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FOREWORD

'

This report summarizes progress and preliminary results of the Multi-
rod Burst Test (MRBT) Program (sponsored by the Division of Accident Eval-

' *

untion of the Nuclear Regulatory Commission) for the period January-June
1982.

Previous MRBT progress reports are: '

NUREG Report No. ORNL Renort No. Period covered
ORNL/ H-4729 July-September 1974
ORNL/D(-4 J05 October-December 1974
ORNL/ H-4914 January-March 1975
ORNL/ H-5021 April-June 1975
ORNL/DI-5154 July-September 1975
ORNL/NUREG/TM-10 October-December 1975
ORNL/NUREG/H-36 January-March 1976
ORNL/NUREG/DI-74 April-June 1976

,

ORNL/NUREG/TM-77 July-September 1976
ORNL/NUREG/TM-95 October-December 1976
ORNL/NUREG/DI-108 January-March 1977
ORNL/NUREG/DI-135 April-June 1977

NUREG/CR-0103 ORNL/NUREG/DI-200 July-December 1977
NUREG/CR-0225 ORNL/NUREG/D(-217 January-March 1978
NUREG/CR-0398 ORNL/NUREG/TM-243 April-June 1978
NUREG/CR-0655 ORNL/NUREG/DI-297 July-December 1978*
NUREG/CR-0817 ORNL/NUREG/D(-323 January-March 1979

,

NUREG/CR-1023 ORNL/NUREG/DI-351 April-June 1979
.

NUREG/CR-1450 ORNL/NUREG/DI-392 July-December 1979
*

NUREG/CR-1883 ORNL/NUREG/TM-426 January-June 1980
NUREG/CR-1919 ORNL/NUREG/TM-436 July-December 1980
NUREG/CR-2366, Vol. 1 ORNL/TM-8058 January-June 1981 -

NUREG/CR-2366, Vol. 2 ORNL/TM-8190 July-December 1981

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

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

2. W. E. Baucum and R. E. Dial, An Apparatus for Spot Fetding Sheathed
Thermocouptee to the Inside of Snatt-Diameter Tubes at Precise Loca-

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

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

4. R. B. Chapman et al., Effect of Creep Time and Heating Rate on Defor-,

mation of Zircatoy-4 Tubes Tested in Steam with Iaternct Heaters,
NUREG/CR-0343 (ORNL/NUREG/Df-245) (October 1978).:

_



vi.
-

5. J. P. Mincey, Steady-State Axial Pressure Losses Along the Exterior
of Deformed Fuel Cladding: Muttirod Burat Teet (NRBT) Bundtea B-1

tand B-2, NURBG/CR-1011 (ORNL/NURE/TE-350) (January 1980) . -

,

6. R. W. McCulloch, P. T. Jacobs, and D. L. Clark, Development of a Fab-
*

rioation Procedure for the NRBT Fuel Simulator Based on the Use of
Cold-Pressed Boron Nitride Preforms, NURBG/CR-1111 (ORNL/NURBG/TM-

,
'

! 362) (March 1980) .
,

7. R. H. Chapman,- J. V. Cathcart, and D. O. Hobson, " Status of Zircaloy
Deformation and Oxidation Research at Oak Ridge National Laboratory,"
in Proceedings of Specialista Neeting on the Behavior of Water Reaa-'

tor Fuel Elements Under Accident Conditions, Spatind, Norway, Septem-
bar 13-16, 1976, CSNI Report No. 13 (1977).

1,

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

9. R. T. Beiley, Steady-State Prsasure Losses for Nuttirod Burst Test
(NRBT) Bundle B-5, NUREG/CR-2597. (ORNL/Sub/80-40441/1) (April 1982),4

i
10. R. L. Anderson, K. R. Carr, and T. G. Kollie, Thermometry in the -

.

Multirod Durst Test Program, NUREG/CR-2470 (ORNL/TM-8024) (March
' 1982).

.

11. A. W. Longest, J. L. Crowley, and R. H. Chapman, Variations in Zir-
catoy-4 Cladding Deformation in Replicate LOCA Simulation Tests, .

NURM/CR-2810 (ORNL/TM-8413) (September 1982).'

! 12. A. W. Longe st, R. H. Chapman, and J. L. Crowley, " Boundary Ef fects on
Zircaloy-4 Cladding Deformation in LOCA Simulation Tests," in Trans.

,

Am. Nucl. Soc. 41, 383 (1982)."

13. R. H. Chapman, J. L. Crowley, and A. W. Longe st, "Ef fect of Bundle
Size on Cladding Deformation in LOCA Simulation' Tests," presented at
Sixth International Conference on Zirconium in the Nuclear Indus-
try, Vancouver (B.C.), Canada, June 28-July 1,1982.

The following limited-distribution quick-look and data reports have
been issued by this program:

!

} 1. R. H. Chapman (comp.), Quick-took Report on NRBT No. 1 4 x 4 Bundle
" Burst Test, Internal Report ORNL/NRBT-2 (September 1977) .

*

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

,

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

|
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,

4. R. B. Chapman, Quick-took Report on NRBT B-4 (6 x 6) Bundle Test,
Internal Report, ORNL/NRBT-6 (February 1981) .

*

5. R. B. Chapman et al., Quick-took Report on NRBT B-5 (8 x 8) Bundle
Test, Internal Report ORNL/NRBT-5 (July 1980)'.

*
i

6. R. B. Chapman et al. , Quick-took Report on NRBT B-6 (B x 8) Bundle
( Test, Internal Report ORNL/NRBT-7 (January 1982) .

7. R. H. Chapman et al., Bundle B-2 Test hta, ORNL/NUREG/DI-322 (June
1979),

d

8. R. H. Chapman et al., Bundle B-2 Test kta, ORNL/NUREG/DI-337 (August
1979).

9. R. H. Chapman et al., Bundle B-3 Test hta, ORNL/NUREG/DI-360 (January
1980).

.
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SUMMARY

- Major activities during this report period included the B-6 burst*

test and posttest cumaination of the test array, additional analysis of -

the B-5 test results, and reporting.'

The primary obj ective of the B-6 test, the last test that will be
conducted by this research program, was to investigate deformation be-
havior in a large test array in the alpha plus-beta temperature range.
Because the B-5 test, which was conducted under conditions conducive to

| large deformation and rod-to-rod interactions in the high-alpha tempera-
ture range, showed that both temperature uniformity and mechanical inter-
actions have a significant effect on deformation behavior in large arrays,
a secondary obj ective of the B-6 test was to determine, if possible, the
relative importance of these two parameters. . Also, because test condi-
tions used in this program are generally considered to be conservative,
the B-6 test results should provide an overestimate (larger magnitude) of
the deformation that can be anticipated in most accidents with failures in
the two phase temperature range. Similarly, the B-5 results are believed

;

to represent conservative (upper limit) deformation levels that can be ex-
pected for f ailures in the high-alpha temperature range. Consistent with
these obj ectives, target test conditions of ~925'C burst temperature with
a heating rate of 3 to 4*C/s were selected for the B-6 test.

The test was perfonned successfully on December 3,1981. All 64
simulators were pressurized to the same initial level, heated at the same
nominal rate, and burst. The bursts occurred in an extremely orderly man-

ner (i.e., starting with the center simulators and progressing radially*

outward with time) because of the unusually uniform temperature condi-
tions. The first burst occurred ~133.1 s af ter power-on, and the last one-

(a corner simulator) was ~58.9 s later. Electrical power was terminated
141.7 s af ter power-on or 8.6 s af ter the first tube burst; all 36 inte-
rior simulators burst before power was tensinated. With respect to the
58.9-s time interval during which bursts were taking place, the last
43.5 s were associated with the last four (i.e., the four outside corner)

'
bursts. Because of their higher heat losses, these simulators f ailed much
later under near-isothermal creep conditions. The average burst temper a-
ture was ~931*C, and the bundle average heating rate during the time of
deformation was 3.5'C/s.

Following posttest dimensional checks and photography to document the
appearance, the array was cast in an epoxy matrix (flow characterization
tests were not conducted) and sectioned at ~60 axial nodes. Enlarged (3X)

j photographs of the sections were digitized and processed to obtain de-
|

tailed deformation data. Although final reduction of the digitized data

l is not yet complete, preliminary results are available. The burst strains
ranged from 22 to 56% with an average of 30%, consistent with an average
of 36% for three single-rod tests conducted earlier to aid definition of
the B-6 test conditions. Volumetric expansion ranged from 17 to 33%, with*

j an average of 24%.
Coolant channel flow area reduction was modest, with a maximum of'

~39% for the satire 8 x 8 array, ~44% if based on the inner 6 x 6 array,;

i and ~46% if based on the central 4 x 4 array.

!
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Analysis of the B-5 test data continued during this report period.
While this is a. tedious process, it provides insight to and understanding
of the data. In particular, the analysis indicated that (1) burst ten-

'

peratures reported earlier were sometimes inconsistent with the observed
,

deformation proflies and (2) some of the burst temperatures should be re-
vised. *

Previously, we assumed that the burst temperature must be equal to or
j greater than the maximum measured value at th'e time of burst. Our evalu-
; ation of the data indicates that this is not necessarily true in a bundle -

with extensive rod-to-rod interactions. The temperature distribution
prior to and during the early phase of deformation may be more important
in determining the burst location than the distribution at the time of -

burst. Because f ailure stress is a function of both local temperature and
instantaneous strain (i.e., local stress), failure can occur at a site

where the strain is high (because of its prior temperature history), and
the temperature is lower than at another site where the temperature is

i higher but the strain is lower. . The data were reevaluated, and the burst '

temperaturer were revised accordingly; a new tabulation is included.
Noise, ageaos were noted in the thermocouple signals for a number of

the sensors in the B-5 test. These spikes were caused by interference
from one of the electrically heated temperature reference boxes used for
cold j unction compensation. Because erroneous temperatures would be ob-
tained from these signals in computer analysis of the data, the spike s
were removed, and a new engineering units data tape was produced for use
in such analyses.

.
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NULTIROD BURST TEST PROGRAN PROGRESS
REPORT FOR JANUARY-JUNE 1982

Final Report*

R. H. Chapman'

ABSIRACT
T f

%

The B-6 (8 x 8) array was tested, and posttest examina-
tion was completed; data reduction and analysis are in prog-

Preliminary quick-look results are included in thisress.
report. All 64 rods were pressurized and burst. The average'

burst temperature was 931'C, and the bundle average heating
rate was 3.58C/s during the time of deformation. Preliminary
results indicate burst strains ranged from 22 to 56%, with a .

,bundle average of 30%.
Analysis of the B-5 test results continues to provide

insight to the complexity of cladding deformation in bundles,
particularly for conditions conducive to large deformation and
rod-to-rod interactions. Additional analyses, including re- -

evaluation of burst temperatures, are included in this re-
port.

The B-6 test concluded the experimental phase of this
research program. Future activities will be concerned with*

analysis and evaluation of experimental data produced by this -

and other research programs.I
*

1

1. INTRODUCTION

R. H. Chapman
,

The Multirod Burst Test (MRBT) Program was initiated in July 1974,
as an experimental study to (1) delineate the deformation behavior of
unirradiated Zircaloy cladding under conditions postulated for a large-

,

break loss-of-coolant accident and (2) provide a data base for assessing
the magnitude and distributio'n of geometric changes in the fuel rod clad-
ding in a multirod array and the extent of flow-channel restriction that
might result. Data have been obtained f rom single-rod and multirod experi-

-ments, both with and without electrical heating of the shroud surrounding
The tests were designed to study possible effects of rod-the test arrays.

to-rod interactions on ballooning and rupture behavior over a wide range,

of conditions. Program obj ectives have been realized, and no further
,

tests will be performed.
Approximately 110 single-rod burst tests were conducted. In ~40% of

the tests, the shroud surrounding the fuel pin simulator was electrically

!

.
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heated so that the temperature difference be tween shroud and simulator was
near zero throughout the heating transients. In this mode of testing,
deformation is greater than for unheated shroud tests.. Also, the single-
rod heated shroud results are in substantial agreasent with results from .

1

bundle tests (with negligible rod-to-rod interactions) at comparable con-
ditions. ,

Sir. bundle tests were also performed; three (B-1, B-2, and B-3) of
these were with 4 x 4 arrays. Results and interpretations of these three
tests were reported 2-8 as the *information became available. Da ta re-
ports?-* giving detailed results of the tests and a topical report 2' in-
terpreting flow tests on two of the bundles have also been published.
(All published reports and papers pertaining to this research program,

are listed in the Foreword of this report.) One test (B-4) was conducted
on a 6 x 6 array, and a revised. version of the quick-look report was in-
cluded in a previous report.12 Two tests (B-5 and B-6) were conducted
with 8 x 8 arrays. Preliminary results of the B-5 test, which was per-
formed under conditions conducive to large deformation and rod-to-rod
mechanical interactions, have been published;21-28 additional results are
included in this report. A series of flow characterization tests was con-
ducted on the B-5 and an undeformed reference bundle, and a data report
has been published.24 Preliminary results of the B-6 test are included
in this report.

Both the single-rod and bundle tests have shown that local taapera-
ture gradients have a marked effect on the deformation behavior of alpha-,

phase Zircaloy; the more uniform the temperature distribution, the greater
(and more uniform) is the deformation. Also, rod-to-rod mechanical inter-
actions have a significant' influence on deformation. We concluded from *

these tests that deformation depe,nds not only on the inherent metallurgi-
cal properties of Zircaloy, but also on rod-to-rod mechanical interactions -

and all f actors that determine the taaperature gradients, including the
method and uniformity of heating, uniformity of the initial temperature
distribution, heating rate, heat losses to coolant and surroundings, and
axial distribution of heat losses. Essentially all of our tests have been
conducted at relatively low ste am-flow rates (i. e. , at a Reynolds number
of 1800), and heat losses to the steam coolant have been small but are
still an important factor to consider.

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

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

.

S

9
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2. PROGRAM PLANS AND ANALYSIS

.

2.1 Proarammatic Activities
.-

'

R. H.. Chapman

Major activities during this report period were concerned with
(1) evaluation and publication of quick-look results of the B-6 test,
(2) posttest examination of the B-6 array, (3) further evaluation of the
B-5 test results, and (4) preparation of reports.

