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Test of 6-in.-thick Pressure Vessels. 
Series 3: Intermediate Test Vessel V-7 

J. G. Merkle P. P. Hoi/ 
G. C. Robinson J. t Smith 

R H. Bf>an 

Abstract 
The ten of aitRraeduK test tend V-7 «a* a crack-aauatioa fracture te* ot a 15 2-min-tuKk 

(64B). 990-ana-OD <39-m.r «e«el of ASTM A533. grade B. cU» I «cci plate with j ducp outude 
orface flaw 457 a n IIS « > loan aad about 133 mm i j 3 m> deep The tenet wathratcd i» VI I 
(l%*F> and pmavued hydraubcaly uaid hacaa* ihroaeh ihr fla« trrmouird ihc tc*i al a peak 
pmnre of 147 MPa (21.350 pal. Fracture toetfmtu data ofetaaard by ICMMC pr»ciacked <"harp>-V 
and compact-lcaaoa iprcmens ituduwcJ from a proloaratun of the cylMdncal leu 'dKll were incd at 
pretest anah/an of the flawed Tcsel. The vend, at expected, did not bunt I'poa deprewmzalma. the 
ruptured bcuncnt ckwed » a* to m n u n sutk presmre without leakage at about 129 MPa < I 11.700 

1. Introduction 
The United States electric power industry adopted nuclear power as an econumwalh competitive 

source of energy during the I960 1970 decade. Plans were made and construction was started tor 
boiling-water reactor (BWR) and pressuri/ed-waier reactor (PWR) nuclear generating stations in increasing 
numbers. The international energy crisis has intensified the pressure to utilize these types of nuclear power 
plants. 

With the competitive commercialization of BWRs and PWRs. the predominant capacity ratings of these 
plants increased to about 1100 MW(e) with an attendant demand lor larger, thicker reactor pressure vessels. 
The Heavy-Section Steel Technology (HSST) Program was instituted during this period of industrial change 
to accelerate investigations initiated by the industry of thick-section vessels for water-cooled nuclear reactor 
service. The program is especially concerned with developing the information necessary for assessing the 
influence of flaws on the safety and serviceability of the thick-section components of reactor pressure 
vessels. The program has developed data on the characteristics of plates, welds, and forgings in terms of 
mechanical properties, toughness, inherent flaws, and homogeneity. A major objective is to develop 
methods by which better estimates can be made of the effects of flaws on the service life and strength of 
vessels. 

Methods of analysis as well as experimental methods are being developed for fracture evaluation of 
structures. A wide variety of specimen types and sizes have been tested under a wide range of loading 
conditi jns. Considerable progress has been made in understanding the behavior of flawed structures and in 
the application of results of tests of small specimens to the analysis and evaluation of large structures. 

The importance of the size of test specimens and structures in the proper characterization of behavior 
has been demonstrated in many parts of the program. The confidence in methods of analysis so important 
in safety evaluation of nuclear vessels can be attained only in proportion to the degree to which theoretical 
methods have been tried by experience or experiment with appropriately sized structures under loading 
conditions of interest. Consequently, the HSST program includes simulated service tests, of which the 
intermediate vessel tests are a part. 
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The aim of simulated service testing is to provide, through a series of experiments a connection 
between the behavior of structures observed in a laboratory environment and the behavior of full-size 
components under th ; wide variety of conditions that constitute the real operating environment. The main 
effort of this task is to determine, if not already known, which factors or conditions are important and then 
to carry out tests with the particular combinations of conditions that will contribute significant 
information on behavior of structures in service. Factors of concern include material properties; flaw 
location, orientation, shape, size, and sharpness; and loading and environmental conditions. I f expense, 
resources, safety, and t in* were of no importance, the significance of these factors could be studied under 
actual service conditions imposed on vessels in a large number of experiments with vessels as large as. or 
larger than, reactor pressure vessels. Since such an approach is completely impractical, each factor is studied 
separately or in combination with others on as simple a scale as practicable. 

The objective of each simulated service test is to determine the ability of analytical method? to predict 
actual fracture behavior of a flawed structure under known conditions of materia] proper tits and loading. 
In the planned progression of such tests, analytical methods are confirmed, improved, or their Imitations 
revealed. The testing of intermediate vessels in conjunction with tests of flawed tensile specimens of similar 
material snd flawed models of the intermediate vessels permits consideration of many variables. Thus the 
intermediate vessel tests are a part of a structural test program that covers ranges of flaw size, section 
thickness, temperature, and stress state. The effects of d i f ferent in transverse restraint, toughness, plastic 
strain, biaxiality. and s'ress concentration can be observed and analyzed. 

The original objectives emphasized in the simulated service usk were ( I ) to demonstrate capability to 
predict the "vessel transition temperature" for a selected crack configuration using the material of interest 
(ASTM A533, grade B, class I plate; ASTM A 508. class 2 forging); (J) to demonstrate, for the materials of 
interest, capability to predict various combinations of load (pressure), temperature, and crack configuration 
in full-thickness walls 152 mm or more (6 in.) that will not cause fracture, and, finally, a combination that 
will cause fracture for both frangible and tough fracture conditions. 

The intermediate vessel tests have been subdivided into four series: 

1. flaws in cylindrical vessels, A508, class 2 forging steel - two vessels, 

2. flaws in cylindrical vessels with longitudinal submerged-arc weld seams. AS08, class 2 forging steel -
three vessels; 

3. flaws in cylindrical vessels with longitudinal submerged-arc weld seams. A533, grade B, class 1 
plate steel - two vessels; 

4. cylindrical vessels with radially attached nozzles, vessels of A508, class 2 forging steel and AS33, grade 
B. class I plate steel; nozzles of AS08, class 2 forging steel - three vessels. 

The report1 en the first series contains a comprehensive description of the pertinent factors considered 
in the design of the vessels and construction of the test facility and those leading to the tests of series 1, as 
well as a documentation of test results and fracture predictions. Emphasis is placed on providing the test 
results in such a manner that they form a resource for any investigators interested in the problem of 
fracture. The report2 on scries 2 documents comprehensive information on the characteristics of three test 
vessels, material properties, conditions of testing, and results so as to facilitate further analysis. The teporls 
also describe the use of fracture toughness measurements based on equivalent-energy concepts. These 
measurements and the investigation!; of crack growth by tests of both large tensile specimens and model 
vessels provided the bases for analytical predictions of rupture conditions. 
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Intermediate test vessel V-7 has been tested in series 3. This vessel has the same cylindrical geometry as 
the five vessels of the first two series. However, vessel V-7 contained a flaw that was much larger and deeper 
than tho« of any other vessel tested. The test was preceded by tests of steel scale models of V-7 and by 
analyses, which all together indicated that the mode of failure would be the rapture of the thin ligament 
along the base of the flaw. Vessel V-7 failed as predicted, the test being necessarily terminated by the 
leakage of the pressurizing fluid. The vessel as a structure and the flaw itself remained stable throughout the 
test. Further testing of this vessel is planned. 

REFERENCES 

1. R. W. Derby et al., Test of6-in.thick Pressure Vessels. Series 1: Intermediate Test Vessels V-l and V-2, 
ORNL-4895(FebPjaty 1974). 

2. R. H. Bryan et al.. Test of 6-in.-(kick Pressure Vessels. Series 2: Intermediate Test Vessels V-3, V-4, and 
V-6. ORNL-5059(November 1975). 
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2. Description of Vessels 

DESIGN AND PROCUREMENT 

Although inte. mediate vessels V-7 •hrough V-10 were purchased under a separate purchase order from 
vesseb V-1 through V-6. all features were identical with their earlier counterparts except for material 
requirements. The design of the intermediate test vessels provided for (I) material variation in base material 
and welding seams. (2) cylindrical shell thickness approximately that of light-water reactor (LWR) vessels. 
(3) special head and closure design to give reasonable assurance that these components would not fail prior 
to rapture of the cylindrical shell test part, and (4) achievement of economy by competitive lump urn 
bidding. The general physical features for vessel V-7 ire shown in Fig. 2.1. The design and procurement 
activities for achieving the foregoing objectives are covered more fully in Rets. 1 and 2: the principal 
features are summarized here. 

In the procurement of the first six vessels, the vendor. Taylor Forge Division of Gulf and Western 
Products Co.. was permitted for economy, the option of utilizing either ASTM A508 class 2 forgings or 
ASTM AS33. grade B. class 1 steel plaie in the fabrication of the cylindrical shells. Also under this purchase 
order an option was requested to perm" procurement o( four extra head and access nozzle subassemblies. 
By this option four head subassemblies were obtained that subsequently, under a separate purchase order, 
became component parts of vessels V-7 through V-10. In the purchase order for vessels V-7 through V-10, 
only plate material conforming to ASTM A533, grade B. class 1 was permitted in the fabrication of the 
cylindrical shells in order to obtain data for both forging and plate forms that comprise the reference 
materials for the current generation of LWR vessels. This purchase order further provided that the shell 
courses could be made by using either one or two longitudinal submerged-arc welds and on: or two shell 
segments per vessel. The vendor elected to make the shell courses for each vessel from a single shell segment 
with a single longitudinal weld seam. Fabrication of other vessel components for V-7 was sublet to National 
Forge Company of Irvine, Pa. 

The cylindrical shell courses for vessels V-7 through V-10 were fabricated from plate produced by 
Lukens Steel Company from a single heat identified as BS233-2. Chemical analysis reported by the Lukens 
Mill Certification for this heat is as follows: 

Ladle analysis (wt 9f) 

~C Mn t S Si Ni Mo 
0.20 1.23 0.0J5 0.017 0.26 0.49 0.52 

The ingot was rolled to a 167-mm-thick (6 , / , »in ) plate and given a stress-relieving heat treatment at 
649° C (1200°F) for 3% hr (see Fig. 2.2). The material for the test specimens was program (Data Trac) heat 
treated as follows: 

1. austenitized at 899 t I4°C (1650 + 25°F) for 1.8 min/mm (% hr/in.) of thickness (see Fig. 2.3); 

2. water quenched per cooling curve for 167-mm-thick plate (Fig. 2.3); 

3. tempered at 682 ±6°C( 1260 ± 10 F) and held 2.4 min/mm (I hr/in.) and waUr quenched (Fig. 2.4); 

4. stress relieved by heating at 37 K/hr(67°F/hr) maximum to 593+ 28 0°(V| 100 +50 0°F), held for 
30 hr, and furnace cooled at 46 K/hr (83°F/hr) maximum to 3I6°C (600°F) (sec Fig. 2.5). 
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Fig. 2.4. Tempering cyck for plate for cylindrical then course* for vessel* V-7 through V-IO. 

The mechanical test results from specimens representing the shell material are: 

Yield Tensile 
strength strength 

(MP» (ks.il [MP»(k*i>f 

450. (63.2) 586. (85.0) 
432.(62.6) 563.(81.6) 

Elonption in 
51 mm (2 in.) 

m 
26 
29 

Longitudinal Chatpy 
V-notchat 

-I2°C(*I»°F> 
(J (fHb)| 

Lateral 
expans.M 

| mm (mib)| 

125-96-106(92-71-78) 1.551.93-1.52 (61-76-60) 

FracMrr 
appearance 
i% shear) 

70-70-70 
NDT lemperaiure » determined by drop weight lests: 5I°('( 60°f-) 

Before rolling, the plate segments for the shells and prolongations were cut to the proper dimensions 

and provided with the weld joint preparation shown in Fig. 2.6 and were then heated along the edges and 
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crimped to facilitate roiling Later, the plates nere charged into a furnace and heated to about I093*C 
(2000*F) for rolling into a * e i l . Immediately after rolling and prior to removal from the rolls, the 
longitudinal weld joint preparation was tack welded. 

On completion of the roKng operation and before any welding was completed, the shell courses and the 
respective prolongations of vessels V-7 dwough V-IO were typically concurrently subjected lo heat 
treatment* consisting of aMstenMujng at 999*C (1650*F) for »'4 hr. qajenchmg m agitated water, tempering 
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at 682°C <l260°F)for 6% hr and air cooling, and stress relieving at 62I°C (I I50°F»for 30 hr They were 
then furnace cooled at 56 K. hr < I00°F hr> to 5I6°C 1600° Ft and air cooled to ambient temperature. In 
order to expedite fracture mechanics testing of the V ? prolongation material, it was heat treated separately 
from the shell course and did not receive the same amount of postweld heat treatment The V-7 
prolongation received a total of 30 hr postweld heat treatment, the weld test plates for V-7 through V-IO 
received 20'4 hr. and V-7 shell course received 10 hr. 

Following roiling, the V-7 shell course and prolongation were aligned and lack welded together, and the 
longitudinal weld seam was joined by submerged-arc »«IAng. The prolongation was removed ;• >m the shell 
course by flame cutting, given intermediate and fina! itress-relieving postweld heat treatments, and shipped 
to ORNL After separation from die prolongation. th>* shell course was stress-relief heat treated, mao;:ned 
to final diametral dimensions, and machined to form die circumferential weld joint preparation. 

Basically. Taylor Forge's procedure for making the longitudinal and circumferential weld seams for 
vessels V-7 through V-10 requires the following procedures and conditions: 

1. machining the joint preparations as shown in Fig. l.ba (longitudinal seam) and 2.66 (circumferential 
seam). 

2. inspecting the groove surfaces with magnetic particles. 

3. preheating to 149 260"C (30O-500°F) and maintaining until postweld heat treatment (PWHT): 

4. tilling the shallow groove by ij?' shielded metal-arc process (E8018 NM): 

5. grinding the back side {(X) side) t J solid metal and inspecting with magnetic particles: 

6. filling the deep groove with submerged-arc. RACO 127.4.76-mm-diam(^l 6-in.). single wire feed: 

7. inter pass temperature: 260°C (5 00° F) maximum: 

8. flux: Unde type 0091. size 65 X 200: 

9. travel speed: approximately 300 mm/mm (12 in./min): 

10. current: ac. 750 A. 30-32 V. 

11, usually on completion of a weld, the weldment was subjected to an intermediate PWHT at 593°C 
(I lOT/F) for I '/j hr. unless preheat was maintained until the next weld was made. 

National Forge Company, subcontractor for other shell components, made the hemispherical leads, the 
closure cover, and the closure flange from their heats 3V-1283.1-2401. and 4-1261 respectively. Chemical 
analyses for these heats are given in Table 2-1. Results of the mechanical property tests performed by 
National Forge on specimens taken from these heats are given in Table 2.2. Heat-treatment conditions 
employed by National Forge in the fabrication of these components are given in Table 2.3. 

The Charpy V-notch data for the closure head and the closure flange given in Table 2.2 do not meet the 
requirements of Table N-421 of the ASME Code. Section III. for low-temperature 12°C (+I0°F) 
toughness. However, since vessel V-7 was scheduled to be tested to failure at a temperature of 93°C 
(200°F) and since remelting would delay the delivery and testing schedules, the forging manufacturer was 
requested to test additional Charpy V-notch specimens at 10. 66. and 93°C (SO, 150. and 200°F) for the 
closure cover and at - 1 2 . 4 . 10.66. and 93°C (10.40. SO. 150. and 200°F) for the closure flange. The data 
given in Table 2.4 verified the acceptability of these components for 93°C service. 

The components furnished by National Forge were subjected to longitudinal and shear-wave ultrasonic, 
magnetic particle, and dimensional inspections prior to shipment to Taylor Forge Company at Paola, Kan. 
The requisite procedures were identical to those employed on vessels V I through V-6. 
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TaUr 2.1. Ctenncal l*> 

c Mil P S Si N I Ct Mo V Cu Co 

•1 head, heal 3V-12*3. lame and check 
0.20 0.74 0.008 0.016 0.22 0.81 0.37 0.60 003 
0.18 0.73 0.007 0.017 0.23 0.83 0.38 0.60 0.03 0.10 0.007 

Ctoaarc cover, hear 1-2401. M i le ami check 
0.21 0.80 0.007 0.007 0.30 0.82 0.40 0.6C 0.02 
0.19 0.79 0.008 0.010 0.29 0.82 0.39 0.61 0-02 0.09 0.010 

mrc than*, beat 4-1261. ladle 
0.21 0.71 0.008 0.001 0.22 0.87 0.36 0.67 0.02 

Table 2.2. Mechanical pnipiilii i obtained on from the 

Ultimate 
tensile 

strength 
Iksi) 

Yield Reduction 
strength in area 

(ku) CS) 

Elongation in 
2-in. gage 

length 

C T values 
at-12°C 

(ft-lb) 
Percent 

then 

Lateral 
expansion 

(in.) 

87.5 
87.5 

85.0 
85.5 

86.0 
89.8 

68.5 
67.5 

63.0 
63.5 

66.0 
69.0 

69.3 
70.4 

701 
70.6 

69.9 
67.9 

25.0 
26.0 

30.5-38-47.5 30-32-38 0.029-0.0304.039 
46-55-58 4046-45 0.037-0.047-0046 

Ctoaare cover 
27.5 43-12.5 14 
27.0 36-15.5-28.5 

27.5-12 

Cmme 
25 0 
24.5 

34-14-10 
9-39-6 
22.5-22 

"Conversion factors: I ksi -6.895 MPa; 1 ft-lb = 1.356 J: I m = 25.4 mm. 

Table 2.3. rleat Oeaonent conditions for 
dome cover, and donate 

Norma Ezing Austenifizing Tempering Stress rebevmg 
Grain 

Temperature Time Temperature Time Temperature Time Temperature Time ^„ 
I'CCf)) (hr) \'CCf)) (to) r c C F ) | (nr) I'CCfV, (hr) 

kal 

927(1700) 7 860(1580) 7 704(1300) 7 607(1125) 30 7-8 

Oonare cover 
916(1680) I I 854(1570) I I 704(1300) 8 607(1125) 30 7-8 

OMW0 flnMvft 

854(1570) 14 704(1300) 621(1150) SO 
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TaMr 2.4. Ckamy V-aotdi revest 4ua tot vcwr) V-7 cotapoacats 

Tesi C» values" (ft-lb) Lateral expansion 
of closure cover1 

(nub) 

Percent fibrous 
temperature 

| ' C l * F > | 
Closure 
cower 

O O M U * 

Lateral expansion 
of closure cover1 

(nub) 
fracture ot 

closure cover 

12.2 (10) 34-14-10 
9-39 

4.4 (40» 96-41-111 
34-42-54.5 

tO.O 150) 28-102-89 
29-53-35 

28-102-89 
29-53-355 

22-97-75 
27-48-30 

32-51-48 
2828-32 

65 6<150) 141-123-143 
120-115-117 

I4I.5-123.5-I43 
115.5-117.5 

90-79-100 
100-97-75 

100-90-100 
85-84-79 

93.3(200) 145-141-141 
125-135-135 

146-141-125 
135-135 

96-110-108 
104-105-105 

100-100-100 
100-100-100 

*\ ft-tb = 1.3558 i . 
Specimens were uken '/AT from the inside surface since this probably represented the least touch 

material because of the slower quench on the nstdr surface. 
* j mil -0.0254 mm. 

Taylor Forge joined the components by the submerged-arc welding procedure previously described. The 
fabrication sequence was comprised of welding, preliminary weld seam ultrasonic inspection, weld repair, 
posiweld heat treatment, intermediate weld seam ultrasonic inspection, radiography, hydrostatic testing, 
final weld seam ultrasonic inspection, magnetic particle inspection, and leak testing. 

MATERIALS CHARACTERIZATION 

The prolongation of intermediate vessel V-7 was studied by Std/man**4 to obtain tensile, (.'harpy 
V-notch impact, and static lower-bound fracture toughness data and by Magcr et al. of Westinghouse 
Electric Corporation*'7 to obtain static fracture toughness data. These data were used to set the fracture 
cntena and to predict failure pror to rupturing the vessel as was done for vessels V-l through V-6. 

Tensile and Charpy V-notch specimens were located in the material of interest (material in which the 
flaws reyded. base material for vessel V-7) typically as shown in Fig. 2.7. and compact-tension specimens 
were located in the prolongations as shown in Fig. 2.8. Complete tabulations of tensile. Charpy V-notch 
impact, and fracture toughness data obtained by Stetonan are given in Appendix A. 

Tcasfle and Cfcarpy V-Notch Inpact Data 

Tensile test results at 93 and 25°C (200 and 77°F) from both tangentially (C) and axially (A) oriented 
spetimens are shown in Figs. 2.9 and 2.10. The 4 S2-mm-gagt-dwm (0.178-in.) subsize (MT) tensile 
specimen HID - 7) was used and tested at a strain rate of 0.016 m m ' 1 . The through-the-wall strength 
distribution for the C and A orientations appears to be constant through the central 100 mm (4 in.). The 
increase in strength previously observed near the surfaces of the HSST plates due to the more rapid cooling 
rates during quenching was also present in this material. 

Yield and ultimate stresses at 93°C (200°F) appear to be 503 and621 MPa(73 and 90ksi)at 7.6 mm 
(0.3 in.) and 434 and 572 MPa (63 and 83 ksi) through the 23- to 127-mm (0.9- to Sin.) depths. The 
reduction m area results indicate that the ductility of the A-orwnted specimens is 5% lower near the 
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surfaces and 14% lower near V2T than the C-oriented specimens. The C-oriented specimens show essentially 
constant ductility at about 73%. The elongation remained constant from surface to surface and did not vary 
significantly for the C and A orientations. 

Charpy impact results from CA- and AC-oriented specimens indicate that the AC specimens have lower 
upper-shelf energies and transition regions occurring at higher temperatures. Both orientations indicate that 
the lowest energy values wen obtained at the 54-mm (2%-in) depth (from outer surface), that the inner 
half (0.S9 and 0.79T) shows higher shelf energies than the outer half (0.05 and 0.36T), that the energy and 
lateral expansion transitions of all inner materiab (0.36 to 0.79T) occur below 38°C (100°F), and that the 
upper shelf was attained at about 93°C (200°F). Figures 2.11 and 2.12 illustrate the distribution of both 
the energy and lateral expansion with temperature at selected depths. 

0*Mt-W6 » - • ? * 

-too o too 
TC«PC*»TU»t i*f) 

300 

Fig. 111. Ckanjy-V mfct 
152-HMMMck (ft*) ASJH MH, 

Of Ml 
I 

V-7 MM* CA-
<lft4b'IJMJ)-

mi ACunmN 
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Fracrore Toughness 

Lower-bound stalk fracture toughness (A'/r<f) results obtained by Sid/man from CA- and AC-orient?J 
precracked Charpy specimens are shown in Figs. 2.13 and 2.14. and the lower-bound dynamic fracture 
toughness (A/44) data for the CA orientation are shown in Fig. 2.15. The effect of temperature on kf,j 
indicates that the AC-oriented specimens exhibit lower upper-shell val. s 1165 to 1*>2 MN-m 3'2 (ISO to 
l75lcsi>/irK)| than the CA specimens 1192 to 220MN-m , / 2 (175 to 200 ksi -Jm.)\ except for the CA 
orientation near the outer surface (0.05T). where K/Cj values dip as low as 143 MN-m* i / 2 (1.10 ks: 
s/uT) near room temperature. The toughest material in both orientations (highest K/Cj) occurs at mid-wall 
thickness. Generally, the static fracture toughness attained the upper shelf at 46°C ( 50° F) or lower. The 
dynamic fracture toughness data for the CA orientation only indicated thai the A'/JJ upper-shelf values are 
about 27 to 55 MN-m" 3 ' 2 (25 to 50 ksis/m) higher and that the A'/JJ tran.mon (o upper shell <iccurs ai 
higher temperatures than the CA oriented K/Cj values. Again, the mid-wall natciial exhibited the highest 
K/dd values and the outer surface the lowest. 

