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ABSTRACT

This study was intended to evaluate the behavior of the nuclear core of the Lung-Men

Nuclear Power Station (LMNPS) under postulated LOCA conditions. The LMNPS

construction is now in suspense by the Ministry of Economic Affairs, the Republic of China.

The assumptions used in this study were in compliance with the requirements specified in

10CFR50.46 and Appendix K. The methodology used was primarily RELAP5YA, which was a

modification to the RELAP5/MOD1 Cycle 18.

In the paper, features of the thermofluids, neutronics, flow systems, trips, and breaks are

discussed. Their assumptions and the resulting implications to the outcome of the analyses

are emphasized. Also typical sequences of events, the reactor pressure vessel (RPV)

pressure, temperature and water inventory transients, and the ultimate core heat-ups for a

number of break sizes, ranging from small- to large-break LOCAs, are delineated.

The results of this study indicated that for all cases studied, the peak cladding

temperature (PCT) was 699.1 °C (1290.4 °F). This PCT was much lower than the upper

temperature limit of 1204.4 °C (2200 °F) specified in the acceptance criterion of

10CFR50.46.

It is to be noted that for all cases studied, the highest PCTs obtained occurred at 4 s

after the initiation of the LOCAs. The reason for the occurrence of these PCTs was the

internal pump trip, allowing the pump to coast down and the pump to reverse. The next PCTs,

resulted from the LOCA, were observed to occur only for the LOCA cases with feedwater line
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breaks. It did not happen for the cases with steamline breaks.

INTRODUCTION

As a result of the accident at the Three Mile Island (TMI) Nuclear Power Station in 1979,

the Nuclear Regulatory Commission (NRC) requested that the NUREG-0737 "Clarification of

TMI Action Plan Requirements" be done for all nuclear power plants. Sections II.K.3.30 and

II.K.3.31 requested that the methodology for evaluating small-break loss-of-coolant accidents

(LOCAs) be revised to accommodate the new findings obtained from the TMI accident. In

addition, the analyses performed for evaluating LOCAs must incorporate assumptions

specified in 10CFR Part 50 Appendix K and the results obtained must be submitted to the

NRC for review and approval.

The present work was performed in expectation of the request from the Republic of China

Atomic Energy Council (ROCAEC) to address the TMI small-break LOCA issues. To comply

with the ROCAEC's request, Taiwan Power Company (TPC) introduced from abroad the

improved version of the LOCA analytical evaluation methodology, and the imported evaluation

methodology together with its compliance with the NUREG-0737 Section II.K.3.30 will be

discussed in the section on Evaluation Methodology. More detailed description of the

methodology was documented in [ i ] .

EVALUATION METHODOLOGY

The evaluation tool used in this study was RELAP5YA, supplemented by FROSSTEY-2 [3]

and FIBWR [4, 5] for providing part of the input values for RELAP5YA. The important

features of these three models will be discussed in the following sections.

RELAP5YA

RELAP5YA was modified from RELAP5 Mod 1 by YAEC and have obtained a Safety

Evaluation Report (SER) from NRC. It has the following capabilities:

(1) To realistically simulate all LOCAs for both BWRs and PWRs: The breaks can have a

variety of locations and sizes and the code can perform the calculations from the initial

blowdown phase till the subsequent reflooding phase, which results in a termination of the

incident.

(2) For all break analyses for the BWRs and small-break analyses for the PWRs, this code

can perform the evaluation according to the 10CFR50 Appendix K assumptions.

RELAP5YA has a 1-D, two-fluid, non-equilibrium hydraulic model. In addition, the model

deals with fluid in its liquid and gas phases. The temperature, velocity, non-condensable gas

(such as nitrogen) and volatile component (such as sodium pentanitride) effects associated

with both phases are also modeled. To describe the physical phenomena of the entire fluid
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system, equations of conservation of mass, momentum, and energy, equations for the

thermodynamic properties, and constitutive equations are included in the development of

physical models for the code. Through the selection of the hydrodynamic components,

RELAP5YA applies the hydraulic model for the system of concern. The hydrodynamic

components provide high flexibility for the users to model the various thermal-hydraulic

system components. There are 12 hydraulic components for the users to choose in the

simulation of the realistic system components. These components can be modeled through

input parameters, capability selections, application of hydraulic models, and fluid system

boundary conditions.

