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ABSTRACT

This report is a compilation of papers which were presented at the Tenth
Water Reactor Safety Research information Meeting held at the National
Bureau of Standards, C31thersburg, Maryland, October 12-15, 1982. It
consists of six volumes. The papers describe recent results and planning

i of safety research work sponsored by the Office of Nuclear Regulatory
Research, NRC. It also includes a number of invited papers on water
reactor safety research prepared by the Electric Power ReLearch Institute
and various government cnd industry organizations from Europe and Japan,
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PREFACE

This report, published in six volumes, includes 160 papers which were
presented at the Tenth Water Reactor Safety Research Information Meeting.
The papers are printed in the order of their presentation in each session.
The titles of the papers and the names of the authors have been updated
and may differ from those which appeared in the Final Agenda for this
meeting.

Five papers, which were submitted for presentation at the meeting but
could not be scheduled, are also included in this report. They are the
following:

Calculations of Pressurized Thermal Shock Problems with the SOLA-
PTS Method, B. J. Daly, B. A. Kashiwa, and M. D. Torrey, LANL,

(Pages 113-130, Volume 2)

Hydrogen Migration Modeling for the EPRI/HEDL Standard Problems,
J. R. Travis, LANL, (Pages 131-144, Volume 2)

Independent Code Assessment at BNL in FY 1982, P. Saha, U. S. Rohatgi,
'

J. H. Jo, L. Neymotin, G. Slivik, and C. Yuelys-Miksis, BNL,
(Pages145-168, Volume 2)

Experimental Evidence for the Depencence of Fuel Relocation upon
the Maximum Local Power Attained, D. D. Lanning, PNL,

(Pages 285-296, Volume 2)

PRA Has Many Faces - Can the Safety Goal Be Well-Posed?
H. Bargmann, Swiss Federal Institute for Reactor Research,

(Pages 105-114, Volume 6).
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BNL PLANT ANALYZER DEVELOPMENT

H. S. Cheng, K. Fujiki, S. V. Lekach, i

A. N. Mallen and W. Wulff, BNL

1. PROGRAM OBJECTIVES-

The LWR Plant Analyzer Program is being c anducted at Brookhaven National
Laboratory to develop an engineering plant analyzer capable of performing, in
a dedicated facility, accurate real-time and faster than real-time simulations
of plant transients and small-break loss af coolant accidents in LWR power
plants. The program is designed to reduce sharply the time and cost of iaput
preparation, code execution and evaluation of results by combining existing
modern, interactive, high-speed, special-purpose cinicmputer technology with
existing advanced modeling techniques for neutron kinetics, thermohydraulics
and plant controls.

The technology developed in this program is required to obtain timely and
cost-effective answers to a wide variety of safety questions related to the nu-
clear steam supply system, the bclance of the plant and its control systems,
particularly where a large number of simulations is required for parametric
investigations, for human factors studies (error rate measurements) and for
risk assessments. The technology is also needed for mcnitoring continuausly
the operation of a particular power plant, for the detection of instrument,
component or system failures, and for anticipating the consequences from miti-
gating operator actions following an accident.

The emphasis of this program lies in the development of a decentralized
facility which is small and dedicated to a specific office or utility or to a
specific power plant.

2. PREVI0'JS PROGRAM ACHIEVEMENTS

The program was initiated in October 1980 with the review and assessment
of capabilities and limitations in current conmercial training simulators for
nuclear power plant operators [1-3] and with th selection and acquisition of
a special-purpose peripheral processor, specifically designed for high-speed
interactive system simulations. The AD10 of Applied Dynamics International
was selected. A system of two units became operational at BNL on March 15,
1982.

The special purpose peripheral processor AD10 is specifically designed for
fast, efficient integration of ordinary differential equations and is, there-
fore, particularly suited for system simulations. The AD10 is programmed
through a PDP-11/34 host computer, by using either basic machine language or
the high-level modular, state equation oriented, simulation language MPS-10
which was developed by ADI for the AD10 processor, and which has the features
of known simulation languages, such as DARE (Korn and Wait 1978). The AD10
processor interacts directly with other digital computers (array processors or
general purpose computers), with instrumentation, recorders or oscilloscopes,
or with a second AD10 processor. The AD10 provides for on-line interaction
between itself and four users and it features simultaneous, on-line display of
up to 128 computed parameters.

The AD10 processor consists of six special-purpose microprocessors, each
equipped with its own instruction memory:

1
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Control Processor (COP) for control and timing of all processors
Decision Processor (DEP) for logic and binary search needed for

function generation,
Arithmetic Processor (ARP) for addition, multiplication and

interpolation (function generation),
Numerical Integra- (NIP) for numerical integration .of ordinary
tion Processor differentia, equations,

Memory Address Pro- (MAP) for addressing data memory,
cesor

Input /0utput Channel (IOCC) for I/O control .
Processor

The six microprocessors execute in parallel and communicate with each
other, with the data memory and with the Host Interface Controller via a
Multibus. The Multibus broadcast data simultaneously to all processors
(prepared for data reception at a given time) at the rate of 20 MHz. All
microprocessors are synchronized and execute at the frequency of 10 MHz.
Pipe-lining in the AP' and NIP processors affords composite operations (i.e.
(A+B) * C+D in the ARP) to be executed at the rate of ten million composite
operations per second. Interleaving of memory allows data transfer between
processors at the rate of twenty million 16-bit words per second.

The AD10 processor has the data memory capacity of up to one million
16-bit words. The AD10 can integrate up to 195 ordinary differential equa-
tions with a fourth-order (Runge-Kutta) integration algorithm, or up to 975
equations with a first-order (Euler) algorithm. The processor allows for any
cabination of up to ten integration algorithms, which are built into the NIP
processor and may be selected and changed during the program execution. The
AD10 numerical processor cabines 16-bit fixed-point function generation ( ARP)
with 48-bit integration (NIP).

The computing speed in the AD10 processor results firstly from its arch-
itecture, namely the parallel processing by six microprocessors, pipe-line ex-
ecutions (seven stages in ARP), interleaving of data memory, synchronous
broadcasting of data, hard-wired arithmetic and the cabination of fixed-point
16-bit arithmetic with 48-bit pseudo floating point arithmetic, and secondly
frm special programming, namely the function generation instead of the ex-
tended arithmetic (multiple evaluation of polynomials) in general purpose com-
puters, and the efficient, high-order integration algorithms. For more de-
tails about the AD10 system see ADI 1981.

Prior to the arrival of the ADIO and its host computer, a lumped-parameter
conduction model was developed specifically for high-speed simulation of plant
transients and small-loss-of-coolant accidents [4].

3. CURRENT FEASIBILITY DEMONSTRATION

3.1 Purpose

The current program phase serves to demonstrate the feasibility of per-
forming realistic, accurate thermohydraulics simulations interactively at

2
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much faster computing speed cnd'with comparable accuracy as those of the .large
i main-frame computer CDC-7600.

3.2 Selected LWR System and Thermohydraulics Model '

A four-equation slip flow model_ for nonhomogeneous, nonequilibrium two-
phase flow in a BWR system was selected for implementation on the AD10 because
its FORTRAN version had been extensively executed on the CDC-7600 and was
available for obtaining reference data to assess the AD10 performance. The
thermohydraulics model has been scaled for the fixed-point arithmetic of the>

AD10 and programmed in the high-level simulation language MPS10 of the AD10.
The rasulting High-Speed Interactive Plant Analyzer program is called HIPA.

. Since it is specifically programmed-for the Peach Bottom II BWR power plant,
I this program version is called HIPA-PB2.

The four field equations of the thermohydraulics model are the vapor mass
balance and the balance equations for mixture mass, momentum and energy. The
constitutive relations for wall shear are taken from Blasius for single-phase
flow and augmented for tva-phase flow with the multiplier by Becker, Hernborn
and. Bode [5]. Standard Dittus-Doelter and Jens-Lottes correlations are used,

for heat transfer in single and two-phase flows, respectively. The slip cor-'

relation used is that by Bankoff and Jones modified by Lelluche [6]. The
vapor generation rate is a proprietary correlation and accounts for both
surface boiling and bulk flasning or condensation.

The nuclear steam supply syste.n is subdivided into 55 noces as shown in
Figure 1. Notice the differences of nodalization in the HIPA-PB2 and the re-
ference calculation shown in Table 1. These differences are caused by the
limitations of the reference code: for one-dimensional neutron kinetics th6
FORTRAN code can accommodate only one core channel and one bypasc channel.;

*

The HIPA-PB2 nas also a hot channel . Care was taken to make sure that the
AD10 program had more, rather than less, computational effort than the;

CDC-7600.
:I
j 3,3 Selected Transient

The Design Basis TrEnsient, induced by a turbine trip at full power and
under the conditions of disabled bypass and disabled recirculation pun;p trips,

) was selected for. assessing the AD10 processor perfonnance. The steam line
dynamics introduce flow and pressure oscillations with characteristic times of
approximately 80 ms. Figures 2 through 5 saw the histories of normalized
power, of volumetric steam flow rate, of volumetric feedwater flow rate and of
a typical wall heating rate (at the midplane of the core). These figures
characterize the selected transient, particularly with respect to the integrc-
tion time step limitation imposed by the characteristic frequencies of the

' transient.

3.4 Result,

The completed feasibility demonstration consists of:

.

(1) asses, sing the computing accuracy and the adequacy of 15-bit i

: precision, I

>

3
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(ii) assessing the computing speed and

(iii) assessing the computing capacity

of the AD10 processor.

3.4.1 Computing Accuracy

The computing accuracy of the AD10 has been assessed by comparing its com-
puted results with the results from the CDC-7600 main frame computer executing
the same basic equations (reference, calculations). Figures 6 through 12 show
these comparisons. The error is less than 5% for almost all parameters at any
time.

An issue has of ten been raised with the claim that the 15-bit precision of
the 16-bit word in the arithretic processor ARP is not adequate. The perform-
ance of the ARP prccessor affects the calculation of all the right-hand sides
of the state equations (ordinary differential equations). Following the sug-
gestion by Professor Walter Karplus of UCLA, we computed the transient with 13
and 14-bit precision. We replaced the last two bits by zeros in 111 out of
116 integrator inputs. The result'was equal to that with the full 15-bit pre->

cision. One can conclude that 15-bit precision is adequate. However, we have
taken great care in scaling to avoid leading zeros in the decimal fractions of
all intermediate and final output parameters.

;

Finally, we have computed a steady-state as a transient with fixed initial
conditions. We observed no numerical drift during ten minutes of real-time
calculation.

3.4.2 Computing Speed
,

!

The computing speed of the AD10 has been assessed by comparing it against
the clock and against the speed with which the mainframe CDC-7600 computer ex- i

'

ecuted the integration cf the same equation sets as the A010, but with slight-
ly fewer nodes than the AD10 as shown above in Table 1.

The result is that the ADIO:

(i) computes 10 times faster than real-time calculations when using two
time steps for the momentum balance, while advancing overall by one
time step.

(ii) computes 8.5 times faster than real time with a single time step.

(iii) computes 110 times faster than the CDC computer. )
;

| (iv) needs 78 microseconds per time step and computational cell, compared
to the 2000 microseconds needed by the CDC-7600.

It must be emphasized that the AD10 is not interrupted for I/O data pro- '

| cessing. Up to 128 output parameters can be displayed simultaneously. The l

! AD10 is only interrupted through the host computer for the purpose of changing
parameters, running speed, integration mechanisms, etc.

4-
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3.4.3 Corr.puting Capacity

The thermohydraulics, exclusive of steam line and recirculation loop dy-
namics, requires 3,800 out of 7,600 available words of instructional memory.
Precomputed tables for function g?neration require 150,000 words (16-bit each)
of data memory.. We hcve used half of the available ARP memory and half of the
available data areas but only a small fraction of our available data memory.

4. IMPLICIT INTEGRATION WITH THE AD10

The integrators in NIP processor employ only explicit integration algo-
rithms. In order to accommodate the extremely small time cons: ant of the
prompt neutron kinetics equation, an implicit integration scheme by H. S.
Cheng [7] has been implemented and successfully executed. All other kinetics
equations are being integrated by the NIP processor.

5. FUTURE ACTIVITIES

It is planned to replace the limited slip model used for the comparison of
the AD10 with an existing FORTRAN program result by the more advanced drift
fiux mcdel. The drift flux model affords flow reversal and level tracking.

It is alsn planned to implement the previously developed conduction model
and to interface the existing neutron kinetics model. Following this activ-

ity, NSSS-related contral systems wil1 be implemented.

Existing multi-color CRT display systems will be added later to completd
the plant analyzer.

5
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TABLE 1

DIFFERENCES BETWEEN CDC AND AD10 N0DALIZATION

ADIO SIMULATION CDC-7600 SIMULATION

55 Nodes 43 Nodes

3 Channels 2 Channels

APjp Imposed 1 Recire. Loop
(Incompressible)
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NRC M; CLEAR PLANT ANALYZER -
aCONCEPT AND STATUS AT INEl

by

F. Aguilar
R. J. Wagner

EG&G Idaho, Inc.

The Office of Research of the U.S. _ Nuclear Regulatory Commission (NRC)

has proposed aevelopment of a software-hardware system called the Nuclear
Plant Analyzer (NPA). The nuclear plant analyzer project, which will be
undertaken jointly by the Idaho National Engineering Laboratory (INEL) and
the Los Alamos National Laboratory, is in the embryonic stage of
growth--the detailed technical specifications for the NPA are not
formulatea as yet. This paper describes how we of the INEL envision the
nuclear plant analyzer. The paper also cescribes a pilot RELAP5 plant
analyzer project com91eted during the past year ana current work. A great
deal of analysis is underway at the direction of the NRC to determine
nuclear steam system response. This research will almost certainly
continue well into the next decade. These analyses are being done with the
advanced "best estimate" system codes developed by NRC: RELAP5,I
TRAC-801,2 and IRAC-PFl.3 The development and assessment of these

advanced codes are continuing, the emphasis generally being on obtaining an
accurate solution to the system analysis problem. However, tne need is
greater than just obtaining an accurate solution, as formidable as that
task is. Syst.em transient analysis being so complex, there is the need to
present analytical results in a way that interconnections among phenomena
ana all the nuances of the transient are apparent. There is the need for
the analyst to dynamically control sys' tem calcelaticns to simulate plant
operation in order to perform "what if" studies as well as the need to

a. Work supported by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research under DOE Contract No. DE-AC07-76ID01570.
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perform system analysis within hours of a plant emergency to diagnose the
state of the stricken plant and formulate recovery actions. The
faC-proposed nuclear plant analyzer can meet these needs,

,

lhEL Concept of the Nuclear Plant Analyzer
.

We at the INEL view the nuclear plant analyzer as an engineering'

f simulator, the technical base of which is inherent in existent software and

{ multi-purpose computing facilities to which NRC has access. The primary
mission of the NPA is safety analysis of nuclear steam systems as done

i now--but faster, at less cost, and with higher quality results. Testing
and evaluation of proposed operator guidelines for abnormal transients is a
new variation of safety analysis that would be made possible by the NPA.
An extremely important aspect of the NPA's prime mission is to enable
saf ety analysis of any stricken plant within hours of an accident to help

! diagnose the state of the plant and formulate recovery actions. Another
mission for the NPA is to aid human factors researchers, for example, to

;

drive proposed plant data displays. Still another mission is to complement

: the training of plant operators, operator examiners, emergency center
personnel, and satety analysts. However, the nuclear plant analyzer is not ,

i an operator training simulator with the requirement of duplicating control
room environment. It is not an on-line, plant accident recovery device
with the requirement that it have a data link to operating plants.

The general requirements for the NPA are: it must have an accurate'

|
preoiction capability--accuracy cannot be compromised; it must be fast

running, permit dw.amic control of the calculation, and enable easy and
thorough comprehension of analytical results; it should provide a ready
capability to analyze abnormal transients in any plant; it must give the

,

analyst access to the nuclear plant data bank (NPDB) for reference data and
for modifying or building plant analytical models; it must be user oriented
in oraer to reduce analysis labor and time requirements and assure quality.

Our concept of the nuclear plant analyzer is a software and hardware
configuration, the heart of which is a library of advanced system analysis

# codes featuring RELAP5, iRAC-BDl, and TRAC-Pfl. RELAP5 provides an

16
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accurate, fast running, and full modeling capability: two-fluid thermal-
hydraulics accounting for nonhomogeneous and nonequilibrium effects, com-

prehensive system representation including plant control systems, and an-
interactive feature enabling dynamic, on-line control of the simulation and
display of calculated quantities. A plant input deck library is also a
major sof tware component. This library has optimal models for each plant
according to class of transient, desired accuracy, and run time. Another -

major sof tware component is advanced graphics sof tware that allows plant
simulation data to be dynamically displayed at a console in the manner the
analyst chooses. The final major sof tware componetic would be " user
friendly" access software through which the analyst selects, modifies, or
builds plant input decks, controls the simulation, and chooses g aphical
displays. This software teaches the analyst how to use the NPA and pro-
vides access to the system codes, input deck library, nuclear plant data
bank, and even documentation such as analysis reports, user guidelines, etc.

The NPA hardware consists of a console of one or more high performance
color cathode ray tube (CRT) monitors with a te'ephone tie to a mainframe
computer, for example, INEL's twin CDC 176 system. The monitors provide a
wide menu of interesting data displays ranging from simultaneous, differing
views of the same data to a simple plant control panel mockup. The master
terminal provides " plant controls" and communicates with the mainframe com-
puter. The NPA console includes a mini-computer and disk memory system to
reduce the volume of data transmitted from the mainframe computer. This

improves the speed at which an analysis can be run interactively, increases
! the variety and quality of graphics displays, and reduces mainframe com-

j puter use fees. This also allows storing previous analyses locally at the
'

NPA for play back without using the mainframe computers.
l

Pilot RELAPS Nuclear Plant Analyzer

A pilot RELAP5 nuclear plant analyzer was demonstrated to NRC

personnel, contractors, and the public during the RELAP5 Users Meeting hela |

in Bethesda, Md. on March 8, 1982 and also to a meeting of Advisory
Committee on Reactor Safeguards in Albuquerque, NM on March 24, 1982. In
each demonstration, a loss-of-feedwater accident in a pressurized water

|
,
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reactor was .nodeled.- The calculation was done with RELAPS in the
interactive moae and on-line to the IhEL mainfraine computers. The

" operator" took control of the " plant" and attempted recovery. The
i audience was consulted-for operations advice, a'd various pumps weren

~

tripped and started, valves opened and closed, etc. Figure 1 shows the

plant schematic (mimic) that was displayed at the " operator's" CRT during
the transient. The actual display was in color and the digital information
was updated every 5 s. RELAPS actually executed the transient _at an

average rate of twice faster than real (transient) time, and the data
updating was slowed to real time.

The mimic was prepared by MAoPER,4 a general purpose graphics tool,
;

and was grerated outside the RELAPS code. The mimic file was stored on a
floppy disk attached to the CRT. Once the mimic is displayed, any number
of RELAPS simulations may be made. The modification to the basic

interactive RELAP5 (interactive control is a standard feature of
RELAPS/MODl.5 and subsequent versions) was minimal, primarily providing

screen coordinates for the digital output. Program changes are now

reruired to accommoaate new displays since no communication between RELAP5

and MAPPER has been provided as yet.

i

The pilot demonstration sparked interest among NRC/NRR personnel who

forsee the potential value of the RELAPS plant analyzer to assist in
operator guiaeline evaluation. A project is underway to develop new mimics
for the RELAPS plant analyzer using the Babcock arid Wilcox (B&W) abnormal
+ ransient operation guidelines ( AT0G) as the vehicle for the study. The
mimic shown in Figure 2 is a B&W plant schematic in which color is used
dynamically to indicate system voiding, pump and valve trips, core heatup,

and liquid levels in the pressurizer, accumulator, and steam generator.
Arrows indicate flow direction. Other mimics will simulate B&W's ATOG

I display device and the set of instruments that an operator will most likely
censult when using the ATOG guidelines.

This project will provide hRC/NRR with an interim nuclear plant
! analyzer until the NRC plant analyzer is ready for production use. Not

only will this project provide NRC/NRR with a tool for operator guideline
i

18
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evaluation, but it will contribute significantly to formulating the
aetailed technical specifications for the prodt/ction version of the nuclear
plant analyzer.
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What is a Nuclear Plant Analyzer?-

NRC Nudear Plant Andyzer - An Engineering Simulator
Concept and Project Status at INEL

. Accurate and fast prec5ctive capabilty

. Dyname control of calcdaton

F. Aguilar . Easy, thorough cuTedsson of analyss

* Ready capabhy for every plant '

j

ch) Aman-- * * * " '*9"'*d '"S*'
,_
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My a h y) %er?Why a Nuclear Plant Analyzer?
(contd

. Safety analysis

- Evaluation of operator gudeines Aid rwepTent of plant abiiernel events.

- Enhance cenedsson of icerug calculations Cui4 Twit tranng of operators, examews, and.

safety analysts
- Enhance qualty assurance of codes and analyses

Aid human factors research.

- Reduce analyss time and cost
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NEL Plant Analyzer Concept
Software and Hardware Components

Movie ELAPS best-estmate system analysis codee

- Accurate predctive capabity
hgtrgtjon

- F8St itAieg

- hier8Clive featLKe

- Plant controis modeing packago
RELAP5 Nuclear Plant Analyzer

Piant hput deck ararye
.

.

|:

E N **' W REL Plant Analyzer Status
Software and Hardware Components (cont'd)

. Manframe computers with Wue tie e Plbt ELAPS plant anaYmr Arw6i,aiam

e Advanced graphos display software and hardware . Remote execution on N l_ computers from
W6.wivii, D. C, and Abuquerque. M M-

User fnendly software provdng access to :e . Dyname control of plant smAstpon from termnal
.

- System codes
- Graphes dsplays . Rent data dsplay on color temmal

- bput deck ibrary
- N rew plant data bank . Fast runnng of system traneants

- User guidsines ..,
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HEL Plant Analyzer Status
(cont'd)

|

I . Evaluation of abnormal transent gudeines with
RELAPS plot analyzer underway for MIC/PER '

. Coordinated %nent of tac nudear plant
analyzer and nuclear plant data bank started
among N1. LAM., and TDC
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NUCLEAR PLANT ANALYZER DEVELOPMEN1 AT LOS ALAMOS *
1

|

: by

| Dennis Liles
i LANL
I
i

; 1. INTRODUCTION

The accident at Three Mile Island (TMI) changed the primary emphasis in
i nuclear reactor safety research from large-bresh LOCAs to the entire spectrum

| of reactor accidents including small-break LOCAs, ATWS, operational transients,
1 and other transients or accidents that eventually might cause an irability to
i cool the core.

| Since that. accident, much progress has been ande on advanced

best-estimate computer codes to analyse system transients. Consequently, a
code such as TRAC-PFI can run reliably a wide variety of both slowly and

! rapidly developing accidents including those involving core uncovery and
reflood. TRAC was the first computer code capable of running in one continuous

j calculation an entire large-break LOCA sequence including blowdown, refill, and
reflood. Numerous analysts both at Los Alamos and at other facilities have

assessed the TRAC models and their calculation.1 results generally compare well
j with the experimental data. Early TRAC versions of ten required large amounts
i

of computer time. However, TRAC-PFl (the current, released version) can run
i many slow transients ussch faster than real time on a CDC 7600 or a similar

large computer because it uses an innovative one-dimensional numerical

! procedure, a stability-enhancing two-step (SETS) technique. This also has

j opened up the possibility of running the code in real time on slower, cheaper
t

computers.

* Work performed under the auspices of the US Nuclear Regulatory Commission.

1
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i

j TRAC and comparable codes were designed originally to run basically in a
;

batch mode on large computers. Interactive features (Sec. II.D) are now
$ available that allow the analyst to simulate reactor operator intervention and
j enable the programs to replicate an accident scenario that an operator might
; see during a transient.

I Interactive color graphics are being investigated as a next step in f
: developing an analyst-oriented package for use in accident management studies |I|

of severe accident sequences. The use of color for both input and output*

.

i displays considerably enhances the analyst's ability to note trends and to
initiate input deck changes, and adds only incrementally to the total cost. As ;

! a logical extension of these recent developments, an interactive, integrated, ;

and very fast NPA using well-assessed physical models is now possible. Thus, I

primary and secondary loops, control and trip systems, and many of the
auxiliary hydrodynamic systems (water makeup and letdown, for example) can be

analyzed quickly and accurately for a wide variety of nuclear plants and over a
wide range of accidents, including severe accident sequences extending into

uncovery and early core degradation (for example, hydrogen generation andcore

transport). The output from our proposed NPA will include most of the
variables in the control room and other computed variables that will be
inaccessible to the reactor operator. The NPA will allow various operator '

actions so that their consequences can be studied quickly and efficiently.
l

Personnel who are not extremely knowledgeable about either computer hardware or

software could run the entire package through the extensive use of easily
cccessed menus, tables, and a touch panel. Color cathode ray tubes will

display the output as a transient progresses.
: An effectite NPA will use a combination of computer software and hardware
' I

that can analyze a large variety of accidents of interest. For NRC use, the
hardware could ba based either on a Los Alamos computer (for example, a
CDC 7600) with a dedicated link to one or more NRC locations, or on a
dedicated, packaged system at an NRC site. In either case, we propose to
supply the NRC with a well-tested user-oriented interactive output console
using one or more color graphics terminals with hard-copy units. In the latter
case, our proposed hardware configuration includes a small host computer
driving an array processor. Disk drives will augment the memory and store most

i ''
: 25
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of the I/O files. The core of the proposed software is a special vetsion of

TRAC-PFI/ MOD 1. If the NPA were constructed from :,cratch or from less proven

algorithms and models, then verifying the effectiveness of the methods and
acJels will require much development time and cost. Consequently, by building
the NPA around TRAC, model development and assessment can be achieved faster

and more efficiently at s'adest cost.

In addition to TRAC and the interactive graphics sof tware, we will supply

input decks for a wide variety of generic and specific operating reactors that
can be modified by the user, an input preprocessor that will perform the

modifications, and an online graphics processor that will contain the

algorithms to drive the color graphics. If the NRC chooses the integral,

packaged computing system, the array processor primarily will run TRAC whereas
the host computer will perform the I/O functions.

We propose a staged, three year development to produce a complete NPA.
However, we wish to stress that a useful tool can be available almost

immediately so that the NRC or other outside laboratories will benefit from the

| sof tware even before the end of the first year. In the remainder of this
<

,

|
proposal, we discuss the development of an NPA operating on a dedicated NRC

i computer, but we will note the differences between this proposal and the

development schedule, capital equipment requirements, and operating costs for

an NPA run on a Los Alamos computer.

A. Proposed First-Year Products

Throughout the first year, the NRC users can run problems using TRAC-PF1

and existing input decks by accessing a 9600-baud tie line to an open CDC 7600
computer at Los Alamos. Graphics and hard copy will be transferred over a

dedicated telephone connection to existing or new NRC graphics terminals.

Initially, because the main computer in Los Alamos will contain all of the

graphics software, the transfer of information will be slow. The code will run
faster than real time (depending on the number of users who are active and

their assigned priority) but the final information will not be displayed as

fast as possible.

By the end of the first year, a minicomputer (approximate cost

$25 thousand) can be provided to the selected NRC site. This will allow

graphics to be generated locally and effect an overall better than real-time

26
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capability. Other outside users also could use this NPA version by purchasing
color graphics te rminals and touch panels and by running the graphics

i algorithms on local computers.
B. Proposed Second-Year Products

By the end of the second year, the NRC could have a system consisting of
an NPA console using graphics terminals, including interactive operation '

through touch panels, and, if desired, the main host computer. Although the
basic computation still would be performed on a Los Alamos CDC 7600 computer,
the response will be fester because the NRC users will perform locally all of
the output processing and much of the input. manipulation.

A large variety of graphical displays for PWRs will be provided. A

sample display is- shown in Pig. 1. These displays, coupled with catalogs of
input decks and output displays, should increase greatly the efficiency of the
user. Touch panels will almost eliminate the requirement that information be
typed into the terminals.

'

Also, by the end of this year, in collaboration with personnel from the
TRAC-BWR program at the Idaho National Engineering Laboratory (INEL), we will
add BWR models to TRAC-PFI if this capability is desired by the NRC.
C. Proposed Third-Year Products

( If the NRC desires a complete, packaged system running faster than real
time, an array processor can be attached to the host computer. Los Alamos will
modify the TRAC code to run efficiently on this computer combination. The BWR

models will be tested and the final BWR and PWR input decks and output displays
will be completed. Under this proposed program, we will supply the minimum
number of input decks needed to perform generic analyses (for example, 3-loop j
Westinghouse, 4-loop Westinghouse). Separate input decks for specific

l operating plants developed in other programs can be adapted for use in the NPA.
Thus, the complete NPA will be provided as a final product by the end of the
third year, except for a reduced level of maintenance.

|
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SCOPE

'
The Nuclear Plant Data Bank is a computer-based system that organizes a nuclear
power plant's technical data, providing mechanisms for data storage, retrieval<

; and computer-aided engineering analysis. It has the specific objective to'

describe-thermohydraulic and containment systems in order to support:

Rapid information retrieval and displaye

e Thermohydraulic analysis modelling

The current application is supports thennohydraulic a.nalysis of reactor safety
systems, including all fluid passages and containment. structures.-

KEY FEATLRES

The system operates so that N0 computer progranming knowledge or skill is
j required by the user. Therefore, users of the system can focus on their data
; handling and analysis problems (Figure 1). A user only needs to know what
} data-oriented results he wants to accomplish, and the Nuclear Plant Data Bank
j system walks him through the steps to reach his goal.

The Nuclear Plant Data Bank system fully automates the storage and retrieval of
4 a large amount of technical data, as well as automates technical analysis based
i on this data. This system combines the benefits of a structured data base

system and computer-aided modelling with links to large-scale computer codes for
engineering analysis, as well as graphical display applications (Figure 2).

| Specific features are:
1

) e Organization and storage of thermohydraulic data
e Ease in locating specific data items

) Graphical and tabular display capabilitiese

| Interactive model construction capabilitye

j Organization and display of model input parameterse

j Input deck construction and execution of analysis programse
e

; OVERALL DESIGN

I
The Nuclear Plant Data Bank system consists of the following five major

i subsystems:

{ e Structured data base
e Data display system

i e Model input preparation system
; e Data input system

i e Analysis program interfaces

The relationship of these five subsystems is illustrated by Figure 3 and
i described in the following sections.

30,
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STRUCTURED DATA BASE

The structured data base subsystem uses a hierarchic index. The uppermost
level of the index is the name of the nuclear reactor power plant; and the
level imediately under that consists of sumary information for the previous
level, categories for_ the major plant subsystems and categories for modeli

input to specific analysis programs (Figure 4). Within each of the major
categories, data is stored for the physical plant descriptions, plant system
performance and plant operating parameters. This data is stored in sufficient
detail to perform state-of-the-art reactor safety analysis.i

Data is organized by " engineering" systems so that engineers can rapidly
locato and use the data in ways already familiar to them. An important -*,

element of user convenience is that screen displays can be obtained simply by
positioning a horizontal cross-hair over the hierarchical name of the item to
be displayed and hitting the " SPACE" key followed by the " RETURN" key. This
cross-hair approach allows one to proceed further from the top of the
hierarchy to retrieve greater detail about the nuclear reactor power plant.
It also allows one to return to the top levels of the hierarchy as desired.
For example, by placing the cross-hair through the nama element "RXC00L"
illustrated in Figure 4, one obtains a display of the data structure for the
reactor cooling system (Figure 5). The reactor cooling system index indicates
that the following types of data are available:

,1

INFO Sumary data

SVITCH System process flow diagram

OPER-TH Operating plant parameters (temperature, pressure, etc.)

components Detailed technical data about individual components

MODEL Capability to interactively generate an analysis model

Greater detail can be obtained by using the cross-hair to select a specific
component. Figure 6 illustrates the hierarchic index that results when detail
is required regarding the reactor vessel (selection of VESSEL by the
cross-hair). Selection of the D. ZION-1.RXC00L. VESSEL hierarchic index i

displays sublevel selections which will result in the display of technical I
infonnation. The number of levels varies from index branch to index branch, )depending upon the intrinsic complexity of the engineering system being
described. Note that sumary information, a process flow diagram, component
technical data, and modelling capability are available just as they were at
the preceeding index level. Because the same scheme is used throughout the
data structure, engineering users are expected to have little difficulty in
locating the information they desire.

i

l'
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DATA DISPLAY SGTEM

Data is maintained in the Data Bank according to the hierarchic index
previously described. This data may be operated upon by the data display
system to generate video screen displays. In some cases, the same data can be
operated upon by more than one display program. For example, a tabular
presentat' ion and a graphical representation of the same data are given by
Figures 7 and 8. It is important to understand that data, not displays of
data, are maintained in the data structure and that displays are generated
from these data. The following types of displays are currently, generated:

Data Tables Screen displays of data- (e.g., Figure 7)

Sketches Displays of qualitative data (e.g., Figure 8)

Plots Graphic interpretation of tabular data (linear,
logarithmic, contour, perspective - Figures 9,
10 and 11)

Piping Isometrics Scaled isometric drawings at user-selected
rotation angles (e.g., Figure 12)

Planar Geometry Slices through three-dimensional geometry (e.g.,
Figure 13)

MODEL INPUT PREPARATION SYSTEM

The display subsystem, in conjunction with the structured data base subsystem, -

provides the capability to generate analysis models in a very short time span
and with very little labor. This represents a major step in improving one's
ability to respond to an incident. Not only can models be created from

'

scratch with this system, but the model decisions are stored in such a manner
,

that an engineer other than the original modeller can modify the input in a
safe manner in a very short time. Graphic displays are used extensively for
this purpose. The two major modelling capabilities are:

e Vessel modelling suitable for TRAC or RELAP

e Piping fluid dynamics modelling for TRAC or RELAP

The data needed to generate models is maintained in the data structure, and
programs operate upon this data to generate the models. The engineer must
still exercise judgement regarding engineering model decisions. Figures 14
and 15 illustrate the type of screen displays currently used for the vessel
and piping models, respectively. Note that the piping model display provides
scaled lengths and elevations and is also useful for obtaining an
understanding of pipe systems.

;

Much of the TRAC capability'for generic modelling is in the final development.

phase. Current plans anticipate initial RELAP5 capability in the spring of
1983.

'
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DATA ENTRY SUBSYSTEM

i Four major categories of data have been entered into the Nuclear Plant Data
Bank, to date. These categories are:

Tabular Data Entered from " blank" forms

Sketches Entered via digitizing tablet

Geanetry Data Entered by a draftsman

Piping Data Entered by a draftsman

Experience has been obtained through the entry of data for the ZION-1 power
plant. TDC acknowledges the cooperation of Commonwealth Edison Company,
especially Dr. W. Naughten, in providing assistance in obtaining the desired
information.

ANALYSIS PROGRAMS

A number of analysis pro 5 rams were reviewed to insure that the Nuclear Plant
Data Bank contained sufficient infonnation to support their recuirements for
best-estimate calculations. These programs were:'

i TRAC RELAP RAMONA

RETRAN IRT COBRA

BEACON CONTEMPT

The development of the interface program to TRAC is nearing a major milestone,
and use is anticipated in the near future. A very complete and specific
interface to RELAPS is proposed as the next major activity, with first
applications planned for the spring of 1983.

The Nuclear Plant Data Bank design is open-ended and can readily be extended
to accommodate the data required for other analysis programs. The focus of
the current development has been for thermohydraulics in order to provide a
limited scope of high priority.

FUTURE PLANS>

'

Planning for the next fiscal year is focused on an operational RELAPS
interface, along with the entry of plant-specific data currently available to
the USNRC. This program is intended to supply the basic plant descriptions
needed to support the plant analyzer project.

i
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CALCULATIONS OF PRESSURIZED THERMAL

SHOCK TRANSIENTS IN B&W PLANTS

| B. Bassett
N. S. DeMuth
J. L. Elliott

Los Alamos National Laboratory
Los Alamos, New Mexico

t

Analysis to help determine the risk of pressurized thermal shock (PTS) to
the reactor vessel is in progress for the Oconee-1 iAW power plant, using the,

j Transient Reactor Ar alysis Code (TRAC)l . - Extensive effort has been put into'

developing a TRAC model, and production runs are now beginning.

The concern over PTS arises because the material properties of the vessel-

2wall change after several years of irradiation . The vessel wall becomes
! embrittled and its nil-ductility temperature (NDT) increases. If during an
! accident, cold liquid from the high pressure injection system cools the vessel

wall below the NDT and the system subsequently repressurizes, the possibility
exists that defects could be initiated or propagated in the vessel wall.

Because the risk of initiating or propagating flaws, in the vessel wall
depends on the coupling of the thermal stresses produced by overcooling with the
inechanical stresses from repressurization, detailed thermal-hydraulic
calculations are required. Modeling both the primary and secondary systems of
the the Oconee-1 plant is necessary to properly analyze the PTS issue. The
steam generator seconda ry-side inlet conditions directly affect primary
temperature, pressure, and the emergency core coolant injection. Secondary-side
inlet conditions are highly dependent on pump operation and the termination of
the extracted steam supply to the feedwater heaters.

The primary-side model of the Oconee-1 plant includes a three-dimensional
representation of the reactor pressure vessel. The six azimuthal segments allow

i a vessel connection for each of the hot legs and cold legs. The vessel model
has eight axial levels, with one for the lower plenum, four for the core, two to

| represent the upper plenum, and one to model the upper head. The vessel is
divided at the inner downcomer wall into two radial rings.

' The B&W plant and the TRAC model have two loops, with one hot leg, one
steam generator and two cold legs per loop. A detailed model of the steam
generators includes the aspirated feedwater flow, steam exit annulus, and an,

elevated port for injection of emergency feedwater. The emergency core cooling
flow is dependent on primary pressure with slightly different flowrates for each
loop as in the actual plant. Accumulator flow is regulated by a static check

,

valve.'

i
I
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On the secondary side, the main steam lines froc each steam generator to
the turbine stop valves are modeled. The turbine bypass lines lead to the
condenser, which.is input as a pipe with a constant temperature heat sink. The

,condensate collects in the hotwell. |

The hotwell and condensate-booster pumps deliver the condensate to the
! feedwater heaters. These heaters are modeled as one-cell pipes with three

heat-conduction nodes in the pipe wall. The first node is to model the metal
walls of the heat exchange tubes, and the outer two nodes model the volume of
saturated water on the shell side of the heaters. A volumetric heat source is
included in the third node to account for the extracted steam supply until the
turbine is tripped. The liquid entering the main feedwater flow from the shell,

side of the heater is taken into account in the model.

A model of the B&W Integrated Control System (ICS) used at the Oconee-1
plant is included in the TRAC model. The ICS monitors the primary flows and
temperatures to determine the feedwater demand. The ICS regulates the main and
startup flow control valves, the main feedwater pumps, and the turbine bypass
valves.

Several overcooling transients have been identified, and additional
transients will be specified after initial results are evaluated. The initial
transients include a main steam line break with a delay in isolating the
af fected steam generator, a small-break LOCA (full-open f ailure of pressurizer
relief valve) with failure of the ICS to throttle main feedwater flow, and a

2
turbine trip transient with steam generator overfeed.

REFERENCES
,

1. Safety Code Development Group, " TRAC-PF1: An Advanced Best-estimate Computer
Program for Pressurized Water Reactor Analysis," Los Alamos National
Laboratory draft report. |

2. R. C. Kryter, et al, " Evaluation of Pressurized Thermal Shock,"
NUREG/CR-2083, ORNL TM-8072, Oak Ridge National Laboratory (October 1981). ;

i
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REACTOR SAFETY ANALYSIS GROUP
ENERGY DIVISION

LOS ALAWOS NATIONAL LABORATORY

CALCULATIONS OF PRESSURlZED THERMAL
SHOCK TRANSIENTS IN B & W PLANTS

TENTH WATER REACTOR SAFETY
RESEARCH INFORMATION MEETING

NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C.

OCTOBER 14, 1982

OVERCOOLING TRANSIENTS AS PRECURSORS TO
PRESSURIZED THERWAL SHOCK

SEVERE OVERC00 LING -

WAIN STEAM LINE BREAK|

TURBINE BYPASS VALVE FAILURE

TURBINE TRIP WITH RUNAWAY FEEDWATER

SWALL-BREAK LOCA IN HOT LEG

REPRESSURIZATION -

HIGH PRESSURE INJECTION

LSE BLEROS
y
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THERMAL-HYDRAULIC ASPECTS OF
PRESSURIZED THERMAL SHOCK

VESSEL TERMAL RESPONSE -

PRlWARY AND SECONDARY EERGY LOSSES
FORCED OR NATURAL CONVECTION (LOOP) FLOWS
INJECTION OF EMERGENCY CORE COOLING WATER

|
VENT MLVE BEHAVIOR
HEAT TRANSFER FROW DOWNCOWER WALLS
THERWAL WlXING IN COLD LEGS AND DOWNCOWER

PRlWARY REPRESSURIZATION -

CO@CNSATION IN PRESSURIZER HOT-LEG CAWY
CANES. A2 VESSEL HEAD

HIGH PRESSURE INJECTION FLOW CAPACITY

LES BLBBBS

NUMERICAL SIMULATIONS WITH TRAC ACCOUNT
FOR IMPORTANT THERMAL-HYDRAULIC CHARACTERISTICS

TRAC-PF1 CODE
|

TWO-FLUID WITH NON EQUILIBRIUW CONSTITUTIVE
RELATIONS

TMEE-DlWENSIONAL VESSEL WODEL
WALL HEAI TRANSFER
IMPROVED BREAK FLOW WODEL
CONTROL SYSTEW ,

llFROVED CONDENSATION WODELS |

PLANT WODEL ,

3-0 VESSEL WITH INTERNAL VENT VALVES AND SPLIT'

COLD LEGS ;

STEAW GENERATOR WITH ASPIRATED FEEDWATER FLOW |

COMPLETE SECONDARY LOOP l

MODEL OF INTEGRATED CONTROL SYSTEW
'

LS5 BLABBS
42
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INTEGRATED CONTROL SYSTEM |
,

:

!
,

j IN THE ICS, TE REACTOR, STEAW GENERATORS.

| AND TURBINE-GENERATOR ARE COUPLED
i

USING FEED FORWARD CONTROL SIGNALS TO

ACHIEVE FAST LOAD CHANGE CAPABILITY WHILE
'

MAINTAINING TIGHT CONTROL OVER STEAM PRESSURE

AND OTER IMPORTANT NSSS PARAMETERS.

LOS BLB505

OCONEE-1 MODEL

RESPONDS TO EARLY CRITICISWS Of PL ANT
AND TRANSIENT WODELING

INCORPORATES WODELS FOR :

(1) THREE-DlWENSIONAL YESSEL WITH INTERNAL VENT VALVES

(2) ASPIRATED-FLOW STEAW GENERATOR

(3) COMPLETE SECONDARY LOOP

(4) INTEGRATED CONTROL SYSTEW
6

| USES FAST-RUNNING. TWO-FLUID TRAC-PF1 WITH
IWROVED CONDENSATION AND BREAK FLOW WODELS

LS5 BLEROS y
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EGG-M-24482

RELAP5 CALCULATIONS FOR A BABCOCK AND WILCOX

PLANT OF PRESSURIZED THERMAL SHOCK TRANSIENTSa i
1

A. C. Peterson

!

EG&G Idaho, Inc.

The possibility of reactor vessel f ailure due to a severe pressurized
overcooling event has been identified as an unresolved safety issue (USI)
by the Nuclear Regulatory Commission (NRC). This USI has been identified

by the NRC as Task A-49 " Pressurized Thermal Shock." In support of the

resolution of the pressurized thermal shock USI, calculations of the
thermal-hydraulic conditions during selected overcooling *:ransients for the
Oconee 1 pressurized water reactor (PWR) were perfc'nned using the RELAPS

computer code. The Oconee 1 PWR is a Eabcock and Wilcox designed nuclear
~

steam supply system.

The RELAPS model of the Oconee PWR consisted of detailed modeling of

the primary system, the secondary system including the feed train from the
condenser hot well to the steam generator inlet, and the integrated control
system (ICSi The total thermal-hydraulic model of the primary and secon-
dary sys'. .. contained 220 volumes and 208 heat structures. The unit load
demand, integrated master, feedwater control, and reactor control components
of the ICS were modeled by 220 cuntrol variables.

The M0Dl.5 version of the RELAP5 computer code was used for the calcu-

lations. The RELAP5/MODl.5 computer code is an interim version of the -

RELAPS/M002 computer code and was developed for use by the NRC and NRC
[

contractors. |
|
1

a. Work supported by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research under 00E Contract No. DE-AC07-76ID01570. i

1
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The detailed scenarios that were calculated were developed by the Oak
Ridge National Laboratory (ORNL) as part of their responsibility in the
pressurized thermal shock integration study. The transients that were cal-
culated were a main steam line break, a steam generator overfeed, and a
small hot leg loss-of-coolant accident (LOCA). Four additional transients
will be calculated when they are identified by ORNL.

Main Steam Line Break

The n'ain steam line break was initiated from normal 100% power operat-
i 19 conditions by a 34 in. main steam line break coincident with a reactor
trip. The ICS and plant protection systems on the hot well, the condensate
booster, main feedwater, and emergency feedwater pumps (EFW) functioned as

designed. The operator actions during the transient were to trip'the reac-
tor coolant pumps 30 s af ter high pressure injection initiation (HPI), iso-1

late the feedwater to the affected steam generator 10 min after the main
steam line break, and restart one reactor coolant pump in each loop 10 min
after attaining 50*F subcooling in the hot legs.

The calculations showed that following the main steam line break, the
primary system depressurized due to the increased density of the primary

|
system. This increase results from the reactor trip and increased cooling
of the primary by the affected steam generator. HPI was initiated at 23's
and the reactor coolant pumps were tripped at 53 s. The pressurizer was
water solid at 836 s'and the power operated relief valve (PORV) began to
cycle to relieve pressure. One reactor coolant pump was restarted in each
loop at 963 s. The lowest fluid temperature in the downcomer was-405 F and

occurred at 963 s when one reactor coolant pump in each loop was restarted.
The fluid temperature immediately increased to 453*F following the initial
drop when the pump was started. The calculation was stopped at 1434 s with
the downcomer fluid temperatures increasing and the primary system pressure
near the PORV setpoint of 2465 psia.
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Steam Overfeed ;

The steam generator overfeed transient was initiated from normal 100%
power operating conditions by a reactor and turbine trip. The turbine stop ,

i

valves closed and the turbine bypass valves opened. In this scenario, the

ICS f ailed to run back the main feedwater flow, therefore, full main feed-
water flow was continued. The plant protection system on the hot well, the
condensate booster, the main feedwater, and the emergency feedwater pumps

functioned as designed. The steam generator high-level trip fails in this.
scenario.

The calculations showed that the main feedwater pumps tripped at 4 s

due to low suction pressure. At 18 s, the turbine and motor driven EFW sys-
tem was initiated due to low pressure at the main feedwater pump discharges.
After an initial decrease in the secondary level, the levels begin to
increase at 250 s due to flow from the EFW system. The steam generators

were full at 1270 s. The primary system pressure increases to the PORV set-

| point at 1740 s. The lowest fluid temperature in the downcomer was 450*F

! and occurred at 2800 s.

Small Hot Leg LOCA
|

The small hot leg LOCA was initiated from normal 100% power operating

conditions by a 1.0 in. break at the top of the p-essurizer. In this sce-
nario, the ICS fails to run back the main feedwater pumps.

;

The calculations showed that the reactor tripped at 108 s due to low
primary system pressure. The system voided with the minimum mass in the

| system at 372 s, however, the core was covered. The system refilled by HPI
,

coolant and the pressurizer was water solid at 680 s. The highest pressure

in the primary system was 1730 psia. The calculation was terminated at
1200 s with the system pressure stable at 1710 psia and the downcomer fluid

i

j temperature decreasing slowly. The downcomer fluid temperature 7200 s af ter

the initiation of the break was estimated to be 520 F and the lowest
temperature attained.
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In conclusion, for the scenarios selected and calculated with the

RELAPS computer code, the lowest downcomer fluid temperature was 405'F.

Preliminary analysis indicates that the transients calculated would not
cause severe thermal shock to the reactor vessel.

|

1
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INIRODUCTION

The COBRA / TRAC computer program has been developed to predict the thermal-hydraulic response
of nuclear reactor primary coolant systems to small and large break loss-of-coolant accidents and
other anticipated transients. It was derived from the merging of COBRA-TF and TRAC-P02 [1].

The COBRA-TF cornputer code provides a two fluid, three-field representatic,n of two-phase
flow. Continuous vapor, continuous liquid, cnd ertrained liquJd drops are the three fields. The
conservation equations for each of the fields and for beat transfer f rom and eithin the solid
-structures in contact with the fluid are solved using a semi-inolict finite-dif ference numerical
te,chnique on an Eulerian msh. COBRA-7F features extcemely (Iexi51e noding for both the
hydrodynomic mosh aad the heat transfer solution. lhis flealbility provides the capability to
model the wide variety of geometries encountered in vertical components of nuclear reactor
primary systems.

TRAC-PR is a systems code designed to model the behavist of tha er. tire reactor primary
system. It_ features special models for each component in the systeni. These include.
accumuistors, ptznps, valves, pipes, pressurizers, steam generators and the reactor vessel. With
the exception of the reactor vessel, the thermal-hydraulic response of these components to
transients is treated with a five-equation drif t flux representation of two-phase flow. The
vessel component of TRAC-PT is somewhat restricted in the geometries that can be modelud and
cannot treat the entrainmnt of liquid drops from the continuous liquid phase

directly.

The TRAC-Pm vessel module has been removed and COBRA-TF has been implemented as the new
vessel component. The resulting code is COBRA / TRAC. The vessel component in COBRA / TRAC has the
extended capabilities provided by the three-field representation of two-phase flow and the
flexible noding. The code has been assessed against a variety of two-phase flow data from
experiments that were conducted to sinulate important phenomena anticipated during postulated
accidents and transients.

Concurrent with the COBRA / TRAC program are two other code development programs that use
COBRA-TV as a foundatior.. A hot bundle code is being developed for detailed analysis of the
core. It includes 1) rod deformation feedback via an active link with appropriate models in

FRAP-T6 [2], 2) thermal radiation and 3) a non-condensible gas field. In addition, a
best-estimate containment analysis capability is being developed. This code, known as
" COBRA-NC," includes 1) the droplet field from COBRA-TF, 2) multiple non-condensible gis fields
and 3) flexible nodalization. Because the results of these programs have been presented recently
at other meetings (3,4], they will not be discussed in this report.

ASSCSSMENT

The COBRA / TRAC code has been compared with experin. ental data for the following phenomena

# counter-current flow limiting

- tube

- orifice

- downcomer ,

e transient downcomer behavior
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i e condensation
@ subcooled boiling
e nucleate boiling

- axial void profile

- two-phase pressure drop
4 natural circulation

i 9 upper head drain behavior

{ e reflood
!- - bottom reflood

- system effect gravity reflood
- top reflood '

* Citf film dryout
*

* phase separation
' 3 uncovery/racovery

Examples of data comparisons that assess most of these phenomena are shown in Figures 1
through 11 of the presentation. They are representative data comparisons and are intended to
give an indication of the breadth of the assessment. Also. listed in each figure are the physical
models in COBRA-TF that the particular test verified. In general, comparisons with all of the
data are very good.

,

LARGE BREAK LOCA CALCULATIONS

- COBRA / TRAC has been applied to a 2 00% cold leg break LOCA . a pressurized water reactor
(PWR) equipped with upper head injection (UHI). Three versions of the accident were simulated.
The first, referred to as the " October 1981" calculation [5] was a preltminary calculation
performed before the initial assessment of COBRA / TRAC was completed.

Weaknesses in that calculation led to modifications which were incorporated into a finali

best-estimate calculation. Then, a third simulation was performed with new power levels in the
These power levels were chosen according to evaluation model criterion used for licensingcore.

analysis.

! OCTOBER 1981 CALCULATIDN

i

l The peak clad Lonperature for _the October 1981 calculation was 1675 F as shown in
i Figure 12. The core remained dry until bottoa reflood. Because this calculation was preliminary,

no further discussion will be given here, except to consider the subsequent modifications to the
code.

,
.

Primarily, there were two problems with the calculation. The initial stored energy of the
rods was too high for a best-estimate calculation and the UHI heat transfer (during top reflood)

,

was too low.

Low values of gap conductance caused the stored energy in the rods to be over-predicted.
Comparisons were made using FRAPCON-2 [6), a best-estimate, steady state fuel pin code. .They
thowed that COBRA / TRAC was substantially over-predicting the fuel surface temperatures as shown |

In Figure 13. Modifications were made. Dynamic gap condtetance was used and a fuel relocation
godel was added. Diese changes greatly igaroved the comparison with the FRAPC0hk2 calculation
(see Figure 13).

;

: 5.
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In addition, the October 1981 calculation under-predicted the falling film heat transfer
rates. This was determined from the Westinghouse G-2 tests (because G-2 data is proprietary, it
is not shown in the figures). Two modifications were made to the code. First, the falling film
heat flux was modified by an exponential decay as a function of distance from the quench front
[7]. Figure 14 shows a plot of the CHF heat flux modifier. The dashed line is used in the BE and
EM-power calculations. This change increased the heat transfer ahead of the quench front. The
second modification was to raise the upper limit on the minimum film boiling temperature from
1100 F to 1200 F. It applies at pressures greatec than about 150 psia as shown by the curve in
Figure 15. This change was developed from tne G-2 data and later serified by GE data [8] and LOFT
L2-3 data [9].

FigJre 17 shows the comparison of the October 1991 calculstion (dasned line) nith the G-2
data, and the improvement when the above modifications were incorporated.

Other modificatiors to the October 1981 calculation included:

1) Use of ANS 5.1 (1979) decay hest curve instead of ANS + 2C4.
2) Use of best-estimate peaking factors which were icwer than values in the October 1981

calculutiun.

3) Use of a pump model based on recent Westinghouse pump data.
4) Replacing TRAC-P1A with TRAC-P02 for the loop components.
5) Addition of the Cathcart [10] metal-water reaction heat source.
6) Minor noding irrprovements in the lower and upper plenums.

BEST-ESTIMATE AND EM-POWER CALCULATIONS

The evaluation model (EH) power calculation used the same input and code version as the
best-estimate (BE) simulation. Only the power levels were different. The EM-power calculation
used 1) 102% total power, 2) 120% of ANS 5.1 decay heat (11), 3) a 17% higher total peaking
factor, and 4) the Daker-Just metal water reaction heat source [12). This gave the EM-power
calculation a 43% larger peak heat flux during bottom reflood.

There is a dranatic dif ference in the temperature response of the two calculations. The
best-estimate calculation exhibited an early quench of the entire core at 14 s when water from
the upper head was forced into the core. Whereas, the hattest bundles in the EM calculation
remained above the minimum film boiling temperature (1200 F at high pressure) during UHI delivery
and did not quench until bottom refloud. The peak clad surface temperatures for the hot rods are
plotted in Figure 20. Curve 1 shows the best-estimate temperature and curve 2 shows the EM-power
temperature. Although the center region of the EM-powered core remained dry, the rest of the
core quenched during UHI water delivery ao plotted on curve 3 in Figure 21. This curve shows the
peak clad temperature in an outside channel (one of eight outside channels). Curve 1 of the
figure shows the peak clad temperature of the hot rod in the center channel of the core.

The hydrodynamic behavior in the EM-power calculation was similar to the BE calculation.
Figure 22 is a plot of the collapsed liquid level for both calculations. It shows liquid being
delivered to the core on four occasions. The best-estimate calculation (curve 1) allowed slightly
more liquid in the core and allowed it to enter the core at earlier times than the ESpower
calculation. The difference occurred because the lower power levels and, hence, lower vapor
generation rates allowed less counter-current fic limiting in the BE calculation.

,

L
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The liquid came from two sources during the first core delivery. Beginning at 3 s flashing
in the lower plentrn forced liquid into the core and caused the liquid inventory to peak at 5 s.
Then around 6 s additional liquid was provided as flashing in the upper head forced liquid down
the support coltans and into the core.

During this time, the upper head was filling with cold water from the UHI acetsnulator
(since 2.4 s). Eventually, the cold water mixed with the hot water in the upper head
ir.terrupting the flashing and leading to condensation of steam (at 14 s). The condensation
lowered the upper head pressure and caused the flow in the support columns to reverse. By 17 s
the upper head had refilled with water.

Becauss the ficw in the support columns w6s upward, liquid deliver y to the core was
interrupted allowing the cars to dry at.t by 18 s. This pcevented further cooling of the hot spot
in the E% power calculation. The hot spot may have quenched early with the rest cf the core if
the condensation pariod had been delayed.

Dr.ce tha apper head was nefilled, continued accumuldor injection forced ligeid down the
su9 port columns and into the core once again. Inis second forced UHI wnter oelivery ended when
the acetsnulator reached the low level satpoint ano was shut off at. 2 3.2 s (BE cale.).

Without forced injection, the pressure in the upper head fell below the upper plentin
pressure because of condensation. This diminished the support column downflow until the gravity
head was enough to overcome the decreasing pressure drop. This marked the beginning of upper
head drain which provided liquid to the core for the third time.

During upper head drain, large vapor generation rates in the core led to large downward
vapor velocities which prevented bottom reflood. However, once the upper head emptied, the core
began to dry out. This lowered the vapor generation rate and allowed the liquid accumulated in
the downcomer to collapse into the lower plenum and core inlet. Bottom reflood began at 73 s in
the BE calculation and 75 s in the EM-power calculation.

The peak clad temperatures were 1150 F at 8 s for the BE calculation and 1513 F at 96.1 s
for the EM-power calculation. The entire care quenched at 14 s in the BE calculation. All but
the center had quenched by then in the EM-power calculation and the center quenched at 166 s.

l

CONCLUSION
;

The occurence of an early quench is quite censitve to the value of the minimum film boiling
temperature. In this calculation a best-estimate value of 1200 F was used based on the G-2 data
and confirmed by data from CE and LOFT. Ibwever, the amount of quenching data at these pressures
and with initial wall temperatures greater than 1200 F is limited. Further study may be
warranted.

Early quench is also sensitive to upper head condensation. Earlier condensation may not
allow the UHI water enotyh time to quench the core. Later condensation may provide additional
time for the high pressure top quench. Therefore, system parameters that effect the time upper
head condensation occurs may have a strorg influence on the core cooling behavior.

| |

; The purpose of these simulations was to determine the effectiveness of the UHI emergency
core cooling system in maintaining the temperature of the fuel cladding within acceptably safe j

j
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limits during the 200% cold leg break. Results of these simulations indicate that the LMI system
will be very effective in the event of such an accident.
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Results of Independent Assessn.ent

F. Odar
Division of Accident Evaluation

Office of Nuclear Regulatory Resea.ch, NRC

1.0 Introduction

The independent assessment of NRC sponsored advanced best-estimate codes
is being undertaken in four national laboratories. They are Los Alamos
National Laboratory (LANL), Idaho National Engineering Laboratory (INEL),

'1

Brookhaven National Laboratory (BNL), and Sandia National Lab (tatory (SNL).
The assessment is performed in three ways. The first is a quaatitative
assessment where the uncertainties in calculating selected key parameters
are determined. The second is an assessment through separate effects and
basic tests where the capabilities of the code to medict basic two phase
flow phenomena are addressed. The third is a qualitative assessment where
overall predictive capability of the code is assessed.

