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ABSTRACT

Experiment LP-FP-2 is the eighth and final experiment to be conducted
in the Loss-of-Fluid Test (LOFT) facility for the Organization for Economic

Cooperation and Development (OECD) LOFT Project. Experiment LP-FP-2 is
designed to simulate the system thermal-hydraulic and core uncovery

conditions in commercial pressurized water reactors (PWRs) from rupture of
a low-pressure injection system (LPIS) pipe. This experiment will provide

information on fission product and aerosol release and transport of Cs, Te,

I and their respective chemical compounds in an integral PWR system where
maximum fuel cladding temperature will be in the range of 2100 K (3320'F).

The results of the best estimate prediction calculations reported herein

indicate that the 33-MW initial core power specified originally in the

Experiment Specification Document would not permit the required
temperatures in the center bundle to be maintained above 2100 K (3320 0 F)
for 3 min. However, the analyses indicated that reduction of core power to

25 MW will sustain the required temperature for more than 4 min. Thus,

sufficient quantities of fission products and aerosols will be released and
transported. The transport calculations indicated the measurabilities of
Cs and I in the LPIS line. The currently planned experiment from an

initial core power of 26.5 MW should produce peak temperatures above 2100 K
for 4 minutes. The additional 1 minute above the specified time at

temperature (3 min) is believed to provide enough margin to compensate for

the uncertainties involved in the calculations. Therefore,

Experiment LP-FP-2, as currently planned should achieve its objectives.
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SUMMARY

This report documents the pretest calculation of the thermal-hydraulic

response and the fission product and aerosol release and transport behavior

of the Loss-of-Fluid Test (LOFT) facility during the second fission product

experiment to be conducted for the Organization for Economic Cooperation

and Development (OECD) LOFT Project. Experiment LP-FP-2 is designed to

provide information on fission product and aerosol release and transport in

an integral pressurized water reactor (PWR) system where the maximum fuel

rod cladding temperature is expected to be above 2100 K (3320'F) for three

minutes.

The governing objective for OECD LOFT Experiment LP-FP-2 is to obtain

fission product release, transport, and deposition data during the early

phases of a risk dominant reactor transient to establish a benchmark data

base for:

o Assessing the understanding of the physical phenomena controlling

reactor system fission product behavior

o Assessing the capability of computer models to predict reactor

system fission product release and transport.

In compliance with the governing objective, the following

experiment-specific objectives in the area of thermal-hydraulics are

defined:

o Provide low pressure injection system (LPIS) interfacing system

loss of coolant accident (LOCA) thermal-hydraulic conditions from

the initiation of the LPIS pipe break through the early phases of

severe core damage

o Provide transient fuel rod cladding temperature in the center

fuel bundle up to the rapid metal-water reaction temperature of

2100 K (3320'F) and concomitant aerosol generation from the

(Ag-In-Cd) control rods.
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In order to fulfill the aims of this second objective, temperatures in

the center fuel bundle must be maintained above 2100 K (33201F) for at

least 3 min. This period is called time-at-temperature.

It is expected that a large fraction of the fission products from the

center bundle will be released into an aerosol-dominant transport

environment. As a result of this expected release, the following

experiment specific objectives in the area of fission product and aerosol

release, transport, and retention were defined in compliance with the

governing objectives:

0 Determine the fraction of volatile fission products and aerosols

released to and from the upper plenum

o Determine the fraction of the released fission products and

aerosols transported out of the primary coolant system

0 Determine the retention of volatile fission products (namely, Cs,

I and Te) on representative primary coolant system surfaces in

the plenum and piping

o Determine the general mass balance of volatile fission products

in the fuel, primary coolant system, and blowdown suppression

tank (BST).

Prediction calculations using the initial power level of 33 MW and

plant operational specifications originally specified in the Experiment

Specification Document (ESD) indicated that the second thermal-hydraulic

objective may not be achievable. Therefore, further analyses were

performed in an attempt to meet the objectives by reducing the initial

power level to 25 and 16 MW and together with changing the trip action to

close the intact loop cold leg alve. These analyses indicated that the

25 MW initial power level may indeed yield the objectives. An initial

power level of 26.5 MW was selected based on the analyses and other

considerations. Therefore, the results of the analyses presented in this
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document determine the lower and upper bounds for the expected

thermal-hydraulic response of the LOFT system during Experiment LP-FP-2.

The lower power and different operational mode of intact loop cold leg

(ILCL) break valve will affect the timing of various phenomena, but the

nature of the phenomena is expected not to be altered. The following

paragraph describes Experiment LP-FP-2 based on results of the RELAP5/MOD2

calculations performed using original parameters specified in the ESD.

Experiment LP-FP-2 will be initiated by scramming the reactor. This

action will establish time zero and the start of the transient phase of the

experiment. After verification of the insertion of the control rods, the

2.95-cm (1.16-in.) inside diameter simulated break line in the ILCL will be

opened at 20 s. The primary coolant pumps will be tripped at 25 s, and

will undergo a normal coastdown. At 220 s, the simulated LPIS line (also

with an inside diameter of 2.95 cm (1.16 in.) will be opened. This line is

connected to the broken loop hot leg and the blowdown suppression tank

(BST) inlet vent. Initiation of the second break will accelerate the

pressure drop. The system pressure is expected to be approximately 1.3 MPa

(188 psi) at 620 s. At 620 s the intact loop cold leg simulated break will

be closed. The system pressure is expected to be 0.4 MPa (58 psi) at the

end of the transient. The core dryout is calculated to occur in the center

and the peripheral fuel bundles at around 625 s, immediately following the

closure of the ILCL simulated break. The center and peripheral channels

will be completely dried out at around 1010 s. The temperature was

calculated to be 1200 K (17001F) at 954 s in the center bundle, when the

blockage due to fuel cladding ballooning and rupture is expected to occur

at the elevation above the peak power plane. The control rods are expected

to fail at about 1500 K (2240'F) at 1203 s, as confirmed in out-of-pile

experiments, leading to control rod material relocating and eventually

causing blockage at the lower core elevations. The temperature was

calculated to be 2200 K (35001F) causing fuel cladding melting at 1311 s at

the hot plane (above peak power plane). The melted cladding is expected to

relocate towards the bottom of the bundle and to block the center bundle

inlet flow area. The experiment termination temperature of 1390 K (2041°F)

in the peripheral bundle was estimated at 1473 s.
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The detailed core thermal analyses using a special version of the

TRAC-BD1 code, developed for Experiment LP-FP-2, and the SCDAP code were

performed for the heatup phase using the thermal-hydraulic boundary

conditions calculated by the RELAP5/MOD2 code. These analyses show that

the center bundle will remain at temperature of 2100 K (33201F) for less

than 3 min at the 33 MW initial power level. Various uncertainties

involved in the calculations leading to this conclusion are discussed in

this report. The TRAC-BDI code :alculations indicate that at least 4 min

is achievable if the initial core power level is 25 MW.

Based on the RELAP5/MOD2 calculated system hydraulic and TRAC-BDI

calculated core thermal behavior, fission product and aerosol transport

aspects of Experiment LP-FP-2 were analyzed. The analysis is composed of

computer calculations and calculations using empirical models. The

computer codes used in the analysis are ORIGEN2, SOLGASMIX-PV, and

TRAP-MELT. The TIGER1 and VAPOR computer programs were developed at the

Idaho National Engineering Laboratory (INEL) to utilize the NUREG-0772

elemental release rate functions, and an Ag/Cd vapor release rate model to

produce an estimation of aerosol seed material for input to TRAP -MELT. The

fission product and aerosol release calculations indicated that coolant

flow through the center fuel bundle is slow enough to allow extensive Te

and CsOH chemisorption in the core while CsI vapor will condense rapidly on

tin aerosol particles in the upper structure. Coolant flow in the upper

structure is calculated to be fast enough to prevent extensive transfer of

CsI from aerosols to walls. The fission product transport analysis found

that for the LPIS line, 1-131, 1-133, and Cs-138 are detectable by the

on-line gamma spectrometers.

Sensitivity calculations were performed with the RELAP5/MOD2, TRAC-BDI

and SCDAP codes on parameters expected to strongly influence the system

thermal-hydraulic behavior during Experiment LP-FP-2. These parameters

included axial cell size, inlet steam flow, radiation heat transfer,

hydrogen blanketing, and effect of initial core power level.
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Sensitivity calculations were performed with ORIGEN2 and TIGER1; and

subsequent transport estimates were made for different values of core power

and burnup scenarios.

In conclusion, the LP-FP-2 experiment is expected to be successful if

it is conducted from an initial power level of 26.5 MW, and that sufficient

quantities of fission products will be released, transported, and detected

during the experiment.

vii



CREDITS

The work performed for a report of this complexity was accomplished by
many people. The authors would like to identify the co-authors and
analysts responsible for each section of this report.

a

Section 1. ............... Author ... S. Guntay

Section 2 .............

Section 2.1 .............

Section 2.2 .............

Section 2.3 ..............

Section

Section

Section

Section

Section

3 . .............

3.1 ..............

3.2 ..............

3.2.1 ............

3.2.2 ............

Author ...

Author ...
Analyst ..

Author ...
Analyst ..

Author ...
Analyst ..

Author ...

Author ...
Analyst ..

Author ...

Author ...

Author ...

Analyst

Author ...

Analyst

Author ...

Author ...

Author ...
Analyst ..

Author ...
Analyst..

Author ...
Analyst ..

Guntay

Guntay
Guntay

Guntay
Guntay

Anoda
Anoda

Guntay

Guntay
Guntay

Guntay

Guntay

Guntay
Guntay

Anoda
Anoda

Guntay

Guntay

Guntay
Guntay

Guntay
Guntay

Davis
Davis,

Section 3.2.3

Section 4.

Section 4.1

Section 4.1.1

............

............

Section 4.1.2 ............

Section 4.1.3 ............

Section 4.2 ..............

t

P. Bayless

Author ... S. Guntay
Analyst .. S. Guntay

viii



Section 4.3 ..............

Section 4.4 ..............

Section

Section

5

6

Section 7 ................

Section 8 ................

Section 9 ................

Section 10 ...............

Author ...
Analyst ..

Author ...

Analyst ..

Author ...

Author ...
Analyst ..

Author ...
Analyst ..

Author ...
Analyst ..

Author ...
Analyst ..

Author ...
Analyst ..

Author ...

Author ...
Analyst ..

Y. Anoda
Y. Anoda

S. Guntay
S. Guntay

S. Guntay

M. Carboneau
M. Carboneau

M. Carboneau
M. Carboneau

D. Petti, E. W. Coryell
D. Petti, E. W. Coryell, D. Hagrman

J. Lopez
J. Lopez

D. Hagerman, E.W. Coryell, M. Carboneau
E. W. Coryell, D. Hagrman,
M. Carboneau

E.W. Coryell

N. Newman
N. Newman

Section

Section

11

12

Section 13

Appendix-A

Appendix-B

Appendix-C

Appendix-D

Appendix-E

Appendix-F

Appendix-G

Appendix-H

Appendix-I

Appendix-J

Appendix-K

Appendix-L

Author

Author ...

Author ...

Author

Author ...

Author ...

Author ...

Author ...

Author ...

Author ...

Author

Author ...

S. Guntay, M. Carboneau

S.

S.

S.

S.

M.

M.

M.

M.

M.

M.

M.

Guntay

Guntay

Guntay

Guntay

Carboneau

Carboneau

Carboneau

Carboneau

Carboneau

Carboneau

Carboneau

.............. Author ... M. Carboneau

ix



ACKNOWLEDGMENTS

This report was generated with the combined efforts of a number of

people whose support to the authors was invaluable. These include,

D. W. Croucher, D. L. Batt, W. H. Grush, R. W. Shumway, D. Keiser,

L. Feinauer, C. Tsai, L. Siefken, and G. Hammer for assistance in various

phases of the calculations and for technical review of the report;

K. J. McKenna for producing the figures used in the report; and

M. A. Lintner for his assistance in producing an executable version of the

TRAP-MELT code and implementing the TRAC-LOFT code on the Cyber/NOS

operating system.

x



CONTENTS

ABSTRACT ............................................................... ii

SUMMARY ................................................................ iii

CREDITS ................................................................. viii

ACKNOWLEDGMENTS ........................................................ x

1. INTRODUCTION ...................................................... I

1.1 References .................................................. 4

Figures ..................................................... 6

2. THERMAL-HYDRAULIC COMPUTER CODE SIMULATIONS ....................... 7

2.1 RELAP5/MOD2 Computer Code ................................... 7

2.1.1 RELAP5/MOD2 Description ............................. 7

2.1.2 RELAP5/MOD2 Nodalization for Experiment LP-FP-2 ..... 8

2.1.3 RELAP5/MOD2 Input Model for Experiment LP-FP-2 ...... 9

2.2 TRAC-BD1 Computer Code ...................................... 11

2.2.1 TRAC-BD1 Description ................................ 12

2.2.2 TRAC-LOFT Nodalization for Experiment LP-FP-2 ....... 13

2.3 SCDAP Computer Code ......................................... 15

2.3.1 SCDAP Description ................................... 15

2.3.2 SCDAP Input Model for Experiment LP-FP-2 ............ 16

2.3.3 View Factor Calculation ............................. 17

2.4 References .................................................. 17

Figures ..................................................... 19

3. THERMAL-HYDRAULIC RESULTS ......................................... 27

3.1 RELAP5/MOD2 Results ......................................... 28

3.1.1 Secondary System Behavior ........................... 29

xi



3.1.2 Primary System Behavior During Blowdown Phase
(0 to 625 s) ..............................

3.1.3 Primary System Behavior During Heatup Phase
(625 to 1484 s) ...........................

3.1.3.1 Hydraulic Behavior ........................

3.1.3.2 Core Thermal Behavior .....................

3.2 Detailed Core Thermal Response ..............................

3.2.1 Boundary Conditions Used for the Calculations .......

3.2.2 Results of the TRAC-LOFT Calculation ................

3.2.2.1 Cladding Temperature Developments .........

3.2.2.2 Cladding Oxidation and Hydrogen
Generation ................................

3.2.3 Results of the SCDAP Calculation ....................

3.2.3.1 Cladding Temperature Developments .........

3.2.3.2 Cladding Oxidation and Hydrogen
Generation ................................

3.2.3.3 Geometry Change in the Center Bundle ......

3.3 References ..................................................

Tab le s ......................................................

Figure s .....................................................

4. THERMAL-HYDRAULIC SENSITIVITY CALCULATIONS ........................

4.1 Sensitivity Calculations Using RELAP5/MOD2 Computer
Code .......................... ..............................

4.1.1 Sensitivity with Respect to the Blockages ...........

4.1.2 Sensitivity with Respect to the Break Flow ..........

4.1.3 Sensitivity with Respect to Initial Core Power ......

4.2 Sensitivity Calculations Using TRAC-LOFT Computer Code ......

4.2.1 Sensitivity with Respect to Axial Cell Size .........

4.2.2 Sensitivity with Respect to Radiation Heat
Transfer ............................................

29

31

31

33

36

36

37

37

38

39

40

40

41

42

43

46

91

91

91

92

93

96

96

97

a

xii



4.2.3 Core Thermal Behavior at 25-MW Initial Core
Power and Sensitivity to the Initial Core
Power ............................................... 98

4.3 Sensitivity Calculations Using SCDAP Computer Code .......... 100

4.3.1 Inlet Steam Flow Rate ............................... 100

4.3.2 Hydrogen Blanketing Effect .......................... 101

4.4 Thermal Shroud Thermal Response ............................. 102

4.4.1 Thermal Response of the Shroud at 33-MW Core
Power ............................................... 102

4.4.2 Thermal Response of the Shroud at 25-MW Core
Power ............................................... 103

Figures ............................................. 105

5. COMPARISON OF CODES, RESULTS AND OUTCOME OF THE THERMAL-HYDRAULIC
CALCULATIONS ...................................................... 141

5.1 Comparison of RELAP5, TRAC-LOFT and SCDAP Results Obtained
for 33 MW Initial Core Power ................................ 143

5.2 Comparison of RELAP5 and TRAC-LOFT Predictions Obtained for
25-MW Initial Core Power .................................... 144

5.3 Outcome of the Thermal-Hydraulic Calculations and
Discussion of Uncertainties Involved in the Predictions ..... 145

5.4 An Evaluation of Experiment LP-FP-2 at 26.5-MW Initial
Power ....................................................... 147

5.4.1 Effect of 26.5-MW Initial Power ..................... 147

5.4.2 Effect of Closure of ILCL Break Valve Under
the New Trip Conditions ............................. 147

5.4.3 Effect of Reduced Burnup ............................ 148

Figures ..................................................... 149

6. DESCRIPTION OF THE CENTER BUNDLE FUEL GEOMETRY AND FISSION PRODUCT
INVENTORY RESULTS USING THE ORIGEN2 CODE .......................... 159

6.1 References ................................................. 160

Tables ..................................................... 161

Figures .................................................... 162

xiii



7. RESULTS OF THE ELEMENTAL RELEASE CALCULATIONS .....................

7.1 References .................................................

Figures ....................................................

8. AEROSOL SEED CALCULATIONS AND RESULTS .............................

8.1 Silver-Cadmium Vapor Release Model and Results ..............

163

164

165

170

170

1748.2 Silver and Cadmium Aerosol Release

8.3 Tin or Tin Telluride Aerosol Release ................

8.4 Fission Product Aerosol Release .....................

8.5 References .................................

Tables .....................................

Figures ....................................

9. CHEMICAL FORM OF THE RELEASED FISSION PRODUCTS ...

9.1 Description of the SOLGASMIX-PV Code .......

9.2 Input Data Required by SOLGASMIX-PV ........

9.2.1 Thermodynamic Data .................

9.2.2 Thermal-Hydraulic Data .............

9.2.3 Hydrogen and Steam Flow Rates ......

9.2.4 Fission Product Source Term ........

9.2.5 Calculations Performed .............

9.3 Discussion of the SOLGASMIX-PV Results .....

9.4 References .................................

Tables .....................................

10. FISSION PRODUCT TRANSPORT ANALYSIS ..............

10.1 Objectives of the Transport Calculations ..

10.2 Description of TRAP-MELT Version 2 .........

........ 174

........ 175

....... 176

....... 177

....... 179

........ 185

........ 185

........ 187

........ 187

........ 187

........ 187

........ 188

........ 188

........ 188

....... 189

....... 190

........ 197

........ 197

........ 198

10.3 LOFT Model Geometry and TRAP-MELT Nodalization .............. 200

xiv



10.4 Thermal-Hydraulic and Fission Product Input to TRAP-MELT .... 201

10.5 TRAP-MELT Results and Observations .......................... 202

10.6 References .................................................. 210

Tables ..................................................... 211

Figures ..................................................... 220

11. DISCUSSION OF THE RESULTS OF FISSION PRODUCT AND AEROSOL RELEASE
AND TRANSPORT CALCULATIONS ........................................ 235

11.1 References .................................................. 237

Figures ..................................................... 238

12. SUMMARY OF THE CORE DAMAGE ASSESSMENT FOR EXPERIMENT LP-FP-2 ...... 243

12.1 Anticipated Behavior ........................................ 243

12.2 Test Termination ............................................ 245

12.3 Lower Core Support Structure ................................ 246

12.4 References .................................................. 246

Figure ...................................................... 247

13. GENERAL CONCLUSIONS ............................................... 248

APPENDIX A--EXPERIMENT LP-FP-2 AND LOFT FACILITY DESCRIPTIONS .......... 251

Figure ..................................................... 255

APPENDIX B--RELAPS/MOD2 LOFT INPUT DATA FOR EXPERIMENT LP-FP-2 ......... 256

APPENDIX C--TRAC-LOFT INPUT DATA FOR EXPERIMENT LP-FP-2 ................ 257

APPENDIX D--SCDAP LOFT INPUT DATA FOR EXPERIMENT LP-FP-2 ............... 258

APPENDIX E--TIGER1 RESULTS FOR THE LOFT 25-MW TEST SCENARIO ............ 259

TABLES ..................................................... 260

APPENDIX F--COMPARISON OF TIGER1 AND CORSOR CALCULATIONS FOR THE
LP-FP-2 TRANSIENT .......................................... 263

TABLES ..................................................... 264

APPENDIX G--ORIGEN2 RESULTS FOR THE 325 MWD/MTU BURNUP CASE ............ 265

TABLES ..................................................... 266

xv



APPENDIX H--FRAPCON2 FASTGRASS CALCULATED PIN GAP INVENTORY FOR THE HIGH
POWER RODS IN THE LP-FP-2 CENTER BUNDLE .................... 267

APPENDIX I--ORIGEN2 CALCULATION FOR THE BASE CASE ...................... 268

APPENDIX J--SOLGASMIX-PV CALCULATION FOR THE BASE CASE ................. 269

APPENDIX K--TRAP-MELT CALCULATION FOR THE BASE CASE .................... 270

APPENDIX L--DEPLETION OF AEROSOL PARTICLES IN LPIS LINE PIPE BENDS ...... 271

xvi



FIGURES

1-1 Flow chart of computer codes and models used in the analysis
of LOFT Experiment LP-FP-2 ........................................ 6

2-1 RELAP5/MOD2 nodalization diagram .................................. 19

2-2 TRAC-LOFT nodalization ............................................ 20

2-3 TRAC-LOFT center bundle rod grouping .............................. 21

2-4 TRAC-LOFT peripheral bundle rod grouping .......................... 22

2-5 SCDAP center bundle rod grouping .................................. 23

2-6 SCDAP nodalization diagram for center bundle ...................... 24

2-7 SCDAP shroud nodalization diagram ................................. 25

2-8 SCDAP rod grouping for the peripheral bundles ..................... 26

3-1 RELAP5/MOD2 calculational scheme .................................. 46

3-2 Primary system pressure (0-1484 s) ................................ 47

3-3 Steam generator secondary side pressure (0-1484 s) ................ 48

3-4 Collapsed liquid level in the steam generator secondary side
(0-1484 s) ........................................................ 49

3-5 Primary system pressure (0-625 s) ................................. 50

3-6 Collapsed liquid level in the reactor vessel (0-625 s) ............ 51

3-7 LPIS break line density (0-625 s) ................................. 52

3-8 LPIS line break flow (0-625 s) .................................... 53

3-9 ILCL break flow (0-625 s) ......................................... 54

3-10 Void fractions at various elevations in the peripheral
bundle channel (0-1500 s) ......................................... 55

3-11 Void fractions at various elevations in the center bundle
channel ........................................................... 56

3-12 LPIS line break flow (625-1484 s) ................................. 57

3-13 Primary system pressure (625-1484 s) .............................. 58

3-14 Mass inventory in the reactor vessel (625-1484 s) ................. 59

xvii



3-15 Steam velocities at the second elevation in both channels
(600-800 s) ....................................................... 60

3-16 Steam velocities at the peak power plane in both channels
(600-800 s) ....................................................... 61

3-17 Liquid velocities at the second elevation in both channels
(600-800 s) ....................................................... 62

3-18 Liquid velocities at the peak power plane in both channels
(600-800 s) ....................................................... 63

3-19 Void fractions at the second elevation in both channels
(600-900 s) ....................................................... 64

3-20 Void fractions at the peak power plane in both channels
(600-800 s) ....................................................... 65

3-21 Collapsed liquid level in the reactor vessel in the

(600-1484 s) ...................................................... 66

3-22 Inlet steam flow rate to the peripheral bundles (600-1320 s) ...... 67

3-23 Inlet steam flow rate to the center bundle (600-1320 s) ........... 68

3-24 Steam generation rate in the lower plenum (600-1320 s) ............ 69

3-25 Center bundle fuel cladding temperatures (600-1484 s) ............. 70

3-26 Peripheral bundle fuel cladding temperatures (600-1484 s) ......... 71

3-27 Noncontrol rod guide tube temperatures (600-1484 s) ............... 72

3-28 Guide tube with control rod temperatures (600-1484 s) ............. 73

3-29 RELAP5 and approximated inlet steam flow velocities
for the peripheral bundles ........................................

3-30 RELAP5 and approximated inlet steam flow velocities
for the center bundle ............................................. 75

3-31 Center bundle hot rod temperatures ................................ 76

3-32 Peripheral bundle hot rod temperatures ............................ 77

3-33 Center and peripheral bundle peak cladding temperatures ........... 78

3-34 Temperature gradient across the peripheral bundle channel ......... 79

3-35 Percent of cladding thickness oxidized ............................ 80

xviii



3-36

3-37

3-38

3-39

3-40

3-41

3-42

3-43

3-44

3-45

4-1

Cumulative hydrogen generation in center bundle ...................

Percent of center bundle inlet steam flow leaving the
center bundle .....................................................

Cumulative hydrogen generation in the whole core ..................

Center bundle hot rod cladding temperatures .......................

Peripheral bundle hot rod cladding temperatures ...................

Center and peripheral bundle peak cladding temperatures ...........

Percent of cladding thickness oxidized ............................

Total hydrogen generation in the center bundle and percent
of inlet steam flow to a cell leaving the cell ....................

Center bundle flow area blockages .................................

Fuel rod configuration at the end of the transient ................

Comparison of RELAP5 system pressures at different blockages ......

81

82

83

84

85

86

87

88

89

90

105

4-2 Comparison of peak cladding temperatures at different
blockages .............................................

4-3 Comparison of center bundle inlet steam flow rates at
different blockages ...................................

4-4 Effect of break discharge coefficient on the primary
system pressure .......................................

4-5 Effect of break discharge coefficient on the system
mass inventory ........................................

4-6 Effect of break discharge coefficient on the vessel
collapsed liquid level ................................

4-7 Effect of break discharge coefficient on the ILCL break

4-8 Effect of break discharge coefficient on the LPIS line
flow ..................................................

............ 106

............ 107

............ 108

............ 109

flow ......

break
............

110

111

112

4-9 Effect of break discharge coefficient on the peripheral
bundle fuel cladding temperature at the sixth elevation ........... 113

4-10 Effect of break discharge coefficient on the center bundle
fuel cladding temperature at the sixth elevation .................. 114

4-11 Effect of break discharge coefficients on the peak cladding
temperatures in both bundles ...................................... 115

xix



4-12 Effect of initial power on the primary system pressure........... 116

4-13 Effect of initial core power on the collapsed liquid level
in the reactor vessel ............................................. 117

4-14 Effect of initial core power on the peak cladding temperatures
in both bundles ................................................... 118

4-15 Effect of finer cell size on the peripheral bundle peak
cladding temperature .............................................. 119

4-16 Effect of finer cell size on the center bundle peak cladding 120
temperature .......................................................

4-17 Effect of finer cell size on the guide tube with control rod
temperature ....................................................... 121

4-18 Effect of radiation heat transfer on the center bundle peak
cladding temperature .............................................. 122

4-19 Effect of radiation heat transfer on the guide tube with
control rod temperature ........................................... 123

4-20 Effect of radiation heat transfer on the vapor temperatures
in both channels at the hot plane ................................. 124

4-21 Effect of radiation heat transfer on the peripheral bundle
peak cladding temperature ......................................... 125

4-22 RELAP5 and approximated inlet steam flow velocities for 126
the center bundle .................................................

