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FOREWORD

Examination, analysis, and interpreiition of a bundle test take place
over a lorg period of time, and our practice has been to report progress
and results as they become available. Dissemination of the information in
this manner results in its being disjointed and scattered throughout sev-
eral publications. This presents some problems to the users in that one
is never sure if the information at hand is the most recent, Our intem
tion is to alleviate some of these problems by (1) publication of a data
report on each bundle test and (2) publication of analytic and interpreta-
tive reports when sufficient information has been developed.

Consistent with this intention, the objective of this data report is
to provide a reference source of informstion and results obtained during
the B-4 test and from pretest and posttest examination of the test array.
We believe the data presented herein, comsisting of plots, tabulations,
and photographs, are necessary for analysis and interpretation of the
test. A decision was made that the data should be presented with a mini-
mum of interpretation and that analysis or "second generation" data, such
as comparative temperature vs time plots, should be excluded.

This report is derived from research performed by the Multirod Burst
fest (MRBT) Program at Oak Ridge National Laboretory (ORNL). This re-
search is sponsored by the Division of Accidant Evaluation of the Nuclear
Regulatory Commission, and the results are - ublished routinely in a series
of progress reports, topical reports and p.pers, quick-look reports, and
data reports,

Progress reports published by the MRBT Program include:

NUREG Report No. rt No Period covered
ORNL/TM-4729 July—September 1974
ORNL/TM-4805 October—December 1974
ORNL/TM-4914 January-March 1975
ORNL/TM-5021 April=June 1975
ORNL/TM-5154 July—September 1975
ORNL /NUREG/ TM-10 October—December 1975
ORNL/NUREG/ TM-36 January-March 1976
ORNL/NUREG/TM-74 April—=June 1976
ORNL, NUREG/TM-77 July—September 1976
ORNL/NUREG/TM-95 October—December 1976
ORNL/NUREG/TM-108 January—March 1977
ORNL/NUREG/TM-135  April-June 1977
NUREG/CR-0103 ORNL/NUREG/TM-200  July—December 1977
NUREG/CR-0225 ORNL/NUREG/TM-217 January-March 1978
NUREG/(R-0398 ORNL/NUREG/TM-243 April-June 1978
NUREG/ (R-0655 ORNL/NUREG/ T™M-297 July—December 1978
NUREG/(R-0817 ORNL/NUREG/TM-323 January-March 1979
NUREG/(R-1023 ORNL/NUREG/ T™-3 51 April=June 1979
NUREG/ (R-1450 ORNL/NUREG/TM-3 92 July—December 1979
NUREG/(R-1883 ORNL/NUREG/ T™M-426 January-June 1980
NUREG/CR-1919 ORNL/NUREG/TM-436 July—December 1980



xvi

NUREG/(R-2366, Vol. 1  ORNL/TM-8058 Janvary-June 1981
NUREG/(R-2366, Vol. 2 ORNL/TM-8190 July—December 1981
NUREG/(R-2911 ORNL/TM-84 85 Janvary-June 198

Topical reports and papers pertaining to research and development

carried out by this program are:

1.

2.

10.

11,

R. H. Chapman (comp.), Characterization of Zircaloy-4 Tubing Procured
for Fuel Cladding Research Programe, ORNL/NUREG/TM-2$ (July 1976).

¥. E. Baucum and R. E. Dial, An Apparatue for Spot Welding Sheathed
Thermocouplee to the Inside of Small-Diameter Tubes at Precise Loca-
tione, ORNL/NUREG/TM-33 (Augusi 1976).

W. A. Simpson, Jr., et al., Infrared Inepection and Characterization
of Fuel-Pin Simulators, 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 Internal Heaters,
NUREG/(R-0343 (ORNL/NUREG/TM-245) (October 1578).

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

R. W. McCalloch, P. T. Jacobs, and D. L. Clark, Development of a Fab-
rication Procedure for the MRBT Fuel Simulator Based on the Use of
Cold-Pressed Borom Nitride Preforme, NUREG/CR-1111 (ORNL/NUREG/TM-
362) (March 1980).

R. H, Chapman, J. V. Cathcart, and D. O. Hobson, "Status of Zircaloy
Deformation and Oxidation Research at Oak Ridge Natiomal Laboratory,"”
in Proceedinge of Specialiets Meeting on the Behavior of Water Reac-
tor Fuel Elemente Under Accident Conditione, Spatind, Norway, Septem-
ber 13-16, 1976, CSNI Report No. 13 (1977).

R. H. Chapman et al., "Zircaloy Cladding Deformation in a Steam En-
viromment with Transient Heating,'" in Proceedings of Fourth Interna-
tional Conference on Zirconium in the Nuclear Induetry, Stratford-on-
Avon, England, June 26-29, 1978, ASTM STP 681 (1979).

R. T. Bailey, Steady-State Pressure Lossee for Multirod Buret Test
(MRBT) Bundle B-5, NUREG/CR-2597 (ORNL/Sub/80-40441/1) (April 1982).

R. L. Anderson, K, R, Carr, and T. G. Kollie, Thermometry in the
Multirod Buret Test Program, NUREG/(R-2470 (ORNL/TM-8024) (March
1982).

A. W, Longest, J. L. Crowley, and R. H. Chapman, Variationes in Zir-
caloy-4 Cladding Deformatiom in Replicate LOCA Simulation Tests,
NUREG/CR-2810 (ORNL/TM-8413) (September 1982).
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A. W. Longest, R, H., Chapman, an’ J. L. Crowley, "Boundary Effects on
Zircaloy-4 Cladding Deformation in LOCA Simulation Tests," Trans. Am.
Nucl. Soc. 41, 383 (1982).

R. H., Chapman, J. L. Crowley, and A. W, Longest, "Effect of Bundle
Size on Cladding Deformation in LOCA Simulation Tests,”" paper pre-
sented at Sixth International Conference on Zirconium in the Nuclear
Industry, Vancouver (B.C.), Canada, June 28—July 1, 1982,

The following limited-distribution quick-look and data reports have

been issued by this program:

1.

R. H, Chapman (comp.), Quick-look Report on MRBT No. 1 4 x 4 Bundle
Burst Teet, Internal Report ORNL/MRBT-2 (September 1977).

R. H. Chepman (comp.), Quick-look Report on MRBT No. 2 4 x 4 Bundle
Burst Teet, Internal Report ORNL/MRBT-3 (November 1977).

R. H. Chapman, Quick-look Report on MRBT No. 3 4 x 4 Bundle Buret
Test, Internal Report ORNL/MRBT-4 (August 1978).

R. H., Chapman, Quick-look Report cn MRBT B-4 (6 x 6) Bundle Test,
Internal Report ORNL/MRBT-6 (February 1981).

. H. Chapman et al., Quick-look Report on MRBT B-5 (8 x 8) Bundle
Test, Internal Report ORNL/MRBT-5 (July 1980).
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Test, Internal Report ORNL/MRBT-7 (January 1982).
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EXPERIMENT DATA REPORT FOR MULTIROD BURST
TEST (MRBT) BUNDLE B-4

A. ¥. Longest R. H. Chapman
J. L. Crowley

ABSTRACT

A compilation of bundle B-4 test data is presented.

These data were obtained during the test and from pretest and
posttest examination of the test array. They are presented in
considerable detail but with minimum interpretation.

The B-4 test is the only 6 x 6 array in a series of 4 x 4,
6 x 6, and 8 x 8 bundle tests performed by the Multirod Burst
Test Program at Oak Ridge National Laboratory. This research
is sponsored by the Nuclear Regulatory Commission and is de-
signed to investigate Zircaloy cladding deformation behavior
under simulated light-water reactor loss-of-coolant accident
conditions,

The specific objectives of the B-4 test were to investi-
gate axial propagation of cladding ballooning as the result of
rod-to-rod contact and to determine the effect of a relatively
cold fuel pin simulator on the deformation behavior of its
hotter neighbors under test conditions known to produce large
deformation, These objectives were not realized, however, be-
cause the temperature transient did not proceed to the planned
failure conditions. FElectrical power to the bundle was lost
when the bundle average cladding temperature was ~675°C. The
bundle temperature slowly decreased (~0.2 K/s for ~380 s), and
the tubes deformed (by creep) until pressure was vented from
the tubes to terminate the test.

Significant deformation occurred (up to 18% average strain
over the heated length), but none of the tubes burst. The bun-
dle was disassembled, and deformation profiles of the indi-
vidual tubes were measured. Although objectives of the test
were not met, the data appear useful for model development and
verification,

A brief description of the experiment and a summary of
the test results are included with the detailed results of the
B-4 test. Both graphical and tabular formats are used to show
temperature and pressure data as functions of test time and
strain data for the cladding in each of the fuel rod simula-—
tors. Photographic documentation is provided for both the
overall bundle, before and after testing, and the 36 tubes as
they were removed from the tested bundle for strain measure-
ments.

The purpose of this report is to provide a background
document for interpretative reports published previously and
to be published in the future.




1. INTRODUCTION

This report presents, in detail, the experimental data for the B-4
test (the only 6 x 6 rultirod burst test) conducted within the framework
of the Multirod Burst Test Program at Oak Ridge National Laboratory. This
work is sponsored by the Division of Accident Evaluation of the Nuclear
Regulatory Commission and is designed to investigate Zircaloy cladding
deformation behavior under simulated loss-of-coolant accident (LOCA) con
ditions, The report is intended primarily as a source document for B-4
test resulits, with a minimum amount of interpretation of the data, Be-
cause of this, it should be read in conjunction with other published re-
sults and interpretations,*,?

The objectives of the B-4 test were to investigate axial propagation
of cladding ballooning as the result of rod-to-rod contact and to deter—
mine the effect of a relatively cold fuel pin simulator on the deformation
behavior of its hotter neighbors under test conditions known to produce
large deformation. Consistent with these objectives, initial conditions
were establ ished to cause the tubes to burst at ~800°C after ~90 s of
heating at a rate of ~5 K/s, and the test was initiated, However, tech-
nical difficulties were encountered during the transient, After 60 s of
heating and ~10 s after the onset of deformation, electrical power was
terminated by the automatic control system; the bundle average cladding
temperature at the time was ~675°C, While attempts were being made to
restore power, the tubes continued to deform under near-isothermal creep
conditions. These conditions continued for ~380 s, at which time th2
tubes were depressurized, and the test was terminated. Although signifi-
cant deformation occurred, none of the tubes burst,

The loss f power was caused by a 0— to 60-s backup timer that was
inadequately bypassed after it was used to terminate a short (15-s) power—
bump checkout transient, Al though an electrical bypass circuit was in-
stalled around the timer contacts in the primary shutdown circuit, a re-
dundant shutdown circuit was not bypassed, and this caused terminstion ¢f
the transient after 60 s.

Al though primary objectives of the test were not realized the data
appear useful for model development anc verification, particularly with
respect to "flat-topped" transients,

Following the format of the previous reports in this series,? % a
brief description of the test design and procedure will be given, followed
by the test results,



2. TEST DESCRIPTION

2.1 Assembly

Figure 1 shows a simplified drawing of the B-4 test assembly. As
indicated in Sect. B-B of the figure, the shroud was constructed of thin
(0.13-mm—-thick) stainless steel, with a highly reflective gold plating,
and was backed by insulating material and a strong structure to withstand
radial forces during the test transient, The shroud was spaced one-half
of 2 coolant channel distance (1.7f mm) from the outer rod surfaces. This
permitted some deformation of these simulators before contact with the
shroud but prevented gross outward movement of the simulators. This de-
sign concept was also used in the B-5 (8 x 8) test, which was conducted
prior to the B-4 test. The inlet steam arrangement was modified from a
single nozzle on the north side, as used in the B-5 test, to diametrically
opposed nozzles on the east and west sides of the bhundle (Sect. A-A in the
figure) to obtain a more uniform inlet temperature distribution than ex-
isted in B-5, As will be cGiscussed later, this and other improvements
were effective.

