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PRELIMINARY MULTIROD BURST TEST PROGRAM RESULTS AND
IMPLICATIONS OF INTEREST TO REACTOR SAFETY EVALUATIONS

Robert H. Chapman

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

The Multirod Burst Test (MRBT) Program, in progress at Oak Ridge

National Laboratory, is investigating LWR cladding deformation in single-

and multirod test arrays under conditions representative of reflood and

refill phases of a LOCA. In these tests internally pressurized, unirra-

diated Zircaloy-4 tubes containing electrically heated f uel simulators

are tested to failure in a low-pressure, superheated-steam environment.

The tubes are " uniformly" heated over a 915-mm length * the simulator

pressure, due to the small enclosed gas volume, also varies with tempera-

ture (a'id deformation) during the test.

Ta date 53 single rod transient burst tests have been conducted with

heating rate of 28'C/sec. The data base covers a range of burst pres-

sures from 770 to 19,150 kPa; the corresponding burst temperatures range

from 1170 to 690*C. Four additional transient burst tests at lower

heating rates (two each at 5 and 10 C/sec) and four isothermal (10 C/sec

heating rate) creep rupture tests have been conducted to scope the effect

of heating rate. Initial conditions for these tests were adjusted to

cause failure at N750 C.

Two 4 x 4 multirod tests (B-1 and B-2), one with and one without

the shroud being heated, have been conducted with a bundle heating rate

of %29"C/sec; initte.1 pressure conditions for these tests were selected

to cause failure at about 860*C. An additional 4 x 4 array (B-3) was

tested using a bundle heating rate of %10*C/sec; the shroud was also

heated in this test. Initial conditions were adjusted to cause failure

at %760*C.

Posttest examination (including flow tests) of the B-1 a.d B-2 test

arrays, is essentially complete, and pertinent data are included in this

summary. Although examination of the B-3 array is in progress, very

little data are available at this time.
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The burst temperature-burst pressure data are in agreement with
single rod test data obtained with comparable heating rates. However,

greater deformation was observed in the bundle tests than would have been
expected from our single rod tests; this may be tt , result of greater

temperature uniformity in the bundles. On the other hand, deformation

in the B-1 and B-2 test arrays was essentially the same, even though the
boundary conditions were quite different (i.e., the shroud was heated

in B-1 and unheated.in B-2).
Preparations are in progress for testing another 4 x 4 array (B-4)

in April 1979; present plans are for this to be an isothermal (%760 C)
creep rupture test, with the shroud being heated to the same temperature

as the bundle.

Work on this program is routinely reported in a series of reports

en'itted A%ltirod Burst Test Program Quarterly Progress n > ort. Signifi-

cant results appear in the following reports of this series:

Report Number Period Covered

ORNL/NURLG/TM-36 January-March 1976
ORNL/ NUREG/ TM-74 April-June 1976
ORNL/NUREG/TM-77 July-September 1976
ORNL/NUREG/TM-95 October-December 1976
ORNL/NUREG/TM-108 January-March 1977
ORNL/NUREG/TM-135 April-June 1977

ORNL/NUREG/TM-200 July-December 1977
ORNL/NUREG/TM-217 January-March 1978

Pertinent topical reports include:

1. R. H. Chapman, compiler, Characteriaation of Zircaloy-4 Tubing Pro-
cured for Fuel Cladding Rescarch Programs, ORNL/NUREG/TM-29, (July
1976).

2. W. E. Baucum and R. E. Dia1, An Apparatus for Spot Welding Sheathed
Thctmoccuples to the Inside of Small-Diameter Tubes at Precise
Locations, ORNL/NUREC/TM-33, (August 1976).

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

4. R. H. Chapman, et al. , E'ffect of Creep Time and Heating Rate on
Deformation of Zircaloy-4 Tubes Tested in Steam uith Internal
Heaters, ORNL/NUREG/TM-245 (October 1978) .

.
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MULTIROD BURST TEST PROGRAM IS A STUDY OF
CLADDING DEFORMATION UNDER CONDITIONS
REPRESENTATIVE OF REFLOOD AND REFILL
PHASES OF A LOSS-OF-COOLANT ACCIDENT

e ELECTRICALLY HE AT E D F UE L ROD SIMUL ATORS

e SINGLE ROD TESTS FOR PAR AMETRIC EFFECTS

e MULilROD TESTS FOR FLOW RESTRICTION

RESULTS ARE OF IMPORT A,4CE IN DE TE RMINING IF CORE GEOME TRY

RE MAINS AMENABLE TO COOLING

arul

onst as ilu

MULTIROD BURST TEST PROGRAM

OBJECTIVES

e RUPTURE TE MPE RATURE-PRESSUPE-STR AIN RE LATIONSHIP

e E XTE NT AND DISTRIBUTION OF DE FORMATION

e FLOW RESIST ANCE AS A FUNCTION OF DE FORM ATION

e E F F ECTS OF ROD-TO-ROD INTE R ACTION ON F AILURE
B E H AVIO R

e 8 ASIS FOR MULTIROD DE FORM A TION F ROM SINGLE ROD
TESTS

e 'NTE RNALLY CONSISTENT DATA SET F OR ST ATISTICAL
*

ANALYSIS
*

emi

ONNL as t1Je

TEST PARAMETERS SIMULATE NUCLEAR
FUEL RODS AND LOCA CONDITIONS

e INTEliNAL E LE CTRICAL HE ATE R

e 915 mm " UNIFORM" HE ATE D LENGTH

e 4)(f'C/5t C CL AD HE ATING R ATE

3e41CM GAS VOLUME

e SUPE RHE ATE D STF AM E NVIRONME N T

e 710- 19150kPa BURST PRE SSURE R ANGE

e 19 70 690"C BURST TE MPE R ATURE R ANGE

emi
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SIGNIFICANT PROGRAM ACCOMPLISHMENTS

SINGLE ROD BURST TESTS
0e 53 TESTS WITH 28 C/SEC HE ATING RATE

e 2 TES~ S WITH 10 C/SEC HEATING RATE

e 2 TESTS WITH 5 C/SEC HE ATING R ATE

e 4 TESTS WITH -0 C/SEC HEATING RATE
(i.E., ISOTHERMAL CREEP RUPTURE TESTS)

4 X 4 BUNDLE BURST TESTS

e 1 HE ATED SHROUD TEST WITH 28 C/SEC HE ATING R ATE
0e 1 UNHEATED SHROUD TEST WITH 28 C/SEC HE ATING HAl E

e 1 HEATED SHROUD TEST WITH 10 C/SEC HE ATING R ATE

om!

ORNL-OWG 78--10669

@""* TRANSIENTS FOR LOW HEATING RATE AND CREEP RUPTURE
INTERNALLY HEATED SINGLE ROD TESTS IN STEAM
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ELECTRICALLY HEATED TEST ASSEMBLY PROVIDES

REAL!STIC SIMULATION OF NUCLEAR FUEL ROD

.
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ORNL
BUNDLE TESTS PROVIDE BETTER SIMULATION OF
REACTOR CONDITIONS THAN SINGLE ROD TESTS
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COMPARISON OF B-1, B-2, AND B-3 TESTS

B-1 B2 0-3

BUNDLE HE AT R ATE ( C/SECl 29 5 78 5 95

SHROUD HE AT R ATE ("C/SEC) 20 0 0 75

INLET STE AM TEMPERATURE ( C) 349 332 320

INLET STE AM REYNOLDS NUMBE R 250 290 263

INITI AL TEMPE R ATURE ('Cl 356 334 329

INITI AL PRESSURE (KPAl 8680 8770 11610

MAXIMUM PRESSURE (KPAP 9100 9200 12110

BURST PRESSURE (KPA) 7425 7560 9425

BURST TEMPER ATURE (OC) 865 857 764

BURST TIME (SEC) 170-176 178-183 445-476

8URST STR AIN (%) 32 59 34 58 )

TUBE VOLUME INCRE ASE N 27 55 28-52 ?