4-23 RELAP5 and approximated inlet steam flow velocities for
the peripheral bundle ............................................. 127

4-24 Center bundle hot rod temperatures at 25-MW initial power ......... 128

4-25 Peripheral bundle hot rod temperatures at 25-MW initial power ..... 129

4-26 Peak temperatures on both sides of the thermal shroud and
on the hot rods in both bundles ................................... 130

4-27 Peak temperature developments in the center bundle ................ 131

4-28 Effect of initial core power on the center bundle peak
cladding temperature .............................................. 132

4-29 Effect of initial core power on the peripheral bundle peak
cladding temperature .............................................. 133

xx



4-30 Effect of initial core power on the thermal shroud both
surface temperatures .............................................. 134

4-31 Effect of center bundle inlet steam flow rate on the center
bundle peak cladding temperature .................................. 135

4-32 Comparison of metal-water reaction heat generation rates .......... 136

4-33 Effect of hydrogen blanketing on the peak power and hot plane
temperatures in the center bundle ................................. 137

4-34 Temperature profile in the thermal shroud at 33-MW initial
power ............................................................. 138

4-35 Temperature profile in the thermal Shroud at 25-MW initial
power ............................................ ................ 139

4-36 Comparison of temperatures on the thermal shroud outer
surface and the peripheral fuel rod adjacent to the
thermal shroud .................................................... 140

5-1 Comparison of TRAC-LOFT and RELAP5 peak cladding temperatures
at 33-MW initial power ............................................ 149

5-2 Comparison of TRAC-LOFT and SCDAP peak power plane temperatures
at 33-MW initial power ............................................ 150

5-3 Comparison of TRAC-LOFT and SCDAP hot plane temperatures
at 33-MW initial core power ....................................... 151

5-4 Comparison of TRAC-LOFT and RELAP5 peak cladding temperatures
in the center and peripheral bundles at 25-MW initial power ....... 152

5-5 RELAP/MOD2 results for Experiment LP-FP-2 at 33-MW initial
power ............................................................. 153

5-6 TRAC-LOFT results for Experiment LP-FP-2 at 33-MW initial
power ............................................................. 154

5-7 SCDAP results for Experiment LP-FP-2 at 33-MW initial power ....... 155

5-8 TRAC-LOFT results for Experiment LP-FP-2 using finer cell
size at 33-MW initial power ....................................... 156

5-9 TRAC-LOFT and RELAP5 results for Experiment LP-FP-2 at 25-MW
initial core power ................................................ 157

5-10 Estimated peak cladding temperatures at 26.5-MW initial core
power ............................................................. 158

6-1 Experiment LP-FP-2 center fuel bundle configuration ............... 162

xxi



7-1 Release rate functions taken from NUREG-0772 ..................... 165

7-2 TRAC-BDl calculated axial fuel temperatures ...................... 166

7-3 Model of the center bundle for the TIGERI calculations ........... 167

7-4 TIGERI calculated cumulative fractional release inventories for
the base case .................................................... 168

7-5 TIGERI calculated release functions for Cs, I, and Te ............ 169

8-1 Schematic of a control rod showing the release and
transport of control rod materials ............................... 179

8-2 Control rod temperatures as a function of time during
the LP-FP-2 experiment ........................................... 180

8-3 Mass flow rates for steam and hydrogen, assuming that all
of the steam has reacted with zircaloy ........................... 181

8-4 Release rates of Ag, In, and Cd for the all steam case ........... 182

8-5 Release rates of Ag, In, and Cd for the all hydrogen case ........ 183

8-6 Cumulative quantity of Ag, Sn, and Ba released as a function
of time .......................................................... 184

10-1 Iodine equilibrium concentration as a function of temperature .... 220

10-2 Cesium iodide equilibrium concentration as a function of
temperature ...................................................... 221

10-3 Cesium hydroxide equilibrium concentration as a function of
temperature ..................................................... 222

10-4 Schematic of the LOFT reactor showing the TRAP-MELT control
volume nodalization and the relative location of measurement
instrumentation .................................................. 223

10-5 RELAP5 calculated mass flow rate for the intact loop hot leg.
A negative mass flow rate indicates that the direction of flow
is toward the reactor vessel ..................................... 224

10-6 Steam temperatures used in the TRAP-MELT analysis ................ .225

10-7 Metal surface temperatures used in the TRAP-MELT analysis ........ 226

10-8 Comparison of steam and metal temperatures along the TRAP-MELT
flow path ........................................................ 227

10-9 Steam mass flow rates used in the TRAP-MELT analysis ............. 228

10-10 TRAP-MELT calculated steam velocities ............................ 229

xxii



10-11 Distribution of iodine among the possible states and control
volumes at the end of the LP-FP-2 Experiment .................... 230

10-12 Distribution of CsI among the possible states and control
volumes at the end of the LP-FP-2 Experiment .................... 231

10-13 Distribution of CsOH among the possible states and control
volumes at the end of LP-FP-2 Experiment ........................ 232

10-14 Distribution of HI among the possible states and control volumes
at the end of the LP-FP-2 Experiment ............................. 233

10-15 Distribution of Te among the possible states and control volumes
at the end of the LP-FP-2 Experiment ............................ 234

11-1 Specific activity of 1-131 in the LPIS as a function of time
during the LP-FP-2 Experiment ................................... 238

11-2 Specific activity of 1-133 in the LPIS as a function of time
during the LP-FP-2 Experiment ................................... 239

11-3 Specific activity of Cs-137 in the LPIS as a function of time
during the LP-FP-2 Experiment ................................... 240

11-4 Specific activity of Cs-138 in the LPIS as a function of time
during the LP-FP-2 Experiment ................................... 241

11-5 Specific activity of Te-132 in the LPIS as a function of time
during the LP-FP-2 Experiment ................................... 242

12-1 Estimated initial blockage of the center fuel bundle ............. 247

A-i LP-FP-2 fission product instrumentation ......................... 255

E-1 TRAC calculated axial fuel temperatures for the center bundle
for the 25 MW test scenario ..................................... 261

E-2 TIGERI calculated cumulative release fraction for Xe, Kr,
and I ........................................................... 262

TABLES

3-1 Initial Conditions for Experiment LP-FP-2 and its RELAP5/MOD2

Simulation ....................................................... 43

3-2 Chronology of Events Predicted by RELAP5/MOD2 .................... 44

3-3 Predicted Dryout Times Along the Center and Peripheral Fuel
bundle Channels .................................................. 45

xxiii



6-1 Selected ORIGEN2 Inventory Results for the Experiment LP-FP-2
Center Fuel Bundle at the Time of Fission Product Release
(Assumed Burnup is 500 MWD/MTU, and core power is 33 MW) ........ 161

8-1 LOFT FP-2 Geometric Input Data to the VAPOR Program ............. 177

8-2 Vapor Predictions of Ag, In, and Cd Release for
Experiment LP-FP-02 ............................................. 178

9-1 Thermodynamic Input Data for the SOLGASMIX-PV Calculation ....... 190

9-2 Temperature and Pressure in the Center Bundle during the
Transient ....................................................... 191

9-3 Hydrogen Generation Rate, Steam Rate, and H2/H2 0 Ratio in

the Center Bundle during the transient .......................... 192

9-4 Fission Product Release Rate in the Central Bundle .............. 193

9-5 CsOH and Cs Generation Rate in the Center Bundle ................ 194

9-6 CsI, HI and I Generation Rate in the Center Bundle .............. 195

9-7 Te, H2 Te, Te2 , TeO and TeOH Generation Rate in the Center

Bundle .......................................................... 196

10-1 Model Couplings Considered by TRAP-MELT ......................... 211

10-2 TRAP-MELT Version 2 Assumptions and Limitations ................. 212

10-3 Geometric Model Parameters for TRAP-MELT Control Volumes ........ 213

10-4 Relationship between TRAP-MELT and Thermal-Hydraulic Codes ...... 214

10-5 Distribution of 12/I ............................................ 215

10-6 Distribution of CsI ............................................. 216

10-7 Distribution of CsOH ............................................ 217

10-8 Distribution of HI .............................................. 218

10-9 Distribution of Te .............................................. 219

E-1 Comparison of TIGER1 Results for the 33 MW and 25 MW LP-FP-2
Experiment Scenarios as Calculated by TRAC-BD1 .................. 260

F-1 Comparison of TIGER1 and CORSOR Cumulative Release Results for
the LP-FP-2 Experiment (at 1800 s) .............................. 264

G-1 ORIGEN2 Inventory Results for the LP-FP-2 Center Fuel Assembly
at the Time of Fission Product Release (assumed
burnup = 325 MWD/MTU) ........................................... 266

xxiv



BEST ESTIMATE PREDICTION FOR OECD LOFT PROJECT

FISSION PRODUCT EXPERIMENT LP-FP-2

1. INTRODUCTION

This report summarizes the experiment prediction (EP) analyses

performed for the Loss-of-Fluid Test (LOFT) Experiment LP-FP-2. This

experiment will be the second fission product experiment and the final

experiment to be conducted for the Organization for Economic Cooperation

and Development (OECD) LOFT Project. Experiment LP-FP-2 is planned to

provide information on fission product and aerosol release and transport in

an integral pressurized water reactor (PWR) system where maximum fuel

cladding temperatures will be in the range of 2100 K (33201F) to 2800 K

(45801F). The purpose of this report is to document the results of the

best estimate calculations performed for Experiment LP-FP-2. The best

estimate calculations comprise the thermal-hydraulic calculations and the

fission product and aerosol release and transport calculations.

The thermal-hydraulic calculation of the LOFT system as a whole was

performed using the RELAP5/MOD2'-13' computer code, and of the reactor

core using a special version of the TRAC-BD1 E-23, developed for this

experiment, and SCDAP 1-33 computer codes. It also includes various

sensitivity studies performed using RELAP5/MOD2, TRAC-BD1, and SCDAP to
show the effect of various parameters on the uncertainty in the physical

system and system behavior. A comparison of the results of the three codes

is also given.

The fission product and aerosol release and transport behavior of the

LOFT system was analyzed using various computer code calculations and

calculations using empirical models. The computer codes used in the

analyses are the ORIGEN2[ 1 - 4 ], SOLGASMIX-PV[1- 5], and

TRAP-MELT[ 1-6]. The empirical models comprise the NUREG-0772[1-7]

elemental release rate functions (as used in the TIGER1[1-8] computer

program), the Ag/Cd vapor release rate model (as used in the VAPOR[I- 9 ]
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computer program), and the aerosol seed calculations. Figure 1-1 shows the

interconnections and dependency between these computer codes, the empirical

models, and the thermal-hydraulic input data.

A description of the LOFT facility and the experiment objectives for

Experiment LP-FP-2 are given in Appendix A. The transient phase will be

initiated by inserting the center fuel module control rods and scramming

the reactor. This will establish time zero and the start of the transient

phase of Experiment LP-FP-2. After insertion of the control rods is

verified, a 2.95-cm (1.16-in.) inside diameter, simulated break line in the

intact loop cold leg (ILCL) will be opened at 20 s. The primary coolant

pumps will be manually tripped at 25 s, and will undergo a normal

coastdown. At 220 s, the simulated low-pressure injection system (LPIS)

line valve [also with an inside diameter of 2.95 cm, (1.16 in.)] will be

opened. This line is connected to the broken loop hot leg and the

blowdown suppression tank (BST) inlet vent. At 620 s the break line

attached to the ILCL will be closed prior to initiation of the cladding

heatup at approximately 625 s. Cladding temperatures will reach 2100 K

(3320'F) at approximately 1278 s. Fission product and aerosol releases

will occur from fuel rod failure until the thermal shroud wall or the

peripheral fuel cladding reaches 1390 K (20321F). At this time, the

fission product filter, sampling system, and the upper plenum deposition

coupons will be closed in the primary coolant system coincident with the

closure of the simulated LPIS line. The core reflood injection, following

the isolation of the fission product system, will start from both

accumulators.

The experiment scenario given herein is the result of predictions

using the conditions and the setpoints as originally specified in the

Experiment Specification Document['1-]. In order to maximize the

chances of achieving Experiment LP-FP-2 objectives, changes have been made

to certain initial and boundary conditions such as initial core power,

which is reduced from 33 MW to 26.5 MW, and closure trip action for the

simulated ILCL break, which has become a temperature or a pressure trip

instead of a time trip. Although the expected phenomena and their sequence
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will be the same, the times corresponding to various events will be

different. Since the initial calculations were carried out using an

initial power of 33 MW and 620 s for the closure time for the simulated

ILCL break as originally specified in the Experiment Specification, this

set of calculations performed using the thermal-hydraulic and fission

product codes are presented as the base calculations. Calculations

employing changes with respect to the original specifications will be

analyzed as the sensitivity calculations.

Section 2 of this report contains a description of modeling techniques

employed in the thermal-hydraulic calculations. Results of the best

estimate thermal-hydraulic calculations are discussed in Section 3.

Section 4 presents results of several sensitivity calculations. Section 5

presents the comparison of the system thermal responses as calculated by

RELAP5/MOD2, a special version of TRAC-BD1, and the SCDAP codes. Outcome

of the thermal-hydraulic calculations and various uncertainties involved in

the calculations are also discussed.

Section 6 of this report describes the center fuel bundle geometry and

fission product inventory calculations performed with the ORIGEN2 code.

Section 7 presents the results of the elemental release rate calculations

with the TIGERI computer program utilizing the NUREG-0772 elemental release

rate data base. The results of Section 7 define the time-dependent fission

product source term as released from the center bundle. Section 8

discusses the Ag/Cd vapor release and aerosol seed calculation. The

results of this section define the initial aerosol and Ag/Cd vapor source

term as used in the TRAP-MELT analysis. Section 9 discusses the

SOLGASMIX-PV results and describes the chemical form of the fission product

release. Section 10 summarizes the fission product transport calculations

that were performed with the TRAP-MELT code. Section 11 reviews the major

results and implications of these calculations.

Section 12 is devoted to the estimates on the core configuration after

the completion of Experiment LP-FP-2. The general conclusions from the EP

analysis are presented in Section 13.
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Appendices are provided to supplement the contents of the main body of

this report. Appendix A provides brief descriptions of Experiment LP-FP-2

and of the LOFT facility. A listing of the RELAP5/MOD2 code input data is

provided in Appendix B. Appendix C presents the TRAC-BD1 (TRAC-LOFT) code

input listing. Appendix D gives the input data used for SCDAP

calculations. Appendix E presents the TIGERI results for LOFT 25-MW test

scenario. Comparison of TIGERI and CORSOR calculations is presented in

Appendix F. ORIGEN2 results for the 325-MWD/MTU burnup case are presented

in Appendix G. Appendix H presents FRAPCON2/FASTGRASS calculated pin gap

inventory for the high power rods in the center bundle. Appendix I

presents the ORIGEN2 calculation performed for the base case. SOLGASMIX-PV

calculation for the base case is presented in Appendix J. TRAP-MELT

calculation performed for the base case is given in Appendix K. Depletion

of Aerosol particles in the LPIS line pipe bends is given in Appendix L.

1.1 REFERENCES

[1-1] V. H. Ransom, et al., RELAP5/MOD2 Code Manual, EGG-SAAM-6377,
April 1984.

[1-2] J. W. Spore, et al., TRAC-BDI: An Advanced Best Estimate Computer
Program For Boiling Water Reactor Loss-of-Coolant Accident
Analysis, NUREG/CR-2178, EGG-2109, October 1981.

[1-3] G. A. Berna et al., SCDAP/MOD1/VO: A Computer Code for the Analysis
of LWR Vessel Behavior During Severe Accident Transients,
IS-SAAM-84-002, June 1984.

[1-4] A. G. Crogg, ORIGEN2: A Revised and Update Version of Oak Ridge
Isotope Generation and Depletion Code, ORNL-5621,July 1980.

[1-5] T. M. Besmann, SOLGASMIX-PV: A Computer Program to Calculate
Equilibrium Relationships in Complex Chemical Systems,
ORNL/TM-5775, April 1979.

[1-6] H. Jordan, et al., TRAP-MELT Users Manual, NUREG/CR-0632 BMI-2017
February 1979.

[1-7] USNRC, Technical Bases for Estimating Fission Product Behavior
During LWR Accidents, NUREG-0772 June 1982.

[1-8] M. L. Carboneau, A Report on the Transient Isotope Generation and
Elemental Release (TIGER) Program, to be published.
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[1-9] D. Petti, AgInCd Vapor Release and Aerosol Formation in Severe
Reactor Accidents, Progress Report for EG&G Idaho Inc., Published by
Department of Nuclear Engineering Massachusetts Institute of
Technology, March 15, 1985.

[1-10] V. T. Berta, OECD LOFT Project Experiment Specification Document
Fission Product Experiment LP-FP-2, OECD LOFT-T-3802, June 1984.

5



Thermal-hydraulic
calculations

TRAC-8D1

Center bundle fuel
temperatures. Including

radiation and metal-water
reaction models

Ml

RELAP5

V-sequence transient
thermal hydraulics

for LOFT

-9-p

M-, Fission
product
source

term and
transport
analysis

ORIGEN2

Center bundle fuel
inventory calculation

including Cs, 1. and Ta

TIGERI

Transient elemental FP
source term calculation

using NUREG-0772
release rates

I

VAPOR

Control rod
(Ag/Cd) vapor
release model

0'-

*I

Aerosol seed
calculation

_ U

ISOLGASMIX-PV

Calculation of the molecular
form of the FP release

(e.g., Col. CSOH)

TRAP-MELT

Col. CsOH, Ta. Ag, Cd
and aerosol transport

calculation

LO1-KMII-01

Figure 1-1. Flow chart of computer codes and models used in the
analysis of LOFT Experiment LP-FP-2.

( ( (



2. THERMAL-HYDRAULIC COMPUTER CODE SIMULATIONS

The RELAP5/MOD2 computer code[2-1],a was used to calculate the

transient thermal-hydraulic responses for the LOFT system during Experiment

LP-FP-2. A special version of TRAC-BD1[ 2 - 2],b and SCDAP[2-3],c were

used to calculate the core behavior in detail during the heatup phase.

This section describes the codes, and their applications to this experiment

calculation.

2.1 RELAP5/MOD2 Computer Code

RELAP5/MOD2 is an advanced, best-estimate computer program developed

at the Idaho National Engineering Laboratory (INEL) for the analysis of

Loss-of-Coolant Accident (LOCA) and other PWR transients. The specific

application of the code to the Experiment LP-FP-2 prediction is discussed

in this section.

2.1.1 RELAP5/MOD2 Description

RELAP5/MOD2 employs a finite-difference fluid cell representation of

the primary and secondary coolant systems. The six-equation hydrodynamic

formulation employs separate equations to describe the conservation of

mass, momentum, and energy for liquid and steam within each fluid cell.

The description of the hydrodynamics is essentially one dimensional within

each fluid cell. The inclusion of a simplified treatment of the

a. This analysis was performed using RELAP5/MOD2 Cycle 36, a production
version of the RELAP5/MOD2 code which is filed under INEL Computer Code
Configuration Management (CCCM) Archival Number A05844.

b. TRAC-BD1 modified Version 8, INEL CCCM Archival Number F01498.

c. SCDAP modified Version 16, INEL CCCM Archival Number A00744.
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conservation of •momentumri.in -the dilr'ect~in perpendicu1&Aýý.it6 th6 main stream

flow, where cross flow occurs between parallel volumes and in branches,

brings a special. 'Itreatment of two-dimensional effects. ".

Descriptions of the "hydrodynamics -of ,choked flow, strattfied,:flow -and-i

abrupt area. changes are qarried out -wi th specialr. :process models,.:., Speci~al]

model-s are included for. Tsimul atilon. of :fpa.rt.icuiar -components, .:.such :las -.pumps --

and accumulators. Flow-regime-dependent constitutive equation and heat•.:I`--_

transfer packages are incorporated to complement the hydrodynamic

description. Conductioniof heat within metalwork and fuel rods is

calculated with a one-dimensional (two-dimensional in fuel cladding for a

reflooding .simulation)i fini~te difference formulatironl. A powerfu'l -conitrol

and triplogic capabilitylis built :into the-code.. ý-

2.1.2 RELAP5/MOD2_No.dalization -for -Experiment LP-P-F -

The nodalization used in RELAP5/MOD2 for this calculation is based on
aa standard LOFT nodalization, with changes which were necessa~ry .to .

represent the particular system configuration for Experiment LP-FP-2.

Several changes were appl i ed :on the -nodal'ization model, sused 'diri ng :,the

planning .calculatioins [2-4] using RELAP5/MOD1, and also on the first .

RELAP5/MOD2 Cycle 2,7:model [2,5] used -for the., early phase of the

prediction calculations.. -These updatesw..were 'made to overcome various 'code -

difficulties encountered or to better represent var.ious phenomena expectted -

to occur duringý Experiment LP-FP-2., The -final.version of the nodalizationc-

model used for the calculations presented in this report is shown in

Figure 2-1. A complete input data listing is supplied in Appendix B.-

The 6no dali .ation'modeI di ffers, from the, standard RELAP5 *LOFT mo del in f

the following aspects:

a. The standard LOFT input model Version 131 was used as the basis for the
input deck for Experiment LP-FP-2. The model is continually being updated
and improved. However, complete traceability of each version is maintained
in the model and by the LOFT Program Division.
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1. The broken loop hot leg pump and steam generator simulators and the

quick-opening blowdown valve were replaced by a pipe simulating the

LPIS break line with two valves attached at both ends.

2. The quick-opening valve on the broken loop cold leg and its connection

piping to the cold leg were deleted. The broken loop cold leg is a

dead end volume.

3. The reactor vessel was extensively remodeled to represent the special

core configuration and to better simulate the flow splitting and

mixing. Special emphases were given to peak cladding temperature

behaviors in the center and peripheral fuel bundles, and also the

thermal responses of the guide tubes, control rods and thermal shroud

surrounding the center bundle assembly.

4. The cross flow model was applied to the junctions connecting the cold

legs to the vessel and to the junction connecting the pressurizer to

the intact loop hot leg.

5. Although the reflood phase was not simulated, the emergency core

coolant (ECC) system and its injection locations (one into the lower

plenum and the other into the downcomer) were shown for a complete

system nodalization.

6. The blowdown piping was attached to the ILCL leg with a nodalization

similar to that used in the Experiment LP-SB-3 prediction

calculation[ 2 6 ].

2.1.3 RELAP5/MOD2 Input Model for Experiment LP-FP-2

The input model contains a total of 43 fluid cells for the vessel and

95 cells for the remainder of the primary and secondary systems. Detailed

models were developed 2-73 to better simulate the flow splitting (from

the lower plenum into the channels representing the peripheral and center
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bundles) and flow mixing (in the upper plenum). The lower plenum is

represented by seven fluid cells which consider the lower plenum and lower

core support structure. The flow splitting is represented by cross flow

junctions between the cells at three elevations below the core. The

diffuser plate is specifically modeled by the junctions connecting

Volumes 222 and 224 and Volumes 223 and 225. The detailed upper plenum

model specifically considers the mixing in the upper end box represented by

Volumes 240 and 241 with a cross flow junction between these volumes. The

mixing between the flows coming from the center bundle and the peripheral

bundles below the 5.69-m (224-in.) elevation, as referenced to the bottom

of the reactor vessel, is also modeled by the cross flow junction between

Volumes 245 and 246. No mixing is allowed between Volumes 252 and 253 due

to the geometry of the upper plenum between the 5.69-m (224-in.) elevation

and the nozzle level.

The nozzle area is modeled by four fluid cells. The hot legs are

connected to Volume 250. The split downcomer approach was chosen

especially to simulate the effect of liquid level in the downcomer on the

void distribution in the core at the time of ILCL break valve closure. The

two downcomer channels are horizontally connected with cross flow junctions

at five different axial elevations. The core is divided into two channels,

each containing six axial fluid cells of equal length. The channels are

hydraulically isolated. The thermal shroud, which is represented by a heat

structure, is the thermal link between the two core channels. The leak

path between the upper downcomer annulus and the upper plenum is modeled by

a cross flow junction connecting Volumes 700 (upper downcomer annulus)

and 256 (upper portion of the nozzle area above the peripheral bundles).

The eight hot rods in the center bundle and remaining 9.72% enriched

fuel rods are represented by two heat structures. The 10 guide tubes and

11 control rods are separately represented by two heat structures. The

fuel rods in the peripheral bundles are represented by two heat

structures. One structure represents the four rows of rod groups

surrounding the thermal shroud outer surface. The remaining fuel rods are
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represented by the second heat structure. The guide tubes with and without

the control rods are not simulated. This will result in a slightly

increased temperature excursion in the peripheral bundle.

Other input features included the containment being modeled as a

time-dependent volume. The decay heat power was based on ORIGEN2

calculations specifically performt"ed for the peripheral and center fuel

bundles. A burnup of 500 MWD/MTU was used for the calculations. The

RELAP5/MOD2 code does not include a metal-water reaction model. However,

when the fuel rod cladding temperature rises above 1273 K (1832*F)

metal-water reaction becomes the principal heat source. Therefore, a

metal-water reaction model was included using the RELAP5 control system.

Heat generation was calculated using the Cathcart-Pawell[2-83 model for

cladding temperature in the range 1273 to 1853 K (1832 to 28761F) and the

Urbanic[2-83 model for cladding temperatures above 1853 K (2876 0 F). A

steam limitation model was included to account for the steam availability

for the reaction. The main limitation of the model is that the center

bundle flow should always be positive. The metal-water reaction was also

calculated on the cladding of the guide tubes and the inner surface of the

thermal shroud. These models were included in the input deck and can be

seen in Appendix B.

The base calculations were initiated from a power level of 33 MW.

This core power level corresponds to a peak power density in the 9.72 wt%

enriched fuel rods of approximately 52.5 kW/m (16 kW/ft).

2.2 TRAC-BD1 Computer Code

TRAC is an advanced best estimate system analysis computer program

designed for the analysis of postulated accidents in light water reactors.

TRAC-BDI is designed primarily -^,r the simulation of design basis LOCAs in

boiling water reactors (BWR). This version of the code is suitable for

analysis of the thermal behavior of the LOFT core with two separated flow

channels during Experiment LP-FP-2.
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2.2.1 TRAC-BD1 Description

Unique features of the code include (a) a full nonhomogeneous,

nonequilibrium two-fluid thermal-hydraulic model of the two-phase flow in

all portions of the BWR system and (b) a detailed model of BWR fuel

bundles, which includes a radiation heat transfer model for thermal

radiation between multiple fuel rod groups, inner surface of the fuel

channel wall, and liquid and steam phases within the bundle.

Extensive development work was carried out at the INEL to improve the

TRAC-BDI computational capabilities to more closely predict the LOFT core

thermal response during Experiment LP-FP-2. The detailed description of

the models (the first five items indicated below) developed has already

been published in Reference 2-9. The models which are important for this

calculation are:

o LOFT full core radiation model

o Thermal shroud model which links the two separated flow channels

thermally

o Extended metal-water reaction model

o Steam limitation model

o Conductance across the gap between the guide tube and control rod

o Capability of starting post dryout heat transfer at a given time

and axial elevation, as defined in the input.

The sixth model indicated above was built to start the postdryout heat

transfer calculation at a given axial elevation and a time. This is a

necessity due to (a) deletion of several code models (as indicated below)

which must be used for a boiloff simulation and (b) the simple input model

developed for the simulation which allows only a heatup calculation. The
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model employed a 20,000 W/m2 -K liquid heat transfer coefficient for the

nucleate boiling heat transfer regime so that the initial temperature at

that elevation could be maintained until the transient passes a given

time. The code is then allowed to pass into the postdryout heat transfer

calculation.

The metal-water reaction model considers the reaction occurring on the

rod groups simulating fuel or control rods and on the inner surface of the

thermal shroud. The lack of a heat source due to metal-water reaction on

the outer surface of the shroud will yield a slightly lower temperature

excursion on this surface and also on the peripheral bundle fuel rods

surrounding the thermal shroud because of the radiation heat loss to the

shroud. At the temperatures expected in this transient, the lack of

metal-water reaction on the shroud is calculated to be small.

In addition to the models above, numerical stability of the

calculation was further enhanced by improving the calculational strategy of

the code.

All of the code models that were not of use for this analysis, such as

jet pump model, valve model, etc., were removed to offset the extra

dimensions required for the radiation model. New material properties were

added to analyze the control rods, guide tubes, and the thermal shroud

responses. This special version of the code is called TRAC-LOFT and was

used to calculate the thermal behavior of the LOFT core.

