of the pool. It is supposed to be the characteristic length of the flow in that region. Gen-
erally, the value of Cy; is 0.09. In the present version of the SIMMER-III code, no transport equation is solved, to
determine the value of the turbulent kinetic energy k. It is deduced from the averaged local velocity value U,
assumning that the ratio between fluctuating and averaged velocity r keeps a constant and uniform value, that is
equal to 0.1. This assumption corresponds to a situation where turbulence is developed. Finally, in the quasi single
phase region, the turbulent viscosity coefficient expression yields:

Mepurk = P-C,-H-r-U (#))

b- In the vicinity of the solid walls, the most important phenomena deal with the boundary layers. Since the
turbulent shear stress reaches its maximum level in that region, the viscous effects there dissipate a lot of kinetic
energy and tend to minimize the global kinetic energy of the liquid layer, in the domain. Locally the expression of
the stress in the motion yields:

d
Tiocat = Hiocal a—; 3)

Turbulent structures are there anisotropic, and turbulence statistical properties remain highly non homogene-
ous in space. The characteristic length of the flow is there given by the thickness of the boundary layer. On a com-
putational point of view, the boundary layer thickness is generally far less than the cell size of the mesh. This
involves the need for a particular approach to model it, above all in non adiabatic calculations. The boundary layer
region is considered to be included in the first vertical row of computational cells, in our calculations. In the frame
of our investigations, turbulent phenomena close to the solid wall are investigated via a global balance between
physical effects. One can consider that for a given particle of liquid, the main motion in the tank consists approxi-
mately in two stages. First it is upward driven, due to the drag between gas and liquid phase. Second it is down-
ward driven, in the regions that are close to the vertical walls. If turbulent phenomena reach a developed and
statistically steady state regime, the global kinetic energy in the liquid phase is assumed to be dissipated in the
second step of the motion, due to the shear stress in the vertical boundary layers. In most computational applica-
tions, the cell size is much larger than the boundary layer thickness. It has to be modelled with the help of the
quantities that stand for the numerical variables of the calculations. The turbulent viscosity coefficient can be
related to the horizontal dimension of the pool R and to the stress in the boundary layer as follows:

- U 4
TBOUNDARY = Mt BOUNDARY "R 4

In the previous equation, the length scale is given by the horizontal dimension of the tank, instead of the hori-
zontal dimension of the cell. The kinetic energy is dissipated within the transit along the vertical wall, the length
scale of the phenomena is given by the height of the pool. In the case where a cylindrical tank is considered, the
turbulent viscosity coefficient should be written as follows:

2
1 R“=-p-U
Ht, BOUNDARY = 7~ _——P;I) )

The present approach is of interest for the analysis of recirculating flows. It may be useful to investigate the
physics of boiling pools.

c- The bubbly region, is the region where the gas volume fraction is larger than a given value, generally 1073,
The corresponding value represents the limit above which the two phase phenomena are of first importance in the
flow. In some adiabatic experiments, where air is injected in the central part of a tank, water is upward driven, by
the gas motion. It can therefore drive momentum to farther liquid, due to viscous effects in the continuous phase.
The viscous effects that take place there tend to increase the global kinetic energy of the liquid flow. If the gas vol-
ume fraction reaches a so high value as the liquid phase becomes the dispersed one, no momentum diffusion is
taken into account in the liquid in our calculations. In the bubbly region, the expression of the turbulent viscosity
coefficient is deduced from the one in the recirculating quasi single phase region. The characteristic length Ryygpy
is there either the bubble diameter or the radial dimension in which the bubbly regions expanses. Let us consider
the equality of the shear stress between the two neighbouring regions. The expression of the turbulent viscosity in
the bubbly region is given by:
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W BUBBLY m = My BULK "R (6)

3.7. Application of turbulent model to adiabatic experiments

The investigation of the Burty experiment [31] is now carried out, with the help of the previously defined tur-
bulence model. Air and water are considered there, in an adiabatic and recirculating flow. Motion is induced in the
continuous phase by the rising of bubbles in the central part of a tank of 0.25 meter in radius and 0.3 meter in

height. The air injection, at the lower part of the tank, deals with a mass flow rate of 6.6 10™ kg.s'l. In the calcula-
tions, 25 cells are involved, in the horizontal direction, and 40 in the vertical one. At the upper part of the calcula-
tion domain, the pressure is supposed to keep atmospherical values. In Fig.2, one can see first the velocity field in
the liquid continuous phase, in the absence of turbulence modelling. The aspect of the velocities is not realistic:
the lack of momentum dissipation lets kinetic energy accumulate at the small scales of the flow. Secondary non
physical recirculations therefore take place, above all in the upper part of the flow. In figure Fig.2, too, one can see
the velocity field in the liquid continuous phase, in the presence of turbulence modelling. A single eddy takes
place in the liquid pool, as in the experiment. To investigate numerical results in a more accurate way, we focus at
the velocity modulus profile in the radial direction of the tank, at half the height of the pool. Detailed measure-

ments have been obtained in the experiment, and one can see in Fig.3 that numerical resuits are correct, at least for
the great tendencies of phenomena, and even for coarse meshing
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Fig.2: Velocity field in the water phase, in the absence of turbulent modelling (left), or in the presence of it (right),
in an adiabatic experiment.The central axe of the cylindrical tank, where the air injection takes place, is left in the
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Fig.3: Radial profiles of modulus of velocities in the liquid continuous phase, at half the height of the pool, in the
presence of turbulent modelling. Results are compared with experimental data, for two mesh sizes. The central
axe of the cylindrical tank, where the air injection takes place, is left in the picture.
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3.8. Application of turbulent model to boiling pools experiments

Let us now focus on the Sebulon experiment {321, in which a slice of water is volume heated, till its boiling,
and laterally cooled. The experiment is dedicated to investigate flow phenomena in the boiling pools that can take
place in LMFBR severe accidents transition phase. Let us consider a case where a large volume of water and a low
heating power is considered, that is to say an electric power of 5500 W, whereas the water pool in the tank is 5 cm
in depth, 20 cm in width, 80 cm in height. The velocity field in each phase is numerically calculated, with the help
of the SIMMER-III code, taking into account the previously defined turbulence model. The velocity field in the
liquid continuous phase is represented in Fig.4. The flow is a downward one, close to the cooled solid walls, and
an upward one, in the center of the pool. More over, due to turbulent effects, the geometrical features of the flow,
over the domain, are not symmetrical ones, at a given time. In fact, in a given point, the direction of the flow is a
perpetually changing one. In that case, numerical results look realistic, concerning the visual aspect of the flow.
We now investigate the lateral wall heat flux, as soon as the global thermal balance, over the domain, is reached.
Results look correct ones, at least for the great tendencies of phenomena. Nevertheless, one can see in figure Fig.4
that the experimental flux reaches its maximum value in the upper part of the liquid pool. It is due to the presence,
in the upper part of the tank, of a downward flow in a liquid film, close to the cooled walls. The corresponding
effect deals with condensation of vapour, not single phase natural convection. It cannot be investigated by the
mean of such tool as the present turbulent model. It requires a specific approach. More over, one should notice
that the physical properties of materials are different in qualification experiments, as the Sebulon one [32], and in
the reactor case, where metals are expected to boil. Above all density and surface tension are different. One can
expect the physics of condensation in the reactor case to have different features.
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Fig.4: Heat flux distribution at the lateral vertical wall, in a rectangular boiling pool experiment (left), and veloc-
ity field in the liguid continuous phase (right). The previously defined turbulence model is taken into account.

4. SUBASSEMBLY MELTING AND PROPAGATION: CALCULATIONS OF SCARABEE EXPERIMENTS

In the present section, more attention will be paid on the calculations of reactor-like accident situations,
through the calculations of some SCARABEE experiments. These tests were summarized recently [33]. They
investigate: the degradation of a subassembly consecutively to a loss-of-flow situation (slow and partial to total
instantaneous blockage) with the APL and BE series; the radial propagation of melt to neighbouring subassem-
blies with the PIA and PV tests; the boiling pool mechanisms in a subassembly geometry with the BF tests.

In the first part, we will investigate a slow pump run down situation through the APL3 experiment and a total
instantaneous inlet blockage situation through the BE+3 experiment, and through pre-calculations of the TP-1
(also called BE+I) experiment. The second part of this section will deal with boiling pool calculations through the
calculation of the BF2 experiment.

4.1. SCARABEE loss-of-flow APL3, BE+3 and TP1 calculations

The objective of these calculations is to investigate the ability of SIII to describe such extremely complex situ-
ations as the degradation of an assembly. A characteristic transient includes the following phenomena: sodium
heat up and boiling; clad, fuel pellets and canwall (CW) melting; axial and radial melt propagation and relocation;
lower and upper plug formations due to the freezing of the molten materials; pressurization (or not) of the sub-
assembly consecutively to the fission product release.

The three tests under consideration involve a 37-pin bundle submitted to a nuclear power (at nominal level).
TP-1 is in fact an experimental project with irradiated fuel. Therefore calculations concerning TP-1 cannot be
confronted to an experimental support. BE+3 was an experiment rather similar to TP-1 (instantaneous blockage)
except that in BE+3 the fuel was unirradiated, and a small argon gap was embedded between two canwalls. This
particular geometry does not allow calculations after the first CW melting. Then the calculations consider the first
stages of the transient only. Finally, only APL3 gives an experimental support for the calculations of the complete
transient and will then receive more attention.
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4.2, APL3 calculations

a- Boiling and melting events.

In 1-D APL.3 calculations, we consider only one radial mesh inside the wrapper. The events before the sodium
boiling are rather well represented. The boiling chart is represented in Fig.5 (left figure). The lines represent the
experimental boiling and drying front in the first, third and fourth channel at the top of the fissile zone level. The
empty and filled squares represent the level in the calculation were the boiling and the drying occurs. The boiling
occurs with a good timing, with regards to the strong temperature radial profile in the experiment. However the
incipient of boiling and the drying occur at nearly the same time in the calculation, whereas about 15 seconds sep-
arate these two phenomena in the experiment. Another problem lies in the overestimation of instabilities at the
upper boiling level, leading at 57 s to a large rewetting. It has a noticeable influence on the following part of the
transient. It seems to come from the modelling of the liquid-structure contact near the onset of dryout: it is no
more predicted with a rough model which reduces the liquid-structure interfacial area over a given wall tempera-
ture, as shown on the right figure of Fig.5. When the sodium level oscillations are avoided, the timing for structure
(clad + wall) melting is a correct one. The influence of the different criterion for breakup is rather small (~ 10 %)
for the time of beginning of material melting. As an example, the calculations give a first CW breakup at 75 s,
whereas it occurs at 72 s in the experiment.

In 2-D calculations (4 radial meshes, i.e. 1 mesh per sodium channel), the boiling is a bit better reproduced, as
is seen on Fig.6, where the boiling fronts are represented on the left in different channels, and on the right the
dryout fronts. The same conclusion holds for the structure breakup progression.

We conclude that the first events of the transient: boiling and melting of structures, are satisfactorily repro-
duced by SIII. However the SIII modelling of the boiling along heated walls seems to be a bit rough. The down-
ward and radial progression is too rapid and the dryout is almost instantaneous. Future work is planned at CEA
Grenoble to work on this point, in order to check if improvements of the boiling model are needed.
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boiling model, right: with inclusion of a maximum wall temperature for the presence of liquid-structure contacts
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Fig.6: Confrontation of experimental and calculated boiling fronts (left figure) and dryout fronts (right) in 2-D
APL3 calculation.
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b- Molten material relocation

The prediction of the following part of the transient is less satisfying. The material relocation is very sensitive
to a large number of parameters.

A first problem comes from the flowing of broken fuel pellets which are, for an important part, ejected out of
the bundle (whereas their diameter is larger than the length scale between the pins in the non molten zones). This
problem is very difficult to overcome due to the small number of velocity fields (2) allowed to reproduce the flow
of 5 phases (fuel and steel particles, fuel, steel and sodium liquids), the third one being for the gas. Several param-
eters and small coding modifications have been tested but no tight blockage (i.e. not porous) with frozen steel was
predicted. It is rather clear that in such extreme conditions, with all the materials included in a small volume, the
number of velocity fields is a too small one.

A second limitation comes from the too rough flow configurations (Fig.1) for such cases. For example, in
some calculations, a lower plug may be formed when the steel is forced to contact the structures, prior to other lig-
uids. The third limitation is the lack of fuel crust formation over the pins, 2-D calculations did not lead to a more
satisfying behaviour relatively to the material relocation problem.

We conclude that further studies are required to better simulate the tight blockages occurring during a com-
plete loss-of-flow in a subassembly transient. The limitations of SIII in this kind of application can be historically
explained by the fact that it was initially designed to describe the whole core transition phase of the accident, and
that it is here attempted to use it for the initiating phase within one subassembly only.

4.3. TP-1 pre-calculations

In the previous calculations, a particular attention was paid on the plug formation because in the irradiated
case, the eventual lower and upper plug might lead to an important pressurization through the fission product
release (~ 100 bar expected). The objective of the TP-1 project was to give some answers to the questions relative
to the pressurization of the bundle. As seen before, the SIII prediction of the molten material relocation and block-
age is subject to uncertainties. We will see however that, regarding to this point, the situation is less critical in
such cases with an instantaneous blockage. A supplementary important difficulty in the simulation of TP-1 comes
from the simulation of the foam that is expected to take place after the fission product release. This point will not
be discussed here and we will focus on events occurring prior to the eventual pressurization.

In order to check the code versus an experiment with an instantaneous inlet blockage, calculations with BE+3
were previously performed. The first events from boiling to structure melting were well reproduced in 1-D and 2-
D calculations. Unfortunately, the calculations could not be run further, due to the difficulty in representing the
following part of the transient with the BE+3 special geometry in which the pins were separated from the CW by
a small argon gap (to ensure flatness of the temperature radial profile). For the TP-1 test, this argon gap was
avoided because it might lead to unexpected effects. The cross section of TP-1 is given in Fig.7. On the contrary to
APL tests, the assembly is cooled by a sodium flow, simulating the interassembly (IA) flow. This leads to a strong
temperature radial profile.
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Fig.7: TP-1 cross section and pin geometry.
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a- 1-D calculations

1-D pre-calculations were not satisfying regarding to the timing of the events. Due to the radially high temper-
ature gradient, the boiling, drying and melting events occur very late regarding to the BE+3 experiment. Neverthe-
less, probably due to the total inlet blockage, the moiten material progression and relocation seems to give better
results than in APL3 calculations. A sketch of these events is given in Fig.8. A lower tight plug is obtained very
soon, but no upper plug is even initiated. The canwall is slightly molten only, protected by a fuel crust. However,
the delays calculated for these events are unacceptable since in BE+3 the fuel melting occurred at about 12 s. 1-D
calculations are then not appropriate for these situations.

b- 2-D calculations

2-D calculations showed good resuits for the boiling, drying and melting events, regarding to the comparison
with BE+3, as shown in Fig.9. One should notice that the boiling and drying occur firstly in the fertile zone, which
indicates that the cooling along the pins in unheated sections might be inefficient. Nevertheless his has no effect
on further events since the cladding breakup is evaluated in a very similar manner as reported for BE+3. A repre-
sentation of the transient is given in Fig.10. It is seen that steel plugs are almost obtained at the bottom of the fis-
sile zone. No tight upper plug is calculated. The external fuel pellet row is seen to remain intact. The canwall
remains very thick and no wrapper failure by thermal attack is then predicted. In such a situation, since no upper
plug exists, no pressurization is obtained.
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Fig.8: main event sequence in 1-D TP-1 pre-calculation. (green: Na flow, deep blue: clad or CW, light blue: mol-
ten steel, red: fuel pellets or fuel crust, orange: fuel particles, yellow: liquid fuel).
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Fig.10: Representation of the transient in 2-D TP-1 pre-calculation.

4.4. Conclusions on APL3 and TP-1 calculations.

Regarding to SIMMER-II calculations [34], important improvements are reported with the SIII code. But
there are some more or less important difficulties left. The boiling and drying occur with a good timing but for
long transients (e.g. partial blockage), the incipient of boiling and the dryout might be too roughly estimated.
These points are not important for total instantaneous blockage situations. The structure breakup events are gener-
ally well represented. On the other hand, the relocation of molten materials and subsequent refreezing within a
subassembly needs further investigation. Concerning the plug formation, a crucial lack lies in the absence of fuel
crust formation along the pins. Specific models for these events are clearly required (with for example the possi-
bility of formation of non homogeneous plugs or crusts).

4.5. BF2 - Calculations.

The BF2 test is an experiment intended to study the boiling mechanisms of a liquid pool of fuel [331{36]. The
geometry is similar to the preceding SCARABEE experiment, except that the subassembly is replaced by a closed

crucible filled with 6 kg of UO,. The ambient gas is mainly helium at the 0.035 bar (at 20 °C). The fuel is heated

at 93 W/g during 60 s. The crucible is cooled by a lateral flow of sodium. The average pressure is about 0.5 bar.
The pressure and temperature measurements showed large oscillations indicating a cyclic boiling mechanism with
average frequency of 0.8 Hz. Simulating such transient is a very difficult task, because it deals simultaneously
with: boiling / condensation and melting / freezing phenomena; important oscillations and cyclic liquid motion
(no steady-state reached); complex liquid/structure contacts; presence of non condensable gases. At the present
time, no code fully succeeded in this task, even if their use helped to understand the physics [35][36][37].

The present calculations show a moderate general agreement with the experiment. The good aspect concerns
the average pressure which is well calculated. The flow is quite turbulent and no steady state is reached. Important
pressure oscillations are reported, corresponding to a violent cyclic phenomena of boiling / condensation phases.
However, the cycles are not as regular ones as in the experiment. Averaging the flow over ten seconds leads to the
configuration depicted in Fig.11. From an averaged point of view, a convection roll takes place in the liquid part of
the pool. The bottom of the pool is almost liquid over 100 mm. Over this single-phase layer lies a two-phase
region where most of boiling / condensation phenomena occur. A type of liquid film takes place along the cooled
wall. The crucible is seen to be protected by an important fuel crust which lies up to nearly 1 m. The average
thickness of the film is of the same order of magnitude but the thickness profile is not very representative of the
experimental one.

