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ABSTRACT

The initial release version of the TRAC code (TRAC-Pl) was transmit-
ted to N with draft documentation. This version is designsl to analyze
IOCAs in PWRs, but is sufficiently versatile to also tres” a broad range
of experiments. A mumber of lmprovements were made to RAC including an
upgraded steady-state capability, time- and pressure-dependent £ill
boundarv conditions to better simulate BCC injection systems, improved
core: heat transfer features, and a better movie production program. In
the TRAC developmental verification area, the CREARE refil) experimental
coopar isons were extended to cases having high EOC suboooling, improved
agreement between calculation and experiment wes cotained for a heated
core Semiscale blowdown test, and stendy-state calculations were oom-
plated for a LOFT nonnuslear hlowdown exper iment. Tn the TRAC applica-
tions area, earliec PYL caloulations were extended to include subcooled
het-leg injection, reflood heat transfer, and quench front motion; a
sheady-state calculation was pet fumed for a typical four-loop U.S5. FWR;
mxdeling of the four-loop cylindrical core Japanese reflood facility was
campletad; and preliminary calculations were performed for the INEL air-
wvater injection tests, The thermal-hwdraulic research effart focused on
Aetermining the appropriate critical flow multipliers for different noz-
zle cr break geametries, the development of a two~dimensional (slab geom-
etry) computer code to analyze the proposed Japanese reflood exper iments,
the analysis of a broad range of ramped steam flow CRFARE downoomer ex-
per iments with the R-TIP code, and the conparison of 2-D and 3-D tech-
niques for treating fluid-structure interaction problems. In the IWR
safety experiments and instrumentation area, progress was made on devel-
oping a Stoiz lens video system and oxpled data reduction capability to
examine two-phase flow conditions.

{n the IMFER area, the analysis of postdisassembly expansion previ-
ously performed with SIMER-I was repeated with SIMER-II. A comparable
calculation with nominal parameters predicted the system kinetic energy
was about a factor of 10 lower than thac calculated with SIMER-I. A
one-dimensional, two-phase expansion dynamics study was per formed with
SIMER-1 and results compared to similar calculations with the WORDY
Lagrangian hydrodynamics code. The ability of SIMER-I to predict the
hydrodynamics of a nonuniform expansion process was confirmed by this
study. Initial results from multicomponent condensation experiments are
in gocd agreement with predictions by the new model recently implemented
in SIMER-II. In other work in the SIMMER verification experiment activ-
ity, diagnostics develupment for and statistical analysis of the inter-
field drag {air-particle) experiments were completed. Also, initial flow
caastdown simulation exper iments were performed. In fuel motion diagnos-
tic systeme evaluation work in the IMER safety test facilities project,
initial analyses were completed of densitometer traces of film radio~
graphs tak:-n ot 37 and 169 fuel pin arrays at the PHERMFEX flash x-ray
facility. The analyses indicate that the information contained in the
transmitted x-rays is sufficient to provide about 1 mm spatial resolution
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and a mass denaity sensitivity of about 1 q/(xz ayl about 2 v.;/cn2 for
the 37- an) 169-pin arrays, respectively. This is about 6% sensitivaty
in asch case,

In the fiasion product task area of the HIGR safety research program,
the cendum desorption kinetics studies reported lest quarter were repeat-
ed and the initial results were verified., Analytical wock concentrated
on cptimizing the direct search algorithm in QUIL/UTC, modifying the
evaluation of burst relsase in JUVIUS, and preparirg a preprocessor for
SIWIUS. Data reduwetion for the seimic model tests in the structural
evaluation task was ompleted. A new elastic-plastic censtitutive model
for ooncrete was developed for implementation in NONSARC, A probabil-
istic reliabllity assescament of a single-cavity PCRV was perfarmed. In
woxk with the (YIAP serics of HICR system transient snalysis codes, an im-
prowad lower plenum modile was developed for the Ft. St. Vrain version
(GR-2), reverse heliun flow heat transfer w ° added to all primary loop
mockldesi, a general one-dimengional tube and shell heat exchanger sub-
routine wvas developed for FSV emergency cooling problems, and a modile
for calculating fuel particle failure and nuclide release duri-g accident
transients was developed. Rapid depreasurization accidents ucing the FSV
miel were also studied during this period.

Progress oontinued in plamnineg and developing the hardware for the
CFR subacsenbly disruption exper iments. Delivery was awmpleted on most
of the parts required to assewmbls the 37-rod full-lemgth test fixture and
ite first test assembly. The heater rod qgrinder (s now fully operational
ard an inftial set of graphite loater rads produced for the first 37-rod
test assenDly. A test plan for the first 37-rod test was outlined,

In the reactor oontairment eraluation program, progress was made in
the areas of {mprovirg the (M E onde, providing a better analysis of
tydrogen concentration distrittions within contaimment structures, es-
tablishing standard modeling precedures for subcampartment analyses, and
predicting the consequence of a3 main steam line break within a coniain-
ment structure,

xvii
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I. INTRODUCTION
(J. P. Jxckson and M. G. Stevenson, Q-DD)

The Los Alamos Scientific Laboratory (IASL) is conducting a broad-oased
nuclear reactor safety research program. A key fi~et of this program concen—-
trates an providing a detailed understanding of the behavior of reactor Sys~
tems under postulated accident conditions. Both analytical and exper imental
efforts are included. This report sumarizes the technical progress fram this ;
work in that area. ‘

The repcrt is mainly organized according to reactor type. Major sections '
Jdeal with Light Water Reactors (IWRs), Liquid Metal Past Breeder Reactors
(IMFERs) , High-Temperature Gas-Cooled Reactors (HTGRs), and Gas-Cooled Fast
Reactors (GCFRs). The last section of the report discusses work in the area i
of LWR reactor contaimment evaluation.

The research discussed in this report was per formed by a number of divi-
sions and groups at IASL. The names and group affiliations of the individual
staff members respansible for the work are given at the beqgimning of each sec- !
tion. Most of the work was performed in the Snergy (Q) Division. Other divi- ’
sions contributing to the program were the Theoretical (T) Division, The Chem- ;
istry-Materials Science (OMB) Division, the Design Engineering (WX) Division,
and the Dynamic Testing (M) Divisien.

e bulk of this research was funded by the U.S. Nuclear Requlatory Com-

mission (NRC), with certain projects Leing funded by the U.S. Department of
Energy (DOE).
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II. IMR SAPETY RESEARCH
(J. . Jacksor, Q-DO)

Progress from three projects in LASL's UWR safety research program is re-
ported in this section. These related projects are supported by the Division
of Reactor Safety Research of the NRC (RSR/NRC). The first project focuses on
the development, verification, and application of the Transient Reactor
Amalysis Code (TRAC). The secand concentrates on thermal-hydraulic research
related to LR safety problems and the development of component codes. The
third supports the above analytical efforts with nodel development ard verifi-
cation experiments and also develops advanced instrumentation techniques for
use in MR safety experiments. An additional project that encompasses LR
contairment system analysis and evaluation is reported in Sec. VI.

A. TRAC Code Develorment and Verification

(J. C. Vigil and R. J. Pryor, Q-6)

The TRAC code is an avanced, best estimate computer program for [WR ac-
cident analyses. It provides an improvement over previous system codes both
in structure and in the more accurate treatment of key thermal-hwydraulic phe-
nomen: . The modular structure of TRAC permits the efficient development and
maintenance of more detailed models of system campanents. The treatment of
multidimensional, two-phase flow in the vessel more accurately models the im-
portant phencmena that oocur during accident conditions.

The first release version of TRAC, called TRAC-Pl, was transmitted to NRC
in Decenber 1977. This version is directed toward loss-of-omolant accidents
(LLCAs) in pressurized water reactors (PWRs). Because of its versatility,
however, TRAC-Pl can also be applied to a wide variety of analyses ranging
from blowdowns in simple pipes to integral LOCA tests in multiloop facili-
ties. Later versions of the code will treat boiling water reactors (BWRs) and
will provide capabilities for Anticipated Transient Without Scram (AIWS) and
Reactivity Insertion Accident (RIA) analyses.

In conjunction with the TRAC development effort and as a part of a closely
onpled verification effort, the code is being applied to a broad range of re-
duced-ascale water-rea~tor safety exper iments., These exper iments are designed
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o stuly separate and integral effacts that occur during all stages of a

LOCA. TRAC predictions are compared with the exper imental results to ver ify
the thermal-hydraulic models in the code.

Me jor accomplistments Auring the past quarter in the areas of TRAC devel-
opment and verification include: ‘

1. release of TRAC-Pl with draft documentation to NRC, ]

2. completion of generalized and PWR steady -state capabilities for
M‘Pl'

3.  inccrpocation of time and pressure-dependent fill ocundary conditions,
4. ocompletion of an inproved movie production program,

S. inoorporation of several improvements to the core heat transfer
P—— |

€. extension of CREARE refill calculations to cases having high emergency
core cooling (BOC) water subocooling,

7. resolution of previous discrepancies hetween calculated and measured

flow rates and pressures for RSR Standard Problem 5 (heated Semiscale
blawdown test),

8. copletion of steady-state calculations for RSR Standard Problem 7
(IOFT nomnuclear blowdown test), and

9. coampletion of the first draft of a report that discusses methods for
statistical sensitivity analysis,

PR B -

1. _TRAC Cnde Develooment {
{R. J. Pryor, Q-6)

A major milestone was met during the past quarter with the release of the
TRAC-P1 code to NRC along with draft documentation. Docuentation transmitted
with the code consists of Volume T of the TRAC-P] User's Vanual., This volume
contains a complete description of th. TRAC models and methods, a user's
quide, a programmer's information section, an? a sample PWR input deck. Vol-
une IT contains the results of the verification problems and is now being pre-
pared. Work continued on completing a public relmase version of TRAC-P],which
will be sent to the Argonne Code Center as soon as the required developmental

verificacion i+  +wpleted. Several improvements related to preparing the oode
for this re” ‘e descr ibad below, !
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a.  Steady-State Carabilities
(J. M. Sicilian, Q-6)

The TRAC steady-state capabilities have been ompleted and tested in
a preliminary marner. Two option: are available to the user: a generalized
calculation that applies to any type of system geometry and a PWR initializa-
tion cilculaticn. Both calculations use the component (teration subrou-
tines to alvars the system condition to its steac - state. Both also enploy
the cowergence test algoritlms which corpare system variable derivatives with
correspondding natural time scales.

The FWR {n.tialization calculation aljusts the pamp speeds and steam gen-
erator fouling faccors in each coolant lop to obta'n a steady-state ondition
vhich matches loop flow rates and vessel inlet temperatures specified by the
user. The evaluation of system parameters {8 performed in an {terative man-
ner. An approximate stealy-state oondition is evaluated for a particular set
of pump speads and steam generator areas. A simple set of balance equations
is then solved for new values of the sy.tem parameters, using the flow and
thermal conditions cbtained previcusly. These new values are used to evaluate
a new steady state. The process ontinuey until the loop flow rates and ves-
sel inlet temperatures obtained match the user-specificd values within the
convergence ot fter fon,

b. FILL Module Improvements

(R. J. Prycr, 0-6)

T FIiL module was modified to allow the user aMitional flexibility
in specifying boundary conditions. A PIILL {8 used to specify a velocity
boundary condition at an end of a onedimensional component, such as a pipe.
Before this modification, only a fixed velocity oould be specified. The addi-
tional options permit specification of weloc.ty vs time or velocity vs pres-
sure with the possibility of trip oontrol. These options can be used to model
transient emergency core cooling (BX) injection by the high- and low-pressure
injection systems. Testing of the options was ompleted sucessfully.

¢c. Coling Standardizations

(R. J. Harper, Q-6)

Even though an effart was made during the develoyment of the TRAC

code to keep usage of nonstandard FORTRAN at a minimum, a certain number of




svstes-deper dent. features were introduced. In order to prepare the code for
release, these nonstandard usages have been remowved.

d. TRAC Overlay Structure

(R. J. Pryor, Q-6)

A new overlay, PWRSS, containing PWR initialization coding was added
to the steady-state segment of the overlay calling tree. The new code over lay
structure is summarized in Pig. 1 and Table I. This finalizes the overlay
structure of the release version of the code except that overlays STEADY and
TRANS will be combined with overlay MAIN., This will be done to reduce the
number of overlay levels to three,which is the maximm allowed by the OnC
stanlard loader. Since tlese two overlays are small, the increase in the load
module size will be minimal.

e. Prchuxction of Movies for TRAC

(J. C. Perquson, Q-6)

A new version of the POST proqrnl has been written and tested,

POST reads the TRAC movie output file and produces 16 mm oolor movies of the
two-phase flow patterns in a three-dimensional reactor vessel. The display
uses iscmetric projection of all geometric objects involved including all ves-
sel boundaries and ports. The flow is visualized by the motion of tracer par-
ticles whose velocity, density, and onlor are functions of the local vapor and
liquid properties.
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Pig. 1.
TRAC overlay structure.
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TARLE I
TRIC OVEZRLAYS
Overlay Descr iption
MAIN Controls cverall flow of calculation. (The MAIN owverlay also

contains many service routines used throughout the code.)

INFCT Rexds input and restart files, assigns LM storage space and
saves input data there, anrd analyzes PRR loops for PWR initial-
ization calculations.

INIT Initializes oomponent data and graphics tables.

STEAOY Performs a steady-state calculation, using eithe: the general-
ized or the AR initialization option.

TRANG Performs a transient calculation.

OUTER Performs one complete outer iteration.

oUTn Performs all the imer {terations for a single one-dimensional
oonponent during one outer iteration.

QUT3D Performs all the imer iterations far a VESSEL during ane cuter
iteration.

TWOTIM Bvaluates maxizum normalized rates of charxje throughout the
gystem.

PWRSS Bvaluates new paramcter values for the PWR initialization eptior.

DUMP Adds a durp at the current time to the TROIM? file.

EDIT AXs an edit at the current tine to the TROOUT file.

GRAP Ad3s a graphics edit at the current time to the TROCRF file.

Specific features of the new version of POST, which were not handled by
the original version, include:
1. Pipe connections can occur at any mesh cell face.

2. The user can select the type of poct cutline (e.q., the cell face
perimeter or an ovular image).
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3. Particle flow ¢isplay can be restricted to certain r-6-z intervals
within the veer e] (all particles having r-6-z coordinates outside
these intervals are rot plotted).

4. Vessel geametry allows both lower and upper plenum definitions,
5. Vessel rctation (for display enhancement), can be time-coordinaterd

with previous POST runs. This is used to merge files fram different
runs.

2 oS S L A 5
LR R Y s

i
3
|

Formal checkout of POST is comp'ete, and the program is successfully being ap-
plied to the CREARE downocmer calculations described later in this report.

W

2. Fluid Mechanics Methods i

(D. R. Liles and J. H. Mahaffy, Q-6) ]

Most: of the past quarter was used to debug and refine the TRAC code before 1

release ard to write the appropriate parts of the user's manual. The one- 1

dimensional arift-flux wodel used for the lcop camponents in TRAC-Pl was {

discussed in the previous quarterly report.? The three-dimensional, two- !

fluid model used in the vessel module is described below. The nomenclature i

used in this section is defined in Table II. 1

i

]

|

TABIE 11 :

NOMENCIATURE FOR 3-D TWO-FLUTD BQUATIONS |

{

|

Independent Va. iables ‘

t Time. ;

r Radial ooordinate in cylindrical geometry. :

) Azimuthal coordinate in cylindrical geometry. )

x Coordinate for one-dimensional geometrv.
z Axial coordinate in cylindrical gecmetry.
Other Variables
A Area.
c Shear ar fricti-n coefficient in two-fluid equations. |
D Diameter. !
© Specific internal energy.
FA Flow area. :
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TRE IT (cont)

Other_Vaciahles (cont)

h

hﬂl

Hlpsnzabc,pqncb—:n’é<~l§-ﬂv§

t, 6,2
c£l/2
641/2
211/2

Spreific enthalpy o heat transfer coefficient,

Latent heat of veparization.
Russelt number.

Pressurd.

Heat genecation .ate.
Reyrolds musbex.
Tesgperature.,

Velocity.

Wydrodynamic cell volume.
veber namber,

Vupax volume fraction or shemptivity.

SR PY TAT AR TG O I T T R N LR T T W

TR

Net volimetric vepx pralxction rate due to phase chawe,

Incrament.
Visoosity.
Microscopic density.
Surfooe tension.

bhocr fpts
Butble.
Droplet.
Vapox (gus) field,
Bydaulic.

Inter face (liquid-vepor) quantity.
Liquid field.

Liquid to vapor.

Mixture quanstities,

Relative quantities.

Cylindrical coordinate directions.

Mesh c2ll boundary indices,

Saturation quantitics.
Wall quantities.
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a. Differential tions

The field equations o4 describing the two-phase, two-fluid flow are
given below.

Mixture Mass Ppation

|

Gpn .
% + V- [a pg Vg + (l-o)pl Vl, =0 (0

Vapor Mass Bouation ]
d{ap ) *

—-5-;_9—4?-(099‘79)-1' 2

Vapor Pguation of Motion

v c
i -}. --—r—Q -v
x’”’g""’g"—"zl"r Ye-go Yy

' i
a oq tg 4 g9
|
c !
-aﬂ_v v | 1
Dg 9 9 3

sl -

Liquid Pguation of Motion

Wl Ci

1 r -
e V'Y, - (I-aip, VelVel q . (l-oipl Vy = Vi)

Lo i .

_ S Yl
(1=a) Py «)

Mixture Enerqy Bguaticn

3[(1—-0)9l e, +tap e ]
3t [(l-n)pl e, Vl +a pq e‘j Vg]

=-pV-. [(l-u)vl+uvg] qug+qw£

(5)
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Vapor Bergy Bouaticn

Aup_e =
__,.S_S!Jv. (;pqvqeg)--psg—pv- (qu)O»%fq,‘qi-mag'(s)

ot
where

P = 00 * (- alp, L
ard

Ve Vy-V - (8)

b. Pinite Difference Pquations

The momrtum equations are separated into the three coordinat»
caponyents.  Only the vapor equation will be discussed with the unvlerstanding
that the liquid mosentus equation is treated in an analogous manner. The
three casponents cf the vapor-momentum differential equation are:

Axilal (%) Component




Azimithal (9) Component

e av V., v vV V. W 1 3p
)\ 0,90 _ 90, &9 ,y & .2
'599; bl —32—* r 3 ' r gz 9z Pt 90
c T -y v.|.
- \,p—’g' g9 Vt.e”vge Vgl apg 98 igd’  apg, g8 (11)

Velocities are defined on the mesh-cell surfaces as shown in Pig. 2 where sub-
script "a® stands for either £ or q.

In the staggered scheme’'® used in TRAC, the velocities are located an
the mesh-cell surfaces at the locations shown in Fig. 2 while the volume prop-
erties, p, a, T, e. , etc., are located at the mesh-cell centers. The scalar
field equations are written over a given mesh cell while the mamentum equa~-
tions are staggered between mesh cells ir the three amponent directions.,

To write out the difference scheme for each of the manentim cJuations is a
rather lengthy process due to the cross-derivative terms. Therefore, only the
vapor z-direccion finite difference equations for a typical mesh cel)l are
given to illustrate the procedure used.  The time levels are indicated by the
superscript n (old time) or ntl (new time). The subscr ipt g (for vapor) will
be dropped except where it is needed for clarity of the presentation. Using

these conventions, the finite difference vapor momentum equation in the
z-direction is:

A L

YLl o N ey

v, (£,8,2+%) °
4 T Vz(t,(),z+l) -Vz(r,e,z)l

lE n¥l
L (!’,9.24‘1) "p(rlojz)l

pn(r.e,zﬂs)Az

11

V (r,0,z+ %) n

V' (r,0,24%) = Vo(r,0,2+%) - At ’fk—-—[vz(r%.e.z#s) - Vz(r-’i-o-z“-’)]
Vo (r,8,2+%) P
+ T48 Vz (r,0+§,z+9s) - Vz (rle“%lz"‘k)l
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- n+l
N ciz(r.S.Z*&)'_‘fqz(r,e.Z?) i vh(rlelz+k)]

a"(r,8,2+%) p (r,0,24%)

n
- [ng(r,u,z”g) - vu (rlelz"%)'

Tn(r,G.Z‘ﬁ) le(l‘:eaz“j) - viz(rlelz"%) |n+1

a"(x,0,z4%) ¢ (x,0,z+%)

i csz(r.e.z+%) V:+1(r,e,z+¥)IV:(r.G.z+%)|

un(rvelz"%) On(r.aoz*i)
where At is the time-step size.

Vv _(rr12,0,2)
-

v (r,0,2+1/2)
-

v.a (',0"/2,1’

Fig. 2.
Three-dimensional mesn—cell velocities,
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As with any finite difference scheme, certain quantities are required at
locations where they are not famally defined so that additional relations are
necded. The volume properties, I', a, and pq are donor celled, depending on
the direction of Vl(r,e,zds). for example, i

a(r,®,z+%) = a(r,8,2) if Vz(r,e,z*&j) 20 :
= a(r,0,z+l) if Vz(r,e,z#;) <0. 13
The radial component of velocity at axial location z+% is obtained from
Vr(r.e,z“;) = ’c[Vr(r&,e,z) + 'I:(r—lj,e,z) + Vt(ﬂq,e,zﬂ)
+V, (r-%,0,2z+1)] Ny

with a similar expression applying to Ve(r.e.z“;). The spatial differences 3
for Vz are also donor celled. For example, in the r-directiun,

v, (c+%,0,2+%) - V, (r-%,0,2+%) =V, (r,0,2+%) - V,(r-1,0,2+%) 1

if v _(r,0,2+4%) 2 0, or

. . st U

=V, (r+1,0,2+%) -V, (r,0,2+%)

5
if v (r,8,2+%) < 0. (15)
The finite difference relations for the scalar field equations are written

in conservation form,moting, of course, that internal energy is mot a con-

served quantity. The finite difference form of the overall mixture mass equa-
tion is

nl _ n n ol n n+l
Pm = P * (Bt/wol) | FA, [((l-a)ol) AR (apy) v;" l

2%

R onal n n+l m ol
-thﬁl((l-o\'\l) V: + (o.og) V;HL‘%-#FAP_% I((l-a)pl) V:»

i +1 L » 1 n 1
+ (npg) V; }r-}: r‘_"‘il((l-u)t),.) VT + (Gpg) V:r lrﬁ

13
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where vol is the Mwdrodynanic cell volume and FA is the [low area at the mesh-
cell ndge, The other scalar equmtions are differenced similarly,

All of the ficld equations (1-6) have additienal source terms to allow
piping to be commected anywhere ia the mesh., These sources in the scalar
equations contain both an explicit and an implicit term. The implicit term is
Itecated with the rest of the new time variables in arder to provide a won-
sistent (in terms of time differencing) prucedure for providing one-dimension-
al cornections to (he vessel. The source terms appearing in the mass and en-
ergy equations are given below. Subscripts p and v refet to pipe and vessel
quantities, respectively, and Vm and e, are given by

- cxogv9 + (1~ u)_p}il,_\L (17)
m LI
and
. - cmge‘J + (1 -rm)ple2 ;
m P (18)

Overall Mass Continuity Scurce Term

n 1
(o FA VD' R

Vapor Mass Oontinuity Source Term

n 1 PPy n
[(apy) FA VD Iy + lai) - FA V1D

14
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Overall FPrerqy Sousce Term

n oo p’.ps L, n
[(p. em) FA a ]p + [a(l-a) o (eq et) FA v:lp
(p,~p.)
1 L g n
- pv(\fm" m)p + pv[a(l-a) o FA vt)p

Vapor Enercqy Source Term

p,p
n "Ml t'g n
1
[(apq eg) FA b p+ [a(l-a) o eql’AVr]p

p
n "n-tl L n
B Pv(o FA e )P . pv[a(l-a) o FA vr]p

The momentum source terms are complicated due to the staggered differencing
arvl the fact that pipes may enter at an arbitrary angle. For the present code
version, we have assumed that the pipe enters normal to the vessel mesh-cell
face. The basic forms for the liquid and vapor momentum scurce terms are:

Liquid Mcmentum Source Term

L %2) ?/TI\J

Vapor Momentum Source Term

Y.
Vg B/
where
*q
Vl = Vm - o VI (19)
and
v Py
Kk g A (20)
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If strocture exists in the wesh oell, the hydrodynamic flow areas and vol-
umes are reduced (ram their geomel:ic mesh-cell values. Thus, FA may be less
then o equal to the gaametric mach-cell area, and vol may be less than or
ejual to the gemmetric mesh~cell volume. Flow areas may also be set identi-
cally equal to zero, If this is the case, all flixes across that plane are
suppreased along with the individual velocities of each phase. This procedure
allows large chatacles such as the downcamer walls to be properly modeled.

The usir i3 allowed caplete freedom to gpecify the flow and volume
restrictions,

The finite difference equations thus formed are semi-implicit, since the
pressure qgralient terns in the vepor and liquid momentum equations are treated
at th? new time. A Courant stability criterion of the form

viat .,
v, Vv

vV V. V_ Vv
vl gz g9 ar "tz 40 ir
L= = "5z ' 8 * ix )

In arder to solve the system of finite difference equations, a linecariza-
tion procedure is carried out. All of the scalar equations are reduced to a
linear system in Vl, Vg. Tye 'rg, a, and p. This is accamlished by using
the thermal egquations of state:

= T
pg og(p, g) '
the caloric eqations of state:
€ = ¢ Ty

" . 'T.)»
g = 8P TP

and the definitions for e g LI

A further reduction in the system {5 acoomplished by cohoerving that the
finite difference vapor and liquid momentum equations yield equations of the
form

16
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vy (21)

where conv designates the explicit convection terms and FRIC includes both the
wall and interfacial shears. BPguation (21) indicates that changes in V are
lineacly dependent (after an explicit pass on the explicit parts of the momen-
tum equations) ‘n changes in pressure. The system of variables may therefore
be further reduced to 'rl. ‘l'q, p, and a and solved by a Block Gauss-Seidel
method. Reference 7 provides a much more detailed description of the basic
Newton Block Gauss-Seidel numerical technique.

One improvement to the method proposed in Ref. 7 has been implemented to
reduce the camputing cost. The linear system that results from this method is
a block seven-strip matrix. In performing the Gauss-Seidel operation, if the
nonlinear terms are not updated, the matrix coefficients ramain constant for
the time step. In this case, a Gauss elimination technique can be applied once
at each time step to the seven-stripe block array, which allows its reduction
to a seven-stripe single-elament array. This results in a mxh faster itera-
tion (after the first iteration) for the pressure. When the vessel pressures
are obtained to a specified convergence criterion, a back-substitution is per-
formed to unfold 'rl, Tg, and a and the velocities for each phase. The thermo-
dynamic properties and their derivatives are then updated in preparation for
the next time step.

c. Costitutive Pquations

The field equations (1-6) require certain auxiliary or constitutive
equations to effect closure. It has already been mentioned that thermal and
caloric equations of state for each phase are required. 1In adition, the
liquid and vapor wall shear, intecfacial draqg, wall heat transfer, interfacial
heat transfer, the net vaporization rate, and a specificztion for the inter-
facial velocities are necessary.

The wall heat transfers q“g and q,, are accounted for in the standard
way, as described previously.” The wall shear coefficients c. and

are defined as

S,

o it it i e

o s Pl

el e . S il Bt b

PP S —

tq
Sy © cwg 2 (22)
and
c
fL
C‘l’_ - (1‘0)01 3 (23)
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where ct.9 and Ce N are, respectively, the vqxr ad liquid wall friction
factors., The standard Harwell c:xrelatim is employe? o provide tne wall
friction factors. The average cell vector velocity is used to define the
mesh~cell Reynolds rnumber, and the two-phase multiplier is calculated using
cell-certerad quantities. A tot.l friction factor is calculated from the in-
formation above and is ascribed conpletely to the liquid momentum equation un-
til a vepor fraction of 0.9 is reached. From aof 0.9 to 0.9999. the shear is
assigned with linear weighting to both the liquid and vapor. Beyond a vapor
fraction of 0.9999, a pure vapor drag coefficient is calculated (laminar or
Blausius) and assigned totally to the vapor momentum equation. If the vapor
fraction is less than 0.0001, a single-phase liquid correlation (laminar or
Blausius) s used,

A gingle friction coefficient is generated for both the outer radial and
upper axial cell face fram this procedure. However, the hydraulic diameter
used in the radial and axial directions will, in general, vary depending on
the gecmetry. These hydraulic diancters are calculated trom

Dh = ‘mi/Pi' where i = §,2,r

and where the wetted per imeter (Pl) normal to direction i includes the sur-
face area of any rods, wall heat slabs, or flow boundaries. If there is no
solid material in a mesh cell, the wall shear is zero. A similar procedure is
used to arrive at a wall shear in the theta direction. In this case, however,
vector velocities and properties on the appropriate theta face (rather than
the cell-centered averages) are used in order to achieve theta symmetry, where
such symmetry should exist,

The basic finite difference scheme will properly calculate classical
Bourda losses at an ewpansion hut overpredicts the losses at a eontraction.
At present, no additional correction at a contraction is supplied automatical-
ly by the code, but an additional constant hydraulic loss factor can be speci-
fied by the user in any of the coordinate directions and at any mesh face.

The flashing rate I' is determined from a simplified thermal energy jump
condition.® 1n both the vapor continuity equation and the vapor thermal
energy equation, the potentials 'l‘ - 'rg and Tg = T, are evaluated at the
new time level while hqui and h lAi are evaluated at the old time.

