NUREG/CR-2911
ORNL/TM-8485

OAK

RIDGE _
NATIONAL
LABORATORY

L

Multirod Burst Test
Program P- -ess Report

UNION :

CARBIDE | for January—June 1982

Final Report

R. H. Chapman

OPERATED BY .
UNION CARBIDE CORPORATION
FOR THE UNITED STATES

l . L]
8301 128087 821231

PDR_NUREG
SRR B =

0 - Eh_,r_; e 7 ey




Printed in the Uniteo States of America. Available from
National Technical Information Service
U.S Department ot Commerce
5285 Port Royal Road, Springtield. Virginia 22161

Available from
GPO Sales Program
Division of Technici! Information and Document Control
U.S. Nuclear Regulatory Commission
Washington, 0.C. 20655

This report wus prepared as an account of work sponsored by an agency of the
United States Government Neither the U nited States Government nor any agency
theraof, nor any of their employee.. makes any WArranty, express or implied, or
assumes any legal Lability or responsibility for tne accuracy. completeness or
usefuiness of any information, apparatus, product, or ocess disclosed, or
represents that 1s use would not infringe privately owned nghts Reterence harein
10 any specific commercial 7 -oduct, process. or service by trade name_ trademark
manufacturer. or otherwise, does not necessarily constitute or imply ite
endorsemant, recommendation. or tavoring by the Linited States Government or
any agency thereo! The views anu opinions of au™ o8 expre.sed herein do not

necessarly state or reflect those of the United States Government ~r any agency
thereo!




NUREC “CR-2911
ORN /TM-8485
Dist. Category R3

Contract No. W-7405-eng-26

Engineering Technology Division

MULTIROD BURST TEST PROGRAM PROGRESS
REPORT FOR JANUARY-JUNE 1982

Final Repoxt

R. H. Chapman

Manuscript Completed — October 29, 1982
Date Published — December 1982

NOTICE This document contains information of a preliminary nature

1t 15 subject 1o revision or correction and therefore does not represent 3
final report

Prepared for the
U.5. Neclear Regulatory Commission
Office of Nuclear Regulatory Research
Under Interagency Agreement DOE 40-551-75 and 40-552-75

NRC FIN No. B0120

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORATION
for the
DEPARTMENT OF ENERGY



. iid

Page

BUMMARY occosossosoesnesesosassstsssneastasssessenssssossensensss ix
ABSTRACT . .ivvveccscnsassansssnssessscenssssnsnssssssssssnssasnens
1, INTRODUCTION .cccccovecsnssssscssssssnsssssasnssssnsscsseceses
2. PROGRAM PLANS AND ANALYSIS ... cccvvvscesssnsccsnnssssnonsannns
2.1 Progremmatic Activities ..ccicccicscssncsvcescsscessacccne
2.2 Revised Burst Tempore:ure Correlation .....ceeevvvonnenne
2.3 Preliminsry Results of B-6 Test .ccccvcscsssssssssvsvsnes
2.4 Additional Analysis of B-5 Test Results .......ccovevnvns 61
3. OPERATIONS ...voccsccsvvsssssnssssscsassssnesssssnssscinsenssnse B8
3.1 D6 Tast susvccicevssosssassossscnussasesssssssssssesenss 68

S W W W e e

32 SZOII'Q ot &ni”.ﬂt L ) 69
mmm R R R I 71



This report summarizes progress and preliminary results of the Multi-
rod Burst Test (MRBT) Program (sponsored by the Division of Accident Eval-
uation of the Nuclear Regulatory Commission) for the period January—June

1982,

1.

2.

FOREWORD

Previous MRBT progress reports are:
—NUREG Report No, _ _ORNL Report No,
ORNL/TM-4729
ORNL/TM-4 307
ORNL/TM-4914
ORNL/TM-5021
ORNL/TM-5154
URNL /NUREG/TM-10
ORNL /NUREG/TM-36
ORNL /NUREG/TM-74
ORNL / NUREG/TM--77
ORNL / NUREG/ TM-95
ORNL/NUREG/TM-108
ORNL/NUREG/TM-135
NUREG/CR-0103 ORNL / NUREG/ TM-200
NUREG/CR-0225 ORNL/NUREG/TM-217
NUREG/CR-0398 ORNL/NUREG/T™M-243
NUREG/CR-0655 ORNL/NUREG/TM-297
NUREG/CR-0817 ORNL/NUREG/TM-323
NUREG/CR-1023 ORNL/NUREG/TM-351
NUREG/CR-1450 ORNL/NUREG/TM-392
NUREG/CR-1883 ORNL/NUREG/TM-426
NUREG/CR-1919 ORNL/NUREG/TM-436
NUREG/CR-2366, Vol. 1 ORNL/TM-8058
NUREG/CR-2366, Vol. 2 ORNL /TM-8190

—-Period covered
July—September 1974
October—December 1974
January—March 1975
Apri!=June 1975
July—September 1975
October—December 1975
January—March 1976
April—June 1976
July—September 1976
October—December 1976
January—March 1977
April=June 1977
July-December 1977
January—March 1978
April—June 1978
July~December 1978
January—March 1679
April—June 1979
July—December 1979
January—June 1980
July=December 1980
January—June 1981
July=December 1981

Topical reports and papers pertaining to research and development
carried out by this program are:

R. H. Chapman (comp.), Characterization of Zircaloy-4 Tubing Procured

for Fuel Cladding Research Programe, ORNL/NUREG/1.-29 (July 1976).

W. E. Baucum and R. E. Dial, 4n Apparatus for Spot Welding Sheathed
Thermocouplee to the Inside of Small-Diameter Tubes at Precise Loca-

tione, ORNL/NUREG/TM-33 (August 1976).

W. A. Simpson, Jr., et al., Infrared Inepection and Characterization

of Fuel-Pin Simulatore, ORNL/NUREG/TM-55 (November 1976).

R. H. Chapman et al., Effect of Creep Time and Heating Rate om Defor-

mation of Zircaloy-4 Tubee Tested in Steam with I.itermcl Heaters,
NUREG/CR-0343 (ORNL/NUREG/TM-245) (October 1978).
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vi

J. F. Mincey, Steady-State Axial Presswre Loseee Along the Exterior
of Deformed Fuel Cladding: Multirod Buret Test (MRBT) Bundles B-1
and B-2, NUREG/CR-1011 (ORNL/NUREG/TM-350) (January 1980).

R. W. McCuiloch, P. T. Jacobs, and D. L. Clark, Development of a Fab-
rication Procedure for the MRBT Fuel Simulator Based on the Use of
Cold-Preseed Boron Nitride Preforme, NUREG/CR-1111 (ORNL/NUREG/TM-
362) (March 1980).
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in Proceedings of Specialiste Meeting on the Behavior of Water Reac-
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R. H. Chapman et al., "Zircaloy Cladding Deformation in & Steam En-
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R. H. Chapman, J. L. Crowley, and A. W. Longest, "Effect of Bundle
Size on Cladding Deformation in LOCA Simulation Tests," presented at
Sixth International Conference on Zirconium in the Nuclear Indus-
try, Vancouver (B.C.), Canada, June 28-July 1, 1982.
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SUMMARY

Major activities during this report period included the B-6 burst
test and posttest examination of the test array, additional analysis of
the B-5 test results, and reporting.

The primary objective of the B-6 test, the last test that will be
conducted by this research program, was to investigate deformation be-
havior in a large test array in the alpha-plus—-beta temperature range.
Because the B-5 test, which was conducted under coaditions conducive to
large deformation and rod-to-rod interactions in the high-alpha tempera-
ture range, showed that both temperature uniformity and mechanical inter—
actions have a significant effect on deformation behavior in large arrays,
a secondary objective of the B-6 test was to determine, if possible, the
relative importance of these two parameters. Also, because test condi-
tions used in this program are generally considered to be conservative,
the B-6 test results should provide an overestimate (larger magnitude) of
the defcrmation that can be anticipated in most accidents with failures in
the two-phase temperature range. Similarly, the B-5 results are believed
to represent comservative (upper limit) deformation levels that can be ex-—
pected for failures in the high—alpha temperature range. Consistent with
these objectives, target test conditions of ~925°C burst temperature with
a heating rate of 3 to 4°C/s were selected for the B-6 test.

The test was performed successfully on December 3, 1981. All 64
simulators were pressurized to the same initial level, heated at the same
nominal rate, and burst. The bursts occurred in an extremely orderly man—
ner (i.e., starting with the center simulators and progressing radially
outward with time) because of the unusually uniform temperature condi-
tions. The first burst occurred ~133.1 s after power-on, and the last one
(a corner simulator) was ~58.9 s later. Electrical power was terminated
141.7 s after power-on or 8.6 s after the first tube burst; all 36 inte-
rior simulators burst before power was terminated. With respect to the
58.9-s time interval during which bursts were taking place, the last
43.5 s were associated with the last four (i.e., the four outside corner)
bursts. Because of their higher heat losses, these simulators failed much
later under near-isothermal creep conditions. The average burst tempera-
ture was ~931°C, and the bundle average heating rate during the time of
deformation was 3.5°C/s.