2.2.2 TRAC-LOFT Nodalization for Experiment LP-FP-2

The TRAC-LOFT nodalization used for this calculation is presented in

Figure 2-2. The LOFT core is represented by two CHAN components (a special

TRAC model for the simulation of a BWR bundle), one representing the center

bundle, and the other representrig the peripheral bundles. The thermal

shroud is modeled by the wall of the CHAN component representing the center

bundle. Boundary conditions at the outer surface of the thermal shroud

wall are taken from the CHAN component representing the peripheral bundle.
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Both CHAN components are divided into six equally spaced axial volumes for

consistency with the RELAP5/MOD2 nodalization. Two flow boundary

conditions (FILL components) simulating the steam flow entering the center

and peripheral bundles are separately modeled. The outlet flows from the

CHAN components are mixed in a TEE component. A pressure boundary

condition at the core exit is provided with a BREAK component attached to

the TEE component. The wall of the peripheral bundle CHAN component

represents the core filler plates and the flow shroud.

The fuel rods, control rods, and guide tubes are represented by rod

groups arranged by rod powers and geometry. The individual members of a

rod group are assumed to be equivalent to all other members of the rod

group. This requires careful grouping of the rods with regard to radiation

view factors and individual rod powers. The optimum configuration (six

groups of rods representing fuel and control rods in the center bundle and

nine groups of fuel rods only in the peripheral bundles) was found after an

extensive study (Appendix 1 of Reference 2-9). This model was further

upgraded to simulate the guide tubes containing the control rods separately

from the noncontrol rod guide tubes. The model used for this analysis

employs six groups of rods in the center bundle as follows: 100 fuel rods

are simulated with three rod groups; the center guide tube, by one group;

the other 10 guide tubes, by one group; and the guide tubes with the

control rods, by one group. The peripheral bundle rods are grouped into

nine rod groups according to their radial peaking factors.

Due to excessive computer memory requirements, the guide tubes with

and without the control rods in the peripheral bundles are not modelled.

Nonconsideration of these rods will cause a slightly increased temperature

excursion in the peripheral bundles. The rod grouping established for the

center bundle and peripheral bundles are presented in Figures 2-3 and 2-4,

respectively. Since the computations of view factors for the rods for the

radiation heat transfer calculation in both assemblies require large

computer storage, these calculations were performed by a stand alone

code[2- 10 ] which uses the same techniques used by TRAC-LOFT. The results

of these calculations were made available to TRAC-LOFT.
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In addition to the thermal-hydraulic boundary conditions required from

the RELAP5 calculations, an adiabatic boundary condition is assumed on the

outside surface of the wall belonging to the peripheral bundle CHAN

component. This assumption will add additional increase to the predicted

temperature excursion in the peripheral bundle. A listing of the TRAC-LOFT

input model is provided in Appendix C.

2.3 SCDAP Computer Code

The SCDAP computer coder2- 3] is being developed at the INEL under

the sponsorship of the Office of Research of the United States Nuclear

Regulatory Commission. The SCDAP code models the progression of light

water reactor core damage following a LOCA, including core heatup, cladding

ballooning and rupture, oxidation, hydrogen generation, fission product

release, and control rod and fuel material liquefaction and relocation.

2.3.1 SCOAP Description

Version 16 of the SCDAP code uses thermal-hydraulic boundary

conditions to calculate the behavior of fuel bundle components provided

they have not significantly lost their original geometry. The structures

treated by SCDAP/V16 included fuel rods, control rods, and a shroud. This

capability was extended to include empty control rod guide tubes or

instrument tubes using the fuel rod component. The fuel rod component

models calculate the thermal response, the mechanical response, and the

response during early stages of disruption of the fuel rod. The thermal

models consider the important thermal effects, which includes convective

and radiation heat transfer, heat conduction, zircaloy oxidation, and

transport of hydrogen. The thermal models also considers the radiation

heat exchange between the component surfaces and the coolant fluid. The

cladding oxidation model includes the hydrogen blanketing and steam

limitation effects. The mechanical models predict the ballooning of

cladding and several consequent effects. Cladding ballooning results in

reduced flow area and an increased cladding surface, both of which affect

rod cooling and hydrogen generation rates.
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The models which describe the early stages of disruption predict the

amount of liquefied fuel and cladding material and the relocation

position. Additional models are provided to describe oxidation,

liquefaction, and solidification of control rods and guide tubes. A

thermal shroud component model is built in, which utilizes fine

nodalization to calculate heat conduction through multiple material layers.

The material properties usec in SCDAP are obtained from Reference 2-8

with additional information for the control rod and shroud insulator

material (ZrO2 ) supplied by the fuel module design engineers.

2.3.2 SCDAP Input Model for Experiment LP-FP-2

SCDAP/V16 is limited to a one-dimensional thermal-hydraulic model with

a maximum of five components. Therefore, the LOFT core is represented by

two separate models for the center and peripheral bundles. The

calculations for each bundle were performed independently.

For the SCDAP/V16 calculations, the input model for the center bundle

is defined as shown in Figure 2.5. The model has two fuel rod components

with radial peaking factors of 0.93 and 1.022 with respect to the center

bundle average power and control rod, guide tube, and shroud components.

All components are divided into six axial nodes, each 0.2794 m (11 in.)

long, as shown in Figure 2-6. Each fuel rod was divided into six radial

(annular) nodes: four for fuel pellets, one for gap, and one for zircaloy

cladding.

The guide tube with the control rod is divided into five fixed radial

nodes for the material layers which includes the poison, stainless steel

cladding, gap, and zircaloy guide tube. The thermal shroud is divided into

20 radial nodes as shown in Figure 2-7. The argon gas gaps in both sides

of the insulator are modeled. Ai adiabatic boundary is assumed to be on

the outside of the thermal shroud.
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The peripheral bundles for Experiment LP-FP-2 contain 1096 fuel rods

and 80 control rods. For the SCDAP/V16 calculations, the peripheral bundle

model is divided into four radial regions with radial peaking factors of

0.659, 0.959, 1.138 and 1.196 with respect to the peripheral bundle average

power, moving from the peripheral inward as shown in Figure 2-8. Five

SCDAP components represent four radial core regions and the thermal shroud

of the center bundle. The guide tubes with and without control rods and

the outer core structures are not modeled. The inner and outer radial

boundaries are treated as adiabatic. The axial and radial nodalization of

each component are used in the same manner as used for the center bundle.

A listing of the SCDAP input model is provided in Appendix D.

2.3.3 View Factors Calculation

In SCDAP/V16, the radiation view factors and the path lengths can be

calculated by the code for bundles less than a 20 x 20 array or input

directly by the user.

Although SCDAP can calculate the radiation view factors, the view

factors for the center and peripheral bundles were calculated by the stand

alone code[2- 10 3 indicated in Section 2.2.2. The SCDAP calculations for

Experiment LP-FP-2 core were performed using these view factors. Thus, a

common input was used for the radiation heat transfer calculations in the

SCOAP and the TRAC-LOFT analyses. However a test calculation for the

center bundle was also performed using the view factors calculated by the

SCDAP code, but no significant differences were found in the temperature

profiles between this and previous calculations.
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3. THERMAL-HYDRAULIC RESULTS

It might be useful to introduce two axial locations of prime

importance, to aid in the discussion of the results from the codes. The

center and peripheral bundles and associated fluid channels were divided

into six axial cells of equal length. This nodalization was employed in

the input models developed for the RELAP5/MOD2, TRAC-LOFT, and SCDAP

calculations. The third cell from the bottom represents a part of the fuel

bundles where the linear heat generation is the maximum. The middle point

of this cell is therefore called the peak power plane in this document.

The maximum center bundle fuel cladding temperature could be expected at

this elevation. However, since each LOFT fuel rod has a bottom skewed

chopped cosine axial power profile, the maximum fuel cladding temperature

might shift to the next elevation above the peak power plane, especially

early in the heatup phase in the center bundle. When this is the case, the

fourth elevation is referred to as the hot plane. The peripheral bundle

peak cladding temperature was always calculated at the fourth elevation.

The hot plane for the peripheral bundles is, therefore, at the fourth

elevation.

Prior to the main calculations, a SCDAP calculation was performed for

the center bundle to estimate the amount of blockage due to the fuel

cladding ballooning and rupture, the control rod material relocation after

the control rod failure, and the fuel cladding relocation due to the

melting of zircaloy at the corresponding temperatures of approximately

1200, 1500, and 2200 K (1700, 2260, and 3500'F), respectively. The

RELAP5/MOD1 thermal-hydraulic results[3-1] were used as the boundary

conditions. SCDAP calculated approximately a 50% blockage as a result of

fuel cladding ballooning and rupture at the hot plane, an additional 25%

blockage at the first elevation due to control rod material relocation, and

a 30% blockage at the first elevation as a result of fuel liquefaction. A

specialized group meeting[ 3 - 2,3-3] was held to review the SCDAP results.

The group decided that the 50% blockage is a reasonable value. It was

decided the SCDAP-calculated 25 and 30% blockages are probably low. This
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was attributed to how the input model was constructed and also to how the

code models the blockages as a result of the control rod material and the

fuel cladding relocations. Instead it was decided that 80% blockages are

more likely based on the experimental data obtained in the United States

and Germany. Therefore a 50-80-80% blockage case was analyzed as a base

case for the thermal-hydraulic calculations.

The 50-25-30% blockage case was also analyzed to determine the

sensitivity of the RELAP-calculated LOFT system thermal-hydraulic behavior

to blockage. Both analyses employed the fuel cladding ballooning- and

rupture-induced blockage at the fourth elevation until 1500 K (22401F) was

reached on the guide tube. An additional 80% blockage was applied to the

second elevation until 2200 K (3500'F) was reached on the fuel rod due to

control rod material relocation. During the final stage of the

calculations, an 80% blockage due to fuel liquefaction was applied to the

first elevation. The blockages at the fourth and second elevations were

removed when the first elevation blockage occurred because of the material

relocations at these elevations. Figure 3-1 presents the calculational

scheme and shows the intersection between the RELAP5, TRAC-LOFT, and SCDAP

results. The RELAP5/MOD2 code, employing the indicated blockages between

the indicated temperature intervals, provided the thermal-hydraulic

information required for the TRAC-LOFT and SCDAP codes for the detailed

core thermal response calculations.

3.1 RELAP5/MOD2 Results

This section presents the thermal-hydraulic results of the Experiment

LP-FP-2 prediction calculation. Prior to performing the prediction, a

steady state calculation to obtain initial conditions as originally

specified in the Experiment Specification Document[3-4] was performed

for the transient calculation. These initial conditions are presented in

Table 3-1. A summary of the calculated main event times and trips are

listed in Table 3-2.
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Analysis of RELAP5/MOD2 predictions for the steam generator secondary

side is given first, followed by rather detailed analysis of the primary side

thermal-hydraulic behavior. The experiment predictions for the primary side

is divided into two general time frames: (a) from the experiment initiation

at time 0 until 625 s, which is called the blowdown phase (during this time

period the ILCL break line valve is open until 620 s) and (b) from 625 to

1484 s, which is the core heatup phase. Figure 3-2 shows the primary system

pressure and illustrates these two phases. Details of the calculated LOFT

thermal and hydraulic responses during these two phases are described in the

following subsections.

3.1.1 Secondary System Behavior

The secondary feed and the steam flow valves were closed at the

initiation of the experiment. Figure 3-3 presents the steam generator

secondary pressure. The steam generator secondary pressure, after termination

of the feed and the steam flows, showed a rapid increase and reached the main

steam valve cycling setpoint of 7.11 MPa (1031 psia) at 49.5 s. The cycling

relieved the pressure in the secondary side to 6.67 MPa (967 psi). Afterward,

the secondary side pressure showed a continuous drop and reached 4.86 MPa

(705 psia) at the end of the calculated transient (1484 s). This drop was due

to the heat loss to the environment and due to the main steam valve leakage.

The calculated steam generator collapsed liquid level is presented in

Figure 3-4, which shows a sharp increase followed by a sharp decrease due to

the steam valve cycling and a steady decrease due to the steam leak. The

steam generator tubes began to uncover at 8 s. At the end of the transient,

25% of the 2.73-m (107-in.) height tubes was uncovered [2.05 m (81 in.)

elevation].

3.1.2 Primary System Behavior During Blowdown Phase (0 to 625 s)

This section first describes the predicted system hydraulic behavior

which affects the core thermal response. Then, the core thermal response and

its effect on the center bundle hydraulics are analyzed.
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After initiation of the experiment by scramming the reactor, the

primary system subcooling increased by about 10 K (18 0 F) and the core

differential temperature decreased by 12.2 K (22*F) mainly due to the scram

and due to heat transfers to the steam generator secondary side and to the

environment. After the opening of the ILCL blowdown valve at 20 s, the

system pressure as illustrated in Figure 3-5 dropped rapidly to the

saturation pressure at about 54.5 s. The pressure then remained almost

constant until the simulated LPII line valve was opened at 220 s. At this

time, the calculated collapsed liquid level in the reactor vessel,

presented in Figure 3-6, was approximately 1.0 m (39 in.) below the nozzle

elevation. Therefore, the code -r'edicted high quality two-phase flow for

the first 80 s after the LPIS line break initiated and pure steam flow

through this line afterwards. This can be seen in Figure 3-7, which

presents the mixture and saturated vapor and liquid densities in the cell

upstream of the LPIS line valve and in Figure 3-8, which shows the mass

flow rate through this valve. This flow-type prediction is in agreement

with the flow-type requirement for this line which determines this break's

initiation time. Initiation of the second break caused the system pressure

to decrease rapidly, reaching 1.3 MPa (188 psia) at 620 s. Mass flow rate

out of the ILCL break line is presented in Figure 3-9. This figure

indicates that the subcooled blowdown ended at 22.5 s and the flow changed

rapidly from a two-phase mixture to steam. Pure steam flow through the

ILCL break was initiated when the intact loop cold leg was completely

voided at about 380 s.

Figures 3-10 and 3-11 present the vapor void fractions at various

elevations in the peripheral and center bundles. The core started voiding

at 35 s. The void gradually increased with the loss of system mass

inventory. Following the closure of the ILCL break valve, the vapor void

fractions at the top three elevations increased from approximately 78 to

99.99% in 11.5 s as the core dried out starting from the top. Until this

time all the fuel rods remained -t saturation temperature.
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3.1.3 Primary System Behavior During Heatup Phase (625 to 1484 s)

This phase of the simulation provides the system thermal-hydraulic

response required for (a) the detailed core thermal response calculations

and (b) the fission product and aerosol release and the transport

calculations. The analyses of the results during this phase is divided

into two subsections. The first subsection describes the primary system

hydraulic behavior and how it controls the core thermal response. The

second section deals with the predicted core thermal behavior and its

implications on the core hydraulics.

3.1.3.1 Hydraulic Behavior. The initial model representing the LPIS

line, five cells each 2 m (78.7 in.) long, had to be replaced with a model

with two cells each 5 m (196.8 in) long at 625 s in order to overcome

(a) substantial time step reductions due to the Courant stability criterion

and (b) the code heat transfer problems causing termination of calculations

as a result of calculation of 400 K (2601F) or more liquid superheating in

this line. This is the first of two nodalization changes during the course

of the calculation. This change improved the speed of the calculations as

expected.

During the heatup phase the only outflow from the primary system was

through the LPIS line. The LPIS line break flow rate is presented in

Figure 3-12. As a result of this pure steam flow, the system pressure,

illustrated in Figure 3-13, showed further steady decrease and reached

0.4 MPa (58 psia) at the end of the heatup phase. The vessel mass

inventory also decreased, as shown in Figure 3-14, from an initial value of

2176 kg (4800 lb) to 529 kg (1168 lb) at the end of the transient. The

remaining liquid mass in the primary system was in the loop seal and

reduced from 297 kg (656 lb) at 625 s to 156 kg (344 lb) at the end of the

transient. The loop seal was calculated to be covered during the course of

the transient which prohibited any loop circulation.

The core started to dry out at the top at 625 s, and the dryout

progressed to the bottom in both of the simulated core channels. Average
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core uncovery rates in the center and peripheral bundle channels were

0.433 cm/s (0.17 in./s) and 0.384 cm/s (0.15 in./s), respectively. The

dryout times at different levels in both of the channels are given in

Table 3-3. The peripheral bundles experienced dryout approximately 70 and

40 s before the center bundle at the peak power plane and the second

elevation, respectively. The reasons for this different dryout behavior

are believed to be as follows: In order to achieve the same pressure drop

across the core, slightly different pressure distributions were calculated

due to the differences in the geometry and the flow loss coefficients. The

difference in the pressure distribution caused slightly higher steam

velocity in the center bundle channel at these elevations compared to those

in peripheral bundles as shown in Figures 3-15 and 3-16. The liquid

velocities at the second and third elevations are also shown in

Figures 3-17 and 3-18, respectively. The differences in the velocities

caused the void fractions in the peripheral bundle channel to reach 99.99%

much faster than the void fractions in the center bundle channel at both

elevations as shown in Figures 3-19 and 3-20. It is believed that during

Experiment LP-FP-2, time differences will also be experienced between the

dryout times in the core channels at some elevations. However, the

uncertainty in the code calculation of the relative dryout time is very

much dependent on (a) how well the input parameters affecting the pressure

drop are known, (b) rough axial cell size (equal to one sixth of the heated

length) used in the core model, and (c) how reliable the code constitutive

models (such as the interfacial drag model, etc.) are at these very low

mass fluxes to calculate the counter current flow. The uncertainty in the

late dryout seen in the center bundle, especially at the hot plane

definitely affects the time at which the temperature at this particular

elevation reaches 2100 K (33201F) and above.

The collapsed liquid level in the reactor vessel is shown in

Figure 3-21. As the collapsed liquid level dropped to the diffuser plate

elevation, the bottom of Volumes 225 and 224, and crossed into Volumes 222

and 223, the void fraction in Volume 225 started increasing rapidly from

approximately 55 to 83%, while the void fraction in Volume 224 remained at

about 55% for a certain period of time until the level further dropped into
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Volumes 223 and 222. The different void fraction distribution was a result of

a code problem in calculating the proper pressure distribution in the lower

plenum. This abnormal pressure distribution at 1207.46 s caused the flow

through the center bundle channel to reverse and flow from the upper plenum

through the center bundle channel to the lower plenum. This code problem may

be initiated by improper flow loss coefficients assigned to various junctions

in the lower plenum or to problems with the interface drag model. The problem

was solved by remodeling the lower plenum by combining four volumes (222, 223,

224, and 225) into one volume (225) and two volumes (214 and 215) into one

volume (215). The calculations were restarted just before the reverse flow

was calculated. This second nodalization change did indeed overcome the

reverse flow problem in the center bundle. Figures 3-22 and 3-23 show the

inlet steam flow rate to both of the core channels. Figure 3-24 presents the

total steam generation rate in the lower plenum due to the system pressure

depressurization and to the heat input from the vessel structures in the lower

plenum.

3.1.3.2 Core Thermal Behavior. After the initiation of the dryout, the

fuel cladding temperatures started to increase due to very poor heat transfer

to the steam environment. Figures 3-25 and 3-26 shows maximum temperature

histories on the fuel cladding surface at six elevations in the center and

peripheral bundles, respectively. These temperatures correspond to the hot

rods in the center bundle, and to the four rows of rods surrounding the

thermal shroud outer surface in the peripheral bundle. 1200 K (17001F) was

reached at 954 s in the center bundle at the fourth elevation. The

temperature excursion at the fourth elevation was faster than at the peak

power plane because of a smaller temperature difference between the surface

and the steam temperature at this elevation compared to the difference at the

peak power plane, and also because of the earlier dryout seen at this

elevation.

Since the fuel cladding ballooning and rupture is an expected phenomenon

at 1050 to 1200 K (1430 to 17001F) and would cause substantial blockage, the

RELAP5/MOD2 calculation was stopped at 954 s in order to renodalize the fourth

cell in the center bundle. The new flow area, the volume and the hydraulic
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diameter were assigned based on 50% blockage in the area as predicted by

the SCDAP computer program. The changes in these variables, although

dynamic in reality, were simulated with step changes occurring at the time

when the renodalization was done. The calculations were continued in time

until the maximum temperature on the simulated guide tube reached 1500 K

(22401F), resulting in control rod failure.

Since control rod failure w4ll cause the control rod material to

escape from the guide tube, flow area blockage can be expected due to the

frozen control rod materials which will relocate towards the lower, colder

elevations in the center bundle. The flow area of the second cell in the

center bundle was assumed to be 80% blocked. Renodalization of the second

cell was performed by changing the flow area, the volume and the hydraulic

diameter of this cell, at 1203.46 s. The calculations were continued with

the previous and the new blockages until 1311 s, when the peak cladding

temperature reached 2200 K (3500 0 F) at the peak power plane.

Since the fuel cladding melting is expected to cause blockage at the

entrance, another RELAP5 renodalization was performed. The fourth and the

second cells were brought to their initial geometry, while 80% blockage was

applied to the first cell. The calculations with the new conditions were

continued until approximately 1400 K (2060 0 F) was predicted in the

peripheral bundle.

The surface temperatures on the simulated guide tubes without control

rods and on the guide tubes with the control rods at the six elevations are

shown in Figures 3-27 and 3-28, respectively. Since RELAP5/MOD2 is not

capable of handling radiation heat transfer between the rods, the heat up

of the unheated surfaces is only due to the convective heat flux. The

guide tubes with control rods therefore, showed a relatively slower

temperature excursion compared with the noncontrol rod guide tubes due to

their higher thermal inertia. --is required the designed trip to stop the

calculation for renodalization at 1500 K (22401F) to be based on the peak

noncontrol rod guide tube temperature. Oth'erwise, the peak cladding

temperature would exceed the 2200 K (35001F) trip point at the time when
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the calculated control rod temperature barely reached 1500 K (22401F).

This would have caused the simulation of blockage due to the control rod

material relocation to be skipped.

After the start of the heatup, the fuel rod cladding temperature rose

quite steadily until the metal-water reaction started at a cladding

temperature of 1273 K (1832*F). The main heat source during this

temperature increase was decay heat generation for the fuel rods and

convective heat transfer for the guide tubes and the thermal shroud. This

reaction increased heat generation, and the cladding temperature began to

rise more rapidly. The reaction rate increased above 1853 K (2875*F) due

to the high-temperature Urbanic, metal-water reaction model. The code

calculated steam limitation at the third, fourth and fifth elevations at

different times. This is noticeable from the slopes of the temperatures at

these elevations, as shown in Figure 3-25. After the second elevation

reached 2000 K (3140 0 F), the higher elevations were steam starved. After

that, the only heat source was again the decay heat.

The temperature rise rate in the center bundle was calculated to be

3.0 K/s (5.4'F/s) at the fuel cladding temperatures below 1200 K (1700'F),

1.5 K/s (2.7'F/s) between 1200 and 1850 K (1700 and 2870'F), and more than

8.0 K/s (14.4°F/s) above 1850 K (2870'F). The heatup rate tended to drop

whenever the steam starvation was calculated to occur. An average heatup

rate of 1.0 K/s (1.8 0 F/s) was calculated in the peripheral bundles. This

rate fell to 0.8 K/s (1.44°F/s) towards the end of the transient.

Temperatures above approximately 1500 K (2240 0 F) at the second

elevation caused the density at this level to become smaller than the

densities at higher elevations at 1311 s. This caused the pressure in the

upper cell to be higher than the pressure in the lowest cell in the center

bundle. Once this new pressure distribution was established in the center

bundle, a reverse center bundle flow was calculated, as seen on

Figure 3.23, and lasted until the end of the transient calculations. Since

the metal-water reaction model built into the RELAP5/MOD2 input model
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developed for Experiment LP-FP-2 calculations considered only the absolute

value of the cell inlet junction flow for the amount of steam available for

the reaction, the steam-limitation model, which limited the metal-water

reactions and hence the temperature excursions after this time, was not

relevant. It is not possible to verify this code behavior since (a) no

thermal-hydraulic experimental data exist which simulate similar behavior

at very high temperature, and (b) this LOFT Vessel nodalization is used for

the first time. It is more likely that this calculated negative flow is a

result of an unknown code problem. However, since the temperatures at the

second, third and fourth elevations are much higher than 2200 K (3500'F),

this negative flow is believed to have no practical effect on the

calculated temperatures other than changing the peak cladding temperature

location.

3.2 Detailed Core Thermal Response

This section presents results for the detailed core thermal response

calculated using the TRAC-LOFT and SCDAP computer codes. These codes are

designed to give details of core thermal response that can not be provided

using RELAP5/MOD2 code, especially at the fuel cladding temperatures above

1500 K (2240*F), such as (a) radiation heat transfer between the fuel rods,

the guide tubes and the thermal shroud, (b) simulation of dynamically

changing geometry due to various blockages, and (c) representation of

radial power distribution in both of the core channels. The results of

these code calculation are compared in Section 5.1 and 5.2 in order to

provide a better insight into the LOFT core thermal behavior.

3.2.1 Boundary Conditions Used for the Calculations

The boundary conditions required by the TRAC-LOFT and the SCDAP codes

are the inlet flow rates to the two core channels, the upper plenum

pressure for TRAC-LOFT, average core pressure for SCDAP, initial heat

structure and vapor temperatures, core dryout times as a function of

elevation, and decay heat generation. The thermal-hydraulic boundary
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conditions calculated by RELAP5/MOD2 were used to drive both code

calculations. The inlet velocities predicted for the core channels were

approximated within each of the four time intervals simulating the

different blockages discussed in Section 3.1. Figures 3-29 and 3-30

present the approximated inlet steam flow velocities for the core channels

representing the peripheral and center bundles. The negative flow

predicted by RELAP5/MOD2 after 1311 was assumed to be a code problem.

Therefore, the last RELAP5 calculated positive flow value judged to be

realistic was used as the center bundle inlet flow for the TRAC-LOFT and

SCDAP calculations. Explanation of its flow instability was given in

Section 3.1.3.2. A pure steam flow condition was assumed to exist

throughout the calculations. However, the codes were not allowed to pass

into postdryout heat transfer regime before dryout was calculated by RELAP5

to occur at each elevation. Since the TRAC-LOFT and SCDAP codes calculated

the temperature defining the end of a blockage interval to occur later than

the RELAP5 code, the RELAP5-calculated flows for each interval were

extrapolated in order to provide further information for TRAC-LOFT or

SCDAP. Similar extrapolations were applied to the pressure and the

thermodynamic state of the inlet flows after the RELAP5 transient end time

had passed.

3.2.2 Results of the TRAC-LOFT Calculation

The TRAC-LOFT calculation with the RELAP5-calculated boundary

conditions was run separately for the four blockage time intervals

discussed in Section 3.1. The blockages anticipated to occur at 1200,

1500, and 2200 K (1700, 2240, and 35001F) were simulated by renodalizing

the associated cells, as treated in the RELAP5 simulation. The temperature

transient and cladding oxidation and hydrogen generation are discussed in

the following subsections.

3.2.2.1 Cladding Temperatures. Temperatures on the hot rod in the

center bundle at the six core elevations are presented in Figure 3-31. The

corresponding quantities for the peripheral bundle is shown in Figure 3-32

for the rod group representing the third and fourth rows of fuel rods from

the shroud. The peak cladding temperatures in the two channels and the
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temperatures on both surfaces of the thermal shroud (all are at the fourth

elevation) are shown in Figure 3-33. Temperatures of the rods increased at

a rate according to their individual rod power and the combined effects of

convective and radiation heat transfer until initiation of the metal-water

reaction temperature (1273 K, 18320 F), at which point the temperature

increase was dominated by the metal-water reaction. The center bundle

heatup rate was calculated to be 2.7 K/s (4.86*F/s) below 1200 K (1700 0 F)

and 1.36 K/s (2.44*F/s) between 2200 and 1500 K (1700 and 2200'F). The

calculation showed runaway oxidation beginning at 1650 K (28701F) and

causing the fuel rod to heatup at a maximum rate of 3.0 K/s (5.4'F/s). The

heatup rate decreased above 1850 K (28700F) due to steam starvation

effect. An average heatup rate of 0.8 K/s (1.44°F/s) was calculated for

the peripheral bundle.