18
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The Lterfacial heat transfers during boiling and the interfacial shear
are calrulated in conjunction with a simple flow regime map.'Y Pigure 3 i1-
lustrates the maner in which the flow map is implemented in the code.

If the void fraction is less than or equal to 0.25, a bubbly flow is as-
suned. The interfacial surface area in this regime is calculated in conjunc-
tion with a critical bubble Weber mmber Hab (100 is used in the present
code) :

"z‘énb_“ab

AR U

[

S flacm i oo

R

R e

Heb o
B _7% 2 (24)
where Db is the bubble diameter. Por this diameter, and assuming a uniform
bubble distribution within the mesh-cell volume (vol), the number of bubbles is
6 a vol
o,

and the interfacial area is

P T

Ai =6 a vol p‘ Vf/thb o .
(26)
“
i
BUBBLY BUBBLY INTER- ANNJLAR
FLOW OR POLATED OF.
SLUG ANNULAR
FIOW MIST
00 025 0.50 0.75 1.0
VAPOR FRACTION a !
Pig. 3.
Flow regime map for three-dimensional hydrodynamics,
1
19 4
e —————— . ——— Al Wt i b+ A et TNl el MG i 4 . D T T e N . .m-.-“c.“.-’v



— ey ey R R T - L e oy — o - - . .
[ g nTYy e aaaad g s ded ] T AT 0 W W e T G P S WA T (T TR ¥ T A YT A 5 i —- e

The liguid side interfacial bcal transfer coefficient is taken as the larger

of an aporoximate foarmulation of the Plesset-Zwick bubble growth mdelg'u
" ap!’ h
M = 0.95493(T, - T‘}Dl a‘,i:; /lt)g(h8 g~ %s l” n
and a sphere convection cnefﬂcimtlz
0.5
Nu= 2.0 + 0.74
o T (28)

where

Rey, = 0y Ve By¥y -
The intecfacial shear coefficient is provided by a rather standard set of
formulas for a zs;:hete:13

ap
Q'C—brf (29)

where
Q= 240 for R'sb < 0.},

= 24/Re, for 0.1 < Re, < 2,

0.68
= 9.35/&'b for Re > 2.

If the cell-average mass flux is less than 2000 and the vapor fraction is
between 0.25 and 0.5, the flow enters the slug regime. At the maximum a of
0.5, 40% of the vapor is assumed to exist in the form of trailing hubbles with
the remainder contained in the slug. Trece bubbles probably contribute the
majocity of the interfacial heat transfer, and the liquid side cocfficient 1S
calculated fram the relations for the entrained bubbles. If the mass flux is
greater than 2700, all of the vapor is assumed to rxist in bubble form.
Linear interpolation in mass flux i{s used in the range 2000 to 2700. In the
slug regime the interfacial drag is volume—averaged between the slug and the
trailing bubbles with a constant drag coefficient of 0.44 usea for the slug.

In the vapor fraction range of 0.75 to 1.0, an annular ot annular mist
regime is employed. An approrimation to the Wallis entrainment correlation
is used to estimate the fraction of liquid that is in droglet form:

29
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E 1 - epl- 0.125(J; - 2.1)] (30)
where
vV.u o X%
J'=10 a —9-0—9- (-g') .
Py

The remainder of the liquid is in a film or sheet. The wetted surface area
of the mesh cell is determined fram the rod or slab heat transfer area in the
cell and that portion of the geometric flow area which is blocked off. If the
cell is in a region devoid of any structure, the gecmetric surface area is em-
ployed as a scaling factor. This is, of course, artificial hut in a realistic
PWR simulation very few, if any, of the mesh cells are completely free of
metal structure. The total interfacial surface area is determined by the sum
of the areas contained in the wetted film and the droplets. A critical Weber
mmber equal to 12 for the drops is used with a calculation procedure that is
similar t~ that for bubbly flow. The liquid side heat transfer coefficient is
simply

hiw = ¢ ke/Dy s 31)
where ¢, a constant, has been adjusted to drive the drops to equi!ibrium under

a variety of flow conditions. 1In the present code, ¢ = 15070 wh.-h, inplies a
thermal boundary layer in the drops that is about a thousandth of the drop
diameter. 1In the film a correlation

Nu = 0,0073 Re (32)
is employed to predict h; .. The Wallis annular flow model' determines
the shear for a wavy film while the same drag correlations used for a bubble
are employed if droplets exist. The droplet Reynolds rumber s defired as

d " % (33)

Since the actual relative velocity calculated is hased on a shear that has

been averaged between the film and drop correlations, a separate fmcticnls
is used for th:
X

de = 1.4 a[9.8 0(9" - og)/o;l . (34)
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In the interpolated regime defined in Pig. 3, a linear interpolation in -
wpor fraction is mad: between the conditions that would exist if the vapor
fraction were at 0.75 in the awnular or anvwlar mist topology, and the condi-
tions that would exis! If the flow were in the bubbly or bubbly slug regime at
a void fraction of 0.5. This makes the correlation for the interfacial shear,
interfacial heat transfer, amd surfaon area a continuous function of vapor

raction, relative welocity, mass flux, and the various fluid thermodynamic
and transport propertics.

W2 now discuss the vapor-side heat transfer coefficient and the liquid
heat tranefer coefficient during condensation. The vapor heat transfer coef-
ficiint 13 the simple functicn hy = c, where < = 1 % 16, This implies
that the rate for hoiling or condensation is determined principally by the
liquid side coafficient with a vapar coefficien” designed to drive the vanor
toward the saturation temperature. The formulation for the total liquid heat
transfer coefficient hual usad for bolling seems to provide too high a
coefflicient during condensation., It is anticipated that a condensaticn rate
based on a film model mijht be mxe appropriate. Therefore, for condensation
the interfacial arcva is :alculated from

Ai = (vol/Az)c,

where the coefficient ¢ ocounts far a rough interface and is egual to 10.
The specific heat transfer coefficient is the sane as the f£ilm coefficient
used in the annular boiling regime. This model for condensation is admittedly
simple arvl may be improved in future versions of the code if aditional test-
ing indicates that this is desirable.

3. Heat Transfer Methods

(W. L. Kirchrer, Q-6)

Several modifications and inprovements have been made to the heat transfer
packages in the TRAC code. The conduction solutions have been updated to al-
low specification of either implicit or semi-implicit boundary oonditions.
The addition of the former allows rapid convergence of the temperature field
calculation for stuady-state solutions. A rudimentary dynamic gap conductance
calculational method has been added and tested. The conductance is calculated
as a function of gap gas oonductivity and radiation terms. Provision for
future incorporation of a contact conductance term has been made. Radiation

22
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,;; heat transfer from wall to liquid in the film boiling regimes and a major im-
& provement in the reflood heat transfer nodalization have been added.
a. Radiation Heat Transfer to Liquid :
g The radiation heat transfer coefficient is based on Branley'sl‘
3-’} analysis: ‘
o 4 _ .4 |
P i heap ™ @ F(T, = T,)/ (T, = Ty) ]
: 1
P = o————m——,
.l_' + l -1 ‘x) i
€ a

¢ = emissivity of the wall,

a = absorptivity of the liquid, and

o = Stefan-Boltzmann constant,
Since this method is only strictly applicable to parallel wall configurations,
the value obtained is weighted bv one minus the vapor fraction (1 - a). This :
model will be improved as a more sophisticated dispersed flow film boiling
regime analysis is added. |

b. Refloord Heat Transfer !
Limitations cn oomputer running times required TRAC fluid cells in

the core region to be on the order of a half meter in length in the axial
direction. However, uver reflood conditions, signifizant variations in
transport processes may take place in a much shorter axial lencth. To allow
improved modeling of these processes, without inrurring prok e oomputer
costs, a renodalization of the fuel rod conduction calculatin was made avail-
able. Based on user-supplied input, the coarse axial mesh corresponding to
the fluid cell is subdivided into an arbitrary number of fine-mesh intervals.
The radial conduction solution is then applied in each fine-mesn interval.

Material properties and gap heat transfer coefficients continue to be !
base? on coarse-nesh values, but heat transfer coefficients are now evaluated
for each fine mesh. To better approximate actual temperature profiles, a tem-
perature interpolation scheme has been added to initially fill the fine-mesh
temperature fields. A Lagrangian interpolation sdaner’ is used:

it &
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T(z) = z: L T . (3
=0

where

(z-zo) ven 272y _4) (z-z“l) (z-zn)

L, =
i (zg-z) ... 2=z Y2200 «oo (2472) (38}

and 1" are ol 2 coarse-mesh texperatures. The quadratic equation obtained by
fitting three atjoining coarse-mesh temperatuces at a time yieldc tiy fine-
mesh profile.

To ensure omnse vation of energy, and taking advantage of constant propey-~
ties within a coarse mesh, the fine-mesh temperatures (‘t‘j) are normalized as

follows:
.
- T T 39
'rj Ne Ty 'rj/z 'rj ’ (39)
=1
where

!t = nu;ber of axial fine meshes in coarse mesh i,
'l‘j-azjosz+c,
ard a, b. and c are obtained from BEg. (38).

A second procedure incorporated in the reflooxd initialization s a search
to locate quench fronts., Rather than assume the corc {s dry at the beginning
of reflood, which may ot be the case, a pattern search of each average rod is
made for the cambined eondition of clad surface temperature less than the
Leidenfrost temperature and sufficient liquid available to form a film on the
rad. Two quench fronts per rod arc acoounted for: a falling film fram the top
and a bottom quench front.

4. TRAC Developmntal Verification

(K. A. Williams, Q-6)

The verification problems chat will be included with the documentation of
v#2 first public release version of TRAC have been selected., These problems
<re now being run with the code version recently released to NRC. The prob-
iems were selected (o prowvide verification of the code over the large class of
problems on which the TRAC code can be employed. These problems range from
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simple unheated pipe blowdown exper iments to the large-scale exper iments that
are prototypical of full-sized reactor systems,

Vecification problems selected for TRAC documentaticn include:

1. Bdwards horizontal pipe blowdown,

2. CISE unheated pipe blowdown (1008 break area),

3. CISE heated pipe blowdown (100% break area),

o>

RSR Standard Problem 2 (Semiscale isothermal! blowdown)
® RSR Standard Problem 5 (Semiscale heated blowdown),
CREJRE refill experiments,

Semiscale blowdown/reflood experiment (Test & 95-1), and

5
6
7. FLEMT reflood experinent,
8
9

- RSR Standard Problem 7 (LOFT nonnuclear blowdown experiment — Test
L’ e) -

In addition to refererce calculations of these problems, the documentation
will include tte results of parametric studies and a blowdown/reflood calcula-
tion of a typical PWR with BOC injection.

The pipe blowdown problems and Standard Problem 2 have ali been rerin with
the release version of the code, TRAC-Pl. Results from these calculations are
similar to or better than those previously reported.

Calculational results from Standard Problem S are now ir much better
agreement with experimental data cn mass flow rates and pressures. This im-
provement was due to the correction of an error in the geometrical input
data. The calculated rod temperatures are in gond agreenent with the data, as
they were before.

The CREAIE refill calculations have been extended to include cases having
the highest BC water subcooling that was tested (80 K). This case also had
the highest reverse core stean flow rate.

FLEO reflood calculations are continuing and have identified a problem
area; that is, the overprediction of liquid above the quench front. Possible
olutions to this problem are currently being investigated,
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An initial steady-state calculation has been performed for LOFT nonnuclear
blowdown Test Ll-4. The results are {n very good agreement with the experi-
mentally measured steady-state values. Calculation of the actual blowdown is
currently in progress.

a. TRAC Analysis of Downomer Effects in the Creare 1/15-Scale

Vessel
(K. A, williams, Q-6)

Dut ing the previous quarter, TRAC was used to analyze downcomer ex-
per iments conducted by Creare with a 1/15-scale vessel. The purpose of this
exper iment. was to better understand how delivery to the lower plenum of BOC
water is affected by reverse core steam flow rate, BOC water subooling, and
superheated walls., The previous calculations had included only -ases having
low subcooling and low reverse core steam flow rate. This quarter TRAC was
used to analyze cases having the highest BXC water suboooling as well as the
highest reverse core stuam flow rate reported by the Creare experimenters.
The same modeling of the Creare vessel (as discussed last quarter) was used in
the current analyses.

The lowest BOC water temperature used in the Creare countercurrent flow
exper iments is 303 K (857F). A case using this water temperature and oper-
ating near the cmplete bypass point (thus having the highest reverse steam
flow rate) was computed. The dimensionless countercurrent steam flow, J;c'
is equal to 0.30 for this case. This steam flow results in complete typass of
the BOC water injacted at a rate of 3.785 x 10™° m'/s (60 gom) . The TRAC
calculatizn also resulted in complete bypass of the BT water.

Aother case was analyzed having an intermediate value of BC water tem-
perature. This case was at an BXC water temperature of 339 K (150°F) and an
injection rate of 3.785 x 10.3 m3/s (60 gpm). The dimensionless reverse
core steam flow was J; = 0.17, producing partial delivery of BCOC water to
the lower plenum and partial bypass. Prom the reported penett;atim curve,
this should result in a dimensionless water flow delivered, de' of approxi-
mately 0.01. This means that about 18% of the injected BX water is delivered
to the lower plenum. TRAC computed a value of 0.008; i{f the point is plotted
on the penetration curve, it is seen to fall within the range of uncertainty
for this curve, which is estimated to be about $ S%.
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Finally, the original penetration curve that wes analyzed last qmrt.erz

was recompited to see if recent minor changes to the three-dimensional,
two-fluid hydrodynamic package produced any effect. Three cases were computed
such that the entire range from complete bypass to oomplete delivery was
owered. These calculations again produced good agreement with the experi-
mental penetration curve.

b. Analysis of RSR Standard Problem No. 5

(J. W. Bolstad, QO-6)

Both steady-state and transient verification calculations have been
performed for RSR Standard Problem No. 5, a Semiscale blowdown exper iment with
an active core and steam generatos, The calculated cladding temperature re-
sponse for this experiment was presented in the last quarterly progress
repoct.” Comparisons with experimental results of the other calculated
thermal-hydraulic output variables have been made and a reprosentative sam-
pling of these comparisons is presented here.

The calculated break flow ratec are shown in Figs. 4 and 5; the agreement
with experiment is good. The prediction of the cold-leg side break mass flow
rate is slightly high for the first portion of the transient. However, it is
believed that the measurement is on the low side Auring this time periai.m
Error bars in these and other fiqures are estimates of the uncertainties in
the experimental measurements.

A compar ison of the calculated and exper imental lower plenum pressure is
shown in Fig. 6. The agreement is quite good except for the first six sec-
onds. The cause of this discrepancy is currently being investigated,

The calculated and e perimental fluid temperatures are shown in Fig. 7.
The core flow is negative for the first five seconds, and the effect of the hot
core fluid being swept into the lower plenum is evident in both the calcula-
tion and exper iment .

Campar isons of the pump differential pressure and mass flow rate are shown
in Pigs. 8 and 9. Both quantities show good agreement between the predicted
and exper imental values. It is noted that the initial pump differential pres-
sure is smaller than experiment; this is due to the fact that the initial ex-
perimental pump head and flow rate do not agree with the given pump homologous
curves.
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Caorpar isons for the stecm generator (primary side) outlet density and
pressure are shown in Figs. 10 and 11. The pred.cted density oompares favor-
ably with experiment while *ho steam generator cutlet jressure is slightly
overpredicted for tre first 10 s,

The overprediction of the pressures in Figs. 6 and 11 har been traced to
the fact that the calculated pressurizer pressure decreased too rapidly. This
occurred because the experimental apparatus has a very high resistance in the
pressurizer surge line, and this high resistance was not reflected in the TRAC
calculation. The calculation {s currently being repeated with the correct
surge line hydraulic resistance.

C. Analysis of LOFT Nonnuclear Test L1-4 (RSR Standard Problem

No. 7)
(J. J. Pyun, Q-6)

Test Ll-4 is the fourth in a series of five nonnuclear isothermal
blowdown tests performed by the Loss-of-Fluid Test (LOFT) program?® and is
designated as RSR Standard Problem No. 7. The LOPT facility was designed to
simulate the major components and system responses of a large pressurized
water reactor during a LOCA. A hydraulic core sim.lator assembly was in-
stalled in place of the nuclear coce. Test Ll-4 was periormad frew initial
conditions of 552 K and 15.75 MPa (absolute pressure) ani had a 200% (100%
break area in each leg) double-ended offset shear break in the simulated colAd
leg. The purpose of this test was to provide system thermal-hvdraulic data to
compare with predictions and other experimental data for code verifications,
and to provide ommparison of delayed HPIS (high-pressure injection system) and
LPIS (low-pressure injection system) injection to the cold leg and the lower
plenum. The TRAC model of this system, and the calculated results for
steady-state conditions, are described here.

Figure 12 shows a detailed noding diagram for this problem, along with a
TRAC arrangement o. xmpanents and junctions. The system is modeled using 21
junctions and 20 camponents containing 176 fluid cells. The reactor vessel is
modeled using the three-dimensional VESSEL module contairing 56 fluid cells.
Except near the break, the ~ell dimensions are approximately 0.2-2.0 m long.
The cell length for the fully ‘mplicit PIPE modules near the breaks (compon-
ents 15 and 16) varies fram 0.02-0.1 m.
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Th2 steady-state oxditions were calrulated with TRAC by rumning a tran-
sgient mlculation with initial c:r:nditic'ns:',1 of zero flow rate, aniform pres-
sure, and temperature distrikctions. At time zero, the pumps were started and
the transient was initiated. The system flow rates, pressure, and temperature
approach their steady-state distributions after one loop cycle time (~ 3-4 s)
because the whole system is under isothermal conditions, and heat transfer
anong components and within a compooent are negligibly small. In addition, no
heat (s generated within the reactor core. This steady-state calculation re-
quired approximately 30 s of CPU time an the CDC-7600.

Table TIT shows the compar ison hetween calculated and measured initial
conditions. In general, the agreement is very good (i.e., within 0.1%) except
for the differential pressure across the primary pumps in tne intact loop.
The disagreement in the pum. differential pressure is procably due to the fact
that the measured value is not alweys consistent with the corresponding mass
flow rate generated by the homplogous pump characteristic curves used in TRAC,

Transient caloculations, based on calculated steady-state initial condi-
tions, are being performed for the system Jepressurization transient with BOC
injection to the intact loop cold leq.

S. Statistical Sensitivity Analysis

(M. D. McKay, Q-12)

The first daft of a report that discusses four methods of sensitivity
analysis was coampleted. The report examines the partial derivative, the
partial derivative of a response surface, an averaged partial derivative tech-
nigue, and the partial rank correlation coefficient as measures of sensitiv-
ity. The measures are stulied relative to the local view cf sensitivity anal-
ysis, which is ooncerned with output variability in a neighborhood of a single
point in the input space, and with respect to the global view, which is on-
cerned with output variability over the entire range of inputs.

An investigation into the matter of minimum sample size requirements for
sensitivity analysis wes initiated. Tentative indications are that sample
size must be at least cne (and more often two) larger than the number of in-
puts under study. This lower limit will nld for most analysis techniques un-
less restrictive assumptions on the relationships among inpats and ocutputs are
made. The investigation is continuing.



TARLE III
COMPARTISCN OF INITIAL CONDITIONS FOR LOFT NONNUCLEAR TEST Ll-4

Paraeter Calculated Measured
Loop Mass Plow Rate (kg/s) 268.00 268 40
Pressurizer Pressurc (MPa) 15.73 15..5
Pressurizer Water Mass (kg) 414.80 418.80
Pressurizer Water Level (m) 1.15 1.16
Steam Gererator Primary Side Pressure (#Pa) 15.70 15.75
Steam Cenerator Primary Side Inlet Temperature (K) 552.30 554,00
Stzam Generator Frimary Side Outlet Temperature (K) 553.20 552.0C
Steam Generator Secondary Side Pressure (MPa) 6.65 6.65
Steem Generator Secondary Side Temperature (K) 553.00 552.00
Cote Inlet Temperature (K) 552.20 552.00
Total System Mass (kg) 7677.80 7652.2
Differential Pressu.e in Intact Loop Across

Primary Pumps 1 and 2 (MPa) 0.10 0.13

A method for measuring the sensitivity of an output to a grouwp of inputs
taken collectively is being implemented in the analysis code. If successful,
the method will enable the detection of joint importance of inputs,which may
have a very low degree of importance when taken separately,

B. TRAC Applications
(J. C. Vigil and P, B. Bleiweis, 0-6)

The scope of the work described in this section includes the application
or TRAC to full-scale light water reactor (IWR) transients and to the large-
scale German and Japanese reflood tests. These applications provide design
assistance, pretest predictions, and posttest analyses for the exper imental
programs. In general, they are used to help with the planning and coordina-
tion of the large-scale reflood experiments. TRAC applications to these ex-
periments also help validate the code for use on full-scale IWR systems. Ap-
plications of TRAC to full-scale IWR systems provide best estimate predictions
of the consequences of postulated transients.,
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Effort In the TRAC applications acea during the past quarter has ~oncen-
trata] on an extension of a PRL calculation reparted in the last quatt-_»rly2
rxd on the noding and steadv-state calculation of a typical U.S. PWR in prep-
aration for the first cowplete TRAC PWR LOCA calculation. The PKL demrstra-
tion problem described below extends an earlier calculation by the inclu.ion
of suscooled hot-leg injection, reflnod heat transfer and quench front mo-
tion. The ca.culation was also extended over a longer time period. The re-
sults serve % dernstrate some of the important multidimensional capabilities
of "RAC. A detailed model for a typical U.S. PAR has been completed and the
model ad results of a steady-state calculation are also described below. In
aXlition to these two maior projects, a TRAC model of the Idaho National Pngi-
neering Laboratory (INEL) air-water injection tests has heen completed and
preliminary test calculations perfoarmed. The four-loop Japanese cylindrical
oore reflood test facility was also modeled during the past quarter. rinally,
initial contact with the SAM cade developers regarding its use for design-
related calculations and test analyses cf the Lananese slab core experiment
has been made.

1. PXL Demonstration Problem

(P. B. Bleiweis, Q-6)

As a prelude *o actual PKL posttest analyses, an extension of the prelim-
inmary PKL calculation reported in the last qmrterlyz was performed. The
preliminary calculation was a short simulation of a hot-leg break with hot- and
oold-leg injection at saturation and mo reflood heat transfer. The new calcu-
lation extends the previous PKL preliminary calculation to inclule subcooled
hot-leg injection, reflocd heat transfer, uench front motion, and a much
longer simulation time. The main purpose of this particular PKL calculation
is to demonstrate sume of the mul:idimensional capabilities of TRAC such as
1iquid pool formation above the upyer core support plate (UCSP), penetration
into the core from this pool, hot-leg injection with subcooled liquid, reflood
heat transfer, and quench front motion. In addition, such a calculation
serves to test TRAC on a large, complicate problem.

Figure 13 shows a schematic of the TRAC PKL arrangement. Figures 14 and
15 show a side and top view, respectively, of the TRAC noding for the PKL
vessel., The PXI schematic and noding diagrams were presented previously but
are repaated here for the convenience of the reader, Note that the
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croan~hatched area shown in Pig. 14 is a no-flow region which, {n the real
system, is blozked off by metal plates. As cn be seen €rom Figs. 14 and 15,
there are 8 angular segrents, 4 radial rings, and 10 axial levels totalling
320 ™AC mesh cells. In addition, five fine-mesh cells per coarse-mesh are
included in tre noding for the reflood heat transfer calculation. As shown in
Fig. 14, the hot-leg injection pipes enter at the same angular locations as
the hot legsn thesselves but at one axial level lower than the hot legs.

As menticned previously, the calculation is a hot-leg break beginning with
an all vapor systaatapressureof‘.?xlosl’a. The power curve employed
{s 1.7 times the ANS standard decay heat curve.?? Initial vapxr tempera-
tures are at saturation (417.4 K) and the initial fuel rod temperatures are
shown in Fig. 16. At time = 0.0 s, the hot-and oold-leq (njection systems
begin to operate with the hot-leg BT liquid entering at an initial tempera-
ture of 308 K and the cold-leg BXC liquid at 400 K. This 'as done to separate
the effects of the subcooled nt-leg injection. For this demmnstration prob-
lem the 90 systems were nodeled by constant pressure hreaks at 6.2 x 10s
Pa. Because of a lack of detailed experimental information, exact BECC flow
rates were not available. The 2 x 105 Pa pressure differential forces the
ECC water In at much higher velccities than were present in Che actual test.
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PKL initial fuel rod temperatures.

41



Thus, the sequence of events, such as pool formation and lower plenum filling,
is accelerated, compared to a normal test,

Sir~e qualitative, rather than quantitative, trends were desired and
since ... particular calculation does not match an actual test, the results
are displayed in a semiguantitative manner. Referring back to Figs. 14 and
15, the important parameters that demcastrate the phencmena mentioned above
include time—dependent woid fractions and quench front positions for cuts in
the ¢,z plane directly across the hot leg (double-loop leg) entering at Cell
29. The time-dependent behavior in the r,z plane across from the other hot
legs is similar.

Figure 17 shows void fractions (four different shade® regions) and quench
frent positions (lines in the core) for mesh-cell segments 29, 21, 13, S, 1.
9, 17, and 25 in the r,z plane at 1.5 s after the transient has bequn. At
this time, a small pool an the UCSP (axial level 8) has bequn to form (the
wvoid fractions are between 0.75 and 0.0). A quench front has formed on the
rod in scgment 21 because of the low initial temperatures for the outside
rods. At this point in time, there is between 0 and 25% liquid in this cell
80 that immediate quenching can occur. Figure 18 shows the same plane at 5.0
s after the begiming of the transient. At this point in time, the pool m
the UCSP has spread to all the segments shown and liquid has bagqun to pene-
trate into the core. Thus, all of the rods in the segnents shown have formed
falling films (quench fronts), while the two outer rods have formed both top
and bottom quench fronts. Again, even a small amount of liquid (between 0 and
25%) is cnough to quench the lower, colder portions of the outside rods. At
the same point in time the cold-leg BOC water has also bequn to enter the ves-
sel fram the simulated downcomer.

Figures 19 and 20 show the middle and end stages of this particular calcu-
lation. Figure 19 shows the wid fractions and gquench front positions at 10.0
S into the calculation. As can be seen, the lower plenum has begqun to fill
and some of the hot- and cold-leq BOC water has started to quench all the rods
on the bottom. Finally, Fig. 20 shows the results at the end of the calcula-
tion (25.0 s). At this point, all of the bottom and top quench fronts have
moved to the next coarse axial level and the core is begimning to fill with
liquid. In addition, a fairly stable pool has formed on the UCSP. The calcu-
lation was stopped at 25.0 s because it was felt that the important physical
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phenomenon mentiocned previously had been adequately demonstrated. Thic prob-
lem has served to demonstrate some of TRAC's capabilities in preparation for
more detajled posttest znalyses.

2, U.S. PWR TRAC Model and Steady-State Calculation

(P. B. Bleiweis and J. R. Ireland, Q-6)

A typical U.5. four-loop PR design, which combines features of a variety
of different Westinghouse PWR desiqns,n'zs was set up during the past
quarter. Pigure 21 shows a schematic of the loop and vessel arrangement used
to model the PRR. Shown in this figure is the loop that contains the pres-
surizer; another locp, which represents two of the other typical PWR loops
(these two loope are modeled separately in the actual TRAC calculation); and a
third loop,which represents the broken loop. Also shown in the figure are
junction numbers (circled mumbers) and component numbers (numbers in
squares) . There are a total of 42 ~omponents and 45 junctions. As can be
seen from Fig. 21, each of the three intact oold legs includes a tee connected
to a F1LL which mode]l both the HPIS andd LPIS. These legs also include a tee
connected to a valve and an accumulator. There are no EOC systems included in
the broken cold leg because it was assumed this system was not operational and
would not significantly affect the transient.

Almost all of the dimensions for the pipes and tees in each of the loops
were obtained fram the RELAP input?! for the BE/EM study.?> Piqure 22
shrws the noding for the three unbroken cold legs from the vesse. to the steam
generators, including the BOC systems. Most of the cells in the pipes and
twers are on the order of 1-2 m long, excent where geometric considerations
forced the use of smaller cells. The HPIS and LPIS are combined into ane in-
jection tee comnected to a FILL module on each of the three unbroken cold
legs. The actual HPIS and IPIS flow rates, which also were obtained from the
BE/EM study, are combined through this tee when these two systems are actuated
by trips Auiring the transient., As can be seen from Fig. 22, the acoumulators
are comected to a valve that (s tripped open when the valve pressure on the
loop side decreases below 4.08 x 10° Pa. The pump characteristics such as
speed, head, torque, and dimensions, were obtained fram Ref, 25,

Pigure 23 gives the dimensions and noding for the hot leg that contains
the pressurizer. A tee connects the vessel to the steam generator, and the
secondary side of the tee is used to model the long surge line comecting the
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Fig. 21.
TRAC schematic of a typical PWR.
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pressurizer to the hot leg. The only Adifference between the hot leg contain-
ing the pressurizer, shown in the figure, and the other three hot legs {s that
the tee {s replaced with a pipe cowecting the vessel to the steam generators.

Piqure 24 shows the noding for the broken cold-leg pipe and gives the nod-
ing uned far the pipe Airing steady state and the noding that will be used
after the break. During the steady-state calculation all the pipes are calcu-
lated using the gemi-implicit option in TRAC,

Picure 75 presents the noding scheme used for the PWR pressure vessel and
fcs amwociated internals. As can be seen, there are 8 angular, S radial, and
10 axial nodes totalling 400 TRAC cells. This noding distribution was chosen
to define the following regions in the vegsel: core, upper and lower plena,
uwper head, barrel-baffle saction, avl the downcomer. The positions of the
axial nodes correspond to major flow restriction locations such as the flow
distr ibntor plate, lower core support plate, and upper core support plate.

