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FOREWORD

This report cummarizes progress and preliminary results of the Multi-
O rod Burst Test (MRBT) Program (sponsored by the Division of Reactor Safety

Research of the Nuclear Regulatory Commission) for the period July Decem-
* ber 1979.

Previous MRBT progress reports are

NUREG Report No. ORNL Report 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
ORNu/TM-5154 July-September 1975
ORNL/NUREG/TM-10 Octobe r-December 19.'5
ORNL/NUREG/TM-36 January-March 1976,

ORNL/NUREG/TM-74 April-June 1976
ORNL/NUREG/TM-77 July-September 1976

a ORNL/NUREG/TM-95 Octobe r-December 1976
ORNL/NUREG/TM-108 January-tfarch 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/CR-0398 ORNL/NUREG/TM-243 April-June 1978
NUREG/CR-0655 ORNL/NUREG/TM-297 July-December 1978
NUREG/CR--0817 ORNL/NUREG/TM-323 January 41 arch 1979
NUREG/CR-1023 ORNL/NUREG/TM-351 April-June 1979

Topical reports pertaining to research and developcent carried out by
this program are

1. R. H. Chapman (comp.), Characterization qf Zircatoy-4 Tubing Procured
for Fuel Cladding Research Programs, ORNL/NUREG/TM-29 (July 1976).

2. W. E. Baucum and R. E. Dial, An Apparatus for Spot Velding Sheathed
Thermocouples to the Inside of Smil-Diameter Tubes at Precise
Locationc, ORNL/NUREC/TM-33 (August 1976).

3. W. A. Simpson, Jr. , et al. , Infrared Inspection and Characterization
of Fuel-Pin Simulators, ORNL/NUREG/TM-55 (November 1976).

* 4 R. H. Chapman et al., Rffect qf Creep Time and Heating Rate on De-
formtion of Zircaloy-4 Tubes Tested in Steam uith Internal Heaters,
NUREG/CR-0343 (ORNL/NUREG/TM-245) (October 1978).3
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S. J. F. Mincey, Steady-State Axial Pressure Losses Along the Extersor of
Defoened Fuel Cladding: Muitirod Burst Test (MRBT) Bundiea B-1 and
B-2, NUREG/CR-10ll (ORNL/NUREG/TM-350) (Jcnuary 1980).

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

been issued by this program: i

1. R. H. Chapman (comp.), Quick-look Report on MRBT No. 1 4 x 4 Bundle .

Burst Test, Internal Report ORNL/MRBT-2 (September 1977).

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

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

4. R. H. Chapman et al. , Bundle B-1 Test Data, ORNL/NUREG/TM-322 (June
1979).

5. R.11. Chapman et al. , Bundle B-2 Test Iota, ORNL/NUREG/TM-337 (August
1979). .

6. R. H. Chapman et al. , Bundle B-3 Test Data, ORNL/NUREG/TM-360
'(Janua ry 1980).
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SUMMARY

During this reporting period,18 single-rod tests were conducted in
,

o - the test facility that was recently modified to permit independaa'. heat-

ing of the shroud and the fuel pin simulator as required for prepro-

grammed temperature paths as a function of time. Most of the tests were=

parformed with shroud heating to investigate the importance of this param-
eter. Heating rate, steam flow (at very low Reynolds number), and burst

temperature were also varied to examine the effect of these parameters.

Four different fuel simulators were employed, including one of the two

used in a previous series of scoping tests at low heating rates with un-

heated shrouds. Comparison of the previous series with this new series

facilitates evaluation of test parameters.

Several of the tests are considered invalid because of (1) premature
.

failure at defects introduced by the thermocouple spot welds or (2) essen-
tially zero power levels in the fuel simulator during deformation. The,

latter sfiuation was encountered in the isothermal creep-rupture tests.
Although these tests are invalid for establishing strain limits, they pro-
vide potentially useful information for development of deformation models.
In fact, some of the tests provided information of very high quality with

'
respect to temperature behavior.

One important effect of shroud heating is to reduce the fuel simula-

tor power requirements for maintaining a specified heating rate. This

tends to increase temperature uniformity. The effect, which becomes less

important as the heating rate increases, was not particularly significant
at the highest heating rate used in these tests (28 K/s).

Because of the increased temperature uniformity, ccnsiderably greats?
deformation can be expected in heated shroud tests than in unheated shroud

tests under otherwise similar conditions. This expectation was confirmed
by the test results. Strains in the order of 100% were observed at the
lowest heating rates; for comparable unheated shroud tests, strains in the

' range of 25 to 40% are observed.

The steam flow rates were varied in some of the low-heating-rate
o

tests to assess the effect of convective cooling. Even though the flow-

was laminar in all these tests, the influence was significant in that

|

.
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axial temperature gradients were induced, and as a consequence, deforma-
tion was highly localized near the exit steam end. The burst strain was

not particularly affected because it is primarily a function of the local

*temperature and azimuthal temperature gradients.

One important objective of the tests was to determine if deformation
*

in single-rod heated shroud tests is comparable to that observed in bundle

tests. Based on these limited test results, we conclude that it is, pro-

vided the flow conditions produce comparable axial temperature conditions.
Burst strain and tube heated length volume increase (related to average
strain) in the 10 and 28 K/s heated shroud tests were in the range of data
observed in the 4 x 4 bundle tests conducted earlier with these heating
rates. liowever, the potentially important ef fect of rod-to-rod interac-

tions on deformation is not present in the single-rod tests.

The ORNL correlation (published in the previous progress report) re- .

lating burst temperature to burst pressure and heating rate is based on

unheated shroud test data. Since our practice (and that of most other in- 4

vestigators) is to define burst temperature as the maximum measured value,
imoroved temperature uniformity in heated shroud tests increases the prob-
ability that the maximum measured temperature will be nearer the true

burst value. For this reason, burst temperatures predicted by the corre-

lation might be expected to be less than those observed in these heated

shroud tests. This was generally true for the higher-temperature tests at

10 and 28 K/s heating rates. The lower-heating-rate data were in better

agreement.

On the basis of the results discussed in this report, we conclude
that single-rod heated shroud tests performed under appropriate conditions
provide temperature distributions representative of those present in bun- 1

die tests. Because of this and the simplicity of the single-rod tests rel-

ative to bundle tests, these tests are highly desirable for studying the
ef fects of various parameters on deformation behavior. Even so, certain
data, such as rod-to-rod interactions, must be derived from bundle tests.

|,
|Five f uel pin simulators were delivered by a Japanese manufacturer '

for test and evaluation. These simulators are identical to those cur- ,
i

rently in use in Japanese Atomic Energy Research Institute (JAERI) clad-
ding deformation investigations. Evaluation of the transient response of

|
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these ' simulators, based on infrared characterization scans at a number of
heating rates, is. discussed and compared with similar data for ORNL simu-
lato rs. . In general, the axial temperature profiles of the Japanese simu-

* 1ators is less uniform at the higher heating rater,. liowever, at heating

rates in the range used in the JAERI tests, the distributions are compa-
>

"* rable to.0ak Ridge National Laboratory simulators. Plans are. under way

for performing burst tests on the simulators in the single-rod test facil-

ity.

Preparations are in progress for testing an 8 x 8 bundle. Facility

: modifications te expand the instrumentation and data acquisition equipment
will be complete in early 1980. Approximately 90% of the required fuel

pin . simulators are completed. Present plans are for the test to be per-
,

I. ' formed in mid-1980.
!
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MULTIROD BURST TEST PROGRAM PROGRESS REPORT
FOR JULY-DECEMBER 1979

R. H. Chapman
*

ABSTRACT
.

A series of scoping tests. designed to explore the effect'
of shroud heating on Zircaloy cladding deformation was conducted
in the single-rod test facility, which was recently modified to
permit independent heating of the shroud under specified condi-
tions. To facilitate comparison of the test results, the series
included-tests under conditions used previously. Significantly
greater deformation was observed in heated shroud tests than i

would be expected from unheated shroud tests.
Fabrication' of fuel' pin simulators for the B-5 (8 x 8) bun-

die test continued with'~90% of the required number being com-
pleted.

Five fuel pin simulators, identical to the simulators used*

in the Japanese Atomic Energy Research Institute multirod bundle
burst teste, were delivered by the Japanese manufacturer. The

* surface temperature distribution of the simulators was charac-
terized for several heating rates by infra' red scanning and was
compared to similar characterizations of Oak Ridge National Lab-
oratory simulators. Plans are under way for conducting burst
tests on the Japanese simulators in the single-rod test facil-
ity.

1. INTRODUCTION

R. H. Cha pman

The objectives of the Multirod Burst Test (MRBT) Program are to
(1) delineate the deformation behavior of unirradiated Zircaloy cladding
under conditions postulated for a large-break loss-of-coolant accident

(LOCA) and (2) provide.a data base that can be used to assess the magni-

tude and distribution of' geometric 3c changes in the fuel rod cladding

in a multirod array and the extent of flow channel restriction that might

result.- Data are being obtained from single-rod and multirod experiments,. _

both with and without electrical heating of the shroud surrounding the

a . test arrays.- The-tests are designed to study possible effects of rod-to-

rod interactions on ballooning and rupture behavior; a tentative test ma-

trix was given-in a previous report.1 -Although the test matrix includes

|

|

|
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11 x 11 test arrays, these will be held in abeyance until a definite
need, based on the results of 4 x 4 and 8 x 8 test arrays, is established.

Approximately 53 single-rod burst tests have been conducted with a
*heating rate of ~28 K/s; experimental details of these unheated shroud

tests and preliminary results have been reported routinely. (All pub-
.

11shed reports pertaining to this research program are listed in the fore-
word of this report.) The data base covers a-range of burst pressures
from 770 to 19,150 kPa; the corresponding burst temperatures range from
1170 to 690*C. All the tests conducted before April 1977 were reevaluated
for validity, and the results were summarized in a previous report.2
Readers using results obtained in this program should be aware that some
of the earlier data points have been removed as a result of this reevalu-

'

ation.

Four steady-state single-rod creep-rupture tests were conducted at -

about 760*C to determine if large ballooning occurs over extended lengths
of test specimens heated with internal fuel simulators. Test conditions; -

were varied to cause failure in creep times of 49, 103, 162, and 250 s.
Two transient (~28 K/s) burst tests were conducted with the same internal
fuel simulators for comparison. The initial conditions for the transient

burst tests were adjusted to cause failure at approximately the same tem-
perature as in the c(eep-rupture tests; the results of these unheated

shroud tests were reported.3

Subsequently, two transient burst tests, using each of the same two
fuel simulators, were conducted at nominal heating rates of 5 and 10 K/s
to bridge the span between the creep tests (~0 K/s) and the 28 K/s tran-
sient burst tests. Initial pressure conditions for these tests were ad-

_ justed to cause failure at ~760*C for comparison. The results of these
low-heating-rate tests with unheated shrouds were reported.4

The creep-rupture and -low-heating-rate tests were evaluated, and the
results were reported in considerable detail in a topical report.5

Two_ transient (28 K/s) burst tests were conducted to investigate the.
.

,

effect of steam flow rate on burst location. 'The steam flow rate in one
[Reynolds -(Re) number ~800] was typical of that normally employ (d intest

.

the single-rod tests; in the other, the flow (Re ~180) was comparable to

-_ - _ - -
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that employed in the B-1 and B-2 bundle tests. The results of these tests

have also been reported."

Each of the single-rod tests discussed previously was conducted with
*

an unheated shroud (ambient temperature of about 340*C) surrounding the
fuel pin simulater. Since this arrangement causes significant heat losses

.

from the simulator and enhances the circumferential temperature gradients
therein, deformation observed in these tests is probably less than that
expected in a fuel rod surrounded by others at about the same temperature.

Two 4 x 4 multirod tests, one (B-1) with and the other (3 ";) without

electrical heating of the shroud, have been conducted with a bundle heat-
ing rate of ~30 K/s. Initial pressure conditions for these tests were

selected to cause failure at ~860*C. Another 4 x 4 array (B-3) was tested
with an electrically heated shroud using a bundle heating rate of ~10 K/s;
initial pressure conditions were selected to cause failure at ~760*C toe

provide a basis for comparison with the low-heating-rate single-rod tests.
Detailed results and interpretations of the bundle tests have been*

re po r ted . 3 ,4 ,6-8 A topical report interpreting the B-1 and B-2 water9

flow tests has been published. Data reports 10-12 giving detailed results
of the B-1, B-2, and B-3 tests without interpretation have been published.
Some results of further analysis of the B-3 test data are included in this

re po r t.