Mager cl al.* tested nine compacf-tcnsion (CT) specimens: six 22-mnvihick (0.S5T) (T and three 
102-mm-thick (4T) CT specimens obtained from the prolongation of vessel V-7 as shown in Fig. 2.H. 

•Work sponsored by HSST program under UOCND .Subcnnirat-i 319ft bciwcrn Union Carbide C'nrpnrjtmn .wd 
WtMinghouie Electric Corporation 
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Ail specimens were fatigue precracked according to the methods specified by ASTM.* A test 
temperature of 9J°C (2(Xf F) was spe ified in order (o maximize the accuracy of the fracture toughness in 
one upper-shelf range with a minimum number of specimens. The (est temperature of 93°C » near the onset 
of the upper-shelf range, where very large specimens (greater than I0T CT) would be necessary to perform 
valid fracture toughness testing according to the ASTM recommended procedure.* For this reason, the 
equivalent-energy concept*' 1 0 was used by Stelzman and Maget to interpret the data in terms of 
lower-bound values of the actual fracture toughness. 

The fracture toughness data obtained by Mager for the prolongation maierial from intermediate test 
vessel V-7 are given in Table 2.5. The tovghnessof the base plate material from vessel V-7 is comparable to 
that of the forging prolongations of the first six intermediate vessels. Also, the fracture toughness through 
the thickness (inside surface, midthkkness. and outside surface) of intermediate vessel V-7 appears to be 
homogeneous at 93°C. 
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Fig. 2.14. Lowe-bound fracture toughness values obtaiiied from intermediate vessel V-7 using CA- and AC-otiented 
piecracked Charpy-V specimens from 152-mm-thick (6-in.) ASTM AS33, grade B, etas ' arten steel. 

Table 2.5. Fracture toughness results0 determined from testing 0JJ5T and 4T CT 
specimens from HSST vessel V-7 at 93? C (200* F) 

Specimen 
No. 

111 
Maximum Kner?: to 

load maximum load 3 
(lb) (in-lb) 

Enerfty to 
FQ 

rm -lb) 
Kid 

(ksi v'in.) 

0J150T CT specimens (outside surface) 

V7D5 0877 11.400 1.699.0 4.000 30.6 270.0 
V 7 M 0.890 11.370 1.920 0 4.000 300 297.0 

0.850T CT specimens (ceit'er thickness region) 
V7D-6 1.042 6.900 785.0 3.000 23.4 223.0 
V7D-7 0880 11.100 1.741.0 4.000 

O.850T CT specimens (inside surface) 

28.4 2854 

V7D-8 0 885 11.500 1.877 0 4.000 30.0 2910 
V7D-9 0963 9.400 1.785 0 4.000 

4T CT specimen (inside surface) 

35.0 .306 6 

V7D-3I 4.017 237.000 53.813 2 60.000 

4T CT specimens (center thickness region) 

8550 4065 

V7U2C 4.130 214,000 42,310.2 60,000 810 0 386.7 
V7D-IC 4.220 207.500 48.951.0 60.000 945.0 399.0 

'Conversion factors: 0.85T = 21.6 mm thick: 4T = 101.6 mm thick; 1 in. = 25.4 mm; 1 
lb force = 4.448N;; in.-lb = 0.112981,1 ksi s/in. = 1.0988 MN-m " W. 
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3. Flaw Preparation 

INTRODUCTION 

One pha*e of investigation in the HSST program requires that cracks of known size, location, and 
orientation, be grown in ihe wills of massive steel containers or vessels to simulate the effects of flaws. The flaw 
characteristics are needed for the application of fracture mechanics and can be studied by means of analytical 
stress and strain procedures and by ultrasonic and acoustic jound-emission techniques. 

Cracks can be grown by two techniques. One is jased on mechanical te .hniques and involves the use of 
high-pressure pulsating fluids 'o fatigue the metal ol the vessel. By this technique flaws are sharpened by cyclic 
notch pressurization applied by high-pressure hydraulic pumping equipment. The other method is based on 
metallurgical principles and involves the combination of electron-beam (EB) or laser-beam welding with an 
electrochemical process to crack the weld by hydrogen charging. Flaws of uniform depth can be produced by 
the welding method, whereas mechanically produced flaws tend to exhibit elliptical bottom contours with 
some minor depth variation. 

The flaws in many tensile specimens and in the first six prototype pressure vessels of the HSST program 
were successfully sharpened by cyclic notch pressurization. because the flaw shape was specifically chosen so 
that the majority of 'he crack front would grow in a nearly uniform manner under cyclic pressure. However, 
the ex tension of this procedure to uther crack shapes. such as long surface cracks, is extremely difficult because 
the crack front tends to grow nonuniformly. A long notch also presents seal-off problems for effective 
pumping. Furthermore, the pumping equipment presently available for cyclically pressurizing large flaws is 
inadequate, and the acquisition of additional equipment would have entailed long-term delays and expensive 
pump development. The combination of electron-beam welding and electrochemical hydrogen charging is not 
limited by the length of the flaw and offers uniform, sharp crack flawing capabilities for all machinable shapes. 
This method was selected for vessel V-7 and. following a concentrated development effort, provided the means 
to successfully produce the sharp crack in the vessel. 

MECHANICAL FLAWING METHOD 

In the mechanical method of flaw sharpening a test specimen, a suitable slot is machined into the vessel 
wall, a mold replication of the machined notch volume is made for templating shim stock to dimensionally 
conform to the notch, and the shim stock is inserted to fill the entire notch volume except for the contact 
surface contour line at the root of the notch. The notch is then sealed by a block welded or clamped to the test 
specimen, and the volume to be cyclically pressurized is connected to a pressurizing system. Figure 3.1 
illustrates the schematics of a high-pressure hydraulic pumping system. 

METALLURGICAL FLAWING METHOD 

Any metallurgical method approach for growing flaws in low-alloy high-strength steel materials is premised 
on the role of hydrogen in the formation of cracks in ferrihc materials. It is a well known fact that hydrogen is 
responsible for underbead cracking in the heat-affected zones of ferritic weldments: the cracking is associated 
with stresses and microsfructure. It is also known that martensite offers a suitable microstructure for such 
cracking. Mart nsite can be produced in these steels by rapidly cooling them from the austenitic temperature 
range. This can be accomplished by placing an autogenous electron- or laser-beam weld at the surface of the 
steel to be flawed. Such welds assure the concentration of weld heat to a small region so as to establish the 
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H:SO« »oJuito» thai wrve* as the electrolyte The ipectmen n masked » thai orth the weld contact* the 
Hcvfroh te An electrode n smmrrsrd m oVeirvtroiy te and the system i» wired x> that the tpecanen wrid xt« 
at thr cathode The artangensent t» dtown » Fig i 2 A current drnut> at about " * > 10 * A mm : I'~ 
A * : l of unmufced area n geaeiaBy wiffkieut t» , i w »t«cksng withm a fern hours A mom-temperature 
nnVani^nfiiM»eoa>nw«edfor^Miitw|Bwdwiwandto>oer«apo^torthec-kvtto<yt< 

Cracks fanned by kydragrn-charnwg electroe- or laser-beam weld* are ouste wrmlar to thotr produced by 
mechanical flawing tcdtntours The cracfci propagate through the weld metal and hrat-affevted rune and 
leramate very near the end of the wrld /one The width at the crack* at any crow* wxtua for both the 
n**diantcaiornsrtal«tf»caiaaw**>gmefhomae^^ > 
(rack depths can be nude to vary up to a nmsmum dntance of about I3 mm I VL m > » a function of weld 
power outpu: 

The EB wrhfcag parameter! that affect the conlmg rate of an autogenous weld bead are the heat sink 
offered by the *prcsmen, total wrid power, the wridmg speed, and the gas purge surface coolmg 
r lection 4eam weidmg wuhm a vacuum cell efcnuaatei rhe need torag»spwrgeandaddss**Wfocir%t«>(.Selr*i 
of parameter* Fonts, pewet. and speed are the parameters that control weld penettatson depth and bead 
contour lead contour govern* the rate ot cooldown for any grven weld speed 

Bead shapr must be revive J empemnentaBy by trying vanou* distance and sharp focus combinations for a 
variety of tettmg* swtabk for a longiiudsnal weld path Smce a narrow pear-shaped bead has more side sutface 
contact than a thick ball-shaped bead, the pear-tiiaped bead (see Fie, 3 2»rs br»t for dnstpaimg weld heat and 
tesincimg the sire of the beat-affected rase The pear-shaped cross icction can be achieved with the sharpest 
possible focus for a given fcB torch-to-work settmf and preselected beam accelerating potential Focusing 
circuit current setting*, are determmed for sharp focus by visually observing the sue and ordnance of the spot 
where all wrld beam rays intersect the top surface of the work while operating the EB gun at full preseiccted 
wrld voltage and minimum U current, usual? from 1010 25 mA 

Figure 3.3 umstrates the vanatson of weld penetration as a function of changes m focusing current settings 
{at constant torch-to-work distance) for EB svetds or. AS33. grade B. das* I steel plate. However, test results 
indicated that an optimum final focuangcurrent setting, for best repetitive welding results, should be 0.003 to 
0 005 A to either side o" the sharp focus, with the beam focused above the surface preferred. Programming the 
actual sharp focus sitting appeared to magnify weld penetration spsking so as to cause voids at the bottom of 
the weld, possibly as a result of surface conditions of the specimen Final bead refinements are then possible by 
experimenting with different current-speed combmatiom for determining optimum brad shape for a 
presented average weld penetrating depth. The optimum cross-sectional contour will exhibit a high 
depth-to-width ratio with a moderately spiked tail of the bottom. Such a spiked bottom is ideal for eventual 
flawgrorth. 

The line separating the fused and unrated zones in a longjtudmal sectional view of an autogenous EB wrld 
in steel plate exhibits a spiked profile. The peaks and valleys vary up to about 12* of the average weld 
penetration depth. The spikes are dosriy spaced, random, and nonsymmetrical and are about 0 2 to 0.5 mm 
10.001 toO.002 injw.de. 

FLAW PREPARATION OF VESSEL V 7 

The flaw selected for V-7 was an external trapezoidal surface flaw having machined dimensions of 457-mm 
(18 in ) surface length, a depth cf 127 mm (5 in.I. and a bottom length of 203 mm (8 in.) at shown in Fig. 3 4. 

http://injw.de
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PHOTO YJ0J80* 
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Fig. 3.2. Illustration of the process employed in the production of hydrogen-induced crack* in low-alloy high-strength 
steels. The photomicrographs were taken from specimens crjeked by this technique (18^ reduction). 
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The flaw was sharpened by EB welding and hydrogen chatgmg to an addttionai depth of about fc mm I \ • in » 
The depth oi the EB weld determines the nommal depth oi the sharp crack Hence welduig parameter* that 
consistently five the desired depth in trial wekk were applied lo the vessel n*e!f 

The welding was perfonned in the ERDA-owned 1 7 X I b X : 3 ml I OS X t>2 x *»2 in imodel VXScuky 
weM chamber in Oak Ridge The floor oi the chamber retired the addition •* kxad-dti'nbutinf beam* t» 
properly support (he7bn&^4-tonit*s>*lweifiit!lr**headlwiihou: buckling Airotvbraceddual-beam track 
was budt for transferring the vessel load to four adequately anchored chamber post* The dual beams were JIM> 
employed as skid rad tracks for transferrin* the vessel into and out » | the chamber An existing carrier d»ll> 
was altered to hare corresponding beams male and couple -villi the chamber track beans and "\ alone* 
were used lo facilitate vessel movement from the earner to the chamber Figure* 3 5 and -vt> >h«,- the ve**el 
entry mm the chamber 

Hydrogen-charged EB welds had previously been used successfully to produce *harp cracks in mmu:>irc 
scale models of both tensile specimens and pressure vessels. The earlier work was performed oa plate material* 
up to 25 4 mm 11 m l thick employing a Hamilton Standard 0<M X 0 7b X 0 7b m «36 X M X 30 m l 
high voltage EB weld chamber with 110 kV and 10 mA nominal weld power input at slow weld speeds 
High-voitage EB wekfcn are preferred because for like power output, the lower tite weld current, the cooler 
the weld, the smaUer the heat-affected zones, which result in a spiked weld bead with a low width-to-depth 
ratio. There were no high-voltage EB weld chambers available for flawing ves*»! V-7. 

To assure satisfactory results in sharpening the notch in vessel V-7. an EB welding development program 
was organized and conducted A lSb-mm tb'4-inJ torch-to-work distance on 40 kV welding voltage was 
selected. Thus the gun would ride approximately 25.4 mm 11 in. I above the outside surface of the ves*el Initial 
trial* were run on flat plates to find amenable current-speed range combination* 'or welding the bottom flat 
portion of the trapezoid, and a current range of 150 to 180 mA and a speed range of 2.0 to 2 3 m mini 80 to 90 
in. nun) were selected. Follow-up trials were then held on flat plates set at 45° angles to simulate the 
trapezoidal side slopes. It was determined that it was necessary to integrate both horizontal and vertical 
torch travel at like speeds to obtain a resultant slope surface welding speed about equal to the speed 
selected for the groove bottom. Trials on combination flat plates placed horizontally and at 45° slopes and 
tack welded at their junctions established techniques for overlapping welds at the bottom trapezoid comer. 
It is imperative that welding be uphill to keep the wild puddle behind the weld beam because gravity in 
downhill welding causes the puddle to advance into the weld arc. Therefore, the trapezoid had to be welded 
in two segments: a combined horizontal and uphill slant weld, and a second slant weld with minimum 
horizontal run to overlap the first weld near one trapezoid corner. An overlap of 10 to 13 mm (% to % in.) 
was necessary to retain uniform weld depth control when programming constant weld speed travel 
off the tungsten starter target at full welding current without using current upstope regulations. 

Repeat trials were pursued on 152-mm thick (6-in)A533 materials with a slot 25 mm (I in.) wide X 127 
mm (5 in.) deep, as shown in the right view of Fig. 3.7. to investigate for weld beam distortion and beam 
attachment to the groove sides. Magnetic beam distortions were noted, especially where the slots were not 
perfectly balanced within the specimens or where the weld path was not well centered within the slot. 
Insertions of 0 1-mm-thick (5 mil) sheets of a soft-iron shielding material to groove sides to reduce or negate 
the effects from uneven magnetic distributions within the A533 work materials proved to be of little value. 
Handling and attachment difficulties prevailed and produced new problems, including frequent weld 
contamination where liners overheated or slipped. However, gaussmet ?r checks of a final prototype block (Fig. 
3.7 left view) and of vessel V-7 indicated fairly even magnetic field distributions for both units. It was decided 
to purposely offset the weld bead in the prototype ± 1.6 mm ( V l ( in.) off the true center line of the slot by 
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Fig. 3.7. Prototype blocks fo» flawing veutl V-7 by crtiking 
ctcvlton-hrtm HH<J« ny hydMgrn tftirgtaf. 
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rotating the *pean.en about its longitudinal center. The resultant weld "pulled" no more than 4 mm I % 2 in.) 
from its actual cenur line. The V-7 weld slot was actually centered somewhat better; die autogenous bead in 
V-7 deviated less than 3 a m ( % m.i from the true center Ime. 

The prototype bhvks also served to devetov »h? tooting and machining techniques used to machine the 
deep notch in V-7 with a targe horizontal boring null. 

The autogenous EB weht bead was formed successfully on vessel V-7 on May 2.I°74. Welding parameters 
were as follows. 

Power: 40 kV and 180 mA on horizontal surface and 13S mA on slopes. 

Surfacespeed 23nVmtn(90inJnun), 

Average bead con'.our: 3-mm( \ -in.) surface width and 8-mm (V, 4 -in.) penetration. 

Chamber vacuus v 0.67X 10" J Pa(5X <0~* ton). 

During hydrogen charging of the EB weld, it is imperative that the time of cracking be known in order to 
know when to remove thr acid electrotype. Prolonged add exposure to a cracked weld tends to widen an 
otherwise hairline crack. Two techniques can be applied to monitor a weld during charging: acoustic-emission 
monitoring and a pulse-echo ultrasonic setup with multiple transducer pickups strategically placed about the 
weld. Composite Fig. 3.8 illustrates the uT rasonic and acoustic-emission setup used to detect EB wetd cracking 
for both the prototype and the actual vessel. The ultrasonic devices confirm cracks at their respective positions 
and are helpful in monitoring crack growth, which, in these cases, started at approximately the longitudinal 
center of the weld and progressed toward both ends. Acoustic-emission signals register continuous crack 
growth; the frequency of emission in the prototype weld differed radically from that oi the actual vessel weld. 
It had been hoped that the emission information obtained from the prototype specimen would furnish 
guidance for subsequent vessel monitoring. The different acoustic-emission characteristics shown in Fig. 3.8 
may be attributable to overall shape and restraint factors which differ greatly between specimen and vesse1. 
More experimentation will be required before more conclusive interpretations can be teached. The final and 
most conclusive confirmation that cracking has occurred by electrolytic hydrogen charging is by detailed 
microscopic visual observation. It entails emptying the electrolyte and drying the surface of the weld bead: 
hence it is impractical except during the latter stages of the charging operation. We have noted that whenever 
cracks do show up on the weld surface, they then extend throughout the entire weld depth. 
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4. Test Facility Design and Performance 

TEST FACIUTY 

The test site for intermediate test vessel V-7 was the same as that used for all other vessels.' 2 The 
criteria for site selection and design along with a detailed description of the facility are given in Ref. 2. The 
site is located at the old power plant adjacent to the Oak Ridge Gaseous Diffusion Plant (ORGDP). where 
the vessels were pressurized to failure in a concrete bunkered cell that was converted from an old steam 
turbine foundation. A sectional view of the test pit is shown in Fig. 4.1. and a typical overhead view of a 
test vessel in the pit is shown in Fig. 4.2. 

The test facility is capable of controlling vessel temperatures from 46 to 177°C ( 50 to 350° F) and 
pressurization output to 345 MPa (50.000 psi). Figure 4.3 is a schematic tlow diagram of the facility. 
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Fig. 4.1. Sectional view of intermedial vevwl tent pit. 
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INSTRUMENTATION 

Five types of measurements of vessel behavior were made on test vessel V-7. The location of 
thermocouples, strain gages, crack-opening-displacement (COD) transducers, and ultrasonic sensors are 
shown in Fig. 4.4. Acoustic-emission sensors were installed and measurements taken by Dunegan hndevco 
and Westinghouse. The report of Dunegan Endevco is included as Appendix D. and ultrasonic instruments 
ai.d results are discussed separately later in this chapter. 

There were 14 Chromel-Alumel thermocouples used to monitor vessel temperature and insure the 
adequacy of the prescribed test conditions in the regions of interest. Multipoint Brown (Honeywell) 
recorders were used to record temperatures. 

The inner and outer surfaces of vessel V-7 were instrumented with 66 strain gages. Two types of strain 
gages were used: Micromeasurements type EP-08-250-120 and Ailtech type SG-I25. The Micromeasure-
ments foil gages are made from annealed Constantan foil on a flexible polyamide back and are used 
primarily where large strains are to be encountered. They were installed using M-Bond 200 cement. The 
Ailtech (Microdot) weldable gages utilize nickel-chrome gage elements encapsulated in stainless steel with 
MgO insulation. They are spot welded in place and have MgO insulated stainless steel integral leads. The 
gage qualification and installation procedures were presented in Refs. 1 and 2. A Datum System 70 
computer-controlled data-acquisition system (DAS) and portable BLH strain indicators were used to record 
the strain data. A complete tabulation of strains is given in Appendix B. 

Crack-opening-displacement (COD) measurements were made at three locations along the crack. 
Transtek linear displacement transducers, model 354-000. were mounted in clevis supports as shown in Fig. 
4.5. These transducers, which are self-oscillating and demodulating direct-current differential transformers 
(DCDT). were used as backup devices on vessel V-4 and were evaluated during that test.' The data from 
these COD sensors were also recorded by means of the DAS. 

As in the previous tests, two completely independent systems were used to monitor pressure. A 
closed-circuit television system was used to directly view a conventional Bourdon pressure gage mounted 
near the high-pressure pump. This was a backup to a more precise system that consisted of a 
strain-gage-based pressure transducer, a signal-conditioning system, and an LAN recorder. After calibration 
at a standards laboratory, this device was accurate to ±1.72 MPa (250 psi) in a range of 207 MPa (30.000 
psi) 

Scanning closed-circuit television systems were also utilized for general surveillance of the test pit and 
pressurization equipment. A close-up view of the flaw was recorded by means of video tape during the test. 

TEST PROCEDURES 

Vessel Preparation 

After the vessel was flawed (see Chapter 3). it was transported to another Y-12 facility of the Reactor 
Division for instrumentation.2 After all inside and part of the outside instrumentation was complete, the 
head was installed and the vessel scaled. The vessel was then moved to the test site and installed in the test 
pit. Figure 4.6 shows the instrumented vessel after exterior instrumentation was complete. Heating-cooling 
plates were installed, the instrumentation lead wires to the control room were connected, and insulation 
was applied to the vessel. It was then ready to be filled with demineralized water, followed by the 
connection of the pressun/alion lines. During the filling operation and while the vessel was being brought 
to the test temperature, installation of television, acoustic-emission, and ultrasonic monitoring equipment 
was completed. After final checks on all recording equipment, the vessel was ready to test. 
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l-'ig. 4.ft. Instrumented |..-M vessel V-7 in ti-st pit. 
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Pressure Testing 

The vessel was brought slowly to the testing lenipcfaUKc A lime -vvtemperature p!>>i "or a 
thermocouple hvatednear the Haw is shown in I is; 4.". An imlia: zero pressure Jala -an was recorded, and 
preisurization was started. Periodic hold times were >chcduicd during which a complete set o! data » > 
taken. These holds were set at r>" MPa f IiXKi-psii internals until 124 MPa I IM.HKI psil »j> reached, at 
which point the pressure was raised in smaller increments mm! tail-ire. Often. more than "ne set <•! data 
were taken dunne a hold period, during witch the pressure dropped due to crack extension, localized 
yielding, and compliance ot the pressurizing system a: high pressure. Immediately follow ins J leak at ilie Haw. 
data were recorded on important gages until the crack closed and scaled at about | 2" MPa (IV~UO psii. 
The pressure-vs-time function is shown in Fig. 4.Y A ruial sit or data was recorded Ir.-m surviving 
instrumentation after failure. 

Ultrasonic Monitoring 

("rack growth during the test was monitored by an ultrasonic pulse-echo technique that consisted ot 
placing three 5-MHz transducers on the inside surface <>i the vessel in line with the flaw location as shown in 
Fig. 4.1'. The transducers were mounted in i special holder il ig 4 Kit designed to maintain an on couplant 
between the transducer face and the vessel wall durum vessel expansion and to prevent water from reaching 
the electrical connections when the vessel was pressurized. 