1.1 Overall Status

a. TRAC-PD2 Assessment

TRAC-PD2 is a large break LOCA code for PWR's. It has the capability to
analyze multi-dimensional thermal hydraulics. Its independent assessment
is completed and reported in Reference 1. The assessment work indicates
that the TRAC-PD2 code can predict peak clad temperatures in a large
break LOCA within accuracy limits of + 80K (2 standard deviations). User
guidelines will be provided in FY 83.-

b. TRAC-PF1 Assessment

TRAC-PFl is basically a small break LOCA code for PWR's although it may
also perform large break LOCA analysis. It has the capability to analyze
multi-dimensional thermal hydraulics. Its independent assessment is in
progress. The status will be reported here.

,

c. RELAP5/M001 Assessment

RELAP5/M001 is basically a small break LOCA code for PWR's. It has the
capability to analyze one-dimensional thermal hydraulics. Its independent
assessment is in progress. The status will be reported here.

d. TRAC-BD1 Assessment

TRAC-BD1 is a large and snall break LOCA code for BWR's. It has the
capability to analyze multi-dimensional thermal hydraulics. Its independent
assessment is in progress. The status will be reported here.
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2.0 Key Parameters for Small Break LOCA

In assessing the safety of nuclear reactors, the concept of multiple-
barriers is used. In this concept the first barrier for the fission
product release is the cladding of the fuel. The second barrier is the
primary system walls, i.e., reactor vessel, loop piping, valves and
steam generator tubes, which keeps fission products inside the primary
system if the cladding fails. The third barrier is the containment
which will keep fission products inside the containment if the other two
barriers fail. In a Loss of Coolant Accident (LOCA) scenario it is
assumed that the second barrier has failed. Hence, we will concentrate
on the first carrier and select key parameters accordingly. The key
parameters selected for analysis of small break LOCA are listed in
Table 2.1.

Tha first key parameter is the peak clad temperature which is also the
key parameter used in licensing. It address-s the temperature of the
first barrier. The next two parameters help the understanding of physical
phenomena which are important in calculating peak clad temperatures.
The next four parameters provide information on core inventory. If the
core is uncovered, the temperature of the rods will increase. These
four parameters measure important quantities which affect the peak clad
temperature. The other parameters involve inventory distribution in
the loop and primary-to-secondary (or reverse) heat transfer processes
in the steam generator. They also indicate how well the primary pressure
variation is predicted. All of these parameters affect the most important
key parameter, the peak clad temperature.

3.0 Status of TRAC-PF1 Independent Assessment

TRAC-PF1 is being independently assessed at LANL, INEL and BNL. In
general, LANL and INEL assess the code using integral system tests while
BNL performs assessment using separate effects and basic tests.

3.1 TRAC-PF1 Quantitative Assessment

This assessment is primarily being performed by LANL. There is also a
small effort at INEL. Tables 3.1, 3.2, 3.3, and 3.4 summarize the results
of this assessment performed by LANL so far. This assessment will continue
in FY 83. As can be judged from these results, the experimental data
predictions are reasonably accurate. Uncertainty in predictions of peak
clad temperature (the most important key parameter) seems to be comparable
to that in TRAC-PD2.
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3.2 TRAC-PF1 Assessment Through Separate Effects and Basic Tests

This assessment is performed to understand the basic capability of the
code to predict physical phenomena occurring during a small break LOCA
and to explain the reasons for some of the differences in key parameters
calculated in quantitative assessment. It has been performed by BNL and
presented in Reference 2 which is published in these proceedings. The_
following phenomena occurring in a small break LOCA and associated tests
are considered in this assessment.

1. Critical Flow: Marviken Tests, Moby Dick Air-Water Tests,
BNL Flashing Tests.

Primary Conclusion: TRAC-PF1 underpredicts critical flow during
subcooled blowdown. The code predicts
saturated blowdown accurately. The capability
of the code to predict critical flow is almost
the same as TRAC-PD2, Reference 1.

,

2. CCFL - Entrainment: University of Houston, Dartmouth Single Tube.

Primary Conclusion: The code predicts excessive entrainment similar
to TRAC-PD2, Reference 1.

3. Level Swell: GE Large Break Vessel Blowdown Tests.

Primary Conclusion: The code accurately predicts the pressure transient.
In the beginning, the level is overpredicted because
TRAC-PF1 does not have a delayed nucleation model.
After a short time the experimental and calculated
levels agree well with each other. Later in the
transient, the level is again overpredicted.
Calculations show more vapor fraction in the two-
phase region than measured.

4. Steam Generator
Heat Transfer: Flecht-Seaset and B&W IEOSG and 0TSG Tests.

,

Primary Conclusions: In Flecht-Seaset tests where the primary side'

contains two-phase flow and the heat transfer is
from the secondary to the primary, the heat
transfer is overpredicted as the two-phase
mixture advances inside of the primary tube
initially filled with steam. The code predicts,

lower steam temperature in film boiling regime.
, Excessive interfacial heat transfer between the'

phases evaporates most of the liquid.
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The code predicted all thennal hydraulic
parameters in 15-20% load following tests
performed by B&W using the Integral Economizer
Once Through Steam Generator Component.
However, in tests performed using the Once
Through Steam Generator Component with aspirator
flow, the code predicted too little condensation
at the bottom of the downcomer. A sensitivity
study using a high condensation rate produced
reasonable agreement with data.

More details on this assessment work can be found in Reference 2,

4.0 Status of RELAP5/M001 Independent Assessment

RELAP5/M001 is being independently assessed at SNL and BNL. SNL performs
the assessment using integral system tests, while BNL performs the
assessment using separate effects and basic tests. The assessment will
continue in FY 83 in these laboratories. Some contribution will also be
made by INEL in FY 83 by evaluating analyses previously performed by
experimental programs at INEL.

4.1 RELAPS/M001 Quantitative Assessment

Quantitative assessment of RELAP5/ MODI is still in progress. It is
being performed at SNL. It will be completed in FY 83. Table 4.1
presents a sample of comparisons for peak clad temperatures. This
limited comparison promises accurate predictive capability.

4.2 RELAP5/M001 Assessment Through Separate Effects and Basic Tests

As in the case of TRAC-PF1, this assessment has been performed by BNL
and presented in Reference 2 which is published in these proceedings.
The same phenomena examined in the TRAC-PFl assessment are also examined
in the RELAP5/ MOD 1 assessment.

1. Critical Flow: Marviken 24 Test, Moby Dick Air-Water Tests.

Primary Conclusion: Critical flow rate predictions depend on
nodalization of the break. If zero volume
nozzle (Marviken) is used, break flow pre-
diction including subcooled blowdown region
is accurate. However, pressure is under-
predicted. This assessment will continue in
FY 83 to include more tests.1
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2. CCFL-Entrainment: University of Houston', Dartmouth Single Tube.

Primary Conclusion: Predictions of CCFL and entrainment are
inadequate, the flow regime map at high void
fractions does not contain liquid film on the
walls. It contains only droplets. T ht.
interfacial shear carries practically all
droplets away.

3. Level Swell: GE Large Break Vessel Blowdown.

Primary Conclusion: Quality of predictions is poor. Level swell
and pressure are underpredicted. Code
predicts irregular void fraction profiles
within the two-phase region. This type of
prediction may cause numerical oscillations
in some transients.

4. Steam Generator
Heat Transfer: Flecht-Seaset and B&W IEOSG and 0TSG Tests.

Primary Conclusions: In Flecht-Seaset where the primary side
contains two-phase flow and the heat transfer
is from the secondary to the primary, the
heat transfer is overpredicted as the two-
phase mixture advances inside the primry tube
initially filled with steam. The code predicts
saturated conditions in the prim ry until all
liquid is evaporated. This does not allow the
presence of superheated steam with liquid and
leads to a large temperature differential
between the secondary and primary. The code
predicts oscillatory behavior in secondary
side steam temperatures. Time steps must be
reduced to eliminate the oscillations.

In both B&W IEOSG and 0TSG tests oscillatory
behaviors were calculated. Time steps must
be reduced to eliminate oscillations.

More details on this assessment work can be found in Reference 2.
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4.3 Preliminary Conclusions from Integral Tests

Assessment of the RELAP5/M001 code through integral system tests is
being perfonned by SNL. This assessment will continue in FY 83. Hence,
the conclusions reached so far are preliminary. Following is the list
of the conclusions and their discussions.

1. Peak Clad Temperatures are accurately predicted.

This conclusion has been reached only from LOGI tests. There
is a need to expand the data basis. LOFT and Semiscale tests
will be considered for comparison in FY 83.

2. Natural circulation is qualitatively predicted well (about 40%
error).

This conclusion has been reached from FKL and Semiscale natural
circulation tests, Figures 4.1 through 4.5. Comparison between
calculated and measured values indicates that the code predicts
natural circulation reasonably well. At certain inventories the
code predicts also oscillations. The amplitudes of these
oscillations calculated at different inventories are indicated
by vertical bars in Figures 4.1, 4.'2, 4.4. and 4.5. Figure 4.3
illustrates the details of oscillations at 80% inventory in
test SSNC-2 for 30KW. These oscillations are obtained after
making extensive time step reduction studies. They are
independent of the time step used. Examination of data shows
that the data also indicate oscillations in these tests atthese particular inventories. However, the resolution of the
data in tt.e tape is poor and does not allow comparison of
frequencies and amplitudes. It should be noted that the fact
that the code calculates oscillations at certain inventories
as data indicate, is encouraging.

3. It is difficult to obtain nominal steady-state conditions for
primary and secondary matching simultaneously.

This problem was encountered in all integral system tests such
as LOFT, Semiscale MOD 3 and L0BI. The assessment program will
provide some user guidelines.

4. Hot leg superheat not predicted.

This is observed in LOBI and Semiscale MOD 3 calculations.
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5. Calculated time steps are large. This causes excessive
oscillations.
Excessive oscillations are observed in L0BI, PKL and Semiscale
Natural Circulation tests. These oscillations occur, in
general, in the secondary side, particularly in steam temper-
atures. The user needs to choose a smaller time step. This
increases running time drastically. Similar problems are also
observed at BNL in separate effects tests. The code needs
better numerics eliminating these oscillations.

6. There are mass and energy conservation errors in stagnant
nodes.

This is observed in calculations of LOFT L6-7/L9-2 and L9-1
tests. Another mass conservation error is also observed in
PKL calculations. Figures 4.6 illustrates the nodalization
used by SNL for L6-7/L9-2. Figure 4.7 illustrates the
temperatures in the volumes of the stagnant loop. In these
tests the broken loop was flanged off and this provided
stagnant volumes. Notice that the temperature of Volune 407
increases due to the enemy conservation error. This error
disappears when the loop containing stagnant volumes is removed.
Similarly in calculations of L9-1 a mass conservation error is
observed. Figure 4.8 illustrates the variation of the total
Jrimary inventory with time. This is a loss of feedwater
transient and until the pressurizer relief valve opens the
inventory in the primary system should have remained constant.
However, with the stagnant loop connected to the system, there
is a mass conservation error. When the stagnant loop is
removed the error disappears and the inventory changes as the
PORV opens.

These mass and enemy conservation errors originate from
the oscillatory behavior calculated in the primary system
several volumes away. In these particular instances the
oscillatory behavior was traced to modeling of leakage
paths. If leakage paths are modeled using real geometrical
areas (specifically if the leakage area used is 1% or less
than the adjacent volume areas), the code calculates
oscillatory behavior. If the leakage paths are modeled by
sacrificing modeling of the geometry (specifically if the
leakage path is modelled artificially using a large K factor
between two volumes having areas of the same order of
magnitude), the oscillatory behavior disappears and the code
does not produce mass and energy errors.

!
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This is certainly an important user guideline and should be
applied by the users. However, evaluation also shows that
these oscillations propogate throughout the system and cause
mass and energy conservation errors far away from the leakage
paths. The basic nunerics see only oscillations and does not
recognize how these oscillations originate. Fortunately no
mass or energy conservation was observed in Semiscale Natural
Circulation tests where some oscillations have been calculated.
However, it is an uneasy feeling for a user if he calculates
oscillations for a transient where natural circulation stops
and most of the volumes become stagnant. Although at this
juncture this problem does not appear to be very serious and
perhaps the user can identify the problem if it occurs and
make necessary changes in his input deck to circumvent it, it
is highly recommended that improvements in numerics should be
made to alleviate this problem. It is doubtful that very
comprehensive user guidelines identifying all possible future
problems can be provided.

5.0 Status of TRAC-BD1 Independent Assessnent

The version of the code released to the National Energy Software Center
(NESC) is version 8. However, the independent assessment was performed
on improved versions, Versions 11 and 12. These new versions contain the
Anderson & Ishii interfacial shear and entrainment models. In BWR's it
is very important to accurately calculate the vapor fraction profile
since the vapor fraction is one of the cbminant factors in calculations
of reactivity feedback in transients. The interfacial shear model is
an important contributor in calculation of vapor fractions.

TRAC-BD1 is the first best-estimate " state-of-the-art" code for BWR's.
It is the first time that the code was exercised by people who did not
develop it. Assessment started using Version 11. Many mistakes and
programming errors were found. These were connunicated to the code
developers and it was necessary to create another version of the code
(Version 12). Assessment continued and still continues on this version.
Basically, assessment indicates the need for improvement in major areas.

5.1 Key Parameters for LOCA Calculations

Table 5.1 prese nts the key parameters to be used in a BWR LOCA (large or
small break) aaalysis. The first key parameter is the important peak
clad temperature. As stated earlier, this parameter is involved with
the state of cladding which is the first barrier against the fission
product release. The other parameters involve describing phenomena
which are important to detennine the state of cladding.
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Particularly important are the parameters involving inventory distribution
such as time for jet pump uncovery, recirculation line uncovery, and ECC
activations which are based on various levels in the downcomer. Times
for PCT and initial rod dryout involve important phenomena determining
peak clad temperatures. Time for core quench is an important parameter
for the core recovery.

In addition to the parameters listed in Table 5.1, it is planned to add
the value of minimum downcomer DP or minimum lower plenum inventory as a
key parameter.

5.2 TRAC-BD1 Quantitative Assessment

This assessment is primarily being performed by INEL. Table 5.2
summarizes some of the results obtained so far. It is apparent that

the predictions are not accurate. One prediction is off by 316K. This
was obtained using Version 11. It is expected that a more accurate
prediction would be obtained if the calculation is repeated using
Version 12. However, observing the overall results of ROSA-III, Reference
3, it can still be concluded that the code needs improvement in calculation
of inventory distribution. Hence, the assessment will continue on TRAC-BDl/
M001 after major improvements in the code are made.

5.3 TRAC-BD1 Assessment Through Separate Effects and Basic Tests

This assessment has been performed by INEL and partly by BNL, Reference 2,
and Toshiba Corp., Reference 4. The following phenomena occurring in large
and small break LOCA's in BWR's and associated tests are considered in this
assessment:

1. Critical Flow: Marviken 15, 24.

Primary Conclusion: The critical flow model from RELAP5/ MOD 1 was
implemented wrong. The error has been corrected
in Version 13 (which is not assessed here) and
the results are similar to those obtained by
TRAC-PFl; i.e., the subcooled blowdown is under-
predicted and predictions for saturated blowdown
seem accurate.

2. CCFL - Entrainment: University of Houston, Dartmouth Single Tube,
180 Sector Test Apparatus (ESTA) Tests by
Toshiba Corp.

Primary Conclusions: The code calculated CCFL very well in the
University of Houston tests (see Reference 2).
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Since the University of Houston tests were
performed using air and water, it can be
concluded that the Anderson & Ishii inter-
facial shear package performed very well in
this region. This is a distinct improvement

over TRAC-PFl and RELAP5/ MODI codes. Toshiba
analysis of ESTA tests also shows that the
code (although Version 8 was used) predicts
CCFL reasonably well for saturated conditions,
(Reference 4).

3. CCFL - Breakdown: ESTA tests from Toshiba Corp.

Primary Conclusions: The code can predict subcooled CCFL breakdown
only qualitatively (see also Reference 4).
Predictions depend on interfacial heat
transfer, upper plenum nodalization and jet
momentum. Assessment and code improvement in
these areas will continue in FY 83.

4. Multi-D Calculations: ESTA tests from Toshiba Corp.

Primary Conclusions: As stated in Items 2 and 3 above, saturated
CCFL is predicted well in the multi-D upper
plenum. The code also predicts multi-D behavior
in subcooled conditions (CCFL breakdown in
peripheral bundles) qualitatively. More assess-
ment will be performed using 30 SSTF data to
assess this capability and to provide necessary
feedback to code developers for further improve-
ment.

5. Reflood Calculations: Gota 42.
I
! Primary Conclusion: Reflood calculations are not accurate.

Moving fine mesh quench front nodalization
(similar to the one in TRAC-PD2 or TRAC-PF1)

!

is needed.

6. Radiation Heat Transfer: Gota 11.

Primary Conclusion: When rod groupings of 5 based on the location
are used, the clad temperatures in the bundle
are calculated accurately. The average
difference between the calculated and experi-
mental values is about 10K while the standard
deviation is about 25K. User guidance for
selection of groupings will be provided.

|
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7. Inventory Distribution: TLTA-tests,.ISP 12.

Primary Comments: In general, code needs'to be improved to
calculate inventory distribution more-
accurately.- The inventory in the lower
plenum is consistently predicted lower than
the tests indicate. Inventories in the upper

plenum, core and downcomer are not accurately
predicted in a consistent manner. Possible
reasons for discrepancies are:

a. Experimental uncertainties are not well
understood.

b. Modeling improvements are needed in
calculating

i. Break flow rate
11. Level tracking (jet pump uncovering

at the inlet and exit)
iii. CCFL breakdown in subcooled region
iv. Interfacial heat transfer _and perhaps

to a lesser extent interfacial shear
package.

The assessment will continue using the improved version of the code
(TRAC-BDl/ MOD 1).

6.0 Code Execution Statistics

In this section, statistics on execution of TRAC-PF1, RELAP5/M001 and
TRAC-BD1 will be presented and compared. The goals of accurate pre-
dictions and fast calculations usually have opposite requirements.
Accurate predictions usually require an increase in the number of thermal

~

& hydraulic nodes (cells). On the other hand, performing fast calculations
requires as few nodes as possible. The same argument also applies to
the selection of the time steps (when the user has the option to select
the time step size) or to the selection of heat slabs and heat transfer
surfaces and number of nodes in conduction calculations. The accuracy
of calculations will also depend on the nodalization technique used by
the engineer to predict some specific phenomena. Hence, engineering
judgment plays an important role in accuracy and speed of calculations.
An important part of the assessment process is to provide user guidelines
for the use of codes. These guidelines will be provided by the completion
of the assessment.
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The statistics are derived from the noding models developed at BNL,
LANL, Shl, and INEL. They are applicable to the models as developed by
these laboratories. No optimization between accuracy and speed of
calculations has been made. In the future, part of the code assessment
and application work will be devoted to the optimization studies to
provide guidance to the users.

6.1 Separate Effects Tests

Tables 6.1 through 6.5 present the code execution statistics for TRAC-PF1,
RELAP5/ MOD 1 and TRAC-BD1 codes. Tables 6.1 and 6.2 present the statistics
for TRAC-PF1 and RELAPS/ MOD 1 for the same separate effects tests. These
analyses have been performed by Bhl using the same number of nodes.
This removes an important user effect. In order to have the same basis
for comparison, TRAC-PFl calculations were performed using the 1-D
option. The comparison shows that:

1. The running times of both codes, i.e. , CPU /RT, are comparable.
In some runs TRAC-PFl runs faster while in the others
RELAP5/M001 runs faster.

2. The ratio of CPU /(iiC X #DT), the basic grind time, which is
the CPU time that the code spends per each node per each time
step, is 2.5=3 times larger for TRAC-PFl. The basic grind
time depends on the efficiency of the code structure, programming,
iterations, data management, table look-up technique, etc.
Hence, its value for a code should remain almost the same

I or should change only slightly when similar transients or
phenomena are considered. Some changes would occur if
transients are drastically different using time consuming
calculational routines. However, within a certain class of
transients large variations should not occur from transient
to transient. This ratio is useful in estimating the required
CPU time for any problem given the nodalization and approximate
time step.

Judging from the values of this ratio, it appears that
RELAP5/ MODI is more efficiently structured than TRAC-PFl.
This is also consistent with findings in Reference 5.
TRAC-PF1 has superior numerics in two-step method permitting
it to take larger time steps than the RELAP5/ MOD 1 for each
test case. For the case where numbers of time steps are
almost comparable (FLECHT-SEASET 21806), RELAPS/ MOD 1 ran
faster than TRAC-PF1 by almost a factor of two. However,
the predictions were poorer. Note, that the time steps were
selected by the code logic rather than by the user in all
calculations.

I
1
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6.2 Integral System Tests

Tables 6.3 and 6.4 present the execution statistics for TRAC-PF1 and
RELAP5/M001 for integral tests. Analyses in Table 6.3 were performed
by LANL while those in Table 6.4 were performed by SNL. The tests are
different; however, Semiscale and LOBI are somewhat comparable in scale
and there are LOFT tests in both sets of analyses. The comparison shows
that:

1. TRAC-PF1 using 1-D option for Semiscale tests runs faster
than RELAP5/M001 does for LOBI tests. Numbers of nodes are
almost the same for both facilities. The basic grind times,
CPU /(#C X #DT), for both codes are consistent with those
calculated in Tables 6.1 and 6.2. However, in the case of
RELAP5/MODl, the user had to select a smaller time step than
the code logic dictated, in order to supress instabilities.
The selected time steps by the code logic would be smaller
than those selected by TRAC-PF1 due to two-step numerics in
TRAC-PF1. The selection of still smaller time steps made the
RELAP5/ MODI code a very slow running code. There is a definite
need to improve the numerics in RELAP5/ MOD 1 to eliminate
instabilities. Perhaps some of these instabilities c6n be
avoided by defining user guidelines. However, tise
guidelines may not cover all possible unstable situations.

2. The TRAC-PF1 code using the 3-D option for LOFT tests (with
approximately 30% of the nodes being vessel nodes where
3-D calculations are performed) calculates transients
about 4=5 times slower than the 1-D option would calculate
(comparing with Semiscale runs). The basic grind time is
also about 50% larger than that in the 1-D calculations.
This time does not vary too much for the three 3-D calcu-
lations in the table. Apparently, efficiency of the code
remains the same for both blowdown and reflood stages.
Although the basic grind time does not change much for the
reflood stage, more time steps are required to perform the
calculations. Approximately 4000 time steps were used for
20 seconds of reflood, while about 8000 time steps were
required to perform calculations for 300 seconds of transient
before the reflood. Hence, more CPU time is required to
perform reflood calculations. Using the basic grind time
and estimating the time steps required, the user can estimate
the length of CPU time for his reflood calculations for his
specific nodalization. !
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3. In the case of LOFT calculations, RELAP5/ MODI runs relatively
slow for L3-6 while it runs relatively fast for L9-1 in

I comparison to TRAC-PF1. Since the average ratio of CPU /RT
i for TRAC-PF1 for LOFT calculations which include 3-D cal-
i culations for 30% of the nodes, is about 20, the ratio of
i 28.4 for L3-6 for RELAP5/M001 is high. .A ratio lower than

20, perhaps on the order of 8=10, similar to that in L9-1,
; is expected. The calculations for L3-6 required a large
j number of time steps with RELAP5/MODl. In these calculations

the time step was chosen by the code logic and not by the
user. This result is surprising and the reasons for slow
calculations will be further investigated.

! Table 6.5 presents the code execution statistics for TRAC-BDl. These
i calculations were performed at INEL. It is quite obvious that TRAC-BD1

runs slower than TRAC-PF1 or RELAP5/MODl. The basic grind time (except --

for the last case) is slightly better than TRAC-PFl. This is probably
due to small time steps taken by TRAC-BD1 which probably demands less
iterations. The number of time steps required for each transient is;

'

large and this causes large CPU /RT ratios. Inclusion of two-step
numerics in this code should substantially improve the speed of cal-

i culations.

I The last case, BWR-3 calculations, runs extremely slow and requires
twice the grind time required by the BWR-6 calculations. The grind

! time is independent of nodalization and time steps. Hence, one would
expect similar grind times for both cases. One difference between

,

j these two cases is in the number of heat transfer surfaces. Since a
substantial amount of time is spent in heat transfer routines,- the
number of heat transfer surfaces would be a major contributor to the
grind time. Hence, the user should carefully evaluate the need for
each heat transfer surface. Another difference could be in the nodali-
zation scheme. At this time a detailed comparison between these two
cases has not yet been made. After making these comparisons and further
evaluations, user guidelines will be provided to reduce grind time and
to speed up calculations.

|

'

6.3 Conclusions
:

; 1. Based on separate effects tests performed by BNL, the running
! times of TRAC-PF1 and RELAP5/ MOD 1 are corpparable. In some runs

TRAC-PFl runs faster and in the others RELAP5 runs faster.

i
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2. It appears that RELAP5/ MODI has more efficient code structure, data
management and perhaps better table look-up-technique. 'However,
TRAC-PF1 has superior numerics in two-step method. This is apparently
why two codes run at comparable speeds.

3. Based on integral tests performed at LANL and Sandia, the 1-D
option of TRAC-PFl runs faster than RELAPS/MODl. This is due to
the two-step numerics in TRAC-PF1 which permits the code to use
large time steps. In the case of RELAP5/M001 the code logic
selects small time steps. Even smaller time steps were used by the
user to avoid oscillations.

4. If the 3-D option of TRAC-PFl is used (about 30% of the total
number of nodes selected to perform 3-D calculations), the code
will run about 5 times slower than the 1-0 option.

5. RELAPS/ MOD 1 needs improvement in numerics. It takes small time
steps and sometimes the user may make them even smaller in order
to eliminate r ' minimize oscillations. Mass and energy conservation
problems in stagnant volumes should be corrected.

6. TRAC-BD1 is a slow running code compared to TRAC-PFl. With
about the same ratio of 3-D nodes used in TRAC-PF1 calculations,
the code runs about 2.5-3 times slower than 3-D TRAC-PF1. Inclusion
of two-step numerics in TRAC-BD1 should speed up the calculations.

7. Use of excessive number of heat transfer surfaces in TRAC-BD1
drastically slows the calculations. The user should carefully
evaluate the need for each beat transfer surface.

!

!

|
|
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TABLE 2.1

KEY PARAMETERS FOR A SMALL BREAK LOCA

GLOBAL PEAK CLAD TEMPERATURE-

TIME FOR PEAK CLAD TEMPERATURE-

TIME FOR CHF-

- MIN CORE LEVEL

- TIME FOR MIN CORE LEVEL

LENGTH OF TIME 2-0 LEVEL STAYS BELOW TOP 0F CORE-

- TIME FOR INITIATION OF CORE UNC0VERING

- TIME FOR HPI INITIATION

TIME FOR ACCUMULATOR INJECTION-

STEAM GENERATOR PEAK PRESSURE-

TIME FOR STEAM GENERATOR PEAK PRESSURE
-

-

TIME FOR PRIMARY-SECONDARY PRESSURE EQUALIZATION

TIME FOR LOOP SEAL CLEARANCE-
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TABLE 3.1

TRAC-PF1

COMPARISON OF CALCULATED AND MEASURED

PEAK CLAD TEMPERATURES (K)

TEST ID CALC. MEAS._ CALC-MEAS DIFF.
,

S-UT-2 596 620 -24

(10% BR W. UHI)

S-UT-6 702 651 +51

(5% BR W/0 UHI)

S-UT-7 571 569 +2

(5% BR W UHI)

L5-1 699 715 -16

(INT. BR.)

L8-2 875 978 -103

(INT. BR.

DEGRADED ECCS)

:

|

|
'
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TABLE 3.2

TRAC-PF1
;

.

COMPARIS0N OF CALCULATED AND MEASURED

; TIME FOR CHF
\

TEST ID. CALC. MEAS. CALC-MEAS DIFF.

S-UT-2 49 56 -7

(10% BR W. UHI)

S-UT-6 499 600 -101

(5% BR W/0 UHI)

S-UT-7 692 777 -85

.
(5% BR W. UHI)

|

L5-1 118 121 -3

(INT. BR.)

L8-2 161 115 46

(INT. BR.

DEGRADED ECCS)

|
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TABLE 3.3

TRAC-PF1

COMPARIS0N OF CALCULATED AND MEASURED

TIMES FOR ACCUMULATOR INJECTION

TEST ID. CALC. MEAS. CALC-MEAS. DIFF.

S-UT-2 344 345 -1
(10% BR W. UHI)

S-UT-6 667 740 -73

(5% BR W/0 UHI)

S-UT-7 745 738 7

(5% BR W. UHI)

LS-1 166 184 -18
(INT. BR.)

L8-2 294 294 0

(INT. BR.

DEGRADED ECCS)

94
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TABLE 3.4

TRAC-PF1

COMPARISON OF CALCULATED AND MEASURED

TIMES FOR HPI INJECTION

TEST ID. CALC. MEAS. DIFF.

S-UT-2 2.5 2.5 0

(10% BR W. UHI)

S-UT-6 33 35.2 -2.2

(5% BR W/0 UHI)

S-UT-7 33 34 -1

(5% BR W. UHI)

L5-1 3.8 2.9 .9

(INT. BR.)

L8-2 3.4 3.0 .4

(INT. BR.

DEGRADED ECCS)

J
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TABLE 4.1

RELAP5/ MOD 1

COMPARIS0N OF CALCULATED AND MEASURED

PEAK CLAD TEMPERATURES (K)

TEST ID. CALC. E CALC-EAS. DIFF.

LOBI Al-03 829 828 1

LOBI Al-04R 842 823 19

LOBI Al-04 727 698 29

96
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TABLE 5.1

QUANTITATIVE KEY
'

PARAMETERS
|
t FOR BWR LOCA

,

PEAK CLAD TEMPERATURE (PCT).

;

E TIME TO:
; PCT

INITIAL ROD DRY OUT
CORE QUENCH
JET PUMP UNCOVERY
RECIRCULATION LINE UNCOVERY
ECC ACTIVATION

TIME TO MINIMUM DOWNCOMER DP
,

-_ _ --
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TABLE 5.2

TRAC - BD1

PEAK CLAD TEMPERATURE (K)

CODE CALC-MEAS.

EXPERIMENT TEST VERSION CALC. MEAS. DIFFERENCE

TLTA ECC/NO ECC 6425 11 612 518 94

6426 946 1026 -80
.

TLTA DBA 6423 11 950 634 316
_.

Pn 6424 875 755 120

ROSA-Ill 912 11/12 665 664 1

TLTA SM. BK. 6431 12 580 580 0

6432 580 580 0

GOTA 42 12 925 1020 -95

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



TABLE '6.1

TRAC-PF1 EXECUTION

(SEPARATE EFFECTS TESTS)

GE B&W FLECHT SEASET

TEST ID LARGE VES. (IEOSG) 21806 22020

REAL TIME (S) 20 50 1300 1300

(RT)

# CELLS 17 26 46 46

(#C)

# VES. CELLS 0 0 0 0

# HEAT SURF. 0 10 24 24

# DT STEPS 236 255 31,022 7,048

(# DT)

CPU (S) 21 21 4,419 1,115

CPU 1 0.42 3.4 0.86
RT

CPU X 102 6.2 1.6 7.39 1.87

RT X #C

CPU X 106 260 63 2.38 2.65

RT X #r. X #DT

CPU X 103 5.2 3.2 3.1 3.4 |

#C X #DT |

COMPUTER: CDC 7600 ig

__



__
_ _

TABLE 6.2

1 RELAP5/ MOD 1 EXECUTION

(SEPARATE EFFECTS TESTS)

TEST ID GE B&W FLECHT SEASET

LARGE.VES. (IEOSG) 21806 22010 j
~

REAL TIME (S) 20 50 1300 1300

(RT)

# CELLS 14 26 46 46

(#C)

! # VES. CELLS 0 0 0 0

i # HEAT SURF. 0 10 24 24

# DT STEPS 28,814 400 42,327 167,370

'
(#DT)

:

CPU (S) 400 12 2,568 9,271
;
,

i CPU 20 0.24 1.98 7.13

RT |

| CPU 1.5 0.01 0.0429 0.155

RT X #C

CPU 106 50 23 1.014 0.93c

RT X #C X DT
'

l

CPU X 103 1.0 1.2 1.3 1.2'

#C X # DT
'

COMPUTER: .CDC 7600 jos
I

- - - - - - - - - - - _ - - , . ,,
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TABLE 6,3

TRAC-PF1 EXECUTION

(INTEGRAL TESTS)

SEMISCALE LOFT
TEST ID UT-2 UT-6 UT-7 L5-1 L8-2

BEF. REFL. TOTAL

REAL TIME (S) 1494.7 1500.1 1000,0 225,6 300,0 319.5
(RT)

# CELLS 198 198 198 116 128 128
(#C)

# VES, CELLS 0 0 0 36 36 36

# HEAT SURF, 105 105 105 94 94 94

5 DT STEPS 12,793 8,618 5,117 8,609 8,550 12,463
(# DT)

CPU (S) 8,243,4 5,791.7 3,460.2 4,640,9 5,201.2 7,461,6

CPU 5.52 3.86 3,46 20,57 17.34 23.25
RT

CPU X 102 2.79 1,95 1,75 17,7 13,5 18,2
RT X #C

CPU X 106 2.18 2.26 3,42 20,6 15,8 14,6
RT X #C X #DT

_ CPU X 103 3,25 3.39 3,42 4,65 4,75 4,68
#C X #DT

COMPUTER: CDC 7600

109
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TABLE 6,4

RELAP5/ MOD 1 EXECUTION

(INTEGRAL TESTS)

LOBI LOFT

TEST ID Al-03 Al-04R Al-04 L3-6 L9-1

(BLD-REFL) (BLD-REFL) (BLD) (SB LOCA) LOSS FW

REAL TIME (S) 10 + 63 10 + 80 10 + 80 100 + 1844:150 + 327@
(RT) j

# CELLS 198 186 186 204 201
(#C)

# VES, CELLS 0 0 0 0 0

# HEAT SURF, 255 255 255 150 147

5 DT STEPS 54,326 34,563 33,628 185,560 112,943

(# DT)

CPU (S) 14,350 11,000 10,500 55,273 28,685

CPU 196 122 117 28,4 8,4
RT

CPU X 10 0,99 0,66 0,63 0,14 0.042
RT X #C

CPU X 106 18 19 19 .75 .37
RT X #C X #D1

CPU X 103 1,33 1,71 1,71 1,44 1,29

#C X #DT

COMPUTER: CYBER 76

ESTIMATED SLOWDOWN DUE TO RESEGMENTATION: 10~15%

110



TABLE 6.5

TRAC-BD1

(INTEGRAL TESTS)

ROSA Ill TLTA

TEST ID GOTA ISP 12 6423 6432 BWR 6 BWR 3

42 SBLOCA DBA SB LOCA LB LOCA LB LOCA

REAL TIME (S) 176 600 230 1500 155 190
(RT)

# CELLS 47 142 94 121 112 160
(#C)

# VES CELLS 26 36 26 32 32 52

# HEAT SURF, 60 131 110 150 176 266

5 DT STEPS 41,178 84,116 67,568 86,276 21,586 27,150
(# DT)

CPU (S) 8,273 32,500 18,951 30,847 8,264 32,300

i CPU 67 65 82 46 53.3 170
RT

CPU 1. 0.4G 0.88 0.38 .476 1.06
RT X #C

CPU X 106 24.3 5.44 13.0 4.45 22 39.1
RT X #C X #D1

CPU X 103 - 4.27 2.72 2.98 2.96 3.42 7.44
| #C X #DT

:
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CALCULATIONS OF PRESSURIZED THERMAL SHOCK

PROBLEMS WITH THE SOLA-PTS METHOD *

Bart J. Daly, Bryan A. Kashiwa, and Martin D. Torrey
Theoretical Division, Group T-3

University of California
Los Alamos National Laboratory

Los Alamos, NM 87545

ABSTRACT

A numerical procedure has been developed for multidimensional studies of de-

teiled fluid-thermal-mixing and wall heat transfer in the cold leg and downcomer

of pressurized water reactors for application to the study of pressurized thermal

shock. This method is briefly described and examples of its application to vari-

ous test problems are presented to demonstrate its accuracy. An application of

th:a method to the pressurized thermal shock problem is described for the case of

a main steam line break.

I. INTRODUCTION

This report describes the SOLA-PTS computational method for fluid mixing and

wall heat transfer that has been developed for application to the study of pres-

| surized thermal shock (PTS). The conditions for PTS are a high system pressure
|

coincident with rapid cooling of a section of vessel wall, particularly in the

vicinity of neutron flux-weakened welds. The fluid dynamics problem is to pre-

dict the temperature of the vessel wall for a variety of different accident sce-

narios.

l
'

These accident sequences can be subdivided into two main classes: those
|

with and those without loop flow. When loop flow is maintained, the transient.

solution is obtained by a systems code analysis. While these codes may be able

to predict the system response to a particular accident scenario quite accurate-

ly, they cannot provide detailed information about the thermal distribution along
|*This paper was prepared for the report on the proceedings of the Tenth Water |

' Reactor Safety Research Information Meeting and was not listed in the agenda for1

this meeting.
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the vessel wall. It is the purpose of the numerical method described here to

provide that detailed information for those accident scenarios-where it is sus-

pected that there is incomplete mixing in the downcomer, and for isolated times

during a transient. This is accomplished by taking the systems code data at a

particular location in the cold leg as input boundary conditions for the detailed

calculations. Holding these boundary conditions fixed in time, a three-dimen-

sional steady state solution is computed showing the flow field and thermal dis-

tribution in the cold leg and downcomer. The walls are generally treated adia-

batically. in order to hasten the approach to steady state. The steady state

fluid temperature distribution adjacent to the vessel wall can then be used to

conservatively estimate the temperature distribution in the metal. The use of

the adiabatic wall treatment in this case is justified because the ef fect of wall

heat transfer should be small compared to the heat exchange that results from the

mixing of the emergency core coolant (ECC) water with the loop flow. If the

adiabatic treatment indicates that conditions for crack initiation are present,

then the inclusion of wall heat flux to avoid crack initiation cannot be conserv-

atively justified since the fracture mechanics aspects of the problem are not

well enough known.

The results of these three-dimensional calculations do not influence the

system code solution, because the details of the downcomer flow have little ef-

fect on the loop flow calculation. Regardless of what fluid motions develop in

the downcomer, the fluid should be throughly mixed in the lower plenum region.

The second main class of problems, those without loop flow, do not require a

system code solution. The requirement in this case is to calculate the transient

114
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mixing of ECC water with the stagnant (or rapidly decelerating) hot water in the

cold leg, downcomer and lower plenum. In this case wall heat transfer is in-

cluded in the calculations, since for this problem it is the rate at which the

wall temperature cools that will determine the probability for crack initiation.

Section II of this paper provides a description of the numerical method.

Some calculational examples that were used to test the code are described in this

section. Section III provides the results of an application to a PTS problems,

and concluding remarks are made in Sec. IV.

II. THE COMPUTATIONAL MODEL

The SOLA-PTS code had its origen in the SOLA and SOLA-V0F codes developed

et Los Alamos. It is a computational model for the solution of transient, incom-

ptessible, single phase flow problems, together with wall heat transfer and ther-

mal transport. The code exists in both two- and three-dimensional forms. The

two-dimensional code is used for testing models and for scoping studies, while

the three-dimensional code is applied to the solution of detailed PTS problems.

Using the original solution algorithm incorporated in the SOLA codes, the

following equations are solved in SOLA-PTS *

Bu g
"O

ax (1)
i

0"i 1 3p ij + [1 - 8(T - T )]g (2)"i + "j 3x p 8x + 8x"~
Bt 9j i j

i i i

"The definition of the variables is provided in the nomenclature.

|
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BT3T 3

7t~ " 8x gg

Equations (1) - (3) are solved in the fluid, and Eq. (4) is solved in the metal.

Note that Eqs. (2) and (3) are in non-conservative form. This form is used in- ;

I

stead of the conservative form because of a zero-order truncation error that re- ;

suits with the use of the latter in conjunction with a variable computational

mesh. In order to optimize computing efficiency, it is essential to utilize a

scheme that maintains good accuracy with a variable grid. Hence conservative

schemes are unacceptable for these PTS studies.-

To ensure a stable, accurate solution to the above equations we make use of

the Tensor Viscosity method for the calculation of spatial derivatives, together

with the Filtering Remedy and Methodology (FRAM) method for the suppression of

dispersion errors. The Tensor Viscosity method is the multidimensional analog of

one-dimensional, interpolated donor cell. It is a second-order-accurate differ-

! ence scheme that is formulated by evaluating the convective terms using forward-

time, space-centered derivatives, and then modifying the equations by the addi-

tion of a term,
;

3 "1"j~
'

to the right side of the equation. Here $ represents the temperature or a veloc-

ity component.

f

As with any second order method, the Tensor Viscosity method can suffer from

dispersion errors when used without some type of filtering procedure, such as

FRAM. In the FRAM method, a provisional estimate for the value of a variable at

116

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



an advanced time level is made using any given high-order differencing technique.

The provisional value is compared to the maximum and minimum of the advanced time

values obtained by neglecting convection at the computational cell in question,

and its four adjacent neighbors. If the provisional, high-order value falls be-

tween the maximum and minimum, it is considered to be the advanced time solution;

if not, it is replaced by a solution based on a low-order, diffusive differencing

; technique.- In all of the studies that follow, full upwind differencing is used

as the low-order technique. An alternative procedure would be to replace the

provisional solution by .the maximum or minimum value, whichever is exceeded.

However, this procedure has not yet been tested.

Dukowicz and Ramshaw tested the accuracy of the Tensar Viscosity method by

. examining the dif fusion of a step function transported with a constant velocity.

In this test the scalar transport equation,

0$ + u 1 1=0Bt Bx + v By (5)
-

;

is solved in a square computational space with 6x = 6y = 1 0, u = v = 1.0 and

6t = 0.2. The initial value of $ in the space is 1.0, and a value 2.0 is speci-
! fled at the bottom and left inflow boundaries. The right and top boundaries had

a continuative outflow specification. We have repeated this test for the Tensor

Viscosity method and for two other second-order methods, Leith's method and5

f Crowley's method, all in conjunction with FRAM. Results of these calculations,

showing the appearance of the step function at times of 0.4 and 0.8, are pre-
sented in Fig. 1. The Tensor Viscosity method shows the least effects of numeri-

| cal diffusion. As a measure of the dif ferences, one can compare the increase in

l
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the distance from the high contour line to the low contour line between the two

times plotted in Fig. 1. For the Leith method this increase is 26%; for the

Crowley method the increase is 23%; for the Tensor Viscosity method the increase

is 17%.

The SOLA-PTS code was also tested by computing the development of the lami-

nar thermal boundary layer in the presence of the developing hydrodynamic bounda-

ry layer between parallel planes. The solution to this problem for non-buoyant

flows is available and has been verified by experiment.

Figures 2 through 6 illustrate the results of the SOLA-PTS calculation of

the parallel plane thermal-hydrodynamic entry length problem with a constant heat

flux at one plane and zero heat flux at the other. In this study Pr = 0.7 and

Re = 40. Figures 4 through 6 show comparison of SOLA-PTS results (solid line) to

the analytic solution of Heaton et al. (marked by A's). These figures show ex-

cellent comparison despite having only ten computing zones across the channel in

the SOLA-PTS calculation. As expected, the only significant deviation from the

analytic solution occurs very near the entrance where there is a significant v

component to the velocity.

0The two-equation k-c turbulence model of Launder and Spalding has been in-

cluded in the SOLA-PTS code. The only modification to the equations presented in

Ref. 8 has been the addition of a set of terms reflecting the alteration in tur-

bulence energy and decay rate due to buoyancy. The equations as they are cur-

rently employed in this eddy diffusivity method are

turbulence viscosity:

2Ck
v = (6),
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turbulence energy:

"t + " 3k "i
"i + 0

Dk 3 BT
o ax + "t ax (3xE ~ ax)

+ 8 ~* (xj 1 3x *

3 g g_

turbulence decay rate:

! "i + ax"t + "~
ac c "iDc 3 BT c

E ~ 0x +
ax) 1 ax 2 7 , (8)(o oj 8x 1 k "t ax + 8 ~

g
t

turbulence decay rate near the wall:

C" k ! Ey#(Ck)y
fP c dy = K "#-- En (9)P V ,

o
_ o ,

wall shear stress:

u(Ck) Ey(Ck)
P WD .1 P ""En (10)(T/p) e .

V, J

wall heat flux:

(T -T)cp(Cyk) cp y p p h Y bpp
" 7- E"., y

q,, _
o

_

+
h sin n/4) (

~

The equation for wall shear stress Eq. (10) is used to account for the effect of

wall drag in the PTS calculations. The wall shear stress is also used to esti-

.
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mate the velocity gradient outside the laminar sublayer for the calculation of

the shear creation terms in Eqs. (7) and (8).

The turbulence model embodied in Eqs. (6) through (11) has been extensively

studied for a wide range of experimental data.0 We have applied the model as it

is included in the SOLA-PTS code to the study of turbulent flow between parallel

planes. A comparison of these calculated results with Laufer's' experimental

data for fully developed flow between parallel planes is given in Fig. 7. In.

this study the velocity and turbulence energy profiles are plotted versus posi-

tion in the channel of half-spacing d. The computed values, given by the symbols

in Fig. 7, were obtained from a one-dimensional channel flow calculation with
2Re = 61,600 and v = 0.002 cm /s using a specified pressure gradient. In this

way, u is a function of y alone. Three calculations were performed to test the

sensitivity of results to the finite difference resolution. It is clear from

Fig. 7 that the results are not sensitive to mesh size and that good agreement is

achieved even when there are only five computational zones across the channel

width.

III. PTS CALCULATION

As an example of a PTS application we present results obtained in SOLA-PTS

calculations of a main steam line break (MSLB) transient, using data from a TRAC

system code calculation as our input conditions. We chose to perform the calcu-

lation at a time of 160 s into the transient, when the pressure is at 50 bars ,

the pumps have coasted down, and there is no vent value flow into the downcomer.

At this time the thermal-hydraulics are characterized by a high temperature

( > 500 K), low velocity flow in the intact loops, and a low temperature

( < 420 K), high velocity flow in the broken loop. The high velocity flow on the

.
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broken loop side is driven by natural convection as a result of the large temper-

sture difference between the upper plenum and the steam generator on that loop.

The input conditions for these calculations are shown in Table I.

Figures 8-11 show results obtained in the broken loop calculation. Figures

8-9 are velocity vector plots in the horizontal plane at the elevation of the ECC

injection and in the vertical plane through the centerline of the cold leg, re-

spectively. In this calculation the loop flow is injected into the cold leg at a

position 8.4 m upstream from the entrance to the downcomer and the coolant enters

the cold leg 5.6 m upstream. Both plots show that as the fluid enters the down-

comer it splashes against the core barrel wall, while the flow region adjacent to

the vessel wall is relatively stagnant. The non-fluid region in the bottom lef t

corner of Fig. 8 is the hot leg obstruction. Note the variable mesh in this cal-

culation, with fine noding in the region of the ECC injection.

The velocity plot in Fig. 10 shows the flow development in the plane adja-

cant to the vessel wall. These fluid motions result primarily from recirculationo
of the main flow, which lies adjacent to the core barrel. The expanding flow in

the top center of the plot is the cold leg inflow. The hot leg is at the upper
left.

The temperature distribution adjacen't to the vessel wall is shown in the

contour plot of Fig. 11. The minimum temperature is at the cold leg inlet, where

the fluid is approximately 10*C cooler than the average fluid temperature in this

plane. However, even this coldest fluid has a temperature of 407 K, indicating

that there has been thorough mixing of the 303.3 K ECC water (see Table I) with

the loop flow in the cold leg. Thus, at this time in the transient there appears

to be no threat of crack initiation in the vessel wall on the broken loop side.
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Figures 12-15 show results obtained in the intact loop calculation. The ve--

locity vectors in the horizontal and vertical planes corresponding to those of

Figs. 8 and 9 are not shown.- They appear very similar to Figs. 8 and 9 except

that, because of the reduced loop flow in the present calculation, the ECC 'injec-
~

tion exerts a greater influence on the cold leg flow. Figures 12 and 13 show ve-

locity vector plots in the planes adjacent to the core barrel and vessel walls.

These plots demonstrate the coherent flow pattern adjacent to the core barrel

(Fig. 12), resulting from the impact of cold leg flow, and the lack of coherent
~

flow adjacent to the vessel wall, corresponding' to relatively stagnant flow con-

ditions. -These stagnant conditions adjacent to the vessel wall are also evident

in the temperature contour plot in that plane, shown in Fig. 14. With the excep-

tion of a relatively cold region near the cold leg inlet, the temperatures are

practically uniform throughout this plane. The minimum temperature here is

514 K, which indicates no threat to the integrity of the vessel wall at this time
,

in the transient.
**

Figure 15 shows the temperature contour plot in a vertical plane containing

the cold leg centerline. The effect of the ECC injection at the cold leg bounda-

ry is evident in this centerline plot, but the temperature variation from up-

stream values is minor. Note that a stratified flow condition persists to the

downcomer.
1

IV. SUMMARY

A brief description has been presented of the SOLA-PTS computational method

for multidimensional calculation of fluid-thermal mixing and wall heat transfer,
,

with particular application to the study of pressurized thermal shock. Several

computational examples have been presented to demonstrate the accuracy of the

computational algorithm and the turbulence model employed.
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This - method will be applied to two classes of computational problems that

crise in the pressurized thermal shock study. The first of these is the problem
|

of calculating the mixing of ECC water with loop flow, with or without vent

valve flow, in the cold leg and downcomer in order to determine the fluid temper-

ature distribution along the vessel wall. These problems are calculated as

steady-state solutions, using systems code information to provide the inlet

boundary conditions, in order to provide, " snapshots" of the thermal distribu-

tions at isolated times during a transient. An example of results obtained in a

main steam line break transient have been presented as illustration of this pro-

cedure.

The second application of the SOLA-PTS method has been to the transient cal-

culation of fluid-thermal mixing and wall heat transfer in the cold leg and down-

comer when there is no loop flow in the system. In this case the temperature

throughout the downcomer will eventually reach the ECC temperature. The objec-

tive is to calculate the rate of cooling of the metal in the vessel wall. Calcu-

lations of this type are being persued at the present time.
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TABLE I

INPUT CONDITIONS, MAIN STEAM LINE BREAK

Velocity Temperature Area Flow Rate

(cm/s) (K) (cm ) (cm /s)

Broken Loop

ECC 175.85 303.3 77.4 1.361 x 10'
5

Loop 149.64 418.0 3969.0 5.939 x 10

Intact Loop

4
ECC 125.6 303 3 108.4 1.361 x 10

5
Loop 40.1 527.9 3969.0 1. 592 x 10
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Nomenclature

Symbols

-c Specific heat
p

D Hydraulic diameter
h

H Plate spacing

k Turbulence energy

: p Pressure
|

Pr Prandtl number>

q" Heat flux

! Ra Reynolds number

t Time

T_ Temperature

u Velocity component in i directiong

x Spatial coordinate i
1

y Distance
I

| Greek Symbols
i

S Fluid volume coef ficient of expansion

6t Time increment
!

c Turbulence energy decay rate

I v Kinematic viscosity

p Fluid density
i

o Thermal diffusivity

T Shear stress
'

4 Velocity component or scalar

i

! 125
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Subscripts

e Entrance

-f. Fluid
J

i Insulated

m Metal

'o Reference or molecular value

p Value at center of fluid cell adjacent to wall
i

t Turbulent

w Wall

Constants

A Van Driest's constant (26.0)
~

C 1.44g
,

C 1.92
2

C 0.09g

E 9.0

g Gravitational acceleration in 'i direction_g

x 0.4

o Turbulent Frandt1 number (assumed 1.0)h

o 1.0j- k
t

o 1.3g,.

l

,
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Fig. 1. Contours of $ for Leith's method at t = 0.4 (a) and t = 0.8 (b),
Crowley's method at t = 0.4 (c) and t = 0.8 (d), and the Tensor Viscosi-
ty method at t = 0.4 (e) and t = 0.8 (f). The three methods are used in
conjunction with the FRAM procedure (see text).

-_ - _ a_

,

| Fig. 2. Temperature contours for the laminar thermal-hydraulic entry length for
| parallel planes, one plane with constant heat flux and the other plane

Theincomingtemperature17\400K,(/pe = 31.49 cm K/s,insulated. p
! the plate spacing H is 10.0 cm, the Reynolds number Re based on mean ve-

locity and hydraulic diameter D is 40, and the Prandt1 number Pr ish .

' O.7. The high contour (H) is 898.2 K and the low contour (L) is 455.4
! K.

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

___ ....................................................
________________________________________________________

______ ___= _____________________ _ __

______
______

_____. ________ _____ ______________-_=___________________-_____________-. ______________.___ _

__......................................................
..... .. . . . ...

I

Fig. 3. Velocity vectors for the Jaminar thermal-hydrodynamic entry length prob-
lem, showing the developing velocity profile.
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plane adjacent to the vessel the plane adjacent to the
wall for the broken-loop calcu- vessel wall for the broken
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| transient. The expanding flow to the MSLB transient. The~
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is the cold leg inflow. The value 407.1 K and the contour
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Fig. 12. Velocity vector plot in the plane Fig. 13. Velocity vector plot in the plane
adjacent to the core barrel wall adjacent to the vessel wall for
for the intact loop calculation the intact loop calculation at
at 160 s into the MSLB transient. 160 s into the MSLB transient.
A greater part of the upper down-
comer region is included here
than in the broken loop calcula-
tion.
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Fig. 15. Temperature contour plot in a vertical plane through
the cold leg centerline for the intact loop calcula-
tion at 160 s into the MSLB transient. The minimum
contour (A) is 510.9 K and the contour interval is

| 4.25 K.
|

| Fig. 14. Temperature contour plot in the plane adjacent to

(see the vessel wall for the intact loop calculation at

left) 160 s into the MSLB transient. The minimum contour
(A) is 514.2 K and the contour interval is 3.41 K.
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HYDROCEN MIGRATION MODELING FOR

THE EPRI/HEDL STANDARD PROBLEMS *

J. R. Travis
Theoretical Division, Group T-3

University of California
Los Alamos National Laboratory

Los Alamos, NM 87545

ABSTRACT

A numerical technique has been developed for calculating the full three-
dimensional time-dependent Navier-Stokes equations with multiple species trans-
port. The method is a modified form of the Implicit Continuous-fluid Eulerian
(ICE) technique to solve the governing equations for low Mach number flows where
pressure waves and local variations in compression and expansion are not signifi-
cant. Large density variations, due to thermal and species concentration gradi-
ents, are accounted for without the restrictions of the classical Boussinesq ap-
proximation. Calculations of the EPRI/HEDL standard problems verify the feasi-
bility of using this finite-difference technique for analyzing hydrogen disper-
sion within LWR containments.

I. INTRODUCTION

During and after a loss-of-coolant accident in a light-water reactor, water
may be decomposed by chemical reactions and radiolysis to release gaseous hydro-
gen. Should hydrogen be released, two deleterious ef fects could occur. The non-
condensable gas can increase the containment pressure. In sufficient amounts,
the hydrogen could burn in the presence of air, causing considerable loads on the
containment walls or harm to crucial control devices. Each effect represents an
additional safety risk. To better assess the problem, we have developed a multi-
dimensional fluid dynamics finite-difference code (HMS: Hydrogen Migration
Studies) to calculate the details of hydrogen transport through containment
structures.

This detailed model of the full three-dimensional time-dependent Navier-
Stokes equations with species transport is solved by a variant of the Implicit

Continuous-fluid Eulerian (ICE)I technique. We make use of the idea that for
low-speed flows pressure wave propagation need aot be resolved in detail and
therefore the local fluid density is a function of the average fluid pressure,
local temperature, and relative concentrations of available species. This fur-
ther allows accurate representation of flows driven by large density variations

for which the Boussinesq approximation may not provide sufficient accuracy.2

Ultimately this detailed model, together with relevant experimental data,
will help to benchmark existing hydrogen migration systems codes that are neces-
sarily based on simpler models. This paper presents the governing equations, de-
scribes the solution procedure, and presents numerical results for comparison of
experimental results in the three-dimensional geometry of the EPRI/HEDL standard
problems.3

This paper could not be scheduled for presentation at the meeting and was sub-
mitted for publication in the proceedings report.
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II. MATHEMATICAL DESCRIPTION

The partial-differential equations that govern the fluid dynamics and spe-
cies transport are presented in this section.

,

A. The Mixture Equations

The mixture mass conservation equation is

3

+ Va( pu) = [ ' S, (1),

a=1

where ,

3
p= [ p;; p;=macroscopicdensityoftheindividualspecies(air, steam,

a=1 or hydrogen).,
-'

u= mass-average velocity vector, and

S, = mass source (+) and/or sink (-) of species a per unit
volume and time.

The mixture momentum conservation equations are given by

:

( } + V+ ( puu) = - Vp + V'3 + p) + E (2),

where

p = pressure,

3 = Newtonian viscous stress tensor,

p = local density relative to the average density, and

M = mon g.um source vector per unit volume and time.

'.
!

|

!
|
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I
i

The mixture internal energy equation is

h (pI) + V+(pIu) = Va(K7T) + Q (3),

where

1 = mixture specific internal energy,

K = thermal conductivity,

T = mixture temperature, and

Q = energy source and/or sink per unit volume and time.

Wa assume viscous dissipation is negligible for the low-speed flows of interest.

The equation-of-state for the average fluid pressure P, is given by the
ideal gas mixture equation

3

P, = T [ (Y,- 1)(C ) ,p' (4),y
a=1

i

where Y is the ratio of specific heats for species a and (C ), is the specifica y

hrat at constant volume for species a.

B. The Species Transport Equations

The dynamics of the individual species are determined by

( BP

(5)gg + V-( p ' u) = S,| .

|

Summing Eq. (5) over all species results in the mixture mass Eq. (1).

III. SOLUTION PROCEUDRE

Equations (1) - (3) and (5) are written in finite difference form for their
numerical solution. The nonlinear finite-difference equations are then solved

j iteratively using a point relaxation model. Since we are interested in low-speed

!

|
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y flows where the propagation of pressure
waves need not be resolved, we are there-

IU fore utilizing a modified ICE solution
technique where the species densities are

g functions of the global or compartment

g pressure, and not of the local pressure.
W i Time-dependent solutions can be obtained

in one, two, and three space dimensions

N T in P ane and in cylindrical geometries.l

The geometric region of interest is di-j o N
b2 vided into many finite-size, space-fixed-Nj

\ | zones called computational cells that j/ \ l collectively form the computing mesh. if
Figure I shows a typical computational

/ cell with the velocities centered on the

f cell boundaries. All other quantities,

y such as I, p and (p')'s, are positioned

at the cell-center designated (i,j,k).

f| g, g g \
The finite-difference equations for the
quantities at time t = (n+1) 6t form a
system of coupled, non-linear algebraic
equations.

Fig. 1
Locations of velocity components For the problems of interest (See
for a typical cell in cylindri- Sec. IV), the source / sink terms in the
cal geometry. species transport equations are:

(1) Air (a); S, = 0;
1

(2) Hydrogen or helium (h); S = hydrogen or helium mass per unit volume andh
time in the jet; and

(3) Steam (s), S, - C, = (steam mass per unit volume and time in the jet) -
(condensation mass per unit volume and time). !

l

The sources of hydrogen or helium and steam are specified by the experiment; how-
ever, the condensation rate must be modeled. We propose the simple but ef fective
relationship, based on the assumption of local equilibrium,

C,=R[p|(localsteamdensity)-psat

where

at(T) = saturation steam density at temperature T,p
;
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|

10R = 10 /s for p'(local steam density) > o' g(T), or

R = 0, otherwise.