We also see in Fig. 11 that the removed heat flux profile is moderately satisfying. This point represents in gen-
eral (for other codes) the main discrepancy with the experiment. The maximum is rather well located, but the pro-
file is clearly too flat, and does not reproduce the sharp decrease obtained at approximately 300 mm. It is
expectable that most of the discrepancy concerning the heat flux profile comes from a too rough modelling of the
crust. In the present calculation, the heat removed over the liquid pool corresponds almost to the injected energy
in the crust. The profile of the heat transferred from the pool to the crust is rather good. Then a special attention
should be paid to the crust modelling. Given the supposed flow configuration which is characterised by an increas-
ing void fraction with the height, with a sloshing two-phase region at the pool surface, the porosity of the crust
may increase with the height and the contact between the crust and structure may decrease with the height. Then
this should reduce strongly the heat removed above the pool. The crust model available in SIII has to be further
validated in situations where the crust is partly formed by sloshing.
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Fig.11: Average typical configuration of the flow and heat flux profile on sodium side.

5. INTEGRAL TESTS CALCULATIONS

5.1. Material expansion into pool

During the expansion phase of core disruptive accidents in LMFR, a large vapour bubble expands from the
core inside the sodium pool and may threaten containment limits. The prediction by SIII of the dynamics of a
large bubble expansion into a stagnant pool is assessed against the SGI experiments performed at FZK [38]. The
experiments consist in injecting high pressure gas at the bottom of a low pressure water pool. It is a small scale,
reactor like geometry. The ST code proves to be able to calculate very well these experiments, without any
adjustment [3]. The need for proper initial conditions and for a droplet entrainment model from large bubble/pool
interface is outlined. An expansion phase test calculation at the reactor scale was also successfully conducted. In
terms of the timing of events and of the calculated energy distributions, the general trends of the SIII results were
found reasonable compared to the state of the art.

5.2. FueVCoolant inferactions

Recently SII was used by PNC and FZK to describe fuel/water or fuel/sodium interactions, with the calcula-
tions of the following experiments: THINA 564 and 562, FARO L06, KROTOS 28 {4]; QUEOS 08 and 12,
PREMIX 01, 02 and 03 [5]. Among the experiments, the only ones with sodium are THINA, for which good
results were obtained. None of them implied large amounts of fuel masses as it is the case in the TERMOS exper-
iments where 110 kg of molten UO2 were poured into 130 kg of liquid sodium, via the gravity driven fall of a
UO2 jet through the cover gas which is over the pool [39]. The interpretation of the results by people who carried
out the experiment was: first the melt heated the sodium up to the saturation, the kinetics of which is controlled by
by hydrodynamic fragmentation of the jet, followed by freezing driven fragmentation of the UO2 droplets; sec-
ond, as sodium reached the saturation, the conditions for the pre-mixing phase (by film boiling) were realized, and
they lead to the observed fuel/coolant interactions [40]. Three interactions occurred. The interpretation concerns
the first and the second one. The understanding of the third one is poor. Given the extreme conditions of the exper-
iment, few measurements are available. On the top of that the boundary conditions are unclear. On the other hand
such a complex problem would require many data to check isolated results. Therefore our work is only a first step
in the study with SIII of large scale fuel/sodium interactions.

SHI was found to be sufficiently robust to investigate such situations. A first calculation took into account the
modelling of the jet fall through the gas. In this case, with the default parameters of the code, an increase of the
interfacial area, and then a probably non-physical jet breakup (we can not check with data but only with orders of
magnitude given by correlations) lead us to give up this modelling to focus on the phenomena within the sodium
pool. Thus the jet was defined at the initial calculated time, just before its contact with the sodium pool, by a dis-
persed flow in which the UO2 droplets radius was set to the radius of the release tube. The result of this calcula-
tion is that the liquid UO2 penetration length in the pool and the kinetics of solidification are predicted within a
reasonable order of magnitude. On the other hand, the total amount of UO2 that penetrates the pool is underesti-
mated. Only one interaction is predicted, which is larger than the experimental first pressure peak. Despite the fact
that this result is sensitive to the unclear boundary conditions, further investigations should consider the possibil-
ity of an overestimation of the heat transfers, itself maybe due to an overestimation of the fragmentation. Indeed
the freezing-inhibited droplets fragmentation is not taken into account in SIII. The freezing-provoked droplets
fragmentation is somehow calculated with the solid particles formation when freezing of the droplets occurs.

Anyway these calculations confirmed the interest of SIII to study fuel/coolant interactions, consistently with

[4](5]-
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6. CONCLUSION

The SIMMER-III (SIII) code is dedicated to the analysis of core disruptive accidents of liquid metal fast reac-
tors, which involves extremely complex multiphase multicomponent flows with heat and mass transfers. The CEA
contribution to this code developed by PNC assessment is included in an international joint program in collabora-
tion with PNC and FZK. The phase 1 of the assessment reached a milestone in 1996, showing that the multiphase
fluid-dynamics model was basically valid and identifying limitations which have been studied ever since. In the
present paper, a synthesis of the work performed at CEA/DRN/DTP in Grenoble since 1996 is presented. It deals
only with multiphase flows, from basic models such as turbulence in boiling pools, to more integral tests such as
SCARABEE. The reactor applications with neutronics are carried out at CEA/DRN/DER in Cadarache as far as
CEA is concerned.

The two-phase flow modelling assessment is intimately linked with the advanced feature of SIII which is the
interfacial area convection equation. The source terms of this equation due to bubble and droplets coalescence and
breakup were judged satisfactory in a first step, considering the unknowns and limitations remaining in the state
of the art. Anyway further data are required. Then it is shown that the code reasonably calculates the flow regimes,
the pressure drop, and the entrainment rate in a 1-D fully developed air/water two-phase flow.

The classical transition phase problem of an internally heated boiling pool with laterally cooled walls is inves-
tigated. The boiling pool modelling is improved by the implementation of a turbulence model, which is possible
because the Navier Stokes equation are solved by the code, and which is relevant because these equations are
solved by a second order spatial discretization: with a first order discretization of the Euler equations, it was
shown that the numerical diffusion effect overexceeds the real turbulence one. The model is based on a local
approach which leads to an expression which gives an order of magnitude of the turbulent viscosity specific in
each of the three parts of the two-phase re-circulating domain: a quasi single-phase one in the center of the bulk,
the boundary layers in the vicinity of the walls, the bubbly region.

Three SCARABEE experiments involving a 37-pin bundle submitted to a nuclear power at nominal level,
degraded consecutively to a loss of coolant, with the real reactor materials, were calculated. Large improvements
since the previous SIMMER-II calculations were noticed. The structure breakup events are generally well pre-
dicted by SIII. The boiling and drying are predicted with a good timing, albeit for long transients with partial
blockage the prediction of these events may require further studies. Further investigation may also concern the
relocation of molten materials and subsequent refreezing within a subassembly. Besides these three tests, material
expansion into pool with the SGI experiment and fuel/coolant interactions with the TERMOS experiment have
shown the SII applicability to more integral calculations, and reliable robustness.
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3-D THERMAL HYDRAULIC ANALYSIS OF TRANSIENT HEAT
REMOVAL FROM FAST REACTOR CORE USING IMMERSION COOLERS

I CHVETSOV, A. VOLKOY (RO M

State Scientific Center of Russian Federation,
Institute of Physics and Power Engineering, XAD055044
Obninsk, Kaluga Region, Russian Federation

Abstract

For advanced fast reactors (EFR, BN-600M, BN-1600, CEFR) the special complementary
loop is envisaged in order to ensure the decay heat removal from the core in the case of LOF
accidents. This complementary loop includes immersion coolers that are located in the hot reactor
plenum. To analyze the transient process in the reactor when immersion coolers come into operation
one needs to involve 3-D thermal hydraulics code. Furthermore sometimes the problem becomes more
complicated due to necessity of simulation of the thermal hydraulics processes into the core inter-
wrapper space. For example on BN-600M and CEFR reactors it is supposed to ensure the effective
removal of decay heat from core subassemblies by specially arranged internal circulation circuit:
“inter-wrapper space”.

For thermal hydraulics analysis of the transients in the core and in the whole reactor including
hot plenum with immersion coolers and considering heat and mass exchange between the main
sodium flow and sodium that moves in the inter-wrapper space the code GRIFIC (the version of GRIF
code family) was developed in IPPE.

GRIFIC code was tested on experimental data obtained on RAMONA rig under conditions
simulating decay heat removal of a reactor with the use of immersion coolers. Comparison has been
made of calculated and experimental result, such as integral characteristics (flow rate through the core
and water temperature at the core inlet and outlet) and the local temperatures (at thermocouple
location) as well.

In order to show the capabilities of the code some results of the transient analysis of heat
removal from the core of BN-600M - type reactor under loss-of-flow accident are presented.

1. INTRODUTION.

It is proposed that additionally to the normal heat removal route via the steam plant,
the advanced fast reactors will be equipped with the Direct Heat Removal System (DRS). This
system is intended for removal of decay heat from the core in the case of loss of station
service power. Each DRS circuit includes an immersion cooler (IC)), installed in the reactor
hot plenum and an air cooler. These two coolers are connected via intermediate sodium loop.
The transportation of the heat from the core to immersion cooler occurs both by free
convection of the sodium in the hot plenum of reactor and by circulation via primary loop.
The energy that can be transported this way per time unit depends on reactor design and
sometimes can be essentially limited due to stratification of the sodium in the hot plenum. In
order to intensify the heat removal from the core subassemblies for advanced Russian fast
reactor BN-600M and Chinese experimental fast reactor CEFR the innovative core design was
proposed. In these projects the “cold” sodium from IC outlet is partly directed into
subassembly inter-space via specially arranged gaps and holes in the reactor internal structures
forming additional heat removal circuit.

For thermal hydraulic analysis of the transients in the core and in the whole reactor
including immersion coolers and considering heat and mass exchange between the main
sodium flow and sodium flowing in the inter-wrapper space GRIFIC code was developed.
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2. GRIFIC CODE DISCRIPTION

The code contains 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;

— set of 1D, 2D and 3D models for calculations of temperature distributions in “impermable”
elements (pins, wrappers, etc.);

— 1D thermal hydraulic model of intermediate heat exchanger and immersion cooler; primary
pump model.

For simulation of the main sodium flow in the reactor the GRIFIC code is solving a
system of heat-and-mass exchange equations in an approximation of a model of viscous
incompressible flow in a porous body, taking into account the buoyancy effect in Boussinesq
approximation in the cylindrical coordinate system. This system of equations (1-5) in the
divergent form is presented bellow:
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where 8= VVZ + U2 + W2
U V, W - velocity components in axial (z), radial () and azimuth (¢) directions; P -
pressure; 7 - temperature of sodium.

Porosity of medium for coolant € is a function of coordinates and porous medium
resistance coefficients A;  A; and A, may depend on flow parameters. The thermal hydraulic
properties - effective kinematic viscosity v, coolant density p and specific heat capacity Cp are
the functions of sodium temperature T. Effective conductivity coefficients of porous medium
can be different for different directions. The sum Z Iél (©,+T) takes into account heat

exchange with the structures coming in contact with the primary coolant and (%) are the

surface temperatures of these structures.

The system of governing equations for inter-wrapper sodium is the same as (1)-(5), but
it is solved only for subdomain where the inter-wrapper sodium presents. The mass source J is
not equal to zero only on the boundaries of this subdomain where mass exchange between the
main sodium flow and inter-wrapper space takes place. The source term J is expressed as a
function of pressure difference:

J=A+B-[Pj(r,z,(p)—P(r,z,(p)] (6)
where Pj(r,z,¢) and P(r,z,¢) - pressure distributions respectively in the inter-wrapper space
and in the main sodium flow.

The system of equations (1-5) is solved numerically by the iterative finite-difference
method [1].

3. CODE VALIDATION

The capability of the code to simulate correctly natural convection phenomena in the
complicated design similar to pool-type reactor with immersion coolers were tested on the
RAMONA rig.

RAMONA (reactor model designed for natural convection studies) - is a thermal
hydraulic rig geometry similar to that of the pool- type fast reactor, intended for studying
transient processes taking place in the reactor on transition phase from nominal steady state
operating conditions to decay heat removal conditions with the use of IC [2].

Main characteristics of the RAMONA rig (Fig. 1):

The core is simulated by 8 circular channels formed by 9 heater rings;
IHXs - 8 straight tube counter flow type heat exchangers;

ICs - 4 straight tube counter flow type heat exchanges;

PPs - 4 centrifugal pumps;

ACS - a hollow cylinder with permeable walls;

Coolant - water.

The rig height is 0.58m. The rig radius - 0.5m.

In the region of pump positioning a constant head is assumed ensuring a coolant flow
rate through the core of G=0.84kg/s under nominal conditions.

The core power under rated conditions is N=30kW. Heat removal is carried out only
through IHXSs.

The experiment scenario implies the following sequence of events [3]:

At the initial time (0s) a reduction of heaters capacity to 1 kW takes place.
Simultaneously, reduction of coolant flow rate through the core is started. On the 120%s
pumps are shutdown and water flow rate through the core is fully determined by natural
convection. Secondary coolant flow rate through IHXs is reduced to 0 by 18s. On the 240%s
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ICs are switched on. In so doing changing of water flow rate and inlet temperature through the
secondary loop of IC simulates air heat exchanger operation.

The calculation was performed for the 4 initial hours of transient. Three-dimensional
calculations model represents a cylindrical sector with an angle of 90° and comprises all the
main components of the facility:
one forth of the core and of ACS, two IHXSs, one IC and one pump.

Fig.2 illustrates the calculated region. The numerals denote:
3 = the core;

4, 5 = above core structure;

2, 6 = support structure;

7,8,9 = 1C;

13 = pump;

14 = pump piping;

10 = dummy region simulating the vessel shape.

Dash-dot lines show thermocouple trees arrangement, a reading of the height of
thermocouples positioning (Fig.9-12) is taken from the bottom of the cold plenum.

The calculations of one steady state and one transient (BENCHMARK-CASE 1, [3])
conditions was carried out. Calculated velocity and temperature fields for vertical section
passing through the IC are shown in Fig.3,4. In Fig.5-8 the comparison of the obtained data
with the experimental result is made with regard to integral characteristics : water flow rate
through the core, average temperatures at its inlet and outlet. The calculation represents
correctly all peculiarities of flow rate dynamics under these conditions during the whole 4
hour period. The calculated flow rate deviation from the experimental data is mainly within
+10+-20%. An agreement for “average temperatures at the core inlet and outlet” is even better
(Figs.7-8) and the difference from the experiment does not exceed 1°C for the most part of the
transient process.

In Figs.9-12 the dynamics of local temperature values in different rig components at
points where thermocouples are positioned is shown. In Fig.9 temperatures in the hot plenum
(HT1.*) are presented. The calculations give an overestimated temperature value - by about
1°C in the upper part and by 2°C in the lower one..

The most significant difference between calculation and experimental result for the hot
plenum consists in different intensity of heat exchange rates for the coolant in the annular
cavity formed by the support ring “2” and item “6” and the rest of the hot plenum volume
located above. As it can be seen from Fig.10, in the experiment coolant contained within the
cavity is heated slower resulting in the more abrupt temperature rise on the upper boundary of
the cavity. Similar picture is also observed in the cold plenum (Fig.11) where temperature
drop along the height is higher than that obtained by calculation. However, dynamics of the
average flow temperature on the cold section of the stream is simulated by the calculation to a
much better accuracy (Fig.12).

Scheme diffusion may be one of the causes of that more intensive heat exchange is
calculated in free volumes.

4. HEAT REMOVAL PROBLEM CALCULATION FOR BN-600M — TYPE REACTOR

The vertical section of BN-600M — type reactor passing through IC is schematically
represented on Fig. 13. The arrows show the expected pattern of sodium flow in the reactor
after primary pump shutdown and immersion coolers coming into operation. Sodium from hot
plenum passes through IC tube bundle, discharges through outlet windows and goes
downwards. Then it enters rod shielding, steel annular shielding and annular gap forming
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three paralle] regressive flows. And then through the holes in the shielding and structures
“cold” sodium is directed into inter-subassembly space where it cools core during its upward
movement. The GRIFIC calculations showed that the flow distribution described above is
established in the reactor in a few ten seconds after beginning of the accident. Sodium
temperature in the “hottest” point reaches its maximum value and then gradually decreases
(Fig. 14).

To estimate the efficiency of the core cooling by organised sodium flow in the inter-
wrapper space the same accident - (LOF) - was analysed using GRIFIC code, for the case.
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When the sodium velocity in the inter-wrapper space is supposed to be equal zero. The
maximum sodium temperature histories for these both cases are presented on (Fig 14). One
can conclude from the figure, that sodium circulation in the inter-wrapper space effects
essentially heat removal from the core.
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5.CONCLUSION

On the basis of the GRIFIC code testing it can be stated that for the pool-type plants :
— the GRIFIC code assures an adequate accuracy of integral characteristics (such as flow rate
through the core, its inlet and outlet temperatures);
— it allows to calculate correctly local temperature values for the most components of the
flow section;
— to improve the accuracy of the modelling one can recommend to enhance the order of finite
difference scheme for approximation of convective terms.

NOMENCLATURE

U, V, W - velocity components in axial (z), radial (r) and azimuth (¢) directions;
€ - porosity of medium for coolant;

v - effective kinematic viscosity;

pr - coolant density;

A, - porous medium resistance coefficient in axial,

A; - radial,

A, - azimuth directions;

P - pressure;

T - temperature;

Cp - specific heat capacity of coolant;

A - effective conductivity coefficient of porous medium in axial,
Ar - radial,

Ao - azimuth directions;

IT - perimeter;

S - longitudinal section area;

o - heat transfer coefficient;

APy — primary pump head;

AL - primary pump dimension.
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LOW-REYNOLDS NUMBER k-« TURBULENCE MODEL FOR
CALCULATION OF FAST-REACTOR-CHANNEL FLOWS
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Abstract

For calculating the turbulent flows in the complex geometry channels typical for the nuclear
reactor installation elements the low-Reynolds-number k-¢ turbulence model with the model functions
not containing the spatial coordinate like y™ is proposed. Such spatial coordinate is usually used for
modeling the turbulence near the wall correctly. The model completed on the developed flow of the
non-viscous incompressible liquid in the plane channel correctly describes the transition from the
laminar regime to the turbulent one. The calculated skin friction coefficients obey the well-known
Dean and Zarbi - Reynolds laws. The mean velocity distributions are close to that obtained from the
empirical three-layer Karman model.