The transducers w>'re pulsed at a repetition iate ot 2• XM> pulses sec and individually monitored by 
ultrasonic flaw detectors. The output from the detectors was ted into video-tape recorders modified to 
record the ultrasonic signals. This system provided a recorded echo from the crack every 0.5 msec. The 
signals could later be examined on slow plavhack to evaluate the crack propagation. 

A lest of the transducers after installation revealed that the conductor to transducer B had been 
grounded out during the instrumentation ot the vessel, transducers A and (" were satisfactory. After the 
vessel was installed at the test site, the ultrasonic system was again checked and strong reflections were 
received from the bottom of the notch with transducers A and ('. After the vessel was brought up to test 
temperature of '»l '(" (l'»d F). the response from transducer (' was still normal, but the notch reflection to 
transducer A had disappeared The signal from transducer A reappeared after the pressure reached 55 MPa 
(X00O psi). It is assumed that a small air bubble trapped in the couplant at the transducer face had 
expanded with an increase in temperature to prevent transmission of the signal and had compressed with 
pressure, or escaped the interface, to permit acoustic coupling again. 

Prior to vessel pressun/ation. the ultrasonic instruments were calibrated for depth measurement with 
the bottom surface of the machined notch as the datum. This was necessary because the LB weld crack was 
not visible on the scope at zero pressure: therefore all the depth readings include the initial EB w?ld crack 
depth. The composite crack depth is shown in Fig. 4.11 as a function of pressure. The EB weld crack 
produced no indication until between 14 and 20 MPa (2000 and 3000 psi). at which time a perceptible 
indication appeared at a depth of 4 mm 10.1 ft in.). At 20 MPa (3000 psi). a positive indication of the crack 
was showing at 5 mm (0.20 in.) where it remained stationary in depth until after 34 MPa (5000 psi) 
pressure. Between 34 and 131 MPa (5000 and l".000 psi). the crack depth increased with pressure at a 
relatively uniform rate during the pressurization periods. Afler 131 MPa. the crack depth increased more 
rapidly wilh each increase in pressure. Alter 13* MPa (20.000 psi), the crack indication continued t-.> move 
for a short time after the pressure pumps were shut off. indicating an increase in depth with no increase in 
pressure. 
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Fig. 4J&. Time vs Mesne for led vend V-7. 

The signal from (he inside surface of the vessel began moving toward the back surface signal (bottom of 
the notch) at approximately 131 MPa. indicating a reduction in thickness (Fig. 4.11). This reduction in 
thickness continued at an accelerated rate until vessel failure. At failure, the distance between the front 
surface signal and the cra.k signal was 1.3 mm (0.05 in.) at transducer C. which was located 76 mm (3 in.) 
from the center point of the notch. 

TEST RESULTS 

The final test results for test vessel V-7 are summarized in Table 4.1 along with a similar summary of 
the previously tested vessels.' ,2 The COD data from (he three external displacement transducers are presented 
vs pressure in Fig. 4.12. Figure 4.13 shows circumferential strain at 180° from flaw vs pressure, and inside 
surface ligament strains are depicted in Figs. 4.14 and 4.15. The circumferential ligament strains as a family 
of curve! i t different pressures vs location and vs pressure are shown in Figs. 4.14 and 4.15 respectively. 

A posttest view of vessel V-7 is given in Fig. 4.16. where the permanent crack opening is visible along 
the base of the machined notch. This opening is shown more clearly in Fig. 4.17. The crack was probed 
with a sharp thin instrument to determine the depth of the visibly open crack. The contour of the crack 
determined in this way is given in Fig. 4.18. The actual precracked depth was abo verified approximately 
by visual examination of the flaw. The inside surface of the vessel beneath the notch is shown in Fig. 4.1°. 
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The visible rupture extends for about 130 mm (5 in.) along the straight portion of the dimple on the inside 
surface. 
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5. Fracture Analysis Methods and Results 

BACKGROUND 

Early in the development of quantitative methods of fracture prevention for nuclear pressure 
vessels, consideration was given to the possibility of applying a 'leak-before-break" criterion to these 
vessels, despite the fart that their wall thicknesses greatly exceed those of the high-yield-strength 
aerospace pressure vessels for which the criterion was originally developed. The leak-before-break 
criterion originally stated that a through crack of total length equal to double the vessel wall 
thickness should not propagate at a nominal stress equal to the yield stress. This criterion was later 
modified to include specified nominal stresses less than the yield stress.' For an axial through crack 
in a pressurized cylinder, a linear elastic fracture mechanics leak-before-break calculation involves 
consideration of (1) the plastic zone size. (2) bulging. <3> transverse restraint, and (4) loading rate. 

Neglecting bulging effects, illustrative leak-before-break calculations based on dynamic plane stress 
conditions, including a plastic zone size correction and with an elevation of fracture toughness due to 
less than full transverse restraint, were made by Irwin.1 These calculations indicated that a 
305-mm-thick (12-in.) pressure v.-ssel could satisfy the leak-before-break criterion at 9J aC (200°F) at 
a stress level of 214 MPS (31 ksi) if the dynamic plane strain fracture toughness of the material was 
at least 205 MN-m 3 ; I (187 ksi vm~) The elevation of fracture toughness due to less than full 
transverse restraint was estimated by means of the empirical equation1 

K2

C=K]C (I + \A»}C). (1) 

where 

and B is the specimen thickness. Although fracture toughness values for nuclear pressure vessel steels 
had not been measured at 93°C (200°F). the resulting value of fracture toughness required to satisfy 
the above stated leak-before-break criterion was nevertheless considered achievable.' 

Early reviews of the plans for the HSST program brought forth comments and questions 
concerning the effects of sustained loading in actual reactor pressure vessels (referred to as pneumatic 
loading), low upper-sheif toughness conditions, modes of failure involving reasonably large flaws partly 
through thick sections, energy requirements for crack initiation vs crack propagation, and the 
feasibility of determining the ability of thick-walled pressure vessels containing fatigue-grown flaws to 
meet a leak-before-break criterion at service temperatures under partially pneumatic loading.3'3 Some 
experimental evidence concerning most of these factors was already available.4 but it was not 
considered si fficient to support any firm conclusions. 

In respoise to Fefs. 2 and 3. leak-before-break calculations were made by Corten in the process 
of preparing a .econmended test plan for the HSST program simulated service test vessels, and these 
calculations led to a negative conclusion.5 The calculations were based on static plane strain, 
full-restraint conditions, including a plastic zone size correction, assumed a nominal applied stress 
equal to the yield stress of 414 MPa (60 ksi). and included the effects of bulging, which, however. 
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were not large. It was concluded thai a plane strain fracture toughness of 454 MVm J ~ (414 ksi 
\/ir7-) would be required to satisfy the leak-before-break criterion for a 305-mm-thick (I2in> pressure 
vessel at a nominal applied stress equal to the yield stress. The existence oi such a level of fracture 
toughness was considered, at the time, not to be a reasonable assumption'for 305-mm-thick pressure 
vessels. Because of this conclusion, the test pbn for the HSST program intermediate pressure vessels 
was originally based on the objective of experimentally defining what were expected to be the two 
most prominent modes of fracture behavior fur thick-walled pressure vessels: frangible (below yield 
stress) fracture at low temperatures and tough 'above yield stress) fracture at higher temperaiurev* 
Original test plans therefore did not include a deliberate attempt to produce a leak without rupture.7 

An important series of experiments that was carried out before and during the tests of the 
intermediate pressure vesseb was the testing of over 40 smaller scale flawed steel models.8 Failure by 
leakage without bursting occurred in several of the higher temperature hydraulically loaded models, 
and experimental data were also obtained on models tested at eievated temperature under pneumatic 
loading.*'9 All of the elevated-temperature pneumatic loading tests resulted in burst failures, ail but 
two of which occurred above the gross yield pressure of models that contained external surface flaws 
of depths less than half the wall thickness. Figure S.I shows hydrauhcaOy loaded model 6 undergoing 
failure by leakage ai an internal pressure of 234 MPa (34 ksil at I6°C (61T) The model was 76.2 
mm (3 in.) in diameter and 114 mm (045 in.) in wall thickness. Figure 5.2 shows three 
7.62-cm-diam (3-in.) pneumatically loaded models after testing at temperatures near 260 C (500 F) 
The data for these models are listed in Table 5.1. The difference in failure mode between models 9 
and 6. which had comparable initial flaw sizes, is cleariy evident from Figs. 5.1 and 5.2. The 
decrease in residual crack opening after failure under pneumatic loading with increasing initial crack 
size is also clearly evident in Fig. 5.2. The initial flaw size in pneumatically loaded model 10 (Fig. 
5.2). which burst at 152 MPa (22 ksi). is geometrically similar, based on wall thickness, to a flaw 
508 mm (20 in.) long and 115 mm (4.53 in.) deep in an intermediate test vessel. 

The intermediate vessel test series derived its name from the fact that it was originally intended 
to be a series of ultimate strength evaluation tests on vessels of a size intermediate between smaller 
scale models and larger scale safety margin demonstration tests. However, when the testing of vessels 
larger than the intermediate test vessels was determined to be unfeasible because of cost, the 
intermediate test vessels assumed the additional role of safety margin demonstration tests. For this 
reason. Kooistra1 0 suggested that the plan for testing the intermediate vessels be enlarged to include 

Table 5.1. Summary of 760^(500" F) pneumatic bunt tests conducted 
on 762-mm-diam (1-in.i flawed model prame vends of AS33. 

gradcB.clas* I sleet" 

Vessel BUM pressure 
|MPa(ksi)| 

T law depth 
|mm (mil 

1 law li.li'lh 
|mm tin >) 

9 218 H I M 4.3210.17) 19.1 (075) 

8 181 (26 3) 6 10(0.24) 26.7(1.05) 
10 152(22 0) 8 64 (0.34) 38.1 .1.5) 

JTcsts conducted it ORSI by R. W. Derby. Sept. 2. 1971. 
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a demonstration of the flaw size required to cause failure at a specified pressure, perhaps I % times 
code design pressure. An estimate of the flaw size required to cause failure of an intermediate test 
vessel at design pressure and temperature was then made by Derby.1' based on the pneumatic test 
data listed in Table 5.1. Derby estimated that a flaw 483 mm (19 in.) long and 124 mm (4.7 in.) 
deep would be required to cause failure of an intermediate test vessel at its code design pressure at 
elevated temperature.'' The matter of flaw size was raised again by Prof. K. T. Corten at the Oct. 
25 26. 1972. meeting of the HSST Program Planning Committee, one month after the test cf 
intermediate test vessel V-2. Following the test of intermediate test vessel V-3 on Nov. 8, 1972. 
definite planning beran for the testing of an intermediate test vessel with a flaw size large enough to 
cause failure at near design conditions.1 2 The flaw dimensions proposed at this time were a depth of 
102 mm (4 in.) and 3 surface length of 457 mm (18 in) . 

MODEL TESTS FOR FLAW SIZE SELECTION 

Although the pneumatically tested n.odels (Table 5.1) provided valuable information with respect 
to the tentative selection of a flaw size for intermediate test vessel V-7. they were not considered to 
be an adequate basis for final flaw size selection for several reasons: 

1. they were constructed of plate material having a different variation of fracture toughness with 
temperature and possibly with specimen size in the upper-shelf temperature range than the intermediate 
test vessel cylinder materials: 

2. they were of smaller diameter and wall thickness than the I40-mm-diam (5%-in.) models being 
used as companion models for the other intermediate test vessels: 

3. they contained rectangular surface flaws, a configuration that was not desired for use in the 
intermediate test vessels: 

4. they were not instrumented with strain gages because of their high testing temperatures. 

Consequently, three 140-mm-diam (5V, -in.). 21.6-mm (0.85-in.) wall thickness models containing relatively 
large trapezoidal flaws of three diiTei*nt sizes were tested hydraulicaily at 88°C (I90°F) to 
provide a better basis for the final selection of the flaw dimensions in intermediate test vessel V-7. 
One of these models (model V4.3) was fabricated from vessel V-4 prolongation material, and the 
other two (models V7F.-A2 and V7E-A3) were fabricated from vessel V-7 prolongation material.8 The 
test data for these three models are summarized in Table 5.2. As indicated in the table, the flaws in 
model'- V4.3, VE-A3. and V7E-A2 were trapezoidal rather than rectangular or part-circular. The 
trapezoidal shape was selected in order to provide a remaining ligament of uniform thickness and 
because plans were to machine the notch in vessel V-7 on a horizontal boring tniii. on which it 
would have been difficult to machine a continuously curving notch contour. The trapezoidal shape 
was also chosen in preference to a rectangular shape in order to reduce the chances of initial crack 
extension occurring at the ends of the remaining ligament rather than near its midpoint, and because this 
shape was considered to approximate the shape of flaws that grow naturally by fatigue better than a 
rectangle. 

The initial objective of the model tests summarized in Table 5.2 was to determine the surface 
length of the flaw la be used in vessel V-7. assuming that the flaw depth would be between 102 mm 
(4 in.) and 127 mm (5 in.). However, the analyses of the data, to be discussed Uter, indicated that 
the thickness of the remaining ligament, which is directly related to the crack depth, is actually the 
flaw dimension that controls the failure pressure most directly. 
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At the beginning of the preparations for the test of vessel V-~. neither the exact tlaw size nor a reliable 
method for sharpening fhe tlaw in the test vessel were known. The model testing discussed here that 
provided a firm basis for selecting a tlaw size and the experiments discussed in Chapter 3 that led to the 
development of a reliable method for sharpening the flaw in vessel V-~ were earned out concurrently. The 
finai flaw design for vessel V- 7 was based on the results of both investigations 

During the investigations of flaw-sharpening techniques, it was determined that J flaw i>r the 
approximate size and shape desired for vessel V" could not be bharpened by fatigue usir.g cyclic notch 
pressurization because of notch sealing difficulties, flaw shape, and limitations on cyclic pumping volume. 
This led to the brief consideration of using a small machined notch root radius in vessel V-7. but this 
approach was abandoned because existing specimen test data showed that natural cracks and sharply 
machined notches may differ with re>peci to the load at the onset, ar.u the eventual extent of. stable crack 
extension. Consequently, attention was directed toward the use of electron-beam iFBl weldng and 
hydrogen charging as a crack-sharpening procedure: after an extensive development effort, this approach 
proved to be successful, as discussed in Chapter 3. 

ANALYSES OF HYDRAULIC MODEL TEST DATA 

Plastic Instability Analyses of Models V4.3 and V7E-A3 

The tl -ee models listed in Table 5.2 were analyzed separately as they were tefted.and then additional 
analyses were performed after the third model was tested The first calculation was made immediately 
following the test of model V4.3. which had the smallest flaw of the three models tested A photograph of 
the crack region of model V4.3 after testing is shown in Fig 5.3. The calculation was a conventional local 
plastic instability analysis of the type described in Appendix C of Ret 13. and. ignoring stable crack 
growth, resulted in a calculated pressure of I HO MPi (27.4 ksil. which was only 3~ less than the actual 
failure pressure However, the accuracy of this calculation was later found to be fortuitous, since by-
oversight it was based on the machined notch depth of 124 mm (0.4° in.,, ignoring the additional depth of 
the electron-beam weld, and assumed the crack to be scnuciliptica1 instead of trapezoidal 

Model V7E-A3. which contained the largest flaw of the three models, was tested next. The flaw in this 
model was geometrically similar to a traprzoidal flaw in an intermediate test vessel with a depth of 127 
mm (5 in), a surface length of 457 mm (18 in >. and a ligament length of 330 mm (13 in.) A posttest 
photograph of the crack region of mod l̂ V7E-A3 is shown in Fig 5.4. A pretest local plastic instability 
analysis of the model, based conservatively on a rectangular rather than a trapezoidal effective load-bearing 
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area, resulted in a calculated pressure ot 75.2 MPa (10.9 ksi). which was considerabiy less than the actual 
failure pressure of 16S MPa (23.9 ksi). A posttest local plastic instability analysis of model V7E-A3, based 
on the conventional assumption of a trapezoidal effective load-bearing area. 1 3 resulted in a calculated 
pressure of 134 MPa (19.5 ksi). which was still 23% less than the actual failure pressure. Thus it was 
apparent that, for this model, the development of plastic instability in the region surrounding the flaw had 
not caused immediate crack extension, and therefore that the onset of crack extension would have to be 
analyzed in terms of a calculation based on fracture toughness. 

The third model tested, model V7E-A2, had a flaw depth equal to that in model V7E-A3 but a flaw 
surface length only slightly greater than the flaw in model V43 . Model V7E-A2 was not analyzed before 
testing, but it was expected to and did fail at a pressure between the failure pressures of the other two 
models. A posttest photograph of the crack region of model V7E-A2 is shown m Fig. S.5. The failure points 
of all three models are shown plotted in Fig. 5.6. along with a calculated pressure-strain curve for the 
intermediate test vrssels. It can be seen from the figure that with flaw size being the only important 
variable, failures wire produced above, at. and below the gross yield pressure of the models. 

Following the testing of the three models, it was clear that a plastic instability analysis alone would not 
be a sufficient basis for the design of the flaw in vessel V-7 and that a calculation based on fracture 
toughness would also be required. At this point it was decided to state that in selecting or developing a 
method for designing the flaw in vessel V-7, the governing criterion would be that the method of analysis 
chosen should agree with the results of die three models tested. Thus die next step in die analytical 
investigation was to find a method of analysis based on fracture mechanics that agreed reasonably well with 
the results of the three models tested, especially with those from model V7E-A3, which failed below its 
gross yield pressure. 

Elastic Shape Factor Calculations for Model V7E-A3 

In anticipation of calculations based directly or indirectly on linear elastic fracture mechanics (LEFM), 
shape factors were estimated for the trapezoidal flaw in model V7E-A3 by several different methods in 
order to select the most appropriate method for estimating these factors. For these calculations, die flaw 
was represented as either a semielliptical or a part-circular surface crack having the same depth and area as 
the actual trapezoidal crack, as recommended by Harms and Smith 1 4 and by Kiefner et a l . 1 5 The flaw in 
model V7E-A3 is shown in Fig. 5.7a. Denoting the ligament distance of the trapezoidal crack as w and the 
surface length of the trapezoidal crack as 2b, the surface length of the equivalent semielliptical crack 2ba is 
given by 

2fc, l + ( » / 2 b ) 
26 = ff/2 ' ' 

The equivalent semiellipse for the flaw in model V7E-A3, for which 2b, = 711 mm (2.80 in.), is shown in 
Fig. 5.76. 

The equivalent part-circular surface crack is determined by the equation 

$ - sin 6 cos 6 , _ , . , „ , 
(4) (fW(r). (1 - c o s * ) 1 

where 0 is defined in Fig. 5.7c. The other dimensions related to the equivalent part-circular surface crack 
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are determined by' 

' i = 1 cos 0 
(5) 

b c = r , sin 6 (6) 

and 

d = r, cosd (7) 
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f%. 5.7. Actual tnpczoidal, equivalent senriettprJcal and equivalent part-circular crack configurations for model 
V7E-A3. 

The equivalent part-circular surface crack for model V7E-A3, for which 2bc - 831 mm (327 in.), is shown 
in Fig. 5.7c. 

The shape factor at the deepest point of the equivalent part-circular surface crack, assuming uniform 
tensile loading, is given b y ' 6 •' 7 

0o (0) 
(ni2)vn5 Mj , (8) 
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where 

1 (aft, )* 
D = cos 6 = — (9> 

1 + ia,bc )7 

and Mz is the back face free surface magnification factor. For the equivalent part-circular surface crack in 
model V7E-A3. D = 0.682. and from either Ref. 16 or 17. C<o(0> = 0.79 andM2 = 1185. Substituting these 
values into Eq. (8) gives C = 1.06. 

Shape factor estimates for the equivalent semielliptical crack in model V7E-A3. assuming uniform 
tensile loading, were made by three different methods. The first estimate was made by a semiernpirical 
equation developed by Newman.1 * which, for a specimen of effectively infinite width, is 

'•S'l/T'lW' , , 0 ) 

where 

Mx = M 3 - 0 . l ( ^ - ) . (II) 

/ a V - 6 4 

ff- I • . > « ( _ ) • (12) 

and 

( £ ) • 
z = 2 + 8 — . (13) 

(Note that in this chapter, thickness is denoted by either t or B to be consistent with the original 
nomenclature of the method of analysis being applied.) For aibf = 0.506 and a't =0.835. Eqs. (10) through 
(13) give C= 1.19. 

The second shape factor estimate for the equivalent semielliptical surface crack in model V7E-A3 was 
made by a semiempirical method developed at ORNL.1 * For the deepest point of a semielhptical surface 
crack under uniform tensile loading, the shape factor is given by 

r *o(0)Mi(0) 
C = — • (14) 

where ^ 0 ( 0 ) = 1.025 and 

Mi(0) = 
imjnalTt) 

milt 

1/2 
(15) 
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Using the values of a br and a I for model > 7E-A3 given previously and noting that, neglecting yielding. <t> 
and yjQ are identical, the value of <t> was determined from Eq. (12). Consequently. Eq. (14) gives C = 1.44. 

The third shape factor estimate for the equivalent semielliptical surface crack in model V7E-A3 was 
made by the method described in Appendix A to Section XI of the ASME code for nuclear pressure 
vessels.20 For uniform tensile loading, the value of the shape factor is determined from the values given 
graphically in Appendix A of Ref. 20 by 

C=—~. (16) 
>JQ 

For aj2br = 0.253 and ait - 0.835. Fig. A-3300-3 of Appendix A gives Stm - 1.712. for small values of 
o/oy. Fig. A-3300-1 of Appendix A gives Q = 1.48. Substituting these values into Eq. (16) gives C - 1.40. 
Thus the four shape factor estimates for the Haw in model V7E-A3 were 1.06. 1.19. 1.44. and 1.40. 
Considering the spread in these values and the fact that two of the three models tested failed at or after the 
onset of gross yielding, it was apparent that the choice of a method for estimating shape factors for deep 
part-through surface cracks would have to be made in conjunction with the choice of an overall nethod of 
analysis based on the criterion of satisfactory agreement with the model experimental data. 

