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FINAL AGENDA

SEVENTH WATER REACTOR SAFETY RESEARCH
INFORMATION MEETING

AT THE

NATIONAL BUREAU OF STANDARDS
ADMINISTRATION BUILDING 101

GAITHERSBURG, MARYLAND

NOVEMBER 5 - 9, 1979

Registration

Registration desks will be located in the hallway between the Red and
Green Auditoriums.

Registration will begin before the meetings and extend into the
morning coffee break.

A registration fee of $6.00 for each day of attendance will be charged
each meeting participant to defray expenses.

Cafeteria tickets will be issued at the time of registration.

Entry to the cafeteria for the special prepaid luncheons will be
through the use of cafeteria tickets only.
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AGENDA

SEVENTH WATER REACTOR SAFETY RESEARCH
INFORMATION MEETING

MONDAY, NOVEMBER 5, 1979

RED AUDITORIUM - ALL PARTICIPANTS

9:15 am - Introductory Remarks J. M. Hendrie
S. Levine
T. E. Murley
G. L. Bennett, NRC

9 25 am Highlights of WRSR Achievements in L. S. Tong, NRC
FY-79

Three Mile Island Accident

9:40 am - What NRC Is Doing In Response to TMI H. R. Denton, NRC

10:05 am - Coffee Break

10:20 am - Status in the Understanding of TMI W. V. Johnston. NRC

10:45 am - Radiological Aspects of TMI Accident F. J. Miraglia, NRC

LOFT PROGRAM

MORNING SESSION - RED AUDITORIUM

Chai rman : G. D. McPherson, NRC

11:10 am - Overview of the LOFT Program G. D. McPherson, NRC

11:20 am - Analysis of LOFT Tests L2-2, L2-3 and L. P. Leach, EG&G
L3-0

12:00 pm - Results of the PBF/ LOFT Lead Rod Test D. J. Varacalle, EG&G
Program

12:20 pm - Status of LOFT Two-Phase Flow W. J. Quapp, EG&G
Instrumentation Calibration

12:35 pm - Planning for Small Breaks and Other G. D. McPherson, NRC
Future . Tests

t . t
12:45 pm - Discussion

1600 0031:00 pm - Lunch



. .

-2-

MONDAY, NOVEMBER 5, 1979

SEPARATE EFFECTS TESTS AND ANALYSES

AFTERNOON SESSION - RED AUDITORIUM

Semiscale Program

Chairman: H. Sullivan, NRC

2:00 pm - Highlights of Semiscale Tests and Analysis, R. G. Hanson, EG&G
Nov. 1978-Nov. 1979

2:20 pm - Results from Semiscale Three Mile Island T. K. Larson, EG&G
Experiments

2:40 pm - Preliminary Results from Semiscale Small E. A. Harvego, EG&G
Break Test

Instrumentation Programs of NRC

Chairman: Y. Y. Hsu, NRC

3:00 pm - Introduction - U.S. Instrumentation Y. Y. Hsu, NRC
Activities

3:15 pm - Coffee Break

3:30 pm - Pulsed Neutron Generator for Two-Phase G. E. Rochau, SANDIA
Flow Measurement

3:50 pm - Pulsed Neutron Activation Calibration P. Kehler, ANL
Technique

4:10 pm - Instrumentation For Film Dynamics J. E. Chen, Lehigh Univ.
In Two-Phase Flow

4:30 pm - Advanced Instrumentation for Reflood Studies B. Eads, ORNL

5:00 pm - Advanced Spool Piece Development and Signal K. Turnage
Analysis C. E. Davis, ORNL

5:30 pm - Adjourn

1600 004
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MONDAY, NOVEMBER 5, 1979

SEPARATE EFFECTS TESTS AND ANALYSES

AFTERN0ON SESSION - CONFERENCE ROOM "A"

Thermalhydraulic Model Development: 1. Heat Transfer

Chairman: L. B. Thompson, NRC

2:00 pm - Transient CHF Correlations J. C. M. Leung, ANL

2:25 pm - Progress in Low Quality and Subcooled D. C. Groeneveld, AECL
Post-CHF Studies

2:50 pm - Non-Equilibrium Post-CHF Heat Transfer J. E. Chen, Lehigh Univ.

3:15 pm - Coffee Break

3:30 pm - Predictions of Core Rewet Behavior R. A. Nelson, EG&G

3:55 pm - Cladding Rewets Observed in LOFT E. L. Tolman, EG&G
Large Break LOCA Tests

4:20 pm - Rewetting in the Semiscale MOD-1 and D. M. Snider, EG&G
M00-3 Cores

5:00 pm - Discussion

5:30 pm - Adjourn

600 005
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TUESDAY, NOVEMBER 6, 1979

SEPARATE EFFECTS TESTS AND ANALYSES

MORNJ, ,1SSION - RED AUDITORIUM

2D/3D Program

Chairman: W. S. Farmer, NRC

9:15 am - Introduction L. S. Tong, NRC

9:30 am - Japanese Safety Research Programs - M. Nozawa, JAERI

ROSA, CCTF, and SCTF

10:15 am - Coffee Break

Reflood Tests and Analysis

Chairman: L. B. Thompson, NRC

10:30 am - Results of NRC/W/EPRI FLECHT SEASET Program L. E. Hochreiter,11
_

11:15 pm - Gravity Reflood Oscillations in a PWR P. Griffith
Y. L. Cheung, MIT

11:45 pm - Invited Paper - Experimental Capabilities K. Muller-Dietsche, KfK, FRG
of the HDR Plant with Emphasis on
Blowdown Testing

12:15 pm - Discussion

1:00 pm - Lunch

1600 006



. .

-5-

TUESDAY, NOVEMBER 6, 1979

LOFT PROGRAM

MORNING SESSION - CONFERENCE ROOM "A"

Workshop on Instrumentation Programs

Chairman: N. Kondic, NRC

9:15 am - Introductica N. Xandic, NRC

9:30 am - Status of iwo-Phase Flow J. R. Fincke, EG&G
Standards Selection

9:50 am - Video Optical Systems for the 2D/3D W. L. Kirchner, LASL
Multinational Refill-Reflood Program

10:15 am - Coffee Break

10:30 am - Reactor Noise Applications to Two-Phase R. W. Albrecht, U. of

Flow Studies Washington

10:50 am - Void Fraction Measurement Using S. Banerjee, McMaster U.
Neutrons

11:10 am - Holographic and Laser Doppler Studies R. S. Tankin, HWU

11:35 am - Survey of INEL Advanced Instrumentation J. V. Anderson, EGPG

12:25 pm - Discussion

1:00 pm - Lunch

TUESDAY, NOVEMBER 6, 1979

SEPARATE EFFECTS TESTS AND ANALYSES

AFTERN0ON SESSION -- RED AUDITORIUM

BWR Safety Research Program

Chairman: W. D. Beckner, NRC

2:00 pm - Introduction - Boiling Water Reactor Safety W. D. Beckner, NRC
Research Programs

2:15 pm - BWR BD/ECC Program - System Response G. L. Sozzi, GE
With ECC Injection

2:45 pm - A Comparison of RELAP Calculations G. E. Wilson, EG&G
With TLTA Test 6406

3:15 pm - Coffee Break 1600 007
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TUESDAY, NOVEMBER 6, 1979

SEPARATE EFFECTS TESTS AND ANALYSES

AFTERNOON SESSION - RED AUDITORIUM

BWR Safety Research Program (Cont'd)

3:30 pm - BWR Core Spray Distribution G. E. Dix, GE

4:00 pm - An Improved RELAP-4 Jet Pump Model T. R. Charlton, EG&G

4:30 pm - Discussion

5:00 pm - Adjourn

TUESDAY NOVEMBER 6, 1979

SEPARATE EFFECTS TESTS AND ANALYSES

MORNING SESSION - CONFERENCE ROOM "B"

Thermalhydraulic Model Development:
Session II - Interfacial Mass Transfer

Chairman: ,Y. Y. Hsu, NRC

9:15 am - Nonequilibrium Phase Change Studies N. Abuaf, BNL

9:45 am - Steam-Water Mixing Studies S. G. Bankoff
R. S. Tankin
M. C. Yuen, NWU

10:15 am - Coffee Break

10:30 am - Droplet Entrainment Studies of Dispersed R. S. L. Lee
Flow Through Tie Plate in LOCA by LDA J. Srinivasan
Method S. K. Cho, SUNY

11:00 am - Droplet Cross Flow Phenomena in an LPWR W. L. Kirchner
Upper Plenum J. C. Dallman, LASL

11:30 am - Two-Fluid Model and Momentum Interaction it. Ishii

Between Phases T. C. Chowla, ANL

12:00 pm - Phase Distribution and Separation Phenomena R. T. Lahey, RPI

12:30 pm - Discussion
1600 008

1:00 pm - Lunch
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TUESDAY, NOVEMBER 6, 1979

SEPARATE EFFECTS TESTS AND ANALYSES

AFTERN0ON 3ESSION - CONFERENCE ROOM "B"

Thermalhydraulic Model Development: Session II (Cont'd)

2:00 pm - Steam Generator Flow Instabilities P. Griffith
and Natural Circulation D-Y. Hsia

R. Bjorge, MIT

2:45 pm - Heat Transfer Modeling for Steam Generators P. Scha, BNL

3:15 pm - Coffee Break

3:30 pm - Steam Generator Modeling and G. E. Wilson, EG&G
Comparisons With FLECHT SEASET Data

4:00 pm - Discussion

4:30 pm - Adjourn

WEDNESDAY, NOVEMBER 7, 1979

SEPARATE EFFECT_S_ TESTS AND ANALYSES

MORNING SESSION - CONFERENCE ROOM "A"

Workshop on ECC Bypass

Chairman: W. D. Beckner, NRC

9:15 am - Summary of the Small Scale ECC Bypass W. D. Beckner, NRC
Research Information Letter

9:40 am - Downcomer Flow Topology Results at R. P. Collier, BCL

2/15 Scale

9:55 am Flashing Transients and ECC Interactions C. J. Crowley, Creare

10:15 am - Coffee Break

10:30 am - Summary of Air Water Flooding Experiments H. J. Richter,

Dartmouth C.

10:50 am - Discussion

Poster Session in Hallway - 11:00 am - 1:00 pm

RSR Data Bank at INEL
Reactor Safety Research Data Repository at ORNL

1600 009
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WEDNESDAY, NOVEMBER 7, 1979

LOFT PROGRAM

MORNING SESSION - CONFERENCE ROOM "B"

9:15 am - 1:00 pm with 10:15 am Coffee Break

Panel Discussion on LOFT Program Results

Chairman: G. D. McPherson, NRC

WEDNESDAY, NOVEMBER 7, 1979

AFTERN0ON SESSION - CONFERENCE ROOM "A"

EPRI R&D Program

Chairman: W. B. Loewenstein, EPRI

2:00 pm - The EPRI Safety R&D Program W. B. Loewenstein, EPRI

2:30 pm - Pump Two-Phase Performance Results K. Nilsson, EPRI

3:15 pm - Coffee Break

3:30 pm - Analysis of Optional Transients in J. Naser, EPRI
LWRs Using RETRAN

4:00 pm - Operating Effectiveness - Human Factors J. Prestele,
Research & Disturbance Analysis A. Long, EPRI
Safety System

4:30 pm - BWR Pipe Cracking Research R. Smith, EPRI

5:00 pm - Discussion

5:30 pm - Adjourn
1600 010

.
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MONDAY, NOVEMBER 5, 1979

RED AUDITORIUM - ALL PARTICIPANTS

9:15 am - 11:10 am - Introductions, Research Highlichts, and Presentations
on the Three Mile Island Accident - See Page 1 of the.

agenda.

METALLURGY AND MATERIALS RESEARCH

MORNING SESSION - GREEN AUDITORIUM

11:15 am - Introductory Remarks C. Z. Serpan, Jr., NRC

Symposium on Tearing Instability __and Ductile
Shelf Testing Technology

Chairman: P. Albrecht, NRC

11:25 am - Application of Tearing Instability Analysis P. C. Paris, Wash Univ.

to Primary Systems

11:45 am - Computer-Interactive Unloading Compliance J. P. Gudas, NSRDC
Test Method Validation

12:05 pm - Key Curve Analysis of Ductile Shelf J. A. Joyce, U.S.

Fracture Toughness Naval Academy

12:25 pm - Ductile Shelf Fracture Toughness of F. J. Loss, NRL

Irradiated Steels

12:45 pm - Discussion

1:00 pm - Lunch

1600 of;
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MONDAY, NOVEMBER 5, 1979

METALLURGY AND MATERIALS RESEARCH

AFTERN00l SESSION - GREEN AUDITORIUM

Vessel and Piping Integrity

Chairman: P. Albrecht, NRC

2:00 pm - Influence of Critical Parameters on Cyclic W. Cullen, NRL

Crack Growth Rate

2:20 pm - Design Rules for Multiple Interacting S. Moore, ORNL
Nozzles in Vessels

2:40 pm - Revaluation of Criteria for Postulating R. J. Eiber, BCL
Cold Leg Breaks

3:00 pm - Coffee Break
Chairman: M. Vagins, NRC

3:20 pm - Two-Phase Jet Loads D. Tomasko, Sandia

3:40 pm - Development of Large-Displacement, G. H. Powell, Univ. of
Non-Linear, Elastic-Plastic Code for Calif./ Berkeley
Pipe Whip Analysis

4:00 pm - Standard Crack Arrest Specimen G. R. Irwin, Univ. of
and Analysis Maryland

4:20 pm - Crack Initiation and Arrest of Cracks from R. D. Cheverton, ORNL
Deep Flaws Under Thermal Shock Loading

4:40 pm - Determination of K-Factcrs for Arbitrarily J. W. Bryson, ORNL
Shaped Flaws at Pressure Vessel Nozzle
Corners

5:00 pm - Adjourn

1600 012
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TUESDAY, NOVEMBER 6, 1979

METALLURGY AND MATERIALS _R_ESEARCH

MORNING SESSION - GREEN AUDITORIUM

Irradiation Effects and Neutron Dosimetry
'

Chairman: C. Z. Serpan, Jr., NRC

9:15 am - Notch Ductility Degradation of Low Alloy J. R. Hawthorne, NRL
Steels with Low-to-Intermediate Neutron
Fluence Exposures

9:45 am - Progress Report of Pressure Vessel W. N. McElroy, HEDL
Surveillance Dosimetry Improvement

10:15 am - Coffee Break

10:30 am - Validation of Pradictions of Flux and F. B. K. Kam, ORNL
Spectrum in a Pressure Vessel Wall
Environment

11:00 am - Invited Paper - Embrittlement Saturation D. Pachur, KFA
of Reactor Pressure Vessel '. eels Julich, FRG

Steam Generator inbe Integrity and Stress Corrosion

Chairman: J. Muscara, NRC

11:30 am - Feasibility of Studies on a Retired Steam R. Clark, PNL
Generator

12:00 pm - The EPR Method for the Detection of W. L. Clarke, GE
Sensitization in Stainless Steels

12:30 pm - Stress Corrosion Cracking Predictability in D. Van Rooyen, BNL
Steam Generator Tubes

1:00 pm - Lunch

1600 013,.
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TUESDAY, NOVEMBER 6, 1979

METALLURGY AND MATERIAli RESEARCH

AFTERNOON SESSION - GREEN AUDITORIUM

Non-Destructive Examination _

Chairman: J. Muscara, NRC

2:00 pm - Quantified Flaw Detection and Evaluation D. W. Prine, GARD
During In-Process Welding of Nuclear
Components

2:30 pm - Acoustic Emission / Material Property P. Hutton, PNL
Relationships, Signature Analyses and
Equipment Design for Continuous Monitoring
of Reactors

2:55 pm - The Application of the Internal Friction L. L. Yeager
Damping Nondestructive Evaluaticn Technique A. A. Hochrein, Jr.,
for Detecting Incipient Cracking of BWR Daedalean Associates
Primary Piping Systems

3:15 pm - Coffee Break

3:30 pm - Improved Ultrasonic Flaw Detection C. Vanden Broek,
and Characterization Using 3-D Imaging U. of Michigan
from Synthetic Aperture and Spotlight Mode

4:00 pm - Improved Multi-Frequency Eddy Current C. V. Dodd, ORNL
Test and Analyses for In-Service Inspection
of Steam Generator Tubes

4:20 pm - Proposed Improved Test Standard for Steam R. Clark, PNL
Generator Tube Inspection

4:40 pm - Ultrasonic Testing Flaw Detection F. L. Becker, PNL
Probability and Reliability of Piping
Steels

5:10 pm - Discussion

1600 0145:30 pm ~ Adjourn



. .

- 13 -

WEDNESDAY, NOVEMBER 7, 1979

ANALYSIS DEVELOPMENT PROGRAM

MORNING SESSION - RED AUDITORIUM

9:15 am - Introduction S. Fabic, NRC

Code Development Program

Session A-1: Improvements in Existing Codes

Chairman: W. C. Lyon, NRC

9:30 am - RELAP-4/ MOD 7 Development S. R. Behling, EG&G

10:10 am - Coffee Break

10:30 am - WRAP-BWR-EM System Development and Applications M. R. Buckner, SRL

11:00 am - WRAP-PWR-EM System Development and Applications F. Beranek, SRL

11:30 am - Application of RAMONA-III cnd IRT Codes D. J. Diamond
to BWR and PWR Analysis W. G. Shier, BNL

12:00 pm - RELAP-4 Application to TMI-2 Accident S. R. Behling, EG&G

12:30 pm - RELAP-5 Development and Applications V. H. Ransom, EG&C

1:00 pm - Lunch

i600 015
.
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WEDNESDA", NOVEMBER 7, 1979

iNALYSIS DEVELOPMENT PROGRAM

AFTERN0ON SESSION - L J AU. , IUM

Code Development Program

Session A-2: Development and Application of
Advanced Codes

Chairman: L. M. Shotkin, NRC

2:00 pm - Variation of Doppler Reactivity A. Radkowsky, GWU
Coefficient With Depletion Tel Aviv Univ.

2:20 pm - TRAC Code Development Status R. J. Pryor, LASL

2:50 pm - TRAC Hydrodynamics and Heat Transfer D. R. Liles
D. A. Mandell
F. L. Addessio, LASL

3:20 pm - Loffee Break

3:35 pm - TRAC Applications to the 2D/3D Facilities P. B. Bleiweis, LASL

4:00 pm - Analysis of TMI Accident Using TRAC J. R. Ireland, LASL

4:30 pm - Constitutive Modeling for Steam-Water B. J. Daly, LASL
Interactions

5:00 pm - Numerical Simulation of Hydroelastic Motior. W. C. Rivard, LASL
with Application to the Full-Scale HDR Tests

5:25 pm - TRAC Code Sensitivity Studies M. McKay, LASL

5:50 pm - Adjourn

1600 016
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THURSDAY, NOVEMBER 8, 1979

ANALYSIS DEVELOPMENT PROGRAM

MORNING SEC.10N - RED AUDITORIUM

Continuation of Session A-2: Development and Ayolication
of Advanced Codes

Chairman: S. Fabic, NRC

9:15 am - COPRA -TF Development and Application M. Thurgood, PNL
to Semiscale S-07-6 Test

9:40 am - COBRA-TF Reflood Model J. M. Kelly, PNL

10:10 am - Coffee Break

Code Assessment and Sensitivi_ty_ Studies

Chairman: N. Zuber, NRC

10:30 am - Assessment of RELAP 4/ MOD 6 T. R. Cnarlton, EG&G

11:00 am - TRAC Code Developmental Assessment K. A. Willians, LASL

11:30 am - TRAC Code Independent Assessment J. C. Vigil

at LASL: Part A T. D. Knight, LASL

1600 017
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THURSDAY, NOVEMBER 8, 1979

ANALYSIS DEVELOPMENT PROGRAM

MORNING SESSION - RED AUDITORIUM

Code Assessment and Sensitivity Studies (Cont'd)

12:00 pm - TRAC Code Independent Assessment: Part B P. Saha
U. S. Rohatgi, BNL

12:30 pm - Statistical Analysis of the Blowdown Phase M. Berman
of a LOCA in a PWR as Calculated by R. K. Byers
RELAP 4/ MOD 6 G. P. Steck, SANDIA

1:00 pm - Lunch

AFTERN0ON SESSION - RED AUDITORIUM

Containment Analyses and Related Programs

Chairman: R. L. Cudlin, NRC

2:00 pm - BEACON Development and Assessment C. R. Broadus, EG&G

2:30 pm - Objective and Results of the German H. Karwat, TUM/FRG
Containment Standard Problem - Invited W. Winkler, GRS/FRG
Paper

3:10 pm - Coffee Break

3:25 pm - Invited Paper - First Results of Large D. Seeliger
Scale Pressure Suppression System Experiments E. Aust, GKSS
at the GKSS Facility

3:45 pm'- Invited Paper - Distribution of Hydrogen H. L. Jahn, GRS
Released Within Compartmented Containment G. Langer,
in Consequence of a LOCA: Analysis and Battelle/ Frankfurt
Verification

4:15 pm - Comprehensive Report on Results of the G. Hetiings, GRS
Battelle-Frankfurt Containment Experiments H. Kanzleiter,

and Analytical Verification - Invited Paper Battelle/ Frankfurt

4:45 pm - Application of PELE-IC to BWR C. S. Landram, LLL
Containment Issues

5:20 pm - Adjourn

1600 018
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WEDNESDAY, NOVEMBER 7, 1979

FUEL BEHAVIOR RESEARCH PROGRAM

MORNING SESSION - GREEN AUDITORIUM

Chairman: W. V. Johnston, NRC

9:15 am - Progress in Fuel Behavior Research W. V. Johnston, NRC

9:45 am - Recent Results From the NSRR Experiments M. Ishikawa
T. Fujishiro

T. Hoshi
N. Ohnishi, JAERI

10:15 am - Coffee Break

10:30 am - Probabilistic Whole Core Damage Analysis H. Borgwaldt
Using the SSYST Fuel Behavior Code R. Meyder

W. Sengpiel, KfK/FRG

11:15 am - FRAP-T5 Model Improvements and Uncertainty M. P. Bohn, EG&G
Analysis Capabilities

12:00 pm - Independent Assessment of FRAPCON-1 and E. T. Laats, EG&G
FRAP T-5

12:45 pm - Discussion

1:00 pm - Lunch

AFTERN0ON SESSION - GREEN AUDITORIUM

Workshop on Modeling of Zircaloy Cladding Properties

Chairman: M. L. Picklesimer, NRC

2:00 pm - Introduction and Status M. L. Picklesimer, NRC

2:15 pm - Physical Properties of Zircaloy D. L. Hagrman, EG&G
in MATPRO

2:45 pm - Cladding Stress of Failure D. L. Hagrman, EG&G

3:15 pm - Coffee Break

i
U . (<

. 1600 019
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WEDNESDAY, NOVEMBER 7, 1979
_

FUEL BEHAVIOR RESEARCP PROGRAM

AFTERNOON SESSION - GREEN AUDITORIUM

Workshot on Modeling of Zircaloy Cladding Properties (Cont'd)

3:30 pm - Mechanical Properties of Zircaloy - DILATE C. L. Mohr, PNL

4:00 pm - The MATMOD Approach to Modelling A. K. Miller,

of Zircaloy Non-Elastic Deformation Stanford U.

4:30 pm - Mechanical Properties of Zircaloy - NORA S. Raff
M. Bocek
R. Meyder, KfK/FRG

5:00 pm - Summary and Conclusions

5:30 pm - Adjourn

THURSDAY, NOVEMBER 8, 1979

FUEL BEHAVIOR RESEARC_H_ PROGRAM

MORNING SESSION - GREEN AUDITORIUM

Chairman: R. R. Sherry, NRC

9:15 am - Fission Product Transport Analysis J. A. Gieseke, BCL

9:45 am - Melt / Concrete Interactions: The Sandia D. A. Powers
Experimental Program, Model Development J. F. Muir, SANDIA
and Code Comparison Test

10:15 am - Coffee Break
10:30 am - Experimental and Theoretical Results on G. Hofmann

Long-Term Coolability of a Partially W. Baumann, KfK/FRG
Blocked Core

1600 020
.
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THURSDAY. NOVEMBER 8, 1979

FUEL BEHAVIOR RESEARCH PROGRAM

MORNING SESSION - GREEN AUDITORIUM

PBF Program

Chairman: M. L. Picklesimer, NRC

11:00 am - Overview of Recent PBF Test Results H. J. Zeile, EG&G

11:15 am - Influence of Internal Pressure and Prior T. R. Yackle, EG&G
Irradiation on Deformation of Zircaloy
Cladding: LOC-3 Results

11:45 am - An Evaluation of the Effects of Surface J. Broughton, EG&G
Thermocouples on LOCA Rewet: TC-1 Results

12:15 pm - Light Water Reactor Fuel Response During P. E. MacDonald, EG&G
RIA Experiments

12:45 pm - Discussion

1:00 pm - Lunch

AFTERN0ON SESSION - GREEN AUDITORIUM

Workshop on Plans for In-Reactor Fuel Behavior Experiments

Chairman: R. Van Houten, NRC

2:00 pm - Introduction - In-Reactor Fuel Testing R. Van Houten, NRC'

2:15 pm - PBF Experimental Program P. E. MacDonald
H. J. Zeile, EG&G

2:45 pm - ESSOR Test Program J. Randles, Ispra

3:10 pm - Coffee Break

3:25 pm - NRU Experiment Plans C. Mohr, PNL

3:50 pm - In-Reactor Fuel Transient Fuel Behavior R. D. MacDonald, AECL
Experiments at CRNL

4:15 pm - In-Reactor Fuel Behavior Tests in the A.11 ann, UKAEA
DIDO High Pressure Water Loop

4:40 pm - French In-Reactor Fuel Behavior Experiments M. Chagrot, FAR

5:05 pm - In-Reactor Experiments in Japan M. Ishikawa
M. Ichikawa
S. Ohuchi, JAERI

5:30 pm - Summary and Conclusions R. Van Houten, NRC

5:45 pm - Adjourn 1600 Ni
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THURSDAY, NOVEMBER 8, 1979

FUEL BEHAVIOR RESEARCH PROGRAM

AFTERN0ON SESSION - CONF'3fNCE ROOM "A".

Worksngp on Fission Product Release

Co-Chairmern V R. Sherry and G. P. Marino, NRC

2:00 pm - ANL Fission Gas Release E.yeriments S. M. Gehl
and Analysis J. Rest, ANL

2:40 pm - Fission Product Release from Lefected A. P. Malinauskas
LWR Fuel Rods R. A. Lorenz

J. L. Collins, ORNL
3:15 pm - Coffee Break

3:30 pm - Experimental Investigation of LWR-Core H. Albrecht
Material Release at Temperatures Ranging V. Matschoss
from 1500-28000C H. Wild, KfK/FRG

4:00 pm - Fission Product Release During the D. Powers, Sandia
Interaction of Molten Core Materials
with Concrete

4:30 pm - Release of Fission Products from Failed N. Ishit.a .i, JAERI'

Fuel

5:00 pm - Adjourn

1600 022,
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THURSDAY, NOVEMBER 8, 1979

DIVISION OF SAFEGUARDS, FUEL CYCLE AND

ENVIRONMENTAL RESEARCH

AFTERN0ON SESSION - CONFERENCE ROOM "B"

Systems Performance Research

Chairman: D. Solberg, NRC

2:00 pm - Atmospheric Degradation of Activated Charcoal V. R. Deitz, NRL

2:40 pm - Validation of a Monte Carlo Code for M. O. Cohen, MAGI
Radiation Streaming Analyses

3:15 pm - Coffee Break

3:30 pm - Measurements of Radionuclide Concentrations J. W. Mandler, EG&G
in Liquid and Gaseous Streams in PWRs

4:00 pm - Impact of Decontamination on Radioactive L. D. Perrigo, PNL
Waste Treatment Systems

4:30 pm - Analysis of Biological Shield Materials. J. C. Evans, PNL
for Elements That Could Produce Long-Lived
Activation Products

5:00 pm - Discussion

5:15 pm - Adjourn

t

1600 023.
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FRIDAY, NOVEMBER 9, 1979

REACTOR OPERATIONAL SAFETY PROGRAM

MORNING SESSION - RED AUDITORIUji

Chairman: G. L. Bennett, NRC

9:15 am - Opening Remarks G. L. Bennett, NRC

9:20 am - Status of the Quall'ication Testing L. L. Bonzon, SANDIA
Evaluation Program

9:45 am - Results from Combined and Single K. T. Gillen
Environment Accelerated Aging R. L. Clough
Studies E. A. Salazar, SANDIA

10:15 am - Coffee Break

10:30 am - Status of Research on the Qualification N. Hayaktwa, JAERI
Testing of Wire and Cable Focusing on
the Accelerated Aging Test

11:00 am - Status of the Fire Protection Research L. J. Klamerus, SANDIA
Program

ii:30 am - Fire Suppression Studies - Burning F. R. Krause, SANDIA
Characteristics of Horizontal Cable Trays

12:00 pm - Qualification Testing and Evaluation K. Yahagi, Waseda Univ.,
of Flame-Retardant and Radiation- Japan
Resistive Cables in JAPAN

12:30 pm - Fire Protection Research for Cables A. Kjellberg, ASEA-ATOM
in Swedish Reactors

1:00 pa - Lunch

1600 024



.

- 23 -

FRIDAY, NOVEMBER 9, 1979

kEACTOR OPERATIONAL SAFETY PROGRAM

AFTERN0ON SESSION - RED AUDITORIUM

Chaiman: G. L. Bennett, NRC

2:00 pm - Fire Resistance of Cable Penetration Seals- L. W. Hunter
II. Prediction of Trends S. Favin, APL

2:40 pm - Application of Noise Analysis to D. N. Frij, ORNL
Safety-Related Diagnostics and
Assessments

3:15 pm - Coffee Break

3:30 pm - Safety-Related Operator P. Haas, ORNL
Actions

4:00 pm - Survey of Subcoolr 'scharge Flow E. S. Hutmacher, ETEC
Through Pressurizer Safety / Relief Valves

4:30 pm - Objective, Experimental Results and T. Grillenberger, GRS/FRG
Analytical Interpretation of Various Valve K. H. Scholl, KfK/FRG
Tests Performed at the HDR Facility -
Invited Paper

5:00 pm - Dir,cussion
5:15 pm - Adjourn

1600 025
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HIGHLIGHTS OF W?SR ACHIEVEMEfiTS If1 FY-79

L. S. Tong, ll-E-79

As in previous years, this meeting emphasizes research results. I'd like

to highlight some of the results in five areas.

I. Accident Detee' ion and Prevention

A. floise Analysis on fleutron Detectors (0Rf1L) -

Analytical results indicate that BWR stability can be measured on-

line by analyzing the noise signature at 0.5 Hz frequency in the

neutron flux power spectral density. This will be useful in

measuring the thermal-hydraulic and nuclear stability of a BWR

at high fuel burnups.

B. Surveillance of Piping Crack (Daedalean f.ssociates) -

A new non-destructive evaluation technique called internal friction

damping, can indicate incipient stress-corrosion cracking in piping.

The technique monitors the danping of an output signal resulting from

an input vibration to the pipe. The viewgraph is a typical example

showing an increase in the specific damping capacity indicating

c.:ck initiation. This technique has been demonstrated successfully

in four laboratory pipe-loop tests. It is under field test at
Dresden Unit II.

C. Quality Assurance of Pipe Welding (GARD) -

The weld-flaw detector developed at GARD is ready for field applica-

tion. This detector uses acoustic emission to detect and locate
,'( flaws during welding. It can distinguish signals between that of

cracks and slag inclusions. This technique has been successfully'

demonstrated to the British at Risley.

D. Quality Assurance of Stainless Steel Against Sensitization (GE)-

A field monitor was developed for detecting sensitization of stainless
steel BWR piping by an electrochemical technique. Field tests showed
very successful results and it is in process of being adopted by ASTM

|60Q {gas a standard method.
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II. Separate Effects Understanding and Modeling for Reactor Transients and

Accidents

A. Heat Transfer Data in Partially Uncovered Core (W) - In FLECHT SEASET,
_

steam heat transfer and two-phase flow heat transfer were measured in

tctally and partially uncovered cores, respectively. These data are

useful in evaluation of core damage when it is uncovered in a small

break LOCA.

B. ECC Penetration in Downcomer, Data and Correlation (BCL & CREARE) -

A correlation of ECC penetration in downcomer was developed based on

the data obtained from small scale tests (1/15 and 2/15 scale) at

BCL and CREARE. This correlation is believed to be conservative for

applying to a large scale.

C. Transient Fission Gas Release Data from Irradiated Fuels (ANL) -

Data were obtained in out-of-pile tests during very rapid power-

cooling mismatch type transients.

D. Elastic-plastic Fracture Toughness of RPV (USNA) -

A new technique was established for determination of J-R curve from

a single specimen by using the unloading compliance method. This

technique will simplify the determination of the elastic-plastic

fracture toughness of reactor vessel steels.

1600 030



g.

-3-

III. Reactor System Testing and Evaluation

A. LOFT L2-2 and L2-3 Tests (INEL) -

In the past year, LOFT has run two large break LOCA tests. The

first test (L2-2), performed in December 1978, was initiated at a

maximum core power density of 8 Kw/ft (two-thirds the value corresponding

to full power operttion in most commercial PWRs). For the second

test (L2-3), performed in May 1979, the maximum core power density

was 12 Kw/ft (equal to that for full power operation in comercial PWRs).

Both tests simulated full-sized double-ended cold leg breaks with cold

leg injection of the emergency coolant and off-site power was assumed

to be available to the primary and emergency coolant pumps. Both

tests yielded similar results. Where differences were observed,

they were only due to the 50% difference in core power being generated

at the time of test initiation.

While more large break tests remain to be done, the results of these

first two provide confidence in our understanding of large break be-

havior and in the adequacy of PWR emergency cooling systems intended to

cope with large breaks.

llecently, the urgency to study small breaks and anomalous transients

was increased. As a result, NRC has advanced small break and transient

simulations in its test program. In fact, a zero-powered test

1600 031
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involving depressurization through the pressurizer relief valve

was run last May as a preparation for future nuclear power tests.

The first nuclear powered small break test is scheduled to be run

nine oa|'s from now, and several more small break and transient

tests will be run during the coming year.

The NRC is proud of the work performed within the LOFT program and

give credit for these successes to the staff of EG&G who perfonned

the work and the LOFT Project Office of DOE, which is responsible

for the day-to-day management of the project.

B. Fire Protection Tests on Corner Effects (Sandia) -

A series of tests were conducted to test the effect of the presence

of walls and ceilings. The results of these tests showed that the

presence of walls and ceilings has an adverse effect, i.e., the

closer to the walls and ceilings, the faster a fire will propagate.

1600 032
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IV. Analytical Tool Development, Assessment and Application

A. Model Developments (ANL, RPI, NWU, Lehigh, MIH -

(1) A basic framework for a two-fluid model for flow in a bundle

was developed at ANL and incorporated in COBRA.

(ii) Phase separation and distribution data were obtained from "Y",

" Tee" and 2D channel geometries at RPI.

(iii) Steam condensation in parallel streams was tested at NWU, and

data were sent to LASL for use in K-FIT code.

(iv) Non-equilibrium superheat data were directly measured at

Lehigh for validating the existing correlation

(v) Two-phase flow patterns in natural circulation (chimney effect)

in a model of slab core were tested at MIT to support 2D/3D

program.

B. Thermal-Hydraulic System Codes Released to Public (LASL and INEL) -

(i) TRAC-PIA by LASL - Advanced, detailed, best-estimate analysis

of PWR LOCA and other transient / accidents.

(ii) BEACON-MOD 2A by INEL - Best-estimate analysis of inter-

compartment loads in PWR containment, during LOCA.

(iii) K-FIX by LASL - PWR core barral loads and stresses during LOCA.

C. _LOCA Codes Completed for Checkout (INEL and PNL) -

(i) RELAP-4/!iOD 7-User-convenient code for simplified best-estimate

analyses of PWR LOCA and BWR blowdown.

(ii) COBRA-TRAC Link - This lir.k is developed at PNL fc. evaluating

LOCA in a PWR with upper heat injection.

1600 033
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D. Non-NRC Codes Acquired and Installed at BNL -

(i) RAMONA-III - This code was acquired from Norway for calculating

BWR transient. This code has 3-D neutron kinetics.

(ii) RETRAN - This code was acquired from EPRI for calculating PWR

transients.

E. Fuel Codes Released to Public -

(i) FRAPCON-1 - Steady-state fuel-rod code from INEL and PNL.

(ii) FRAP-T4 - Transient fuel-rod code from INEL.

F. FRAP-T5 - Transient fuel-rod code completed and being assessed at INEL.

V. Accident Consequence Evalujtion and Mitigation

A. RIA Tests on Irradiated Fuel at PBF (INEL) -

PBF tests simulating reactivity insertion accidents identified two

new fuel mechanisms: In fuel rods preirradiated to SGWD/T, rapid

power increases showed pellet / cladding interaction (PCI) type

behavior which could lead to fission product release after rapid

energy deposition of 130-170 cal /gm radial average rod enthalpy;

and fuel swelling behavior which could lead to post-accident coolant

channel blockage at about 270-310 cal /gm radial average rod enthalpy.

B. LOCA Test on Irradiated Fuel at P8F (INEL) -

A nuclear heated LOCA blowdown test (LOC-3) of pressurized fresh and

pre-irradiated fuel rods (15 GWD/T) gave peak circumferential expansion

range from 20% to 45% (still coolable) for indicated PCTs of 1700-1790 F.0

1600 034



.g .,

-7-

C. Fission Product Release From LWR Fuel (ORNL) -

Fission product release was measured from fuel rod segments with
Uhigh burnup inductively heated to between 1200 C and 1600 C in a

flowing steam environment. The results indicate that above 1350 C,

cesium and iodine release increases rapidly.

D. Steam Explosion Test Results (SANDIA) -

In a series of 48 steam explosion experiments at SANDIA where from

1 to 27 Kg of oxidic melts were poured into an open tank of water,

the maximum observed thremal-to-mechanical energy conversion effic ency

was less than 1.5%, while the maximum theoretical energy conversion

efficiency is 30%.

E. Molten Fuel / Concrete Interaction Measurement and Code Corporation (SANDIA) -

To measure the interaction between molten fuel and concrete, a new

technique was developed by analyzing the elemental compasition of the

released aerosols using spark mass spectroscopy. The accumulated

interaction data were incorporated in the CORCON code.
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STATUS IN THE UNDERSTANDING OF TMI
W. V. JOHNSTON

NRC/SIG

INTRODUCTION

As many of you are aware, there are a number of major investigations of the
Three Mile Island accident underway. These include the Office of Inspection
and Enforcement of the NRC, EPRI, the President's Commission, both houses of
Congress, and the Independent Investigation by the NRC.

Both the Nuclear Safety Analysis Center of EPRI and NRC Inspection and Enforcement
have published reports containing considerable detail on the sequence of
events and radiological aspects, operator actions and the operation, good and
bad, of many of the components of the plant. These reports are available as
NSAC 1 & 2 and NUREG-0600, respectively. The President's Comission and the
NRC are taking a broader look, which include assessment of the utility, and
NRC responses to the accident, NRC prior licensing and enforcement practices,
and emergency preparedness. Neither group has issued its report as of this
writing, however, the President's Comission is due to report very shortly,
and if available will be added to this presentation. The Commission sponsored
Investigation is not due to report until the end of the year.

The NRC independent investigation, of which I am a part, was organized last
May and is being conducted under a contract between the Commission and the law
firm of Rogaven, Stern, and Huge. The persor.nel for the Special Investigation
Group consist of lawyers, paralegals, and special consultants retained by the
law firm and about 45 NRC staff on special detail to this investigation. We
are organized into seven task forces which cover the above mentioneo areas.
Each task force is monitored by a peer review group which include persons for
and against nuclear energy.

As the Task Leader of the group studying the physical aspects of the accident,
I am leading an effort to determine and assess the actions of the plant and
operating personnel from the time shortly before the beginning of the accident,
on March 27, 1979, through to the disspperances of the bubble on April 2,
1979. We are also concerned with the design of the contral room and the
consequences of alternative courses of action by the operators. Because the
Special Investigation Group has not completed its study and prepared its
recommendations, I am not at liberty to draw conclusions during this talk. I
will, however, present some of the information and facts which we have developed.
Of most interest to this t'chnical audience is probably the sequence of events
and its implication to core damage and the release of radioactivity.

There are very few differences between the sequence of events which have been
developed by the NSAC, I&E, and ourselves. Similar information has been
available to all the investiptcrs in the form of reactimeter plots, strip
charts, alarm and utility computer printouts and log books, and interviews.
In our sequence of events there will be a column listing what inforr.9' ion was
available to the operators in real time so that a more objective evai<ation of
their responses and data needs can be made. A simplified chronology of the
accident is shown in Table 1. This may be used in conjunction with the pressure
and pressurizer level changes in Figure 1.
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ACCIDENT NARRATIVE

Initial Period

The a cf &- m initiated by a trip of the main feedwater pumps for the steam
generato. -. pr . bly the result of actions to clear a blockage of resins in
+' r deminerr' ;ze. tank. The turbine tripped almost simultaneously. The
r actor continued to operate in accordance with the protection system design,
sys+- temperature, and pressure increase. The electromagnetic operated valve
/ ..) opened at 2255 psi, and the pressure rise continued until at 8 seconds
the reactor tripped when the high system pressure trip setpoint was reached at
2355 psi. Reactor trip is normally followed by a pressure and temperature
drop resulting in a coolant contraction and a drop of pressurizer level. The
operators followed the normal procedures to counteract this drop of pressurizer
level by closing off the letdown flow and turning on an additional makeup
pump. At approximately 1 minute after the start of the accident, the pres-
surizer levels stopped decreasing and began to rise. Unknown to the operators,
the ENOV did not close when its closure setpoint was reached. This failure
was not r(alized by the plant operators for more than 2 hours. The pressurizer
level continued to rise until it went off the scale at about 6 minutes. To
slow the 'evel and, to avoid this " going solid," operator actions include
increasing letdown flow to the maximum extent possible, and throttling the
high pressure injection which automatically initiated at 1600 psi at 2 minutes.
At this time the RCS temperature was increasing. This increase would also
contribute to a mild pressure increase since saturation conditions now existed
in the loops. The pressure rise was short lived, however, and the pressure
resumed its drop reaching about 100 psi by 20 minutes. The emergency feed-
water pumps had come on, as programmed, but flow to the steam generators had
not begun when the secondary side water level had dropped to 30 inches at
about 30 seconds because the block valves on the emergency feedwater headers
were closed. This condition was discovered at about 8 minutes by an operator
from Unit 1, who had been called over. Upon opening the block valves, a rapid
cooldown of the reactor coolant system (RCS) and correspording RCS pressure
decrease occurred.

At about 14 minutes, the rupture disc burst on the reactor coolant drain tank
discharging water and steam into the reactor building. The temperature,
pressure, and level alarms on this tank went unnoticed by the operators,
because of the multiplicity of alarms actuated at that time and their location
in a back panel out of sight of the operators.

Reactor Coolant Fumps Secured

Reactor coolant inventory loss continued with the RCS under saturation conditions.
As the fraction of the ACRS volume which was vapor increased, the reactor
coolant pumps (RCP) began to vibrate. The B loop pumps were shut off at 73
minutes, and the A loop pumps were secured at 101 minutes with the expection that
natural circulation would occur. It has been estimated that nearly two-thirds
of the reactor coolant had been lost, and that when the pumps were shut off
the coolant level equalized to about a foot above the top cf the core. Up to
this time, the core has not been damaged, and the accident could still have
been averted by the closing of the block valve to the EMOV and increasing the
high pressure injection flow.
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Temperature Transient

The temperature transient, which damaged the fuel, now began with the boildown
of the coolant. The decay heat had reduced to about 1% of full power, but was
'ufficient to cause the coolant level to drop at a rate of 1 foot every 4-5,

minutes. The pressure also continued to drop, reaching a low point of 660 psi
at 2 hours and 19 minutes, when the leaking EMOV was diagnosed and the protec-
tive block valve closed.

At approximately 2-1/2 hours into the accident, substantial fractions of the
core were uncovered and had experienced sustained high temperatures. This
condition would be expected to result in fuel damage, substantial releases of
core fission products, and hydrogen generation. The magnitude of these condi-
tions were not recognized by the TMI staff. At about this time, the radiation
alarms in various parts of the reactor containment building (RB) began to show
rapidly increasing radiation levels and a site emergency was declared at 2
hours and 55 minutes. Following the declaration of the site emergency and
then general emergency, the operating staff recognized that fuel damage had
occurred and presumed that the radiation was due to gap release from perforated
cladding, but did not really consider that the core had been uncovered to the
extent that much hydrogen had been produced. It was fully recognized that
there was superheated steam in the hot legs, that natural circulation was not
working, and that their objective was to condense the steam so that a pump
could be started.

Attempt to Collapse the Voids

Unsuccessful efforts to collapse the voids continued for approximately 4-1/2
hours at a pressure between 1200 and 2000 psi. During this period, two
attempts were made to run a reactor coolant pump, but the effort had to be
abandoned after a short time because no fluid was being moved.

During the final portions of this period (6-7-1/2 hours after the start of the
accident) a feed and bleed procedure was being utilized with venting of the
pressurizer via the block valve. Although rewetting of the hot legs was not
successful, it probably inadvertently facilitated the removal of noncondensibles
including hydrogen and xenon from the system. In a change of strategy, the
decision was made to reduce system pressure and float the core flood tanks on
the reactor coolant system as an assurance of core coverage. This depressur-
ization was accomplished in approximately 1 hour using the EMOV and was held
for another 5 hou-s.

