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ABSTRACT

A three-dimensional fluid temperature fluctuation analysis was carried out using a general-
purpose multi-dimensional thermohydraulics computer program AQUA to investigate the reduction
measures of the fluid temperature fluctuation range. In the analysis, various conditions were chosen
for the combinations of flow rate ratio |3, which defined as the ratio of flow rate in a control rod
assembly to that of a fuel assembly, and gap spacings between the core exit plane and the bottom of
the support plate. From the analysis, it was concluded that it is effective to decrease both the flow
rate ratio P and the gap spacing in order to reduce the fluid temperature fluctuation range in the core
outlet region of liquid metal-cooled fast reactors.

1. INTRODUCTION

Thermal striping phenomena are characterized by stationary random temperature fluctuation
occurring in the region immediately above the liquid metal-cooled fast reactor (LMFR) core due to a
temperature difference of the core outlet coolant between subassemblies. The thermal striping
phenomena are recognized as one of the key issues from the standpoint of structural integrity of the
in-vessel components such as the upper core structure (UCS), flow guide tube, control rod upper
guide tube, etc.. This work was initiated based on the fact that most evaluations of this kind have so
far been based on 1:1 or other scale model experiments using sodium. In such a conventional
approach, increase in the cost and time to perform the experiments cannot be avoided. Furthermore,
in sodium experiments, we often encounter technical difficulties in obtaining adequate amounts and
quality of data. For these reasons, establishment of numerical evaluation methods has been desired in
support of the experimental approach to understanding of the fluid temperature fluctuation related to
the thermal striping phenomena. From the standpoint of the requirements, two thermohydraulics
computer programs AQUA and D1NUS-3, which are represented by both time- and volume-averaged
transport analysis and direct numerical simulation of turbulence flows, respectively, were developed,
and validation results with mock-up experiments in water and sodium were reported [1].

This paper presents discussions on the reduction measures of the fluid temperature
fluctuations with the AQUA code for the outlet region of actual LMFRs.

2. COUNTERMEASURES TO THERMAL STRIPING IN REACTOR DESIGNS

The in-vessel components located in the LMFR core outlet region must be protected against
the stationary random thermal process which might induced high-cycle thermal fatigue due to the
interactions of cold sodium flowing out of a control rod (C/R) assembly and hot sodium flowing out
of adjacent fuel assemblies (F/As). In this regard, ALLOY 718 is adopted generally as a coating
material to protect these in-vessel components against fatigue. In general, the reactor designs for the
thermal striping phenomena must be considered on many factors relating to the phenomena as shown
in Fig. 1.
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Fig. 1 Countermeasures to Thermal Striping Phenomena in LMFR Designs

The factors are generally divided into three parts: (1) suppression of the sources; (2)
mitigation of the influences and (3) rationalization of the considerations. In the suppression of the
sources generating the thermal striping phenomena, the measures are corresponded to the decreasing
of the maximum fluid temperature difference between subassemblies by an increasing of flowrate in
F/As to decrease F/A fluid temperature, a decreasing of flowrate in C/R assembly to increase C/R
fluid temperature, etc.. As for the mitigation of the influences due to the thermal striping phenomena,
for example, it is given by a limitation of the fluid mixing area with a modification of the core outlet
region, an adoptation of higher-strong coating materials such as ALLOY X-750, Hastelloy X, etc..
Rationalizations of the thermal striping considerations such as modifications of the fatigue damage
curve, permissions of a hair crack on material surfaces, etc. must be modified in parallel with the
avobe thermohydraulic and geometric improvements. In this study, it is focused on the flow rate
ratio between the C/R assembly and F/A, and the fluid mixing area.

3. ANALYTICAL MODELS

3. 1 Reference LMFR Description

The reference plant is a loop-type LMFR generating a 715-MW (thermal) output. The core
is cooled during power operation by forced-convection flows through the three-loop heat transport
system. Each heat transport loop system consists of a primary heat transport system (PHTS) loop,
an intermediate heat transport system loop and a water-and-steam system loop. The PHTS consists
of the reactor vessel, the shell side of the intermediate heat exchanger, a primary coolant pump, a
check valve, and the heat transport pipng system.

Table I surmalizes the main plant characteristics under the full-power operating conditions.
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TABLE I
Main Characteristics of the Reference Plant

Thermal power (MW) 715
Number ol loops 3
Primary coolant flow rate (kg/s loop) 1400
Primary hot-leg temperature (°C) 500
Primary cold-leg temperature (°C) 400

3. 2 Numerical Methods in the AQUA Code [1]

The general-purpose three-dimensional AQUA code was designed to deal with
incompressible single-phase flows

1. in any reactor type, including pool- and loop-type LMFRs,
pressurized water reactors, and gas-cooled reactors

2. under forced to mixed/natural convection conditions
3. under steady-state and transient conditions
4. in any reactor components with irregular solid wall boundaries
5. with thermohydraulic coupling of the upper (hot) plenum and

lower (cold) plenum to the reactor core during the transients.

The code solves mass, momentum, and energy conservation equations simultaneously in a
finite difference form, and its main features are llisted in Talble II.

TABLE II
Main Features of the AQUA Code

TABLE III
Calculated Combinations of p and

Solution algorithm
Finite difference schemes for

convection terms
Scalar transport equations
Momentum transport equations

Poisson solver
Turbulence model
Porous media approach
Mass transport model
Time step size decision by the

Fuzzy theory

Modified ICE [2]

OUICK-FRAM [3]
QUICK [4]
ICCG [5]
ASM (6]
Available
Available [7]

Available [8]

The AQUA code has been subject to extensive validation through many mock-up
experiments to investigate in-vessel thermohydraulic phenomena including thermal stratification [9],
natural convection [10], etc. both in water and sodium.

