NUREG/CR-0683
SAND79-1566
Vol. 9
R~-7

AI"NCED REACTOR SAFETY RESEARCH COMBINED
QUARTERLY REPORT
OCTOBER 1978-MARCH 1979

Advanced Reactor Research Department
Sandia National Laboratories, Albuquerque, New Mexico 87185

Printed: August 1980

7, ,
APPROVED: At b A

Manageér, Advanced Reactor Research
ff

,4/;./// o Vi

A A N
rectaotr, 1 ear Fuel Cycle Programs

Sandia National Laboratories
Albuquerque, New Mexico 87185
operated by
Sandia Corpcration
for the
U. S. Department of Energy

Prepared for
Division of Reactor Safety Research
o Office of Nuclear Regulatory Research
U. S. Nuclear Requlatory Commission
. Washington, DC 20555
~ Under Interagency Agreement DOE 40-550-75
NRC FIN Nos. A-1016, -1172, -1180,
-1186, -1054, -1181, -1032, -1058, -1198, -1197

‘sg <:>'\\‘:)t-\<:>1!54.\:;\~

1-2



CONTENTS

FOREWORD
EXECUTIVE SUMMARY

l.

ENERGETICS

1.1 Prompt Burst Energetics (PBE)
1.2 Irradiated Fuels Response

FUFL DYNAMICS

2.1 Transition Phase
2.2 1Initial and Extended Fuel Motion (IEFM)
2.3 Fuel-Motion Detection (FMD)

CORE DEBR™S BEHAVIOR - INHERENT RETENTION

Molten-Core Containment
PAHR Debris Bed

PAHR Molten Pool
Containment Analysis
Fragmentation

W W W W ww
= 5 % 4 & o =a
NOWM S W .

Aerosol Source Normalization

ELEVATED TEMPERATURE DESIGN ASSESSMENT

Creep-Fatigue Damage Analysis
Structural Analysis
Structural Evaluation

General

Pl Sl < =
L o

LMFBR ACCIDENT DELINEATION

5.1 Introduction

5.2 Engineered Systems

5.3 Accident Phenomenology

5.4 Postaccident Phenomenclogy

Sodium Containment and Structural Integrity

Uniaxial Creep-Fatigue Behavior Program

Page

13
15

45

45
66

101

101
128
146

161

161
203
219
225
229

234
247

253

253
259
263
264
266

267

267
267
270
274



CONTENTS (cont)

6. TEST AND FACILITY TECHNOLOGY

A~ -

.1
.
.

Pi‘ure
1.1-1

1.1-2
1.1-3

1.1-4

1.1~9
1.1-10

1.1-11
1.1-12

1.1-13

1.1-14

ACRR Fuel-Motion Detection System
Large-Scale Test Assessment
ACRR Status

ILLUSTRATIONS

PBE Single-Pin Capsule

Energy Deposition in PBE Experiments as a Fuaction of
Polyethylene Thickness

Energy Deposition Profile for 147 Enriched Fuel With
J.063-in. Polyethlyene

CHARTD Model of PBE Vessel

PBE Vessel Response - Effective Stress vs Time
(inner wall)

PBE Vessel Response - Pesition vs Time (inner wall)

PBE Vessel Response - Radial Stre.s as a Function of
Radius

PBE Vessel Response to 250 MPa Spike-Effective Stress
vs Time (inner wall)

PBE Vessel Response to 250 MPa Spike Position vs Time
(inn~r wall)

PBE Vessel Response to 250 MPa Spike-Radial Stress as
a Function of Radius

Tentative PBE Seven-Pin Capsule
PBE-5S Simmer Model

Comparison of the Pressure Trace Characteristics for
the First 1.5 ms

Pressure vs Time in Sodium Channel (0 to 1 ms)

Page
277

277
290
297

48

49

49

50

51

52

52

53

54

54
57

61

62

64



ri'ure
1.1-15

1.2-2

1.2-3

1.2-10

2.1-4

ILLUSTRATIONS (cont)

Page
Pressure vs Time in Sodium Channel (1 to 2 ms) 64
Slab Geometry 70
Droplet Geometry 70
Illustration of Eq (1.1) 73
Calculated Maximum CO-Partial Pressures vs Time for
Different Capsule Conditions and Fuel Geometries 79
Oxygen Diffusion in the Coidensed Phase 80
CO Film Formed as Oxygen Diffusion Proceeds 80
System of Homogenesously Distributed Liquid-Fuel Droplets
of Uniform Radius Ry 83
FGR 39*% Adjusted to Exclude Early Gas Release 90
Comparison of Energy Required and Energy Available for
Crack Propagation Between Intragranular Bubbles in FD 1.6 92
Views of Inner Can, Internal Parts, Image of Fuel
(front and rear) 95
Comparison of FISCAS Prediction of Gas Release to FGR 39
Test Data 98
Schematic of Liquid-Liquid Ablation Experiment Apparatus 103
Observed Melting Pattern During Liquid-Liquid Ablation
Experiments 104
Deveiopment of Flow Channel in Ice Pipe 107
Closeup of Inlet Section: Test 31VU-005-1/4 108
Flow at the "ce-Pipe Outlet, Test 31HO-006-1/4, Horizontal
Flow 110
Interfacial Waves in Downward Flow Near the Flooding Limit:
Test 31VD-004-1/4 113
Typical Temperature Trace for an Experiment 116



ILLUSTRAIONS (cont)

Figure Page
2.1-8 Semilog Plot of Temperature vs Distance for a Test in

Upward Vertical Flow 116
2.1-9 Physical Picture of the Water-Refrigerant System 119
2.1-10 Model Agreement With Experimental Results (1) 126
2.1-11 Model Agreement With Experimental Results (2) 126
2.1-12 Model Agreement With Experimental Results (3) 127
2.2+1 Interim In-Pile Sodium Loop Conceptual Design 133
2.2-2 Fission Couple Dgtector - CABRI 138

2.3-1 Typical Output Voltage of a Pt-SPD Whan the Voltage
is Shunted Through a 2-k§) Resistor in the In-Core
FMD Experiments 148

2.3-2 Candidate Coded Apertures 155

2.3-3 Typical Arrangement Used to Record the Shadowgram
Produced by an Arbitrary Object and an Arbitrary

Coded Aperture 156
3.1-1 Yeat Capacity vs Temperature With Heat Effects 174
3.1-2 Heat Capacity vs Temperature Without Heat Effects but

Including Mass-Loss Effects 174
3.1-3 Comparison of Harmathy's Estimates and Results of

Medeling 175
3.1-4 Comparison of Model Calculations With Harmathy's and

Peeh's Data 178
3.1-5 Comparison of Model Calculations With Harmathy's Data 178
3.1-6 Top Surface of Solidified Steel in Test BURN No. 0 181
3.1-7 Concrete/Steel Interface in Test BURN No. 0 182
3.1-8 Under-Surface of Steel Showing Included Refractory

Material 182
3.1-9 Alloyed Electrodes Used in Test BURN No. 0 183



ILLUSTRATIONS (cont)

Figure Page
3.1-10 Level Swell in Test BURN No. 1, Mean Pool Depth 185
1,1-11 Level Swell in Test BURN No. 1, Maximum Pool Depth 185
3.1-12 Gas Flow Data for Test BURN No. 1 186
3.1-13 Schematic Diagram of Gas Evolution at a High-Temperature

Melt/Concrete Interface 187
3.1-14 Contact Times - Test BURN 1, Position 1 188
3.1-15 Contact Times - Test BURN 1, Position 2 188
3.1-16 Contact Times - Test BURN 1, Position 3 189
3.1-17 Contact Times - Test BURN 1, Position &4 189
3.1-18 Contact Times - Test BURN 1, Position 5 190
3.1-19 Contact Times - Test BURN 1, Position 6 190
3.1-20 Contact Times - Test BURN 1, Position 7 191
3.1-21 Contact Times - Test BURN 1, Positioun 8 191
3.1-22 Contact Times - Test BURN 1, Position 9 192
3.1-23 Contact Times - Test BURN 1 192
3.1-24  Schematic of Lined Basaltic Concrete Crucible 195
3.1-25 Borax Test Penetration Data, O Degrees 197
3.1-26  Survey TGA High-Alumina Cement 199
3.1-27 MgO Crucible Used in Final Test 200
3.2-1 Liquid Fraction vs Dimensionless Heat Flux, Both at

the Top of the Bed (Sodium-UO, bed) 205
3.2-2 Liquid Fraction vs Dimensionless Height With Heat

Source @n.the_Partiibes (bed depth is 10-mm, _

permeability is 107 '"m“; system is Na-UO,) 207
3.2-3 Liquid Fraction vs Dimensionless Height With Heat

Source in the Liquid Only 208
3.2~% Bottom-Insulated Bed With Saturated Sodium Above 212



Figure
3.2-5

3.5-2
353

3.5-4

3. 6=3

ILLUSTRATIONS (cont)

Model Predictions of Zone Thicknesses for a 100-mm-
Thick Bed Cooled Above and Below by Sodium 500

and 300 K Below Saturation, Respectively

Specific Power at Incipient Dryout for Beds Cooled
Above by Sodium 400 K Below Saturation and

Cooled Below by Various Amounts

Computer Simulation of a Steady-State Debris Bed
Design

Model Predictions of Ultrasonic Thermometer Readings
for the Top, Middle, and Bottom of the Bed for MP-2

Model Predictions and Experimental Data for the
Average of the Five Elements of One Ultrasonic
Sensor in the MP-2 Bed

Experimental Data and Model Predictions for Temper-
atures at the Side Midpoints of the Inner and

Outer Crucibles in MP-2

Schematic Logic Flow for CONTAIN

Comparison of a Melt-Attacked Crucible and a New
Crucible

Large Fragments From Test FRAG 6

Fragments From FRAG 4 Showing Internal Voids
Fragment Size Distribution

Test 13 Crucible

Progress of the Reaction Front Through Firebrick
and Concrete

Penetration of the Sodium Reaction Front into the
Firebrick and Concrete of Test 13

Description of Test 13 Reaction Products Samples
Pretest Estimates of Plate Centerline Deflection

Experimental Centerline Deflection Data - 100 W/cm?

215

216

217

223

224

227

231
232
233
234

236

237

238
240
245

245



. ILLUSTRATIONS (cont)

4 Figure Page
3.6-7 Comparison of Analytical and Expsriuental Plate
Centerline Deflection - 100 W/cm 246
3.6-8 Comparison of Analytic and ?easured Strain Near
Plate Centerline - 100 W/cm 246
4.1-1 Lineshape Parameter vs Step-Annealing Temperature
for 25% and 75% Cold-Worked Type 316 Stainless Steel 255
4.1-2 Micrc! ~rdness vs Step-Annealing Temperature for
25% and 75% Cold-Worked Type 316 Stainless Steel 255
4.1-3 Isochronal Annealing Curve for Pure (99.995%) Nickel 256
4.1-4 Surface Positron Annihilation Values of Deformed
Samples Using the Angular-Correlation Technique 257
4.1-5 Lineshape Parameters vs Number of Fatigue Cycles for
Type 316 Stainless Steel 258
4.2~1 Finite Element Model for the Tubular Specimen 260
4.2-2 Displacement Pattern for the Roow Temperature Multi-
axial Specimen Under Imposed Axial Displacement Only 261
4.2-3 Contours of Effective Plastic Strain for the Room
Temperature Multiaxial Specimen Under Imposed
Axial Displacement 261
4.2-4 Displacement Pattern for the Room Temperature Multi-
axial Specimen Under Imposed Axial Displacement
and Internal Pressure {2750 psi) 261
4.2-5 Contours of Effective Plastic Strain for the Room
Temperature Multiaxial Specimen Under Imposed Axial
Displacement and Internal Pressure (2750 psi) 261
4.2-6 Test Section Strain Variations for the Room Tempera-
ture Multiaxial Specimen Under Imposed Axial
. Displacement and Internal Pressure (2750 psi) 262
&.2~7 Test Section Strain Variation for the Room Tempera-
g ture Multiaxial Specimen Under Jajosed Axial
Displacement Only 263
6.1-1 ACRR Fuel-Motion Detection System 278




Figure
6.1-2

6.1-3

6.1-4

6.1-7

6.2-1

6.2-2

6.2-3

6.2-4

Table

1-1

10

ILLUSTRATIONS (cont)

Assembled System Seen From Side Facing Reactor
Lead Barrier With Instrumentation Chamber Behind

Lead Pig Used in Collimation Test Module Experiments
of 1977

Densitometer Scan Across the X-ray Film (15 opaque
zones between the axis and one edge)

Densitometer Scan Across the X-ray Film (Ta Code
with 10 opaque zones)

Instrumentation Chamber: Cameras, Intensifiers, and
Mirrors -~ No., 1|

Instrumentation Chamber: Cameras, Intensifiers, and
Mirrors - No. 2

Instrumentation Chamber: Cameras, Intensifiers, and
Mirrors - No. 3

Clearance Between Adjacent Cylindrical Pins

Dimensionless Representation of Fuel-Element Pitch
Requirements

Centerline Fuel and Clad Temperature for $3.00 Pulse,
Heat-Transfer Coefficient = 3.119 ergs/cm“-s-°C,
Velocity of He Flow 1.219 cm/s. (Based on a core
average fuel element)

Centerline Fuel and Clad Temperature for $3.00 Pulse,
Heat-T:ansfer Coefficient = 3.119 ergs/cm“~s-°C,

Velocity of He Flow 1.828 cm/s. (Based on a core
average fuel element)

TABLES

PBE-5S Comparison of Calculated and Measured Results

282

286

286

288

288

289

292

292

294

295

63



Table
1-2
1-3

2-2
2-3
2-4

2-5

2=7
2-38

2~9

3-2

3=3

3-5

3-6

3-8

TABLES (cont)

Nomenclature for Section 1.2.3.2.1
Oxygen Diffusion Coefficients for Fresh Fuel Experiments

Oxygen Diffusion Coefficients for Irradiated-Fuel
Experiments

Summary of the Investigated Oxygen Diffusion Problems
Test Data for Experimerts Described in This Quarterly
Nomenc lature for Section 2.1-2

Flow Areas for In-Pile Tests (cm?)

Flow Times for In-Pile Tests (s)

Total Sodium-Flow Volume for In-Pile Tests (liters)
(fluted area)

Tank Height (fc) .c Hold Sodium in the Glory Hole
(fluted area)

A2 Test Sensitivity Study

AIR Test Sensitivity Study

Fission-Couple and Pt-SPD Sensiti-ities

Weight Losses for Three Concrete Types

Chemical Compositions of Default Concretes
Engineering Composition of Default Concrete
Chemical Compositions of Concrete Constituents
Thermal Effects Values four Concrete Decomposition
COIL Test-Steel Compositions

Percent of Time Melt in Contact With Concrete at Various
Locations and During Various Time Intervals

Examples of Core Retention Materials

77

85

106

112

130

131

131

132

141

144

150

168

169

170

170

171

179

187

194

A



12

TABLES (cont)

Qualitative Results of Melt/Core-Retention Material
Interactions Tests

Test Conditions for FRAG Experiments

pescription of Firebrick

Analysis of Reaction Products - Test 13

Creep-Fatigue Tests at Mar-Test, Inc.

LMFBR Accident Delineation Study - ESS Phase II Summary
Assignments of Phenomenology Categories, ULOF Accidents
Gamma-Ray Dose at Each Detector After One 277-MJ Burst

Comparison of R-Z and R- TWOTRAN-11 Models

Paye

196
230
236
239
253
269
274
283

296



FOREWORD

Sandia Laboratories' Advanced Reactor Safety Research Program.
initiated in FY 1975, is a comprehensive research activity conducted on
behalf of the US Nuclear Regulatory Commission (NRC). It is part of NRC's
confirmatory research effort to assure that the necessary safety data and
theoretical understanding exist to license and regulate the Liquid Metal
Fast Breeder Reactor (LMFBR) or other advanced converters and breeders
which may be commercialized in the United States. The program includes a
broad range of experiments to simulate accidental transient conditions in
the LMFBR, provide the required data base for understanding the control-
ling accident sequences, and serve as a basis for verification of the
complex computer-simulation models and codes used in accident analysis and
licensing reviews. Such a program must include the development of
analytical models, verified by experiment, that can be used to predict
reactor performance under a broad variety of abnormal conditions. This
work, along with that of other U.S. and international researchers, should
provide the technology base on which licensing decisions can be made with

confidence that the safety of the public is assured.

The early thrust of Sandia's program was designed to provide data
associated with they hypothetical core disruptive accident, with emphasis
on prompt-burst (=1-ms period) energetics and the behavior of postaccident
core debris. The scope of the program was expanded in FY 1976 and 1977 to
encompass other energetics and inherent-retention concerns such as large-
scale sodium containment and structural integrity; aerosol source studies;
transition-phase energetics; fuel failure and motion; and studies to
quantify elevated temperature failure modes of critical component
materials. A portion of the initial effort in the program was directed
toward obtaining data to support the licensing review of the Clinch River

Breeder Reactor (CRBR). Another important continuing thrust of the
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program is the development of the test facilities and techniques,

For

FY79, the program 1s organized in the following subtasks, progress on

which is reported herein.

TASK 1

TASK 2

TASK 3

TASK 4

TASK 5

TASX 6

14

Energetics
1.1 = Prompt Burst Energetics (PBE)
1.2 - Irradiated Fuels Response

Fuel Dynamics
2.1 - Transition Phase
2.2 - Initial and Extended Fuel Motion
2.3 - Fuel-Motion Detection
a. In-Core Systems

b. Coded Aperture Imaging

Core Debris Behavior - Inherent Ketention
3.1 - Molten-Core Containment

3.2 - PAHR Debris Bed

3.3 - FAHR Molten Pool

3.4 - Containment Analysis

3.3

3.6 - Sodium Containment and Structural Integrity

Fragmentation

3.7 - Aerosol Source Normalization

Elevated Temperature Design Assessment

LMFBR Accident Delineation

Test and Facility Technology
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6.2 - Large-Scale Test Assessments
6.3 - ACRR Status



EXECUTIVE SUMMARY

Introduction

Sandia Laboratories, Albuquerque, New Mexico is conducting the
Advanced Reactor Safety Research Program on behalf of the US Nuclear
Regulatory Commission (NRC). The overall objective of the program is to
provide NRC with a comprehensive data base essential to (a) defining key
safety issues, (b) understanding the controlling accident sequences, (c)
verifying the complex computer models used in accident analysis and
licensing reviews, and (d) assuring the public that advanced power-reactor
systems will not be licensed and placed in commercial service in the U.S.
without appropriate consideration being given to their effects on health

and safety.

The NRC program is carefully planned to complement the larger DOE
program, but at the same time to satisfy the NRC obligation of independent

confirmatory research.

Together with other programs, the Sandia effort is directed toward
the soundness of the technology base upon which decisions are made , and

includes experiments and model and code development .

Sandia has been tasked to investigate seven major areas of interest

that are intimately related to overa'l NRC needs. These are:
a. Energetics
b. Fuel Dynamics
c. Core-Debris Behavior - Inherent Retention
d. Aerosol-Source Normalization

e. Elevated Temperature-Design Assessment

15



f. LMFBR Accident Del ineation

g. Test and Facility Technology

These major tasks are subdivided as necessary into subtasks to
facilitate the organization of work and the interaction of subtask results
into a body of coherent information that supports the requirements of the
NRC,

16




EXECUTIVE SUMMARY

1. ENERGETICS

1.1 Prompt Burst Energetics (PBE)

Prompt Burst Energetics (PBE) experiments provide information on the
energetic response of various reactor fuel-clad-coolant systems to super-
prompt critical exzcursions. This program is directed at characterizing
the phenomena (which result in pressure generation and the conversion of
thermal energy to work) and reactivity effects (arising from rapid coolant
voiding and initial fuel motion). These experiments examin- integral
effects of fuel-clad-coolant interactions (FCI), fission gas release, and
fuel and fission product-vapor pressures during superprompt critical-core-
disruptive accidents. The experiments also determine the potential for
damage to the primary containment. Furthermore, the rate of coolant
voiding in a positive reactivity void-coefficient system determines the
reactivity insertion rate and, hence, the magnitude of the transient under
ac-ident conditions. The experimental work is closely interfaced with
analytical efforts to develop models that uniquely describe the observed
phenomena for incorporation into predictive accident analysis as well as
to provide data to verify existing accident-analysis codes. These
experiments provide information about the thermodynamic states and spatial
distribution of fuel, clad, and coolant following a superprompt excursion.
These data serve as initial conditions for postaccident heat removal

(PAHR) and molten-core containment analysis,

In tests performed to date, single fuel pins have been pulse-fission
heated in the Annular Core Pulse Reactor (ACPR) (now modified and called
the Annular Core Research Reactor (ACRR)) to temperatures resulting in
fuel vaporization. The pins, which have been surrounded by helium or
sodium, are contained in a rigid pressure vessel that is instrumented with

thermocouples and pressure transducers, and fitted with a movable piston
a* its upper end. Estimates of the conversion of thermal energy to work

result from comparisons of the kinetic energy of the piston to the fission

17



EXECUTIVE SUMMARY

energy input to the fuel. Pressure, temperature, and piston-displacement
histories are determined for a variety of fiel-coolant systems and inityal
conditions. A series of experiments with fresh uranium-dioxide fuel and
sodium coolant has been completea. Initial experiments with fresh uranium-
carbide fuel and sodium have been performed. Future experiments will
examine fission product effects in preirradiatea fuel. A seven-pin test

vehicle for PBE experiments is being developed.

During this period, preparations for upcoming experiments were
completed including design modifications, procurement of fuel pins and
capsule hardware, assembly of an expanded data-acquisition system,
development of experiment safety analysis, ani completion of the internal

safety review. In-pile experiments were resumed late in the period.

Mass-spectrographic analysis has verified that the fuel pin in PBE-9S
was 50% enriched. This result leads to slightly lower energy-conversion
ratios than previously reported. (0.41% estimated from pressure
integral.) The conclusicn that FCI-induced sodium pressurization was
responsible for the second pressure transient and the sustained

pressurization, however, remains unchanged.

Results of applying SIMMER-II to a simplified model of PBE-58
(oxide/sodium, single pulse) predict about half the observed maxiaum
pressure and a shorter acoustic period than in the experiment. No FCI
pressure generation was observed in the initial pressure pulse.

H. Jacobs, KfK, Karlsruhe, W. Germany visited Sandia to analyze the PBE-
8G2 and PBE-9S experiments with MURTI, a FCI code developed at Karlsruhe.

Preliminary results were in quantitative agreement with experiment.

The EXPAND clad model was compared to a more exact transient multiple-
region treatment to determine if error was being introduced through use of
average clad mechanical properties. No major error was observed and it

was concluded that the present clad model is adequate. Work was initiated

18



"XECUTIVE SUMMARY

to extend the FCI code EPIC to include progressive fragmentation of fuel
particles and to include a compressible treatment of the sodium slugs.

As part of the experimental safety analysis, response of th: 1E-
pressure vessel and rupture disk to sharp (0.1-ms rise time) pressure
transients up to 250 MPa was investigated. Analysis indicated that the
pressure vessel exhibited some permanent deformation (0.4%) but remained
intact. The rupture disk exhibited a short delay (20 us) in response and
thereafter tracked the internal pressure, t' .. surviving very short

transients but protecting the capsule against sustained overpressure.

Curreat postmortem examination of oxide experiments is nearing
completion and plans are being formulated for the carbide postirradiation
examination (PIE). Preliminary results based on examination of a small
amount of debris indicate that the average particle size is smaller in PBE-
12S than in PBE-7S.

Evaluation of the pressure transducer response to mechanical
vibration is being done as a result of the apparent triggering, in several

experiments of an FCI by piston stoppage.

1.2 Irradiated Fuels Response

The Sandia Laboratories Irradiated Fuels Response program is aimed at
determining the response of fresh and irradiated reactor fuels to both
prompt burst (disassembly timescale) and loss-of-flow (LOF) heating
conditions., On prompt-burst timescales, the pressure source from both
fuel vapor and fission gases as well as the accelerations produced by
these pressure sources are of central importance. Thus the program in
this area centers on determination of the effective equation-of-state
(EE0S) of fresh and irradiated fuels, the dynamics of pressurization (rate
effects), ané the ability of this pressure to disperse fuel. On LOF
timescales, the mode of initial fuel disruption and ite timescale for both

fresh and irradiated fuels are of crucial importance.

19



EXECUTIVE SUMMARY

1.2.1 Disassembly Timescale Phenomena

The SPR-II1 fresh U0, experiments and the four irradiated mixed-
oxide experiments have been completed. Although results are preliminary,
no great differences from fresh-fuel results have been obtained. Combined
neutronics, heat-transfer, and fluid-flow calculations are underway for
both sets of experimente, as well as for the ACRR fresh-fuel results of
Reil .

The long unresolved question of anomalous pressures due to CO
formation in the Sandia EEOS experiments is being investigated analyt-
ically. Preliminary results indicate that CO formation is probably not a

problem in either the SPR-III or the REBA EEOS experiments.

An examination of the FD-1.6 fuel-cdisrupuviv experiment in the
original fuel disruption series shows that the fuel disrupted dramatically
while still at or slightly below incipient melt., This has prompted an
investiga.ion of possible early termination of high-ramp disassembiies by
fission-gas-driven fuel dispersal. To this end a calculational mcdule has
been developed (for eventual inclusion in FISGAS) that calculates gas
release and fuel breakup. Also, a series of in-pile disassembly visvaliza-
tion experiments is under development in cooperation with the UKAEA.

These experiments should d2termine the timescale for and strength of

solid/liquid-state fuel dispersal during disassembly under LOF conditions.

The irradiated-fuel EEOS-experiments program will now continue on
the ACRR which has much more adequate fluence capabilities than SPR-III
for this purpose. The original set will be designed to determine the

driving pressures operating in the disassembly visualization experiments.

1.2.2 LOF-Timescale Fuel Disruption

The FD-2 series of disruption experiments is essentially ready for

execution. Canister design is complete; fabrication is nearly completed



EXECUTIVE SUMMARY

and the experiment matrix has been decided. Preliminary design
calculations show that these experiments will successfully replicate the

neutronic heating conditions of irradiated fuel under LOF conditions.

The FISGAS gas-release and fuel-swelling code has been compared
with the HEDL FGR39 gas-release experiment. The experimental gas release
at late times and high temperatures can be quite well duplicated, but the
low-temperature release is greatly underestimated. The reason for this is
not currently understood. However, the code overpredicts low-temperature

swelling. Clearly the two effects are related.

2. FUEL DYNAMICS

2.1 Transition Phase

Following the loss of initial geometry in a core disruptive accident,
and assuming that neither early shutdown nor rapid hydrodynamic disassem~-
bly takee place, the accident enters the transition phase. The progres-
sion of the transition phase towa~d possible second recriticalities may
strongly influence the severity of the accident and it is therefore impor-
tant to understand in detail the phenomena associated with this accident
stage. Sandia work is currently directed toward the mechanics of fuel

blockage formation since this defines conditions leading to recriticality.

The formation of fuel blockages by freezing is an important aspect of
the transition phase since this phenomena controls the distance fuel
penetrates through the upper core structure and hence the amount of
negative reactivity available for accident termination. Heat transfer
between flowing molten fuel and ablating steel walls ultimately controls
fuel-penetratioa distance and is affected by transpiration as molten steel

moves away from the solid wall and is ablated into the bulk flow. This
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EXECUTIVE SUMMARY

effect was examined in greater detail this quarter. Expressions and

descriptive equations are in Section 2.1 of the main text of this report.

The liquid-liquid ablation experiments currently underway facilitate
the study of the mechanics of heat-transfer during the melting of a wall
by a turbulently flowing liquid. Initial experiments with Refrigerant-1]
and ice were performed with the Re~ll simulating molten 002 and the ice

simulating stainless steel,

The approach to these experim nts has been to include (to the extent
possible) the important properties of the system while concentrating upon

the urderlying phenomenology.

Suffice it to say, the test apparatus performed as designed, allowing
the experimenis to proceed. Two main observations can be made concerning
the results of the liquid-liquid ablation tests. First, the rate of ice~
pipe meltout is quite slow at any fixed axial distance, slightly more than
doubling the original size of the pipe during the test., Second, for any
fixed time, the difference of the ice pipe's diameter change at different
axial distances is small, The first observation indicates a quasi-steady
melting process and the second indicates the ice pipe meltout rate is a

weak function of the axial distance.

For the simple model used to predict experimental results, variations
in the shear stress at the Re-ll/Hzo interface (the pipe wall) caused
exaggerated fluctuations in various other values in the model resulting in
poor agreement with the experimentally obtained values. If an improved
model of interfacial shear stresy is used, the agreement between
experimental result and predicted result is much closer, although die-
agreements are not eliminated. The disagreement may be due to the
constant-temperature boundary conditions at the water/refrigerant

interface beirg unrealistic, or the models may not be applicable in the
liquid-liquid system, Further work is necessary to reconcile and minimize

the disagreements.

e
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EXECUTIVE SUMMARY

2.2 1Initial and Extended Fuel Motion (IEFM)

The purpose of the IEFM program is to investigate various phenomena
associated with fast reactor-initiating accidents such as a loss of
coolant flow (LOF) and transient overpower (TOP) without SCRAM. In these
hypothetical accidents, dispersive fuel motion is a major source of
negative reactivity insertion. However, depending upon failure location,
failure mode, and final fuel relocation, positive reactivity effects are
also possible. Therefore, it is important to identify and model phenomena
such as fuel motion inside the clad prior to failure, axial fuel-failure
location, mode of cladding failure, fuel disruption modes, rate of
dispersal, fuel plateout, ind e:tended fuel motion into the blanket
(potential for blockage) Data to support model development and
verification of these phenomena are severely limited. Irradiated fuel
experiments are currently being planned that will use the newly developed
coded-aperture fuel-motion detection system currently being installed in
the ACRR. Investigators hope that, due to the considerably improved
resolution of this diagnostic device, direct observations of these
phenomena will be possible. These tests in the ACRR will require
operating modes that allow preheats at nominal power followed by ramp,
square wave or pulse power profiles. The required hardware to provide
these modes is being constructed. This capability is expected to be
available in late FY79 or early in FY80. An additional facility needed
for these experiments is a flowing sodium loop. Design of a small
prototype loop for single fresh-fuel pin tests is currently underway.
Design of an advanced loop for larger irradiated fuel tests will begin in
late FY79. Hot-cell and fuel-handling requirements are also being

considered.

These experiments are somewhat complementary to those currently being
performed in the CABRI reactor in France. Consequently, cooperative
efforts are underway through the ACRR/CABRI exchange agreement to provide

a continuing interchange of expected data and analysis results.
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During this reporting period, conceptual design work on the interim
in-pile flowing-sodium loop continued with special emphasis on major
components, functions, and features of the loup. The capability of
providing nigh power-operating modes to the ACRR continued with the design
of two prototype programmers to interface with the ACRR control console.
In addition, a prototype transient-rod drive motor and power supply has
been received. Tests of this system will continue during next quarter as
will fabrication of the programmers. Preliminary work has begun to
identify the characteristics of the relevant operational modes and their

implications for the ACRR control system and reactor core.

Present large uncertainties in the energy deposition within the CABRI
test fuel pin can lead to large errors in predicting the fuel-melt
fractions, time of clad failure, fuel-vapor pressures, and other phenomena
of interest. An energy-deposition-measurement program is underway with
the objective of providing diagnostic tools that, together with French
instrumentation, can measure energy depositions to within 3% to 5%Z.
Several types of detectors will be used along with an unfolding algorithm
to determine the energy deposited in the fuel pin. The detectors, to be
effective, must be located close to the fuel; this is achieved by

appropriate selection of detector placement.

As part of the multinational CABRI program, Sandia is providing
pretest EXPAND calculations of A-Series (TOP) single-pin fresh-fuel tests.
These calculations are aimed at predicting pin failure. The technical
information interchange among CABRI partners appears to be molding *he
program into a much needed and useful technical exchange in reactor
safety. This quarter has seen an active program in precalculating
CABRI A-series tests; the actual tests are scheduled for performance in
the near future., As a result of the CABRI precalculations, EXPAND has
demonstrated its capability to deal with transients that occurred in tests
A2 and AIR over a muc’ longer period of time than the transients of tests
previously performed in the ACPR. The experimental results, when compared

to EXPAND precalculations, will serve either to validate the physical
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models in FXPAND for the kind of experiment or to point out areas in which
EXPAND must be further refined.

2.3 Fuel-Motion Detection

2.3.1 In-Core Fuel-Motion Detection

The feasibility of in-core fuel-motion detection is being investi-
grted at Sandia because many facilities that can be used for NRC fast
reactor safety tests do not have instrumentation slots. Also, in those
reactors that do not have slots, self-shielding may preclude the use of
high-resolution techniques for large-scale tests. Consequently, 7-, 19-,
and 37-pin experiments are being conducted in the SPR-III reactor to test
both detectors and unfolding methods. Following the completion of these
experiments, fuel-motion detection will be performed in the ACRR as part

of prototypic accident situations generated during PBE experiments.

In the experiments performed during this period, 30 gamma-sensitive
platinum self-powered detectors were placed in and around the 7-pin fuel
bundle to observe the fuel motion. Typical observed signal levels were
15% to 20%Z of the background when all of the fuel was removed from the
region near a detector. This result is encouraging since it is twice as

large as anticipated for these detectors.

2.3.2 Coded-Aperture Imaging

2.3.2.1 Introduction--One of the main purnoses of the Coded-Aperture-

Imaging task is the study of imaging problems that arise in large reactor
safety experiments (involving more than seven fuel pins). Tmaging in

these large tests is expected to differ considerably from single- or seven-
pin tests because of the significant scattering and absorption of the
imaging radiation within the larger test-fuel-pin bundles and the greater
complexity of the image itself. Coded-aperture imaging of both gamma rays

and neutrons is being studied.
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2.3.2.2 Camma-Ray Coded-Aperture Imaging -- Gamma-ray coded-aperture

imaging technology is being developed in order to measure fuel motion in
experiments involving up to seven fast reactor fuel pins on the ACRR.
This developrent is proceeding satisfactorily, and it is therefore
attractive to consider extending this technology to larger fuel bundles.
In larger fuel bundles, there will be much greater absorption and
scattering of the fission gamma rays used for imaging than in single-pin
or seven-pin cases., This scattering and absorption wili tend to reduce

the signals from the center and back surface of the fuel bundle.

During this period, the primary activity was planning and
detailed design of the 37-pin bundle experiments to be conducced with the
PARKA facility at LASL. Optical experiments were performed to aid
selection of the coded apertures to be evaluated in the PARKA experi-
ments. These optical experiments indicate that an off-axi; Fresnel-code

aperture can be used to image an object as wide as a 37-pin bundle.

2.3.2.3 Fast Neutron Coded-Aperture Imaging -- Little work was performed

in this area because of concentration on the PARKA experiments. However,
a large background in the LEXAN neutron detector was clearly identified
and eliminated by a simple procedure. Scoping experiments on transient
fast neutron detectors at the 2°2Cf source showed that an image

intensifier would be required for further experiments in this area.

3. CORE DEBRIS BEHAVIOR - INHERENT RETENTION

3.1 Molten Core Containment

If the core debris following a major reactor accident becomes
uncoolable, it will ultimately penetrate the reactor pressure vessel and
cascade into the reactor cavity. Interaction of the high-temperature core

debris with structural material in the reactor cavity may lead to
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generation of huge quantities of gas, extensive release of radioactive
materials in the form of aerosols, and possibly failure of the containment
building. Evaluating the potential safety questions that arise from the
core debris interactions with the containment structure is the focus of

this task.

During the reporting period, large-scale tests of the interaction of
hot (but not molten) core debris with concrete were conducted. These
tests showed that solid debris at temperatures between the liquidus and

solidus of the concrete will erode concrete and lead to gas generation.

Large-scale scoping tests were also conducted to study the inter-
action between molten steel and possible alternatives to concrete as
reactor cavity materials. A transient interaction test of cast borax and
stainless steel showed that borax could rapidly quench the high tempera-
ture melt. Sustained tests of molten stainless steel interacting with
firebrick-lined basaltic concrete (FFTF design), high-alumina cement, and
Mg0O were conducted. Firebrick-lined basalt was found to present only an
insignificant barrier to a melt of core materials. The tests with high-
alumina cement and MgO were prematurely terminated because of equipment
failure. Both candidate materials did, however, show promise as core

debris-retention materials.

Sandia Laboratories and Projekt Nukleare Sicherheit of the
Kernforschungszentrum, Karlsruhe, FRG have agreed to perform a series of
tests to assess the performance of computer models of melt/concrete
interactions. Preliminary specifications of the sustained interaction
test to be done at Sandia were established during the report period. Once
this test is performed, the data necessary for model predictions of the
test will be made available. Cioly after the predictions have been made

will the test results be released.

Further analysis of data from tests BURN 1 and BURN 0 was conducted

during the report period. Data from test BURN 1 quantified heretofore
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qualitative concepts of the extent of gas swelling of molten pool and the
effect of gas generation on melt/concrete contact. The extent of molten-
pool swelling due to gas generation increases with gas generation rate to
a plateau. At higher gas-generation rates, no further increase in pool
swelling occurs. Contact of the melt with concrete is also influenced by
gas-generation rate. Data from test BURN 1 showed that localized sites of
gas evolution may develop on both horizontal and vertical concrete

surfaces in contact with concrete,

Refractory inserts mounted in the concrete crucible used in test BURN
0 were inspected during the report period. WoB, Y504, calcia stabilized
Zr0y, and HfC were all found to be damaged by the sudden exposure to high-
temperature core debris. Thermal shock and chemical dissolution of the

refractories are likely mechanisms for the failures.

3.2 PAHR Debris Eed

Following a core-disruptive accident, molten-core materials may exit
the core region and contact sodium where solid-fuel debris will be formed
and collected on horizontal surfaces within the vessel. This debris is
still capable of generating significant power through the dec» of fission
products. Should insufficient cooling be afforded by natural processes,
the debris could remelt and threaten contaimment. The purpose of this
task is to determine the natural cooling of such debris. Three major
first-of-a-kind in-pile experiments have been performed at Sandia and have
provided significant (and unexpected) data for modeling the behavior of
debris beds.

The analysis of debris-bed behavior was performed by extending
methods already appearing in the literature to one spatial dimension.
Although this extension does not yield a new equation for the dryout heat
flux of a nonsubcooled bed, it does offer insights into the heat-removal

process. Two solutions ultimately emerge: one with a large liquid
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fraction, a small space for vapor flow, and inherent thermal stability;

the other characterized by thermal instability.

The one-dimensional dryout model predicts complete bed dryout for any
power above that required for incipient dryout. However, the D3 debris-
bed experiment has refuted this. Thus an empirical postdryout model was
developed to describe the stable partial dryout observed experimentally.
This model was used to estimate the two-dimensional behavior of a proposed

bottom-cooled debris-bed experiment.

The program devoted to the development of ultrasonic sensors and the
establishment of areas for their application is continuing as it relates
to the debris-bed experiments. So far, the results from the use of
ultrasonic sensors promise improved knowledge of the conditions existing
within debris-bed experiments. Ultrasonic techniques will be used in
upcoming debris-bed experiments both to improve the experimental results

and to further develop ultrasonics as well.

3.3 PAHR Molten Pool

In the assessment of post:ccident heat removal (PAHR) possibilities,
the case must be considered in which the debris formed by the hypothesized
accident cannot be cooled and progresses to a molten state. Understanding
the behavicr of such pools is important in order to determine if a pool of
given characteristics will be retained within engineered barriers and, if
not, what retention times are afforded by these barriers to permit

reduction of decay heat levels.

The in-core molten-pool experiments are aimed at investigating the
short- and long-term behavior of internally heated pools of reactor mate-
rials. The studies will determine the exact nature of the progression to
a molten state, the thermal and kinetic behavior of the pool, and the
interaction of the pool with retention materials. Concurrent with the in-

core program, high-temperature furnace experiments are conducted to
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provide the capability for extensive studies in support of thr ‘n-core
experiment results. One important task in this program is the deteraina-
tion of the patterns of thermal-energy flow. The greater the downward
heat flux, the more the structure supporting the pool is attacked. There-
fore, the first goal of the molten-pool program has been to develop a
versatile experiment in which heat flux and structural ablation can be
studied using real materials under typical temperature and heating

conditions.

Three in-core experiments were conducted in the first molten-pool
series prior to the shutdown of the ACPR for up-grading. In the first
fuel-only experiment (MP-1), the ultrasonic thermometry indicated fuel
temperatures and axial temperature gradients that were similar to pretest
calculations. In the second fuel-only experiment (MP-2), the on-line
ultrasonic thermometry and posttest x-radiography indicated that a signifi-
cant amount of fuel had melted. In MP-3S, a 220-g stainless-steel sample
was melted by 628-g of overlying fission-heated U0, that reached 2673 K
during the experiment. Thus, the three in-core experiments that have been
run to date confirmed tke nperational capabilities of the experiment
package design and demonstrated that fission-heating of enriched U0, to
the desired temperatures could be achieved. Ultrasonic thermometry
developed for this program has been shown to be a valuable diagnostic of

temperatures and temperature gradients up to the U0, melting point.

During this period, the preparation for microscopic posttest analysis
of a series of high-temperature furnace experiments was completed. The
analysis to be performed next quarter will provide information on the
sintering behavior of U0, and UO,-steel beds, the movement of molten steel
within the bed, and the interactions of U0, and solid MgO (Harklase - a
candidate core-retention material). A feasibility study was initiated to
investigate the technology available to perform thermal~-conductivity
measurements of U0, beds at high temperatures. The thermal analysis of

the MP-1 and MP-2 in-core experiments was completed. The development of
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ultrasonic thermometry for use in the debris-bed experiment program

continued.

3.4 thgmentation

Most severe accident scenarios for advanced sodium-cooled reactor
systems involve the production of significant amounts of molten fuel and
steel. The ultimate dispersal of this molten material often depends on
either bulk freezing of the melt or the establishment of coolable
particulate beds. Scenarios that differentiate between the dispersal
modes involve questions of the fragmentation of substantial quantities of
melt when contacted with coolant. Previous investigations yielded
quantitative information involving very small quantities of fuel melt and
left unanswered the question as to whether or not large quantities would
yield different particulate-size distribution due to vapor blanketing of
the bulk stream. A knowledge of particle-size distributions is crucial to
the resolution of postaccident coolability of cores that have been reduced

to rubb.e.

The test apparatus for the forward experiments was modified to accom-
modate dual ranges of transducers. The test apparatus for the reverse
experiments is being assembled in preparation for the first such experi-
ment. For the combined interaction experiments, the test apparatus was

fabricated and three crucibles were cast.

This reporting period, the planned forward (melt into sodium) experi-
ments were concluded with the performance of two additional fragmentation
experiments. Each experiment used 20 kg of corium-producing metallo-
thermic mixture and 23 kg of sodium, one with a sodium temperature of
523 K and the other with a sodium temperature of 963 K. No test exhibited
a single coherent energetic event; rather, the interactions were all
characterized by a series of pressure events occurring throughout the time

period corresponding to the draining of the melt crucible. For all of the
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experim¢ .ts performed, the corium melt consistently resulted in milder

interactions than the steel melts.

In the first four fragmentation experiments, the Mg0O inner-reaction
vessel was always cracked but no damage from melt attack was indicated.
In FRAG 6, the crucible bottom showed eidence of melt attack, a part of
which is attributed to thermal stress. Measurements of the apparent
density of fragments and void fractions of the debris beds were made. The
apparent fragment densities of FRAG 4 appear to be 4.93 g/cmq. The void

fraction is calculated to be 0.56; that is, 56% of the bed volume is

occupied by sodium.