Containment Pressure Spf g

The extended period of low pressure appears to have facilitated further release
of hydrogen from the RCS to the reactor building. Some of this gas ignited at
about 10 hours and produced a 28 psi pressure spike in the reactor building
initiating containment spray. Although the pressure spike was interpreted by
the operators later on as a combustion, it apparently was not attributed to
hydrogen untii two days later. It is possible that the release of this noncon-
densible gas from the RCS contributed to the later apparent success in collapsing
the voids in the A loop.

'
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Repressurization

Beginning at about 10-1/2 hours, the operators received permission to attempt
to form a bubble in the pressurizer using the pressurizer heater. This was
accomplished successfully, and for the first time in many hours the A loop hot
and cold leg temperatures come on scale and indicated possible natural circu-
lation. The operator has reported that a large amount of water (as much as
20,000 gallons) was added, at this time, to regain pressurizer level. Following
some additional venting the pressurizer was again heated. Evidence of a
favorable response in the A loop was again developing when the order to repres-
surize the system to above 2200 psi to collapse the bubbles was given. Follow-
ing repressurization (during which an additional 30,000 gallons were removed
from the borated water storage tank) a reactor coolant pump was successfully
started, the loop temperatures dropped to saturation, the system pressure
dropped rapidly, and stable heat transfer conditions were obtained at 1000
psi.

The Hydrogen Bubble

There still remained a noncondensible bubble in the system, which until removed
threatened to enlarge and once again interrupt heat removal if the pressure
were loweref to allow operation of the residual heat removal system. The
noncondensible bubble was gradually removed from the RCS, over the next 4
days, by spraying into the pressurizer and venting the gas release to the
reactor building and via the letdown line to the makeup tank where the gas was
vented to the waste gas compressor. In spite of rising concern at the time,
later evaluations of the data taken have shown that the bubble volume was
always decreasing. Final agreement has not been reached on the composition of
the bubble (was it only hydrogen) and whether radiolytic oxygen could have
been produced.

Core Damage

As to the time and extent of core damage, there is substantial agreement that
the temperature transient, beginning after the reactor coolant pumps were
tripped, caused the initial fission product release and metal water reaction
resulting in a very brittle upper half of the core. Furthermore, there are
strong indications that thermal shocks or some other event at about 3 hours
and 45 minutes caused a substantial change of geometry of the core, possibly
forming what has been called a rubble bed in the upper portions of the core.
There remains some uncertainty of the highest temperatures reached during this
period and whether or not there was some additional periods of core uncovery
during the first 12 hours.
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TABLE 1
5!MPL1FIED TMI-2 CHR0!cLOGY

TIME EVthf

-
EVr4T t=6-7.5 hrs.TIME

t=8 alh., 5 team Generator 'A' pressure
About 4 a.m. Loss of condensate pump; loss of 21 sec. starts to recover t=7.5 brs. Operator opens electromatic relief valve

(t*0) feedwater; turbine trip to depressurize RCS to attemet initiation

t*10 min. Pressurtzer level indication comes 3f Rh2 (residual heat removal) at 400 pst
t=3-6 sec. Electromatic relief valve opens back on scale and decreases

(2255 pst) to reiteve pressure in t=8 9 hrs. RCS pressure decreases to about 500 pst; .

RCS (reactor cooling system) t=11-12 min. Makeup prp (ECCS HPI flow) core flood tanks partially discharge,

t=Ltec. Reactor trip on high RCs pressure (23E5 psi) t=9 13 Atmospherte dug closed on orders
t=15 min. RC dratn/ quench tank rupture

t*13 sec. RC5 pressure decays to 2205 pst disk blows at 190 ps.g (setpoint t=10 hrs. 28 psig containment pressure sptke;
(rettef valve should have closed) 200 pstg) due to continued dis- centainment sprays initiated and

charge of electromatic relief valve stopped after 500 gal. of haOH
t=15 sec. RCS hot leg teeperature peaks at injected ;about 2 minutes of

611*F. 2147 psi (450 psi over t*16-60 min. Systes para,eters stablitged in operation

saturation) Pressurtzer peaks. saturated condition at about 1015
then begins to drop. psig and about 550*F t=13 hrs. Condenser back in operation

t*30 sec. All three auntliary feedwater tal hr. Steaming to atmospheric d ep t=13.5 hrs. Electronic relief valve closed
purps running at pressure (pumps to sepressurtre RCS. collapse voids,
2A and 28 started at turbine trip); tal hr. Operator trips R5 pumps in Loop and start RC purg
no flow was injected since discharge 13 min. '8'

valves were c'esed t*13.14.8 hrs. RCS pressure increas e from 650
tel br.. Operator trips R5 pumps in Loop pst to 230J psi

tel ein. Pressurizer level indication begins 41 min. 'A'
t=15.6 Surp RCPto rise rapidly

tal 3/4 - Core begins heatup transient
tal min Steas Generators ' A' and '8' secondary 2 hrs. -Hot-leg temperature begins to t=15.9 hrs. RC pu a in Loop *A' started. Pot-leg

level very low - drying out over next rise to 623* F (off s aie within te perature decreases to 553'F. 4-d
couple of minutes 14 minutes) and cold-leg temper- cc1J-leg te perat6re tocreases to 00'F.

ature drops, tretcattng flow througi stest generator.
t=2 min. ICCS initiation (htg%-pressure

injection) at 1600 pst t=2.3 hrs. Eletroaatic relief v.tve isolated thereafter steas Cenerator 'A' s.eaming te
by operator after Steam Generator co'de'ser; condenser 'a:m re-

t=6 min. Pressurizer level off scale (high); '8' is isolated to prevent leakage estabitshed; RCS cooled at at:at
one HP1 pump manually tripped 250*F.1C00 pst renoving M via
at about 4 min 30 sec. Second t=3.0 hrs. Start Reactor coolant pump - letdown and west.
pump tripped at~10 min. 30 sec. no blow

Now (4/4) Pig % radiation in centain y t;
t=6 min. RCS flashes as pressure bottoms t=3.2 hrs. RC5 pressure increates to 2150 all core t%ernoccupies less than

out at 13 W psig (hot-leg temper- pst and electromatte relief valve 453' F; using pressurizer vent
sture of 584*F) RCOT pressure rise. is opened. valve with stall makeup ficw;

slow coold:-n; reactos butidin
pressure negative no babble. g

-- t*7 min.. Reactor building sump pu g t*3.3 hrs. ECS actuation. Pressurizer level
30 sec. comes on drops. hot leg te 9. decrease .

O possible core geonetry change

Q t=8 min. Aust11ary feedwater flow is initt.
sted by opening closed valves. t=3.9 hrs. ECS actuationg

t=8 min., Steam Generator '8' pressure t=5 brs. Peak containment pressure of 4.5
18 sec. reaches minisuo psig(EMOVventing)g

A t=5-6 hrs. RC5 pressure increases from 1250
pst to 2100 pstN

a
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RADIOLOGICAL ASPECTS OF THE

TMI ACCIDENT

A discussion of the radiological aspects of the TMI accident including:

* release pathways (gaseous and liquid);

* source terms for radioactive materials released; and

off-site population dose assessments.

Release of Liquids

The caly significant release of radioactive liquid occurred through the
industrial waste treatment system (IWTS). This system does not normally
process radioactive fluids, and there are no installed radiation monitors.
The effluent from the system, after dilution, is sampled continually prior
to discharge into the Susquehanna River.

Sampling the steam generators after tha accident rosultad in radioactive
liquid being flushed to the contaminated drains tank in the control and
service building (as designed). This tank overflowed to the sump in the
control and service building, which pumps to the IWTS. The other source
of liquid radioactive materials is the turbine sump, with a primary-to-
secor.dary leak in steam generators.

Through midnight on Friday, March 30, 265,000 gallons were released via
the IWTS from the time of initiation of the accident. It is estimated
that approximately 73 millicuries of I-131 were released through this path-
way.

Release of Gases

All releases of gaseous radioactive material from TMI appear to be through
the vent stack. The gaseous effluents from the auxiliary and fuel handling
buildings, and the releases from the waste gas system all are released through
t.he stack.

Radioactive material entered the auxiliary and fuel handling building air fil-
tration systems via direct gaseous leakage to these buildings, and v'a jffgases
from radioactive liquid on the floor of the various levels of the auxiliary
building.

I600 043
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RADIOLOGICAL ASPECTS OF -2-
THE TMI ACCIDENT

Radioactive liquid appeared in the auxiliary building via (1) overflow of
auxiliary building sump when it was pumped from the reactor building sump;
(2) leaks in the letdown line (makeup and purification system); and (3)
leakage from the river water pumps. This added the bulk of the nonradio-
active liquid.

Although the presence of radioactive liquid throughout the auxiliary building
compounded the contamination problem, the majority of the gaseous activity
resulted from leaking gaseous components. The auxiliary building sump tank
rupture disc had failed prior to March 28, and gases would be directly released
to the building. The Waste Gas Compressor B leaked. The makeup tank removed
gases from the letdown (primary coolant) and is vented to the vent header
(which leaks) and then to the Waste Gas System (including the compressors).
Due to the degassing of the primary coolant, the makeup tank was vented a
number of times, resulting in high activity inside the auxiliary building.

The auxiliary and fuel handlina buildina filtration systems prevented the
bulk of the radiciodine from escaping. These units contained HEPA filters for
particulate removal. Testing of the carbon inplace at the time of the acci-
dent showed removal efficiencies of 50 to 70 percent, but carbon installed
in mid-April to replace the carbon used during the accident is 80 to 96 per-
cent efficient, even after three mor.ths continual operation.

A 4-train supplementary air filtration system was installed on the roof of
the auxiliary building to remove additional radiciodines. The stack was capped
in late May, thus all ventilation and processed gas from the auxiliary and
fuel handling buildings is directed through this filter. These carbon filters,
after 60 to 90 days continuation cjeration, were still 87 to 97 percent effic-
ient in removing radioiodine.

Gaseousradioactivematerialwasreleasedtotheenvirgnmentduringthecourse
of the accident. The licensee has calculgted 1.0 X 10 curies noble gas (Xe-133)
released. The NRC has estimated 1.3 X 10 curies of Xenon -133 released. Radio-
iodine releases have been estimated to be approximately 15 curies.

Off-Site Population Dose Assessments

Several analyses have been or are being conducted of the off-site population
dose as a result of the TMI-2 accident. The initial analyses based upon the
TLD's that were in place around the site at the time of the accident and the
subsequent NRC dosimeters was performed by the Ad-Hoc Population Dose Assess-
ment Group. The most likely population dose was determined to be 3300 person-
rem. The DOE (BNL) also estimated the collective population dose using the
data obtained from aerial plume surveys. Their estimate was 2200 person-rem;
however, a calibration check of their instrument showed that they were probably
high in their estimate by a factor of 3 to 10.* A review conaucted for the AIF
by Roessler et al did not reassess the population dose estimate but agreed with

*
Instruments overresponded by thic factor Xe-133. Again, the gas mixture is
important.
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THE TMI ACCIDENT

the health impact assessment of the Ad-Hoc Group, on their population dose.
Woodard of Pickard, Lowe and Garrick estimated the population dose to be 3500
person-rem based on the meteorological dispersion models.

Independent analyses of the collective population dose have been performed by
the Health Physics and Dosimetry Task Group of the President's Commission. Their
analysis will be reported if available.

EPRI is also performing two population dose assessments using the services of an
outside contractor organization. EPRI results will also be reported if available.

I600 045
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November 5,1979 Morning Session, Red Auditorium

A. Overview of the LOFT Program

B. Planning for Small Breaks and other Future Tests

By G. D. McPherson, LOFT Program lianager

A

I would like to introduce this overview of the LOFT Program with a reminder
of the program objectives.

The primary objective of the program is to provide experimental data from
a nuclear reactor scaled to simulate a PWR, for the purpose of developing
and assessing LOCA and transient codes.

To achieve this objective LOFT was designed to conserve one central concept: for
the PWR accident being simulated the sequence and duration of thermal-hydraulic
phenomena should be replicated. This was accomplished by matching fairly closely:

the power / coolant volume ratio,
relative volumes of the primary coolant system components,
power density,
pressures and temperatures.

As a result, flow velocities, flow regimes, system depressurization
and heat transfer regimes which occur in 1.0FT during the course of a simulated
accident are approximately the same as those in the PWR. Indeed the thermal-
hydraulic codes being assessed for LOCAs and transients do, predict this
to be the case. It follows that the accuracy with which these codes predict
LOFT behavior is, in general, a good indication of the accuracy with which
they predict the commercial PWR behavior.

Of importance, therefore is the agreement between the data and the predictions,
and this will be addressed in the succeeding presentation.
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The secondary objective of the LOFT program is to determine if there exist any
significant, unexpected phenomena associated with any stage of a LOCA or
transient. While no new phenomena have been identified, it is fair to say
that the magnitude and importance of certain phenomena were not predicted
accurately, and that the LOFT data have served to point up predictive
inadequacies and to improve predictive capabilities. To some extent I believe
this situation arose because best-estimate codes were developed from
conservative evaluation mdel codes and consequently preserve some elements
of their conversativism. In any event, the following presentation will also
focus on phenomena which were not predicted well and our current understanding
of these phenomena.

In addition to the first two nuclear large break simulations carried out
this past year, the LOFT program has accomplished a first in the field of
instrument calibration: a full-size LOFT pipe flow-instrument spool piece
has been calibrated in actual blowdown conditions in a test facility replicating
the LOFT vessel and piping geometry. The results of these tests, performed at
the Wyle Laboratories, in Norco California, under the direction of EG&G personnel
will be described briefly later in this session. Together with the full-sized
steady-state two-phase flow calibration to be done during the coming year, this
will provide a more solid foundation on which to quantify the accuracy of the
LOFT data.

In other years I would normally proceed to list the accomplishments expected
in the upcoming year; but this year is different. For, while the program in
place, up until March 28 of this year, showed a continuation of the large break
power ascension series through 1980, the Three Mile Island accident altered
this plan and we have brought forward the small break series. In fact the
small break tests have already bee 1 initiated .in LOFT.

However, before we proceed witn that pr.rt of the story, let us first hear
the results of the large break tests and I will return later to report on
the small break program. To present the L2-2 and L2-3 results I will first call
on Dr. John Linebarger who works in the LOFT Experimental Program Division of EG&G.
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B

In my introduction, I referred to a rearrangement in our test plan so as to bring
forward the small break tests. In fact the first small break was done in LOFT
on flay 31, 1979. This was a zero-powered test initiated at full temperature and
pressure, and it involved a depressurization from the pressurizer relief valve.
The data from this test has assisted in the planning of the small breaks
shown in the revised test sequence in Figure 1.

The small break, L3, series covers the cases of cold leg break flows greater than,
equal to, and less than the high pressure safety injection flow, a stuck-open
pressurizer relief valve and, in L3-5 and L3-6, it addresses the problem of when
the primary coolant pumps should be shut down during a suggested small break
accident. The procedures leading into L3-1 have already begun, and we expect
this test to be done 9 days from now.

Figure 1 also shows three operational transient tests (the L6 series) to be done
this year. Following the last of these, at the end of 1980, we plan to return to
the large break series and do the L2-5 test, which is a repeat of the L2-3 test,
but assumes a loss of offsite power. Consequently, the core is not predicted
to quench during the blowdown as it did in the L2-3 test.

Judging by experience, it could be meaningless to describe our test program
any further into the future. It is sufficient to say that we have retained
all the elements, including alternate ECC injection, hot leg breaks and
steam generator tube ruptures. As the results from this year's testing
become available we will decide the details of the future program. Meanwhile
I believe we have an ambitious program for the coming year which will provide
a very interesting report at next year's nieeting.

1600 055
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TABLE 1 LOFT FY 80 TEST SEQUENCE AND TARGET DATES

IESI TARGET DATE* POWER LEVEL (MW) COMMENTS

L3-1 11-14-79 50 SMALL BREAK COLD LEG. BREAK FLOW GREATER THAN
HIGH PPESSURE SAFETY INJECTION FLOW.

L3-2 01-16-80 50 SMALL BREAK COLD LEG. HIGH PRESSURE SAFETY
INJECTION FLOW GREATER THAN BREAK FLOW.

L3-5 03-07-80 0 SMALL BREAK COLD LEG, PRIMARY COOLANT PUMPS OFF.

L3-6 03-21-80 0 SMALL BREAK COLD LEG, PRIMARY COOLANT PUMPS ON.

L6-1 05-09-80 37 OPERATIONAL TRANSIENT, LOSS OF STEAM LOAD.

L3-4 05-16-80 50 SMALL BREAK, PRESSURIZER RELIEF VALVE.

L6-2 07-01-80 37 OPERATIONAL TRANSIENT, LOSS OF PRIMARY COOLANT
FLOW.

L3-3 07-08-80 50 SMALL BREAK COLD LEG. HIGH PRESSURE SAFETY
INJECTION FLOW EQUAL TO BRE.'K FLOW.

c5 L6-3 09-15-80 37 OPERATIONAL TRANSIENT, EXCESSIVE LOAD INCREASE.
CD
cDL2-5 09-22-80 37 LARGE DOUBLE-ENDED COLD-LEG BREAK AS L2-3 BuT

WITH LOSS OF OFFSITE POWER.
cz)
tn
as

* TARGET DATES ASSUME NO SIGNIFICANT PROBLEMS

I
.
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ANALYSIS OF LOFT LOSS-0F-COOLANT EXPERIMENTS
L2-2, L2-3, AND L3-0

L. P. Leach
J. H. Linebarger

EG&G Idaho, Inc.

ABSTRACT

A sunmary of results from Loss-of-Coolant Experiments (LOCE) L2-2,
L2-3, and L3-0, conducted in the Loss-of-Fluid Test (LOFT) facility, and
conclusions from posttest analyses of the experimental data are pre-
sented. LOCEs L2-2 and L2-3 were nuclear large break experiments and were
dominated by a core-wide fuel rod cladding rewet, which limited the

maximum fuel temperature. Analytical models only conservatively predicted
the measured fuel rod temperatures and will require improvements to pro-
vide best estimate predictions in this area. Analysis of a large com-
mercial pressurized water reactor (PWR) indicates that the cladding rewet
observed in LOFT is also likely to occur in a large PWR, and that, there-
fore, safety analysis calculations of large loss-of-coolant accidents
(LOCA) are more conservative than previously thought. LOCE L3-0 was an
isothermal small break (top of pressurizer) experiment and illustrated
that the pressurizer fills af ter the primary system fluid saturates some-
place other than the pressurizer itself, that the indicated pressurizer
level is higher than the actual level, and that additional model develcp-
ment and assessment work is necessary in order to predict small LOCAs as
accurately as large LOCAs.

INTRODUCTION

This discussion describes LOCEs L2-2, L2-3, and L3-0, conducted in

the LOFT f acility, and presents conclusions reached from analyses of these
exper iments. LOCEs L2-2 and L2-3 were identical, except for core power
1,evel, nuclear large break experiments. LOCE L3-0 was an isothermal small,

break (top of pressurizer) experiment conducted with the same system and
core configuration as LOCEs L2-2 and L2-3.

1600 058
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LOCEs L2-2 and L2-3 are part of the LOFT Power Ascension Test Series

(Test Series L2), which included six 200% double-ended cold leg break
experimen ts. LOCEs L2-1 through L2-4 were designed to be identical except
for step-wise increases in core power for each experiment. These experi-
ments were planned to provide data for comparison to evaluate the effect
of core power on system and core cooling behavior. LOCEs L2-5 and L2-6
were designed to provide data for parametric investigations of the effect
of loss of off site power and prepressurized fuel. Prior to starting Test
Series L2, it was decided not to perform LOCE L2-1 because the low core

power of LOCE L2-1 was not expected to provide data of significant value
over that already obtained from the LOFT isothermal experiments and the '

" lead rod" tests performed in the Power Burst Facility (PBF).

LOCEs L2-2 and L2-3 had the same specific objectives which were to:

1. Determine core-wide spatial variations of fuel rod
cladding thermal response

2. Identify thermal-hydraulic phenomena and determine efiects

of thermal-hydraulic phemomena on fuel rod cladding
thermal response

3. Determine emergency core cooling system (ECCS) performance
and core reflood characteristics

4. Determine the integrity of the fuel rod cladding

5. Determine principal variables of temperature, pressure,
density, mass flow, and mass inventory as functions of
time associated with the core, primary coolant system, and
emergency core coolant (ECC) sufficient for comparison
with and assessment of code predictions.

LOCE L2-2, performed December 9,1978, and LOCE L2-3, performed May 12,
1979, met these objectives.

1600 059
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LOCE L3-0 was introduced into the LOFT Experimental Program after the

occurrence of the Three Mile Island (TMI) accident and the decision to
redirect LOFT to accelerate small break testing. Isothermal small break
LOCE L3-0 had the following objectives:

1. Provide data to assess the transient pressure, temper-
ature, and density for comparison with predictions from
the RELAP4/M006, RELAP4/ MOD 7, RELAP5, and TRAC-P1A small

break computer models

2. Determine the break flow from the available pressurizer
pressure and level data

3. Determine if chugging occurs in the suppression tank
during the small break blowdown

4. Provide operator training in performing small break
experiments.

LOCE L3-0 was conducted on May 31, 1979, and met all of these objectives.

This discussion is divided into three major parts. The first part

(a) describes the behavior of LOCEs L2-2 and L2-3, (b) presents the most
significant results from posttest analyses of LOCEs L2-2 and L2-3 and from
comparisons of the experimental data with computer calculations, and
(c) presents results and implications of computer calculations on a

coanercicl-size PWR with the same model used for LOFT. The second part of
the discussion describes LOCE L3-0 and presents results from posttest
analysis of the experimental data. Conclusions reached from the analyses
of LOCEs L2-2, L2-3, and L3-0 are presented as the final part of this
discussion.

LOCEs L2-2 AND L2-3

LOCEs L2-2 and L2-3 were 200% double-ended cold leg break experiments.

with ECQ!jnjection 'into the intact loop cold leg. These experiments were

1600 060 tet_3
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identical except for the core power level and the resultant temperature
rise across the core. For this analysis, the data from LOCEs L2-2 and
L2 3 were compared with data from nonnuclear isothermal LOCE L1-5 to

evaluate the effect of core power on system and emergency core cooling
behavior. LOCE L1-5 was identical to LOCEs L2-2 and L2-3 except that the
core was at zero power. LOCE L1-5 was used. in some cases, as a baseline

and, therefore, is included in the following discussion.

Description of LOCEs L2-2 and L2-3 Behavior

LOCEs L2-2, L2-3, and L1-5 were configured to represent the complete
severance of one of the four reactor inlet pipes in a commercial-size
four-loop PWR with unobstructed discharge from both sides of the break.
Offsite power was assumed available in that the primary coolant pumps were
left running at nearly normal speed. ECC was injected from the accumu-

lator and the high-pressure and low-pressure injection systems (HPIS and
LPIS) to the intact loop cold leg. The ECC flow rates were adjusted to
represent complete loss of ECC injected to the broken loop and failure of
one HPIS and LPIS injection train.

The most important plant operating conditions at experiment initi-
ation for LOCEs L2-2, L2-3, and L1-5 are shown in Table 1. Main features
of the event sequences for the experiments are listed in Table 2.

The general behavior of the LOFT system during LOCEs L2-2, L2-3, and
L1-5 can best be related through consideration of the pressure response of
the system shown in Figure 1. On the basis of the pressure response, the
experiments may be described in several phases. The first phase, sub-

cooled blowdown, consists of the initial pressure reduction from initial

operating pressure to saturation pressure of the reactor outlet fluid.

This phase lasted about 50 ms in LOCEs L2-2 and L2-3 and about 80 ms in
LOCE L1-5, being shorter in the nuclear experiments due to the lower

initial pressure and higher reactor coolant outlet temperature (higher
saturation pressure). The subcooled blowdown period is of main interest

relative to the structural loadiag of the system and will not be discussed

further here.

1600 061
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TABLE 1. PLANT OPERATING CONDITIONS AT EXPERIMENT INITIATION

LOCE

Parameter L1-5 L2-2 L2-3

Primary system:

Pressure (MPa) 15.45 15.64 15.06
Temperature (K) 555 570 573
Mass flow (kg/s) 175.1 194.2 199.8
Boron (ppm) 3037 838 679

ECC accumulator:

Pressure (MPa) 4.17 4.11 4.18
Temperature (K) 304 300 307
Boron (ppm) 3155 3301 3281

3Injected volume (m ) 0.97 1.05 0.96

Reactor core:

Power [MW(t)] 0 24.9 36.7
Average linear heat 0 10.9 16.0
generation rate (kW/m)
Maximum linear heat 0 26.37 39.4
generation rate (kW/m)
Coolant temperature 0 22.7 32.2
rise (K)

The second phase of the pressure response covers the time from initi-
ation of flashing of coolant in the reactor outlet pipes to the time of
flashing in the reactor inlet pipes. This time period (milliseconds) was

,very short for LOCE L1-5, but longer and roughly the same for L2-2 and.

"

L2-3 (s3.5 s) and quite important to the response of the core, as will be
seen subsequently. During this phase, the pressure in LOCE L2-3 was

slightly'. higher than in LOCE L2-2 due to the higher initial temperature of
the react 6r outlet fluid. This period may also be thought of as the time
of subcooled fluid discharge out of the broken loop inlet pipe.

1600 062
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TABLE 2. CHRON0 LOGY OF EVENTS OF NUCLEAR LOCEs L2-2 AND
L2-3 WITH NONNUCLEAR LOCE L1-5 COMPARATIVE VALUES

Time after Test Initiation
(s)

LOCE LOCE LOCE
Event L2-3 L2-2 L1-5

Test initiated 0 0 0

Subcooled blowdown endeda 0.06 0.07 0.1

Reactor scram signal received at control 0.103 0.085 0.087
room

Earliest departure of cladding temperature 0.96 1.0 25.6
from fluid saturation temperature
(Tclad > Tsat)

Control rods completely inserted 1.683 1.725 1.85

Subcooled break flow endedb 3.0 3.8 0.1

Maximum cladding temperature attained 4.95 5.8 Steady state
value at
time 0

Earliest core-wide return of cladding tem- 8.5 8.0 48
perature to fluid saturation temperature

HPIS injection initiated 14 12 13

Pressurizer emptied 14 15 14

Accumulator injection initiated 16 18 19

LPIS injection initiated 29 29 34

Lower plenum filled with liquid 35 35 37

Saturated blowdown ended 40 44 47

Accumulator liquid flow ended 45 49 54 0 063
Core volume reflooded 55 55 59

a. End of subcooled blowdown is defined as the occurrence of the first
phase transition in the system other than at the pipe break location.

b. End of subcooled break flow is defined as the completion of subcooled
fluid discharge from the break (hot and cold legs) in the broken loop.

-
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During the final phase of the depressurization, saturated blowdown,
saturated fluid flowed out of both ends of the broken pipe. This phase
may be further subdivided to consider the period of break critical flow
discharge and break noncritical flow discharge. The later portions of the

saturated blowdown phase are very important because, during this time, ECC

was effective in reestablishing a stable thermal condition by cooling the
core.

During saturated blowdown, LOCE L2-3 depressurized slightly faster
than LOCE L2-2 due principally to a higher break discharge flow in the
second phase of the blowdown. Later, the depressurization portion of
LOCEs L2-2 and L2-3 were identical.

Analysis of LOCEs L2-2 and L2-3 Behavior

The parameter of most interest during the LOFT nuclear powered large
break LOCEs is the fuel rod cladding temperature. Figure 2 shows the
measured and predicted response of the fuel rod cladding temperature hot
spot during LOCE L2-2. The initial increase in cladding temperature was
predicted by the calculation; however, the large decrease, or core rewet,
measured during LOCE L2-2 was not predicted by the RELAP4/M006a cladding
temperature calculation.

The measured cladding temperature response of LOCE L2-3 was similar

to that observed in LOCE L2-2, as shown in Figures 3, 4, and 5. The fol-
lowing observed differences are attributable to core power.

1. The average time of initial departure from nucleate
boiling (DNB) was shorter for LOCE L2-3 than for LOCE

L2-2, 1.27 and 1.65 s, respectively

2. The peak cladding temperature was higher for LOCE L2-3 1600 065
than for LOCE L2-2, 914 and 789 K, respectively.

The RELAP calculations used in the prediction of LOCEs L2-2 and L2-3a.

were performed with RELAP4/M006, Idaho National Engineering Labor-
atory Configuratien Control Number H0011848.

. LPL-8
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.

3. The pattern of the final rewet, or reflood, in LOCE L2-3
was bottom, top, then middle; whereas, the rewet pattern
for LOCE L2-2 was bottom to top.

A revised prediction for LOCE L2-3,1 based on a computer model that
described the rewet of LOCE L2-2,2 did not predict the rewet observed in
LOCE L2-3.

The analysis effort to describe the cause of the disparity between
measured and predicted cladding temperature in LOFT LOCE L2-23 con-
sidered several possible contributors as follows:

1. The thermocouples rewet, but the cladding did not

2. Differences between actual and planned initial conditions

3. The initial fuel rod stored energy

4. The heat transfer correlations in the analytical model

5. The hydraulic calculation.

Investigations into the possibility that the cladding did not rewet
concluded that, while additional data on the cladding thermocouple perfor-
mances are needed, the core did rewet during LOCE L2-2. This conclusion
was reached based on data taken in the LOFT nonnuclear isothermal LOCEs,
in PBF LOCA tests, from REBECCA tests, detailed thermal analysis, and
investigation of other LOFT data. For example, Figure 6 shows the
measured fluid temperature and the saturation temperature (determined from
pressure) above the LOFT core. The termination of the superheated steam
indication at 8 s corresponds to the cladding temperature rewet indi-

'

cation. Additional testing is now being performed at KfK in Germany and, .
,

at the Idaho National Engineering Laboratory (INEL) to further evaluate
the effect of the thermocouples.

1600 070
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The effect of actual initial conditions on the test was determined by
rerunning the prediction model with measured initial conditions. As shown
in Figure 7, changing the initial conditions in the calculation did not
provide a prediction of rewet.

The stored energy in the fuel rods was correlated to rod experimental
and calculated heat-up rates, at times during the transient when fluid
cooling effects were negligible. The correlation indicates that the
stored energy in the rods is properly calculated. The analysis is cur-

rently being refined to include significant parameter uncertainties.

The effect of the heat transfer correlations was evaluated by running
analyses with both the specified and measured initial conditions and two
different film boiling correlations (new Groeneveld versus Condie-
Bengston). Figure 8 indicates that while a better estimate of the peak
cladding temperature was obtained with the Condie-Bengston correlation.
the rewet was still not predicted.

Evaluation of the system hydraulics indicated generally good compar-
ison between measured and predicted performance, with the exception of the
flow in the broken loop cold leg shown in Figure 9. The analytical model
for break flow consists of a subcooled discharge model, saturated dis-
charge model, transition quality at which the model changes from subcooled
to saturated discharge, and discharge coefficients. Table 3 lists a
number of parametric evaluations of these variables. Figure 9 shows how
these changes affected break flow, with the last run labeled "Best PT"
(posttest) giving the best agreement.

The information in Figure 10 indicates that the changes in critical
flow choice dio r, greatly affect early pressure response, but Figure 11
shows a significant change in core upflow. Figure 12 shows that the Best
.PT case).did predict a cladding rewet, whereas all the others did not.,- f

(Note: Figure 12 is not a " cladding hot spot" prediction; therefore, it
shows low temperatures.) Thus, the failure to predict the rewet in LOCE
L2-2 was due mostly to the core hydraulic calculation.
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TABLE 3. CRITICAL FLOW SENSITIVITIES

Multipliers

Henry-Fauske Homogeneous Equilibrium Transition
Run (Subcooled) (Saturated) Quality

Experiment 1.0 1.0 0.02
prediction

PT-Aa 1.0 0.848 0.02

PT-Ba 0.848 0.848 0.02

Best PTb 0.848 0.848 0.0025

PT-A and PT-B are posttest break flow sensitivity calculations.a.

b. Best PT is the posttest calculation which best predicted the LOCE L2-2
results.

__

The relatively abrupt transition between subcooled and saturated
discharge at the break was traced to the progression of hot fluid from the
core to the break, as shown in Figure 13. This type of behavior is
difficult to calculate with a discrete model of the system, but using a
very low value of transition quality allows for the abrupt transition even
though the transmission of the tempe.ature increase and consequent fluid
density decrease are damped by the discrete model.

The net result of the broken loop cold leg mass flow transition is to
enhance positive core flow and force fluid down the downcomer and into the

This can be seen in Figure 14, which compares the measured intactcore.

and broken loop cold leg mass flows for LOCE L2-2. The overlap between 4
and 6 s after rupture represents the fluid forced down the downcomer and
through tra core. The data in Figure 15 indicate that the same phenomena
occurred in LOCE L2-3.

As previously mentioned, a reprediction of LOCE L2-3 was made with
'

'

the Best PT model that did predict the rewet for LOCE L2-2. Figure 16
shows the comparison between the original RELAP4/M006 prediction 3

(RELAP A) and the revised model2 (RELAP B). Although the revised model

1600 076
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did not predict rewet, the peak cladding temperature was better predicted.
Also, review of the system hydraulics compared with the revised prediction
showed excellent agreement. Figure 16 includes the cladding temperature
prediction made with TRAC-P1A. This prediction does not show the rewet

either. An alternate TRAC-P1A prediction with a revised rewet criteria,
however, did predict the rewet. Posttest analysis of LOCE L2-3 is con-
tinuing, but it now appears that additional work on the heat transfer
models is required in order to obtain best estimate calculations of
cladding temperature in large PWRs.

Relationship to a Large PWR

In order to evaluate the relationship of the LOFT results to large
cormiercial PWRs, a RELAP4/M006 analysis of a large PWR was made using the
same model options as applied in the LOFT LOCE L2-2 Best PT model and the

initial conditions for LOC s L2-2 and L2-3. That is, the large PWR in
both cases was run at a power sufficient to reproduce the core fluid
temperature rise (core AT) forecast for LOCEs L2-2 and L2-3.

Figures 17 and 18 are comparisons of the best estimate predictions for
the large PWR with the LOFT data for LOCEs L2-2 and L2-3, respectively.
The excellent agreement shown implies the following:

1. The LOFT system is a good model of expected large PWR

behavior (that is, scaling is accurate) during a large LOCA

2. The large PWR LOCA consequences are much less than

previously thought

3. The peak cladding temperatures that would occur in the

large PWR are probably less than occurred in LOFT, since
tha LOFT prediction with the same model yields higher
cladding temperatures.

This information has been transmitted to the licensing portion of the NRC
and is currently under* evaluation.

gu .iv'
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LOCE L3-0
.

LOCE L3-0 was conducted with the same system and core configuration
as LOCEs L2-2 and L2-3. Only minor instrumentation changes were made in
order to record data for a longer time. LOCE L3-0 was an isothermal
experiment with negligible nuclear decay heat power. The primary coolant
pumps were tripped at the initiation of the transient. No ECC was used in
LOCE L3-0. Initial conditions are given in Table 4. The experiment was
initiated by opening the power operated relief valve (PORV), rather than
the quick-opening blowdown valves. The experiment was terminated by
opeaing the quick-opening valves after the pressure had reduced below

normal accumulator pressure, and the LPIS was used to refill the system.
The sequence of events for LOCE L3-0 is given in Table 5.

TABLE 4. LOCE L3-0 INITIAL CONDITIONS
_

Measured
Parameter Value

Primary system mass flow (kg/s) 201

Pressurizer pressure (MPa) 14.7

Primary system fluid temperature (K) 557

Decay h, eat level (kW) 4.2,

Steam generator pressure (MPa) 6.8

The data from LOCE L3-0 were not processed for 3 weeks following the
experiment in order to complete computer calculations of experiment per-
formance without the benefit of the experimental data. Since the flow
characteristics of the PORV were relatively uncertain, it was necessary to
use data from the early portion of the transient to determine a valve

coefficient for steam flow. The valve steam flow characteristics and
experiment initial conditions data were incorporated into the computer

1600 087,
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TABLE 5. CHRONOLOGY OF EVENTS FOR LOCE L3-0

Time Af ter LOCE Initiation
Event (s)

LOCE initiated 0
aPSMG power tripped 11

bPCP coastdown completed 15

Pressurizer reached minimum indication 48
Primary system reached saturation pressure 48

Pressurizer indicated full 73

Pressurizer returned to indicating range 1420
Broken loop isolation valves opened 2416
Quick-opening blowdown valves opened 2460
End of saturation blowdown 2490
LPIS initiated 2535

PSMG - primary system motor generator.a.

b. PCP - primary coolant pump.

calculations performed with the RELAP4/M006a, RELAP4/M097 , RELAP5cb
,

dand TRAC-PlA computer codes. (Only 87 s of transient time were calcu-
lated with RELAP4/ MOD 7.)

The measured and calculated pressure response are shown in Figure 19.

While all of the computer models accurately calculated the steam depres-
surization phase, none of the models were accurate for the long-term

RELAP4/M006, Idaho National Engineering Laboratory Configurationa.
Control Number H0075618.

b. RELAP4/ MOD 7, Idaho National Engineering Laboratory Configuration
Control Number H0133828.

RELAP5hbpdateCycle102,IdahoNationalEngineeringLaboratory.c.

d. TRAC-PlA, Los Alamos Scientific Laboratory.
j
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pressure response where saturated liquid and/or two-phase flow was passing
through the PORV. The valve characteristics in two-phase flow and/or
liquid discharge are unknown, so this result is not surprising.

Figure 20 exhibits the measured and predicted pressurizer liquid
level response. The data show the pressurizer rapidly filled after the
system pressure reached system saturation and remained full until 1400 s.

The indicated level shown was not compensated for fluid temperature and,
thus, does not assure that the pressurizer was completely full for the
whole time it was indicated full. In fact, correcting the indicated level
for temperature makes it olmost match the RELAP4/M006 calculation. While

all the calculations showed the initial decrease and rapid increase in
pressurizer level, neither TRAC-PIA (not shown) nor RELAP5 calculated a
full pressuri;:r.r; whereas, RELAP4/M006 and RELAP4/M007 calculations did.

The measured density in the intact loop hot leg near the top of the
pipe is shown in Figure 21. These data indicate stratified flow in the
pipe with steam at the top. The surge line, which connects the pres-
surizer to the intact loop hot leg, connects to the top of the hot leg
pipe. The LOFT surge line does not contain a loop seal; that is, the pipe
from the hot leg to the pressurizer first rises, is horizontal, and then
rises again. The pressurizer may have remained full af ter the time that
steam was known to exist in the intact loop hot leg. However, this con-
clusion cannot be confirmed with measured data from LOCE L3-0.

CONCLUSIONS

The main Conclusions reached from analysis of the LOFT LOCEs L2-2 and
L2-3 are as follows:

1. The behavior of LOCEs L2-2 and L2-3 was dominated by the
occurrence af a core-wide early rewet of the fuel rod
cladding. This rewet occurred from a rereversal of core
flow caused by a critical flow transition at the broken
loop cold leg piping.

1600 090
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2. Analytical model predictions of LOCEs L2-2 and L2-3
provided a good prediction of system hydraulics but did
not predict the core-wide rewet. The model " deficiencies"

identified as needing further work in order to improve the
best estimate predictive capability (the original models
are conservative) are as follows:

a. Critical flow in the transition region from s"bcooled
discharge to saturated discharge

b. Wave transport of density variations, particularly as
they affect discharge flow and rewet

c. High pressure ( 6 MPa), low quality (0.1 to 0.3), low
flow film boiling, and rewet heat transfer.

3. Analysis of a commercial PWR with the models that best

predict LOFT behavior indicate the same expected response

as observed in LOFT which means that LOFT is scaled cor-
rectly to represent conmercial PWR behavior. Therefore,
comercial PWRs are likely to experience the same cladding
rewet in the event of a large LOCA which implies there is
significantly more conservatism in the reactor safety
analysis requirements of 10 CFR 50.46, Appendix K than
previously envisioned.

The main conclusions reached to date from analysis of LOCE L3-0 are as
follows:

1. During a LOCA caused by a break at the top of the pres-
surizer, for example, a PORV stuck open, the pressurizer
starts tilling when the primary system fluid saturates
someplace other than the pressurizer itself. The pres-
surizer fills and may remain full even though steam exists
in the hot leg piping and there is no loop seal in the
pressurizer surge line. j6QQ Qg}

,
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2. The pressurizer level indication indicates a higher level
than occurs in the pressurizer, as the indicated level
is not compensated for fluid temperature.

3. The RELAP4/M006 model of LOCE L3-0 small break predicted

the trends of the observed behavior, but more testing and
modeling experience are needed to make the predictive

capability for the small break as good as for the large
break.
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LOCE s Completed Since
October 1978

Designation Type Date

L2-2 Nuclear,200% DECL Dec.9,1978

L2-3 Nuclear,200% DECL May 12,1979

L3-0 Isothermal, Small Break, May 31,1979
PORV
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L2-2/L2-3 initial Conditions

LOCE L2-2 LOCE L2-3

MLHGR I kW/m) 26.4 39.4

Power I;MW) 24.9 36.7

Mass flow ikg/s) 194.2 199.8

AT (K) 22.7 32.2

PI:MPa) 15.64 15.06

os INEL-S-21 854
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L2-3 Replica of L2-2

Blowdown dominated*

Core thermal response tightly coupled to*

hydraulics

Same event sequence*
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L2-2/L2-3 Cladding Temperature
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L2-3 Cold Leg Mass Flows
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L2-3 Cladding Temperature vs
SPND Output
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Conclusions

- L2-2/L2-3 Results:
.

* LOCES - blowdown dominated and self-
limiting.

* During blowdown - thermal tightly
coupled to hydraulics

* During blowdown - phenomena relative
magnitudes / timing consistent with initial

5 power / core AT.
O
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Conclusions kont'd)
_

L2-2/L2-3 results: (ccW"d?

ECC fluid delivery not significantly*

different imm 1.1-5

Core rewetting during Li S and L2-2*

vidaafily identical. However transient time
increased 22% during L2-3

Best-estimate calculations conservativea
-

m
g and developmental areas are known
[ INEL-S-21 852
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Initial Conditions
..

L2-2 ZION L2-3 ZION

Mass flow (kgls) 194.20 18395 199.80 18395

. AT (K) 22.70 23.90 32.20 35.80

Power (MW) 24.88 2296.60 36.70 3540.0

MLHGR (kW/m) 26.40 25.60 39.40 39.40

s Tc (K) 557.70 549.80 560.70 549.80
8

P (MPa) 15.64 15.42 15.06 15.43_

~
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Fuel Cladding Temperature
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Fuel Cladding Temperature
Comparison (L2-3)
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Comparison Cr.teria
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LOCE resultsa

initial conditions=
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Broken Loop Cold Leg Mass
.

Flow Comparison (L2-2)
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intact Loop (s) Cold Leg Mass
- Flow Comparison (L2-2)
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Cold Leg Mass Flow- Balance
(L2-2 Intact-Broken)
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E Conclusions (cont'd)

Blowdown prototypic study:

For the tests to run to date the LOFT
results, relative to a commercial
pressurizer water reactor, conservatively
scale the dominant hydraulic phenomena
during blowdown resulting in a realistic, if
not conservative, indication of fuel_,

$ cladding temperatures.
INEL-S-21 840
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L3-0 Initial Conditions
-

.

-

.

*

P (MPa) 14.74 0.07

Mass flow (kg/s) 201.0 6.3

TH (K) 556.7 3.0

-

@ TC (K) 559.7 3.0

INEL-S-21 842
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L3-0 Transient Conditions

y Pumps tripped (s) 0 0.5

Decay heat (kW) 4.2 1.0

Ambient heat loss, pumps
off (kW) 140.0 20.0

Auto. accumulator injection
control Disabled

2
o

HPIS injection Logic
_.

unsatisfiedo

INEL-S-21 839
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L3-0 Primary System Pressure
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L3-0 Predicted and Measured
-

Primary System Pressure=
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L3-0 Pressurizer Level Comparison
and intact Loop Hot Leg Fluid Density

^
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1 L3-0 Predicted and Measured
Pressurizer Liquid Level.
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Conclusions (cont'd).

- L3-0 test results:

* Pressurizer filled after vapor generated
elsewhere in system

* Pressurizer fluid did not return to
operational level

* Pressurizer indicated leve.1
uncompensated for fluid temperature

g -indicated high

5 * Calculations predicted data trends but
experience needed to upgrade capability

INEL-S-21 849



Summary Conclusions
:

*(Large break LOCEs self-limiting
* Self-limiting mechanisms understood

* Large break cladding temperatures are
prototypic

* Large break calculations conservative --
developmental areas known

Data for small break code development*

Small break code development not as*
_

y advanced as large breaks
m . ,,, ,,,

~

~
&

4

.
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RESULTS OF THE PBF/ LOFT LEAD

P0 == 80 usgij

R0D TEST PROGRAM

L
D. J. Varacalle, Jr.

EG&G Idaho, Inc.

The PBF/ LOFT Lead Rod (P8F/LLR) Test Series consisted of four sequentiai,
nuclear blowdown experiments (Tests LLR-3, LLR-5, LLR-4, and LLR-4A). The

primary objective of the test series was to evaluate the extent of mechanical

deformation that would be expected to occur to low pressure (0.1 MPa) light
water reactor design fuel rods subjected to a series of nuclear blowdown
tests, and to determine if subjecting deformed fuel rods to subsequent testing

would result in rod failure. The results of the PBF/LLR tests have direct
application to evaluating the extent of fuel rod deformation that would be

1expected to occur during the LOFT L2 Power Ascension Test Series , and the
consequences of continued operation of the LOFT core with deformed fuel rods.