Figure 2 gives pertinent details of a typical fuel pin simulator, and
Table 1 [ ists as-built data for the B~4 simulators. The fuel simulators
(internal heaters) used in B-4 included those used in the earlier B-2 and
B-3 tests (16 heaters each) plus an additional four from the original lot
of simulators purchased from SEMCO for the 4 x 4 tests. The axial heat
generation profiles of the simulators were cheracterized by pretest in-
frared (IR) scans.® The highest quality simulators were selected for the
bundle interior positions,

The Zircal oy-4 tubes (10.92-mm OP by 0.635-mm wall thickness) used to
fabricate the test assemblies came from the master lot of tubing purchased
for use in several NRC-spomnsored cladding research programs.’ Serial num-
bers of the tubes are given in Table 1, and fabrication of the simulators
and test array is discussed in Ref. 2.

Fach fuel pin simulator was inst-umented with a fast-response, strain-
gage—-type pressure transducer and four Inconel-sheathed (0.71-mmOD) type
K thermocouples with ungrounded junctions. The thermocouples were spot-
welded to the inside of the Zircaloy-4 tubes, using a device developed
specifically for this purpose.® Their pysitions are shown in Fig. 3,
which al so gives thermocouple identifications for use in subsequent fig-
ures (the nomenclature TE 10-4 identifies the No. 4 thermocouple in the
No. 10 simulator). The axial locations of the thermocouples are also
shown in Fig, 4. One thermocouple (TE 26-3) read ~20°C low throughout
the transient; its reading is suspect.

Eight, 0.13-mm~diam bare-wire, type S thermocouples were spot-welded
on the outside surface of the thin shroud surrounding the rod array. Two
thermocouples were attached to each side at positions shown in Fig, 3 in
an attempt to obtain information on hoth the axial and circumferential
temperature distributions, The shrcud thermocouple identifications are
al so given in the figure for use ir subsequent temperature plots.

Five thermocouples (TE-320 through TE-324) were located in the tube
matrix at the 107-cm elevation (centerline elevation of the steam inlet



sozzles) to obtain inlet steam temperature measurements, Five thermocou~
oles (TE-325 through TE-329) were similarly dispersed in the tube matrix
near the bottom of the heated zome (at the 3-cm elevation) to obtain out-
let steam temperature measurements in the bundle at this elevation, Fig-
ure § shows the identifications and locations, These thermocouples were
0.71-mmdiam, stainless steel-sheathed, type K with ungrounded junctions,

A detailed description of the temperature measurement systems and a
comprehensive analysis of the errors and uncertainties associated with the
measurements have been reported previously.®

Millivolt signals from the pressure transducers, thermocouples, and
electrical power measuring instruments were recorded on magnetic tape by a
computer-controlled data acquisition system (CCDAS) for subsequent analy-
sis. Calibration corrections, programmed into the computer system, were
automatically appl ied to the millivolt signals before printout of the
data.

2.2 Cperations

It was planned tha. the powered portion of the test would be termi-
nated by any of three actions: (1) CCDAS action resulting from a signal
that 32 of the 36 simulators had burst, (2) CCDAS action resulting when 75
simul ator thermocouples had exceeded the upper temperature limit (50°C
above the anticipated burst temperature) on each of three successive data
scans, or (3) operator override. The powered phase of the test was termi-
nated prematurely by a timer circuit that was not effectively bypassed as
discussed earl ier,

Heatup of the test assembly was initiated early in the afternoon of
Jan, 14, 1981; the temperature was near 200°C at the end of the work
shift. Power adjustments to the vessel heaters were made to maintain the
temperature near this value during the next 12 h to avoid temperature
cycl ing the test assembly. About 4:00 AM on January 15, 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 seal s
were performing very well (i.e.,, (10 kPa pressure loss per min at 8600 kPa
and ~330°C).

After thermal equil ibration (~330°C) of the test assembly was at-
tained, the simulators were pressurized to ~5300 kPa, and a short power
run (~15-s transient) was conducted at 12:30 PM to ascertain that the data
acquisition system (DAS) and all the instrumentation were functioning
properly and that the performance of the test components was as expected.
Simul ator 27 was earmarked at this time to be the unheated one, Other
than omitting the fuse from its electrical circuit and setting its initial
pressure level at 500 kPa (to preclude deformation), this simulator was
jdentical to the others. Examination and evaluation of the quick-look
data from this short transient, which increased the temperature of the
simulators to ~410°C, indicated voltage adjustments were not needed to
achieve the desired heating rate of 5§ to 6 K/s.

Simulator 16 developed a severe leak during the time (~5 h) between
the pretest power—bump and the test., The magnitude of the leak was such




that for deformation to be comparable to the other simulators, it would be
necessary to test the simulator at constant pressure by inflow of helium
at a rate equal to the leak. Rather than degrade the quality of the de-
formation data by this expediency, a decision was made to select No. 16
(instead of No. 27) as the unpressurized (actual pressure of 560 kPa) and
unheated simulator. All the remaining simulators were leak tight {(leak
rates of (10 kPa/min at 9300 kPa and 332°C) and were tested in the usual
manner (i.e., with the individual isolation valves to the supply header
closed to provide ¢ constant gas inventory in each simulator during the
transient).

Superheated steam entered the array on the east and west sides at the
107-cm elevation (Fig. 1) and flowed downward through the bundle during
the test at a mass flux of ~279 g/s*m?, Inlet steam conditions of ~327°C
and ~305 kPa (absolute) resulted in a Reynolds number of ~132 at the inlet
end of the bundle. These inlet conditions remained essentially constant
throughout the transient, although a small perturbation (lasting 10 to
15 s) occurred about 140 s after power-off, as will be discussed later.

Following stabilization of the bundle temperature at ~332°C, all the
fuel simulators except No. 16 were pressurized simultaneously to ~9100 kPa
(differential above the external coolant pressure) and isolated from the
supply header. Pressure in the unheated simulator (No. 16) was set at
~560 kPa (differential) to preclude deformation. With these initial con-
ditions established, the test transient was initiated. The tubes were
expected to burst at ~800°C after ~90 s of heating at a rate of ~5 K/s.
However, after 60 s of heating and about 10 s after the onset of deforma-
tion, eiectrical power to the bundle was terminated by the automatic con-
trol system; the bundle sverage cladding temperature at the time was
~675°C. Hurried attempts to diagnose the cause of the outage and to re-
store power were unsuccessful. The bundle temperature slowly decreased
(~0.2 K/s), and the tubes continued to deform under near-isothermal creep
conditions during this time. After ~380 s the tubes were depressurized to
preclude further deformation.

With conditions stabilized after depressurization, quick-look evalua-
tion of the recorded pressure data revealed that none of the tubes had
burst, but appreciable deformation had occurred. Repressurizing the tubes
and continuing the test to burst conditions would only render the data
uninterpretable, because the initial conditions (i.e., the extent and dis-
tribution of the deformation in each tube at resta.t) would be unknown.
Furthermore, this would prevent realization of a primary objective of the
test (i.e., determination of the effect of a relatively cold rod on the
deformation behavior of its neighbors). Consequently, a decision was made
to terminate the test at this point so that it c~ould be analyzed and in-
terpreted in view of the reasonably well-defined test conditions.



SUMMARY OF TEST RESULTS

Tables 2—5 summarize pertinent data from the B-4 test. Initial pres-
sure conditions (~9090 kPa) were selected to cause the tubes to burst at
a temperature of ~800°C had the test been completed as planned. As indi-
cated in Table 2, the initial temperature was ~332°C, and the temperature
distribution in the bundle was very uniform (see Figs. 3 and 4 for thermo-
couple locations). The average temperature indicated by the eight shroud
thermocouples was 335°C. Average indicated steam inlet temperature was
326°C, and the average outlet temperature was 335°C. The latter value
indicates slight heating of the small steam flow (1.15 g/s) as it flowed
downward through the test assembly.

Table 2 also lists the temperature indicated by each of the thermo—
couples at the time of maximum pressure for the respective simuiators (5
to 10 s before power-off). The point of maximum simulator internal pres-
sure occurs when the opposing effects of temperature imcrease and tube
expansion are equal and indicates the onset of appreciable deformation.
The spread in temperatures in a given simulator is not unusual, consider-
ing the location of the thermocouples and the power distribution of the
fuel simulators as determined from the pretest IR characterization scans,

Simulator temperatures reached maximum values in the interval between
1 and 3 s after power-off (Table 3) and decreased steadily thereafter at
~0.2 K/s. The data of Tables 2 and 3 together indicate conditions were
very uniform during the powered portion of the transient and to the point
of maximum simulator temperatures.

Table 4 gives the simulator temperatures at the time of depressuriza-
tion (vent) for the respective simulators (381-401 s after power-off).

The indicated cladding temperature variations along each simulator and
from simulator to simulator show the axial and radial temperature distri-
butions were highly nonuniform near the end of the test.

Table 5 lists some of the volume-related data for the B-4 tubes. The
initial gas volumes were quite uniform among the tubes — ranging from 47.8
to 51.7 cm?, about twice that of a full-length reactor fuel rod. Of the
total initial volume (at room temperature), about 13% is in the¢ heated por-
tion of the annulus between the fuel simvlator and the inside diameter of
the Zircaloy tube, 10% is in the unheated portion of the annulus, 33% is
in the pressure transducer and connecting tube, and 44% is distributed in
the end regions (mostly at the upper end) of the fuel pin simulator. At
any given time during the test, all these volumes have different tempera-
tures (the major volumes remain at or near room temperature), ranging from
room temperature to cladding temperature, and one cannot calculate accu-
rately the fractional volume increase from the pressure decrease in a
straightforward manner. Instead, we calculated the volume increase from
the tube deformation profiles (assuming circular cross sections).




4. DETAILED TEST RESULTS

This section presents, in a number of subsections, the detailed re-
sults of the B-4 test. The purpose of this presentation is to provide a
fairly complete reference source of uninterpreted data.

4.1 Transient Results

4.1.1 Bundle behavior

The information contained in this section was obtained during the
course of the B-4 test transient. The data were recorded by the DAS in
the continuous scan mode (i.e., each sensor was sampled every 0.025 s)
over a period of ~10 min, Each rod was instrumented with four thermocou—
ples attached to the interior surface at various elcvations (see Fig. 4)
above the bottom of the heated zome. In addition, the heated shroud was
monitored by eight thermocouples attached to its outer surface. These
locations were shown previously in Fig. 3.

