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MEMORANDUM FOR: Those on Attached List
FROM: John L. Telford
Containment Systems Research Branch
SUBJECT: MEETING SUMMARY FOR THE MOLTEM-CORE COOLANT INTERACTION

RESEARCH REVIEW GROUP

On June 4 and 5, 1984 technical working sessions of the subject research review
group were held at the Hiltun Hotel, Meeting Room 406, New Orleans, LA, The
sessfons were attended by: J. Rosenthal, J. Telfcrd, and R, Wright (members)
and R, Anderson, G. Bankoff, M., Berman, W, Bohl, M, Corradini, D, Squarer, and
T. Theofanous (advisors). The purpose of the review group is given in
Enclosure 1 of this letter. An agenda for the meeting is given in Enclosure 2
of this letter,

The meeting discussions included the following.

1. The agenda was modified to allow more time to discuss recent SHL
experimental results and four proposed near term experimental test series,

2. Selected areas of NRC-IDCOR dfsagreement involving steam explosion
phenomana resulting from the Harpers Ferry Meeting were briefly discussed
as points-of-reference and to establish one need for specific research,

3. Recent SNL experimental results were briefly discussed by M, Berman, The
attached information paper, "NRC/Sandfa Fuel-Coclant Interactions Program
Information Exchange Meeting" was provided to all review group
participants,

4. Three proposed experimental test series were discussed as follows:
a. Large-scale (2000 Kg) facility for open-geometry experiments on

cearse mixing and conversion ratio using thermite melts at ambient
pressure,
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Those on Attached List 2

b. Extension of the Fully Instrumented Test Site (FITS) closed-geometry
experiments to 50 Kg (from 20 Kg) of thermite melts., This series
would evaluate six independent variables, as a first effort,

€. Medium-scale (400 Ka) facility for closed-geometry experiments using
induction-heated prototypic oxidic and metallic melts., This serfes
would evaluate eight inoependent variables, as a first effort,

The specific items of discussion, for the record, are given in Enclosure 3 of
this letter.

The review group's conclusions are the following.

1. The large-scale (2000 Kg) facility for open-geometry exp .riments on coarse
mixing and conversion ratio using thermite melts at ambient pressure
should have first priority and work should begin as soon as possible,

2. The need for the medium-scale (400 Kg) facility for closed-geometry
experiments using induction-heated prototypic oxidic and metallic melts
may depend on the results of the large-scale (2000 Kg) tests (conclusion
1, above). The dependence, is based on whether a 1imit to mixing is found
and the behavior of conversion ratio as melt mass increases.

3. There is a need for a detailed written description of how the conversion
ratfo will be measured and for an "uncertainty" statement to describe the
precision of the conversion ratio measurement,

4. The use of artifical triggers is acceptable 1f delayed or "late" triggers
are used,

§. There is need to demonstrate that the gas in the thermite during the melt
formation stage has been allcwed to escape before delivery of the molten
thermite to the water chamber,
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6. There is a need for the review group to meet again within six to nine
months to review the actions taken on conclusions 3 and 5 and to discuss
in detail the design of the water chamber (geometry) to be used in the
large-scale (2000 Kg) tests.

[f any of the view group participants would 1ike to add corrections to this
summary, please give me a call (301-427-4576).

2}~4é:. \:7
Jaiin L. Telford

Research Review Group Chairman
Containment Systems Research Branch

Enclosure: As stated

cc: D. Ross, RES

0. Bassett, DAE

T. Speis, NRR

W. Morrison, DAE
R. Curtis, RES

C. Kelber, RES

M. $11b¢rbcra. RES
L. Larkins, RES

B. Burson, RES
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ENCLOSURE 1

Molten Core-Coolant Interaction Research Review Group

Purpose:

The Group's purpose is to advise in the design and planning of experiments
to obtain maximum effectiveness and efficiency. The areas of consideration
fnclude: engineering design of the test facilities, measurements and data
recording, definition of independent varfables and their ranges, and clarity
of logic for the test results to provide definitive answers to the hypotheses
of interest.



ENCLOSURE 2
AGENDA

Molten Core-Coolant Interaction Research Review Group

MONDAY, June 4, 1984
6:30 p.m, Introduction J. Talford
6:40 p.m, Description of FITS Serfes M. Berman
6:55 p.m, Description of "Large Mass" M. Berman
Series
7:10 p.m, Discussion of “Large Mass"
Series
8:00 p.m. Discussion of FITS Series
8:50 p.m, Develop Summary Conclusions
9:0C p.m. Adjourn
T Y §, 1984
6:30 p.m. Introduction J. Telford
§:35 p.m, Description of "Enclosed” M. Berman
Series
6:50 p.m, Discussion of "Enclosed”
Series
8:00 p.m, Develop Summary Conclusions

8:45 p.m, Adjourn



Enclosure 3

The following are the main items of discussion from the review group meeting
?:l: g:::‘l and 5, 1984, The participant first bringing up the item has been
t .

Experiments designed to address the alpha mode-of-failure should have a
high priority -« T. Theofanous.

Different methods of melt preparation may produce melts of different
characteristics - D, Squarer,

For the lar,. scale (2000 Kg) experiments, consider trying to measure the
locations of the steam, water, and melt phases (after contact of melt and
water) by using resistivity or acoustic measurements - G, Bankoff.