The primary variables specified by RELAP5YA are density, quality, velocity, pressure, with

the secondary variables being void fraction, temperatures for the gas and liquid phases,

equilibrium quality, volume-averaged temperature, and volume-averaged phase velocity. In

addition, heat transfer from the walls, steam generation, and energy dissipation resulting from

the mechanical work are also accounted for. At a hydrodynamic junction, average fluid

velocities and properties to determine fluxes, inertia of fluid, convection momentum,

gravitational force, interfacial drag, wall friction, local pressure losses, and critical flow have

also been incorporated in the code.

RELAP5YA also has the capabilities to model the following items:

(1) Point neutron kinetic mode) coupled with considerations of the effects from

decay heat, moderator density, Doppler's effect, and the response

resulting from the reactor scram.

(2) Thermal power source and heat sinks.

(3) Dynamic effects resulting from the swelling and rupture of the fuel rods,

and metal-water reaction.

(4) Heat conduction phenomenon inside the solid materials.

(5) Convection heat transfer occurring between a solid and its surrounding

fluid.

(6) Radiation heat transfer between various solids.

(7) Controls of systems and tripping logic.

FROSSTEY-2

FROSSTEY-2 is a code for analyzing the steady-state thermal effect of fuel rods. It

models the variation of thermal effects during the burn-up of the fuel rods in a nuclear reactor.

It has the capabilities to calculate (1) temperature distribution of the rod, (2) gap thermal

conductance between the fuel pellets and the cladding, (3) change of shape of the fuel rod,
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(4) release of fission gas, (5) gas pressure inside cladding, and (6) stored energy in the fuel

rods.

The values provided by the above parameters will be used as a portion of the input

variables for RELAP5YA.

FIBWR

FIBWR is a code to determine the steady-state distribution of the cooling water in a BWR

core. It determines the distribution of water in the fuel rod and in the bypass regions. Its

capabilities include (1) calculating the steady-state distribution of the mass, enthalpy and

density of the fluid flow and (2) determining the fluid flow rate for vertical, heated, and parallel

flow channels.

Again this code provides a portion of the input parameters for RELAP5YA.

SYSTEM MODELING

In performing the LOCA analyses, the integrity of the fuel components in the nuclear

steam supply system (NSSS), which is a safety issue of concern, needs to be preserved. As

a result, the behaviors of NSSS and its associated coolant injection systems are the key

areas for investigation. Modeling of NSSS for this study includes:

(1) modeling of reactor pressure vessel (RPV) and its internal components,

(2) modeling of two recirculation loops, one with four, the other with six

internal pumps,

(3) modeling of feedwater lines, including the portion from the residual heat

removal (RHR) piping connection point to the RPV,

(4) modeling of steam lines from RPV to the turbine stop valve (TSV) and its

bypass valve, including main steam isolation valves (MSIVs) and

safety/relief valves (S/RVs) in between,

(5) modeling of emergency core cooling systems (ECCSs), including high-

pressure core flooder (HPCF), low-pressure flooder (LPFL), residual heat

removal (RHR), and automatic depressurization system (ADS),

(6) modeling of the design of control and tripping logics for the safety- and

protection-related systems,

(7) modeling of the core power and the fuel heat transfer, and

(8) modeling of the heat transfer mechanism for the components and pipe

walls.

The primary LOCAs modeled are breaks at the main steam line or breaks at the feedwater

line. The more important assumptions for this type of events include:
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(1) a loss of the off-site power concurrent with an occurrence of a break and

(2) a loss of one train of the coolant injection system.

The base deck for LMNPS was set up using information from a variety of sources which

include plant-specific design diagrams, safety analysis reports [6], technical specifications,

power testing data, etc.

Detail nodalization schematic diagram for LMNPS is shown in Fig. 1. Hsu [7] provided

more detail information on the components, their areas, lengths, volumes, vertical angles,

elevation changes, roughness, and hydraulic diameters. In addition, the document provided

detail information on the component junctions, ECC systems, valves, and heat structures.

For the reactor core power, RELAP5YA calculated the overall core power using point

kinetic model. To satisfy the requirements specified in 10CFR50.46 Appendix K, conservative

values were used in determining the fission power and the decay heat. The void coefficient of

the moderator, Doppler's and scram effects were also accounted for.