Superheated steam entered the array through two imlet nozzles located
on the eest and west sides of the bundle (Fig. 1) at the 107-cm elevation
and flowed downward through the bundle at a mass flux of 279 g/s'm?,
equivalent to an inlet Reynolds number of ~132 at the top of the heated
zone (91.5-cm elevation). Apparently the nozzle arrangement and other
modifications made after the preceding B-5 test, such as a steam distribu-
tion baffle just below the inlet (Fig. 1) to minimize flow channeling and
additional heaters on the vessel closure flange to minimize heat losses
from the flange via axial conduction along the simulators, were effective
in producing a fairly uniform inlet steam temperature distribution in the
matrix., This is illustrated in Fig. 5, which shows a schematic of the
array with the locations, identifications, and temperature readings of the
steam iuniet and outlet thermocouples 1 s before power-on. The measure-
ments indicate the temperature distribution was fairly uniform at the in-
let and very uniform at the outlet. Also, the steam average temperature
increased about 9°C while passing through the bundle.

Figures 6~15 present temperatures measured 1 s before power-on in the
format of a schematic layout of the bundle at each of the instrumented
sections. The layout represents the tube by eight dots, positionmed at
possible thermocouple azimuthal angles (Fig. 3), centered about the rod
position number. An asterisk replaces a dot, indicating the azimuthal
position of a thermocouple, if the junction is in the plane for which the
particular map applies; the temperature measured by the thermocouple =at
the time is printed below the schematic representation of the tube. The
respective row and column average temperatures are printed on the right
and at the bottam of the layout. The cruss section and bundle average
temperatures, the elevation of the section, and other pertinent informa-
tion are also included in the format. The thermocouples in simulator 16
(unheated) and those located at the grid elevations are ex .. ied from the
bundle average temperature. Also, if a particular thermor . le indicates
a temperature 25°C greater or less than the section aver .-, that reading
is excluded (and noted in the format) from the average..



The maps provide considerable data and greatly facilitate interpreta-
tion and evaluation of local and overall temperature distributions. As
evident, the initial radial and axial temperature distributions were very
aniform, indicating uniform distribution of the steam. Compare, for exam-
ple, data in Fig. 6 for the 84-cm elevation with the inlet steam tempera—
tures (at the 107-cm elevation) in Fig. 5. Also, compare Fig. 15 with
Fig. § for the radial distributions at the lower end of the heated zone.

The overall radial temperature distribution may be visualized some-
what easier in the temperature map depicted in Fig. 16. The temperature
given in the map for each simulator is the average of the thermocouple
measurements for that simulator without regard to elevation, excluding
measurements obtained from thermocouples at the grid elevations. Asterisk
locations (and number) in the schematic representation of the simulators
denote the azimuthal position of the thermocouples whose measurements com-
prise the aversge. Row and column averages are printed on the right side
and at the bottom of the map, respectively, to facilitate visualization of
uniformity.

Initial pressures are presented in a similar format in Fig. 17.

Again the column of numbers on the right and the row of numbers at the
bottom of the figure represent the row and column average pressures, re-
spectively.

With these initial conditions established, the tramsient was initi-
ated. A number of plots and data maps will be presented to illustrate the
significant features of the test as it progressed and to provide an indi-
cation of the general conditions prevailing at the time of important
events. A parsmeter TAV-10 will be plotted in a number of these figures
to represent the bundle average temperature. This parameter is in reality
the average of six thermocouples (TE 9-3, TE 14-2, TE 15-1, TE 21-3, TE 23-
1, and TE 26-1) at the 38-cm elevation (see Fig. 3 for relative positions)
that were electronically averaged and recorded during the test to facili-
tate visualization of the bundle temperature as a function of time. Be-
cause of the way this average temperature was derived, it differs slightly
(£10°C) from the average calculated posttest from individual measurements.
This small discrepancy is unimportant for quick-look characterization,

Figure 18 shows TAV-10 and the applied voltage during the powered por-
tion of the tramsieut; the average heating rate during this time was ~5.7
K/s. The temperature measured by TE 16-3 on the unpressurized and un—-
powered simulator (at the same elevation as the thermocouples used to ob-
tain TAV-10) is also shown for reference. Internal pressure (differen—
tial) measured on a corner (Nc. 1) and a central (No. 21) simulator are
included to illustrate pressure behavior of exterior and interior simula-
tors, respectively. Maximum pressure was encountered in all the pressur—
ized simulators S to 10 s before power—off, indicating the omset of defor-
mation had taken place. Pressure (Fig. 19) and temperature (Figs. 20-30)
measurements made ~0.2 s before power—of f show conditions were very uni-
form at the time power was terminated; the effect of the unpowered simu—
lator (No. 16) appears negligible up to this time.

Figure 31 shows the temperature behavior, as characterized by TAV-10
and TE 16-3, during the time attempts were being made to restore electri-
cal power to the bundle. As evident, the temperature reached a maximum
~2 s after power—off (Fig. 18) and decreased steadily thereafter (~0.15 K/s




based on TAV-10 and ~0.23 K/s based on overall bundle average tempera-
ture, with the latter value reflecting development of axial and radial
temperature gradients during this time). The temperature of the unpowered
rod increased at a rate of ~1.7 K/s during the first 100 s of unpowered
operation and at a reduced rate thereafter until it reached essential
equilibrium with TAV-10 ~300 s after power-off.

The figure also shows the pressure behavior of the first (No. 1) and
last (No. 25) simulators to be depressurized and of the simulator (No. 14)
that exhibited the greatest pressure decrease before depressurization,
Because the temperature decrease before venting was moderate, the predomi-
nant cause of the observed pressure decrease was creep deformation.

The first simulator (No. 1) was vented to the supply header at
~441.5 s from power-on and the last (No. 25) at ~461.5 s, creating condi-
tions that precluded further deformation. About 30 s after venting the
simulators to the header and each other (at a common pressure of ~3620
kPa), the header was vented to ~800 kPa, and the bundle was allowed to
continue cooling without disturbing the inlet steam conditions.

Discussion of the short temperature perturbation evident ~200 s after
power—on in Fig. 31 will be deferred to a later point.

Pressures measured ~0.7 s before the first simulator was vented are
shown in Fig. 32. Because the pressures changed very little from the time
of these measurements to that of venting the individual simulators, the
pressures are very good estimates of those existing at the time of venting
(Table 4). Because the final pressure can be correlated with deformation,
the map provides an indication of how the deformation is distributed with
respect to simulator position. As would be expected, the exterior simula-
tors have less deformation than the interior ones, with the corner simula-
tors having the least deformation.

Also, deformation is greater in the lower left triangular half of
the bundle formed by simulators at the No. 1, No. 31, and No. 36 positions
than in the upper right half. This may be an effect of the unpowered
simulator (No. 16) in the upper right half.

Temperature measurements made at the same time (i.e., ~0.7 s before
ventiug of the No. 1 tube and ~380 s after power-cff) are shown in Figs.
3342, The axial and radial tsuperature distributions were highly nonuni-
form as may be deduced by comparison of (1) the individual measurements
and averages within a section, (2) the various section averages with the
bundle average, and (3) the simulator averages in the radial temperature
map given in Fig. 43.

Thermocouples were attached to the outside surface of the (electri-
cally) unheated shroud to obtain information about shroud axial and azi-
muthal temperature variationz, As indicated im Fig., 3, two thermocouples
were located at each of four elevations, with one of the two thermocouples
being positioned directly opposite a simulator and the other being posi-
tioned between two simulators., Because the shroud was very thin (~0.13 mm
thick), significant variations might be expected from the thermocouple
measuréuents, Figure 44, which compares shroud temperature measurements
at the 76-cm elevation during the powered portion of the transient with
cladding temperature measurements obtained from simulastors in the vicinity
of the shroud thermocouples (Fig. 3), confirms this expectation. The fig-
ure shows that the thermocouple (TE 91-2) located opposite the simulator
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thermocouple (TE 32-3) indicated a much higher temperature than that indi-
cated by the thermocouple midway between two simulators., In fact, ~33 s
after power-on, the shroud thermocouple (TE 91-2) reading indicated an
increased heating rate as if the simulator and shroud were in contact,

The matched simulator thermocouple (TE 32-3) showed a decreased heating
rate at the same time, as if local cool ing conditions had changed., Post-
test visual examination of the shroud panel showed significant temperature
variations existed during the transient as revealed by the degree of oxi-
dation evident on the unplated backside of the stainless steel surface.

The shroud thermocouples at three of the four instrumented elevations
showed this general behavior. Although this may be interpreted as evi-
dence that the simulators bowed outward to contact the closely spaced
shroud during the test, the timing (well before the omset of defc.aation)
and uniformity of deformation suggest that the thin shroud panel buckled
(locally) inward and touched the simulators,

Figure 45 shows measurements obtained from the same sensors over a
much longer time span, The perturbation ~200 s after power-on was very
pronounced on the shroud and simulator thermocouples at this elevation,
The perturbation was caused by partial opening of steam valves upstream
and downstream of the test vessel by action of interlocks during an at-
tempt to restore power to the bundle; Fig. 46 will facilitate explanation
of the event,

The steam flow rate is controlled by a small valve downstream of the
vessel, and the steam pressure in the vessel, indicated by PE 301 in the
figure, is controlled by a pressure regulator upstr :am of the vessel.
After the tubes burst (in a normal burst test), a large downstream valve
opens to rel ieve the vessel pressure, and a large upstream valve opens
simul taneously to admit a large flow of steam from the building supply to
cool the bundle. Actuation of these valves is controlled through inter—
lock circuits that require the proper sequence of events, In an attempt
to reinitialize the sequence for start-up of the electrical power genera-
tor, the valves were opened partially as indicated in Fig. 46 by the sharp
decrease in vessel pressure (PE 301) at ~195 s after power-on and closed
12 to 15 s later,

Measurements by the inlet and outlet steam thermocouples, of which an
example of each (locations given in Fig. 5) is plotted in the figure, in-
dicated significant temperature changes as a result of the sudden increase
in steam flow, The first response was an increase in temperature caused
by a reduction in residence time in the steam inlet line (i.e., less sen—
sible heat loss from the highly superheated steam as it passed through the
line). Shortly thereafter the superheated steam was displaced by a larger
flow of saturated (or only slightly superheated) steam, causing the inlet
steam temperature to decrease to ~125°C, This relatively cold steam pro-
vided good cool ing conditions for a few seconds. Shortly thereafter, the
vessel pressure, steam flow rate, and inlet temperatures returned to their
original values and were maintained at these values until well after the
test was terminated.

The short period of rapid cool ing caused significant per:urbation of
the simulator pressures (differential) and cladding temperatures as shown
by the plots presented in the next section.