3.5 Sodium Containment and Structural Analysis

In the event of a vessel or pipe rupture, large quantities of liquid
sodium at temperatures in excess of 873 K come into contact with concrete
or other contaimnment materials. This task is aimed at identifying and
quantifying the dominant phenomena involved in the erosion and possible
breach of containment, and in the liberation of gas that may contribute to

containment failure,

Any loop-type LMFBR system must account for the interaction of hot
sodium with cell liners and, given either a failed liner or a Core
Disruptive Accident (CDA), the interaction of hot sodium with concrete.
The data base available for safety assessments involving these inter-
actions is extremely .imited, especially for the concrete and failed-liner

interactions.

Large-scale sodium-basalt concrete interaction Test 13 was conducted
during the last quarter of 1978 to present a one-dimensional sodium attack
to the firebrick and concrete crucible. The test featured a steel insert
in the crucible cavity; it is insulated from the concrete sidewall by

2.5 em of magnesium-oxide powder. A layer of dense firebrick was next to



EXECUTIVE SUMMARY

the bottom plate of the insert and a layer of insulating firebrick was
next to the concrete cavity bottom. The bottom plate was flawed to allow
the sodium to contact the firebrick. The insert depth war increased to
provide for more sodium so that the test would not be as sodium-limited as
was Test 12. A 239-kg charge of sodium at 973 K was dumped into the lined
crucible cavity. The sodium consumed both layers of firebrick and 25 to
30 cm of the bottom of the basalt-concrete crucible, totally penetrating
the bottom in one area where the penetration was enhanced by cracking.

The large volume of the reaction products caused severe horizontal

cracking in the crucible,

The first ohysical separate-effects tests w're completed. A charge
of 4.5 kg of socium was dumped into a steel pipe . which concrete has
been cast. Tests were carried out at 873 K, 293 K, 973 K, and 1023 K on
limestone concrete. The attack was progressively mor~ apparent with each
increase in temperature; however, even in the 1023-K test, the total

attack was minor.

A series of chemical separate-effects tests has investigated the
results of adding various amounts of water to molten sodium. The reaction

process was monitored by measuring the hydrogen gas overpressure.

A flat-plate radiant-heat flux experimental series was completed.
Thirty-eight-cm? steel plates were subjected to a centrally distributed
heat flux of between 10 and 150 W/em?.  The experiments were designed to
simulate the structural response to localized molten-sodium spills
exhibited by a steel liner in a concrete cell. These experiments serve to
provide data for benchmarking analytical techniques; they also serve to

evaluate the use of strain gages in a high-temperature enviromment .
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4, AEROSOL SOURCE NORMALTIZATION

During an energetic hypothetical core-disruptive accident, fuel vapor
may be produced that subsequently condenses to form small very particu-
lated debris (molten or solid) that can be transported to the upper vessel
regions and through breaks that may have occurred in the vessel. The
possibility of transporting this material depends strongly on its initial

character,

Aerosol produced from in-pile (ACRR) experiments is being character-
ized to determine the physical properties of fucl particles resulting from
the vaporization and melt breakup of fuel pins subjected to simulated
overpower excursious. The characteristics of these particles will be
compared with those produced by out-of-pile experiments at ORNL that are
part of the NRC-sponsored Aerosol Release and Transport (ART) program.
Subsequent in-pile studies will examine the interation of particles with

the supporting structure and with sodium.

During this period, preparation continued on the second series of in-
pile aerosol sampling experiments as well as on the first series of out-of-
pile experiments at ORNL that began in March. The out-of-pile comparison
tests at ORNL were designed to establish characteristics of debris
produced by resistively heating the fuel to vapor. In addition to
sampling this debris, fuel temperature profiles would also be measured.
These temperature profiles would then be reproduced in fuel neutronically
heated in the ACRR, Finally, fuel debris from these similar experiments
would be compared. Techniques for sampling debris and photometrically
measuring fuel radiance anud trmperature were verified in the first series

of in-pile experiments.
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5. CONTAINMENT ANALYSIS

This task is directed toward developing a total containment system
code (CONTAIN) that will analyze a variety of possible accident sequences,
beginning at the point of a disrupted-core debris bed to the definition of
the radiological release term in the event of multiple containment
failure. Core-awelt accidents, energetic disassemblies, reactor-vessel
rupture, and large-scale sodium spills are addressed. Existing contain-
ment models are being adapted where feasible and new models are being
developed in areas where suitable models do not exist. These new models
are being suppcrted by the test program described in previous sections.
Major phenomenological factors are: (a) postaccident heat removal; (b)
debris melt; (c) vessel failure; (d) concrete-sodium interactions; (e)
concrete-melt interactions; (f) melt-sodium interactions; (g) liner
response; (h) sodium pool/spray burning; (i) chemical reaction products
and kinetics; {(j) gas flow, pressurization, and venting characteristics;
(k) heat transfer (pool/wall/atmosphere); (1) fission-product chemistry

and inventory; and (m) aerosol-transport behavior.

The development of the advanced reactor containment code, CONTAIN,
continued during this period. The major effort has bc~n devoted to either
evaluation or development of specific models for subsequent incorporation
into CONTAIN. Development of some models has progressed to the stage
where integration of selected models into the overall code structure is

ready to begin.

A preliminary version of the cavity debris pool model, SINTER, has
been compiled to model a one-dimensional sodium pool in an arbitrary
structural configuration. Preliminary models for water release from
concrete and the sodium/concrete reaction are included and are currently
being upgraded. 1Initial efforts to interface SINTER with the overall code
structure have begun in order to define data-storage and transfer

requirements.
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The compartment atmosphere module basically performs mass and energy
balances for the cell atmospheres and includes heat-transfer, sodium-
burning, and aerosol-behavior models. The current version operates as a
single-cell atmosphere with only a simple debris pool model incorporated
to help define data-transfer requirements. The atmospheres of cell
volumes interact based on pressure and energy gradients between cells.

The state variables must be determined in each cell, while mass and energy
exchanges between cells are accounted for. For reactor contaimment
analysis, the transients occur over relatively long times requiring a
transient solution that is stable for very long time steps. Appropriate

equations are now being programmed for computer solution.

6. ELEVATED-TEMPERATURE DESIGN ASSESSMENT

The primary objectives of the elevated-temperature design assessment
studies are (a) to develop correlative NDE techniques that can be used to
monitor progressive creep, fatigue, and combined creep-fatigue damage in
materials used in advanced reactor primary- and secondary-loop components;
(b) to evaluate analytical methods (and correlate with experimental data)
for creep buckling of advanced-reactor comporents operating at elevated
temperatures; and (c) to design, fabricate, and operate a multiaxial creep-
fatigue facility for the purpose of evaluatior of creep-fatigue damage

rules.

6.1 Creep-Fatigue Test Program (Uniaxial Loading)*

Creep Testing--No additional creep tests were conducted. Examina-

tions using Positron Annihilation (PA) of a previously tested specimen was

completed.

*All testing is performed on Type 316 Stainless Steel
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Creep-Fatigue Testing--Six additional creep-fatigue specimens of Type

316 stainless steel were sent to Mar-Test, Inc. to continve tsting of
longer term duration and with hold periods. Testing was completed on
three specimens and was initiated on a fourth. 1Initial observations on

surfaces of fatigued Type 316 stainless-steel specimens were completed.

6.2 Nondestructive Examination

A series of isochronal annealing measurements using the Doppler
broadening PA technique was completed on 75% cold-worked Type 316 stain-
less steel. Results were in agreement with data reported previously on
25% cold-worked material. To better understand the individual roles of
vacarcies and dislocations in the PA response of metals, measurements were

made on isochrorally annealed cold-worked pure nickel.

6.3 Microstructural Analysis

No additional transmission-electron microscopy on deformed samples

was carried out during this period.

6.4 Multiaxial Test Facility

Setup of the Multiaxial Test _ac lity was continued. Preparation of
the necessary safety-related documents for the high-pressure system to

obtain internal Sandia approval for operation was underway.

6.5 Creep-Fatigue Damage Analysis

The design and analysis of the biaxial specimen effort werr
continued. This work provides analytical support to the Multiaxial Test
Facility being developed at Sandia. Two buckling aralyses were completed

using the MARC structural finite-element code.

6.6 Structural Analysis of Piping Elbow

Work continued on the assessment of creep-law behavior for use in

piping analysis. Work to date has identified large differences in the
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creep respcnse of piping elbows when different forms of creep laws are

used ,

6.7 Structural Evaluation

A technical review of the CRBRP piping document (Westinghouse-ARD
report CRBRP-ARD-0185) was initiated. Preliminary assessments were made.

A more in-depth study will be made in the next quarter,

7. LMFBR ACCIDENT DELINEATION

The principal objective of this program is to determine the applic-
ability of event-tree methodology to all phases of LMFBR accidents. The
results of the study are intended to (a) provide a demonstrated method-
ology for developing accident-sequence diagrams for an LMFBR, (b) identify
and systematize the key phenomena and phenomenological or system uncertain-
ties in the accident seq ences, and (c) illustrate the methodology by

determining the dominant accident sequences.

Over the past year, Sandia Laboratories initiated the LMFBR Accident
Delineation Study to examine the applicability of event-tree methodology
to the representation of fast reactor accident sequences. This project
was a broad effort to review and evaluate available informatica on LMFBR
accident sequences and to construct event trees delineating these accident
sequences from accident initiation to radiological release from the
containment. Qualitatively the event-tree methodology used here is
similar in most respects to that demonstrated in WASH-1400 and the CRBR
safety study.

In all of the major study areas (Engineered Systems, Accident
Phenomenology, and Postaccident Phenomenology (Containment)) a signifi-

cant portion of the available time during this period was spent in the
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preparation of summaries and reviews of the then-current status and

results of the Delineation Study.

The Phase I Study in the Engineered Systems resulted in the formula-
tion of event trees for 14 identified vital-subsystem failures that
delineated a set of 15 initiating accident categories. From Phase I, two
general objectives were established to identify promising areas for
potential fu*ure investigation during Phase II. These objectives include
scoping the requirements for a more realistic quantification of LMFBR
initiating accident probabilities and providing feedback for evaiuation of

LMFBR safety research and development priorities.

Planning for future Accident Phenomenology work was strongly

influenced by the maior conclusions of the Interim Report, especially the
following:

a. Quantification of the event trees in this area is not likely to
be feasible in the near term.

b. Future containment-area work can probably demonstrate substantial
risk mitigation provided very severe energetics can be assigned
very low probabilities.

The proposed Accident Phenomenology work can be divided into two
parts: continuation of general efforts required to bring the coverage
offered in the Interim Report to a more uniform level; and the proposal of
experimental and/or analytical studies to improve understanding of
phenomenologies associated with the Unprotected Loss-of-Flow (ULOF) and

Unprotected Transient Overpower (UTOP) accidents.

In the Postaccident Phenomenology area, efforts have been directed
toward developing a work plan for improvements in the applicable event
trees during the coming fiscal year. A draft work plan has been completed

and initial tasks have been undertaken.
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8. TEST AND FACILITY TECHNOLOGY

8.1 ACRR Fuel-Motion Detection System

A coded-aperture fuel-mot on detection system is under development
for the ACRR. The design of the system has been based upon the experience

gained in experiments with shielding, collimation, coded-aperture imaging,

and time-resolved pseudoholography at the ACPR, SPR-II, and 252Cf

facilities. The system has been designed to facilitate high spatial and
temporal resolution measurements of fuel motion in both transient and

steady-state experiments, and to accommodate material-separation studies

for the postaccident heat-removal experimen‘s.

During this period, the various components of the ACRR fuel-motion
detection system were assembled in the reactor tank. Only a few minor
problems were encountered although over 500 individually designed pieces
were fitted together to form the bulk shield, collimation, and detection
systems. Some componerts not built to Sandia specifications had to be
remanufactured. 1In particular, some of the collimation-system components
developed leaks and had to be rewelded. Despite the resulting delay, some
preliminary measurements were made to determine the effectiveness at the
bulk shield; the bulk shield was far more effective than had been antici-
pated. No radiation background signals are likely to be generated in the

camera or electronics.

During assembly and initial testirg, the reactor safety committee
imposed rigging guidelines for heavy-e uipment handling above reactor
ccmponents. Compliance required about 2-months additional work and

results of initial proof tests will not be available until the next

quarter.

6.2 Large-Scale Test Assessment

Large-scale test assessment efforts are directed toward the

definition of an experimental program which will provide test dat. with
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the potential to confirm analysis and conclusions drawn from smaller scale
CDA experiments, These considerations include the use of existing
facilities as well as the definition of requirements for new facilities or

modifications to existing ones.

A project for fuel-element design for the gas-cooled reactor concept
was initiated, Th. complete design effort will include 'iterature review,
computational work, and design optimization, The fuel elements for a gas-
cooled research reactor with full-length capability must be arranged in a
fairly tight-packed array in order to yield large fuel-element volume
fractions for minimum reactivity requirements. Clad thickness and bowing
considerations for these extra long elements will also be important in

choosing an appropriate packing fraction,

The separation distance between elements for a given fuel-element
diameter and volume fraction can be increased by changing the fuel element
from a cylindrical to a hexagonal shape. Large cans of fuel elements
resulting in very small coolant volume fractions are also possible if
steady-state operational requirements are of very low power or of short-
time duration, This is the situation in the safety-test-facility (STF)
reactor design where the coolant volume fraction in the converter is only

0.06 and the reactor is to be run only as an adiabatic machine.

The thermomechanical design effort during this quarter has involved
assembling and checking out a computer code library that can be used to
calculate transient or steady-state temperature and stress profiles in
candidate HFFPR fuel elements. This library includes families of codes
for one- and two-dimensional coupled thermomechanical response and for one-
dimensional nonlinear hea: transfer, These codes are intended to provide

significant computational assistance in reactor design and analysis,

In the thermomechanical studies, there are two main areas of concern
following a reactor pulse: clad temperature and fuel/clad hoop stress,

One of the main thermomechanical design goals for the gas-cooled HFFPR is
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EXECUTIVE SUMMARY

to provide a fuel-element design that will maximize fuel-volume fraction,
and operate before maximum thermal! and stress limits are reached for all

anticipated transient and steady-state conditions.

A study to determine the sensitivity of maximum energy deposition in
the test section as a function of the eigenvalue of the entire driver/test
section in calculated assemblies was initiated, but results are too

preliminary to report at this time.

Work on the neutronics evaluation of a high-volume percent Be,C fuel
has been dedicated to the production of cross-sectior. for the fuel and to
the development of R-f models that include an outer cavity, radial fuel-
motion detection slots, and six control-rod locations. Development of the
R-f models was concurrent for both BeO and Be2C systems., Normalization of
the R-f model to the R-Z TWOTRAN II code was accomplished through the use
of zone- and energy-dependent teiams (pB?) reflecting Leakage = Flux. The
agreement between the R-Z and R-ff models for the effective neutror
multiplication factor (keff) is approximately 1% difference. The

difference in energy deposition is about 8%,

8.3 ACRR Status

Ascension-to-full-power and pulsing tests (ATPs) were performed with
the completion of purts of ATP 1, 7, 11, 12 and 14. Other system checks
were conducted, Several experiments were supported involving programs
associated with basic research, weapon system reliability research, and
reactor safety research., Initial steps were taken to order higher
reactivity-worth transient rods, The current rods are worth $2.95; the
new rods will be worth approximately $4.25., A second set of two rods will
be ordered later for use with a slotted core ( »r experiments with fuel-
motion diagnostics) as soon as a standard slotted core is developed, The
slotted core was reconfigured to reduce the imbalance in reactivity-worth
of the control and transient rods, The standard core also was recon-

figured to facilitate the changeover to the slotted core and to minimize

o
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EXECUTIVE SUMMARY

the influence on the core safety and control instrumentation. The core

was then calibrated and dosimetry was performed for planned experiments.

In summary, all startup tests have been completed as has most of the
reactor characterization. Major use of the facility has been for the fuel-
motion detection system with other users being phased in around the

slotted core operations. Operation of the ACRR is a designed.
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ADVANCED REACTOR SAFETY RESEARCH PROGRAM
COMBINED QUARTERLY REPORT
OCTOBER 1978 - MARCH 1979

1. ENERGETICS

1.1 PROMPT BURST ENERGETICS (PBE) (K. O. Reil, 4423; M. F. Young, 4425,
J. T. Hitchcock, 4424)

1.1.1 introduction

PBE experiments are designed to provide information on the ener-
getic response of various reactor fuel-clad-coolant systems to superprompt
critical excursions. This program is directed at characterizing the
phenomena that result in pressure generation and the conversion of thermal
energy to work, and reactivity effects arising from rapid coolant voiding
and initial fuel motion. These experiments examine integral effects of
fuel-clad-coolant interactions, fission-gas release, and fuel- and fission-
product vapor pressures during superprompt critical core-disruptive
accidents. The experimental work is closely interfaced with analytical
modeling efforts to develop models that uniquely describe the observed
phenomena for incorporation into predictive accident analysis. These
experiments also provide information about the thermodynamic states and
spatial distribution of fuel, clad, and coolant following a superprompt
excursion. These data serve as initial conditions for postaccident heat-

removal studies.

In tests performed to date, single fuel pins have been pulse-
fission heated in the Annular Core Pulse Reactor (ACPR) to temperatures
resulting in fuel vaporization. The pins, surrounded by helium or sodium,
are contained in a rigid pressure vessel that is instrumented with thermo-
couples and pressure transducers, and is fitted with a movable piston at

its upper end. Comparisons of the kinetic energy of the piston to the
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fission energy input to the fuel enable estimates of the conversion of

thermal energy to work.

Pressure, temperature, and piston-displacement histories are deter-
mined for a variety of fuel-coolant systems and initial conditions. A
series of experiments with fresh uranium-dioxide fuel and sodium coolant
has been completed. Initial experiments with fresh uranium-carbide (UC)
fuel and sodium have been performed. Future experiments will examine
fission-product effects in preirradiated fuel. A seven-pin test vehicle

for PBE experiments is under development,

During this period, preparations for upcoming experiments were com-
pleted, including design modifications, procurement of fuel pins and cap-
sule hardware, assembly of an expanded data-acquisition system, develop-
ment of experiment safety analysis, and completion of the internal safety

review. In-pile experiments were resumed late in the period.

Mass-spectrographic analysis has verified that the fuel pin in PBE-
98 was 50% enriched. This result leads to slightly lower energy-
conversion ratios that were previously reported (0.41% estimated from
pressure integral). The conclusion that FCI-induced sodium pressurization
was responsible for the second pressure transient and the sustained pres-

surization, however, remains unchanged.

The analysis of PBE experiments is continuing with application of
SIMMER-II to experiment analysis and with work directed at modeling the
fuel-coolant interactions observed in experiments. In preliminary
studies, the MURTI FCI code (developed at Karsruhe) was used to model PBE-
9S and PBE-SG2. Work was initiated to extend the FCI code EPIC to include
progressiv~ fragmentation of fuel particles and to include a compressible

treatment of the sodium slugs.

Current postmortem examination of oxide experiments is nearing com-

pletion and plans are being formulated for the carbide postirradiation
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examination (PIE). Evaluation of the response of pressure transducers to

mechanical vibration is under way.

1.1.2 Experiment Preparations

All preparations for the upcoming PBE experiments are complete,
including capsule design and fabrication, procurement of other capsule
components, expansion of data-acquisition system, completion of safety
analysis, development of an experiment plan for the fresh oxide-sodium

experiments, and the internal safety review of those experiments.

1.1.2.1 Single-Pin Capsule -- Figure 1.1-1 shows a cross section of the

assembly for future single-pin, stagnant-coolant PBE experiments. The
instrumented pressure vessel is essentially the same as that used in
previous experiments (PBG-12S, -SGl, -SG2, and -SG3). The major differ-
ence is two independent radiological-containment boundaries instead of the
single containment used in previous experiments. “he double containment
will be required for the irradiated mixed-oxide experiments and will be

used for fresh -fuel experiments as well.

1.1.2.2 Neutronics -- As a necessary part of the experiment design and
safety analysis, estimates have been made of fission-energy deposition
attainable for different experiment configurations in the ACRR. The bulk
of this analysis for PBE experiments has been done with DTF-IVI'l, using
macroscopic neutron cross sections modified by artificial abscrption cross
sections (DB?) to correctly account for axial leakage. These artificial
absorption cross sections weie derived from an R-Z TWOTRAN-111"2 calcula-
tion. A set of microscopic cross sections developed for the ACRR were

used. The DTF-IV results were normalized to measured free cavity fluence.

The results of these studies are summarized in Figure 1.1-2 which
shows predicted energy deposition in a PBE experiment as a function of
polyethylene moderator *hickness and fuel enrichment. The initial experi-
ments in the ACRR will use l4%Z-enriched fuel and are designed to yield
maximum radially averaged energy depositions of 2400 J/g. From the para-
metric study, a moderator thickness of 0.063 in. is indicated. The pre-

dicted energy deposition profile for that case is shown in Figure 1.1-3.
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The validity of the normalization used will be evaluated by
dosimetry experiments using uranium-loaded aluminum wire and fuel pins.
Those c¢osimetry experiments and other characterization experiments wiil

precede the first sodium experiment (PBE-13S).

1.1.2.3 Transient Pressure Respouse -- The response of the PRE capsule to

an interndal-pressure spike was investigated with CHARTDl-3, a one-

dimensional hydrodynamic code. 7%he sodium, molybdenum liner, and I.-onel
vessel were modeled as shcwn in Figure 1.1-4, The sodium was treated as a
hydrodynamic fluid, and the moly and Inconel are represented as elastic-
plastic materials. The six-lobed moly sleeve is approximated as a 20-mi'-

thick cylinder fitted inside the Inconel vessel.

0,762

0.2921

Sodium

Moly

Inconel “*Radl} incm

Figure 1.1-4 CHARTD Model of PBE Vessel
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Response of the inner vessel wall to a 200-MPa spike (100-us rise
time) is shown in Figures 1.1-5 and 1.1-6, The maximum effective stress
is slightly less than the yield stress of the Inconel (9 x 102 MPa); the
maximum displacement is 0.4%. The inner wall of the vessel is thus on the
verge of going plastic, while the bulk of the vessel wall remains below
the yield point and hence remains elastic. Both the effective stress and
the radial displacement attain a maximum at the same time that the maximum
internal pressure is applied (100 us) and decrease thereafter. Figure 1.[-
7 shot ™ the radial stress as a function of radius; it is apparent that the
moly liuer decreases the pressure applied t» the inner wall by roughly 20%
(to 160 MPa).
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Figure 1.1-5 PBE Vessel Response - Effective Stress
vs Time (inner wall)
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A CHARTD calculation was also done with a 250-MPa spike (100-us
rise time again) applied to the inner boundary. This resulted in essen-
tially the same maximum displacement at inner and outer vessel walls
(0.4%). The yield point was exceeded out to a radius of 7.342 mm, or 78%
of ths wall thickness. The vessel thus exhibits some permanent deforma-
tion but remains intact, Maximum instantaneous velocity on the outer
surface was =0.060 m/s, which would be considerably reduced if the
inertial restraint of the beryllium heat sink around Lhe vessel were
included in the calculation. The effective stress at the inner wall and
inner wall radiue are shown as functions of time in Figures 1.1-8 and 1.1~
9. Radial stress is shown at 100 us in Figure 1.1-10. Again, the
pressure applied to the wall is reduced below the actual internal pressure

by the moly liner.
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Investigation of the rupture disk response to a fast transient
revealed that a short delay (20 us), comparable to the acoustic transient
time across the radius of the upper pressure-vessel channel, wss intro-
duced by the rupture disk geometry. After this delay, the rupture disk
tracked the internal pressure. With a maximum rise time comparable to
that observed in PBE experiments to date (2.5 MPa/us in PBE-SG2), the
rupture disk should vent before the internal pressure reaches 75 MPa.
Thus the rupture disk should survive ver  short transients while still

protecting the capsule against severe overpressure.

1.1.2.4 Containment Pressure -- To design containment canisters and to

establish internal pressures for leak tests, it is necessary to establish
an upper bound for the maximum pressure exerted against containment, The
approach taken here was to assume a Hicks-Menzies-type FCI in the pressure-
vessel volume followed by isentropic expansion of the sodium to the

containment value.

This analysis assumed instantaneous total thermal eguilibration
between a mass of fuel and sodium and an average energy deposition of
4200 J/g in the fuel, Various combinations of fuel and sodium masses were
examined, The greatest expanded pressure corresponded to mixing all the
fuel with all the sodium. The volume of sodium (38.5 cm>) includes all of
the sodium in the channel between the fuel pin and molybdenum liner, and
the sodium between the top of the fuel pin and the piston. For an initial
temperature of 773 K, this represents 32 g of sodium. The oxide fuel pins
contain 64 g of fuel. The sodium was assumed to occupy a volume including
the free volume derived from piston displacement (11,3 cn3)- Thus the
effective sodium density is 0,64 g/cm3 (32 g in 49.8 ch). The total free
volume of the internal containment canister is approximately 9800 cm3.
Following expansion this yields a sodium density of 0,00327 g/cm3 (32 g in
9800 cm’).

The sodium equation-of-state data used was ANEOS data for the
CHARTD! ™3 code. The equation-of-state was evaluated using the CKEOSI-A
program of the CHARTD package. The approach taken was a constant-volume

heating of the fuel and sodium from 773 K in the pressure-vessel volume
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until 268 kJ were added. The sodium was then expanded isentropically to
the containment volume. Sodium data from the CKEOS output and U0,
enthalpy da'a from AlL-C!l-lSD~76-ll'5 were used to determine the
equilibrium state. The compressed mixture was found to equilibrate at
about 4280 K, corresponding to an entropy of about 5.3 x 107 ergs/g. When
expanded along that isentrope, the expanded state was found to be at a

temperature of 1395 K with a pressure of 0.58 MPa (82 psi).

This analysis neglects heat transfer to the clad, pressure
vessel, or containment, all of which would reduce the final temperature
and pressure. Further, no thermal interaction even approaching the
efficiency described here has ever been observed. 17he analysis is thus
extremely conservative. Based on this conservative analysis, the contain-
ment rans were designed for a working pressure of 100 psia and leak tests

will be performed with a pressure differential of 100 psi.

The pressure in the compressed state at 4280 K is approximately
1840 MPa. Thus the rupture disk (rated at 34 MPa) would vent, permitting
the sodium to expand into the receiver volume and reducing the density by
more than a factor of 2. From the CKEOS results, the pressure after
expansion to a density of 0.32 g/cn3 is less than 17 MPa, well below the

capsule design pressure.

1.1.2.5 Seven-Pin Capsule -- Work is under way to extend the single-pin

PBE experiment technology to 7-pin assemblies. Figure 1.1-11 shows a
tentative design for a stagnant-coolant 7-pin PBE capsule. The design is

now being evaluated with regard to experiment goals and mechanical and

instrumentation considerations,







Tentative PBE Seven-Pin Capsule

Figure 1.1-11




1.1.3 PBE-9S Results

As noted in the previous qulrterly.l°6

there was evidence that the
fuel pin in PBE-9S was greater than 202 enriched. Subsequent mass-
spectrographic analysis of debris from that experiment showed the fuel to
be 50% enriched. The maximum radially averaged energy deposition was thus
3520 J/g rather than 2900, The greater energy deposition, derived from
dosimetry and neutron-transport calculations, yielded slightly lower
thermal-to-mechanical energy-conversion ratios than previously

a.1=7

reporte The ronversion factor derived from piston motion was 3.2 x

lO.‘; the estimate derived by integration of the measured pressure history
was 0.412. Using energy, the deposition level and distribution associated
with 502 enriched fuel in the EXPAND!™7 pin-failure model results in
predicted clad failure 1.6 ms after the peak of the reactor power.
Evidence of pin failure was observed 1.8 ms before the power peak. In
terms of the reactor pulse width at half maximum (12 ms for PBE-9S), the
sgreement between EXPAND results and experimentally observed failure time
is similar to other oxide results.

The previously state” ~~aclusion)™’/

remains unchanged that FCI-
induced sodium pressurizat.on was responsible for the second high-

amplitude pressure transient and the sustained pressurizationm.

1.1.4 PBE Analysis

1.1.4.1 Modifications of EPIC for PBE-FCI Analysis -- An experimental-
1-8
c,

analysis version of EPI an FCI code similar to PLUTO,I'Q was acquired
from ANL and tested on the CDC 7600. Results of the test problems agreed

with ANL results,

The possibility of using a compressible treatment of the sodium
slugs in EPIC was investigated. This would allow a more detailed compar-
ison of calculated results and PBE experimental data. A compressible

nodel now exists, but has not yet been incorporated into EPIC.
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The feasibility of incorporated progressive fragmentation of the
fuel particles (presently a user-input fixed size) into EPTC was also
investigated. The necessary changes were completed and a baseline compari-
son was made to the older EPIC version. The fragmentation process is
controlled by a new subroutine added to EPIC; presently, the rate of
fragmentation is parametrically determined from the Bond and Weber
numbers. A more mechanistic treatment will be used as further experimen-

tal data on FCIs become available.

1.1.4.2 MURTI-Code lLiaison -- Helmut Jacobs (KfK) visited Sandia for 2
wks in December to investigate PBE-9S and PBE-SG2 with the MURTI! 10 fuel-

coolant-interaction code developed at Karlsruhe. In this code the fuel
and sodium are treated as a heat-conducting, compressible fluid. The code
was set up on the Sandia computer system and the effects of various
physical assumptions in modeling the PBE experiments were studied. This
work is expected to lead to a better understanding of FCI phenomena in the

PBE experiments.

Preliminary results were in qualitative agreement with PBE-9S and

PBE-SG2 experiment results.

1.1.4.3 EXPAND Development -- A transient stress-strain model incorpora-

ting multiple regions was tested; different mechanical properties are
allowed in the different regions. Comparisons between the multiple-region
representatioa, a single region, and the present integral-plastic-clad
model in EXPAND under similar fast-transient loading conditions show good
agreement in calculated stress-strain conditions, especially at the outer
clad surface. This comparison was done to determine if any major error
was introduced in calculation by the use of average mechanical properties
in the EXPAND clad model; the clad has a high thermal gradient across
itself for PBE conditions and conseauent large variations in mechanical
properties. Results show that no large error is present and that the

present EXPAND model is adequate.

1.1.4.4 SIMMER-I1 Analysis -- Current work with SIMMER-TT!™!! js directed

toward analysis of the PBE-5S experiment. The purpose is to (1)
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investigate the applicability of SIMMER to these complex experiments and

(2) provide informatio. for model development and verification,

The first phase of the work erxamined modeling assumptions. Be-
cause the SIMMER code was developed to investigate the behavior of large
reactor systems, the modeling of a single-pin expe-iment is not straight-
forward, Specifically, problems were encountered in modeling the clad-

ding, the piston, and the heat transfer to the structure,

The initial model of the PBE-5S experiment, used to obtain a
first look at the SIMMER hydrodynamics, represented only the dominant
features of the experiment, This model is shown in Figure 1.1-12. It
assumes a full circumferential break 1 cm high, constant sodium-flow area,
a pseudo-sodium movable piston, a uniform initial-fuel temperature, and
little or no heat transfer to the structure. The calculation was started
at the point of pin failure with initial conditions obtained from
M. Young's EXPAND predictions. Using Reil's upper-energy-bound UO,
equation-of—state.l'12 the EXPAND code predicts pin failure with a peak
fuel temperature between 4350 and 4550 K, and a corresponding “uel-vapor
pressure of 6 to 10 MPa. 1In SIMMER a "best guess" U0, equation-of-state
was used, This curve starts along the upper-energy-bound curve at low
pressures then goes through the Benson datal™13 a¢ higher pressures., The
initial fuel temperature in SIMMER was set at a uniform 4352 K resulting
in a fuel-vapor pressure of 10 MPa, The fuel was modeled as a single-
phase liquid at the point of pin failure. The temperature of the coolant

and structural material was set at 770 K with a pressure of 0.28 MPa,

The SIMMER analysis using this simplified model of PBE-5S starts
at pin failure and extends 2.0 ms into the transient, A comparison of the
calculated and measured pressure traces and the predicted pressure-
generation mechanisms was of specific interest in the initial hydrodynamic
calculations. Figure 1.1-13 shows a direct comparison of the pressure-
trace characteristics for the first 1.5 ms. This comparison is summarized
in Table 1-1, The magnitudes of the calculated pressure peaks at both
transducer locations are much lower than the measured values, These

differences are not inconsistent with the uncertainties in the energy
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deposition and the fuel equation-of-state. The calculated pressure was
found to be predaminantly due to fuel-vapor pressure up to about 1,2 ms,
At this point, sodium-vapor pressure increased in the zone immed iately

above the break.
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Figure 1.1-12 PBE-5S SIMMER Model

61



z9

Pressure (MPa)

Pressure (MPa)

PBE-5¢ Top Pressure Trace

‘.,.

P

§
4
1
4
4
y
1

unubuuualouodo oo

L0 . 032 033

50 [Frrp et s —
|

oL A

0. 0310 0, 0315 0.0320 0, 0325 0,0330

Time (s)

Pressure (MPa)

Pressure (MPa)

PBE-5S Bottom Pressure Trace

50. T 4§ Y F LA F g e,y s
w E 3
% E 3
2 E
0 E E
.0 Z A —d 8 & 2 V- TS . i
031 032 033
Time (s)
Calculated Bottom Pressure Trace
50 . v
«) - 4
30 "
20 F
gt "\\\\4//’- 1
0 1 1 1
0,031C 0,0315 0,0320 0. 1325 0, 0300
Time (s)

Figure 1.'-13 Comparison of the Pressure Trace
Characteristics for the First 1.5 ms.



Table 1-1

PBE-5S8 Comparison of Calculated
and Measured Results

Measured Calculated
Top Bottom Top Bottom

First Peak (MPa) 31.0 46.0 13.3 17.5

FWHM (ms) 0.35 0.28 0.28 0.22
Second Pe:k (MPa) 12.5 22.% 7.9 16.0

FWHN (ms) 0.40 0.32 0.39 0.24
First/Second

Pressure Ratio 2.5 2.0 AT i B |
Period Between First

and Second Peak 1.05 0.63 0.60 0.41
Bottom/Top

Pressure Ratio

of First Peaks 1.48 1.32

At about 1.8 ms, a pressure wave caused by sodium vapor developed
as can be seen in Figures 1.1-14 and 1.1-15, a 3-D pressure plot in the
sodium channel. Although the calculations do not indicate any significant
sodium-vapor pressure in the initial pressure pulses, its presence cannot
yet be precluded because of the very simplistic liquid-to-liquid heat-
transfer correlation in SIMMER. Further modeling and experimental work
will be required to provide confirmatory evidence. The frequency of the
calculated pressure oscillations is higher than the measured frequency for
both transducer locations. This would indicate a lower than expected
effective sonic velocity in the experiment. Also, the decay of the
pressure train is slower in the calculations, perhaps due to the uniform
fuel temperature approximation in SIMMER. As these results are very
similar to earlier analysis done by M. Young using the CSQ-II code without

1-7 the effects of heat transfer are evidently not dominant

heat transfer,
in the early phase of the oxide cases. No comparison of the calculated
and measured piston displacement has been made. The piston displacement
is related to the integral of the top pressure curve. Given the

underprediction of the rressure at the top of the pin, little displacement
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is calculated to occur in the period out to 2.0 ms past failure as so far

studied, T

Figure 1.1-14 Pressure vs Time in Sodium Channel (0 to 1 ms)

Figure 1.1-15 Pressure vs Time in Sodium Channel (1 to 2 ms)
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The second (current) phase of the SIMMER work models the PBE-5S
experiment more realistically. The objective is to observe the sensi-
tivity of the calculated-pressure train and pressure-generation mechanisms
to the modeling changes. Tne improved model contains a temperature pro-
file and two-phase fuel in the pin at failure, area changes in the sodium
channel, an improved liquid-structure heat-transfer correlation for low-
liquid velocities, and variations in the initial fuel temperatures and

pressures.

1.1.5 Pressure-Transducer Response

In several experiments pressure transients have been observed at
the top of the test channel immediately following the deceleration of the
piston. Based on these observations and other analysis, it was concluded
that the pressure transient resulted from an FCI triggered by the low-
amplitude pressurization produced by deceleration of the sodium slug

moving with the piatcn.l'ﬁ' 1-7, 1-14

Because of the coincidence of the pressure transient with pistcn
stoppage (a mandrel on the piston plastically deforms a steel sleeve),
work is in progress to evaluate the response of pressure transducers to
this mechanical loading. A {ixture has been designed and fabricated to
aid in this study. This equipment will permit acceleration of a piston in
the PBE experiment capsule to the velocities observed in experiments (up

to 30 m/s). The output of the pressure transducers will be moritored as

the piston impacts the absorber sleeve.

1.1.6 Postirradiation Examination (PIE)

PIE of PBE-7S is complete. Only complete assembly and documen-

tation of the results remains to be completed.

Following repairs and modifications to the glove box and cutting
equipment, the PBE-12S PIE is progressing. The package has been dis-
assembled. Work is under way to remove tne sodium from the cut pieces and
work to recover the particulate and other debris will follow. Preliminary

results from examination of . very small amount of particulate indicate
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that the PBE-12S particulate is finer (smaller mean diameter) than that
from PBE~/S.

PIE of the uranium-carbide experiments is dependent on the instal-
lation of a new large glove-box facility. Installation is scheduled for
spring of 1979; the facility will be operational by summer. Discussions
are under way with the staff of the Fast Breeder Reactor Project, KfK,
Karlsruhe, West Germany, with regard to the types of analysis to be per-
formed in the carbide PIE. KfK will send a staff member to participate in

the PIE that is scheduled to begin in late August 1979.

1.1.7 Status

All preparations for the resumption of PBE experiments are comple-
ted. These include hardware and fuel procurement, expansion of the data-
acquisition system, and internal safety reviews. The necessary diagnostic
and dosimetry experiments will be completed in mid-April and PBE-13S will
be completed in late April. Preparations for subsequent experiments,

particularly PBE-14S, with tin coolant have been initiated.

Current PIE work for oxide-fueled experiments will be completed

next quarter and an appropriate report will be prepared.

Wwork on developing an adequate FCI-analysis tool using the struc-

ture of the EPIC code will continue.

1.2 Irradiated Fuels Response (G. L. Cano, 4423; W. J. Camp, 4425; E. D
Bergeron, 4425; W. M. Breitung, 4425; D. H. Worledge, 4424; D. A. Benson,
5534; K. K. Murata, 4425; N. K. Hayden, 4425)

1.2.1 Introduction

The Sandia Laboratories Irradiated Fuels Response program is aimed
at determining the response of fresh and irradiated reactor fuels to both
prompt-burst (disassembly timescale) and loss-of-flow (LOF) heating !
conditions. On prompt-burst timescales, the pressure source from both

fuel vapor and fission gases as well as the accelerations produced by
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these pressure sources are of central importance. Thus the program in
this area centers on determination of the effective equation-of-state
(EEOS) of fresh and irradiated fuels, the dynamics of pressurization (rate

effects), and the ab’'lity of this pressure to disperse fuel.

On LOF timescales, the modes of initial fuel disruption and their

timescales for both fresh and irradiated fuels are of crucial importance.
Various mechanisms for disruption have been proposed: liquid-fuel
slumping, rapid solid/liquid-state swelling, solid-state breakup, and
liquid/gas-froth formation. Of these, the last two are dispersive and
would tend to reduce reactivity, while the first two are not dispersive
and thus would not diminish reactivity. Indeed, they could have
deleterious effects on the accident progression. Thus, it is important to
determine the disruption mechanisms operating under various LOF heating
conditions. To accomplish this determination, the FD-1 series of fuel-
disruption experiments has been performed. These experiments involved
multipulse heating of single fresh and irradiated pellets in the ACPR.
Film records of fuel behavior were obtained for all twelve experiments.
Significant results from this series included the observation of rapid

swelling as a disruption mechanism.

Currently, the experimental program in this area centers on the FD-
2 series in which larger fuel sections (three pellets) are irradiated in
the ACRR with heating conditions much more typical of LOF conditions than
those that were obtainable in the ACPR, Additional improvements include
filming of both sides of the pellet stack, gas sampling, dynamic two-color

pyrometry, and contamination-free fuel handling facilities.

Analytical work in the EEOS and the LOF/FD programs directiy in-
volves neutronic and thermohydrodynamic analysis of the experiments. In
the case of the EEOS prougram, the analytical work coupled to EOS theories
and rate theories to unfold the equilibrium and dynamic pressure sources.
In the case of LOF/FD experiments, this is couple’ directly to the FISGAS
code. FISGAS is intended to calculate fuel mechanics including swelling,
cracking, frothing, and gas release. In its current form, it calculates

swelling and gas release.




1.2.2 Disassembly Timescale EEOS Experiments

The SPR~1II experiments on fresh UO, and irradiated mixed-oxide
fuels have been completed. Analysis and modeling of the fresh-fuel experi-
ments and modeling of the previous ACPR fresh-fuel experimeats are now
underway using a two-pronged approach. A simple heat-transfer analysis
that ignores hydrodynamic effects 1s being performed using TAC2D. At the
same time, CSQ-II is being employed to analyze heat transfer by conduction

and radiation as well as hydrodynamic mass-transfer efiects.

During January, the four SPR-IIl-irradiated U0,-Pu0, experiments
were performed using PNL-10 fuel., Powdered-fuel disks, surrounded on the
radial extremities by gold filters, were irradiated with energy deposi-
tions varying up to 3000 J/g. The natural SPR-1II pulse with polyethylene
moderation was used yielding approximately 90% of the deposition in 0.5
ms. Experiment-unfolding for these tests is underway. the PNL-10 fuel
employed was Ug.75Pug.259; with 5.3% burnup. Pretest analysis of the fuel
(performed in collaboration with LASL) shows that approximately 30% of the
fission gases generated were retained in the fuel, Roughly 25% of this
was lost when the mixed-oxide disks were reduced to 50- to 100-i powder,
This loss is potentially significant with regard to release rates during

the transient,

During this period, a paper entitled "Measurement and Analysis of
Transient Vaporization in Oxide Fuel Materials" was presented at the
International Symposium on Thermodynamics of Nuclear Materials, Julich,
FRG, on January 29, 1979, The paper discussed the effects of original
sample stoichiometry, chemical interactions with the container, and non-
equilibrium evaporation due to induced temperature gradients, and gave
special attention to dynamic behavior in rapid heating and vaporization of

the oxide due to chemical nonequilibrium.
The long-unresolved question of anomalous pressures created in the

electron-beam experiments has been investigated. These pressures are con-

sidered to result from CO formation caused by the interaction of fuel with
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the graphite walls. The results of these experiments are aiso relevant to
SPR-II1 and planned ACRR irradiated-fuel EEOS experiments. Section 1,2.3

presents the investigational results,.

1.2.3 Investigation of the Importance of CO Formation in Sandia In-Pile
EEOS Experiments

1.2.3.1 Introduction -- All Sandia in-pile measurements of fuel EEOS data

(ACPR, SPR-II1) used pressure vessels with an inner graphite liner. With
respect to the chemical equlibrium at the high temperatures involved, a
strong tendency exists for oxygen to leave the liquid mixed-oxide and to
combine with carbon to form gasecus CO, (The free energy of formatior of
this reaction is 80 kJ per mole CO at 3100 K and increases with increasing
temperature.) Significant generation of CO could cause an additional, non-

prototypical contribution to the measured vapor pressure of the fuel,.

The three main processes influencing CO-generation rates are:

a. The diffusion of oxygen via the gaseous phase to
the graphite walls or out of liquid fuel that is in
contact with graphite.

b. The reaction of oxygen with graphite at the
graphite surface.

¢. The release of the reaction product CO into the
graphite container volume.