In this study, the part of active fuel was modeled using 27 nodes, with a nodal power factor

(NPF) for each node. The NPF was evaluated by

NPF = F B x F R x F z ,

where Fg is the fraction of core power for fuel bundle of concern, FR is the fraction of power

for the core in the radial direction, and F̂  is the fraction of power for the core in the axial

direction. For the limiting case for which the core power bounded those for all fuel cycles,

conservative NPF values were listed as follows:

Core Regions Fg F R F Z

Peripheral - low power 0.206422 0.5800 1.400

Central - average power 0.788991 1.1860 1.400

Central - high power 0.004587 1.6060 1.530

The shape of the power distribution was of the chopped cosine type; the local peaking

factor for the central high power region was 2.45718 (1.6060 x 1.53). The region for local

peaking occurred at a location between 1.3716 and 2.286 m (54 and 90 in.) from the bottom

of the fuel rods.

TRIPPING LOGIC

For modeling of the LOCAs for the LMNPS, a number of logic and variables were used to

control the tripping of equipment or events during the progressions of the incidents.

Specifications of the tripping were set according to the technical specifications for the

operation of the reactor. In addition, the time delays resulting from the responses of electric
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circuits or equipment were accounted for. Functions and signals leading to tripping were

described as follows:
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Figure 1. LMNPS RELAP5YA Nodalization Schematic Diagram

1. Initiation of incidents - stoppage of normal operation; simultaneous

occurrence of LOCA and loss-of-offsite power.

2. Scram of reactor - occurrence of high drywell pressure; or reactor pressure

vessel (RPV) at its low water level (L3); or high RPV pressure at 7.424 MPa

gage (1069.7 psig); or closure of main steam isolation valves (MSIVs)

(<94% opening).

3. Closure of turbine stop valve (Fluid Junction No. 549) - occurrence of high

drywell pressure; or reactor scram including a time delay.
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4. Opening of turbine bypass valve (Fluid Junction No. 571) - closure of

turbine stop valve added with a short delay time.

5. Closure of MSIVs - low RPV water level at L1.5; or high flow rate at main

steam lines (140%).

6. Tripping of motors of internal recirculation pumps - high RPV pressure at

7.808 MPa gage (1125.0 psig); or low RPV water level at L2.

7. Modeling of safety/relief valves (S/RVs) - the pressure set-points for Fluid

Junction Numbers 551, 553, 555, 557, 559, and 561, with 1, 1, 4, 4, 4, and

4 S/RVs, respectively, are 8.051, 8.120, 8.189, 8.259, 8.328, 8.398 MPa

gage (1160, 1170, 1180, 1190, 1200, 1210 psig), respectively.

8. Modeling of automatic depressurization system (ADS) valves (Fluid

Junction No. 563, with 8 ADS valves, with pressure set point at 8.363 MPa

gage or 1205 psig) - high drywell pressure or low RPV water level at L1;

120.4 s delay time; and at least one LPFL in operation.

9. Initiation of high-pressure core flooder (HPCF) - low RPV water level at

L1.5 (termination of HPCF at high RPV water level, L8); or high drywell

pressure.

10. Initiation of low-pressure flooder (LPFL) - low PRV water level at L1 or

high drywell pressure; 36 s delay time; and RPV low-pressure permitting

signal (365 psig).

For HPCF and LPFL systems, the description of their modeling and the specifications of

their flow rates were documented in [7].

SPECIFICATION OF START OF INCIDENT

The modeling of start of the intermediate- and large-break LOCAs was based on the

assumptions that breaks of the sizes of 0.04645, and 0.0983 m 2 (0.5 and 1.0581 ft2),

respectively, were taking place at the main steam line. It is noted that 1.0581 f t2 is the area of

the guillotine-type break at the main steam line. In the meantime, loss-of-offsite power was

assumed, with the reactor core isolation (RCIC) system - a non-safety system - assumed to

be simultaneously unavailable. The single-failure assumption assumed that one of the

HPCFs was not available. This assumption is in compliance with the rules set in 10CFR50.46

and Appendix K.