The previous report period ended during final protest checkout opera-
tions for the B-6 test. The test was successfully performed on December
3, 1981. Quick-look results were compiled and publisheds s (with limited
distribution) in January. Eo110 wing photographic documentation, the bun-

.

die was cast in an epoxy matrix and sectioned at ~60 axial positions to
j obtain detailed deformation measurements. These data have been processed
; to obtain preliminary estinates of the strain in each tube at each axial

node. A revised version of the quick-look reports s and preliminary post-
I test examination results are presented in a later section.

The B-5 test continues to provide insight into the complexity of
; cladding deformation in bundles, particularly for conditions conducive to

large deformation and rod-to-rod interactions. Further evaluation of the
B-5 results has resulted in revision of the burst temperatures as will be

; discussed in a later section.
Reporting activities received considerable emphasis this period. Thei *

B-6 quick-look test results,sa the B-5 flow test data.14 and a report 18 on
NRBT thermometry' techniques and associated accuracies were published. A| -

| topical report 17 on statistical variations in cladding deformation, based
on five replicate single-rod heated shroud tests, was prepared. TWo
papers * * * * * comparing dif ferent aspe ct s of the B-3 and B-5 te st s were
presented at technical society meetings.

2.2 Jovised Burst Tomoerature Correlation

! In the early phase of our research, the shroud surrounding the single-
rod test simulators was not electrically heated. Prior to tha test tran-
sient, the entire test assembly was equilibrated at the initial tempera-
ture condition of ~340*C. The shroud remained at approximately this tem-

7

.
perature throughout the transient and became an effective sink, causing

| heat losses from the fuel rod simulator to be greater than if it were sur-
rounded by similarly heated simulators. The high heat losses enhanced

3

j azimuthal temperature gradients in the cladding. Although it was not rec-
ognized immediately, the not effect was to localize cladding strain and.

! cause f ailure at a lower total circumferential elongation than would be
the case for a uniform azimuthal temperatura distribution. After adding. .

a capability for electrically heating the sl.roud and controlling its twa-
perature (through a feedback control loop) to essentially the same level

,

j as the cladding, the burst temperature was, in general, underpredicted by
the correlation 1' derived earlier (and used 3y Powers and Meyerss) rfo,
single-rod unheated shroud test data.

!

- - - . - - . - - , - - - . - - - _ - - - , - , - - - - . , - - - - - - . - . . - - - _ _ - . _ - - - . - - -
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Upon completion of the single-rod heated shroud tests during the pre-
vious report period, we had accumulated suf ficient 10*C/s heating rate
data to permit derivation of a similar correlation over a limited tempera- .

ture range for these specific conditions. Preliminary data presented
earlier ,ss,st,as for these conditions were reevaluated with respect tos

.

burst temperatures and pressures to obtain a consistent data set on which
to base the revised correlation. The reevaluated data, given in Tables 1
and 2, can be correlated over the limited temperature range with the equa-
tion (obtained by a nonlinear least-squares regression analysis)

10,000P

T = 4026 - 0.02388P + 97.90 + 3.296P *
.

where T is the cladding temperature ('C) and P is the pressure (kPa) at
the time of burst. Figure 1 compares the equation with the data and with.
the correlation 8' derived from our unheated shroud test data. As evident,
the heated shroud correlation predicts burst temperatures over the range
of the data about 20.to 40*C higher than the unheated shroud correlation.

~

2.3 preliminary Results of B-6 Test

Introduction
.

The B-6 test, the last test that will be conducted by this research -

program, was performed on December 3,1981, and a quick-look report was
publishedas (with limited distribution). Updated quick-look data and pre- -

10ainary posttest examination results are presented in this section.
The primary objective of the B-6 test was to investigate deformation

behavior in a large array in the alpha plus-be ta Zircaloy temperature
range. Single-rod burst tests have shown that deformation is rather in-

sensitive to heating rate in this temperature range and that the magnitude
of the deformation is considerably less than observed in the high-alpha

'

and low-beta temperature range s. Consistent with the objectives and these
observations, targe t test conditions of ~925'C burst temperature with a
heating rate of 3-4*C/s were selected for the test. These conditions are
representative of those frequently predicted by LOCA licensing calcula-
tions for a range of PWR accident conditions.

Because test conditions used in this program are generally considered
to be conservative, the B-6 test results are believed to provide an over-
estimate (larger nagnitude) of the deformation that can be anticipated in
most accidents with f ailures in this temperature range. Similarly, the
results of the B-5 test are believed to be a reasonable upper limit of the
deformation that can be expected in the high-alpha temperature range.

Resultsse,se of the B-5 test, which was conducted under conditions '

conducive to large deformation, showed that temperature uniformity and
rod-to-rod mechanical interactions (resulting from large deformation and *

1ateral restraint in a large test array) have a significant effect on
deformation behavior in large arrays. Therefore, a second obj ective was

.. .
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Table 1. Test conditions of single-rod tests in steam

2aHeating rate Inlet

Test (t/s) Simulator lingarFuel steam
s imul a tor power rating Remarks

No. Reynolds
No. (gy/s)

Simulator Shroud number

SR-50 MNL-009 10 10 3.5 760 a + $ test; constant heating rate control

SR-52 MNL-085 10 10 3.4 745 High a test; constant power control

52-59 MNL-043 10 10 4.0 340 a + $ test with grids; constant heating rate control' . o.

SR-72 SENCO-048 10 10 3.5 340 B-3 rod 6 simulation; constant power control

SR-73 SENCO-044 10 10 3.5 350 B-3 rod 12 sionistion; constant power control

SR-76 MNL-009 10 10 2.0 345 $ test; constant heating rate control

SR-81 MNL-046 10 10 2.5 335 9 test with srids; constant power controt'

SR-86 MNL-056 9.4 30 3.4 330 Replicate of B-5 test; coastant power control

SR-87 MNL-056 9.8 10.1 3.7 330 Replicate of SR-86 test

SR-88 MNL-056 10.6 10.9 3 .7 -335 Replicate of SR-86 test

SR-89 MNL-056 10.6 10.7 3.8 320 Replicate of SR-86 test

SR-90 MNL-056 10.8 11.1 3.7 325 Replicate of SR-86

a
Average during deformation.

'
.

e.

0
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Table 2. Sammary of resulte of statte-red teste la steam

Tabe heated leaSth
FPS Initial conditions Barat sendittees Time from*- '' $ S-o r- o.T..t saa <'>;;;*-rre..ar. T rat.r.* 7 ,esities r.isti.. to .ar.t9;;;;;-. .ei .- T rata,e er.s..r. ,, ,,*

(en') (*C) (LFa) (LFa) ('C) to tube burst (s) Vetene Lea 8th
j

55-50 $1.0 350 5,315 3.580 4.555 898 208 60 mm above.150' aromad 56.70 56 40.3 0.4
59-52 51.3 352 11.505 11.970 9.865 761 203 103 mm below, 135' arenad 40.90 49 37.3 -2.4

St-59 49.0 353 2.920 3.095 2.860 96 1 2 06 22 mm above. 65' aromad 59.95 45 15.3 -1.6

St-72 51.2 346 11.585 12.020 9,430 7 80 213 365 mm above. 10' aromad 42 70 57 44.1 -S.O
59-73 49.4 349 11.590 12.020 9.940 755 203 185 mm be t o.,110* aromad 40.70 $1 37.0 -2.5

59-76 51.7 342 1.675 1.7 90 1.545 1.005 203 70 mm below. 45' aromad 65.35 81 30.8 0.4
8%

56-81 50 .0 338 1.325 1.405 1.200 1.0 40 212 57 mm above. 45' arersd 90.40 58 30.8 0.7
59- 84 50 .7 346 11.550 12.060 9.405 779 211 25 mm below. 40' aromad 40.02 72 31.1 -3 .7
59-87 50 .9 351 11.580 12.060 9,870 767 207 26 mm above. 55' arenad 37.80 50 39.3 -2.3
59-88 50.8 349 11.580 12.000 9.610 774 208 27 mm above. 65* asuand 37.49 89 46.2 -S .1

59-89 50.9 351 11.550 12.030 9.560 779 211 211 mm below. 45' aromad 37.03 62 45.9 -3.0 |

St-90 50 .5 349 11.570 12.060 9.545 770 2 06 82 mm bot es, 105' aromad 37.18 96 47.7 -3.0 |

|

#
I Pael pin sinalater (FPS) volume measured at room ton,erateret lastades pressere transdaaer and senseetles tabe.

Basimum messated by ary thermecompte at time of barst; thermecompte samber and leesties indicattat baret are ilsted.
|
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to determine, 'if possible, the relative importance of these two parame-
ters. . Analysis of the test results shon1d permit this determination be- .

cause rod-to-rod interactions were relatively nonexistent in the test.
.

*

Figure 2 shows a simplified drawing of the test assembly. As in-
dicated in Sect. A A of the figure, the shroud was constructed of thin -

(0.13-mm-thick) stainless steel with a' highly reflective, gold plated
s urf ace. It was backed by insniating material and strong structural

: supporting members to withstand radial forces during the test translant.
''

The thin shroud was spaced one-half of a coolant channel thickness away
; from the outer rod surfaces; this spacing permitted some deformation of

these simulators, while constraining them from moving radially outward. '
However, the close spacing precluded electrically heating the shroud. '

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

tests.ss,ss ,

,'

The steam inlet configuration (above the upper end of the bundle
; heated zone) was modified from a single-entry nozzle as used in the B-5 .

*test to a double-entry arrangement as shown in Sect. B-B of Fig. 2. This
; modification, combined with reduced-boat losses from the top of the test
; vessel, eliminated the temperat'ure gradient problems experienced in the

B-5 test.
Because the B-5 test showed that the outer ring.of simulators acted

as deforming guard heaters and their deformation behavior was atypical, a
decision was made to omit the temperature measuring instrumentation in 20
of the 28 simulators in the outer ring of B-6. However, all 28 of the4

simulators were provided with pressure monitoring instrumentation. Figurs
3 gives pertinent details of the fully-instrumented fuel rod simulators.

. ;

Tantalum wire was used for centering the fuel simulator (internal heater) |

in the Zircaloy tube of those simulatcrs in the outer ring without ten-
,

perature sensors. The fuel simulators were produced in our Fuel Rod Simu-
lator Technology Development Laboratory. Fif ty-three of the fuel simula-

|tors were reclaimed f rom the B-5 test array (the remaining 11 simulators i
could not be removed) and refurbished (straightened, recoated with pla sma-
sprayed Zr0 , and recharacterized by infrared scanning) for use in the B-6 +

3
array. The remaining 11 B-6 simulators were previously unused. The axial !

I
heat generation profile of all the simulators, as determined by the pre- '

test inf rared characterization scans, was very uniform. The highest qual- |
1 ity simulators were assigned to the interior positions in the array. j

For those simulators provided with temperature sensors, four Inconel-
|

; sheathed (0.71-mm-dian), type K, ungrounded j unction thermocouples were - i

spot welded to the inside of the Zircaloy-4 tubes (10.9-am 0.D. x 0.635-mm !
'

wall thickness) at axial and azimuthal positions shown in Fig. 4. The
" '

; figure also gives thermocouple identifications for use in subsequent fig- [
ures for which the nomenclature TE 10-4 identifies the No. 4 thermocouple:

j in the No.10 fuel pin simulator. Figure 5 shows the axial distribution I
'

of the simulator thermocouples more clearly. As evident f rom the figures, i

j the inner 6 x 6 array had 18 thermocouples (average of one for every two j.

j simulators) at each of the instrumented elevations, except for the less
! interesting 5 cm and the two grid elevations. The thermocouple locations ,

i for the instrumented simulators in the outer ring (see Fig. 4) were se-

| 1ected to provide data in the regions of most interest, with eight thermo-
,

couples located at each of four elevations. !
'

!

!
i

|

|
r
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Fig. 4. As-built thermocouple identifications and locations in B-6,

test array (plan view) .

__



_ - _ . . . _ _ _ _ _.

J

'
.

*
o .

* .

. . ,

, ORNL-OWG 81-23640 ETO
92

3 , j , , , ONE,,, '-LTOP OF Z -88

84 - 0 0 0 0 0 0 0 0 0 0 0 0 0> 0 0 0 0) O -

80 - -

76 - 0 0 0 0) 0) CX) O O O O CMXX) O O O O (X) O O () Of O -

} 72 - -

-

w 68 - -

y | GRID @ 6) 6) |
~ 64 - -

* m -

,
-

I$ 56 - O @ @ @ O C X4) @ @ @ @ @X4XVe @ G) @ O @X) G) @ O
'

@ @ -

:
52 - - ,w

O
s 48 - O O O O O O O O O O O O O O O O C) O -

o
[ 44 - -

3 40 -

O O O O O CD O O O O CM)GXD C) O O O CXJ O () C) O O
- U

w
g 36 - -

E 32 - -

y 28 - O OO O O O O O O O O O O O O O O O -

24 - -

5 20 - O O O O O (4D O O O O CKXD O O O O C X4) O O O O O -

16 - -

12 -

\

8 -
@ @ @ |-|GRtD !

g
@ ) @ @ @ @ @ O @ _4 _ @

o

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64

SIMULATOR NUM8ER
P

Fig. 5. As-built elevations of simulator thermocouples in B-6 test array.
1

S

O Sg

i e )

'

n

. . . . . .

-
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ . _ _ _ . _



__ _. _ _ .

'
,

.

13.

.

l As noted in Fig. 4, five thermocouples (TE 19-3, TE 35-4, TE 38-3, .
TE 42-4, and TE 55-3) and possibly a sixth one (TE 14-3) became. detached
during fabrication of the simulators. Although not apparent from the
data, their readings might indicate Zircaloy temperatures slightly higher*

# than would be the -case if they had remained attached to the wall. .

Eight, 0.076-mm-dian, bare wire, type S thermocouples were spot*

welded directly on the outside surf ace of the thin akro'ad surrounding the
rod array. TWo thermocouples were attached to each side at locations
shown in Fig. 4 in an attempt to obtain information on both the axial, and
circumferential temperature distributions. The shroud thermocoupit iden-
tifications are also given in the figure for use in subsequent temperature.

plots.
Five thermocouples (TE-320 through TE-324) were located in the inner

6 x 6 matrix at the-107-cm elevation (centerline elevation of the steam
inlet nozzles) to obtain inlet steam temperature measurements across the
bundle. Similarly, five thermocouples (TE-325 through IE-329) were lo-
cated in the matrix near the bottom of the heated zone (3 on elevation)

I to obtain outlet steam temperature measurements. Unfortunately, two of

the latter group (TE-326 and TE-329) werc damaged during assembly and were
inoperative during the test. Figure 6 shows the respactive identifica-
tions and locations. The thermocouples were 0.71-mm-dian, st,ainless steel
sheathed, type K with ungrounded j unctions.

