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FOREWORD

$ Sandia National Laboratories is conducting, under USNRC's
k sponsorship, phenomenological research related to the safety

of commercial nuclear power reactors.

[ The overall objective of this work is to provide NRC a
- comprehensive data base essential to (1) defining key safety

issues, (2) understanding risk-significant accident sequences,
(3) developing and verifying models used in safety assess-,

ments, and (4) assuring the public that power reactor systems
will not be licensed and placed in commercial service in them

United States without appropriate consideration being given to
- their effects on heslth safety.

I Together with other programs, the Sandia effort is di-
-

rected at assuring the soundness of the technology base uponL
'

which licensing decisions are made,

f This report describes progress in a number of activities
E dealing with current safety issues relevant to both light

water and breeder reactors. The work includes a broad rangem
F of experiments to simulate accidental conditions to provide

the data base required to understand important accident se-
_

quences and to serve as a basis for development and verifica-!
tion of the complex computer simulation models and codes used

_ in accident analysis and licensing reviews. Such a program
= must include the development of analytical models, verified by
y experiment, which can be used to predict reactor and rafety

system performance under a broad variety of abnormal condi-=

- tions.-
_

F
- Current major emphasis is focused on providing informa-
_

tion to NRC relevant to (1) its deliberations and decisionsa

y dealing with severe LWR accidents and (2) its safety evalua-
> tion of the proposed Clinch River Breeder Reactor.
I
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l. CORE-DEBRIS BEHAVIOR'

.

1.1. EX-VESSEL' CORE DEBRIS INTERACTIONS'

"~ If core debris formed during-a severe reactor accident is-
not coolable, the. debris will penetrate the reactor' vessel'and
interact with structural material in the reactor cavity. .This
interaction could lead to gas generation,-production of flam-
mable species, and intense emission of radioactive aerosols,

" in addition to erosion of the reactor basemat.. Study of the.

phenomena associated with ex-vessel interaction of core debris
with structural material found in the reactor cavity is the
" purpose of the Ex-Vessel Core Debris Interactions program. In
the recent past,'the major part of this program was the study
of core debris interaction with concrete. Penetration of core
debris through steel liners has also been examined. . Other
associated phenomena are currently undergoing study.

Two experiments in-the' System Pressure. Injection (SPIT)
test matrix have been' performed to study the interaction of a
high-velocity molt jet and a simulated " water-locked" reactor
cavity. The objective of the first test.(SPIT-15) was to
verify the existence of the steam . bubble = phenomenon described
in the Zion Probabilistic Safety Study (ZPPS). However, the
test yielded no energetic interaction between water and the
melt, and the steam bubble phenomenon did not occur.- The
second test (SPIT-17) used a scale model of the Zion cavity to
determine the extent of water voiding. Test results/show a
strong interaction between the melt jet and the water pool and
imply that the confinement provided by the structure may
influence the magnitude of propagating interactions.

The Transient Urania Concrete (TURC) tests have been ini-
tiated to investigate large-scale oxido melt interactions with
concrete. They will provide a new data base to be used in
conjunction with previous steel / concrete interactions to form
comparisons with current models. The experiments will assess
various source terms, such as energy partitioning, gas genera-
tion rates, combustible gas production, aerosols, and fission-

'

product transport, that may pose a threat to containment.
During this quarter, a test matrix was defined for three
upcoming TURC tests.

,

1.2 COR9 RETENTION MATERIALS ASSESSMENT

The Core Retention Materials Assessment program is an
effort to identify the difficulties and utility of incorpo-
rating' core retention devices in r4 actor cavity regions to
mitigate the consequences of ex-vessel core-debris interac-
tions. A major goal of this program is the establishment of
the Large-Scale Melt Facility'(LMF) that allows tests of

1

|
;
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EXECUTIVE SUMMARY

candidate designs exposed to melts of up to 500 kg of fuel
oxides. Initial work in this program focuses on final devel-
opment of the LMF and the engineering of magnesia bricks for
core-retention devices and the conceptual development of the
thoria rubble-bed core-retention device.

2 interactions with aA large-scale test of molten UO -ZrO2
magnesium-brick core-retention device was conducted with the
LMP. The total weight of the melt was 230 g. A preliminary
review of the data and results has been initiated, and indi-
cates that aerosol and gas emission was quite small.

1.3 SODIUM CONTAINMENT AND STRUCTURAL INTEGRITY

The Sodium Containment and Structural Integrity program
is an investigation of safety phenomena that will develop
should molten sodium contact structural or shielding concrete
during a reactor accident. Quantitative evaluation of these
phenomena, leading to the development of models for use in
predicting the ways in which these phenomena might threaten
the reactor containment, is a major goal of this program.
Quantitative evaluation of structural flaws in reactor cell
liners is also sought in this program because these flaws can
provide pathways for sodium to contact concrete.

Work during the quarter in the Sodium containment
Structural Integrity program concentrated on documentation of
the past research efforts. A topical report describing the
computer model of sodium / concrete interactions, SLAM, devel-
oped in this program was begun.

Work was initiated on an experimental program to charac-
terize fission-product release during sodium / concrete interac-
tions. A factorial matrix design to study the release of U,
Ce, I, Cs, Ba, Te, Zr, Nb, Ru, and La as a function of time,
temperature, gas sparging rate and NaOH content of the system
has been defined. The test scheme should yield engineering
data spanning the parameter rango believed to be important and
still provide data of sufficient quality for more fundamental
model development.

1.4 DEBRIS BED COOLABILITY PROGRAM

The objective of the experimental studies of debris beds
la to r- vide information on the behavior of reactor materials
following a core-melt accident. In particular, it is neces-
sary tc determine if the heat generated by fuel particles
after p?ltdown (decay heat) is sutisfactorily dissipated by
the coclant; if not, the dynamics of remelt and containment
damage must be ascertained. Sandia's debris bed studies
consist of a series of experiments using liquid sodium and

2

._
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EXECUTIVE SUMMARY

urania to serve as a basis for developing phenomenological
models. The experiments are fission-heated in the ACRR to
simulate fission-product heating in a debris bed. Results are
sufficiently general to be applicable to all liquid-cooled
reactor systems.

Debris Bed Experiment DlO is the first experime.nt de-
signed to study the coolability of particle beds that are
cooled by both overlying sodium and structures that support
the bed from below. Maximum debris temperatures in excess of
2773 K (2500*C) are planned during the experiment to investi-
gate the phenomena that may occur with relatively large dry
zones at elevated temperatures.

A program review meeting was held in April, and the D10
experiment design, instrumentation, design analysis, operating
procedures, and the crucible material compatibility program
results were reviewed. The results of the materials testing
indicated that none of the three candidate materials were
affected by sodium exposure. However, more tests will be run
to investigate temperature conditions not previously explored.
A crucible material was chosen, and investigations are pending
for this material's welding feasibility. Structure tempera-
tures around the crucible were determined by two-dimensional-
thermal analysis and will be used in the stress analysis.
Testing of the ultrasonic thermometer continued, using thoria
insula tor nea terial . Component fabrication continued with
drawings being prepared. A description of experiment compo-
nents was included in the safety evaluation, which is also in
preparation.

1.5 DRY DEBRIS MELT PROGRESSION

After a major reactor accident, if the core-material
debris is uncoolable it will progress to a molten state. The
progression of the debris to a molten state and the interac-
tion of the core melt with structural and core retention
material are being investigated experimentally in the Dry
Debris Melt Progression program. This program, the follow-on
to the Molten Pool Studies, interfaces closely with both the
Ex-Vessel Core Debris Interactions and the Debris Bed Cool-
ability programs. High-temperature, laboratory-furnace tests
and the first-of-a-kind, neutronically heated experiments are
providing significant data on many coolability-related issues,
including the thermal response of dry UO2 and steel particu-
late beds to internal heating, the formation of crusts and
voids in pools of internally heated molten fuel material, and
the interaction of hot fuel debris with core structure and
retention material. As with other safety research programs,
investigators are using the experimental results to develop

3

I
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; . .

;$1 =and verify | analytical models that will be used to study reac-*

, .

..Itor behavior under a wide. variety'of accident conditions.- -
i .

8

!
. The DC- 1 experiment completed this ' quarter was the ~ first'" ~

.

T fission-heated dry UO 2 ' debris bed . that achieved "a ' sizeable
, u

'

t

-urania molten pool (0.8.kg) at steady-state conditions. t ,

s' - LSteady- conditions 1 at Laeveral powers 'less1 than re' quired for _
,

i > -melt'were also achieved. The purpose of the experiment was to
! obtain information on high-temperature' dry debris' heat trans-
i. - fer . rates, melt formation, meltimigration, and melt hea t .

.

; ' transfer rates. The-data will be.used.for analysis.and.model.

i f , development-on coolability and melt behavior of~the' dry _por-
' tion.of reactor debris,for LMFBR accident codes.'|These data:

I also'have appli" cations to light wa'ter reactor (LWR) . severe -
{ -accident' debris _coolability.
! <

.
,

$, 2. HIGH-TEMPERATURE FISSION-PRODUCT ' CHEMISTRY AND ' TRANSPORT
' '

b

!- The purpose of the High-Temperature Fission-Product
|. Chemistry and Transport program is'to obtain data on the
j chemistry; and processes that affect the transport of fission :
i products under accident conditions. An experimental facility
! has been built to allow the chemistry of. fission products.in' *

| prototypic steam-hydrogen environments to be studied. The ,
; interaction of fission products with reactor materials such 'as
j, stainless steel is also examined. Results of these cexperi '
; mental studies are compared to predictions of thermochemical.

.

i models to determine if reaction kinetics play an important !
| ' role in fission-product transport.

1

1 i
! The experiment series,to examine the behavior-of tellur-

ium vapor over reactor materials continued with the first test
to study the reaction of tellurium with stainless steel in a

'

steam-hydrogen ~ environment. The goal'is to determine to what
i extent the presence of steam affects the rate at which tellur-

~

j ium reacts and the importance of temperature and environment
! on decomposition'of the tellurides. ' Preliminary posttest

,

4 analysis-indicates that the tellurium did not react with the :
! oxidized alloy. . Additional" analysis of the oxide layer-of the

'

alloy'in cross section will be further examined for the pres- *

ence of tellurium.
'

Analysis continued on4the completed test series of CsOH -

or Cs1 reactions with stainless steel and Inconel in a steam-
'

! hydrogen environment. ;The surface composition of the oxide
; '- formed on the alloys had been altered by the' presence of CaOH
I and Cs1 vapors. Some features of the reactions have been
' studied by electron microprobe and X-ray fluorescence. De-
j- tailed results. are presented in the main text of this ' report.

'

|
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3. CONTAINMENT' ANALYSIS'

"y4

The goal oftthis' task-is-the development of CONTAIN,fa- U

: general and| comprehensive systems code.that will analyze:a-

varietyLoffaccident sequences following the breach of the ''

;1 iprimary: containment vessel through the breach of the _ secondary-
containment. The code will provide detailed treatments-of-# ~ ~

g : ,

' phenomena'such-as material interactions, heat . transfer, aero-'

m

|
- sol behavior,'and.Efission-product transport. The models.will.

i ' be sufficiently general to apply to all. advanced reactor and' -
,

LWR? containment systems' ', 'I.

; ;, . The : testing and validation of CONTAIN continues.- The
~

"-

' current version of the CONTAIN ' code is - being evaluated against
the performance of previous versions. Of the numerous tests !

that have been used to test and validate the response of the. '

,
'

code--in the.past, certain ones have been selected and-designa-
'

,

! ted lus " standard tests." These standard tests'are intended to
i .be a routine.. quality control procedure to check new revisions i

i of the code.
,

i ' The~ report describing the results,of thelCONTAIN test
~

'

efforts has been-completed in final' form. All. outstanding
b test reports were: received.and incorporated into the overall
[ report.
J .

! Representatives of the University of Wisconsin (UW) and
! Sandia met in Madison, WI to discuss progress on the coding'of

3
; the MEDICI LWR cavity model. Most of the features needed for -

j. the first version of MEDICI are either operational or are
!~ expected to be operational by August 1. . Modules requiring

~

i additional work include the expulsion of debris following a i
j steam; explosion, pool-atmosphere coupling, hydrogen generation
; in the exposed debris zone, and entrainment'and sweepout in a
j high-velocity' gas stream. i

l
The process of merging the parts of.the code developed at'

| UW and at Sandia will be initiated in July and should be
completed during a week-long visit by UW personnel to Sandia'

in' August. Project personnel expect that a' version of the ;

code will be'available for review by other.Sandia organiza- "

tions around October 1. t

I
t- The r ecessary. input information was assembled for verify-
! Ing the Simple Sodium concrete Interaction (SSCI) code with-

data from' tests AA/AB. CONTAIN input data decks were prepared !

'that model the CRBR melt-through scenario. For ' checkout pur- ;

poses, the investigators ran cases where the initial sodium
pool temperature was specified to be near the boiling point.
Bolling phenomena-were initiated early in these problems,,,

exercising more of the code subroutines. 'This~was'done to
,

o 4

5

.
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-
,

evaluate |the: code's handling of this complex accident sco =
nario. ; checks. indicated.that problems'in~ calculations were'
' occurring onceLboiling started.and that the' amount of heat-;

transferred was unrealistically.high(for the specified atmo-,

,

sphere;and-pool. conditions. :The code'was modified-to, correct'

these: problems and the results obtained withEt;;is revised
coding were much more realistic?than those obtained prior to
the modifications.

The-modifications and improvements to'the aerosol module
obtained over-the'past few months were adapted-to the most
recent version of CONTAIN for~ incorporation into the new
(Mod 415) base' file.

Aerosol calculations were' carried.out in support.ofTthe
upcoming ABCOVE AB-6 experiment! The AB-6 test'will.be a
two-component sodium oxide-sodium; iodide experiment designed
to differentiate between multicomponent. codes like MAEROS and
MSPEC, and single-component, multimaterial codes like HAA-4
and NAUA. Scoping calculations that compared the multicompo-
nent treatment and the single-component treatment were carried~

out using CONTAIN.- Project' personnel found that under the
proposed experimental conditions, significant differences in
code predictions should result just from the different treat--
ment of components and that the experiment should satisfacto-
rily demonstrate that the multicomponent treatment is needed.

Condensation of' water vapor on aerosols and the'aubse
quent enhanced settling of the aerosols can be a significant
decontam,ination mechanism. For the AB' sequences, MARCH (with
NAUA) predicts a significant amount of condensation on primary
aerosols, whereas CONTAIN presently does not, leading to a
substantial difference in the resulting aerosol concentration.
Because the rate of condensation of aerosols is a strong func-
tion of the (usually small) difference between the. actual
water vapor pressure and the saturation vapor pressure, rela-
tively small uncertainties in thermal hydraulic effects can
result in rather large uncertainties in the condensation on
aerosols and the-resulting suspended mass of aerosols. A cal-
culation of thermal hydraulic behavior suf ficient for assess-
ing the temperature and pressure threat- to containment may be
insufficient for determining the aerosol behavior.; The dif-
forences between the MARCH and CONTAIN thermal hydraulic pre-
dictions are currently'being assessed.

A panel of specialists from various laboratories around
the country'has been established by NRC's Containment Systems
Research Branch to applyfcurrent phenomenological understand-
ing to :the problem of estimating the range of pressures that,

can occur'in an LWR severe accident. The project is in sup-
portoof the reassessment:of source term estimates, and the-

t

,

. -
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a

goal is to provide useful input to the - Accident Source Term'" ~

|l ' ' ' Project Office (ASTPO) by November 1983 -by1 drawing on .re-
; sources from a variety of NRC' activities. ~The 'first Working j

_

* '

. Group' meeting.is scheduled for the middle of July.

4. -ELEVATED TEMPERATURELMATERIALS' ASSESSMENT'

V ,

The primary objectives of the ~ Elevated Temperature

: Materials Assessment studies are to (1) determineLhow micro-
structures evolve due to'thermomechanical history that results
in mechanical property changes, (2) ovaluate'the validity of

j material' damage rules usedcin design, and'(3) develop and
evaluate nondestructive evaluation techniques."

4: -
_A computer control" program developed for~the cooperative-

,

j' ,

study with Oak' Ridge National Laboratory- (ORNL) on' the:

: behavior of stainless steels under' nonproportional biaxial
i stress states was com'pleted .and verified for elastic .deforma- :

tion.' The program controlled tests in which multi'ple linear !,

i paths in stress space were traced out by' varying both axial *

load and internal pressure.

I A member of'Sandia's staff visited six European research .

laboratories to exchange information on elevated deformation'

behavior studies.;

t
I

|. 5. ADVANCED REACTOR ACCIDENT ENERGETICS ?
i 1

| The Advanced Reactor Accident Energetics program addres-

! ses the key issues in a core-disruptive accident that
i determine the progression and severity of the accident for

'

i current LMFBR designs. This program involves a series of'
i in-pile-experiments and analyses that focus on key phenomena

in two general areas:

i a. Initiation Phase - Fuel / Clad Dispersal Experiments.
b. Transition Phase - Fuel Freezing and Stroaming1

) Experiments
î

5.1 INITIATION' PHASE

j The motion of clad and fuel in the initiation phase of a
j loss of flow (LOF) accident are important considerations in
; the subsequent progression of the accident. Early fuel dis-

| persal can lead to neutronic termination while limited dis-< 4

L posal and blockage formation continues the accident into the
'

transition phase and the possibillby of further neutronic i

activity. To obtain data on the important-phenomena involved
i in this phase of an LMFBR accident, the USNRC is sponsoring

k
4

i : y
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: - the~ Sandia Transient : AxialI Relocation -(STAR) . experiments in- |+

' ^

.the : ACRRo test /f acility,. :
9

' '

'The STAR; experiment program is_the follow-on seriesito i

. .the.> Fuel DisruptionJ(FD) experiments. This in-pile. program _is'
>

; intended to= extend;the technology: gained in.the FD series to
the fundamental issues of'axialsrelocationcof' fuel and'

cladding.: The STAR tests will, subject'aingle and multipin g4

{
'+. . bundles of irradiated mixed oxide fuel- to ^ reactor . power tran-

.

:C sients'.. Thesestransients will-' reproduce'the1 heating:condi-
p' n tions of LOF: accidents in'an LMPBR. sin addition to this

~

experimenta1Lwork, a ' major ' portion of this program will devel-| <
op or: modify. existing phenomenological1models for fuel and

_ ,,

'
s

L - clad relocation'as*well as verify'similar models used in 1
accident analysia co, des;r

. .

i tThe1fundinghfor this-program'will be componsored by the+

3

j USNRC, and the German Nuclear: Research Center, KfK. Currently,
t negotiations are underway'to define'the extent of the exchange
'

program and to . determine specific areas in which each research .
center can contribute to the|ptogram. J<

;. - t

j 'Six experiments are tentatively planned for the first
i phase of this. program. The details of the fuel; heating condi-.
! ' tions have. not beenispecified,' but a variety of. heating condi-

tions to cover the: range of uncertainties for LOF'' accidents in
~

r

[ an LMFBR will be investigated. The first two experiments are
'

scoping experiments that will use' fresh UO2 fuel, and one will'
L use a multipin bundle.. The following' four experiments will

probably be performed with irradiated mixed oxide' fuel.
1

.
During this report period, the experimental. design for

j the program was completed, and most of the hardware was
; ordered. The design of the STAR capsule and the' scoping. '

;. calculations used to estimate the necessary thermodynamic and
,

[ neutronic data required to perform such an experiment are ;

|: found in the nain text of this report. '
s

t >

I !

i- 5.2 TRANSITION PH.ASE :
;

.

! Many current LMFBR core designs are characterized-by a
f relatively low-Na void coefficient and incoherent behavior,.in .

'
the. initiation phase. These features genera'11y increase the ' !
-likelihood of a " transition" -or ' "meltout" phase during a ;

- core-disruptive accident. The' key questions in the transition
j. phase are whether fuel or clad blockages ' form, leading to a >

,
; confined or " bottled" core-configuration, and the behavior and' '.s

| . reactivity implications of this: pool of fuel-steel in the core>

'

[ region if the fuel blockages do lead to this state. The TRAN
[ , program oddresses the question of fuel-inventory reduction by

-

| penetration into upper core structure or through -subassembly
1.

<

; i

! 8
i .

!
' *

I
*

, .
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EXECUTIVE SUMMARY

(S/A) gaps to the lower core structure. If deep penetrations
occur, nonenergetic shutdown is probable while shallow pene-
tration will lead to a transition phase and the possibility of
further energetics. First-of-a-kind in-pile experiments are
being conducted to provide data to evaluate the various models
describing fuel penetration.

Major activities in the TRAN program this report period
included the continuation of posttest examination for the TRAN
Series I experiment (TRAN 2) and the TRAN B-Series experiment
(B-1). Also during this report period, design of the GAP-
Series tests and development of the PLUGM-II code continued.

Posttest examination work was done on the TRAN Series I
(TRAN-2) test. TRAN-2 continues to be of special interest
because it exemplifies the onset of steel melting, yet does
not exhibit the complex behavior found in TRAN-4. Blockages
were found containing globules of steel surrounded by 002-
Implications are that the trailing blockage had been con-
strained during freezing by the leading blockage and that
steel boiling could have occurred in the low-pressure region
at the leading edge of the advancing fuel slug.

Posttest examination work was also done on the TRAN
B-Series (B-1) test. Findings suggest that fuel deposition
from the vapor state occurred or generation of fine solid fuel
powder occurred. Two radiographs were taken, one just after
the experiment was performed and one after epoxy was drawn out
the channel exit to immobilize debris for transverse sec-
tioning. The results showed a nonuniform axial crust distri-
bution. Transverse cross sections were made through the
freezing channel and showed a disrupted crust that was consis-
tent with the radiographs.

Preparations have begun for the TRAN B-2 experiment.

The PLUGM-I code user's manual was completed. De ve lo p-
ment began on the PLUGM-II code, which is based on a finite-
difference solution scheme for the crust growth and wall
heatup.

Planning has begun for the TRAN Series III " GAP" experi-
ment design. The TRAN-GAP experiments differ from the pre-
.vious TRAN Series in that a larger mass of fuel is to be
driven downward into a reactangular freezing channel. De sig n
has been completed for the fuel melting section, the freezing
channel, and the pressure system.

9
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'6.. LIGHT ~ WATER REACTOR (LWR)_ DAMAGED. FUEL PHENOMENOLOGY.

Sandia's LWR. Damaged Fuel Phenomenology program includes
| analyses and experiments'that are;part of the integrated'NRC

Severe. Fuel Damage ~(SFD)'Research program. Sandia will inves-
tigate, both analytically and 'in separate-ef fects 1 experiments,--

the important "in-vessel" phenomenology associated.with severe j

et LWR accidents. .This investigative effort will-provide for '

'three_related-research programs,.the Melt-Progression Phenome-
|

.

-nology--(MPP) progrum, the: Damaged Fuel Relocation (DFR) pro-
'

.

gram, and the Damaged-Core Coolability (DCC) program. These
t programs.are key elements in the NRC research effort to pro-

vide a data" base. to assess the progression 1and consequences oft

| severe' core-damaging accidents.
-

: 6 .'l MELT' PROGRESSION PHENOMONOLOGY
|: -

! The objective of this: program is'to provide balanced ~
t perspectives and capabilities applicable-to that phase of'
, severe LWR accidents starting'with initial' core damage and
? progressing.through~to breach of.the reactor vessel and: dis-
L charge of core materials into the containment environment.

I 'The formal elementsicomprising this program are:
'

3

{ a. Core Damage Sensitivity : Studies.
!

b. Severe Accident Uncertainty Analysis (SAUNA).
~

<

c' . Melt Progression Model (MELPROG) Developmen t . q
'

The core-damage sensitivity studies are directed,toward
identifying the most influential phenomena that govern-the

j in-vessel core degradation process. A report, tentatively-
i titled " Considerations in the Behavior of LWR' Fuel and Coolant

Systems During Severe Accidents" will contain material'oni-

accident sequence progression,_ fuel and' core damage,'RCS flow
and heat transfer, fission-product considerations,.and the
development of test matrices for the DFR fuel damage experi-

,

| ments. This' report will incorporate previous studies in those
areas.

Work on the draft SAUNA report, Identification of Severe
p ' Accident Uncertainties, continued. A draft was reviewed by
i the working group meeting, and peer review was initiated.

. .

The Melt Progression ~Model (MELPROG) calculates the
i n-vessel part; of LWR accident sequences from rubble / debris -
formation through. vessel failure.- MELPROG includes models to *

calculate rubble melting by, decay heat and oxidation, struc-
tural failure including vessel failure, melt / water interac-
tions, and fission-product-transport, plateout, and chemistry.

,

y

' :>. " 10-
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'
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Coding of the basic structuren module for MELPROG was*

completed on schedule. The package consists of one-dimen-
sional heat transfer routines and creep rupture / melting struc-
tural failure models for cylindrical walls, perforated plates
supported by columns, and perforated plates supported at the
edges. Associated driver, input, and data management routines
were also coded. Debugging of the structures module began.
An input test deck was set up to facilitate run-time
debugging.

6.2 LIGHT WATER. REACTOR (LWR) FUEL DAMAGE EXPERIMENT PROGRAM

This -program is directed toward examining the key pheno-
mena that determine the core-damage configuration during the
progression of a core melt' sequence in an LWR core-uncovering
accident. This program uses the information and perspectives
gained in current LWR safety programs and focuses on the
design of experiments that can contribute to the resolution of
important severe-damage issues.

The two major areas of interest-regarding in-vessel
phenomena are:

a. The behavior of fuel and cladding during the stages
of major core deformation from rod-bundle geometry to
a severely degraded geometry and

b. The response of the severely damaged fuel to reintro-
duction of coolant from the emergency core cooling
system (ECCS), especially the questions of redistri-
bution of quenched material, short-term cooldown,

-

increased steam generation, and oxidation reaction
kinetics.

The safety analysis for the DF experiment plan has been
completed. Included are several two-dimensional heat transfer
calculations to determine the posttest heat load on the jacket
and containment' tube. Project personnel have begun reviewing
the experiment plan with the ACRR safety committee.

The thermal hydraulic computer code used to predict the
behavior of the DFR test section has been improved to account

i for axial radiant heat losses. This code has also been
expanded to predict the behavior of the entire steam system,"

including the boiler, superheaters, cuo tubes, and condenser.
!

Fabrication of many of the in-pile components has been
completed, and proof testing of these components has begun.
The first full-scale out-of-pile steam system test has been
successfully completed. No fuel rod simulators were included
for this test. All systems performed satisfactorily andj

i.

11 |
L
.

|

|
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: i

confirmed the basic approach. These tests have'shown, how- |
ever,: that some design modifications and procedures are desir-
ableito eliminate potential-noncondensibles from the system.

,

Fabrication and. proof testing _of all' components for.the elec .. ,

trically' heated rod _ simulator; tests have been completed.
Assembly is near completion. Tests with.this system will be*

almost-identical to those used in the in-pile system.

1 Tests have confirmed the feasibilityLof Raman spectro-
acopy for measuring H2 in the in-pile configuration of the DPR
experiments.. Most of the optical design has been: completed
and|all of the. major; components.needed for the_ visual' diag-
nostics are either on order or have areived.'

A, simple thermal-limit monitor has been designed that
will- provide an _ indication f that1 maximum - temperatures have been
reached in the test section. For this approach, electrical
continuity of platinum wires in the test section insulation
will be monitored. When maximum allowable temperatures are-
attained in.the test section, the wires will melt and the loss
of continuity will be alarmed. This method is-preferred since
thermocouples (TCs) may not survive the high-temperature
corrosive environment of the test section.

1

6.3 LIGHT WATER REACTOR (LWR) DEGRADED-CORE COOLABILITY
PROGRAM

'

The LWR Degraded-Core Coolability (DCC) program investi-
gates the coolability of urania debris in water. The urania
is fission-heated in the ACRR to simulate the. decay heat.
expected in an LWR severe core-damage accident. 'The governing,

i phenomenological uncertainties to be investigated are pressure
effects, deep bed behavior, particle size distributions,'

. stratified beds, bottom coolant feed, and material effects.
i Each DCC experiment will determine coolability in three ther- .

. mal regimes: (1) convection / boiling, (2) dryout, and (3) i

extended dryout. .The staff will use experimental results to
confirm and/or modify the present analytical models used to'

,

'

predict degraded-core coolability. Work is proceeding on two
in-pile experiments, DCC-1 and DCC-2. ;

During the reporting period, the DCC program efforti
,

focused on tne following activities: ),

1. Preliminary ~assemblyEof some DCC-1 hardware was |
performed, including.the crucible, electric heater, !

primary passthroughs, and TCs. The final experiment- ;

assembly was'not started due to the delay in
receiving the urania fuel.

