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ABSTRACT

Water reactor research performed by EGE&G Idaho, Inc., July
through September 1978 is summarized for ongoing programs: Semiscale,
LOFT, Thermal Fuels Behavior, Code Development and Analysis, Code
Assessment and Applications, and the 3-D Project. The Semiscale Pro-
gram reports performance of four testy, in the Mod-3 system and the
application of a scanning densitometer for indicating two-phase flow
regimes. The LOFT Experimental Program reports results from (a) the
first series of LOFT nonnuclear experiments, (b) a predictive analysis
for the first three LOFT nuclear tests, and (c) testing of flow mea-
surement instrumentation., The Thermal Fuels Behavior Program reports
completion of 20 reactivity-initiated accident tests and 4 related
scoping tests in the Power Burst Facility reactor. The Code Develop-
ment and Analysis Program reports development of the blowdown version
of RELAPA/MOD7, application of the primary systems code RELAPS, and
development of an onalysis procedure for fuel rod input uncertainties
for the FRAP-TS code. The Code Assessment and Applicalions Program
reports an assessment of the thermal-hydraulic code RELAP4/MOD6, com-
pletion of the fuel rod analysis code FRAPT-4 assessment, completion
of a jet pump testing program, and expansion of the NRC/RSR data
bank. The multinational 3-D Experiment Project reports development of
specialized instrumentation in support of German and Japanese reflood
experiments and completion of small-scale air-water tests to investi-

gate reflood hydraulic behavior.




PREFACE

EGRG 1daho, Inc., performs technical activities in the w
reactor safety programs at the Idaho National Engineering Labora
under the sponsorship of the U. S. Nuclear Regulatory Commissir
Division of Reactor Safety Research. The current water reactor
search activitirs ot EG&G Idaho, Inc., are accompiished in the fo
lowing programs: thre Semiscale Program, the Loss-of-Fluid Test (LOFT)
Experimental Program, the Thermal Fuels Behavior Program, the Code
Development and Analysis Program, the Code Assessment and Applica-
tions Program, and the 3-D Experiment Froject.

The Semiscale Program consists of a continuing series of small-
scale nonnuclear thermal-hydraulic experiments having as their primary
purpose the generation of experiment data that can be applied to the
development and assessment of analytical models describing loss-of-
coolant accident (LOCA) phenomena in water-cooled nuclear power
plants. Emphasis is placed on acquiring system effects data from
integral tests that characterize the most significant thermal-
hydraulic phenomena likely to occur in the primary coolant system of a
nuclear plant during the depressurization (blowdown) and emergency
cooling phase of a LOCA. The Semiscale test facility is now in the
Mod-3 test system configuration that contains two active loops and a
full-length core and is scaled more directly to a pressurized water
reactor (PWR) than was the former Mod-1 test system.

The LOFT Experimental Program is a nuclear test program for pro-
viding test data to support (a) assessment and improvement of the
analytical methods utilized for predicting the behavior of a PWR under
LOCA conditions, (b) evaluation of the performance of PWR engineered
safety features, particularly the emergency core cooling system, and
{c) assessment of the guantitative margins of safety inherent in the
performance of these safety features. The test program utilizes the
LOFT Facility, an extensively instrumented 55-MW pressurized water
reactor facility designed for conduct of loss-of-coolant experiments
(LOCEs). The test program includes a series of nonnuclear (without



nuclear heat) LOCEs followed by a sevies of low-power nuciear LOLEs and

then a series of high-power nuclear LOCEs.

The Thermal Fuels Behavior Program is an integrated experimental
and analytical program designed to provide information on the behavior
of reactor fuels under normal, off-normal, and accident conditions.
The experiment porticn of the program is concentrated on testing of
single fuel rods and fuel rod clusters under power-cooling-mismatch,
loss-of-coolant, and reactivity initiated accident cornditions. These
tests provide in-pile experiment data for the evaluation and assessment
of analytical models that are used to predict fuel behavior under
reactor conditions spanning ncrmal operation through sevcre hypothe-
sized accidents. Data from this program provide a basis for improve-
ment of the fuel models.

