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ABSTRACT

The LWR safety con,.uter code, TRAC-PlA, was completed during
this quarter. Considerable progress was also made toward the com-
pletion of the set of experimental assessment calculations that is
to accompany the public release of the code. A very coarse-node
LOCA calculation was performed on a U.S. PWR model using TRAC. This
was the first step in a noding study that is part of an effort to
reduce TRAC running times. The complete LOCA sequence was calculated
with about 1 h or CDC-7600 CPU time. The results acieed surprising-
ly well with the initial phases of an earlier fine-node calculation.

A series of TRAC calculations were performed to determine the
influence of severcl operational parameters on the transient behav-
ior of the proposed Japanese -iab Core Test Facility. Preliminary
calculations for the Japanese Cylindrical Core Test Facility were
aiso performed. A posttest calculation of LOFT Test L1-5 was (om-
pleted, as well as a pretest prediction of the first LOFT nuclear
test, L2-2. Comparisons of the calculated results with the experi-
mental data are presented.

A numerical study of scale effects on ECC bypass was performed
with th¢ K-TIF code. A new momentum exchange formulation was im-
plementel into K-TIF that accurately predicts the results from
several CREARE bypass experiments. The SOLA-SPRAY code for analyz-
ing dispersed droplet flow was improved by including ccmpressib.l-
ity and phasas cnange effects. Finally, a seismic response capabil-
ity wos added to tho SOLA-FLX code.

SIMMER LMFBR disrurced core analysis code development and ap-
plications work reported in this quarter includes improvements in

the analytic »quation-of-state and in the oressure and component
density solution 1iteration technique. Mechanistic analyses ot

transition phase dynamics and calculations of above-core structure
behavior are reported. SIMMER testing and verification work reported
includes analyses of UKAEA COVA and SRI International bubble expan-
sion experiments and of Sandia (PBE-SG2) and ANL (AX-1) in-pile ex-
periments investigating carbide fuel behavior under rapid transient
conditions. Also in the LMFBR area, development and testing of the
LAFM code continued, and a significant nonprototypical failure
mechanism was discovered in low ramp rate TOP fuel failure tests
carried out in static capsules.

In the HTGR safety research work, the last in a series of one-
dimensional core block system model seismic response tests was com-
pleted. The final version of the NONSAP-C finite element concrete
structural analysis code was released to the BNL and ANL code li-
braries. Full system test analyses with the CHAP Ft. St. Vrain and
large HTGR system response models were performed.

Work continued in the design, fabrication, and analysis of the
GCFR core disruptive test program. Postmortem analysis of the FLS 1
test indicated that 18 of the 34 rods failed.
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and
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ie INTRODUCTION
(J. F. Jackson and M. G. Stevenson, Q-DO)

This quarterly report summarizes technical progress from a
continuing nuclear reactor safety research program conducted at the
Los Alamos Scientific Laboratory (LASL). This research effort con-
centrates on proiJing an accurate and detailed understanding of
the response of nuclear reactor systems to a broad range of postu-
lated accident conditions. The bulk of the funding is provided
by the U.S. Nuclear Regulatory Commission (NRC), with part of the
advanced reactor work funded by the U.S. Department of Energy (DOE).

The report is mainly organized according to reactor type.
Major sections deal with Lighkt Water Reactors (LWRs), Liquid Metal
Fast Breeder Reactors (LMFBRs), High-Temperature Cas-Cooled Reac-
tors (HTGRs), and Gas-Cooled Fast Reactors (GCFRs).

The research discussed was performed by several divisions and
groups within LASL. The names and group affiliations of the indi-
vidual staff members responsibkle for the work are given at the be-
ginning of each section. Mos‘’. of the work was performed in the re-
actor safety portion of the Energy (Q) Division. An organization
chart howing the groups with major reactor safety activities is
preser :ed on the facing page (Fig. 1). It reflects the formation
of a nev group, Q-9, and indicates the people responsible for key



technical areas. Other divisions contributing to the program were
the Theoretical (T) Division, Computer Science and Services (C)
Division, the Systems, Analysis, and Assessmer’ (S) Division, and

the Dynamic Testing (M) Division.




II. LWR SAFETY RESEARCH
(J. F. Jackson, Q-DO)

Three of the major projects in LASL's light water reactor
safety research program are reported in this section. The first
is the development, testing against experimental data, and appli-
cation of the Transient Reactor Analysis Code (TRAC). The 3second
involves thermal-hydraulic research in key problem areas of impor-
tance to water reactor safety. The tuird is an experimental pro-
gram that supports model development activities and investigates

new instrumentation techniques for safety experiments.

A. TRAC Code Development and Assessment
(R. J. Pryor, Q-9)

TPAC is an advanced, best estimate computer program €or the
analysis of postulated accidents in LWRs. It features a nonhomo-
geneous, nonequilibrium, multidimensional fluid dynamics treatment;
detailed heat transfer and reflood models; and . flow-regime-
dependent constitutive equaticn package to describe the basic
physical phenomena that occur under accidentconditions. It calcu-
lates initial steady-state conditions and complete accident se~
guences in a continuous and consistent manner.

The first version of TRAC, called TRAC-Pl, 1is primarily di-
rected toward loss-of-coolant accidents (LOCAs) in pressurized
water reactors (PWRs). A refinement of this version, called TRAC-
PlA, will be released through the National Energy Software Center
(NESC) in February. Later versions of the code will treat boiling
water reactors (BWRs) and provide capabilities for Anticipated
Transients Without Scram (ATWS), Reactivity Insertion Accident
(RIA), and overational transient analyses.

As part of a closely coupled code assessment effort, TRAC is
being applied to a broad range of water reactor safety experiments.
These experiments are designed to study separate and integral ef-
fects that occur during all phases of a LOCA. TRAC postttest cal-
culations are compared with experimental results to evaluate the
5
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thermal-hydraulic nodels in the code. Pretest calculations are
made to test the predictive capability of TRAC. Both types of
analyses are in progress and will continue 1) receive increased
emphasis.

Puring the past guarter, progress was made on several fronts.
Mo. importantly, TR... version PlA was completed. In preparation
for the release of TRAC-P2 later *this year, progress was made on
the addition of a droplet field. Also, improvements were made to
the HORSE maintenancc program and the TRAC graphics processor.
Finally, a number of developmental assessment calculations were
performed in preparation for the release of TRAC-PlA.

1. Fluid Dynamics and Heat Transfer Methods

(D. R. Liles, Q-9)
The guarterly progress consisted of the development of an

implicit heat transfer coupling procedure and work on implementing
the FRAPl nuclear fuel rod cude at the LASL computing facility.
In addition, work proceeded on debugging the droplet field for in-
clusion in TRAC version P2. Additinnal effort was placed on im-
proving the reflood heat transfer and in developing a two-fluid,
one-dimensional model for future TRAC versions.

a. Implicit Heat Transfer Calculation

(F. L. Addessio, Q-9)
The conduction calculation in the reactor vessel and the

loop components is being modified to allow for an implicit coupling
with the fluid dynamics computations. This effort has been under-
taken to eliminate possible numerical instabilities when the cal-
culational time step sizes are increased.

The coupling of the conduction solution and the fluid dynamics
occurs as a result of the wall heat transfer terms in the energy
equation. Such terms were formerly writien as

R _ mn+l
g, =h A(T: Ts ) , (1)

where the superscripts denote the time levels and the subscripts
indicate wall and fluid properties, respectively. An implicit
coupling is obtained by defining the wall temperature at the new
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time level, i.e.,
n n+l _ 1
4, = h A(qd T¥+) . (2)

An expression for the wall surface temperature (T:+1) is de-
rived from a heat transfer analysis of the wall, From the finite
difference form of the conduction equation, a vector equation for
the temperature distribution in the wall may be expressed in the

form
-4 -
AT -B4+Cs 1, , (3)
<~ whEl n . " . )
where § Te = T¢ - Te. Multiplying by the inverse of A pro-
vides the wall temperature distribution in terms of the fluid tem-
perature
3 T
an+l _ w
= -‘B+T,F;s'rf. (4)

The wall surface temperature dependance on the f1-°d temperature
is extracted from the above equation. It is this .elation that
may then be used in the wull heat transfer expression [Eq. (2)]
for the fluid dynamics calculations.

The technique which was developed to accomplish an implicit
coupling between the heat transfer and fiuid mechanis computations
may be summarized as follows.

Xs A wall conduction analvsis is performed to obtain an
expression for the wall temperature in terms of the
fluid temperature for each cell [Eq. (4)].

- Using this exprees-~ion for T the energy Eq. (2),
the fluid dynamics equationg are solved, resulting
in a solution for T?*l.

3. With the fluid temperature known, the conduction Eq.
(3) i uied to obtain t'ie wall temperature distribu-
tion TN*+L,



b. Steam Generator Modifications

(F. L. #ddessio, Q-9)

The initial formulation of the U-tube-type steam gener-
ator module in TRAC was based on the assumption that the heat
transfer coefficients for the up and down tubes in a given cell
are equal. This simplification has now been eliminated.

A consequence of this modification is a change in the defini-
tion of the effective wall temperature (fw) and h at transfer co-
efficient (h) used in the fluid dynamics calcula‘i ns for the
secondary fluid cells. By using a simple energy balance (e.g.,
consider secondary cell 5 in Fig. 2):

hs 2A(Tw5 - Tf) = h6 A(Tw6 - Tf) + h7 A(Tw7 - Tf), (5)
the effective values may be readily determined,

h5 - O.S(h6 + h7), (6)
and

Tws = (hs Tws * B Tw7), (hs ‘ h?) . (7)

A similar expression applies for the effective rate of change of

the wall temperature necessary for the implicit computations, 1i.e.,
3 T 3T 3 T
w - w w
(‘a—q) ol £ (‘a"—"rf) * by (‘a T, ) /“‘6 s L (8)
5 6 &y

s Gap Conductance
(D. A. Mandell and J. M. Silician, Q-9)
The present gap conductance model in the TRAC code assumes

that the fuel-clad gap is a constant.2 Since the stored energy,
which is significantly influenced by the gap conductance, has an
important influence on the peak clad temperature,3 more detailed
fuel rod models are being examined.



A number of options exist
for implcmenting a more detailed

||| fuel mechanical mode: in the

8 TRAC code. Separate ¢’ des, such
as FRAP-53% and FRAP-T4* could
¥ be coupled to TRAC as was done
6 with RELAP.S A cnncern in this
approach would be the pecssibility
S of substantially increased com-
g 4 b puter running times. With FRAP-
t T coupled to RELAP, experience
| R has shown that the running times
4 2 ® are only slightly increased fo;
typical calculations, howeve-.°
s SN ﬁzjo_'ﬂ%?f““ A second option is to remcve
B g A e specific subroutines from FRAP-T
L pET and put them into TRAC. This

results in complicated coding
Fig. 2. U-tube-type steam gener- ,.3 does not take full advantage
ator geometry in TRAC.
of the extensive experimentcal
assessment of FRAP-T.