A thorough investigation of this combined mass-transfer problem
is hindered by the unknown reactinu kinetics of atomic oxygen with
graphite and by the uncertain fuel geometries during the experiment,
Therefore, investigators decided to examine only the possible oxvgen-
diffusion fluxes for different idealized fuel geometries, The resulting
CO-pressure histories are consequently upper estimates for possible CO

pressures,

When currently conducted exp.: we:. analysis and posttest examina-

tions yield more information about fuel geometry, the maximum pressure of
the CO generated during the experiments can be estimated by combining the

caiculated pressure histories of the ideal geometries.
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The oxygen transport was investigated for two fuel geometries: a
quiescent layer of liquid fuel resting on the container bottom (slab
geometry, Figure 1.2-1) and a system of homogeanously distributed liquid

droplets of uniform radius (droplet geometry, Figure 1.2-2),

L, Liquid * e o
/ Oxide Fuel
72 * o o o
Graphite Graphite
Figure 1,2-1 Slab Geometry Figure 1.2-2 Droplet Geometry

The fundamental quantity describing the movement of oxygen is the
diffusion coefficient. Therefore, values for the diffusion coefficient of
gaseous oxygen in different atmospheres and the diffusion coefficient of

oxygen in liquid-oxide fuel have to be estimated,

eds 3.2 Oxygen Diffusion Coefficients

1.2.3.2.1 Oxygen Diffusion Coefficient in Liquid (U.Pu)02 ~= Table 1-2

contains the nomenclature (definitions) for the development to follow.
Since ‘he oxygen diffusion coefficient in condernsed-oxide fuel

depends exponentiali, on temperature, it is important to determine the

temperature at the fuel-graphite interface.
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Table 1-2

Nomenclature for Section 1.2.3.2.1

Physical Quantity

Fuel temperature in the undisturbed region
.sel-carbon interface temperature

Carbon temperature in the undisturbed region
Thermal conductivity

Density

Heat capacity

Gas constant

Viscosity of liquid fuel

Association parameter for liquid fuel
(= 1 for unassociated solvents)

Molecular weight of fuel

Molal volume of fuel at normal
boiling point

Self-diffusion coefficient of oxygen
in condensed fuel

Chemical diffusion coefficient
of cxygen in condensed fuel

Stoichiometry deviation of the oxide
Collision diameter

Collision integral, listed in (1)
Critical molar volume

Critical temperature

Critical pressure

Oxygen diffusion coefficient in the
gas phase

Oxygen flux

CO-pressure

Dimension

K

K

K

J/s mK
kg/n3

J/g o K
J/mol @ K

cP
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3z!bol

Po,surf

AZ

Veot

cr

Table 1-2 (Cont)

Physical Quantiu -

Oxygen partial pressure above liquid
fuel

Diffusion distance

Diffusion area

Diffusion time

Free capsule volume

Diffused oxygen per unit area

Concentration of metal atoms in
liquid fuel

Thickness of CO film
Relacive contact area
Mean droplet distance
Droplet radius

Fuel volume fraction
Total volume of capsule

Inner capsule surface area

Dimension

Pa

mole/m?

mole/n3

The following relationship results from semiinfinite heat-

conduction calculations for two materials that are in perfect contact:!=15

1/2
T? - T, (k C)
i pc
T, .r:, (k Cp) £

Figure 1.2-3 illustrates Eq (1.1).
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Fuel

Graphite

Figure 1.2-3 Illustration of Eq (1,1)

The interface temperature is established within microseconds and

independent of time. With the appropriate material data, Ti becomes

Tewel (K] Iaooo 5000 (1.2)
L ['qlzno 1380

No appreciable oxygen transfer is possible when the interface
temperature (T;) drops below the fuel-solidus temperature (3043 K) due to
the sepacating of solid fuel and carbon by expanding CO. 1In addition, the
oxyge~ mobility in solid fuels is too lowl'16 to result in measurable €O
pressures. Significant CO pressures could be generated only when the
contacting bulk fuel is at temperatures near 5000 K. Therefore, the
oxygen diffusion coefficient will be determined for the respective inter-
face temperature of 3380 K. The most verified correlation for the relf-

diffusion coefficient of nonelectrolytes in dilute solution is!~17

+ B 1/2
7.4 x 10 (Qfo)

0.6
s

(1.3)
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Assuming Mg = 270 g/mole, ¢ = | (unassociated liquid-fuel molecules), V¢

= 32,5 cm’/molel” 18, and g (Toelt = 3043 K) = 4,51 cpl -19 gives

b (3043 K) = 1.0 x 1078 a%/s (1.4)

This result seems reasonable if compared to the following sources:

a. The self-diffusion coefficient at the melting
temperature ranges for eat variety ol crystal
between 10-? and 10~8 wi/ 7‘25

b. Extrapolation of measured oxygen self-diffusion -8
gefftctgnts in solid U0, gives D (3042 K) = 0.5 x 10
/s.

However, because the oxygen ions of the fuel oxide are migrating in a
chemical potential gradient due to the reduction of HO2 to MO,_..» their
movement is described by the chemical diffusion coefficient, D. Reference
1-16 shows that the relation to the above calculated self-diffusion

coefficient D, is given by

(2+x) d

DO.DOWE;(AGOZ)' (1.5)

The gradient of (Aco )/dx can be estimated from existing theoretical
models for'AGoz(x.T). At a temperature of 3380 K (slightly above the fuel

melting point), the result is:
5 (3380 K) = (8.1 + 4.0) (107 m’/s). (1.6)

For this investigation, D_ can be regarded as independent of the

o
stoichiometry deviation, x.



1.2.3,2,2 Diffusion Coefficient of Gaseous Oxygen =-- Refrrence 1-21

presents the following equation for the diffusion coefficient for gas

patrs of nonpolar molecules A and B:

3, 032 L, 1 172

1.858 (10~
" %

D_ = ! (1.7)
- po 2AB'D

where:
DAB = mass diffusivity of A diffusing through B in c-2/u;
T = absolute temperature in K
Mys Mg = molecular weights of A and B, respectively
p = absolute pressure in atmospheres
AB = "collision diameter" a Lennard-Jones parameter in Angstroms

D = "-:ollision integral" for molecular diffusion, a dimension-less
function of the temperature and of the intermolecular potential-
field for one molecule of A and one molecule of B.

Reterence 1-17 lists QD as a function of KT/SAB; Kk is the Boltzmann
constant, which is 1,38 x 10-16 ergs/K; and EAB' a Lennard-Jones
parameter, in ergs. The collision diameter Opp may be estimated from

empirical relations when no experimental values are available,l"21 a3

Opp "% * % , (1.8)

where: 0= 1,18 V1/3, or 0= 0.841 v1/3_or o= 2.44 (Tc/Pe)'/3, €., may

be calculated from

eAB - (EA . EB) (1.9)
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where: ¢/ = 0,77 T, or £/ = 1,15 Ty or Efe = 1,92

The gaseous oxygen diffusion coefficient (Dog") depends on the total

pressure (P) and the second gas components (B).

For the actual diffusion calculations, the following atmo-

spheres are considered:

a, In the case of fresh-fuel, oxygen diffusion is
investigated for a pure fuel-vapor atmosphere
(UOy-vapor). The diffusion coefficients
resulting from Eq (1.7) are given in Table 1-3,

b. For irradiated fuel, the diffusion atmosphere is
assumed to consist of Xe and fuel vapor: the Xe
is dominant at low temperatures and the fuel
vapor at high temperatures. Since D, U0, 18 very
similar to D X® for the same temperature and
pressure, the diffusion coefficient of oxygen in
the UO,~Xe-atmosphere is given with sufficient
accuracy by

UOz-Xe 002 PUO

- » Poo. * P xe

Table 1-4 shows the fission-gas pressures Pye as estimated for a typical
SPR-ITI experiment, the total capsule pressure (PUO2 + PXe) and the

resulting oxygen diffusion coefficient,
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Table 1-3

Oxygen Diffusion Coefficients for Fresh-Fuel Experiments
(p. "9 is strongly reduced with increasing
temperature due to the increasing fuel-
vapor pressure.)

vo
T(K) Py (bar) 0992006 12/,

-2

3000 3 -10 261

4000 8 1.57

5000 100 .18
Tabie 1-4

Oxygen Diffusion Coefficients for Irradiated-Fuel Experiments

P P + P

T (K) (bab) uo%b’r)xe pre™0 (10* n?/s)
3000 23.2 23.23 450
4000 31.0 35 431
5000 38.7 138.7 130

Since the calculation procedure required estimation of some
data, the oxygen diffusion coefficients were calculated for the 0-02
system and compared with values givea in Ref 1-22. The agreement in the
temperature region from 3000 to 5000 K is within 7%Z. The calculated
oxygen diffusion coefficients were used to calculate oxygen fluxes within

typical SPR-III-capsule designs.

1.2.3.3 Estimated Oxygen Fluxes Within SPR-III Capsules

1.2.3.3.1 Liquid-Oxide Slab Geometry

a. Gaseous Oxygen Diffusion. In one-dimensional
geometry, the diffusion flux of oxygen from the



oxide surface across the full volume to the
opposite container wall is piven by

D
0,gas Po,lurf (1.11)

1 * RT AZ

The resulting CO pressure as a function of time is then given by

PCO off * F.t% .T/vfree,
Do,;al' Py

o ,surf
Pco AZ .V (1.12)

free

Po,surf is the oxygen partial pressure at the liquid-oxide surface. The
CO-pressure buildup according to Eq (1.12) is shown in Figure 1,2-4,
Curve parameters are system temperature (3000, 4000, or 5000 K) and
diffusion atmosphere (pure U0,-vapor for fresh-fuel experiments; Xe-UO,-

atmosphere for irradiated-fuel experiments).

b. Oxygen Diffusicn in the Condensed Phase. At the
interface between liquid fuel and carbon, CO may
be generated by direct diffusion of cxygen ions
to the carbon surface, thereby creating an oxygen-
depleted zone within the oxide (Figure 1.2-5).
The maximum oxygen depletion that can occur at
the oxygen-graphite interface is given by the
metallurgical-phase boundary in the (U, Pu)=-0
system, The phase boundary can be eattnated from
existing phase diagrams to be about (0/M) b
1.5 at temperatures slightly above the me ting

point.,

In semi-infinite geometry, the solution of this diffusion
problem gives for the total number of oxygen moles n diffused out of the

liquid-oxide slab after the contact time, t:

moles
- 3 (1.,13)

The CO-pressure generation as calculated from Eq (1.13) (Pog = F o ngy
'T/vfree) is very rapid (Figure 1.2-4, curve 6)., However, in deriving
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Eq (1.13) the assumption of undisturbed contact between the liquid oxide
and the carbon surface is unrealistic due to the CO gas generated between
them. More likely, a CO-film will spread between the liquid oxide and the
graphite surface as oxygen diffusion proceeds (Figure 1.2-6). Because of
the spreading of the CO film, the contact area, the oxygen flux into the
carbon. and consequently the CO-generation will decrease with time. When
the CO {ilm is established, virtually no more CO is generated and the
liquid iayer collapses back onto the carbon. As the liquid layer

collapses, the CO is released to the free volume above the oxide layer.

107

100

PCO

ibar!

o |
o |
\Pa

tlus)

Figure 1.2-4 Calculated Maximum CO-Partial Pressure vs Time for Different
Capsule Conditions and Fuel Geometries
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Figure 1.2-5 Oxygen Diffusion in the Condensed Phase

co

Figure 1.2-6 CO Film Formed as Oxygen Diffusion Proceeds



1f the oxygen transfer to the carbon is assumed to be propor-
tional to the instantaneous contact area, the following equation results

for the relative contact area as a function of time:

= exp -

¢ Rt (B t\!/?

contact area betw. oxide and graph m 0

8= 7 (1.14)
total container bottom area P

Introduction of the appropriate numbers shows that the CO film could be
completely formed (p=0) in times shorter than 1 us, due to the high
oxygen fluxes that are required for the film to collapse, because the
forces acting on the liquid fuel are not well known at present. If
gravity were the dominant force on the liquid layer, a 0.l-mm-thick CO
film would collapse in about 4 ms. In this case the film-oscillation time
would be about 4 ms. If additional forces are acting on the oscillating
liquid-fuel layer (for instance, vapor-recoil forces due to rapid fuel
evaporation), the oscillation frequency would be higher. Since tr~ total

capsule pressure after n oscillations would be

¥ n(t)
- film
(t) Py 1 + V;::: e (1.15)

Prot,n
the CO pressure is governed by the number of oscillations n(t) and hence,
indirectly, by the mean-collapse time of the CO film. In Eq (1.15), p, is
the initial gas pressure of 10 to 15 bar, and vfilm/vfree is the ratio of
CO-film volume to total free volume in the capsule (Vg ,,./Vg oo Probably
ranges between 0.03 and 0.3). If the film-collapse times are considerably
less than | ms, an appreciable CO pressure could be generated during the

measuring times, in spite of CO-film formation.

As an example, the CO-pressure generation due to an oscillating
liquid-fuel ilayer is given in Figure 1.I-4 for the not unreasonable

figures of b * 10 bar, vfilm/vfree = 0.1 and At = 0.5 ms

oscillation
(curve 7).
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1.2.3.3.2 Liquid-Oxide Droplet Geometry

a, Introduction. A number of mechanisms may cause
dispersal of the test fuel into droplets, most of
them related to the nonuniform energy deposition.
For fresh fuel, they include:

(1) Differential thermal expansion

(2) Nonuniform vapor-recoil forces at the
evaporating-liquid surface

(3) Nonuniform vapor pressures due to
inhomogeneities in the fissile
distribution,

Irradiated fuel may be dispersed also by expanding-grain-boundary fission
gas or by other fission products with high vapor pressures and nonuni form

distribution such as Cs.

In fuel dispersal, the droplet geometry will last only for a
period of milliseconds but, because of the larger fuel-surface area, a
potential for rapid oxygen transfer exists. Therefore gaseous diffusion

fluxes were estimated for the liquid-droplet geometry.

Stability criteria show that fuel droplets of the anticipated
sizes (similar to grain sizes in experiment FD-1.6) will not be reflected
elastically from the container walls, but instead will coat the container
walls with a layer of liquid oxide, The maximum possible CO generation
during this later phase of the experiment can be estimated from curve 6 of

Figure 1.2-4, the respective curve for slab geometry.

b. Gaseous Diffusion. In a system of homogeneously
distributed liquid-fuel droplets, the oxygen
partial pressure is essentially homogeneous
inside the system (Figure 1.2-7). A significant
zero-partial-pressure gradient will -ist only
between the outer-most droplet layer .\l the
graphite surface, Therefore the linear geometry
solution as given in Eq (1.12) may be used.




2R

GRAPHITE

Figure 1.2-7 System of Homogeneously Distributed
Liquid-Fuel Droplets of Uniform Radius K4

The foliowing modifications of Eq (1.12) are made:

(1) Diffusion distance AZ is equal to the mean-
droplet distance (d) in the system.

d=2r, (@173 _

d 1)

with

Rd = droplet radius

fuel

~
1

fuel volume fraction =
total

D
sum of all droplet hal f-sphere areas (27 Rj

within the outermost layer of droplets:

(2) The effective surface for diffusion (F.) ig the
)

with OCr = crucible surface area.

(3) The free volume is expressed as Vi * Vot

. (1- @), The following equation then results for
the CO-pressure buildup due to gaseous-oxygen
diffusion:

(1.16)

(1.17)
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D , . 0 2/3
0,gas o,surf cr

e Ry Yeor (1 - @3

(1.18)

o
"

-1)

The CO pressure according to Eq (1.18) was calculated for a typical
graphite container (height 5 mm, diameter 4.9 mm) with the following

parameters:
e Droplet radius 107 m (grain size) and 1074 m

e U0, -atmosphere (fresh-fuel experiments) and U0, -Xe-atm
(irradiated-fuel experiment)

e Temperature 3000, 4000, and 5000 K

e Fuel volume ratio = 1/3

In Table 1-5 the different parameter combinations are related to the curve
numbers of Figure 1.2-4. Increase of the fuel-volume ratio to 1/2
increases all CO pressures (curves 8 to 19) by a factor of 3. Decrease of

& to 1/4 reduces all pressures by a factor of 1.7.
1.2.3.4 Conclusions. From Figure 1.2-4, a number of conclusions can be
drawn about the important oxygen-transfer mechanisms and resulting maximum

CO-generation rates.

1.2.3.4.1 Slab Geometry

a. Diffusion of gaseous oxygen from the surface of
the liquid-oxide via the above gas phase to
graphite is too slow to cause measurable CO-
pressures within times less than 10 ms (curves 1
to 5).

b. Oxygen diffusing out of liquid-oxide contacting
graphite is, in principle, rapid enough to create
significant CO pressures if the bulk fuel is
about 5000 K and if no additional resistances are
present at the oxide-graphite interface (curve
6). For oxygen diffusior, even the development
of a spreading and collapsing CO-gas film between
oxide and graphite may not prevent appreciable CO
formation in the capsule. This is because less
than 1 ps is needed for the complete formation of
a CO film (vertical lines of curve 7) and the CO
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pressure generation is therefore determined by
the film-collapse time (horizontal lines of curve

7).

Collapse times of less than 0.5 ms, as

assumed for curve 7, can result in rapid CO
pressure generation.

Table

1-5

Summary of the Investigated Oxygen Diffusion Problems

- =1 -t | b
Geometrical Oxygen i Number
Configuration of ' Diffusion Diffusion | Temperature| in Fig.

rpigg§d_?@gl _ -A“n__A"i!!EPN..._~ Atmosphere (x) $l.2-6A___

, | 3000 1
' ‘ UO2 vapor
| | 4000 2
‘Diffusion | (fresh fuel) |
lvia { | 5000 3
'gas phase | | o
| Xe=U0 4000 4
Slab mixture ¥
Geometry ~ Girr, fuel) 5000 .5
" Fuel- | Bulk fuel |
| graphite 5000 |
interface Diffusion out | i | :
undisturbed of liquid- . inter face
| oxide fuel to 3380 . 6
f’"“_-"—' ‘graphite |
' sur face ' Bulk fuel |
Spreading 5000 |
| CO-film S— |
 Interface
3380 | 7
S W B S
3000 I 8
Droplet ’
radius s _ | U0, vapor 4000 | ] i
Ry = 1077 m | ey
; 5000 10
(grain size)| TR e
. 3000 | 1 |
Xe-U0, vapor r T !
| 4000 1 |

Droplet Diffusion T SR
Geometry | via 5000 13 i
(Fig. | | gas phase 1

(1.2=2) | 3000 14

' Droplet U0, vapor | 4000 15
radius
(1000 grain) i 3000 Too small
{ Xe-UO, vapor t» 4000 17
O | <1_ | 5000 18
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However , mechanisms exist that are likely to create additional

resistances against oxygen transfer:

b.

Limited C-O-reaction kinetics

Poor oxide-graphite contact due to nonwetting and
to the porous microstructure of graphite,

Experimental results are needed to clarify the inhibiting capability of

these two mechanisms,

1.2.3.4.2 Droplet Geometry

86

Droplet geometry is estimated to exist in the
capsule only for a period cof milliseconds after
fuel dispersal occurred.

I1f the liquid fuel is dispersed in droplets with
a mean radius larger than about 1074 m, CO pres-
sures less than 10 bars due to oxygen diffusion

via the gas phase are expected during-the-period
of milliseconds after fuel dispersal (curves 14

to 18).

1f the liquid fuel gs dispersed in grain-sized
droplets (about 1077 m) or even less, CO pres-
sures significantly above 10 bars could be
possible in the ideal droplet geometry if the
outermost layer experiences temperatures between
4000 and 5000 K for several milliseconds (curves
9, 10, 13). However, in reality, not only oxygen
will be transported to the container walls but
also a several-fold amount of fuel vapor that has
a high probability of condensing on the cold
walls., Such a fuel-vapor-deposition layer, which
was detected in posttest examinations, is likely
to sup-ress oxygen transfer drastically. There-
fore gaseous oxygen diffusion is not expected to
lead to considerable CO generation.

Some milliseconds after fuel dispersal, a signifi-
cant part of the liquid fuel may coat the con-
tainer walls due to the internal-pressure gener-
ation, As in the case of undisturbed slab
geometery, the CO formation is determined by the
time for which the interface temperature is above
the fuel-melting point, Curve 6 shows that only
0.1 ms at 3380 K would be necessary to create CO
pressures above 10 bars, if additional transfer
resistances are again neglected.



In summary, with and without fuel dispersal the highest potential for
appreciable CO formation comes from liquid fuel that is
e Cecntacting graphite for more than 0.1 ms
e Maintaining a temperature of 5000 K or above

e A layer thickness of at least 0.1 mm.

To finally clarify the actual CO generation during in-pile

experiments the following additional information will be gathered:
® Experimental results about C-O-reaction kinetics

e Energy deposition and transfer as a function of
time to determine whether and how long contacting
bulk fuel is at critical temperatures of 5000 K or

above.

1.2.4 Disassembly - Timescale Fuel-Dispersal Analysis

Under prompt-burst conditions, the work potential of expanding fuel
vapor is a sensitive function of initial fuel temperature and thus of the
ability of fission-product gases to cause fuel dispersal milliseconds
before dispersal would occur from fuel-vapor pressure alone. A fuel-
disruption experiment in the FD-1 series exhibited rapid disruption prob-
ably below but near the fuel-melting temperture. This experiment (FD-1.6)
consisted of heating a single fuel pellet (including original cladding),
previously irradiated in EBR-II to 4.9 atom percent burnup, in the ACPR
with two short-power pulses. The first pulse raised the hottest parts of
the pellet to a calculated temperature of 1800 K. This temperature was
maintained within #200 K for 0.45 s befor another, larger, pulse with a
FWHM of 11 ms drove the fuel through melting. The disruption was recorded
on high-speed motion-picture film and was seen to occur 3.5 +0.5 ms before
the peak of the pulse. At disruption the heating rate was 133 K/ms (1.33
x 10° K/s) in the hottest part of the fuel.

According to calculations, at the time of disruption an axial tem-

perature gradient at a given radius exists with a peak-to-minimum ratio of
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1.22. The highest temperatures were at the ends of the pellet. The dis~-
rupted fuel appeared to come from these regions, squirting out between the
still-intact cladding and the spring-loaded end restraints. Calculations
show that the highest temperatures at the axial ends occurred at a
fractional radius of 0.6 to 0.7 with radial temperatures decreasing by

about 300 K both toward the centerline and toward the surface.

Photographic-radiometric measurements of the maximum temperature at
the surface of the expanding cloud of disrupted fuel yield, on extrapola-
tion back to disruption time, a temperature of 2700 K. Calculations using
the two-dimensional time-dependent heat-transfer program (TAC 2D) yield a
temperature of 2600 K for the hottest node at disruption time. Uncertain-
ties in measured and calculated temperatures amount to no more than +200 K
for each. Both determinations of the disruption temperature, therefore,
support the hypothesis that fuel disruption below but close to the fuel

melting point is caused by fission gas.

Throughout the period before disruption, maximum fuel temperatures
were more than 1000 K below those necessary to produce even | bar of fuel-
vapor pressure. The disruption was, therefore, induced by pressures
arising from retained fission products. The film record suggests that the
breakup produced very small particles of fuel, possibly on a granular-size

scale.

The heating transient in FD-1.6, unlike that of other experiments
in the FD-1 series, resembled a prompt burst and was not prototypic of LOF
heating conditions. Further experiments with similar heating rates are
planned for the third quarter of 1979. These experiments will explore the
sensitivity of the disruption behavior to (a) pretreatment (i.e., tempera-
ture and duration before fast heating begins, (b) heating rate after pre-

treatment, and (c¢) maximum temperatures attained.
To assist in planning experiments and to gain some insight into the
behavior demonstrated in FD-1.6, a fission gas-release code has been pro-

grammed to model transient behavior of irtragranular fission gas. The
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calculation is based on the Harwell NEFIG!=23 podel with some improve-
ments, The additional assumption is made that random migration of small

bubbles contributes to coalescence and single-gas-atom sweeping.

The model has not yet been built into a whole-pin calculation but
has been used to calculate the transient gas release in the FGR 39 experi-
ment. 24 1In this experiment, in that part of the fuel where the retained
fission-gas concentration was both high and approximately constant, a
reasonably uniform heating rate and temperature gradient were maintained
throughout the transient. Therefore, a calculation of the gas release

based on a single typical grain can represent fairly accurately the

overall response.

Assuming that the early reléase of about 10Z of the retained gas at
low temperature (about 1673 K) was unrelated to intragranular-gas
behavior, the comparison between experiment and calculation shows close
agreement (Figure 1-2.8). Considering the approximate treatment of experi-
mental conditions, this is very satisfactory and gives confidence in

applying the model to the FD-series transients.

Application of the model to the FD-1.6 experiment shows that by the
time of disruption only about 1% of the intragranular gas reaches grain
boundaries by biased migration of bubbles in a temperature gradient.
Although gas release by random migration is not included in the calcula-
tion, it will probably add no more than 1% to the above value. Under
these circumstances, it is difficult to see how the disruption behavior
can be accounted for by freshly released intergranular gas, even assuming
there is no mechanical equilibration of bubble pressure on grain bounda-
ries during such a fast transient. Grain-boundary-vacancy-diffusion cal-
culations similar to those performed by Hull and Rimmerl=25 and by Speight
and Harrisl=26 suggest grain-bubble-equilibration times of the same order

as the FD-1.6 transient time (i.e., ] to a few milliseconds).
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Figure 1.2-8 FGR39* Adjusted to Exclude Early Gas Release

Preexisting grain-boundary gas, if there is any, is not likely to
be responsible for disruption by overpressure during the transient since
heating from 1800 through 2700 K wili only increase the bubble pressure by
50%. Two possibilities for disruption remain: intragranular pressures
may disrupt grains, and/or inter- and intragranular gases may produce

rapid plastic deformation close to the melting point.

At least two criteria must be satisfied before local stresses with-
in grains can lead to transgranular fracture. The stresses must first
exceed the brittle fracture strength and, secondly, enough energy must be
available to create crack surfaces. There are large uncertainties in both
of these criteria. The brittle fracture stress of single crystal, but
very impure (4.9% burnup) UO, is not known. However, fracture surfaces in
polycrystalline UO, exhibit a mixture of intergranular and transgranular

fractures; perhaps the single-grain brittle-fracture stresses in
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irradiated UO2 are not far from the polycrystalline value of about 1 4 x
10° kN/nz (1400 bars). These stresses are easily exceeded during fast
transients in the vicinity of small intragranular bubbles, sometimes by

more than an order of magnitude.

In calculating energy requirements for transgranular fracture, some
geometric configuration of bubbles must be envisaged. The simplest config-
uration is to consider each bubble in a volume, Cb'l, where Cy is the
volume concentration of bubbles, The surface area of a disk-shaped crack
around a bubble of radius (a) is then 27 (R? - a?) with R given by about
(1/4 Cb)l/3 if the crack from one bubble is to join that from its nearest
neighbor. A comparison of this energy requirement wi_.h the work done by
gas loading is shown in Figure 1,2-9, using the calculations for FD-1.6
for different crack height openings. Although the criterion is not met,
under favorable rircumstances the gas loading is able tc¢ >ropagate cracks
30 to 50% of the distaunce required for them to join up. The elastic
strain energy in the lattice, based on values of Young's Modulus between
1.4 x 1011 N/m2 to 0.5 x 1011 N/m2 over the range of temperature of
interest, is more than an order of magnitude smaller than energy from gas
loading and cannot contribute significantly. Therefore, it appears that
some potential exists for ir*ragranular breakup. However, the same can be
said of the other transierts in the FD-1 series that did not exhibit
disruption. The heating rate in these other FD-1 experiments was about
one order of magnitude slower than in FD-1,6 (about 10 K/ms rather than

100 K/ms).

Investigation is continuing on rapid plasti. deformation near the
melting point and on the possibility of frothing or foaming once melting
has occurred. Irn addition, an intergranular gas model is being prepared
that will allow a proper examination of intergranular-bubble conditions to

be made.
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for Crack Propagation Between Intragranular Bubbles
in FD 1.6.

1.2.5 ACRR Disassembly Timescale EEOS Experiments

Because of the marginal deposition capabilities in SPR-III with
respect to both dose and profile, the irradiated-fuels EEOS experiments

are being moved to the ACRR. This shift has several advantages:
e A much better profile can be obtained
e Larger samples can be irradiated
e The timescale (902 of deposition is about 20 ms) is

typical of disassemblies and ~f the companion fuel-
dispersal studies discussed in 1.2.6, below.

A program of ACRR pressure measurements is thus currently planned for

FY80., Probably four to six experiments will be used in the first series,
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1.2.6 ACRR Disassembly Visualization Experiments

In conjunction with the FD-2 experiments, a series of high-ramp
rate disassembly visualization experimeuts will be performed in the ACRR.
The rationale for these experiments has been given in paragraphs 1.2.1
(Introduction) and in 1.2.4. Note that the heating modes will closely
resemble those of the related pressure experiments described above. In
addition, the fuel used in the two sets of experiments will be closely
matched. The FD-2 canister design can be used, once necessary changes

have been made.

1.2.7 LOF-Timescale Fuel-Disruption Phenomenology

1.2.7.1 FD-1 Experiments and Analysis

During this period, FD-1 work has moved in three directions.
These included presentation of a paper at the Brussels Conference on
Nuclear Power Reactor Safety. The paper was well received and the
experiments were referenced in the summary session as benchmark; the
results of these experiments raise potential unreso'ved questions about
the safety of advanced reactors in an LOF accident. Interested attendee.
at the Brussels Conference called for additional, improved experiments

that more closely simulate prototypical conditions.

The second and third areas of FD-1 work have been the continued
writing, as time allows, of the experiment's topical report and the LASL
postmorten of the FD-1.4, -1.7, and -1.8 fuel. The status of the LOM post~-
test examination by LASL is that the project has been set aside due to
other DOE priorities. Thus, essentially nothing more has been done in
this reporting period. LASL now has all the equipment necessary to pro-

ceed. Only manpower and hot-cell logistics are lacking.

1.2.7.2 FD-2 Experiments and Analysis

Planning of the forthcoming fuel-disruption experiment series, FD-

2, has continued. Design of the experiment double chamber and the
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internal parts of the composite apparatus has been finalized., Machine
drawings are being done for fabrication of the required 16 dual chambers.
All the compound parts and diagnostic equipment to be obtained from

outside Sandia are now on order, including the fresh uo, fuel .

The method for sampling the gases that emanate from the fuel has
been established; because of limited space two spirals of stainless-steel
tubing with remotely actuated valves will be used in place of bottles.

One spiral will be redundant.

A functional laboratory-prototype inner canister and interior com-
ponents have been assembled for design purposes and improvement efforts.
Figure 1.2-10 shows views of the can, internal parts, and a single-frame
image of the front and back of a simulated fuel rod. The new geometry
allows for simultaneous photography of the entire fuel segment (front and
rear) on one frame. Thus, with one camera the total clad and fuel disrup-
tion sequence will be as illustrated in Figure 1,2-10e, at up to 10 000
frames/s. Figure 1.2-10a shows the inner can, a thermocouple gage, a hand-
controlled valve for chamber evaluation, two remotely controlled valves,
and a centrally located window. The gas-sample "guab bottles" will be
affixed to these two valves. Attached to these valves (immediately on the
under side of the can 1id) are two additional valves identical to the

upper ones and to which are connected "sniffer probes" that reach into the
fuel region. These inside valves and probes appear in Figures 1.2-10b and
e. Two fused-silica lamps seen in Figure 1.2-10d backlight (through dif-
fusers, not shown) the fuel element seen in Figures 1.2-10b and c¢. The
optics include two calibrated half-silvered prism mirrors, two 100%Z-reflec-
ting mirrors, and a fully reflecting, front-surface, right-angle cylindri-
cal prism (Figure 1.2-10c). Each canister also includes a hal f-inch-
thick, high-quality wuprasil window. The fuel-mounting arrangement
(Figures 1.2-10b and c¢) applies axial loading to any given pellet, due to
the weight of the pellets above and the spring within the pins (PNL 9, 10,

and 11).

94






After final assemb!y and mechanical and vacuum testing, the can
(illustrated in Figure 1.2-10a), with the addition of tubing spirals, is
inserted into the outer canister (not shown). This insertion completes

the double-chamber assembly required for plutonium-bearing tests,

The neutronic and heat-transfer calculations, which have aided in
the fuel geometry determination, indicate the fuel temperature profile and
history will be nearly prototypic of an LOF-heating sequence., Those calcu-
lations are complete for the 70%-fissile atom-enriched fuel, and are under-
way for the 40% enriched fuel. For an ACRR output of 200 MW, a power
factor of 75 H/cm3 of 70%-enriched test fuel per MW of reactor output will
be used to produce fuel melting into the unrestructured fuel. The surface
temperature will be about 600 K less and the clad will melt at less than
hal fway through the neutronic pulse. A cadmium filter will attentuate the
thermal-neutron flux to produce this power factor. For the 40%-enriched
fuel, it now appears a power factor of about 125 W/cm3/Hw will be
necessary to produce the fuel temperatures, profiies, and histories

desired. These calculations are proceeding.

The question of gap-conductivity value for use in the heat-
transfer calculations, and the question of fuel contamination by Hz, Co,
and N, continue to be 'nresolved. Perhaps both questions will be answered
in FD-2: the first, by comparison of calcu’ation to experimental results:
and the second, by cutting the fuel pins in a contaminant-free environment
and then exposing one or two fuel sections to well-characterized contami-
nated gas. Comparison tests of fuel response to a known transient can
then be run. Note clearly, however, that these fuels are sintered at the
time of manufacture in a 92%-Ar plus 82-H2 atmosphere, The binder
material is a hydrocarbon. The fuel-pin assembly takes place in an N,
atmosphere, and the fuel has up to 50 ppm of carbon impurities, Because
of these facts, the contamination "problem" may not be a critical one.
However, until it is checked out the problem must be treated as

potentially serious,
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1.2.8 FISCAS Development

The FISCAS code has been used to calculate the fission-gas-release
rates for HEDL test FGR 35.1"24 The FGR (fission-gas-release) test series
is designea to provide data on the release rate ot fission gas from
irradiated mixed-oxide fuel heated by a transient. In these tests, short
segments of irradiated fuel are heated externally by an electrically
heated tungsten tube surrounding the fuel. The released gas is
contaminated with impurities such as nitrogen. In later experiments in
the FGR series, an on-line mass spectrometer is used to separate out the
amount of fission gas from the released gas. Thus, the FGR 39 test
provides accurate data on the gas-release rate. Earlier data from test
FGR 15, for example, is rot reliable because of the large amount of

indistinguishable contaminants.

The FISGAS calculation assumed a xenon-gas concentration of 1.7 x
1020 atoms/cm3 in the unrestructured fuel from a radius of 0.1675 cm to
the fuel surface. The remainder of the fuel was assumed to be devoid of
gas. This distribution 1s an approximation to the recommenaation of

Randklev.1-27

Th~ calculations are compared to the data in Figure 1.2-11; clearly
there is a substantial discrepancy. The results of FRAS2-type modeling is
also shown in the figure. Even without gas hcldup on the grain boundaries
there is a serious discrepancy with the gas-release data. While the large
gas relese in FGR 39 at 1673 K may be questioned, the higher temperature
data shows no anomalous sudden release. Between 1673 and 2273 K an
additional 10. of the gas is released in the experiment. However, the
FRAS2-type calculation yields only 2% release. For gas releases of up to
75% in the experiment, FRAS2 underpredicts release by a factor of 5 or
more. Since FISGAS provides an additional gas hold-up region (the grain
boundary), it must predict less gas release than FRAS2. The source of the
discrepancy in gas release between FISGAS and the experiment is the treat-
ment of intragranular gas migration and release. Perhaps the difficulty
lies in the rate constants for gas migration, or it may be the incorrect

modeling of the intragranular gas-release mechanism.
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2. FUEL DYNAMICS

2.1 TRANSITION PHASE (S. W. Eisenhawer, 4422: D. 0. Lee, 4721;
M. L. Corradini, 5511; F. Gonzalez, 4422)

2.1.1 1Introduction

Foliowing the loss of initial geometry in a core-disruptive
accident, and assuming that neither early shutdown nor rapid hydrodynamic
disassembly takes place, the accident enters the transition phase. At
this point, one or a number of subassemblies have melted down and radial
propagation takes p'ace as subassembly hexcans are melted through. The
progression of the transition phase may strongly affect the severity of
the accident, and it is therefore important to understand in detail the
phenomena associated with this accident stage. 1In particular, several key
questirns need to be answered. First, in the early stages of the accident
is the fuel dispersive; that is, how far can the molten-core material and
fission-gas mixture move axially before it freezes? Secondly, if block-
ages form and the core is bottled up, what is its configuration--does it
remain boiled up, or does the pool collapse followed by the occurrence of
a recriticality? Answers to these questions depend upon resolving the
uncertainties in transition-phase phenomenology. Work at Sandia is
directed toward the mechanics of fuel-blockage formation and boiling-pool
behavior. Both analytic and experimental studies are included in this
effort. Activities during the reporting period were concentrated in two
areas: cortinuation of the liquid-liquid ablation experiments using
Refrigerant-11 (R-11) and ice, an. an initial attempt to model the heat-

transfer mechanism observed in these tests.

2.1.2 Liquid-Liquid Ablation - Experimental Work

Fuel penetration into the upper axial blanket and fission-gas-
plenum regions of the reactor is controlled by the energy-exchange process

between the flowing fuel and the solid steel-cladding and subassembly
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walls. The heat-transfer rates can be affected by tour distinct
phenomena: (1) fuel freezing and subsequent crust behavior; (2) solid
steel melting and possible entrainment into the fuel, referred to here as
liquid-liquid ablation; (3) slurry freezing of the fuel; and (4) liquid
fuel-sodium coolant interaction effects on the fuel freezing process. A
detailed discussion of these four aspects of the streaming and freezing
sequence and their relative importance was given in an earlier quarterly
report.z"l The experiments currently in progress are designed to
investigate the physics associated with the second phenomenon of solid
wall melting and possible entraimrent. This particular heat-transfer
mechanism is postulated to occur during fuel streaming after the removal
of the initial frozen-fuel crust, and assuming negligible fuel-crust

re. "wal.

As noted above, the experiments use R-11 flowing through an ice
pipe to study the heat transfer between a melting wall and a turbulently
flowing liquid. This refrigeranrt was chcsen so that it would not freeze
upon contact with the ice, thereby eliminating the freezing process and
isolating the behavior of the melting wall. The R-l1 and “20 are
immiscible and have a similar density ratio (PR/Pw = 1.47) as the fuel-
steel system (1,3). The experiment is conducted at Reynold's numbers
representative of the fuel-streaming sequence (2 x 10% < Re <10°). Note
that R-11 and water are not intended to simulate directly the
U0,/stainless-steel pair. The approach has been to include (to the
extend possible) the important proverties of the system while concentra-

ting upon the underlying phenomenology.

2.1.2.1 Experimental Apparatus and Procedure

Figure 2.1-1 shows a schematic of the test rig. A detailed

description of the apparatus has been given in an earlier quart:erly;z.2
only a brief review is given here. The principal components are the
system pressurizer and accumulator, supply reservoir, ice oipe, control

valves, and associated instrumentation.
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Figure 2.1-1 Schematic of Liquid-Liquid Ablation Experiment Apparatus

During operation, the system is pressurized using a high-pressure
nitrogen tank. This tank is connccted to a 12-L accumulator used to
ensure constant flow during a test. The supply reservoir and all of the
critical system piping is made of stainless steel. This allows for the
future use of high-temperature or corrosive materials. The reservoir has
a useful capacity of approximately 30-L and is currently pressure rated at
6.8 atm (100 psi or 0.68 MPa). The supply reservoir and the inlet section

are equipped with heat tape for operation at elevated temperatures.

The ice pipe (Figure 2.1-2) has an outer diameter of 10.2 cm and
a nominal internal diameter of 0.6 or 1.3 cm. Two different lengths (31
and 85 cm) have been used in the present tests. 7ihe pipe is formed by

pouring distilled water into a plexiglas mold. Cold ethylene glycol
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(233 K, - 40°C) flows in a copper tube that passes through the center of
the mold and is removed after freezing to form the internal channel. In
some cases, high-speed motion pictures are taken during the experiments.
For this reason every effort is made to produce ice pipes that are
optically clear. 1In addition, to imprcve visual observation of the two
fluids, the refrigerant is dyed red and the melting ice dyed blue. The
water-soluble blue dye is inserted at axial points along the ice-pipe
length by means of dye sticks frozen in place. Single frames from the
high-speed motion pictures (taken at 200 frames/s) will be shown and

discussed below.
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Figure 2.1-2 Observed Meiting Pattern During
Liquid-Liquid Ablation Experiments
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In operation, flow through the ice pipe is controlled by three
solenoid valves: one upstream and t 40 downstream from the ice pipe.
Sequencing of the valves is dctermined by operation of two timers. At the
start of a test run, following a 5-s delay to allow recording of the pre-
test conditions, the inlet and one of the outlet valves opens. During

this period the outlet flow goes iuto catch basin No. 1. Following a
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preset interval, the two outlet valves re-sequence and flow passes into
the second basin. The experiment continues until a second timer limit 1s

exceeded and the inlet valve closes.

Instrumentation consists of thermocouples, pressure transducers,
an inlet flowmeter, and load cells on the outlet catch basins. The thermo-
couples (Type K) are located in the supply reservoir, at the inlet and
outlet of the ice pipe, and in the ice pipe itself. The thermocouples in
the ice pipe are passed through fittings in the plexiglas pipe and are
positioned at various depths in the ice. Several of the thermocouples at
different axial locations are positioned so that they are in immediate
contact with the flowing refrigerant; these are used to measure the axial
temperature distribution. Pressure transducers are located at the inlet

and outlet of the test section.

The inlet flowmeter (Brooks Model 4021B) is a positive-
displacement flowmeter designed for operation at low-flow rates. Thi.
flowmeter is very accurate and, in conjunction with the two load cells
mounted on the catch basin, permits a precise determination of the inlet
refrigerant flow rate and the total flow rate. For all tests conducted,
the mass flow rate is kept constant by using a high-driving pressure and
throttling at the test-section outlet. This result is verified by the
flowmeter output and the constant slope of the load-cell output voltages
throughout a test. In addition, the amount of ice melted is determined by
measuring the amount of water collectea in the downstream basins at the

end of each test.

Following appropriate amplification and filtering, the transGaucer
signals are recorded on two l4-track FM tape recorders. At a later time
the signals are reproduced on a strip chart recorder and analyzed. A
system is also available to digitize the data for further analysis on the

Sandia computing system.
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2.1.2.2 Visual Observation of the Melting Process
2-3

In the previous quarterly a discussion of the phenomena
observed visually during the melting process was given. That discussion
is continued here. In addition, single frames from the high-speed motion
pictures will now be presented. The test parameters for the experiments

discussed below are given in Table 2-1.