The INS solution method starts with the explicit calculation of the source
terms in the species transport equations (5), and the convection, viscous, gravi-
ty, and source terms in the mixture momentum equations (2). .The solution method
than proceeds with the iteration phase:

| (1) The (p')n+1,s are found f rom the species transport equations using the
iteratesfor(p')n+1 and u"+ .

| latest ,

(2) The global or average fluid pressure, P is determined by integrating

the equation-of-state (4) over the computational volume.
(3) The equation-of-state is modified slightly to find the mixture density

usingthe(p')n+1'sandP I from steps (1) and (2)

4

1 3
n n+1| p +1 y [p

i,j,k!

#n+1
a=1

1,j,k " 3
*

,

T"j,kdh-*v)oCaM,ke
i ,

i

; (4) With p (from step (3)] and the latest iterates for u +1 the resid-n

ual, D ,j,k, .in the mixture mass equation is calculated. If the con-
i

|
vergence criterion is met, for example ID | < c where c = 10 x

i p" k, then no ustment is made to the local pressure, p , and

the velocities u for cell (i,j,k). When the convergence criterion

is met for all cells in the computatonal mesh, the iteration phase of,

the cycle is complete.
,

'
(5) -For any cell that the criterion is not met, the local pressure is

changed by an amount
4

!

Di,j,k
~~E ,j,k '

i

,

;

I where
i
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.

2
f3D) 26t
Ip/1j,k*6r + (r 60)2 + 6z2 *

g

and D is a constant over-relaxation factor selected 1.0 < 0 < 2.0, _and
the momenta are changed due to the new pressure gradient. The veloci-
ties are found by simply dividing the momenta by the updated densities.

Steps (1) - (5) are repeated until the convergence criterion as presented in step
(4) is satisfied on the entire computational mesh. After the iteration phase is
complete, the specific internal-energy Eq. (3) is evaluated and the computational
time step is finished with the advancement of the time step..i

I

More details of the HMS solution methodology, code description, and a list-
ing of the code are given in Ref. (4).

IV. NUMERICAL RESULTS

This computer code was developed to analyze the EPRI/HEDL standard problems
"A" and "B".3 The standard problems A and B, tests HM-5 and HM-6 in reference 5
respectively, were proposed as a bases for comparing blind predictions of de-
tailed hydrogen distribution in reactor-like containment compartments. In both
experiments a high velocity steam-hydrogen or steam-helium jet is released into
the compartment. The reader is referred to Ref. 5, for a detailed discussion of
the experimental facility.

Figure 2 presents the discretization of the containment compartment. We
have modeled the blower which provides recirculation from the upper to lower com-
partments as four time-dependent prescribed inflow boundary cells. These are

i

shown on the outer circ ~umference (R = 3.81 m) at the axial position 2 36 m < Z <
3.15 m and in the azimuthal positions 29' < 0 < 40', 80' < 0 < 100', 200* < 0 <

' 220', and 260* < 0 < 280'. Flow is allowed to exit the computational mesh by the
i eight continuative outflow boundary cells shown on the outer circumference (R =
! 3.81 m) at the axial position 3.93 m < Z < 4.72 m and in the azimuthal positions

'

l

O' < 0 < 20', 40* < 0 < 60', 80' < 0 < 100', 120' < 0 < 140', 160* < 0 < 180', i

200* < 0 < 220', 240' < 0 < 260', and 280' < 0 < 300'. Both tests started with
5the compartment at 65'c and 10 Pa (1 bar), with test A containing nitrogen and

test B containing air. Table I lists the timing of events for each test.

Compartment wall temperatures were assumed constant at 65*C through both
tests, while time-dependent prescribed inflow data consistent with the events of
Table I are tabulated in Table II.

;

136

__. - _ - . _ - _ . __ -_. __ . ._. . .



@D '70 OUTFLOW CELLS (8)

oo

e a
N O
L *

@ R $# l.52

0 2.4 8
# 2.89

93.35 ,0
3.81

oO 0%
INFLOW CELLS (4)

+ G(DEGREES)

9

- 4.72
DIMENSIONS : OUTFLOW
IN METERS - 3.93 CELLS (8)
EXCEPT AS

NOTED -- 3.15

| - 2.36 CELLS (4)

- 1.57

| - 0.79 a
Z

| -O

R,

| 1.52 3.81

i Fig. 2. INS computing mesh for EPRI/REDL Standard Problems A and B.

| 137

_ . _ . .



TABLE I. Timing of Events

Test A Test B

Time (minutes) Event Time (minutes) Event

11.50 Recirculator blower on 4.00 (4.50)* Recirculator blower on
11.75 Steam source on 4.75 Steam source on
12.50 Hydrogen source on 6.25 Helium source on
12.75 Nitrogen becomes 6.50 Air becomes

' saturated in saturated in
recirculators recirculators

13.5 Hydrogen begins 7.00 Helium begins
entering compartment entering compartment
through recirculators through recirculators

23.75 Sources shut off 17.00 Sources shut off

* Blind calculation started at 4.00 minutes and the posttest calculation started
at 4.50 minutes.

TABLE II. Time-Dependent Prescribed Inflow. Data

Test A Test B

Time (minutes) Inlet Temperature (*C) Time (minutes) Inlet Temperature ('C)
0.0 35.0 0.0 35.0
8.0 35.0 4.0 35.0

10.0 35.5 7.0 42.0
13.0 40.0 10.0 43.0
18.0 53.0 11.0 46.5
21.0 57.0 16.0 52.0
23.0 58.25 17.0 52.5
24.0 58.5 20.0 49.5
32.0 53.5 29.0 46.5
35.0 52.5 31.5 46 5
46.0 51.0 32.5 48.0
60.0 50.0 70.0 47.5

Time Time
(minutes) Hydrogen Concentration (%)* (minutes) Helium Concentration (%)*

0.0 0.0 0.0 0.0
13.5 0.0 7.0 0.0
15.0 0.6 17.0 3.45
24.0 5.4 19.0 3.55
25.0 5. 5 24.0 3.45
32.0 5.1 65.0 3.2
47.0 4.9
70.0 4.8

iThe inlet velocity is held constant at 0.434 m/s throughout both tests.
* Hydrogen and Helium concentrations are given in volume % on a dry basis; i.e.,

the steam has been removed.
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Experiment A had a horizontal steam-hydrogen jet that was centered in the
canulus at 275' at a height of 1.52 m f rom the floor. The average jet velocity
wac assumed to be 150 m/s, and it was directed inward at 60* to a radial ray.
Experiment B had a vertical steam-helium jet that was located at 180', 1.2 m from
tha floor, and 2.31 m from the compartment axis. The average jet velocity was

cssumed to be 80 m/s.

The energy source due to the jet is calculated Shh+ s s, where Ih"
(C )hT and I, = (C ),T, and T is the time-dependent jet temperature listed iny y

Table IV. For tests A and B the mass and energy sources are associated with
calls (2.44 m < R < 2.89 m, 0.79 m < Z < 57 m, 260* < 0 < 280'), and (1.98 <
R < 2.44 m, 0.79 m < Z < 1. 57 m, 160* < e 4 180'), respectively.

Intermediate values of the parameters in Tables II - IV may be found by lin-
car interpolation.

TABLE III. Time-Dependent Mass Source

Test A
Steam Mass Hydrogen Mass

Time (minutes) Flow Rate (kg/ min) Time (minutes) Flow Rate (kg/ min)

0.0 0.0 0.0 0.0

11.75 0.0 12.5 0.0

12. 50 21.0 13.0 0.31

14.0 24.0 23.0 0.31

23.0 24.0 23.75 0.0

23.75 0.0 60.0 0.0

60.0 0.0

Test B
Steam Mass Helium Mass

Time (minutes) Flow Rate (kg/ min) Time (minutes) Flow Rate (kg/ min)

0.0 0.0 0.0 0.0

4.75 0.0 6.25 0.0

5 50 14.5 7.0 0.405

16.0 14.5 15.25 0.405

17.0 0.0 16.0 0.94

60.0 0.0 17.0 0.0

60.0 0.0
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TABLE IV. Time-Dependent Jet Temperature

Test A Test B

Time (minutes) Temperature ('C) Time (minutes) Temperature ('C)

10.0 108.0 2.0 110.0
16 5 101.0 7.0 96.0
18.0 103.0 12.5 96.0
18.5 124.0 17.0 124.0
19.0 130.0 18.0 113.0
20.0 133.0 19.0 109.0
21.0 136.0 21.0 107.0
23.0 140.0 60.0 94.0
24.0 140.0
26.0 128.0
28.0 125 0
60.0 109.0

In Figs. 3 and 4, we present the test data and the blind (i.e., pretest)
concentration predictions for tests A and B, respectively. The curve designated
"E" represents the experimental data while the curve designated "C" represents
the calculation. For test A, the horizontal jet, there is total mixing through-
out the compartment as evidenced by the similarity of the concentration curves
and maximum concentrations at various locations in the compartment. t.11 concen-
trations in this paper are reported in volume percent on a dry basis; i.e., the
steam was condensed and the gas sample passed through a drying bed in the tests.
Concentrations for test B, the vertical jet, are presented for the same locations
as test A. Here we see a definite concentration gradient of roughly 2 to 3 con-
centration percent during the gas injection phase with maximum values at the com-
partment top and minimum values at the bottom. This gradient quickly decays to
about 1% after the jet to shut off. Our blind calculations of the concentrations
are seen to predict the test data very well. The blind temperature predictions

We recognized this at the time,6 butwere not very good as depicted in Fig. 5.
nevertheless judged our concentrations to be substantially correct. The reason
that concentration is not sensitive to temperature in these tests is because the
steam is mostly superheated vapor throughout the compartment.

During the posttest analysis, an error was found in the solution of the
energy equation. Recalculations showed negligible change in the concentrations
and good agreement with the temperatures, as shown in Fig. 6. The corrected

energy equation also includes the Uchida correlation for wall-heat transfer and
the assumption that K = 0.

For roughly 15 minutes of physical time, these problems required between 5
:

| and 6 hours of CDC 7600 CPU times, or about 2.5 hours of Cray CPU time.
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Fig. 5. Compartment temperatures for tests A and B for the indicated locations.
The Midplane designation is 2.36 m above the lower deck. The curves
labeled "E" depict experimental data and those labeled "C" represent the
blind calculated results.
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Fig. 6. Compartment temperatures for tests A and B for the indicated locations.
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The Midplane designation is 2.36 m above the lower duck. The curves,

labeled "E" depict experimental data and those labeled "C" represent the
posttest calculated results.

l
.

143

_



_ _ -

V. CONCLUSIONS

The mathematical model and solution technique outlined above has proved to
be an accurate method for calculating low speed flows with large density varia-
tions such as those found in hydrogen mixing within URR containments. For the
time-dependent, fully three-dimensional EPRI/HEDL standard problems, the calcu-
lated results compare very closely with the test data even with a fairly coarse
computing mesh.
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1. INTRODUCTION

Independent assessment of the advanced codes such as TRAC [1,2] and RELAP5
[3] has continued at BNL through the Fiscal Year 1982. The specific codes as-
sessed and the tests simulated during FY 1982 are shown in Table 1. The tests
can be grouped into the following five categories:

1. Critical Flow
2. Counter-Current Flow Limiting (CCFL) or " Flooding"
3. Level Swell
4 Steam Generator Thermal Performance
5. Natural Circulation

Notice that the TRAC-PF1 (Version 7.0) and RELAPS/M001 (Cycle 14) codes
were assessed by simulating all of the above experiments, whereas the TRAC-BD1
(Version 12.0) code was applied only to the CCFL tests. The results and con-
clusions of the BNL code assessment activity of FY 1982 are summarized below.

1

2. RESULTS

2.1 Critical Flow

2.1.1 Moby-Dick Nitrogen-Water Tests [4]

Two tests (Run Nos. 3087 and 3141) with very different flow qualities
( 5. 91 x10-4 and 51.3x10-4, respectively) were simulated with the TRAC-PF1
(Version 7.0) code. The predicted water flow rates are compared with the ex-
perimental values in Table 2. It can be seen that TRAC-PF1 with the annular
flow friction factor option underpredicts the mass flow rate whereas the same
with the homogeneous flow friction factor option overpredicts the water flow
rate. This is in agreement with the TRAC-Pl A results reported earlier [15],
and was of no surprise because of the large differences in the wall friction
factors for these options. The predicted axial pressure distributions, how-
ever, were in good agreement with the data for both runs and both options
since the pressure boundary ccnditions were used for the simulation. !

It should be noted that the earlier versions of TRAC, i.e., TRAC-Pl A and
TRAC-PD2, used a drif t-flux formulation for the PIPE component and were unable
to reach a steady-state for the high void fraction case, i.e., Run No. 3141.
TRAC-PF1, on the other hand, uses a two-fluid model and produced stable solu-
tions for both the low and high void fraction cases.

Simulation of the same two tests was also attempted with the RELAPS/ MOD 1
(Cycle 14) code. However, the code was unable to produce a stable solution
for either case. No attempt was made to manually control the time steps. The
RELAPS input deck has been sent to the code developers at INEL for their re-

|
view.

2.1.2 BNL Flashing Flow Tests [5]

| Four tests with different operating conditions were selected for simula-
tion with both TRAC-PFl (Version 7.0) and RELAP5/ MOD 1 (Cycle 14) codes. The'

pressure boundary conditions at both ends were imposed, and the e. ode predicted
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Table 1. BNL Independent Code Assessment Matrix of FY 1982

CODE TRAC-PF1 RELAP5/M001 TRAC-BD1
EXPERIMENT (Version 7.0) (Cycle 14) (Version 12.0)1. Critical Flow

a) Moby-Dick Nitrogen Water X 0
Tests [4]
Run Nos. 3087, 3141

b) BNL Nozzle Tests [5] 0 0
Runs Nos. (291-295),
(309-311),(318-321)
(339-342)

c) Marviken Critical X X
Flow [6]
Run No. 24

2. CCFL or Flooding
a) University of Houston X X X

Tests [7]
b) Dartmouth College Single 0 0 'O

l Tube Tests [8]
c) Dartmouth College Paral- 0 0

lel Tube Tests [9]

3. Level Swell
a) GE Large Vessel Test [10] X X

Run No. 5801-15

4. Steam Generator Thermal
Performance
a) B&W Tests [11,12] X 0

Series (68-69-70)
Series (28-29)

b) FLECHT-SEASET X X
Tests [13]
Run Nos. 21806,22010

5. Natural Circulation
a) FRIGG-Loop Tests [14] X X

Run Nos. (301017-022),
(301001-009, 301012 -
016,301044-047),
(301023-030)

NOTE: X - COMPLETE

0 - IN PROGRESS
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1

the water flow rate through the converging-diverging test-section. The pre-
dicted water flow rates are compared with the data in Table 3. The results of
TRAC-PD2 are also shown for comparison purposes. In can be seen that the
TRAC-PF1 and TRAC-PD2 results are comparable even though a two-fluid model is
being used in TRAC-PF1 as opposed to a drift-flux model used in TRAC-PD2.

The RELAP5 flow predictions are also much lower than the data and are
comparable with the TRAC predictions. Analyses of these tests are still in
progress.

2.1.3 Marviken Critical Flow Test [6]

The Marviken Test 24 was simulated with both the TRAC-PFl (Version 7.0)
and RELAP5/ MODI (Cycle 14) codes. This test is probably the most challenging
of _all the Marviken tests since it employed a very short nozzle with the
length-to-diameter ratio of 0.33.

Figures 1 and 2 show the comparison between the measured and calculated
break flow rate and vessel top pressure, respectively. The nodalization for
the vessel and the discharge pipe was the same for all calculations. However,
the nozzle was modeled differently in various calculations, and that led to
some differences in the results.

Two calculations were performed using the TRAC-PFl code. In one case, the

nozzle was represented by 40 cells and no choking option was used. In the
other case, the nozzle was divided into two volumes and the TRAC-PFl choking
option (modified Burnell model) was used. As shown in Figure 1, the TRAC-PFl
break flow rate prediction with the self or no choking option yielded slightly
better results than that with the choking option. However, both calculations
significantly underpredicted the break flow rate during the .subcooled blowdown
period, i.e. , t < 20 seconds. The vessel top pressure, as shown in Figure 2,
was also underpredicted at the early part of the transient (t < 15 seconds)
and was overpredicted thereafter.

For the RELAPS calculation, the nozzle was modeled with one volume and the
RELAP5 choking option was used. The predicted break flow rate (see Figure 1)
was in better agreement with the data than the TRAC predictions, although the
vessel top pressure (see Figure 2) was not predicted that well. The same cal-
culation was repeated with a zero-volume nozzle as suggested by the RELAP5
code developers. In this case. the predicted break flow rate was in very good
agreement with the data, but the pressure prediction did not improve.

In short, the RELAP5/ MODI code yielded slightly better results for the
break flow rate, particularly during the subcooled blowdown period, than the
TRAC-PFl code. However, neither code was able to predict both the break flow
rate and the vessel pressure accurately. Moreover, the results seem to depend
on nodalization which should be studied further.
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Ta bl e 2. Summary of Moby-Dick N / Water Results2

Water Mass Flow Rate (kg/s)
TRAC-PF1 Calculation TRAC-PF1 Calculation

Annular Homogeneous
Friction Friction

Run Flow Factor Error Factor Error
Number Quality Experiment Option (%) Option (%)

3087 5.91x10-4 1.915 1.786 -6.7 2.205 +15.1
-4

3141 51.3x10 1.222 1.074 -12.1 1.4978 +22.5

Table 3. Summary of BNL Flashing Flow Test Results

Experiment TRAC-PF1 TRAC-PD2 RELAP5/ MODI_.

d; Inlet Inlet Exit Mass Flow Mass Flow Mass Flow Mass Flow
Run Pressure Temperature Pressure Rate Rate % Rate % Rate %
Nos. (kPa) ( C) (kPa) (kg/s) (kg/s) Error (kg/s) Error (kg/s) Error

291-295 502 148.9 471 6.43 4.74 -26.2 5.08 -21.0 4.92* -23.5

309-311 556 149.1 397 8.79 7.10 -19.2 7.28 -17.2- 7.12 -19.0

318-321 322 121.1 167 8.98 7.74 -13.8 7.79 -13.2 7.85 -12.6

339-342 320 121.3 252 8.97 7.63 -14.9 7.69 -14.3 7.62 -15.1

* Prediction using the RELAPS choking option; the calculation without the choking option fai. led.
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2.2 _C_CFL or " Flooding"

2.2.1 University of Houston Tests [7]

Two test series with two different water feed rates of 100 lb/hr and 1000
lb/hr were simulated with the TRAC-PF1 (Version 7.0), TRAC-BD1 (Version 12.0)
and RELAPS/ M001 (Cycle 14) codes. The tests were conducted in a 2-inch in-
side diameter vertical pipe where air and water were injected at the bottom
and middle of the test section, respectively. The predicted and measured
water downflow rates vs. the injected air flow rate for both test series are
shown in Figures 3 and 4.

It can be seen that TRAC-PF1 underpredicts the air flow rates necessary at
the inception and completion of flooding. There is also a slight difference
between the TRAC-PF1 and TRAC-PD2 results (see Figure 3). This is due to the
use of Dukler's interfacial shear correlation [16] in TRAC-PF1 instead of .

Wallis' interfacial shear correlation [17] for the annular flow regime. More-
over, the high entrainment rate in both TRAC-PFl and TRAC-PD2 contributed sig-
nificantly to the underprediction of the air flow rate for flooding.

The TRAC-BD1 results, on the other hand, are in much better agreement with
the University of Houston data. TRAC-BD1 (Version 12.0) employs the Wallis
correlation for the interfacial shear, the Ishii-Grolmes [18] correlation for
the onset of entrainment, and the Ishii-Mishima correlation [19] for the en-
trainment rate. The combined effect of these correlations produced good
agreement between the data and the TRAC-BD1 predictions as shown in Figures 3
and 4.

The RELAP5 predictions for these tests are very poor. Very little air

flow rate is required to cause upflow of all the injected water in the RELAPS
calculation (see Figure 3 and 4). This is caused by the inadequacy of the
RELAPS flow regime map at high void fractions (a > 0.95). At these void frac-
tions, the code assumes all the liquid to be in the droplet form which was not
the case in the Houston test. Clearly an improved flow regime map is needed
in RELAP5 for high void fractions.

2.2.2 Dartmouth College Single Tube Tests [8]

Two series of tests with two different tube diameters (1-inch and 6-inch)
were selected for simulation with the TRAC-PF1, TRAC-BD1 and RELAPS/ MODI
codes. The preliminary results for the small diameter (1-inch) tube showed
some anomalous behavior and the analyses are still in progress.

The results for the 6-inch diameter tube test are shown in Figures 5 and
6. The TRAC-PF1 calculations, as shown in Figure 5, are in good agreement
with the data except for the nondimensional air flow rate of approximately
0.4. Here the code calculated an unreasonably low value of the liquid downf-
low rate. The problem has been traced back to the sharp discontinuity in the
Dukler interfacial shear correlation at lower void fractions or thicker films.
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Figure 6 shows the results of the TRAC-BD1 calculation for the 6-inch tube
test. The code without the CCFL option overpredicted the average water
downflow rate for a given air flow rate. However, as expected, the prediction
with the CCFL option was slightly closer to the data.

RELAP5 predicted very little water downflow even for a low value of the
air flow rate. This is consistent with the RELAP5 predictions of the Univer-
sity of Houston tests discussed earlier.

2.2.3 Dartmouth College Parallel Tube Tests [9]

A Dartmouth College test series conducted with three parallel tubes each-
of 1-inch in inside diameter has been selected for simulation with both TRAC-
PFI and TRAC-BDl. Preliminary calculations with the TRAC-BD1 code agree with
some features of the experiment. However, the calculations are still in pro-
gress and it is premature to make any conclusion at this time.

2.3 Level Swell

2.3.1 GE Large Vessel Test [10]

The GE large vessel level swell test No. 5801-15 has been simulated with
both the TRAC-PF1 and RELAP5/ MODI codes. The resultant vessel pressures are
shown in Figure 7, whereas the axial void distributions at various times are
presented in Figure 8. The TRAC-PF1 pressure prediction is in good agreement
with the data except for the very early part when a pressure dip was observed
in the experiment. This discrepancy is due to the lack of a flashing delay
model in TRAC-PFl . RELAP5, on the other hand, significantly underpredicts the
vessel pressure throughout the transient.

Figure 8 reveals that, in general, TRAC-PF1 overpredicts the void fraction
and the rate of level swell. This is in agreement with the TRAC-PD2 results
for the Battelle-Frankfurt level swell test reported earlier [20]. Both of
these trends could be due to the higher interfacial shear in TRAC for the
bubbly and bubbly-slug regimes.

The RELAP5 results for the axial void distribution show irregularities
which may be due to some errors in the interfacial shear package. A
nodalization study with finer mesh did not resolve this irregular behavior.

2.4 Steam Generator Thermal Performance

2.4.1 B&W Steam Generator Tests [11, 12]

Two test series, one with the 19-tube Integral Economizer Once-Through
Steam Generator (IE0TSG) and the other with the 19-tube Once-Through Steam
Generator (OTSG), have been simulated with both the TRAC-PF1 and RELAP5/M001
codes. The IE0TSG test series 68-69-70 simulated a load change transient from
15% to 25% of the full power, whereas the OTSG test series 28-29 simulated the
loss-of-feedwater transient.

Figure 9 shows the TRAC-PFl and RELAP5 results for the IE0TSG test along
with the experimental data. The vertical scales are withheld because the data
are B8W proprietary. The TRAC-PFl results are in reasonably good agreement
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with the data whereas the RELAP5 results show some numerical oscillations.
Further analysis with RELAP5 is in progress where the maximum time step will
be controlled manually.

Figure 10 shows the TRAC-PF1 results for the OTSG test along with the
data. Again, the vertical scales are withheld because the data are B&W pro-
prieta ry. The original TRAC-PF1 (Version 7.0) results did not agree well with
the experimental data. One of the major deficiencies in the TRAC calculation
was very little condensation of the bled steam coming through the aspirator
into the downcomer. This resulted in a lower liquid inventory in the down-
comer and a two-phase mixture at the bottom of the tube bundle during the
steady-state. Therefore, when the feedwater was lost, TRAC-PF1 considerably
underpredicted the exit steam flow rate. A sensitivity study showed that if
the steam-water condensation rate were increased such that the bled steam
would condense completely, TRAC-PFl would predict the steam flow rate very
well. However, there was still a problem with the exit steam temperature.
This was caused by the slightly lower primary-to-secondary heat transfer rate
at the steady-state.

2.4.2 FLECHT-SEASET Steam Generator Tests [13]

Two tests, namely ID=21806 and ID=22010, have been simulated with both the
TRAC-PF1 and RELAP/ MODI codes. In these tests, the secondary side of the mod-
el U-tube steam generator was filled with stagnant water at high pressure
('57 bar), and a high void (a > 0.99) steam-water mixture at low pressure (m3
bar) flowed through the primary tube. The direction of heat transfer was pre-
dominantly from the secondary to the primary.

Figures 11 through 13 show some of the TRAC-PF1 and RELAP5 results for
Test ID=21806 along with the data. It can be seen that both TRAC and RELAP5
underpredicted the secondary side pressure which was the result of overpredic-
tion of the secondary-to-primary heat transfer rate. Figures 12 and 13 sup-
port this notion. It can be seen from Figure 12 that TRAC and RELAPS did not
predict any liquid carryover until the second half of the transient, although
there was always some carryover during the experiment. Figure 13 depicts the
primary side steam and secondary side fluid temperatures at t = 338 seconds.
Notice that both codes underpredict the secondary side fluid temperature which
is the direct proof of overprediction of the secondary-to-primary heat trans-
fer rate. However, the TRAC-PF1 results are more reasonable than the RELAP5/
MODI results. The experimental primary steam temperature shows a sharp in-
crease between 3 and 4 m elevation at t = 338 seconds which was not predict-
ed by either code. This sharp increase in the steam temperature represents a
highly nonequilibrium situation where droplets coexist with the superheated
vapor. In TRAC-PF1, the steam was superheated although the degree of super-
heat was not as high as in the experiment. This led to the larger tempera-
ture differential between the secondary and the primary and hence, the greater
heat transfer rate. RELAPS, on the other hand, could not predict any steam
superheat until all the droplets were evaporated. Thus, the temperature
differential and the secondary-to-primary heat transfer rate was even greater>

in RELAP5/MODl.

Similar results were obtained for test ID=22010 and they will not be re-
peated here because of space limitation.
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2.5 Natural Circulation

2.5.1 FRIGG-Loop Natural Circulation Tests [14]

Three test series with different entrance loss coefficients (Kent = 4.5,
14.0 and 19.0) have been simulated with both the TRAC-PFI and RELAP5/M001
codes. Since the results of these test series were very similar, only the

series with Kent = 14.0 will be discussed here.

Figure 14 shows the predicted and measured flow rates as a function of
bundle power. TRAC-PF1 with the annular 'ow friction factor produced the
correct trend, although the predicted flow rates were somewhat higher than the
experimental values. Since the homogeneous flow friction factor yields lower
wall friction than the annular flow friction factor, the TRAC-PFl flow rates
with the former option were considerably larger than the data. The RELAPS
predictions for flow rates were also larger than the data, particularly at
high bundle powers.

Figure 15 compares the bundle wall heat flux with the various CHF corre-
lations as a function of power. The CHF was experienced during the experi-
ment at approximately.6.2 MW. However, neither TRAC-PFl nor RELAPS/ MODI was
able to predict this accurately. The TRAC-PF1 code which uses the Biasi cor-
relation would highly overestimate the power needed for'the CHF condition,
whereas the RELAPS/ MODI code which uses the W-3 correlation would miss the CHF
completely. However, it has been found that the RELAP4/ MOD 7 CHF correlation
[21] would predict the CHF point quite accurately for this particular FRIGG
test.

3. CONCLUSIONS

3.1 Critical Flow

Both TRAC-PF1 (Version 7.0) and RELAPS/ MODI (Cycle 14) underpredicted the
steady-state subcooled critical flow rate through a converging-diverging noz-
zle, i.e. , the BNL test section. For the Marviken Test 24, the RELAPS criti-
cal flow rate was in better agreement with the data. However, neither code
could predict both the break flow rate and the vessel inside pressure well.
Further work on the subcooled critical flow rate is needed for both codes.

3.2 CCFL or Flooding

TRAC-BD1 (Version 12.0) yielded the best prediction for the University of
Houston tests conducted in a 2-inch diameter pipe. However, for the Dartmouth
College tests conducted in a 6-inch diameter pipe, TRAC-BD1 tends to overpre-
dict the liquid downflow rate. TRAC-PF1 yielded better results for the same
test series with the exception of one data point. Discontinuity in the Dukler
interfacial shear correlation incorporated in TRAC-PF1 seems to be the reason
for this discrepancy.

The RELAP5/ MODI predictions of the University of Houston tests were very
poor. The code should employ an annular-mist flow regime at high void frac-
tions instead of only a mist or droplet regime.
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Analyses of the Dartmouth single and multiple tube tests using 1-inch dia-
meter pipe (s) are still in progress.

3.3 Level Swell

TRAC-PFl tends to overpredict the level swell rate and the void fraction
below the mixture level, although it predicts the depressurization rate quite
well. Higher interfacial shear in the bubbly and bubbly-slug regimes seems to
be the reason.

RELAPS/ MODI, however, tends to underpredict the level swell rate and exhi-
bits some irregularities in the axial void fraction profile. Some errors or
lack of smoothing in the interfacial shear package could be the reason.;

i 3.4 Steam Generator Thermal Performance

For the B&W IE0TSG test, both TRAC-PFl and RELAP5/M001 yielded reasonable
average results, although the latter showed some numerical instabilities.
Manual control of maximum time step is probably necessary to avoid these in-,

stabilities.
-

,

For the B&W OTSG test, TRAC-PF1 underpredicted the exit steam flow rate
during a loss-of-feedwater transient. This was caused by the lower ini-
tial (steady-state) water inventory due to the lower rate of aspirator steam
condensation. An increase in the condensation rate improved the TRAC-PFl re-i

i sults. Simulation of the same experiment with the RELAPS/ MODI code is still
in progress.'

For the FLECHT-SEASET U-tube steam generator tests, both TRAC-PF1 and
RELAP5/ MODI codes overpredicted the secondary-to-primary heat transfer rate.
One of the main reasons for this discrepancy seems to be the higher inter-
facial heat transfer rate in the droplet flow regime in both codes, particu-:

larly in RELAPS which did not produce any steam superheat until all the drop-
lets were evaporated. There were also some numerical instabilities in RELAP5
which disappeared when the calculations were repeated with manually controlled
time step.

3.5 Natural Circulation

Both TRAC-PFl and RELAPS/ MOD 1 overpredicted the flow rates for the FRIGG-,

t Loop natural circulation tests. However, slightly increased values of wall
friction factors and/or form losses would yield reasonable agreement with the!

data.
4

1 The CHF correlations used in both codes, i.e., the Biasi and the W-3 cor-
relations, were unable to predict the CHF condition in the FRIGG test. How-,

ever, the RELAP4/ MOD 7 CHF correlation predicted the same condition quite well.

| 3.6 Computer Run Time

The CNL code assessment activity did not reveal any clear computer run
,

time advantage for either TRAC-PF1 or RELAPS/ MOD 1. The run time statistics
for most of the transient tests simulated at BNL are presented in Table 4.
The time steps for all the calculations were selected by the time step control; ,
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of the codes and no manual intervention was made. It can be seen that al-
though RELAP5/ MOD 1 has a factor of three advantage in the grind time, i.e.,
the CPU time per cell per time step, the advantage is lost because it takes
smaller time steps. Furthermore, for some calculations such as steam genera-
tor tests where wall beat transfer is involved, the user may have to restrict
the maximum time step to avoid numerical instability. In these cases, TRAC-
PF1 will run significantly faster than RELAPS/ MOD 1.

4 FUTURE WORK

BNL will continue the independent code assessment activity in FY 1983.
The codes to be assessea are: TRAC-PF1/M001, TRAC-BD1/M001 and RELAPS/ MOD 2.
The assessment matrix will contain some of the tests simulated earlier. How-
ever, some new types of tests such as NRU reflood and ORNL post-CHF tests will
be added.

Table 4. Comparison of Computer (BNL CDC-7600) Run Times
for TRAC-PF1 and RELAPS/ MODI

Real No. No. of CPU CPU (s)
Experiment Code Time of Time Time CPU (cell-
Simulated (s) Cells Steps (s) Tial time

step)

TRAC-PF1 55 42 1202 127 2.31 2.5x10-3
Marviken Test ------------------------------

24 RELAP5/M001 60 41 6034 193 3.22 0.8x10-3

-3
GE Large Vessel TRAC-PF1 20 | 17 236 21 1.05 5.2x10|

Test ----------------------------
3(No. 5801-15) RELAPS/M001 20 14 28814 400 20 1 x 10

-

B&W IE0TSG TRAC-PF1 50 26 255 21 0.42 3.2x10-3
Test --------------- ------- --------

(No. 68-69-70) RELAPS/ MOD 1 50 26 400 12 0.24 1.2x10-3

FLECHT-SEASET TRAC-PF1 1300 46 31022 4419 3.40 3.1 x10-3
Steam Generator ----------------------------

3Test RELAP5/M001 1300 46 42322 2568 1.98 1.3x10-
ID=21806

FLECHT-SEASET TRAC-PFl 1300 46 7048 1115 0.86 3.4x10-3
Steam Generator ----------------------------

3Test RELAP5/ MODI 1300 46 167370 9271 7.13 1.2x10-
ID=22010
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FISSION PRODUCT RELEASE FROM IRRADIATED LWR FUEL

~M. F. Osborne
R. A. Lorenz
R. P. Wichner-

Chemical Technology Division
i Oak Ridge National Laboratory

? Oak Ridge, Tennessee 37830

;

| SUMMARY.

An experimental investigation of fission product release from commer-

cial LWR fuel under accident conditions is being conducted at Oak Ridge

National Laboratory (ORNL). This work, which is sponsored by the U. S.

Nuclear. Regulatory Commission (NRC), is an extension of earlier experiments
i

i Iup to 1600'C -3 and is designed to obtain the experimental data needed to

reliably assess the conseque .ces of accidents for fuel temperatures up to

melting. The objectives of this program are (1) to determine fission pro-

{ duct release rates from fully-irradiated commercial LWR fuel in high-
1

I temperature steam, (2) to collect and characterize the aerosol released,

(3) to identify the chemical forms of the released material, (4) to corre-'

late the results with related experimental data and develop a consistent

1

i source term model, and (5) to aid in the interpretation of tests using
i

simulated LWR fuel.

In order to provide a more uniform specimen temperature and more,

1

j realistic materials in the test chamber, experience in related studies +,5t

i was utilized to develop a new induction furnace for heating the specimens.

| The principal feat:res of this furnace are illustrated in Fig. 1. A dense

,
Zr02 furnace tube isolates the steam-argon mixture flowing over the

20-cm-long fuel specimen from a' tubular tungsten induction susceptor, which,

;- .

I
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is the heat source. The tungsten is protected from rapid oxidation by an

inert gas purge. Fibrous ceramic insulation is used to reduce heat losses,.

and a fused silica vessel provides containoent. Specime;. temperature is

neasured and controlled by ther;nocouples.and a two-color optical pyrometer.

'taterial released f rom the furnace -is collected on the surface of a

olatinun/ gold thermal gradient - tube (~ 1000 to 150*C), in a series of glass

- f iber filters, or on heated charcoal. Only the inert gases ( Ar, Kr, and Xe) .

nass through the steam condenser to a cooled charcoal trap. The furnace and
,

collection apparatus are nounted in a steel containment vessel inside a hot

i cell, as shown tu fig. 2. Radiation detectors monitor the accumulation of
s

radio-active saaterial at various collection points during the test. In
;

addition to the primary tests with irradiated commercial fuel, control tests

using unirradiated specimens with fission product and cladding tracers have
,

been conducted at 1700*C, and testa using simulated high-burnup_ f uel of the

type used by Albrecht et al.5,6 will be ccnducted at the higher test t eta-

]
peratures (> 2000*C) .

Two tests of 30,000-IludhtT burnup fuel (ll. 8. Robinson 2) nave been

'
conducted. The history of a 20 min test at 1700*C is shown in Fig. 3. The

peak in total outlet flow (about 13 min to 30 min) indicates the period of
,

f hydrogen fornation as a result of cladding oxidation. The on-line counting

85Kr collected on the cooled charcoal illustrate the release beha -data for

137vior during the test; Cs release was delayed slightly but showed similar

release rates, compared to the 8 5 t(r .

Posttest examination and analysis of apparatus components revealed the
,

f
' f ractional release and distribution f or several tission products, as sun-

narized for bnth tests in Table 1. The nuclides 85Kr , 13 7Cs, 125Sb , a nd

<

170

- _ _ . . __ ___ , _ _ _ _ _ _ _ - _ . __ _ _. . - _ . .



. - ~.

)

)

F

'

-

,

!

110 mag were neasured directly by ga.una-ray spectrouetry,- but activation

analysis of basic Icach solution; was required for measurenent of 1291

release. As shown in' Table 1, the total release f ractions for Kr. '. , a n ! Cs

. were ~2% for the test at 1400*C and ~507. for the subsequent test at 1700*C.
!

These results agree reasonably well with predictions based on previous
i

work,7 and with a recent review,8 as shown in Fig. 4. In both tests, most

| (>997.) of the iodine that was released was collected on the thermal gradient

t ube a nd t he filters, thus indicating that very small f ractions of highly
a

volatile iodine species such as 12 or Cll 1 wera formed. No rapid release of3

cesium at ~ 1400*C was observed; as shown in Fig. 5, a large f raction of the

released cesium had combined with the Zr32 ceramics in the furnace at hi hd

temperature in each test, forming a thermally and chemically stable species.
,

The cesium and iodine distribution in the furnace and collection system is

shown in Fig. 6. Most of the released antimony was tightly adhered to or

alloyed with the platinum / gold thermal gradient tubes in the higher-

temperature region (>500*C), as seen in Fig. 6. (Whereas leaching with

either basic or acid solutions removed large f ractions of the Cs, the Sb was

relatively unaf fected. ) Other fission product elements detected in very

1 small quantities by gamna spectrometry included Se, Ru, Ce, and Fa.

Spark source mass spectrometry (SSMS) was utilized to obtain data f rom

a few samples. In addition to the above, the fission product elements Br,,

Rb, Sr , Te , Ba, and La were detected. Data obtained by the latter tech-

nique, which were evaluated relative to 137Cs, confirmed that the distribu-

t ions of such chemical analogs as Cs/Rb and I/Br were similar. Fission

product data for three areas of the thermal gradient tube and the filters

in test ilt-1 are sum.,arized in Table 2. Several structural.and impurity
i
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identified a lso, and Sn was indicated to be alloyed witn theeieraents were

platinun therwil aradient tube.

Madtal cross sections of each fuel specimen were exanined metallo-

In the 1400*Cgraphically and compared with an untested control specinen.

the cladding was heavily oxidized, as indicated by flow data (hydrogentest,

production) and the severa cubrittlement apparcsnt in handlina. 'llcrostruc-

tural changes were auch more pronounced in the 1700*C test; the cladding was

completely oxiitzed to Zr02 (see Fig. 7), precipitates of netallic Sn were

observed la the ".r02, and small areas of fuel / cladding interaction were

a ppa rent (Fig. 3). 'bre detailed exanination and analysis of the specimen

nicrostructures is being conducted at Ar,;onne National laboratory.

About five additional tests of irradiated fuel will be conducted at

1700 to 2000*C in the existin;; apparatus. Following completion of this test

series, several apparatus modifications will be considered. Planned higher-

t empe ra t u re (up to 2400*C) tests will require Th02 ceramics to replace the

Zr02 furnace conponents. A parallel ef fort to develop laser-Raman or laser-

induced-fluorescence spectronetry for fission product species identifica-

tion in the nas phase has indicated that such techniques may be applicable.

A spectrun from one test, Csl heated to 1100 K in a f used silica cell, is

shown in Fig. 9. The high sensitivity for Csi as illustrated in this case

is encouraging. If f urther development ef forts show that such species as

12, CsI, and Cs0!! can be identified in the ef fluent from our tests, equip-

ment to utilize this analytical technique will be factuded as soon as

possible.

1
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' Table 1. Distribution of fission products released f rom two tests

of 11. B. Robinson fuel
. - - - - . . -- - - = - - - - - - - . . .

Test component or . Temperature Fraction of fuel inventory found (%)

collector or range.
85Kr 137Cs 1291 125Sb 110m"

ag.( *C)
__ _- --=-

Test 111,_1_(30 min at 1400*C in steam)

0Furnacea 1400-900 0 0.79 0.016 0.001g-
Thermal gradient tube 300-130 0 0.58 0.83 ~ 0. 017 0*

U
Filters ~ 130 0 0.33 1.18 O 0

flot charcoal ~ 130 0 0 0.010 0 0

Cold charcoal -73 2.83 0 0 0 0

| Totals 2.83 1.75 2.04 > 0. 017 0
t
.

Test 111-2 (20 min at 1700'C in steam)

G 1700-1000 0 9.6 ~ 0.14 0.68 0Furnace
Thermal gradient tube 1000-150 0 14 16.8 ~ 0. 8 5 1.86
Filters ~ 150 0 25 35.9 >0.005 0.26
Ilot charcoal ~150 0 0 0.187 0 0

Cold charcoal -73 Sj) O_, 0 0 0
,

Totals 50 49 53.0 >1.53 2.12
. - - - - - - - - - -.. - - - _ - - - - - - .- .-.. - - - - - _ - . .- -

8 In addition, particles of f uel and/or cladding recovered from the
137Cs, 125Cs , 10 6Ru, and 60Co.f urnace contained significant amounts of

h Measured only af ter >90% of the Cs activity had been removed by
leaching; the amount of Sb removed by leaching was not determined, but
was indicated to be small.

U Not detected because of high Cs activity, possibly as high as

0.08%.

J
,

4

s

!

|
;

1
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Table 2. - Fission products found by spark source mass spectrometric (SSMS)
analysisa (based on 137Cs gamma spectrometric data) of test HI-1

Total in
thermal

Amount on thermal gradient gradient
Element tube segments (pg) Filter tubeang

pack filter
1,2,3 5, 6 8, 9 (pg). (pg)

Temperature
,

| (*C) 760-625 500-270 220-150 120
|
'

Cs 600 425 64 1010 246G
I 80 240 110 210 850
Rb 80 19 5.6 88 220
Br (8 75 5.6 88 210
Te 26 9 <9 <44 75 t 30
Ag 18 <2 <0.3 <9 29 i 7
La <3 <0.4 <0.3 26 28 t 2
Ba <5 <0.9 <0.8 9 13 4
Sr <0.8 <0.09 <0.14 <0.2 <1.6

" Amounts accurate only within a factor of 2.
b Includes estimated amounts in thermal gradient tube segments 4, 7, and 10.

1
.1

4
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EXPERIMENTAL PROGRAM IN CORE MELT AEROSOL RELEASE AND TRANSPORT.

1

G. W. Parker

Chemical Technology Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

,

| INTRODUCTION
l
.

Aerosol behavior may be expected to assume an increasing importance in

Light Water Reactor (LWR) Class IX accident assessment just as it has domi-

nated the Liquid Metal Fast Breeder. Reactor (LMFBR) safety analysis.

Fission products, core components, and structural materials may be vaporized

in large quantities from a core melt, giving rise to high aerosol concentra--

tions in the containment or drywell. At such high concentrations, these

aerosols may initiate a scavenging process, followed by rapid settling, and

: thereby relieve a potentially harmful threat to the environment. Volatile

fission products, including halogens in any oxidation state, may be adsorbed

on the surface of the chemically active aerosols and are expected to be

| attenuated at the same rate as the particulate solids.
,

A survey.of the requirements for an experimental demonstration of core-

melt aerosol release has indicated that the most practical technique is that

referred to as " skull melting" by rf induction. The implied " skull" would

be a preformed Zr02 or Th02 shell composed of presintered powdered oxide.

The advantages of this method include freedom from foreign container
l
; materials, a cold wall environment that ensures furnace integrity, and an
,

almost unrestricted use of steam or other atmosphere as the cover gas.

Scale-up is also reasonably simple and practical with this method. Mixed

core-simulating charges, including clad fuel, structural and control rod

185
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metals, and fission-product tracers, may be incorporated and melted in any

combination. Melting rates and maximum temperatures may be variables,

although pseudoeutectic melting at 2300-2400*C is considered most important.

Aerosols generated by this method may be readily introduced into the

present CRI-II containment for further examination where well-characterized

aerosol instrumentation is already available.

The major emphases of the project will be first to investigate chemical

states and adsorption processes for simulant fission products, particularly

iodine and cesium, and second, to measure the coagglomeration and total

attenuation rate of all vaporized species with the structural material

aerosols.

PROGRESS TO DATE s

The initial part of the effort has been dedicated to the development of

a demonstration scale (1.0-kg), water-cooled, skull container with segmented

copper components. This concept permits induction melting with kilocycle

frequency rf power by direct coupling to the mixed-fuel charge. A complete

aerosol generation system has also been constructed on a demonstration scale

using a 50-kW-rf power supply which was accessible.

A second part of the effort has been concerned with the design of a

full 10- to 20-kg scale furnace and the selection of a 250-kW-rf power unit

to match the furnace. At this scale, aerosol releases of 100 g or more

could be expected. This would afford a special opportunity to characterize

simultaneously both the mixed core-melt aerosols and the corresponding

vaporization rates.
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RESULTS FROM THE INITIAL 1-KG EXPERIMENTS

The initial experiments designed to match the PWR AD sequence were

marked by the appearance of several unexpected effects related primarily to

the interaction of the control rod silver alloy (at 1400*C) and the stain-

i less steel molten-core support structure (at about 1500*C) with the Zirealoy
!

fuel cladding.

Aerosols produced during the meltdown process in a hydrogen-rich
i

environment are observed to be essentially pure metallic forms, rich in cad-
'

mium, silver, indium, and manganese and containing no fuel UO , or cladding2

Zr or Zr0 . Limited steam flow, as measured by incomplete zirconium oxida-2

tion, gives a atrongly reducing hydrogen-blanketed environment which, when

combined with unoxidized zirconium, increases fission product reicsse by
i

enhancing the volatility of the alkaline earth metals. From the structural

steel, manganese is the most volatile component, followed by iron and

chromium; however, the total amount vaporized is unexpectedly low.

Most of the metallic fission products (Ru, Mo, Te) are observed in our

tests to be scavenged by molten steel or by the zirconium-silver alloy and
,

retained in the melt. Our experiments indicate, however, that strontium and

barium additives are initially reduced by the zirconium to the free metals,

which vaporize extensively and which react with even traces of steam and air

to produce aerosols of their corresponding oxides. Other aerosols (Sn, Mn,

Cd, Ag) may remain in the reduced form. The most volatile fission products,

iodine and cesium, are quantitatively released.

Upon reaching the reactor containment, the remaining airborne fraction

of the combined mass of mixed aerosol solids is expected to form large chaf a

agglomerates that should be quickly dissipated by natural settling, aided by

condensing steam.
jg7
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THE SCOPE OF THE CORE MELT TASK ENCOMPASSES:
4

1. EXPERIMENTS ON A 1-10 KG SCALE USING STEEL-Zry AND FP

SIMULANT FUEL MIXES AND COMPARISON OF RELATIVE RELEASE

FRACTIONS WITH OTHER DATA

2. TEMPERATURES UP THROUGH MELTING (25000) BY RF COUPLING

WITH FUEL MIX IN KH RANGE
,

,

i i

3. USE OF STABLE CHEMICAL FORMS OF FP'S OR TRACE

IRRADIATION OF FISSION PRODUCTS SIMULANTS
,

,

!

4. EXAMINATION OF CHEMISTRY OF RELEASE RATES, AND

ASSOCIATION OF FISSION PRODUCTS WITH AEROSOLS

; 5. RATES OF SOLUTION OF ALKALINE EARTH AND RARE EARTHS

IN OXIDE PHASE AND NOBLE METALS IN METALLIC PHASE

,

6. AEROSOL CHARACTERIZATION: ATTENUATION RATES AND

SIZE VERSUS MASS CONCENTRATIONj

i

7. TRANSPORT IN PRIMARY SYSTEM 7

8. COORDINATION WITH HOT-CELL RELEASE EXPERIMENTS, AND

NSPP AEROSOL BEHAVIOR IN CONTAINMENT EXPERIMENTS

|
|
|
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THE OBJECTIVES OF THE CORE-MELT TASK ARE TO DETERMINE

FOR SEVERE ACCI'.uNT CONDITIONS!

1. RATES OF FUEL AND STRUCTURAL AEROSOL RELEASE

(VAPORIZATION RATES)

Sr, Ru, etc.)
2. RATES OF FISSION PRODUCT RELEASE (I, Cs, Te,

,

3. PHYSICAL AND CHEMICAL CHARACTERISTICS OF RELEASE SPECIES

4. BEHAVIOR OF THE MIXED AEROSOLS

IN CONTAINMENT

IN PRIMARY SYSTEM (7)

ALLOYS, EUTECTICS,
5. CHARACTERIZATION OF MELTDOWN PHASES:

METALLICS, ETC. AND FISSION PRODUCT PARTITIONING

6. SCALING RULES BETWEEN SMALL AND LARGE CORE MELTS

IGNITION ON FISSION PRODUCT / AEROSOL TRANSPORT7. EFFECTS OF H2

BEHAVIOR AND/OR PHYSICAL AND CHEMICAL CHARACTERISTICS

,

I

"'

f
, -- - __ _ ---%__
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TECHNICAL APPROACH PLAN FOR DIFFERENTIAL
CORE MELT RELEASE EXPERIMENTS

: 1. INI(IAL EXPERIMENTS WITH SILVER ALLOY (2%) AT LIMITED
| TEMPERATURES (BELOW 1800 C), PWR CORE.

(REVEALS Ag, Cd, In, SS, IIRCALOY INTERACTION AND |

AND INITIAL Cd. Ag VOLATILITY)

2. SECONDARY EXPERIMENTS WITHOUT SILVER ALLOY AND WITHOUT
SS, TO MELTING TEMPERATURES 18500-2400 C.

(MEASURES Sn RELEASE FROM ZIRCALOY)

3. TERTIARY EXPERIMENTS WITHOUT SILVER ALLOY AND WITHOUT

TIN (USES ZIRCONIUM CLADDING INSTEAD OF ZIRCALOY) TO
i 24000C EUTECTIC MELTING, BWR CORE.

(MEASURES SS COMPONENT VAPORIZATION)

4. INITIAL FISSION PRODUCT SIMULANT EXPERIMENTS 'TO BE i

WITHOUT CONTROL ROD ALLOYS, BUT WITH SS. WILL INCLUDE H

SEPARATE TESTS FOR OXIDE GROUP (Ba, Sr, RE S)J METALLIC |
#

GROUP (Ru, Te, Mo)J AND VOLATILE GROUP (Cs,1).
,

(MEASURES RELEASE FROM OXIDE PHASE AND FROM METALLIC

.

;
-

| PHASE)

!

190
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| ORNLOWG 82-1324
:

VAPORIZATION OF CONTROL-ROD SILVER ALLOY

CM-16 FILTER PAPER ANALYSES

MAXIMUM # #' 8' "'' I" "I 'SMPd RELEASE
TEMPERATURENO. I"9)('C) Cd Ag In Sn U

16- A 1800 294 178 103 9 3 <1

16-8 2200 103 1 80 20 1 <1 |

|

16-C 2400 23 <1 17 3 <1 <1

CM-16 FURNACE-DEPOSITED AEROSOLS

# ' "'''""I'SAMPLE RELEASE
TEMPERATURE

(*9}('C) Cd Ag In Sn U

16- A 1800 345 270 73 <1 <1

16-B 2200 175 <1 158 15 <1

16-C 2400 218 83 108 21 6

CM-16 TOTAL AEROSOL RELEASE

MASS RELEASED PERCENT OF
ELEMENT (g) MASS INVENTORY

Cd 0.53 53
Ag 0.54 6.1

' In 0.07 5.4

Sn 0.005 0.2
~3U O.006 i x 10

200
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I
!

l

ORNL DWG 82-4133

CORE MELT EXPERIMENT CM-19
!

WEIGHT PERCENT RELEASE

OF EACH aist HEAT 2nd HEAT 3rd HEAT TOTAL RELEASEELEMENT
! ELEMENT (gms) ((800') (2200*) (2400') (%)

UO2 501.35 6 x 10-6 6 x 10-6 1 x 10-5
Zr 178.3 1x10-3 1 x 10-3
Fe 12.11 O
Cr 2.99 0

S Ni 1.32 O,

Sn 2.72 2 x 10-2 0.47 5 x 10-2 0.23
'

Mn 0.16 O
Sr 0.086 5.4 5.1 0.77 11.3
Ba 0.13 2.9 3.1 1.3 7.3
Ce 0.19 0

0 FURNACE WASH, TOTAL: Sr = 1.4 %, Bo = 2.0 % ADDITIONAL RELEASE.

. _ _ _ _ _ _ _ _ _ _--
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ORNL DWG 82-113tR

METALS DISSOLVED IN RESIDUAL S. S. MELT

bFUEL BUNDLE ADDITIVES ANALYSIS OF S.S. RESIDUE ADDITIVE TRANSFERED
TO THE MELT

ELEMENT g mg/g g % %

Zr (CLAD) 17 8.3 67 4.24 6.7 2.4
Sn (CLAD) 2.7 20 1.27 2.0 46.9

Mo ( F. P. ) 0.33 3 0.19 0.3 57.5
Ru ( F. P.) 0.43 3 0.19 0.3 44.2
Te ( F. P. ) 0.06 0.8 0.051 0.08 84.4~

0 U (FUEL) 551.0c 90.0 5.7 9.00 1.0

DATA FROM CORE-MELT RUN 24.
bDENSITY OF S.S. WAS 8.7 g/cm ,3

3c DENSITY OF UO -Zr02 (OXIDE PHASE) WAS 8.1 g/cm .2

__ ._ _ _ _ - - _ _ _ _ _ _ _ _
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ORNL DWG 82- t 132

ESTIMATE OF AEROSOL SOURCE TERM FROM i-kg EXPERIMENTS

AEROSOLS RELEASED

MIDLIFE REACTOR MEASURED FROM CALCULATED FOR
INVENTORY l-kg EXPERIMENTS WHOLE CORE

(kg) (%) (kg)

ELEMENTb PWR BWR PWR BWR

Sr 54.3 81.5 7.8 4.2 6.4
Mo 157.3 236 0.14 0.22 0.33
Ru 111.8 167 0.00 0.00 0.00
Te 22.8 34.2 0.00 0.00 0.00

$ I 11.8 17.6 10 0 11. 8 17.6
Cs 139.1 208.7 10 0 139.1 208.7
Ba 69.6 10 4.4 6.6 4.6 6.9
Ce 155.9 233.9 0.0 0.0 0.0
Sn 380.7 808.9 1.2 4.6 9.7
Mn 40.3 374.6 12.0 4.8 45.0
Ag 2159.0 0.0 G.1 131.7 0.0
In 342.3 0.0 5.4 18.5 0.0
Cd 265.9 0.0 53.0 141.0 0.0
Fe 1410 9295.0 0.076 1.1 7.1

TOTAL 4 61.6 301.7

a STRUCTURAL MATERIALS, CONTROL RODS, AND FISSION PRODUCTS.
b FISSION PRODUCTS CALCULATED BY ORIGEN FOR 16,500 MWD CORE.

___ _ _______ - _ - _- -. .



FISSION PRODUCT CHEMISTRY EXPERIMENTS AT SANDIA*

R. M. Elrick, R. A. Sallach, J. E. Brockmann

Sandia National Laboratories **
Albuquerque, NM 87185

i

SUMMARY

The scope of the High Temperature Fission Product
Chemistry and Transport program is 1) to define thermo-
dynamic data and chemical reaction characteristics of
fisnion products of interest, 2) to examine the chemistry
and transport of fission products in typical steam and
hydrogen environments, and 3) to' compare observed behavior
of the fission products with predictions made by purely
thermodynamic calculations.

A steam facility has been constructed to examine the
transport and interaction of fission product species in
typical steam and hydrogen environments. Other laboratory
experiments are being performed to study kinetic and
thermodynamic fcatures of some of these fission product
systems in greater detail.<

Attention has concentrated primarily on the study of
i the cesium and iodine system in steam in the steam facility

and in a transpiration apparatus and of the tellurium .

system using a microbalance. The equipment will be
described along with the experiments and the experimental
results.

The steam facility was designed to study the chemistry
resulting from the reaction of single or multiple fission
product vapors in steam at temperatures to about 1100C.
This laboratory-scale facility provides residence times

*This work spudsored by the United States Nuclear
Regulatory Commission.

,

**0perated for the United States Department of Energy under
Contract No. DE-AC04-76LP00789.r

|
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from seconds to as long as several hours for chemical and
physical changes to occur among the reactants. Initially
the reactants include the ficcion product vapors, steam,
hydrogen, and the materials used to constuct the steam
. facility.

,

| Laser Raman spectroscopy is being developed to examine
the vapor phase species produced in the steam facility and
to identify-the kind of species and their number concentra-
tion at the reaction temperature. Calibration relates
vibrational frequency to species type and vibrational
intensity to species concentration. The rotational
spectrum in used to estimate species temperature. Two.

i methods are being used to calibrate for species signatures.
For those species that do not. react with quartz, closed
quartz cella containing known amounts of the species are
used. Flow-through calibration in an alumina system is

j used for species that are corrosive to quartz.
'

The molecules iodine, tellurium, hydrogen, nitrogen,
and steam have been examined for threshold level of

' detection and signal strength.

The reaction of CsI at 1000C in the presence of steam
and hydrogen was studied in two systems. One, in which the
reaction tube was lined with 304 stainless steel and the
other in which the' reaction tube was lined with Inconel
600. In both systems, essentially no water soluble form of,

cesium was deposited on the walls of the reaction tube.
Also, there was very little reaction betwoon the CsI and
the surface oxides.

A series of tests was made with conium hydroxide in a
304 ss system. One test was run without steam at 1000C;

j three tests were made with steam at 700C, 850C, and 1000C.
Hydrogep generation rates for these four runs varied from-

1 x 10~ moles /s (background) to 5 x 10-4 moles /s depending
,

on the operating temperature of the system and its previous

| history. In the 700C steam run, CsOH was physically
! absorbed on the 304 ss; at 1000C, essentially no CsOH was

physically absorbed but some had reacted with the oxide
layer on the 304 as. The reaction caused the oxide to
spall easily from the steel surface. Without steam, the
CsOH reacted with the 304 ss producing a thin flating<

surface layer.

Kinetic data are required to model interactions where
experimental parametern change with time. Such data can

| conveniently be obtained by the use of a microbalance.
Tellurium surface interactions were studied in this wayt

i where tellurium vapor (in an argon carrier) was flowed over
''

metal coupons suspended from the microbalance. Coupon
|

|
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materials were Ni, 304 ss, Inconel 600, preoxidized 304 ss,
preoxidized Inconel 600, and silver. Reaction products
were measured by x-ray dif fraction and reaction kinetics
were expressed as a deposition velocity estimated from the
calculational program FLATDEP. Tellurium vapor reacted
quite rapidl': with nickel and Inconel 600 (probably
dif fusion lit ated reactions) , less rapidly with 304 ss and
somewhat less rapidly with preoxidized 304 ss and
preoxidized Inconel 600. A very rapid reaction was
observed between tellurium vapor and solid silver to form
Ag2 e whiskers. Iodine vapor (also in argon) reactedT
rapidly with solid silver to form AgI.

|

A transpiration type of apparatus was developed to
study vapor-vapor or vapor-solid reactions among fission
products and reactor materials at high temperature. In a
two chamber apparatus, vapor concentrations can be prepared
and then mixed with each other or with a solid material for
reaction times of a minute.or so. In a series of transpi-
ration experiments to test the stability of cesium iodide
in accident environments the following effects were
observed. Either iodine or HI vapors in the presence of
CsOH was found to react completely to form the more stable
CsI. Cesium iodide remained stable in the presence of
oxygen. Likewise, solid silver did not affect the
stability of CsI vapor.