A third option is to initialize the gap conductance rcalcula-
tion by using the steady-state version of FRAP, or a similar ccde,
and then use a simplified transient model as is done in the CHASTE
coc‘e.7 Here again, one would have to consider an extensive inde-

pendent experimental assessment activity.

In order to better understand the models and methods used in
the FRAP codes, these codes were obtained from the Idaho National
Engineering Laboratory (INEL). . roblems were encountered in imple-
menting FRAP-S3 and FRAP-T4 on the LASL CDC-7600 due to differences
in the LASL and INEL computer operating systems. The INEL system
has more small core memory (SCM) and in nrder to run FRAP-S3 at
LASL, it was necessary to separate the main program into several
parts and use overlays. FRAP-S3 is now rinning at LASL and the
test cases give identical results to those obtained at INEL.

FRAP-T4 is considerably larger than FRAP-S3 (FRAP-T4 .s
slightly smaller than TRAC) and uses the CDC segmented loader



system at INEL. This system is not commonly used at LASL (over-
lays are used) and it is necessary to use the LASL CLOPE2 inter-
face in order to use segments.8 The FRAP-T segmented structure
cannot be converted to an overlay structure without making major
changes to the code structure. Since the SLOPE2 system uses part
of SCM and due to other system differences, it was necessary to
reduce the size of FRAP-T. Thie was done by placing the RESTART
cramon in large core memory (LCM). After reducing the size of
FRAY=T, it was found that an error exieg s in either the LASL seg-
runted. loader or in the SLOPE2 system. This error is now being
investigated.

2 TRAC Code Development

(J. M. Sicilian, Q-9)
Programming of TRAC-PlA was completed this quarter. This

version of TRAC will be released to the public upon completion of
a set of assessment problems. Testing of the improved TRAC graph-
ics postprocessor and the HORSE code - nienance program was com-
pleted. Also, an investigation of TRAC Central Processor Unit
(CPU) utilization was begun and preliminary results obtained,.

a. Completion of 1RAC-PlA

(J. M, Sicilian, Q-9)
Programming of TRAC-PlA was completed this quarter.

Numerous model improvements and programming advances have been im-
plemented and the assessment process was initiated for this version.
The program, together with sample problems, will be relezsed to
the NESC once assessment is completed. A draft of the first vol-
ume of the TRAC-PlA manual has been completed and is being brought
into final form.

Significant programming improvements incorporated into TRAC-
P1A this quarter include the addition of information to the dump
file for consistent problem restarts, the addition of a short edit,
and the removal of all nonstandard CDC FORTRAN statements.

b. TRAC Graphics Postprocessor Testing

(J. C. Ferguson, Q-9)
A special update library was made for the TRAC code so
it can produce graphics output files which can be utilized by the

10



improved graphics postprocessor, TRCPLOT. A file format conver-
sion program, CONVERT, was also written to improve the overall
efficiency of the graphics package. The full system of programs,
TRAC - CONVERT - TRCPLOT, has been test~d using the U.S. PWR sample
problem and was made available to LASL users. The update library
will be permanerntly incorporated into the standard TRAC code once
version TRAC-PlA has been released.

e HORSE Code Improvements

(R. P. Harper, Q-9)

The new version of HORSE, which permits simu.taneous de-
velopment of multiple TRAC versions has been completed and the TRAC
library files convertz1 to a new format. These changes are present-
ly being tested and will be implemented once TRAC-PlA is released.
Conversion of associated programs to the new file format has begunr

and will improve programmer efficiency when completed.
d. TRAC CPU Utilization Study
(I. F. Weeks, Q-9)
Specialized technigues available on LTSS have been ap-

plied to investigating the CPU utilization of the current TRAC
code. Preliminary results suggest that CPU utilization is not con-
centrated at specific locations within TRAC, although it shows that
the handling of large argument lists is a major source of TRAC
execution cost. Conf.irmation of these results is being pursued
and plans for dealing witn large argument lists are being
considered.

3. TRAC Code Assessment

(K. A. Williams, Q-9)
The primary accomplishment of this quarter's code assessment

effort was the pretest predict o>n and posttest analysis of the
first LOFT Nuclear Test L2-2. Several calculations of the LOFT-
L1-5 test were also performed to Drepare for the L2-2 blind pre-
diction, as well as to aid in interpreting the results. All of
the calculations are reported in 3Sec. II.C, below.

TRAC-PlA is "“eing used for the final recalculation of the ccde
assessment problems to be included as part of the code documentation.

11



Selected results are reported for Standard Problem 5 (SP5), a
Seriscale heated blowdown test, and for the Edwards unheated pipe
blowdown experiment.

In addition, analyses of several tests from the new Semiscale
MOD 3 facility were initiated. 1In particular, test S-07-6, a
heated blowdown through reflood has been calculated out to 120 s.
The main objective of this calculation was to ascertain if TRAC
can predict the long-term (about 110 s) oscillations that w re ex-
perimentally measured after reflood. These results will be ‘e~
ported in the next quarterly.

a. TRAC-PlA Analysis of SP5

(J. K. Meier, Q-9)

A recalculation of SP5 was performed as a par’ of the
developmental assessnent of TRAC-PlA. Some preliminary results of
this calculation are presented below; a more complete discussion
will be included in the TRAC-PlA Users Manual, Vol. II.

A comparison of calculated hot- and cold-leg break mass flow
rate with test data is presented in Figs. 3 and 4. Both the calcu-
lated hot- and cold-leg break mass flow rates agree well with the
test data. In Fig. 5, the predicted mass flow rate through the

pump (intact loop) is also seen to agree well with the test data,

Figure 6 compares the lower plenum pressure calculated by
TRAC with SP5 test data. The code does an excellent job of match-
ing the test until 10 s after the rupture. At this time, heat
transfer and thermocouple data from the test indicat. that the core
dries out and the vapor within it superheats. This superheating
causes a decrease in the rate of pressure decay. Since TRAC cal-
culations do not exhibit as much superheating of the vapor during
this time period, the prediction of lcver plenum pressure continues
to decay. Further study of this situation is now in progress.

A comparison of the rod temperature at the high power eleva-
tion in the core is shown in Fig. 7. Since there are a number of
thermocouples at this elevation, an upper and lower limit is pre-
sented for the test data. The largest divergence between the test
data and the code predictions occurs just after 10 s, the times at
which the semiscale core superheats. At later times, the TRAC

12
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results converge on the test data until the difference is less
than 20 K at 30 s after rupture.
b. TRAC-PlA Analysis of Edwards Blowdown Experimeat
(J. S. Gilbert, Q-6)
The Edwards horizontal pipe blowdown experiment studied

depressurization phenomena of initially nonflowing subcooled

water9 and was Reactor Safety Research (RSR) Standard Problem 1
(SP1). This problem has been recently recalculated in preparation
for the code assessment volume to be included with the TRAC-PlA
release documentation. The experimental apparatus consisted of a
straight steel pipe 4.096 m in length and 0.073 m in internal diam-
eter and was fiileu with demineralized water. A hydraulic pump and
a control valve regulated the pressure in the system. Air in the
pipe was evacuated with a vacuum pump before filling the pipe with
water. Prior to rupturing the glass disk, the pipe was isolated
from the supply tank, thus preventing the discharge of cold water
into the pipe during blowdown. Pressure and temperature
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transducers were located at gage stations GS-1 to GS-7 (se<c Fig. 8).
Also provided at GS-2 and CS-5 were two diametrically opposed al i-
minum alloy disks for transient void fraction measurements using an
Xx-ray absorption system. The pipe was heated electrically usinj
heaters formed to the curvature of the pipe and was insulated with
asbestos insulation. The temperature variation along the pipe was
limited by adjustment of the voltage control for each heater. The
system was brought to an initial approximately isothermal tempera-
ture of 515 K and initial pressure of 7 MPa. Once the isolating
valve between the pipe and the storage tank closed, the glass disk
was ruptured and the data were automatically recorded.

5. 4 096m |
_‘FS-T GS-6 GS-5 GS-4 GS-3 GS-2 GS*IL
Ny oo ) v f s ff eis [) sesifpmes § i B fJee
L . | Q??;m
Lpipe

CONTROL VACCUM BREAK
VALVE VALVE END

HYDRAULIC
PUMP

WATER
SUPPLY
TANK

(NOT TO SCALE)

DIMENSION m
0168

0 158
O 835
O st
O 555
O 585
~, 835
0. 079

IOT"TmMmMooOwd»

Fig. 8. Scheratic of Edwards horizontal pipe blowdown experiment
adapted from Ref. 9.
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The TRAC-PlA model of the Edwards experiment consists of four
components (a fill, two PIPES, and a BREAK) coupled in series. The
system is a straight horizontal pipe except for an abrupt area
change at the exit. The two pipe components are subdivided into 46
fluid celis. The noding given in Fig. 9 was determined by perform-
ing a noding sensitivity study. Based on a parametric study the
annular .low friction factor correlation option (NFF=4) was used.
An additive loss coefficient (FRIC=1.436) was used for the exit
flow cell to account for form losses at the break due to two-dimen-
sional effects which cannot be treated with the one-dimensional model.

Since the initial conditions were uniform pressure, approxi-
mately uniform temperature, and zero flow velocity, no steady-
state calculations were required. Because the temperature distri-
bution along the pipe may have varied as much as 9 K an adjusted
temperature distributicn was used as suggested by Garner.11 Due to
the reduced flow area at the break, the cell sizes were decreased
along the pipe in the direction of the break. The consequences of
various cell sizes near the break were studied. Thc selected cell

length of 0.005 m at the break is 1/25 of the cell length at the
closed end of the pipe.

10

Calculations were performed with the 5 different friction
factor correlation options (NFF = 1, 2, 3, 4, and 5) in TRAC.
These results were generally bracketed by the annular flow friction
factor (NFF=4) which yielded maximum pressures and the CISE fric-
tion factor (NFF=3) which yielded maximum pressures throughout t'e
pipe. Friction factor option, NFF=4, was chosen for the study since
it agreed better with the data.
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Fig. 9. Typical noding of horizontal pipe.
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when the glass disk was ruptured some of the glass wa> retained
around the circumference of the disk support assembly, thereby re-
ducirg e discharge area by 10-15%. To model this flow, areas of
6C, 70, 85, 87, and 90% at the break were studied. To approximate
the actual flow area (the vena contracta), the 60 and 70% flow
areas were studied first. With these two cases, the pressures
were significantly higher than the experimental cata. For the 85,
87, and 90% flow area cases, only minor increases in pressure
occurred. The ncminal value of 87% was selecced.