Millivolt signals f rom the pressure transducers, thermocouples, and
electrical power measuring instruments were recorded on magnetic tape by a

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

.

Test Operations
.

Heatup of the test assembly was initiated early in the af ternoon of
,

i December 2; the temperature was near 200'C at the end of the work shif t.
Power adjustments to the vessel heaters were made to maintain the tempera-
ture near this value overnight to avoid tenperature cycling of the test as-
sembly. Early on December 3, power to the vessel heaters was increased,
and superheated steam was admitted to the vessel in the approach to the
initial test temperature. Throughout this phase of operation, periodic
leak checks indicated the simulator seals were performing very well (i.e.,

(1-kPa/ min pressure loss a,t 3300 kPa and ~320'C) .
After thermal equilibration (about 322*C) of the test assembly was

attained, the simulators were pressurized to ~2100 kPa, and a short pow-

ered run (~13.0 s transient) was conducted to ascertain that the data ac-,,

; quisition system and all the instrumentation were functioning properly and
' that the performance of the test components was as expected. Examination

and evaluation of the quick-look data from this short transient (the ten-
perature of the simulators increased to about 380'C) indicated that minor

j adj ustments were needed. In particular, the applied voltage setting was
,

! adjusted slightly upward in an attempt to achieve the desired heating
rate.*

'
.

Following restabilization of the bundle temperature at ~330*C, all
the fuel pin simulators were pressurized simultaneously to ~3050 kPa (dif-
forential above the external steam pressure) and isolated individually

.

. _ _ . _ _ _ _ . _ _ . _ _ _ _ _ _ _ . _ _ _ _ - - - _ . - - - - - - - - - . - - - . - - , - _ _ . . w - - _,-r- -- - ---e
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from th.e he11am supply header. The header was vented, and the leak rate
of each of the 64 simulators was checked over a 2-min period, with the
pressure loss being less than ~1 kPa/ min. With these ' initial conditions

,

*

established, the test transient was initiated. . .,

Termination of the powered portion of the test could be initiated by
any of four actions: (1) CCDAS action resulting from a signal that 50 of*

the 64 simulators had burst, (2) CCDAS action resulting from a signal that
115 simulator thermocouples had exceeded the upper temperature limit (50*C
above the anticipated burst temperature) on each of three successive data
scans, (3) a timar that limited the transient to ~145 s, and (4) operator

'

override. It was decided to program criterion (1) to terminate power to
the bundle af ter 60 bursts (with the expectation that all 64 tubes would
burst) to minimize the temperature overshoot at the end of the test.
Also, criterion (2), that is, the high-temperature limit, was established
close to the expected burst temperature for the same reason. The test'

was terminated by criterion (3), and all 64 tubes burst.
.

.

Quick-look Results
-

.

Quick-look data of interest are extensive and difficult to present in
c6ncise tabular format. Instead, we have elected to dispiny the data in a

,

series of bundle layout diagrams and quick-look plots to f ac'111 tate visu-
alization. Note that these results are preliminary and subj ect to change
upon detailed analysis of the data.

Superheated steam entered the test array through two inlet nozzles
located (107-cm elevation) on the east and west sides of the bundle (see

*

Fig. 2) at an average temperature of 330*C and 309 kPa (absolute) and
flowed downward through the array at a constant mass flux of 288 g/s a , s

With these conditions, the nominal Reynolds number at the top of the ;.
*

heated zone (91.5-cm elevation) was 140. These inlet conditions remained
constant until disrupted by escaping helium from the bursting tubes. When
power to the bundle was terminated, the steam mass flux was increased to a
minimum of 2050 g/s m *

8 for rapid cooldown. Inlet and outlet steam temper-
atures measured 1.0 s before power-on and 1.0 s before the first tube
burst are indicated in Figs. 7 and 8, respectively.

Figures 9-18 present cladding temperatures measured at the instra-
mented levels 1.0 s before power-on and 1.0 s bef ore the first tube burst.
The data are presented in a format intended as a schematic layout of the
thermocouple locations. If the j unction is in the plane for which the
particular map applies, the layout has the TE number filled in to denote
the azimuthal position of a thermocouple and the temperature measurement
is given. The respective row and column average temperatures for the
inner 6 x 6 array'are printed on the left and at the bottom of the layout.
The cross section and bundle average temperatures, based on the 6 x 6
array, are also included in the format.

The overall radial temperature distribution may be visualized some-.

what easier in the temperature map depicted in Fig.19. The temperature
given for each simulator is the average of the thermocouple measurements,

for that simulator without regard to elevation. Because every other simu-
lator had thermocouples near the upper and lower end of the heated zone
(see Figs. 4 and 5), the averages given for these simulators in Fig.19(b)
reflect the lower temperatures existing near the ends of the heated zone

__ _ _ _ _ __ _ _ - - . . - - - - . - - -- . - . _ _ _ - - - __



_.

.

Ei

. 1

e

GE .t.-DWG82-4202 ETD
N N

* r 3 4 S e r . .i . .

3 4 5 e , e:

-

'

, e ., . .: 3 .s , ec ., .a . .s -

.

o323 '

e333

n se .s to r. ta is a. n se es to a sa ' as - se

e335 e7
. .

n as 1, se is so 3 s as se a' to to w 3 s:,

W .e333 . E w . . . e334 , -

'

E- !

33 3 Is - 34 3? Se 3s .c IS 3 Es 34 3, le is .O

e327 e330 ~ w..

z. m |.. ., ., .. .s ., .e ., ., .. .. . .s .. ..
-- |,

. e327
. er

es w s. i sa ss 5 ss se ., so y sr $s S. ss ' so-

I
se se se es se as e3 se et s. . se so e, s: . as . - e. j

!

OLAYOUT NOT TO SCALE S TEMPERATUR ES IN C LAYOUT NOT TO SCALE . S ~ TEMPERATURES IN "C . .

I
0AVERAGE = 329 C AVERAGE = 332"C -'

.,u .w. J

4

Fig..7. Measured steam temperatures 1.0. s before power-on. (a) In-
let steam at 107-cm elevation and (b) outlet steam at 3 cm elevation.

,

m ..

. 3_ -

.

9

#

6 .9

9

- - - . . . ..

~
. A, !



~ +

*

o

E
D C

, T .

'

'N00888888 I

E
,

7
8. E3 **6 R

- U

008888882 T
8 A' ,
G R
W E nD . P e

0 078 8 0 G 8 8- -EL
7 T e3N bR 8 utO 0 t a

0 0 0 888 8 8 O t m9=
7 sa.

re
N e

~

S it

0 0 8 8 0 8,8 8
f s

et '
h e

. tl
E t0 0 0?8 8 8 8 8 L eu.

A rcC oS f)* O eb

08000888 T b(
T
O sd
N n

~ 0 a, .

T

0G080888 U
O 1 n
Y o

siA )

etbL ( ra
w uv

t e ,
al

E re
C epm

0O8O888O N, mc
l e -
S t7
E 0
R m1U a

0 O 0 O 838 8 O T et
e A t a

R s3
mEe P d aM0 O28 O 8 8 8 O eeE

7 T rt Yus3 s
e at

0 O 0 O68 8 8 O ee
Ml

3 n~

3 .IN e S

0 O 8 O 8 830 O 8) a .
3 .( n

g o3
i i

E F .t

0 O 03O 8 8 8 O L t a
9 A sv

C re
3 S ul8 O b e

0G8O080O T
T
O
N
T0O0O888O U
O
Y
A )

aL (

W
.

-
-

'
.

,

r



,I \|. 2 I ,fi !

4

,

,

; p" *

D ,

_T
E

A

8
8 e 6 a o" 2, e

% 43 . 2 3 a s 66
-

-
2 e
8 ,

6

G - 2 %0
- t 3 s ,

W 3 17 8 * 9 , - 7 , 8 s. 8 '3 5_

2 3D s 8 a 6s ,- 8 ;4. 8 8 e
-
L <

N e
R . 7N '4O 6

*
t 2 4 .

. 8* 26 8 * , 9 nn . gN2 8 m2s, 88 8s
'

'5,. 8
s

n*
.!,? e o5's, 2 s , .
.

02 , $ 6 5 ! 3 iv 5, 5 r
8 s. 8 . +

9 t
1e, 9 2, 8 s 84 t 6s 8- a

v
e

2 [
-

'a l*,(7 7 - 9
l CC4 8 2 , 9 8 6 4 2 v0 8 en 8

8 4, '?
6 ,,*8 2 8 2 2

8 .. -
( 80

0
87 mt

S 89 cs
E - r'

}> G**n 2* , 9 6 4 u4
0 A E1v3 4 *+ 2' 8 5"y 9 - 3 ,*

6 8b*
s 8 8

3 t t 9 R G8 4
'

.- ,
' 3 8 EEAxLV t eR6A AE1 ab ,j CSNVE u'* * .

a9i8 8 ] MAG dt4 62 7 0 , -8 8 6 , 42 8 O8 s*,- 8 2 3 8 8 T U1 A e+ *- 8 L6R rt*

T OxE usO C6 s rV
N AD( ai'

Js
4

T N NE ef' 9 ~' . 5
.

* 9 ' U A OL* 2 * + S O ID m-

, TY C N e
l A. O'J.EU nr
tb tRSB oo

-
if_ 4 5 0 9 7 2 t e

_

8 9 9 8 2 8 k ub8 8 8 8 8 8
b
i s

,r
t 0,

,

e *e
4 s2 e 6 4" s, +42 * 6 i1

-.

d ,

)
* ebb

-

., )* g 4 , 1
* r(3 :3 9 ' 3 S 5 17 3 , 3' 1 u2 _ 353 3 S 43 ,4,

~

3 td; < , ( an
ra.

e4 l

3%3Qn3 3
* 'o

i8
a

s - pn1 1
3 04 26 2 ' , 3 2

6 , 3 mo23 s 3 e-b L 2

t r
e

Q4Q.
3

t

3 OF-h'aG.j%. 3
l w- . i

9 0 8 8 ao+ 7a. * 2 2 3 . 2 .
5

6' 2 i p3 .
3 3

', ' - , d.C i

ae
R r

9 D4Q G3 -
.6

. .

2 o.

. ,
4 i 0 l

.
9 9 .f4 2 2 0

3
- . 2 s6+2 2 2 CCC

-

,2, 4 e3 SsC '

.

3.

9b(
9 0S23

E3

3
*

(
~ O9 *

G3 . s3? s i
t , 0 -~ a. 3 A g

0 E1. 3 + 3 s. '

". 3 5
3 R G6 i0, 2 5" . n*

- 2,. 33 3 3 EE F'
, AxLV 1R 6AA E4

d C
a , 2 S NVE )

8 1 [ . VAG a1 0 O2 2 e 3 6 . 3* 2 O e 3 T U) A (
3 s'.- 3 2 3 4

~S. 3 L
s[, 3 6 R

T OXE' .

OC6 V ,

N D1 A ,

r ' N NEr
U A OL' 9 - " . 5 3 . * '

2 3 *s 0 I D ,vWT' C N
l AOEU

4 ta LRSBr

-- 7 9 0 1 0 9
- 2 2 3 3 3 2 ni_

3 3 3 3 3 3_
_
.

.

' '



.-. - w
,

'
* *e, , ,

.

S
*

s

9

e

e

ORNL-DWG 82-6389 ETD
. a 336 a 760 *

329 8 71
-

,

9.,
,

_ ou. .
. . . . . . . ,

. .] . [ .p '",,,; .p "', ,- ,. m , @~ ,, Q~Q Q~Q ..

"*m , ..

4 ...: g e ,,; ,t

~ ~-

_ . , , ..: e g + g .:. =._. ..

m"' ,., m " x a " .,,: (P'''Q h.
"'"

a "' ,,s 7, ,
-, , , ,, m ,s,,

-

~, i~, , , n . .

;

331 331 - 331 - 907 -
n1 .; 33 3.- , 33 a n e 3. _

-g ' 4 _ s'' '
. '4 A 4 '

k

ss' $' gjt ,n ni aon . 3 v. .c 90s 52 -
- a. , , . 3 - , -

sk,es]331 ,2
45] 44 ( ,47 907 s' * " ,43 ***2+44i

,

330 330 331 896 901 907

to[
- $ D' " '

3, 53 SS 4 16 901 ,49- 5,t 55 * 54.i SS 4 16330 49
,

330 826

Oto
a ~. -

'59 ,,60 9 e' ; 62 2 e5 64 5' k 5" *, 60 2J 64 6, ' es s4S'

/- ,

336 331 788 885
A WW m; W

-> 330 330 330 329 331 332 -> 901 912 906 902 905 907
LAYOUT NOT TO SCALE LAYOUT NOT TO SCALE

- RvW AND COLUVN AVER AGES 4*C) -ROW AND COLUVN AVER AGES (*C1
SECTION (6 x 6) AVERAGE = 330 C SEC' SON (6 x 68 AVERAGE = 905 C
BUNOLE AVERAGE (5 X 6) - 330 C But4DLE AVERAGE 16 x 6) = 907*C

Fi g . 10. Radial temperature distribution measured at 76 cm elevation
(a) 1.0 s before power-on and (b) 1.0 s before first tube burst.

_ _ _ _ _ - - . - - . _



- _ __.m._ -_ _ .__ .

.

l
!

'

l

ORNL-DWG 82-6390 ETD

|

v v v v

' 2 - 3 a 4 S '' 6 7 e
* 2 3C 4 ;sr 6 7 e>

m . n

* '
=

,- . e2 '3-
' ' " 'J > G > .

'4 .' 15 16
J c

9 ao ra + 9 04 it ;*2< $3
? M * -#

'4 9 55 '6
t' *> nm - g

.',
'' " 2 a - t vs A <

g so 892 'ere J, e , g so a y, s ,p-.
au > ,o J .

v 3, . gy- 73 3 3330 e r t= ,ee . ,3 ,,,

m n

i a n. u '" ' v " J -L s .s s cv, s c
-25 26 * 27, 0 29 a 29 33-4 se ' 3 2 '. 25 ) 26 a 27 528 4 29 so r , 3, 32m % 3 a 3

.

, , ,
.

v s v v v-

-
1~ , n J .