As part of the fission product program, additional
experimental and analytical work is in progress to predict
the characteristics of aerosols produced from the inter-
action of the molten core with concrete. Mechanistic
models are being developed to predict aerosol mass
generation rates, composition and size distributions from
hypothenized mass transport, and aerosol formation
mechanisms. Aerosol generation mechanisms being considered
are condensation from the vapor sparging through the melt
and hydrodynamic break-up of the melt. Application of the
preliminary model to data from small (10 to 30 Kg of melt)
molt / concrete interaction tests indicates that the model
predicts the experimental results reasonably well.

l
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On the Fission Product Release

into the Environment during a PWR

Core Meltdown Accident

J. Peter Hosemann

Projekt Nukleare Sicherheit

j Kernforschungszentrum Karlsruhe

|

A reactor pressure vessel contains not only radioactive sub-

stances, all of which will be released during a core meltdown

accident, but besides water contains also various steel internal

structures, control rods and, of course, fuel elements. The fuel

elements consists mainly of uranium dioxide, zircaloy cladding

tubes, and Inconel spacers; radioactive and stable fission

products and daughter products are contained in the fuel matrix

1.e. in the fuel pins. Altogether this amounts to a mass of

167.2 t, subdivided as follows (after an in-pile time of'

1000 d):

Fuel (UO2) 98.8 t 59.3 %

Interior Steel
Structures 31.1 t 18.6 %
Cladding Tubes
(Zircaloy) 31.9 t 19.0 %
Control Rods 2.3 t 1.4 %
Fission Products 2.8 t 1.7 %

1

- The reactor pressure vessel (RPV) contains about 2 tonnes of

silver from the controi rods, almost 1.4 % of the RPV inventory

is silver metal.

Revised version of a paper presented at the Kerntechnik '82

Annual Conference in Mannheim on May 5, 1982

207
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.Only about 1.7 % of the RPV inventory, water excluded, are
fission products and daughter products. Of these, in turn,

1/10 is radioactive, resulting in about 280 kg of radioactive

material out of a total inventory of 167 200 kg.

This mass balance-leads to the following observations:

During a core meltdown accident, most of the RPV inventory

will be heated until melting-occurs. Consequently, substantial

portions of the different materials will be released as aerosol

particles into the containment.

~

The rate of reduction of the water level in the core will de-

termine the rate of fission product release from the fuel and

the rate of hydrogen production from oxidation of the cladding.

This is an important consideration to assess timely the releases

of both gaseous and particulate fission products and of non-

radioactive material.

Nine years ago, realistic release experiments were started at

the SASCHA meltdown facility of the Karlsruhe Nuclear Research

Center within the framework of the Nuclear Safety Project.

The program involved very sophisticated technical systems and

approx. DM 13 million has been spent to date.

The results of these tests provided knowledge about maximum

estimated releases into the containment of particles existing in

the reactor vessel.

During a postulated loss of coolant accident and subsequent

failure of all emergency cooling and when the water level drops

below the top of the core a considerable axial temperature

gradient develops along the core between the fuel at water

level and the top of the core. Consequently, at the highest

temperatures, condensing aerosol particles of less volatile

materials may be produced at the top, while, at the bottom, right

above the water level, more volatile material can be evaporated

208
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at the same time, part of which may also condensate on particles

generated at the top. The process becomes even more complex

when considerations of melting fuel flowing down and by fuel

rod particles dropping into the residual water and also by

axial differences in the degree of oxidation of the cladding

tubes.

Therefore, it is simply wrong to assume that, in the course of

a core meltdown, first the more highly volatile and later.the

,

less volatile fission products will be released into the con-

! tainment. Instead, coagulation and condensation processes

largely homogenize the release of aerosols. It is not meaningful

to trace the history of each individual fission product in

detail. This is a basic process which, however, frequently is

not followed.

The SASCHA data provided the release funct1ons, ac a function of

) time, for gaseous and particulate, radioactive and non-radio-

active fractions of the mass inventory in the reactor pressure

vessel.

An integral particle mass of about 3.5 t is discharged as air-

borne material into the containment when consideration is taken
that, during and after meltthrough of the pressure vessel, steel

fractions of the hemispherical bottom of the vessel and fractions

of the melting concrete are also released as particles. This

is approx. 1.5 % of the mass inventory of the pressure vessel.

The control rods (Cd, In, Ag) contribute the largest portion,
I almost 1 600 kg mostly silver metal. The next largest portion is

steel which amounts to 745 kg. Most of the steel is available

as oxide. Uranium oxide contributes 490 kg, silicate and

carbonate particulate from the concrete amount to some 300 kg.
1

The next largest mass is contributed by the non-radioactive

fission products and daughter products (approx. 160 kg). The
cladding tube material releases some tin, but mostly zirconium3

as an oxide (80 kg). Only slightly less than 100 kg is radio-

active material emanating from the fuel, with the largest portion

being cesium-137. The material breakdown relates to a reactor

209
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core of a typical German pressurized water reactor with 100 t
of UO and an average burnup of 37-GWd/t after an in-pile

2
time of 1000 days. It should be noted that'only some 2.6 %
of all acrosol particles released into the containment are

radioactive. Of course, 100 % of the noble gases are released"

from the reactor core. Under the conditions specified above,

the iodine inventory at the beginning of the core melt accident
is 18 kg, which is also assumed to be released by 100 %. Only
some 800 g of this material are made up of the iodine 131
isotope, which is the radiologically important isotope.

After approximately one hour after a postulated double ended
j rupture of a main coolant pipe and hypothetical failure of

sump cooling, the sinking water level in the pressure vessel

will reach the top of the core. At that time, massive releases
;

of gases and particles into the reactor pressure vessel and
I then subsuequently into the containment will occur. After
i another 50 minutes the pressure vessel is assumed to fail. Some

230 t gf melt with a maximum temperature of 2400 C will then

flow injo the 6 m wide concrete cavity underneath the RPV.
i The melt consists mainly of two phases. At the; bottom, there

are some 70 t of liquid metal, the rest is oxide. The oxide

phase is continuously diluted by liquid concrete components.

Water vapor from the concrete permeates the melt, partly
;

| oxidizing the metal phase.

{

Since 1974, the interaction between the molten core and the

concrete basemat has been studied in close cooperation between

German (BMFT) and US NRC agencies. This has led to the development

of computer codes for analyses of the gas and steam production

and radial and axial melting of the concrete during core melt

accidents. A large number of test data had to be evaluated

theoretically from laboratory tests and large-scale experiments

by various disciplines of science and engineering. In general,

three of the more important findings are:

210
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(1) In the first two hours, concrete molting is a highly

transient process, the temperature of the molten pool |
decreases quickly from 2400 C to 1500 C. Thereafter,

the melting process slows down more and more until it

reachss quasi-steady state conditions.

(2) Radial concrete melting causes the sump water to pene-

trate to the melt 6 to 9 hours after the melt had contacted

| the concrete.
!

(3) Currently, the solidification behavior of the melt cannot

be firmly determined, because of the fast encrustation of

the metal phase. It is not certain whether a concrete

foundation of 5 to 7 m thickness will be penetrated at all.

Ilowever, it can be concluded that molting of the concrete

basemat results in sump ingression, and, hence, in a long

term pressure buildup in the containment with subsequent
containment failure.

The so called " China Syndrome" will not lead to loss of con-

tainment integrity rather the pressure build up after a few

days after the accident will lead to containment overpressuri-
sation and subsequent release of fission products. Hence, Fig. 1
shows the results of more recent analyses for the so called

release category 6 obtained by the COCMEL containment code on
the basis of the pressure vessel evaporation analysis calculated
by the BOIL code and based on concrete destruction calculations

by means of the WECHSL code. The diagram is a plot, over the
3logarithmic time axis (scale change at 10 sec), of the

atmospheric pressure in the containment, expressed in bar, for
the 2F LOCA accompanied by failure of the sump cooling system.

The containment design pressure of 6 bar and the failure pressure
of 9 bar are shown in the diagram. The blowdown peak of 4.6 bar
is reached after 20 sec. After 3600 sec, core heating begins
and with it the release of fission products into the contain-

ment. Af ter some 6000 sec the failure of the RPV occurs. Af ter
"30 000 sec (8.3 h) sump water breaks into the melt which creates

a pressure rise. In accordance with the German Risk Study it
211
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( was assumed that overpressure of the containment failure would
occur after 27 h, when the design pressure level is reached

after slightly less than two days according to Fig. 1. How-

! ever, overpressure failure need not to be anticipated earlier

than af ter five days. Within these five days the aerosol system

discussed above is subjected to major removal mechanisms within

the containment which can be calculated reliably (perhaps tooi

|

| pessimistically) be means of the NAUA aerosol ccde.

Fig. 2 shows the airborne particle mass in the containment as

| computed by NAUA relative to the initial mass. Within 120 h

| the airborne aerosol mass decreases by six orders of magnitude.

If the release factors from the core are known, the airborne

particle mass of fission products can be read directly from the

curve. Cesium, e.g., is released from the core by 100 %. Hence,

the airborne cesium mass relative to the cesium inventory is

M/M .
g

It has been sometimes assumed that even the slightest atmosphere

disturbance would reagitate the acrosol masses precipitated and

distributed throughout the containment. This is, of course, not

l true. Given 3 500 kg of aerosol mass, all surfaces in the con-
2

tainment, which add up to some 50 000 m , could be covered only

with an aerosol layer 10 pm thick, hence particles once plated

out will remain plated out.

The risk study experts, insist that a containment should not be

considered leaktight. At least the design leakage of
3

0.2S vol.1/ day (which is some 7 m /h) , or rather ten times

that level up to overpressure failure, would have to be anti-
' cipated. Consequently, Fig. 2 also shows, for both leakrates

the particle masses which will be discharged into the annulus.
,

It should be noted that the maximum leak rate has been reached

| already after about 6 hours.

|
|

|

!
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I

Fig. 3 shows the behavior of the acrosol in the ' annulus and is

based on the following assumptions: The annulus exhaust air
3

handling system is in operation at a rate of 600 m /h, and the

| assumption is made that the aerosol can spread and plate out

only in half the annular area. At the time of containment fai-

lure due to overpressurization the total aerosol mass which is

still airborne in the containment and in the annulus is suddenly

released to the outside environment (puff release). Two cases

; of outside leakage have been considerated: the aerosol filter

| of the annulus exhaust air handling system is undamaged (which i

) results in the lower leakage mass curve in Fig. 3) or is not

available for filtration (upper curve of Icakage masses) . The

i spikes in the leakage mass curves are the sudden and unfiltered

releases as a result of the still airborne particle masses in>

the containment and in the annulus at overpressure failure.

At the top of the diagram, the integral particle release expected

in the German Risk Study is shown for comparison. As can be seen
! from Fig. 3, the German Risk Study overestimated the releases

f at least by two, more probably even by three orders of magnitude.

The sudden release of all airborne masses f rom the containment

and the annulus as soon as a pressure of 9 bar in the contain-

ment has been reached is a very unlikely event. It cannot be

postulated that the concrete shell and the steel containment at

that moment. would burst like a balloon and all of the sump

| water would evaporate from the depressurization with the release

of all volatilo matter precipitated in the sumpf. Instead, it
,

is more likely that overpressure failure of the containment

would be a gradual process of increasing leakage. It can be

seen (Fig. 1) that the gas- and steam flow causino further

pressure increases above the design pressure of 6 bar is in the
3

range of 1 m /h. Under critical outward flow conditions, which of

f course would exist at that pressure, this mass flow could be passed
2i into the annulus through a leak cross section of only 13.5 cm

(which would correspond, e.g. , to a circular area with a radius

of 2.1 cm).

f 213
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This example shows that the following concept is very probably

corrects
!

With rising pressure in the containment above the design pressure
I level, leakages into the annulus increase in such a way (probably

with seals and welding seams failing) that the pressure stabilizes

| somewhere above 6 bar. Total sump evaporation will then occur

within two to three weeks. Slight resuspension (0.01 %) of

j the particles deposited in the sump must be expected. At the

; same time, the aerosol plate out mechanism continue to deposit
|

| carticles both in the containment and in the annulus. The

| filters of the annulus exhaust air handling system will continue

to be available, since there is no sizable pressure buildup in

the annulus. According to first engineering estimates, the into-

gral release to the outside in accordance with this scenario

will be below that assumed possimistically in Fig. 3. As soon

as reliable Icakage analyses and data about possible resuspension

from the sump are available, the assumption of a sudden puff

release after five days can be revised.

| The reduction in the release of iodine when compared with the
|

|
assumption in the German Risk Study is even more significant than

it is for acrosol particles. The computer code used for esti-

; mating maximum iodine releases in core meltdown accidents postu-

! lates that all iodine existed in its radiologically most adverse

| and most highly volatile chemical form, namely as I although2,

this is physically not possible according to the present state

! of the art. It is further assumed that the containment will

contain a 50 - 100-fold stoichiometric excess of silver and

other metals over iodine, and this must result in the formation

of metal iodide in an airborne state and in the sump water, if

| cvaporation causes the solubility limit for ionic (non-volatile)

| I to be exceeded there. The most stable and the most frequent
'

metal iodide will be AgI.

Fig. 4 shows the integral results of the new iodine calculations

for release category 6 as the fraction of the iodine inventory
1released into the environment as I both for single and for2,
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!

ten fold design leakage levels, both with and without the
,

activitated carbon filters available. At the time of overpressure

failure it was assumed that all iodine in the sump water and

all iodine in the containment atmosphere and in the annulus

would be released suddenly and without filtering. In addition,
the figure shows also iodine releases according to the German
Risk Study. Compared to the best estimate curves fo,r single
and ten fold design leakages with the iodine filters in

i~ operation, the results of the German Risk Study are _ overestima-
ted by almost five orders of magnitude. Again, a more realistic
assessment must be expected for the future, which will no longer
be based on sudden containment overpressure failure (puff
release).

It has also been postulated that the containment at the time of
the accident had an opening which acted as release path. The

! most serious case was the failure of containment isolation
valves to close as scheduled in case of an emergency cooling

: signal. This case corresponds to release category 2 in the German
Risk Study.

Assuming (as is done in four cases out of 1000 core melt-down
accidents in the German Risk Study) that both isolation valves

in the vent air line from the containment fail in open position,

the containment would have a leak of 300 mm diameter, which

would initially lead into the vent air ducts. These, of course,

would not withstand the blowdown. It has to be assumed that the
vent air ducts normally used in ventilation systems fail at4

less than o.2 to 0.3 bar overpressure. Since the penetration into

the reactor auxiliary building consists of a steel pipe with an

inner diameter of 300 mm, and since it must be assumed that the<

sheet metal duct connected downstream of it will fail, the con-

tainment with the annulus and the annulus with the reactor

auxiliary building will each be connected by a leak of 300 mm

diameter. This leakage model is different from the respective

assumptions in the Risk Study.
|
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Since the leaks into the annulus and into the reactor auxiliary

building had been assumed to be close to each other, it was

assumed that acrosol and iodine propagation could occur in

half the volume of the annulus. Consequently, the propagation

of iodine and aerosols in the containment, in half the annulus

and in the reactor auxiliary building was analyzed for release

category 2. The time curves and the integral masses released

depend greatly on the leak discharge rates and, hence, on the

thermodynamics in the containment. Improved analysis results

are presented as follows:

3Fig. 5 shows the leakage mass flows (m /s) into the annulus

according to recent thermodynamic analyses with COCMEL. Also

shown, for comparison, is the leakage mass flow of the Risk Study

which, according to the state of the art at that time, also

represented the leakage to the outside environment. In the time

between the failure of the RPV and the inrush of the sump water

in the containment more steam is condensed than is supplied as

gas and steam from the concrete / molt interaction, no leakage

into the annulus occurs in that period, according to the new

calculation. In fact, there is even an inward flow into the con-

tainment. Only the impressing of sump water will cause another

steam surge, but the leak rate again will decrease - - me of
condensation, and then, once the heat stored in the structures

leads to increasingly smaller condensation rates the pressure

again rises continuously.

Correcpunding analyses have been made also for leakage into the

reactor auxiliary building, which is of course smaller because,

initially, steam can condensate also in the annulus. However,

the leak rate from the reactor auxiliary building to the outside

was pessimistically assumed to be identical to the inflow f rom

the annulus.

NAUA calculations of aerosol behavior in the containment and in

the annulus and calculations of the respective integral particle

masses released result in values approximately five orders of

magnitude higher than in release category 6 (Fig. 2). Again,
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{
the peak of the aerosol masses escaping through the leaks is

|
reached within a relatively short period of time (approx. 2 h

after blowdown) and the mass of airborne particles in this

case decreases even by eight orders of magnitude within 80 hours
as a consequence of the large leakage cross section as compared
to release category 6.

The behavior of the airborne particle mass in release category 2

in the reactor auxiliary building and the respective cumulated

leakage mass is obtained f rom Fig. 6. The difference relative

to the recent results is almost 1 1/2 orders of magnitude.

Fig. 7 shows the integral I mass s released to the outside relative2,

to the inventory. The top curve corresponds to the release of

I as assumed in the German Risk Study. The lower curve is the
2

maximum estimate calculated in accordance with the new idione

model.

The transient release as incorporated in the newly calculated

curve plays an important part with respect to the consequences

of an accident. In the first eight hours, the iodine release is
1~ at least a factor of 400 lower than it is according to the Risk

Study. The integral iodine quantities then released up until

approx. 90 h amount to 39 % of the inventory according to the
t

| Risk Study and 0.64 % according to the new calculations. As in

the case of the aerosols, this results in smaller releases of

approx. 1 1/2 orders of magnitude.

The most probable of the credible accident sequences associated
*

;

; with the rupture of the main coolant pipe and with emergency
1

cooling measures failing has been analyzed, (release category 6).
'

The case with the severest consequences, but a correspondingly

j lower probability of occure'.ce, was presented, which is release
I

*
category 2.

|
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In summary, the new PNS results will be compared with tr.ase
obtained under the German Risk Study for the two release

categories, broken down by the radiologically most important
elements. The data quoted are the masses released of all isotopes
of an element relative to the original core inver. tory. The

radioactive post-accident decay after the blow down has not been
taken into account.

Maximum fraction of core inventory released

Kr-Xe 1 -Br Cs- Rb Te Ba-Sr
2

DRS, A 1.0 3.9E-1 2.6E-1 1.6E-1 3.OE-2

PNS 1.0 6.4E-3 6.9E-3 5.6E-3 6.9E-5

(best
estimate)

Release category 2 (low pressure path) leak: D = 300 mm
1

Ir. release category 2, the new results lead to a reduction for

iodine (I2) and for cesium by 1 1/2 orders of magnitude. The
difference for tellurium and especially, for barium and strontium

is even greater; this is due to the improved core release data

f rom the SASCllA program of the Nuclear Safety Project (PNS).

Noble gases, of course, will be released into the environment

by 100 1, but with a much greater time delay than had been

assumed in the German Risk Study.

Maximum fraction of core inventory released

Kr-Xe I -Br Cs-Rb Te Ba-Srg
,

DRS, A 1.0 E-2 8.7E-4 9.3E-4 9.6E-5

PNS 1.0 1.1E-7 9.6E-7 7.8E-7 9.6E-9
e

(best:

estimate)

Release category 6 (low pressure path)
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In release category 6, which is the most frequent release

category (99.6 %) the PNS results show a reduction by five

orders of magnitude with respect to iodine release. In the

case of cesium and tellurium it is three, for barium and

strontium four orders of magnitude.

Calculations of the accident consequences with the UFOMOD code

of PNS, which was also used in the German Risk Study, show

that neither early nor late fatalities must be expected to

occur for release category 6. For release category 2, no early

fatalities were found under almost any weather condition. Under

extremely unfavorable conditons a few cases of early fatalities

were calculated with UFOMOD. Late fatalities are reduced by a

factor of six. More than three quarters of all cases of late

fatalities in release category 2 were calculated to have

resulted f rom radiation doses below the respective limits

under Section 28 of the German Radiation Protection Ordinance.

According to the UFOMOD results, almost 90 % of all cases of

late fatalities are due to ingestion. With realistic treatment

of the ingestion pathway and with modified dose-effect relation-

ships it is expected to reduce the occurrences of late fatalities

after a core meltdown accident in release category 2 even further.

The new results elaborated so far were mostly concerned with

developments since the completion of the German Risk Study.

Some of the problems still requiring further evaluation are as

follows:

The analyses presented may not cover all credible scenarios of

core meltdown accidents, e.g. fission product releases associated

with core meltdown accidents on the high pressure pathway will

have to be analyzed in detail. This work is under way at present.

It is expected, however, that also in this case the loss

of containment integrity will lead to the most severe effects.

The solution of yet another problem is being researched in both

Germany and especially in the U.S.A. with great financial and

personnel expenditures. The objective is to preclude, by

scientific methods, the early destruction of the safety con-
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tainment by a hydrogen detonation in the case of release

category 6. In the ternary diagram of air / steam / hydrogen
mixtures, an ignition ibnit can be presented which is supported

by scientific findings (Fig.8). For any composition of the mixture

within the ignition limits there is a possibility of deflagration,

i.e., a. virulent combustion process. In most cases, such deflagration

can be excluded from involving the entire containment, because

the combustion flame will have been extinguished and no

deflagration can jeopardize the containment. However, the case

is dif ferent when the mixtures reach the so-called detonation

range. A sufficiently violent H detonation in the containment
2

has the potential to breach the containment. If it is assumed

that there were no steam, but only air in the containment, to

which the H xidation of cladding tubes would be added, and
2

70 % of ali ciadding tubes were fully oxidized, this would lead

to slightly less than 15 vol.% of H If 100 % of all cladding
2

tubes are oxidized, this leads to nearly 20 vol.% of H in the
2

containment. Theoretically, this mixture of air and H is just
2

capable of detonating. Now, in a core moltdown accident, much

more water vapor than H will be released, 20 t of water vapor2
reduce the H fraction to 15 vol.%. That amount of water vapor2
will oc present in any case.

The folleuing statements can be made with a sufficient

safety margin:

The composition of the mixture reaching the detonation range

exists only if the H fraction exceeds 15 % and at the same2
time the air f raction exceeds 40 % of the total mixture. Since

vol.% behave like the corresponding partial pressures, this

can be shown by the example of release category 6. Fig. 9 shows

the total pressure in the containment P the partial pressureg,
of air P and the hydrogen partial pressure P . Additionally,g, H
the curves for 40 % of the total pressure and far 1s a of the

5total pressure have been entered. Up to some 10 sec, the

partial air pressure is above the 40 % curve but that of H
2

is not above the 15 % curve at the same time. After 10 sec,

both conditions are no longer met, dispite the H Partial pressure
2
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rising because of metal oxidation associated with the inter-
action between concrete and the melt. Since 15 vol.% of H'

2

still have a safety margin relative to the range of detonation,
one is not required to anticipate a detonation at any point

i in time according to Fig. 9. This assumes that there are noi

different local concentration distributions due to stratifica-
tion in the containment, however this assumption is still under
theoretical and experimental investigation at the present time.
Existing model calculations support the expectation of a uniform
mixture, at least in large subspaces of the containment.I

Detonations in bunkered plant compartments are not very likely
to imperil the steel sphere of the safety containment.

It is not likely that the mere existence of a mixture capable
of detonation would already lead to a detonation. Because a
correspond ing ignition power must be available, which must be
orders of magnitude higher than that required to ignite a H2
combustion. In addition, the available water vapor not only
causes ignition conditions to deteriorate, but also mitigates
the pressure and the reaction rate after ignition. Even in the

range of detonation, combustion is therefore much mor probable
mbustion reducesthan detonation. A sufficiently extensive H2

the likelyhood of any subsequent detonation due to the con-'

and oxygen. The deliberate combustion of H2sumption of H2
(e.g. , with glow plugs) has already been successfully tested in
the U.S.A. It may be assumed that the destruction of the contain-
ment by H, detonations can be excluded deterministically in a

~

foreseeab1e time.

Finally, the following efforts are required in addition to the
deterministic exclusion of destruction of the containment by
steam explosions.

! The maximum estimates for iodine releases as presented here must
be reduced to best estimate values. This requires elucidation of
the actual chemical and physical processes iodine undergoes in
an interaction with the aerosol and in an interaction with the
sump water composition. The corresponding programs have already
been launched.
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Since the decomposition of aerosels as a function of time plays
such a uominating role with respect to accident consequences,
a large scale experiment in the PWR model containment of

Battelle in Frankfurt is expected to provide significant

results although experts believe to be able to predict the
results already as a result of numerous verification steps,
however these tests will demonstrate that there are in fact
drastic aerosol removal mechanisms and that they can be calcu-
lated in advance sufficiently accurate. The so-called BETA
experiment is presently being installed at the Karlsruhe Nuclear

Research Center, which is to be used to verify the corresponding
German and American computer codes to predict the point in time
of overpressure failure and thus on the interaction between
the concrete and the molt.

All these studies are mainly carried out within the Karlsruhe
Nuclear Safety Project, not as a solitary effort but with
collaboration with research agencies in Germany and abroad.
Hence, one may be confident that all the open questions of
today will have been answered satisfactorily within roughly
three years. However, it is safe to say now that the effects of
core meltdown accidents so far have been overestimated by
several orders of magnitude. At any rate, they will not mean a
" national disaster".
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RECENT IMPROVEMENTS TO THE TRAP-MELT
RCS FISSION PRODUCT TRANSPORT COCE

J. A. Gieseke, M. R. Kuhlman, R. Freeman-Kelly,
R. J. Avers and R S. Denning

BATTELLE
Columbus Laboratories |

The TRAP-MELT code is intended to provide a method for predicting
the transport and deposition of radionuclides within reactor structures along
flow paths between the fuel and the containment barrier. The code is currently
applicab'.* under accident conditions estimated for core meltdown accidents
although m a previous version of the code, terminated LOCA conditions were
considered. The radionuclide materials are modeled as transporting in both
vapor and particulate forms and depositing from the gas flow as they are trans-
port 6d. Emphasis has been placed on transport and deposition within the
reactor coolant system but the mechanistic models on wnich the code is based
are equally adaptable to consideration of alternate flow paths. The extension
to numerous species, the improvement of the deposition models based on experi-
mental data, and the improvement of physical descriptions of racionuclide
species interactions comprise the major portion of current development efforts.

Background

The TRAP-MELT code has evolved from an earlier code called TRAP-
LOCA wnich was directed toward analyzing radionuclide transport and deposition
within reactor primary coolant circuits under conditions expected for a
terminated loss-of-coolant accident. In such cases, the flow is expected
to be primarily two-phase, steam-water flow and temperatures near or below
operating temperatures. Under these conditions, the. radionuclide source
term to the prinary coolant flow was expected to be comprised solely of vapors
or gaseous species.

As the low risk nature of such accidents became apparent, the
emphasis shifted to analyses of severe core damage accidents. Under these

| conditions attenuation along flow paths could have a significant impact on
the radiological consequences of the greater radionuclide release fractions
expected from the fuel. The major meltdown conditions which required changes
in the modeling were the higher temperatures, the superheated stream plus
hydrogen flow, and the presence of particles as a portion of the transporting,

| radionuclides. The TRAP-MELT code, accommodating these factors, is repre-
sented by the currently available version and that described in the " TRAP-
MELT Users ' Manual". tI > The models contained in this version of the code,

,

I

and the revisions made subsequently and currently in progress will be ldescri bed. 1

|
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TRAP-ELT Code Description

The TRAP-MELT code considers a system of control volumes connected
by fluid flow. Within each control volume a radionuclide species may exist
in particulate or vapor form and be located on a wall surface or in the
gaseous phase. In co.nbination, the form and location define four " states",

I for each species. Using basic mechanisms for vapor and particle behavior, the
' TRAP-MELT code computes transfer of species among the four states and, in

addition, predicts changes in particle size and concentration resulting from
growth by agglomeration of the particles.

Several assumptions and restrictions have been imposed on the
physical models to make the analysis more tractable. The vapor in each
control volume is assumed to be well mixed and the flow pathway is expected
to be dry. No chemical reactions or radioactive decay are treated, and the
transfer rate of species between any two states is in all cases taken as
being first order. The first order species transfer problem is solved
separately with second order effects (particle agglomeration) and condensation
being adjusted in a parallel fashion. Input in the form of species identifi-
cation (with physical properties) and input rate, and time-dependent thermal
hydraulic conditions are required.

The underlying transport equations of the TRAP code are:

dM
im , 3k I mk k

dt im ,n/m g g
in in

"8fmI-

mnpm

- jm jm
jjj

jfj m
"

i m

Mf, = Mass of radionuclide species k in volume i andHere
,

state m

| S = Source rate of species k in volume i and state m

"ef, = Transfer coefficient for transport of species k in
volume i from state m to state n
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d F = Transfer coefficient for transport of fission
5 product in state m from volume i to vol ane J.

The available TRAP-MELT code uses physical properties for three species with
low, high and intermediate volatilities. Specifically, the properties of U02
12 and Cs0H are incorporated-into the code.

Vapor pn) cesses include adsorption onto walls and particle-surfaces
and condensation onto or evaporation from these surfaces. Adsorption rates
are derived, where available, from measured deposition velocities, and conden- j
sation and evaporation rates are based on species vapor pressures. I

,

J

Aerosol processes include iner'ial deposition of large particlest

and diffusional deposition of small particles from turbulent flows, diffu-
sional deposition of small particles from laminar flow, and thermophoretic
depos; tion for all particle sizes. Particle growth is-also included for
Brownian and turbulent agglomeration.

~

Subsequgnt; to the preparation of the TRAP-MELT cade described in
lthe users' manualt ) and summarized above, revisions to the code have been

i made and are under way to provide an improved description of the important
; physical processes and to make the code more generally applicable to current
| expectations of conditions for severe core damage accident sequences.

TRAP-MELT Code Revisions

The code revisions have been based on new experimental results+

which give better physical descriptions of the vapor and aerosol processes
as well as expanding the code to permit consideration of additional radio- 1

nuclide species and additional processes previously not included. The
additional species which are considered in the code now are Csl and Te,'

both of which are treated as vapors which are subject to condensation on
particles and control volume surfaces in the reactor coolant system. The
inclusion of these species has been made possible by recently obtained
vapor pressure and vapor deposition velocity data, although preliminary
data indicate that the chemical reaction of Te vapor with surfaces may be

,

!

so rapid as to render condensation of this species unimportant 'and the
deposition process to be limited by mass transfer in the vapor.

.!

The treatment of turbulent deposition of aerosol particles in the |
code has been imprgyed by implementing the empirical correlation developed 1

by Gieseke, et al N and extending the treatment to more turbulent flows. |
'More significant, however, is the inclusion of gravitational agglomeration

and settling in the TRAP-MELT. code. These processes were shown to be
potentially very important mechanisms for retention of aerosol' mass in the
reactor coolant system under conditions of high aerosol concentration and
long residence times.(3) Such conditions are characteristic of the so-calledI

| high pressure accident sequences such as TMLB'.
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One further modification of the TRAP-MELT code, which is currently
in progress, is its extension to include the containment as one of the control
volumes in the simulation. When this module is incorporated with the rest of
the code, it will be possible to examine the reduction of source terms brought
about by the actions of filters, sprays, and natural retention mechanisms
operative in the containment, including particle growth via water condensation.

TRAP-MELT Input

As discussed previously, the TRAP-MELT code requires input in the
form of time-dependent thennal hydraulic conditions for all control volumes.
Also, the rate of input of material into any control volume is required for
all species. Because the overall results for radionuclide deposition and
release to the environment are sensitively dependent on this input information,
efforts parallel to the TRAP-MELT improvement activities have been carried out.
Because of the importance of this infonnation to the TRAP-MELT calculations and
because the input data themselves are of interest, some examples of specific
input will be described.

More detailed thermal hydraulic infonnation than was previously
available can now be obtained from a newly developed code called MERGE. This
code is intended to provide better spatial resolution of temperatures and
flows within the primary system, but depends on MARCH code predictions for
gas composition, temperatures, and flow rates for initial conditions and
continued input data for the primary system volumes being considered. As
a portion of the efforts for the "NUREG-0772 Follow-on" work, thermal
hydraulic conditions are being predicted for various accident sequences
as a portion of the TRAP-MELT input. Results of MERGE predictions for gas
and wall temperatures in a large PWR for the AB (Hot Leg) sequence are
shown in Figures 1 and 2, respectively.

Similarly, source term information in the form of inass of specific
radionuclide species per unit time has been predicted at TRAP-MELT input.
The source term needed is as released from the fuel and is obtained with a
computer code called CORSOR. This model
presented in the " Technical Bases Report"yggs the release rate coefficients\ > coupled with a 120-node
description of core temperature as a function of time as computed with the
MARCH code to derive the mass release rate for the species of interest.
Results of such calculations for cesium and for all materials expected to
form aerosols are shown in Figure 3 for the'AB (Hot Leg). Combining these
results with MARCH calculated flow rates gives the averaged concentrations
in the flow leaving the core region at specified times for each species,
Results for the aerosol concentration with time are given in Figure 4.i

i
| The procedures for predicting thermal hydraulic and radionuclide

sources are now asailable to provide the necessary TRAP-MELT code input.
With this ability to provide necessary input data, completion of the TRAP-
MELT code rev'sions will then allow analyses of radionuclide release to the
environment on a consistent basis for specific accident sequences.
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e ORIGINAttY TRAP-LOCA FOR RADIONUCLIDE DEPO $lTION

IN REACTOR COOLANT SYSTEMS UNDER TERMINATED LOCA
C0WITIDMS

IO DEVELOP METHODS FOR ANALYZING AND PREDICTING
'~

RADIONUCLIDE RELEASE AND TRANSPORT THROUGH THE
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REVISIONS TO TRAP-E LT TRAP-ELT INPUT REQU!EENTS
;

e CONTROL VOLUME SPECIFICATIONS
g, g;

e 6RAVITATIO*$L DEPOSITION ,,

e 6RAVITATIONAL AGGLOMERATION

ADDITIONAL SPECIES (I , CSOH, CSI, TE,
2e

e IHERMAL HYDRAULICS (FROM M RCH/E RGE)
PARTICLES

g -- STEAM MASS rLow RATES
STEAM TEMPERATURE PROFILES-o
SURFACE TE.MPERATURE PROFILES-*

UNDERWAY:
-- PRESSURE PROFILES

e REVISED AGGLOMERATION TREATMENT

e WATER CONDENSATION e SOURCE INFORMATIOM (FROM CORSOR)

e TURBULENT WALL DEPOSITION

e DIFFUS10PHORES.S
-- SPECIES

OM AND TIE PRWILE--

e ENGINEERED SAFEGUARDS MTERIAL PROPERTIES RELEVANT TO TRANSPORT--

(E.G., VAPOR PRESSURE DATA, SORPTION DATA)
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TRAP-ELT OUTPUT THERMAL HYDRAULICS -- TRAP-ELT IMPUT

FOR ANY DESIRED TIME: e MARCH CODE PREDICTIONS.

e FLulD DATA AND DEP051Tl0N VELOCITIES -- FUEL TMERMAL BEMAVIOR
; (EACH VOLUME) - STE AM FLOW R ATES

C0hTAINMENT CONDITIONS--

e Ci>MULATIVE MASS (EACH $PEcit$, STATE,
'

AND VOLUME)y

f: e MERGE CODE PREDICTIONS
e PARTICLE NUMBER CONCENTRATION (EACH

VOLUME) -- 6AS TEMPERATURES

-- SURFACE TEMPERATURES
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INITIAL SCDAP PREDICTIONS OF THE TMI-2 EVENT

;

1

C. M. Allison and T. M. Howe
i EG&G Idaho, Inc.
i
l

,

G. P. Marino
U.S. Nuclear Regulatory Commission

The Severe Core Damage Analysis Package (SCDAP) computer code is being

developed at the Idaho National Engineering Laboratory under the sponsorship
of the Office of Research of the United States Nuclear Regulatory Commis-
s i on.1,2,3 SCDAP models the progression of core damage including (a) core

heatup. (b) core disruption and debris formation, (c) debris heatup, and
(d) debris melting. SCDAP will be used to help identify and understand the
phenomena that control core behavior during a severe accident, to help quan-
tify uncertainties in risk assessment analysis, and to support planning and
evaluation of severe fuel damage experiments and date.

The first version of the code, SCDAP/M000, is in the initial phases of
assessment to determine the limitations and strengths of the code and its
models when compared with the limited severe core damage data base. One of

the early assessment cases was a calculation of fuel rod behavior during the
TMI-2 accident. The results of these early calculations that are presented
in this paper provide iasights into fuel behavior during severe accidents.

The fuel rod behavior calculations were performed using the component
analysis module of SCDAP, whico is designated SCDCOMP. This module calcu-

lates fuel rod, control rod, and structural component behavior using
thermal-hydraulic conditions provided either by the other modules in SCDAP
or as input by the user. Checkout of the linkage between SCDCOMP and the

_

a. This work is supported by the U.S. Nuclear Regulatory Commission,
Office of Nuclear Regulatory Research, Under DOE Contract
No. DE-AC07-761001570.

!
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SCDAP thermal-hydraulic models is in process. Use of the SCDAP thermal-
hydraulic models should provide a better estimate of fuel rod behavior and
could significantly alter the 3CDCOMP results as presented in this paper.

! Slide i shows that SCDCOMP includes models that treat cladding oxidation,
including steam starvation and hydrogen retardation effects, cladding lique-
faction and redistribution of the molten cladding and dissolved fuel, and

'

fuel rod fragmentation.

| For these calculations, five fuel rods were analyzed and are represen-
tative. of the range of assembly power levels 0.76 to 1.46, as shown in
Slide 2. The analysis did not consider radiation heat transfer to the core

boundaries, control and structural material behavior, or debris bed behav-
ior. The thermal-hydraulic boundary conditions of coolant liquid levels,
heat transfer coefficients, and coolant pressure were taken from two previ-
ous calculations.4,5,6 These core uncovery scenarios roughly bound the
expected core uncovery for TMI-2. The first, as shown in Slide 3, predictsi

the beginning of core uncovery at 113 minutes after reactor shutdown, reach-
ing a maximum of 75% uncovery at 174 r inutes. This scenario is designated
" Late Uncovery." The second scenario, designated "Early Uncovery," predicts
the beginning of core uncovery at 103 minutes, reaching a maximum of 75%
uncovery at 135 minutes.

Differences in the assumed core uncovery scenario have a significant
'

; influence on the calculated results. Slide 3 shows that the maximum clad-
ding temperatures for the highest powered bundle were 2180 K, and 3030 K for
the late and early uncovery scenarios, respectively. As a consequence of

,

the differences in temperature, the overall core behavior was calculated to
be significantly different for the two scenarios.

For the early core uncovery scenario the following results were
obtained:

I

1. The maximum cladding temperatures ranged from 2360 to 3030 K for

the low powered bundles on the core periphery to highest power
bundle in the center of the core. Slide 4 shows the approximate
isotherms in the core at the time of peak cladding temperature.

! 246
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2. As a consequence of the high temperatures, the unoxidized zircaloy
in the upper 10% of the core was liquefied for the bundles with a
radial power f actor of 1.05 or greater. This molten zircaloy dis-
solved 0.3% of the fuel in the core and the mixture relocated to
a point above the coolant as shown in Slide 4. The relocation
took place at a temperature between 2200 and 2300 K. Later in the
scenario, cladding in the highest powered bundle, which had com-
pletely oxidized in place at temperatures below 2170 K, relocated.
These regions of liquefaction and freezing are shown in Slide 4
as the shaded areas. The percentages of cladding and fuel that
liquefied and then re'ocated were 8 and 0.3% of the total core
cladding and fuel, respectively.

3. Cladding was completely oxidized over the uppsr 40 to 50% of the
core and, as a consequence, was calculated to fragment during the
quench of the core at 210 minutes. The fragmented area is delim-
ited by a dashed line in Slide 4. Consumption of the zircaloy due
to oxidation took place in the following sequence. For the low
powered bundle, the cladding was completely oxidized over the
upper 40% before temperatures reached 2170 K. Thus, liquefaction
of zircaloy was not calculated. For the other bundles, cladding
in the upper part of the core and below the 90% elevation became
fully oxidized at temperatures slightly less than 2170 K. The

upper 10% of the cladding reached 2170 K prior to complete oxida-
tion, and the zircaloy liquefied and relocated leaving a Zr0

2

shell. This critical sequence of oxidation and liquefacti,on is
discussed in greater detail later in this paper.

4. No melting of UO was predicted. However, calculated fuel tem-
2

peratures were near the melting temperature of U0 *
2

For the late core uncovery scenario, the following results were
obtained:

1. . Maximum cladding temperatures ranged from 1970 to 2180 K for the
five representative bundles. Slide 5 shows the approximate iso-
therms in the core at the time of peak cladding temperature.

|
247

! ,

i |



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

4

2. Cladding was completely oxidized over the upper 20 to 30% of the
core height. This region was embrittled before the maximum tem-
perature of 2180 K was reached.- No liquefaction and relocation
were calculated.

The balance between cladding oxidation and liquefaction is a crit'ical
factor in determining the extent and timing of relocation of liquefied clad-
ding, Zr0 , and dissolved U0 . The phas- diagram for zircaloy and oxy-

2 2
gen shows this balance graphically. The phase diagram showing the liquidus
and solidus temperatures for zircaloy at different oxygen atom fractions is

'

shown along with the oxygen atom f raction-temperature curves for the high
i and low powered bundles for the two core uncovery scenarios in Slide 5.

These curves were generated for the elevation of maximum cladding tempera-
tures by taking the difference between the total oxygen absorbed in the
cladding and the oxygen uptake in the growth of the Zr0 layer. This dif-

2
ference represents the average oxygen concentration in the unoxidized a-and
8-layers of the zircaloy.'

Slide 5 shows the maximum cladding temperatures never exceed the
solidus temperature for the late core uncovery. As a result, liquefaction
is not calculated to occur. However, the oxygen content can actually vary

i across the tircaloy so that thin layers of liquefied zirealoy can be formed,
; althougn the bulk of the zircaloy ramains solid. For the early uncovery j

scenario, both cladding temperature histories exceed the solidus tempera- '

' ture. Thus, cladding liquefaction is calculated to occur. However, lique-
' fied zircaloy for the low powered bundle did not break through the oxide

shell anc was rapidly oxidized to Zr0 . The liquefied zircaloy for the
2

i high powered bundle does penetrate the shell and relocates. |

The important results of the SCDCOMP calculations using the two dif- |
ferent sets of coolant boundary conditions can be summarized as follows: I

1. Variationsincoreuncoveryscenarios(boundaryconditions)can
significantly influence calculated fuel rod behavior and result

,

in a variation of benavior accompanying maximum temperatures from |

| above the melting point of Zr0 to those below the melting point
2
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of zircaloy. Use of the SCDAP thermal-hydraulic models should
provide a better estimate of fuel rod behavior and could
significantly alter these results.

2. If temperatures above the melting point of zircaloy are reached,
the balance between oxygen uptake and temperature significantly
influences the subsequent formation and movement of liquefied fuel
rod material.
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Summary

Variations in thermal-hydraulic bounda:y*

conditions significantly influence calculated
fuel rod behavior

The balance between oxygen uptake and*

temperature significantly influences the
formation and movement of liquefied
material
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FUEL ELEMENT GAP IRREGULARITIES

DETERMINED FROM INFRARED SCANNING

D. L. Burman (Westinghouse)
;

D. D. Davis (Westinghouse)

W. J . Leech (Westinghouse)

R. W. f*cCulloch (ORNL)

|
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BACKGROUND

It has been hypothesized 0 ,2,3) that the fuel pellet column in a nuclear

fuel rod will not be concentric in the cladding. The pellets will
assume random offsets, and frequent contact with the tube,resulting in
a series of broken spirals. Evidence for the existence and stability

| of spiralling pellet columns has been observed from crud patterns on
fuel rods irradiated for one and two cycles (2) in commercial reactors.

.

such behavior has important implications on the pellet to cladding thermal
t

"onductivity under both normal and accident conditions and on the swelling
i and burst behavior of cladding under LOCA conditions.

An experimental program to verify and quantify the pellet offset behavior
in an unirradiated commercial fuel rod was undertaken at ORNL under the
sponsorship of the Central Electricity Generating Board and
Westinghouse Electric Co. The results of the experimental program were
used to develop a model to predict the burst strain behavior of the NRU
test rods and'..ere compared with the empirical correlation of the gap

conductances inferred from instrumented Halden rods.

EXPERIMENTAL PROGRAM

The tests were performed on a Westinghouse 17x17 fuel rod made to the

same specifications as commercial fuel except that the fuel pellets werei

made from depleted U0 . The rod was mounted in the vertical position
2

and electrical leads clamped in positions such that the central 4 ft.
of the 12 ft. rod could be heated by direct resistance heating of the

,

Zircaloy cladding. The area of the rod to be scanned was painted withi

a flat blac' paint to provide a uniform emissivity. The scanning was
,

performed with the infra-red camera previously used to characterize'

| electric heating rods for the MRBT, FLECHT-SEASET and other programs.
l Additional information on this equipment can be found in a report by
i

Simpson, Snyder and Cook (4) Vertical scans were performed at eight 45* ,

)
.
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degree increments around the rod. For each vertical scan the rod was
heated from approximately room temperature to about 130 C in three se-
conds and the scan performed at the peak temperature. At the completion
of the eight 45 degree increment scans the rod was dismounted, laid flat
on the floor, rolled six times over a two foot distance, remounted and
re-scanned. After the second scanning the rod was again disinounted,
rolled an additional six times with sudden stops, remounted and re-
scanned.

As a final test the central portion of the fuel rod was cut out, the
pellets removed and the empty cladding scanned to provide assurance

that the observed temperature patterns were indeed caused by pellet
effects and not by the cladding itself.

!

1

THEORY AND ANALYSIS

Because of the transient nature of the rod heat-up, the U02 pellets lag
the cladding in temperature and thus act as heat sinks. The rate at
which heat is locally transferred from the cladding to the pellet de-
pends on the local width of the gap. Thus, where the gap is narrow,
the rate heat transfer to the pellet will be high and a cool spot in
the cladding will result.

Burman and Kuchirka (5) have shown that, for an eccentric pellet, the
clad temperature at any azimu th 0 can be described by

T, = T a + #f*[1-Cos(e-a)] (1)

where: Ta is the temperature at the minimum gap
AT is the maximum temperature difference around the cladm

a is the azimuth of minimum gap |

They have also shown that the maximum temperature difference across the

cladding is linearly proportional to the fraction of pellet offset, all
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Other parameters constant, i.e.

1 (}
AAT =

m g

where d is the distance from the center of the pellet to
the center of the cladding, and

g is the average radial gap

For each set of scans the temperatures measured at each 45 degree orientation
were evaluated at axial increments of about 1.4 cm. A least squares fitting

routine was used to determine d and AT, from the temperature data using
equation (1).

The TApSWEL program (6) , a finite difference program for deterinining heat

transfer and cladding strain for non-uniform heat transfer conditions, was
used to determine the circumferential temperature distribution arising
from the heatup transient conditions used in the test program for
different assumed pellet offsets and average gaps. The least squares

fits of the data for AT, were then matched to the TAPSWEL results to
determine the offset for each axial location.

RESULTS

! Figure 1A shows the axial distribution of temperatures from the first
of the three sets of measurements for each of the eight 45 degree scans.
The range of the temperature variations is about 40 C along any one scan.
Figure IB shows a similar scan from the empty tube.

!

Tables 1-3 show the calculated results for the three sets of tests.,

The nominal diametral gap for the rod tested was 6.5 mils; however,
to obtain a fit to the observed temperature distribution it was occasionally
necessary to assume a larger local gap within the design tolerance levels.
If a smaller than nominal gap existed at any level, then the results would
be interpreted as a smaller than actual relative pellet offset. These
uncertainties result in a slight underprediction of pellet offset.

Table 4 shows the mean and star.dard deviations for the relative pellet

offset. Figure 2 is a cumulative frequency plot of the relative pellet
257



offset for the three sets of measurements. The solid line is the
theoretical relationship based on random pellet location within the
clad boundary. Good agreement is observed. The mean of the
measured values ranged from. 65 to .68 as compared to .71 from
theoretical considerations. As indicated above, uncertainties in
the local gap size will tend to result in a lower calculated offset.

Figures 3-5 show the degree of pellet offset at each elevation
analyzed for each of the three sets of measurements. Figures 6-8
show the angle of the minimum gap. A general spiralling pattern
can be observed which is consistent with our observations of inpile
crud patterns.

IMPLICATION AND APPLICATIONS OF RESULTS

The observations of pellet ofrset have important implications in at least
two areas; gap conductance under either normal or accident cor.ditions,
and burst strain and blockage under LOCA conditions.

Gap Conductance

It has long been observed that the gap conductance in nuclear fuel rods
is greaterthan would be calculated using concentric gap models. Many

have attributed the enhancement to pellet cracking and relocation.
However,the occurrence of gap enhancement on initial rise to power
and an inability to rationalize gap enhancement as a function of
gap size casts a measure of doubt on relocation models. Further, ore

there is a growing body of evidence, arising particularly from LOCA

| related work, which indicates that pellet relocation does not readily
! occur and cannot be counted on to justify gap conductance models.

At Westinghouse, Leech, et. al have correlated the temperature data from
three Halden instrumented assemblies IFA-431, IFA-432, and IFA-513 using
an underlying assumption of random pellet offset. Figure 9 shows the
gap conductance enhancement factors used to correlate the data compared
to calculated curves fo- the mean and median enhancement due to pellet
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offsets. Figure 10 shows predicted vs measured centerline

temperatures. Figures 11-13 show the bias between predicted and
measured centerline temperature vs gap size, power and burnup respectively

for the upper TC of 13 IFA rods.

LOCA Burst Strain And Blockage

Erbacher(3) has shown that the effective burst strain of a Zircaloy

tubing under simulated LOCA conditions is related to the circumferential
temperature distribution and that this distribution, for specimens
internally heated by rigid heaters is due to the eccentricity of heaters

f and cladding. Burman and Kuchirka have shown similar temperature
distributions for directly heated clad specimens with either alumina
pellets or mandrels acting as heat sinks. Thermocouple data from the
EOLO-JR tests show tnat, at least for previously unirradiated and
uncracked nuclear rods tested in pile, circumferential temperature
differences consistent with a spiralling offset pellet column existed
and, in general,- increased in magnitude durir.g the test. The German FR-2

inpile LOCA tests showed no significant difference between unirradiated
test rods and rods previously irradiated up to s 30,000 MWD /MTU.
Furthermore thermocouples near the top of the fuel columns showed
a sudden drop in temperature at the instance of burst. This demonstrates

that the fuel column did not relocate until the rather violent motion
which accompanies burst.

Burman, et. al. under progrems funded in part by CEGB have developed a
model for burst strain based on random pellet offsets and constant
relative eccentricity throughout the straining period. This model
was applied to the NRU MT3 and MT4 test results. Although the model
slightly underpredicted burst strains for both MT3 and MT4,the relative
strain difference from one test to the other and the distribution of
the individual rod strains were well reproduced' as shown in Figure 14.
The reason for the underprediction in the values of the strains is

|
believed to be due principally to the assumption of isotropic strain.
If anisotropic strain, with the attendant lesser clad thinning in
Se high strain areas, were used the resulting burst strains would be

,

7r and agreement with data much improved.
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SUMMARY

The infra-red scanning of a Westinghouse 17x17 fuel rod has verified
the pellet-cladding offset distributions predicted from random pellet
locations. It has shown pellet column spirally consistent with observations
of crud pattern after up to two reactor cycles of operation.

The tendency for pellets to be offset and the random statistics for
j such offsets provide an excellent basis for correlaticn of both

fuel-cladding gap thermal conductance and LOCA burst strains.

>

j'

i

;

!