The objectives of all the experimental series could be categorized by
three considerations:

a. Alpha failure mode and mixing,

b. Steam and hydrogen production and debris characteristics, and

¢, fission product source term - M, Corradini.

G. Bankoff discussed some recent calculational results using the Pheenix
Code. During the molten fuel-coolant mixing, the code predicts the
locations of the melt, water, and steam phases. As an input condition the

co?o was given uniformly spaced 10 ¢cm dizmeter spheres to represent the
meit.

T. Theofanous made the following points for the large scale (2000 Kg)
experiments:

a, measure conversion ratio very well,

b. eliminate the "leading edge" effect (in other words, investigate the
effects of melt mass, pour rate, water chamber depth, and water
chamber cross sectional area), and

€. use an integral test approach,

For the geometry of the water chamber consider a right cylinder
shape - W, Bohl,
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Enclosure 3 Cont'd

Experience has shown that the same steam explosion (fuel-coolant
interaction) result is not repeatable even for the same test
conditions - R, Anderson,

The water chamber should have rigid walls - G. Bankoff,

To allow photographic coverage with a rigid wall water chamber consider:
fiber optics, ports in the water chamber, two mirrors to look into the
chamber, and front lighting - R. Anderson,

As a comparison, we could consider one or two tests using lucite water
:h:::ers followed by one or two tests using rigid wall water chambers - R,
right.

Having X-ray films may be important information on premixing phases. This
would imply using lucite water chambers - G, Baknoff,

One reasonable partition is to use rigid wall water chambers in 80% of the
tests and lucite water chambers in 20% of the tests - T, Theofanous.

It would be meaningful to find out if trigger strength is correlated with
conversfon ratio. This suggests a need to measure trigger strength as
well as conversion ration - G. Bankoff,

For the extension of FITS closed-geometry experiments using 50 Kg thermite
melts, there is a potential problem that 50 Kg is sufficiently small {n
relatfon to reactor sca'e that the melt mass will behave 1ike the leading
edge uf a larger mass - T, Theofanous.

For the medium-scale (400 Kg) experiments the following independent
varfables were proposed - M, Berman,

a, melt mass

b. melt composition (oxidic or metalic)

€. additional heat beycnd melting

d, water depth

e. water chambers cross sectional area

f. water temperature

g. melt energy velocity

h, ambient pressure (inside closed vessel)

The proposed neasurements are:

. hydrogen gereration rate and total amount
. steam generation rate and total amount
debris characteristics

conversion ratio

water phase pressure

gas phase pressure

D B —
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MEMORANDUM FOR: Those on Attached List

FROM: John L. Telford
Containment Systems Research Branch

SUBJECT: MEETING SUMMARY FOR THE MOLTEN-CORE COOLANT INTERACTION
RESEARCH REVIEW GROUP

On June 4 and 5, 1984 technical working sessions of the subject research review
group were heid at the Hilton Hotel, Meeting Room 406, New Orleans, LA, The
sessfons were attended by: J, Rosenthal, J. Telford, and R. wright (members)
and R. Anderson, G. Bankoff, M. Berman, W. 8chl, M. Corradini, D. Squarer, and
T. Theofanous (advisors). The purpose of the review groug is given in
Enclosure 1 of this letter. An agenda for the meeting is given in Enclosure 2
of this letter,

The meeting afscussions included the following,

1. The agenda was modified to allow more time to discuss recent SNL
experimental results and four proposed near term experimental test series,

2. Selected areas of NRC-IDCOR disagreement involving steam explosion
phencmana resulting from the Harpers Ferry Meeting were briefly discussed
as points-of-reference and to establish one neea for specific research,

Recent SNL experimental results were briefly discussed by M. Berman. The
attached information paper, "NRC/Sandia Fuel-Coolant [nteractions Program
Information Exchange Meeting" was provided to all review group
participants,

Three proposed experimental test series were discussed as follows:
8. Large-scale (2000 Kg) facility for open-geometry experiments on

coarse mixing and conversion ratio using thermite melts at ambient
pressure,
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Extension of the Fully Instrumented Test Site (FITS) closed-geometry
experiments to 50 Kg (from 20 Kg) of thermite meits. This series
would evaluate six independent variables, as a first effort.

Medium-scale (400 Kg) facility for closed-geometry experiments using
induction-heated prototypic oxidic and metallic melts. This series
would evaluate eight independent variables, as a first effort.

The specific items of discussion, for the record, are given in Enclosure 3 of
this letter,

The review group's conclusions are the following.

1. The large-scale (2000 Kg) facility for open-geometry experiments on coarse
mixing and conversfon ratio using thermite melts at ambient pressure
should have first priority and work should begin as soon as possible,

The need for the medium-scale (400 Kg) facility for closed-geometry
experiments using induction-heated prototypic oxidic and metallic melts
may depend on the results of the large-scale (2000 Kg) tests (conclusion
!, above). The dependence is based on whether a limit to mixing is found
and the behavior of conversion ratio as melt mass increases.

There is a need for a detailed written description of how the conversion
ratio will be measured and for an "uncertainty" statement to describe the
precision of the conversion ratio measurement.

The use of artifical triggers is acceptable f delayed or "late” triggers
are used.

There is need to demonstrate that the gas in the thermite during the meit
formation stage has been allcwed to escape before delivery of the molten
thermite to the water chamber,
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6. There is a need for the review group to meet again within six to nine
months to review the actions taken on conclusions 3 and 5 and to discuss
in detail the design of the water chamber (geometry) to be used in the
large-scale (2000 Kg) tests.

