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ABSTRACT

This study proposes a rational evaluation and mitigation method of thermal transient loads in fast
reactor components by utilizing relationships among plant system parameters and stresses induced by
thermal transients of plants. A thermalhydraulic—structure total analysis procedure helps us to grasp
relationship among system parameters and thermal stresses. Furthermore, it enables mitigation of
thermal transient loads by adjusting system parameters. In order to overcome huge computations, a
thermalhydraulic—structure total analysis code and the Design of Experiments methodology are
utilized. The efficiency of the proposed mitigation method is validated through thermal stress

evaluation of an intermediate heat exchanger in Japanese demonstration fast reactor.

KEY WORDS: thermal stress, thermal transient, fluid, structure, total analysis, mitigation, fast
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INTRODUCTION

Thermal transient stress induced by fluid temperature variation is the main loads in liquid metal fast
breeder reactors (LMFBRs). Since LMFBRs have high temperature operative conditions and utilize
low heat capacity metals for cooling fluid, its fluid temperature change rapidly according to plant
operations. Fluid temperature variations cause thermal stresses with their high thermal conductivities.

Fig.1 is a plant system of Japanese demonstration fast breeder reactor (DFBR) [1], which has
primary and secondary sodium circuits with water-steam lines. Power variations of core change their
temperatures, and those predictions are required to evaluate thermal transient stresses. Here there are
many system parameters of plants, which affect thermal transient conditions as in Fig.1. For
considering scatter of these parameters, conservative thermal transient loads were assumed for
structural design.

Thermal stresses become sometimes so critical in structural design that their rational prediction is
highly expected. Precise evaluation, furthermore, leads to mitigations of thermal loads.

This study proposes the rational evaluation and mitigation method of thermal transient stress to
realize optimum structural design of LMFBRs against thermal loads.
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Fig.1 Example of system parameters of fast reactor plant which affect thermal tansient loads

CONVENTINAL EVALUATION METHOD OF THERMAL TRANSIENTS

Conventional design procedure against thermal transient loads has two independent steps (Fig.2):
(1) thermalhydraulic analysis to determine thermal transient conditions and (2) structural analysis to
check structural integrity under above conditions. In the first step, there are some difficulties for
considering variation of system parameters. There are several parameters and their combination
numbers are huge. Furthermore, it is difficult to anticipate an effect of each parameter on thermal
stress because there relations are indirect. Therefore, many thermalhydraulic analyses are performed
to grasp scatter of fluid temperature from variation of related parameters. For structural analyses of
the next step, thermal transient conditions are settled. Here qualitative relationships between fluid
temperature and thermal stress are unclear. To consider unclearness of relation with stress and scatter
of fluid temperature, design factors are introduced to make conservative thermal transient conditions.
Once these conditions are determined, structural design efforts are taken under these given
conditions.

Fig.3 is an example of evaluated thermal transient conditions at an intermediate heat exchanger
(IHX) of Japanese DFBR when plant makes a trip. This figure compares the design thermal transient
condition evaluated by the conventional method and the nominal condition obtained from thermal
hydraulic analysis. As explained in Fig.1, this plant has eight system parameters from A to H, which
have effective influences on thermal transients. For considering scatter from these parameters and
unclear relationship with thermal stresses, conservative thermal transient conditions were settled,
which gave 462MPa at the maximum stress portion. There remain possibility of over conservative in
this value.
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Fig.2 Conventional procedure by thermalhydraulic and structure independent analysis
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Fig.3 Thermal transient conditions at IHX evaluated by conventional method

NEW EVALUATION METHOD OF THERMAL TRANSIENTS

This study proposes a new evaluation procedure of thermal transients by thermalhydraulic —
structure total analysis. The procedure of Fig.4 can grasp relationship among system parameters,
fluid temperature and thermal stresses, because both thermalhydraulic and stress analysis are
performed for each combinations of system parameters. It avoids design margins for considering
uncleanness among them. Therefore this procedure can evaluate thermal loads precisely and
rationally compared with a conventional one. Furthermore, clear understanding between system

parameters and thermal stress enables stress mitigation design by adjusting system parameters.
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Fig.4 New procedure by thermalhydraulic-structure total analysis

The difficulty to realize above procedure is its huge computations. To overcome this problem,
authors adopted two ideas. One is a utilization of an integrated analysis code named PARTS
(Program for Arbitrary Real Time Simulation) for the simulation of both thermal-mechanical
behaviors of structures and plant thermalhydraulic dynamics [2]. This code can analyze both fluid
and structural behaviors by linkage of autonomous calculation parts based on object-oriented
programs. Calculation time of thermal stress is less than 1/100 of conventional procedures by using
Green’s function method. Visual handling of calculation parts was also realized, and it leads to rapid
data input. Fig.5 shows graphical user interface of PARTS code. In addition, the reliability of the
program was improved by encapsulation. This code can omit data conversion process from a thermal
hydraulic code to a structural analysis code and accelerate a turn-around time of calculation.
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Fig.5 User interface of thermalhydraulic-structure total analysis code PARTS
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Another devise to overcome computations is the Design of Experiments ([3] for example). It

reduces analysis cases that are required to evaluate many combinations of system parameters. For

example, the DFBR has 8 system parameters and each parameter have the minimum, nominal and

the maximum values as in Table 1. A total combination number of these parameters becomes 4374,

however, the Design of Experiments reduces this number to 18 (Table 2) by taking orthogonal

groups of a linear system into account [3].