4. THERMAL STRIPING ANALYSIS

4. 1 Analytical Region and Outline of the Calculation

Figure 2 shows a partial structure of the UCS bottom region of the reference plant. This
domain as an analytical region in this study consists of handling head of F/As and a C/R assembly,
flow guide tubes, its support plate, instrumentation wells, a C/R upper guide tube, a C/R extension
rod, etc.. In this study, calculations indicated in Table III were carried out under the various
conditions with regard to the flow rate ratio P (0.192 - 0.766), which defined as the ratio of flow rate
in the C/R assembly to that of the F/A, and various spacings HG (0.06 m - 0.70 m) between the core
exit and the bottom of the support plate. /•2-y
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a steady-state level (0t>n+1 - <t>n) / §n - 10*5) using a time marching method; where <j> represents three
velocity components in x-, y- and z-directions, i. e., u, v and w, respectively, turbulence parameters,

i. e., k, e and 8' , and enthalpy h; n+1 indicates the advance time step and n the present time step.
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Fig. 2 UCS Bottom Structure of the Reference LMFR Plant
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Fig. 3 Mesh Arrangement for Case-3 With the AQUA Code



4. 2 Calculational Results 0.0 5.0 10.0 15.0 20.0 23J ( * )

Figure 4 compares calculated velocity vector fields for cases 1-5. These figures exhibit the
strong heterogeneous structure of flow field due to the interactions of sodium flows from the C/R
assembly and F/As, and due to the presence of the in-vessel components. Fluid mean temperature
distributions and intensity distributions of fluid temperature fluctuations corresponding these velocity
vector fields are shown in Figs. 5-6, respectively. Calcurated intensities of the fluid temperature
fluctuations were normalized using the following relation:

(1)

where AT is the bulk fluid temperature difference (160 °C) between hot sodium flowing out of the
F/As (560 °C) and cold sodium flowing out of the C/R assemblies (400°C).
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Fig. 4 Calculated velocity Vector Fields for Cases 1-5
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Fig. 6 Calculated Intensity Distributions of Fluid Temperature Fluctuations for Cases 1-5

As shown in Fig. 6, calculated results located a maximum temperature fluctuation in the
vicinity immediately above the C/R assembly exitl. This is due to the presence of the interactions of
cold sodium flowing out of the C/R assembly and hot sodium flowing out of F/As as shown in
velocity vector fields (see Fig. 4). These intensity values were approximately 23 % of the bulk fluid
temperature difference (160 °C) assuming that the calculated intensities are fluctuating statistical
uniformly aroung each time-averaged fluid mean temperature.

Figures 7-8 compare calculated intensity distributions of the fluid temperature fluctuations
for the cases-7, -3 and -8, and for cases-1 and -6, respectively. As shown in these figures, the
effects to reduce the temperature fluctuation range varied with the flow rate ratio (5 and the gap
spacing HG-
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Fig. 5 Calculated Fluid Mean Temperature Distributions for Cases 1-5

[Case-71 [Case-3] [Case-8]

Fig. 7 Calculated Intensity Distributions of Fluid Temperature Fluctuations for Cases 7,3 and 8
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Fig. 8 Calculated Intensity Distributions of Fluid Temperature Fluctuations for Cases 1 and 6

5. DISCUSSIONS

Figure 9 illustrates comparisons
for an axial intensity distribution of the
fluid temperature fluctuations along the
outer surface of the flow guide tube (1=9,
J=16) for cases 1-5. As shown in the
figure, the peak position of the intensity
values moved to upward direction
according to the increasing of the gap
spacing Uq. One of the main reasons of
this behavior was considered to be that
the axial length of the potential core was
influenced by the position of the support
plate. As a result, the intensity of the
fluid temperature fluctuations was
reduced in the case of further position of
the support plate.

Figure 10 shows a comparison
of the axial intensity distribution of the
fluid temperature fluctuations along the
outer surface of the flow guide tube for
cases 3,7 and 8. As shown in the figure,
the axial shape of the intensity
distribution of the fluid temperature
fluctuations did not changed largely by
the vary of the flow rate ratio p. This
tendency backed up the above interpre-
tation on the potential core length.
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Fig. 9 Comparison of Axial Intensity Distributions for Cases 1-5

Figure 11 shows a relationship
of the maximum intensity of the fluid
temperature fluctuations in the analytical
region with various flow rate ratio P and
gap spacing HG. Implication obtained
from the calculations was that the
maximum intensity of the fluid
temperature fluctuations decreased with
the decrease both in P and H Q . This
characteristics indicate improvement of
the structural design of LMFRs.

6. CONCLUSIONS

A three-dimensional fluid tem-
perature fluctuation analysis was carried
out using a general-purpose multi-
dimensional thermohydraulics computer
program AQUA to investigate the reduc-
tion measures of the fluid temperature
fluctuation range. In the analysis,
various conditions were chosen for the
combinations of flow rate ratio p, which
defined as the ratio of flow rate in a
control rod assembly to that of a fuel
assembly, and gap spacings between the
core exit plane and the bottom of the
support plate. From the analysis, it was
concluded that it is effective to decrease
both the flow rate ratio p and the gap
spacing in order to reduce the fluid
temperature fluctuation range in the core
outlet region of LMFRs.
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