T8-T3 AT BURST TIME (OCl 140 355 80

ORNL - DwG ?8 -1900F

@""*' B-1, B-2, AND B-3 BURST TEMPERATURES AGREE WITH
SINGLE ROD TEST RESULTS THAT SHOW BURST
PRESSURE DECREASES WITH HEATING RATE

1200

\
1100

+ B-1 28"C SEC
- X B-2 280C. S E C

{ ,c o o B-3 10 C StC0

y CURVES ARE FOR
g SINGLE HOD T ESTS

$
'

r ** N
x-

''s*,$ 800
,h 's

s

a '*gn.s. N
N+ss s s

-0 C SEC 5 C 'SEC 10"C SE C \0

28 C SEC

600
0 2000 4000 6000 8000 to 000 12 000 14 000 16.000 18 000 20 000

BURST PRESSURE (KPA)
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o." 0LOW HEATING RATE (-10 C/SEC) APPARENTLY CAUSED
GREATER DEFORMATION IN B-3 TEST AS EVIDENT
ON NORTH FACE (LEFT) AND EAST FACE (RIGHT)
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COMPARISON OF DEFORMATION IN B-1 AND B-3 TESTS
REFLECFS DIFFERENCE IN HEATING RATE
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STEAM FLOW RATE HAS AN EFFECT ON BURST LOCATION

e STE AM FLOW WAS LOWE R IN B-1 AND B-2 THAN IN SINGLE ROD TESTS
B-1 RE = 250. B-2 RE = 290. SR RE 600-800

e SOME BURSTS IN B-1 (4) AND B-2 (81 ABOVE UPPER GRID BUT IN AGREEMENT
WITH IR-SCAN

e HEATER FROM B-2 ROD 4 TESTED IN TWO SINGLE ROD TESTS WITH GRIDS

e ONE AT STE AM F LOW NORMALLY USED IN SR TESTS

e ONE AT STE AM F LOW SOMEWHAT LOWE R THAN 0-2 TEST

e HESULTS

e BURST OCCURRED BELOW GRID WITH NORMAL STE AM F LOW

e BURST OCCURRED ABOVE GRID WITH LOW STE AM FLOW

e STE AM TEMPER ATURE ME ASUREME NTS SHOW SHORT THERMAL ENTR ANCE
ZONE FOR LOW RE

e CONCLUSIONS

e LOW STEAM FLOW COMBINED WITH CHARACTERISTICS Of HE ATEnS CAUSED
BURSTS TO OCCUR ABOVE UPPER GRID IN 81 AND B-2

e BURST LOCATIONS CAN BE LOWERED (AND POSSIBLY CLUSTEREO) IN
BUNDLES BY INCRE ASING THE STE AM FLOW

e DEFORMATION NOT SENSITIVE TO STE AM FLOW R ATE FOR 200 < RE s 800

e CONVECTIVE HE AT LOSSES TO STE AM BECOME MORE IYPORTANT ON TUBE
TEMPERATURE PROFILE WITH DECRE ASING HE ATING R ATES

ORNL-DWG 78 -11144
UNION

C A R$1DE

ORNL BURST LOCATION CAN BE DISPLACED BY CHANGE

IN STEAM FLOW

.
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BUNDLE STRAIN METHODOLOGY

e CAST BUNDLE IN iPOX) AND SE CTiON AT - 15 VY IN T E HV At S
e V AKE 'lX AND '5x PHOTOGR APHS OF E ACH SE CTiON

e Of GITl/E INSIDE AND OUTSiOE PE R!PHF H v 00 40 POINTS ON
Sx PHOTO OF E ACH TUBE IN SE CliONS AND HECOND D AT A ON
V AGNE TIC T APE FOR COMPUTI R PHOCESS+NG

e FIT DIG'Ti2E D D AT A iCUBIC SPLINE AOU TINE i AND PROCE SS D AT A

e CALCUL ATE ID & OD CIRCUYS E HE NCE AND ARE AS CE NTHOIDS.
AND STR AIN

e PLOT SECTION PROF ILES WiTH C E NT RO1DS L ABf L ROD A%D ST H ALN

e F IT IL E AST SOUAHES) ORIGl'. AL GHID PAT TE RN TO POSTTE ST TUSE
CE NT R0 IDS

e PUNCH DAT A ON CARDS FOR SUBSEQUENT PROCE 556NG

e PLOT CE F OHM ATION AND HE AT GE NE R ATi()N PHOf ILE S F OR
INDl% IDU AL TUBE S

e CALCULATE \0LbVE INCRE ASE OF E ACH TUBE Ot E R HE ATE D LENGTH
e C ALCUL AT E M ulVUM AND V'k.'9u'.* F L OW RE ST RsCTION F OR SE CTION

e M AXtVUM RESTR!CTION F OR BURST TU8ES CONSIDF RS F i ARE OUT
AS BLOCK AGE

o VINrMUV RE STRiCTION CONSIDE R$ TUBE OF CIRCUt AR CROSS St CTION
WHOSE PE RIN" T E H EQU ALS TH AT OF THE BUHST TUBE iCONDITION
PRIOR TO BURST)

e BOTH OF FINITIONS USE ACTUAL TUBE OUTSIDE ARE A FOR NON BURST
TUBES

e PL OT BUNDLE max! MUM AND MINLYUM F LOW ARE A RE ST HiCTION PROFILE S

ORNL-OWG 78 -18194

UMon
cameos

"" COMPUTER PROCESSING OF DATA PROVIDES ACCURATE
INDICATION OF STRAIN AND ACCURATELY
REPRODUCES SECTION GEOMETRY
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* BURST STRAINS IN B-2 ABOUT THE SAME AS IN B-1 BUT GREATER

THAN IN SINGLE ROD TESTS WITH UNHEATED SHROUD
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<-w s,,. ,e

@" VOLUME INCREASE (1.E., AVERAGE STRAIN) IN B-1 WITH
HEATED SHROUD ABOUT SAME AS B-2 WITH UNHEATED
SHROUD AND BOTH GREATER THAN SINGLE ROD
TESTS WITH UNHEATED SHROUD
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''^' COMPUTER SIMUL ATION OF B-1 SECTION AT 76 5 CM ELEVATION SHOWING

MAXIMUM AND MIN: MUM FLOW RESTRICTION DEFINITIONS
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@"' UPPER AND LOWER BOUNDS OF B-2 COOLANT CHANNEL FLOW
AREA BASED ON ROD CENTERED UNIT CELL CONCEPT
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* COMPARISON OF SHROUD TEMPERATURES WITH ROD 3 IN B-1 TEST
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U"N' MAXIMUV AND MINIMUM SIMULATOR AND SHROUD T:'APERATURES AT

TIME OF BURSTS IN B-2 TEST
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* AXIAL TEMPERATURE DISTRIBUTION OF B-1 WAS
FAIRLY UNIFORM UNTIL TIME OF BURSTS
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''"''t AX1AL TEMPEHATUHE DISTHIBUTION OF B-2 WAS
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@""*tAXIAL TEMPERATURE OISTRtBUTION OF B-3 WAS
FAIRLY UNIFORM UNTIL TIME OF BURSTS
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BUNDLE FLOW TESTS

A. OBJECTIVES OF TESTS

e MEASURE AND COMPARE AXIAL PRESSURE LOSSES ALONG LENGTH OF
REFERENCE AND DEFORMED BUNDLES AT SEVERAL FLOW RATES

e PREDICT ME ASURED AXlAL PRESSURE LOSS PROFILES WITH COBRA-IV

B. RESULTS WILL PROVIDE

e METHOD OF EXTRAPOLATING MRBT CHANNEL RESTRICTION DATA TO
OTHE R TESTS AP.D RE ACTOR CORE THE RMAL-HYDR AULIC AN ALYSES

e INDICATION OF GEOMET RICAL DETAIL NECESSARY TO DUPLICATE
ME ASURED LOSSES WITH COBR A-IV

C. TEST EQUIPMENT AND CONDITIONS
4 5

e EXISTING FLOW LOOP LIMITS RE FROM 10 TO 10 FOR 4 X 4 ARRAY

e SINGLE PH ASE WATER AT ROOM TEMPERATURE AND 400 KPA MAXIMUM
PR ESSU R E

e TWO FLOW SHROUDS TO GIVE DATA ON BUNDLE BYPASS F LOW

e USE TUBE EXTENSIONS TO PROVIDE DEVELOPED VELOCITY PROFILE
AT INLET

e MEASURE PRESSURE LOSSES ON TWO SIDES OF SHROUD

e NO INFORMATION ON CROSSFLOW OR VE LOCITY PROFILES IN BUNDLE

OHNL . D#.178 11145
UNION

C.nsiDE

ORNL
FLOW TEST CONFIGURATION OF B-1 IN SHROUD 1
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* B-1 ANO F2 PRESEURE LOSS PROFILES A80VT THE SAmt IN SMROUD 1
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COMPARISON OF EXPERIMENTAL DATA WITH
COBRA-IV PREDICTIONS

AGR[[M[NT DE PE NUf NT ON F OUH V[HY lVPORT ANT F ACTORS

1 F RICTION F ACf 0H CORHll ATION MUST HAVE PHOPf H HL AND P D
DE FE NDE NCF

e TONG'S HE Vil v. SUGGE STS 30% INCHE ASE iP D - 132 OVE R SMOOTH TUBE

o Hf Vit W OF MAHE K E T AL SUGGESTS 6 L INCHE ASE

e DAT A F ROM F LOW TE STS SUGGE ST 20 78% INCRF ASE

7 GRIO SP ACE H LOSS COE F F ICit NT

e E AHLif R MRBT TESTS GAVE COF F FICli.NT OF Oli

e RECE NT MHBT TESTS INDICATE RANGE OF O M) TO O f>0

3 GIOVE THICAL Of SCRIPilON OF BUNDLf SUBCHANNE LS AT 1 ACH NODt

* TE ST GE OME THY H AS 4 (YPES OF SUBCH ANNF LS Wif H A TO T AL OF 25

e VL THOD USED TO uBTAIN COBH A INPUT REST RICTION DAT A AT E ACH NODE

e AVE R AGE TUBE DE FORMATION * l'16 OF BUNDL L DE F ORY ATION

e AVf R AGE TUBE DE F ORVATION ( ASSU?.*E D CinCUL AR SH APE D AN D
CENTE HED AHOUT ORIGINAL TUHfi W AS USE D FOH E ACH OF THE
M SUhCHANNFl_5