The location of the aziruthal nodes accounts for the eight vessel penmetrations
(four hot legs and four cold legs), while the radial noding accounts for the
three major -adial power regions (orifice zones), The radial noding also
defines the barrel-baffle region and the downocomer.

The lower plenum extenrls from the bottom of the first to the top of the
seory] axial level, where the lower core support plate is located. The core
axial boandaries extend from the bottom of the third o the top of the seventh
axial level, where the upper core support plate is located, while the radial
oxe boundary is located at the oore shroud (the outer edge of the third
radial region). The barrel-baffle region also exterrls from the bottrm of the
third to the top of the seventh axial level, and this region extends from the
third to the fourth radial regions between the core shrouod and core barrel. A
eall amunt of flow aresa is available through the core shroud in the radial
direction and at the bottom of the second level in the axial direction for the
barrel-baffle region to allow for cooling and depressurization. The downcomer
extends fram the bottam of the first to the top of the ninth axiil level and
is lacated in the fifth radial zone between the core barrel and the vessel
wall. The upper plenum exterdds fram the top of the upper core suppoct plate
in the eighth axial level to the bottom of the (pper support structure
ascembly located in the ninth axial level. The hot and cold legs enter at the
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ainth axial level. The hot legs extend into the fourth radial region, while
the cold legs penatrate the fifth radial region only and feed directly into
the cownoomer inlet. Finally, the upper head of the pressura vessel is
located in the tenth axial level between the top of the upper support struc-
ture assembly and the top of the vessel,

e e

o o :
GV Vs

T

¥

v,‘.,.,
o )
5

R

e

¥

4
g
"% R

Rt

x;“

F1!

b Th
5 B

L B oy
_V_Q.r" %'t e ]
oy g

b e e

A%
)
?;;.

UNBROKEN COLD LEG #1
(SEMIIMPLICIT PWE)

e e . i i et e e i R sl il . B s e e il st b il

:

M-
1):{. P T T T B L §i. gé = E
i o, |y 2 ts ! ‘. | . ' . A JvEssEL :
.}}, | | ' | | ! 1
ot i 1 1 L !
ey 4 - oese
4 - o
BROKEN COLD LEQG #1
(MPLICIT PIPES)
X ' m AX*0'm
B T T - S -
e l ' ] Pt .'l T 2 [N | 1 | | ! ' l ' VESSEL
Ld 1 Lle)\lLll - 1 1 L A 1
i
BALAK EAK !
Fig. 24. !
TRAC noding for broken cold leg. 3
51 !




AT T I o sag

B i g ey

OUTLEYT (MOT LEG}

UPPEA CONE

S
-l T, T 71
papd P = e
|
| ! | 1 INLET (COLD LEG)

7501 |— _. < - _1 f—l—

SUPPORT PLATE €082 | -—T:-"?—.:- - —:— '— - DOWNCOME R
w-L..L-r. |._..4 -1. }_L _.4/— BARREL BArFLE REGIUN
1 | -1 /

AT b= = —— - e - - ﬂ 4 -

| I | | | 'l CORE BOUNDAR

mr—'ﬂ-—- -— —‘ - e w—— r

el L Lo 11t
i b | .N;

2408 - - '1"'|"|-T-l—l—|"’"\_ LOWER CORE
I SUPPOAT PLATE
¢ 2 | | | [

e 11 L1 1 l
00 s 18134 219N
% an
Rimd
Fig. 25.

52

TR noding for pressure vessel,

o g g |




»

PR et Y i

R
e
",i
3
%
b

. P T S - — ——

Based an the goometry and noding described above, a steady-state calcula-
tion was perfouncd using the generalized steady-state option in TRAC. The
calculation wa', run to 140 s of reactor steady-state time. All of the initial
velocities in the input were set to zero. Until the pumps reach full speed,
the reactor power is also internally zeroed %0 prevent boiling in the core,

At arproximately 17 s, the velocities in the system have almost reached a zero-
power steady state and the power is turned on. It thus takes approximately
another 12 s before all the temperatures, velocities, and pressures converge

to a steady state,

Figqures 26 through 31 shuw some representative s eady-state results for
velocities, pressures, and temperatures. Figqure 26 shows the mixture velocity
time histories for the four ool legs at the cells comnecting to tie vessel.
Figure 27 shows the velocities for the four hot 1ags at the vessel junctions
and the pressurizer the* is connected to hot leg #4 (HL #4). Note that the
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state calculation to prevent it from emptying. Figures 28 and 29 show the
stoady-state pressure time histories for the hot- and cold-leg cells at the
vessel junctions, and for two axial locations in the vessel. (at the same r and
@ locations), respectively. Figures 30 and 31 show the awrage hot- and cold-
leg temperatures at the vessel junctions and two vessel locations, respectively.
As can be seen from the velocity histories, the cold-leg velocities es-
sential 'y converge to a steady state within 60 s. It takes longer for HL #4
because th pressurizer ii connectad to it. Since the initial condition guesses
for the system were only rough estimates, it takes the pressurizer about 100 s
to converge to a zero-discharge velocity. During the first 5 s, the pressurizar
empties rapidly into HL #4 to make up for the zero initial velocity condition
input to the cade. ter a zero-power velocity is achieved in the system, the
pressurizer velocity decreases until a zero-discharge velocity is reached.
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Prom the pressure histories in Pigs. 28 and 29, we see that the
steady -state pressures take 60-80 35 to oonverge. The cold legs have a higher
stealy-state pressure than the hot legs due to the pressure drop throuth the
core. The core pressure drop is shown in Fig. 29.

Fram Pigs. 30 and 31, it can be seen that initially the system fluid tem—
peratures decrease, since tle power {s zero, hut after the power is turned on
they increase and eventually oconverge to their steady-state values. The
steady-state AT of about 33 K is the expected design value, and the other
steady-state results are quite reasonabla.

3. Preliminary Noding of the INEL Air-tater Injection Tests

(D. Dobranich, Q-6)

The INEL air-water injection tests will enable a preliminary investigation
of some of the important phenrmena and flow characteristics in the region
above the upper core suppoact plate during the reflood phase of a PWR LOCA.
These tests are directly related to the proposed German upper plemm experi-
mts,z a] posttest analyses of these tests are being performed. Using air
in plae of steam in the test eliminates condensation. This allows the phen-
anenon of trothing (or foaming) to be observed exclusively in arder to deter-~
mine its importance as a mechanism for hot-lag carryout. The mechaniams of
entrainment and fallback will also be ~*served,

The test vessel is designed to allow a flow area for one Westinghouse 15 x
15 fuel hundle with sufficient upper p'enum space to allow fo. scaled upper
plenum internals. A preliminary TRAC noding scheme for this vessel is showi
in Pig. 32. The vessel is represented by 7 axial, 2 radial, and 2 angilar
segnents, A hot leg 18 connected to the vessel at axial level 5. The ocounter-
current flood plate, spacer, and core suppoxrt plate are represented by an area
restriction in axial level 4. A short section of simulated fuel rods is
located in levels 1 and 2. In the experiment, air and water will be injected
at the bottam of the vessel, At present, the appropriate air-wate: flow rates
can be achieved by adjusting the initial values of velocity at the first axial
level.

Very preliminary TRAC calculations have been per farmed to check out the
noding. These were done with steam—water and are not representative of an
actual experiment. Aditional calculations will be performex] after the first
series of tests have been completed,
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4. TRAC Noding for the Japanese Reflood Experiment
(D. Dobranich and P. B. Bleiweis, Q-6)

The loops of the 2000-rod Japanese cylindrical ocor2 reflood exper iment
have been noded for preliminary TRAC calculations. A preliminary noding
scheme for the vessel was repor’ed in the last quarterly repott.2 This nod-
ing has since been chanced de to new e 'gn information and is also described
belcw. Figure 33 is a schematic of this model,which, along with Table IV,
references all the major ocompanents and their relative locations. As can be
seen from the fiqure, the experiment and TRAC model consist of a vessel with
four hot and four oold legs connected to two steam generators. Comnected to
all four oold legs by tees is a low-pressure injection system (represented by
a fill camponent) and a valve controlling an acoumulator. Fach accumulator in
the model represents one-quarter of the wolume of the actual accumulator and
the valves are trip-controlled by primary system pressures. A break coamponent
is connected to both ends of the broken oold leg while the remaining hot and
cold legs remain intact.

Pigure 34 is a noding scheme for the 2000-rod, electrically heated cylin-
drical vessel. The vessel consists of 10 axial segments (corresponding to in-
strument locations), 4 radial segments (correspondding to different Meated oore
regions and a downcomer), and 8 anqular segments (correspon®’'ng to the 8 ves-
sel penetrations). The oold legs enter the fourth radial region feeding into
the downcomer while the hot legs enter the third radial region passing through
the core barrel. The downcomer extends from the second to the eighth axial
segnent and the core extends fram the Lhird to the sixth axial segment,

5. Analyvis Support for Japanese Slab Core ‘lests

(F. H. Harlow and A. A. Ansden, T-3; and P. B. Bleiweis, 0-6)

The development of the SAM camputer code is being carried cut in the
hydrodynamics group (T-3) at LASL and is described in anoi:har section of this
report. This code initially will be the main computer tool used to provide
design-related assistance and pretest predictions for the proposed Japanese
slab core tests. Such design-related questions as downcamer gecmetry, upper
plenum boundary conditions, and flow characteristics will be investigated as
soon as the code is finished and when more detailed descriptions of the hasic
exper imental setup are obtained.
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C. Thermal-Bvdraulic Research for Reactor Safety Analvsis
(T. D. Butler, T-3)

<
.

The research reparted in this section ad¥resses a wide variety of thermal-
hydraulic ard fluid-structure interaction problems encountered in LWR safety
analvsis. ‘This quarter we forus on the progress in four areas: 1

l. Threoretical analysis of critical nozzle flows. This study has shown
the dependence of the break flow multiplier used in ene-dimensional
oodes on the ratio of the nozzle lenjth to its diamster. The purpose
of this effort is to ascertain a priori the value of the multiplier
that is needed for a given nozzle or break gecmetry,

2. Development of a oxle to investigate slab core reflood exper iments.
The SAM computer ooxde is a two-dimensinnal, two-fluid program that

has been written to analvze the proposed Japanese reflood exper iments ;
in a slab qeometrv. 4

- e . .

3. Amalysis of transient steam-water flows in a PWR downoomer. The
K-TTF code was used to calculate a wide range of ramped steam flow
exper iments for comparison with Ast: from the Creare, Inc. 1/15-scale
BiR model. The modeling parametecs were the samwe as those determined
in previous steady-state compar .~ons and were not changed throughout
the sequence of runs. We found that the code proverly predicted
trends over the entire range, hut showed a consistent earlier-than-
measured time of delivery of the water to the lower olenum.

4. Comparison of two- and three-dimensional calculations of a fluid-
structure interaction problem. The core barrel dvnamics during blow-
down for the HDR reactor vessel were calculated bolh with the 2-D
SOTA-FIX code and the K-FIX (3-D, FIX) code. We found that a simple
physical model enabled SOLA-FILX predictions to agree well with the
more conplex, fully 3-D calculation.

1. ‘The Effect of che Throat-Lemgth-to-Throat-Diameter Ratio in Critical
Nozzle Flows :
(J. R. Travis, C. W. Hirt, and W. C, Rivard, T=3) 4
It has bren demonstrated” that two-dimensional flow effects explain . |
need for the use of a break flow multiplier in the one-dimensional anal-
ysm28 of the Semiscale Henry nozzle. Recent one- and two-dimensional
calculations, when compared with data of the LOFT counterpart mzzle?g indi-

cate that oriv a small, if any, break flow correction is needed, At first,

63




TR S e B WS Y ¢ S PN T PR s P R T AT WP ST et - - - T W -

one might claim a contradiction in that the Semiscale Henry nozzle requires a
breask fiow multiplier to bring the one-dimensional calculations into agreement
with the data and tha two-dimensiocnal calculations, while the ane-dimensional
calculatione for the LOFT counterpart nozzle 4o not require such a multipli-
er. Te abrupt entrance to the throat of the LOFT nozzle seems more likely to
exhibit two-dimensional effects than the entrance to the Semiscale nozzle
throat, which is slowly varying in cross-sectional flow area.

In order to dmonstrate the effect of entrance geametry, we ran a two-
dimnsionel calculation of a modified Henry mozzle; i.e., the entrance to the
throat!. wes made abzupt v eosentially replacing the tapered section with a
constant cross section egual to that of the inlet pipe. The mass flow rate
arvl the throat pressure for the abrupt entrance geometry was found to be ap-
prowimacely 2% less than the tapered entrance geometry for the same initial
and houmdawry conditions. Therefore, this chang: “zzle entrance geometry
into the throat accounts for only a small percenta,. of the difference between
the one- and two-dimensional thecries. Subsequent calculations revealed that
the largest effect seems to be due to the throat-length to throat-diameter
ratio.

In Pig. 35, the break flow multinliers calculated from one- and two-
dimensicnal theories are chom as a function of the throat-length-to-throat-
diameter ratio for the general geometric configuration of the LOFT nozzle.
Only the throat length i{s varied to obtain the (L/D) range indicated by the
curve. For small throat lengths, such as an orifice plate, L/ << 1, the
break flow multiplier eppears to approach the value of 0.61. When the throat
length is increased, L/D 3 1, calculations indicate the break flow multiplier
approaches unity. This indicates that as the throat length becomes suffi-
clently luwg, say L/D > 5, two-dimensional effects are no longer important and
the exit flow can be approximated as being one dimensional.

An aMilional data point representing the Semiscale Henry nozzle is shown
in the figure. The Henry nozzle has a break flow multiplier which is roughly
3% smaller than the LOFT counterpart type nozzle with the same throat L/D
ratio. Because of the tapered entrance, the two~dimensional velocity distri-
bution is slightly more pronounced at the throat, therefore reflecting a
amaller break flow multiplier.
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The break flow multiplier curve as shown in the figure does not represent
a universal funvction, Sharp ad rounded entrance crifice plates are clearly
not deacribed by this curve., However, other calculations, which are not
reported here, show that for a variety of practical entrance and exit geame-
tries, the currective dissharge multiplier reported in this figqure is correct
to within a few per cent,

2. Slab Vessel Peflonx] Calculrtions

(F. H. Harlow and A. A, Amsden, T-3)

The SPHM computer program has been written ror the rumerical analysis of
core reflcod in a slab configuration. The calculation reqion can consist of
four parts: downcomer, lower plenum, core, and upper plenum. In each there is
a specified distribution of volume fraction attributable to structural ele-
ments, either positive (Up to unity) to denote the presence of constriting
structure, o negative to denote the local enlargement of ~lab width beyond a
prescr ibed rominal dimension. Throughout each part, there is also a pre-
scr ibed distribution of flow resistance coefficients representing the noniso-
trepic friction exerted by the structural elements and slab walls, and also
representing the nonisotropic resistance of perforated support plates, which
are otherwise usumally too thin for resolution. Implicit numerical treatment
of the sugport plite resictar % allows for the representation of internal

rigid walls by means of o vry .arge value for the coefficient. The struc-
tural elements are given a roecified distrihution of init’ . temperature,
which changes in ‘e calculation as a resuit of a soecified distribution of
supplied power o | 'e effects heat flux to the »Hacent water, the latter
limited by cr 't.cal heat flux cu..iderations whenever ampropciate. The dynam-
ics, heat trar-.fer, and phase transition calculations resemble thase of the
K-TIF o.wputer program, but tle heat -ransfer calculations are myd' fied in JAM
to aconunt more direct’y for the temperature variations i~ the structural
elements.,

Typical initial conditions have the entire vessel filled wi*h stear. As
the calculation proceeds, water at a specifiod inlet temperature travele down
the downcomer or ic inserted through a hole in the sice of the iower plenum,
£1115 the lower plenum, and c.mences to penetrate into the lower part of the
core. At that stage, considerable steam is generated, moves up through the
core into the urdes plemum carrying some entrained water drop’ets, and passes
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out through a *~  in the side of the upper plenum. At the same time, the
structural elewents in the core will start ooling if the arplied power level

is low enough, and the water level will then rise thr-ugh toe core and can be

follemed through the full reflood process.

Major detugging of the computer oode has now been completed and calcula-
tion excmples are being produced with a quick-rumning mnarse scale of resolu-
tion, in arder to soope out the results obtained with a variety of different
initial and inlet conritions within the range of expected experimental
corditions. Exchange and mixture functions have been chosen by means of our
experience with K-TIF calculations and will incorporate progressively more
refined representations of the detailed microscopic physics as these bacome
available th.. 'gh the coordinated research being simultaneously carried on
with K-TIF, SAM, K-FIX, and SOLA-DF.

Six SWM calculations have been completed without difficulty as of this
writing, each carried far enough in time to demonstrate the various types of
partial or total reflood that can be accamplished in each case. No insur-
mountable difficulties with the SAM program have been encountered, and none
are expected, other than those associated vith the continuing questions of
representing extremely oomplicate) flows ‘bv means of macroscopic modeling.

One calculation example i3 shown in Fig. 36, Included are the vol'me-

fra:ti'm—ueiqhted velocity vectors for the water and steam, the volum: frac-

tion contours, and contours of watef temperature and structure tenmperaturce.
These plots are given for four stages in the reflood process, At the first
stage (t = 2.5 s) water has filled about half of the lower plenum volume, and
a study of closely spaced confiqurations shows that the water wave is sloshing
back and forth at this stage. At t = 6.0 s,water is entering the core region
and violent boiling has commenced. The structure, which continues to be
heated by a specified power input, is above the critical-heat-flux (OF)
limiting temperature over most of the left. Therefore, water entecs thie
region and the ctoler right-hand region more masily than in the central parts
of the ~ore where heat transfer is qrea‘test. Just before t = 6,0, the lower
left part of the core cooled o helow the critical heat f£lux limitation, re-
sulting in the newly developed hot spot in water temreraiure visible in the
illustration. Py t = 11.5 s, the core is nearly half flooded, with the hot-
test region of the core structure confined to the upper Teft. At t‘;e last
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Fig. 36.
volume-fractionweichted velocity vectors of the water anyd steam flow, oon-
tours of volume fraccion, ax! contours of water temperature and structure teo-
perature. Top row, t = 2.5 3; secand ro/, t = 6.0s; third row, t = 11.5 s?
bottem row, t = 18.0 s. The maxima for the first colum are, respectively,
3%.7 an/s, 42.6 an/s, 42.0 an/s, and 43.1 aw/e; for the second coluna, 37.4
a./s, 2403.0 em/ -, 1776.5 aw/s, and 742.8 cn/s; far the fourth colum, 200 .4
K, 400.0 X, 3%.0 X, and 374.1 K; and for the fifth cclumn, 505.0 K, 512.4 K,

493.2 K, and 379.5 K.
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stage, t = 18.0 s, the core reflood is almost complete ann the structure has
cooled nearly to the saturation temperature, 373 K in this example.

3. Numerical Study of Downcamer Steam-Water Flows

(A. A. Amsden, B. J. Daly, and F. H. Harlow, T-3)

A series of K-TIF calculations was performed to determine the accuracy of
the model in predictions of downcromer dynamics for a wide variety of physical
conditions. A coarse-finite-difference mesh was used in this stuly to mini-
mize the computation time. The specific set of modeling parameters is the
same as used in most of our previously reported work and was mot changed fram
problem to problem, a0 that the only variations among the calculations were
the initial and boundary conditions specifying each case.

The numer ical calculations were designed to simulate specific transient,
ramped steam flow oxped lmaiis per fovieel & Cieare, Inc. in a 1/15-scale pres-
sur izedd water reactor model. The boundary corditions used in this stuly are
illustrated in Fig. 37. The top and bottom boundaries of the computation mesh
are rigid, free-slip boundaries, while the left and right boundaries are peri-
odic. "™e horizontal line through the computation region separates the down-
camer fram the lower plenum, which is an extension of the downcamer with vol-
une approximately equal to that of the cylindrically symmetric experimental
apparatus. Steam is injected into the system throughout the entire lower
plenum at the transient ramping rate measured in the experiment. An experi-
mentally measured transient lower plenum pressure is used in the calculations
to determine the time-varying steam density and saturation temperature. BCC
water is injected into the downcrmer through the three intact cold legs (A),
and water and steam move through the broken leg (B) at rates appropriate to
volume conservation in the system. Because of the cmarseness of the calcula-
tion mesh, the effect of the tot legs (X) is reglected in this study, except
as noted below.

Figure 38 shows a compar ison between calculated and experimental filling
curves for a 60-gpm water injection rate and four different steam ramp rates.
The calculation of the Creare H-' axperiment was performed with the coarse
mesh and with a finer mesh, the re_dlution of which was double that of the
omarse mesh in both the horizontal and vertical directions. The finer scale
calculation also included obstacle cells to simulate the hot leqs, It can be
seen fram the figure that these changes had little effect on the lower plenum
filling rate.
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Fig. 37.
K-TIF comp.ration region for ummramed 3owmommer studies. The top and bottom
bounrlariva are rigid, free-slip walls, The left avd right boundaries are
periotic. %X water is injectad into the system through the intact cold legs
(A cells) . waile steam onters through the entire lower plenum region. Both
gtamn and water exit through the bruken leg (B cell), but only steam enters
the systom through this port., The hot-leg obstacles (¥) are ircluded only in

the fine-reaolution calculations.
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A ccepar ison of the calculated and experimental filling curves indicates
that the calculated delay time for the onset of water delivery {s approximate~
ly 2 5 less then the experimental value, independent of ramp rate. The cal-
culated plemm filling curves are slightly steeper than the experimental
curves,

Figure 39 shows simflar comparisons of water delivery curves for three
different water injection rates and approximately the same steam ramp rate.
The three compar i=ons show similar trends: a shorter delav time for the cnset
of water delivery and a steeper delivery curve for the calculated results as
compared to the experiments. Both of these trends are enhanced slightlv with
increased water injection rates. The water delivery curve for the 30-gmm
water injection rate experiment shows an early anset of delivery associated
with oscillatory Amping of water into the lower plenum prior to the main
delivery. Oscillatory motions of the water-steam front were also observed in
the calculations and, in some cases, these resulted in premature dumping of
water into the lower plenum.

A campar ison of calculated and experimental water delivery curves for
heated wall tests and two different steam ramp rates are shown in Fig. 40. As
in the previous comparisons the calculated delay time for the anset of walel
delivery is less than the experimental delay time. The same trend is evident
when the BT water is heated and the walls are mot [results not shown).

4, HDR Core Barrel Dynamics

(J. K. Dienes, W. C. Rivard, L. R. Stein, and M. D. Torrey, T-3)

The three—dimensional version of the K-FIXC code has been coupled with
the elastic shell code FIX to calculate the core barrel dynamics during blow-
down for the HDR reactor vessel. The results of the calculation are used as a
standard to assess the adequacy of two-dimensional calculations performed with

the som—nxn code. when a sinple physical model for depressurization in

the lower plenum and core is used in 3OLA-FLY, the results are found to agree
very well with the K-FIX(3-D, FIX) calculation. Piqures 4la through 414 com-
pare tt'c core barrel radial displacements in the r-z plane through the broken
pipe at 10, 20, 30, and 40 ms after pipe rupture. Results from two SOIA-FLX
calculations are shown to illustrate the increased accuracy obtained when the
depressur ization model is used, relative to that obtained with constant pres-
sure in the lower plenum ond core. A secticnal view of the cylindrical HDR
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Fig. 40.
Compar iscn of calculated an® exper imental water delivery curves for 60-gpm AOC
injection rate, two different steam ramp rates and superheated (JSOOF) ves-
sel walls, The light solid line in the Creare H157 experiment shows the ef-
fect of incluldirg a critical heat flux transition in the wall hrat transfer
model. Otherwise, the curves are as indicated in Fig. 38.

vessel is shown in Fig. 42. The vessel {s initially filled with subcooled
water at 543 K and pressurized to 11.0 MPa. The pressure in the lower plenum
and core decreases during the blowiown, reaching a value of about 9.0 MPa at
40 ms. This depressurization, which affects the pressure differential on the
core barrel, is modeled in the SOIA-FIX calculations by mnitoring the liquid
efflux. At any instant, the pressure in the lower plenum and core is speci-
fied as

P=p,-aim ~mAN,

where p axd m are the instantaneous pressure and liquid mass, V is the com-
bined volume of the lower plenum and core, a is the liquid sound speed, and
subscript o refers to the initial state, The depressurization describad bw
this model agrees very well with the pressure fields calculated with
K-FIX(3-D, FLX).

For these calculations, SOIA-FIX used 15 circumferential zones and 26 axial
zones to describe the Fluid dynamics in 180° of the downcrmer annulus.,
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Core barrel radial Adeflection profiles at the circumferential location of the
broken pipe at 10, 20, 30, and 40 ms after pipe rupture.
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Piqg. 42,
Sectionzl view of the cylindrical HDR single-loop vessel (dimensions in
meters) .

Similar noding was used for the structural dynamics. K-FIX(3-D, FIX) used the
same circumferential zoning, 22 axial zones (6 zones in the lower plenum), 4
radial zones, and the same noding for the stricture. A-FIX required 15
min of (C-7600 time while K-FTX(3-D, FIX) required 45 min,

The good agreerent with the three—dimensional results demonstrates that
two-dimensianal SOLA-FLY calculations provide an accurate description of the
core barrel displacements. The accuracy of the hoop arx! bend.nj stress calcw-
lations, which depend on displacement spatial derivatives to fourth order, is

being investigated for various structural nodings and will b discusse! in a
future progress repert.
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F D. IMR @.fety Exveriments 2
'!o Hn &hdd, Q'B'n

The abjactives of TASL's LaR safety experimntol program cre;

1. to prowide experimenta) support oor rodel develogment activities aw

d. bo vhvelq: awz. =3 safety expe’ u.s . instrurentaticn techniques to
faccilitate the detailed measurements - 3qulre0 for alvvieoed code
develoyment and verification effaxts

This program is conducte? in close conrdination with ervde and model aovelop-
ment projects at IASL. It s a)eo coordinated with other exper immntal pro-
grams for which advanced instrumentation is beinc d veioped,

Develoxmnt of the Storz 1lons video cystem {s proceelding o scheduls. All
of the video equipment has been procured and teets ¢€ simulaled wyoor plesum

soenes have been performed, Bquipment is being teepared for delivery tn the
PXL facility (Erlangen, W. Germany) for the performanc> of preliminary on-site
tests, A single video chunel will be Jocated to view the upper pranum Nf
PKL. The purpose of this test is to determine the severity of vlectremagoecic
inter ference ‘n the eny,ronamt where the ecuipment will have O be 1ncated
Aring the actual tests,

- The development of software for computer reconstruction of the vie™
images is approximately S0t caplete. Transfer functions of _he Storz lens
(with barrel dister*iors) and the vidioon system have been measured, This in-

formation will aliow the image simulation required for the testing of models ‘

T Y

during model development.

Progress was male on the entraimment-de-entrainment expetimmt.a Fbri-
cation of the test fixture is now about 758 complete and preliminary tesis
have been run on the water spray nozzles and air flow system, Hot-film anemor=
etry equipr-nt is operational and is awaiting arpletion of the experimental
wehicle for installation of the smnsors.

1, Storz Lers — Video System

(C. R. Mansfield, J. Spalding, and P. P, BirJ, n-8)

The work on developing the Storz lens for droplet velocity measurements is

progressing essentially on schodule.
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a. Storz Lens Development

The Storz lenses to he used in the proposed large-scale reflood ex-
perinents in Germeny and Japan are being modified to protect them from the
high steam tesperature test enviconment, We are pruceeding with two types of
protective sheaths, One conoept {3 based on a design proposed by MPR Asenci-
aten that uses a nitrogen-cooled sheath. The other oncept is hased on heat
pipe techmlogy. The work in this area has progressed to the conceptual Ade-
sign stage,

A short test of the video egquipment (n the electromagnetic environment of
the German PXL exper iment {8 plamned for early February 1978. The equipment
for this test has been ordered, some of the equipment has arrived, and some is
being fabr jcated.

The prime objective (s to run a television camera Auring an exper iment anAd
see if acceptable signals can be ravwrd 3 on video tape, Electromagnetic
shielding cases have been ardered for this test, A secorvlary objective is to
look into the upper plenum with a zom lens and make preliminary recordings of
what is cocrurring inside the plenum, We plan to look in via a sapphire window
ard {1luminate the volume with a fiber optic hbundle,

A stroboscopic flash system to be used in conjunction with the Storz lens
video svstem has been designed an! is being fabricated., This system is in-
tended to produce two o three floshes spaced as close in time as one-half
millisecond and at a repetition r.te of 30 Hz, Illumination of tne viewing
area will be through fiber optic "undles o Airect exposure, depending on ac-
cessibility and light-level raqu: wents,

b. Deta Reduction Yec aiques

Techniques are under deslomment to automatically reduce the Storz
lens data directly from the video recordings. This work ie belg Aone in con-
junction with Group M-8 at IASL. A model is being developed to cetemine the
accuracy of the deduced doplet velocities and densities and the rawve of
velocity and droplet density distributicns which can yield useful results. We
have been making measucements of system modulation transfer functions ani
moise levels to provide Group M-8 with the data which they need,

A short motion picture was produced {n October for the Fifth Light Water
Reactor Safety Oonference, The movie was intended to demonstrate two points




i the cbtainirg of stereo information from video input and

2. the ability to stroshomcoplcally expose a vidicon and then scin the
irformation in video fashion.