:

I

l

|
l
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TABl.E 1: ANALYSIS OF ORNL IR SCANNING RESULTS:PHASE I

Elevation a T, a Offset Min R 1 Av. Diametri
(in) (*F) (DEG1

Gap Gap

.04 13.4 10v.7 .;685 .0024 6.5 3' l L S

.60 30.3 178.7 . M 21 .Gs13 6.5 AILS
1.17 9.9 14e.A .3v1J .0026 a.5 "lLs1.72 11.5 91.1 .2314 .%25 e.> '' I L 5. :

2.28 30.2 131.4 .2,06 .v01} t.5 4. L S |2.95 1. 8 277.4 .lua0 .Ju27 6.5 dILS
3.*] 16.8 175.7 .3:27 .0022 6.5 ~4!LS
3.95 31.7 17 J. 9 .e199 .3312 e.5 41LS j4.51 15.3 ljs.2 .2997 .002 :.5 AILS ;5.]6 26.0 33.7 .5096 .0016 6.5 :4!L S '

5.o2 57.6 5.8 1.3000 0. bO GJ >6. 5 '41 L 5
6.it 36.9 11.5 .7162 .0009 6.5 MILS
6.71 49.3 73.0 .95o3 .0001 6.5 MILS
7.27 62.3 120.0 1.JC30 0.0330 >t.S 41LS

! 7.d3 66.6 101.1 1.J300 0.0030 >6.5 MI L S
8.40 63.5 70.8 1.0000 J.00JC >6.5 MiuS
8.98 27.9 23.5 . d 4 71 .3015 6.5 MILS
9.56 27.2 279 3 .5331 .0015 o.5 41 L S
10.10 46.2 243.3 .evd2 .0003 6.5 MILS
10.65 15.0 245.9 .2992 .0J23 6.5 MILS11.19 33.9 152.7 .7567 .03J8 6.5 MILS
11.15 32.5 67.7 .o338 .0012 6.5 NILS
12.30 39.5 23.3 .7697 .0007 6.5 AILS i

12.86 28.9 dd.d .5662 .001w 6.5 MILS
13.43 32.9 52.4 .os22 .0012 6.5 MILS
13.99 37.9 40.8 .7332 .Jou9 6.5 MILS l

14.56 36.1 122.8 .7036 .0010 6.5 MILS15.14 99.3 14s.9 .9563 .0001 6.5 MILS
15.71 57.6 116.0 1.v000 0.0000 >6.5 MILS !
16.29 3C,5 127.7 .7696 .0007 6.5 MILS
16.o7 33 3 127.7 .7453 .0003 0.5 MILS

! 17.45 35.8 145.1 .6972 .0010 6.5 MILS
| 17.99 14.1 174.2 .2612 .0023 6.5 MIL 5
| 18.57 13.4 116.9 .2330 .0024 6.5 MILS
i 19.11 35.5 49.5 .0931 .0J10 6. 5 i41 L S
! 19.70 48.6 58.5 .9433 .0002 6.5 MILS

20.24 20.9 200.7 .4117 .0019 6.5 MILS
'

20.33 64.9 202.1 1.%030 0.0000 >o.5 M165
21.37 41.3 199.( .8J32 .0006 6.5 MILS

|21.91 47.7 14s.6 .s267 .0J02 c.5 AILS
22.45 29.7 143.0 .5309 .0014 6.5 MILS
22.99 42.0 d5.8 .6178 .uG 36 6.5 MILS

| 23.53 49.o 4 *2 . 0 .9626 .sv01 6.5 MILS ,

24.J7 32.5 74.9 .6349 .3012 6.5 41LS |24.o1 43.0 69.4 .635+ .Jwon c.5 MILS |25.15 3%.9 142.1 .co0a .Juld 5.b MILS '

, ,
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TABLE 1(CON'D): ANALYSIS OF ORNL IR SCANNING RESULTS: PHASE I

:iin Radial Av. DiametralElevation AT"
a

(in) 'F (Deg) Offset Gap (in} Gap

!

| 25.69 26.3 245.3 .5159 .3016 6. 5 til L S

| 26.23 50.8 220.3 .985a .J0vo u.5 4!LS

| 26.77 61.6 192.1 1.0uGu 0.;000 >6.5 MILS

2 7. 31 57.7 185.9 1.0000 0.0000 >o.5 MILS'

27.90 54.1 191.6 1.0000 J.J000 >c.5 MILS

28.4d 35.8 159.0 .6977 .0310 6. 5 '4 I L S

29.02 51.6 111.6 1.0003 0.0000 6.5 alls

29.60 52. 7 44.9 1.0000 0.0000 >6.5 MILS
30,14 57.4 16.7 1.0000 0.00J9 >6.5 MILS

30.72 58.9 .8 1.0000 0.0000 >6.5 MILS
31.30 19.2 23.5 .3786 .0020 6.5 MILS

31.87 26.2 179.2 .5'142 .0016 6.5 MILS

32.45 35.3 202.0 .6875 .0010 6.5 MI'LS
33.02 42.3 262.6 .8325 .0005 6.5 MILS

33.59 37.3 2u9.? .7274 .0JO9 6.5 MILS

34.15 31.2 287.6 .6098 .0013 6.5 MILS

34.72 4 '. 4 253.9 .3036 .J034 * 6.S MILS
35.27 32.5 314.1 .c345 .0012 6.5 MILS

3 5. d 3' 30.2 134.2 .5904 .0013 6.5 MILS

36.38 39.1 106.2 .7617 .0008 6.5 MILS

36.92 20.1 71.0 .3969 .0020 6.5 MILS

37.46 26.9 54.7 .5269 .0015 6.5 MILS

38.00 46.3 81 8 .8997 .0003 6.5 MILS

38.58 23.5 15.3' .4623 .001.7 6.5 ill L S
39.15 1o.9 319.7 .3349 .0022 6.5 MILS

SULOTION OlVERJES
40.28 33.4 121.o .oS27 .0011 6.5 MILS

40.83 33.5 102.9 .6543 .6011 c.5 MILS

41.38 40.9 134.1 7959 .s007 6.5 MILS

41.92 32,4 158.5 .o319 .0012 u.5 MILS

42.50 45.3 213.8 .d609 .0004 6.5 MILS

43.06 58.9 321.2 1.0000 0.0000 >6.5 MILS

43.62 45.6 295.5 16690 .0004 6.5 MILS

44.17 37 7 306.1 .7337 .0009 6.5 MILS'

44.71 36.8 301.6 .7173 .0009 6.5 MILS

45.27 11.2 227.5 .2251 .0025 6.5 MILS

45.33 19.8 139.3 .3914 .J020 6. 5 141 L 5

46.37 17.6 196.3 .3494 .0021 6.5 MILS

; 46.93 49.8 264.3 .906c .0001 6.5 MILS

| 47.48 13.1 193.5 .zu27 .0024 6. 5 .41 L S
l 48.02 3. 6 150.9 .9910 .J030 6.5 MILS

f
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TABLE 2 : ANAL.YSIS OF ORNL IR SCAtiNING RESULTS: PHASE II

( ) (OEG) Offset n d al Av. Diametral
p

4 04 7.2 82.8 .1497 .0028 6.5 MILS.60 30.0 190.4 .5866 .0013 6.5 MILS1.17 12.5 183.'5 .2513 .0024 6.5 MILS1.72 12.5 111.4 .2502 .0024 6.5 MILS2.28 27 1 135.6 .5310 .0015 6.5 MILS2.85 9.8 255.0 .1988 .0026 6.5 MILS3.40 18 1 182.4 .3577 .0021 6.5 MILS3.95 31 2 189.4 .6105 .0013 6.5 MILS
4.51 16.5 219.6 .3277 .0022 6.5 MILS |

i

5.06 16.7 22.6 .3307 .0022 6.5 MILS |5.62 50 3 349.0 .9753 .0001' 6.5 MILS6.10 24.4 351.5 .4797 .0017 6.5 MILS6.71 39.6 87.8 .7701 .0007 6.5 MILS7.27 62.7 127.6 1.0000 0.0000 >6.5 MILS7.83 63.1 99.3 1.0000 0.00CC >6.5 MILS8.40 57.6 74.9 1.0000 0.0000 >6.5 MILS8.98 26.7 357.6 .3237 .0015 4.5 MILS9.56 30 2 274.1 .5913 .0013 6.5 MILS10.10 59.1 250.6 1.0000 0.0000 > 6.5 MILS10.65 20.6 241.9 .4056 .0019 6.5 MILS11.19 38.0 182.7 .7398 .0008 6.5 MILS11.75 27.5 29.1 .5397 .0015 6.5 MILS12.30 26.5 20.4 .5202 .0016 6.5 MILS12. 86 1>.7 112.1 .3122 .0022 6.5 MILS |13.43 19.9 20.9 .3928 .0020 6.5 MILS l13.99 25.5 36.4 .5001 .0016 6.5 MILS19.56 20.3 156.3 .5165 .0016 6.5 MILS15.14 50.7 16o.4 .9843 .0001 c.5 MILS15.71 46 1 117.0 .9345 .0002 6.5 MILS
16 29 28.0 150.2 .5480 .0015 6.5 MILS16.87 28.1 155.4 .5503 .0015 6.5 MILS17.45 28.5 158.1 .5572 .0014 6.5 MILS17.99 23.0 250.7 .4526 .0018 6.5 MILS16.57 13.9 221.9 .2774 .0023 6.5 MILS19.11 31.3 40.3 .6112 .0013 6.5 MILS
19 70 37.7 56.7 .7344 .0009 6.5 MILS20.24 38.0 222.1 .7411 .0008 6.5 MILS20.83 67.1 207.4 :.0000 0.0000 >6.5 MILS l21.37 40.2 201.4 .7821 .0007 .6.5 MILS ;21.91 48.9 140.1 .9493 .0002 6.5 MILS22.45 28.1 131.6 .5505 .0015 6.5 MILS22 99 42.6 68.1 .8290 .0006 6.5 Mit.S

! 23.53 50.2 50.1 .9742 0001 6.5 Mi>S324.07 36.7 77.4 .7149 .0009 6.5 MILS24.61 33.0 87.1 .6449 .0012 6.5 MILS
25.15 29.9 1d0.2 .5856 .0013 6.5 MILS
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TABLE P (CON'D): ANALYSIS OF ORNL IR SCANNING RESULTS: PHASE II

Min Radial Av. DiametralElevation AT a

| (in) (*E) (Deg) Offset Gap (in) Gap

25.69 39.4 251.8 .7672 .0008 6.5 MILS

! 26.23 56.3 208.4 1.0000 0.0000 >6.5 MILS
26.77 63.4 185.5 1.0000 0.0000 >6.5 MILS
27.31 62.5 196.6 1.0000 0.0000 >6.5 MILS
27.90 61.4 198.8 1.0000 0.0000 >6.5 MILS

28.48 39.9 161.7 .7771 .0007 6.5 MILS

29.02 46.3 99.3 .8999 .0003 6.5 MILS

29.60 48.6 29.2 .9438 .0002 6.5 MILS

30.14 56.4 358.4 1.0000 0.0000 >6.5 MILS
30.72 52.5 354.7 1.0000 0.0000 >6.5 MILS
31.30 9.6 8.3 .1950 .0026 6.5 MILS

31.87 35.9 189.4 .7006 .0010 6.5 MILS

32.45 41.6 240.8 .8092 .0006 6.5 MILS

33.02 49.7 280.0 .9645 .0001 6.5 MILS

33.59 24.7 280.2 .4856 .0017 6.5 MILS

34.15 36.2 277.1 .7060 .0010 6.5 MILS

34.72 48.3 260.6 .9386 .0002 6.5 MILS

35.27 17.4 352.2 .3445 .0021 6.5 MILS

35.83 32.5 142.5 .6424 .0012 6.5 MILS

36.38 18.9- 160.6 .3735 .0020 6.5 MILS

36.92 33.0 34.0 .6449 .0012 6.5 MILS

37.46 29.4 55.7 .5751 .0014 6.5 MILS

38.00 43.9 67.1 .8530 .0005 6'.5 MILS
38.58 14.3 350.6 .2846 .0023 6.5 MILS

39.15 20.3 289.4 .4010 .0019 6.5 MILS

39.72 14.0 154.2 .2804 .0023 6.5 MILS
40.28 41.4 140.1 .8056 .0006 6.5 MILS

40.83 33.0 90.5 .6449 .0012 6.5 MILS

41.38 42.0 157.3 .8162 .0006 6.5 MILS

41.92 29.8 255.8 .5830 .0014 6.5 MILS

42.5C 58.2 299.5 1.0000 0.0000 > 6.5 MILS
,

I 43.06 52.5 315.5 1.0000 0.0000 >6.5 MILS
43.62 40.0 304.2 .8941 .0,003 6.5 MILS
44.17 37.4 315.8 .7283 .0009 6.5 MILS

| 44.71 39.4 319.1 .7662 .0008 6.5 MILS
l 45.27 15 0 35.6 .2995 .0023 ,6.5 MILS
! 45.83 22.7 55.2 .4476 .0018 6.5 MILS

| 46.37 21,4 313.1 .4220 .0019 6.5 MILS

( 46.93 38.0 286.5 .7392 .0008 6.5 MILS
'

47.48 24.2 95.3 .4750 .0017 6.5 MILS
48.02 3.3 189.0 .0750 .003C 6.5 MILS
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7ABLE 3 : AtiALYSIS OF QRNL 1R SCAtitilfiG RESULTS: PHASE III

Elevation 6T a Min Radial Av Diametral
(in) (* ) (Deg) Offset Gap (in) Gap

_

_ ~

.04 1. 6 153 3 .1574 .0027 6.5 dlLS.60 31.4 194.9 .6136 .0013 6.5 MILS1.17 9.4 201 8 .1909 .0026 6.5 MILS1. 12 5.6 191.8 .1180 .0029 6.5 MILS2.28 26 3 128 1 .5162 .0016 6.5 MILS2.85 12.9 279.9 .2590 .0024 6.5 MILS3.40 17.8 201.0 .3534 .0021 6.5 MILS3 95 34 8 190.4 .6193 .0010 6.5 MILS4 51 12.2 217.9 .2448 .0025 6.5 MILS5.08 16.1 26.6 .3201 .0022 6.5 MILSS.62 51.8 344.4 1.0000 0.0000 6.5 MILS0 16 26.5 336.1 .5192 .0016 6.5 MILS6.71 39.8 91.5 .6797 .0010 6.5 MILS7.27 62.4 128.1 1.0000 0.0000 >6.5 MILS7 83 66.0 101.4 1.0000 0.0000 > 6.5 MILSH.40 58.5 78.0 1.0000 0.0000 >6.5 MILSc.96 28.1 357.2 .5506 .0015 6.5 MILS9.56 36.4 282 2 .7096 .0009 6.5 MILS10.10 50.8 241.5 .9854 .0000 6.5 MILS10.65 20.1 252.0 .3961 .0020 6.5 MILS11.19 40.4 162 9 .7861 .0007 6.5 MILS11. 75 25.2 43.3 .4938 .0016 6.5 MILS12.30 24.0 13.9 .4723 .0017 6.5 MILS12.86 18.0 89 3 . 3 5 t.9 .0021 6.5 MILS13.43 23.0 38 3 .4521 .0018 6.'S MILS13.99 28.2 42.9 .5520 .0015 6.5 MILS14.56 31.4 134 5 .6136 .0013 6.5 MILS15. 14 52.6 158 1 1.0000 0.000C >6.5 MILS15, 71 57.8 127.'6 1.0000 0.0000 >6.5 MILS16.29 36.0 146.4 .7027 .001C 6.5 MILS16.87 32.9 146.6 .6427 .0012 t.$ MILS17.45 33.7 150.0 .6575 .0011 4.5 MILS17.99 18.8 192.3 .3711 .0020 6.5 MILS18.57 14 .4 175.7 .2883 .0023 6.5 MILS19. 11 30.7 50.9 .5994 .0013 6.5 MILS19. T 0 40.9 61.7 .7960 .0007 6.5 MILS20.24 31.0 212.1 .6051 .0013 6.5 MILS20.83 61.3 208.0 1.0000 0.0000 >o.5 MILS21.37 27.5 212.3 .5384 .0015 6.5 MILS21.91 42.3 128.7 .8219 .0006 6.5 MILS22.45 33.4 117.7 .6520 .0011 6.5 MILS22.99 43.7 68.5 .8504 .0005 6.5 MILS23.53 48.5 47.1 .9422 .0002 6.5 MILSI 24.07 40.2 76.1 .7817 .0007 6.5 MILS24.61 36.3 78.5 .7079 .0009 6.5 MILS25.15 32.5 157.2 .6354 .0012 6.5 MILS
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|

| TABLE 3 (CON'D): ANALYSIS OF ORNL IR SCANNING RESULTS: PHASE III

!

Elevation ATm o Min Radial Av Diametral
! (in) (*F) (Deg) Offset Gap (in) Gap

25.69 22.3 238.4 .4392 .0018 6.5 'LS.

26.23 55.5 201.8 1.0000 0.0000 >6.5 MILS
2o.77 64.3 180.8 1.0000 0.000C >6.5 MILS4

27.31 60.6 168.8 1.0000 0.0000 >6.5 MILS
27.90 S7.7 194.0 1.0000 0.0000 >6.5 MILS
28.48 38.9 16 5.2 .7567 .0008 6.5 MILS
29.02 49.2 111.9 .9557 .0001 6.5 MILS
29.60 45.4 33.9 .8819 .0004 6.5 MILS
30.14 54.3 3.7 1.0000 0.0000 >6.5 MILS
30.72 54.9 351.7 1.0000 0.0000 >6.5 MILS
31.30 6.9 3.0 .1827 .0027 6.5 MILS
31.87 38.3 179.5 .7967 .0,008 6.5 MILS
32.45 38.2 209.2 .7447 .0008 6.5 MILS
33.02 41.8 268.7 .8131 .0006 6.5 MILS
33.59 24.9 268.5 .4898 .0017 6.5 MILS
34.15 29.1 284.4 .5656 .0014 6.5 MILS
34.72 47.6 258.7 .9237 .0002 6.5 MILS
35.27 3/.6 320.3 .6365 .0012 6.5 MILS
35.83 28.8 125.0 .5644 .0014 6.5 MILS
36.38 29.3 143.8 .5731 .0014 6.5 MILS
36.92 25.3 46.3 .4973 .0016 6.5 MILS
31.46 25.0 40.5 .4905 .0017 6.5 MILS
38.00 45.4 89.3 .8827 .0004 6.5 MILS
38.58 6.5 8.8 .1356 .0028 6.5 MILS
39.15 17.0 261.9 .3380 .0022 6.5 tills
39.72 18.0 181.0 .3555 .0021 6.5 MILS
40.28 37.3 152.9 .7262 .0309 6.5 MILS
40.83 23.1 108.0 .*552 .0018 6.5 MILS
41.38 50.5 144.1 .9885 .0000 6.5 MILS
91.92 29.4 183.0 .5757 .0014 6.5 MILS
42.50 48.5 288.2 .9416 .0002 6.5 MILS
43.06 52.0 310.7 1.0000 .0.0000 6.5 MILS
43.62 44.1 279.9 .8572 .0005 6.5 MILS
44.17 30.0 293.2 .5870 .0013 6.5 MILS
44.71 31.3 289.5 .6114 .0013 6.5 MILS
45.27 11.4 151.8 .2290 .0025 6.5 MILS

i 45.83 32.7 118.1 .6391 .0012 6.5 MILS
| 46.37 17.8 148.2 .3535 .0021 6.5 MILS
i 46.93 38.0 263.8 .73S8 .0008 6.5 MILS

47.48 30.6 '125.0 .5985 .0013 6.5 MILS

iOLUTION DIVERGES

267
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Table 4

PELLET OFFSET

l

MEAN STANDARD DEVIATION
i

PHASE I .6771 .2541

PHASE II .6502 .2583

PHASE III .6499 .2553

|

|

|
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Figure 8
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1

a !TEST OPTRAN 1-1 RESULTS

|

Z. R. Martinson and P. E.-MacDonald
EG&G Idaho, Inc.

Anticipated transients are deviations from normal operating conditions
that result f_ rom system component malfunctions which may occur one or more
times during the service life of a reactor and are accompanied by a scram.
Examples of anticipated transients are total loss of feedwater in a

pressurizea water reactor (PWR), uncontrolled control rod withdrawal in a
PWR, a boiling water reactor (BWR) turbine trip without steam bypass, and
BWR generator load rejection with steam bypass. Frequently, the effect of

the malfunction that initiates the transient results in a loss of secondary

heat sink and a subsequent increase in system pressure, which causes a
positive reactivity feedback and associated power increase. Dryout and

severe cladding temperatare excursions are not expected during anticipated
transients in either a BWR or PWR ano, therefore, the damage mechanism of
concern is cladding fr sture due to pellet-cladding mechanical interaction
(PCI).

Since the first indication that zircaloy cladding might be susceptibk
.to failure caused by a pellet-cladding interactive mechanism, the
phenomenon has received considerable attention. Pellet-cladding
interaction failures during slow power increases are apparently induced
after sufficiently high burnup is attained to allow fission product

release. However, PCI failtres may also occur during very fast power
increases due to high strain rate tearing or fracture of irradiatio:
embrittled zircaloy cladding. A number of experimental programs have been
completed or are unuerway to determine the power, ramp rate, and burnup
depenaency of PCI failures during relatively slow power ramps. Results

|' a. Work supported by the U.S. Nuclear Regulatory Commission, Office of
huclear Regulatory Research, under DOE Contract ho. DE-AC07-761001570

I
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from these programs indicate that incipient claading cracks may occur'in
some fuel designs at power levels within commercial reactor operating
ranges. Such cladding cracking is usually prevented during normal
operation by using very slow rate; of reactor power increase. However,

certain anticipated transients cause a very rapid change in power. Since
the most severe anticipated transients have not actually occurrea_and
applicable data are not available, the Nuclear Regulatory Commission (hRC)
was uncertain whether light water, reactor (LWR) irradiated fuel rods would
fail or even be damaged as a result of these transients. Therefore, NRC

,

requested that transient testing be performed for the primary purpose of-
evaluating the probability of cladding failure occurrence during !

1anticipatea transients in order to assess the accuracy of licensee
radiation dose calculations for such transier.ts. Two other NRC concerns
are, (a) should a reactor be derated following a severe anticipated
transient, and (b) should regulations be imposed to limit pellet-clcdding
interaction in irradiated fuel rods? Accordingly, the Operational
Transient (OPT) 1-1 Test Series was conducted in the Power Burst Facility
(PBF) at the Idaho National Engineering Laboratory by EG&G Idaho, Inc.

The objective of the OPT l-1 Test Series was to evaluate the extent of
damage and the threshold for f ailure during simulated BWR anticipated
transients. Four power transient tests with progressively higher power
levels were performed with preirradiated fuel rods at power ramp rates as
high as 550 kW/m per second. Six separately shrouded fuel rods fabricated

| by the General Electric Co., and preirradiated in the Monticello BWR to
burnups of about 5000 to 23,000 mwd /t were tested, four at a time. Four of
the fuel rods were of typical GE 8 x 8 design, except for fuel length;

i (0.75 m). Two of the rods included design modifications to improve their
PCI-resistant characteristics. A lengthy fuel conditioning preceded the
transient testing of the fuel rods.

|

The first test simulated the power transient predicted to occur during
a BWR turbine trip without steam bypass, with the fuel rods operating at
BWR-6 core-average rod powers. Two test fuel rods were replaced following
the first transient so that the possible occurrence of incipient cracks on
the inside surface of the cladding exposed to only one transient could be
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investigated during postirradiation examination. The results of slower
power ramp tests performed elsewhere suggest that incipient cracks may be
initiated at test rod linecr powers considerably lower than the 92'kW/m
that'was reached during the.first transient. The second transient
simulated the power peak predicted to occur during a BWR generator load
rejection without steam bypass, with fuel rods operating somewhat above the

core-average roa power. The maximum test rod linear power for the second

test was 177 kW/m. The third ana fourth tests were performed at higher
transient powers (206 and 261 kW/m, respectively) than current safety
analysis predicts to be possible in a BWR in order to determine the
cladcing failure threshold margin.

1

The raaially averaged peak fuel enthalpy increased from 47 to
87 cal /g 00 during the fourth transient, and the fuel centerline

2
temperature increased from 1350 to 2005 K following the transient. A
maximum cladding axial elongation change of 2.6 mm was measured during the-

fourth transient. Hard pellet-cladding contact was calculated to result in
a maximum cladding hoop strain of 0.44% and a hoop stress of 183 MPa. As
expected, boiling transition tid not occur on any of the fuel rods.

Fission products were not released during or after any of the four
power transients and posttest analysis of the plenum gases confirmed thati

none of the fuel rods leaked. Metallurgical examination of the rods has
! not indicated any damage or change in these rods w5ich could have been

caused by the PBF testing.
!

Even though only six fuel rods were tested during the OPT t-1 Test
Series, the peak transient fuel rod powers were twice that expected for a

' design average power rod (26 kW/m) subjected to the worst anticipateo ,

'

transient presently considered credible for a BWR, and none of the test
rods failed. Although postirradiation examinations are continuing, the
lack of any evidence of cladding through-wall cracks strongly suggests that

| BWR fuel rods will not fail during brief power transients. The severity of
the tests cnmpensates somewhat for the lack of reJundancy in test rods with'

regard to possible interpretation of the significance of these results.

i However, the fuel rods used in the OPT l-1 tests and the PBF test
(
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conditions are not entirely typical of those in commercial reactors. For
instance, the short rod length may have affected the fission product
r21 ease and transport and the axial loading of the cladding due to
pellet-cladding mechanical _ interactions.- Therefore, further evaluation of
the. question may be required.

.

.

d

!

a

d

,

i
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Anticipated Transients With Scram

+ Anticipated transients occur with frequencies up to once por

Test OPTRAN 1-1 Results ''ac'- ""
+ Consequences of most severe anticipated translents may be

somewhat greater for BWRs than for PWRs

* Worst case BWR anticipated transient reaches 495% power
in about 1 second

+ Dryout and severe cladding temperature excursions are not

Z.R. Martinson expected. The dnage mechanism of concern is cladding f
fracture due to pellet-cladding mechanical and chemical i

interactions

EGzG-n
u.

s
-

I

,

NRR Concerns

* Are the failure probabilities caed in dose
calculations for anticipated transients
conservative? e Determine threshold at which LWR fuel rods

- Should a reactor be derated following a
Identify the damage mechanisms which maysevere operational transient? e

- Should regulations be imposed to limit occur during a severe BWR anticipated
pellet-cladding interactions in irradiated transient with SCRAM
rods?
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OPT 1-1 Test Fuel Reds Schematic of 4x Hardware
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OPT 1-1 Power Transients
-

Test OPT 1-1 Transient A
initi.I Peak anItIai Transient Peak
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OPTRAN 1-1 Summary

g..$ ,$ * No fuel rod failures during or after any of the'' " ' "

Rod a std CC(1) in CC(2) He Kr Xe OPT 1-1 transients

1 13.4 14.4 97.5 0.24 1.s3 * The results of these tests suggest that LWR
fuel rods will not fall or be severely damagede.'s o3 23 3.s during anticipated transients4* 3s.1 14.1 97.4 o.i s o.77

to 5 13.3 13.7 e4.6 o.53 4.14

$ 6 12.s 13.3 94.7 o.44 3.40

s....
(1) 2 0.1 to 0.3 accuracy
(2) r 0.2 accuracy

-~ ..

.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . _ _ _ _ _ . _



PNL-SA-10810 |

!

:

i

EXPERIMENTAL EVIDENCE FOR THE DEPENDENCE OF FUEL RELOCATION!

*
UPON THE MAXIMUM LOCAL POWER ATTAINED

D. D. Lanning
Pacific Northwest Laboratory

INTRODUCTION

A '; aper presented in 1981 at the Ninth NRC Light-Water Reactor Safety

Meeting reviewed trends in fuel rod behavior modeling during the past
decade.(1) The major trend cited was the inclusion of the effects of
pellet cracking and re1ocation within fuel rod performance computer pro-
grams. The inclusion of relocation has resulted in lower and more
realistic calculated fuel temperatures and stored energy, even when the
effective fuel thermal conductivity is degraded to account for the thermal
resistance of the cracks. The relocation effect is usually applied as a
" prompt" fraction of the fabricated gap plus a time or burnup-dependent
rate of relocation to a maximum value. The KRC fuel performance codes (2,3,4)

and others, have no power dependence for the relocation, or at most a weak

depende1ce.

Experimental evidence that indicates a definite power dependence for
fuel cracking and relocation is presented. (The evidence consists of fuel
centerline thermocouple measurements and metallographic cross sections from
Halden Reactor test assembly IFA-527.) The implications of such a dependence

for fuel modeling and calculated fuel temperatures are discussed.

*This paper was prepared for the report on the proceedings of the Tenth
Water Reactor Safety Research Information Meeting and was not listed in
the agenda for this meeting.
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II - BACKGROUND ON FUEL RELOCATION ESTIMATES

There are at least two ways to investigate fuel relocation: the
observation of residual gaps in metallographic cross-sections of irra-
diated rods; and inference of gap size from measured fuel temperatures.*
The latter inv0 ves more analysis and assumptions, but holds the promise
for through-life determination of gap size changes, eather than end-of-
life data only.

The NRC-sponsored instrumented tests which have been studied most

thoroughly with respect to gap size and fuel relocation have been tiie PBF
{

" Gap Conductance" GC-2 7ests(5) and the Halden Reactor assemblies IFA-

431/432(6,7) IFA-513,(8) and IFA-527.(9) With the important exception of
IFA-527, these tests have all featured BOL peak powers in e2 cess of 30
kW/m (10 kW/f t). In these tests, fuel cracking and relocation was exten-
sive even for short irradiations, as shown in Figures 1 and 2. Note that
the PBF test for example ran for only about 70 hours, and that the HBWR
rod IFA-431-6 had a peak burnup of only 5,000 mwd /MTM. On the basis of

such tests, fuel is assumed in various codes to have a substantial " prompt
fraction" to the relocation; this varies from approximately 10% (of the
fabricated gap) in GAPCON THERMAL-2 to approximately 100% in FRAPCON-2

(PELET mechanical subcode). Many codes use a prompt fraction of about
40-50%.

The low-powered IFA-527 assembly, however, which operated at less

than 20 kW/m (6 kW/ft) lifetime peak, has just been examined in PIE, and i

t

its fuel cross-sections reveal minimal cracking and relo ation, as dis- 1
i

cussed in the next section. l
'

*In the Halden Project, a third way is being investigated, which consists
of squeezing the rod between two knife edges and recording load-deflection
curves. This has been done both in hot cells and in-reactor.

i

|

| ,

, 1
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III - IFA-527 DESCRIPTION AND PERFORMANCE

IFA-527 was an instrumented Halden Ructor test assembly, fabricated
and operated for the purpose of monitoring the progress cf fuel relocation.
The BWR-sized rods were filled with xenon gas to prevent the fission gas
release thermal feedback mechanism from interfering with estimation of gap
size changes with time. The gap size changes were inferred from measured

! fuel centerline temperatures. In order to obtain representative fuel tem-
peratures with the low-conducting xenon fill gas, the powers were held low.
This provided a check on the effect local linear power upon the degree of
fuel pellet cracking. A cross-section of a typical IFA-527 rod (230 ym
fabricated diametral gap, BWR 8 x 8 sized pellet) is presented in Figure 3.
The degree of cracking is minimal and it is apparent that the relocation was
also minimal.

The measured temperatures in the IFA-527 rods also support the conclu-
sion that, at least over the first month of operation, the relocation was

minimal. This is emphasized in Figure 4, where measured fuel temperatures
are compared against calculated temperatures from a fairly standard fuel
performance code GAPCON-THERMAL-2 (GT-2). Two degrees of fuel relocation

were assumed for the calculations. Both the magnitude and the slope of the
observed temperature versus power curves are poorly predicted by the calcu-
lations. The gap size associated with calculated power / temperature points
is output by GT-2. A similar effective gap size may be inferred from the
measured temperatures by making assumptions (fuel conductivity, flux depres-
sion, etc.) similar to those used in the code. The gap size inferred from
this data is plotted in Figure 5, and is clearly much larger than that
obtained from the commonly applied "prc,mpt fraction" of relocation equal
to approximately 50% of as-fabricated gap.

Finally, Figure 6 is presented to demonstrate the lack of time /burnup
dependence for the relocation in these low. powered rods. Over the first

month of operation, the IFA-527 fuel temperatures (measured in five repli-
cate rods containing 10 thermocouples) failed to significantly decrease at
all. However, many fuel modeling codes would predict a temperature decrease
(due to a time-dependent increase in fuel relocation) similar to the one
indicated. There is apparently a power dependence to the speed of reloca-
tion as well as to the value of the " prompt frar. tion" of relocation.
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IV - IMPLICATIONS FOR FUEL R00 PERFORMANCE COMPUTER PROGRAMS

The idea of a power dependence for fuel cracking and relocation is
certainly not new. A weak dependence was discernible even within the
highly scattered data on cold post-irradiation residual gap sizes wt:ch
formed the basis of tne original .GAPCON-THERMAL-2 relocation model.(10)

The data presented here from IFA-527, however, point.toward a stronger
power dependence, and one that is of a " threshold" nature rather than a '!

continuous function. The current data indicate a threshcid for fuel
relocation in BWR-size rods, with the rods quickly attaining significant
relocation (approximately 40-50% of the'as-fabricated gap) if the local

' power exceeds 25-30 kW/m, but attaining much less relocation if the local
power does not exceed approximately 20 kW/m.

Furthermore, time dependence of fuel relocation appears to be depen-
! dent upon the operating power level. A definite decrease.in centerline

temperature in the first two months of operation was observed in tests
where local power exceeds 30 kW/m(7) and was attributed to continued

fuel relocation. No such decrease was observed in the IFA-527 rods, which
may indicate a threshold power dependence to the rate as well as the magni-
tude of relocation. If these trends are verified by additional evaluation of

$ data, then NRC relocation models should be altered to decrease the pre-
dicted relocation for fuel segments with '~ 90wers below 20 kW/m. |

There will be a commensurate increase ir ' :rature and stored -I+,

energy for these cases). However, the pr. .ons for rod segments with
powers above 30 kW/m should remain unchanged.

,

i
!

!

!,

i

l
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|

|

V - RECOMMEfiDATIONS FOR FUTURE ACTION

There are several questions which follow from the data and ideas pre-
sented here, and which should be answered before modification of existing
fuel performance codes is undertaken. For example, do prepressurized, PWR
sized rods exhibit the same power range for the relocation threshold that
apparently applies to BWR sized rods? It may be, however, that such ques-
tions can be answered by careful analysis of existing fuel temperature
data and mirostructure data, such that no new tests are actually required.

In any case, the potential impact upon calculated fuel temperatures
for "real-world" commercial reactor fuel rods at nominal power is signifi-
cant enough that a reasoned modification of the NRC fuel performance codes
should be made to incorporate the power dependency of fuel relocation.
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FIGURE 1. Cross Section from Rod 503 of the PBF GC-2 Gap Conductance Test.( O
The peak local power at this elevation was about 30 kW/m; this
was a He-filled rod with a 0.23 mm diametral gap.
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CORE RETENTION CONCEPT ASSESSMENT: ALUMINA PARTICLE BEDSO

J. D. Fish'

Sandia National Laboratories **
Albuquerque, NM 87185 USA

ABSTRACT

Investigations of the particle-bed core retention concept have

! chown that- molten core material .can be retained in a coolable,

on a properly designedconfiguration for an extended period of time
leyered bed. Test results also have shown that coolant is neither
necessary nor sufficient to stop initial penetration of the bed -by a

superheated melt. In fact, delaying the introduc' ion of coolant may
have significant advantages in that the production of aerosols and
combustible gases is reduced by lowering the temperature at which
core / coolant interactions take place.

INTRODUCTION

Both experimental and analytical investigations of various core

retention concepts are being carried out at Sandia National

Laboratories under the auspices of the- U. S. Nuclear Regulatory

Commission (NRC) , Office of Nuclear Regulatory Research. The
objectives of the program at Sandia are to determine the fundamental
limitations of the various concepts and to develop a data base for use
by the NRC in licensing review of proposed ex-vessel. core retention

,

designs.

The primary functional requirement of a core retention device is
to prevent the contact of either molten or hot solid core debris with

the basemat of the reactor. The core retention device should contain-
the debris in such a manner that the decay heat can be dissipated

i without introducing further hazards to the integrity of the reactor
'

containment structure. Specifically, the interaction of core debris

with the core retention device should not produce large amounts of
hydrogen, aerosols, or energy (from exothermic chemical reactions) .
Rsducing these various source terms instead of attempting to handle'

i them after their generation is a unique feature of core retention when
compared to other mitigation concepts, such as filtered vents and
hydrogen burners. In fact, core retention can play a synergistic role
to such devices by reducing the load to them.

Results of scoping tests on concepts based on castable ceramics,
steel liners, sacrificial beds, refractory brick crucibles, and

! particle beds were reported earlier [1]. Over the past year, the
particle-bed concept has been the focus of more detailed considerationsl

*This work sponsored by the United States Nuclear Regulatory Commission

** Operated for the United States Department of Energy under Contract
number DE-ACO4-76DP00789
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[2,3]. A summary of the investigations of the particle-bed concept is
presented here.

A particle-bed core retention device, in its simplest form, is a
bed of loose refractory particles poured into the cavity of a reactorbetween the primary vessel and the concrete basemat, Based on the
advantage that such a device could be installed easily and quickly into
existing reactor cavities where space is minimal and radiation levels
preclude extensive modifications, particle-bed retention devices were
originally proposed for retrofit of existing reactors. Results of
testing at Sandia indicate that a particle bed can retain molten core
debris and protect the basemat of a reactor for a short period of time
(few hours) with no cooling and for an extended period of time with
o. ly passive cooling. The tests showed, however, that the minimum
configurational requirement on a particle-bed core retention device
that meets the functional requirements described above is a layer of
smal'- narticles sandwiched between layers of larger particles. The
roi ach layer is discussed with the test results below.

TEST RESULTS

Eleven tests of the particle-bed concept were conducted. The test
bed was composed of thoria particles in two of the tests, alumina
particles in eight of the tests, and a combination of thoria and
alumina in one test. Melts ranging from 2.8 kg to 25 kg were generated
either by inductive heating of stainless steel slugs or by iron
oxide / aluminum thermite reactions. In the former case, the melts were
generated in place on top of the beds. In the latter case, the melts
were dropped onto the beds from the reaction vessel. Two of the
thermite tests involved sustained heating by inductive coupling to the
iron phase of the melts. The thermite reaction produces a melt
temperature of approximately 2700 K. With inductive heating at 1.0 W/g,
melts were sustained at approximately 1700 K for up to several hours.
Three of the tests, including one of the sustained thermite tests, were
water cooled. Two of the tests involved the ejection of thermite melt
from a vessel at high pressure.

The importance of a layered bed was clearly demonstrated by the
; tests. To assure long-term removal of decay heat from debris contained
; by a particle-bed device, the particles in the lower portion of the bed

1'

must be sufficiently large (> l-2 cm) to allow flow of coolant under iand around the debris. The ability to cool the bottom of contained I

debris is an inherent advantage of the particle-bed concept over those )
| in which the debris is contained on a non-porous structure where only 1
i the top of the debris can be cooled. If the entire bed were composed I

of large particles, however, a superheated melt would rapidly penetrate
the bed--even if the bed were completely filled with coolant. Both the
rate and the depth of melt penetration into water-filled beds were the

i same as those measured with dry beds of particles of the same size. !~

See Figure 1. On the other hand, in agreement with the PLUGM code (predictions [4], thin layers of small particles (< 0.3-0.4 cm),

| effectively stopped the melt by a combination of surface tension
effects and conduction freezing in both dry and water-filled beds.
Stopping the melt before it reaches the large coolant pathways in the
lower level is critical if the core retention device is to serve its
purpose of preventing core / concrete interactions.
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Penetration of large particles by superheated melt
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The role of the top layer of large particles, which is readily
penetrated by a superheated melt, is to dilute and quench the core
debris. Tests have shown that a superheated melt not only penetrates
the large particles downward but also spreads laterally through them.
IIcat flux from the debris is reduced both by the increase in the
surface to volume ratio and by the reduction in temperature.

The top layer of large particles also addresses one of the
possible failure modes for a particle-bed device: sweep-out of the
loose particles by some event in the accident sequence. Such events
include 1) high velocity melt streaming which might occur as a result
of failure of a small section in the bottom of the pressurized primary
vessel of a light water reactor, and 2) energetic fragmentation
resulting from the contact of molten reactor material and coolant in
either light water or liquid metal reactors. Resistance to sweep-out
is directly related to the size of the particles. Furthermore,
penetration of a layer of large particles by melt may be instrumental
in preventing an energetic fragmentation of the melt from occurring
ex-vessel. The matrix of melt and particles prevents the intimate
intermixing of melt and coolant that is required for such an event. In
none of the tests in which thermite melts at 2700 K were dropped onto'

water-filled beds was there any indication of a violent interaction
between the melt and the water. There was no steam explosion, no
disruption of the bed, and little fragmentation of the melt. The melt
simply pushed the water through the large particles ahead of it.

Tests are currently underway to determine the quantitative
relationship between resistance to sweep-out and such parameters as
particle size, bed depth, and physical constraints. Two recent tests 1

in which melt was ejected onto particle beds from pressure vessels at
700 and at 1100 psi indicate that several thicknesses of particles
larger than a few centimeters in diameter may be sufficient to prevent
gross failure of a particle bed. '

Finally, results of the tests on the particle-bed concept and of
preliminary design calculations based on these results, suggest that a,

viable strategy for mitigation of the early stages of an ex-vessel'

accident in an LWR reactor outfitted with a particle-bed core retention
device is to maintain a dry cavity. Ex-vessel quenching of the core
debris simultaneously with blowdown of the primary vessel would further
aggravate the threat to containment posed by the steam and the hydrogen
produced in-vessel. Furthermore, delaying the introduction of water
until the debris has had time to come to thermal equilibrium with the
large particles would reduce the rate of the hydrogen producing |

reactions between the water and the metal components of the debris.
Lik ewise , the rate of aerosol production would be reduced. The j

| relative hydrogen concentration as a function of time for one of the i

tests in which thermite was dropped onto a water-filled bed is shown in!

j Figure 2. Note how quickly the concentration of hydrogen decreases as
the melt is quenched. These data were obtained from grab samples taken,

directly above the particle bed. The concentration of hydrogen in a
sample, therefore, is a diregt indication of the rate of hydrogen
production. Similar results were obtained in a test in which the melt

.

was sustained by induction heat'ng. Even with continued heating, the |
rate of hydrogen production remained low after the initial quench.

.

See Reference 2 for a plot of these results.
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Figure 2.
Hydrogen production from a thermite melt on a water-filled bed

The test renults shown in Figure 3 illustrate the possibility for
delaying the introduction of water. In this test, a 10 kg
thermite-generated melt was dropped onto a dry, layered alumina bed.
The melt was sustained after deposition by inductive heating at a power
into the melt of approximately 1 W/g. As indicated in the figure, the
melt quickly penetrated the top layer of large (1-2 cm dia.) particles
and was stopped by conduction freezing at the interface with the layer
of small (0.3-0.4 cm) particles. Over the next half hour the top
portion of the bed heated up to the melting point of the iron phase of
the charge. Penetration then proceeded through the layer of small
particles with the location of the melt front at a given time
corresponding roughly to the point at which the particles had locally
reached the melting point of iron. Once the melt reached the bottom
layer of large particles, it quickly dropped to the bottom of the test
bed. This test was repeated with water flowing through the bottom
layer of large particles. Although heating was continued for
approximately 10 hours, the melt never moved beyond the boundary
between the top layer of large particles and the middle layer of small
particles. The melt did spread laterally in the top layer. Together,

i these two tests indicate that coolant is not necessary in the

| short-term but must be added at some point to prevent the eventual

; penetration of the particle bed.
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Currently, calculations are underway to extrapolate the results of
these tests to reactor conditions in a full-scale core retentiondevice. The preliminary results shown in Figures 4 and 5 are for the

,

; bounding assemptions 1) that all of the urania (98,000 kg) drops onto
the layered alumina bed, and 2) that all of the heat stays in the bed(i.e., no account is taken of loss of heat to overhead structures orthe sidewalls of the cavity) . The calculations will be expanded soon |to account both for heat losses and for the actual composition and
temperature of the melt. Both effects will extend the times at which,

the indicated events occur. The decay heat input to the debris in
these calculations is based on a delay of one hour between reactorscram and deposition of the melt onto the bed. This assumption ;
correuponds to a decay heat at time of deposition of 0.4 W/g. |

|Figure 4 shows the temperature history and melt progression for a
top layer thick ness of 0.5 m averaged over an area corresponding tothat available in a typical LWR cavity. The penetration follows thesame trend ao that shown in Ficure 3. In this case, the bed slowly
heats up to the eutectic temperature of urania and alumina (2200 K) atwhich point the top layer starts melting. Once the top layer is molten
and the middle layer has heated up, the molten pool starts work ing itsway down through the bed. Assuming that the particles in the middle
layer are suf ficiently small, this penetration is by melting and not by
flow.
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Figure 5 is a generalized curve for an arbitrary top layer
thick ness followed by a 0.25 m layer of small particles and a layer of
large particles of some thickness (for coola<.c flow) . Depending on the
cptce available between the primary vessel and the basemat,
considerable time can elapse before it becomes necessary to add water
to prevent further penetration.

; SUMMARY

Although the results of the tests described above need to be
scaled up before definitive conclusions can be drawn, the particle-bed

| core retention concept appears to offer a number of possibilities for
c vere accident mitigation. Indications are 1) that a properly
docigned bed can control the initial location of ex-vessel debris I
without a requirement for coolant, and 2) that a significant amount of
time would be available before it becomes necessary to add coolant to
prcvent further penetration of the bed by the decay-heated debris.
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PLUGM: A Coupled Thermal-Hydraulic Computer Model
For Freezing Melt Flow In a Channel *

Marty Pilch
Sendia National Laboratorles**

Albuquerque, NM 87185
Division 9425

1. Introduction

1PLUGM is a coupled thermal-hydraulic computer model for,

! freezing liquid flow and plugging .in a cold channel. PLUGM is
being developed at Sandia National Laboratories for applications
in Sandia's ex-vessel Core Retention Concept Assessment Program
and in Sandia's LMFBR Transition Phase Program. The purpose of;

this paper is to introduce PLUGM and demonstrate how it can be
: sed in the analysis of two of the core ret.ention concepts under
investigation at Sandia: refractory brick crucibles and particle'

j beds.

A magnesia brick crucible has been proposed for floating
i nuclear plante. The refractory brick concept has also been

cuggested for LMFBR plants, including Clinch River. One;

! disadvantage of the brick crucible concept is the design
requirement for some spacing between brick s to allow for thermal
expansion. This spacing introduces a major failure mode.
Penetration of the spaces by melt could initiate catastropic and,

rapid failure of the crucible by eroding the interlock ing network
l cnd freeing br ick s to float away. Even without gross failure,

penetration of the spaces could lead to premature contact of
themelt with the underlying concrete or with cooling channels
placed in the brick structure. Failure of brick core retention,

devices by gap flow is not treated in current thermal modeling ofj
'

these devices because the structure is assumed monolithic. In
i Section 4, three sample problems involving steel melt seepage into
: a Harklase (MgO) core retention device are used to illuctrate some

of PLUGM's capabilities in this area.

| For near-term retrofit of existing reactors, the particle-bed
| concept appears particularly attractive. This type of protection,
! consisting of layers of loose particles, could be installed easily
| and quick ly into reactor cavities where space is minimal and
( radiation levels preclude extensive modifications. The major

|* This work sponsored by the United States Nuclear Regulatory;

| Commission.

I

** Operated for the United States Department of Energy under
Contract No. DE-ACO4-76DP00789.
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<

advantage of the particle-bed concept for both new and existing
reactore is the inherent ecolaoility of debris contained on a
porous support. Coolant can flow under and around the debris as
well as across the top. Design of the particle bed, however, must
be such that molten debris does not rapidly flow through the bed

'

downward to the concrete basement or horizontally to the sidewalls
i of the cavity. PLUGM is the only analytic tool which models melt

flow and freezing in a particle bed. Comparison of PgUgM
calculations with experimental data has been reported earlier '

.

2. PLUGM Code Description

Conceptually, PLUGM models time dependent melt flow from a
reservoir, through a channel, and possibly into a dump tank ,
Convective heat transfer to the wall or crust (solidified melt)
cools the melt as it flows along the channel. Crust deposition on
the channel wall is controlled by the competing effects of
convective heat transfer from the bult liquid to the crust sarface
and the conduction limited removal of heat from the crust surface
into the wall substrate. Heat conducted through the crust causes !

the wall to heatup. An external coolant cools the wall should the.

'

wall thermal front reach the outer wall surface.
..

PLUGM's geometry capabilities enable realistic modeling of |
,

j many problems. Three user specified channel geometry options I

currently exist: 1) tube, 2) thin slit, and 3) particle bed.
Axial variation (i.e., in directions of flow) of five channel |

parameters is possible by breating the channel into an arbitrary |
| number of regions. The five channel parameters which can be

varied axially are 1) flow direction i.e. with gravity, against
gravity, or horizontal, 2) channel diameter, 3) channel wall
thic< ness, 4) initial wall temperature, and 5) external coolant
heat transfer coefficient.

PLUGM's hydrodynamics calculations are based on a finite-
difference axial formulation. Inertial effects are included by
solving the complete one dimensional momentum equation. Available'

i is an alternate option which assumes quasi-steady flow; a modified
1 Bernoulli equation is used to calculate consistent velocities at
j the end of each time step.

Melt flow is driven by one or more of the following: 1)
applied pressure, 2) gravity, or 3) capillary pressure. Note that
any of these can also be a retarding force depending on the
problem. PLUGM's hydrodynamics also account for 1) friction,

losses (laminar or turbulent flow), 2) recoverable Bernoulli;

losses due to flow area changes, and 3) non recoverable losses due
to sudden expansions, contractions, or changes in flow direction
(i.e., elbow losses) .

j PLUGM allows for arbitrary mass addition to the reservoir or
trailing edge node. PLUGM also accounts for the film deposition

'

at the trailing edge of the flow in the event that mass addition
is insufficient to prevent draining of the inlet reservoir. Thus,
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occo d::plotion of tho liquid matorial by crust and liquid-film
deposition is calculated.

PLUGM models time-dependent convective heat transfer from the
melt to the c. rust or directly to the channel wall if no crust
exists. An axial finite-difference formulation is used. The melt
can be saturated or superheated, and the flow can be laminar or
turbulent. The fluid can be a normal fluid or a liquid metal.

! Coupled crust-growth (or decay) and wall-heatup parameters
| cre obtained from numerical solution of coupled first-order

differential equations at each axial node. The differential
equations are obtained from an energy integral analysis in which
temperature profiles in the crust and wall are assumed to be a
time-dependent combination of first-order and second-order spacial
terms. The equations fully account for the time-dependent heat
flux from the melt into the growing c.ust at each axial node. The>

influence of an external coolant is included when the wall thermal
layer passes through a channel wall of finite thick ness . The
time-dependent crust / wall contact temperature is uniquely defined
by the coupled equations. Wall melting solutions, which are
required when the crust / wall contact temperature exceeds the wall
melting temperature, are not currently available; however, their
addition is planned.

The following time-dependent information is calculated at
each melt-containing channel node: 1) bulk melt temperature, 2)
crust thick ness , 3) crust temperature profile, 4) crust / wall or
molt / wall contact temperature, 5) wall thermal layer thickness, 6)
wall temperature profile, 7) external-coolant / wall contact
temperature, and 8) velocity. From this information, the complete
history of melt penetration into the channel can be constructed.
Integral information such as final total penetration and total
plugging time are also provided to the user.

3. PLUGM Code Verification

'

Efforts are currently under way to find applicable experiment
data and test problems that are suitable for PLUGM code

4verification. Data published by Chun et al from BNL has been
used in the initial code verification effort.

Chun et al's experiment apparatus is shown in Figure 1.
Molten Wood's metal (Tm=73 C) is heated until a superheat of 22 C
is obtained. A plug is pulled, and the molten Wood's metal passes
through a 74.5 cm long brass tube (ID 1.107 cm) into a dump=

tank. Surrounding part of the brass tube flow channel is a 60 cm
long counter flow cooling jacket, the coolant (water) inlet
temperature is about 15.5 C.

,
Chun et al measured the time-dependent mass collected in the

'

dump tank. Their experiment data is shown in Figure 2.

| Immediately obvious is the relatively large amount of scatter in
i the mass displacement histories, total displaced mass, and total
!
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flow times. The source of this scatter is not known since each
experiment was run under nominally identical conditions.

PLUGM used a six region representation of Chen et al's
experiment. The first region was the reservoir and the second
region was an adiabatic channel section penetrating the reservoir
tank , heater coil, and insulation. The initial wall temperature
in each of the first two regions was set equal to the Wood's metal
temperature in the reservoir. The third region had an adiabatic
external surface; the initial wall temperature was tak en as the
average of the regions above and below it. The fourth region was
in the coolant jacket; time dependent heatup of the external
counter flow coolant was modeled. The initial wall temperature
was set equal to the coolant inlet temperature. The fifth region
was a short adiabatic section; the initial wall temperature equal
to the coolant inlet temperature. The sixth region was the dump
tank.

The results of two PLUGM calculations are shown in Figure 2;
a fully coupled thermal-hydraulic calculation for comparison with
the data, and a pure hydrodynamic calculation (no crust growth or

,

plugging) for reference. Also shown in Figure 2 are the results '

of three models that Chun et al compared to their data.

PLUGM does an excellent job of predicting the observed mass
displacement history. PLUGM predicted total displaced mass and
total flow time are also consistent with several of the experiment
runs shown. Further modeling improvement can only be made, if
needed, when the source of the data scatter is understood.

4. Ex-Vessel Core Retention

This section presents three sample problems that illustrate
how PLUGM can be used in the assessment 'o f ex-vessel core
retention devices composed of Hark lase (MgO) bricks. The first
example. considers a .1 m pool of molten steel over a vertical
crack. Such a crack might be formed by thermal or mechanical
stresses when the melt falla onto the core retention device. The
intial wall temperature in the channel is taken as 300 K.

Figure 3 shows the expected penetration for various crack
spacings. First note that no penetration is predicted for crack
spacings less then .5 mm; surface tension prevents flow into these
small c r ack s . Note also that the penetration distance i

significantly increases with melt superheat. PLUGM predicts that i

the initial channel constriction occurs at that ooint in the
channel where all superheat is stripped from the bulk melt. This
is at the channel entrance for a saturated melt, and progressively
further downstream of the channel entrance for increasing melt
superheats.

,

The second sample p 7blem considers a .1 m pool of molten
steel over a brick matrix (initially T 300 K) with uniform=

spacing, D. This problem illustrates melt flow and plugging in
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tortuous channels.._ Penetration depths for various - brick spacing
cro shown in Figure 4.

Three features distinguish this problem from the previous
ona. First, pressure losses due to sudden changes in flow
direction impede flow into the brict stack. Secondly, an
increment of melt flow along a horizontal bric< surface does not
rosalt in . an increment in the total gravity head; this also
rozults in less flow. Thirdly, horizontal . flow does not
contribute to an increase in ti. 2 actual depth of penetration.
This later point is represented by the horizontal curve segments
shown in Figure 4.

The third sample problem considers plug remelt followed by
secondary flow and plugging. Again, consider a .1 m pool of
molten steel (2000 K) over a brick stack with 1 mm spacing.
Initial penetration into the cold (300 K) brick stact is .049 m;
this is illustrated in Figure 5.

As time. passes, the brict stack heats up. After 4.8 h the
melt isotherm (T = 1700 K) reaches the leading edge of the initial
plug, and the melt can once again flow. Just prior to remelt, the
melt slug and the wall have the temperature distribution shown in
Figure 6; these temperature distributions can be modeled by PLUGM.
Following remelt, the steel penetrates an additional .115 m into
the brict stack before plugging is again calculated. This is
illustrated in Figure 6.

IV. Conclusions

.PLUGM is a tool which can now be used to investigate melt
seepage and plugging in complex geometries such as a brick matrix
or a particle bed. Code verificaticn, required to achieve
confidence in PLUGM's predictions, is continuing.
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Attack of Fragmented Core Debris-
On Concrete in the Presence of Water

William W. Tarbell
Ktech Corp., Under Contract to SNL
David R. Bradley
Sandia National Laboratories

Background

In the unlikely event that core debris escapes the reactor pressure vessel,,
the interactionns of the debris with concrete, structural materials, and coolant
become the driving tirce for severe accident phenomena. The Ex-Vessel Core
Debris Interactions Program at Sandia 1.aboratories is an experimental research
effort to characterize the nature of these interactions and the magnitude of 6

safety-related phenomena such as flammable gas generation, aerosol production,
fission product release, and concrete attack.

Major efforts within the program include molten core simulants in contact
with concrete, high pressure melt streaming into scaled cavities, the addition of,

'

coolant to a high-temperature melt / concrete interaction, and the attack of hot,
i solid core debris on concrete. This paper describes results from the last of

these efforts, i.e., '.he attack of hot, but not molten debris on concrete.,

!

Figure 1 shows the temperature of debris during a hypothetical accident
sequence that can lead to hot, fragmented core debris attacking the concrete

i basemat. In this sequence, th2 core material ejected froen the vessel undergoes
an energetic reaction with water in the cavity to cause fragmentation and;

.
quenching of the debris. Decay heating causes the coolant to boil off and the

j debris to increase in temperature. Depending on the condition of the plant at
'

the time of the accident and subsequent operator actions, the interaction can
follow any of the three paths depicted. If path 2 is followed, the result is
fragmented core debris at a temperature above the concrete ablation in contact
with the basemat. Because the power densities involved are low, this situation
may be maintained for many days.

( Description of Tests
|
' The four experiments that have been conducted are d' scribed in Table 1. Thee

two characteristics that are addressed are the type of concrete and the absence
or presence of water overlying the debris. Basalt and limestone-common sand are
both generic reactor concretes found in the USA. De principal differences in
composition is in the Ca0 and SiO2 ratios and the large CO2 fraction present in
the limestone aggregate. De test apparatus consists of a concrete crucible with
an internal cavity containing the debris material. Nominal dimensions are 41 cm
diamett - and 75 cm height by 22 cm inner diameter and 60 cm deep. Hild steel
cpheres gapproximately 3 mm diameter) are placed into the cavity to a h2ight of
25 cm. Dermocouples in the spheres and in the concrete allow monitoring
temperature thoughout the fixture.

An induction coil placed about the crucible is used to generate a magnetic
field within the debris (3000 hz) to cause magnetic currents to - circulate and
heat the metallic debris. The crucible is capped by an insulated and heated
instrtenentation tower to channel and measure the by-products of the interaction.
Diagnostics for measuring flow, temperature, gas species, aerosols and heat flux
cre used in addition to video and framing camera documentation.
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The test is initiated with the debris and concrete at ambient tere pe ra tu* e .
The strength of the magnetic field is varied to control the temperature of the
debris. The concrete surfaces exposed to the debris increase in temperature due
to conduction at the sphere / concrete interface. When melting of the concrete
occurs, the heat transfer becomes more complicated due to the liquid / solid
interface and the movement of molten concrete through the debris. Once melted,

the hydrostatic force exerted by the debris causes the molten concrete material
to flow through and around the debris. As the material moves upward, it reaches

a locatioh where it solidifies and forms an intact, solid crust adhered to the
crucible sidewalls. Each test, was terminated when the debris attack breached the
bottom or sidewall surface of the crucible.

Test Results

The strategy in the tests was to heat the debris until a steady state
1400 0 C was obtained. These temperatures werenominal temperature of 1300 -

sufficient; to cause decomposition and melting of the exposed concrete sur faces.
For tests' FRAG 3 and FRAG 4, this interaction proceeded for a short period of
time (30 to 60 mins) before tap water was flooded into the cavity from above.
The water pool was then maintained at a height of approximately 15 cm above the
criginal debris surface for the remainder of the test.

De thermally induced decomposition of both concrete types is quantit.atively
similar. Upon heating, evaporable s.ater within the concrete structure and
nolecular water in the cementitious species is lost over the temperature range 30

to 240 OC. This is followed by a second release of bound water with the
decomposition of hydroxide-species over the range 360 - 485 C. The magnitudes of
these two losses are similar for both concrete types. Above 600 C another loss
occurs due to the decomposition of calcareous species and the decarboxylation of
the limestone aggregate.

The release of water and carbon dioxide from the concrete allows these gases
to bubble through and react with the melt species. Of primary interest in the
Eccident situation is the type and amount of flammable gas species produced
during these interactions. Th equilibritrn reaction of interest in the gas phase

is:

l
' CO 2 + Hg CO + H O

2

where the H2 and CO are produced by the reaction wi W tha metallic stcel.
|

|

| Gas specimens were obtained in all tests using " grab" samples of the gas
stream within the interactien chamber. Some impurities such as air and water
vcpor are also present in these samples. If the data are corrected for thase

| inpuritics, the values obtained effectively become a measure of the molar ratios
| of H2, CO2 and CO. The ratios can then be inserted into an equation representing

the thermodynamics of the reaction to obtain the partial pressure of eachi

constituent. These data are given in Figures 2 and 3 for tests FRAG 1 and 2A.
|

The results of Figures 2 and 3 suggest that the evolved gas is being reduced
to form the flammable gas species. H2 and CO. The extent of the reduction is
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not complete, as evidenced by the amount of CO2 and H O remaining in the stream.2
Tnese inert components will affect the flammability detonation characteristics of
the gas acetanulation.

The data from FRAG 3 and 4 provide the opportunity to study the effect of an
overlying water pool on the evolution of gas. Data from thermocouples placed in
the debris of FRAG 3 (Figure 4) show how the coolant addition affects bed
temperature. In this figure, the initial 340 minutes represent the period
following fragmentation where tLe debris bed was flooded, this is followed by a
heating period of 175 minutes after the bed was allowed to boil dry. At 515

' minutes,' coolant was added causing penetration of water into the top portions of
the bed. The thermocouple recorde clearly indicate that the upper region of the

bed rapidly quenches wh,ile the lower region remains at elevated temperature.

The addition of water to the debris may provide an additional source of
hydrogen generation. If this were the case, then the fraction of flammable gas
species in the gas samples would increase dramatically upon the introduction of
water. Figure 5 represents a plot of the flammable gas volume fraction versus
time. The .asults are remarkably constant before and after the addition of
watar. These results are significant because they indicate .that the coolant is
not entering into hot spaces in the debris to generate additional hydrogen. In
addition, the quenching of approximately one-third of the bed height without
affecting the composition of the evolved concrete gases means that the reduction
reactions must be occurrirg readily. This result would suggest the gas reaction
process can be modeled thermodynamically rather than the more complicated kinetic
formalism.

The gas production process is dependent on the dehyd ra tion and,

decarboxylation reactions occurring within the concrete structure. These
processes can be evaluated by inspection of the temperatures recorded by the
sensors in the crucible base and sidewalls. An example of these data in the form
of temperature versus depth are given in Figure 6 (for FRAG 1). Comparing
isotherm velocitics calculated from this figure indicates that the free water
loss is occurring at a rate of propagation through the concrete greater than 12
cm/hr. The bound water dehydration front proceeds at a velocity of 3 to 5 cm/hr
and the decarboxylation process represented by an 800 C isotherm moves at a rate
of 2 to 4 cm/hr. These results demonstrate that the gas evolution process is
non-stoichiometric in that the free water is consumed much more quickly than
either the bound water loss or carbon dioxide evolution. Assuming that this sane
behavior holds for an accident situation, the reactor basemat provides a
near-in finite source of water. Predictive models that invoke stoichimnetric
proportions in the gas evolution will then underpredict the actual amount.

Basalt and limestone-common sand concrete have been observed to form
characteristically different crust form ation patterns. The basalt crust
typically forms above the debris in a series of thin, glass-like layers
containing significant void volume. The formation process appears to be
independent of debris location, in that there was not a propensity to form at the
boundry of the dobris. The molten material did not seem to be hindered by the
relatively cool temperature (700 - 800 C) of the upper debris layers so that the
material did not solidify until exposed to the a tmosphere within the chamber .
Prior to solidification, emerging gas causes the crust layers to levitate and
collapse.
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The limestone-common sand crust forms intermediate to the debris bed at a
location nominally two-thirds of the bed height. Unlike the thin layers seen in

the basalt tests, the limestone crust consists of a thick, granular layer of
caterial surrounding the particles. The crust is approximately 4 cm thick at
thecenterline of the crucible and slightly thinner where it attaches to the
sidewall. The decomposed concrete material is much denser at the top and bottom
crust surfaces leaving the center region comprised mostly of debris. These

denser regions are sufficiently intact to provide an effective barrier to the
penetration of water.

Tife results from FftAG 4 have not been completely analyzed. Initial

indications are that the crust formed above the debris appears also to prevent
the penetration of water into the debris bed.

Erosion is caused by the decomposition and removal of the concrate
by-products. The results from the two types of concrete tested provide an
interesting comparison. The basalt attack appears to be predominantly downward
with only minimal amounts of sideward movement . Conversely, de limestene

concrete crosion is nearly equivalent in the vertical:and horizontal directions.
The rate at which the erocion proceeds is comparablo for the two concretes n
nominally 5 cm/hr.

Conclusion

The FRAG test series is a quantitative evaluation of the attack of
fragmented, hot debris on concrete. The results show that water and carbon
dioxide liberated from the concrete are reduced to form the flanmable species,
hydrogen and carbon monoxide. The gas analyses suggest that the reduction
process is not complete and that a large inert contribution remains. The

reaction appears to proceed rapidly indicating the process is thermodynamic
rather than kinetic controlled.

Inspection of the isotherms associated with the dehydration and

decarboxylation processes shows that the evolved gases are not in stoichiometric
proportions. The lower temperature free water evolution occurs much more rapdily
than either of the other two processen.

Doth concrete types form characteristic crusts of decomposed concrete
byproducts. Although different in structure and location, the two crust types

to be effective barriers preventing the penetration of coolant into theappear
debris bed. Gas transport out of the bed is not similarly affected.