The substantial quantities of data accumulated in the MRBT Program
to date have all bee" obtained from single-rod unheated shroud tests and

from heated and untaated shroud 4 x 4 bundle tests in which (1) the shroud
temperature at the time of burst was no closer than within about 80*C of

the bundle temperature and (2) the rods were not confined sufficiently in
their outward (radial) movement to simulate the radial restraint in a re-
actor core. The importance of closely simulating the thermal surroundings
(thermal boundary) and confinement (deformation boundary) is not clear at
this time, but the value of the data base will be increased by investigat-
ing these concerns in future tests. One conclusion that has remained,

valid throughout the testing is that at a given deformation temperature
level, temperature gradients determine deformation behavior; the more.

uniform the temperature distribution, the greater (and more uniform) the
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de fo rma t ion. Therefore, deformation results will be dependent not only on

the inherent metallurgical properties of Zircaloy, but also on all factors

that determine the temperature gradients, including the method and unifor-
,

mity of heating, heating rate, heat losses to coolant and surroundings,

and axial distribution of heat losses; recent repo rtsI3'I" by liiadle and
,

Mann discussed the influence of these variables. Essentially all of our

tests to date have been conducted at relatively low steam flow rates, and

heat losses to the steam coolant have been small but are still an impor-

| tant factor to consider.

Major emphasis of this report period was devoted to (1) a scoping
series of single-rod tests to explore the ef fect of a heated shroud on de-

formation and (2) preparations for an 8 x 8 bundle (B-5) test in which ra-
dial movement of the outer ring of rods will be restrained with a suitably

'
positioned and supported reflective shroud. (The outer ring of rods may

be regarded as sacrificial and as providing both a good thermal boundary
'

and a good deformation bounda ry for the inner 6 x 6 bundle. ) These and
related activities are summarized in this report.

i

!

|
|
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.2. PROGRAM PLANS AND ANALYSIS

2.1 Programma tic Ac tivities

P

R. H. Chapman

* Da ta reports on the B-2 and B-3 tests were published 11,12 during this
10reporting period. These reports follow the format of the previous one

in that they give de tailed data acquired during the tests and results of
'

pre test.and pos ttest examinations without in te rpre ta tions.
9A topical report which analyzes and interprets the resul ts of the

B-1 and B-2 flow tests was also published. Two additional topical re-
ports, one describing the development and f abrica tion of MRBT f uel simula-
tors (heaters) and the other discussing MRBT thermome try techniques and
errors, have been draf ted.,

A review of MRBT, JAERI, and REBEKA bundle flow restriction data as

well as conments and sugges tions for resolving recent FLECHT SEASET thermo-.

couple and f uel pin simula tor failures was presented to the FLECHT SEASET

Program Management Group Meeting in Pittsburgh, Pennsylvania, on July 25.
There appears to be rather good agreement be tween MRBT and REBEKA test re-

sults, considering the differences in tes t objectives and conditions. On
the other hand, MRBT and JAERI results are somewha t less in agreemen t, al-
though test conditions appear to be comparable. To inves tiga te the lack
of good agreemen t, we procured five fuel pin simula tors, conforming to the
JAERI design specifica tions for characteriza tion and evalua tion.

The simulators have been inf rared (IR) scanned and radiographed over
the - full length; one simula tor was partially disassembled for additional
s tudy. Burs t tes ts will be conduc ted with the other four simula tors.
Since the electrical and thermal characteristics of the fuel simula tors
(internal heaters) are quite different from the characteristics of our
simula tors, evalua tion of the transient hea ting performance is not a tr iv-
tal ma tter. ' For _ the same reasons, modifica tions .to the single-rod test

,

facility will be necessary to perform burst tes ts under conditions compa-
rable ~ to those used in the JAERI bundle tes ts. For comparison purposes,,

we. plan to| test and evaluate our fuel pin simulators (we normally scan
only the fuel simulator for characteriza tion) under canparable conditions. '

-
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2.2 Single-Rod Test Results

R. H. Chapman

a

2.2.1 Introduction

In the past, our single-rod testa have been conducted in a test *

configuration (Fig. 2.1) in which the temperature of the flow shroud our-
.

rounding the fuel pin: simulator remained essentially at ambient conditions

(~340*C). This arrangement most likely causes significant heat loss from,

|

| the test simulator and enhances the circumferential temperature gradients

| therein. As a result, deformation. observed in tests conducted in this
,

| assembly is probably less than that expected in a fuel rod surrounded by ,

others at about the same temperature. The results of our 4 x 4 bundle

| tests, in which the deformation was significantly greater than that ob-
,

!

| served in our single-rod tests (in this test configuration) at comparable

test conditions, imply this to be the case. ,

To investigate this implication, we recently modified (af ter test SR-
46) our single-rod test facility to incorporate a separate power supply

and an integrated control system for heating the shroud surrounding the

simulator. The modifications, which were described in detail in the pre-

vious report,6 also included a new test configuration (Fig. 2.2). (This
configuration was first used in test SR-47, and it will be used in all

subsequent' tests.)

During this report period we condunted a series of scoping tests to

investigate the ef fect of shroud temperature on cladding deformation.

Fighteen tests were conducted,15 with and 3 without shroud heating, under

temperature 'and pressure conditions typified by the transients shown in

Fig. 2.3. .These conditions were selected to facilitate comparison with

an earlier unheated shroud test series 5 in which the effect of simulator

heating rate was investigated.

Four different fuel simulators (internal heaters) were used in the
tests. Three of these. (MNL-009, MNL-046, and MNL-085) were selected from

6the lot fabricated-recently at Oak Ridge National Laboratory (ORNL),
,

using BN preform technology.'- The other simulator (SEMCO 2828031) was used,

in the earlier test series and was selected for the current series to

,

er - e
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permit direct comparison of heated and unheated shroud test results without

consideration of fuel simulator characteristics. Based on the pretest

IR characterization scans (Fig. J.4), the ORNL-fabricated simulators se-
*

1ected for this test series were of slightly better quality (i.e., more

uniform heat generation, than the one used in the previous scoping series.
.

The fuel pin simulator design and test instrumentation were not
changed. In other words, we continue to spot weld twelve 0.25-mm-diam
bare-wire, type S (Pt vs Pt + Rh) thermocouples to the outside of the Zir-
caloy tube to obtain axial and circumferential temperature gradients. The
lower eight thermocouples are averaged and used by the rod power control-
1er to maintain the specified temperature as a function of time. Six

thermocouples (of the same type) are attached (two diametrically apart at
elevations of 20, 38, and 50 cm f rom start of heated zone) to the outside
surface of the shroud. These are averaged and used by the shroud powere

controller to maintain the specified temperature as a function of time.

Table 2.1 gives pertinent characteristics of the tests conducted dur-*

ing this re;,rting period. As the table shows, a wide range of conditions

were employed to assess the effect of a number of important parameters.

Preliminary evaluation of the data revealed that several of the tests are

invalid, and this is indicated under the " Remarks" column. Some were in-

validated on the basis that the failure was caused by the presence of a

thermocouple and hence was premature. Others were invalidated on the

basis that the power in the fuel simulator decreased during the time de-

formation wen occurring to levels well below decay heat power in nuclear

fuel rods. This situation occurred with the isothermal creep tests and

resulted from the fact that the heated shroud virtually eliminated heat

losses from the fuel pf1 simulator. This aspect will be discuased in

greater detail below.

Table 2.2 tabulates pertinent results from the tests. As is our cus-

tom, we have presented both the valid and invalid results, since much can

be learned from the invalid tests. Howevec, any use of those data deter-,

mined to be invalid should be considered carefully; otherwise, misleading

or incorrect conclusions may result., .

The tests and results will be discussed in the following subsections

according to the heating rate used.



Table 2.1. Test conditions for evaluating the ef fect of shroud hea:Ing

Heating rate
II""I*I'' II"**'Test Fuel simulator (K/s) Inlet steam

No. identification Po r at1ng "'**N'Reynolds No._)Simulator Shroud

SR-4 7 SDeCD-031 10 10 3.3 735 TE caused premature burst, invalid test

$3-48 MNL-085 10 0 5.5 735 Shroud unheated to compare ORNL and
SDtCO f uel simulators

SR-49 MNL-046 5 5 1.8 715 Compare with unheated shroud results of
SR-55

SR-50 MNL-009 10 to 3.* 760 a + # phase test

SR-51 SEMCD-031 0 0 0.002" 755 Cra p test, 10 K/s to hold temperature,
TE caused premature burst, invalid
test

SR'-52 MNL-085 10 l') 3.4 745 Compare with SR-48 with unheated shroud
and same f uel simulator

SR-53 MNL-046 0 0 C.3 115 Creep test, 10 K/s to hold temperature,
shroud 60*C less than simulator

SR-54 SEMCD-031 10 0 4.3 775 Ghroud unheated to compare with SR-41 03
with same f uel simulator

SR-55 MNL-046 5 0 3.5 150 Compare with heated shroud results
of SR-49

aSR-56 SDtCO-031 0 0 0.005 7*5 Creep test, 10 K/s to hold temperature.
TE caused premature f ailure, invalid
test

SR-57 MNL-046 0 0 '). 00 5 810 Creep test, 10 K/s to hold temperature,
invalid test

aSR-58 5Dt00-031 0 0 0.Oul 725 Creep test, 10 K/s to hold temperature,
f 11ure at TE, invalid test

SR-60 MNL-009 28 28 10.0 750 a + o phase test

SR-61 SDt7eO 31 28 28 9. 5 720 Compares heated shroud with unheated
shroud results with same simulator

SR-62 MNL-009 28 28 10.5 74 5 o + e phase test

SR-63 S DtCO-031 0 0 0.3 5025 Creep test, 10 K/s to hold temperature,
increased convective cooling

SR-64 MNL-046 5 5 2.1 4040 Increased convective cooling compared
with SR-49

SR-65 MNL-046 5 5 1.7 330 Decreased convective coolins compared
with SR-49

aDuring isothermal hold time.

. . . . . .
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Table 2.2. Summary of preliminary results of single-rod tests in steam

FPS Initial conditions 8urst conditions Time from " ** **8, g Burst* 8** #*"*#~ * change (2)
simulator pressure b strain

No. volumeP Temperature Pressure Pressure Te mpe ra t ure TE position relative to burst
3 IkP*) (kPa) (*C) t> tube burst (s) II}TE No."** (cm ) (*C) (hPa) Volume Isagt h

SR-47 SEMCOH)31 51.0 335 II,460 11,875 9,750 786 203 4.5 cm below, 180* around 43.10 65.1 46.9 -3.7
SR-48 MNL-085 50.5 343 10,520 11,000 9,800 770 206 14.0 cm above, 135' around 42.00 27.1 23.0 -1.3
SR-49 MNL-046 51.2 341 9,565 9,895 7,635 783 206 9.0 cm above 25* around 86.10 95.4 65.7 -4.9
SR-50 MNL-009 51.0 350 5,315 5.580 4.590 897 208 6.0 cm above, 150* around 56.70 55.9 40.3 +0.4
SR-58 SEMCCH)31 51.0 338 8,085 8,365 6,950 810 206 At burst. 0* around 54.08 90.9 44.8 -3.1
SR-52 MNL-085 51.3 352 18,505 11,970 9,910 761 203 10.3 cm below, 135* around 40.90 48.7 37.3 -2.4
SR-53 MNL-046 50.8 327 6,610 6,900 5,835 762 207 24.5 cm above, 90* around 116.55 83.2 37.6 -2.6
SR-54 SEMCo-031 51.7 347 10,700 11,105 9,800 754 211 11.5 cm above,135' around 41.70 27.4 25.1 -1.4 e
SR-55 MNL-o46 51.3 356 8,855 9,195 8,0:0 790 210 7.0 cm below 30* around 82.85 22.4 27.6 -1.2
SR-56 SEMCD-031 51.1 334 6,630 6,930 5,405 787 210 At burst, 8* around 80.95 67.0 30.6 -3.3
SR-57 MIL-046 $1.5 328 6.105 6,420 4,985 779 211 5.5 cm above 60* around 114.25 109.8 46.4 -1.6
SR-58 SEMCD-031 51.3 347 5,%5 6,250 5,030 787 203 At burst. 0* around 174.68 137.0 42.5 -2.5
SR-60 MNL-009 50.3 349 7,815 8,215 7,145 879 204 1.7 cm below. 30* around 18.55 24.2 29.8 -1.5
SR-61 SEMco-031 51.5 333 15,855 16,570 14,295 762 203 0.5 cm above,17* a round 14.60 31.4 26.9 -1.1
SR-62 MNL-009 51.9 349 4,390 4.665 4.195 937 207 6.5 cm above, 4 5' around 22.40 30.8 25.0 +0.3
SR-63 SEMCD-038 51.7 346 5,980 6,285 5,670 760 206 At burst, 10* around 160.6 98.9 19.7 -1,3

SR-64 MNL-046 50.4 343 9,595 10,020 8,490 766 205 5.5 cm above 5* around 83.95 109.9 34.3 -2.3

SR-65 MNL-046 49.9 333 11.275 11,750 9,010 748 211 9.7 cm below, 80* around 83.20 74.4 55.3 -4.0

#Fuel pin almulator volume measured at room temperaturel includes pressure t ransducer and connecting tube.
bMaximum measured by any thermocouple at time of buratt thermoccuple nisaber and location Indicati.sg burst are listed.

_ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _
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2.2.2 28 K/s tests

.Three tests (SR-60, SR-61, and SR-62) were conducted with both the
shroud and the fuel pin simulator. heated at a rate of 28 K/s. Initial .

pressures were adjusted to cause failures at 762*C (SR-61), 879'c (SR-60),

and 937'c (SR-62). The fuel simulator used in SR-61 was the same as em- .

ployed in SR-37, which was part of the unheated shroud scoping series.5
The burst temperatures in the two tests were nearly identical. Pertinent

test conditions and results are given in Tables 2.1 and 2.2.

Figure 2.5 shows the pressure and temperature data of SR-60 for the
instrumented cross section very near the burst location. The burst tem-

perature (879'C) was obtained from TE-204, whose trace is included in the
plot. As the. figure shows, .significant circumferential temperature gradi-

ents developed during the deformation phase of the test because of rela-
'

tively fast heating in the high alpha temperature range. The temperaturc

perturbation in the first few seconds of the test reflects action of the
.

controller.

Figure 2.6 shows the eight-thermocouple rod average temperature,
which is used through a feedback loop to control the rod power supply;
the six-thermocouple shroud average temperature; the fuel simulator lin-
ear power rating; and the simulator internal pressure (channels 62, 63,
64, and 55, respectively). The rod and shroud average temperatures were
rather cloro during deformation. The power required at the start of the
transient was relatively large, but the average during the deformation

; phase was about 10 kW/m.
l

Figure 2.7 shows the axial distribution of the posttest circumferen-
tial elongation in SR-60; the burst strain was 24%. ~.he pretest IR char-

acterization scan of the fuel simulator is shown for reference purposes,

| and the planes of the thermocouples are indicated on'the scan. Figure 2.8

-shows two views of_the burst. The locations of thermocouples TE-203 and
TE-204, whose traces are plotted in Fig. 2.5, are indicated. Thermo-

! couples TE-205 and TE-206, not evident in the photographs, were located a

diametrically opposite TE-203 and TE-204, respectively.
Test SR-61 was conducted to compare the results of a beated shroud *

test with those of an unheated shroud test (SR-37) using.the same inter-
nal fuel simulator. An earlier attempt to perform the SR-61 test was

|

.

._



_ _ _ _ _ _ __ . _

11
,i

~

aborted because.'of an equipment malfunction. 6uring the aborted attempt,

f . the temperature . reached a value of ~525*C before the power was t'erminated.

The pressure was maintained on the- simulator for ~15 min during cooldown
' '' from Lthis ' temperature level. The Zircaloy tube suffered no appare:it dam-

age.. and the test was conducted at a later time without modifications to
'

*
the test specimen. .

Based on past experience with this particular simulator, thermocou-
- ples (four equally spaced around the tube at each of three axial loca-

.

tions)-were attached in regions of most interest. Figure 2.9 shows the

- pr assure and temperature traces for the four thermocouples located on the
plane near the burst. The burst temperature was obtained from TE-203,
whose trace is included in the figure. The axial distribution of circum-

t Terential elongation is plotted in Fig. 2.10; the burst strain was 31%.

i The: pretest IR characterization scan of the fuel simulator and the axial,- .

; 1-eations of thermocouples are also included in the figure. Photographs

| .- of the burst are shown in Fig. 2.11, with the remains of the thermocouples

i at the lower two instrumented elevations. The four temperature traces

plotted-in Fig. 2.9 are for the thermocouples nearest the burst location.

! The initial pressure in the third test in this series (SR-62) was ad-

justed to cause -failure in the alpha plus-beta two phase temperature re-

gion. Figure 2.12 shows internal pressure and temperatures from the four.

thermocouples, equally spaced -around the tube, located nearest the burst.

a,
The burst temperature (937*C) was obtained from TE-207, whose trace is in-
cluded in the figure. The deformation profile, the pretest IR character-

.
ization scan of the fuel simulator, and the axial locations of the thermo-

!

couples are shown in Fig. 2.13. The burst strain was 31%.

j These three tests, all with heated shrouds, burst with approximately

| the same strain,.even'though there was a span of about 175'C in their

burst temperatures. The burst strains were in close agreement, although
- a few percent (<10%) higher,' with unheated shroud test results.5

' 2.2.3 10 K/s tests

Five tests were conducted in this series; in three of these (SR-47,> :=

SR-50, and SR-52), the shroud was heated at the same rate as the fuel pin,

<

.
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simulator, and in the other two (SR-48 and SR-54), the shroud was not

' heated. Test conditions and results are summarized in Tables 2.1 and 2.2.
Test SR-47 was the first test conducted af ter the facility was modi-

*

fled to permit heating of the shroud at the same rate as the fuel pin sim-

ulator. Test conditions were selected to approximate those used in the

and in SR-41 from the previous series of scoping tests.5
*

12B-3 bundle test

The fuel simulator used in SR-41 was also employed in SR-47. The thermo-

couples were located in regions of interest based on our previous experi-
ence and the pretest IR characterization scan of this particular simulator.

Although this test has been judged to be invalid (see Table 2.1) be-

cause of premature failure at one of the thermocouples, many useful re-

sults were obtained. Since we believe our understanding is increased by

eve ry test, the results of this one are included.

Figure 2.14 depicts pressure, rod and shroud average temperatures, .

and fuel simulator power (channels 55, 62, 63, and 64, respectively) dur-
ing the test. The average linear power. rating during the test was about -

3.3 kW/m.

Figures 2.15 and 2.16 show amperatures measured at the two instru-

mented planes in the region of greatat deformation. One thermocouple at

each plane was inoperative (TE-265 and TE-209 at the 19 and 24-cm eleva-
tions, respectively); these traces are omitted from the plots. Both fig-

| ures show very small circumferential gradients throughout the test, with a

small gradient developing in the last 3 s. Figure 2.17 shows temperatures

! measured at each of the three instrumented planes. The burst tempe rature
(786*C) was indicated by one of the thermocouples (TE-203) at the 19-cm

elevation. This temperature was about 10*C higher than those measured at
the 24-cm elevation, as Fig. 2.17 shows.

;The axial profile of the circumferential elongation is plotted in

Fig. 2.18, together with the pretest IR characterization scan and the ax- !

ial locations of the thermocouples. The burst occurred between the wires

of TE-209 (Fig. 2.19), which was inoperative throughout the test, and as
,

Fig. 2.18 shows, at a position slightly higher in elevation than the two
'

strain peaks (78%) in the profile. The strain at the burst was only 65%;
,

because (1) this value was le s than the maximum, (2) the failure oc- |
curred between the two thermocouple wires, and (3) this was the highest

|

|

|

. _ _ - _ _ - _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ - _ _ - _ _ _ _ _ _ _ _ . _ -- ._ _ _ _ _ _ _ _ ______ _ l



_ , -

-

~. ,

13

temperature zone, we'mayLconclude that.the burst was initiated by a defect

introduced by the thermocouple spot welds. . Even though the failure was
premature,' the ' pressure trace (Fig. 2.17). indicates failure was imminent;

* thus, it: was : premature by an^ extremely short time interval. The maximum-
.

and burst strains were consistent with the upper range of strains observed
* in -the B-3' bundle,12 which the conditions of this test were supposed to

approximate.

The SR-48 fuel simulator came from the lot produced at ORNL,6 and
initial conditions for the test were selected to approximate those in

tests SR-41 and SR-42 with SEMCO fuel simulators to facilitate comparison

of simulator quality. Consistent with~this goal, the shroud was unheated

in SR-48. Figure 2.20 depicts the rod and shroud average temperatures,

the simulator pressure, and linear power (channels 62, 63, 55, and 64,
respectively) during the test. As the figure shows, the power required.

to maintain the specified heating rate increased to compensate for heat

losses as 'the- temperature increased until it averaged about 5 kW/m during.

the deformation phase. As a result of the high heat losses, large cir-

cumferential temperature gradients developed during this partion of the

transient (Fig. 2.21). The burst temperature (770*C) was indicated by
TE-206,:whose trace is included in-the plot.

The axial profile of the circumferential elongation is plotted in

Fig. 2.22, together with the pretest IR characterization scan of the fuel

simulator and the axial locations of the thermocouples. The burst strain

(27%) was essentially the same as observed in the unheated shroud tests
(SR-41 and SR-42) conducted earlier 5 with the same heating rate. However,
the strain was considerably less than- in SR-47, which was conducted. at
the same heating rate but with the shroud heated. As would be expected,

the ef fects of an unheated shroud are to increase the simulator power

(and thus the temperature gradients) and to decrease the burst strain.

The third test (SR-50) in the 10 K/s heating rate. category was con-
ducted with' the shroud heated atithe same rate as the fuel pin simulutor.

Initial conditions were selected . to cause failure -in the alpha plus-beta

temperature range. Figures-2.23 and 2.24, respectively, indicate axial
_,

' and circumferential temperature gradients during the test. The former

shows temperatures measured at the 21- and 55-cm elevations, and the

-

. . . .
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latter shows temperatures measured around the tube at the 37-cm elevation;

the fourth thermocouple (TE-210) at' this elevation was inoperative during
the test. The burst temperature (897'C) was obtained from TE-208 in this

*

group of thermocouples. -

The axial profile of the circumferential elongation is - plotted in

| Fig. 2.25, together with the pretest IR characterization scan and the ax-

ial locations of the thermocouples. The deformation profile - shows the ef-

! feet of a local instability developing and producing rather large strains

in a region of fairly uniform temperature as inferred f rom the IR scan and

the measured temperatures. The burst strain (56%) was consistent with
.

SR-47 (with a heated shroud) and thus was considerably greater than that
of the unheated shroud tests.

Test SR-52 was conducted with a heated shroud using the fuel simula-

| tor f rom SR-48. Comparison of these two tests shows the effect of shroud .

heating with a very uniform fuel simulator.6 Initial conditions selected
12were essentially the same as used in the B-3 test so that the comparison -

! could be extended to include- the strain results of that test.
I

Figure 2.26 depicts the simulator pressure, rod and shroud average
|

| temperatures, and fuel simulator and shroud power requirements (channels
| 55, 62, 63, 64, and 65, respectively) during the test. The plot shows

that fuel simulator power remained f airly constant (at 3.4 kW/m) through-
out the test, while shroud power increased more or less linearly to com-

pensate for its electrical characteristics and heat losses to the steam

| and surroundings.

| Figure 2.27 depicts temperatures measured at the 21-cm elevation. As
the previous heated shroud tests demonstrated, circumferential gradients

were very . small throughout the transient. The burst temperature (761*C),
obtained f rom one of the thermocouples (TE-203) at this elevation, was in
good agreement with B-3 results.12

The axial profile of the circumferential elongation is plotted in

; Fig. 2.28, together with the pretest IR characterization scan and axial
,

locations of the thermocouples. The burst strain (49%) was considerably
' greater than that observed in an unheated shroud test (SR-48) with the .

sars' fuel simulator.. The burst strain was consistent with the lower range

of strains observed in the B-3 test.

.- - .- . -
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Test SR-54 was conducted to compare results from the modified test'

-facility (Fig.'2.2):with those obtained in the previous test configuration

using the' same fuel simulator (Fig. 2.1). By comparison with SR-47, which
* ' usedithe- same fuel simulator, the effects of shroud heating could be eluci-

dated-further. Initial conditions for SR-54 were essentially the same:as
*

! those in SR-41 (Ref. 5).
Based on' experience and -the pretest IR characterization scan, the

thermocouples were located at axial positions at .which the failure might

be expected. Temperature data obtained at two of these locations are

I shown in Figs. 2.29 Mnd 2.30. We define the burst temperature as the

maximum measured value (of those considered to be reliable) at the time
~

of failure without regard to the location of the thermocouple relative,

to the burst. Normally, this definition presents no difficulty since the

thermocouple traces ,usually exhibit. clear evidence of malfunctions that. .

occur during the transient. This' test was one of the rare cases in which

problems occur. The trace of TE-207 (Fig. 2.29) shows very unusual be-.

havior near the end of the. transient and is considerably higher than the
1

other temperatures plotted in the two figures. The appearance of the ox-
ide on the tube surface at the instrumented elevations indicated that the

- temperature variation was not nearly as large as the.TE-207 dats would,

suggest. Furthermore, the temperature indicated by TE-207 iat the time of.
failure is 40 to 50*C higher than would be expected from the burst pres-
sure. For these reasons we concluded that TE-207 provided unreliable data,

during the last 7 s of the transient, and it should not be used to define
! ' the burst temperature. Instead, TE-211 data were used to define the burst

temperature (754*c). This value is in very good. agreement-with all the

.

other data from this test and agrees well with the temperature predicted
by our correlation for the observed burst pressure.

j The axial profile of the circumferential elongation is plotted in
Fig. 2.31, together'with the pretest IR characterization scan of the fuel-4

- simulator and axial locations of the'thermocouples. The burst strain,

(27%) was the same as that observed in SR-41 under similar test conditions-
. .. with the same fuel simulator, although the burst location was different.5

The strain was considerably less~than that in SR-47 with the same simula-
tor:and a heated shroud.