The thermal shroud thermal response was basically controlled by

radiation heat transfer until the inner surface temperature reached 1273 K

(1832 0 F) at which time the metal-water reaction on the shroud initiated and

dominated this temperature also. Whenever the peak rod temperature reached

1273 K (1832-F), the metal-water reaction started and radiation heat

transfer caused the neighboring rod surface temperatures to reach the

metal-water reaction initiation temperature. The metal-water reaction

spread from the hottest rod in the center bundle to the thermal shroud

inner surface in approximately 145 s. The low thermal conductivity of the

thermal shroud prevented the spread of the metal-water reaction to the

peripheral bundle rods. The peripheral rod temperatures were dominated by

the local power production and the radiation heat flux between fuel rods

throughout the transient. Figure 3-34 presents the peak cladding and the

CHAN wall (representing the core filler blocks) temperatures in the

peripheral bundle. The substantial temperature gradient across the

peripheral bundle channel indicates the effect of radiation heat transfer.

3.2.2.2 Cladding Oxidatior and Hydrogen Generation. The percent of

cladding thickness oxidized at three elevations in the center bundle (peak

power plane, one lower and one higher elevations) is presented in

Figure 3-35. This figure indicates that at the time of experiment
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3.2.3.1 Cladding Temperatures. Temperatures calculated by SCDAP for

the center region of center bundle are shown in Figure 3-39. Since the

fourth elevation reached dryout earlier than the peak power plane, SCDAP

calculated cladding ballooning and rupture at approximately 1100 K

(1520*F), at this elevation. Afterwards, increased surface area caused the

heatup rate at this elevation to become slower than at the peak power

plane. The peak cladding temperature, therefore, was calculated at the

third elevation.

The maximum cladding temperature in the peripheral bundle, shown in

Figure 3-40 was reached at the fcurth elevation, slightly above the core

midplane. The heatup rates at the fourth and third elevations were nearly

the same throughout the transient. Therefore, the temperature was higher

at the fourth elevation than at the third elevation because of earlier

dryout.

The comparison of the peak cladding temperature in the center bundle

and the maximum cladding temperature in the peripheral bundle is presented

in Figure 3-41. The heatup rates were 2.46 and 1.73 K/s (4.42 and 3.1 0 F/s)

below 1000 K, and 1.54 and 0.72 K/s (2.7 and 1.3 0 F/s) between 1000 and

1500 K (1340 and 2240'F) in the center and peripheral bundles, respectively.

The calculation showed runaway oxidation beginning at 1650 K (2870'F)

and causing the fuel rod to heatup at a maximum rate of 5.5 K/s (9.91F).

The heatup rate decreased above 1850 K (28701F) due to steam starvation.

3.2.3.2 Cladding Oxidation and Hydrogen Generation. The percent of

cladding oxide thickness from the second cell through the fourth in the

center bundle is shown in Figure 3-42. The maximum oxide thickness was 28%

of the cladding (third elevation) at the zircaloy melting temperature of

2170 K (34461F). In the upper half of the fuel rod, less than 10% of the

cladding was oxidized. Steam s arvation caused this large difference in

the extent of oxidation between the lower and upper portions of the fuel

rod.
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Figure 3-43 presents the total accumulation of the hydrogen generated

and the coolant fraction that was steam from the third through fourth

cells in the center bundle. It is clear from this figure that almost

complete steam starvation occurred in the upper portion of the center

bundle. The total amount of hydrogen produced in the center bundle was

150 g at the end of the transient.

3.2.3.3 Geometry Change in the Center Bundle. Fuel rods started

ballooning at 1000 K (1340'F) and ruptured at 1120 K (1556'F). Lower

temperatures of ballooning and rupture than the anticipated temperatures of

1100 and 1200 K (1520 and 1700'F) are believed to be a result of the lower

temperature excursion rate at the hot plane (fourth elevation). The flow

area blockages at six axial elevations are shown in Figure 3-44. Flow area

at the fourth cell was reduced by about 63% due to the ballooning, assuming

that all the rods ballooned at the same elevation. Pressure of the gas

inside the fuel rods at the moment of rupture was predicted to be about

5.0 MPa (725 psia). Figure 3-44 also shows the flow area reduction

occurring in the first cell due to the control and fuel rod material

relocation.

The control rod failure occurred at a temperature of 1500 K (22901F).

The resulting reduction in flow area was only 5%, because about 85% of the

relocated material dripped below the bottom of the center bundle.

The fuel rod configuration at the end of the transient is presented in

Figure 3-45. This figure shows the cladding deformation, oxide thickness

and the amount of fuel dissolved at each elevation span. Liquefaction of

the UO2 and zircaloy was predicted to occur in the second and third cells

where the temperature exceeded 2170 K (3446°F), which is the eutectic melt

temperature of oxygen-stabilized alpha-zircaloy [a-Zr (0)] and UO2.

About 34% of this material relocated to the lowest cell, and the remainder

dripped below the bottom of the center bundle.
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TABLE-3.1 INITIAL CONDITIONS FOR EXPERIMENT LP-FP-2 AND ITS RELAP5/MOD2
SIMULATION

Item

Power

Core AT

Hot leg

Hot leg

Primary

temperature

pressure

coolant flow

ESD
Specification

33. MW

a

571 K
(5680F)

14.95 MPa
(2168 psia)

479 kg/s

(3.8 .10 6 lbm/hr)

RELAP5
Simulation

33. MW

12.9 K
(23.30F)

571 K
(5680F)

14.90 MPa
(2161 psia)

479 kg/s

(3.8 106 lbm/hr)

Pressurizer liquid level 1.12 m 1.12 m
(3.67 ft) (3.67 ft

Steam generator --a 3.12 m
secondary side (10.2 ft

liquid levelb

a. As required to establish primary system initial conditions.

b. From top of tube sheet.

)

)
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TABLE-3.2 CHRONOLOGY OF EVENTS PREDICTED BY RELAP5/MOD2 AT 33-MW INITIAL
POWER LEVEL

RELAP5
Time

Event (s)

Reactor scram 0.0

Main feed off 0.0

MSCV begins to close 0.0

ILCL break valve opens 20.0

Subcooled blowdown ended 22.5

Primary coolant pumps tripped off 25.0

LPIS line break valve opens 220.0

Intact loop cold leg completely voided 380.0

ILCL break valve closed 620.0

Core uncovery begins 625.0

Fuel cladding temperature reaches 2100 K 1278.0
(33200F)

Calculations terminated 1484.0
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TABLE 3.3 PREDICTED DRYOUT TIMES ALONG THE CENTER AND PERIPHERAL BUNDLES

Elevation

1. (lowest) (13.9 cm 5.5 in.)

2. (41.9 cm 16.5 in.)

3. (69.9 cm 27.5 in.)

4. (97.9 cm 38.5 in.)

5. (125.7 cm 49.5 in.)

6. (highest) (153.6 cm 60.5 in.)

Center Bundle

1013 s

862 s

762 s

627 s

626 s

625 s

Peripheral Bundles

1062 s

828 s

692 s

626 s

625 s

625 s

45



Time
0.0s 1200 K 1500 K 2200 K

F- 1t
Core uncovery

End
1390 K

peripheral

50% blockage
Fuel cladding

ballooning
and rupture

at 4th elevation
0"1

80% blockage
Control rod

material
relocation

25% blockage

at 2nd elevation

80% blockage
Fuel cladding

relocation

30% blockage
at lt elevation

LOI-KMI1S-10

Figure 3-1. RELAP5/MOD2 calculational scheme.
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4. THERMAL-HYDRAULIC SENSITIVITY CALCULATIONS

4.1 Sensitivity Calculations Using RELAP5/MOD2 Computer Code

The RELAP5/MOD2 code was used to investigate (a) the effect of smaller

flow area blockages due to control rod material and fuel liquefaction,

(b) the effect of reduced break flow on the simulated LOFT system

thermal-hydraulic behavior for Experiment LP-FP-2, and (c) the effect of

initial power level on the LOFT system thermal-hydraulic behavior and

especially on the core thermal response.

4.1.1 Sensitivity with Respect to the Blockages

As indicated in Section 3, the 25 and 30% blockages predicted by using

the SCDAP code were considered low, and this case was defined to be a

sensitivity analysis. The last two phases of the RELAP5 base calculations

were repeated to analyze the 25 and 30% blockages at the second and first

cells in the center bundle. Predicted system hydraulic behavior under

these new conditions did not show any significant deviation from the base

case. This is illustrated in Figure 4-1 which shows the predicted system

pressures. Figure 4-2 compares the peak cladding temperatures predicted

for the two cases. Higher temperature excursion above 2000 K (31401F) for

a short period seen in the base case was due to an error in the metal-water

reaction model for the second elevation. The error tripped the reaction

off at this level, causing more steam to pass to the third elevation, and

hence increased the metal-water reaction rate. This error was corrected,

but due to high computational cost, the calculations were not started early

enough to remove the effect of this error. The error was corrected in the

sensitivity calculation, before the metal-water reaction started at the

second elevation. Figure 4-3 represents a comparison of the center bundle

inlet steam flow rates. Since the center bundle inlet flow rates were

approximately the same before the negative center bundle flow was

calculated, the peak cladding temperature excursion at the third elevation

was not affected by the different values of the blockages. Between 1420 s
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and the end of the transient, since the RELAP5/MOD2 code calculated a

negative center bundle flow, the calculated fuel cladding temperatures were

not true function of inlet core flow due to the limitation of the steam

limitation model. Other predicted thermal-hydraulic parameters are also

compared with those from the base case, and no noticeable differences were

observed. Thus, the time-at-temperature is not improved by the reduction

in blockages.

4.1.2 Sensitivity with Respect to the Break Flow

Maximum uncertainty in the break flow was judged to be 30%, therefore,

this sensitivity study was performed to investigate the effect of 30%

reduced break flow on the predicted thermal-hydraulic behavior. A

RELAP5/MOD2 calculation was carried out using 30% reduced discharge

coefficients for the break junctions. Calculations were started from the

time zero and carried out in time until the peak temperature reached 1200 K

(17001F). The calculations showed the following major differences from the

base case:

o A relatively higher system pressure was calculated

o More mass remained in the system

o The core dryout behavior was different.

Figure 4-4 presents a comparison of the system pressures. The primary

system mass inventory and the collapsed vessel liquid level predictions are

compared with the base case results in Figures 4-5 and 4-6, respectively.

Comparisons of break flows for the ILCL and LPIS line are presented in

Figure 4-7 and 4-8, respectively. Since reduced discharge coefficients

caused the system to take more time to discharge the same amount of mass,

relatively higher vessel collapsed liquid level and mass inventory were

calculated for the same period of time. The effect of higher vessel mass

inventory on the initiation of the core dryout at the top of the peripheral
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bundle was negligible, as seen in Figure 4-9, where the cladding

temperatures at the highest elevation are compared. Initiation of the

dryout in the peripheral bundle at about the same time is a result of the

closure of the ILCL break. However, the uncovery progressed towards the

lower peripheral bundle elevations considerably later (90 s at the fifth

elevation, 200 s at the second elevation) than in the base case. A

comparison of the center bundle cladding temperatures at the highest

elevation is given in Figure 4-10. The core uncovery started quite late in

the center bundle with respect to the peripheral bundle. The uncovery in

the center bundle at different elevations was predicted to occur

approximately 200 s later than ir the base case. The differences between

the dryout times at the same elevations in the peripheral and center fuel

bundles are larger at the top (about 200 s) and smaller towards the bottom

(the dryout times are practically the same at the second elevation) of the

core. This different dryout behavior prediction is believed to be a result

of different pressure distributions in the core channels due to higher

vessel mass inventory. Figure 4-11 presents comparisons of the peak

cladding temperatures in the center and peripheral bundles. The analysis

was carried out until 1200 K (17001F) being calculated on the fourth

elevation. Therefore, the temperatures, after this time, were estimated

based on the temperatures predicted for the base case. Comparison of the

estimated developments with the base case indicates that the

over-prediction of the break flow would not significantly alter the base

case prediction of the time at temperature.

4.1.3 Sensitivity with Respect to Initial Core Power

Sensitivity calculations were performed using RELAP5/MOD2 in which the

initial core power was reduced. Two cases were chosen for the sensitivity

study. The first 25 MW was based on the minimum power level of the

previous LOFT experiments. The second 16 MW was used as a bounding case to

show the effects of dividing thE maximum power approximately by half. The

purpose of the calculation was to determine if the time at temperature in

the center bundle could be increased by reducing the initial core power.

The time at temperature in the center bundle was determined by the relative
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heatup rates in the center and peripheral bundles. As described in

Section 3.2.2.1, the heatup rate in the peripheral bundle was determined by

decay heat, but the heatup rate in the center bundle was primarily

determined by the metal-water reaction. Reducing the initial core power,

reduced the core decay power and slowed the heatup rate in the peripheral

bundles, but had a smaller effect on the central bundle where the heatup

was determined primarily by the metal-water reaction. Thus, a reduction in

initial and core decay power has the potential to increase the time at

temperature.

A new study was generated for both the 25 and 16-MW cases. In

addition to the reduced core power, the following changes were incorporated

in the sensitivity calculations relative to the base case calculation. The

radial power profile was altered to account for uncertainty, with the

central bundle producing 16.25% of the core power instead of 17.49% as in

the base calculation. The ILCL break valve was closed when the peak

cladding temperature reached 900 K (1160'F) rather than at 620 s as in the

base calculation. The ILCL and LPIS break lines were each renodalized into

single volumes after 220 s to allow the model to run faster. Finally, the

lower plenum was not renodalized in the sensitivity calculations as it was

in the base calculation.

The ILCL break valve was closed at 1007 s in the 25-MW and at 1275 s

in the 16-MW calculations, when the center bundle peak cladding temperature

reached 900 K (11601F) at the fourth elevation. The fourth cell was

renodalized to represent the 50% blockage due to fuel rod ballooning and

rupture at 1200 K (1700 0 F) at 1293 s in the 25-MW calculation and at 1740 s

in the 16 MW calculation. The second elevation in the center bundle was

renodalized to represent the 80% blockage due to the control rod material

relocation at 1576 s in the 25-MW calculation. The 16-MW calculation was

terminated at 2207 s when the guide tube with the control rod peak

temperature reached 1500 K (2240'F) and the control rod failure began. The

25-MW calculation was terminated at 1960 s, just prior to the fuel rod

relocation that could occur when the peak cladding temperature in the

center bundle reached 2200 K (35001F).
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The effect of the initial power level on the primary system pressure

is illustrated in Figure 4-12, which compares results from the 33- (base),

25-, and 16-MW calculations. The core power did not significantly affect

the pressure, as only minor differences in the calculated pressure were

observed before the closure of the ILCL break valve at 620 s in the 33-MW

calculation. The ILCL break valve remained opened until 1007 s in the

25-MW and 1275 s in the 16-MW calculations, allowing the system to

depressurize further in the sensitivity calculations. The final calculated

pressures were 0.40 MPa (58 psia) in the 33-MW, 0.23 MPa (33 psia) in the

25-MW, and 0.19 MPa (28 psia) in the 16-MW calculations. The longer

transient brought the primary system pressure closer to the BST pressure.

The core power also had only a minor effect on the collapsed liquid

level in the vessel, as illustrated in Figure 4-13. The small differences

between the calculated levels were primarily due to the later closure times

of ILCL break valve in the sensitivity calculations.

The effect of initial core power on the peak cladding temperatures in

both the center and peripheral bundles is shown in Figure 4-14. The

decreased core power in the sensitivity calculations, in conjunction with a

later closure of the ILCL break valve, delayed the dryout times in the

center and peripheral bundles. However, the major effect of decreasing the

initial core power was to decrease the decay heat, resulting in a slower

heatup in the center and peripheral bundles. The calculated heatup rates

in the center bundle were approximately 1.9, 1.2, and 0.6 K/s (3.4, 1.8 and

1.1 0 F/s) between 1000 and 1250 K (1340 and 17901F) for the 33-, 25- and

16-MW calculations, respectively. The heatup rates in the center bundle

increased to 9.3 and 2.3 K/s (16.7 and 4.1 0 F/s) between 1500 and 1850 K

(1340 and 28701F) for the 33-MW and 26-MW calculations, respectively.

Average peripheral bundle heatup rates were calculated to be 1.0, 0.64, and

0.5 K/s (1.8, 1.2 and 0.9'F/s) for the 33-, 25-, and 16-MW calculations.

Center bundle temperatures in excess of 2100 K (3320 0 F) were calculated or

would be expected in the sensitivity calculations because of the

metal-water reaction. In the peripheral bundles, the calculated

temperatures tended to level out near the end of the sensitivity
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calculations. The heat transferred to the fluid was similar in all three

calculations, but the lower decay heat levels in the sensitivity

calculations made it easier to approach a quasi-steady state where the

decay heat balanced the heat transfer to the fluid. For example, the

fraction of power generated at the peak power plane in the peripheral

bundle that was transferred to the fluid at the end of the transient was

75% in the 33-MW case, 80% in the 25-MW case, and 90% in the 16-MW case.

The time at temperature was calculated to be 160 s in the 33-MW case

and estimated to be 300 s or more in the 25-MW case. Thus, the RELAP5/MOD2

calculations indicated that reducing the initial core power will increase

the time-at-temperature.

4.2 Sensitivity Calculations Using TRAC-LOFT Computer Code

Three sensitivity cases were analyzed using TRAC-LOFT computer code.

The first two cases analyzed (a) the effects of the TRAC representation of

the fuel rods and (b) the effect of the TRAC radiation heat transfer model

on the core thermal behavior. Both cases were analyzed at the 33-MW

initial core power. The third case determined (a) the detailed core

thermal response using the RELAP5 thermal-hydraulic predictions under 25-MW

initial core power level and (b) the effect of initial core power level on

the core thermal response.

4.2.1 Sensitivity with Respect to Axial Cell Size

As indicated in Section 2.2.2, fuel rods were represented by heat

structures having six axial cells of equal length. This representation was

adopted from a standard RELAPS fuel rod representation. This rough

representation flattened the axial power profile by about 2% at the peak

power plane compared to the value supplied by the core physics

calculations. The purpose of this analysis is to investigate the effect of

finer axial cell size on the core thermal behavior. The analysis was done
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by reducing the axial cell lengths at the standard six elevations such that

the axial peaking factors, as calculated by the physics calculations, could

be employed without being averaged.

A new input model employing 13 axial cells having different lengths

was developed. The TRAC-LOFT input data is provided in Appendix C. The

calculations were repeated for the four phases of the heatup phase. A

comparison of the peripheral bundle peak cladding temperatures is given in

Figure 4-15, the center bundle peak cladding temperatures; in Figure 4-16,

and the guide tube with the control rod peak temperatures; in Figure 4-17.

The finer axial cell size caused the predicted temperatures to reach 1200,

1500, and 2200 K (1700, 2240, and 3140*F) 20 to 135 s earlier. The time

difference before the metal water reaction occurred was a result of 2%

increased local power. Since at higher temperatures, the metal-water

reaction heat generation became the principal source of the heat

generation, the steam limitation model applied to finer cells was

responsible for the increase in the time from 20 to 135 s. The increased

decay power had less effect on the fuel cladding temperature rise rate

early in the transient, but it had more effect on the unheated structure

temperature rise rate. This is due to the increased radiation and

convection heat transfer. As the center bundle approached a uniform

temperature, the heat transfer from the fuel rods became less and with

increasing effect of the local steam limitation, they reached 2200 K

(3140 0 F) 135 s earlier compared to the base case. Substantial difference

between the temperature of the fuel rod group next to the shroud and the

filler block temperature takes the additional heat at the peak power

plane. Therefore the time at which the peripheral peak temperature reaches

1367 K (2000 0 F) remained about the same. Employing finer axial cell size

considerably increased the time-at-temperature, but not to the required

level.

4.2.2 Sensitivity Related to Radiation Heat Transfer

The radiation heat transfer was one of the important parameters in the

thermal-hydraulic analysis because of the substantial temperature
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difference predicted (a) between the hottest center bundle fuel rod and the

thermal shroud inner surface early in the heatup phase, and (b) between the

peripheral bundle fuel rods next to the thermal shroud and the wall of the

peripheral bundle CHAN component representing the filler blocks for the

course of the transient.

In order to investigate the effect of radiation heat transfer, the

first phase of the base TRAC (six-axial cell) calculation (until 1200 K,

1700'F) was repeated by turning the radiation model off. The temperature

predictions for the fuel cladding, the guide tube with the control rod, and

the steam are compared in: Figure 4-18 which compares the center bundle

peak cladding temperatures; Figure 4-19, the hottest guide tube

temperatures; and Figure 4-20, the steam temperatures at the hot plane in

both channels. The peripheral bundle peak cladding temperatures are

compared in Figure 4-21. The comparisons indicate that (a) the radiation

heat transfer was effective at temperatures above 700 K (800'F), (b) the

main heat source for the unheated rods was the radiation heat transfer,

(c) the lack of radiation heat transfer caused lower steam temperature, and

(d) due to a higher fuel-rod-to-steam temperature difference, increased

convective heat flux partially compensated the increase in the peak

temperature in absence of radiation heat transfer. Under-prediction of the

radiation heat transfer would retard the time at which the blockage due to

the control rod material occurred. This should improve the inlet steam

flow rate which, in turn would improve the temperature excursion rate.

Over-prediction of the radiation heat transfer would bring the center

bundle to a uniform temperature (approximately 1800 K, 27801F) earlier, and

after which the radiation heat transfer would lose its effectiveness.

Therefore the time-at-temperature result is believed not to be

significantly sensitive to possible errors in the radiation heat transfer

model.

4.2.3 Core Thermal Behavior at 25-MW Initial Core Power and

Sensitivity Related to the Initial Core Power

A lower core power would cause a slower core heatup rate. Reduction

in the heatup rate is expected to widen the temperature difference between
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the center and peripheral bundle temperatures once the center bundle

reaches metal-water reaction temperature. Although this is a desirable

effect, the main concern is its effect on the thermal shroud response. A

detailed analysis was performed using TRAC-LOFT with finer axial cell

nodalization and with the boundary conditions predicted by RELAP5/MOD2 to

calculate the core thermal behavior at the 25-MW initial core power.

The predicted and approximated (to be used as input for TRAC-LOFT

code) inlet steam velocities for the center and peripheral bundles are

presented in Figures 4-22 and 4-23. The negative center bundle flows

predicted during two periods of the 25-MW-inital-power RELAP5 calculations

are handled as follows:

0 Linear interpolation was applied between the last and the first

positive data points before and after the first negative center

bundle flow period

0 The last positive velocity before the abnormal inlet center

bundle flow was calculated and kept to be the same during the

second and final negative flow period.

The center bundle hot rod temperatures at six axial elevations are

presented in Figure 4-24. The peripheral bundle temperatures at six

elevations are presented in Figure 4-25. Figure 2-26 overlays peak

temperatures in the center and peripheral bundles, as well as on both

surfaces of the thermal shroud. The peak temperatures of the guide tube

with control rod, thermal shroud inner surface and the center bundle hot

rod are presented in Figure 4-27. Analysis of these figures indicates that

lower decay power generation increased the duration of the heatup phase,

which in turn improved the effect of the radiation heat transfer to the

unheated rods. A detailed discussion of the thermal shroud thermal

response at the 25-MW initial c,-e power is given in Section 4.4.2.

This paragraph discusses the effects of low initial core power, and

hence the increased heatup period, on the core thermal response.

99



Figure 4-28 overlays the center bundle peak cladding temperatures reached

at the 33-and 25-MW initial core powers. A similar comparison for the

peripheral peak cladding temperature is presented in Figure 4-29. The

thermal shroud inner and outer surface temperatures are compared in

Figure 4-30. The comparisons indicate (a) the heatup rate of power rods

was reduced due to the decreased decay heat generation and simultaneously

because of increased integral heat loss over a longer period of time

(approximately 450 s) and (b) the temperature difference between the

temperature of the unheated rods or thermal shroud inner surface

temperature was less than predicted for the 33-MW initial core power. The

center bundle was almost at a uniform temperature above 1500 K (2240'F);

whereas this did not occur in the 33 MW case until temperatures above

1900 K (2960*F) was reached with a larger temperature difference between

the hottest fuel rod and the thermal shroud inner surface. Therefore the

metal-water reaction spread from the hottest rod to the inner surface of

the thermal shroud faster (approximately 50 s) than was predicted for the

33-MW case. When the metal-water reaction started at the second elevation

for the 25-MW case, the reaction rate at the third elevation was reduced

more. The elevations above the hot plane were steam starved. This caused

the peak cladding temperature to be moved to the peak power plane. More

steam limitation at the 25-MW case was a result of less steam generation in

the lower plenum.

4.3 Sensitivity Calculations Using SCDAP Computer Code

Two sensitivity calculations were performed with the SCDAP computer

code. Both calculations were concerned with the cladding oxidation. The

first case showed the effect of steam starvation with respect to the inlet

steam flow rate; the second case showed the hydrogen blanketing effect.

Results from these calculations are presented in the following subsections.

4.3.1 Inlet Steam Flow Rate

The SCDAP calculation using the RELAP5/MOD2 thermal-hydraulic

conditions predicted the rapid heatup at a temperature between 1650 and
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1850 K (2510 and 2870°F) and the subsequent slow heatup due to the steam

starvation. Therefore, the inlet steam flow rate predicted by RELAP5/MOD2

seems to be a critical condition for the rapid heatup that occurred at the

peak power plane. For the comparison, steam flow rates of 200% and 50% of

the flow rate calculated by RELAP5/MOD2, based on the maximum anticipated

deviations, were assumed in the period that the temperature was above

1500 K (1700'F), when the molten control rod material might block the

bundle flow inlet.

The calculated peak cladding temperatures for these conditions are

compared with the previous calculation in Figure 4-31. The heatup rates at

a temperature of 1850 K (2870'F) were 3.0, 5.5 and 8.6 K/s (5.4, 9.9 and

15.5°F/s) for the 50%, 100%, and 200% flow rate cases, respectively. Steam

starvation caused these differences in the extent of oxidation between the

cases, as shown in Figure 4-32. This figure compares the metal-water

reaction heat generation rates in the center bundle. The metal-water

reaction heat generation rate is shown to be in proportion to the steam

flow rate. The time difference for reaching the peak cladding temperature

of 2100 K (3320'F) among these cases is less than 55 s; however, the effect

of the steam flow rate is significant.

4.3.2 Hydrogen Blanketing Effect

A calculation was performed to investigate how much the peak cladding

temperature was reduced because of the hydrogen blanketing effect.

The cladding temperatures at the third and fourth elevations

calculated without considering the hydrogen blanketing effect are compared

with the previous calculation in Figure 4-33.

The effect of hydrogen blanketing was significant only in the upper

half of the core and did not influence the peak cladding temperature.

Thus, the effect of hydrogen blanketing should not be important in relation

to achieving test objectives.
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4.4 Thermal Shroud Thermal Response

The requirements imposed on Experiment LP-FP-2 from the standpoint of

the facility decontamination and recovery are:

o Experiment LP-FP-2 must be conducted with peripheral assembly

fuel rod cladding temperature limited to 1477 K (2200 0 F)

o The structural integrity of the center fuel bundle must be

maintained to facilitate removal from the reactor vessel.

To meet these requirements, a thermal shroud was designed to withhold the

extreme heat to be generated in the center bundle and also to facilitate

the removal of the destroyed center fuel bundle following the experiment.

The liquefaction of fuel would be the main cause for this expected

destruction. The calculations performed using the RELAP5/MOD2, TRAC-LOFT,

and SCDAP computer codes simulated the thermal behavior of the thermal

shroud. The lack of radiation heat transfer in RELAP5/MOD2 code caused a

slower temperature excursion rate on both surfaces of the thermal shroud.

And since an adiabatic boundary condition was assumed at the shroud outer

surface for the center and peripheral bundle calculations using SCDAP, the

TRAC-LOFT predictions are believed to give more realistic thermal behavior

for the shroud.