Table 2-1

TEST DA:A FOR EXPERIMENTS DESCRIBED IN THIS QUARTERLY

Length Mameter Temperature - °C R-11 Mass Flow
___Test No. Orientation (mm) {mm ) Inlet Ice (kgls)
1IVD-004-1/4 Vertical, Downflow 310 6.4 25 -3 0.087
3IVU-005-1/4 Vertical, Upflow 310 6.4 24.5 -6 0.062
1IH0O-006~1/4 Horizontal 310 6.4 25 -7 0.088

B5VU-001-1/4 Vertiral!, Upflow B50 6.4 2.5 -6 0.097

The flow development is shown in three stages in Figure 2.1-3.
Figure 2.1-3a shows the ice pipe just before the flow begins. The 0.6-cm
internal channel is clearly visible as are the dye sticks and thermo-
couples. Figure 2.!-3b *he situation 2.15 s after flow ir iation.
The R-11, dyed red as p. rusly noted, is flowing horizontally left
to right. A slight bulge is visible at the brass inlet nipple which
extends approximately | cm into the ice pipe. Also visible are irregulari-
ties at the upper edge of the flow channel. These irregularities are
interfacial waves formed at the intzrface between the R-11 and a layer of
water at the channel wall. The ex‘stence of this water film strongly
affects the heat transfer and will be discussed in detail below. The
behavior of the interfacial waves will also be examined. Figure 2.1-3c is
taken from the motion picture | min after the flow begins. The inlet
section now exhibits the characteristic bell shape seen in all the tests.
Beyond this region, which extends approximately 10 cm, the variation of .
diameter with axial position is seen to be quite small. This effect

arises from the presence of the water film at the wall.
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A primary concern in the early experiments has been to identify
the effect of flow orientation on the behavior of the interfacial waves
and the heat transfer to the wall, This concern stems from the fact that
in a multicomponent or multiphase flow, the gravitational or buoyant force
can be very important. That is, in the R-ll/H20 system, the difference in
density affects both the radial distribution of the water film and the net

force exerted on it.

The variation of film thickness in horizontal flow as a result of
the net-buoyant force on the water is visible in Figure 2.1-5. These
frames show the flow near the outlet in TEST 31HO-006-1/4. At the top of
the flow channel and in Figure 2.1-5b the actual film thickness is
visible. The film also exists at the bottom; however, it is much thinner.
For this reason, the melting process occurs preferentially in the downward
direction. This effect can be seen in Figure 2.1-3¢c. The motion pictures
indicate that the water in the film has a vertical velocity component that
produces a net transport of mass within the film to the top of the

channel.

The total net force on the film in the direction of flow is a
major factor affecting the film thickness and interfacial phenomena. The
film thickness depends upon two processes discussed in detail in Section
2.1.3. However, a brief qualitative description is given here in conjunc-
tion with the visual observations. The first of the two processes is the
vate at which ice melts and enters the film. This rate is inversely pro-
portional to the film thickness. On the other hand, the axial transport
of water depends upon the net force exerted in the film. The components
of this force are the interfacial shear in the direction of flow, the wall
shear opposing the flow, and the body force arising from the difference in

density between R-1l and water. This force is always directed upward.
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Vn'm (2.1)

wher2 Pp is the R-11 density. The interfacial shear stress is roughly

i= f —— (2.2)

where the friction factor, f, can be quite large due to interfacial waves
(see Seztion 2.1.3). Acc.rdingly, the interfacial shear drops (T, p4
at constant f) and, for a particular flow rate, the buoyant force may

equal or exceed the shear force.

The onset of this condition is shown in Figure 2.1-6 (TEST 31VD-
004=1/4). Very large waves can be seen at the core-film interface. The
direction of flow in the film is still downward; however, the velocity is
quite low. The amplitude of the large waves is on the order of 0.2D. It
can also be seen that the large waves tend to overtake the smaller ones.
This behavior is consistent with that seen in gas-liquid annular flow. Al-
though not shown here, flow reversal could be easily initiated at this

point by decreasing slightly the R-11 flow rate.

2,1.2.3 Experimental Heat-Transfer Measurements

Quantitative results from the experiments include refrigerant and
ice-pipe temperatures, refrigerant-mass-flow rate, and the ice pipe
diameters as functions of the axial distances and times measured from the
motion pictures. Although inlet- and outlet-pressure measurements were
taken during the tests, no attempt was made to deduce the interfacial
shear stress (Ti) between the water and refrigerant. Future experiments
will attempt to implant pressure taps at the inlet and outlet in the ice

pipe itself to accurately measure 7.
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Table 2-2

Nomenclature for Section 2.1-2

Description
Specific heat

Diameter of ice pipe

Initial diameter of ice pipe
Acceleration of gravity
Heat-transfer coefficient
Thermal conductivity

Length of ice pipe

Heat of fusion of ice
Mass-flow rate

Pressure

Reynolds number

Temperature

Time

Velocity

Weber number

Radial dimension

Axial dimension

Water-film thickness

Flow of water per unit width

Wavelength

Taylor instability critical wavelength

Viscosity

Density
Interfacial shear stress
Surface tension
Experimental value
Ice value

Irlet value
Melting value
Outlet alue
Refrigerant value
Water v: lue

Spatial avercge






Figure 2.1-7 illustrates a typical temperature trace for an exper-
iment. The most interesting result is that the refrigerant temperature
difference is essentially constant throughout the transient tests. This
behavior is seen at the outlet and with thermocouples that were imbedded
in the ice pipe and entered the reirigerant flow as the pipe melted. To
understand the implication of this unexpected result, consider a simple

macroscopic energy balance on the ice pipe,

o C (TR. -8 )-(h)n’DL(TR - TM), (2.3)
PR 1 out avg
where:
C _ S .
PR Specific heat of R-11
Ta = R~11 temperature

L = ice-pipe length
T

= melting point of ice,

the subscripts "i", "out", and "avg" denote inlet, outlet, and average
conditions, and where the brackets on the heat transfer coefficient (h)

denote a spatial average. The average refrigersnt temperature can be

given by
TRi ' TRout
’r B ee— (2.4)
R
avg 2
where:
sub 1 = inlet

sub out = outlet
sub avg = average conditions
h = heat-transfer coefficient

<> = a spatial average on h
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A Nusselt number defined as

me 2 —-K-R— » (2-5)
can be solved for in Eq (2.3). The result is,
"aCPR (", " )
Nu = 1 out (2.6)
e | - T
Ri Rout
K_7L - T

R 2 M

So far a constant inlet refrigerant temperature, refrigerant flow rate,
and for the observed constant diffcrential temperature, this Nusselt
number is essentially constant throughout the test, Another useful way ol
looking at this is to write the equation for the temperature distribution

in the refrigerant, That is,

r - ~<h>TDL
TR(L) - Tm (TR(O; T") exp <‘H T ) (2.7)
R P
R
which can be rearranged to yield
b T S [ ACATEE 3
< Nu>= T - | (2.8)
e RO,

Hence, the Nusselt number can be readily determined from a semilog plot of
temperature versus distance, Figure 2.1-8 shows such a plot for a test in
upward vertical flow., The slope of the line in such a plot varies only
slightiy with time, These results are further indications that the

laminar water-film flow controls the energy-exchange process, If the heat-
transfer rate were governed by the turbulent refrigerant flow, then the
Nusselt number (Nu,) would be a strong function of the Reynolds number

(Rep) (Nux Re*8), Thus, as the pipe melts, the diameter increases and
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for a constant mass flow rate, the Reynolds number decreases inversely.
Typically, a factor of 3 increase in the diameter decreases Rep by 3 and
would suggest a decrease in Nu, by 2.5. This was not experimentally
observed. Observe that in both of the methods of determining Nu, outlined
above, it is unnecessary to know the actual diameter at ary time. This is

particularly useful in tests such as these where the flow geometry is time-

dependent.
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Figure 2.1-7 Typical Temperature Trace for an Experiment
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Figure 2.1-8 Semilog Plot of Temperature vs
Distance for a Test in Upward Vertical Flow
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The Nusselt number is dependent upon the length of the pipe as Eq
(2.4) indicates. For the short pipe (31 cm), the Nusselt numbers lie in
the range 215<Nue < 260, and for the long pipe 120 < Nu, <160. There
can be two possible reasons for this result:
a. The fractional length of the ice pipe in the
entrance region is decreased as the total length is
increased; therefore, the enhanced heat transfer in

this zone has less of an effect on the overall
Nusselt number.

b. As the pipe length increases the temperature
difference in the new length is l.wer and the
driving potential for energy transfer is lower;
thus, the overall Nusselt number for the longer
length decreases.

To reiterate, there are two main observations to make about the
test results: (a) the rate of ice-pipe meltout is quite slow at any fixed
axial distance, slightly more than doubling its original size during the
test; and (b) for any fixed time, the difference of the ice pipe's
diameter change at different axial distances is small. The first experi-
mental observation indicates a quasi-steady melting process and the second
indicates the ice pipe meltout rate is a weak function of the axial

distance.

During the next quarter an extensive series of tests in upward
vertical flow is planned. The purpose of this series is to investigate
the functional dependence of the Nusselt number on the flow conditions and
to compare the experimental data with the heat-transfer model outlined in

the next section.

2.1.3 Preliminary Analysis of the Ice-Melting Experiment

The two-fluid melting experiment has exhibited two significant
characteristics that were not expected: (a) there is no water-film
entrainment into the turbulent flow of the refrigerant; (b) the refrig-
erant temperature difference across the ice pipe remains essentially con-
stant throughout the test for a constant mass-flow rate, giving a nearly

constant Nusselt number. Preliminary calculations indicate that past
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annular gas-liquid correlations do not predict this lack of entrainment
and thus future isothermal liquid-liquid annular flow experiments are
planned to understand the phenomenon of liquid entrainment. There are two
characteristics of the melting process that were analytically dealt with:
(a) given this lack of water entrainment and the inlet refrigerant condi-
tions, prediction of the temperature distribution of the refrigerant flow
in the ice pipe is desirable; and (b) it is necessary to predict the melt-

ing rate of the ice pipe.

To predict the refrigerant's temperature distribution and the melt-
ing rate of the ice pipe, a simple heat-transfer model was developed
assuming that the water film controls the energy-exchange process. The
refrigerant flow is turbulent and is characterized by an average velocity
and temperature at every axial distance (z) and time (t). In addition to

this physical characterization, the following assumptions are made:

a. The flowing water film is not entrained in the
refrigerant flow and is assumed to be fully developed
both hydrodynamically and thermally. This assumption
essentially neglects the entrance region effect.

b. The water film thickness () has been visually
observed as small compared to the ice pipe diameter _
and, therefore, curvature effects are neglected.

¢. The thermophysical properties of the refrigerant and
water are assumed constant. This approximation is
valid because the temperature differences are small
in these tests.

d. The ice pipe melting phenomenon is assumed to be
quasi-steady. In other words, the melting rate of
the ice pipe 1s much slower than the transit time of
the refrigerant through the ice pipe. Therefore, a
temperature distribution in the refrigerant can be
determined based on a steady-state analysis for a
given time; then the ice-pipe diameter change is
evaluated separately,

2.1.3.1 Quasi-Steady Refrigerant Temperature Distribution

The physical picture of the water-refrigeran: system is given in

Figure 2.1-9,
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Figrre 2.1-9 Physical Picture of the Water-Refrigerant System

The axial-momentum equation for the water film is expressed as,

alv

z d
“dxz -‘-jso(%-Pw)g, (2.9)

where for the case of horizontal flow, the term (PR - ph)z is zero.
Additional nomenclature for equations presented in 2.1.3 appears in Table

2-2. The boundary conditions are:

® Pout 2L (2.10a)

P *® Pipa2=0 (2.10b)

V, = 0@x=0 (2.10¢)
A1

T = *P;:@x-a (2.10d)

The shear stress at the interface, T, is not known a priori; therefore,

i
two models are used in the analysis as suggested by Collier?™® for annular

flow,
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<V
7, = 0.005 (1 + 300 %) Tt (2.11a)
.2
2 M
4 2%y
= 0.005 (1 +3002) @ ——
D
R
or
2 .2
p <V _> 2 M
T, = 0,005 —eit o 2:003 (4)" R (2.11b)
i 2 2 L 4
s

The first model was originally developed by wallis?™> for air-water
annular flow where the interface is very wavy. Collier suggests that it
is valid for Re,2 500. The second model is used for annular flow when
the interface is nearly smoot: Collier suggests its applicability to be
Re  <100. The water-film R ..lds number in Sandia's experiments are
between these Reynolds numi.c limits; thus both models are applied
separately. If the differential equation is integrated twice and the

constants solved for, the velocity is given by

p - P 2 2 T.§
- | _out in _ <) X 2x 1 X
Y [ T " pw)g] T [('6') 5] YR ('F) (2:1%)

and the average velocity is

<V,>=1/3 p°“‘-p‘“4 (P, = P) ifié (2.13)
z R R wWeERtI - » v

Now the term (AP/L) can be related to the shear scress by an overall force

balance on the ice pipe,
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e .4 (2.14)
and thus<V,> is
T,
<V,>= (Pp = P %& + -ﬁ: (6 + %6(%)) (2.15)
This expression can be approximated by
<V,>= (Pp = P §-3-2- + % (2.16)

because O/D £0.1 and thus the third term is negligible. One further
approximation is to neglect the buoyant force in Eq (2.16) for high-

refrigerant velocities giving

"
i
<:Vz:>ﬂ i (2.17)

Depending on the model for v;, the total water-mass flow rate per unit

width (T) is

P 62

P V.52
. . 8y RTRT
Te Aadi> = == [o.oos (14300 3) — ] (2.18a)

2
b8 P
- _L[I,séL‘f_]
D 2

for Eq (2.11a) or

2 2
P 8" [ 0.005 Poety>”

b 2
L

(2.18b)

I'=

for Eq (2.11b).



A simple energy balance for the water film can be made, like that
of ﬂullelt,2'6 equating the energy transferred across the interface ia an
increment (dz) to the energy required to raise the ice mass (dI') to its
melting temperature, melt it, and raise it to bulk temperature of the

flowing water film. This is expressed by,

dT

K, 3 i - dr[L $ 3 C (T = T ¢ C (T, - Txﬂ (2.19)

x=5

where the term, 1/3 (Tp - Ty) presents the bulk temperature difference of
the water (Tyb - TH). This is found by assuming a linear water-film

termperature profile

X
Tw TH + (TR - TH) 5 (2.20)

and solving for the bulk temperature

1 0 ,
(T,p = T,) = <—v5j; dx v (x) (T, - T,) (x) (2.21)

The temperature gradient (dT/dx) at the film interference in Eq (2.19) is
found by differentiating Eg (2.20) and substituting it into Eq (2.19).
Finally, the term dI' is found by differentiating Eq (2.18) and
substituting into Eq (2.19). The unknown quantity in Eq (2.19) is now the
water-film thickness (8) and can be solved for by integrating from the
entrance of the ice pipe (z = 0 where 8= 0) to any distance (z). If it
is assumed that the variance of the refrigerant temperature with the axial

distance is not large, the differential equation can be integrated giving

1/4 .
4 (T, - T,) 2z
8(s) = T "2 (2.22a)
1.5V P
1 Cr> "R
I I
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for v, given by Eq (2.11a) and
1

, (1, - 1) 2 |13
- 5(z) = 7 (2.22b)
1 0.005 0R<VR>
g L
W 2p
for f'i given by Eq (2.11b)
where
L=L+1/3 CP (TR-TH) +CPI (TH—TI) (2.23)

The local heat-transfer coefficient (h(z)) is definod as

h(z) - Kw/ﬁ (2.24)

and the overall heat-transfer coefficient is given as

1 L
(h)'[--" dz h(z) . (2.25)

o

Given these expressions for the heat-transfer coefficient, the
temperature distribution in the refrigerant can be found by an energy

balance on the refrigerant flow,

—HRCPR d’l‘R = h(z)aD (TR (z) - TH) dz : (2.26)

To a first approximation: if the diameter is not a strong function of the
axial distance (z) and h(z) is approximated by <h>, this expression can be

analytically integratad from the inlet to any z, giving

i ChonDz

Co,

TR(z) -l ™ [TR (z =0) - TH] axp (2.27)
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A more accurate temperature profile can be found if h(z) is used but the

result is not significantly changed.

2.1.3.2 Ice-Pipe Melting Rate and Diameter Change

The melting rate of the ice pipe and the associated diameter

change can be found by forming a mass balance on the ice pipe,

d(pn/2) _
p"[ h dz — ﬂbﬂD(Vz)dG (2.28)
Rearranging,
l/zd_D.fi. d_b (2.29)
dt PwI <Vz> dz

Now d8/dz can be found by differentiating Eq (2.22a) or (2.22b) and
substituting into Eq (2.29). If the approximation is made that the
temperature at the interface does not change substantially with time, then

the equation can be analytically integrated to give,

2
3/4 0.005 4\ *.211/4
9/4  9/4 _ 9t bk (Tp = Ty Py 3 (F) R
D _Do = 1.7_[; 1 p p (2.303)
8z Ip,L W RHw
1
for T, given by Eq (2.11a) and
w (1. - 13 o [o.005 3)2 2173
73 7/3 1t w g~ Ty W 7w M
e T 1 | —53 (2.30b)
92z ZﬂhL HI R W

for T, given by Eq (2.11b).



Equation (2-22) through (2-25), (2-27) and (2-30) are used to
predict the temperature distribution in the refrigerant, the heat-transfer
coefficient, and ice-pipe diameter as a function of the axial distance and
time. Because they are decoupled, the heat-transfer coefficient and tem-
perature distribution cen be solved separately from the dimmeter change.
Finally, two points slould be noted about the approximations made:

a. The diameter's dependence on the axial distance is

slight (D~ 21’9 or zf77); therefore, its effect on

the heat-transfer coefficient will be small as time
progresses.,

b. The heat-transfer coefficient is a function of the
local temperature difference (To(z) - T,) to the
1/4 or 1/3 power; thus a reascnable approximation
is provided by assuming that the heat-transfer
coefficient is independent of the axial distance.

2.1.3.3 Discussion

The simple model described in the previous section was used to
predict the experimental results. Some of the results are given in
Figures 2.1-10, 2.1-11, and 2.1-12. "he parameters that has the major
impact on the results is the model for the inlerfacial shear stress (Ti).
If the model for the shear stress overestimates the experimental value,
this increases the force driving the water-film flow, and decreases the
thickness of the film (§) at any given axial distance. This, in turn,
would increase the heat-transfer rate to the ice pipe, lowering the
temp-rature of the refrigerant above experimental values and overestima-
*ing the melt rate of the ice pipe. The opposite effect occurs if the
sheer stress underestimates the interfacial shear in the experiment. The
shear-stress model of Wallis?™> given by Eq (2.11a) seems to overestimate
the shear stress as Figures 2.1-10 and 2.1-11 indicate. The refrigerant-
temperature distribution is below that measured in the experiments,
indicating the predicted film thickness is small (§/D ~0.01). Also,
because the heat rate is predic*ed to be higher than in the experiment,

the ice-pipe-diameter change is overestimated.
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If the model for T, given by Eq (2.11b) is used, the agreement
with all the experimental results is much better as Figures 2.1~10, Z.1+
1i, and 2,1-12 indicate. Even though the agreement is superior to the
previous model, the tendency of the analysis is still to overpredict the
heat-transfer rate and, thereby, slightly overestimate the refrigerant's

temperature difference across the pipe and pipe's diameter change.

The di.dgreement may be due to two possible effects: (a) the
constant-temperature boundary condition at the water-refrigerant inter face
may he unrealistically optimistic; and (b) the models used for interfacial
shear stress in a gas-liquid system may not be applicable in the liquid-
liquid system, Correction of the first possible source of error requires
that the turbulent-refrigerant flow fiel' be coupled to the flowing
laminar water film., This has been done by Boley2-7 for a hot fluid
flowing into a solid pipe made up of the same material in laminar flow.

However, it may prove quite difficult for a two-fluid system, and may not
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be the dominant error. This second possible error may be another reason

for the observed lack of agreement. When Wallis' model for 7, is used,

i
temperature~-distribution and diameter-change profiles as a function of
time are closer to the observed experimental behavior although the magni-
tude of the results indicates an overestimate of the heat-transfer rate.

Conversely, when the other r; model is used, the magnitude of the temper-

ature distribution and dilne:er change are closer to the experiment,
although the profiles of these quantities as a function of time are not in
as good agreement. This would suggest that a different functional rela-
tionship for T; in a liquid-liquid system is appropriate. To examine this
possibility, experiments are being planned to measure the interfacial
shear stress in a liquid-liquid system. Past work in this area?™8.9,10
has not indicated a useful model for Tie

The final observation is that the heat-transfer model exhibits
the same general trend as the experiment; the overall Nusselt number
defined by Eq (2.3) is constant with time. This can be seen by forming
the product (h)D: For example, the overall heat-transfer coefficient
using v; in Eq (2.11a) indicates that (hye p=3/4, Therefore, the product
(ChDD) is 3 weak function of the diameter (D"!/%4) and thus a doubling of
the diameter, which occurs during the experiment, only changes the Nusselt

number by 18%, which is small,

2.2 Initial and Extended Fuel Motion (IEFM) (L.M. Choate, 4423;
R.S. Howard, 1136; R.W. Ostensen, 4425; J.L. Portugal, 4425;
K.0. Reil, 4423; D.J. Sasmor, 4453; W.H. Sullivan, 4426; S.A. Wright,
4426; M.F. Young, 4425)

2:2:) Effroduction

Phenomenological investigations are being conducted in transient
overpower (TOP), loss-of-flow (LOF), and LOF-driven-TOP advanced reactor-
accident sequences. To support ac-ident analysis, detailed phenomena
associated with core disruption must be identified and modeled. These
phenomena include fuel motion inside the clad prior to failure, axial fucl-

failure location, mode of cladding-failure, fuel-disruption modes, rate of



dispersal, fuel plateout, and extended fuel motion into the blanket (poten-

tial for blockage).

Current activities in the program are directed toward planning for
up to 19-pin preirradiated fuel tests in the ACRR and participation in the
NRC international-exchange program ~n CABRI through preanalysis of A and B
series tests (TOP and LOF-driven TOP, respectively) with single-pin geome-
tries and fresh fuel. Some reactor safety tests may be reduired that
involve larger bundle sizes and full-length pins. Facilities in which to
conduct these tests are therefore being evaluated on a continuous basis.
Work on LOF and TOP accidents has been done in the DOE program at TREAT
and will continue in the TREAT Upgrade. This program will be coordinated
with the DOE program in ovder to take the maximum advantage of the avail-

able data.

The test planned for the ACRR will require an in-pile flowing-
sodium system, high-power operating modes in the reactor, preirradiated
fuel, hot-fuel handling facilities, and a high-resolution fuel-motion-
diagnostics system. The fuel-motion system has been completed and will be
installed in the ACRR tank early in 1979. The capability of the ACRR to
operate in high-power modes has been established and will be available
late in 1979. Work on the design and development of a flowing-sodium
system has begun and will continue through 1979. The availability of the

loop is the item that determines the pace of the IEFM-program work.

2.2.2 In-Pile Flowing-Sodium System for ACRR

The conceptual design of the interim in-pile flowing-sodium loop is
continuing. This loop will be used in TOP, LOF, and PBE tvpe tests cf up
to seven fresh U0, pins and possibly one preirradiatead mixed-oxide pin,
and will serve as a forerunner of a more advanced loop to be used in
similar preirradiated fuel tests of up to 19 pins. Emphasis thus far has
been directed at reviewing the scope of the experimental program with
related test requirements as well as assessing various design criteria

relating to those requirements.
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Closely coupled to the design of the sodium loop are the con-
straints imposed upon the sodium environmeut relative to coné ting "proto-
typic" experiments. The sodium~flow volumes necessary to provi'e a rate
of flow sufficient to accommodate the test of intercst are particularly
important to loop design. An analysis was performed to estimate these
requirements relative to the classes of experiments to be performed within

the IEFM program and the number of test pins involved,

Flow areas can be found by enclosing the pin bundle in an hexagonal
can, introducing flutes, and rounding the hex corners to reduce the excess
flow area on the pariphery. Table 2-3 lists the relevant flow areas.
These areas are based on a CRBR core with 0.23-in. OD pins and 0.056-in.
OD wire wraps. Fluting reduces the flow area by about 15% for a 19-pin
bundle, Going from a 7-pin bundle to a 19-pin bundle raises the flow
area, and thus the ultimate sodium-supply requirements, by a factor of

2.4.

Table 2-3

Flow Areas for In-Pile Tests (cm?)

No. Pins Hex Fluted CRBR Fluted/CRBR
1 -~ 0.309 0.173 1.79
7 1.930 1.593 1.212 1.31
19 4.529 3.915 3.288 1.19

To determine the volume of sodium needed for the tests, the areas
in Table 2-3 are multiylied by the flow rates (610 cm/s for TOP condi-
tions, full flow; 122 cm/s for LOF conditions, 20% flow) and the flow
times. Flow times are listed in Table 2-4. Here, 5 s are allowed for the
flow to be brought up to speed and stabilized prior to reactor start (this
time is highly speculative). Because the tests are so short, allowing
much more than 5 s for flow startup can force the needed sodium volume to
much higher amounts. For all tests, a 2-s posttest-flow reserve is

provided. This reserve can also be used to check the test section for the
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degree of posttest blockage. Because their sodium requirements are
relatively small, the test-flow times for LOF and LOF-driven-TOPS are
somewhat generous. The total flow times in Table 2-4 appear to be

reasonable minimum-flow-time requirements for the specified in-pile tests,

Table 2-4

Flow Times for In-Pile Tests (s)

Flow Reserve or

Stabilize Test Posttest Total
LOF 5 13 2 20
LOF-driven-TOP 5 8 2 15
PBE (LOF) 5 5 2 12
PBE (TOP) 5 5 2 12
TOP-1 5 5 2 12
TOP-2 5 9 2 16

By combining the flow velocities, areas and times, the sodium vol-
umes in Table 2-5 are found. 1If a tank-to-tank transfer system i» used
with one or both tanks in the ACRR glory hole, then the tanks are limited
to about 6 in. diameter. The tank heights needed to hold the required

sodium volumes are given in Table 2-6,

Table 2-5

Total Sodium-Flow Volume for In-Pile Tests (liters) (fluted area)

1-pin J-pin 19-pin

LOF % b 3.89 9.55
LOF-driven-TOP 0.57 2.92 7.16
PBE (LOF) 0.45 2.33 5.73
PBE (10P) 2.26 11.66 28.66
TOP-1 3.02 15.55 38.21
TOP-2
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Table 2-6

Tank Height (ft) to Hold Sodium in the Liory Hole (fluted area)

l-pin 7-pin 19-pin

LOF 0.14 0.70 1.7
LOF-driven-TOP 0.10 0.53 1,3
PBE (LOF) 0.08 0.42 1.0
PBE (TOP) 0.41 2.1 - B
TOP-1 0.41 - {9 5.2
TOP-2 0.54 2.8 6.9

For LOF flow rates, 19-pin tests can be easily performed with a
tank-to-tank sodium-transfer system fitting in an integral package in the
ACRR glory hole. However, TOP flow rates (i.e., full flow) bring this
approach into question for a 19-pin bundle. For a TOP-2 test, with both
supply and receiver tanks in the test package, total tank height is 14 ft.
Add 6 ft for test leugth and 5 ft for gas supply, valve, and miscella-
neous. This gives a 25-ft high package. This is clearly near the limit
of feasibility and may exceed it if the test package height is limited by
hot-cell geometry. 1In conclusion, the 1%-pin test requirement may

seriously impact the sodium-loop design.

Partly because of the previously noted constraints, the interim
loop will be fabricated for use with only a 7-pin maximum. This loop is
envisioned as a gas-driven, single-pass, tank-to-tank, U-shaped system
packaged in an appropriate container, and capable of accommodation
entirely within the ACRR's vertical loading tube. The fuel-train and dump-
tank sections can also be handled as an integral package within the exist-
ing hot-cell facility. The requirement for handling within the hot-cell
facility is one of many constraints on loop design caused by the limita-
tions imposed by the need for compatibility with existing facilities. The
U-shaped design is being considered over the concentric design because it
is fundamentally simpler and has less impact on the Jlesigns of other loop

compc..ents. Next quarter, calculations to be performed with MORSE will
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confirm compatibility of the U-shaped design with the slotted core neces-
sary for the coded-aperture- .aging system. If these calculations should
predict severe asymmetric heating, modifications to the U-shaped design

will be required or a shift to the concentric design may be indicated.

Figure 2.2-1 schematically shows the conceptual design of the
interim in-pile flowing-sodium loop. The test articles indicated on the
“igure would be located within the ACRR flux distributior. and the coded-
iperture-imaging fuel-motion diagnostic system. The figure represents
only a conceptual design and some of the components and features of the
loop, as discussed below, will likely change as more requirements are
quantified. Further component design changes are likely once the stress
and safety-analysis studies are initiated during the prelimipary and final
loop designs.
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The flow channel for sodium coolant, which contains the test f.el
pin, will be designed to model power-reactor conditions. In operation,
the steady-state flow of sodium will be established and the reactor will
be operated to produce the pin tailure being studied. Fuel motion will be
recorded by the coded-aperture-imaging system, while pressures and cool-
ant flow will be monitored to record the details of the fuel-pin failure.
Sodium flow in the system will be blocked with a valve closure when the
excursion has passed. The system will be allowed to cool for subsequent

evaluation within the hot cell.

More important features of the flowing sodium system are:

a. Test cell - One fuel pin or seven fuel pins can be
accommodated at full flow. For shorter flow times or
at a reduced flow rate (LOF) the loop could support a
19-pin bundle. Fresh fuel would be no problem, but
tests of preirradiated fuel are probably facility-
limited at present. At least one single-pin PBE test
with preirradiated fuel is considered as a design
requirement ‘or the interim loop.

b. Sodium-Receiver (Dump) Tank - This tank is immedi-
ately above the test cell. Fuel debris is assumed to
enter the inventory in the receiver and therefore the
receiver is located within the primary containment.
Three conduits through the length of the receiver
tank will reduce its storage capaciiy. They are the
sodium downcomer, an instrumentation conduit, and a
vent line., The primary containment closure is now
planned to be integral with the top of the receiver
tank,

¢. Sodium-Valve Assembly - This will be a normally
(failure mode) closed, remotely actuated, dSellows-
sealed valve that opens or closes the path between
the supply and receiver tanks through the test cell.
A gas reservoir inside the valve containment will
permit several operations of the valve. Exhaust from
the actuator will be contained in the volume of the
valve containment. Operation will be by electrical
signals thet penetrate the upper section of the valve
containment .

d. Sodium-Supply Tank - This tank is above the valve.
Tt can be pressurized t> a preset value to produce
the desired flow when the valve is opened. Heaters
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will heat the sodium inventory to the desired
temperature before flow is started.

e, Gas-Supply Tank - This tank is above the sodium-
supply tank., It contains the argon (or helium)
driving gas reserve, with controlling hardware
located inside the secondary contaimment vessel.
Capability will exist to limit the available gas
pressure to a specified maximum value.

f. Vent System - A vent tank allows the pressure in the
receiver to be held nearly constant as flow pro-
gresses. This permits more flexibility in the
absolute pressure on the test article as flow
proceeds. A rupture disk connects the vent tank to
the sodium downcomer piping as a safety precaution.

g. Containment System - Containmeit of sodium in the
flowing channel may be breached at the time of the
reactor excursion. The primary containment is
defined as the vessel into which leakage of coolant
(possibly including fuel and fission products) could
occur during such a breach. Only small pressures
would prevail. Secondary containment is yet another
vessel that packages all the loop components. All
sodium is contained in structurally-sound vessels
inside the secondary contaimment. Penetrations of
the containment barriers are reduced where possible
and are limited to electrical feed throughs.

h. Sodium Pipiug - Piping for sodium flow is connected
with proven joints. The system will be prooftested
and leak-tested., All piping will serve as a con-
tainment barrier but will not be counted as such.

Provisions are planned for monitoring and controlling the thermal
preheating system so that it can safely interface with the reactor.
Nontrivial precautions are required during handling, preparation, and
posttest evaluation, especially if preirradiated test fuel ie involved.
These precautions are not obvious and may become « weak point in the

program if facility restrictions continue.

Upon completion of a test on the ACRR, the sodium will be allowed
to freeze in place. Afterwards, the pipe joint just above the primary-
containment vessel and below the sodium valve-enclosure tank will be

broken so that the primary contaimment vessel (containing the failed-fuel
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section) may be accommodated within the existing hot cell for disassembly
and postmortem examination. The remainder of the uncontaminated portion

of the loop hardware will be cleaned in preparation for further use.

Because the sodium-environment requirements are so very important
to loop-hardware design, the evolution of these requirements continues.
In particular, inertial length and internal-pressure conditions will be
investigated and reported next quarter. Fuel-train design considerations

will also be reported.

2.2.3 Advanced Operating Modes for the ACRR

The designs of the two prototype rod-drive progr amers for inter-
facing with the ACRR control console have been completed. One system is
based on hard-wired logic components and provides a maximum of eight pro-
gram intervals. The second system is a microprocessor-based device. This
system provides up to 62 program intervals. Final selection will be based

upon laboratory evaluation of the two syscems.

Parts procurement for both programmers is approximately 80%
completed. Fabrication of the hard-wired logic system was started on
December 1, 1978 and was completed in early March. Programming for the

microprocessor-based system was begun and is approximately 507 completed.
A new motor and translator power supply were selected and are now
available for evaluation. Design of the required mechanical modifications

to the rod drives has been started.

2.2.4 Energy-Deposition Measurement in the CABRI Test Pin

Accurate energy-deposition measurements within the fuel pin of the
CABRI sodium loop are needed to correctly model the LOF and prompt-burst
accidents simulated in the A and B series experiments. Present techniques
are only capable of measuring the energy deposition to within 10%Z. Such
large uncertainties can lead to large errors when predicting the fuel-melt

fractions, time of clad failure, fuel-vapor pressures, and other phenomena
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of interest. Therefore, the objective of this program is to provide a
series of diagnostic tools which, when integrated with the French

Cclori-eter.z'll

can measure the time and spatially-dependent energy
depositions in the test pin to within 3 to 5%. Several types of detectors
will be used to perform this task and, in addition, an unfolding algorithm
will be provided which, when given the detector responses, can determine
the energy deposition within the fuel pin. Both the detectors and the
unfolding algorithm will use techniques originally developed for the

Sandia In-Core Fuel-Motion-Detection Program.

To accurately monitor the energy deposition within the fuel pins,
the detectors must be close to the fuel., For this reason, the detectors
will be placed at different axial locations within the sodium by-pass loop
and appruximately 23 mm away from the fuel-pin centerline. The detectors
will consist of ten neutron detectors and five gamma detectors. Five of
the neutron detectors will be commercially purchased fission chambers that
are specially designed to be linear in the flux-range of interest. The
remaining five neutron detectors will be fission-couples fabricated at
Sandia. The five gamma-sensitive detectors will be identical to the
fission couples except that tungsten will be used as a heat source instead

of depleted uranium.

This quarter the fission chambers were ordered from Reuter-Stokes
at a cost of $3200 per detector. These detectors are designed to operate

Ol“ -2 x 1017 nV and have a neutron-to-gamma

in the flux range of 2 x 1
sensitivity of 20, The detectors will be 25.5 mm long, 6.35 mm OD, and
will have a cable length of 12 m with a 3.1-mm OD. The detector will be
sodium-compatible at 573K (300°C) for one week and will probably be

attached to the inner wall of the sodium bypass loop.

The package designs for the thin-film fission-couple and gamma-
couple detectors were completed this quarter. Figure 2,2-2 illustrates
the fission-couple design. A few prototype detectors are being assembled

to determine their ease of fabrication and assembly. The detectors will
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be tested for sodium compatibility next quarter and will be subjected to

several SPR pulses next quarter, °
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Figure 2.2-2 Fission Couple Detector - CABRI

Reactor experiments with fission-couples were performed this
quarter to determine the heat losses and rise-time of the tested detector.
For this detector (which differs from the CABRI fission-couple), the 90%
rise-time was 2.0 ms and the heat losses were on the order of 40% of the ¥
maximum temperature rise after the reactor pulse. These data will be used

to help develop algorithms that can correct for heat losses over time i

periods of 2 s. Once the heat-loss algorithms are generated, it will be
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possible (given the detector responses) to modify the in-core fuel-motion-

detection-kernel generation techniquecz°l2 and the unfolding tech-
niquel.z.13 These modifics*ions will allow investigators to determine the

energy deposition in the fuel »ins.

2.2.5 CABRI Tests Calculations With the EXPAND Code

As part of the multinational CABRI program, Sandia is providing
pretest calculations of A-series (TOP), single-pin, fresh-fuel tests.
These calculations, using the EXPAND code, are aimed at predicting fuel-
pin failure. Exchange of technical information between Sandia and the
other partners of the CABRI program (France, West Germany, United Kingdom,
and Japan) continues to improve such that the program is evolving, as
intended, into a much needed and useful technical-exchange program in

reactor safety.

During this period, an active program has becn conducted to per form
the precalculations of the CABRI tests of the A-series which have been
scheduled for the near future. These precalculations were related to A2,
A3, and AIR tests; a postcalculation was done for the Al test. Each of

those analyses will be examined in chronological order.

2.2.5.1 A2 First Precalculation -- As Al had already been performed in

July 1978, the first precalculation for A2 was accomplished ir September
1978. The major results have been documented in a rough draf. of a CABRI
Note? 1% yritten and released on January 29, 1979. For the first set of

precalculations, the main results can be summarized.

In the steady-state condition, the center and surface tempera-
tures of the fuel were 2692 K (2419°C) and 1353 K (1085°C), respectively,
with a gap width of 66.5 um at the peak-power node. The axial-fuel
expansion was 1.55 cm. During the transieunt, the maximum molten-fue.
areal fraction of 59.6% was attained afcer 130 ms. A clad failure was
expected at 330 ms according to the Larson-Miller life-fraction rule. At
the same time. the onset of sodium boiling was foreseer at the top of the

coolant channel without interfering with the prediction of clad failure in
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the single-phase zone. For the time being, EXPAND is not able to deal

with two-phase sodium. The energy deposition during the transient at peak-

power node was 0.38 kJ/g.

2.2.5.2 A2 Second Precalculation -- Since there were some differences

among thz calculations made by the other CABRI-project partners, all the
data and EXPAND itself were investigated with the purpose of interpreting
thes. differences. Two corrections were made in the application of the
Larson-Miller life-fraction rule (correction of unit and shift from
natural to decimal logarithms); the negative heat transfer from sodium to

structure was also coir-octed.

At the same time, some of the data were improved (specific power
of 117 W/g instead of 106 W/g at the peak-power node and a slightly

changed-axial power shape).

While running this new calculation, the sensitivity of results
with regard to the coupling factor was studied. Before the test, the
uncertainty of the coupling factor (as calculated) is in the range of +10
to +15%. The main results are presented in Table 2-7. The conclusions
inferred from the new results are different from the previous conclusions.
No clad failure is expected in the nominal case (but an energy deposition

10% higher would result in a clad failure at 220 ms).

At steady state, the inner- and surface-fuel temperatures were
2751 K (2478°C) and 1354 K (1081°C), respectively. The increase in the
fuel-center temperature is due in this case to a higher specific power.
For the surface temperature, the result of higher specific power has been
compensated for by a decrease in sodium temperature after correction of

the model for heat transfer between sodium and structure.



Table 2-7

A2 Test Sensitivity Study
Power P,-10% P P, +10%

Specific Power in Steady
State (W/g) at peak-power node. 105.3 117 128.7
Steady State
At Peak-Power Node

Inner-fuel temperature (°C) 2316 2478 2624

Outer-fuel temperature (°C) 1037 1081 1122

Inner-clad temperature (°C) 527 541 556

Outer-clad temperature (°C) 497 508 519

Gap width (um) 68 64 60

Gap conductance (H/cnz°C) 0.525 0.563 0.602
Axial-fuel expansion (cm) 1.46 ¥:57 1.68
Average-energy deposition (kJ/g) 1.474 1.638 1.802
Na inlet/outlet temperature (°C)  400/511 400/523 400/535
Transient State
At Peak-Power Node

Onset of fuel melting (ms) 50 42 42

Max. melt fraction (%) 45.5 69.5 79

Time of max. melt fraction (ms) 130 130 130

Gap closure/open (ms) No 42-50/74=-130  42-50/74-130
Max. axial-fuel expansion (cm) 2.98 3:27 3:57
Cladding deformation Plastic Plastic Plastic
Max. temperature rise of Na 307 343 288 at pin
at top of fissile length failure
Time of max. Na temperature (ms) 530 530 220
Life fraction at 6.130 s 6.85x107% 3.6x107° 1.144 at 220 ms

(pin failure)

The average energy deposition
at SCRAM (kJ/g) 2.198 2.443 2.687
Transient energy deposition
in fuel power-peak node (kJ/g) 0.527 1.030 1.333
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The gap size of 64 pym (which is larger than those found by the
other partners) comes from EXPAND having a fuel-cracking model that allows
for complete porosity release (generally not considered in othex codes) .
The axial-fuel expansion remained almost unchanged at 1.57 cm. The
max imum molten-fuel fraction was increased to 69.5% for an energy

deposition at SCRAM at the peak power node of 0.805 kJ/g.

All these results (which are final) will have to be recalculated
because the enrichment of the test pin has been chauged from 12 to 20% for
all the fresh-fuel tests of the CABRI program. This change was made to
permit a higher energy deposition. Moreover, the driver-core configura-
tion has been changed to withdraw the excess of reactivity. Although the
A2 precalculation has been performed with a symmetrical axial-power shape
(control rods in upper position), the new precalculation should take into

account the new axial-power profile (control rods slightly inserted).

2.2.5.3 Al Postcalculation -- After the A2 calculation, the decision was

made to postcalculate the Al test without knowing very accurately the

results of the test except that the clad did not fail.

Several calculations have been performed on Al; the last one
indicated no clad failure and an energy deposition at SCRAM of 0.556 kJ/g
(at axial peak-power node). The data of the Al calculation should be
.eviewed and determined more accurately. For instance, the axial-power
profile was considered as symmetrical with respect to the core mid-plane.
In fact, the power profile was very asymmetrical due to the large inser-
tion of the control rods in the driver core. As soon as the exact condi-
tions of the experiment are shown, a new calculation for Al will be

per formed .,

2.2.5.4 A3 Precalculation -- Concurrent with receipt of the calculational

results for Al, the A3 test was precalculated according to the data avail-
able at that time. The A3 precalculation yielded a double-clad failure at
188 ms after initiation of the transient with an energy deposition at the

peak power node of 0.770 kJ/g at failure.
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This calculation exemplifies the work done for the CABRI test pre-
calculations but, like the preceding Al calculation, it should be con-
sidered as a benchmark problem rather than an actual prediction of the
experimental results. As previously stated, the test-pin enrichment will
be changed along with other important parameters. Further, the model for

heat transfer between scdium and structure was not corrected at that time.
Since knowledge of the A3 conditions is dependent upon the perfor-
mance of the AIR and A2 tests, information from these tests must be

obtained before a rigorous predictive calculation for A3 is initiated.

2.2.5.5 AIR Precalculation -- The AIR test, designed as a repetition of

Al but with improved experimental conditions, is expected to be performed
very shortly. The AIR experimental conditions were fairly well known and
a complete set of calculations, including reactivity studies, have been
per formed. All the results are documented in Table 2-8 and will become

the subject of a CABRI Note to be published on AIR precalculations.

The main results are:

a. At steady state, the center fuel temperature is
2731 K (2485°C) (at axial-peak-power node) and the
fuel-surface temperature is 1400 K (1127°C) with a

gap width of 66 um. The axial-fuel expansion is
1.56 cm.

b. If these steady-state results are compared with the
results obtained by the other CABRI partners, the
gap-size value calculated by EXPAND is larger than
the other values (between 50 and 57 pm). This
disparity is caused by a fuel-cracking model in
EXPAND resulting in porosity release and more space
between fuel and clad. Concerning the radial-
temperature profile, the maximum fuel temperature
is very close to the others, but the fuel-surface
temperature is more than 100 K higher. This is the
consequence of a larger gan in EXPAND analysis.