4.1.2 Fuel pin simulator pressure and temperature plots

Individual pressure (differential) and temperature curves for the
simulators are shown in Figs., 47-82, An arrow is located on the abscissa
in the figures to mark the time at which power was terminated, These
curves were computer-rlotted at 0,2~s intervals from the magnetic data
storage tapes. Each of the figures is comprised of four temperature plots
(corresponding to the four thermocouples attached to the individual simu-
lator cladding ID) and one pressure curve.: Thermocouple identification in
the figures follows the numbering scheme shown in Figs. 3 and 4,

Except for unpressurized (actual pressure of ~560 kPa) and unheated
simulator No. 16 (Fig., 62), the vent time for each simulator can be de-
tected by the sudden drop in the pressure curve. The point of maximum
pressure (see Table 2) is an indication that the onset of deformation has
taken place. Subsequent plastic deformation caused a contiouing decrease
in pressure until venting occurred,

4.2 Pretest and Posttest Results

The information contained in this section was obtained from the pre-
test and posttest examinations of the B-4 test array. Some information,
such as the simulator IR scans, resulted from qual ity assurance efforts
made to characterize the test components, Other information, such as bun-
dle disassembly photographs, were obtained es a step in the posttest ex-
amination of the bundle. The results are presented in considerable de-

tail, because we bel ieve the data are extremely important to the inter-
pretation of the test in terms of deformation behavior and distribution,

4.2.1 Pretest bundle photographs

Al though not directly appl icable to the interpretation of the B-4
test, selected photographs of the bundle assembly are included in this
section for general interest, Various details of the construction and
monitoring instrumentation may be seen,

A view of the B-4 array before installation of the shroud around the
bundle is shown in Fig, 83, As described earl ier the 6 x 6 bundle design
is basically a scaled-down version of the preccding 8 x 8 bundle (B-5)
design. A close-fitting shroud of the same design as the one used in B-5
was used to simulate the radial restraint in a nuclear fuel assembly, The
shroud was spaced one~half of a coolant channel distance (1.75 mm) from
the outer rod surfaces. A view with three sides of the shroud assembl ed
around the bundle is shown in Fig. 84, Details of the shroud panels are
shown in Fig. 85. The completely assembled bundle is shown in Fig. 86,

In scaling down the B-5 design, several changes were made in an at-
tempt to improve performance, These included improving the steam distri-
bution at the bundle inlet and outlet. Instead of one steam inlet on the
north side of the shroud, the flow was directed to two sides (east and
west), as can be seen in Fig. 86, Additionally, a flow distribution baf-
fle (Fig. 83) with 12.3-mmdiam holes for the 10.92-mm~diam rods wes posi-
tioned between the steam inlet and the uppermost grid., A steam deflector
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(Fig. 83) was added to minimize impingement of hot steam on the lower seal
glands of the fuel pin simulators.

Figure 87 shows a typical shroud thermocouple attachment., Each ther-
mocouple was formed by making a ball junction (~0.4-mm diam) on the end of
0.13-mmdiam type S wires, The ball was then spot-welded to the back side
of the thin shroud reflector strip. The mass of the thermocouple was kept
small to minimize thermal shunting, this is, ccoling of the reflector at
the point of attachment by the thermocouple itself. An even smaller type §
wire (0.076-mm diam) was used in B-5 but was found to be difficult to work
with and too fragile for this particular application, The small (hermo-
couple wires exited through an insulator at the center of a plug, as skown
in Fig. 88, The wires were spliced (Fig. 88) to 0.25-mm-diam bar: wires
exiting a sheathed type S thermocouple having a glass end seal ¢« prevent
ingress of moisture. A protective cover was installed over tie area where
the thermocouple wires exited the shroud panel (Fig. 86).

A view of the lower end of the bundle showing the outlet steam thermo-
couples is shown in Fig. 89. All the steam thermocouples were 0.7 1-mmr
diam stainless steel-sheathed Type K with insulated junc:ions. The junc
tion end was centered within the flow channel with a ceramic spacer,

4.2.2 Posttest bundle photographs and genersl examination
results

Following cooldown, the assembly was removed from the test vessel and
partially disassembled to facilitate photography and dimensional measure-
ments for documentation.

Because none of the tubes burst, posttest leak checks were made on
all the simulators; two had developed leaks. One of these (No. 16) devel-
oped a leak prior to the test. Posttest examination revealed the leak to
be at the brazed seal joining the copper eloctrical lead to the stainless
steel portion of the ceramic insulnted seal gland at the lower end of the
fuel pin simulator. (Figure 2 indicates a Swagelok ferrule and gland-type
seal, but it has been our practice to make this seal by silver brazing.)
The leak in the other simulator (No. 22) developed during posttest cool-
down. Posttest examination showed the leak location to be at the multipin
Teflon seal at the insulating gland at the upper end of the simulator
(Fig. 2). Both of these simulators leaked at locations not previously
identified as troublesome points.

Visual observations confirmed theat deformation was moderate and uni-
formly distributed over the heated length as expected from the test condi-
tions. Figure 90 shows an overall view of the west face of the test array
after removal of the shroud and internal heaters. The west face of the
shroud, shown below the bundle, is loce.ed in its correct axial position
relative to the bundle. Omne of the steam inlet nozzles is visible in the
shroud near the upper end of the bundle.

Posttest views of the four faces of the bundle are shown in Fig. 91;
the meter scale is positionmed so that the 0O-cm mark is at the bottom and
the 91.5-cm mark is at the top of the heated length, Deformation unifor-
mity is evident in the photographs., However, localized ballooning of simu-
lator Neo. 14 (an interior simulator) is obvious, particularly in the east




and west face views at the 49-cm mark., This is the simulator with the
greatest volume increase (Table 5). 7Two close-up views of this region of
the bund}c are shown in Fig., Y2 as viewed fzom the west face at slightly
differcnt camera angles. These v.ews indicate the ballooned region is
syruetrical and not in contact w.th the No. 8 simulator. However, ome
fannot see throug® the bundle from the north face in this region, incicat-
ing that the ballooned portion is perlkaps in contact with the neighbiring
simulators (Nos. 13 and 15).

Because deformation was modest and umiformly distributed, a decision
was made to forgo flow characterization of the test grray and to disas-
semble the bundle to permit direct measurement of the strain profile of
the individual iubes. Disassembly was accompl ished by slitting the grias
to facilitate removal of a layer of tubes as a unit. A photograph was
taken of the rema’ning portion of the bundle each time a layer of tubes
was removed. This operation started on the south side of the bundle
(i.e., tubes 31736 were removed first) and progressed northward. Figure
93 presents a composite of the photographs, showing the bundle as each
layer of tubes was uncovered. Except for tube No. !4, defcrmation in all
the tubes (No. 16 was not presswized and, hence, undeformed) is uniformly
distributed. Figure 94 shows an enlarged portion of the ballooned region
of tube No. 14,

The tubes were freed from the tube layer cubassembiies for strain
profile measurements. The results are given in the next section.

Axial shrinkage occurs with circumferential strain in tests, such
ar this one, coaducted in the alpha temperature region. Axial shrinkage
data (Fig. 95) are reasonably consistent with the other data, indicating
greater shrinkage (and greater circumferential strain) on the average on
the interior simulators compared with the exterior ones.

4.2.3 Strein data and tubo strain profiles

Circumferential strain measurements were made on the individual
B-4 tubes at 20-mm intervals, using a modified-planimeter—whsel mechanism
developed for single rod tests. This mechanism, described previously,2®
is capable of resolving a circumference of 75 mm into 1000 parts to give a
resolution of 0,075 mm. Table 6 tabulates the strains obtained in this
way at each axial position for each tube; the values are given in percent-
age increase of original tube circumference. A measure of the accuracy is
alio ovident by the data for tube No. 16, which did not deform. The maxi-
mur observed strain was 50% at the 48-cm elevation inm simulator No. 14,
whick is also the elevation with the maximum total deformation (sum of all
tubes

The strain data were used to plot axial profiles of the individual
tuves; these are presented in Figs. 96-131. The pretest IR characteriza-
tion scans of the fuel simulators (internal heaters) and the pretest axial
nositions of the thermocouples are also shown for reference purposes,

All the deformation profiles have certain characteristics, more or
less independent of the characteristics of the individual fuel sirulators,
These include strains of 2 to 6% in the region of the grids (centered
about the 10- and 66-cm pretest elevations) and mazimum strains of 2 to
7 in the region between the bottom of the heated z-ne and the lower grid.
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Most tubes exhibited maximum strains of 5 to 15% in the region between
the upper grid end the top of the heated zome. Straiu in this region is
strongly influenced by the cooling effect of the inlet steam,

Strains in the region between grids are rather uniform as expected
from the test conditions, except for tube No. 14. As mentioned earlier,
tube No. 14 exhibited the greatest volume increase (Table 5) and was the
only tube with a large localized balloon (Fig. 109). Tube No. 16 (unpres-
surized and unpowered) showed no significant strain (Fig. 111) as expected.

The deformation profiles correlate reasonably well with the pretest
IR characterization scans, considering that (1) the grids have a strong
restraining effect over 10 to 15 cm of length, (2) the characterization
scans are for a single angular orientation but circumferential temperature
gradients are known to exist in the SEMCO fuel simulators, and (3) the
characterization scans are for a heating rate of ~40 K/s whereas the test
was condacted at a heating rate of ~5.7 K/s (powered portion) with most of
the deformation occurring under near-isothermal! conditions after power was
terminated. The large localized balloon on tube No. 14 (Fig. 109) corre-
sponds to a high peak in the IR scan; power was off while most of the
deformation was occurring, as indicated by the pressure trace in Fig. 60.

Excessive ballooning over an extended length is a concern in LOCA
analyses. For the tubes and spacing (10.92-mm OD on a 14 .43-mmsquare
pitch; 1.32 pitch-to-diameter ratio) used in our tests, adjacent tubus
will touch with 32% uniform expansion. As evident from the deformation
profiles, only tube No. 14 experienced strains greater than this value and
those strains exceeding 32% are over a length of only approximately eight
(original) tube diameters (Fig. 109).

Another important characterization of tube deformation is the volume
increase over the heated length. This parameter is closely related to
flow resistance, because the volume increase takes into account deforma-
tion along the length of the tube. The volume increase was calculated for
each of the tubes from the strain data given in Table 6 by using the equa-
tion for the volume of a come frustum to estimate the subvolume for each
length interval between strain measurements, summing these subvolumes over
the heated length, and subtracting the original volume from the sum. The
results of this analysis are included with other characteristics of the
test presented earlier in Table 5.

4.2.4 Coolant channel flow area restriction

As evident from the deformation profiles for the individual tubes,
overall bundle deformation was moderate. The total expansion for all
tubes at each axial position is normally of interest because it determines
the coolant channel flow area restriction. This parameter was calculated
on the basis of a rod-centered unit cell, using the equation
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= percentage restriction in coolant channel flow area,
= outside area of deformed tube (mm?),

= outside area of original tube (mm?),

= tube-to-tube pitch in square array (mm),
= 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 whose sides are 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 deformed tube areas were calculated from the strain data given in
Table 5, assuming the tube cross sections are circular. Table 7 gives the
deformed tube areas A for each tube at each axial position. 7The areas
were used in the cbove'gquetion to calculate the coolant channel flow area
restriction at each position.

Flow area restriction calculations were performed for the entire 6 x
6 array and for the inner 4 x 4 array. These results are tabuiated in
Table 8 and plotted in Fig. 132. The cross-sectional area occupied by the
grids (~100 mm?) was not included in the calculation; including this area
would slightly increase the restriction at the grid locations centered
about elevations 10.3 and 65.4 cm. The pretest elevation of the upper
grid was 66.0 cm; axial shrinkage during the test accounts for the dif-
ference in pretest and posttest locations.

The maximum loss in flow area occurred at the 48-cm elevation and
amounted to 21.2% for the entire 6 x 6 array and 30.7% for the inner 4 x 4
array. These data agree with the previcus observations that the deforma-
tion was moderate and uniformly distributed in the region between the two

interior grids and that the interior simulators deformed more than the
exterior ones.
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Table 1. As-built data for fuel pin
simulators in B-4 test

Internal fuel simulatora

Zircaloy Fuel pin

g A . simulator,
position ‘ , Element a8 ol Pl
resistance

]
(Q) (cm?)