1.INTRODUCTION

The existing k-¢ turbulence models are far from being complete [1]. The assertion is
based on the following facts. The high-Reynolds-number k-g¢ turbulence models first
developed permit simulating the turbulence only in the flow core. For determining the
turbulence quantities at the turbulent core boundary they use the empirical relationships which
are different for different flow classes. In this case the results obtained with using such models
must always be verified by comparison with known empirical results.

As an alternative to the high-Reynolds number variants the low-Reynolds number
turbulence models are worked out. Such models permit simulating the turbulence in the
overall flow region including the near-wall one. In such models they use the most common
and universal boundary conditions for the turbulent energy and it’s dissipation rate [2,3,4].
The possibility of modeling the turbulence in the overall flow region including the near-wall is
achieved by introducing in the equation system the model functions of two arguments : the
turbulent Reynolds number R; and the non-dimensional spatial coordinate determining the
position of an arbitrary flow point relatively to the solid surface. Often they make use of y* as
such coordinate. But at moderate turbulent numbers (Re<10* ) the influence of that
coordinate on turbulent quantities can be significant in the overall flow region [1]. It should
lead to the modeling results non-single-valued in the complex geometry channels in which
that coordinate can be determined by different way. Such models are not suitable for
calculating the flows in the channels with rough walls. The presence of such coordinate in the
equation system significantly complicates the numerical algorithm of solving such system. It
is also clear from physical view point, the models containing in the differential equations y* as
a parameter can not be considered as correct models.

But still worse matter is about the four-parameter turbulence model containing in

addition to the transport equations for k and € yet two equations for the squared temperature
fluctuations and the dissipation rate of this value [3]. Even the simple comparison of the y*
values with scale constants entering in the model functions in combination with y* shows the
significant influence of the coordinate y* on the turbulent quantities in the overall flow region
at any Reynolds numbers for liquids with small Prandtl numbers. This circumstance one alone
makes this model to be not suitable for modeling the turbulent heat transfer in liquid sodium.
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Thus the problem of creating a complete turbulence model is that of working-out the low-
Reynolds number model not containing the model functions of the spatial coordinate like y".
The model presented below meets this condition. The model functions and constants have
been worked out at the stable developed turbulent flow in the plane channel.

2.GAVERNING EQUATIONS
The k-¢ turbulence model includes [2] the continuity equation
i 0 (1
axl
and the Reynolds equation
My M 1% 0 {v(anaUJ]—?ﬁT} )
ot ! ox, pox, 0x, ox, 0x, b
The Bussinesk hypothesis
_m=vt£%{§—)’+%—z%}—§k6u 3)

expresses the turbulent stress tensor u,uin the Reynolds equation via the mean velocity
deformations 6U;/ax, by means of the eddy viscosity v,. The eddy viscosity is determined

through the turbulent energy k and it’s dissipation rate € by the Kolmogorov relationship

vi=c f — 4)

R
€
where f,, is a model function, ¢, is a constant. The values of k and ¢ are obtained from solving

the kinetic energy equation

ok &k o8| v, k]| —au,

§+UJ&T=&;L(V+E)?&;}—u]uJ&T—S (5)
and the dissipation rate one
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In low-Reynolds-number k-¢ turbulence models [2,3] the functions f, and f; in the
equations (4) and (6) depend on the turbulent Reynolds number and non-dimensional spatial
coordinate (usually they make use of y*).

At the solid surfaces the following boundary conditions are assumed.
The kinetic energy is assumed to be zero:

k, =0. (7)
For the dissipation rate the second kind boundary condition

é’sj

|l - 8
(&), ®

had been proposed and proved [4]. This boundary condition combined with (7) allows
modeling the turbulence in the overall flow region including the laminar sublayer[4]. The
calculations of the developed turbulent flow in the plane channel with using the equations (1)-
(6), the boundary conditions (7),(8) and the model functions of the work [2] give the
relationship for the skin friction coefficient coinciding with the well-known Dean and Zarbi-
Reynolds laws [4]. The mean velocity distributions coincide with that calculated from the
three-layer Karman model:
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Y, y*<S
Uf=450Iny" =305, 5<y"<30
25Iny* +550, y*>30
But [1] the spatial coordinate y* can substantially influence on the turbulent quantities
in the overall flow region including the points at the most removed from the solid surface. On
that the relationship of the eddy viscosity via the turbulent Reynolds number at Re<10*

shows: the relationship has the hysteresis character in the flow region with maximum velocity
values, fig.1.
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Fig.1. Eddy viscosity dependence via turbulent Reynolds number

That must lead to the non-single-valued results of modeling the turbulent flows in the
complex geometry channels (in which the parameter y* can be determined by different way).

3. MODEL FUNCTIONS NOT CONTAINING SPATIAL COORDINATE AS ARGUMENT

To take into account the turbulence behavior near the solid surface the parameter z, has

been introduced instead of the spatial coordinate. The fourth power of the parameter,
k? ;

R e
,
V axj +e

can be considered as the modified turbulent Reynolds number, which coincides with the
ordinary turbulent Reynolds number R, in the flow region with the small averaged-velocity

deformations 8U; /dx,, but essentially defers near the wall where averaged flow energy

dissipation rate exceeds €. The model functions proposed are the functions of two arguments:
the turbulent Reynolds number and the parameterz, .
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Model functions and constants:
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4. COMPUTAITIONAL RESULTS

The results of modeling the developed turbulent non-compressible viscous liquid flow
in the plane channel with using the equations (1)-(6), boundary conditions (7),(8) and the
model functions (9)-(11) are in the following.

The proposed turbulence model correctly describes the transition from the laminar to
the turbulent regime: at Re < 1.3-10° the numerical modeling gives only the laminar flow, at
Re >16-10° the turbulent flows are obtained only. The calculated skin friction coefficients
obey the Dean law at 1.6-10° <Re <5-10*and the Zarbi - Reynolds law at Re >5-10% fig.2.
The mean velocity distributions are close to that obtained from the empirical three-layer
Karman model, figs. 3. (The plots on the figure 3 for the Dean and Zarbi - Reynolds lows have
been taken from the work [2].)

10"R
: \o O Present
C C \Q = Laminar flow
f = .
10
10-3 I lllllll Ll llll;h‘ 1 Illlllll Lt pLilLl

10 10° 10* 10° 10
Re

Fig.2. Skin friction coefficient as function of Reynolds number

The turbulent energy and dissipation rate distributions at y* >8 are similar to those
obtained from the calculations with using the same equation system and the same boundary
conditions but with model functions of the work [2], fig.4. But at y* <5 the turbulent energy

102



values compared with the values at the channel axis are much greater than that calculated with
using the model [2].

30
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Fig.3. Mean velocity distributions

In spite of that the eddy viscosity within the layer y* <35 is small with respect to
kinematic one, fig.5. That agrees with the Karman model according to which the dependence
of the mean velocity vie y™ is linear at y* <5 . Thus the calculations with using the model
[2] shows on the existence of the laminar sublayer as the flow domain (y* <5) with the

turbulent energy and respectively eddy viscosity vanished. According to the results obtained
with

. R
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T 2
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Fig.4. Turbulent energy distributions

using the model proposed one can tell about the viscous sublayer as the flow domain within
which the eddy viscosity is small over the kinematic one but the turbulent energy can be
compared with that in
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Fig.5. The eddy viscosity distributions

the turbulent core. From physical view point this result can be interpreted in the way that at
the sufficient small distance from the wall the correlation between the longitudinal and
transversal velocity fluctuations is vanished with the turbulent energy being substantially
different from zero. From mathematical view point this result is explained by the character of
the model function f, dependence from the parameter z,.

CONCLUSIONS

The low Reynolds number turbulence model with the model functions not containing a
spatial coordinate as an argument and allowing the turbulence modeling in the overall flow
region including the viscous sublayer is proposed. The model is intended for the calculations
of the turbulent flows in the complex geometry channels typical for the nuclear power
installation elements and in the channels with rough walls.

NOMENCLATURE

cf — mean skin friction coefficient, t,, /0.5pU%

k — turbulent energy, m/ 2

k* — non-dimensional value of k, k /u?;

P — ensemble-averaged static pressure;

Re — Reynolds number, U 3/v ;

R — turbulent Reynolds number, k?/ve;

U;,uj — ensemble-averaged velocity and turbulent fluctuations in i-direction;
U — ensemble-averaged velocity in longi-tudinal direction;
U, — channel bulk velocity;

U’ ~ non-dimensional value of U, U/ u, ;

Uq — velocity scale, /T, /9 ;

Cartesian coordinate in i-direction;

»
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V, V¢

P
T

Tw

(1]
[2]

(3]

(4]
[3]

length from wall surface,

non-dimensional length from wall, u.y/v ;

width of plane channel;
unit tensor;

2
— dissipation rate of turbulence energy, v(@ul /0% J) ;

— non-dimensional value of €, gv/u’;

— kinematic and eddy viscosity;
— density;

— time;

— wall shear stress; pv{(8U / dy)

w
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Abstract

An investigation into the reactor core accident cooling, which are associated with the power

grow up or switch off circulation pumps in the event of the protective equipment comes into action,
results in the problem of liquid metal boiling heat transfer. Considerable study has been given over
the last 30 years to alkaline metal boiling including researches of heat transfer, boiling patterns,
hydraulic resistance, crisis of heat transfer, initial heating up, boiling onset and instability of boiling.
The results of these investigations have shown that the process of liquid metal boiling has substantial
features in comparison with water boiling. Mathematical modeling of two phase flows in fast reactor
fuel subassemblies have been developed intensively. Significant success has been achieved in
formulation of two phase flow through the pin bundle and in their numerical realization. Currently a
set of codes for thermohydraulic analysis of two phase flows in fast reactor subassembly have been
developed with 3D macrotransfer governing equations. These codes are used for analysis of boiling
onset and liquid metals boiling in fuel subassemblies during loss-of-coolant accidents, of warming up
of reactor core, of blockage of some part of flow cross section in fuel subassembly.

1. INTRODUCTION

Regarding to physical and thermal dynamic properties of liquid metal coolants,

choosing the sodium as a coolant in fast breeder reactors was to be an ideal decision. The
nominal performance outlet sodium temperature is much less than its boiling temperature.
However, boiling is possible in improbable severe accident. Among the consequences of such
a process may be the pin superheating, loss of pressure. Furthermore, it can cause the
reactivity to enhance due to positive void reactivity factor of sodium.

Specific problems arise in studying coolant boiling. Vapor generation in any part of

subassembly, taking into account the great difference between specific volumes of vapor
and liquid, is a strong disturbing factor responsible for a realignment of hydrodynamics,
causing the flow to become insatiable. Study of possible failures calls for the problems
concerned with fuel pin cooling under conditions of low flow rate or natural circulation.

In this connection to the liquid metal boiling was given much attention over the last

three decades. Heat transfer, flow patterns, hydraulic resistance, crisis, mechanism of boiling,

problems of stability were being discussed. Results of studies presented, for example in [1-

10] have shown that boiling in liquid metal has specific features in comparison with water

boiling, among these are:

— the growth of liquid metal vapor bubble is of explosion character, with the rate of bubble
growth being in order of 10 m/s and the process of growth defined by iterative forces;

— the main two-phase flows in liquid metal are the same as those in common liquids, with the
disperse-annular flow dominating at the pressure close to atmospheric;
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— two-phase friction with the energy supplied is lesser than those in adiabatic flows, that is
connected with the vapor pushes the interface out of the main flow;

— phase transition in disperse-annular liquid metal flow is, as a rule, performed by
evaporation of near wall film provided bubbles do not generated at the wall (boiling is
absent), heat transfer coefficient is as great as hundreds of kW/m?, an influence of mass
velocity and quality appears to be moderate.

Attention in studying bundle liquid metal boiling focuses on the analysis of transient
and emergency performance caused by the drastic changes in power and by the various
blockages, by pump shut-down.

Most general approach for solving these problems, which was realized in many
scientific works, is two-liquid model of two phase flow within pin bundle. This model
represents two system of governing conservation equations for mass, momentum and energy
written for each phase. As far as averaged fields of parameters for phases are interdependent,
it is necessary to account an interaction effects.

Two-fluid model is a power apparatus for study two phase phenomena, especially in
flow areas, where phases are “weakly” bounded: stratification including different direction of
phase flows, sudden mixing, sudden acceleration of the flow etc.

In practical applications because of high level of commonness of two-fluid model,
especially due to large numbers of closing parameters, one can assume some simplifications:
lowering of equation step and/or partial or full refusal from two liquid description.

The important aspect of subchannel model is description of mechanisms and
parameters of mass, momentum and energy exchange (mixing) between two adjacent
channels: microtransport (turbulent exchange), caused by the gradient of phase concentration,
momentum or energy gradient; macrotransport (convection exchange), caused by pressure
disbalance, drift (or diffusion) of steam phase, which are proportional to gradient of mass
velocity in adjacent channels.

2. MODELING OF TWO PHASE LIQUID METAL FLOW,

2.1 Dynamic approaches in two phase liquid metal coolant.

The analysis of transient coolant flows in pin bundle has become especially urgent in
connection with investigating transient operating conditions of reactor and the analysis of
various emergency situations as well. The first models for calculating sodium boiling in the
reactor channel were based on consideration of a single bubble expansion [11]. It was due to
sodium tendency to superheating which was initially estimated as very high and, also, due to
very fast transition to slug, annular flow pattern. Further development of calculation models
were carried out towards increasing the number of bubbles generated in the channel. In this
case, in modern model sodium superheating above the saturation temperature is, as a rule,
taken to be no more than 20°C.

It should be noted that these models are in good agreement with experimental data.
Up-to date codes for calculating the ULOF and UTOP type accidents- SAS 4A, SAS 3D,
EAC-1, FRAX. CAPR-1, CARMEN - most often represent boiling with the use of version of
well known multi-bubble models as SAS-2A (USA) and BLOW-3 (Germany). Later the
models were made more complicated due to improvement in an account of friction, liquid
film motion and its separation, and due to an added criterion of pin dryout. In the framework
of such a model the initial thickness of liquid film is taken on the base of the liquid fraction
over the channel cross section, as equal. Crisis occurs when 1/3 of its initial thickness
remains. The first code developed in Russia for fast reactor channel dynamic calculations
taking into account sodium boiling was also based on a single-bubble model.

108



The main content of up-to-date models is conservation equations for mass, energy and
momentum for the two-phase non-equilibrium flow, closing relations and inherent boundary
conditions. A delay in the development of such models for sodium is concerned with large
great non-linearity and a discontinuity of derivative at the liquid-steam interface, as for
sodium the ratio between liquid density to steam density is larger than for water. Of
importance is also the relationship between the absolute pressure of the medium and pressure
drop over the channel.

A 3D two-liquid model has been obtained by using temporal or statistical averaging.
The mode] is expressed in terms of two sets of conservation equation governing the mass,
energy and momentum balance in each phases. However, since the average fields of one phase
are not independent on the other phase, the interaction term appear in the field equations as
source term. For the most general dynamic problems such models were developed previously
[12].

A similar system of governing equations can be used also in subchannel analysis of
nuclear reactor core. In this case, a surface of the control volume is determined by the
subdivision of reactor core into elementary channels. For doing so, as a rube, additional
equation of momentum balance in transverse direction, as well as respective modeling notions
on substance transport between the channels. Ignoring these effects and also analyzing the
process going on in simply connected domain a system assume the terms mentioned to be left
out.

Interphase exchange terms are derived from the balance conditions at the interface. It
requires the local phase parameters on each side of the interface to be averaged with the
mixture satisfying the mutual exchange conditions. Initial and boundary conditions, relations
of turbulence transport of heat and momentum should be amplified by governing relations for
each of interaction terms in two-fluid model. At present, technical difficulties restrict
obtaining experimental information, as the established relations under development are
defined by the significant uncertainties.

It should be marked that the system of equations is either only possible nor totally
validated. The local transient equations are being derived and studying in a number of R&D
centers.

Two-liquid model is a very powerful procedure and is best capable of describing the
two-phase phenomena where the flow areas are available with the loosely held phases. Flow
stratification (in particular, in horizontal channels) including those under counter-current
motion of the phases as well as sudden mixing (one phase injects into another) and two phase
flow under acceleration are an examples. Let us notify that these phenomena are far of the
whole list of events attended on loss of coolant accidents. That is why the two-fluid model is a
basis of the majority of developments in this direction. In practice, because of a high level of
generality of the equations and a large amount of closing relations a simplification are needed
to define numerical results. The first way to simplify equations is connected with the
reduction of dimension (number of space coordinates), the second assumes the abandonment
of the two-liquid description (reduction of phase number).

2.2. Two-phase non-equilibrium flows.

In order to have analyzed transient and accident flow in 1D approximation a large
amounts of codes were developed, basically, concerned with steam generators design [13-15].

Quality and efficiency analysis of codes developed are of prime interest for practice.
Reference [16] can be presented as an example, although it is based on the traditional, simple
homogeneous slip model but containing detailed analysis of numerical efficiency of the
models. The algorithm TRANS [17] uses a “hybrid” approach introduce the combining a
finite difference implicit process (for mass and momentum balances) and the method of
characteristics (for energy balance).
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The use of the formal average conservation equations is a reasonable expedient to the
transition to the 1D description. This results in the appearance of averaged factors (C=0,1, ...)
referred to as distribution parameters. Representation of 1D equation containing distribution
parameters which are equal to 1 is appropriate to the assumption on the plane profiles of phase
parameters to be accepted. Forms and number of distribution parameters depend on the kind
of two-fluid model. Analytical relationships for averaged factors were gained in [18].

2.3. Subchannel two-phase codes.

A great variety of subchannel codes is conditioned by, on the one hand requirements
on researches for the specific reactor cores, and on the other hand, attempts to develop
specific codes capable of processing as various structures, and different performances.
Accepted description of two-phase flows can be classified by types of the model, namely:
homogeneous, of separate flow and drift flow.

A very important feature of two-phase models is the description of the following
exchange mechanisms between the adjacent channels:

(1) Microtransport referees to as turbulent mixing which arises from the random turbulence
in the clearance between channels. Energy transport direction in this event is set so that
the enthalpy gradient between channels is reduce. Analysis of the data available is
presented in [19].

(2) Macrotransport referees to as transverse (or convective) flow which is governed by the
difference in axial pressure gradients in the channels under consideration (change in the
channels geometry, dissimilar heat fluxes and other irregularities). Physical prerequisites
accepted in deriving mathematical models, empirical relationships as well as native and
abroad codes are discussed in [19].

(3) Drift (or diffusion ) of steam phase is taken as proportional to gradient of mass velocity in
adjacent channels. Using this opperach it has become possible to explain the observed
during experiments tendency to the steam runs into the high-velocity channels of
subassembly.