Equivalent Energy and LEFM Strain-Based Calculations for Model V7E-A3 

The first fracture mechanics calculation made for model V7E-A3 was an equivalent-energy calculation 
based on a fracture toughness value of A'/no.sM = ^ ' - MN-ni i : i (2M ksi \fm.). which is the average of 
the six toughness values measured by Westinghouse for the intermediate test vessel V-7 prolongation 
material 2' (The same fracture toughness data are listed in Ref. 22. but there is a discrepancy between the 
values of fracture toughness for specimen V7D-6 as listed in Rets. 21 and 22.) Using the value of C= 1.19 
obtained by Newman's method, the pseudoelastic failure pressure for model V7E-A3 was estimated from 
the equation23 

p ; = _ ^ _ _ . , . 7 ) 

which, for d = 0.85. gives Pf = 490 MPa (71.1 ksi). The corresponding estimate of failure strain for an 
LEFM analysis based on strain23 is given by 

where Mp = 1321 MPa-T' ( | 9 | 5 ksi-T') for (he intermediate test vessels. The resulting estimate of 
failure strain is 0.371^. The above values are extremely high with respect to the actual failure pressu e of 
.'65 MPa (23.9 ksi) and failure strain of O.I2r:' and clearly could not be corrected simply by using one of 
the highc shape factor values estimated previously. Thus it was apparent that the yielding of the remaining 
ligament plays a dominant role in the procev. of crack extension for deep cracks and (hat a satisfactory 
method of analysis for such cracks would have to take this phenomenon into account. 
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Crack4>peiiuif Displacement Cakubtioas for Model V7E A3 

Two versions of a method of analysis based on the crack-opening-displaci-meni (COD) concept that 
were developed specifically for the purpose of considering the yielding of the net ligament ahead of a deep 
part-through surface crack were used next for the analysis of model V7E-A3. The first version of the COD 
analysis was developed by Irwin and Corten2* and the second by Irwin. 1 5 Referring to Fig. 5.8. in the 
Irwin-Corten analysis.24 the actual part-through surface crack is analyzed as a through crack of the same 
total length as the actual crack, but with a uniform tensile stress applied to the through-crack surfaces of 
such magnitude that the total tensile force tending to dose the crack is the same as the tensile force carried 
by the fully yielded ligament ahead of the part-through crack. The through aack is increased in length by a 
plane stress plastic zone size correction, and the COD at the center line of the aack is used as the failure 
criterion. The working equation of this method of analysis is 

hc = 
4* (o /o y ) 

) -ioter)1 

(19) 

where 

and 

a = a ( f v 'B )oy , (20) 

5 ' = * r (21) 

Combining Eqs. (19) and (21) results in the quadratic equation 

\Oy J (Kc/Oy)2 \0yl 
(22) 

ORNL-OWG 76-7970 

Fig. 5.8. Net lection fbw confjpirafion for COD »n*ly»e*. 
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For model V7E-A3. using * = 32.39 rami 1.275 in). aY =497 MPa (72 ksi) ((which takes some account of 
the proximity of the flawed region of the model to the quenched surface of the forging prolongation), and 
X4 = 312 MN-m 3 / 2 (284 ksi Vu7>. Eq. (22) gives oiaY = 113 and a rearrangement of Eq. (20) gives 
o'oY - 1 30. Consequently, from 

p = - 2 - (23) 

the estimated failure pressure is 287 MPa (41.6 ksi). *hich is still considerably above the actual failure 
pressure. 

Irwin's second version of the COD analysis for the central region of a deep part-through surface crack2 5 

differs from the previous analysis in three respects. First, the stress in the fully yielded ligament is estimated 
to be 15^ above the uniaxial yield stress aY due to strain hardening. Second, the equation for estimating 
the center-line COD of the fictitious through crack is based on the strip yield model, instead of LEFM with 
a small scale yielding plastic zone size correction. Third, the total stress acting across the strip yield plastic 
zones is estimated to be S*7 above the uniaxial yield stress to take account of biaxiaiity. Thus, the basic 
equation of this method of analysis, for uniform tensile loading, is 2 5 

6 = tanh ' j sin . (24) 

where a is the effective remote tensile stress, which is related to the actual remote tensile stress o by 

0 = 0 1.150,-(l 1 ) . (25) 

and where the effective yield stress in the plastic zone ar is given by 

( ' * ) 

Using 

oY = 1.05o r I 150 K (1 — ) <26) 

4 * ? 
* r * - • = • — • 127) 

r r. F.oY 

the resulting expression for failure pressure becomes 

p Oy Itll X B I 

O 

Oy Sin U / 

B! 
(28) 

r (r/B) 
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where 

u = tanhx = . (29) 

and 

<A\ Oyf 
2x = (301 

fclll5«jfl) 0 1 0 ] 

For the same input values used in the first version of the COO analyvs. the calculated failure pressure is 232 
MPa (33.7 ksi I. which is still too high. 

Calculations for Model V7E-A3 Based on a Ligament-Size-Dependent 
Fracture Toughness 

Because all the previous calculations based on fracture toughness had overrestimated the strength of 
model V7E-A3. it was considered likely that a common factor could have been responsible fcr the 
overestimates. Since the analytical models themselves were quite different but the same value of the 
fracture toughness was used for all three of the calculations, it was considered most probable that the value 
of the fracture toughness used was the common factor responsible for the overestimates. Upper-shelf 
fracture toughness values obtained at test specimen maximum loads tend to decrease with decreasing 
specimen size.*6 bit the distance parallel to the crack tip for a deep part-through surface crack in a 
pressure vessel cylinder, which plays the same role as the test specimen thickness, is effectively infmite. 
Therefore, the thickness of the remaining ligament ahead of the crack tip appeared to be the only-
dimension to which upper-shelf fracture toughness could be related. Consequently, some of the previous 
calculations were repeated, using a value of the upper-shelf fracture toughness that was related to the size of 
the remaining ligament. For very small specimen sizes, the upper-shelf fracture toughness varies 
approximately in proportion to the square root of the specimen size. Since the ligament thickness in model 
V7F.-A3 was one-sixth the vessel wall thickness, the effective upper-shelf ligament fracture toughness was 
estimated as 

Vr/ AT/,.,0.85) J T = n l M N - n T 3 ; * n i 6 k i i - / n ! > 131) 

Using Klcd = Klcl and C = 1.44 as estimated by the ORNL method. Eq. (17) gives an est mated failuu 
pressure of 166 MPa (24.0 ksi). which agrees very well with the actual failure pressure Applying the same 
value of KUi to the second type of COD analysis.25 Eq. (30) give; 2x = 2.37. Eq. (29) gives u = 0.829. and 
Eq. (28) gives an estimated failure pressure of 160 MPa (23.3 ksi). which is only slightly higher than the 
actual failure pressure. Thus, the approach of using a ligament-size-depender.t value of fracture toughness 
for ieep part-through surface cracks in the upper-shelf temperature range resulted in good estimates of 
fracture strength for model V7E-A3. Furthermore. :he use of the CRNL method for estimating the shape 
factor for a deep part-through surface flaw was supported by these results, as well as by the agreement 
obtained previously between the ORNL method and the method described in Appendix A to Section XI of 
the ASME code for nuclear vessels. 



68 

CaJcuJatkms for Model V7EA2 

The foregoing calculations for model V7E-A3 indicate that, for deep part-through sur'ace cracks in the 
uppei-shelf temperature range, plastic instability may occur in the region surrounding tht crack before the 
onset of crack extension. If such is the case, then failure occurs at the onset of crack extension in the 
ligament, which is controlled by a value of the fracture toughness that depends on the thickness of the 
remaining ligament. This hypothesis was tested by applying it to model V7E-A2. For consistency, both the 
plastic instability and the fracture mechanics calculations were based on the equivalent semielliptical 
part-through surface crack. Substituting the trapezoidal flaw dimensions for model V7E-A2 given in Table 
5.2 into Eq. (3) gives 2br 2b = 1.01. The pressure11 : 3 for local plastic instabdify around the flaw was 
estimated from 

/ A,- \ ^ a ' O ' - U l V _ ) (32) 

where a* is the hoop stress for plastic instability in a thin-walled cylinder under internal pressure with 
closed ends.' 3 

and. neglecting stable crack growth..4, is the crack area: for the equivalent semiellipse. A,- is given by 

r.abr 
A,- = ^ — . (341 

und A is the effective trapezoidal load-bearing area' 3 given by 

A = (2b, + />/ . (35) 

Using the flaw dimensions given in Table 5.2. a value of a* - tSft MPa (88.3 ksi) taken from Rcf. 13. and 
noting that for the intermediate test vessels and their geometrically similar models. Y - I 444. Eq. (32l 
gives a pressure for local plastic instability around the flaw in model V7E-A2 of 152 MPa (2-I.0 ksit. which 
is less than the measured failure pressure of 190 MPa (27.5 ksi). as expected. 

The elastic shape factor for the equivalent semielliptical surface crack in model V7E-A2 was estimated 
by the ORNL method. The value of <t> was calculated from the equation1 7 

/ " \' 6 S 

* 2 = I + 4.593 [ —_ . (36) £) 
which, fora/2/v = 0.414. gives <t>2 = 2.07 For ait = 0.835. F.q. (15) gives ,W2(0> = 1.70. Thus, from Eq 
(14), 

(1.025)(1.70) 
C = • — =1.21 
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Since the crack depths n models V7E-A2 and V7E-A3 were the same, the ligament fracture toughnesses 
were also expected to r>- the same Therefore, the elastically calculated failure pressure for model V7E-A2 
wa» c^rmated as the value calculated for model V7E-A3 from Eq.(17) multiplied by the ratio of the shape 
factors 11.44 1 21). or 197 MPa i28.6 ksi). Since this value exceeds the gross yield pressure, it was 
substituted into Eq. (18) to obtain an elastic estimate oi (!.c strain at failure, which was 0.149^. a value 
somewhat less than the actual failure strain. Then, entering the pressure-stram diagram in Fig. 5.6 at this 
value of strain, the failure pressure was reestimated as 174 MPa (25.2 ksi). which is also somewiwt !*ss than 
the actual failure pressure. 

Since model V7E-A2 failed at about the onset of gross yielding in the cylindrical region uf the model 
(Fig. 5.6). the above underestimate of the failure pressure and strain by an LEFM calculation based on 
strain was not surprising Consequently, an an>Iysis by the tangent modulus method 1 3 was performed next 
to further check the value of the elsstically calculated shape factor, which is supposed to retain its value in 
the elastic-plastic range for this method of analysis, and also to establish a capability for estimating failure 
pressures for intermediate test vessel V-7 in the elastic plastic range, at least up to the gross yield pressure of 
the vessel. The tangent modulus method is an approximate incremental method of elastic-plastic fracture 
analysis and is described in retail in Appendix H of Ref. 23. The basic equation of this method of analysis 
is 

M,yfp = 2C\fa.;^-\y . (37) 
" '-n 

where ef is the notch root strain at fracture, p is the notch root radius. C is the elastically calculated 
fracture mechanics shape factor, a is the flaw si/e. Er is the tangent modulus corresponding to the gross 
(nominal) strain X. and l:„ is the tangent modulus at the notch tip. The quantity < > \ / P \ known as the 
notch ductility facto-, is related to the fracture toughness by 2 3 

-0 /*< , 
(38) 

where (Y is the yield striin. For a surface flaw in the cylindrical region of a pressure vessel.2 5 

y _ i = io . o < x « f r O )̂ 
'•n 

For a yield stress of 497 MPa(72 ksiKf Y = 0.24^.and Kr = 127 M N - n T i ! Z (116ksi v/irT ) . K c l o Y = 25.7 
ir.,T."2 ,'!.6! V îT> Thwfor? from F.n l.W). *.->/?"=• W 5 X IO"2 m m 1 ' 2 (4.36 X I0~ 2 virT). 
Rearranging Eq. (37) and integrating, under the assumption that X f < e y . 

\ = , ' . (40) 

Substituting the values given above along with a= 18.0 mm (0.71 in.)andC= 1.21 into Eq. (40) gives X̂  = 
0.213%. which is less than the yield strain, as assumed, and only slightly greater than the measured failure 
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strain. From Fig. 5.6. the corresponding failure pressure is 190 MPa 127.5 ksi). which agrees exactly with 
the measured failure pressure. 

The above results were interpreted to indicate that a satisfactory procedure for estimating failure 
pressures for deep external part-through surface cracks had been developed. Calculations were also made for 
model V4.3. but because of the erroneous flaw dimensions used, as mentioned earlier, the results were only 
fortuitously useful. Even though the flaw dimensions used were too small, the estimate of failure pressure 
for model V4.3 by LEFM based on strain was still conservative. However, the tangent modulus method 
overpredicted both the failure pressure and the failure strain because of the input error in flaw dimensions. 

In summary, the above expforatcy calculations for the hydraulically loaded I '7.06-scak snodeSs with 
different flaw sizes established the method of analysis to be used for designing the flaw in intermediate test 
vessel V-7. The method of analysis was (1) plastic instability. using a trapezoidal effective load-bearing area. 
as used previously. I J"* and ill LEFM based on strain, assuming no stable crack growth, a 
iqrj»Kn:-MZC-uCpcr.dcr.*i ftac: izc s-oû Jme*;. and 3 shape fsc-or estimated by the ORNL roeth«v» 

FLAW DESIGN FOR INTERMEDIATE TEST VESSEL V-7 

Flaw Shape 

As discussed previously, a trapezoidal shape was selected for the flaw in intermediate test vessel V-7 in 
order to promote crack extension over a significant distance at the base of the crack. Concurrent with the 
flawed model experiments discussed above. EB welding experiments were performed on piece: of steel plate 
inclined a£ various angles to the direction of the welding beam and on steel blocks with deeply machined 
trapezoidal notches (Fig. 3.7) in order to select a slope angle for the notch sides and la choose a machined 
notch width that would minimize magnetic effects on the electron beam. It was determined that a 
machined notch width of 25 4 mm II in.) would be satisfactory with respect to vessel magnetic-field-
induced deviations in the direction of the electron beam This width was also considered acceptable with 
respect to its effects on crack tip conditions, based on an estimated EB weld depth of 7.94 mm (% « in.), 
especially in view of the expected complete yielding of the ligament before failure. A slope angle of 45" was 
selected for the sides of the trapezoid in order to operate the vertical and horizontal speed control motors 
of the EB welder at the same spa. J and thereby avoid small welding speed variations due to interaction 
between the two motors. Welding on the side slopes was done in the uphill dusciion 10 prevent the molten 
metal droplet on the bottom of the notch from running downhill into the weld beam. 

Ligament Fracture Toughness 

In order to estimate the effective fracture toughness of the ligament beneath the tip of the crack and 
the inside surface of intermediate test vessel V-7. the fracture toughness data obtained by ORNL and by 
Westinghouse2' - 2 } from specimens removed from near the inside surface of the vessel cylinder 
prolongation were examined closely. Those data are listed in Table 5.3. A rearrangement of the d*u is given 
in Table 5 4. from which a plot of (Klcm!Klri)2 vs the reciprocal of the specimen ligament size was 
prepared, as shown in Fig. 5.9. The value of K/rm used for plotting Fig. 5.9 was an arbitrary selection for 
normalization purposes and was chosen as the value of Kf..t for precracked Charpy specimen 7V-20I. as 
indicated in Table 5.4. Fitting d Mraight line by eye to the majority of the points plotted in Fig. 5.9, as 
discussed in Ref. 27. produced an estimate of the dependency of fracture toughness on ligament size, as 
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TaMeS.3. Lowcr-tawM static tractwe Conskscss properties fot 
e Mrface nalenal of ««el V 7 M 97 C < 200* r," 

Specimen 
No 

Thickness 
imml 

y p e ° CiK-ntatwn specimen 

Distance in from 
outside surface 

.mini 
iMN-m 3 ' 2 > 

OltNL specimens 

7V-201 10 PCCV CA 129 219 
7V-202 10 rcev CA 129 201 
7V-228 10 rccv AC 129 162 
"V-244 10 PCCV CA 153 220 

WiwingtioaMe specimens 2 1 - 2 2 

V 7 M 2 1 6 CT CA 319 
V7D-9 2 1 6 CT CA 336 
V7D-3I 102 CT CA 446 

"l MN-m" 3 ' 2 = 09101 ksi v i n . 

Table 5.4. Data for cstimata* fiachjic tocfjMess at 93" C 
(200*F)of sear iasdcMrface material of vestei V-7* 

Specimen 
No. 

a 
IF 

a 
1 — 

w 
a 

(mm) 
/ 

immi 

I 
/ 

( m m - 1 ) 

Klcd 
(MN-in-*/*) (£J 

7V-201 0475 0.525 5.25 19 0 219 I.00O 
7V-202 0506 0494 494 20.2 201 1 194 
7V-228 0496 0.504 504 198 162 1826 
7V-244 0530 0.47C 4.70 21.3 220 0990 
V7D-8 22.2 2 ! 0 4.76 319 0.472 
V7D-9 2 3 9 19.3 5 18 336 0424 
V7D-3I 102 I 101 0 9 9 446 0.241 

"iMN- m - 3 ' 2 = 0 9101 ksi ViiT 

given by 

K, km. 
*'" = y/oJ^Jn' ( 4 1 ) 

where Ktem = 219 MN-m ~ 3 / 2 (200 ksi VinT) and l0 = 4.23 mm ( V, in.). 

Determination of the Lipment Size 

Having determined, on the basis of the analysis of model test data discussed above, that the ligament 
size rather than the crack surface length was the most appropriate design variable for the flaw in 
intermediate test vessel V-7, a series of calculations was performed relating ligament size to the calculated 
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failure pressure. The basis of the calculations was Eq. (17). with the fracture toughness being the 
ligament-size-dependent fracture toughness, so that failure pressure was calculated from 

Pf = ^-=r - (42) 

The shape factor C was estimated by the ORNL method, using Eqs. 0 4 ) . (15). and (36). Thus, substituting 
Eqs. (41). (14), and (15) into Eq. (42) gives 

Klcm * Vcot nil {aft) 
Pf = _ < 4 3 > 

(Tit) tf0 (0) V 2 / V 0 . 2 + (/„/// ' 

where 

1 = 1 - - . (44) 

For a trapezoidal flaw with 45° side slope angles, 

w = 2(b-a) . (45) 

so that substituting Eq. (45) into Eq. (3) gives 

26, 2(1 -al2b) 
2b TT/2 

(46) 

Choosing a crack surface length 2b of 457 mm (18 in.) and estimating the crack depth as 127 mm (5 in.), 
Eq. (45) gives 26,/2fc = 0.92. Thus, a/2*, = 0.302. and substituting this value into Eq. (36) gives * = 1.278. 
Thus, for K,cm = 219 MN-nT 3 / J (200 ksi ViiT), r/t = 2.25. tMO) - I 025, and f = 152 mm (6 in.), Eq. 
(43) reduces to 

t 32.0Vcotrr/2(a//) 
Pf ~ * • — . ( 4 7 ) 

where k = 1.0 for preuure (ksi) and 6.895 for pressure (MR. >, and l0 - 4.23 mm (% in.). The resulting 
elastically calculated values of crack initiation pressure vs ligament thickness for intermediate test vessel 
V-7, based on Eqs. (47) and (44), are listed in Table 5.5 and are shown plotted in Fig. 5.10. Considering the 
fact that the Linovation of a ligament-size-dependent fracture toughness was involved in the calculations 
and that an upward extrapolation by a size factor of 7.06 from the model test data was also required, it was 
decided to choose a ligament thickness that would correspond to a calculated failure pressure lying about 
midway between the code design preuure and the gross yield pressure of the vessel. Thus, a ligament 
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TakteS.5. Ebstica«y enabled i*ncs of crack 
MMMDMI p r o w tvskpamtt 

foc*c*elV7 

Lament thickness fressurc 
| nun (in.)) t*fi<ksi>| 

25.4(1.0) 189 (27.4) 
22.9 (0.9) 174(25.3) 
20.3(0.8) 159(23.1) 
17.8(0.7) 143 (20.8) 
15.2(0.6) 127 (18.4) 
12.7(0.5) 110(15.9) 
10.2 (0.4) 91 (13.2) 

7.6(0.3) 71 (10.3) 
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thickness of I7.S nun (' V, t in.) was selected, and since the expected electron-beam weld depth was 7.94 
mm (V, 4 in.), the notch in intermediate test vessel V-7 was machined 127 mm (S in.) deep. The estimated 
failure pressure, as determined from Fig. S.10. was 141 MPa (20.5 ksi). 

ORNL PRETEST STRENGTH ANALYSIS OF INTERMEDIATE TEST 
VESSEL V-7 FOR THE SELECTED FLAW DIMENSIONS 

The final design of the flaw in intermediate test vessel V-7 is shown in Fig. 3.4. Note that the expected 
electron-beam weld depth along the ligament and the expected horizontal distance across the electron-beam 
weld on the inclined portions of the flaw were both 7.94 mm ( V, t in.). Thus, the crack dimensions used for 
analysis were 26 = 473.1 mm (18.625 in ),a = 135.0 mm (5.313 in) , and w = 203.2 mm (8 in.). Thus, from 
Eq. (3), 2brf2b = 0.910 and therefore 26, =430.5 mm (16.95 in) . 

Pressure for Local Plastic Instability 

The pressure for local plastic instability around the flaw was estimated from Eq. (32). Based on Eqs. 
(34) and (35). the ratio of crack area to effective load-bearing area was 0.513. Thus, for (Y - 1 )»0.444 and 
a* = 609 MPa (88.3 ksi). Eq. (32) gives pf = 132 Mrt (19.1 ksi). This pressure was expected to be less than 
the actual failure pressure. 

Pressure for Crack Initiation 

The elastic shape factor for the flaw in intermediate test vessel V-7 was calculated from Eq. (14). For 
26, = 430.5 mm (16.95 in) , a/26, = 0.313. Substituting this value into Eq. (36) gives * = 1.294. For aft = 
0.885. Eq. (15) givesW a(0)= 1.985. Thus, for tf0(0)= 1.025. Eq.( 14) gives C = 1.572. 

The ligament fracturt toughness was calculated from E v (41). For K,cm = 219 M N - m ~ 3 / 1 (200 ksi 
s l i T ) . / = 17.5 mm (' '.',, in) , and / 0 = 4.23 mm ('/« in.). Eq. (41) gives Klcl = 330 M N - m _ 3 / J (301 ksi 

\/in~). 
The failure pressure was calculated from Eq. (42). Using the values of Klcl and C given above, with a = 

135 mm (5.3) in.) and r/t = 225, Eq. (42) gives a calculated failure pressure of 143 MPa (20.8 ksi). 
Therefore, crack initiation was expected to occur after the onset of local plastic instability and thus lead 
immediately to failure. 

Leak or Break Estimate 

The question of whether intermediate test vessel V-7 could leak without bursting was investigated by 
calculating the elastic stress-intensity factor for the through-thickness crack that forms upon the separation 
of the remaining ligament beneath the deep surface crack and then comparing that value to the estimated 
full-thickness fracture toughness. The through-thickness full-restraint fracture toughness for intermediate 
test vessel V-7 was estimated from Eq. (41) to be K,c6 = 460 MN«m~ i , J (419 ksi V5T). 

The stress-intensity factor for a through-thickness longitudinal crack in vessel V-7 was calculated from 
the equation1 ' 

Co VJr? 
(48) VI -(CHHoloy? ' 
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where c is the half length of the through-thickness crack and the denominator in Eq. (48) piovides a plane 
stress plastic zone size correction to the crack size. The shape factor C was estimated from the equation28 

r = M i . 149) 
V 2 

where, for v - 0.3. (1 + 4v)/2 =1.1. and M is a bulging factor that was determined graphically from the 
curve for MeXiil in Fig. S.I 1. Based on a mean shell radius R of 419 mm (I6.S in.) and a conservatively 
estimated half crack length c cf 236 mm (9.31 in.), the value of M obtained from Fig. S.l I was 1.45. At a 
pressure of 143 MPa (20.8 ksi). the nominal circumferential stress is 323 MPa (46.9 ksi): therefore, using a 
yield stress of 497 MPa (72 ksi). Eq. (48) givesK, = 593 MN-m - 3 / I (541 ksi v^nT). Thus, if full trarsverse 
restraint conditions prevailed, leakage without burst was not predicted However, in a cylindrical vessel 
under internal pressure, through-thickness contraction must occur, and therefore full transverse restraint 
along the leading edge of a through-thickness crack cannot exist. Using Irwin's estimate of the elevation of 
fracture toughness due to less than full through-thickness transverse restraint as given by Eq. (1) and an 
even more conservative value (for this purpose) of aY = 517 MPa (75 ksi). the effective value of the fracture 
toughness resisting continued extension of a through-thickness longitudinal crack was estimated to be 2863 
MN*m~ 3 / 2 (2610 ksi N/HT). Thus, considering the development of less than full transverse restraint along 
the crack front, a leak without break was seen to be a distinct possibility. However, for purposes of a 
conservative prediction, a leak without break was still not considered a certainty. 