A xeon flashlagp was used to provide stroboscoplic exposures. Stereo-
soople views were obtained by elmultaneous recording of the cutput of bwo TV
cameras, The video signals were recorded on a 1/2-in., black and white video
tape reccrder. This wes socoaplished by alternately reooeding horizontal
lines from each comera at normal video scan rates, The composite reoording
s cneerted into a movie using eguipment at the Los Alamos Division of FGIG.

2. _Upper Plernm De-entrairment Bxperiment

(P. F. Bird, 0-8 & W. L. Kirchner, Q-6)

Denigr and fabeication of the spparatus for the \pper plerm Ae-entrain=
tent exper [ment s srproximately 758 complete. The test section that sim-
1ates the upper internals is in the prooess of teing fabricated, The water
injection section is in the design stage, including irventigation of appropri-
ate nozzles. Available conmercial nozzles present relatively uniform sprays
over a surface perpendicular to the central axis of a cone. Within some
limits, the droplet size Aistribution and flow volume can be controlled. Ad-
ditional control of the flow wolume requires changing the mumber and distribo-
tion of the nozzles. At present, an exhaust collection system will not be
used since initial information of interest can be obtained by measuring input
air and water flows and de-entrained water flow,

3. Hot-Pllm Anemameter

(P. P. Bird, QO-8)

With assistance from the TASL metrology qroup we have completed calibra-
tion of a hot-film anemometer for measuring air flows up to 100 m/s. This
calibrated anemometer will be used as a secondary calibration for other anemo-
meters and gas flow measucing equipment,

We have added a linearizer and zero suppressor to our hot-film aemometer
equipment, AMitional calidration is necessary to use this general purpose
polyremial linsarizer an? zero suppressor. Initial ctservation of falling
water droplets sugjests that the signal due to remanent film drying is rela-
tively small and rather insignificant cowpared to the total signal from a
passing droplet. The relatively larger trailing signal due to the remanent
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film Aying (3nd sean in the nomlirear lzed output from @ Mot~file anemcmeter)
is characteclatic of the quertic nrmlinearity of these devices.

With the assistance of LASL electronics grope we have desigred and are
fatricating a device to take the cutput signal from a hot-fllm swermeter (or
orhatr & vioea,whizh detect the grosance of liguld® droplets entrainad in flow-
ing alr), and conwvert it to read digitally as woid froction. The ocutput can
almn v stored (n a cmputar-ontrolled dsta scquisition systen, This tech-
nigue will be evalusted to detarwmine rangas of conditions over which it can be
splie! i wether {t will tave General utility in two-phase flow experiments.

4, Umemwad Doncomer Exper iment

(V. 8. Starkovich, 0-8)

feconfiguration ot the umrapped downcomer apperatus has been conpleted,
The new version wvas dealgned to better cotrespond to the existing SOLA-TIF
mesh-cell onfiguration. 1In addtion, the air flow meters have been cali-
brated at pressures wp to 100 psig, to limit uncertainties in the air-flow
dsta at high poessures and volumetric flow rates.
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XIY. DFOR SAETY RESEARCH
M. G. Stewenson, 0-00 and J. E. Bouireau, 0-7)

The Ligquid Metal Past Breeder Reactor (IMFER) safety ressarch effort at
LASL ornsists of several programs. In the first of these, the SIMWFR onde {8
heirg developed and applied to oxe disruptive accident (CDA) analvsis with
support from the Division of Reactor Safety Research (RSK) of NRC. STMFR is
a tuo-dimsnsicnal, coupled neutronics~fluid Aynamics code intended for transi-
ticn phase, core disassembly, and extended fuel motion analysis. The second
version of the code, SIMER-1II, has been completed and is now being used in
the analysis of CDA problems.

In a separate program funded by the U.S. Depar tment of Energy (DOE),
moAels are being developed for pheromena important to the progression and con-
pequences of (DAs, Sowe of this work is basic research on phencmena, hut in
aome cases the developed models will be included directly in accident analvsis
oodes and, particularly, in SDMER. Amother part of this DOF program s
focusad on the application of the accident oodes, particularly the SIMMFR
code, tn the stuly of specific aspects of accident sequences. T™his program is
reported in Sec. ITI.B.

Exper imental inwvestigation, including onfirmatior, of reactor safety anal-
ysis metho's, is an important part of safety research., Section III.C provides
a summary of recent work in a program involvimg out-of-pile exveriments and
related analysis in support of SIMVER model Adevelopment and verification.

Pinally, Sec. ITI.D repoxte recent work in the IASL IMFBR Safety Test
Pacility (STF) study, a program funded by NRC/PSR.

A. STAER Onde Develooment and Arplications

(L. L. Smith, Q-7)

A moce implicit phase transition method has been develooed for use in
SIMER-T1. The model is compatible with the more conplex surfaces mordeled in
SIMER-1T a! is related o the conduction heat-transfer-limited model of
SIMMER-T.

The analysis of postdisassembly expansion previously per foxmed with
STMER-1 has been repeated with SIMER-II. The structure of SIMER-TI
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preclules identical reproduction of tha Input quantities ant mrriels of
SIMMES-1. Nonetheless, a crmparable calculation was performed and the svstem
kinetic energy was about a factor of 10 lower than that calculated with
SDMER-T,

l.__ STA4ZR-1T Phase Transiticn Methods

(W. 1. Bobl, Q-7)

The simple vapcrization-condensation model option used in STMER-TI is one
in which the phase transition rates are limited by heat conduction rates to or
from the intecface where the phase transition is assumed to cocur. The model
is similar to the cne used in smn-x,n zlthough three revisions were made
to the STMMR-1 equations. Pirst, mlifications were inserted to accept the
surface oxplications introduoed by the additional components and the struc-
ture surface treatment in STMER-II. Second, both the vapor intemal enecqy
and component saturation tesperatures are now evzluated in a totally implicit
fashion, althcugh the liquid and structure temperatures are asmumed to remain
omstant. Third, the vapor heat transfer crefficients are allowed to Aepeny!
{mplicitly on the vaporization or convlensation rate at a given surface. In
aMition to ti»se revisions, the resulting model equations are solved in a
different manner, as is detailed below,

In this SIMAR-II molel, the vapar ization—condensation rates ace abtainad
by iteration. Three inner {terations are oontained within an oerall outer
iteration. The first imer iteration solves simultanecusly {or the new vapor
densities, the uplatad saturation temperatures, and the heat of vaporization
assuming that the vapor specific internal energy and the heat transfer coef-
ficients remain unchanged, The secandd iteration uses the change in the vapor
conditions tn begin a calculation updating the vapor heat transfer coeffi-
cients. The third iteration solves the vapor enecgy equation to uplate the
vapor internal energy. Following overall convergence, heat and mass transfer
rates are evaluated using the final updated values of the vapor temperatures,
the compenent saturation tesy~ catures, the heat of vapce ization, and the heat
transfer coefficients.

The changes in the vaper conditions in the first inner fteration are cb~
tained by solving the coupled vapor continuity equations an] the equation of
state. A Newton-Raphaon procedure is used with all vapoe properties assumerd
to depend solely on the changing vapor densities and the known average vapor
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internal anergy. This first imer iteration can thus accomdate hoth the

potent fally strong dependence of the vepor densities on the respective satura-
ticn tesperatures and the nonlinearities associated with the equation-of-state
{nformaticn, e.g., the rapid change in the heat of vapoe fzation near the sodi-

aa critica) point,
he secerdd inner iteration wpdates the vapor-side heat transfer coeffi-

cients. 1In the current model these are defined by

_pktl 1
e rH ekw

vg L .

(40)

where

l\' {s the surface area of mxface v,

h;' {s the corrected vapor heat transfer coefficient at surface w,

hq“ is the normal vapor heat transfer coefficiant at surface w,

Em is the average omstant-pressure specific heat of the vapor

mixture,
rq, {s the total mass transier rate at surface w, and
k denntes the outer iteration counter,

Substitution of By. (40) into the definition of the phase transition rate al-

lows a Newton-Paphson procedure to be formulated using l'q. as the {tecation
parameter. In the conduction-limited model, the definition of the phase

transition rate at a surface is

+1 _ 1 41 _ k41 o
l‘;‘ zx!hli;{x [’V\v (sz‘:t,x Tw) " V‘gv (’xa:,x T;)] ‘ ! (41)
where

by designates all components that can ondlense or vaper {ze feom a

given surface,
h,q'x {8 the latent heat of vaporization for companent A,

h" is the liquid or structure heat transfer coefficient for sur face
w,
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‘1‘3“‘x is the saturation tempecature of companent ),

T, {s the tesperature of surface w, and

'l‘q is the vapor temperature.

Bere, all parsenters ocher than rq' are held onstant, The vapor heat
tranater coefiicient is subssquently asgsented during condensation and de-
creaned durirg wapex lzation. This characteristic significantlv isproves the
model's gtadilicy by autmatically atjusting the degree to which the latent
heat of vaperization or condensation can be taken from or a¥ied to the vapor
tield.

The third imer itecation solves the vapor energy equation, with the quan-
tities that are directly dependent on the vapor temperature expressad in terms
of t'w change in the vapcr temperature. Thus, the vapor temperature and vepor
internal energy are expanded as

1;"1 g g

9 g9 (42)

and

k'+l k* ¢ ‘41

e +

g g c’;q ”: ' (43)
where

c is the average constant-volume heat capacity of the vapor

- mixture and
k' is the imer {teration counter.

Substitution of Bys. (42) and (43) into the vapor enerqy equation results in
an expression for 612'*1 given in terms of a ratio of known quantities,
Because the derrminator of this ratio is the vapor temperiture derivative,
this third imer itecration is also essentially a Newton-Rephson procedure.
Pollowing convergence of 'r;"l, the final value of e;"l is used as the
vapor internal enmerqgy for a recalculation of the first inner fteration.
Overall omvergenoe s checked, starting on the secory]l ocuter {teration and
following the first inner {teration. Here, an eqmtirxmf—.-:tatckcz;ll ::lmde
N

to drtermine a final set of consistent vapor properties, e.q., 'g ¢ "tq,k,

-k+l
€y’ Toat A"

These properties are then used to:
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e ialp determine whether overall convergence has been obtained,

2. ealculate heat and mass flows if oonvergence has been achieved, and

3 finish wpdating values for the secord and third inner iterations
if the convergence tests fail.
Tiree cuttr i{teration oonvergence tests have been established. The vapor tem-
peraturs must be converged to within one dsqgree; the saturatin tesperature
for each couponent must be converged to within ane degree; an) the vapor heat
transfer coefficients must be omvergad to within 0.18. Ganeraily, fewer than
(ive cuter {terations suffice for convergence.

This new iterative solution procedure for the simple vaoor ! ation-conden-
sation mo¥e]l Ajxes sol e several of the SIMER-T problems inwolving negative
tesperstures cr instabilities. It can be excessively time onsuning in cases
where extremsly rapid oondensation is modeled (due to a required small time
step nize), or where both cold structure and nearly critical hot sodium exist
in the sam: node (due to a large mumber of iterations required for conver-
gence). In addition, the current model =8 not inclide terms for a vapor
conponent corviensing on the droplets of a different mates {al, the suppression
of cordensation due tc fission gas, or actual time—dependent mass transfer
limitations on phase transition rates, The multicwponert phase transition
model under development will remove these limitaticns.?

2. SIMER-I1I Postdisassambly Fxpansion Analvsia

(W. R. Bohl, Q-7)

As part of the STMMER developmont program, early versions of the oxde are
being applied to key problems related to hynothetical core disriptive acci-
dents (HDAs). In particular, the SIMER-I code has been used to calculate
the system kinetic energy fnllowing postulated energetic disasseublies in the
Clinch River Breeder Reactor (CRER). S This previcus stuldy examined cascs
with an average initial core temperature of 4800 K. The study concluded that
when all of the (nteractive transport processes modeled in SIMER-I are myle
operative in a "best estimate® fashion, the system kinetic energy at impact
with the reactor head is 3 MJ as oorpared to an isentropic work expansion
potential of 100 MJ.

The purpose of the current study was to use this problem as a test case
for SDAMER-11, compute a "best estimate® system kinetic energy at head impact
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following a postdisassesbly core expansion, and oompare the results to SIMER-
1. Pence, thu sewe theomphysical property data were used, and identical input
wes ceployed for “inee SIMER-I model options that are still present in SIMVER-
11. However, the current version of SIMWR-II contains most of the exchange
prooves mdels for heat, mass, and nomentum transpoart eglicitly in the code,
including a perticle size calculation. Thus, the majar effort wnvolved in
sottisg Wp this "best estimate” SDMER-II cose wis tO ensure a consistent
gemetric configuration. Compared to SDMER-I results, the STMER-II calcula-
tion was considerably less energetic. Indead, the SDMER-II system kinetic
muwmmmwwymwamumw

~ 0.3 M.

Tere appear to be tvo major reasons for this emecgy reduction. First,
the SIMER-I cole was able to maintain pressure in the core region longer
despite appreciable iransport of fuel vapor into the fission gas plenum. This
was due 0

1. a slow rate of fuel to steel energy transfer (based on a 2.25 mm

particle radius) and

2. a foroed local equilibration of fuel vapor with the liquid fuel

saturation eorylitions (resulting from an assumed high liquid-fuel

heat transfer coefficient).
With the SIMER-II oode, the initial preassurs gradients and vapor welocities
tesult in the prediction of small particles and significant fuel to steel en-
ergy transfer. Bscause the stee)l temperature is initially 1700 K, the quench-
ing effect on the licuid fuel reduces the propensity of fuel to vaporize,
resulting in a pressure reruction. Secwvl, the sodium in the region between
the fission gas plenus and the flow quide tubes forms a natural *mixing zone®
for the production of sodium vapor resulting from the introduction of cors mate-
rial and steel ablated from the fission gas plemum. The relatively large particle
radius employed in the SIMER-T calculation (0.002 m) allowed the vapor pro-
Auced to separate from the liquid in the interaction region and accelerate the
singlo-phase sodium in the flow quide tubes and the sodium pool. This, then,
allownd additional hot fluld to enter the interaction region and mix with the
remaining liquid sodium. In SIMER-IT, the attearptad escape of vapor causes
particle fragmentation. The hot and cold materlals then move together, limiting
both the tire that liquid sodium is in the interaction region and the amount of
hot liquid that interacts with this sodium.

"9
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SIMTR-T1 currently poaseanes only limited capabilitv o similate the
"reat estimate® STHER-1 phentmena. To increase the fuel vaporization rate,
the plysical properties for fuel must be charged, e.3., the fuel's thermal
annviyctivity must be increased., Thia has undesirable sidn effects: all heat
transfer asmociated with 1iquid fuel is then aumented. Input does exist for
lewer ing both liquid-liquid heat transfer and the stiructure heat transfer
conflicients, and & case with these changee was attanpted, SIMER-II then
predicted that the resulting relative vepor/1iquid velocities would peoduce a
high vagor heat trunsfer coefficient for the vaporization and condensation.
Meat tranefer from liquid fuel to liquid steel was then augrented using vapor
as a transport medlum. Ajain, a quenching effect was cbserved.

A secrn! method of maintaining the core &riving oressure s to tie the two
flelds together without Aecreasing the particle radius. This can be done in
SIMER-1T1 by increasing the form drag coefficient, CD Here, CD was arbitrar-
fly increased fram 1 to 100. To guarantee that 1iqaid fuel to liguid steel
heat transfer would mot be excessive, the ligquid fuel to liquid steel heat
transfer multiplier was set to 0.1. This case did mintain core pressure for
a longer time. However, mixing of liquid sodium with hot oore mater{als was
reduced, an) the system kinetic enerqy at slug ispact was still only on the
oxder of 1 MJ. In a atterpt to increase such mixirg, structure ondensation
was sliminated. Initial upward coce material velocities did increase but the
{ncreased velocities caused an increase in the ablation of cold plenum steel
into the expanding fue)-steel mixture. As a result, there was little differ-
ence in the maximm sodium clug kinetic energy.

It was ooncluded that it is difficult to simulate the effects predicted by
SIMER-T with SIMMER-IL given the SIMER-II input allowed in the currenc for-
mat. However, this conclusion should not be interpreted as denoting the ab-
solute impossibility of achieving greater liquid kinetic energies at slug im-
pact with SIMER-I1. Por example, sodium vapor {zation can be increased by
moving the liquid sodium interface fram the top of the fission gas plenum to
the core blanket interface. In an HODA, sodium oould indead be closer to the
ooce {f a hlockaje existed before the disassembly event. 1In a case similating
this confiquration, the svstem kinetic energy at slug impact increased to 9
MJ. To limit the quenching ohencmenon caused by licquid fuel to liquid steel
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heat tranafer, one can assume the® oe Alasaaeanbly cvent takee place under
transition phae conditions, 'mere the pradisassenbly liquid steel tesperature
is abowe the fuel melting woint. Using the previous case hut licreasing the
stea] temper2ture to 330 K gave an increased kinetic energy at slug lspact
o ~ 20 W,

In conclusion, t'e more cnplex treatment in SIMER-IT does not seem to
change the tasic coxclusions &ran (rom the STMMER-I Mn in that a large
redxtion In the wxims systam kinet!c energy can result from a mechanistic
treatmont of the pstdisassembly core expansion following an energetic core
disasmenhly event. Indeed, considerable insensitivity to model assumptions
and espscially to naterial properties seems to be present as long as there is
not a significant change in the role of the above-core structure upon the
character of the pressure souroe that acts on the tulk sodium. The detalls of
the expmnsion 4o change in SIMER-IT. There are two principal effects ob-
served in cases done to date, Pirst, the Aynamic calculation of the liquid
droplet radius ir SDOER-IT tends to increase heat transfer in a situation
where a ‘ot liquid {s premized with a oold liquid avl to decrease heat trans-
fer if the liquids are initially separated, Seoond, the current models of
SDMIR-I1 mxe canpletely integrate all the fluid Amnamics and heat trancfer
phervasna, therely decreasing the flexibility for the usec to change one phe=
nomenon while holding everything else constant. This latter characteristic is
advantzgeous from the standpoint of more correctly simulating the true nature
of the event under stuly, but it tends to make the calculated results less
transparent to the user's interpretation.

3. Agollication of Probabilistic Methords to Work-Enerqgy Partition

Calculations with SIMNMER-IT
(R. D. Burms, IIT and L. B. Luck, 0-7)

The impact of uncertainties in input values for work-energy partition cal-
culations was stuliel 26 a part of the SIMER verification effort. The sta-
tistical procedure for SIMMER sensitivity analysis was uscd.a'u Distribu-
tions of results were calculated based on the statistical variations of un-
certain input values, and sensitivity analyses were performed. A few node
version (3 radial and 12 axial modes) of the work-energy partition problem
was used to gain esperience with both the staristical procedure and the prob-
lem itself and to provide a basis for designing the analysis of the larger,
more detalled version (20 radial and 38 axial nodes) of the problem,
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As the first step {n the analysis, input uertainties were specified, in-
cluling initial conditions, exchange coefficients, aquation-of-state parar
etecs, and SIMER-TI omvergence parameters. A total of 20 independent param-
eter vorlations were used. A realistic descrirtirm of the uncertainty rames
for these parameters was mt attespted. This has been postponed until the
analysis of the lacger problem., Therefore, most input values were taken to
vary within 108 of their reference values, and all probabllity distributions
were assumed to be uniform. The 108 rages were modified for aome pariweters
when the analysis led to ronphysical initial cevlitions, :

The impact of input parameter uncertainties was measured by observing var-
jations in key ocutput quantities. Some of these are time-varying quanti.les \
vhile others are time-integrated or end-pnint quantities. These incluie ves-
sel head impulse; component mass and enerqy; structure, liquid, and vapor-
fi214 volume fractions; and other STMER-1T cutput quantities,

Ten SIMER-I1 calculations were performed using diffe ent values of each
uncertain input parameter, The input sets were i{ndependently and randomly
selectad, thus making it possible to calculate average values and standard
deviations of output quantities.

Tte sensitivity analyses were hased on calculations of pactial ranked o=
relation ooefficients (PROCs). The significance of PROCs is axplained as fol-
lows: if an input value momotonically affects a oarticular ocutput value, the
input and output values will rise and fall correspardingly fram rin to tun.

: For strongly correlated relations, the maximum value of the output quantity

{ should oocur in the SIMMER-TI calculation using the maximm (or minimm, for L
inverse relationships) value for the correlated input parameter. The next i
largest outrut value should cocur in the calculation with the next highest
input value, and 80 on throughout the rest of the sequence of 10 runs.

To quantify the Adegree of correlation, each input and outnut sequence is ;
transformed by replacing the lowest value in the sequence with 1, the next
highest with 2, and 50 on, Then for strong ocorrelations, the sequences of
rumbers 1 through 10 should cocrespond exactly (or inversely). Usually, how-
ever, more than one input variation will affect an cutput value, ard] the
transformed ocutput value sequence will not correspond exactly to any input
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souence. Tt should, however, be similar to one or moxe input ssquences. The ~

PEX is therefore used as a quantitative measure of tle Axgree of cocrespond- :

enog hetwsen agyencen. 1

The PROC s calculatsd using the transtormed sequences of rumbers ) ‘

theogh 103 :

n !

2 ;

¢ E“t yy) .'

. i=1 {

m - 1 - ’ B

nin® - 1) 4, :

whece 3

n = mmber of calculatias (i.e., n = 10), ‘

X = transforma? value of ingut parameter value tor (th i

Yy = transformed value of cutput quantity value for ‘th ;
calculatioa.

The aheolute value of the PROC is always less than cx equal to one. Values
close v ane indicate direct correlation, close to minus one indicate inverse
cocrelation, a) close to zero indicate mo correlation. By comparing sach
cutput sequence with each input sequence in this mammer, output variatios can
be explained in terms of specific input uncertainties. (In addition, the PRCC
can be used to crogs-correlate two output values.) ‘

P11 calculations were for 250 ms of accident time, Vessel head impact s
occurs after 150 ms and peaks at 200 ms. The results of the calculations cnd

the analysis follow.

1. Variations in the calculated mass of alium vaoor are lzige Aring

3 the transient and arpear to show that the strenqth of fuel-omlant

3 {nteraction (FCI) is onsiderable in some cases, The (nitial sodium
“ vapor mass is 4 1g. The maximum observed mass occurs at 100 ms and
is 184 kg, inlicating a presibly strong PCI preceding vessel head
impact. This is apparent from the strong correlation (PROC = 0.92)
between rise in core pressure and sodium vapos mass at 100 ms.  In

1 three of the 10 runs, hwever, the sodium mass anes not excmed 26 kg,

indicating nc strong FCI in these cases.

3

?, FPigure 431 sumarizes the calculations of sodium vepor mass foe 10
: SIMER-1I calrulations, The wavimm curve in Pig, 43 represents the
: maximm of the 1U calculate) values at earh print in tire,

Based on PROC cal-ulations, the variation {n {nitial core liquid fuel
i womerature agpears to be responsible for the wide variation in
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sodium vaoor mass generation due to FCI. The standard Sewiation in
fuel tewperiture is 6% of the mean, whereas the stantacd deviation in
sodium vapor mass is 85%, indicating that the strength of FCI iz both
nonlinear and sensitive,

2. The liouid field kinetic encrgy shows wide variation and is strongly
cross~correlated with the soliun vapor mass generation (PROC =
0.90). This inlicates a strang relation to the strength of the
FCIs. Initially zero for all runs, the meximm chserved liquid €ield
kinetic energy was 200 M7, which axresponvds to the highest cbgerved
value for sodium vapor mass and core pressure at 100 ms. In 3 of the
10 calculations, this value remains below 20 MJ,

3. Bs shown in Pig. 44, the ves=e) head inoulse (s five times greater in
the maximum than in the minimm of 10 cauIEIagu! values, At 250 ms
the standard deviation is 448 of the 1.4 x 107 N-s average im-

pulse, The impulse is defined as the arsa-weighted integral of pres—
sure in the upper row of SIMER cells.

The variation ir the magnitude of the ispulse after 150 ms is most
claosely related to the uncertainty in the fuel heat of vaporization
(PRC = - 0.7). There i5 no onrrelation of ispulse magnitude and the
FCI-related quantities: sodiwa vapor mass, total liquid field xinetic
energy, and core pressure increase, The inverse correlation with
fuel heat of vaprxrization isplies th: lower values for the heat of
vapor {zation leal to greater impulse.

4. Little deviation is cbserved in the calculations of the follcwing
output quantities: liquid fuel temperature, total system enecgy, and
the field wolume fractions.

The average orputation time for the calculations was 240 s on the
axC 7600, The maximm and minimm for 10 runs were 262 and 152,
respectively. This variation in time {s mt clearly related to any
specific input parameter variation.

In oonclusion, the abhowve examples demonstrate the use of statistical tech-
niques in the analysis of accident pherymena usino SIMMER, A more careful
stuly in which imput parameter uncertainty ranqes are carefully specified avi
in which a finer nodal structure is used is under way. The resulte of that
stuly will be used, in part, to plm experiments related to sensitive and
uncertair aspects of the SIMER moxdeling for this problem area.
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Fig. 43.
L Sodium vapor mass — maximum, minimum, and average for 10 SIMER-11
calculations.

B. Mrlelim nf Phenomena and Stixties on the Limits and Control of ‘DA

?r_rmtirs

(C. R, Bell, 0O-7)

T™he STICR-1 ma\vsiqn of the postdisassenhly core expmsion and systen
kinetic enorqv develoment identifiad several important phenmena which apoear
to ontribute to the 1ow systoem kinetic eneroy calculated at the time of

srlium ool impact with the reactor veasel head, Smme of these phendmena Are



AR SRR

RN

——

SRR Y

_—
-

BT

2.5 x 10°

2x 10

1.5 x 10°

1 x10° 8

Impulss on Vessel Head (n-s)
X

s x 10%
o
o — .
0 50 100 150 200 250
Time (ms)
Pig. 44.
Irpulse on vessel hoad — maximm, minimm, and average for 10 SIMER-II
calculaticns.

being investigated with a simwplified one-dimensional reprasentatinn of the
reactor geametry. A study of the character of the noumiform expansion phe-
namenen has been performed and {s presented below. The ability of STMER tO
cocrectly pradict this behavior {8 assessed and found to be highly acceptable.
The postdisassembly core expansion analysls referred to above and other

arplications of SIMMER-I, such as the 1ong-term meltAown of a mgr,rsmlv”
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udicnte that andensation and vaporization in conplex anvironrents mav play a

sibetantial role in tte sults., The multicamoonent ondensation no'!el”

recently develooed andd {mplemented in STMER-TI is intended to provide a mre
renlistic treatment of the process (n these envirorments. Initial results
frem the verification experiments®’ for this mcdel have been cbtainad and
arnvnlyzed, The oomoarison of these results with the model indicates good
aqrecment. hetween experiment and molel i material properties are evaluated at
the ypprociate oosition in the vapor stream,

L. __Fvaluation of Nenuniform Pxnansion Phenomenon in the Postdisassemhly

Uore Bxpansion
(C. R. Bell, P. J. Blewett, and G. P. DeVault, 0-7)

The rmuniform expansion phencmenon s heen identified’ as playing m
impoctznt role in the reduction of the severitv of the nostdisassemhly onre
expane n as calculated by SIMEFR-T for an assumed highlv energetic oore Ais-
rupti. : accident. The SIMER-I o)r!eu calculates the kinetic energy ac-
quired by the fluids in the reactor svetem before the solium pol impacts the
reactor vessel head as a measure of the potential damage tn the primarv sys-
tem. The object of this stuo¥ iz to determine the accuracy with which the
total kinetic emerqgy of the expanding core-solimm slug svstem i35 calculated by
SIMER-I. Our approach {s to compare the SIMER-T results with those of a
vastly different code, WODY " when the two oodes are foroed to trezt this
expansion problem in a onsistent manner.

SIMER-T is a camlex multiowmponent, miltifield Sulerian code while WONDY
is a single-phase, one—dimensional Lagrangian code. Fiqures 45 and 46 give
the geometric models and detailed initial conditions for the standard cases
for STMER-1 and WONDY, respectively. 1In Fig. 46 it is seen that the entire
sodjum slug is replaced merely by the baundarv condition,

k61 = Pgo™s +

where poO s the rn\o-centnred pressure {n the €0th 2one, "S is the soliua
8lug mass per unit area and )(,.’1 is the acceleration of the core-slug inter-

(4an

face. The sl avl core misses are identical in hoth treatments, The zoning
used in the two cases i3 very diffecent Aue to the different mumecical methods
usad by STMMER-I an] WONDY.

A seon major Alfference between the twn oordes in in the thermxlynamic
trr atment of the flashing, two-phase fuel-stee]l material in the ooce reqion.
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Gearetric molel anyl initial conditions for the standard
case SIMER-I cilculation,
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4:—, Applied Boundary Condition:
J

=61 P
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P = 4.,92.10
Pressure = 3.71 MPa

Quality = 0.002

; j=1 Rigid Boundary

Fia. 46.
Gemetric model anyl initial conditions for the standard case
WONDY calculation.

Because WINDY treats a single-phase svstem onlv, a new equation of state was
required for the overall two-phase mixture. The equation of state was repre=
sented as a pressure versus density table. To determine this emuation of

state, the following assumptions were made,

1.

The liquid fuel an? liquid steel are inconpressible and the latter is
only a oninteractive mass adied to the former.