;

i
'

,
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2. . The DCC-1 experiment plan' was ' completed and reviewed
by the Sandia Reactor: Gafety Committee. .Because y

~

DCC-1~contains the~most thermal energy and. mechanical'
. potential of any experiment performed in'the ACRR,
'thessafety analysis in the planxis based on adiabatic"m

. . .

energy balances-during all credible accident.scenar-
ios.. . The review process: concentrated on sh'owing -that'

; the assumptions?used in this analysis were conserva-
tive..

'

| 3. A-destructive-test of an identical (stress equiva-
,

lent) vessel to the DCC primaryfcontainmentiwas'

_

; performed.' The. D-test vessel ruptured at 17,700 psi:
[ in a hydrostatic' test. -The test demonstrated that

. the 3000-psi pressure. rating of the' primary contain-'

ment has a: safety factor of at~ lea'a t 4 :to rupture.
-

.

I 4.- Generalized momentum Lflow equations ' for separated
two-phase. flow through porous media were; derived for '

use in the MELPROG from the' steady-state momentum
j equations presently used in the Lipinskitdryout

.

model. These equations should provide a basis for a+
_

numerical trea tment of debris beds , . in ca'se. debris
characterization is not handled in a separate module. ,

5. . Two experiment 1 safety. analysis / design calculations
were performed. An analysis of the TC placement in-

1

the DCC experiments revealed that for DCC-1, . the 40 ,

; TCs could distort the measurement of the dryoutTheat
flux by as much as 8%. A simple addition:to.the TC.
placement design.will eliminate this source of error
in the dryout heat flux measurement. Analysis of the

,,

| danger to the DCC capsule. caused by radiolysis of.
! water and concomitant H2 buildup demonstrated-that ;

| this danger was, at best', minimal, and at worst,

j detectable at an early stage.
,

6. The writing of a major topical report-was completed.
This report delineates | and documents remaining uncer-
tainties in LWR degraded-core coolability predictions
for accident' analysis. It serves as a-basis for a

[ paper : presented at the Cambridge LWR-SFD meeting
! (August-1983) but will also be published as a Sandia
'

Report in an expanded and more complete form.,

7.- An analysis concluded that hot debris from a dry
portion of the DCC experiment cannot become intimate-
ly; mixed with cool water on a time scale of less than
hundredths of a second. In that time scale, pressure

|-
^

equilibrium throughout the' entire capsule will be
maintained, and no'large-scale motion of the~ debris'

.

,

13.
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or the overlying. liquid pool can be induced. Evidence
for this conclusion is derived from past experiences !

with debris beds and simple calculations using basic l

debris bed properties. i

|

7. TEST AND FACILITY TECHNOLOGY

7.1 ACRR STATUS

This section contains comments on the general status of
overall ACRR operation and remarks concerning experimental.
activities involving.the ACRR.

The ACRR is operating normally in support of weapons-
program research and advanced reactor safety experiments.

.

$

f

(
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1. : CORE DEBRIS BEHAVIOR
,

,

1.1 'EX-VESSEL CORE DEBRIS. INTERACTION
._(D.' A. Powers,-6422; W. W. Tarbell,56422:

'

J. E. Brockmann, 6422)
y

i[
.

If core debris formed during a severe reactor. accident is
not._coolable, the' debris will penetrate the reactor vessel-and
interactLwith structural material in'thelreactor-cavity. This
interaction could leadsto gas generation,' production of-flam-
mable species,;and intense emission of radioactive. aerosols,
in addition to erosion ' of the reactor basema t.

. ' Study of'the-phenomena associated with<ex-vessel-inter-
action of core debris with structural material found in the-

! reactor cavity is' the purpose of the Ex-Vessel- Core Debris
; Interactions program. In the recent past, the major part of. i

| ,this program was the study of core debris interaction-with-

; concrete. Penetration of . core debris through steel liners has
also been examined. Other associated phenomena'are currently
undergoing study.

1.1.1 High-Pressure Melt Ejection Studies
:

[ Several recent safety studies have identified the-possi-
,

bility of reactor pressure vessel failure while the primary
system is at elevated pressure. As a result, the ejection;of
molten core material into'the. reactor cavity is considered
possible.- The Zion Probabilistic Safety Study (ZPSS) analyzed<

j the interactions of a molten jet stream ejected at high_ pres-
! sure!from the reactor vessel. The analyses considered the

consequences when the reactor cavity is completely filled with'

: wa te r ( "wa te r-locked " ) . The ZPSS hypothesizes that the mate-
'

rial exiting the vessel would contact the water pool, rapidly.
! quench the insuing vapor generation, and create a " steam
t bubble" that is that the' remainder of the ejected material

enters /an essentially dry cavity.
!

! Two experiments in'the System Pressure Injection-(SPIT)

|- test matrix-have been performed to study the interaction.of a
high-velocity melt jet and a simula ted " water-locked" reactor-I

cavity.- The objective of the first. test (SPIT-15) was to.
verify the-existence of'the steam bubble phenomenon described
in the ZPSS. The second test-(SPIT-17) used a scale model of

t the-Zion cavity to determine the extent of; water voiding.

| Subsequent paragraphs describe the ~ results of these two . tests.

|
< 1
|-- 15 '
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. l.1.'l?~ SPIT-15 _

'a. ' Appa ra tus -
i

'

| Dete'rmining ? the ' existence of a' generated _ steam bubble
re'quiredfconstruction of_a clear. plastic box to. house the;

water; pool._ A cubical. volume,-roughly 61 cm on each. side, was
-

fabricated?and:placedLdirectly under the melt generator. Ta p
wa ter.: ( 294.4 ' K| [21.4 "C] ) filled the box to a' depth of.50 cm,
. directly;in contact' with the melt. plug in.the lower generator-
- flanget Two._ pressure 1 transducers,Jone in the. bottom and'a

~

second in; the sidewall, were used to monitor pressures in. the,.

water 1 pool. High-speed, framing' cameras focused on the pool
were used for studying ~the interaction.3,

Ten kilograms of an iron oxide / aluminum thermite powder
(yielding.a. molten iron / alumina mixture) were placed in the

' melt generator. The generator was charged with. nitrogen.to an
~

o

initial pressure of 7.1 MPa that subsequently ' increased to -
,

over 12.9 MPa during the-thermite > reaction. Ignition'of the.
thermite was induced at the top of the powder bed and required
approximately.13's to reach the bottom and fail the melt plug.

-b.. Observations

Motion picture records show th'at:a steam explosion''of a
'

classic' nature did;not occur'(propagating " detonation" waves
; were not seen). ' Measurements indicate-that the jet propagated
i vertically downward through the water pool at nominally 20
'

m/s. .This value represents a velocity reduction of nominally i

65% from that predicted for a jet through air. The melt in
the water-pool was surrounded by a." film = layer" that moved out
and away f rom the melt. The film layer may have been caused-

i. by the rapid expansion of steam, but the velocity. of propaga-
'

tion was orders-of-magnitude less than the bulk sound speed of-
water. Interaction of the film layer and the box sidewalla
caused the walls to oulgo and fail prior to arrival of the
expanding melt.

| After contacting the bottom of the water box, the melt-
| rapidly expanded in all directions, eventually " filling" the
| entire' volume. The melt did not have a tendency'to-move-
; - upward toward the free surface. The prompt failure of the box
|- prevented any real confinement of the melt af ter initiation of

the-distribution process.

!- -Subsequent events consisted of'the dispersal of.the melt
'

and water away from the original configuration. The melt
: appeared to be luminous throughout the event, suggesting only

' limited : wa ter quenching. Gas ~ burning was . apparent near theu
lower edge of the box and was possibly due to the decomposi-

,

tion'of water.
,

.
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1Tbo.recordad pressure: data ware inconsistent, with.both'
gauges showing arrival of a peessureLpulse corresponding to. .',

~ a-the film'. layer. Thefremainder of:the' pressure records-was not
reasonable,Jpossibly.becauseiof the earlyffailureLof the box.

J'

Following th'estest,.the debris'and' plexiglass-box pieces
wereEfound widely distributed.about-theiapparatus. .The1 box1
bottom-remainedLin-place ~and undisturbed. .only slight scorch-

,

ing'.of?the. bottom piece was noted,: indicating that.the melt
was;promptly; removed. The-pressure transducer:placed in.the. 1

-bottom-plate,':however, was badly; damaged. Approximately-
. |:

.1/8 in.~of the' stainless steel case,was ablated, exposing the-

'

- zsensing diaphragm. .Thermalcradiation1through the water may
have'been significant,.but.theiclear plexiglass was not

,

'af fected because it is virtually transparent' to the -incident-

2

energy. . Radiation-induced temperature ef fects- may also ex-
plain the1 inconsistency of the pressure-transducer re'sponses.

; - .The results of this test'. indicate ihat a " steam bubble"
i '

type hypothesized in the - ZPSS did notl occur. A " gasof the:.
' film"-did. accompany thermelt.in.the= water pool and had suffi- -i

; - cient strength'to fail'the plexiglass' water: box, however, the.
. velocity;of propagation was much lower than that associated

~

'

with'the sound speed of water. A steam explosion-did not.

occur,~ principally because the high ' velocity of: the melt.in.
- the water - prevented extensive mel t/ water mixing.s .The melt was-

eventually well distributed.throughout the water tank, but
P most of'the water. pool was probably displaced ahead of the-

molten material.

; 1.1.1.2 -SPIT-17
; .

a. Apparatus

|. For this experiment, a-1/20-scale aluminum cavity. based
i on the Zion plant dimensions |was fabricated.and placed beneath

|~ .the, melt generator. The aperture of the melt' generator was ,

t located at the, scaled reactor pressure vessel (RPV) height.
l -The model was filled with tap water.to simulate-a " water .
L locked" cavity.: Aluminum . was used to give a " rigid" cavity

with approximately the same mechanical shock impedance as
'

concrete to simulate the loading on the structure caused by
expansion waves in the water pool. Six transducers were
placed in the sidewalls and upper surfaces of the-cavity.to #

|
determine the pressure generated in the water pool during - the

'

l ' interaction.

'

The melt generatorLwas initially charged with 10 kg.of.
| iron / alumina thermite and pressurized'with nitrogen to nomi-
L nally 1500 psig. Pressure increased to 1600 psig during the

| thermite reaction. The reaction required just over ,31 s to

L complete and-fail the melt plug.
.

'

17;.
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ib. Obnorvatieno
s

Melt ejection was detected with a timing TC placed
directly under the melt. plug. Immediately ( <1 ms)- following
ejection, a water slug began to propagate out of the open end
of the slanted keyway. Some . wa ter was also lost from the seal
between theigenerator and model. At 13 ms after ejection,
melt penetrated the bottom surface of the cavity model and was
followed immediately by a tremendous expansion that. completely
destroyed the' structure. .The violence of the interactiony
caused liquid wa ter, steam, debris, and. remains of'the'model

'
'

to be scattered;over a large-area. .

Five of she six pressureLtransducers produced records of.
the' form shown-in Figure 1.1-1. In this plot, the time is.
referenced.to ejection as zero. The large pressure " spike"
occurring at 13.8 ma corresponds to the large expansion seen
in the framing camera records. The high-magnitude,1 rapid

'

risetime,'and short durationiare all'~ indicative of a strong.
shock wave propagating through . the wa ter pool. The data-
following the initial pulse are probably not real because
structural- integrity was lost during; the ~ initial transient. 4

_

Correlating the velocity of the melt in the water ob-
served in the SPIT-15 test with the dimensions of the aluminum
cavity indicates that the it.teraction occurred when the - jet

~

contacted the bottom cavity surface. The pressure pulse
arrival times at the various gauge _ locations are not consis-
tent with the assumption of a point source for the shock wave,
suggesting that the melt may have been distributed more
through the water pool when " triggering" occurred.-

The results from the SPIT-17 test show a strong inter-'

action between the melt jet and water pool, implying that the
~

confinement provided by the structure may significantly influ-
ence the potential and magnitude of propagating interactions.
The magnitude and intensity of the ensuing pressure pulse pose
a serious threat to structures in contact with the -water pool. .,

Extrapolating these results to reactor-scale geometries should-
not be done until additional experiments have been conducted.

1.1.2 Transient Urania Concrete (TURC) Tests

The TURC tests have been initiated to investigate large-
scale oxide melt interactions with concrete. They will pro-
vide a new data base that will be used in conjunction with
previous steel / concrete interactions to form comparisons with-
current models. The experiments will assess various source-
terms, such as energy partitioning, gas generation rates, com -
bustible gas production, aerosols, and fission-product trans-

.

port, that may pose a threat to containment.

18-
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- during this' quarter,'a test' matrix was-defined:
Y

Tes t TURC-1: ' -a large-scale test with a.thermitic melt~ '
-

*G .

~

..
.

aL arge-scale test with molten"UO -25 w/oi Tes t' TURC 2: l 2-

.ZrO2
,

Test TURC-3: a large-scaleitest|with a molten mixture of~

|,

-UO -ZrO -Zr'-

; 2 2

The first test,' TURC-1,jprovides: baseline data with a. steel
'Al O3 melt that canLbe used to' compare.results of subsequent2,

tests and . the : currently existing data base on . melt / concrete
~

~

interactions that. involve. steel melts'.- The test is also a'
I cost-effective way.of' proof-testing the experimental ^proce-

'dures and diagnostic instrumentation.-
'

-

,

The.next.two tests,.TURC-2'and TURC-3, explore core-
^

'

debris / concrete interactions.. The need to examine core debris
^

as'well as coreLdebris. composed ofi- composed'of UO2'and-ZrO2
- UO2, ZrO , and Zr arises-because'of uncertainty about the.2

metal-water reactions that take, place in severeJreactor~acci-
dents. Analyses of'. reactor accidents with the MARCH code ~ and.~

similar models.have recently indicated that the-Zr-water

[
reaction will.not be complete atLthe-timetmelt is expelled-
into.the= reactor-cavity and concrete 1 interactions begin.

r

Obviously, heat produced by the - reaction of Zr Lin 'the melt
with the-gaseous products of concrete decomposition will add

'

~

to the complexity of core-debris /concre'te interactions.-'

VANESA-model analyses of-aerosol productioniduring core->

1 debris / concrete interactions have suggested that both aerosol
; production and fission-product release; increase when zirconium
',

is present inLthe melt'as a metal rather:than as anjoxide..
to which H O and CO ' released from the concrete are'The extent 2 2

and CO will' increase when zirconium. metal isconverted to.H2'

[ present. ;

;-

i Melts for- the tests TURC-2 and TURC-3 will be prepared
'

aither~by melting.the material in a refractory crucible or by.
;- the embedded susceptor ring method-(IRIS). The choice between-
; these techniques will depend on the outcome of the full-scale-
; IRIS-technique test.
F

Regardless of the melt formation technique,' the TURC-
series tests will.use limestone / common sand concrete con-

! -figured so that the concrete presents essentially a.one-
! dimensional structure 1to the melt. The retention ' of .the melt
I on this: structure is accomplished by a.castable magnesia ram

surrounding the concrete.' The' design of this type of interac-
tion crucible and testing of the-magnesia ram wereLcompleted.- *

i
d

i
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'l.2~. CORE RETENTION MATERIALS ASSESSMENT.
(E..R. .Copus, 6422; T. Y. Chu,'7537; D. A. Powers, 6422)

The Core Retention Materials Assessment program is an
- effort to identify the difficulties _and utility of incorporat-
-ing core retention devices in reactor cavity regions to'miti .
igate the' consequences of.ex-vessel core-debris interactions.
A; major. goal.of this program is"the establishment ~of the
Large-Scale-Melt' Facility (LMF) that will allow tests of
candidate designs exposed to melts of up.to 500 kg of fuel
oxides. . Initial work in'this program focuses'on final devel-
: opment of the LMF.and the engineering of magnesia bricks for

"

core retention devices and the conceptual development ~of the
thoria rubble-bed core retention device.

- 1.2.1 Characterization of Magnesia-Brick Core Retention
Devices

.

I Previous work in the Containment Load Mitigation . program
has shown that magnesia bricks can contain, quite success-
fully, molten steel and melts produced by the classic thermite

~

reaction. .The attention of'the program during.FY83 was,

devoted to a large-scale interaction test with molten UO2 on
magnesia bricks.

j Most analyses of the potential capabilities of magnesia
in the floating nuclear power plant have'been based on consid-
ering the. magnesia to be a monolithic structure. In fact, the
structure will be composed of. bricks. The analyses of magne-
. sla as a monolithic structure can always be: questioned because
there are device failure mechanisms peculiar to bricks. For
instance, magnesia bricks might float in the.UO2 pool and
cause a loss of integrity of one or more layers of the core
. retention device without the energy expenditure required to
ablate material. Molten U02 has a low viscosity and wets Mgo,

' whereas steel does not wet Mgo. The molten UO2 could pene-
trate the gaps between bricks and attack the device support

| structure without being delayed. by ablation of the magnesia.
L All ceramic structures are susceptible to catastrophic failure
;. by thermal shock. Laboratory evidence suggests a gas-
i producing reaction between MgO and UO2

To test the performance of the magnesia bricks in the
presence of UO , a large-scale test using the LMF heating2
technology was conducted. A quick-look report containing all

L test details has been issued.[1-1];
i

i The melt was 234 g of a U0 -25 w/o yttria-stabilized
_ 2

[ " ZrO2 This mixture approximates closely the oxide phase of a
| core melt if the zircaloy clad on the UO2 fuel has been oxi-
| dized to'ZrO2 The liquidus temperature of this mixture is
I 2798 1 25 K (2525 1 25'C). The melt was heated to 2873 1 50 K

(2600 50*C)~and drained over a 4-min period into a cylindri-
cal crucible made of high-purity magnesia bricks.

21
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Instrumentation available for the interaction test
included:-

.

^

"a. . aerosol detectors,

b. igas samplers,'

c. temperatures within the magnesia,

d. crack detectors on the magnesia bricks, and

upward heat . flux monitors above th'e retention device.~

e.

Results of the large-scale UO / magnesia brick test are of2
recent vintage and have not been fully evaluated. Immediate.
results-indicate clearly that:

1 .

a. Aerosol emissions during teeming of the melt and the
melt / magnesia' interaction were quite small in com-
parison to what would be expected if concrete were
exposed to melt.

; b. Noncondensable-gas generation was not observed during
the UO / magnesia interaction.2

c. Melt did not enter the gaps between bricks.

d. The loose' brick in the structure did not float.
P

e. Fracturing of the bricks caused by~ sudden exposure to
hot melt was confined to a surface spall.(<1/4 in.
deep) and body cracks at the high thermal-stress
points where bricks forming'the crucible walls meet
bricks forming the crucible bottom.

The test observations support the contention that mag-
,

nesia bricks would be a material superior to concrete. The*

i test illustrated 9Esphically'the capability of magnesia to
'

eliminate aerosol and gas generation during ex-vessel core
debris interactions. Catastrophic thermal-shock failure of

;

the device did not occur.
|

Further analysis of the test results will be necessary to
j determine the extent to which tools for calculating the per-

formance of magnesia-brick core retention devices can be
believed. Clearly, the test did not answer all the major
questions concerning magnesia-brick core retention devices.
No major gas production was observed in the test, but the

i frozen UO2 pool was not a solid body. It was, in fact, quite
porous. .Some limited evolution of gas, or more likely vapor,
may have been responsible for this porosity. Such gas or
vapor generation is obviously insignificant in the context of
containment loading. However, it may indicate a chemical-'

i

.

22
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' attack'.on Mgo that is not yet understood. Also, the inter-
action'was transient in the sense that once it was deposited,
the melt-cooled naturally. A. test in which the UO2 Pool is,

sustained at melt temperatures is necessary to characterize
major' features of UO' interactions with magnesia bricks2
completely.

23
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1.3- SODIUM CONTAINMENT'AND STRUCTURAL INTEGRITY
'(E. Randich, 6422; R. U. Acton, 7537; D. A. Powers,.6422)'

The-Sodium Containment and Structural ~ Integrity program
is an investigation of safety _ phenomena that will~ develop

'_ ~should molten sodium contact structural or shielding concrete
during a reactor accident. Quantitative evaluation of_these

|phenomena, -leading to the development of models for .use in.
predicting;the ways in whic! these phenomena might threaten
the. reactor containment, is a major goal of this program.

-

Quantitative evaluation oflatructural flaws in reactor cell
liners is also sought in this program because these flaws can
provide pathways for sodium to contact concrete.

1

'1.3.1 Sodium / concrete-Interactions-

Work proceeded on the documentation necessary to conclude
.

u 'the sodium-concrete interaction portion of the project. Three
topical reports were issued this, quarter and a fourth, on the
subject of the Sodium Limestone Concrete Ablation Model (SLAM)
code, . will'be issued next quarter. Brief summaries of-the
issued reports are presented below.

Ca +) (OH~, coa 2-)1.3.1.1 The NaOH-Rich Corner of the (Na*, 2

Reciprocal System [1-2]

Thesodium-richportionofthebjnarygystem_(NaOH)2,-) are
-

.

Ca2 ) (OH CO
.

Ca(OH)2 and the reciproca1' system (Na , 3,

j described. The (NaOH)2' - Ca(OH)2 system has a peritectic
decomposition at 603 5 K (330 1 5'C) and a mole: fraction
Ca(OH)2 of 0.0055 1 0.0020. A compound with the apparent
stoichiometry Na6 Ca(OH)8 is formed in the system. The com-
pound melts at 833 1.10 K-(560 i 10*C). X-ray diffraction
data for this compound: are presented. Solid-state solubility

; of the compound in S-NaOH causes a depression in the tempera-
ture of the a.+ p phase change.

Liquidus data for 27 compositions in the NaOH-rich por-
tion of the reciprocal system are reported. These data may be

i interpreted in terms of a ternary peritectic or a semi-
,

| eutectic. Ternary invariant temperatures were not measured.
An apparent invariant at 558 1 5 K (285 i 5'C) is attributed
to a disequilibrium eutectic reaction between NaOH and Na2CO3

The liquidus along the (NaOH)2 - CACO 3 join shows that
the apparent solubility of CACO 3 in NaOH increases sharply
when temperatures exceed 773 K (500*C). The apparent solu-

in (NaOH)2 for the temperature range 623 to
^

bility of CACO 3
773 K (350* to 500*C) can be described by the expression

In(x) = -7568/T + 7.36

' 24
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where xiis the mole fraction CACO 3 and T ic thm absoluto
temperature. This observation is used to interpret some of
-the features of sodium interactions with limestone concrete.

|

1.3.1.2 Intermediate-scale Tests of sodium Interactions with )
Calcite and Dolomite Aggregate Concretes [1-3] |

Two intermediate-scale tests were performed to. compare
the' behavior of- calcite 'and dolomite aggregate concretes when
a ttacked by molten soidum. _The tests were performed as part
of an .interlaboratory . comparison between Sandia Na tional
Laboratories and Hanford Engineering Development Laboratories
(HEDL). Results of the tests at Sandia National . Taboratories
are reported here. The results show that both. concretes
exhibit similar exothermic reactions with molten sodium. The
large difference in reaction vigor suggested by thermodynamic
considerations of CO2 release from calcite and dolomite was'
not realized. Penetration rates of 1.4 to 1.7 mm/ min were
observed for short periods of time with reaction zone tempera-
tures in excess of 1073 K (800*C) during-the energetic-attack.
The penetration was not uniform over the entire sodium-
concrete contact area. Rapid attack may.be localized due to
inhomogeneities in the concrete. The chemical reaction zone
is less than 1 cm thick for the calcite concrete but is about
7 cm thick for the dolomite concrete. This difference is
apparently caused by the lower thermal decomposition tempera-
ture of dolomite. The major-chemical reactions of importance
are Na + N2 O + limestone + Na2CO3 + Ca0 + MgO + H2 a'nd Na +-
HO+ NaOH + 1/2 H2-2

1.3.1.3 Laboratory-Scale Sodium-Carbonate Aggregate Concrete
InteractionsLJ-4J

'A series of laboratory-scole experiments was made at
873 K (600*C) to identify the important heat-producing chemi-
cal reactions between sodium and carbonate aggregate con-
cretes. . Reactions between sodium and carbonate aggregate were

; found to be responsible for the bulk of heat production'in
sodium-concrete tests. Exothermic reactions vers initiated at
853 1 30 K (580 t 30*C) for limestone and dolostone aggregates

| as well as for hydrated limestone concrete, and a t 813 1 10 K
| (540 t 10*C) for dehydrated limestone concrete but were ill-

,

defined for dolostone concrete. Major reaction products
included CaO, MgO, Na2 CO3, Na20, NaOH, and elemental carbon.
Sodium hydroxide, which forms when water is released from

|
cement phases, causes slow erosion of the concrete with little

'

heat production. The time-temperature profiles of these
experiments have been modeled with a simplified version of the

i SLAM computer code that has allowed derivation of chemical

| reaction rate coefficients.

!

25
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1.3.2 'LMFBR Radiological Source' Term AssessLent
-

i.
.

, Work continued in defining:the scope of the. source; term
: project.and evaluating different methods,for the trace element
analysis.needed_-in'this; project. In the first area, an exten- j
1sive literature search was. initiated and,needed experimenta- >

>

tion was~ outlined. A tentative' representative list of
fission-product'ahd fuel-simulants was chosen that includes U,-

Ce, I,-Cs, Ba , Te , Zr, Nb, Ru,,and La. A: bounding two-level
f.actorial design. experiment'was chosen with three independent
variables:- tempera ture , gas sparging , - and NaOP. content.-

One of the major difficulties in accurately measuring
fission-product release rates from''a molten sodium pool is the
detection limit ~of the' chemical. analysis of the released-
material. If realistic concentrations of' fission-product
- simulants ~are .used in the sodium pool, the released aerosols
and vapor contain only minute amounts of the simulants (<1 to .

1000 ppm). The analysis scheme used to~ accurately measurei-

such concentrations, particularly when so many elements are
present,.must be chosen carefully. Sodium samples containing
20, 200, and 2000 ppm of the simulants have been prepared and
are being analyzed by -atomic absorption (AA), inductively

; coupled plasma (ICP), and' spark source mass spectroscopy to
compare trace element analysis techniques. The~*results will-,

be used to define experimental collection. techniques and-
sample size for the material released from the pool.

i
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'l.4 ; DEBRIS DED|COOLABILITY
-(G. W. Mitchell,r6421i C. A. Ottinger, 6421).

.

' '

.The Debris
.

!, . .

. Bed Coolability program addresses issues | con-
. .,

.

Ecerned withithe deposition of solid fuel debris:on horizontal
surfaces within the containment vessel and-its subsequent

'

coolability.- This debris remainsfcapable of" generating sig '
nificant power through4the decay of fission products. Should1

: natural. processes fail to provide. sufficient cooling, the
debris could melt and threaten containment. The Debris- Bed
Coolability program seeks to~ determine the conditions required
for> natural-cooling of.such debris.-

. ,

1. 4 .~ 1 - Joint' Review Meeting

A 3-day p'rogram review meeting ~was held fo program-

sponsors during the first week in April. Represen ta tive s from.
'

:JRCf(Euratom), PNC (Japan),'and USNRC~ attended. . The overall
D10/D13 experiment. design, instrumentation, design analyses,
expected operating procedures, and the1results of the crucible

.

: material compatability program were reviewed.
'

The results of the' crucible material compatability low-
temperature testsiwere reviewed. The tests' were conducted 'at
temperatures of 573, 823, and-1073 K (300', 550*, and'800*C),
sodium _ oxygen content of 2, 50, and 100 ppm, and exposure

.

times of 10, 70,3and 130 hr. The results were,in the. form of
the material samples' toughness and' strength before and af ter
exposure to. sodium. Weight change of the samples was reported
to be less than 10.1%. The data indica ted - tha t Ta-10W,
.Mo-41Re and T-lll alloys were not significantly affected by
sodium exposure under the conditions tested. These materials
were - further tested at Los Alamos Na tional Laboratory to.
temperatures up to 2423 K (2150'C). In these tests, a 1-in.-
diameter tube was filled with 85 g 002'and 12.9 of sodium.
The bottom'of the sealed tube was then heated in a^ vacuum to

~ ~

. high temperatures. Since the top of the' tube' remained at
'

temperatures beIcw 1273 K (1000*C), a temperature gradient was
established along the tube. .Following the'- tes ts , the tubes

I were sectioned and polished. -Photomicrographs-of the tube
walls were examined at the review meeting. Although substan-
tial grain growth was apparent in the tube walls, none of the ,

- three candidate materials indicated significant interactions
; or degradation. A considerable amount-of discussion followed
! the presentation of the materials testing results. Concern

was expressed, especially for Ta-10W, about the limited range
over which the tests were conducted and' potential interactions,

that might occur with sodium or UO2 outside this~ range.
;

Additional tests were proposed to investigate the concern.
<

A preliminary crucible design was also presented at the
review meeting. :Because of availability,-Ta-10W was selected4

as the preferred crucible material. Discussion of~ crucible
, ,

l' design concepts centered around welding and the interface of
the bottom crucible structure, which will' allow for bottom;

- 27
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c211ng. Invsstigation will be ' dons to determina the facci-c
|bility of-diffusion; bonding the bottom of the. crucible and the
susceptibility of Ta-LOW to . liquid metal embrittlement.. Pro-
curement will be initiated of Ta-10W-material for the crucible
with the final-design depending on the results of these inves--

tigations. ' Orders-were placed for these components at the.end
I

'

.of April.
_

i

Draft copies of the review-meeting. minutes were sent to. |
' program sponsors in May. : Action items generated during the
Emeeting were forwarded to the. sponsors in June.