The basaltBoth concrete types are attacked and eroded by the hot debris.
attack is primarily downward while the limestone concrete erodes both
horizontally and vertically. The rate at which the attack proceeds is nominally
the same for both material types.
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Fig. 1 Accident Sequence leading to Hot.
Fragmented Debris

TABLE 1
Fragmented Debris Test Description

Test Concrete Debris Water In
Name Type Size (mm) Quantity (kg) Cavity

FRAC 1 Basalt 3.4 44.5 No

FRAG 2A Limestone-
commor. sand 3.4 45.0 No

FRAC 3 Limestone -
common sand 3.8 45.5 Yes

FRAC 4 Basalt 3.8 45.5 Yes

|
|
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INFLUENCE OF STEAM ON TllE BEHAVIOR OF U 0 AEROSOLS3g

R. E. Adams
M. L. Tobias T. S. Kress

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee

A project is being conducted in the Nuclear Safety Pilot Plant
(NSPP), located at the Oak Ridge National Laboratory (ORNL), to study
the behavior of aerosols assumed to be generated during LWR reactor
accident sequences and released into' containment. This project, which
is part of the ORNL Aerosol Release and Transport (ART) Program, is
sponsored by the Nuclear Regulatory Commission and its purpose is to
provide experimental qualification for LWR acrosol behavioral codes
being developed independently by other NRC-sponsored programs.

The program plan for the NSPP aerosol project provides for the
study of the behavior of LWR accident aerosols emanating from fuel,
reactor core structural materials, and from concrete-molten metal
reactions. The behavior of each of these aerosols is being studied
individually to establish their characteristics; future experiments
will involve mixtures of these orosols to establish their interaction
and collective behavior within containment.

The NSPP facility diagramed schematically in Fig. 1 includes a
test containment vessel, acrosol generating equipment, analytical
sampling and system parameter measuring equipment, and an in-vessel
liquid spray decontamination system. The NSPP vessel is a stainless
steel cylinder with dished ends having a diameter of 3.05 m, a total

3height of 5.49 m, and a volume of 38.3 m . The fl'oor area is 7.7 m2
and the internal surface area (including top, bottom, and structural

2items) is 68.9 m . The equipment for the measurement of aerosol pa-
cameters includes filter samplers for measuring the asrosol mass con-
centration, coupon samplers for aerosol fallout and plateout measure-
ments, cascade impactors and a centrifuge sampler for determining the
aerodynamic particle size distribution of the aerosol, and devices for
collecting samples for e.lectron microscopy. System parameters measured
are moisture content of the vessel atmosphere, steam condensation rates
on the vessel wall, vessel atmosphere temperature, wall temperature
gradients, and vessel pressure.

The purpose of this paper is to document observations illustrating

the influence that steam has on the behavior of U 0s aerosols within3
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the NSPP vessel. In a previous study, a number of U 0s aerosol behav-3

ior experiments were conducted in a relatively dry air environment
(RII<20%); these experimente serve as a basis for comparison in observing
the changes in U 03 8 acrosol behavior induced by the presence of steam.
Under dry condition- the experimentally-observed change in U 0s aerosol3

mass concentration within the N3PP vessel as a function of time (Fig.
2) is modeled reasonably well by the RAARM-3 aerosol code. As pre-
dicted by theory and illustrated by the results of this set of experi-
ments, the aerodynamic behavior of U 0s aerosol in a closed vessel is3

influenced by the initial aerosol mass concentration. At the lower
mass cor> .entrations, a longer period of time is required for small
particle agglomeration to produce larger particles which are more sub-
ject to removal through the process of gravitational settling. Scan-
ning electron microscopy revealed the U 0s aerosol to be in the form3

of very small spherical particles agglomerated into intermingled
branched chains characteristic of vapor-condensed acrosols formed
through high temperature oxidation processes (see Test 207, Fig. 6).

As a preamble to the acrosol experiments in a steam environment,
two U 0s aerosol experiments were conducted in a relatively moist3
environment. Water was evaporated into the NSPP vessel to produce an
environment with a relative humidity of >95% at a temperature of
approximately 323 K. The U 0s aerosol was then generated and introduced3
into this atmosphere; aerosol mass concentration as a function of time
for these two experiments is contained in Fig. 3. The aerodynamic
behavior of the U 0s aerosol in the vessel was not greatly different3

from that observed in the dry atmosphere experiments. However, scan-
ning electron microscopy revealed that the aerosol no longer existed
as intermingled branched chains but as spherical clumps of particles
(see Test 208, Fig. 6).

Five experiments were conducted to investigate the behavior of
U 0s aerosols in a steam environment. The vessel was heated and the3
steam environment was produced by injecting steam for a period of
about one hour. When the desired temperature was reached, the eteam
injection rate was reduced and the accumulated steam condensate was
drained from the vessel. Steam injection at the low rate was continued
for either two or six hours to replace steam losses to the vessel

U 0s acrosol was generated and introduced into this quasi-walls. 3
steady state environment. In the first three experiments an aerosol

concentration gradient was noted during the early stagas of the
experiment; the acrosol mass concentration was greater by a factor of
2-3 in the upper region of the vessel than in the lower region. A
small f an-mixer was installed near the bottom of the vessel and
utilized during the last two experiments. Mixing of the U 0s aerosol3

within the steam atmosphere was enhanced. The initial aerosol mass
3 over the fiveconcentration was varied from about 5 to 26 pg/cm

experiments. After the first hour the aerodynamic behavior of U 0g3

acrosol was essentially the same in all five experiments; the rate of
aerosol disappearance from the vessel atmosphere was very similar.
The aerosol mass concentration as a function of time for three of these
five experiments is given in Fig. 4. Scanning electron microscopy
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showed the aerosol to be in the form of spherical clumps of particles
much the same as noted during the humid atmosphere experiments (see
Test 404, Fig. 6).

Comparison of the acrosol behavior in the three environments re-
veals that the rate of aerosol disappearance from the steam environment
is larger than in the dry or moist environments. The data contained
in Fig. 5 support this observation. The times required for 90% of the
maximum aerosol mass to disappear from the NSPP vessel atmosphere in
these three experiments are approximately: 100 min in the dry environ-
ment; 107 min from the moist environment; and 75 min in the steam
environment. The times required for 99% of the aerosol mass to disap-
pear would be approximately 340 min 270 min, and 115 min, respectively.

It is cicar that under the influence of a condensing steam environ-
ment, ae would be present in LWR containment during and following an
accident, the U 0s aerosol behaves in a manner different from that in3

a dry or moist environment. This change in behavior could be the re-
sult of several factors, or combinations of these factors: a change
in acrosol morphology enhancing gravitational settling; influence of
steam flux toward the walls enhancing platcout; thermal factors in-
fluencing particle agglomeration; or currently unrecognized influences
of steam condensation.

Computer modeling of U 0s acrosol behavior in a steam environment3

is underway, both in this country and abroad, but no code is yet fully,
operational that can account for the experimentally observed influence,
of steam on the behavior of U 0s aerosol in containment.3

The results of this study may have several implications in the
field of nuclear safety. Removal of U 038 (fuel) aerosols from reactor
containment following an accident should be beneficially enhanced.
Filtration of aerosols from the containment environment may be de-
graded because of the change in acrosol shape from chain-agglcmerate
to spherical. Coagglomeration of acrosols and fission products may be
influenced 6 th by the steam environment and the change in shape of
the aerosol. "inally, experimental observations of aerosol behavior
in dry atmospheres should not be construed to be the same in steam
environments.
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SUMMARY

Sandia National Laboratories is conducting a hydrogen
research program for the Office of Research of the U. S. Nuclear
Regulatory Commission. Our program has two major objectives:
assessment of the threat to nuclear power plantc' (containment
structure, safety and control equipment, and the primary system)
posed by hydrogen combustion; assessment of proposed hydrogen
control and disposal methods, and development of new concepts.

A number of fundamental questions and issues'arise when examining
the hydrogen problem for light water reactor (LWR) plants. These
questions and issues are related to the four natural divisions of'
the problem: hydrogen production; hydrogen transport, release,
and mixing; hydrogen combustion; and prevention or mitigation of
hydrogen combustion.. Unknowns and uncertainties exist in each of j

the four problem areas. For example, the rate of hydrogen f

pcoduction during a degraded-core or molten-core accident,
hydrogen-water solubility dynamics, the rate of hydrogen mixing,
the ef fect of geometrical structures and scale on combustion,
flame speeds, combustion completeness, and mitigation-scheme

i
effectiveness, are all important issues with significant
uncertainties. Our approach to resolving the uncertainties,

;

includes analytical modelling, computer simulation, and
experimentation on several scales. The products of this research
program will include:

1. Assessment of the threat for several classes of reactors and
containment designs;

2. Assessment of the adequacy of existing safety systems and
mitigation strategies;

3. Identification and concept demonstration of improved
mitigation and detection systems;

! 4. Publication of manuals and reports on: evaluation of the
state-of-the-art; phenomena important to threat assessment;
operator strategies and training; and reactor safety issues;

5. Development and application of computer codes for addressing
the generation, transport, combustion and mitigation of
hydrogen during hypothetical reactor accidents.

From its inception, thic program has been planned and executed in
close cooperation with the Office of Nuclear Reactor Regulation

' and with the industry research effort conducted by the Electric,

Power Research Institute and various interested utilities.
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Considering the large diversity of issues related to the hydrogen
problem, the elements of_the various research programs have
remained, to a large extent, complementary to each other, as can
be seen from the papers at this meeting. Even in some areas
where overlap has occurred, the data have frequently supported

.

each other and raised our confidence in the accuracy and
reliability of the results; in some cases, possible discrepancies
have arisen, and further research will be required to resolve
these. questions.

Research Program Elements and Results

There are several aspects to the hydrogen issue: _ hydrogen
generation (sources) , detection, transport and mixing,
combustion, and ultimately mitigation and control. Figure 1
illustrates the interdependence of these aspects;
phenomenological information from these areas must eventually be
incorporated into models which can predict reactor and
containment responses during hypothetical accidents. -The NRC
research program is addressing many areas within each of these
groups;. current research emphasizes those aspects of the problem
which are considered to be most urgent, based on current
information; future research directions will obviously depend on
information produced from the current research.

The Hydrogen Behavior program (A-1246) is the first, the largest,
and the most comprehensive of the NRC hydrogen programs. It
addresses most of the items shown in Fig. I which are not
specifically addressed by the other programs. The primary
emphasis of this program is on the combustion aspects of the
hydrogen problem; it also ensures that the research elements are
well organized, and integrates these elements into the reactor
accident analysis tasks.

Several philosophies have been incorporated into the various
i hydrogen programs to maximize their utility to the NRC. First,

the programs contain both experimental and analytical elements.
This facilitates the use of the experimental data, as well as

! providing guidance to and assessment of the code-development
efforts. Secondly, the programs are designed to provide interim,
scoping information to assist in current decision-making

'

processes and in answering urgent licensing questions. The
programs are also designed to address long-term research goals,

(i.e. , experimental facilities of broad scope and equipped with
adequate instrumentation are being designed and built to
comprehensively address important reactor safety issues, these
facilities will be intimately coupled with longer-term code-
development activities). This two-pronged approach is consistent
with meeting urgent licensing needs, without compromising the,

i
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more detailed information that will be needed in the long-term
evaluation of the conseguences of severe reactor accidents.

Figure 2 illustrates the relationships between the various code-
development tasks and their applications. The HECTR code (see
Fig. 3) is intended to be a fast-running reactor accident
analysis tool which will calculate the transport and combustion
of the fuel and oxidant gases during hypothetical reactor
accidents. It is a one-dimensional, multicompartment,
control-volume code, which will model the various engineered
safety features in different containments. It includes heat
transfer (radiation, convection, conduction, droplet
evaporation), flame initiation and propagation, and a rudimentary
model for transport and mixing (see Fig. 4). It employs other
codes for the definition of the source term (e.g., MARCH, CORCON,
MELCOR, etc.), or internally calculates this term by means of
tables or simple formulas. It may also incorporate simplified
versions of more complex flame-propagation codes. HECTR has been
and will continue to be used for reactor accident calculations
(see Figs. 5-8) ; it may also provide models for incorporation
into the large, second-generation accident analysis codes such as ,

MELCOR. A version of HECTR called HECTR-ES is being used to
provide pressure and temperature histories for the evaluation of
equipment survival. These histories are used directly in heat
transfer codes to predict the response of equipment to hydrogen
burns; they are also being used to guide the design of !

Iexperimental facilities which will simulate temperature histories
at reactor scales.

An analytic effort is underway at Sandia Livermore (SNLL) to
predict the possibility and consequences of flame acceleration in
reactor accidents. This effort includes the modification and
application of complex vortex-dynamics codes (Figs. 9-10) as well
as simpler codes, and even empirical correlations when appro-
priate. This code development effort is closely coupled to the
experimental study of accelerated flames at Sandia Albuquerque
(SNLA) and at McGill University.

Under NRC sponsorship, several hydrogen transport codes are
currently being evaluated. The best of these codes will be
pursued, both for comparisons to experiments, and to provide
benchmark calculations. However, with the extension of HECTR's
capability to the modelling of transport and mixing, the need for
simplified 1-D pure transport codes will diminish. Code storage
limitations and run-time constraints, however, may extend the
utility of RALOC or similar codes for pure transport calculations.

Detonation loads have been calculated by a modified version of
the Sandia CSO code for several plants (Figs. 11-12). The code
can sometimes calculate non-conservative loads (i.e., less than
the classical Chapman-Jouguet predictions), because it

|

|

|
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empirically assumes a finite run distance for transition to
detonation. Nevertheless, it provides pressure-time behavior for
calculating impulses delivered to structures (which are needed
for structural failure calculations). The calculated impulses,
(i.e., the time integrals of pressure), however, are generally
guite accurate. Although refinement and improvemant of CSQ for
these calculations is guite possible, it is not planned for the
immediate future.

Figure 13 lists the various experimental facilities available for
the hydrogen research effort. A large pre-existing capability
has been tapped for this work (e.g., the VGES 16-ft tank, the
FITS tank, two large sites for detonation testing at SNLA, and
10 tubes and channels of various lengths and diameters at McGill
University). Some new facilities have been built (e.g. , steam:
hydrogen jet facility), or will be built shortly (FLAME). These
facilities, together with those employed by EPRI and the
utilities should suffice for most experimental investigations.
Figure 14 chows those facilities which are being used to address
questions aealing with deflagration phenomena. Figures 15 and 16
connect the appropriate facilities to studies of detonations and
sccelerated flames, respectively.

Deflagration experiments in the VGES burn tank (Fig. 17) and in
the FITS burn tank (Fig. 18) have addressed the following
issues: flame shape and speed; combustion completeness; effects
of igniter type and location; quiescent versus dynamic
(turbulent) initial conditions; effects of steam, carbon dioxide
and water foams; equipment survivability; and the effects of
initial pressure, temperature, and gas concentrations. Some very
important conclusions can be drawn from this body of experimental
data, many of which have also been confirmed in studies conducted
by EPRI and the utilities. It is important now to understand
that the earlier concept of " flammability limits" is insufficient
(and sometimes misleading) for reactor safety applications. The
experiments show that such limits are not based on physical and
chemical properties of the component gases alone; rather, they
depend on ignition type ano strength, vessel geometry and size,
the nature and geometry of obstacles which may be present (and
their heat transfer properties), and the velocity of the gases
(quiescent versus moving). In addition, flame ignition must
clearly be distinguished from flame propagation; e.g., hydrogen
can be burned in the neighborhood of an igniter or on the surface
of a catalyst, without any flame propagation occurring. This
clearly complicates the job of the reactor safety analyst. If he
wishes to know if a particular mixture of gases will sustain a
propagating deflagration (and to know the resulting pressure
rise), he will need to describe the initial and boundary
conditions of the problem sufficiently accurately to & armine
flame speeds, combustion completeness, and the importe.t heat
transfer mechanisms.
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. 'The steamthydrogen jet facility (Fig. 19) has.two major.
objectives: to understand.the behavior of such jets issuing-from'

breaks in.the primary system as a function of hydrogen and steam
concentrations, flow velocities, gas temperatures, break size,
and the nature and placement of fl0meholders (i.e., obstacles);
and to examine deliberate flaring'through high-point vents as a
mitigation concept. The facility is operational.

Our research has already shown that 'detonability limits" (in the
classical sense of specific numbers independent of geometry and
size) are no more fundamental properties of nature than were
" flammability limits". A very extensive program at McGill
University (using hydrocarbons as well as hydrogen) coupled with,

large-scale critical-tube-diameter experiments (Fig. 20) at the
VGES site, has led to the production of U-shaped curves as shown
in Figs. 21-22. The detonation cell width, A, appears to be a
fundamental parameter of detonations. Small values of A
correspond to highly detonable gases (such as acetylene and )

.

hydrogen) or to near-stoichiometric mixtures. The larger the |

| value of A , the more difficult it is to establish and maintain a
steady detonation wave. It now appears that the cell width can

! be related to other important parameters of detonations such as
: initiation energy, critical tube diameter, and detonability

limits. The critical tube diameter d is the minimum diametere,,
'

which will permit a steady planar detonation wave to propagate
into an open volume (i.e., become a. spherically expanding wave).
The solid curve in Fig. 21 shows the critical tube diameter as a
function of hydrogen concentration (in air) calculated by the
empirical equation, de = 13 A ; the specific points refer to
direct measurements of d A similar curve can be drawn where
theordinateisthecritSc.al energy for direct initiation of a
detonation. Hence, Fig. 21 relates detonability limits to
geometry, size, and the relative concentrations of the gases.
Figure 22 is a direct plot of detonation cell width, A , as a
function of theLrelative fractions of hydrogen and air, and
including additions of carbon dioxide gas. This curve can again
be employed to indicate detonability limits. As the
concentrations move away from stoichiometric conditions (29.6%,

hydrogen in air), the establishment of steady propagating
; detonation waves requires larger volumes; i.e., A , and also

dc, become larger, indicating that the mixture is becoming less i

detonable. Similarly, the addition of carbon dioxide also
reduces the detonability of the mixture.i

An extensive experimental investigation of flame acceleration has
been underway at McGill University for many years, primarily
studying various hydrocarbons. The NRC is supporting part of
this effort, which is aimed specifically at reactor accident
simulations using hydrogen. The small-scale experimental effort
at McGill is strongly coupled to the larger-scale program at
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SNLA, where the PLAME (Flame Acceleration Measurements and
Experiments) facility is~being built (Fig.~23). The McGill
experimental program has already produced a significant body of
data with important applications to reactor safety. It now
Lppears that hydrogen is very sensitive to flame acceleration (as
is acetylene) Significant flame acceleration (flame speeds on
the order of hundreds of m/s) has been observed in hydrogen: air
mixtures as lean as 10% H2 The degree of acceleration depends-

strongly on tube geometry and size, obstacle nature and blockage
ratio, and gas concentrations. Recent data have also shown an
extreme sensitivity to the degree of confinement along a channel-
e.g., vent areas representing about 10% of the top face of the
channel can lead to order-of-magnitude reductions in flame
speed. If this strong dependency on venting persists in the
large-scale tests in the FLAME facility, it would indicate that
flame acceleration in large channels (e .g . , the ice condenser
upper plenum) could be significantly moderated by partial venting.

Experiments to date indicate that the mechanisms governing flame
acceleration may represent a precarious balance of positive and
negative factors associated with flame folding and turbulence.

. Two positive factors that lead to an increase in burning rate are
the increase in flame area due to folding, and the increase in
the local burning velocity of the foldn due to higher turbulent
diffusivities associated with fine-scale turbulence; the increase
in flame areas is a result of the gas flow ahead of the flame
being greatly perturbed by the presence of obstacles. In the
absence of negative factors, the volumetric burning rate would
continue to increase until a transition to detonation occurred.
The negative factors that lead to a decrease in the burning rate
are reaction quenching due to excessive flame stretching, and
rapid cooling due to turbulent mixing. If the neaative factors
are strong enough, the flame may be quenched; if they are of
intermediate strength, then a steady, strong flamo can be
produced which does not undergo transition; if the factors are
sufficiently weak, then transition to detonation may take place.

Conclusions
~

It is clear from the preceding discussion that the current
research program has already produced result.s of significant
value to reactor safety analyses. Several other programs
supported by the Office of Research (Fig., 24) are also
contributing to the resolution of hydrogen-related questions.
The Hydrogen Combustion Mitigative and Preventive Schemes program
(A-1336) and the Hydrogen Burn Survival program (A-1270, A-1306)
will be discussed in detail at this conference. The Combustible
Gas.in Containment program (A-1255) has two goals: to determine
the rates and total quantities of hydrogen which could be
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generated from corrosion of coatings (galvanized material,
aluminum, paints, etc.) in containments during reactor accidents;
and to determine the quantity and morphology of debris and
residues which might be produced during the corrosion reactions.
The Molten Core-Concrete Interactions program (A-1019) and the
Core Melt Technology program (A-1218) will provide information on
the production of combustible gases (carbon monoxide and
hydrogen) due to core-concrete reactions. The Molten
Core-Coolant Interactions program (A-1030) can provide
information on the amounts and rates of hydrogen generated by the
explosive and nonexplosive interactions of molten metals and
water.

The primary objective of the Code Assessment and Applications
program (A-1205) is to evaluate several thermalhydraulic computer
codes (TRAC, RELAP4 and 5, etc.). A major subtask, however, is
the assessment of the German (GRS) hydrogen transport code,
RALOC. This code has been used to evaluate hydrogen transport
and wixing times in various containments as a function of source
rates and other initial conditions.

There are also several research programs that will use the codes
and exparimental data generated by the hydrogen programs. The
Safety Margins for Containment program (A-1219) will use the
predictions for mechanical loads resulting from combustion. The
Containment Analysis ( A-119 8) , MELCOR (A-1339), and SASA (A-1258)
programs will all use the models and codes developed for hydrogen
behavior analyses.

In the short time that the hydrogen research programs have been
in place, we have already advanced our understanding of many
hydrogen-related phenomena pertinent to reactor safety
questions. We are quite optimistic that the ultimate result of
these research efforts will be the resolution of hydrogen-related
issues to the satisfaction of the NRC and most other affected
parties, including the utilities, the industry, and the general
public.

338



-- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

MACIEE IEMAIul

MN APPLICATIm3
I I i 1--

f f#RES 4 flWRMit! 8 053ET1m pitieffeu 2-910RTt1 EppDENT ANEY115,
_ _

j KitITfm mirlE 8 Oluft|L DitlRICS - M1 | DTnAPOLATION 10 KACTORS
MEINEESN,, e,-I-

- _ . . , , , , , , ,
1

na Asamn.* ,I,,,,
30tflG UED: ECTR _ IELCOR, ETC.*

IIII - 50L135 Pt[fgWf 5YSTER NTIAEARTICE* pg g
flM01, COACDil. ETC. TRAIEPORT s ACCIMlli An4L1515

IGNt - Lisip* algfAggEirtS* FIAfE ACG11RATIOg.
DNBU5 TION

R80iOLT115 KTUR4 Ties,

stkin | s.c.COuesim* IELIBGAft 19 17165*

Cole /toutEft* #ATER FOES S SPMY5

f IEAT -@!PPENT&W
Pf90L7515 pg.ACgggiry gggygge

PICPAGATI0ll TilARSFIR syty! VAL
KTICT13* POST-Et!MNT IERTIE* W8M CODES

. CATALYTIC ECIftillRil0E'

* AIRE 25t3 ff smC uv3a0ER OR tmitt K1 Aft 3 PtouffC ygngpany ggets IltCTR A55t35ptilT,

staTASE UlpfUTta OR luuDe Ritt3 TOE AalltVta. REDC, (CACNAS, ETC. DPIR!'Elli AAALYS15

KTDEAT!on CDK5: .MTotATION LOCS.

Cso, tit.

Figure 1. Aspects of the Hydrogen Behavior
and Control problem for LhlRs.

Figure 2. Fielationship between the Various
Code Development Tasks and their
Applications.

1

EFFECTS INCLUDED IN HECTR

HECTR

e FLAME INITIATION AND PROPAGATION
(Hf0ROGEN EVENT - CONTAINMENT TRANSIENT RESPONSE)

e GAS FLOW BETWEEN COMPARTMENTS

e RADIATIVE HEAT TRANSFER

e CONVECTIVE HEAT TRANSFER

e WALL CONDENSATION
PURPOSE - CALCULATE TEMPERATURES. PRESSURES.

67.5 COMPOSITION, AND WALL e WALL HEAT CONDUCT 10N
TEMPERATURES AS A FUNCTION OF
TIME IN MULTICOMPARTMENT REACTOR e CONTAINMENT Sr> RAYS
CONTAINNENTS.

e INTERCOMPARTMENT FANS

e ICE CONDENSERS

Figure 3. The HECTR Computer Code. Figure 4. List of the Features Included
in the Present Version of HECTR.

339

_ _



m ,
_ _ . _ _ _ _ _ _ . _ _

|
l

g* &d gulf
CTPEPARTsENT 1 Co.per m i

e

BL. 200' -
L'''

f DpfwELL 7A
COMPARTEENT 3

EL. 161* - - g<,

COMPARTMENT 4
-- e.g .,EL. 131* ==

COMPARTMErf S;
-

SUPPRESSION POOL

,
S<-

3 aS~Conrant.mpt s g

a,,

08YWELL

%

CCMPARTMENT 2 ,

e es ans uns sus aus ses aum ~ tuo mee esos eens ess
T.mo leoceruset

s:Crion A-A-
3

Figure 6. HECTR Calculation of Pressurefigure S. Five-Compartment Model of Grand Gulf inGrandGulf(S-CompartmentModel)
used for some of the HECTR Calculations.

for One Accident Scenario.

UPPER
PLENUM M

UPPER
COMPARTMENT ---"9

go

! 4

ICE |
CONDENSER g 7

h
d' g3
4, ,

LOWER DEAD END |

COMPARTMENT w REGION g
ICE ""

CONDENSED

2

uk
2 : rioW ALLOWED IN BOTH DIRECTIONS

- V

1
-- FI4W ALLOWED IN ONE DIRECTION

FAN-

0 2000 4000 6000 800

Time (sac)Figure 7. Six-Compartment Model of an Ice-Condenser
Plant Used for HECTR Calculations. Figure 8. HECTR Calculation of Pressute in

an Ice-Condenset Plant (6-Compartment
Model).

340

. _



-__ _. __

|

le
,r y[

IS}
.. V0umsE EXPANS40N RATIO

7 6

e-

y .I,
*

e= -

4 g.. /
3 Ij
s. . - s

FLAndE VELO OTY. .

LEADmG EDGE41g?+
*- *

m *0.p.
|f J.

-
--

j '

*

N=

/
. 4j- .,j

| / rtow vttocITY AT DUT
''

.&,''

.
.. . -

TWE . H / U

Figure 9. Vortex-Dynamics Calculation of Flame Figure 10. Vortex-Dynamics Calculation of Flame
Propagation from a 2-D Orifice Slot. Acceleration due to an Orifice in a

Channel.

\ i
s

envwsu - -
wan X onyAm

s.m
\

i....
y , -- g ;

. . ,p f j sm
| / N[ - CONTAD8WENT WALL,

,,p,

. /'' *' I y
3,,,,

I X. ,b , Q,_ A#k'
\ / , , , , , ,e

gg% + CEar n fger l
s

< ,/ / etfTION j .....
M (2*C LBdE) , se e s

n/s

:., . . . . .,
g E .sess'' '

's, . . ' +

, , , , ,
90% Mg

\ .+ ..ees
'" ggg gay Agq - W ALL LOC AtlON FOR

K ' /,
Petggsw t AND IMPUtsta

.3333* 5 pasTongs

\ \ . 4, .nes,

N ',) , ' '.i
g. . . . . . . " -, .reee

| \ s... ...e is.. a.e as.. n.ef. wrat o
'

.\ L fi.2.' .'. Tesne (snel I

i

l
s

.se PTET
'

\

g rigure 12. Pressure History Calculated by CSQ
using Geometry Shown in Fig. 11.,

Figure 11. Granti Gulf Wotwell Geometry (2-D) Used
for CSQ Detonation Calculation.

341

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



MMTIOML:

e Ue0MTORY-SCALI (FOG 4 FDM)
FACILITits wPutAtt0E

* MS 16-FT Tm q

e Mc6ILL TESTS vits .16' Tw e lu!Ttt Tvrt Ac LOCAT:On

*FITSTANK V-Hm3 * TimAn Funpa! LIM Un!TS

o RILTIPLE a st0EliTIAL tutT13,
e STEMiHYDMEN E

|* VEES PLASTIC 346 DETOMTIONS . ,
'

h
'rTs-Tw e sCAtt MtCTs'

y . 3,g ,5 e AElost" stCTsOPEuTICML IN FY83:
*VGE5 ACCELEMTED FLME FACILITY, 'fLAeL* w e EE04Tav a casTAta tFFICTs

eVEES 18' STEMMROGEN DETONATION TUBE e MIT!6ATton STUDIts
3FLME V -136 m e EQUIMENT SURVIVAL

PUWNED ACC0CIM TO NEED: * CCDE Asst 1Mn
[

* ACCIK" Sl*3 TAT 10"5* CMRED N APPAuTUS
*

eVERY LARGE SCALE TRENCH hv mot at attDED ,

nr EPRl/NTS 52' sentat is ansouatt)

| sitar.g KT' KT CmACTttisilts
AUT0l6NITIDu

ELIKtATE FLAR!t6

Figure 13. Experimental Facilities Available
for the Hydrogen Research Effort. Figure 14 Experimental Facilities for

Deflagration Tests.

FACILff!ts } APPLICATI0E

* ' " * * "'"'A*"
kiru mi ssini e ca:T: CAL Tat niwitt
2*, 6*,12* Ms e CELL s!ZE k6tLL WlEtstTh

7
e IFFECTs OF EsTACus

e Ct!TICAL EER6' 2.5*, 6,5* Tats (TYP"., tim RATIO,
| VKs - 16' TAN | | _ e RITIGATION B" a 5* a 48' OpKL KGitlZ OF VENTIN6)

(. saa mtCTs . mitmfi.

e mICTs OF CO2 | FITS - TANK j e Et0ETRY
* O E

Wlits . PLAST [( BAGS
e TRAERiss10u BETWttu 9 SCALE mICTs

| ysts - 16' TW |CCIFART4XTs e MITIGATION

| vus - w = | . mtCTsor m m

Vlts - 14* Tat a tFFICTs CF STEAR
FUE e EFFICTs OF SCALE

' e 3176
| FLM I e VENTIE

~ * EFFICTs 0F sCAtt
e (351Acds

o plant simLATious
o vtntu

e PLANT s!41LAtl045

Figure 16. Experimental Facilities for Flame-

' #' " ** **Figure 15. Experimental Facilities for Detonation
Tests.

342

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



, - - -

Steam iniet
J o(:b .e4 < r-e- <>mb

9

I . \g.X$r Fog Wat=r Supply
e a eas sant

,| Casm=r i= e ... . ,, ,

Static Pressure and Temperature 8 I
s/ ''ESSent |

,i .i .e g.u - iL ,,,,,, ^ -- -
E sineqst , , , , , ,,,

,, ,,

,, emmessupers Circulating Fan
,,

* k '' '' '
'j

I Ramovable Head
Access natt #.

i|.a.a . n4, i <j
passe ... - L< , , .'i g Thermocoupie

and. e.a - b'>1i
N e|agan I4J Sampling Protes

>

j
Membrane Pressure

g.. < .se *
I Main Containment'' ' '

,
*- 24 Sar W. P.

s q_U_
_C.., 2-3 i< e=su,-" I. !. '.1 I "t,"I" p-t:

.

_ _ _ _4c __ 5,-
.., ,,, i use,

] -
Camera

19nl1Pr7" O, s.

L
/

- J'

, Drain and Purge

[j
5*Hydrogen inlet
..

3
Figure 17. VCES Burn Tar *: (a) Layout. ta m volumi

(b) Thermocouple Instrumentation.

Figure 18. FITS Burn Tank (Modified for
Heating to ~100 C).

oouen

4
-..

'I9- 'O 'YSI~ :::::.xy . - jK $c ~'