The earlier Reactor Behavior Program has been realigned as two
programs dealing wi:th code development and with code assessment. The
Code Development and Analysis Program has the primary responsibility
for the development of codes and analysis methods; it provides the
analytical research aimed at predicting the response of nuclear power
reactors under normal, off-normal, and accident conditions. The Code
Assessment and Applications Program performs the task of assessing the
accuracy and range of applicability of computer codes developed for the
analysis of reactor behavior, The assessment process involves the
analyses of many different experiments and the comparison of calculated
results with experimental data. Statistical evaluations of both the
analytical and experimental results are part of the assessment

process.

The 3-D Experiment Project is a multinational cooperative water
reactor research project which is intended to facilitate study of the
behavior of entrained liquid in a full-scale upper plenum and cross
flow in the core during the reflood phase of a PWR LOCA.

More detailed descriptions of the first four programs are presen-
ted in quarterly report for Jecnuary through March 1975, ANCR-1245,







SUMMARY

Water reactor research activities performed by EG&G Idaho, Inc.,
at che Idaho Nationa! Engineering Laboratory during July through
September 1978 are reporiaed for the Semiscale Program, the LOFT Ex-
perimental Program, the Thermal T“ucls Behavior Program, the Code De-
velopment and Analysis Program, the Code Assessment and Applications
Program, and the 3-D Experiment Project.

For the Semiscale Program, four experiments in the baseline test
series of the Semiscale Mod-3 system were conducted. Two of the ex-
periments, 7ests S-07-2 and S-07-3, were blowdown-refill experiments
cor yucted from initial conditions (of pressure, temperature, and cool-
ant flow) typical of PWR operating conditions. The third experinent,
Test S-07-5, was a reflood test conducted to define thermal-hydraulic
behavior of the system durino the reflood phase of a 200% cold leg
break 1in the Mod-3 system. Test S-07-6 was the first integral
blowdown-reflood test conducted in the Mod-3 system. Test parameters
for all four tests were within specified tolerances and test objec-
tives were achieved., Atypical hydraulic behavior in the downcomer
during Test $-07-6 resulted in delayed quenching of the core high power
zone; further testing is required to ascertain the cause of the
downcomer behavior. In Semiscale instrumentation development, ap-
plication of a scanning densitometer system is described for measuring
densities in steady two-phase flow and for indicating types of flow
regimes that occur during the two-phase flow.

Results from LOFT nonnruclear Test Series L1, the first series of
loss-of-coolant experiments (LOCEs) performed in LOFT, were evaluated
to determine their relevance to licensing criteria for commercial
pressurized water reactors. In general, the results support the con-
servative intent of those portions of the evaluation model require-
ments contained in the licensing criteria. The results are applicable
to commercial reactors as was determined through validation of the
scaling rationale for LOFT and Semiscale and assessment of current

analytical models. The RELAP4/MOD6 (Version 4) computer code was used




in the predictive analysis for the first three tests in the first
series of LOFT nuclear tests (Test Series L2). The calculated blowdown
system response in the LOFT LOCEs was shown to be significantly
different from the blowdown system response in the counterpart tests
performed in Semiscale. The overall hydraulic reponse of LOFT is
calculated to be very similar for the three LOFT LOCEs even though the
power levels for the LOCEs differ substantially. A study was performed
using the MOXY/SCORE computer code to evaluate the effect of cladding
surface radiation heat transfer and three-dimensional core crossflow on
LOFT loss-of-coolant accident behavior; results indicate that radiation
heat losses for the higher power LOFT LOCEs will be significant and
beneficial in reducing the maximum rod cladding temperature. Testing
and calibration of LOFT mass flow measurement instruments in a flow
test facility at Karlsruhe, Germany, were performed. Several different
drag-disc turbine transducers were tested in small size pipes at steady
state conditions; transducers tested included the type used in Test
Series L1 and the newer modular drag disc currently being phased into
the LOFT system., The gamma densitometer-drag disc was determined to be
the best combination for determining mass flow rate.