The thermal behavior of the shroud is expected to be a strong function

of how long the transient will last. Since the duration of the experiment

will depend on the initial power level, the thermal shroud behavior was

analyzed separately at the 33- and 25-MW initial power levels.

4.4.1 Thermal Response of The Shroud at 33-MW Core Power

The temperature profiles in the thermal-shroud at different times

calculated by TRAC-LOFT are compared in Figure 4-34. Comparison of the

profiles indicate how the temperature gradient develops with time. A very

sharp temperature drop was calculated across the argon gap on both sides
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especially at higher temperatures. Up to the inner surface temperatures of

approximately 2000 K (31401F), about 70% of the insulator (ZrO2 )

thickness was enough to bring the insulator temperature to the the outer

surface temperature level. Above this temperature, the steam limitation

occurring in the center bundle avoided rapid temperature excursion on the

inner surface of the thermal shroud which then resulted in a near

quasi-steady-state temperature profile in the thermal shroud. As a result

of this profile development, more heat started to cross the thermal shroud.

A hand calculation was performed to investigate the amount of heat

flow through the thermal shroud at the end of the transient. For a

pessimistic approach, a quasi steady state temperature profile was assumed

in the shroud defined by the surface temperatures. The

temperature-dependent thermal conductivities of the thermal shroud

materials based on the temperature profile predicted at the end of the

transient were used. Based on the temperature drop across the shroud,

1.38 kW of heat was calculated to transfer to the peripheral bundles. This

corresponds to 0.35% of the 396.9 kW decay heat generated in the peripheral

bundles at the end of the transient. Based on the code calculated

temperature drop across the zircaloy cladding facing the peripheral bundle,

this percent drops to 0.31%.

Because of uncertainties involved in the thermal conductivity of the

insulator, another hand calculation was performed to analyze the effect of

30% increase in the thermal conductivity of the insulator. The same

temperature distribution used in the previous calculation was used. Under

this condition, an additional 0.119 kW heat, which corresponds to 0.03% of

the peripheral bundle decay heat generation, was found to be crossing to

the peripheral bundles. This additional heat input is also believed to

have negligible effect on the heatup rate of the peripheral fuel rods.

4.4.2 Thermal Response of the Shroud at 25-MW Core Power

The temperature profiles in the thermal shroud at different times

calculated by TRAC-LOFT are compared in Figure 4-35. Comparison of the
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profiles indicates how the temperature gradient develops with time. A

similar temperature development to the 33 MW case was calculated. The main

difference between the two is that the outer surface temperature at the

25-MW case became higher for the same inner surface temperature as the

inner surface temperature increased. This is mainly due to the slower

heatup rate and the steam limitation calculated for the 25-MW initial power

case. Longer transient time caused more heat to cross the thermal shroud

which in turn increased the outer surface temperature.

A hand calculation similar to the one performed for the 33-MW case

determined that 7.6 kW of heat (which is 2.6% of the peripheral bundle

decay heat at this time) was found to have crossed the thermal shroud at

the end of the transient. This heat transfer caused the thermal shroud

outer surface temperature to be hotter than the adjacent fuel cladding

temperature. This is shown in Figure 4-36, where thermal shroud outer

surface and adjacent rod group cladding surface temperatures are compared.

Considering loss of zircaloy and the argon gap on the inner surface of the

thermal shroud above 2200 K (3500 0 F) which will increase the overall

thermal conductivity of the thermal shroud, and also the uncertainties

involved in the thermal conductivity of the insulator at very high

temperatures, the experiment termination criteria has potential to be

reached on the outer surface of the thermal shroud at a initial power level

about 25 MW.
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5. COMPARISON OF CODES, RESULTS, AND OUTCOME

OF THE THERMAL-HYDRAULIC CALCULATIONS

Before presenting the comparison of the code thermal-hydraulic

predictions yielding the answer to the question " Are the thermal-hydraulic

objectives achievable?", it is beneficial to briefly overview what major

phenomena are expected during Experiment LP-FP-2 and also the code

capabilities and limitations in order to understand some different or

similar code behaviors simulating certain phenomena. This overview, the

comparisons, and the discussions on the uncertainties involved in the

calculations will address the reliability of the codes in predicting the

expected severe core damage phenomena.

After the blowdown phase of the experiment, the LOFT core is expected

to experience a heatup in the absence of system liquid inventory. A fast

core uncovery immediately after closure of ILCL valve at 620 s was

calculated for the 33-MW case. A slightly later and relatively slow

uncovery was calculated for the 25-MW case when the ILCL valve was closed,

at a cladding temperature of 900 K (1160 0 F). Independent of the ILCL

closure option selected, the RELAP5 code predicted earlier dryout times in

the peripheral bundles than in the center bundle, although the effect was

smaller when the ILCL valve was closed on a temperature. This is the first

important event which might effect the time-at-temperature as much as

70 s. As the heatup progresses, higher temperatures will be reached and

the radiation heat transfer will become the dominant heat transfer

mechanism. At around 1200 K (1700'F), the center bundle will undergo a

geometry change at the hot plane due to the fuel cladding ballooning and

rupture. This change will alter the heat transfer and fluid dynamics. At

around 1273 K (1832*F), the zircaloy cladding will start chemically

reacting with the steam. As a result of this reaction, metal-water

reaction heat generation will be the major heat source for the temperature

excursion.
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After the core completely uncovers, the main source of the steam will

be due to flashing and evaporation of the water in the lower plenum. The

amount of steam, and how it is split between the peripheral and center

bundles will determine the metal-water reaction rate. This will be the

second important phenomenon which will determine the outcome of the

thermal-hydraulics. At around 1500 K (2240*F), the control rods will fail

and the control rod material will be released. Since the average

temperature of the center bundle at the hot elevation will not be high

enough to convert these materials into aerosols, these materials are

expected to relocate and freeze at lower core elevations. This will cause

a partial flow blockage. At around 2100 K (32201F), the fuel cladding will

melt and start relocating towards the bottom of the bundle and cause

blockage. The degree of the blockages will have an effect on the amount of

the steam flow through the center bundle.

The third important aspect of the experiment is how fast the peak

peripheral bundle or the outer shroud surface temperature will reach the

experiment termination criteria.

The RELAP5/MOD2 computer code was used to predict the

thermal-hydraulic response of the LOFT system as a whole. What was

expected from the code is to predict the dryout times, steam generation

rate in the lower plenum, and steam flow rates through the core channels.

Lack of radiation heat transfer, rough representation of fuel rods, and the

rough steam limitation model are the main reasons why the TRAC-LOFT and

SCDAP codes were used for the detailed core thermal analysis.

The TRAC-LOFT code was designed specifically to simulate the thermal

behavior of the LOFT core. However, being a fixed geometry code, certain

limitations on the predicted core behavior should be realized.

The SCDAP code was designed to address all the expected phenomena

during the severe core damage. However, the code limitations on the number

of axial meshes and the number of rod groups limit a detailed modeling,

such as required for the LOFT core. The main limitation of the code is
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that the center and peripheral bundles have to be simulated separately.

Simultaneous simulation is especially important if the experiment

termination temperature is reached on the outer surface of the shroud,

because of the heat crossing the shroud, before it is reached on the

peripheral fuel rods.

Accuracy of the results predicted by TRAC-LOFT and SCDAP first of all

depends on how well RELAP5 predicts the steam generation and the peripheral

and the center bundle steam flow rates. It also depends on how good the

center and peripheral bundle inlet steam flow rates calculated by the

RELAP5/MOD2 code, which were very oscillatory, were approximated to be used

by these codes.

5.1 Comparison of RELAP5, TRAC-LOFT, and SCDAP Results Obtained

For 33-MW Initial Core Power

The RELAP5/MOD2 and TRAC-LOFT predictions for the center and

peripheral bundles peak cladding temperatures are shown in Figure 5-1.

Lack of radiation heat transfer caused a relatively higher temperature

excursion rate in RELAP5 predictions. Before the radiation heat transfer

became effective, a higher temperature rise rate was predicted by RELAP5

than by TRAC-LOFT. After the radiation became effective, the sensitivity

study performed using TRAC-LOFT and turning the radiation heat transfer

calculation' off did not result in as large of a temperature difference as

the difference between the temperatures calculated by the RELAP5/MOD2 and

TRAC-LOFT codes. This was because the center bundle fuel rods are grouped

differently in each of the code input models. The hot rod group in the

RELAP5 model corresponds to the eight hot rods in the center bundle which

have the highest radial peaking factor in the bundle. The TRAC-LOFT hot

rod group represented the 24 innermost fuel rods. Since the eight hot rods

are located next to the thermal shroud, the TRAC-LOFT peak cladding

temperature location and development are more reasonable.
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The TRAC-LOFT and SCDAP predictions of the peak power plane cladding

temperature developments in the center and peripheral bundles are compared

in Figure 5-2. The temperature developments at the hot plane in the center

and peripheral bundles are compared in Figure 5-3. Generally a good

agreement exists between the two code predictions. The first deviation is

seen in the center bundle temperatures at the hot plane starting at 1200 K

(1700 0 F) with the fuel cladding ballooning and rupture. SCDAP dynamically

changes the flow channel geometry as well as the fuel rod geometry. Only

the flow channel geometry change was considered and applied as a step

change in the TRAC-LOFT calculations. Increased gap thickness and the

surface heat transfer area of the fuel rod caused a slower temperature rise

rate to be predicted by SCDAP compared with TRAC-LOFT for a period after

1200 K (1700 0 F). During this period, the SCDAP predictions at the fourth

elevation are believed to be more realistic. At the lower elevation, since

no geometry change was occurring, both code results are in agreement. The

deviations seen during the later phase of the transient in center bundle

fuel temperatures are results of different code models; mainly calculating

steam limitation. Differences are observed in the thermal shroud surface

temperatures as a result of the SCDAP limitation in coupling of the center

and peripheral bundle calculations. The peak peripheral bundle

temperatures are very much in agreement.

5.2 Comparison of RELAP5 and TRAC-LOFT Results Obtained

For 25-MW Initial Core Power

The peak cladding temperature developments in the center and

peripheral bundles are presented in Figure 5-4. The reverse center bundle

core flow calculation by RELAP5 between 1000 and 1150 s decreased the

RELAP5 temperature excursion rate, and made the RELAP5 prediction closer to

the TRAC-LOFT prediction. However, until the calculation of the second

negative center bundle core flow at around 1760 s, TRAC-LOFT peak cladding

temperature was lower than the RELAP5 prediction. Since the RELAP5 steam

limitation model is not capable of handling negative core flow, the RELAP5

temperature predictions were not correct after this time. The TRAC-LOFT

calculations were performed with the last RELAP5-calculated positive flow
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values judged to be realistic; therefore, the TRAC-LOFT predictions are

believed to be more reasonable assuming the negative flow prediction is a

code problem. If the negative center bundle flow is to be experienced

during the experiment, the TRAC-LOFT prediction is believed to be closer to

the data, except the location of the hot temperature will move to the next

higher elevation. Both code predictions for the peripheral bundle

temperatures are in agreement.

5.3 Outcome of the Thermal-Hydraulic Calculations and

Discussion of the Uncertainties Involved in the Predictions

The main objective of Experiment LP-FP-2 in the area of

thermal-hydraulics is to provide conditions such that fuel rod temperatures

above 2100 K (3320°F) will be maintained for at least a period of 3 min

before the experiment termination criteria of 1390 K (2042°F) is reached in
the peripheral bundle. The 3-min period is the required time during which

fission products and aerosols released from the center bundle will be

measured sufficiently. The termination temperature has been evaluated to

maximize the time-at-temperature, and may be higher than that presented in

this document.

The center and peripheral bundle peak cladding temperatures which were

calculated by the three computer codes are overlaid in Figure 5-5,

RELAP5/MOD2; Figure 5-6, TRAC-LOFT; and Figure 5-7, SCDAP. These results
are for the 33-MW initial core power case. The time above 2100 K (3320 0 F)

predicted by TRAC-LOFT is 58 s; by SCDAP, 265 s; and by RELAP5/MOD2,

230 s. This time period is improved by utilizing finer axial cell sizes in
TRAC-LOFT calculation by about 100 s, as illustrated in Figure 5-8. There

are various uncertainties involved in the calculations and in the code

models which results in this time period being less than 3 min as follows:

o The RELAP5 vessel input model has not been assessed, therefore

the uncertainties introduced by the input model are not known.
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o RELAP5 may over-estimate the center bundle late dryout at the

peak power level. V

0 Since steam starvation is limiting the temperature excursion

rate, under-estimation in the steam generation and the center

bundle flow rates will definitely have an effect on the

temperature excursion.

o Over-estimation of the steam generation and the center bundle

flow rate will make the time at temperature prediction even worse.

o Averaging of radial and axial power profiles caused

underestimation of peak cladding temperature development.

o The control rods in the peripheral bundles will reduce the

temperature rise rate in the peripheral bundle. Omission of

these control rods in the model caused over-estimation of the

predicted peripheral temperature excursion.

Since it is not possible to quantify the above uncertainties on the

results of the calculations at this time, it may be concluded that

conducting the experiment with a 33-MW initial core power level will cause

the center bundle to reach 2100 K (33201F), but may not provide the 3-min

time for the fission product and aerosol measurement.

The sensitivity studies performed to determine the effect of initial

core power on the temperature excursion rate give a better indication that

the temperature during Experiment LP-FP-2 will be above 2100 K (3320*F) for

3-min if the initial power is reduced to approximately 25 MW. The peak

cladding temperatures in the center and peripheral bundles for the 25-MW

power case calculated by RELAP5/MOD2 and TRAC-LOFT are overlaid in

Figure 5-9. Since RELAP5/MOD2 calculations were not completed until the

experiment termination criterion was reached, the temperature was estimated

to be above 2100 K (3320 0 F) for approximately 5 min. This is in agreement

with the TRAC-LOFT prediction of an approximately 280 s time-at-temperature.
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5.4 An Evaluation of Experiment LP-FP-2 at 26.5-MW Initial Power

Based on the thermal-hydraulic analysis already presented in this

document and other LOFT plant-specific constraints, the following initial

and boundary conditions have been redefined in order to achieve Experiment

LP-FP-2 objectives:

o Initial power level is-defined as 26.5 MW

o ILCL beak valve will be closed at either a system pressure of

1.2 MPa (174 psia) or a fuel cladding temperature of 566 K

(5601F), whichever occurs first.

In addition to these differences, a burnup of 325 MWD/MTU has been

selected. Since none of the analyses performed used these initial or

boundary conditions explicitly, an evaluation is necessary to identify

possible effects of new values of these parameters on the thermal-hydraulic

aspects of Experiment LP-FP-2.

5.4.1 Effect of 26.5-MW Initial Power

The effect of reduced power on thermal-hydraulic behavior of

Experiment LP-FP-2 was analyzed. Since reduction of power from 33 to 25 MW

did not significantly affect the calculated system hydraulic behavior, the

system hydraulic behavior under 26.5-MW initial power is expected to be

similar to the behavior presented in previous sections.

5.4.2 Effect of Closure of ILCL Break Valve Under the New Trip

Conditions

Based on the thermal-hydraulic analysis performed, it was decided that

the ILCL break will be closed either at a cladding temperature of 566 K

(560 0 F) or at 1.2-MPa (174-psia) system pressure to ensure that the fission

products will be transported past the measurement stations. The primary

system pressure was calculated to be 1.2 MPa (174 psia) at about 620 s, and
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the peak cladding temperature was calculated to reach 566 K (560 0 F) at

about 670 s at the 25-MW initial power case. Closure of the ILCL break

valve will result in a fast core dryout behavior similar to that calculated

for the 33-MW power case. After the core uncovery, the temperature

excursion rate will be somewhat similar to the 25-MW power case.

Figure 5-10 shows estimated temperatures which were based on core uncovery

times at 33-MW and 25-MW TRAC-LOFT peak cladding temperatures in both

bundles. The time-at-temperature based on these estimated temperature

profiles is about 280 s, which is the same as at 25-MW initial power.

5.4.3 Effect of Reduced Burnup

The thermal-hydraulic calculations were based on a 500-MWD/MTU

burnup. Reduction of burnup to 325 MWD/MTU will reduce the decay heat

generation. The reduction of the decay power will slow the heatup rate in

the peripheral bundles, but will have a smaller effect on the center bundle

where the heatup will be determined primarily by the metal-water reaction.

The increase in heatup rate at 26.5 MW with respect to the 25-MW heatup

rate, therefore, will be compensated, and may be slightly reduced. The

combined effect of 26.5-MW initial power and 325-MWD/MTU burnup is believed

to improve the time at temperature in the center bundle.
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6. DESCRIPTION OF THE CENTER FUEL BUNDLE GEOMETRY AND

FISSION PRODUCT INVENTORY RESULTS USING THE ORIGEN2 CODE

The design of the center fuel bundle for Experiment LP-FP-2 consists

of an 11 x 11 fuel rod geometry surrounded by a 25.4 mm (1.0 in.) thick

thermal shroud. Figure 6-1 shows a schematic of the center bundle

geometry. The thermal shroud is designed with 20.64 mm (0.812 in.) of

zircar (ZrO2 ) insulation which provides a thermal boundary between the

center and peripheral fuel bundles. The primary purposes of the thermal

shroud are: (a) to allow for high center bundle fuel temperatures

(>2100 K, >3320 0 F) while limiting peripheral rod temperatures to less

than 1477 K (2200'F), and (b) to limit the fuel rod damage and control rod

melt to the center bundle, thereby facilitating removal of the fuel bundles

after the experiment.

The 11 x 11 rod geometry of the center bundle contains 100 fuel rods

(1.67 m, 5.5 ft long), 11 control rods, and 10 guide tubes with various

forms of instrumentation. The fuel rods contain 1137 grams of UO2
(1001 grams of U) enriched to 9.744% U-235 (97.6 grams of U-235 per rod).

The control rods contain 1270 grams of a 80% Ag/15% In/5% Cd alloy. For

the purposes of this analysis, it is assumed that the preconditioning phase

of Experiment LP-FP-2 consists of running the LOFT reactor at a peak linear

rod power of 52.5 kW/m (16 kW/ft) for 7.01 days, followed by 2 days of down

time (zero power), followed by 40 hours of additional irradiation at

52.5 kW/m (16 kW/ft). Since a peak linear rod power of 52.5 kW/m

(16 kW/ft) corresponds to a center bundle power of 5.772 MW, and a total

core thermal power of 33.0 MW, this fuel preconditioning represents a

burnup of 500 MWD/MTU on the center bundle (500.3 = 5.772 MW x 8.676

days/O.1001 MTU).L 6 -] 1 An alternative 325 MWD/MTU burnup case is

described in Appendix G.

The pretransient isotopic mass and activity inventories in the center

bundle were calculated for the above burnup scenario using the ORIGEN2

computer code. The ORIGEN2 computer code [6-2], [6-3] is designed to

calculate the dynamic nuclide composition in a nuclear reactor as a
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function of time. This code accounts for several forms of nuclide decay,

neutron activation events, or other changes induced by time-dependent fuel

cycle operations.

The input power (6.008 MW) used in the ORIGEN2 analysis (See Appendix

I) is 1.041 times the reactor physics calculated recoverable thermal power

(5.772 MW) computed for the steady state irradiation period. Since the

ORIGEN2 code assumes a total fission energy of 202 MeV/fission to compute

the fission rate (based on U-235), the factor 1.041 (=202/194) was used to

adjust the ORIGEN2 power so that the fission rate would be based on

194 MeV/fission, which represents the recoverable or thermal fission energy

(total released energy minus neutrino energy), instead of 202 MeV/fission.

Selected results of the ORIGEN2 analysis for several important

nuclides are shown in Table 6-1. Detailed results of the ORIGEN2

calculation, showing activities, masses, thermal power, etc., for the

center bundle fuel are contained in Appendix I. The input to the ORIGEN2

code is also identified in Appendix I. Based on the ORIGEN2 results shown

in Table 6-1, the cesium to iodine mass ratio for the center bundle is

calculated to be 3.25 (the atom ratio is 3.13). ORIGEN2 results for the

325 MWD/MTU burnup case are described in Appendix G.
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[6-2] A. G. Croff, ORIGEN2--A Revised and Updated Version of the Oak Ridge
Isotope Generation and Depletion Code, ORNL-5621, July 1980.

[6-3] A. G. Croff, A User's Manual for the ORIGEN2 Computer Code,
ORNL/TM-7175, July 1980.
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TABLE 6-1. SELECTED ORIGEN2 INVENTORY RESULTS FOR THE EXPERIMENT LP-FP-2
CENTER FUEL BUNDLE AT THE TIME OF FISSION PRODUCT RELEASE
(Assumed Burnup is 500 MWD/MTU, and core power is 33 MW)

Inventory at Scram

Material

1-131
1-133
Total I

Cs-137
Cs-138
Total Cs

Te-129m
Te-132
Total Te

Ru-103
Total Ru

Ba-140
Total Ba

La-140
Total La

(grams) (curies)

Specific
Acti vi ty

a
(curies/gram)

6.050 E4
2.405 E5

1.100

3.578

1.111

3.479

3.668

2.289

6.655
2.646

1.684
2.339

8.126
1.406

E4
E5

E2
E5

E2
E5

4.707 El
6.537 E4

7.314 E2
1.266 E5

6.378 E3

2.928 E4

3.974 E4

2.219 E4

1.074 E5

9.097 E4

a. Curies of the nuclide per gram of the element.
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7. RESULTS OF THE ELEMENTAL RELEASE CALCULATIONS

The elemental source terms to the primary coolant system during the

transient were calculated with the TIGERI computer program. 7-1] TIGERI

is an INEL-developed program that uses the release rate data base published

in NUREG-O772,[ 7 -2 1 and shown in Figure 7-1, to predict fission product

release as a function of time, similar to the CORSOR program 7-3] (a

comparison between CORSOR and TIGERI is shown in Appendix F). Besides the

NUREG-0772 data base,a the TIGERI program requires time-dependent axial

fuel temperatures, the axial distribution of the fission products, and the

initial fission product inventory as computed from ORIGEN2 (see Section 6).

The time-dependent axial fuel temperatures, shown in Figure 7-2, were

computed using a full core TRAC-BD1 radiation heat transfer model, driven by

RELAP5 calculated hydraulic boundary conditions. The axial fission product

distribution in the center bundle was assumed to follow the axial power

distribution. A schematic of the TIGER1 model for the center bundle,

depicting the axial fission product distribution, and axial nodalization, is

shown in Figure 7-3. The output of the TIGER1 program is used in the

SOLGASMIX-PV code to compute the chemical form of the fission product

species in the core (see Section 9), prior to the TRAP-MELT transport

analysis (see Section 10).

The results of the TIGERI program are shown in Figure 7-4. Figure 7-4

shows the cumulative released inventories for Xe, Kr, I, Cs, Te, Sb, Ba,

a. Based on experience from the Power Burst Facility (PBF), it appears that
the NUREG-0772 data base used in the TIGERI calculations may predict a
release rate which is too high during the heatup portion of the experiment
and too low during quench, with the overall cumulative release approximately
correct. That is, the net release is about right; however, the timing of
the release will be more sharply peaked near quench than the NUREG-0772 data
suggest. Nevertheless, the calculations for this report have been based on
the NUREG-0772 data since much of the "new" information has not been widely
accepted, and the NUREG-0772 data curves still offer a reasonable beginning
point for the source term analysis.
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Sr, Zr, and Ru, as a function of time. By differentiating the functions

shown in Figure 7-4, and multiplying by the corresponding initial center

bundle mass inventories (as computed by ORIGEN2), the elemental source

rates (in terms of grams per second) are computed and shown in Figure 7-5.

Since the noble gases (Xe and Kr) will not chemically react or condense,

their transport is fairly simple and is not considered in the subsequent

analysis. However, the transport of I, Cs, and Te is complex and is

considered important to understanding the time-dependent distribution and

detection of fission products by the on-line gamma spectrometers and the

PIE measurement analysis. Consequently, the fission product transport

analysis will concentrate on I, Cs, Te, and their possible chemical forms.

7.1 REFERENCES

[7-1] M. L. Carboneau, A Report on the Transient Isotope Generation and
Elemental Release (TIGER) Program, to be published.

[7-2] USNRC, Technical Bases for Estimating Fission Product Behavior
During LWR Accidents, NUREG-0772, June 1982.

[7-3] M. R. Kuhlman, et al., CORSOR User's Manual, NUREG/CR-4173
BMI-2122, March 1985.
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8. AEROSOL SEED CALCULATIONS AND RESULTS ,. -V

An important aspect of fission product transport during

Experiment LP-FP-2 is the transport of volatile fission products on aerosol

particles. These aerosol particles may be generated from core debris,

vaporized control and structural materials, or the fission products

themselves. Since the TRAP-MELT code assumes a preexisting aerosol seed,

it has no models for vapor nucleation to an aerosol particle. Fortunately,

experience at the INEL indicates that the fission product transport

predicted with TRAP-MELT is relatively insensitive to the total mass of

aerosol over a wide range, as long as some aerosol seed is present. The

following subsections describe the model for the release of vaporized

control rod materials and the predicted source rate for the aerosol seed

from oxidized cladding, vaporized control rod materials, and from fission

products.

8.1 Silver-Cadmium Vapor Release Model and Results

During Experiment LP-FP-2, the Ag/In/Cd control rods are expected to

be the first material to melt in the center bundle (1073 K, 1472 0 F). From

separate effects testing8 ,82] , it has been shown that under low

system pressure conditions, stainless steel clad control rods in zircaloy

guide tubes fail earlier than would normally be expected. Failure has been

shown to occur near 1473 K (2192'F) and is believed to be due to contact

and chemical (eutectic) reaction between the stainless steel control rod

sheath and the zircaloy guide tube. As the material flows out of the break

location and down the guide tube, the Ag, In and Cd will vaporize in an

existing hydrogen/steam environment. The rate at which the alloy moves

down the rod will determine the amount of time that mass transfer can occur

in the center bundle. A computer program called VAPOR[8-3] has been

developed at the INEL to model this behavior. A schematic of the physical

system is shown in Figure 8-1.

The VAPOR program contains four major models to describe the behavior

of the control rods and the Ag/In/Cd alloy material during a severe reactor

accident as follows: (a) a rod failure model that describes the rate at

which control rod alloy leaves the rod, (b) a liquid film model that
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describes the velocity and film thickness of the alloy as it travels down

the outside surface of the guide tube, (c) a mass transfer model calculates

the rate at which Ag, In, and Cd are transferred from the flowing alloy to

the hydrogen/steam mixture assuming the alloy is an ideal solution, and

(d) a simple eutectic model that describes the potential eutectic

interaction between the alloy and the zircaloy.

The release of Ag, In, and Cd vapor in the center fuel bundle was

estimated using the VAPOR program. The thermal hydraulic input needed to

run VAPOR was provided by the results of the TRAC-BDI calculation

(identified in Section 3.2). The control rod and bulk coolant

temperatures, center fuel bundle average flows of hydrogen and steam, and

the rate of addition and depletion of hydrogen and steam as functions of,

axial elevation and time were also required for input to the VAPOR

calculation. The TRAC-BDl calculation provided the control rod

temperatures and hydrogen generation rate for the entire heatup portion of

the experiment, and RELAP5 provided the hydraulic conditions; however, only

a small portion of these results are needed for the VAPOR calculation. All

thermal-hydraulic input to VAPOR begins at 1254 s (654.1 s TRAC time), the

time at which axial Node 4 (according to the TRAC model)a of the control

rod reaches the control rod failure temperature of 1473 K (2192'F), and

ends at 1352 s (752 s TRAC time). This time interval corresponds to

50 time channels of output from TRAC which represents the maximum amount of

input the VAPOR program can currently handle. This is not a limitation of

the calculation, however, since most of the control rod dynamics are

finished by 1352 s (752 s TRAC time). A plot of the control rod

temperatures for the lower three nodes in the LOFT center fuel bundle is

shown in Figure 8-2.