The rpecific heat, ¢, and the heat of vaporization, h’q, of the
fuel are ornstant, 1

The rpecific wolume of the liquid fuel may be {gnored, compared to the
gre2ific volume of the fuel vapor.
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4. The vapcr coponent is an {4eal qas,

Let x he the quality (vapor mass fraction) an? T he the eaturation temperature
of the two-phase fuel-steel system. Prom initial wsluves, T, a2, to finad
values, 'rzn\r!n+&x, the change in the specific entrooy, 4s, of the mix-
tuce bv assunptions 1 and 2, is

; 2
»eixl x 2
h __-_Qcm—.
3 [’z]"l 5 (48)

If this process takes place reversiblv within an aliabatic enclosure (let

|
5
|
g
?
i
:

T,O‘rmd'rzoro &M, By. (48) becowes

'_h._-!..-_g..

ar T hlq (49)
! or
¥
1 x_ X1, ¢ o

. e $ tn =~ ,

: T T E,q T (50)

b —————

whece x, is initial quality, Hfenoe, x {5 Aetermined 'w T. By assumptions 3

an? 4, a;. (48) also implies the Clausius-Clapsyron equation. Therefore, the

F pressure, o, ¥ the vapx density, Pq are Mmtermined as functions of T,
Then p as a function of two-ohase -ixmre Aensity, p. is obtained by combin-

4 s |

| 3. ing By, (50), the porfect qas lwe, the Clausius~Clapeyron equation, ant the
F ’; following equation,
! )
L :-v-xv.;*(l-x)vl- (51)
i Piqure 47 shaws this dependence over the range of interest and {t is mticed
that the curvature is cxposite to that of a single-phase material, {.,e., the
E soan! gpeed decreases with Aensitv,

In contrast to the WIIY moyiel, SIMEA-I calculates the macrosropic densl-
ties of the gas a1 Laquid components separately by the use nf the respective
continuity and momentium equations an! the mass exchange hetwesn O see, For
these calculations the phase transition model {n SDVWER-T s prrose 1y
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aliustad o that the vepor and liquid components are continually in saturated
ouilib:{um. The relation between temperature and pressure along the satura-
timn urve res the sama analytic form as the solution to the Clausius-
Clapey.~n squation under assaptions 3 and £ ot the constants in the egquation
Alffex peghedly. Also, the heat of _sparization is trectxd as a function of
vesgeratuce. Pinally, the diszipative processes of heat tranafer and inter-
field &eg ace eliminated in the SIMER-I celculations by using zero values
for the heat exchangs coefficlents and by eliminating slip between the fluid
ghanes,

The early dynamics of the WODY calculation are simple. At t = 0, a rare-
facticn fan beging to form with one boundary soving toward the rigld wall with
the asbient: sound speed, S of the fual and steel mixture., The other
boundlary is the core-slug interface as it scceleratess in the cppoalite direc-
tion., The WIDY treatmant can be chacked in the case of an ideal gas as the
erpanding medium because this problem has an snalytic nmda\.n Pigure 48
cmperes a WRDY calculation with the analytic solution. The normalizing
time, v, i3 interpreted as the time required to acvelerats the sodium slug
mass, Mg, by the initial pressure, p,, to the sonic velecity, Cor of the
gas at the iritial conditions. In PFig. 48,7 is lescs than the transit time of
the rarefaction wave to reach the rigid wall, hence the rioid well does not
influence the motion of the sluy. Upon reflestion of the wave at the rigld
wall, another rarefac.ion is formed and the flow becomes more cxplicated.
Pigure 48 indicates that WDY's accuracy for this problem is within 0.58.
For the fuel-strel mixture, similar behavior cocurs {n the WNDY calculations
and we can have oonsiderable confidence in its predictions. In the SIMER-I
calculations, a rarefaction wave travels into the core while simultanecusly a
pressure wave travels into the sodium slug, accelerating it progressively
toward the head.

Our primary intevest in this study is to coopare the kinetic encrgy of the
total fuel-steel, solium clug system when the slug has been displaced 2.02 m.
For a cylinder of radius 0.913 m, this would represent a displacement of 21.0
I,3 which is agproximately the cover gas volume in CPS8R. Pigure 49 shows the
results of 8 SIMER-T calculations and 13 WDY celculations in which the slug
mass, M, is varied over a wide range. The core mass is fixod at 11 900 kg,
which equals the combined inventories of fuel and steel in the active cove of
CRER. The slug mass was chosen as the parameter to vary for oompar ison of the

L 12 L2

W —
ey v " g -

S PRI D R PGP PG S 5.
B R S —

o

oy bt i L

“
L

T

T TP ——

el s ian o

3 N v
b e S N i A A o B s B, 5l e TN Lt O k. o s

T T R

|
.
i
Lu_- A it A s i BT B e W s s B I N i B B B s s e I N i WY



2 PO At b

it

PRI R o s v

B0
i e e e D

M e it e

twn opthols since in the postdisassently ooce expansion sralvoes, this mass a.'
{rertizl constraint eortrols the mamitu'es of the noruniform expansion effect.

The O extrems points in Pig. 49 rouresent Aifferent timwns to slug {spact
with the vessel haxl, Yor the maximse s1ug mass WaDY pradicts a time to im-
past of 350 ms. Por the ainimm slug mses, WY predices the slug {mpoct at
20 mg., Frr all practicnl muwrposes, the minimus WIDY valus represents 8 frme
expersion of the fuel-steel systom. For well values of n‘.th- Lwgeanglan
2ore atjacent to the core-slug interface becmas progressively larger; thus,
moce Lajramisn zones weca aled, Por the three lower values of '4., 720
zonie wee wol. As M increases, the tine scale of the oroblem {8 {ncreased
to tha point that all transients in the core are danped out over the majoc ity
of the epansion. In this limit, the epansion tends to produce a omnstant i
force on the slug. Therefore, the analysis refucer to a onstant acceleration

-

peoblea in which the kivetic energy at alig impact is indecendent of M an) i
spproaches the isentropic limit of a crmpletely uniform excansion. !
The SIMET-T results show the same general dependency of svstem kinetle ‘
energv on slug mass ar calculated with MDY, In fact, the aqresmnent i é
05 T 1 l 1 T | T 1
i
041~  —— ANALYTIC
- x  WONDY
- '
,\f 03 m, ¢, ‘
of i
% 02}~ :
oI~ :
{
|
[0} I— 1§ L | ! ] | | !
Cc 0. 02 O3 04 05 06 07 0S8 09 .0 g
t/r :
Pig. 48. !
Slug displacement as a function of time for an ideal qgas,
a=1.06, !
193 !
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Fig. 49.
Kinetic energy of the syvtem at slug impact as a function of slug mass.
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muygmdmmunmmamm. In the high mass
Limit CUER-I predicts a alightly higher kinetic energy. This can be attrib-
wted %o tho different constants used in the relationship between the saturat-
dtmmmmmmmmamwm
SO¥ER.

We conzlude from this stuly that the treatment of the norunifam expansion
pherosence: by SD@ER-I is essentially correct from a purely fluid dynamics
gtardpoint. It not only predicts the behwviar appropriately in the slugy mass
renge of interest but also approaches the isentropic work potential in the
®mild expmnsion (high slug maes) limit as it should. This also leads us to be-
lieve that the basic plase transition representation ‘s c crect.

Further work in this area will consider the relaxation of some of the con-
straints aployed in this study. These will include the effects of slip and
nnequilibrium vaporization and condensation.

2.  MNalysis of Milticoaponent Condensation Exper {ments

(h. J. Suwo-Anttila, Q-7)

The purpcse of the initial series of multicomponent condensation experi-
untsas performed with a steam-alr system was to check cut both the experi-
mental apparstus and the theoretical multicrponent phase transition mod-
cl.’s A steam-air system wes chooen as the simulant system because the
materials are nontoxic, the thermophysical properties of these components are
readily available, and the air acts as a noncondensible gas.

The experiments were conducted by filling the bottom of the ocondensation
apparatus with water, vhich was subsequently boiled with a 2 kW heater. The
vapors were heated in the superheat scction to 408 K. Air was injected into
the boiler section at variocus flow rates so that variable free stream nondon-
densible concentrations were generated. A copper sphere (0.025 m diam) wes
sudenly {mmersed into the test section. The superheated steam condensed on
the sphere and caused a transient rise in gphere temperature. The temperature
rise of the copper sphere wes recorded by a strip chart recocder via a thermo-
couple imbedded in the center of the sphere.

The theoretical predictions of the oopper sphere temperature were made
with the multicompaonent phase transition model’d now available {n SDMMER-

II. The model was modified to acoount for the presence of a condensed liquid
film and a natural convection boundary Jayer. The condensed liquid film was
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inclided by using a standard Nosselt film formula applicable to q’uu,’

f.e.,

1/4
g WZ’O]

where h, %, D, a, Py, h, T 'r‘. an) ‘!’ are the liquid film heat

trawler onefficient, l'cmid €ilme thermal caﬂm'vity. gphere dlameter, gqrave-
frational acceleration, liguid density, latent heat of veporiration, liquiA
viscosity, vapor-liquid intecface (surface) temperatuce, ay! the sphere sur-
face temperature, respactivelv., The surface tesperature of both the sphere
and the liquid film were calculated {mplicitly during the curse of the time-
Acpenviont calculation. The matura) omvection bamdary laver wes mxieled tw
using a standard correlation available in the llwatm.”

(52)

A ¥ p,)0° N e
Nu = =2+ 0.5 -5 ’
q - Wy 153)

vhere the subocript v implies vapor phase, The Ariving foroe, o - N i3
the vapor density diffecence hetween the vapor-free strean and the surfare
(vanox-1iquid interface). Proper evaluation of tie vopor phase properties is
crucial {n obtaining reasmable agreement with experiment because significant
cocentration gradients of the tw species (water and air) exist i, the bow~
ary layer.

The results of the exper iments and the analyses are shown in Figs. 50 and
S1. Pigure 50 shows experimental measurements and theoretical predictions for
the terperature rise of the corper sphere with variable amunts of air pres-
ent. Excellent agreement can be seen for the case having 1.8% air omoentra-
tion. The exper imental Aata for the *mo-air® case fall slightly below the
theoretical prediction. This is probably caused by trace quantities of air in
the gparatus Auiring the experiment. If a trace quantity of 1 pem is assumed,
the experiment and prediction agree. The case of 108 ajr had scmewhat poorer
agreemynt, probably due to variations in the vapor-liquid interface tempera-
ture over the surface of the sphere. A deviation shoul? be expectad at low
mass transfer rates hecause the Musselt muber ooxrelations for the liquid
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film and the vapoar boundary layer are based upon average tesperatures over the
surface. Purther, the accuracy of these cocrelations was not reported in the
literature.

Pigure 51 shows the effect of thermcphysical property :valuation upon the
predicted results. All of the curves in Pig. 51 correspcrd to the 1.8% air
case in Fig. 50. Curve A represents the prediction usin -h: thermophysical
properties of the vapor-liquid interface (surface) and v !'an corrected for
the mass diffusivity of the water-air mixture, i.e,, no. r ption has been
pade about the Lewis (Le) number, the ratio of the mase . ‘usivity to the
thermal ditfusivity. If the mixture mass diffusivity iu o taken into account
(i.e., le = 1), curve B is the result. The assumption 0 & Lewis rusmber of
unity is essential mwpl.wmunamm\sm'mmmmu
are involved. Curves C and D are the predictions one wo ld obtain using the
mean-toundary layer and free-stream properties, respect] rely.

Future experiments will include forced convection and vapor systems with
greater variations in properties, such as m-HzO ard (!)2-!!2). These experiments
should help to resolve the question of thermoptysical property variations and
will also provide for different flow conditions.

Our conclusion on this firnt set of experiments and analyses is that the
multcomponent phase transition model adequately predicts the behavior of a
binary vapar system provided that adequate thermophysical property data and
heat transfe: correlations are available.

C. SIMVFR Model Develooment and Verification Experiments

(J. H. Sonott, Q-7 -~4 H. H. Helmick, Q-8)

Two activities related to SIMER verificatic. <ere compl *ed this quar-
ter. Dionostics development for and statistical aralysis o the interfield
drag (a1 —-particle) experiments were completed. ilso, prelidinmary lests for
the flor coastdown simulation were performed. a4 ‘ests le- w definition of
new « per iment needs related to this class of e 4 .ments,

1. “nterfacial Area and Drag Pxperiment

{P. E. Rexroth, Q-7 and V. S. Starkow! - +8)

m ¢ .crent SIMMER modeling, momentum coupliix U ostweer | liquid and vapor
{s '+l =d through drag force terms. The inter! r al ar*. «d drag experi-
men’ is ntended to evaluate the vapor droplet #  corre. :ion for a varlety
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of xeponent and flow properties. The previous quarterly u-wt:u't2 included a
Iwief Aescription of the exper imental apparatus and procedure. The sluaging
ot ian that acrurred when nitrogen Gas was passed chrough a column of qlass
bends was described. It was noted that the STMMER analysis of the exner {ment
yielded this same general slugging behavior, as well as similar values for
maximm slupging height and period.

To facilitate correlatior between the calculations and experiments, more
quwntitative Aata are required from the experiment such as the woid fraction
in the colum as a finction of time and location. Amona the methods we have
omsidered to cbtain these data are:

1. flash x radiography with subsequent optical den:itometry on the
resulting images,

2. measurement of elactrical conductance or capacitance across the tube,
which can be related to the amamt of materjal at the measured
location, and

3. gama densitometry.

We Fave chosen gamma Aensitonetry as the best short-range option, For ganma
densitometry, the experimental colun is losated between a series of gamma—
emitting sources and odium iolide detectors spaced along the length of the
tube., The magnitude of the signal reaching the detectors can be related to
the amamt of material between the source and detectcr. Based on the sucoess-
ful performance of a single gamma probe, several souroes and detectors will be
cbtained oo chat Adata can be tiken simultaneously at several axial locations.
The signals from the detectors will be digitized and orocessed by computer.

A two-channel analog-to-digital converter system using two Hewlett-Packard
54164 conerters, a Digital Byjuipment Corporation POP 8/1, and appropriate in-
terfacing electronics is operational. Additionally, more power ful and much
more flexible data scquisition and control equipment is either delivered or is
in transit. Simultanecus pulse counting from two gamma densitometer channels
is cperational. The system is be!ng expanded to hanle 12 simultaneous count-
ing channels.

The exper imental program was extended this quarter to include an initial
evaluation of the equipment in the gas-liquid flow system. An exper iment was
performed in which colored water replaced the beads of the previous runs, The
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sohaviar resulting fron several Adifferent gas flow rates was cbserved a re-
corded on oolor movie film. At verv low vapor flow velocities (~ 0.1 m/s), a
turbulent bubbly flow was observed, displaying little or mo apparent periodic-
ity. At higher flow rates, some slugging was ohserved, but high levels of
turbulence masked the periodicitv.

then the multiprobe gamma densitometer is available, data from the system
will be analyzed using autocorrelation techniques in an attempt to {Aentify
any perindicity that might exist. We have begun SIMMER calculations to sim-
late the behavior of a gas-liquid system.

2. Statistical Analvsis of the Interfield Area and Draa Fxperiment

(R. D. Burns, ITI and P, E. Rexroth, O-7)

Previcusly reported resulmz of analvsis of the interfield area and &rag
exper iment indicated that the behavior of the fluidized bead bed as calculated
with SIMER-T cloeely resembled experimental oheservations. These results en—
haneed the confidence in the SPRER-T trartment of interfiel? Araq. The re-
sults reported here provide a statistical analysis of the experiment and an
understanding of the calculaticnal sensitivities.

Uncertainty in the selectiny of values of input oarameters in the STMER-T
calculations sugaests the need to establish corresporyling uncertainty or error
boarrls in calculated values for rise height and period of the rise and col-
lapse cycle. This provides a hasis for corparison with exper iments., Quanti-
fication of the input uncertainty is ehown in Table V.

Randm selections of input values fram the ¢wes spacified in Table V
were mayde according to the latin Hypercube Sampling/Partial Ranked Correlation
Coeffirient (LHS/PROC) procedure for SIMMER-I senutivity analysis. Twelve
SIMER-1 calculations were performed for each of five rise and oollapse cy-
cles. Statistical and sensitivity analyses were basel on the results of these
calculations., The stack of glass beads was initially at rest,

Cnsiderable variation among the 12 calculations was observed in the re-
sul*s for rise height. Pigure 52 shows the average, maximm, and minimum val-
ves of rise height in each of five successive cvcles. The rame of uncertain-
ty in rise height calculations is about 0.3 m fanaut 15%).

PROC correlations of the variations in rise heijght with each of the 10 ir-
put variations described in Table V show there are 3 irgut uncertainties
dminating the results, A vapor density uncertainty of & 53 correlates with
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Fluidized bed rise height — maximm, minimm, and average
of 12 SIMMER-I calculations.

the rise height variation in cycles 1, 3, mnd 5 (PRCC = + 0.7).* 1Initial void
fraction uncertairtycorrelates in cycle 2 (PROC = =0.7) and initial stack
height uncertainty in cycle 4 (PRCC = -0.8). No cther input parameter corre-
lation exceeded 0.55 for the absolute value of the PROC during any cycle.
Thus, it appears that the uncertainties in each of these three parameters con-
tributes strongly to the rise height variation.

Pigure 53 indicates about a 10% variation in the time to reach maximum
height in the rise and collapse cycle. As with the rise height variations,
three input uncertainties appear to dminate, Vapor density uncertainty cor-
relates in cycles 3 and 4 (PRCC = 4#0.7), glass bead radius uncertainty corre-
lates in cycles 1 and 5 (PRCC = -0.7), and vapor velocity uncertainty corre-
lates in cycle 2 (PRC = +0.7). These three irput uncertainties each appear
to contribute to the variations in rise/collapse period.

The internal STMER-I drag model is contained in the momentum exchange oo~
efficient, Kg. This model {rwolves several of the terms in the irput

—
oRY near 1 indicates direct relationship, near -1 indicates inverse
relaticnship, and near 0 indicates o relationship.




wenrtainty 1ist in Zable V. To detexmine the cosbined effect of the
Angat wesrtainties on the uncertainty lnl,lﬂtmwmeuu&qw
certainty with the rise height and cycle period wiriations, the following an=
alynia wag performed,

e form of the momantim exchange is

el tdrc v -V IOV, -V .
R "2z Pt 7% Y "N g™ s (s4)
p

whare
vV - v,. = relative vapar-bead velocity,

S

[ = microscoplc vapor density,

a, = bead volume fraction « (l-og)c
a = vapor volume fraction

4 = glacs bead radius,

CD = fan *ag coefficient, and

‘ f- \’9 = vapcr kinematic visoosity.
= 6
o .
|
| ! il
1 8
= 2? 2
1 gt
' &
5 B
"3
! ¥ .y 2 3 . s
Crcle
Fig. 53.

Fluidized bed rise/collapce cycle time = maximws, minimm,
and average of 12 SLMER-I calculatione,
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INJUT URCERTAINTY FOR
TE DITERFIFLD AREA ND TRAC EXPERIMNT

Input Parameter Description Reroe
(1) Vapx microacopic density (kgAs) 975 & 5
(2)  Glass beed, microscoplc density (kg/m) 2350 & 150
(3)  Vapor epecific heat (J/kg-K) 718 & 5%
(4) Ratio of gpacific heats (v = chp) 1.4 &%
(5)  Vapxr viscosity (4P) 1.5 x 1077 & 108
(6)  Initial vapor-volume fraction 0.3 - 0.4
(1) Glass bead radius (m) 0.0015 4 138
(8)  Vapar velecity (ws) 4.4 41002
(9)  TInitial stack height (m) 0.16 + 108
(10) Porm drag coefficient, G 0.44 £ 108

35 recent check of the flow meter calibration indicates the nominal value may
actually be cnsiderably lower.

A drag-related ooefficient depandent anly on irput parameters sas derived from
equation (54) by dropping dvnamic quantities or assigning initial values.
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™is reduced raq oxrelation was then A«fined by

Pqe 1
a v
Drag oomfficient —g‘:;, (g + § 55090 oo *

‘w'p
qu = {nitial vapor inlet velocity,
. = initial bea? voluw fraction, and
= {nitial void fraction.
'mhog:nq oefficient varied 30% from maxime to minimm in the 12

cnlculations,

PRY calculations between the ahowve drag ccefficient and rise height and
cycle period show very strong correlation. The PROC of drag and height is
sbove 40.7 for all five cycles and above +0.8 {or four of the cycles, The
frac/period PROC is about +0.8 for four of five cycles. The positive values
of the PR values irnlicate that i{ncreased drag leads to higher rise heights
an) longer rise and collapse cycle periods.

Bxper imnts per formed with a variety of vapor velrcities and inftial stack
heights indicate that increasing either of these two parameters results in in-
creasing the rise height and the rise and collapse cycle periol., The direc-
tion of the vapor velocity deperdencies is omsistent with the analytical re-
sults. It {s ooposite for the stack height dependencies, which may be caused
tw the stack height variations in the SIM#R-I calculations being small
(+ 0.002 m) compared to the height of the Bulerian STMER o211 (0.04 m). In-
ftial stack heights that are not even multinles of 0.04 m result in the spa-
tial horogenization of the unfilled cell at the top of the stack, Hence,
slight decreases {n stack height should decresse the densitv in the uppermost
oell of the stack, permitting it to be pushed to a higher rise hejght., This
is oonsistent with the analytical results and isplies tha* vaciations in stack
height should be made onsistent with the cell structure of SIMER for the
best calculational results,

3. Multioyponent Condensation Prperiment

(W. M. Hughes, Q-8 and A, J. Suo-Anttila, O-7)

Multicorponent oondensation exper iments (MTE) have been conducted. Anal-
ysis of the initial exveriments has indicated cood agrement for two-campon-
ent, tw-phase conditions., Subsequent exper iments with three-components and
three-phases are under analysis at this time, Components that have been used
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e weter, toluene, synthetic air, nitrogen, ad helium. Modifications
have bosn instituted recsntly to ensure hetter calibration of component flow
rates, {mproved mosngenity of conponents, and better Mfined flov regime in
the corddensation region, Modifications that are presently heing omntemplated
incloie o rewsrking of the apparatus to have better defined initial
oorvlftions.

A schematic of the M'E apparatus {s given in Fig. 54. The entire system
{8 wrapped with heat tapes, insulated, and instruented with thermocouples.
The three volumes are mafe of nickel-ovated steel and the source chambers are
stainless steel. Vapor an? gas sources are found in the lower portion of the
figure. Component flos rates are determined from a calibrated flow meter in
the gas input line and by metering current/voltage input for hoiling the
ligquids in the vapor source cwmbers. The companents are mixed and heated ad-
ditionally in the mixing volume,

An exporiment {8 usally initiated by inserting a chilled hody into the
condersation volume, A thermooxgple is located at the center of the condensa-
tion boly A is the prime diagnostic device in these experiments. The body
can be viewed through ports to detrrmine such parameters as the omvlensation
film miformity av) the time of phase change. It apears that analvsis of
motion p.ctures of the condensation process mav be a useful diagmostic tech-
nique. Same experiments use a glass sleeve to provide conditions where the
condensation rate is dominated by forced convection flow rather than being
limited by diffusion flow.

A plamned reoonfiguration should allow analysis of Asta into the milli-
second regime. Data taken under multicomponent multiphase fast-time scale
oonditions will begia to approach some of the camplexity of a SIMER calcula-
tion of an IMFER accident.

4. Flow Cnastdown Simulation Experiments

(H. . Porehand, O-7 and J. P. Davis, O-8)

The flow coastdown simulation (PCS) exper iments are a1 whicle to test the
overall capabilities and models of the SIMER oole and to provide guidance for
future model and methods develoment and exper iment definition, For the tests
descr ibed herein, water (coolant), shrink fit tubing (clad), and zinc (fuel)
were used. In the test whicle for the PCS experiments, described in Fig. 55,
ginc (simulant fuel) was heated by radio frequency inducrtion with a coupling
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Schemat ic of multicomponent onndensation experiment amparatus.
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efficiency of 30-40%. Mo preliminary experinmnts vere per famed and dmta
were recocdad by means of slow-motion photogeaphy. The first experiment wes
ornducted with a furnace power of 8.9 k4 and no water (simulant coolant) flow
a wos terminated at the time of massive coolant volding. A suamary of
events for case 1 is presentsd in Table VI. The second experiment was con-
dacted with a furnace power of 18 W ad a cons'ant coolant flow of 0.0014 t/s
! was torminated after sbetantial zinc relocation. A sumary of events for
cane 2 in presented in Teble VII. The shxinkadble tubing (sbmulant cladding)
wmepectedly failed to melt and relocate. The tubing maintained its gecmetry
with the exception of ruptures which provided a leak fiow path for the molten
zinc. These riptures weie the result of the thermal dacomposition of the
tubing.

Tese first exploratory PCS exper iments have desonstrated the necessity
for the following design revisions:

the replacement of the shrinkable tubing with a simulant cladding
which will pass through a molten (liquid) phase,

the incorporation of a bypass loop to allow (low reversal,

the replacement of Pyrex glass tubing with high-service temperature
glass twing, avl

the replacement of tie induction heating coil with a maximm viewing
field ooil.

When the major features of a lcas-of-flow accident (LOFA) sequence can be
reproduced in the PCS exper iments, SIMER will be used to perform pre- and
posttest analyses, and calculational/cxper imental comparisons will be made.

D. Safetv Test Pacilities Studv

(M. G. Stevenson, O-00)
) 1

Hodoooone Diacnostic System Fvaluations

Preparations are under way w {rrrease the size of the test hole in PARKA
and place thereln a 127-pin assembly of fast test reactor (FTW) size fullv
enr iched tDz fuel pins. Oonversion will {nvolve remowval of 18 adlitional
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(A. E. Evans, O-14)

PRS-

. Bl -~

PR

" e sonant

-l —— 8 v il s s s W -

L-.“_m- Kt w8 . e -



o -y

S

TANE VI
SUGORY OF EVINTS FOR CASE ]

Tire (8) BEvent
0 Power-1p to 8.9 k4

Small huttle formation on bare zinc surface

25-20 Suall bubble escape from bare zinc surface

4555 Small buible formation on cla¥Ming surface
70-80 Vigorous nucleate bolling from bare zinc surface
100 Massive conlant wolding

110 Power off

PARA fuel rots, installation of a new 110 am 0.4, x 9 m {.4. cotating steel
teat hole liner with remote actuator, fabeication of 127-hole aluminum grid
plates, and amstruction of a systes o peralt remote with?raval of w tw €
pins or groups of pins during operation. Fahrication of the rotarv test hole

TADIE VII
SUMORY OF EVENTS PR CASE 2

Time (s) Pvent
0 Power-up to 18 kW and coolant flow at 0,0014 ¢ /s

Small hubble formation on bare zinc surface
10-22 Small hubble escape from bare zinc surface
Small bubble formation an cladding surface

30-40 Vigarous nucleate hoiling from bare zinc sur face
50-60 Macrive conlant voiding
140-200 2irc relocation begins
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liner and »f the alumimm qrid plates has heen cmpleted, Uranium oxide fuel
pellots with which to fahricate the 90 additional fuel pins needed for the new
test assambly are heing fabricated hy Group OM3-6. Tubing for the pins clad-
Aing is heing obtained from Hanford ™hgineering Development Taboratorv
(HIDL) . Delivery of orpleted fuel pins is exected in Februarv 1978,

In anticipation of higher ratiation levels and an increased workload as-
snciated with planned 127-0in assembly tests, the radiation shielding sur-
rounding PARKA has been increased. The reactor has been wrarped with 12.7 m
of lead on the sides and 50 mm of 1~ & trn to reduce Do onnel exposure
Airing changes to the core or test assembly. In yMition, 40 m of concrete
block has heen erected against the wall hetween PARKA and the shielded instru-
mentation rom to reduce hackgroun® in the instrumentation romm. A 0.8 m
thick moncrete block wall now separates PARKA from the arca where the Godiva
assembly is used, This will reduor activation of PARKA by Godiva hursts and
permit freer schaduling of setup, maintenance, and cperation of these two
reamtors. A photoaraph of PARKA with its new shielding is shown in Fig. 56.
A plan view of the facilitv is aiven in Fia. 57.

Stilbene detectors previously rhscrihe"z were used with the TASL 4-chan-
nel hokeowe facility at PARKA to stud hodosorpe imaging of 1- and 37-pin
FTR fuel fumdles, To recapitulate briefly, these detectors have the oropecty
of pulse-shape discrimination between neutrons and gamma ravs so that a pulse-
risetime analyzer can be used to distingquish between an? to count simal tan-
eously neutron- and qama-ray induond events. Two detectors were used: one
detectnr had a mu)se-height Aiscriminator setting for garmma-ray events with
Ey > 0.33 MV and neutron events such that En > 1.3 MeV; the other detector
counte! all gamma-ray events with E > 0.66 MeV and neutrons with 'zh » 3.2
MeV.