The Thermal Fuels Behavior Program completed 20 driver core re-
activity initiated accident (RIA) lead rod tests and 4 RIA Scoping
Tests in the Power Burst Facility (PBF). The driver core lead rod
tests consisted of nine-rod tests and nine-rod waterlogged-rod tests,
which, together with the single-rod lead rod test conducted last
quarter, constituted the bu.st mode PBF lead rod and core characteris-
tics tests. The RIA scopina tests were the first tests ever conducted
in which typical light water reactor fuel rods were subjected to a
power burst at normal boiling water reactor system conditions. Other
accomplishments included preparations for the LOFT Lead Rod Tests and
Tests RIA 1-1, RIA 1-2, LOC-3, and GC 2-4 in the PBF; reporting of
results from tests previously performed in the power-cooling-mismatch
(PCM). loss-of-coolant accident (LOCA), and gap conductance (GC) test
series; evaluation of the data from the long-term, steady state ex-
periments being conducted in the Halden reactor; and examination of fuel

vii




from commercial power reactors. Activities associated with planning
anticipated transient without scram type tests in PBF indicated that
pellet-cladding interaction, cladding ballooning rupture, and cladding
oxidation are potential fuel failure mechanisms during BWR and PWR
operational transients and during anticipated transient without scram
events.

The Code Development and Analysis Program progressed in the de-
velopment of the reference code RELAP4, the primary systems code
RELAPS, the contaimment code BEACON/MODZA, and an uncertainty analysis
method for the fuel rod analysis code FRAP-TS5. A best estimate fuel
mode! was incorporated in the blowdown version of RELAP&/MOD7 V2.
Application of RELAPS to the calculation of 2 Semiscale Mod-1 isother-
mal blowdown test was completed. A wall heat transfer capability was
incorporated into the BEACON/MOD2A code. In fuel rod modeling, an
uncertainty anal’ s procedure was incorporatea in FRAP-TS to facili-
tate determination of the effects of various fuel rod input uncertain-
ties on calculated fuel rod behavior.

The Code Assessment and Applications Program continued assessment
of the thermal-hydraulic code RELAP4/MOD6, complieted assessment of the
fuel rod analysis code FRAP-T4 and prepared for assessing FRAPCON 1.
Participation in NRC-industry programs was continued., A jet pump
testing effort associated witn the boiling water reactor-blowdown/
emergency core cooling area of the NRC-industry program was comple-
ted. Calculations of performance were made for 2 steam generator
reference test associated with the FLECHT-SEASET Program. Development
and expansion of the NRC/RSR data bank were continued.

The 3-D Experiment Proiect continued the development of special-
ized two-phase fluid measurement instruments (instrumented flow sec-
tions, liquid level detectors, turbine flow meters, and drag discs)
for safety experiments in Germany and Japan. Testing and preliminary
analysis of the 3-0 Air-Water Upper Plenum Test Program were com-

pleted.
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QUARTERLY TECHNICAL PRCGRESS REPORT ON WATER REACTOR SAFETY
PROGRAMS SPONSORED BY THE NUCLEAR REGULATORY COMMISSION'S
DIVISION OF REACTOR SAFETY RESEARCH JULY-SEPTEMBER 1978

I. SEMISCALE PROGRAM
D. J. Olson, Manager

Four tests were performed with the Semiscale Mod-3 system during
the quarter, and preliminary assessment of results indicates that test

00 nie

objectives were accomplished. Two experiment data reports
published for the first two tests conducted with the Mod-3 system,
Tests $-07-1 and S-07-4. These tests were conducted in June 1978 and

were briefly reported in the quarterly report for April-June 1978[3].

Evaluation of a scanning densitometer system is presented with
regara to its application tor measuring densities in two-phase flow and
for indicating types of flow regimes that occur during the two-phase
flow phenomena in loss-of-coolant experiments.