The geometry of the center fuel bundle is also needed as input to the

VAPOR code. For simplicity, since there are 11 control rods in the center

a. The nodalization used by VAPOR is inverted from that used by the
TRAC-BD1 model.
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bundle, it was assumed that each control rod sees 1/11 of the center bundle

geometry (flow area). As a result, all flow rates from TRAC are scaled

down by a factor of 11. Since TRAC predicts a control rod temperature of

1473 K (2192°F) at Node 4 (TRAC nodalization), the three axial nodes below

this elevation (each 0.287 m, 0.942 ft, long) were used in the VAPOR

calculation. Geometrical input to VAPOR is shown in Table 8-1.

Two cases were considered for the VAPOR analysis. In the first case,

the center bundle fluid was assumed to be all steam, whereas in the second

case, the steam flow was converted to an equivalent amount of reacted

hydrogen. Since the properties of hydrogen (i.e., density, viscosity and

diffusivity) are different from steam, these two cases bracket the expected

release behavior of Ag, In, and Cd during the experiment. The steam and

hydrogen flow rates for each case are shown in Figure 8-3. Although the

hydrogen case is reported here for completeness, only the steam results

were used in the subsequent TRAP-MELT analysis (Section 10) because the

TRAP-MELT code was setup to handle only steam conditions.

The release in an all hydrogen environment is greater than in an all

steam environment and is due to differences in the diffusivity of the two

gases. Diffusion coefficients for Ag, In and Cd are larger in hydrogen

than in steam. As a result, slightly higher releases are noted. This

result highlights the importance of accurately modeling the properties of

the hydrogen/steam mixture in the vapor transport analysis. However, since

TRAC predicted that the flow in the lower three nodes of the center bundle

(at the time of control rod failure) is predominantly steam, it was

recommended that the all steam result be used in the TRAP-MELT aerosol

calculations.

The release rate predictions for Ag, In, and Cd for the all steam and

all hydrogen cases are shown in Figures 8-4 and 8-5 respectively. Note

that these release rates represent rates per control rod (geometry) and

should be multiplied by 11 to obtain the total release rates for the center

bundle. The integrated releases from the center bundle are presented in

Table 8-2. The low release of all three species is due to two primary

factors:
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1. Control rod failure is predicted to occur at 1473 K

(2192*F). At this low temperature, Ag and In are not very

volatile. In addition, since the alloy is assumed to be

ideal, the cadmium vapor pressure is reduced by its local

mole fraction. As a result, the cadmium is much less

volatile than it would be if it existed as a pure species.

2. The relocation of the alloy down to cooler portions of the

rod and into the lower plenum is quite rapid. As a result,

the residence time for the alloy in the system is short

(less than 2 min.).

Some uncertainty exists in the predicted releases of Ag, In, and Cd in

the experiment. The VAPOR code does not consider the potential refreezing

of the alloy as it flows down the rod. When control rod failure is

expected to occur at midplane in the core, TRAC-BD1 predicts that the

temperatures in the lower part of the rod are below the melting point of

the alloy (1073 K). As a result, some refreezing should occur. The amount

of refreezing depends on the velocity of the alloy film and the temperature

of the rod. As the experiment continues and the rod temperatures rise, the

alloy will remelt and cause additional vaporization to occur. This

phenomena is not modeled in the VAPOR code. As a result, additional

release of vapor could occur later in the transient which has not been

accounted for here. Another phenomenon which is not modeled is molten

alloy transfer from the control rod onto adjacent hotter fuel rods during

rapid ejection from the control rod. Because of the relatively low system

pressure at the time of control rod failure this phenomenon may occur

during the experiment and would cause a much greater release of vaporized

control rod materials.

In summary, very little of the control rod alloy is predicted to be

vaporized, and if other modes of release are considered, the predicted

release should be conservatively low. The results presented here will be

used in the aerosol seed calculation described in the following subsections.
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8.2 Silver and Cadmium Aerosol Release

The estimate of the contribution to aerosol mass by vaporized control

rod materials was made with a TRAP-MELT calculation. This calculation

utilized only vapor-phase materials and was performed to evaluate silver

and cadmium condensation in the center fuel bundle as well as

supersaturation ratios along the transport path. The source rates for

vaporized control rod materials were described in the previous section.

The results of the TRAP-MELT calculation indicates that the silver vapor

would reach a supersaturation ratio of 7.5 x 109, and would therefore

nucleate, just above the center bundle. The cadmium vapor, on the other

hand, will not reach supersaturation ratios high enough to begin nucleation

until the vessel nozzles are reached. For these reasons, the assumption

was made that silver aerosol transport could affect fission product

transport, but that the cadmium nucleation to an aerosol occurstoo far

down the flow path to significantly impact fission product transport. The

entire mass of silver vapor, computed with the VAPOR program, was therefore

input as an aerosol seed with no cadmium contribution. As shown in

Figure 8-4, the Ag aerosol release occurs early in the transient, between

1250 and 1350 s.

8.3 Tin or Tin telluride Aerosol Release

An estimate for the contribution of Sn or SnTe released from zircaloy

cladding to the inert aerosol seed of TRAP-MELT was calculated using the

expression of Alexander and Ogden for the partial pressure of tellurium

compounds, probably SnTe, over zircaloy with a "casual", or not completely

protective oxide layer. The equation that represents this relationship is:

P = 10 A/BT •C (1)

where

P = vapor pressure (atmospheres)

A = -12,280
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B = 2.493

C = weight percent tellurium in the zircaloy

T = zircaloy temperature (K)

To estimate the release rate of Sn or SnTe, 1/10 of the pressure, P,

given by Equation (1) was assumed to be approximately correct for Sn in the

zircaloy. This assumption results in a prediction of the approximate vapor

pressure that would be expected for Sn using Raoult's law.

The concentration of Sn was calculated by using the hydrogen release

rate to estimate the amount of oxidation and thereby the beta and alpha

layer thicknesses in the cladding. The Sn is assumed to reside in the beta

and alpha phases, but not in the oxide phase layer of the zircaloy. This

assumption is based on postirradiation observations of highly oxidized

cladding from Power Burst Facility power-coolant-mismatch (PCM) tests.

Also, the flow rate of the coolant was assumed to be sufficiently low,

relative to the rate of diffusion of the Sn or SnTe vapor in the steam,

that the pressure of Sn or SnTe given by 1/10 of the pressure calculated

with Equation (1) was maintained. Finally, it was assumed that the

steam/hydrogen/Sn or SnTe gas cools sufficiently at the top of the core

(Control Volume 2 of the TRAP-MELT calculation) to cause nucleation of an

aerosol consisting of the Sn or SnTe vapor. Inspection of the Sn surface

tension and vapor pressure curves suggests that a drop of 100 or 200 K

would be sufficient to cause an order-of-magnitude supersaturation and

nucleation of the aerosol unless large surface areas of cold walls cause

prior condensation of the vapor. As is evident from Figure 8-5, the Sn

aerosol release is important for times between 1200 and 1800 s.

8.4 Fission Product Aerosol Release

The last aerosol seed source which was considered for this analysis is

the fission products themselves. Two fission products, CsI and Ba, were

considered as potential sources of aerosols. CsI was considered primarily

because of the relatively large mass which is released during the

transient, and Ba was considered because of its low volatility.
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As a part of the TRAP-MELT calculation described in Section 8.2, the

supersaturation ratio of CsI along the flow path was calculated. This

calculation indicated that CsI will reach supersaturation ratios high

enough to cause marginal nucleation just above the center fuel bundle, if

no other aerosols exist to present a surface area for condensation and

chemisorption. However, the assumption was made that the other aerosol

sources would generate sufficient aerosol seeds to prevent CsI nucleation.

Ba is sufficiently low in volatility to cause supersaturation as soon as

the material is released from the region of high fuel temperatures. For

this reason, the total mass of Ba released from the fuel was assumed to be

in aerosol form. As shown in Figure 8-6, most of the fission product

aerosol formation occurs during the latter part of the transient.

8.1 REFERENCES
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January 29-31, 1985
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Technology, March 15, 1985.
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TABLE 8-1. LOFT FP-2 GEOMETRIC INPUT DATA TO THE VAPOR PROGRAM

Parameter Value

Flow Area (Aflow) 1.317 E-03 m2

Axial length of node (z) 0.278 m

Volume of node (V) 3.665 E-04 m3

Surface area of liquid (SA) 1.21 E-02 m2

Equivalent diameter (De) 1.206 E-02 m

Rod outer diameter (Drod) 1.384 E-02 m

Rod inner diameter (Din) 1.021 E-02 ma

Area of hole (Afail) 1.0 E-05 m2

Initial height of alloy above break (ho) 0.915 mb

a. This is the inner diameter of the stainless steel cladding. It is
assumed that on melting the alloy will fill the gap.

b. This initial height reflects the fact that the alloy has relocated
somewhat on melting.
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TABLE 8-2. VAPOR PREDICTIONS OF Ag, In, AND Cd RELEASE FOR
EXPERIMENT LP-FP-02

Release

(grams)

Species All Steam All Hydrogen

Ag 4.84 E-03 1.602 E-02
In 1.43 E-03 4.741 E-03
Cd 4.29 8.25

, ____ Y

i
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9. CHEMICAL FORM OF THE RELEASED FISSION PRODUCTS

During Experiment LP-FP-2, the fission products are assumed to be

released from the UO2 fuel in elemental form; subsequent chemical reactions

with the coolant system environment (steam and hydrogen) will produce many

different chemical compounds. The objective of this section is to determine

the chemical forms of the released fission products during the experiment.

For this analysis, three fission product elements: cesium, iodine, and

tellurium, and 32 possible chemical species (27 in one gaseous phase, four in

a simple liquid phase, and one in a solid condensed phase as shown in

Table 9-1) were considered. The 32 species taken into account include the

most important compounds formed by the five elements: H, 0, Cs, I and Te.

It is expected that the chemical reactions in the center bundle are rapid

enough that the kinetic effect of these reactionsmay be neglected in

comparison with the transport of these materials out of the core.

Because of the relatively high temperature (>1200 K, >17001F) of the

center bundle environment, all species are present in the gas phase. The

other phases, liquid and condensed, will appear only in the upper plenum or

other parts of the primary coolant system where temperatures fall below

1200 K (1700 0 F).

The calculations reported in this section were performed with the

SOLGASMIX-PV code under thermal-hydraulic conditions provided by the TRAC-BDI

and RELAP5 codes. The fission product elemental source terms were provided

by the TIGERI program. The results of the SOLGASMIX-PV calculations were

used as input t6 the TRAP-MELT transport calculations, which are reported in

Section 10.

9.1 Description of the SOLGASMIX-PV Code

The SOLGASMIX-PV code[9-1] minimizes the total Gibbs free energy of a

chemical system formed by chemical compounds and elements, to determine the

molar concentration at equilibrium for either a constant total gas volume or

a constant total pressure. The system may contain a gaseous phase,
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a liquid or solid mixture, and a condensed phase of invariant

stoichiometry. The constraints on the calculation require that the mass of

every element be conserved. 
0-

The total Gibbs free energy of a system is expressed as follows:

G= 7-ni -(Go + RT ln a.)GT

where

GT = total Gibbs free energy (J/mole)

n. = the number of moles of species i

1

G = standard Gibbs free energy of species i (J/mole)1

R = ideal gas constant (J/mole * K)

T = absolute temperature (K)

a. = activity of species i.
1,

The principal input parameters to SOLGASMIX-PV are the number of

gram-atoms (moles) of each element present, the chemical formula of the

species, and the pressure and temperature. The thermodynamic data are the

coefficients (a, b, c..) of the Gibbs energy of formation in the standard

state for each species:

0 2 T3

AG= a/T+ b + c T + d T + e T + f T In T

where

AG0  = Gibbs energy of formation (J/mole)

T = absolute temperature (K).

Finally, minor changes to the SOLGASMIX-PV code allowed for the input

and output amounts of each species to be expressed in terms of grams

instead of moles.
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9.2 Input Data Required by SOLGASMIX-PV

The input data requirements of the SOLGASMIX-PV code are identified in

the following subsections. Subsection 9.2.1 discusses the thermodynamic

input data, Subsection 9.2.2 identifies the required thermal-hydraulic

data, Subsection 9.2.3 notes the hydrogen and steam flow rates for the

experiment, and Subsection 9.2.4 discusses the fission product source term

that was used in these calculations.

9.2.1 Thermodynamic Data

For the Experiment LP-FP-2 calculation, the thermodynamic input data

are represented in the form:

AGO = b + c * T

where b represents the enthalpy of formation of the species and c equals

the negative of the entropy of formation of the species. Table 9-1

summarizes the constants b and c used for the species considered in this

calculation.[9-2]

9.2.2 Thermal-Hydraulic Data

Temperature and pressure in the center bundle during Experiment
LP-FP-2 were calculated with the TRAC-BD1 code. Because the released

fission products are expected to react in the upper part of the center

bundle, the assumed reaction temperature for the SOLGASMIX-PV calculation

was taken to be the average of the TRAC-BDI calculated temperatures for

TRAC Control Volumes 3, 4, 5, and 6. These values, and the assumed

pressure for the transient are given in Table 9-2.

9.2.3 Hydrogen and Steam Flow Rates

The hydrogen gas produced by the oxidation of zircaloy cladding, and

the steam flow rate in the center bundle were calculated with a model
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incorporated in the TRAC-BD1 code. These rates are expressed in terms of

grams per second versus time, and are summarized in Table 9-3. The molar

ratio of H2 /H2 0 is also given in Table 9-3.

9.2.4 Fission Product Source Term

The release rates of Cs, I and Te during the transient were computed

by the TIGERI program, as documented in Section 7. This program uses the

inventory of fission products provided by ORIGEN2, the NUREG-0772 release

rate data base, and the TRAC-BD1 calculated axially dependent fuel

temperatures. The results of these calculations, as used in the

SOLGASMIX-PV calculations, are given in Table 9-4.

9.2.5 Calculations Performed

A total of 13 SOLGASMIX-PV calculations were performed, one

calculation for each 50 seconds of transient time. The first calculation

started at 1200 s (TRAC time = 600 s), and the last ended at 1800 s (TRAC

time = 1200 s). The output of the SOLGASMIX-PV calculations are shown in

Tables 9-5, 9-6, and 9-7, with detailed output shown in Appendix J.

9.3. Discussion of the SOLGASMIX-PV Results

Tables 9-5, 9-6, and 9-7 summarize the calculated generation rate

(g/s) for the most important species of Cs, I and Te. These species are:

Cesium Compounds: CsOH, Cs

Iodine Compounds: CsI, HI, I

Tellurium Compounds: Te, H2Te, Te 2, TeO, TeO

It is observed that only 10 of the 27 species in the gas phase exist

in sufficient concentrations to be important, all others play only a

secondary role. Because of the high temperature range of the gas

environment, [1181 K (1666*F) at 1200 s to 1951 K (30521F) at 1800 s] all

species appear only in the gas phase.
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The results of the SOLGASMIX-PV calculations indicate that for the

cesium compounds, CsOH is by far the most important species formed. To a

lesser extent, the species: Cs2 (OH) 2 , Cs20, CsO, and Cs2 also

exist in small amounts. (Note: CsI is assumed to belong to the iodine

family).

For the iodine family, CsI is always dominant during the transient.

HI and I are also present but-in smaller concentrations. Other species,

such as HOI, Cs2 I 2 , and 12 are present only in small quantities.

For tellurium compounds, the two species: Te (atomic form) and H2 Te

have the highest generation rates, followed by Te2 , TeO and TeOH. Cs2

and TeO3 are included in the liquid phase, however, it is expected that

only a very small amount would actually be present during the transient.

Nevertheless, Te can appear in a condensed phase combined with some core

elements, for example, nickel, indium, and cadmium (CdTe), which have not

been considered.

In order to keep the transport modeling tractable, the minority

species of each element were neglected. Thus, CsOH, CsI, HI, I, and Te

where the only chemical species considered.
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TABLE 9-1. THERMODYNAMIC INPUT DATA FOR THE SOLGASMIX-PV CALCULATION

Species

H2
H20
I
12
HI
HOI
CSI
CS212
CS
CSOH
CS202H2
CS20
CSO
CS2
02
H
0
OH
02H
H2TE
TE
TE2
TEO
TE02
TEOH
TEO2H2
TEO3H2
CSI
CSOH
H20
CS2TEO3
CS2TE

a
Phase

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
L
L
L
L
C

A

(J/mole)

O.OOOOOEO
-0.25079E6

0.78491E5
OOOOOOEO

-0.67880E4
-0.12245E6
-0.26741E6
-0.67235E6
O.OOOOOEO

-0.33391E6
-0.83805E6
-0.24815E6
-0.14236E5
-0.49288E5

O.OOOOOEO
0.22589E6
0.25439E6
0.37000E5

-0.18770E4
0.99603E5
0 .21176E6

0 16041E6
0.65286E5
-0. 59427E5
-0. 10289E6
-0 37486E6
-0. 43826E6
-O .41570E6

-0. 45805E6
-0. 28293E6
-0. 10988E7
-0. 43790E6

B

(J/mole/K)

O.O0000EO

0.57720E2
-0.54120E2
O.OOOOOEO

-0.72200E1
0.55200E2
0.33370E2
0.17630E3
O.OOOOOEO
0.86120E2
0.32863E3
0.13770E3
0.22260E2
0.70750E2
O.OOOOOEO

-0.59750E2
-0.66420E2
-0.13810E2

0.48550E2
-0.48960E2
-0.13312E3
-0.15990E3
-0.89400E2
-0.20500E2

0.29540E2
0.15710E3
O.15750E3
0.12890E3
0.18460E3
0.15395E3
0.47750E3
0.22610E3

a. G= gas
L = liquid
C = condensed.
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TABLE 9-2. TEMPERATURE AND PRESSURE IN THE CENTER BUNDLE DURING THE
TRANSIENT

a
TRAC Time. (s)

6.00033E+02
6.25033E+02
6.50033E+02
6.75033E+02

7.00033E+02
7.25033E+02
7.50033E+02
7.75033E+02

8.00033E+02
8.25033E+02'
8.50033E+02

8.75033E+02

9.00033E+02
9.25033E+02
9.50033E+02
9.75833E+02

1.00003E+03
1.02503E+03
1.05003E+03
1.07503E+03

1.10003E+03
1.12503E+03
1.15003E+03
1.17583E+03
1.20003E+03

Average
Vapor

Temperature(K)

1.18078E+03
1.21248E+03
1.25230E+03
1.29451E+03

1.35695E+03
1.41004E+03
1.47082E+03
1.52851E+03

1.57783E+03
.1.61982E+03
.1. 64801E+03

1.67558E+03

1.69995E+03
1.72309E+03
1.74520E+03
1.7648aE+03

1.78176E+03
1.79846E+03
1.81575E+03
1.83409E+03

1.85531E+03
1.87815E+03
1.90281E+03
1.92726E+03
1.95102E+03

Pressure
(Pa)

5.95000E+05
5.72994E+05
5.52886E+05
5.32717E+05

5.12300E+05
4.94250E+05
4.76000E+05
4.57300E+05

4.42600E+05
4.35250E+05
4.31280E+05
4.32980E+05

4.31000E+05
4.23500E+05
4.16860E+05
4.11510E+05

4.07180E+05
4.04380E+05
4.01260E+05
3.97660E+05

3.94100E+05
3.90525E+05
3.86900E+05
3.83375E+05
3.79807E+05

a. To obtain experiment time, add 600 s to the listed TRAC time.
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TABLE 9-3. HYDROGEN GENERATION RATE, STEAM RATE, AND H2 /H2 0 RATIO IN

THE CENTER BUNDLE DURING THE TRANSIENT

TRAC Timea
(s) H2 Rate

(g/s)
Steam Rate

(g/s)

H2 /H2 0

(mole/mole)

6.OOOOOE+02
6.25000E+02
6.50000E+02
6.75000E+02

7.OOOOOE+02
7.25000E+02
7.50000E+02
7.75000E+02

8.00000E+02
8.25000E+02
8.50000E+02
8.75000E+02

9.00000E+02
9.25000E+02
9.50000E+02
9.75000E+02

1.00000E+03
1.02500E+03
1.05000E+03
1.07500E+03

1.10000E+03
1.12500E+03
1.15000E+03
1.17500E+03
1.20000E+03

6.04100E-02
1.05309E-01
1.63555E-01
2.20562E-01

2.54206E-01
2.92224E-01
3.09046E-01
3.30060E-01

2.07474E-01
1.97881E-01
1.69184E-01
1.01394E-01

6.04723E-02
5.98530E-02
5.91123E-02
5.81875E-02

5.75107E-02
5.72103E-02
5.67820E-02
5.61620E-02

5.60650E-02
5.61900E-02
5.59400E-02
5.72125E-02
5.52608E-02

1.19200E+01
1.23080E+01
1.31280E+01
1.24577E+01

6.14600E+00
4.09700E+00
4.14200E+00
4.16500E+00

2.19700E+00
2.15775E+00
1.82426E+00
1.04491E+00

5.73540E-01
5.64140E-01
5.55840E-01
5.49190E-01

5.43740E-01
5.40090E-01
5.35980E-01
5.31180E-01

5.26400E-01
5.21575E-01
5.16800E-01
5.12025E-01
5.07209E-01

4-.5E-02

1.1E-01

3.7E-01

6.7E-01

8.4E-01

9.3E-01

9.4E-01

9-5E-01

9.4E-01

9.5E-01

9.5E-01

9.7E-01

9.7E-01

1, "ý- I

a. To obtain experiment time, add 600 s to the listed TRAC time.
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TABLE 9-4. FISSION PRODUCT RELEASE RATE IN THE CENTRAL BUNDLE

a
TRAC Time

(s)
6.OOOOE+02
6.25000E+02
6.50000E+02
6.75000E+02

7.OOOOOE+02
7.25000E+02
7.50000E+02
7.75000E+02

8.OO0OOE+02
8.25000E+02
8.50000E+02
8.75000E+02

9.00000E+02
9.25000E+02
9.50000E+02
9.75000E+02

1.00000E+03
1.02500E+03
1.05000E+03
1.07500E+03

1.10000E+03
1.12500E+03
1.15000E+03
1.17500E+03
1.20000E+03

Cs Rate
(g/s)

2.27400E-06
4.00268E-06
7.13209E-06
1.19889E-05

2.33177E-05
4.56489E-05
8.55403E-05
1.54571E-04

2.33383E-04
3.23243E-04
4.41356E-04
5.54417E-04

6.64810E-04
7.97934E-04
9.34319E-04
1.06106E-03

1.18526E-03
1.31976E-03
1.48572E-03
1.65740E-03

1.90644E-03
2.23079E-03
2. 58059E-03
2.99855E-03
3.42052E-03

I Rate
(gls)

1.36096E-06
1.96011E-06
2.91448E-06
4.33316E-06

7.79287E-06
1.46142E-05
2.66992E-05
4.79399E-05

7.22653E-05
1.00100E-04
1.36634E-04
1.71592E-04

2.05694E-04
2.46787E-04
2.88821E-04
3.27832E-04

3.66077E-04
4.07634E-04
4.58892E-04
5.11922E-04

5.88840E-04
6.89020E-04
7.97058E-04
9.26149E-04
1.05648E-03

Te Rate
(g/s)

1.26702E-07
2.37343E-07
4.54535E-07
8.10389E-07

1.72648E-06
3.47832E-06
6.42045E-06
1.14845E-05

1.70782E-05
2.34364E-05
3.16423E-05
3.95926E-05

4.74885E-05
5.71537E-05
6.73688E-05
7.73659E-05

8.75916E-05
9.92230E-05
1.13966E-04
1.30059E-04

1.53522E-04
1.85221E-04
2.22070E-04
2.68933E-04
3.21245E-04

a. To obtain experiment time, add 600 s to the listed TRAC time.
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TABLE 9-5. CsOH AND Cs GENERATION RATE IN THE CENTER BUNDLE

a
TRAC Time

(S)
600
650
700
75.0
800
850
900
950

1000
1050
1100
1150
1200

CsOH
(g/s)

0.217E-5
0.715E-5
0.227E-4
0.802E-6
0.205E-3
0.380E-3
0.519E-3
0.724E-3
0.914E-3
0.114E-2
0.165E-2
0.194E-2
0.254E-2

CS(gls)

0.110E-8
0.988E-8
0.122E-6
0.118E-5
0.586E-5
0.192E-4
0.257E-4
0.425E-4
0.607E-4
0.845E-4
0.123E-3
0.194E-3
0.293E-3

a. To obtain experiment time, add 600 s to the listed T.RAC time.
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TABLE 9-6. CsI, HI, AND I GENERATION RATE IN THE CENTER BUNDLE

a
TRAC
Time
(S)

Csl

600
650
700
750
800
890
900
950

1000
1050
1100
1150
1200

a. To obtain experiment

0.686E-6
0.153E-5
0.609E-5
0.260E-4
0.888E-4
0.778E-3
0.399E-3
0.489E-3
0.616E-3
0.766E-3
0.973E-3
0.131E-2
0.171E-2

HI
(g/s)

0.944E-6
0.197E-5
0.931E-5
0. 118E-4
0.224E-4
0.358E-4
0.241E-4
0.324E-4
0.406E-4
0.503E-4
0.631E-4
0.828E-4
0.107E-3

I
(g/s)

0.891E-7
0.207E-6
0.539E-6
0.226E-5
0.665E-5
0.143E-4
0.112E-4
0.180E-6
0.257E-4
0.358E-4
0.509E-4
0.770E-6
0.116E-3

time, add 600 s to the listed TRAC time.
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TABLE 9-7. Te, H2Te, Te2, TeO and TeOH GENERATION RATE IN THE CENTER

BUNDLE

TRAC
Timea

600

650

700

750

800

850

900

950

1000

1050

1100

1150

1200

Te
(g/s)

0.647E-7

0. 215E-5

0.805E-6

0.370E-5

0.120E-4

0.246E-4

0.380E-6

0.562E-4

0.750E-4

0.994E-4

0.136E-3

0.200E-3

0.296E-3

H2 Te
(g/s)

0.605E-7

0.228E-5

0.929E-6

0.273E-5

0. 506E-5

0. 696E-5

0.895E-5

0.104E-4

0.116E-4

0.131E-4

0.151E-4

0.184E-6

0.223E-4

Te2

(g/s)

O.673E-9

0.128E-6

0.411E-8

0.162E-7

0.629E-7

0.133E-6

0.526E-6

0.708E-6

0.821E-6

0. 109E-5

0. 141E-5

0.198E-5

0.282E-5

TeO
(g/s)

0.214E-9

0.524E-8

0.128E-8

0.664E-8

0.304E-7

0.890E-7

0.152E-6

0.272E-6

0.423E-6

0.644E-6

0.101E-5

0.171E-5

0.296E-5

TeOH
(g/s)

0.181E-8

0.247E-7

0.243E-8

0.528E-8

0.978E-8

0.163E-7

0.198E-7

0.256E-7

0.310E-7

0.378E-7

0.463E-7

0.599E-7

0.795E-7

a. To obtain experiment time, add 600 s to the listed TRAC time.
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10. FISSION PRODUCT TRANSPORT ANALYSIS

The primary tool for predicting the transport and deposition of fission

products during Experiment LP-FP-2 is the TRAP-MELT Version 2 computer

code. Subsection 10.1 describes the objectives of the calculation,

Subsection 10.2 describes the models used in TRAP-MELT, Subsection 10.3

describes the geometry of the TRAP-MELT model of the LOFT system,

Subsection 10.4 describes the input to the TRAP-MELT code and

Subsection 10.5 describes the results of the calculation and discusses the

impact of these results on the experiment.