Following posttest dimensional checks and photography to document the
appearance, the array was cast in an epoxy matrix (flow characterization
tests were not conducted) and sectioned at ~60 axial nodes. Enlarged (3X)
photographs of the sections were digitized and processed to obtain de-
tailed deformation data. Although final reduction of the digitized data
is not yet complete, preliminary results are available. The burst strains
ranged from 22 to 56% with an average of 30%, consistent with an average
of 36% for three single-rod tests conducted earlier to aid definition of
the B-6 test conditions. Volumetric expansion ranged from 17 to 33%, with
an average of 24%,

Coolant channel flow area reduction was modest, with a maximum of
~39% for the entire 8 x 8 array, ~44% if based on the inner 6 x 6 array,
and ~46% if based on the central 4 x 4 array.



Analysis of the B-5 test data continued during this report period.
While this is a tedious process, it provides insight to and understanding
of the data. In particular, the analysis indicated that (1) burst tem-
peratures reported earlier were sometimes inconsistent with the observed
deformation profiles and (2) some of the burst temperatures should be re-
vised.

Previously, we assumed that the burst temperature must be equal to or
greater than the maximum measured value at the time of burst. Our evalu-
ation of the data indicates that this is not necessarily true in a bundle
with extensive rod-to-rod interactiomns, The temperature distribution
prior to and during the early phase of deformation may be more important
in determining the burst location than the distribution at the time of
burst., Because failure stress is a function of both local temperature and
instantanecus strain (i.e., local stress), failure can occur at a site
where the strain is high (because of its prior temperature history), and
the temperature is lower than at another site where the temperature is
higher but the strain is lower. The data were reevaluated, and the burst
temperaturer were revised accordingly; a new tabulation is included.

Nois: s, .os were noted in the thermocouple signals for & number of
the sensors in the B-5 test. These spikes were csused by interference
from one of the electrically heated temperature reference boxes used for
cold junction compensation. Because erroneous temperatures would be ob-
tained from these signals in computer anmalysis cf the data, the spikes
were removed, and a new engineering units date tape w.s produced for use
in such analyses,
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The B-6 (8 x 8) array was tested, and posttest examina-
tion was completed; data reduction and analysis are in prog-
ress. Preliminary quick-look results are included in this
report. All 64 rods were pressurized and burst. The average
burst temperature was 931°C, and the bundle average heating
rate was 3.5°C/s during the time of deformation. Preliminary
results indicate burst strains ranged from 22 to 56%, with a
bundle average of 30%.

Analysis of the B-5 test results continues to provide
insight to the complexity of cladding deformation in bundles,
particularly for conditions conducive to large deformation and
rod-to-rod interactions. Additional analyses, including re-
evaluation of burst temperatures, are included in this re-
port.

The B-6 test concluded the experimental phase of this
research program. Future activities will be concerned with
analysis and evaluation of experimental data produced by this
and other research programs,

1. INTRODUCTION

R. H. Chapman

The Multirod Burst Test (MRBT) Program was initiated in July 1974,
as an experimental study to (1) delineate the deformation behavior of
unirradiated Zircaloy cladding under conditions postulated for a large-
break loss-of-coolant accident and (2) provide a data base for assessing
the magnitude and distribution of geometric changes in the fuel rod clad-
ding in a multirod array and the extent of flow-channei restriction that
might result. Data have been obtained from single-rod and multirod experi-
ments, both with and without electrical heating of the shroud surrounding
the test arrays. The tests were designed to study possible effects of rod-
to-rod interaciions on ballooning and rupture behavior over a wide range
of conditions. Program objectives have been realized, and no further
tests will be performed.

Approximately 110 single-rod burst tests were conducted. In ~40% of
the tests, the shroud surrounding the fuel pin simulator was electrically



heated so that the temperature difference between shroud and simulator was
near zero throughout the heating transients. In this mode of testing,
deformation is greater than for unheated shroud tests. Also, the single-
rod heated shroud results are in substantial agreement with results from
bundle tests (with negligible rod-to-rod interactions) at comparable con-
ditions,

Six bundle tests were also performed; three (B-1, B-2, and B-3) of
these were with 4 x 4 arrays. Results and interpretations of t(hese three
tests were reported*~* as the information became available. Data re-
ports’™?® giving detailed results of the tests and a topical report® jin-
terpreting flow tests on two of the bundles have also been published.

(A1l published reports and papers pertaining to this research program

are listed in the Foreword of this report.) One test (B-4) was conducted
on a 6 x 6 array, and a revised version of the quick-look report was in-
cluded in a previous report.'* Two tests (B-5 and B-6) were conducted
with 8 x 8 arrays. Preliminary results of *he B-§ test, which was per—
formed under conditions conducive to large deformation and rod-to-rod
mechanical interactions, have been published;2*23 gdditional results are
included in this report. A series of flow character‘zation tests was con—
ducted on the B-5 and an undeformed reference bundle, and a data report
has been published.** Preliminary results of the B-6 test are included
in this report,

Both the single-rod and bundle tests have shown that local tempera-
ture gradients have a marked effect on the deformation behavior of alpha-
phase Zircaloy; the more uniform the temperature distribution, the greater
(and more uniform) is the deformation. Also, rod- to-rod mechanical inter
actions have a significant influence on deformation. We concluded from
these tests that deformation depends not only on the inherent metallurgi-
cal properties of Zircaloy, but also on rod-to-rod mechanical interactions
and all factors that determine the temperature gradients, including the
method and uniformity of heating, uniformity of the initial temperature
distribution, heating rate, heat losses to coolant and surroundings, and
axial distribution of heat losses. Essentially all of our tests have been
conducted at relatively low steam-flow rates (i.e., at a Reynolds number
of ¢800), and heat losses to the steam coolant have been small but are
still an important factor to consider.

During this report period, we placed special emphasis on (1) evalua-
tion of quick-loock results and posttest examination of the B—6 test and
(2) further evaluation of B-5 test results. These activiiies and others
are summarized in this report.

This is the last progress report that willi be published by this pro-
gram. Evaluation and publication of the data, including detailed data
reports of the B-4, B-5, and B-6 tests and final interpretative reports,
are planned to continue under another program,



2. PROGRAM PLANS AND ANALYSIS

2.1 Programmatic Act'vities

R. H. Chapman

Major activities during this report period were concerned with
(1) eveluation and publication of quick-look results of the B-¢ test,

(2) posttest examination of the B-6 array, (3) further evaluation of the
B-5 test results, and (4) preparation of reports.

The previous report period ended during final pretest checkout opera-
tions for the B-6 test. The test was successfully performed on December
3, 1981. Quick-look results were compiled and published*?® (with limited
distribution) in January. Following photographic documentation, the bun-
dle was cast in an epoxy matrix and sectioned at ~60 axial positions to
obtain detailed deformation measurements. These data have been processed
to obtain preliminary estimates of the strain in each tube at each axial
node. A revised version of the quick-look report?$ and preliminary post-
test examination results are presented n a later section,

The B-5 test continues to provide .nsight into the complexity of
cladding deformation in bundles, particularly for conditions conducive to
large deformation and rod-to-rod interactions, Further evaluation of the
B-5 results has resulted in revision of the burst temperatures as will be
discussed in a later section,

Reporting activities received considerable emphasis this period. The
B-6 quick-look test results,**® the B-5 flow test data,** and a report** on
MRBT thermometry techniques and associated accuracies were published. A
topical report!” on statistical variatioas in cladding deformation, based
on five replicate single~rod heated shroud tests, was prepared., Two
papers**+1? comparing different aspects of the B-3 and B-5 tests were
presented at technical society meetings,

2.2 Revised Burst Tempersture Correlation

In the early phase of our research, the shroud surrounding the single-
rod test simulators was not electrically lhweated, Prior to ths test tran-
sient, the entire test assembly was equilibrated at the initial tempera-
ture condition of ~340°C, The shroud remsined at approximately this tem-
perature throughout the transient and becane an effective sink, causing
heat losses from the fuel rod simulator to be greater than if it were sur-
rounded by similarly heated simulators, Tie high heat losses enhanced
azimuthal temperature gradients in the clacding. Although it was not rec-
ognized immediately, the net effect was to localize cladding strain and
cause failure at a lower total circumferential elongation than woul.d be
the case for a uniform azimuthal temperatur: distribution, After udding
a capability for electrically heating the slroud and controlling its tom~
perature (through a feedback control loop) to essentially the same level
as the cladding, the burst temperature was, in general, underpredicted by
the correlation?® derived earlier (and used »y Powers and Meyer??) from
single~rod unheated shroud tesc data,