Prior to running the LOCA cases, the RELAP5YA model was executed to obtain a steady-

state condition and the major parameters for initial conditions of the system were listed in

Table 1.
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Table 1 Initial Conditions for the System

Core power (MWt) 4005.0

Steam dome pressure (MPa) 7.322

Feedwater flow rate (kg/s) 2117.7

Main steam line flow rate (kg/s) 2117.7

Water level (at tap of active fuel, TAF, m)4.2699
Feedwater temperature (°C) 205.0

Core void fraction 0.709

Core flow rate (kg/s) 14502.6

Bypass flow rate (kg/s) 1783.8

RESULTS AND DISCUSSION

Two cases - (1) the case with a large-break size of 0.0983 m2 (1.0581 ft2) and (2) the

case with an intermediate-break size of 0.04645 m 2 (0.5 ft2) - were analyzed, using the

RELAP5YA model with requirements consistent with those specified in 10CFR50.46 and

Appendix K. The major assumptions used were listed in Table 2.

Table 2 Major Assumptions Used in LOCA Analyses of LMNPS

1. At time 0. s, a break of the size specified occurred at the main steam line.

2. At time 0. s, a loss-of-offsite power (LOOP) occurred.

3. After the reception of signal for the reactor protection system and with a

time delay of 0.5 s, the reactor was scrammed.

4. In 5.0 s after the incident started, the feedwater system coasted down to

0. kg/s.

5. After receiving signal of low water level (L1) and with a time delay of 0.5 s,

MSIVs started to close; they became fully closed in 3.0 s.

6. The recirculation pumps started to coast down after receiving the LOOP

signal; reversing of the direction of rotation for the pumps was allowed.

7. ADS was allowed to operate after receiving the activation signal.

8. RCIC was assumed to be unavailable.

9. HPCF and LPFL were assumed to be operational.

10. Pressure and temperature in the drywell region were assumed to be

constants; timing for the occurrence of the high drywell pressure was

assumed to be the same as that for the low water level (L1).

11. Pressure and temperature in the wetwell region were assumed to remain

at 101.99 kPa (14.7 psia) and 73.89 °C (165 °F), respectively.

12. Initial core power was set to be 4005.0 MWt.

13. Passive heat structures of the reactor vessel internal components were

accounted for in the heat transfer calculations.
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14. Moody's two-phase critical flow model was used in the break flow

calculations.

15. Delay heat generation was modeled using 120% of the 1971 ANS Decay

Heat Standard.

CASE STUDY OF THE LARGE-BREAK LOCA

The major assumptions for this case with a break of the size of 0.0983 rr? (1.0581 ft2)

were listed in Table 2. As a result of the LOOP and the loss of one train of the HPCF

systems, the systems available were the other train of the HPCF systems and two trains of

the LPFL systems. The sequence of events for this case, obtained from the RELAP5YA

calculations, was listed in Table 3.

Table 3 Seauences of Events for Larae-Break (0.0983 m2) and Intermediate-Break (0.04645

m2) LOCA Cases

Events

1. Break opened 0.0

2. Loss of auxiliary power and power to recirculation

pump motors 0.0

3. High Drywell Pressure

4. Control rod insertion initiated

5. Feedwater flow coasted down to zero

6. Low level signal (L3) occurred

7. Low-low level signal occurred (L2)

8. Low-low level signal occurred (L1)

9. MSIVs began to close

10. MSIVs were completely closed

11. ADS valves opened

13. HPCF injection began

14. LPFL injections began

15. Min. primary system inventory was reached 176

16. Peak cladding temperature (696.6 °C

(1285.8 °F) for L.-break or 691.3 °C (1276.3 °F) for Int.-break)

17. Avg. core and high power regions well-cooled 133

Time (s)

L. Break Int. Break

0.0

0.0

0.525

0.72

5.0

5.41

13.99

92.45

92.95

95.95

212.85

104.51

132.55

322.5

4

0.525

0.68

5.0

7.87

14.24

163.06

163.56

166.56

283.46

133.88

288.30

4

288.5

Fig. 2 shows the reactor power as a function of time. In the beginning of the transient, the

power dropped due to a high void fraction in the core that results in a highly negative

reactivity. At time 0. s, reactor scrammed and in 0.72 s insertion of the control rods was
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initiated. Subsequently, the reactor power was specified according to 120% of the 1971 ANS

Decay Heat Standard. Fig. 3 shows the transient response of the wide range water level

(using the top of active fuel, TAF, as the reference point). Fig. 4 indicates the transient

response cf the RPV dome pressure. Following initiation of the incident, the dome pressure

dropped, then a short-life increase in pressure occurred due to the completion of closure of

the MSlVs. Subsequently, the pressure continued to drop and, after 300 s, the pressure

decreased at a relatively slow rate.