> 3S :. 36 e3r. Se 39 g 40

*t J . m; '
.' 35 36 3 3r( ,, 8 '1 59 " 40 893 53 9 54- S S C4 34,

-

-333 -

- M " * 3 o- o , ,, , .,

' ' *s s J < ~ ' J J v"
J < v

4' -42 3 ~45, 344 ? 45. 1 46 er 4 e .. 45 042 *41- ; 44 9 43.. 46 47 4e-
y
Oe 3 e" ~ e , , n ,

s* J t . J J ** ' ' *J 4 J
331 49 ,$0. $2, ' '3 iw R ,S4- ss 2 56 8M 49 ,57. S' > * ,12 * S3 se ' ss 2 56D S ' '' ,

.
.

, e '> - ,

a v v v
SF Se 39 :,60 % 6' 3 62 '. 63 64 57 Se 59 ' 60 9 6' 62 G 63 64

- t , m
JL JL

M'# 330 331 333 892 884 893

LAYOUT NOT TO SCALE LAYOUT NOT TO SCALE -

- ROW AND COLUMN AVERAGES i C) - ROW AND COLUMN AVERAGES (*Cl
SECTION (6 X 6) AVER AGE = 331'C SECTION (6 X 61 AVERAGE = 890"C
BUNDLE AVERAGE (6 X 6) = 330 C BUNDLE AVERAGE 46 X 6) = 907 C

Fig. 11. Radial temperature distribution measured at apper grid
(66-cm) elevation (a) 1.0 s before power-on and (b) 1.0 s before first

tube burst.

. .. . . .

_ _ _ _ _ . . _ . _ _ . _ . __ _



_ . . -

. .... .

ORNL-DWG 82- 6391 ETD

O O 050 050 O O O O OSO 0:0 O O
O O G"O 6 0 & O '- O O 6 0 0"e 0"O-

segegegeese ge ge ge e 913
33,

331

332 )k ~ 917 8 N #
'

O e g o g e g;eO e g"e g"e gie =--

910
331

eeeeseeGe - e - ese se e
J i

J,

331 331 331 331 332 332 -> 911 914 915 913 91. 908

- OW AP O COLUMN AVERAGES ( C1 - OW AND COLUMN A R AGES I C)

BUNLE 676'
BU E V R CVR E6 6 0C

Fig. 12. Radial temperature distribution measured at 56-cm elevation
(a) 1.0 s before power-on and (b) 1.0 s before first tube burst.

,

4



. ~. - _ - . _ - - . _ .- ._x. - - .. .. - -.

I

ORNL-DWG 82-6392 ETD

1

' 2 s-.
D- Q

-

.

~

rg ya - * *- , . . 6 ,

$ . . D D ' ' sw,wawg. w;2 3 c4 ;,. ;..
9,4 ,~ ,

330 330 331 908 914 919

se .'' 20,, 2' * [2E[[b4 912 - ' ' '['S 3 22331 ~ * ' ' r8s

913 915 909331 331 331

4 2,[ ,E' [3.} [2) [s- . 32 - 922 is331 - 2$

330 331 331 920 929 916 j

54} *l : 9 | 912
, N-

[54 . s 8I [36 sI v3 ,"se]''331 !s a

331 331 332 915 914 . 903 |

i 332 si ' 42 i -'45~ ~45 '4 ' 917 ** ;a2 - ,44 a ~43- ,'4, [e ' u
~

'
-

p
- n . e .-

,

331 332 332 915 912 923 1

[* * }[5 N' te I([50] ! t. 54 907 ** 3*331 **

331 332 .131 905 907 908

CN s .

|
s x

"' '9 ?D ;6 i 6' ' 's t? i ts 64** S4 56 6 6' 44

db
db

si tb1a
--o- 330 331 331 331 331 331 % 914 911 918 912 920 909 |

LAVOUT NOT TO SCALE LAYOUT NOT TO scald
-ROW AND COLuvN AVERAGES ("Cl -ROW AND COLU9N AVE A AGES t C)

SECTiON (C X 61 AVERAGE 331 C SECTION t6 x 64 AVER AGE 914 C3
BUNDLE AVERAGE r6 x 67 - 330 C BUNDLE AVER AGE (6 x 6) - 907 C

|
Fig. 13. Radial temperature distribution measured at 48-cm elevation j

(a) 1.0 s before power-on and (b) 1.0 s before first tube burst.
'

|1

:!

1

1

|
- - - . . .

.

- - . _ . u Mn



-

.
.

23

9

1 0 0 0 8s0 950 0-

i 03038@_00 5
-

3 i e e

e e @,e G.e @,se is
.

0s@.0 0_0 3 0 0 : i
- -

e

O O @,Gi@,Gi@,85 g e,j
.

50 3,8 @,O @,8 O a;h!ji:

O O @ O @e O @, O re!!! !!
es e: -e

. H5! jiO O 850 850 O O, L ..,I..

j-e a a a : a =
.

|- O O O OSO GaO O IE
:.

O G, O O_ G @_ O O 4'

a
5og n

i ,n
'

-

a a

" i.05@,0 @_O @ O O a
- mn

a b$"k ~.* *
O R n

_

Cn "on

nO 3 0 @_O @_O O aisi's_s
a m m ees

O O @_O @_O & O ae!!!>-
8-, m 2

2.iH: O O Ga0 Ga0 O O !ah! s
I a a a a a a _:_l

|

|
! - , __.



. - - - - - _ _ __ --- . . _ + . _ - . ._ -. . -.

OrNL-DWG 82-6394 ETD
e a

,

332 298

A v vw

' 2 3 '' e s5 6 7 et 2 5* e . S e 7 e s

, e s

oD o D.2 -
* ' '

m 3 .' -
e > a s. o s >..

f D 'O ci ''a
o, , .

911 9s,330 9 m 3 a a (4 m3 3- n
,

,s'n - 9 ',2 ' es - D *a <a ,is e6** . . ..m m cm - a m-. n ,, ,

* *s o j .- J - ' ~ J A N J - sO

s - h 25-
'

a, e g 3 ,, _ 10, a b 2* * 22 2. 23 ~ to 912 3' . ' ' , , , g D ** . Kg330 *t f 22 24
_

5 ,

o& s - , - -~ > n .i a ' a s. ,* * '

s"a330 is g b 2+ 4 ,27, g S 2e a ,is. g a 33 ' 3L
= * ~ -

k,3e-922 25 is e 29 gh 9 g 26 * ,27 g - 3232 t Dy , , ,n , ,

'' > n > . m ' J e e. ~ J L o-'~ J , - " J
-g b 3' se, a ~8 0 5 3 -394 43 920332g a ,53 i se, Q SS f) ,36, 34 g !s .. ,M, g 5 7 ;. 3a- g 3, sog g, 4g , ,

,en , ,

| & '

.', f 42.=
. - e
a -

n. 44 4
. o " ' u, J -

- se , a
a = '- a - - ~ , . e,

a 42' 43 " 3 44 ,, s M D 46 ,e r ,se. 916 ** 43 c ,45 g as y 49331 4' aa a + es e s g . , , ,g ,,

<c DoDs . D " "'

a py ,e.t . -
* > s w s - e ss

,% SD .s2, g ss 9 ,54.
n

gs g a e y ,s2,. a e Ss i se 910 49 g ss ' 56330 ..
,

. - . .

S' sa 33 63-'4 6' 362 4 43 64 Sr sa 59 60 a 6' 62 4 es se
,_ , +

''332 693,,

W (M 'm
% 330 331 330 331 331 331 * 911 916 920 915 918 912

LAYOUT NOT TO SCALE LAYOUT NOT TO SCALE
-nOW AND COLUMN AVEH AGES ("C) ROW AND COLUMN AVER AGES l'C)

(ECT80N (6 X 6) AVER AGE - 331 C SECTION (6 X 6) AVERAGE = 915 C
BUND:.E AVERAGE 16 x 65 = 330 C BUNDLE AVER AGE 16 X 6) = 907 C4

Fig. 15. Radial temperature distribution measured at 28-cm elevation
(a) 1.0 s before power-on and (b) 1.0 s before first tube burst.

.

.

i

# @ g



. . . . , _ _ . . .__ ..

. ..* .

ORNL-DWG 82-6395 ETO'

O G50 0:0 O O O O OiG OiG O O O
919 920 906

330 330 330

914 927 914
330 331 331

926 928 93
331 330 33

330 331 332 919 931 926

331 331 330 921 924 901

901 911 900
330 331 330

e e ene ene e e e e eie ese e e
46''

330 331 331 330 331 330 911 922 923 924 913 910

LAYOUT NOT TO SCALE LAYOUT NOT TO SCALE
-ROW AND COLUMN AVER AGES ( C) -ROW AND COLUMN AVER AGES ( Cl

SECTION (6 X 6) AVERAGE = 330*C SECTION (6 X 6) AVERAGE = 917*C
#

BUNDLE AVERAGE (6 X 6) = 330 C BUNDLE AVER AGE (6 X 6) = 907 C

Fig. 16. Radial temperature distribution measured at 20-cm elevation
(a) 1.0 s before power-on and (b) 1.0 s before first tube burst.



_ _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ . _ . __

.

ORNL-OWG 82-6396 ETO
*

- e
s e, y,

e v v
i 2 - 3 a 4 '. S.* ,, 7 e

' ' 2 3 * 4 ; 5 'a 6 7 e
M M

D v v s " a a' , c'R #,3- .2 #, g'" 891 9 'O N " ' '2330 9 * a r. 'n" E,2 6 ** * S 1 'e 'h '6'

, n ,' S? fr n n, e v ? (T *

* #8A ..g A ,1
~ J L * ''u J A 'J " > .. ) ' . , " > :.

-s 23 9 24
"

1F ( to '+9., pg .>2'* 22 0 23'* 24 ' # l' 9'8- ',9
20 S 2' 's 229 et 'r ^, , , , ,

926Sk(27 ~ ->26 g { 2r [3U
330 25 29 1 33 '* st 32 9 894 25 ', 2 29 ; 30 '* 32 1

* J - - J - ' J i " J - J su
a 33 3 34 ' 35 . 36 0 3r . 3e., ] 39 ts 40 .33* 34 3 35 36 D 37

- @ ? 3 m m . , ,
~34- 39 * 40t

", , , ,

' - a a s " " a"

331 di 342 2 43. J 44 3 45. 46
- J s s ..

J 44 4 45. 3 46
s -J u,m ar de . 898 4' 342r*e " '43 av ee . MSm %m ", , n , , .

n ,

' \ > > 1 " J "J '
s .

' J ' u
49 SO., L S' 1 52. 0 5 3 fa 34 s SS 3 36 49 50. S S' * ?2 'S3i S4

, , 7 ? -
SS * $69 3 t ?, -

, ,
*

,

v v v v
SF $8 $9 060'* 6' >62'i 63 64 SF 59 59 1 60'* 6' 2 6 2 'a 63 64

, , , ,

Jk dh

(a) (b)
- 330 330 33- % 894 891 898

LAYOUT NOT TO SCALE LAYOUT NOT TO SCALE
-ROW AND COLUMN AVERAGES (*C; -ROW AND COLUMN AVERAGES i C)

SECTION (6 X 6) AVERAGE = 330 C SECTION (6 X 6) AVERAGE = 894 C
BUNDLE AVERAGE (6 X 6) = 330 C BUNDLE AVERAGE (6 X 6) = 907 C

Fig. 17. Radial temperature distribution measured at lower grid
(10-cm) elevation (a) 1.0 s before power-on and (b) 1.0 s before first
tube burst.

. . . . . .

_ - - - - - _ _ _ _ _ - - -- - - - .



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ , .
_ _

e e o e
, ,

ORNL DWG 82-6397 ETD

a vw s

t 2 . 3 = . S 6 7 0' 2 31 . st 'ag 4 y ,
.. .

_ n .
Q { ',,' ~ #

',3,' y g ,3E ' ~
56' ' , <. 55- *. S R ,* s''' 880 e ,2 m

',3 G329 * .."
a - -- -

" <# s t * " a " s a s G '' n _ eJ o # '743N 'I - '', 19 ,23_ M S, a _ as # Q 2 . ' ' , ** ,23 2' 4 S ,22 as g 2g 22
. * **+ .. + , ,

* *
a J s*

e s s ~ e 2 .
v J .

to G m 29
" v'

53 G @ J _ 32
J t

888 25 24 2r 3,331 25 26 27 - 2e e m 29 ' so e m 3. 32M * 5 m +* M ? * g+ ,, , , ,

'' * v v* J t ev
J.. 35 O g 36 3r e se 3, . .o

-

J .s
* .o c 3 r 3 3 ' j ,' 895 35 a 3330 55 3 5 35 Sg 36 38

? a n . -
39 * .o e + 4* *, , ,. , ,

.:2.u ge., .:. ge =t.. .:23:..; ..:. 2 :.9 .:. y . .:. .83 ..33,

* * *J

_ 'ss".J i. * ! # n s)e J o
s n 54 874 9 53~ S' ~ 52. 55 4o

.s. . ss G ~a s653 . ,3
_

330 ., so m 32, n m e nn ~~ .
, , ,,

a vv -

SF 59 59 '63 G 6' 62 4 63 4 57 Sa $9 v 63 '! 6' 62 * 63 6
, e e <

Jkdi

11 tot
-> 330 330 331 330 330 330 % 880 887 886 893 885 373

LAYOUT NOT TO SCALE LAYOUT h0T TO SCALE
-ROW AND COLUMN AVERAGES (*Cl -ROW AND COLUVN AVERAGES (*Cl

SECTION (6 X 6) AVERAGE = 330*C SECTION (6 X 6) AVERAGE = 884*C
BUNDLE AVERAGE (6 x 6) = 330 C BUNOLE AVERAGE (6 x 61 = 907 C

Fi g . 18. Radial temperature distribution measured at 5-cm elevation
(a) 1.0 s bef ore power-en and (b) 1.0 s before first tube burst.



28

n
see

R.
. ~ ~s. . s<n .. .. - , , . .

D

1
*

i 1 ~e -3 -a ., g- .c- . g- .. e~- <.
.

N # . @p

L
.o

~.2 *g ,c ' e. g - g a,"s a: ~g e.
- . ., ..

o.
d

Uh N5 *h Ik h Uh Oh g*

-

W
.,~~

'

h e-E
*n e .- ..

s -; .g ~a _a ,a el ,._. .

g a
eo

at .1 Ea o
- **M h .

h4 OMg%
a $. N,*$ O"8o. " e. 8

MN * e% 8 mew ao e$ ~a c o

o3Q W W
-h = o
OOIrry, e # '=R - . *, , *; e

n ~ m 6s * < e a a Moe

o o p p
>sh r M M4
a . W

M M 5 5 8 h -4 W4n om g g
# #
o. w
MM
o% .