Bundle

072 2828052
0173 2828072
0839 2828068
0096 2828057
0825 2828083
0180 2828070
0181 2828056
0826 2828067
0182 2828044
0734 2828050
11 0100 2828046
12 0729 2828058
13 0736 2828051
14 0096 2828060
15 0827 2828081
16 0090 2828047
17 0730 2828049
18 0183 2828082
19 0184 2828080
20 0831 2828048
21 0185 2828071
22 0735 2828035
23 0198 2828078
24 0728 2828045
25 0832 2828076
26 0098 2828055
27 0833 2828086
28 0199 2828069
29 0834 2828064A
30 0089 2828061
31 0097 2828062
32 0835 2828039
33 0206 2828073
34 0836 2828084 .04 49,
35 0201 2828079 .05 49,
36 0844 2828085 4.10 48,

13 48.
.08 49,
.07 48,
18 50.
.04 47.
.02 49,
.02 50.
.10 48,
.08 49,
17 49,
.06 - 3 I
.01 49,
.18 50.
.09 31.
.09 48.
.07 50.
.18 49,
.07 50.
.04 49,
o1 50.
.04 50.
.03 - )
.13 49,
.07 50.
12 47.
.04 31,
.18 47.
.15 51.
.05 48.
.08 50.
st 2 49,
.05 48,
% & 49,

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

-:>'xzomwooooo«chowoowwwu»—mw\x&.oma\mmuoxowmu-

aAll 64 fuel simulators were fabricated by SEMCO,

A

“Fuel pin simulator gas volume measured at room tempera-
ture before installation into bundle; the volume measured in-
cludes a pressure transducer and connecting tube identical to
the facility hookup for each simulator.
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Summary of B4 initial comditions and conditions at time of maximmm pressures
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e
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e

"ruo from power—om.

blmluu No, 16 was umpressurized (~560 kPs) and unheated (electrically) during the test.
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9528
a7
9480
497
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9456
IaTs
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9445
SA6A
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9%02
qary

Y456
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9518
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9475
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Jasas
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%16
V48
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645
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64s
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oa7
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A VG
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0%
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6a2

LR
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6a)
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b4l
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634
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oA
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AT
640

MAXIMUM PRESSURE S« v wu
TEMPERATURES (DEG C)

'l'('
(sEC)

60.70
56. 95
54.15
$9.50

60. 70
5%5.50
S2.70
53.65

S54.15
55. 65
$2.50
56.15

S7.50
$5.10
53.00

57«10
56. 95
$5. 60
53.75

S54.10
55.50
S3.75
5%. 0%

57.580
S53.45
S53. 80
56.25

S52.45
S6.75
56.05
S6. 30

56. 85
56.70
57.50
S57.40

61



Table 3. Summary of B-4 conditions 2.25 s after power—off

I e R R R R A R R L R R L R ..."...‘.“0“.“...‘.‘....‘..“..‘.“.‘.‘....‘.‘..O.‘.‘.O

DIFFERFNT IAL TEMPERATURF (DEG C) DIFFERENTIAL TEMPERATURE (DEG C)
ROD PRESSURE =~ ~~>=~ S O S 0 A S o e 90 2 ®0D PHESSUNE  ~=—mvecscsrscsssmnaseavaes cmneenwe
NO « (XPA) TE=-1 YE=2 TE=3 TE=~% AVG N« (xPA) VYE~1 u=-2 TF-3 TE-« AVG
1 9844 672 sr2 L) 666 569 2 9403 666 675 675 621 o574
g 9410 665 672 674 673 671 - 9453 697 609 66 3 669 104
L 939° 665 617 679 673 LR S 9I99 667 K72 6r7s 678 PR
7 93RO0 ARA2 L1 | 676 686K 6A1 9 91398 539 645 637 536 Ha?
9 Qve? 685 679 6R1 676 691 10 1388 652 670 673 672 6L 7
111 Q178 682 679 678 691 620 12 938¢ 668 48 677 Han wn )
13 939¢ hT73 666 672 650 665 1a 2395 GEE] 6533 683 672 wad3
15 $384 579 6E2 680 665 677 169 550 403 aLs a07 all 499
17 939+« Hha 6F7 hT2 677 670 18 2382 6648 674 o6 7 268 o9
19 Qe 11 667 677 6571 676 672 29 9408 H30 s 678 oHb (T 5
21 9378 848 683 689 6R0 - Ay 22 4380 LR o7d ©80 655 wl)
23 93¢2 ATH Xk 679 665 ATH 2a 9374 667 673 674 674 673
2% Ga17 677 673 A71 652 65 R 20 7402 637 636 656 5879 6749
27 Q3A6 683 668 AT6H 674 675 28 425 674 634 0t o o3l o749
29 931I8S 585 fEA 91 678 682 30 9376 693 609 ohe o6y 671
21 9407 657 6€a HE R 670 665 32 93323 554 £330 651 635 669
33 9405 573 675 672 565 671 3a 9403 676 609 7% o776 673
3% 406 669 660 656 672 557 36 2398 6555 602 606 o2 oL 4

L T
a
Simulator No. 16 was unpressurized (~560 kPa) and unheated (electrically) during the test.

0T
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Table 4. Summary of B-4 conditions at time of vent

AR S I EEREEE SRR KSR R
~emem s e e~ APPROX IMATE VENT CONCITIONS==—=-=m——m————

ROC DIFFERENT AL TEMPEQATURE S (DEG C) VENTE
NCs PRESSURE == oc e e e TIME
(KPA) TE-1 TE-2 TE-3 TE-4 AVG (SEC)
1 3824 504 548 570 572 550 441.46
2 8514 590 513 594 587 571 443,15
3 8513 595 513 599 599 576 444.40
a 8573 560 591 596 597 586 446,05
. 8610 547 592 590 507 559 447.20
. 8798 575 Saa 569 540 557 448,45
7 8303 586 597 550 565 574 449, 94
8 7739 507 617 578 618 605 451.79
S 7808 617 585 621 s516 585 453,34
10 8268 591 509 613 617 582 455, 34
11 8189 564 598 604 608 593 453,99
12 as91 504 587 591 576 564 452. 99
13 8295 602 522 605 581 577 451.64
14 Tia2 610 625 625 570 607 448,45
15 7991 631 586 618 630 616 446440
1eb
17 3393 510 569 610 614 576 448,65
e 8514 596 596 509 593 574 450.54
1< 8375 506 594 567 604 591 452,34
20 1727 628 619 575 524 587 453,54
21 7434 618 580 631 631 615 455, 04
22 7945 517 624 629 513 595 457,03
22 7998 617 573 605 568 591 458,98
24 8516 511 560 597 591 565 460.68
2e Ba72 596 594 515 584 573 461.48
26 7707 608 609 Saa 605 592 459.78
27 7630 624 570 616 520 582 459,68
28 7866 575 622 s68 609 594 457.38
29 795 612 607 608 514 585 457.33
10 8607 555 586 578 S87 577 458.03
31 8820 534 563 S7v 575 561 456,93
12 8528 575 587 954 600 579 455.93
a2 3476 601 504 606 564 594 455.83
1a 3452 604 513 603 595 579 457.33
3s 8618 582 588 588 553 578 459.28
3¢ 3925 525 497 557 559 535 460.83

L T T T I IR T I
%Time from power—on,

bSilnlntor No. 16 was unpressurized (~560 kPa) and unheated (elec-
trically) during the test.
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Table 5. Summary of B-4 test results related to volume chenges

Approximate vent conditions

Initial —- Initial- ‘:'“"T . Velans : &
Rod gas Maxiawm s to-vent eSS ":"“ i W Sht
No. vyl ume Pressure measured - pressure ges g e siaals
(cm®) (kPs) tempurstuse strain satio vol ume heated length »)
(*¢) (%) ratio %)
1 48.5 RS 2 6.3 1.031 1.14 7.9 3.9
2 49.5 8515S 594 10.5 1.066 1.21 12 .4 6.0
3 48.3 8515 599 9.8 1.068 1.22 12.5 6.1
4 50 .6 8875 597 9.4 1.060 1.20 11.9 5.8
) 47.8 8610 bl /) 7.8 1.057 1.19 10.6 5.2
6 49.0 8800 5758 6.3 1.032 1.14 7.9 3.9
7 %0 .3 &30S 597 13.3 1.097 1.37 16.0 1.7
X 48.5 7740 618 19.8 1.174 1.42 24.0 1.3
9 49.8 7810 621 19.0 1.163 1.41 242 11.4
10 49.6 f70 617 11.8 1.098 1.28 16.4 7.9
11 51.5 81% 608 12.2 1.107 1.29 17.8 8.5
12 49.9 84 90 591 9.8 1.067 1.21 12.2 3.9
13 S0 .4 RS 605 13.1 1.096 1.27 15.8 7.6
14 51.7 7140 625 50 .1 1.273 1.65 3%.2 18.0
15 48.1 79% 631 15.3 1.138 1.36 20.5 9.8
16 50 .5 o e 0 ¢ 1.0 0 0
17 49.1 8395 614 11.3 1.080 1.25 14.6 7.0
18 50 .2 8515 596 9.8 1.064 1.22 13.1 6.3
19 49.2 g8rs 604 12.0 1.087 $.48 14.7 7.4
20 5.3 7728 628 19.8 1.1% 1.44 26.0 12.2
21 50 .3 7435 631 30.3 1.225 1.54 31.6 14.7
22 51.0 7945 629 19.0 1.146 1.38 22.5 10.7
23 49.9 000 617 14.4 1.133 1.35 20.6 9.8
24 50 .1 8515 597 8.7 1.063 1.20 11.9 5.8
28 47.9% 70 596 9.8 1.078 1.24 13.2 6.4
26 1.2 7708 609 19.8 1.18 1.44 26.4 12 .4
27 47.9 7630 624 20.9 1.194 1.47 26 .4 12 .4
28 51.0 7865 622 19.4 1.159 1.40 23.8 11.3
29 48.6 79558 608 15.7 1.144 1.38 21 .4 10.2
3o 50 .8 8605 586 8.5 1.053 1.19 11.3 5.5
n 49.8 s8R0 575 6.3 1.032 1.14 8.3 4.1
32 48.3 8530 600 10.9 1.065 1.23 12.9 6.2
i3 49.6 8475 606 12 .4 1.074 1.24 13.9 6.7
34 49.0 860 604 12.6 1.078 1.25§ 14.3 6.9
35 49.8 8620 SR8 8.9 1.058 1.21 12.2 5.9
36 48.0 Mms 559 5.2 1.019 1.11 6.2 ja

“l.n-nd st room tempersture; includes fuel pin simulator, pressure transducer, and connecting
tube.

bllcl"u fue! pin simulator, pressure transducer, and connecting tube; calculated from volume
increase of tube over heated length (91 cm) and measured initial gas volume,

“Calculated from the circumferential strain measurements by using the equation for the volume of »

cone frustum to estimate the subvolume for each length interval between strain measurements, summing
these sohvolumes over the hested length, and subtracting the original volume from the sum.

dAvorut {or equivalent) strain over heated length (&) was calculated irom tue volume increase
over the heated length (AV) using the equation & = /{ . AV/\io = 1, where Vo is the originsl heated-
leagth volume,

“Simvlator No. 16 wes unpressurized (~560 kPa) and unheated (electrically) during the test.
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Table 6.