The extent of mechanical deformation (buckling, collupse, or waisting of
the cladding) was evaluated by comparison of cladding temperature versus

2system pressure response with out-of-pile experimental data (01sen ) and by
posttest visual examinations and cladding diametral measurements.

Tests LLR-3, LLR-5, LLR-4, and LLR-4A were performed at system condition.;

of 595 K coolant inlet temperature, 15.5 MPa system pressure, and 41, 46, 57,
and 56 kW/m test rod peak linear powers respectively, at initiation of
blowdown. Mechanical deformation of the cladding was expected to occur during
the early part of the blowdowns when cladding temperatures were near their

maximum values and system pressure was still relatively high. During this
time, the system thermal-hydraulic response was similar for all the PBF/LLR
tests since the initial conditions at the time of blowdown (except rod power)
were essentially the same.

Test LLR-3 was performed with four, fresh, separately shrouded LOFT
design fuel rods which reached peak measured cladding temperatures from 870 to
1005 K. 0ne rod was determined to have failed during the blowdown transient,
apparently due to water-logging that resulted in subsequent ballooning and
rupture. On the basis of measured temperatures no mechanical deformation is

expected to have occurred to the other three fuel rods.



.g.

Two rods were replaced for Test LLR-5, and peak measured cladding

temperatures ranged from 995 to 1015 K. It is possible that the cladding

could have experienced some two-point buckling (Gring this test.

Test LLR-4 was the first test of the series during which post-irradiation
examination confirmed that cladding surface temperatures were sufficiently
high (ranging from measured values of 1060 to 1170 K) to result in significant
cladding deformation. One rod was removed following the test and visual
examination revealed that the rod had indeed reached the waisting regime of

mechanical deformation.

The final test, Test LLR-4A, was performed to investigate the effects of
successive preconditioning cycies and LOCA transients on deformed fuel rods.
Peak measured cladding temperatures ranged from 1075 to 1260 K for this test.
None of the previously deformed fuel rods f ailed during Test LLR-4A, and

visual examination of the rods after the test revealed that all four rods had
reached the waisting regime of mechanical deformation.

In summary, the PBF/LLR Test Series fuel rods experienced the maximum
mechanical deformation that would be expected to occur to the LOFT fuel rods

during the LOFT L2 Power Ascension Test Series. The program demonstrated that
deformed, low pressure, light water reactor design fuel rods, and specifically
LOFT design fuel rods, will be able to withstand successive LOCA tests to the
extent that will be required for completion of the planned LOFT program.

REFERENCES

1. D. L. Reeder, " LOFT System and Test Description," NUREG/CR-0247,

TREE-1208, July 1978.

2. C. S. Olsen, "Zircaloy Cladding Collapse Under Off-Normal Temperature and
Pressure Conditions," TREE-NUREG-1239. April 1978.
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PBF/LLR Program Objectives*

Experiment Description*

System Thermal-Hydraulics*
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PBF/LLR Test Objectives

* Experimentally evaluate the anticipated
behavior of the LOFT core during the L2
Power Ascension Test Series

* Extent of cladding collapse and
,

waisting during the LOCA transients
* Effects of PCI during

preconditioning cycles
* Benchmark the fuel rod analysis package

(FRAP) used to requalify the LOFT core

a after each test.
Es

a
INEL-S-10 225
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PBF Inpile Tube and LLR
Test Train

P00RBRBWnIPT
upper head

W -

a - c,

Filler piece-
'

einpile tube-

Outlet {' inf Upper plenum
,

J( .

.

! ' Metered flow bypass
Inlet 7 ggg 3s

- ,t
* * * * "MTCenter hanger rod is g Filler piece

Flow tuben ~ "Check valve e

h
'

h
$ I N T / Fuel rod and

flow shroudBypass , ,

V I"**
3: Filler piece

<_ >

I [ h ::3 Lower support plate;:

d,5\a f> '
Lower particle screen

V /
c eica sesxetLowe,

" ' " " ~
_
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Nomiinal LLR Test Conditions

.

* Pressure 15.5 MPa

IPT inlet temperature 600 K*

Shroud flow 0.6 - 0.8 Ils*

INEL-S-21 590
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PBF/LLR Test initial Conditions
.

Test Rod Power Fission Heat
kW/m s

LLR-3 40.5 0

LLR-5 47.4 2.0

LLR-4 56.6 2.6

LLR-4A 55.6 2.85
_

INEL-S-21 591
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Summary LLR Tests

Measured Cladding
Test Temperatures (K) Comments

LLR-3 870-1005 Four fresh rods
Rod 312-3 failed (wateriogged)
No mechanical deformation

LLR-5 995-1015 Two rods replaced
Possible deformation

LLR-4 1060-1170 Mechanical deformation
incurred_

$
o LLR-4A 1075-1260 One rod replaced

Mechanical deformation--

~ incurred
INEL-S-21 592
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- Test LLR-5 .

System Depressurization
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Test LLR-5 Mass Flow Comparison
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Test LLR-5 .
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Test LLR-3 Thermal and Mechanical
(Rod 312-1) Behavior
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Summary Fuel Rod 312-1

Test Peak Clad T Max Estimated Mechanical Deformation
0 0.53 m T0 0.31 m Predicted (Olsen)

LLR-3 950 1010 incipient buckling

LLR-5 1000 1060 incipient collapse

LLR-4 1130 1225 Waisting
INEL-S-21 593
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Test LLR-4 Rod 312-1 Surface
Temperature vs Pressure Response
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j Post Irradiation Examination Results
.: of Rod 312-1
- T
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Test LLR-5 Thermal and
Mechanical (Rod 312-2)

Behavior
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Test LLR-4A Rod 312-2 -

Thermal Response
.
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Summary Fuel Rod 312-2

Test Peak Clad T Max Estimated Mechanical Deformation
0 0.46 m T0 0.31 m Predicted (Olsen)

LLR-3 925 960 None

LLR-5 1015 1050 Probable buckling
Possible collapse

LLR-4 1170 1225 Waisting

LLR-4A 1150 1205 Waisting

INEL S-21 597
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Test LLR-4A Rod 312-2 Surface
Temperature vs Pressure Response
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Post Irradiation Examination Results
of Rod 312-2 ,a

o
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Program Conclusions

* Objectives of tests were met

* LLR fuel rods experienced maximum
mechanical deformation expected in
the LOFT L2 tests

* Deformed LLR rods subjected to
_,

y subsequent preconditioning ramps
and LOCA transients did not fail-

m
INEL-S-21 599



Test Conclusions
.

Observed deformation was consistent with*

Olsen's criteria
DNB was first observed at lower elevations*

Lower elevations achieved higher clad*

temperatures
RELAP4 well predicted system thermal-*

hydraulic behavior

; RELAP over predicted the cladding*

E temperatures
IN E L-S-21 600
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STATUS OF LOFT TWO-PHASE FLOW INSTRUMENTATION CALIBRATION

W. J. Quapp
EG&G Idaho, Inc.

The key to understanding the system behavior during any loss-of-

coolant experiment (LOCE) is suitably located and calibrated instrumentation.

In the LOFT system, the coolant instrumentation is located throughout the

primary system piping (broken and intact loops) and, to a lesser extent, in

the plena above and below the core region. This paper deals with the progress

in calibrating the LOFT piping instruments (Slide 3).

The key instruments in the LOFT piping are the threewbeam gamma densi-

tometers, arrays of three drag disc turbine flowmeters (S'lide 4), arrays of

eight pitot tubes (Slic'; 5) and numerous pressures and temperatures. The

measurements from these instruments are used with mathematical models to ar-

rive at mass flow rates in the LOFT piping. The details of these models have

been reported elsewhere. The locations of these instruments are shown in

Slide 6.

Calibration of the LOFT instrumentation has up to now been limited to

small scale air-water and steam-water testing or large scale single phase

testing. No suitable facility has previously existed which could provide

the steam-water testing environment in the size required for LOFT instrumen-

tation. Consequently, during the last year, the Nuclear Regulatory

Commission (NRC) authorized EGAG Idaho, Inc. to proceed with construction

of two large facilities which could provide the needed full scale testing

1600 153
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environment for both transient and steady-state tests of LOFT piping in-

strumenta tion. Both facilities were needed in order to resolve questions

related to the effects of installation and piping geometry and transient versus

steady-state testing. Full-scale facilities are required to resolve the un-

certainties related to free ficld versus full flow calibration.

The steady state two-phase loop is a high pressure (7MPa) steam-water

loop which is being constructed at the Idaho National Engineering Laboratory

(INEL) near the location of the existing large single phase loop and small

blowdown loop at tha LOFT Test Support Facility (LTSF) area.

The two-phase loop is illustrated in Slide 10 in the horizontal piping

instrument calibration configuration which will be used for testing LOFT

piping instruments. Design modifications are underway to allow testing

of LOFT core instrumentation in a vertical positive flow configuration as

shown in Slide 11. The test section will consist of a single LOFT fuel

assembly mock up with the core flow instrumentation planned for later center

fuel assemblies in the LOFT core.

The two-phase loop consists of separate steam and water subsystems

brought together in a mixing tee upstream of the test section. The liquid

side of the loop is driven by a diesel powered pump.

The steam is supplied by a 4500 Kg/hr high pressure boiler which is

used to charge the large tanks shown on Slide 12. These tanks are then dis-

charged in a controlled blowdown to the test section to supply the steam.

Total tank volume is approximately 85 cubic rueters and will provide sufficient

steam for up to approximately four minutes of operation at full steam flow

1600 1542
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,

and proportionally longer at lower steam flow. The loop opgrating condi-

tions are summarized on Slide 13 for the current herizontal test section,

high flow rate capability and the future vertical test section, low flow

rate capability. The maximum flow rate capability represents the maximum
_

flow obtained in LOFT during a 200% LOCE. The planned reference instrumen-

tation is listed on Slide 14.

Construction is underway and scheduled for completion by December 1,

1979 followed by a two-month period of startup operations testing. Calibra-

tion of LOFT piping instruments is scheduled to begin in February 1980.

The two-phase flow loop will initially be used for calibration testing

of LOFT piping and core instruments but will later support testing needs of

other NRC programs at the INEL and elsewhere.

The Transient Flow Calibration Facility (TFCF) has been constructed for

EG&G by Wyle Laboratories in Norco, California. The system basically consists

of a large pressure vessel and a single pipe leg which can be configured to

approximately represent either the hot or cold side of the LOFT intact or

broken loops. The TFCF system has been scaled to approximate the key dimen-

sions of the LOFT system in order to produce discharge mass flows similar

to the LOFT system.

The facility and test program is designed around the four pipe penetra-

tions cr cering or leaving the LOFT pressure vessel (Slide 6). An isometric

of the TF(.' is shown in Slide 17.

The main characteristics of the reference mass flow system (Slide 18)

consist of load cells whose output is differentiated to get a mass flow

3
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rate. The static cold fill calibration of the vessel yielded a load cell

accuracy of better than 1%. The dynamic mass flow rate accuracy has not

yet been fully established but is expected to be better than 10%. A

backup system consisting of differential pressure measurements on the

vessel is used to provide additional reference mass flow measurement.

The test matrix, Table 1, is organized to test the various instruments

installed on the hot and cold legs of the broken and intact loops. The

primary variables are listed on Slide 3. The other information in Table 1

relates to the break size or LOFT nozzle as the controlling break area.

Since the end of July 1979, twenty-three tests have been conducted.

In the following few slides, examples of the data obtained at the TFCF are
'

presented. The tests are initiated by rupturing a disc at the end of the

test spool piping when the vessel and test leg are filled with water nominally

at 15 MPa and 565K. A typical test will be shown in a short movie. A

photograph of the facility during a test is snown on Slide 20. The vessel

is supported on three load cells which are electronically summed to yield a

total mass record of the vessel plus liquid contents. An example of this

data is shown in Slide 21. The reference mass flow rate is derived by dif-

ferentiating and filtering the data shown in Slide 21 to yield the mass

flow rate data found in Slide 22.
'

The measured data are combined as shown on Slide 23 to yield the cal-

culated mass flow rates shown in Slide 24 which present the comparative

mass flow rate data derived from the load cell and calculations using

combinations of: 1) a gamma densitometer and a rake of three drag discs;

and 2) a gamma densitometer and a rake of flow turbines. Comparing the

data in these slides it can be seen that both derived mass flow measurements

1600 156
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compare very well in magnitude and timing to the reference load cell data.

These data result from only the first simple data processing efforts and

consequently are quite preliminary.

The data are taken under the homogeneous flow conditions of the LOFT

broken loop cold leg as evidenced by the similarity in the density traces
'

from the three-beam gamma densitometer as shown in Slide 25, which shows

almost identical conditions along the three chordal regions of the pipe.

This test program is providing previously unavailable information on

the LOFT instrument performance and measurement uncertainty. The test

program at Wyle will be completed by the end of November 1979, with re-

porting to continue over the next year.
.
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TABLE I

TEST MATRIX

Test Test No. of Primary Sec. Orifice Spool Pipe LOFT
Description ID Tests Flow Flow Diam. Orient Geom. Nozzle

Instr. Instr.

Cold Fill

(Load Cell Test) IACF 1 - - - 0 Elbow Yes

Broken Loop
Cold Leg
Single Phase IBISP 1 DTT No - 0" Elbow Yes

Broken Loop
Cold Leg
Single Phase IB2SP 1 Pitot No 2" O Elbow Yes

Broken Loop
Cold Leg IAl 3 DTT No - 0 Elbow Yes

Broken Loop
Cold Leg IA2 2 Pitot No - 0 El bow Yes

-

cys Intact Loop
cc) Cold Leg IAIIAl 2 DTT ECC 4" 90 Elbow NoCD

Intact Loop
{}} Cold Leg IAIIA2 2 No ECC 4" 90 Elbow No

Intact Loop
liot Leg IVAl 2 DTT

Reversed ECC 2" 90* El bow No

o



.

.

.

~

TABLE I (Con't)

TEST MATRIX

Test Test No. of Prima ry Sec. Orifice Spool Pipe LOFTDescription 10 Tests Flow Flow Diam. Orient Geom. Nozzle
Instr. Instr.

Broken Loop
Hot Leg IIAl 2 DTT No 2" 0* Elbow Yes

Broken Loop
Hog Leg IIA 2 2 Pitot No 2" O Elbow Yes

Broken Loop
Hot Leg IIBl 1 DTT No 2" 0 Straight Yes

Broken Loop *

Ilot leg IIB 2 1 Pitot No 2" 0 Elbow Yes

Broken Loop
Cold Leg 181 2 DTT No - 0 Straight Yes

Broken Loop

&~
Cold Leg IB2 1 Pitot No - 0 Straight Yes

-
.

o Small Break
O Orifice Test WSB01 2 - - 0.6824" O Straight Yes
~

Small Break
Orifice Test WSB03 2 - - 0.6374" 0 Straight Yes

Small Break
Orifice Test WSB05 2 - - 0.1593" 0 Straight Yes

.
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Presentation Outline
Instruments used in LOFT piping*

Two-phase flow calibration status*

Need for additional calibration facilities*

Transient versus steady-state calibration*

INEL two-phase loop*

Wyle transient calibration test facility*

;
O INEL-S-21 882

cb
o
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Key LOFT Instruments
,

Drag disc turbine flowmeter rake*

Pitot tube rake*

Three-beam gamma densitometers*

Numerous system pressures and*

temperatures
,

O
INEL-S-21 880
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LOFT TC Pitot-Probe Rake -

_.

p *9y4Q$ @ Thermocouple connector
e - r- @ Primary isolation valves,.
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LOFT Intact and Broken Loop Piping
and Instrumentation

Broken loop

DTT rake ] cold legGammaintact loop { densitometer ii ,

hot leg
155$-2

-

' ,

j,DTT rake ,

s -Gamma
4 densitometery

Downcomer
ECC annulusinjection

{ DTT rakeDTT rake
. ,a
'hGamrna ECCg ,

densitometer rakes u -

a
Broken loop

g hot leg
a Gamma

Intact loop densitometer
cold leg IdEL-S-21 871
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Current Calibration Limitations

Small scale air-water testinge

Small scale steam-water testing*

Hot full scale single-phase testinge
~s
8

INEL-S-21 881

LD

Slide 7



.

.

Unresolved Calibration
Concerns

Effect of geometry on measurement*

Adequacy of free-field versus full flow*

calibration

Transient versus steady-state calibration*
_

INEL-S-21 878

CD

Ch
Ch

Slide 8
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New Two-Phase Calibration
Facilities

INEL steady-state two-phase loop*

Wyle transient flow calibration facility*

Ch

INEL-S-21 879
Y
N
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INEL Large Steady State Facility .
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Modified with Vertical -

Test Section
m
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INEL Two-Phase Operating Loop
Characteristics

High Flow Range Configuration,

Liquid mass flow 42* 420 kgls-

Steam mass flow 2.5* 25 kgls-

Pressure 2.07* 6.9 MPa-

Low Flow Range Configuration
Liquid mass flow 4- * 40 kgls-m

g Steam mass flow 0.28* 2.8 kg/s-

Pressure 2.07* 6.9 MPa-_.

N
-

INEL-S-21 876
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Two-Phase Flow Loop
Reference Instrumentation

'

Orifice flow meters in steam and water
*

legs

Pressures and temperatures*

Three-beam gamma densitometers*

Tomagraphic gamma densitometer*

Travsrsing turbine*

Traversing pitot tube*

Traversing impedance probe*

INEL-S-21 877
N
N

Slide 14



.

.

Two-Phase Flow Loop Schedule

.

* Complete construction December 1,1979

e Complete startup operations February 1,1979

e Testing planned for FY 1980 Drag disc turbine rake
ECC pitot tube rake
Calibration of LOFT small

break spool piece
instruments

INEL-S-21 875

m

Es

N
u

Slide 15



.

.

Wyle Transient Flow Calibration
Facility

* System design features

* Reference mass flow rate system

* Test program

* Movie of test

* Preliminary results

; * Conclusions
4

INEL S-21 874
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Wyle TFCF Reference Mass
Flow Rate System

* Based on total vessel and contents weight
measurement using load cells (uncertainty
based on static fill < 1 %)

* Time derivative of vessel weight change
gives mass flow rate (Expected
. uncertainty < 10 %)

; * Limited in some periods of the transient
Es due to system dynamic response

* Backup system using differential pressure
transducers

INEL-S-21 873
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Test Program Variables

Hot and cold leg of intact and broken*

loops

Drag disc turbine and emergency core*

cooling pitot tube rakes

System discharge rate*

h System initial conditions*

N
N

Slide 19
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Wyle TFCF Test Number 1 A1-02
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i i i i
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Determination of Mass Flux~

Densitometer and Turbine
f[PDENs . VTURBINE)G =

Densitometer and Drag Disc
.( PV2)gg)Y2]f [( PDENSG =

Drag Disc and Turbine
_,

f [ ( PV2)gg jg; G =

VTURBINE__.

'
-.

INEL-S-22 354

.
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Wyle Blowdown IA102
300- i i i i i

Load cell
DE-ME
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3
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Wyle Blowdown IA102
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Conclusions

* Capability for transient testing LOFT
instruments in full scale LOFT geometry is
now operational

* Agreement of techniques using
densitometer, drag disc and flow turbine
in homogeneous flow

* TFCF met its design criteria with respect
to load cell mass flow rate performance_

g and the duplication of the LOFT response

3 * Based on observations to date, total mass
flow error can be reduced to less than

10%
INEL-S-21 922
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Conclusions (cont'd)

* Steady-state two-phase calibration facility
to be operational early 1980

* Simulated core calibration facility option
to be available late 1980

5 * Expect to be able to improve calibrations
and models and define total measurement_

5 uncertainty
INEL-S-21 921
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STATUS OF TWO-PHASE FLOW

STANDARDS SELECTION

Presented at
The Seventh Water Reactor Safety Research Information Meeting

November 5-9, 1979

Gaithersburg, Maryland

J. R. Fincke
EG&G Idaho, Inc.

Idaho National Engineering Laboratory
Idaho Falls, Idaho 83401
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STATUS OF TWO-PHASE FLOW

STANDARDS SELECTION

J. R. Fincke
EG&G Idaho, Inc.

The nuclear cormiunity fcces a particularly difficult problem
relating to the calibration of instrumentation in a two-phase
steam / water environment. The rationale of the approach to water
reactor safety questions in the United States demands that accurate
measurements of mass flow during loss-of-coolant experiments (LOCE) be

made. An accurate measurement dictates an accurate calibration.

To date, two meetings, the first an instrumentation review group
meeting held by the WC in Silver Springs, Maryland, in 1977 and the
second in 1978 at Dartmouth, England, provided the forum for
presentations and discussions relating to the problem of methods and

standards for the calibration of instrumentation for the measurement
of twa-phase flow. At these meetings, a number of proposals were made
concerning the selection of standards. These propould nave been
reviewed and evaluated by EG&G Idaho, Inc., wiin particular reference
to the steady-state two-phase flow test facility being built at the
Idaho National Laboratory (INEL).

The two-phase flow test facility at the INEL will include a flow
loop with a test section made up of 14-inch Schedule-160 pioing.
Reference instrumentation will be installed including orifice
flowmeters to measure li_ quid and gas mass flow rate before mixirg
along with a calorimeter to determine steam quality before mixing.
The two-phase reference instrumentation will consist of multibeam
densitometry and density distribution imaging through the use of
reconstructive tomography (RT). Local void fraction information will
also be obtained through use of local needle-type impedance probes of

1600 187
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Local velocity andthe type developed at Karlsruhe in Germany.
profile infon*ation will be obtained through the use of pitot tubes;
swirl and three dimensional effects will be quantified through the use
of a five-point stagnation probe. The center of mass velocity
information will be provided by a pulse neutron activation (PNA)

system.

In the future it is hoped that additional flow instrumentation
will be provided by the Storz lens system, sophisticated laser

Thevelocimetry, and single- and double-pulsed holography.
development of these techniques is currently under way at the INEL.

At this point in time it is difficult to refer to any of the
two-phase measurement schemes as standards; they are references only.

They represent the types of measurements required to characterize a
two-phase flow f or the purpose of understanding and calibrating other

instrumentation for use in LOCEs.
>
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* Ref inst.

* Conclusions
, ,.s ,, ,,,

5
O

G
O

.

O



.

.

- History

* STDS proposed 1977

* 1978 Dartmouth Meeting

INEL-S-21 517
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STDS Proposed 1977

Global mass flow rate - Measure before mixing

Void fraction - Gamma densitometers

Phase velocity - Tracers, local probes
INEL-S-21 518
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1978
Dartmouth Meeting
Recommendations
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Summary of Method Selection
-

Property Primary Secondary Potential

Global mass Two streams PNA Tracers

Flux Separate flow TM FM
(meas. before mix)

surnummmmmmmmmm - mmmmmmmmmmmum
INEL-S-21 523
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Summary of Method Selection
-- .

. ---

Property Primary Secondary Potential

Void, global Quick C.V. (T) Gamma
scanning
(T) NMR

(Ap) gravity (S) PNA (S,T) Tracers
Neutron
scattering

Void, local Gamma scattering Multi-beam Digital
interference

Transmission meter
(attenuation) Local probes
Tomography

----
_

INEL-S-21 521
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Summary of Method Selection
rProperty Primary Secondary Potential

Velocity, local Stagnation Stero lens Hot film
(instrusive) Probe (T,S) Anemometer

Isokenetic sample

Phase velocity Tracer, PNA Local---

Probes
-

&
INEL-S-21 524
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Global Mass Flow Rate

Orifice flow measurement of each*

phase before mixing

6
O INEL-S-21 520
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Local Void Fraction

1. Tomographic reconstruction of multibeam
densitometer data

2. Local Karlsruhe type impedance probe
INEL-S-21 522
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Global Void Fraction

Multibeam Scanning Densitometer*
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Local Phase Velocity

1. Stagnation probes

a. Pitot tube

b. 5-point stagnation probe to
determine vector components
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Global Phase Velocity

Velocities calculated from input mass flow*

rates, system heat balance, and global
void fraction.
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Laser Technology

Holography*

* Imaging
* Interfacial area mapping
* Void fraction

Light scattering void fraction*

Doppler velocity*

; * LDV - 10
o

* FOLDA probe - 20m
o
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Conclusions

* At best, a standard for global mass flow
rate, pressure, and temperature (sat.
cond.) presently exists.

.
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Video Optical Systems for the
20/3D Multinational Refill-Reflood

Program

W. Kirchner, W. Hansen, C. Mansfield, and J. Spalding
Energy Division

Los Alamos Scientific Laboratory

ABSTRACT

Video optical systems are under development at the Los
Alamos Scientific Laboratory for installation in the par-
ticipating reactor safety experiment facilities of the
Multinational 2D/3D Refill-Reflood Program. The purpose of
these systems is to provide high quality visual images of
two-phase flow phenomena in the upper plena of these faci-
lities. A long range objective is to develop supporting
analysis software to convert the recorded visual images to
digital information containing ensemble and discrete par-
ticle size and velocity data.

INTRODUCTION AND APPLICATION

The Los Alamos Scientific Laboratory is participating in a multinational

program to investigate refill and reflood phenomena in simulated

loss-of-coolant-accident (LOCA) experiments. As part of this effort, video

imaging systems are under development in the Reactor Safety Experiments Group

at LASL. These systems are designed to provide high quality video images of

the two-phase flow phenomena in the upper plena of the facilities. This

information is extremely valuable for use in interpreting the results of the
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exp3riments. It will provide the analysts and experimentalists with flow

regime information to evaluate instrumentation response, develop

phenomenological models, and assess code predictions. On a long term basis,

the s,ystems show nuch promise for digitization of the images and subsequent

conversion to liquid phase velocity and size information. Table I lists the

systems development schedule.

SYSTEM DEVELOPMENT

To date, two systems have been constructed and tested: one for the German

PKL reflood facility and one for the Japanese Cylindrical Core Test Facility

(CCTF). Both systems were based on a stereo viewing design concept. Rod lens

(commercially manufactured in Germany by Stortz) optical trains were built up

by disassembling short probes made for medical applications. By stacking

these relay lens to the necessary lengths, an optical path to relay the image

from the probe tip within the facility to the video TV units exterior to the

facility pressure boundary is constructed. The TV signal is then recorded on

tape for subsequent playback and analysis. Since most of the probe is

immersed in a hostile environment, an environmental envelope is used to house

the optics trains and light source. Sapphire windows are used for viewing at

the probe tip and a heat pipe is used to maintain the optics at a uniform low

temperature (about 35 C). Lighting in the viewing region at the probe tip is

provided by fiber optics illumination in the PKL probe and by a built-in light

source at the probe tip of the CCTF unit. Figure 1 illustrates schematically

the general probe design. Figure 2 shows the completed PKL probe and

associated support electronics. The system is self-powered by batteries and a
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DC/AC inverter to run with US standards equipment. Figure 3 displays the

contents of the support electronics box.

CURRENT EFFORT

Based on available data from the experimental facilities, it appears that

the two-phase droplet flow regimes expected to dominate these experiments are

of relatively short duration. Hence, the emphasis of this program has been

shifted to providing high quality video images instead of droplet flow data.

As a result, future systems no longer need be stereo. To meet this new

objective the system design has been sub'stantially altered. Space constraints

in the old units required transmitting stereo images via relay lens, but it is

now possible to install a miniature TV camera at the probe tip within the same

environmental envelope. Figure 4 shows a typical commercially available

miniature TV camera (diameter slightly greater than 1 inch). Future units

will use the miniature TV camera design where possible. The elimination of

the relay lens optic trains is desirable when possible because it has been

found that stacking long lengths of relay lenses results in degradation of

image quality due to light losses (transmission and scattering) and

distortion. A new relay lens design of much larger diameter (1/2 inch vs.

less than 1/4 inch for Stortz) and length with superior optical coatings has

been contracted for manufacture. This design will serve as a backup for

situations where the TV camera cannot be cooled adequately.

.
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TABLE I

ROD LEfiS DEVELOPMEf1T SCHEDULE

JFACILITY UNIT # LOCATION F0V LEfi3TH STATUS /CO M S
E fi E ST Rr0 REQ ED

PKL PRL-1 Broken HL nozzle Vertical /45o 45 1m S 2/79 Shipped 3/7?
Tested in PXL 4/79

PRL-2 UCSP Vertical /45o 30o 1m M 1/80 Design

CCTF CRL-1 Broken HL nozzle Vertical /90o 40o 3m S 7/79 Shippec 7/7')
Tested 10/79

CRL-2 UCSP Vertical /45o 30o 4m M 5/81 Design

SCTF SRL-1 End box Horizontal /0o 30o 1m M 5/80 Design

SRL-2 HL nozzle Horizontal /0o 30o 1m fl 5/80 Design

UPTF URL-1 Broken HL nozzle Vertical /90o 30o 4m S/ft 6/81 Design
_

os
O URL-2 Intact HL nozzle Vertical /90o 30o 4m M 6/81 Desi gt.
O

N URL-3 Middle UP internals Vertical /90o 30o 4.5 m M 6/81 Design

os
URL-4 UCSP Vertical /90o 30o 5m M 6/81 Design
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REACTOR NOISE APPLICATIONS TO TWO-PHASE FLOW STUDIES

Robert W. Albrecht
Dept. of Nuclear Engineering
University of Washington
Seattle, Washington

SUMMARY AND VISUALS

for

presentation at the
SEVENTH WATER REACTOR SAFETY RESEARCH INFORf1ATIO!1 MEETING

(workshop on instrumentation programs)

November 5-9, 1979

National Bureau of Standards
Washington, D. C.
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Summary of Results and Technical Achievements

(1) Drag disc dynamic response

The dynamic response of LOFT drag discs was tested in air,
water, and air / water mixtures. Figure 1 shows the impulse response of
one of the drag discs in air. Figure 2 shows the impulse response of
the same drag disc in water. It is found that the resonant frequency
in water is significantly lower than in air and that the 'Q' is higher
in air than in water. Figure 3 shows the spectrum of the drag disc
response in an air / water mixture. The resonance is at an intermediate
frequency and the 'Q' is lower than in either the pure air or pure
water case. The spectrum of the two-phase flow is seen to peak at
12 Hz. Figure 4 shows a zoom of the resonance with two phase flow
present. Distinct responses due to air and water are not evident.
Figure 5 sumarizes responses observed for two drag discs. It is

concluded that drag disc resonant response is weakly related to two-
phase flow conditions.

(2) Global two-phase flow measurements
Figure 6 shows the PSD of neutronic fluctuations measured with

two phase bubbly flow in the core by ex-core detectors. The PSD

follows a model derived from purely random fluctuations. The sin'K
frequency at 10 Hz is evident (f = 2v/H). The lower figure shows the

s
ratio of the measured to modelled PSD. Deviations are generally less
than a factor of two but some structure is seen at 2 - 4 Hz. Figure 7

is for a case dominated by slug flow. Resonant deviations show the
frequency content of slugging. The sink frequency shows a iower flow
velocity (down flow). These results show the potential for flow

regime classification using global neutronic methods. Figure 8 shows

the measured flow velocities from sink frequencies vs. air flow rate
at constant water flow. The difference in slip between up and down
flow is evident. It is concluded that global neutronic methods can
determine average perturbation velocities.

(3) Acoustic-neutronic cross correlation
Figure 9 summarizes the conditions and results for an experiment

that cross correlated neutronic and acoustic signals in a flowing
system. The experiment is shown schematically in figure 10 and typical
results of the phase of the cross spectra are shown in figure 11. With
pure local boiling present the linear phase with frequency i 1 a ly



. .

-2-

evident. The presence of undisolved gas destroys this coherence.

(4) local-global two-phase flow measurements
These type of experiments will be performed for the first time

this autumn. Figure 12 lists the flow configurations and measurements.
Figure 13 lists expected results and applications. Figure 14 shows the

configuration of the experiments. It is known that global neutronic
responses contain flow characterization information. Local neutronic
responses also contain two-phase flow characterization information of

a different type. The combination of both types of data together with
auxillary instruments is expected to be rich in two phase flow
classification information.

(5) LOFT SPND behavior during reflood

Data from four LOFT SPNDs was examined to determine regions of
interesting signal characteristics that meet the following requirements:

1. signal structure amenable to dynamic / stochastic analysis
2. signal response susceptable to phenomenological explanation
3. signal not under intense study by others

The portion of the SPND signals that met these three requirements
occurs during the reflood stage in the L2-2 tests. The SPNDs exhibit
the following characteristics during the time period from 36 seconds after

'

blowdown to 150 seconds:

1. a generally decreasing (negative) trend
2. oscillations of about 0.5 Hz
3. spikes that appear to be in common between detectors and are

occasionally time delayed
Figure 15 shows a typical amplified signal with trend, oscillations,

and blips identified. Signals from the four SPNDs are being processed
to extract their significant characteristics and a preliminary investigation
into the causes cf the major features of the SPND data during reflood
is being actively pursued.
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EGG-0TT #1 (LARGE DISC 1
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-5 ZOOM PLOT DTT #1 - MODERATE FLOW
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FIGURE 5

EGG DTT PEAK FREQUENCY RESPONSE

L ARGE DTT SM ALL DTT

AIR | 16.1 HZ 122 H Z

WATER 98.5 HZ |17 HZ

LARGE^I 102. 5 HZ |15 HZATER

^'LESS
ATER

1600 228



FIGURE 6
.

NGDAN fy

s. M S/CHATURE sHsl TS/S
, . . . . . . .

CASE 16'-

.> .
-

-

i
.e .

-

4

'

.. .
-

-n. -
p

'

I

.i - I <

- - -
, . , , . . .

. ... ... ... ... .... ,,.. ....

..-2 N, LIN

UNIVERSITY or WASHINGTON NUCLEAR CMGIN[[ RING DEP4Rf ft[NT

NODAR IV
,. . s/ ens rear sHsi rS/s
... . . . . . . .

CASE 16
4.5 -

"

-
... -

3.5 -
"

3. -
"

"
2.5 -

)... -

h. EJ . N'
" ' '

. .u , ,. vm f9 g.
.s -

-

.. . . . . . . . .

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

1600 229. . - - N, uN

Uh!VE.SITT or unsNINCTON NUCLtat ENGIN[[ RING DEPARTMNT



FIGURE 7
-

j f fg

.." S/CHATURE ANAL TS/S
-. . . . . . . ,

,

CASE 17;
.

-7 - : -

4|

.

4

.. - -

.

4

I
.

-$ - -

.

e og --=e __ -

.

4

-,, - . . . . i i .

. ... ... ... ... .... .... ....
-2.. gg ggy

UNIVERSITY OF WASHINGTON NUCLEAR [NGINE[ RING CEPARin[NI

N0DAR /(/
,. . S/ensreHe mi rS/S
s.. . , , , , , ,

CASE 17..s -
-

... ~ =

3.5 - , -

i

I
3.. -

-

2.5 - -

t.. -
-

a \
... - -

... - NM
MWgvl }

.5 - -

.. -----r-- . . . . .. .

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

1600 230. . - > z uN

UNIUCRSITY OF W4SHINGTON NJCLEAR CNCINEERING DEPARIM[NI, ,



:: ::tn :t.n. . _. . ::j :
. .::tn , ' . . . ::t:: :: :

..t ;u; nu t.... : - .::{~u. *::}n :nn. ;;ntn . t
.::I::.-+.* . * * n t:* -+ ^^utn*

- . . - - . . - -:
.
++ M. .n . n. . 7::tm .."t"... . + - .<.

ut:: : ~+ : : nt::
. . . . . . . . .

. ..t :1
- +

..

..t..- ..{.
,

. ntu :: ::: I IU....
., ..t.. ........... . . . <

. . . . . . . ..t.... . ..
. . . . . <

. . . .
. . . . . . . . .nn

... . . .

nntu . n{::. . . . n t .g *' n.::~ r t
+ +. . . . . . . : ::

:.t;;.
-

...
- ;;ua ;..

: .::}+ n., .= t n N rutn.n. . t - n.::- .t____
. --,

u::nn; .. . ..;;n t n.; _ ;u n.. . t =jn + + - - - - tu+n n+:n: ::ntn.; umuu nn-:m.t._:: :~nin.* nl::n ~ntun etth_ .~.~.
n

.~.nnn
. . . . _. . . - -.

.
,.!.... . . . . .

,. .....< . - - . - - - ... . . . . .
,

, ..

. ~ . . . . . . .
. . . . . ....,r.-. . . . . . .. . .~ . . . . .. ..._..t.~.. . . .

. . . . .. . . . ...t.-
,.. . . . . .. ..

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

. . .

..t...
. . ---- . . . .. . . . -. . . . - .. . - - - - . - - - .

.
. . . . . . . . . . . - -r- . . . . . .. . . . . ....

. .

. . . - . . .
.. .

. . . ,. . ..m.... . .. t. . .-..8.. .t.. . . .. . . . . . . . ....
. . . .

. . . . . . . . . . . . . . t .< . ~ . .. . . . -...t, . . . . . - - .. . . . . . . . .... . - - . . . . ..
.

. . .
. . . . . . . .. . . . . . , ., ., . . . ......s. ..

.~ . . . . . .

.

.. . . .. . . . . . .- . . . . . ...t... . . <
. . . . . . . ..

..t.. . ...t.-.,.t..-- . . .. . . . . ....t... ..... . . . . ..g.g . . - - --+ + ~ - . t*n.<. .,
.... .. ..-.-

* ****..
"" -

. n. .t ~** +n+i:'
. . . .... . . . . . .

:- ... .
+ *

.
....}.... *:i .

..

{.. . .
r.:: *::tn

~ **t -"
'-

....t.. . . . . . . . . ..t.. ..t.. . . . . ...... . . ~ ... .
.

.. n n .! ::tn~ :. . . . . . . .n.:n:::n " rn.. ... . . . . . .. . . ,

. . . ...t:: " ntu++^ ^ ^*t nr : . *t*tr ..a.. n ::n ::t::
.

.

. .- . . . ... .. .. ..... .
.

.: .. t. .. . . . . . .

_ . t:: ... . . . . . . . . . . .. . . .
..+

. .

nn. .+ n.a.....t... ;:ni.n.:: .*n.t:: . . :::"t.n....n n. t.n... . . . . _ . . . ....
.-..t.

. . .

. . . . . . .....

. . .... - - - . . - - . _ . ... - - - ~ - -
- . -. . . . . . . .

...< . . _ . ...-
. . - - . . . . . ~ - - . - -

=.- . i.: * n. g: .+- n... :: *n-gr: ..- - .

. . g n. .
n. . N" n.

* , . - . .

::t::--- * ~ - - . - ~ ~ - -

in.:+n.. - -

.

: ~*:
---- n..}:: .t -- t .t.. . . .

. . . - .,

: n..+:.~, :.
.

.

~~ * r.
*. . . . . ....

.. +

an. . *;.n.. :* n..+t:.t.+:++ :r n -. -t -- t ..
.

.

ii.i.i.i. . .!i.lii , -!!.!,!.!. ..lil.i. i . g..i ~ i,i.ji.i
+ ::I..t.n...i.qi.: ~;.i9.ilii !.!.4.i: Riib . t + .

++

"il 5.. i.:a i iG:~ *

. . t.~. ;.
;n.. gg . . g <

. . .~ .n. .. ."W.g; g..gg; ;;ug .. . . . . . . . ....
. .. . . . . . . . t... . . .

* : +::tn c.:: -- ni... . . . . - ..g... -. .. . . . . - . - - - . - . . . . . . . . .
: M.. --

. . . . .. . . . . .... . . . .. . . . ., . . . . . . . . .:... . . . . . . . .
. . . . . . . . . .

- + ^ " -... . . . .g... ::-t::...
. nn ::+ n. . . . .

'n tm " + ^ -
. .

=tn .: tint::- *: n.::;n:t:nnntn: :+ntn+
: :' G..+n.'! a.

.. .
. .t. . m . <a. . . . . . ..t--n

_ :;'t.n. .
..

. . . in .
.... ;; .; * ;

. . .
+* *

u. .;;. . .. . . ..i .t. . ... . . . . . .
. . . . .

. ..

.
. - .-

.+ .

..i . ..t_.. . . .

. - .

. . -

. . . . . . - . . ..
. . . - . . . . . . . ..... . ...t.--

- - - . .. . . . .
. .... .... .. . . -.

. .
.

. . . . .-- ~ . - o

..+ . . . . . . = ... . . . -.1... .

..g..-.-----. - - - . . . - - . . - - - -

......,

..g...!. . + . . ..+ n ::
::tn .. :n .. . . . .. . . . .

*nu;;
.. . .

... r n: ::.t... . . .<..g.......j.. . ... . ..t,.,. ..
.nt::

. . .

n.n ... .. t +. +n .:* *n:: . ::~t:: n.:r

::n ... . .-p . n.::
~ ~ ^ -

nt::.;;21.. ::*:: ::n..u; .. .n . . .

..t., . . . , . . ---,; ,;... . ;;;;;;;.;;
.

..

::n.*}.:.:
. . t;;.;;

, . . . .

......; ..

.......}..,..t. . . . - . - - -
. . g ..<. . . ng, , . . . .
..

..g..,

. .
. . ;. g; . .

. . .. . . .::%;n M.n *

..g.... . ;; ;;;;a ;;;;;;;;;
7. . ---

. . . .

:: .:: + _J:..
... - - - . , . . ,.t.4- - - - . . - - -

=.=g.=-- . . - . . - - -
.j - . . .. .<

..t..- - - . , . . . . - -
. . . . . . . . . . . . . - -

. + - '". ... . ... . . . ..... ng. ....M
...

*. . . .
. .g.,. . .

+
.. . . . . : : " -* r ::. - - - - - .. g :. .:: :. . . . -~+nn t

. ii . . - - -
i.ji.i. !H.i!ii.g.i..

-
. i . . :i-

,-;. .. ' . . "!.EM -ii.iii. . :. . - : a.. iiiii. "i.i!.!.! ! .- ... i. Ei fir .wii.E...t...- .. . - - . . .. i: .. . . . . . . . .

a- . . t :. ~- r. . .* . .. ..:: ::t.a- . n. . i. n. .. . . . . . . .
=n~. .

-

n. .l n. .
- t n. . :.:. i. . . . .-., .. . . . . .

.. . . . .m .. t. . ..n....n.: .u+ . n. . . . . . . . - -
.. ;r. n . .u

.
.

.-
.

..j..
t,o

2. 2..Th -
.n..;

- "1-' - ~+

.- . n .-p. . . :n.. .. . . ,
. . . . .. 1. . ...

uutu.- - - - _ .- .. t'u. . . . . . . .

.:n :
. --... .

. .
.. . . -

z.:a.. m n.. : . . . . .

. ..q .

. .M. ...
.....

------uu

-..mi. .au
+ +.-

. . .tu. .u. .
.

::p', :+~-
un.=. - - - uuu. .. : . . * * '

. - - - . - - - -
..I.,

''rt n" "t" - ::.:t-: '.-'3*' --- ''
--.

+ +

' t :- - "t". . . . . + +

: :: ..r.. M. ::+ n:.,

t .n u ; ; :-':::: .' .
. ... .

- t:: ::t n. - ::In ::.. :: ;;;.;;; . ..**

. . " . - . " - , - .
*

. . . . . . . -
-

u:. . . .. ..
u;;*. - - - .

. . .

n.
..

.... ..

..

- .,.u;;;; u. . , . u. . -. . . . . . . .
..!. . . . , . . .

---.

; . .; ..t.... . au ;.
-

. - . - - ::=. .u. . u..uu. . .- .; ;. -. +... . . . . , . . .
*~

.~ ". a::. . ' .u. .;. .. . ,
..{.., ..t.. ..--- . . . . .

.
.

- - - - - -

..
. . . . . -..

- - - - -

.

. . . . - -. , , . ... ..
.

. . . . .
. - - . . . - . ..t... . . .

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

.i....
...

. . . - a. . i .a, ::':::M::t . .:: . ..
::t. .. .. ......-*:;, . . . t n. u.

; .:: .:: .

.

, . . .
,t.<

...!...
. . . . . . .

..._

r**t.th..t:+!..b. - .
. . . _ _ . . ....... ...t... . . .

.

, ,...j. . .. ..m . . . . . . . . - . . . . .

. . --.- . . . .. _ , - . . . . _ . . .

---~.r* ..~ ~ + - -... . . . . ..

rtr m* t s mn.. . . . -.

. . t.;, -

.

+~..+n..n......-.,.
..

. . . .
=. . t. n. . *

:mrr:
. . . . . . . A.

. r.t?
.

..~..t.,~ n. . . :n.n ,+ :
. .

. . . . ,

. : A,. - - - - . . . .. ..
.

. . . . . . . . . .. t. . t .....
. . _

_..t... .. .. .. . . . .
. .--..t.< . . .

..
..

..

, . . . .;;t: bI. ' 5 ::..

.

. . .. . . t. n.. . . .....a.. . . . . . . . . ..'%...::- a . . :: .!....":.. a_n
-

. . . . .--4......i.. n. .t. . u n.. "k. : a. ,
.:: : ; . ;;a .

u.n. .+ u.. .. . . ... .. ..
.. .......t.. .....__

-m.;. ~~ .-.@-- - ~ + -
.

~ - ~ + . . ~ . . ....
.

. . . . h. .. . . . .
..%......

n =~ --.. . . ... e--
. t.*~+ _ . . .

- - - . . . . .l.,... .. ..

..,.....T.......,..-..~+++n..~r.: . . . ...t... . . .
ntn

.. .. .