.

1.4.2 Thermal-Analyses.

Two-dimensional thermal analyses of the. experiments were
performed to determine ' expected temperatures around the 'cru-
cible. These results will be' used in the containment stress
analysis and for the optimization of instrumentation loca-
tions. Also, they will be used to refine the crucible thermal
and structural analysis. The calculations indicated a more
uniform temperature distribution in the lower containment
structure' than .had previously been assumed. This uniform

j _ temperature distribution will reduce thermal gradient-induced
: stresses. Further, TCs located in the heat flux block below
'

the crucible should be adequate to measure downward heat
removal from thesbed to within t10% for most flow conditions.
Hea t removal at low helium flow ra tes will be 'dif ficult to -
measure accurately because of small temperature gradients.

1.4.3 Instrumentation

A test of the ultrasonic thermometer (UT) was cond'ucted
. in June utilizing thoriated tungsten sensor wire and low-
'

density thoria insulator material. This combination of mate-
rials appeared to provide improved uniformity of signals at

j temperatures up to 2773 K (2500*C), due to reduced material
j transport. Undesirable coil and remender temperature effects
2 were still apparent and remain to be resolved. Additional

tests are planned to quantify these ef fects.

'
Because of the uncertainty of successful resolution of

the UT temperature effects, the project staff decided to;

; replace one of the three UTs planned for the experiment with a
high-temperature TC assembly, increasing the number of C-typei

junctions in the bed from two to six. The revised
instrumentation layout based on this decision is shown in

~

Figure 1.4-1.

Development and fabrication of the C-type TC assemblies
continued. Because of the extremely successful operation of
these TCs in the DC-1 experiment accomplished in May, insula-"

tors were procured for use in the DlO/D13 TCs. With this
insulator, HEDL would attempt to qualify these TCs to 2673 K.

! (2400*C).
,

28
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1.4.4 compan7nt Fabriention

Fabrication of'all experiment components continued. The
first helium. flow divider was delivered in June under inspec-

.

tion agreements in the fabrication contract. Fabrication of
all other components in this contract (outer helium container,
neutron filter, and nitrogen flow divider) wasL initiated upon.
acceptanceoof the helium flow divider.; Delivery of these
-components ls expected in August. Fabrication of the contain-
ment components was initiated with a first article inspection
in August and delivery of one set.of components in September.
Drawings for all access section components were prepared. A
purchase order was also prepared for these components.

1.4.5 Experiment Plan

The experiment safety evaluation was begun in preparation:
for the presentation to the ACRR safety committee. The safety
evaluation includes a description of experiment components and
an evaluation of their capabilities to function as containment.
components under' normal and accident conditions.

)

.
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-1.5: ' DRY DEBRIS' MELT PROGRESSION
(J .- T. 'Hitchcock, 6421; J. E. Kelly, 6425)

u

The Dry Debris Melt ~ Progression study,1 a follow-on to the
Molten' Pool program, uses' prototypic reactor materials _to.
investigate-experimentally the progression of a debris _ bed |

from_dryout~to melt and the interactionfof'the. melt with
'

structural and core retention material.

The DC 1 experiment completed May 25, 1983, was the first~
debris bed that achieved a' sizeablefission-heated dry UO2

uraniarmolten pool (0.8 kg) at steady-state conditions.
Steady conditions at several powers lower than required for
melt were also achieved. . The purpose of the experiment was to
obtain information on_high-temperature dry. debris heat trans-
fer. rates, melt formaticn, melt migration, and melt heat
transfer rates. The data will be used for analysis and model
development on coolability and melt behavior of the dry por-
tion of reactor debris for LMFBR accident codes. These data
also have applications to LWR' severe accident. debris cool-
' ability.

1.5.1 Experiment Description

The bed was composed of a homogeneous mixture of_2138 g
of fully enriched UO2 particulate 70 mm high and 80 mm in
diameter. The particle size varied from'100 to 1000 pm with a'

bed porosity of 0.39. The bed was contained-in'a tungsten
crucible with an 8-mm-thick internal Th02-liner. Argon at 5-
psia was'used as the cover gas to simulate the heat transfer-

'' characteristics of sodium vapor.

.The debris was cooled at the top and bottom and insulat'ed.
radially. Heat from the bottom of the bed was conducted down-

I ward through two containment vessels and was removed to a
helium heat transport-loop with a constant flow rate', allowing
for steady-stato operation. A liquid indium bond (melting-
point 423 K [150*C], boiling point 2273 K [2000*C]) was-used
to couple the crucible thermally to|the inner containment _and
to couple the inner and outer containments. The top of the
bed was cooled by radiation to a tee-shaped tantalum hea t

i transfer plate. The heat was shunted through this plate to
I the containment sidewalls and to the He coolant. The bed was

radially insulated, by the Th02 sleeve inside the crucible and
by. low-density ZrO2 between the crucible and-the sidewalls.

|- The DC 1 assembly is-illustrated in Figure 1.5-1. A dimen-

L sioned schematic'of the bed and adjacent material is shown in
| -Figure 1.5-2.

! The instrumentation in the bed included four UTs and
L three TCs as illustrated in Figure 5.1-3. The UTs consisted-

of a W sensor, an inner Th02 sheath, and an outer protective W
sheath. Each sensor had five intervals of 10 mm that gave
temperature measurements at five axial locations at 10 mm

|
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conterlino. The TCa hed a W shsath, Hf02 insulation,.cnd
W 5%. Re/W .26% Re thermal ~ element wires that had been1perfor-
mance tested to 2473 K (2200*C). .Above this, temperature, the-
Hf02 insulation deteriorates-'and eventually melts, but the
W sheaths contain a]l of the components. .Two of these TCs
were placed in the bed and usad during the heatup portion of
the experiment to confirm.the response of the UTs. The junc-
-tions were placed.at the midplane of the bed at radial-loca-'

tions of 20 and 40-mm. The third TC was loca ted within the
'

Th02 liner.
-Within the. experiment-capsules: R-type.TCs were used in

the Ta heat transfer plate to measure the heat flux out of the
~

top of the bed-and through the side ZrO2 insulation. K-type
TCs were used-to measure the downward heat flux in the con-
tainment vessels and the helium and containment' boundary tem-
pera tures . A tablulation of the DC 1 instrumentation along
with its location is shown~in Tables 1-I and 1 -II .

The objective of the first part of the DC 1 experiment
was to determine the thermal characteristics 'of dry 2 reactor
debris. The bed was stepped to three power levels and held
for equilibration. Steady-state maximum temperatures measured
by the centerline.UT and by TCs in and around the bed are
given.in Table 1-III.

The Ta and steel. temperatures are centerline values at .

the surface of the~Ta heat transfer plate above the bed and,

at 3.8 mm into the steel . containment below the W crucible,
respectively. These measured temperature distributions will
be used to provide accurate information on the effective

'

thermal conductivity of dry debris beds. This information s
; will be presented as the experiment temperature data are

analyzed.
,

In the second part of the experiment, the phenomenology
and thermal characteristics of melt formation were studied.
The bed power was increased to 2.5 W/g and maintained for 80,

* min. Approximately 40% of the bed (0.8 kg) melted, forming a
molten pool about 20 mm high and 70 mm in diameter with a peak
measured temperature of 3273 K (3000*C). The Ta surface and
steel containment temperatures were 1639 and 993 K (1366* and
720 *C ) , respectively. At the steady-state condition, upward
and downward heat partitioning was determined. After equili-
bration, bed power was reduced to 0.45,W/g to compare postmelt
conditions to premelt conditions. The experiment was then
terminated.

1. 5. 2 Experimental Results

|
| The DC 1 test has provided data needed for modeling the
t

coolability of melt formation in dry reactor core debris.
Initial results provide information on the thermal charac-
teristics of dry debris and on the formation of and heat
transfer in molten pools. Radiography, to be performed.after

:
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' Table 1-I )
l

Description of Thermocouples-

,

k g .

- Location
Radius Height ,,

; A Type (mm) (mm) 1
s
N-

Tcl '.W.5 Re/W 26 Re. Bed 20 35
TG2 W.5 Re/W 26 Re Be'd 39.5- 35-i

TC3 W 5 Re/W 26 Re Th02 46 35
'

- Tall R Ta 10 -87.3
TA12- R Ta 20' 87.3
TA13 A Ta. 30 87.3
TA21 R Ta 10 107.6
TA22 R Ta 20 107.6
TA23 R Ta 30 107.6,

^

TA3 R Ta 40 116.3
TA4 R Ta 50.5 116.3-

TA5 K Ta 81.3 116.3
' TA6 K Ta 81.3 116.3-

SSil K
~

Primary 0 -5.9
SS12 K Primary 26 '-5.9
SS13 K Primary 33 -5.9
'SSl4 K Primary 40 -5.9
SS21 K- Secondary 0 -26.8
SS22 K Secondary 20 -26.8
SS23 K Secondary 30 -26.8
SS24 K Secondary 40 -26.8
PCl K Primary 66 6.8
PC3 K Primary 66 6.8
PC4 K Primary. 66 6.8
PC5 K Primary 84.7 105
PC6 K - Primary 84.7 105
HEl K He outlet 510:

,

HE3 K He inlet 510
ZR1 . It ZrO2 61 35
ZR2 R ZrO2 61 35
ZR3- .K ZrO2 79 354

'ZR4 K Primary 84.7 35
i OCl K On Validyne pressure
;

On; primary,outside primary
transducer

vessel lid
|

OC2 K
r=15'

i OC3 K On' primary vessel lid-

r=78
'

'OC4 -K On UTl housing |

,

1

#
l

A

e

%

$ 36
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the package has cooled several months, will provide prelimi-
nary. data on1the phenomenology of melting debris: sintering
and void and crust' formation. Final detailed information on
the phenomenology.will.be obtained upon disassembly and micro-
scopic' examination of the bed.

l
'

Table 1-II

Desdription of Ultrasonic Thermometers

Radial Position
(mm)

UT 1 0.0
UT 2 20.0
UT 3 30.0
UT 4 38.9

Axial Location of
Measurement Interval

Element (mm)

1 65 - 75
2 55 - 65
3 45 - 55
4 35 - 45
5 25 - 35

Table 1-III
-

Steady-State Maximum Tempera tures

Bed Central Bed Thermocouples Steel
Power UT (r = 20 mm) (r = 20 mm). Ta Plate Containment
(W/g) (*C) (*C) ('C) ('C) ('C)

| 0.18 975 925 529 133 114

0.45 1699 1656 960 290 206

0.72 2230 2141 1277 426- 282

In addition to meetint the test objectives, the'exper'i-
ment hardware, including the liquid indium heat transfer
bonds, performed as designed. The in-bed W/Re TCs performed
to and possibly far beyond their rated temperature limit of

| 2473 K (2200*C). For although the measured integral parameter

37
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. .3
)., n

. 6.

of-loop-to-sheath resistance indicated electrical shunting
"Aq above 2473 K (2200*C), the EMP continued to increase'to a

value. corresponding to 2773 K (2500*C). Three of.the four UTs
survived to the final step and, as expected, failed succes-
sively as the temperature increased. The central UT survived
at _ temperature in_ excess of urania melt for 1800 s.

1The bed temperature'and reactor power traces _for the test
, a re illustrated in Figures - 1.5-4 through 1.5-7. The reactor

.

power _ history-(proportional to the bed power) is shown in
Figure 1.5-4. A graph of'the bed TC data is shown in Figure
'1.5-5. These W/Re thermocouples show the thermal response.of
the bed and steady-state conditions used to investigate the
dry debris and'the progression into melt. Figure 1.5-6 gives
the temperature profiles for elements.4 and 5 of each UT.

,

' These are,the bed midplane measurements'and correspond with,

the-TC data. Data from the five elements of_the central UT'

are shown in Figure 1.5-7.

The steady-state TC measurements are tabulated in' Table
1-IV. These values reprosent 1-min time averages of the
actual temperatures. The. times selected for this' tabulation
correspond,to the times at which the bed and capsule had
reached steady-state conditions. A similar tabulation of'the
steady-state UT temperature measurements is given in Table- i

1-V.,

1
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Table - 1-IV

Steady-State Thermocouple Data-

. ..
Thermocouple Temperatures (*C)

Time'(hr)- 15:00 16:10 17:04 18:30 19:55
Reactor Power (kW); 100 225 345- -127C 225
Bed Power (kW) .0.39 0.97 1.55 5.46 0.97

'

TC No. 4

TCl 925 1656 2141 -- --

.TC2 2529 960 1277 -- --

TC3- -468 797 1013 2172 831
Tall 133 290 '426 1366 253'
TAl2'- 132 289 425 1365 253
TA13 133 289 424- 1356- 253
TA21 127 275' 402 1287 241
TA22 128 275 403 1288 242

. TA23 127 271 396 1257 238
! :TA3 121 257 373 1188 226

TA4 117 245 354 1122- 216
-TAS~ 115 227 _ 321 963 198
TA6 115 229 -328 995 206
SSll 114 206 282 720 200
SS12 109 197 267 683 191
SS13 108 196 266 671 191
SS14 95 173 238 641 175
SS21 88 158 215 564 154
SS22 80 142 191 504 137
SS23 76 133 179 488 129
SS24 74 128 170 450 ,124
PC1 78 132 175 494 132
PC3 75 130 172- 482 132.
PC4 73 128 171; 495 131
PC5 60 107 148 486 99
PC6 67 120 165 528 115
HEl 32- 36 37 64 32
HE3 44 66 83 202 62
ZR1 132 288 424 1364 329
ZR2 170 341 494 1412 354
ZR3 83 146 205 614 144
ZR4 55 91 122 363 87
OC1 42 62 76 180 70
OC2- 49 77 98 249 83-
OC3 43- 62 77 190 65
OC4 44 67 83 190 '75

43
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Table 1-V
'

|
. Steady-Sta te UT Tempera ture Da ta

UT Temperatures ('C)
,

Time (hr) 15:00 16:10 17:04 17:40"
Reactor Power (kW) 100 225 345 1270
Bed Power (kW) 0.39 0.97 1.55- 5.46
UT No.

b
UTll 526' 880 1120 1870~
UT12 782 1303 1741 2650'
UT13 796 1534 1971 2653
UT14- 975 1699 2230 3106
UT15 914 1696 2230 2927
UT21 485 -- -- --

bUT22 700 -- -- ---

UT23 796 -- -- --

UT24 864 -- -- --

UT25 830 -- -- --

UT31 448 752 963 1750
UT32 558 960 1273 2371
UT33 635 1166 1555 2890
UT34 695 1273- 1646 2440
UT35 677 1270 1655 2100
UT41 400 668 880 1770
UT42 440 785 1070 2256
UT43 483 831 1142 2680
UT44 522 917 1234 2780'
UT45 480 893 1253 2680

"UTs failed shortly after this time.
| b

Indicates element 1 of UT1.

i

.

"

i
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2. HIGH-TEMPERATURE FISSION-PRODUCT CHEMISTRY AND TRANSPORT

(R.-M. Elrick, 6422; R. A. Sallach, 1846 )

.The purpose of the High-Temperature Fission-Product
~

+

Chemistry and Transport program is to obtain data on the
chemistry and processes that ef fect the transport of fission
products under. accident conditions. An experimental facility
has been bui'it-to allow-the chemistry of fission products in
prototypic steam-hydrogen environments to be studied. The.
interaction of~ fission products with reactor materials such as
stainless steel is also examined. Results of these experi-
mental' studies are compared to predictions of thermochemical
models to determine if reaction kinetics play an important

#-role in fission-product transport.

The experiment series to examine the behavior of tellu-
rium vapor over. reactor materials continued with the first
test to study the reaction of tellurium with stainless steel
in a steam-hydrogen environment. Also, analysis continued on
the series of completed experiments:with cesium' hydroxide or -

cesium iodide vapor over 304 stainless steel or. Inconel 600 in
the presence of steam and hydrogen.

.

T
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'2.1 REACTIONS OF TELLURIUM VAPOR WITH STAINLESS STEEL

As shown in earlier studies, when tellurium vapor is
' exposed directly to the alloy 304-SS, .the tellurium reaction
still proceeds at a rapid rate, although slower than that
between the vapor and Inconel 600. These experiments were
conducted in a microbalance apparatus with the tellurium
vapor, in ar argon carrier, flowing over a 304 SS coupon
suspended from the balance. Slight preoxidation of the coupon
slowed the reaction rate. The goal of the present study is to
determine to what extent the presence of steam with the con-
current oxidation of. the alloy surfacca affects the rate at
which tellurium reacts and the importance of temperature and
environment on the decomposition of the tellurides.

The experimental arrangement for these steam tests is
shown in Figure 2.1-1. Steam heated to 1100 K (827'C) entered
the reaction chamber, mixing with tellurium vapor from a
crucible heated to 970 K (697 'C ) (~15-torr vapor pressure of
tellurium). The entrance section of the reaction tube was
lined with alumina to allow the steam and tellurium vapor time
to mix before bringing them into contact with the stainless
steel. Preweighed steel bands and coupons lined the remaining
40-cm length of the reaction tube. At an average flow velo-
city of 10 cm/s, the reaction or residence time in the tube
was about 4 s. The test lasted about 3 hr with the tellurium
at temperature; previously, steam flowed through the system
for about I hr.

Posttest analysis of the coupons by X-ray fluorescence
gave no indication of the presence of tellurium. Either
tellurium did not react with the oxide layer, or the reaction
was so slight or so deep within the oxide that the fluores-
cence was not recorded. Additional analysis will examine the
oxide layer in cross section for the presence of tellurium.

47
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2.2h. REACTIONS OF CEOH WITH STAINLESSJSTEEL'

.In the vapor experiments with CaOH in steam, the surface
' composition of the oxide formed on .304 SS had been altered by
the presenceyof the vapor. Some features of this reaction
'have-been= studied by electron microprobe and X-ray fluores-

~

conce. Results of the analysis from the CsOH-over-304 SS
a ' tests are discussed-below..
v .

. .

["7 s . .In a series of three experiments,, CsOH was vaporized and
i injected into steam that. flowed . through the uniformly heated

304 SS reaction tube. Coupons:of 304 SS, positioned along the
I reaction tube and lined with a 304 SS sheet,'were removed
' af ter the test. Theircaurfaces were examined by electron
!~ microprobe and X-ray-fluorescence for elemental composition of~

the surface and near surface. The experiments were performed
'at steam temperatures of 970, 1120, and 1270 K - (697 ', 847*,e

' :and 997'C); reaction tube. temperatures were the same as steam
L' temperatures.

,

4

: Observed deposits of. cesium on the 304 SS surface are

; divided into-three categories: concentrations or particles
containing : cesium that'can be ' resolved in elemental scans by,

the microprobe (>3 m in size); deposits of cesium that appear,

L uniformly distriEuted on the surface and-can'be removed by'a i

water washi and uniform deposits of cesium that have been
~

,

retained on or in the surface layer and are not removed by a '

! water. wash. -These amounts of cesium are referred to as P, U,
1 and R, respectively.
!-

Since the X-ray' fluorescence signal is averaged over an
;

! 8-mm-diame ter ' area dof the sample, the recorded cesium level

} represents al1 ~ the cesium on the sample, 'before a water wash,

| from P, U, and R. Sample areas without apparent particles-

t were chosen for microprobe counts to.give a measure of the R
! and U cesium levels. The washed sample gives a measure of the
! retained or reacted cesium,-R. Figure 2.2-l' summarizes the

amounts of cesium detected in the three categories for the'

! 1120 K (847'C) test'(Test 15). As-received coupons placed
along the reaction tube as shown in the figure were analyzed'

j for these data. The middle coupon ' was washed before micro-
; probe analysis. A small amount of cesium was found to have
: reacted with the steel. Several times this amount was ab-
'

sorbed but was easily removed with a water wash. Large area
surface scans by microprobe for f element composition (Figure'
2.2-2) show particle-like concentrations'on the coupon (15.13)
farthest downstream that contain cesium, phosphorus, manga-
nese, and nickel. The last three elements are found in the

,
stainless steel. No particles at all were found on the cou-

| pons upstream of the injection point of CsOH, indicating that
the cesium is an essential ingredient for the formation of ,

3
'

particles. . Particle number. density (Figure 2.2-2) is 2 x 10
2particles /cm ; the particles range in size from about 3 to

12 pm. If particles were initially present 'on L the middle

49
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; coupon, they were removed in'the-water _ wash. No particles'

;with_|this composition were seen Lon :the first coapon exposed ~ to -''
,

.
'CsOH. .If these particles 1 exist, they must be less than ~3 pm-
.in size. A possible e~xplanation for the --formation :of the j-

; particles is that' the -coalum vapor reacted with vapor species
of the other_ elements -in the stream, condensed into particles,-

i- and collected on"the tube surfaces. . s..

A deposition. velocity * or' surface: reaction rate can be-'

1

ucalculated - for each. of the three categories of . cesium deposit.. J>

since the mass of_ deposited particles _does not show the char -t

acteristic| decrease with time (with distance down the reaction. - j
tube) , : the usefulness of the . calculation-. would be restricted .

.U to.the specific experimental geometry.1 -However,;the observed
'

particle formation demonstrates an important and apparently
complex mechanism of vapor species L eeaction, condensation, and .

,

I depos'ition -for removal .of fission products from the -transport
. stream. ' Average values for: U, and R, as observed tur 'the micro-
probe and shown in Figure 2.2-1, were- used to calculate

i- approximate surface reaction rate constants. .Since microprobe
! analysis explores a layer about 1 pm thick, it"was assumed the
! cesium was uniformly ~ distributed throughout the oxide. The
! oxide thickness was calculated 1 from the . coupon mass' gain and |

. density for-Fe3Og=to be about 33 pm. The rate constants were
,

t 2.6 x 10 6 m/s for the amount of cesium that was--removed by a'
-

' water wash and 1.6 x 10 4 m/s for the amount of cesium that-,
'

i reacted with the steel. ,

i

| Similar results were obtained . at 970LK (697 'C ) (Test 10)
~

{. where particles up to 10 pm in size were collected on the -
j first coupon downstream of the injection of CsOH. Further.
; downstream (within several seconds), the particles increased

| in size to 25 pm. This time, microprobe scans ~showed cesium
j and chlorine as the major elements in the particles. The

origin' of the chlorine is unknown but could have come from the4

: organic binder in the asbestos seals. The distribution of

| cesium among the as-received coupons measured by microprobe
! and X-ray fluorescence is shown in Figure-~ 2.2-3. ' Average

j values for O and R, as measured by microprobe, were1used to
i calculate rate constants; the oxide thickness was calculated
j to be ~4 pm. For a uniform distribution of cesium in the
I oxide, the surface reaction rate' constant for O is about

7.3 x 10 m/s and for R is. about 4.4 x 105 m/,,.4'

I

; *For slow reactions (when the_ reaction rate, and not mass
! : transfer of species to the surface, controls the reaction),
! deposition velocity, as defined by Battelle [2-1] is approxi-

! mately ' equal to the ' surf ace reaction rate. All reactions
; discussed'here were " slow," so the Battelle method has bacn ;

i used.
t

I
.
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In the 1270 K (997'C) test (Test 19) with CsOH, particles
up to 40 pm in size were observed. Primary elements in the
particles-were cesium and aluminum. The source of the alumi-
num is unknown but is a minor constituent of Inconel, the
superheater material. The distribution of cesium on the ,

coupons 11,s shown in Figure 2.2-4 as measured by microprobe and |
X-ray fluorescence. No rinsed samples were examined, but a {
small amount of cesium ( <0. 2 ppm) was in the wa ter used to l

'rinse the reaction tube liner; it was assumed essentially all
- the detected cesium reacted with the steel. The corresponding
reaction rate constant is 1.9 x 105 m/s, based on a uniform
distribution of cesium throughout the 65 pm-thick oxide layer.

The primary oxide formed on the steel in the three tests
was an Fe304-based spinel. Of the 13 elements detected by
microprobe as being present near the sample surface (~1 pm in
depth), 9 are initially-present in the. steel (Cu, Cr, Mn, Fe,
Ni, Si, S, Mo, and P). Two elements were detected in trace
amounts. The others (Si, S, Cl, Cr, P, Mn, Ni, Mo, A1)~were
in concentratoins of about 1% or less with the exception of
Fe, which makes up 65 to 70 wt/% of the oxide layers, and Mn,
present at about 4%. The addition of cesium to the steam
stream has the general effect of decreasing the surface con-
centration of Cr and Mo and increasing the surface concentra-
tion of Si and Fe. Trends for the other elements follow no
discernible pa ttern. There was no evidence that cesium com-
bines to a significant extent with the major constituents of
304 SS.

.

I

J
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;3. . CONTAINMENT ANALYSIS
4

(K. D. Bergeron, 64247 P.cRexroth, 6424; K..Murata, 6424;
M. E. . Senglaub, 6424; F. W. ,Sciacca , 6424 7 W. - Trebilcock ,

6424)
'

. . The Containment Analysis programs are centered on the -

development, testing, - and application of .the CONTAIN code.
CONTAIN is'NRC's general-purpose' computer code'for modeling
containment response to a-severe accident and provides

.

<

detailed mechanistic models' of ' phenomena that occur outside =
the reactor primary system and inside the reactor . containment,

building. The phenomena include interactions between core
debris and coolant.or concrete, hydrogen combustion, thermal>

hydraulics of the gases-in the various' compartments of a.

containment building, aerosol behavior, and fission-product
transport and decay. CONTAIN provides models for LMFBR and-

,

# LWR containment systems. Major parts of CONTAIN are opera- t

tional and are being extensively tested and applied to reactor
i accident analyses.

For core-disruptive accidents in an LMFBR, the code =4

provides models for the thermal hydraulics of the cell atmos- !
'

.i pheres; heat transfer to and vapor condensation on structures t

in the cells; sodium-spray fires t chemical interactions of
4 sodium vapor and.aerosolsi hydrogen combustion; aerosol trans-
: ' -port, agglomeration, and deposition; and radioisotope trans-

port and decay. The reactor-cavity debris-pool model is
| partially completed.and can model sodium-pool fires and core-
j- debris / concrete interactions. The sodium / concrete interac-
i tions model is complete but has . tot been fully tested.
i ,

j For severe accidents in an LWR,' the code provides. models
: for core-debris / concrete interactions; cell-atmosphere thermal

hydraulics; containment sprays; structure-heat transfert steam'

condensation on structures and on aerosols; hydrogen combus-,

| tion; aerosol transport, agglomeration, and deposition; and
; radioisotope transport and decay.

,

:
!

!
|

!

!
:
i

'
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3.l' CONTAIN CODE DEVELOPMENT-
'

- .3.1.1. MEDICI, LWR Reactor Cavity Model

i- _
Pool boiling forms a critical coupling between the |-

. reactor-cavity pool'and theLatmosphere. The boiling of the

[ pool'and the attendant mass .and heat . transfer af fect the
_ pressure, and the boiling rate depends on the rate of change
of:the-pressure. With such a strong feedback-loop, it is
desirable not to-treat ~the interface explicitly, but:rather to i

.
. solve for the thermodynamic . conditions and the , mass and heat
transfer'self-consistently. .The-approach used!in MEDICI is to5

j identify all' sources contributing-heat an'd mass to the pool
and atmosphere and to classify them als " explicit" or,,

;; " implicit."' Explicit sources will be calculated f rom the
start-of-timestep values, and the rates are assumed constanti ,

throughout-the timestep..: Implicit sources are those having >

,

1 rates that must be determined self-consistently with the solu-
tions of the mass, energy, and atmosphere thermodynamics
equations. The categorizing process is' guided by the trade-
- off between the complexity of the solution algorithm and its.

,

| numerical stability. The treatment to be used for the first
j version of MEDICI.is:
I-
| Implicit sources:
:

i. 1. flow -- .at least with respect to conditions in the

| cavity
1

| 2. boiling

! Explicit sources:

1. condensation / evaporation on structures

'

2. oxidation t

3. core / concrete interactions,

;

I 4. quench of hot debris

5. decay heat from the rubble bed

6. volumetric decay heat from fission products in the
,

| pool
:

i 7. convection from pool or atmosphere to structures
!
! 8. liquid flow paths (pipes and drains)
!