Results from neutron scanning of a single pin in PARKA are shown in Fig.
58, together with hackground scans of the empty PARKA test section. As would
he expected, the higher discriminator setting resulted in a hetter signal-to~
background (S/B) ratio, ~ 0.75:1 for En > 2.2 MeV as oontrasted to about
0.5:1 fox P‘n > 1.3 MeV. The S/B result for the lower discriminator setting
is only slightlv better than the S/B ratio previously obtained with Hornyak
huttons (Bn 21 m\n.a However, the new detectors are a factor of five
more efficient than the Hornvak buttons, so that statistically better data can
now be taken with less reactor operating time and peer.
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Fia, 6.
Photograph of the PARKA facilitv showing increased shielding.
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Single-pin gama scons, shown in Pig. 99, resu’tad in 5/B ratios of the
ocder of 111, srmewhat batter than the S/B ratics cbtained for neutrans. This
is antrary to cur experience for larger size? test bundles. 2,%,4

We zlso scawed a 37-pin test hundle across the flats with both the full
buvlle o with the center pin missing, Neutron and guma-ray results appear
in Pig. 60. The data shown are raw counts, vhich reflect a counting rate In-
crense with time for unm-tavuﬂlmmmmmdnm
tuildp of fission and activation products, Both scans were taken from left
tn right ad the 36-pin scan followed the 37-pin scen. We have subsequently
fourd that most of the crumting-rate increase problem can be eliminated by
rumiing the reactor at the power level of the experimental run for 1 h hefore
gtarting to take data, One may also, {f desired, measure this time-dependent
buildmp and correct for it. This effect is, of course. not important to the
per formance of miltichanel hodoscooes, with which all data are talen siml-
vaneously, provided that power Aist) ihution avl history are mniform scross the
test region.

T™he time-related tuildup for the zn > 1.3 MeV scan protably results from
inonmplete separation of neutron and gamma-ray oounts due to slight overlap of
pulse-risetime distributions as measured by the pulse-shape malvzer.z One
might also expect contamination of the gamma-ray scan Aata by neutrons which
are captured or inelastically scattered in the vicinity of the detectors,
which then indirectly "see® these neutrons as gama-ray evencs, To test for
intermixing of gamma-ray and neutron-induced oxmts in the detectors, 17-,
36-, 1-, and O-pin scans were repeated with 200-mm-long pxcite olugs insected
into the reactor end of the hodoscope collimator holes., The effect of the
lucite plugs on gxma-ray and neutron counting rates is shown {n Table VIII.
Crude estimates indicated attenuations should have been o 3 for reactor gama
cadiation and 2-3 orders of magnitule for fast neutrons. Most of the neutrons
counted for the O-pin, Lucite-plugged casce are room backgrouy] rather than
neutrons coming down the collimator, which explains the apparent lower attenu~
ation of thess neutrons by the Lucite plugs.

It is noted in Table VIII that the absolute neutron counting loss due to
the withirawal of me pin from the 37-pin tundle was less than half of the et
oot (less background) fram a single pin in the test section. For gama
radiation, the situation is mrch worse, the conting loss Ae to withdrawal of
one pin from a 37-pin bunddle being leas than one-fourth of the net oount from
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a single pin in the test section. This raises questions concerning the line-
arity of response of the hodosoope and the sensitivity of the hodoscope cali-
bration to the position of a perturbation in fuel density within the tast
rmdla,

position seneitivity of responss was tested in a 37-pin hundle by scaming
the bundle with the esnter pin withirzwn and then scamning with a front pin
(nmorest the oollimator) and with a beck pin withiraun, The results ace shown
in Pig. 61. A general reduction in sensitivity fram front to back of 20-30%
is noted for fast-neutron scans and 35-508 for omma scans,

Linearity of response was tested hy scanning while \dthr\tudm frem 1-4
pirg in line from the tundle. The results are shown in Pig. 62 for neutrons
an! Pig. 63 for gywma rays, THe neutron scans are oonsistent with linearity
within the ounting statistics, which are shown, The gana scans show a
slight (5-10%) increase In sensitivity per gram of the last fuel pin remcwd
over the first two pins,

In sumary, the exper iments show that the hodoscope can easily detect
pellet-sized voids in a 37-pin array of FFTP fuel pins but that quantitative
measurements will require a point-ty-point calibration of the hodoscooe
sensitivity within the array, It {s also evident that quantitative measure-
~ ments of fuel motion for a hundle this size and larger must be tomographic;
{.e., one cannot accurately measure fuel motion without knowing the depth at
which the motion occurred. Given tomographic capability, depth and linearity
corrections in an assembly of this size do not appear uwmanajgeable. It re-
mains to be seen whether this conclusion will hold for larger assemblies.

Data from previously taken gamma scans of a single-pin and of 36~ and
F7-pin bundles® have been reduced and plotted at the LASL Central Computing
FPacility using a program written by D. M, Peterson, 0-8 and H, M. Forehand,
Q-7. Data reduction {rwolved correction for huildup of fission- and
activation-product activity during the scans, normalization for integrated
reactocr power, and calculation of statistical errors, In the future, it will
be possible to provide for “hands of f* reduction and plotting of all hoduscope
scanning Aata from cassette tapes generated by the data-acquisition equipment,

Results of gamia scans taken with 13 mm diam x 13 rm long NaI(T1) crystals
and 2102 plastic scintillators are shown in Pigs, 64 thwough 67, These
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Pig. 64.
Results of single-pin and background gamma scans with a NaI(Tl) detector
with various energy discriminator settimgs,

132

- e ’ - . " - il



TR e |
: : KT hr

2 ' 3

L] Y Y bt

» s
.y LA
0 L
3 L
~0 L
O LA
L

t\L
. T
K 1

POLTITION (me)

Pig. 65.

Results of single-pin and background gama scans with an KE102 plastic

scintillatox.

28 Jar M
M e
= 3

Pavy YT I8 PN SCAN.

gy lNnIATL LR
e

I
sEY 10
e 1%

"

L
ﬂ' teero
+
g i
-

sjuno) oosnipy

N T Y R T T TR A T SR g0 I Ty, ‘.}..u

i3 o
4 2o 5 2
. - e — P el i ot »




*2030930p (TL) TN ® WA sueos wumed urd-9¢ PR -Lf JO SITNSHN

‘99 *b1d

tum) AD1,4130@

'II‘x

"

.. . .n
.T.nn\./;\.f
RSt e el
i 092 « 3 cur 1w 1304300 Shinas 8250 a0 $30%5 31500 Cancndued 133
e e

AWM OC L « 3 Y I WN

-

II’\l‘Il..'.

)

”‘L*\\Il

319N N1d MNaN4 MIAINID OIAOmIN £L6) BI AT 9 43S
1é IINS NIINID CIdr g 50N UIDM C3AO™IweY i3S

——

S ——

{

ABMN 33 0 « B Yy 1 WS

BAIDTN NIe NANe MIiNID CIADMIN L
Te 33 a3iNID 0I3vede3207¢ )

A7 9% 43

(L
3NM O3AOw3NeY 133

T —— -

Load!

Lo o2 4

Lo hd

[ A b

sjuno) pajsnipy

P

134




*20QUT(TAUTOS 213swld ZOTAN ¥ 3T eimoo wuwd upd-9f puw ~(f JO myMsay
‘L3 *b1a
Cam) NO1L1309

g : : : A —a- =¥

M ;
-
=
BAIINV Nlg Ve MIINDD QAAOmIN-LLC! BL AT 9 433

ABM 0% 2 « ) 0V ™ 1d “3'g BNNED CIOvIeIN 39N Te 321007 CIADwIu-Y 43T

DAV Ve VINe WIANED OAAOmAN &L46l BT AT 9 433
A CL ]l <« 3 01 W™ I@ M3Ns BIiNID 0121 in 390 410N CIAOWIN-9 438

eoe

P
B e e el I

Fi1INV Nle 4 MIINDD OBAOwIN 4i 6l WL AV 9 a3
O %0 « ) 200 In 1é T3 BIINDD CIIvgiu $90 % 410N ORAO~Ig+S 133

$4uno) paysnlpy

o r ) e - : -

BT RS o V0t Ta" el e K8 T gt T 2 g et < - o T T T

. : v L : ¥, £ oy 9 e A, 1 chadly” 2 bt AT RPCRT S Y m
Y 2 vk 4 . i 3% Al F RS T e e P & A s & g TS s B Y (o 4 A v

- ¢ ... v LA Yy - aats X .4. g - b 2 | % 2 4 b e ..Wo > i ool LR i S R L L a ._,) Ll A



reaults are similar to those obtained from the gamsa scans made with the stil-
bens detectors. The figures are mperpositions of unretouched computer
pt intouts,

2. Flash X~Ray Monitoring of Reector Fuel Motion
(W. E. Stein, P-DOR)

The npotential capablility of flash x-ray mnitoring of fuel sotion In Fast
Reactor Safety Test P. cilities is being evaluated with the facilities and
equipment available at IASL. X-rav ratiographs of various safetv experiment
£ . onfigurations are being made with film as will as an electro~cotical
imaging system. These radiographs are taken with pulsed, 30 MsV Orems-
strahling filtered throxh stee]l of various thicknesses (50-100 mm), which (=
used to similate the exper iment contairment vessals. Film radiographa are
used to ascertain the awmmt al quality of informatior oontained (n the
tranmn tted x ravs ad, therety, to establish the excected spatial resolution
an! mass density sensitivity of this Aiagnostic technique.

o satisfy all of the qguals of the desired system, particularly the repe-
tition rate requirement of p to 103 plctures per second (1 ms time resolu-
tion), it is clear that a. imaging system other thea direct recording on film
will be required. Tt appears that it would he very Aifficult, {f mt impossi-
ble, to attain sufficiently rapid shutter speed and frame moti n of the fila
to prevent fogging of the €ilm by radiation from either the reactor or pre-
vious and siubsequent x-ray flashes, Therefore, an electro-optical imaging
system is b 'ng ev - 'uated concurten, y with film.

The present electro-optical imaging system consists of a fluorescent
screen and a gatable image intensifier coupler to a vidicon (TV camera). The
Jluoreacent screen is used to omvert v x-rav radicgrach tn a viaible pic-
ture which is viewed via a wirror ~7 the image intensifiec-vidicon combina-
tion. Results obtained with thix *  ic-of-the-art imaging system are heing l

used ot anly tr Aemenstrate the wic antlv attainable spatial and tempocal
resolutions but also tn sstablish . : 2-ray source intensitv which will he
necessary for satisfactory masr + * smsitivity,

X rays profuced by PHrRad, & .0 W/ clectron accelerator with a 0.2-1s
pulse Auration, were used to radiom h arrays of FTR-size fuel pins using en-
riched uoz pellets instead of mixed cxide, The fuel pin array uver stuly
was positioned eq idistantly between tre x-ray source and the film or
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fluxrescent screen. The owerall source-to-etectrr distance was 6 n, To test
the mags ssitivity of this tecinique, the central pin in each arcay con-
taimad an (ntantional 25.4-me-long void,

Pie rediographs taken perpendicularly to the f)ats of the hexagonal ar-
rays clearly show the central wold for @ %0 199 pins ~urroundsd by a steel
cylinder with raial thickness of 38 ma. Exawples of dens!tamster traces
taken papeniicularly to the arcay axis and through the region of the volded
central pin are shown in Figs. 68 and 69. Also shown in Pig. 68 {~ the cal-
culated x-ray tronanission for the same trace theough the 37-pin array and
steel cylinder. Malysis of these film density variations indicates that the
information contained in the transaitted x rave (5 sufficient to provide about
1 mn spetial resolution and a mass density sensitivity of ahout 1 a/cn? and
about 2 @/cx? for the T7- and 169-pin acravs, respectively. This is about
6% sensitivity in each case.

Similar results for the electro-optical imaging svstem are shoun in Pig.
70 for the 37-pin array. It is clear that the results, although encouraging,
are, at present, inferior to those obtained with €ilm. The present imaging sve-
tem {8 not capnhle of extracting all of the information contained in the
transmitted x rays. The corresponling estimates for the oresent {maging sys-
tem are about 2 mm spatial resolution mnd about 3 q/caz areal density reso-
lution for the 37-pin array.



DISTANCE (wen)

Pia. 68,
Denaity of fiim radioaraph and calculated x-ray tranmission for a 37-oin ar-
rey viewed perpendiculai ly to the hexagonal flats and surronvded by a steel
cylinder with 25.4 mm radial chickness, The densitometer data and tranamis-
sion calmulstions are for a trace taken perpendicularlv to the array axis sd
throuwsh the void in the central pin, The intensity of the x-rav flash was
M Rat 1 m
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Density of film ralingraph for a 16%-pin arrav viewed perpendicularly to the
} hexagonal flats and surrounded by a steel cvlinder with 33 mm radial thick-
ness. The densitometer data were taken perpendicularly to the arrav axis and
through the void in the central pin. The intensity of the x-ray flash was
B0 Rat 1 m.
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Pig. 70.
Density of film radiograch and measured video siqnal for a 37-pir array viewed
perpenddicularly to the hexagonal flats an) surrouvied v a steel cvlinder with
25.4 mm radial thickness. The densitrmeter data and the video signal are for
a track taken perpendicularly to the array axis and through the woid in the
central pin. The intensity of the «-r2y flash was 3 Rat 1 m,
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IV, HTGR SAPETY HESTANCH
(M. G. Stevenaon and J. 7. Jackson, Q-DO)

Mhder the sponsorship of the NRC/RSR, IASL is conlcting a program of ce-
tearch In Righ-Temperature Gas-Croled Reactor safety technology in the fol-
lowing task areas,

« Plesion Profuct Release and Transport
e Structural Evaluation
« Fhercamma Modeling, Svstems Analysis, av) Accident Delineation

Tte progress reported in this section i{s arranged according to these task
areas.

A. Pission Prodrt Release and Transpoct

(C. B. Apperson, Jr., 0-13)

128L activities in the fission product transport task inclide the develop-
ment of computer codes to be used for calculating fission product transport in
varioss parts of the reactor anvi hoth theoretical and exper imental stulies to
define transport mechanisms and supply Aata for calculavions.

During this quarter one technical pq:et“ an! one technical mte“ were
published. Analvtical work concentrated on optimizing the direct search algo-
cithm in QUTLANIC, modifving the evaluation of burst release in SIVTUS, and
preparing a preprocessor for SWVIUS. The cesiun desorption kinetics stulies
reported last quarter were repeated and the initial results were verified, A
work plan for the fuel particle heatup exoer iment was sutmitted to NRC, Sev-
eral modifications are being made to upgrade the cperational capability of the
equipment usad in this experiment.

1. Pission Protuct Release Experiments

(R. G. Behrens and M. A. David, O8-3)

studies of cesium desocption kinetics from H-451 graphite using a vacuum
ultra-microbalance were continued during this reporting period. Work involved
repeating the two experiments (Bxpe Laents 2 and J) per formed Auring the pee-
vious quarter in order to confirm their validity. e experiments involved
stu¥ing cesium desorption from graphite using sarples prepared in two
different ways:

la



doping the araphite with Cs0 solution and then placing the saaple
undier vacuum for one weex at coom tewperature and

doping the graphite with OOH solution and then heating the sample at
1373 K for 2 h in A close! tantalum crucible to ald in decomposition
of the CoH o adsorbe’ cesiva metal and O evenly Alstribute the
cesium throughout the graphite.

A surmary of expec imental oxditions is given In Table IX,
The 0 exper iments pecformed during this quacter (Bperiments 6 and 7)
confiome? the mass-loss bshavior chaerve) for the two previoss espariments.

Figure 71 shows the time dependence of the degorpion flux at tssperatures

TABLE TX
SMARY OF EXPERIMENTAL CONDITIONS POR DESORPTION
ON H-451 GRAHEITE

Graphite Mass Grrphita Suxfacs
"""") rJ 1 { 5 (hwtr—)

107.9 . Not preheated,

Preleated at 1373 K
for 2 h in closed Ta
crucible

Not preheated,
Preheated at 1373 K
for 2 h in closad Ta
crucible.

Blank §1 3.2 Not preheated,

Blank 82 .t Preheated
for 2 h in cloes
crucibhle,
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betwesn 765 and 996 K for Bxpeciment 6, The cesive-doped qraphite used in
this experiment w@ao not prebeated to 1373 K. Pigure 72 shows a similar plot
of datz cbtained in Bperimen® 3 in which the ceslue<doped graphite wes pre-
heates] to 1373 K prioe o Lnwestigation with the microbalanco,

Jase-loos measucerents were also perfoarmed sing blank graphite saples,
Lk Ho. 1 conzisted of graphite doped with water and was not preheatad to
1372 K. Blank Ko. 2 wvas dped with water and wes preheated to 1373 K in a
1med tantalum crucible for 2 h (see Table IX). Results of the blank expeci-
ments show descrption “luxes similar to those found for the cesiuw-doped sam-
plas. This {mplies that mess losses cbeerved with the cesium-doped sapples
my "ot be Ause to cesium desorption alone tut may include desocption of water
and other gases,

Tt is interesting to note that desorption fluxes of the nonpreheatad
ceslim~oped graphite and blank graphite samples measured in this work are
similar © cesium Aaorption rates meagured bw Aronson ming CsI avd CﬁDJ—

dopad r.r::‘._r".“ Sirce wo mansure tnotal mass lons and Aronaon measured

mass loas of cesium anly, our measured desorption rates should be higher than

) - | - » e P e » 2 - R I - Yom . . - — “i{ia
Lhcea Reriva from AMronson's TUAR Lol IaESS~- 1008 resuLta., T reasn 'J this

discrepancy between the two types of experiments is not clear. It seems that
the desorption behavior of CsOH (n the presence of water {s omns {derably more
corplex than originally thought., It is clear that information ooncerning the
vapcr corposition of species desocbi from the graphite surface is needed in
order to better unvlerstand the results of our exporiments with CalH-dopend
graphite.

2, _Puel Failure and Pission Cas Release Fxper iments

(J. L. Lnsford, OB-8)
Several mdifications are belng undertaken to upgrade the cperational cep-

ability of the equipment used {n the fuel particle heat-up experiments. In

the past, operator attendance w s desirable for several reasons., FPirst, tem-
perature measurements for the exper iment were made with a disappearing fila-
w

mnt pyraweter which requires manual oper tion. Second?, range selection on

the vibrating capacitor electrameter was carried out bwv "riding® the range

selection switch in order to obtain that scale which gave maxizm sensitiv-

————————————_—————— ] ——————— A — o —————— S ——

ity. In order to obtaln more accurate data during the longer runs required by
the lms-of-farced-conlant (LOPC) accident histories

S -
s O U 2 LC DwOo-ON 1t

recording pyrometer will be added to the high-temper

&
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Mlﬁdcmwwnlmplndmmelmo-te: and the strip
chart recorder 0 that the electramater can be left on the hichest scale
decms? reasonable, Bacaise two data records will now be produced, a two-pen
strip chart recorder will be substituted for the single-pen unit prosently
usad, (Although tempacature profiles could he estimated during unattended
operation by calibrating the tesperature against the prograsmed power profile,
it wes docided that better data would result if continuous tesgerature meas-
urements were available.)

The high-tespecature furnace recently exper jenced serious overheating on
e of the power feed flanges. The cause of the thermal excursion is un-
krewn. However, to quard against a repetition of such a problem a! to permit
diagrostics in the event that the difticulty ocurs acain, the tesperature of
the four return-water cooling circuits from the furnace to the furnace con-
troller will be instrumentad with indicating digital meters equipped with
analog output cepabilities. In addition, these meters will Arive Adigital con-
trollers wired into a high-alarm, manual-reset mode,which will remove the 35
KVA furnace from the Jine in the event of owerheating. This should protect
the furnace and increase confidence in schediling long-time unattended
cperation.

3. Pission Proct Transpoct Calculations

(J. L. unsford, OB-8)

a. PFission Product Kinetics

Output capabilities for the kinetice side of the scoping cole
QUILAXIC have been completed, Printed cutput is extensive and includes reac-
tion coxdinates, reaction rates, species, ard 2quilibrium oonstants. Plotted
output includes a plot of the species distritutions and a plot of the reaction
rates in the system. Reaction potentials are also plotted when they are in-
cluded in the input.

The system solver in QUIL employs a two-dimensional direct-ocarch tech-
nique. The two search varjables are E, a scaling factor which is applied to
the calculated ooxrectian to the current approximation to the final solution,
and p, the Levenberg-Marquardt paratetet.‘s In a typical problem, several
thousand calculations of ¢ (the sum of the sguares of the errors) are required
by the direct-scarch strategy in QUIL. In qneral, the amount of oomputing
required to apply the two parameters differs markedly. Application of the
Levenberg-Marquardt pararster requires that the linearized set of equations be
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solved anca for each trial value of ¢. TO speed wp execution for (UIL, the
two=dimenaional direct search was rewritten i{n such a way that the search pro-
ceads along cross sections of constant p.  Although the search remains two-
dimensional, a new solution vector is reguired less freguently. It is esti-
mated that this change will speed p execution times for QUIL by a factor of
W0,

b, Gases Piesion Product Release

(C. BE. Apperson, Jr,, 0~13)

The SIVIUS coe has been modified to more accurately model the re-
leape of fission gases at the {nstant of fuel particle fallure. Initially,
procursor behavicr was approximated. This resulted in slightly underestimet-
ing the hurst component of fiosion gas releass. Use is now made of the expon-
ential cperators developed for the main solution coutines in SUVIUS. These
operators have been discussed in previous guarterlies.

The release fraction of the fuel pacticles is a function of temperature.
For calculational purposes, it is conwvenient to specify the average release
fraction of a core region in terms of an effective tewperature. Unforturate-
ly, this tesperature does not necessarily correspond to the volume-weighted
region average tesperature, To improve the accuracy of the activity estimates
calculated by SIVTUS, a preprocesncr cofe has been developed, which petforms a
detailed volume-weighted average of the falled and intact release fractions.
These results can he translated directly into the proper effective temperature
for use in SVIUS. Using thesa improvements, future emphasis will he placed
on resolving the differences noted last quarter in the results predicted by
SVTUS and the General Atomic OCrmpany (GAC) corle.

B. Structural Bvaluation

(C. A. Ariereon, Q-13)

The data obtained from all of the seismic model tests confucted at the
White Sands Missile Range (M) during FY 1977 have been rediced. Results,
reported as maximm strains produced in the various models, are precentad and
Aiscussed for both true and distorted models, The current status of the three
codes, NONGAP-C, INGEN, and MOVIE.IASL, which have been used for Prestressed
Concrete Reactor Vessel (FCRV) analysis, is discussed. An elastic-plastic
ooncrete constitutive model that differs from the variable modulus model now
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being used in MNSAP-C {s discussed; this model is proposed for implementation
in NNSAR-C tn provide better correlation with exper imental data from PCRV
nodels. Results from a reliability assessment of a single-cavity FCRV are
mumnar ized,

1. Seismic Program

(R. C. Dove anml J. G. Bennett, 0-13)

The data obtained from all of the vibration tests which were conducted at
WMR Auring PY 1977 have been reducei. The dimensions, mater [al properties,
and instrunentation of the systems that were tested and the characteristics of
the test facility at WSMR were given in a previous repott;’s therefore, only
the test results are presented here,

The first series of tests involved the use of sinusoidal excitation to in-
vestigate the effect of selectad parameter variations on system response. The
results of tests conducted on the prototype system are shown in Pigs. 73 and
74. Pigure 73 shows how the maximm strain (a convenient measure of hlock re-
sponse) is affected by the clearance gap between the blocks. Oomparison of
results presented in Pig, 73 to results ohtained fram the analvtical model,
FYSD (nee Pig. 16, p. 24 of Ref. 46) shows that both exper iment and theory
predict the same trend for the effect of clearance gap on System response.

Pigure 74 shows how the system response is affected by variation in the
exciting frequency. The analytical molel, FYSD, was nt used to make this
kind of study (constant acceletration at various frequencies) so no compar ison
with theory is available in this case.

The seond series of tests involved the use of simulated earthquake exci-
tation to investigate the feasibility of using a scale model to predict system
response. As given in a previocus tepmt36 it was fond that there (s some
variation in the response of either protntype o model system when either is
subjected to several supposedly identical tests.

The reason for this lack of repeatability was judged to be the uncontroll-
able diffecence in the starting conditions between otherwise identical tests.
For exanple, consider the four-block prototype system subjected to a simulated
earthquake. Althoush the gap can be carefully set before each test (for ex-
anple, equal gaps between each block), amall variations in static coefficient
of friction among the four blocks may cause mall, but impoctant, relat’ve
motion between the blocks before the first major pulse, which causes impact,
oocurs.
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Fig. 73. Pig. 74.
Bffect of clearance gap on the four- Bffect. of excitation frequency on
block prototype system response. the four-block poototype sSyscem
resporse.,

To test this hypothesis, several tests were confucted on the four-block
prototype system in which starting conditions were deliberately varied. 1In
each test the system was driven at 5 Hz to £+ 1 g. The total gap remained the
came for each test (3%); however, the initial positions of the blocks were
varied. The results of two of the tests are shown in Figs. 75 and 76. Clear-
1y, the initial position has a great effect on the impact sequence. These
harmonic motion tests were run for a larce number of cycles, and it was ob-
served that the response motion never becames periodic, l.e., there is no re-
sponse condition that can be described as "steady-state, periodic® even with
steady-state pericdic excitation.

Por these reasons, we anticipated that when - 'ther the prototype or the
model system was excited several times by identical earthquake signals, the
responses would vary for each test. This was found to be the case, and as a

result, model predictions are compared to prototype results, using averare ad
maximm values of impact-induced strains rather than by comparison of a single
pulse as was done in the previous tests which imolved only a single impact of
two olocks (see Figs., 70 and 71 of Ref. 36).
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Pig. /5.
Bffect of the initial onfiquration - gap at right end.

The four-block prototype system was subjected to five earthquake tests,
The exciting function (i.e., *he simulated earthquake) was the same for each
test within the limits of the ability of the servo-hydraulic system to repro-
duce the oontrol signal. The initial clearance gap between blocks and the
starting posicion of the blocks were identical for each test within the limits
of setup error. Table X shows the maximum strains produced in the prototype
gsystem for each of the five tests, together with the average value,

The four-block plastic model system was also subjected to five earthquake
tests, which were as nearly identical as was possible. For these mudel tests
the acceleration-time history used as the exciting function was, of course,
propecly time soaled, The maximum strains produced in the model system for

each of the five tests together with the average value, are also shown in Table
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Pig. 75.
Effect of the initial confiquration — gap between blocks 3 and 4.

X. These data indicate that the model predicts aplitude of response (as
measured *w strain produced) reasonably well hut that there is more var lation
in results for "identical®™ model tests than there is for "identical®™ protutype
tests. We belicve the reason for this is the fact that static frictional ef-
fects are moxre difficult to control in the moxdel system than in the prototype
gystem.

It should be remembered that, as pointed out in a previous report (see
Figs. 74 and 77 of Ref. 36), the model dons nck predict exactly the sequence
or pulse shapes of block impacts that cocur over the earthjuake time-historv.
However, no two tests of the prototype itself proiuce exactly the same se-

quence of pulse shapes of block impacts.
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TABLE X 4‘
MAXIMUM STRAIN PRODUCED IN FOUR-BLOCK SYSTEMS DURING
SIMULATED EARTHOUAXE TESTS

Max, Strain in Max, Strain in

B R Ty i
1 212 212 265

2 191 187 23

3 191 170 254

B 201 254 244

S 223 191 54

Average of 5 Tests 204 201 248
Deviation from Ave. =6.4% to 49.3% ~15.4% to + 25.4% ~L . to 4.8
Exror in Prediction

of Average Maximum -1.4% +21%

The third series of tests involved the testing, again using simulated
earthquake excitation, of a graphite model. This model was made of the same
material as was the prototype, A-378 graphite, but was the same size as the
plastic model. This model was known, from theoretical onsiderations, to be a
distorted model in that all friction forces are improperly scaled (too small)
as compared to inertial and oontact forces. The question to be investigated
in this stuly was: "What is the effect on system response of this distortion
of frictional forces?® This question had heen investigated analvtically w
using FYSTD to study the effect of variation in the coefficient of friction,
Wy # and the moulus-to-weight ratio, %_2 , of the core blacks (see Pigs, 17
and 19 of Ref. 46 and the Aiscussion of distorted models on pp. 32-15 of Ref.
47). As a result of this investigation, it was expected that use of a Adis-
torted model would result in a prediction cf strains (or accelerations) that
were larger than would actually be produced in a prototype. However, with
earthquake excitation the actual magnitude of the effect of the distortion
cannot be conveniently determined from the analysis.
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This distorted model was subjected to five identical eacrthquake tests.
The accele.ation-time history used as the exciting function was, of ccurse,
properly rccelerated and time soaled. The maximm strains produced in the
distorted model system for each of the five tests, together with the average
value are also shown in Table XIT. The moasuced strain and, hence, the mxo-
dicted gtrain, since strain is scaled tv a factor of unity, is larger than the
strain measured in the prototype test. This finding confirms the distocted
model theory previously discussad,

Punds are avallable for additional test work at WOMR, and several adii-
tional cests are being planned. These include stuldies of the effect of coef-
ficient of friction and excitation amplitule,

2. Oode Development for Pnalvsis of PCRVS

(P. D. Smith, W. A, Coo¥. and C. A. Anvderson, 0-13)

a. Status of NONSAP-C, INCEN, and MOVIE.IASL

The three oodes, INGEN, NONSAP-C, and MOVIE.IASL, used for PCRV
structural analysis require the use of large core memory (1) in the CDC-7600
computer. Until an industry-standard compiler was meda available at LASL in
October 1977, all three codes had to have mnstandard FORTRAN coding to have
acoess to M. Both INGEN and N'WSAP-C have been recoded to run with the
standard lanquage. MWIE.IASL is heavily tied to the nonstandard LTSS version
of FORTRAN; it would be a major effort to reproduce an exportable version of
this code. Discussad below is the current status of the three ocvies.

1. Preorocessing: The user's m.ual‘a for ™NGEN has heen sent to
press, Rutines have been ad’«d to INGN to process the 3-D mesh
data and write files that can be accessed directly by MOVIE,IASL.
One can now generate a mesh and ubcain a plct of the mesh immediately.