. .t . -- -- .
, ... :nh. . b. 4,. ..

m . . .un:. . .

a. - n... ....+.._..._t._ . . . t. .H . .uL. . t. . . .....t.... i.N.. iM.i.-

: r-+ - 2-r --n :n-n p entn -+

-. n n ^ -
-

.{
.

iiu..t.F.A,f ii_ -=!!.!.E. .- E. i. 'iG.iiiii .. ti; .iA !.! !.i..- .u. . t. . n- .. t -+u
14 .t . . .

.
..:.

. . . . . . , . _ . . . . . . . . , .+

'

. ..
--t-- . - -

. . . . .
. . . . . n..n. . . .........t.... ...t.. . _ . . -

. ~~ =. . In. . : := ---+.m- . .~I . . n.- +
.. - . . . . . . . .t..

. +

" . . .. ..J,.N. -~. ..
-

--...-...t.. .. . . . .
. ... .

. . ...!'..'
.

~ - * * + '. . .--'*t*<.
----' . -- -- ' . . ' . "' . t *. '. . . . - - - . . .

.. > . . . . . . . - - - , ..-
...

n n. .::+a .

.n. 9 :.. . .:.:. . . . . . - :::: a.. n. . a. u. . ; . . u a. . . . , .

. . . .t--r r . - - -
+

.. . . .
. .

. . . .

. . . . . . . . . . . _ . .....t.. _ _ . .
,, ...t.. . . . . . . . - . . . . . . .- . ..t. . . . . . .. . . . _ _.i.... . . . . .

. - . - - - - -
.. ..

. . . :.. _ -t-
.. .

. . . . . . . . .

. ..
. . . . . .- -.

t. - ---

-~..i... . . . .* = n. 3.q...,t--3 . . . . . . . . . .,. =. . .. I .. . .
=..t... -t.._...-~ . .. . . . .

.

. . . .
.

. .. . . ,u t. .. ... .,.. ..
..

. . . .

,..G 7... .,a ,

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

. . . . .. . . .. . . . . .
--

.... .
. . . .

......... . . . _ .

* , - - -
..t.

. . . . . -.
-.--. -? _ _ ,. _ ? n, , t , ,-~r?+ *

.!..,. .
. . . . .. . . .

..
. . . . . .... . . . .__ ..t.. - . - .. ;.. . . .

. - . . . . . . . . . . .

* ,% : , -
, .,..

.

-.n. . . . .

- r +?~ -rt*~'.

r. .

1.. .
.

..!*'. ***: +
.,..~:. ., . . .;t ,+1. * ~ n.*.+.? ?. . , . , ,y ,.t,. . . -, .... ,

.. ..,.t.<. .
.---. .. , . . . . . .. ..I.,

6 a.t: :.. .. . < .. . . . .. < . . . .
... . . . . . . . . .

. . . . . . . _ .
. . . . .

::
.- . .t:n? :n... :: .

::.: , t . . . .. ;. ::t::;+ ..._.. .

. . . . . . . ....
:--

::
.

- - - _ . . .
.

:: n ::
. . . . . "g . . .. t : :..s...,.t.<.

. . . . - . . .
*

....a.
r* . . - - .

. . ::.. ..t.., ....... . . . . . . . .. . . ... .. ..

..t****-
*

. - . . ~
.

+
..... ?~ ~ r ~ ~ * - : t --

..

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

"-+t*. --*t =+~n+*?n --" t'+ -- + + ~ ~
.

..I... I-'W :*:''r : ... :- +- .. ..
.

..!.. .+" + - '-* * - ' ' 'n' t "r'!. 24t***
- **'

:: ::!::- - ' 'I_ r.
- - - :;,-:( : ;:

' * ' :
"

::t::
+ ::t::

^

"+
_

+
: : :: ::

$ c' . :N n. : E:.

i: . . . . . . ._.'.....i,
.

;; :

. . . .. t. . . . . .

*? r *+. - ... : +..
. n. n.:,. 3.Xn. . ;t u a. .n. : t :: :: .

.

- . . . ... . _ _ ,, . l:.:
:: . . .

bJ * ..... . ... . . . . . . . . .. . . . .
n. .. ::i.:: .

..

. .. .
. . . . . . .,

.. .....
. . . .... .t....- - . . . . - -, . ....

: ~* ! * -
.

. . . . . . + . . . .

.. " . . .
r. --t.-v ~ * . . *"'+t. ...:.. ..

.

+
.. ,

**y -^"t'~ t +.
, , . . +*M.,.+!... ,.t..t,. .
,

.. .

::!n. . . . . {n. . ~
. .*+

***n. .+!

_. nt : .

. .. .f.. :;-. . . . . .***;**- _ - * * " .e .

:: ':: * !: . M *"!n
+

n .s : : n t' * n_:: -- _: :- :W -

1e
. . . u. m.. t.u. ,. .F| ..::'--

~-~++r*~-* . " , + . * . * * . * '
:i...m :: , . .. .:: 3 : . . . n. u :,-

~ . . ~ . . ~ .~ . . - - *"*t***-

=-=;~n.. ::.1.

.-
**

n. -'t. u. .--- - - + - - - - -----

' r **- ,-- V !*t. . -.

;:
::!:: . .:y.:P

.

:: :
n.. an.N :"% ~. M. + n. .

::
.

.F (,

^ n.. :. - r .. .. , .
.

;.u
. t. . ... . + .

.

. ' . . " ".... %. - - -
- - - - --!.4 .

. - ~ . " . ... " . -.
+ . .

--~-4. .

De -~ * * - * ---

* !!**** . :+N. *! . . i'. . . . . . ..

* * + * *

. .. . %. . n. . ~~.

p **"1 : ..t .
. . . . . ... . ..

.
. . . . . . . .. .

.. ..
. . _ . _ ,

.

...}.< . . . .+.....
.<

. . .
. . . . . . . . . .. ...-o,,,, ..} .. - .. .. ,a . . .

. .
.. . ... a. *tn . ~ . ---.

,

. . . . .
._ .

. . . . .<. . . ..

+
. . . . , . . ...

. . !. . ."') ..n_.=.--
"*% . .w . .....w.,..g..

..*.. .. . . .:n. .. n. . +. . . . _ . n. . . i. n. ._
-~+

i... . ++

..

.:t...g....
_t :: :: .ntn*-b .t.: -
:: . ..t..

-

:: ::. nn .-:*.
. . . . . .g ... . . u.. t. n.*-r * * t .. *!. ..

m.
. .. n . .,

u t. n. . g... .. n. .q. ..n.u. . n. . . - t. =. . . . . . !.
. ~ ~ . t !*** -

-+****tE m-,. . . . . ... . . . . . . .
. :n. n. .:n.:.g,.n...-t. aun. .:q. u.. . .

. . . . ..at,:n.. .. ::.h .-
,_. n. : : .-

. .

. .

- - - . . . . . .
.

.
.

--- .g
.. . m. t. n. .

:n::
.t. . ,... . . .. . . . . ... . ..n.' * *- - ~ - -* t

.n.+.. :.. tn
.

. . .{ .. . ., . . - - . - . - - -
. . . . .

. . . . . . _ -..~.n..d.. .:
nn ..

. ~ . . . . .
. ..

. . . .- ..
. . - - _

. ... . . .
. ..- - -y . . . , . . ,

.t+.... - - - - - - ... .
.._ . -

. . . _ _ _. . - ..

. . . . . . . ....

m...t... . . . . + . . . . .

. g. . . g. . . .g..--
+..t..~.. . . . . . .-a-

. . . . . **. . . . - -
..

u.a .:n .n ..t*
. . . ...

m. t. . ...ju.. .
....

* ' t -*: -^ :'n+ n- '
* + +. . .

. . . . - -
. . . . . . .

. .g . . .mt*
.

^^^^ ....g.. m r'..-+ .c-. . . . *" n:nan. . ^+"2"-^nntn n,n
::t:: . . . . .nn: . . . .. ..

.
.. _ . . + . .

.
..

..

" . . . = -:: ; ..
. - . . - .= . . .. U. ... :in:: . . . ,. + .

- , + . ..
. .

_ . _ . _ . _ . _ _. . . . . . . .t..+

~ . , . . . _- . . +
. . .

- .--..t
_ ........;.---. . . . ... . .. .....+ ..+.... .. ... . . . . , _ . _ . _ _ . _ . . .. . . . . . . . .- - - - - - -..

.. . . . . <
.. . . . . . . . ..t.--

- - - .~ -..t_.
.. + .

. . - - - - . . . . .
. ..

,.t.-
.. . . .. . . . - - . - - - - . . . .,

. ....<
. . . - - . . . - . - .

_ _ . . . . ....

- - . . . .
. . . . - . . . - . . . . . .

- - - . . . . -
.. . . . . . . . . . . . . . . . . . . . _ . . . . ,.t..__

. . . . .
. . . .

.. .. < .. . . . . ..t...

.
.. . . .. . . . . - - . . , ....t- ......... ,

. . . . . .n. n. - v._ %. . . g ..
: !

. . . .
. . . . . , ..-

. .. .w m.-. . .... . ..
. . .

.:I. .n.. . n.t n._. . . m.3.a. . ...... . .t ..g..

. ...
. . . _.. . . . . .. g u. .gy g _g

. .

..._

.. t . ..t.... .
*ntn

.
,

. +- . + +-
. . . . . . . . . - . . . .

;;-- a+ + - . . . . + +. . . .

...:r mn : n nn--
: -*:...a

=t~.Q. I .f. ~. I .)..n. t a. a.p :
;; tu ,

. . . .
. . . - - -

.; n. - .

........uu. . . . . .. . . t =+ n *,.g., g

.:: .. .

..n.g. .n n..a. .n; .+ .. . . . _ . .. ,.n..t =. - .

:,
.

:

..Q..
....

. . . . . . . . . . . . . ...t. . .. . . . . . . . . . . . . . .. . ...
:*t . ,

. . . . ..

++..... , . , . . . . ..

*t-+"
t . . . . . . . . -.

y,g .; . .-
~ + - * - - ~:+ - .t:---. . + .

*

. t"n. . I..g=.... *
..!+. . . . . .

t

,. . . $. 5. .f.
~...-- - . - - - - _ .e... . . . . . . ^ ^ :: t n . . . n. . l . ;. ; g ;;

.
* -

?'.". t. ::+:: t . . } n. n. ". ". . .. . . . . ..

..$$. . . . . f. . . R. . &_ . . . . b. . .f. . .[. [. &=[j7]y]Cu .
.

,.t..
.

f
. .n : ' . . . . ....; =-

.--.:r--~.~.+.~..~--- ~ = * . ~
.---. .--

.
, . . , .. . + . . . , . . . . .

..t.. . . . . . . . . . . ..... 1. ... ..t. .

. . . ,
. . . . ... . . . . . . : -

. ;t - . - t-
., . . .,. . . . . . .

+* + - - + ^ '
.. *!+**r ** : .m. . . . ...t*~* * . . , . . . . ...... . . . .. , ,. . . ..+.

* mr " - - ..g...t... .
-

. . . . . . . ...... - . .

t
nM

. . ::trMr:tu;^ ::t:: nt:* :: n

^ : + n... .. . . .
..

. . . . .
.. .

!.* :: n. .

..!.. -. __.
..

.... t. . . .

. .
. . . . .

.

. . . .

_-- . .. .- . _ . .
..

..t. .
.... - - . . . . . . - - - . - . ---._. _.._.. . . _ . . + . . _

- . . . . _ . . _ . . - -

.
- - .

. _ ... ,. ..
. -1..

_

.

.-- ..!, ..l.- - - . .
. .

. ... .

. = .
.

.,

.... , . , . . .
..

. .
. . ..- ..t,. .

" 5'
P001 DESK



* '

FIGURE 9

NODAR III
STEAM INJECTION EXPERIMENT

FLOW CONFIGURATIONS
FLUID: WATER, WATER AND AIR
GEOMETRY: VERTICAL, CYLINDRICAL
FLOW REGIMES: PURE LIQUID, BUBBLY
FLOW DIRECTION: UP

MEASUREMENTS
GLOBAL COUT OF CORE) NEUTRON DETECTOR
PLENUM TANK MICROPHONE
ACOUSTIC NEUTRONIC CROSS POWER SPECTRUM

RESULTS
PHASE SHIFT OF CPSD LINEAR WITH FREQUENCY
IN CASES WITHOUT AIR IN SYSTEM
NO DISCERNABLE PHASE FREQUENCY RELATIONSHIP
IN CASES WITH AIR PRESENT

APPLICATIONS
SODIUM BOILING DETECTION
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FIGURE 10
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FIGURE 12

24C - NODAR V

TWO PHASE FLOW EXPERIMENT

FLOW CONFIGURATIONS

FLUID: TWO PHASE AIR AND WATER
GEOMETRY: VERTICAL, CYLINDRICAL ( 0.745" ID )

FLUID SUPERFICAL VELOCITIES:
WATER - 0 TO 4 M/SEC
AIR - 0 TO 3 M/SEC

FLOW REGIMES: LIQUID, BUBBLE, SLUG, ANNULAR,
MIST, GAS

FLOW DIRECTION: UP OR DOWN

MEASUREMENTS

ONE PHASE: LIQUID AND GAS BULK FLOWS
( MASS FLOW, PRESSURE )

TWO PHASE: PHOTOGRAPHY ( FLOW REGIMES )
DRAG DISC ( MOMENTUM FLUX '
TURBINE < VELOCITY )
PITOT TUBE < VELOCITY )
PRESSURE DROP
LOCAL (IN-CORE) NEUTRONICS

(CPSD & TF )
GLOBAL COUT-OF-CORE) NEUTRONICS

( APSD >

1600 235

-

.



e e

FIGURE 13

24C - NODAR V

TWO PHASE FLOW EXPERIMENT

EXPECTED RESULTS

BULK MASS FLOWS
PHOTOGRAPHIC CHARACTERIZATION
LOCAL MOMENTUM FLUX
LOCAL VELOCITY
LOCAL PERTURBATION VELOCITY
GLOBAL PERTURBATION VELOCITY
GLOBAL VOID FRACTIONS
STOCHASTIC CHARACTERIZATION

APPLICATIONS

TWO PHASE FLOW CHACTERIZATION
CALIBRATION OF TWO PHASE DTT
BWR SURVEILLANCE AND DIAGNOSTICS
PBF EXPERIMENTS FOR SUBASSEMBLY FLOW
LOFT SPND INTERPRETATION (PRE-BLOWDOWN)
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Void Fraction Measurement Using Neutrons
S. Banerj ee - McMaster University

The presentation will discuss the experimental setup and measurements

made of void fraction using fast / epithermal neutron transmission and

scattering. The enclosed figures describe the experimental setup, void

simulation using aluminum pieces, results for static calibration using

aluminum water systems, and calibrations in two-phase flow against quick-

closing valves. The results are for vertical downward flow in tubes and

in 37-element rod bundles. It has been found that the scattered neutron

count rate is proportional to the cross section averaged void fraction

and is only weakly dependent on phase distribution. This has been

confirmed by Monte Carlo calculations. On the other hand, the transmitted

neutron flux is sensitive to phase distribution and can be used to

indicate flow regimes. Results regarding the Monte Carlo calibrations

and flow regime determination using the transmitted neutron beam will

also be presented.
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TRANSMITTED FLUX

Figure 1- Plan view of experimental setup showing position of detectors, test
section and neutron beam. The transmitted bean detector can be moved
in the direction shown.
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BEAM DIRECTION
CONTAINER

WATER

f

Al PIECE

ANNULAR FLOW INVERTED ANNULAR
FLOW

vW
STRATlFIED FLOW STRATIFIED FLOW
VOID PARALLEL VOlD PERPENDICULAR
TO BEAM PATH TO BEAM PATH

Figure 3 Cross-sectional vievi of aluminum shapes for void fraction of 0.5
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Figure 4 - Cross section of rod bundle test section.
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Figure 5 - Void fraction predicted by neutron scattering experimental neasurements
compared to actual void fraction for 50.8 mm containers. STRT denotes
stratified flow pattern simulation.
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Figure 6 -Void fractions predicted for the shown stratified flow regime.
w.t.l.f. denotes weighted track length fluence. These are results of
Monte Carlo calculations for various detectors compared against experiment.
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Figure 7 - Void fractions predicted for the shown stratified flow regime.
w.t.l.f. denotes weighted track length fluence. These are results of
Monte Carlo calculations for various detectors compared against experiment.
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Figure 10 - Void fraction predicted by neutron scattering experimental measuretrents compared to
actual void fractions in the rod bundle test section.
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SURVEY OF INEL ADVANCED INSTRUMENTATION

R. D. Wesley

EG&G Idaho, Inc.

Instrumentation development, design, and analysis were

accomplished during this past fiscal year by Advanced Instrumentation,
Instrument Systems Engineering, 3-D Measurement Engineering, and
Measurement Engineering and Experimental Instrumentation Branches of

EG&G Idaho, Inc., at the Idaho National Engineering Laboratory
( INEL ) . Instrumentation related topics included are categorized as
applied, recently developed, improvements in basic understanding,
small break instrumentation, and future measurement goals.

The applied technologies include gama densitometers, drag
bodies, ultrasonic densitometers, LOFT pitot tube / thermocouple rakes,
optical probes, and small diameter zircaloy sheathed thermocouples.
There are 74 gamma densitometers and 63 drag bodies either installed
and operating at INEL or delivered as spool piece components to the
multi-national 3-D Program. Additional instruments have been supplied
to private industry and other national laboratories. LOFT core
inlet / outlet ultrasonic densitometers have been produced for inclusion
on the LOFT assembly and the pitot tube / thermocouple rakes have been

insta lled . The 343 C,15.2 MPa optical probe using the Storz lens
has been routinely used during this past fiscal year at the Semiscale
Fac ility. The ability to video record and visualize steam-water
conditions in the downcomer and pump discharge locations for blowdown
reflood studies has aided in analysis and code assessment. Small

diameter (to 0.61 ntn) zircaloy sheathed thermocouples have been used

, at the LOFT Test Support Facility (LTSF) and the Thermal Fuels
Behavior Program Power Burst Facility during temperature and re-wet
studies. These applications are results of earlier development
activities as sponsored by the U.S. Nuclear Regulatory Commission
through the support of programs at INEL.

1600 253
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Instruments which reflect recently developed technologies include
the water cooled pitot tube rake, mist phase and five hole stagnation
probes, 600 C, 15.2 MPa optical probe, local ultrasonic
densitometer, and differential thermocouple liquid level probe.
Testing of the water cooled pitot tube rake and subsequent testing of
the LOFT pitot tube / thermocouple rake at Wyle Laboratories proved the
viability of thes"e instruments in the measurement of momentum flux
p ro file. The mist phase and five hole stagnation probes stem from the

reference instrumentation effort and will be utilized to characterize
two-phase flow in the LTSF steady state loop as part of a continued
reference / calibration effort. As part of a three-step effort directed
towards flow visualization and code assessment, a 600 C,15.2 MPa

probe has been constructed and tested. Basic structure is similar to
the 343 C, 15.2 MPa probe, but it uses an evacuated silvered channel

filled ceramic insulation. Successful testing at a surface

temperature of 540 C in a 0.3-m length indicates the usefulness of
th is technique to longer lengths. Development of the local ultrasonic
densitometer provides an instrument for downcomer and core measurement

of density and density profile. Like the LOFT inlet / outlet ultrasonic
densitometer, the local ultrasonic densitometer uses all stainless
steel interf aces and radiation environment proven components. An

'

extension of the heated / unheated thermocouple technology led to the
differential thermocouple liquid level probe. A three-mode controller
has been added to enhance the air-to-water and water-to-air responses

as a liquid level indicating device. Currently, response is limited
to 20 ms by available devices but like ultrasonic densitometers and
zircaloy sheathed thermocouples, these devices are suitable for power
water reactor adaptation.

Additional basic understanding has been gained in several areas.
Included are the Mach Number and Reynolds Number dependence on large

hole drag discs and analysis techniques as applied to 3-D Program
spool pieces.

1600 i
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As a result of TMI-2, a change in emphasis has been reflected in
new low velocity measurement needs. The Advanced Instrumentation

Branch has been active in determination and implementation of suitable
small break instrumentation planned for LOFT and Semiscale.

Future measurement goals continue to include distributed

measurements, reference two-phase flow measurements, calibration
standards, and instrumentation for advanced code assessment. These

needs commonly serve the programs at INEL.

1600 255
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Densitometers-

_

Pipe size'

cm Strength Source Operating

High energy 5-36 15-30 Ci Cs 37 25 A

Nuclear hardened 15-36 11-60 Ci Co ,Cs 6CO60 137

Low energy 3-15 0.05-0.2 Ci Cd108, Am24 41 A O
Gdisa, Fess

-

Scanning 3-15 0.05 Ci Cd109 2V

O LOFT O 3-D V Air-water loop-

$ A Semiscale D PBF
O INEL-S-19 436

N
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Drag Bodies
,

Use Operating
,

.

Disc Piping 18 AOOO

Hinged-multihole Piping and core outlet 4A

3-point-multihole Pipint' and downcomer 37AO -

Diamond arm Guide and support tubes 3A

Lattice Core inlet 1A

h O LOFT O PBF
o A Semiscale O 3-D ma.s.u 7s7

$
U

.

e
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Electrical leads
s
I
.-.. -Magnetostrictive 2s,

-
-

transducers

@ sy
t #zsensor
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topT Core inlet Ultrasonic
= Densitometer
. m e+4 "~
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f Zircaloy/ Stainless Steel
: Explosion Bonded Transition

Junction
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Transition joint,
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Outline

Developed technologies now applied ' Stagnation probes*

* Technologies recently developed HPHT optical probe

improved understanding <
L cal ultrasonica
densitometer

* Small break instrumentation Differential TC liquid
Future goals , level*

INEL-S-21 758
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Stagnation Probes

Water Cooled Pitot Mist Phase Five Hole

Total flow momentum Separate phase Vector velocity
Use flux momentum flux

Void fraction 0-1 0.9-1 0-0 4
range

PWR conditions Low temperature PWR conditionsTest
conditions Transient Low Pressure Steady State

Steady staie Steady state
|s

Cb INE'.-s-20 439.
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Transient Profile Data
t = ,50 soc

'2 _
>

\/ 'wm s.

t = 1.5 sf \ g% i

.E | t = 4 s . N.
*

'
\

? I t

81 / l-
'/ j~~t = 0.26 sI

.

m i
.

Y
*

p*

5 0 ' ''~l -

> 60x10-3 kg/m3=s
Momentum flux

E
*2 t ii i |2 1 u

-

.E
~ ~ ! i

.

u I i

$1 -

I |
d

'

o 1'

E
'1

-
-

f
. .

l

j0 '
' 'I ' ' '

> 1

Void fraction

E
*

{2 'y ' s

.E p. N
E I s

01 - f I, -o .

'
Ta }.2 -

E _A9
30 m/sVelocity , , , , , ,

1600 271'

,



.

o
.O
O -

6

Q.

d EC
O I 5

~

"G k $
G3 U
C -

G
G3
e
M '

o "

V)
G3

.C
Q.
w 1600 272#)
.-

E

, au>

.



6

Mist Flow Stagnation
Probe

P= '/2 a P g Vg +(1_a) p ,y, 22
t

51 /
2 V2P g =% a P g Vg + C p g g

;

3 die = (1-a ) p a V e A
, ,. ,. , , , , ,

a

rhg = a p g Vg A

.
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Mist Flow VSG = 80 m/s

1.8 i i i i

.9 \
% 1.6 t,

gm .

:_E 1.4 ** *-
u> .

Tii .\
g 1.2 *g,$

-

,
' * ..

' *1.0
100 e r-*r* i i

* 80 .
E r
e d

-)I . \ .. . ~'@ 60
y
$ 40 - -

e
e

$ 20 -

n.
' ' ' '

0
0 0.1 0.2 0.3 0.4 0.5

.

Liquid mass flow rate (kg/s)
INEL S-19 122
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- 5 Hole Probe Geometry

APS

Pitch AP 3

plane

/ AP 14,

//
'-

=, Yaw4
6 pfane

;
Es

Fluid velocity
,,,,.,.,, ,,,
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.. Calibration Coefficients
.

%

P4
- Apg

CP PITCH s
AP1

- AP

P2 - AP3
CP YAW s

AP 1 - AP

PTotal1-
CP TOTAL a

AP 3
- Ap

a
Pp + Ap3 + AP4 + APSfp _

4~

5

INEL-S-19 326
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- Model
Bernoulli's Equation

2(AP -I'CP TOTALxAP - AP)) E3 1__

u=
Density

INEL-S-21 759

ON

Z
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Single Phase Calibration Data
~

(Water)
6 i i

- 30
4 _

m

- 202 _

-

c - -10
03 0 --

E '10
$ -2 '

20'

/-4 --

0 0 30
-10 20o

-

30m
g -6 - 20 --

'

8 - 30 ' '-8'
-10 -5 0 5 10

CP pitch inst.s.. 22s



All-Water Data; CP Total vs;.

Pitch Angle -

, , i

0 + 10* - 10* -

-1 - -
.

.

- 20
_

3-2 -

2

$ -3 - -

- 30*
.

-4 - -

6 +
"

8 -5 - -

M
' '-6- -

- 40 - 20 0 20 40
Pitch angle (*) "*+ a *

.
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Outline

* Developed technologies now applied ' Stagnation probes
.

[ * LTeshnologies Lrecently| developed; | HPHT optical probe-~

* Improved understanding <
Local ultrasonic
densitometer

* Small break instrumentation Differential TC liquid
* Future goals , level |
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Imaging Optical Probe

Phase 1 Phase 2 Phase 3
^

_

Piping and Nuclear
Use Piping electrically

heated core
.

Test 15.2 MPa 15.2 MPa 15.2 MPa ,

conditions 343 C 600 C 600 C
MTHP HTPH

Dimensions 0.3-m to 3-m lengths
25.4-mm diameter_

,

CD INEL-S-20 442

%
u

.



.

Flow Regime Viewing Using -

Endoscope and CCTV

' #Fiber eptic
light pipes N " --

4 $ ADual source
[ illuminator

'
\ / g'60 hem of view< Flow

"
..__.:....

. ..__ __

Cooled endoscope ~

/ ylmage enlarging lens
v

Low light
*CCTV camera

~

s >
$ / / /O ' 2/ / /a
o

m ee
? eeee / / /

TV monitor Video tape Camera
recorder controller
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. Air Cooled imaging Optical'

Probe
inlet Annular

T(Outlet
Cooling air Insulating

heaterspacesEyepiece I Il ;} 1

,
/ ,' 71 41-

,

25.4
$,' of i* ' '

z, ,d ' tQ
' '

,, ,

-- ,,
'

jj j Sapphire /
Fine rod windows
otpics

E
o INEL-S-17 648
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Ultrasonic Densitometer

Ultrasonic Densitometer Local Ultrasonic
Detector (UDD) Detector (LUD)

Core inlet and outlet Local densityUse
dens,ity

.

Principle Propagation time Pulselreflection

Test conditions PWR conditions PWR conditions
Transient Steady sts'a-

,
Steady stateo

INEL-S-20 444g
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Reference vs Ultrasonic Density
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Single Phase Drag Coefficients, y-
u. m
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Drag Coefficient for Water
Flows.
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j Drag Coefficient for Air Flows
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Hot Leg Spool Turbine-

Flowmeter
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Analysis Techniques
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Combined Results
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Small Break Instrumentation
Type LOFT Semiscale

Thermocouple transit - time flowmeter X X

Pulsed neutron activation X X

Drag bodies X X

Low Energy Densitometer X X

Turbines X X

Thermionic flowmeter X
_,

w

8 Dual Optical Probes X

INEL-S-21 734
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Future Goals

Reference two-phase flow instrumentation*

Two-phase calibration standards*

Local velocity, density, and void fraction*

instruments
Advanced code verification*

instrumentation
e High temperature, high pressure,

radiation hardened optical prcbe
_,

IN EL-S-13157
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RESULTS FROM SEMISCALE THREE MILE ISLAND EXPERIMENTS

T. K. Larson
EG&G Idaho, Inc.

The occurrence of the Three Mile Island (Tc!I) Unit 2
loss-of-coolant accident (LOCA) incident has stimulated increased
interest in the simulation, understanding, and calculation of
thermal-hydraulic phenomena associated with extremely slow off-normal
transients in nuclear power generating systems. To help examine
proposed TMI recovery procedures, to assist in analysis of the TMI
transient, and to investigate the capabilities of the Semiscale
facility with regard to small break simulation, a series of
experiments was conducted in the Semiscale Mod-3 system.

System Description

The Semiscale facility is operated by EG&G Idaho, Inc., for the
Department of Energy and the United States Nuclear Regulatory
Conmission . The Semiscale Mod-3 system is essentially a small-scale

model of a typical four-loop nuclear reactor system. The system
contains most of the hardware found on large nuclear systems including
a pressure vessel, two active coolant loops with associated pumps and
steam generators, and associated systems, such as, the pressurizer and
emergency core cooling (ECC) subsystems. The pressure vessel has a
full-length upper plenum and upper head and an external downcomer. A

full-length (3.65-m) electrically heated 25-rod bundle is contained
within the pressure vessel to provide a simulation of a nuclear core.
The pressure vessel, loops, and core are extensively instrumented in
order to provide information on pressure drop, volumetric flow,
momentum flux, fluid density, and fluid and metal temperatures.

The Semiscale system was basically volume-scaled from a four-loop
Westinghouse reactor design. In order to improve simulation of the

TMI plant, which is a Babcock and Wilcox Company (B&W) 2 x 4 design,

1600 308
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that is, two hot 14;3 and four cold legs, several significant changes
co the Mod-3 system hardware and operating procedures were made.

These changes included addition of hardware required to more closely
simulate the B&W pressurizer (relief valves and surge line geometry),
valves and piping required to simulate the B&W upper plenum-to-inle:
annulus vent valve, and coolant loop hydraulic resistance
modifications. Despite these modifications, the fact that Semiscale
was scaled from a system different than the B&W reactor and problems
inherent in small-scale systems such as Semiscale will influence the
experimental results. The more significant limiting factors include
system heat losses to the environment, steam generator design and
elevations, and loop pump degradation.

Noncondensible Gas Venting i.xperiments

Two experiments (gas venting tests) were conducted to investigate
the behavior of a noncondensible gas bubble in the Semiscale pressure
vessel upper head and upper plenum during system depressurization
through the pressurizer power operated valve (POV).I The initial
conditions for these experiments were based on measurements taken at
TMI several days after the accident. Saturated conditions at 6.89 MPa
were established in the system, and nitrogen gas w: introduced into
the pressure vessel upper head and plenum regions. The experiments

were initiated by caning the pressurizer POV and allowing the system
to depressurize.

In the first Semiscale gas venting test conducted (Test S-TMI-1),
3a nitrogen bubble volume of 0.0142 m was used to represent the

estimated TMI noncondensible gas volune of 21.54 m . Results from
this test showed that by venting through the POV, tae Semiscale system
could be depressurized to a point whe e the residua? heat removal
(RHR) syste:n could have been activate:1 without significant shock to
the core. Noncondensible gas movemerc was determined to be primarily

from the vessel into the upper eleva' ions of the loops, and minimal
gas escaped from the system through the POV. 1600 309
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In the second venting test (Test S-TMI-2), the initial nitrogen
3gas volume was increased to 0.017 m to investigate the influence of

bubble size on system response. Results similar to those obtained on
Test S-TMI-1 were obtained during the depressurization phase of
Test S-TMI-2. Following depressurization to 1.86 MPa, the POV was
closed and the high-pressure injection (HPI) pumps were used to refill
and repressurize the system, demonstrating the ability to recover from
operations attempted to depressurize and activate the RHR system. A
return to stable conditions was successful although it was found that,
due to shifting gas volumes in the loops, only one loop pump at a time
could be started to provide forced circulation.

TMI Transient Simulations

2Eight Semiscale experiments were conducted to examine system
thermal-hydraulic response to a sequence of events similar to that
which occurred during the first 2 hours of the TMI transient. These

experiments focused primarily on determining those variables that had
an influence on the system response. The test results showed that the

early system response was strongly influenced by the steam generators
and HPI flow. In general, the Semiscale results showed trends very
similar to those observed in the TMI data. Core heater rod cladding
temperature excursion occurred shortly after the loop pumps were shut
off. Superheated steam was observed in the Semiscale coolant piping

hot legs in the same time frame as it was observed in the TMI piping
hot legs which suggests that the cores in the two systems uncovered at
about the same time. The pressurizer was noted to fill early in the
transient and remain full even though the core and vessel were
voiding. This result indicated that pressurizer liquid level was not
an appropriate indication of the core and system mass inventory when
the system was operating in a saturated two-phase state. After the
core uncovered in the Semiscale system, the rod heat trar.sfer
coefficients were found to be primarily a function of the collapsed
liquid level in the core. These heat transfer coefficients, when

1600 310
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combined with an estimate of the TMI collapsed core level, suggest
that significant core damage could have occurred in the TMI core above
the 2.9-m elevation.

The complete simulations of the TMI transient that were conducted
in the Semiscale system have provided considerable insight into the
basic phenomena associated with slow transient LOCAs and have provided
an indication of the ability of the Semiscale facility to provide

meaningful data in this area. In particular, information has been
obtained regarding component interaction (steam generator influence
and pressurizer response), partially uncovered core heat transfer, and
Semiscale facility limitations.
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Objectives

* Investigate noncondensible gas bubble
behavior during pressurizer venting and
qualify system recovery procedures

* Establish system thermal-hydraulic
response to TMI sequence of events

* Quantify pressurizer liquid level
behavior

5 * Identify Semiscale hardware and
[ configuration limitations
A INEL-S-21 740 -
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Semiscale System Operating
Limitations

* External heat loss

* Steam generator design

* PCP degradation
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Significant Results from
Venting Tests

* System was depressurized to low pressure
without core uncovery

* Gas moved primarily from plenum to the
upper elevations of the loops

* The pressurizer and surge line remained
liquid full

* System could be recovered and
repressurized

; * After recovery, shifting gas volumes
E allowed operation of only one loop pump ~

h at a time
INEL-S-21 733
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Sequence of Events for
Complete Simulation

Approximate
time (s) Event

0 Isolate steam generator andinitiate drain
8 Pressurizer heaters off

12 Scram core when pressure =2355 psig
40 Open POV on top of pressurizer

120 Initiate HPIS when pressure =
1600 psig

180 Terminate HPIS

h6000 Terminate pump power

e 7000 Terminate core power when
rod temperature = 1600 F

INEL-S-21 731



Comparison of System Pressure
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Comparison of
.

Pressurizer Level
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Comparison of Measured and:
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e Comparison of Normalized
: Loop Flows.
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- Intact Loop Density Distribution
(Test S-TMI-31)

900 , , , i i i
Cold leg800 -

'7- ~'''#"
M O "'"(" Pump

"" ' # "^ 700
~ " $' : *

a
% D!g!! e :

600-- m e-

suction .y men -

[\,.,l'j..! t o.
6 500 sm c' a g;

.IS:g~ , %n_
' '

~ ~
11.N!)iE 400 - ~oc-

:
~

t .

:-

c 300 - -

$ 200 ytleg 4: . P {. .]
, . . -

_ ,
, .

100 Pump speed reduced %| ffJ-

; O ' ' ' I 8 * LV
o

1000 14001800 2200 2600 3000 3400 3800
m
N INEL S 21 743g

.

O



.

.

Summary of System Hydraulics

*- Response is influenced by steam
generator heat transfer, pressurizer
venting characteristics, and core power

* Semiscale and TMI pressurizer level
showed similar trends

* Semiscale POV flow was predicted
reasonably well

* Semiscale coolant pumps degraded earlier
than the TMI pumps

* A significant density distribution existed;
8 in the Semiscale loops before pump
t shutdown

INEL-S-21 730
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incore Fluid Density and Heater Rod
Thermocouple Response

(Test S-TMI-31)
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~ Pressurizer Level, Core Level and Rod
Clad Temperature (Test S-TMI-31)
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Calculated Heat Transfer
Coefficient Versus Liquid Level

(Test S-TMI-3C)
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Estimated Three Mile Island
Core Thermal Response
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Summary of Core Thermal
Hydraulics

* Core froth region provided good cooling in
.

Semiscale prior to loop pump shutdown
* Rod high power zone cladding heatuo

occurred when the froth level approached
the collapsed liquid level

* Hot leg draining maintained core cooling
for abou". 500 seconds after pump
shutdown

* Superheated steam was observed in the
Semiscale hot legs in the same frame as

h was observed in the TMI transient
* Semiscale core heat transfer coefficientsu

E were correlated to the core collapsed
ma-s-2i 74sliquid level



,

Summary of Core Thermal
Hydraulics (cont'd)

* Measured Semiscale heat transfer
coefficients, when applied in the TMI core,
suggest cladding temperatures in excess
of 1500 K above the 2.9 m elevation.
Excessive temperatures were not
calculated to occur below the 2.9 m

h elevation.
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DEVELOPMENT OF A PULSED NEUTRON GENERATOR FOR

TWO-PHASE FLOW MEASUREMENT

Gary E. Rochau
Generator Development Division 2351

Sandia Laboratories, Albuquerque, New Mexico 87185

Introduction

A high-output, unclassified, transportable neutron generator has been under
development at Sandia Laborator.es for use with pulsed neutron activation (PNA)
techniques since April 1977. The PNA neutron generator has the capability of
generating outputs in excess of 1010 neutrons in a pulse of 1.2 milliseconds
dura tion.

The neutron generator is designed for maximum flexibility and can be
modified and repaired. The modular construction allows the physical configu-
ration of the generator to be changed to accommodate the particular environment
in which it is to be used.

The generator has demonstrated an average output of 1.2 x 10 0 neutrons /1

pulse for 1010 pulses. It has also demonstrat;d a pulse repetition rate of
up to 13.3 pulses / minute. The generator power supply has been operated for
more than 12,000 operations without failure.

Apparatus

The pulsed neutron activation (PNA) neutron generator, currently in
development, is being designed to meet the requirements listed in Table I.
The objective of the design is to develop a transportable, unclassified neutron
generator which would generate 1010 neutrons / pulse. A more complete description
of the development is given in References 1, 2, and 3.

The generator is designed to be easily repaired and modified. The generator
is self-sufficient such that no additional equipment is required to operate it
and determine its output. The generator is expected to have a minimum operational
life of 1000 pulses for pulse repetition rates less than 1 pulse per minute. When
the end of operational life is reached, the neutron tube will require minor
servicing before it can be used again.

The PNA neutron generator will be segmented into the three major components
shown in Figure 1. Each major component contains the individual components,
listed in Table II, which are required to operate the unit. These components,
interconnected by long cables, will allow the experimenter to conveniently
place them in the available space of the experimental area. This design allows

1600 336



# .

-2-

components to be tailored to meet the specific requirements of the experiment
without redesign of the unit. A general electrical schematic of the PNA neutron
generator is shown in Figure 2. A conceptual design of the PNA generator is
shown in Figure 3.

The PNA neutron generator utilizes the millisecond pulse (MSP) neutron tube
(Figure 4) which was specifically developed for this application. This unclassi-
fied neutron tube utilizes a focused deuterium ion beam produced by a specially
modified occluded gas ion source (Reference 3). The deuterium beam impinges a
100% tritium-loaded scandium target to produce an isotropic distribution of
neutrons with an energy of approximately 14 million electron volts.

Eighty-three variations of the MSP neutron tube have been constructed to
study the operational characteristics of the tube. The final tube design
(Figure 5) has demonstrated the capability of producing an average output of
1.2 x 1010 neutrons /1.2 ms pulse for 1010 pulses and a neutron production
efficiency of 4.3 x 107 neutrons /A-us at an accelerating voltage of 116 kV.
The tube is completely demountable to allow for servicing and requires a
small vacuum appendage pumo for operation.

The MSP neutron tube is housed in the tube-transformer assembly (TTA)
which is placed at the position where the source of neutrons is desired.
The TTA, shown in Figure 6, contains the high-voltage transformer, the MSP
neutron tube, and the neutron monitor. The TTA design represents a package
for these components.

The TTA is enclosed in a stainless steel cylinder 12.75 inches in
diameter and 26 inches long. The cylinder is pressurized to 50 psi with
sulfur hexafluoride, a dielectric gas, to provide high-voltage insulation.
All electric connections are made at the rear of the cylinder, and the neutrons
are provided to the experiment at the front. The TTA has been designed so that
it can be completely disassembled for repair or replacement of components in
the field.

The high-voltage pulse transformer contained in the TTA provides the
accelerating voltage required for operation of the MSP neutron tube. This
18 kg transformer, Figure 7, has a turns ratio of 1:64 and converts the
165-joule pulse from the pulse-forming network (PFN) to a pulse capable of
delivering 300 mA at 160 kV.

The TTA also contains a neutron detector to monitor the output of the
MSP neutron tube. The detector, Figure 8, consists of a silicon photodetector.
Neutrons are detected when they interact with the caraffin radiator which is
placed on the front surface of the detector. Protons created by the H(n,p)n
reaction deposit their energy in the photodetector. The signal from the
photodetector is integrated to give an output proportional to the actual
neutron output of the generator. The detector is inefficient for detecting
neutrons and requires very large neutron fluxes to obtain an appreciable
signal. This inefficiency is advantageous for this application since the
detector can be placed very close to the neutron tube and is insensitive to
the experimental geometry and to scattered neutrons from outside the TTA.
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The TTA is driven by twc PFNs. One PFN, Figure 9, drives the high-
voltage pulse transformer. The second PFN, Figure 10, supplies a 160-joule
pulse to drive the occluded gas ion source at 80 A of arc current. This
second PFN supplies all the power required to operate the ion source and
determines the length of the neutron pulse

The PFNs are switched with silicon-controlled rectifier (SCR) switch
circuits. These circuits, Figure 11, were developed specifically for this
application. These battery-powered circuits are reliable and noise-free
compared to gas-filled switch tubes. The switches are capable of switching
up to 300 A for pulse durations of up to 1.6 ms. This switch design has
been used for over 12,000 operations without failure.

The PFNs are charged with 6 kV, 20 mA dc power supplies which are isolated
from the PFNs by safety interlocks. The PFNs are allowed to be charged only
when a valid " arm" signal is issued by the experimenter. The unit must then
be operated within a specific period of time or the PFNs will be discharged
and the unit returns to the " safe" mode. After a " fire" signal has been
received, the unit will not recharge the PFNs until another " arm" signal is
received.

Test Results

One development tube has been life-tested for 1010 operations, and an
average output of 1.2 x 1010 neutrons / pulse with a standard deviation of 10.9%
was observed. The results of the life test are summarized in Figure 12. The
points plotted represent the average of 100 operations plotted at the median
operation number. The solid line represents the average output for all opera-
tions, and the dotted lines represent the average output plus or minus 1, 2
or 3 times the standard deviation. There appears to be no apparent change in
output after 1010 operations. A typical neutron pulse is shown in Figure 13.
The amplitude of the pulse is expressed in units of neutrnns per microsecond.

Also tested during this test were all components required to operate the
tube. No failures occurred, and the components are still in use for tube
testing.

Tests have also been performed at high repetition rates. Figure 15
shows the results of testing a tube at a repetition rate of 4.5 seconds.

Program Schedule

The program schedule is shown in Figure 16. The program calls for the
delivery of up to 5 neutron generators by June 1980. Figure 17 shows the
fabrication schedule to meet this requirement. Evaluation of the MSP neutron
tube hcs been completed, and an evaluation TTA has been constructed. A proto-
type power supply has been tested, and an evaluation power supply is under
construction.
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Table I

PNA NEUTRON GENERATOR

SPECIFICATIONS

10Neutron Output: >10 Neutrons / Pulse

Pulse Duration: 1.2 Milliseconds

Pulse Repetition Rate: 112 Pulses / Minute

Lifetime: 21000 Pulses (Low Repetition Rate)
2100 Pulses (High Repetition Rate)

Life-Limiting Mechanism: Neutron Tube

Exclusive Lifetime: 210,000 Pulses

Neutron Monitor: Integral Part of Generator. Sensitive
to High Neutron Fluxes, insensitive
to Experimental Geometry.

FEATURES

Repairability: Completely Demountable

Flexibility: Easily Modified

Portability: Two People Required

Safety: Cannot be Triggered Accidentally

Completeness: Requires AC Line Power Only

Availability: Most Parts Commercially Ayallable
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Table II

PNA NEUTRON GENERATOR COMPONENTS

POWER SUPPLIES & INTERFACE:

PFN Charging Power Supplies
Neutron Monitor Fower Supply
Trigger Conditioning
Safety Interlocks
Data Interface

PULSE-FORMING NETWORKS:

lon Source Drive
Accelerating Voltage Drive
PFN Control Switches
Pulse Phasing

TUBE-TRANSFORMER ASSEMBLY:

Neutron Tube
Accelerating Voltage Transformer
Neutron Monitor

1600 50
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Figure 2
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Figure 6

PNA NEUTRON GENERATOR
. TUBE-TRANSFORMER ASSEMBLY (TTA)
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Figure 12
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Figure 13

5/N ffSP61C OP- 353 NEUT

SPFN-2400 HPFN-2400

11.0 -

|
12.0 - - I'

, ,
,

' --

| f;- .I
'

*
l r |||

' 'o ,

10.0-
, .1 .- \)

;' --- '

l l
'

! I i
'

l l' '
-

|
'x

t ... J ._ !,. . ,, , ,

d| -||'[f
''

!I

'

u e.0 - - I

b ___ _ :.

-

s' '

g e.o - --

li,..o .