1. SEMISCALE MOD-3 TESTING

Four experiments in the baseline test series (Test Series 7) for
the Semiscale Mod-3 system were conducted. Two of the four experiments
were blowdown-refill experiments conducted from initial conditions
(pressure, temperature, and coolant flow) that are typical of PWR oper-
ating conditions. One of the experiments was a reflood test and one
was an integral blowdown-reflood test. Objectives of the first experi-
ment, Test S-07-2, were to assess the effect of radial power peaking on
core thermal-hydraulic behavior and to evaluate the effect of emergency
core coolant (ECC) subcooling on downcomer penetration characteris-
tics. The objectives of the second blowdown-refill experiment, Test
§-07-3, were to assess the effects of (a) containment pressure at the
end of blowdown conditions and (b) locating the system pressurizer in
the broken loop hot leg rather than in the intact loop hot leg.



The third experiment, Test S-07-5, was a reflood test performed
with the objectives of (a) defining the thermal-hydraulic behavior
under reflood conditions representative of an integral 200% cold leg
break in the Mod-3 system, (b) providing insight into the effect of
initial conditions on reflood behavior, (c) providing information on
downcomer and upper plenum hy< aulic behavior, and (d) providing data
for code evaluation.

Preliminary evaluation of the data from Tests S-07-2, S-07-3, and
$-07-5 indicates that the important test parameters were within speci-
fied tolerances and that the objectives were achieved.

Test S-07-6, the fourth experiment performed during the quarter,
was the first integral blowdown-reflood test conducted in the Mod-3
system. The principal objective of Test S-07-6 was to provide refer-
ence data for a 200% cold leg break test which would permit an evalua-
tion of the Mod-3 integral blowdown-reflood behavior and would provide
insight intc expected system operating characteristics. Preliminary
evaluation of the data from Test 5-07-6 indicates that initial condi-
tions and test parameters were within the specified tolerances. How-
ever, the test exhibited downcomer hydraulic behavior which resulted in
delaying quenching of the core high power zone until about 550 seconds
after rupture. The downcomer fluid behavior exhibited in Test S-07-6
is considered to be not typical of the behavior which may occur in a
PWR system; however, further testing will be required to identify the
exact causes of the downcomer fluid behavior in the Mod-3 system.

2. APPLICATION OF A SCANNING DENSITOMETER FOR INDICATING
FLOW REGIMES DURING TWO-PHASE FLOW
A. G. Stephens

One of the principal comparison points or areas of interest for
water reactor safety code development and assessment and loss-of-
coolant experiments is the two-phase mass flow rate at various times
and flow area locations within an experimental system. Two variables,
density and velocity, must be measured to determine mass flow rate. In




single-phase conditions, and for which the phase is all-liquid or all-
vapor, the density can be determined from pressure and temperature
measurements, and the variation of density over the flow cross section
is usually negligible. Under such conditions, measurements obtained
from an orifice, venturi, or turbine flowmeter together with the pres-
sure and temperature give the mass flow rate. However, in two-phase
mixtures, the density is different at different places in the flow
cross section, and the density variation may be large, covering the
full range from liquid to vapor values. The pressure or temperature or
both establich the limits of this variation, but not the required den-
sity versus space and time relation. A separate instrument, the multi-
beam densitometer, is used to obtain the density data. Either, or
both, of two other instruments is used to determine the velocity: a
turbine flowmeter for velocity directly, or a drag device for momentum
flux which, with the density, can give velocity. (Recent development
of a full-flow drag device was reported in Reference 4, pp. 3-9).

Two- and three-beam densitometers based on the photon attenuation
technique are used by EG&G Idaho, Inc. In using this technique, the
time variation in the count rate of transmitted (detected) photons is
related to the time variation of length-averaged fluid density along
the beam or sight line from a radiation source through a pipe and fluid
to the detector. These nonintrusive measuring systems are particularly
well suited to a system-effects test facil 'ty such as Semiscale, since
such a facility has a lower tolerance to measuring-instrument-induced
flow disturbances than would a separate-effects test facility.