M
G

9 H~ o e" , w* e v
~Rm e <R .. . oO- ce

*ww
W e
bo
o

en g *> #cR -5 8, -4 *Q *Q 4 * .g
r ~, a a . n Wn cs .,

l C.4
Q .4
M

ef ~q o" eQ cA gq ~Q A"
We

n ~n aRg en en ..r. en s ,a
- aw

M
*e4 'C3
M A

, $,., a. R *R eR "nA cA eR - 8 e
n ~n ~n e <n m e n

*Q
Ch O
e4 4

u-

NK n ,M ey * E. a. . E O R., g ,.~R W c*,
n ~i .r n .,n ,

Es, O.
*

ts
_.

-$ :$ *3 %E as *E EE 5 ah 0
= 0
0 %
4 .-E

Wwg
J2

7$ @ h, ~P an@O 9 e, O @ N4N,Aa o ,, s f .enr
,

2 3,N. a
mow003

6,* *
- . :$ = RE ; ; ;

O Odl > Rp
0

4.J E .3

n ',



_ . - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ ___ _ _ _ _ _ _ _ ___- _ _ _ _ .

-29

during the transient. This portion of the figure also shown that the in-
terior simulators were a few degrees higher in temperature than the en-
terior ones, an 'would be espected f rom the boundary conditions.

*
The data siven in !!!ss. 9-18 for the inner 6 x 6 array were averaged

to obtain the ~ ental temperature profiles plotted in 1813 201 the average
' at each instrumented elevation. the range of the data, and the number of

thereocouples on which the average la based are at eo noted in the plot.
*lhe profile 1.0 m before the first tube burnt shows the end ef fect s i.en-
tioned above; the man 11 (~S'C) gradient between the gride reflects the
stiaht increase in ateam temperature na it flowed through the bundle.
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The maps provide considerable data and greatly facilitate interpreta-
tion and quick-look evaluation of local and.overall temperature distribu-
tions. As evident, .the initial radial and axial taaperature distributions
were very uniform, indicating unifoon distribution of the steam. Compare, *

for example, data in Fig.' 9 for the 84-cm elevation with the inlet steam
temperatures (at the 107-on elevation) in Fig. 7. Al so, compare Fig.18 *

with Fig. 7 for the radial- distributions at the lower end of the heated
i zone. The modifications made to the inlet steam nozzle and others made to

'control external heat losses effectively eliminated tasperature gradients,

in the bundle like those experienced in the B-5 test.

Dif ferential pressures measured 1.0 s before power-on and 1.0 s be-
fore the first tube burst are presented in a similar format in Fig. 21
Because the simulators were pressurized simultaneously from a common
header and then isolated individually, the uniformity in initial pressure
also indicates uniform gas volumes for the simulators and the lack of seal
leaks. The data in Fig. 21(b) indicate, consistent with Fig.19(b), that ,

i the interior simulators were -hotter and had deformed more at this time
than the exterior one s.

A number of quick-look plots and other data are presented below to
; - illustrate significant features of the test as it progressed and to pro-

vide an indication of the general conditions prevailing a t the times of
important events. A pa r ame t e r, TAV-10, is plotted in a number of these

j figures to represent the bundle average temperature. This parameter is.
in reality the average of eight thermocouples (TE 11-2, TE 20-2, TE 29-2,
TE 31-2, TE 34-2. TE 38-2, TE 45-2, and TE 52-2) at the 38-cm elevation,

(see Fig. 4 for relative positions) that was electronically averaged and
recorded during the test to facilitate characterization and visualization

.
' - of the bundle temperature as a function of time.

Figure 22 shows this parameter and applied voltage plotted as a func-
,

tion of time af ter power-on. The average heating rate in the high-alpha
temperature range (i.e., from about 35 to about 105 s af ter power-on, cor-
responding to TAV-10 temperatures of 498 and 813*C) was about 4.5'C/s. As
the temperature increased into the two phase range, the heating rate de-

, creased because of greater losses and the higher heat capacity of the tw o-
' phase material and, perhaps, the effects of deformation. The average

heating rate f rom 115 to 141.7 s af ter power-on (i.e., to the power-of f
time) was about 3.5'C/s, in good agreement with the desired rate. Because
maximum pressure (indicating the onset of deformation) was encountered in
all the interior simulators in the latter time int e rv al, the lower heating
rate (i . e. , 3.5'C/ s) is considered to be the appropriate rate for charac-
terizing the deformation behavior.

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

} Figure 23 depicts the bundle characteristic temperature (TAV-10) and .

several pertinent pressures. In particular, vessel gage pressure is shown

by PE-301, and differential pressures are shown by (1) PE-29 for simulator .

20 (one of the four central simulators and the first simulator to burst),

(2) PE-55 for simulator 55 (one of the corner simulators in the inner
6 x 6 array and the last simulator of the inner 6 x 6 array to burst), and

i
o
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ORNL-OWG 82-6400 fTD

1 2 3 4 5 6 7 8 t 2 3 4 S 6 7 8

3054 3049 3054 3053 3052 3054 3053 3211 3201 3173 3177 3154 3175 3180 3217

9 to it 12 13 14 95 16 9 10 ft 12 f3 14 95 16

3051 3047 ' 9 3046 3049 3055 3053 3044 3197 3100 3037 2995 3015 3036 110 3174

17 18 19 20 21 22 23 24 17 18 19 20 21 22 23 24

3053 3047 3051 3054 3050 3048 3043 3046 3156 3061 3014 3023 3011 3036 3077 3174

2S 26 27 28 29 30 39 32 25 26 27 ?9 29 30' 3s 32

3051 3051 3047 3048 3040 3M1 3052 3034 3169 3046 2982 Oss,1 2980 3018 3029 3173

33 34 3S 36 37 38 39 40 33 34 35 36 37 38 39 40

2 3054 3048 3046 3041 3051 3046 3047 3157 3064 3018 3023 2999 2983 3037 3181
te
M

di 42 43 44 45 46 47 48 41 42 43 44 45 46 47 48

3054 3056 3053 3045 3038 3039 3043 3048 3177 3066 3008 3037 3011 3016 3054 3169

49 SO St 52 S3 S4 55 56 49 SO St 57 53 54 SS 56

3068 3059 3055 3053 3055 3053 3051 3053 182 3120 3084 3078 3072 3033 3120 3186

67 58 59 60 61 62 53 64 $7 58 59 60 6f 62 63 64

3059 3055 3057 3059 3049 3061 3055 3054 3212 3171 3184 3179 3169 3186 3173 3222

W(a)

LAYOUT NOT TO SCALE LAYOUT NOT TO SCALE

Fig. 21.. Differential pressures (kPa) sneasured (a) 1.0 s before-
power-on and (b) 1.0 s before first tube burst.
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(3) PE-8 for simulator 8 (an outside corner simulator and the last simu-
lator to burst). The vessel ' pressure remained constant until . the first
burst, at which time it increased because of the release of the hot, high-

;

pressure gas from the ruptured simulators. About 3 s af ter power-of f, the !
'

steam control valves opened to reduce the vessel pressure and to permit
increased steam cooling; at this time the pressure decreased rapidly to *

a tmospheric. The sudden decrease in the external pressure caused a maall
increase in the differential' pressure of those simulators (in the outer
ring of the array) not yet burst, as typified by the PE-8 pressure trace
in the figure.i

Temperature [ Figs. 9(b)-19(b)] and pressure [ Fig. 21(b)] measure-
ments showed that conditions in the bundle 1.0 s before the first tube '

burst were very uniform, considering the fact that external heat losses
caused the exterior simulators to be 10 to 20'C colder (at this time) than
the interior simulators. As a consequence, the exterior simulators were
at a slightly higher pressure because of their lower deformation level at
this time.

The bursts occurred in an unusually orderly manner, as indicated in
. Fig. 24, because of the uniform conditions. The data are plotted in three
I groups to indicate radial positions in the bundle. As is evident in the

figure, all the simulators in the inner 4 x 4 array except one burst be-
fore any bursts occurred in the next outer row (i.e., the outer ring of
the inner 6 x 6 array). The 16 simulators of the inner 4 yt 4 array burst
in a 2.25-s time interval. All the simulators in the next ring (i.e., the
outer ring of the inner 6 x 6 array) burst in a 6.00-s time interval, with
the four corner simulators of this subarray burstina last. Power was ter-
minated 0.60 s later; however, the temperature continued to increase (Fig. -

22) for several seconds and then turned around and slowly decreased. The
first simulator in the outer ring burst 0.40 s af ter power-off; all the

.

simuistors in the outer ring except the four corner ones burst by the time
I the average temperature reached its maximum value. The corner simulators,

with the greatest external heat losses, were subj ected to near-isothermal
creep conditions and f ailed 25 to 50 s later as indicated in Fig. 24.

Tables 3 and 4 give computer output summaries of the important pa-
rameters recorded on magnetic tape during the test. There are no tempera-
ture entries in the tables for those simulators that were not instrument ed

! with temperature sensors; however, measured pressure data are included for
these simulators. Following our customary practice, the maximum measured
temperature at the time of burst is selected as the burst temperature;
these can be identified in Table 3 by the reader, and the measurement lo-
cations can be determined f rom Figs. 4 and 5.

The burst data are plotted in Fig. 25, using different symbols for
| the three radial zones indicated in the figure. As evident, data for the
| inner 4 x 4 array overlay the data for the outer ring of the inner 6 x 6;

the respective average burst temperature and average burst pressure for
these two zones were 933*C and 2800 kPa and 932'C and 2800 kPa. As ex-
pected, burst temperature data for the eight instrumented simulators in *

the outer ring of the 8 x 8 array were somewhat lower (average burst ten-
perature of 924'C and average burst pressure of 3000 kPa) than data for *

the interior 6 x 6 array. The curve labeled "B-6 LSF" is a linear least-
squares fit to all the B-6 data points. The range of the burst pressures, .

| for the remainder of the exterior simulators excluding the four corners is !

I .

;

!

| |
<
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Table 3. 3-6 Quask-teek tattlet and burst condittens

MRBT BuhCLt e-6 ARRAY SIZE 818 TEST DATE L'C L E Md E d 3, 1961

P0eFR-ON TIMk 15:31 0.0 RECORD e 249-4 24.8u0 StC AFite 5fARI CF SCAN 141. 7 3R SEC 8sFCdt PC at R-CF F
P0mER-OFF TIME 15*33 21.74 RECORD e 1666-8 166.538 SEC AF Tt R START OF SCAN 141.738 sky AFTEd 9CdER-O%

NOTE BURST TIMES mERc CCMPUTER SE Lt CIE 0 ( 7)K P A/ 50 M5 6, f et RMDCCuPLES .t At NOT Alf 4CHED 10 R005 h4 tut IEMPENAIOWL5 AWh GM t i ll b

SUMMARY OF 8 Mal insi dESLLIS

eseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesseeeeeeeeee
-------------thll!AL CONotT10N5------------- MAXIMUM ------------APPROAIPAIE Bud 5T CiholitCNS------------ -

R 00 DIFFEmE hll AL TEMPER 4fuRE5 (OtG Cl FME55JdE ORFFERtNilAL ItMPEReibRt5 (DEL Cl tud5T esd58
NO. PRES 5uRE CIFFERENilAL Pats 5Udt -- ----------== IIPE dt CCh u--------------------------------

(KPA) TE-1 TE-2 TE-3 TE-4 AVG (KrAl (KPA) TE-t ik-2 IE-3 IL-4 AWG 1540) NC.

t 3052 3308 de26 191.43 2163-2
2 3050 3250 3429 146 84' 1710-o .
3 3051 327 328 324 329 32s 3233 lots *05 v23 dof 992 +11 144.39 1693-A
4 3046 3235 /987 142.24 1674-e

5 3053 328 320 329 329 328 3241 tes2 895 sti 124 342 912 143.09 1600-A.
6 3C51 4245 299F 443.54 1664-6
F 3053 3227 3046 147.19 1724-A
8 3C52 3324 2861 192.08 2170-4

9 3C53
.

3253 3059 144.44. 1693-8 b**

*10 3048 327 329 329 J29 328 3235 4785 9C1 v24 929 A ve 113 139.94 1648-8
11 3C47 328 328 329 329 32 9 1240 4814 921 919 414 122 924 136.19 16tt-A
12 3048 326 329 329 329 329 3249 2744 894 d32 #27 9wl dl> 135.59 1605-A

Il 3048 327 330 330 330 529 3229 2856 912 928 d2 4 921 922 135.14 56G0-G
14 3C53 328 330 330 328 329 3236 4F4s 303 924 439 8 34 st4 13F.14 1620-o
15 3052 330 329 129 330 330 3244 2822 126 932 123 91F 924 139.34 1642-8
16 3046 3219 30F9 14e.54 1734-4

17 3052 330 329 329 33C 33G 1234 4941 911 503 920- 931 st6 143.94 166 8-J -
to 3 C46 329 330 329 330 350 3238 2F9F 911 'd 19 d29- 92F 922 136.84 1617-6
14 304F 329 329 330 329 329 3253 1626 904 919 v2/ 999 viu 134.44 1593-n
20 3C50 328 329 330 330 329 3240 2759 923 927 934 929 92e 13).04 159 9-e

21 3C49 32 F 330 330 330 329 3245 de13 894 923 v2 3 Rv5 909 134.14 159C-H
22 3049 329 330 330 331 330 3234 de4F 914 132 923 925 +24 13).14 1600-b
23 3C44 329 330 331 330 350 3244 4746 893 - 928 92F 891 vil 13d. 09 1630-A
24 3044 3219 3047 145.94 17u8-b

25 3049 3235 2944 143.29 1682-4
26 3052 33C 330 330 330 330 3256 2799 903 93F 932 903 918 R35.74- 1606-u
27 3049 330 330 llo 33J 330 324f 2827 423 936 93? 92F 924 133.69 !$66-A
28 3048 329 330 331 33C 330 .3253 JF9F 895 924 934 891 911 133.39 158 3- A

29 3C42 329 330 330 33C 330 3242 2868 909 924 133- 91F 921 133.14 ( S o b-u
30 3C41 330 330 331 330 331 3229 2stl 901 #17 #26 8df 115 135.14 1600-8
31 3051 332 33t 330 331 331 3230 JF15 #32 936 929 925 933 137.14 1620-d
32 3038 332 329 330 331 331 3245 2920 - 9C4 929 #09 902 911 144 54 1674-8

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
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Table 3 (sentiosed)

Meef suNOLE 8-6 ARRAY Si2E 818 TEST CAft utLEMetu 3. 1981

PCeER-ON IIPE 153318 0.0 MEC0dD e 249-A 24.e00 SEC AFita StAdi Cf SCAh 14 4.T 39 aEC btF0dt PudtR-uFF
PGhER-OFF itPE 15 33:21.74 RECORD s IE66-o 1E6.538 SEC AF 1E R STA tt uF SCAN 144 738 ,EL aFTEd PCwEM-CN

N0ift BUR ST TIMt5 hERE CCMPuftR 5ELcCIED E F)KPA/50P5 3. f e!t AMCCOUPtti meat NOI AllALHtu la 8 JUS mHtec IEMPLWAf6d: A4C CPIIItL

SUMMARV OF Bud 5i itSi 4L54LIS

seeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteeseeeeeeeeeeessesseesseeeeeeeeeeeeeeeeeeeeeeees
-------------IhtilAL CONDITIONS------------- MAXIMUM ------------APP 4CalMATe mL451 LCN08 tlc 45-------------

R00 DIFFEREhilAL IEMPERATUaES (LEG Cl PkE55Jdt DitFERtNilAL ItMPLRATURea (DE4 Os tuuSI Gud57
flME d = 00d pNO. PRESSURE - - - - - - - - - - - -- ------- ulFFERENIIAL Put55Udc -------------------------------

(KPal TE-1 TE-2 it-3 TE-4 avg InPat (KvAs IE-1 IE-2 1E-3 Te-4 Av3 titCI NC.