143



e Ee I SRE——

L W ===

Table 2-8

AlR Test Sensitivity Study

Power ¥, -20% P,-102 ’ P +10% P,+20%
Specific Power in Steady State
(W/g) at peak-power node. 118,08 132.83 147.59 162,35 177.16
Steady State
At Peak-Power Node
Inner fuel temperature (°C) 2118 2297 2458 2604 2739
Fuel surface temperature (°C) 1028 1073 1127 1172 1215
Gap width (um) 74 70 66 62 59
Gap conductance (W em2~C) 0.46 0.49 0.53 0.56 5.59
Axial-fuel expansior (em) 1.33 1.45 1.56 1.66 1.76
Na inlet/outlet temperature (°C) 400/544 400/563 400/581 400/600 400/618
Transient State
At Peak-Power Node
Onset of fuel melting (ms) - 130 80 70 60
Time of minimum gap width (ms) 100 100 100 100 100
Minimum gap width (um; 37.6 32,2 27.2 20.6 12.6
Gap conductance (W/ ecm*"C) 1.03 1:1% 1.38 1.71 2,36
Time of max melt fraction (ms) - 500 500 300 250
Liquidus radius (mm) 0 0 0 2.253 2.258
Solidus radius (mm) 1.856 2.240 2.623 3.000
Molten fuel fractionm (X) 8.53 30.25 51.09 63.00
Max temperature rise of Na (°C) )
at top of finite length 241 273 306 33.8 371
Time of max Na temperature (s) 1 1 1 1 1
Max fuel temperature (°C) 2800 2847 2847 3012 3247
Max clad temperature (°C);
time (ms) 686(500) 723(500) 763(500) 804(500) 857(250)
Max axial-fuel expansion (c¢m) 2.26 2.43 2.62 2.82 3.03
Life fraction at S s. 5.45 8.99 1.6 6.68 2.39
x 1077 x 1078 x 1074 x 1074 x 1073
Average energy deposition at
SCRAM (kJ/g) 0.523 0.588 0.653 0.719 0.785



For transient conditions, the onset of fuel melting
is at 80 ms after initiation of the transient
(between 71 and 92 for the others). The miminum
gap size is 27 uym which is higher than the other
results which predict a gap closure during the
transient. The maximum molten-fuel fraction should
be 30.25% at 500 ms. The other codes find values
between 22 and 52%Z. The EXPAND result seems to be
quite reasonable since, as shown in Table 2-8,
there is a very high sensitivity of the maximum
molten-fuel fraction to the energy deposition. For
the nominal case, the liquidus threshold has not
been reached (the fuel temperature never passed the
melting point of 3120 K (2847°C)) and this result
agrees with the others. The main -onclusion
(similar to the others) is that no ~lad failure is
expected in this experiment. EXPAND predicts a
clad-life fraction of only 1.6 x 107° after 5 s.
The clad deformation is still in elastic regime and
the energy deposition at peak mode at SCRAM in the
test pin is 0.653 kJ/g which is close to the German
figure of 0.67 kJ/g but somewhat higher than the
French value of 0.52 kJ/g. The gamma heating of
the Niobium tube, 4% of the test-pin power, is not
taken into accounts therefore, the specific power
of 147.59 W/g, which equals a peak linear rating of
480 W/cm, should have been increased by 4%.

¢. Two additional points which should be emphas.zed
are:

(1) The maximum fuel-column expansion (finite
lengths only) is 2.62 cm with EXPAND as
compared to 2.76 cm for the French code.

Since neither the clad expansion nor the upper
and lower fertile zone dilatation are
calculated, it is not possible to predict
accurately the telesco displacement.

(2) The maximum clad temperature reached during

the transient is in acceptable agreement with
the others (1036 K for EXPAND and 1018 to 1053
K for the other codes), but the time at which
the maximum is attained is much earlier than
the others (0.5 s against 1.3 to 1.5 s for the
others). No clear explanation for the
discrepancy is available at the present time.

Besides the correction that was made, the model of heat transfer

between sodium and structure has peen significantly improved. Instead of
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describing one structure-region representing the different regions between

the coolant channel and the bypass channel with average thermal proper-

ties, EXPAND is now able to describe explicitly the Niobium tube. The gayp

and the Zircalloy tube are taken into account by a coefficient of heat g
transfer for the scdium bypass channel. This coefficient is now an input

in EXPAND. This more precise description has improved th: sodium tempera-

ture in the coolant channel which was somewhat low ‘according to the

reference conditions) despite a correct mass flow rate especially for the

A2 calculations,

2.2.6 Conclusion

The calculations for the Al, AIR, A2, and A3 CABRI tests have been
performed with different levels of sophistication. For the upcoming
tests, the most extensive precalculations pertained to A2 and AlR. EXPAND
has demonstrated its capability to deal with A2 and AIR transients that
occurred over a much longer period of time than the transients of tests

previously performed in the ACPR.

The experimental results will allow for determining whether the
physical models in EXPAND are definitively appropriate for this kind of
experiment. The postcalculation for Al will be reconsidered with respect
to actual experimental conditions as soon as these conditions are avail-

able, probably in the next reporting period.

The experimental conditions of the A2 and A3 tests will depend on
the results of Al and AIR. Updated precalculations will be performed when

accurate information related to Al and AlR is received.

2.3 Fuel-Motion Detection (FMD) (S.A. Wright, 4423; P.J. McDaniel, 4231;
D.A. McArthur, 4423)

2.3.1 In-Core Fuel-Motion Detection

Fuel-motion experiments were performed in the SPR-III to test the ’
feasibility of in-core FMD. The, experiments performed this quarter are

part of a series of experiments to determine the effects that fuel-bundle
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size, and detector type and location have on the resolution capabilities
of the detector method. To accomplish this task, two types of detectors
(gamma-sensitive Pt-self-powered detectors and fast-neutron-sensitive
fission-couple detect~rs) wiil be used to monitor fuel motion in 7-, 19-,
and 37-pin bundles. In addition, these experiments will also be used to
develop and test unfolding techniques that are necessary if fuel motion is
to be accurately determined, given the detector responses. In this report
a brief description of the progress achieved in the experiments, the
detector development and testing, and the unfolding techniques will be

given.

2.7.1.1 SPR-II1I Fuel-Motion Experiment -- The experimental plan and

sa ety-analysis report for the 7-pin FMD experiment was presented to the
Reactor Safeguards Committee. The committee accepted the experiment with
no modifications and also delegated authority to the SPR Committee to
approve the larger 19- and 37-pin experiments. The major limitations
placed on the experiment by the safety-analysis report are that the

minimum reactor pulse be limited to 573 K (300°C) and the first experi-
ments be limited to reactor pulses less than 423 K (150°C). This last
restriction will be removed when dosimetry shows that the energy deposi-
tion in the [est pins are within 20X of the values presented in the safety-

analysis report.

The experiment test stand was assembled with seven fuel pins
arranged in a hexagouil lattice and with 30 Pt-self-powered detectors (Pt-
SPD's) placed in and around the fuel bundle. Each detector has a sensi-
tive region 25.4 mm long; consequently, 12 of the detectors were placed
axially 25.4 mm apart between tt > first and second row of pins. Five more
detectors were placed still further from the bundle and are used as gross-
motion monitors. The last detector is a normalization detector and is far

enough away from the fuel bundle to be insensitive to fuel motion. After

"

assembly the test stand was tested in the laboratory to assure that the
v fuel pins move freely and that the fuel-pin locking device operates

correctly.
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During the experiments the data from the detectors were recorded
using a data-acquisition system capable of sampling at 5-us intervals,.
This system can store 1024 10-bit data points per channel., A total of 64
channels are availab’e, Figure 2.3-1 shows a typical voltage output of a
Pt-SPD wnen the output was shunted through a 2-k{) resisior. After each
reactor pulse, the data is recorded on a floppy disk and then analyzed
with an L€1-11 minicomputer to extract from the detector signals the
pertinent information such as peak value or area under the pulse. This
reduced data is then sent to the Sandia CDC computers via the NOS time-

share system.
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Figure 2.3-1 Typical Outpui Voltage of a Pt-SPD When the
Voltage is Shunted Through a 2k Resistor
in the In-Core FMD Experiments,.
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The first fuel-motion experiments were performed in January 1979,
In these experiments, two reactor pulses were performed with the fuel pins
fully inserted; two other pulses were performed with seven of the fuel
pins withdrawn 15.2 cm (see Fast Reactor Safety Quarterly for an illustra-

tion of the experimental assembly).

Unfortunately, of the 30 detectors placed in the experiment, only
23 gave usabie signals. Nevertheless, signals attributable to fuel motion
were clearly observed. The signals from detectors near regions where the
fuel was removed were observed to decrease by 15 to 20% of the background
signal. 1In regions toward which fuel was moved, the signals increased by
18 to 222 of the background signal. This result is extremely encouraging
because these signa's are twice as large as expected for this type of

detectors.

2.3.1.2 Detector Design Development and Testing -- In addition to the

last fuel-motion experiments, experiments were performed to measure the
neutron and gamma sensitivities of the fission-couple detectors and the Pt-
SPD's to the SPR-III spectrum. The results of these ex,crimcnts will be
used to assess the sensitivity of various detectors to fuel motion. They
will also be used to improve the techniques for geuerating detector-
response kernels. The neutron and gamma sensitivities were measured by
perturbing the neutron-to-gamma flux ratios observed by the detectors in
two separate reactor pulses. Neutron-sensitive foils and gamma-sensitive
thermal-luminescent diodes (TLD's) were used to measure the neutron and
gamma fluxes. The neutron and gamma sensitivities of the two detectors
are shown in Table 2-9. The Pt-SPD is seen as almost entirely sensitive
to gammas while the fission-couple detector is sensitive to both neutrons
and gammas. The fission-couple used in these experiments has a high gamma
sensitivity because it was made without a gamma-compensating tungsten
chip. If it becomes necessary to lower the gamma sensitivity of the
detector to improve the fuel-motion sensitivity, the gamma-compensating

chip can be included in the detector fabrication.
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Table 2~9

Fission-Couple and Pt-SPD Sensitivities

Neutron Sensitivity Gamma Sensitivity
Fission-Couple® 3.2 x 10!% v/avt 3.9 x 10718 V/F5T
pr-spp** 4.1 x 1024 A/ms 3.2 x 10723 a/68

Tr is the gamma fluence -f¢8 dt

*Tne fission-couple is a 2380 thin-film thermocouple heated by four
depleted uranium chips. No tungsten chips were used for gamma
compensation

**The Pt-SPD has a platinum emitter tength of 25.4 mm with an OD of
0.48 mm. The Inconel sheath is 1.59 wm OD and 1.02 mm ID

2.3.1.3 Unfolding Calculations -- During this report period a series of

one-dimensional forward-transport calculations were run to analyze the
effects of fuel removal on the Pt-SPD's signals. These calculations were
performed with the XSDRN transport code using the BUGLE cross-se-tion
library. This library is a coupled neutron-gamma set of cross sections
that is required when calculating the responses of the gamma-sensitive Pt-
SPD's. Three general conclusions can be drawn from these calculations.
First, the detector signals, due to removal of fuel from a region, appear
to be linear for fuel-density reductions up to 95%. For density reduc-
tions greater than 95%, the detector signals are nonlinear. Second, the
sensitivity of a Pt-SPD to fuel motion appears to be about one-half as
strong as the 238y fission-couple. Typical signal levels for the Pt-SPD,
when all the fuel is removed from a region near the detector, are
approximately 7% of background; for the 238y fission-couple, the signal
leve's were 152, Comparing these calculational results to those of the
SPR experiments, it is clear that the observed signed responses are
approximately twice as large as predicted. This difference will be

investigated next quarter.
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In addition to the one-dimensional forward-transport calcula-
tions, the MORSE code was run to determine the adjoint fluxes for each
detecter and the forward flux in the test assembly. The adjoint calcula-
tions take about 10 min eack and the forward calculation takes about 1 hr.
These fluxes were then combined in the code RHOPER to determine the
detector-response kernel for each detector. Some errors were made in
generating these detector-response kernels but they are good enough to use
in the unfolding of the experimental data. When these kernels are used to
calculate detector responses, the results agree very well'with the one-
dimensional forward results. However, when they are compared with the
experimental results, the calculations almost always underpredict the
signal changes. During the next quarter the kernels will be recalculated
to correct the known errors and some ur’~lding of the experimental data

will begin.

2.3.2 Coded-Aperture-Imaging Fuel-Motion Detection

2.3.2.1 Introduction -- The Coded-Aperture-Imaging task is concerned with

the imaging problem that will arise in large LMFBR safety test experiments
(those with more than seven LMFBR fuel pins). Imaging in these large

tests is expected to differ significantly from one-to-seven-pin tests
because of the greater scattering and absorption of the imaging radiation
within the large bundles of test fuel pins, and because of the greater com-
plexity of the image itself. Coded-aperture imaging of both gamma rays

and neutrons is being studied.

In gamma-ray imaging studies, a 37-pin bundle has been chosen as
a representative case of a larger test. As reported in previous quarterly
reports, realistic Monte Carlo transport calculations have been performed
to estimate the signal changes to be expected from voiding of various
amounts of test fuel, sodium, and steel. Parameters of the coded-aperture
system were also varied in these calculations to improve the system's
sensitivity to changes in the test-fuel geometry. The focus of present
Sandia work in gamma-ray imaging is to check these calculational results

with imaging experiments on a 37;pin bundle, using the PARKA reactor at
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Los Alamos Scientific Laboratory.2-15 1p these experiments the image
changes caused by removal of varying amounts of fuel from the 37-pin

bundle will be measured. These experiments will test not only the calcula-
tions, but will also investipate the effects of reactor-background radia-
tion, the images produced by varicus possible codes in the coded aperture,
and the problems encountered in reconstructing images of larger objects
such as the 37-pin bundle. Successful completion of this program is
expected to result in an optimized gamma-ray coded-apertqre system for

high-resolution imaging in large-bundle tests.

During this reporting period, major elements of the apparatus for
the PARKA experiments were designed, and some fabrication work was begun.
In order to choose candidate-coded apertures for the PARKA experiments,
"mockup" optical experiments were also performed. In these optical experi-
ments, complex objects analogous to fuel-pin arrays were imaged, using
various candidate-coded apertures and analog-reconstruction methods (the
only methods routinely available at present). Image quality varies widely
ard extensive optimization of the analog-reconstruction procedures will be
necessary to obtain consistently good results. However, these experiments
showed that imaging of objects up to seven-fuel-pins wide is feasible with

off-a:is Fresnel codes.

Imaging of fast neutrons is desirable in large-bundle tests
because fission neutrons have a somewhat greater scattering length than
fission-gamma rays, and because fast-neutron emission is more directly
characteristic of the fuel geometry. The goal of the neutron-imaging
portion of this program is to image fast neutrons with minimal backgrounds
from slow neutrons or gamma rays, by making use of the greater sensitivity

of the coded-aperture technique.

Work in previous quarters has shown that tungsten-coded apertures
designed for high-resolution imaging can produce good static images of a

small 2520(

source, uring only the fast neutrons (E, 21.5 MeV) emitted by
the spontaneous fission source. Therefore, present work is concentrated

on developing a practical fast-neutron-detector system for transient
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imaging, and on measuring the limiting resolution thit can be obtained

with Sandia's recently developed static fast-neutron-imaging methods.

During this reporting period, it was necessary to emphasize the
design of the PARKA gamma-ray experiment, so relatively little neutron-
imaging work was performed. However, experiments performed on the 252c¢
source with neutron-sensitive scintillators indicated that an image-
intensifier system would be required for further transient detector-
develnpment work., The dominant source of the spurious baékground in the
Lexan images was also clearly identified and corrected by a relatively

simple procedure.

2.3.2.2 Gamma-Ray Imaging

2.3.2.2.1 Gamma-Ray Imaging Experiments at PARKA -- The PARKA reactor

facility at LASL includes a heavily-shielded room adjacent to the reactor,
a hodoscope collimator, and an apparatus for manipulating a 37-pin test-
fuel bundle to present voids of various sizes to the imaging system under
test. The PARKA is a very low-power reactor without cooling that can pro-
duce a test-fuel power of ~5 mW/g 235y under steady-state conditions.
Steady-state runs of about 3-h duration should be required to record an
image of the test-fuzl bundle with ~1% statistics (this calculation
neglects reactor backgrounds and reconstruction noise, but includes the
effects of noise caused by the large number of resolution elements in the

image) .

For the coded-aperture experiments, the hodoscope collimator
will be replaced by a somewhat shorter coded-aperture collimator made of
steel. Additional shielding will be provided on either end of the coded-
aperture collimator to reduce leakage. The new collimator is designed to
accommodate coded apertures rarging in width from ~1.2 to ~3.2 em, with
vane thicknesses up to 2.54 cm. For these experiments, S; (source-to-
aperture distance) =§, (coded aperture-to-scintillator distance)

=1.375 m, so that thick coded apertures can be used. For some aperture
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designs a small amount of vignetting may occur on one side of image,

somewhat reducing resolution.

Because of the low-reactor power level, it will be necessary to
use an image intensifier in the recording system. An EMI four-stage image
intensifier similar to the ones in the ACRR Coded-Aperture-Imaging System
willi be used to record the data. DuPont Hi-Plus/NDT has been tentatively
chosen as the scintillztor based on the extensive experiments of Stalker

and Kelly.

Three coded-aperture designs and a rectangular pinhole have
been chosen for evaluation during these experiments (Figure 2.3-2). All
provide transverse spatial resolution of 2 mm and longitudinal spatial
resolution of 2 cm, corresponding to the resolution requi-ements suggested
for 37-pin bundle experimentu.z'l6 Of the coded apertures, the on-axis
Fresnel code has been used extensively by Kelly;2'17 the off-axis Fresnel
code was used in the recent successful neutron-imaging experiments. The
uniformly-redundant array (URA) has been suggested by chu?18 a5 a prefer-
able alternative to the on-axis Fresnel code for brcad objects. The pin-
hole will allow a direct comparison between coded apertures and pinholes
for reactor-imaging situations in which large constant backgrounds are
likely to be present. Calculations by chu? 18 have indicated that a
significant noise advantage may exist for coded apertures in such cases,

even for imaging of broad objects.

2.3.2.2.2 Coded-Aperture and Image-Reconstruction Studies -- In choosing

an aperture, the relative shapes of aperture and object, and the ease of
reconstructing the image must be considered in addition to statistical

noise,

The shape question and the image-reconstruction process can
both be studied and optimized with pure cpticsl experiments, independent
of the particular radiation type being imaged. Therefore, optical experi-
ments have been performed with photographic mockups of various coded

aperiures and photographic objects similar to fuel-pin arrays.
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Figure 3-2 Candidate-Coded Apertures
Figure 2.3-3 shows a typical arrangement used to record the
shadowgram produced by an arbitrary object and an arbitrary coded
aperture. The object and apertures were drawn very accurately on an
expanded scale using a Gerber plotter, then photoreduced onto Kodak
Minicard II film to fit the 35-mm frame size of the camera used to record
the shadowgram. The shadowgram was then back-illuminated and further

photoreduced, yielding a pseudohologram of the same size as would have
been obtained if actual LMFBR fuel pins and actual ccded apertures had
1

[ udohologram i1n the usual
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3
J
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been used Images were r mstructed f



TRANSPARENCY OF

~4  TRANSPARENCY
OF OBJECT CODED APERTURE

SHADOWGRAM
RECORDED DIRECTLY
DIFFUSE ON FILM
LIGHT SOURCE

Figure 2.3-3 Typical Arrangement Used to Record the Shadowgram
Produced by an Arbitrary Objeci and an Arbitrary
Coded Aperture.

Images of "fuel-pin" arrays ranging from one to seven "fuel
pins" in width have been made, using three off-axis Fresnel-coded
apertures of slightly different resolutions. The widths Jf the recon-
structed images agree with theory to about 10%, and gaps between the "fu:l
pins" are resolved for the two coded apertures with higher resolution.

The background in the reconstructed image is typically much more uniform
than that obsecrved for on-axis Fresnel-coded apertures (presumably because
an iris diapbragm is used to block the dc light and the out-of-focus .
image). Although adjustment of the iris position is critical, its
position ne2d not be changed in going from an object one "fuel pin" wide

to an object seven "fuel pins" wide, in agreement with theory.
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The reconstruction procedure was also improved during these
experiments by use of a lens with very low aberrations to yield the
smallest possible dc spot, and by routine bleaching of the pseudoholograms

to increase the brightness of the image by about a factor of 50.

Analog recoastruction is the fastest and simplest reconstruc-
tion method available for survey work of this kind. However, it is clear
from these purely optical experiments that the image uality is limited
primarily by poor control of parameters during analog reconstruction.
Large variations in image brightness and clarity occur; it is not known
whether these variations are caused by exposure variations, chemical
variations during development and bleaching, film quality variation, or
poor focus during photoreduction. Careful optimization of exposure has
dramatically improved image quality in earlier work with point sources; in
future work greater attention will be paid to exposurz optimization during
formation of the shadowgram and the pseudohologram. Methods of predic-

ting the optimum exposure will also be investigated.

2.3.2.2.3 Fast-Neutron Imaging -- A previous report described the spur-

ious background that appeared on Lexan used in fast-neutron detection.
During this reporting period, the cause of this background was discovered
to be a light-induced chemical modification of the glue on the protective
backing paper applied by the manufacturer. This background has been
greatly reduced by simply keeping the Lexan sheets in a light-tight cover-
ing until the backing paper is removed and the Lexan is prepared for
exposure to fission fragments. Because of the emphasis on the PARKA exper-
iments, no further work with the improved Lexan exposure technique was per-

formed during this period.

In developing a transient fast-neutron detector, scoping experi-
ments on light-emission intensity from a neutron-sensitive scintillator
(NE=102) were performed at the 252¢¢ spontaneous-fission source. These
experiments showed that an image intensifier will be needed for further

experimentation, even though very weak light emission could be observed

157



with ordinary photographic film placed in contact with the scintillator.

Orders have been placed for an image-intensifier system, and an interim

image intensifier has been located for preliminary work.
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3. CORE VEBRIS BEHAVIOR - INHERENT RETENTION

3.1 Molten-Core Containment (D.A. Powers, 4422; A.W. Mullendore, 5834)

3.1.1 Introduction

The aggressive behavior of molten materials has been the focus of
the study of core materials interaction with concrete. However, a phase
arises in any core-meltdown accident at which the internal-heat generation
by fission products is insufficient to maintain the core materials in the
molten state. The convenient assumption is often made that significant
core-debris/concrete interactions cease when this state is reached. Such
an assumption ignores the observed temperature ranges of concrete melting
which are less than the solidification temperatures of core-melt constitu-
ents. The Molten-Core Containment program involves the performance of
appropriate experiments and accurate experiment modeling. These activi-

ties will permit prediction of future hypothesized interaction situations.

3.1.2 Code-Comparison Tests

Sandia Laboratories and Project Nukleare Sicherheit of
Kernforschungszentrum, Karlsruhe, have agreed to perform two standard
tests. Data from these will be used to evaluate predictions made by
computer models of the melt/concrete interactions. To date the prediction

codes are:
e WECHSEL - developed at KfK by W. Murfin and M. Reimann
e CORCON - developed at Sandia by J.F. Muir
e CAVERN - developed at the Kraftwerke Union by

K. Hassman et ul

Developers of the GROWS code (ANL and UCLA) will be invited to participate

in this activity.
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The comparison between experimental data and computer predictions
will be performed to compare the codes rather than to attempt to verify
the computer models. The comparisons are expected to point to areas where

improvements in the code should be made.

The two standard tests will be

a. Sandia performinz a test (COIL series) in which abuat
200 kg of molten stainless steel will be deposited on
the so-called CRBR or generic southeastern US (GSEUS)
limestone concrete.

b. KfK perfcrming a test (called "Super-thermit") in
which about 1000 kg of thermite will react with a
siliceous concrete.

Only geometry dat: and other data necessary to make the model pre-
dictions will be supplied to the model developers. Some of these data for
the COIL test are given in the following subsection. Actua) experimental
results will be made available only after the model predictions have been

provided to the experimental groups.

Data that will be used in the comparison of the codes are:
a. Posttest profile of the crucible cavity.
b. Velocity of melt penetration.

¢. Temperature distributions (both spatial and temporal)
in the concrete.

d. Posttest weight of the metallic phase of the melt.

e. The time at which solidification of the melt begins.

The last item on this list is fairly subjective data to collect. However,
the models have shown this to be a very sensitive quantity to predict.
Differences of a factor of 10 can arise in this prediction. Experimenters
will have to keep detailed records on this process. The modelers will

then have to select the data they want to use.
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3.1.3 Specifications for Standard Test Problem - COJL Series

released.

to those described in Reference 3-1.

All basic procedures for the standard-test problem will be similar

5 repeats many of the points expressed in the reference and expands upon

those where experimental procedure has improved since that document was

3.1.3.1 Test Arrangement

Melt. Type 304 stainless steel weighing about 200
kg. Melt will be teemed at a temperature of 1973
K.

Crucible. Cylindrical block with a coaxial
cylindrical cavity identical to that described in
Reference 3-1.

Top Hat. A top hat will be lowered over the
crucible once the melt is in place so that gases
and aerosols produced in the test can be measured.

3.1.3.2 COIL Test Instrumentation

3.1.3.2.1 Test Procedure

b.

C.

Time zero will be indicated by thermocouples
within the cavity that fail on impact of first
portion of melt.

Duration of the pour will be indicated by motion-
picture and television coverage of test.

Top hat closure w' .l be indicated by motion-
picture coverage aad by gas-flow meters.

3.1:3:2.2 Diagnostics

Response of concrete

(1) FEmbedded thermocouples in concrete will
provide temperature profiles and erosion
rates.

(2) Fracturing of the concrete will be indicated
by displacement gages mounted horizontally

The discussion presented below
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on the exterior wall, 25 cm and 43 cm below
the top of the crucible.

(3) Moisture migration in concrete will be
monitored by e¢lectrical conductivity and
pressure-transducer probes located on
centerline of crucible. Locations of these
sensors will be 2.5, 5.0, and 10 cm below
the original bottom of the crucible cavity.

(4) Concrote:
Type: Clinch River Limestone Concrete

Composition (weight %)

Fe203 1-2
Cr203 0.004
MnO 0.01
TiOz 0.12
Nﬂzo 0-078
Ca0 45.4
SiO2 3.6
A1203 1.6
002 33:7
SO2 Not detected
Evascratie i
HZO

Chemical 1.8
HZO

Mec o 5.67

Melting Range: 1703 to 1873 K

Aggregate Size: Per ACI specifications; maximum
size is 2 cm. Fine aggregate made of crushed
limestone.

Ef fluent

(1) Upward heat flux will be indicated by two
gages: one fmounted parallel to the surface
of the melt; the other located perpendicular






3.1.3.2.3 Posttes: Measurements

a. An x-ray of the crucible will be taken to
determine the erosion profile.

b. Chemical anaiysis of the slag and steel will be
provided as a measure of melt oxidation.

3.1.4 Concrete compositions for the Computer Model CORCON

The computer program CORCON will be used to predict the nature of
melt/concrete interactions during a hypothetical reactor accident involv-
ing fuel melting. The model will allow variable concrete compositicns as
imput. However, default concrete compositions will be built into the
model. The default compositions will make the model more useful for

generic, as opposed to site-specific, investigations.

One especially important use of CORCON will be for sensitivity
analyses; concrete composition will clearly be a variable in such
analyses. Because the impact of concrete composition on the nature of
melt/concrete interactions should be well-understood, use of a single

default concrete composition would be unwise.

Criteria for selecting default concrete compositions include:
a. Concretes should be representative of those found in
a significant number of existing reactors or
representative of concretes of particular interest to
a substantial number of potential users of CORCON.

b. The properties of the default concretes should vary
over a substantial range.

¢. The selected concretes should have been subjected to

experimental study of their interactions with high-
temperature prototypic melts.

The Molten Core/Concrete Interactions Study and the Molten Core

Technology program at Sandia have involved three types of concrete:
e Basaltic-aggregate concrete

e Limestone-aggregate - common-sand concrete
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e Generic SE US concrete (the so-called CRBR concrete)

The first two of these concrete types are representative of concrete in &
large number of light-water poweir reactors. The first type is also quite
similar to concrete found in the Fast-Flux Test facility. The third

concrete type is of particular interest since this concrete would be used

in the Clinch River Breeder Reactor should it be built.

Properties of concrete that are currently believed to have the most
direct influence on melt/concrete interactions are:

a. Melting temperature range of solid concrete
decomposition products.

b. Quantities of materials such as hydrates and
carbonates in the concrete that may be thermally
decomposed to yield volatile products.

¢. The ratio of hydrates to carbonates in tlL> concrete.

Basaltic-aggregate and limestone-aggregate - common-sand concretes
both begin to melt about 1373 K. The liquidus temperatures for these
concretes are 1623 to 1673 K. Consequently, both of the first two types
of concrete are completely molten at temperatures below the sclidification
temperature of metallic phases of a hypothetical core melt. The Generic
SE US concrete begins to melt at about 1723 K and is not fully molten
until temperatures in excess of 1873 K are reached. The melting-
temperature range of this concrete includes the solidification temperature

expected for wetallic phases of a hypothetical core melt.

Decomposition reactions of concrete typically occur in three temper-

ature ranges and may be broadly categorized as:
e The loss of evaporable water (343-523 K)
e The loss of chemically constituted water (623-823 K)

e The loss of carbon dioxide from calcite and dolomite
in the concrete (853-1323 K)
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Weight losses associated with each of these reactions for the three

concrete types are listed in Table 3-1. These data show

a. Weight losses from the concrete due to the thermal-
decomposition reactions may be ordered as: basaltic-
aggregate concrete < limestone-aggregate - common-
sand concrete < SE US concrete.

b. Weight losses from basaltic-aggregate concrete are
almost entirely due to dehydration reactions.

c. Weight losses due to dehydration are similar for all
three concrete types,

d. Weight losses from limestone-aggregate - common-sand
concrete are due to both dehydration and decarboxyl-
ation reactions which yield nearly equal volumes of
volatile decomposition products.

e. Volatile decomposi ion products of generic SE US
concrete are precdominantly carbon dioxide.

Table 3-1

Weight Losses for Three Concrete Types

Chemically
Evaporable Constituted Carbon
Water Loss Water Dioxide
Basaltic-Aggregate 3 w/0 2 w/0 1.5 w/0
Concrete (0.038 L/g) (0.025 L/g) (0.008 L/g)
Limestone-Aggregate 2.7 w/O 2 w/0 22 w/0
- Common~-Sand (0.034 L/g) (0.025 L/g) (0.112 L/g)
Concrete
Generic SE US 2.3 w/0 2 w/0 35.7 w/0
Concrete (0.029 L/g) (0.025 L/g) (0.182 L/g)

Gas volumes in liters/gram concrete at standard temperature and
pressure.

It is apparent that the three concrete types used in the Sandi-.

experimental program satisfy the criteria of default concretes for CIRCON.

Compositions for these concretes may be expressed in a variety of vays.
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The oxide basis for concrete compositions is shown in Table 3-2. Choices
for the oxides of iron and manganese are quite arbitrary since these
elements are polyvalent. At elevated temperatures, manganese and iron are
best treated as mono-oxides. Water contents of the concretes have been
differentiated into evaporable and chemically constituted water to be

consistent with the ne_dis of CORCON.

Table 3-2

Chemical Composition= of Defauit Concretes

Limestone

Basaltic- Aggregate~ Generic

Aggregate Common-Sand SE US

Concrete Concrete Concrete*
Fe,04 6.25 1.44 1.20
Cr,04 ND 0.014 0.004
MnO ND 0.03 0.01
Ti02 1.05 0.18 .12
K,0 5.38 1.22 0.68
Na,0 1.80 0.082 0.078
Ca0 8.80 3.2 45.4
MgO §.15 0.48 5.67
Si02 54.73 35:% 3.6
Al,04 8.30 3.6 1.6
€O, 1.5 22.0 397
50, 0.2 0.2 -
Evaporable H,0 3.0 - 2.3
Chemical H,0 2.0 2.0 1.8

*Sometimes called CRBR concrete or GSEUS concrete

Alternative descriptions of concrete in terms of *t. * mix used to
make the concretes are shown in Table 3-3. Such desori ons are not
especia’ly accurate. Water used to make the concrete b ars no simple rela-
tionship o the two types of water present in cured concrete. The mix des-

cription together with the chemical descriptions of concrete in Table 3-2
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and chemical description of the concrete constituents in Table 3-4 should
assist in the formulation of chemical descriptions of concrete where
chemical data are not avialable. Caution is definitely urged when this

procedure must be used.

Table 3-3

Engineering Composition of Default Concrete

Limestone -
Aggregate - Basaltic-
Common -Sand Aggregate Generic SE US
Concrete (1b) Concrete (1b) Concrete (1b)
Coarse Aggregate 187 205 364
Fine Aggregate 93 -— 260
Sand 205 230 -—
Fly Ash — —— 3.2
Cement 94 94 94
Water 42 45 53-59

Table 3-4

Chemical Compositions of Concrete Constituents

Limestone Limestone
Aggregate Aggregate
Type 152 from Generic Basaltic from Limestone
Oxide Cement SE US Ciacrete Aggregate Sand Fly Ash Sand Concrete
Fczf‘-‘ 4.11 0.38 7.78 2.15 ) 0.33
Crqy0, 0.011 0.012 0.063 0.042 0.022 ND
Mn( 0.08 0.04 0.08 0.02 0.02 ND
Ti0, 0.20 0.04 1.82 0.18 2.24 0.05
K,0 0.54 0.36 7.20 2.70 3.50 0.30
Na,0 0.27 0.16 1.85 1.74 0.3 0.15
Ca0 63.5 47.2 6.54 1.52 1.30 45.56
M " 1.53 0.60 9.70 0.34 1.14 0.80
$i0, 20.1 8.0 54.9 82.8 51.2 12.98
Al,04 4.2 1.2 9.51 7.24 24.5 1.25
C02 ND 38.0 ND ND ND 40.0
ND = Not determined 5
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Melting ranges for the default concretes are:

Concrete Solidus Liguidus
Basaltic 1353 K 1653 K
Limestone 1473 K 1673 K
Common Sand - -
CRBR Limestone 1723 K 1873 K

Heats of melting are not adequately known, but should be about 100

cal/g.

Thermal effects involved in the decomposition of concrete have been
incomple’ely studied. Until more reliable data are available, the values

in Tab!» 3-5 are recommended.

Table 3-5

Thermal Effects Values for Concrete Decomposition

Heat of Decomposition or Phase

Change (cal/g concrete)

Loss of Loss of

Evaporable Chemical a@—fPhase
Concrete Water Water Change in Si0  Decarboxylation
Basaltic 18.3 28 1:3 13.6
Limestone 16.5 28 0.3 200
Generic 14.0 28 324
SE US - -- -- --

He . capacity of concrete is a poorly defined quantity because of
time and mass dependence of the decomposition reactions. Heat capacity
may be defined for the solid decomposition products of concrete. This

: heat capacity has again not been well investigated. In the absence of

quality experimental data, the equations below are recommended :
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a. Basaltic Concrete:

4698.7

T2

Cp = 0.2245 + 0.0001332 T -

b. Linestone-Aggsggpte - Common-Sand Concrete:

3276.5

2

C = 0.1697 + 0.0021031 T -
P T

¢. Generic Southeastern United States Concrete:

1433.23

2

Cp = 0.1085 + 0.0000497 T -
T

T = absolute temperature (K)

To correct for the volatile species, add the following factors:
a. For 0 <T <373 K

W

e
CP (1) 100 (0.6222 + 0.000428 T)

b. For 0 <T <658 K

o 3
c, (2) = 755 (0.5244 + 0.401 x 107 1)

c. For 0 <T <873 K

W

¢ =<2 (0.175 + 0.00012 T - 0.189 x 10°% 12)
p = 100

where

we = weight percent evaporable water

HCH = weight percent chemical water

HCO = weight percent carbon dioxide

A formula for the "heat capacity" of concrete that takes into

account both mass-loss and heats of decomposition may be written as:
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Cp = (cal/K - g concrete)

- Cp (res) + Cp(l) g (393) + CP(Z) g (693) + Cp(3) g (993)
+ W(1) £ (333, 453) + W(2) f (663, 713) + W(3) f (843, 863)

+ wW(a) £ (999, 1123)

where
glto) . = eefe [S(T-To)/'l’o]
( 2
1 T-
f(Tr,Tu) = exp \-1/2 L )
oy (=
. (Tr + Tu)
" 2

1
(o] -2- (Tr-Tu)

T = absolute temperature (K)

Cp(i) residue heat capacity and correction terms defined above

W(j) = decompositio: energies frowm Table 3-5

(j=1) heat of evaporable water loss
(3=2) heat of chemical water loss
(j=3) heat of SiOza—oﬁ phase change
(j=4) heat of decarboxylation

Plots of this heat-capacity function for the various default concretes are
shown in Figures 3.1-1 and 3.1-2. The shapes of the curves in the vicini-
ties of decomposition reactions are designed to account, in an approximate
way, for the kinetic nzture of the decomposition reaction. The adjustable
parameters in the g(To) and f(Tr,Tu) functions may be varied to give even
Fatter agreement with the kinetic behavior of the decomposition reactions.
A mcre sophisticated treatment of this aspect of heat capacity is defini-
tely possible. Because of these heat effects, the above formula is
applicable only when concrete is first heated. After concrete has been
completely decomposed, the resqual heat capacity (Cp(res)) functions

describe heat capacity, again in units of cal/K-g virgin concrete.
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3.1.5 Comparison of Heat-Capacity Model to Other Models and Experimertal
Dat a

Har-nthy3'2 has described a model for estimating the thermophy-
sical properties on concrete, including its heat capacity. He used his
model to nredict heat capacity of a silaceous concrete he labeled "#2". A
comparison of Harmathy's estimates and those made with the model described

here is shown in Figure 3.1-3.

1.00 T T 11T 1 7 7
0 JARMXTHY'S ES“IMAT%S FOR CONCRETE -
0.90 x HARMATHY'S CALCULATIONS FOR CONCRETE "#2" -
k. — MODEL CALCULATION “
0.80 —
0,70 aal
2 0.60F .
s 4
5
~ 0,50
of
% -
= 0.4 I
[#]
' =
(=
- 0‘30 -
1 X
0.20 - % X 0 ol
0,10 =
WEE SN WIS W WY M L

O.m 1 1 1 L 1 1
0 100 200 300 400 500 600 700 8(!)9(!)100011(!)120013(1)14001500

Temperature (K)

Figure 3.1-3 Comparison of Harmathy's Estimates and
Results of Modeling.
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Harmatny's characterization of concrete #2 was not suited for the
requirements of the model described here. The necessary changes required
some reinterpretation of the data. The most important changes were:

a. Cement binder was assumed to be a fully cured mixture
of (c.o)1.62, $i0,, 1.5 H,0, and Ca(OH),.

b. Weight-loss in the thermogram of Harmathy's cement

binder #2 was assumed due to loss of C02 at
temperatures above 873 K.

The comporsition of cement #2 was then found to be:

Na,0 4.00 wi
Ca0 19.28 wi
Al,04 25.18 wZ
§i0, 48.92 wi
free H,0 0.79 wZ
bound H,0 1.06 wZ
o, 0.46 wZ

All of the silica in the concrete was assumed to be bound so that n~ & —=»f

phase-transition occurred.

The residual heat capacity of the material was determined to be:

C (res) = 0.2003 + 0.9772 x 10 *p - 4384
p T2

The general trends of Harmathy's calculation and the calculation
produced from the present model are quite similar. Up to 600 K, agreement
between the two models is good Any discrepancies are because the present
model allows easier removal (lower temperature removal) of free water than
does the Harmathy model. Consequently, Harmathy predicts a more abrupt

change in heat capacity in the vicinity of 370 K.

The present model predicts that the bound-water loss influences

heat capacity at lower temperatures than predicted by Harrathy's model.
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This is a fine example of the difficulties in understanding the heat
capacity of chemically reacting substances. Because these reactions are
. kinetic in nature, the heat effects they produce arise at temperatures
that are functions of the heating rate. In the model presented herc the
heat-effect terms are characterized by 1 parameter that determines the
location and a parameter that determines the magnitude and breadth of the
heat effect. Some arbitrary values of these parameters have been used in
this mode. Simply adjusting these parameters would bring the present
model into good agreement with the Harmathy model in the region of bound-
water loss. A similar rationale could be used to adjust the rise in heat

capacity due to decarboxylation at about 1050 K.

The physical justification for varying the parameters for the
endotscriic reactions is a question. These parameters relate to the

kinetic-r. te expressions for the concrete reactions developed by Powers.

Elsewhere, Harmathy has presented heat-capacity data for several
varieties of concrete.3”3 Again, his characterizations of these concretes
we * not suitable f>rr the needs of the present model. To compa-e the
experimental data to the ralculated estimates, it was assumed that:

a. The autoclaved siliceous concrete "JL" was similar to
Harmathy's concrete "#2".

b. The siliceous concrete "S" was similar to the
balsaltic concrete described above.

¢, The calcareous concrete "C" was similar to the

limestone - common-sand concrete described above.

Comparison between the experimental and calculated heat capacity are made

in Figures 3.1-3, 3.1-4, and 3.1-5.
Peeh has also presented heat-capacity data for a siliceous con-

. crete. These data, which agree well with Harmathy's data for concrete

"§", are compared with calculated results in Figure 3.1-4.
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There is very strong disa reement between the model predictions and

the experimental data for Harmathy's concrete "C'. No explanations for
this disagreement can be offered at this time. Characterization of con-
crete "C" was not suitable for this model and data for the limestone -
common-sand default concrete were used. This might be a source of the

discrepancies.

3.1.6 Steel Ox. ilation During Melt/Concrete Interactions

Table 3-6 lists the chemical composition of various steel samples

taken during the COIL tests.

Table 3-6

COIL Test-Steel Compositions

*Comppsition (wk)

Sample Description Cr Fe Ni Mn

Stainless steel prior to
melt formation. 18.4 69.6 8,72 1.85

Stainless-steel melt just
prior Lo teem into concrete
crucible. 18.8 68.0 8.61 1.76

Steel after transient
test with generic SE
US concrete, §Z.5 66.0 8.37 1.94

Stainless steel after a test
with gzueric SE US concrete
sustained {or 9.5 min. 13:.3 70.8 9.26 6.35

*Compositions do0 not necessarily total 100%Z because of
included nonuetallic material in the samples.

The percentage data shown in Table 3-6 are not suitable for deter-

mining the absolute extent of melt oxidation because the total metal

weight at the conclusion of the test could not be measured. The data are
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suitable for determining the relative extents to which constituents of the
melt are oxidized. In doing this, analytic errors and sampliug errors are
important since the relative determinations involved small differences in

large numbers.

If nickel oxidation is assumed to have a relative value of 1, then
the extend of chromium oxidation is 1.35 and iron oxidation is 2.08 in the
transient tests. Similar relative values for oxidation during a sustained

test of molten stainless steel with generic SE US concrete are:

N: 1.00
Mn 1.49
Fe 4.15
Cr 5.14

These results do not recognize the varying concentrations of constituent:
in the melt. When the sustained tests are normalized for w:ral atom

conceatration, they become:

Ni 1.00
Mn 6.57
Fe 0.50
Cr 2.16

These results are still not in good agreement with thermodynamic estimates
and obviously more sophisticated analysis and more extensive chemical-

composition data are needed.

3.1.7 Posttest Analysis of the Crucible Used in Test BURN 0

The experimental details and objectives of Test BURN 0 have been
described elsewhere.3™* One objective of this test was to observe the
interaction of molten corium with the refractory materials of calcia-
stabilized zirconia, hafnium carbide, tungsten . .de, and yttrium oxide.
Posttest inspection of the crucible described here was intended to confirm
the observations made irom x-rays of the crucible described in Reference

3-4, Dissection of the cruciblé showed that the solidified melt consisted
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of an upper layer of slag and metal droplets and a lower laye. cof

stainless steel. Figure 3.1-6 is a photograph of the top surface of the

A

Notice that eruptions occur in this layer at positions above

N

steel layer.

the refractory test specimens in the concrete.