Upon completion of the single-rod heated shroud tests during the pre-
vious report period, we had accumulated sufficient 10°C/s heating rate
data to permit derivation of a similar correlation over a limited tempera-
ture range for these specific conditions. Preliminary data presented
earlier®»33:,17,23 for these conditions were reovaluated with respect to
burst temperatures and pressures to obtain a consistent data set on which
to base the revised correlation, The reevaluated data, given in Tables 1
and 2, can be correlated over the limited temperature range with the equa-
tion (obtained by a non! inear least-squares regression anslysis)

10,000pP
).023 o
4026 — 0.02388P + o 3 206P

where T is the cladding temperature (°C) and P is the pressure (kPa) at
the time of burst., Figure 1 compares the equation with the data ard with
the correlation?® derived from our unheated shroud test data. As evident,
the heated shroud correlation predicts burst temperatures over the range
of the data about 20 to 40°C higher than the unheated shroud correlation,

Preliminary Results of B-6 Test
Introduction

The B-6 test, the last test that will be cunducted by this research
program, was performed on December 3, 1981, and a quick-look report was
published*® (with limited distribution)., Updated quick~look data and pre-
liminary posttest examination results are presented in this section,

The primary objective of the B-6 test was to investigate deformation
behavior in a large array in the alpha-plus-beta Zircaloy temperature
range, Single-rod burst tests have shown that deformation is rather in
sensitive to heating rate in this temperature range and that the magnitude
of the deformation is considerably less than observed in the high—-alpha
and low-beta temperature ranges. Consistent with the objectives and these
observations, target test conditions of ~925°C burst temperature with a
heating rate of 3-4°C/s were selected for the test., These conditions are
representative of those frequently predicted by LOCA licensing calcula
tions for a range of PWR accident conditions,

Because test conditions used in this program are generally considered
to be conservative, the B-6 test results are believed to provide an over
estimate (larger magnitude) of the deformation that can be anticipated in
most accidents with failures in this temperature range., Similarly, the
resul.s of the B-f test are believed to be a reasonable upper iimit of the
deformation that can be expected in the high-alpha temperature range.

Roesults?*®» 2% of the B-5 test, which was conducted under conditions

conducive to large deformation, showed that temperature uniformity and

rod-to-rod mechanical interactions (resulting from large deformation and
lateral restraint in a large test array) have a significant effect on
deformation behavior in large arrays., Therefore, a second objective was




Table 1.

Test conditions of single-rod tests in steam

. a

Fuel BRstisg sebs Stoulater Lipgax  INiGR

Test - (K/s) h steam
simulator power rating Remarks
No. No. ‘ (xW/m) Reynolds
Simulator Shroud number

SR-50 MNL-009 10 10 3.5 760 a + f test; constant heating rate conmtroi
SR-52 MNL-08S 10 10 3.4 745 High a test; comstant power comtrol
SE-59  MNL-043 10 10 4.0 340 a + f test with grids; constant heating rate costrol
SR-72 SEMCO-048 10 10 3.5 340 B-3 rod 6 simulation; constant power comtrol
SR-73  SEMCO-044 10 10 3.9 3iso B-3 rod 12 simulation; constant power rontrxol
SR-76  MNL-009 10 10 2.0 345 P test; constant heating rate contro!
SR-81  MNL-046 10 10 2.5 338 P test with grids; constant power comt:..!
SR-86  MNL-056 9.4 0 3.4 330 Replicate of B-5 test; ccuastant power coutrol
SR-87 MNL-056 9.8 10.1 3.7 330 Replicate of SR-86 test
Sk-88  MNL-056 10.6 10.9 3.1 3358 Replicate of SR-86 test
SR-89 MNL-056 10.6 10.7 3.8 320 Replicate of SR-86 test
SR-90  MNL-056 10.8 11.1 3.7 328 Replicate of SR-86

aAvot.;o during deformation.
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to determine, if possible, the relative importance of these two parame-
ters., Analysis of the test results should permit this determination be-
cause rod-to-rod interactions were relatively nonexistent in the test.

Figure 2 shows a simplified drawing of the test assembly. As in-
dicated in Sect, A A of the figure, the shroud was constructed of thin
(0.13-mm—thick) stainless steel with a highly reflective, gold-plated
surface. It was backed by insulating material and strong stru~tural
supporting members to withstand radial forces during the test trams »nt,
The thin shroud was spaced one-helf of a coolant channel thickness away
from the outer rod surfaces; this spacing permitted some deformation of
these simulators, while constraining them from moving radially outward.
However, the close spacing precluded electrically heating the shroud.

This design concept is the same as that used earlier in the B-4 and B-5
tests 13,23

The steam inlet configuration (above the upper end of the bundle
heated zone) was modified from a single—entry nozzle as used in the B-5
test to a double-entry arrangement as shown in Sect. B-B of Fig. 2. This
modification, combined with reduced k~at losses from the top of the test
vessel, eliminated the temperature gradient problems experienced in the
B-5 test,

Because the B-5 test showed that the outer ring of simulators acted
as deforming guard heaters and their defcrmation behavior was atypical, a
decision was made to omit the temperature measuring instrumentation in 20
of the 28 simulators in the outer ring of B-6. However, all 28 of the
simulators were provided with pressure monitoring instrumentation, Figure
3 gives pertinent details of the fully-instrumented fuel rod simulators,
Tantalum wire was used for ce~tering the fuel simulator (internal heater)
in the Zircaloy tube of those simulatcrs in the outer ring without tem—
perature sensors, The fuel simulators were produced in our Fuel Rod Simu-
lator Technology Development Lahoratory. Fifty-three of the fuel simula-
tors were reclaimed from the B-5 test array (the remaining 11 simulators
could not be removed) and refurbished (straightened, recoated with plasma-
sprayed Zr0O,, and recharacterized by infrared scanning) for use in the B-6
array., The remaining 11 B-6 simulators were previously unused., The axial
heat generation profile of all the simulators, as determined by the pre-
test infrared characterization scans, was very uniform. The highest qual-
ity simulators were assigned to the interior positions in the array.

For those simulators provided with temperature sensors, four Inconel-
sheathed (0.71-mm-diam), type K, ungrounded junction thermocouples were
spot welded to the inside of the Zircaloy-4 tubes (10.9-mm O0.D. x 0.635-mm
wall thickness) at axial and azimuthal positions shown in Fig. 4., The
figure also gives thermocouple identifications for use in subscquent fig-
ures for which the nomenclature TE 10-4 identifies the No. 4 thermocouple
in the No. 10 fuel pin simulator. Figure 5 shows the axial distribution
of the simulator thermocouples more clearly. As evident from ihe figures,
the inner 6 x 6 array had 18 thermocouples (average of one for every two
simulators) at each of the instrumented elevations, except for the less
interesting 5 c¢cm and the two grid elevations, The thermocouple locations
for the instrumented simulators in the outer ring (see Fig. 4) were se-
lected to provide data in the regions of most interest, with eight thermo-
couples located at each of four elevations,
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As noted in Fig. 4, five thermocouples (TE 19-3, TE 35-4, TE 38-3,

TE 42-4, and TE 55-3) and possibly a sixth one (TE 14-3) became detached
during fabrication of the simulators. Although not apparent from the
data, their readings might indicate Zircaloy temperatures slightly higher
than would be the case if they had remained attached to the wall.

Eight, 0.076-mm—diam, bare wire, type S thermocouples were spot
welded directly on the cutside surface of the thin shroud surrounding the
rod array., Two thermocouples were attached to each side at locations
shown in Fig. 4 in an attempt to obtain information om both the axial aud
circumferential temperature distributions, The shroud thermocoupld iden—
tifications are also given in the figure for use in subsequent temperature
plots,

Five thermocouples (TE-32uU through TE-324) were located in the inner
6 x 6 matrix at the 107-cm elevation (centerline elevation of the steam
inlet nozzles) to obtain inlet steam iomperature measurements across the
bundle. Similarly, five thermocouples (TE-325 through TE-329) were lo-
cated in the matrix near the bottom of the heated zone (3-cm elevation)
to obtain outlei steam temperature measurements. Unfortunately, two of
the latier group (TE-326 and TE-329) werc damaged during assembly and were
inoperative during the test. Figure 6 shows the respoctive identifica-
tions and locations. The thermocouples were 0.71-mm-diam, stainless steel
sheathed, type K with ungrounded junctions. 5

Millivolt signals from the pressure transducers, thermocouples, aad
electrical power measuring instruments were recorded on magnetic tape by a

computer controlled data acquisition system (CCDAS) for subsequent analy-
sis.

Test Operations

Heatup of the test assembly was initiated early in the afternoon of
December 2; the temperature was near 200°C at the end of the work shift,
Power adjustments to the vessel heaters were made to maintain the tempera-
ture near this value overnight to avoid temperature cycling of the test as-
sembly. Early on December 3, power to the vessel heaters was increased,
and superheated steam was admitted to the vessel in the approach to the
initial test temperature. Throughout this phase of operation, periodic
leak checks indicated the simulator seals were performing very well (i.e.,
{1-kPa/min pressure loss at 3300 kPa and ~320°C).