33 3C54 331 130 329 330 33u 322F 2441 910 vue v2L 919 *14 142.14 16FO-u
34 3054 330 330 330 331 33C 3299 4835 989 928- s36 431 's t s 136.14 16to-d
35 3C46 33C 331 130 329 330 3238 1816 897 936 al's 9u6 916 134.74 t>96-u
36 3046 3JO 33t 330 331 330 323L 2F31 912 929 ess 9su #27 134.94 t>96-3

37 3044 329 331 331 329 330 3248 dool 893 926 ~ #2 * 9sa ett 134.49 l>44-A
38 3C49 331 331 331 332 331 3251 JF20 9t2 32F #34 946 926 134.59 1>95-A
39 3046 332 331 332 132 332 3241 teOS 9C4 929 921 904 114 135.99 1609-A
4J 3C51 3242 2934 144.64 1675-o

taa
41 3C54 3232 4456 142.94 1678-0 ' =4

42 30S5 330 330 331 330 330 3234 e645 901 91b 934 8 e7 .12 131.09 1020-4 -
43 3049 331 331 331 331 331 3242 4785 914 836 128 922 926 134.64 1595-o
44 1C43 129 330 331 330 330 3245 2e4s 89F 934 d2 3 ' 842 911 135.14 16ub-n

45 3041 329 331 331 331 33L 3230 4763' All #24 932 927 ved 135.14 togo-g

46 3036 330 131 331 331 331 3260 JTFC es? 933 #36 300 *15 135.39 1603-A
47 3C45 332 331 329 332 331 3244 '2409 916 925 50 3 914 9t6 t h.14 16G0-0
4e 3047 332 332 329 330 331 3236 4962 9C5 986 d2 3 898 911 143.64 1665-b

49 3063 3256 4*96 144.59 1695-A
56 3C57 329 330 330 330 330 325L to10 914 -s t ) #L6 9 32 919 139.C4 1639-6
51 3055 129 330 330 330 33C 3259 te42 9C3 924 <! ) 892 908 136.99 tol+-A
52 3C53 329 330 J31 331 330 3248 2d3F 916 920 *23 927 922 137.04 W i d-0

53 3C55 327 330 331 330 330 3248 4821 89) 928 916 P9) 905 136.74 1686-d
54 3053 330 331 330 H1 330 3245 47tC 923 934 #14 926 924 131.14 1620-8
55 3C49 330 330 331 33C 330 3252 4 F59 912 941 v41 810 v21 141 14 1660-s
56 3C52 3231 312F 143.79 tlwF-A

-

57 3059 3299 2975 174.64 1995-6
58 3C54 3731 3014 147.29 1F22-A
$9 3C56 10 1 2977 143.64 16e5-6
ou 3058 330 329 329 33C 329 3255 2+33 vie 907 903 913- 910 142.84 16FF-e

61 3047 3225 3012 143.94 8688-6
62 3C58 329 329 330 331 330 3243 2995 925 915 903 912 914 143.64 16ss-n
63 3054 1213 3043 140.64' 1F55-b
64 3C54 3327 2865 189.23 214t-6

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
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Toble 4. F6 Qetsk-teek iettlet med sesimum p'ee W e seeditteee

Muni uuNCLE 8-6 ARRAY 512E 8x8 TEST CATE CECEMsEM 3, 19e1

PCm E n-04 I I M E 15:31 0.0 MECORD s 249-A 24.600 SEC AFIER STAdi Uf SCAN 141. 7 3 8 > Ei, 6t F 0d t Poetd-off

PCwE R-OF F TIPE 15:33:21.74 RECORC s 1666-B 166.538 SEC AFTEu $TAvi CF SCAN 141.738 w L M IEn FLwEd-CN

im?CCouPLES ' EAE Noi AllACHED IG R005 kHEnf TWUJitmE5 44 JMIEDNOIE e

SUPP.MY LF MAR IMum PdE55JdE 5

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee*2eeeeeeeeeeeeeeeeeeee
-- =-----INITIAL CCN0ti!ONS-------------- -= - -CONJtiture$ Ai i t ME CF PAARPuM PMEbhudts---------

ROD DIFFERENilAL TEMPERATLRES ICtG Cl ciFFEAENTIAL ltMP(NAIUdE5 (CEG C D .
NO. PRE 55UNE - -------------------- raE55uRc ---------- ==- - r =------- TIME RLCCAL

IKPA) TE-1 TE-2 IE-3 TE-4 AVG tsPAl TE-t IE-2 it- s TF-4 A v;, ( 5t t i AC.

1 3052 3 $u8 141.uv 172u =
2 3C50 1250 !!4.34 1542-d
3 3051 327 328 324 329 328 3236 828 836 424 528 c2e 115.64 1405-0
4 3046 3235 t io .u d ISSC-A

'
> 3C53 328 328 32 9 329 12 M 3241 194 d10 ott eut o04 Itu.w4 !)49-6
6 3051 3235 819.39 135 3- A
7 5053 322F .15.15 4401-A
e 3C52 3524 146.B4 111F-8'

9 3053 3253 115.19 14u1..
88

to 3048 327 329 32 9 329 128 3235 196 alb 819 798 age 108.54 '1334-d
11 304F 328 328 329 329 32 9 3240 814 521- 829 620 828 10s.34 13 3 2-J
12 3048 326 329 329 329 125 3249 (94 e24 42 G 798 aud 105.99 1309-A

13 3048 32F 330 130 330 32 9 3229 sts a 30 a33 626 820 104.94 15st-a
14 3053 328 130 33C 328 329 3236 809 9 44 934 804 olu 110.2, 135L-u
15 3C52 330 329 329 3 50 330 3244 u2s a29 all 627 c2 s 110.e4 4355-e
16 3046 3219 115.49 -140C-A

LT 3052 330 329 329 3 3n 130 3234 ott at4~ e28 833 o23 113.24 1381-s
18 3C46 329 330 329 350 330 3238 624 d 30 8 32 828 e2a llu.we 1349-8.
19 3047 325 329 330 329 32 9 3253 8 00 82F, 427 601 dl> 108.49 1334-4*

20 3050 328 329 330 330 32 9 3240 m2F as4 e4C e l2 dal 11u.1+ 1354-A

21 3C49 327 330 330 330 129 3245 Fve 829 82> 803 ets 401.79 1327-A
22 1049 329 330 330 331 330 3234 817 828 829 823 524 104.44 1333-o
23 3C44 329 330 331 330 330 3244 784 812 814 783 79s 105.54 1304-d. .

24 3C44 3219 116.04 5 4 09-e

25 30*9 3235 !!4.e4 1391-o
26 3CS2 330 330 330 330 330 1256 80a 831 830 80F div tuv.04 134C-A
2F 3C49 33C 330 130 330 330 3249 814 421 822 St6 Std 103.74 1306-o
28 3048 329 330 331 330 330 3253 F7d o02 844 FF7 /*u 101.64 1265-e

29 3042 329 330 330 33.7 130 3242 e09 820 442 813 sto 106 49 1st2-A
30 1D41 330 330 331 330 331 3229 8C3 833 83C 806 81* 104.64 1336-A
31 3C51 332 .331 330 331 131 3230 and $28 825 820 e23 107.49 1324-A
32 3038 332 329 330 331 331 3245 819. d 38 834 825 e25 115.24 5401-8

'
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Teble 4 (eentlased)

MRoi 8U40Lt B-6 AdnAY SIZE 8A8 TEST Daft CtCtMBER 3, 1981

PCWER-ON TIME 15:31: 0.c RECORD s 249-A 24.e00 SEC AF it R START OF SCAh 141.F 3m >EC acF04L PGwca-CFF
P0mER-DFF TIPE 15:33 21.fo RECCR0 s 1666-u 166.538 SEC AFitR STANT CF SC AN 141.F38 sEO Abitm PGwEA-CN

NGTE: THERMCCOUPLES HEME NOT ATTACHED TO ROCS WMtAL itMPERATURES ARE uMITTED

SUPPARY CF MAAIMuM PRLS(udt5

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees
--INITIAL CONDITIONS- - ---- -CONDIIIONS AI 164t OF M A A I Mum Pat h5uRL5---------
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IKPA) IE-1 TE-2 TE-3 TE-4 AVG IKPA) TE-! TE-2 Ic- 3 f r-4 A6 15c C 8 hl.

33 3C51 331 330 329 330 330 3227 816 823 820 888 81 e it2.2d 1372-A
34 3054 33C 330 33C 331 330 323d 817 d23 424 822 822 1u r. 34 1322-o
35 3046 33C 331 330 329 330 3238 616 d44 840 888 d30 111.09 136C-A
36 3046 330 331 330 331 330 3231 e04 514 #16 e07 00e 104.5+ 1295-4

37 3044 329 331 331 329 330 3248 T91 819 816 794 dum 105.14 1306-6
36 3049 331 331 331 332 331 3251 806 al7 82C 882 e14 40s.gv 1302-A
39 3046 332 331 332 332 332 3241 80w 823 846 746 eCv tu6.44 1313-4
40 3051 3252 tie.e9 1398-4

taa
41 3C54 3232 117.47 1424-4 up
42 3C55 330 330 331 3 30 33C 3234 utu e l4 833 su) $20 11u.64 1355-e
43 3049 331 331 331 331 331 3242 802 817 117 809 312 105.24 13CL-o
44 3043 329 330 331 330 330 3245 796 e24 d42 7+T 810 107.54 1324-o

45 3041 329 131 331 331 33t 3230 8th e 30 831 826 527 10$.84 1337-d
46 3038 330 331 331 331 331 3240 ett e43 e4 C sti e2h 111.04 1354-o
4T 3C45 332 331 32 9 332 331 3244 eib 623 818 814 die 107.49 1924-&
48 3047 332 332 329 330 331 3236 510 u?O 827 at2 81v 113.74 L386-6

49 3063 3256 114.'94 1396-u
50 3057 329 330 330 330 330 3251 82) 8 31 833 8 32 e30 111.34 1364-b
st 3055 329 330 330 330 330 3259 781 806 800 779 791 103.84 128F-5
52 3C53 329 330 331 331 350 324u elu 840 848 u )6 23F 111.53 1365-A

53 3055 327 330 331 33C 330 3248 F86 812 882 788 600 105.84 83C7-o
54 3053 330 131 330 331 330 3245 834 d37 a31 #34 634 114.34 1362-o
55 3C49 330 130 All 330 330 3252 806 82T 824 796 bl4 110.14 135C-o
56 3052 3231 114,04 1389-6

57 3C59 3279 146.wi 1719-4
58 3054 3231 115.04 139 9-d ,

59 3056 3241 184.09 13#0-4
60 3C58 330 329 329 330 329 3255 TSo two aC0 s 'J 2 800 107.57 1325-A

61 3047 3225 !!6.04 14 09-u
62 3058 329 329 330 331 330 3249 823 sie e12 817 611 111.34 1362-s
63 3C54 3213 116.24 1415-6
64 3054 3327 146.79 1717-4
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!Fig. 25. Experimental burst temperature and pressure data.

.

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

, Although a difference can be detected between the data for the exter-
"

nal and internal simulators, note that the pressure scale is greatly ex-
panded to f acilitate plotting of the individual data points. In reality,
the dif ference between maximum and minimum burst pressures was only ~400
kPa. By way of comparison, the burst pressure variation in the B-5 test
was about 2200 kPa, while the burst temperature variation was about the
same for the two tests.