V'%, 5.11. Strm-:aleMity factor magnification due to bulging for a longitudinal crack of half length c in a cylindrical 
ahtB of mean radius R and tkkknesa I under internal premie loading.1 
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OTHER PRETEST ESTIMATES FOR INTERMEDIATE TEST VESSEL V-7 

r Elastic Fracture Mecfcaaks based on Strata 
(analysis perfwul by C. Badufet. WestiafboiHe PWR System Dmnon) 

For this analysis, the trapezoidal flaw was considered to be 457 mm (18 in.) long on the surface and 
135 mm (5.31 in.) deep and to have a ligament length of 203 mm 48 in.). The surface length of a 
semidliptical flaw with equal depth and equal area is 420.4 nun (16.55 in.). The equation used for the 
stress-intensity factor, assuming a uniform tensile stress equal to the average circumferential stress, was 

K, = — (225p)V5rF . (50) 
• 

where Ft is the corresponding shape factor for a continuous external surface crack of the same depth and • 
is the ellipticai integral of the second kind for the equivalent semielliptical surface flaw. The value of F, 
was actually obtained by using an unpublished version of the Levy-Rice line spring model, but in this case it 
can be closely approximated by multiplying the value of Ft given in Fig. 5 12. which is taken from Ref. 29. 
by the prescribed front face free surface magnification factor of 112. The value of Ft used by Buchalet 
was 2.55; the value of \.l2Ft obtained by using Fig. 5.12 is 2.50. The curves in Fig. 5.12 are based on the 
assumption that the back surface does not change curvature due to bending. The value of • used by 
Buchalet was 1.32: the value obtained from Eq. (36). which agrees with exact tabulated values, is 1.305. 
The fracture toughness value used in these calculations was Klcd = 436 M N - m 3 ' 2 (397 ksi y/UT.). which 
is the average value of Klc^ obtained by Westinghouse" with three 4T compact-tension specimens 
machined from the cylinder prolongation of vessel V-7. 

Rearranging Eq. (50) to calculate a pseudoelastic failure pressure gives 

2.25Fi v"» 

which, using Suchalet's numerical values, leads to a calculated pressure of 154 MPa (22.4 ksi). Substituting 
this pressure into Eq. (18) gives an elastically calculated failure strain of 0.12%. which, from Fig. 5 6. 
corresponds to an estimated failure pressure of 152 MPa (22 ksi). The elasticatly calculated failure pressure 
based on the value of 1.12^1 obtained by using Fig. 5.12 and the valueof * obtained from Eq. (36) differs 
from the value given above by less than 1%. thus leading to virtually the same final estimate of failure 
pressure and failure strain. No comments were made in this analysis concerning whether the vessel would 
leak or burst. 

Estimate Based on Metallurgical Considerations 
(estimate prepared by D. A. Canonico. ORNL) 

Based presumably on the fact that the yield stress in the near inside surface ligament considerably 
exceeds the yield stress of the midthiil'Jiess material and on the appearance of previous fracture surfaces 
examined.13 it was predicted (by an unspecified method) that failure would occur by rapid crack extension 
at an internal pressure of 159 MPa (23 ksi). The propagating crack was expected to arrest before reaching 
the circumferential welds, but a leak without rupture failure was not expected. 
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DISCUSSION 

Since both the ORNL and the Westinghouse pretest estimates of failure pressure or intermediate test 
vessel V-7 were accurate within 3%, no post test calculations were considered necessary for the test vessel 
itself. However, since the Westinghouse pretest analysis was based on a higher elasiiv fracture mechanics 
shape factor than the ORNL analysis, but. implicitly, alio on the full section fracture toughness, it is of 
interest to apply this same method of analysis to model V7E-A3 to see if it retains its accuracy. Because of 
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the unavailability of the line spring analysis, the shape factor for this calculation was estimated by means of 
Fig. S.12, as discussed earlier, and the equation 

For a/r = 0.835. Fig. 5.12 gives Ft = 1.91 and. for a/2be = 0.253, Eq. (36) gives • = 1.215. Thus, 
substituting these values into Eq. (52) gives C = 1.761- The value of £ f C ( 0 . t s ) given previously r. 312 
M N - m - 3 ' 1 (284 ks v/nT) and the crack depth is 4.32 mm (0.71 in) ,so that Eq.(l7)grmandastJcaDy 
calculated failure pressure of 332 MPa (48.1 kst). Substituting this value of pressure into Eq. (18) then gives 
a failure strain estimate of 0.2S%, which is considerably above the actual failure strain of 0.12%. Thus, 
there is some question, although based on only indirect evidence, concerning the expected consistent 
accuracy of the Westinghouse analysis method for vessel and crack dimensions other than those used for 
intermediate test vessel V-7. 
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6. Conclusions 

Intermediate test vessel V-7 was the sixth intermediate-si/', vessel to be tested with a flaw in the 
cylindrical section. The flaws at which failure occurred in thi intermediate test vessels were all on the 
out-ide surface with the plane of the flaw lying in a radial-axial plane. The flaw sizes and test conditions are 
summarized in Table 6.1. Vessel V-7 is the only intermediate vessel tested with a flaw in ASTM AS33. grade 
B. class 1 material. 

The five tests in series 1 and 2 were performed with flaws extending less than halfway through the 
thickness of the cylinders. As indicated in Tables 6.1 and 6 2, the test conditions and modes of failure 
ranged from low temperature (in the toughness transition range), for which fracture was rapid and 
extensive, to high temperature (in the static and dynamic toughness upper-shelf range). In the latter 
condition, test vessel V-6 ruptured in a shear mode and arrested. This result was obtained with test 
conditions more typical of normal reactor operating conditions insofar as toughness is concerned. While 
earlier tests had already demonstrated that crack initiation could be conservatively predicted for thick 
structures, the V-6 test also demonstrated that dynamic high-toughness upper-sh«lf conditions are not 
conducive to flat fracture. 

TaMe6.l. Intermediate vessel test condition^ fo» series 1,2, aad 3 

Vessel 
No 

Flaw size (in > 
a 26 

Test 
temperature 
[ °F ( °0 ] 

Fracture 
toughness 

V 
(ksiv/in) 

Flaw description 
Location Material 

2* 253 8.30 32 (0) 184 Outside AJ08-: 
4 f 300 8.25 75 (24) 160 Outside Weld 
1* 256 825 130(54) 311 Outside A508-2 
3 f 2.11 8 SO 130(54) 325 Outside Weld 
6C 187 5 25 190(88) 369 Outside Weld 
T* 530 18.6 l"6(9l> 301 Outside AS33B1 

"I in = 25,» mm; I ksiViu. = I 0988MN-m" 3 / 2 

^Series I tests. 
cSeries 2 tests 
^Series 3 tests 

The objectives of the V-7 test were generally the same as those of the earlier tests, but the specific 
objectives were unique, namely to investigate the potential for a leak without break in a reactor pressure 
vessel. To serve this purpose, it was desirable to design a test in which the leak could be induced while 
nominal stresses were at or below yield. As in the test of V-6. a test temperature was chosen to provide 
toughness in the specimen similar to that in an operating reactor vessel. The test of V-7 demonstrated a leak 
without break at a loading for which the inside surface of the vessel was about at yield. The vessel did not 
fail structurally during the test and possibly could have sustained the maximum pressure loading without 
failure if the system had been capable of maintaining the pressure. 

As indicated in Table 6.1, the flaw in V-7 was much longer and deeper than the flaws in any other test. 
The failure pressure relative to design pressure was the lowest of all the intermediate vessel tests, 2.2 times 
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6.2- * * t for 1.2.1 

Vessel 
No 

Maximum 
pressure 

P/(ksi) and 
Mode of 
failure 

Calculated results Load 
factoi* 

Vessel 
No 

Maximum 
pressure 

P/(ksi) and 
Mode of 
failure LEKM* based Mastic 

Load 
factoi* Remarks 

strain \/{1) 
at failure 

on strain instability ypfpj 

2 "f 2 7 9 Flat 27 4 f 2-87 Transition 

V 0 194 0206 range 
4 

V 
2 6 5 

0168 
Mixed 26.2 

0.163 
2.73 

I "f 2 8 8 Mixed 27.5 1 29 9 * 2 96 Static 

V 0 9 2 0345 upper 
3 

V 
3 1 0 

1.47 
Mixed 27 51" 

0.398 
3 1 5 * 3.19 shelf 

6 pf 31.9 Shear 275 33 7* 328 Static 

V 2.0 0 479 and 
7 p / 214 Leak 20.8 191 2 2 0 dynamic 

V 0 1 2 0 109 upper 
shelf 

'Linear elastic fracture mechanics. 
*Design pressure p d - 67.0 MPa (9 71 ksi) 
r Earlier estimates of pressure, including those of Ref. I . were based upon a less accurate 

estimate of the pressure-strain relationship for the intermediate vessels. 
"Assuming 1 S°i stable crack growth as suggested in Ref. I . 

design. One must note that, since burst did not occur as in the other tests, there is still no experimental 
determination of the ultimate failure loading of a thick cylinder containing a long flaw. Thus analytical 
predictions of burst pressures cannot be evaluated quantitatively by this test. 

The testing of V-6 and V-7 leaves the question unresolved experimentally as to whether sustained 
loading would affect the observed apparent stable crack growth. Real reactor pressure vessels with growing 
flaws or with small leaks (as in vessel V-7) would experience essentially a constant load. Plans are to repeat 
the V-7 test in an effort to determine the effect of sustained loading in a thick-wall vessel. During the test, 
more detailed observations of crack extension will be made. 

The following general conclusions have been drawn from the test of vessel V-7. 
1. The test was performed under the conditions planned. Performance of the testing apparatus and 

data-acquisition equipment was satisfactory. Crack growth was successfully observed and measured 
ultrasonically. 

2. Stable crack extension commenced at low pressure in the ligament region and progressed throughout 
the pressunzation. 

3. The vessel was pressurized to 147 MPa (21.350 psi) before the crack tore completely through the 
ligament. Pressure dropped abruptly at first but stabilized at about 129 MPa (18,700 psi). 

4. Posttest measurements of the crack extension indicated an axial extension of about 20 mm (0.8 in.) 
(beyond each end). 

5. The pretest analyses, which were based on prior tests of V7-scale steel models and which predicted 
the maximum test pressure within 3%, indicated that leakage would be preceded by local plastic instability 
and that leakage without burst was the expected (but not certain) mode of failure, because the lack of full 
restraint along the through-ihe wall crack front elevated the effective fracture toughness. Test results 
confirmed these expectations. 

6. The dependence of stable crack extension in the axial direction on level of loading has not been 
determined, nor has the influence uf sustained loading on crack growth and stability been observed. 
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Appendix A 

Material Properties of the Prolongation of Vessel V-7 

Properties of base metal of the prolongation of vessel V-7 were determined by W. J. Stelzman of the 
Metals and Ceramics Division of Oak Ridge National Laboratory and by T. R- Mager.S. E. Yanichko. and 
L. R. Singer of the Westinghouse Electric Corporation.*' This appendix provides the raw data obtained by 
Stelzman and shown previously in curve form in Chapter 2. All the Westinghouse dau are presented in 
Chapter 2. 

Stelzman tested precracked Charpy V-notch specimens taken from the prolongation of the vessel. The 
locations of the specimens in the prolongation are shown in Figs. A-l through A-3, and 
orientations are as defined in Fig. 2.7. Table A-l gives the data and fracture toughness values determined 
from these specimens. When these slow-bend tests were made, the specimen deflection was obtained from 
the crosshead motion; consequently, conservative (low-fracture toughness) values were deduced. These 

•Work sponsored by the HSST program under UCCND Subcontract 3196 between Union Carbide Corporation and 
Westintjiouse Electric Corporation. 
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Fit A-l. Cutting plan for protonption of mad V-7. 



OMNI (Ml. It, I'm. 

o 

r 
> 
o 

DIRECTION 
ARROW STAMPED 
ON SEGMENT 

1 
I ? 
3 4 
1 V 
I 4 

1 V 

1 7 

14 

ALL SLABS STAMPfcO WW»i 
DIRECTIONAL ARROWS PRIOR 
TO SEPARATION CUTS 

ALL DIMENSIONS IN INCHES 
DROP WEIGHT SPECIMENS 7V1001 
THROUGH 7V1016 MACHINED FROM 
SLA<5S V7C3, V7C5, AND V7C7 AS 
SHOWN 

8 

l'% A-2. lu l l ing plan fur wgincnt V7C from prolongation of vewel V-7. 



OHM- OV»G 76 7977 

SPECIMEN TABULATION J 

SPECIMEN 
TYPE CMARPY 

SUBSIZE 
TENSILE CHARPY 

SU3SIZE 
TENSILE 

POSITION 
IN SLAB 1-27 28.29 1-13 14, 15 

SLAB NO. SLAB NO. 
V7C1A 
V7C2A 
V7C4A 
V7C6A 
V7C7A 
V7C8A 

7V0O1-7VO27 
7V041-7V067 
7V081-7V107 
7V121-7V147 
7V161-7V187 
7V201-7V227 

7V401. 7V402 
7V405, 7V406 
7V409. 7V410 
7V413. 7V4:4 
7V417. 7V418 
7V421. 7V422 

V7C1B 
V7C2B 
V7C4B 
V7C6B 
V7C7B 
V7C8B 

7V026 7V04O 
7V068-7V08O 
7V108-7V120 
7V148-7V160 
7V188-7V20O 
7V228-7V240 

7V403. 7V404 
7V407, 7V408 
7V411.7V412 
7V415. 7V416 
7V419. 7V420 
7V423. 7V424 

Fig. A-3. Culling plan for Chsrpy ind tensile specimen* from segment V7C. 
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whese * is the dope •>» the linear portion of ihe load-deflection curve and / „ , » a fhe area under the curve 
up u> nuvimum Uod The dimensional parameters shown m Table A-l are defined m ASTM E-399-72 
!hc »fun length »as -Hi mm II ^ M i i I t.>r jU spcvimens. ihe width and thickness •>! 'he specimens we'c 
n--naru'A\ 10 mm 10 >14 in.i. hut actual measurements »erc used in cakulatine k/fj 

Stel/man'% t haip\ imparl. tensile pupritiev ami dwimu fracture tiiughness measurements «>! the V-~ 
pr.-.'.'i-.pti.^i arc psen m lahk VJ. A-•. and A-» respecrivels Locations <>f these specimens ere also 
\r»<»r. m the taMcs and .f icntaln>ns arc a> defined in f-ijt 2 

mMbcwi I m • 2 S 4 » . I ft* • I JJSil I art-0 0254 M 

. t«M Tot * L M m l 

Mo D i f f k ' "̂*~*"* M | ) nfuma 

f c r FM ( f t * , ( •* ! 
:v«o» 0 0 5 t A • j y (200) • 5 7 * 

'wa«o 0.05 ( A 17 • (100) 12) 
7 V « | 1 0O3 t A too <50» 12) 11 
7V4JI2 0 * 5 < A 17 • ' 0 * 1 M «J 
7 V « ) 2 0LO5 At »)) (200) 7* • 4 
7V«J)) 0 0 5 At Vt MOO) 70 S» 
* V 4 » * 0 0 5 At IftO «50> 55 4ft 
7 V « ) 5 0 0 5 Art | 7 . i 10) J5 2-> 
• ' V a * * O H I A » ) J i ^ » ) l i t n 
rv«*o O M < * J7> (1001 115 f 2 
-v.o»i C M CA 100 I50» •J * 7 
?>•«•* O.M t'A | 7 » <0l ** s: 
* V - I I 2 0.J* At * ) J <2oo> 57 55 
7 V I I J O H At ) 7 | noet 4 ) 5ft 
7 V I I 4 O.M AT 1 0 0 (50) 50 4ft 
7 V U S O M At | 7 ( 101 M I * 
TVIJ* O J * CA »)) isoet IJ7 M 
7 V - I M O J * CA ] 7 t (lOOt I M • 5 
nrui 0 _ » CA too (50) 114 •0 
T V I H O J * CA 17 • (0) 51 y* 

n i s i OM At • ) ) 12*01 M 70 
7V-H3 0 . » AC J7» nam 75 4 ) 
TV-154 0.S* AC 10.0 (50) 51 SO 
TV-155 0 J » AC 1 7 1 (0) y* M 
TV-JH o n CA • J . ) «2om I M f» 
TV;IO o n CA 1 7 J (torn 140 •» 
7V-2I I 0 .7* CA too (50) too * 9 
7 V 2 I 2 0.7* CA 1 7 1 <o> n T 2 
7V2J2 o n AC •1.J (200) • 5 * 4 
TV 2 ) ) 0 .7* AC JTft nam * l ft* 
7V-2J* 0 7* AC too (50) * 5 5 ) 
T V 2 M ».» AC | 7 i (0 ) 4 t 4ft 
7 V « | 7 0 05 CA 141.* (MO) 147 •) 
TV-Oll 0.05 CA 4 5 4 1 SO) l i f t 72 
TV4M* OJH CA 7 J ) ( [ 100) 7 ) 4 * 

n«2o 0.0* CA »).) • 200) 145 • 7 
7V44T O.M CA 14* t (.'401 122 • 7 
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7 V I J 7 0 .J * CA I4J.9 (MO) 14ft •4 
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TaHe A-3. laar Metal i m k pjopcnie* from Ihe piotonption of 
vcMti V -7 froM jabtifL Inurif ^ecaawits 

t'onveruon tailor l o 3 pu = 6.8948 MPj 

Total 

Specimen 
So 

Onenuiion Depth" 
Te« 

temperature 
(~r« | ) | 

Lower 

t x | 0 J pu> 

I inmate 
I« I I I 1 pu) 

elongation 
in 31.75 .-nm 
(1 250 in.) 

I T ) 

RetJuiiHi 
in area 

(T) 

7V-40I t A O.iU 93 3(200) 74.0 89 8 l~.6 "1.6 
7V-I02 <"\ 0.05 93.3(200) ' 3 8 90.2 177 ?5.7 
7V-I03 AC 0.05 93.3(200) 710 892 15.3 6 7 5 
" \-*o* At 0.05 93.3(200) 7 3.2 90.4 17 3 67.1 
7V-405 v"A 0.14 93.3(200) 62.7 82.3 16.8 738 
7V-406 CA 0.14 93.312001 6 3 3 X2.8 17.5 71.8 
7V-409 t'A 0.36 93.3 (200) 633 83.2 18.2 72.3 
7V-4i0 t A 0.36 93.3 (200) 63.6 83.6 18 4 T O 
7V-4I I At 0.36 93.31200) 64.2 84.0 14.4 55 5 
7V-»I2 A' 0.36 93.31200) 63.8 843 152 61.7 
7V-413 i/A 0.59 93 •(2001 62.2 823 P . I 73.3 
7Y-4I4 t \ 0.59 933(200) 63.8 84.1 16.9 '3 .0 
7V-4I5 At" 0.59 93.3(200) 63.4 83.3 16.4 59.2 
7 W I 6 At 0.59 93.3(200) 634 83.6 160 65 3 
7V-42I t.A 0 79 93.3(200) 632 8J.3 18.2 70.7 
7V-422 ( A 0.79 93.3(200) 626 82.9 17 8 74.4 
7V-423 At 0.79 93.3(200) 628 828 17.8 68.3 
7V-424 At 0 79 93.3(200) 63.6 83.3 17 4 66.8 
7V-4I7 t"A 0.70 25.0 (77) 658 86.5 22.6 73.4 
7 V 4 I 9 At 0.70 25.0 (77) 66.0 88 1 183 69.4 
7VJ07 At 0.14 93.3(200) 59 1 832 16.4 6 7 0 
7 W 2 5 ( A 0.93 93.3(200) 75.3 90.7 17.8 76.8 
- W 2 6 t"A 0 9 3 93.3(200) 745 89 7 18.1 76.2 

J|-taction oi will thickne« | I52 4 mm <6 in i | tromoutMde 
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Appendix B 

Intermediate Vessel V-7 lest Data 



I 
r O I . 