4 ACCUR ACY OF E XPF RfMF NT AL PAH AVE T E RS
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CAR 810E
v

RM COBRA-IV MODELS REFERENCE BUNDLE PRESSURE LOSS PROFILE IN
SHROUD 1 WITH APPROPRIATE FRICTION FACTOR MODIFICATION
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CARBIDE

ORNL COBRA-IV MODEL OF B-1 PRESSURE LOSS PROFILE IN SHROUD 1 WITH APPROPRIATE
FRICTION FACTOR MODIFICATION IS NOT CONSERVATIVE WITH MINIMUM
FLOW RESTRICTION DEFINITION
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ORNL COBRA-IV MODELS B-1 PRESSURE LOSS PROFILE IN SHROUD 1 WITH APPROPRIATE

FRICTION FACTOR MODIFICATION AND MAXIMUM FLOW RESTRICTION DEFINITION
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SUMMARY OF FLOW TESTS

e PRE SSURE LOSS DATA VS RE FOR B-1. B 2. AND RE F E RENCE BUNDLE IN SHROUD 1
e PRESSURE LOSS DATA VS RE FOR H-2 AND RE F E RE NCE BUNDLE IN SHROUD 2
e NO INFORMATION ON CROSSF LOW AND VE LOCITY PROFILE S IN BUNDt E S
e DATA AGREE WITH THEORY BUT LIMITE D TO THE SE F LOW CONS IGURATIONS
e Axl AL PRESSURE LOSS OF B -1 AND B-2 50-60% GRE ATI R THAN RE F E RE NCE BUNDL E
e PRESSURE LOSS PROFILES F OR B l AND B-2 NOT TO DIF F E RE NT

e PRESSURE LOSS PROFILE FOR B-1 CORRE LATES WITH F LOW CHANNE L RE STRICllON
DAT A. B 2 ANALYSIS E XPE CTE D TO CORRE L ATE ALSO

e COORA ANALYSES INDICATE 20-28% INCRE ASE IN F HICTION F ACTOR F OR P/D - 132
e AVE RAGE TUBE RESTRICTION DESCRIPTION ADEOUATE FOR COHRA P,1E DICTION OF

B 1 DATA MAY NOT BE ADEQUATE FOR B-2
e MAXIMUM F LOW RESTRICTION OF FINITION F OR D-1 BURSTS AGRE FS BE T TE R WITH

DAT A. MINIMUM DE FINITION AGRE ES BE TTE R WIT.8 B-2 DAT A
e COBRA ACCURATE LY PRE DICTS MRBT 4 x 4 DE FORME D BUNDLE PRE SSURE LOSS

PROFILES WITH SIMPLIFIE D SPE CIFICATION OF THE RESTRICTION PROVIDE D
F RICT!ON F ACTOR CORRE L ATION AND GRID LOSS COE F FICIENT ARE SE LE CTE D
CAREFULLY

e MAY NEE D F LOW TE STS ON L ARGE BUNDLES TO SE L E CT BE ST BURST
RE STRICTION DEFINITION

e NE E D BETTE1 UNDERST ANDING AND DAT A ON F RfCllON F ACTOR VS RE AND
P D RATIO FOR DE F ORME D AND UNDE F ORYE D ARRAYS

ORNL WS1237

IMPORTANT RESULTS RELATING TO ECCS
ACCEPTANCE CRITERIA

SINGLE ROD BURST TESTS

e DEFORMATION MECHANISMS IDENTIFIED

e DEFORMATION LESS THAN EARLIER RESULTS

e BURST TEMPERATURE - BURST PRESSURE CORRELATION

* BURST PRESSURE DECREASES WITH OECRE ASING HEATING RATE

MULTIROD BURST TESTS

e DEFORMATION GRE ATER THAN OBSERVED IN SINGLE ROD TESTS

e NO EVIDENCE OF ROD BURST PROPAGATION

e EFFECT OF RELATIVELY COLD BOUNDARY NOT YET CLARIFIED

MULTIROD FLOW TESTS

e FLOW RESTRICTION DOES NOT APPEAR EXCESSIVE

e COBRA PREDICTIONS IN AGREEMENT WITH EXPERIMENT

omt

e



Preliminary summary of B-1 test results

initial conditions Approximate bur-t conditions Pretest predicted, Burst temperature
"'* """ urs cn it ion s'2

Rod Differential Temperature (*C) Differential Temperature (*C) predicted from
EI# '' *# hburst pressurcNo. pressure

.erential (sec) Pressure Temperature Timepressure

(kPa) TE-1 TE-2 TE-3 TE-4 (kPa) TE-1 TE-2 TE-3 TE-4 .C)
(kPa) (kPa) ( C) (sec)

1 8695 354 354 355 355 9105 7750 852 852 821 844 17.15 8040 843 20 846

2 8690 360 357 354 352 9085 7415 864 848 815 867 17.20 8040 843 2. 851

3' 6520' 354 356 356 354 6520' 3785' 924 937 936 911 22.90' 8040 843 20 918

4 8680 360 355 355 352 9090 7945 816 854 860 810 17.05 8040 843 20 843

5 8715 355 354 234 352 9115 6930 859 840 864 872 17.65 8040 843 20 858

6 8690 354 356 355 355 9150 7615 866 872 861 826 17.10 8040 843 20 848

7 8695 356 355 357 355 9085 7255 869 827 863 833 17.30 8040 843 20 853

8 8685 353 357 359 353 9100 7405 872 840 831 856 17.20 8040 843 20 851 ta

9 8705 353 358 357 357 9135 7100 855 870 894 823 17.35 8040 843 20 856

10 8680 355 354 359 356 9090 7300 873 870 826 821 17.20 8040 843 20 853

11 8625 355 356 356 352 9035 7270 844 847 838 842 17.45 8040 843 20 853

17.00 8040 843 20 84712 8645 353 356 355 . 9065 7685 856 863 845 e

13 8700 359 359 355 353 9115 7525 832 861 878 873 17.05 8040 843 20 849
4 2

14 8685 351 357 356 354 9135 7355 818 843" 874" 875 17.40 8040 843 20 852

15 8690 356 356 356 359 9090 7325 865 821 846 845 17.40 6040 843 20 852

16 8675 354 357 355 359 9095 7530 825 846 807 848 17.20 8040 843 20 849

_

" Prediction based on results of single-rod test SR-29. (Burst temperature determined by external bare-wire the morcuples.>

' based on burst t empe r a t u r e-b u r s t pressure correlation from single-rod burst tests (external bare-wire thermocouples).

Rod 3 developed a severe leak prior to the test and its behavior is abnormal; burst occurred 2.05 see after power cutoff.

Thermocouple became detached from wall during assembly; indicated temperature is probably higher than existed on wall.

' Thermocouple was inoperative during test.



Pre 11 min.nry summary of B-2 test results

Initial conditions Approximate burst conditions
, Pretest predicted

* " 'Rod Differential Temperature (*C) *'""[* Differential Temperature (*C) pr di t f omp , TimeNo. pressure pressure burst pressure'
(s ) P ess

Tempe.C)
rature Time(kPa) TE-1 TE-2 TE-3 TE-4 (kPa) TE-1 TE-2 TE-3 TE-4 ( C)p,) g p,) (sec)

1 8810 334 335 334 335 9240 7700 790 803 825 870 18.30 8040 843 20 846

2 8805 335 335 336 339 9220 7685 818 841 846 844 18.00 8040 843 20 847

3 8795 333 334 332 336 9245 7560 852 853 345 826 18.30 8040 843 20 849

4 8775 336 336 333 337 9205 7585 861 872 807 854 18.30 8040 843 20 848

5 8775 333 334 336 336 9205 7770 854 866 835 852 17.85 8040 843 20 845

6 8785 335 335 334 335 9220 6925 857 H27 843 834 17.95 8040 843 20 858

7 8740 334 333 333 333 9160 7360 824 861 838 850 17.85 8040 843 20 852

8 8750 335 334 333 334 9200 7565 856 840 813 792 17.80 8040 843 20 849 La
C)9. 7715' 335 334 332 335 7715-, 6110' 928 846 864 871 20.05'- 8040 843 20 872

., , .,

10 8730 334 334 332 334 9175 7345 827 862 827 856 18.10 8040 843 20 852

11 8735 333 334 332 333 9165 7670 832 819 832 853 17.80 8040 843 20 847

12 8760 336 334 334 333 9200 7545 851 832 829 827 18.15 8040 843 20 849

13 8755 338 333 334 332 9175 7P20 856 805 883 867 18.15 8040 843 20 845

14 8755 333 334 334 335 9140 7230 828 858 832 855 18.30 8040 843 20 854

15 8790 336 334 334 337 9205 7945 824 807 799 836 18.05 8040 843 20 843

16 8790 333 334 333 334 9220 7700 848 839 795 814 18.15 8040 843 20 846

" Prediction based on results of single-rod test SR-29. (Burst temperature dete rmined by external bare-wire thermocouples.)