After thermal equilibration (about 322°C) of the test assembly was
attained, the simulators were pressurized to ~2100 kPa, and a short pow-
ered run (~13.0 s transient) was conducted to ascertain that the data ac—
quisition system and all the instrumentation were functioning properly and
that the performance of the test components was as expected. Examination
and evaluation of the quick-look data from this short transient (the tem—
perature of the simulators incre:sed to about 380°C) indiceated that minor
adjustments were needed. In particular, the applied voltage setting was
adjusted slightly upward in an attempt to achieve the desired heating
rate.

Following restabilization of the bundle temperature at ~330°C, all
the fuel pin simulators were pressurized simultaneously to ~3050 kPa (dif-
ferential above the external steam pressure) and isolated individually
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from the helium supply header. The header was vented, and the leak rate
of each of the 64 simulators was checked over a 2-min period, with the
pressure loss being less than ~1 kPa/min. With these initial conditions
established, the test transient was initiated,

Termination of the powered portion of the test conld be initiated by
any of four actioms: (1) CCDAS action resulting from a signel that €0 of
the 64 simulators had burst, (2) CCDAS sction resulting from a signal that
115 simulator thermoccuples had exceeded the upper temperature limit (50°C
above the anticipated burst temperature) on each of three successive data
scans, (3) a timer that limited tae tramsient to ~145 s, and (4) operator
override. It was decided to program criterion (1) to terminate power to
the bundle after 60 bursts (with the expectation that all 64 tubes would
burst) to minimize the temperature overshoot at the end of the test.

Also, criterion (2), that is, the high-temperature limit, was established
close to the expected burst temperature for the same reason. The test
was terminated by criterion (3), and all 64 tubes burst.

Quick-look Results

Quick-look data of interest are extensive and difficult to present in
concise tabular format., Instead, we have elected to display the data in a
series of bundle layout diagrams and quick-look plots to facilitate visu-
alization. Note that these results are preliminary and subject to change
upon detailed analysis of the data.

Superheated steam entered the test array through two inlet nozzles
located (107-cm elevation) on the east and west sides of the bundle (see
Fig. 2) at an cverage temperature of 330°C and 309 kPa (absolute) and
flowed downward through the array at a constant mass flux of 288 g/s'm?,
With these conditions, the nominal Reynolds number at the top of the
heated zone (91.5-cm elevation) was 140. These inlet conditions remained
constant until disrupted by escaping helium from the bursting tubes. When
power to the bundle was terminated, the steam mass flux was increased to a
minimum of 2050 g/s*'m? for rapid cooldown. Inlet and outlet steam temper—
etures measured 1.0 s before power-on and 1.0 s before the first tube
burst are indicated in Figs. 7 and 8, respectively.

Figures 918 present cladding temperatures measured at the instru
mented levels 1.0 s before power-on and 1.0 s before the first tube burst,
The data are presented in a format intended as a schematic layout of the
thermocouple locations., If the junction is in the plane for which the
particular map applies, the layout has the TE number filled in to denote
the azimuthal position of a thermocouple and the temperature measurement
is given, The respective row and cclumn average temperatures for the
inner 6 x 6 array are printed on the left and at the bottom of the layout.
The cross section and bundle average temperatures, based on the 6 x 6
array, are also included in the format,

The overall radial temperature distribution may be visualized some-
what easier in the temperature map depicted in Fig., 19, The temperature
given for each simulator is the average of the thermocouple measurements
for that simulator without regard to elevation. Because every other simu—
lator had thermocouples near the vpper and lower end of the heated zone
(see Figs. 4 and 5), the averages given for these simulators in Fig. 19(b)
reflect the lower temperatures existing near the ends of the heated zone
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during the transient, This portion of the figure also shows that the in-
terior simulators wore a few degrees higher in temperature than the ex-
terior ones, as would be expected from the boundary conditions,

The data given in Figs, 9718 for the inner 6 x 6 array wore averaged
to obtain the axial temperature profiles plotted in Fig, 20, the average
at ench instrumented elevation, the vange of the data, and the number of
therwocouples on which the average is based are also noted in the plot,
The profile 1.0 & before the first tube burst shows the end effects wen
tioned above; the small (~5°C) gradient between the gride refleots the
slight inorease in steam temperature as it flowed through the bundle,
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The maps provide considerable data and greatly facilitate interpreta-
tion and quick-look evaluation of local and overall temperature distribu-
tions, As evident, the initial radial and axial temperature distributions
were very uniform, indicating uniform distribution of the steam. Compare,
for example, data in Fig. 9 for the 84-cm elevation with the inlet steam
temperatures (at the 107-cm elevation) in Fig. 7. Also, compare Fig. 18
with Fig. 7 for the radial distributions at the lower end of the heated
zone. The modifications made to the inmlet steam nozzle and others made to
control external heat losses effectively eliminated temperature gradients
in the bundle like those experienced in the B-5 test,

Differential pressures measured 1.0 s before power-on and 1.0 s be-
fore the first tube burst are presented in a similer fo-mat in Fig. 21,
Because the simulators were pressurized simultaneously from a common
header and then isolated individually, the uniformity in initial pressure
also indicates uniform gas volumes for the simulators and the lack of seal
leaks. The data in Fig. 21(b) indicate, consistent with Fig. 19(b), that
the interior simulators were hotter and had deformed more at this time
than the exterior onmes.

A number of quick-look plots and other data are presented below to
illustrate significant features of the test as it progressed and to pro—
vide an indication of the general conditions prevailing at the times of
important events, A parameter, TAV-10, is plotted in a number of these
figures to represent the bundle average temperature, This parameter is
in reality the average of eight thermocouples (TE 11-2, TE 20-2, TE 29-2,
TE 31-2, TE 34-2, TE 38-2, TE 45-2, and TE 52-2) at the 38-cm elevation
(see Fig. 4 for relative positions) that was electronically averaged aad
recorded during the test to facilitate characterization and visualization
of the bundle temperature as a function of time.

Figure 22 shows this parameter and applied voltage plotted as a func-
tion of time after power-on., The average heating rate in the high—~alpha
temperature range (i.e., from about 35 to about 105 s after power-on, cor-
responding to TAV-10 temperatures of 498 and 813°C) was about 4.5°C/s. As
the temperature increased into the two-phase range, the heating rate de-
creased because of grea'er losses and the higher heat capacity of the two-
phase material and, perhaps, the effects of Jdeformation. The average
heating rate from 115 to 141.7 s after power-on (i.e,, to the power-off
time) was about 3.5°C/s, in good agreement with the desired rate., Because
maximum pressure (indicating the onset of deformation) was encountered in
all the interior simulators in the latter time interval, the lower heating
rate (i,e., 3.5°C/s) is considered to be the appropriate rate for charac—
terizing the deformation behavior,

As indicated by the applied voltage, power was on for 141.7 s; this
point is noted in the figure (and in subsequent plots) by an arrow on the
time axis of the plot., The average temperature, ~948°C when power was
terminated, continued to increase, attaining a maximum of ~958°C several
seconds later, and then started decreasing.

Figure 23 depicts the bundle characteristic temperature (TAV-10) and
several pertinent pressures. In particular, vessel gage pressure is shown
by PE-301, and differential pressures are shown by (1) PE-29 for simulalor
20 (one of the four central simulators and the first simulator to burst),
(2) PE-55 for simulator 55 (one of the cormer simulators in the inner
6 x 6 srray and the last simulator of the inmer 6 x 6 array to burst), and
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(3) PE-8 for simulator 8 (an outside corner simulator and the last simu-
lator to burst). The vessel pressure remained constant until the first
burst, at which time it increased because of the release of the hot, high-
pressure gas from the ruptured simulators. About 3 s after power-off, the
steam control valves opened to reduce the vessel pressure and to permit
increased steam cooling; at this time the pressure decreased rapidly to
atmospheric., The sudden decrease in the external pressure caused a small
increase in the differential pressure of those simulators (in the outer
ring of the array) not yet burst, as typified by the PE-8 pressure trace
in the figure.

Temperature [Figs. 9(b)~19(b)]) and pressure [Fig. 21(b)] measure-
ments showed that conditions in the bundle 1.0 s before the first tube
burst were very uniform, considering the fact that external heat losscs
caused the exterior simulators to be 10 to 20°C colder (at this time) than
the interior simulators. As a consequence, the exterior simulators were
at a slightly higher pressure because of their lower deformation level at
this time,

The bursts occurred in an unusually orderly manner, as indicated in
Fig. 24, because of the uniform conditions., The data are plotted in three
groups to indicate radial positions in the bundle. As is evident in the
figure, all the simulators in the inner 4 x 4 array except one burst be-
fore any bursts occurred in the nexi outer row (i.e., the outer ring of
the inner 6 x 6 arrav). The 16 simulators of the inner 4 x 4 array burst
in a 2.25-s time interval. All the simulators in the next ring (i.e., the
outer ring of the inner 6 x 6 array) burst in a 6.00-s time interval, with
the four cormner simulators of this subarray bursiing last. Power was ter-
minated 0.60 s later; however, the temperature continued to increase (Fig.
22) for several seconds and then turned around and slowly decreased. The
first simulator in the outer ring burst 0.40 s after power-off; all the
simul stors in the outer ring except the four corner ones burst by the time
the average temperature reached its maximum value. The corner simulators,
with the greatest external heat losses, were subjected to near-isothermal
creep conditions and failed 25 to 50 s later as indicated in Fig. 24.