2.4. Two-phase codes taking into account axial diffusion.

Recently, a number of codes has been developed on the basis of 3D macrotransport
equations in terms of axial diffusion (momentum and energy) partially, in the framework
subchannel analysis and, basically in the frame of a porous body model [20-22]. The main
group of the codes was developed to analyze two-phase thermohydraulics but some of them
have a single-phase versions including those applied to reactor fuel subassemblies cooled by
liquid metal, as a rule. Two-phase flow is simulated, by homogeneous model, basically. To
solve liquid dynamic equations the methods ICE [23], SIMPL [24] and their modifications are
used. The codes applied to fast breeder reactors have been developed to analyse loss of flow
accidents, blockades of subassembly cross section, subassembly warming up (Table 1).

2.5. Three-liquid models (heat transfer crisis).

To analyze heat transfer crisis in disperse-annular flow the three-liquid models are
currently used [21], in which three interacting phases are under consideration, namely: liquid
film, vapor core and disperse (drop) flow. In this case, as a rule, the following assumptions are
allowed: the phase temperatures is equal to saturation temperature, velocities of vapor and
drops are equal.

A considerable gain in physics and mathematics of three-liquid models turns into a
serious problems associated with a rich variety (in comparison with two-liquid models) of
closing relations and difficulties in their numerical realisation.
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TABLE 1. THE SYSTEMATISATION OF COMPUTER CODES FOR REACTORS SUBASSEMBLIES WHICH WORK
IN NON-STATIONARY MODES WITH SINGLE- AND TWO-PHASE COOLANT FLOWS

References Code Approximation Single- Two-phase flow Non- Numerical method Country
phase flow stationary flow
Homogenius  Non-homogenius
SABRE-1  Porous body model + - - + ICE Great Britain
SABRE-2  Porous body model +
(38} SABRE-3  Porous body model - + - + IMPL based
SABRE-3B Porous body + on SIMPLE
model; subchannel
[39] BACCHUS  2-D Porous body - + - + Implicit scheme on biased France
model mesh, interative Newton
method (ICE type)

{40],{41] TOPFRES Subchannel + - + + ICE Japan
[42] UzZu Porous body model + - - + ICE Japan
[36] COBRA-IV Subchannel - + - + ICE USA

COMMIX- Porous body model + - - + ICE USA
1
[43],[44] COMMIX- Porous body model + +
la
COMMIX-  Porous body model - + + + IMF
2
[45] PORTER  Porous body model + - - + Semi-implicit scheme, Russia
interative method
[46] BACCHUS  2-D Porous body - - + + ICE Germany
-3D/TP model
(47] COMMIX- Subchannel - - + + Interative method using Germany
2/KFK upper relaxation
[48] SABENA Subchannel - - + + Semi-implicit scheme, Japan
interative Newton method
[49] TEMP-MF Subchannel + - + + Semi—implicit scheme, Russia

interative method
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SOME RESULTS OF EXPERIMENTAL INVESTIGATIONS.

Experimental investigations of liquid metal boiling in fuel bundles were carried out in

Germany, Japan, USA, France and Russia. The large serious of experiments were carried out
by Japanese scientists. Typical results show that in transient states with sodium boiling in a
37-fuel element assembly with coolant flow rate drop we observed [25] (fig. 1):
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Fig. 1. Development of boiling area in fuel assembly with fuel assembly coolant flow rate reduction

The maximum value of near-wall superheating 36 C independent on heat flow density,
system temperature and pressure enhancement rate.

First the bubble was farmed at the end of the heated area, then it expanded basically in an
up flow direction in the central cells and down flow in the non heated area according to
saturation temperature area propagation.

When the bubble covered all the flow cross-section, the inlet flow rate fell drastically.

The inlet flow velocity was pronouncedly oscillated as a shell-shaped blister grew and
collapsed and inlet flow rate variation (reversing) was observed.

Liquid film dry-out crisis the fuel element surface occurred after the flow rate reversing
outset.

Recurrent wetting terminated the film dry-out, but dry-out occurred again at a subsequent
flow rate reverse. This recurred a few times. Step-by-step the film region expanded
resulting in fuel element surface temperature elevation.

Last time experiments on liquid metal boiling continues in IPPE (Russia) for the

regime of natural convection.

3.1. Experimental contour and test section.

Fig. 2 presents a schematic diagram of experimental contour to study eutectic Na-K

alloy (22% Na; 78% K) boiling in the 7-pin bundle when coolant moves under the action of
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natural circulation. The contour represents two vertical channels of 3m length connected in
top and bottom parts. The left (dlownwards) channel is made of the pipe & 30x2 mm, and the
right (upwards) — of the pipe & 50x1,5 mm. In the bottom part of the upwards channel the test

section itself is positioned, which is the bundle of the 7 pin-simulators.
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Fig. 2. Schematic diagram of 7-pin test section.
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The bundle consists of 7 simulators and 12 pin-displacers, arranged in triangular
manner with relative pitch s/d=1.185 and being jacketed for stainless steel tube of 50x1.5 mm
in diameter and 3 m in length. The pin-simulators represent standard made pipes of stainless
steel X18H10 of 8x1 mm in diameter, inside of which the helical heaters of molybdenum wire
of 1 mm in diameter are inserted. Helix diameter is 4 mm, length is 420 mm. The clearance
between heater and pin cladding is filled with the powder of magnum oxide.

The fact that the model bundle is equipped by a lot of measurement channels,
containing various primary converters (gauges), transition apparatus (shielded or not shielded
wires, current feeds, cable joints and so on), normalising converters which serves to receive,
amplify, filtrate and compensate readings, measurement apparatus allows obtaining
voluminous experimental data on liquid metal boiling in the bundle.

3.2. Experimental results.

A series of experiments to study process of liquid metal boiling (eutectic alloy of
sodium and potassium) in fast reactor out-of-pile subassembly under conditions of natural
convection at various mass velocity due to variation in hydraulic resistance of the contour
have been carried out. Experimental technique is that the power supplied to the bundle
increases while coolant does not move, that is natural convective motion of coolant occurs. As
power increases, coolant temperature increases up to saturation temperature and onset of
boiling is observed (Fig. 3). Three modes of boiling have been observed:

— Nucleate mode, which initiates at the beginning of the process. Its feature is a stable values
of all parameters (coolant temperature, pin wall temperature, pressure drop over the bundle,
inlet and outlet coolant flows). Enhancement of power causes the nucleated mode to
transfer to slug one.

— Slug mode arises at heat flux from 125 to 170 kW/m®. Specific feature of this mode is its
pulsating character. Large-scale bubbles (slugs) are generated at 40 seconds and more
intervals, which at the instance of coming to the surface result in drastically increase of
inlet flow and significant pulsations in all measured parameters. Thus, pulsations of
parameters are of hydrodynamic nature and are defined by not only boiling in the bundle,
but processes in circulation contour as a whole. It is significant that pin wall temperature
does not exceed saturation temperature, that indicates the liquid film is placed at the pin
surface. As the bundle power increases, frequency of the slug generation increases and
temperature pulsation amplitude reduces. At heat flux from 210 to 230 kKW/m® the
transition to disperse-annular flow is observed.

— Disperse-annular flow incorporates a stable behaviour of parameter to be measured.
Evaporation of liquid and drop entertainment from the pin surface causes dryout heat
transfer crisis being attended with melting of pin cladding and onset of severe accident.

Disperse-annular mode is limiting boiling mode, which provides reasonable heat
removal.

Experiments have shown that in transition from nucleate to disperse-annular flow,
coolant flow through the contour increases by a factor of three. At heat flux above 250 kW/m?
coolant flow reduces and disperse-annular pattern transfers into disperse one (post dryout
mode).

Results of the experimental data processing as a relationship between mass velocity
and void fraction are presented in Fig. 4. Average values processed in co-ordinates mass
velocity—void fraction indicate areas of stable (nucleate) flow — A, unstable (slug) flow — B,
and stable (disperse-annular) flow — C. Approximate borders can be drawn between these
areas (Fig. 3). In order to refine inter-flow boundaries the further experiments are required.
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Fig. 3. Heat flux, wall temperature, coolant temperature in section IV, coolant flow rate in the
experiment with the spacer d=20 mm.

3.3. Pool boiling.

In boiling of mixture representing an ideal solution (as it has been shown above,
eutectic Na-K alloy is just such a solution) dependence of heat transfer coefficient o on
concentration of low boiling component ¢’ (in our case it is potassium, Tp,; = 1033 K) has
one extremum (minimum). In this event, heat transfer coefficient of mixture may be lesser
than its additive value:

aNaK<aK'C}<+aNa(1_C;<) (1)
where an, o - boiling heat transfer coefficients for pure Na and pure K at the same pressure.

Experimental data on potassium pool boiling and boiling in pipes [26] and on sodium-
potassium boiling in pin bundles presented in form of the heat transfer coefficient as follows:

a=A4-qg"-P" 2)
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Fig. 4. Experimental pattern map.

are in a good agreement (Fig. 5). Factors 4, m, n are of the same values as Na and in Na-K
alloy: 4 =4.5+75, m=0.7, n=01<0.15.
In criterion form the heat transfer coefficient is generalised by the following equation

[26], [27]:
Nu = 8.7-10* Pe"’Kp®’ _ 3)
where:
Nu= 9—, ,—G—; — Nusselt Number;
ANp -p
Pe= q?;D ; ,J — — Peclet Number;
o A\ p-p
Kp = ==t
og(p'~p"")

Fig. 6 presents data on liquid metal boiling heat transfer generalised in accordance
with (3). It is apparent that experimental data gained by the authors on Na-K alloy are
consistent with the relation, that indicates that there is possibility to convert NaK data to
sodium.

Thus, eutectic Na-K alloy and Na are similar substances and data on boiling of one
coolant can be transferred to other one.
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Fig. 5. Comparison of experimental data on liquid metal boiling heat transfer.

Potassium:

I — pool boiling

2 — tube D= 10 mm (heat exchanger)

3 —tube D= 6 mm (electrical heating)
4 —tube D= 10 mm (electrical heating)
5 — tube D= 22 mm (electrical heating)
6 — tube D=8.3 mm (electrical heating)
7 —tube D= 4 mm (electrical heating)

Eutectic alloy Na-K:
IPPE — 7-pin bundle D=35.2 mm (electrical heating)

3.4. Crisis of heat transfer in liquid metal.

The experimental data on critical heat flux [9], [28-30], received at round tube Na and
K boiling, as well those at pin bundle boiling were analysed in the following range of
parameters: mass flow rate 1.69 — 402 kg/m?s; pressure 0.01 — 3.0 bars; hydraulic diameter of
the channel 4.0 — 9.0 mm; length of a heated section 200 — 1000 mm. For this area of
parameters the value of critical heat flux (CHF) varied within 32.3 - 7370 kW/m®.
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As a result of generalisation of the available data the relationship is received:
0,95

L/D
where G — mass velocity, kg/s; » — specific heat of vaporisation, kJ/kg; L — length of heated
section, m; D — hydraulic diameter of the channel, m.

From a fig. 13 it is observed, that the relationship obtained describes rather well all the
data, without regard to the experimental operating conditions.

g, =0312- v, 4)

3.5. Some numerical analysis.

With the use of the code THB an experiments to be performed have been predicted,
with the contour geometry, inherent hydraulic resistance, value and distribution of the power
supplied to the bundle being input. Predicted distributions of pin wall temperature, coolant
temperature, coolant flow are close to those observed in experiments (Fig. 8). Code THB
allows a dynamics of the process of natural circulation boiling to be calculated.
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(for experiment with spacer d=20 mm).
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4. NUMERICAL MODELING

Numerous investigations in different countries (FRG, USA, Japan, Belgium,
Netherlands, USSR) were carried out for the case when a section of flow area in a fuel
assembly is plugged [31]. The onset of plugging is related to the availability of oxides in the
flow, coolant contamination, fuel element failure.

Plugging involves essential variation in velocity, pressure and temperature of coolant.
Even insignificant plugging is a potential source of local coolant boiling, fuel element failure
and accident propagation. The basic issue is elucidation of fuel element cool-down limits in
the post-blockage boiling area, the nature of two-phase flow development. However, in
addition to thermohydraulic factors This process is affected by the geometry of the total
assembly and circuit, which makes the insight into the experimental results considerably
difficult. The work by Votani, Haga [32] appears representative: 29% flow area blockade in
the center of a 37-rod assembly with a relative spacing pitch ~ 1.2, the thermal flow density at
an initial period of time was 127 W/sm. At the initial instant of time boiling was not observed.
In 16 seconds with the thermal flow density on the elements increased to 135 W/sm, a local
coolant boiling emerged directly outside the blockade. As power augmented by the instant of
time 70 s, its size enlarged and continued growing subsequently (fig. 9). However, the dry-out
area was restricted locally, the flow reduction was barely perceptible. Temperature and
pressure fluctuations were detected since the instant of boiling onset.

With a section of flow area plugged in the peripheral fuel assembly region, coolant
boiling was observed in the recirculation area center and when propagating it did not cover the
area in the direct vicinity of blockage surface for a long time. The superheating value required
for coolant boiling-up is as low as 30 C and it drops as the flow velocity in fuel assemblies
increases.

Three types of non-stationary conditions were identified from the initiation of boiling
to the crisis (dry-out) onset:

(1) - dry-out takes place in boiling variations,

T =0 ‘T =l6s. T=70s. T=28ls.
2 ( 135Wtfm® ) { 181wt/snf ) { 167Wt/ent )
150 { 127Wt/sm ) <50 /sm’ 150 / 180 fom
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800 / /
o0 160
100 / 1co 600
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50 >\7oc 50
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A
0 0
region blockage
of dry-out/
56 50 800
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£23456 123456 123456 123456
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Fig9 Evoluzion of boiling with fuel assembly power

augmentation accompanied by flow area section plugging in the

fuel assembly center.
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(2) - dry-out follows the transition from the oscillatory to steady-state conditions,

(3) - dry-out is encountered during steady-state boiling irrespective of fluctuational boiling
occurrence. For heat transfer mechanism explorations between the two-phase flow and
the fluid region the experiments were made on a water test rig with visualization of gas
injection flow directly to the post-blockage area [33]. A liquid film was observed, which
wraps around the rods (fig. 10).

region of abrupt

Ve temperature and
liquid film . i .
nain flow \J_ i condensat ion
ient
saturation ,’{ . / gradien
line [} | 9°
backflow -0
\ Cos
in a wake /°
vapor-water - \/{
blockage mixture ' \ ~A
LLLLLL LT L
L fuel rod <= - vapor, == - fluid
Fig.lo Illustration to heat mass transfer in coolant boiling

in the region onside the blockage of fuel assembly flow area
section.

The two-phase flow occurs solely in the region around a gas cavity. The fluid/gas
interface is not fixed, is subjected to occasional variations, particularly in the region "A".
Observation is made of the waves moving down flow in the liquid film. A detailed
consideration is also given to the mechanisms of film dry-out on the rods, entrainment of
drops and their precipitation in the two-phase flow, liquid film recovery due to boiling region
fluctuation. The results obtained show, that the local blockage does not result in rapid
propagation of failure in fuel element bundles.

In fission gas escape accidents an occurrence of any (or all within the fuel assembly) of
the two-phase flow forms ranging from the bubble to dispersion-annular conditions [34] is
feasible. With the gas released in the region out side the blockage with a flow velocity below
the lower critical value (~ 2 m/s). The gas readily escapes from the wake region. As the
velocity grows, a gas cavity is formed which is capable of filling the total recirculation region.
The flow velocity exceeding the upper critical value (~ 5 m/s), the gas cavity is subdivided to
small bubbles circulating in the wake region (fig. 11).

As the external flow velocity rises fuel assembly cool-down deteriorates. Post-
blockage superheating essentially rises as the evolving gas flow rate increases. With the
maximum attained, a certain reduction in superheating is observed (fig. 12).

Post-blockage gas release as a result of fuel element failure may be responsible for the
further failure of fuel elements in fuel assemblies. For the failure of elements adjacent to the
failed fuel element the perturbations should be prolonged for the fuel element to get heated up
to the damage threshold temperature. It depends on the fuel element time constants, local
thermal and hydraulic characteristics of coolant.
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CONCLUSION

Thus the following items should be noted:

(1) Nowadays the complete correct statement of a set of macrotransport equations have
been developed describing hydrodynamics and heat transfer in two-phase flows of reactor fuel
assemblies. The experimental results available can be a basis for design code development for
liquid-metal coolant boiling fuel assemblies.

Currently a set of codes for thermohydraulic analysis of two phase flows in fast reactor
subassembly have been developed with 3D macrotransfer governing equations taking into
account axial diffusion: TOPFRES, BACCHUS-3D/TP, COMMIX-2/KFK, SABENA with
phase separation, SABRE-3(3B), COBRA-4, COMMIX-1(1A), BACCHUS in the framework
of homogeneous model. Method ICE and its modifications are used for solving two phase
flow dinamics in the codes mentioned above.

These codes are used for analysis of boiling onset and liquid metals boiling in fuel
subassemblies during loss-of-coolant accidents, of warming up of reactor core, of blockage of
some part of flow cross section in fuel subassembly. The use of separated phase flows and
account of inter-channel exchange lead to significanty better coincidence of calculation results
with experimental data than in case of homogeneous flow model. This results are confirmed
for coolant flow rate through the subassembly, for void fraction distribution and finally for
critical heat flux.

(2) The information acquired as a result of experimental and calculated activities
demonstrates a physical pattern of temperature fields formation, onset and evolution of boiling
in fuel assemblies and dry-out under such circumstances as dramatic coolant flow rate drop in
fuel assemblies, augmentation of fuel element power rating in fuel assemblies, plugging in a
section of fuel assembly flow area.

The results obtained show the post-local blockage boiling not to result in fast
propagation of fuel rot bundle failure. Post-blockage gas release due to fuel element failure
can be the cause of the further fuel element failure in fuel assemblies. Investigation of
regularities in the effect of diverse factors of temperature fields formation (flow or power
variation rate, values of Reynolds and Peklet numbers, fractions of plugged flow are of fuel
assemblies requires additional systematic experimental and calculated studies.

(3) Comparing the results of calculation with experimental data under fuel assembly
coolant boiling indicates their difference in individual situations. Experimental and calculated
fundamental investigations of flow pattern and liquid-metal coolant fuel assemblies under
coolant boiling, derivation of complete relations, further development of numerical models
and non-stationary heat transfer problem solution techniques with coolant boiling in a three-
dimensional approach are a requirement.