,

2.0 -

|
, -

p \
'c.0

- --

, , 4 m ,

o.o c.2 c.t o.s o.e 1.0 1.2 1.4 1.s 1.s 2.0
TIME

-
-

1600 354

.



- .

-20-

Figure 14
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Figure 15
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Figure 16

NEUTRON GENERATOR FOR TWO-PHASE FLOW CALIBRATION
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Figure 17
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Pulsed Neutron Activation Calibration Technique

Paul Kehler

Components Technology Division
Argonne National Laboratory

9700 S. Cass Avenue
Argonne, Illinois 60439

Introduction

Fig.1 shows a schematic diagram of a Pulsed Neutron Activation (PNA)
setup for the measurement of two-phase flow: A pulsed source of fast

neutronsfE = 14 gV) is used to activate the oxygen in a steam-water mixture
by the 0 En p) h reaction, and the activity introduced into the flow is
measured downstream of the source by a l'aI detector. The measured counts are
sorted by a multiscaler into diff erent time channels. A counts vs. time
distribution typical for two-phase flow with slip between the two phases is
shown in Fig. 1. Proper evaluation of this counts / time distribution leads
to flow-regime independent equations for the average of the inverse transit
tim e, (1/t), and the average density p (Fig. 2) . Af ter calculation of the
average mass flow velocity U , the true mass flow is derived as o = U p F,
where F = cross sectional ar*ea of the pipe.

Using the PNA technique, the velocity measurement is reduced to measurement
of distance and time, and the density measurement is reduced to measurements
of ratios of numbers of counts. Measurements of distance and time can be
performed absolutely with great accuracy, and the errors normally associated
with the measurement of numbers of counts are eliminated by the ratio used
for the derivation of density. Sensitivity of the detectors, gain of the
electronic equipment and collimation angles of the source and the detectors
need not to be known as long as they are kept constant during an experiment.
Gagstability of the electronic equipment is assured by locking it on the
Cs p ea k. Thus using the PNA technique, two-phase mass flow measurements
can be reduced to measurements of distance and time only, a f eature that
makes very attractive the use of PNA techniques for the calibration of other,
more indirect two-phase flow measuring devices.

All parameters eff ecting the registered number of counts can be summarily
described by the "K-value", a calibration constant that is derived by

measuring the activity A of water j) lowing at a known average velocity in acompletely filled pipe (p = 1 g/cm Although the correct determination of.

the K-value must be performed according to the equations shown in Fig. 2, it

can be approximated by tg)e total mmber of counts, C , measured on a water-filled pipe (p = 1 g/cm in which the water is flowing at a velocity of
U = 1 n/sec (See Fig. 3). Experimentally determined K-values for various
c8nditions are tabulated in Fig. 3. The detectors used in these tests were
NaI scintillation detectors, wgth dimensions as shown. The TC-655 neutron
source has an output of 3 x 10 neutrons / pulse. The K-values listed in
Fig. 3 are a valuable aid in planning PNA tests, since K-values for other
sources ani detectors can be estimated from those listed by proportionating
them to the new source strengths ani detector areas. Once the K-value of
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a PNA setup is estimated, the to tal number of counts, C, expected for any
flow conditions can be estimated by C = K p/U. The number of counts, C,
should be C > 1000 if the average density is to be measured with an error

,

of 3, 3%, and the mass flow velocity is to be measured with an error of
2;4%.

Application of PNA Technique

Figure 4 lists those fields where applic.ation of PNA techniques was found
to be useful. First of all, the PNA technique is more accurate than any
other two-phase flow measuring device for the measurement of mass flow in
small pipes (with diameters D < 10 cm), and can be used for calibration of

,

these devices. The basic equations for velocity and density meacurements
(Fig. 2) are rigidly valid only if the neutron fluence and the sensitivity
of the detectors ca6 be assumec *o be constant over the whole cross section
of the pipe. These conditions ure tufficiently met for pipe diameters
D < 10 cm. For larger pipes, a correction must be applied to the density
reading, censidering the attenuation qf neutrons and gammas in the fluid
as well as g eometric attenuation (1/r' law) . Although these eff ects can be
easily modeled, and correction factors for the density reading can easily be
derived for large pipe diameters, the PNA technique can not be considered as
an absolute two-phase flow calibration tool for large pipes. However, relative
measurements can be made even on large-diameter pipes, and gain changes of
permanently installed flewmeters can be detected and calibrated by portable
and non-intrusive PNA equipment.

The PNA technique is a non-intrusive radioactive tracer technique and,
therefore, can be used like any other tracer technique for the measurement
of flow distributions in large flow sys tems. We have measured the ECC bypass
ratio in the LOFT reactor and plan to measure flow distributions in the 3-D
test facility.

A unique capability of the PNA technique is the measurement of slow flows.
This capability is usefully applied to tes ts simulating slow breaks. TMI
related PNA flow measurements are planned for the LOFT reactor (EG&G Idaho, Inc.)
and for the PKL (Erlangen, Germany).

Progress in 1979

PNA work performed at the Argonne Fational Laboratory (ANL) in 1979 is
listed in Fig. 5. The PNA technique is now believed to have been developed
to a point when it is prudent to disseminate it to o ther users. A number
of publications (Fig. 6) was written with this in mind. ANL assembled PNA
equipment is now ins talled at the LOFT facility for use on the L3-1 test.
EG&G Idaho, Inc. , will use their own PNA equipment in future small-break
tests (L3 series) . Another set of ANL assembled PNA equipmsnt will be used
at the PKL (at Erlangen, Germany), in the small-break tests planned there for
the first quarter of 1980.

Progress was also made in the areas of testing, analysis, and instru-
mentation development.
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Tests

The PNA technique was used for the measurement of the Emergency Core
Cooling (ECC) bypass ratio at the LOFT reactor. The geametric arrangeuent
of PNA equipment (Fig. 7) as well as the preliminary results of this test
uere presented at last year's meeting. After this meeting, a more detailed
analysis of the test data was performed, which can be nummerized as follows:

Transient flow in the broken cold leg during the L1-5 Loss of Coolant
Experiment (LOCE) lasted for less than 50 sec (Fig. 8). During this time,
fluid in the ECC line was activated by pulsed neutrons three times: at the
beginning of the ECC flow, well within the flow, and at a time when the ECC
flow was mixed with the pressurant that expels it from the storage tanks.
Figure 8 shows ths 2CC flow through the ECC injection line. The times at
which the three PNA tests were made are indicated by arrows in Fig. 8. The
ECC bypass rat.ic is dafinal as tnat amount of ECC fluid that went ett

~

through the broken cold leg (Fig. 7), and was found to be 0.4 for the two
PNA measurements taken while liquid was flowing through the ECC line, and
0.8 at the third PNA measurement, where the ECC liquid was mixed with the
pressurant. A detailed analysis of the time distribution of the activities
measured in the broken col (leg (by the Detectors 1 and 2 in Fig. 7) led
to the conclusion that the flow conditions in the reactor vessel were
diff erent for each of the three PNA measurements:

The ECC fluid activated by the first neutron burst bypassed the core
and lef t the broken cold leg in one coherent slug (Fig. 9) . LOFT instru-
mentation data support the interpretacion that, at this time, the water
level in the reactor vessel was below the core barrel, that the ECC fluid
went down the downcomer on one side of the core barrel, passed under the
barrel, and that about 40% of the liquid went up the downcomer on the other
side of the core barrel and out through the broken cold leg. 60% of the
ECC fluid went up into the core assembly.

At the tbne of the second neutron burst, the reactor vessel was
partially filled with water. The ECC fluid injected into the vessel fell
on the existing water surface, mixed with the surt ace layers, went around
the core barrel on different paths, and 40% of it went out through the
broken cold leg in several small and poorly defined slugs (Fig. 9) . The
remainder mixed with the water in the partially filled vessel and stayed
there.

The two-phase mixture flowing is the ECC injection line during the
third neutron burst resided in the reactor for a very short tbne only. At
this time, the vessel was almost filled with water, and most of the ECC
fluid (80%) only skimmed the surface of the liquid in the vessel and went
out, through the broken cold leg in one well defined slug.

PNA tests were also performed at the FAST loop, a large diameter (30 cm)
test loop operated by EG&G at the INEL. The objective of this test was to
evaluate the performance of a water pump when operating under two-phase flow
conditions, and to compare readings from a LOFT spool spiece with PNA

1601 002
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measurements. The geometric arrangement of PNA equipment on the loop
is shown schematically in Fig.10. The pump failed when the void fraction
went up to 20%. The dis tributica of counts measured at this void fraction
(Fig. 11) indicated that the flow was homogeneous without measurable slip
between the velocities of the two phases. The flow regiaes found at the
lower void fractions were shnilar to the one shown in Fig.11.

The detailed analysis of the PNA data taken at the FAST loop is still
in progress. This analysis is more complicated due to the need to model
two-phase flow for the large-pipe correction of the density readings. The
K-value for 30 cm-pipes, needed for test planning for the L3-1 test at the
LOFT recctor, was measured experimentally during this FAST-loop test.

Analyses

The K-valua of a particular PMA setup depends not only on the diameter
of the pipe, but also on its wall thickness. Source characteristice
ef f ecting the K-value are neutron uutput, collimation, and distance from
the pipe. Detector size, collimation, nuclear efficiency as well as the
distance of the detector from the pipe also enter into the K-value. Even
the electronic equipment used for data processing ef f ects the K-value of a
PNA setup, through the setting of the gamma ray energy discriminator. All
these parameters are constant during a particular PNA test and the K-value
of any particular setup can be determined experimentally by performing PNA
measurements on a water-filled pipe in which the water is flowing with a
kncwn velocity.

In large pipes, the ownber of counts registered by PNA equipment is
ef fected not only by the parameters mentioned above but also by geometric
and nuclear attenuations. These effects can be best formalized by using
corrected K-values for large pipes. In the absence of g eometric and nuclear
attenuations, the K-valge should be proportional to the cross sectional
area of the pipe, K=D. Deviations from this ideal relation are shown in
Fig. 12. Relations between the density readings obtained from non-corrected
K-values and the true density, are shown in Fig.13 for several pipe diameters.

The Figures 12 and 13 were computed by use of the FORTRAN program
PNA-Simulation, which is an a vanced version of the program Activation
Optimization written previously for single-phase flow (Paul Kehler,
" Feasibility of Calibration of Liquid Sodium Flowmeters by Neutron Activation
Techniques", ANL-CT-76-17, July 1976) . The PNASIM program models all the
parameters effecting the K-value as discussed above, as well as various
regimes of two-phase flow. Presently, it is written in polar coordinates
and models homogeneous and annular flows, with tabulated inputs of
velocity and density distributions. Rectangular ccordinates will t e used
to model stratified flow. The accuracy of the mode ls used in PNASIM was
verified by experimentally determined K-values (Fig. 3) and flow distributions
(Fig. 11). It is planned to improve the PNASIM program by improving its
mixing model and by using analytically expressed void and velocity dis-
tributions .
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Instrumentation Development

The g eometric ef f ects on the K-value can be reduced by using a
multiplicity of sources and detections, arranged circumferentially
around the pipe. A torus detector (Fig.1) fully encircling pipes with
dameters D < 15 cm, was built to increase the total number of counts and
to reduce the geometric eff ect on the K-value. Using this torus detector,
the correction to be applied to the K-value for pipe diameters D < 15 cm

,

is much smaller than that shown in Fig.12, which was calculated for input
parameters representative of the PNA setup now used on the LOFT reactor.
The only variable in Fig. 12 is the diameter of the pipe.

1601 004
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SCOPE

The objective of the program was to develop instruments that would

be of help in understanding the dynamics of liquid films in two-phase

flows. An immediate concern was film behavior on unbeated surfaces in

the upper plenum of reactors during the reflood phase of loss-of-

coolant accidents. The instrumentation techniques described in thi:;

report deal with the measurement of film thickness and film flow rate.

Also described in an extension of the thickness measurement technique

to the measurement of liquid holdup on rod surfaces. Initial application

of these instruments is envisioned to be in reflood tests in a non-

radioactive stream-water environment at pressures up to 115 psia

(saturation temperature 338 F/170 C).

FILM THICKNESS MEASUREMENT

Electrical impedance probes, mounted flush on the surface, are

used for measuring film thickness. The probes can be operated in the

capacitive or conductive mode. A typical probe configuration, con-

sisting of three electrodes, is shown in Figure 1. The normalized

capacitance ratios across two different pair of probes is also shown as

a function of film thickness (6). It is desirable that the probe be

operated in its most sensitive range (6/d < 0.5). This can be attained
_

by suitably designing the electrode gap 'd' for any estimated range of

expected film thickness.

A similar result can be obtained by operating the probe in the

conductive mode. In this case, the conductance ratio between the two

'' t yn' _3_
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electrode pairs behaves similar to the normalized capacitance shown in

Figure 1.

FILM FLOW RATE MEASUREMENT

The measurement of film flow rate is much more di fficult than film

thickness measurement. One technique that was found to be promising

was the use of electrolysis potential (EP). A typical EP probe,

mounted flush on the surface over which the film flows, consists of

2 Pt wires (0.005" diameter). At a fixed applied d.c. voltage, the

electrolytic current between the electrodes was found to be a function

of the film flow rate and the ohmic resistance between the electrodes

(which is a function of water electrical resistivity, electrode length

and diameter, gap between electrodes and the film thickness). A typical

test in closed channel flow between two parallel plates (constant film

thickness) yields the data shown ibgtfre 2. The data are over a wide

range of water electrical resistivities (p = 20 - 200 ka - cm). Itg

can be seen that the data can be correlated approximately as:

-BV1R = Ae (j)
p

where i = electrolysis current, mA

R = ohmic rasistance between electrodes, kn
p

V = average film velocity, cm/s

A,B = correlational function, dependent on the film thick-

ness (6) and applied voltage (v )g

1601 014-2_
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Thus if 6 is known, for a si' fen v , A and B can be determined fromg

calibration tests and bj measuring i and R , the average film velocity
p

V can be found from equation (1).

The data shown in Figure 2 have been obtained in a closed channel,

where a constant film thickness .could be maintained. It is possible

that the EP probe behavior could be affected by the film velocity pro-

file, which would be different in bounded film as compared to free

surface films experiencing sarying amounts of intertacial shear at the

free surface due to counter current vapor flow. Initial tests have shown

that the EP probe behavior in free surface films with no interfacial

shear can be characterized by an equation similar to equation (1),

although the correlational functions are different. Furtner tests are

in progress to resolve this question.

LIQUID HOLDUP ON VERTICAL RODS

These measurements are carried out using band-type capacitance

probes. The technique is to measure the electrical capacitance between

two band electrodes (width d, gap d) mounted flush on the surface over

which the liquid film flows. It can be shown that the capacitance is

directly proportional to the volume of liquid over the probe surface

irrespective of the length of coverage and the nonuniformity of the

film as long as the condition:

-h < 0.5 (2)

1601 015

-3-
1



. .

is met along the 1 + d 3 - orobe. In this case, it is possible to

show that:

=Aj = Constant for Probe (3)

c
. f the electrodes and (61.c) pr videsHere, L is the length of . :. s -

a measure of the average area of cross section of the flowing film and

is directly proportional to the volume of liquid (holdup) over the

probe surface.

A 4" diameter ,ad was instrumented with 3 band probes at various

axial locations and installed in an assembly at LASL which can produce

air-water cross-flow over the rod surface over a wide range of air and

water flow rates. Figure 3 shows typical data from the top most probe

on the rod. In the figure, the local liquid holdup (6L ) is plotted
c

Uversus the incident total water flow rate (Q ) for various air velo-
U

cities. It can be seen that at a given Q , the holdup decreases as air

flow increases. This can be expected physically as higher air velocities

would lead to higher reentrainment and hence thinner films. Also, at

a given air velocity, the increase in holdup with increasing Q is

similar to laminar film theory prediction (film thickness proportional

to cube root of flow rate). In these experiments, the liquid usuclly

covered about 60% of the probe length.

Since the probes can yield holdup information in the presence of

non-uniform as well as discontinuous films (rivulets), it is believed

that they would'.be useful tools for film drainage studies and

-4-
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investigations of deentrainemnt/reentrainment mechar. isms. Preliminary

analysis of the data obtained in the LASL experiments support this

contention.
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OEVELOP;ENT OF IMPE0ANCE SENSORS AT ORNL

FOR MEASUREMENT OF TWO-PHASE FL0dS

INTRODUCTION

A program under the sponsorship of the United dtates Nuclear
Regulatory Comission (OSNRC) was initiated in 1977 at tne Oak Ridge
National Laboratory (ORNL) to develop instrumentation for application in
PWR safety experimental facilities. The program, Advanced Instrumentation

for Reflood Studies (AIRS), is specifically to develop instrumentation for
measurement of in-vessel local fluid phenomena in safety experiments
designed to investigate the refill and reflood phases of the PWR
loss-of-coolant accident. However, the tecnnology oeing developed nas
general applicability to tne measurement of two phase fluid flow. Tne

objective of tne ORNL program is to develop techniques and systems for
measuring fluid flow in-core, deentrainment in the upper plenum, and liquid
fallback from the upper plenum into the core. To attain tnis objective,

liquid film tnickness and velocity and two-pnase flow velocity and void
fraction must be measured. Liquid film thickness and film velocity
measurement systems are being implemented utilizing concepts developed at
Lehign University.1,2 The major portion of tne ORNL effort is devoted to
the development of impedance sensors for measure'aent of two-pnase flow
local veiocities and void fractions with emphasis on nigh void fraction
flow regimes. Film sensor development at ORNL is limited to adaptation of
the present techniques to tne environment of a refill /reflood facility. As

the development progresses on the measurement techniques, ORNL wiII
fabricate and supply instrument systems to facilities which are included in
the international (West Germany, Japan and the U. S.) 20/30 Refill /Reflooo
Program.

*Researen Sponsored oy tne Office of Nuclear Regulatory Researen, d. S.
Nuclear Regulatory Comission, under Interagency Agreements 00E 40-ool-lo
and 40-552-15 witn tne 0. S. Department of Energy under Contract

W-7406-eng"-26 witn tne Onion Caroide Corp.
'
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At tais time some instrument systems, snicn could oe regarded as tne
first generation, nave seen fabricated. The term first generation implies

tnat tnese systems are procaoly not yet optimum; tnerefore, a significant
development effort is continuing to provide improvements and to oevelop
otner systems.

Tnis presentation is to provide a brief overview of tne program and to
nignlight some of tne recent development results. Primary empnasis is
given to tne " string prooe" and " flag proce" test results in a variety of
two-pnase flow environments.

IMPEDANCE PROSE OPERATING PRINCIPLES

The principle of operation of the impedance proces is cased on

measurement of tne electrical impedance of the fluid mixture in the

vicinity of a set of electrodes, as shown in Fig.1. The impedance varies

with the relative amounts of liquid and vapor present and with the cnanging
distribution of the phases. Measured impedance can be used to estimate the
void fraction of a two-phase mixture and the velocity of the mixture or of
one of tne phases. Velocities are determined from the phase shift of the

transfer function of signals fecm two spatially separated probes. The

velocity measured by this procedure is referred to as the " noise velocity"
later in this report. This term is used because statistical signal

analysis techniques, often referred to as " noise analysis", are used in

determining a velocity estimate. This technique is often referred to as

the " transit time" method of determining velocity. Figs. 2 and 3

illustrate the " transit" time method.
Two basic metnods are used to determine void fraction from impedance

sensor signals. If the sensor is very small (a point proce) it is likely

tnat at any instant in time tne sensing region will contain eitner all

liquid or all vapor. Sensors of this type are designed so that the sensing
region is smaller than the majority of tne droplets or ouobles; tnus the

sensor will seldom be exposed to a mixture of the phases. In this case tne
sensor signal alternates between the " wet" and " dry" levels. Tne fraction
of the time spent at tne dry level or the " residence time" is used as a

measure of the void fraction.

1601 023, u ,
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For larger sensors wnere ene sensing volume contains corn pnases most
of tne time, tne " residence time" metnod may not work well. In tais case,

one technique used relates tne average impedance of cne mixture to tne void
fraction. Aost of tne sensors being dev :;oped at ORNL are of tne latter
type. The relationship Detween mixture impedance and void fraction is
dependent upon tne electrode geometry arid tne distrioution of tne pnases as
shown in Figs. 4 and s. In many cases a linear calioration cased on admit-
tance or capacitance yields good resuits. This is called the " relative
acmittance" metnod and was used witn all of the void fraction results
presented later in this report. Another metnod of analyzing the mixture

impedance signal utilizes the " amplitude histogram" or " amplitude
probability density." The mean value of impedance determined oy the
histogram method is equal to the inverse of the value obtained by the
relative admittance method. Tne histogram has tne added advantage of
giving an indication of flow regime oy ooserving the pattern or shape of
tne histogram.

All the proposed methods for velocity and void fraction are dependent
upon some type of time averaging; therefore, the following constraints on
the analysis must be made:

- Steady-state is assumed between data points.
- The time steps between data points must be small enough to resolve a

reflood transient. -

- The time steps must be large enough to reduce the statistical errors
to an acceptable value.

SENSOR GE0 METRY

The primary consideration in the design of sensors for in-vessel local
measurements in a reflood test facility is the proper geometry to sense

two-pnase flow parameters in the region of interest. For instance, the

geometry oest suited for in-core subchannel measurements is not as suitaole
for upper plenum application and vice versa. Tne application of various

forms of impedance sensors to the measurement of two-pnase flow nas spanned
over tnirty years,3 and efforts are continuing to understand and optimize

geometri es.4 The most successful applications reported in tnesensor

1601 024
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literature are cased on the use of small needle snaped sensors enicn give a

nighly local measurement. This type of sensor requires relatively simple
electronics wnich gives a oinary output signal <, zero for vapor and one for
liquid. The sensors being developed are cased on ootaining localized area
or volume measurements as contrasted to tne point measurement of tne needle

sensor.
The environmental conditions, nign temperature and tnermal snock, are

the next most important influence on sensor geometry. Development at ORNL

has resulted in significant strides toward design and application of sensor
assemolies wnicn can survive a severe environment; however, tne empnasis of

this report is on the measurement results obtained to date ratner than on
the fabrication techniques.

Sensars have oeen developed in a guide tube configuration for in-core

subchannel measurements. Several sensor electrode configurations have been

considered (Shown schematically in Fig. 1), out to date the greatest
overall success has t,een with tne " flag prope" configuration shown in Fig.
8. For application in the upper plenum, tne downccmer, and other locations
of larger cross sectional area . .u " string probe" configuration has given

T, hisvery useful results in both air-water and steam-water tests.

configuration has been adapted from the work of Carrard and Ledwidge* who

applied it to low void fraction ( a <257,) two-phase air-water flows. As

shown later in this report, its use has been successfully extended to the
high end of the void fraction range.

IN-CORE GUIDE TUBE FLAG PROBE TESTS

Steam-water testing in 9-rod bundle. A prototype guide tuce assemoly like
tne one in Fig. 9 nas oeen testM in a 3 x 3 heated rod oundle wnere tne
central neater rod was replaced oy tne instrumented guide tuoe. Tne

purpose of the tests was to determine survivaotlity and operaoility in an
environment and with flows similar to the reflood facilities of the 20/30
Program. The neated length of the core is 1.9 meters (o.23 ft.). The

heater rod flux, grid spacer locations, flag probe and other sensor
1) cations are shown in Fig.10. Tne flag prooe assemoly is approximatley
2.3 meters (14 ft.) in length; tnus, as indicated in Fig. 11, the upper

e tu'
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portion of tne guide tuce extenced outside tne top of cne oundle and test
vessel.

Ine flag prooe assemoly used for tne test was one wnicn nac oeen
intended for use in an actual reflood test facility out nad f ai1ed curing

faorication. In the desire to nave one assemoly which could oe tested in a
reflood-like environment an attempt was made to repair tne rod. On tne

second attempt, repair was successful. The initial faorication failure and
the necessity for multiple attempts to repair tne a:sembly would cause one
to assign a lower prooability of success in a reflood test and tnis snould
be considered in evaluating the test results.

Test Description. A total of ten tests were conducted with the flag prooe
assemoly in the 9-rod bundle. For these tests i.he ficoding rate, rod power

and injection point were varied. The first nine tests were conducted witn
tne heater rod initial clad temperature at a nominal o00*C. Test No. 10
nad an initial guide tube clad temperature of 700*C out was acorted mid-way
tnrough tne test due to a leak in the test vessel housing.

Survivacility. Tne survivanility of the prooe was a key issue in tnis test
with the integrity of tne probe itself and of its ceramic-to-metal seals
being of greatest concern. Following eacn test, ele.c rical tests of the
integrity of the sensor cables were made. Also, the gu'de tune vent line
was observed for discharge of steam or condensate v:nien would indicate a
leak in tne ceramic-to-metal seals. The results of the test series

relative to survivability are as follows:

1. Electrical measurements following each test snowed that 7 of the
8 sensor leads remained intact through all 10 tests. One lead

indicated an open circuit after Test No. 7.
2. Ceramic-to-metal seal leakage was minimal . A few drops of

condensate water were coserved at the vent line discharge

following Tests 7 and 9. Also, during Test No. 9 a few small

puffs of steam were discharged.
Experimental tests have shown that the effects of small leaks througn tne
ceramic-to-metal seals have ! .tle, if any, detrimental effect on tne

impedance measurement. The creak in sensing leads ooviously results in the

loss of data.

1601 026
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Tne analysis of signals from the tests is continuing out preliminary
indications are as follows;

1. An impedance measurement is possiole during the .najor portion,
and pernaps all, of tno reflood transient (Figs. 12 and 13).
Arrival of tne quenen front witn tne attenaant quantity of sacer
causes a step reduction in impedance and results in reduced
sensitivity to flow in the suocnannel.

2. Velocity measurements were obtained for Tests No. 2 and No. 3
wnich are in the range of expected values. Figs. 14 and 15 snow

noise analysis velocity results from Test No. 2 on two different
scales for the vertical axis.

3. Furtner development and confirmation is needed of tne void
fraction analytical method. There was no otner void fraction
measurement in these tests with which to compare the flag prone

rasults. The data appears to have the correct trend out some of
the measurement amplitudes are questionable. Tests must De
conducted where a local independent measurement of void fraction

can be made. Such tests are planned.
4. Interference from the electrical power supply was of such magni-

tude in all tests following Test No. 3 that analysis of the data
was impossible. A change in behavior of the system or the proDes
seems to have occurred during Test No. 3 which apparently caused

this proolem. The change in behavior is not understood at tnis
ti me. It is felt that improvements in the filtering in the

electronics whien were made suosequent to the tests would have
greatly reduced or eliminated the interference problem.

The perfonnance criteria for sucn an instrument assemoly is survival
of 26 such reflood tests. The prototype tested did not meet tnis criteria;
nowever, it snould again De noted that tnis particular rod was considered
at tne outset to be marginal at Dest, due to the repairs made during

fabrication.

Air-Water Droplet Tests. In order to gain an understanding of tne transit
time velocity measurements obtained from tne impedance sensors, otner tests
nave oeen ar;d are oeing conducted. A series of simple experiments were

conducted with, a flag prooe using a viorating capillary to generate a
sinhle-streaMof gravity accelerated droplets. In these tests the croplet
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flow passing oetween tne sensor electrodes was , sell controlled and made it
possible to know all tne flow parameters, i.e., droplet si::e, velocity and
spaci.3 These tests simulate the very high void fraction dispersed

droplet flow regime except that a single stream of droplets is involved.
As indicated in Fig.16, the flag probe gave an accurate reporting of tne
droplet velocities.

STRING PROBE TESTING AND RESULTS

The basic configuration of a string probe is as shown in Fig.17 which
is an early developmental geometry tested in air-water. Three different
prototype designs have been tested in air-water and steam-water. These

tests are discussed in the following paragraphs.

Steam-Water Test Description. Steam-water tests were conducted in the AIRS
Steam-Water Test Stand at OPNL shown in Fig. 18. The probes were installed
in a vertical 6-inch (152 m) ID test section as shown in Fig.19. Flow

entered the test section from a 31/2 inch ID pipe with approximately 20
feet of straight length upstream of the test section. A spool piece
containing a drag disk, a three-beam gama densitometer and a turbine meter
was located just downstream of the test section. The steam and water
flowrates were measured separately before being mixed and injected into the
31/2 inch pipe at the upstream end of the 20 feet long straight section.
All tests were conducted in the vertical upflow mode covering a void

fraction range of approximately 40% to 99+% and flow regimes; bubbly, slug,
churn, and annular.

Probe Description. The probes that were tested are called the Large and
Intermediate Model II and the Large Model III. The Mod II design, Fig. 20,
contains two planes of electrodes which are attached to insulator spools
mounted on the top and bottom of the stainless steel probe frame. The Mod

III design, Fig. 21, represents some reduction in flow blockage and

provides some streamlining by installing the insul,ator spools in the
side-walls of the probe frame.

Tests Conditions. Each of the probes was subjected to a series of 15
steady state test r'uns. The pressure and temperature in the test section

1601 028 .
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were approu,,vtely 90 psi (6.2 car) gauge and 16o*C (330 F). Tne .aeasured

inlet flows and void fractions for une test runs were:

RUN STEAM FLOW WATER FLOW VOID FRACTION

NO. LBM/HR LBM/HR 8Y GAMA-0EN

1 3380 2600 .99

2 4590 3400 .99

3 1660 2500 .d8

4 2530 6000 .d2

5 1740 4000 .79

6 2410 8480 .50

7 1720 6000 .40

8 4080 6000 .98

9 4570 5000 .98

10 4570 4000 .98

11 4570 3000 .99

12 4620 3000 .99

13 2250 4000 .93

14 3420 6000 .97

15 3920 8300 .96

The liquid phase velocity in the 3.5 inen pipe was calculated from tne
separated flow model using the void fraction as measured by the gama
densitor;eter. The quality is determined from an energy balance assuming

saturai.ed conditions in the test section. The string probe " noise
velocity" and void fraction measurement results are snown in Figs. 22
throega 28.

Air-Water Test Results. The string proces were also tested in the air-

water Instrument Development Loop (IDL) whicn was ouilt at ORNL to test
instrumentation schemes for measurement of the mass flow across tne core
and upper plenum interface. These tests are regarded as a particularly
good eneck on the ability of the string probe to measure void fraction
because a low energy gama densitometer is installed inside the vessel near
the 'prohe locasion. A view of the prooe installed in the 10L is snown in
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Fig. 21. Fig. 29 snows tnat corn the Aod 11 and Aod III proces agree quite
well witn tne local gama densitometer in ootn core spray and not leg
injection ter,s in the IDL over a wide range of flow conditions.

SUMMARY

In summary, techniques and equipment have oeen developed to measure
in-vessel local void fraction and velocity in a reflood transient test

facility. The two impedance sensors highlighted in tnis report, the flag
prone and the string proce, nave been tested (prototype sensors) in a
variety of air-water and steam-water facilities and in all cases accept
aole measurement results were obtained.

Further development is needed and is continuing in the following
areas:

1. Development of methods to interpret the impedance sensor void
fraction and velocity measurements.

2. Quantification of the statistical and other error mechanisms.
3. Improvements in the signal analysis metnod to 00tain void

fraction, particularly for in-Dundle sensors.
4. Improvements in present sensor geometries and development of

others.
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TIME DELAY BETWEEN SIGNALS IS CALCULATED FROM THE TRANSFER
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THE RELATIONSHIP BETWEEN IMPEDANCE AND
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DATA PROCESSING METHODS FOR TRANSIENT VELOCITY

AND VOID FRACTION ARE SUBJECT TO

THE FOLLOWING CONSTRAINTS

* BETWEEN DATA POINTS STEADY STATE CONDITIONS

ARE ASSUMED TO EXIST.

* TIME STEPS BETWEEN DATA POINTS MUST BE SHORT

ENOUGH TO RESOLVE A REFLOOD TRANSIENT.

* TIME STEPS BETWEEN DATA POINTS MUST BE LONG

ENOUGH TO REDUCE THE STATISTICAL ERRORS TO AN

ACCEPTABLE VALUE.

Fig. 6
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A VARIETY OF SENSOR CONFIGURATIONS ARE UNDER DEVELOPMENT
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LOCATIONS OF THE IMPEDANCE AND OTHER SENSOR $ IN THE S-R00 IUNDLE TEST FACILITY
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Advanced Spool Piece Development and Signal Analysis

Flow measurements in loss-of-coolant experiments are often derived

from data obtained with turbine meters, drag flowmoters and gamma attenuation

densitometers, which may be located on a short piping segment called a spool

piece. ihis paper describes experiments performed at ORNL using air-water

and steam-water two-phase flow facilities to evaluate improved instrumented

spool pieces and to develop techniques for measuring two-phase flow parameters,

including mass flux. As another part of the effort to understand the

behavior of spool piece and impedance-type reflood instrumentation, signal

analysis studies were performed in the air-water and steam-water loops with

conductivity probes obtained from Canadian General Electric and Atomic Energy

of Canada Limited (AECL).

The instrumented spool piece used in the air Jater studies incorporates

several design improvements: (1) the upstream drag flowmeter (normal flow

airection), the densitometer, and the turbine are located within 46 cm (18 in.)

of each other, (2) location of a drag flowmeter on either end allows one drag

meter to always be upstream of the turbine in case of bidirectional flow,

(3) the " full-flow" turbine rotor and drag flowmeter targets used sample the

fluid flow in the pipe to within 3.2 mm (0.125 in.) of the pipe wall, and

(4) fast response, high sensitivity turbine monitor electronics developed at

ORNL were used with the turbine meter. The spool piece was tested with

two-phase horizontal flow, vertical downflow and vertical upflow. Superfi-

cial velocities ranged from 0.3 to 38 m/sec (1 to 128 ft/sec) for air and

from 0.1 to 5 m/sec (0.3 to 17 f t/sec) for water; all flow regimes were

included.

1601 057
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A

Comparisons of data calculated using three mass flow models with the spool

piece instrumentation to the actual two phase mass fluxes have suggested the

turbine speed and I = dragfollowing (3, = density from densitometer, V =
dg

flowmeter reading):

1. G = p,V and G / * '" " '* * '#* I ""' * ' "*' "PIad**y 2

tend to seriously overpredict the correct mass flux at high void fractions.

2. G3 " I /V gave reasonable results for nearly all flow rates and was clearlyd

the best model at higher void fractions.

3. Steam water spool piece tests, limited to vertical upflow at void fractions

above 50%, tend to confirm indications regarding instrument performance

observed in the air-water loop. That is, of the models tried, G3"Id t
is the mest accurate mass flux model for use at high void fractions.

Two types of local conductivity probes were tested in vertical upflow in the

ORNL air-water loop, concurrently with the spool piece testing. The AECL velocity

probes, positioned along the pipe center line, gave cross correlation velocities

which generally agreed with the turbine speed in the bubble, slug and froth flow

regimes. The turbine velocity was higher in annular flow. Composite void frac-

tions obtained with the five-point void fraction probe always agreed with the

void fraction from the densitometer within 20% of reading. Radial void profiles

obtained with the void probe were characteristic of particular flow regimes and

generally had a symmetric shape about the pipe axis.

For the steam-water tests, a salt solution was injected into the liquid

input stream so that liquid phase conductivity in the test section would be

adequate for probe operation (k must be 4 40 ps for adequate signal-to-noiseg

ratio with the signal analysis method used). Results obtained with the five

1601 058
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3

point void fraction probe in the steam-water tests were difficult to interpret,

largely due to variations in the water conductivity during the tests. Cross

correlation with the velocity probe in steam-water flow was successful, however.

The indicated probe velocities, for the most part, approximated the mean liquid

phase velocities determined with the aid of gamma densitometer measurements.
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ommt-ows is us7s

cI*'.*."..
oRNL EXPERIMENTAL METHODS

THE AIR AND WATER FLOW RATES USED FOR THE
VERTICAL DOWNFLOW TESTS PRODUCED MANY

FLOW REGIMES
210

1 CORING-8UBBLE
2 BUBBLY-SLUG
3 FALLING FILM
4 FALLING BUBBLY-FILM
6 FROTH 0 f.
6 ANNULAR ,/,10, 4 y .

* / ** / *' "*

V 3 gf e, / .
.1 f, ,/. -

v, ,y, ,

h / .'

'

*
0,0 .s -,

./ /*
,

! .!1

10"I
10-1 100 10' 10 ,o 10

2 2 4
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cane svueo
ee

onut ANALYSIS METHODS
USING THE IMPROVED TURBINE ELECTRONICS,
AIR. WATER SPOOL PIECE DATA WERE USED TO

EVALUATE THREE TURBINE MODELS

e VOLUMETRIC
V, = aV + (1 - a) V,s

e AYA
C,p, (1 - a)(V, - V,)2 = C p a(V, - V )gg t

e ROUHANI
C,p, (1 - a) V, (V, - V,) = C # aV, (V -V)o9 9 t

P00R ORGINAL

u=oRNL RESULTS

IN HORIZONTAL TWO PHASE FLOW, THE AYA AND,

THE ROUHANI MODELS ACCURATELY PREDICT THE
TURBINE VELOCITY. THE VOLUMETRIC MODEL

DOES POORLY

3p ! ' '- I *** * ' / 102M,W5.'~s - L .- . 4

ne_. . j,

voLUMtTkic }
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h 10'
**# '

u 1. '
-

102

~&>- f, |

Q .I [ [. ii i
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jV IQ/"E 10 ^_
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| 18 10

E
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| 1,)' 'l i
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V i "
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IN AIR-WATER VERTICAL UPFLOW. THE AYA AND THE ROUHANI MODELS PREDICT THE

TURBINE SPEED WELL. EXCEPT AT HIGH GAS FLOW RA*ES WITH LOW LIQUID FLOW

RATES. THE VOLUMETRIC MODEL OVEREST! MATES THE TUR8!NE VELOCITY. cas-ows voism

.=:.
RESULTSomst-owc n-sm ETo onut

. . . . ,
IN VERTICAL DOWNFLOW, THE AYA AND THE ROUHANI/ : 102 MODELS ADEQUATELY PRE 01CT TURBINE VELOCITY,WHEN! 5- *4 e

: y -
5 > 0.75. WHEN S < 0.75. THE VOLUMETRIC MODELj

,,e" 7
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A

cSE's 5s

M RNL ANALYSIS METHODS

THE DRAG FLUWMETER READINGS WERE COMPARED
TO TWO-VELOCITY MOMENTUM FLUXES
DETERMINED USING THE METERED INPUT FLOW
RATES Q, AND Q,, THE MEASURED VOID FRACTIONS a
AND THE RECORDED TURBINE VELOCITIES V t

pV2 ,(j _ a)p,y{2 + yp y2g g

a = a, (FROM DENSITOMETER)

METHOD 1: V, AND V ARE f(a, Q,, O )g g

METHOD 2: V, AND V ARE f(V , O , O )o t g g

OR NL-DWG 79-12723

@Onst RESULTS

AIR-WATER TESTS WITH THE FULL FLOW DRAG
TARGETS SUGGEST THAT THE TARGETS * C 's INo
TWO-PHASE FLOW ARE LESS THAN THE C 's INo

SINGLE PHASE FLOW*

AIR FLOW RATE
(hters/sec AT STP)

O 7.5 O 60
O 15 V 121
6 30 0 242

Oi

s '"*,P*pppO9 agsv. g s ,t

A

O

10-1 ,c -

,

10-8 10-2 10-1

OUALITY

1601 065
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Onest-DWG 7S12720

eM
onnt RESULTS

THE MASS FLOW MODEL G, = p,V, INCREASINGLY
OVERPREDICTS THE CORRECT MASS FLUX AT

HIGH VOID FRACTION
101 --

AIR FLOW RATE
(th AT STP)

"O7.5 060
O 15 V 121 8
a 30 2 242 g

1% vs'"$ u
'[' spoveyttbjaJ A'O'

10-1 , , ,

10-3 10-2 10-1

OUALITY

ORNL-OWG 7S12722

cE O
ORNL RESULTS

THE MEAN TURBINE VELOCITY INCREASINGLY EXCEEDS THE
'MEAN LIQUID-PHASE VELOCITY AT HIGH VOID FRACTIONS
110

AIR FLOW RATE '
(liters /see AT STP)

O 7.5 O so
O 15 V 121 0
6 30 3 242 g,

o 9U

M G6a r 50 0 ?o20*$ *Mge
&V

'$v '**
o

O

1601 066,0-,
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10-8 10-2 10-1
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ORNL-DWG 79 12721

cS!'sS5e
RESULTSoRNt

THE MASS FLOW MODEL Gy = VP. d TENDS TO
O''ERPREDICT THE TRUE MASS FLUX AT-

HIGH VOtD FRACTIONS
110

AIR FLOW RATE
(titorshac AT STP)

O 7.5 0 60
0 15 V 121
6 30 G 242

Er,

&
ag y 2M o

10 ' EOKdb gc3gbT5'sY ~~

o, 3
O

a o

10-1
10-3 10-2 10-

QUALITY

ORNL WS-6136

c!a'sSe
ORNL ANALYSIS METHODS

ROUHANI TURBINE MODEL:

p,(1 - a) V,(V, - V,) = p,oV,(V, - V,)

SOLVING FOR V'p,V2 + ap,V,2(1-o)

V' = (1-a)p,V, + ap,V,
TWO-VELOCITY DRAG MODEL:

Id * II ~ "IP V,2 + ap y Rf 9 9

ALSO,

G = G, + G * II - "I# v + # v 1601 0679 8 f 9 9

V=
t n

AND

G TWO-VELOCITY MASS3=V t FLUX MODEL. ;!. s.
- r 1 '. ''

. +
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ORNL-DwG 7S12579

UsulO0s
CAftSIDS

oRuL RESULTS

Id
THE MASS FLOW MODEL G WAS FOUND TO GIVE3=V

t

RESULTS WHICH WERE USUALLY LESS THAN THE METERED
MASS FLUXES, RY APPROXIMATELY 20 PERCENT

110 --

, , ,

AIR FLOW RATE
Unters/sec AT STP)

O 7.5
a 15
0 30
0 60
0 121 3
9 2421,N

g _ _h __ g___ _~G - - aO- _ _O gast

O

,

O

o
' ' '10-1 ^;

.

jg-1 6 X 10-13 X 10-* 10-3 10-2

QUALITY
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nengepmm yym w w w.g m e w
'

f . : b5 r.
' hkf.' b f^-v- ~~ m.w Wy?q gw w$$d - .5Q:Y,; V w f| ., . '''R -Y ^ - ! O M ?Y 0'?f?Y'N %Qfb%'

- r+ . .J - a.h .q. . *' 4 - -~** >. ': 4t-

c 2-gW,%w,N'.'f. ;~ %f-
'

>%X2|'- ^ / an, ' !.1%.fr
- v& 5%4s%,nry|7..h'$

't

'"% ~ "+Y. U.hr(* ,.~
$Q)- Q .k. k 1.C, Y[? '['

'''
\

S bh . |
m z' | 'pf- ~<: ;[%~1 h =~, < ' ;;qg ; y;_o m -- __ ,, . , . <

*

? *, ~ h
.

'r) 0 ,. |- f f sh
3.|, | &2j 's.. k '&'.'*';"' ; ,.Y: :.,'a' ,,

~ ' ' -Y ' . , .
~'

m.' ;M. 'r'
.

m,:wM y:m, . ;* . w w . a,.pps _ aararm a-

,.-yeud q/~~ . a, w-

- . , .fk.h. [^[ i.M N N PEG ''T' O * */
.

.'.9, .M,2J{c
.'

.
-

.. s w.
',['

' ' . j.,py >. PHESSURE TRANSDlIER
.

M..? % s
.3,,;.v.9. Mck,y' .i....y . - p .

3. . , s . . , .. , _ , u. .yj.

'

p_ :~, q , j' *;-f. K . . . . --,, ~ ..-.y.r 9q;;-

- a. . ..k. f$.gN, u.h,Y l ?N$h Y|??|S N: Y; 'M . .i? ||: n 2.5$.$ ,. f-m 4py.. a -

, .. n
;. $b b.+ : b' .4. Of '

'*

:w - cg@ge 7,y. e.q.. nT MNMEES WE RSEUMENTS' MECTS ON M Omm. ~%Q;j.-} . ...p,b, j, .p . ,,, '?. dt;.:,
.

g|. 3..
;;

- j;@ L',px;hh i $h 'Q,. 3c. 4J.?f., .($f. " v

'' ' , , ^''6 .) ' -' '&4.'
- i ,

,
'

rg,% y IKTER TE$T$g ; INSTR m ulTED. W OOL PIECE USED IN STEADY STAT,E STEAM.
T . &

py G t-
'=^ ' T W^ $5I **;NY '..jp.. ~ -

46r-? 2;y,- s' ' ...n' '

o . P+ v .

5''*&* ~4&g$." ssis?" $'I5Y

-

}a 4't. Q y ~j
- +

'' Q :., , N f ,j]w% v s ; ;
u~ ggv y -

,

gy;--
, , en ..

N
'

4'G *
..

-

,

3 h% % i1. 1 j33ed



. .

AIRS STEAM WATER TEST STAND.