Tables 3 and 4 give computer output summaries of the important pa-
raaeters recorded on magnetic tape during the test. There are no tempera-
ture entries in the tables for those simulators that were not instrumented
with temperature sensors; however, measured pressure data are included for
these simulators. Following our customary practice, the maximum measured
temperature at the time of burst is selected as the burst temperature;
these can be identified in Table 3 by the reader, and the measurement lo—
cations can be determined from Figs. 4 and 5.

The burst data are plotted iu Fig. 25, using different symbols for
the three radial zones indicated in the figure. As evident, data for the
inner 4 x 4 array overlay the data for the outer ring of the inner 6 x 6;
the respective average burst temperaturc and average burst pressure for
these two zones were 933°C and 2800 kPa and $72°C and 2800 kPa. As ex-
pected, burst temperature data for the eight instrumented simulators in
the outer ring of the 8 x 8 array were somewhat lower (average burst tem—
perature of 924°C and average burst pressure of 3000 kPa) than data for
the interior 6 x 6 array. The curve labeled "B-6 LSF" is a linear least-
squares fit to all the B-6 data points. The range of the burst pressures
for the remainder of the exterior simulators excluding the four corners is
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24,000 SEC AF fL® START UF SCAM
166.538 SEC AFTeR STawT OF SCAN

THERMCCOUPLES WERE NOT ATTACHED TO RODS wrb<b TeMPERATUKES ARE UMITTED

141. 738

st L

AFTER

Lel.738 SEC ocFOxt PUWCR-UFF
PumE A-(

I e e e e R R L R

RUD OIFFERENTIAL
PRESSURE
LxPA)

NU.

33
34
35
3o

37
3
v
40

41
“2
43
44

a5
a6
“7
48

49
S0
21
52

S
54
55
5¢

57
58
59
60U

6l
62
63
64

3051
3054
3048
3048

3044
3049
3060
3051

3054
3055
3049
3063

3041
3038
3Ca5
3047

3063
3os7
3055
3053

3055
3053
3Cay
3052

3059
3054
3056
3058

30617
3058
3054
3054«

TE~1L

331
33cC
33C
330

329
33
332

330
331
329

329
33
332
332

329
325
329

3217

13c
330

329

330
330
33
33

33l
3N
13

330
331
330

33
33
in
332

330
330
330

3%
33
330

329

329

------ s==-===INITIAL CONDITIONS
TEMPERATLRES (VEG C)

- -

TE-2 TE-3

329
3sc
3ic
3%

n
in
332

331
i3l
LERY

131
i
329
325

33C
330
i

LR

330
LR

29

Te-4

330
33
329
3n

329
332
332

33
LYY
330

131
in
32
33

330
330
3

33C

i
3’0

an

ave

LR Y
330
3130
3130

s
i3
332

33C
i3l
LR IV

3l
s
i
33

330
330
3%

30

iw
130

39

UIFFEwENTIAL
PRESSUR:
(xKpPa)

s221
323y
3238
3231

3248
3251
3241
3252

3232
3234
3242
31245

3z
3240
3244
323e

3256
3251
3259
1248

3248
3245
325¢
3231

3z
3z
3241
325°%

3225
3249
3213
327

sle
sl7
8le
sl

9
sUo
80

sl
89>
9t

8l
Bl
Bats
sls

LV &
781
LE

18¢
632
800

750

823

CONDITIUNS AT TaMe

823
823
A4
sl4

819
sl
823

LR LY
817
ulh

530
LER
823
820

431
806
£40

412

a37
8z

ive

820

é16

Bla
L
ele

LER )
a7
deel

CERY
LL 1N
aL8
827

£33
800
£

g12
el
424

LIV

L2

818
822
Bis
8l ?

T94
e12
746

BUS
8U9
17

820
BT
8ls
sle

w32
19
LR 1Y

788
LR L
798

LTS

817

OF MAXIMUM P4l SSURLS
IEMPLRATURLS (UEL ©)

LI

430
sUy

Hu
sle
sl

120
3l
alv

vl
adb
ale
giy

B30
1
es7
30u
EELY
sls

By

wid

105.44
LOT 5%

109.66
Lil.us
107.49
Lls.7s

114,94
Il
1wi.ee
1L.59

105.84
1ll.56
LI0. 16
[ Y

Lat .99
LiS.us
114,09
107.59

L6.04
i11.34
Lis.24
146.79
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hL.

1372-a
1322-0
L36C~a
1295 ~4

LiCe-8
L302~-a
13id-o
1398-a

1424-4
13559
13C =0
1326-1

1337-0
13%9-0
1324-4
[ LT

1398-n
1364~0
1287-8
1355-A

13C7-»
1362-0
135C-0
1389-¢

1719-a
Li59-0
13904
1325-4

164050
1362-8
141i-n
1717-a
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Fig. 25. Experimental burst temperature and pressure data.

noted. The corner simulators failed 25 to 50 s later in a creep mode and
represent a different set of conditions, Burst temperaiures for those
simulators without temperature sensors will be estimated when the data are
analyzed.

Although a difference can be detected between the data for the exter—
nal and internal simulators, note that the pressure scale is greatly ex-
panded to facilitate plotting of the individual data points, In reality,
the difference between maximum and minimum burst pressures was only ~400
kPa, By way of comparison, the burst pressure variation in the B-5 test
was about 2200 kPa, while the burst temperature variation was about the
same for the two tests,

Prior to performing the B-6 test, three single—rod heated shroud
tests were conducted®? with heating rates in the range of § to “"C/s to
aid selection of the B-6 test paramot rs. The burst data for these three
tests are included in the plot for comparison; the curve labeled "SR-LSF"
is a linear least-squares fit of the three single-rod dats guints, While
the two fitted curves have virtually identical slopes, the bundle curve is
about 10°C lower than the single-rod curve. Some of this difference may
be caused by the slightly lower heating rate in the bundle test (3.5 vs
5.5°C/s). but most o. the difference is attributed to our use of fewer
thermocouples to measure temperatures in bundle simulators than in single~
rod simulators (i.e., 4 vs 12), and thus a greater statistical probability
exists for underestimating burst temperatures in bundle tests,
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Figure 26 shows initial-to-burst pressure ratios for each of the
three radial zones of the array. This parameter is related to the volume
change of the cladding heated length and, hence, provides & qualitative
indication of simulator average deformation over this length, These data
are consistent with those given in the previous figure and indicate that
the inner 6 x 6 array deformed more than the external ring; there was no
significant difference between the inner 4 x 4 arvay and the next outer
ring. Again, note that the scale for the ordinate is greatly expanded to
facilitate plotting, The reader should be careful to take this fact into
account when comparing this figure with similar plots we have published
for the B-5 test, (The B-5 initial-to-burst pressure ratios ranged from
about 1,2 to 1.5, considerably greater than the B-6 data range; hence,
deformation in B-6 is much less than in B-5.)

Typical measured steam temperatures (sce Fig, 6 for thermocouple lo-
cations) at the inlet (TE~322) and at the outlet (TE-327) and vessel pres-
sure (PE~301) are shown in Fig. 27; TAV-10 is included to characterize the
bundle temperature, Neither the inlet nor outlet steam thermocouples in-
dicated unstsble temperatures during the time the interior simulators were
bursting (i.e., before power-off as noted by the arrow on the time axis);
however, the outlet steam thermocouple sensed a temperature increase after
the sudden vessel pressure decrease, This temperature increase was proba-
bly an effect of increased steam flcw caused by opening the large bypass
valve downstream of the vessel,

As mentioned previously, the need for electrical isolation between
the test array and the closely fitted shroud precluded Joule heating of
the shroud. Although the shroud had a highly polished, gold-plated sur-
face to reflect therma! radiation, the temperature of the shroud increased
significantly during the test, Figure 28 compares measured shroud tem-
peratures on each of the four sides (at the 76-cm c¢'evation) with the
characteristic bundle temperature (TAV-10). Differences of ~100°C were
measured around the shroud before the first tube burst, Similar tempera-
tures and behavior were noted for the shroud thermocouples at the 28-cm
eslevation., Figure 29 compares shroud temperature measurements at the twc
instrumented levels on the north side of the bundle with simulator tem—
per «tures measured in the vicinity (see Fig. 4). The average of the eight
shroud temperature measurements was ~165°C Jess than the bundle average
tomperaiure during the time deformation was occurring (i,e., 1 s before
“be first tube burst).