The calculated pressure comparison with experimental results
at GS-5 is typical of all gage stations (see Fig. 10). The foilow-
ing observations apply to all the pressure results. From 0. .2 s
the maximum variations between calculated ard experimental pres-
sures are +0.4 MPa to -"/.2 MPa. DJuring the mid-range of the
transient, 0.2-0.4 s, a faster r.ce of depressurization was pre-
dicted than observed. The maximum difference was -0.8 MPa at 0.25
s frr GS-6. Fc- the balance of the transient, 0.4-0.6 s, the cal-
culated results were in good agreement with the experimental :»«-
sults. Experimental error bar information was not available; how-
ever, a deviation of ¢ 0.3 MPa was suggested.11 In summary, agree-
ment between calculated pressure and experimental data for all
pressures is good during the first and last one-third of the
transient.

In Fig. 11, a temperature comparison is made at GS-5 with the
only available temperature data. The plotted temperature is the
ligquid temperature. After 0.2 s, the calculated saturation, liquid,
and vapor temperatures are equal. At 0.4 s, the calculated value
is approximately 30 K below the experimental data.

The comparison in Fig. 12 between calculated and measured void
fraction is fair from 0.0-0.3 s and good after 0.3 s. Note that
the void fraction is greater than 0.3 after 0.3 s. The difficulty
in measuring void fraction using the x-ray absorption technique
partially explains deviations between the calculated curve and the

experimental data.
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In summary, -he Edwards problem provided assessment of the
TRAC-PlA analytical features for a simple blowdown experiment with-
out heat transfer. In general, agreement was good between calcu-
iated results and experimental datz. A complete comparison between
experimental measurements and the calculation, as well as the re-
sults of the sensitivity study, wi!’ appear in the TRAC-P1A
documentation.

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

The work described in this section includes the application of
TRAC to full-scale LWR transients and to the planned large-scale
German and Japanese 2D/3D experiments. In general, these applica-
tions are used to help with the planning, coordination, and analyses
of the experiments by providing design assistance, pretest
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pred’ : (ons, 'd ,osttest analyses. TRAC applications to the ex-
per’ onts also help validate the code for use on full-scale LWR
syst- .. Applicatio’.s of TRAC to full-scale LWR systems provide
best estimate predictions of the consequences of postulated trans-
ients. In addition to the above activities, TRAC is being used to
analyze a variety of other tests and problems for NRC and outside
users.

The TRAC noding model and steady-state calculation of a typical
German PWR, which includes both hot- and cold-leg emergency core
cooling (ECC) injection, were completed during the quarter and the
transient calculation was begun. A TRAC noding sensitivity study
was also initiated. As part of this study, the typical U.S. PWR

model reported previously12

was renoded very coarsely and results
obtained with this coarse model were compared with a recalculation
(using the same TRAC version) of the more finely noded PWR. Analy-
sis work for the 2D/3D program continued with a variety of Slalb Core
Test Facility (SCTF) design assistance calculations to determine
the sensitivity of the current SCTF design to initial containment
and vessel liquid levels, valve opening times, and ECC delay times.
Finally, based on the results of the first TRAC simulation of the
Japanese Cylindrical Core Test Facility (CCTF),13 an improved cal-
culation was performed and the results are reported below.

P Typical German PWR TRAC Model and Steady-State Results

(7. R. Ireland, Q-6)
A steady-state calculation for a four-loop German PWR was

completed and a LOCR transient was initiated. The TRAC model for
14

this system was revised from that reported previously and is
shown in Fig. 13. The hot legs we.e modified to model the hot-leg
injection system more accurately by using zero-angle tees. This
modification reduced the number of connections to the vessel.
Figure 14 shows the new vessel noding. In addition to the above
modifications, the ECC system was deleted from the broken cold leg
for a more accurate representation of a best estimate calculation.
This new noding scheme results in 59 components and 62 junctions

for a tntal of about 800 TRAC cells.
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Based on the geometry and noding described above, a steady-
state calculation was performed using the generalized steady-state
option in TRAC. Due to the complexity of the system, 300 s of re-
actor time were required for the velocities, temperatures, and
pressures throughout the system to converge to a steady state.

Table I shows some of the important input and calculated
steady-state parameters from the calculation. The inlet-to-outlet
coolant temperature rise of 36.7 K is very close to the design
value and the other j;teady-state parameters appear to be quite
reasonable. Using these steady-state results, a 200%, doublie-
ended, cold-leg break was initiated in component #22 (Fig. 13)

6.0 m from the vessel. This calculation is continuing and will
be reported in detail next quarter.

TABLE I
GERMAN PWR INPUT AND STEADY-STATE INITIAL CONDITIONS

Parameter Value

Initial Power 3.765 x 10° W
Relative Axial Power Shape 0.532 5, 1.121 4,
(4 levels-bottom to top) 1.121 4, 0.532 5
Relative Radial Power Shape 1.137 2, 1.108 0,
(average-center to core shroud) 0.861 6

Core Average Linear Power 201 = 104 W/m
Peak Rod Linear Power 2.90 x 104 W/m
Hot Rod Linear Power 3.90 x 10% W/m
Pump Speed (each) 135 rad/s

Pump Suction Side Pressure (av) 1.540 2 ~ 116 Pa
Pump Discharge Side Pressure (av) 1.582 8 x 47 Pa
Cold-Leg Temperature at Vessel Inlet (av) 546.6 X

Hot-Leg Temperature at Vessel Outlet (av) 601.3 K

Cold-Leg Pressure at Vessel Inlet (av) 1.582 3 x 107 Pa
Hot~Leg Pressure at Vessel Outlet (av) 1.561 1 x 107 Pa
Total Primary System Flow Rate (4 loops) 3:231 3 » 104 kg/s
Steam Generator Secondary Side Average 6.9 x 10°% pa

Pressure
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TABLE I (cont)

Parameter Value

Steam Generator Secondary Side .otal 1.068 08 x 10° kg/s
Flow Rate (4 loops)

Cladaing Surface Temperatures 626.7, 626.7, 612.7 K
at Core Level 3 (average rod for

each of 3 radial rings - center-

to-core shroud)

Total System Water Mass 7.03 x 105 kg
Accumulator Setpoint 26.0 x 105 Pa

Low Pressure Injection System (LPIS) 10.0 x 105 Pa
Setpoint +34.0 s Delay

ECC Water Temperature 308.0 K

Cold-Leg Break Location (component 6.0 m

22-distance from vessel)

r Initial PWR Noding Sensitivity Study
(J. R. Ireland, Q-6)

The U.S. PWR model reported previously ~ was renoded very
coarsely in order to substantially decrease the running time and
to determine how well the results compare with a more finely noded
calculation. Figure 15 shows the coarse-node TRAC component sche-
matic. The three intact loops were combined into one loop in this
model. Figure 16 shows the vessel noding, which consists of 28
mesh cells (as opposed to 440 mesh cells for the finely noded ves-
sel), with 3 axial core levels, 2 lower plenum levels, 1 upper
plenum level, and 1 upper head level. Two theta segments and two
radial rings were used. The first radial ring extends to the core
barrel, while the second extends to the vessel inner wall. The
barrel-baffle region has been omitted but the downcomer gap size
has been preserved. All loop components remained identical to the
finely noded case except that much larger mesh cells were used.
This coarse noding resulted in 20 components, 21 junctions, and a
total of 73 mesh cells (about a factor o 10 less than the finely
noded model).
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Table 1I shows some of the important input and calculated
initial conditions for the steady-state calculation prior to tran-
sientinitiation and compares the coarse vs the fine node results.
As can be seen, the overall agreement is guite good.
coolant temperature rise across the vessel differs by less than
1 K. Also, the clad surface temperatures at the core midplane are
in reasonably close agreement, as is the total system water mass.

TABLE II
U.S. PWR INPUT AND STEADY-STATE INITIAL CONDITIONS

Parameter
Initial Power

Relative Axial Power Shape
(bottom to top)

Relative Radial Power Shape
(center-to-core shroud)

Peak Rod Linear Power
Core Average Linear Power
Pump Suction Side Pressure (av)

Pump Discharge Side Pressure (av)

Cold-Leg Temperature at Vessel
(av)

Hot-Leg Temperature at Vessel
Outlet (av)

Cold-Leg Pressure at Vessel
Inlet (av)

Hot-Leg Pressure at Vessel
Outlet (av)

Total Primary System Flow Rate

Steam Generator Secondary Side
Average Pressure

Steam Generator Secondary Side
Total Flow Rate

Average Cladding Surface Tem-
perature at Core Midplane

Total System Water Mass
Accumulator Setpoint

28

Fine Node

3.238
0.75,

% 109 W

1.125,

1.185, 1.10, 0.64

0.99,

3.6 x
2.3 %
1.500
1,555

558.9

594.0

1.559

1.524

1.838

5.828
9.654

618.3

1.14, 0.88

104 w/m
10 w/m
x 10° pa

x 10’ Pa

K

K

X 107 Pa

107

x 10

Pa
4

w X

kg/s

10% pa

x 103 kg/s

o X

K

5.00 x 10° kg
4.08 x 10° pa

Note that the

Coarse Node

(same)

0.9, 1.185,
0.795

1.0

(same)
(same)
1.515 x 10’ Pa
1.567 x 10" Pa

562.6 K
596.6 K
1.560 x 10" Pa

1.530 x 10

1.831 x 10
kg/s

o

10° pa
X 103

5.825

9.683
kg/s

- M

607.2 K
4.98 x 10° kg
(same)



TABLE II (cont)

Parameter Fine Node Coarse Node
ECC Water Temperature 325.0 K (same)
Break Location (distance

from vessel) 6.25 m (same)

Some of the important events which occur during the transient
calculation from blowdown through reflood are compared in Table
III. Note that refilling of the lower plenum and reflooding of
the core are delayed in the coarse-node calculation. Figure 17
shows the lower plenum pressure during blowdown for the two cases.
The coarse-node calculation blows down slightly faster than the
fine-node calculation probably due to the larger nodes in the core.
Figure 18 shows the break mass flow rates for the two cases; the
agreement is quite good. Since the coarse-node case depressurizes

TABLE III
TABLE OF EVENTS FOR U.S. PWR LOCA CALCULATION

Time of Event (s)
Event Fine Node Coarse Node
200% Double-Ended Cold-Leg Break 0.0 (same)

Begin High-Pressure Injection
System (HPIS) Flows (setpoint
1.02 x 107 Pa)

Peak Clad Temperature Reached 3.0

(986 K fine, 1 000 K coarse)

Accumulator Flows Begin 10.0 9.3
Pressurizer Empties (level below 1%.1 18.3
0.1 m)

LPIS Flows Begin 15.8 15.1
Lower Plenum Refilled 40.0 60.0
Accumulators Empty 41.0 50.0
Peak Rod Quenched Through Core 152 205
M.dplane
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faster, the initial break mass flow rate is slightly higher than
the fine-node case. Figure 19 shows the mixture density in the
broken pipe next to the vessel. This figure gives some indication
of the bypass period during the transient. The density spikes oc~-
curring at about 35 s (fine node) and 42 s (coarse node) are due to
the large surge of accumulator flow before the accumulators empty.
Figure 20 shows the pressurizer water level for both cases. Note
that the finely noded case empties faster, although the system de-
pressurizes more slowly. The reason for this is that in the finely
noded case the loops are modeled separately and the pressurizer
loop is located next to the broken loop. Hence, the pressurizer
loop blows down faster than “he remaining intact loops. In the
coarse-node case, however, the three intact loops are combined and
this single intact lcop is located 180° away from the broken loop.