OHNL DWG78 12753

VENT * GAMMA DENSITOMETER
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t i - 30 it
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MASS FLUXES OBTAINED USING THE TURBINE AND THE DENSIT0 METER

IN STEAM-WATER TWO-PHASE FLOW (VOID FRACTION >50%)

GROSSLY OVERESTIMATED THE METERED MASS FLUX

+
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MASS FLUXES OBTAINED USING THE DRAG FLOWMETER AND THE DENSIT0 METER

IN STEAM-WATER TWO-PHASE FLOW (VOID FRACTIONS >50%)

EXCEEDED THE METERED FLUXES BY SOME 50%
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MASS FLUXES OBTAINED USING THE DRAG FLOWMETER AND THE TURBINE

IN STEAM-WATER TWO-PHASE FLOW (VOID FRACTIONS >50%) WERE

SOME 20% BELOW THE METERED MASS FLUXES
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A
UNION

CARBIDE

VELOCITIES DERIVED FROM THE TWO-PRONG PROBE
SIGNALS, USING CROSS CORRELATION ANALYSIS,
APPEAR TO APPROXIMATE Vf RATHER THAN Vg

6
| |

I
AI R-WATE R

VERTICAL UPFLOW
50 (150-200 GPM WATER FLOW)

IAV BASED ON DENSITOMETER Ag

O v, AND METERED FLOW RATES /
OV 3-MM AND 4-MM [40

CONDUCTIVITY PROBES
g AT PIPE Q
= /

E /

N 30 !
B /
y / O

/>

/20 A O

| /
A --- A - A ' /

p
'

O O
10 g -

o
B_O O '

O -

0 0.2 0.4 0.6 0.8 1.0

VOID FRACTION (n) FROM GAMMA DENSITOMETER

1601 074
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PIPE-AVERAGE VOID FRACTIONS DERIVED FROM THE CONDUCTIVITY PROBE DATA AGREE

WELL WITH V0ID FRACTIONS INDICATED BY THE THREE-BEAM DENSITOMETER.

ORN L-DWG 79-5996 ETD
: *

m 0
d'

O

e + 10%
a-

- 10%

g :-
?
a.

.
O

d'

2
Ig_
5
P
Ow a

d~

O

e
E S-

-
N"

a-

O
e

. . . . . . . . .
0.0 0.1 0.2 0.3 0.1 0.5 0.6 0.7 0.8 0.9 1.0

VOID TRACTION -- 3-BERN DENS.
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LOCAL V0ID DATA FROM ANALYSIS OF FIVE-POINT A.E.C.L. PROBE SIGNALS

AIR-WATER VERTICAL UPFLOW.

O R NL-DWG 70-5908 ETD

FLOW REGIME

O BUBBLE FLOW
Il O DISPERSED SLUG AIR WATER

A FROTHY SLUG FLOW FLOW
e FROTH RATE RATE

1.0 (SCFM) (GPM) -0 ANNULAR
O 512 10

^

e
0.9 - 512 40 ,

512 60

0.8 - e -

e 256 60
z 0.7 - -

9
$ e 128 100
< 0.6 - -

@ 64 60

0.5 - 64 20 _

>
%

0.4 - ' ~

16 20

0.3 - -

16 100

64 300
0.2 - -

0.1 -

4 200
D 4 300

0 , 4 4 a A
A B C D E

RELATIVE PROBE POSITION
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IN THE STEAM-WATER TESTS, CHANGES IN THE WATER CONDUCTIVITY
INVALIDATED THE VOID PROBE CAllBRATION. BUT VOLTAGE
HISTOGRAMS SUGGEST THAT THE PROBE CORRECTLY
RESPONDED TO THE PRESENCE OF EACH PHASE

I I I i i i

a = 100% a = 0%
0 g

COUNTS e STEAM

,

j-STEAM fWATER

l i t !

I I I i [ l i

a = 61% a = 74%g g

STEAMSTEAM f7
# #COUNTS

y-WATE R g WATER

i i i i ; i

0 2 4 6 80 2 4 6 8

VOLTS VOLTS,
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. .

IN STEAM-WATER TWO-PHASE FLOW, THE VELOCITIES DERIVED

BY SIGNAL ANALYSIS FROM THE CONDUCTIVITY PROBE
APPROXIMATED THE MEAN LIQUID PHASE VELOCITIES

,

DERIVED USING DENSITOMETER DATA

100
_ ; ; ; ; ; ; ; ; j_
~

50 -

gpm
-

-

O 2 -

g - 0 4 -

OA
h 20 --

-

'

{ O 16
0

8
-

O -

-

- O* - U -

g _ A O
g 5 - o@ a A -

# -

_
_

2 - V=V -

f p

I I I IIIII I I I I I III3

1 2 5 10 20 50 100

V , LIQUID VELOCITY (ft/sec)g
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ORNL WS-6159

CARBIDE

RNL SUMMARY AND CONCLUSIONS

* IN THE AIR-WATER SYSTEM, THE MASS FLUX
MODELS G3 = p,V AND G2 " MPa d PERFORM WELLl

t

WITH SPOOL PIECE DATA AT LOW VOID FRACTIONS,
BUT THE MODELS SERIOUSLY OVERPREDICT THE
CORRECT MASS FLUX AT HIGHER VOID FRACTIONS

e THE MODEL G3 = i N YlELDS RESULTS WHICHd t

ARE USUALLY LESS THAN THE METERED MASS
FLUXES BY APPROXIMATELY 20 PERCENT

e RESULTS FROM VERTICAL UPFLOW, HIGH VOID

FRACTION STEAM-WATER EXPERIMENTS WITH

SPOOL PIECE INSTRUMENTATION CONFIRMED

TRENDS OBSERVED IN THE AIR-WATER LOOP.

e VELOCITY AND VOID FRACTION INFORMATION

DERIVED USING SIGNAL ANALYSIS WITH CON-

DUCTIVITY PROBES IN THE AIR-WATER AND

STEAM-WATER TESTS SHOWED THAT THE VOID

PROBE DATA GENERALLY AGREED WITH THAT

FROM THE GAMMA DENSITOMETER. VELOCITIES

OBTAINED BY CROSS CORRELATION APPROXI-

MATED THE MEAN LIQUID PHASE VELOCITIES,

PARTIC'JLARLY AT HIGH VOID FRACTIONS.

" '

1601 079
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PROGRESS IN LOW QUALITY AND SUBC00 LED POST-CHF STUDIES

by

D.C. Groeneveld, S.C. Cheng and K.K. Fung

1.0 LOW QUALITY AND SUBC00 LED FILM BOILING

1.1 General

Low quality and subcooled film boiling data were obtained using

the " hot patch" technique was reported previously 11,2]. This

technique, which was originally developed at Chalk River, permits film
boiling conditions to be maintained in a heat flux controlled sy tem at
heat flux levels well below the CHF, thus minimizing the possibility of

a heater failure.

The test section is shown schematically in Fig. 1. It consists of

a high thermal inertia copper " hot patch" (equipped with eight 250 W
cartridge heaters ) which is brazed to the inconel test section tube.

The test section formed part of a loop through which water was
circulating at atmospheric pressure. Initially the test section and hot

patch were heated separately, while the desired flow conditions were

established in a bypass leg having the same hydraulic characteristics as
the test section leg. When the test section and hot patch temperature

exceeded the minimum temperature required to maintain film boiling
(usually in the range of 350 - 550*C), the flow was diverted f rom the
bypass to the test section. As soon as the first test section thermo-

couple showed a decrease in temperature (indicating that water had arrived
at that location) the test section power was acreased rapidly to prevent
the heated section from being quenched. The presence of the hot patch
at the entrance created a vapor annulus around the circumference, which
could be maintained downstream in the heated tube at heat flux levels
as low as one-tenth of CHF.

1.2 Recent Results

During the past year the investigation has concentrated on

d I: U 1601 081
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(a) measurement of axial profile of void fraction by means of
y-attenuation technique, and

(b) obtaining lower equilibrium qualities inside the film boiling
section, thus lengthening the test section in the inverted

annular flow region by using a shorter hot patch (2 5 cm instead
of 6.35 cm used previously).

The arrangement of the y-densitometer is shown in Fig. 1. The

theoretical predictions of attenuation were found to agree with measure-
ment on cylindrical plexiglass inserts of different diameters to simulate

inverted annular flow. Some of the data are plotted in Fig. 2 as meas-
ured void fraction vs. axial location. It can be seen that the void

fraction at a fixed axial location increases with a decrease in inlet
subcooling and an increase in heat flux. When the data are replotted

in Fig. 3 against equilibrium quality these effects can no longer be

discerned. This suggests that the local phase and velocity distribution
is primarily a function of equilibrium quality.

The data of Fig. 3 were combined with a large numbei - ,cher void

fraction measurements (obtained over a wide range of flow, subcooling and
heat flux) in Fig. 4. It can be seen that a 40 - 50% void fraction was
encountered at zero equilibrium quality. At such high void fraction
the flow regime could be in a transition to dispersed flow.

Fig. 5 compares the measured void fraction to that calculated based

on constant slip and either saturated or film temperature for the vapor.
It is shown that a large slip ratio ( = 10) is required in order to match
the data. This is not surprising for an accelerating flow and a high
density ratio (p /p 1600). At the highest void fraction the liquid=

g

will be broken up in small droplets which are easier to accelerate;
this agrees with the measurements as here the slip ratio is reduced
considerably.

Our earlier results showed a strong effect of heated length on
the film boiling heat transfer coefficient (e.g. , Fig. 6) . Tests were
subsequently carried out with a shorter hot patch to outain film boiling
data at (i) a higher inlet subcooling, and (ii) a shorter film boiling

.
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length. (Film boiling was assumed to start at the upstream face of the
copper hot patch.) The shorter hot patch results confirm the exponential
increase in heat transfer coefficient with decreasing film boiling length.

13 Further Studies

The low pressure data are being analyzed using two approaches

(i) Empirical: To correlate the data in terms of equilibrium condi-

tions.

(ii) Post-CHF Model: A model is being developed for the inverted

annular flow regime which is similar in structure to the M.I.T. and

Harwell post-dryout models for the dispersed flow regime. Both the

void fraction and the surface temperature measurements will be used

to verify this model.

Subcooled film boilins data will also be obtained at higher .

pressures in Chalk River's FLx3E loop (maximum pressure: 12 MPa). These

data will fill the final existing gap in the post-CHF data bank.

2.0 TRANSITION BOILING

2.1 General

Forced convective transition boiling data were obtained at the

University of Ottawa for water at atmospheric pressure. The test section

used consists of a high thermal inertia cylindrical copper block having

a flow tube along its centerline (Fig. 7). The copper block is heated
by cartridge heaters located in a concentric ring at some distance from
the center of the flow tube. Transition boiling data were obtained

either from steady-state measurements or from transient measurements
by differentiating the temperature-time cooling curve. Details of the

experimental technique have been reported previously [3,4].

2. 2 Recent Results

During the past year much emphasis has been put on studying the
effect of heated surface materials on tha boiling curve. Three tech-

niques were used:

1601 083, . .o,
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(a) A centrally cooled cylindrical test section was constructed of a
single material. This technique is only suitable for materials
having a relatively high thermal conductivity (Fig. 7a).

(b) The central flow tube was brazed to the cylindrical copper block
using high temperature silver solder. This technique is not sult-

able for aluminum or Zircaloy flow tubes (Fig. 7b).

(c) Same as (b) except that thermal contact between the copper block and
the flow tube was provided by a liquid metal gland (Wood's metal)
instead of a brazing material. This technique is suitable for any
flov. tube material (Fig. 7c).

Fig. 7 shows a schematic of the three setups. A comparison of

experimental resusts for inconel, brass, aluminum, copper and Zircaloy
heated surfaces is shown in Figs. 8 to 10 for standard test conditions:

G = 136 kg m-2.s-2 and AT; 13 9*C. The results show a strong effect=

'

of thermal conductivity (or k* p Cp) .on the boiling curve;

(i) An increase in k decreased the transition boiling heat transfer
coefficient.

(i i) The effect of heated surface material on CHF is small.

(iii) An increase in k (or k p Cp) decreased the wall superheat at CHF
and at rewetting (this is in agreement with experiments carried
out elsewhere [5,6]).

Caution should be exercised in using the results quantitatively as the
wall thickness, 6, and the finish of the tube bore were not identical.
Also, axial conduction heat losses were different because of the large
differences in thermal conductivity.

A tentative empirical correlation has been proposed by Cheng [3]

to include the effects of inlet subcooling, ATsub, G and k p Cp
(units: kg, m, s, kJ, K):

- 1.189 - 0.226 x 10- 5 /k p Cp
7$ = 9 27 x 10 (AT l

sat

5770exp 0.02 AT + 0.00393 G + (3),,,'"
/k p Cp '
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This r.orrelation was derived based on 601 data points with an rms

error of 12.65%. It should be noted that this correlation is limited
to a narrow range of conditions and strictly speaking is only valid
for the test sections used in this study. A more general phenomeno-
logical correlation with correct asymptotic trends is being derived at
the present time.

2. 3 Further Studies

The atmospheric pressure data obtained during the past three years

are being reanalyzed to isolate the effects of: test section geometry,

heated surface properties (k, p, Cp; roughness, wall thickness), method
of analysis (1-D, 2-D conduction model), method of operation (steady

state vs. transient) etc. In addition, further tests will be carried

out to study the effect of heated length.

The derivation of a phenomenological correlation, having the correct

asymptotic trends, is in progress. Much emphasis is placed on correct

predict.on of the transition boiling boundaries: CHF and Leidenfrost

point.

The ccnstruction of a pressurized system is in progress and is

almost completed. Transiticn boiling tests will be carried out at

pressures up to 1 3 MPa and a much wider range of subcooling.
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PREDICTION OF CORE REWET BEHAVIOR

R. A. Nelson
EG&G Idaho, Inc.

The core rewet phenomena observed in recent LOFT Loss-of-Coolant
Experiments (LOCE) L2-2 and L2-3 were not adequately predicted by
either RELAP4/M006 ,b or TRAC-P1A. The experimentally obscrveda

rewet phenomena have been predicted, however, by modifying RELAP4/M006
cwith the TRAC-P1A critical heat flux (CHF) correlation and by

modifying TRAC-PlA to include the Iloeje minimum film boiling
correlation. A study is currently underway to determine what physical

phenomena must be accounted for to obtain a correct analytical
technique to accurately predict the core rewet phenomena observed in
experiments such as LOFT LOCEs L2-2 and L2-3. The first phase of that

study involves determining the reasons why RELAP4/M006 and TRAC-P1A

did or did not predict the experimentally observed rewets. This

discussion explains what has been learned to date, during this first
phase of the study.

a. RELAP4/M006, Idaho National Engineering Laboratory Configuration
Control Number C0010006.

b. RELAP4/M006, versions used for the experiment prediction for LOCE
L2-3, Idaho National Engineering Laboratory Configuration Control
Numbers H003384B and H0032848.

c. RELAP4/ MOD 6, as modified with the TRAC CHF correlation, Idaho
National Engineering Laboratory Configuration Control Number
H0072848.

1601 098
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Three calculational espects of the codes are postulated to have
caused the disparity between predicted and measured fuel rod cladding
temoerature response for !.0CEs L2-2 and L2-3:

1. The calculated initial fuel rod stored energy
2. The hydraulic calculation

3. The calculated heat transfer surface.

The RELAP4/M006 fuel rod stored energy and hydraulic calculations

have been examined and determined to be reasonable. Although TRAC-P1A
did not predict the system hydraulics as well as RELAP4/M006, its core
hydraulics were similar enough to those of RELAP4/M006 to not affect
the material presented here. The conclusion reached is that further

investigation on core rewet behavior should be concentrated on gaining
an understanding of methods of calculating the basic heat transfer
processes. To obtain this understanding, the initial process is to
determine how the CHF boiling curves are constructed in the two
codes.

Heat transfer surfaces are constructed in RELAP4/M006 and
TRAC-PIA in different ways. The RELAP4/M006 post-CHF portion of the

boiling curve is constructed by summing transition and film boiling
correlations. This approach aliows a minimum film boiling point to be
implied which can be calculated, although it is not generally
evaluated.

The post-CHF portion of the boiling curve is constructed in
TRAC-PlA by linear interpolation between the departure from nucleate

boiling point and the minimum film boiling point. A specific
correlation is used to define the minimum film boiling correlation.

When the Iloeje minimum film boiling correlation is used to
replace the correlation in TRAC-P1A, the code predicts the rewets
observed in LOFT LOCEs L2-2 and L?-3. The reason is that the modified

i60l 099
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version of TRAC-P1A now predicts transition instead of film boiling at
the fluid conditions of interest. Far similar reasons, RELAP4/ MOD 6,
when modified with the TRAC-PIA CHF correlation, predicts the rewets
observed in LOCEs L2-2 and L2-3.

In order to evaluate which technical approach is appropriate for
predicting the rewet observed in LOCE L2-3, the available
(approximately 4500) post-CHF data points, with respect to their aass
flux and quality were examined, and the RELAP4/M006 prediction of the
hot spot hydraulics for LOCE L2-3 was superimDosed. ThO conclusion

reached was that r.o (or minimal) dcta are available to determine which
technical approach is most correct. Also the conclusion was reatned
that additional separate effects tests are needed to broaden the data

base, especially in the area of low flow, low quality post-CHF heat
transfer.

.
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RELAP4/ MOD 6 Calculated
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Fluid Conditions in Post-CHF Data
Base and LOFT Calculations
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Conclusions

1. Neither RELAP4/ MOD 6 or TRAC-P1 A
properly predict high pressure rewet

2. Both codes can predict rewet when their
heat transfer surfaces are changed

g 3. An inadequate data base exists for post-
E CHF heat transfer in area of interest
_
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CLADDING REWETS OBSERVED IN THE
~

LOFT LARGE BREAK LOSS-0F-COOLANT ACCIDENT TESTS

E. L. Tolman
EG&G Idaho, Inc.

During FY 79, two large break loss-of-coolant-experiments (LOCEs)

were conducted in the Loss-of-Fluid-Test (LOFT) reactor. The tests
designated L2-2 and L2-3 differed only in core linear heat generation
of 26 and 39 kW/M respectively. The test resulti are sumarized in
References 1-4. Of particular interest during both tests was the
dominant cladding rewet and temperature quench which occurred between.
5 and 10 seconds during the blowdown phase of the experiment. This

paper summarizes the current understanding of the observed rewet
beFavior in LOFT tests, particularly in regard to the strong
correlation between cladding rewets and core thermal hydraulic
conditions, the consistency of the cladding thermocouple data, and the
ability of the cladding thermocouples to accurately measure cladding
temperatures.

The LOFT core consists of 1300 fuel rods of nominal PWR design
except for length (1.67 m) and internal prepressurization (0.10 MPa).
The rods are assembled in nine fuel rod assemblies with the center
assembly producing the maximum power. The cladding surface
temperature is measured at 186 locations on 76 fuel rods located

throughout the core and provide the only measurement of fuel rod
response during the experiments. The measured peak cladding

temperatures were 780 and 910 K for L2-2 and L2-3 respectively.

The cladding temperatures for both experiments show the same

general trendt and correlate directly to the core thermal-hydraulic
behavior wnich was similar for both tests. Initial departure from

ELT-1
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nucleate boiling and resulting rapid cladding temperature increase
occurred between 0.9 and 2.20 s (all times are with respect to the
initiation of the break) as a result of core flow stagnation which
continued until upward core flow was reestablished at about 2.5 s.
The upward flow continued for several seconds and resulted in
significant cooling of the fuel rous; for example, between 3 and
5.5 seconds the maximum cladding temperature increase was less than
125 K. The timing of the very rapid cladding temperature quench which
progressed from the bottom to top of the core between 5.5 and 7.5 s,
is coincident with a redistribution of lower quality coolant flow
( 150 cm/sec) in t'.e reactor vessel as indicated by the measured mass
flow in the downcomer, increased sensitivity of the core neutron
detectors, core liquid level detectors, core upper plenum coolant
thermocouples, and the increased coolant density in the broken hot
leg. The cladding remained quenched for 2 - 8 s (depending on
thermocouple location) after which the higher power locations
experienced dryout as a result of decreasing core flows. Finally the
reactor was rapidly flooded by emergency core cooling (ECC) water
between 40 - 50 s.

The emergency core cooling (ECC) reflood rates were very rapid
for L2-? (10 cm/s) and L2-3 (12 cm/s) indicating insignificant nuclear
stored energy in the core at the time of reflood. In fact, for the

lower oower L2-2 test, the core reflooding rate was identical to a
similar test (L1-5, Reference 5) with zero nuclear power. By

comoarison, pretest RELAP4/M006 predictions in which cladding
temperatures were not quenched (high nuclear stored energy at reflood

initiation) indicates reflood rates less than ? cm/s. These

observations imply that the cladding temperature quench occurred
corewide (as opposed to only the 76 rods instrumented with

thermocouples) and resulted in significant stored energy removal from
the fuel rods. FRAP-T4 energy balance calculations using the measured
peak cladding temperature indicate 30 to 40% of the initial nuclear
stored energy is removed during the several second quench period for
both tests.

1601 116
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Evaluation of the center module thermocouple data prior to and
during the temperature quench shows remarkable consistency. The

thermocouples at identical axial elevations in the three instrumented

rod clusters measure the same peak cladding temperatare to within 10
to 40 K and comparison of the cladding temperature turnaround time at
each axial elevation as a result of the quench is consistent to within
0.1 to 0.2 seconds. The time required to quench the cladding
temperatures to the coolant saturation point ranges from 0.5 to
3.0 seconds being maximized at axial elevations corresponding to the
rod peak power zone (0.61 to 0.76 m).

The measured cladding temperatures indicate the importance of the
local thermal-hydraulic conditions along the axial length of the rod
both before and during the temperature quench. Comparison of the

quench rate between the single rods (next to control rod guide tubes)
and clustered rods, show the single rods to quench faster. Also,
faster cooling rates are observed in the regions of the fuel rod
spacer grids. Changing thermal-hydraulic differences axially along
the fuel rod explain the more rapid quench observed near the bottom of
the rod compared to equal power producing regions at higher
elevations.

The potential perturbation effects and accuracy of the cladding
surface thermocouples have been questioned and several test programs
are providing data to better establish conditions under which the
thermocouples could result in atypical cooling of the fuel rod.

The ability of the thermocouples to accurately measure cladding
temperatures has been evaluated at INEL by comparing the response of
LOFT surface thermocouples to very small surface embedded

thermocouples on zircaloy clad heater rods under simulated LOFT

blowdown and reflood conditions (References 6 and 7). The results
showed temperature agreement to within 30 K and reflood quench times
to within 1.0 second. These tests did not compare rod response with

1601 1171 .
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and without surface thermocouples and therefore do not provide a basis
for estimating the selective interference of the thermocouple sheath
attachment (axially along the fuel rod) with the test hydraulics.
Tests are currently being conducted in the It!EL Blowdown Facility and
the German COSIMA facility using electric heater rods (with and
without LOFT thermocouples) and in the Power Burst Facility (PBF) test
reactor utilizing nuclear rods (with and without LOFT thermocouples)
to study the effects of. surface thermocouples during simulated
blowdown and reflood temperature quenches. Low pressure reflood tests
will be conducted this fiscal year in the Swiss NEPTUN and German

REBEKA facilities to evaluate thermocouple response in larger rod
clusters.

The most significant insight relating to the atypical cooling
effects of surface thermocouples during a LOCA sequence has been

obtained from the LOFT Lead Rod Tests conducted in the PBF reactor
during FY 79 (References 8 and 9). The purpose of these tests was to

quantify the mechanical behavior of the LOFT fuel rods during LOCE
tests simulating the first LOFT nuclear series in which cladding
deformation could be expected. The comparison of cladding elongation
measurements with cladding temperature measurements on rods with and
without surface thermocouples during quench events allow an evaluation

of the potential cooling effects of LOFT type cladding surface
thermocouples. The results indicate, (1) very rapid (1.0 - 2.0 s)
cladding temperature quench can occur for nuclear rods during fast,
high pressure, cooling transients, (2) during low pressure reflood,
for rapid reflooding rates ( 10 cm/s), differences in reflood quench
as indicated by surface thermocouples and cladding elongation
measurements can be 3-4 s, (3) during low pressure reflood, for slower
reflooding rates (< l.0 cm/s), the difference between quench
measurements was less than 1.0 s, and (4) the cladding elongation
measurements showed the same relative response for rods with and

without surface thermocouples. Also post-test visual observation of
the rods with and without thermocouples indicate no significant

1601 118
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difference in the oxidation characteristics which indicates the
surface thermocouples do not appreciably affect the overall thermal
behavior of the rod prior to quench.

The LOFT data from Tests L2-2 and L2-3 indicate cladding

temperature quench can occur on a nuclear fuel rod during the blowdown
phase of a loss-of-coolant-experiment. The tests provide a basis for

a better understanding of the thermal-hydraulic behavior which
influences fuel rod cladding temperatures.

1601 119
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Core Reflood Characteristics
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Comparison of Temperature
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Zircaloy Heater Rod Response
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LOFT Lead Rod Individual Test
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Preliminary Summary of QuenchCharacteristics
from PBF-LOFT LeadRod Tests

Peak Clad Rod Cooling

Test Temperatura (K) Characteristics Conclusions

LLR-4 1040-1160 Valve cycling * Rapid response by LVDT & TC's

T/C quenched N 1.0 s earlier#

than LVDT

LVDT response same for rods
i* with and without TC

-

ch

2 LLR-4A 1060-1260 Reflood T/C quc'ich ~ 1.5-2.0 s earlier

(~ 7 cmts) than LVDT

LVDT response same for rods$ with and without TC
INEL-s-22 393

* Test similar to blowdown quench conditions during LOFT L2-2 and L2-3 tests.
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General Test Response for LLR-4
(Rod 312-1, Valve Cycling During Blowdown)
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Thermocouple Performance
-

.

1. LOFT thermocouple data correlates well
with measured thermal-hydraulic behavior

2. Rapid LOFT core reflooding suggests total

5 core temperature quench during L2-2 and
L2-3 as indicated by the thermocouple

& measurements.
__
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Thermocouple Performance
(cont'd)

3. Blowdown facility tests show LOFT
thermocouples accurately measure
cladding surface temperature (<30 K)
during blowdown and reflood. Measured

.

reflood quench times are within 1.0 s of
5 cladding quench as measured by
~

embedded thermocouples
{ INEL-S-22 388
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.. Thermocouple Performance
(cont'd)

4. PBF tests show cladding surface
thermocouple quench ~1.3 s earlier than
indicated by total cladding elongation
measurements

g 5. PBF tests indicate rod quench times from
E cladding elongation measurements are the
g same for rods with and without surface

thermocouples
, ,,, ,,,
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Conclusions
1. Cladding rewet can occur for several

seconds during the blowdown phase of a
LOCA.

2. Cladding rewets are correlated to thermal-
hydraulic behavior (Iow quality, steam flow
through core)

3. 30-40% of the steady-state nuclear stored_

@ energy can be transferred from the rod
; during the several seconds rewetting

Period.
"
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REWET IN THE SEMISCALE M00-1 AND MOD-3 CORES

D. M. Snider
EG&G Idaho, Inc.

The rewetting behavior of the electrically heated rods in the
Semiscale Mod-1 and Mod-3 systems during loss-of-coolant accident
(LOCA) simulation experiments is described. The Mod-1 and Mod-3
systems use many of the same components and are close in size.
However, there are some significant hardware differences between the
two systems which lead to considerably different rewet behavior. The

1Mod-1 system was ccaled to the Loss-of-Fluid Test (LOFT) system,
had a 1.68-m-long heated core and used orifices to simulate the pump

2and steam generator in the broken loop. The Mod-3 system is scaled
to a pressurized water reactor with an upper head injection system,
contains a 3.66-m-long heated core, and is equipped with an active
steam generator and pump in the broken loop. These configuration
differences produce significantly different rewet behavior between the
two systems. In particular, the Mod-1 system core experienced rewet
shortly after attaining critical heat flux'(CHF) while no rewets occur
in the Mod-3 system core. -

From examining measured hydraulic data and from analysis of the
3core behavior , it has been determined that in the Mod-1 system,

rewet is a result of an influx of coolant into the top of the heated
core. The source of this coolant is the 1.83-m core section
encompassing unheated rods above the heated core and the upper
plenum. In the Mod-3 system no large influx of coolant into the core
was noted. The Mod-3 system core fluid quality remained high (above
0.4) and rewetting did not occur.

The differences in rewet behavior between Semiscale Mod-1 and
Mod-3 systems brings to light two considerations. First, if only data

4from the Semiscale Mod-1 system and LOFT system were examined,

where rewets significantly reduced core temperatures, it might be
concluded that rewet is an important phenomena in power reactors.
However, with significant rewet differences between the two Semiscale
systems, which have much in comon but which also have differences in

2
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some of the major components, it is apparent that the extrapolation of
data from small scale experiments directly to large reactors must be
tempered with judgement and analysis. A second consideration, which

may be obvious, is that a change in an important hardware section, for
example core length, may lead to the gain or loss of beneficial
phenomena. However, the phenomena that may change and the manner of

change may not be obvious prior to testing.

An attempt was made to quantify the criterion for rewet in the
Mod-1 system core. Two important parameters controlling rewet are the
cladding wall temperature and the amount of liquid available to wet
the rod surface. By multiplying the wall-to-saturation temperature

difference (ATsat) by the void fraction (a) and normalizing with
respect to the saturation temperature, a nondimensional parameter

(ATsat ")/ sat can be defined. This parameter intuitively has the
potential for describing the onset of rewet. As ATsat
or aincreases, rewet is not likely to happen; as AT or asat
decreasas, rewet is more likely to occur. By examining this parameter
for three Semiscale blowdown experiments, it was found that of the 46
rewets that occurred following CHF, 80% of them occurred at values of

(AT / sat)a less than 0.35, with an average value being 0.31.sat
The value of 0.31 for the nondimensional parameter is consistent with

5the value of 0.25 used to define top down quench based on reflood
experiments performed in the FLECHT and Semiscale systems.

This simple empirical relation is considered to be only an
approximate approach to describing the complex rewet phenomena

occurring during blowdown. However, the initial study using this
nondimensional parameter has shown the parameter to have some utility

in describing the onset of rewet in Semiscale and is worthy for
consideration in other experiments.
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Semiscale Mod-1 System

Scaled to LOFT / TROJAN*

1.68 m heated core*

inactive broken loop componentse

Annular downcomer*

40 electrical rod core*
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Semiscale Mod-3 System

:

* Scaled to UHI plant
* Full length 3.66 m heated core
* Active broken loop pump and steam

generator
* Pipe external downcomer
* 25 electrical rod coreg
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Calculated Quality and Rod
Surface Temperature - Mod-1
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Rewet Number for Mod-1 Core .
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COBRA-IV Calculated Quality at
Peak Power Zone
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Summary

Rewet happened in Semiscale Mod-1 core*

Rewet in Mod-1 happened below 800 K*

Rewet in Mod-1 caused from influx of*

coolant from top of core

Mod-3 core did not experience the strong*

influx of coolant and did not rewet_.
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STATUS REPORT OF 2D/30 PROGRAM

L. S. Tong, 11-5-79

This report will be a short update on the status of the 20/3D Program

since the Water Reactor Safety Meeting last year. The 20/3D Program is an

international program of reflood research involving the supply of advanced

two-phase instruments and analytical calculational support for tests to be

run in research facilities to be built in Japan and Gemany. Dr. Nozawa

of JAERI, the guest speaker today, will describe and discuss the results of

Japanese 2000 rod cylindrical core test facility. Unfortunately,

Professor Mayinger of Germany could not make this meeting to discuss the

German 2D upper plenum test facility. However, I will provide a short

presentation in my talk of progress on the design of that facility for your

infonnation.

Significant progress has been made this year on all phases of the

2D/3D Program. The Japanese cylindrical core test facility was completed

in February and shakedown tests were finished by May of this year. A few

of the initial base core reflood system effects tests have been run and

testing is continuing. The preliminary design of the Geman upper plenum

test facility (UPTF) and the Japanese Slab Core Test Facility (SCTF) were

recently completed. The USNRC, through its DOE laboratory contractors, has

delivered four large 4" instrumented spool pieces to Germany for t9 sting in

the German PKL facility and six large 6" instrumented spool pieces to Japan

for use in the Japanese cylindrical core test facility. In addition, other

advance instrumentation, including conductivity liquid level probes, downcomer

drag disks and advance flag probes for local velocity measurement, have been

1601 159
O

.



M.

-2-

delivered to the CCTF and PKL. The TRAC Code has been used extensively

for calculating the design features of both the SCTF and UPTF and is

currently being run to provide pretest predictions and post-test analysis

for the CCTF experiments.

I would like to digress now and briefly describe the slab core test

facility and upper plenum test facility. The first slide on the screen is

a cross-section of the design of the 2000 heater rod slab core test facility.

The facility will have 8 full scale heater rod simulated PWR fuel bundles

arranged in a line inside a flat walled vessel. This represents a simulated

radial cut through a PWR core. A rectangular downcomer is provided on one

side of the vessel. Both lower and upper plenum of a PWR are simulated,

including typical control rod guide tubes and support columns in the upper

plenum. A single cold leg and single hot leg nozzle are shown. Significant

mecnanical and thermal design problems have had to be solved by JAERI and

its contractor IHI for this uniquely designed vessel. The vessel and

internals will be built in CY-1980 and testing is to be initiated in CY-1981.

Initial tests with Core I will be used to study flow blockage, followed by

reflood tests with Core II.

The next slide is a cross-section of the Gennan Upper Plenum Test

Facility vessel. This vessel represents a full-scale reactor vessel in both

diameter and height. The core is to be simulated by nozzles which will

inject a programed mixture of steam and water equivalent to that from a

fuel rod core. Seventeen radial zones of spray nozzles will be provided

to permit matching the core radial power distribution. Above the core

spray nozzles, there is a length of simulated dumy fuel rods to provide
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for proper flow distribution to the tie plates in the simulated fuel

element end boxes. The true upper plenum of a PWR, including core support

plate, control rod guide tube columns, structural supports and upper

support jlate,are replicated in the vessel. Four hot and four cold legs

are provided, as well as a full-scale downcomer.

Fabrication of components and facility construction are scheduled to

start in CY-1980, with construction to be completed in CY-1982. Both upper

plenum entrainment and de-entrainment tests are to be run using both ECC

cold leg injection according to US design philosophy and combined hot and

cold leg ECC injection as employed in Geman PWR design philosophy.

Provisions are included in the vessel design for testing a simulation of

the significant CE upper plenum internals feature and also the B&W vent

valves. The test program includes as well an extensive series of tests

of ECC bypass behavior.

Finally, I would like to take a minute to discuss some of the more

recent discussions concerning small break tests that have taken place

between the Japanese, Gennan and US 3D participants. As a result of the

TMI-2 accident, a review was made by the 3D Program of how the facilities

involved might contribute to understanding small break behavior. As a

result of discussions in June between Professor Mayinger of Gennany,

Dr. Nozawa of Japan and myself, it was agreed that a program of small

break integral tests would be proposed to our respective governments. The

BMFT of Germany has agreed to continue the PKL Core I testing series

through this fall and coming winter to perform 25 sn all break tests. The

PKL has 340 heater rods and can operate at up to 35 bar pressure. It has
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a full height core and steam generators. The USNRC is having its DOE

laboratory contractors modify two of the 4" spool pieces for use in

measuring the low flow for small breaks and is providing several turbines

and a pulse neutron activation device for additional PKL flow measurements.

Small break tests will also be run later in the larger Japanese CCTF test

facility.

In conclusion, I am looking forward next year to an increased data

flow from the 3D program and expect to be able to report further on the

status of construction of the 30 facilities.
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Japanese Safety Research Programs - ROSA, CCTF, and SCTF

M. Nozawa

Japan Atomic Energy Research Institute

The JAERI's investigation of thermo-hydraulic behavior of primary coolant
during a large break LOCA is comprised of two kinds of programs, i.e. an
integral test and partial effect tests. The ROSA program is an integral test
series and now it is its third phase. The ROSA-III program is simulated ECCS
tests which cover blowdown, refill and reflood phases of a BWR LOCA. It has

four simulated 8 x 8 fuel assemblies of half length in the core, provided with
a broken and an intact loop with two externally installed jet pumps and appro-
priate ECCS functions. The 2D-3D program is a partial effect test which
covers a part of refill phase and reflood phase of a PWR LOCA. This program
is now carried out as a three-party, F.R.G. , U.S. A. and Japan, coordinated study
program. Federal Republic of Germany is responsible to make experiments using
a full scale 3-D upper plenum test facility (UPTF). United States of America

is responsible to make development of 3-D analysis code and advanced two-phase
flow instrumentations and experimental analysis. JAERI is responsible to make
experiments using two scaled-down facilities having 2000 simulated fuel rods of
full length in cores. One facility is a cylindrical core test facility (CCTF)
which has one broken loop and three intact loops provided with steam generator
and pump simulator in each loop. Another facility is a slab core test facility
(SCTF). It is in designing stage and has only one loop provided with no steam
generator but various capability of ECC injections.

Major results of ROSA-III are as follows. The BWR LOCA standard test series
started in May, 1978, and seven experiments Runs 701 % 706, 721 were done before

April, 1979. Run 701 is a scoping LOCA experiment at low power. Runs 702 and
703 are split break, experiments. Runs 704, 705 and 706 simulate 200% double-

ended breaks at the recirculation pump inlet side with the initial system
pressure of 7.2 MPa. Run 704 is a standard BWR LOCA experiment with ECC injec-
tion. Run 705 is an isothermal blowdown experiment without heat generation in
the core. Run 706 is an experiment with power in the core but without ECC
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injection. Run 721 is a scoping experiment with the radial power distribution

in the core. It is confirmed from the experimental results that the ROSA-III
facility can simulate qualitatively the major aspects of a BWR LOCA, such as
pressure increase by the closure of main steam line, pressure decrease by the
uncovery of the downcomer outlet to the recirculation loop, core cooling effect
by the lower plenum flashing, and the final que nching of the whole core by
reflooding after the start of the low-pressure coolant injection system.
Therefore, the facility is useful as the rig for producing the integral tot
data of BWR LOCAs to assess the computer codes. The calculated system pressure

by the RELAP4J computer code agreed well with the experimental results, however,
the fuel surface temperature was not in good agreement with the experimental

results. Improvement of the calculation model in the two-phase counter current
flow and the heat transfer correlations is necessary for the accurate calculation
of the fuel surface temperature during a BWR LOCA.

Major results of CCTF are as follows. Four main tests have been completed

and test conditions are as follows;

(1) liigh loop flow resistance test, K factor = % 35,

(2) Base case, K factor = N 25, wall temp. of downcomer Twd = 198 C,
2system pressure P = 2 kg/cm a,

(3) Cold downcomer test, Twd = 118'C, and
2

(4) Refill simulation test, P = 6-2 Kg/cm a.

Main results are as follows;

(1) Except the case of the refill simulation test, the attained maximum clad
temperatures were nearly the same but the heat transfers after turn-round
time were slightly different. The lower heat transfer was obtained in the
case of the high loop flow resistance test than base case and is thought
to be caused by low flooding rate. In the case of the cold downcomer test,

the higher heat transfer was obtained and is due to higher subcooling at
the core inlet. In the case of the refill simulation test, the maximum clad

temperature was higher and the heat transfer was lower than the others.
That is due to lower subcooling at the core inlet.

(2) In spite of lower head of water in downcomer, the effective driving head of
the base case with hot downcomer was higher than that of the cold downcomer

test in the earlier. half of reflood phase. That was caused by the pressure
drop at the broken cold leg nozzle by the presence of the two-phase flow.

(3) Symmetry of flow was found in intact loops and the core and the downcomer
were observed to have symmetry of thermal behavior to the. center axis.
Pd
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TABLE I Primary Characteristics of BWR-6 and ROSA-III

BWR-6 ROSA-III BWR/ ROSA

No. of Recirc. Loops 2 2 1

No. of Jet Pumps 24 4 6

No. of Separators 251 1 251

No. of Fuel Assemblies 848 4 212

Active Fuel Length (m) 3.76 1.88 2

3
Total Coolant Volume (m ) 623 1.37 455

Powe'r(MW) 3800 4.24 896

Pressure (MPa) 7.23 7.23 1

4Core Flow (kg/tec) 1.39x10 36.4 382

Recirculation Flow (1/sec) 2970 7.01 424

Feedwater Flow (kg/sec) 2060 4.86 424

FeedwaterTemp(*K) 489 489 1

.

e
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Table 2 Experimental Conditions

Power
Core

RUN BreakNo. P P(t) Dis tribution0
(MW)

701 No.1 200% double ended 3.7 n+d No Yes

702 No.1 200% split break 3.7 n+d+s*) No No

703 No.1 100% split break 3.7 n+d+s No Yes

704 No,2 200% double ended 3.3 n+d+s No Yes

705 No.2 200% double ended 0.0 --- --- No

706 No.2 200% double ended 3.3 n+d+s No No

721 No.2 200% double ended 4.2 n+d+s Yes Yes

*) n = delayed neutron fission power

d = decay power of fps and actinides

a = stored heat in' the nuclear fuel rods
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Table 3 Test Condiiton (CCTF)

, RUf! (M: Main test) M.1 M.2 M.3 M.4

- DATE (1979) June 21 July 4 July 13 July 27

c. System Pressure (kg/cm2a) 2.0 2.0 2.0 6.0 + 2.0
. Averaged Linear Power (kw/m) 1.40 1.40 1.40 1.40

Radial Power Ratio 1.15 : 1.10 : 0.89+ +

ACC Injeciton Rate (m3/h) 83.8x3 83.8x3 83.8x3 83.8x3

ACC Injection Period (sec)
Total Time 26 26 26 26

From Lower Plenum 15 15 15 0

From Cold Leg 11 11 11 26

Total Time after flood 14 14 14 -

ACC Water Temp. ( C) 35 35 35 35

LPCI Injeciton Rate (m3/h) 10x3 10x3 10x3 10x3

LPCI Water Temp. ( C) 35 35 35 35

Initial Peak Clad Temp. ( C) 600 600 600 600

Downcomer Wall Temp. ( C) 198 198 119 198
~

K factor of loop (NOMINAL) | n35 s 25 s 25 s 25

N Note HIGH FLOW BASE COLD REFILLo RESISTANCE DOWNCOMER
.

SG secondary Structure temp. = s Tsat= 265 Cside water temp. 2kg/cm2a : 119 C
4.9 : .44 C6 : 158 C
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ROSA-III RUN 704,
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Symbols

h' Rod Surface Temp. (42)Non-Heated Rod,O : High Pbwer Heater Rod (42)
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INTRODUCTION

The Westinghouse /NRC/EPRI Full Length Emergency Core Heat Transfer

Separate Effects And System Effects Tests (FLECHT-SEASET) is designed to
examine the reflood portion of a calculated hypothetical Loss of Coolant
Accident for a PWR. A list of some of the key individuals from dif-
ferent organizations who are participating in the FLECHT-SEASET program
is shown in Figure 1.

The objectives of the program are given in Figure 2 and are to:

1. enhance the understanding of the physics of reflood phenomena in
PWRS,

2. aid in the improvement or further the development of thermal
hydraulic models and computer codes for reflood

3. aid in the validation of best estimate thermal hydraulic models
and/or computer codes for reflood and aid in improving the under-
standing of safety margins associated with current licensing
criteria.

4. broaden the data base for PWR LOCA-ECCS safety evaluations to permit
a coordinated reappraisal of existing licensing criteria.

To accomplish these objectives, the program is divided into several
different tasks. The interrelationship between these different tasks i,s
shown in Figures 3 and 4. In Figure 3, the 17 x 17 unblocked FLECHT

tests will examine rod bundle configuration effects through comparison
of the 17 x 17 rod geometry (0.374-inch rod 00, 0.496-inch rod pitch)
with the previously tested 15 x 15 geometry (0.422-inch OD, 0.563-inch
pitch). These tests will also provide a basis for reflood code develop-
ment and or assessment since detailed fluid properties such as vapor
temperature, void fraction, real quality, and equilibrium quality will
be measured or calculated from the data. The unblocked bundle will also
serve as a basis to evaluate flow blockage effects.
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The 21-rod bundle will serve as a small scale test which will be used to
assess the heat transfer effects of different blockagc shapes and dis-
tributions and to aid in the development of a flow blockage model. Both

coplanar and non-coplanar lockage distributions will be examined.
Short concentric sleeve blockages simulating beta bursts and longer
non-concentric sleeve shapes simulating alpha phase burst will be

examined to determine heat transfer effects at and downstream of the
blockage zone. A tu6al of ten configurations of concentric, non-con-
centric sleeves, bypass, no bypass flow, coplanar, and non-coplanar
blockage will be tested in the 21-rod bundle. This data will then serve
as a basis to develop a flow blockage analysis method.

The 161 rod blocked bundle FLECHT tests will utilize the blockage shape

which gave the poorest heat transfer in the 21-rod bundle and will test
that shape in a larger bundle (1.61 rods) with flow bypass. The objec-

tive in these tests is to provide ample flow area for the two-phase
mixture to bypass the blockage zone which could result in lower heat
transfer. The blockage distribution will be non-coplanar since the
multi-rod burst test data indicates non-coplanar distributions. The

161-rod blocked bundle data will also be used to assees i.ne clockage

analysis method developed from the 21-rod bunde test program.

The combination of the three tasks and associated analysis given in

Figure 3 will be used to reassess the flow blockage-steam cooling
portion of the Appendix K safety analysis rule for low flooding rates.
The objective will be to identify the amount of conservatism in the
existing rule and to provide a basis for a rule change. The iLECHT-

SEASET flow blockage program is also being planned in such a marcier that
its results can help with the interpretation of the three country 2D/3D
slab core blockage tests which will be performed in Japan.

The systems effects portion of the FLECHT-SEASET program is also sub-
divided into'several tasks as shown in Figure 4. The steam generator

tests will be used to examine steam generator heat release character-
istics during reflood to see if all the entrained two-phase flow is
evaporated in the steam generator. This data can also be used
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for development and or assessment of reflood steam generator models. A
steam generator model for the FLECHT-SEASET steam generator will be
developed from this task.