Posttest Examination

Following the burst test, the test assembly was removed from the test
vessel and partially disassembled for observation and examination, After
performing posttest instrumentation checks, the shroud assembly was re-
moved to permit visual observation and dimensional checks of the test
array. Further disassembly (including successful removal of the internal
heater from all except four of the outer ring of simulators) was then ac-
compl ished, and photographs were made to document the appearance in de-
tail,

Figure 30 shows the west face of the assembly after removal of the
shroud and internal heaters, The meter stick (suspended from the bundle
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Fig. 30.

ORNL-PHOTO 9070-81A

STEAN: INLET ON
WEST SIDE

Posttest view of west face of B-6 test array and shroud.
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with zero at the bottom of the heated zone) serves as a convenient refer-
ence to the discussion throughout this report, The west face of the
shroud box is also shown in its relative axial position; one of the two
inlet steam nozzles (sse Fig. 2) is noted.

The thin shroud iiner shows discolorations that reflect the image of
the test array. Eviderse of liner distortion, indicating contact with the
test array, is also present. Even though springs were sttached at the
lower end of the thin liner (to the left in Fig., 30) to kesp it taut dur-
ing the test, wrinkles appear at oumerous places, indicating thermal dis-
tortion and/os restricted axial movement; this probably accounts for the
unusual behavior observed in the shroud temperature plots during the first
80 s of the transient (see Figs. 28 and 29).

Close-up views of the region bdetween the No. 1 and No, 3 grids are
shown in Figs, 31734, The west face, the same one as presented in Fig.
30, is shown in detail in Fig. 31, The preotest centerline elevation of
the No. 1 grid was 10 ¢m and cf the No. 2 grid was (6 ¢m, The region be-
tween the No. 2 and the No. 3 grid is the thermal eat:ance region.

Several noteworthy features are apparent in Fig, 30: (1) deformation
is moderate and fairly uniform (except for the immediate vicinity of the
bursts) over the lower half of the region vetween grids 1 and 2, (2) very
little deformation is evident between grids 2 and 3, (3) very little
length change occurred, (4) all visible bursts are directed inward, and
(5) deformation of the four corner rods is atypical. This latter obser-
vation results from the fact that the corner rods, having more exposed
surfuce area and thus greater heat losses, did not burst until 25 to 50 s
after the remainder (see Fig. 24), During this delay, the tubes were sub-
jectad to near-isothermal creep conditions; as a sesult, their deformation
oehnvior was different from the remainder of the tubes, which deformed
uncer transiasnt heating conditions,

Because flow characterization tests were not performed, tae bundle
was next c¢sst into an epoxy matrix and sectioned transversely at about 60
axial locations, The sections were polished sufficiently to sharply de-
fine the tube w: ' boundaries and photographed to facilitate acquisition
of deformation data, Burst locations are given in Table 5. The axial
locations were determined by internal examinstion of the tubes with a
borescopr before encapsulation with epoxy and confirmed later from mea-
surements of the sections; the midpoint elevations and burst lengths are
considered reasouably accurate (to within 3 to § mm). The azimuthal ori-
entations were determined from angle measurements made on the sections
near the end of the burst opening and are probably sccurate to within §
to 10° of arc length, Burst midpoint elevations and orientations are
shown schematically in Figs. 35 and 36, respectively,

As evident in Fig. 35, the bdbursts occurred over a length of ~28 cm in
the lower portion of the region between the two interior grids (centerline
elevations of 10 and 66 c¢m); this is consistent with the axial temperature
profile shown in Fig., 20. Although the steam mass flux was the same as in
the previous tests, the very low cladding heating rate, in effect, caused
this steaw flow to have a relatively greater ceouling effect and displaced
the deformation downward (i.e., in the direction of steam flow).
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Table 5. Burst locations in B-6 test array

Burst location Burst location
Simulator b :"". Simulator b Burst
No. Axial® Angle :"; No. Axial? Angle l:":.
(mm)  (deg) - (mm)  (deg) -
1 374 115 14 33 213 100 28
2 179 158 12 34 243 58 19
3 343 200 26 15 225 350 3
N 337 180 23 36 200 308 17
5 338 190 23 37 265 0 36
6 266 180 24 8 456 45 21
7 268 180 21 39 219 290 29
N 189 238 X 40 383 298 21
9 190 120 13 41 217 102 24
10 329 173 2 4 208 100 31
11 203 144 6 4 247 40 18
12 259 100 36 44 193 45 14
13 2047 152¢ 9 45 296 145 13
14 332 113 19 46 199 62 19
15 218 240 20 47 381 317 23
16 388 260 18 48 383 270 32
17 208° v 147 49 236 50 14
I8 202° 135° " 50 213 45 14
19 346 80 24 51 235 57 14
20 349 318 16 52 391 45 14
21 302 98 37 53 238 355 3%
22 304 3158 17 54 301 318 21
23 278 s 40 55 322 333 17
24 328 275 23 56 401 310 18
25 313 9 25 ; 57 234 45 7
26 259 60 13 I 58 317 0 27
27 256 45 20 | 59 392 150 25
28 217 . 15 30 | 60 187 150 22
29 3sac‘ 43 24 , 61 309c ns, 15
30 285 270 16 62 385 0 16
3 264 320 25 63 114 350 26
32 329 265 22 64 423 211 15

—~— - —— ———

aPnnttclt midpoint elevation above bottom ¢i heated zone. The bottom of
heated zone of the bundle (zero elevation) represents an average of all rods.

bCloctviac rotation looking down on top of bundle. Estimated angle of
rupture initiation,

ohutot probably initiated at thermocouple attachment,
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ORNL DWG 81 23661R ETD
BURST PROBABLY
INITIATED AT
THERMOCOUPLE WELD

Q,

NORMAL BURST
N SIMULATOR NO

FGFFTEHEOOHE®
FOOOLOO®

PLAN VIEW NOT TO SCALE S
Fig. 35. Approximate burst midpoint orientations,

As evident in Fig. 36, burst orientations in the two outer rings of
simulators had a preferred (and rather uniform) directicn toward the cen-
ter of the bundle, indicating the influence of azimuthal temperature gradi-
ents (and an unusually high sensitivity of the creep rate equation to tem-
perature in the alpha-plus-beta phase temperature range??) in each ring
superimposed on the uniform radial distribution., PBurst directions for the
inner 4 x 4 array were more randomly distributed, indicating negligible
azimuthal gradients. As noted in the figure, six bursts probably initi-
ated at thermocouple spot welds, However, the unusual consistency in
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burst times, temperatures, pressures, and deformation profiles indicate
that the bursts were not premature. Also, the burst opening shapes and
lengths (Table 5) suggested nothing unusual about these failures, (In
previous bundle tests, failures at thermocouple spot welds resulted in
very small pinholes.)

A selection of section photographs is presented in Figs. 37-42 to
show interesting deformation features. Each photograph was taken looking
down on top of the bundle, with the two arrow points and the scale being
on the north side (i.e., the northwest cormer tube is No. 1), so that the
tube numbering system conforms to that of Fig. 4. Figure 37 shows the
section st the 20,.3-cm elevation., Four failures (tubes 11, 13, 17, end

18) that probably initiated at thermocouple spot welds occurred at this
elevation. Although the failure angles for tubes 11 and 13 (see Fig. 4)
are slightly different from the specified thermocouple location, there is
physical evidence the failures were at the spot welds,

Localized wall thinning st other than the immediate vicinity of the
tube failures was observed at a number of locations; typical examples are
noted by tube 42 in Fig. 37, tube 35 in Fig. 38, tube 54 in Fig. 39, tube
46 in Fig. 40 [incipient failme (7), although the failure was at a much
lower elevation (Fig. 37)), tube 20 in Fig. 41 (at two places), and tube
38 in Fig. 42. While some of the locally thinned areas (at least before
the burst) were opposite neighboring tubes (tube 42 in Fig. 37 is an exam~
ple), a number of the thinned areas were located ~n/4 rad around (tube 20
in Fig. 41, for exampie) from neighboring tubes. Presumably, very small
azimuthal temperature gradients, combined with the high sensitivity of the
creep rate equation to temperature in the alpha-plus-beta phase region,??
were responsible for the localized thinning.