Fi r - T[op Surface f Solidified Steel i1n Test BURN No
g el had flowed into crevices created by the specimens in the
ncret steel was removed with some difficulty. The surface below
the st2el 1s shown i1in Figure 3.1-7. Refractory specimens are marked 1in
this figur
The impact of the melt on the specimens may be summarized as:
3 WrB - badly erode and powderized
) f - powderized 1 surfa
y -~ fractured internally; powderized on surface
- (Ca0 stabilized) fractured internal



HfC

Zr0, (Ca0)

Figure 3.1-7 Concrete/Steel Interface in Test BURN No. 0

Figure 3.1-8 is a photeograph of the under surface of the steel.

igure 3.1-8 Under-Surface of ,Steel Showing Included Refractory Material



None of the materials considered in BURN 0 appeared suitable for
prolonged exposure to the melt. Yttrium oxide was the best behaved of the

samples, but it too suffered from thermal shor k.

Posttest dissection of the crucible showed that at their tips, the
tungsten electrodes used to sustain the melt had alloyed with steel (see
Figure 3.1-9). Some melting of this alloy occurred but the electrodes

were not shorted together by metal.

|

ure 3.1-9 Alloved Electrodes Used in Test BURN No. 0

8 Further Analysis of Data From Test BURN |

Details or Test BURN | have been described elsewhere 3=5 ne f
t mcst important pieces of data that came from this test was the motion
picture record of the x-ray image of the melt during the test. Frame-by-
frame aralysis of this record has been undertaken to determine the time o
ontact between the melt and the concrete and the swelling of the melt
produced by gas evolved during melt yncrete i1nteraction.



Sketches of the mostly-metallic ol of Test BURN ! were made at
l-s intervals. The depth of the pool v2s measured at 30 or more locations
on each of these sketches. The mean and maximum pool depths were computed
from the measurements. The time dependencie. of the mean and maximum pool
depths are shown in Figure 3.1-10 ané¢ 3.1-11, respectively. Pool depths
are normalized by dividing by the calcuiated depth of a 100% dense-steel

melt weighting 832 g,

As these figures show, the pool is substantially swelled by gases.

For the small pool used in Test BURN 1, the swelling can be as much as

250% of the gas-free pool depth.

The relationstip between pool swelling and the rate of gas
evolution is of interest. Gas-generation data from test BURN 1 are shown
in Figure 3.1-11. The regression of mean-pool-level swell against the
rste of gas generation is shown in Figure 3.1-12. At the highest
generation rates, level swell appears to be roughly independent of gas-
feneration rate. At gas-generation rates below about 150 L/min, level
swell is approximately a linear function of gas-generation rate. At very
low gas-generation rates, data become very noisy; low gas-generation rates
developed in Test B'RN | when the melt was beginning to freeze. The
viscous, two-phase melt prese.t at this time was elevated and deformed as

a body by single gas bubbles.

The quantitative aspects of the relationship between gas-generation
rate and pool swelling observed in Test BURN | may not be applicable to a
much thicker melt. This is especially true for the magnitude of pool
swelling. The general shape of the relationship (that is, a region at
high gas-generacion rates during which swell is independent of gas-
generation rate and a region where swell is strongly dependent on gas-
generate rate) would be expected for any melt. Confirmation of this point

will be considered in the XR test series.
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Figure 3.1-12 Gas Tlow Data for Test BURN No. 1

For each frame of the x-ray image (about 0.04-s intervals) melt
contact with the concrete was noted fnr the nine locations defined in
Figure 3.1-13. Subjective decisions concerning contact were necessary
aspecially for points near the centerline of the crucible cavity, since
the melt is truly three-dimensional but the image i. only two-dimensional.
Resolution with the x-ray technique is limited to aiout #0.3 cm. Further,
a light "halo" developed about the perimeter of the \:ry x-ray-dense melt
where it was adjacent to the much less dense concrete. .ontact between
melt and concrete could not be defined closer than +0.3 cw. These limita-
tions on the x-ray technique prevent pcsitive determination if a g s-film
se arates the melt and concrote, and if that film is less than 0.3 cm

thick.

Observations of melt contact were averaged over l-s intervsls; mean
contact times and standard deviations of these means were calculated.
These results are present in Table 3-7 and Figures 3.1-14 through 3.1-22.
A piece-wise least squares, smoothing polynomial line has been drawn
through the data in figures. These smoothing, polynomial lines are com-

pared for 5 through 9 in Figure 3.1-23.
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Figure 3.1-13 Schematic Diagram of Gas Evolution at a High-
Tempei'ature Melt/Concrete Interface.

Table 3-7

Percent of Time Melt in Contact With Concrete at Various
Locations and During Various Time Intervals.

Time Interval (s)*

Location™™ 0-9 T'-19  20-29_ 30-39 40-49 50-59 60-67 0-67
Pl 31(6)  S6(5)  46(4) 48(3) 51(5) 33(4) 4(7) 40(20)
P2 59(9)  87(6) 92(1) 93(1) 89(2) 88(1) 91(4) 86(16)
P3 66(10) 89(6) 97(1) 96(2) 84(3) 68(6; 42(9) 79(20)
P4 19(5)  29(13) 33(6)  31(3) 12(2) 13(2) 3(3) 21(18)
P5 59(5)  74(4)  89(4) 95(2) 94(3) 83(7) 66(4) 80(16)
Po 64(15) 48(7)  29(4) 30(2) 17(3) 9(3) 7(1) 30(23)
P7 40(3)  48(6)  79(14) 91(2) 79(5) 73(2) 62(1) 68(22)
P8 84(3) 92(2) 94(1) 97(1) 95(1) 91(4) 90(2) 92(9)
P9 25(5)  40(4)  44(4)  48(1) 46(3) 41(3) 68(16) 45{22)

* ) g & .
Mean % of time that melts contact concrete is outside the parentheses.
The standard error of the mean is inside the parentheses.

**Locations depicted in Figure 3.1-1).
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The quantitative data again reflect the qualitative observations
made above concerning pool behavior. The melt has approximate symmetry
about Point 5. Points on the cavity walls near the top of the pool (Pl
and P9) are contacted by the melt only 40 to 50% of the time. Metal froze
in contact with P9 and away from Pl at the end of the test. Points near
the corners created by intersection of the cavity walls with the cavity
bottom (P2 and P8) are apparently contacted by the melt 80 to 90% of the
time during the so-called "steady-state" portion of the interaction. This
is also true for points P3 and P7 on the bottom of the cavity near the
walls, Melt contacts these points less often toward the end of the test
when the melt is viscous and individual gas bubbles at the interface cause

more global disturbances in the melt,

P6 and P4 are at the sites of localized gas emissions described
above. Melt is in contact with these points only 20 to 30% of the time.
Interestingly, these points also correspond to the sites of maximum

concrete erosion.

P5, nearest the centerline, is in contact with the melt about 70%
of the time. This point corresponds to the point of least concrete

erosion at the base of the cavity,

Efforts to measure bubble sizes and residence times from the x-ray
image were largely unsuccessful. During the period of violent melt agita-
tion, distinct bubbles did not develop. During the steady-state period,
gas bubbles formed and broke free of the interface within single frames.
The melt depth was too smal! to monitor bubble travel through the melt.
Transit times were less than 0.04 s during the first 30 s of the test.
Transit times were about 0.08 s during the last 20 s of the test. Bubble
sizes were about 0.5 to 2 cm in diameter. These sizes were somewhat
larger than the sizes of crevices formed by gas bubbles entrapped in the

solidified melt.
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3.1.9 High-Temperature Melt Interactions With Core-Retention Materials

Available alternatives to concrete-structural (core-retention)

materials that do not generate substantial volumes of gas when they

interact with high-temperature melts may be categorized as follows:

Examples of materials falling into these three categories are listed in

Table 3-8.
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Refractory Materials - The thermal and chemical

Inertness of these materials are expected to allow
the materials to withstand the interaction with high-
temperature core melts. These materials would then
be expected to retain the melt until it solidifies.

Sacrificial Materials - By melting and dissolving

mel. materials, the sacrificial materials extract
heat from a core melt and dilute the melt source to
the point that the melt can be retained by
conv.tional materials.

Irtermediate Materials - These materials possess, to
various degrees, qualities of both the preceeding
categories of materials. They are still free of
constituents that thermally decompose to yield
volatile products.

Table 3-8

Examples of Core Retention Materials

Marerial Types Specific Examples

Refractory Hgo*
vo,
Tho
Graphite

Sacrificial Borox*
Sodium Metaborate
Basalt
Hematite
Lead
ZnClz

Intermediate High alumjna cemer®”
Firebrick

* 3 ; . "
Materials used in scoping experiments



Scoping experiments to examine the real behavior of these materials
have been conducted. Melts of stainless steel weighing about 200 kg and

heated to 1973 K (1700°C) have been teemed into crucibles of:

Borax

High alumina cement
Firebrick

Mg0

In the case of the latter three crucible materials, induction coils were
embedded in the crucible material to sustain the melts after teeming. Ex-
perimental techniques were similar to those used in large-scale -2lt/con-

crete interaction tests and are described in Reference 3-6 and 3-1.

The test with firebrick was done with a firebrick layer over
basaltic concrete. A 1.59-cm (5/8-in)-thick ste«1 liner coated the fire-
brick. The arrangement is shown schematically in Figure 3.1-24. The
arrangement is intended to mimic the design of the reactor cavity in the

Fast Flux Test Facility.

STEEL LINER ( L5 om ThiCK

WA K
ARLY \';]

SR
SRR Trweh

DENSE FIRESRICK
LOW DENSITY FIREBRICK

OO000000O
0000000

.

.-//

NDUCTION COILS

Figure 3.1-24 Schematic of Lined Basaltic Concrete Crucible

A complete report of the melt-interaction tests with these core-

retention materials will soon be issued. Only a brief account of the more

significant highlights of the tests will be presented here.




Results of the tests are summarized in Table 3-9. This table

presents only the events observed during the tests.

Table 3-9

Qualitative Results of Melt/Core-Retention Material Interactions Tests

No. Helft Crucible Duration - Remarks e,

1 200-kg Borox Trnnoient* During the teem, a trem-
stainless test endous cloud of aerosol
steel formed. This dissipated

immediately, once molten
metal was no longer
flowing into the -~ruci-
ble. Erosion was bout

6 cm.
2 200-kg High Melt sustained Modest amounts of gas
stainless alumina for 7 min were evolved that proved
steel cement after teem to be hydrogen. Little

aerosol formed. Virtu-
ally no erosion occur-

red.

3 200-kg Fire- Me't sustained Teem of the metal was
stainless brick for 2 h completely uneventful.
steel coated For 2 h little occurred

basalt aside from modest gas

evolution. At the end
of 2 h, the melt con-
tacted concrete and the
test was abruptly termi-

nated.

4 122-kg Mg0 Test was con- Only limited amounts of
stainless tinued for slag-line attack on the
steel sometime, but Mg0O lines was obscured.

coupling was The meit could not be
so poor that sustained.

melt could
not be sus-
tained.

*After teeming, the melt cooled haturally.
tHelt initially 17092°C
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The teem of steel into borax produced a significant cloud of
aerosol material. Aerosol formation ended immediately after teeming of
the melt stopped. Some gas bubbles, probably from gas entrained in the
borax casting, continued to percolate through the melt. Convection cells
developed and could be clearly seen in the molten pool of borax that
quickly submerged the metallic melt. Probes inserted into the metallic
melt suggested that the melt was quickly quenched about its boundary.
Liquid steel could still be detected inside the solidified shell for 7 to
12 min after the conclusion of the teem. Figure 3.1-25 shows that very

little of the borax was eroded.
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Figure 3.1-25 Borax Test Penetration Data, 0 Degrees

The erosion of borax seemed a completely thermal process. Near the
centerline of the crucible cavity, where the melt stream formed during the
teem of the steel, erosion was at least 50% greater than at surrounding
surfaces of the cavity. This would reasonably be expected in view of the
much higher melt-to-borax heat fluxes that develop in teemed melt than in

quiescent pools of melt,



The resistance of borax to erosion by a melt may L> rationalized in
terms of the high-heat capacity of solid borax and the good heat-transfer
properties of 'iquid borax. The perimeter of the steel was quickly
quenched causing a pool of liquid borax to {orm. The liquid borax trale-
ferred heat quickly to the pool surface and to the solid borax. Melting

borax kept the pool temperature quite low.

~ The rate of borax erosion is clearly a function of the heat flux
from the steel. Once the core-melt materials solidify, the erosion rate

would be a function only of the internal heat-generation rate.

The melt teem irco high-alumina cement was similar to, though much
less violent, than teems into concrete; only modest gas evolution occur-
red. During the test the outputs of Type K thermocouples embedded in the
crucible were monitored. Failure »f these sensors, often used in
concrete/melt-interaction tests to monitor concrete erosion, suggest there
was substantial erosion of the high-alumina cement. Posttest x-rays of
the crucible, however, indicated that very little, if any, erosion occur=
red. The test was terminated after only 7 min when cooling water to the

embedded induction power supply was interrupted.

High-alumina cement is a very attractive alternative to concrete.
Its refractory properties are not well-known. Evidence from this test
suggests that the melting point must be greater than 1973 K. The one
concern with high-alumina cement is that it does contain some hydrates
which decompose to yield water that may be reduced to H, by the melt. A
thermogravimetric curve for high-alumina cement is shown in Figure 3.1-26.
It may be possible to dry high-alumina cement and improve its core-
retention capabilities without seriously degrading its structural

properties.

The interaction test with firebrick was, in reality, a test of a
composite material (firebrick over basaltic concreie). The third layer (a
steel liner over the firebrick) was undoubtedly quickly penetrated by the

melt as shown in previous tests in this program.3‘7 The firebrick
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admirably restrained the melt. The steel did not "wick up” into the brick
as has been observed in the case of sodium melts. Erosion was probably by
a melting mechanism. It required 2 h to penetrate 6.35 am (2-1/2 in.) of
the first layer of brick. Once this brick was penetrated, the melt came
into contact with basaltic concrete and a very nearly explosive inter-

action occucred; the tee’ .3 terminated.
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Figure 3.1-26 Survey TGA High-Alumina Cement

Prior to the vigorous eruptions associated with melt/concrete inter-
actions, gases were liberated from the crucible. This gas came from heat-
ing concrete under the firebrick. Forty minutes after start of the test,
gas evolutisa was sufficiert to produce a self-sustaining flame at the top

of the instrumentation tower covering the crucible.

The MgO crucible used in the final test in this series is shown in
Figure 3.1-27. It consisted of a 1.27-cm(1/2-in.)-thick MgO liner
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surrounded by 98% pure MgO bricks.
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3.1.10 Other Large-Scale Tests

Three other large-scale tests were run during the report period:

e NAILS - 1
e NAILS - 2
e COIL 6L and COIL 6L reheat

Data reduction has not begun for these tests. Only a brief account of the
tests and qualitative observations made during the tests are reported

here.

The two NAILS tests were conducted to investigate the behavior of
heated core debris in contact with concrete. Philosophically these tests
were quite similar to the BURN 2 and BURN 3 tests. However, in these
tests large crucibles identical with those of the COIL-series tests were
used. Induction coils embedded in the concrete crucibles heated simula-
ted, metallic core debris. The simulated core debris was about 75 kg of
common l6-penny nails. The concrete in both NAILS 1 and NAILS 2 was the
FFTF basaltic concrete; test NAILS | ran for 20 min and test NAILS 2 ran

for 40 min.

The data collected ian the two NAILS tests included:

e C "crete erosion
G, flow rate
G:s composition

C. acrete temperatures

Upward heat flux.

Qualitative behavior during the tests was quite similar to that observed
in tests BURN 2 and BURN 3. Once the nails were heated to temperatures
above the concrete solidus, the concrete began to erode. Gas evolution

hegan at fairly low temperatures and continued throughout the test.

Posttest x-rays of the crucibles suggest that some =f the nails

did melt, whereas in the BURN-series tests with concrete melting in the
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range of 1373-1623 K (1100-1350°C) no melting of the metal was observed.
This suggestion n2e not yet been confirmed by posttest dissection of the
crucibles. Crucible inspection to data has shown that the nails ¢lumped
substantially during the test. Many unme lted nails could be seen

entrained in the slag.

Another point of interest observed during the test was that slag
at the top of the pool remained fairly molten, though quite viscous
throughout the *2st, So ' sication of a crust over the melt did not
occur until several minutes after pcwer to the induction coils was turned
off. This observation is especially surprising since, in the case of test
NAILS 2, an air void 27.94 cm (11 in.) deep separated the upper crust of

the melt from the main body of the melt.

Test COIL 6L repeated Test COIL 3 which was supposed to involve
sustaining the melt for about 1 h. A power-supply failure during the teem
of the 200-kg stainless-steecl melt caused this tes: to be aborted. Post-
test x-rays of the crucible showed that little erosion of the concrete
occurred during the teeming and natural cooling of the melt. This
suggests that erosion observed in the earlier COIL tests came about mostly
during the sustained portion of the test. It had been previously
suggested that much of thil’gzosxon occurred when the melt was first
poured, since the sustaining temperature of the melt (~1773 K) was much

lower than the melt temperature during the teem (~1973 K).

After the melt used in test COIL 6L had cooled, three Type-$
thermocouples were located in holes drilled in the metal slug. Power was
applied to the metal and the temperatures monitored in an effort to
determine the couoling efficiency between the metal and the induction
coils in the concrete. The temperature data were quite complex (perhaps
too complex to analyze satisfactorily). They did suggest tuat at 120-kW
electrical power a minimum of 30 kW of thermal power was deposited in the
metal. This technique for calibrating the power input to the melt does

not appear to be satisfactory.
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. 3.2 PAHR Debris Bed (J.B. Rivard, 4422; R.J. Lipinski, 4425;
J.E. Gronager, 4422)

3.2.1 Introduction

The objective of the experimental studies of debris beds is to pro-
vide information on the behavior of fragmented reactor materials following
a cor disruptive accident in a fast reactor. Because fuel debris will
continue to generate power due to the decay of contained fission products,
high temperatures and resultant melting could threaten containment if the
generated heat is not removed. Initially, it is desirable to ascertain
the cooling capability which debris may possess due simply to natural
processes (i.e., cooling that is not aided by forced circulation or other

imposed measures).

3.2.2 Debris-Bed Analvsis

3.2.2.1 Hardee-Nilson Model Extension -- The Hardee-Nilson formulation

for debris beds3~3 was extended to one spatial dimension. A bed con-
sisting exclusively of sodium at the saturation temperature was consid-
ered, sirze it was shown previously that subcooling can be modeled by an

3=9

overlying conduction zcne. The momentum, energy, and mass conserva-

tion equations were similar to those in Reference 3-8:

- P, ud
¥ dP
) 3 My (dz Y Oig) 3.53
x (4P
v+~ & L35
4 5 (- +0Yv,) =0 (3.4)
dz v v LR :
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where

= distance above the bottom of the bed
= source per bed volume
density

= heat of vaporiz:tion

< =B O v N
"

= fraction of sodiym which is liquid al height z

<
"

velocity
= permeability
= dynamic viscosity

gravitational acceleration

T ™| T x
]

= pressure

L,v = liquid and . sodium, respectively.

The equations may be reduced to:

swp n [XBc _ (3.5)
L dz {V Y v
Sy

For a uniform source, a closed form for Y is obtained:

Y=8 + J@ Sv z/(h gkH) (3.6)
where
R ol X . 1} Sv,2/(20 gkH) (3.7)
2 ) L L -

The superficial velocities (average microscopic velocity times sodium

volume fraction in the bed) are found to be:

e X (3.8)
: (T%V) Vv T Y
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0 v
R R L S —" (3.9)
v o :
» s (i-ﬁ)”v *Y

where Y is given in Equation (3.6).
The heat-removal rate at the top of the bed (z = L) may be

obtained by multiplying the vapor velocity by the density, the heat of

vapcrization, and the vapor fraction. This then reduces to:

O . Y
q = S AxH L (3.10)
- 1 YL o,

1"(1775) v

where Y, is the liquid fraction at the top of the bed. As the source (8),
the bed depth (L), or the permeability (x) is varied, Eq (3.6) predicts Yo
varies; this variation produces a different value of heat removal

according to Eq (3.10). Using YL as an index of the bed state, as YL
increases from zero to one, qp, increased to a maximum and then deceases

back to zero as Figure 3.2-1 shows.

0.0 1 1 " A
02 04 06 08 1.0
"

Figure 3.2-1 Liquid Fraction vs Dimensionless Heat Flux,
Both at the Top of the Bed (Na-UO2 bed)
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3-8

Differentiating q; with respect to Y, the result is the same

as that obtained by Hardee and Nilson for a bed with no subcooling:

[¢]
P T S | (3.11)

Ynax v s
’ (1 +V Vv/vl)2

Thus, the one-dimensional extension of the Hardee-Nilson formulation does

uot yield a new equation for the dryout heat flux of a3 nonsubcooled bed.

The double solution of Eq (3.6) may now be interpreted. Figure
3.2-2 shows the liquid fraction (Y) as a function of height for various
values of S. For a given &, there are two solutions. The first solution
(with Y(0) = 1) has a large liquid fraction and a sma.i space for vapor
flow. Thus it is vapor-flow limited. The second solution has a very
small liquid fraction and is liquid-flow limited. The two solutions have
diZferent Y 's corresponding (in Figure 3.2-1) to the two Y; possible for
a given q.. If a flow perturbation in the first solution causes a
decrease in Y, Figure 3.2-1 predicts a sta.® o‘ enhanced heat removal that
will cool the system and allow a restoration of Y to its previous state.
Thus the first solution is thermally stable. Similar logic indicate.

thermal instability for the second solution.

The equations may be easily changed to model a heat source that
is in the liquid only (e.g., microwave heating of water or Joule heating
of molten uo, out-of-core) In this case, S is still defined as the
source per bed solume, but is proportional to the liquid fractiom Y.

Equation (3.5) then becomes:

$ » “ppnd o (3.12)
dz YQ y
YT Yy
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Figure 3.2~2 Liquid Fraction vs Dimensionless Height With
Heat Source in the Patticlfs ébed depth is
10 mm; permeability is 107'“m“; system is Na-
U0,). Numbers by the curves are bed power (MV/m

7).
This equation is not soluble in closed form; however, a computer-
generated solution appears in Figure 3.2-3. The shape of the stable
solution is not radically different from the uniform source case, although
the power density in the liquid must be higher to compensate for the power-
less vapor regions. The unstable solution vanishes since, without liquid,
zero-power generation is balanced by zerc heat removal. The v:locity Eq
(3.8) and (3.9) are unchanged. The dryout heat flux is found to be the
same as that given by Eq (3.11), dependent only on liquid-material proper-
ties and permeability. However, determination of the liquid region source
strength and bed depth that generates that heat flux is not simple since

it depends on integrating the licuid fraction.
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Zn

Figure 3.2-3 Liquid Fraction vs Dimensionless Height With
Heat Source in the Liquid Only. Numbers by
the curves are bed power (MW/m ;

The vapor velocity is maximum for the stable solution at the
bo m of the bed (where Y= 1), as Eq (3.9) shows. Using the bed-

fluidization criterion from Uallis,3’10 the requirement to fluidize the
bottom of the bed reduces to:

DS (1-€) < 02 (3.13)

where P¢ i{s the solid density and ¢ is the sodium volume fraction in the
bed. This is simply a statement that the fluidized particles be supported

by the weight of the liquid. At the top of the bed at incipient dryout,
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the vapor velocity is at its maximum, but is not much reduced; the require-

5

ment is

pg (1-€) (1+VVy/Vw)< ¥ . (3.14)

Neither of these conditions is met with U0, particles and sodium
(for typical sodium fractions »f approximately one-half), ncr are they met
with U0, and water. Nevertheless, experimental observations indicate
channels void of particles forming in such beds, 11 Although the
formation of a channel! is su™‘iect to further investigation, the mainte-
nance and possible growth within an existing channel may be explain-d.
The pressure drop per length within the channel must equal that of the sur-
rounding liquid: dP/dz = P g. The vapor velocity in the channel must be
sufficient to establish this pressure gradient. Scoping calculations
indicate that such velocities are in the laminar regime so that the Hagen-
Pociseville law for pressure drop in a pipe may be used,"12 Combining
3-11

this with the single-particle terminal-velo:ity equation yields the

following criteria for levitation of a single particle of diameter dp in a
channel of diameter d.:

a. >3 /O, (3.15)
e 3 P P

For Na-UO, systems, the critical size for channel maintenance is five
particle diameters. (Another way to visualise this criterion is tu con-
sider a single particle in a channel as a "bed" with a very large void

fraction and use Eq (3.14).)

3.2.2.2 Empirical Post-Dryout Mod2l -- The one-dimensional extension of

the Hardee-Nilsun model predicts a dryout heat flux for a debris bed with
overlying saturated sodium that is independent of bed depth. 1If such a
bed is at incipient dryout and the power is increased slightly, the bed
will generate more heat than can be removed by the two-phase mode and dry-
out will begin. As the two-phase region shrinks, it will receive heat

from the dry zone below it via conduction. Thus, the two-phase zone will

-
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gtill have to permit passage of a heat flux greater than the Hardee-Nilson-
predicted maximum. Since heat removal with a uniformly distributed source
is essier than removal with a source skewed toward the bottom (since the
heat must tr’ vel a greater average distance), the bed will still be unable
<o remove a the generated heat. Thus, the depth-independent dryout heat~-
flux prediction implies that, for powers slightly above incipient dryout,
the entire two-phase zone will vanish and the bed will heat and melt

because of the low dry-bed conductivity.

Fortunately (for reactor safety), experimental evidence refutes
these predicted consequences. In the Sandia Na-U0,, fission-heared debris-
bed experiment (!.v-Z!),?"9 a bed was brought beyond the state of incipient
dryout to a state with a stable two-phase zone over'yiug a stable dry
zone. This condition was held for 99 min until shutdown. In light of
this eviden-e, a new model which could predict this behavior was

developed.

Experimental data on dryout heat flux vs bed depth has been
obtained at veLad~i3 and ANL. 311,14 por nonsubcooled beds, the data
indicate a dryout heat flux independent of bed depth for deep beds only.
As the bed depth is decreased, a point is reached where the dryout heat
flux increases linearly with decreasing depth. Beds thinner than this are
called shallow beds. This effect is seen both for volume-heated beds and
bottom-heated beds, although the dryout flux for a bottom-heated bed is
less than that for a volume-heated bed of the same depth. These observi-
tions suggest a way to explaia the D-3 behavior. When the source within a
shallow bed at dryout is increased, the two-phase zone may decrease
slightly in size leaving a conducting dry zome below. In the narrower
state, the two-phase zone may pass more heat through it than before,
although some of that heat is now applied directly a* the bettom rather
than being uniformly dicpersed. As long as the increased heat-removal
capability of the thinmer statc is greater than the decreased capability

from shifting slightly toward a bottom-heated state, the two-phase zone
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will be able to handle the increased load and will be stable with a dry

zone below it.

These concepts were incorporated into an empirical model. First,

the dryout behavior of nonsubcooled beds was parameterized:

p i ‘lv - bv L L < (av - qv,min)/bv (3.16)
d,v N
lqv,nin L > (nv qv,nin)/bv (3.17)
"b - bb L L < (ab - qb,min)/bv . (3.18)
%,b "
’ - » 1
{9, min L> oy = & aia?™ (5 19)

where q4 . and 94,p are the dryout-heat fluxes for volume-heated and
’

bottom-heated shallow beds of length L and qy ... are the dryout
’

» 9y ,min
fluxes for deep beds, and a,, b, a,, and by are slopes and intercepts in
the shallow-bed correlations. Second, the assumption is made that the
dryout “eat flux could be determined by linearly combining the volume-
heated and bottom-heated relationships in proportion to the boiling and

dry zone thicknesses, respectively:

LtR(av - bv L(P) + Ld (ab - bbLtp)

Ltp . Ld

= S(L__ +L,) (3.20)

where S is the volumetric heat source in the bed.

The dry-zone length (for nonsubcooled beds) may then be determined to be

\ L 5
By “ly =) 2 AL, ¥ 5.0 (3.21)

where _
R ® (av . e bbLT)/(Z(bv - bb)) (3.22)
8., = (abl..r . sx,§>/(bv - b,) (3.23)
. and where Ly is the total bed depth.

v

The first solution (with the positive root) is thermally unstable, while
the second is stabie.
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Values for a,, b may be obtained from

v 9v,min® ¥ Pb,min
Reference 3-'| for Na-UO, systems:

a, = 2.04 x 10° w/m?
b, = 11.7 x 10® w/m3
- 5 .2

9y min © 0-15 x 108 W
.b = 1,12 x 106 W/m¢
bb = 10.2 x 106 H/n3
6 o2

qb,-in = 0.15 x 10° W/m

These values predict shallow-deep transition depths of 0.167 m and 0.095 m
for volume- and bottom-heated systems, respectively. Thus, Eq (3.21) will

be valid as long as the two-phase zone is kept less than 95 mm.

A zone-thickness plot for a 60-mm-thick Na-U0, bed is shown in
Figure 3.2-4. The thermally unstable solution for the dry two-phase inter-
face is marked with a dsshed line. At 3.2135 w/g-Uoz, the two solutions
meet and any further increase in power causes the two-phase zone to
vanish, similar to the original deep-bed predictions. This is the point

where bottom-heating inefficiencies overcome reduced thickness efficien-

cies,
0 -
Top of Bed
ﬂ L.
0
Two-Phase
L
: e i
B Ot tseeaw
e
Unstable Interface Sso
m + e \\
Ory or Two-Phase /
0 Stable |ntertace
Ory

3,30 331 13 X

Figure 2.2-4 Bottom-Insulated Bed With Saturated Sodium Above
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For a top-subcooled bed, the series conduction mode13-? may be

folded in. Then the dry zone length is

Ly = Lo = A, 2 fAie * Bes (3.24)
where
= - - - - {
\es (av ay bbLT va")/(Z(bv bb)) (3,25)
= - - - 2 a .
Bts (abLT ath’ S(LT Lts) )/(bv bb) (3.26)
2
= - - - g  ;
L“ LT ./LT Zke(Ts Tt)/S (3.27)

and where k, is the effective conductivity‘at the top of the bed, and T,
and T, are the temperatures of sodium saturation and the top of the bed,

respectively.

Bottom-cooling may also be added to the model by assuming conduc-
tion dominates downward heat flow.) 7 However, the foregoing equations
have assuvmed an insulated bottom. Therefore, with downward heat flow, the
dry zone must be split into upwara and downward heat-flow regions by a
plane of zero heat flow. The lower region then will be the same thickness
by symmetry. There might also be a zone of subcooled debris below the dry
region. The zone thickness may be redefined as follows: Lgus Ltpdu’ Ly
Lyq, and L4 are the wet upward conduction, two-phase plus dry upward, dry
upward, dry downward, and wet downward conduction zone thicknesses,
respectively. L, is the total bed thickness. The following equation

results:
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where

., ¢ (2bv - bb)Ldu

Lepdy * 5 +5) -
(3.29)
a, + (2bv - bb)Ldu 2 . (av -8 ¢ (bv - bb)Ldu)Ldu
2(S + bv) S+b,

and T, is the temperature at the bottom of the bed. The equation is
solved iteratively for Ldu’ from which the sther thicknesses are easily

obtained as follows:

de = Ldu’ and (3.30)
T r;)
Ly " \/de N : “ Ly (3.31)

The behavior of a top-cooled and bottom-cooled be: from low
powers up to incipient fuel melt may now be described using the conduction
model and postdryout models. A plot of zone thicknesses for a 100-mm-
thick bed with fixed top and bottom temperatures of 500 and 300 X,
respectively, below saturation is shown in Figure 3.2-5. Clearly, a
relatively small percent increase in power beyond dryout causes signifi-
cant dry zone thicknesses. Due to the low thermal conductivity of dry
debris, fuel melt would occur with a total dry zone thickness of about
20 wm. Thus, while the postdryout model predicts the existence of a
stable dry zone beyond incipient dryout, it also predicts that the amount
of power increase needed to reach fuel melt is not significant. There-
fore, it is important to understand the effect of various parameters on
incipient dryout since the power increase allowed by postdryout states may

not be very large.

214



S e S B S ch S SE e i b S On e O B S 2R S 0 SASIAL LR S AR S0 AR

Top of Bed

100.0

- Upward Conductior

Two-Phase
50,01

Height (mm)

Downward Conduction

0.0 PO 1500 W T WY NN (N VW W U U (OO W SY U SN S G o
0.0 0.5 L0 L5 2,0 2.5 3.0 3,5

Specific Power (kW /kg)

Figure 3.2-5 Model Predictions of Zone Thicknesses
for a 100-mm-Taick Bed Cooled Above
and Below by Sodium 500 and 300 K
Below Saturation, Respectively (the
dry zone is divided by a line dividing
upward from downward heat flow).

One parameter affecting incipient dryout is bottom cooling, which
was reported in a previous quarterly.3'15 In that analysis the predicted
effects were based on the assumption that the two-phase region behaved
similarly to a deep bed, with a depth-independent dryout heat flux.
Alternatively, the two-phase zone may be assumed to follow shallow-bed
behavior. This has significant effects in bottom-cooled cases because
heat removal from the bottom may cause a deep bed to have a very shallow

two-phase zone. The equation given in Reference 3-15 is easily modified
to

2k (T -T)— 2k (T _~-T.)
2 w s t w s b
L, \/;tp + 3 +\ 3 (3.32)
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where

3y ay

. for §>» —— - b, (3.33)

v b,min
e
p
ay

9, _._ for §¢ ——— = b (3.34)

b,min qb,min

Figure 3.2-6 shows the dryout condition for a bed cooled above with sodium
400 K below saturation and cooled below by various amounts. Curic_ from
assumption of both deep and shallow behavior are shown for comparison
(where the extended Hardee-Nilson model uses deep-bed behavior and the
empirical model uses shallow-bed behavior merging into deep-bed behavior

at the transition thickness). As the figure shows, use of the shallow-bed
condition in the comparison model substantially increases dryout-bed thick-
nesses over the strictly deep-bed correlation in the extended Hardee-

Nilson model,

5.0

Empinical Model
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toE
351
* 1.0:
5 z.‘i
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a0 .3 167.3 0.0 3.0

Total Bed Thickness ime

Figure 3.2-6 Specific Power at Incipient Dryout for Bcocds Cooled
Above by Sodium 400 K Below Saturation and Cooled
Below by Various Amounts (V¥ is the temperature drop
that exists across the bottom conduct.on zone).
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3.2.2.3 Bo:' om-Cooled Debris-Bed Experiment

The empirical mode] previously deceeribed was incorporated in the
General Electric TAC 2D heat-transfer code’ '® and was used to model
thermally a proposed design for a debris-bed experiment capable of
reaching incipient fuel melt. The proposed design included a 100-mm-deep
Na-U0, bed of 100 mm diameter contained in a molybdenum-encased thoria
crucible. The system was cooled by sodium at the top 350 K below
saturation and at the bottom 50 K below saturation. A power of 3.0 W/g-
U0, produced incipient melt in a stable dry zone 20 mm thick. Figure 3.2~
7 shows the computer simulation. Although the crucible had sufficient
side-cooling to keep the molten region away from the wall, the whole bed
was still fairly close tn one-dimensional. Only 11% of tle generated heat
was lost radially. The peak temperature in the molybdenum encasement was

1348 K, well below its melting point of 2883 K.
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Figure 3.2-7 Computer Simulation of a Steady-State Debris-Bed Design.
Source strength is 3.0 kW/kg-UOz. The "wet" zone is liquid
sodium and debris; the "two-phase" zone is two-phase sodium
and debris; and the "dry" zone is sodium vapor and debris.
The bed is at incipient fuel melt at the center of the dry
zone. (The rectangular outlines of the zones shown
correspond to the grid spacing used in TAC 2D and do not
reflect the smooth contours which exist.)



3.2.3 Ultrasonic Sensor Development

3.2.3.1 Objective

The objective of the ultrasonic sensor-development program as it
relates to the debris-bed experimental program is to provide information
on the behavior of debris beds formed following an HCDA. Earlier debris-
bed experiments D-1, D-2, and D-3 provided initial data characterizing
debris beds at v.rious bed loadings, D-3 also provided data.on bed-dryout
conditions which will be further investigated in the upcoming D-4 experi-
ment., Presently, preparations are being made for the D-4 experiment that
is intended to provide extended dryout characteristics of debris beds.
This data will enable investigators to make comparisions with the current
dryout model discussed earlier. This report section will emphasize the
preparations for the D-4 experiment and will comment on the development of

the new instrumentation to be employed in the experiment.

3.2.3.2 Preparation for the Experiment -- The D-4 debris-bed experiment

is currently scheduled to run from July 16 through July 23, 1979, The com-
ponents previously ordered are arriving as scheduled and fabrication of

the experiment vessel is continuing. X-ray photography and component test-
ing are being performed to assure the integrity of the equipment. The
safety analysis report for tte experiment is approaching completion and

the ACRR Safety Committee review is expected in mid-April.

Based upon past experience, modification to the existing helium
loop was necessary to measure low-helium flow rates more accurately. A
new helium-heater/flow-rate measurement section has been designed for
insertion between the portable helium-cooling loop and the piping con-
necting it to the experiment package. The new addition physically
replaces the previous heater section used to melt the sodium within the
canister prior to the actual experiment. (The new section includes a
18-kVA electric heater to replace the old heater section.) The flow-rate-
measurement components consist of two sections: a 2.54-cm section to

mcasure low-flow rates (9.1 to 34.1 kg/h) and a 5.08-cm section to measure
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high-flow rates (31.8 to 100 kg/h). The new equipment will be tested and
operating procedures formulated during OPST (Out-of-Pile System Tests).

Two preliminary experiments are being scheduled to test various
functions of the experiment-support equipment. The first test is the OPST
(to be conducted in late May) in which the actual debris-bed experiment
canister is replaced by an electrically heated canister. The experiment
is conducted with all the supporting equipment including diagnostics. The

OPST objectives are:

a. Shakedown of the new heater/flow-rate measurement
section

b. Measure the experiment capsule-heat-exchanger
characteristics

¢. Testing the electronic systems

d. Training of pers: .nel

The second test is the Rea or Compatibility Experiment (RCE) to
be performed in late June. The RCE consists of placing the experiment
package, without supporting-equipment connections, into the ACRR. The

objectives of the second test are:

a. Comfirm neutronic wo~ch calculations for the new
ACRR configuration. '

b. Determine the physical compatibility of the
experiment package with the ACRR (size and
position).

The results of the two experiments will be discussed in the next

quarterly.

3.3 PAHR Molten Pool (D.W. Varela, 4422; R.J. Lipinski, 4425;
D.J. Sasmor, 4453; J.E. Gronager, 4422; W. Drotning, 5824)

3.3.1 Introduction

The in-core molten-fuel-pgol program provides for investigating the

heat-flux distribution and containment-ablation potential! of rolten LMFBR
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debris materials under typical temperature and heating conditions. Addi-
tionally, the molten-pool technology is being ¢. wvined with that of the
debris-bed experiment program to study the heat-transfer charact. :istics
of sodium-filled debris beds from incipient boiling through dryout to

molten-pool formation.

The major activities during this period included the prep-ration
for microscopic posttest analysis of a series of high—temperatuié furnace
experiments, the initiation of a feasibility study to perform thermal-
conductivity measurements of U0, powder beds at high temperétures, the
thermal analysis of the MP-1 and MP-2 in-core experiments, and the con-

tinued development of ultrasonic thermometry.

3.3.2 High-Temperature Furnace Experiments

Three series of high-temperature furnace experiments were completed
this reporting period and materials interactions were examined under pos-
sible PAHR conditions following a hypothetical core disruptive accident.
The first series was intended to address the general question of sintering
of the debris bed; it consisted of simply heating U0, powders of various
particle sizes and observing densification and consolidation. The second
set of experiments was designed to assess the way in which a bed of U0,
and steel might resegregate above the melting point of steel. The third
set of experiments involved reactions between U0, powders and MgO disks.
Results of these samples, as obtained from visual examinations, have been

~eported in previous quarterly t‘eports.3-l"3'lS

During this period, the furnace experiment samples were potted,
sectioned, and polished and are now ready for optical microscopy, scanning
electron microscopy (SEM), and electron microprobe examination. The
extent of neck growth between grains in UO,, and the extent to which
second-phase material (steel) is involved in the sintering will be investi-
gated. The possibility of steel wetting U0, at high temperatures will
also be investigated. For the U0,-Mg0O experiments, the diffusion of U0,
into grain boundaries and the po§sib1e decomposition of MgO at very high

temperatures will be addressed.
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3.3.3 Thermal-Conductivity Measurements (Feasibility Study)

The thermal conductivity must be known with accuracy in order to
model the transition from debris-bed dryout to a molten pool. Unfortu-
nately, there is no experimental information for the thermal conductivity
of UOz*packed beds in the temperature range of interest (1273 K -

3123 X).

A feasibility study has very recently been initiated to investigate
the technology available to perform such measurements. The activit
during this period has been limited to a literature search for possible
experimental designs and methods of measurement. During next cuarter, the
feasibility of using these designs and methods at high temperatures will
be evaluated. If necessary, new concepts will be investigated. The
effects of sintering and radiation which become relevant at high tempera-
tures will be important considerations. Also, the possibility of having a

second phase (steel) will be considered.

3.3.4 Thermal Hodeling;of MP-1 and MP-2

With the TAC 2D heat-transfer code,3-l6 thermal conditions in
molten pool tests MP-1 and MP-2 w re modeled using only the conduction
equation. Most of the tempera ure-dependent thermal conductivities and
specific heats were nominal values taken from Reference 3-17. The thermal
conductivities of powdered urania and powdered zirconia were determined

with the formula of Godbee and Ziegler.3°18
d,3-19,3-h

Thermal radiation between and
through the particles was considere however, good agreement with
the experiment could only be obtained without the radiation terms.
Apparently grain boundaries within the particles greatly reduced their
transparency and small particles distributed between the l.iiger ones

reduced interparticl~ transmission.
The calculated temperatures for MP-2 with nominal material proper-

ties and without radiative heat transfer within the urania are shown in

Figures 3.3-1, 3.3-2, and 3.3-3.: Temperatures both within the urania and
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in the surrounding insulation are followed fairly well from startup to
beyond shutdown. Only 0.2% of the urania is predicted to be molten using
the nominal values. However, with the 7% increased power and a 10% reduc-
tion in the conductivity of the powdered urania, the shape and quantity of
molten urania at shutdown matches that determined by x-radiography. These

changes are within the range of uncertainty in the experiment.

3.3.5 Ultrasonic Thermometers-Instrumentation Development

During the D-2 debris-bed experiment, a "disturbance" or rapid
change in the bed characteristics was identified. Investigations postu-
lated that the bed may have raised or erupted in some manner. To properly
characterize a possible disturbance, and also to determine the size of the
two-phase heat-transfer zone within the bed, a sodium-level detector will
be incorporated into experiment D-4. A new sodium-level detector that
meets the physical requirements of the experiment capsule is under develop-
ment. The new sodium-level sensor uses technology similar to that of
ultrasonic thermometers. The sensor has been successful in detecting
levels of mercury. A prototype is being constructed for hot sodium test-
ing. A detailed description of the sensor as well as the results of the

sodium experiments will be reported in the near future.