[f any of the view group participants would 1ike to add corrections to this
summary, please give me a call (301-427-4576).

a.aa
Jan L. Telford

Research Review roup Chairman
Containment Systems Researc Branch

Enclosure: As stated

ce: D. Ross, RES

0. Bassett, DAE
. Speis, NRR
. Morrison, DAE
. Curtis, RES
Kelber, RES
Si1borborg RES
Larkins, ES
Burson, RES
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ENCLOSURE 1

Molten Core-Coolant Interaction Research Review Group

Purpose:
The Group's purpose is to advise in the design and planning of experiments
to obtain maximum effectiveness and efficiency. The areas of consideration

fncluce: engineering design of the test facilities, measurements and data

recording, definition of independent variables and their ranges, and clarity

of Togic for the test results to provide definitive answers to the hypotheses

of interest,




ENCLOSURE 2
AGENDA

Molten Core-Coolant Interaction Research Review Group

Y 4, 1984

6:30 p.m,
6:40 p.m,

6:55 p.m,
7:10 p.m,

8:00 p.m,
8:50 p.m,
9:00 p.m.

TUESDAY, June 5, 1984

6§:30 p.m.
6§:35 p.m.

6:50 p.m.

8:00 p.m.
8:45 p.m,

Introduction

Description of FITS Series
Description of “Large Mass"
Series

Discussion of "Large Mass"”
Series

Discussion of FITS Series
Develop Summary Conclusions

Adjourn

[ntroduction

Description of "Enclosed”
Series

Discussion of "Enclosad”
Series

Develoo Summary Conclusions

Adjourn

J. Tel ford

M. Berman

J. Telford

M. Berman



Enclosure 3

The following are the main items of discussion from the review group meeting
held Jgno 4 and 5, 1984, The participant first bringing up the item has been
identified.

Experiments dos1¥ned to address the alpha mode-of-failure should have a
high priority « T, Theofanous.

Different methods of melt preparation may produce melts of qifferent
characteristics - 0. Squarer,

For the 1|r30 scale (2000 Kg) experiments, consider trying to measure the
locations of the steam, water, and melt phases (after contact of melt and
water) by using resistivity or acoustic measurements - G. Bankoff?,

The objectives of all the experimental series could be categorized by
three considerations:

a. Alpha fatlure mode and mixing,

b. Steam and hydrogen production and debris characteristics, and

¢. fission preduct source term - M, Corradini,

G. Bankoff discussed some recent calculational resylts using the Phoenix
Code. Our1n3 the molten fuel-coolant mixing, the code predicts the
locations of the melt, water, and steam phases. As an fnput condition *he
co?o was given uniformly spaced 10 cm aiameter spheres to represent the
meit.

T. Theofanous made the following points for the large scale (2000 Kg)
experiments:

4. measure conversion ratio very well,

5. eliminate the "leading edge" effect (in other words, investigate the
effects of melt mass, pour rate, water chamber depth, and water
chamber cross sectional area), and

€. use an integral test approach,

For the geometry of the water chamber consider a right eyl inder
shape - W, Bohl,
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Experience has shown that the same steam explosion (fuel-coolant
fnteraction) result is not repeatable even for the same test
conditions - R, Anderson.

The water chamber should have rigid walls - G. Bankof?,

To allow photographic coverage with a rigid wall water chamber consider:
fiber optics, ports in the water chamber, two mirrors to ook into the
chamber, and front lighting - R, Anderson.

As a comparison, we could consider one or two tests using lucite water
shl:on followed by one or two tests using rigid wall water chambers - R.
right,

Having X-ray films may be important information on premixing phases. This
would fmply using lucite water chambers - G. Baknoff.

Une reasonable partition is to use rigid wall water chambers in 80% of the
tests and Tucite water chambers in 20% of the tests « T. Theofanous.

It would be meaningful to find out {f trigger strength {5 correlated with
conversion ratio. This suggests a need to measure trigger strength as
well as conversion ration - G, Bankof?.

For the extension of FITS closed-geometry experiments using 50 Kg thermite
meits, there s a potential problem that 50 Kg fs sufficiently small in
relation to reactor scale that the melt mass will behave ike the Teading
edge of a 'arger mass - T, Theofanous.

For the medium-scale (400 Xg) experiments the following independent
variables were proposed - M, Berman,

A, melt mass

b, melt composition (oxidic or metalic)

€. additional heat beycnd melting

d. water depth

€. water chambers cross sectional area

f. water temperature

§. melt energy velocity

A, ambient pressure (inside closed vessel)

The proposed measurements are:

hydrogen generation rate and tota) amount
steam generation rate and total amount
debris characteristics

conversion ratio

water phase pressure

gas phase pressure

D ey
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7 base impulse
8. maybe X--ay or gamma-ray films (for coarse mixing)

For the medium-scale (400 Kg) experiments, all participants expressed
their opinions on the ab‘1ity of these experiments to solve the related
safety issues. The use of an induction melt and 400 Kg mass was favored
by some participants. One question was whether 400 Kg is a Targe enough
mass. Most participants did not want to make a decision at this time.
The need for these tests may depend on the results of the large-scale
(2000 Kg) experiments.