(4) There are only limited experimental data available on liquid metal natural
circulation boiling at low heat fluxes. An influence of many factors is in essence not studied,
such as pressure, densities ratio, geometry, length of heated section, relation between
hydraulic resistances over parts of contour and others. Stability of liquid metal boiling in the
system of parallel bundles is not understood. Further investigations will allow obtaining a
required validation of stable heat removal in fast reactor core.
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DEVELOPMENT OF GRIF-SM — THE CODE FOR ANALYSIS OF BEYOND
DESIGN BASIS ACCIDENTS IN SODIUM COOLED REACTORS

I. CHVETSOV, I. KOUZNETSOV, A. VOLKOV
Stare Scientific Center of Russian Federation, I llmlllllIHI!IHNIIWIII(HIIHIII
Institute of Physics and Power Engineering, XA0055047
Obninsk, Kaluga Region, Russian Federation

Abstract.

GRIF-SM code was developed at the IPPE fast reactor department in 1992 for the analysis of
transients in sodium cooled fast reactors under severe accident conditions. This code provides
solution of transient hydrodynamics and heat transfer equations taking into account possibility of
coolant boiling, fuel and steel melting, reactor kinetics and reactivity feedback due to variations of
the core components temperature, density and dimensions. As a result of calculation, transient
distribution of the coolant velocity and density was determined as well as temperatures of the fuel
pins, reactor core and primary circuit as a whole.

Development of the code during further 6 years period was aimed at the modification of the
models describing thermal hydraulic characteristics of the reactor, and in particular in detailed
description of the sodium boiling process. The GRIF-SM code was carefully validated against FZK
experimental data on steady state sodium boiling in the electrically heated tube; transient sodium
boiling in the 7-pin bundle; transient sodium boiling in the 37-pin bundle under flow redaction
simulating ULOF accident. To show the code capabilities some results of code application for beyond
design basis accident analysis on BN-800- type reactor are presented.

1. INTRODUCTION.

In order to evaluate consequences of severe beyond design accidents resulting in the
sodium boiling in the core, several codes, such as SAS-4A, FRAX-5 and PHYSYRAC were
developed in the late 70-ies - early 80-ies. These codes were mainly applied for the analysis
of two beyond design accidents, namely ULOF and UTOP accidents. Inevitable core
disrupture in these accidents was assumed for these codes development, and the main task
was to analyze dynamics of the core heating, sodium boiling onset, fuel elements melting and
molten mass relocation processes in order to predict possible core damage. Indeed, for the
designs well-known at that time it was impossible to avoid fuel element melting in severe
beyond design accidents, in particular, in the ULOF accident, since considerable positive
component of the sodium void reactivity effect was caused by the core designs applied.

GRIF-SM code was developed in Russia approximately ten years later for the similar
application [1]. By this time certain changes occurred in the understanding of the reactor
safety problem. Self-protection concept was pushed into the foreground, according to which
reactor design should provide decay heat removal by the passive means and assure core
integrity even in severe accidents. Within the framework of this concept new BN-800 reactor
core design was proposed with the sodium plenum replacing upper radial blanket. Owing to
this measure it became possible to achieve near zero integral value of the sodium void
reactivity effect. Moreover, since the sodium boiling onset in case of accident would occur on
the upper core boundary, where the sodium void reactivity effect value is negative, this gave
grounds for the hope for appropriate heat removal from the core under sodium boiling
conditions avoiding fast fuel elements melting.

Taking into account the above considerations, during the development of GRIF SM
code attention was paid rather to the detailed description of the reactor thermal hydraulics on
the stage of sodium boiling in order to prove the possibility to prevent fuel elements melting,
than to the analysis of consequences of the core disrupture and molten fuel and steel
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relocation. This change of priorities was the main point determining initial structure of GRIF-

SM code and the trends of its further modification.

Therefore the key features of GRIF-SM code caused by the specified task are as
follows:

— trend towards maximum possible degree of detail in the modeling of space characteristics
of sodium boiling in the core in order to improve accuracy of sodium void reactivity effect
evaluation;

— modeling of space distribution of thermal hydraulics parameters not only in the core but
also in the reactor as a whole. This is required, first, in order to take into account core
channels coupling and, second, for more correct evaluation of the coolant flow rate in the
primary circuit in case of vapor release into the upper reactor plenum.

2. GRIF-SM CODE DISCRIPTION

Code consists of several modules. The block diagram of the program is shown on
fig.1. In a block “primary sodium thermal hydraulics” space distributions of the following
characteristics of sodium vapour flow are calculated: a velocity, pressure, enthalpy,

GRIF-SM code structure

Secondary Primary Primary
loop gas system pump
Primary
sodium
thermal
hydraulies
Interwrapper
sodium € »1 Structures
\ Effects of /
reactivity
Power
(neutronics)
Fig.l
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temperature, density and vapour quality for each step on a time. The system of equations of
coolant thermal hydraulics includes:

continuity equation
0 -
—+(Ved) -G

equation of motion

e

ou 1= Lo
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enthalpy equation
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equations of state
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where main required variables are: u-mass velocity; P-pressure; p-density; E-enthalpy and
coefficients: y,y,y- function of the slip ratio and sodium thermal hydraulic properties; e-
porosity; A-friction coefficient; A-thermal conductivity; v-viscosity.

The sodium boiling is described by slip-model of a two phase flow. The factors of
friction and slip ratio for two phase flow are defined on Loccart-Martinelly correlation. There
are taken into account in GRIF-SM code then main kinds of heat transfer in one and two
phase flow: forced liquid and vapour sodium flow; boiling of under heated sodium; bubble
boiling; film boiling; dryout (in case, when the size of a heat flux exceeds critical
significance) and film condensation.

Dynamics of distribution of temperature in pins, control rods, subassembly wrappers,
grids and other primary circuit elements, essentially influencing on a course of development
of accident, is calculated in a block a "Structure”.

The core is submitted by set of parallel channels. For each channel is calculated 2D
distribution of temperature in a fuel and cladding for one pin in the channel. After the
beginnings of fuel or clad melting the transient position of molten cavity is calculated in view
of latent heat of melting. Model of thermal destruction of fuel pin is realized.

Two-dimensional temperature distribution is also calculated for SA wrapper as the
distribution of temperature on thickness of a wrapper is important for the correct simulation
of sodium vapour condensation in the top part of core subassemblies where heat release is
small. Inter-wrapper sodium thermal hydraulics is simulated on base 1D model in a separate
module.

The intermediate heat exchanger model is a part of the “Secondary loop” module. It
includes equation of thermal conductivity for IXH tubes and 1D energy equation for the
secondary sodium. The temperature and flow rate of secondary sodium on the IXH entrance
versus time are specified.

The model of a primary gas system is intended for determination of changes in time of
pressure in the reactor gas cavity, which is necessary for a module “Primary sodium thermal
hydraulics” as a boundary condition. The primary gas system consists of several cavities,
connected with one another, which can be partially filled in liquid and vapour sodium and
inert gas. At severe accident sodium vapour can get in a gas system. The opportunity of its
condensation at contact to “cold” designs is also considered.
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The reactor power time dependence is calculated within the frame of “point kinetics”
model with 6 groups of delayed neutrons.

During the reactivity calculations the following thermal effects are taken into account:
sodium density reduction due to thermal expansion and boiling; axial and radial expansion of
a core as a whole; fuel and clad material density changing; expansion of control rods and its
drives; Doppler effect.

3. TESTING OF GRIF-SM CODE USING EXPERIMENTAL DATA

Results of testing of the code on KfK experimental data on sodium boiling in pipes, 7-
pin and 37- pin bundles will be below also indicated.

3.1. Steady state sodium boiling in electrically heated pipe.

In this case in each of experiments the position of boiling point on height and pressure
drop in the tubular test section were measured for different sodium velocity values varied in
the range 0.5-5 m/s. The test tube had inner diameter 0.0066 m and with direct electrical
heating, thermal power up to 300 W/cm?® was available. As it follows from Fig.3 and Fig4, in
the total investigated range of coolant velocities on both parameters good agreement with
experiment is observed.
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3.2. Dynamics of sodium boiling in 7-rod bundle.

The testing section was 7-pin assembly, put in a hexagonal wrapper (Fig. 5). Heated
part of the bundle had a length of 0.6 m. Heaters power is constant and equal to 114 kW.
During experiment the sodium flow rate was linearly reduced from 100 % to 30 % for 10
seconds and then remained constant (Fig. 6). Sodium temperature and volumetric vapour
quality in various cross-sections on height were measured. In accordance with flow rate
reduction sodium temperature at the outlet a heated part of the bundle increases (Fig.7). The
boiling in experiment begins in 9 seconds after beginning of transient in the unheated part of
bundle. In accordance with GRIF-SM calculations the boiling begins in the same point, but
with small delay near 0.15s. The process of moving of the lower boundary of vapour bubble
is equally well calculated by both codes, as to the upper boundary, as it is visible from Fig.8.
GRIF-SM gives a little overestimated velocity of its movement in comparison Wwith
experiment, while COMMIX-2 underestimates it.

3.3. Modelling of ULOF accident on 37-rod assembly.
Main geometrical characteristics of test assembly were close to those of the SNR-300

reactor core subassembly (Fig.9). The pin simulators of 0.006 m diameter were located in
hexagonal wrapper with a pitch of 0.0079 m. The real distribution of power rating over height
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was taken into account. Maximum linear power of one element was 320 W/cm. The
experiment consisted of decrease of the coolant flow rate through assembly according to the
law, close to hyperbolic. The power remained constant up to the moment, when there was
threat of thermal destruction of simulators. During experiment, pressure and sodium flow rate
in various elements of a rig (Fig.10), as well as temperature and vapour quality in various
points of assembly were measured. The obtained data permit to look after the movement of
fronts of boiling either at the height of assembly, or at its cross section.

Experimental results were calculated using 2D version of the GRIF-SM code. The
whole assembly was simulated in calculations, including inlet device, rod bundle and outlet
flow mixer. The results of comparison of GRIF-SM calculations with experimental data are
given in Fig.11-13.

There is a good agreement between calculated inlet flow rate and experimental results
(Fig.11), but the flow reverse occurs approximately tenth of second later in calculations.
Another difference is that GRIF-SM calculation gives the oscillations of flow rate after the
boiling onset. As it follows from Fig.12 and Figl3, GRIF-SM simulates in appropriate way
the vapour generation and boiling fronts spreading till the moment of power termination. The
behaviour after power termination is similar to that of the peripheral channels but cooling of
sodium vapour in the top part of central channels seems to be underestimated in the
calculations.

3.4. ULOF accident simulation on BN-800 type reactor.

It ought to consider as a verification activity the participation of GRIF-SM code in
comparative calculations of ULOF-accident on BN-800-type reactor in which also the codes
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SAS-4 A (Germany, FZK), FRAX-5 (Great Britain, AEA) and PHYSIRAC (France, CEA)
participated. Comparison has shown, that all of them have given rather similar results.

4. TRENDS OF THE CODE MODIFICATION

Sodium worth in fast reactors strongly depends on space coordinates, and zone of -
positive sodium void reactivity effect values is kept in the central part of the core. Therefore it
is rather important to provide as high as possible accuracy in description of sodium density
distribution over the core radius. For this purpose, the number of channels consisting the core
has been increased to 30. This makes significant improvement of the calculation accuracy.

The experiments have shown, that in fast reactors considerable heterogeneity of the
SA radial temperature profile can occur. Usually, owing to the heat transfer to the sodium
flowing outside SA, the coolant temperature in the peripheral channels of the SA is lower
than that in the central channels. As a result of this, sodium boiling would not start at once
over the whole SA cross section area, but first in the SA centre with its further gradual
propagation to the periphery. In order to simulate both general (over the reactor core) and
local (over SA) distribution of thermal hydraulic parameters a new version of GRIF-SM code
was developed which was called BOS (Boiling Subassembly) [2].

In the typical fast reactor ~ 10% of the core flow cross section relates to the inter-
wrapper sodium. Its temperature and hence its density during the transient may be
significantly different from those of sodium flowing inside fuel subassemblies.

In order to make proper evaluation of distribution of the inter-wrapper sodium
temperatures the following points should be taken into account:

(1) possibility of lateral flow of inter-wrapper sodium in addition to the axial flow;
(2) possibility of its boiling onset in sufficiently long duration processes.

This was made for the modified version of the code, i.e. when the inter-wrapper
sodium thermal hydraulics is described within the framework of two-dimensional two-phase
model.

TABLE I. DEVELOPMENT HISTORY OF GRIF-SM CODE

Module Initial version Updated versions
1. Primary sodium thermal 4 channel presentation of 30 channel presentation of the
hydraulics. the core. core.

2D-simulation of velocity and
temperature distribution inside

subassembly (BOS code).

2. Inter-wrapper sodium 1D and 1 phase thermal 2D and 2 phase thermal
hydraulic model. hydraulic model.

3. Structures. The set of 1D-3D models Multicomponent model of pin
for temperature melting and molten steel
calculations in fuel pins, relocation (CANDLE module).
SA wrappers.

Simplified ‘thermal’
model of pin melting.
4. Neutronics. “Point kinetics” with 6 3D space time kinetics (GVA-

group of delayed neutrons. code-{GRIF-SM+VOLNA}).
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If the assumptions concerning accident scenario are too conservative, conditions for
the sodium burn-out appear resulting in the fuel element melting which occurs very soon. In
order to make analysis of such accidents within the framework of the modified code version,
CANDLE code module has been developed [3], which is capable of evaluating molten steel
relocation within the core.

The main characteristics of the model used as a basis for CANDLE module are as

follows:
(1) S-component simulation of pin clad melting:

— intact clad,

— liquid steel film,

— frozen steel,

— crust,

— internal liquid film.
(2) 1-D thermal hydraulics models for every component.
(3) Components a), c), e), are fixed, components b) and d) are moving together.
(4) Molten fuel is fixed.
(5) Intact fuel stubs are fixed.

Relative location of the model components is shown in Fig.2.

Another trend of the code modification concerns development of algorithms of joint
solution of thermal hydraulics and space neutronic kinetics equations. Within the framework
of point kinetics, components of the core reactivity are usually represented as algebraic
functions (which are often linear) of material concentration values, coefficients in these
relationships being considered constant during accident. Actually, if significant disturbance of
the initial configuration takes place, i.e. vapor bubbles are formed and steel and fuel melt is
relocated within the core, then material worth become strongly dependent on changing
configuration. This effect is necessary to take into account when determining either amplitude
or form factors of the power density values. Code package called GVA implements joint
space and time analysis of neutronic and thermal hydraulic reactor characteristics. This
package is actually a combination of two codes, namely GRIF-SM and VOLNA, the latter
being neutronic code capable of solving equations of space and time neutron transfer using
quasi-stationary method [4].

5. APPLICATIONS

Below results of analysis of some beyond design accidents are given with reference to
the BN-800 reactor having near zero value of integral sodium void reactivity effect. There are
three radial enrichment zones in the reactor core, and the upper axial blanket is replaced by
the sodium plenum.

Calculation area simulating the reactor is shown in Fig.14. The core is represented by
10 parallel annular channels, each of them being divided into three subchannels having
different fuel burnup values.

5.1. ULOF accident.

After the main pumps are shut down, sodium flow in the primary and secondary
circuits decreases according to the near hyperbolic law. Core sodium and fuel element
cladding temperatures increase, whereas the fuel temperature decreases because of the reactor
power reduction. As a result of this, negative contribution is given to the reactivity value by
the sodium density effect, radial core expansion and control rod drive bars thermal expansion
(Fig. 15). Doppler effect and axial core expansion give positive components of the reactivity.
The total temperature reactivity effect remains negative, and the reactor power is decreased.
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However, on the 38th second sodium boiling starts in the 5/1-st channel of the medium
enrichment zone.

Calculational region simulating BN-800 type reactor geometry

k
29 |25 25 25 25 25 25 25 25 25 25 25 25 28 [E 25
28 |25 25 25 25 25 25 25 25 25 25 25 25 28 28 37
27 |25 25 25 25 (51 51 51 51 51 51 51 51 28 28 37
26 (25 25 25 25 {51 51 51 51 51 51 51 51 28 28 30
25 25 25 25 25 51 51 51 51 51 51 51 51 27 27 30
24 |51 51 51 51 51 51 51 51 51 51 51 51 27 27 30
23 |51 51 51 51 51 51 51 51 51 51 51 51 27 27 30
22 |33 34 35 36 24 24 24 J24 24 24 24 24 27 27 30
21 |45 46 47 48 49 49 49 [49 49 49 (152 69 |27 27 30
20 140 41 42 43 {44 44 44 a4 44 44 |52 68 27 27 30
19 |40 41 42 43 {144 44 44 44 44 44 [52 68 27 27 30
18 |40 41 42 43 44 44 44 (44 44 44 52 68 27 27 30
17 |18 19 20 21 f22 22 22 {22 22 22 52 32 27 27 30
16 |13 14 15 16 17 17 17 (23 23 23 52 39 27 27 30
15 |13 14 15 16 17 17 17 |23 23 23 |52 39 27 27 30
14 {13 14 15 16 {17 17 17 |[23 23 23 152 39 27 27 30
13 13 14 15 16 17 17 17 23 23 23 52 39 27 27 30
12 |13 14 15 16 17 17 17 23 23 23 [|I52 39 27 27 30
11 113 14 15 16 17 17 17 |23 23 23 |52 39 217 27 30
10 |13 14 15 16 (17 17 17 §23 23 23 |52 39 27 27 30
S |13 14 15 16 |17 17 17 23 23 23 52 39 27 27 30
8 (13 14 15 16 17 17 17 123 23 23 52 39 27 27 30
7 13 14 15 16 17 17 17 323 23 23 52 39 27 27 30
6 113 14 15 16 {117 17 17 |23 23 23 52 39 27 27 30
5 13 14 15 16 17 17 17 {23 23 23 52 39 27 27 30
4 153 54 55 56 |I57 57 57 |57 57 57 52 57 27 27 30
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1 1 1 1 1 1 26 26 129
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1 -lower inlet header;
2,3,4,5,6,7,8,9,10,11,12,31 -subassembly
inlets

13,14,15,16 -low enrichment zone;

17 -middle enrichment zone;

23 -high enrichment zone;
18,19,20,21,22,32 -pin tail zone;
24,33,34,35,36 -subassembly heads and
outlet windows;

45,46,47,48,49 -upper axial shield;
40,41,42,43,44 -sodium layer;
53,54,55,56,57 -bottom axial blanket;

63,64,65,66,67 -pin gas volumes;

52 -radial blanket;

39,68,69 -inner rsdial shield and storage;
51 -upper outlet plenum;

26 -entrance reg.on

29 -pump and downcomer;

27 -intermediate radial shield;

28 -rod shield;

30, 37 -intermediate heat exchanger;

25 -upper column and other impermeable
elements; ’

Thick solid lines - imperméable boundaries

Double think solid lines - the boundaries between zones with different enrichment

i-radial number of unit
k-axial number of unit
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The sodium-vapour mixture is spreading into the sodium volume and the upper axial
blanket causing negative effects of reactivity, power decrease and cessation of boiling. In the
process an increase of power and sodium boiling take place again. And again sodium vapour
movement into the sodium volume and the upper axial blanket results in the negative effects
of reactivity, power decrease and cessation of boiling (Fig. 18). In the reactor, self-sustained
oscillations of power set up with periodic coolant boiling. Reactor power in this case is
oscillating and gradually decreases (Fig. 16).
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There are oscillations of the outlet sodium temperature, which does not exceed
saturation temperature. Slight oscillations of maximum fuel temperature also occur (Fig. 17),
this temperature approaching sodium boiling point. Thus, neither fuel nor cladding melting
takes place.