Fig. 5 is the transient response of the ADS flow rate. The ADS activated at 212.85 s due

to an L1 water level signal with a time delay of 120.4 s added on. Fig. 6 is the break flow rate

as a function of time. Initially, the break flow was a single-phase flow; then it changed to two-

phase flow, shortly followed by critical flow that limits the amount of flow exiting the break. It

is noted that the break flow decreased as the system pressure dropped. Figures 7 and 8 are

the transient responses of the high-pressure core flooder (HPCF) and the low-pressure

flooder (LPFL) systems, respectively. One train of the HPCF systems and two trains of LPCI

systems started to inject water into the RPV at 104.5 and 132.6 s, respectively. Figure 9 is

the transient response of the RPV water inventory. It indicates that the minimum water

inventory occurred at about 176 s.
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Figure 10 is the transient responses of the peak cladding temperatures (PCTs) for the high

power bundles. The highest PCT obtained was at 4 s after the initiation of the LOCA. The

reason for the occurrence of the PCT is the internal pump trip, allowing the pump to coast

down and the pump to reverse. The next highest PCT (generally with the temperature higher

than the first one) resulted from the LOCA conditions for other types of BWRs did not happen

for this case. It is noted that within 0.5 s after the injection of the LPFL flow, the core became

well cooled. The curves for heat transfer coefficients for high power bundles at various

elevations are shown in Fig. 11.
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CASE STUDY OF THE INTERMEDIATE-BREAK LOCA

For the case of intermediate-break LOCA, the sequence of events, listed in Table 3,

followed those for the case of large-break LOCA. Due to a smaller break.size (0.04645 m^ or

0.5 ft2), most events in this case occurred at a later time than the other case. Detail

description of this incident was documented in [7]. The PCT reached 691.3 °C (1276.3 °F) at

4 s and the entire core region was well cooled at 288.5 s.

SENSITIVITY STUDIES
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In the process of getting the RELAP5YA model to be licensed by the NRC, staff engineers

of Yankee Atomic Electric Company have performed many sensitivity studies. Fernandez [8]

indicated that both varying the nodalization at the break and doubling the time steps used in

the calculations have a limited impact on the calculated results of the PCTs. The maximum

variations of PCTs were less than 11.1 °C (20 °F).

Studies [7] were performed for the impact of several feedwater line break LOCAs on the

PCTs. The range of break sizes includes the large-, intermediate-, and small-break sizes,

with the large-break size being the guillotine-type break of feedwater line (the break area is

0.2635 m 2 or 2.8360 ft2). The results are summarized in Table 4.

Table 4. Key Parameters for Feedwater Line LOCAs

PCT (°C) PCT PCT

Timing (s) Location (m)

699.1 4 1.60

698.0 4 1.60

697.4 4 1.60

696.4 4 1.60

694.3 4 1.60

691.4 4 1.60

688.7 4 1.60

It should be noted here that for this type of feedwater line break LOCA cases, a second PCT,

with the temperature level lower than that of the first one, was observed.

Also sensitivity studies were performed on the discharge coefficients (Cp) - with the values

of 1.0, 0.8, 0.6, and 0.4 used for the break flow calculations. The PCT obtained from the case

with C Q of 1.0 bounded those obtained from the cases using lower CQ values [7].

CONCLUSION

This study used RELAP5YA model, coupled with FIBWR and FROSSTEY-2 models, to

perform analyses to evaluate the behavior of the nuclear core of the LMNPS under postulated

LOCA conditions. The LOCA analyses performed were in compliance with the requirements

specified in 10CFR50.46 and Appendix K.

LOCA

Size (m2)

0.2635

0.2323

0.1858

0.1394

0.0929

0.0465

0.00929

Min. Inven

Timing (s)

149.5

167.0

171.0

186.0

215.0

300.5

516.0

The results of this study indicated that the peak cladding temperature (PCT) of the fuel

rods for all cases studied was 1290.4 °F (699.1 °C), which was much below the upper

temperature limit of 2200 °F (1204.4 °C) specified in the acceptance criterion of 10CFR50.46.
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It is to be noted that for all cases studied, the highest PCTs obtained were occurred at 4 s

after the initiation of the LOCAs. The reason for the occurrence of the PCT was the internal

pump trip, allowing the pump to coast down and the pump to reverse. The next PCTs,

resulted from the LOCA, were observed to occur only for the LOCA cases with feedwater line

breaks. It did not happen for the cases with steamline breaks.
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