! A method for solving the mass- and energy-balance equa-
| tions ' that treats gas flow, boiling, and air-steam thermo-

! dynamics ~self-consistently has been developed for MEDICI.
| Because'of the tight coupling between the pool and the atmos-

| phere during-boiling, this routine solves for mass and heat

1
.
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|

| transfer between the pool and the atmosphere self-consistently
with a two-phase thermodynamics calculation for the steam-air
mixture in the atmosphere.

The M2 (debris bed) portion of MEDICI with the new quench
model was integrated into the code and checked with previous
stand-alone quench calculations. The integration of the new
quench model into MEDICI involved some logic changes to the
main program, input changes, and partial coding of an M2
(debris bed) subroutine to call the quench model. Several
improvements were then added to the water-level calculation in
M2. These improvements included allowing for level swell
caused by the steam generated from decay heat and the addition
of an iterative solution for the water level to improve
accuracy.

A sample calculation for the debris bed quench model has
boon formulated and run for incorporation into a paper for the
San Francisco ANS conference. Two cases were considered: one
has constant pressure, while the other exhibits a rising
pressure that might be associated with a debris bed quench
process in a closed volume. The effect of pressurization on
the quench-front velocity is to delay the front.

A generalized output structure for both plot and print
output was planned and then coded. This output routine was
checked for various cases.

Representatives of the University of Wisconsin (UW) and
Sandia met in Madison, WI to discuss progress on the MEDICI
code. Most of the features needod for the first version of
MEDICI are either operational or are expected to be opera-
tional by August 1. Modules requiring additional work include
the expulsion of debris following a steam explosion, pool-
atmosphere coupling, hydrogen generation in the exposed debris
zone, and entrainment and sweepout in a high-velocity gas
stream.

i The process of merging the parts of the code developed at
UW and at Sandia will be initiated in July and should be
completed during a week-long visit by UW personnel to Sandia
in August. Project personnel expect that a version of the
code will be available for review by other Sandia organiza-
tions around October 1.t

3.1.2. Simple Sodium Concrete Interaction (SSCI) Code*

The necessary input information was assembled for veri-
fying the SSCI code with data from tests AA/AB. These data
were obtained from a test report.[3-1]

The code has been revised to account directly for the
observation that 37% of the reaction debris in test AB was
combined sodium. This results in a sodium / concrete reaction

59
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+

, r5tio :ofl0.832[by woight. Tha previous rodal uccd a ratio of
0.70 ctha t 'was obtained from ' the results of earlier tests.

~

.
'

'However, this'previousfratio has an uncertainty 7of'20%~associ-
ated 'with ;it.. Because the' 37% figure was obtained by chemical
; analysis,1there is more confidence in it. ;

_

4, ,

Twof CRBR accidenticases have .been .; completed for inclusion
as a sample problem.in.the. final. report of the SSCI Code. One l

,

'

case incorporates decay. heat from a full. power core with am

1000-s melt-through delay, and one case does not have the
' decay haat. -Use of these cases will. illustrate-the effect of

j. reaction-produced heat in comparison to the: magnitude of decay

{ heat.

;s JA wallMcondensation model and.a pool heater model were
.also'added to the SSCI code to perform the. comparison study.*

; -These1 conditions.were required because of the sensitivity ofs

the. test. configuration to small perturbations'in the heat
balance. In this regard, the. concrete temperature gradient-

was. modified to. agree with the-test data. However, this
3

adjustment; reflects the added effects of lateral heat loss
from concrete, an effect that could be neglected with the

| massive geometry typical of the CRBR cavity. The inclusion of,

' the. wall condensation model has, in effect, added a lateral
dimension to the heat transfer model in the vapor space above<

the pool. Some preliminary runs with the SSCI code that'

! simulated tests AA/AB are encouraging, but the results suggest
; that further tuning of the pool heater: modal.may be required.
! Experimental temperature data from the pool and the vapor
i space are.the principal measurements with which comparison is2
| made to code results. The present SSCI model has'one-constant

concrete sink temperature specified, so no comparison can be
'

.made for the concrete.

I Additional information has been obtained on the release
of sodium by hydrogen bubbles bursting at the pool surface. A

,

search on this subject uncovered some' interesting but not very
,

; quantitative papers published in the 1950s. Several investi-
i gators agree that there are two separate mechanisms for drop
i formation on bubble burst: (1) Treakup of the bubble film
J. into many droplets in the range of 50-pm diameter and (2) a
j few drops in the range of 1-mm diameter from the breakup of
j the ensuing jet. Jet breakup could not occur for bubble

diameters greater than 9 mm in a liquid similar to sodium at'

800 K (527'C). In reactor-cavity pools, the hydrogen bubbles
are mostly greater than 9 mm; therefore, any significant ,

contribution by bubble burst will be attributable to film.4

I breakup.

A feature was added to the code to facilitate making
,

j plots on the Tektronica 4014 with a DISSPLA routine that was
L also developed this quarter. This routine produces four plots

from a plot data file written by the SSCI code. The plots

j include-(l) temperature, (2) inventory of major reactants and
f
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. products, . ( 3 ) _ evapora tion ' and . boiling ra tes, and (4) _ inventory'
- of gases and-vapors.

[As code improvements:are completed and verified, the |
revisions will be included in the SSCI document. The final )
version of the document'should be updated and available:for-
review in the next reporting period. '

,

'

3.1.3. Aerosol Model.

; The modifications and improvements to the aerosol module
obtained over the past few months were. adapted to-the most-.

,

recent version of CONTAIN for incorporation into'a new
(Mod 415) base: file. The new base file is currently.being>
tested.

,

;

3.1. 4. - Radionuclide Model
1

Development of the radionuclide transport model_ continued '

- with the identification' and correction of' coding' errors dis-- *

covered during the Surry AB-sequence calculations.r

1 3.1.5. Aerosol Vent Plugging
i .

I Vaughan's. paper describing' development of his~ vent
plugging model was reviewed.[3-2) By developing a dif feren-

i tial' form of. Vaughan's plugging model, a numerical scheme and
a small computer code (named AEROPLUG) have been formulated.-

This code has been used to run typical cases of vent plugging
3

and predicted a' plugging time of 47 min for a 0.1-cm-radius;

tube with a flow velocity of 1 m/s and an aerosol concentra-
tion of 10 g/m3 This simple model is based entirely on

.

inertial deposition and assumes a' constant flow velocity and
neglects the effects of the plug profile, length of tube, wall

,

! roughness, and entrance and exit effects. Other assumptions-
address constant parameters relating to plug cross-section-

3

profile, plug density, and collection efficiency. With these; '

assumptions, the model is nearly linear, so plugging times are-

| proportional to concentration, flow velocity, and tube rad.2s.
The flow rate equation for flow past the plug deposit'can be
integrated analytically. This could be useful for. studying

F the effect of the arbitrary geometric parameters (which define
the plug profile),'but the resulting log terms are' cumbersome.

.

; 3.1.6. LMPBR Reactor-Cavity Model

| The transport mechanisms in the new LMPBR reactor-cavity
|_ model have been expanded and tested. In tests with convecting

naterial, which has a definite profile, some numerical prob-'

i less have been observed. In most numerical schemes, the
| implicit' assumption is that material convected into a node
| enters with a uniform distribution. This assumption is not

valid or adequate when used in conjunction with a numerical
scheme such as the Asymetric Weighted Residual (ASWR) method.

| 61
!
t

!-
i

._ - - . _ _ . _ -. - ~ _ _. - . - _ _ _ _ _ _ - . _ . _ _ . . , _ - - -.



~ -, .- , . .. . - . _. . - - . _ . .

A.

< c

F To Citigato;this problos, tho-conservation equationa used.in
the. REBEL modolfwereLreformulated in terms of average' proper-
ties and surface properties. This improved the numerical
isolution of the system'of equations. The. heat transfer prob-= ;. cc

, 'lems that were' originally used_in the development of the. i
'

scheme'were then retested.
'

'A major difficulty.now.becoming-apparent stems from;the. !

< -high level of detail that the-ASWR model can provide. Treat-.

i

; ing-the complete; general problem,-which attempts to anticipate
all scenarios in a reactor _ cavity,-requirer en arbitrary

; number _of interfaces. This problem could probably be handled
! tif generic materials were. considered for each' layer in the

problem.. Concrete layers would then' consist only of concrete
'in the solution algorithms, with simple side calculations

3
.

~

defining the compositions. Likewise, the solution- algorithms
'

in the: debris region treat a material " debris" whose composi-
tion is defined via explicit side calculations.- Such an
approach could make the general problem more tractable, but
whether the remaining major effort is justified is still '

uncertain. Alternative options involving simpler and'less
general treatments of sodium pool phenomena are being consid-
ered.

3.1.7. Engineered Safety Features;

!

! The details of the CONTAIN ice-condenser model have been

[ outlined, and the coding has begun.

! 3.1.8. MELCOR-Phenomenological Assessment
I

>

j Several sections in the MELCOR phenomenological assess-
] ment were critically reviewed, and comments were sent to-the
j authors. In turn, reviews of the sections written-by members

'

i of the containment Analysis staff were received from review-
era, and these comments were incorporated into the second

I draft of that document. The completed draft'was sent to
'

MELCOR personnel for transmittal to reviewers -outside Sandia,

f 3.1.9. FORTRAN 77 Conversion and Other Code Improvements
!
I A new CONTAIN base file (Mod 415) has been generated. As.

an intermediate step toward the conversion of CONTAIN into,

FORTRAN 77 language, this new base file was processed through
| the CDC F45 conversion program. This program identifies

FORTRAN 66 statements that are _ not compatible with -the new;

| compiler and generates an update file of ' new FORTRAN 77-' state-
; ments. Each of these generated corrections has been screened
! to insure that the machine-generated code does not introduce

ambiguous or incorrect program flow.'

I A copy routine has been written and integrated into the
CONTAIN program file and into the job control procedures for

'

,
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|

running CONTAIN. This routine produces a copy =of the input . c:

' files'from the job stream on the output file of the-job during-
its' execution. .This provides an' exact image of the input file' a

for comparison and documentation purposes on the job output.

With the - installation of .a bigger computer as Sandia's '
unclassified,; timesharing computer, CONTAIN can now be com-

f- piled _and run on this computer. - The necessary' code modifica-
tions. and procedures were developed for; running CONTAIN on
this system.: ' This-will allow more efficient interactive

[ development and execution of CONTAIN.

A set of guidelines that' establishes and explains coding
conventions used in-CONTAIN has been written. These conven-

,
. tions,will.be implemented during the~ FORTRAN 77 conversion and
will. guide future modifications to the code. . Additionally,-a
set of guidelines has.been set up for immediate documentationI

of code modifications, which will-help speed up the process of
code integration, checking, and debugging. This data manage-
ment system was' developed to provide a smoother integration of '

individually developed changes into the CONTAIN~ code. In

previous code updates, certain changes introduced into the
system by one' code developer may have' produced surprising <

impacts upon the results of other code developers. Under the

.
new management system, the changes that each code developer

i has' proposed as permanent changes to CONTAIN are collected
periodically and maintained in a designated file. -Other
developers and users of the code can access this file and
compare their results with and without these changes. This ,

_

" curing period" is intended to allow all errors and con- t

j flicting coding to be identified and eliminated before the !

i changes are placed in the permanent code.
i
e

3
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.3.2 CONTAINLTESTING AND VALIDATION, ,

3.2.1 Testing

.TheepIrformance of the current version of the CONTAIN
code is. currently being evaluated-against the performance of
previous versions. Of the numerous tests that have been used
to-test and validate the, response of the code in the past,
certa'in ones have been selected and designated as " standard
te s t s .'" These standard-tests are intended to be a routine
quality control procedure ,co check new major revisions of the
code. -

-Three new tests.have been designated as standard tests,
and one ofithe previous. standard tests has been replaced by a
new test that encompasces the objectives of the old test. The
new test also evaluates the response of the new condensation'

, coding..within CONTAIN'.
. , . . , .,

312.2 Test Documentation

output.for"all 16 of the. designated " standard tests" has
now been reproduced on microfiche for easier retention. -All
tests were run on the currentLversion (Mod 415) of CONTAIN, and
the output retained on microfiche includes an exact copy ofs-

the input deck, necessary teoporary changes, the code-gener-
| ' ated output, 'and appropriate plots of the output. Code devel-

opers intend that microfiche files'of.all standard tests be
maintained for all' future versions of CONTAIN.

Reports on tosts AB-01 and AB-02 of the aerosol module
were prepared for inclusion in the'forthconing report on the
testing program. The AB-01 test-in a qualitative test that
compares CONTAIN results to the NSPP 207 dry aerosol experi-
ment and to HAARM results for the' experiment. The.AB-02 test

! compares CONTAIN numerical methods and models in detail to
i ones from the' QUICK code and constitutes the verification of
f the numerical methods used in=the CONTAIN aerosol module.

These tests are at the qualitative and verification levels
only. Detailed experiment comparisons and predictions are
beyond the scope of the' forthcoming report on the testing
program but will be addressed in other forthcoming reports and
conference papers.j

The report' describing the results of the CONTAIN test!

efforts' completed thus far has been completed la final form.
All outstanding test reports were received and were incorpor-

! ated'into the overall report.
1

3.2.3. Tests Running on Interactive Operating System

All of the CDC Fortran compiler (PTN5) errors have been
.successfully removed from all of'che proposed changes to'

C Otl T A I K , Mod 415. 'One of the standard tests was executed on

i
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the CDC ~ Cybe r 170/855 under .NOS2 and represents a milestone
toward developing-a capability to execute CONTAIN. inter-
actively. .The NOS2 execution wasLaccomplished without the use
of the CDC overlay structure. HowGver, an attempt to execute-
the integrated standard test, ZT01, was .unsuccessf ul, appa r-

-

ently because the amount of output from this test was in
excess of the file limitation within NOS2. 'Apparently this-

interactive capability cannot be readily extended to handle
all applications of CONTAIN, but it can be used in code devel-
opment and the start-up and input debugging of applications.

3.2.4 Validation

Aerosol calculations have been carried out in support of
the upcoming ABCOVE AE-6 experiment.- The AB-6 test will be a
two-component sodium oxide-sodium iodide experiment designed
to differentiate between multicomponent codes like MAEROS and
MSPEC, and. single-component, multimaterial codes.like HAA-4-

and NAUA. Scoping calculations were carried out using CONTAIN
and comparisons made of the multicomponent treatment and the
single-component treatment. Project personnel found that
under the proposed experimental conditions, significant dif-

; forences in code predictions should result just from the
different treatment of components and that the experiment,

should satisfactorily demonstrate that the multicomponent
treatment is needed.

The modeling of the NSPP aerosol experiments in steam
environments is continuing. These calculations will be done
using the new version of CONTAIN: however, a few modifications4

are still required before the calculations can proceed.

'
.

!

,

!
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! k 3.3 . CLINCH iRIVER'-CONTAIHMENT ' ANALYSIS .
-

st CONTAIN input data decks were prepared which model.the
, . .

-

..

CRBRP melt-through scenario. The-input has been modified to
-jinclude simulation'of theesodium/ concrete interaction expected

'

to~ occur in the reactor..c'avity. At present, this is being
_

'modeled as 5(chemical reaction occurring in-the. pool. . : Initial
checks indicate that-the appropriate amount of energy-from-.

'

thiaf, reaction -is being- added to the pool and: that appropriate
amounts.of hyJrogen as/are being released;to:the reactor
cavity-cell._,Fot;[che A ut' purposes, the investigators have

'

_run cases where the''inicial--sodium pool temperature is speci--
fled'to be nearl the boiling point. _ Bolling phenomena are-

.

|
,

-

'

initiated 'early -in theoe . problems, exercising more of the code -
s ub rou tine s'. . This was done to' evaluate. the : code's- handling of ~
this complex accident * scenario. These' tests-indicated that-

|" problems - in ccalculations - were occurring once boiling . started.-

[ The J presence of sodium vapor in ;the cell . atmosphere resulted -

in unexpected chemical reactions. Investigations of thist

problem: revealed that it was caused: by improper storage loca-
tions within the code for certain materials that could react.
This problem has been corrected with= appropriate updates..

.

Checks of the pool-to-a tmosphere - heat transfer for a
typical reactor-vessel: melt-through scenario revealed that- the

,

amount of heat' transferred was unrealistically high for thei
- specified atmosphere and pool conditions. -The high heat

,

transfer was _due to ;a hard-wired pool-to-atmosphere heat -
~

,

transfer. coefficient. In ordar to _ improve this aspect of the .'-

code, the appropriate routines within CONTAIN were modified to,

I calculate this coefficent based on the pool and_ atmosphere
'

conditions. The . revised coding ' assumes _ that the pool 1:s a
i flat plate withLappropriate N,usselt numbers-being calculated

for the atmosphere-pool system within each cell, based on the
direction and magnitude of the. temperature gradient. - Hea t )

! transfer coefficients are then calculated. The CONTAIN'
results obtained with this revised coding are much more' real-
istic than those obtained' prior to the modifications.

' Additional checks have been made of CONTAIN's treatment
of fission-product. heating and chemical heating of pools._1For
the CRBR problem, checks at -specific time points showed that'
the ' rate of sodium boilof f- from the pool in the reactor cavity
was in good agreement with the amount expected from fission-

j product decay heating and sodium / concrete interaction _ heating
| e f f ec ts '. .This investigation ~also checked the effect of con-

densation on the net loss of scdium from the pool. When the
condensation option'is employed for the reactor cavity, a

! large percentage.of the sodium ~ vapor leaving the pool con-
denses on'the cavity _ walls and structures. The-coding speci- ,

fios that-,'the bulk of this condensate will subsequently re-
enter-the~ pool. For early' times in the melt-through problem,

L the' walls are cool and the condensation is significant. ;The_,

condensate entering,the pool under these conditions'is a large

a:
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! fracticn of tha total casunt of codius vapor loIving the pool.n
_This substantially reduces the net rate at which sodium is

..

| lost from the pool.
'

3.3.1 CRBR Radionuclide Inventory Evaluationi

. Quantitative information on the radioactive material
inventories in the CRBR core (core and blankets) was Lacently
received.[3-3] In addition, the project provided information
on the actinide inventory present in the reactor. Following a
review of the CRBR core fission-product and actinide inven-
tories, which apply to an end-of-equilibrium-cycle core, alli

isotopes with feignificant activity and those with- particularly
significant health _ effects were noted for' inclusion in the
CONTAIN input data file.for the CRBR analysis. 'Information
was collected on.the activity, half-life, decay modes, and
decay. energies of these isotopes. All significant decay
chains were also identified and noted. Efforts were initiated
to put this information in the format needed by CONTAIN. This
will allow a morc accurate and realistic assessmentlof the
transport of ra'dioactive materials following a' melt-through
event.

3.3.2 Additional Sodium Vapor Production from Bursting H
2Bubbles

As mentioncd earlier, any significant contribution by
bubble-burst in the case of hydrogen bubbling through sodium
will be due to film breakup. Experimental data from release
of droplets by bubble film breakup have been reported.[3-4]
If this can.ime used as a guide for the hydrogen-sodium system,
0.01 g/s can be expected in the case of the large spill into
the CRBR cavity. This mass is 1% of the release of saturated
vapor carried inside the bubbles and less than 0.04% of the
surface evaporation. Thus, this source is not significant on
a mass basis but may be so as an aerosol source, 500 parti-

2cles/cm _3,

3.3.3 Draft FY84 Research Plan

Programmatic guidance was received for the CONTAIN Code
! Applications program for FY84. The CRBR-specific analyses

will be performed as part of this program. A draft has been
prepared for this program.

The objective of this program is to adapt the CONTAIN
code to accomodate specific' advanced reactor containment

| systems-and to conduct selected safety-related analyses of
!- these containment systems. To accomplish this, a review and
| assessment will-tua made of pertinent phenomsna expected to
| play a significant role in severe accidents in advanced reac-
'

' tors. CONTAIN's capabilities for modeling and treating these
phenomena will be evaluated. Where the coding is found to be
weak or deficient, improvements and adapta tions will tan made

( 67
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to the code so that key phenomena can be. suitably accounted
for in the analyses. Design-specific accident analyses will
then be conducted for selected accident scenarios. In partic-
ular, the way in which the CRBR containment system responds to !
severe accidents will be studied.

The overall emphasis of this program will be the analysis ;

of severe accident challenges to the CRBR containment system.
'

One objective is to test the adequacy of the CONTAIN code'for
applications such as this. A second objective is to provide
valid and useful technical information to the NRC for use in
evaluating the adequacy of the CRBR containment system.

Although the primary focus of the efforts will be the
CRBR, other advanced reactor systems may also be studied.
However, the results.obtained using the CRBR as the model will
likely be very useful in evaluating other systems. This will
be the case unless the containment systems or accident scenar-
ios envisioned for other advanced reactor systems differ
considerably from those associated with the CRBR.

,

:
:

!

|
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. 3 J4- LWR CONTAINMENT ANALYSIS'

: 3.4.1 Coagulation-in Containment-Blowdown Plumes
.

Previous work. incl'uded analyses'that showed that under-
some _ conditions, turbulence-induced coagulation:in blowdown
plumes.may substantially increase the effective' particle size
for radionuclides-released in certain' LWR' accident sequences
involving conteinment failure caused by_ steam,overpressuriza- -

tion. Twv approaches were used. ' In the-first, a simplified
- analytical-treatment was employed in which the problem was
treated as a single large' particle of. diameter-D1- interacting'

; with an aerosol composed of smaller particles of diameter D2
In the~second, sample MAEROS calculations for.a more realistic

~

lognormal particle-size' distribution were performed. These
;. -two results-were compared withLgood agreement. ,

Unfortunately, both the simplified analysis and the
1

modelingLin MACROS involve physical approximations-that can
fail badly-in the present problem.~ ' Essentially the same
approximations are'involvedLin other aerosol codes, and there--
fore these cannot be used to provide improved analyses.-;

Hence, a series of scoping calculations were c,arried'out using
the two-particle-size model after'' incorporating certain

#'

refinements into the treatment. These refinements ~ include the
j following:

'

1. Stokesi Law sub'stantially overestimates the particle
! relaxation time, T, fo'r. larger values of D or the

turbulent energy dissipation density, c, or both.'

More realistic values of x were obtained using proce-t

| dures outlined.by Reference 3-5.

2. . When D /D1 is small, the collision efficiency is much2
; less than unity. Unit collision efficiencies were
; assumed in the previous work. In the present- trea t-

,

ment, collision efficiencies for interception and !

| impaction were estimated using~ relations given by
Reference 3-5. Relations given for viscous flow
around the larger particle were used when the la rg e-
particle Reynolds' number, Rei, was less than or equal

' to 0.1, relations given for potential flow were used
for Rei greater than or equal to 50, and a (quite

; arbitrary) logarithmic interpolation procedure was
j employed for the immediate regime. Collision effi-

ciencies were. assumed to be unity when D /Di is2
greater or equal to 2.

ic formulation is valid only when t3.
The bay 2, ;where u is the kinenatic viscosity.(u/c)1

'
<5 =

_

For|
-

4

| the very large values characteristic of the present'
| problem, - this assumption can fail for D greater than

_

|- or equal to'l pm. A rough correction was applied
| based upon the assumption - that a particle responds

|

i '
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only to accelerations corresponding.to the portion of
the turbulent eddy spectrum having characteristic
time scales greater than t.

These treatments were incorporated into a numerical model
for the rate of growth of the large particle that was then
. integrated numerically using the variable-order Adams inte-
grator DEABM.

.

All three of the effects noted above proved very.impor-
tant. The results of the calculations show significant sensi-
tivity to the remaining uncertainties in,the second and third
of these effects, and additional refinements in the treatment
might be needed for reliable calculations. The current
modeling of the first effect (particle t values) is believed
to be adequata.

The .results that have been obtained reveal that very
substantial particle growth (to final sizes of the order of a
few tens of micrometers) is to be expected for at'least some
realistic values of the relevant parameters. However, the
final particle size that may be attained is quite sensitive to
the values of these parameters.. Some of these sensitivities
are:

1. The degree of particle growth obtained depends quite
otrongly upon both the size of the largest particles
initially present (D1) and the average size of the
distribution (D2)*

2. Agglomeration increases with increasing size of the
-blowdown jet; i.e., with increasing values of the
containment-failure-rupture radius r . Decreasing r
to 0.05 m decreased maximum particle sizes by factor 9o

of 2 to 5.*

3. Decreasing the jet velocity from 400 to 200 m/s de-
creased maximum particle sizes by factors of 2 to 3.

4. Varying the aerosol density, f a factor of 2 in,

either direction results in coPresponding variation
in maximum final particle size by factors of 2 to-5.

5. The above sensitivities are largest when the calcula-
ted growth in the particles is the largest.

| The results also show that the processes considered here
will not cause particles much smaller than 0.5 pm.to agglomer-
ate effectively with larger particles because of the small
values of the collision ef.ficiencies.

[ The two-particle-size model used here does not give a
very satisfactory description of the process; extending the

| treatment to include a more realistic size distribution would
!
:

| ?O
!
i
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_be otraightforward in principle, but it hos.not.yst baan done.,

Howe ver ,: the sensitivities noted above show that obtaining
useful results for specific accident sequences will require
detaile'd modeling.of many phenomena in addition.to the turbu-
'lont coagulation = process. Some of the additional treatments

'

required include description of conditions within containment
prior to its failure, jet physics, and droplet size distribu- !

tion resulting from heterogeneous and homogeneous condensation
occurring during blowdown expansion and. subsequent mixing with
ambient air.'

3.4.2 Differences between MARCH /NAUA and CONTAIN Release
Rates

Results'for radionuclides released from the containment,
as calculated by CONTAIN,;are being. compared with the
MARCH /NAUA results in BMI-2104 using equivalent assumptions
.concerning containment leakage-rates. For the AB-y sequence,
CONTAIN calculates release fractions for Te, I, and Cs that-
are 2 to 2.8 times higher than the results given in the latest
revision to BMI-2104. For AB-6, the release fractions for
these fission products range from 1.8 to 2.5 times higher.,

This difference occurs primarily because the' MARCH /NAUA calcu-
lations predict that steam will condense on aerosols released
from the primary reactor coolant system (RCS) prior.to vessel

; failure, resulting in fairly rapid deposition of these aero-
.

sola. In the CONTAIN calculations, the atmosphere is not
! supersaturated during this period; hence, significant conden-

sation does not occur, and little deposition of the primary
RCS. aerosols takes place.until generation of the core-concrete

; aerosols begin.

Because the rate of condensation of aerosols is a strong*

function of the (usually small) difference between the actual'

; water vapor pressure and the saturation vapor pressure,. rela-
tively small uncertainties-in the thermal hydraulic effects

. can result in rather large uncertainties in the condensation
! on aerosols and the resulting suspended mass of aerosols. A
! calculation of thermal hydraulic behavior sufficient for

assessing the temperature and. pressure threat to containment
may be insufficient for determining the aerosol behavior.

3.4.3 Attempts To Reconcile the Differences between MARCH and
CONTAIN Thermal Hydraulics

In an attempt to reconcile the differences in the conden-
sation rate, the following were investigated:

! 1. The~CONTAIN calculations did not originally ~ include
the effects from the evaporation of sump water.
Incorporation of the MARCH sump vaporization source
terms did not materially af fect the condensation rate
on aerosols.

71
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2. The fission-product heating of the atmosphere in the
-. MARCH code was compared;to that'used in the CONTAIN~ |
calculations and was not found to be significantly q
difforent~ prior to vessel failure. .(This agreement ,

-is fortuitous.because the fission-product-release- )
fractions to containment upon melttin MARCH are '

fixed.) ;

'

3. -Quantities affect'ing heat transfer to structures were
adjusted!overf their. uncertainty' range.

Thus far, attempts to reconcile the MARCH and CONTAIN thermal
hydraulic differences have been unsuccessful.

3.4.3.1- Sensitivity of Release Fractions to Ccre-Concrete;
Aerosols

!

The decontamination of aerosols released from the RCS was
found to depend-significantly-on the generation-of aerosols
.from the core-concrete interaction.in the CONTAIN AB-6 calcu-
lation. Without coagglomeration of the RCS and core-concrete

: aerosols and subsequent . settling, the release fractions for ~
j the fission products carried with the~RCS aerosols would have

been a factor of 2.5 higher than observed.

| 3.4.342 Effects Attributable to the Tracking of Fission
Products

!