0. Squirar had the folowing sumarry comments

a. The water chamber (cross section) should be larger than the stream of
melt mass.

b. The cavity structurs :houid be careful’ y designed (preference for
prototypic conditiens).

€. Some tests should use lwcite water chambers so that the results can
be related to :revious experiments.
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FUEL-COOLANT INTERACTION PHENOMENA INCLUDE

STEAM EXPLOSION:

STEAM GENERATICH:

HYDROGEN GENERATION:

DEBRIS BED FORMATION:

RAPID HEAT TRANSFER AND VAPOR
GENERATION ON A TIME SCALE OF
MILLISECONDS.

NON-EXPLOSIVE PRODUCTION QF STEAM,
GENERALLY BY FILM BOILING.

PRODUCED BY THE INTERACTION OF
MOLTEN METALS AND STEAM DURING THE
#Cl.

THE DISTRIBUTION OF PARTICLE SIZES
AND THE CHARACTERISTICS OF THE
DESR.S SED FORMED SUBSEQUENT TO THE
FCI (POROSITY, STRATIFICATION).

FCI'S CAN OCCUR IN ANY ACCIDENT WHICH INVOLVES
SOME MELTING OF THE CORE OR CLADDING MATERIALS.



NRC/SANDIA

FUEL-COOLANT INTERACTIONS PROGRAM

INFORMATION EXCHANGE MEETING

JUNE 4, 1984

NEW ORLEANS, LOUISIANA

MARSHALL BERMAN
SANDIA NATIONAL LABORATORIES



e FCI RESEARCH RATIONALE

« BRIEF PROGRAM UPDATE

e PLAN FOR RESOLUTION OF ISSUES

e  GENERAL DISCUSSION:
-EXPERIMENTAL FACILITIES
-TEST MATRICES
-MODEL DEVELOPMENT
-RESEARCH PRIORITIES



FUEL-COOLANT INTERACTION PHENOMENA INCLUDE

STEAM EXPLOSION:

STEAM GENERATION:

HYDROGEN GENERATION:

DEBRIS BED FORMATION:

RAPID HEAT TRANSFER AND VAPOR
GENERATION ON A TIME SCALE OF
MILLISECONDS.

NON-EXPLOSIVE PRODUCTION OF STEAM,
GENERALLY BY FILM BOILING.

PRODUCED BY THE INTERACTION OF
MOLTEN METALS AND STEAM DURING THE
FCIL.

THE DISTRIBUTION OF PARTICLE SIZES
AND THE CHARACTERISTICS OF THE
DESRIS BED FORMED SUBSEQUENT TO THE
FCI (POROSITY, STRATIFICATION).

FCI'S CAN OCCUR IN ANY ACCIDENT WHICH INVOLVES
SOME MELTING OF THE CORE OR CLADDING MATERIALS.



WHY ARE FUEL-COQOLANT

INTERACTIONS IMPORTANT

FOR REACTOR SAFETY?
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FCI's CAN OCCUR

3 IN CORE BARREL

. IN LOWER PLENUM

w IN REACTOR CAVITY

WATER CAN BE SATURATED OR SUBCOOLED

PRESSURE CAN BE HIGH OR LOW



REACTOR SAFETY ISSUES AFFECTED BY FCIS

. STEAM AND HYDROGEN GENERATION:

" WHAT ARE THE RATES AND TOTAL MAGNITUDES OF STEAM AND HYDROGEN
WHICH CAN BE GENERATED DURING FCIS?

DEBRIS CHARACTERISTICS:

WHAT ARE THE CHARACTERISTICS OF THE DEBRIS PRODUCED BY FCIS,
INCLUDING PARTICLE SIZE DISTRIBUTION. POROSITY AND DEBRIS-BED
STRATIFICATION?

ACCIDENT PROGRESSION AND SOURCE TERM:

HOW DO FCIS INFLUENCE THE PROGRESSION OF THE ACCIDENT AND THE
NATURE OF THE SOURCE TERM (INCLUDING FISSION PRODUCT
CHEMISTRY, RELEASE RATE, PARTICLE SIZE AND MORPHOLOGY, AND FP
DISPERSAL)? WHAT ARE THE CONSEQUENCES OF FUEL DEBRIS
DISPERSAL IN- OR EX-VESSEL BY VIOLENT FCIS?

ACCIDENT TERMINATION AND SAFE SHUTDOWN:

HOW DO FCIS AFFECT THE PROBABILITY OF SUCCESSFUL ACCIDENT
TERMINATION BY THE ADDITION OF WATER TO THE MELT? WHAT
OPERATOR ACTIONS WOULD INCREASE THE POSSIBILITY OF SAFE
SHUTDOWN BY REDUCING THE RISK FROM DANGEROUS FCIS?

DIRECT FAILURE:

WHAT ARE THE PROBABILITIES AND CONSEQUENCES OF DIRECT
CONTAINMENT FAILURE BY A STEAM EXPLOSION (@ - MODE)?

INDIRECT FAILURE:

WHAT ARE THE PROBABILITIES AND CONSEQUENCES OF INDIRECT
CONTAINMENT FAILURE BY FCIS (&-, Y-, OR ®- MODES)?