; Prior to performing the B-6 test, three single-rod heated shroud
tests were conducted 11 with heating rates in the range of 5 to 6*C/s to
aid selection of the B-6 test parameters. The burst data for these three
tests are included in the plot for comparison; the curve labeled "SR-LSF"
is a linear least-squares fit of the three single-rod data points. While
the two fitted curves have virtually identical slopes, the bundle curve is -

about 10*C lower than the single-rod curve. Some of this difference may
be caused by the slightly lower heating rate in the bundle test (3.5 vs -

i 5.5'C/s), but most of the difference is attributed to our use of fewer

thermocouples to measure temperatures in bundle simulators than in single-
rod simulators (i.e., 4 vs 12), and thus a greater statistical probability
exists for underestimating burst temperatures in bundle tests,

e

|
i

( _, _ _
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Figure 26 shows initial-to-burst pressure ratios for each of the

.

three radial zones of the array. This parameter is related to the volume
! change. of the cladding heated length and, hence, provides a qualitative.

indication of simulator average deformation over this length. Th e se ' 'da ta
are consistent with those given in the previous figure and indicate that.

the inner 6 x 6 array deformed more than the external ring; there was no,

significant difference between the inner 4 x 4 array and the next outer
ring. Again, note that the scale for the ordinate is greatly expanded to
f acilitate plotting. The reader should be careful to take this f act into
account when comparing this figure with similar plots we have published
for the B-5 test. (The B-5 initial-to-burst pressure ratios ranged f rom
about 1.2 to 1.5, considerably greater than the B-6 data range; hence,i

deformation in B-6 is much less than in B-5.)
Typical measured steam temperatures (sco Fig. 6 for thermocouple lo-

cations) at the inlet (TE-322) and at the outlet (TE-327) and vessel pres-
sure (PE-301) are shown in Fig. 27; TAV-10 is included to characterize the
bundle temperature. Neither the inlet nor outlet steam thermocouples in-
dicated unstable temperatures during the time the interior simulators were
bursting (i.e., before power-of f as noted by the arrow on the time axis);
however, the outlet steam thermocouple sensed a temperature increase af ter,

i the sudden vessel pressure decrease. This temperature increase was proba-
bly an effect of increased steam ficw caused by opening the large bypass;

valve downstream of the vessel.
As mentioned previously, the need for electrical isolation between

the test array and the closely fitted shroud precluded Joule heating of
the shroud. Although the shroud had a highly polished, gold plated sur-.

face to reflect thermal radiation, the temperature of the shroud increased
significantly during the test. Figure 28 compares measured shroud ten-

*

peratures on each of the four sides (at the 76-cm elevation) with the
.'

characteristic bundle temperature (TAV-10). Dif ferences of ~100*C were

measured around the shroud before the first tube burst. Similar tempera-
tures and behavior were noted for the shroud thermocouples at the 28-cm
slevation. Figure 29 compares shroud temperature measurements at the two
instrumented levels on the north side of the bundle with simulator ten-
per atures measured in the vicinity (see Fig. 4) . The average of the eight
shroud temperature measurements was ~165'C J ess than the bundle average
t.superature during the time deformation was occurring (i.e.,1 s before

' the first tubo burst).

Posttest Examination
i

Following the burst test, the test assembly was removed from the test
vessel and partially disassembled for observation and examination. After

,

performing posttest instrumentation checks, the shroud assembly was re-'

moved to permit visual observation and dimensional checks of the test
'

array. Further disassembly (including succo saful removal of the internal
heater from all except four of the outer ring of simulators) was then ac-

*
complished, and photographs were made to document the appearance in de-
tail.

Figure 30 shows the west f ace of the assembly af ter removal of the
shroud and internal heaters. The meter stick (suspended f rom the bundle

|
,
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with zero at the battaa of the heated zone) serves as ,a convenient refer-
ence to the discussion throughout this _ report. The west f ace of the
shroud box is also shown in its relative axial position; one -of the two '

,

inlet steam nozzles (see Fig. 2) is noted. ,

The thin shroud liner shows discolorations that reflect the image of
*

the . test array. Evidecco of liner distortion, indicating contact with the

test array, is also present. Even though springs were attached at the i

Iower end of the thin' liner (to the lef t in Fig. 30) to keep it tant dur-
- ing the test, wrinkles appear at numerous places, indic2 ting thermal dis-

tortion and/or restricted exial movement; this probably accounts for the*

'
- unusual behavior observed in the shroud temperature plots during the first

- 80 s of the transient (see Figs. 28 and 29). ;
-

Close-up views of the region between the No. I and No. 3 grids are
'

,

c ~, .
" shown in Fiss. 31-34. The west f ace, the san'e one a's -presented in Fig.

- 30, is shown in detail in Fig. 31. The prote st ' centerline elevation of ;

G' "
the No.1 grid was 10 cm and of the No. 2 grid was 66: ca. The region be-~

t-

- tween the No. 2 and the No. 3 grid is the thermal ohylano,e region. ,

; - Several noteworthy features are apparent 'in Fig.c30: (1) deformation
is moderate;and f airly uniform (except for the immedi' te vicinity of the> *a

; bursts),over the lower half of the region between grids 1 and 2, (2) very
little deformation is evident between grids 2 and 3, (3). very little C
length change occurred, (4) all visible bursts are directed inward and4

(5) derdrastion of the four corner rods is atypical. Th'is l'atter 'obser-.
~

vation results from the fact that the corner rods, having more exposed
,

surf ace area and thus greater heat losses, did not burst until 25 to 50 s
,

- af ter, the remainder (see Fig. 24) . During this delay, the tube s were sub-.
'

* ~

jected to near-1sothermal creep conditions; as a result. their deformation
,

~ 'iehavior was different f rom the remainder of the tubes, which deformed
_

under transiant heating conditions.*

Because flow characterization tests were not performed, tae bundle ;

was next cast .into an epoxy matrix and sectioned transversely at about 60 ,

,

axial locations. The sections were polished suf ficiently to sharply de-
fine the tube wai t boundaries and photographed to f acilitate acquisition -' ~

_
'

of deformation data. Burst locations are given in Table 5. The axial f
,

locations were determined by internal examinstion of the tubes with a :

borescope- before encapsulation with epoxy and confirmed later from mea-

. . surements of the,soctions; the midpoint elfvations and burst lengths are
considered reasonably accurate (to within 3 to 5'am) . The azimuthal ori-

- entations were; determined from angle measurements made on the sections
near the end of the burst opening and are probably securate to within 5
to 10' of are length. Burnt midpoint elevations and orientations are
shown schematically in Figs. 35 and 36, respectively.

,

As evident in Fig. 35, the bursts occurred over a length of ~28 cm in'

the lower portion of the region between the two interior grids (centerline'
,

elevations of 10 and 66 cm); this is consistent with the axial temperature

profile shown in Fig. 20. Although the steam mass flux was .the same as in |,

the previous tests, the very low cladding heating rate, in effect, caused |
this steam flow to have a relatively greater cobling effect and displaced :

,

the def ormation downward (i.e. , in the direction of steam flow) . !
-
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Table 5. Burst locations in B-6 test array *

.

Burst location Burst location
Simulator Burst Burstgg,,g,go,

# b length b lengthNo. Antal Ansle No. Asial" Angle
''' (""(mm) (des) (mm) (des)

1 374 115 14 33 213 100 25
2 179 158 12 34 243 55 19
3 343 200 26 35 225 350 31
4 337 180 23 36 200 305 17
5 338 190 23 37 265 0 36
6 266 180 24 38 456 45 21
7 268 180 21 39 219 290. 29
8 189 238 8 40 383 295 21
9 190 120 13 41 217 102 24

10 329 173 22 42 208 100 31# #11 203 144" 6 43 247 40 18
,

12 259 100 36 44 193 45 14# # #13 2 04 152 9 45 296 145 13
14 332 113 19 46 199 62 19
15 218 2 40 20 47 381 317 23
16 388 260 13 48 383 270 32# #17 205 90 14 49 236 50 14# # # .

18 202 135 6 50 213 45 14
19 346 80 24 51 235 57 14
20 349 318 16 52 391 45 14

*

21 302 95 37 53 238 355 38
22 304 315 17 54 301 315 21
23 278 5 40 55 322 333 17
24 328 275 23 56 401 310 18
25 313 90 25 57 234 45 7
26 259 60 13 58 317 0 27
27 256 45 20 59 392 350 25
28 227 75 30 60 387 350 22,

29 -309 * 45 24 61 389 315 15# # # # # #30 285 270 16 62 385 0 16
31 264 320 25 63 314 350 26
32 329 265 22 64 423 277 15

#
Posttest midpoint elevation above bottom cf heated zone. The bottom of

heated zone of the bundle (aero elevation) represents an average of all rods.
Clockwise rotation looking down on top of bundle. Estimated angle of

rupture initiation.
. .,

#
1turst probably initiated at thermocouple attachment.

|
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PLAN VIEW NOT TO ECALE S

Fig. 36. Approximate burst midpoint orientations.

As evident in Fig. 36, burst orientations in the two outer rings of
simulators had a preferred (and rather uniform) direction toward the con-
ter of the bundle, indicating tha influence of azimuthal temperature gradi-

,

ents (and an unusually high sensitivity of the creep rate equation to ten-
perature in the alpha plus-beta phase temperature rangess) in each ring

*
superimposed on the uniform radial distribution. Burst directions for the
inner 4 x 4 array were more randomly distributed, indicating negligible

|
azimuthat gradients. As noted in the figure, six bursts probably initi- 1

ated at thermocouple spot wolds. However, the unusual consistency in

i

|

i

_. - . - . . . . -



. .-. .-

%

55:

burst times, temperatures, pressures, and deformation proflies indicate
that the burst s were not premature. _ Also, the burst opening shapes ande
lengths -(Table 5) . suggested nothing unusual about these f ailures. -(In
previous bundle tests, f ailures at ; thermocouple spot ~ welds resulted _in.-, ,

very man 11 pinholes.)
.

.

. A selection of section photographs is presented in Figs. 37-42 to .,

show interesting deformation f eatures. Each photograph was taken looking
down on top' of the bundle, with the two arrow points and the scale being

' on the north side (i.e.. the northwest corner tube is No.1), so that the3

tube numbering system conforms to that of Fig. 4. Figure 37 - shows .the
section at the 20.3-cm elevation. Four failures (tubes 11, 13,'17, and '

-

18) that probably initiated at thermocouple spot welds occurred-st this
elevation. Although the f ailure angles for tubes 11 and 13 (see Fig. 4)

i are slightly dif ferent f rom the 'specified thermocouple location, there is
~ I

physical evidence the 'f ailures were at the spot . welds.
Localized wall thinning at other than the immediate vicinity of the -

tube f ailures was observed at a number.of locations; typical examples are
noted by tubo 42 in Fig. 37, tube 35 in Fig. 38, tube 54 in Fig. 39, tube -

*

46 in Fig. 40 [ incipient f ailuss (?), although the f ailure was at a muchj
*

|
lower elevation (Fig. 37)], tube 20 in Fig. 41 (at two places), and tube

'

38 in Fig. 42. While some of the locally thinned areas (at least before
the burst) were opposite neighboring tubes- (tube 42 in. Fig. 37 is an exam-
ple), a number of the thinned areas were located ~n/4 rad around (tube 20,

1

in Fig. 41, for example) from neighboring tubes. ' Presumably, very man 11
azimuthal temperature gradients, combined with the high sensitivity of the*

creep rate equation to temperature in the alpha plus-beta phase region,88;-
were responsible for the localized thinning.

7 Enlarged photographs of the sections were digitized to f acilitate
.

,

|
reduction of the geometrical data to strains, areas, and volumes. Al-

j though reduction of the digitized data is not complete, it has progressed
suf ficiently to provide quick-look estimates of the important parameters. |

4

Preliminary burst strain data are plotted (by zones) in Fig. 43; the aver- 6

age and one standard deviation (a) values sre noted'for each of the radial ,

zones. As mentioned earlier, the four corner simulators deformed and
'

f ailed under near-isothermal creep conditions much later (see Fig. 24) |

than the other simulators. As a result, deformation of these simulators
"

was greater and atypical, as indicated by the large burst strains (rela- i
'

tive to the other simulators in the outer ring). For this reason, they
t were excluded f rom the average of this zone. The figure shows that burst

strain was not strongly dependent on position, although the data for'the
|outer ring does reflect a small effect of azimuthat temperature gradients.;

'

As mentioned earlier, three single-rod heated shroud tests were con-
ducted prior to the bundle test to aid definition of bundle test condi-
tions. Burst strains **'for the three tests (36, 36, and 37%) were consis-'

tent with the results of this test.* ,

'

The quick-look strain matrix was used to calculate the volumetric
4

expanse of each' tube over the heated length. These data are shown in Fig.'

44 -for each of the three radial zones of the bundle. The figure shows |
.

also that'the volumetric expansion, like burst strain, was not strongly ,'

! dependent on position, although the data for the outer ring of simulator '
does reflect a small effect of azimuthal temperature gradients.

r

?

!
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The coolant channel flow ~ area restriction was also calculated, based
i on the rod-centered unit cell method, using the equation

.

"" -A)}](A. d, n o
B = 100 x *N (p* - A,)

where

B = percentage restriction in coolant channel flow area,
A =~ utside area of deformed tube (mm2),
d.n
A, = outside area of original tube (mm8),
p = tube-to-tube pitch in square array -(mm),
N = number of tube s in square array.

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

The quick-look strain data were used to calculate the value of Ad.n
in this equation for each tube at each axial node, assuning the tube s had
circular cross sections. For those axial nodes containing tube bursts, a

fictitious value of A was c astru ted by converting the perimeter of-

d,n
the burst tube into a closed circle of the same perimeter. This defini-
tion gives a reasonable lower limit for the flow area restriction and cor--

responds to the one used in NUREG-0630 (Ref. 21) . The calculations were
performed for the entire 8 x 8 array, for the inner 6 x 6 array, and for
the central 4 x 4 array. Results of the calculations are shown graphi-

cally in Fig. 45. The cross-sectional area occupied by grids (~200 mm )8

was not included in the calculation; including this area slightly in-
creases the restriction at the grid locations centered about elevations

10.0 and 66.0 cm. As evident, deformation was skewed in the direction of
the steam flow (although the flow was very low); this is consistent with
the maall axial temperature profilo shown in Fig. 20. The maximum loss
in flow area in the entire 8 x 8 array was ~39% at the 34.4-cm elevation,
~44% at the 20.3-cm elevation in the inner 6 x 6 array, and ~46% at the
same elevation in the central 4 x 4 array.

2.4 Additional Analysis of B-5 Test Results

J. L. Crowley
,

!Revised burst tomoeratures-

i

|
Analysis of the B-5 cross sections and'the strain proflies continued !

during this report period and provided additional insight to and under-,

standing of the data. In particular, the analysis indicated that the.

I

. __ _ . _ _ . _ _ _ . . _ _ __ , ___
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burst temperatures reported earlierta were sometimes inconsistent with

deformation observations and that some should be revised. -

In the earlier data tabulation,11 " observed" and " corrected" burst
temperatures were given. Consistent with our past practico, the observed
burst temperature for a simulator was defined as the maximum temperature
indicated by any of the thermocouples at the time of burst without regard
to location of the thermocouple with respect to the burst. During the
last few seconds of the transient, the traces of some thermocouples that
had indicated the highest temperature (fod a given simulator) throughout
most of the transient showed what was assumed to be erratic behavior,
(i.e., a reduction of temperature). In these cases, the traces were ex-
trapolated to givo a best estimate of the temperature that would have been
measured by that thermocouple if the earlier trend had continued until the
tube burst. Thus, the higher of maximum measured value or extrapolated
value at the time of burst was reported as the " corrected" burst tempora-
t ur e . Justification for this approach assumed that (1) the true burst
temperature was at least es high as the maximum value recorded on that
simulator regardless of location and (2) the erratic behavior observed
near the end of the transient was caused by malfunctioning of the th e rmo-

*couples.