MARCH assumes that the' fission products released from the
reactor cooling system remain suspended indefinitely in the
atmosphere of'a PWR. The thermal hydraulic effects of
fission-product: deposition are being. investigated using
CONTAIN. The effects of fission-product deposition, for'

example , taay significantly af fect condensation on- aerosols.
;

Note that the degree of agreement or disagreement between-
'

CONTAIN and MARCH /NAUA' cited here refers only to the differ-
ences that are apparent when input assumptions are chosen to-
be as closely equivalent as possible. Total 1 uncertainties in-
the anal'ysis may be substantially larger. For example, aero-
sol generation-rates using core / concrete interactions are

| quite uncertain, and the-CONTAIN results suggest that' con-

i siderable sensitivity to this parameter may also exist.
!
l 3.4.3.3 Sensitivity of Fission-Product and Aerosol Behavior

to Thermal Hydraulic Behavior
,

Through a series of CONTAIN calculations in which the
,

criteria for hydrogen ignition were changed slightly and the j

fission-product decay-heating of the containment atmosphere- ),

; -was added, a period of' steam condensation found_upon the- j
aerosols, which is present in earlier CONTAIN calculations4

shortly after vessel' failure, is eliminated. This change-
-

resulted in somewhat' slower deposition of the aerosols.
.
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. - However, in .the . AB-6 sequence, large aerosol deposition, due
! to the abundant-aerosols assumed to be generated by,the core-
| concrete? interaction, still' occurs; and the net effect of
L eliminating;the steam-condensation-after vessel failure' during

this particular sequence-is not large. In contrast,.the ~
ef fect: of steam condensation prior to vessel failure may be"

L significant and is currently-the major source.of-_ discrepancy
I between the NAUA and CONTAIN release rates for the AB

j sequence.

3.4.4 -MARCH 2.0 Review

A review-of the new debris / water interaction models=
't incorporated in MARCH 2.0 has been initiated in support of.the

SARRP program. -These models are: intended as. replacements for
i HOTROP in MARCH.1.1. They consist of a. variety of debris bed

or single-particle models,that'can-be selected or controlled
by input. This increaseLin complexity and flexibility may,
however, tur illusory since the underlying physical model still
appears to,be for an isolated single particle with the differ-
ent model choices resulting.only in different heat transfer
coefficients. More realistic steam rates may result,-but the.
physical picture is incompatible with a debris bed model, and

, the hydrogen-generation rate is expected to be unrealistic.

> 3.4.5 Five-Cell Description of the Surry Containment

MARCH calculations and previous CONTAIN calculations have
represented all of containment as a singJe, well-mixed com-
pa r tme n t . A five-cell calculation of.the Surry containment is
currently being set up. A multicell description of the Surry

,

containment is of interest because-of the physical separation
,

of the blowdown compartment, the reactor cavity, and the rest<

of containment. Because the flowpath connection is indirect,j

! the flow of the aerosols through the intervening compartments
j may significantly reduce the aerosols before they reach the
) main part of containment (from which they may be released ~to

the atmosphere), and the decontamination'of primary aerosolsi

from core-concrete aerosols may be less efficient than in'the
case of a single, well-mixed volume.

: 3.4.6 ANS Source Term Committee Meeting in Detroit,
! June 14, 1983

i

i The role that CONTAIN might play in the ANS study was ;
' discussed with members of the ANS Source Term Committee. The

ANS Committee has selected a 15-cell representation of con-
tainment-for modeling the thermal hydraulic behavior, using
the THREED code. The aerosol behavior is to be modeled using
the RETAIN, NAUA, and HAA-4 codes. Only RETAIN, an extension

I, of TRAP-dELT with HAARM aerosol modeling in this group of
codes, is appropriate for general multicell modeling. How-

. ever, RETRAIN uses-lognormal size distributions, does not
| model condensation on aerosols, and has no provision for

*
i .

|-
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multiple aerosol components. CONTAIN does not have'these-
limitations and has multicell capabilities. It would be
highly suited for the ANS source term study if the thermal
hydraulic conditions from the THREED code could be specified
on input.

'

3.4.7 -containment-Loads Working Group
-

A panel of specialists from various laboratories around
the country has been established by NRC's Containment Systems

i Research Branch to apply current phenomenological under-
standing to the problem of estimating the range of pressures ,

'

that can occur in an LWR severe accident. The project is in
support of the reassessment of source term estimates, and the
goal is to provide useful-input to the ASTPO by November 1983 1

by drawing on resources from a variety of NRC activities. The
focus of the work is on the steam spike and the adequacy of
models being used in the-source term. studies. The work will
take place via two questionnaires and two Working Group
meetings in the Washington area. The first questionnaire has ;

been completed and responses returned to NRC. The first 1

Working Group meeting is scheduled for the middle of July. J

.

74

-
,_ _



-- - . .

.
.

' 3.5 REFERENCES

3-1. R. Acton and E. Randich, Intermediate-Scale Tests of
Sodium Interactions-with calcite and Dolomite Aggregate

;

Concretes, SAND 83-1064 (Albuquerque,.NM: Sandia'

i
National Labora tories , 1983).-

|
| .

3-2. Va ug ha n , " Simple Model Plugging of Ducts by Aerosol
?

.

,

Deposits ," Transactions of the ANS, 28, p. 507 (1950).
'

3-3. Clinch River Breeder Reactor Plant Radioactive Source
Terms, WARD-D-0193 (Madison, PA: Westinghouse Electric
Corp., May 1982).

3-4. Knelman , "The Mechanism of Drop Formation from Gas or
Vapor' Bubbles," Transactions of AICHE, 32,'p. 249-

(1945).

3-5. N. A. Fuchs, The Mechanics of Aerosols (New York:
Pergamon Press, 1964), pp. 32-34.

|
.

-

t
,

a
'

,

.

75

. _ _ - . . -_ - - . . .



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

I 4. ELEVATED TEMPERATURE MATERIALS ASSESSMENT

[ (C. H. Ka rne s , 1835; W.lB. J$nes, 1835)

_The primary objectives of the Elevated Temperaturei

} Materials Assessment studies are-to (1) determine how micro-
;. structures evolve due to thermomechanical history that results

-in mechanicaliproperty changes, (2) evaluate the validity of
material damage rules used in design, and (3) developiand
evaluate nondestructive evaluation techniques.

The computer: control' program developed for,the coopera-
tive study with ORNL on the behavior of stainless steels under

# nonproportional biaxial stress states was. completed and veri-
' fled for elastic deformation. The program controlled tests in
i which. multiple linear paths in stress space were traced out by

varying both axial load and internal pressure. . Previous
,

studies on this program have shown the relationships between-
crack growth rates under fully plastic cyclic conditions and-

strain range and temperature'in "as-received" 316 SS. ItLis
! known that thermoeechanica1' histories _can result in signifi-

cant microstructural changes such as precipitate formation
either along the grain boundaries-or uniformly distributed

! throughout the grains. A set of axperiments.was initiated to
determine if these microstructural effects can result in

,
changes in the crack growth characteristics. Crack g'rowth

j specimens were placed in evacuated glass tubes to be aged ~ at '

j. 922 K (649'C) for 2 mo. Others were deformed at a strain
range of 0.5% for 300 cycles. These also will be thermally

,

aged for 2 mo. Both sets of specimens will then be subjected
to crack-growth-rate experiments under fully plastic loading.

A member of Sandia's staff visited six' European research,

; laboratories to exchange information on elevated temperature
'

deformation behavior studies. These conversations revealed
the following: Very-short-time creep behavior of 316 SS up to

i temperatures of 1473 K (1200*C) is being investigated for fast
breeder reactor accident analysis. A heat-pipe furnace design'

is available that produces extremely accurate temperature
uniformity and control. Shorter creep-rupture lifetimes are
observed in tests on electronically controlled test machines
compared to dead weight machines. Tes t f rmue vibrations are
the suspected cause. Observations have been made of signifi-
cant effects of low neutron fluences accompanied by creep and
creep-fatigue deformation. Questions as to why the U.S.

I investigators have not been interested in radiation effects on
; out-of-core structural components were raised. The Europeans

think the. effects are important. A tremendous level of effort
is underway on studies on deformation behavior, microstructur-
al evolution, and fatigue with additional effort committed for

!

j future work on creep-fatigue, fracture mechanics at elevated
! temperatures, constitutive modeling, and damage accumulation.

Strong emphasis has been placed on going to longer test times
to confirm extrapolations to qualify nuclear materials under
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imultiaxial loading and creep-fatigue conditions. The feeling
is that current damage accumulation models for elevated tem-
perature design are not adequate 'and may' not even be conserva-
tive. Results _ indicate that long hold times in sodium may be
worse than in air for some alloys, but the cause is unknown.
The investigators at the Joint Research Center--Petten would
like to collaborate on the-crack growth studies under fully
plastic cyclic loading. They have observed anomalies at short
crack lengths similar to Sandia's. The British have seen a
significant change in failure mechanisms for cycling over slow
strain rates (10 10/s to 105/s) compared to strain rates
greater than 10 5/s. The slow strain rates are more represen-
tative of operating conditions.

.
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5. ADVANCED REACTOR ACCIDENT ENERGETICS

-The Advanced Reactor Accident Energetics program addres-
ses the key issues in a core-disruptive accident.that deter-
mine the progression and severity'of the accident for current
LMFBR designs. This program involves a series of in-pile
experiments and analyses that focus on key _ phenomena in two
general areas:

a. Initiation Phase - Fuel / Clad Dispersal Experiments
b. -Transition Phase - Fuel Freezing and Streaming-

Experiments

5.1 INITIATION PHASE
(S. A. Wright, 6423)

The motion of clad and fuel in the initiation phase of an
LOF accident are important considerations in the subsequent
progression of the accident. Early fuel dispersal can lead to
neutronic' termination while limited dispersal and blockage

; formation' continues the accident into the transition phase and
~

the possibility-of further neutronic activity. To obtain data
on the important phenomena involved in this phase of an LMPBR
accident, the USNRC is sponsoring _ the Sandia Transient Axial
Relocation (STAR) experiments in the ACRR test facilityTi

The STAR experiment program is the follow-on series to
the Fuel Disruption (FD) experiments. This in-pile program is
intended to extend the technology gained in the FD series to

_

the fundamental issues of the axial relocation of fuel and
cladding.[5-1],[5-2] The STAR tests'will subject single and
multipin bundles of irradiated mixed oxide fuel to reactor
power transients. These transients will reproduce the heating
conditions of LOF accidents in LMFBR. A high-speed camera
system will be used to. observe the fuel and clad relocation.
In addition to this experimental work, a major portion of this
program will develop or modify existing phenomenological
models for fuel and clad relocation as well as verify similar
models used in accident analysis codes, such as SAS.

The funding for this program will'be cosponsored by the
USNRC and by the German Nuclear Research Center, KfK. Cur-
rently, negotiations are underway to define the extent of the

,

exchange program and to determine specific areas in which each'

research center can contribute to the program..

5.1.1 Test Plans

Six experiments are tentatively planned for the first
phase of this program. The details of the fuel heating condi-
tions have not been specified, but a variety of heating condi-
tions to cover the range of uncertainties for LOF accidents in
LMPBRs will be investigated. The first two experiments are

i

i

I
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scoping expsricants that will:uco fresh UO2 fuel, and one of'

these first experiments will use a multipin bundle. . The
following.four.experimentsswill.probably be performed with--

r irradiated mixed. oxide (MOX)4 fuel..1These experiments will
probably use heating conditions similar to the CRBR and
SNR-300 LOF accident scenarios.

_

,

During this report period, the experimental design for
the program was completed.and most of the hardware was order-
ed. - This report describes the design of the STAR capsule and
the scoping calculations used to estimate the necessary.ther-
odynamic and neutronic data required to perform-such'anm

experiment.
1

5.1. 2. Experiment Design and Description

The goal of the STAR program is-to investigate the axialg
! relocation.of fuel and-cladding during LMFBR LOF accidents.

To. accomplish this task, the experiment hardware was designed
to reproduce accurately the relocation processes but allow for
direct viewing and filming of these processes. A schematic
drawing of1 the STAR capsule and hardware is shown in Figure
5.1-1.

The experiment' hardware forces an inert gas (Ar) past a
'

multipin bundle that has been electrically preheated'to 1200
to 1300 K (927' to 1027'C). The density (pressure) of the
fill gas will be adjusted to the density of saturated sodium

j vapor and will be forced through the pin bundle at velocities

} up to 100 m/s. The flowing gas will cause the' molten clad-and
' fuel to move upward (or downward) as though driven.by the com-

.

peting forces of streaming sodium. vapor, drag, and gravity.
Since the drag on the particles of fuel and cladding is' accu-

: rately reproduced, the flow characteristics of the molten fuel.
and clad particles will be typical of those in LOF accidents.i

[
Prior to the reactor power transient, the pin bundle will

t be electrically preheated to the sodium boiling tempera ture .- .

I This will insure that the freezing'and plugging processes of-
molten fuel and cladding over the nonneutronically heated
sections are accurately reproduced.

Experience from the FD experiments showed that disrupting
irradiated fuel moves primarily in the radial direction. This
is-an anomaly of the FD experiments because the disrupting
fuel is not surrounded by neighboring pins. To overcome this
radial-motion, many of the STAR experiments will use multipin-
bundles.

|

In most cases, several fresh fuel pins will surround one
or more irradiated pins to limit the radial motion. Multipin
bundles of up to eight pins will be used. A maximum of four
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irradiatcd'pino will ba uocd in cny one expsrimant. In eddi- .

tion, the' fuel bundle will be surrounded by a. quartz tube to
help contain the radial motion as .well as direct' the gas
coolant-flow.

The fuel pins have a total length of 0.66 m. The center
0.42 m of the fuel pins simulates the upper. structure of an
LMFBR fuel' pin. It therefore has an enriched fuel zone 0.16 m
long and an upper blanket zone 0.26 m long. The enriched fuel
zone consists of 40% to 67% enriched UO or MOX fuel. The2

instead of naturalblanket zone will use fully depleted UO2
uranium as in an LMFBR. The very bottom of the enriched fuel
zone will be placed at the axial centerline of the ACRR. Thus
a strong axial thermal gradient-will exist on the fuel pin (up
to 400 K (127'C) over the length of the enriched UO2 Each
fuel pin will contain approximately 34.1 g of enriched fuel.
For an eight-pin bundle (the. largest that will be used in any
experiment), the total enriched fuel mass will be 242 g.

The STAR capsule and hardware uses the same concept of
double containment'with quartz windows and mirrors that was
used in the FD experiments. However, the entire capsule has
been redesigned and is now approximately 2.44 m tall and
0.2286 m in diameter. The canisters are made of'304 SS steel
and are 2.286 mm thick. The inner container houses a motor
and blower, the fuel pin, and associated instrumentation,
including TCs, flow meters, and pressure transducers. Since
the optic system must view a 0.42-m-long section of the fuel
pin, a 35-mm high-speed camera system will be used to record
the the axial fuel and clad relocation.

The inner capsule also houses a series of mirrors that
comprise part of the optic system. The mirrors are mounted on
an optical' slide that reflects a " multiplexed" image of the
fuel pin through a quartz window located in the upper lid.
Figure 5.1-2 shows the fuel pin image as seen by the cameras.
Two types of mirrors are used to produce this image of the
fuel pin. The first type looks directly at a 10-cm section of
the fuel pin (or possibly dt a slight angle, to view about
12.7 cm of the pin). Three mirrors of this type are used to
view from 31 to 41 cm of the fuel pin. The other type mirror
is located below the fuel pin and views its entire length at a
severe angle (approxima tely 15') . Because an individual
mirror as viewed from the quartz window is 10 cm long and the
quartz window is only 8.25 cm in diameter, a relay lens is
used to fully view the fuel pin as reflected by the mirrors.
This lens is mounted or the upper structure assembly, 1m
above the capsule.

5.1.3 Instrumentation

The high-speed camera and the reactor power monitors are
the major diagnostic tools for the STAR experiments. Other
types of instrumentation are also provided, including fuel and
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clad surfeco tenparature msasuransnts; gas-tempsrature, pres-
sure, and g flow rate measurements; and .some structural tempera-
ture measurements. Table 5-I lists.the various diagnostic
devices andigives some important' characteristics of each
' device..

~

.5.1.4 Reactor Power Transients and Coupling Factors
!

To simulate theLLOF heating conditions in the STAR exper-
iments, both the programmed rod withdrawal mode and the multi-
ple-pulse mode of the ACRR will be used. The multiple pulse
mode will be used mainly with the first fresh UO2 experiments.
The HRR. experiments used. reactor power. pulses of this
type.[5-3] The programmed rod withdrawal mode will be_used

: .for the. irradiated fuel experiments. This type power tran-
sient was used in the FD2/4 series of experiments.[5-4],[5-5]

?
.,

These types of power transients were chosen for several'

reasons. Both modes of reactivity insertion (TRW and pulse)
provide a preheat section that lasts from 2 to'9 s. During t

this neutronic preheat, the fuel is raised to near-steady-
*

state operating temperatures. The preheat allows enough time
for the radial . temperature profiles to relax and thus estab-;

lish near-prototypic profiles. In addition, the time of the
'

second pulse can be selected to disrupt the fuel either be-
fore, during, or after clad melting. The magnitude of the;

! pulse can also be varied to select .the heating rate at the
time of disruption. In the TRW mode, the heating-rates will!

| be on the order of 1000 to 4000 K/s, while in the multipulse.
mode the heating rates will be on the order 50,000 to 100,000>

! K/s. The slower heating rates represent the heating condi-
'

tions for LMFBR LOF accidents while the higher rates are more
representative of LOF-driven transient-overpower (TOP) acci-
dents.

| Depending on the goals of the individual experiment, the
i ' STAR power transients will clearly vary from these proposed

transients. As a consequence, several test transients will be
requested' prior to the experiment to determine the actual rod
insertion times and rates.

,

5.1.5 Reactor Coupling Factor and Shape Functions

i The reactor coupling factor is defined-as the ratio of
the average energy (per unit mass of fuel) in the test pin to
the total energy in the reactor core. Its units are J/g'(in
the test pin) per MJ in the reactor. An accurate knowledge of
this ratio is needed to determine the desired reactor pulse

! and to perform posttest analysis. In addition, the axial and
radial shapes of the energy deposition are needed.

; Estimates of the coupling factors were determined from
the FD calorimeter experiments and from TWOTRAN neutron trans- !

port calculations. The coupling factors measured for the FD |

|
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Table 5-I

Instrumentation'for the_ STAR Experiments

Measurement Time
Detector Location Range Response

High-speed 35-mm Reactor room 500 to 2000 ---

camera frames /s
"Photosonics"

Cadmium self- Reactor core O to 40,000 MW 1 ps
powered neutron (reactor power)
detector

Fission chamber NW of' core O to 40,000 MW l ps

(XC-FC-19) (reactor power)

Optical pyrom- Reactor floor 2000 to 3500 K 1 ms
eter "Pritchard" (1727' to

32 27 'C ) fuel
surface
temperature

Pressure trans- Inner canister 1 ms
ducers
"Statham-Gould"
PL131TC-5 Through quartz O to 5 psia

tube
PA208TC-50 Inlet to flow 0 to 50 psia

channel

Gas TCs Inner canister 300 to 1700 K 20 ms
(3 ) K-type Inlet flow (27* to 1427'C)
exposed wire Exit flow
"Medtherm" Canister gas

'

Clad TCs Inner canister 300 to 1700 K 20 ms
(2-3) K-type Bottom of pin (27' to 1427 'C)
thin film Middle of pin
"Medtherm" Top of pin

TC Inner bulkhead 300 to 1700 K 200 ms
K-type (1) (270 to 1427'C)

Flow meter Exit of flow 8 to 150 ACFM 10 ms
! FT-24 channel

"Flowtechno-
logy"

|

I

i

84

.

- _ - - -



- .- . ~. - . - . - . .
.

:

I-

'

y
.

-
- .

'
. are assumed to be idsntical to the STAR single-pin. coupling

factors atsthe axial' center line of the ACRR. Thus,1the FD
~

-results were used to normalize the TWOTRAN calculations and
p |were then|used.to estimate coupling factors for other enrich-

-

,

[ ments and for multipin bundles. |

i Table.5-II lists the coupling factors at the core axial |p
~ centerline ~for:one ,'three , four , six , seven , and eight-|
pin' experiments. For the four , six , seven , and eight-pin
exp4riments, more.than one-coupling factor is given because
the energy deposition in'the pins depends on the degree of
self-shielding by neighboring. pins. These coupling factors

|- are grouped:according to geometric similarities. Figure 5.1-3

| shows a cross section of the multipin bundle configurations
that are under consideration. The numbered pins represent*

,
pins for which coupling factors are given.- The coupling

' - factors are given in sequential orderi beginning with pin 1 at
the top of the list.

' Table 5-II gives the coupling factors for 40% and 67%
; enriched fuel. As the size of the bundle increases, the

coupling factor decreases. The eight-pin bundle has an aver-
; age coupling factor (10.'27), which is 30% less than the single

pin coupling factor (14.63), while the four-pin bundle has a
coupling factor (12.32) that is only 16% less. In some exper-

! iments, the 40% enriched fuel pins may be placed around 67%
4 - enriched fuel to insure that all fuel pins fail simultaneously

or that the inner pins fail first.

The single-pin axial energy deposition profiles for 40%
and 67% enriched fuel are given in Figure 5.1-4. .The TWOTRAN

; calculations indicate that the shape of.this profile is inde--
pendent of the pin bundle size and enrichment. Thus, only one
profile is needed to describe the axial shape of the energy

| deposition. Because of the cosine-shaped neutron flux, the
j energy deposition at the top of the pin is about'26% less.than

| at the bottom (core centerline).
!

The single-pin radial energy deposition profiles for 40%,

i and 67% enriched UO2 are given in Figure 5.1-5. These radial
shapes are nearly identical to the FD radial energy-deposition-
pr !iles (note that they are dependent on the enrichment) .i

| Because of the large variety of bundle geometries and their
| complexity, the coupling factor calculations described above
'

will have uncertainties on the order of 25%.

4

l
!

i
.

. |
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Table b-II

-Coupling-Factors for 40% and 67% Enriched U02

Enrichment
(%) Number of Pins

1 3 4 6 7 8

Coupling Factor (J /g ) /MJ

10.85 9.34 8.54 8.75 6.21 6.64

40- 9.50 7.39 7.80 8.38

7.51 7.25

8.77

14.63 12.53 11.27 11.83 8.06 8.79

67 12.67 9.82 10.34 11.32

1 0.03 9.63

11.88

.
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la
5.2 TRANSITION PHASE

!- (D.-A. McArthur,-6423,.R. O. Gauntt, 6423; P. K. Mast,
6425)

.

LMany current LMFBR core designs are characterized by a
relatively low-Na void 'coef ficient' and incoherent behavior in

; the initiation phase. These features generally increase the
likelihood of a " transition" or."meltout" phase during a.o

:

core-disruptive accident. The key questions in the transition,

'
phase are 'whether ' fuel or clad blockages form,: leading to. a

.

confined or." bottled" core configuration, and . the behavior and
reactivity implications of this pool of-fuel-steel in the core

i- region if - the : fuel blockages do lead . to this state. The.TRAN
: _ program addresses the questionlof' fuel-inventory reduction-by 1

penetration-into upper core structure'or through. subassembly ;
~

; (S/A) gaps to.the lower core structure. 'If deep penetrations |
'occur, nonenergetic-shutdown'is-probable, while shallow pene-

tration will' lead to a transition phase and the possibility of
further energetics. First-of-a-kind 'in-pile experiments are

; being conducted to provide data to evaluate the various models
describing fuel penetration.

!-
! 5.2.1 Posttest Examination of TRAN Series I (TRAN-2 Test)
|

Analysis of TRAN-2 continues to be of special interest
because it exemplifies the onset of steel melting yet does not
exhibit the extremely complex behavior :seen in TRAN-4. Long i-
tudinal sections were previously made through the two block-
ages observed in experiment.TRAN-2. Detailed examination of
these blockages revealed a lower average density for'the

j leading blockage. 'Each blockage contained globules of steel
surrounded by UO2, and some of these steel globules contained
spherical void regions (Figure 5.2-1). Globules of steel were'

clso observed in the upper end of the crust-layer (although
! t!.e crust layer ends about 8 cm below the final position of
i the two blockages, the two blockages were presumed to be
{ originally formed at the end of the crust layer). 'The outer

surfaces of the leading- blockage' were more rounded than the.
surfaces of the trailing blockage, perhaps implying that the.

! trailing blockage had been constrained during freezing by the
leading blockage and by contact with the channel' wall.

The more porous and rounded structure'of the leading
blockage suggests the possibility that steel boiling could

! have occurred into the low-pressure region of the leading edge
.of the advancing fuel slug. Because of the large heat of-

'

vaporizationlof steel, such boiling could represent a large
heat' loss mechanism for the fuel at the leading edge of the'

flow and could be a very important mechanism for blockage
formation.

;

| Since steel boiling may have played an important role in
the blockage formation, the source of the molten steel found,

i in the fuel-crust becomes of interest. The steel may have

90
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t .been? ablated;from'the fuel melting chamber' wall or from'the
freezing 1 chan'nel wall? near 'the chann' ell entrance where the selt
iflow is' changing: direction. . Therefore,'' additional ~ transverse -

' .and longitudinal' sections were made near=the channel entrance
to determine the axial extent of steel ablation from the

>J channel wall.- Areas-of. refrozen steel were indeed found under
- the1 f uel crust near the channel 1 entrance - (Figure 5.2-2) . . :How-' '

? ever,_without.an accurate distance-scale on' the-photos, it is
-

V difficult to say conclusively whether these areas represent
steel in' thejprocess of -being cablated, c or molten steel being
depositodiover-an as-machined steel surface. |-

| The transverse $dctions-nearfth'e channel entrance show a
'

Every smooth line'of[ demarcation between the melted-steel and
;the as-fabricated ste'el. However, the-boundaryjoetween the
4 fuel crust andLtheimelted steel is irregular o3'1a-amall spa-

~

4

:tial' scale. sp ,
.s

| =2

Substantiallerosion^of the[ molten steel;1ayer is not~

evident.except over'the 0.3 cm near the channel entrance.
Hydrodynamic-effecta. associated.with the transition from
melting chamberLto freezing channel ma'y have been responsible
for the steel entrainment. ng

|- %
Field distortions are pyesent in-scanning-electron" micro-4

i graphs, and _ instrument limitations also prevent the making of
'

a single electron micrograph of:the entire channel...There =
fore, the best method 'for obtaining an accurate absolute
distance scale appears to be' placing;an accurate optical

i 'graticule in contact with.the-polished sample and making an-
! optical' micrograph. The results ofLthis. procedure should Ime

available during the.next. quarter.

5.2.2 Results of TRAN B-Series (B-l' Test)
.

j 5.2.2.1, Final Fuel Distribution'
,

4 .,
''

i ~ 103
i Detailed scans of - the Ru' gamma-ray l'ine were completed

for both the zero and 90-degree orie~ntations of the B-1 appar- '

, atus. Da ta for the zero-degreeiorientat' ion are shown in
! Figure 5.2-3. ' The correction for absorption in the steel'of-
'

the fuel housingfis somewhat simpler 6for this-orientation.
I The agreement between the gammu scans,and,the initial radio-

graphs >1s excellent. The relative fuel distribution shown in
1

Figure' 5.2-3 indica tes that .corapared| to . TRAN Series I experi-'

ments, an unusually large fractio'n of therfuel-froze above the:

: entrance to the freezing channel- (about 60% of the initial
' fuel; load, or about 60 g) . This tendency toward greater

' upward fuel movement may be the result of the larger flow area
,

; of the' annular channel comparedfto the 3.2-mm-diameter cylin-
; 'drical channel used in TRAN Series I. Based on the fuel mass

distr'ibution implied by Figure 5. 2-3, a total crust thickness |

- of about 0.5 mm should be observed in transverse cuts made !

! through the lower 40 cm of freezing channel. A very large

l '
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p20k of coiocicn wao cean et tha entrcncs to tha frsozing !
channel, where an axial gap apparently developed between the
freezing channel insert and_the inner face of the fuel hous-
ing. Isolated peaks of gamma emission correlate very well
with~ accumulations of loose debris seen above the main fuel
CrPFt.

5.2.2.2 Posttest Examination of B-1 in Hot Cell Facility

When the annular channel insert was removed from B-1, a
fine, dust-like powder of fuel was seen inside the dump tank
at the exit of the freezing channel and over the outside of
the upper end of the channel insert.- This suggests either
deposition of fuel from the vapor state, or generation and-
deposition of fine solid fuel powder by the He gas flow.

Following removal of the channel insert, the channel
entrance was attached to a vacuum line, and epoxy was drawn
from the channel exit toward the entrance to immobilize the
debris for transverse sectioning. Following this process,
another radiograph of the channel was made (Figure 5.2-4).
Comparison with the radiograph of B-1 made just after the
experiment w<s performed showed that much of the. finer debris
had been swept back toward the channel entrance by the epoxy
flow. The fuel distribution in the lower part of the channel
did not seem to be affected by the epoxy, however.