Sena l»at mi «l pie 

1000 500V 6090 7tHJO iaw 

17 .5501701 E*02 17 .1000139E*03 17 .15159506*03 17 .18568246*03 17 23382236*03 17 33t i lo2l t *o3 17 .43325901 *t»3 17 S7767B76H 
16 .85964096*02 16 .16163236*03 16 .24760126*03 16 .32322506*03 16 .40918916*03 16 49859176 »i>i 16 42238006*413 16 79430*21 H 
21 75448406*02 21 .144412SE*03 21 22350356*03 21 .20196226*03 21 .35761066*03 21 42982941 *03 21 .52266166*03 21 4<Mn2S4!*l 
22 .9*27978E*02 22 .15545976*03 22 .22079586*03 22 .29571646*03 22 38I6S05I»03 22 .46764466*03 2> .56048581*03 22 .66020421 *4 
•9 • 21952266*01 09 *.219S226E*01 09 •.21950706*01 S9 •.21947576*01 89 • 21947576*01 89 • 21947576*01 89 • 21947571*01 89 • 21947571*4 
91 4 I49214£*02 91 .11983066*03 91 .18289*76*03 91 .24281516*03 9 ! .30903746*03 91 .36914716 *o3 91 4. )24766*«3 •M 49036O41H 
SO 4464S56E*02 00 12456106*03 00 .18929666*03 SO .25069076*03 SO .31849776*03 SO 3SO58956*03 80 .44087941 ̂ 03 m 5tH55««9l*| 

n 41492146*02 •2 11825416*03 82 18289976*03 12 .24123846*03 • 2 305SS406*<»3 82 .36810711*03 82 .42&5<*0» *K 82 4872l»9t H 
59 •6530736*02 5 9 - -. 16362176*03 59 .25015256*03 59 .33196336*03 59 4 I M 9 4 l t * 0 3 59 .5003049**03 59 38117991 • « ' <9 46235346*1 
60 12114306*03 60 .22969976*03 6 0 .35084276*03 60 .46411936*03 6 0 .58849896*113 60 T«4832f6*<»3 60 .82231006*03 60 +tM2<**H 
87 *.21SS484E*0I • 7 • 21852266*01 87 • 21847576*01 87 ».21842886*01 ST > . 2 | M I 3 2 l * O I 87 • 2 l 8 3 9 7 * » * o l 87 • • 21839766*01 B7 ' 2 I839746H 
90 * 22136646*01 90 • 22135066*01 9 » • 22130396*01 90 • . 22130396*01 90 •.22128831*01 90 • 22I28H36-OI 90 • .22128836*01 90 • 22130396*1 
• 12378826*03 »--237I793E*©3 0 .35753546*03 S .46076756*03 8 .58111726*03 8 .68771271*03 8 .78055396 •OS II 88027231*1 
9 - 13064546*03 9 - .22695476*03 9 .34387206*03 9 .44701326*03 9 .56382441*03 9 .67395846*03 9 .79430826*03 9 • 1127.-1*21 * l 

10 41894146*02 10 11689596*03 10 .17879336*03 10 .23038386*03 IO .2S54M0Sl*O3 10 .34385636 ^03 10 39543486 H>3 I I I . 4 % 3 r i 8 1 H 
11 l l69 I I IE* t>3 I I .22040846*03 I I 34420326*03 I I .45045186*03 I I .57424011*03 I I 48427416*03 I I .80118536*03 I I .91809641*1 
12 .11347266*03 12 .;SS7394E*03 12 .28548306*03 12 .37824206*03 12 47796036*»3 • 2 .57767876*03 12 487'1271^03 12 .79086961 * | 
13 - I03 IS69E*03 13 .20271346*03 13 .30243706*03 13 .38511916*03 13 .48139896*03 13 .57424016*03 13 4 7 3 9 5 M I *03 13 7 7 7 H 5 4 I H 
IS I03I569E+02 15 27504926*02 15 .30943666*02 15 .34385636*02 15 .41262766*02 15 4SI39S96>02 15 .55017016*02 15 58455586*1 
IS *4877127E*02 IS •.10656826*03 18 • 15814936*03 IS • 21662956*03 18 • 27164656*03 18 •33010216*03 18 • 37136481*03 18 • .41606621 *i 
20 • 58455586*02 20 34SI3S4E*05 20 .35229936*05 20 .35259036*05 :o 35245286*05 20 35204016*05 20 35155876*05 2" .3509i9* l . * | 
23 -17l9282E*02 23 38O2063E*O2 23 .552 l43* t *02 23 65332716-02 23 .75648401*02 23 .8*402656*02 23 .11003401*03 2J 12034971 * | 
24 .928412lE*02 24 17543326*03 24 .26827926*03 24 .34729496*03 24 .44013616*03 24 52953886*03 24 42925711*03 24 72897551 «4 
25 I2378S2E+&3 25 .23706626*03 25 .34712606*03 25 .44701326*03 25 .55704736*03 25 .66020426*03 25 .77367*86 *03 25 .88027231H 
26 12722686*03 26 .2443312E*03 26 .364687*6*03 26 .46764466*03 26 .58455581*03 26 .69115136*03 26 80462391*03 26 9 I I > | « 3 1 * | 
27 12722686*03 27 23044186*03 27 .34735*06*03 27 .45389036*03 27 47080156*03 27 67739706^03 27 7«ni696l *03 •»7 9009O37IH 
28 .55017016*02 20 . I I69B78E*03 28 -.17200776*03 28 .22350666*03 28 .27508506*03 28 33010216*03 28 .38511911 H>3 28 443S747IH 
29 -.I203497E*03 29 2270656E*O3 29 .34400296*03 29 .44701326*03 29 .55704736*03 29 .66708136*03 29 .77367686*03 29 .87683371H 
30 .15473536*03 30 .2939312E*©3 30 .4538327E*03 30 .59831016*03 30 .75304546*03 30 .89402756*03 30 .10315696*04 30 .11639541*1 
31 - i : 64546E*03 31 28914666*03 31 .44045136*03 31 .581 I I 726*03 31 .72897556*03 3» .86307946*03 31 99546426 *o3 31 H 2 t l 2 9 1 H 
32 .1289461 E*03 32 .24768356*03 32 .37663656*03 32 .49687246*03 32 .62753796*03 32 .74616836*03 32 .86479871 *u3 32 97999fl66:*< 
33 .1209461 E*03 33 .23I0322E+03 33 .38170446*03 33 30374966*03 33 43269576*03 33 .75304546*03 33 .87167596*03 33 .98858706*1 
34 I37S423E*03 34 26131296*03 34 J97|432E*03 34 .52438096*03 34 46192356*03 34 .78915036*03 34 .91637726*03 34 l0436O41*( 
35 .I6S4S96E*03 35 .31132406*03 35 .44371566*03 35 58111726*03 35 .72897556*03 35 .86307946*03 35 .99374496*03 35 11192536*1 
36 15645466*03 36 .294061 IE *03 36 .4470»52E*O3 36 .58799436*03 36 .73929116*03 36 87511456*03 36 .10074996*04 36 11364451*) 
37 68771276*01 37 -309577SE+02 37 J 1590216*02 37 .73929116*02 37 .96279786*02 37 .11863046*03 37 .13754256*03 37 « 5645461*) 
39 32838286*03 39 .45687746*03 39 40646276*03 39 .74444906*03 39 .90267296*03 39 9576399E*03 39 .10057806*04 39 .10522006.*) 
40 13667206*03 40 -.2494263E*03 4 0 .374I39SE*03 40 .49031076*03 40 41502396*03 40 .72948676*03 40 .84388746*03 40 95670386*) 
41 •5419986*01 41 39293I9E*02 41 .71752796*02 41 .10079566*03 41 .12983846*03 41 .15888116*03 4 i .18454616*03 41 .21184156*) 
43 .12642166*03 43 .23405086*03 4 3 -.35193036*03 43 .46297636*03 43 .58427276*03 43 .69702706*03 43 .81130596*03 43 .92424426.4) 
44 .34167996*02 44 4S33599E*02 44 .10079566*03 44 .13325516*03 44 .16400646*03 44 .19304916*03 44 .21689946*03 44 24088436*1 
SO I573286E*02 50 22O260OE*O2 58 - .3775887 E*02 58 .47198586*02 58 42931446*02 58 .78664306*02 58 .93266126*02 58 10698346*1 
63 .7SSI773E*02 63 I32I560E*03 63 .20767376*03 63 .27060526*03 63 .34612296*03 63 41220096*03 63 .48119346*03 63 3475035E*) 
64 I57328SE*02 64 2SI7257E*02 6 4 4405201 E*02 64 46638396*02 64 .75517736*02 64 .97543736*02 64 .11549306*03 64 I32IS60E« 
65 4607801E*02 65 .11327666*03 65 -.18250116*03 65 .23284636*03 65 .29892436*03 65 .35556266*03 65 .41401166*03 65 .47198586* 
66 346I229E*02 66 4763J30E*02 66 .10226366*03 66 .13530266*03 66 .17148826*03 66 .20432716*03 66 .23883406*03 66 27217846* 
60 .5349172E*02 68 - I022636E*03 68 .15732866*03 68 .2076737E*03 68 .26431206*03 68 31623056*03 68 .36754106*03 68 .42164066* 
70 59784S7E*02 70 .11170336*03 70 - . |7I48S2E*03 70 228I264E*03 70 .28791136*03 70 .34612296*03 70 .40183336*03 70 4593995E* 
71 4 I35SISE*02 7 I - . I I 7 9 9 6 4 E + 0 J 71 .1*092796*03 71 -.2407127E*03 71 .30364426*03 71 .36342906*03 71 .42295726*03 71 .48299886* 
72 5360S53E*02 7 2 - IC40636E*03 72 .15767216*03 72 .20812726*03 72 .26488926*03 72 .31691006*03 72 .36896126*03 72 .42098466* 
73 3 3 I I I I 6 E * 0 2 73 4622231 E*02 73 .1009101 E*03 73 .13402136*03 73 .17028596*03 73 .20412236*03 73 .23578156*03 73 .2696194E« 
74 599I542E*02 74 I I 3 I006E*03 74 •7659286*03 74 2333548E*03 74 .29800036*03 74 .35756556*03 74 .41344876*03 74 .47I4397E4 
7S 5833»70E*02 7S -.I I3S239E+03 75 . |7 IW26EK)3 75 .22704796*03 75 .28854006*03 75 .34639066*03 75 .40097306*03 75 .4S72492E4 
76 I734393E*02 76 -.3784132E*02 76 .56761986*02 76 7725936E*02 76 .9775674E*02 76 .11852746*03 76 .13690066*03 76 I560954E4 
77 • 4730I63E*0I 77 • I892066E*02 77 • 20497386*02 77 • 20497386*02 77 •213497386*02 77 n >.23165096*02 77 -•.17810336*02 77 • • .20497 38E* 
78 • 4730I65E*0I 78 *. IS92066E*02 78 • 2049738E*C2 78 • 2049738E*02 78 < •.20497386*02 78 < • 23185096*02 78 < •.17810336*02 78 •.2049738E4 
84 I89206*E*02 • 4 .425714SE+02 84 46222316*02 84 .88296416*02 84 .H5i0066H)3 84 .13878546*03 84 .16079066*03 84 .I86053IE4 
85 5833870E*02 8 S - .11037056*03 85 .17028596*03 85 .22547116*03 85 .28538666*03 85 .34218566*03 85 39887056*03 85 AUWSfH 
W 5676I9SE*02 8 6 - -.I072I7OE*O3 86 I624023E*03 86 .21601086*03 86 .2/277286*03 86 .32688406*03 86 .37790816*03 86 .4320217E1 
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bta from V-7 'est - tomputer output 

Bill) at pressure (psi) — 
si No. ofeonki itrjinl 

9000 10.000 11.000 12.000 13.000 U.i.HKI 15.000 

776787E+03 17 .7633611E+03 17 1055639E+O4 17 -14472&9E+04 
9430821+03 16 91l2i9JE+03 16 I038446E+04 16 .11965461+04 
980284E+03 21 .87339521+03 21 .I0IO938"-+04 21 .11484351 +04 
W2042E+O3 i i .7633611 E+03 >2 .949O435E+03 22 .11752111+04 
194757E+0I 89 +.21949? 3E+0I S9 -2I95070E+OI 89 + .2I95382E+OI 
903604E+03 91 .5437657E+0; 91 60O5247E+03 91 .65886031+03 
©45509E+03 80 .55912731+03 80 6I9O397E+03 80 .67737531+03 
•72069E+03 82 .54007601+03 82 .5984117E+03 82 .65517071+03 
623534E+03 59 .7347245E+03 59 81338S8E+03 59 .88952801+03 
408250E+03 60 .10462351+04 60 I I6I085E+04 60 .12738191+04 
18J976E+01 87 • 2I83976E+0I S7 • 2184132E+01 87 • .21841321+01 
213039E+0I 90 • .2212883E+0! 90 1-22128831+01 90 +.2203976E+OI 
*02723E+03 8 9731I35E+03 8 . 11728321+04 8 .11760211+04 
127092E+06 9 +.I127I26E+06 9 +.U27126E+06 9 + II27068E+06 
2638I8E+03 10 .47796031+03 10 .53985451+03 10 .60861531+03 
180964E+03 I I .10246921 +(4 11 .11416031+04 : i .12718731+1. 
'908C96E+03 12 .89O5X79E+03 12 .10O7499K+04 12 .11345991+04 
m\ 1541*03 13 .876833". E+03 13 I0OO622E+O4 13 .11623461+04 
«45558Ev02 15 .5501701E+02 15 .30947071+02 15 +.99708111+02 
160662E+03 18 +.4745218K+03 18 '.5398545E+03 18 • 6I20652E+03 
I509398E+05 20 .35O2177E+05 20 .3493924E+05 20 .34844571+05 
203497E+03 23 .1409811 E+03 23 .140981! E+03 23 .20435921+02 
289755E+03 24 8218I67E+03 24 .93520931+03 24 .10795951+04 
I8O2723E+03 • > > .9799906E+03 25 .10934631+04 25 .12173751 +04 
11121931+03 26 .10109381+04 26 .M244iOI+04 26 .12445151+04 
W9037E+03 yt IOOO622E+04 ->-» „ -.1107217E-04 27 .12205801+04 
I435747E+03 28 .49171451+03 28 5536087E+03 28 .61540021+03 
768337E+03 29 .96623641+03 29 1065955E+O4 29 .11689221+04 
163954F+04 30 .12791461+04 30 .14029341+04 30 .15198471+04 
126I29E+04 31 I2OO059E+04 31 I316969E+04 31 .14369521+04 
799906E+03 32 .I083I47E+04 32 .11966201+04 32 .13082111+04 
•85870E+03 33 IO93463i+04 33 .12069361 +04 33 .13203351+04 
043604E+04 34 -.I157076E+04 34 i279146E+(4 34 .14028921+04 
1I9253E+04 35 .I232725E+04 35 I349636E+01 35 .14629141+04 
136445E+04 36 .12481981+04 36 . I368 c JSI+O-l 36 .14870531+04 
564546E+03 37 .175 366 7 E+03 37 .1925595 E+i>3 37 .21317071+03 
052200K+04 39 .10900241+04 39 .11312871+04 39 .11712441+04 
I567038F+03 40 .10574991+04 40 .11651281+04 40 .12709651+04 
11I84I5E+03 41 .23405081+03 41 .2596767E+03 41 .28191981+03 
B42442E+03 43 .10233311+04 43 .11326691+04 43 I243509E+O4 
I4O8843E+03 44 .25796831+03 44 .2784691 E+03 44 .29548171+03 
069834E+03 58 II95697E+03 58 .13844911+03 58 .15619431+03 
475035E+03 63 .6072884E+03 63 .67021981+03 63 .73290611+03 
32156OE+03 64 I5I0354E+03 64 I699I49E+03 64 .19415321+03 
7!«>858K+03 65 .5191844 E+03 65 .572676II-+03 65 .62482I0E+03 
72178*.- +03 66 .3004976E+03 66 .33191, ,31+03 66 .36311711+03 
2I6406E+03 68 .46726591+03 68 .51761111+03 68 .56733791+03 
593995E+03 70 5097447E+03 70 .56480961+03 70 6'893571.+03 
I29988E+03 71 .5349172E+03 71 .59155551+03 71 .65107181+03 
B09846E+03 72 .46671281+03 72 .51716531+03 72 5644645I-+03 
I96194E.+03 73 .29727051+03 73 .33037991+03 73 .36033601+03 
I7I4397E+03 74 .52066021+03 74 .57584261+03 74 .62944841+03 
J72492E+03 75 .50503121+03 75 .56021361+03 75 .61224271+03 
5*09541+03 76 I 7 I 5 8 6 6 E + 0 3 76 .18892971+03 76 .2062727I-+O3 
•49738E+02 77 +.17810331+02 77 + .17810331+02 77 + .17810331+02 
049738E+O2 78 + .17810331+02 78 + .17810331+02 78 + .17810331+02 
16053 IE+03 84 .20651311+03 84 .2285861E+03 84 .25223571-+03 
§409591+03 85 •50292871-+03 85 .55653451+03 85 .61014031+03 
1202171+03 
L. 

86 .47723641-+03 86 .52768891+03 86 .57814111+03 

17 .19431801*04 
16 13927031 +04 
21 13067071+04 
22 .13521421+04 
89 +.21739751+01 
91 .71740831+03 
80 .7394824E+03 
82 .71583161+03 
59 .%75709E+03 
60 . 1386065E+04 
87 +.2I84288E+0I 
90 +.21883511+01 

8 .I285996E+04 
9 +.11271851+06 

10 .68428851+03 
11 .14205301+04 
12 .1299912E+04 
13 I399396E+04 
15 +.20289081+03 
18 +.6877I57E+03 
20 .34751941+05 
23 +.9609035E+02 
24 .I299902E+04 
25 .13684331+04 
26 .13859931+04 
27 .13445941+04 
28 .69125791+03 
29 .12793411+04 
30 .16401991+04 
31 .15632011 +r.i 
32 I425453E+04 
33 .14373981+04 
34 .15302091+04 
35 .15750621+04 
36 .16110991+04 
37 23384361+03 
39 .11979261+04 
40 .13820951+04 
41 .30751191+03 
43 .13581781+04 
44 .31605391+03 
58 I793546E+03 
63 .79608271+03 
64 .22655321+03 
65 6765'30E+03 
66 .39646811+03 
68 .61830141+03 
70 .67651301+03 
71 .7079787E+03 
72 .61492141+03 
73 .39418041+03 
74 .68587391+03 
75 .66537651+03 
76 .22547111+03 
77 +.18920661+02 
78 +.28930661+02 
84 .27592621+03 
85 .66379981+03 
86 .62911191+03 

17 .25312051+04 
16 .16024661+04 
21 l4'8645l+04 
22 .14965691+04 
89 +.21455371+01 
91 77IOI69E+03 
80 7946677E+03 
82 .76786341+03 
59 .I039942E+04 
60 .14867551+04 
87 +.2I84600E+0I 
90 +.21699131+01 

8 .14029131 +04 
9 + . I I 2 7 I 5 I I +06 

10 .78057331+03 
11 .16096601+04 
12 .15371H5E+04 
13 .15678941+04 
15 +..-026144I+03 
18 +.11338911+06 
20 .34610961+05 
23 •21300761+03 
24 14821551+tM 
25 .15816341 <04 
26 .15613691+04 
27 .14855831+04 
28 .78066521+03 
29 .13996971+04 
30 .17485'91+04 
31 16852761+04 
32 .153*9311+04 
33 .15525961+04 
34 .16557231+04 
35 .16747861+04 
36 I729736E+04 
37 .25275671 so3 
39 .12288751+04 
40 .14880161+04 
41 .32972111+03 
43 .14692241+04 
44 .33142951+03 
58 .21711341+03 
63 .85272101+03 
64 .26116541+03 
65 .72056501+03 
66 .42478721+03 
68 .66549991+03 
70 .72843141+03 
71 -.76147041+03 
72 66064631+03 
77. .42413811*03 
74 .73632901+03 
75 .7I42549-+03 
76 .24123841+03 
77 +.18920661+02 
78 +.18920661+02 
84 .29642361+03 
85 .71267821+03 
86 .67483681+03 

!7 .3.'978641+04 
16 18155611+04 
21 .16333181-+04 
22 .16401951+0; 
89 +.2111*6921+01 
91 .82304871+03 
80 .S4827+.2I +03 
82 81989521+03 
59 .11075931+04 
60 .15968851+04 
87 +.21851*91 +01 
90 +.21-64741+01 

8 .15335991+04 
9 • I I27I26E+06 

10 .91121931+03 
11 .18671401+04 
12 .17295981+04 
13 .17089661+04 
15 +.41262761+03 
18 +. 11338661 +06 
20 .34475041 + 05 
23 +.33354061-+03 
24 .16126861+04 
25 .1 "846141 +04 
26 .17880531+04 
27 165738X1+04 
28 89402651+03 
29 .15267 221 +04 
30 .18533861+04 
31 .18086841+04 
32 .16522301+04 
33 .16694221+04 
34 .178*6141+04 
3^ .17725791+04 
36 .18499471+04 
37 .26992721+03 
39 .12550751+04 
40 .15956451+04 
41 .35193031+03 
43 .15819781+04 
44 .34851351+03 
58 .27060521+03 
63 .90621271+03 
64 .31780381+03 
65 .76147041+03 
66 .45625 291+03 
68 .70955191+03 
70 .77877651+03 
7! .81338881+03 
72 .70637131+03 
73 .45567251+03 
74 .78520731+03 
75 .76313331+03 
76 .25700561 + 03 
77 +.18920661+02 
78 +.18920661+02 
84 .31692101+03 
85 .76155651+03 
86 .72056181+03 

17 4040312E+04 
16 -2III278E+04 
21 18155611+04 
:? .I777737E+04 
89 +.2067253E+OI 
91 .8735038E+03 
80 9OO3080E+03 
82 .8719271 E+03 
59 .11736711+04 
60 .19021021+04 
87 +.21856941+01 
90 + .2M50&7E+01 

8 I7ISS43E+04 
9 +.11271261+06 

in I 1450421 HM 
11 .20803311+04 
12 18465081+04 
13 .I849947E+04 
15 <.546/3l6E+03 
18 +.I133866E+06 
20 .3432030E+05 
23 +.47452181+03 
24 .17502291+04 
25 .1935911E+04 
26 .20528221+04 
27 .19049641+04 
28 .11(8)3401+04 
29 .16917731+04 
30 .19565421+04 
31 .19376301+04 
32 .17708601+04 
33 .17914921+04 
34 .I9I6999E+04 
35 .18671401+04 
36 .19720161+04 
37 .28/12011+03 
39 .12825841+04 
40 .17049831+04 
41 .37584791+03 
43 .16998571+04 
44 .36388911+03 
58 .35870921+03 
63 9659976E+03 
64 40276l2»:+03 
65 7960827E+03 
66 .486J454I-+03 
68 .75203071+03 
70 .82754841+03 
71 .86373401+03 
72 .74736601+03 
73 .48563031+03 
74 .83250901+03 
75 .80728141+03 
76 .26804261+03 
77 +.18920661+02 
78 +. 1892^661 +02 
84 .33426-<9l-+03 
85 .80728111+03 
86 .763133..: >03 



99 I 
:B - I (ca 

Strain Ijim/m) 4 
(channel No. 0 

16.000 17.0110 18.000 18.500 19.000 19.500 20*00 

17 S3I6587K+04 
16 .26I3456F+04 
21 21I1689t+04 
22 .1933290F+04 
89 +.20027201+01 
91 .927II23F+03 
80 .9554933K+03 
82 .9239583F+03 
59 .I296387F1+04 
60 2344I96F+04 
87 +.2I72413F+OI 
90 +.2O6366OF+0I 

8 .2O4252nF>04 
9 +.11271851+06 

! 0 .I368598F+04 
11 .229053IF+04 
12 .I970467F+04 
13 .20«HI761+04 
15 + .78747 7 i r+03 
18 +.11339251+06 
20 .34I3297F+05 
23 +.6909929F+03 
24 .1887927F+04 
25 .2059620F+04 
26 .2280O67K+O4 
.7 .22386681+04 
28 .13583 74 K+04 
29 .1960212 F+0-* 
30 .2073481K+04 
31 .2087609F+04 
32 .I908596F+04 
33 . I930858H04 
34 .20700911+04 
35 .19739561+04 
36 2I I4875J+04 
37 .3O60572F+03 
39 I3 I3 I24K+04 
40 l8:9696K+04 
41 .399 7655K+03 
43 .183^1I3K+04 
44 .38097311+03 
58 .48771871+03 
63 .I04780KK+04 
64 .54435701+03 
65 .84013471+03 
66 .51289121+03 
68 .79293621+0.3 
70 .8 763203F+03 
71 .91407911+03 
72 .78836081+03 
73 .51401121+03 
74 .87981061-+03 
75 .85458311+03 
76 .27907971+03 
77 +.18920661+02 
78 +.18920661+02 
84 .35003221+03 
85 .85458311+03 
86 .80728141+03 

17 70I5326F.+04 
16 .3345909F+04 
21 2575604F+04 
22 -.20433JOF+04 
89 +.19247491+01 
91 .969683SF+03 
80 9980648F+03 
82 .96495 36F+03 
59 1553820F>„4 
60 .25005571+04 
87 +.2I06OO4F+01 
90 +.I995376K+OI 