Lower plenum liguid fractions are ccmpared in Fig. 21. Note
that the agreement is quite good until the ECC systems are in full
operation at about 20 s. From this point on, the two cases devi-
ate somewhat. In the fine-node case the lower plenum refills at
about 40 s, while the coarse-node case refills at about 60 s. This
difference is believed to be due to coarse noding in the lower
plenum region and to the combined accumulator response. Figure 22
shows the vessel ligquid mass for the two cases. The differences
during refill car. be attributed to the removal of the barrel-baffle
region for the coarse-node case.

Figure 23 is a plot of the peak clad temperature at the core
midplane for both cases. Since only two theta segments were used
in the vessel, with one radial ring in the core, only two average
rods are used for ‘eedback to the fluid dynamics in the coarse-
node case as opposed to 24 rods for the fine-node case. It is seen
tnat the two cases compare well through refill and during the ini-
tial part of the reflood phase. The blowdown peak for the coarse-
node case is slightly higher than the finely noded case (1 000 K
vs 986 K) and occurs at about the same time. The temperature re-
sponse looks quite good until the bottom quench fronts begin to
move into the high-power central region of the core. The fine-node
case predicts quenching through the core midplane at about 150 s,
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but due to the coarse noding in the core and large cell sizes, the
coarse-node case does not guench until about 290 s. More nodes in
the vessel may be necessary and future noding studies will Investi-
gate this further.

Although the reflood portion of the coarse-node transient does
not match the fine-node case, the coarse-node model does give ex-
cellent agreement through refill and offers the advantage of fast
running capability. A coarse-node steady-state calculation can be
run in about 6 CPU minutes (on a CDC-7600 computer) as opposed to
90 CPU minutes for the fine-node case. The transient calculation
can be run in about 1 CPU hr compared to 19 CPU hr for the fine-
node case.

From a comparison of results of the coarse- and fine-node PWR
calculations, it is apparent that reasonable results can be ob-
tained for the blowdown and refill phases with a dramatic decrease
in CPU time. The calculations described above are the first for
the nodirg sensitivity study and are judged to r ‘present upper and
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lower noding bounds for a PWR LOCA. Future studies will concen-=
trate on specific areas of the system, such as the lower plenum,
to determine the sensitivity of the results to noding. It appears,
however, that reasonable results can be obtained for a full PWR
LOCA with a TRAC calculation that requires on the order of a few
CPU hours or less.

3. Design Assistance TRAC Calculations for SCTF

(D. Dobranich, Q-6)

The SCTF was modeled using the two-dimensional TRAC capability

and parametric calculaticns were performed. The two-dimensional

vessel shown in Fig. 24 contains 11 axial leveis and 6 radial seg-
ments for a total of 66 mesh cells. Connected to the upper plenum
is a hot leg which represents che hot legs of a four-loop PWR.

The broken cold leg and intact cold leg (representing three loops)
are conrected into the downcomer at two different axial levels,
The system schematic is shown in Fig. 25. ECC water is injected
into the intact cold leg, while the broken cold leg is connected
to a large pipe which models the containment. A series of teec
are used to model the steam-water separator which allows a mixture
void fraction of 0.95 to exit. The initial conditions for the
facility are shown in Table IV.

TABLE IV
SCTF INITIAL CONDITIONS

System Pressure 6 x 10S Pa
Containment Tank Pressure 3 x 105 Pa

Core Power 11 MW (ANS decay)
Clad Temperature 885 K

Vessel Internals Temperature 430 K

Pipe Wall Temperature 430 K

Lower Plenum Liquid Temperature 430 K

Containment Liquid Temperature 405 K

ECC Liquid Temperature 330 K

ECC Flow Rate Scaled from U.S. PWR

35



<
VT‘E’; i l213]la] s | e |0230m
A
Height (m) UEFB
96270 -t
]
I 1| um
(I |
79¢82 - -
10 BROKEN
72629 [P—_—i
' N HOT
’ UP ‘,_I ] LEG
652395
) ~> | INTACT
N UCSP '--' | COLD LER
smz e e b e e e i 5 -—
-
|
47587 1 DOWNCOMER
7, -~ 0
. CORE 88
///
37212 ;//
» %
6837 '
508 7/ Z SIDE
4 / VIEW
| 6462 LC3e
3
L0975
2 P ’
05487 -
(o] @
R FS 9 et | ‘_‘f n (o]
8 3 & ¢ & 8 &

Fig. 24. SCTF two-dimensional vessel model.



®

VESSEL (2D)

o

n

[
|
|
|
|
|
gcc INJECTION (12) | STEAM -WATER
| SEPARATOR
: JUNCTION
|
INTACT COLD LEG ! : () compONENT
|
: 13 |
| { VALVE
| 3
' & —acEE] 7 —
! e
| CONTAIN- CONTAIN-
- MENT MENT
|

LE

=l

HOT LEG

&)~

r

BROCEN COLD LEG (WITH VALVE)

Fig. 25. SCTF system schematic.




A series of TRAC calculations (Table V) were performed to de-
termine the effects of several parameters on the initial (until
lower plenum refill) operation of SCTF. The parameters examined
were:

1. valve opening time >n the broken loops,

2 amount of initial liquid in the lower plenum,

3. ECC delay time, and

4. amount of initial liquid in the containment tanks.

The major inf’+ence of these parameters during the initial
operation of the SCTF was on the amount of ECC bypass and the
amount of initial liquid swept out of the lower plenum. Figures
26-28 show the lower plenum liquid mass vs time for various cases.
Figure 26 indicates that by opening the break valves instantane-
ously, more liquid is swept out ¢/ the lower plenum due to the
large initial pressure differercial between the vessel and the
break. The case vith the slow opening valve takes longer to refill
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600 ! T T T T T T T
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Fig. 26. Effect of valve opening time on SCTF lower plenum sweep-
out and refill.
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TABLE V
SCTF COLD-LEG INJECTION CALCULATIONS

% Liquid in % Liguid in Valve Opening Stgsginq
Case Containment Lower Plenum Time (s) Time (s)
I 0.0 58.3 2.0 0.0
II 25.0 58.3 2.0 0.0
4 0.0 58.3 0.0 0.0
\ 25.0 25.0 2.9 0.0
VI 25.0 58.3 2.0 3.0
VII 0.0 58.5 4.0 0.0
IX 25.0 58.3 0.0 3.0
X 25.0 40.0 2.0 0.0
X1 25.0 40.0 3.0 3.0
XII 25.0 58.3 2.0 1.0
XIII 25.0 58.3 2.0 5.0

because the ECC bypass time is extended due to the longer time re-
quired for the 7essel and break pressures to equalize.

Figure 27 shows the effect of varying the amount of liquid
initially in the lower plenum. In all cases the amcunt of liguid
decreased to the level roughly equnl to that of the bottom of the
downcomer. This lower plenum sweepout continues until the pres-
sures equalize, which occurs when the liquid level drops below the
downcomer wall. This phenomeron may be dependent on the lower
plenum axial noding scheme aund will be studied further.

The effect of delayiny the ECC injection time is shown in Fig.
28. By delaying the ECC injection for . ~ral seconds, the lower
plenum refills faster than the case with n. ECC delay. This ef-
fect is related to ECC bypass and to lower plenum sweepout. With
a delay in ECC injection, the pressure between the downcomer and
the break equalizes rapidly, minimizing lower plenum sweepout once
ECC iujection begins. Without ECC delay, the initial ECC liquid
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is swept out the break. 1In addition, condensation from the sub-
cooled liquid lowers the pressure at the top of the downcomer

which enhances the amount of lower plenum sweepout. Figure 29

indicates that the optimum ECC delay time exists at approximately

3 s for this particular slab core case. The final parameter,
which is the amount of initial liquid in the containment tanks,
was found to have only a very small affect on the system

per formance.

One of the reasons for the parametric study was to determine
if the conditions in the lower plenun at the end of blowdown are
prototypical of a full-scale PWR. Figures 30 and 31 are plots
taken from the TRAC simulation of a U.S. PWR with two slab core
cases superimposed for comparison. It was found that all the slab
core cases compared reasonably well with respect to lower plenum
conditions in the PWR. An additional slab core case was run which
did not include a blowdown period (Fig. 32). Again, the lower
plenum conditions compare reasonably well with the U.S. PWR results.
Finally, the liquid and vapor velocities in the vessel (shown in
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Fig. 29. Effect of ECC delay time on SCTF refill time.
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Figs. 33-36) were found to be typical of those calculated for the
U.S. PWR during the same time interval.

Calculations performed to date indicate that some ECC delay
and a finite valve opening time are probably necessary to generate
prototypical initial conditions in the SCTF. However, some of the
r.sults described above may be sensitive to noding and this pos-
sibility is being investigated.

4. Recalculation of the CCTF

(D. Dobranich, Q-6)
Results of the initial CCTF calculation (Case 1) were reported

last quarter.13 A new calculation (Case 2) with several noding
changes and altered initial conditions was performcd this quarter.
Two major changes were made from the first case. The amount of
liquid in the lower plenum was decreased and the liquid volume in
the accumulator was increased. The primary result of the first
case, as reported in the lasc quarterly, was that the accumulator
contained insufficient liquid to refill the lower plenum and that
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the LPIS would be ineffective if this occurred. Increasing the
initial accumul)ater ligquid volume from 4-5.5 m3 proved to be suf-
ficient to re¢ i1l the lower plenum and initiate reflood. Lower
plenum conditions during the transient are shown in Figs. 37-39.
The results for Case 2 are quite similar to those for Case 1 until
the accumulators empty in Case 1.

Results from this TRAC calculation, along with new design in-
formation, have been used as an aid in renoding of the CCTF system

in preparation for the initial pretest prediction.