Strain in tubes of B-4 test

Circumforential straim (%) of tube No.
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(cw) 9 20 21 22 23 2s 25 26 27 29 29 30 n 32 33 3s s 35

D0 Oe2 0.2 0.h Qa2 0.2 S 0.2 2.4 Des d.2 a2 .2 0.2 0.7 Q.2 0.2 0.0 Ve
20 0e? LIES ) 1.5 1.3 0.9 0.9 0.9 1.7 1.5 1.3 1.3 0.9 0.9 13 0.7 0.9 0.5 0.7
“n 2.4 L TR .0 3.1 3.3 2.2 2.8 5.0 ‘b 3.7 3.7 240 2.2 3.5 2.4 2.6 240 1.7
.0 a.l Se? 6% S« 0 L 3.5 3.7 T2 6.3 Sen Se2 3.1 20 LR 2.0 3.1 244 2ap
.0 . Se?7 LR ] K2 S0 1.9 3.9 55 53 Se7 S0 3.3 244 3.9 3.3 3.3 2.9 2.2
170 3.1 Set 5.9 S ? 4.8 3.5 “.n 5.9 LT} Sen 4.8 3.1 2.2 3.3 248 3.3 2448 20
12.0 Se2 T2 Ten 6.5 S« 9 LR .3 7.9 Te2 6.8 59 3.9 3.1 LR 3.9 . e 2.5
18,0 Te®@ 12.0 12.72 10.7 9.2 Set 3.1 182 1'«S 10.7 Fals .8 S.2 7.2 5.5 LT L 3.3
150 10:.5 16,1 16.6 14,2 11.5% 7.0 9.5 129 1543 14,0 12.6 He3 6.3 92 9.2 e 9 O S 3.5
19.) 107 17:9 1942 173 1249 Al P¢8 138 17.0 161 18.6 7.0 S.2 del 8.7 8.5 6.9 3.9
2047 AeS 17.9 20.0 18,3 131 T2 .3 130 170 172 15.5 6.8 4.8 8.3 9.2 8.5 6.9 35
22.9 el 18.1 21«1 190 13.1 Tt TeS 195 17.8 18.5 15.7 7.0 LR Fe4 12,0 1142 Bl 3.9
24,0 109 18.5 22.4 190 13.5 B.3 8.7 19.3 19.3 13.7 15.7 Tun “.n P49 12.8 11luB Be3 Je 9
LT 12.0 197 2%:3 1AS 13.5 T2 5 17.6 190 19.5 4.8 Tt 4.8 8.9 102 1040 Tets 3.5
2% 11e9 198 23,5 (7.9 113.5 Ter 9.3 170 198 17%.2 13.9 Tan S.a8 10.0 I1ed 11a5 B3 3.7
0. 9B 1B.T 2%.7 16.3 1 3.5 7.8 8.3 17.2 2045 13.6 13.3% Ted Se® 1049 12.0 1248 Be 9 3.7
32.0 a7 1746 24.% 15.9 1V.7 Te2 A.7 172 2040 19.Y 12.4 7.0 S0 8.9 9.8 12.0 8.3 4.l
M. 104 17.0 27.5% 15.5 13.5 LTS ] 8.7 17.5% 2043 15.% 12.0 6.3 Seb 8.7 G2 9.0 7.2 3.9
AL T ] 10.5 17.93 0«3 159 13.7 7.2 9.9 1742 2049 15.3 1206 7.0 S«0 Ve 102 10.9 8.1 3.3
39,9 ReS 17.4 28,31 1% 13.9 Ten 7.9 159 23.3 16.1 13.1 T2 5.0 8.9 10.0 10.7 Teb de
an.n T.2 16,8 25,1 155 13.9 a.1 Te2 159 19%.7 159 13.5 Te2 5.0 T4 8.3 8.9 Te2 kP
42,0 Ae” 17,2 2347 159 13.5 T2 TN 15.1 1841 15.3 13.5 HeH S B.9 1040 10.5 8.1 3.7
as.n Q.3 1749 230 150 13.7 Te2 9.9 17.2 17«8 15.7 13.7 T2 Sep Y2 1Ls9 11,3 Be ¥ 4.
a%.n 107 18.Y 22.7 137 13.9 AT 5.7 17.6 185.6 15.0 13.7 7.8 S50 8.3 B.7 92 7e 3 3.9
L L] 113 18,7 22.7 14,5 139 A.5 D r 17.3 I5.6 15.2 13.7 8.1 Ss0 Ted 7.8 8.5 7.0 37
0.0 9.8 18,1 2242 14,5 16 9.5 Teb 176 17.6 15.5 18 .4 Tat S0 B39 9.2 12.0 B5.3 3.3
€2.0 10.0 176 21,1 16,2 13.9 S.7 A.7 179 17.9 15.5 8.9 $e5 5.4 Ve 2 9«8 10.7 B.9 4.n
54,9 107 16A.) 19.0 12.9 13.1 7.8 9.2 176 17.6 14.5 13.7 7.8 Se7 Tet B.3 8.7 8.7 4.l
6. Ye? 14,2 15.6 12,0 12,0 Teb 7.9 15.7 170 1349 1341 7.0 Se? d.1 He 5 e s Ted 4.1
S9,0 TeD 115 13.5 10.? 10.2 Tan T.2 13.1 18.8 12.2 Lled 7.2 Sea Tet B.7 G s He 3 S« 0
6%.2 6.5 Ve 105 LTA 8.7 5.9 6.5 1).5 11.3 Yeb 95 Se7 Se2 553 6.5 He 5 el .l
A2.0 4.9 7.2 76 Se 6.5 a.f S0 7.6 B.1 7.4 7.0 a.n a.l a8 L 5.0 4. Je 5
L P 3.5 Se0 Se7 4.5 S0 1.5 3.7 5.9 5«9 Se2 5.4 2.4 3.1 37 3.5 3.7 A3 3.1
645.0 3.5 Se7? Hel Se0 5.9 3.7 3.5 S5e3 Se9 a7 Bl 35 2.8 o7 3.3 3.7 23 20
A£8,1 S5.2 Te5 8.3 6.9 7.6 5.2 5«0 3.3 7% Se2 Bet et 3.7 4.8 4.6 S0 “a.a 3.7
70.7 eV 210.% e RS 1062 5.9 5.7 12.0 10.5 Tt 109 BeS s a3 4.8 e 2 4,3 EP
720 A.1 115 12.9 9 1.1 5.9 5 5 1. 113 10.5 12.6 7.6 a.h 6.l 6.1 Se? 6.9 a.t
Ta.N Se® 114 12.9 Y 1.1 Ted Sep 13 113 1).5 12.0 B85 a.h Se2 Se2 S« 0 Se2 Se 2
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A%9 Se 0 9.8 9,2 75 TeR 4.9 S«0 1).0 12.0 .7 A.9 Se2 4. 542 5«0 L Se 0 37
A2.9 4. Al 79 LTS HeS LA} LN 1.9 8.1 Tt 7.8 4.8 3.7 5«0 L 4.1 4.9 3.5
8s.n 4.4 6.1 Se7 Sed Se0 3.9 a.s 7.0 5.9 Se7 LI 3.9 3.5 3.3 3.0 3.3 3.1 3.3
L L ] 29 3.7 35 3.5 3.3 245 2.9 LR 3.9 3.9 4.1 2a6 2.8 3.t 2.0 2+ 6 2.2 2e %
98,0 1«1 1«5 1.7 2.9 1e1 1.5 1.5 2.0 1.7 2.2 240 1.7 1.5 15 11 1.3 el Le?
0N 0.0 0.2 0.2 0.2 2.2 De2 0.2 Jan Jaa Des 0.4 0«6 0.2 Det 0.2 De2 =0e2 07
92,0 7«0 0.2 0.2 0.2 0.0 De® =0s2 =Jo2 2.0 Je2 0.0 De2 =0e2 Det ~0e2 De0 =0.2 0 2

‘Abovo bottom of heated zome.
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restriction in B-4 test

Coolant channel flow area

(cM)

(%)
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ORNL-DWG 80-6421 ETD

SIMULATOR CURRENT IN— 2l _~SIMULATOR SEAL GLAND
. - WITH ELECTRICAL, THERMOCOUPLE
& PRESSURE PENETRATIONS

STEAM & SHROUD TC—

~— THERMAL BAFFLE (7

SSUPERMEATED STEAM INLET —

UNHEATED SHROUC
(0. um THICK) ’g‘

-36 INSTRUMENTED

FUBL PIN SIMULATORS
(1092 ww QD ZIMCALOY
TUBES ON 14.4un PITCH)—_

“GRID (4

SHROUD INSULATION -
& SUPPORT

VESSEL HEATERS (TYP)

TEST VESSEL (305«ulD

STEAM DERLECTOR

SIMULATOR SEAL GLAND
WITH CERAMIC INSULATOR

& 5N »+ CURRENT RETURN (4

SIMULATOR POWER LEADS (FLEXIBLE

SUNDLE CURRENT COLLECTOR

VESSEL DRAIN

Fig. 1. Schematic of B-4 test assembly.
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DIRCALOY -4 CLADDING
W wuOD «%83uniD

ORNL

S5 SHEATH 909w QD *711ID
GROOVID & PLASMA SPRATID
WITH 005 ww LeO

DWG 77- 8293

"0 comt
SHEATHED THERMOCOURES & SANIRAL B
TA 5.5 OR INCONEL 78 we OIA SOANED SLomOunT
GAS ANNULUS TA WiRE SPACHRS
023 muCOLD BORON WITRIOE BLOW IHERMOCOUP. ¢
FLEXIBLE POWER (1AD 13 nu 0V TRNATOn CHRAMIC INSULATED
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Fig. 2.

Typicai fuel pin simulator.
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ORNL - DWG 81- 16400 ETOD
ROD TE NO

ELEVATION OF TE
(IN cm) ABOVE BOTTOM
202 OF HEATED ZONE

ELEVATION OF TE
(IN cm) ABOVE
BOTTOM OF HEATED
ROD POSITION NUMBER

S — “SHORT" SIMULATOR

MARKS ORIENTED THIS

ZONE
SHROUD TE NO —\ \

(TYPE 1)

' DIRECTION {BUNDLE 91-1 0 76.5 L - “LONG" SIMULATOR
NORTH REFERENCE) 93-1 0 384 (TYPE 2)
49
76.0 2.2 379 76.0
1 2013 8.7
. D 3
§5.7 37.9 & 49 55.7
468
659 837

837

76.0 202
29.1 4682
»
55.7 379

46.8
49 202 8.7 2.1 - ©
46.8 P g
5.7 737.9 76.0 46 8 3 kS
83.7
. 83.7 83.7
37.9 4.9
76.0 468 ®
10. 2
55.7 7%.0 ' : 76.0'% 755.7
49 379 291 291
46.8 379 202
379 56.7 76.0 §5.7 7.0 379 |,
- b
% o~
202% 76.0 , 29.1 749 3 2025 "565.7 |&
837 46 291
659 46.8 20.2 49
49 202
20.2/(. 83.7 o
468 291 76.0 ’ -
(2 ) :
55.7 379 )
76.0 29.1 37.9 56.7
91-20 765 93-2 O 384
Fig. 3. As-built thermocouple locations and identifications in B-4

test (plan view).
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ORNL -DWG 8116403 ETD

TEMPERATURE MAP

MRBT BUNDLE 4
RECORD NUMBER 209 TIME FROM START OF SCAN  28.9 SEC
ELEVRTION 76 CM CROSS SECTION AVERAGE 331.3 BUNDLE AVERAGE 332.1
> . " “ « . & . * e . " . . . . s B
.1, E iyl T S s s - 3334
Dy Cam ' ) 336
. W . » . . . e . ¢ - $ . . . . -
r . k- Lo oW 0 - .52 332.5
- & . . . R . . o » .
338 333 339
1 e, 7 .S . it i Jdapr S T 331.1
- . - - . » . . - . - - . -
332 330
19 . " .21 . D22 . L2y . .24 . 331.1
> » - ¢ & . ¢ - - . S . - » a . .
3 329 338 3
& SR . -
25 % . 27 . 28 . 29 0 325.9
. - . . a . . . . - . . . -
e 329 132
. v . - . . . o . . - . . - - * . .
L8 T T3 - NV i 38, 338
. . - . . . . . 5 . * . » n -
336 138 331
332.9 326.1 2.1 330.2 319.4 334.0

ALL TEMPERATURES ARE IN DEGREES C

Fig. 7. Temperatures measured at 76-cm ele—
vation 1 s before power—on.