Based on burst temperature-burst pressure correlation from single-rod burst tests (external bare-wire thermocouples).

' Rod 9 developed a moderate leak prior to the test and its behavior is abnormal.

s



e .

Preliminary summary of B-3 test re sult s.2

A proximate burst conditionsInitial conditions PApproxi m Pretest predicted

"' "" burst conM tionsb t

Rod Differential Temperature (*C) Differential Temperature (*C) ict df
p

No- Pressure pressure Time burst pressure''
gg Pressure Temperature Time

(kPa) TE-1 T E- 2 TE-3 TE-4 (kPa) TE-1 TE-2 TE-3 TE-4 (sec) ( C)gpg (kPa) (*C) (sec)

1 11585 325 326 329 330 12060 9605 755 737 751 771 46.89 9500 761 47.1 819

2 11600 328 330 330 330 12065 8825 748 779 762 741 46.89 9500 761 47.1 830

d d 9500 761 47.1 8893 11620 331 326 330 329 12135 5115d 674d 606d 763d 682 63.84

4 11630 328 330 330 330 12130 9090 761 765 767 736 47.64 9500 761 47.1 826

5 11565 327 330 329 330 12055 9480 752 763 764 160 46.29 9500 761 47.1 821

6 11580 326 329 331 330 12055 9155 757 770 767 769 46.19 9500 761 47.1 825

7 11725 332 325 330 330 11755* 11355 724 742 754 738 44.79' 9500 761 47.1 795# 8

8 11655 326 328 330 329 12180 9105 748 755 756 746 46.19 9500 761 47.1 826

9 11535 324 330 330 331 12035 9105 754 750 785[ 731 45.74 9500 761 47.1 826 ~

10 11575 332 330 330 330 12075 9390 739 774 761 768 45.79 9500 761 47.1 822

11 11610 327 329 331 33D 12130 9625 750 739 749 775 45.14 9500 761 47.1 819

12 11685 330 330 330 321d 121'") 9755 757 761 745 70M 45.59 9500 761 47.1 817

13 11570 331 329 329 330 12075 10245 737 760 755 748 44.54 9500 761 47.1 810

14 11610 326 324 329 329 12105 9690 714 728 756 769 45.59 9500 761 47.1 818

15 11650 329 329 328 329 12170 9205 753 749 751 750 46.49 9500 761 47.1 825

16 11680 325 330 329 330 12190 9705 740 747 743 731 45.79 9500 761 47.1 817

#
These quick-look data may change as further information becomes available.

bredictionbasedonresultsofsinglerodtest SR-42, using external, bare wire thermocouple measurement for determining burst temperature.
#Based on correlation from single rod burst tests (at 28*C/sec heating rate), using burst pressures from Column 8 as input.
" Rod 3 may have developed a "pinbole" leak at s11200 kPa (see text for discussion); large burst occurred 16.65 sec after power was terminated.
#Rod 7 developed a leak prior to test; this rod was tested essentially at constant pre ssure due to attempt to compensate for leak.
# TE 9-3 was known to be detached f rom Zircaloy prior to test, causing a high reading; TE 9-1 reading selected as burst temperature.
2TE 12-4 had very slow response on both heatup and cooldown transients and its readings should be ignored.



32 *

Strain in B-1 tubes in percent

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

fuh E
U evation
han - - - - - - - - - - - - -- - - - - - . - - - -. - - - - - - - _ - - - -- - - - - - - - - - -

1 2 3 4 * e F 8 9 10 11 12 13 14 15 16

0.0 1. 5 0. 6 2.7 2.4 1.4 1.9 l.2 1.3 l.7 8.8 8.8 1.7 2. 7 l.9 1.7 1.6
1.8 9.e 8.1 7.6 8.4 6.2 10.1 7.4 8.2 8.2 9.2 6.2 8.2 8.9 8.1 5. 7 6.4
3. 3 F. 8 18.3 10.0 10. 5 8.4 15.6 13.5 14.0 13.7 20.1 11.1 10.3 10.5 12.1 20.1 12.6
5.2 7. 6 17.7 7.7 10.7 8.2 12.9 14.1 16.9 19.0 18.2 13. * 9. 3 8. 7 12.8 26.8 12.6
8.9 3. 5 4.8 4.0 5.0 4.4 5.0 5.5 6.3 5.0 6.5 e.1 4. 9 3. 8 4.6 5. 3 *.2

11.8 4. 6 5. 6 4.1 6. 0 5.2 6.1 6.4 7.3 5. 2 6.R 7. 0 5.9 4.4 4. 7 6.2 5. 4
84.1 13.2 16.1 8.F 12.0 17.3 20.3 17.7 16.3 18.4 21.0 20.5 15.8 25.0 16.6 2 f. 3 17.9
15.4 11. 8 85.3 10.4 83.0 24.0 21.0 16.9 15.6 20.0 22.6 20.S 15.9 36.9 18.9 36.4 21.9
17.3 ! ?. 7 14.7 10.7 13.2 29.7 20.4 1R.5 16.4 20.7 22.9 2* . O 14.4 24.9 19.2 36.0 25.9
18.8 15.3 1 F.9 9.6 15.4 26.2 22.3 20.1 !8.5 27.9 26.3 44.4 14.0 16.7 25.1 35.5 28.8
20.1 13.8 19.1 F. 7 14.9 21.4 23.6 21.4 18.1 30.2 30.3 52.5 13.8 12.7 25.4 41.6 29.5
20.6 13.7 19.1 7.4 16.4 20.9 23.5 21.4 1 F.3 29.5 30.1 *2.0 12.7 11.5 23.4 ? 9. 0 28.6
21.3 84.1 18.8 9.3 12.3 25.0 23.7 23.7 17.6 18.2 48.1 48.9 14.2 12.2 21.5 33.8 30.3
23.9 13.3 20.1 8.9 42.0 27.4 22.5 25.2 18.3 Pa.6 44.5 4 4. . 16.0 14.1 ?2.9 28.1 18.e
2*.5 11.2 22.5 8.? 12.6 28.9 21.3 28.2 18.3 ?S.6 59.2 44.9 16.7 19.2 25.4 22.2 32.8
2e.5 11.e 24.2 8. 5 13.3 35.9 24.3 30.2 16.8 37.8 17.2 42.6 16. 3 17.8 26. 7 19.2 27.0
28.1 12.0 22.9 8.3 14.2 44.1 36.4 25.8 i F.2 28.7 35.* 32.4 16.3 22.6 24.1 16.5 21.6
29.7 11.4 20.5 8.2 12. t 34.8 42.F 25.3 i F.5 22.4 28.0 22.9 14.9 25.2 ?0.4 16.4 19.7
30.7 10.2 20.8 8. 7 11.6 28.3 37.3 ?4.3 18.5 20.8 24.1 20.1 14.2 27.9 19.1 18.8 19.3
33.2 8.2 21.0 F. 9 9.7 ??.9 24.F 2f.6 21.1 17.9 21.1 19.5 17.1 19.5 18.2 22.2 17. ?
36.5 8. 0 19.8 9.2 10.e 24.e ??.0 26.e 20.8 17.9 22.3 20.0 17.6 16.7 16.S 21.3 17.6
36.6 8. 4 18.3 10.4 11.9 25. 3 23.6 24.9 23.0 15.e 19.9 20.8 15.7 16.e i F. 0 19.3 22.3
38.1 10.1 20.7 10.2 12.' 2%.8 20.4 22.8 26.8 15.7 88.8 22.e 15.6 21. F 18.9 20.6 24.0
39.7 15.2 24.1 0.1 12.1 26.2 18.8 23.0 29.1 19.2 19.8 23.2 18.2 54.4 23.9 22.2 22.0
40.8 15.e 23.8 8.0 12.2 27.4 18.2 22.f 29.4 22.9 22.4 22.7 18.2 58.9 26.5 20.4 20.6
42.9 13.2 21.6 9.7 13.6 34.4 15.9 21.5 14.9 32.2 23.8 19.7 20.6 26.e 29.4 19.3 21.3
44.7 14.5 22.3 L1.9 14.e 37.7 15.3 24.4 4t.9 39.e 24.7 19.S 26.4 23.9 39.1 23.5 23.3
4e.7 14.9 21.9 10.3 15.2 41.8 15.4 29.3 35.5 49.7 21.? 20.0 11.7 28.7 48.8 25.7 19.8
47.5 14.4 21.1 9.5 15.2 42.5 17.2 30.0 30.9 47.1 23.0 20.5 15.4 26.7 39.1 25.3 18.3
48.6 12.8 19.3 12.3 15. F 3F.* 16.0 2F.3 28.0 39.0 22.7 18.1 37.4 24.0 31.4 23.6 18.8
5C.4 14.7 17.7 22.8 14.6 33.3 15.4 22.7 24.7 37.S 22.6 18.1 38.2 24.2 27.8 23.4 19.2
52.4 18.3 18.4 10.3 11.7 24.1 15.0 28.3 23.9 36.8 23.1 18.e 23.5 23.9 26.0 23.4 17.3
?4.0 17.3 18.8 7.8 11.1 2?.6 I?.4 20.1 19.5 ?2.2 21.2 17.4 18.2 21.4 21.9 23.2 15.2
55.* 13.2 15.8 6.9 11.2 27 . 3 12.1 17.4 18.5 28.2 19.1 It.4 15.? 17.1 17.5 21.2 14.5
5F.R 11.4 14.5 6.9 11.5 2 8. * 9.0 17.0 21.0 21.8 15.* 14.1 14.* 15.4 18.9 17.1 14.8
60.1 14.2 19.0 6.2 14.8 20.' 8.1 22.8 In.0 in.9 14.e 13.8 11.6 16.2 ! ?. 7 15.3 10.9
61.7 10.9 11.9 5.2 11.7 15. t 7.0 16.8 13.0 12.R 13.7 t 1. 3 9.9 I6.6 L3.3 13.3 9. 0
e4.1 3. 8 4.0 2.1 4. 4 5.8 2.5 4.* 4.9 4.2 4.6 4.1 4.1 5.2 4.8 5.4 4.9
ee.9 4.% 5.0 2.0 4.2 5. 7 2.2 5.F 5.4 5.7 4.8 4.8 3.9 5. 0 4.6 5. 6 3. 8
e8.8 15.5 12.6 5.0 12.1 20.6 4.9 46.0 12.2 13.9 11.7 15.3 12.2 12.1 12.e 13.4 10.3
F0.3 2 2. e 16.1 7.9 14.4 31.4 9.4 19.4 14.2 16.9 17.2 13.9 14.6 12.9 te.9 13.1 12. F
72.7 25.4 22.0 9.5 16.9 43.2 4.4 26.4 17.3 24.5 17.2 15.2 14.6 13.0 23.4 16.1 13.7
74.2 32.3 27.8 10.3 22.4 49.2 5.3 36.4 I F.0 31.0 19.7 17.0 14.1 14.9 28.2 20.1 14.*
76.S 35.6 30.5 80.3 36.1 44.8 5.2 35.7 15.7 25.5 20.4 16.1 18.7 20.8 26.9 21.2 16.5
7F.3 29.2 32.4 10.2 2 8. J 39.7 4.n 33.4 16.2 20.4 17.1 14.8 19.9 19.8 23.0 18.4 15.9
60.2 25.7 31. * 9.0 21.1 26.e 5.6 23.6 18.2 22.7 15.e 17.2 17.7 21.2 23.1 18.2 12.8
61.6 20.5 27.9 8.e 18.3 22.5 f.1 19.7 12.6 17.6 14.4 16.3 15.1 16.6 20.5 19.9 11.9
83.5 19.0 27.6 8.t 13.5 23.* 7.8 17.1 10.7 18.2 14.* 15.1 14.4 17.5 17. * 21.4 13.1
85.1 13.3 25.8 5.1 F. 9 19.0 4.9 11.e 9.9 19.5 II.1 12.6 12.4 19.5 14.0 17.2 12.7
86.5 12.6 17.4 4.3 6. 3 12.9 4.3 8.8 9.2 19.5 11.4 11.5 10.9 18.8 10.5 12.8 L 1. 3
87.9 9.* 7. 7 3.4 m.2 *9 2.8 5.9 F.O 11.4 7. 5 7. 8 7.6 11.3 6.? 8.1 9.6
90.0 4. 9 2. 6 1.3 3. F 2.0 1.5 3.1 2.5 1. 5 2.5 2. 9 0.7 1. 7 2.5 4.0 3.8
92.5 - 0. 2 - 0. 2 0.3 0. 9 -0.2 -0.8 0.0 0.2 0.2 -0.0 C.4 0.4 0.1 0.4 0. * 0.*