5.2. ULOF accident analysis taking into account parameters distribution over the
subassembly cross section.

ULOF accident version with the deliberately increased severity has been considered
with reference to the BN-800 reactor. In this analysis, two negative components of
temperature reactivity effect were neglected, namely core radial expansion and control rod
drive bar expansion components. The calculation was made using GRIF-SM code initial
version and BOS code version.

The difference between these methods is more significant after the boiling start
(Fig.19). Owing to the non-uniformity of SA temperature profile boiling starts earlier,
namely: 13.18 s (BOS) and 17.66 s (GRIF-SM). As it was observed before, sodium boiling is
initiated at the core outlet in the SA central area of the “hottest” channel 5/1. Then the boiling
starts successively in 1/1, 2/1, 3/1, 4/1, 7/1 and 5/2 channels. Along with the increase of the
number of boiling channels vapour bubble growth in the SA is observed. Fig.20 shows spatial
distribution of mass velocity for all channels where the boiling has started by this time. It is
obvious that on this stage the boiling occurs only in the upper part of the most subassemblies
(where the sodium void reactivity effect is negative), However the height of the boiling area
in 5/1 channel is 42% of the core height, and hence the boiling front has penetrated into the
area of positive sodium void reactivity effect.

100 4\ P, U -

000 20.00 40.00 60.00 80.00 100.00

Fig.16. Relative reactor power.
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It would be interesting to compare the results on reactor power for the boiling stage
obtained using GRIF-SM code (i.e. taking into account parameters distribution within the
subassembly) and BOS code. In the GRIF-SM evaluations, the following scenario was
realized: sodium boiling was initiated on the upper boundary of the core, and therefore
additional negative reactivity was first inserted causing power decrease. However, according
to the essence of one-dimensional model of SA sodium boiling, taken for GRIF-SM code,

onset of boiling means blockage of the total SA cross section area by the sodium vapour
bubble. SA pressure drop decreases too fast, and sodium flow decreases causing in its turn

increase of the vapour generation rate. Intensive expansion of the vapour bubble results in the
vapour penetration into the area of positive sodium void reactivity effect and power increase.

Entirely different picture is obtained when using BOS code. Vapour bubble is formed
first in the central part of SA cross section, where it is passed over by the single-phase coolant
flow (Fig.20). As a result, SA pressure drop increases more slow, the boiling process is more
stable, and the rate of the reactor power decrease is lower.

Thus, the conclusion can be made on that from the standpoint of boiling stability one-
dimensional boiling model gives deliberately conservative results.

However, in spite of more favorable course of the accident dry-out conditions are
achieved in 5/1 channel by 20™ second, followed by fast increase of cladding temperature.

5.3. Accident with closing of three check valves of the primary pump.

It has been assumed that in the initial state the reactor is operated at the rated power.
By the beyond design basis accident scenario, closing of thee check valves takes place despite
inhibitory interlocking in their control schemes preventing closing of more than one check
valve. When reactor operates on three heat removal loops all the check valves are in the open
state. In case of a valve stem break the valve is kept in the open state by the flow. Closing of
the check valve is made only automatically by the “loop disconnection” signal under plant
operation conditions on three loops. According to calculation, the probability of closing of
three check valves of the primary pumps during time interval between the two nearest
planned maintenance (3000 hours) is 2.3%107. The main contribution to this probability is
made by a general-cause failure of control system elements. After closing of check valves and
a decrease of sodium flow rate through the reactor the safety system operates. The reactor is
brought to a subcritical state. However, sodium circulation though the primary pipe line —
“the core - the upper mixing plenum - intermediate heat exchangers - primary pump - check
valves -feeding header - core diagrid” - fully ceases.

In the reactor, complicated circulation sodium currents arise including the core, the
mixing plenum and the upper part of intermediate heat exchangers. In some fuel
subassemblies of the core downward motion of sodium takes place, in other ones-upward
motion. In the process the upward and downward motion zones in the core are moving,
sodium motion in subassemblies changing its direction. Sodium in the core boils up, boiling
zones periodically displacing in accordance with the movement of downward and upward
motion zones. The temperature of sodium reaches the saturation temperature from time to
time (Fig.21). Due to decrease of decay heat release sodium boiling fully ceases in 400
second from the beginning of the accident.

In the course of this accident analysis, advantages of the approach taken as the basis
for GRIF-SM code were demonstrated, i.e. that all the main components of the reactor, such
as core, inlet and outlet plenums and intermediate heat exchanger are simulated within the
framework of one calculation area. In this case the core decay heat is removed by the internal
flow circuit formed to incorporate all the above mentioned components.
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5.4. UTOP + ULOF combined accident.

Incredible version of the UTOP accident with the primary pump speed decrease was
considered. The accident starts with the unauthorized withdrawal from the core of one control
rod followed by the withdrawal of 6 shim rods, all this being caused by several postulated
failures. The analysis of the accident has been made using modified version of GRIF-SM
code together with CANDLE module.

Sequential withdrawal of control rod and shim rods results in the power increase (Fig.
22). Decrease of the primary pump speed begins 4 seconds after the accident start. Sodium
boiling onset on 11th second leads to the abrupt insert of negative reactivity (Fig. 23),
however power level although decreased still remains sufficiently high, so 5 more seconds
later melting of the fuel element cladding and molten steel relocation start. Melting takes
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Fig23. Reactivity versus time.
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place under conditions when considerable sodium flow in the core is still maintained. This
results in that sodium vapor flowing at high speed entrains the molten steel, which moves
upwards as liquid film along the fuel elements, its solidification causing gradual plugging of
the flow cross section area (Fig. 24). Steel relocation from the core central area to its upper
boundary causes positive reactivity insertion and reactor power increase, thus resulting in the
fuel melting.

BN- 800 REACTOR
ULOF+UTOP ACCIDENT.

Hin plugs zone

. | Fissile zone

Fig. 24 Positions of “melted zones” and “removed steel zones
in the core. Time=21s.

6. CONCLUDING REMARKS.

During the last eight years the program GRIF-SM is heavily used for the
substantiation of nuclear safety of Russian fast reactors. For reactor BN-800 following
accidents were studied: uncontrolled compensating rods removal; unprotected loss of flow;
uncontrolled closing of primary reverse valves. Code was validated against experimental data
on sodium boiling in electrically heated tubes and bundles. So it was shown, that GRIF-SM
code is a universal computing tool capable to simulate emergency processes in fast reactor at
the various initial conditions, when the sodium boiling is possible.
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Abstract

Through our experiences in transient calculations using a general purpose transient systern analysis code, the thermal
hydraulic and nuclear responses of a typical metal fueled fast reactor core against UTOP and ULOF are found to be
approximated by quasi-steady state representation. With these observations transient fuel and coolant temperature
distributions in the core are given by simple algebraic expressions. The influences of temperature dependence of material
properties are discussed. With these temperature predictions under typical ATWS conditions, effective reactivity changes due
to sodium coolant and fuel temperature changes are found to have a unique linear relationship under the extreme conditions
of sodium boiling as well as fuel failures. On the basis of these limiting relations, passive shutdown or power stabilization
capabilities of metal fueled large fast reactors in case of accidents are discussed.

1. INTRODUCTION

Future fast reactors would be required to have inherent and passive safety characteristics against
anticipated transients without scram (ATWS) and to render no fear against core disruptive accidents, even if they
are extremely unlikely with the present knowledge. For instance, in case of unprotected transient overpower
(TOP) and wunprotected loss of flow (ULOF) accidents, the reactor power during the transients should stay well
below the levels corresponding to the temperatures in the core at which sodium boiling and fuel failures are
assumed to take place. We call this specific safety characteristics as “self-controllability.” [1] These enhanced
passive safety features could be achieved, in principle, by carefully selecting such design parameters as the core
volume fractions of fuel (Pu), sodium coolant and steel structure and the materials arrangement, and also by
specifying proper core geometry, linear heat rate and pump coast-down half time. The objective of the study is,
focusing on a metal fueled fast reactor core cooled by sodium, to clarify and sort out the reactivity feedback
mechanisms that are of complex nature due to thermal hydraulics and nuclear kinetics coupling.

In this paper a simple analytical model is described for the transient core temperature distributions and
passive safety evaluation during UTOP and ULOF of metal fueled fast reactors. Comparisons are made between
results from the simple analytical model with transient calculations using a transient system analysis code ARGO
[2], which is well qualified for fast reactor safety analysis. An outline of the ARGO code is given in the
Appendix. Major heat transfer models in the code are listed in Table 1. Based on the simple analytical model
to predict temperatures under typical ATWS conditions, effective reactivities due to sodium coolant and fuel
temperature changes are defined. Then we derive unique linear relationships between the reactivities under the
extreme conditions of sodium boiling as well as fuel failures. Using the relationships, passive shutdown or power
stabilization capabilities of metal fueled fast reactors with are discussed.

TABLE 1. MAJOR HEAT TRANSFER MODELS USED IN THE ARGO CODE

Heat transfer coefficients - Nu=70+0025[(sy / &) Pel’®
Heat conduction coefficients [W/em/'C]  Cladding 0.132+1.3x10*T

Fuel pellet 9.33x102 +1.54x10"* T+ 7.50x10® T2 (without porosity)
Gap conductance [W/em?*/ C) - 100 (with sodium bond)

2. STEADY-STATE TEMPERATURE DISTRIBUTIONS

We consider the one-dimensional forced convection flow heat removal first. The simple energy balance
equation yields the following:

1
ATe(2) =Te @) ~Tem = 4[4 €)% M

" Present address: FBR Engineering Co., Ltd., Sea Fort Square Center Bldg 13F, 2-3-12 Higashishinagawa, Shinagawa-Ku,
Tokyo 140 Japan
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where T is the coolant temperature, T, is the inlet coolant temperature, F is the mass flow (Kg/s), and q’*"(z) is
the power density. It is easily found that, at any axial location z, temperature rises at the coolant-cladding
interface, across the cladding, across the cladding-pellet gap and across the fuel pellet to the centerline are in
proportion to the power density at the location q’*’(z), if the material properties are assumed constant. For
instance, in the fuel pellet,

7" (DR —r?) = 4r f 70 L TydT @
Tro(2)

where r and R are the radial position in the pellet and the pellet outer radius, respectively. 7y and Ty, are the fuel
pellet and pellet outer surface temperatures. If the heat conductivity k(7) is assumed to be constant,

Te(r,2)-Tpy(2) x q'"'(2). 3)

The pellet-cladding gap is filled with sodium. We assume, thercfore, T, is equal to the cladding wnner
temperature. We denote the averages of radial temperature distribution in the cladding, gap and fuel pellet as
Te1(2) and Tr(z). Then the average fuel pellet temperature 7x(z) can be expressed as

Tp(z) = ATp (2)+ AT (2) + AT (2) + T 4

with the definition of
ATp(z) =Te(z) - T(2) xq"7'(2) (5a)
Aq@)=Ta@) -T2 «q' (3. (5b)

Equations (5a) and (5b) imply that the temperature rises are in proportion to q’”’(z). It is noted that, where the
point kinetics model is used for reactor kinetics, implying that the neutron flux shape remains constant, the
power shape q’"’(2) is invariant at any time.

3. TRANSIENT TEMPERATURE DISTRIBUTIONS
3.1. Major assumptions
We decompose the fuel average temperature into the following at the location r in the core and at time t:
Te(r,t) = ATw(r,t) + AT (1,8} +ATc(r )+ T, (6)

where AT, (r,t) is the coolant temperature rise from the core inlet as given by Eq. (1). In the same way, the
cladding and coolant bulk temperatures can be defined as:

Tamy = AT (rt) +AT(r)+Tc,, @)

Te(ry) = ATe(r,)+Tc,, ®

Under the conditions that the transients are slow and mild against UTOP and ULOF, the system response
can be described by quasi-steady sate calculation. This is the case for the metallic fueled fast reactor cores that
consist of high conductivity materials and are designed to have strong negative feed back features.

In the context that follows, therefore, we could assume that the shapes of transient temperature
distributions in the axial direction are close enough to those of steady state approximation. This assumption will
be justified in comparison of transient calculations by the ARGO code and those by simple analytical
calculations. Further, since the neutron flux, hence q’’’(zt), does not change its shape very much during the

transients, Eqs. (5) and (1) suggest that both AT%(z,¢) and AT, (z,t) would retain the constant shape q’*’(z,0) and
AT(z,1) the shape of j:q"'({f,O)df .

3.2. Case of constant material properties
The simplest case is for the constant material properties. This implies that ATxr,2), AT (1, t) and ATy(r, )

could be factorized by “shape functions,” that are given by 47%(r,0), AT (r,0) and AT, (,0), and “amplitude
functions” of g (), ge (1) and gc (¥): ie.,

ATx(r, Y = gp(t) x ATx(r,0) ®
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ATy (r, ) =ger () x ATy (1,0) 10)
AT (r, ) = geft) x AT(r,0) an

3.3. Case of temperature dependent material properties: Code Predictions
If we take into account the temperature dependency of material properties, g’s m Eqs (9)-(11) are
dependent on the location r 1n the core In order to 1illustrate the transient temperature behaviors, a metal fueled

FBR core 1s studied as an example A major specification of the reactor plant 1s shown 1n Table It

TABLEID MAJOR RECTOR CORE AND PLANT SPECIFICATIONS

Thermal power MWth 2600
Average linear heat rate W/cm 270
Total mass flow Kg/sec 13200
Average core mlet/outlet temperature °C 355/510
Height of active core H cm 100
Height of axial blanket region(lower/upper) cm 35/35
Diameter of active core cm 390
# of dniver core fuel subassemblies - 354
# of radial blanket subassemblies - 150
# of fuel pms/dniver core subassembly - 271
Total length of fuel pin cm 170
Fuel pin diameter mm 75
fuel pitch mm 884
claddmg thuckness mm 042
cladding matenal HF9 (Fernte)
Wrapping wire dhameter mm 13
Wrapping wire pitch cm 20
Pump coast-down half time 1,,, sec 100

For this core we have performed system transient calculations under Unprotected Loss of Flow (ULOF) and
Unprotected Transtent Over-power (UTOP) conditions using a system transtent analysis code ARGO

Computational results from the ARGO code are shown 1t Figs 1-9 Figure 1 displays the steady-state
axial distributions of coolant, cladding and fuel pellet average temperatures along the hottest fuel subassembly
Figures 2-5 are the results for the UTOP and Figs 6-9 for the ULOF

3 31 UTOP results

Starting from the steady state at t=0 s, UTOP calculation was performed with the external reactivity
msertion rate of 5 ¢/s for 10 s We are mterested in the peak coolant and fuel temperatures Let us denote t,,, as
the tming when the peak coolant or fuel temperature 1s attained Figure 2 shows the power hustory, Figure 3 the
temperature distributions at t, (= 150 s), Figure 4 the temperature nse from cladding to fuel ATy at t=0 and
=0, Figure 5 the ratios of ATHZ 1./ ATHZ,0), AT (Z Y AT2(2,0), and ATzt )/ATA(2,0) As shown i
Fig 3, the ratios for cladding and coolant are almost constant and Eqs (10) and (11) are a good approximation to
the transtent distribution However it 1s not so for the fuel with g in Eq (9) vartes from 1 6 to 1 9 From these
figures the mfluence of temperature dependency of the fuel conductivity should not be neglected while that of
cladding and coolant 1s not of great sigmficance over the range of mterest

3 3 2 ULOF results

A ULOF transient 1s triggered by a pump trip with the coast-down half time 10 s Figure 6 displays the
course of power and flow transients with power to flow ratio (P/F) indicating t,. 1s about 80 s It 1s noted that
the power decrease due to negative feedback 1s slower than flow reduction and as a result temperatures mcrease
up to 80 s and stay constant afterwards in this event Figure 7 shows the temperature distributions at t.,,, , Figure
8 the temperature nse from cladding to fuel A7, at t=0 and t=t.,, and Figure 9 shows agamn the ratios of
ATHZ 1 I ATHZ,0), AT (Z e/ AT (2,0), and ATz, )/ AT(z,0) In contrast to the UTOP case, these ratios
are nearly constant and Eqs (9)-(11) are a satisfactory approximation to the transtent distnibutions in the ULOF
case This 1s due to the fact that the power 1s already low enough at t,,, and the temperature dependency of the
fuel conductivity does not prevail
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4. SIMPLE ANALYTICAL METHOD

In this section we try to derive simple analytical method to describe the transient temperature distributions
in the metallic fueled fast reactor core under the condition that the power and flow histories q’”’(z,t) or P(t) and
F(t) are known in advance.