During this reporting period, ultrasonic thermometers (UTs) have
been evaluated for use in the debris-bed program. A favorable review of
the UTs ability to provide several temperature-sensitive regions along a
single thin (~ 20 mil) sensor has led to the incorporation of a UT into
the D-4 experiment with the primary objective of evaluating its perfor-

mance for future high-temperature debris-bed experiments.

Several advances have been made in the construction of UT sensors
and the performance of the electronic equipment. Techniques have been
developed to produce uniform notching of the UT sensor, improving the
axial resolution from 10 to 6 mm. Low-temperature experiments have given
excellent results; further testing is expected to confirm these same excel-

lent results at high-temperatureg.
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Figure 3.3-1 Model Predictions of Ultrasonic Thermometer Readings for the
Top, Middle, and Bottom of the Bed for MP-2 (the experi-
mental data follows the predictions but is too noisy for a
close comparison in this form).

Figure 3.3-2 Model Predictions and Exprrimental Data for the Average of
the Five Elements of One Ultrasonic Sensor in t’ : MP-2 Bed
(the dashed line is a "best-guess'" combination of the two
sensors).
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Temperature (K)

Time (min)

Figure 3.3-3 Experimental Data (solid lines) and Model Predictions
(dashed lines) for Temperatures at the Side Midpoints of the
Inner and Outer Crucibles in MP-2. (The inner thermocouple
began failing near 1900 K. The model used nominal experi-
ment values, but the fit would be improved with slightly
higher power.)

Additional UT electronic components have been constructed. Cur-
rently four units are being fabricated to service four more UT sensors.
The electronic units are modular to cut costs and to provide for easy

maintenance and repair,

An HP-9845 minicomputer will soon be interfaced with UT electronics

to accomplish the following:

a. Improve the sample rate or data for a UT measurement.
This will improve the mean-temperature measurement
due to the statistical nature of the UT data.

b. Provide system monitoring. The minicomputer would
provide constant monitoring of the UT signals and
would reveal a loss of data immediately.

¢. Provide data reduction of UT signals on-line and off-

line. Internal graphtcs would provide easy analysis
of data.
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The minicomputer improves the accuracy and reliability of the UTs, making

them attractive to the experimenter.

3.3.6 Future Activities

Posttest microscopic analysis of the high<temperature furnace ex-
periments will be conducted. Various experiment concepts for measuring an
effective thermal conductivity of UO,-packed beds at high temperatures
will be evaluated. Work will continue in developing and adapting an

ultrasonic-thermometry system for use in debris-bed experiments.

3.4 Containment Analysis (P.S. Pickard, 4424; J. Odom, 4424)

3.4.1 CONTAIN Code Development

The development of the advanced reactor-containment code (CONTAIN)
continued during this period. The major effort has been devoted to either
evaluation or development of specific models for subsequent incorporation
into CONTAIN. Development of some models has progressed to the stage
where integration of selected models into the overall code structure is

ready to begin,

CONTAIN development has proceeded in three basic submodules:

a. The control module, which controls logic flow, cell
interaction, and system balances.

b. The compartment atmosphere module, CAM, which in-
volves Na-burning aerosol behavior, gas flow, and
heat transfer.

¢. SINTER, which includes Na and debris-pool models,
material interactions (Na, melt-concrete, etc.),
fission-product distribution, and heat transfer.

A schematic block diagram of the basic functions of CONTAIN is
shown in Figure 3.4-1; legends for the figure appear on the facing page.
CONTAIN wiil be based on a reference cell concept. Logic (and fast-core

memory) is provided for only one cell or compartment. Each cell is



computed sequentially by the same set of models. Cell data are stored at

tke end of each time step. providing a restart for the next time step.
Wwhen all cells have been updated, mass and energy flow among interacting
cells is computed. Interaction quantities are then retained as sources/
sinks for each cell on the next time step. In this mauner a significant
reduction in core-memory requirements can be achieved since only limited
data from all cells are required at aiy one time. Considerably more
detailed phenomenological models may then be considered for future

incorporation into CONTAIN,

3.4.2 Cavity Debris-Prol Model - SINTER

A preliminary version of the cavity debris-pool model has been
compiled. This version of SINTER models a one-dimensional sodium pool in
an arbitrary structural configuration. The sodium pool may contain a
fuel/steel-debris bed. Further, sodium may be allowed to boil or leak
from the pool with time. Preliminary models for water release from con-
crete and the sodium/concrete reaction are included and are currently
being upgraded. Fission~product distribution routines are included in the
preliminary version with initial fissicn products obtained from input.
Initial efforts to interface SINTER with the overall code structure have

begun order to define data storage and transfer requirements.

3.4.3 Compartment Atmosphere Module (CAM)

The compartment atmosphere module basically performs mass and
energy balances for the cell atmospheres and includes heat-transfer,
sodium-burning, and aerosol-behavior models. The current version operates
as a single-cell atmosphere with only a simple debris-pool model incorpor-
ated to help define data-transfer requirements. Heat transfer from atmo-
sphere to surrounding walls or structure is accomplished sequentially. An
aerosol-behavior module is being developed for CONTAIN, incorporating both
a HAARM-3 log-normal particle-size distribution and a more general option

that allows a general description of the particle-size distribution,
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NOTES FOR FIGURE 3.4-1

Time Definitions

Tg = System time
Te = Cell timeTE = Cell interaction time

Control Data B'ocks

LCF = Control flag data
LPT = Data storage pointer

DTC = Time-step control data

Datlocks

DAl = System interaction data
DA2 = Cell data

FP = Fission-product data

Routine Functions

FPINVO - Initial fission product inventory
FPINV - Fission product inventory for cell
CHOZDT(X) - Choose time step

S = Sys

C = Cell

E = Cell interaction
NXTCEL - Bring in cell data from storage

SAVCEL - Stcre cell data
FLOREGM -~ Determine gas flow regime for cell exchange

EXSOLVE - Solve mass, energy, and momentum balances for cell exchange
SYSBAL - System balances

SINTER - Cavity debris-pool model

CAM - Cell atmosphere model
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3.4.4 Cell-Interaction Module

The atmospheres of cell volumes interact based on pressure and
energy gradients between cells. 1Ir each cell the state variables must be
determined, while mass and energy exchanges between cells are accounted
for. ™e method of solution generally employed is to treat the cell-state
variables guasi-statically, using "frozen" flow conditions as boundary
sources. The flow conditions are then recomputed based on stagnant cell

properties.

For reactor-containment analysis, the transients occur over rela-
tively long times, requiring a transient solution that is stable for very
long time steps. SemI-implicit techniques, which solve simultaneously for
cell and flow parameters, are being examined in an attempt to attain high
stability for long time steps. The set of equations describing mass
energy, and momentum balances for interacting-cell volumes is now being
programmed for computer solution. Techniques will be examined to
establish an optional approach for stability with long time steps. System
balance routines for mass and energy will be included in the cell-

interaction module.

2.5 Fragmentati- 1 (7. . Chu, 1537)

3.5.1 Overall Program Progress

The test apparatus for the forward (melt intosodium) experiments
was modified to accommodate dual ranges of transducers. Two experiments
were performed. The test apparatus for the reverse (sodium intc melt)
experiments is being assembled in preparation for the first such experi-
ment. For the combined i=wteraction (sodium and melt into concrete cruci-
ble) experiments, the test apparatus was fabricated and three crucibles

were cast.

3.5.2 Results of Forward Experiments

The planned forward series was concluded during this reporting

period with the perrtormance of two additional fragmentation experiments.
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Each experiment used 20 kg of corium-producing metallothermic mixture and
23 kg sodium; one of the experiments used a sodium temperature of 523 K
(250°C) and the other, a sodium temperature of 963 K (690°C). The test
conditions for all the experiments are summarized Table 3-10. While data
are still being analyzed, sufficient information is available to arrive at

some general conclusions.

Table 3-10

Tes Conditions for FRAG Experiments

FRAG | FRAG 2 FRAG 4 FRAG S FRAG 6
Stream Size 13 51 51 51 51
(mm)
Hel t Fe Fe UOZ-ZTOZ UOz‘Zl'OZ U02‘2r02
(70%) (70%) (70%)
Al,0 Al,0 Stainless Stainless Stainless
(44% (44% steel steel steel
Melt Mass 12 13 20 20
(kg)
Sodium Mass 23 23
(kg)
Sod ium 520 480 420 250 690
Temperature
(°C)
Max Observed 2 20 -—— 4 3
Pressure Bar
Mechanical No Yes No No No
Damage

No test exhibited a single coherent energetic event; rather, the
interactions were all characterized by a series of pressure events occur-
ring throughout the time period corresponding to the draining of the melt
crucible. For all of the experiments performed, the corium melt (approxi-
mately 70% 0, 30% stainless steel) consistently resulted in milder inter-

actions than the steel melts (approximately 447 Al504, 56% Fe).
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In the first four fragmentation experiments (FRAG 1, 2, 4, and 5,,
the Mg0 inner-reaction vessel was alwiys cracked but no damage from melt
attack was indicated. In FRAC 6, however, the crucible bottom showed
evidence of melt attack. Relative to a crucible diamete: of 34 cm and a
melt stream diameter of 5 c¢m, a region of the crucible bottom with a
diameter of approximately 18 cm showed a depth of attack up to 2 cm.

Since the surface of the region attacked by the melt apoears to be pitted
rather than smooth, the ittack is apparently at least partly caused by
thermal stress. However, further analysis of the fragments is expected to
provide more information concerning the method of the melt attack. Figure
}.5-1 compares the appearance of the attacked crucible and a new crucible.
Apparently the higher sodium temperature (963 K) resulted in a more stable
boiling around the melt, allowing it to maintain a more coherent mass upon
reaching the bottom of the vessel. This behavior is also consistent with

the fact that FRAG 6 was the only experiment of the present series in

which fragments of several centimeters were found (Figure 3.5-2).

Figire 3.5-1 Comparison of a Melt-Attacked Crucible and a
New Crucible (the new crucible 1s at right
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3.6 Sodium Containment and S tural Integrity (R.U. Actom, 1537;
J.V. Beck, 1537; R.L. Coat., 4422; N.R. Keltner, 1537; L. A. Kent,
1537; R.L. Knight, 4424; R.A. Sallach, 5846; J.E. Smaardyk, 5534;
D.L. Wesenberg, 4431; C.M. Stone, 5.21)

3.6.1 Introduction

Work on this program progressed in all areas during this reporting
period. Two large-scale sodium-concrete interaction tests, 13 and 14,
were conducted. However, only Test 13 is included in this report since
Test 14 was run late in the reporting period. Both chemical and physical
separate-effects experiments were accomplished. The physical tests
explored the effect of initial sodium temperature on the sodium-concrete
interaction. The chemical tests explored the addition of water to molten
sodium. In the area of str.ctural integrity, radiant-heat-flux tests were

conducted on square steel plates. Finally, in computer simulation, a
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simple heat-conduction model was found inadequate for describing the tem-

perature history in concrete subject to sodium attack.

3.6.2 Large-Scale Test 13: Sodium-Basalt Concrete

In the two previous tests on basalt concrete, the geometry of the
test article had been questioned as to its effect on concrete constrainc
(cracking) and upon the sodium-water reaction. Test 13 was designed to
provide for as nearly a one-dimensional test as was possible with the
existing concrete crucible. Figure 3.6-1 shows the test design that was
developed. A steel insert was placed into the cylindriral éavity of the
basalt-concrete crucible. The outside diameter of the liner was such that
a 2.5-cm annulus existed between the liner and the cavity sidewall. This
annulus was filled with Mg0O powder, which is inert to sodium and acts as
thermal insulation and a physical barrier. In this way, the effects on
the sidewalls of the concrete cavity were limited in the experiment. The
bottom of the concrete cavity had a layer of insulating firebrick mortared
in place; a layer of dense firebrick was mortared over the insulating fire-
brick. The firebricks are described in Table 3-11 and are reported to be
the same as were used in the Fast Flux Test Facility. The dense fire-
bricks were 7.6 cm thick and the insulating bricks were 6.4 cm. A bottom
plate was tack-welded onto the insert just above the dense firebricks.
This bottom plate contained a 15.2- by 0.6-cm slot to allow the molten

sodium to rcontact the firebrick and react in a restricted geometry.

Two hundred thirty-nine kg of sodium at 973 K were dumped into tte
lined-crucible cavity. The mass of the steel insert cooled the sodium to
about 698 K in 20 min. Immersion heaters returned to sodium-pool temper-
ature to a set point of 873 K in 145 min. The sodium reacted with both
layers of firebrick and the concrete crucible bottom. Embedded thermo-
couples monitored the progress of the reaction front through these mate-
rials (see Figure 3.6-2). For example, the thermocouples between the two
layers of firebrick (labeled "tiddle" in Figure 3.6-2) indicated 523 K at
90 min into the test and 1198 K at 132 min. The thermocouples between the

insulating firebrick and the crucible-cavity bottom (labeled "Bottom" in
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Figure 3.6-2) peaked at 1423 K at 170 min into the test. The immersion
heater failed at 12 h, ending the test.

SODIUM LINER
\ /
\ ¥V M0
\ /
\ / CRUCIBLE
\ -
r
’,
: DENSE
- I 1 —1- FIREBRICK
al -

T INSULATING
FIREBRICK

Figure 3.6-1 Test 13 Crucible

Table 3-11

Description of Firebrick

Analysis of Firebirck
(Z Firebick Material)

Insulating Dense
Firebrick Material M-20 Morex
Si02 57-60 56
A1203 33-36 38
F9203 1'2 2
Ca0 0.1-1.6 0.6
MgO0 0.1-0.6 0.6
Ti02 1-5'2.5 l
Alkalies 1-2 1.6
Bulk Density
of Firebirck Mat'l kg/m3

600~-700 2130-2190
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Figure 3.6-2 Progress of the Reaction Front
Through Firebrick and Concrete

3.6.2.1 Test 13 - Results

Posttest examination revealed that the Mg0 powder was effective
in isolating the sodium from the crucible-cavity sidewalls. The steel-
insert bottom plate, which had been tack welded at four points around its
circumference, had broken free and was pushed ~48 cm up into the insert by
the reaction products. Five cm of reaction products were on top of the
bottom plate of the insert (a-d 48 cm of reaction products were below the
plate). All of the sodium had been consumed. Both layers of the fire-
brick had been consumed. The bottom of the concrete crucible had reacted
to a depth of 25 cm, leaving a black, porous, cinder-like reaction
product. The remaining 13 cm of concrete in the crucible bottom, although
retaining the appearance of concrete, had little strength; it could be
picked apart with a screw driver. In one area of the crucible bottom,
reaction products were found on the floor of the test chamber under the
crucible, indicating total penetra..on of the 38 cm of concrete. The last

part of this total penetration was along a crack.



The thermocouple traces shown in Figure 3.6-2 allow an estimated
rate of the reaction-front movement into the firebrick and concrete. An
adjusted time-zero was established as the time of the first excursion of
the thermocouple on top of the dense firebrick (between the firebrick and
the insert bottom plate). Tkis zero time is defired as that time when
sodium-hydroxide saturation has taken place and NaOH begins to attack the
firebrick. An explanation of the chemistry involved is in Section
3.6.2.2. The time lapse between the adjusted time-zero and the near-
vertical trace on the "middle" thermocouple gives a measure of the time
necessary for the reaction front to traverse the dense firebrick (7.6 cm

thick). Figure 3.6-3 shows the reaction front-penetration rate developed

from the above procedure.
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Figure 3.6-3 Penetration cf the Sodium-Reaction Front
into the Firebrick and Concrete of Test 13

The pres.ure built up by the reaction products was enormous,
cracking the crucible horizontally at approximately the floor of the
cavity and opening these cracks as wide as 15 cm. The half-inch reinforc-
ing bars around the outer circumference of the crucible were broken. The
concrete-crucible coupons tested on the day of the test gave a compression
strength of 28.5 MPa (4139 1b/inZ). All four chains that sealed the steel

tophat to the crucible were broken. The sodium dump tank that sits on top

of the test chamber was lifted 10 cm.
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Four samples of reaction products from Test 13 were analyzed;
they are described in Figure 3.6-4. X-ray diffraction patterns were made
on ground-up samples of these products. Extractions were made with water;
the water-soluble and the water-insoluble fractiorns were analyzed using

standard techniques. The results of the analyses are shown in Table 3-12.

Table 3-12

Analysis of Reaction Prcducts - Test 13

L SAMPLE

A B C D _

% Water Soluble 38 76 47 44
NaH 45 0 3 2
NaA10," 3 A 3
Na25103 8 23 21 21
NaOH 19 40 - -
Na, - - 20 21

Undetermined 7 9 0 (3)
% Water Insq}uble fg Zﬁ 53 56
Al,04 12 2 5 '
Si02 17 8 24 25
Fe,04 1 4 6 5
Ca0 1 4 8 9
Na20 6 1 6 7
Undetermined 5 S 4 4

*ldentified by x-ray diffraction
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Sample A: Slag-Like Matter Taken From Top of Flawed-Plate

Sample B: Yellowish Matter (Attacking Phase) From Bottom
Part of Crucible

Sample C: Black Matter Immediately Above Sample B
Sample D: Reacted Concrete Taken Just Below What Had Been
Brick-Concrete Interface

rigure 3.6-4 Description of Test 13 Reaction Products Samples

3.6.2.2 Chemistry: Sodium-Basalt Concrete

A chemical reaction model has been postulated for the sodium/
basalt concrete interaction. The model is derived mostly from observa-
tions of the reactions in the sodium/basalt concrete experiments. Three
tests with basalt-concrete crucibles (two with firebrick included) have

been performed. The model is consistent with the results.

3.6,2.2.1 Initial Reaction -- The initial contact of hot molten-sodium

metal with concrete produces a thermal gradient in the concrete. The
effect of this gradient is the thermal descrption of water from the con-
crete and the movement of this water, in part, to the sodium/concrete
interface. There is then a reaction between the molten sodium and water.
The reaction products vary, depending on temperature and whether the

evolved gas escapes nr builds up:

~
+
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Na + HyO b (NaOH)y, + 1/2 H,! (3.38)

2Na + Hzo——b(NaOH)N. + (NaH)N. (3.39)
INa + Hy0=———dNa,0 + H,l (3.40)
4Na + 820-——>Na20 + 2NaH (3.41)

Equation (3.38) is probably the most favored reaction in terms
of kinetics. It occurs in those cases where T > 683 K and the evolv2d gas
is vented. Experimentally, it occurs when there is a sodium pool on a
bare concrete surface. The evolved gas forms bubbles that rise through
the sodium pool and aid in homogenizing the pool composition. Sodium
hydroxide is not formed immeciately as a separate phase since there is an
appreciable solubility of NaOH in Na at temperatures above 673 K (a

solubility which increases with increasing temperature).

Equation (3.39) is expected for T >683 K when the evolution of
H, gas is restricted. A local overpressure of H, gas develops and forces
the formation of NaH. The degree of solubility of NaH is not known for

these temperatures and saturation with respect to NaH may occur rapidly,

Equation (3.40) is expected for T >973 K. The coexistence of
NaOH and Na requires only a moderate overpressure of Hy (&1 atm.) for
T <973 K. Above 973 K, Hy pressures in excess of 1 atm are required.
Thus in experiments where T <973 K and gas evolution is not restricted,

the formation of solid Na,0 is expected.

Equation (3.41) is expected when T <683 K and describes the
equilibrium products. It probably is not as favored kinetically as Eq

(3.38) and thus may not be observed in dynamic situations.

The solubility of NaOH in Na can produce a time delay before
the onset of further reactions. If the sodium pool is well-stirred, then
the entire pool must be saturated with respect to NaOH before a separate
NaOH phase can form. Estimates of the solubility limit are 10-20 mole-
percent for temperatures of 673 to 773 K. Therefore, an appreciable

amount of the total sodium must react before NaOH separation occurs. In
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deep pools, hours may be needed. However, in situations where the sodium
pool is quiescent or wher. movement is more restricted (such as in the
penetration of the sodium behind a liner or within a debris bed), then
saturation can occur quickly since only local quantities of sodium need be

saturated.

3.6.2.2.2 Reactions of NaOH -- The formation of an NaOr phase permits a

detrimental attack on the concrete. This attack is detrimental because
NaOH is liquid and capable of dissolving within itself the reaction pro-

ducts formed from the concrete/NaOH reaction.
The appropriate equations are:

(Other sodium silicates are possible. However, only the metasilicate

(Na,8i03) has been iderv.ified in the reaction products.)

Some heat is liberated by these reactions, but even more is pro-
duced by the further reaction of the water from Eqs (3.42) and (3.43) with
sodium metal (or equivalent chemical species). Inasmuch as the water is
produced locally and the diffusion distance to the sodium is small, a hot
spot or reaction zone can be produced. Such a zone is indicated by the
thermocouple data and exhibits temperatures greater than the sodium-pool
temperature. This reaction zone is observed to move into the concrete; it

is particularly evident in Test 13.

3.6.3 Physical Separate-Effects Tests

The current effort in this area is to exaimine the effect of sodium-
pool temperature on the sodium/limestone-concrete interaction. Thus far
tests have involved the interaction of 4.5-kg charges of sodium introduced
onto 0.09 m2 linestone-concrete surfaces at sodium temperatures of 873,
923, 973 and 1023 K. At the 873-K temperature, the attack on the concrete

was barelv discernable. The attack was more pronounced as the temperature




increased; however, even at 1023 K the effect was minor and had the appear-

ance of freeze-thaw damage to a concrete surface.

3.6.4 Chemical Separate-Effects Tests

A series of experiments was carried out in which various quantities
of water were added to a molten-sodium pool. The reaction process was

followed by monitoring the resultant hydrogen-pressure,

In these experiments water was added to the vapor space above the
sodium pool. Hydrogen-pressure rose rapidly but not unreasonably, lead-

ing to the conclusion that the reaction was limited by the diffusion of

water vapor to the sodium surfac . The hydrogen pressure rose to a maxi-

mum value in 10 to 20 min, than declined over a period of hours to an

equilibrium value,

Attempts were made to determine these equilibrium pressures as a
function of composition and temperature. They did not vary greatly with
composition, implying that the composition lay in two-phase or three-phase
regions of the phase diagram. Determination of solubility limits from

these data has not been possible,

By gradually heating the sodium pool, the relationship between

hydrogen-pressure and temperature could be estimated. No reasonable data

could be obtained during cooling. The reaction of hydrogen with the

sodium pool was slow, although the desorption process apparently proceeds

quickly when the pool is heated.

From the pressure/temperature relationship, a heat of reaction
could be calculated and is equivalent to the heat of decomposition of
sodium hydride. At any given tem; “rature the observed hydrogen pressure

is 80 to 85% of that expected from the decomposition of sodium hydride.




3.6.5 Structural Integrity

The first series of flat-plate radiant-heat-flux experiments has
been completed. These tests subjected a 38l1- x 38l-mm (15- x 15-in.)
carbon-steel plate (9.75 mm thick) to a centrally distributed heat flux.
The applied heat flux varied from 10 W/em? to 150 W/cm? with most of the
interest focused at the higher values. T.: experiments are designed to
simulate the structural response of a steel, concrete-cell liner to a
localized spill of molten sodium. The time-duration of interest is on the
order of 30 s. These experiments serve to provide data for benchmarking
analytical techniques and to provide a mechanism to evaluate the use of
strain gages in a high-temperature environment. O primary importance are
the data taken at discrete points on the plates. These data will be com-
pared with analytical results. Measuremen*s such as temp.riture, displace-
ment, and strains were made and comparison of thece measured quantities
with analytical results will serve to qualify the znalytical procedures
used in the analysis of cell liners. Some preliminary calculations were
made before these experiments were performsd in order to quantify the
values of temperature, displacement, and strain that would occur during
the te. . This early model assumed one-dimensional heat transfer through
the plate with temperature-dependent material properties. Agreement of
centerline plate temperatures was excellent between the analysis and
experiment for all of the flux levels, The early structural model used a
bilinear stress-strain curve with a temperature-dependent Young's modulus
and yield stress; Figure 3,6-5 shows these early results, The er--ri-
mental data clearly show a more complex response pattern (see Figure
3.6-6). The model must be upgraded in two areas. First, the temperature
distribution should reflect some spatial variation. Accordingly, a two-
dimensional model was developed that modeled thte spatial temperature
distribution. The second ar:a that required change was the structural-
material mode. Apparently carbon steel has a widely varying work-
hardening slope3'21 over the temperature range of interest, The material
model was updated by the addition of a temperature-dependent work-
hardening slope. Results incorporating these changes are shown in Fig-
ure 3.6-7; the agreement is qualitatively better than before. The

displacement pattern is due to a complex interaction between the
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.emperature-dependent material properties and the thermal loading;
computed and measured strains are shown in Figure 3.6-8. These strain
measurements were the first ones to undergo the heating-rate compensation,

and it is expected that further ref‘nements in the procedure will be made

in the future.
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Work is underway on a new model for the structural calculations.
It is hoped that this new model will provide better quantitative results,
It is also expected that the second series of experiments will begin

shortly to provide additional data for analytical comparisen.

3.6.6 Computer Simulation

Transient-temperature data from large-scale Tests 4, 8, and 9 were
used to find some pseudothermal properties of concrete. Concrete under
high-thermal-flux conditions has heat and mass transfer cccurring inside
it. A satisfactory model would in:lude mass transfer by thé moving of
vapor and liquid. At the time of this iavestigation, estimations of the
properties for a simple transient heat-conduction model were undertaken
because

e The variability of resulting properties was of
interest

e The "best" average values were desired

® Au indication of the adequccy of this simple model was
needed

® A more adequate model was not programmed and available
for use.

The properties estimated were thermal conductivity and the density-
specific heat product. In general, these properties could not be found
independently because the net heat flux was not known. Both thermal con-
ductivity and density-specific heat were found as functious of tempera-
ture, Program PROPTY was used to estimate the properties. The analyses
clearly indicated that the simple heat-conduction model is not adequate

since the pseudo properties were rather varieble.

3.7 Aerosol Souvce Normalization (R.M. Elrick, 4422)

During an energetic hypothetical core-disruptive accident, fuel vapor
may be produced which subsequently condenses to form small very particu-
lated debris (molten or solid) that can be transported to the upper vessel

regions and through breaks that ﬁly have occurred in the vessel. The
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possibility ¢ f transporting this material depends strongly on its initial

character.

Aerosol produced from in-pile (ACRR) experiments is being character-
ized to determine the physical propert):s of fuel particles that result
from the vaporization and melt breakup of fuel pins subjected to simu’ated
cverpower excursions. The characteristics of these particles will be -om-
pared with those produced by out-of-pile experiments at ORNL which are
pnrf of the NRC-sponsored Aerosol Release and Transport (ART) program.
Subsequent in-pile studies will examine the interaction of particles with

the supporting structure and with sodium.
During tnis period, preparation continued on the second series of in-
pi'e acrosol sampling experiments at Sandia as well as on the first series

of out-of-pile experiments at ORNL. Both series begain in March.

3.7.1 Out-of-Pile Comparison Tests at ORNL

The out-of-pile comparison tests at ORNL were designed to character-
ize debris produced by resistively heating the fuel to vapor. In addition
to sampling this fuel debris, fuel-temperature profiles will also be
weasured. These characteristics and temperature profiles will then be
reproduced in fuel neutronically heated in the ACRR. Finally, fuel debris
from these similar experiments will be compared. Techniques for sampling
debris and photometrically measuring fuel radiance and temperature were

verified in the first series of in-pile experiments,

In November, Sandia staff personnei visi*2d ORNL to discuss speci-
fic design fratures of the out-of-pile experiments, These talks resulted
in Sandia's agreement to prepare six sampling wheels and associated hard-
ware (motor, motor mount, power supply and speed transducers). Also,
Sandia would prepare instructions for positioning the wheels and would be
responsible for the sampling. During the following month", the prepared
items were sent to ORNL. All sampling wheels were certified at max imum
speed of 24 000 rpm (2.5 ms/revolution). More of the vapor-like fuel

debris reaches the sampling wheel as the mean free path of gas in the
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chamber increases. ORNL demonstrated that the dfscharge of energy stored
in capacitors is not affected when chamber pressure is reduced to about
100 um. This pressure is similar to the pressure used in the in-pile

experiments.

Parties to the dis ussions at ORNL decided to measure fuel-
temperature and radial-temperature profiles with the photometric techni-
ques used at Sandia, provided a clear side view of the fuel could be
obtained. Sandia will perform these measurements. Originelly the stack
of fuel pellets, compressed between heating electrodes, was enclosed in a
quartz tube. The radial space between the pellets and the tube was filled
with U0, microspheres ~0.038 cm in diameter. Two designs will be tried to
give a photographic view of the fuel without adversely affecting energy
discharge through the fuel or heat loss from the fuel. ORNL designed a
quartz ring inside the tube; this ring dicplaced microspheres in a section
between the fuel and the tube. Sandia designed a small alumina viewing
port to displace the microspheres along the length of a fuel pellet and
about 1/8 the circumference of the pellet. Viewing ports were fabricated

and sent to ORNL for testing.

A series of five sampling experiments was conducted at ORNL during
March. The fuel was resistively heating to vapor in three steps: a low
preheat for several minutes to about 1800 K; a high preheat for about 30 s
to about 300 K; and a capacitance discharge for several milliseconds. For
this particular series; the last step deposited 18 to 28 kJ, until the
quartz-retaining tube ruptured from internal pressure. Two Hycam cameras
covered the event. One camera showed a closeup of an exposed fuel pellet
with a radial hold drilled to the centerline of the pellet for observing
centerline temperature. The other camera viewed the full length of the
quartz tube. Both cameras ran at about 10 000 frames/s. Photographic
conditions were set to record temperatures toward the end of the high pre-
heat and during the capacitance discharge. The film is being processed
for analysis. Debris from all five tests was sampled for wheel speeds of
from ~4 to 2.5 ms/revolution and for wheel-cover aperture widths of from

0.0635 to 0.198 cm (similar to i;-pile conditions). Quartz rings were
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used to view fuel in three of the teste; an alumina viewing port was used
in one test. 1In the fifth test, the original microsphere geometry was

used.

3.7.2 1In-Pile Sampling Experiments - Series II

In these experiments, the fission temperature of the fuel will be
matched in space and time to temperature profiles measured in resistivelvw-
heated fuel at ORNL.

All fabricated and ordered parts have been receive ' for the experi-
mental canister, the optical train for phctography and photometrics, and

the in-pile vacuum system.

Changes in the design of the upper end of the optical train were
completed as was the fitting of optical hardware to the ACRR. A new
design was necessitated by structural changes in the offset-loading tube
of the ACRR. This new design also allowed a greater depth of field for
photography. This photographic system will be used to help validate the
ACRR fuel-motion system, and will also be used in Fuel Dynamics and
Aerosol Source experiments. For simultaneously viewing the side and end
of the fuel in the ACRP aerosol experiments, a mirror system was designed

and fabricated that equalizes the lengths of these two viewing paths.

The new drive mechanism for the sampling wheels, necessitated by
sampling debris from a vertical fuel pin, was exercised successfully.
This test confirmed that the motor would torque the additional inertia
designed into the system, and that the O-ring weuld provide the driving

friction.

During the next quarter, remaining tests for the ORNL series will
be completed. These tests include measuring fuel-temperature profiles
during the preheat stages and using a framing spectrograph to examine
radiation emitted by the fuel during heating. All photographic film will
be analyzed for fuel radiance and temperature; analysis of sampled fuel

debris will begin for a selected run. A study will begin to establish
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in-pile conditions that will reproduce temperature histories measured at
ORNL. Development of hardware for the Series-11 in-pile experiments will

continue,
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4. ELEVATE. TEMPERATURE DESIGN ASSESSMENT
(W.A. Von Riesemann, 4442; J.A. Van DenAvyle, 5835;

W.B. Jones, 5835; W.B. Gauster, 5111; S.W. Key, 5521;
D.W. Lobitz, 5521; C.M. Stone, 5521)

4.1 Uniaxial Creep-Fatigue Behavior Program

4.1.1 Creep Testing

No additional creep tests were conducted. Examination using
positron annihilation (PA) of specimen 316-C-5 (593°C, 170 MPa, 1991 h, 5%

strain) was ccwpleted and is discussed in Section 4.1.3b,

4 1.2 Creep-Fatigue Testing

Six additional creep-fatigue specimens of 316 stainless steel were
sent to Mar-Test, Inc., to continue testing of specimens with long-term

hold periods. The :est matrix is given in Table 4-1.

Table 4-1

Creep-Fatigue Tests at Mar-Test, Inc.
(316 stainless steel; £ = 4 x 1073 71

Specimen ey Temp Hold Time (min) Number
No. (Z) (°C) Tensile Compressive Cycles
316-MTF-17 0.5 593 0 10 4000
316-MTF-18 0.5 593 10 0 40
316-MTF-19 I 510 0 0 Failure
316-MTF-20 0.5 5:0 10 0 Failure
316-MTF-21 0.5 510 0 10 Failure
316-MTF-22 Reserve o - - i

The first test listed in Table 4-1 (316-MTF-17) is a duplicate of 316-MTF-
12 with a 10-min compressive hold that had cracked significantly at an
unexpectedly low number of cycles (3000). Specimen 316-MTF-17 was run to
4000 cycles (667 h) with no visual indication of cracking; it was subse-

quently removed from test and sent to Sandia for analysis. Specimens
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316-MTF~18 and -19 were also completed and test 316-MTF-20 was initiated.
Sample 316~MTF-18 with 40 cycles will provide information at about 2% of
life, and the three tests at 783 K (510°C) will give samples damaged at a
lower temperature that is more representative of advanced reactor opera-
ting conditions. 1In addition to providing mechanical properties data,
these experiments will be ueed to generate samples for microstructural

analysis and PA measurements.

Initial observations of surfaces of Type 316 stainless steel
fatigued specimens were completed; these specimens were also used for
sequential surface PA measurements. The goal is to follow the process of
surface crack initiation by direct observation and PA measurements.
Samples were observed by two methods: by making plastic replicas for view-
ing in the scanning electron microscope (SEM) and by direct viewing of the
specimen in the SEM. Replica techniques attempted included s*andard
acetate tapes, collodion solutions, and a silicon-based dental-impression
material (Xantoprem Blue). These all failed to provide the necessary sur-
face detail over a large enough area of the specimen, so observations were
made Sy mounting the entire fatigue specimen in the SEM. Obs~rvations
showed that an oxide layer ~1 um thick forms on samples tested in air at
866 K (593°C) for longer than a day. This oxide hides from observation
the deformation and cracking of the metal surfaces and would likely affect
PA readings; future iterations of these sequential tests will be carried

out in vacuum.

4.1.3 Non-Destructive Examination

a. Ultrasonic -- No ultrasonic testing was conducted
during this period.

b. Positron Annihilation -- A series of isochronal
annealing measurements using the Doppler broadening
PA technique was completed on 75% cold-worked Type
316 stainless steel. Results were in agreement with
data given in the previous quarterly report on 25%
cold-worked material (Figure 4.1-1); a large decrease
in lineshape parameter began at approximately 473 K
and continued to 873 K. Microhardness measurements
on the 25 and 75% cold-workcd samples indicate that
dislocation annealing begins after 873 K (Figure
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4.1-2). For Type 316 stainless ste:l this further
confirms the hypothesis that vacancies contribute to
a large fraction of the lineshape-parameter increase
caused by room-temperature deformation. Further
annealing situdies are being made on samples fatigued
at both room and elevated temperatures,
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To better understand the individual roles of vacancies and disloca-
tion in the PA response of metals, measurements were performed on isochron-
ally annealed cold-worked pure nickel. Temperatures for vacancy and dis-
location annealing have been extensively studied in the past using resis-
tivity and internal-energy measurement techniques.“'l’ 2 Results of an
annealing run for 25% cold-worked nickel (99.995% purity level) are shown
in Figure 4.1-3., Two annealing stages are evident: one beginaing at
400 K (127°C), and corresponding to the previcusly observed temperature
range for vacancy annealing; the other stage beginning at 600 K (327°C)
caused by dislocation annealing. This interpretation has also been con-
firmed by transmission electron microscopy (TEM) observations made on

samples annealed to the ends of the two annealing stages,
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Figure 4.1-3 Isochronal Annealiug Curve for Pure (99.995%) Nickel

The magnitude of the decrease due to vacancy annealing in nickel is
approximately 36% for the total effect, while in Type 316 stainless steel
vacancy annealing accounts for 80 to 90% of the total decrease. This

difference implies that positrons are trapped much more effectively at
dislocations in nickel than in the stainless steel.
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Surface PA measurements using the angular-correlation technique
were made on three Type 316 stainless-steel samples: an undeformed con-
trol specimen; a specimen (316-PAF-16) given 20 cycles at 866 Kk at a total
strain range of 1.0%Z; and a specimen (316-PAF-15) run 2500 cycles to
failure under the same conditions. Measured lineshape parameters are
shown in Figure 4.1-4., These values measured by the angular-correlation
technique cannot be directly compared to previously reported values deter-
mined by the Doppler broadening technique. While the lineshape parameter
did increasc with the number of fatigue cycles, there are two problems:
duplicate measurements do not always fall within their respective statisti-
cal error bars; and the error bars are large (40.1) with respect to the
total measured change (~+0.9). These results have poorer statistics than

previous PA measurements by the Doppler broadening technique.
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Figure 4.1-4 Surface Positron Annihilation
Values of Deformed Samples Using
the Angular-Correlation Technique

These two problems are related in that the statistics of the tech-
nique improve with the number of indiv .1 PA events counted (these can
be increased by using a more active positron source or by using a longer
counting time). The counting time used here was a relatively long 33 h,

so further increases in accuracy would require a stronger positron source
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(an expensive item). The long counting times also permit long-term elec-
tronic drifts in instrumentation that are a cause of the first problem.
Sandia is currently assessing the possibility of obtaining a more active

source.

Three additional PA measurements using the Doppler broadening tech-

nique were carried out on Type 316 stainless-steel samples fatigued at

866 K with various hold times. Figure 4.1-5 shows these data for speci-
mens cycled with a 10-min compressive hold, combined 10-min tensile plus
2-min compressive hold, and a 10-min zero-stress hold. PA values for
these samples are essentially equivalent to other data on the figure at
the same number of cycles. PA measurements were not able to distinguish
among specimens cycled without hold periods and with various combinations

of hold periods.
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Figure 4.1-5 Lineshape Parameters vs Number of Fatigue
Cycles for Type 316 Stainless Steel

4.1.4 Microstructural Analysis

No additional transmission-electron microscopy on deformed samples

was carried out during this period.

2538



4.1.5 Multiaxial Material Behavior

Set-up of the Multi:rial Test Facility continued with installation
and checkout of the safety-interlock module and development of induction
coil configurations for specimen heating. A three-axis micrometer plat-
form was purchased to mount induction-heating coils and allow precise and
reproducible alignment of the coils. This is necessary to provide a uni-
form temperature distribution over the specimen gage length. Specimen and
grip alignment were checked using strain-gage-instrumented samples to
insure that bending stresses were not introduced during specimen mounting
and that stresses were equal around the specimen circumference during
tensile or compressive loading. Preparation continued on the necessary
safety-related documents for the high-pr:ssure system to obtain internal

Sandia approval to operate the facility,

4.2 Creep-Fatigue Damage Analysis

The analytical support for the creep-fatigue experiments continued to
focus on the design and analysis of the biaxial specimen initiated last
quarter. Emphasis was placed on the investigation of load limitations to
assure the preclusion of buckling. To date two buckling analyses have
been completed using the MARC general-purpose structural finite-element
code. Figure 4.2-1 shows the finite-element model of the tubular speci-
men. The analysis procedure involves internally pressurizing the specimen
and then incrementally imposing an axial compression at the grip end until
an instability cccurs. The axial-buckling load can then be obtazined from
the axial-reaction forces at either the grip end or the plane of symmetry
at the test section center, Although in the analyses completed so far,
room-temperature properties were used for the Type 316 stainless steel
from which the specimens w#ill be fabricated; plans include a similar set
of buckling analyses using elevated-temperature properties. In order to
eliminate heat-to-heit uncertainties, a unaxial room-temperature test on a
solid specimen made from the stock that will be used for biaxial specimens
was run to establish an accurate room-temperature stress-strain relation

for the specimens.

259




S
=
S5
F

POOR ORI

ﬁ Ir s t I -
- - -
+ — ’ R

Al e

P

———— )

e s 1. etee . o0
2-AX1S .

MJLTIAXIAL SPECIMEN--BLECSLING ANALTYS!S

Figure 4.2-1 Finite Element Mcdel for the Tubular Specimen

The first analysis was carried out without internal pressure. Indica-
tions were that buckling would not occur for plastic strains of less than
1%, the maximum strain anticipated in upcoming Sandia creep-fatigue experi-
ments. The magnified deformation pattern of the specimen (Figure 4,2-2)
indicates a transition region in the test section -lose to the fillet
where significant variations in the strain occur due to shell bending
behavior. This is evidenced in the contours of effective plastic strain
shown in Figure 4.2-3. Here the contour labeled "I" corresponds to the
greatest plastic strain; the lesser contours we labeled "A" through "H".
The region with the high density of "A" labels has not yielded. Plastic

strain levels to the left of the "I"

contour deviate only slightly from
the correspondirng contour value of 0.0119 in./in. A uniformly high value

of plastic strain is achieved in the majority of the "est section.

In the second analysis, the specimen was pressurized to approximately
half the pressure required to cause yielding before imposing axial compres-
sion. As in the first analysis, the specimen did not appear to be in
danger of buckling for plastic strains of less than 1%Z. The magnified
deformation pattern of the specimen (shown in Figure 4.2-4) indicates a
more pronounced transition region near the fillet than was observed in the
case without internal pressure. In addition, as is evidenced in the con-
tour plot of Figure 4.2-5, the maximum effect.ve plastic strain is greater
and its location 1. shifted towards the center of the specimen. For this

comparison the axiai displacements in each case are equal.
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This is further evidenced in Figures 4.2-6 and 4.2-7 where compar-
isons of "measured” and actual data are given as a function of extenso-
meter position. The error bars associated with the axial strain depict
the range of axial strains existing within the extensometer-attachment
points. Thus, the more remote the attachment points from the center of
the specimen, the larger the deviation in strain from that measured. The
curves associated with the hoop strain simply point out the departure from
uniformity as the gage position approaches the fillet. The pressurized
specimen possesses a lesser region of strain uniformity than the unpressur-
ized one. These curves can be used for guidance in selecting locations

for mounting extensometers.

Although these room-temperature analyses have not indicated a buck-
ling problem, there is no assurance that elevated-temperature anal,cee of
the specimen will yield the same result. Consequently, these buckling
analyses need to be repeated using material-property data at elevated tem-
perature generated from the stock reserved for specimen fabrication.

Efforts will be made to complete these analyses in the ensuing quarter.
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4.3 Structural Analysis

Work continued on the assessment of creep-law behavior for use in
piping analysis. Work to date has identified large differences in the
creep response of piping elbows when different forms of creep laws are
used. The PNC pipe-elbow creep-buckling experiment was chosen as the
benchmark against which the various creep models could be run. The creep
hold time in this test is 96 h; this is still within the primary creep

regime for Type 304 stainless steel.

Three types of creep laws were considered. Two of these laws are of

the Blackburn type with single-~ and double-exponential terms representing

primary creep. The third law considered was a Norton power law on stress.