Because much less steel surrounded the channel in this
second radiograph, the contrast and resolution were much
better. In the new radiograph, a thin continuous crust was
observed only over the first 20 cm of the outside wall of the
channel. The crust on the remainder of the outer wall (next
20 cm) appeared to be nonuniform and even discontinuous. A
well-defined crust was not apparent anywhere on the inner rod.
In several locations, l.wo thin overlying layers of crust were
observed, and transverse sections were made at these locations

! to see whether the two crust layers'might originate from dif-
ferent walls. The crust appears to be azimuthally and axially
less uniform about 10 cm into the channel, and these regions
were also studied for comparison with the lower, more uniform

| crust.
!
! Transverse cross sections were made through the B-1

freezing channel at several axial locations. Consistent with
the earlier radiographs, these sections show an azimuthally
uniform, partially disrupted crust very near the outer channel
wall. Unlike the crusts seen in the earlier TRAN Series I
experiments, however, this crust does not adhere to the steel i

wall and is in fact partially disrupted (sections missing). |

Also consistent with the radiographs, in no case was there
found a fuel crust still present on the inner rod. However,
the channel did contain several azimuthally extensive (up to 1

I40% of channel circumference) sections of crust that appear to
have originally frozen on the inner rod and were subsequently
displacad (by rod bowing, perhaps) into the channel.
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LTh31 generally uniform; thickness' of all tha crusts sug-'

,

, . gests.that'during the-entire fuel flow process the crust ~was'

!. in : contact ~ with the ~ inner rod _ and .in fact froze there. .The
w . subsequent disruption'of the crusts, resultingcin the final

~

,

. fuel configuration 1seen, appearsito have occurred late in-time.
~ when .even most of the residual liquid film ~(deposited at. the

i

L . trailing edge of the liquid.' fuel slug) was. solidified. In

general, the~ crusts onLthe outer _ channel wall appear to be
.

is hypothe- (*-f . ;

&c - somewhat (up to 20%) thicker than the crust that
4sized to have originally come from thecinner rod surface. On,

-the1 average, the measuced crust thickness exceeds that pre- j
_dicted by'PLUGM by:about 15%. |This discrepancy is largely'duao

- to uncertainties in liquid _ film deposition.
.

5.2.3 Experiment Preparation of TRAN B-Series - (B-2 Test) -
|

5.2.3.12 Preparation for TRAN B-2 (First Fuel / Steel
;- ' Experiment)'

| Los Alamos. National Laboratory has found that 11t is very
difficult to sinter mixtures of UO2 and steel and, in. fact,
has been able to 'make only ' pellets - tha t are either. very fue ?.-

' rich or steel-rich.- This has meant that the preferred compa-
4

j, sition:of about 25 vol% steel /75 vol% fuel cannot~be.made by
the usual. extrusion method. Early in - June , Sandia personnel. .."
decided that large hot-pressed slabs must be made and the
two-enrichment-zone pellets machined from these slabs. . Dre-'

liminary~ pressings were made in June. This method should-

i produce 25%' steel /75% fuel pellets ~of the desired _ average
I density and strength, but more material will be require 6 since-

i more is wasted during fabrication.

2 Pellets of 5% steel /95% fuel were produced by Los Alamos
'

National Laboratory, but they dif fer significantly fron the'
requirements originally specified. An . average density af only'

*

63% of theoretical density was achieved, in comparisori to tho-

| desired 80% of theoretical density. As a result, the s.o tal
' melt mass will be significantly lower than in other.E-3eries

experimentsf also, the pellets are quite weak, so it sas not;

possible to' drill a TC hole through.the' center to faca.litate
measurement of the energy deposition coupling factora Final-
ly, much less fuel was fabricated than had originally been
ordered, and this will limit the number of experimencs that
can be performed with this fuel / steel composition.

1

l The 5 % ' steel /95% fuel pellets were assayed for enrich-
( ment, - and the -f uel housing for B-2 was assembled, i .1 corpora t-
i ing the new. Loctite-sealed. TCs in the freezing channel. About
i 5 atm of He backpressure will be used in B-2 to suppresa boil-
j ' ing;of thefsteel at those locations in the fuel /etael pollets
| . where the' energy deposition peaks. Eliminating any transient

rise 'in the backfill gas pressure,. such as was obaerved in the
,

, - Series I expeciment TRAN-5, will bc necessary.

|

5
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A cteinloca-stool-wool dsbris catchsr was placadLat tha
: entrance to the dump; tank to prevent fine fuel debris from
spraying throughout'the~ dump tank and producing a pressur~e
pulse by heating'the backfill gas.- The effect of the debris-.

catcher on the He-gas flow was measured to be negligible'com-
pared'to the flow resistance of the 3.2-mm-diameter freezing
channel.

|
5.2.3.2 " Tagging" of Initial Melt Load

In modeling of the fuel flow and freezing-process, neces- |
sary information' includes whether the plugs observed in TRAN-2 -]
were composed of' fuel trom the. leading.or trailing end of the4

. liquid fuel - slug . If a gamma-em-itting " tag" nucleus could be
incorporated into one or more~ of. the initial fuel pellets, the
axial distribution of the' " tagging" nucleus' af ter the experi-

; ment-should reveal any-strong-tendency for fuel from different
axial portions of the fuel load to freeze at_different axial
locations in the freezing channel. Based on their neutron
absorption cross sections, gamma spectra, and ' relative abun-

,

dances, suitable tag elements include Ir, Sc, Hf, and Tb. +
'

Table 5-III shows the energy of the most intense gamma-ray for
each element, along with a " quality factor" (QF) for.each
element that combines the gamma-ray energy, the natural abun-
dance, and the neutron activation cross section.

Table 5-III

Properties of-Suitable' Tagging Elements' <

Element Eg (MeV) Quality Factor (QF)4

192 Ir 0.32 230

46Sc 0.889 18
|

181Hf 0.482 5.6
|

160Tb 0.879 30

The chemical compatibility with UO2 of several possible
tagging elements (Hf,.Tb, Sc, Ta) was investigated, and foils
of several of these materials were ordered. When the' foils
. are received, some of them will be irradiated in the ACRR with

i a neutron spectrum characteristic of TRAN experiments, to
measure typical signal levels relative to fission-product
lines now used to map the final fuel distribution.

As an initial test of the tagging concept, it would be
possible to insert some of these foils between individual' test

~

fuel pellets. After considering the probable signal levels
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k.

, _. and1 boiling temp 3ratures of Hf and Sc, it secos bast to place
'

. Hf. discs near the leading end of the fuel load,-where total
L = pressures'are-lower, and Sc near_'the trailing end.-

~

.

I-
p 5.2.4 ~ .PLUGM Code Development and Experiment Analysis
,

.

'5.2.4.1 Completion and Documentation of PLUGM-I Code i

n.

The PLUGM. topical report / code ' user's manual was.com-
plated. A version of the code consistent with that report has
been archived as PLUGM-I and is available for distribution.
This= version of the code uses an integral energy-balance
method (polynomial temperature- profiles :in ' crust and . wall with
time-dependent' coefficients) to determine crust growth and-
wall heatup. .Both finite and infinitely--thick walls are con-
sidered for- the thermal- solutions, but wall melting is not
treated.- The film deposition calculation in the. code (due to'

finite-mass effects) accounts for both steady-state film depo-
sition as well as enhanced film thickness caused by Taylor- ;
instabilities. These modeling features allow for an accurate

~

analysis of a low wall' temperature experiment such as TRAN-1..

5.2.4.2 . Development of ~ PLUGM-II Code

The released version of the PLUGM code, PLUGM-I , corre-'

sponding to the topical report, uses an integral energy bal-
ance method to determine crust growth and wall heatup. - Al-
though in principle it is possible to extend this methodology
to treat the case of wall . melting, this approach does not
appear to offer significant benefits (simplicity,= code running
time, etc.) over more conventional solution techniques such as-
finite differencing. Further, the' desirable feature of being

' able to treat temperature-dependent properties is more readily
implemented in a finite-difference solution scheme. Fdr.these
reasons, it was.jecided to implement a new version of the . 4
PLUGM code, PLUGM -I I , based on a finite-difference solution < - '<

,

I "scheme for the crust growth and wall heatup.
.

In the context of a plugging and freezing code such as -
I PLUGM, there are two phase transition problems that must be
'

addressed, crust growth and wall melting. In the PLUGM-II
hea t transfer formalism, these two melting and freezing pro-
blems are treated dif ferently. A general finite-difference
heat transfer mesh is shown in Figure 5. 2-5. The surface of;

the crust is located.at radial position r , and the material
beyond r is the bulk fluid at temperatur5 T For a' typicalnode, i , sin' the interior of the crust or walI,. the radial
conduction equation takes the form:

i

! i 'fKA I;KAII

{T ,y - Tg).+$r# (i-1 - fi)V . Bt Ip #j pc "
1 gp

1'#1+1 1'#1-1
(5.1)
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where
_

p = material density

c = material specific heat

V = volume of node i

h^ conductance between radii rg and r ,1=
g

#i'#i+1

T +1 Ts-2 Ts-1 TsTg_, T i
' i
l I

i (T )bx x x x x x x
I I
l I
i i

r _, rg rl+1 re-2 FS-1 reg

h

CRUST SURFACE

Figure 5. 2-5. Finite-Dif ference Mesh TJsed"In PLUGM-II
'

Calculation
!

For melting or solidification in one of these nodes (wall
melting or refreezing), the standard practice is to perform an
enthalpy correction to the temperature Ti to account for the
heat of fusion. An iterative procedure is than used to deter-

that is consistent with both the con-mine a new value for Tt
duction equation as well as the local melting or solidifica-
tion. This procedure determines an average temperature for
the partially molten node i. An estimate of the melt fraction
for the node (or melt radius) can be obtained by assuming that

| the solid portion of the node exists at the solidus enthalpy
and that the liquid portion of the node exists at the liquidus

100
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enthalpy. This is the procedure used in PLUGM-II to determine
the extent of wall melting.

The above procedure does not lend itself very well to the
-analysis .of crust melting or solidification, because the outer

~

crust node dimension actually changes in time (r varies with
time).- The equation that defines the temperatur8 of the last
crust node.is written as:

D f at 's-1 l
s-1)E " ~

p s-1 St Ir/ r a
irs s-1

IKA I
Irj {T s-1) (5.2)-T+

s-2
r,_y,rs-2

BV,_y,

3

+ pc T, -Tp s-1 [ Bt

This equation is similar to the equation for a general interi-
i or node i, with the addition of the term involving the time

derivative of the node volume Vs_1 This time derivative can
be determined directly by considering the boundary conditions
at the crust surface. These are:

T =T
s solidus

f^ {T,-T,_y
*~[pL + pc (T -Tp b g)] =

a s-1 (5.3)
- h A, (T -Tb s

!

These equations simply state that the crust surface tempera-
i ture is the solidus temperature of the crust material and that

the rate of crust formation (or remelt) is determined by the
dif ference between heat flow into the crust from the bulk
fluid and the heat flow away from the crust surface via con-
duction. Thus, the'modiried matrix equation is used for the
last s. rust node and the crust surface boundary conditions are
used to iteratively determine the new temperature array and
the new crust dimensions (from the time derivative,of volume
V,_y ) . g.

The above procedure was implemented intothe,hodeyar!|
both slab and cylindrical geometry. This new ver61on os t6e
code was then used to recalculate the TRAN-1 experiment for
comparison with the PLUGM-I results. That particular c.ise did
not -involve wall melting, and the agreement between the two '

versions of the code was excellent.
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InLaddition to:the new? heat: transfer algorithm, the use H+

of temperature-dependent properties was also. implemented.
a

5.2.4.3 Analysis of'the TRAN-B-1 Experiment

A detailed analysis of the.TRAN B-1 experiment has been
performed using the~PLUGM code. Previous PLUGM analyses of-
TRAN' Series l' experiments had required that substantially less
than 100% of : the initial fuel mass be used in the calculation.

. Series I has' a substantial amount of nfuel drained ' (or dis-
persed) below , the. melt chamber 1rather. than being injected into '

,

the flow channel. Since the PLUGM model cannot account for
this draining process, it was' necessary. to simply remove that'

E- fuel ~ from f the calculation. In TRAN B-1,, only a small amount
of fuel (~15%) was found to be below the fuel melt chamber at;

' the-end of the experiment._In addition, about 7 g of-fuel'
accumulated :in a slot in the outer channel wall at the. exit of*

the fuel' melt chamber.. This slot.could not be modeled in the
PLUGM code. Thus, for these-TRAN B-1 analyses, the calcula-

*

7
tions were performed : for a . 75-g initial fuel - mass. Other.

j parameters (geometry, initial conditions ~, etc.) used in the
analyses include:

t

Initial Fuel--Temperature = 3600 K-(3327'C)
' -e

Initial Wall Temperature = 875 K g602*C)*

e. Driving Pressure : = 1. 0 M Pa,

I The PLUGM code calculates liquid-film deposition on the
channel surface at the trailing edge of a moving ~ liquid-slug
based on steady-state film deposition enhanced by Taylor;

'

instabilities. Earlier PLUGM analyses of _ TRAN Series I'exper-
iments had used an-early version of the code in which the cal-
culation of steady-state liquid-film deposition was based on a
film thickness that was characterized by a cross-sectional

,

area of 15% of the available channel. area. This approximationi

! had substantial experimental basis from results in tube geo-
| metry, and this model had given' excellent agreement with the

crust / film meisurements for Series-I' experiment TRAN-1.[5-7],:

f [5-8] However, for an annular channel, such as the one used
in TRAN B-1, there is a large uncertainty in the amount of
liquid-film deposition. Liquid-film deposition experiments

,

performed in annular geometry have shown a large variation in'

deposited film thickness, with. areal coverage fractions vary-
ing-from ~13% to as high as ~25 %, depending on the details of
the velocity and materials used. Thus, a simple areal' cover-
age fraction criterion, used for the tube geometry, is not
.possible. However, a mechanistic film deposition calculation
that accounts for material properties is beyond the scope'of
the PLUGM code. 'Rather than trying to provide'such a mechan-
istic calculation, two parametric PLUGM calculations were per-
formed, using 15% and' 25% film deposition criteria, respec-
tively. These two calculations should bound the actual' film
deposition in the annular channel.

L

l'
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The results of the two calculations are' qualitatively
.very similar. The principal dif ference is that the calculated
. penetration distance is somewhat shorter for the 25% film i

'deposition case. The position of the' molten fuel slug as a
function of time and the velocity at the leading edge of the
fuel slug as a function of time are shown in Figures 5.2-6 and

,

5.2-7, respectively, for the 15% film-deposition case. These
same results are shown in Figures 5.2-8 and 5.2-9 for the 25%
film-deposition case. Both cases show the same general beha-
vior: the molten fuel slug moves up the channel, shrinking by
mass depletion at the trailing edge of the flow and conse-
quently accelerating as it moves up _the channel. The early-
time discontinuity in velocity seen in Figures 5.2-7 and 5.2-9
results from the flow area change (discrete in PLUGM model) at
the entrance to th' annular channel.. The 15% film-deposition
case has a total penetration distance of 58 cm with a flow
time of 49.5 ms. The penetration distance and flow time for
the 25% film-deposition case are 45 cm and 42 ms, respective-
ly. Thus, the penetration distance is in somewhat better
agreement with the experimental value (40.5 cm) for the 25%
film-deposition case. However, even for the 25% deposition
case, the calculated flow time of 42 ma is substantially
longer than that inferred from the pressure transducer history
(22.5 ms). In both cases, the average velocity between 5 cm
into the channel and 25 cm into the channel (the TC locations)
is 12 m/s, as compared to the experimentally determined value
of 15.7 m/s.

The effect of the different film-deposition criteria can4

also be seen in the final axial crust (plus liquid film) dis-
tributions. These final crust distributions are given in Fig-
ures 5.2-10 and 5.2-11 for the 15% and 25% film-deposition
cases, respectively. As can be seen from these figures, the
liquid-film thickness is substantially larger in the 25% film-
deposition case. Thus, the total crust (crust plus liquid
film) thickness is about 25% larger than for the lower film-
deposition. case.

It should be noted that the PLUGM-calculated values shown
,

in Figures 5.2-10 and 5.2-11 represent average values for the
inner (rod) and outer (tube) surfaces of the annular channel.
In reality, the photomicrographs show that the crust on the
outer surface is somewhat larger than the crust on the inner

.
rod. These measured crust thickness values are also shown in

| Figures 5. 2-10 and 5. 2-11 f or comparison with the calculated
values. Whereas PLUGM does predict slightly dif ferent crust'

thicknesses on inner rod and outer surface due to heat trans-
fer effects, this effect is much smaller than the observed
differences. The larger observed differences are thouctt to

l be caused by differences in film deposition on the two sur-
! faces. Such details of the film deposition process are, how-

ever, beyond the scope of the PLUGM code; the assumption is
simply made that the film thicknesses are the same on inner
and outer channel surfaces.

|
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'

LQualitatively, the PLUGM analyses are in good agreement'

Lwith-the experimentally observed results in TRAN B-1. The
'

predicted penetration distance;for the 25% film-deposition-
a case is only .slightly longer than that observed in the .experi . ,

; ment. .'The. predicted (average) crust.. thickness is also within
~104'of;the measured values. .The largest discrepancy between

'

i, calculation and experiment;is in'the predicted vs. measured
(inferred from ' pressure transducer data) duration.of the fuel.'

.flot. A significant discrepancy.also_ exists'in the predicted-
;; and measured average fuel velocity between TC locations.

.

[~
.the higher. velocities observed in the experiment may be caused
Seperate-effects calculations performed at Sandia suggest that

|

j~ by small amounts of trapped gas in the fuel sample. This -

trapped gas would provide an~ internal pressure source in the-
fuel and result 'in higher leading-edge velocities'. Future

,

analyses are planned to investigate this effect further.

'5.2.5 TRAN Series III " GAP " Design
,

r

' The TRAN-GAP experiments dif fer from those performed pre-
viously in that a _ significantly -larger mass of fuel (2 kg of

~

4

; fresh UO2) is to be. driven downward into a rectangular freez-
ingichannel (nominally 0.4 by 7~cm) under-driving pressures'

j ranging from zero (gravity flow) to 10 bars. This geometry
i represents the intrachannel- subassemblyL gaps that exist in the

lower axial blanket regions of LMPBR designs, such as CRBR.,

Shown in Figure 5.2-12 is a schematic of the experiment pack-'

t age illustrating the key components and concepts. The' entire
; experiment package is encased in a large stainlessitube (7.5-

in. in diameter by 12.f t in length), which constitutes the '

| principal containment boundary. The fuel load is housed in a
! stainless steel annulus, surrounded by insulators and steel
: shields within the containment canister. Using the ACRR
i multiple-pulse mode, approximately 2 kg of fresh UO2 is'to be
| neutronically heated to a molten state (nominally.1 x 1017
( total fissions) and ejected downward from an initial annular
! geometry in tne midcore section, through a funnol-shaped flow
| transition region and into the rectangular flow channel. 'Ini-

| tial fuel motion is achieved by applying a gas (helium) pres-
sure to the upper section of the annular fuel melting channel
(Figure 5. 2-12) as the fuel becomes molten. A remotely actu-
ated solenoid valving system, similar to that used in TRAN
Series'I and II, will be used in the GAP experiments to apply
a gas pressure to the melt. As the liquified fuel 1 enters the

-

,

rectangular fr9ezing channel, flow may proceed either by the

| force of gravity or by continued application of~a driving
pressure.!

Fuel' motion down the freezing channel will be monitored *

by an array of TCs that penetrate the channel wall at various
axial locations. Each ' TC will successively come into contact ,

i with'the melt front'as the molten fuel proceeds downward, pro-
viding data. on melt front velocity :and penetration. Heat will

|
' be transferred to the steel boundaries as the fuel proceeds

!
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downward, leaving a thin crust of frozen fuel behind the flow-
ing fuel mass. Eventually when enough heat has been transfer-
red to the bounding steel walls, the fuel will refreeze, in
either the melt funnel, the freezing channel, or the massive
steel dump tank at the bottom of the freezing channel. Pres-
sure transducers shown on either side of the solenoid valve
and on the dump tank will record the pressure history associ-
ated with the fuel motion to facilitate posttest analysis.

5.2.5.1 safety Issues

The principal safety issues associated with this design
arise due to the high fuel temperatures that threaten contain-
ment integrity and potential pressurization sources associated
with fill gas heatup or vapor generation. The most severe
conditions would arise if the fuel were underheated and failed
to leave the annular melting section, where the adjacent steel
walls would subsequently melt. The combination of large heat
capacities in package construction, secondary steel heat
shields and high-temperature zirconia insulators prevent fuel
from relocating and from coming into contact with the contain-
ment. No significant heat loads to the containment occur
under these conditions. An in-containment auxiliary hea t
sinking system is available for use after the reactor tran-
sient in case cooling of the internal moderator is required.
This system is intended primarily to prevent damage to the
internal moderator in the event an experiment malfunction sub-
jects the moderator to overheating and subsequent hydrogen
evolution. Thermal calcula tions indicate that if ZrH1.8 is
used as the inner moderator, no active internal heat remova:
is required. In some instances, however, using polyethylene
for the inner moderator may be desirable; and the active
internal cooling is necessary for heat removal should a signi-
ficant percentage of the fuel fail to leave the melting chan-
nel. This heat removal prevents decomposition of the polyeth-
ylene and avoids any pressurization of containment. A large
internally contained heat sink is available for any transient
high-level heat fluxes to the moderator cooling jacket, while
long-term heat removal is ef fectively accomplished by trans rrr

through the containment wall. Ex ternal package cooling is
3attained via cavity purge, with air (60 ft / min). This ex-

ternal cooling system removes heat passing through the con-
tainment wall during the slow cooldown period following com-
pletion of the experiment.

5.2.5.2 Experiment Design Basis

The design basis of this experiment package will allow
investigation of fuel melt temperatures up to 3000 K (3 527 'C )
where freezing channel preheat temperatures range up to 1000
K (727' C), and driving pressures are as high as 10 bars
(about 150 psi). Fuel composition for the first four experi-
ments will be either fresh UO2 or mixtures of up to 25 vo1%
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;

OtSinlOOD stool with fresh-UO . Tha-presenco of stoolfparti-2
closiin the test 1 fuel presents an , additional 7 sa fety rissue . I

associa ted ..with steel . vapor' generation. , This is_ principally a
pressurization'' problem. * The , current design presented. in this i,

plan isefor pure fuel melts and will..be modified somewhat for i

use :with fuel /stee1 L eix tures as required, . given the magnitude '
of the pressurization potential. .The~ channel. wall:

!: may ; be a secondary . parameter in later experiments. :, thickness: Thick
wallsf (withilarge wallJ heat. capacity) would simulate the -
presence of liquid sodium at channel wall ~ boundaries (this
design), and thin walls : would be more . prototypic of . sodium -. .

| fvoided? channel regions-(future (design' modification).- The
, range of. experimental parameters is summarized in Table 5-IV.-
t
v

5- Table 5-IV
i:
:

j Range of Experimental. Parameters
,

?

[ Fuel . temperature Up txi 3 800 K ' (3527 'C)
i (3 700. K (3427 'C ) for-
{~ fuel / steel)
|.. Freezing channel Upfto 1000 K ( 727 'C ) '

*

{

; Driving Pressure
i (differential) Up to 10 bars
;

j; Fuel composition Up'to 25 average vol%-
,

'

,

j. 316 SS with fresh U02
! (20% enriched) ,

!.
"

Fuel mass 2 kg
i
I Neutron moderation:
i,

! Ex-containment Up to 1/2-in. annular
! thickness of polyethylene -

(
j In-con tainmen t Either ZrHl.a or.up to '
t- 1/2-in, annular thickness

[ of polyethylene
1

: 5.2.5.3 Description of the Apparatus
I
i a. Fuel Melting Section
v

>

'

The fuel melting section of the experiment package is-

. shown in Figure 5.2-13. The fuel annulus is' assembled from
[ about.80, stick-shaped extruded elements, nominally 5-mm square

- on end by 12 cm in length. The elements rest upon a ledge-
machined into the steel wall that encases the fuel on both

j;
:
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?' ~ cidos. Adjdcent to tha otsel casing on eithsr side is a layer-
- of zirconia felt insulator, a secondary steel liner, and l
another layer of zirconia' felt insulator. The secondary steel4-

'

liners' serve to add structural integrity to the fuel melting
section in the event-the primary fuel casings.should be,

-threatened by excessive ~ temperatures and are mounted to accom-
~

modate the axial thermal expansion associated with the rapid
heating of the inner steel. casings enclosing the fuel load.
Internal .to the -innermost zirconia layer is a series of thin-
walled steel cans; encasing an annulus of zirconium hydride,
;which serves as a moderator to the inner surface of the fuel

! load. The zirconium hydride is sealed-in the inner can.
Provision -is made ~ for . the flowing of a coolant through the
2-mm gap-between.the inner and outer moderator cans should-
excessive temperatures be detected at.this. location. This-

j- feature was' included in the_ design-to preclude any possibility
of hydrogen degassing of the internal moderator in the event
an unexpectedly large heat load threatens this section. The

{ containment wall (304 SS) lies;just_beyond the outermost layer
of 'zirconia insulator. An. outer steel shell houses the con-

~

tainment canister and serves .as a guide tube, centering the;

; experiment in the ACRR lower hex cavity. To remove any-heat
conducted to the containment. boundary from the inside of the

, package, cooling air is released at the bottom of the package
!. between the containment canister and the exterior shell. An
| additional degree of external moderation is provided by an

annulus of high-density polyethylene, which rests against~the
exterior shell in the gap between the containment canister and,~

i the exterior shell.
t

| Upon melting, the fuel flows downward, leaving the annu-
lar melting section and entering a heavy wall flow transition

i~ region ( Fig ure 5. 2-13 ) . Also constructed of stainless steel,
'

this section funnels the molten fuel into-the rectangular 1 flow
area formed by the freezing channel. The heavy steel con-;

! struction of this section insures ample heat capacity to safe-
! ly contain the full 2-kg fuel melt should freezing occur in
| this area.. Adiabatic equilibration temperatures are approxi-

| mately 700 K (4 27 *C ) .

b. Freezing Channel

It is anticipated, however, that the molten fuel will
flow into the freezing channel gap (Figure 5.2-14) leaving a
thin crust of frozen' fuel-on the walls of the channel, and
finally, if enough heat is transferred to the walls from the
flowing fuel, the liquid may freeze into a plug somewhere '

along the channe1~ length. The velocity and time-dependent <

axial position of the flowing molten fuel will be recorded
through the rapid rise in local. temperature sensed by an axial
array of TCs penetrating the freezing channel wall. Nine teen
chromel-alumel TCs (40-mm 0. D. stainless steel sheath) are
mounted in the freezing channel-wall, spaced nominally 10 cm

L
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cp rt cycr tho 74-ca length of channal wall with e 5-ca spac-
ing used over the first 15 cm'of channel length. With two TCs
at each axial station, time positioning and flow profile
information may be determined.

The freezing channel will be preheated to somewhere
between 775 and 1175 K (502* and 902'C) (the saturation tem-
perature of sodium) by axial _ heaters, which are situated
against the channel exterior wall. An axial thermal gradient
may be required in some experiments. A layer of dense zir-
conia insulator surrounding the heater-channel assembly re-
stricts heat loss to the exterior channel structures. A
second steel wall encasas the zirconia-freezing channel assem-
bly and provides massive heat' sink and structural integrity to
the inner channel structures should the inner channel materi-
als reach excessive temperatures.

.

Any fuel that penetrates the full length of the freezing _
channel will come to rest in a melt ca tcher. The ca tcher' has
enough heat capacity to safely contain the entire fuel melt
with all the initially added enthalpy. The adiabatic equili-
brated temperature of the melt catcher, with full initial fuel
enthalpy, is 620 K (347 *C ) . A Kaman Sciences pressure = trans-
ducer is mounted at the end of a short tube tha t penetrates
the lid of the melt catcher. This transducer will measure the
pressure ahead of the flowing fuel so tha t the actual differ-
ential driving pressure may be determined.

c. Pressure System

A standard Department of Tranaportation (DOT) pressure
cylinder is used to contain the helium gas, which, when re-,

leased by actuation of the solenoid valve (Circle Seal Series
SV30) will drive the molten fuel into the freezing' channel.
The technology of this pressure system is the same as used in
the earlier TRAN experiments. Two variations of this pressure
system are to be used, depending upon whether gravity flow or
pressure-driven conditions are to be implemented., These
options are illustrated in Figure 5. 2-15. In the case of
gravity flow conditions, a relatively small (40-cm ) pressure3

,

| cylinder will be used as a source of initial driving pressure
'

to move the molten fuel out of the melting section and into
the flow transition funnel. At that time, the applied pres-
sure will be vented to a large evacuated bottle so that the
remainder of the fuel motion may proceed under gravity flow
conditions with only a small dif ferential driving pressure.
Alternatively, for the pressure driven cases, a large (4-1)
pressure bottle contains the driving gas that when released to

| the fuel melting section, remains applied for the duration of
! the experiment.
|
'

Kaman Sciences-type pressure transducers are used to
measure the bottle pressure, solenoid valve pressure drop, and
fuel load dif ferential driving pressure. Additionally, a

114
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transducer is also11ocated outside of thei pressure gsystem that d
- monitors the containment canister : pressure throughout the
experiment.- The containment canister will be1 purged and -

E ' filled with helium to.approximately 1.bar' ambient pressure. |
4

5.2.5;4- - Thermal and Neutronic Analyses
.