4.1. Coolant temperature profile

For the axial temperature distribution of the coolant in a fuel subassembly in the core, the energy balance
with the quasi-steady state assumption and constant heat capacity of the coolant leads to:

_ P@/F() _PW)IF()
TC(Z,t)" P(O)/F(O) TC (Z>O)+(l )TC,m

(12a)
P(0)/ F0)
P/ F(@)
or AT (2,8 = —————AT- (2,0 12b
¢ (2,1) P(0)/F(0) c(2,0) (12b)
where P@) = f q""'(F,Dd7 , ¥ E fuel subassembly
is the total power and F(t) is the total mass flow in the fuel subassembly. From Eq. (12b), we have
P/ F()
f) = ———— 13
c® P0)/F0) (13)

4.2. Fuel temperature distribution

For the fuel temperature distribution in the pellet, we approximate the heat conductivity kx(T) in the form
of aT+b. Note that this is an approximation to the pellet before irradiation and nor pores are present. Figure 10

compares the linear approximation with the actual k(T) model used in the ARGO code. Then the integral
equation (2) is solved and yields the fuel pellet temperature distribution:

2 (XX 2 _ 2
TF(r,z,t)=—%+\/{Tpo(z,t)+%} +4 (z’t)z(f r) (142)

where the pellet outer surface temperature Tp,(z ) is given by Tez.H)+AT(2,1). 1t is noted here that Tr(rz,1)
signifies the radial temperature distribution in a pellet at the axial location z and at time t, while Tx(z,#) in Eq. (4)
or Eq. (5a) denotes the radially averaged fuel temperature at z. The average fuel pellet temperature Ty(z,¢) would
be close enough to that given by Eq. (14a) with » =R 12

2 1 2
TF(z,t)=-%+\[{TFo(z,t)+—Z—} +§—%R—. (14b)
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AT (z,2) is given by
2

R,
AT, B =q""(2,t Inj —1|. 14¢
(20 =405~ (R) (140)

In Equation (14¢), R is the cladding inner diameter, which is approximated by pellet outer diarnéter, and R, is the
cladding outer diameter; &, is the heat conductivity of the cladding (assumed to be constant). From Eq. (6),

ATp(z,0) =T (2,8)-Tgq (2,1)
&= TF (Z, t) bl ATCL (Z, t) _TC (Z, t)

or with a help of Egs. (14b), (14¢) and (12a), we have:

2

(1T 2
ATp(z,) = [—%+\/{Tpo(z,t)+%} +f1_(iza9R_

(15)
2

_[q...w) R m(&) _{P(r)/F(t)

%o \R P(0)/ F(0)

Based on the Eq. (15), we derive the amplitude function similar to gx(t) to be re-defined in terms of power P(t)
and flow F(t) in the next Section 5.

AT (2,0) + T s ] .

For a special case of the constant fuel heat conductivity, Eq. (5) readily gives the following:

P
gr (=g () = 7,(% : (16)

Figure 11 shows a comparison of AT«(z,t,) predicted by the ARGO code in the UTOP calculation and by Eq.
(9) with g defined by Eq. (16). The discrepancy is attributed to the neglect of temperature dependency of the
fuel conductivity. Using Eq. (15), this discrepancy is reduced as will be shown in 5.3.

5. REACTIVITY AND TEMPERATURE DISTRIBUTIONS
5.1. Total reactivity and reactivity coefficients
The total reactivity p,,(2) added up to time t since the onset of any transient at t=0 will be expressed as:

P = fdr[KDop () + K ey OF T (1,0 - T (r.0)] + K ctag ) [T (5,0 T (2.0

(17)
+ [dr{K o 0+ K g0 (O} e (130T 0]+ i )
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where Kpp, Keexp Kena, Kne and Kga o, are the reactivity coefficients due to the fuel Doppler effect, fuel axial
expansion, cladding axial expansion, coolant density change and subassembly radial expansion, respectively; O,
is the external reactivity inserted:

P () =J:/Jm (r)dz . (18)
Equation (17) can be re-written as:

Pior () = [drK ®[ATE (r,t)- AT, (r,0)]+ [dK e M[AT, (v, 0)- AT, r.0)]

+ fdrKc (AT, (01 - AT (0,0))+ e ()
and simplified as:

Pior (1) = (K 5 O[ATr (0,0~ AT O]+ [drK e (O[ATC (1,0)- ATe 1O+ P (1)

19
where the following new definition of reactivity coefficients have been introduced.
KF (r) = KDop (r)+KF,cxp (r)
Ko ()= KDOP ¢9] +KF,exp I+ K e (1) (20}
Ko (0) = Kpop () + Kp exp (0) + Kgoq (1) + Kiyp (1) + K gy e, ()

In Eq. (19) a contribution of cladding temperature rise is neglected in comparison with the others.

5.2. Effective reactivities and a linear relationship

Here we further define the effective reactivity pzs. and o4 due to fuel and coolant temperature
increments,

Pef, fuel EfdrKF (r)ATF (l‘,O)

(21a)
Peff cool = f ar KC (r)ATC (r50) (21b)
and the amplitude functions G and G¢:
J' drK & (OAT R (x, 1)
Gr(t) = (22a)
f drK 5 (r)ATE (r,0)
drK - (AT (r, 1)
and Go(t) = JorKe AT ) (22b)
f drK - (1)AT (r,0)
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Gr and G, would be equal to g- and g (Eqgs. (9) and (11)) if the material properties as well as the reactivity
coefficients are constant.

By substituting Egs. (21) and (22) into Eq. (19), we finally obtain the relationship among the effective
reactivities Py and O

Gr(t)-1 + Lot O = 0o () )

G175 TG 1 @)

Peff cool ==

It is worth while to note here that p,4.., and p,4.,,; are the effective reactivities that depend only on the steady-
state nuclear and thermohydraulic information.

A special case is with constant material properties. Because G(t)=gc(t), Ge(t)=ge(t) in this case, Eq. (23)
becomes

gr)-1 Lot &) = Pex ()

Pef.cool = 2o (-1 Pef. fuel ¥ 2o (-1 (24a)
20
L P(0) Prot 1) = Pt (1)
TTROFO PR POIF® (240
P(0)/F(0) P(0)/F(0)

Equation (24b) is obtained with the use of Egs. (13) and (16).

5.3. Amplitude functions for the fuel and coolant temperature rises

In order to facilitate the integration in Egs. (22a) and (22b) amalytically, we assume the reactivity
coefficients K(r)’s are uniform although this is not correct physically. Then Egs. (22a) and (22b) become:

drATy (r, drAT (r,
GF(t)z-Lf—— and G (f) ,,L__C__ (25)

[draTy (x0) [drAT; (r.0)

AT {(rt) in Eq. (25) contains the fuel pellet surface temperature 7y, (= 7o(7,t) + AT (r, 1)) as shown in Eq. (15). In
an attempt to make the integration tractable, we introduce additional simplification, i.e., Ty, = T (r,) yielding

2 " 2
ATp(z,t) = -%+\/{Tc(z,t)+§} +g__(_‘z‘,:t)_1_2_ -Tc(z,D), (26)

and for the axial coolant temperature profile we introduce the following approximation:

PWIF@) TcHO-Tc
P(0)/ F(0) H

To(z,h) = Z+T¢ - 27

Here H is the active core height; T(z,0) is given by the steady-state heat balance; and T(z,#) is now a function of
P(t)/F(t) and linear in z. Figure 12 shows good agreement of ATH(Zt/ATHz,0) predicted by the proposed
model based on Egs. (26) and (27) with that given by the ARGO code in the UTOP case. This figure
demonstrates an improvement over the constant materials property model which yields a constant

ATHz,t. )/ ATHZ,0) = Pty )/P(0) = 2.0.

Substituting Eq. (26) with (27) into Gxt) defined by Eq. (25), we obtain:

tey 2
\/{Tc(zt)+ } ﬂ- ﬂc(zt)dz-—
1y 2 )
[ onffreeo -2} TGO e b
0 a

Gp(t)= (28)
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Because 7(z,t) is linear in z, all integration in Eq. (28) is analytically possible and in consideration of ¢’*’(z,t) =
P(v), the amplitude function G(t) is expressed in a complicated algebraic form as a function of P(t) and F(1).
The amplitude function G.(t) of Eq. (25) is readily obtained by substituting Eq. (27} and given as:

_ POIFQ@)

Ge )= P(0) /(F(0)

29

6. PASSIVE SAFETY EVALUATION METHOD

In this section, we derive the amplitude functions Gx(t) and G.(t) at t,,, where t_,, is the timing at which
the onset of either fuel melting or sodium boiling takes place. Then the effective reactivity relationship, Eq. (23),
and its variant, Eq. (24) are applied in evaluating the “self-controllability” of Fast Reactors defined in the
INTRODUCTION.
6.1. Highest temperatures under limiting conditions

6.1.1. UTOP

In the event of UTOP, the flow F(t) is constant. Therefore we concentrate on obtaining the power at t,,,
which corresponds to either fuel melting or sodium boiling.

6.1.1.1 Fuel melting case

The highest temperature in the fuel is attained at the center of the fuel pellet and at the elevation z,,
which we obtain by solving the following:

Tr (o 5tes)|  _ 30)
aZ raQ
with T{(z,1,,,.) at =0 being given by:
2
b P(t ) TC(H3O)"TCm b q"'(Z,t )R2
T-(0,z,t =—— D& : T - U me e 31
F (0,2 ) a+\/{ P(0) H lem* o ¥ 2a G

This is a variant of Eq. (14a) with the assumption Ty, = 7¢(z,# in Eq. (14a) and Eq. (27) for 7(z.?) in the same
manner as we derived Eq. (26). The algebraic equation derived from Eq. (30) becomes tractable thanks to the
linear profile of the coolant temperature and solved for z,, in terms of P(t,..). Z.. i substituted into Eq. (30) to
obtain the highest fuel centerline temperature 7, Equating T, to the fuel melting temperature, we obtain a
cubic equation with respect to P(t,,,) Which finally can be solved for P(t.,). In case the obtained z,, is out of
range, i.e., Z.. > H, the peak temperature is to be calculated from Eq. (31) with z=H. In this case P(t.,) is
obtained by solving a quadratic equation.

6.1.1.2 Sodium boiling case

The highest temperature of the sodium is at the top of the active core. We can solve the following
equation from Eq. (29) for P(t,.):

P(tm) _ TNa,B —'TC,m
POy T (HO-Te,,’

(32)

where Ty, » is the sodium boiling temperature.
6.1.2 ULOF

In the event of ULOF, in particular for metallic fueled fast reactor cores, it has been pointed out that the
temperatures prediction with the constant material properties is reasonably good as shown in Section 3. Also it is

157



100 l
‘\\Proposed 2F
V\ model in Eq.(9)

z [cm]
/

ARGONN\
\\N\
06 13 222

ATHZ o) ATz ,0)

Fig.12 Axial distribution of fuel average temperature change raitos
compared between ARGO and proposed model (UTOP)

unlikely that the fuel melting takes place prior to the onset of sodium boiling. This implies that we could use Eq.
(29) to obtain P(¢,,, )/ F(t,.). The equation to be solved is:

Pltma )| Fltma) _ Tz ~Tem
P(0)/ F(0) Te(HO0) ~Toom

(33)

Different from the UTOP case where we have P(Z,,,.) by Eq. (32), we need to have P(¢,,,,) by solving the
one-point kinetics equation with reactivity feedback from temperature changes. In this paper, however, we used
the calculated result for P(¢,,.,) by the ARGO code.

6.2. Self-controllability limit lines: Present Model
For both UTOP and ULOF events, we have analytical expressions for P(t,,.,) and P(t,,..)/ F(¢,..) that are to

be substituted into Eq. (27) to give T(z, ). This temperature is now substituted into G (Eq. 28)and G, (Eq.
29), which are used in Eq. (23) to obtain:

GF(tmax)_l ptot(tmax)_pext(tmax)

- . 34
Pef ool Gc(tmax)_lpqﬁ“,ﬁ.tl Gc(tmax)"l (34)

We call the line depicted by this linear relationship as “self-controllability limit line” because the line consists of
any combination of (0,5..0 , O ) that correspond to the limiting condition, i.e., either fuel failure or sodium
boiling that should be avoided during ATWS. For the UTOP case, it is considered that the reactivity change
around t_,, is very small and we can assume P, (t.) = 0. For the ULOF case, p..(t)=0 and from Eq. (24b) with
Pegrie =0, We get:

Pty ) Ft )
P(O)/F(O) peﬁ’,caol

Prot (tmax) = (35)

implying puy(tme) to be constant. In the following example, we use —1.7x10% A& for Putm,) Which was
obtained from ARGO parametric survey calculations.

Once the steady state temperature distributions are known for any metallic fueled fast reactor core and the
distributions of all reactivity coefficients in the reactor core are provided by a multi-dimensional neutron
transport or diffusion code, e.g., CITATION [3], two effective reactivities can be calculated through Egs. (21a)
and (21b). The steady state temperature distributions may be obtained through calculations by such a system
transient analysis code as the ARGO code. If a combination (0,40, Puse ) is located above the line, the fast
reactor core is judged to suffer sodium boiling or fuel melting under the ULOF or UTOP condition. If below the
line, then the fast reactor core is considered to have the self-controllability and does not suffer significant fuel
failure even under the ULOF/UTOP conditions.
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Figure 13 illustrates the self-controllability lines for UTOP and ULOF in which comparisons are made
among the lines generated based on:

i) the predicted fuel and sodium temperature distributions by the ARGO code in Eq. (23)
ii) the constant material property model, i.e., Eq. (24b)
iii) the present model, i.e., Eq. (34)

together with the plots as the reference case from a set of transient calculations using the ARGO code with a
variation of reactivity coefficients as parameters, These reference plots have been picked up from a body of
combinations (Oup.oon Peiser) 00ly wWhen the peak fuel temperature reached the melting temperature or when the
peak sodium temperature reached the boiling temperature. It is noted that, in the event of UTOP, Eq. (24b)
becomes p.qcon = - Lerrmer + CONSt because F(t) = F(0), which does not explain well the trend given by the ARGO.
In contrast, the present model gives much better agreement due to a reasonable consideration of the temperature
dependency of the fuel heat conductivity.

In the event of ULOF, the peak temperature is attained when power to flow ratio is maximum while the
power is much lower than that at steady state (about 10 % of nominal power). This means Ggt,,) hence
ATH(t.) is much smaller than that of UTOP. Therefore the inflnence of temperature dependency of the fuel
conductivity is not conspicuous. As a result Eq. (24b) is a good approximation to the ULOF transient as shown
in Fig. 13..
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Fig.13 Self-controllability limit lines for UTOP and ULOF

6.3. Example: assessment of the self-controllability of an ma burner core

In the remaining of this section, we evaluate the self-controllability of an MA bumer core with metallic
fuels as an example. In designing a fast reactor core, one could select the design parameters including a set of
core material volume fractions, geometry, core arrangement and configurations. These parameters in tum
determine the reactivity coefficient through diffusion or transport calculations, that should fall into the region
where the self-controllability conditions are satisfied.
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In general, it was shown that, in order to meet the self-controllability requirement for the ULOF, it was
essential to have a flat core at a cost of higher burn-up swing. This approach, however, resulted in a higher
burden onto the control rod strategy leading to a core design vulnerable against UTOP events. For example,
keeping the volume fractions of fuel, coolant and structure in the metal fuel core constant, i.e., 41%, 37% and
22%, respectively, and the active core volume and power density constant (=4.52 m® and 575 Mw/m®), it was
found that the core height and radius are around 68 cm and 146 ¢m that minimized the burnup swing. For the
core of this aspect ratio, we investigated the influences of loading both Minor Actinides (MAs) and Fission
Products (FPs) onto the self-controllability performances. The FPs (**1, '"Pd, *Tc) were packed in the region
around the active core so that the FPs do not give direct effects on the nuclear characteristics of the core. In order

to maintain the breeding ratio higher than or equal to unity, we installed a blanket region in the center of the core
(see Fig. 14).

In Fig. 15, the effective fuel and coolant reactivity changes of two cores of different heights, i.e., h = 40
cm and 68 cm are plotted with MA concentration as a parameter. In case of UTOP, a total amount of reactivity
insertion due to hypothetical one rod withdrawal would be small enough and was set 30 ¢ conservatively for the
h = 68 cm core while 50¢ for the h = 40 cm core. With these reactivity insertions, the self-controllability limit
lines for ULOF and UTOP were drawn as shown in Fig. 15. The higher MA concentration resulted in less
fulfillment of the self-controllability as well as less breeding ratio for a flatter metal core (h = 40 cm) while the h
= 68 cm core gave a sufficient margin to the limit lines keeping the breeding ratio nearly unity. To enhance
negative feedback effects further a moderator (BeO) was introduced into the fuel. A slight spectral shift resulted
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in a more favorable result due to the coolant reactivity and Doppler coefficients that make the effective
reactivities satisfy the “self-controllability condition” with more margin to the limit as shown in Fig. 15. As a
conclusion, it was shown that a metallic fueled FBR core could be designed that has capabilities of breeding fuel

and incinerating FPs (although the MA nuclides are limited to only three) and that has the self controllability
characteristics, simultaneously.

7. CONCLUSIONS

We took advantage of the fact that the thermal hydraulic and nuclear responses of metal fueled fast
reactor cores to UTOP and ULOF can be described by quasi-steady state representation.

It is shown that the assumption of constant material properties gives a good approximation to the
temperatures of coolant and fuel predicted by a system transient analysis code in the ULOF transient. However
this assumption collapses for the UTOP transient because the temperature dependency of the fuel conductivity
gives not negligible influences on the fuel temperature profile.

A simple analytical method to describe the transient fuel temperature that includes the temperature
dependency of the fuel conductivity has been proposed. The influences of temperature dependence of fuel
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conductivity are reasonably predicted under the UTOP condition. This model yields fuel and coolant
temperatures as functions of power and flow which are required to be provided in advance. However, when
focusing on the extreme condition of sodium boiling or fuel melting, we can prescribe the power to flow ratio or
power by the heat balance.

The effective coolant reactivity peg..q and effective fuel reactivity p.gs. have been defined as those due
to sodium coolant and fuel steady-state temperature distributions. Based on proposed model for the transient
temperature predictions under typical ATWS conditions, the effective reactivities have been correlated into a
unique linear relationship under the limiting conditions of sodium boiling as well as fuel failures. These lines
have been found to give better agreement with the ARGO code prediction under the limiting conditions than the
constant material property model.

The above linear relationship holds in particular when the system behaviors can be approximated by
quasi-steady state transient, which is true for slow transient of UTOP and ULOF of metal fueled fast reactors
with relatively quick nuclear feedback mechanisms. Using these limiting relations, we have evaluated the
passive shutdown or power stabilization capabilities of a metal fueled fast breeder reactor with MA and FP
burning capabilities in case of accidents.