2. Structural Analysis: The ariginal NONSAP cdde has been modified to
Include an octhotropic, variable movulus reiniorced ooncrete mordel
with thecmal strains and cracking, a creep model with thermal strains
and time- or temperature-dependent material properties, a 3-D
membraone element with either a linear, orthotropic material, or a von
Mises elastic-plastic material, gravity loads, pressure loads, and
boundary conditions in cylindrical omordinates, These added features
are working well, but the code is sti.l inadequate for use as a PCRV
safety analysis tool.

The reinforced concrete mxiel does not yet satisfactorily reproduce

observed load-deflection behavior Auring postcrackina stages of fail-
we. Suggestions for modifications will be discussed in Sec. 2.b be-
low. In addition, a three-node prestressing element is needed, and a
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crack formation molel needs to be addad to the creep material model,
Execotion times can be reduced significantly by recoding matrix as-
sembly routines to take advantage of the raviom access file maipale-
tions that are newlv available with the PORTRAN EXTENDED oopiler.
Seme of the above modifications are small jobs and some are majors
Mulumuﬁwtmmmottmmcc&b.

+ NORGAR-C generates nodal displacements in a form
used directly by MOVIE.LASL for deforma? mesh plots. For
stress and strain contour plots, MOVIE,.IASL requires stress and
strain data at node points. The incremental solution scheme used by
the NOHSAP/ADDMA family of codes for nonlinear analysis permits cal-
culation of stresses only at interior integration points. To wAily
NOGAP-C to calculate nodal strains and stresses directly would re-
mmmauwmmamuum

3.

%

accessed by MOVIE.LASL.

A flow chart that illustrates the interaction of the three PCRV anal-
ysis coles is shown in Pig. 77. The dashed lineg represent the link-

up capabiity tiot is currently being developed.,

b. Concrete Constitutive Relations

As was mentioned previously, the reinforced concrete strength moiel,
which has been implemented in the NONSAP-C code, does not vet satisfactorily
reproduce the postcracking load-deflection behavior ohserved in experiments an
FCRV models. Figure 78 {liustrates the load-deflection behavior of P27,
ne of a series of PCRV mriels tested wuvler internal pressure at the Struc-
tural Research Lahoratory of the University of nllr\r)is.‘9 that was cepouted
by NONSAP-C and observed exper imentally. Far more Aductility appears in the
exper imental curve than in the calculated one.

Ductile behavior of metals has been explained as the motion of disloca-
tions present in the metal, and mathematical theories of plasticity have been
developad to explain the plastic behavior of all types of structural eliements
under corplisated stress states. A plastic anstitutive relation for concrete
under general three-dimensional stress states has been proposed recently by
Chen and Gmso in which the concrete is assumed to be a continuous, iso-
tropic, an? linearly elastic-plastic strain-hardening-fracture material. In
this theory, an initial disoontinuity surface, subsequent loading surfaces,
and a failure surface for concrete are defined, and elastic-plastic strese-
gtrain incremental relationships are derived using the classical theory of

- ot s

x
w



£ s

T
AT

4»

w i wv

I % Lad ™
A el SR T T

& &

1 N:ﬁ'g, .9‘_"‘:*}, &

v

Fr, - -
g T SRR SR VN,

™ = ol
=| = [

Pig. 77.
Flow chart illustrating the coupling between the PCRV analysis codes INGEN,
NONSAP-C, and MOVIE.IASL,

plasticity. Figure 79 {llustrates the failure and initial discontinuity
surfaces in principal stress space for this type of mater ial. The failure

surface is presumed to be dependent on the first stress irvariant, 11. (the
pressure) and the second invariant of the deviatoric stress tensoc, Jz. of

the form

X

2 2
L 3 2 1 -2
1*1:‘:*5",‘1 i

[ 3
vh-w!
(55)
where A“ and tu are material constants that can be determined from the ooncrete
tensile and compressive strengths and where :2 = 3 provides a good fit to

miltiaxia) failure data, This form of failure surface has been proposed pre-
viocusly tw Seuc;y.51
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Pig. 7.
Exper imental and creputed head load-deflection behavior of PV-27.

7 %" %

———

o

FALURE AND INTTIAL DISCON) UOUS SURMCES IN
PRIMCIAL STRESS WACE

*4g. 79.
FPailure and initial discontinuity surfaces in principal stress spacc.so
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A row material model reprecentative of the Chen avl Chen elastic-plastic

‘concrete modal is being coded and insected into NOMSARC. The material model

will be tasted against the expec imantal cbeervationa on w-zs" and oompered

_also with the calculated results uslig the vacisble modilus material model.

P26 18 in wdsymeeteic model that will allow us to save substantially on
conrgutes Limo,

3, fBaliability Asseswment of a Prestressed Concrete Reactor Vessel

(C. A, Anderson and P, D. Smith, O-13)

The andom nature of the strength propecties of certain materials of con-
atruction is well known and, in cectain cases, is well documented. For example,
Pig. 80 illustrates the wariability of the uniaxial compressive strength of
102 concrete cylindars cast from different batches with fixed mix propor-
tiona.? Broept for the tall portlons, the density function for this sst of
data vas found 1o be nearly normal with a standard deviation of about 108 of
the mean conpressive strength. Omsidering that the tensile strength of con-
crete ig likely to be even more variable than the ompressive strength,
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Fig. 80,

Histogram for oconcrete conprensive strenqths.sz
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L-[!‘s(x)ln(x)dx ’ (56)

which represents, for each and every possible value of the resistance, the
probability that the applied foarce does rot exceed (t. If the strength R and
the lond S are both rormally distributed random variahles with means Yo anl
vsaﬂsturhrdmutlmst a\dt., then the random variable 2 =R - §
also follows a rormal distribution with a mean o - g an! a standard

deviation x2¢ zg and,

Lel-0 (——u“ s )
é - );2 (51
where § denotes the standard normal distritution function.
The reliability aspect of the strength and the behavior of prestressed
concrete reactor vessels is cwplicated by the inherent three—dimensional
geometry of thess structures and by the ill-defined behavior of concrete in

gtates of triaxial stress. Por {llustrative purposes, a reliability analysis
has been carried out far an idealized model of a prestressed concrete reactor
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vessel under internal pressure loading that is geometrically ucomplicsted yet
paintalns the triaxial stress feature that strongly influsnces the ultimate
strength of concrete. The feilure ondition attributed to Saxy,” Als-
cussed previcusly, was enployed to represent failure of concrete under a tri-
axial stress state.

Pigure 81 {llustrates the concrete reactor vessel that wos used in the
reliability ansssasent. The reactor vessel is a thick-walled cvlindar of
jangth 2 with mer and outer radii a and b, respectively. The concrete ves-
pel is encased in a thinwalled shell of steel of uniform thickness b. M in-
itlal axial compressive prestress of ssount g, is spplied to the concrete
vessel; the prastress g was trested as a rarviom var jable.

Pigqure 82 is a cross-sectional view of the cylinder model when it has
reached tha fallure aondition. At this stress condition the hoop strain in
the steel liner will be sssumed to have reached its ultimate value &y An
{nterface betwsen the falled region of concrete and an ocuter elastic core is
positicned at r = c. The state of stress in the elastic region is given

S <D

-
"1

Pig. B1.
Prestressed concrete cylinder model.




dimtlylnurnotmmhmhtxfamuﬂ&endhlmt
the intecface between cmcrete a? linec, which depenvis on the walue of Cge
I the failedt region the stresses satisfy the failure condition, Bg. (55),
vhere coefficiants are row randkm varishles sinoe they depend on the tensile
and ocompressive -trenqthn % and Opr By requiring that the elastic
strengs-state at r e’ aleo nticty the fallure colition, » single non-
linear egqution for the value of c was cbtained and solved nunerically.
Pinally, tie burst pressvce p, was cbtaired by mumerically intagrating the
eguilibe ius equation in the failed region a < r < C (see Ref, 53 for details).
The probability dsnaity function of mmwmo&mmm-
mated by using stratified saspling of what were assumed to o rarviom vari~
ables; concrete strengths %% a? 0., liner ultisate strain € o and axial
prestress 3. mmmi.m-ﬂmbwy
Alstr {buted, whereas both prestress and liner ultimete strain were taken to be
uniformly distributed random veriablec. “te ratio of =~ to imer radivs of
the reactrr vessel was taken to be 4.

Fig. 82,
Prestressed concrete cylinder at failure.
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Duta were taken from sucessive cogubter runs using the sapled input val-
ues. 'The distribation function for mmmg‘um«:ma
novmal probability plot in Pig. 83 for a sagple size of 100. ‘The distribution
of p, i again close to being normal as inticated in Fig. 83; Table XI mum-
maz {zes the par meters of the distribution &s well as the pacameters of the
distribution of the inpit varisbles.

C. Phanomens Mofeling, Systems Analysis, and Accident Delineation

(P. A. Secker, 0-6) »

This task is priserily concerned with the development, verification, and
app!ication of Gas-Cooled Reactor (GCR) consolidated plant simulation cosputer
prozars. The Compooite HIGR Analysis Progrom (CHAP) consists of a model-in-
dopenient systems analysis program which has steady-state, transient, and fre-
quency respanse capabilities. This model-independent partion of the code has

NORMAL PRELT. PLOT OF

PORCDMTILE
:

(%]
o
o
S e e e The e e e T8 10 10 110 N6 108
CBSERVATIOG
Pig. 83,
Normal probability plot for failure pressure of the prostressed concrete
cylinder.
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TAILE XI
INPUT AD OUTPUT DRTA POR THE PRESTRESSED CONCRETE CYLINDFR

3
l

Variable Density Punction Mean Standar” Deviation
q, thiform 13.8 to 20.7 MPa
(2000~-3000 psi)
» Uniform 0.00025-0.00035
¢ Norsal 3.45 NP2 0.69 MPa
(500 psi) (100 psi)
e Normal 34.5 MPa 3.45 ¥Pa
(5000 pni) (500 psi)
Py Normal 42.3 MPa 3.24 WPa
(6140 pai) (470 psi)

l

]

|

|
been rename’ LASAN (Los Alamos Systems Analysis Code). The model-Cepervient '
portion of AP consists of linked modules, each representing a component ot i
subsystem of the overall HTGR plant m3ei and having a stanlardized mxiular
structure. The program organization facilitates modification of crrporenit
mdels, mxlification of solution algorithms, and adition of new solution
techniques. Owverlav and nonoverlay versions of the code have been develoned.
The initial version of GIAP models the 3000 MW(t) HIGR. P2 is curtently
under development and models the Fort St. Vrain (FSV) HTGR.

During the past quarter a frequency respanse calculation capability was
a¥al to the TASAN package, a new treatment of implicit algebraic loops was
{incorperated, and the mumer ical integration algoritim was further rodified,
An improved lower plenum module was developed for QIAP-2, reverse helium flow
hezt transfer was added to all primarv loop mxlules, a general one=dimensi
tube and shell heat exchanger subroutine was develoned for FSV emergency ool
ing problers, and a module for calcilating fuel particle failure and mnxclide
release during accident transients was Aeveloped, Rapld depressurization
cidents using the IV model were studied Auring this period.
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1. PRelative Bazard Indexiong
(P. G. Bailey, -6 ani B. W. Washburn, 0-13)

A relative hazard index f¢° normal and accidant p’mnt traasients ts bemn
includad in the OHAP code. Tre hazard index is defined as the ratio of the
accumulated thyroid and wole-Yody dose crlculated fust ocutside of the fuel
particles (both intact an® failed BISO and TRTSO particles) to the dose re-
leased frem equilibrium fission products at 100 per cent power, assuming all
fue). pacticlen have failed, Such an index nrovides a consistent relative
maasure of the ultimate severity of all operational and accidet transients
perfonied with the code, :

Twenty-five nuclides have been identified “rom previcus radiclogical con-
seqL_noe avaluations «s being major contributors to short-term health hazard
effects for toth Yight water and gas-coled teactors.> o> Simplified for-
mation and decay chain equations are used to describe the ooncentration of
each muclide both inside ad cutside the fuel pariicles as a functim of oper-
ating histocy, reactor power, fuel temperature, and tm.“"'ﬂ The decay
chain equations include decay branching ratios and accumulative or direct fis-
sion product yields ad are simplified by eliminating extianeous short-lived
nuclides from the chain., All nuclides used {a the decay chain analyses are
listed in Table XII.

Oore-averaged per cent particle fajlures awl fractional release rates of
the 10 GAC nuclide groups for both intact and failed BISO and TRISO particles

_ are calculated from failure rate data in a manner similar to that used in the

LARC oo‘)e.ss'ﬁo The particle release rates, mxlide ooncentrations, and

relative hazard index are calculated in ORAP ir. a new module called HAZARD,
The hazard index is calculated external to the fuel particles, i.e., no
attempt has been made to include fission product transport or external release
mrchanisms. The relative hazard index is calculated using dose omnversion
factors for both the thyroid organ and whole boly, assuming a representative
breathing rate.sl'&

2. LASAN NMumerical Integration Technique

(R. B. Lazarus, C-3 and P. A, Secker, Q-6)

The implicit cptimm integrating factor (IOIF) numer ical integration
method for the approvimate sclution of a set of stable, nonlinear, conr-
strai~=1, flrot=xder dilferential equations was irvestigated and adapted for

use in the LAGAN code.55 The IOIF method is applied to an h-ocaponent state
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\RLE XII
NUCTIDES INCLODED IN HAZARD DECAY GHAINS

Telil
1131
Tell2
1132
1133
Xelll
I35
Xel35
Csl36
Cs137
Bal40
Lal4l
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vector v(t), which is given at time t = 0 and whose first time derivative ie
given tw a rate vector, f(y,t). In the present application, the state vector

is swiect to the implicit constraint equation,

max g : -~
yi (‘(t) t) S yi(t) < Yy (y(e),t), 1 ; [P S 8

Furthermore, the components of the rate vector may Aepend on a mamber of
*switch® variables, 1‘.1 = fi’z,t:sl,%?, vee), which themselves may de—
pend on the historv of the solution. Thus, £ may be disoontinuous, and £ is
- . ———— - -
mot, in general, a point function.

The IO0IF method Aetermines an increasing sequence of
t. € vee €L, vess @] estimates :(tk) by solving, for k = 1, 2, ...

1 k
the inplicit matrix eguation
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! 'f stands for £(%,t,), vl ¥ is our estimate for the true sl tion
{ » i),
§ f& ‘ The general gral of this effart was to Aevelop an alaorithm vhich glves
: ': acceptably accurate estimates of the true solution with minima) computational
| owmt, There are, of course, many vackajed frograms for integrating sets of
i § simltaneous ordinary differential egustions, where the rate vector is glven by
: ? sibroutines mpplied by the weer. Most of them, however, assume that the rate
} 5 vectcr 18 a maooth function of its arqueents (excent pechaps for isolated,
; % integrable singularities), which is not the case in ORP agplications, Pur-

thermore, in the QAP code the dimensionality of the system may be increased
at anv time witiout warning (i.e., the model may introduce additional state
variables during the course of the solution).

On the other hand, it is expectad that most of the state variahles will
have sinple derivatives depending on relatively few of the other variables and
having almost Unear dependencies. Thus, the Jacobian of the system will be
sparse, and mest of {ts elements will be almost constant. The inteqration
method exploits these nice propeciles.

The first major problem was the automatic and efficient Aetermimation of
that tine saquence (t), ty, ...) £3 which Bl (59) yields mmbers v¥,
which are satisfactory estimates of the true solution v(t,), while at the
same time minimizing computational cost. The trick is in the proper chnice of
the diagonal matrix B. For a linear, uncoupled, unconstrained system, where
fi has the form

~
ta

W Sl Mo 8T ER SRR

fj_(lvt’ A+ Bit + oy, (50)

and where A‘, Bi' and a, are onstants (i.e., for a system with a con-
stant, diagnal Jacobian ard linear explicit time dependence), the choice

-a At + (l-aAt)e %40t
By . €4 vete ey {=1,N

ast 1-%45%) (61)

where At = £ - tey for the diagonal element of the B matrix in Bj. (59)
causes the IOIF method to track the exact solution: % y(tk). Accord-
ingly, Bg. (A1) is used in IASAN as written, but for the coupled, nonlinear
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eqpations expected in practios, various poesibilities were investigated for
omputing the time constants a. A choice vhich seens satisfactory and is
presently in use is as follows. Define a “decay rate®

N
k-1
= Iyt

e LI'FT‘ i=1.N (62)
|
oy
where .1ij is an approximation to the Jacobian element o= at time €, ..
ﬂmmmeﬂi--l‘\lmh‘ tspmiuvemtmea‘-o (which is to
say, use B jj = 1/2) when A, is mot positive. This choice guarantees 0 <
Du < 1/2, which makes Bj. (59) asymptotically stable.

The second major problem was the numericai solution ot the implicit By.
(%5). These two major oroblens are related; that is, evidence aoquired in the
course of the mmerical solution of By. (59) can be used to guide th- choice
of the next element of the time sequence. Bguation (59) is solved by a modi-
fied Newton-Rarheon method. To use the standard method, we write kg, (59) in
the form Q = Q(¥X), where

Qly) = 2 - xk-l - &t [B_f_k-1 + \i-B).f_(x'tk)]. (63)
We then take an initial guess xo and iterate

= P - ah, (64)

where H is the Jacubian of O(y"). We do not actually do precisely this, be-

cause it would take too much conputer time to get R at each iteration and be-

cause it would take hoth too much time and too much memory space to solve

directly By. (64) by fully implicit matrix inversion. Instead, we get an ap-

proximate solution of By. (64) by a method of decaposition and iteoration,
We replace H by

M=1-At (I-B)J , (65)

where J is the complete approximate Jacobian matrix whose elements are thoee
used in B3. (62). A significant effort was Jdevoted to firding a good way to
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keep J aequately close to the true Jacobian while minimizing computational
work. ‘The M matrix is then written as

M'Hl*M.zr (66)

and we golve the linear equation

M= g (67)
bv iterating
& - iitig - w, £19 (58)

For this iteration to oonverge rapidly, all the eigenvalues of M;luz
must be clusteredd about zero. To minimize storage space and/or conputing time
m th other hand, Ml. must be 80 structured as to be easily trianqularized,
This can always be acoomplished by taking 4t small enaxgh hut,of oourse, econ~
any in the large requires a big time step. What must be done is to identify
submatrices within M which are responsible for M's larqgest eigenvalues; those
submatr ices are then incorporated, and "1 is treated as a block-diagonal
matrix with rows and coluns permuted.

In the general case, "to identify submatrices within M which are respons-
ible for M's largest eigenvalues® is a problem without practical solution. It
appears, however, that a great deal can be done in real, physical cases, even
if we do not ask the user to identify strongly coupled feedback loops. Fur-
thermore, the penalty for failure, in some particularly nasty case, will mere-
ly be increased camputing cost rather than an inaccurate solution.

Initially, (and every so often! the matrix M is analyzed as follows., We
choose a likely maximm for 4t and an acceptable convergence rate r. We scan
the nonzero off-diagonal elements of J to find those for which
ae?|ag5 30> ?|M;; M5 , and put the associated four elements of M into
Ml' listing (i,9) as a “pair.® when this has been done, we scan the list of
pairs for any which are not disjoint fe.q., (3,7), (3,11), and (7,14)). Al
the i's and §'s for mndisjoint pairs are then thrown into a single n-tiple
[in the example above, we would get the quadruple (3,7,11,14) ], and we put the

associated elemmnts of M into Ml (i.e., a1l :1ij for vhich i and j are hoth
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in the n-tuple). However, we have preselected a maximam value for the n of
the n-tuple (presently 9), and, if the logic described atove leads to a large
m-tuple, then we reduce Ot and try again. Thus, we end wp with an M matrix.
which 18 a permutation of a block-diagonal matrix (one n by n block, a number
of 2 ty 2 blecks, and the rest truly diagenal), plus a maximm allowable time
step.

To acoount for the fact that the Jacobian is changing in time, we repeat
this analysis whenever the linear systom solver iteratien does nmot converge
satisfactorily within a reasonable mumber of iterations (currently 7), when-
ever the dimensionality of the system is increased, an? whenever the derived
value of At (s actunlly ohserved to be restricting excessively the matural
time step,which is deducad frem the Newton-Raphson convergence,as follows.

Taking ¥* ! (the old state vector} 35 a natural first guess for &

(the new state vector), we observe that the first iterate would be the correct
answer if

1. our aproximate Jacohian were the oovrect Jacobian and

2. the correct Jacobian were conmstant,

An approoriate norm, then, of the difference between the first iterate and the
second iterate tells us whether our step is tco big, too small, or just about
right.

Identification of the "appropriate rorm" has been a significant Aifficul-
ty, because of our desire to demand as little information as pocsible from the
user of the model oode. We therefare track "important™ variations in the
state variables an? ignore "unimportant® variations to prevent "unimportant®
variations from tolding down the time step sizs. Tt is customary *o pass this
value julgnent back to the user by asking him to specify what absolute and
relative errors he is willing to accept for each state variable., Wwhile such a
feature is no doubt desirable as an option, we have been successful in provid-
ing a basis by which the code can itself deduc2 the appropr’ate norm.

The method, as described, has been extensively tested ducing this quar-
ter. We hegan by stulving linear unconstrained systems whose Jacobian matrix
coefficients were randomly selected using a random number generator. Fiqure
84 plcts the analytic time solution of a tenth-order problem with all initial
cevditions set to 1.0. The TOIF method was applied to this problem with a
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Pig. 84.
IOIF solutions for a tenth-order linear system.

fixed time step of At = 1.0 s, and the solution pnints are plotted on the
analytic curves. Note that even for variables whose solutions reverse trend,
the method accurately predicts the result while jumping over the "structure.®
This is not desirable,usually, but demonstrates the accuracy and speed of the
method,

Many randomly created nonlinear svstems were investigated with hard limit
constraints imposed. We stulied systems with orders as high as 100 and oom-
pared solution ruming times and accuracy with results obtained using the most
widely used "canned™ integration packages in use at LASL. In these cases Jur
method was superior in all respects. The method was then applied to a variety
of QAP problems using the current FSV (ORP-2) modules and t.e GAP-1 mod-
ules. Figure B85 i{s a plot of prompt neutron power in the FSV reactor result-
ing fram a 1.0 dollar step in reactivity with separate fuel and moderator
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f sadorck mtlvlf.y. The TOTF metho! predicted peek power for the transient
within 0.5% using enly twe solution time points. One secon? of the solution
was cbtnired using only five solution increments,

A rapid drpreasacization of the POV owumr!lr;q to loas of helium in-

ventoxy in the resctor cavity was stulied, A 645 az” break was postulated
;M‘ in the POV wper plam of the FAV reactor, During this depressurization ac-
~ client, protective plant control cptions were exercised. When the power—to-

b flew rutio increased ahove 1.4, the reactor was scrameed, All oontrol rods

were driven fully into the reactor core. Pigure 86 shows the helium inventory
& and gystem pressure as a function of time, The power-to-flow-ratio is plotted
in Pig. 87, The tzansient was carcio? out for 1 h of transient time but took
anly 1.2 min. of CDO-7600 machine time using the OIF method,
3 3. IAS'N Praquency Responge Capability ,
(P. A. Secker, 0-6 and M. L. Stein, C-3)

We tave a¥led a frequency response solution canability to the LASAN code.
The algoritime used for this analysis are similar to those contained in the
LA ~developed TAP (Transient and Prequency) code,®) The LASAN oxe is cap-
ahie of cbtaining transfer functions of specified CIAP model response vari-
ables with respect to specified model input variables bv linearizing the non-
lirear state variable derivative equations,

k. The cowpled first-order crdinarv differential equations (ODEs) in OHAP are
o descr itedmatherat ically as

S b sdmaliiarrina

gt Yt = £ (y,x,t) (69)
where v 18 the vector of time-dependent state vaciables in the model, t is the

independent variable time, x is a vector of M timeJdepenvient forcing func-
tions, and f {s the state variable derivative vectur. When the rnonlinear ODEs
are linearized about some steady-state operating condition, where

U A s il

g_t z(to) - _f. (xorgopto) - 9_ ’ (70)

the resulting linear approximations to the nonlinear expressions provide In-
focmation on the dymnamics of the system in a region about the steady-state in-
put X . The size of the region over which the linearized model is valid
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var {es with the degree of ronlinmar ity of the system anv] the magnitude of the
input disturbance, In matrix notation the linearized equat: wia in LASAN are -

a 2 ()4
G- [Hlon (£l =. )
where [%1 is the N by N Jacobim mateix avl (5] is the N by M input metrix.

The frequency response of the lineerized opes is obtained bv Laplace trans-
farmation of By. 71) ar! calonlation of the transfer functiors of 67‘(3)/8
xk(s). The Laplace transform of 2. (71) is

. [x] (s = [-:ﬂ se(s) + [%_] £x() )

where [I] is the diagonal identity matrix, s is the lLaplace independent vari-
able, 0Y(s) is the Laplace transfarm of the 8y(t) vector, and X(s) is the
Laplace transform of the &x(t) vector. Upon rearranging terms in By. (72),
the following linear matrix equation is obtained,

[-[;]- [%]] tYs) = Bﬂ 8o | (™)

If all &, (s) = 1, (k = 1,M in By. (73), then the individual solutions
&Y, (s) in the Y(s) vector are called the transfer functions of &, (s)/

&, (s), representing the variation of the state variable ) with respect to
the varfation of the input x . The block Aisgram helow illustrates the
transfer function process.

”.(') 87, (s)
Em——— 0] g
INPUT % RESPONSE

where Hik(s) is the transfer function ﬂ‘(s),’a&(s).
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The Synamic responee of the varisble "1“’ with the transfer function
u“m can be oonvenlently studled when the input 8 (t) is a simsold
with fregquency ¢ and mit maxims splitode, {.e.,

&% (6) = sinw t . X (14

o e outpit response of a linear syctem, subjected to a sinusoidal input, is

also a sine wave of the same frequency tut miified in mplicude and shifted

, in phase. The frequency response functlion of a linear system ig Aefined as

hd the mejnitude ad phase angle of the system transfer function obtained from
S Bi. (73). In general, both the magnitude and phase angle of the freguency re-

:‘ “g; gponse function are wnlinear functions of the sinusoida) frequency, .

' . The cosplex algetraic relationships giving the frequency response function

are programmed in LASAN in mbroutine FRORSP. The freguency response function

for specified imuts and cutputs are computed at selected nume [cal values of

i g wye Tt is customary to plot 20 loqln“ﬂvo) |, which is the Aefinition
i ,' o!nvhcnnlmit.wfteq\muomaa-iqutm. The value of the
b ] magnitude in decitels is plotted on the linear ordinate vhile the value of

% .a radians/s is piotted on the logarithmic abscissa. The phase angle in
degrees of the freguency response function is also plotted lineacly on the
s Groph. The ombined semilog plot of 20 10@‘"”‘(1“0)' and the phace
agle B vs u is callel a Node plot, Output ust_ings av! Bode plots are
generated with the LASAN ccde,

When tre input farcing functions are introfuced externally to the model,
' e the fregquency responses are called ®closed loop™ frequency responses and rep-

- resent” all the feedback dynamics. If the selected imput forcimg function 1s a

state variable of the gystem, the frequency responses oomputed are called
*open l20p® frequency responses hecause all of the feehack Amnaalcs are not
present. Both "cpen loop® and "closed loop® frequency responses can be ob-
tained with IASAN making it a w ¥ powerful tnol for control system design and
sensitivity analysis. g

Pigures 08 and 89 show selected Bode plots obtained from LASAN using the
PSV model of the ORB-2 code, Figure 88 i{s a Bode plot of the "closed loop®
frequency response of prompt neutron power with respect to power demand. Fig-
ure 39 is an open loop frequency rerporse of prompt neutran power with respect
to central onrrol rod motion.,
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4, PFort St. Vrain Mxielinm
(P. A.Secker and G. J. B. Willcutt, -6 and T. J. Mecson, wX-4)

model refinements were made to the steam generutoc/reheater modules, the e
and side reflector motules, and the primary lop helium plena modules,

a. Steam Generator/Teheater Modeling

A new generic helium~towater shell and tube heat exchanger subrou-
tine package was developed for CHAP. This subroutine package, named TLISHL,
is called by both the main steam generator module and the steam reheater mo~
ule in CHAP-2. The ooding for this model allows the user a great deal of

Fort St. Vrain modeling for OIAP was continued Auring this quarter. Majo

»
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Fig. 90.

Control rod rate logic diagram.
fraxibility in defining the heat exchanger descriptions. The model tracks the
saturat x: liquid and saturated vapor boundary positions during a transient as
these positions pass fram one modeled region to anmother. This capability is
required for FSV because floodout and dryout can b expected in toth tle steam
generator and reheater during normal and conldown operation. Thus, the moxiel
can he used for startup, shutdown, and emergency cooling scenarics.