THESE SAFETY ISSUES ARE ONLY IMPORTANT IF THEY AFFECT:

* THE

* THE

PROBABILITY AND CONSEQUENCES OF TERMINATED ACCIDENTS

+ FISSION PRODUCT DISPERSAL

+ PRIMARY SYSTEM FAILURE

+ POST-ACCIDENT HYDROGEN REMOVAL

+ NEED FOR EMERGENCY EVACUATION

+ COSTS OF CLEANUP AND PLANT RECOVERY

PROBABILITY AND CONSEQUENCES OF UNTERMINATED ACCIDENTS

+ TIME OF CONTAINMENT FAILURE:
EARLY VS LATE
+ NATURE OF CONTAINMENT FAILURE:
SMALL VS LARGE LEAK; OR CATASTROPHIC FAILURE
+ FISSION PRODUCT STATE AT FAILURE TIME:
QUIESCENT, SETTLED, IN WATER SOLUTION, IN MELT, VS
DISPERSED, AEROSOLIZED, VAPORIZED.




SOME NRC AND IDCOR POSITIOUS ON ECI SAFETY ISSUES

1SSUE
MAXIMUM AMOUNT OF FUEL THAT CAN
COARSELY MIX IN-VESSEL

MAXIMUM AMOUNT OF FUEL THAT CAN
COARSELY MIX EX-VESSEL

MULTIPLE EXPLOSIONS AND HIGHLY
TRANSIENT FCI PHENOMA

AMOUNT OF METAL-WATER REACTION THAT
CAN OCCUR DURING AN FCI

AMOUNT OF STEAM GENERATED DURING AN
EXPLOSIVE OR NON-EXPLOSIVE FCI

COOLABILITY OF DEBRIS BED RESULTING
FROM AN FCI

IN-VESSEL FUEL DISPERSION DUE TO
A STEAM EXPLOSION

BWR GEOMETRY PRECLUDES SIGNIFICANT
COARSE MIXING IN LOWER PLENUM

STEAM EXPLOSIONS DO NOT OCCUR AT
HIGH AMBIENT PRESSURE

LOWER PLENUM FAILURE DUE TO A
STEAM EXPLOSION

ENERGETIC STEAM EXPLOSION IN
REFLOOD MODE

ENERGETIC STEAM EXPLOSION IN
STRATIFIED MODE (WATER ABOVE FUEL)

CONTAINMENT FAILURE DUE TO STEAM
EXPLOSION

ALTERATION IN EX-VESSEL FISSI
PRODUCT SOURCE TERM DUE TO FC

FAILURE OF MARK II PEDESTAL WALL
BY EX-VESSEL STEAM EXPLOSION

ON
Is

IDCOR
100 KG
7 KG

DO NOT
OCCUR

NEGLIGIBLE
NEGLIGIBLE
COOLABLE

DOESN'T
OCCUR

YES

YES

DOESN'T
OCCUR

DOESN'T
OCCUR

DOESN'T
QCCUR

DOESN'T
OCCUR

NOT
[MPORTANT

NOT
CONSIDERED

NRC

00 KG
MORE
000 KG
OR MORE

NOT MODELED.
MAY OCCUR

POSSIBLY
30% OR MORE

PRIMITIVE
MCDELS

MAY QR MAY
NOT BE

NOT MODELED.
MAY OCCUR

MAYBE, BUT
NO DATA

MAYBE, BUT
INSUFFICIENT
DATA

NOT MODELED.
MAY OCCUR

NOT MODELED.
MAY QCCUR

NOT MODELED.
MAY OCCUR

NO MECHANISTIC
MODEL

NOT MODELED

50
OR
16

POSSIBLE



FC1 RESEARCH RATIONALE

MANY ASPECTS OF SEVERE ACCIDENTS CAN BE STRONGLY INFLUENCED
BY THE NATURE OF THE FCIs.

UNCERTAINTIES CONCERNING MANY FCI PHENOMA ARE SO LARGE
THAT ACCIDENT RISKS CANNOT BE ACCURATELY QUANTIFIED,
NOR CAN ACCIDENT MANAGEMENT PROCEDURES BE ACCURATELY
DEFINED.

ADDITIONAL RESEARCH HAS A HIGH PROBABILITY OF REDUCING
THESE UNCERTAINTIES.



CORE MELT-COOLANT INTERACTIONS

PROGRAM STATUS
AND

RECENT ACCOMPLISHMENTS




ERAGMENTATION AND MIXING

THE KEY QUESTION FOR FCIS IS:

TO WHAT DEGREE, AND AT WHAT RATE, DOES THE
MOLTEN CORIUM FRAGMENT WHEN IT CONTACTS WATER?

ROSSIBLE ANSWERS

NO FRAGMENTATION: STEAM AND HYDROGEN GENERATION
RATES ARE SLOW AND BENIGN. EARLY
CONTAINMENT FAILURE IS UNLIKELY OR
IMPOSSIBLE.

COARSE FRAGMENTATION: (AKA “PREMIXING"); TIME SCALE
OF ORDER OF SECONDS: SIGNIFICANT
INCREASE IN STEAM AND HYDROGEN
GENERATION RATES AND MAGNITUDES.
INCREASED POSSIBILITY OF 8-, Y-,
AND c¢- FAILURE MODES.

FINE FRAGMENTATION: (AKA “STEAM EXPLOSION"): TIME
SCALE OF ORDER OF MILLISECONDS: STEAM
AND HYDROGEN GENERATION RATES AND
MAGNITUDES CAN BE VERY HIGH. SHOCK
WAVES AND MISSILES MAY BE GENERATED.
[NCREASED POSSIBILITY OF ALL FAILURE
MODES, INCLUDING DIRECT FAILURE

(a-MODE) .