Enlarged photographs of the sections were digitized to facilitate
reduction of the geometrical data to strains, areas, and volumes. Al-
though reduction of the digitized dats is not complete, it has progressed
sufficiently to provide quick-look estimates of the important parameters.
Prel iminary burst strain data are plotted (by zones) in Fig. 43; the aver-
age and one standard deviation (¢) values are noted for each of the radial
zones. As mentioned earlier, the four corner simulators deformed and
failed under near—isothermal creep conditions much later (see Fig. 24)
than the other simulators. As a result, deformation of these simulators
was greater and atypical, as indicated by the large burst strains (rela-
tive to the other simulators in the outer ring). For this reason, they
were excluded from the average of this zome. The figure shows that burst
strain was not strongly dependent on position, although the data for the
outer ring does reflect & small effect of azimuthal temperature gradients,

As mentioned earlier, three single-rod heated shroud tests were conm
ducted prior to the bundle test to aid definition of bundle test condi-
tions. Burst strains*?® for the three tests (36, 36, and 37%) were consis-
tent with the results of this test,

The quick-look strain matrix was used to calculate the volumetric
expanse of each tube over the heated length, These data are shown in Fig.
44 for cach of the three radial zones of the bundle. The figure shows
also that the volumetric expansion, like burst strain, was not strongly
depeudent on position, although the data for the outer ring of simulator
does reflect a small effect of azimuthal temperature gradients,
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The coolant channel flow area restriction was also calculated, based
on the rod-centered unit cell method, using the equation

n=N -
~ (Ad.n Ao)

N (p* - Ao)

B =100 x

where

B = percentage restriction in coolant channel flow ares,
A = outside area of deformed tube (mm?),

= outside area of original tube (mm?),

n
o
p = tube-to-tube pitch in square array (mm),
N = number of tubes in square array.

With this definition, B is 0% for no deformation and 100% if all the tubes
deform into a square with sides of length p (completely filling the open
area). For the case of uniform ballooning such that the tubes just come
into contact (i.e., 32% strain for the dimensions appropriate to this
test), B is 61%.

The quick-look strain data were used to calculate the value of A

in this equation for each tube at each axial node, assuming the tubes iad
circular cross sections. For those axisl nodes containing tube bursts, a
fictitious value of Ad LD constructed by converting the perimeter of

the burst tube into a closed circle of the same perimeter, This defini-
tion gives a reasonable lower limit for the flow area restriction and cor-
responds to the one used in NUREG-0630 (Ref. 21). The calculations were
performed for the entire 8 x 8 array, for the inner 6 x 6 array, and for
the central 4 x 4 array. Results of the calculations are shown graphi-
cally in Fig. 45. The cross-sectional area occupied by grids (~200 mm?)
was not included in the calculation; including this area slightly in-
creases the restriction at the grid locations centered about elevations
10.0 and 66.0 cm, As evident, deformation was skewed in the direction of
the steam flow (although the flow was very low); this is consistent with
the small axial temperature profil: shown in Fig., 20. The maximum loss
in flow area in the entire 8 x 8 array was ~39% at the 34.4-cm elevation,
~44% at the 20.3-cm elevuiion in the inner 6 x 6 array, and ~46% at the
same elevation in the central 4 x 4 array.

2.4 Additional Analysis of B-5 Test Results

J. L. Crowley

Revised burst temperatures

Analysis of the B-5 cross sections and the strain profiles continued
during this report period and provided additional insight to and under-
standing of the data., In particular, the analysis indicated that the
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burst temperatures reported earlier®? wore sometimes inconsistent with
deformation observations and that some should be revised,

In the earlier data tabulation,** "observed" and "corrected” burst
temperatures were given, Consisteat with our past practice, the observed
burst temperature for a simulator was defined as the maximum temperature
indicated by any of the thermocouples at the time of burst without regard
to location of the thermocouple with respect to the burst, During the
last few seconds of the transient, the traces of some thermocouples that
had indicated the highost temperature (fo  a given simulator) throughout
most of the transient showed what was assumed to be erratic behavior,
(i.e., a reoduction of temperature). In these cases, the traces were ex-
trapolated to give a best estimate of the temperature that would have been
measured by that thermocouple if the earlier trend had continued until the
tube burst, Thus, the higher of maximum measured value or extrapolated
value at the time of burst was reported as the "corrected" burst tempera-
ture, Justification for this approach assurod that (1) the true burst
temperature was af 'east ¢s high as the maximum value recorded on that
simulator regard'ess of location and () the erratic behavior observed
near the end of the transient was caused by malfunctioning of the thermo-
couples,

Analysis of the data indicates that both of these assumptions may be
incorrect in au bundle test with extensive rod-to-rod interactions (such as
B-5). This derives from observations that (1) interaction of the outside
ring of simulators with the thin reflective shroud could be correlated
with thermocouple response and (2) maximum temperatures, whether recorded
or extrapolated, at the time of burst did not correspond in a consistent
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manner with posttest strain measurements at the thermocouple locations,

In particular, for 46 of the 63 (73%) pressurized tubes, larger—than-
average deformation was noted at axial locations of those thermocouples
that had indicated maximum temperatures a't*fhe onset of deformation (about
32 to 38 s after power-on). However, at the time of burst, the tempera-
ture at these axial locations was not necessarily the highest recorded in
a given simulator, This indicates that the temperature distribution prior
to the onset {(and during the early phase) of deformation may be more im-
portant in determining the burst location than the distribution at the
time of burst, Because failure stress is a function of both local tem—
perature and instantaneous wall thickness (i.e., local strain), failure
can occur at a site where the strain is high (due to its prior temperature
history) but the temperature is lower (due to greater cooling and/or in-
teraction with adjacent tubes) than at another site where the temperature
is higher but the strain is lower,

For this reason, we reevaluated the temperature measurements and cor-
related the data with the deformation profiles and the burst locations.
Based on this evaluation, the extrapolated temperatures are not, in gen
eral, representative of the temperature at the burst site at the time of
failure, Instead, we believe the thermocouples measured the correct tem—
perature, and we have revised about 60% of the "corrected" values accord-
‘agly. The new data are tabulated in Table 6. As in the previous tabula-
tions,** the data include (1) the maximum recorded temperature and the
thermocouple indicating this temperature, (2) the temperature "selected"
as being the best estimate of the burst temperature and the thermocouple
indicating this temperature, and (3) the thermocouple nearest the burst.
In the absence of more definitive data and analysis, we believe the "se—
lected" temperature is the best estimate of the burst temperature,

Table 6 also gives revised volumetric expansion data for each of the
tubes. While the previous tabulation provided expansion data predicted by
a model** derived specifically fcr MRBT application, the revised data were
obtained (and reported*? eariier in graphical format) by integration of
the deformation profiles,

Remov of no s om te ure data

As reported previously,*? noise spikes were observed in about 30% of
the thermocouple response signals in the B-5 test., The magnitude and
polarity of the spikes depended on the particular signal multiplexer and
the thermocouple reference furnace used for each signal, and the sequence
and time of occurrence depended on the order of the sensors in the CCDAS
scan list, The noise spikes were caused by interference from the elec—
trically heated furnaces that were used for cold junction compensation,
Figure 46 shows an example of the noise spikes in the temperature data.

Because erroneous temperatures would be used in computer analysis of
the data if the temperature were sampled at the time of a spike, the
spikes have been removed from the data from the time of power-om to the
time of burst for each simulator exhibiting such behavior, However, if
8 spike was superposed on another event that caused a rapid change in the
indicated temperature, the spike was not removed. A new engineering units
data tape without the noise was generated for use in subsequent analyses,
Figure 47 shows the date of the previous figure without the spikes.



Table 6. Updated summary of B-5 burst test results

Burst comditions

Initisl comditions

:: Pressure Temperature Pressure — e mrin Wanber of TR Twbe heeted Songth  Mues
(kPa) *C) (kPs) T.’ctn-ua TE T-’Otltltob TE -;:3::. P '“-.“:h.” ‘:::
(*C) Ne. (*C) No.

1 11,650 340 9.685 776 3 776 3 2 3s 49.60

2 11,648 3 9,160 770 3 765 1 2 46 45 .65

3 11,620 in 9.2 785 3 762 4 1 42 46 .90

4 11,645 343 9,560 769 1 769 1 2 39 44 .85

5 11,660 3 8.75 778 B 778 4 4 50 47.50

6 11,635 343 9,290 718 3 778 3 1 47 46 .40

7 11,645 38 9,485 766 i 773 4 4 39 45.715

& 11,650 341 9,328 768 2 768 2 1 44 47.35

9 11,640 339 8.5% 787 3 766 B 3 58 48.15
10 11,635 339 8,310 772 3 772 3 3 61 46 .30
11 11,595 342 8,650 768 4 768 - 3 56 45.50
12 11,605 32 8,480 780 2 774 3 3 s6 45 .60
13 11,640 a2 8,660 767 3 767 3 3 56 45.55
14 11,650 32 8,655 m 2 763 1 1 54 45.05
15 11,638 s 9.130 766 1 766 1 1 49 45.80
16 11,625 34 9.655 778 3 778 3 4 37 44 .55
17 11,635 33s 8,615 786 4 776 1 2 54 48.45
18 11,645 338 8,800 774 2 770 4 1 54 45.25
19 11,630 336 7.695 774 3 774 3 1 74 46 .50
20 11,658 33 7.985 764 2 764 2 2 68 46.20
i 11,635 339 9,110 766 4 763 3 3 43 44 .00
22 11,640 in 7.670 780 2 776 1 2 78 46 .25
23 11,620 338 8,725 772 1 772 2 2 52 45.20
24 11,610 338 9,008 m 1 769 3 3 49 46 .65
25 11,630 334 9,730 763 1 763 1 3 3s 46.20
26 11,648 334 8,980 770 2 770 2 2 47 45.60
27 11,635 336 8,430 768 1 760 4 3 61 45.10
28 11,585 336 8,595 783 1 783 1 1 52 45.70
29 11,650 337 8,605 770 1 770 K 4 55 45.30
30 11,620 337 8,135 784 1 784 1 4 66 46 .40
3 11,605 33s 9.175 773 2 773 2 2 48 44 .90
32 11,630 338 8,970 768 2 768 2 - 47 46 .80
33 11,650 333 8,970 772 1 762 @ 2 48 47.30
34 11,615 332 8,695 773 B 773 4 E 55 45.90
3s 11,625 334 8,645 779 4 774 2 2 52 45 .85
36 11,740 334 8,835 768 2 756 1 1 52 45.10
37 11,635 336 7.697 783 1 m - 2 67 47.20
38 11,640 33s 7,715 m 4 770 2 1 70 45.70