.

=> ,..m ,..,3 -- . ,-- -g-



16

2.2.4 5 K/s tests

Four tests were performed in this group; in three of these (SR-49,
SR-64, and SR-65) the shroud was heated and the shroud was unheated in .

SR-55. Also, as noted in Table 2.1, tt.e steam flow in SR-64 was a factor

of ~5.7 greater than that normally used, while in SR-65 the flow was .

about half the normal value. Other test conditions and pertinent results

are compared in Tables 2.1 and 2.2.

The fuel simulator selected for SR-49 came from the lot produced at

ORNL and had a very flat axial heat generation profile as judged from the

pretest IR characterization scan (Fig. 2.32); the figure also shows the

pretest location of the thermocouples and the axial profile of the circum-

ferential elongation.

Figures 2.33 through 2.35 show the temperatures measured at the three
.

Instrumented elevations. As would be expected from the axial heat genera-
tion profile, the presence of a heated shroud, and the use of a low heat-

,

ing rate, very small circumferential temperature gradients developed.
Figure 2.36 shows the axial temperature distribution as measured by the
thermocouples located at the 45* azimuthal position at each elevation.
The small gradient along the tube accounts for the steep strain gradient
(Fig. 2.32) in this region. The burst temperature (783*C) was indicated
by TE-206, whose trace is plotted in Figs. 2.33 and 2.36.

The abnormal behavior of TE-203, shown in Fig. 2.33, had an unusual
ef fect on the rod average temperature and simulator power. Figure 2.37

shows a slight increase in rod average temperature (channel 62) occurring
at the time of the step increase in TE-203 as a result of the automatic

averaging circuit in the power controller. Before the step increase,

TE-203 was outside the limits for inclusion in the average, but the step
increase was suf ficient to permit it to be included, increasing the aver-

age by 2 to 3*C. This slight increase in average temperature was sensed
by the controller and resulted in a sudden decrease in simulator power
(channel 64). Simultaneously, the shroud controller sensed that the '

shroud average temperature (channel 63) was slightly less than that of the
'rod and suddenly increased shroud power (channel 65) to compensate for the

difference. This is a good example of the ability of the integrated



. . . .

f

-

'17

control system to sense and correct small differences in programmed tem-
perature: transients.

Pho tographs of the burs t are shown in Fig. 2.38; the remains of the
, ,

- thermocouples, whose traces are plotted in Fig. 2.33, are evident. These

, .
appear approxima tely a t the 21.7-cm eleva tion. The dif ference in this po-
sition and that plotted in Fig. 2.32 is due to axial shrinkage of the tube
. (4.9%) during deforma tion. The slight depression in the deformation pro-
file at about 22.5 cm (Fig. 2.32) uight seem to be attributed to a cooling
ef tvet of the . thermocouples, but careful s tudy of the photographs in Figs.

I 2.38 and 2.39 shows the strain depression to be ups tream (colder steam)

side of the the rmocouples. If the fin effect of the thermocouples had

caused-local cooling of the tube, the s train depression would have been
located at the actual location of the thermocouples; the photographs show+

clearly that this is not the case. Ins tead , the slight depression is at-*

tributed to the small depression in the axial heat generation as evidenced
* by the pre tes t IR characterization scan in Fig. 2.32. Again, axial shrink-

age of the tube during. deforma tion caused the shif t of the scan relative
to the posttest deformation profile evident in this region of the figure.

Photographs of the tube over a greater portion of the heated length
(Fig. 2.39) illus tra te the "carro t-type" deformation discussed by Hindle

and Mann.13 l4s

' Tes t SR-55 was performed with an unheated shroud with s team condi-

tions essentially the same as in SR-49. Also, the same fuel simulator was

used in the two tes ts to facilitate comparison of the ef fect of shroud

heating on deformation with a simula tor having a very uniform axial heat

generation profile.

The thermocouple arrangement was altered in this tes t to obtain addi-

tional information on the axial temperature profile. Figure 2.40 shows

the axial locations of the the rmocouples, toge ther with the pre tes t IR

characterization scan of the fuel simulator and the axial distribution of

the circumferential elongation. Temperatures measured at the instrumented.

cross section at the 24-cm elevation are plotted in Fig. 2.41. They show

the behavior typical of tests performed in the high alpha temperature*

range. -The burst temperature (790*C) was obtained from TE-210, whose

trace is included in the plot. Figure 2.42 depicts temperatures measured

4

g -, w - v



18

at the same circumferential position at three axial locations (see Fig.
2.40). The relatively uniform axial temperature distribution is con-
sistent with the more or less uniform deformation profile.

Test SR-64 was assembled with the same fuel simula tor as used in SR-
49 and tested with a heated shroud. The Reynolds number of the steam at

.

the s tart of the SR-64 heated zone was a fac tor of about 5.7 grea ter than
that in SR-49, giving rise to increased convective heat losses along the
length of the f uel pin simula tor. As might be expec ted, this had a sig-
nificant effect on the axial distribution of both the tempera ture and de-
fo rma tion.

The thermocouple arrangement in SR-64, the same as in SR-55, is shown
in F ig. 2. 4 3, together with the pre tes t IR characteriza tion scan of the

fuel simula tor and the axial distribution of the circumferential elonga-
tion. The deformation was highly localized near the exit end of the '

s team, Ierlocting the influence of convec tive cooling along the tube
length. In addition, deformation in the vicinity of the burst was fairly *

symme trical abou t the axis of the tube (Fig. 2 44), indica ting a very uni-
form temperature ' dis tribution around the tube. Average s train as deduced

f rom the volume increase of the hea ted leng th .able 2.2) was modes t.
This is borne ou t by the temperatures meas. >at the 12-cm elevation

as depicted in Fig. 2.45. The burs t temperature (766*C) was measu ed by
TE-205 a t this location. The angular position of this thermocouils was
almos t in line with the burs t (Fig. 2.44). Tempera tures measured a t the

next highes t eleva tion, plotted in Fig. 2.46, show essentially t' e same
behavior 'as observed a t the lowes t eleva tion. The maximum tempe a ture
measured (by TE-209 at the same relative angular position as TE '05) a t
this cross section at the time of burs t was only 0.6*C less than tha t mea-
sured by TE-205. Tempera tures measured by the upper four thermoc )uples,

plotted in Fig. 2.47, show significant cooling of the tube by the in-
creased steam flow. The tempera ture measured a t the time of burs t by TE-
211 was only 3.9*C less than that measured by TE-205, indicating nearly

.

uniform temperature distribution over the lower portion of the rod.
As Fig. 2.48 shows, the increased steam flow also affected the axial

.

temperature distribution of the shroud significantly for thermocouples
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located:at~the-20- (TE-305),-38- (TE-303), and 56-cm (TE-301) elevations

(all at the same' relative azimuthal'pos'ition).-
Further_ evidence of the increased steam flow is shown by the signifi-

' *
cantly greater simulator, and shroud power requirements (channels 64 and
65, respectively) as given in Fig. 2.49 compared with those plotted for
SR-49 in Fig. 2.37.

Test SR-65 was assembled with the same' fuel simulator as used in
SR-64 and performed with~a heated shroud. The effect of convective cool-

ing was further investigated by reducing the steam flow to approximately
half that normally used. The thermocouples were arranged in the same pat-

. tern as used in SR-64. Since the steam flow in these two tests differr
by a factor of about 12, reporting the same t'ype of data for the two tests
will facilitate comparison.

The axial distribution of the circumferential elongation is plotted.

'

in Fig. 2.50, together with_ the' pretest IR characterization scan of the
;_ _+ ' fuel simulator and the. axial locations of the thermocouples. The average

,
strain in SR-65 was greater (as inferred from the volume increase over the

-heated length tabulated in Table 2.2) than in SR-64,.although the burst
i strain was significantly less. Moreover, comparison of the two strain

profiles shows that the deformation was distributed more uniformly in,

SR-64,-indicating more uniform temperatures.
This is borne out by the measured temperatures. Figure 2.51 shows

' that very small temperature differences (maximum difference of 6.7'C at

time of burst) cxisted-at the 12-cm elevation; the maximum temperature at
this instrumented. location was 740*C (from TE-205). Temperatures measured+

at the 24-cm elevation are . plotted in Fig. 2.52. The maximum difference
measured at this location at the time of burst was 11.2*C, with the maxi-.

| mum t'emperature being 744'C (from TE-209). Temperatures measured along
j the upper portion of the tube are plotted in Fig. -2.53. The burst temper--

ature (748'C) wasLindicated by TE-211, while the temperature at the upper-
j ,. most. thermocouple _ was 725'C. A comparison of these temperature plots with
i- .the ' corresponding ones for SR-64 shows smaller temperature variations in
L. the low' steam flow test (SR-65).
I-
~

As e pected, the shroud ~ axial temperature distribution was also
-more uniform'in this test'(Fig.-2.54). Another consequence of reduced

i
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convective cooling is a reduct' ion in the power required to maintain the
programmed heating rate, as shown in Fig. ' 2.55, which also shows the rod
and ehroud average temperatures and the simulator pressure.

*

As mentioned previously, SR-49, SR-64, and SR-65 were tested at dif-
'

ferent steam flow rates, using the same fuel simulator, to determine the
'

effect of this parameter on axial distribution of . temperature and deforma-
tion. The temperature distributions are plotted in Fig. 2.56 with time as
a parameter; the uppermost group of curves are plotted for the respective
burst times.- The maximum measured temperature was selected for each of

,

those elevations having multiple thermocouples, that is, at elevations of
24, 38, and 48 cm in SR-49 and at elevations of 12 and 24 cm in SR-64 and

~

SR-65.

As expected, the temperature distribution remained relatively flat
throughout the transient for the lowest convective cooling case, and very .

small azimuthal temperature gradients were measured (Figs. 2.51 and 2.52).
|Also, the deformation profile (Fig. 2.50) is consistent with a uniform ax- .

ial temperature profile. 4

Although. the Reynolds number (upstream of t;he heated zone) in SR-49
was about a factor of 2 greater than that of SR-65 and a factor of about !

5.7 less than that of SR-64, the measured axial temperature distributions i
1

(over the instrumented portions) in SR-49 and SR-64 were very similar and j

were strongly skewed, as would be expected for increased convective cool-
ing conditions. The power requirements (Table 2.1) were also higher, and
larger azimuthal temperature gradients (particularly in SR-64 as shown in
Fig. 2.46) were-observed. Also, the shroud axial temperature distribution
was more strongly skewed for the two higher-flow-rate tests (compare Figs.

2.48 and 2.54). Deformation in the two higher-flow-rate tests was highly

localized in the high-temperature regions (Figs. '.32 and 2.43), and
greater burst strains resulted.

The results of these tests show a strong influence of convective |

|

cooling on temperature distribution and thus on det,rmation. They alsot

,

'

reconfirm earlier' observations that deformation is strongly dependent on

small temperature differences. ,

|.
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2.2.5 Isothermal creep-rupture tests (~0 K/s heating rate)

In a previous series of tests 5 conducted with an unheated shroud,
deformation observed under essentially isothermal heating conditions was

,

not significantly different from that observed at heating rates of 5,10,

and 28 K/s. Subsequent tests have now shown that the presence of a heated
,

shroud reduces the simulator power required to maintain a specified heat-

ing rate and improves temperature uniformity in the tube surrounding the

fuel simulator; as a result, greater deformation is observed. During this

reporting period, six isothermal creep-rupture tests (SR-51, SR-53, SR-56,
SR-57, SR-58, and SR-63) were conducted with a heated shroud. One of the

fuel simulators used in the previous series was used in four of these

tests to permit direct comparison with the earlier results. The other

two tests were conducted with one of the more uniform simulators produced

in ORNL facilities; this permits comparison of results on the basis of*

uniformity of axial heat generation.
*

This series of tests aas conducted by ramping the fuel simulator and

shroud from the initial temperature to the hold temperature at a rate of

10 K/s. (Tests 5 in the previous series were ramped 13 K/s.) When the

specified test temperature was attained, the power levels were reduced,
via actions of the integrated temperature control system, to maintain the

desired temperature at a constant value. The initial pressure was ad-
justed to a value expected to cause failure af ter 50 to 150 s of isother-

mal creep, that is, in the range of the previous tests.5 Tables 2.1 and
2.2 summarize test conditions and pertinent results.