The proposed general and simple method allows us to evaluate the transient behaviors of any
given fast reactor cores subject to accidents, typically ULOF and UTOP, without carrying out a
number of time-consuming system transient calculations to find the reactor system to have sufficient
passive safety features. Also the model provides us with clear physical insights into the complicated
feedback mechanisms related to the nuclear and thermohydraulics coupling phenomena.
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APPENDIX
Outline of the ARGO code [2]

The primary and secondary coolant system, the decay heat removal system, and the core are modeled by a flow
network model that includes the models for flow mixing in the plenum, and heat transfer between sodium and
the in-vessel structure. The multi-channel and single pin model is used for core neutronics and thermal
calculations. A core is normally represented by six channels: inner core, outer core, control rods, radial blanket,
radial shield and the hottest channel characterized by the maximum power-to-flow ratio in the steady state. The
reactor power transient is calculated by the point kinetics model with six delayed neutron precursor groups. The
reactivity feedback effects are calculated by taking into account the spatial distribution of the reactivity
coefficients of core materials including those for coolant, steel Doppler and fuel volumetric expansion. The
thermal expansion of the structure is also considered for the reactor vessel, control rod drive lines, fuel
subassembly elements, and core support structure. The radial displacement is also modeled for the core and core
support structure.
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Abstract

For the analysis of transient and emergency processes during reactor operation it is necessary
to have a set of codes, which calculate physical processes with a various degree of accuracy. Codes
CORT and BUMT for three-dimensional thermohydraulic calculation of fast reactor core in steady
stae, transient and accident conditions are described in this paper.

The code CORT calculates thermohydraulics of the whole fast reactor core or group of
subassemblies in simplified approximation. The core is described as a set of coupled one-dimensional
channels or is divided into a set of ring zones, each of those is also represented by one subassembly
(S/A).

The detailed three-dimensional calculation of particular S/A is carried out by code BUMT.

For description of S/A thermohydraulics the authors have chosen so called “subchannel
model”. In this model the S/A is split into number of channels exchanging one by one with mass,
momentum and energy. The coefficients of inter channel exchange are calculated on the basis of
empirical correlations. The subchannel model is supplemented by detailed (two-dimensional in each
axial cross-section) calculation of fuel pin and S/A wrapper temperatures.

For solution of hydrodynamic equations the full-implicit scheme is used.

Code BUMT was verified [10] using experimental data for S/A-simulators and results of
calculations obtained by other codes [11], [12].

These codes when used in complex with neutronic code and first circuit thermohydraulic code
could describe in detail the thermal state of coolant and performance of fuel pins and construction
elements of reactor during steady and transient states of its operation.

1. INTRODUCTION

To ensure efficient and safe operation of fast reactor it is necessary to solve a wide
spectrum of problems, connected with performance substantiation of the reactor core in
nominal and emergency operation conditions.

The basis of this substantiation is the ability of designers to predict rather accurately
the S/A temperature state. Thus, the development of mathematical models and codes for
thermohydraulic calculation of S/As is an important task. The thermohydraulic calculation
consists of obtaining coolant temperature fields and velocity and temperature fields in fuel
pins and S/A wrapper, taking into account non-uniform distribution of parameters in fuel pins
bundle (cross-sections, coolant flow rates, power generation, etc.).

One of the most important factors which defines temperature and velocity fields in
S/A, is transverse exchange by mass, momentum and energy (so called inter-channel
exchange). The calculation of inter channel exchange coefficients are based mainly on
empirical correlations.

One of the possible approaches to description of thermohydraulic state of S/A, which
takes into account the interactions between channels, complex geometry of S/A and its
deformations, is a so-called subchannel method of S/A calculation [4], [5], [11], [12]. In this
method the S/A is described as a set of interacting channels. The method is also supplemented
by detailed calculation of temperature distribution in fuel, fuel pins cladding and S/A wrapper.
This approach is implemented into code BUMT.
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However, the detailed calculation of each S/A of the core could require a lot of time
and powerful computers. Therefore, it seems reasonable to calculate the core using simplified
models. The reactor core is represented as a set of coupled one-dimensional channels or split
into a set of ring zones, each of those is also represented by one subassembly (S/A). This
approach was used in code CORT. The calculational results of code CORT could be used as
thermal boundary conditions for detailed three-dimensional calculations of the particular S/A.

The integration of these codes with neutronic code and first circuit thermohydraulic
code into one calculational unit will allow to describe in detail the state of coolant, fuel and
construction elements of the reactor either in steady-state or transient modes of its operation.

2. THREE-D TRANSIENT CALCULATION OF S/A THERMOHYDRAULICS.

2.1. Mathematical model.

The aim of thermohydraulic calculation of reactor core S/A is to obtain the
distributions of coolant pressure and velocity fields, distributions of temperature fields in
coolant, fuel, fuel pins cladding and S/A wrapper in steady state and during transient
processes.

The fast reactor S/A consists of fuel pin bundle, enclosed into hexagonal wrapper. The
fuel pins are located in triangle geometry. Fuel pins are hold on by two grids and are spaced
by one-way coiled wires. The side fuel pins is spaced by elliptic wire. In the peripheral cells
the outers for regulating coolant heating could be placed.

The subchannel approach is based on the consideration of velocity, pressure and
enthalpy values averaged over the channel. For each elementary channel the system of
equations of mass, momentum and energy macro-transfer is written. There are three types of
channels in S/A: central, side and corner (Fig. 1).

5o =p ¢

Fig. 1. S/A channels: 1 - central channel; 2 - side channel; 3 - corner channel.

In subchannel model the equations of macro-transfer are obtained on the basis of
integration of initial differential equations written in Reynolds form for turbulent flow on the
elemental channel cross-section. The detailed derivation of the equations of subchannel model
is given in papers [4, 5]. The final equations for calculation of averaged flow parameters in
channel 7 have the following form:

Mass conservation equation:

B 3 R _
~a—tp,Sl + gz-p,vls, + ?pUWUAXU = ?ufjvu(pj—p,)s, (1.1.1)

Axial component of momentum conservation equation:

E _6_ A4 * - oP
&pIVlSI + azpl ]Vlsl + ?pg VU WJ AXU —.—Sl—a—g + plgzsl +
g,

— 0
V *
?“’U pUVU (VJ —VI)SI - 2 dg Py Vx ]Vl, Sl + "a;p,(V-FVT)Sl é;vl + prl

(1.1.2)
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where:

Transverse component of momentum conservation equation:

o WV* _ PI—P_] E—»U
ang y'y Afy«u - 2AX1) pljwl_],wl_]l + pufu

3
gpuwu +

Enegry conservation equation:

5 Pl

Zulp,Vy(h, ~h)S, + 5% * E?T s, a—ahz—‘—

Djn 0 - coolant density in channels i and j;

0jj - coolant density on the boundary of channels i and j;
hj u b - coolant enthalpy in channels i and j;

hyj - coolant enthalpy on the boundary of channels i and j;
0; - coolant temperature in channel i;

P; - pressure in channel i;

S; i S - local and average cross-section area of channel i;
Axyj - width of the gap between channels i and j;

Ay, - effective distance of interaction between cells;
Vi,Vj - axial component of coolant velocity in channels i, j;
Vi =055 (VitVy);

V™ - axial velocity in donor cell;

P

Wij

0
h,S, + —plhlvlsl + Zpl_]huWUAX 1} = qul + zqklnkl +
0z P k

- transverse component of velocity in the gap between channels i and j;

(1.1.3)

(1.1.4)

Dpij, Vi Dhij - coefficients of inter-channel exchange by mass, momentum and

energy;
& - coefficient of axial hydraulic resistance;

d, - hydraulic diameter of channel i;

fi, fjj - mass forces in axail and transverse directions;

Oun0T - molecular and turbulent kinematic viscosity coefficients;

0O u OT molecular and turbulent heat conductivity coefficients;

Qv - internal power generation in fluid;

qki - heat flux from fuel pin & to coolant in channel 7, or heat flux from point & of

the wrapper to coolant in channel 7 for peripheral channel;
Ok; - perimeter of contact of fuel pin £ and coolant in channel i.

The energy conservation equation (1.1.4) can be converted into equation for
calculation of coolant temperature:

0 0
Cpl(pl_é_t-@lsl * pl_@lvlsl + zj:pU@uWUAX sz qVSl + %qklr‘[kl +

oz
o

h * < 0 1
?ngucpuvu(@J_@l)Sl + 'a—z'(}"‘i'l'l")sl_a_z—

(1.1.5)
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The system of equations (1.1.1)-(1.1.5) is supplemented by the following boundary
conditions: the walls of the wrapper are impermeable (normal component of coolant velocity
is equal to zero), the coolant pressure and temperature at inlet of S/A are given, the coolant
pressure at outlet of S/A is given.

It should be noted that system of equations (1.1.1)-(1.1.5) describes in common way
thermohydraulics of coolant in the free-shaped channel with different cross-sections in axial
direction. This allows to take into account during calculation of S/A the deformation (such as
wrapper shape changing, bending and displacing of fuel pins, etc.) which appears either
during operation or as a sequence of technological deviations in process of S/A fabrication.

The presented subchannel model is supplemented by detailed (two-dimensional in
each axial cross-section) calculation of temperature distributions in fuel, fuel pin cladding and
S/A wrapper.

To close the system of equations for subchannel model, the empirical correlations for
coefficients of heat transfer, coefficients of hydraulic resistance for axial and transverse
coolant flow and coefficients of inter-channel exchange by mass, momentum and energy are
used.

2.2. Algorithm for solution of finite-difference equations system.

When choosing the scheme of finite-difference approximation of equations that
describe the thermohydraulics of coolant and temperature fields of fuel pins and S/A wrapper,
the authors tried to use economical schemes without restrictions (or with such restrictions but
physically validated) on the time step of calculation. The reason was that the code, in which
the chosen scheme should be used, must calculate the processes with different duration.

For the solution of equations system the full-implicit scheme IMPL, based on the idea
of method SIMPLE, was used [7, 8]. The appliance of fully implicit scheme that has no
restriction on time step can essentially decrease the duration of calculation of slow processes.
In the fully implicit scheme the following difference time approximation is used:

(PS)," - (pS),""

0 . —
+ —(PVS)," + Z(epWAx)," = XV, (p,-p)S)" (1.2.1)
J J

ot 0z
(PVS)," = (pVS),"! @ ; - n
5t + —é;(pVVS)l + %(pv W AX)," =
oP\" 0 . 0 0 v . =
=-S,(*52'~) +52-(p,vS,) E(Vl) + ?(HupUVU(V)—VI)Sl)"— (1.2.2)
g,
- VIV "+ (p.fSH"
Gz P VIVIS)" + (iES)
(pw)uﬂ_(pw)un—l 0 * P]—PJ !
+ — VOt = -
3t 0z Py Wy Vy) AY,
n (1.2.3)
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(pCy)" ————=(VAVD)" +(q,)" (12.5)

where: dt - time step, indexes » and n-/ are related to values on current and previous time
step.

The system of equations (1.2.1) - (1.2.5) is solved by iteration method. On each
iteration step the following procedures are carried out:

(1) Calculation of axial and transverse components of velocity respectively:

Vn,m° _ \[In,m—l ) (pl\/‘)n,m—lsln _ (p\/'l)n—lsln—l

0
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In the equations above the linearization of square-low terms describing the hydraulic
resistance was made.

(2) Calculation of temperature of coolant, fuel pin and S/A wrapper:
e _e n,m-1 ®n,m—lsn -0 n—ISn—I
n,m-1 n ) 1 ] 1 3 1
(plcpl) (Sl St' + St

%} * -1~n, *n,m* n
+ '—(@xn’mvln’m ') + Z(Pﬁ’m Oy "W, M Ax ) =

(1.2.8)
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First, the coolant temperature field is calculated, using the values of cladding and
wrapper temperatures from the previous iteration. Then the temperature fields in the fuel pins
and subassembly wrapper are calculated on the basis of “new” coolant temperature field.

(3) The calculation of intermediate values of coolant density is carried out on the basis of
“new” temperature and “old” pressure values:

pn,m* — p(®n,m,Pn>m“1) (1210)

(4) The equation for pressure calculation is obtained on the basis of continuity equation.
Continuity equation (1.1.1) is approximated as follows:

PSS =9, 8 e, : _
5 + _é;plnm Vlnmsln + YJL"‘pUn,m WUnmAXun -

= 2 (upV,y(p, -p)S)"™
J

(1.2.11)

To eliminate the velocity components from the equation (1.2.11), the expressions for
calculation of the velocity correctors are substituted into this equation.

Y V]n,m _V]n,m* _ 56P1n’m
P St 0z

(1.2.12)

(1.2.13)

W,h - W, (BPJ - apl]“’"‘
p = -

n,m-1 Y
ot' AY,

A Poisson-type equation for the calculation of pressure variation dP™™ is obtained as a
result of this operation.
Finally the pressure is calculated using the following expression:

prm = prm-l L gpnm (1.2.14)

(5) Corrected values of axial and transverse components of the velocity are directly calculated
on the basis of equations (1.2.11) and (1.2.12).

In equations (1.2.6) - (1.2.14) subscript m designates the iteration number, symbol *
corresponds to the values of velocities, calculated at step 1.

The iterations are terminated when the given pressure accuracy is reached. In the
aforesaid equations it is assumed that dt’ < dt in order to improve the convergence of the
iteration method. This full-implicit finite-difference scheme does not have any limitation of
Courant-type on time step value, but the number of iterations can significantly increase, when
the larger time step is used. The calculation experience proved that it is possible to use much
longer time step (than time step from Courant condition) for the calculation of slow processes.

Detailed description of the finite-difference schemes is given in references [1], [2]
and [3].
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3. THERMOHYDRAULIC CALCULATION OF THE CORE ON THE BASIS ON
SIMPLIFIED MODELS

The thermohydraulic calculation of the whole core can be carried out using the
simplified models. Two approaches are applied. In the first, more detailed approach, the
reactor core is described as a set of one-dimensional heat-exchanging flow channels, each of
those represents one subassembly of the reactor. In the second approach the core is divided
into a set of ring zones; each zone is also represented by one-dimensional flow channel. The
mathematical model of one-dimensional flow channel is given below.

The differential equations of one-dimensional model of the subassembly are the
equation of mass, momentum and energy conservation.

Mass conservation equation:

opS 4G
ot 0z @D
Momentum conservation equation:
i3‘—E3—+—§—G—2+86P+ S+k,GIG—O 2.2
ot " dzpS’ 0z "= T2dps (2)
Energy conservation equation:
oT 0T N
1=1

where:

p - coolant density,

S - cross-section area,

G - mass flow rate,

z - axial coordinate,

g - gravity acceleration,

k - hydraulic resistance coefficient,

dg - hydraulic diameter,

T - temperature at the external surface of the fuel pin,

T¢ - temperature in neighboring subassembly (or outside the core),
Ilc - perimeter of heat exchange with neighboring subassembly,
Iy - perimeter of heat exchange with fuel pin,

ot - coefficient of heat exchange with fuel pin,

o - coefficient of heat exchange with neighboring subassembly.

The fuel pins are also described by the one-dimensional model (heat conduction
equation). The calculation of the whole core is performed consequently, one subassembly after
another.

4. TEST CALCULATIONS AND VERIFICATION OF CODE BUMT

Several thermohydraulic calculations of BN-800-type subassembly have been
performed with code BUMT to demonstrate the code capabilities [1].
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An unheated subassembly, fuel pins of which are spaced by wire, is considered in
order to study influence of inter-channel exchange on the temperature fields in the
subassembly. The transient process is initiated by increasing of power up to its nominal value
in one side fuel pin. Account of interchannel exchange decreases the coolant heating in
comparison with insulated channel and leads to heat redistribution into the neighboring
channels. The area of temperature “smoothing” for the subassembly with wire spacing
(convective and molecular-turbulent interchannel exchange) is significantly larger, that results
in decreasing of maximum coolant heating to ~15 °C (~150 °C for the subassembly without
wire spacing). One-way coiled coolant flow in side channels due to wire spacing leads to an
asymmetry of temperature field. The steady-state temperature field is shown in Fig. 2. The
distribution of coolant temperature at the subassembly outlet during the transient process is
given in Fig. 3. Generally, the results obtained during test calculations comply with the
physical understanding of the transient processes in the subassemblies and the calculations,
performed with one-dimensional codes.

4.1. Verification of code BUMT

The verification of code BUMT ([1], [10]) has been performed using the results of
experiments, carried out with subassembly-simulator at liquid metal experimental facilities in
IPPE, and the results of calculations of thermohydraulic code MIF-2 [11], [12].

The subassembly, simulating the fast reactor subassembly, consists of 37 electrically
heated pins, situated in triangular bundle and enclosed in hexagonal wrapper. The fuel pin
simulator is a steel tube. There is an Ni-Cr alloy heating element in the tube which provides
uniform heat supply to the inner surface of simulator. The geometrical parameters of
subassembly-simulators were chosen on the basis of geometrical similarity to real
subassemblies of fast reactors.

4.1.1. Simulating subassembly with wire spacing and outers, uniform power distribution in
subassembly cross-section

In this calculation the 37-fuel pin simulating subassembly with wire spacing and outers
in side channels is considered at uniform power distribution in the subassembly cross-section.

LR > 2R 0.
PRI YT Tl X T
S = vl
G N v s (I W,
QTN ORARATS 0.".0.". ""II.'_’"
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Fig. 2. Distribution of coolant heating on channels at core outlet at different moments
(S/A with wire, steady state after increasing of side pin power up to nominal value,
T= 10 seconds).
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Fig 3. Distribution of coolant heating at core outlet at different moments (S/A with
wire, after increasing of side pin power up to nominal value)
a) T=1sec; b) T=2 sec; ¢) T=3 sec; d) T = 10 sec

The experimental temperature distribution along the subassembly radius shows that there is an
underheating of the coolant in the periphery channels in comparison with central channels. It
can be explained by the fact that the flow area of periphery channels is greater than the one of
central channels and, therefore, the flow rates in periphery channels are greater. The
calculational results (temperature distribution along the radius), shown in Fig. 4 are well
agreed (within the limits of experiment accuracy) with experimental data.

4.1.2. Simulating subassembly with wire spacing, without outers, non-uniform power
distribution in subassembly cross-section

In the subassemblies of the reactor core periphery area, having non-uniform power
distribution in the cross-section, the “smoothing out” of temperature field occurred not only
near periphery of the subassembly, but on the whole subassembly cross-section.

In this calculation the 37-fuel pins simulating subassembly with wire spacing and
without outers in side channels is considered at non-uniform power distribution in the
subassembly cross-section.

The experimental data (