--- __ _ _ _ . _ _ _ _ _
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per line cf sf arwJ B-1 cm aw w I

___

un -
Me V

Tote!
, , , , _ _ _

1 2 ? 6 5 6 7 5 9 !O 11 12 13 16 15 16

0.3 9t 96 98 97 9e 96 95 90 96 C6 97 96 08 97 96 96 1569
1.a get ggo 108 139 13" til 13e 139 139 111 105 139 111 139 110 135 1762
?.3 108 131 113 113 !!O !25 123 125 121 135 115 113 116 117 135 11 9 1919
5.2 Ice 129 109 11 6 ;39 119 12t 128 123 133 123 til 113 110 153 118 1926

6.9 100 132 101 103 132 103 106 13* 10? 10e 135 10? 103 132 13? 13? It?!

11.9 LC 2 106 101 13= 133 135 135 137 103 13+ 107 104 101 102 135 133 1671

16.1 116 126 4to 11 7 12e I?5 120 12e t31 137 135 125 16* 127 1? 1 13 0 2093
18.6 11 7 124 116 11 9 16* 137 128 125 116 140 135 125 175 132 176 139 2167
17.3 119 123 116 119 157 135 131 126 136 161 166 122 146 133 173 167 2175
te.6 12 6 130 112 126 169 163 13* 1 31 l' 3 169 195 121 127 146 179 15? 2273
20.1 121 132 13? 123 tle L63 I?9 133 15 e !*7 217 121 119 167 !99 156 233?

20.6 121 132 109 122 13* I42 137 128 157 156 215 118 116 162 193 156 2276
22.3 121 132 139 !!9 !=6 16? 14? 129 153 17e 269 122 117 I?" !59 22 7 2*39
2?.9 12C 134 111 11 7 1%i 163 166 130 156 209 217 127 121 161 153 233 2666

2*.5 tl* 16 3 109 118 1*5 137 l'? 133 172 177 19e 127 126 167 I?9 le 5 23!2

2e.5 11 e 146 113 123 172 164 156 127 177 175 193 12e 129 153 133 151 2333

28.1 11 7 141 134 122 194 173 155 128 155 172 166 12e 163 166 127 138 2311

29.7 Ile 139 109 11 7 170 2*3 16e !?9 160 153 141 12? 166 I?5 126 I?? 2281
30.7 113 13 113 tre l'= 176 166 131 136 166 135 122 153 132 !31 13 3 2173
33.? 10% 136 139 to 2 161 165 152 137 133 137 133 129 133 133 139 128 2107
36.5 1c9 1?* 111 11 6 '45 150 169 136 !?3 !?9 !?4 129 127 12e 137 129 2109
3e.6 110 130 !!1 117 167 163 165 let 125 13* 136 125 127 128 133 16 3 2133 va

38.1 113 13+ 113 11P 16* 135 161 153 125 132 16C 125 136 I?2 !?6 16? 2111 wa

39.7 126 164 139 117 160 132 161 1*e 133 !?6 161 130 221 163 139 139 2259
40.8 125 163 109 117 152 133 160 156 168 163 161 133 291 160 135 13e 2333
62.9 119 136 112 12 0 169 125 I?e 173 16? 16? !?4 136 153 156 133 137 2251

66.7 122 163 117 122 177 126 166 266 182 136 133 169 143 183 142 342 2600

46.7 123 134 113 126 I?* 126 l'e 171 291 137 136 It2 155 2e2 167 136 25e 9

67.5 122 !? 7 112 126 193 129 150 Le3 231 161 135 210 153 !?8 147 133 2.'3

68.6 119 133 !!6 125 176 126 151 153 183 163 133 222 163 161 142 132 2359
*C.6 123 129 150 122 14* 124 1-C 145 177 140 !?O 161 164 152 !?5 1?3 2249
52.6 !?3 131 113 11e 168 123 137 163 175 141 131 162 143 168 135 128 2195
56.3 12e 132 10* 115 163 120 136 133 le 3 137 129 133 138 139 161 126 2121
55.6 120 125 106 115 169 117 129 131 153 132 12e 126 12 6 129 137 12 2 2352

57.9 lit 122 106 116 154 111 12* 137 136 126 121 123 126 125 128 123 2336
eC.1 122 123 1C* 123 135 109 161 133 132 123 121 11e 126 129 126 !! 6 1979
61.7 115 117 103 11e 126 107 127 L19 119 121 115 113 122 !23 123 111 1975

66.1 1CC 101 97 131 136 98 132 13? 101 132 131 131 133 102 133 132 1633

te.9 102 102 97 131 136 97 136 133 104 102 102 13! 133 102 106 13 3 It36

e8.8 12* 118 103 !!7 136 102 126 117 121 123 120 117 117 119 123 113 1998

73.3 16C 126 139 122 16 2 133 133 122 126 129 121 122 119 127 119 119 2336

72.7 167 139 112 12 7 192 132 169 128 16* 128 126 122 119 1*2 12e 12 3 2129

76.2 163 153 113 160 197 133 177 126 163 136 126 121 123 153 135 122 2257
7e.$ 243 181 113 256 19t 133 22* 125 147 135 126 131 !?6 153 13 7 127 2543

77.3 215 216 113 230 182 132 16e 12e 135 123 123 136 134 161 131 125 2636

e3.2 147 161 111 137 169 IC4 163 130 163 125 126 129 137 161 133 119 2163

81.6 13e 15? 110 131 163 105 !?6 118 129 122 12e 123 127 135 136 117 2367
e3.5 132 152 139 123 162 108 126 116 133 122 124 122 129 120 137 lia 232e

85.1 120 148 103 109 132 103 11e 113 133 115 lie 118 !?? 121 128 11 9 1935

86.5 188 129 101 135 !!9 tot 113 111 133 116 lie 115 132 116 119 115 1863

87.9 112 108 100 133 136 49 136 137 lie 138 135 108 116 10* 139 112 172t
93.3 102 90 96 103 97 95 99 96 96 99 99 96 96 99 101 130 !? ?+

92.5 93 93 94 95 93 93 93 93 66 93 94 94 93 96 96 96 1533
.- __..