The first test (SR-51) in this group was assembled with a fuel simu-

lator from the previous series. Four thermocouples (equally spaced around
the tube) were located at axial elevations of 19, 24, and 63.6 cm. The

two lower elevations were at pronounced peaks in the pretest IR charac-

terization scan of the fuel simulator where earlier tests had failed. As
anticipated, deformation was large and highly localized in this region

-(Fig. 2.57). Photographs of the burst (Fig. 2.58) show that failure oc-.

curred between the two thermocouple wires of TE-206.

i Although the initial pressure suggested that failure would occur

af ter 50 to 150 s of isothermal heating, the plots of rod (channel 62)

I
.

|
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and shroud '(channel 63)f average temperatures (Fig. 2.59) show that the
tube failed af ter about 9 e of near isothermal conditions. This observa-

tion, together with the fact that- the failure occurred between the wires
*

of TE-206, leads us to conclude that the failure initiated at a defect

introduced by spot welding one of the thermocouple wires.
'

Electrical power to the fuel simulator decreased from ~3.3 kW/m dur-
ing the ramp to about 2 W/m during the "near-isothermal" hold time as
shown by channel 64 in the figure. The heated shroud essentially elimi-

nated heat ' losses from the simulator, aad in ef fect the test was much the

same as if it had been conducted in a furnace. This absence of heat gen-

eration within the fuel pin simulator permitted the cladding temperature

to equilibrate and become very uniform. Since lineac power ratings in the

range required in this test (~2 W/m) to maintain the cladding tempera-
-ture constant are much below the decay heat level of interest, we conclude *

this test to be invalid for use in describing deformation limits under

simulated accident conditions. *

Although we consider this test to be invalid for certain applica-

tions, the temperature data may be of considerable interest for develop-

ment of deformation models. Figures 2.60 through 2.62 show the tempera-

tures measured at the 19 , 24 , and 68.6 tm elevations, respectively. As

the plots show, small circumferential gradients existed at each level,

consistent with the test conditions. The burst-temperature (510'C) was

indicated by TE-206, which was directly on the burst (Fig. 2.58). Tio

thermocouples at each of the two lower instrumented elevations showed

rapidly increasing temperatures near the time of burst. The presence of

" noise-spikes" in.the data from the lowest elevation (Fig. 2.60) made it

difficult to separate real temperature increases from extraneous electri-

cal noise. This was circumvented by exposition of the data on greatly ex-

panded time and temperature scales. For example, TE-206 and TE-210, which

were located at the same relative azimuthal position, are plotted in Fig.

2.63 on expanded scales covering about the last 10 s of the heating tran- ,

sient. The thennocouples showed similar behavior and nearly identical

temperatures during most of this time period, except for obvious erratic ,

behavior of TE-206 in the time interval of ~49.3 to ~51.8 s. The plot

does not show clearly whether the rapid increase over the 0.5-s period

, , _ . - -
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preceding the burst is real. Figure 2.64 shows the data from the lowest

instrueented section as actually recorded (at 5-ms intervals) by the

computer controlled data acquisition system for a 0.5-s interval around
* the time of burst. The plot shows that TE-203, TE-204, and TE-206 were

stable up to the time of burst, with TE-206 indicating a value of 810*C at
*

the time of burst as indicated by the change in slope of the pressure

curve, and that the noise spikes occurred 20 ms later. A nega tive noise

spike is evident on TE-205 53.9 s af ter power-on. The noise spikes show

exponential decay (or buildup) to stable readings immediately af ter the

s p ike s .

Test SR-53 was assembled with one of the simulators fabricated at
ORNL and tested to determine deformation under creep conditions with a

simula tor having a reasonably uniform axial heat genera tion profile.- The

test was marked by unusual disturbances in the thermocouple circuitry and,

by inadvertent shroud tempera ture controller se ttings. As a result of

this error, the shroud power supply was programmed for constant power un-.

til its average temperature became 60*C less than the average rod tempera-
ture, af ter which the power supply was automatically controlled to main-

tain this dif ference.

Figure 2.65 shows the rod average temperature (channel 62) throughout
the transient and the chroud average tempera ture (channel 63) during tha t

portion of the tes t in which the shroud average was within the automa tic

power control range, that is, 60*C less than the rod average. The shroud
average departed from the automatic control range af ter about 10 s of

heatin8 and came back in at about 70 s and remained in range for the re-

mainder of the test. The figure also depicts the simula tor pressure and

the fuel simula tor power. Operation with the shroud 60*C less than the
rod caused significant heat losses from . : rod. As a result, the fuel

simula tor power during the cons tant tempera ture portion of the test was

about 0.3 kW/m, considerably greater than necessary to maintain constant
temperature conditions in SR-51 (Fig. 2.59).

,

The simulator power required to compensate for heat losses was ap-

parently sufficient to cause circumferential temperature gradients to, .,

increase throughout the test (Figs. 2.66 through 2.68). The burst tem-
,

perature (762*C) was indicated by TE-207, whose trace is included in
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Fig. 2.67. The effect of improper shroud power controller action is re-

flected by comparison of the temperatures plotted in Fig. 2.69.

Defornition in SR-53 was highly localized as shown by the plot in
*

Fig. 2.70. The figure also shows the pre tes t IR characteriza tion scan of ,

the f uel s imula tor and the axial loca tions of the thermocouples. Although
*

mode ra te temperature gradients existed at the ins trumen ted eleva tions, the
magnitude of the strain at the burs. elevation suggests that very small

gradients existed in this region.

Test SR-56 was assembled with one of the fuel simulators used in the
5p*evious series of low-heating-rate tests to investigate the effect of

shroud heating on deformation while minimizing the influence of the simu-

lator. As with many of our previous tests, 12 external bare-wire thermo-

couples (four equally spaced around the tube at each of three axial loca-
tions) were attached at positions of interest as shown on the pretest IR ,

characterization scan of the fuel simulator (Fig. 2.71). The axir' dis-

tribution of the circumferential elongation is also plotted in the figure, . ,

with the burst location being noted slightly to the right of the lower

strain peak.

Although the initial pressure was adjusted to cause failure after

50 to 150 s of creep at constant temperature, the failure occurred about

36 s after these conditions were realized. The premature failure was

caused by a defect introduced by attaching a thermocouple. A photograph

of the burst is shown in Fig. 2.72, with thermocouple identifications.

Also evident is a potential defect adjacent to TE-206. Such defects are

more serious in large deformation tests since the ratio of defected wall

thickness to total wall thickness is much greater; consequently, the rela-

tive tube strength is reduced during the latter stages of deformation.

The heated shroud was effective in reducing the fuel pin simulator

losses during the period of constant temperature operation. As a result,

the automatic controller reduced the fuel simulator power to only about

5 W/m, much below the range of interest for simulating decay heat levels
,

in a LOCA. This condition was conducive to equilibration of the tempera-

ture distribution and enhancement of deformation. Figure 2.73 is a plot
.

of the temperatures measured at the burst elevation during the test. The

burst temperature (787'C) was indicated by TE-210, the thermocouple which
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L o theLbur'st and'whose trace is plotted in the fig-t
~

.was located adjacent

ure.. _ Thermocouple TE-209 was inoperative during the test, as shown by its -
trace in the figure.--The maximum temperature difference measured at this

.

'' elevation at _ the time of failure was 10.1*C. Similarly, maximum dif fer-

ences of 8.1 and 4.3*C were measured at the 19- and 69-cm elevations, re-
..

spectively. Figure- 2.74 shows temperatures measured at each of the three
instrumented sections. - The temperature at the highest elevation decreased
slightly as the test progressed because of the cooling effect of the in-
coming steam (at_-the top of the. heated zone) with essentially zero power
in the fuel simulctor during the constant temperature portion of the test.

Test SR-57 was assembled with one of the fuel simulators fabricated
at ORNL, having a very uniform axial heat generation profile to investi-
gate the effect of this parameter with a heated shroud. Thermocouples
were attached to provide azimuthal and axial temperatures at locations in-.

dicated on the pretest-IR characterization scan of the fuel simulatcr in

Fig. 2.75. The figure also shows that deformation in the test was large*

and highly localized, suggesting very uniform temperaturce over the lower
portion of the tube.

Figure 2.76 shows ve v small azimuthal gradients at the 24-cm eleva-
tion during the 45-s ramp and the ~70 s of constant temperature 9peration.

Similar information was obtained at the 12-cm elevation. Temperature. cea-

sured at the four upper instrumented locations are shown in Fig. 2.77. As

the figure shows, axial gradients developed during the test and became
pronounced during the time creep was occurring. As with most of the other
heated. shroud creep tests, the fuel simulator power required to maintain
constant temperature at the control thermocouples was extremely low (~5
W/m) during this phase. As a result, the incoming steam cooled the upper
portion of the tube but had negligible effect on the lower portion, as

shown in _the axial temperature distributions plotted in Fig. 2.78. In
"

particular, the three curves at the top of the figure show how the dis-~

tribution became extremely skewed during the time creep was taking place.
The burst temperature (779'C), which was obtained-from TE-211, and burst

|
location are noted on the distribution existing at the time of burst.

,-

Since:SR-56 failed: prematurely, SR-58 was assembled with the saue

,

fuel simulator and tested under conditions approximating those used in

- . . .. . .
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SR-56. The test was marked by several unusual occurrences of particular

interest.

Thermocouples were located at the same relative positions as in SR-
*

56, namely four thermocouples equally spaced around the tube at three ax-

ial locations as indicated on the pretest IR characterization scan of the
*

fuel simulator in Fig. 2.79. The figure also shows extreme localization

of the strain centered about the lower instrumented section. The burst

strain (137%) was the greatest we have observed in any of our tests. As

with SR-56, the failure occurred at one of the thermocouples, as shown

in Fig. 2.80. In fact, two failures occurred simultaneously, as shown

more clearly in Fig. 2.81. Comments noted earlier about the depth of the

thermocouple weld affected zone relative to total wall thickness are even

more appropriate in this large deformation test. Assuming constant cross-

sectional area, the calculated wall thickness for 137% strain is only .

0.250 mm, which can be compared with the original nominal thickness of

0.635 mm. Even though the deformation was large, presumably it would have .

been larger if the thermocouple spot welds had not initiated the failure.

Figures 2.80 and 2.81 show the thermocouples located at the position of
maximum deformation, and there is no evidence that their presence caused
localized cooling of the tube. If this were true, local flat spots should

be visible in the profiles of the very symmetrically ballooned regions.

Temperatures measured at this axial position were very uniform and in-

creased near the end of the test.

Malfunctioning of a component at the interface between the automatic

controller and the shroud power supply caused the unusual behavior illus-

trated in Fig. 2.82, which depicts the rod and shroud average temperatures

and simulator pressure (channels 62, 63, and 55, respectively), as well as
steam inlet and outlet temperatures (TE-102 and TE-103, respectively). As

the plot shows, the shroud average temperature cycled above and below the

rod average during the ~135 s of near-constant temperature operation. The

steam outlet temperature also cycled with the shroud average but about 7
,

to 8 s out of phase. Fuel simulator (channels 58 and 59) and shroud
(channels 60 and 61) power parameters, plotted in Fig. 2.83, show the cy-

,

clic behavior with the shroud power lagging slightly behind the simulater
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' power. . Near-constant power operation was achieved during the last 20 to
22 s of the test, with the sim11ator power being less than about 2 W/m.

Figure 2.84 shows the temperatures measured on the shroud during the
*

test. These thermocouples (0.25 mm diam, type S, bare wire) were welded
on the outside surface of the 0.79-mm-thick Inconel shroud at the 20 ,

.

38 , and 56-cm' elevations (TE-306, TE-304, and TE-302, respectively); all
were at an azimuthal position of 300*. The figure shows negligible axial

temperature gradients throughout the test and almost constant temperature

during the last 20 to 22 s.

Temperatures measured around the tube at burst elevation, plotted in

Fig. 2.85, show very small (2 to 3*C) azimuthal gradients during most of
the test. However, gradients developed during the last 2 to 3 s are shown

more clearly by Fig. 2.86, an expanded-scale plot of the data for about

5 s preceding.the failure. Locations of the thermocouples f om which the.

data were obtained are noted in the figure. The burst occurred at one of

the wires of TE-203 (Fig. 2.80). This particular thermocouple and the*-

others to a lesser extent indicated a significant temperature increase,

even though the simulator power was only 1 to 2 W/m during this time.
Temperatures measured on the cutside surfece of the ohmic-heated

shroud are shown in the figure for comparison. Heat losses from the out-

side of the shroud (see Fig. 2.2 for physical arrangement) and the method
of heating probably caused a small radial gradient in the shroud, and the
temperature on the inside surface was somewhat higher than plotted in the
figure..

Temperatures measured along the tube (see Fig. 2.79 for elevations)
at the 30* azimuthal position are plotted in Fig. 2.87. The behavior of

TE-210 is of particular interest in that it does not show an increase dur-

ing the last few seconds, even though it was located just 5 cm directly,

above TE-206. Also, azimuthal gradients at the elevation of TE-210 were

very small (2 to 3*C) throughout the test. Since the temperature of the

shroud at_this elevation wan essentially the same as measured at the burst, ,

elevation, these observations appear to eliminate heat transfer from the
g shroud as being responsible for the significant increase indicated by the.

simulator tv ..rmocouples. The very symmetrical (and large) ballooning and
the increase observed on all four thermocouples at the burst elevation

, - - .
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also seem to cast doubt that the increase was caused by texture effects

usually observed in high alpha temperature tests. The time range over

which the increase occurred appears too long for rapid deformation effects
*

on the tube. and/or thermocouples to be che cause.