8 26821261+04 
9 +.11271851+06 

10 . I5O974K+04 
11 .2723813F+04 
12 .210801 7K+04 
13 .21008991+04 
15 +.1I93249K+04 
18 » 11339251+06 
20 3395072K+C5 
23 + .I027989F+04 
74 .19704571+04 
25 .21593431+04 
26 2747736F+94 
27 .28404481+04 
28 .I55782IK+04 
29 .23556671+04 
30 .218. "59F.+04 
31 2225159F+04 
32 203583OK+O4 
33 .20580911+04 
34 .2211O80K+O4 
35 .20753991+04 
36 .22438281+04 
37 .31981 21 !-.+03 
39 .13337571+04 
40 .19425691+04 
41 .42365651+03 
43 .19546521+04 
44 .39300841+03 
58 .51089811*03 
63 .11487651+04 
64 62397861+03 
65 .89498801 +03 
66 .52737121+03 
68 82188701+03 
70 91346031+03 
7| .95212221+03 
72 .81674181+03 
73 .52820171+03 
74 .91607521+03 
75 .88927101+03 
76 .28065641+03 
77 +.20497381+02 
78 +.20497381+02 
K4 .35949251+03 
85 .88927101+03 
86 .84039261+03 

17 1024004F+05 
16 .47245861+04 
21 .34248091-+04 
22 .220O68OK+O4 
89 +.I8U4I19F+0I 
91 .I0I6985F.+04 
80 .1046943K+04 
82 .10I0679F+04 
59 . i920982t+04 
60 .29341 78K+04 
87 +.I99522OK+0I 
90 +.1762087K+0I 

8 .3600175K+04 
9 + . I I27I26F+06 

10 .1743351 K+04 
11 344S879K+04 
12 .2345IOOK+04 
13 .2228189F+04 
15 + .1870579K+O4 
18 +.II33866K+06 
20 .33739I9K+05 
23 + .1640I95K+04 
24 .20425061+04 
25 .23451 OOF+04 
26 .33732311+04 
27 3679262F+04 
28 .17983691+04 
29 .31566011+04 
30 .23468201+04 
31 .24018371+04 
32 .21938031+04 
33 .22I6I54K+04 
34 .23794861+04 
35 .22092771+04 
36 2405275K+O4 
37 .33869851+03 
39 .13668291+04 
40 .21508751+04 
41 .45014271+03 
43 .2I08I65K+04 
44 4!00I59K+03 
58 .27689831+03 
63 .14694491+04 
64 .43422691+^3 
65 .10069031+04 
66 .53177071+03 
68 .84800111+03 
70 .95 34! I 31+03 
71 .99431671+03 
72 .84827621+03 
73 .53766201+03 
74 .95707001+03 
75 .93026571+03 
76 .28065641+03 
77 +.18920661+02 
78 +.18920661+02 
84 .37052951+01 
85 930265 7H03 
86 .879X1061+03 

17 I289I I7L+05 
16 .56?7(*V - *«4 
21 .3957787b»04 
22 .23451 OOF+04 
89 +.I742S55F+01 
91 .I035906K+O4 
SO .I064287K+O4 
82 .1029599t+04 
59 -.23725151+04 
60 .3919055K+04 
87 + .I937562F+OI 
90 +.1701617fc+0l 

8 .4I09083F+04 
9 +11271261+06 

10 I8327S4K+04 
11 4098768F+04 
12 .2774921 K+04 
13 .2345IO0F+04 
IS • 2200680K+O4 
18 +.II33866K+06 
20 .33666981+05 
23 +.1164813K+06 
24 .2094085 K+04 
25 .2709588K+04 
26 .389245 3K+04 
27 4I46907K+04 
28 18980871+04 
29 3555474K+04 
3ll .24I9029K+04 
31 .2484362K+04 
32 .2260856K+O4 
33 .2279767K+04 
34 .24362221+04 
35 2264294K+04 
36 .24757651+04 
37 .34557561+03 
39 .13840221+04 
40 22448371+04 
41 .4595595K+03 
43 .21765011+04 
44 .41684951+03 
58 2076737K+03 
63 .17652271+04 
64 3272435K+03 
65 II04447K+04 
66 .53019741+03 
68 .85901411+03 
70 .97071741+03 
71 .IOI4719K+04 
72 .86404341+03 
73 .54396891+03 
74 .97283721+03 
75 .94603301+03 
76 .28065641+03 
77 +.18920661+02 
78 + .189:0(61 +02 
84 .37368.-)l+03 
85 .946033)1+03 
86 89557'> l+03 

17 I765480K+05 
16 .7070067K+O4 
21 .4790154K+O4 
22 27345I7K+04 
89 +.I636I46F+OI 
91 .I056403K+04 
80 I084784K+04 
S2 .1046943F.+O4 
5? .3249910F+04 
60 J702360K+04 
87 +.I833965K+01 
90 +.I592550F+O1 

8 .4975767K+04 
9+. I127185K+06 

10 .I9738I7K>04 
11 5I9283IK+04 
12 .3566043K+04 
13 .267I731K+04 
15 +.28I6336K+04 
18 + 11339251+06 
20 .3355526K+05 
23 +.I164872K+06 
24 .2304015K+04 
25 .3424801 K+04 
26 -49.13828K+04 
27 .5O30927K+O4 
28 2059878K+04 
29 4236660K+04 
30 .25016O4K+O4 
31 .25724*21+04 
3 ; .23435981+04 
33 .2357262K+04 
34 .27I4856K+04 
35 234I902K+04 
36 25I5489K+04 
37 3541996K+03 
39 I395654K+04 
40 .2383359K+04 
41 .4595348F+03 
43 .22604 721*04 
44 .4237612'+03 
58 .19937131+03 
63 2335085K+04 
64 .2463704K+03 
65 .13292371+04 
66 5257979K+03 
68 8580744I.+03 
70 .98740851+03 
71 .10370841+04 
72 .86246671+03 
73 .53766201+03 
74 .99018121+03 
75 96I8002K+03 
76 .27592621+03 
77 +.18920661+02 
78 +.18920661+02 
84 .37683641+03 
85 .96337691+03 
86 .90976841+03 

17 .255J920F1+05 
16 8909795F+04 
21 -J794267F+04 
22 .313341IF+04 
89 +.1528017F+01 
91 .1075324F+04 
SO .1I03705F+04 
82 .I065863F.+O4 
59 5030962E+04 
60 .78201131+04 
87 +.1726773K+0I 
90 V.148O516K.+0I 

8 .58I8259K+04 
9 +.M27185K+06 

10 -2I42316K+04 
11 .6472043K+04 
12 .4604544K+04 
13 .3386989K+04 
15 + .3S07523K+04 
18 *.H33925K+06 
20 3348305K+05 
23 +.II64872K+06 
24 .2837020K+04 
25 .4360139K+04 
26 .59595 22K+04 
2"1 .5986897K+04 
28 .22421311+0< 
29 .49587961+04 
30 2599608K.+04 
31 29I8O65E+04 
32 .241O653K+04 
33 2419160K+04 
34 .2946971 K+04 
35 .25I7278K+04 
36 2388256K+04 
37 .3610771K+03 
39 .I405970K+04 
40 .24995361+04 
41 .46124331+03 
43 2333937K+04 
44 .43230361+03 
58 .21195821+03 
63 .3216170K+04 
64 2I49O3IK+03 
65 i662791K+04 
66 5I63577K+03 
68 .85492771+03 
70 .10110091+04 
71 .10638311+04 
72 .86719691+03 
73 .51874141+03 
74 .10075251+04 
75 .97756741+03 
76 .27434951+03 
77 +.18920661+02 
78 +.18920661+02 
84 .37998991+03 
85 979I44IJ+03 
86 92553561+03 

17 .43067IOK+ro 
16 .I22I442K+J5 
21 .7527394K+04 
22 3814282F+04 
89 +.1365668F+01 
91 .U0O552F+04 
80 .II27356F+04 
82 -.I087937K+04 
59 -6798169F.+04 
60 .1020590F+05 
87 +.I566456F+0I 
90 +.1318792F+01 

8 6970238F+04 
9 +.P.27I85F+06 

10 2438047F+04 
11 .8157027F+04 
12 .6076326F+O4 
13 .459O550F+04 
15 +.4638869F+04 
18 +.II33925F+06 
20 3342459F+05 
23 +.li64872K+06 
24 .3861765 K+04 
25 .5663422K+04 
26 .7369406F+04 
27 7242O38F+04 
28 .256I934K+04 
29 _59t29t9I+04 
30 .28403201*04 
3! .29232231+04 
32 2489744K+04 
i2 .24793381+04 
34 .32306671+04 
25 .2845677K+04 
36 23t8256F+04 
37 .36795461 +03 
39 .I416286F+04 
40 .2622393K+04 
41 .45955951*03 
43 .24105521+04 
44 .43905871+03 
58 .2265532K+03 
63 4326536F+04 
64 .22026001+03 
65 .22435061+04 
66 .47355911+03 
68 .85586*61 +03 
70 .103 20 751-+ 04 
71 .10965801+04 
72 .87192711+03 
73 .46828631+03 
74 .10248691+04 
75 .99648801 +03 
76 .27119611+03 
77 +.204973H1 +02 
78 +.20497381 M>2 
84 .37998991 +01 
85 .9:491131 +03 
86 .9413..28I+03 

27 
28 
29 
30 

33 .24 

39 
40 
41 
43 

63 

66 
68 
70 
71 
72 
73 
74 
75 
76 



ipesauelpa) 
•eoedn ttran) 

(BCO 19.840 19.300 19.320 19.280 20.350 20.340 20.320 

17 .5076351E+05 
16 -1347573E+05 
21 .8135641E+04 
22 .4098768F+04 
89 +.I299729E+OI 
91 I094245F+04 
80 1I21049F+04 
82 -I0M054E+O4 
59 -.7344099E+04 
60 109S783F+O5 
87 +1500829E+OI 
90 +.1252540E+01 

8 7389473F+04 
9 +.U27126F+06 

10 .2537660004 
11 .8744267F>04 
12 .6602042E+04 
13 S075320E+O4 
IS +.51131441+04 
18 +.1I33866F+06 
20 -334I940E+05 
23 +.! 164813F+06 
24 .4263818E+04 
25 .6I03450F+04 
26 .7826170F+04 
27 .76611201+04 
28 .2675202E+04 
29 .6309 7641+04 
30 .29451291+04 
31 -.25I5309F+04 
32 .25I5309F+04 
33 .2458572F+04 
34 33I4775F+04 
35 .2945129F+04 
36 .2339943 F>04 
37 3662070F+03 
39 I413249F+04 
40 .2637769F+04 
41 .4527259F+03 
43 .2405427F+04 
44 4390587F+03 
58 2359929F+03 
63 4723004F+04 
64 .220260OF+03 
65 .2498378E+04 
66 4436666F+03 
68 ?-4l7080F+03 
70 .I022636F+04 
71 .10918601+04 
72 .8593133F+03 
73 4399054F+03 
74 .101698.'. F+04 
75 98860441+03 
76 .26488921+03 
77 +.2OW38F+02 
78 +.2049738F+02 
84 3736830F+03 
Hi .98702771+03 
86 93I8425F+03 

17 -.6337272E+05 
16 150162IF+05 
21 S778653F+04 
22 .428101 IE+04 
89 +.12S2S52F+01 
91 -1U4742F+04 
SO U54160F+04 
82 .1111589F+04 
59 .7597398E+04 
60 1155107E+05 
87 +1459265F+0I 
90 +.120M76E+0I 

8 7568278E+04 
9 +.II27I26E+06 

10 -266I44SF+04 
11 .90S7i76E+04 
12 .69II5I2E+04 
13 5336650F+O4 
!5 +.5484508E+04 
18 +.1I33866F+06 
20 3335750E+05 
23 +.11648131+06 
24 .44942021+04 
25 -.6395728F+04 
26 -.8IO+694E+04 
27 -.7884626F+04 
28 -.2792114F+04 
29 -.6485131 F>04 
30 .3C74076F+04 
31 .2525625F+04 
32 2632220F+04 
33 25I530JF+04 
34 .3442002F+04 
35 .30964261+04 
36 .2389801F+04 
37 .3748034F+03 
39 .1420127F+04 
40 .2702688F+O4 
41 46I2679F+03 
43 .24635I2F+04 
44 .4476007F+03 
58 2800449F+03 
63 .5088006F+04 
64 .239I394F+03 
65 .2803595F+04 
66 .4436666F+03 
68 .8668805 F+03 
70 .I047808F+04 
71 .II24899F+04 
72 .8829641F+03 
73 .43517521+03 
74 .I046943F+04 
75 .IOI8562F+04 
76 .27434951+03 
77 +.20497381+02 
78 +.2O49738F+02 
84 .38314331+03 
85 .IOI3832F+04 
86 9570700F+03 

17 10702531>06 
16 -.I985770F+05 
2'. 1117!89F+05 
22 -3O44372F+04 
89 +.IO969I0E+O1 
91 -1I305O9F+O4 
80-.IIS73I4E+04 
82 .11147421+04 
5V .84I0786E+04 
60-.13143231+05 
87 + 1306604F+0I 
S +.I05597IE+01 

8 .8503S67E+04 
9 +.II27I26F+06 

!0 .29846/3F+04 
11 -.I032257F+05 
12 .80084141+04 
13 6326957E+04 
15 +.672239IF+04 
18 +.11338661+06 
20 3335750F+05 
23 +.1164813F+06 
24 .52816331+04 
25 .73378951+04 
26 .9I3626JF+04 
27 -.8854301F+04 
28 .31290931+04 
29 .7279438F+04 
30 .32958631+04 
31 .2594396F+04 
32 2730219F+04 
33 2594396F'04 
34 .364I439F+04 
35 .3376669E+04 
36 .23657321+04 
37 37I3648F+03 
39 M166881+04 
40 .275394CE+04 
41 .4527259F+03 
43 .24788881+04 
44 .4476007F+03 
58 .34297631+03 
63 .5780252F+O4 
64 .27375I7F+03 
65 .34203231+04 
66 .3775886F+03 
68 .8448545 F+03 
70 .1036795F+04 
71 .II2I753F+04 
72 .86404 34F+03 
73 .3642227F+03 
74 .1043789F+04 
75 .I0I6985F+04 
76 .2664659F+03 
77 +.2049738F+02 
78 +.20497381+02 
84 .37525971+03 
85 .10106791+04 
86 .95233981+03 

17 .I0702S3E+O6 
16 .20607311+05 
21 1I4SS24F+05 
22 SI50968F+O4 
89 +.1073003E+OI 
91 -.1130SC9F+04 
SO 11573I4F 04 
82 U13165F+04 
59-.45272IOE+04 
60 -.I337450E+05 
87 +.I283I66F+OI 
90 +.I032689E+OI 

8 S6I0I63F+04 
9 +.II27I26E+06 

10 -.3025935F+04 
11 -.I047386E+O5 
12 .81493961+04 
13 M61061 F+04 
15 +.69U951F+04 
18 +.II33866E+06 
20 .3336094E+05 
23 +.II648I3F+06 
24 -53B4790E+04 
25 .7454805E+O4 
26-.9253174F+04 
27 - .8964335F+04 
28 -.3I73794F+04 
29-.7368841 F+04 
30 3337I26F+04 
31 .2566887F+04 
32 .27405 35F+04 
33 26I6747E+04 
34 .3670666F+04 
35 - .3428248F+04 
36 .235I977F+04 
37 .37I3648F+03 
39 .I413249F+04 
40 .2757357F+04 
41 .4493091 F+03 
43 .24840I3F+O4 
44 .4476007F+03 
58 -3492695F+93 
63 5868356F+04 
64 .2768983F+03 
65 .3508477F+04 
66 3665756F+03 
68 .84013471+03 
70 .I033649F+04 
71 .III8606F+04 
72 8608900F+03 
73 35I6089F+03 
74 .10422I3F+04 
75 .I0I5409F+04 
76 .2648892F+03 
77 +.2049738F+02 
78 +.20497381+02 
84 .37368301+0.1 
85 I007525F+04 
86 .95076J IF+03 

17 .10702531+06 
16 -.2094773F+05 
?l -1I62578F+05 
22 .5I99I08F+04 
89 +.1062O65E+O1 
91 .11320861+04 
SO .11573141+04 
82 .1I13I65E+04 
59 -8S8362*E+04 
60 -.134795IF+05 
87 +.1272540F+OI 
•» +.1022064E+01 

8 .86583031+C4 
9 +.II27I26F+06 

10 .30500061+04 
11 - .10539I9F+05 
12 -.82II290F+04 
13 -.6522955E>64 
15 +.7000915F+04 
18 +.1I33866F+06 
20 3337470F+05 
23 +.II648I3F+06 
24 .54363691+04 
25 7502946F+04 
26 .9304753F+04 
27 - .90990371+04 
28 -.3I97864E+04 
29-7410I04E+O4 
30 3361I95F+04 
31 .2324469F+04 
32 .27474I2F+04 
33 .2627062F+04 
34 .36844211+04 
35 - 3455756F+04 
36 .2327907F+04 
37 .3730841 F+03 
39 .14I4968E+04 
40 .2760935F+04 
4! .4509923F+03 
43 .2487701F+04 
44 .4493885 F+03 
58 .3567081 F+03 
63 5912922F+04 
64 .2841312F+03 
65 .3557126F+04 
66 .362I677F+03 
68 .8423408F+03 
70 .I0346O9F+04 
71 .II20473F+04 
72 8608900F+03 
73 .3468787F+03 
74 .1042213F+04 
75 .10154091+04 
76 .26646591+03 
77 +.I892066F+02 
78 +.18920661+02 
84 3752597F+03 
85 .1009101 F+04 
86 .9507631 FfW 

17 -.I070253E+06 
16 .2132597E+05 
21 I176676F+05 
22 - J243809E+04 
89 +.I048783E+0I 
91 .H3:086t+04 
80-.II573I4E+04 
82 .11I4742F+04 
5 V .8646561 F+04 
60 .I360224E+0S 
87 +.125957IE+01 
90 + 10090941+01 

17 .lb<03HF+06 
16 .2I36836F+05 
21 .II78I12E+05 
22 .524E238E+04 
89 +.I046908E+0I 
91 -.1I32086E+04 
80 II573I4F+04 
82 .UI4742F+04 
59 .8656001 F+04 
6" .136I797E+05 
87 +.1257852F+0I 
90 •.I0O7532F+0I 

$ 
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, 
TaMe I I (COBIN • e f l 

Strain lunfml at pressure (pal 
(channel No. precedes strain) 

20.450 20.590 20.730 20.840 20.910 20.950 20.930 20.89u 

17 -.10701941*06 17 .107031 IfcXX 17 -.10703111*06 17 .10703111*06 17 .10703111*06 17 .1070253F*06 17 .10701941*06 17 .1070253F+06 
16 .21393611*05 16 .21633141*05 16 -.2230O26F+O5 16 .2440133F.+05 16 .2927059F>o: 16 .3432374F*05 16 .39286961*05 16 .41788861*05 
21 -.1179711F*0S 21 .11863651*05 21 I204246F+05 21 .I296749F.+05 21 -.15I9235F+05 21 .I745415E*05 21 .I966069F+05 21 .207586IE+05 
22 -.52600111*04 22 .5286064E+04 22 -.53376451+04 22 .5530215F+04 22 .60494651*04 22 .65I95I6F+04 22 .69104361*04 2> .70868791*04 
89 •.104472IF+01 89 • 1039720C+OI 89 •.10275 32F+OI 89 +.98393761*00 89 •.U362I9F+00 89 •.7876813F+0O 89 *.705O224K*O0 89 *.6668962E*00 
91 .11368161+04 91 -.1I44934F+04 91 .11559721*04 91 I166774F+04 91 -.1I69927F.*04 91 .11748931*04 91 .11778111+04 91 I1778I1F+04 
80 -.1162044004 80 .11705681*04 SO .11831821*04 80 .II9200IE+04 80 --1I95155F.+04 SO .I200527E+04 SO .12014621*04 80 .12014621*04 
82 -.11178951*04 82 1128126E+04 82 .11391641*04 82 .114785 3F+04 82 -.II5I006E+O4 82 .I154932F+04 82 .M573I4F+04 82 .11541601*04 
59 -.86640851*04 59 .S689042E+04 59 -.87441091*04 59 S871552E*04 59 .92460141*04 59 .96849841*04 59 -.I005330F+05 59 .I022O06F+05 
60 -.1363252t>05 60 -.I367461E+05 60 .13794191*05 60 .14163931+05 60 .1501355F+05 60 I588677E*05 60 .16607611*05 60 .I693485F+05 

; 87 •.12561331*01 87 •.I252227E*01 87 •.12414461*01 87 +.I19S632F+0I 87 •.I099722E+OI 87 •.I007532F+OI 87 *.92956O8F*00 87 •.8934659K+00 
90 •.10058131*01 90 +.10019061*0' 90 •.99112531*00 90 • 948I552E+00 90 •.8525271E+00 90 *.7620555F*00 90 *.7I50228F*00 90 +.71486651+00 

f 

\ 
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100 
i 

2OJ90 20JB70 20JI70 20.860 20340 20430 20410 

17 .107025 3F+Q6 
16 -.4|7MS6»*«S 
21 -2»7S«6IE*05 
22 .70068 79E*04 
99 •4661962C*— 
91 -.1I77IIIE+04 
SO I20I462E+04 
91 - l l54 l60t+04 
59 I022006E+05 
60 -I693485E»05 
•7 +.S934659E+00 
90 +.7I48665E+00 

17 .I0703ltE*46 
16 .4323I«9E«05 
I I 2I3B553E«05 
22 .718001 IE«04 
•9 **453339E*«0 
91 .II79*24E*04 
SO I202I04E+O4 
82 .I15650K*04 
59 .103IS90E*©5 
M I7I2106E*05 
87 +.8733O9OE+O0 
90 •7I40665E+O0 

17 .107031 IE«06 
16 .4415003E«OS 
21 .2l77754E-»©5 
22 .7239270F+O4 
• 9 + J 6 3 2 O 5 I 4 E * O 0 
91 117781 IF*©4 
SO II99SS5E+04 
82 - .HS57J7E*04 
59 .1037412E*OS 
60 .1723357E*0S 
•7 • J6000S6E+00 
90 • 7I48665E+O0 

17 .107031IE+06 
I6-.4478620E*05 
21 .2204920FHK 
22 -72736S7E*04 
09 •J622676OF*O0 
91 -.U?f47IE*04 
W .1 l9t9SIE«04 
82 .1153355F*04 
59 - . I04I ISSE+05 
60 -I731066E+OS 
87 +.8S22I46E«00 
90 +.7I48665E+00 

17 .I070253E+06 
16 .4527212E*0S 
21 _2225095E*OS 
22 .730OO7OE*O4 
09 •j»I54883E*O0 
91 .II78047E*O4 
M -.I200527E+04 
82 .1I54932E*04 
59 -.I044334E+05 
60-.1737045E+05 
17 • J454957E*O0 
90 •.7I48655F+00 

a 

17 .I070?21F*06 
16 - .4604924F«O5 
21 .2257417E>05 
22 .7337S95E»05 
89 * .6040017F+00 
91 
SO 
S2 
59 
60 

II76234E+0-* 
II99SS5E*04 
I I54160E*04 
I04S9I0E*0S 
I746I90E+OS 

S7 *.S35IS2SE*00 
90 •.7I48665E+00 

8 - . I046*99E*05 
9+.I127OS8E+06 

10 .4085013E*04 
11 -.1300717E*05 
12 .I043260E+0S 
13 --86I7040E*04 
15 • . IW3463E+05 
IS • . I133797F/M* 
20 .5653342E+05 
23 • . I I6474SE*06 
24 -.7097I9SE+04 