DEGREE AND RATE OF FRAGMENTATION IS A FUNCTION OF MANY VARIABLES
SPECIFYING INITIAL AND BOUNDARY CONDITIONS:

FUEL PROPERTIES: COMPOSITION, TEMPERATURE. MASS

COOLANT PROPERTIES: COMPOSITION, TEMPERATURE, MASS

CONTACT MODE BETWEEN FUEL AND COOLANT:
FUEL INTO COOLANT OR VICE VERSA
INJECTION GEOMETRY AND RATE

NATURE AND STRENGTH OF SPONTANEOUS TRIGGERS

S. INTERACTION CHAMBER: GEOMETRY, SIZE. DEGREE OF
CONFINEMENT, INTERNAL STRUCTURES

6. AMBIENT ATMOSPHERE: PRESSURE, RADIATION



ECI PROGRAM TASKS

BASED ON CURRENT STATE OF KNOWLEDGE, DEFINE MOST IMPORTANT
VARIABLES AND THEIR RANGES.

CONDUCT EXPERIMENTS ON THESE VARIABLES, CONSISTENT WITH
PROGRAM FUNDING.

DEVELOP MODELS TO EXPLAIN AND INTERPRET EXPERIMENTAL RESULTS.
AND TO EXTRAPOLATE THOSE RESULTS TO REACTOR SCALES.




CMCI PROGRAM ELEMENTS

MECHANISTIC MODEL DEVELOPMENT AND APPLICATIONS.
PROBABILISTIC MODEL DEVELOPMENT AND APPLICATIONS.
SMALL-SCALE (SINGLE DROPLET) EXPERIMENTS.
INTERMEDIATE-SCALE OPEN-GEOMETRY EXPERIMENTS (EXd-FITS).

INTERMEDIATE-SCALE CLOSED-GEOMETRY EXPERIMENTS (FITS).



FCI EXPERIMENTAL PROGRAMS

INFORMATION GENFRATED

SMALL-SCALE EXPERIMENTS:

STEAM EXPLOSION TRIGGERABILITY.

DROPLET FRAGMENTATION.

CONVERSION RATIOQ.

DEBRIS SIZE DISTRIBUTION. CHARACTERISTICS

HYDROGEN GENERATION RATES.

INTERMEDIATE-SCALE EXPERIMENTS:
- PROBABILITY AND CONSEQUENCES OF STEAM
EXPLOSIONS (TRIGGERING, PROPAGATION. EXPANSION,
CONVERSION RATIO, SLUG FORMATION AND BREAKUP).
NON-EXPLOSIVE STEAM GENERATION.

DEBRIS SIZE DISTRIBUTION, CHARACTERISTICS.

HYDROGEN GENERATION RATES AND MAGNITUDES.




INTERMEDIATE-SCALE FITS TESTS

INDEPENDENT VARIABLES MEASUREMENTS
(= BN, |
EXPER. | NUMBER a = g g £ 5 2 é
SERIES OF g < i a
TESTS 3“ E s ;
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= 1 : 35z :
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FITS<C Test Series

Initial Parameters for the FITS< Test Series
Q..Q.Q'.....Cl...........C.....QQll...........i......l.....ll..00.0.....!000.0!0......0..

Melt Water Melt Melt Melt

Test Melt Mass Water Mass Water Water Ambient Side Water Drop Entry Hold

Name Composition Del. Mass Ratio Temp. Subcocl. Press. Dim. Depth Heignt Vel. Time
Kg kg Mc/Mg K K MPa m m m m/s s

FIZs1iC r..azzoj 17.° 112.9 6.5 298 69 0.088 0.510 0,308 1.82 5.59 1.%52

FITS2C Corium A«R 16,0 226.1 13.4 295 72 0.082 0.610 0.610 2.37 6.6C 1.43
FITSIC Corium A«R 11,5 108.1 9.3 297 70 0.081 0.533 c.381 .82 5,97 1.52
FITS4C F00A1203 19.0 110.2 5.8 353 T4 0.531 0,610 0,305 1.82 5,97 1.50
FITS5C FesAlyCy 19.6 110.4 5.6 351 75 0.510 0.610 0,305 1.82 5.37 1.50

..0.0.....0000.0.00..0....00..0..0.000.0.0.0.0..ll..l....00’0.!0.00!00.0..00.000.!0000000
# - Indicates that the entry was calculated Dby (2 xg x h3(7)

Lid status (in/out): 1IN
All tests conducted in an inerted (Nitrogen) atmosphere.



FITS<L Test Series
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Event Classification and Characteristics for the FITS<l Test Series
00OQ......C0.0.....!..OO....Q.000.00000.00000!0.000.0000.0000000..0

Event Explesion Avg/Peak Percent
Test Event Time after Propagaticn Particle of water
Name Type Melt Eatry Velocity Veloecity Depth at
ms m/s m/s Event
FITSIC SE 78 41,0 280./379. 100.90
FITS2C SE 10 N.O. 22.5/29.3 25.4
FITS2C TR 169 100.0

FITS3C No events cbserved

FITS4 No events cbserved

FITSEC No events observed
Q....Q....0.....Ql..............'....l....‘."...'.....l..000.0.0.0

TR - Nompropagating trigger SE - Steam Explesion

N.O., « Not obtained.