RECORD NUFBER 289
ELEWATION 66 CM

.,u.

T

332.3

ALL TEMPERATURES ARE
TEMPERATURES IN THIS CROSS SECTION NOT INCLUDED IN DUNDLE AVERACGE

14

.3!‘.

335.5

Fig. 8.

TEMPERATURE

MRET BUNDLE 4

CROSS SECTION AVERAGE

. 2)
L2

73

IN DEGREES C

1@

D e

s 22

.28

14

3.8

L

ORNL -DWG 81- 16404 €70

TIME FROM START OF SCAN 28.9 SEC

332.2

2

. 29

BUNDLE

. 24

. 20

AVERAGE I32.1

3130.9

£ TEvreaT o

Temperatures measured at 66-cm (up~
per grid) elevation 1 s before power—on.
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RECORD NUMBER 289
ELEWITION 56 CM

i 2
' gae -
- . -
» a
36 338
- .
13 14
112
. 19 20
- . .
332
25 .2
333
T .32
- . . . »
133
1138 333.8

ALL TEMPERATURES ARE

TEMPERATURE

MRET BUNDLE 4

CROSS SECTION AVERAGE

1

.]35.

.27

« 33

333.2

IN DEGREES C

332

16

EEI0

.22

13y

* 38

331.8

ORNL-DWG 8116408 ETD

mAP

TIME FROM STRRT OF SCAN  28.9 SEC
BUNDLE AVERAGE

s 6
; 336
1 L2
332 ]
\7 . lé
e 24
s - 3 .
332
29 )
" 332
. . |56
. .
3132 333
332.9 333.7

VALUES IN PRARENTHESES ARE MOT USED IN DETERMINING AVERAGES

Fig. 9.

Temperatures measured at 56-cm ele—

vation 1 s before power—on.

RECORD NUMBER 269
ELEWATION 47 CH

i 2
- .
33
e € 8
- . . .
13 .14
331
19 . .20
o " 338
. .
> . 2
338

. . . .32
' " 33a

332.5 334.1

Fig. 10,
elevation 1 s before power-on,

TEMPERATURE

MRET BUNDLF 4

CROSS SECTION AVERAGE

L 21

L7

.!29.

332.0

ALL TEMPERATURES ARE IN DEGREES

e

D

.22

332

L34 .

E2 ) |

331.6

mAP

ORNL - DWG 81

16406 ETO

TI™E FROM STRRT OF SCAN  28.9 SEC

312.4

312.0

EUNDLE AVERAGE 332.1

Cam

™.

332.3

332.5

331.9

32.9

332.1

332.5

Temperatures measured at 47-cm

147



ORNL -DWG 8)- 16407 ETD
ORANL -OWG 8116408 £70
TEMPERATURE MAP

MRBT BUNDLE 4

TEMPERATURE
MRET BUNDLE 4

L

RECORD NUMBER 285 TIME FROM START OF SCAN  28.9 SEC

RECORD MUMBEN 205 TIME FROM START OF SCAN  28.9 SEC

ELEVATION 38 CM CROSS SECTION AVERAGE 331.7 BUNDLE AVERAGE 332.1
ELEWATION 29 CM

CROSS SECTION AVERAGE 332.2 BUMDLE AVERAGE 332.1

SE

. . % % . ¥
1 2 3 4 . S 6 331.5 - . . . . e v T .
24 W . . . . e 1 2 3 = : 8 .5 6 331.5%
330 330 334 ™ . Y, g L ¢« o Si.u 8 !
330 331 334
« ¥ = e L] w8y 12 332.8 s d ® . el il :
® 5w . w8 . » v @ . 4 8 = 9 .19 = 1 12 132.2
3134 134 m . « v . ¢ .8 . s W
334 331 331
. - - 2 or Y
13 . 14 15 16 17 18 333.0 . . . . e . o -
¢ W e s . b . ¥ .13 14 .15 16 1?7 18 331.4
331 335 « 33D . . . . . s
33 332 L il
- » L ¥ . % AR I _—
19 . . 20 .21 « 22 . 43 . 24 331.7 . . ® . e . " &, Je
R ’ s W . . # ~RE R i 19 . 20 .21 « 22 . 23 , 24 333.1
33 332 332 . .« s 3 - 4 + W,
336 332 332
L .. . .a : »
23 . 2 . v & . 28 . 29 . 39 331.7 . . .. .« s v e o & .
’ : . : .25 . 26 . 3P .28 .29 .30 332.3
332 332 n « o = . » I . w -
335 130 in
« 31 . . 32 o 3B 34 « 35 36 329.8 . . « & s T » = - . s
. - e " e 5 : S . 1 R ® . 33 . 3a I . % 232.6
329 33 329 . . . o ’ -
333 334 331
331.2 331.2 333.1 338.7 3.4 331.5
332.0 334.1 332.3 331.2 332.2 331.2

ALL TEMPERATURES ARE IN DEGREES C

VALUES IN PARENTHESES ARE NOT USED IN DETERMINING AVIRAGES ALL TEMPERATURES ARE ' IN DEGREES C

Fig. 12. Temperatures measured at 29-cm
elevation 1 s before power-on.

Fig. 11. Temperatures measured at 38-cm
elevation 1 s before power—on.



ORNL -DWG 8116409 ETD
TEMPERATURE mnarP
"RBT BUNDLE 4
RECORD NUMBER 289 TIME FROM START OF SCAN  28.9 SEC

ELEVATION 20 CM CROSS SECTION AVERAGE 1332.0 BUNDLE AVERAGE 332.1

1 s 3 3 s (3 330.6
. . - - . . 2 - » a
33 130 14
* . ¢ o . . . . . . . - » .
7 . .8 . T T L1 s S 332.8
: e - o e . A
. . . . . . . . . . . - . o . . . .
Cas . D14 . T L6 T .18 = 131.5
. . N . - . . . ¥ a .
331 332 ¢ 3% 3
. - ’ " . . » i ¥ » » > - > . . 5
- IS sl .21 = . e . 23 . . 24 332.5
Rt o 332 e ] '
" . ° s . . . . v . . 3 . ® . - . v
L .26 . L2r . . . .29 . D . 132.2
. . - v . i . - » . . - « . - . =
133 332 131
. " . v 98 s . . 33 . . B0 . . ¥ 122.8
. » - » o » . . . . A
3 118 133 132
332.1 32,3 332.2 332.1 1718 131.4

ALL TEMPERATURES ARPE IN DEGREES C
VRLUES IN PARENTHESES ARL NOT USED IN DETERMINING AVERAGES

Fig. 13, Temperatures measured at 20-cm
elevation 1 s oefore power—on.

QRANL OWG 81-16410 ETD
TEMPERATURE ™mar
MRET BLNDLE 4
RECORD NUMBER 289 TIME FROM START OF SCAN  28.9 SEC

ELEWRTION 18 CM CROSS SECTION AVIRAGE 333.9 BUNDLE AVERAGE 3321

1 2 3 a4 s 6
> . b .9 . T i L1z - 332.3
j ' ' i 332
. 13 . -5, .16 . R T
9 . L2 . L2 . L2 . 23 BT 332.3
. . : i Rl
.25 - .2 . .2 . . . L 29 . iy f 336.9
. S Aol ‘ o :
i .32 . et 74 e 3
33.9 3103 710

ALL TEMPERATURES ARE IN DENREES ©
TEMPERATURES IN THIS CROSS SELTION NOT INCLUDED IN DUNDLE AVERACT TEMPERATUPE

Fig. 14, Temperatures measured at 10-cm
(lower grid) elevation 1 s before power—on,

9¢



ORANL - DWG 8116411 ETD
TEMPERATURE mHAP
MRBT BUNDLE 4
RECORD NUMBER 289 TIME FROM START OF SCAN  28.9 SEC

ELEWRTION S CM CROSS SECTION AVERAGE 334.2 BUNDLE AVERAGE 332.1

5 . . . . . . . » . - . . » »
v . L2l . B Le s L5 . L . 135.5
. -
118 13
: . 8 .9 T 1 2 . 335.5
. v - - . . - . P .
136 338
* o . . - . - . - . P . 4
3. 7 s . .16 . TS 18 731.9
) 332 s Ty ¢ 33 . .
N . . . v . . . - . o - v . .
19 20 21 L2 . o o L 24 . 134,
o - > . »
336 332
et - .2 . .27 . Tom . .29 . 3 . 332.13
W . . . . . 4 - a .
332 13
- . . . . . " . . " a . . # - .
- . L. ~ N o o S 3763
e oy 0 -y o A i
334.9 3337 333.4 332.7 3319 336.5

ALL TEMPERATURES ARE IN DEGREES C
VALUES IN PARENTHESES ARE NOT USED IN DETERMINING AVERAGES

Fig. 15. Temperatures measured at S-cm ele-
vation 1 s before power-on.

ORNL -DWG 8116412 ETD
ROD AVERAGE TEMPERATURE HMAP
MRBT BUNDLE 4
TIME FROM START OF SCAN  28.9 SEC
BUNDLE AVERAGE 332.1 DEGREES C

L. _ S = ey ¥ 9 v B - -
.- | - S L El .« 5 = « & s 332.3
» - é - 5 - . - . . - » - - ’ -
332 332 338 L2 3] 33a 338
¥ . B - W . ® y e B e . . .,
A .- 8 = -9 . -8 = o g N 12 332.%
. 0. N " ;W . » k. . B,
333 334 333 330 331 331
. - . - . - - - % - % - - . - . - .
.13 . s 34 . .15 » « W . o W .18 » 331.7
- . . » Ll » - - » - - pe - . - N
i 332 333 « 332 3= 331
¥ s % s o s P - - - a B
19 . -20 = 21 » .2 . 23 .24 = 332.1
» ., ® x " =l e : 0 = . . . %
332 334 33 331 33 332
I - - Lo . . 0. - .« . ®
.25 . . 26 27 = 28 *29 = » W . 331.2
N - . - . - . . . - ® - pe - - . -
338 328 33 i 3 332
. . & o o w g - ., - -
« W - 32 = * 33 = -4 - - 3 .y * 7 » 332.5
- » - o - . v - . ® . - o - - - .
332 13a 33a 332 k¥ 4 323
332.7 332.3 332.1 371.0 3.7 332.6

ALL TEMPERATURES ARE IN DEGPEES C
VALUES IN PARENTHESES ARE NOT USED IN DETERPMINING ROU & COLUMN AVEPAGES

Fig. 16. Average simulator temperatures
measured 1 s before power—on.
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2 Temperatures measured at 84-cm

Fig. 19. Simulstor pressures measured 0.2 s Fig. 20.
off. elevation 0.2 s before power-off.

before power




RECORD NUrMBER 903

ELEVATION 76 CM
. >
669
. - .
7 8
. -
663 ™
1 1a
9 . . 20
. - v
668
.28 2% .
. - o -
647
T ©
. -
646
671.0 §50.9
AL TEMPERATURES ARE

Fig. 21

TEMPERATURE

BT PUNDLE 4

CROSS SECTION AVERAGE 670.4

er?