10.1 Objectives of the Transport Calculations

The fission product transport analysis of Experiment LP-FP-2 was

performed with the TRAP-MELT (Version 2)[10-1] computer code. The purpose

of these calculations is to estimate the distribution and measurability of

the volatile fission products and the associated aerosols. The molecular

form of the released fission products was calculated by the SOLGASMIX-PV

code, as explained in Section 9, and these data are used as input to

TRAP-MELT as a source term. Except for the noble gases, the dominant

fission product species. that are expected to be released and transported

during the experiment are: CsI, CsOH, HI, Te, and 12 (12 disassociates

at high temperatures to. form I which is also modeled in the TRAP-MELT

code). The aerosols that are expected to form during the experiment, and

are modeled as inert seed aerosols in the TRAP-MELT analysis, are: (a) Ag

aerosols from failure of the control rods, (b) Sn aerosols due to oxidation

of the zircaloy cladding (the zircaloy alloy contains tin), and (c) fission

product aerosols (e.g. CsI, Ba, and rare earth elements).

In addition to estimates of the concentration and distribution of

fission products in the primary coolant system and the low pressure

injection system (LPIS), calculations have been made for the on-line

detectability of these fission products in the LPIS'near the G5 gamma
spectrometer. These results are discussed in Section 11.

197



10.2 Description of TRAP-MELT Version 2

i, y

The TRAP-MELT Version 2 computer code models the mass transfer between

five states (vapor, condensate on aerosol particles, mass condensed on

walls, mass chemisorbed on walls, and condensate on aerosols deposited on

walls) for each fission product species considered. The species that were

considered in the Experiment LP-FP-2 analysis are 12, CsI, CsOH, HI, Te,

and a generic aerosol seed with zero vapor pressure.

The couplings between states that are considered in the TRAP-MELT code

are listed in Table 10-1. Evaporation and condensation are key transfer

mechanisms because they typically happen rapidly. Vapors will condense on

walls when the vapor concentration is greater than the equilibrium

concentration at the wall temperature, and they will condense on available

aerosols when the concentration is greater than the equilibrium

concentration at the gas temperature. Plots of the equilibrium vapor

concentrations of 12/I, CsI, and CsOH versus temperature are shown in

Figures 10-1, 10-2, and 10-3. HI will not condense-because its critical

temperature is less than 500 K.

Chemisorption models in TRAP-MELT are simple correlations for the

fractional reaction rates as a function of temperature and surface area.

The rate of Te chemisorption is highest, followed by HI, 12/I and then

CsOH. No chemical interaction between CsI, Cd, or Ag vapors and the

stainless steel wall surface is assumed.

The TRAP-MELT models for aerosol agglomeration include the effect of

Brownian motion (diffusion), differential gravitational settling, and

turbulent eddies. Aerosol deposition due to diffusion, gravitational

settling, and thermophoresis are also included in the code.

Several assumptions are made in the TRAP-MELT models which may affect

the final results. These assumptions are listed inTable 10-2. One key

assumption that is made by TRAP-MELT is that each control volume fluid is

well mixed. This means there is no spacial variation of volume contents
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except at the boundary layer. It is also assumed that the aerosol carrier

gas is predominantly steam with no water drops or hydrogen gas. This

assumption limits the applicability of the code to times before quench and

results in an underprediction of the rate of settling of aerosols in a pure

hydrogen environment by about an order of magnitude because the viscosity of

hydrogen gas is about 0.1 that of steam.

The fact that an inert aerosol seed with zero vapor pressure is

assumed, means that small aerosol seeds are never predicted to completely

evaporate. Calculated results must be examined for the possibility that an

aerosol may evaporate completely into a vapor and subsequently condense on a

cold wall.

The assumption that no chemical reactions occur in the vapor phase

requires careful selection of the assumed species distribution to be sure

that it is typical of the species present during the most important parts of

the transport calculation.

Results published by Sallach and Elrich,[I 0 -2] which became available

after TRAP-MELT2 was released, demonstrate that the deposition velocities

used in TRAP-MELT2 for the chemisorption of CsOH on stainless steel are

valid only if the stainless steel is oxidized enough to free silicon and

possibly other reactants. The rate of CsOH chemisorption will be greatly

overpredicted if wall temperatures remain low enough to prevent stainless

steel oxidation. It is also assumed that all walls are stainless steel, an

assumption which is not true in the LOFT core. The effect of this

assumption may be an over-prediction of CsOH chemisorption.

A calculation presented in Appendix L shows that neglect of pipe bends

has a small effect on the prediction of aerosol transport through the LPIS

line. Since an aerosol seed is assumed, the addition of a homogeneous

aerosol nucleation model would have little effect on the model prediction.
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10.3 LOFT Model Geometry and TRAP-MELT Nodalization

A schematic of the LOFT reactor system showing an overlay of the

TRAP-MELT control volume nodalization and flow channel organization is

shown in Figure 10-4. This figure also depicts the relative location of

two of the on-line gamma spectrometers. The on-line data of particular

concern are those taken at the LPIS and in the F1 sample line at the core

exit. The LPIS line is modeled in the TRAP-MELT analysis, however, the

F1 line is not modeled.

The TRAP-MELT model consists of eight control volumes. For each

volume, the geometric model parameters are length, hydraulic diameter, flow

area, surface area for sedimentation of aerosol particles, and height

associated with gravitational settling of aerosol particles. The geometric

data for each of the control volumes shown in Figure 10-4 are summarized in

Table 10-3.

Two major observations are identified concerning the TRAP-MELT model

geometry: First, the intact loop hot leg is not modeled. It was not

necessary to model this section of the primary coolant system because the

direction of flow during the fission product transport portion of the

transient is from the intact loop to the reactor vessel. In other words,

the RELAP5 calculated flow for the intact loop hot leg (for the base

calculation) is negative, as shown in Figure 10-5. This flow direction

also exists in the latest RELAP5 sensitivity calculation. Consequently, no

fission products are expected to be transported to the intact loop during

the transient portion of the experiment. However, contamination of this

loop is expected during the reflood portion of the experiment.

The second observation concerning the TRAP-MELT model is that the

length of the LPIS (TRAP-MELT Control Volume 7) line has been arbitrarily

increased from a value of 7.7725 m (25.5 ft) to 77.725 m (250 ft). This

change was necessitated by the extremely long running times for the code

due to the high fluid velocities in this line. This geometric change will
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make analysis of the code results more difficult; however, the code

prediction can be modified to properly reflect the actual length of this

line. A more detailed analysis showing how the TRAP-MELT results were

modified to compute fission product inventories for the LPIS (Control

Volume 7), is described in Subsection 10.5.

10.4 Thermal-Hydraulic and Fission Product Input to TRAP-MELT

The thermal-hydraulic boundary conditions for the TRAP-MELT

calculations were taken from both the RELAP5/MOD2 and the TRAC-BD1

predictions described earlier in this document. The TRAC prediction was

used for steam conditions and core metal surface temperatures, while the

RELAP5 prediction was used for the remainder of the system. Since these

two thermal-hydraulic codes predicted different core exit steam

temperatures, this section describes the methods used to resolve these

discrepancies and describe both the thermal-hydraulic and fission product

boundary conditions.

The relationship between the TRAP-MELT model, shown in Figure 10-4,

and the RELAP5 and TRAC models, shown in Figures 2-1 and 2-2, respectively,

are listed in Table 10-4. As seen in this table, the TRAC

thermal-hydraulic boundary conditions were used for TRAP-MELT Volumes 1

and 2, while the RELAP5 boundary conditions were used for Control Volumes 3

through 7. The use of two different thermal hydraulic codes created a

number of difficulties, which are discussed in Section 10.5. One of the

major difficulties was the necessity to reduce the RELAP5 steam

temperatures so that the core exit steam temperatures predicted by each

code would be the same. This was done by multiplying the steam

temperatures in each volume by the ratio of TRAC and RELAP5 steam

temperatures at the core exit. This modification reduced steam

temperatures between 5 and 10% during the time of fission product

transport, and resulted in the steam temperatures shown in Figure 10-6.
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The metal temperatures used in TRAP-MELT are shown in Figure 10-7. The

RELAP5 predicted temperatures were not modified because experience in the

LOFT facility has'shown that upper structure metal temperatures will not

deviate from saturation temperature. Figure 10-8 compares the steam and

metal temperatures along the fission product transport path at the time of

experiment termination. As seen in this figure, there is a sharp drop in

temperatures as soon as the steam leaves the core, with a substantial

temperature difference between steam and metal temperatures in the upper

structure.

The steam mass flow rates shown in Figure 10-9, and the corresponding

steam velocities shown in Figure 10-10, illustrate a very low flow rate for

the two core volumes (Volumes 1 and 2) and a much higher flow rate for the

upper structure and hot leg flow rates. The low flow rate in the center

fuel bundle is expected to occur because of flow blockage, while flow from

the peripheral bundles is expected to accelerate the flow in the upper

structure.

10.5 TRAP-MELT Resultsand Observations

Results of the TRAP-MELT calculations for the current thermal-hydraulic

input data are summarized in Tables 10-3 through 10-7 and Figures 10-11

through 10-15. The tables list the calculated amounts of 12/I, CsI, CsOH,

HI, and Te at 1200 s (TRAC time), the beginning of quench. The figures show

the fractional distribution of each species among states and control

volumes. The distributions are somewhat different than they were in a

previous analysis, [10-3] because there has been a considerable increase in

the calculated core residence time caused by improved thermal hydraulic

modeling which considers flow blockage effects.

The TRAP-MELT calculations predict the great majority of the iodine to

be present as a vapor in the core (Control Volumes 1 and 2) or in the

collection tank [or blowdown suppression tank (BST)] (Control Volume 8), as

shown in Figure 10-11. The accuracy in the calculation is somewhat limited

by the fact that the core is assumed to be oxidized stainless steel, while

in fact it is largely oxidized zircaloy. Also, the result that iodine is
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present in the collection tank (BST) as a vapor is accurate only as long as

there is no water in the tank to dissolve the iodine, which is soluble in

water.

As shown in Figure 10-12, CsI is calculated to be equally distributed

between the vapor state, present mostly in the core, and the

condensed-on-aerosol state, which is largely in the collection tank. It was

found in the earlier studyL'IO-3 1 that CsI was equally divided between the

condensed-Pn-aerosol state and the condensed-on-wall state. In order to

understand the CsI behavior in the current analysis and the reason for the

difference between this analysis and the earlier analysis with a shorter

core residence time, it is necessary to consider three time constants:

(a) the time constant for convection from a volume, (b) the time constant

for condensation on an aerosol surface, and (c) the time constant for

condensation on a wall.

The time constant for convection of any mobile state from a control

volume is found from the equation

dMK,L,I/dt = - FI • MK,L,I (2)

where

MKLI = mass of Kth species in Lth mobile state in Ith control

volume (kg)

t= time (s)

FI = rate of steam flow from Volume I (fraction of steam in

the volume/s).
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If convective flow out of Volume I was the only transfer mode

affecting MK,L,I, Equation (2) could be integrated to find an exponential

decay of MK,L,I with a time constant equal to the reciprocal of FI.

FI is, in turn, equal to the mass flow rate out of Volume I divided by

the volume of Volume I and the density of the steam in Volume I. Thus

Tconvectioni = VI P pi/m1  (3)

£

where

T convection,i = time constant for convection from volume I (s)

VI= volume of control volume I (m )

PI  density of steam in volume I (kg/m 3)

mI I mass flow rate out of volume I (kg/s)

For the lower core (Control Volume 1) at 1200 s, this time constant is 76 s

while it is only 0.9 s for the lower plenum (Volume 3). The large

difference is due to steam which flows around the partially blocked core

and back into the lower part of the upper plenum.

The large difference in these two convection time constants explains

why there is a large fraction of CsI in the vapor state. The relatively

slow flow in the core allows vapor to accumulate there and the vapor

doesn't condense because the high wall temperature keeps the equilibrium

concentration at the wall temperature above the concentration in the core.
U

Also, there is no chemisorption because TRAP-MELT assumes CsI does not

react with the walls.
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One can understand why the CsI vapor that is convected from the core

to the lower part of the upper plenum plenum (Volume 3) condenses on

aerosols rather than on the cold walls of this volume by examining the time

constants for these two mass transfer mechanisms. The time constant for

condensation on the wall is found from the rate equation used in TRAP-MELT2

for this transfer mode:

dC Awkw (C-C (4)
l = VI C e,w

where

C = concentration of the species vapor in the steam (kg/m 3)

A = wall surface area (m )

kw = mass transfer coefficient (deposition velocity) for

species transfer between bulk gas and the wall surface-gas

interface (m/s) =0.023 Reynold's number 0 . 8 3 Schmidt

number 0 .33 diffusivity of the species in steam/ volume

number.

Ce,w = equilibrium vapor concentration of the species at the

wall surface (kg/m3).

In summary, the TRAP-MELT calculations indicate that coolant flow

through the center assembly is slow enough to allow extensive Te and CsOH

chemisorption in the core. The slow coolant flow allows significant CsI

vapor to accumulate in the core but no chemisorption of this species is

modeled. Vapors which are carried from the core condense rapidly on the

tin aerosol which is expected to form near the top of the core at the time

fission products are released. Coolant flow in the upper structure is

calculated to be fast enough to prevent extensive transfer of condensed

vapors from the aerosol to colder walls, thus allowing for detection of
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those species which are not fixed in the core by chemical reactions. The

predicted reaction rate of HI is slow enough to allow most of this species

to be carried to the BST. 
_'

Integration of Equation (4) yields an exponential decrease of the

species vapor concentration to Ce,w, with a time constant

Tcondensation to wall,I = VI/Aw * kw (5)

when condensation to the wall is the only transport process removing mass

from the vapor. For the lower part of the upper plenum (Volume 3) at

1200 s, this time constant is 194 s.

The time constant for condensation of aerosol particles that are

present can be found from the equation used in TRAP-MELT2 for this transfer

mode:

ML

dc/dt =) -Ap • kp/VI (C Cpe) (6)

L=1

where

A = total particle surface area for particles in the Lth size
p

class (m )

C = equilibrium vapor concentration of the species at the
p,e

aerosol surface (kg/mi)

k p mass transfer coefficient (deposition velocity) for

species transfer between vapor and aerosol particle surface

(m/s), diffusivity of species vapor in steam divided by

particle radius.
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Integration of Equation (6) produces an expression which implies an

exponential decrease of the species vapor to C if C is greater thanp,e
C or an increase of C to C as long as the aerosol particles havep,e p,e

some condensate of the species in question. The time constant for either

process is

ML

VI (--Ap Kp) (7)
L:I

For the lower part of the upper plenum at 1200s (TRAC time), this time

constant is 0.05 s.

Comparison of the time constants in the lower part of the upper plenum

shows that the time constant for condensation of CsI vapor to the aerosol

which first appears in this volume is short compared to the time constant

for convection of aerosol and vapor to the upper plenum (Volume 4). Also,

the time constant for convection is short compared to the time constant for

condensation of CsI vapor on the cold walls. CsI vapor has plenty of time

to condense on aerosols in the lower part of the upper plenum but it does

not have time to condense on the walls before in is carried out of the

volume.

In the upper half of the upper plenum (Control Volume 4), the

condensation of CsI vapor is much more rapid than it is in the lower half

because the Reynold's number in the expression for kw in Equation 4 is

much larger due to much larger steam velocities calculated for the steam

flow in the upper plenum.a However, the rate of condensation in this

volume is slowed considerably by the fact that the vapor concentration, C,

in Equation 4 is reduced to almost C by condensation on the aerosol in
p,e

a. In TRAP-MELT the Reynold's numbers are calculated from the input steam
mass flows to a given volume. Thus the effect of the core by-pass fluid on
the Reynold's number does not appear until the upper plenum.
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the lower half. The aerosol/vapor mixture is swept to the collection tank

(BST) (Volume 8) before there is time for substantial condensation on walls

and evaporation from aerosol particles to provide for additional vapor to

condense on the walls. This observation explains the high fraction of CsI

condensed on aerosol particles in spite of the cold wall temperatures.

Figure 10-13 shows that most of the CsOH is chemisorbed in the core.

This is caused by the long residence time in the core and the .fact that

CsOH has a fairly high rate of reaction with the core Walls. The principal

inaccuracy with the TRAP-MELT prediction is the fact that the core is

largely zircaloy, not stainless steel, as the TRAP-MELT calculation assumes.

Most of the HI, as shown in Figure 10-14, is present as a vapor in the

core and in the BST. The relatively slow reaction rate assumed for HI

produces only a 0.1 adsorption fraction for this species.

The extremely rapid reaction rate assumed for Te in TRAP-MELT2

explains the fact that the calculation shows 0.998 of the tellurium to be

adsorbed, and that most of that adsorption takes place in the core, as

shown in Figure 10-15. While there is no reason to doubt the fast reaction

rate of Te, there is some reason to suspect that the calculation

under-estimates the amount of Te carried on aerosols because the chemical

reaction of Te with aerosol particles is neglected.

It was mentioned in Subsection 10.3 that the control volume

representing the LPIS line, Volume 7, was taken to be ten times its actual

length. The analysis of the results in this section uses the condensation

amounts for the entire length rather than 1/10 of the amounts condensed on

the entire length because most of the condensation will occur in the first

1/10 of the volume.

The fact that condensation occurs in the initial length of the LPIS

line can be most easily recognized by considering the time constants for

convection from the volume, condensation to the wall, and condensation to

the aerosol particles. At 1200 s in Volume 7, they are 0.65, 0.02, and
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0.12 s, respectively. Since the wall temperature is higher than the gas

temperature in this volume, those species which do condense will reduce

their concentration in the vapor to the equilibrium concentration at the

wall temperature almost as soon as the species enters the LPIS line and

then reduce their concentration toward the equilibrium concentration at the

gas temperature somewhat more slowly as the species passed through the

line. The relatively long time constant for convection from the volume

suggests that both processes move toward equilibrium before the species is

carried far into the volume by convection.

It must be mentioned that the easy analysis of the LPIS line

condensation is not rigorous because the well-mixed control volume

assumption used by the Eulerian approach of TRAP-MELT2 is violated whenever

the time constant for convection from the volume is longer than the other

two time constants, and concentrations depart significantly from

equilibrium. A rigorous analysis with well-mixed control volumes would

require precisely the short control volume lengths that were found to be

prohibitively expensive in Section 10.3. However, a Lagrangian analysis

using a pulse of gas 10-4] yields essentially the same conclusion. In

this analysis, there is a characteristic length for the exponential loss of

mass of a species from the vapor due to condensation from a pulse entering

the LPIS line

L T condensation,I (8)

T convection,I

where

X= characteristic length for condensation from a pulse of gas (m)

L = control volume length (m).

The characteristic length is 217 cm, approximately 0.028 of the length of

Volume 7, at 1200 s.
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TABLE 10-1. MODEL COUPLINGS CONSIDERED BY TRAP-MELT

1. Evaporation and condensation between aerosol particles, vapor, and the
wall

2. Chemisorption of vapors by stainless steel walls

3. Aerosol agglomeration:

(a) Brownian motion
(b) differential gravitational settling
(c) turbulent eddies

4. Aerosol deposition:

(a) diffusion from turbulent or laminar flow
(b) gravitational settling
(c) thermophoresis
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TABLE 10-2. TRAP-MELT VERSION 2 ASSUMPTIONS AND LIMITATIONS

I. Well mixed control volumes (eight maximum)

2. Steam carrier gas (no hydrogen or water)

3. Generic aerosol base (zero vapor pressure)

4. No chemical reactions between vapor species

5. Aerosol behavior does not perturb thermal-hydraulics

6. Species condensed on aerosols which are later deposited on walls do
not evaporate

7. Equilibrium distribution of each species mass among aerosol sizes

8. The'fractional CsOH chemisorption rate on stainless steel is
dependent only on temperature

9. The effect of pipe bends on aerosol deposition is not considered

10. Homogeneous nucleation of aerosols is not considered

11. Chemical reaction between aerosols and vapors is not considered

12. Gravitational settling of aerosols between vertical control volumes
is not modeled
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TABLE 10-3. GEOMETRIC MODEL PARAMETERS FOR TRAP-MELT CONTROL VOLUMES

(•

I-.

Control Volume

Volume 1--core

Volume 2--upper core

Volume 3--lower half of upper
structure

Volume 4--upper half of upper

structure

Volume 5--vessel at level of nozzles

Volume 6--broken loop hot leg

Volume 7--LPTS line

Length

m ft

1.3970 4.5833

0.2794 0.9167

0.8763 2.8750

Height

m ft

1.3970 4.5833

0.2794 0.9167

0.8763 2.8750

Flow Area

m 2  ft 2

0.0145 0.1559

0.0145 0.1559

0.0250 0.2690

0.0250 0.2690

Equivalent
Hydraulic
Diameter

m ft

0.0109 0.0357

0.0109 0.0357

0.0335 0.1100

0.0335 0.1100

Sedimentation
Area

m2  ft
2

0.0267 0.2870

0.0000 0.0000

0.1811 1.9493

0.8763 2.8750 0.8763 2.8750

0.4529

1.9304

7.7724

1.4858

6.3333

25.5000

0.2842

0.2842

0.0295

0.9325

0.9325

0.0967

0.2045

0.0634

0.0007

2.2014

0.6829

0.0073

0.2506

0.2842

0.0295

0.8223

0.9325

0.0967

0.1486

1.1245

0.5487

0.1347

1.6000

12.1042

5.9058

1.4500



TABLE 10-4. RELATIONSHIP BETWEEN TRAP-MELT AND THERMAL-HYDRAULIC CODES

TRAP MELT Volume Code Volume Comments

I TRAC Cell 4 Core hot spot
2 TRAC Cell 6 Top core volume
3 RELAP5 246 Lower upper structure
4 RELAP5 253 Upper upper structure
5 RELAP5 250 --

6 RELAP5 300 Broken loop hot leg
7 RELAP5 325 LPIS line

I

w
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TABLE 10-5. DISTRIBUTION OF 12/1

Vapor
Volume (g)

1
2
3
4
5
6
7
8

5.48E-03
1.72E-03
5.22E-05
2.96E-05
5.46E-05
6.47E-05
3.66E-05
7.15E-03

Condensed
on

Aerosol

0.00
0 .00
0.00
0.00
0.00
0.00
0.00
0.00

Condensed
on walls(g)

Condensed
on

deposited
Aerosols(q) -

0.00
0.00,
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

Adsorbed
on walls

(g)-

1.44E-06
2.21E-06
2.37E-06
1.13E-06
2.61E-07
2.62E-07
1.48E-06
5.47E-07

Summed
over

All States
(g)

5.48E-03
1.73E-03
5.46E-05
3.07E-05
5.49E-05
6.50E-05
3.80E-05
7.15E-03

TOTALS 1.46E-02 0.00 9.70E-06 1.46E-02
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TABLE 10-6. DISTRIBUTION OF CsI

Vapor
Volume (g)

1
2
3
4
5
6
7
8

9. 34E-02
3. 12E-02
2.50E-04
6.67E-05
5.53E-05
2.93E-05
2. 98E-06
1. 27E-03

Condensed
on

Aerosol
(g)

0.00
0.00
6.89E-04
4.40E-04
8.75E-04
1.07E-03
5.66E-04
1.22E-01

Condensed
on walls

(g)
0.00
0.00
1.12E-03
3.81E-03'
1.27E-04
3.69E-04
3.55E-03
0.00

8.97E-03

Condensed
on

deposited
Aerosols

(g)

0.00
0.00
4.23E-04
2.67E-03
1.45E-04
2.81E-04
8.60E-03
1.86E-07

Adsorbed
on walls

(g)

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Summed
over

All States
(g)

9.34E-02
3.12E-02
2.48E-03
6.99E-03
1.20E-03
1.75E-03
1.27E-02
1.23E-01

TOTALS 1.26E-01 1.25E-01 1.21E-02 0.00 2.73E-01

'moo
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TABLE 10-7. DISTRIBUTION OF CsOH

Condensed
on

Vapor Aerosol
Condensed

on walls
Volume (g) (g) (g)

1
2
3
4
5
6
7
8

4.55E-02
7.85E-03
2.29E-04
1.04E-04
1.82E-04
1.99E-04
2.31E-05
1.45E-02

0.00
0.00
0.00
0.00
0.00
0.00
1.97E-06
4.74E-07

0.00
0.00
1.89E-03
9.OOE-03
3.83E-04
1.52E-03
1.51E-02
0.00

2.79E-02

Condensed
on

deposited
Aerosols(g)

0.00
0.00
0.00
0.00
7.71E-06
1.50E-05
7.62E-04
3.75E-13

Adsorbed
on walls(g)

2.73E-01
4.51E-02
6.31E-04
2.35E-04
4.59E-05
3.37E-05
3. 11E-05
3.65E-04

Summed
over

All States(g)

3.19E-01
5.29E-02
2.75E-03
9.34E-03
6.18E-04
1.77E-03
1.60E-02
1.49E-02

TOTALS 6.86E-02 2.44E-06 7.85E-04 3.20E-01 4.17E-01
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TABLE 10-8. DISTRIBUTION OF HI

Condensed
on

Vapor Aerosol
Volume (g) (g)

1
2
3
4
5
6
7
8

5.71E-03
1.81E-03

5.41E-05
3.04E-05
5.62E-05
6.65E-05
3.71E-05
1.04E-02

0.00
0.00
0.00
0.00
0.00
0.00
0. 00
0.00

Condensed
on walls

(g)

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Condensed
on

deposited
Aerosols

(g)

0.00
0.00
0.00
0.00
0.00

0.000.00
0.00

Adsorbed
on walls

8.14E-04
8.02E-04
2.90E-04
1.35E-04
3.20E-05
3.08E-05
1.62E-04
1.22E-04

Summed
over

All States(g)

6.53E-03
2.61E-03
3.44E-04
1. 66E-04
8.81E-05
9.73E-05
2. OOE-04
1. 05E-02

TOTALS 1.81E-02 0.00 0.O00 0.00 2.39E-03 20E0

",- ,W .0!
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TABLE 10-9. DISTRIBUTION OF Te

Condensed
on Condensed

Vapor Aerosol on walls
Volume (g) (g) (g)

1
2
3
4
5
6
7
8

7.67E-05
2.69E-07
3.95E-09
7.03E-10
2.93E-09
3.02E-09
9.11E-10
5.56E-08

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

Condensed
on

deposited
Aerosols

(g)

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Adsorbed
on walls

(g)-

3.80E-02
1.41E-04
1.53E-06
2.36E-07
1.24E-07
9.51E-08
2.49E-07
2.44E-07

Summed
over

All States
(g)

3.80E-02
1.41E-04
1.53E-06
2.37E-07
1.27E-07
9.81E-08
2.50E-08
2.99E-07

TOTALS 7.71E-05 0.00 0.00 3.81E-02 3.82E-02
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11. DISCUSSION OF THE RESULTS OF FISSION PRODUCT AND AEROSOL

RELEASE AND TRANSPORT CALCULATIONS

This section discusses several aspects of the fission product

transport during Experiment LP-FP-2 which are indirectly related to the

analysis described in Section 10. First, a brief discussion of the

measureability of several selected isotopes will be presented. Finally, a

discussion of the impact of several recent changes in the thermal-hydraulic

conditions will be presented.

As a part of the fission product transport analysis described in the

previous section, the measureability of selected isotopes at the G5

spectrometer (in the LPIS line) were estimated. The concentrations of

1-131, 1-133, Cs-137, Cs-138, and Te-132 were estimated by adding the

concentrations of each element predicted by TRAP-MELT in the LPIS line, in

either the vapor or condensed-on-aerosol state and multiplying this result

by the specific activity listed in Table 6-1. These concentrations are

compared to the limits of detection for this spectrometer[ 1 1 _1  in

Figures 11-1 through 11-5.

There are two items of interest in these figures. The first item is

the decrease in all concentrations at 725 and 850 seconds despite the

monotonically increasing source terms. These decreases are in direct

relation to decreases in the mass flow rate from the center fuel assembly

and show the effects of center fuel assembly flow blockage. As the flow

rate decreases, additional time is allowed for chemisorption in the center

fuel assembly with a corresponding decrease in the concentrations leaving

the center assembly.