- |y g - - ---

LJ \n3 - '
__) ,-

-

~~~ c
_

.!/a'A --e 1 2 -

1 I/M ..- -

h {
~"

***** euren earen

: , . , , . . . . . . . , ,.
..e i,i- . - -p

a.e..'*"j" yi-- 1 >

,

I

l Figure 19. Stean: Hydrogen Jet Facility. Figure 20. Critical-Tube-Diameter Test Facility.

343

J



_ _ _ _ _ _ _ _

I

l
" = - - ' so . . . ., , , , ,.

t : y, i:_ . . . .

-u .- ,

ae - V menu
,,

lI ? m e,
~

d' r
te- -

, s.
* '* ~

t 1 7 .

I g . .

- eL 3 - u -

-

| ... . . g
-' - *5

; . .

E. . ..

':::N% tur,2u . .

s - x,-

8
s
le

V V u
e e e f

'' t 1 I f |. . .

1soo so.o so.o so.o so.o oom
to 20 30 40 60 60

tM g

PERCENT H II N Ast hdxTURE2 2

Figine 21. Critic.al-Tube-Diameter Measurements
at Sandia and McGill Compared to the Figure 22. Detonation Cell Diameter Measurements
13A Correlation. for Various H : air:CO Mixtures.

2 2

. MYEROGEN STMAVIOR (A*1246)

e NYO*t0 GEN CEveuSTION MITIGATIVE AND

P*EvCN?lvt SC'+ EMES (A.1336)

e HYOROGEN M N SURVIVAL (A-1270. A.1306)

e C(reuStiett cAS iN CONTAmNT (A.i2ss)FLAME f acNity
REveEw f THE GRAND Gy(F MYOROG[Nr

f
-

e

IGNITE 8 SYS'. EM 11 (A.g3gj)
*

''' e MOLTEN CORE-CONCRETE 1:.TERACTl0NS (A.1019)
-

.

~ % ./ [ - e CORE MELT TECHNOLOGY (A.1218)
%

' ' e *CtTEN CCAE ';00LANT INTERACTIONS (A.1030)

' ' , *,. ,
o CODE ASSESSMENT AND APPLICATION 5 (A.120$),

* _ . -*

' o SArETv NARGINS FOR CONT AINMENT (A.1219)

* , e CONTAI M NT ANALYST $ (A.119g)

...
.

. e *(LCOR (A.1339)

* SASA (A.1258)
%

. E_,

1 e 10COR

e MCOG

~

Fig "o 23 Artist's Drawing of the FLAME Facility
e r0atich RESEARCp+ M 0 GRAMS AND STUDIES

(Channel width 6', height 8', length 100').

Figure 24. Hydrogen Research Programs at Present.

344

|
1

-



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

Hydrogen Burn Survival Program

W. H. McCulloch
Sandia National Laboratories 1

'

Albuquerque, New Mexico

SUMMARY

1.0 INTRODUCTION

In severe nuclear power station accidents, there is a possibility that
cubstantial quantities of hydrogen may Pe released into the containment building.
Analyses have indicated that under some circumstances in some containments there
le the potential for the release of enough hydrogen to threaten the integrity of
the containment building should the hydrogen be ignited. To prevent the
cccumulation of dangerous concentrations of hydrogeri, some plants and plant
de:igns now include systems to deliberately ignite the hydrogen before potentially
damaging levels are reached. his protects the containment building but presents
c challenge to equipment which might be subjected to repeated hydrogen burns. Of
particular concern is the exposure of couponents vital to the safe operation of
the plant.

As part of the response to this issue, the Hydrogen Burn Survival (HBS)
Program was initiated at Sandia National Laboratories in Albug'lerque, NM, (S?LA)
by the Offices of Nuclear Reactor Regulation (NRR) and Nuclear Reactor Research
(RES) of tne Nuclear Regulatory Comission (NRC) late in FY 1981. The near-term
goal of the HBS Program is to provide to the NRC, specifically to NRR, an
cnalytical procedure whereby equipment survivability analyses submitted by license
cpplicants may be evaluated. In the course of generating this analytical
procedure, a more general purpose is being served, i.e., the development of a more
definitive understanding of the phenomena of hydrogen combustion in reactor
containments and the responses of safety-related equipment to hydrogen burn
environments.

2.0 PROGRAM PLAN

The plan for reaching the objectives of the HBS Program involves the
utilization of existing capabilities at SNLA, namely, applicable test facilities
cnd related analytical efforts in heat transfer and hydrogen combustion.
Experiments are designed to identify pertinent parameters and physical
mechardsms. New irsight from the experiments are incorporated in analytical
models which, in turn, are verified by additional experiments. When the
credibility of the models is established (to the degree possible in sub-scale
t;:ts), the responses of conponents to full-scale hydrogen burns can be
eticulated. These calculations can also provide descriptions of the environments
seen by the conponents, making possible the specification of test conditions to
cimulate full-scale IJ rogen burn exposures. n us the responses of actuald
conponents to these environments can and will be demonstrated experimentally.
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To date, experiments have included test series at the Variable Geometry
BothExperimental System (VGES) and t.he Fully Instrumented Test System (FITS), 3of these facilities consist of vertical cylindrical tanks, 5.7 m3 and 5.6 m ,

rcspectively, and associated controls and instrumentation to conduct tests over
o range of gas mixture compositions.

Shortly, we will begin tests at the Central Receiver Test Facility (CRTF), a
solar facility also located at SNLA.- The CRTF offers the capability of a

|
programmed thermal flux irput to test specimen. We plan to simulate heat flux,

profiles fron both the test facilities and full-scale reactor containment
burns. Data from these tests will corroborate the results from analytical
models and show the impacts of hydrogen burn environments on components.

3.0 FUIURE ACTIVITIES

The outgrowth of these activities is expected to be an experimentally
verified analytical representation of the physical phenomena involved in the

|
cxposure of safety-related equipment to hydrogen burn environments. This
involves somewhat elaborate heat transfer and hydrogen combustion computer
codes. Our intent is to use the complex models to develop analytical tools that
do not require the use of large computer systems. 'Ihese general tools will be
used by NRR to evaluate analyses submitted by license applicants.

4.0 OBSERVATIONS 'IO DATE

Although the general analytical tools will not be developed until next year,
the experimental and analytical activities to date have provided some
significant insights.

Comparison of VGES and FITS test data with calculations for ice condenser
pressurized water reactors indicates that gas tenperatures in full-scale
containments remain elevated for much longer times than for similar burns in
smaller vessels. One implication of this fact is that responses of components
in test facility (i.e., small) environments cannot be taken directly as
indications of responses to burns in larger containment volumes since there
burns will produce significantly higher component temperatures.

Preliminary single burn analyses indicated that, depending on location in
containment, thermal mass, and accident scenario, components may reach
temperatures in excess of LOCA. qualification guidelines. It must be noted that
in these analyses components were treated as being fully exposed to the
environment. No consideration was given to the thermal protection provided by
structures attached to or near the components. Cable exposed in the FITS tests
and equignent removed from the TMI containment have shown that the effects of
such protection can be significant.

Recent calculations using an improved code have shown component temperatures
in response to hydrogen burns somewhat higher than those predicted earlier. In

addition, these analyses have shown that a series of burns, as is expected in
some accident sequences, produces a "ratcheting" effect in component
temperature, i.e., there is not enough time between burns for components to cool
back to the initial temperature so that each burn in the series produces higher
couponent temperatures. Therefore, multiple burns can be expected to produce
substantially higher peak component temperatures than single burns in a given
situation.
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CORCON Molten Fuel-Concrete Interactions Code

Randall K. Cole, Jr.

Sandia National Laboratories
Albuquerque, New Mexico l

INTRODUCTION

The CORCON code is being developed at Sandia National

Laboratories to model the interaction of molten core materials

with concrete during a hypothetical core-melt accident. A MOD 1

version of the code has been available since late 1980. This

version is applicable to the early stages of the interaction;

crusting and freezing are not considered. Also, interaction

with water in the reactor cavity is not allowed. We are currently

developing a MOD 2 version of the code in which these restrictions

will be removed. In addition to developing new models, we are

supplying user support for MODl, and are assessing the impor-

tance and suitability of models contained in it. In several

cases, this has led to improvements which will be included in

MOD 2. We expect this new version of the code to be available

for testing early in 1983.

CRUSTING / FREEZING MODEL

The major new model to be included in CORCON-MOD 2 is a

crusting / freezing model. An important assumption in MOD 1 is

that the pool remains liquid. Each phase (metallic or oxidic)

is considered to be well-stirred and isothermal, except for

thin thermal boundary layers, and convective heat-transfer correla-

tions are used to calculate the heat flux at each surface.

When a calculated interface temperature falls below the solidi-

fication temperature, a two-phase multiplier greatly increases

the calculated viscosity. This reduces the corresponding heat-

transfer coefficient, simulating the effect of a conductive

crust. Once the bulk of the layer falls below the solidification

temperature, however, the model is clearly invalid, although

it probably provides an upper bound on the erosion of concrete

and the generation of combustible gases.
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A significant improvement in MOD 2 will be-the inclusion

of a crust and freezing model, which will provide a more realistic

treatment of crust formation and allow the calculation to continue

through to the eventual solidification of the debris. This

will require consideration of heat transfer by conduction in
,

solid regions and by bubble-enhanced or natural convection (with

a conduction limit) in liquid regions of an axisymmetric domain

with volumetric heating. Because conditions are slowly changing,

with a time scale of hours to days, we have chosen to neglect

transient effects, and are developing a quasi-steady model.

In the rersion currently being tested, the two-dim'ensional

problem has been further simplified by averaging over horizontal

areas for axial heat transfer, and over vertical areas for radial

heat transfer, within each layer of the pool. The result is

that the two-dimensional problem is replaced by two independent

one-dimensional ones formulated in terms of the average layer

temperature and the average boundary temperatures. In each

direction, an effective volumetric source is determined for

which the corresponding one-dimensional, steady temperature

profile has the desired average, and the resulting heat fluxes

are used. This profile can have liquid and solid regions, and

can include convective and conductive heat transfer. The method

therefore provides a general solution for fully liquid, crusted,

or fully frozen-layers, with natural transitions between layer

regimes. The two one-dimensional solutions are coupled only

indirectly, through their effects on the average temperature

of the layer as determined by the layer energy equation.

This model is incorporated into CORCON's multilayer geometry
'

by solving for the axial heat transport in each layer for assumed

interface temperatures which are then adjusted to obtain continuity

of heat fluxes at the interfaces. Because the heat flux at |
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the top (bottom) of a layer may depend on the temperature of
the bottom.(top), this is rather more complicated than in MOD 1,
and requires an iteration. Radial transport is independent

therefore,of axial, and involves only one layer at a time;
no such iteration is required.

A layer may be entirely liquid, entirely solid, or crusted
on one or more surfaces. Therefore, a one-dimensional calcula-

While the temp-tion may involve as many as three subregions.
eratures of any internal interfaces are known (the solidifica-
tion temperature), the positions are not and must be determined
from the requirements of constant volumetric heat source,

Thiscontinuous heat flux, and desired average temperature.
requires another iteration.

Coding of the model involves three levels of subroutines.
The highest solves iteratively for the temperatures of inter-

faces between layers, given the heat transfer within each layer.
The second evaluates single-layer heat transfer, determining
the positions of solid / liquid interfaces if present. 'This may
require calling a third-level subroutine to calculate the heat
transfer within a liquid (sub) layer. Here, bubble-driven and

natural convection are considered, subject to a conduction limit;

the regime is chosen based on the greatest Nusselt number.
The various sub-models have been tested independently,

outside of CORCON, and found to perform as expected. Concurrent

with this, we have modified the calculational structure of
CORCON to take the new form just described, while maintaining
MOD 1 models. This has allowed us to verify that the old results

could be obtained from the new structure, before new heat-
transfer models were added. The final step, installation of

the crusting / freezing model into CORCON is now under way, and
no major difficulties are expected.

|
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The process of crust formation and freezing in the presence,

of high gas fluxes is not well understood. Various concepts

have been proposed including: the formation of fumaroles which

allow gas venting during the freezing process; the formation

of a frothy but permeable solid; the formation of a frothy but

impenetrable solid; the formation of a dense solid. The last

two cases would indicate that the only path available for gas |
release would be through the film between the melt and the solid

concrete. A qualitative set of experiments is being performed

to investigate the freezing process at small scale. Simulant

pairs have so far included dry ice with water, mercury and

solder. This investigation is continuing.

OXIDIC-PHASE VISCOSITY MODEL

In CORCON-MOD 1, the viscosity of oxidic mixtures is calculated

from a Kendell-Monroe relation if the silica content is low,

and from the VISRHO model if it is high. Our assessment effort
has revealed a number of problems with this. For one thing,

the calculated viscosity is not a continuous function of silica

content. This could, of course, be corrected by a suitable

smoothing or interpolation. However, and more importantly,

the model was also seen to give unrealistically high viscosities
j for some compositions at high temperatures. The VISRHO model
| 1s based on a correlation developed by Bottinga and Weill for

4

magmatic materials. Application to many situations occurring

j in core melt accidents requires aliasing of constituents (magmas
contain no significant amounts of UO r ZrO2) and extrapolation2

i in temperature (the original correlation is limited to temperatures

below 1800 C). The accuracy of the results is questionable.

H. R. Shaw,5 working from the Bottinga-Weill correlation,
' observed that all plots of log-viscosity against inverse temper-

aturo yielded straight lines which passed through or near a I

| single convergence point. If this point is taken as fixed,

viscosity is fully determined by the slope, s, of the line in

the form

i
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i

4in p = A + s(10 /T-C)

Finally, Shaw correlated s as proportional'to the silica content
of the mixture, with a proportionality constant which is deter-
cined linearly by the non-silica composition.

Shaw's model is limited to mixtures with moderate-to-high'
cilica content. At low silica contents it gives unreasonably
low values. %ha are currently testing a formulation which uses
the greater of the values calculated from the Kendell-Monroe
and Shaw models. As a function of silica content, the cross-

over always occurs near 30 mole percent silica.
A significant structural change in the liquid takes place

at-the orthosilicate point (33 mole percent silica), which is
the threshold for cross-linking of silicate tetrahedra. There-

fore, it is not surprising that a change in the viscosity model
- chould occur at or near this composition.
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The Status of the CONTAIN Computer Code for LWR Containment Analysis +

Rexroth, M. J. Clauser,K. D. Bergeron, K. K. Murata, P. E4
H. E. Senglaub, F. W. Sciacca , and W. Trebilcock

civision 9424, Sandia National Laboratories ++, Albuquerque, N.M. 87185
;

i

ABSTRACT

! The current status of the CONTAIN code for LWR safety analysis is
reviewed. Three example calculations are discussed as illustrations of
the code's capabilities: (1) a demonstration of'the spray model in a
realistic PWR problem, and a comparison with CONTEMPT results; (2) a
comparison of CONTAIN results for a major aerosol experiment againstand (3)cxperimental results and predictions of the HAARM aerosol code;
En LWR sample problem, involving a TMLB' sequence for the Zion reactor
containment.

J

INTRODUCTION

The CONTAIN computer code is a highly mechanistic treatment of
phenomena occuring in the containment building during a hypothetical
severe reactor accident. It is designed to model any type of

'

commercini power reactor, but at present it is limited to LMFBRs and;

(
LWRs. This paper reports on the status of CONTAIN for LWR accident
analysis.

The code is very modular and flexible. Currently operational'

| features include two-phase water thermodynamics, heat transfer to
structures (including condensation and evaporation) , aerosol particle
distribution evolution, (including deposition, agglomeration,
condensation, and evaporation) , radioisotope transport and decay (for
any number of isotope chains) , hydrogen burn, intercell flow (including:

! +This work supported by the U.S. Nuclear Regulatory Commission.

CUnder contract from Energy, Inc.

++ Operated for the U.S. Department of Energy under contract!

number DE-AC-04-76DP00789.
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I release from containment) engineered safety features, and a number of
| phenomena occuring in the reactor cavity pool.
!
'

RECENT PROGRESS
i

In January,1982, a CONTAIN code review was held by NRC. This wasfollowed shortly by the release of an interim version of the code to4

selected users in order to obtain feedback concerning the use of the
code for practical applications. A stand-alone version of the aerosolmodule, called MAEROS, has also been made available to the code
centers.

' In parallel with these releases, a substantia'l amount of effort in
the pact year has gone into making the code useful for practical
pplications. An organized program of testing has been initiated,

encompassing tests of the logic and physics of individual modules, as
well as verification and validation efforts for more integrated
cpplications. A document has been written. describing guidelines for
standardized testing procedures. Each test is given a test index, and |

'

the results of the tests, successful or not, are reported in a Test
Summary Report, which is kept in a computerized file. The input dataset-is.also archived in a computer file so that the tests can be rerun
on new versions of the code. There are over fifty tests which have
been archived in this way. Separate effects tests have been conducted
for all the features described earlier, though in some cases, not all
facets of the models have been exhaustively tested.

; In addition, there are two major validation exercises underway,
i involving comparison of the code's predictions against experimental'

results. The first is the ABCOVE experimental series, which~provides
an opportunity to compare CONTAIN's aerosol behavior predictions
against large scale experiments and other aerosol codes. The second is 1the HDR experimental series in Germany, involving steam and water
blewdowns in a full-size reactor containment building. These programs |require " blind" predictions of experimental results and will be a '

serious test of the models which CONTAIN uses for the relevant
; phenomena.

|

In addition to the testing, there has been a considerable amount
of development of new capabilities for CONTAIN. For example,
improvements have been made to the aerosol and structure heat traasferi

models to include evaporation as well as condensation of steam.

i The most important of the new modelling efforts for LWR
applications has been the development of a framework for engineeredi

|

safety features (ESF's) and the inclusion therein of containment spray:

| and fan cooler models. The framework comprises the input, output, data
transfer, and operational control functions for major engineered safety
systems as well as various supporting components that direct flow into
and out of these systems. The framework provides a modular structurt-
for the insertion of physical models for each of the various systems
and components. The major systems for which support is provided are 1)

L containment sprays, 2) fan coolers, 3) ice condensers, 4) suppression
pools, and 5) filtered vents. Supporting components include pipes,
valves, . orifices, heat exchangers, pumps, and storage tank s.
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Figure 1. Containment spray test problec, based on the H. B. Robinson
PWR.

!

! Mechandstic models for each of these elements have been or will be
* developed.

Models for containment sprays and fan coolers have been
implemented and undergone preliminary testing. The fan cooler model is

,

based on a simple temperature-dependent heat transfer function, but the'

spray model is much more mechanistic. It assumes a single initial
sized droplet falling vertically at terminal velocity through a
homogeneous atmosphere. Heat and mass transfer rates to or from the
droplet are determined using appropriate semi-empirical heat and mass
transfer correlations (1). The equations of mass and enthalpy
conservation are integrated simultaneously using a Runge-Kuttai

numerical scheme. At each integrating time step the droplet terminal
velocity and physical properties are updated. The motion of the
droplet is tracked until it either reaches the bottom cf the cell or
comes to thermodynamic equilibrium with the atmosphere.

.Tc illustrate the. operation of the ESF framework , a demonstration
!- . problem was run involving a large loss-of-coolant blowdown in a typical

PWR plant. The problem is modeled after a sample case presented in the
357
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CONTEMPT /EI user's manual (2). The containment sprays are activated at
efght seconds into the blowdown, and the fan coolers come on at forty
seconds. Comparisons of the CONTAIN and CONTEMPT /EI temperature and
pressure histories are shown in Fig. 1. The agreement-between the two
codes is quite good. The lower values provided by CONTAIN at early
times are probably the result of the more mechanistic (and
best-estimate) models for structure condensation and containment sprays
(CONTAIN treats steam condensation on droplets whereas CONTEMPT /EI does
not) .

To provide a test of the aerosol model in CONTAIN, calculations of
an uranium oxide aerosol experiment in NSPP were made (5). In the
experiment (NSPP Test 207) uranium oxide aerosols were injected into
the experimental chamber for about 28 minutes. The source was thenturned off, and the aerosols egglomerated and settled out. A fit to
this experiment with HAARM-3 has previously been reported (5) , and the
results are reproduced in Figure 2. One CONTAIN calculation (Run A in
Figure 2) used the same aerosol parameters as in the HAARM-3
calculation (aerodynamic shape factor X = 3, and agglomeration shape

'O'
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Figure 2. Measurements in NSFD test 207 with uranium oxide aerosols,
cnd comparisons with CONTAIN and HAARM-3. Run A used the same shape
factors as the HAARM calculation. Run B was a best fit to the shape
factors.
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55 minutes and vessel melt-through occurs at 240 minutes

factor Y = 10.) Both the CONTAIN and HAARM runs started with an aerosol
concentration of 3.4 g/m (5) and used an initial mean radius of 0.433

As can be seen, the two calculations are about equally consistentpm.
with the data-.

A best fit to the enperimental data using CONTAIN was also
obtained (Run B). The aerodynamic sha'e factor used was X =1.5 and
the coagulation shape factor was Y = 7.0. Since the median radius is
obtained from the measured aerodynamic radius as the radius of a sphere
of equivalent mass, it depends on the aerodynamic shape factor. For

X =1. 5, the equivalent median radius is 0.53 p m. (To be consistent
with X =3, the radius in the first two calculations should have been
0.72 pm, not 0.43 pm.) As can be seen, excellent agreement with
experiment can be obtained with the new parameters. The difference

between CONTAIN and HAARM-3 in the first two calculations is believed{

!
due to the fact that CONTAIN uses a general histogram (or discrete)
represer.tation 'of the particle distribution function, whereas HAARM-3ThemLkes the assumption of a lognormal distribution at all times.
fact that HAARM-3 predicts too large an aerosol concentration at early!

times and too small a concentration at late times is characteristic of
lognormal codes (5) .

.
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A third and final example of the use of CONTAIN is a sample
problem for LWR's which has recently been developed. A TMLB' aequencein a large dry containment (similar to Zion) is simulated. Source
tables are used for 1) steam, fission product, and hydrogen release
during the blowdown phase, 2) water and hydrogen release at vessel
failure, and 3) non-condensible gases and aerosols-(with associated
radioisotopes) from a dry core-concrete interaction. These sources
were obtained from MARCH (8) and CORCON (9) runs (i.e., neither the
pool model nor the explicit CONTAIN-CORCON link was used.) The
containment building was modeled as a single cell, while a second cell
was used to follow releases from containment (e.g., to the auxilliarybuildings.)

The purpose of the sample problem is to demonstrate the operation
of as many of the features of the code as possible in a realistic
application, rather then to provide a benchmark for comparison with
other codes. Operational features include condensa?. ion and heat
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Figure 4. Aerosol size distribution for liquid water in containment
atmosphere; a) seed distribution used for homogeneous condensation of
blowdown steam; b) 17 minutes after the start of blowdown. Note
increase in masa density and particle sizes due to condensstion on the
cerosols.
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Figure 5. Aerosol distribution approximately 8 hours following vessel
breach.

transfer in structures; two-phase atmosphere thermodynamics; ,

deposition, condensation, and agglomeration of aerosols; intercell
flow; transport and decay of radioisotopes; ard hydrogen burn.

Selected results are shown in Figures 3-6. Containment pressure
as a function of time is shown in Figure 3. The second peak occuring ct
240 minutes is due to accumulator water and non-condensible gas
released upon vessel breach. Of particillar interest is the use of the
corosol model (MAEROS) for the homogeneous condensation of the blowdown
eteam, illustrated in Figures 4a and b. Rapid condensation on the
corosolized water causes the particle distribution to shift to the
left, at the same time that the mass density increases sharply. The
corosol distribution much later in time (Figure 5) shows that most of
the aerosolized water has settled out, and the aerosol is primarily
concrete from the core-concrete interaction.

A very small flow path was modelled, corresponding to a design
lock rate of 1 g/sec gas flow, which had no effect on containment

Figure 6 the cumulative mass of a representative fission
(Xe{g3) gtside of containment

pressure.
product is plotted. For this
calculation, Xe was not a source itself, but only a daughter 'of one
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of the species (1133) used as a representative source. Thus, the
plotted quantity illustrates both the flow and radioisotope decay
features of the code. It was not possible to obtain a sufficiently
high concentration of hydrogen for a burn in the nominal TMLB'
sequence, so a variation of the sequence; was run with an (unrealistic)
increase in the leak rate to 1.7 kg/sec. This depleted the containment
of the early H 0, allowing a hydrogen burn due to2
core-concrete-generated hydrogen late in the sequence (at about 14.5
hours into the sequence.)

CONCLUSION

The CONTAIN code is reaching the point of development that it can
be used for many realistic LWR safety calculations. The principal
focus at present is validation and verification of the code before an i

operational version is widely distributed. A series of example runs
have been presented illustrating the operational status of the code,
and the nature of some of the validation exercises.
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| Figure 6. Representative radioisotope mass released from containment,
resulting from transport out of containment both before and after'

radioactive decay.
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Future plans include continued development of engineered safety
I features.models, as well as additional testing efforts. Also, the

ABCOVE and HDR validation exercises should be completed within the next
year. Another important development is the MEDICI module, which will
model interactions of molten debris released into the cavity when a

|
pool of water is present -(including steam explosions and related

L phenomena.). '
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BNL PROGRAM IN SUPPORT OF LWR
DEGRADED CORE ACCIDENT ANALYSIS

T. Ginsberg and G. A. Greene

1. INTRODUCTION

The U.S. Nuclear Regulatory Commission currently sponsors analyses of the
response of light water reactor containment buildings to degraded core acci-
dents-(Murfur, 1980; Meyer, 1981; Pratt, 1981). Two major sources of' loading
on dry pressurized water reactor containments are:

(i) Steam generation from core debris water thermal interactions.

Quenching of hot debris by cooling water leads to st' am generatione
and containment pressurization. Interaction of hot, unquenched de-
bris with concrete can lead to simultaneous gas release. Hydrogen
continues to be generated until debris is finally quenched.

(ii) Molten core-concrete interactions.

The interactions lead to pressurization of the containment as a re-
sult of generation of concrete decomposition products and potential
combustion of flammable gaseous products. In addition these inter-
actions lead to penetration of the core melt into the containment
basemat.,

Experiments are in p.* ogress at BNL in support of analytical nodel develop-
ment related to aspects of the above containment loading mechanisms. The work
supports development and evaluation of the CORCON (Muir,1981) and MARCH
(Wooton,1980)computercodes. Progress in the two programs is described be-
low.

2. CORE DEBRIS THERMAL-HYDRAULIC PHENOMEN0 LOGY

Light water reactor degraded core accident sequence studies have been per-
formed which postulate the existence of a high temperature core debris bed
within the reactor cavity (Meyer,1981). The debris bed would be cooled by an,

overlying pool of water. Two models have been used to characterize the inter-
action between hot core debris and water. The MARCH code's "H0TDROP" model

! (Wooton,1980) assumes that the core debris is suspended in an infinite sea of
| water and that heat transfer is limited by the particle debris internal and

external thermal resistances. Steam production is governed by the total sur-
face area of the fragments. On the other hand, steady state debris bed cool-
ing models have been used to predict the steam production rate resulting from
quenching of packed beds of solid core debris (Yang,1981). The containment
pressurization rates based upon the two models are significantly different |

(Yang, 1981) . The validity of these models when applied to the transient I
cooling of debris beds has not been established by comparison with suitable
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transient quench experiments. )

Presented below are recent results of an experimental investigation whose
obiective is to provide an understanding of the thermal interaction between
superhe-ted core debris and water during postulated light water reactor de-
graded core accidents. The experiment was designed to study the heat trans-
fer characteristics of superheated spheres as they are quenched in a packed
bed configuration by an overlying pool of water. A model based upon the ex-
perimental results is pretented and implications with respect to reactor
safety are discussed.

The test apparatus is shown in Figure 1. Stainless steel spheres, 3 mm in
diameter, were heated in the oven shown at the top of Figure 1 to temperatures
between 533 K and 97. K. They were subsequently transferred to a vertical
108.2 mm'i.d. stainless steel pipe, flanged at the lower end. Wc cer at tem-
peratures between 274 K and 360 K was released on to the spheres and the a-
sulting thermal interaction was observed. Packed beds of 40% porosity were
studied, whose nominal heights were in the range 200 mm to 400 mm. The ex-
periments were carried out at constant pressure, with the steam vented to the
atmosphere. The wall of the test vessel could be preheated, if desired, to
match the initial sphere temperature. The test section was instrumented with
an array of thermocouples, both within the pipe and on its outside wall. A
pressure transducer was mounted on the test vessel wall to monitor pressure
fluctuations indicative of continued boiling within the vessel. In the early
stages of the work the steam was vented to the aLnosphere via the steam vent
shown in Figure 1. The apparatus was subsequently modified to incorporate the
turbine flowmeter shown in Figure 1(b). This flowmeter was used to monitor
the flow of steam during the particle quench process. In these latter experi-
ments all of the piping which led to the flowmeter was preheated to the water
saturation temperature prior to a run.

A typical set of bed temperature traces is shown for Run. No.116 in
Figure 2. The temperature traces are labeled by the thermocouple (TC) identi-
fication number. TC2 was located at the base of the bed. The remaining
thermocouples were spaced in ascending order every 50 mm. TC8 was the upper-
most thermocouple located 300 mm from the base of the bed. The key feature of

| Figure 2 is the sequence of step changes in temperature, beginning with TC8
located near the top of the bed. This sequence proceeded in the downward
direction to each thennocouple in the bed. The temperature at each position
suddenly fell from the initial sphere temperature to toe liquid saturation

I
t empe rature. Figure 2 also indicates that several of the ther.noccuples par-

| tially recovered their superheated temperatures subsequent to the first arriv-
al of liquid. In this case four channels (TC. Nos. 4, 6, 7, 8) exhibit this
behavior. The temperature recovery characteristic of Rtn No.116 occurred in| .

| many, though not all, of the experiments. These four thermocouples were
finally quenched in a sequential pattern from the bottoa upwards. A sequen-
tial pattern of wall quenching was also observed to proceed from the bottom
upwards (not shown).

Three " frontal" particle bed cooling patterns are suggested by the bed and
wall temperature traces. The times of arrival of each of the three cooling
fronts are presented in Figure 3 as a function of axial position in the test

col umn. Figure 3 shows the advance c.f a downward-propagating front which
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reaches the bottom of the bed at 165 seconds after initial water / bed contact.
At this point an upward-propagating front is observed which is responsible for
" final" cooling of the particle bed as well as the test wall (third front was
wall quench).

Prior to installation of the turbine flowmeter system for the steam flow-
rate measurement, an estimate of the time-average bed heat transfer rate was
made. The time period during which boiling was observed in the test vessel
wa', detennined from the piezoelectric transducer traces.

The average bed heat flux was computed from the known initial bed stored
energy (temperature), the boiling time and the bed cross-sectional area. The
results of these calculations are shown in Figure 4. They indicate that the
times. average rate of heat transfer from the particles to the water was ap-

6 2proximately 10 W/m . The heat transfer rate was independent of bed
temperature for initial bed temperatures in the range 530 K to 970 K.

The turbine fiowmeter data substantiate the magnitude of the heat flux de-
termined as described above. In addition the flowneter data indicate that the
bed cooling rate is identical during the downward and upward frontal time
periods.

The frontal progression speeds were obtained from the frontal propagation
data (such as Figure 3) for each set of experimental conditions. These data,
calculated using a linear least squares analysis, are shown in Figure 5. Data
from Armstrong, et al (1982) are also presented. The results indicate that
the frontal speeds decrease with increasing temperature and that the downward
frontal speed is consistently larger than the corresponding upward frontal
s peed .

A model has becn developed to characterize the debris bed quench behavior
as observed in the experiments. Based upon the above observations it is as-
sumed that the packed bed heat transfer occurred at the quench front during
both the downward and upward frontal periods. The rate of heat transfer with
liquid supplied from an overlying pool is assumed to be limited by maximum
rate at which vapor can be removed from the bed under conditions of counter-
current two-phase vapor-liquid flow in or to the packed bed. A coupled set of
equations were developed which include (i) a lumped parameter bed energy
equation and (ii) counterturrent flow hydrodynamics equations. Three hydro-
dynamics models were used to characterize the two phase countercurrent flow
processes: (i) the Zuber "CHF" model (Zuber,1959), (ii) a modified version
of the Lipinski debris bed model (Lipinski,1981) and (iii) a modified version
of the 0stenson flooding model (0stenson,1981). The set of equations was
solved simultaneously for the particle bed heat flux and the downward- and
upward-frontal speeds.

The data are compared with model predictions in Figures 4 and 5. Figure 4
indicates that the neat transfer rate is characterized reasonably well by
either the CHF model or the TRANSBED (quasi-steady Lipinski) model. The cool-
ing front data shown in Figure 5 agree with the model over the entire range of
temperature with the possible exception of the lowest bed temperature.

The results of the program suggest that:
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-

r

-(i) A superheated ' particle bed quenches -in. a two-step bi-frontal. process.
. A partial quench front first propagates downterd removing a fraction'

(f ).of the stored sensible heat of the bed. A secor6d upward-
. .

,

'

d
directed quench front ' starts when the' downfront reaches-the bed bot-
tom. The upward front renoves the balance (1-f ) of the stored 'en-- -|d

1 ergy. Experimental data suggest that fd = 0.3-0.4. {
4 (ii) The net rate of energy removal ~ from the bed :is, within the scatter of

the data, independent.. of initial bed temperature and ~ is identical
'

- during both the downward -and upward frontal periods.,

. '(iii) The above observations strongly suggest that the phenomenon which
.

l

! limits the net heat removal from a superheated bed is hydrodynamic in
nature. This is consistent with the hypothesis that the heat. trans-3

F fer is limited by the hydrodynamics of countercurrent two-phase' flow,
either just above the bed or within the bed.

,

i

;_ Major implications of the results with respect to LWR reactor safety are:
i

! (i) The rate of containment building pressurization resulting from
: quenching of superheated beds of core debris by overlying pools of

.' liquid would be limited by the hydrodynamics of countercurrent two
phase flow to or within the beds. The data and models: indicate that

l' this conclusion is independent of initial bed: temperature.
,

; (ii) The observed frontal characteristics, however, suggest that the de--
| bris ahead of the initial cooling front would remain dry until arriv-
| al of the downward front. Attack of the concrete by the hot solid
| debris must be considered during this time period.

.

!

'

3. HEAT TRANSFER IN CORE-CONCRETE INTERACTIONS
,

i The phenomena of core-concrete interactions impact upon containment integ-
i rity of a light water rcactor (LWR) following postulated complete meltdown of

the core.by containment pressurization due to condensable and non-condensable
gas generation, possible ignition of combustible gases, and concrete basemat>

penetration. In order to develop a predictive capability to analyze such com-
L plicated interactions, the C0RCON code (Muir,1981) has been developed at San-
'

aia Laboratory under USNRC sponsorship. Modeling of core-concrete interac-
tions involves many poorly understood and complicated heat transfer phenomena
for which there exists a sparse data base. In support of the CORCON code, one
heat transfer aspect of core-concrete interactions has been investigated which
had been found to have significant impact- upon the results of generic ~ code
calculations, namely the phenomenon of heat transfer between overlying
iminiscible liquid layers whose interface is agitated by gases liberated from
the underlying concrete.

The model used in CORCON to characterize liquid-liqcid heat transfer to an
interface agitated by transverse gas flow is a correlation developed by
Konsetov (1966) to model heat transfer from a horizontal surface with gas
injection. Other models which have been applied to liquid-liquid interfacial

1
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heat transfer with bubble agitation are a model by Grief (1965) as well as the
surface renewal model of Szekeley (1963). When these models were compared to
a limited amount of experimental data taken with an oil-water fluid pair
(Werle,1978), it was found that the models seriously underpredicted both the
magnivode and the trend of the heat transfer data, deviating from the data by
as much 33 two orders of magnitude at a superficial gas velocity of only 1

cm/sec. As a result of this poor agreement between the data and the models, a
parametric sensitivity analysis was performed to determine the impact of this
phenomena loon integrated code calculations of core-concrete interactions.

The effect of interfacial heat transfer was examined parametrically, by
increasing the heat transfer coefficient by a factor of 10 and 100, chosen on
the basis of comparison of the heat transfer models to the limited experiment-
al data. It was found that the integrated results of the core-concrete inter-
actions were significantly a'ffected by these parametric variations on the in-
terfacial heat transfer coefficient. The Konsetov heat transfer model in
CORCON always resulted in an upper bound to the generation rates of combust-
ible, condensable and non-condensable cases from the concrate. However, in-
creasing this magnitude of the coefficient by factors of 10 and 100 reduced
these gas generation rates by as much as a factor of from two to five (Greene,
1982).

The reason for this effect on the gas release rates from the concrete is
Oat the downward heat flux into the concrete from the heavy core oxide layer
wa reduced due to the increased upward heat flux into the overlying lighter
mets'lic layer. This reduced downward heat flux similarly redeced the con-
crete ablation rate and reduced the rate of dilution of the lower oxide layer
by cont ete slag. Accompanying the reduced gas generation rates and reduced
concrete ablation rate by increasing the interfacial liquid-liquid heat trans-
fer coeffi. 4ent, it was found that the layer temperatures themselves would de-
crease signi:icantly faster with the increase in the magnitude of the inter-
facial liquid-i' quid heat transfer coefficient. An example of the reduced gas
generation rates and reduced layer temperatures due to enhancing the inter-
facial heat transfer coefficient is shown in Figure 6a-f. On the basis of
these observations, the experimental and analytical program about to be ue-
scribed was performed.

Mercury-Water Bubbling Interfacial Heat Transfer: Non-Entraining

Two sets of bubbling heat transfer data were taken with mercury-water
fluid pairs, Series 300 and Series 400 data. The bubble radii were in the
range 0.3 to 0.5 cm and the superficial gas velocity was varied over the range
from zero to 1.4 cm/sec. These data are presented in Figure 7 along with the
Wood's metal-oil data of Werle (1978,1981). In the limit of zero gas flow
rate, these data converged asymptotically to a lower limit calculated by the
natural ccrvection model of Haberstroh (1974). As the superficial gas velo-
city increased, the heat transfer coefficient similarly increased due to the

| periodic bubble-induced disturbances at the liquid-liquid interface. The
vertical tenperature distribution demonstrated a sharp gradient in the vicin-:

! ity of the fluid-fluid interface, suggesting that the interface did maintain
its approximate spatial integrity and that mixing and entrainment were absent.
These observations were further supported by visual and photographic evidence
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of the absence of entrainment of mercury even under intense interfacial
disturbance.

L
The mercury-water heat transfer data were found to be greater ir, magnitude

- than the Wood's metal-oil data (Werle, 1978; 1981) by a significant margin.
- The observed superiority of the water layer to the oil layer in transferring

heat is evident from the data in Figure 8 and the ratio is roughly a factor of
five increasing to as much as ten. On the basis of the surface renewal formu-
lation shown in Figure 7, this ratio should be approximately four. However, as
will become evident in the discussion, there are factors absent from this
formulation which, when included, may account for this disc epancy.

{
- The regime of heat transfer between two fluid layers enhanced by inter-
L facial disturbances generated at their interface by rising bubbles with the

absence of entrainment is referred to as the surface renewal regime. When the"

_

gas flux is initiated, the interfacial heat transfer coefficient is found to
( increase above the value characteristic of pure steady natural convection-

For the mercury-vater case, no large scale entrainnent of the mercury is ob-
- served into the overlying water ltyer. In this case, the bubble acts only to

disrupt the temperature gradients at the interface and transient conduction
acts to renew the gradients until the arrival of a subsequent bubble. The-

_

mercury-water and Wood's metal-oil data are characterized by the surface
renewal model .

.

L The major assumptions of the surface renewal model are that a rising bub-
_

ble totally destroys the temperature gradients on both sides of the interface
only in the area of impact projected by the bubble, no influence is felt out-s

' side the bubble area, and surface distrubances do not enhance the transport
mechanisms or the interfacial surface area. As is evident from Figure 7, the"

- surface renewal heat transfer model of Szekeley (1963), modified by Blottner
~ (1979),
o

1.69 k (j /cr ) (1){ h =

SZE g b

w"ere k is the thermal conductivity, e is the thermal diffusivity, and rb is
the bubble radius, represents a lower bound to both the mercury-water data as
well as the Wood's metal-oil data. In both cases the deviation between the
measured and calculated heat transfer coefficient increases with increasing
superficial gas velocity, indicating the effect of the increasing disturbance
intensity and interfacial wave propagation on the magnitude of the heat trans-

- fer. The fact that the discrepancy is greater for the water-mercury data than
for the oil-Wood's metal data may indicate the presence of a Prandtl number
effect in addition to the hydrodynamic interfacial stretching mechanism due to
surface waves.

6 Nevertheless, for fluid pairs that do not mix or entrain even under the
influence of transverse gas bubbling through their interface, the simple
transient conduction surface renewal model is found to predict a lower limit

to the magnitude of the interfacial heat transfer coefficient, differing from
the measured data by up to a factor of four over the range of conditions cov-
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ered by these experiments.

Water-Oil Bubbling Interfdcial Heat Transfer: Entraining

In addition to the liquid metal-oil / water interfacial heat transfer ex-
p:riments which did not exhibit entrainment over the entire range of gas
valocity covered, experiments were also performed with zinc sulfate-silicone
oil (Series 100) and copper sulfate-silicone oil (Series 200) fluid pairs
which demonstrated entrainment and mixing when their interface was agitated by
rising bubbles from below. The bubble radii and superficial gas velocity were
in the same range as for the liquid metal-oil / water experiments. The data for
the Series 100 and 200 oil-water experiments are presented in Figure 8 along
with the oil-water data of Werle. These experiments, all experiencing liquid-
liquid entrainment effects, are compared to the Wood's metal-oil data pre-
viously discussed.

In the limit that the superficial gas velocity asymptotically goes to
zero, these data converge to the natural convection limit represented by the
Haberstroh model. As the superficial gas velocity was increased, a
dramatically different behavior was observed than for the fluid pairs which
did not exhibit entrainment. Instead of a gradual increase in magnitude, the
heat transfer coefficient is seen to suddenly jump almost a factor of ten at
the onset of bubbling and steeply increase until, at a gas velocity of I cm/s,
it is greater than the silicone cil-Wood's metal data by more than two orders
of magnitude. The measured vertical temperature distribition exhibited
characteristics of an intermediate mixing zone in which the temperature
gradually changed from one layer to tne other. This is in contrast to the
sharp temperature gradient measured with non-entraining fluids previously.
These observations were further supported by visual and photographic evidence
of the severe mass entrainment rate even at modest superficial gas velocities
below 1 cm/sec.

The significant increase in interfacial heat transfer for the silicone
oil-water fluid pair over that measured for the silicone oil-Wood's metal
fluid pair (KFK) is attributed directly to the effect of mass entrainment of
the hot lower fluid across the interface into the cold upper fluid. This re-
gime of heat trarsfer is referred to as the entrainment heat transfer regime
(Greene,1982).

As the bubble penetrates the liquid-liquid interface, a finger of the
lower heavy .luid is sucked upward into the upper layer in the bubble wake.
At some location, this liquid finger is observed to cinch off; the fluid below
the point of the break returns downward through the interface, shile the fluid
above this point continues to entrain upwards in the wake region of the bub-
ble. In the case of large entrained drops, they are also observed to fragment
in the vortex region behind the bubble into smaller droplets, greatly increas-
ing the surface area for heat transfer. On the basis of simple analysis of
transient convective heat transfer around a sphere it can be shown that fors

the conditions of these experiments, the droplets essantially transfer all
; their excess enthalpy to the upper fluid prior to settling back to the lower i

' fluid layer from whence they came. On the basis of these observations, it is |
argued that one only need to knew the liquid entrainment rate in order to

4
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calculate the entrainment heat transfer rate. In this fashion, the overall
heat transfer coefficient can be written as the sum of the interfacial surface
renewal contribution and the entrair, ment contribution as

(2)hSZE + d P C2 2 p2h =
eff

where og and C g are the density and specific heat of the entrained phase,
respectively, pand jg is the volumetric entrainment rate of the lower fluid
per unit cross sectional area. At present, calculation of the entrainment
rate, j2, is treated parametrically as a function of the gas superficial
velocity, j2=C j . In reality it is recognized that C2 is not a con-2stant but is a f0nction of j itself. For this discussian, C2 is assignedg
the values 0.3 and 1.0 awaiting further attampts to improve the entrainment
rate model which are currer.ily underway in recognition of the obvious non-
linear relationship between j and j2-g

The results of the comparison of Equation (2) to the oil-water antrainment
data are shown in Figure 8. Note that the choice of C2 in the range of 0.3
to 1.0 appears to bracket the available data. The development of a more re-
fined entrainment rate model will enable a more mechanistic calculation of
entrainment heat transfer rate.

Nevertheless, for fluid pairs that exhibit interfacial mixing and entrain-
ment under the influence of transverse gas bubbling through their interface, a
simple entrainment rate heat transfer model is seen to reasonably bracket the
available experimental data when appropriate assumptions regarding the mass
transfer rate are incorporated. This limitation is expected to be relaxed
when a mechanistic entrainment rate model for j2 is available.
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SCOPE OF BNL LWR PROGRAM
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CORE DEBRIS THERMAL-HYDRAllLIC EXPERIMENTS

ANALYTICAL MODEL

e QUENCH-FRONT HEAT TRANSFER MODE

e TWO-STEP COOLING PROCESS
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| CORE DEBRIS THERMAL-HYDRAULIC PHENOMENOLOGY: SUMMARY i

-

e EXPERIMENTAL

- QUENCH EXPERIMENTS CARRIED OUT FOR BED OF 3MM
SPHERES. BED HEIGHT, TEMPERATURE VARIED

- SUPERHEATED BED TOP-0UENCH IS TWO-STAGE

FRONTAL PROCESS

- INITIAL WATER PENETRATION REMOVES ONLY 110%

OF STORED ENERGY

e ANALYTICAL

"TRANSBED" MODEL LEADS TO GOOD PREDICTIONS OF-

MAJOR QUENCH CHARACTERISTICS

- QUASI STEADY LIPINSKI AND ZUBER CHF MODELS

PROVIDE GOOD AGREEMENT WITH 3MM HEAT REMOVAL;

; DATA (C0UNTERCURRENT FLOW LIMITED)

e WORK CONTINUING FOR MODEL DEVELOPMENT FOR BROADER

|
RANGE OF PARTICLE SIZE

,
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FUTURE PLANS FOR

BNL DEGRADED CORE RESEARCH

TASK PHENOMENON RELEVANT CODES

e HEAT TRANSFER IN FILM BOILING IN CORCON

CORE-CONCRETE LIQUID / LIQUID

INTERACTIONS SYSTEMS,

8

e CORE DEBRIS BOTTOM REFLOOD SCDAP

THERMAL-HYDRAULIC DEBRIS QUENCH

PHENOMENOLOGY

FALLING PARTICLE MARCH

SYSTEM QUENCH
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SAND 82-2269C'

RECENT RESULTS PROM THE SANDIA-STEAM EXPLOSION PROGRAM

N. A. Evans, D. .E. .Mitchell, L. S. Nelson
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ABSTRACT
,

The Sandia' steam explosion program involves experiments at
small'and intermediate scale, and modelling and analysis,
including estimates for the failure probability of the reactor
pressure vessel and the containment building. Recent inter- |
mediate scale results show that molten corium A+R is as I

explosive as the molten simulant iron-alumina, with an average
kinetic energy conversion ratio of approximately 2%. In
addition,Lseveral iron-alumina tests produced rapidly sequential
double steam explosions in which it appeared that the first |

explosion enhanced the coarse mixing process. Results at small
, scale indicate that the maximum pressure-volume product (the net
i work output) from the steam explosion of a single melt droplet

increased four to five times for a ten-fold increase in ambient
pressure.

'

With the initial assumption that contact between molten
core and coolant will produce a steam explosion, and further
assuming that such contact occurs in-vessel in the lower plenum,
a Monte Carlo technique was used to calculate failure probabili-i

ties for a typical PWR. Inserting the latest estimates from
reduced scale experiments for the kinetic energy conversion4

| ratio, the conditional failure probability of the lower plenun
is of the order of.0.4, and the failure probability of contain-

I ment by large mass missiles is of the order of 5 x 10-4 For
a full scale reactor, these results are subject to changes that

: may be produced by effects due to scale, geometry, structure,
i and the prevailing thermodynamic conditions, such as (possibly)
| high pressure.
:

A start has been made on the development of coarse mixing,

i models based on photographic data from intermediate scale
experiments. Other experimental results include the effects of
water to melt mass ratio and water depth on energy conversion
ratio, and the rates of steam oxidation (with concurrent
hydrogen production) of melts of varying oxidic content.

[
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INTRODUCTION |
i

A loss-of-coolant accident in an LWR may lead to a molten
core-coolant interaction, which may threaten the integrity of the
reactor pressure vessel or the containment building. The
interaction may be non-explosive, or explosive, as distinguished
by the times to achieve the' maximum pressures which are, i

respectively, of_the order of milliseconds, or seconds. In the
typical steam explosion case, the molten core is initially
coarsely. mixed _with coolant in stable film boiling; after film
collapse by a triggering pressure pulse, a fine fragmentation
process produces a significant surface area increases to promote
rapid heat-transfer and the production, at essentially constant
volume, of high pressure vapor; this process propagates through
the mixture at a speed of several hundred meters per second.
Expansion of this vapor produces work which appears principally
as kinetic energy of the coolant and quenched fuel, and as energy
for shock wave pressurization of the air medium between the
coolant boundary and the vessel wall. The energetic fluid slug
may produce a large mass missile by failing the upper head of the L

vessel and thus threaten containment; the shock wave in the
liquid coolant phase may cause failure of the lower plenum.

The work'at Sandia has proceeded along three paths. In
small scale experiments, a single droplet of molten material
(typically a ferrous oxide or metal with a diameter of several
millimeters) is dropped into water, and an explosive interaction
is triggered in front of high speed movie cameras by a small
exploding bridge wire. Pressure data are obtained from a nearby
' fast-response transducer.- These experiments allow close control
of the many parameters involved, are relatively inexpensive to
perform, and have produced a significant amount of information on
the basic physics of the steam explosion process.

The second path, intermediate scale experiments, involves
the dropping of melt masses up to 20 kg into water containers of
various shapes and volumes. These experiments are conducted both
in a closed (FITS) chamber, and in the open air (EXO-FITS). Both
types of experiment allow easy study of the effects of some
parameters (e.g., melt composition, water depth and subcooling,
etc.), while, in the enclosed FITS experiments, the pressure and
composition of the ambient medium can be controlled, and the
post-interaction debris can be collected for analysis. Better
photographic coverage is possible with the EXO-FITS experiments.

Since the quantities of molten fuel that are available to
participate in an interaction can be of the order of many metric

~

tons in an LWR, and most of the experiments are conducted with

|
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much smaller quantities, it is not clear to what extent the
results from these reduced scale experiments can be validly
extrapolated to reactor scale.

The third work path is attempting to address the scaling
issue both by analyzing the experiments to better quantify the
initial conditions leading to a steam explosion, and by providing
data to construct mathematical models of the processes involved
that would aid in extending the results to reactor scale.

PROCEDURE AND RESULTS

1. Small Scale Experiments |

Single oxidic droplets (FeOl.0, FeO .2) were melted byl
CO2 laser heating (as in Fig.1) or, in the case of ferrous
metal droplets, by induction heating, and then dropped into a
transparent plastic tank of water. The strength of the trigger
used to induce a steam explosion was varied both by raising or
lowering.the bridge wire, and by changing the firing voltage.
After the interaction, the debris was typically analyzed for
particle number, mass, and area characteristics.

The high speed motion pictures clearly showed the luminous
melt drop in film boiling as it fell through the water. An
important observation was the immediate formation of a large
bubble of noncondensing gas around a metallic iron droplet when it
entered the water. A much smaller bubble was formed around a
droplet of FeOl.0, and essentially none around a droplet of
FeO .2, as shown in Fig. 2. We consistently observed that the.1
trigger pressure level necessary to cause a steam explosion
increased as the volume of the bubble increased, presumably due to
the increased cushioning effect from the noncondensable gas.

Assuming that the bubble contained mostly hydrogen produced-
by the oxidation of the metal or oxide by high temperature steam,
measurement of the bubble size allowed the following preliminary
estimates to be made for the oxidation rates:

| R (Fe) = 1.6 + 0.2 mg 0 cm-2 s-1 at T = 1800 K

R (FeOi,0) = 0.6 mg 0 cm-2 s-1 at T = 2000 K

R (FeO 2) O at T = 2000 K1

An investigation has been started of the behavior of other
corium constituents. A noncondensable gas bubble is shown in Fig.
2 around a droplet of ZrO2 in water. In this case, it would
appear that the much higher temperature of the droplet ( > 2700 K) |
caused thermal dissociation of the water, so that the bubble
contained both hydrogen and oxygen, with consequent increased
difficulty for triggering a steam explosion.
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Further analysis of earlier test results using FeO .21
droplets shows (Fig. 3) that increased ambient pressure, P ,'

L caused the net work output P ymax (where Vmax is the maximumg
t steam explosion bubble volume) to increase.significantly. This.

behavior.is contrary to the prediction from the applicable current
i model, and the strength and'importance of this result has prompted.

additional modelling effort on this aspect. Additional

: experimental support for this result is obtained from the
i corresponding plot (Fig. 4) for the number of fine fragments

produced during the explosion for a constant initial droplet size:'

the overall increase factor in the number of particles was
.

approximately the same as the increase factor in'the PmVmax'

product.

2. Intermediate Scale Experiments

In-chamber FITS experiments using melt masses up to 20 kg
were performed in the apparatus shown in Fig. 5. Iron-alumina and

,

corium melts were prepared by a thermite process in the top'

! crucible which was automatically released by melt sensors. This
; allowed the melt to fall into the water vessel where the inter-

action was recorded by high speed motion picture cameras, with'

pressures and temperatures measured by transducers at various
locations. EXO-FITS tests were performed in approximately the
same manner, but without the benefit of the surrounding chamber.

;

j A generalized pressure-time trace is shown in Fig. 6 for the
FITSB test series, using an iron-alumina melt. The two rapid

I pressurizing events corresponded to steam explosions approximately
100 ms apart, followed by possible steam or hydrogen generation,4

; and final guenching of the settled debris. Such double explosions
were observed in three of the nine FITSB tests in the melt-to-

! coolant ratio range 12 5 Mw/Mr $ 15; an example of an actual
pressure trace (for test 1B) is shown in Fig. 7. Sketches from
movie frames are shown in Fig. 8. It appears that the first
explosion, with only part of the melt submerged, was effective in

,

fragmenting the remaining melt, and enhancing the mixing prior to
the second explosion. Other tests in the series produced a single
explosion, or, in the case of low water subcooling (test SB), a
very weak partial reaction. Triggers were observed occurring
randomly in location, as opposed to the more common base triggers
in earlier tests using 2 to 5 kg of melt.

| In a steam explosion, the rapidly converted melt thermal

i energy appears principally in two forms: the kinetic energy
imparted both to the liquid water initially adjacent to the
fuel-coolant mixture explosion region and to the quenched fuel;
and the work done by the outwardly propagating shock wave to store
energy by pressurizing the FITS chamber air beyond the outer
boundary of the water region. Hence, an energy conversion ratio
UKE, based on kinetic energy observations, will be, to a large

|
!

q
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extent, distinct and separate from the stored energy conversion !
4

ratio, no, based on chamber air pressurization. Although the |
-

two energy terms are additive for a given experiment, they are not ji completely decoupled: different geometries and degrees of '

confinement can alter the partition of available energy. For LWR-

: safety considerations with an in-vessel explosion, the kinetic
energy term may be related to water slug missile production, which

j; may cause failure of the reactor pressure vessel head, while the
shock wave through the water initially surrounding the explosion4

| may induce lower plenum failure.
4

To emphasize the concept of energy conversion partition, the
total mechanical utilization of the rapidly transferred melt

j thermal energy is given to first order by

n * UKE + UDTOT

with

UKE "

1
1 and
I APV (3) |q ='

, D (Y-1) QE
4

j where KE = kinetic energy produced
; Om = melt thermal energy
i AP = chamber air pressure rise after shock wave

equilibration
I v = chamber volume
j 7 = specific heat ratio for air
i

! The values for UKE and UD obtained from the FITSB
j experimental data are shown olotted against water-to-melt mass
j ratio in Fig. 9, and against water depth in Fig. 10. These
j figures show that the conversion ratio UKE did not vary

significantly with either mass ratio or water depth, with the
exception of an extremely lean mass ratio (FITS 7B). However, the

j values calculated from chamber pressure data for no show a
dependence on these two parameters. Although the test matrix was4

i rather sparse, this result suggests that, as the water-to-melt
j mass ratio increased, the associated tamping increased the total
i utilization of the converted thermal energy. Then, since the
I kinetic energy remained roughly constant, it would follow that the

stored energy conversion ratio would increase. From Fig. 11 it is
seen that, as UTOT increased, the mass median particle size
decreased to provide more area for the associated increase in heat
transfer rate from melt to coolant.

,

J
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In Table 1 the results from several test series are
collected, including some using corium A+R as the melt. These
corium results, together with the result for the corium test
MDC-12 are repeated in Table 2; they indicate that, provided the
corium mass delivered exceeds a threshold value of about 4 kg, the
explosion is likely to occur spontaneously with a value for UKE
that is very similar to values obtained with iron-alumina (see
Table 1). From this table of values, we currently consider the
conservative best estimate value for UKE for both iron-alumina
and corium, is 2% within a multiplying or dividing factor of 3
either way. It is interesting to note that, since the mass
threshold for iron-alumina (about half as dense as corium)
appeared from previous tests to be about 2 kg, the mass threshold
may be more physically linked to a particular volume threshold (in
these cases, approximately 0.51, or 1 pint, for each melt).

Figure 12 shows the current status of the combined Sandia
analytical and experimental efforts. While, as described below,
the mixing model is now under development, the remaining models
give a fairly complete understanding of the experimental
observations obtained so far to intermediate scale (typically 20
kg of melt). An individual model has a certain level of empirical
input (given by the EN designation on Fig.12) , but in no case is
the level considered to represent a serious deficiency in
understanding. A particularly important question remaining to be
answered is whether, and how, the current results can be validly
extended to the full scale reactor condition.

3. Modelling and Analysis

A. Mixing Models
_

The photographic records from several FITS experiments have
been studied in detail, and it appears that the coarse mixing
process can be related to Weber-type liquid-liquid break-up, and
in the current case the additional feature of steam generation may
be assisting the mixing process. From the films it would appear
that liquid entered the mixing region from the bottom and sides,
and that steam left from the top.

As with previous work in liquid-liquid mixing, an
appropriate non-dimensional time parameter is

I|2

T+ = h Aw
O Pf
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where Do = initial melt mass diameter

vi = melt entry velocity into coolant

#w = coolant density

'

Pg = melt density

From the film data, the following correlations have been
obtained for the melt vertical penetration, H, the melt
horizontal dispersion, D, and the melt fragment median diameter,
Dg:

( = 1.2 T+ (4)

E- = 1 + 0. 7 2T+ (5)Do

D -0.6T+=e - mass median (6)7

D -T+=e - number median (7)7

Although these expressions should be regarded as
preliminary while the analysis continues, their potential
application can be illustrated as follows. Consider a full
scale reactor with a lower plenum containing a water depth, H =
3 m. If, with triggering on bottom contact, an explosible

,

mixture is considered formed when the fragmented fuel diameter |

(number median) is 2 cm, the maximum mass of corium (Pg = |
7000 kg/m3) that could mix would be Mg ~ 8000 kg (approximately

'

6% of a typical PWR core) . This maximum mass is calculated from
a pouring column of height H and diameter Do (obtained from
Eg. 4 and 7 af ter eliminating T+) . Similarly, for a reactor
cavity containing water to a depth of 5 m, the maximum mass of
corium that could mix would be Mg ~ 30,000 kg (approximately
23% of a typical PWR core) . It should be noted that available
space is an important mixing requirement since these expressions
show that an increase in water depth of approximately 70% will
allow approximately 400% more corium to mix.

B. Monte Carlo Calculations for Failure Probability

Earlier work,(1) using a Monte Carlo technique to
estimate containment failure probability by an in-vessel steam
explosion producing a large mass missile, has been revised. The
previous triangular distribution of energy conversion ratio

i
i

!
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(ranging from 0 to 3%, with a maximum probability at 1%) was
replaced by one with doubled values; i.e., the new maximum
probability occurs at UKECervative best estimate va,p = 2% to reflect the latest con-lue given above in sub-section 2.
With all other features remaining the same as before, the
results of 10,000 cases are shown in the second row of Table 3,
cnd can be compared with the earlier results which are given in
the first row. For a full scale reactor, these results are
cubject to changes that may be produced by effects due to scale,
geometry, structure, and the prevailing thermodynamic
conditions, such as (possibly) high pressure. For the current
case, there was a total of 9 upper head failures, but only 5
produced large mass missiles (upper head plus flange plus
impacting water slug) with initial velocities exceeding 60 m/s.
For a typical PWR geometry, this velocity was considered the
minimum necessary just to reach the underside of containment
after the slug picked up additional mass from the penetrated
missile shield equal to its own mass.

For initial velocities exceeding 60 m/s, the severity of
the threat to containment has been classified according to the
average, idealized breach diameter, dh, which was calculated
from a simple shear stress failure of the PWR containment
concrete; the threat was considered severe when dh > 4.5 ft,
the approximate concrete thickness. The total of 5 failing
ccses represent a containment failure probability of 0.0005,
compared with the previous value of < 0.0001 when using
UKEthaEp = 1%.

In addition, the latest calculation indicates
the lower plenum has a failure probability of 0.37; such a

failure was considered possible when the initial steam explosion
energy exceeded 1000 MJ, as judged from a separate set of
calculations.

For completeness, the third row in Table 3 gives the
results for UKE p = 3%. The high sensitivity of conversion
ratio is shown b,y the fact that an increase of 50% in UKE
(row 2 to row 3 in Table 2) increases the containment failpure
probability by an order of magnitude, and emphasizes the need to
obtain improved values for this parameter. (Note, however, that
this probability is bounded (1.3 x 10-2) by the maximum,
thermodynamically achievable, conversion ratio.)

i

FUTURE PROGRAM INTENTIONS

| For the coming year, tra intermediate scale experiments
I will be continued with additional tests using corium in the FITS
I chamber to investigate possible hydrogen production and the

effect of increased ambient pressure, for comparison with!

previous work using the iron-alumina simulant. A longer series
of tests will be run EXO-FITS, using up to 50 kg of iron-alumina
mslt, to investigate the effects of low subcooling, mass ratio
and water depth. In addition, a few tests will be performed in

403
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an attempt to obtain a better measurement of energy conversion
ratio with a rigid steel, rather than a lucite, water tank, this
will provide a more realistic inertial confinement, but will
prevent detailed photographic recording of the interaction.

Modelling and analysis will involve development of more
refined mixing and triggering models (especially with respect to
the mass threshold effect), and further adaptation of the CSO'

hydrocode to analyze the experimental observations, and perform
computer experiments on the effects of confinement and geometry.
The objective is to provide a set of analytical tools that can
be utilized to support regulatory and specific licensing
decisions.
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RETROFITTING NUCLEAR PLANTS FOR THE MITIGATION

OF CORE MELT EFFECTS

by R. Philip Hammond* |
James L. Dooley* i

-
I
1

The protective containment building that surrounds all
1

U.S. power reactors is required to cope with several kinds

of internal accidents and disruptions, including release of

all the primary coolant. However, present requirements do
'

not include coping with a " Class IX" accident in which all

emergency cooling systems fail, and molten core material

escapes from the reactor vessel. In the past, it has been

assumed that such an event would be too rare to justify the

requirement of a " core-catcher" or core retention device.

If it did occur, the containment would fail.

The anti-nuclear activists have been quick to seize upon
the point that utilities were required to protect the public

against all accidents except the " Big One", and that the

distinction between Class VIII and Class IX accidents was'only

a matter of dagree, of a few minutes delay, or a small addi-

tional fai' a. Thus inevitably each minor incident in a

i nuclear plant became a "near miss", a disaster narrowly averted.

On top of this, there have been several events that really

were "near misses"--that had the potential of developing into

a full-fledged Class IX failure. It is clear that the public

,

is poised to bring endless lawsuits for psychological stress

or imputed damage against any utility unlucky enough to emit
1

a few puffs of radioactivity. Such suits, on top of a plant

failure, would spell financial ruin for any utility. Small

wonder that financing for new plants is vitually unobtainable.

*R & D Associates, Marina del Rey, CA 90291
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In this situation, there has lately been renewed interest

in the fact that the containment is almost capable of sustaining

_anjc internal failure--that a relatively modest improvement would
completely remove the threat of public exposure. Work has

progressed on hydrogen control, on passive containment cooling,

and on melt-down phenomena. However, a .nissing element has

been a suitable core catchment device, information on its

cost, and assurance that any such device would reliably survive

the violent events accompanying destruction of the reactor.

Also, while a core retention device suitable for new construc-

tion would be of interest, it would be somewhat academic; with

no new reactors being ordered, what was needed was a safe way

to retrofit'a core catcher to existing plants.

In the spring of 1980, NRC officials learned from RDA of

Marina del Rey, California, that a blast-proof, retrofittable

core retention system had been devised. This concept was

further discussed in a presentation at NRC headquarters in

May, 1980. The complete concept proposed by.RDA included the

retention device, passive means of heat removal, and a method

of installation for existing reactors by tunneling under the

foundation.

To persons unfamiliar with the soience of underground

structures the idea of digging under the foundations of an

operating plant seems fraught with risk and uncerta'inty.

NRC selected this portion of the overall concept for a prelimi-

nary feasibility study, conducted over the past year. (Ref. 1).

A unique construction sequence has been worked out that is

feasible, entirely safe, and reasonably low in cost.

|
Figure 1 shows the overall RDA core-catche) concept after

installation in a PWR plant. The long tapered entrance funnel

is carefully designed as a blast attenuator and to prevent

water from preceding the melt down the tube. Figure 2 shows

411
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the melt in its final location at the bottom of the crucible.

The actual container for the uranium oxide is a thin layer of

frozen oxide, maintained by contact with the water cooled steel

wall. The area of frozen skin is large enough to transfer

all the decay heat at the rate it is produced in the melt.

As the heat evolution decreases, the skin gradually thickens,

until the entire mass is solid. The cooling water circulates

by natural convection.

If all reactors were sited upon sound, competent rock,

the tunneling operations would be simple indeed. However, the

najority are located on river banks or seashores, and often

upon very weak or sandy sediments. The problem is to devise

a way to excavate under these heavy structures without the

slightest risk of settlement, cave-in, or loss of support.

The method to be illustrated will work in almost any kind of

soil, sand, or rock. Minor modifications would be made to

suit the actual conditions, and no one site would likely

need all the precautions shown.

Figure 3 shows the general scheme of the excavation. Where

the reactor is situated on water-saturated ground, the first

step is to introduce control over water flow and produce

ground stability for the excavation. The process is planned

using test borings and surveys. In some cases it is sufficient

to drill wells around the excavation site and install pumps to

lower the water level. Where the porosity is too high for

pumps to control the flow, a curtain of grout will be injected

around and ahead of the excavation to displace the water.

When the grout sets, the porous ground has become solid rock.

By drilling ahead of the tunnel as it advances and injecting

grout, the tunnel boring equipment can work in the center of a

cylinder of good rock.

Starting about 600 to 1000 feet from the reactor at a con-

venient point away from plant activity, the tunnel advances

41 2
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until it has' reached the sub-reactor point about 140 feet
4 . underground. From here a large array of small core holes is

drilled and.used to. inject grout.until the entire reactor
containment building is situated upon sound material'from
which all water has been displaced by grout. A part of this

process is to drill back through the grouted area and take
core samples to confirm the quality of the. rock that has been
produced. In some locations a vertical shaft and horizontal
tunnel would be-used instead of the inclined tunnel.

Figure 4 shows the next step, the construction of a strong-
room--a reinforced concrece, steel lined working area beneath
the reactor. Here an elevator is installed and a vertical
raise boring machine mounted upon it. These machines'are
well known'in the mining and tunneling industry. They have

the ability to cut their way up through solid rock at about
two to six feet per hour, while maintaining steady pressure on

;

the overhead face. As they are normally used, on ground that
has not been pregrouted to a stable form, this overhead pressure
helps prevent collapse of the shaft. In our case, it is not

essential but is used as a secondary. precaution.i

Boring upward from the strong room to the reactor base mat
is done in short stages or lifts. Figure 5 shows the boring

|
,

|
machine stopped but maintaining overhead pressure while rein-
forcing bar, steel liner and finally concrete are added to the
shaft walls. With this method the sidewalls of the shaft are
also supported almost continuously, as well as the overhead.

I

Figure 16 shows the structure, called a caisson, completed
and attached by rock bolts to the reactor base mat. The

structure is built with a continous steel liner having fully
inspected welds and with a pressure-tight door to seal off the
access tunnel. This strong silo is pressure-tested and quali-
fled as an extension of the containment building, although it

41 3

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



.. .. .
.

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

.- -_--_ -

is not yet interconnected. The dotted lines in Figure 6'show
-where this connection will'be made.

1The next step is tx) drill an accurately located ring of -
about 80 holes about 4-6 inches in diameter up into the base
mat,;using a diamond core-drill. Figure 7 shows that.such a

drill can cut accurately and smoothly through concrete, aggre-
gate, and reinforcing bar. Figure 8 shows how the drill;is
constructed. At first the holes are. drilled only about43/4
of the way through the basemat. Then, after waiting until a

normal reactor refueling shutdown has' occurred,.the weight
of the basemat plug is taken by the elevator and the holes are
rapidly completed through to the reactor pit space. The webs
between holes are cut out with a mechanized torch or grinder,
and short lead plugs placed in each hole as it is finished.
The weight of the plug is now resting upon the elevator. The
hole-cutting would require about 8 days.

The operations of lowering the old plug, placing it in its
storage alcove,-and raising the previously completed new
plug in place are done by remote control from a st ation in
the tunnel. Figure 9 shows part of the exchange operation,
and Figure 10 shows the new plug in place and being grouted.
The new plug contains the upper part of the entrance funnel
for the core-catcher, and is also shielded sufficiently that
as soon as the grout is in place the reactor can be restarted
upon completion of refueling.

The remainder of the core-catcher installation is made by
standard industrial techniques while the reactor is in opera-
tion. When it is complete, the pressure door is closed and the
tunnel back-filled. The entrance portal is removed. If the