FITS<C Test Series

....O....O...Q....0...............QI.....Q..'..0...0........0.0

Comments and Additional Results for the FITS«C Test Series
.000...0..0.0.0...00....0...Q..Q.Q..O..Q.Ql.l..00..00!..0000.0.

Test Melt Width Comments on Tast
Name at Entry
m
FITSIC 0,07 Repeat of TITS28. Some early melt leak. Lost
mass was not used in particle diameter
calculations.
FITS2C 0.23 Lid trails melt entry by 50 ms. Lid contacts

sottom first after passing through melt.
Possible partial melt crust formation prior
to water contact. Lid/bottom contact may
have caused last trigger. Lost mass was not
used in diameter calculations.

FITS3C N.O. Meit delivery failure, Melt fell in a shower
of approximately 500 ms in duration. Lid
entered at tail end of melt shower. No
events observed from film data.

FITSH4C N.O. Gas samples lost. No films. Dispersed melt
probably caused melt sensor not to respond.
Detonator did not fire. Poor melt delivery.

FITSSC N.O. No film data. Apparently no explosion.
Detonator fired at approximately 200 ms after
entry. Probable dispersed melt delivery.
Repeat of FITS4C/FITS23 tank/drop geometry.
RN eNeEaaee NIttt netIRtetERIRIReEIRRIRIRRIRRIIRRRARRRRRRRRRY
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FITS<C Test Series

Debris Analysis and Fraction of Metal Oxidized
.0000!..0..0..!0.DO.QQQQOQ0.00.0.0.0..0.000000000000.0000000000

Test Part. Mass Sauter Total Mass Lost Fraction of

Name Mean Dia. Diameter Recovered Mass Metal Oxidized
micrometer micrometer Kg K§ F'Z:I/ Fel
FIT31C 393.0 231.0 15.89 1.6 0.22/0.33
FITs2C 927.7 549.0 15.68 1.25 0,18/0.26
FITS3C N.A. N.A. 11.00 0.50 0,04/0,06
FITS4C N.A. N.A. N.Q. N.2. N.2.
FITSSC N.A. N.A. 19,49 0.97 0.0%5/0.08

..l.......0.0!0.0000000..000000000000000000.0000000!0.00000000.
N.O. = Not Obtained. N.A. = Not analyzed at publication.



RECENT EXO-FITS EXPERIMENTS

CM:

OM:

ACM:

RC:

FITSD:

FY83 - 84

COARSE MIXING, 12 TESTS

OXIDE MELTS, 4 TESTS

ALTERNATE CONTACT MODE, 2 TESTS
RIGID CONTAINER, 2 TESTS

IN-VESSEL, 4 TESTS



CM SERIES - COARSE MIXING

i. OBJECTIVE:

INVESTIGATE COARSE MIXING BEHAVIOR TO DISTINGUISH
BETWEEN EXISTING MODELS.

II. SERIES DESCRIPTION:

USE MOLTEN I[RON-ALUMINA MELTS (=~ 20 xG) AND
SATURATED WATER. VARY OTHER PARAMETERS TO QUANTIFY
THE DEPENDENCE OF MIXING ON SCALE, GEOMETRY, AND
THERMODYNAMIC PARAMETERS. ALSO DETERMINE
EXPLOSIBILITY OF FUEL/COOLANT SYSTEM AND MEASURE
WATER-PHASE PRESSURES AND CONVERSION RATIO, IF
POSSIBLE.

I1I. STATUS:

SERIES COMPLETED: 12 TESTS.



MELT PENETRATION AND EVENT INITIATION

CRUCIBLE
BOTTOM LID

Vi v T G g

NEAR-SURFACE EVENTS:

TIME ~20-860ms
AFTER MELT-WATER
CONTACT (t=0)

DEPTH OF PENETRATION
AT INITIATION

~5-10 cm

- WATER CHAMBER




CM SERIES - COARSE MIXING

IV.  RESULTS:

o SURFACE EVENTS OF SUFFICIENT VIOLENCE TO EXPEL MELT
FROM THE WATER, AS WELL AS PREVENT SOME MELT FROM
ENTERING, OCCURRED IN EVERY TEST.

. RESIDUAL MELT MASSES OF - 4 kG WERE NOT EXPELLED,
AND FROZE ON THE CHAMBER BOTTOM FOR MOST HOT WATER
TESTS.

- THE LATEST DELAY TO AN EXPLOSION EVER OBSERVED
OCCURRED FOR THE COLD WATER TEST CM-7 (550 ms AFTER
MELT ENTRY). EXPLOSION SEEMED TO OCCUR IN A YERY
WATER-LEAN ENVIRONMENT.