Test SR-63 was assembled with the fuel simulator from SR-58 and tested
.

with the same conditions except for increased convective cooling, as in-

dicated in Tables 7.1 and 2.2. The flow was about a factor of 7 greater,

(inlet Reynolds number of 5025 vs 725). The thermocouples were located

to obtain both axial and azimuthal temperature gradients, since it was

anticipated that strong gradients would be introduced by the better con-
vective cooling. Locations of the thermocouples are indicated on the pre-

test IR charact2rization scan of the fuel simulator in Fig. 2.88. The

figure also shows that the deformation was highly localized at the lower
end of the heated zone. A photograph of the burst is shown in Fig. 2.89 -

with the remains of some of tha thermocouples in place.

Figure 2.90 depicts the rod (channel 62) and shroud (channel 63) av- *

erage temperatures and the rod (channel 64) and shroud (channit 65) power
levels. The rod average temperature was the average of the eight thermo-
couples at the lower two instrumented locations. This average and the

shroud average remained constant for about 98 s during which creep occur-

red. The power levels also remained constant during this period. Evi-

dently the increased convective cooling was sufficient to require a power

level of about 0.3 kW/m in the fuel simulator. The steam inlet (TE-iO2)
and outlet (TE-103) temperatures are compared with the rod and shroud av-

erages in Fig. 2.91. The outlet steam increased slightly during the con-

stant temperature portion of the test.

Figure 2.92 depicts the temperatures measured at the burst elevation.

The burst temperature (760*C) was indicated by TE-206, which was located
adjacent to the burst (Fig. 2.89). Temperatures measured by the four up-

per thermocouples are plotted in Fig. 2.93. The figure shows development

of a strong axial temperature gradient as the test progressed. This is
,

shown perhaps somewhat better in Fig. 2.94. As this plot shows, the cool-

ing effect of the steam concentrated the high-temperature zone near the ,
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'

exit end, resulting in highly localized deformation (Fig. 2.88). De fo rma-

tion in this test was considerably less than in SR-58, presumably the re-E

sult of the more pronounced temperature gradients.
*

t

2.3 overview of Single-Rod Tests
.

RR. H. Chapman

The. previous section discussed 18 tests performed under a variety of

conditions to investigate the effects of heating rate, convective cooling,

shroud heating, and uniformity of fuel simulator axial heat generation.

All the tests were conducted in the new test facility (Fig. 2.2), which
includes ' separate power supplies for independent heating of the shroud and
fuel pin simulator. An integrated control system provides automatic con-

trol of the power supplies to maintain programmed temperature histories*

during the test. Pertinent test conditions and results are summarized in

Tables 2.1 and 2.2. Some of the tests were performed with one of the two*-

fuel simulators used in an earlier series 5 of tests conducted in the pre-

vious test facility (Fig. 2.1) without shroud heating. Since the test fa-

cility did not have automatic control capability at that time, those tests

were conducted under essentially constant power conditions. As a result,

heating rate varied, depending on losses during the tests. Comparison of

5the results reported herein with those reported for the previous series

,
c;n provide considerable insight to the deformation behavior under a range

of test conditions.

As noted in Table 2.1 and in the previous discussion of the tests,

a number of the -tests are considered invalid for establishing deformation

j- limits that might be anticipated in reactor accidents. Some of the tests

were invalidated because of premature failures resulting from defects in-

i troduced in spot welding' thermocouples to the tubes. Others, primarily
' the 'isothermaliereep-rupture tests, were invalidated because the fuel simu-

.lator power during deformation (essentially' rero) was- considerably below
,,

that due to decay' heat in the time frame of interest in a LOCA.

As might be expected, one effect of shroud heating is to reduce the,

{ fuelLsimulator power required to maintain a specified cladding heating
1

.

+=
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rate. 'This is'sh'own in Fig. 2.95, which compares power requirements at
700*C for heated ?and unheated shroud tests. For-all practical purposes,

- the heated shroud curve. represents the power input required to increase
*

- the cladding temperature at a given rate in the-absence of external losses

.and is independent (except for simulator physical property changes) of-
*

temperature level.- Since the . losses are dependent on cladding tempera-
,

ture, the unheated shroud curve is one of a family of curves; this particu-

lar one is for 700*C, representing the power -input required to increase
simulator stored energy.and to compensate for losses as a' function of
heating rate. The difference between the two curves represents the power

required'.to compensate for external losses, and for the range of condi-

tions covered in our single-rod tests, this is equivalent to about 1.3

kW/m when the cladding is at 700*C. A calculated zero-loss performance

| curve for a TMI-2 fuel-rod is shown for comparison with experimental re- .

|
suits for the fuel pin simulator used in our tests.

! These data show that a major portion of the input power is required .

1'
'

to increase the stored energy of the test assembly at the highest heating

rate used in these tests. As the heating rate is decreased, the fraction

of the input: power' required for increasing the stored energy is decreased,

and the fraction that appears as losses is increased. In the limit, for

isothermal transients, all the power goes to' losses and none to increas-

ing the stored energy. This explains'why in all except'two of the heated

shroud isothermal creep-rupture tests, the input power required to compen-
i sate for fuel pin simulator _ losses was.in the range of 1 to 5 W/m. The

two exceptions involved unusual test conditions, one case (SR-63) with
increased convective cooling and very large axial temperature gradients
and one case (SR-53)-in which the. shroud was-60*C less than the fuel pin
simulat'or.''

!

,.
. At one time it was thought that short-term (50- to 200-s) isothermal-

:

creep-rupture tests might be a convenient limiting case for the simulation

of . reactor accident conditions. However, based on the previous discus-
,

Jsion, this no longer. appears to be a valid test condition, and we do not
plan to conduct further. tests of this nature. Instead, we will adopt a ,

heating rate.of l~K/s as a convenient lower limit for test purposes.

=
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Another important comparison is shown;in Fig. 2.95, and that is how
well power requirements in single-rod heated shroud tests agree with aver-
age bundle power levels determined under comparable conditions in the

* three 4 x 4 bundle. tests. Based on the good agreement evident in the
figure, we conclude that single-rod heated shroud tests do model losses

* and thus induce temperature gradients representative of individual rods
in 4 x 4 bundles.

The tests performed during the reporting period also provided an op-
portunity to compare strain results from heated shroud tests with those
from bundle tests and burst temperatures with predicted values obtained
from the correlation 8 developed from unheated shroud tests. In heated

shroud tests, the temperature is more uniform, and there is an increased

probability that the highest measured tempera ture is nearer the true burs t

tempera ture. Therefore, the experimental results will be higher than.

those predic ted f rom the correla tion. Figure 2.96 compares the results

for each heating rate with a f amily of curves (for 0, 5,10, and 28 K/sa

heating ra tes) calculated f rom the correla tion. All the da ta from the

6previous series and this series (including the invalid tests) are plotted

in the graphs. Figure 2.96(a), for the 0 K/s tests, shows consistent re-

sults, except for SR-51, be tween the heated and unheated shroud tests.

Figure 2.96(b), for the 5 K/s tests, exhibits the best agreement be tween
unhea ted and hea ted shroud tests,. although all the heated shroud results

are underpredic ted by 10 to 15'C. Figure 2.96(c), for the 10 K/s tests,

indicates fair agreement for the burst pressures in the range of 9600 to

10,000 kPa. The one heated shroud test result at 4590 kPa burst pressure
was underpredicted by about 45'C. Figure 2.96(d), for the 28 K/s tests,

indicates tha t the correla tion underpredicts the heated shroud results by

30 to 35 *c a t temperatures above 850*C. This may indicate the need to

base the correla tion on hea ted shroud da ta to Laprove its predictive capa-

bili ty.

Figure 2.97 compares the burs t strain for the same da ta se ts with the,

. da ta2 band obtained for unheated shroud tests a t 28 K/s. The figures show
that another effect of shroud heating is to increase the burst strain over.

that obtained in unhea ted shroud tests, with the greatest increase being

!

|
:

!
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i observed for the lowest heating rates. Very little increase was observed

.in the 28 K/s tes ts. -
One goal. of . this tes t series was to _ compare deforma tion in single-rod

*hea ted' shroud tests with. tha t observed in bundle tests. - F igure 2.98, f rom
i

the previous progress repor t, shows - the B-1 and . B-3 bundle resul ts (B-2
. .,

was essentially . the same as B-1) in rela tionship to single-rod unhea ted'

,
shroud test da ta. Comparison of Fig. 2.97(c) with this figure shows tha t

t
' the single-rod hea ted shroud ~ tes t results are abou t midrange of the B-3

/ bundle. - Similarly, Fig. 2.97(d)1shows tha t the single-rod hea ted shroud
'

results tend to be in 'the lower range of the B-1 values.

Burst strain data are widely reported and used in assessing the ef-

fee t of ~deforma tion on thermal-hydraulic performance, although it is a
highly localized parame ter. Average strain along the tube may be more

important than burst strain in determining the flow resistance in a de- *

formed bundle. Consequently, we routinely report the percentage volume
- *increase of the tube over the heated length. . This parameter can be used

to calculate an average strain value or, perhaps, to generate bundle i

blockage using statistical techniques. Figure 2.99 compares this param-

eter for the two' data sets with the data band derived from 28 K/s un-
| heated shroud tests. Figure 2.100, also from the previous progress re-
t port,-shows the relationship of this parameter for the three bundle tests

to single-rod unheated shroud results. Comparison of Fig. 2.99(c) with

this figure shows that single-rod heated shroud results are in agreement,

~ with the' lower range of the B-3 data. A similar conclusion is evident

by comparing Fig. 2.99(d) with the B-1 and B-2 results.

Plotting data in this manner tends to deemphasize highly localized
deformation and reorders the data in some instances. However, the con-
clusion remains the same; that is,.a heated shroud improves temperature

. uniformity and' results in greater deformation than observed in unheated

shroud tests, with the effect being more pronounced at the lowest heating
rates. The effect was not particularly important in the 28 K/s tests.

.

- Based on the results of this test series with a heated shroud, which
produced deformation data consistent with- the ranges observed in the three .

4. x- 4 bundle ' tests, we conclude that single rods tested in this way are

.

-------.$.----_ --___..-.....N--_ - . -
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subjected to temperature conditions representative of those in multirod
While burst and average (i.e., volume increase) strains are rep-arrays.

resentative of rods in bundles, the potentially important effect of rod-
to-rod interaction on deformation is omitted. Thermal-hydraulic condi-.

tions, such as convective cooling, play a major role in the axial distri-
s

bution of deformation, and appropriate test conditions should be employed
We believeto produce reasonably uniform axial temperature distributions.

that single-rod heated shroud tests are desirable and appropriate for
studying the ef fects of various parameters on deformation behavior.

This test series also showed that isothermal creep-rupture tests with
a heated shroud can produce misleading results. The heated shroud essen-

tially eliminated losses from the fuel pin simulator under the conditions
tested and resulted in essentially zero power in the fuel simulator during
de fo rmation. Such conditions are not representative of decay heat levels*

in the time frame of interest in LOCAs, and we do not plan further tests
under these conditions. We will instead adopt a heating rate of 1 K/s as*

the lower limit of interest in our test program.

2.4 Additional Bundle B-3 Results

D. O. Hobson*

Enlarged (~5x) photographs of the B-3 cross sections were examined in
the same manner as reported earlier for the B-1 and B-2 bundles to de-6

termine the variations in the direction of maximum tube wall thinning in

each of the sections. The directions were identified and correlated ac-
cording to the view sectors and nomenclature described by Figs. 2.19
through 2.21 of Ref. 6. Figure 2.101 shows the percentages of the total
observations occurring in each of the eight sectors.

Briefly, 58% of the thinned areas of the type I rods (corner posi-
tions) were in the two sectors (1 and 3) facing the nearest neighbors,
that is, the type II (side) rods. The side rods, in turn, thinned pre-.

dominantly toward the four type III (center) rods with ~30% of the thinned
.

* Metals and Ceramics Division.
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areas facing sector 3, fthe next nearest neighbor in the inner array. ' The
~

center rods (type III) thinned preferentially.toward the outer ring of
rods (types I.and II).' Very few (~5%) of the thinned areas faced neigh-

.

boring inner rod 'powitions (sectors 4_and 6). These observations compare

well wihh the burst directions in-the B-3 test.
.