Described'in -this section are results of analyses that
~

:have. addressed the neutronic and thermal performance of the
-fuel?within the melting section.of the-experiment package.

'

The -fuel melting section shown in Figure 5.2-13 hasLbeen
analyzed using the TWOTRAN neutron transport code. Results

'

from.this analysis indicate a substantial flux depression
L Lexists within the center of-the-fuel' element with a peak-to--

average energy deposition. ratio of 1.1 on- the inner fuel
surface, while the outer surface peaking factor-is 1.32 (Fig-

: ure 5. 2-16 ) . For the nominal case, the-average ACRR-experi-
ment coupling factor was calculated to be 7.2 J/g deposited 'in

: the test fuel per MJ of - ACRR yield. If the fuel was. heated
adiabatically with a single ACRR pulse, this energy distri-i

. bution profile would give. rise to . outer surface temperatures
! of'4200 K (3927 'C) where the mean f uel . temperature 'was only .

[ 3400 K (3127'C). To ' allevia te this disproportionate heating
~

of the inner and outer surfaces, a double ACRR pulse, which'
; allows a short-thermal relaxation interval between pulses, is-

i being used. A reasonable relaxation time between pulses was-
found to be on the order of . 0. 5 s . Shown in Figure 5. 2-17, a ,
b, and c are the- radial thermal profiles that result following'

the first pulse, just prior.to the second pulse, and justg
r after the second pulse. The most favorable results-have been
j' obtained with roughly one-third. of the total energy deposited
'

in the first pulse, following with the remaining two-thirds ,

! deposited in the'second pulse. Using the ACRR-experiment
} coupling factor of 7.2 J/g/MJ, approximately 210 MJ total ACRR
| yield is required to bring the mean fuel temperature to 3400 K

(3127 *C) (1540 J/g). From Figure 5.2-17c, the calculated -fuel
j temperature varies by + 200 K (200*C) about the average tem-
j. perature.

This design is currently being fabricated, and -assembly
| is expected to be completed during the last quarter of calen-

dar 1983.
.

5.2.5 Participation in Review of ANL Thermite Experiments

Project' personnel attended a meeting at Argonne National
Laboratory (ANL) with staff.from GE, FAI, and ANL to discuss
the ' transition phase experiments being conducted at SNL and at
ANL. A summary of both programs was presented followed by a
discussion of differences in results between the two programs
and hope'of better future cooperation.

,

The most recent experiments involving thermite injection i

-into room-temperature, thick-walled, steel tubes show very

| .

|- 116
i

'

---- = - - _ - _ . -- -- - -- - - -- - - .



. _ . . . - . .-

; -

:
|

|

!
|
|

:
4

ANNULAR FUEL POWER PROFILE
.

1.4 , , , , i , , i i

.

1.3 - -

a
w
31.2 - -

o
n.

: W 1.1 - -

1 :n,

>-

3 .1.0 - -

m4

a
O.9'

- -

!

' ' ' ' ' ' ' ' '0.8,

5.55.65.75.85.96.06.1 6.26.36.4 6.5;
'

RADIAL POSITION (cm)

i

Figure 5. 2-16. Radial Fission Energy Deposition Profile
(Normalized) through the Annular Fuel
Element

117

_ _ . ___ _ _ _ - , _ _ . _ . _ -.._ _ _ _ _-. _ _______.___._._.____ ____ _ ___ __ ___ _ - . . _
-



._. . . .- .- -.

.

2500 , , , , ,

210 M J DOUSLE
PULSE2000 --#

20 meQ
w

' FUELm
e 1500 -j-

3
> Sie;

4 S. STEELj

$ 1000 -- '

x
s x
N JJ w
" 500 ---

'
| I

. - a.

' ' ' ' 8
' 0

4 3 g y g
i

R ADIUS (cm)
(a)

2500 , , , , ,

|
210 M J DOUSLE

PULSE2000 - ,

| Q 1000 me
t

w

NL
1500 g9g /- _

S. STEEL /p ,

4

5 1000 j\- _

I %
w i e

500 - .

O
:

' ' ' i I
| 0

4 5 5 y a

R ADIUS (cm)

(b)

Figure 5.2-17. Radial Thermal Profiles Characterizing
the Two-Pulse Strategy

118

-- ... .- . ..- _ _ _ _ , . . _ _ - _ _ _ . - - - - . . - _ _ _ _ _ _ _ _ - - _ _ - _ - _ _ _ _



. _ . . _ _ __ _

.

!

!

4000 g i g i i

N3500 - ~

210 MJ DOUBLE
PULSE

Q 3000 102 0 me --

-

2500 - -

; a / ,u,LD ,> 2000 - -

" 818a
8*Im 1500 - -

E b
W 1000 - -

| 1 i !
500 i i- -

i ' ' ' ' '0
4 5 5 7 8

R ADIUS (cm)

(c)

Figure 5.2-17. Radial Thermal Profiles Characterizing
the Two-Pulse Strategy

119

_. . . . . .. . . - _ - _ . . - - .. _. . . ..- ..._._. - _-_ .._ ._-_ . . . . _ _ _ _



( ;y - .- . , -
-

,

,, , nt

i
-limited penetration (2 to 5'em) for'small-dicestor.(4-=a),

~

tubes but substantially' longer penetrations'for tubes greater
L than 6.35 mm. The very short penetration-(which is inconsis--

tent with TRAN Series I results) is probably caused by arti-
facts' associated with the thermite injection process. i

1 .- . |
'

~One suggestion at the meeting.was'that Sandia might do a
very simple TRAN Series Istype experiment with a larger ini-'

-

tial fuel mass 'and/or a lower driving pressure such v that a
conduction-type' fuel blockage 4 would. be expected to occur.
This would be useful for verifying existing conduction-freez- |
ing models (such'as~PLUGM). To investigate the requirements
for auch a test, a series.~of PLUGM calculations.was performed
to determine the initial fuel load requiredlas'a function of
driving pressure so that plugging would occu'r' prior #to mass
depletion. These calculations indica ted that' all80-g ' fuel

~

load would be require @ for a driving pressure of 2 bars.
' Higher driving pressures would' require a larger initial fuel
load than is possible with current fuel / melt chamber' designs.

A firm decision on performing an experiment of this
nature has not been made. However, to try such a high-
fuel-inventory' experiment in the pin channel geometry planned
for upcoming B-series experiments would be more feasible. The
channel geometry and wall melting behavior would be reasonably
prototypic such that any results obtained would be more di-
rectly applicable to actual reactor safety analgsfe.

k

:

|

>
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6. LIGHT WATER REACTOR (LWR) DAMAGED. FUEL PHENOMENOLOGY

'Sandiafs LHR Damaged Fuel Phenomenology Program includes
analyses'and experiments that are part of the integrated NRC
Severe Fuel-Damage (SFD) Research Program. Sandia will in-

,

vestigat), both analytically and in separate-effects experi-
ments, the important "in-vessel" phenomenology associated with
severe LWR accidents. This investigative effort will provide
for three.related research programs, the Melt-Progression
Phenomenology (MPP) Program, the Damaged Fuel Relocation (DFR)
Program, and the Damaged-Coce Coolability (DCC) Program.
These program are key elements in the NRC research effort to
provide a data base to assess _the progression and consequences
of severe core-damaging accidents.

|

|
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- 6.1 MELT PROGRESSION PHENOMENOLOGY
(J.-B. Rivard, 6420A; M. F. Young, 6425)-

The objective of this program is to provide balanced per-
spectives and capabilities applicable to that phase of severe
LWR accidents starting with initial core damage and progress-
ingJthrough to breach.of the reactor vessel and discharge of
core materials into the containment environment.

The formal elements comprising tnis program are:

a. Core Damage Senaisivity Studies.

b. Severe Accident-Uncertainty Ane. lysis (SAUNA).

c. Melt Progression Model (MELPROG) Development.

6.1.1 Core Damage Sensitivity Studies

Tasking for these studies is being reorganized to provide
a more, centrally focused report. This report tentatively
titled'" Considerations in the Behavior of LWR Fuel and Coolant
Systems During Severe Accidents" will contain material on
accident sequence progression, fuel and core damage, RCS flow
and heat transfer, fission product considerations, and the
development of test matrices for the DFR fuel damage experi -
ments. Thin ectort will incorporate previous studies in these
areas.

A six-section format for the report includes:

1. Introduction,

2. Accident Progression, Processes, and Consequences
3. Influence of System Processes on Risk
4. Development of Test Matrices for Fuel Damage Experi-

'

ments
5. Remaining Uncertainties
6. Summary and conclusions

,

The first two sections are complete, and initial drafting of
Section 3 has begun.

6.1.2 Severe Accident Uncertainty Analysis (SAUNA)

For the draft SAUNA report, Identification of Severe
Accident Uncertainties, the working group discussed the fol-
lowing items at its meeting.

1. State of completeness
2. Schedules for completion for internal review
3. Sandia reviewers and review approach
4. Working Group comments on contents
5. Definitions

i
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Nine candidate specialists at Sandia have been nominated
to perform the peer review.- Each will be requested to review
as much of the report as he can but to concentrate on the two

-

or'three sections that feature areas of his expertise. U.K.
specialiste will be asked to perform a parallel review on

-

behalf of the U.K. members of the working group. |
'A final draft was reviewed. A draft cover letter to the

Sandia reviewers will be prepared.

6.1.3 Melt Progression (MELPROG) Code Development j

The Melt Progression Model-(MELPROG) calculates the
in-vessel part of LWR. accident sequences from rebble/ debris
formation through vessel failure. MELPROG includes models to
calculate rubble melting by decay heat and oxidation, stuc-
tural failure including. vessel failure, melt / water interac-
tions, and fission-product transport,-platenut, and chemistry.

MIMAS/MELPROG-was installed on the Sandia timesharing
system. No differences in answers occurred between the com-
puter systems, indicating that MELPROG is running-correctly.
Calculation of a standard reference case was initiated for the
DPR experiment. This' involved calculating new view factors

,

for the experiment package and hardwiring of the view factors
into MIMAS. This calculation pointed to the need for a more
automatic method of view factor calculation for use in MIMAS/
MELPROG. Running of the reference case also indicated some
problems in the time-step control of MIMAS; these had to be
solved.

Coding of the basic structures module for MELPROG was
completed on schedule. This package consists of one-dimen-
sional heat transfer routines and creep rupture / melting struc-
tural failure models for cylindrical walls, perforated plates
supported by columr.s, and perforated plates supported at the
edges., Associated driver, input, and data mhnagement routines
were also coded.

|

| Debugging of the structures module began. Compilation
errors were removed first, and the module was then interfacedl

i to the rest of MELPROG. An input test deck was set up to
facilitate run-time debugging.

|

|

|

|
.

!
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6.2 LIGHT WATER REACTOR (LWR) FUEL DAMAGE FXPERIMENT
(A. C. Marshall, 6423; K. O. Reil, 6427;.K. T. Stalker,
6426; F. Horines 6426; J. Andazola, 0451; J, Garcia,
6423; P. . S. Pickard, 6423)

!This program is directed toward examl11ng the key phe-
nomena that determine the core-damage configuration during the
progression of a core melt sequence in an LWR core-uncovering
accident. This program uses the informa t ion arid perspectives
gained in-current LWR safety programs an6 focu:Jes on the
design of experiments that can contribut.o to the resolution of
important severe-damage issues.

The two major areas of interest ruoarding in-vessel
phenomena are:

1. The behavior of fuel and cladaing during the stages
of major core deformation fre,n rod-bundle geometry to
a sevorely degraded geometry and

2. The response of.the severely damaged fuel to reintro-
duction of coolant from tha! emergency core cooling
system (ECCS), especially t'te questions of redistri-
bution of quenched materia), short-term cooldown,
increased steam generation, and oxidation reaction
kinetics.

6.2.1 Test Planning, Review, and snalysis

The safety analycis for the i,F experiment plan has been
completed. Calculations include several two-dimensional ht at
transfer calculations to determino the maximum posttest heat
load on the test section jacket and the containment tube.
Very conservative assumptions we;ce made regarding fuel and
component temperatures, fuel reiocation, and shroud penetra-
tion. These conservation calcu".ations provide bounding values
for the posttest temperaturen of the jacket and the contain-

i ment tube. Detailed stress calculations for the capsule were
l also completed and were includisd in the experiment plan.
I Project personnel have begun r/aviewing the experiment plan

with the ACRR safety committeoj. Although the DFR experiments
involve a relatively Jow numb (r of fissions (~1017), the

| containment and control featulles required in these experiments
! present some additional consi!3erations. To allow steam inlet

to the rod bundle, a series cf check and solenoid valves has
been used in the inlet to the experiment package. These
valves are closed in the event of reverse flow to provide an
" active" containment boundary. The safety committee expressed
concern over the use of an active containment boundary because

,

it is a modified approach to experiment containment. Experi-
menters and safety committee members have begun discussions to
arrive at a mutually acceptable containment philosophy. The
safety-committee is also reviewing proposed test plans for
checking reliability and leak rates for the isolation valve

i
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~ |
traino.undor exparinsnt. condition. Ths DFR expariments will )

~

'also rely'on microprocessor. control and data retrieval and '

.

display. The'' safety committee has, requested unprocessed-
~

! safety.datarfor ACRR operations. . The project group-has agreed.
.to: provide this data.

|

- )

'
'

.TheLDPR. MOD 52 code is used to predictEthe thermal /hydrau- |

lic behavior of the' test section for the.DF experiments. The
original version'of this code did not account for radiant heat
? losses out the. top and bottom.of the: test section. The most-,

L .recent' version of the code-allows for...these radiant heat-
losses. The new version of the code was used to perform cal-

~

; 'culations fortexperiment DF-1.. Improved view factors were
also incorporated in'these calculations. The improved cal-

p culation predicts a slower heatup (1 min-slower)-and cooler. ,

F temperatures at the. exit of the. test.section.
1

| ,
Froject .personne1' have written another version of the

' DFR* MOD code.that.will calculate the thermal / hydraulic-be-
'

.havior of the-entire steam system (boile'r, superheaters, Cuo
| tubes, condenser, etc., as well as the test section).- The

code will also account for. heating of the Cuo bed from the
exothermic reaction of H and CuO.2,

6. 2. 2 - In-Pile Experiment-Apparatus
o

i The DF experiment capsule will be purged of noncondens-
ables (air)-just before' initiation of the experiment. ' Heating<

: - will be, required to drive off adsorbed noncondensables from
! the.Cuo' bed'and Zr02 fiber. This approach also-requires that

the capsule be vented during.the preliminary heating stage,= ,

{ then sealed just before or during experiment operation.' At
preset.t, only'the.Cuo bed can be electrically ~ heated. With'

; the present design, low-power nuclear heating will be . required
to heat the Zro2 fiber. Venting during low-power nuclear-,

~ operation,'up to 773 K (500*C), has been planned. At 773 K
(500*C), the purge line will be sealed. . A conservative cal-
culation has shown that the maximum activity that could be
released (assuming clad failure at this. point is <10 milli--

curies). An-analysis has.also shown that'the pressure re-
| quired to .cause fuel rod failure at 773 K (500*C) is greater
f- than three times the maximum possible rod pressure at- 773 K
; -(500*C).
I Project personnel have' proposed electric heaters as an
,

alternative.to nuclear heating. Two-dimensional heat transfer
! calculations were performed'to determine the feasibility of
| electrically heating the Zro2 shreud. The analysis suggests

that electrically heating the shroud;could reduce or eliminate,
'

the need for nuclear heatiig during the early (purging) phase
of the test.

I

L Fabrication of many of the in-pile components has been

[ completed'and proof testing of these components has begun.JThe

I
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' dacign.of a noncondansable doms for.ths in-pilo capsule is.

[ underway. .Several sources for small pumps capable of pumping
; noncondensables from the condensate tank to the dome.under.

~

worst conditions have been identified and pumps ordered. .;

Plumbing of the in-pile skid is near: completion. Almost
- all of the-in-pile miscellaneous hardware ( pumps , -_ hea te rs ,
valves, etc.) has arrived and inventory of all1DF-1 hardware
has begun.

6.2.3 .Out-of-Pile Systems Tests (OPST).

a. Simplified Tests
,

: -The first full-scale out-of-pile steam system test has
! been successfully completed. The system included a s'implified

test section,'CuO getter tube, condenser, condensate tank, and-
Raman diagnostic system.. No fuel rod simulators were included
for this test. Steara conditions typical of in-pile test
requirements were attained with flow rates of approximately
1 g/s.

At intervals, during the test, H2 was mixed with the
'

steam to test the Raman. diagnostic system and the CuO getter.
All systems performed as expected and confirmed the basic ~

| system approach. The CuO and condenser components appear to-
be very efficient. Preliminary system testing indicates that>

operational procedures will be required txi eliminate potential
noncondensables from the steam system during system startup.
These potential noncondensables include air entrained in the
boiler water, the CuO, and-ZrO2 insulation. ,

i- b. Electrically Heated Tests

Fabrication and proof testing of all components for the,

electrically-heated rod simulator tests has been completed.
Assembly of the major components is near completion. Tests.
with this system will be almost identical to those used in the-,

; in-pile system. The shrouds, TCs, thermal-limit monitors,;CuO
'

bed configuration, condenser, steam injection,.and mixing tube
! are in the'same configuration as in the in-pile system. Fuel

rods.for this first test (OPST-1) will be simulated by four
3/4-inch-I.D. zircaloy-4 tubes with internal tungsten heaters.

Several small modifications to the hardware and assembly
procedures were made for; the OPST. These_ changes will also be
incorporated in the in.~ pile capsule design.' If OPST-1 sug-
gests-significant changes, a second OPST will be performed

,

; before the in-pile experiment DF-1.
|

| The self-adjusting pressure regulators for the hot steam
lines entering _the condenser were tested. Although-the regu-
lators do maintain a~ constant pressuro drop as the flow rate
is varied (as designed), the regulators are very sensitive.to

.
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' perturbations;' transients can induce' flow-oscillations. 'Elec- I
'

trically adjusted valves have been proposed as an alternative
'

"to the'salf-adjusting regulators. .The design and fabrication
of the: electrically adjusted orifices-(valves) is straight--
forward and should have only minor effects on the present'

' schedule . LThe:designiof.the electrically controlled orifices
- _ is underway.: |

|

6.2.4 Instrumentation i

! The out-of-pile tests,- desc ribed above, were also used .to ;.. 1
'determineLtheLaensitivity.limi?.s of Raman spectroscopy for the*

measurement of hydrogen in. steam, The geometry for these j,

tests is similar to the in-pile experiments. Raman measure-
-ments were made at a distance of 12 m using the same compo-
nents.that will be used for the in-pile experiments. 'These'

: first test results . showei . that a 5% mixture of hydrogen in
steamfcould be measured at a system. pressure of'500-tore.

,

Simple system improvements-should result in a measurement
capability of 1%, or less, for H2 in r+.eam.

I
Essentially all of the DF-1 instrumentation has arrived."

All of the' hardware for the ZrO -sheathed wire TCs has,ar-2

| rived. The SS430 TC body will be -brazed to the ZrO2 sheath by.
|_ 'Sandia. .

L
'

Most of the optical design has been completed. 'All major
i components needed for the visual diagnostics-for.the first

in-pile experiment are either on order or have arrived. Some
. subsystem-level testing of the film camera systems has begun.
The remainder of the optical components should be received by.

| the next quarter, and a total system test will be performed at
i that time.' A series of measurements over the tempera ture
j range of 1273 K to 2673 K (1000* to 2400*C) has been mado
; using a calibrated blackbody source to determine the accuracy
'

of multiband film. radiometry over this temperature range.
j Several films have been used and.results are being evaluated
: to choose a film for the first in-pile experiment.
!
| In ordor to insure safety margins on pressure and-con- '

tainment structures,-fuel temperatures during'the DF experi-
ments muet be limited to some maximum ~ allowed value. TCs may
be unreliable safety monitors since they will be located in
the very high temperature, corrosive environment of the flow
volume, and may not survive. . Optical pyrometry could be used
-to obtain high-temperature data in this: environment; however,.
considerable time is required to unfold the temperature datas

| accurately. Because of these limitations,-a simple thermal-

| limit monitor.has been designed for these experiments. The
[ sdfety monitor consists of platinum' wires strung axially
L within the ZrO2 fiber insulation. The radial location within i

'

the insulation will be selected (based on calibration tests
that determine the temperature gradiant through the insula-
tion):such that the wires will melt when the fuel temperature
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)
lioit hao be::n rocch;d. Eloctrical continuity in the platinum !

| wires will be monitored. A loss of electrical continuity will
i indicate that the thermal limitsLhave been reached, and the

experime't will be terminated. These thermal monitors willn
also provide an indication of significant shroud penetration.

.

I

|

|
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6.3 LIGHT WATER REACTOR - (LWR) - DEGRADED-CORE 'COOLABILITY l

PROGRAM-
L -(K. R.~Boldt, 6421; E. G.~Bergeron,'6425)- i

l
The LWR Degraded-Core Coolability (DCC) program 'investi - j

gates;the coolability of.urania debris in water. The urania 1

is. fission-heated in the ACRR to simulate the-decay heat '

~

. expected in an LWR severe core-damage accident. The-governing,

phenomenological uncertainties to.be investigated are; pressure
ef fects, deep -bed behavior, particle 1 size distributions,
stratified beds, bottom coolant feed, and material effects..
Each DCC experiment:wil1~determineLcoolability in three ther-,

-mal regimes:~ (1) convection boiling,.(:2) dryout, and (3)
extended ~dryout. The staff will use experimental ~ results toi

confirm and/or modify the present analytical models used to
predict degraded-core coolability. . Work is proceeding on two
in-pile experiments, DCC-1 and DCC-2.

6.3.1 DCC Experimental-Activity

During the reporting period, the DCC program effort
focused on the following activities:

a. Preliminary assembly of some DCC-1 hardware was
-performed, including the crucible, electric heater,
primary passthroughs, and.TCs. The final experiment
assembly was not started because of the delay in
receiving the urania fuel.

! b. The DCC-1 experiment plan was completed and reviewed
; by the Sandia Reactor Safety Committee. Because

DCC-1 contains the most thermal energy and mechanical-
potential of any experiment performed in the ACRR,,

the safety analysis in the plan is . based on adiabatic
I energy. balances during all credible accident scenar-
!- ios. The review process concentrated on showing that

the assumptions used in this analysis were conserva-
tive.

c. A destructive test.of an identical (stress equiva-
lent) vessel to the DCC primary containment was
performed. The D-test vessel ruptured at 17,700 psi,

[ in-a hydrostatic test. The test demonstrated that-
the 3000-psi pressure rating of the primary contain-
ment has a safety factor of at least 4 to rupture.

Each:of these activities is detailed in the following
discussion.

6.3.1.1 Preliminary Assembly of DCC-1 Hardware

The DCC-1 crucible is a double-walled insulated, cylin-
drical vessal that supports the debris bed and provides a
near-adiabatic condition at the walls and bottom. The cruci-
ble was1 assembled-by placing preformed Min-K insulation around
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tha-innar wall endLeliding ths-outer wall over tha insulation.
The crucible-was then closed with a class-I weld of the t'wo

t Inconel-625. cylinders. The. assembled unit was proof-tested to
- 4400.psisand leak-tested at 1000 pai. The electric heater for
' DCC-1 was also assembled and proof-tested. The 4-kW (240-V,-
17-A) cartridge heater was assembled'into an Inconel-625 tube
and; welded closed.' In addition to a proof and leak. test,>the
heater underwent performance testing to insure maximum powerr

;: capability.

. The primary TC. assemblies (seven units with eight TCs per-

unit) were received. The-leads from each TC were extended
using stainless-steel. crimps toL attach _ the :new leads. Some
. problems were encountered-because of resistance. variations at'

the ., point of the crimp. These were resolved by recrimping and
stabilizing the connection in a. tie-down shell. Following
successful performance testing at temperature, the TC assem-
- blies were placed into the primary containment' bulkhead and
the TCs,were bene into position. Figure 6.3-1 shows the TC
locations in and around the debris bed. The 39 TCs in the bed
were positioned . both axially and radially. As specified by
the location identifiers in Figure 6.3-1, the bed TCs are
designated by levels 00 through 20 (corresponding approxi-
mately to inches) and by radial positions as follows:

A

Table 6-I;

Bed Thermocouple Locations for DCC-1

;

Designator Distance ~ from Bed Centerline

C (center) 0.0 cm
M (middle) 2.0 cm

i S (side) 4.0 cm
i X 4.0 cm

Y 4.0 cm
Z 4.0 cm

,

a

Ten TCs around the crucible will be used to monitor crucible
heat. losses, water pool temperature and primary vessel temper- :

! atures. Five additional TCs not shown in the figure will
monitor the water bath temperatures, heater temperature, and
steam temperatures.

6.3.1.2 DCC-? Experiment Plan
|

| The DCC-1 -experiment' plan was completed and the review by-
t the ACRR safety committee was started. Bece"se'of its size (a

-30-kg urania bed contained-in 500-kg pressure vessels), the
( - DCC-1 package will have the most thermal energy (~90 MJ) of

any experiment performed in the ACRR.
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Figure 6.3-1. DCC-1 Thermocouple Locations
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| 'Abhut 15 MJfof this' total is-internal energy in the pres-

surized water bath and therefore can'be converted in'to mechan-
~

1

ical' work. For these reasons,-the accident 1 analysis in the
'DCC-1; experiment. plan-presents;a1 thorough evaluation of the:

~ containment integrity for all-credible (single-failure) acci-'

L dents.with(conservative assumptions. The credible occurrences
analyzed are:

'l. Excessively high bedJtemperatures
2. Bed disturbances

"3. Crucible failure'-
4.; Loss of cooling capability
5., Primary containment failure,
6. Secondary containment failure
7. Hydrogen generation

'All.of these-occurrences have;been analyzed and used to
i determine design parameters, operating limits, and/or instru-
! mentation specifications. The failure.used as the design

' basis 1for the primary containment-is the loss of cooling
capability. For the secondary containment,- the design' basisi

is-the failure of.the primary containment. Since'those'two
cccurrences represent the most significa~nt hazards for the
DCC-1 experiment,.they are summarized here.-.

The loss of, cooling accident for the DCC-1 experiment
assumes.the following conditions exist at the time of. occur-

,

rence:
i
! 1.- The water / steam bath, primary containment,'and sec-
'

ondary containment are all at saturation temperature
and pressure up to the shutdown value of 2700 psi.

,

2. Half of the debris bed is dried out and at 1073 K
.(800*C).

I

i 3.. A-loss of cooling occurs and the package is allowed
to adiabatically attain an equilibrium temperature
and pressure. .

; Figure'6.3-2 shows the internal energy of the primary system
as a function of pressure. With half of the bed dried at 1073

| K (800*C), the energy available above 643.K (370 *C ) is l.7 MJ.
'

.In case of loss of coolant capability, the reactor would be
shut.down and the energy assumed to adiabatically heat up the-

_
.

package. The rate at;which this energy becomes available to
-pressurize-thefsystem is determined'by the-quench. rate. The

j rate of: quench is one of the parameters to be investigated in
t. the experiment. -Current models predict the rate of quench:to

be.on the order-of the dryout power. -Therefore, the quench is
predicted to take at least 700 s. . With this much time, it can
be assumed that the heat not only 1ncreases the bath tempera-
ture, but also_ heats up the. entire primary system (vessel,
bulkhea'd, crucible). As shown 'in Figure -6.3-2, the resultant
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pressure rise starting from the shutdown pressure of 2700 psi
would be ~300 pai. If assumed that the heat is also conducted
to the secondary, the pressure rise would be much less. Based
on this conservative analysis, a maximum allowable working
pressure (MAWP) of 3000 psi at 643 K (370*C) is established
for the primary containment.