The upper plenum task is similar in nature to the steam generator task
in which the FLECHT-SEASET upper plenum will be studied separately to
characterize the plenum separation, de-entrainment, re-entrainment and
f allback characteristics. These experiments will permit thermal-
hydraulic characterization of the FLECHT-SEASET upper plenum. This task

is currently being reassessed by the PMG.

After completion of the steam generator and upper plenum tests, the.
entire system will be coupled together to perform integrated system
reflood tests. By performing the separate steam generator and upper
plenum tests before the systems tests, interpretation of the systems
effects data should be easier and more precise such that an improved
data base for reflood systems code assessment will be possible. The
systems tests will also examine the loop feedback effects, the steam
ger erator feedback on the flooding rate, and the downcomer behavior; all
of which influence the core flooding rate and heat transfer.

The end result of all the systems effects tasks will be to provide a
data base and models for the FLECHT-SEASET system which can then be used

to develop and verify reflood system codes.

PROGRAM STATUS

The status of each of the tasks and representative data from the
unblocked bundle and steam generator tasks will be discussed.

The status of the unblocked bundle task is shown in Figure 5 and the
loop flow schematic for the test f acility is given in Figure 6. Reflood

testing program was shortened due to heater rod and thermocouple
problems. However the most important reflood tests were conducted. In

addition to forced and gravity reflood tests, a series of TMI-related
low temperature steam cooling tests were conducted as well as three low
pressure bundle boil-off tests.
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The original reflood test matrix was shortened due to heater rod and
heater rod thermocouple problems. A much greater heater rod thermo-
couple failure rate was observed in the rod bundle test as compared to
the single rod prototype tests which were conducted before bundle
construction. In addition some rods showed unacceptable low isolation
resistance. Heater rods were replaced in the FLECHT-SEASET unblocked

bundle to extend its useful testing life without bundle disassembly.

A heater rod development-improvement program has been formulated with
ORNL and the Rama Corporation to develop an improved heater rod with a

longer thermocouple life which is suitable for high temperature opera-
tion (#2000 F). ORNL had determined that the main problem is the
cold work nut into the thermocouples during the swagging operation. A

low temperature annealing procedure developed by ORNL will be tested on
annealled rods to see if improved thermocouple performance occurs. Also
a lighter swagged rod is being developed by Rama Corporation in con-

junction with Westinghouse and ORNL to investigate improved thermocouple
lifetime.

Examples of tne forced flooding reflood data are shown in Figures 7
and 8. A very preliminary review of the data indicates that the smaller
rod diameter and pitch rod array shows the same overall characteristics
as previous FLECHT red bundle reflood data. That is, increasing flood-
ing rate, pressure, and inlet subcooling improve heat transfer while
increasing rod power and initial temperature decrease heat transfer.

A comparison of overlap tests between the smaller rod diameter and pitch
fuel bundle (0.496-inch rod pitch with a 0.374-inch rod diameter) and
the older FLECHT data (0.563 rod pitch and 0.422-inch rod diameter) is
shown in Figures 9 and 10. In these figures a power / flow scalirg was
used such that the same power would be generated in a fuel assembly for
each type of rod. These figures indicate that with this scaling basis
there does not appear to be any significant rod geometry effects.
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Significant progress has been made on an improved predictive dispersed
flow heat transfer model. The FLECHT-SEASET program has also developed

a model for dispersed flow heat transfer in rod bundles during reflood.
The key features of the model are shown in Figure 11 and include using
the rod bundle geometry, simulation of the guide tube thimbles,
inclusion of a droplet flow, thermodynamic non-equilibrium; and solution
of the vapor energy equation which includes radiation to vapor, drops
and surfaces. The model requires input conditions at the quench front
as a function of time, droplet size information at the quench front, and
the initial rod and vapor temperature distribution in the bundle.
Typical comparisons of quality and vapor temperature with older FLECHT
data are shown in Figures 12 and 13. The transient rod temperature
histories for a skewed axial profile and cosine axial profile FLECHT
test are shown in Figures 14 and 15. The over predictions for the upper
elevations maybe due to a top down quench which is observed in the tests
but not accounted for in the model. This model will be evaluated with
the recently obtained FLECHT-SEASET unblocked bundle data.

A series of steam cooling and core uncovery tests were performed in the
unblocked bundle in light of the TMI incident. The purpose of these
tests was to ootain data on low Reynolds number steam cooling convective
heat transfer in a rod bundle geometry. This data spans the Reynolds
number range of approximately 300 to 20,000 with the lowest Reynolds
number data being obtained from the bundle uncovery tests. The reduced

heat transfer data will be correlated in a forced convection heat
transfer correlation for use in rod bundle analyses.

The status of the 21 rod bundle program and the 161 rod bundle program
is shown in Figure 16. The task plan for the 21 rod bundle program has
been completed and construction of that facility is underway with test-
ing to be initiated in the first quarter of 1980. Experiments have also

been conducted on a single rod facility to test the blockage sleeve
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attachment method, a self-aspirating steam probe design, and a method of
attaching blockage sleeve thermocouples. The sleeve attachment and
self-aspirating steam probes work reasonably well, but attaching thermo-
couples to the blockage sleeves promotes early sleeve quench. We are
presently investigating sleeve thermocouples with the Karlsrule FEBA
group. The 161-rod blocked bundle task is currently in the design stage
and the task plan for this test will be issued shortly.

The status of the steam generator separate effects te:,ts which is part
of the system effects tests is shown in Figure 17. The current activity
is developing a steam generator heat transfer model and preparing the
data and analysis reports. The picture one obtains from examining the
data with two-phase primary side inlet conditions is:

1. the primary tubes and secondary side are initially at or above the
Lidenfrost temperature and film boiling to a dispersed two-phase
inlet mixture occurs.

2. non-equilibrium is present in the two-phase region

3. a climbing film quench occurs on the tube as it is cooled below the
Lidenfrost temperature

4. as the tube quenches, it removes the stored energy from the
secondary fluid

5. reverse heat transfer (primary to secondary) can occur at the steam
generator exit due to secondary side stratification.

Examples of the steam generator data for a reference test with 80% inlet
quality are shown in Figures 18 and 19. A summary of the data analyzed
to date is given in Figure 20. Liquid is observed to flow through the
U-tube steam, generator, however the exit drop size is usually quite
small.and appears almost as a mist flow.
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A predictive model for the steam generator heat transfer is being
developed using the approach by El-Shanawany et. al. reported in the
Int. Journal Heat Mass Transfer, Vol 21, 1978. The key model assump-
tions are given in Figure 21, and a prediction of the axial tube quench
(rewetting) behavior is shown in Figure 22 where a dryout CHF
correlation has been used for a rewet criteria. This model and
resulting analysis will be reported in the analysis and evaluation
report on this task.

The status of the systems effects reflood tests is given in Figure 23.
The draft task plan for this test program has been issued and a design
review of the proposed test facility has occurred. Currently task
redirection is being conducted by the three sponsoring parties to obtain
TMI and long term cooling related data. The types of tests, in addition
to the system reflood tests are single phase natural circulation, two-
phase natural circulation, and reflux condensation tests in which the
uphill side of the steam generators are the heat sink for the rod
bundle. A proposal for such tests is currently under evaluation by all
three parties.

In conclusion it is felt that the FLECHT-SEASET program will:

1. extend the existing PWR reflood data to new rod geometries

2. provide data and analysis to address the Appendix K rule

3. provide separate effects and reflood systems effects data and
analysis for best estimate reflood code assessment

4. be responsive to current long term cooling and post TMI needs.
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FIGURE 1

KEY PERSONNEL ON FLECHT-SEASET PROGRAM

.

W estinghouse EPRI EG&G NRC
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FIGUE 5

UNBLOO E BUfD.E TASK STATUS

e TESTIfE IS C0FRETE

e HEATER R0D PROBLEMS OCCURRED, A NEW WATER R0D TYPE IS BEING DEVElf) PED

e KEY RER00DIfE TEST WERE OBTAINED

= AN IFPROVED DISPERSED FLOW RER00D FDDEL HAS EEN DEVELOPED

e A SERIES OF STEAM COOLING TESTS ERE PERFORE

e A SERIES OF CORE BOIL OFF TESTS WERE PERf0RE
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FIGURE 8

UNBLOCKED ~ BUNDLE HEAT TRANSFER

60.0 --
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Avg. Quench Times For 31203

--- Avg. Quench Times For LFR Cosine Run #03113

.
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FIGURE 10
UNBLOCKED BUNDLE (17x17)

LFR COSINE (15x15)
HEAT TRANSFER COMPARIS0N

RUN 31203
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FIGURE 11

KEf FEAlllRES OF DISPERSED Flal REFLOOD HEAT TRANSFER FDDEL

* USES R0D BUNDLE GER1ETRY, CAN REPRESENT THIFBLE TIEES

* TREATS NON-EDUILIBRIll1 DROPLET FLDI

e DEVELOPS A VAPOR EERGY EDUATION AfD SOLVES FOR VAPOR

TDPERATUE DISTRIBUTION T (r.d,z,t)y

9"w/v ' 9"w/t ' 9"*/WE q"w/v#' q"Vp**
r

* HAS A TRANSIENT R0D FDDEL COUPLED TO FLUID FDDEL
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Fiqure 12 Comparison of Steam Quality Predicted by Dispersed

Flow Model With FLECHT Data

Predictions RUN 13404
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Figure 13 Comparisons of Steam Temperature Predicted By

Dispersed Flow Model With Data

Prediction RUN 13404
AXIAL POWER - S KEWED
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Figure 14 Comparison of Wall Temperature Predictions By Dispersed

Flow Model With FLECHT Data

Predictions RUN 13404
--------------- Data AXIAL SKEWED

PRESSURE 40 PSIA
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Figure 15 Comparison of Wall Temperature Predictions By Dispersed -

Flow Model With FLECHT Data
.

.

Predictions RUN 02833
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FIGURE 16

STATUS OF 21 R0D BUNDLE TASK

e TASK RR1 ISSUED

e DESIGN COWLETE CONSTRUCTION STARTED

e TESTING BEGINS FIRST QUARTER 1980

e SINGLE R0D TESTS WITH BLOCKAGE SLEEVE T/C's Sl01 EARLY 0U8 01

,

STAlDS OF 161 R0D BLOCKED TASK

e DRAFT TASK PIR4 TO BE ISSUED

e DESIGN AND PROCUREMENT INITIATED
1601 209

e TESTING BEGIts FIRST QUARTER 1982
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FIGURE 17

STEM GENEPATOR SEPAPATE tittLis TASIG STARS

e AIR / WATER INLET PLBUi TESTS ARE C& RETE

e TWD-PHASE STE#1 GB4EPATOR TESTS ARE C& METE

* DP&T DATA REPORT ISSUED

o A MULTI-TUBE TPANSIENT HEAT TPNEFER MODEL TO PREDICT BE STEAM

GENEPATOR RESPONSE IS belle DEVELOPED

.
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FIGURE 19 T
C.

C'*

STEAM GENERATOR SEPARATE EFFECTS TEST #..
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STEAM PROBE TUBE WALL & SECONDARY FLUID TEMP. vs TIME, C,
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FIGUE 20

STF#1 GBlEPATOR SEPARATE EFFECTS

TASK SlH%RY RESULTS

e NEARLY TOTAL LIQUID EVAPORATION

(0VRET PIBUi QUALITY 990

e TfiE VAPOR TEMPEPATUE INCREASES IN TliE UPFLOW REGION AND C00LDOWilS SIGilIFI-

cat #LY IN TliE DOWNFLDW EGION OF TliE TUBE BUNDE AFTER AN AXIAL TBPERATUE

GRADIENT IS ESTABLISiiED IN lliE SEC0tM FLUID

e AUDST ID RADIAL VARIATION IN SEC0tM FLUID TEMPERATURE

e A (DN-EQUILIBIlii MIXTUE OF DISPERSED DROPS AND SUPER fiEATED STFAM EXISTS

OVER ALDDST TliE BRIE TUBE LENGTli
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FIGURE 21

STEA1 GBERATOR SEPARATE tHtcis TEST PREDICTIVE tDDEL ASSUMPTIONS

e PREDICT DRYOUT ELEVATION USIfE Cif CORRELATION OF BIASI

e ASSLE AW LIQUID AT THE CHF ElBATION IS ENTPAINED IN STEAM

e ASSLE HEAT TRANSFER BASED ON TWO PHASE FORCED CONVECTION BELOW

DRYOUT, SINGE PHASE CONVECTION TO STEAM AB0VE DRYOUT WITH DROP-

LET EVAPORATION AND WALL TO DROPET PADIATION AND TURBUlBIT FREE

C0t#ECTidN ON TliE SECONDARY SIDE OF THE TUBE BUNDE

* ASSUME SECONIRRY FLUID MIXES COMPETELY IN THE RADIAL DIRECTION

BUT [0 MIXItB AXIALLY
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FIGURE 23

STAT'JS OF SYSTD S trttLis REFLOOD TASK

e DRAFT TASK PLAN ISSUED

e DESIGN PS/IEW WAS HELD

e Pf0 GRAM EDIRECTION IS BEING C0f61DERED T0:

- PERFORi SYSTDS trttL 5 TESTS

- PERFORi L0tG TERM C00 LITE AND TMI RELATED TESTS INCLUDING

NATUPAL CIRCULATION
-

20NATURALCIRCULATION

FOSSIBLE REFLUX C00 LITE MODE
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FIGURE 24

' *

. .

CLOSliS PB'ARPS

e FLEGR-SEASET WILL DGB0 RER.00D IMTA BASE- T0 IBI R1R

GEGETRIES.

.

e FLG1 BLOCKAGE / STEN 1000LliE APPSDIX K RULE WIll BE

ASSESSED.. WIDEi RN1GE OF litPUT IMS BEBl FALT0 RED lifTO .
,

IliESE TESTS,
.

- -

'

e IMPROVED liSTRUFERATION #9 DATA NMLYSIS WILL ASSIST

KCf1ANISTIC REFLOOD CODE NDDEL DEVELOREff AfD ASSESSiEff

0F ADVANCED REFLOOD CODES.
'

.

.

REFLOOD SYSTBi EFFECTS TESTS ARE PLKINED USliS A BUILDIiGe
'

BLOCK APPROACH SU0i TIMT COMPONSIT BBMVIOR IS UNDEPST00D

NO RER.00D SYSTB1 PESPOISE f%Y BE NMLYZED.,

8 PROGRA'1 IS RESP 0iGIVE TO POST IT11 f1EEDS.
~

1601 217

.

.- *

**

.

O

'* ~ - -
. . . . _ _ . . . _

- --
.-



--w - - - , . = - - - y= mar w ==== =sur ww ww -=w -wwww ev - == ww w= ar- w w< === w -w ==. m. unw w ww w w us m m,a av w um w w rur =y wg
i. ,1" f| C,, Q;, ., .2 .

) ,' . " ,,f,,
'

g
'

% e~1bklA, spit '']'t"ma&. A gv'V W 4

J ]; -**Np* Y T ] ~~ p '1'%n+ Lw]u+. . .

- - . .

k,

:*,.'. , s y . , ., 3 ,
s - P/,e.a ;% N,3,-. ".- .

s/w , , ,
p- -

, ,. *

:N,h
.

'3, g .. *-g -
-;

1i ,yi .

.
T f

._ h ..j
.d .n:

- 'o,

-g
4,g;f

-

,

, xn -

A '>

3 , . 4*3 '''

7 .,,, ,,

J -= .

'

.w' . - x. y
. . . , y.-m

4 . _h~ 4 p ~ .w pO, au y p,-m mm p3 nm _.y 2 -
f3

.

f
-

* }. f c ?

0 i D. ; a r~ m q rpd m,r ~ ,- U q piy. W pe;--w ya y n ~~;,,

- , p
- a e, 4 ,o a- , ,

,p|
,ww e MN 1- ,= - , , . m ,e+

Y !" y \& UT2Q u) Ud. ,w ) s'3* - Q~pE s V n' :
Qj g;; Q 3 | q- mo%)._..

1 J h: 4 * 1
91 w m. uc wm %r 3.e'3 3,. t i sj r _.'g y q ;- ig; t

a p r - y e4 p y, (7 <4 o

Y
#g

,

1 i l L (;A* (y|fhc'w, j hj
) .l r u) } hh h(A V Y
, t-- p ,,

M~ @~e(TS ~Rt(liF Gire W W nm "r'.'"
k;'^fi '

w m%.m / n .,.m a;
i w
] )f h'/)): Mt N' '

,

s ;y e . , .

. ,- ,-- - - ,-- . n. _ ,

Th M' '

_

O'
.

, ip., J.d; .c f, J= .% ..
, w ,h,9 '.. y,: . L:

.. 1 t r ,- . b
' ay

i .a:
.

> w -

1 m(
.h { { Tl fF M N Dhh, y ''-

a

{ -

}3 / jA4
p}I

' . ,. y g. '
i: > '

,

p ; I- y. 4 L J.

: t- :t p- - 7 rmr5(: ; )s . ?

t
* '

___

%f
y. A 4 . {%: <f,

: j
=

| 1
-

>
. . . -

. o g' s
.

. a p
-: . - g

.4

[c ]
;;f

e
lm; g

i e a < g :1,
-r._

. ,
'

h . 1
m ,

- .- r'
~~

,
. ,,

. ,i-
if p-s. '.,t* U .? -4-

L 3 L -; ,_ ] f.tg)
'

Y

- ; . , e t ( ; t..
.. -

6 i i s; 4 in

?p)C .
:

w'33 L 3 ,-,. ~, .} '
- v.

?g h .f & Wj,, p(
- . ' .

-

,,
y

-

_ , .,;.

j$)?# - - ,- -_ a(y3 _e
p ryqm

g w
,

-h r a m
d Ui - r---

} hL,

.,.- vi%m e ; . wm g _,. ,,ag6--.2
,

k. 0 % ^0$jk 3%&w.h ygg yg
'

.

M hf k fd gJh ht hwmg+e,m- w n n.,- gn
. -

m, r. , ,.a
'

.

# 4 hy . *' *i.

. p'% g n ~ ( .y. 7;%_
g -

w y
.

?
,

,.dQ3* {c.
.

"
* *4 [ 't- s

u ne .J
.r 't n vsu, j '

.' k j[ i@ $\ jy ' Mwf''
'

,f

.u
__

-

~ . w., +-n.,
' W L

3 . *

=

,

-

, ;$
'

'

'.

mO. -mib. b. mi O -OM.O M OOMO"=m=m'4 men'. 6M 4'm -m-w & .i-im-w epi



.

2

F L EC H T-S E AS ET P RO G R AMi t

This Executive Summary reports on the technical the U.S. Nuclear Regulatory Commission (NRC),
progress of the Full Length Emergency Core Heat Electric Power Research Institute (EPRI), and
Transfer-System Effects and Separate Effects Test Westinghouse Electric Corporation and is con-
(FLECHT-SEASET) Program, a multi-f acility five ducted by the Westinghouse Nuclear Technology
year test program for generating PWR LOCA heat Division. Recently, the program has been respon-
transfer data and correlations. The FLECHT- sive to post TMI needs by performance of bundle
SEASET program is jointly managed and funded by boil-off tests and bundle steam cooling tests.

: P RO G R AM D ES C RIPTIO Nt

The overall purpose of the FLECHT-SEASET major subprograms each with experimentation and
program is to provide experimental reflood heat analysis efforts: A Flow Blockage Program (Figure
transfer and two-phase flow data in simulated PWR 1 A) to address safety and licensing requirements
geometries for postulated LOCA conditions. The for steam cooling / flow blockage ef fects specified
test parameters willcover a spectrum of conditions in the Appendix K (10CFR50) rule and a System
that encompass both best estimate and current Ef fects Program (Figure I B) to examine system and
licensing calculations. The test bundle simulates bundle reflood response for a postulated LOCA.
a full-length portion of PWR cores with fuel rod Both programs have flexibility to address TMI-
geometry typified by a Westinghouse 17x17 fuel related phenome la as may be desired by the pro-
assembly design (0.374 inch rod diameter and gram sponsors. This work is closely coordinated as
0.496 inch fuel rod pitch). as appropriate with other international research
The FLECHT-SEASET program consists of two programs in the reflood heat transfer area.

181 Rod Blocked Bundle Tests
Effects, Data Basee

eeo 6c ton T AC,

RELAP MOD 4)

181 Rod Unblocked Bundle Tests

A Current sin Critetta PROGR M St a Coo g w Blockage / Rule

e Assess Blockage Analysis Method

21 Rod Bundle Tests

e ont rat E '

* Pg , Data for Blockage

Figure 1A FLECHT-SEASET Flow Blockage Program Test Facihties

Steam Generator Tests
* Obtain 50 Heat Release Characteristics

e Ica on( R LA -
MOD 6)

EF CTS A" * P'8YIk"g _.__wOb F U m Sep . - - >

FLECHT-SEASET Systems Effects Tests
e Twin Bundle Effects
* System Response During Reflood
e Reflood System Code Assessment
* Alternate ECC Infection Locations

Figure 18 FLECHT-SEASET System Effects Program Test Facihties

1601 219



P00R ORGINAL3

FLOW BLOCKAGE PROGRAM
The Flow Blockage Program consists of the follow- |

ing major program Tasks, each with a separate b.i

test facility and data analysis and evaluation |
efforts:
e 161 Rod Unblocked Bundle

,

* 21 Rod Blocked Bundle
'~

* 161 Rod Blocked Bundle yf p _ ,,
'

The prime objective of the Flow Blockage Program |'
' "

( '' .N b'-Iis to assess the effects of flow blockage through %

the full range of cladding temperatures, flooding Nx ~
'

rates, and system pressures typical of calculated N -,,
,

PWR reflood conditions,as required by Appendix K 4, -

ECCS regulations and for model development. The
.

*'

reflood heat transfer offects of flow blockage %N
caused by ballooned f uel rods, will be determined '

primarily at flooding rates of one inch per second -

(2.54 cm/sec) or less through companson of the
161 Rod Unblocked Bundle Test Series and the
161 Rod Blocked Bundle Test Series. The 21 Rod
Blocked Bundle Test Series serves as a flexible
test vehicle for examining many blockage shapes
and configurations and hence guides the model
development efforts in the larger 161 Rod Blocked
Bundle Test Series. The 161 Unblocked Bundle Figure 2 (Portion ot) Heater Rod Bund:e for the Unblocked

Test Series serves as the reference test series and Bundle Test Facility

hence has no flow blockage simulation. The 161
Rod Unblocked Bundle tests were completed in 350 o N

September,1979. teso

3* -

Figure 2 presents the heater rod bundle assembly
for the 161 Rod Unblocked Bundle Test Series prior _

to installation into the test f acility. The heater rods E 250 0- two

are 0.374 inch in diameter with a kanthal coil heat. .E 5
er element. BN insulation, and stainless steel E Ct ADDtNG b
sheath. The heater rods are designed for high 3 2mo- M ERANRE
temperature operation as calculated in ECCS y 7so e
safety analyses. 3330 0_ *8
An example of 161 Rod Unblocked Bundle test 5 y
data is presented in Figure 3. Also, as part of the go imo- sm 8
Unblocked Bundle Test Series, several TMI- e 3
related tests relevant to very low core flows were :
performed including steam cooling tests with $

5U-
HE AT TRANSFER

Reynolds numbers of 2.000 to 15,000 and three COE F FIC:E NT 250

bundles boil-off tests were performed. A special o_
report on these tests will be completed at the end of
1979 for publication in the first quarter of 1980.

g

a H R ?
TlVE(SECONDS)

Figure 3 FLECHT-SEASET Unblocked Buncle Data from
Matrix Run No. 4 (0 276 MPa, 25 4 MM/s,2 3 Kw/M and

0 ;t
871 *C Test Initial Condit:ons),
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7.48 inches (19 0 cm) :
:

0 556 inches (141 cm)

W
0.404 inches (103 cm)"

0 496 inches (126 cm)

0'376 inches (0 955 cm)

i i
~ 2 29 inches (5 81 cm)--+

Figure 4 FLECHT-SEASET Flow Blockage Sleeves for SimulatedFlow Blockage in the 21 Rod Blocked Bundle Facility

The 21 Rod Blocked Bundle test facility will be Seven (7) bundle test series will De performed on,

used to test and examine various blockage shapes the 21 Rod Blocked Bundle to select an appropri-
and configurations (coplanar and non-coplanar) ate blockage sleeve for use in the 161 Rod Blocked
and to help develop a flow blockage heat transfer Bundle Test Series. The remaining three (3) bundle
model. The flow blockage is simulated with manu- test series will be performed with the selected
f actured blockage sleeves attached to individual blockage sleeve shape with higher and lower
heater rods. Figure 4 presents the two basic strains than depicted in Figure 4 and a " burst" lip
blockage sleeve shapes representing alpha and configuration. The large 161 Rod Blocked Bundle
beta phase rod burst found in zircaloy tube burst tests will address flow blockage with flow bypass
tests. These two shapes can be modified by in- effects.
creasing or reducing the simulated blockage strain
as represented by the sleeve diameters.

1601 221
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SYSTEM EFFECTS PROGRAM
The second major FLECHT-SEASET program is ~ k D

| M*.*II1;the System Effects Program and consists of the j '44 *I!!Er!I
'

*

following major Tasks, each a separate test facility
'

'@ !,!*****!
-

,

with data analysis and evaluation efforts:
* Steam Generator Separate Effects Task !b''''''''

~ I. E"
* Upper Plenum Separate Effects Task ~ ~ ~

,

; %e System Effects Task i

IThe System Effects Program focuses on the simu-
'

I
-

' l' h ." ,",

|, ,

lated thermal-hydraulic response of a bundle.
upper plenum and steam generator tested both i e : (-

tests, the bundit, inlet flooding rate is dependent
' E' '' iseparately and in combination. In system ef fects ! j

C' C' w
"

!f O R 7upon the hydraulic and heat transferbehaviorof the ! ,$ '
I ,gg -

~~ ~

bundle and system components. In order to under-
stand the performance of the simulated primary g

ij -system, the behavior of the corrponents must first '
'

be better orderstood. L1. ii'

,
'

l',

The thermal hydraulic behavior of the bundle is
' |< M-

examined in the 161 Rod Unblocked Bundle tests ' F .
> 4

and previous FLECHT tests. The steam generator gy9{ St,eam Generator Data Acquisition and Centralg ,
and upper plenum are examined in separate

_ _ _ _ _ _ _ . _ _

tests, each a separate test loop.
3 . . , . .

3 ,;

The Steam Generator Separate Effects testing was '
t

;

completed in April 1979 and data reports are being
-

.

'
,

prepared. The key objective was to determine the -

!heat release rate for various known inlet fluid con-
ditions and secondary side fluid conditions and to 3,

develop a corresponding model. The test was j!
*

performed with a full-length 33 tube steam genera-
!te which was instrumented with over a hundred i-

*tnermocouples for the tube walls and secondary ;
''fluid. 6 pressure probes and 47 steam probe <

primary measurements. Figur_s 5 to 8 present a
,

summary of the complex instrumentation utilized j,

L -

'
on the Steam Generator Separate Effects Test j ,

Facility. A -
,

A series of twenty tests were performed on the |
Steam Generator Separate Effects Test Facility to |
measure the tube bundle heat transfer under !,

'postulated large break LOCA conditions. ,
,

m
I ..

.

'

L ' :/ i . za u
| fn'?t"'' fo?8m?'"'' ' ' "' """* *"" ' ""'af
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p)q , y.- ~7-^- | The primary liquid is in the form of small drops
.

,pg-- t- x; 3
y q m. ; - . .. .J ! entrained in steam. The steam phase may be

f \..% tim ( .f4
' the primary side liquid. This quench front migrates

d'
[ N superheated by over 200 F (110 C). On the inlet!

k ?s 7( */ , : i sideof thetuocbundle,thetubewallisquenchedby
{i*

c

#"7 gy a: 7, -

fg,~ ; ups <%%| . . : >- '. ; slowly up the tube. Figures 9A and 98 illustrate the
g,. measured secondary fluid, tube wall and steam) j* z % c,

L 4 +; , _ f .(. L.? .Q , ? j,W probe temperatures on the inlet and outlet side of

; ' g g j -- ' j| ' .g- the tube bundle at the 4 f t. elevation above the'

f i, .

J. V ,3 % 9 tube sheet.
3 gj ./ ' C 'i - j, , y ;.;': g 300

*
7

7 ,- . , , , , . . , e .

.h'' Y- fjp .. .Ji ,

g / ' ' )6)g' g, _. &. . .
.

k' ; a 250 - ~5J
g ' N 1U m en y ,R ,s y ,,,.p + ;. g y ,

''
, N

,

4 s . , . , 3 _ T[VPLRATURE
;

' g N*x

, , ' , <
-

. . . _ .
1 - ~ r N~ g 4;n

_. .. .._- -_ 3..

Figure 7 Steam Generator Flange and Bundle t '
Instrumentation Ports

- ~-
' ~

TUPf A Att
TE MPL R/ 'UHE L _,_ _

g ""7""u"; x [t *>0 - SE CONDARY FutD

-
,

,

r'd
1 . i i e i
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b h b

'

k h h !
- - -

T MD SE CONDS p
. r

b Figure 9A FLECHT-SEASET Steam Generator Separate Ettects
i. Test Data at 4 feet tube elevation near inlet of steam generator

| (Test Matnx Run No.1)

'

300:

.

Y

250--

*

, $
~

*
TUBE W Att,

a . E TE MPF RATURE

l J 200--
~

{ TUBE PRiVARY STE AV. >

_y I
~

( ., TE VPE R ATi +E SECONDARY FLUID

f N T E MPE R A TURL4

N'
,

*

150 -- \P e
%

p [r- |
N

, ,

,
j i I I e 6 i

! $ $ @ 5 8 $ E

.. A a a '"" S" " s '
A_.. .
Figure 8 Steam Generator Primary Side Instrumentation . Figure 90 FLECHT-SEASET Steam Generator Separate Effects

(Steam Brakes and Pressure Probes)
, Test Data at 4 feet tube elevation near outlet of steam generator
| (Test Matrix Run No.1)

. . _ _ _-

The test results show that most of the liquid i A similar test facility, to characterize the upper
'

component of the two phase flow entering the tube plenum simulation. is currently under evaluation.
bundle evaporates, but a small residual amount of The System Effects Test Facility is in the con-

'liquid migrates through the tube bundle without ceptual design stage with substantial effort
evaporating. expected in 1980.
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O RG ANIZ ATIO N
The FLECHT-SEASET program is a three party Dr. K. H. Sun (EPRI), and Mr. Lee Chajson
cooperative research and development of fort (Westinghouse).
funded by NRC, EPRI.and Westinghouse. Program The FLECHT-SEASET program is impiemented by
technical direction and guidance is provided by the the contractor, Westinghouse E!ectric Corporation,
Program Management Group (PMG). presently under the following structure:
consisting of Dr.Loren B. Thompson (NRC),

Program Management: L. Chajson, Manager of Strategic Projects; H. W. Massie.Jr., FLECHT-SEASET
Project Engineer, Strategic Projects

Test Planning and Analysis: Dr. L. E. Hochreiter, FLECHT-SEASE' Principal Investigator
R. P. Vijuk, Manager of Safeguards Development

Facility Preparation and Testing: L. R. Katz, Manager of F6cilities Engineering: C. E. Fuchs, Manager
of Test Operations

The above structure is supported by a team of f acility or Task has a | cad technical engineer for
experienced engineers and technicians to design, test planning and analysis activities and a lead
build, and operate the test f acilities, and to perform design engineer to direct the design, hardware
data analysis and evaluation activities. Each test fabrication and testing effort.

1979/1980 P L AN N ED WO RK EFFO RT
Over the next 14 months the following work is
planned under the FLECHT-SEASET program as
reflected in the schedule.
* Complete and publish Unblocked Bundle technical reports
* Complete and publish Steam Generator Separate Effects technical reports
* Complete construction of 21 Rod Bundle Test Facility and perform several bundle tes series
* Complete design of 161 Rod Blocked Bondle facility and initiate construction
* Finalize design of the System Effects Test Facility

FLECHT-SEASET PROGRAM MANAGEMENT SUMMARY SCHEDULE

'
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1977 1978 1979 1980 1981 1982
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Gravity Reflood Oscillations in a PWR*

Peter Griffith
Yin L. Cheung

Massachucetts Institute of Technology

.

Presented at 7th Water Reactor Safety Research
Information Meeting, November 6, 1979

*USNRC Report, to be published.
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Gravity Reflood Oscillations in a PWR

Summary

Oscillations in core and downconer coolant levels are possible

during the reflood process. U-tube type oscillations have been observed

in gravity-feed reflood experiments such as FLECHT-SET [1] and Semi-

scale [2 ]. The frequencies of the observed oscillations correlate

closely to the natural frequencies (about 0 3 Hz) of the systems under

test.

This study proposee a mechanism by which the U-tube type oscillations

can be driven. When emergency coolant rushes into the hot core, it

overshoots the quench front, where rod heat flux is highest. When the

coolant flow stagnates, subcooling is rapidly removed and violent

boiling begins at some point beneath the free surface of the liquid.

If the rate of vapor generation is so high that the vapor cannot

vent fast enou6h, the liquid trapped above the vapor pocket will be

accelercted upwards. Simultaneously, the resultirg pressure pulse

pushes core coolant downwards. After the vapor has vented, the coolant

rushes back up the core and the process repeats.

Based on this driving mechanism and a simple thermal-hydraulics

model, a computer program, REDY(3], has been developed. Core and

downcomer coolant dynamics is modeled as single-phase, one-dimensional

flow with lumped fluid resistance, inertia, and capacitance. Rod hegt

transfer coefficients as a function of rod surface temperatures only

are derived from a boiling curve. The vapor generation rate, calculated

from a heat balance assuming thermodynamic equilibrium between liquid

1601 227
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and vapor phases, provides the disturbance input to the dynamic

equations. It determines the system back pressure as well as when

liquid expulsion occurs.

Calculations with REDY are performed on selected FIECHT-SET and

Semiscale Mod-3 runs. In general, frequencies and amplitudes of the

oscillations compare favorably with the experiments. The calculated

vapor flow rates at the core exit also exhibit cyclical variations.

When exit flow rates are low, liquid that is stored in the upper plenum

should be able to drain back into the core, although the present model

does not allow for this.

The core and downcomer heads cannot be predicted with accuracy

because of two areas of uncertainty: the amount of liquid carry-over,

and the pressure drop across the hot and cold legs.

All the liquid thrown up by the driving mechanism is assumed to

reach the upper plenum and stay there. In reality, only a fraction of

the liquid reaches the upper plenum. Furthermore, liquid in the upper

plenum may drain into the core. Thus, the moael tends to underestimate

the liquid inventory, and therefore the gravity head, of the core.

In the scaled experiments, the loop piping provides large metal

surface areas on which evaporation and condensation, not modeled here,

can take place. This, together with uncertain two-phase flow conditions

in the hot leg, make the calculation of the pressure drop across the loop

inaccurate.

Despite its shortcomings, the model adequately demonstrates

reflood oscillations while its simplicity reduces mathematical complexity

to a minimum.
-s

.
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Appendix

Equations for Dynamics Model 4

fThe equatiotuwhich describe the mechanism 3 orcing the gravity

feed reflood oscillations will be presented in this section.

Figure 4 shows the reflood system and defines some of the symbols

used below. Consider the case when the quench front is below the

core water level and net vapor generation starts at the quench front.

If the vapor generation rate is high enough, the water trapped above

the quench front will be pushed up and into the upper plenum. The

pressure of the generated vapor can be approximated by the ideal gas

law:

hY= (M3 - Me)lT (1)

where M is the mass of steam generated and M is the mass of steam
g y

vented through the entrain d water. Alsoe

Y* c (ge ge) (2)

where A is the core flow area.

Differentiating and rearranging:

2\ [( N - Ed'2T - @de (fe-jebgy (3) -
A (ge-}c.3-

c
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A force balance on the continuous reflood column yields:

_L '
h .

PAV)e6C +L d (PAV)av C d(oAV)a -
$c- d +, B? dt )d &t

.
-.

= ( GAc- &,Aa) % M' - gg ( A43o - Ac}c) k (4)
g ,,

((ge.+lsp+}el f * 3' ~ -* * #
~

Or d

'({ dh[bche } (5y

where In is the actual. mass flooding rate.
g

Aa h = A y - % (6)Conservation of mass:

(t be
* G)qt.

A force balance on the entrained liquid and the vapor downstream

of the quench front yields approximately:

D ''0 (@-@,)A - h9 e$ (8)# Di-

j. Sc - )*

is the effectivewhere m, is the mass of liquid entrained, and Kg

friction coefficient of the flow path from the quench front to the

outlet orifice.
.

Assuming that the acceleration of the vapor is negligible, a

force balance on the vapor alone yields V :
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(&-6)__$ MV-h) kresV,*30= g)_

3* $

where Kd is an effective drag coefficient for the entrained liquid.

The resultirc system of equations (3),(5)-(9) is fifth order.

Heat Transfer

Heat trarisfer in nucleate boilirs is calculated from McAdam's

equation; critical heat flux is calculated from Zuber's pool boiling

CHF equation. Heat transfer in the post-CHF regimes are calculated

fromHsu'scorrelation[,43:

h= basu + h uon 320mtey

1456 P"" exp (-o.co3758 P #"
A Tsu )

:

+ 0. fo2 9 3 09 8 - fS ) H rs 1 3(e,-g3) 4 (10)
AT 11 6p3 -.

3

Figure 5 shows heat flux calculated from the equation plotted

a6ainst some reflood data.
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Fiscal year 1979 resulted in a significant advancement in boiling water
reactor (BWR) safety research both in terms of information obtained in
existing programs and in terms of major new programs initiated. The
ongoing BWR Blowdown / Emergency Core Cooling (BD/ECC) Program is continuing
and a new program, Countercurrent Flow Limiting (CCFL) Reflood/ Refill
Program, was started in fiscal year 1979. These programs, which are jointly
sponsored by the U.S. Nuclear Regulatory Commission, the Electric Power Research
Institute and the General Electric Company, represent a major upgrading of
BWR safety research.

Research in the BD/ECC program involved the study of the effect of ECC
injection during the early blowdown phase of e hypothetical loss of coolant
accident (LOCA). Testing is performed using the Two Loop Test Apparatus (TLTA)
which is a model of a BWR incorporating a single full sized electrically
simulated fuel bundle. Papers later in this session will summarize this
work. A scoping test to study a small break LOCA is also planned in the
very near future. Testing in the TLTA will be terminated in early CY 1980
to allow an upgrade of the experimental facility. A multiple bundle
facility capable of simulating the entire LOCA transient through reflood
is currently under consideration.

The CCFL Refill /Reflood Program involves several different tasks designed
to investigate multidimensional phenomena that could occur during a LOCA.
The major facility used by this program is the Sector Steam Test Facility
(SSTF), as shown in Figure 1. The SSTF is a full sized model of a 30 " pie
shaped" sector of a BWR using steam injection to simulate core generated
steam. Core spray distribution tests investigating the distribution of the
ECC spray over the simulated core are underway and will be described in a
paper later in this session. Later transient tests will simulate the LOCA
blowdown and refill and will investigate the multiple dimensional breakdown
of CCFL and penetration of the ECC fluid into the core region. Other tests
will investigate any compromises in simulation due to the 30 sector and
due to using injected steam to simulate core generated steam. A task to
assist in the development of a BWR version of TRAC is also included in the
CCFL Refill /Reflood Program.

1601 243
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A COMPARIS0N OF RELAP CALCULATIONS WITH TLTA TEST 6406

Presented at
The Seventh Water Reactor Safety Research Information Meeting
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A COMPARIS0N OF RELAP CALCULATIONS WITH TLTA TEST 6406

3. E. Wilson
EG&G Idaho, Inc.

To assess the capabilities of RELAP4/M006 an analysis was
performed to calculate boiling water reactor (PWR) emergency core
cooling (ECC) type transients. The analysis was performed comparing
RELAP4/M006 calculations to experimental data from the Two-Loop Test
Apparatus (TLTA) lest 6406, Run 1 as part of the INEL technical
support to the Nuclear Regulatory Commission (NRC) in the surveillance
of NRC/ industry cooperative programs.

TLTA is an integral blowdown refill test facility for evaluating
potential BWR loss of coolant; accidents. The facility consists of a

single bundle electrically heated core simulator and the major
components of a BWR pressure vessel. Test 6406, Run 1 is a 200%
recirculation break test with average core power and average ECC
flows. Initial conditions are a steam dome pressure of 7.28 MPa and
core inlet temperature of 557 K.

The base case results show that during the early transients
(before 40 seconds) calculated system pressure agrees with the data.
..vwever, the calculated depressurization is high by as much as
0.70 MPa during the later portions of the transient. For this same
RELAP calculation the upper plenum mass inventory is increasingly high
after 30 seconds, whereas the lower downcomer mass inventory is low,
starting at 15 seconds. Although flow rates exiting the upper plenum
are not measured, it can be inferred that the code underpredicted the

mass flow from the upper plenum to the lower downcomer. An increased
mass inventory in the lower plenum would lead to a reduced volumetric
break flow and result in a lower calculated depressurization rate in
the later part of the transient.

1601 246
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Experimentally determined flow data for the jet pumps, core
inlet, and guide tubes are only valid over the first 10 to 12 seconds
when the flow is single phase. During this period the calculated
flows agree both in trend and magnitude with the experimentally
derived values.

Calculated core temperatures show that code predicted DNB occurs

as much as 20 seconds early in the upper core region. Lower core

calculated DNB times agree well with the experimental data. Because

the code predicted early DNB and did not calculate rewets the
calculated core temperatures are higher than measured values

1601 247
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Two-Loop Test Apparatus
Schematic
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:: Initial Conditions
.

. . .

* 200% recirculation line break

* Steam dome pressure - 7.28 MPa

* Bundle inlet flow - 16.1 kgls

* Outlet steam flow - 2.86 kgls

* Bundle power:_

E * Symetrical chopped cosine
y 5.04 MW - 1.39 P.F.

INEL-S-21 556
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Emergency Core Cooling
Flow Rate
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RELAP4/ MOD 6 TLTA System
Nodalization Diagram
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Major Code Options

* Slip

* Bubble rise

* Critical flow multipliers
* Heat transfer package

;
] INEL-S-21 557

LT1
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Junction Slip Models

* Used in:

* Bundle

* Bypass

* Guide tube
.

. * Upper plenum

* Default values
INEL-S-21 5583

u,
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Bubble Rise Models

* Downcomer:
* Slope parameter - 0
* Velocity - 0.91 m/s
* Tripped off at 10 s

* Lower plenum:
; * Slope parameter - 0.8
E * Velocity - 0.61 m/s
Ln INEL-S-21 559
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[ Recirculation Pump Suction
E

.

Critical flow model

* Subcooled:
Modified Burnell
Multiplier - 0.83

* Saturated:
HEM_

@ Multiplier - 1.00
Transition quality - 0.02~

INEL-S-21 560
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Jet Pump Drive
~

Critical flow model

* Subcooled:
Henry-Fauske
Multiplier - 0.95

* Saturated:
HEM-

$ Multiplier - 1.00
y Transition quality - 0.01

IN EL-S-21 561
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Heat Transfer Package

Standard blowdown package with:*

* W-3

* HSU-BECKNER

* Modified Zuber DNB
INEL-S-21 562

e
(J)
m

.

G



e

e
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f Lower Plenum Mass inventory
80 i i i i i

-

Data
g 60

~ ~ ~ ~
-

6
Bo
E 40 N- _

G \

$
-

g 20
~.. ,,,

- -- .

,
- ..f

E

0 I I I I I
_

g 0 25 50 75 100 125 150
Time (,s,'l

~
'ua-s 2, s72

~



Upper Plenum Mass inventory
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Recirculation Break Volumetric
Flow Rate-
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.. Summary - Hydraulic
Calculations

Good-measured flows*

Underpredicted: ~*

* Downcomer and lower plenum mass
* System pressure

Overpredicted:*

* Upper plenum mass
_

'

o
"

INEL-S-21 563
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Summary - Temperature
Calculations

* DNB:
* Early
* Core slip

= Rewet not calculated

* Temperatures overpredicted
-
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Improvementsz
'

,

* Measurements:

* Break flowlquality
* Major hardware temperatures
* Upper plenum flows:

* Bypass, downcomer,
* Lower plenum

INEL-S-21 565'
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Improvements
Code:

* Slip:

* Multiple models

* Assessment - upper plenum junction

INEL-S-21 566

O
_.

o



.

.

Improvements
Code:

* Slip:
.

* Multiple models

* Assessment - upper plenum junction
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BWR CORE SPRAY DISTRIBUTION

G. E. Dix

September 1979

General Electric Company

Nuclear Energy Engineering Division

San Jose, California, USA

For presentation at the 7th Water Reactor Safety Research Information
Meeting, November 5-9, 1979, National Bureau of Standards.

SUMMARY

The General Electric core spray technology program was initiated

in 1974 to obtain understanding of steam environment effects on core

spray distribution and develop procedures to include these effects

in ECCS design.

The influence of steam on single spray nozzle performance was

first examined. This influence was found to be consistent and

reproducible for a specific nozzle type, but varied from one nozzle

type to another. The spray distribution changes result from the

interaction of the condensir3 steam and the spray jet as it exits

the nozzle. Further studies revealed that the changes in spray

distribution were a result of a very rapid steam condensation on

the spray near the nozzle exit. This rapid condensation has been
1 2 3

previously reported by Weinberg , Lekic , and Takahashi . This

rapid condensation causes the subcooled spray to approach saturation

temperature within a few inches of the nozzle.