2.5 Digital Simulation of Bundle Tests

M. D. White L. J. Ott

Since MRBT' experimental data have shown that both steam flow rate and
bundle heating rate have an:effect on the axial location of simulator

bursts, a transient digital simulator was developed to facilitate estab-
~11shment of steam conditions.for future bun'le tests. The digital simu-d

lator consists of a thermal-hydraulic computer program that models a fuel *

pin simula tor in the various types of coolant channels present in a bundle
tes t. The model was shown to closely approximate observed behavior in the *

, previous bundle tes ts. Following this verifica tion, the model was used to
genera te a number of typical _ operating curves that can be used in the

f u ture to aid selection of appropriate test conditions.

;

.

6

.
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3. DEVELOPMENT AND PROCUREMENT

3.1 Infrared Scanning Evaluation of Fuel

Simulators and Fuel Pin Staulators,

R. W. McCulloch S. D. Snyder
J. L. Crowley A. W. Longest*

3.1.1 Summary

*Significant temperature profile analyses of fuel simulators and
fuel pin simulators were completed during this reporting period. The

last 34 Zr0 -coated fuel simulators for bundle B-5 were given 10-s IR2

characterization scans for quality ranking, and the determination was
made that the Zr0 e ating process significantly influenced the tran-2

sient surface temperature as indicated by the IR scans. All four quad-,

rants of two Zr0 -coated simulataea were IR-scanned at various ramp2

rates to establish additional basel*.ne information on their performance.

prior to their assembly into fuel pin simulators for bundle B-5. An un-
coated fuel simulator (MNL-085) used in several recent single-rod tests,
was given 10-s transient scans on all four quadrants as a s rface uni-
formity check. The circumferential transient temperature uniformity was
determined to be excellent for fuel simulators fabricated in the fuel
pin simulators development laboratory. Two fuel pin simulators, one
containing an uncoated fuel simulator and one containing a Zr0 -coated2

fuel simulator, were given a series of tests to determine surface tran-
sient temperature profile uniformity. In addition, fuel pin simulators
manufactured by the TOSHIBA Corporation (Tokyo, Japan) were received and

*To avoid misconceptions and confusion, we use the following ter-
minology in our reports. By " fuel simulator," often abbreviated as FS
(or FSs if more than one), we mean a long, slender, rod-type device that
uses electrical energy to simulate the heating produced in a stack of
nuclear fuel pellets. By " fuel pin simulator," often abbreviated as FPS*
or FPSs, we mean a composite' assembly that consists of "Zircaloy fuel
cladding" and a " fuel simulator." Thus, in the MRBT, " fuel pin simula-
tors" are distinctively different (more inclusive) from " fuel simula-*

tors," whereas in other programs they are identical. Frequent use will
be made of the term " simulator" without descriptive modifiers; in these
situations the context will make clear which modifier is implied.
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a

given nondestructive analysis.- These simulators were ordered to the same
specifications as those used by JAERI in cladding deformation studies,,

~

which are very similar to those'of the MRBT Program at ORNL. One of the
' five was. then destructively analyzed to obtain additional information, and *
f

a meeting was held with a TOSHIBA' Corporation. representative regarding the
*

, two simulator designs being tested in the two countries.
1

1 3.1.2 IR scan ~ evaluation of Zr02 coated fuel simulators
.for bundle B-5

During this report period, the last 34 of the group of 75 fuel simu-i-

lators prepared for possible use in B-5 were given the normal first quad-:
:

rant 10-s IR characterization scan after being Zr02 plasma sprayed. Most
j. of the fuel simulator IR scans before and af ter coating were reasonably

comparable in quality; but about one-third showed cyclic, step, or other
,

; significant changes in the axial profile af ter being coated. The profile

abnormalities resulted from variables in the plasma-spraying process.,

.

! Most of the simulators having these profile abnormalities were stripped
4

of the nonuniform coating and 'recoated in an attempt to correct the de-
.

fects; subsequent scans indicated that most der ats were corrected. Fig-

ure 3.1 compares 10-s transient IR scans (all at ~480*C) of fuel simula-

tor MNL-036 (1) in noncoated condition, (2) with a defective coating, and
(3) after stripping and recoating.

Two of the Zr0 -coated fuel simulators for B-5, MNL-026, and MNL-0642

were IR-scanned at several different ramp rates and in four quadrants at
the normal 40 K/s ramp rate (10-s IR scan). The four quadrant scans of,

; these two fuel simulators indicated that there were no significant dif-
ferences in the axial temperature profiles for the four quadrants and,

that the coating was reasonably uniform circumferentially.

3.1.3 Eval.ations of circumferential temperature uniformity
,
.

Uncoated simulator MNL-085 was given 10-s' transient IR scans on each
,

I of the four quadrants.' Figure 3.2 campares the four profiles and shows
:that the.circumferential nonuniformity is insignificant. Even minor .

axial profile variations appear the same in all four quadrants. The

1

< -H-- , - - ~ ~ , w- , y e- ,
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sheath circumferential temperature variations indicated by the four scans

were within about 2*C. This difference is most likely due to variations

in supply voltage, starting temperature, and contact resistance from scan

to scan, not actual simulator variations.a

3.1.4 Evaluation of fuel pin simulators containing.

coated and uncoated fuel simulators

Fuel pin simulator SR-55 (containing uncoated f uel simulator MNL-046)
and fuel pin simulator SR-59 (containing Zr0 -c ted fuel simulator MNL-

2

043) were given 10-s transient IR scans at 40 K/s ramp rates in four quad-
rants as well as 10 and 5 K/s scans in the first quadrant and two 35-s

scans at 10 K/s with 30- and 105-s steady-state " hold" periods at the end

of the transient. No significant dif ferences in temperature profiles were

noted between fuel pin simulators with coated fuel simulators and those
#

with uncoated fuel simulators. However, the circumferential temperature

uniformity of both fuel pin simulators was very poor compared with that of

the fuel simulators. A maximum circumferential variation of ~26*C between
the second and third quadrants can be determined from Fig. 3.3, which com-

pares temperatore profiles of fuel pin simulator SR-59 in the four quad-

rants. Axial variations from quadrant to quadrant are also pronounced.

These data suggest that the fuel simulator is not centered within the Zir-

caloy clad of the fuel pin simulator. Although tolerances are small (on
the order of 0.13 mm), the circumferential gap variations are thought to

be the cause of the profile distortion. Although the fuel simulator might

tend to stay centered better if the fuel pin simulator were tested in a

vertical position, scanning equipment limitations permit scanning in only

a horizontal position.

A comparison of the scans of SR-59 at the different ramp rates showed

that a transient ramp rute of 40 K/s gave a total axial temperature pro-

file variation of 23*C at 419'C average cladding temperature (5.5%). A

10 K/s ramp produced an 11*C (2.6%) temperature profile variation, and the
5 K/s ramp rate scan produced variations of only about 7"C (1.7%). Axiale

variations were reduced to 6*C (1.4%) when 30- to 105-s steady-state " hold
periods" were included at the end of the transient.*
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~A comparison of_the scans of fuel pin simulator SR-55 at the dif-
! ferent ramp rates is ab?sn in Fig. 3.4. Similar IR scans or fuel simu-

lator MNL-046, which' was used in fuel pin simulator SR-55, are shown in
Fig. 3.5. The expected smoothing out of the axial pr ofile variations *

with decreasing power level is evident in both figures. A power of
about 0.7 kW/m was required to maintain the " hold" temperature on both *

| the fuel pin simulator and the fuel simulator. Figure 3.4 shows that the
heating rate of 40 K/s (power ~15.5 kW/m) on this typical fuel pin simu-
lator for single-rod testing gave a total first quadrant axial tempera-

1

ture profile variation (over most of the heated zone length) of ~15'C,
the heating rate of 10 K/s (power ~3.5 kW/m) produced ~8'C temperature
profile variation, and the 5 K/s heating rate (power ~1.9 kW/m) produced
~6*C temperature profile variation. Axial variations were reduced to ~5*C

| when 30 and 105-s " hold periods" were included at the end of the 10 K/s
; ,

; transient. The power level of ~0.7 kW/m required for these " hold periods"
<

| with the fuel pin sim"1 4 tor in a horizontal position in air is consider-
.

! ably greater than the power required in some of our recent 760*C creep-
rupture tests employing a heated shroud (see Sect. 2.2). Thus , tempera-
ture profile variations do not depend on heating rate alone but rather on
the particular combination of power level and heat losses (to coolant and
surroundings) producing the heating rate. Other factors affecting tem-
perature profile variations include, of course, the uniformity of the
initial temperature distribution, uniformity of heat losses, and effectst

of the cladding deformation process on heat transfer.

| 3.1.5 Evaluation of JAERI fuel pin simulators

Five fuel pin simulators were received from a Japanese manufacturer
. for evaluation. These simulators' were ordered from the same supplier
(TOSHIBA Corporation) and to the .same specifications as those used by;

JAERI in their cladding deformation studies. Evaluation included IR scan-
ning, radiographic analysis, electrical tests, and dissection of one of

! .

( the five fuel pin simulators.

! All five simulators were canned under a variety of conditionso -

| similar to those used for scanning S?-55 and SR-59. In addition, one
..

, , . _ .-. _ ,_
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was scanned at 10 and 5 K/s in three quadrants (outer thermocouple attach-
ments to the clad prohibited scanning for the fourth quadrant).

Figures 3.6 through 3.11 summarize the scanning results, typical of
9

all five simulators. Figure 3.6(a) was intended to be a 1-s transient
to a temperature level of ~80*C, using the same power level as that em-
ployed on ORNL fuel pin simulator transient IR scans. However, the design
of the Japanese simulator was such that a 2- to 4-s lag occurred from the
time of application of power to the start of the temperature transient.
This characteristic precluded achieving results comparable to those of
the normal 1-s transient scan. The procedure was modified to include a

steady-state scan at ~65'C [ Fig. 3.6(b)] as the starting point to produce
a level of ~80*C in the 1-s transient shown in Fig. 3.6(c). This resulted
in a tr;nsient that could be qualitatively compared with the ORNL 1-s

* treasient scans.

Figure 3.6(d) shows the 1-s transient obtained by heating the Zirca-
' loy tube instead of the internal fuel simu1~ator. It indicaces a signifi-

cant degree of contact variation between the Zircaloy cladding and the in-

side pellets. Dissection of a fuel pin simulator revealed that Al 02 3 pel-
lets were used to contain six equally spaced 0.6-mm-diam W-3% Re wires

which ran parallel to the axis with a radial gap of ~0.06 mm between the
pellets and the clad ID. The large difference in surface area between
the heat generating W-Re wires and the Zircaloy cladding, combined with
the gas gaps between the wires and pellets and between the pellets and
cladding, resulted in the observed time lag in the transient tests. The
relatively larga axial temperature variations, especially pronounced at
the heating rate of 40 K/s, are thought to be caused by nonuniform gas
gaps between the pellets and the cladding. As in the case of the ORNL
fuel pin simulators the scanning was done with the simulators in a hori-
zontal position.

Figures 3.7 through 3.9 show 40, 10, and 5 K/s transient IR scans,
respectively. The axial temperature variations were ~60*C (15%) for the, ,

40 K/s scan but reduced to 30 and 12'c (6 ano 3%) for the 10 and 5 K/s
ramps, respectively. The axial variations remained at about this level.

for the transient plus steady-state tests shown in Figs. 3.10 and 3.11.

|
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A comparison of the ORNL and Japanese fuel pin simulator transient

performance indicates that at the higher ramp rates (40 and 10 K/s) the
CRNL fuel pin simulator profile is much more unifor=. 1:owcVer, at the

s

lower ramp rates (5 and 10 K/s followed by steady state), the difference
is much less. Since many JAERI bundle tests are conducted at these icrar

,

ramp rates, the two designs appear to be qualitatively equivalent, with

the ORNL units being somewhat more uniform.

One significant dif ference in the two fuel pin simulator designs is

that the W-3% Re heating wire of the TOSHIBA simulator has a much higher

(and positive) temperature coef ficient of resistance than the Kanthal A-1
used in the ORNL simulator. Because of this, a hot spot would tend to

cause an increase in local heat generation (a 50*C increase in element
temperature results in a 2% increase in local heat generation at ~1000*C

heating element temperature). This effect might be important under cer- *

tain test conditions, such as perhaps in a test where initial temperatures

are not axially uniform. *

Mr. C. Hiruta, a representative of TOSH 1BA Corporation, discussed

both the Japanese and ORNL designs with ORNL on September 17, 1979. He

was very helpful in answering questions regarding the Japanese fuel pin
simula' ,r, and he noted that the simulators we evaluated were the third
generation design. The design was the responsibility of Dr. Kawasaki of

JAERI. Fabrication was developed jointly by Dr. Kawasaki and TOSHIBA
engineers. The division of TOSHIBA Corporation responsible for produc-
tion of the simulators is primarily a metals fabrication facility that

manufactures W-Re wire but does not normally fabricate fuel pin simula-
tors. Their ef fort on the fuel pin simulator was closely coordinated

with Dr. Kawasaki, with most of the development under the guidance of his

staff.