Teble 6 (comtissed)

Burst cosditioms

Isitisl comditions

:: S S o AR B i o Sefostad Number of TE Tsbe Meated lesgth  Barst
(xPa) (*C) (kPs) Tempera: sre® TE Y.pntucb TE ':::;::. o '“-:Jn-” '::;
(*c) No. (*C) No.

39 11,635 333 8,208 713 4 773 4 4 60 46.70
40 11,618 334 5,978 82 1 773 N 2 ' 46 .45
41 11,688 333 3,360 169 . 769 4 2 4 46 .50
4 11,650 331 8,405 773 1 773 1 1 53 46.25
43 11.630 in §.385 775 2 775 2 2 4 44 .50
4 11,645 iis 8,358 763 3 763 3 3 59 46,10
45 11,630 333 7.800 765 1.3 76% 1.3 3 70 46.75
4% 11,625 333 8,035 762 2,4 763 4 4 (14 46 .25
47 11,625 3 8,571 m 1 774 2 1 45 45 .50
48 11,630 i3 8,778 763 3 763 3 4 so 47 .80
£ 11,620 33 9,720 761 4 761 - 2 3s 46 .90
%0 11,585 3is §,5%00 768 2 768 2 - *y 45.70
51 11,555 3238 8,138 ™ 1 759 3 3 60 47 .08
52 11,585 330 8,630 765 4 57 3 3 $3 45 .20
53 11,578 330 8,938 769 2 760 K 4 46 46 30
4 11,598 33 8,770 m”m 1 T66 4 2 5 45.%0
s 11,588 330 8,788 763 2 763 2 2 45 46 .35
£ 01 11.57S 3in 8,988 TR0 1 ™= 1 2 4% 47.05
57 11,580 33 9.530 752 3 753 2 2 40 7.9
58 11,.5% i 9,128 %7 1 %7 1 3 45 46 45
55 11,560 33 9,470 770 4 770 4 - &0 46 .30
60 11,565 n 8,80v 758 2 755 2 2 ) 47.20
61 11,560 i 9.,28¢ 768 1 768 1,3 1 3is 46 .20
62 d in 4 d d d d d d d

63 11,588 i ¥.685 78 1 715 1 1 N 47.75
‘4 11.580 333 $.35 743 b { 756 B 4 3s 48 65

‘h:u- temperature indicated at time of rupture.

blcu-nu-u valze based oz az evaluation of recorded temperature data and posttest deformation profiles.
elulusu TEs located at grid elevations.

‘luuno: sspressurized (but Beated) a=zd did set burst.
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3. OPERATIONS

3.1 B-6 Test

J. L. Crowley A. ¥, Longest
F. R. Gibson* W. A, Birde®

The B-6 bundle was transported from the essembly area to the test
site on November 2, 1981, and was installed in the test vessel the same
day, The remainder of the basic installation, consisting of electrical,
instrumentation, and auxiliary connections, required about three addi-
tional weeks,

Simul taneous with the basic installation, certain portions of the
data acquisition and electrical interlock systems were checked out. More
extensive checkout than usual was required because equipment shared with
the Therma! Hydraulic Test Facility (THTF) had been inactive for several
months,

After all connections were made to the bundle, the cemaining verifi-
cations and calibrations were made. FExtensive check lists, previously
prepared for each system and each calibration, were used to ensure that
nothing of importance was overlooked. Calibration information was pro-
cessed by the data system so that output in the form of printouts and
graphs would contain data with calibration coefficients already applied.
Two cathode-ray tube (CRT) readout devices were set up to display key test
variables in real time for the benefit of the operator, One CRT displayed
(in graphical form) the bundle average temperature, the applied bundle
voltage, a pressure s.gnal, and an artificial temperature ramp for com-
parison with the real test transient. The other CRT displayed (in bar
graph form) all 64 simulator pressures and 32 of the thermocouples in the
bundle. These were arranged in groups representing the three zones of the
bundle consisting of the outer ring, the second ring, and the inner 4 x 4
array of fuel pin simulators. This real-time display was a definite aid
to the operating personnel. With arrangement of pressure signals accord-
ing to zones, it was apparent early that burst times were also grouped by
zones. This information is presented in Sect. 2.2.

All check lists except those to be performed on the day of the test
were completed by December 2, 1981. Heatup of the test vessel and steam
lines at a lcw rate was initiated that afternoon so that its temperature
would remain at about 200°C overnight, Early on December 3, power to the
vessel and steamline heaters was increased (power was not applied to the
fuel pin simulators during the heatup), and superheated steam was admitted
to the vessel in an approach to the initial test temperature of about
330°C. Throughout this phase of the preparation, the data system was used
to monitor leak rates and temperatures of individual fuel pin simulators,
Satisfactory performance of the simulator gaskets was indicated by leak
rates of <1 kPa/min loss up to the time of the test transient.

*Instrumentation and Controls Division,



By sbout 1100 h on December 3, the bundle temperatures wore suffi-
olently olose to equilibrium for & short powered run (with the fuel pin
simulators at & low pressure) to ascertain that the data aogquisition sys-
tem and all the instrumentation were functioning properly and that the
applied voltage was proper for the desired temperature ramp. Kxamination
and ovaluation of data from this short (~13 ») transient indioated that
minor adjustments were nesded; the temperature inoreased ~S8°C during this
pretest trensient, The temperature ramp rate was slightly lower than de-
sired, and it was decided to invrease the no-load voltage setting for the
burst transient from 57 to 59 V. resulting in an average rod power of
shout 1590 W/m,

Following reequilibration of the temperatures at the desirad initial
values, all 64 fuel pin simulators were pressurized simultanevusly to
~30850 kPs. The test was initiated by applying power (at & rate of about
93 kW) to the bundle., Termination of the powered portion of the test
could be initiuted by any of four aotions: (1) CCDAS action resulting
from a signal that 69 of the 64 simulators had burst, (2) CCDAS action
rosulting from & signal that 115 simulator thermovouples had exceeded the
upper temperature limit (50°C above the anticipated burst temperature) on
ench of three successive data soans, (3) a timer that limited the tran-
sient to ~145 s, and (4) operator override, It was deoided to program
eritecion (1) to terminate power to ihe bundle after 60 bursts (with the
expectation that all 64 tubes would burst) te minimize the temperature
overshoot at the end of the test, Also, eriterion (2), that is, the high-
temporature limit, was established close to the expected burst tempera-
ture for the same reason. The test was terminated by griterion (3), and
all 64 tubes burst,

Cool ing steam, saturated at about 200 kPa, was then supplied to the
bundle to minimize the length of time at elevated temperature, The re-
maining systems were shut down, and processing of the data began immedi-
ately. The bundle was removed the following day for post.est examination,

3.2 Storaxe of Kauipment

The burst tost vonducted on B-6 on December 3 was the [inal test
operation of the MRBT program, A number of very specialized pleces of
equipment, required for the assembly, testing, and examination of both
single-rod and multirvod arvays, have boen placed in storage or in standby,

The single-rod test facility romuiny essentially intact with its sep
arate power supplies for shroud and rod, The temperature vontrollers,
whioh were dosigned and bullt especially for the task of controlling these
two power supplies, have been placed in storage,

The assembly equipment, which includes the internal thermoovouple
attachment devive and the posttest strain measuremeni doevive, has been
stored. Usable bundle parts and seals for fuel pin simulators and about
140 fue! simulators (mostly used) were also placsd in storage.

The multirod burst test facility with its test vessel and superheated
stoam system is essentially intaot, Other equipment, such as the Por/11
date scquisition system, is shut down, and the area is socured, This area
and equipmeri are shared with two other facilities, the Thermal Hydraulie
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Test Facility (THTF) and the Instrument Development Loop (IDL), which are
also in standby condition,
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