The model allows the user to input a variahle nurber of axial heat ex-
chénger modes, For example, in the FSV steam generator there are five dis-
tinct regions with different gecmetric parameters; the lead-in tubes, the
economizer, evaporator, and superheater active heat transfer sections, and che
lead-out tubes. The user may elect to treat conservation of momentum in the
water across regions either dynamically or quasistaticallv. The mcdel de-
tects, frem input data specifications, whether the gecmetry is once-through cc
U-tube and treats the problem appropriately. Heat transfer on the helium sioe
(shell side) is treated quasistatically and acocounts for reverse helium flow

on the shell side. When the dynamic conservation of momentum option is selec-
ted for tube side dynamics, local flow reversal problems can be caleulated,
Thus, the model is suitable for dynamic flow stability studias,

b. Modifications to Core and Reflector Models

Heat transfer from solid material to the helium is by convection in
all components of the CHAP-2 model. Purther, this heat transfer process is
treated quasistatically. When rapid depressurization of the PCRV cavity oc-
curs due to breaks in the upper reactor core plenum (normallv at a higher
pressure than the lower reactor core plenum), the pressure in the upper olenum
rapidly decreases. This causes a helium flow reversal condition in the core
and side reflector. The heat transfer equations were thus modified in these

components to acount for flow reversal.
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C. Improved Lower Plenum Module

The gecmetry of the FSV lower plenum and side reflector are Aifferent
from the 3000 MW(t) HTGR. A peripheral annulus formed by the core barrel and
the PCRV exists in FSV through which helium passes upward to the upper plenum
from the circulator cavity below the reactor. No such annulus exists for the
lawer plenum module in GIAP-1, This additional pressure Arop and omnmvective
heat transfer path has been modeled for FSV both in the lower plenum model and
the reflector mode]l, However, new equations were only required for the lower
plenum because reverse flow was already allowed in the reflector model.

d.__ Plenum Dynamics

Inertia effects in conservation of mass and energy relationships have
been added to the helium plena modules. These effacts are very inportant for
depressurization stulies and account for reverse flow mechanisms in the core
and side reflector studies, Within smnall-c.ameter channels between plena,
omservation of mamentim, energy, ard m ss for the helium are treated quasi-

staticallv.

e. Modifications to Kinetics Module

Control rod, shim rod, and scram rodd reactivity effects were added to
the point reactor kiretics module. The hysteresis-with-deadhand control rod
rate logic, shown in Fig. 20, was incorporated into the module. Inertia and
damping effects of the control rod mrtor drives were also added, Control rod
position, withdrawal prohibit, and scram logic, based on core power-to-flow

logic were incorporated in the code. A zero-power neutron source level
description was also added to the point kinetics model.
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V. OCFR (OORE DISRUPTIVE TEST PROGRAM
(D. L. Hanson, Q-8)

Toe hasic assembly module of the Gas-Cooled Fast Reactor (OCFR) oore is a
gbassenbly compr ising 264 fuel ro's, 6§ corner support ror's, 1 central rod
(instrumented), and their surrounding Auct. The Auxct is a right hexagonal
eylinder. ‘The purposes of this out-of-pile exper imental program are Un demon-
strate the hehavior of cne of these GCFR core mdules in the event of loss-of-
core (1OC) eonolant flow or pressure and subsequent shutdoun of reactor power
to the level resulting from decay heat alone. The LOFA wil) be simulated in
the Duct Melting and Fall-awav Test (DMFT) and the loss of pressure accident
will be simulated in the Depressurized Accident Condition (DAC) test. These
exper iments require the development of an electrically heated fuel ro? simu-
lator capable of delivering 2 KW of power while operating at surface tempera-
tures exceeding 1650 K, and the development of a fixture that will parmit op-
eration of an ensemble of 450 such rods (1 core module thermally quarded by
gsegrents of the 6 surrounding modules) at heliun pressures uo to 9.1 MPa.
This Guarded Oore Yodule (GOM) fixture will be the largest in a sequence of
four test fixtures developed in the course of this program. The others are:

1. Ten-inch, sirgle rod fixture,
2. One-meter, seven-rod fixture, and
3. Pull-length subgrowp (37-rod) fixture,

The GOM fixture will be used first for the NMFT and suhsequently for the WC
tests.

A. Program Plannimg

(D. L. Hanson, 0-8)

Meetings were held at TASL on November 10 and 11, 1977, between GAC and
IASL for the purposes of outlining a test plan for the first Full-Tength Sub-
groap (F1S) sequence and reviewing the GM fixture conceptual design.

Two types of FIS tests are planned: one in which cladling is held at a
steady maximum temperature and are in which power is orescribed at the
time-dependent decay heat level. In both tvpes of tests, the testing period
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will be bounded by periads of controlled transient startup and shutdown
minimize thermal shock and ratcheting effects. In the controlled powsr test
sequence, cladling temperature will be limited to a maximm of 1075 X in 211
but the final test, which will proceed for 300 s or intil evidence of siqyjf-
icant failure aopenrs. Helium pressures of 0.1 MPa an? 9.1 M2 will he ueed
in both types of tests,

As present]y envisioned in the oonceptual Aesian, the M fixture has out-
grown the available test cell (due to vertical height limitations). Also,
forizontal assembly and subsaquent transpart of this fixture now appear im-
practical (partly due to an estimated mass of 5 Mg). Acoordingly, a high hav
annex to Test Cell 1, Bldg. 16, TA-45, wherein hoth testing and vertical as-
sembly can he performed, is now planned,

B. Analvsis
(A. J. Giger, 0-13; D. L. Hanson, 0-8; and J. C. Miller, B-2)
Heater Rord Grinder
The maximum positional resnlntions of the Heater R Grinder are 10 um in

i

the radial (r) diraction and 25.4 um in the axial (7) direction. Since cut-
ting mtimn is pesible in onlv one of these directions at any time, ths orn-
tinums profile of the ideal heater rod must be approximated by a sequence of
contiquaus circular evlindrical sagments, Tt is nossible, however, tn snsure
that the pawer qenerated in each of these segments is identical with that qen=
erated in the correspanvling axial segment of the ideal rod, A computer oro-

gram that performs this analysis for each successive radial (10 ym) step has
been created and used to generate a discrete step core rod profile specifica~
tion with the maximm resolution possible from the LASL machine.

A sec.yd computer program was created to adl equallv spaced rod-centering
lands along the lenath of the rod, and a third program utilizes the tabulated
results of the first two while controlling the grinder Auciro actual core rod
prohction. The resulting rod profile is plotted in Figq. 91.

2. Guarcded Core Mndule (M)

An analytical malel of test fixture and test assembly insulation was pre-
pared and is cperating. The model simulates, from the quard heater outer wa'l
(Fig. 92) ocutward: a mltiple-layer molybdenum foil radiation shield, a fiber
or granular laver mounted to the quard heaters, a large qan containing
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stagnant helium, a fiber or granular layer mounted on the false wall, a small
helium gap, an? the false wall itself. Radiation and ormduction are assimed
with oonvection suppressed,

Preliminary results using two 2lumina fiber lavers oroduced the loss rates
shown in Pig. 93.

C. Design

(A. J. Giger, 0-13 an? B. C. Cone, SD-2)

1. Full-length Subgroup (FLS)

Desgign work was completed and drawings produced and issued for a "tail
end® hoat exchanger to cool effluent helium fram the 37-rod fixture to a tem-
perature manageahle by a hack-pressure control valve,

2. Guarded Core Moiule (GOM)

A full-scale layout of the test assembly and fixture was completed. Plan-
ning for the DMPT {s hased on operation at 9.1 MPa. ‘The concept being onsid-
er(. '15es an interior, segmented, and water-conled false wall as shown in Pig.
92.

DMFT INSULATION

=00
--
2 000
-
.-‘j
§ =
f -
B o
“
' "GN RN “BAS" ARL “BRS
RADIUS , MM
Pig. 93.

Heat loss from DMFT insuvlation.
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(A, J. Cigor, =11 and B, Cona, S-7)
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Fiq. 74,

F1S 1nwer slactrical asserblyayliacent to the tube 'windle.
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cigq. 95,
FIS narts ai-we the tuhe bandle,

FLS pressure vessel, tube hundle assembly, and duct,
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cabrication is amroximitely 50% oomplete on the affluent helium heat ‘
T hexvimal Acte and ten hexvicnal arid spacers for snhseaent 37-ro?

tontg wunre roen v from yon ra,

Rasemi]

N, Y, Gianr, =3 D, 1, Hanson, O=8; ", G, Hannen, T=4; an? 7, C,

’

Inz*allation, and Chackent

willer, F=2)

y. Haatny Dad COrindar

T 1ASI~nsignnd Heater Rod Grinder is now (ullv assembiad and Aannratis
al (Fia, M. A fu']l oomlement of aranhit> core rals for the firat 1S tnet
1Egemihly has hoon profiled, T™e guality of thess rols is guite accentable at
this etaans, hat further improvements amoear onssihle, The necessary myh fie
tims tn offect these improvenents will havs to anit the dAovelopment of i

prowe! profict inswetion tachniques, hoewyer,

Fig. 97,
Fu'ly assemblad Heater Ro? Grinder,
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2. M8

Assemhly of the first FIS was started (ciroular Axct). T™e tiube tunle
was put together as follows, FPirse, Y'we free center tube, which had it been
hrazed into the sipoort olate with the other 13 thes, was subassem™lad tn the
grid spacers. Chromel-Alumel thermocouples were then attached by spot-welding
as in Fig. 7M. The sbassemblv »as then slioned aneo the nther 17 tites neieg
a vibrating platform to wereme ctatic friction, The halance of the 12
thermooumles o the tihe hundle were then amplie? Ref, CA 771023 WM a2
for pnsitions). The tube hindle at this stage is shrvm in Fig. 99, Fiqure
100 shows the CA-requested hlanking sagments sont-welded to the first spacer
within the lower axial blanket (ninth mnsition fram the tool,

Fiq. 98.
Cla¥iing surface temperature thermoonuple installation.
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Piq. 29,
Assrmblal claliinog tithe lmAdle,

Blanking segments installation at Spacer Grad No, 9,



P. Testing

———

No tests were performe? in either of the two operational test fixtires
during this reporting period because of emphas’s placed on aoquiring heater
rod production capability, FIS fixture fabrication, and GM fixture conceptie!

desiqgn,
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VI. CONTATNMENT SYSTIMS EVALIATION AND STUDIES
(R. G. Gide, 0-6)

T™e following sectinn~ summrize the progress from three FY 197 nrojects
in the reactor containment area funded by the Division of Svstems Safety (0SS
of NP7, Work for the first project entitled, "Cortairment: Fvaluation," is
given in Secs. A an? B below. Progress in the second proijact titled, "Oon-
tainment Subcompartment Analvsis,® is presented in Sec. C. Progress in the
third proiect titled, "Main Steam Line Break Analysis,” is presented in Sec.

Fiscal vaar 1977 nrogram task results were transmitted to N®T in the fol

lowing series of draft reoorts.

1. Release of (OMPARE-MY! 1 code withfsho canability of performing +
ocondenser suboompar tment analyses.,

Onnpar ison of CONTEMPT-LT . calculations vvith Marviken, LOFT, and
)

6

Battelle-Frankfurt tests.,

Compar isons of QOPARF/REIAPT subcompartment calculations with
Battel!e-Frankfurt C-series teste results, 66

' . ; 67
Analvsis of the Tagami oontainment tests.,

; T . - A8
Analveis of denrsition and entraimment in two-phase flow.

Analysis of lensation heat transfer within reactor
containments,

. L 70
Containment suboompar tment sensitivity study,

One-dimensional gq1m:1(étim of flow hranching using the method of
characteristics,

Review of subcompartment analysis m'hs.n

COMPARE-Mod 2

The purpose of this task is to incorporate alvanced procedures developed
FY 1977, make crmmparisons or calculated and test results, make comparison
of OOMPARE-Mod 2 calculated results with those from OOMPARE-MoA 1,64 and
develop user-omvenience features,
L. Methord of Characteristics
(R. G. Gido, O-6)

One of the atvanced features to be made available in Mol 2 is the abilits
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o analyze one-dimensional ormpressible flow using the method of characteris-
tics or wave-diagram aalysis method, 2’7" This feature will provide a het-
ter acoounting for compressibility effects and eliminate some of the detail
nodalization currently utilized to represent this phenanenon. The hasic abil-
ity to perform such analyses is available. However, emphasis is currently bhe-
ing placed on the capability to model constant, hut different, area vents that
are staked in series. In particular, the storage arrangement of the code
variables is being modified to be more efficient. 1In aMition, the capability
to include an orifice at the stacking point is required to model the Battelle-
Frankfurt Comparative Analysis Standard Problem (CASP).

2. User-Convenience Develcpment

{G. J. E. Willcutt, 0-6)

A user-onvenience cotion has heen developad to permit user innut time
steps that can change for different time intervals Auring a run., The user
selects the end time far mach time interval, the time step to he used in the
time interval, a print frequency for volume and junction information, and a
print frequencv for heat sink information. This feature has heen immorporated
into hoth COMPARF-Mp? 1 and OYMPARE-Mod 2,

A plot pac'tage has heen develooed and tested in OMPARE-11 1 on the LASL
conputer system. This packaje permits hoth standard plots selectad through
input and user-specified plots of anv variable vs any other variahle selected
by programing modifications in one subroutine. Standard plots include volume
pressures, volume temperatures, junction mass flow rates, arnd pressure diffec-
ences between volumes as a function of time. Up to five curves can be spaci-
fied per plot and either linear or log time scale can be used, Minimm and
maximm times for plotting are also specified in the input data. Thus, a plot
can begin in the midlle of a run and finish before the end of the run. Prowi-
sicn is made for skipping time steps between plotted points to permi. storage
savings for cases with large mmbers of time steps. For each standard plot
the user can specify minimm and maximum ordinate values, cr these values can
be determined from the data extreme values by the program. The user-specified
plot package presently permits a single curve per plot of anv variable vs anv
other. It is being modified to permit plottinmg up to five curves per plot.
This package will next be made operational on the MR svstem using the CalOrmp

package.
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3. Tee Representation Capability
(P. W. Meier, wWX-4)

The tee represcntation for the branching of one-dimensional vents anal
by the method of character lstlcsa has been incorporated into the COMPARE-Mord
2 code and verified by comparison with experimental test results,

Verification of the branch flow model was achieved by compar ison of
steady-state calculated results with air flow experiments through a tee with
three flaow junctions of equal diameters of 31.75 rm pipes.n The tee flow
model qgecmetry and initial conditions are shown schematically in Fig. 101,
Air properties were input at 294.4 K and atmospheric pressure. Under the
ditions shown in Fig, 101, the air flowed from Volume 1 through Volume 4 and
into Volumes 2 and 3 at equal rates. For surposes of comparison with exneri-
mental “ata, a nondimensional 1oss coefficient, CL. was calculated using

tntal pressures:

1 2 _ 1 2
stl* VA W X (p92+7°A2uA2)
1 2 .
Z% %

%

where
p = junction pressure.
v = junction velocity, and
= junction density.
Subscripts are defined as follows:
A = old time value at junction end point,

P = new time value at junction end point,

1 = junction 1, and

2 = junction 2,

The results of the model calculations are shown in Fig. 102, The loss
efficients, Ki' (velocity head miltipliers) were varied until agreement was
achieved with experimental Aata, In this limited investigation, all three
loss coefficients were kept equal but,generally, they would mot have tn he
equal. Gool agreement was obtained with experimental data when loss coeffi-
cients of 0.3 were used, With the 1083 ocnefficients maintained at 0.3, the
pressure in Volume 1 was both increased and Aecreased to obtain Adifferent f1
rates. These points are also shown in Fig. 102 and agree wel) with published
exper imental data,
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¥iy. 101.
Volure and junction geometry and [rItial conditions used in tee flow
calculation.

Figure 103 shows the effect of variation of the Junction 3 area on the
nondimensional total prescure drop ~efficient, CL The loss coefficients
were maintained at 0.3 for te four calculated points, The results are in
good agreement with the exper imenta) data.

In sirmary, the characteristic ejuations and finite difference approxima-
tions were used to satisfactorily ardel tne flow of air through a tee, The
results are in good agreeme . wi‘h nublished experimental data. The formula-
tion can be extended to model flaw through a branch point with four or more
junctions by a simple extension of the equations for three junctions. it
should be mted that considerable scatter in experimental Aata gatheren bw
various authors was noted by Benson and %bouatt.?“' The construction of the
flow branches (sharp or rounded edges) had a great effect on the observed
pressure drops. These variations in tee construction can be accounted for by
changing the velocity head multipliers (loss coefficients).
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Fia. 102. Fig. 103,
Static pressure drop through a tee Total pressure loss coefficients
(points with svmhols are calculated throunh a tee (dots are calculated
values) . values).

B. Hydrogen Concentrations in Containment Campartments

(G. J. E. Willcutt, Jr., 0-6 al A. Xcastel, IASL Consultant)

A previous stuly examined the separate effects of Aiffusion and natural
oonvection on the movement and oconcentration of hydrogen in a closed contain-
ment mrpxrtnmt.?s'n The source of hwirogen was the radiolytic decaomposi-
tion of the water on the floor of the compartment following a IOCA., The ob-
jective of the work this fiscal vear is to combine the effects of the diffu-
sion and convection models by mdifyving the one-dimensional transient Aiffu-
sion model to include effects of naturzl convection., Tasks inwolved are to:

1. incluie eddy diffusivity, hased on the flow rate in the wall boundary
layet,

2. include a convective term hased on the flow rate in the wall boundary
layer,

3. modify the diffusion model bordary conditions to include hydrogen
carried back down by the wall boundary laver, and
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. uompere results with the simple Aiffusion-only mode]l for various

compartment sizes, gerneration rates, and initial mixing periods.

An ey diffusivity model was developed, hased on the natural onnvection
flow Aowrmard in the wall boundary laver. This flow prafuces an woward flow
in the central core of the compartment ocutside the houndary laver., The mean
! velocity in this central core is used with the results of free jet .nalyses tn
: determine the eddy Aiffusivitys o o2

€q " 0.0922 U R,

——

where U is the average welocity at a given height in the central core and R is
the compartment radius. Por compartment circulation rates of greater than 3
volumes per hour, the peak concentration difference caiculated hv the Aiffu-
sion model with the eddy diffusivity added is never gqreater than 0.5% for the
base case 282 u3 (10,000 ft.s) cube compartment, This result assumwes a

fized core velocity hased on the circulation rate indicated. A peak cone~ .~
tration difference of 4.8% was calculated without an eddy diffusivity term. A
revised model is being developed,which will vary the eddv diffusivity as a

function of height based on the core welocity variation with height.

1. Standard Mndeling Procedures
(J. S. Gilbert, Q-6)

The objective of this task is the establishwent of modeling orocedure
quidelines for reactor contairment subcompartmest analvsis, These modeling
procedures are being developed by determining the sensitivity of pressures,
focoes, and moments on the reactor vessel and other components to a variety of
parameters. The parameters considered are:

C. Containment Suboampartment Analysis

tion, length of flow path, and hydraulic diameter,

2. qeometric flow loss coefficients accomting for contracting or ex-
panding flow areas,

3. inertial form factors, which account for vent flows with inertia,

4. pipe break configuration assumptions yielding different break flow

l
1. friction flow loss coefficients defined by the coefficient of fric-
distributions,
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9 representation of dvnamic flow on chetructions such as disnlaced
piping insulation, an?d

8

6. Mool critical went flow multioliecs.

Each of these paraweters will be varied within the range of its phwsical
limits., This sensitivity stuly will be repeated for ecach of severa) reactor
cavity an® reactor oiping qecmetries, The reactor lower cavity thickness is
varied from 0.0508-0.6096 m (2 in.=2 ft.). The reactor cavity thickness in
the regio, above and below the reactor nozzles is varied from 0.1524-0.9144 m
(6 in.=3 ft,) vhile reactor lower cavity thickness is maintaine? at 0.1524 m
(6 in.). This region around the nozzles extends 0,9144 m (1 ft.) helow the
centerline of the mozzles and to the top of the reactor cavity which is
cpen. Finally, the thickness of the piping annulus is varied from 0.127-
0.3048 m (5 in.=1 ft.). An alternate approach to the use of arbitrarv qromet -
ric variatiors would he to use different actual plant gecmetries,

To supplement this sensitivity studv, an investigation of the effects of
vent geametry, comressibility, and two-phase flow on friction and geemetric
flow Yoes coefficients is heing nerformed, T™e modeling procedures inclirle
th? results of the recently comoleted oontaimment subxvampartment nolalization
sensitivity .-:tur‘v.?'?n

Prelininarv analysis of the sensitivity of pressures, forces, an? moments
on the roactor vessel to moxlified friction flow loss confficients was per-
formal Aduring this quarter. The friction flow loes mefficients were all
doubled resulting in minor changes in values of peak pressures, an approwi-
mately 15% reduction in the resultant force on the reacto~ vessel, and minor
differences for the mmments due to these forces, Because friction and geamet-
ric flow Yous coefficients are summad to provide values for entrance and exit
flow 1ces terms in COMPARE-M 1,64 it was necessary to modify the code to
inout these guantities separately. Thus, {or example, scme or all of the
friction contributions to the flow loeses may be studied independently of con-
traction or expansion losses.

2. Calculation of the Cparative Analysis Standard Problem (CASP)

(W. S. Greqory, WX-8)

The Battelle--ankfurt CASP for evaluation of ontaimment suboompartment
analysis corns '~n calculated. The test (DIC) was rim on Auqust 17, 1977,
after which ic, initial, and blowiowmn conditions were made awailable to
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interested participants. Measured pressures and tclpotituxos were not made
publicly available. Participants in the U.S. were to calculate the tran-

sient pressure-temperature response and were to submit these to Battelle-Frankfu
for comparison with the measured results Ly way of the NRC.

For our calculations, CASP was rcpresented for numerical analysis by means
of 25 nodes. There were four nodes in Room 4 (R4), five nodes in RS, five
nodes in R6 (the room in which blowdown occurred), four nodes in R7, four
nodes in R8, two nodes in R9, and one node in the connecticn between R6 and
R8. Nodes in a particular room have volumes that are withii ~50% of each
other. The main re:sson for the node fize not being more uniform is that the
model was originall - set up for C-series test analysis where volumes were
located, relative to potential orifice locations.66

Entrance head-loss coefficients for the junctions between nodes were cal-
culated from the sum of upstreum friction and the sum due to area change. The
area change component due to flow contraction was always assumed to be 0.5 if
there was an area change. Exit head-loss coefficients for the junctions be-
tween nodes were calculated from the sum dve to area change and due to down-
stream friction. The area change component due to flow expansion was always
assumed to be 1.0 if there was an area change. No turning losses were included.

Current licensing ass'mptions were used in the calculations. In particu-
lar, a Moody multiplier of 0.6, 100% entertainment, no heat sinks and homogene-
ous volume thermodynamics were used.

The COMPARE code - was used tc perform the calculations.

D. Main Steam Line Break Inside Containment
(0. E. Lamkin, Q-6, and A. Koestel, LASL Consultant)
1. Introduction

Recent analyses of postulated »*i. «'eam line break (MSLB accidents with-

in the containment building have »r. . t { containment atmospher: temperatures
substantially higher than v i X lification testing of certain safety-
related equipment. Conseque .y, syic concern has arisen regarding the

cabability of these safety-related equipwent to withstand the accident
conditions.
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vreliminary comsideration of the m'olblvs-s'n8

S has {dentified several areas
of significant wro=tainty and/or possible undue conservatism in these compu-
tations. The primary task for this quarter was to estimate the relative im-
portance of these smpertainties and %o evaluate the possibility of making sig-
nificant progress tward their resolution within the time and funding
available.

The problem are=s can be divided into two broad categories:

1. omnsiderat s affecting the predicted containment atmosphere thermo-
dynamic re=sonse and

2. omsiderarns affecting the predicted thermal response of equipment
to given asmospheric conditions.

They are discusse® >ylividuallv below,
2. Predictiom of Oontainment Atmosphere Temperature Response
A, Heat Tansfer Coefficient for Pnergv Ahsorptinn bv Heat Sinks
The incstzs standard for oondensation heat transfer within reactoe
ontaiments has foxr gme time heen the correlations proposed hy 'T‘at;auias
and llchirh.m Thes= orrelations were hased upon very small-scale experi-
mental conditions ®ahly atvoical of containment svstems. The heat transfer
coefficient predices? tw these equations is conservative (low) bv roughly a
factor of four for e confiquration of the Carolinas Virginia Tube Reactor
(CVTR) !f.est.88 T™e TVTR test conditions are much more nearly representative
of actual cuitairwerr conditions than are the Japanese experiments cited
ahove, Variation of the condensing heat transfer ooefficient assumptions have

been smma’:’ to imzact the predicted maximm atmosphere temperature by about

39 K.

The state of twwledge concerning condensation heat transfer under post-
accident conditions s highly unsatisfactory, and this uncertainty has impor-
tant implications for the problem at hand. The chief difficulty lies with the
scaling uncertaints nvolved in extrapolating fram small-scale experiments to
contaimment conditi=ms. Bven if the Tagami MUchida exverimental results are
accepted as valid, the correlation equations used are not obviously applicable
to the vastly differmt conditions within a oontaimment huilding. Indeed, the
CVTR data indicate tese equations are very conservative. There is no phvsi-
cal hasis to belies= that the correlation parameters used in these equations
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oxrectly scale the results for the enormous extrapolation involved, It would
be very nelpful if more appropriate scaling relations cnuld be discovered to
reduce the ultra-conservatism of present practice.

Thorough resolution of this problem would best be acoomolished by a rather
involved analytical stuly to determine the correct scaling laws, together with
scme additional supporting exper iments. However, it is doubtful whether this
oould he accomplished within the time and funding constraints of the present
stuly. An alternacive approach does offer some promise, however, Dimensional
analvsis of the governing Aifferential equations reveals that the Nusselt mam-
ber for condlensing haat transfer is some unknown function of several classical
dimensionless var iables including the Revnoids number, R2leigh mumber, Pranritl
mmber, and the Schmidt number. Phvsical arguments can be advanced that the
dependence 1pon several of these parameters should he of second-order impor—
tance. Therefore, it seems attractive o attempt a correlation of existing
exper imental data (mau,“ c_vm,” mrviken.m and Battelle-
l"tmkfnttgo) in terms of these dimensionless variahles. This should provide
a mxh better basis for scaling.

b. Condensate Revaporization

Chu:ut.atims65 with standard containment analvsis codes have owver-
predicted the peak temperature measured in CVTR € periments. P possible ex-
planation of this discrepancy was oonsidered to be revaporization of conden-
sate (formed earlv in the transient) during the superheated phase of the M5I3
accident. Tt was found that assumption of revaporization of ~ 7.5% of the
condensate produced anproximate agreement with CVTR data. There was no mecha—
nistic basis for this assuwption, and therefore, no firm basis for applying it
to the larger scale contairment prcblem with different geametry and blowin
character istics.

A very preliminary investigation has uncovered three possible mechanisws
which could act to "desuperheat” the containment atmosphere:

1. radiation from the ot steam to the oooler walls,

2. recirculation into the hulk contairment atmosphere and revapor ization
of small oondensate Aroplets (fog) in the baundary layer near the
wall, and

3. oooling of the atmosphere by falling Arops of condensate from the
ceiling of the building.
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Crude estimates of t 2 magnitudes of these effects indicates that, in sum,
they may acoount roughly for the discrepancy found in the above computations.
These matters require further evaluation and means of incocrporating them into
containment. corptations may need to be devised.

c. Liguid Pntrairment in the BreaR Effluent

The entraimment of 1iquid water in the steam flowing frem the broken
steam line can have a significan® effect uwpon the contaimment atmnsphere ther
modvnamics. While this surely has important beacing upon the present probl
it lies vholly within the province of the NSSS vendor. NMurrent contaiment
analysis methyis require no modification to aconmodate this oonsideration,
provided appropriate input is supplied, Therefore, this problem was juiged
be ontside the scope of the present stuly,

3. Pradiction of PSouipment Thermal Resoonse

a. Tamperature Variation Within Containment Atmnsphere
CVIT. measurements indicate that local atmosphere temperatures at var
ious 1ncations Aepart considerably 6 55 K) fram the "hulk™ or mean tempera-

ture. This strongly suggests that the omputed mean temperature may =t be
reprecentat ive of the 1ocal amhient temperature adjacent to the safetv-relate
equipment of concern.

The CVTR test qeometry is not presently well enough 'mderstood to resolve
this matter, However, examination of the test results is highly sugaestive o
the following interpretation: Farlv in the transient, the temperature differ-
ences may be due primarily to physical separation (by walls, equipment, etc.)
of the containment into several regimns with restricted flow between these
volunes and fairly complete mixing within each ane. later in the transient,
there yppears to be significant "temperature stratification® Auve to thermally
induced density differences within each region.

It should be presible to make some orogress in this area. The phvsical
separation of the contaimment into subregions presents a problem for which
methodology is alreadv availahle.“ Within the separate regionsg, simple
models can be devised to crudely estimate the temperature stratification
effect.

b. Heat Transfer Coofficient for FPouipment
It may be necessary to perform transient heat conduction analyses

of the various nieces of safety equipment in crder to determine the pealk tem-
peratures experienced by the critical components. Due to time lag in these
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: ttmdm, it may well be that the equipment m:?xo peaks at consider-
‘ably lowetr values than the atmosphers, '

efficient is needed when the surface tepperature is lower than the saturated

-

A necessary boundary condiclon for these calculations is an approoriate
heat transfer coefficient to apply to the equiment surface. A convlensing co
stsam temperature, and a omvection coefficient is required if the surface
teaperature exceads the saturation temperature.

. The work to be done regarding building heat sink onefficients should pro-
duce results which can also be applied to this problem. Alternatively, the J
equipment can perhaps be reasonably moleled as relatively small objects of
sinple shape (e.q., cylinders) and correlutions availahle in the literature
ocould be med, Whatever heat transfer correlations are used, it will be j
necessary to make estimates of the local velocity at the equipment locat NS,
It is felt that conservative .stimates can be made from classical results of J

fluid jet nachanics.
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