Cs Independent TRAC Assessment
(J. C. Vigil, Q-6 and K. A. Williams, Q-9)

The TRAC Development Program (Sec. II.A) includes develop-
mental assessment prior to external release of a particular code
version. Developmental assessment involves testing of the code by
performing posttest analyses of a broad range of applicable
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Fig. 37. CCTF lower plenum refill behavior.
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experimental data. In contrast to this, the objective of the TRAC
Independent Assessment Program is the independent testing of the
TRAC models and scaling capability by performing blind pretest and
posttest predictions for a variety of facilities. The assessment
is independent in that the pretest predictions are performed by
individuals different from those involved in the code development

program.

Blind pretest predictions are referred to as "double blind"
predictions because the analyst does not ha. e access to either the
initial test conditions or the transient test results. The use-
fulness of this type of calculation with respect to code testing
is compromised if the actual initial test conditions differ sig-
nificantly from those anticipated by the experimenters. In the
blind posttest prediction, the analyst has access to the actual
initial test conditions but the transient test results are not
available until after the posttest prediction has been submitted.

Experiments selected for independent assessment of TRAC in-
clude either the first tests on new experimental facilities (e.g.,
nuclear LOFT) or tests on newly modified facilities (e.g., Semi-
scale Mod 3), which are substantially different from previous tests.
In general, all of the independent assessment tests are required
to be different from those used in the developmental assessment
process.

In addition to the blind test predictions, the scope of the
Independent Assessment Program includes posttest analyses to re-
solve any discrepancies between the code predictions and the test
results. Participation in the NRC standard problem exercises as
appropriate is also included.

The major activity during the quarter involved both a blind
pretest prediction and a posttest prediction of LOFT nuclear test
L2-2. Results of these calculations pointed out the importance of
using the actual initial test conditions in the transient calcu-
lation. TRAC results are in good agreement with most of the data
except that early quenching of the entire core is not predicted.
TRAC calculations of LOFT isothermal test, L1-5, are also presented.
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Although these were not blind predictions, they are reported here
because they aid in the interpretation of the L2-2 results.

Noding of the LOBI facility at ISPRA is in progress in prep-
aration for a pretest calculation. Additional design information
has been requested for this facility. Calculation of Semiscale
Mode 3 Test S-07-6, which exhibited long-term (100 s period) os-
cillations in the downcomer and vessel liguid masses, is in pro-
gress. T.e TRAC input deck for Test S-07-6 will be modified for a
pretest prediction in the Mod 3 facility.

1. Pretest and Posttest Predictions of LOFT Nuclear Test L2-2

(K. A. Williams, Q-9)

TRAC has been used for a posttest calculation of LOFT test
L1-5, as well as for a pretest ("double-blind") prediction and
posttest anaiysis of the first nuclear test, L2-2. Exactly the
same system noding was used to represent the LOFT facility for all
three calculations.

Figure 40 shows schematically the arrangement of TRAC compon=
ents. This model contains 27 components with a total of 300 fluid
mesh cells. The entire reactor vessel is modeled using the three-
dimensional, two-fluid VESSEL module, while all other components
are modeled using one-dimensional modules. Figure 41 shows the
vessel axial noding in relationship to the LOFT vessel; there are
a total of 12 axial levels including 5 axial levels within the core
region. Figure 42 shows the radial and azimuthal noding for the
axial levels. As shown, each level contains 12 fluid cells within
the core radius and 4 fluid cells within each downcomer level.
Thus, there are a total of 192 fluid cells within the vessel, in-
cluding 60 within the core itself. Figure 43 shows the detailed
relation between the LOFT fuei pin location and the TRAC radial
noding. Figure 44 gives the dimensions of the five axial levels
of the core itself, with the cell numbers being the CORE LFVEL.
Thus, CORE LEVEL 1 corresponds to axial level 4 (see Fig. 41). The
dimensions are given in inches to facilitate comparison with LOFT
thermocouple measurements whose axial location is given in inches
above the bottom of tne core. TRAC fuel rod temperatures corre-
spond to the location at the axial center of each fluid cell; this
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height is also shown in Fig. 44. The reflood fine mesh is tripped
10 s after accumulator injection is initiated. There are 5 uni-
form fine-mesh intervals for each axial level giving a total of

25 fine meshes. Again, the TRAC fine-mesh temperatures correspond
to the axial center of each fine mesh. This information, in con-

15 allows for comparison between TRAC

junction with a LOFT core map
cladding temperatures and LOFT thermocouple measurements.

a. Calculation of LOFT Test L1-5

LOFT test L1-5 was the last in a series of isothermal

tests and was the only isothermal test conducted with the nuclear

core installed. The test was initiated from an initial isothermal
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66.0 condition of 555 K and an intact
loop flow rate of 171.4 kg/s.
The test simulates a 200%
S e "8 double-ended shear break in a
cold leg of a large PWR (LPWR)
E; operating loop with cold-leg ECC
48.0 - injection. Further information
‘&‘ on system initial conditions
8 and experimental data can be
. === %0 ‘6 found in Ref. 15.
g The TRAC transient calcula-
t tion was carried out to 60 s
30.0 8 after blowdown initiation. The
3 e e 28.0 ';' results indicate tuat the code
g is giving excellent results for
2.0 : the fluid thermal-hydraulics in
2 e e = 6.5 S:." both the intact and broken loops
'i' as well as for the ECC system.
12.0 The broken loop hot-leg
contains orifice plates to sim-
. T T ulate the hydraulic resistance
o0 of a steam generator and a pump.

Figure 45 shows that the code is
accurately representing the two-
Fig. 44. LOFT core axial phase pressure drop through

noding. these resistances. In this fig-

ure, PE-BL-2 is near the vessel

connection, PE-BL-6 is downstream of the simulated steam generator
while PE-BL-3 is downstream of the simulated pump. The calculated
discharge flow rate from this leg is likewise in good agreement as
shown by Figs. 46 and 47.

Experimental data for fluid density in the broken cold leg
shows some ECC bypass occurring during the entire period of accum-
ulator discharge. Figure 48 compares the fluid density data with
the TRAC calculation and shows that the code is also predicting
bypass and is in relatively good agreement with the data. The mass
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flow rate from this leg is given in Fig. 49. With this agreement
between the measured and calculated discharge mass flow rates, it
would be expected that the system pressure response would also be
in good agreement. This is shown to be the case in Fig. 50.
Comparison with the fuel cladding temperature at the core mid-
plane is given for two fuel assemblies. Figure 51 compares clad
temperatures for assembly 1, which is a "triangular" assembly lo-
cated at the outer core periphery and under the broken cold leg.
Figure 52 compares clad temperatures for assembly 5, which is the
center assembly. The experimental data show that for this non-
nuclear test the clad temperature response is very similar for all
locations. Namely, the clad temperatures follow saturation during
roughly the first 30 s of blowdown, enter a dryout period during
which the clad temperature increases due to stored energy in the
fuel, and finally, rewet roughly 15 s after dryout. From these
two figures it is obvious that the code is predicting dryout earlier
than indicated by the exterior thermocouples. This calculated re~
sult appears to be due to the hydrodynamics modeling in TRAC and
not to the heat transfer correlations. The calculated void frac-
tion at the core midplane is given in Fig. 53, where it is seen
that the core liquid fraction drops to essentially zero at the time
of dryout. However, this void fraction result is in agreement with
liquid level ("bubble plots") for fuel acsemblies 1 and 5 as given

in the experimental data report.15 These plots show that the

liquid level is below the core entrance after approximately 20 s.
It is therefore not clear why the thermocouples show the clad to
be at saturation until well after this time (about 30 s). Further
investigation, both experimentally and computationally, is needed
to resolve the question as to whether this apparent discrepancy is
a result of the exterior mounted thermocouples ("fin effect").

The consequences of such an effect are extremely important in in-
terpreting results from the nuclear test L2-2,

Figures 51 and 52 show that the rewet time is accurately pre-
dicted by TRAC. Since the rewet occurs when the injected ECC be-
gins to "reflood" the core, it appears that the code is doing a
satisfactory jub of predicting the bypass/refill behavior. This
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is in agreement with the results of previous downcomer bypass/
refill calculations.16
b. Calculation of LOFT Test L2-2
A pretest, "double-blind" TRAC calculation of the first
LOFT Nuclear Test, L2-2, was performed by LASL. Test L2-2 was a

200% cold-leg break experiment run from a 50% power level of 25 MWt

and an intact hot-leg temperature of 580 K.17 Subsequent to this

test, a posttest calculation was performed using the actual experi-
mental initial conditions. Both calculations used exactly the same
system noding. The only changes made were to the steam generator tube
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area to achieve the measured fluid conditions and the use of the
measured containment pressure as a boundary condition. The conclu-
sions from these two calculations are that TRAC is, in general,
satisfactorily representing the two-phase thermal hydraulics during
blowdown, refill, and reflood. However, the experimentally meas-
ured peak clad temperature of 790 K was lower than both the pre-
test predicted value of 923 K and the posttest value of 880 K. It
is also concluded that variations from the expected initial condi-
tions used in a double-blind calculation can produce significant
differences in the actual transient, especially in the core flow
rate for a cold-leg break experiment.

The experimental initial conditions actually achieved for
test L2-2 were somewhat different than the target values given in

the Experimental Operating Specification (EOS).18 The major dif-
ferences were
1. the intact loop hot-leg temperature was 580 K rather

than the EOS value of 587 K, and

r the broken hot-leg temperature was 543 K rather than
the expected 582 K.

These discrepancies produced a different system depressurization
rate, and more importantly, a different core flow rate history in
the "double-blind" pretest prediction than in the posttest analysis.
This effect was further pronounced since the TRAC calculated pre-
test hot-leg temperature was 593 K. This difference is due to
apparent inaccuracy of the published steam generator heat transfer
area.

The calculated vessel upper plenum pressure history is shown
in Fig. 54. The effect of the high hot-leg temperature in the pre-
test calculation is seen during the first 10 s. The posttest cal-
culation is in excellent agreement with the experimental data dur-
ing the entire transient, including the period of ECC injection.
The RELAP4 pretest prediction has been included for comparison.
Comparisons with measured accumulator LPIS and HPIS discharge flow
rates show very good agreement with the data as presented in Figs.
55-57.
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Figure 58 compares calculated peak ciad temperature of the
highest powered rod at the core midplane. As shown, the code over-
predicted the measured peak clad temperature by 90 K and did not
predict the sequence of rewets/dryouts that occurred between 6 and
30 s. There is, however, some concern that this unexpected rewet/
dryout phenomena may be a result of the LOFT exterior thermocouples
themselves. Moreover, comparisons at this location represent the
largest disagreement between data and the calculation. Calculated
times to quench for locations below the core midplane, even for high-
power rods, are in good agreement with the data,

The calculated clad temperatures for lower power rods at the
core outer periphery are also in very good agreement with data as
shown by Fig. 59. This is true of all axial positions. This fig-
ure shows that the posttest calculation predicted the departure
from nucleate boiling (DNB)/rewet result at 5-7 s, the dryout at
20 s when accumulator water enters the vessel, and the quench at
40 s. In general, the predicted time to DNB was very good for all
the rods.