Imr limit of B-1 def ormed tut >e areas ( usa' )
. . _ _ _ . . . _ . . . _ . . _ . _ , _ _ _ _ _ _ _ _ _ _ _ _ _ _

INElevatten
u so - -- - -- - - - - - - - - - -- - ----- - Total

1 2 3 6 5 6 7 8 9 to 11 12 13 14 15 le

0.0 9e 94 98 97 9e 96 95 96 9A 96 97 96 98 97 e6 96 1549
1.8 104 109 108 109 105 113 108 109 109 til 105 109 til 109 11 0 105 1742
?.? 108 131 113 113 110 125 120 125 121 135 115 113 114 117 135 11 8 1919
5.2 loe 129 108 114 109 119 121 128 123 830 120 til llo 119 150 11e 1926
8.9 100 102 101 101 102 103 104 135 10? 106 105 103 100 102 103 103 1651

11.8 102 104 101 106 103 105 135 107 103 10e 107 106 101 102 105 103 ls71
16.1 119 126 110 11 7 12e 13* 12o 12e 131 137 135 125 16e 127 151 130 2090
15.4 117 124 114 11 9 144 117 128 125 136 160 135 125 175 132 174 149 2167
17.3 119 123 116 119 157 !?5 131 126 136 148 146 122 146 133 173 167 2175
te.8 126 130 112 126 169 160 13* 131 153 149 195 121 127 166 179 15? 227?
20.1 121 132 108 12 3 138 163 138 133 158 157 217 121 118 147 187 156 2301
20.6 121 132 108 122 136 162 137 128 157 15e 21? 118 11e 162 180 154 2274
22.3 121 !?2 109 11 8 146 143 14? 129 153 ! 76 207 122 117 138 1* 9 159 2279
23.9 12 0 134 til 11 7 151 140 146 130 154 195 195 127 121 141 153 179 2324
25.5 115 160 109 118 15* 137 153 130 172 177 19e 127 124 147 13 9 165 2312
2e.5 116 l'a 110 120 t72 144 ISP 127 177 1 ?? 190 12e 129 150 133 151 2330
28.1 11 7 161 109 122 104 173 155 128 155 172 164 126 140 144 127 138 2311
29.7 Ile 13e 109 117 170 190 146 129 !*O 153 141 123 146 135 12e 133 2218
30.7 til 136 110 11e 154 176 144 131 136 144 135 122 153 132 131 133 2173
?3.2 109 136 109 112 161 165 1*2 137 130 137 133 128 133 130 139 128 2107
34.5 lu9 I?4 111 11 4 145 150 140 136 133 139 136 129 127 12e 137 129 2139
36.6 110 130 113 117 147 143 145 141 125 136 R36 125 127 128 133 14 0 2133 LJ

38.1 113 13e 113 118 148 135 161 150 125 132 140 125 138 132 !?6 143 21?1 D

?9.7 124 146 109 117 169 132 141 15e 133 136 141 130 22! 143 139 139 2259
60.8 125 143 109 117 152 133 140 156 141 160 141 133 236 169 135 136 2288
42.9 119 138 112 12 0 169 125 138 1 70 163 143 136 135 150 156 133 137 2251
44.7 122 140 117 122 177 124 146 188 182 138 133 149 143 180 162 162 2352
46.7 123 139 113 126 188 126 156 171 193 137 134 162 155 187 147 134 2395
47.5 122 137 112 126 190 128 158 te0 201 14I 135 t 71 150 178 147 130 2191
48.6 119 133 118 125 176 126 151 153 183 140 130 176 143 161 142 132 2316
$0.4 12 3 129 141 122 166 124 140 145 177 140 130 161 144 152 135 133 2273
52.6 130 131 113 11 6 148 123 137 163 175 14! 131 162 143 148 135 128 2195
54.0 128 132 108 115 163 120 136 133 le3 137 129 130 138 139 141 126 2121
55.6 120 125 106 11 5 149 117 129 131 153 132 12e 126 128 129 137 122 2352
57.8 116 122 106 11 6 156 Ilt 128 137 138 124 til 123 124 125 12e 123 2304
e0.1 12 2 123 105 123 13* 109 141 !?0 132 123 121 11e 126 129 124 114 1979
61.7 115 117 103 116 124 107 127 119 119 121 115 113 122 120 120 til 1875
64.1 100 101 97 101 106 98 10? 102 10t 102 101 tot 103 102 103 102 1633
66.9 102 102 97 101 104 97 104 103 104 102 102 tot 103 102 104 100 163e
68.8 124 118 103 117 136 102 126 117 128 '20 120 117 117 118 120 113 1898
70.3 160 12e 109 122 te 2 103 133 122 128 628 121 122 119 127 119 118 2336
72.7 147 139 112 127 192 102 149 128 145 128 124 122 119 142 126 12 0 2129
74.2 te 3 153 113 140 197 103 174 128 160 134 128 121 123 153 135 122 2254
Te.5 172 159 113 173 196 103 172 125 147 135 126 131 136 150 137 127 2309
77.3 156 164 113 153 182 102 166 126 135 128 12 3 134 134 141 131 125 2221
80.2 147 161 111 137 169 104 143 130 140 125 128 129 137 161 130 119 2143
81.6 1?e 153 110 131 160 105 136 !!8 129 122 !?e 123 127 135 134 117 2347
83.5 132 152 109 120 162 loe 12e 114 130 122 124 122 129 129 137 119 2326
e*.1 120 148 103 109 132 103 116 113 133 115 118 118 I?? 121 128 11 9 1935
86.5 118 129 tot 105 119 101 110 111 133 114 116 115 132 114 119 11 5 1860
87.9 112 108 103 133 104 99 104 107 116 108 108 108 lie 105 109 112 1724
90.0 102 98 96 130 97 96 99 98 96 98 99 94 9e 98 101 100 1576
92.5 93 93 94 95 93 93 93 93 94 93 94 94 93 94 94 94 1533

. .
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sir in in a- 2 e uh.. In p.ri .nt

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

F l.v.t I w
- _ ._, _ . . , _ . . . _ . . _ _ . " . . . . . ..

I i 1 4 9 6 7 8 9 to il 12 11 14 19 18

0.0 -C.2 -0.2 -0.1 0.1 0.0 -0.4 -0.1 0.1 -0.0 -0.e - 0. 4 0.8 - 0. 9 -0.9 -0.4 0.0
l.8 4.4 9.F 6.0 9.8 4.8 7.1 F. 4 e.9 4.6 9.8 *.1 F.7 4.1 6.1 4.R 4.R
1.4 10.9 88.1 12.1 lo.e 10.9 18.8 14.t 11.6 8.2 80.4 10.9 11.0 A.9 19.0 9.6 7.7
9.0 BC.4 88.9 31.0 11.9 9.9 87.1 17.8 18.1 F.9 80.7 11.0 ll.2 9.1 11.2 10.4 8.1
f.9 f.9 9.F 8.0 F. 8 7.6 !?.9 10.4 7. 9 7.0 9.0 9.0 8.9 f. 4 9. 8 7. 9 6.6
8.8 4.6 4.9 1. 9 4.1 1.9 9.0 4.4 4.2 1.1 1.8 1.9 1.9 1.9 1. F 1.1 1.1

11.9 1.7 1.9 1.9 4.4 1.7 9.6 4.1 4.4 1.4 1.7 4.8 4.6 1.9 4.? 2.9 4.?
31.5 F.e 7.7 9. 7 7. 9 6.P I4.F 17.l 9. 8 9.1 9.4 11.7 10.9 8. 7 10.1 9.1 6.9
19.l 11.8 18.4 ll.9 9.9 8.9 20.9 19.8 11.7 10.7 12.4 16.R 19.6 t i.e 17.1 e.8 F.I

14.8 19.1 16.1 14.6 11.6 11.7 ??.9 19.7 16 7 10.9 16.2 t e.1 I F.9 14.4 24.4 88.7 10.9