The primary containment failure serves as the design
basis for establishing the MAWP for the secondary containment
system. Adopting the approach that all single failures are
credible, the following failures are considered as failures of
the primary containment integrity:

1. Failure of the upper bulkhead weld
2. Failure of the vessel wall
3. Failure of the lower closure weld .

4. Ejection of the passthrough or pressure tranducer
5. Slow leakage

None of the credible single failures has been identi.fied that
will fail the secondary containment.

The primary containment MAWP is 3000 psi at 643 K
(370*C). The vessel, bulkhead, and passthroughs will be
tested to 2 x MAWP for yielding and 4 x MAWP for rupture. If
a failure is assumed to occur in the primary boundary, it is
difficult to determine which mode and location of failure
would be most likely since all development and proof tests -

show integrity well above 4 x MAWP. -

If the upper bulkhead were to fail (such as occurred at
the weld in the D-test at >4 x MAWP), the secondary volume
above the bulkhead would be immediately pressurized. Although
the volume being pressurized increases considerably (23.5 to
30.0 1), the pressure does not decrease proportionately. This
is due to the fact that the main portion of the energy in the
primary system is contained in the liquid. During the blow-
down, a small amount of liquid is flashed to steam and a new - -

saturation point is obtained. Figure 6.3-3 shows the calcula-
ted total (liquid and vapor at saturation) internal energies
for the primary and secondary volumes assuming a liquid mass
of 9.5 kg. With the primary system operating 2500 psi, the
internal energy is 16.6 MJ. An adiabatic blowdown would
adjust rapidly to a new saturation point with the secondary
volume included, which in turn would reduce the pressure to
2200 psi. Therefore, the secondary containment MAWP is estab-
lished as 2200 psi at 643 K (370*C).

6.3.1.3 Destructive Test

Based on the previous accident analyses, the DCC-1 con-
tainment vessels were designed, built, and tested to be con-
sistent with the specified MAWP values. Three tests completed
on the vessels during the quarter were proof tests to at least

._
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2.x..MAWP for orch Lvoccol, primary and ascendary, and a do-
structive test of a nearly identical vessel as the primary
con talismen t . In order to insure that the primary vessel could
be operated to 3000 pai at 643. K (370*C), the.D-test vessel
had to survive atL least 4 x MAWP. With temperature correc-
tion,;the required hydrostatic rupture pressure was increased-
to.13,800 psi. The D-test was terminated-when the vessel
ruptured at 17,700 pai due to a failure of-.one of-the welds of
the closure bulkhead. The Inconel-625 vessel fully-demon-
strated the characteristics' expected from this material (high
strength and ductility). The D-test was successful ~and con-
. firmed the method and properties used in the design stress
analysis.

6.3.2' Analysis of th6 DCC Program

6.3.2.1 Momentum Flow Equations

Generalized momentum flow equations for separated two-
. phase flow through porous media were derived for use in
MELPROG. These equations should provide a basis for a numeri-
cal treatment of debris beds whenever debris characterization
is not handled-in a spearate module.

In one dimension, momentum equations become

for the gas:

'By By

-[(fp+fp) a pG (6.1)a p +V =a ,gg gg
Bx dx

for the liquid: *

# #
1+# 1 dP

a,p1 Bt 1
"

~"A (fig * Ils) ~ "1 APG , (6.2)~~ ~

Bx dx

and for the solid particles:

DY D's dPs+
" ~" a ~d x

s( sg s1 + ~ "s s+ Pa,p ~~ ~
*s at s ssBx

-(6.3)
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The number of force-terms appearing in Eq. 6.1 through 6.3 ccn
be reduced by observing that

g1 " "IlgI

is " -fs1
- and

f = -f
'

.ga sg

It has been experimentally determined that during steady-
state, concurrent two-phase flow through a porous medium, the
pressure drops in the liquid and gaseous phases are given, in
one dimension, by

dP pu pug |ug| (6.4)g gy g ,

dx KK (s) a n (s)

P I I, (6.5)g,_ gg gg g
_

dx KK (s) a n (s)

where the pressure in the liquid is related to the pressure in
the gas by

~

- 1)*
A + (150c(1 - c)(s (6.6)*

A.+ F(s) PP =P
9 /T cd'

It seems a good assumption that the pressure in the liquid is
equal'to the pressure in the solid (the bed particulate),
since they are in contact in the steady-state situations for
which these equations were derived and because this is the
case when only liquid is present. Thus,

(6.7)P, = Pg ,

where P is the pressure in the solid. u and u are the
Asuperfi$ial velocities of the gas and liqEid and are related

to the microscopic velocities that appear in Eq. 6.1 through
6.3 by j
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u = c(1 - s)v =a v (6.8)
9 9 9.9

and

(6.9)u = cav =a y, ..

~0ne can equate P, _ appearing in Eq. 6.1 through 6.3 with
P and compare Eq.-6.1 through 6.3 for steady-state flow withy
Eq.'6.4 through 6.7 to arrive at.the following relationships
for the exchange forces,'the f's:

M u, + a p,u,|u |y (6.10)f +f =a ,

19 As 1KK A y ygy_

9 9|u9| + a S, (6.11)
upu p

E+afgi + f =a
ga gK K g n.q gy dx

(6.12)a, (f + f ,) = a, (f,g + f,l + f,,) ,gg g

(6.13)g (f,g + f,,) = a, (f , + f ,)a ,
g g

From Eq. 6.10 through 6.13,, it can be shown,.first, that f
and f cannot be separated. f would be known from sg

~"I + "q sisg (6.14)f = ,yg , ,,

which is the consequence of Eq. 6.13. Second, it can be shown
that

Pu pu |u |g
f,g + f,g = -(1 - a,) I ~ "s~

KK aq ,

ju |
-

S9+Au
pu

99
-(1 - a ) + (6.15)= .gx y y

9 9
_

-
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Finally, it can be shown that

G
8 (6.16)f,g + f,y + f,, = - (f,g + f,y) .y_,

Thus, the separated flow momentum equations used for
steady-state debris bed modeling, which neglect terms due to
condensation and evaporation of gas and liquid, are given:

,

6
for the gas: .

0 = -a NE - a 33-a 99 9 dF(s)-a pG -a ,

g dx gKK g 9 9 9g g dxg 9

(6.17) '

for the liquid:

EdP 11 l1 1 (6.18)0 = -a g7 - a gg-a -apG ,yy

and for the solid:

y| ,dP 11 1"1 u0 = -a (6.19)g - a, g g -a, - a,p,G .
3 q

1 1 ^

In the case of a nonfluidized bed, the steady-state equa-
tion for the particulate is given by Eq. 6.19. The condition -

for fluidization of the bed is that the force between parti-
must be equal to zero. Using Eq. 6.15 in thecles, f ,

steady Efate and Eq. 6.3, a steady-state equation for the
particulate can be formulated to test for this condition.

Equa tions 6.10, 6.11, and 6.16 can be used to formulate
the one-dimensional non-steady-state momentum equations for
separated flow of liquid, gas, and particulate. For a non-
fluidized bed, the proper momentum equations are:

4 .
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I

fcr tha ges:

'B v By pv p g g|vg|v
9 dP 2.B -a 3a p +y = _a H-agg_ t gDx_ g g K Kg g a 11 9

d s) (6.20)-a pG-a ,gg g

for the Aiguid:

!'1 !~Bv Sv
1 dP 2 P1'1 3 P VAi

P * V"1 A , B t 1 Bx
"

~"1 E ~ "A KK ~ "Iy a ny

(6.21)~a pG ,yy

and for the solid particles:

P '1 !'t !S v, * V
By PYs dP A1 2 1

"sPs St s Ox
" ~"s E ~ "s "A KK ~ "s "1 yy

(6.22)- a ,p,G .

The momentum exchange terms.due to evaporation and con-
densation of liquid and gas have been neglected from these
equations but can be added in the obvious manner.

The notation for Eq. 6.1 through 6.22 is:

a = volume fraction of gas, equal to c(1 - s)

a = volume fraction of liquid, equal to esy

a" = volume fraction of the solid particles', equal to
(1 - c)

p = density of the liquid

p = density of the gas

p, = density of the solid
c = bed porosity

v = local velocity of the gas

141

>



_ _ _ _ _ _ _ _ _ _ _ _ _ _

.v = local volocity of tho liquid
'

'

p
1

y = | local velocity of the solid. s.

-P = ambient pressure

G = gravitational constant

a =-liquid volume fraction (within th$ porous volume)
3

K = liquid laminar relative permeability,-equal to sy

K- = vapor laminar relative permeability, equal to
9 (1 - s)3

= turbulent liquid relative permeability, equal to s5q

y = turbulent vapor relative permeability, equal to
9 (1 - s)5

fij = force on material i due to material j

d ,3.2
K=

150(1 - c)2

3
dc

9 " 1.75(1 - c)'

6.3.2.2 Experiment Calculations-Thermocouple Placement and
Radiolysis of Coolant

Two calculations were performed in support of the experi-
ment planning'and safety analyses. In the first, an estimate
of the perturbing ef fect- of the 40 TCs used to instrument
DCC-1 on the'dryout heat flux measurement:was'made. It was
estimated that the effect was important enough to cause an
overestimate.of the dryout heat flux by a factor of up to
1.08. In the second calculation, an evaluation of the hydro-
gen production in the capsule due to radiolysis of H 0'was2
made and was found to be minimal.

a. Thermocouple Placement

During the DCC experiments, the principal bed diagnostic
equipment will consist of 40 TCs (63-mil outer diameter),
which are introduced into the bed crucible along the inner
wall in groups of 4. They will be pressed to' the side of the
crucible inner wall at the top of the crucible (~1 in. above
the bed) using a clamp as shown in Figure 6.3-4.
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Tiny passageways for liquid or vapor flow are formed
between the TCs and the wall and allow escape of vapor from
the bed. Although not all of the passageways extend to the
bed bottom, all of them exist at the bed top, where the great-
est amount of vapor must escope from ths bed and where the
vapor flow restriction that determines the coolability limit
of the bed exists.

The cross-sectional area of a single passageways is given
by

(-)-Er (")-r(R- r)cos(), (6.23)Aa %R

where

={+ and sina =, * *

R- r

For the DCC test geometry R = 0.0508 m and r = 1.59 x
yielding A = 2.8 x 10'7~3 2, whereas the total cross-10 m, m

sectional area of the bed, A 8 * * *
crucible'

* *

Since the restriction on the coolability of the bed is
the restriction to vapor flow from the bed, the coolability
would be increased the most if the passageways behind the TCs
contained all vapor. Assuming this to be the case, the ratio
of the mass' flux of vapor through the passageways to the mass
flux through the bed will be given by the ratios of the super- '

ficial vapor velocities times the crosn-sectional areas of
these parts, given the same differential pressure drop with
elevation. The superficial velocity of the vapor through the
bed close to dryout is given by

/ dc II dPI
y(1 - s)3>k2Gi>

vbed " *

i150(1 - c)2p
,

-

and through the passageways
,

1

'

/ 2
)[dP ID

x 35 , (6.26)' sides"(32py [\dzj

.
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where d is the effective diameter for the particle bed
(0.0004 m for DCC-1), c is the bed porosity (about 0.34 for
DCC-1), and p is the va2 r dynamic viscosity (1.21 x 10

2 at 1 baE; 2.2 x 10 6 2ns/m ns/m at 170 bar), s is the bed
saturation (equal to

a= (6.27),174.

EPv1
1+

P P1 v_

at dryout), is the dynamic viscosity of the liquid (2.79 x
i

4 210 ns/m at 1 bar, 7 x 105 ns/m2 at 170 bars), p and pt
are the vapor and liquid densities (0.6 and 960 kg/m3, respec-

3tively, at 1 bar and 119 and 566 kg/m at 170 bars), D is the
hydraulic diameter of the triangular-shaped passageways (xD2 /4
= A), P is ambient pressure, and z is elevation in the bed.
The expression for v is multipled by 35 to take into

sides
account the separate passageways. Then, the ratio of the
vapor mass flux through the passageways to the mass flux
through the bed is given by

' ratio = 150D (1 - c) (1 - s) Ax 35 (6.28).23 A32d c crucible

This is equal to 0.076 at 1 bar and 0.028 at 170 bars. Since
the vapor flux from the bed at dryout is proportional to the
true dryout heat flux, the heat flux that will be measured in
the DCC-1 will be 1.08 times the dryout heat flux at 1 bar and
1.03 times the dryout heat flux at 170 bars.

Putting tiny wires into the passageways between the TCs
and the crucible wall will reduce the flow in the passageways
drastically and virtually eliminate this source of error in
measuring the dryout heat flux. These wires need to be in-
stalled only in the top few inches of the bed in order to
block flow through the passageways.

Finally, the use of an equivalent hydraulic diameter in
calculating the flow through the triangular passageways repre-
sents an overestimate of the flow velocity and thus an overes-
timate of the error produced in the measurement of the dryout
heat flux.[6-1]

b. Radiolysis of Coolant

The radiolysis of water or steam by fast neutrons to
produce 112 gas is not completely understood.[62] However,
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licited exporimsntal studios permit aesignmsnt of upper linita
to the quantity that can be produced.

. . Generally, during exposure to ionizing radiation, certain.
radicals are formed from the water molecules and the molecules
of other impurities present in solution or in close contact
with the water. If the water is relatively pure, as is the
case in the DCC experiments, the radicals will recombine to

^

form mulecules, the two gaseous products being H2 and O -2
Since H2 and O2 will, in turn, recombine to form H O during2
s tead y-s ta te irradiation, a steady concentration of H2 and O2
will be set up. The size of the concentration will depend on.
the' creation rate of radicals, the recombination mechanisms
for radicals, the the recombination rate of H2 and 02, all of
which~ depend on the type of radiation ~, the quality (vapor
fraction) of the fluid, and'the presence of impurities in
solution with the fluid.

If reducing agents are present in the water, the 02 can
be eliminated from solution in the water or steam and the
recombination of H 2 cannot occur. In this case, under2 with 0
steady irradiation, the amount of H2 generated will not reachi

a steady concentration in the water but will increase
indefinitely.

A review of the potential for oxidation reactions to
occur in the DCC experiments has concluded that at low temper-
atures (625 K [352*C]), there is little possibility of such
reactions. It is assumed that some unexpected material is
present in the water, which combines with all the 02 Produced
from radiolysis, and that the H2 concentrations will increase
steadily throughout the experiment.

The rate of increase of H2 can be obtained using esti-
mates of the G value (the number of molecules of H 2 Produced
per 100 eV of absorbed energy). Since the absorbed energy per-
unit irradiated volume is much greater for pure water than for
steam, it will be assumed that the amount of H 2 produced is
the same as if the entire volume of the DCC capsule, except
for the space occupied by the particles of the debris bed,
contained water. Under conditions similar to those found in
the upper plenum (above the bed) in the DCC experiments, G has
been measured to be 0.6 for pure water at 373 K (100*C). In
the bed, it is recommended that a value of 1 be used for G at
temperatures below 423 K (150*C) and a value of 2 be used

| above 423 K. (150 *C), as a conservative estimate. The irradi-
| ated volume occupied by water above the bed is about 5 x 103
| cm3 The rate of production of hydrogen gas is then
: given:[6-3]
!

-22R(cm /s) (6.29)3.74 x 10 EMG ,=
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where E is the energy deposition per gram of water (eV/s/g)
and M is the mass of water present (g). In Reference 6-3, it
is recommended that for a fast neutron flux of >l MeV neu-j

trons, E is given by

5 2E= 2.3 x 10 x neutron flux (n/cm /s) (6.30).

With E given as in Eq. 6.30, assuming that the reactor
power is at 2 MW (the flux of neutrons >l MeV being approxi-
mately 2 x 1012 n/cm /s, and assuming that the water above the2

crucible sees 1/10 the neutron flux as the water in the bed, R
would be less than 0.3 cm3/s at all pressures. With the
assumption that the energy deposition in the water in the bed
is equal to the volumetric proportion of water in the bed
times the total power generated in the bed at a power of 1
W/cm3 and that the water generation in the upper plenum of the
test capsule is calculated as above, R would be less than 0.07

3cm /s at all pressures.

For 100 hr of operation at 1 MW power (an overestimate),
the total quantity of hydrogen gas generated would be equal to
6.4 and 1.5 g, respectively, for the two values of R calcu-
lated. If the oxygen generated were not reacted by impuri-
ties, then a steady-state value of hydrogen gas concentration
would be reached in about 10 hr or less.

At 1 bar steam partial pressure, 12% of the H2 would be
in solution in the water. A hydrogen partial pressure of 30
and 7 bars, respectively, would be produced and would be
detectable. At 170 bars steam partial pressure, 85% of the H2
would be in solution in the water, and hydrogen partial pres-
sures of 23 bars and 5 bars would be produced but might not be
detectable. If the reactor power were suddenly cut off, this
hydrogen could hypothetically react with O . However, in2
order to postulate a constant buildup of H2, it was assumed
that the 02 is combined with impurities.

If the 02 had not combined with impurities, a steady-
state concentration of H2 and O2 of less than 2 cm3 each per
liter of H O present would have been set up. This is equiva-2
lent to less than 8 x 10 4 gH2 for the DCC test capsule at 1
bar steam partial pressure. This amount of H2 and O could2
recombine if the. reactor power were suddenly turned off,
releasing a total of about 110 J energs. At 170 bars, about
twice the steady-state concentration of hydrogen would be
produced as at 1 bar; however, 85% would be in solution in the
liquid. Thus, sudden reactor shutdown and combustion of H

2
would release even less energy than at 1 bar.
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6.3.2.3 Uncertainties in DCC Coolability Predictions for
Accident Analysis

Predictions of the coolability limits of debris beds are
being made and applied to LWR reactor accident analyses with
increasing accuracy. A systematic evaluation is precanted of
the accuracy of existing models, the way in which they are
currently applied to reactor calculations, and the needs for
accident calculations. The purpose is to point out the re-
maining areas of uncertainty in making coolability predic-
tions. The importance of these uncertainties to overall
accident sequence analyses can also be estimated. Areas
requiring further study can be identified with potential
sources for the required information from existing research
programs in the U.S. arid Europe .

Significant uncertainties remain in the ability to pre-
dict the long-term coolability limits of a degraded reactor
core. Most of them are related to the lack of understanding
of the conditions within degraded reactor cores, though uncer-
tainties also occur because of untested models. The dryout
heat flux is very sensitive to the exact porosity of the bed;
however, the porosity can reasonably be expected to vary over
a limited range in values. The parameter of most importance
in determining the coolability of a particle bed is the ef fec-
tive particle diameter. The dryout heat flux is proportional
to the particle diameter in large (d 2 mm) particle beds

and the square of particle diameter Tbf >allThe effective particle diameter *bkn< reason) ablysm (d 2 mm
particle beds.
be expected to vary from about 0.1 to about 2 mm or more.

Recent modeling has been successful in predicting the
coolability limits of beds of single-size spheres on imperme-
able supports. Limited success has also been obtained in
predicting the coolability of beds of spheres subject to
forced liquid flow, uniform mixtures of various-sized spheres
or rough particles, and stratified beds for a limited number
of experiments and conditions. Finally, a few poorly under-
stood history-dependent phenomena are identified as potential
sources of uncertainty. Existing experimental programs are
capable of resolving most of these, although emphasis should
be placed on systematic investigations of the most important
phenomena. These include knowledge of the debris configura-
tions that can exist in LWRs, including possible particle size
distributions, shape factors, and stratification. Verifica-
tion of modeling of the effects of stratification, ambient
pressure, and bottom coolant flow is also of importance.

6.3.2.4 Analysis of a Traveling Liquid Slug in DCC In-Pile
Experiments

Creation of an upward-traveling liquid slug of high
kinetic energy within the DCC experiment capsule would require
rapid mixing of hot particulate debris from the bed with
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coolcnt and equally rapid vaporization and pressurization of
the coolant below the main liquid pool. Figure 6.3-5 shows
the essential geometry of the (enclosed) experiment capsule,
the debris bed, the overlying liquid pool, and the steam / gas
chamber at the top of the capsule. This investigation con-
cludes that hot debris from a dry portion of the DCC experi-
ment cannot become intimately mixed with cool water on a time
scale of less than 100s of seconds. In that time scale,
pressure equilibration throughout the entire capsule will be
maintained, and no large-scale motion of the debris itself or
the overlying liquid pool can be induced. Essential evidence
for this conclusion is derived from

a. Experience with debris beds--a large literature field
can be quoted that shows that even the most disrup-
tive bed disturbances do not produce sudden heat
transfer between hot debris and water, and

b. Simple calculation 6 using basic properties of debris
beds to show why this mixing cannot occur.

Types of bed disturbances known to occur are (1) super-
heat disturbances and (2) unusual or forced, liquid entry into
the bed that causes a water hammer-type phenomenon. The first
of these occurs in saturated (thus cool) beds. Both are
benign phenomena. In addition, type (2) disturbances most
generally occur in geometries with bottom forced flow, which
is different from the bed and coolant geometry in DCC-1 and
DCC-2.

Closed volume (thus pressurized) quench experiments with
1173 K (900*C) stainless-steel particles have been performed.
No strange pressurization events occurred. Gradual rewet of
the bed occurred in about 600 s.

Rewet of hot debris occurs to some extent in all dryout
experiments. It is well known that this occurs very slowly if
the bed is very hot. Closed volume debris bed dryout experi-
ments have been performed at Sandia with liquid sodium coolant
and debris temperatures of up to 1373 K (1100*C) have been
reached. No violent mixing of debris and coolant has
occurred.

To force one-half of a hot bed to rowet in the time of
1a (about the time required to create rapid mixing of hot
debris and coolant, a " steam explosion" and a traveling pres-
sure pulse) would in turn require a pressure pulse of 1 s
duration of 41,000 psi from above the liquid pool. No mech-
anism exists for this to happen.

'

a. Disruptive Bed Events

Superheat disturbances have been observed in a number of
sodium-debris bed experiments at Sandia.[6-5] Analysis shows

:
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; ?that superheat; disturbances are(less likely to occur with
~

,

wat^r-debris beds iand - the lsuperheet likely to - F9 attained iss

imuch: lower:than:for sodium beds.- The most violent superheat
'

idisturbance resultedJfrom a1superheatfof 318 K (45'c) and.
,

j|
jproduced aopressure increase |in:the' capsule of about:5Jpsi . :1

, _
' It; was calculated that o the bed height < was- increased, as a -

_

?resultiof--the disturbance, from about-1.'13;to aboutLl.22 cm.-
. The only direct _ evidence that..superheac disturbances: occur in
twater-debria beds isLfrom Referenec 6-6. tThe superheats'

-

v observed:arecabout(274fto 275.K1(1 to 2*C) and the' bed move-
~

: , ment-small'and lasts only about l s .1 This_is demonstrated by.r

runs il2 and 14- whereithe temperature definitely ' indicates -z,

disturbances that"were not' observed visually. ;Further, it is
stated thatf for. the mostipronounced; ones, . the bed surface'

lifted 1.shortly'(l'a)-by about10.5:cm. ~After the release of
-vapor: generated bysthe flashing, |the bed heightD increase in-
run'8 was <0.2,cm. In orderifor a bed superheat to occur,.the
. bed must bersaturatedLwith liquid.- Thus,.no mixingfof hot?

~

'

i sdebris and coolantican~ occur. Only brief and1small pressure f*

. pulses'can occur. -.

'

An anecdotal' account of bed disturbance has 'been . reporte'd- -c
' in/ Reference 6-7.- Liquid was' forced into.a. hot debris bed

~

from below. When the; rate of liquid injectionLwas very? large,;
i ~

a pressure buildup and oscillating liquid-vapor interface were,
observed in,the bottom-of the bed. .In most instances the'

,

pressure pulse resulted in-fluidizationgof the upper portion..4-
'

of the-bed. Onceffluidization' occurred,..the upperEportion of!
the bed remained fluidized until the: lower portion was com '
plately quenched. Since the DCC-1 test has'an impermeable

.

bottom, these effects are not expected to occur. [

-Another account of a bed disturbance due to unusual ~
, liquid entry.into.a hot bed was reported.[6-8] This_ occurred
| after dry out when liquid'was introduced into'the bed by a.

pathway caused by tilting the bed. The liquid built up until
it came into contact with a' hot portion of the bed whereupon-
it, flashed to vapor. The escaping vapor fluidized the' entire

~

bed. However, the bed did not mix with the overlying liquid
[ pool but remained fluidized-by flowing ~ vapor until the vapor:

. escaped.

Also, an account of: surging in a saturated bed was
! . offered by Reference 6-8. The phenonemon (a periodic liquid

surging') was observed only for the large particle sizes (4783
and:3175 pm) and with acetone as the coolant. No fluidization-
phenomenon was mentioned.

,

r -,

b. Normal Bed Behavior

To.date, approximately a dozen experiments havefbeen
conducted over the past 2 yr on quenching of hot particulate
debris from above. Two different experimenters were involved.;

'

, _ th> unusual pressure spikes, bed disturbances, or violent
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Ephenomena have'beencobserved.=.The debris has been.. heated to
-1173fKM(900*C)'and quenchediby dumping:subcooled or saturated
. water cn; top'of the debris.- Beds from 30-to 80 cm' deep have< >

been' involved. The.Jresults-are reported in# Reference 6-9.-~

>

7They.-have.provided a physical? understanding!of the quenching" -

- phenomena--the' liquid entry into the' bed is= limited by the -
*

ineed of.the vapor tofexit?from'the bed via-the. top of the' bed..
:If the-vapor.does not exit, pressure . builds .up in the bed and-
Lliquid ia prohibited from. flowing in. Thus, the vap'or contin---m

.ually. bubbles out of the bed as the liquid = enters' the bed,
Jcools the debris, Jand- produces :more ~ vapor.

1

The 1, orDso dryout experiments that have been conducted
~are ' also rewet ext eriments, f aince 'dryout~ is Lnot detected until
a' hot,Ldry portion.of: the-bed is created. Explosive. inter-
action'of the hot debris-and coolant has never been reported.

c. A Simple-Calculation

; It can be' calculated :how much pressure . is required to .
force an overlying' pool of: liquid into a 1273.K (1000*C) bed .

of Go2 without letting' the vapor that is created by the
- '

quenching of the~ hot". bed escapeLupward through the' liquid.
pool. If the pool is ~ forced' into. the- topf half of the
6.5-m-high debris bed (of porosity 0.35),,the mass offliquid
s.qnt will be vaporized and forced into the bottom' half of the4

bed is'about 1.1 kg. The ideal gas law can-be used to predicts
that if this'muchLvapor-at 373.K (LOO *C) were forced into the'
bottom half of the' bed, ,the pressure required would be'41,000
psi, or 2,843 atm.-

The only method to obtain rapid mixing of hot debris with

|- coolant is some forced entry of~ liquid into the bed. This
cannot occur because of the need for the vapor produced byithe

!- quenching process to escape from the bed. If'it does not
i escape, the bed will pressurize and prevent further' entry of
i liquid. This is the natural limiting process seen in the

quench experiments requiring that liquid enter the bed only as-
fast as the vapor can. escape from the bed.

f

.
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,

!
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,
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.7.- . TEST AND FACILITY TECHNOLOGY-

7.1''ACRR' STATUS
'

'

i

This section contains' comments on,the general status of
overallL ACRR operation .and remarks concerning ' experimental--:

, - activities ~ involving the.ACRR.

.The_ACRR is operating normally in support'of weapons,

program-research and advanced. reactor safety experiments.

,
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,
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sandia National Labora tied is conducting, under USNRC's spon-
sorship, phenomenological re ch related to the safety of commercial
nuclear power reactors.

Tneoverallobjectiveobth work is to provide NRC a comprehen-
sive data base essential to till ining key safety issues, (2) under-
standing risk-significant accident sequences, (3) developing and
verifying mode'.s used in safety assessments, and (4) assuring the
public that power reactor, systems will not be licensed and placed in
commercial service in the ftmited Statee without appropriate considera-
tion being given to their effects on hee &th and safety.

w q
Together with othy programs, the sandia effort is directed at as-

suring the soundness or the technology besejupon which licensing decisions
are made. ( w

f W
This report deeeribes progress in a numbet of activities dealing

with current safety;4ssues relevant go both light water and breeder
re actors . The work includes a broad range of experiments to simulate
accidental conditions to provide the required date base to understand
important acaiden$ sequences and to serve as a basis for development
and verification ;ef the comples computer simulation models and codes
used in accident analysis and licensing reviews. Such a program must
include the development of analytical models, verified by experiment,
which can be und to predict reactor and safety system performance under
a broad verley of abnormal conditions. g

q v
Current.asjor emphasis is focused on providing information to NRC

relevant to (1) its deliberations and decisions dealing with severe iMR' accidents, and*(2) its safety evaluation of the propesed C11ach River
| Breeder meettor. 4
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