3.1.6 Destructive examination of a TOSHIBA fuel pin simulator

Typical assembled and partially disassembled TOSHIBA fuel pin simula- '

tors are shown in Fig. 3.12. Figure 3.13 shows enlarged views of a clad-

ding thermocouple holder, with and without a thermocouple installed. A *

relatively large separation distance between the thermocouple junction and
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the cladding is present in this design. An enlarged view of the lower

end of the fuel pin c'.mulator is shown in Fig. 3.14, in which two ceramic

seals, a power lead, and a pressurization tube and valve can be seen. Ra-
* diographs revealed the presence of an ~10-cm-long metal-braid section on

the lower power lead inside the large-diameter section at the lef t in
*

Fig. 3.14, apparently to accommodate differential length changes between
the cladding and internal parts during a test.

One of the simulators, fuel pin simulator No. 334, is being destruc-

tively examined. This simulator was sectioned below the ceramic seal at

the top end, and the Zircaloy cladding tube was removed (af'.er its lower

end was cut) as shown in Fig. 3.12(b). The 85-cm-long heatad section cor-

responds to the discoloration zone that is visible on the cladding (pro-

duced during the IR-scanning in air to temperatures of ~500*C) in both

views of Fig. 3.12 and also, as shown in Fig. 3.12(b), to the length of,

longer A1 03 pellets in between the shorter Al 02 3 sleeves on the unheated2

o ends.

An enlarged view of the upper end of the heated section of a simula-

tor is shown in Fig. 3.15, where three of the shorter Al 03 sleeves have2

been removed. TLis view shows the six W-3% Re heating element wires where

they emerge from the holes in the top Al 02 3 pellet and attach to the upper
iron lead section. A similar design is used at the lower end of the

heated zone.

3.2 Thermocouple Procurement

W. A. Bird * J. H. Holladay*

Delivery was completed on the order for 300 Inconel-sheathed (0.71-mm-

OD) type K thermocouples for the B-5 fuel pin simulators. As reported in
the previous report, in-house fabrication from bulk material prevented
late delivery of the order from delaying the assembly of fuel pin simula-
tors. Receiving inspection revealed that 32 of the 300 thermocouples

e

failed to meet the room temperature insulation resistance requirements.
These were returned to the factory for repair.

,

* Instrumentation and Controls Division.
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Fig. 3.15. De ta il s of upper end construction of TOSHIBA f uel

simulator.
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4. DESIGN, FABRICATION, AND EQUIPMENT MODIFICATIONS

4.1 B-5 Fuel Pin Simulator Assembly *

J. L. Crowley A. W. Longest ,

Assembly of the 64 fuel pin simulators needed for the 8 x 8 bundle
B-5, which began in May 1979, is continuing satisfactorily toward the
scheduled completion date of February 1,1980. Approximately 90% of the
64 simulators were assembled as of December 31, 1979. As described in the
preceding progress report,8 the fuel pin simulator design, including the
fuel simulator (internal heater), is basically the same as for the previ-

ous 4 x 4 bundles; and essentially the same assembly techniques and pro-
cedures are being used. Detailed as-built data for each individual fuel *

pin simulator are being recorded and will be summarized and reported in a
*subsequent progress report when all of the fuel pin simulators have been

assembled.

Preparation of the fuel simulators for B-5, which was started in Jan-
uary 1979, was completed during this report period. Fuel simulator prep-

aration includes grooving to provide pathways for the fuel pin simulator
internal thermocouples, plasma spray coating of the heated zone with a
protective _ coating of Zr0 , and 10-s IR scanning to characterize transient2

axial heat generation distribution. As mentioned in the preceding prog-

ress report, a group of 75 fuel-simulators, all fabricated by the ORNL

Fuel Rod Simulator Technology Laboratory, were selected for preparation
and possible use in B-5 fuel pin simulators. The uniformity of the axial

heat generation distributions of these simulators (as indicated by tran-
sient IR scanning before preparation) was generally as good as or better
than the best ones used in the previous 4 x 4 bundle tests.

Review of the grooving inspection data showed that all but one of the
75 fuel simulators have grooves within dimenelonal tolerances er suffi- ,

ciently close to'the specified tolerances to be acceptable for use in B-5. j
Coating inspection data indicated all il coated fuel simulators to be ac- ,

ceptable. However, a comparison of 10-s IR scans obtained before and
af ter fuel- simulator preparation showed that the Zr02 coatings introduced

i

|

|

|
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additional variations in the scans (see Sect. 3.1). About one-third of

the B-5 group of coated fuel simulators showed changes in the IR scans
.that were greater than we judged to be acceptable based on results ob-.

tained immediately after checkout of the coating equipment. Those in this
9 - category were stripped of Zr02 and recoated (after checkout and adjustment

of the equipment) with reasonably good results. The final postpreparation

10-s IR scan variations are generally less than 12.5% of the mean value,
compared to pre-preparation variations of less than 12% of the mean value.
( A majority of the fuel simulators have pre-preparation 10-s IR scan vari-
ations of less than 11-1/2% of the mean value.) Additional information
obtained from the IR scan evaluation of the B-5 fuel simulators is given

in Sect. 3.1.

As preparation of the fuel simulators was completed, the ones judged
to be of the highest quality were assigned to the 64 positions in the bun-
die in much the sate manner as was done for the previous bundle tests. In

3-

general, those with the most uniform axial heat generation distributions,
as indicated by the 10-s IR charactecization scans, were assigned to the
innermost positions and the least uniform ones to the outermost posi-
tions.

4.2 Multirod Test Facility Expansion for B-5 Test

W. A. Bird * J. L. Crowley

The expansion effort was continued during this report period with the
actual installation work beginning in November. The expansion, to allow

testing of a 64-rod bundle, includes additional instrumentation to provide
a total capability of 300 thermocouple channels and 65 pressure channels.
Also included in the expansion is the capability of temperature controls
for both bundle and shroud ~(which has been dcscribed in previous re-

7ports ,8). Drafting was completed on F. i e drawings and 33 revised
' drawings.

New equipment received and beAug i , alled includes thermocouple ref-
* erence boxes and pressure transducers. Power 5 applies for the pressure

* Instrumentation and Controls Division.

a



,- .-. . , .. . . .

.

.

122
.

'

|

L -traneducers'have been ordered but not yet received. The manifold for
~

_ ressurizing and monitoring individual fuel pin simulator pressures dur-p

| ing the test-transient has been fabricated but not yet installed. The 4

facility expansion ~is etaected to be' complete by'mid-March.
> '

~ 4.' 3 Data Acquisition System and Software for B-5 Test

A. F.~ Johnson F. R. Gibson

Activity during this period consisted mainly of modifying data acqui-
.

sition system-(DAS)' software. This software upgrade was necessary so that
the Thermal-Hydraulic Test Facility (THTF), Instrument Development Loop
(IDL), and MRBT.could all use, where applicable, the same DAS software and

; hardware with minimal' conflict. 4

New MRBT data reduction programs are being written for the Computer
- Sciences Division's' IBM computers. These programs will.be written to ,

handle new upgraded DAS data formats and larger MRBT bundle sizes.

4.4 Single-Rod Test Facility Modifications

D. B. Lloyd J. L. Crowley
R. F. Haynes

Pperation of the single-rod test facility, described previously,
pointed to several areas where further improvements were possible. It

-was found that the ceramic-like material (Hykroy) used to fabricate the
~

thermocouple feed-through strip distorted when subjected to typical burst
temperatures. Macor, a machinable ceramic material, has been substituted

- and found to be acceptable. It is, by nature, more brittle than the

Mykroy,.but it is dimensionally. stable at our operating temperatures and,

f

| has not presented any problems-in either the assembly or disassembly of
the test equipment..

'A' heater was installed on'the flange of the test vessel to provide '
,

I a-more uniform temperature-for the beginning of the burst transient. The
~

'- upper = flange is in direct. contact with the support frame and thus -repre-
l

'

sents-a substantial heat sink,

i
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A support ring was attached to the top flange of the test assembly

to provide support for the thermocouple heads. Because the type S thermo-

couple wires, which are reused in the single-rod tests, are very fragile,
's

the support -ring is expected to prolong the life of the thermocouples.

The support with identified, thermocouple head locations also facilitates3
.the pretest checkout procedures.

s-.

4
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5. OPERATIONS

A. W. Longes t W. A. Bird *
D. B. Lloyd R. F. Haynes

t

An impor tant 'new' series of single-rod tes ts incorporating a heated
shroud was egun- during this report period. Earlier demons tra tion tes ts *

of the heated shroud . assembly, shroud portable power supply, and fuel pin
simula tor and shroud tempera ture controllers were described in the preced-
ing progress report.8 Those tes ts indicated good performance of the new
sys tems and implied' that the heated shroud assembly would permit single-
rod testing under thermal conditions closely matching those in a bundle;
with a .very similar thermal environment, tube deforma tion behavior should
approximate that in a bundle, with the exception of the possible influ-
ences of rod-to-rod interactions and radial res traint.

s

Eighteen fuel pin simulators were assembled and tes ted in the new

single-rod hea ted shroud assembly. For tes ts numbered SR-47 through
,

SR-62, a nominal s team flow ra te of 5.8 x 10-4 kg/s was maintained; this
flow rate and the resulting Reynolds number (~700) were approximately the
same as in the previous sequence of single-rod unheated shroud tests.

(This nominal flow rate is that referred to hereaf ter as " normal.") In
contrast, SR-63 was run with a steam flow rate nearly 7 times higher than
that for the preceding 15 tes ts, and consequently the Reynolds number was-
on the order of 5000. For SR-64, the f' <a rate was se t at an intermediate

value of about 5-1/2 times the normal value, resulting in a Reynolds num-
ber of abou t 4000. In addition to these two high-flow-ra te tes ts , one
tes t with lower-than-normal s team flow rate (SR-65) was conduc ted to
closely match the bundle B-3 mass flux of 0.28 kgam-2.s-1 This flow of

- a bou t 2. 7 x 10-4 kg/s resulted in a Reynolds number of about 3?1 (Table

5.1). The tests were conducted at various cladding heating rates up to 28
K/s. The heated shroud was utilized (powered) in all tests except SR-48,
SR-54, and SR-55. One of the fuel simulators (SEMCO 2828031) used in

'seven of the present test series was also used for many previous tests in
the older unheated shroud assembly. The remaining 11 tests were performed

* Instrumentation and Controls Division.
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Table 5.1.- Burst tests conducted in the MRBT
single-rod . heated shroud assembly

Cladding
Nominal burst Flow"* ** I"E Shroud . Mass

Test Test type temperature g, g
simulator powered (10-4 kg/s) (kg*m-2 3-1)-(.C))

SR-47 SEMCO-031 Transient 10 760 Yes 5.96 0.625
SR-48 MNL-085 Transient 10 760 No 5.95 0.624
SR-49 MNL-046 Transient 5 760 Yes 5.80 0.608
SR-50 MNL-009 Transient 10 860 Yes 6.16 0.646
SR-51' SEMCO-031 Creep-rupture 0 760 Yes 6.10 0.640. G
SR-52 MNL-085 Transient 10 760 Yes .6.04 0.634 *

SR-53 MNL-046 Creep-rupture 0 760 Yes 5.80 0.608
SR-54 SEMCO-031 Transient 10 760 No 6.28 0.659
SR-55 MNL-046 Transient 5 760 No 6.06 0.636-
SR-56 SEMCO-031 Creep-rupture 0 760 Yes 5.80 0.608
SR-57 -MNL-046 Creep-rupture 0 760 Yes 6.58 0.691
SR-58 SEMCO-031 Creep-rupture 0 760 Yes 5.88 0.616
SR-60 MNL-009 Transient 28 860 Yes 6.07 0.636
SR-61 SEMCO-031 . Transient 28 760 Yes 5.81 0.609
SR-62 MNL-009 Transient 28 920 Yes 6.01 0.631
SR-63 SEMCO-031 Creep-rupture 0 760 Yes 40.7 4.27
SR-64 MNL-046 Transient 5 760 Yes 32.7 3.43
SR-65 MNL-046 Transient 5 760 Yes 2.67 0.280

_ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _
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with' 3 new fuel simulators (MNL-009, MNL-046, or MNL-085) recently fabri-'

cated by the ORNL Fuel Rod Simulator Technology Laboratory.

A few of the tests in the new series were 'of a preliminary . nature and
.

- designed to. reveal general. dif ferences between single-rod tests performed r
4

in the unheated shroud facility.and those conducted in the present facil-
: ity. . Other tests allowed investigation of the effects of varying heating *

rate on deformation. Tests SR-63, SR-64, and SR-65 were undertaken to de-
termine the-significance of steam flow rate coupled with other variables
such as heating rate.-

The results of these 18 tests in the. heated shroud assembly (SR-47

through SR-58 and SR-60 through SR-65) are presented and discussed in

Sect. 2.2.
,
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