= 2

" g63

672.9

IN DEGREES C

r.e; 1

16

ORANL DWO ®

mAP

S -
67
1 12
€
" 18
662
23 - 24
6’9 g}
. .
29 3a
6’9
.- v &
™ LT3
60
671.8 676.3

elevation 0.2 s before power—off.

1646 E70

TIME FROM START OF SCAN  90.3 SEC

BUNDLE AVERAGE 678 7

669 4

691.8

675.0

enn. 4

Temperatures measured at 76-cm

RECORL NUMBER 903

ELEVRTION 66 CM

ORNL DWC 8118417 ETD
TEMPERATURE nar
MRBT BUNDLE 4
TIME FROM START OF SCAN 99,3 SEC

CROSS SECTION AVERAGE 649 8 BUNDLE AVERAGE 678.7

3 a 5 &
v - .
9 T 1" 12 6482
640
s 16 17 18 649.2
L. i .2 . . 24
i L2 . T2e | o
.35 . . 38 .35 . o T 652.1
648.2

ALL TEMPERATURES ARE IN DEGPEES C
TEMPERATURES IN THIS CROSS SECTIOM NOT INCLUDED IN BUNDLE #.7 A [ TEMPERATURE

Fig. 22.

Temperatures measured at 66-cm

(upper grid) elevation 0.2 s before power—off.
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ORNL - DWG 81 1848 £TD

ORANL -DWG B 18419 ETD

TENRPERATURE HMAP
TERPERATURE nNavP

MRBT BUNDLE 4
MRET DUNDLE 4
RECORD MUMBER 903 TIME FROM START OF SCAN  98.3 SEC
RECORD MUMBIER 981 TIME FROM START OF SCAN 9.3 SEC
ELEWTION S6 Cn CROSS SECTION AVERACE 6£73.5 RUNDLE AVERAGE &70.7
ELEWATION 47 €M CROSS SECTION AVEREGL 6731 BUNDLE AERAGE 6£79.7
g . « & & s« B s 8 g . A 671.% » . .
> ¥ a N s 5 % % & @ . L. o 8 2 3 “a S 13 668 .2
678 66S 671 o1l 5 «w @ e e - o W
662 668 679
- - .
v ¥ a 9 1L 1" 12 679.5 oo e . e . .
. % = - I 5 L] s 9 . 10 it .12 677.6
679 586 s’4 s & - o A e o 3 sl _» %
682 678 681
- .
13 14 15 16 . T4 18 679.1 - .
i R » s ; . & w« 1 e . 1a + 1% . 16 . o B & * 18 668.95
683 67S « a9 . o @ - . ’ 5 ¢ % . s v v B
669 667 669
s . 20 . | B » 82 2 - 24 67%.4 . :
® 5 . ; o ¥ W ‘ - ¥ 'k » 19 -2 2) - 22 23 24 » 675.7
672 679 678 . . . . . . » . . . v . v .
e €74 w72
- > - -
2 2 27 M G »m 674 .6 " . ., . . . . v . . ¢ M . . . . .
T : . : - .23 . - - il 5 . @ . .29 . T I 67%.3
HBa 6? 663 .« « n . =R (O o % ¥ % i .
672 67% 679
N . . - B8 s “ 8 . » . U, 662.7 « ¥ . w o a . _—] $ 4. I -
5 . i e . : BT - N T .32 . « B .34 = £ . 36 673.5
661 nha A6 ¥ s . & = AR 2R s .
(444 679 674
679.6 683.2 6771 &€71.8 6£790.9 6656
667.9 679.2 673.6 672.6 673.6 673.7
Ml TEMPERATURES ARE IN DECREES €
VELUES IN PARENTHESES ARE ~NOT USED IN DETERMINING AVERAGES ALL TEMPERATURES APE IN DEGRFES C
Fig. 23, Temperatures measured at 56-cm Fig. 24, Temperatures measured at 47-cm

elevation 0.2 s before power—off. elevation 0.2 s before power-off.



OANL OWG BY 16420 £T0

ORNL DWG 81 16421 ETO
TENPERATURE L

TEMPERATURE nNAP

MRBT AUNDLE 4
WOT BUNDLE 4
RECORD NUMBER 903 TIME FROM START OF SCAN  98.3 SEC
RECORD NUMBER 903 TIME FROM START OF SCAM 98,3 SEC
ELEWATION 38 CM CROSS SECTION AVERAGE 671.5 BUNDLE AVERAGE 670.7
ELEVATION 29 CM CROSS SECTION AVERAGE 672.4 BUNDLE AVERAGE 678 7
| J i X s W a . W q . 9 6 . 662 .1 .
o : L. : 1. 2 3. ) .5 6 6687
e . 662 o X » . 8 v ] Sy
663 669 674
? u " i " 12 6753 ;
v . e wal ; : 5 r LI 9 8 . 1" 12 675.8
677 [ 24 672 . . . ‘ . - .
663 669 673
- .
13 14 15 . LY | 1 4 18 6ee.” L =
= o .. ’ 15 14 15 16 A 18 €68.1
8" 676 « B . L . . . . . . B . » . . . = ’
668 672 665
9 . i L2 . iR « % .24 . 676.5 -
R o T S « = 5 o h 19 . . W e | [ . 2% 0 . . 24 676.7
671 686 672 » ™ . . . . . . . . - . » . . - .
684 677 669
. . . ® ., . . - ’ . . . . . . . . . ~
) . : . ar . .3 .29 " 676.3 Y w R o i ew e T
s 2‘4 v N . s SO S *38 . . 2% . . . « W . 29 . 674.6
683 678 6t ‘. & 3 &= 2 & A e -
669 c9n 675
i ‘o s 8 "4 L D% . 661.1
_'_. , - ‘" : Bk .32 0. .13 « M s . . 671.4
3 e [ ] B . . . . . . W - v . - o W .
66 ) 671 563
8.4 677.6 679.4 664.9 672.4 659.8
& 666.6 682.2 678.2 675.3 678.9 £69.2
ALL TEMPERATURES ARE IN DEGREES C
VALUES IN PARENTHESES ARE NOT USED IN DETERMINING AVERAGES ALL TEMPERATURES ARE IN DEGREES €
Fig. 25. Temperatures measured at 38-cm Fig. 26. Temperatures measured at 29-cm

elevation 0.2 s before power—off, elevation 0.2 s before power—off,



DWG 8186423 ETL
TEMPERAT

MRBT BUNDLE 4
RECORD MIMEER 903 TIME FROM START OF SCAN 90.3 SE(

ELEWATION 18 O™ £ 5 ¢ TION AW RAGE 6a7.? BUNDLE AVERAGE 670.7

Bl TMPERATURE ARE IN DEGREES

E MPE RA TURE N TH RO DLE AVERAGE TEMPERATURE

28. Temperatures measured at 10-cm
(lower grid) elevation 0.2 s before power—off,

Fig. 27 lemperatures measured at Fig.

elevation 0.2 s before power-off,




ORANL OwG 8Y 16424 ETD

TEMPERATURE maPr
MRBT BUNDLE 4
RECORD MMBER 903 TIME FROM START OF SCAN 99,3 SEC

ELEWTION S CM CROSS SECTION AVERAGE 66%. 4 BUNDLE AVERAGE 679.7

1 2 3 4 5 6 669.3
. -
663 667
.o i .9 . 1 ! . T S 674.1
» - .
6ra 674
. . * e - > " . - : " ° . .
13 . « 14 15 . « 18 | 8 669.9%
: " 669 - ¢ 398 '
. - . . . . .- . - . - . . .
T e . n . . 22 23 24 669.9
- .
67 661
2 2 .27 29 . 29 ) 664.4
- .
666 663
- ) & - - . . »
.. 32 1 14 ™ . % £52.3
6%z ' ‘ €53
662.9 §72.4 67e.2 662.8 1.8 660,08

AL TEMPERATURES AR IN DEGREES C
VRLUES IN PARENTMES!'S ARE MOT USED IN DE TERMINING NVEPAGES

Fig. 25, Temperatures measured at S-cm ele
vation 0.2 s before power-off.

ORNL -DWG B1- 16425 €70
RODP AVERAGE TENPERATURE MNAP
MRET BUNDLE 4
TIME FROM START OF SCéN 98,3 SEC
BUNDLE AVERAGE 678.7 DEGREES C

o . . 0= - . 0= - . 0.
T b "3 e & .5 . sl 667.9
. - - - . . . . . 0=
LT 6r2 667 663 670 664
PR - - g . . -
P . -8 . L LR L R | - 12 676.1
- - . - . . + - . - -
are 683 676 668 679 67
- . - R . . 0. - K -
.13 .14 -5 = .06, 17 LU 678.2
- - - - - . - - - -
(134 679 673 8% 6695 6695
805 .- . By - . . 0» .
« 19 . “28 = .21 = . 22 . 23 " 24 » 673.8
. . 0. — o B - . . . .
©68 6588 L 672 672 679
. . . o - “w . .
-2 26 «27 » . 28 -9 » W . 672.3
- - - Ll - 5 . d - -
6re 674 872 673 676 668
- . » - - - . - .
n . .32 . "33 * 34 » » . "3 » G641
- . - . - . » . " . - g - o - . L d .
(2 ) 668 669 678 663 655
6686.3 676.3 672.9 669.2 670.4 666.95

ALL TEMPERATURES ARE IN DEGREES C
VALUES IN PARENTHESES ARE NOT USED IN DETERMINING ROV & COLUMN AERAGES

Fig. 30. Average simulator temperctures
measured 0.2 s before power-off.
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ORANL -DWG 81 16426 ETD
PRESSURE mAP ORANL -DWG 8116427 ETD
TENMPERATURE MAP

MRBT BUNDLF 4
RECORD MUMBER o719 TIME © 90N STRRT OF SCAN 471.8 SEC ST BARE 4
AVERAGE PRESSURE  B266 XPR (DIFFERENT ALY RECORD NUMBER 4718 TIME FROM START OF SCAN 471.9 SEC
STEAM PRESSURE 281 KPA (GAGE
' ELEVATION 84 C!f CROSS SECTION AVERAGE 515.9 BUNDL? AVERAGE 583.5
i 2 3 a 5 6 f6d2 . . O e . 5 e v i - 3 . .
« w @ . N . . ¥ « 2 » 9 . . # . . § . v % Sil1.4
82% 0319 8520 8581 8611 8799 . o ® ® . . . e * s §
e sie sia
Bl 9 L] 1 12 #1449 S oo e R v e e . ®»
ol 5N . ; . . T ¥ g o B y BB .18 > 3 s o M 513.3
8311 7769 7823 8283 8197 8513 ; S O . - §
520 513 <07
13 14 Ity 16 \ ™ e . R e * ot '3 TR T e
rgge” gl " " " o B : Y : : *3% . - . « ' .18 . « B « 0 . $16.1
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Fig. 47. Temperature and pressure transients for B-4

48, Temperature and pressure transients for B-4 rod No.
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Ballooned region in B-4 tube No. 14.




95, Simulator axiel shrinkage in B-4 test.
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