18.5 19.0 18.7 17.6 11.0 14.1 71.7 19.6 18.7 11.0 16.9 16.9 87.9 19.7 17. A 17.1 II.F
19.9 19.2 19.9 89.F 11.7 18.7 22.4 17.9 28.8 14.F 21." 16.6 20.F 20.9 41.8 12.4 17.9
28.4 19.e t F.9 49.9 10.8 10.0 28.6 87.9 27.8 11.8 22.6 19.2 24.7 19.9 17.4 11.1 11.0
21.7 19.9 16.8 28.4 9.7 18.1 74.F 14.4 27.0 14.9 21.1 19.8 21.8 18.9 29.n 11.1 11.1
29.0 16.2 11.8 24.4 11.0 17.4 21.4 71.0 27.4 19.4 21.0 11.9 18.9 16.0 11.1 89.9 14.F
18.9 l'.4 11.9 79.9 11.9 14.6 19.8 21.4 20.7 14.9 21.8 11.9 18.7 14.9 89.7 17.1 II.a
78.* le." 12.7 29.8 16.7 19.1 21.0 24.9 I F.4 84.8 21.P 14.1 19.9 14.8 I9.9 18.4 10.F
10.0 14.F 17.4 12.9 18.6 14.9 21.9 21.1 te.l 11.7 21.1 14.1 48.8 12.4 19.8 17.9 11.F
17.C 32.6 19.1 28.0 19.8 14.7 7C.8 ll.A 16.2 11.1 Pl.C 14.4 20.7 17.8 I F.1 11.7 11.9
?4.0 18.6 19.4 22.0 17.7 14.0 21.8 19.4 19.1 !?.8 18.e 14.8 70.7 16.1 I F. F . #. F [1.7
19.9 12.9 18.0 21.6 14.0 19.1 44.1 17.4 16.1 11.9 70 8 16.F 38.1 16.9 71.7 11.9 11.7
17.7 11.* IP.7 24.0 11.9 I F.9 97.8 19.F 20.7 19.0 29.0 le.2 19.9 14.6 30.1 16.2 17.P
19.9 82.2 19.0 10.8 11.8 19.6 19.6 88.4 74.4 11.9 17.t 14.4 14.2 17.1 78.9 16.0 11.1
41.7 18.8 19.7 21.7 19.6 16.4 19.1 71.1 29.6 86.7 47.8 16.9 18.9 17.9 26.8 87.1 16.9
41.1 22.2 19.8 29.9 17.0 19.6 44.1 19.7 17.6 14.7 11.0 16.8 21.0 I F. l 21. 1 19.4 18.1
44.7 2?.4 19.0 17.7 18.1 14.9 40.F 17.1 11.0 14.4 2F.? 14.0 88.4 19.9 58.9 12.9 11.6
46.2 2 f.8 17.0 18.4 19.7 16.0 16.4 17.2 21.1 17.0 23.2 16.1 18.1 14.F 1 F. 9 11.R 29.0
4 F. 7 14.9 18.9 10.8 19.8 19.0 I F.1 20.1 18.2 71.8 74.9 17.7 18.8 16.0 18.1 11.9 10.8
49.7 ff.9 19.6 28.9 18.9 70.7 14.9 20.6 17.4 89.0 27.2 19.9 20.4 14.1 19.2 16.9 12.2
*l.e 21.0 20.0 16.0 71.4 27.1 28.9 i F.1 18.4 1F.F 20.9 18.9 22.8 14.9 20.8 17.4 19.6
99.* lf.1 19.7 19.1 29.4 19.0 29.9 20.1 17.9 19.9 21.8 18.1 79.7 77.n 11.9 20.6 28.7
94.9 19.8 28.9 19.2 27.2 29.0 2e.0 12.4 17.6 18.1 24.e 17.6 77.1 29.9 74.2 2n.9 37.1
?6.2 FC.F F*.1 21.1 27.2 29.2 28.6 21.6 77.7 17.4 24.8 17.7 28.1 41.4 77.F 21.7 41.7
97.6 17.8 72.1 28.4 28.8 71 9 71.1 19.5 24.1 14.7 78.e 11.6 21.4 14.4 2*.2 20.6 11.4
'9.8 !!.4 14.7 18.F 21.7 19.0 17. F 16.9 16. R 87.9 17.1 80.9 17.4 16.1 lA.2 14.8 8F.0
el.8 11.0 10.1 12.4 17.7 10.9 11.6 14.8 11.8 11.7 11.4 10.9 84.0 11.1 12.8 10.9 10.n
61.8 *.I 9.1 4.9 6.8 9.1 9.9 9.7 4.0 1. 7 9.4 9.? 9.8 6.4 9.7 9.0 6.4
e6.9 4.0 4.9 9.2 6. 9 4.F 9.8 6.1 9.9 4.1 9.I 9.9 9.2 9. 9 9.0 4.0 9.1
to.4 10.2 10.8 11.6 10.8 88.0 17.7 18.1 88.6 17.4 11.7 19.0 11.0 10.9 10.8 8.2 9.1
70.1 14.6 18.5 19.7 89.9 16.0 7F.0 21.1 16.7 17.0 17.8 70.7 16.8 9. F 19.I 17.6 12.A
Pl.6 19.0 27.7 21.1 21.9 70.6 27.0 21.8 17.8 19.4 18.3 70.7 86.6 9. 7 29.A 17.7 14.1
71.8 14.8 7".1 24.0 10.9 22.0 29.6 25.1 19.1 21.0 18.7 20.9 1 F. F 10.8 24. F I?.9 t F.6
74.6 78.7 11.0 17.4 1 F. 8 21.1 10.6 2 F. F 27.8 79.7 27.2 76.4 19.7 16.9 2 4. n 17.0 20.1
76.2 71.2 18.9 40.1 47.0 27.0 19.4 18.9 27.1 21.9 29.3 14.4 21.2 1 F.1 22.7 22.7 22.9
78.C 24.1 79.0 11.6 11.2 71.6 28.8 14.7 21.9 20.2 2 F.6 19.R 76.1 87.1 71.5 31.4 11.l
79.9 22.9 20.7 77.4 7 F. I 21.9 22.9 19.7 21.6 19.6 20.0 19.2 29.4 86.7 27.2 19.1 77.0
81.6 L F.1 17.9 16.8 26.9 19.0 21.8 99.6 16.1 19.1 28.1 79.9 19.7 14.1 18.7 79.7 16.7,

89.8 88.4 19.9 19.6 88.9 14.1 24.0 17.7 17.8 86.8 21.1 70.1 71.8 10.6 16.1 14.4 11.6
86.0 8.0 11.8 87.7 17.9 !!.4 14.8 10.7 18.9 11.9 21.C 14.6 11.8 F. 9 14.1 9.8 10.8
ee.1 6.9 8.1 4.1 F.9 1C.) 9.2 12.2 8.4 7.8 12.1 7. 8 7.1 9.2 9.F 6. a 8.4
89.9 1.2 1.6 1.7 1. 0 1.9 1.9 2.4 1.7 8.9 1.9 C. 7 1.1 - 0. 8 7.4 0.1 8.8
98.9 C.4 0.4 0.8 1. 2 l.1 0.1 1.0 -0.1 0.9 l.7 0.9 0.9 0.1 1.9 0.4 0.9
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Upper limit of B-2 def ormed tube areae (.u.2 )

_ . _ _ _ _ _ _ _ _. _ _ _ _ _ _ . _ _ . . . _ . _ _ _ . _ _ _ _. _

Lle ntion _ _ _ _ . _____ _ _ . _ . _ _ _ _ _ _ _ _ _ ___ __ _ . _ . _

km) 1 2 3 4 5 6 7 g 9 to il l? 13 le 85 16 _ W at

0.0 43 93 93 94 93 92 93 94 92 92 92 96 91 97 92 93 1490
1.8 102 104 105 104 tot 107 107 106 102 103 103 f0F 101 105 102 102 16F0
3.4 114 115 117 114 114 132 121 116 109 114 LIS tl9 til l24 Ll2 108 1862
5.0 114 116 115 116 113 128 119 115 110 114 115 115 Ill 189 114 t09 1850
6.9 110 112 109 108 108 120 lio 108 107 111 til 110 10F 112 108 106 1767
8.8 102 103 tot tel 100 803 101 tot 99 95 101 1 00 100 100 99 99 1616