As with many two-phase measuremert techniques, aoplications prob-
lems are encountered in integrating the measurement concept with the
system, Presently, the most difficult and important problem concerns
the conversion of the count rate data to information which can be used
with the velocity or momentum flux data to calculate mass flow rate.
In Semiscale the chordal average density data are converted to a cross-
sectional average density. The type of flow must be known to make this

conversion when the interrogated area (which is the sum of the beam




areas) is a fraction of the total flow area. That is, a mathematical
mode]l must be used which describes the local density variation over the
flow and which can be used to relate chordal and cross-sectional aver-
age density values. Flow regime determination, either by the density
measuring system or some other instrument, is necessary for a success-
ful cross-sectional average density calculation when the interrogated
area . only a fraction of the total. To verify the correctness of a
densitometer measurement and data reduction calculation, a reference
densitometer must be provided which gives both an accurate measurement
of the cross-sectional average density and one which also gives, un-
equivocally, the type of flow regime observed.

A reference densitometer having the requisite capabilities of
providing an accurate cross-sectional average density and a reliable
indication of the type of flow regime was designed and constructed at
the Semiscale air-water test facility. It consisted of a scanning or
traversing detector, a fixed position X-ray source, and a piping spool
piece (or flow spool) on which the detector and source were mounted. A
diagram of the arrangement is shown in Figure 1. A traversing scheme
was chosen on the basis of earlier work at Argonne National Labora-
tory[S]. the University of Minnesota[G]. and by others[7*8] show-
ing the advantages of this method over that of the single stationary
beam. The technique used was similar to that used earlier by the
author[g*lo] and is characterized by a fixed source, a small exposed
detector area, and a traversing mechanism to move the detector in an
arc about the source point (as shown in Figure 1) to obtain data at
many chordal positions over the flow field. The detector was a liquid-
nitrogen-cooled silicon semiconductor having excellent photon enerqy
resolution. The use of a low-energy characteristic X-ray emitting
source (cadmium-109) was facilitated by incorporation of a beryllium
ring between a pair of flanges in the pipe spool piece. The 22 keV
X-rays provided near optimum densitometer sensitivity in the 66.7-mm
diameter flow area of the piping spool piece. The beryllium pressure
containing ring permits use of such low-energy photons because the ring
attenuates them even less than does the contained liquid. This ar-
rangement also provides improved capability to distirguish between flow
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P C(0) = chordal average two-phase mixture density at

detector position 6

le(8) - X-ray r int rate at 4 for all-liquid condition
in pipe
Iq(o) = X-ray count rate at ¢ for all-vapor pipe con-
: dition
1 (8) = X-ray count rate at g for two-phase condition
pf = density of liquid giving I¢ count rates
Pq = density of vapor giving Ig count rates.

In Figure 3, actual count rate data are plotted for the various
detector positions.

The data in Figure 2 show the expected low densities in a central
core and higher densities ai the pipe top and bottom. The core is seen
to be eccentric to the horizontal pipe (thicker annulus at bottom) and
essentially homogeneous (constant density) over most of its central
part, The density in the annulus is less than that of water, indicat-
ing a significant concentration of entrained air. The three different
flow conditions show the effects of varying air flow at constant water
fiow: with increasing air flow, the core becomes more concentric with
the pipe and larger in diameter. These conditions im>ly a thinner
annulus near pipe mid-height which, in the face of the constancy of the
chordal average densities there, implies an increased concentration of
entrained liquid. This interpretation is consistent with the simple
intuitive result that an increased air velocity should increase the

average water velocity.
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In Figure 3, the all-vapor
of the scanning densitometer
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stratified flow conditions. The

and all-liquid data from the traverses

are plotted in addition to the three

shape of the all-vapor traverse is due

to the variation of pipe wall thickness with detector traverse angle:

the metal

thickness is least for a diametral beam, and thus the highest




transmitted and detected count rate occurs at =0. In lower sensi-
tivity experiments, the shape of the all-liquid traverse would also be
concave downward, but because the beryllium 1is so transparent, the
shape of the all-liquid traverse is due to the variation of 1liquid
thickness with traverse angle. Thus at a diameter at which =0 the
liquid thickness is greatest and the detected count rate least.