. THE PRESENCE OF THE LID SEEMS TO DELAY THE SURFACE
INTERACTION.

e LONGER HOLD TIMES SEEM TO CORRELATE WITH GREATER
DELAYS IN MELT EXPULSION.
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Coarse Mixing Test Series

Initial Pargmetaers for t.e Coarse Mixing lest Series
.O..COOOQQQOIQ.....00...!.0.0....000.000.0...0Qlll...........0000!.0.0.!000.000.
Melt Water 12 Melt Melt
Test Mass Water Mass Water Water Side Water Drop Entry Hold Lic
Name Del. Mass Ratio Temp. Subcocl. Dim. Depth Height Vel. Time in/

Kg kg M./M¢ K K m m m m/s s out
cm 1 18.5 109.7 5.9 358 9 0.305 1.220 0.305 2.4 1,00 ouT
oM 2 18.0 109.3 6.1 362 4 0.305 1.220 0.305 2.4s*u4.00 our
cM 3 18,0 437.0 28,3 364 3 0.610 1,220 0,483 3.11 0.68 O°oUT
oM 4 18,9 218.5 1.8 364 3 0.6'0 0.610 1,120 4,80 0.88 OouT
™S 7.8 218,7 28.7 363 4 0.610 0.610 1,120 4,78 0,75 OUT
M 6 4,0 218.5 S8.6 364 3 0.610 0.810 1.220 4,99 0,81 QuUT
eM 7T 18.5 169.6 9.2 294 73 0.510 0.487 '.120 4,77 0,85 OuT
eM 8 18.6 218.8 11,7 365 2 0.610 0.610 Q.44 3,08 0.86 1IN
oM 3 8.8 218.6 1.3 364 3 0.610 0.610 0.a44 3,06 0.8 IN
cM 10 18,4 109.3 5.9 366 1 0.610 0.305 1.143 4,80 T7.00 OUT
oM 11 18,7 218.6 11,7 366 1 0.610 0.610 1.120 4,68 5.00 oUT

cM 12 18.5 112.9 6.1 298 69 0.610 0,305 1.820 5.89 1.50 IN

......0.....0..0..!0...!.O0..0.'0..0..0..0..00..0..0.000.00000....0.000.0000000!
# - Indicates that the entry was salculated by [2 x g x a3

Melt composition: Airon-alymina



Coarse Mixing Test Series
.Q........Ol..!l.’....Q..QQ.Q...C...Q......0.!.......0.0....Q.....C.QOQQCQ

Event Classification and Characteristics for the Coarse Mixing Test Series

..QI.O.l.....l...l....0.0!!!.0000.0....000000..OOOQ!I.l.'......!......l...
Event Explosion Avg/Peak Percent

Test Event Time after Eruption Propagation Particle of Water

= Name Type Melt Entry Duration Velocity Velocity Depth at

ms ms m/s m/s Event
M 1 ER 20
M 2 ER 73
M 3 ER 43 41 47/88 7.5
M 3 R €6
cM 4 ER 18 62 12.2
cM & TR 59,58,75,89
CM & BC 187 100.0
M S5 ER 27 119 33/43 13.0
cM 5 3C 252 100.0
cM 6 ER 22 163 2c/26 11.0
M 6 TR 66,88,108,132,158
™M 6 BC 184 100.0
™ 6§ IR 203
™ 7 ER 43 62/73 48,0
™M 7 SE 59 301 197/ 71.8
™M 7 BC 13 100.9
M 7 SE 503 100.9
™M 8 ER 7 179 11.8
cM 8 ER 17 41/96 2u4.5
cM 8 TR 195,202
M 8 SE 216 §7.2
™M 9 ER 65 40 233
™M 9 SE 108 105/350 38.9
tM 10 ER 43 69 18/24
™ 10 SE 112 37/78 100.90
™ 10 SE 311
[ BB ER 52 88 32/ 25.9
M 1" BC 100.0
o™ 12 ER 37 15.8
™ 12 SE 69 1037110 65.6
™ 12 BC 111 ; 100.0
oM 12 SE 125 100.0

ER - Eruption TR - Nonpropagating Trigger SE - Steam Explosion
BC - Melt Contact with Bottom:



Coarse Mixing Test Series

.Q.....'.l............Q......Q......ll‘0......Q.....Q..Q....Q.....l....l"l.l...l..'..

Comments and Additional Results for the Coarse Mixing Test Series
.0......0...00.00...0..0.0.00.00.0.0....06I..Q00.0000.!0000.0!0..0..0.0.0000000.00.0..

Test Residual Mass Melt Width Comments on Test
Name in Chamber at Entry
kg m
cM 1 8.0, N.OQ. Lid skimmed water surface. High-speed cameras didn't

work. Possible weak surface explosion can De seen
from low-speed camera.

cM 2 3.80 N.O. Lid skimmed water surface. Lid stuck in crucidle for
1.5 to 2.0 s making hold time 3.5 to 4.0 s. No
high=-speed films. Water chamber remained intact.

M 3 4,28 0.33 One nonpropagating trigger occurred at S6 ms after melt
entry. The top 1/3 of water chamber fractured.

for, B 3.50 0.53 Strong 25-30 mph crosswind at test time. Stripped some
melt from the falling melt mass. Water chamder cestroyed
by nonpropagating triggers.

™ 5 3,40 0.28 Eruption velocity seemed %o increase approx. 42 ms after
eruption began. No triggers observed., A large amount
of fine dust-size debris remained in chamber.

™ 6 1.54 0.18 Eruption appeared to be somposed of multiple events.
¥ater chamber remained undamaged.

™7 N.O. N.0. Melt shape was not uniform with a thin arm preceding
main melt mass dy 13 cm. Second explosion deformed
<ater chamber support stand.

cM 8 N.O. 0.23 Lid entered water perpendicularly. The lid quickly
separated from melt and slid off to side. Main center
eruption was preceded by steaming. Weak explosion.

™ 9 N.O. 0.26 Lid entered water parallel to surface., Weak explosion.

M 10 N.C. 0.19 Severe crucible melt leak <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>