site contains two units, the tunnel is extended under both,
and the furthermost caisson completed first.

41 4
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The cost of a complete core-catcher system in a new reactor

would be about $3 million. For a two unit plant served from

the tunnel, the retrofit core catcher would cost about $11

million per unit.

' Detailed assessment of the risk to the public from the

backfit core-catcher installation, compared to the risk from

the original undisturbed plant,.shows that even the initial

steps .of lowering the ground water reduce.public risk somewhat,

while the later steps of caisson construction substantially
T

reduce the consequences of a core-melt accident. Once the

device is complete a core melt accident does not cause any

rish to the public.

REFERENCE
a

Hammond,R. Philip, Dooley, James L., "Retrofitting Core Catchers
to Nuclear Plants", Final Report, NUREG/CR-2941, September 1982.
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SCRAM DISCHARGE VOLUME BREAK STUDIES
PART 1: ACCIDENT SEQUENCE ANALYSIS l

|

R. M. Harrington
S. A. Hodge

Oak Ridge National Laboratory

l describing tha predicted1his paper is a sumnary of a report
response of Unit ' at the Tennessee Valley Authority (TVA) Browns Ferry
Nuclear Phnt to a hypothetical small break loss of coolant accident
(SBI.0CA) outside of containment. The accident studied would be ini -

~tiated by a break in the scram disch'arge volume (SDV) piping when it is
pressurized to full reactor vessel pressure as a normal consequence of a
reactor scram. If the scram could be reset, the scram cutlet valves
woJld close to isolate the SDV and the piping break from the reactor
vessel, However, reset is possible only if the cc,ditions that caused
the scram have cleared; it has been assumed in this study that the scram
signal-remains in effect over a long period of time.

The results outlined here are concerned primarily with the worst
case severe accident sequence which could result without effective
operator action. Consideration is given to operator actions that would
prevent the scram discharge break from leading to a severe accident. A
companion report presents the estimates of magnitude and timing of the2

release of noble gas, iodine and cesium fission products which would
result from the postulated worst case severe accident sequence.

It has not been necessary for the purpose of this study to specify
an exact break location or cause, but it has been assumed that the break
is large enough so that the leakage into the Reactor Building is limited
only by the flow restriction afforded by the graphitar seals within the
control rod drive (CRD) mechanism assemblies. The graphitar seals are
subject to degradation at high temperatures and in the calculational
model the leakage area is increased after 90 min of seal exposure to the
hot coolant-leaking from the reactor vessel so that the seals are com-
pletely removed at eight hours after the inception of the accident.

The total leakage into the Reactor Building during this accident is
the sum of the flow of hot water from the reactor vessel and the room-,

temperature flow into the CRD mechanism assemblies from the CRD hydrau-
; lic system via the open scram inlet valves. These two flows are assumed
| to mix uniformly within the CRD mechanism assemblies before flowing

through the CRD hydraulic system WITHDRAW lines out of the drywell to'

the SDV piping and from there through the break into the Reactor Build-
ing atmosphere.

| The scram discharge volume break has not been extensively studied.
The Browns Ferry FSAR does not analyze the scram discharge volume break --
possibly because the scram discharge volume is intended to be pressur-
ized with primary coolant only during relatively short periods after
reactor trip.

41 9
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A 1981 report 3 by the USNRC' office of- Analysis and Evaluation of
Operational Data expressed concerns about the scram discharge volume
break, including: (1) the possible deleterious effects of the accident
environment on safety equipment in the vicinity of the break, 'and (2)
the possibility that the operators might not diagnose the break condi-
tica and take corrective action in time to prevent adverse. environmental
effects (e.g., as a worst case, flooding of the emergency core cooling
system pumps located in the basement of the reactor building).

Tne question of how long it would take for the control room opera-
tor to comprehend the scope of this accideat is central to the deter-
mination of the sequence of events. It must be recognized that an
abnormal occurrence, i.e. , a scram from full power, would imediately
precede the SDV piping break that constitutes the initiating ever.t for
the SBLOCA-outside-containment accident sequence considered here. Thus,
it would not be difficult for the operator to presume that many of the
symptces of the SDV break were in fact produced by the event causing the
scram. For example, if the scram were caused by high main steam line
radiation, the operator might incorrectly assume that the high reactor
building radiation alarms associated with the SDV piping break were
caused by the known high radiation within the main steam lines.

Nevertheless, the probability that the operator would understand
that he is confronted with a SBLOCA-outside-containment in addition to
the event that initiated the scram would be a strongly increasing func-
tion of time. Roving patrols would report the presence of steam in the
Reactor Building, the radwaste building control room operator would
report a marked increase in flow from the Reactor Building floor drain
sump, and there would be both high-temperature and high-radiation alarms
in the control room fcr the monitored locations in the Reactor Building.
The indications of an unusual after-scram condition in the scram dis-
charge system would be prominent, including a persistent CRD high-
temperature alarm with high temperature readings for all of the mecha-
nisms and an abnormal position indication for all of the control rods
caused by the existence of the leakage path from the SDV.

Once the centrol Nom operator is aware that there is leakage into
the Reactor Coilding and has correctly diagnosed its cause, there are
several corrective actions that he might take. The most effective ac-
tion would be to reset the scram so that the scram outlet valves would
close, isolating the SDV piping and the break from the reactor vessel.
However, the scram cannot be reset as long as the scram signal remains
in effect* and it has been assumed that the scram was caused by a reac-
tor protection system signal that remains in effect throughout the

*

During the Browns Ferry partial failure to scram following manual
reactor trip event" the operators were able to drive the control rods
into the core by repeatedly resetting the scram and re-entering the
manual reactor trip. This would not have been possible if the initial
reactor trip had originated from an accident signal, such as high dry-well pressure.

420
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accident. Therefore, in order to reset the scram, the operator would
have to override the scram signal by the placement of insulation between
the applicable relay contacts in the auxiliary instrument room - cer-
tainly not a standard procedure.

If the scram cannot be reset, the next most effective operator~

action would be to depressurize the reactor vessel as quickly as pos-
sible while maintaining vessel level with the High Pressure Coolant
Injection (HPCI) system. Depressurization reduces the leakage from the ,

reactor vessel and decreases the potential for seal erosion by reducing
the temperature of the leaked coolant. Full depressurization would
reduce the flow from the reactor vessel to the point where the leakage
from the SDV piping break would consist primarily of the pumped flow-
from the CRD hydraulic system; the latter flow could then be throttled
to reduce the. total leakage while keeping the mixture subcooled.

It is a conclusion of this study that core damage can easily be
averted if the operator takes the indicated corrective action in a
reasonable amount of time. However, it is important to note that much

mitigation (y-related equipment necessary for accident diagnosis andsuch as pump and valve motor control centers located in theof the safet

vicinity of the SDV piping) has not yet been qualified for exposure to
harsh environments. For example, even if the scram signal is cleared
and action is taken to reset the scram from the control room, it is
possible that the' scram pilot valves and hence the scram outlet valves
would not close because of the deleterious effects of moisture accumula-
tion in the reactor protection system fuse cabinets locatt.1 near the SDV
break.

Without effective operator action, the situation would develop into
a severe accident and~ subsequent release of fission products to the
atmosphere. During the initial phase before core uncovery, the HPCI
system would automatically cycle as necessary to maintain reactor vessel
water level in a band around the normal operating level. However, the
reactor vessel pressure decreases each time the HPCI system is actuated
because of the steam flow to the HPCI turbine and the quenching effect
produced by the introduction of cold water into the vessel. With the
decreasing decay heat and the increasing SDV break size caused by the
assumed seal erosion, the average reactor vessel pressure during the
level-restoring cycles of the HPCI system would continually decrease.

Without operator action, the turbine-driven feed pumps would cease
operation shortly after the scram, but the condensate booster pumps
(CBPs) are electric-motor driven and would remain operating with the
potential to inject water into the reactor vessel whenever the reactor

.

vessel pressure falls below their shutoff head [2.86 MPa (415 psia)].
The study shows that when this occurs, the reactor vessel rapidly fills'

with cold water which spills over into the main steam lines, and con-
sequently the steam supply lines to the RCIC and HPCI turbines. This

. would preclude any further use of these high-pressure injection systems.|
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With the Main Steam-Isolation-Valves (MSIVs) shut,' main condenser,

,

1- , vacuum could not be maintained and makeup flow from the-condensate
storage tank would be limited to that. induced by. gravity. feed. Since'

the pumped flow into the reactor vessel would greatly exceed the hotwell
makeup rate under these conditions, the hotwell would.be pumped dry and
the.CBPs would trip on low suction pressure.- |The study shows that.there.

would be no coolant makeup available to the reactor vessel after;this
point in the no-operator-action sequence, and the core would be un--

,

- covered.

The MARCH code was used to study the events after core uncovery.
. - The results indicate that the reactor- vessel water level would be below >

t

the inlets to CRD mechanism WITHDRAW lines (about 1 ft below the bottom t

of the core). et about 7.6-h after the inception of the accident, with'

,

core melting beginning about.50 min later. The-reactor vessel pressure' '

steadily decreases after the fuel bundle flow inlets are uncovered
because the : leakage medium shifts from water to steam.3

t |

F When the differential pressure between the reactor vessel and the
' .

wetwell has decreased to a value corresponding to the effective shutoff
: - head of the Low-Pressure Emergency Core Cooling Systems (LPECCS), a
t trickle flow of injection water begins. This study confirms that-low-
j pressure.BWR injection systems cannot be effective jnless the reactor

vessel is depressurized to a pressure much_below the LPECCS shutoff.

head.
,

|

| About 1- h after melting begins, the core slumps into the lower
plenum of the' reactor vessel, and about 1.5 h after core slump, the'

reactor vessel lower head fails, dropping the molten core onto the
; concrete floor of the drywell. The lower head failure would disrupt the
i locations of the control rod drive piping, but most of the scram outlet
;- pipes would probably remain open; therefore, the drywell atmosphere i

would begin to leak through the SDV break. This leakage path is not of4

f sufficient flow area to prevent the gross failure of the drywell, which |

occurs about 4.5 h~after the core is uncovered.

The drywell is assumed to fail by temperature-induced degradation
of the electrical penetration assembly (EPA) seals. Temperature of the

i drywell atmosphere after lower head failure is well above the.138 C
! (281*F) design temperature of the EPAs. Drywell pressure at the time of
| EPA failure is about .15 MPa -- well below the 0.91 MPa failure pressure
|- estimated 5 for the Browns Ferry Mark-I containment. The failed contain-
L - ment rapidly releases its internal pressure to the reactor building. As
| a result there would be a corresponding rapid release of reactor build-
! ing atmosphere to the surrounding environment through the refueling bay

blow-out panels.

After the pressure sur
the standby gas treatment (ge associated with failure of the drywell,SGT) system blowers return the reactor build-

. ing to below atmospheric pressure until the assumed failure of the SGT
- system at 860 min into the accident. The influx of hot drywell atmo-
sphere causes the reactor building temnerature to increase rapidly to
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the setpoint for initiation of the reactor building fire spray systems.
The fire sprays cause en abrupt lowering of building temperature and the
building temperature ramains low for the remainder of the accident
period discussed here.

A worst-case-study for the case without operator action has been
completed. An estimate of the magnitude and timing of the release of
noble gas, cesium, and. iodine fission products in this postulated acci-
dent sequence is provided -in a follow-on report.2

'
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BWR ACCIDENT' ANALYSIS SCRAM DISCilARGE VOLUME BREAK STUDIES
PART 2: FISSION PRODUCT TRANSPORT ANALYSES
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R. A. Lorenz
J. W. Nehls
A. L. Wright

Chemical Technology Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

|

INTRODUCTION

This portion of the ORNL-SASA presentation deals with the analysis of

the rate of movement of. fission products from the overheated core through a

series of reactor control volumes,- the final one being the exterior of the

reactor building. As input for this calculation the following is required:

1. Specification of the accident sequence parameters, i.e., temperatures,

gas and water flow rates, and pressures for all control volunes.

2. Identification of failure modes and times of key system items, in this

case principally the drywell (DW) pressure boundary and the standby gas

treatment system (SGTS).

This input information is developed in separate analyses and has been

described in part 1 of this presentation.

STATUS OF WORK

:

At this ti.s; the analysis of a complete station blackout sequence at

Browns Ferry has been completed.1,2 The fission product transport portion

|
of the study was presented in preliminary form at the 1981 Water Reactor

i

| Sa fety tieeting. Currently, the analysis of the small-break LOCA outside
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the containment is in process. The initial' study 2 traced noble gases.and
,

iodine through the reactor systems during the event sequence; our current

work includes an analysis of cesium transport in addition to noble gases and

iodine.

OUTLINE OF PRESENTATION

1 This presentation will cover the following two areas:

1. Description of fission product transport pathways for this accident

sequence.

2. An overview of the models required to describe the principal * transport

e ve nt s . " (The term " transport event" is used here to include all

'

important chemical and physical changes as well as inter-control volume

mobilities required for the overall analysis.)
,

TRANSPORT PATRWAYS

Slides 1 through 5 illustrate some- of the key features of the small-

break LOCA event sequence, abstracted f rom the work reported in part 1 of

| this paper. The timing of principal events is shown in slide 1. The three

categories of events shown (subdivided by the dashed line) correspond to

(1) the initial series of events leading to the core uncovery, (2) events

f rom the time of initial core uncovery up to DW failure, and (3) events

following DW failure up to termination of the calculated event sequence at

t = 1000 min.

As noted in the first paper, analysis of the behavior of reactor

systems in the initial accident phase, where no fuel damage occurs, is
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critical for the deter.nination of subse,quent events. Here we should note

~

that the SGTS turns on very soon af ter the introduction of water from the

core to the reactor building (RB) following the postulated break in the

scram-discharde volume (SDV) piping. Continued water flow through the-

control rod driva (CRD) " withdraw" lines to the building leads to a water-

accunulation of ~ 106 L ir; the RB by the time of initial core uncovery, which

collects in a pool in the basement room o f ~ 0. 7 -m de p t h. . Note, fuel uncovery

; is projected to occur at t = 442 min and first cladding failure at 477 min.

It was shown in the first presentation that ECCS flow inpat-(initiated at

530 min) does not suf fice to again cover the CRD inlet ports, locatedt =

~0.3 m below the active fuel. Therefore, froa the time of cladding failure

o nwa rd , the main flow from the CRD lines is gaseous (steam /H ) with water2

levels in the reactor vessel (RV) maintained below the active core.

Note, the DW is projected to fail at - t = 707 min by thermal degradation

of the organic seal material used in the electrical penetration assemblies

'

- (EPAs). Following this event, het gases f rom the DW flow into the RB,

setting off the fire spray system. The fire spray system contributes to

fission product and aerosol capture in the RB to some degree which is

j currently being estimated.

In addition to hot gases, aerosols generated by the core debris /
,

l
concrete interaction also flow into the RB following failure of the EPA'

seals. Our estimates of the rate cf aerosol formation, the degree of aero-

sol transpor t through the DW and the RB, and the plugging characteristics of

the HEPA filters in the SGTS currently lead us to assume that the SGTS will

fall about 2.5 h following DW failure.
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The water level in the RV during the period of cladding and fuel damage

-is illustrated in slide 2, which was also shown by the first speaker. From

the point of view of fission product transport, we note that the water level

is predicted to be below the bottom of the active fuel (BAF) at all times

following cladding failure, which is estimated to occur at t = 477 min.

This is a point of departure f rom the previous analysis (complete station

l l), where fuel damage occurred more quickly due to a greater heatblackout i

source which resulted f rom the shorter decay time in that event sequence.

Note here also that the projected rate of ECCS injection (initiated at

t = 530 sin) through the feedwater inlets does not elevate the pool level

above the 215-in. mark, slightly below the BAF level.

The temperature map of the core at the time of projected co;e collapse

(t = 564 min) is illustrated in slide 3. The significance, as far as fission

product transport is concerned, is that presently available core thermal

analyses (i.e. , the f1ARCil code) predict the existence of relatively cool

zones within the core at the time of projected collapse. Radial zone 10

remains cool due to a low heat source within that zone, whereas axial zone 10

is cooled by radiant heat loss to the steam separator structure located

directly above. Whether or not these cool zones realistically exist, or

whether more sophisticated core thermal models would predict a more uniform

heating, is a point that should be resolved. However, the present method

predicts a significant inventory of volatile fission products to be con-

tained within the collapsed core material.

Slide 4 illustrates current estimates of the DW gas temperature from

t = 440 min (time of initial core uncovery) to t = 980 min. As shown, DW

temperatures are predicted to rise fairly rapidly following failure of the
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RV at t = 652 min, particularly following the subsequent failure of the DW

coolers. A peak DW temperature of 704*C is projected to occur at the 1

923 min mark following an approximately linear rise with time of ~1.2*C/ min

!
| for.-210 min. Since currently available temperature prediction procedures
,

do not include estimates of RV temperature during this time period, we can

only assume that the average temperature of the pressure vessel contained

within the DW boundary is approximately equal to the estimated DW gas tem-

perature shown in the figure. The significance of this observation is that

1

! a small but significant purtion of the cesium and iodine deposits on the

interior wall of the RV becomes revaporized at these temperatures with the
!

| associated potential for direct passage into the DW through the f ailed RV.

The degree of such direct transport through the RV failure zone is extremely

dif ficult to calculate, depending as it does on the distribution of localized

heat sources and the resulting natural convection flow communicating between

the RV and DW volumes. However, a simplified method for estimating the
*

rate of transport through the RV failure zone has been developed based on a

gas expansion model determined f rom the DW temperature rise rate (illustrated

in slide 4).

Slide 5 illustrates current estimates of the pressure in the RB from

t = 440 to 1000 min. Of course, such an estimate rests heavily on the time

and assumed mode of failure (if any) of the SGTS, whose blowers draw a nomi-

3nal flow of 25,000 standard f t / min f rom the RB. Current estimates indicate

that the HEPA filters within the SGTS will plug at about t = 875 min when a

total of 81 kg of aerosols are collected. At this time, as shown in slide 5,

the RB pressure goes positive and net exfiltration commences. Prior to this

|
!

.
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e ve nt , the pressure in the RB is predominantly subatmospheric, except for

brief periods following core : slur p and DW failure.- Thus, prior to filter

plugging, the predominant building leakage flow is inward from the atmo-

sphere. As noted above, however, this behavior depends strongly on the

nature of SGTS operation during the accident sequence, a subject which is

currently undergoing reexamination.

The principal fission product leakage pathways f rom the failed fuel'

elements are illustrated in slides 6, 7, and 8, each slide referring to a

particular interval of time during the accident sequence. - Prior to reactor

vessel meltthrough at t = 652 min, the main pathway leads through the CRD

withdraw lines as shown in slide 6. Flow through these lines is either

liquid water or gaseous steam /H , depending on the current water level in2

the reactor vessel relative to the height of the CRD inlet ports.

Aerosols generated in the reactor vessel are carried into the CRD

'

withdraw lines during the times when the CRD guide tube inlet ports are

uncove red. Also illustrated on slide 6 are water supply lines leading f rom

the condensate storage tank via the CRD hydraulic system to each of the 185

CRD withdraw lines. For times up to Rt failure, water flows continually in

these lines (~1 gal / min per line), effectively washing the deposited con-

tents of these lines into the water pool accumulated in the basement of the

R B. Therefore, the water pool in the basement will, during this time,

increase its fission product inventory.

|
Convective flow in the reactor vessel during this accident sequence'

would be principally downward toward the openings in the CRD guide tubes.

Upward flow in the reactor vessel following fuel failure occurs only for a

few moments following core collapse when the SRVs open to relieve the
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pressure generated when the molten core slumps into the water in the reactor

vessel bottom head.

As noted in slides 6 and 7, prior to drywell failure, fission products

collect in the reactor building principally from flow through the CKD

withdraw lines and secondarily via the expected gas leakage of the drywell.

No water flow would occur to the liquid radwaste system af ter fuel failure

because of early failure of the reactor building sump pumps by submergence. |

Volatile material tends to equilibrate between the water and gas phases

in the reactor building. Prior to the assumed failure of the SGTS, the flow

patterns within the reactor building are dominated by the suction of the

SGTS blowers. Af ter the assumed failure of the SGTS ~2.5 h following drywell
|failure, the main flow direction would be through the reactor building-to-
{

refueling floor blowout panels and from there through leakage to the atmo-

sphere.

Slide 6 also shows a liquid fission product release pathway via leakage

past the motor-operated steam isolation valves (MSlVs). Steam condensation

occurs behind closed valves and subsequently flows by gravity into the main

condenser. This is the same pathwa9 to the turbine building as was

described in the analysis of the complete station blackout accident sequence.

Slide 7 shows the pathway changes caused by the failure of the reactor

vessel at t = 652 min. Initially, gaseous fission products and aerosols are

t ransported by the blowdown of the reactor vessel into the drywell. The

fission products remaining in the reactor vessel consist of those contained

in the fuel elements that are assuned to remain in place, and material

plated out on interior RV surfaces.

An additional source of fission product release into the reactor vessel

gas space af ter failure of the bottom head is due to the vaporization of
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material _ deposited on the extensive (separators, dryers) but relatively cool

surfaces above the core. Virtually all of this material would be associated

with aerosols deposited on these structural surfaces.

The fuel rubble on the drywell floor releases fission products directly

into the drywell aided by the sparging action of concrete degradation . gas.

Slide 3 illustrates the situation following failure of the DW at

t = 707 min. Gaseous flow to the RB is predominantly through the electrical

penetration assembly (EPA) seal failure zone, dominating the smaller flow

continuing through the CRD lines. Note that the initiation of the fire pro-

tection system water sprays occurs soon af ter, creating an extremely wet

situation in the RB. We are currently treating the RB as a series of wet-

walled rooms for fission product transport estimation. An assessmegh of the

ef fectiveness of the water sprays for soluble fission product and acrosol

removal by use of the CORRAL-II program is currently in process.

Slides 9 through 12 list many of the principal fission product transport

models currently being used to assess the transport rates along the pathways

indicated in the earlier slides. The initial slide in this series lists four

procedures used for calculating the rates of fission product release from

fuel material, the rate of aerosol production by the overheated core in the

RV and due to core / concrete interaction in the DW, and the procedures used

. f or assessing aerosol transport rates. The rate of fission product release
|

(currently, noble gases, iodine, and cesium) f rom damaged fuel elements is

being determined by a procedure developed in ref. 7 based on an established

value of a release rate coefficient for each fission product assumed to

i

| depend solely on the local fuel temperature. Release rate coef ficient values

i for noble gases, iodine, and cesium appear to be fairly well established at

4?6

.-_ _ _ _ .- - -



I
I

i

|

l

least up to ~1700*C. Release rate values are less certain for higher tem-

peratures and for the less volatile fission products. Currently, we have no

well-ground:d model for releases from core debris beds, either of the type

that would form in the RV or on the concrete basement of the DW. As an '

interim procedure for these situations, we are calculating relear rates

based on a temperature-dependent release rate coef ficient appropriate for

f uel element geometry corrected by a factor equal to the estimated ' area

ratio of the debris bed to the fuel element. This interim procedure will be

replaced as soon as a satisfactory replacement becomes available.

As indicated in slide 10, deposition rate expressions are required for

a number of costun and iodine chemical species onto various types of sur-

faces. These calculational methods are described in Chapter 4 of ref. 2.

In general, the lower volatility cesium and iodine species, Cs0H and Csi,

are assumed to deposit via condensation. These deposition rates are assumed

to be mass transport limited and do not depend on the type of surface. The

1, atomic I, anddeposition of the more volatile iodine species, HI, 2

organic-iodide, probably occurs predominantly by chemisorption, hence would

be surface material dependent, and, in addition, dependent on the degree of

surface coverage. Published values of " deposition velocities" onto various

solid surfaces were used for the determination of rate of deposition of

these materials.

The rate of organic iodide formation in the DW and RB may be a signifi-

cant factor in assessing the net leakage of iodine to the atmosphere in this

accident sequence. This is due to the lower removal efficiency of organic

iodide in the SGTS charcoal beds relative to 12 and also due to its lower

solubility in water pools which collect in the RB. Since the developed
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level of organic iodide concentration depends on a dy tamic balance between

the formation rate and various removal mechanisms, available reviews on this

subject are not helpful since results are presented solely in terms of

equilibriun levels and not in terms of formation rates. In order to develop

a formation rate model, we went back to the original experiments referenced

in the reviews. Of all these experiments, the ones reported by liilliard3 and

Parker 4 best show the time-dependence of the amount of iodine converted to

organic iodides. Both of these reports show that the major portion of the

ultimate organic iodide level is formed in the first 10 to 20 min of iodine

introduction into the test vessel. Supplementing these dynamic tests results

are data on equilibrium formation levels over a wide range of conditions pre-

sented in a review by Postma and Zavadoski.5 Organic iodide formation data

presented in refs. 3-5 were combined with thermal decomposition rates pre-
'

6sented by Lorenz to yield an organic iodide formation rate model.

Slide 11 shows the means used for assessing the principal iodine and

cesium chemical forms in the RV and UW. As shown, chemical equilibrium

values are assumed for the reducing conditions which exist in the RV prior

to meltthrough. For this case, compositions were taken directly from

results presented in Chapter 5 of ref. 7. Assessment of chemical forms

which exist in the DW is more difficult because (1) the gaseous environment

is initially oxidizing, changing to reducing as the original atmosphere is

flushed out by concrete degradation gases; (2) the DW contains numerous

materials which nay react with both Cs0ll and Cs1 under some conditions; and

(3) temperatures are lower than those in the RV, hence chemical equilibria

may not develop and, generally, radiolytic effects become more important.
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Until the chemical conditions in the DW can be more carefully and exten-

sively analyzed, our judgement indicates it is best to assume the principal

iodine species to be molecular iodine.

The failure mode and failure time of the SGTS is a critical factor in

assessing fission product behavior in this accident sequence. As seen in

slide 1, the SGTS is activated soon af ter SDV failure early in the sequence

due to high radiation detected in the RV. We currently believe that the set

of three SGTS blowers will continue operation throughout the sequence.

However, indications are that the HEPA filters associated with the SGTS will

plug when loaded with ~3 kg per filter. Since there are 27 parallel filters

in the three absorption trains, -81 kg of aerosol transported to the SGTS

suffice to plug the upstream set of filters. According to our current

aerosol production rate and transport estimates, this occurs ~1 h af ter DW

failure. Subsequently, our current information indicates that the plugged

filter will probably tear causing the HEPA filter set downstream from the

charcoal absorbers to begin loading with aerosols. Consequently, the

downstream ilEPA filters will also ultimately fail by the same sequence of

plugging followed by tearing. This marks the point in time that the SGTS

ceases to function as designed. Thus, for times following this event, the

SGTS may operate without the benefit of HEPA filtration. Howe ve r, since the

SGTS blowers appear to continue to function nominally, the charcoal beds

remain relatively cool and hence retain their expected sorbency for 12 and

organic iodide.
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-SLIDE 1

SBLOCA EVENT SEQUENCE

EVENT TIME (MIN)

TRIP, SDV BREAK, SGTS ON 0-1

RV WATER LEVEL MAINTAINED BY HPCI 3-232

CBP OPERATION 234-311

ALL WATER INFLOW ENDS 318
:

| ________________________________________________________

TOP OF FUEL UNCOVERED 442'

BOTTOM 0F FUEL UNCOVERED 455

CRD INLET PORTS UNC0VERED 456

FIRST CLADDING FAILURE 477

ECCS TURNS ON 530

CORE SLUMP 564
.

RV MELTTHROUGH 652

________________________________________________________

DW EPA SEALS FAIL 707

RB FIRE WATER ON 710

SGTS PLUGS 857

RUN ENDS 1000

i
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'SLIDE 2
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SLIDE 3

i
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'
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l

|

i
CORE TEMPERATURE MAP (*C) AT TIME OF CORE SLUMP;

TIME = 564 (MIN)
(757. OF CORE MELTED)

|
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SLIDE 4
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SLIDE 6
i

ORNL-DWG 82-16498R

MAIN
|> CONDENSER 182.9 m 1<

SYSTEM (600 f t) O
STACK

l

AIR SBGTS
A

DRYWELL y

REFUELING BAY

A
SRV REACTOR C )>< OVESSEL V< uggy

REACTOR BUILDING
2 7, C >"

CORE < AIR
-. s

._ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _

. _ _ _ . . _ _ - _ .

!'g WATER > CRD< >

- WITHDRAW LINE 5 '- - -

- - - = - - ._ _^ )'~

\- !ioVID RADWASTE

PRINCIPAL FISSION PRODUCT PATHWAYS UP TO TlME

OF REACTOR VESSEL MELT-THROUGH (t = 652 min)
- _ - _ . . _ _ - - - - - _ _ - - - - - - - - -
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SLIDE 7 ORNL-DWG 82-16439R

A
MAIN

> CONDENSER 182.9 m I,

SYSTEM (600 f t) O

STACK
1

AIR SBGTS
A A

DRYWELL V
REFUELING BAY

A
REACTOR GAS
VESSEL MSIV LEAKAGE

> REACTOR BUILDINGg c >
> <: > AIR<

0 L :===:====~

WETWELL

0
_

y____9 "

|y c
'

--) f
_

ORIU
LIQUID RADWASTE

PRINCIPAL FISSION PRODUCT PATHWAYS FROM TIME OF REACTOR VESSEL
MELT-THROUGH (t .= 652 min) TO DRYWELL FAILURE (t = 707 min)
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SLIDE B m-owG s2-m
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PRINCIPAL FISSION PRODUCT PATHWAYS FOLLOWING
DRYWELL FAILURE (at t = 707 min)
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SLIDE 9
1

OVERVIEW 0F MAJOR F1SSION PRODUCT TRANSPORT EVENTS

e RELEASE RATE FROM FAILED FUEL ELEMENTS

USED RELEASE RATE COEFFICIENT CONCEPT DEVELOPED FOR
NUREG-0772.7 NEW DATA CORROBORATES FOR XE, KR, CS,

AND 1 UP TO 1700 C.

e RELEASE RATE FROM CORE DEBRIS

INTERIM METHOD USES AREA RATIO SCALING ON K(T)
WHICH GREATLY LOWERS CALCULATED RELEASE.

WE ARE TRYING T0 IMPROVE THIS MODEL BY MASS
TRANSPORT ANALYSIS OF RUBBLE BED IN RV AND DW.

e AEROSOL PRODUCTION
*

USED MASS TRANSPORT MODEL FOR LOW VOLATILES IN THE RV.

USED SANDIA CORRELATION FOR CORE / CONCRETE AEROSOLS IN
THE DW.S STRONG FUNCTION OF DW RUBBLE TEMPERATURE.

e AEROSOL DEPOSITION AND TRANSPORT

FOR THE RB WE CONSULT BCL PREDICTIONS, BUT NO TRAP-
MELT RUNS EXIST FOR PRESENT CASE. WE WILL INVESTIGATE
PARAMETRICALLY.

HAARM-3 IS USED FOR THE DW AND RB. CURRENTLY, LARGE

PERCENT-RELEASE (~90%) ARE BEING PREDICTED FOR THE DW
DUE TO LARGE FLOW RATES. LOWER AEROSOL RELEASE RATES
ARE PREDICTED FOR THE RB (~17%) DUE TO LARGER AVAILABLE
DEPOSITION SURFACE AND LONGER HOLDUP TIMES.

WE WILL CHECK RB RESULTS IN THE WET RB USING CORRAL II.
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SLIDE 10

OVERVIEW 0F MAJOR FISSION PRODUCT TRANSPORT EVENTS

e FISSION PRODUCT DEPOSITION ON WALLS AND AEROSOLS

THESE MODELS ARE DESCRIBED IN REF. 2

MATERIALS SURFACES MECHANISMS

Csl STEEL CONDENSATION

Cs0H 0XIDIC CHEMISORPTION

1 2 WATER DISSOLUTION

HI PAINTS CHEMICAL REACTION

I

ORG-I

e ORGANIC IODIDE PRODUCTION

AVAILABLE REVIEWS ARE NOT HELPFUL SINCE THEY DEAL ONLY
WITH EQUILIBRIUM LEVEL AND NOT WITH FORMATION RATE.
ALSO, THERE IS NO AGREEMENT ON FORMATION MECHANISM.

WE HAVE DEVELOPED A FORMATION RATE MODEL BY EXAMINING
ORIGINAL TEST DATA 0F PARKER, HILLIARD, BENNETT, LORENZ.

e DISSOLUTION IN WATER

SUPPRESSION POOL DF'S OBTAINED FROM RASTLER 10
I-SOLUBILITIES OBTAINED FROM CURRENT ORNL STUDY.

DISSOLUTION OF I IN RB POOL ASSUMED TO BE MASS TRANSFER
LIMITED. CORRAL-II CHECK.

NOBLE GASES IN RB P00L ARE ASSUMED TO BE IN EQUILIBRIUM
WITH AIR IN RB.
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SLIDE 11

0VERVIEW 0F MAJOR FISSION PRODUCT TRANSPORT EVENTS
1

e ASSESSMENT OF CHEMICAL FORMS

IN RV ,

ASSUME CHEMICAL EQUILIBRIUM AB0VE ~700"C.

IODINE PREDOMINANTLY (>90%) Csl FOR T < 1200 C.
FOR 1200*C < T < 1800 C, HI AND I CONTRIBUTE 10 To 90%.

MAIN CESIUM FORM IS Cs0H UP TO ~1400 C. j

RADIOLYSIS PROBABLY CAUSES NO MAJOR IMPACT AB0VE T = 700*C.

IN DW

MORE DIFFICULT TO ASSESS BECAUSE

(1) ENVIRONMENT INITIALLY OXIDIZING, THEN REDUCING.

(2) PRESENCE OF OXIDIC AEROSOLS; REACTIVE WITH Csl AND
Cs0H IN OXIDIZING ATMOSPHERE TO FORM STABLE Cs
COMPOUNDS. l

(3) LOWER T'S, SLOWER CHEMICAL REACTION RATES.
THEREFORE, RADIOLYSIS IMPORTANT.

(4) LARGE VOLUME, NON-UNIFORM CONDITIONS.
AT PRESENT WE ASSUME MAIN IODINE SPECIES TO BE 12

|
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SLIDE 12

e

OVERVIEW 0F FISSION PRODUCT TRANSPORT EVENTS

e BEHAVIOR OF THE SGTS

SGTS TURNS ON AT T = 1 MIN.

WE ESTIMATE HEPA FILTERS WILL PLUG ~30 MIN AFTER DW FAILURE
(T = 737 MIN) BASED ON AEROSOL GENERATION AND HAARM-3
TRANSPORT MODELS.

'

THE PLUGGED FILTERS PROBABLY-TEAR; INITIATING LOADI.NGiDF
DOWNSTREAM FILTER.

THE DOWNSTREAM FILTER WILL PLUG (AND PROBABLY TEAR)
30 MIN LATER, AT T = 767 MIN.

>>

.

%
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Improvement of MARCH for
BWR Applications

S. R. Greene

Oak Ridge National Laboratory

The MARCH (Meltdown Accident Response giaracteristics) codel de-
scribes the response of light-water reactor and containment systems to
core meltdown accidents. The original MARCH 1.0 version was officially
released by Battelle Columbus Laboratorics near the end of 1980. A
second version of the code (MARCH 1.1) was released a few months later.
Since MARCH was developed for early LWR probabilistic risk assessment
(PRA) evaluations, the code's structure and modeling sophistication
reflect the limited goals of such applications. Although MARCH 1.1 is a
remarkably versatile and useful tool for many LWR accident analysis
applications, its suitability for realistic BWR severe accident analysis
is significantly compromised by its failure to consider many of the
basic design and operating differences which distinguish BWRs from PWRs.
The purpose of this paper is to briefly sunmarize these MARCH modeling
deficiencies and describe efforts currently underway to improve the
code's BWR simulation capabilities.

In the interval since its development MARCH has proven to be a
useful tool for LWR severe accident evaluation. All or parts of the
code have been utilized in studies such as the RSS,2 Limerick,3 and
GESSAR'+ PRAs, as well as severe accident sequence analyses evaluations
for the Zions pressurized water reactor. In addition to these applica-
tions, the code has been utilized in several containment integrity and
accident mitigation studies.s-e During the past two years Oak Ridge
National Laboratory has been involved in the application of MARCH to
analysis of severe accidents in commercial boiling water reactors as
part of the Nuclear Regulatory Commission's Severe Accident Sequence
Analysis (SASA) program. Specifically, ORNL has applied MARCH to
evaluations of station blackout,9 scram discharge volume break,10 and

ll accidents at the Browns Ferryloss of decay hect removal capability
nuclear plant.

Rivard et all2 have identified many general and PWR-related MARCH
modeling problems. As a result of the SASA MARCH 1.1 application ex-
perience, ORNL has identified several significant problem areas associ-
ated with application of MARCH to BWR severe accident assessment (Ref.
10, Ap. B). A total of 36 discrete problems have been identified to
date. In general, these problems stem from the code's lack of recogni-
tion of unique BWR internal structural and containment designs. A
complete description of the identified problems is given in Ref.10
Only a limited number of examples will be described here.
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Many of the more severe MARCH modeling concerns are related to the
code's simulation of the core heatup, relocation, and vessel head fail-
ure phases of the accident. The most commonly used MARCH 1.1 core melt
model employs a coherent core collapse criteria which allows core re-
location only after a user specified core melt fraction is exceeded.
This appears to be an unrealistic model for BWRs since the weight of
each assembly is supported from underneath by its associated control
rod drive (CRD) guide tube and drive housing. In addition, BWR channel
box and control rod assemblies cannot be modeled within the present
MARCH configuration. Localized vessel head failure via CRD stub tube
penetrations cannot be modeled, and the code does not have the capa-
bility of simulating core spray systems.

MARCH's reactor vessel water level and mass calculations are in-
correct since they do not include the impact of the variable flow areas
of the shroud head, standpipes, and steam separators. MARCH 1.1 does
not allow separate primary system break and SRV flow paths, which is in-
correct for BWRs where SRV flow is routed to the pressure suppression
pool. BWR high pressure coolant injection (HPCI) and reactor core
isolation cooling (RCIC) systems are driven by turbines which draw steam
from the primary system and exhaust it to the pressure suppression pool.
The impact of this steam flow is not represented in either the primary
system or suppression pool models. Finally, MARCH 1.1 does not allow
pump-driven emergency core cooling system (ECCS) flows tn continue after
vessel head failure.

The MARCH 1.1 BWR modeling problems described above can signifi-
cantly compromise the results of both PRA and SASA analyses due to
resulting uncertainties in the timing and mode of vessel and containment
failure, as well as reactor primary and containment system fission
product transport. Fortunately, two new MARCH versions are under develop-
ment which will address many of the identified BWR modeling problems.
The first of the two new versions, MARCH 2.0, is being developed jointly
by Battelle Columbus Laboratories (BCL), Sandia National Laboratory
(SNL), Brookhaven National Laboratory (BNL), the Tennessee Valley Au-
thority (TVA), and Oak Ridge National Laboratory (ORNL), and should be
released by early November 1982. MARCH 2.1, scheduled for limited
release by early March 1983, is being developed by BCL, ORNL, Rensselaer
Polytechnic Institute (RPI) and SNL.

MARCH 2.0 will feature significant improvements in the code's decay
heat, in-vessel thermodynamics, break flow, RPV head failure, and combus-
tible gas burning models. MARCH 2.1 is being developed primarily to
improve the code's BWR simulation capabilities and will feature a new
distributed (nine volume) reactor primary system model and a detailed
BWR core melt model developed at RPI. Additionally, MARCH 2.1 will
feature new MARK-II containment and reactor core spray models, improve-
ments in the existing MARCH melt models A and B, and replacement of the
core / concrete subroutine INTER with the C0RCON13 code.
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Although the MARCH 2.0 and 2.1 : odes will feature significant im-
provements in many PWR and BWR modeling areas, these versions will not
address all of the MARCH BWR modeling problems which have been identi-
fied to date. For example, lower plenum melt progression and CRD tube
failure phenomena will continue to be modeled in a non-mechanistic
fashion. Localized pressure suppression pool heatup and resulting con-
tainment over-pressurization will not be modeled. BWR primary / secondary
containment interactions will continue to be modeled in a simplistic
fashion, and the code will not have the capability to assess the impacts
of drywell flooding on accident progression.

As ore task in the MARCH 2.1 development program, ORNL is conduct-
ing a stucy to identify computer modeling requirements necessary for
realistic simulation of severe accidents in BWRs. The results of this
study will be documented in NUREG/CR-294014 and will consist of a gen-
cral description of those phenomenological and system models which are
necessary for realistic simulation of a broad range of severe accidents
in BWRs. An effort will be made to identify subsystem interactions and
non-safety system operations that have the capability to modify the
outcome of severe BWR accidents. Where appropriate, an attempt will be
made to differentiate between the calculational requirements of PRA and
SASA evaluations.

The results of the BWR modeling needs assessment described above
will provide the background for an evaluation of the BWR severe accident
modeling capabilities of the MARCH 2.1 code. This evaluation will draw
heavily on the information developed in the modeling needs assessment
and discussions with active BWR MARCH users. The results of this analy-
sis will be documented in NUREG/CR-2979.15 The fundamental goal of this
evaluation is to provile the MARCH user with a concise document contain-
ing information necessary for formulation of realistic MARCH models for
a wide range of severe BWR accidents.

i
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ORNL
IMPROVEMENT OF MARCH FOR

BWR APPLICATIONS

' MARCH HAS PROVEN TO BE A VERSATILE
TOOL FOR LWR SEVERE ACCIDENT

SHERRELL R. GREENE EVALUATION
OAK RIDGE NATIONAL LABORATORY

. PROBABILISTIC RISK ASSE SSMENT

PRESENTED AT . SEVERE ACCIDENT SEQUENCE

TENTH WATER REACTOR SAFETY RESEARCH ANALY$l$

INFORMATION MEETING . i i T sTUDas

NATIONAL BUREAU OF STANDARDS . ACCIDE NT MITIGATION STUDIES

G AITHERSBURG, MARYLAND

OCTOBER 15,1982

UNtom
CARRIDE

'"
ORNL HAS EXTF.NSIVE MARCH
APPLICATION EXPERIENCE
VIA NRC SASA PROGRAM

e BWR 4/MK 1 STATION BLACKOUT

* BWR 4/MK l SCRAM DISCHARGE VOLUME BREAK
(SBLOCA/OC)

e BWR 4/MK 1 LOSS OF DECAY HEAT REMOVAL
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ORNL
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TO UNIQUE BWR INTERNAL STRUCTURES AND
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b

L

THIRTY-SIX PROBLEMS ASSOCIATED
WITH MARCH 1.1 APPLICATION TO (Mv'*
BWRs HAVE BEEN IDENTIFIED * MARCH 1.1 BWR MODELING CONCERNS (CONTINUED)

e UNREALISTIC BWR CORE COLLAPSE MODEL , , ,, , , , ,

e SEPAR ATE SRE AK AND SRV FLOW PATMS NOT ALLOWEDo HEAD FAILURE VIA CRD TUBE PENETRATIONS
NOT CONSIDERED e ECCs fumsINE ENTRACTION STE AM NOT MODE LED

e PUMP ORivEN ECCS FLOWS TERMINATE ON RPV ME AD F AILuREe SHROUD AND CONTROL RODS NOT MODELED

e CORE SPRAY SYSTEMS NOT MODELED

'NUREG/CR-2672 APP. B,
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CARBtDE

Oc,an,s, ion OBNL
NEW MARCH VERSIONS WILL

'"' MARCH 1.1 BWR MODELING PROBLEMS
ADDRESS MANY IDENTIFIEDCAN SIGNIFICANTLY INFLUENCE
PROBLEMS

TIMING AND MODE OF VESSEL AND CONTAINMENT F AILURE*

o FIS$10N PRODUCT DISTRIBUTION IN RE ACTOR PRIMARY AND MARCH 2.0 - NOVEMBER 1982*
CONTA4NMENT

* * * *

EFFECTIVENESS OF IN-VESSEL AND EX-VESSEL ESFse

* MARCH 2.1 - MARCH 1983
IMPACT OF 'NON-SAF ETV' SYSTEM OPE R ATIONe

(BCL, ORNL, RPl. SNL)

cII'*Es ,

R MA H . I A DITIONAL"
MARCH 2.0 WILL FEATURE SIGNIFICANT IMPROVEMENT OF BWR SIMULATION
IMPROVEMENTS IN THE FOLLOWING CAPABILITIES
AREAS

e DISTRIBUTED PRIMARY MODEL

e DECAY HEAT

* IN-VESSEL THERMODYNAMICS

e BRE AK FLOW MODELING
e CORE SPRAY MODEL

STEAM GENERATOR HEAT TRANSFERe
e IMPROVED MELT MODELS A AND 8

LOWER RPV HEAD MELT PHENOMENAe

e CORCON INTEGRATION* H AND CO BURNING2

460

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



_ _ _

i

|

|

U'eY
(U's.cem

N '" ORNL CONDUCTING STUDY TO IDENTIFY
REVISIONS CURRENTLY PLANNED WILL NOT io
ADDRESS THE FOLLOWING MARCH

BWR SEVERE ACCIDENT MODELINGBWR MODELING DEFICIENCIES
REQUIREMENTS

e LOWE R PLENUM MELT PROGRESSION

e CRD TUBE F AILURE

e LOCAlllED PRESSURE SUPPRESSION POOL HEATUP

e PRIM ARY4E CONDARY CONT AINME NT INT E R ACTIONS
|e USER DISCUSSIONS

e ORYWELL FLOODING
|

I

A
UNeoN

CARBIDE N'O
AReigj

ORNL eNt
RESULTS OF ORNL EFFORT CRNL IS ACTIVELY ENGAGED IN BWR

SEVERE ACCIDENT METHODOLOGYWILL BE DOCUMENTED ^ ' ^ ' " ^ "
IN NUREG/CR-2940

. SASA

e IDENTIFICATION OF NECESSARY AND e MARCH 1.1 ASSESSMENT

DESIRABLE MODELING NEEDS
e MARCH 2.10EVELOPMENT

e PRA VERSUS SASA e MODELING NEEDS ASSESSMENT

e M ARCH 2.1 CRITIQUE
e MARCH 2.1 ASSESSMENT
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ANALYSIS IN SUPPORT OF
a

OPERATOR GUIDELIhES FOR SEVERE ACCIDENTS

J. A. Hunter
EG&G laaho, Inc.

Several accident scenarios were identified during a review of operator
guidelines for transients and accidents requiring further evaluation. The
purpose of the evaluation was to determine the validity of certain operator
actions and to determine the capability of the available reactor systems to
restore the plant to a controllable, cooled mode following certain multiple
failure events. Three specific accident scenario management guideline
categories have been analyzeo. They were:

1. Depressurization strategies for Combustion Engineering (CE) plants
without power operated relief valves (PORV)

2. Coolaown strategies for Babcock and Wilcox (B&W) plants experi-
encing a loss-of-feedwater (LOFW) transient

3. Guiceline adequacy for two loop plants experiencing a steam
generator tube rupture.

CE Plant Depressurization No PORVs

The depressurization strategies for CE plants possessing no PORVs
f ocuseo on the use of the reactor vessel head vents or the auxiliary pres-
surizer spray to depressurize the plant below the high pressure injection
(HPI) shutoff head. The initiating event was a LOFW. A preliminary calcu-
lation indicated that a LOFW, due to a feedwater control failure, was found

not to require the use of emergency depressurization procedures because of.

a. Work supported by the U.S. Nuclear Regulatory Commission, Office of
huclear Regulatory Research under 00E Contract No. DE-AC07-761001570.
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the increased heat transfer allowed by reactor coolant pump operation.
Therefore, the transient was assumed to start with a LOFW with the
concurrent f ailure af all offsite power.

The two strategies investigated were the use of the reactor vessel head
vent and the auxiliary pressurizer spray (APS) system to depressurize the
plant. The head vents were found to not depressurize the plant since the
heat removed by the flow through the valve (approximately 1200 BTU /s) was
much less than the estimated reactor decay heat input (2,500 to 3,000 BTU /s).

The APS was effective in depressurization when the pressurizer contained a
bubble. This effectiveness was lost when the pressurizer filled due to
activation of the HPI on low pressurizer pressure. The use of APS and the
HPl delayed the time of core uncovery. Without additional operator action
such as starting / stopping APS, inhibiting HPI, and recovering the secondary
heat sink, the core could uncover with the potential for core damage. The
subject analysis is documentea in Reference 1.

B&W Loss of Feedwater Transient

If the LOFW transient were complicated by a loss of auxiliary feed-
water, the primary system could remain overpressurized. By losing mass
through the safety ana relief valves, reactor core uncovery potentially
will occur. {

|

The two operator actions postulated were the opening of the two atmos-
pheric cump valves and the manual initiation of the high pressure injection
system. Both loop atmospheric dump valves that allow steam to flow directly
from the steam lines to the atmosphere were opened 1200 s after the loss-of-
feedwater event began. Manual initiation of the high pressure injecton was
performed when subcooling was lost in the primary system. Injection capac-

ity was limited to a single-pump train for the calculation. The conclusions
of these two calculations are:

1. The atmosphere dump valves provide virtually no cooling capacity

of a loss-of-feedwater transient without an active feedwater |

source
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2. A single high pressure injection train is effective in core cool-
ing by decreasing void formation, making up coolant lost through
the primary relief valves, and extending the time the primary
system is in a condition.where the primary pumps can effectively
operate.

The details of this-analysis are documented in Reference 2.

Steam Generator Tube Rupture Behavior

The purpose of this investigation was to study the thermal-hydraulic
response of a pressurized water reactor (PWR) to a double-ended guillotine
steam generator tube rupture (SGTR) in plants with only two steam genera-
tors. The emphasis was placed on determining which steam generator was

faultea and on determining whether the existing operator guidelines for
managing a SGTR were adequate.

In general, the key to the diagnosis of a SGTR lies with a radiological
release from the primary system to the secondary system. Radiation alarms
of various locations (steam generator blowdown surge tank, condenser air
ejecto ) as well as primary phenomena such as decreasing pressurizer pre's-
sure and level will signal a SGTR to the plant's control room. This has
been confirmed through actual SGTR events documented in Reference 3.

Operator guiaelines for SGTR events are fairly general. These guide-
lines require the operator to identify the faulted steam generator, isolate
it, and coolaown with the intact steam generator. The guidelines for
f aulted steam genera'.or identification follow the computer code suggested
indication exactly. For example, the Zion Emergency Operating Procedure for
Steam Generator Tube Failure (Reference 4) requires operators to (a) compare
levels and feedwater flows, (b) compare feed regulatory valve position, and
(c) monitor individual steam lines for radiation. Based on the subject
analysis, there appears to be no further amplification of these guidelines
that can_be gained through the use of computer calculations.
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Analysis in Support of1

Operator Guidelines for Accident Scenarios
Severe Accidents

Depressurization of CE plants without PORVs*

B&W loss of feedwater transient*

Steam generator tube rupture behavior*

|
J.A. Hunter

d EssG - = .. m

2

Depressurization of CE Units. Depressur.izat. ion CE Units.
No PORVs No PORVs,

System Behavior - Head Vents
purpose:e

- Study potential emergency
depressurization capabilities Time Event

4S-53 min. Steam generators dry outSequence:*

- Loss of offsite power, loss of feedwater 60 min. Pressurizer filled
(fail main coolant pumps) Decay heat exceeds

safety valve capacitiesDepressurization strategies:*

- Reactor vessel head vent
- Auxiliary pressurizer spray , , , _

u ,. m
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Depressurization of CE Units.
Depressurization of CE Units. No PORVs

No PORVs System Behavior- Aux Spray

Head Vent Effectiveness u,no eveni

.5 min. Initiate aux spray

* Vent: 3/4 inch line. Valve (3/16 inch orifice) 8 min. HPI initiated

* Heat rejection rate insignificant 11 min. Pressurizer filled

33 min. Pressurizer safety valves orw-* Not effective
70 min. Primary coolant - not mass loss

150 min. Core uncovers
82 9 233

u..,,,

5

Depressurization of CE Units.
No PORVs Depressurization of CE Units.

Auxiliary Pressurizer Spray No PORVs
Effectiveness Auxiliary Pressurizer Spray

Effectiveness
* Aux spray effective with pressurizer bubble (Continued)present

* Without primary letdown, pressurizer fills Aux spray benefit - delays core uncovery*

* Aux spray detrimental- fills pressurizer, Without operator action, core uncovers*

lose pressure control
, , , , , ,

o ,. .
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Depressurization of CE Units.
No PORVs B&W Loss of Feedwater Transient

Recommendations- Aux Spray . ,,,,,,,.

- Assess effects of operator actions
- Open two ADVs

* Regain Secondary heat Sink - manually initiate one HPI-loss of subcooting

* Intermittent aux Spray operation (delay * Sequences

uncovery) - LOFW, no HPI, no Aux feedwater, SORV
- Open ADVs 1200s

,

- LOFW, no aux feedwater, one HPl train. Inhibit HPl(delay uncovery)
- Assess HPl cooling capabilities

,

1

= * * ~
. . . . . ,

$
* B&W LOFW

System Behavior - Identical for
B&W LOFW Both Cases

System Assumptions
Time (s) Event

H_PI 0.0 Feedwater lost, turbine trippedPSystem ADV

PORV Stuck open Normal, locked 0.3 Reactor tripped

Psys>2270 psia open - loss
subcooling 44.0 Steam generators decoupled

100-103 Steam generator dried outPrimary safeties Hold Psys*2500 psia Hold Pays ~2500 psia

HPl Failed Manualinitiation. 452 Pressurizer filled solid
one train, loss

485 PORV liftedsubcooling

690 Primary safeties lifted
Aux feed Failed Faled

1200 Subcooling lost
ADVs Open two at 1200s Locked shut u '' saADVs opened

, , , , , or HPI initiated
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B&W LOFW
ADVs - Effectiveness

B&W LOFW
= Secondary pressure rapidly decreased HPl - Effectiveness
* Heat removal degrades

* HPl decreased bubble generation (extends
* ADV flow limited primary pump operation)

* Limited amount of secondary mass available * HPI reduced primary mass loss to zero net
for release

* Single HPI cools core
* ADVs ineffective without adding mass to

secondary
u .. ,

u ,. m

2.

e

Steam Generator Tube Ruptures

Steam Generator Tube Ruptures
Sequence

* One full tube rupture
- ha eterize thermal hydraulic response

- Two loop PWR * 1110 tube leak
- Double ended guillotine tube rupture

No charging flowe- Identify faulted generator
- Assess operator guidelines Reactor power 102%*

* Scram on low pressurizer pressureu ,. m
, , , , , , ,

!
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Steam Generator Tube Rupture Steam Generator Tube Rupture
System Behavior Current Guidelines (Zion)

* Radiation alarms activate * Compare levels and feedwater flows

( * Plant scrams . Compare feed regulatory valve position

* Steam generator level increases . Monitor individual steam lines for radiation
- Aux feedwater active

* Guidelines adequate- Identifies faulted generator

n .. u.u.,.,

O
o

.

Summary

* CE depressurization - no PORV
- Auxiliary spray delays uncovery

* B&W loss of feedwater
I - Single HPI cools core

* Steam generator tube rupture- two loop plant
- Guidelines adequate

u ,. m

~ - - -
-
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THE STATION BLACK 0UT TRANSIENT AT THE BROWNS FERRY UNIT-1 PLANT
a |

A SEVERE ACCIDENT SEQUENCE ANALYSIS'(SASA) PROGRAM STUDY

R. R. Schultz
EG&G Idaho, Inc.

Operating plant transients are of great interest for many reasons, not
the least of which is the potential for a mild transient to degenerate to a
severe transient yielding core damage. Using the Browns Ferry (BF) Unit-1
plant as a basis of study, the station blackout sequence was irivestigated

<

by the Severe Accident Sequence Analysis (SASA) Program in support of the
Nuclear Regulatory Commission's Unresolved Safety Issue A-44: Station

| Blackout (see Reference 1). A station blackout transient occurs when the
l plant's AC power from a commercial pcwer grid is lost and cannot be

restored by the diesel generators. Under normal operating conditions, if a
loss of offsite power (LOSP) occurs [i.e., a complete severance of the BF
plants from the Tennessee Valley Authority (TVA) power grid], the eight
diesel generators at the three BF units would quickly start and power the
emergency AC buses. Of the eight diesel generators, only six are needed to
safely shut down all three units.

Examination of BF-specific data show that LOSP frequency is low at

Unit 1. The station blackout frequency is even lower (5.7 x 10-4 events'

per year) and hinges on whether the diesel generators start. The frequency
of diesel generator failure is dictated in large measure by the emergency
equipment cooling water (EECW) system that cools the diesel generators.

Once a station blackout has occurred, the station operator is most
concerned about starting the diesel generators and reconnecting the station
to the TVA power grid. However, until AC power is restored, the operator

i will have (a) the plant station battery (available for 7 h), (b) both the

a. Work supported by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research under 00E Contract No. DE-AC07-76ID01570.
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high pressure coolant injection (HPCI) and the reactor core isolation
cooling (RCIC) systems [i.e., the vessel water inventory (VWI) equipment],
and (c) 135,000 gallons of water reserved in the condensate storage tank
(CST) [a Technical Specification (TS) Limit].

Major objectives of the SASA Program analysis of the BF Unit-1 station
blackout sequence were to (a) characterize the transient as the plant
operator would see it, (b) determine the time to core uncovery, and
(c) calculate the quantity of mass and energy transferred from the reactor
pressure vessel to the pressure suppression pool (PSP). The analysis was
performed using the RELAPS Mod-l Cycle 13 thermal-hydraulic code. However,
several updates were used both to improve the cycle and to make the cycle
appropriate to a boiling water reactor (BWR). Specifically, updates were
added to enhance the behavior of the interphase drag models and the
reactivity feedback models. In addition, the jet pump was treated as a
special component in the BF model. Finally, the RELAPS separator model was
updated.

In the event a LOSP occurs, the power-load (time zero) unbalance
experienced by the plant's main generator will be sufficient to initiate a

reactor scram. The reactor vessel will be isolated during the scram phase
of the transient. During the much longer period when only core decay heat
is present, the VWI will boil and flash. The excess steam will bleed from
the vessel through the safety relief valves (SRVs) to the PSP. Initially

enough VWI will be lost so that the water level in the vessel downcomer
will not be measurable on the level instrumentation available in the
control room. The Emergency Operating Procedures (E0Ps) dictate that the
RCIC and the HPCI systems be manually activated as soon as possible.

However, if the operator does not activate these systems, enough VWI will
be lost to activate the vessel downcomer low-low trip and, thus,
automatically turn on the RCIC and HPCI systems.

If neither the HPCI nor RCIC is available, the VWI will continually
decrease as the SRVs open at regular intervals to bleed steam to the PSP.
Core heatup would begin at 2300 s under such circumstances (but at 1680 s
if a SRV became jammed open at the first cycle).

472
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However, if either or both of the RCIC and HPCI systems are activated,
water from the CST will be pumped into the vessel through the feedwater
sparger. CST water will be delivered until either the operator manually
shuts the systems off or the downcomer fills to the high level trip
elevation, which will automatically deactivate the RCIC/HPCI systems.

Throughout the sequence, the SRVs will cycle either automatically as
the vessel pressure exceeds plant setpoints, or manually as the operator
follows E0Ps. Left in the automatic mode, the same SRV will probably open
and shut repeatedly to bleed the steam boiled by the core decay heat.
Thus, a localized hot spot will be formed in the PSP at the SRV discharge
port.

To change the location of steam delivery to the PSP and to reduce the
number of SRV cycles, the operator is directed by the E0P to manually cycle
alternate SRVs over a larger pressure range, e.g., about 200 psi. Such a

procedure could be followed indefinitely if it were not for the heat
transfer from the vessel to the drywell ewironment. Without the drywell
coolers (lost during the LOSP), the drywell atmosphere will be heated to
temperatures exceeding drywell seal specifications, which will lead to an

.

increased potential for containment failure.

Consequently, the operator will probably depressurize the vessel after
an initial waiting period (about an hour) at a rate that would not change
the vessel temperature by more than 100 F/h (a TS limit). Thus, the heat
load to the drywell would be reduced by the corresponding decrease in
saturation temperature and the excess energy would be transferred to the
PSP.

Several significant conclusions and observations resulted from the
study:

1. A station blackout transient is improbable. Equipment or system
unavailabilities yield a station blackout event frequency of

-45.7 x 10 events / year.
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2. The VWI equipment available to the operator during a station-
blackout is sufficient to maintain the VWI during the time when
the station battery is available, even with a stuck-open relief
valve.

3. Ultimate shutdown of the plant can only be accomplished if AC
power is restored together with the residual heat removal (RHR)
systera. -

4. RELAPS can be used to model BWR long term sequences. The code
has completed 7.8 and 9.7 h transients in 4.9 and 4.4 h
calculated times, respectively.

Reference

1. R. R. Schultz and S. R. Wagoner, The Station Blackout Transient at the
Browns Ferry Unit-1 Plant: A Severe Accident Sequence Analysis,
EGG-NTAP-6002, EG&G Idaho, Inc., August 1982.
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Downcomer Water Level RCIC System Avalable and a SORV
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Containment Management Study for Severe PWR Accidents

F. E. Haskin
V. L. Behr
J. Jung-

,

Sandia National Laboratories
Albuquerque,'New Mexico 87185

Probabilistic risk assessments have determined that risk from
nuclear power reactors is dominated by severe, core-damage
accidents. Radiological consequences from severe accidents
can range-from minor to major depending on the degree to which
radionuclides released from the core are retained within con-
tainment. Since core damage accidents were not considered in
establishing design requirements for existing containments, we
have undertaken, as part of the Severe Accident Sequence
Analysis (SASA) Program, a systematic study of PWR containment
loadings and operator actions which could affect PWR contain-
ment integrity during such accidents. Our prf.aary objective
is to identify strategies which could be used by operators to
preclude or delay loss of containment intecrity. In addition,
we attempt to identify plant states in which a breach of above-
ground containment is likely or eminent. Such information isvital to emergency response teams.

Our study involves detailed analyses of containment loadings
(pressure-temperature histories) and thresholds for containment~

failure due to high pressure or temperature for specific PWRs.
To date, we have performed analyses of containment loadings for
the Zion plant and structural analyses to estimate containment
failure thresholds for the Watts Bar plant. We have just
initiated a cooperative SASA effort with Tennessee Valley
Authority (TVA) for the Bellefonte plant. Zion and Bellefontehave large dry prestressed concrete containments. Watts Bar
has a steel-shell, ice-condenser containment. Over the next
two years we plan to complete containment management studies
for Bellefonte and Watts Bar. Subsequently, we may perform a
similar study for a subatmospheric containment.

Results of Analyses for Zion

References 1 and 2 present the detailed results of our SASA
Program analyses for Zion. Findings relevant to containment
management are summarized below.

Operator actions to assure containment isolation are obviously
important. A relatively small opening can lead to large leak
rates; for example, an opening approximately 0.1 inches in
diameter would result in design leakage of 0.1 volume percent
per day for the Zion containment at its design pressure. In
accidents involving containment bypass, prompt operator action
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to isolate the bypass may be required. For example, in the
V-Sequence LOCA, too long a delay could result in failure of
the isolation-valve motor operator and emergency core cooling
equipment due to steam flooding in the auxiliary building.
Diagnosis of the need to isolate should be based in part on
auxiliary-building pressure, temperature, and radiation level
indications.

Given containment isolation, some containment heat removal is
required to prevent containment failure due to the buildup of
steam and noncondensable gases. However, at Zion, such over-
pressure could not occur until at least 6 hours into the
accident - this much time would be required if all decay heat j
were effective in heating and evaporating water. Thus, for
Zion, the operators have at least 6 hours (and usually much
more time) to establish sufficient containment cooling capacity
to prevent containment failure due to steam overpressure. A
single fan cooler or a single spray train would suffice to
prevent overpressure failure.

Containment failure due to hydrogen burning at Zion can also be
prevented, albeit indirectly, by containment heat removal.
With sprays or fan coolers operating at capacity, the steam
content will be low enough to permit burning; however, for
reasonable ignition points (8 to 10 mole percent hydrogen) , the
preburn pressure would be low enough that the peak pressure due
to burning would not exceed the containment failure threshold.
If neither the containment sprays nor the fan coolers operate,
the containment pressure will rapidly become high enough to
suppress hydrogen burning by steam inerting.

Using either the sprays or the fan coolers, containment heat
removal is accomplished through condenention of steam and thus
can reduce the steam mole fraction to the point ( 56 mole
percent) where hydrogen burning is no longer steam suppressed.
If containment heat removal is delayed until well after the
onset of melt / concrete interactions, accumulated H2 and CO
could then be sufficient to result in containment failure due
to hydrogen burning. In this situation, the prudent course of
action would be to maintain steam inerting unless it can be
demonstrated that the amounts of H2 and CO is containment
are sufficiently low to preclude containment failure due to
burning. Sprays or fan coolers could be used to keep the
containment pressure below the failure threshold yet above the
point corresponding to a steam inert atmosphere (i.e., 56 psig

for Zion). The sprays would be preferable to fan coolers for
such control since evaporation of spray droplets would provide
some pressure suppression should a burn occur. The strategy
just described would extend the time which local authorities
have to evacuate the surrounding population. Operator action
would be based upon containment pressure and temperature
readings and knowledge of hydrogen / steam / oxygen fractions
gathered from on-site chemical analysis of containment air
samples.
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Containment Structural Analyses for Watts Bar

| A structural analysis of the Watts Bar steel containment is
i being conducted with the objective of determining a realistic

static failure pressure. The components of the containment
which are included in the analysis are: (1) the containment

!

shell, (2) the equipment hatch, (3) the containment anchorage
system, (4) the personnel lock, and (5) the electrical penetra-
tions. Analyses of Items (1) through (4) have been completed
while that for Item (5) is in progress.

Our containment shell analysis was axisymmetric and accounted
for large displacements and finite strains. Actual material
properties (i.e., yield stress and ultimate strength values)
were used. Based on a maximum von Mises equivalent stress
criterion for failure, the analysis predicts that the contain-
ment shell would fail in the dome at an internal pressure of
approximately 175 psig. This, of course, assumes unrestrained
deflection. Thus, in contrast to similar containments having
thinner steel shells, penetrations or deflection limits appear
to control the failure threshold for Watts Bar. For example,
our analysis indicates buckling of the equipment hatch would
occur between 112-140 psig. The capacity of the containment
anchorage system is between 118-144 psig, but the personnel
lock capacity is in excess of 150 psig.

I

Conclusions

Our studies to date indicate the importance of emphasizing
containment isolation, containment and auxiliary-building
instrumentation, and containment heat removal in training and
procedures for severe accidents. Strategies for preventing or
delaying aboveground containment failure exist for some case.s
but may prove to be plant and accident specific.

The scope of instrumentation set forth in Regulatory Guide
1.97, Revision 2, appears consistent with the operator actions
and strategies which we have studied thus far. However, in
some cases (e.g. , continuous hydrogen monitoring) , instruments
capable of surviving severe accident are not yet commercially
available.

Our structural analyses indicate the importance of containment
penetrations in estimating containment failure thresholds.
Also, containments which are very similar in type, size and
internal-arrangement may have very different failure thresholds.
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ANALYSIS IN SUPPORT OF OPERATOR GUIDELINES FOR
SEVERE ACCIDENTS USING TRAC-PWR

by
Nelson S. DeMuth
Dean Dobranich

Rudolph J. Henninger
Energy Division

Los Alamos National Laboratory

INTRODUCTION

In the aftermath of the Three Mile Island accident, investigators pointed
out the need for simulating a wide range of postulated transient or accident
conditions including equipment failures and operator actions, for adding and
upgrading instrumentation to monitor plant conditions during accidents, and for
improving emergency procedures and training to assure proper operator response
to various accident conditions. The Nuclear-Regulatory Commission (NRC), as
part of its response to these needs, initiated the Severe Accident Sequence
Analysis (SASA) program to further our understanding both of reactor accident
phenomena and of the human-machine interface during a spectrum of accidents.
Efforts at Los Alamos for the SASA program have focused on (1) identification of
potential accidents involving cultiple equipment failures, (2) computer
simulations of postulated accident sequences including equipment malfunctions
and operator actions and (3) evaluation of critical safety equipment and
operator responses (References 1-4).

Recent analyses at Los Alamos have used the Transient Reactor Analysis Code
(TRAC), version PF15, to investigate the movement of hydrogen in pressurized
water reactors (PWRs) following a small-break loss-of-coolant accident
(SB-LOCA). Also, TRAC is being used to study severe accidents in Babcock and
Wilcox (B&W) plants. The results of the hydrogen-movement investigations, along
with the ongoing B&W severe accident analyses will be discussed.

MOVEMENT OF HYDROGEN FOLLOWING AN SB-LOCA

Noncondensable gas, such as hydrogen, produced during an accident can
collect at system high points, specifically the tops of the primary coolant
loops. Natural circulation cooling may be blocked by this hydrogen. As part of
the Three Mile island Action Plan, the NRC has required that each licensee
install valves on the reactor coolant system (RCS) loops and on the reactor
vassel head. The purpose of these high point vents (HPVs) is to allow
noncondensable gases to be vented from the RCS. TRAC-PF1 calculations and
cnalyses were performed to provide guidance to the reactor operator for the use
of the HPVs. Also investigated were the consequences of operator error
involving use of the HPVs. The framework for our investigations was provided by
TRAC-PFl calculations for two PWR types. One plant [0conee, designed by B&W]
h:s once-through steam generators (SGs). The other plant [ Zion, designed by
Westinghouse (W)] has U-tube SGs. These plants were chosen because of possible

_

differences in the initial movement of hydrogen and the differences in venting
capability. The B&W plant has HPVs both at the top of the hot-leg candy canes
cnd the top of the vessel head. The W plant has a HPV on the vessel head only.

_

)
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fThe: initiating event.for the transient for both PWRs was 1a 4-in.-diam cold -
les break. . It was assumed that _ emergency core cooling' (ECC) was. unavailable
initially. The core temperature was-allowed to increase until 70 kg of hydrogen

- was ' generated _ f rom zirconium . oxidation. ECC was then initiated to' prevent
further core _ damage. The questions addressed by the calculations were:

1. where does hydrogen go,

2. how does the operator know if hydrogen is present,

:3. how can the operator remove the hydrogen, and

4. -how do errors in HPV operation affect the outcome of the transient?

The calculations show that hydrogen moves with the steam to points of Icw !

pressure within the primary loops. In the B&W plant, the loop seals did not
clear during the transient. In ' the W plant, 'a loop seal cleared providing a
preferential flow path for the steam-hydrogen mixture. If the break remains
open, most of the hydrogen generated in ' the core region simply flows out the
break. Operation'of the HPVs (which are small openings compared to the break)
does not alter this result. The disposition of hydrogen is thes out of the
control of the operator if the break remains cpen.

If the break is isolated, then the points of low pressure in the primary
system are steam condensation sites. Steam condenses at two sites within each
loop, in the SG and near the ECC inlets in the cold legs. The hydrogen moves
with the steam and collects at the condensation sites. In the B&W plant,
hydrogen collected equally in the two loops. In the W plant most of the
hydrogen collected in the loop with the cleared loop seal. As the system
refilled and repressurized, hydrogen was pushed to the top of the loop in which
it had collected (the hot leg candy canes in the B&W plant and the tops of the
SG U-tubes in the loop with the initially cleared loop seal in the W plant).

_

The indications that the operator is receiving at this time are that the coolant
temperature, level, and pressure are increasing. If, in addition to these
indications the operator determines that the primary liquid is subcooled and
that cooling the SG secondaries (by dumping steam) does not result in primary
cooling, then the presence of a bubble is indicated. Having determined that a
bubble is blocking flow, the operator must act to remove it. In a B&W plant it
is possible to remove the hydrogen by means of the candy cane HPVs. Venting the
hydrogen allows the loops to be filled with liquid. Cooling the SG secondaries
will then result in natural circulation l'.ow and primary cooling.

In the W_ plant the presence of nydrogen in one loop will not prevent
cooling by means of natural circulation flow through the other SGs. The
hydrogen bubble located in the tops of the SG U-tubes cannot be vented directly.
" Bumping" the pumps was found to be effective in moving the hydrogen to the
vessel head where it could be vented. Several cycles of pump " bumping" followed
by venting will remove enough hydrogen to refill the affected loop with liquid
and' allow natural circulation to begin.

Optimum HPV operation requires the operator to carefully monitor the
primary pressure. While the HPVs are open, the pressure decreases. When all,
or most, of the hydrogen has been vented from a given location, the pressure
will begin to level or increase. Because of the small size of the HPV lines and
valve orifices and the resulting low flows, errors in their operation will not
significantly impair plant recovery if other plant equipment, specifically the
HPI system, is functioning properly.
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SEVERE ACCIDENT STUDIES IN A B&W PLANT

Los Alamos is currently performing accident analyses for the Oconee plant
which has a Nuclear Steam Supply System designed by B&W. A representative set
cf the risk-dominant sequences as identified by the Reactor Safety Study
Methodology Applications Program (RSSMAP)6 will be simulated using TRAC.

First, the sequences will be analyzed assuming no operator actions are
taken to terminate the transient and the time of core uncovery will be
determined. Next, potential operator actions to halt progression to core
uncovery will be examined. The time available to initiate action in a given
cequence will determine which specific actions are feasible. For example, in
sequences that do not lead to early core uncovery, the operator has time to
consider recovering lost systems or to develop fairly sophisticated actions
using other plant systems (such as using control rod drive pumps to cool the
Browns Ferry core during the fire). In summary, operator actions and the times
by which they must be taken will be examined.

|
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TENTH WATER REACTOR SAFETY RESEARCH EWLUATING EQUIPMENT PERJVRWANCE AND

INFORMATION MEETING IMERCDCY PROCEDURES
CAITHDUIBUllC. MD

ocT n use

OMM OF MRW NOMG
SASA ACTIVITIES AT LOS ALAMOS

A PWR SB-LOCA

* *' '" ^ * * '
L WOVEMENT OF HYDROGEN FOLLOWING A PWR

AND COOLING
SB-lhCA

TW1 ACTION PLAN RMUIRE HICH PolNT VENTS (HPV)e

2. SEVERE ACCIDENT STUDIES FOR B&W PLANTS
e PURPOSE OF THIS WORK IS 70 PROVIDE CUlDANCE FOR USE

(OCONEE-O OF HPVs

e TRAC-PFI CAlfULATIONS FOR AN SB-IDCA IN OCONEE AND

ZION PROVIDE FRAMEWORK FVR INVESTICATIONS

IMPORTANT ISSUES INITI ATING TRANSIENT

COLD LEG BREAK (0.008107 M* 4 IN DI AMETER)e
o WHERE DOES H GO?

e ECC INITI ALLY UNAVAILABLE- DTECT OF BREAK ISOLATION

e TEMPERATURE INCREASE RESULTS IN 70 KG OF Hao HOW CAN OPERA 1VR DETERMINE IF H IS

e ECC INITI ATED TO PREVENT FURTHER DAMAGE

o WHAT IS THE OFTIMAL RECOVERY PROCEDURE' e BREAK LEFT OPEN OR ISOLATED
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.- < CONCLUSIONS" * * ' *

.. "
e WHERE DOCS He C0'

. =-
5 - BREAK OPEN OUT BREAK* ' ' '

.-p
f - BREAK ISOLATED INITI ALLY TO CONDENSATION1 b ''

,

h SITES. THEN TO HIGH POINTS WHEN RErlLLED*
..

>., . ' e HOW CAN OPDtATOR DETERMINE IF He IS PRCENT'
- . .

- NO DIRECT WEANS
' *

- PRESENCE INFERRED FROW PRlWARY CONDITIONS
''.,=,..: ... .x,.. .. , .m ,.

Tiwt (.)

SEVERE ACCIDENT STUDIES FOR B&W PLANTS
CDNCLUSIONS (CONT'D)

o WHAT IS THE OPT!WAL RECOVERY PROCEDUREo e USE DOWINANT ACCIDENT SIEENCES IDENTIF1ED IN RSSWAP

STUDY OF OCDNEE-3

OCONEE (B & W)
e CDNSIDER DELAYED OR DIERADD PERFDRWANCE CF CRITICAL

- BLEED H USING CANDY CANE HPVs
SYSTEMS

ZION (E)
e WWTOR REPONSIE IN EWERCDC PROCDURD

- BUMP PUWP

- BLEED H USING VESSEL HPV
* IWMICATE STRAElES FVR PREVENTING CORE DAWACEOPEN HPVs UNTil PRIMARY PRIESURE BEGINS

TO INCREASE e EsTABUSH ACCIDENT SIGNATURES AND CRITICAL

SYSTEW RIr0VERY NOT ENDANGERED BY OPEN EQUIPMENT /OPER ATOR ACTIONS

HPV IF ECC IS FUNCTIONING NORWALLY @h
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