The three stratified flow variations in Figure 3 show again the
effects of increasing vapor flow at constant liquid flow, but at lower
values of each. As the vapor flow increases, the basically horizontal
interfacial zone expands downward., The increased vapor flow tends to
entrain the uppermost Tiquid layers, thus enlargirg the interfacial
zone, decreasing the area of unaffected liquid, and increasing the

vapor area.

Thus, as can be seen in Figures 2 and 3, the scanning densitometer
can provide the needed flow regime information. In addition, because
the full flow area is covered in the traverse, the cross-sectional
average density can be calculated directly, weighting each chordal
average density value with the appropriate beam area.

Finally, Fiqure 4 shows how the scanning densitometer is used to
verify the correctness of a multibeam densitometer data reduction
model. Multibeam and scamning densitometers were mounted side by side
and used to monitor a stratified flow regime. Three chordal average
density readings were obtained, one from each of the three beams of the
multibeam densitometer, Forty-seven chordal average density values
were obtained by the scanning densitometer monitoring the same flow.
The scanning densitometer data are plotted in Figure 4, The three
values from the multibeam densitometer and the information that the
flow regime was stratified were used in Lassahn's stratified three-beam
densitometer data reduction mode1[ll]. The output from that model is

the other density distribution shown in Figure 4.

The good agreement between the scanning densitometer data distri-

bution and that calculated from the multibeam densitometer data gives a




-~
-
=
—4

1 : | | T
® Scanning densitometer data
" ® Lassahn stratified model calculation
= from ‘ree-beam densitometer data
§s J
&
a
.é 4 - ..’ -
-4
2 ..h ® =
© [
£ 13 L ]
® 3 L] . e
g » g P
o .. “
gx
& ° N
I |
i
|
|
14~ ™ .. -y
OL 1 | 1 ] J | 1 1
0 100 200 300 400 500 600 700 800 900
Density (kg m3; INEL-A-9994

Fig. 4 Comparison of densities from scanning densitometer data with
densities calculated using Lassahn stratified model and three-beam
densitometer data.

high level of confidence in the multibeam densitometer data reduccion
model. Although this result is encouraging, in practical apnlication
the appropriate type of flow regime must still be determined in order
to apply the appropriate data reduction model to the multibeam densito-

meter data.

In summary, the objective of providing accurate indication of
cross-sectional average density and reliable indication of the type of
flow regime was accomplished: a scanning densitometer was constructed
and is Seing used as a reference densitometer to provide flow regime
and cross-sectional average density information for the purpose of
verifying the measurement accuracy and the validity of the data reduc-

tion model for multibeam densitometer measurements.




II. LOFT EXPERIMENTAL PROGRAM
L. P. Leach, Manager

The LOFT Program has been developed to provide experimental infor-
mation relevant to the licensing criteria for pressurized water reac-
tors (PWRs). The major portion of the program is directed at achieving
improved understanding of the loss-of-coolant accident (LOCA) and the
performance of emergency core cooling systems through analysis of the
phenomena associated with such accidents observed in planned loss-of-
‘oolant experiments (LOCEs). The first series of experiments, a non-
nuclear test series designated Test Series L1, has been completed.
Significant results obtained from Test Series L1 are summarized in
Section 1.

Preparations for the first series of nuclear tests (Test Se-
ries L2, Power Ascension Test Series) are in progress. Nuclear power
range testing of the LOFT reactor is nearly completed. The analytical
work for the predictive analysis for the first three tests ir the se-
ries (LOCEs L2-2, L2-3, and L2-4) has been completed. A brief discus-
sion of the significant results from the system depressurization
calculations for LOCEs L2-2, L2-3, and L2-4 is presented in Section 2.
The potential influence of three-dimensional core coolant behavior and
radiation heat tiansfer on peak temperature of the fuel rod c¢ladding
during the blowdown phase<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>