The second item of interest in these figures is that the

concentrations of 1-131, 1-133, and Cs-138 are 1 to 2 orders of magnitude

higher than the limit of detection, while Cs-137 and Te-132 are below the

limit of detection by at least 1 order of magnitude. As a consequence,

this analysis indicates that unless the fission product concentration in

the LPIS line can be enhanced by at least one order of magnitude, no

significant increase in G5 detectability would be seen.
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The above observations are supported by an analysis presented in

Reference 11-1. This study concluded that all the isotopes investigated

are measureable during postirradiation examination except for Te-129m at

all locations and 1-131, Cs-137, and La-140Oat the core exit. 1-131,

1-133, C-138, and Ba-140 are detectable by on-line core exit measurements,

while 1-131, 1-133, and Cs-138 are detectable at the LPIS line

spectrometer. These general conclusions are not changed for the current

analysis.

One of the assumptions for this analysis has a significant impact on

measureability as well as an impact on fission product transport

phenomena. This assumption, that the formation of aerosol particles does

not occur until the materials reach the upper plenum, is probably valid for

the materials modeled as potential sources of aerosols. The impact of this

assumption is that fission product vapors are allowed to remain in the

center fuel assembly for long periods of time with nothing to react with

but the stainless steel walls. If aerosol particles are present in the

center assembly it seems likely that some fission products would experience

chemisorption and be transported out of the center assembly with the

aerosols. The lack of in-core aerosols also has an impact on the fission

product measureability, since there are no aerosols on the core exit (Fl)

sample line filter. It is believed that minor amounts of aerosol particles

will be present in the center assembly. However, since TRAP-MELT is

currently unable to model chemical reactions between volatile fission

products and aerosol particles, a more exacting analysis of the aerosol

source term would have no affect on the code predicted fission product

transport.

The results of thermal-hydraulic calculations for an altered

experiment sequence, primarily power decreased to 26.5 MW, were examined in

order to estimate the impact on fission product transport phenomena. The

conclusions of this examination were that the only parameter which was

significantly changed was the core mass flow rate, which increased by a

factor of approximately 5. Based on the time constants defined in
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Section 10.5, the core velocity would-have to increase by approximately an

order of magnitude before the phenomena affecting fission product transport

would be significantly changed. If this core velocity were increased by an

order of magnitude, then TRAP-MELT would predict that the fission products

would be swept from the volume before a substantial portion of them could

condense on aerosol particles. All other changes in fission product

transport conditions, though slight, will enhance fission product transport

and increase measureability.

11.1 REFERENCES

[11-1] R. R. Hobbins, et al., Review of LOFT FP-2 Burnup, April 8, 1985.
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12. SUMMARY OF THE CORE DAMAGE ASSESSMENT FOR EXPERIMENT LP-FP-2

This section is a summary of a document (Reference 12-1) which

attempts to predict the main physical and chemical occurrences in the

entire fuel module. The predictions are based on code calculations and

available experimental data from various out-of-pile experiments.

12.1 Anticipated Behavior

The following is a list of the anticipated events that will occur in

the center fuel module as a function of peak-clad temperature. The

estimated times that these temperatures will be reached are also listed.

o 1100-1200 K (1520-17001F), 1175 s: The fuel rods balloon, and

then burst (Reference 12-2).

o 1250 K (1790 0 F), 1230 s: At this temperature the metal-water

reaction starts to cause a more rapid increase in temperature

(References 12-3 and 4).

o 1600 K (2420 0 F), 1450 s: [The control rod cladding temperature

around 1500 K) (2240 0 F)]. The control rod material will be

released. The mechanism is probably that the control rod

cladding balloons and touches the zircaloy guide tube, which

allows the formation of a Zr-Fe eutectic (at 1350 K, 1970°F).

The mode of failure is expected to be a small hole through both

the control rod cladding and the guide tube near the hot plane

(Reference 12-5). The control rod material melts at 1100 K

(1520 0 F), so a considerable portion of the alloy will be free to

run out of the hole.

An estimate of the blockage caused by this material, based on how far

it might be expected to flow before re-freezing in the lower parts of the

center fuel module, is 80% blockage as indicated in Section 3. Figure 12.1

was prepared based on the information from the out-of-pile experiments
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conducted in the United States and Germany. An estimate of the initial

blockage in the center fuel bundle due to the relocated control rod

materials is shown in this figure.

The control rod material is expected to cause damage to the fuel pins

as it flows over them (References 12-3, 12-6 and 12-7). It may also damage

the Inconel grid spacers.

It is at this point in the experiment [1600 K (2420 0 F), 1450 s] that

aerosol generation is expected to start.

o 1700 K (2600 0 F), 1500 s: The grid spacers will begin to melt due

to the formation of an Inconel-Zircaloy eutectic. Also, a

zircaloy-urania eutectic will begin to form where the fuel

pellets touch the remaining cladding (Reference 12-3).

o 2200 K (3500 0 F), 1730 s: The zircaloy of the guide tubes, thermal

shroud inner surface, and the fuel cladding will begin to melt.

This will enhance the dissolution of the fuel pellets by a form

of inter-granular attack (Reference 12-3) which reduces the fuel

to a powder with particles in the range 20-56 microns (Reference

12-5).

At this point there are no materials with significant structural

strength in the center fuel module, except in the cooler areas, so most of

the fuel rod material would be expected to collapse into the lower part of

the center fuel module. This transfers the main heat sources, the

metal-water reaction and the decay heat, into the lower areas of the center

fuel module; this could cause remelting of the control rod alloy, which may

result in significant amounts flowing into the lower plenum.

o 2800 K (4580*F): This temperature may not be reached in LP-FP-2;

the predictions are not very reliable once the core geometry has

changed. If the peak temperature is above 2100 K (3320 0 F) for

the full 4 minutes, and if these temperatures are reached, they
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are only expected in localized areas of the core. At this

temperature there is the potential for a Zirconia-Urania eutectic

to form between the fuel pellets and the ZrO2 insulator of the

thermal shroud (Reference 12.1). The temperatures measured on

the outside of the shroud will cause the test to be terminated

before serious damage to the shroud occurs.

12.2 -Test Termination

When reflood water is brought into contact with the hot shroud, it is

possible that the insulator will shatter due to the thermal shock. This

may allow very hot core material to come into direct contact with the outer

layer of the shroud, but since this should be cooled by water on the

outside, no damage is likely.

It is quite possible that the center fuel module will be severely

blocked by debris, and that the cooling water will have to reflood the

peripheral modules, and then fall into the center fuel module from above.

This will delay the cooling of the center fuel module, because the water

will be attempting to flow against the steam produced in the center fuel

module; however, since the structural parts of the center fuel module will

be cooled fairly readily, no problems are expected to be caused by this

delay.

The final state of the core will probably be as follows: The

peripheral fuel modules will be intact. The insulator in the shroud is

likely to be severely cracked due to thermal shock. The center fuel module

will have an empty region in it, the materials having relocated to the

bottom of the center fuel module. The urania powder from the fuel will be

dispersed in the coolant water. The material from the fuel rods and

control rods will be refrozen in the lower part of the center fuel module,

and possibly some of it will have flowed into the core support and flow

structures or lower plenum; this might make removal of the center fuel

module difficult.
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12.3 Lower Core Support Structure

It is possible that the collapse of the center fuel module onto the

core mounting plate will initiate the metal-water reaction, and hence high

temperatures, low in the center fuel module. This may cause some damage to

the lower end boxes and the lower core support plate, especially as a

eutectic of zircaloy and steel exists with a melting point of 1350 K

(19701F). If this eutectic does not form, perhaps because of oxide layers

on the surface of the zircaloy, then the steel will begin to melt at 1800 K

(27800F).

In either case, some melting of the end boxes may occur, and it may be

severe if the eutectic of zircaloy and steel is formed.

12.4 REFERENCES

[12-1] D. W. Croucher, LP-FP-2 Core Damage Assessment Rev. 1, Interoffice
Correspondence DWC-49-85, 1985.

[12-2] J. Adams, et al, Quick Look Report On OECD LOFT Experiment LP-FP-1,
OECD LOFT-T-3704, March 1985..

[12-3] J. B. Ainscough, et al, PWR Degraded Core Analysis, Chapter 4,
ND-R-610(s).

[12-4] S. Hagen, S. 0. Peck, "Temperature Escalation of Zircaloy-Clad Fuel
Rod Bundles Under Severe Fuel Damage Condition."

[12-5] Memo of Conversation Between Leo Sepold and S. Hagen of KfK
Germany, February 1985.

[12-6] Memo of Conversation Between Leo Sepold and S. Hagen of KfK
Germany, January 1985.

[12-7] S. Hagen, B. J. Buescher, Paper "Out-of-Pile Experiments on PWR
Fuel Behavior Under Severe Accident Conditions" presented at BNES
Conference on Nuclear Fuel Performance at Stratford-on-Avon,
March 1985.
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Figure 12-1. Estimated initial blockage of the center fuel bundle.
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13. CONCLUSIONS

OECD LOFT Experiment LP-FP-2 is intended to provide information on the

release and transport of fission products and aerosols in a severe core

damage scenario wherein the fuel rod would exceed a temperature of 2100 K

(33201F) for at least 3 minutes. This time-at-temperature condition has

been selected in order to guarantee adequate fuel temperature for the

release of fission products from the fuel matrix, and adequate time for the

transport of these materials though the measurement locations.

Due to the very high temperatures, a unique center bundle geometry,

and the inclusion of control rod materials in Experiment LP-FP-2, there are

large uncertainties in the system response that have not existed in

previous experiments. These uncertainties result in risks associated with

the achievement of the required thermal-hydraulic conditions. The major

uncertainty with achieving the objectives of this experiment is in the

ability to achieve the required time-at-temperature condition. These

uncertainties are largely manifest because the state of art computer codes

used as the major tools for the analyses can not provide degree of accuracy

and detail necessary for a definitive statement of the transient response.

In addition the performance of the thermal shroud and the dynamic geometry

of the center fuel bundle (e.g. control rod and fuel relocation) can not be

accurately known in advance. Consequently, there are many risks associated

with performing this kind of experiment which are inherent to the nature of

the experiment and can not be completely eliminated by computer code

analysis.

Various analyses have been performed to (a) understand the LOFT system

thermal-hydraulic response, (b) determine the implications of uncertainties

associated with the input and various code models on the thermal-hydraulic

response, and (c) to establish a range of operational conditions to

maximize the chance of achieving the objectives of the test. The

RELAP5/MOD2, a special version of TRAC-BDl developed for this experiment,

and SCDAP computer codes were used for the thermal-hydraulic analysis.
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Calculations using an initial core power of 33 MW indicated that the

time-at-temperature goal was not achievable. The time-at-temperature

result was calculated to be 58 s by TRAC-LOFT and 195 s by RELAP5/MOD2, and

230 s by SCDAP. The differences in the time-at-temperature predictions are

associated with the different code models calculating various

thermal-hydraulic phenomena. The TRAC-LOFT and RELAP5/MOD2 calculations

performed from an initial core power level of 25 MW indicated that the

time-at-temperature goal can be achieved with more than a 1-minute margin.

Based on these thermal-hydraulic results and in conjunction with a

detailed review by a committee of experts, certain changes in the operating

conditions, namely the initial core power (26.5 MW) before the scram, the

burnup (325 MWD/MTU), and the closure of the ILCL break [based on either

1.2 MPa (174 psia) system pressure or 566 K (560 0 F) in the center fuel

bundle], have been made to improve the likelihood of achieving the required

thermal-hydraulic conditions. However the degree of damage, in particular,

blockage of the center bundle remains as major uncertainty. This, as well

as the basic thermal-hydraulic uncertainties imply that the steam flow, and

hence the conditions for the fission product transport are not known

accurately.

Using the thermal-hydraulic boundary conditions the ORIGEN2,

SOLGASMIX-PV, TRAP-MELT, TIGER1 and VAPOR computer codes were used for the

fission product and aerosol release and transport analyses. These analyses

indicated that sufficient quantities of fission product (Cs, Te and I and

their respective chemical compounds) and aerosols will be released and

transported, provided that LOFT center fuel bundle experiences temperatures

above 2100 K (33201F) for at least 3 minutes. The transport calculations

indicated that 1-131, 1-133 and Cs-138 will be detected in the LPIS line.

The currently planned experiment, from an initial core power of

26.5 MW, should produce peak cladding temperatures above 2100 K (33201F)

for at least 4 minutes. The additional 1 minute above the specified
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time-at-temperature (3 minute) is believed to provide enough margin to

compensate for the uncertainties associated with the calculations.

Although some of the uncertainties associated with the system behavior

remain, Experiment LP-FP-2 is expected to achieve its objectives.
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APPENDIX A

EXPERIMENT LP-FP-2 AND LOFT FACILITY DESCRIPTION

A-I Experiment LP-FP-2

Experiment LP-FP-2 will simulate the system thermal-hydraulic and core

uncovery conditions that are calclulated to occur in commercial PWRs from

rupture of an LPIS pipe as a result of a V-sequence accident. The major

conditions assumed for the experiment are: (a) the reactor will be operated

at a steady-state power prior to experiment initiation for a duration

sufficient to establish a minimum average center fuel assembly burnup of

325 MWD/MTU; (b) the reactor will be operated at 26.5 MW steady-state power

prior to experiment initiation sufficiently long to result in a maximum

linear heat generation rate of 42 kW/m (12.8 kW/ft) peak power density in

the 9.72 wt% enriched fuel rods; and (c) the initiation of the ECCS

following core heatup and during source term release will be timed to limit

the temperature of the fuel cladding in the peripheral fuel assemblies to

1477 K (2200 0 F).

Experiment LP-FP-2 will be initiated by scramming the reactor. This

will be effected by insertion of the center bundle control rods. This

action will result in rapid shutdown of reactor power, whereupon, the

peripheral bundle control rods will be inserted. Upon the scram, the feed

and main steam flow will be tripped. Tie blowdown will be initiated from

conditions similar to commercial PWR operating conditions by opening a

simulated break in the intact loop cold leg with a size of 2.95 cm

(1.16 in.) Sch 160. This size break is scaled to an 20.3 cm (8 in.)

Sch 160 LPIS pipe break in a commercial plant. The thermal-hydraulic time

scale of this experiment will lie between LOFT Experiments L3-6/L8-1

(scaled 10.16 cm (4 in.) commercial planIt pipe break) and L8-2 (scaled

35.6 cm (14 in.) commercial plant pipe •reak). All three experiments

(L8-1, L8-2 and LP-FP-2) are similar ph nomenologically in that they each

include a top-to-bottom core uncovery. In LP-FP-2, however, a simulated

LPIS line, connecting the primary coola t system broken loop hot leg to the

251



blowdown suppression tank, will be opened at 220 s, which is prior to the

start of core uncovery. The line size is also 3.17 cm (1.25 in.) Sch 160.

Experiment specification document indicates that the intact loop cold leg

break line will be closed at either a cladding temperature of 566 K (560°F)

or a system pressure of 1.2 MPa (160 psia) to ensure that the fission

products will be transported past the measurement stations. By the time

the peak cladding temperature in the peripheral bundle reaches 1390 K

(2044°F) the center fuel assemblS cladding should have been at a

temperature above 2100 K (3320'F) for 'at least 3 min. During this time the

fission product and aerosol release and transport should be representative

of the early phases of an interfacing system LOCA.

Termination of the experiment will be accomplished with injection of

both accumulators timed to limit the temperature on the peripheral fuel rod

cladding to 1477 K (2200 0 F). Prior to ECC injection, the simulated LPIS

line will be closed thus isolating the primary coolant system from the

blowdown suppression tank. This will be done to avoid excessive leaching

of the fission products already deposited in the line. Control of the

primary coolant system will be accomplished by regaining pressurizer

control through continued system refill with the high pressure injection

system and transferring energy through the steam generator with secondary

coolant system control and primary coolant system natural circulation.

The governing objective for Experiment LP-FP-2 has been defined as

follows:[A-l] Obtain fission product release, transport, and deposition

data during the early phases of a risk dominant reactor transient to

establish a benchmark data base for (a) assessing the understanding of the

physical phenomena controlling reactor system fission product behavior, and

(b) assessing the capability of computer models to predict reactor system

fission product release and transport.

The following experiment-siecific objectives in the area of

thermal-hydraulics, fission product and aerosol release, transport, and

retention are defined to support the governing objective:
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1. Provide LPIS interfacing system LOCA thermal-hydraulic conditions

from the initiation of the LPIS pipe break through the early

phases of severe core damage.

2. Provide transient fuel rod cladding temperatures in the center

fuel assembly up to the rapid metal-water reaction temperature of

2100 K (33201F) and concomitant aerosol generation from the

(Ag-In-Cd) control rods.

3. Determine the fraction of the volatile fission products (Cs, I,

Te, Xe, Kr) and aerosols released to the upper plenum region.

4. Determine the fraction of volatile fission products and aerosols

transported out of the primary coolant system (break plane).

5. Determine the retention of volatile fission products on

representative primary coolant system surfaces in the plenum and

piping.

6. Determine cesium iodide and cesium hydroxide deposition on the

primary coolant system surfaces.

7. Determine the general mass balance of volatile fission products

in the fuel, primary coolant system and blowdown tank.

A-2 Loft Facility Description

The LOFT facility is described in detail in Reference A-2. The LOFT

major components of interest for Experiment LP-FP-2 are shown in

Figures A-I.
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A-3 References

[A-i] Victor T. Berta, OECD LOFT Project Experiment Specification Document
Fission Product Experiment LP-FP-2, OECD-LOFT-T-3802, Rev. 1,
May 1985.

[A-2] Douglas L. Reeder, LOFT System and Test Description (5.5-ft Nuclear
Core 1 LOCEs), NUREG/CR-0247 (TREE-1208), July 1978.
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APPENDIX B

RELAP5/MOD2 INPUT DATA AND TIME ZERO EDIT FOR

EXPERIMENT LP-FP-2 PREDICTION CALCULATION

The input data used for the RELAP5/MOD2 prediction calculation of

Experiment LP-FP-2 at 33 MW initial core power level is on microfiche in a

pouch on the inside of the report back cover. The title of the microfiche

is "LP-FP-2 RELAP5 Input".

w,,
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APPENDIX C

TRAC-LOFT INPUT DATA FOR EXPERIMENT LP-FP-2

Listings of TRAC-LOFT input data prepared for the six-cell and 13-cell

cases at the 33 MW initial power are presented on the attached microfiches

in the pouch on the inside of the report back cover. The title of the

microfiche is "TRAC-LOFT input data".
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APPENDIX D

SCDAP LOFT INPUT DATA FOR EXPERIMENT LP-FP-2

Listings of SCDAP input data prepared for the center and peripheral

bundles at the 33 MW initial power are presented on the attached
microfiches in the pouch on the inside of the report back cover. The title

of the microfiche is "SCDAP input data":

. . o
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APPENDIX E

TIGER1 RESULTS FOR THE LOFT 25MW TEST SCENARIO

The transient fission gas release calculations reported in Section 7

of this report assume a set of axial fuel temperatures as calculated by the

TRAC-BDI code, which in turn assumed a LOFT core thermal power of 33 MW.

These temperatures are shown in'Figure 7-2 and are referred to as the base

calculations. Besides the base calculations, other TRAC-BD1 calculations

have been performed assuming different conditions. One TRAC-BDl

calculation of particular concern involved a 13 axial node 25 MW LOFT core

power calculation. The center bundle axial temperatures (for 6 of the

13 axial nodes) are shown in Figure E-1. Using these "new" temperatures,

and the original axial fission product distribution shown in Figure 7-3, a

TIGER1 calculation was made to see the change in the cumulative fission gas

release history. Like the original TIGER1 calculations reported in

Section 7, the "new" calculation assumes the NUREG-0772 smoothed data

curves as a release rate data base. The results of these calculations are

shown in Figure E-2. Table E-1 compares the two TIGERI results for the

33 MW and 25 MW TRAC-BD1 temperatures.
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TABLE E-1. COMPARISON OF TIGER1 RESULTS FOR THE 33 MW AND 25 MW LP-FP-2
EXPERIMENT SCENARIOS AS CALCULATED BY TRAC-BD1

33 MW Caseac 25 MW Case b,c

Element (%) (%)

Xe, Kr, Cs, I 15.6 13.4

Te 4.0 3.6

Sb 1.3 1.2

a. Computed at experiment time 1800 s.

b. Computed at experiment time 2560 s.

c. Note that the steady state pin-gap inventory has not been added to these
results.
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APPENDIX F

COMPARISON OF TIGER1 AND CORSOR CALCULATIONS FOR THE

LP-FP-2 TRANSIENT

The CORSOR code was run by Rick Sherry [F-] at the NUS corporation

for the LP-FP-02 transient as an independent check to the TIGER1

calculations. The CORSOR calculation was performed with the same input

used by TIGER1; namely, the TRAC-BD1 six axial node temperatures as shown

in Figure 7-2 (for the 33 MW power case), and the axial fission product

density information contained in Figure 7-3. The output of the CORSOR

calculation is shown in Table F-i below, and compared with the

corresponding TIGERi results. Since the TIGERI results only include the

transient fission product release, the CORSOR results have been modified to

subtract off the steady state (WASH-1400) assumed pin-gap inventories to

produce a net release fraction.

[F-i] R. R. Sherry, letter to M. L. Carboneau, Subject of letter:
CORSOR calculations for experiment FP-2, (NUS Corporation)
CD-CAs-85-107, May 22, 1985.
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TABLE F-I. COMPARISON OF TIGERi AND CORSOR CUMULATIVE RELEASE RESULTS FOR
THE LP-FP-2 EXPERIMENT
(at 1800 s)

Element

Xe

Cs

TIGERI Results

Net Release
(%)

15.6

15.6

15.6

4.0

1.3

0.4

Code Result

17.0

19.0

16.0

b
Pin-Gap

M%)
Net Release

(%)

CORSOR Results

3.0

5.0

2.0

14.0

14.0

14.0

i

I

Te

Sb

Ba

0.5a

1.1

0.36

a. The CORSOR
NUREG-0772 but
holdup model.
0.2%.

results for Te are based on a release model different than
somewhat similar on the ORNL tellurium-zircaloy oxidation
The TIGERI result corresponding to the ORNL model for Te is

b. WASH-1400 pin-gap inventory.
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APPENDIX G

ORIGEN2 RESULTS FOR THE 325 MWD/MTU BURNUP CASE

The ORIGEN2 calculations reported in Section 6 of this report describe

the center bundle inventory just prior to the LP-FP-2 transient based on a

500 MWD/MTU burnup case. A "new" pre-irradiation history has been proposed

whereby the LOFT reactor would be run at 32 MW (center bundle

power = 5.5 MW) for 109 hours, followed by 2 days of down time, and finally

followed by an additional 40 hours of irradiation at 26.5 MW (center bundle

power = 4.558 MW). The center bundle burnup for this irradiation case is

calculated to be 325.4 MWD/MTU. For this case, an ORIGEN2 calculation was

made and the principal results are shown in Table G-1 below. These results

can be directly compared with the corresponding data in Table 6-1 for

Section 6. It should be noted that the cesium to iodine ratio for the

325 MWD/MTU burnup case is 2.771 (mass ratio = 2.861).
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TABLE G-1. ORIGEN2 INVENTORY RESULTS FOR THE LP-FP-2 CENTER FUEL ASSEMBLY
AT THE TIME OF FISSION PRODUCT RELEASE
(Assumed burnup = 325 MWD/MTU)

Inventory Specific Activitya

(Ci/gram)Material

1-131
1-133
Total I

Cs-137
Cs-138
Total Cs

Te-129m
Te-132
Total Te

Ru-103
Total Ru

Ba-140
Total Ba

La-140
Total La

(grams)

0.7957

2.276

0.7910

2.267

2.450

1.496

(Curies)

4.710
2.113

1.094
1.756

5.379
1.008

E4
E5

E2
E5

E2
E5

5.919
2.656

4.807
7.715

6.800
1.274

E4
E5

El
E4

E2
E5

i

1.471 E4

7.409 E4

5.893 E4

6.489 E3

3.024 E4

3.939 E4

a. Curies of the nuclide per gram of the element.

I:
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APPENDIX H

FRAPCON2/FASTGRASS CALCULATED PIN GAP INVENTORY FOR THE HIGH

POWER RODS IN THE LP-FP-2 CENTER BUNDLE

(Burnup case = 500 MWD/MTU)

In order to estimate the Xe and Kr fuel rod gap inventories generated

as a result of steady state operations, the FRAPCON2 [H-i] code with a

FASTGRASS fission gas release model was run for a high power (52.5 kW/m or

16 kW/ft). The steady state results can then be compared with the

transient releases due to the high temperature excursion. The results of

the FRAPCON2 calculation indicate that the cumulative fission gas release,

due to the steady irradiation period, is only 0.75%. This translates into

Xe release of 0.64% and 0.11% for Kr. According to the information

contained in Section 7, the transient releases of Xe and Kr should be about

16%. Therefore, the high temperature transient release should amount to

about a factor of 20 increase over the steady state fuel rod gap release.

It should be noted that the pin'gap inventory is characteristically

different (e.g. specific activity) than the fuel inventory which typifies

the transient release. Also, the timing of the release is different. The

fuel rod gap inventory is released when the fuel rods fail and this

material is transported in a non-aerosol environment; whereas, the

transient fission product release is transported with aerosol material from

control rods, oxidation of zircaloy, and other sources.

[H-i] G. A. Berna, FRAPCON-2: A Computer Code for the Calculation of
Steady State Thermal-Mechanical Behavior of Oxide Fuel Rods,
NUREG/CR-1845, December 1980.
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APPENDIX I

ORIGEN2 CALCULATION FOR THE BASE CASE

A microfiche copy of the ORIGEN2 base case calculation, showing the

input and output, is attached at the end of the report. This microfiche

card is titled "FP-2 ORIGEN2 500 MWD/MTU Calculation #0".
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APPENDIX J

SOLGASMIX-PV CALCULATION FOR THE BASE CASE

A microfiche copy of the SOLGASMIX-PV base case calculation

(500 MWD/MTU burnup), is attached at the end of the report. This

microfiche card is titled "SOLGASMIX".
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APPENDIX K

TRAP-MELT CALCULATION FOR THE BASE CASE

A microfiche copy of the TRAP-MELT base case calculation (500 MWD/MTU

burnup), is attached at the end of the report. This microfiche card is

titled "TRAP-MELT EP with HI".

i
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APPENDIX L

DEPLETION OF AEROSOL PARTICLES IN LPIS LINE PIPE BENDS

As mentioned in Section 10.2, the effect of bends of the LPIS line on

aerosol transport through the line was assessed by calculating the size of

the particles that are displaced a radial distance equal to the line

diameter during passage through a ninety degree bend. Particles larger

than this size hit the pipe wall and presumably do not pass the bend.. The

expression used for the calculation is: a

r D v1/2}12 (-t9DV 1/2r (P _P) •V(+ 1.246r X) 0

where

D = pipe diameter (m)

r = particle size that is displaced a distance D (m)

p. = particle density (kg/mr3 )
-P

P = fluid density (kg/m3 )

v particle (fluid) speed (m/s)

V' - fluid viscosity (kg/(m s))

X molecular mean free path (m)

a. This equation was developed from an unpublished model by Nick Newman,
an attache' to the OECD LOFT Project from the Central Electricity
Generating Board (U.K.).
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= angle of fluid flow direction change (radians)

For a fluid speed of 110 m/s, particle densities of 10 kg/m , and a

fluid viscosity of 1.7 10- kg/(m s), the particle size that is displaced

a distance equal to the LPIS line diameter, 2.95 10-2 m, is 10-6 m.

Since this size is slightly larger than the maximum particle radius

calculated by TRAP-MELT, only a small fraction of the aerosol particles

will be deposited at the pipe bends.

272