.

AWeinberg, S. Heat Transfer to Lou Pressure Sprays of Water in a Steam
A tmosphere. Inst. of Mech. Engrs. Proc., Vol. 1B, No. 7, P240,
1952.

Lekic, A. Direct Contact Condensation of Vapour on a Spray of Subcooled
Dnsps. Ph.d Dissertation, University of Waterloo, Ontario, Canada,
1976.

Takahashi, Y; M. Masuda; K. Aikawa; and M. Tahara. A Basic S 6dy
of Nixture Type Steam Condensers. Mitsubishi Heavy Indostries Technical
Report, Vol. 9, No. 1, PP 15-20 (1972).
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The spray distribution results for each nozzle type of interest

were individually measured and modelled empirically, leading to the

ability to calculate single non21e spray distribution patterns.

In a multi-nozzle ECC System, the spray distribution results from

a combination of the initial single nozzle distribution and the

interactions between the nozzle sprays. The interactions start at

some distance from the nozzles, where the spray patterns begin to

overlap. In this region, the steam condensation on the spray is

negligible: because the water temperature is very near -saturation.
Therefore, the interactions between sprays are hydrodynamic, and

can be determined with teets of spray performance without condensation

effects. This allows the large scale multiple nozzle interaction

experiments to be conducted in economical air-environment facilities.

The method developed by GE to predict ECC spray distribution

involves the combination of single nozzle test data obtained in

steam with multiple nozzle interaction effects obtained in air.

This method has been successfully confirmed with multiple-nozzle

tests in a Steam Sector Test Facility (SSTF). Pre-test predictions

were made for these tests before the steam test facility was

completed. Subsequent comparisons showed agreement of + he
prediction and test results within the pre-determined acceptance

4
limits , thus confirming the use of air-environment tests for

multiple nozzle interaction evaluations.

\601 213

4Sandoz, S. A.;.L. L. Myers; W. A. Sutherland; D. G. Schumacher;
and G. E. Cix. Core Spray Design Methodology Confirmation Tests.
NEDO-24712, August 1979.
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CORE SPRAY TECHNOLOGY

OBJECTIVES

UNDERSTAND STEAM ENVIRONMENT PHENOMENA

LEVELOP PREDICTION METHOD

QUALIFY PREDICTION CAPABILITY

CONFIRM ASSUMPTIONS-

1601 275
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CORE SPRAY SYSTEM
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e N0ZZLE PERFORMANCE IN STEAM

VERTICAL N0ZZLE TESTS

CONDENSATION EFFECTIVENESS STUDIES

1601 277
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N0ZZLE
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N0ZZLE A(D = 30m)

1.0 _

ii#'

e .,
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NEAR-N0ZZLE

BEHAVIOR IN STEAM

e CONSISTENT

e REPRODUCIBLE

e CORRELATES AS A FUNCTION OF SUBC00 LING

e CONDENSING CLOSE TO N0ZZLE

1601 280
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e N0ZZLE MODEL

TRAJECTORY ANALYSIS

CORRELATION FROM VERTICAL RESULTS

PROVIDES BASIS FOR EXTRAPOLATION

ORIENTATION

FLOW RATE

1601 282
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CORE SPRAY PREDICTION METHOD

E00R D H El.

[ SINGLE N0ZZLE TESTS

N0ZZLE

BEHAVIOR

l;
STEAM i

N0ZZLE BEHAY10R

METHOD 1

MULTIPLE |
N0ZZLE

SUPERPOSITION <
INTERACTION>. ..

<

, , , . , , , _ _ - - - - - - - -

| FULL REACTOR

_fEPP.ESENTATIONt

h
COMPARISON OF PREDICTION

r AND TEST RESULTS

t
YNN TEST

Z-h.,.. . ' 1601 283
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QUALIFICATION TEST REQUIREMENTS

e SPRAY N0ZZLES

e LIQUID AND VAPOR FLOW PATHS

e REACTOR-TYPICAL HARDWARE

1601 284
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CONCLUSIONS

.

e KEY PHENOMENA UNDERST0OD

e EMPIRICALLY-BASED MODEL DEVELOPED

NEAR N0ZZLE CONDENSATION EFFECTS-

FAR REGION INTERACTION EFFECTS-

e QUALIFICATION TESTS SUCCESSFUL

1601 288
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AN IMPROVED RELAP4 JET PUMP MODEL

T . Ps . Charlton

EG&G Idaho, Inc.

A RELAP4 boiling water reactor (BWR) jet pump model development

effort was conducted to attain a new RELAP4 BWR jet pump model from

test data. Results from the Jet Pump Test and Model Development
Program conducted at the Idaho National Engineering Laboratory (INEL)
are being used. The overall program consisted of three phases:
subscale testing, model development, and model evaluation. This

summary briefly describes the program and model, and also provides a
model evaluation.

'

Since little off-design (operational conditions outside the range
considered during normal operations) jet pump behavior data was
available for model development and evaluation,1/6 scale tests were
performed in the LOFT Tests Support Facility at the INEL to supplement
the data base. Both subcooled steady state and two-phase transient
tests were performed for a wide range of environmental conditions.
During steady state tests, the jet pump was operated extensively for
on- and off-design flow patterns, providing over 200 data points. The

transient tests approximated flow patterns found in BWR jet pumps
during a loss-of-coolant accident. Model evaluation was performed

using data from this program, the General Electric Company Two-Loop
Test Apparatus, and full scale on-design data.

For two-stream mixing, as occurs in a jet pump, a momentum
exchange term is used in the RELAP4 momentum equation. The model

development goal was to rectify the two-stream momentum exchange term

using knowledge gained from the steady state test data. Where
possible, the original form of these terms was to be retained, thereby

maintaining RELAP4 two-phase and scaling calculational capabilities.

' t '- it i 1601 290 Tac-2
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Briefly, the procedure was to compare the original exchange term with
an analogous value calculated from the data and to then correct
discrepancies as required. Although these calculated values are
biased by wall effects, turbulence, and other phenomena, trends and
approximate magnitudes can be determined.

Although numerous flow patterns and associated exchange terms
occur, only the suction terms with positive drive flow are presented.
Both RELAP4 and data values are presented in Figure 1. For normal

positive flow, the exchange term is fairly well understood and, in
general, the original model represents the data. However, for
reversed suction flow there is little similarity between the RELAP4
equation and the calculated value. Better agreement is achieved by

extending the positive suction flow equation into the negative flow
region as shown in Figure 1.

The performance of the new model is evaluated by performing

RELAP4 jet pump calculations with that model and comparing the results
to data. This comparison is shown in Figure 2 as a four-quadrant jet
pump characteristic curve. Plotted are the improved model, the

original model, and data from this program. The improvements are

particularly evident in the second quadrant, the region of particular
interest in model evaluation.

The improved jet pump model has also been compared to data from
the General Electric Company Two-Loop Test Apparatus and full scalc

steady state data. The results of these comparisons have shown that

the improved jet pump model provides better calculations of data than
does the original model.

In summary, an improved RELAP4 jet pump momentum exchange model

has been developed. The model is based on pump behavior observed in

subscale tests. Although the improved model is of the same form as
the original model, discrepancies between the original model and data
have been rectified. Jet pump calculations with the improved model

show substantial improvements over the original model.
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Jet Pump Program
-

_- * Objectives
* Subscale jet pump performance data
* An improved analytical jet pump

model

* Program consisted of three phases
* Jet pump testing
* Model development

; * Model assessment
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Transient Jet Pump Tests

One test to simulate the intact loop during*

a LOCA

One test to simulate the broken loop*

during a LOCA
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RELAP4 Momentum Equation

I

i
= i = Mixing stream

Volume i

ut | Volume
'i' .

i in

; Transient terms = Momentum out - momentum
S in - losses + mixing term
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Definition of M and N Ratios
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M-N Curve - Original Model
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M-N Curve - Improved Model
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- Drive and Suction Flow for
intact Loop Simulation
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Vessel Discharge Flow for
Z intact Loop Simulation
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Suction and Discharge Flow for
e; Broken Loop Simulation
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TLTA Intact Loop Jet
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Improved Model Performance
for Full Scale Pump
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Conclusions

* The jet pump program has provided:
'

* A large amount of subscale jet pump
data

* An improved jet pump model for
RELAP4

* The RELAP4 jet pump model calculates jet
pump behavior well for:

* Small scale, two phase, transient,
separate effects experiments

* Small scale, two phase, transient,-

E system effects experiments
r * Large scale, steady state, separate

effects experiments
INEL-S-21 477
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Summary Report Prepared for Light Water Reactor Safety Information Meeting
NBS, Gaithersburg, MD, November 5-9, 1979

NONEQUILIBRIUM PHASE CHANGE STUDIES
by

N. Abuaf, G. A. Zimmer, B.J.C. Wu, and O. C. Jones, Jr.
Brookhaven National Laboratory

Upton, New York 11973

OVERVIEW

A steady water loop with well-controlled flow and thermodynamic conditions
(15001/ min,100-1000 kPa, 20-150 C) was made operational to measure the net
vapor generation rates under nonequilibrium conditions. The test section
consists of a converging-diverging nozzle (5 cm - 2.5 cm - 5 cm in diameter,

55.9 cm long) with 49 pressure taps along the nozzle a,nd observation windows at
the exit.

First the test section was calibrated hydrodynamically by static pressure
measurements along the nozzle. Second, a set of flashing caperiments were
performed where pressure distributions and photographic observations were
recorded under various flashing conditions. During these preliminary experi-
ments, the effects of the various parameters on the pressure distributions and
flashing regimes in the nozzle were investigated. For low back pressures or
high mass fluxes a constant pressure region was observed all along the di-
verging section. For high back pressure or low flow rates, a recondensation
zone was observed downstream of the flashing onset.

Using a single channel low activity y-densitometer a third set of flashing
experiments were conducted, where in addition to the pressure distributions,
the chordal averaged void fraction profiles were also recorded. With flashing
inception close to the nozzle throat, and for a given inlet temperature, a wide
range of void profiles was observed by varying the inlet mass flux. For flows
with a constant pressure distribution in the diverging section, a linear vari-
ation in the void profiles coupled with a linear variation of the diameter
suggested the presence of a nearly constant area liquid jet at the core sur-
rounded by a steam envelope.

Using a five beam high activity y densitometer, a fourth set of flashing
experiments were conducted where the pressure distributions and radial chordal
void fractions at several axial locations, as well as area-averaged void frac-
tion profiles were recorded under various flashing conditions.

For the previously reported flashing experiments, the measured wall static
pressure distributions were combined with both the centerline axial void
fraction profiles and the area-averaged void fraction profiles to calculate the
volumetric vapor generation rates under nonequilibrium flashing conditions.

fiODELING OF FLASHING INCEPTION
In Pipes The superheat at flashing inception in the experiments of

Reocreux and Seynhaeve seemed to vary inversely with the mass flux. It was
assumed that decompressive flashing inception can be characterized by initial
temperature, decompression rate and degree of liquid turbulence. This implies
that turbulent pressure fluctuations may lower the instantaneous local fluid
pressure below the mean value thus ocasionally reaching pressures capable of
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causing flashing inception. By estimating an appropriate band on the turbulent
velocity fluctuations, an adequate representation of the inverse mass flux
effect on the dynamic flashing inception for existing data was obtained.

In Nozzles In addition to our experimental data, the data of Brown, Sozzi
and Sutherland and Simoneau were also analyzed and investigated for the
flashing inception under various subcooled inlet flow conditions. Assuming
that the liquid remained liquid all the way from th7 inlet of the nozzle to the
throat independent of its inlet subcooling, the inlet to throat pressure
difference divided by the throat kinetic energy was correlated to the throat
mass flux through the single phase discharge coefficient concept. Thia fact
implies that once the inlet conditions are subcooled in a nozzle, the flashing,
even if it occurred upstream of the throat, does not cause a major change in
the density and has little effect on the static pressure measurements in the
converging section from inlet to throat. When the local superheat pressures
are plotted as a function of the local depressurization rates and compared to
the onset correlation of Alamgir and Lienhard one observes that onset occurs
always between the pressure taps before the nozzle throat and the throat.

PRESSURE DISTRIBUTION, VOID PROFILES, AND VAPOR GENERATION RATES
The experimental results were also compared with TRAC-PlA steady-state

predicitons. Here the inlet mass flux is underpredicted by TRAC. The pressure
distributions in the nozzle do not show as large a pressure drop as the ones ob-
served experimentally. This discrepancy decreases as the onset of flashing in
the nozzle is close to the equilibrium saturation state. The area averaged
void fraction profiles calculated by TRAC were compared to chordal-averaged
experimental results. During the presentation, the area-averaged profiles that
are being obtained now will be compared to TRAC predictions. The vapor genera-
tion rates were also calculated from the TRAC output.

Flashing flow of an intially subcooled liquid in a converging-diverging
nozzle may be considered as a combination of three regions: a frozen expansion
from the entrance to the flashing inception point, followed by a nonequilibrium
transition zone at the end of which the fluid returns to thermodynamic equili-
brium, and finally, an equilibrium expansion region. Conservation laws across
the transition zone are valid regardless of the actual transition process, and
may be used to relate the states across this zone with two different equetions
of states. A one-dimensional treatment of this problem has been undertaken,
and " jump" conditions, Rankine-Hugoniot relations and the Hugoniot curves have
been obtained. However, preliminary results indicate the maximum wave speed
(corresponding to the Chapman-Jouguet point) to be too low compared with the
experimental value.
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IN PIPES

HYPOTHESIZE
Static Flashing underpressure is a function Only ofe

initial temperature and decompression Rate
(Lienhard)

. Dynamic Flashing underpressure is subject to the
effects of turbulence
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-' To be presented at the LWR Safety Information Meeting, Gaithersburg, Md.

in Novembcr 1979.
Steam-Water Mixing Studies

S. G. Bankoff, R. S. Tankin and M. C. Yuen
Technological Inst., Northwestern Univ. , Evanston, Ill. 60201

1. Introduction

Ihree separate studies are being performed of steam-water mixing:

1. Transition from bubbling to downflow in a water pool
as a function of steam flow rate, steam superheat, and
number and location of support plate holes.

2. Countercurrent flow of steam and water in a nearly
vertical flat-plate geometry, with local condensation
and flooding inception measurements.

3. Horizontal co-current stratified flow of steam and cold
water, with measurements of local condensation rates by
heated Pitot tube traverses in the steam space; and of
liquid velocities and turbalent intensities by LDA.

Typical data from the first two st
study will be discussed elsewhere.pdies will be presented; the third

2. Transition to Downflow in a Bubblv Pool
The flow system (Fig. 1) allowed either saturated or superheated steam,
or air to be introduced below a perforated plate. Cold water enters
above the plate from an adjustable-height tube with horizontal spray
holes, and overflows to drain. Various perforation geometries were
tested (Fig. 2); the 15-hole geometry corresponds to the KKU upper tie
plate. The plate dimensions were 71.5 x 42.9 mm by 20 mm thick.

2.1 Air-Water CCFL
195 data points were taken with air-water, using seven

perforation geometries and two inlet water tube elevations. As
shown in Fig. 3, J* scaling, using the hole diameter as the characteristic
length, does nog collapse the data, although the expected slope of -1
is obtained. K scaling brings the data somewhat closer (Fig. 4). Here

J* = j [p[g g (p - p )3 i = g or f (1)
f

* k
K =j p /(g o (p - p ))' i = g or f (2)

f

3Following to some extent the work of Liu and Colliet' , a new scaling is
introduced , y

H =j (p /g w (o - p ))' i = g or f (3)
f

where the characteristic length w is gf /en by

w=D [o/g (o - p )3 (4)
f*

For 0 * 0 H* * J and for a * 1 M* * K*. A function with the required
properties is

[(k g) (A /A )] (5)0= tanh
T

where D = hole diameter; k = critical wave number = 27/t ;t = plate
Pthickness; A

= area of holes; A[o=n of the Bond number L* = n~D
total plate area. As suggested byh4

CE( f'P )/CSun , the intercept C is a funct
'h gwhere n is the number of holes:

-3 * *
C = 1.07 + 4.33 - 10 L L < 200 (6)
=2 L* > 200

as shown in Fig. 5, which includes the available simulated BWR bundle data "
.

4
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The correlation equation
*I *

H*% + H =C (7)#

g f

collapses our air-water data, as well as the saturated steam-water data
of Naitch et al .5 and of Jones 6 reasonably well. The effects of the
inlet water elevation and of the lower plenum volume were both found
to be negligible.

2.2 Steam-Water End-o f-Complete-Bvoass (EOCB)
In these experiments a steam-supported water pool was established

above the plate, and the steam flowrate was then slowly decreased until
liquid penetration through the plate (end of complete bypass or, in
chemical engineering terms, onset of weeping) was observed. Test ranges

285-359 K; number of holes (Fig. 2) 3-15; H373-421 K; Twere: T ==
in'fwater in$et height above plate 5-710 mm.

Fig. 7 shows the effect of ST on E0CB for the 15-hole (KKU geometry)
plate with inlet spray above the p3b surface. The line y E C (T -T )W /h Wg g g 885 fi /ft = 1, which represents thermodynamic equilibrium between th$ enterin

gsteam $nd water flows to produce only saturated wr*er, is uncorrelated with.

these data. There are two regions, corresponding to h E W C LT ub > 120 kv.f
For h < 120 kw the slope f = 0.24 can be considered a mixi g fficiency
forbbingingcoldwatertotheplate. For h > 120 kw this linear mixing
process becomes saturated, and excess water kimply bypasses to drain. As
h increases the EOCB changes from a continuous leakage to oscillatory

g
weeping, with a frequency ~ l s, as shown in Fig. 8. Similar data were
taken with the 9-hole plate (Fig. 9), showing a similar slope in the (f = 0.24),
but a lower intercept, in the linear range, but the same limiting value of

71 kw for the saturation range. This suggests that the vapor velocityh ~

tErough the holes, j' in the linear range, which is verified
by replotting the da$a, may be importantin Fig. 9. An effective dimensionless steam flowrate
can be defined as s

* * '" *
H (8)H =H -

h f
f8 \ psi

7

g,e g

which differs from the analogous quantity for PWR annulus flows by the
fact that f represents an efficiency for transport of cold water into the
plate bubble boundary layer. The EOCB point is now given by

h=C (9)
*

H
g,e

As shown in Fig. 10 the steam-water data agree with the air-water data
correlation for ECCB.

Similar runs were made with plates with smaller perforation ratios
285 K, giving similar results, except that f = 0.49 andfFig. 11) and T =

f
h = 62 kw for 5 holes and 47 kw for 3 holes. The explanation for the
i$pE8Ded mixing efficiency is believed to be the presence of large vertical
standing eddies above the plugged-off regions, which help bring cold water
down to the plate. This is shown by Fig. 12, where the EOCS point is no
longer determinesi only by the steam velocity entering the holes, but now
also depends on h and the perforation ratio. These data can also be
correlated by Eq.g(9), as shown in Fig. 13, although the spread is somewhat
larger, in view of the great variation in plate geometry.

These data may be representative of EOCB behavior of the upper-head pool
with elevated ECCS injection. To investigate the effect of bringing ECCS
directly down to the tie plate, data were taken with the closed end of the
inlet water tube 5 mm, above the plate, with horizontal injection through

holes drilled in the tube side wall. The effects of T are shown in Fig. 14.
f
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A marked improvement in liquid penetration ability is seen with T, = 285 K, and
for h > 150 kw two distinct modes of EOCB are observed. The higher, called

oscilfatoryweeping, lies close to R.7 1, which means that f ~ l for mixing=

of steam and cold water in the vicinity of the plate holes. Vapor-rich regions
grow and collapse above the plate, resulting in inertial penetration of the
holes. As the steam flowrate is reduced, the large scale growth and collapse
ceases, and so does inertial penetration. Further reduction of steam flow
leads to a nearly all-liquid pool, with high-speed bubble (or vapor jet)
collapse in a thermal boundary layer near the plate. This is a stable region

with no liquid penetration. Still further reduction of steam flow results in
dumping,of the entire pool into the lower plenum. The behavior at higher water

temperatures was not investigated at these high values of h _, due to equipment
#

limitations, but does not appear to follow the line g = 1 closely: indicating
much less effective condensation at the holes.

This phenocenon with T = 385 K was explored more fully with different
perforation ratios,(Fig. 15f. Here the g = 1,line (f = L) is followed more closely
with f ~ 0. 85 for h < 9 kw, and f ~ 0.63 for h _ > 9 kw with m < 15. This shows
again the powerful effect of the standing eddies above the blocked-off regions of
the plate in bringing cold water back to the plate, and inducing excellent mixing
in a thin layer above the holes. These eddies,are very weak for the reference
plate (n = 15), so that with low water flows (h. < 4 kw) most of the steam-water
mixing takes place away from the plate, even wifh H = 5-15 mm. Hence for this
plate, the EOCB behavior in the R < 1 regi n is sibElar both for the high and low
water inlet positions. In the R T> 1 region the two-mode behavior (oscillgtory

Tweeping at a high h and dumping for a low h , both for the same value of h , with
a region of zero le$kage in between, was exhfbited at the low perforation ratios
(n = 3 or 5). A simple calculation of the heat trans fer coef ficient on a hemis-
pherical bubble at the mouth of the hole in the stable intermediate region (no
weeping)6g es a ra ge en nsat un heat transhr coeNents M L1 x d to

21.8 x 10 w/m K for these data for n = 3, 5, 9 and 15. This range agrees with
8 for singlecondensation heat transfer coef ficients measured by Bankoff and Mason

steam bubbles injected into a high-shear cold water region, and estimated by Merilo,f ro;n data for transition to downflow for a steam-water bubbly pool.Colah and Duffey

It follows therefore that direct injection of cold water at the plate has
a stung ef fect on EC"B, while water injected at higher elevations is much less
effective. This is also shown by Fig. 16, where the 450 diagonal line (R.7 = 1)
is approximated only by cold water injected at the reference plate (n = 15). The
situation is somewhat better for n = 9 (Fig. 17), since cold water can penetrate
down along the walls more effectively.

2.3 Discussion and Conclusions
1. An extended CCFL scaling equation has been presented, which employs

scaling which varies smoothly from J* scaling for small tubes to K* scaling
for large flow passages. The transition between these two limits is determined
by two geometric factors, consisting of the perforation ratio, A / A.,,, nd the

b
hole diameter' thickness ratio. The " constant" C, which physically can be

related to a critical relative velocity between the gas and liquid, is in fact
a smooth function of a Bond number, L*, and varies from one to two as L*
increases from zero. This scaling equation correlates all the present data
for dif ferent perforated plates, as well as the available BWR simulated tube
bundle data. As expected, this equation also agrees with our steam-water EOCB
(end of complete bypass or weep point) data in the low inlet water flowrate limit.

2. The EOCB data show the importance of bringing cold water down to the
plate, and agree with the air-water correlation if an ef fective vapor volumetric
flux is used, in which the efficiency factor f is now an efficiency for steam-
water mixing at.the plate.
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3. In general, unless very cold water is injected directly at the plate,
f < 0.5, so that the line R l (which corresponds to i = 1) does not describe the=

T
behavior. However, for tube bundle data in the " water-first" mode, the choke point

is within the tube bundle, so that y = 1 describes CCFL (end of complete delievery)
in view of the large steam-water contact area within the bundle 5,6 However, it
should be pointed out that the available simulated tube bundle data have been taken
with unheated " fuel" pins. With hot dry metal surfaces the choke point will be
significantly higher, and may be expected to be at the upper tie plate.

3. Local Condensation Coefficients in vertical steam-Water separated
FlowlV
A PWR-annulus scaled flat-plate vertical test section, of gap 38.1 mm,

depth 381 mm and height 0.965 m, was constructed for measurement of local heat
transfer coefficients in separated countercurrent flow of steam and cold water
( Fig. 18). Electrically-heated Pitot tube traverses could be made in the
steam space at four elevations, in order to compute condensation rates. Typical
steam velocity profiles are shown in Fig. 19. Because of unstable growth of
surface waves in the vertical position, it was necessary to tilt the test
section slightly to 7 with the vertical. Even so, instabilities and entrain-
ment at the lowest Pitot tube (0.08 m from the plate bottom) caused these
readings to be less reliable than the others. The effect of the inlet steam
flowrate, W (0) at nearly constant water flow rates is shown in Fig. 20,

8where x = 0 1s the plate bottom, and x < 0 represents the lower plenum.
Similar data for different inlet water temperatures and flow rates are shown
in Figs. 21-24. Second-order polynomials were fitted to these data by least
squares, and local slopes taken in order to calculate the local heat transfer
coefficients, h . These are shown in Figs. 25-28 These are replotted in

* local Stanton numbers, St = h /c G, where G = G(x) is theFigs.29-32 as

Yt is*sekn that the steam flow ratelocal liquid mass flux vs. distance, x.
varies almost linearly with distance, and the local heat transfer coefficients

2are generally within the expected range of 20-100 kw/m K. The highest heat
transfer coefficient is always at the bottom of the plate, but the measurement
technique in this region needs further refinement. No correlation is offered
at this time.

The range of water and steam flows was limited by the desire to have less
than total condensation on the one hand, and to prevent flooding at the bottom
of the plate on the other. Quantitative measurements of the change in flow
regime associated with flooding were not made in these preliminary runs, but
some interesting qualitative observations can be reported at this time. The
instabilities were definitely not of the form of solitary waves whose growth is
determined by quasi-static Bernoulli equations in the gas and liquid phases,
as has been successfully employed in horizontal air-water flow. Instead, the
instabilities were characterized by three-dimensional waves, which gave the
water surface a pebbly texture 0.5m from the top, and which resulted in strong
entrainment of drops at the bottom. The new feature here is that the drops
tended to concentrate into a steady fluidized region near the bottom, in which
entrained droplets would rise up to a critical location where the steam velocity
is barely sufficient to levitate the droplet, and would therefore oscillate
around that point. Such behavior is not observed with air / water flows, and

is indicative of the important qualitative, as well as quantitive, differences
between steam / water and air / water separated flows.

4. Apolication to Reactor Flooding

Although the present perforated plate steam-water data deal only with
EOCB (minimum W such that W = 0, where W and W are the mass flow

is$Ab0restingtoconsidertheratesofstaam$ASndliquiddel[hered), d
it

reactor flooding problem by UHI in conjunction with the data of Naitoh et al.3
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6and Jones The latter investigators measured W vs. W at constant.

inunheatedsimulatedBWRtubebundles,thfd E' "being introducedW steam
ak' Ehe bottom of the bundle. With saturated steam / water a delivery curve
wasobtagnedasafunctionofW , which has been correlated by a Wallis-type

Sequation , using K* scaling and ' Bond number dependence of C. As shown above,
we are able to correlate all their data, plus our own air / water data in a
variety of perforated plate geometries, by a new scaling (H*). In their cold

water steam experiments the line g = 1, corresponding to marginally complete
condensation of all the steam in a perfectly mixed system, signals an important
change in water delivery. Typical data by Jones are shown in Fig. 33, where
W and W are measured at constant W In the " water-first" mode,

dkYiveryEsEompleteasthesteamflowik'knc.reased until the line g = 1 is
reached. At this point some steam can reach the upper tie plate and reduces
the downward water flow. However, any slight reduction in downward flow
increases the steam flow reaching the plate, since the large tube bundle crea
guarantees excellent contact between the steam and water. This has an auto-
catalytic effect, resulting in a jump to the CCFL line. Further increases in
steam flow decrease W n reversing the** * E "'' =

fd(""
.fd

direction of traverse steam-first mode) a hysterests loop is obtained, since
the jump point is now at

g >f g = 1 is saturated water,
1. This is because the delivery through the

holes in the neighborhood o and it is not until
the water delivery and the pool subcooling both increase,as W . decreases
further, to some critical value that subcooled water is drawn S' *"through the
holes, producing a jump to full delivery.

On the other hand, the present EOCB data consist of measurements of W
3'1",T and W at which W begins to be nonzero. A flow map for the 15

h$le"dataw[fA"waterinletSotat the plate is shown in Fig. 34, which simulates
the KKU 3eometry. The line R,= 1 is not followed, but instead the EOCB boundary

Below t!i data were not taken, but probably followis given by Eq. (9). inwhichH(spoint,is used instead of H* (Eq. (8)). An estimateda modified Eq. (7),

line for complete delivery ("dEiping") is also shown wEth region g >been taken1, corres-
ponding to cold water being drawn through the holes. EOCB data have
at water mass fluxes well above those previously studied, and include the KKU
range of interest.

It is thus clear that a two-dimensional flow map is inadequate, and a
three-dimensional representation must be constructed for any particular flow
system. We now define an additional thermodynamic quantity system:

..

R =h 'h =W C ST Ih W (10)T,d fd g fd f sub fg g

No steam reaches the holes in a simulated tube bundle experiment if R 'T d
and hence there is complete delivery in this region. In the CCFL region a
modified Eq. (7) applies:

*h*
H +H =C (11)g,e fd

*
where H is defined by Eq. (8 ) . The complete oypass region is

* hH >C (12)g,e -

For M h < C and < 1 Eq. (11) holds, and at R > 1 a ju p t c mplete
*

Tdeliv8ty, occurs in he steam-first mode, while at 1 a jump from complete
g =These equations aredelivery to Eq. (11) occurs in the steam-first mode.

to(con'structiathree-dimensionalwaterdeliverysurfaceHjdsufficient as a
function of H'''" and H .

*
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Some words of caution should be expressed at this point. In the unheated
tube bundle studies as well as our own studies, V , and hence H*, is a

S Sfixed input variable. With hot dry surfaces belva che tie plate however,
water penetrating down no longer has an autocatalytic effect of reducing the

and WInstead,thereisafeedbackbetweenW'Isthe S",steam flow to the plate.
is the water flowing downwards from the plate, and Wwhere W

steamffbwingupwardstotheplate. When the EOCB point is reEEhed,
(W > > water penetrating downwards results in an increased steam flow

fdupwards, so that complete bypass is re-established. One can therefore expect

the system to oscillate around the EOCB point for some time, unless delivery
incoherencies are established due to scale effects, radial non-uaiformities

of rod temperatures, and/or ECCS inlet design.
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SUMMARY

The deentrainment and reentrainment of watdr droplets in flow
of a mixture of vapor and droplets through the upper plenum during the
reflooding of a Pressurized Water Reactor following a loss of coolant
accident are phenomena of great importance to the safety of the reactor.
It has been generally assumed that this mixture emerges from the rod-
bundle passage of the reactor : ore essentially unaffected by the presence
of the tie plate which separntes the core and the upper plenum. A typical
model used for this t)Te of investigation is the cross flow of a mixture
around an array of vertical rods. Droplets are usually released from
a sprayer arrangement placed in th.e middle of a horizontal air stream.
Two serious questions arise concerning the size range of these droplets
and the orientation of the flow as a result of the interaction between

the mixture coming up from the core and the flow passages in the tic plate.
The range of size of dropicts in a vapor-droplet mixture has a

variety of implications in heat and uss transfers in the dispersed flow.

In the flow passage in the reactor core, where heat transfer is of primary
concern, the small droplets (<100p) are expected to play a dominant rola
due to their large surface to volume ratios and their pronounced transverse
migratory interaction with the boundary walls. On the other hand, in the
upper plenum above the tie plate where mass transfer is of primary concern,
the large droplets (>1mm) are expected to play a dominant role due to
their overwhelming share of total mass in the dispersion. Consequently,

the flow of a gas-droplet mixture through the tie plate deserves a great
deal of attention.

The flow of an air-water droplet dispersion in a simulated 3-D test
section in the reflood portion of LOCA is studied. For this purpose, a

new scheme of Laser-Doppler Anemometry for the simultaneous measurement

of size nad velocity of large-size (Imm-6mm) droplets has been developed

and utilized. In terms of dropict reentrainment from the tic plate,
three flow regimes have been identified, depending on the velocity level
of the flow: tLe dome formation st, age, the oscillating dome stage and
the wall film breaking up stage. It has been observed that the size
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distribution of the reentrained droplets depends mainly on the flow
regimes and is essentially independent of that of the incoming dis-
persion below the tie plate. These reentrained droplets are found
to be mostly below 1mm in size and their trajectories on leaving the

tie plate essentially oriented close to the vertical direction.
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OVERVIEW

. . .

9 TWO-PHASE DISPERSED FLOW PHENOMENA IN THE SIMULATED

3-D TEST SECTION IN THE REFLOOD PORTION OF LOCA

@ IN R0D BUNDLE FLOW PASSAGE:

SE1ALL DROPLETS (< 100 u) PLAY A DOMINANT-

ROLE IN ilEAT TRANSFER DUE TO THEIR

PRONOUNCED TRANSVERSE MIGRATORY INTERACTI0l1

WITH BOUNDARY WALLS

@ IN UPPER PLENUM ABOVE TIE PLATE:

LARGE DROPLETS (> 1MM) PLAY A D0t11NANT ROLE

IN MASS TRANSFER DUE T0 fHEIR OVERWHELMING

SHARE OF TOTAL MASS lil DISPERSI0fl
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$ OBJECTIVE OF EFFORT:

TO STUDY THE SIZE AND vel 0 CITY DISTRIBUTIONS OF

LARGE DROPLETS BELOW AND AB0VE TIE PLATE OF A

SIMULATED 3-D TEST SECTION

@ DEVELOP LASER DOPPLER ANEMOMETRY FOR MAKING

MEASUREMENTS OF:

e SIZE AND NUMBER DEf1SITY DISTRIBUTION OF

LARGE (IMM-6MM) WATER DROPLETS

e VELOCITY DISTRIBUTIONS OF DROPLETS AND

SURROUNDING CONTINUOUS PHASE

@ DESIGN AND CONSTRUCTION OF A FLOW CHANNEL

TO SIMULATE THE DISPERSED FLOW THROUGH

REPRESENTATIVE SECTION OF TIE PLATE
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FLOW THROUGH TIE PLATE
. . .

9 FLOW ARRANGEMENT

@ REPRESENTATIVE SECTIONS OF TIE PLATE

(FIGURES 1 AND 2)

@ FLOW LOOP (FIGURE 3)

$ PRELIMINARY TESTS

@ WATER DOME FORMATION (FIGURE 4A)

@ WATER DOME OSCILLATION ( FIGURE 4B)

@ WATER DROPLETS BREAKING OUT FROM

OSCILLATING DOME (FIGURE 5)

@ WATER DROPLET ENTRAINMENT FROM

WATER LAYER (FIGURE 4C)

e FLOW REGIME CLASSIFICATION FOR TIE PLATE DROPLET

ENTRAINMEllT (TABLE 1)
1
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NEW LDA OPTICAL TECHNIQUE.
. . .

$ DEVELOPMENT OF A NEW OPTICAL TECHNIQUE

USING LASER-DOPPLER ANEM0 METRY FOR LARGE

DROPLET MEASUREMENT

@ NEEDS FOR USING LDA

(VELOCITY, SlZE AND TRAJECTORY LOCATION

OF EACH DROPLET AT LOCAL MEASURING STATION

@ LASER SIGNAL DUE TO PASSAGE OF A LARGE

DROPLET (REFERENCE-BEAM MODE LDA) (FIGURE 6)

e BLOCKING LENGTH (SIZE) (FIGURE 7A)

e DOPPLER SIGNAL (VELOCITY, LOCATI0fl)

(FIGURE 7B)

g INSTRUMENTATION

@ PHOTO DIODE FOR OBTAINING BLOCKING LENGTH

(FIGURE 8)

@ IflSTRUMENTATI0tl BLOCK DIAGRAM

(FlGURE 9)

@ SAMPLE DATA SHEET

(TABLE 2)
'
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CALIBRATION

@ DIFFICULTIES IN:

e OBTAINING CONTROLLED LARGE SPHERICAL DROPLET

e MAINTAINING PRECISE DROPLET TRAJECTORY

RELATIVE TO OPTICAL MEASURING VOLUME

@ INDIRECT CALIBRATION USING SPHERICAL PARTICLES

(SPHERICITY: 0.00005 IN) CF CONTROLLED SI/_ES.

$ ACHIEVEMENTS'

@ ON-LINE DATA ACQUISITION SYSTEM FOR OBTAINING

ALL NECESSARY PARAMETERS HAS BEEN DEVELOPED

@ BLOCKING LENGTH AGAINST MEASURED SIZE (FIGURE 10)

@ DOPPLER SIGNAL AMPLITUDE VS. SIZE

e STEEL BALL (FIGURE 11)

e WATER DROPLET (FIGURE 12)

@ SAMPLE SCATTERING DIAGRAM (FIGURE 13)

@ DROPLET SIZE DISTRIBUTION (FIGURE 14)

@ DROPLET VELOCITY DISTRIBUTIOR (FIGURE 15)
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C0flCLUS10E
...

$ FLOW REGIMES OF TWO-PHASE DISPERSED FLOW

THROUGH 3-D SIMULATED TIE PLATE HAVE BEEN

JDENTIFIED

$ A NEW LASER-D0PPLER AflEM0 METRY TECHNIQUE AND

ACCOMPANYING ELECTRONICS AND COMPUTER INTER-

FACES CAPABLE OF MEASURING SIZE AND VELOCITY

OF LARGE DROPLETS HAVE BEEN DEVELOPED
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TABIF 1. FLOW REGIME CLASSIFICATION FOR TIE PLATE DROPLET ENTRAINPENT

FLOW REGIME (I) INITIAL STAGE (II) DROPLET ENTRAINMENT (III) DROPLET ENTRAINMENT

OF WATER DOME EROB_0SClLLATING FROM WALL LAYER

FORMATION DOBE

AIR VELOCITY IN UP TO - 5 M/SEC ~ 5-18 M/SEC ABOVE - 18 M/SEC

CHANNEL

AIR VELOCITY IN UP TO -9 M/SEC ~9-30 f1/SEC AB0VE ~30 M/SEC

TIE PLATE HOLES

SIZE OF DROPLETS ~1-SMM ~1-5MM 1-5MM

SUPPLIED

HEIGHT OF WATER SLOW FORMATION OPTIMUM HEIGHT OF NO DOME REMAINS

DOME FORMED ON UP TO 3MM OSCILLATING DOME

TOP 0F TIE PLATE ~5-6MM

CRITICAL FREQUENCY NONE ORDEP 0F 10 HERTZ NONE-

$ OF WATER DOME
N OSCILLATION

N
* PREDOMINANT SIZE NONE ~0.5-1.5MM RANDOM DUT SMALL,

OF DROPLET BREAKING OUT FROM < 0,5m

ENTRAINMENT OSCILLATING DOME
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TABLE 2. SAMPLE DATA SHEET

BLOCK NUMBER: 0
AXIAL UEL BLOCK LNTH PATH LNYH PEAK VOLT TIME BTWN SAMP
( M/S'C ) ( MICRONS ) ( MICRONS ) ( VOLTS ) (MILLI SEC)

0.26691E+01 0.63563E+04 0.26318Ef03 0.56812E+01 0.255COE+03
0.26711E+01 0.63685E+04 0.26551E+03 0.57495E+01 0.239;?E+03

0.26638E+01 0.63509E+04 0.26265E+03 0.57446E+01 0.238'4E+03
0.26658E+01 0.63525E+04 0.26284E+03 0.56714E+01 0.23900E+03
0.26772E+01 0.63841E+04 0.26505E+03 0.57349E+01 0.23900E+03
0.26644E+01 0.63472E+04 0.26271E+03 0.57153E+01 0.23900E+03
0.26806E+01 0,63847E+04 0.26645E+03 0.57495E+01 0.23800E+03
0.26644E+01 0.63472E+04 0.26271E+03 0.57104E+01 0.23900E+03
0.26685E+01 0.63536E+04 0.26418E+03 0.57495E+01 0.23800E+03
0.26705E+01 0.63552E+04 0.26224E+03 0.56616E+01- 0.23900E+03
0.26664E+01 0.63531E+04 0.26184E+03 0.56226F+01 C.23800E+03
0.26658E+01 0.63461E+04 0.26284E+03 0.57007t+01 0.23800E+03
0.26766E+01 0.63697E+04 0.26391E+03 0.56714Ef01 0.23900E+03
0.26820E+01 0.63858E+04 0.26552E+03 0.57104E+01 0.23800E+03
0.26631E+01 0.63397E+04 0.26258E+03 0.56616E+01 0.23900E+03
0.26806E+01 0.63793E+04 0.26431E+03 0.56812E+01 0.23800E+03
0.26745E+01 0.63670E+04 0.26478E+03 0.57056E+01 0.23800E+03
0.26685E+01 0.63525E+04 0.26418E+03 0.57837E+01 0.23900E+03
0.26759E+01 0.63755E+04 0.26491E+03 0.56860E+01 0.23800E+03
0.26671E+01 0.63557E+04 0.26404E+03 0.57642E+01 0.23900Ef03
0.26577E+01 0.63461E+04 0.26099E+03 0.55981E+01 0.23900E+03
0.26631E+01 0.63525E+04 0.26258E+03 0.57251E+01 0.23900E+03
0.26597E+01 0.63456E+04 0.26225E+03 0.56812E+01 0.23900E+03
0.26604E+01 0.63546E+04 0.26125E+03 0.56665E+01 0.23900E+03

~~
0.26711E+01 0.63846E+04 0.26444E+03 0.56860E+01 0.23900E+03

CN 0.26604E+01 0.63610E+04 0.26019E+03 0.54712E+01 0.24000E+03C 0.26551E+01 0.63483E+04 0.26285E+03 0.57739E+01 0.23900E+03y
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Droplet Cross Flow Phenomena in

an LPWR Upper Plenum

John C. Dallman and Walter L. Kirchner
Energy Division

Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Stcam-droplet flows in the upper plenum of a large Pressurized

Water Reactor (LPWR) during a postulated LOCA can directly affect the

peak fuel clad temperatures. The droplet flow, generated from the core

region during the reflood stage of the accident, may either de-entrain

on the upper plenum internals or be carried out a hot leg. Significant

liquid de-entrainment in the upper plenum results in a potential reduc-

tion of the steam binding problem, and may enhance the reflood rate by

draining back into the core region.

Earlier related work on the icing of aircraft wings and filtration

of liquid / dust carryover from industrial plants has resulted in a number

of de-entrainment efficiency measurements for cylinders in two-phase

cross flows. The resultant theory of " inertial impaction" applied to

flow conditions of interest in reactor applications would predict

efficiencies of at least 90%. Recent studies by the authors using air-

water flow across vertical cylindrical and square tubes have generated

significantly different results.I Drop splattering and/or bour.cing

upon impact with the tubes appears to be the primary phenomenon diminish-

ing the de-entratnment efficiency from that predicted by " inertial im-

paction" theory. This is in qualitative agreement with the work of

Finlay and McMillan,2 altbaugh their studies involved horizontal
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cylinders. Re-entrainment from the draining liquid films on the tubes

appears to cause only a small degradation in de-entrainment efficiency
.

over the air velocities investigated in this study (velocities were

chosen to be representative of expected LOCA conditions).

A convenient way to characterize liquid de-entrainment on structures

is to measure the rate of liquid de-entrainment per unit area and the

total mass flux at the structure surface. The ratio of these quantities

is the de-entrainment (capture) efficiency. Measurement of single rod

efficiencies using air-water drop flows has indicated a strong dependence

on mass flux for flux rates less than 2 kg/m s (see Figure 1). At higher

mass flux rates the capture efficiency, for the limited range of param-

eters of this study, tends toward a constant value. In addition, for

velocities of 7 and 14 m/s no significant dependence on air velocity

could be resolved (the data in Figure 1 are a representative sampling of

results to date).

Figure 2 indicates that for air velocities of 7 and 14 m/s, volume

mean drop diameters of about 1300 to 1600 pm, and mean droplet velocities

from about 10 m/s to 18 m/s the single rod capture efficiency is only a

weak function of particle Weber number. Also of interest is that no

significant dependence on cylinder diameter is apparent for mass flux

rates above 2 kg/m -s. However, the 76.2 mm square tube, facing per-

pendict.lar to the mean flow, did have a slightly better capture efficiency
than the cylindrical tubes.

Extension of the single rod measurements to multiple rows in an in-

finite array can be accomplished using some strong assumptions: (1) the

,

1602 046



,- \.

3

flow is completely mixed between the rows, (2) the inter-row vortices

are effective mixers but do not enhance re-entrainment, and (3) the

changes in drop size and velocity spectra do not change the local de-

entrainment efficiencies markedly from those of the first row. Using

these assumptions an equation of the form

n = 1 - A(1-nsrl)II~Usr2)****II~Usrn)mr

can be used. Where A is a geometric factor dependent upon pitch-to-

diameter ratios, staggered versus in-line arrays, etc., and n issrn

the capture efficiency of a single rod with a droplet mass flux typical
th

of the n row. Application of this equation to the 76.2 mm square pin

measurements is presented in Figure 3. From preliminary work on multi-

ple row arrays it is felt that the results of Figure 3 are conservative,

but further investigation is warranted.

In conclusion, the data presented indicate a de-entrainment effi-

ciency for single structures substantially less than expected from

theory. However, internal structure arrays typical of an upper plenum

appear to exhibit a high net efficiency.

1. J. C. Dallman, W. L. Kirchner, and V. S. Starkovich, "De-entrainment
Phenomena from Droplet Cross Flow in Vertical Rod Bundles," ANS Trans-
actions, Vol . 30, pp. 381-384 (1978),

2. I. C. Finlay and T. McMillan, " Heat Transfer During Two-Component
Mist Flow Across a Heated Cylinder," Proc. Instn. Mech. Engrs., Vol.182,
Pt. 3H, pp. 277-288 (1967).
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