Analysis of the data indicates that both of these assumptions may be
incorrect in a bundle test with extensive rod-to-rod interactions (such as *

H-5). This derives from observations that (1) Interaction of the outside
ring of simulators with the thin reflective shroud could be correlated
with thermocouple response and (2) maximum temperatures, whether recorded
or extrapolated, at the time of burst did not correspond in a consistent

, _ - .--
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manner with posttest strain messarmaents at the thermocouple locations.
In particular, for 46 of the 63 (73%) pressurized tubes, larger-than-
average deformation was noted at axial locations of those thermocouples |

'that had indicated maximum temperatures'hi*fte onset of deformation (about*

32 to 38 s af ter power-on). However, at the time of burst, the tempera-
ture at these axial locations was not necessarily the highest recorded in*

a given simulator. This indicates that the temperature distribution prior
to the onset (and during the early phase) of deformation may be more in-

_

portant in determining the burst location than the distribution at the j

time of burst. Because f ailure stress is a function of both local tem-
*

perature and instantaneous wall thickness (i.e., local strain), f ailure

can occur at a site where the strain is high (due to its prior temperature
history) but the temperature is lower (due to greater cooling and/or in-
teraction with adjacent tubes) than at another site where the temperature
is higher but the strain is lower.

For this reason, we reevaluated the temperature measurements and cor-
related the data with the deformation profiles and the burst locations.

4 Based on this evaluation, the extrapolated temperatures are not, in gen-
eral, representative of the temperature at the burst site at the time of
f ail ure. Instead, we believe the thermocouples measured the correct ten-
perature, and we have revised about 60% of the " corrected" values accord-
ingly. The new data are tabulated in Table 6. As in the previous tabula-
tions,12 the data include (1) the maximum recorded temperature and the

j thermocouple indicating this temperature, (2) the temperature " selected"
as being the best estimate of the burst temperature and the thermocouple
indicating this temperature, and (3) the thermocouple nearest the burst.

! In the absence of more definitive data and analysis, we believe the "se-.

1ected" temperature is the best estimate of the burst temperature..
Table 6 also gives revised volumetric expansion data for each of the,

tubes. While the previous tabulation provided expansion data predicted by,

a model15 derived specifically for MKBT application, the revised data were
obtained (and reporteds: earlier in graphical format) by integration of
the deformation profiles.

Removal of noise soikos from temperature data

As reported previously,18 noise spikes were observed in about 30% of
the thermocouple response signals in the B-5 test. The magnitude and
polarity of the spikes depended on the particular signal multiplexer and
the thermocouple reference furnace used for each signal, and the sequence
and time of occurrence depended on the order of the sensors in the CCDAS

#

scan list. The noise spikes were caused by interference from the elec-
trically heated furnaces that were used for cold J unction compensation.
Figure 46 shows an example of the noise spikes in the temperature data.

Because erroneous temperatures would be used in computer analysis of
the data if the temperature were sampled at the time of a spike, the

.' *

spikes have been removed from the data from the time of power-on to the
time of burst for each simulator exhibiting such behavior. However, if

*

a spike was superposed on another event that caused a rapid change in the
indicated temperature, the spike was not removed. A new engineering units

i data tape without the noise was generated for use in subsequent analyses.
I Figure 47 shows the data of the previous figure without the spikes.

l

|
.. -- - - .- - _ - - - . _ - .
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Table 6. Updated sammary of B-5 burst test results

Burst conditions
Initial conditions

Rod Observed Selected Number of TE Tube heated len8th' Burst
No. Pressure Temper ature Pressure a b nearest to volume chan8e time

(LPa) ('C) (LPa) Tempe r a t ure TE Tempe r a t ure TE g,gg ,e (%) (s)('C) Nc. ('C) No.

I 11,650 340 9.6 85 776 3 776 3 2 35 49.60
2 11,645 342 9,160 770 3 765 1 2 46 45.65
3 11.620 341 9.240 755 3 762 4 1 42 46.90
4 11,645 343 9,560 769 1 769 1 2 39 44.85
5 11,660 341 8.750 77 8 4 778 4 4 50 47.50
6 11,635 343 9,290 778 3 778 3 1 47 46.40
7 11,645 342 9,485 766 4 773 4 4 39 45.75 '
8 11.650 341 9,325 768 2 768 2 1 44 47.35
9 11,640 339 8,5 90 787 3 766 4 3 55 48.15

10 11.635 339 8,310 772 3 772 3 3 61 46.30
11 11,595 342 8.650 768 4 768 4 3 56- 45.50
12 11,605 342 8,4 80 7 80 2 774 3 3 56 45.60
13 11,640 342 8.660 767 3 747 3 3 56 45.55
14 11.650 342 8.655 777 2 763 1 1 54 45.05
15 11.635 341 9,130 766 1 766 1 1 49 45.80

' og
46

16 11,625 341 9,653 775 3 775 3 4 '37 44.55
17 11,635 338 8,615 786 4 776 1 2 54 48.45
18 11,645 335 8,800 774 2 770 4 1 54 45.25
19 11,630 336 7,6 95 774 3 774 3 1 74 46.50
20 11,655 339 7,985 764 2 764 2 2 68 46.20
21 11,635 339 9,110 766 4 763 3 3 43 44.00
22 11,640 337 7.670 7 80 2 776 1 2 78 46.25
23 11.620 338 8.725 772 1 772 2 2 52 45.20
24 11.610 338 9,005 771 1 769 3 3 49 46.65
25 11,630 334 9,730 763 1 763 1 3 38 46.20
26 11,645 334 8,980 770 2 770 2 2 47 45.60
27 11,635 336 8.430 768 1 760 4 3 61 45.10
28 11.585 336 8,595 7 83 1 7 83 1 1 52 45.70
29 11,650 337 8.605 770 1 770 4 4 55 45.30
30 11,620 337 8,135 7 84 1 7 84 1 .4 66 46.40
31 11.605 335 9,175 773 2 773 2 2 48 44.90
32 11,630 335 8,970 768 2 768 2 4 47 46 .80
33 11,650 333 8.970 772 1 762 4 2 48 47.30
34 11.615 332 8,6 95 773 4 773 4 4 55 45.90
35 11,625 334 8.645 779 4 774 2 2 52 - 45.85
36 11,740 334 8.835 768 2 756 1 1 52 45.10
37 11,635 336 7,697 7 83 1 771 4 2 67 47.20
38 11.640 335 7.715 777 4 770 2 1 70 45.70

t

*
, . *'

.e
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Table 6 (contimmed)

Burst conditicas
Initial conditions

Red Ob se rv ed Selected Number of TE Tabe heated lea 8th Burst
No. Pressare Teortratsre Pressure

(LPa) ('C) (LPal Tem pe r a t ure TE Temperatsre TE meerest}o- volume chaa8e timea b
g,gg,,, g,y g,3

('C) No. ('C) No.

39 11.635 333 8.205 773 4 77) 4 4 60 44.70
40 11.615 334 8.975 7 82 1 773 4 2 48 46.45
41 11.685 333 9,360 169 4 769 4 2 45 46.50
42 11.650 331 8,405 773 1 773 1 1 - 53 . 46.25
43 11.630 332 9 .3 85 775 2 775 2 2 41 44.90
44 11,645 334 8.355 763 3 763 3 3 59 46.10
45 11.630 333 7, 803 769 1,3 769 1,3 3 10 46.75
46 11.625 333 8.035 762 2.4 763 4 4 60 46.25
47 11.625 332 8.975 777 1 774 2 1 49 -45.50
48 11.630 332 8.775 763 3 763 3 4 50 47.80
4* 11.620 331 9.720 761 4 761 4 2 35 46.90
50 11.585 328 8,900 768 2 768 2 4 *7 45.70.
51 11.555 328 8.135 771 1 759 3 3 60 47.05
52 11,585 330 8.630 765 4 757 3 3 53 45.20 ||
53 11.575 330 8.935 769 2 760 4 4 46 46 .3 0
54 11.595 331 8.770 771 1 766 4 2 51 - 45.90
55 11.585 330 8 .7 85 763 2 763 2 2 49 46.35
56 11.575 331 8 ,9 85 7 81 1 7 82 1 2 48 47.05'
57 31,580 331 9.530 752 3 753 2 2 40 4?.90
58 11.590 331 9.125 757 1 157 1 3 45 46.45
59 11,560 331 9,470 770 4 770 4 4 +0 46 .3 0
60 11,565 332 8.800 755 2 155 2 2 48 47.20
61 31,560 332 9,285 768 1 768 1,3 1 39 46.20
62 d 331 d d d d d d d d
63 11,585 331 s.6 85 775 1 775 1 1 57 47.75
64 11.580 333 9.3 50 743 1 756 4 4 38 48.65

haisus temperstare indicated at time of rapture.
Best-estimate valse based on an evalaation of recorded temperature data and posttest .defermetica profiles.

#EacIndias TEs located at Srid elevaticas.
'Sinslater espressurized (bst heated) and did not burst.
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3.- OPERATIONS

'
*3 .1 - B-6 Test

i.

J. L. Crowley A. W. Longest
F. R. Gibson* W. A. Bird *

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

Simultaneous with the basic installation, certa'in portions of the
data acquisition and electrical interlock systems were checked out. More
extensive checkout than usual was required because equipment shared with
the Thermal Hydraulic Test Facility (TNTF) had been inactive for several
months.

) Af ter all connections were made to the bundle, the remaining verifi-
cations and calibrations were made. Extensive check lists, previously

| prepared for each system and each calibration, were used to ensure that
nothing of importance was overlooked. Calibration information was pro-
cessed by the data system so that output in the form of printouts and
graphs would contain data with calibration coef ficients already applied.
TWo cathode-ray tube (CRT) readout devices were set up to display key test
variables in real time for the benefit of the operator. One CRT displayed .

(in graphical form) the bundle average temperature, the applied bundle
voltage, a pressure signal, and an artificial temperature reap for com-
parison with the real test transient. The other CRT displayed (in bar ,

graph form) all 64 simulator pressures and 32 of the thermocouples in the
bundle. These were arranged in groups representing the three zones of the
bundle consisting of the outer ring, the second ring, and the inner 4 x 4
array of fuel pin simulators. This real-time display was a definite aid
to the operating personnel. With arrangement of pressure signals accord-
ing to zones, it was apparent early that burst times were also grouped by
zones. This information is presented in Sect. 2.2.

All check lists except those to be performed on the day of the test,

were completed by December 2,1981. Heatup of the test vessel and steam
lines at a Icw rate was initiated that af ternoon so that its temperature
would remain at about 200*C overnight. Early on December 3, power to the

7vessel and steamline heaters was increased (power was not applied to the '

fuel pin simulators during the heatup), and superheated steam was admitted
to the vessel in an approach to the initial test temperature of about'

! 330*C. Throughout this phase of the preparation, the data system was used
| to monitor leak rates and temperatures of individual fuel pin simulators.
I

Satisf actory performance of the simulator gaskets was indicated by leak .

rates of (1 kPa/ min loss up to the time of the test transient.

,

* Instrumentation and Controls Division.

:
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By about 1100 h on December 3, the bundle temperatures were suf fi-
ciently close to equilibrium for a short powered run (with the fuel pin
simulators at a low pressure) to ascertain that the data acquisition sys- j

tem and all the instrumentation were functioning properly and that the :,
'

Esamination-applied voltage was proper for the desired temperature ramp.
and evaluation of data from this short (~13 s) transient indicated that,

minor adjustments were needed; the temperature increased ~58'c during this
protest transient. The temperature ramp rate was slightly f ewer than de-
aired, and it was decided to increase the no-load voltage setting for the
burst transient f rom 57 to 59 V, resulting in an average rod power of
about 1590 W/m.

Following reequilibration of the temperatures at the desired initini
values, all 64 fuel pin simulators were pressurized simultaneounty to
~3050 kPa. 1he test was initiated by applying power (at a rate of about
93 kW) to the bundle. Termination of the powered portion of the test
could be initiuted by any of four actions: (1) CCDAS action resulting
f rom a signal that 60 of the 64 simulators had burst, (2) CCnAS action
resulting f rom a signal that 115 nimulator thermocouples had exceeded the
upper temperature limit (50*C above the anticipated burst-temperature) on
each of three successive data scans. (3) a timer that limited the tran-
sient to ~145 m, and (4) operator override. It was decided to program

criterion (1) to terminat's power to the bundle af ter 60 bursts (with the
expectation that all 64 tubes would burst) to minimise the temperature
overshoot at the end of the test. Also, criterion (2), that is, the high-
temperature limit, was established close to the empooted burst tempera-
ture for the same reason. The test was terminated by criterion (3), and
all 64 tubes burst.'

Cooling steam, saturated at about 200 kPa, was then supplied to the
bundle to minimize the length of time at elevated temperature. Th e r e-

.

maining systems were shut down, and processing of the data began immedi-
ately. 1he bundle was removed the following day for posti.est examination.

3.2 Storaae of Eauipment

1he burst test conducted on Il-6 on December 3 was the final test
operation of the MRilT progrma. A number of very s!=oialised pieces of
eq ui pm e nt , required for the assembly, testing, and examination of both
single-rod and multirod arrays, have been placed in stornse or in standby.

The single-rod test f acility remeins essentially intact with its ser-
arate power supplies for shroud and rod. The temperature controllers,
which were designed and built especially for the task of controlling these
two power supplies, have been placed in stornse.

The assembly equipment, which include s the interuni thermocouple
attachment device and the postlest strain measurement device, has been
stored. Usable bundle parts and seat s for fuel pin simulators and about

,

!
140 fuel simulators (mostly used) were also placsd in storage.

1he multirod burst test f no111ty with its test vessel and superheated
.

steam system is essentially intact. Other equipment, such as the PDP/11
da ta acqui si tion system, is shut down, and the area is scoured. This area
and equipmer.t are shared with two other f acilities, the Thermal ifydraullo

|

|
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Test Facility (THTF) and the Instrument Development Loop (IDL), which are
also in standby condition.

.
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