Table 1 System parameters of Japanese DFBR which affect thermal transients at [HX

Level of parameter
System parameters -

, lhm , mn | ,low
,  Delay of primary pump trip 03 b , Qb
, aDecay heat at core pa - , mnl 12 -
, bBlow coast down time of primary pump 5.5Sec 6.5Sec 7.1Sec
, ¢ Flow coast down time of secondary pump 5.5Sec 6.5Sec 7.5Sec
, dBlow rate of primary pony motor 13 15 17
, e Flow rate of secondary pony motor , Ve , W¢ , X
, T BG supplied water temperature | R NOM {R-
, 0BG supplied water flow rate 22 " 25 * 28 *

Table 2 Orthogonal table of Design of Experiments methodology

* * Coastdown [* * Coastdown [* * Flowrate of [+ * Flow rate of . .
Case No. . DeIayof * * Decay heat |time of Primary [time of secondary |primary pony secondary pony * + SGsupplied * + SGsupplied
pumpe  trip pump pump motor motor water temperature|water flow rate
1 1 1 1 . 1 oo 1 1 1 1
2 1 1 2 2 2 2 2 2
3 1 1 3 3 3 3 3 3
4 1 2 1 1 2 2 3 3
5 1 2 2 2 3 3 1 1
6 1 2 3 3 1 1 2 2
7 1 3 1 2 1 3 2 3
8 1 3 2 3 2 1 3 1
9 1 3 3 1 3 2 1 2
10 2 1 1 3 3 2 2 1
11 2 1 2 1 1 3 3 2
12 2 1 3 2 2 1 1 3
13 2 2 1 2 3 1 3 2
14 2 2 2 3 1 2 1 3
15 2 2 3 1 2 3 2 1
16 2 3 1 3 2 3 1 2
17 2 3 2 1 3 1 2 3
18 2 3 3 2 1 2 3 1
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APPLICATION TO THE IHX OF JAPANESE DFBR

To validate efficiency of the proposed evaluation procedure, it was applied to thermal stress
evaluation of the IHX in the Japanese DFBR. The Design of Experiments reduces analysis cases to
grasp effects of system parameters to 18 analysis cases of Table 2. The PARTS code calculated
fluid temperature and stress histories for these cases as in Fig.6 and Fig.7. Calculated results show
that these results scatter according to variations of parameters. By using these results, the Design of
Experiments methodology can predict the maximum and the minimun thermal stresses with
combinations of parameters among all combinations (4374) like Table3. To confirm thise
predictions, parameters of Table 3 were input to PARTS code and were adopted to calculate
temperature and stress. The severest casees in Fig.6 and Fig.7 are results that give the maximum
stress and the moderatest cases are ones which give the minimun stress. Lower colom of Table 3
compares the maximum and the minimum stresses between predictions from Design of
Experiments methodology and calculations by the PARTS code. These results proved that the
Desgn by Experiments can adequately predict the maximum and the minimum stresses.

Next, obtained thermal stresses by the new procedure are compared with conventional ones. The
predicted maximum stress 420.9MPa was 9% lower than 462.0MPa calculated by the conventional
method. Comparison between Fig.3 and Fig.6 can explain that reason. Thermal transient condition
settled by the conventional method is over conservative compared with the severest case by the
new procedure. It means that the proposed method can rationally evaluate thermal transient
conditions and thermal stresses.

Furthermore, let us pay attention to the minimum thermal stress 298.1MPa that is 35% lower
than the value by the conventional method. The best combination of system parameters in Table 3
gives this stress. Usually some parameters are uncontrollable, so that, it is difficult to achieve best
parameters. Therefore, realistic approach to mitigate thermal stress is proposed here. The Design of
Experiments methodology gives the sensitivities of thermal stress to each parameter as in Fig.7. By
adjusting controllable and sensitive parameters, thermal loads can be mitigated.
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Fig.6 Fluid temperature calculated by PARTS code
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Table 3 Maximum and minimum stress with combination of parameters
predicted from Design of Experiments methodology
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Min stress Max stress
A -Delay of primary pump trip MIN NOM
B -Decay heat at core MAX MIN
C -Flow coast down time of primary pump MAX MIN
D - Flow coast down time of secondary pump MIN NOM
E -Flow rate of primary pony motor MAX MIN
F - Flow rate of secondary pony motor MIN MAX
G -SG supplied water temperature MAX NOM
H -SG supplied water flow rate MIN MAX
Prediction from design by experiment 2717.8 420.9
Calculation by PARTS Code 298.1 413.6
Evaluation by conventional procedure - 4620
Unit MPa)
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Fig.7 Sensitivities of thermal stress to system parameters evaluated from Design of Experiments
methodology

CONCLUSIONS

A thermalhydraulic — structure total analysis procedure can grasp relationship among system
parameters and thermal stresses. It enables rational prediction of thermal loads, because it avoids
conservative assumption of thermal transient conditions. Furthermore, adjustment of system
parameters, to which thermal stress is sensitive, can mitigate thermal loads.

To validate efficiency of the proposed method, it was applied to thermal stress evaluation of an
intermediate heat exchanger in a Japanese demonstration fast reactor. A predicted thermal stress was
9% lower then a value calculated by conventional method. Possibility of thermal loads mitigation by
adjusting system parameters was 35%. These results show that a proposed method is quite effective to
evaluate rationally and to mitigate thermal transient loads.
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