The major difference between the pretest prediction and post-
test calculation was the core flow rate and the resulting clad
temperature response. The core flow direction is determined by
the relative balance between the broken loop cold-leg and hot-leg
flow rates and as such is strongly affected by any deviation be-
tween expected and actual initial fluid conditions. The posttest
calculation was able to predict the core flow reversal (return to
positive) at 5 s that produced the clad rewets. Any further con-
clusions will have to await publication of the experimental data
report and comparison with other calculated guantities.

D. Thermal-Hydraulic Research for Re.uctor Safety Analysis

(W. C. Rivard, T-3)
The research reported in this section focuses on several dif-

ferent areas in thermal hydraulics and on fluid-structure
interactions.
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1. Two reports have been written that describe the re-
sults of scaling and sensitivity studies in downcomer
modeling. Calculations of selected CREARE experiments
have been redone with a new momentum exchange formula-
tir... The calculated delivery times are now in good
agreement with data.

2. Two reports have been written that describe the
coupled, fluid-scructure, calculational results
and solution methodology for the HDR reactor ves-
sel. A third report describes the three-dimensional
extension of the K-FIX code that was used in cor~junc-
tion with the elastic shell code FLX to perform the
calculations.

3 A computer-generated, self-contained movie has been
produced through the MAPPER program that displays
the HDR snapback calculated retults in three-
dimensional color perspective. Enhanced data dis-
plays such as this provide valuable assistance in
understanding the vast amounts of data that are
generated and provide an easily understandable med-
ium for presentation cf results.

4. A new project has been started to study the mechan-
ics of droplet removal and re-entrainment in the
upper plenum with a computational technique that
follows the dynamics of individua! droplets. The
goal of this project is to describe the phenomena
within the context of a two- or three-field treatment.

S. A milestone has been met for the addition of a
seismic capability to SOLA-FLX.

1. Downcomer Dynamics

a. Scaling and Constitutive Relationships in Downcomer
Modeling

(B. J. Daly and F. H. Harlow, T=-3)
The transfer of momentum be’ween phases in the interpene-

trating flow of two materials has been examined by means of an

19 A transformation of coordinates

"available-momentum" co icept.
is made to a system in which the two materials have equal momentum
i1lux into a control vcolume, and the fraction of lost momentum in
that volume is relatedi to the interaction area per unit volume
between the materials, f/r, in which f is a dimensionless quantity

and r is a measure of local flow scale. The result of the analy.’s
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is a drag coefficient between materials,

PPy 0s £]U, = U, |
PRI ¢\ ¢ o Maihdhor B0 (9}
r(ola1 + 9202)

The subscripts number the two phases; p is density; a is volume
fraction; and u is velocity.

The transfer of mass between phases is described in terms of
a phase transition rate that is limited by the rate at which heat
can be transferred to or from the region of evaporation or con-
densation. Heat transfer by turbulence plays a central role in
the derivation.

Both of these constitutive relationships are examiried in cer-
tain limiting cases where their relationship to previously derived
forms can be ascertained. Some consequences of this new form for
momentum exchange are described elsewhere in this report. The new
form for mass transfer will be tested in circumstances for which
phase transitions are thought to be more important thran in the
downcomer, namely in the NRC-sponsored experiments being performed
at Northwestern University.

This study has also included a detuiled investigation of the
scaling properties of multiphase flow with various forms of con-
stitutive relationships. The requirements for precise similarity
among experiments at different scales are derived and shown not to
exist in nature. Approximate similarity among experiments, however,
can be achieved in :ircumstances that are described in detail.
These results lead to suggestions for a series of experiments to
verify the value of the scaling laws for extrapolation to full-
scale PWR configura<ions.

b. Sensitivity of ECC Bypass and Lower Plenum Refill
to Apparatus Scale Size

(B. J. Daly, T-3)
We have performed a rumerical study usiun: the K-TIF code

to determine the effect of apparatus scale size on ECC bypass and
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lower plenum refill in a PWR during a hypothetical LOCA., The
principle conclusions of this study are the following.

1. The necessary conditions proposed in Ref. 19 for
flow similarity at all scales under certain ideal-
ized flow conditions are verified.

ECC bypass and the delay time for lower plenum
refill are sensitive to lower plenum pressure, when
that pressure is greater than approximately 100 psia.

3, 1f one assumes a characteristic entity size for
interfacial drag at full scale equal to that used
in small-scale comparisons with experiment, then
the importance of momentum exchange on ECC bypass
and the timing of lower plenum refill becomes
greater with increasing scale size.

4. The effect of mass exchanrge (and therefore ECC
subcooling) on ECC bypass and lower plenum refill
diminishes with increasing scale size.

5. ECC bypass and lowar plenum refill are less sensitive
to wall heat flux at large scale than at small scale.

6. During the refill process, the pressure in the down-
comer may be less than the containment pressure.
When this occurs, gas will flow from the containment
vessel into the downcomer through the broken ECC
injection port. 1In . 1ll-scale experiments, this
gas is primarily air, while in the full-scale reac-
tor the incoming gas should be primarily steam. The
effect of injecting steam, rather than air, is to
decrease the rate of refill of the lower plenum.

These results are described in Ref. 20.

Cs Downcomer Calculations Using a Modified Drag
Formulation

(B. J. Daly, T-3)
We performed a series of numerical calculations with

the K-TIF code to compare with selected CREARF experiments21 to

test the accuracy of the momentum exchange function, Eq. (9),
in predicting the time delay and rate of lower plenum refill for
various ECC injection rates and subcoolings. The data for these
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experiments are summarized in Table VI. Good agreement with ex-
periment in regard to the time delay for lower plenum refill was
obtained in all cases except the comparison with run H81. This
good agreement is in contrast to previous ca.culations in which
the calculated delivery time was consistently early by about 2 s.
A typical comparison is shown in Fig. 60. However, as can be
seen in that figure, the rate of refill is much greater in the
calculations than in the experiment. This discrepancy seeme to
be related to the fact that the calculational lower plenum is
medeled as a two-dimensional extension of the downcomer with the
appropriate volume. Therefore, the lower plenum in the calcula-
tions is much deeper than in the scaled experiment, so refill pro-
ceeds at a rate more typical of a deep lower plenum, as can be
seen in Fig. 61.

The lack of agreement with CREARE run H81 resulted from the
fact that during the calculated refill process, water was re-
entrained by the steam and carried up into the downcomer. 1In
this particular experiment, the steam flow was not ramped to zero,

*
but to Jg e 0.05. Nevertheless, in plenum filling tests, Rothe
’
and Crowley22 show that, for saturated water, essentially complete
*
delivery is obtained when Jg c™ 0.05 (constant). Therefore, to
’
TABLE VI

CREARE EXPERIMENTS FOR WHICH NUMERICAL COMPARISONS ARE MADE

* *
CREARE ID Jf,in Jg.c (£=0) Subcooling (t=0)
H1 0.116 0.309 163°F
H15% 0.116 0.251 191°F
H23 0.058 0.308 167°F
H42 0.231 0.346 160°F
H81 0.058 0.167 14°F
H85 0.116 0.198 11°F
H97 0.232 0.271 39°F

aDeep Lower Plenum.
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Fig. 60. A comparison of cal- Fig. 61. A comparison of cal-
culated and experi- culated and experi-
mental refili curves mental refill curves
Zor 60-gpm ECC injec- for 60-gpm ECC injec-
tion and a scaled ex- tion and a deep ex-
perimental lower perimental lower
plenum. plenum.

test the effect of steam ramping on delivery, the calculation was
*
repeated with J = 0.05 (constant). The results were as before,

a very small amgéﬁt delivered, with most of the water re-entrained
into the downcomer. Several other variations in parameters were
made to investigate the reasons for this failure to deliver water
to the lower plenum. The ratio f/r was reduced from 35 (the value
used in the above-described calculations) to 23; the wall tempera-
ture was reduced to the ECC temperature to prevent boiling in the
falling water stream; and the calculation was repeated using a
finer mesh resolution and including the hot legs as obstacles.

None of these changes had any appreciable effect on refill history.
Finally, the calculation was repeated with a much larger character-
istic entity size, r. This calculation did result in lower plenum
refill, with a time delay that was in fairly good agreem»nt with
experiment. We intend to repeat the calculations of the experi-

ments listed in Table VI using a Weber number formulation for r.



- Reports on Fluid=-Structure Application
(W. C. Rivard and M. D. Torrey, T-3)

Several reports have been completed that describe coupled,
fluid-structure calculations for the HDR reactor vessel and the
code K-FIX(3D,FLX) that was used. Referenc. 23 describes the re~-
sults of a series of calculations for blowdown that display

1. the importance of the coupled interaction on the
core barrel dynamics and stress,

- P the utility of a two-dimensional fluid description
for performing these calculations,

3. the influence of the bottom mass ring on the dynamics
and stress, and

4. the sensitivity of the results to various structural
nodings.

A sec~~d paper24 focuses on the numerical methodoloay for coupling
the three-dimensional, two-fluid code K-FIX(3D) to the three-
dimensional elastic shell code FLX. 1In this paper, criteria are
established for the numerical stability of the individual and
coupled solution algorithms. Solution accuracy is also considered
through a simple illustrative example. A user's manual that de-

25 to three dimension826

scribes the extension of the K-FIX code
has also been completed. K=-FIX(3D) has been distributed to several
users and will be sent to the NESC in January 1979.
3. Information Transfer Through Computer-Cenerated Films
(R. Griego and C. W. Hirt, T-3)
The NRC-RSR advanced code development program is producing a

large variety of computational results relating to the safety of

nuclear reactors. Intelligent presentation and interprecation of
these results is fast becoming a serious problem. Consider, for
example, the output from a one-dimensional code using a modest 100
node points. When run for 100 time steps there are 10 000 numerical
values generated for each dependent variable. Fortunately, it is
often sufficient to present only a portion of the computed results
in the form of graphs showing the relationship of variable values
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the code to contain a set of additional commands essential for
making movies (Fig. 62). For example, the STORE, COPY, and REPEAT
commands permit the repetition of computed graphic data on succes-
sive movie frames. Furthermore, with simple FORTRAN additions,
MAPPER can also generate dissolves, fades, zooms, animation, and
other effects that previously were availaule only through expen-
sive photographic processes. As a result, it is now possible for
titles, graphs, diagrams, and other informative material needed in
computer-generated movies (Fig. 63) to be effectively generated by
anyone with a rudimentary knowledge of computer programming. With
slightly more experience, the user can do simple animation to
emphasize key features of a piroblem and to maintain viewer inter-
est. 1Included in this category are zooms to selected regions of a
figure, title roll-ups, shuttered windows, flashing symbols, mov-
ing arrows, etc. (Fig. 64).