18.5 500 101 lol 402 100 104 tot 102 400 100 102 102 100 101 99 101 18> 2 2

I?.3 110 108 111 108 106 123 117 112 111 112 t19 114 109 113 kO3 106 1791
15.1 12C 116 116 11 2 110 136 124 119 114 Lif 12? 125 186 128 106 107 1902
16.8 124 126 122 116 lle let 125 126 115 12e 131 129 122 154 115 114 2009
18.5 82* 130 129 189 422 147 125 831 185 127 128 130 125 177 118 116 7065
19.5 133 133 134 til 138 140 830 837 123 138 L27 136 136 233 118 119 2195
21.4 134 129 134 114 I?O I?8 130 141 171 140 174 145 133 164 lls 117 2t15
24.2 133 126 138 112 131 145 131 151 123 142 123 139 138 148 119 120 2118
28.0 126 121 144 11* 129 142 137 192 124 137 120 1*1 176 140 !?4 173 7096
26.9 124 186 L48 120 122 134 142 136 122 13F 120 132 123 125 128 117 2054
28.5 82 F lte ISF 127 til 137 845 129 til 143 122 133 113 124 Ill 114 2083
?0.0 123 118 164 131 12? 138 142 126 120 142 lio 132 118 125 129 116 2076
37.0 118 124 153 134 !?3 136 138 126 120 137 I?? 135 119 lie 121 120 2060
34.C 116 124 139 12 9 123 143 133 123 121 131 !?) !?6 176 129 119 119 2042
15.9 119 1 30 lie !?! 124 194 129 126 120 134 12F 130 177 140 !?! 116 2105
37.7 L20 131 141 120 130 248 125 136 123 146 126 124 122 15 8 126 188 ??O4
39.5 117 123 135 121 129 182 131 142 120 164 122 122 11 8 155 125 120 2128
41.2 132 125 143 125 176 171 141 157 126 256 12F 13? 129 150 128 !?7 7302
43.3 139 125 !?e 128 129 194 133 299 122 te? 127 I?F 128 13F 124 131 2339
44.7 142 123 17F lil !?) 185 128 165 172 151 126 111 175 137 119 138 ???5
46.2 157 128 179 154 126 174 128 847 l?8 14? 126 130 121 130 11F 195 2218
47.7 204 132 160 134 132 176 I?S 130 13F 145 129 132 l25 131 120 170 2288
49.7 155 131 148 142 136 170 136 129 132 13% 134 135 I?? 133 I?? 139 7196
St.e 136 134 126 142 151 l*5 128 131 129 13e 131 139 172 136 129 I?? 2166
59.5 130 134 L33 156 261 148 134 129 133 138 130 147 139 142 136 153 2352
?4.9 132 139 133 158 155 148 140 129 130 140 129 151 158 144 13? 174 2296
?e.2 136 146 !?? 151 146 147 143 139 129 145 129 L54 233 152 142 27t 2527
87.e 128 140 138 153 138 137 133 144 121 139 170 142 169 146 135 164 ??54
59.8 120 123 lit 143 123 129 127 12F 119 128 115 129 126 I?O 121 128 202F
68.9 185 113 118 11 8 114 120 124 11F 115 120 114 121 119 117 114 114 1881
e3.f 103 103 103 105 103 104 104 105 100 103 103 104 105 104 103 105 1665
ee.5 102 102 103 106 102 104 105 104 101 10? 104 103 104 103 tot 103 1658
e8.4 113 115 !?O 114 115 129 130 116 118 121 123 115 185 ll4 109 lit 1886
7C.l 823 130 134 12 9 126 151 tel 127 128 125 136 12F 112 182 118 118 2065
ft.e 123 139 137 t38 L 3e 151 138 129 133 130 135 177 117 148 119 122 2124
73.1 126 146 145 15 9 139 147 14l 133 tot 131 136 129 114 t*0 120 129 2195
74.6 139 165 174 177 142 159 152 139 184 139 149 1 34 12F I45 128 135 7394
7e .2 142 2C4 264 288 139 171 162 139 143 14e 168 148 128 140 139 140 2663
78.C 144 ISS te6 16 6 143 155 168 139 135 152 228 149 128 141 161 141 2478
79.5 141 136 140 ist 143 140 187 148 134 1*3 170 156 127 139 189 119 2384
81.6 828 530 827 149 137 143 295 126 132 154 148 228 122 13t 146 126 2425
83.2 116 125 125 132 121 143 164 119 126 137 135 138 114 126 122 116 2066
fe.C 109 121 118 119 124 123 136 116 !?! 141 122 117 108 127 ti? 114 1930
#8.1 BC6 109 105 108 113 111 llF 109 108 117 108 107 103 112 106 109 1758
#9.9 SS 96 96 99 97 97 98 95 96 100 94 99 93 98 94 45 1550,
91.5 94 94 95 95 95 93 95 93 94 96 94 99 93 96 94 94 1918
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1.nwe r I tal t of 8-2 deformed tube area (sus 2)

*
Elevetton

(ca)
1 2 3 4 5 6 7 8 9 to 11 12 13 14 15 16 30 fat

0.0 93 93 93 94 93 92 93 94 92 92 92 93 91 97 92 93 1690
1.8 102 104 109 104 101 107 107 106 102 103 103 107 tot 109 102 807 1670
3.4 114 119 117 li o 114 132 121 116 109 184 115 119 111 123 112 108 1862
9.0 184 lie llS tl6 113 128 119 13% Ito 114 115 119 til 119 114 109 1950
6.5 llo 147 109 108 108 820 114 800 107 til ill 110 107 112 108 106 lier
8.9 102 103 101 101 100 101 tot 101 99 99 tot 103 100 800 99 99 1616

11.5 100 101 101 10 2 100 104 101 102 100 100 102 102 100 101 99 101 1627
13.3 110 108 lit 108 10e 123 117 112 til ll2 119 114 109 113 103 106 1791
19.l 170 lie 116 112 110 136 lie 119 114 lie 127 175 116 128 106 107 1902
18.0 124 126 127 186 ll6 148 125 126 11S 12e 131 129 !?? 194 119 114 2009
18.1 125 130 129 119 122 147 129 131 115 127 128 130 !?S IFF 118 116 706%
19.9 133 133 134 til 131 140 130 117 173 138 177 1 36 136 les 118 119 2150
21.4 134 129 134 114 130 138 130 141 121 140 124 145 13? 164 119 117 7115
23.2 133 126 138 112 13t 149 til ISI 123 142 123 139 131 148 119 120 2118
24.C 126 174 144 889 129 147 817 192 L24 137 120 131 126 140 124 123 2096
2e.1 124 116 148 120 127 134 142 136 122 13) 120 132 123 129 120 ll? 7056
28.5 127 118 157 177 123 137 149 129 123 143 l?? 113 til 124 131 114 2005
30.0 123 118 164 13L 123 138 142 126 120 142 124 132 118 125 129 116 20F6
37.0 118 124 193 134 123 136 138 l?6 120 137 127 135 119 128 121 120 2060
14.0 li6 324 139 129 123 149 133 til 121 131 123 136 126 129 119 119 2042
?S.S 819 130 138 121 174 194 129 !?6 120 I?4 177 130 12F 140 121 116 2109
37.7 120 131 143 120 130 233 17% 136 123 lee 126 lie t?? IS8 176 118 2190
39.* 117 123 139 121 125 122 131 142 120 les 122 I?? 118 155 125 120 2128
41.2 132 125 tel 129 176 171 14L ISP 126 151 12F 132 129 150 128 127 ??37
43.3 139 liS 196 128 125 194 133 177 122 165 127 117 128 137 124 131 2256
44.7 142 til 177 131 !?) 105 128 165 122 151 126 1 31 125 132 819 138 7225
4e.2 192 128 179 134 126 174 !?8 14? 128 142 *26 830 123 130 117 ISS 2718
47.7 169 132 140 134 132 176 139 130 137 145 129 1 32 125 131 120 160 2253
49.7 155 Ill 138 til 136 170 136 179 132 135 134 135 172 !?3 127 139 2196
95.6 lle 134 126 let 158 ISS 178 131 129 lie til 139 527 136 129 133 21e6
83.5 I?O 134 133 156 170 148 134 129 133 138 130 147 139 142 136 193 ??61
84.5 137 139 133 til ISS 148 140 129 130 140 129 15l 198 144 t35 175 ??96
96.2 13e 146 13F 198 146 147 141 139 129 149 129 193 18F 152 142 188 2978
57.6 128 140 138 IS3 138 137 135 144 173 138 120 142 169 146 139 164 ??S6
89.t 120 123 131 143 123 179 127 177 819 lie 115 529 126 130 121 128 7027
el.8 11S 113 11 8 11 8 114 120 .73 11F 115 120 114 121 119 11F 114 114 1881
e3.8 103 103 103 IOS 103 104 104 105 100 103 103 104 109 104 103 105 1665
e6.9 102 102 103 106 102 104 105 104 101 103 104 103 104 103 101 103 1658
68.4 113 815 120 lio 185 829 130 116 118 121 123 115 114 114 109 111 1886
7C.l 123 130 134 825 126 151 141 l?T 128 l2s 136 127 112 132 118 188 2069
71.6 123 139 137 138 136 151 138 129 133 130 135 127 11 2 148 119 !?? 2124
73.1 126 146 145 159 139 147 141 133 141 131 136 179 li4 ISO 120 129 2199
74.e 138 169 174 LFF 142 199 192 139 196 134 149 134 127 145 128 139 1366
76.2 142 179 184 les 139 171 162 139 143 14e 168 141 128 140 139 140 2459
78.0 144 155 166 16 6 143 159 168 139 135 IS7 181 149 128 tot 161 let 2432
19.9 141 136 140 191 143 140 182 !?8 134 15! 170 196 12F 139 LTO L19 2366
91.6 128 130 127 14 9 132 143 226 126 132 154 les 182 I?? 13l 146 126 2141
#3.8 116 129 L25 132 121 143 164 119 126 117 135 138 114 126 !?? 116 2066
86.0 109 121 lie 119 124 123 136 116 121 141 122 117 108 122 112 114 1930
88.1 LO6 109 105 808 113 lit 117 109 100 117 108 107 101 112 106 109 1798
29.1 59 96 96 99 97 97 98 99 96 100 94 99 93 98 94 95 IS50
St.S 44 94 95 95 95 93 95 93 94 96 94 95 93 96 94 96 1918