The double-term Blackburn law was given by PNC as a creep model for the
test. In addition, constants for the Norton power law were provided PNC

from short-term creep tests. The single-term Blackburn law was provided
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by Westinghouse - ARD for Type 304 stainless steel. The double~term Black-
burn representation was found to have a very-high creep-strain rate during
the 96~h hold. The next highest creep-strain rate was given by the power-
law expression. The minimum strain rate was exhibited by the single-term
Blackburn law which also gave the best correlation with the experimental
results. The worst comparison came from the double-term Blackburn model,
These results suggest that the better models for numerical creep analysis

are the simplest mathematically,

4.4 S’ uctural Evaluation

A technical review of the CRBRP piping document, written at Westing-
house - ARD (Report CRBRP-ARD-0185), was initiated this quarter. Basi-
cally the document attempts to assure the integrity of the piping system
on three levels. At the first level, compliance with ASME Cod: design
rules for Class | piping is investigated. The second level focuses on the
growth of a specified surface crack throughout the duty cycle of the plant
to determine whether or not the crack will develop into a through-wall
crack. At the third levei, if a through-wall crack does develop, the
question of leak-before-break is investigated. The third-level arguments

are the first to be addressed by this review.

The approach taken in the third level is basically experimental,
involving two separate experiments. First, however, an attempt is made to
assure that the characteristics of Types 304 and 316 stainless steel
piping will be essentially the same at the end of the plant duty cycle as
at the beginning. For effects such as aging, creep-fatigue interaction,
and irradiation, arguments are made which support the hypothesis that
these effects as well as other do not significantly affect material

characteris-tics in this application.

Accepting these arguments, the first set of experiments attempts to
determined the length of the through-wall crack in a piping elbow neces-
sary for bulging of the elbow to occur (when the elbow bulges open, it is
considered broken). Elbows are of interest because they are the most

highly stressed elements of the piping system; experimental data of this
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type for elbows was not available for correlation with ductile failure
theories such as the plastic instability rodel proposed by Professor
Paris. After performing a battery of tests on 4-in.-dia elbows contain-
ing a variety of through-wall cracks, correlation with the Paris plastic
instability model was established for elbows. Burst pressure for each
elbow was determined in the presence of an external bending moment. Using
the Paris plastic instability model, the extrapolation was made to the
elbows in the CRBRP primary piping system for duty-cycle loading. Results
indicate that in the cold leg the critical crack length for bulging is
29.7 in. and in the hot leg, 22.3 in.

The second set of experiments addresses the behavior of a crack
extending part way through an elbow under fatigue loading. These experi-
ments were done to determine whether or not the partial crack would propa-
gate along the surface to the critical length for bulging of a through
crack before it penetrated the wall. If not, the data would support the
leak-before-break concept. Several 1/6 and 2/3 scale-model elbow tests
were completed wherein part-through flaws were established in the elbows
along the crown. The elbows were then lcaded cyclicly with an external
bending moment varying from zero to some value corresponding to the
desired stess range. This configuration causes ovalization resulting in
unidirectional bending fatigue along the elbow crown. This bending
fatigue is considered to be the primary cause of the undesirable crack pro-
pagation along the surface. Although all specimen in which crack propa-
gation occurred developed through-wall cracks, experimental results
indicate that lower stress ranges tend to produce longer cracks before
penetration. However, the crack propagation rate is extremely slow for
smaller stress ranges requiring ~107 cycles for penetration. The likeli-
hood of a surface crack veachbing the critical length for bulging of a
through crack is extremely small, assuring "leak-before-break". This con-
clusion is affirmed by comparing the cycles and corresponding stress
ranges required for penetration (in these experiments) to the expected
stress ranges and their respective numbers of cycles during the plant duty

cycle.
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With this brief review of the leak-before-break arguments for the
CRBRP primary piping system, two potential concerns exist. The first
involves the arguments made to assure that material degradation will not
occur throughout the life of the plant as a result of the effects identi-
fied. Secondly, the arguments are not completely convincing that a
surface crack will penetrate an elbow wall before growing along the
surface to a length that would bulge open if penetration occurred. The
scale-model elbow experiments done to support this argument show signifi-
cant variability in the results and are not comprehensive enough. No
rationale is given for scaling the results to full-scale elbows. Next
quarter a study in more depth will be made in order to resolve these

potential concerns,

4.5 General

A meeting of the Primary System Integrity Review Group was held at
Sandia on November 14, 1978. 1In addition to the Sandians present, J. Chow
(BNL), Professor S. S. Manson (Case-Western University), R. Huddleston
(ORNL), and T. J. Walker, H. Holz, and F. Litton of NRC participated in

the review.

References for Section 4

4-1 L.M. Clarebrough et al, "Changes in Internal Energy Associated with
Recovery and Recrystallization," Recovery and Recrystallization of
Metals, L. Himmal, ed., 1963, p 63.

4=2 W. Wycisk and M. Feller-Kniepmeier, "Quenching Experiments, ir High
Purity Ni," J of Nucl Matls, 69 & 70 (1978).
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5. LMFBR Accident Delineation (P.S. Pickard, 4424; J. Sholtis, 4424;
D.C. Williams, 4425; P.W. Conrad, 4424)

5.1 Introduction

During this period, in all three of the major study areas (Engineered
Systems, Accident Phenomenology, and Postaccident Phenomenology (Contain-
ment)), a significant portion of the available time was spent in the
preparation of summaries and reviews of the current status and results of
the Delineation Study. This work included preparation of presentations
for the NRC-DOE-Japan FBR Conference, a paper for the International
Meeting on Fast Reactor Safety Technology (19-23 August 1979, in Seattle,
HA),S'l and detailed presentations to the LMFBR Accident Delineation

Research Review Group at the NRC, January 31, 1979.
Additional efforts centered on preparation of a work plan of possible
future investigations for the Delineation Study. A beginning was made on

some of the tasks previously identified.

5.2 Engineered Systems

Efforts on the Phase II Work Plan continued during this reporting
period. The Phase I Study in the Engineered Systems Area resulted in the
construction of event trees for 14 identified vital subsystem failures
that delineated a set of 15 initiating-accident categories. Phase I
illustrated the general applicability of conventional-event/fault-tree
methodology to the Engineered Systems area of an LMFBR. An absolute quan-
tification of LMFBR initiating-accident probabilities is considered beyond
the scope of this study due primarily to the lack of Gecessary data.
Nevertheless, a preliminary quantification to roughly estimate the rela-
tive frequency of initiating-accident categories appears useful. In parti-
cular, if successful, this relative accident quantification would provide
a framework of reviewing LMFBR safety research and d velopment priorities.
From the results obtained in Phase I, two general objectives were estab-

lished to identify promising areas for potential future investigation in

-
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ths. near term (1 to 3 yrs) during Phase II. The objectives set down
include:

e Sceope the requirements for a more realistic quantifica-
tion of LMFBR initiating-accident probabilities.

® Provide feedback for evaluation of LMFBR safety research
and development priorities.

To satisfy these objectives, Phase II efforts were aligned within
four analysis categories which involve:

a. C-mplete qualitative accident delineation and categori-
zation.

b. Expand specific arcas of concern identified in Phase I.

c. Attempt to estimate roughly the relative frequency for
LMFBR initiating-accident categories and their order of
sensitivity,

d. Scope the requirements for a more realistic quantifica-
tion of LMFBR initiating-accident probabilities based
on all data and information obtained collectively from
previous analyses.

This approach led to the identification of 15 promising tasks for pos-
sible analysis in Phase II. Table 5-1 lists the !5 tasks showing their
tentative temporal order of performance and their relationship to other
tasks. These 15 tasks define an arena that would require a substantial
level of effort for completion. Many tasks identified are exploratory
with no assurance of success. Because of the probability of encountering
difficulties during the course of analysis, a firm level of effort cannct
be set with confidence. A rough estimate of about 2.5 to 3 man-yrs is

considered representative.
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LMYBR Accident Delineation Study

Teble 5-1

ESS Phase 11 Summary

Jash

Develop DHRS fault tree

. empt to specify and characterine
s aningful protected-accident categories

More extensive analysis of accident
initiators

Qualitative assessment of common cause/
mode effects between initiators and PPS
functions (detection, pump trip, and SCRAM)

Attempt to est DHRS cond. failure prob.
for variouws initiators and subsystes fail-
ures (if coanvot, perform qualitatively)

Critical review of CRBR safety study
(CRBRP-1)

Estimate plausibility of CRBR unscrammable
faults

Simplify ESS event trees

Delineation and plauveibility of protected
LOCAs in CRBR

Evaluate CRBR TBS function and delineate
LOSP initiator

Vase case quantification =d ranking of
sccident categories

Estimate uncertainty intervals an. perform
sensitivity on base case accidents und
their rank order

Acalysis and interpretation of results and
ini rmation obtained from all sbove tasks

fcope requirmments for & more realistic
quantification of LMFBR initisting
accident probabilities

Reporting of results and information
obtained from all sbove tasks

Delineation of in-core accidents at
conditions other than full power

Delineation of ex-core accidents

Rank
Order

1

Analysis
Category

2

Task
Dependency

None

Suggested

For FY79?

Yes

Yes

Yes

1f time
permits

If tise
permits
If time

permits

Yeu

Yes

Yes

Yes

If time
permits

Yes

Yes

'nm ranking is based on a temporal ordering of task performance and does not necessarily

indicate task importance.

Notes for Table 5-1 (abbreviations)

ESS Engineered Safety System
LMFBR Lipoid Metal Fast Breeder Reactor
DHRS Decay Heat Removal System
PPS Plant Protection System

est Est imate

cond . Conditional

prob. Probability

CRER Clinch River Breeder Reactor
LOCA Loss-0f-Coolant Accident
T8S Turbine Bypass System

LOSP Loss-0f-0ffsite-Pover
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All 15 tasks obviously cannot be addressed during FY79. Table 5-1
indicates those tasks that will be addressed during FY79 and those that
will be initiated if time permits. Basically, the efforts to be performed
during FY79 will involve completing the delineation of the Engineered
Systems area and will review areas for future study. Generally, Phase II
efforts 'dentified in this work plan would set the stage for a more realis-
tic subsequent quantification of LMFBR initiating-accident probabilities
while also providing interim data for review of LMFBR safety research and
development priorities. The tasks to be treated during FY79 are indicated
in Table 5-1. Work oa Tasks 1, 7, 8, and 10 was initiated during March
1979,

5.3 Accident Phenomenology

The planniag for future work was strongly influenced by the major con-

clusions of the Interim Report, especially the following:

e Quantification of the event trees in the Accident
Phenomenology area (or other means of executing a
quantitative probabilistic/mechanistic risk analysis)
is not likely to be feasible in the near term.

e Future work in the Containment area can probably demon-
strate substantial risk mitigation provided very low
protabilities can be validly assigned to very severe
energetics. Given these conclusions, efforts in the
Acciient Phenomenology area reasonably should be concen-
trated on questions that bear directly upon the problem
of whether extremely severe energetics can occur.

The proposed efforts in the Accident Phenomenology area can be

divided into two parts as follows:

a. Continuation of general efforts tequired to bring the
coverage offered in the Interim Report to a more
uniform level. At present, "he report gives only a
limited treatment of some topics (e.g., local fault-
propagation accidents) that merit more detailed

*"Extremely severe energetics' means energetics sufficient to
directly and rapidly cause seriols impairment of containment capability
including the reactor-containment building (RCB).
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delineation to identify key phenomenologies requiring
additional study and to set priorities for these
studies.

b. The interim report delineated ULOF and UTOP accidents
to the point where key phenomenologies requiring better
understandine can be identified and these investiga-
tions can be assigned priorities. These efforts are
guided by placing the greatest emphasis ou questions
concerning the possible occurrence of severe energe-
tics. If time and resources permit, phenomenolngies
assigned the highest pricrity will be considered in
more detail t.an was done in the Interim Report.
Experimental and/or analytical studies to improve
understanding of these phenomenologies may be proposed
where possible. Actually carrying out these investi-
gations will be outside the scope of Phase i

5.3.1 Gen=2ral Studies

This part of the effort may be thought of as a continuation of
Phase 1 (filling in certain subjects that were treated inadequately in the
Interim Report). Some topics that might be addressed are noted below in
order of decreasing priority. Only the first two or three items are

likely to be considered in any detail during FY79.

5.3.1.1 Local Fault-Propagation Accidents -- Delineation will include

consideration of what physical signals (acoustic, thermal, neutronic, etc)
will be generated as propagation proceeds; how these might be detected and
thus used to initiate shutdown; and the safety implications of detection

and shutdown at different stages of the propagation process.

5.3.1.2 Extension to Cores Other Than CRBR -- Phase I efforts concen-

trated on the standard CRBR core. Work should be extended to consider
major differences that might arise in larger cores with higher void

coefficients, and also "parfait" (heterogeneous) cores.

5.3.1.3 Categeiies of Protected CDAs -- This task may be treated pri-

marily in the area of Engineered Systems.
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5.3.1.4 Extensions of the Fuel Dispersal Phase Delineation

5.3.1.5 Refinement of Delineation of Unprotected CDAs Other Than UTOP and
ULOF

5.3.1.6 Delineation of Accidents Initiating at Other Than Normal
Operating Conditions

5.3.1.7 Further Refinement of Existing UTOP and ULOF Accident
Delineations

5.3.2 Improved Definition of Key Questions Governing Severe Energetics

The Interim Report carried delineation of accident phenomenologies
to the point where it is now possible to identify some key needs and to
begin assigning priorities, guided especially by the need to resolve ques~-
tions related to severe energetics. The first step in addressing improved
definition has been to assign the various relevent phenomenologies to cate-
gories indicating the nature of the effect they might have on accident out-
come, the degree to which they might exercise these effects, and a judge-
ment as to the likelihood that additional work might show that the effect
indicated would indeed be present. The categorization scheme being

applied is as follows:

a, Category A refers to phenomenologies that are
directly involved in determining the severity of a
disassembly. Quantitative prediction of disassembly
energetics requires at least some capability to
quantitatively evaluate Category A phenomenologies.
Examples would include the complex of phenomenologies
involved in LOF-driven-TOP sequences.

b. Catcgory B refers to phenomenologies that may contri-
bute to the evolution of the accidert along paths
that bypass possible sequences which otherwise could
lead to severe energetics at a later stage in the
accident. Examples would include negative reactivity
effects in the early portions of a2 ULOF accident
(e.g., early fuel dispersal) that could slow the
transient sufficiently so that a LOF-driven-TOP
sequence does not develop. Quantitative evaluation
of Category B phenomenologies may be required in
order to determine the likelihood that a subsequent
sequence leading to disassembly could arise;
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quantitative evaluation is 1ess likely to be needed
in actually assessing the disassembly severity if
disassembly does occur.

c¢. Category C applies to phenomenologies not currently
known to be relevant to the question of severe
energetics, but which are known to be relevant in
answering other questions important to over-all
accident delineation. An example would be the
question of whether fuel eventually relocates in the
upward or downward direction (this information is
needed for in-vessel PAHR analysis).

d. Category D refers to questions that arise in the
course ~f any attempt to carry out a truly mechan-
2t .c analysis, but do not hav. major effects of the
types noted above insofar as is presently known.
(Note that a D designation may reflect only a lack of
knowledge rather than actual absence of important
effects.)

Table 5-2 presents the assignment of phenomenology categories for
ULOF accidents. A bar over the letter indicates a negative contribution
(i.e., acts to reduce or prevent the effect) designated by the letter. A
numeral 1 following the letter implies a large effect and a 2 indicates a
lesser effect. A (+) indicates that an effect to the degree designated
seems likely; a (~) indicates that it does not seem likely, but it cannot
be ruled ou” completely. Table 5-2 gives a preliminary application of the
scheme to the ULOF initiation phase; observe that a phenomenology can have
more than one designation. In this table, assignments are limited to A
and B categories, even though some of the phenomenoclogies may also have C-

or D-type effects.

Applicaticn of categorization schemes based upon delineation
appears to provide a useful framework for assigning priorities for further
work. This does not, however, mechanize the process; judgement is still

required,
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Table 5-2

Assignment of Phenomenology Categories, ULOF Accidents

Accident Phase
or Subphase

Phenomenology

Categories

Initiation

Phase (prepin
failure stage)

Axial Expansion

Clad Relocation

Premelt Fuel Slumping:

B2(+)

A2(-), B2(+)

Fresh Fuel E}
Irradiated B2(-)
Fuel Swelling BI, B2(+)
Fuel Motion on Disruption -
Compac *ion B2; A2(-)
Dispersal
Fission Gas Bl, B2
Na Vapor B1(-), B2
Steel Vapor B2(-)

Compaction Driven by Plenum Gas

Al(-); Bi(-), B2

Postpin Failure

Stage: Pin-Failure Characteristics Al, A2(+)
LOG-Driven-TOP
Intrapin Fuel Motion A2(+); Al
Voiding Due to Fission Gas A2
FCI-Driven Voiding
Incoherent FCI (as in SAS) Al, A2(+)
Coherent FCI Al*(-)
Nonaxial Motions Al*(=)?
Expin Fuel Motion Al(-), A2

Other Rapid Material Motions
(from effects not explicitly
identified in the delineation

A2(+), Al(=); Al

iDoes not include compaction due to plenum gas (next item).

to date)

5.4 Posta cident Phenomenology

During this period, efforts were directed roward developing a work
plan for improvements in the Postaccident Phenomenology event trees to be

made during the coming fiscal year. A draft of the work plan has been
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completed; the initial tasks outlined by the work plan have been under-

taken.

The work plan consists primarily of two broad areas for further
study: the elaboration and clarification of in-vessel PAHR phenomenology,
and more detailed examination of specific branch points of the containment-
response—-event trees. In addition, whenever appropriate, these trees
would be altered to be less generic and more compatible with the specific

design features of the CRBR.

Work on the first of these areas is now in progress and is concen-
trated on the development of in-vessel PAHR event trees. These will
encompass all events between fuel dispersal and reactor-guard-vessel
failure. Examples of phenomena that will be developed into a system of
branchpoints include the character, location, and size of an in-vessel
debris bed; recriticality considerations; decay-heat-removal system avail-
ability; and the character, location, and mode of any resulting reactor-
vessel failure. This exercise is expected to yield a more precise set of
initiators for the containment-response-event trees by producing a better-
defined characterization of the state of debris and sodium after the CDA.
The impact of this exercise will then be traced through the containment
trees, and modifications will be made where appropriate. A preliminary
version of a generic in-vessel PAHR tree has been developed and is now

being reviewed.

The second area of effort will be, in effect, a final refinement of
the containment-response-event trees with emphasis on demonstrating more
explicitly some design features peculiar to the CRBR. Example of parti-
cular areas that would receive increased consideration would be

e Events in the reactor cavity after melt-through
including the effects of cavity-liner failure

e The impact of the capabilities of specific types of

upper containment-cleanup systems including partial
failure effects

275



o The influence of various types of sodium fires whether
above or below the operating floor or within a reactor
vessel with a failed head

o ‘The likelihood and character of the final failure mode
of the upper containment building including the impact
of some specific features such as the double walled
structure and annulus cooling system.

The objective of these additional efforts will be to better define the
timing, extend, and character of each major containment failure with the
intent of obtaining a better characterization of the various forms of

fluid releases to the environment.

References to Section 5

5-1 J.A. Sholtis, M. Rios, D.W. Worledge, P.W. Conrad, D.C. Williams,
D.W. Varela, and P.S. Pickard, "LMFBR Accident Delineation Study,"
International Meeting an Fast Reactor Safety Technology, 19-23 August
1979 in Seattle, WA, paper to be presented.
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6. TEST AND FACILITY TECHNOLOGY

6.1 ACRR Fuel-Motion Detection System (J.G. Kelly, 4423; K.T. Stalker,
1254)

6.1.1 Introduction

A fuel-motion detection system is being developed for the ACRR.
The design of the system is based upon the experience gained in experi-
ments with shielding, collimation, coded-aperture imaging, and time-
resolved pseudoholography at the ACPR, SPR-II, and 252¢f facilities. The
system will be designed for high-spatial and temporal-resolution
measurements of fuel motion in both transient and steady-state experi-
ments, bed-leveling, and material-separation studies in the postaccident

heat-removal experiments.

The ACRR fuel-motion detection system is designed to take advantage
of the latest advances in framing camera design, optical-image-intensifier
developments and coded-aperture imaging technology to measure fuel motion
in simulated core-disruptive accidents with high temporal and spatial
resolution. The coded aperture, in particular, permits the collection of
more imaging gamma rays for each resolution element in the object per unit
time than does a pinhole aperture with the same resolution. Thus,
improved signal-to-noise ratios in the fuel-pin image can be obtained. At
present, the complete system has been designed and most of the major compo-
nents have arrived. The proof tests are scheduled to commence in October
1978 and will begin with assembly tests in the reactor, radiation mapping,
and passive (steady-state) imaging of a fvel pin. The experiment plan was

outlined in the April-June Quarterly Report.

The ACRR Fuel-Motion Detection System is now being installed in the
reactor tank, and the steady-state proo.tests will begin in February 1979.
No major difficulties have been encountered thus far in the assembly of

the components into the reactor, but some secondary problems have been
encountered, delaying the initiation of the tests. These problems will be

reported below.

2717



POOR ORIGINAL

6.1.2 Dry Assembly of the Shield and Instrumentation Chambers

A sketch of the fuel-motion system is shown in Figure 6.]1-1.
Except for the interior parts of the chambers, all of the components were
assembled in the laboratory to assure their proper fit. Figure 6.1-2 is a
photograph of the assembled system taken from the side that will face the

reactor,

OPTICA
INAGE

INTEN -
SR
ACPR
TANK
WAL

Figure 6.1-1 ACRR Fuel=-Motion Detection System

At the bottom of the photograph is the 7.62-cm(3=in.)-thick
stainless-steel system-support plate which is leveled on the uneven tank
floor by 17 footpads. On the left and right are side plates with angled
gussets to support and guide the principle parts of the shield. The
collimator chamber (which will slide into the slot of the reactor core)
extends through the center of the 7.62-cm-thick steel wall. The lead-
shield wall is behind and extends above the steel wall. In Figure 6.1-3,
the instrumentation chamber (without its top lid) can be seen behind the

lead barrier.
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After the system was disassembled, the footpads were set according
to the depths previously determined in the dry reactor tank for leveling

the plate.

6.1.3 Installation of the Shield Structure into the ACRR

The shield structure is too massive to assemble into the reactor in
one stage. The lead shield itself weighs 28 000 lb; the tank is so con-
gested with components and piping that only a modest opening is available
for insertion of parts. Therefore the pieces had to be assembled singly
and aligned, all within the tank. The support plate was first lowered on
edge and then rotated to its horizontal position between two brackets that
had been welded to the tank floor. The plate was aligned and locked in

place by bolts through the brackets.

The side-support frames were then lowered into the water and posi-
tioned onto alignment pins in the support plate. They were bolted iito
place from above. A stainless-steel table was placed onto additional
alignment pins between the side frames. This table supports the front
stainless-steel scatter plate and the tank containing the borated polyethy-
lene neutron shield. The front steel plate was guided into the forward

alignment slots in the support frames.

The lead shield is 20.3 ecm (8-in.) thick on the front wall and
15.2 em (6-in.) thick on the side walls. The shield has been divided into
14 parts, each encased in a stainless-steel can; they mesh together with-
out any line-of-sight cracks. They were designed to be not only self-
aligning, but also to fit onto a set of 3.175-cm (1.25-in.) stainless-
steel guide rods that are screwed into the base of the support plate.
Special tools were built to first screw these rods into place from the

surface and then to guide the lead pieces onto these rods.

The bulk shield was completed by positioning the borated-
polyethylene tank behind the stainless-steel scatter piate. The success-
ful assembly of the primary shield structure into the reactar wae an

important milestone in the e’ uration of the Fuel-Motion Dete ! .on

280



System. Investigators now know that the footpads will support and level
the shield load on the uneven tank floor without damage and, further, that
the massive and awkward components can be assembled and aligned inside the
tank. Up to placement of the borated-polyethylene tank, the assembly went
very smoothly although it required twice the expected time. Some
difficulty was encountered during the attempted assembly of the slot
collimator and the aperature chamber into the slot in preparation for the
passive imaging and radiation-field mapping experiments. These and the

required remedial actions will now be briefly described.

After fuel rods are removed to form a core slot, a roller plate is
hinged to the front scatter plate. This assembly will be lowered into the
gap to support th: slot collimator. Two problems were encountered during
attempts to roll the slot collimator into place.

a. A buildup of tolerances and some small dimensional

errors had raised the roller plate slightly and the
collimator chamber would not slidie between the grid

plates. Consequently, the chamber had to be
shortened and rewelded.

b. Some guide tabs on the side of the roller plate were
so closely dimensioned that unless alignment was
perfect, the chamber would not slide into the slot.
Subsequently these tabs were removed so that the
chamber will be aligned solely by the fuel rods, as
was origiually intended.

Although the aperture chamber was successively lowered into posi-
tion (without the instrumentat.on chamber attached), leaks were discovered
in the welds., Similar leaks appeared in the slot-collimator chamber.

Both chambers had been tested with dye penetrant under vacuum in a swim-
ming pool and had shown no leaks. However, when fully loaded (with lead
and polyethylene) and placed in 30 ft of water, the numerous leaks
appeared. When these welds were ground out and inspected, they were found
to be porous and of poor quality. Subsequently, an engineering-design
review was conducted to determine whether thin-walled-aluminum containers
could be built in this manner and still survive the weights carried an

the pressures generated., The conclusion was that with proper welds th-
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present designs should be more than adequate. The necessary modifications

are being made.

6.1.4 Radiation Measurements Behind the Lead-Shield Wall

A series of gamma-ray dosimetry measurements have been made behind
the lead shield, showing it to be very effective despite the fact that
without t* - aperture chamber in place there is a 33 x 71.1 cm (13 x 28

in.) hol. in the lead wall centered opposite the reactor.

Figure 6.1-4 shows how the lead pig used in the collimation test-
module experiments of 1977 was used to characterize the radiation field
behind the lead shield. The lead pig has 10.2-cm(4-in.)-thick walls, a
bottom 22.9 cm (9 in.) thick and a 5.1-cm(2 ‘n.)-thick wall opposite the
collimator. Thermoluminescent detectors (TLDs) were placed at the
locations noted on the sketches showing the two pig locations. The gamma-
ray dose at each detector after one 277-MJ burst is shown in Table 6-1.
These measurements were made without either the front steel scatter plate

or the tank with the borated polyethylene in place.

WALL

bl

Figure 6.1-4 Lead Pig Used in Collimation
Test Module Experiments of 1977
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Table 6-1

Gamma-Ray Dose at Each Detector After Ome 277-MJ Burst

Dosimeter Dose (rads)
1 0.10
2 0.06
3 1.20
4 cal limits*
5 1. 23
6 2.72
7 (side of pig) 1.33
8 8021.0
9 238.0
10 5.09
11 2.00
12 210.8
13 137.5
14 95.5
15 (side of pig) 213.9

*The reading was below calibration limits
for this detector (~1 rad), but the charge
collected indicated a small fraction of a rad.

Several significant conclusions can be made from the results in

Table 6-1.

a. Detectors 3 and 5 have almost the same reading (about
1 rad), while detector 1 inside the collimator-
detected only about 0.1 rad. Sandia investigatc:s
feel that most of the radiation detected by 3 and 5
is being scattered upward from the water behind the
opening in the shield; only about 0.1 rad _appears to
come from wall penetiation. Since 8 x 107 rads was
measured at detector 8, the net attenuation through
the shield is about 105, equal to the exponential
attenuation of penetrating 2-MeV gamma rays through
30.3 (8 in.) of lead. This measurement implies that

283




even on a very large pulse, the radiation penetrating
the bulk shield should not have a significant effect
on the camera film or the image intensifier. This
result is very important,.

Detector 4 shows that very little radiation comes
over the top of the shield. It measured an uncali-
brated small fraction of a rad. Because of this, no
lead 1id will have to be built to cover the
instrumentation chamber after insertion.

The radiation back at the pig location is mostly from
gamma rays that are easily shadow-shielded (i.e., the
radiation does not scatter around corners very well).
The detector at 6 saw only 0.004 times the radiation
seen by detector 8 even though the former was placed
only 15.24 cm (6 in.) outside of the direct view
penumbra of the radiation beam.

Comparison between detectors 12 and 8 shows that the
atten.ation through 5.1 cm (2 in.) of lead is faster
than exponential for 2-MeV gamma rays, indicating (as
might be expected) . softer fission spectrum
averaging 1 MeV.

Detectors 10 and 11, because they differ so signifi-
cantly, indicate that most of their dose comes from
around the sides of the pig.

The effectiveness of the collimator, mounted in the aperture

chamber, has yet to be determined. This collimator-aperture chamber

assembly will stop most of the gamma radiation which enters the shield

opening, but it will also displace a significant amount of the water that

provided much of the neutron shielding in this first test. If the lead

collimator parts are found to act too much as a neutron conduit in later

tests, it will be a simple matter to reduce the amount of lead and

increase

the amount of borated polyethylene.

6.1.5 Assembly and Testing of the Linear-Coded Apertures

The gold and platinum vanes that form the attenuating zones of the

coded aperture were received in September. The vanes were individually

cast, had to be filed to the correct thicknesses, and shimmed to assure

proper spacing. The cast material is moderately flexible and could not
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be easily machined to the proper dimensions, so this final tuning step was

done by hand.

The assembled apertures were then exposed at the 252¢¢ facility so
that the effectiveness of the modulation could be measured and the accu-
racy of the vane spacing could be determined. A densitometer scan across
the x- 1y film is shown in Figure 6.1-5. The code has 15 opaque zores
between the axis and one edge. The scan in Figure 6.1-5 can be compared
to the code made of Ta with 10 opaque zones shown in Figure 6.1-6. This
second aperture is the one used to image a fuel pin at the reactor in

1977.

Clearly the new aperture offers superior modulation of the gamma-
ray signal. This can be seen by comparing the height of the central zone
maximum to the minima of the adjoining zones for both apertures. In the
case of the older Ta zoneplate (Figure 6.1-6), the amplitude of the minima
increases toward the edge of the zoneplate. This is a consequence of
making the outer zones thinner to avoid vignetting as the angle of observa-
tion at the detector plane is increased. The thinnmer zones allow more
penetration of the attenuating zones by the incident radiation. In con-
trast, the zones of the new zoneplate are all the same thickness; they are
beveled and angled toward the object centerline to eliminat - vignetting.
Thus, the valley amplitude of the minima remain about the same for all

zones.

For a point source, the exposure level between zones (the peak
heights) should be the same but, looking at Figure 6.1-5, it is clear that
the central peak is considerably higher thaa are the other two. Although
the 252Cf source approximates a point source, the total gamma-ray source
may be spread out by scattering in its container and in the transfer tube
that guides it into place. This would result in a reduction in apparent
modulation as seen in Figure 6.1-5. Another explanation is that there is
some vignetting present that reduces the height of the maxima but does not
decrease the depth of the minima. The actual modulation provided by this

aperture is approximated by the difference in exposure level between the



central peak and the deepest valley level. The increase in modulation in

the new aperture, especially in the outer zones, will result in increased

contrast in the final reconstructed "mages.
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The greatest number of zones has resulted in two benefits.

a. Because the outer zone width has remained the same
yet more zones have been added, the new zoneplate has
greater theoretical depth resolution.

b. Because the new zoneplate is wider, it will have a
higher solid-angle collection efficiency than the old
zoneplate used in previous test geometries. This
increase in signal-gathering ability will result in
improved signal-to-noise ratios in the final image.
This may be especially important if nonsce.~ back-
ground is present as is possible in the ACRR
configuration.

The fact tiat some peaks in the outer zones of the new aperture are
reduced in ampl’cude indicates some slight misspacing that has been hard
to eliminate because of the flexibility of the vecnes. This deficiency
should only be of secondary importance. However, because of this short-
coming, the use of a Tungsten-copper alloy called Kennertium is being con-
sidered for future apertures. It is machinable and has a density of

18.5 g/cmz.

6.1.6 Assembly of Components Into the Chambers

The interior collimators and apertures were not available for fit-
ting into the chambers until after the dry lab assembly of the system, but
were inserted and aligned before the tests in the tank were conducted.

The added weight may be responsible for the discovery of the chamber leaks

that did not show up in the initial tests.

The active system components have been placed and aligned inside
the instrumentation chamber. These included the optical support table and
rails, the scintillators, lenses, image intensifiers, cameras, shields,
and power supplies. These latter components require electrical cables and
air hoses, both of which were subsequently run to the cable access tubes
at the top of the chamber. A photograph of the chamber and closeurs of

the cameras, intensifiers, and mirrors are shown in Figures 6.1-7, 6.1-8,

and 6.1-9.
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b. There should be at least two such components or
chains of components in parallel if the above
criterion is the only one to be met.

¢, If the experimental situation demands that at some
point only one component can be used .» hold the
object, then it must be tested and otherwise certi-
fied to carry four times the weight. The use of this
component must also be separately approved by a
safety committee.

d. The component must have a safe working load of twice
the weight of the object. For example, if a clevis
is tc be used to carry a 1000-1b weight, it must be
certified as tested at 2500 lb, or it must have a
calculated yield s-rength of 10 000 1b.

Some discussion occurred about applying criterion c to each carry-
ing point on the object for which = break in the suspension would cause
severe swinging or movement. > rinal decision has yet been made on that

proposed condition,

6.1.9 Summary

The system is being assembled within the reactor and no serious pro-
blems have been identified. However, the assembly has proceeded more
slowly than expected and more minor modifications than were expected have
had to be made. The leak problem has delayed the schedule by approxi-
mately one month., This delay will not impact the overall program

schedule.

6.2 Large-Scale Test Assessment (J.S. Philbin, 4452; W.E. Nelson, SAI;
Jack Tills, CNSC; P.S. Pickard; 4424)

Large-scale test assessment efforts are directed toward the defini-
tion of an experimental program for providing test data having the poten-
tial to confirm analysis and conclusions drawn from smaller scale CDA
experiments. These considerations include the use of existing facilities
as well as the definition of requirements for new facilities or

modifications of existing ones.
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6.2.1 Heat-Transfer and Fuel-Element Design Considerations

A project for fuel-element design for the gas-cooled-reactor con-
cept was initiated during this period. The complete design effort will

include literature review computational correlation, and design optimiza-

tion.

6.2.1.1 Mechanical Design Considerations

The fuel elements for a gus-cooled research reactor with full-
length capability must be arranged in a fairly tightpacked array in order
to yield large fuel-element volume fractions (~0.75) for miniwum reacti-
vity requirements. Clad thickness and bowing considerations for these
extra-long elements will also be important in choosing an appropriate pack-

ing fraction.

Intermediate grid spacers between the top and bottom grid plates
and cladding strength can be chosen to simultaneously ensure the appropri-
ate packing fraction and eliminate interference from adjacent fuel ele-

ments due to bowing. Specification of these parameters is in progress.

Figure 6.2-1 specifies the clearance between adjacent cylindrical
fuel pins in a hexagonal array for a given fuel-element diameter and fuel-
elemen® volume fraction. The information in this family of curves can be
obtainel into a single curve by plotting a dimensionless ratio (separation
distance divided by the fuel-element diameter) as a function of the fuel-

element volume fraction (Figure 6.2-2).
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The separation distance between elements for a ga. “uel element

and volume fraction can be increased by changing the fuel element from a
cylindrical to a hexagonal shape. Large cans of fuel elements resulting
in a very small coo'ant volume fractions (less than 0.10) are also pos-
sible if steady-sta“e operational requirements are of very low power or of
short-time duration (i.e., enthalpy limited). This is the situation in
the STF-reactor design where the coolant volume fraction in the converter

is only 0.06 and the reactor is to be rum only as an adiabatic machine.

6.2.1.2 Heat-Transfer Analysis and Reference Calculations

The thermomechanical design effort during this quarter has in-
volved assembling and checking out a computer-code library that can be
used to calculate transient or steady-state temperature and stress pro-
files in candidate High Fluence Fast Pulsed Reactor (HFFPR) fuel elements.
This library includes the STEALTH® ™! family of one- and two-dimensional

M6=2 code for

codes for coupled thermomechanical response, and the ONEDI
one-dimensional nonlinear heat trans{er. Each code in the library has
been modified to treat specific design problems associated with the HFFPR
fuel elements. STEALTH has been updated to trcat thermoelastic-material
response and gas-gap closure. The ONEDIM code has been expanded to
include stress computation using approximating analytical stress/strain
equations for fuel and clad response. In addition, a new gap model has

been programmed into ONEDIM to account for gap closure.

The requirement for two temperature/stress codes, STEALTH and the
expanded ONEDIM, reflect the need in a design analysis for both detailed
and parametric study. In general, a detailed study is conducted using the
more complex code in which simplifying assumptions are kept to a minimum
(i.e., STEALTH-2D). Computation time for the complex code restricts the
number of element designs that can be investigated. For the parametrics,
a code such as the modified ONEDIM is well suited; it is a fast-running
code that has been put on the NOS time-sharing system for interactive

running.
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In the thermomechanical studies, there are two main areas of con-

cern following a reactor pulse: clad temperature and fuel/clad hoop
stress. For example, in the case of a gas-cooled HFFPR, the relatively
low heat-transfer coefficient means that, except for the very-high-flow
velocities, clad temperatures will tend to equilibrate at the fuel tempera-
ture before appreciable cooling can take place (Figures 6.2-3 and 6.2-4).
In such cases, methods for improving heat transfer and/or insulating the
clad must be investigated. One of the main thermomechanical design goals
for the gas-cooled HFFPR is to provide a fuel-element design that will
maximize fuel-volume fraction, and operate below maximum thermal and

stress limits for all anticipated transient and steady-state conditions.
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Figure 6.2-3 Centerline Fuel and Clad Temperature for 23.00 Pulse,
Heat-Transfer Coefficient = 3.119 ergs/cm“-s-°C,
Velocity of He Flow ~1.219 cm/s. (Based on a core
average fuel element)
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Figure 6.2-4 Centerline Fuel and Clad Temperture for $3.00 Pulse,
Heat-Transfer Coefficient = 3,119 ergs/cmz—s-°C,

Velocity of He Flow ~1.828 cm/s. (Based on a core
average fuel element)

6.2.2 Neutronic Analysis of Large Gas-Cooled Driver Cores

A study to determine the sensitivity of maximum energy deposition
in the test section as a function of the eigenvalue of the entire driver/
test section in calculated assemblies was initiated but results are too

preliminary to report at this time. This study is being done with a one-

dimensional model using DTF-71.

Work on the neutronics evaluation of a high volume-percent Be,C
fuel (70 V/o Be,C; 5 v/o UC,; and 22 v/o graphite) has been dedicated to
the production of cross sections for the fuel and to the development of
R-f models that include an outer cavity, radial fuel-motion-detection
slots, and six control-rod locations. Initial work on kinetics modeling
of the Be,C and BeO tall-core systems has also been done. Reactivity time
histories for LMFBR accident scenarios are being developed for evaluation
in the PKID and SAK kinetics codes.
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Development of the R-f models has been carried out concurrently for
both BeO and Be,C systems. Normalization of the R-§ model to the R-Z
TWOTRAN II code was accomplished through the use of zone- and energy-
dependent DB? terms (defined later). Table 6-2 is a comparison of some of
the R-Z and R-§ models. The agreement between the R-Z and R-f models for

kogg is an ~1% differeace. The difference in energy deposition is ~8%.

Table 6-2

Comparison of R-Z and R-f TWOTRAN-II Models

Enax Edge to Ce ter-
Geometry Reactor Description Keff (j/g) line Ratio

R-Z BeO/UOz = 50/1, 452 E

35.56~-cm inner cavity; no

outer cavity. Cad. ium fil-

ter of 0.01 atoms/ -cm x

1 cm wide 1.13 1904 3:21
R-6 Same as above 1.13 2069 1.22
R-6 Same as sbove, but with

60-cm-w'.Ce outer cavity .32 2076 1.23
R-Z Be ,C-UC,-Graphite 70 v/o

Be,C; 5 v/o UCy; 22 v/o

graphite; 502 enriched U.

35.56-cm inner cavity; no

~uter cavity. Cadmium fil-

ter of 0.1 atoms/b-cm x

1 cm wide 3+ 12 1060 1.11
R-6 Same as above 1.13 1124 1:11
R-6 Same as above, but with

50-cm-wide outer cavity .13 1197 1.10

The energy and zone dependent pB? terms are calculated from data
available in the macroscopic edit of TWOTRAN II. The DB? terms are
calculated as:

DB2 = Leakage/Flux (6.1)
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The axial effect of the DB terms may be computed by summing the

vertical-zone lezkage and dividing by the flux for the zone. The pB?

terms are then entered into TWOTRAN IT as pseudomacroscopic absorption
cross sections. They are then added into the mixture for the appropriate

zone,

Care must be exercised in using the DB terms if there are energy
groups having a very low population; e.g., thermal groups in a cadmium
filter. The extremely low population may lead to the calculation of

2 terms for these groups and, if the terms are

comparatively large DB
negative (leakage into the zone), one may have a substantial neutron

source in that region., If the source is large enough, this will cause
terms for that particular zone in order to stabilize the model.

instabilities in the model. It is then necessary to zero out the pe?
|
\
|
6.3 ACRR Status (T.R. Schmidt, 4451) f

:

In October, work was performed on the ascension-to-full-power and
pulsing tests (ATPs) with the completion of parts of ATP 1, 7, 11, 12, and
14, The argon-purge system for the experiment cavity was completed since
it was modified to accommodate the electrical conduits for the instrumenta-
tion patch panels that run in the same raceway in the floor. The base
plate and the shield-support gussets for the fuel-motion-detection system

were installed in the ACRR tank.

During November, tests were initiated on 15.24-cm (6-in.) stacks of
BeO fuel to examine its behavior at temperatures up to 2273 K (2000°C).
Forty-nine pulses were given to several fuel stacks. The core configura-
tion was adjusted by adding seven elements on the core flat toward the
radiography tube location. Ten maximum pulses were given to a fresh-fuel
-~ element to be later destructively examined. The core was slotted, requir-

ing the removal of 13 fuel elements and transient rod A.

In December, after several checks of fuel-motion hardware in the slot-

ted core and various reactivity measurements, the core was returned to its
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unslotted configuration. Six arming, fusing and firing (AF&F) systems
were exposed and 20 shots were given to U02-Be0 experiments. The reactor
was shut down on the 18th ia order to paint the high bay over the end-of-

year holidays.

In January, several irrad’ations were performed for we:pon components
and outside contractors. In addition, the series of Uoz-BeO fuel irradi-
ations in the cavity were continued. Trial-fittings in the loading tubes
were made for the data acquisition system of the aerosol experiment;
several days were devoted to check-out znd nondestructive testing of the
fuel-motion detection hardware. The heat transfer in one of the instru-
mental fuel elements started changing, indicating that air was leaking in.
This apparently faulty fuel element was replaced with a spare instrumented

element and additional instrumented elements were ordered.

During February, most of the activity involved the fuel-motion-
detection system. The in-tank shielding was completed and several steady-
state irradiations were performed with and without a fuel pin to determine
backgrounds and signal-to-noise ratios. The new lower section of the
neutron radiography tube was manufactured and testeu. Assembly of the
tube was completed and it will be installed early in April. Initial steps
were taxen to order *the higher reactivity-worth transient rods. The
current rods are worth ,2.95 and the new rods will be worth approximately
$4.25. A second set of two rods will be ordered later for use with a

slotted core as soon as a standard slotted core is developed.

In March, the slotted core was reconfigured to reduce the imbalance
in reactivity-worth of the control and transient rods. The neutron radio-
graphy tube was installed. The standard core was also reconfigured to
facilitate the changeover to the slotted core and to minimize the influ-
ence on core safety and control instrumentation. The core was then recali-
brated and dosimetry was performed for upcoming weapons and PBE experi-

ments. PBE-13S was performed.
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Summarizing, all of the startup tests have been completed and most of
the characterization of the reactor has b;en completed. A major use of
the facility has been devoted to the fuel-motion-detection system with
other users being phased ia around the slotted core operations. The fuel
and control systems are operating as designed without any significant

problems.
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