To illustrate many of the basic movie capabilities of MAPPER,
a short film was made showing the results from several calcula-
tions performed in support of the German HDR Blowdown Experiments.28
This film, which is silent and in color, includes attractive titles,
a description of the HDM™ 1acility, explanation of the display tech-
nique used to show the computed results, and specifications for

each calculational sequence.

— Some animation was employed to

MAPPER MOVIE COHHANDSW emphasize selected portions of

| :
drawings and to show how three-
STORE ' 9

dimensional perspective plots

|
STOP STORE | are used to display the computed
: results (Fig. 64).
RECALL | 9. -
| At this time, the principal
REPEAT ] limitation of MAPPER is that it
COPY ] has no automatic features to
| generate three-dimensional draw-
- ings with hidden lines removed
Fig. 62. Additional commands or with shading. Consequently,
added to MAPPER pro- b a
gram to allow the gen- it is necessary to carefully

eration of movie frames. select line drawings or to use
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CROSS SECTION OF GERMAN HDR VESSEL
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Fig. 64. Selected frames from an animated sequence showing how
valculational results are to be presented in subseqguent
portions of a film.

Water drops collide with cylinders with a frequency
that depends on the size of the drops, the size and
placement of the cylinders, the mean flow speed,
and various other fac.ors.

r Water that has collided with a cylinder may subse~
quently be removed by splash effects, re-entrainment
from the film, or transport to the base of the cylinder
as a result of gravity flow. The last is the net
amount of water lost from the stream and is according-
ly the quantity to be determined.

The first process has been investigated both theoretically
and experimentally at other laboratories.zg-n Theoretical studies
follow droplet trajectories in the known flow field around a single
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cylinder, and yield collection efficiency, defined as the ratio
of water volume flux hitting the cylinder to the flux that would
pass through the cylinder's position in its absence. Among other
effects, it is found that smaller drops, which are more securely
tied to the stream lines of gas flow, exhibit smaller collection
efficiences, whereas the larger drops depart more rcadily from the
curving stream lines and impinge with larger collection effi-
ciencies. Experimental studies have been performed for a single
cylinder with results that confirm the predictions and are being
extended to arrays of cylinders for which analytical descriptions
have not been accomplished.

The second process has received no theoretical investigation,
but is the subject of experimental work at both Harwe1132 and LASL.

The coupling between the two processes is especially important
for an array of cylinders. Collection efficiency determines the
water flux to the cylinder, impact influences the stability of the

33

film, while re-entrainment from splash or shear stress on the film
influences the number and size spectrum of droplets to be collected
farther downstream.

Numerical studies for the first process have been carried out
with considerable success for a spectrum of droplet sizes moving
past two rectangular cylinders, usinc a computer technique developed
by Dukowicz and Butler.34 We are now in the process of using this
technique to study the capture efficiency of a spectrum of drop
sizes moving through several different arrays of circular cylinders.
As a check, we have the analytic results for the single-cylinder
capture efficiency to compare with the results from the full two-
dimensional studies.

For the second process, the ZIA code, developed for three-
dimensional downcomer studies, can be used to calculate the build-
up of water film on a single circular cylinder, together with re-
entrainment from the film back into the steam flow and the trans-
port of water thrcugh the film to the base of the cylinder.
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b. Droplet Spray Model with Phase Change
(J. K. Dukowicz and T. D. Butler, T-3)

In the last quarterly report,34 we described a new numer-
ical technique (emlodied in the SOLA-SPRAY code), to calculate the
dynamics of dispersed droplets in a gaseous environment. This
methodology consists of a fully interacting combination of an
Eulerian representation for the continuous phase and a Lagrangian
particle representation for the droplets. 1he Lagrangian descrip-
tion avoids numerical diffusion of the droplets while permitting
individual attributes such as droplet size, temperature, and com-
position to be statistically assigned for each particle.

The capability to calculate the dynamics of dispersed droplets
with a spectrum of sizes will likely prove important in the analy-
sis of current entrainment/de-entrainment experiments. 1In addition,
it may prove useful in developing models for incorporation into
TRAC.

The work previously reported dealt with problems in incom-
pressible two-phase flow without phase change. We extended that
methodology to include the effects of compressibility and phase
change. 1In this report, we list the governing equations for this
technique and outline the numerical procedure used in SOLA-SPRAY
for their solution.

The current model permits the gaseous phase to have two
species, the vapor and a noncondensible gas. The particles inter-
act with the continuum phase by exchanging mass, momentum, ana
energy, as well as by volume displacement of the gas. The implicit
numerical formalism used in our technique permits computation of
the strong coupling between the droplets and gas which frequently
occurs in fine sprays.

There are certain limitations in this technique. We assume
that droplets are spherical and we neglect small effects such as
tLe Basset force, virtual mass contributions, and nonuniform tem-
perature within each droplet. 1In addition, collective effects be-
tween droplets and the effects of internal droplet circulation are
neglected.
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where ry is the particle radius and CD is the drag coefficient.
This form of the drag function assumes that the drag force is the
sum of the Stokes' drag and the form drag.

The fluid internal energy equation is written as

eo[g—{-+2-y_1]=%2[%%+g .Yo]

- Py
+g-exz'r+ooz h, I(=2
(3 ]

- 0[% g:g+ 2" 9)2]

dm dmk

1 3 -
+\7’Z(Dk-fat)|2-2pkl—qk+ (h = hy) 3%
. (14)

in which Ay is the heat transfer rate from the gas to particle k,
and h is the specific enthalpy of species a. The total gas
enthalpy h is defined by

h =i z L (15)
P 1 (41
o

The first term on the right-hand side of Egq. (14) represents the
work due to the compression of the gas. The following terms take
into account thermal conduction, enthalpy diffusion, and viscous
dissipation within the gas. The remaining terms account for the
rate of energy change due to the presence of particles. The first
part of the term involving the relative velocity between the parti-
cles and the gas accounts for particle friction. The second part
of this term accounts for the fact that vapor comes off at parti-
cle velocity and must be accelerated to gas velocity. The last
term in the particle contribution is the enthalpy change due to
the mixing of the vapor whose enthalpy must be brought from its
initial enthalpy at evaporation to the local gas enthalpy.
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The pasti~la a~uations are

d
a?Ek - ﬂpk ‘ (16)

w

and

d h
- —_HEE =q t+ (h, - hpk) §;£ ’ 3

where Py is the particle density and hpk is the specific enthalpy
of particle k. The pressure gradient term in the momertuw equation
is usually small but it is retained for consistency with the cor-
responding term in the two-fluid equations.38 The last term in

the energy equation represents the energy required for phase change
(the latent heat).

To complete this set of equations we need a model to specify
the phase change rate. We start from the assumption that in thermal
equilibrium the droplet is at its wet-bulb temperature TWB' The
equilibrium is a balance between heat transfer to the droplet and
the latent heat carried away by the vapor or absorbed by the
droplet

ok (19)

(hv - hpk) aE = " 9% -

It can re expected that a large portion of the droplet lifetime is
spent while in this equilibrium. However, the droplet temperature
will go through a transient whenever its temperature differs from

T For this portion of its lifetime we assume that

WB*
d _
e dt (Cpk Ty) = n{Typ - Ty ). (20)

and
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(hv . hpk) a‘t— - - qk + H(TWB - Tk) ’ (21)

where 'I‘k is the droplet temperature, assumed to be uniform within

the droplet, and Cpk is its specific heat, and n defines a charac-

teristic time constant for droplet temperature change. The heat

ctransfer qy is obtained from an empirical correlation;39 it can bYe
expressed in the form
*
Qe = h (T - Tk) ' (22)

where T is the local gas temperature. The parameter n is then de~
duced from Eq. (21):

o f Tsar = T
2o ), (23

SAT WB

where TSAT is the saturation temperature.

(2) Method of Solution

Briefly, the solution procedure through one time
cycle in SOLA-SPRAY is accomplished in the following way.

» 1N Intermediate values of specific internal energy are
obtained from Eq. (14) omitting the conduction,
enthalpy diffusion, and particle contributions.

2. New particles are injected into the computing
region.
3. Characteristic evaporation temperatures TSAT and

TWB' together with the rate of change of
Tug with gas temperature (BTWB/BT) are computed.

4. Phase change is calculated using a predictor-corrector
scheme to allow accurate calculation for cases with
strong phase change. In the predictor phase, phase
change is calculated using previous values of T and
TWB and this is used to predict new values of T and

TWB’

S. In the corrector phase, final values for the particle
radii, temperatures, and phase change contributions
to mass and energy are calculated.
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version of the K-FIX code25

has been coupled to the solution
b Unfortunately, the full

three-dimensional method is considerably more expensive to operate

method for the elastic shell eguations.

so that it has been primarily used as a check on the accuracy of
the two-dimensional method.23

A variety of SOLA-FLX calculations illustrating the dynamics
of model core barrels subjected to LOCA and mechanical loads have
been previously reported.12

For PWR safety analysis, however, current licensing practice
requires the consideration of possible earthquake-induced loads.
In particular, it is of interest to have a means of predicting the
response of pressure vessel internals to seismic disturbances.
Because an earthquake is a potential source of a LOCA, it is de-
sirable to have the seismic load capability in SOLA-FLX where the
combined effects of an earthquake and LOCA may be simultaneously
evaluated.

A seismic disturbance is assumed to be given in the form of
time histories for horizontal (SX,SY) accelerations. Vertical (SZ)
accelerations :ould also be incorporated but are not expected to
significantly influence core barrel dynamics, which is currently
our primary concern. Specifically, these accelerations are those
felt by the pressure vessel, which is assumed to be a rigid struc-
ture. The equations of motion for the internal structure (e.q.,
the core support barrel) and fluid in the vessel are transformed
to a coordinate system moving with the vessel. This coordinate
system is not an inertial one and therefore the transformed equa-
tions have body accelerations appearing in them that are equal and
opposite to the vessel accelerations. In this coordinate system
all boundary conditions, including those describing the fluid-
structure coupling, remain unchanged. Thus, the use of the trans-
formed coordinate system provides a relatively easy way to account
for seismic effects.

To illustrate the seismic capability of SOLA-FLX we have per-
formed several calculations using a rectilinear, harmonic acceler-
ation, SX = g cos Qt. The amplitude was taken to be one g (g =
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acceleration of yravity) in accordance with the maximum accelera-
tion required for a reactor to still be safely shut down. The
frequency of shaking was 5 cycles/s, which is in the range of
typical earthquake frequencies responsible for damage to large
structures.36 In addition, the acceleration was assumed to start
impulsively at its maximum value to ensure an extreme case for test
purposes. For this illustration, the vessel and core barrel
dimensions used were those of the Germar. HDR facility being pre-
pared for large-scale blowdown tests and eventually for some sim-
ulated seismic tests.37 The cylindrical vessel has an internal
radius of 1.484 m, in which a cylindrical barrel 1.318 m in radius
is hung from the top end plate. The barrel is 0.023 m thick and
7.47 m long. In the HDR tests, a mass ring weighing 12 tons will
be attached to the bottom of the barrel to represent the influence
of fuel rod bundles and other components that would be attached to
a core barrel in a real reactor. For calculations described here
the mass ring has been omitted from all calculations in order to
simplify the analysis. Its presence or absence does not affect
the basic seismic capability that we wish to illustrate.

Because the seismic acceleration in these tests is rectilinear,
the fluid and structural responses are symmetric about a diameter

parallel to the acceleration. For this reason we need only compute
one of the symmetric halves. Furthermore, we have simplified the

problem by neglecting the lower plenum. 1In its place we assume
a flat rigid cap across which the end of the core barrc! is free
tc slide. This is done because the two-dimensional SOLA-FLX code
cannot exactly account for the three-dimensional effects arising
from the lower plenum or core regions, However, the fluid in the
downcomer annulus, which is well represented in the code, is re-
sponsible for an overwhelming portion of the coupled fluid dynamics.
Therefore, the two-dimensional model used in SOLA-FLX should be a
relatively good approximation. Nevertheless, a three-dimensional
calculation with the K~-FIX(3D,FLX) code will be performed to check
the two-dimensional results.

In the first example problem, the cylindricai barrel is shaken
in air. This calculation provides a check on the elastic shell

:
"
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dynamics in the absence of any fluid dynamics. Figure 65 shows
the radial displacement history of a point near the free end of
the barrel. The barrel is executing beam-like oscillations with
period 28 ms (35.71 cycle/s) added to a sinusoidal displacement
having the 209-ms period (5 cycles/s) of the driving acceleration.
This result for the fundamental beam-like frequency is in excel-
lent agreement with earlier calculations that investigated the re-
sponse of the barrel to locally applied lateral 1oads.12
Seismic shaking appears to be an excellent means of generating
the fundamental beam-like mode. This should not be surprising,
because the reaction acceleration felt by the barrel is axially
uniform and is therefore most likely to excite this mode.
Further confidence in the computed results may be obtained
from a simple analytical model. Let us assume the barrel is a
simple harmonic system with frequency w (the beam frequency).
Application of a driving acceleration proportional to cos (t leads
to a displacement history proportional to (cos wt - cos (t)/
(w2 - Qz). This is the type of behavior observed in Fig. 65.
To check the hydrodynamics
without structural influence, a

calculation was performed in

=i Ss — which the core barrel was held

i , N rigid. 1In this case, we expect
i B ) - ey
pressure waves to bounce back

[ 1 and forth around the downcomer
\1] annulus, with period 2nR/c =

.\, i 5.8 ms. Figure 66 shows this

t to be the case. We alsn note

from this figure that the os-

cillations initially have a mean

value of -0.13 bars, which is

the value expected for a hydro-

-
_—
L

—

B T e e T S static pressure field generated

by a constant acceleration of

Fig. 65. Radial displacement at magnitude g.
bottom of barrel, .
when shaken in air. present case, the acceleration

Of course, in the
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Fig. 66. Pressure history in Fig, 67. Radial displacement at
annulus with rigid bottom of barrel,
barrel. when shaken in water.

magnitude is
the mean valu
Finally,
near the bott
is included.

changing according to g cos Nt and Fig. 66 shows that

e of the oscillations is following this behavior.
Fig. 67 shows the displacement history for a point

om of the barrel when full fluid-structure coupling
The barrel motion again appears to be primarily in

the beam-like mode, but the presence of the water significantly
reduces the frequency of this oscillation. The displacement his-

tory has the
cos wt - cos
duces a more
runs between
shows that a
in (cos wt -
the observed
estimate the
be 0.1 cm.
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general time dependence observed in the air test,

Qt, except that now w is much closer to @, which pro-
pronounced beating as the phase difference (w = Q)t
even and odd multiples of n. A crude hand calculation
frequency of 6.45 cycles/s (period 155 ms) when used
cos (t) produces ua reasonably good approximation to
time dependence in Fig. 67. Using this value we
maximum displacement at the bottom of the barrel will



Pressure histories obtained in the coupled calculation exhibit

a high-frequency oscillation superimposed on the variations ex-
pected from the mean dynamics of the system. These oscillations
are clearly shown in the expanded scale of Fig. 68 for the first
few milliseconds of the calcuirtion. The origin of these oscilla-
tions is easily traced to horizontal oscillation of the barrel
axis about the axis of the pressure vessel. If the barrel were
treated as a rigid cylinder that is not clamped at the top, we
would expect to see this type of oscillation arising from the com-
pressibility of the water in the surrounding annulus. The water
acts like a pair of springs resisting the barrel motion as scne-
matically shown in Fig. 69. A simple calculation gives the period
of this oscillation as 1.03 ms. From Fig. 68 the observed period
is computed to be 0.64 ms. The shorter period observed is associ-
ated with the additional elastic stiffness of the barrel that is
rigidly clamped at its upper end.

r g(t)

WATER -
FILLED
ANNULUS

Equivalent
Springs

Fig. 68. Radial displacement at Fjg, 69,
bottom of barrel when
shaken in water, show-
ing high-frequency
oscillations.

Schematic of equiva-
lent mechanical prob-
lem responsible for
high-frequency
oscillations.
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E. LWR Experiments
(H. H. Helmick and W. L. Kirchner, Q-=8)

The objectives of LASL's LWR Safety Experiments Program re-
main to provide .xperimental support for model development activ-
ities and to develop advanced instrumentation techniques. This
program is conducted in close coordination with code and model de-
velopment efforts at LASL and the multinational 2D/3D refill/reflood
program for which advanced instrumentation is being developed.

The stereo lens system to be used at the PKL facility in
Germany is mechanically complete; however, adjustments of optical
components are being made prior to shipment to Germany in an effort
to improve image quality. Fabrication of the heat pipe for the
optical probe to be used at the Japanese Atomic Energy Research
Institute (JAERI) is complete. Assembly of the optical components
is in progress. The steam loop for testing each probe is now
equipped for remote control operation and is available for use as
the probes are completed.

Droplet de-entrainment studies are continuing in an existing
wind tunnel, while assembly of a larger tunne is under way. The
evaluation of a laser droplet velocity and sizing instrument is
nearing completion. Development of a uniform drop generator has
also been undertaken. Expansion of the PDP-11/34 computer data
acquisition system continues as well as software development for
video image analysis.

P Video Stereogrammetry

(C. R. Mansfield, J. F. Spalding, D. B. Jensen, and P. F.
Bird, Q-8)

a, Probe Development

The prototype stereo lens for use at PKL has been com-
pletely assembled. Testing has begun on the optical bench and in
the de-entrainment facility to quantify the optical performance of
the lens.

The initial results indicate that the constrast in the image
is significantly lowered on the large number of lens elements re-
quired. The curvature of field also increased with the number of

, N_



elements. In addition, the illumination provided by the fiber op-
tics was lower than expected. Each of these problems can pe delt
with to some degree, however. For example, illumination is being
improved by using a larger fiber optics bundle and a brighter lamp.
Heat conduction and temperature tests have been run on a proto-
type heat pipe 3.5 m in length which simulates the JAERI probe.
These tests are discussed in detail in the next section of the
report. The heat pipe is capable of operating with a heat load of
1 100 W using methanol as the working fluid and more than 2 400 W
using water as the working fluid. When methanol is used, the heat
pipe performs isothermally at a heat load of 150 W and maintains
the optical channel at a temperature of about 20 K above the inlet

water temperature. Heat loads expected at PKL and JAERI are 50 W
and 150 W, respectively.

The first JAERI probe is being fabricated and is currently
about 70% complete.
b. Development of the Annular Heat Pipe Cooling System
(F. C. Prenger, J. E. Kemme, and M. G. Elder, Q-13)
During the quarter a performance test was conducted on
a heat pipe typical of the one proposed for use in the JAERI
stereographic lens system. The test article was a 3.5-m annular
heat pipe with a 2.6-m evaporator, a 70-cm adiabatic section, and
a 20-cm condenser. The cross-sectional geometry of the heat pipe
is similar to the PKL design;41 however, the length of the JAERI
probe is three times longer. The additional length poses startup
difficulties since the heat pipe is operated in the gravity assist

mode. The objectives of the performance tests were to determine

the most suitable working fluids, the quantity of working fluid,

the capacity, and the temperature gradients during startup of the
heat pipe.

Because of the length of the heat pipe, the wick will not be
full of liquid initially and the liquid inventory will form a pool
at the bottom of the evaporator. The depth of this pool will in-
fluence the amount of superheat required to vaporize the liquid



during startup. Due to the static pressure of the liquid, a
vertical temperature gradient will result. However, the liquid
inventory must be sufficient to fill the wick during steady-state
operation. Since the test article has a large length-to-diameter
ratio, the required amount of liquid results in a pocl depth of
approximately 45 cm.

In addition, a graded wick compoced of three layers of screen
was used. The three layers were 60, 100, and 250 mesh. -2 fine
screen was placed next to the wall to facilitate circumferential
distribution of the liquid. The coarser layers interface with
the vapor passage. As the power transported by the heat pipe in-
creases, the coarse screens fill last providing a return passage
for the liquid with a correspondingly low pressure drop. The test
results show that the graded wick design works well in this ap-
plication sirce excessive hot spots in the heat pipe wall were
avoided duringj star.up, yet power levels in excess of 1 000 W were
achieved.

Tests were run using water and methanol as the working fluid.
The quantity of working fluid was varied between 50 and 100 cm3-

A methanol working fluid of 100 cm3resu1ted in a heat pipe capacity
of 1 100 W whereas with a lOO«mﬂ3charge of water the heat pipe
capacity exceeded the input power capability of the heaters,which
was 2 400 W. As expected, the use of water as the working fluid
resulted in a higher capacity heat pipe.

Figure 70 shows the heat pipe operating temperature as a func~
tion of power. The water-filled heat pipe has a lower operating
temperature than the methanol filled unit for the same power. The
reason being that water's high latent heat results in a thinner
ligquid film in the condenser and correspondingly lower thermal re-
sistance. Thus, a smaller temperature difference between the cool-
ant and the heat pipe working fluid results.

Maximum axial temperature differences during startup are shown
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