.9S24821E*04 

.1I46O73E+05 
I09862IE+05 

.4253503E+04 
J99S282E+04 
.459392IE+04 

• .6 I9543IE+05 
299670SE+04 

25 
26 
27 
28 
29 
30 
31 
32 
33 2MI516E+04 
34 -.4303362E+04 
35 -.4654©95E*04 
36 -.2324469F.+04 
37 .3730041 E*0 J 
39 - . I4 I6688E+04 
40 -.2894O29F.+04 
41 --449309IE+03 
43 -.25S3I0OE+O4 
44 4544343E+03 
5S 3191844E+03 
63 -.675W37E>04 
64-.42I6466E+03 
65 - .4697831 F.+04 
66 .I25M2SE+03 
68 - .80S6690E+03 
70 -.I03S368E+04 
71 
72 
73 
74 
75 
76 
77 
78 
84 
85 
86 

-.1131193E*04 
~.S356624E*03 

.1072170E*03 
-I065863E+O4 
-.I043789F.*04 

.26015901+03 
+.IS92066E+02 
• I892066E+02 

.3642227K+03 

.I024869E+04 

.9633769E+03 

17 .107032IE*06 
!6 .470I892E*05 
21 -J296960E*05 
22 .73S2596E+04 
89 •J89S500E»00 
91 II762341*04 
SO .H99tS5F*04 
82 -.U525S3E+04 
59 -.10548SSE*05 
60 -.I757832E+05 
87 +J217449E+00 
90 •.7147I02E+00 
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TrtfcB-ld 

Straw i»m/m> at |ini—r i 
(darnel No ptcetfe* stt 

20.840 214)10 21.130 21.230 21.270 21.270 2IJ60 20J 

17 10703211+06 17 -I07032IE+06 17 .I07032IE+O6 17 -.I07032IE+06 17 I070321E+06 17 107032IF+04 17 1070263E+06 17 -.107« 
16 47245S6E+05 16 .4769631 E+05 16 49082O5F+O5 16 .5396S25E+05 16 .II236SSE*06 16 .1I2368SE+06 16 .11236 291*06 16 -.1123" 
21 230658SE+05 21 .232SS44E+05 21 23SI893E+OS 21 .261537IE+OS 21 .3299989E+05 21 -.4232184E+05 21 .534II87E+05 21 -.1121 
22 .739291IE+04 22 7427297F+04 22 7492629E+04 22 7702382E+O4 22 -J372902E*04 22 907780SE+W 22 -.9723034E+04 22 -.102* 
89 +.585956IE+O0 89 +.S792372E+O0 89 +.5636117E+00 89 +.SI0I725EH30 89 •.3756369E*00 89 +.2226633E+O0 89 • 7187730E-01 89 .67971 
91 .II77SIIE+04 91 -IIS5694F+04 91 .119673! E+04 91 -.I206I92E+O4 9! .I207768E+O4 91 I2I0922E+04 91 -.I250922E+04 91 .11881 
80 II9S30SE+04 80 I209346E+O4 SO -I2I8S05E+O4 80 I22S266E+04 SO .I229842E+04 80 .I229642E+04 80 I229S42E+04 80 -.120* 
82 II52583E+04 82 .II62044E+O4 82 I17I504E+04 82 .II80964E+04 82 1U2541E+04 82 I180964E+M 82 -.I18254IE+04 82 -.1155 
59 1056461E+9S 59 .I0S9439E+OS 59 1065429E+OS 59 I080690E+05 59 -.I126472E+05 59 -.II84055E+0S 59 -.I237075E+05 59 -.12S0I 
60 176082IE+05 60 I766I52F+05 60 -.I77S9I4E«05 60 ISIS089F+05 60 I9I988IE+05 60 204I968E+0S 60 .2I57604E+05 60 .2257! 
87 + 3IS6I9SE+00 87 +.8133071 E+00 87 • 7995567E*00 87 +.7483050E+00 87 +.6I8I446E+O0 87 +.47I7338E+00 87 • .3295417E+00 87 +.19821 
90 +.7I4S665E+00 90 '.7I47I02E+00 90 + 7I48665F+00 90 +.7I53353E+00 90 +A05I755E+O0 90 +.4729838E+00 90 • 338292OE+O0 90 •216H 

I 



20.930 19.450 19.000 l«.»20 , , 750 

17 -.I070390E*06 
I*-.1I23757E*06 
2! -.112881 IE*06 
22 -.1028130E*0S 
•9 - J 6 7 9 7 0 9 3 F - 0 I 
91 .US8*4SE*0* 
00 -.I2046I5E*04 
•2-.llS5737E*04 
59 -.i280O2SE*OS 
CO -22S79t7E*05 
t? •.1982876E*00 
90 *.2I*I006E*00 

17 1070390E+06 
16 II23757E*06 
21 .1I2S8IIE*96 
22- -.IOOf8*4E*OS 
09 4O62629E-0I 
91 .U005S2E+0* 
to -1II4742E+04 
82 -.1069017E*04 
59 .I2679I0E+0S 
60 -2239422E*05 
t7 *.2I3*005E*00 
90 • .2314136E*00 

17 -.I070*49E*06 
16 II238I5E*06 
21 II23S70E*0* 
22 -.1002I2IE*05 
89 ~.3l4072iE-OI 
91 .I070824E*0* 
to 10"5420E*04 
S2 .10398251*04 
59 I263662E'05 
60 .2232813E*05 
87 OI875*9E*00 
90 *.236570OE*0O 

17 1070449t*0* 
16 I123815E*0* 
21 .II2SS70E*06 
22 .10000581*05 
89 29688441-01 
91 .10*2T10E*0* 
80 I07*900F*04 
82 .I032752E*0* 
59 .12*2244**05 
60 -.2230768E*05 
87 *.220*757E*00 
90 • 2379763E*00 

17 10704491*0* 
16 I123SISE+06 
21 I I 288701*06 
22 .997307IE*04 
89 28I2590E-01 
91 10S009*t*04 
80 .10627101*04 
82 .I0I8562E*04 
59 .I2S9729E*0S 
60 .2227936E+05 
87 *.222SI96E*00 
90 • 2400O76E*O0 

17 I070449E*06 
I* I1238I5E*0* 
21 II28870E*0* 
22 .9955t77F*04 
89 -.27813381-01 
91 I0»5596E*04 
80 .I0584I5E*04 
82 I0I*I73F*04 
59 .1259099E*OS 
60 .2227149E*©5 
87 *.223444*E*00 
90 *.2404764E*00 

8 -I2475**E*©5 
9 • U27048E*©* 

10 J577620E*O4 
11 I585*37E*05 
12 .I232452E*0S 
13 .1056 3641*05 
15 •.I727969E*©5 
18 *.1IJ3788E*0* 
20 - .7569018E*0S 
23 • U64734F*06 
24 85075O8F*04 
25 .1I27889E*05 
26 I3899S8E*05 
27 ~.I328735E*05 
28 .5787475E*04 
29 .I069806E+05 
30 .6I9I375F*04 
31 *.619S726E*©5 
32 .30365041*04 
33 -.29452t7F.*04 
34 473I67SE+04 
35 .61004481*04 
3 6 * J 7 2 » I 1 ; E * 0 5 
37 .31809281*03 
39 .13096851*04 
40 .2738725t*04 
41 39119521*03 
43 2397I50E*04 
44 4254696F*03 
58 7I85826F*03 
63 .74925831*04 
64 .5453I02E+03 
65 4982597F*04 
66 •.34742111*03 
68 ,5843085F*03 
70 .t»l539IF*03 
71 963I358F*03 
72 .6217331 F*03 
73 *.3603734E*03 
74 .92363801 *03 
75 .9IOtM3F*03 
76 .1942139F*03 
77 *.2l60t29F*02 
78 *.2l60t29F*02 
84 .29015851*03 
85 .87S29MF*03 
86 .81884681*03 

17 I07|594F*0* 
16 .II24960E*06 
21 1I30015E*06 
22 703I$*2E*04 
89 *.39985*5E*00 
91 *.567619*K*02 
80 *.7725936E*02 
82 •8356*241*02 
59 ~.l058t2IE*05 
60 18981 TOE*05 
87 • JO 751625*00 
90 • .5086099E+00 
8 .1037071 E*05 
9*.U2S71SE*06 

10 .4305001 E*04 
11 .l3382t9F.*05 
12 .984804*1*04 
13 .7984J44E*04 
15 *.IS82427E*«iS 
I I * 11325251*0* 
20 *.16SI457E*04 
23 *.1276051t*05 
24 .6103450**04 
25 .8878371 E*04 
26 .II57076F+05 
27 II0928IF*05 
28 .4*0423*1*04 
29 .86548*51*04 
30 .3701614E*04 
31 2I38786E*04 
32 .95935921*03 
33 .82009741*03 
34 .23915211*04 
35 .36964551*04 
36 .40575051*03 
37 I89I2I0E*02 
39 8355709E*03 
40 .69S|93SF.*03 
41 •.I025040E+02 
43 .37243111*03 
44 .90545181*02 
58 .377588*1*03 
63 J975340E*0* 
64 I699I49F+03 
65 .37884731*04 
66 *.907786OF*O3 
68 •3807352E*O3 
70 • . 17*20801*03 
71 *.l2>i*28F*03 
72 *.J437253F*03 
73*.9271»23F.*03 
74 •.I277I44F.*03 
75*.IIOJ705F.*03 
7* * 1513*521*03 
77 *.4730I6SF*0I 
78 * .47301*5**01 
84 •. 121*0751*03 
85 •I355980F*03 
16 • . 14032821*0) 

a 
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<»•» 14 19 3S 42 54 57 41 42 77 S3 

0 0 0 0 0 0 0 0 C 0 0 
I4M0 300 70 IfO 149 so 90 190 90 70 70 
2*00 400 130 200 250 130 ISO 230 150 120 120 
34*0 too 190 430 300 200 230 iSO 250 100 190 
44)00 700 250 500 510 240 3 » 440 320 240 250 
5jN0 700 210 730 440 320 310 500 410 300 320 
44MO 700 370 •to 140 390 440 490 490 350 370 
7,000 700 500 990 MO 450 510 t i o 570 410 440 
M M too MO 1130 990 510 5M 920 450 470 500 
94)00 900 020 1240 MOO 540 440 14)30 720 520 550 

10.000 1.100 14)70 1340 1210 420 710 1.140 790 570 410 
114)00 IJOO 1.370 1430 1320 470 770 1050 •70 430 470 
IZjOOO 1.500 1.750 1540 1440 720 MO use 940 400 730 
134)00 1*00 X2I0 1450 1550 770 WO 1.450 14)20 730 7S0 
144)00 IJOO 2.730 1770 1410 •10 950 1340 14)90 770 •40 
154)00 IJOO 3.370 1000 1790 150 1010 IJOO 1.140 •20 •90 
I44W0 2.100 4.410 2000 900 I0K» 2.370 1090 •70 940 
174)00 2.200 5.710 2120 950 1200 2.440 1330 9IC 900 
•MOO 2.500 i.340 2240 i l lO 1430 2.790 1540 950 1030 
IS300 2JO0 10.200 2330 1290 1990 3*00 2.350 940 1040 
19,000 3.400 14350 2430 I4S0 24711 5J20 3.170 990 1040 
19300 3JO0 214100 2550 2140 3720 7.370 4*90 1000 1000 
204)00 4J00 354)00 2450 3030 5510 9/190 4 3 7 0 1030 1110 
204)00 4*90 39.300 2440 3190 5740 9.740 4 3 4 0 1030 1100 
20300 5*90 2740 4240 4*20 1IJI30 7*50 1040 1130 
214)00 7.790 2M0 5290 7770 15.150 9.230 1100 1170 
21.300 11300 19*40 
IMOO 11.270 2720 4050 9340 19*10 114)90 970 1030 

0 • J 9 0 500 4740 7740 14/110 9.150 40 23ft 

i 

j 
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Appendix C 

Model Test Data 
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See fig. C I tor ftfc locjtKws 
Ten temperature I9S*F 

Fbw size: length - 1.66m.:*rpm - 0 . 6 0 B 

ftessue Straw <»»,«) at pfe No. 
«?•> I 2 3 4 5 6 7 8 9 10 II 

0 - 0 • 10 - 1 0 - 0 0 0 0 •10 0 0 0 
2X00 • 130 • 170 •220 •230 • 170 •120 • 120 • 140 • 140 •140 • 130 
4X00 •220 •290 •390 •400 •300 •210 •210 •240 •230 •230 •220 
6X00 •320 •440 •600 •620 •450 •320 •310 •350 •350 *350 •320 
SJOOO •440 •590 •830 •860 •610 •430 •420 •460 •460 •460 •430 
9X00 •490 •660 •940 •980 • M 0 •480 •470 •510 •510 •510 •480 

10X00 •550 •740 •1X70 • 1.110 •760 •530 •520 •570 •570 •570 •540 
11.000 •610 •820 • 1 4 1 0 • 1450 •850 •590 •570 •630 •630 •630 •600 
12j000 •+60 •900 • 1 4 4 0 • 1 4 8 0 •920 •640 •620 •680 •680 •680 •650 
134100 •720 •980 • 1 4 0 0 • 1 4 4 0 • 1X20 • 700 •670 •740 •740 •740 •710 
14X00 • 760 • 1X70 •1X70 •1.720 • 1.100 •750 •730 •790 •790 •800 •770 
15X00 •830 • l . i jO •1X40 • 1 4 0 0 • 1.190 •790 •770 •840 •840 •850 •830 
16.000 •880 • 1 4 6 0 •2X30 •2.120 • 1400 •850 •830 •900 •900 •900 •890 
17.000 •920 • 1 4 6 0 •2,200 •2.310 • 1.400 •890 •890 •940 •940 •950 •930 
18X00 •980 • 1 4 2 0 •2.430 • 2 4 8 0 • 1 4 5 0 •940 •920 •990 •990 • 1000 •990 
I9X0O • 1X50 •1.710 •2.710 •2.920 • 1.730 • 1010 •970 • 1050 • 1060 • 1060 • 1060 
20.000 •1.120 • 1520 •3X70 • 3 4 0 0 • 1.940 • 1070 • 1030 • 1120 • 1120 • 1120 • 1120 
21.000 •1.220 • 2 4 7 0 •3.690 •3.950 • 2 4 9 0 • 1170 • 1080 • 1190 • 1190 • 1200 • 1190 
22X00 • 1 4 7 0 • 3 4 5 0 •4X30 

•4.980 
•5X80 •2.990 • 1310 • 1150 • 1270 • 1260 

• 1280 
• 1290 • 1270 

23X00 • 1 4 8 0 •4.440 •6.140 
•6.620 

•6.760 •4.120 •1500 • 1200 •1360 •1360 • 1370 • 1340 

24X00 •1.990 •6.160 •8X00 
•9.150 

•9X30 •6X10 • 1900 • 1270 • 1470 • ' .470 
• 1480 

•1490 • 1430 

25X00 •3.100 • 9 4 6 0 • 13400 
• 13.930 

• 15.890 • 9 5 7 0 •3160 • 1370 • 1640 •' .650 • 1680 • 1560 

26X00 •4.770 •13.340 •20.240 
•20.930 

•24,200 • 14490 •4430 • 1460 • 1840 • 1850 • 1920 •1670 

27X00 ••.430 •18420 •30X00 
•32.090 

•36.290 •20X30 •5870 • 1630 •2630 •2540 
•2690 

•2640 • 1870 

27400 •6.650 •19.930 33400 
34,950 

•39400 •21460 •6150 • 1710 •3150 •3080 
•3180 

•3190 • 1980 

27400 •6.920 •20.950 37.400 •42430 •22.420 •6430 •1780 •3450 • 3500 • 3500 • 2080 
28.200 •9.150 28440 61.340 71.400 • 3 5 4 5 0 •9240 •190 •4220 
14X00 •10X00 •45430 Open Open Open •9600 • 1150 •3320 • 3330 •3340 • 1600 

' l Hi. « 25.4 mm: I pti * 6.895 kPa. 
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See Fig. C-l fot pec tacanom 
Ten Hfitrileee: 193*F 

Fhw i s : Icactfc - 1.7 • ;4eyth - 0.71 « . 

piCBiire Straw (jttW/wH'pt No. 
<P>> I 2 3 4 5 6 7 t 9 10 II 

0 0 0 0 0 10 0 0 0 0 0 0 
•MOO 220 320 450 430 310 230 220 220 230 220 230 
tjaoo 420 620 900 •50 590 440 410 420 430 420 430 

I240O 620 940 1.400 U I 0 190 660 610 640 650 640 640 
16.000 •20 1.260 1550 1450 1410 •60 •10 •SO •70 •SO •60 
20.000 940 I J W 244© 2j620 1460 1460 990 1050 1010 1050 1050 
21.000 910 2.1*0 3440 2.940 1.130 1.140 1020 1120 1140 1120 1100 
22.000 1030 3.250 4470 3510 2490 1400 1100 1220 1230 1220 1170 
23.000 1140 5.460 7460 5560 3.720 1.720 l ltO 1320 1340 1330 1260 
23.500 1230 6.560 •490 7.140 4J6*0 2.110 1210 1370 1300 1370 1290 
24.000 1530 •440 11490 9440 6.400 3.120 1240 1450 1470 1450 1350 
24.500 2440 I0J30 15.120 12.360 »4«0 4.100 1330 1530 1560 1540 1420 
25.000 3230 13.520 19.700 15.900 10.410 5400 1370 1620 1650 1640 1500 
25450 3400 14.490 21.350 17.420 11410 5440 1450 1670 1700 16*0 1550 
25.500 3530 15.320 22410 IS4O0 11J70 5.450 :4W 1700 1730 1710 ISM 
25.750 3930 17430 27420 22.030 I3J60 6.1 M '.540 1739 1760 1740 1640 
26.000 4270 20 J) JO 31.400 25.190 I5J630 6460 1600 1750 17*0 1760 1710 
26450 4460 21.270 33430 27440 16430 7440 1640 1750 1700 1750 1750 
26400 4940 24.500 39.750 31450 19400 •410 1690 1760 1790 1760 ISOO 
26400 4990 24.770 40.350 32JSO 19.440 •400 1700 1770 ISOO I 7 M 1*40 
26.750 5020 25.130 41.100 32.990 19.730 •400 1720 1790 l«20 I M 0 l«70 
27.000 5830 3IJ040 53.660 42.400 24J70 10440 1M0 l»20 I t tO 1»20 1970 
27.000 5190 31.360 54.430 43.020 24450 10.140 1«40 IB70 1890 l»70 2020 
27,250 5910 32.590 57.550 45430 25420 10.420 l«90 1910 1940 IB90 2070 
27400 594*0 i930 
18.000 5560 32450 5»4I0 45400 25410 10450 1430 1400 I4S0 1410 1560 

0 4510 30.770 55.210 42.190 23400 S5S0 510 410 430 420 600 

* l in = 25.4 mm. I pa ' 6.S95 kft. 
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TaMtC-3. lteMte4llMdMtiraM•MM«c«IV7E•A3^pcMlV-7|i•lo«|M«Mf 
See K«. C-l for gage locations 

Tett temperaliuc: 193* F 
Flaw size: length - 2.53 •n-:4rptb - 0.71 m. 

Pressure Strain Oun/m) at gage No. -
<P*»> 1 2 3 4 5 6 7 8 9 10 II 

0 0 0 0 0 0 0 0 0 0 0 O 
1.000 +60 • 9 0 + 140 • 120 +90 • 7 0 +60 +60 +70 +60 +60 
2.000 +100 • ISO •260 •24C • 170 • 140 +120 +120 • » » •no +110 
3.000 +160 •270 +390 •370 •260 •200 •170 +iac> •180 • 180 • 170 
4.000 •210 •360 •510 •500 •340 •260 •210 •230 •230 +220 +210 
5.UO0 +260 +450 +650 •640 •430 •330 •270 •280 •280 +280 +260 
5.500 •290 +490 •710 •690 •470 •350 •290 •300 •310 +300 +280 
5,750 +300 +510 •740 •720 •490 •370 +300 •320 •320 +310 +290 
6.000 •320 •540 •790 •770 •510 •390 •310 +340 •340 •330 +310 
6 3 0 0 •330 •550 •820 •800 •530 +410 •320 •340 •350 •340 •320 
6.500 •340 •570 •850 •830 •550 •390 •330 •350 •360 •350 •330 
6.750 •350 +590 •880 •860 •520 •430 •340 •370 •370 •370 •340 
7.000 •360 +610 •910 •890 •590 •450 •360 •380 •380 +380 •350 
7.300 •370 +630 •950 •920 +610 +460 •370 •390 •400 •390 •360 
7300 •380 +650 •970 •950 •620 •470 •370 +400 •410 +400 +360 
7.750 •400 •680 • 14)20 + 1J000 •650 •490 •390 •420 •430 •420 •390 
8.000 •410 •700 • 1.060 + 1.030 •670 +510 +400 +430 •440 •430 •400 
8.250 •420 •720 •1.090 +1.060 •690 +520 +410 +440 •450 +440 •410 
8300 •430 •740 • 1.120 • 14)90 •700 •530 +420 •450 •460 +450 +420 
8.750 •450 +770 + 1,170 • 1.150 •730 •550 +440 •470 •480 •470 +440 
9,000 +460 •790 •1,200 • 1.170 •750 •560 •450 +480 •490 +480 +440 
9.300 •470 +820 •1.250 • 1.220 •780 •580 •470 +500 •510 •500 +460 
9^00 •490 +840 •1.280 • 1.250 •800 +600 •480 •510 •520 •510 +470 
9.800 •500 +860 • 1.330 • 1.300 •830 •620 •490 •530 •530 •530 •490 

10.000 •510 +880 +1.360 • 1330 •850 •630 •500 •540 •550 •540 •500 
10.300 •520 •910 • 1.410 • 1.350 •87C •650 •520 •550 •560 •550 •510 
10300 >530 •920 •1.440 •1.410 •890 +660 •530 •560 •570 •560 •520 
10.800 •550 •960 • 1300 + 1.470 +910 +680 •540 +580 •590 +580 +540 
11.000 •560 •970 • I^JO + 1300 •930 •690 •550 •590 •600 •590 •550 
12.000 •600 •1.060 •1.690 • 1*70 • 14)20 •750 •600 •640 •650 +640 •590 
13.000 •650 • 1,150 •1,870 • 1.860 • 1.110 +810 +650 •690 •700 •590 •640 
14.000 •690 • i .280 • 2.130 +2.120 • 1.230 •870 •700 •750 •760 • 750 +690 
15.000 +730 +1.410 • i . 3 5 0 •2.330 • 1.350 •940 •750 •800 •810 •800 +740 
16,000 •760 • 1370 +2370 • 2 3 4 0 • 1300 • 1020 •790 •850 •860 +850 •790 
17.000 •790 • 1.770 •2.840 •2.720 + 1 * 6 0 • 1100 +840 •890 •910 •900 •830 
18.000 •820 • 1.980 •3,190 • 2.950 • 1.760 • 1200 •870 •930 •950 •930 •870 
18300 •850 •2,170 • 3 3 4 0 •3.170 • ! 830 + 1280 •900 •960 •970 +960 •890 
19.000 +880 +2.480 •4.070 • 3 3 J 0 • 1.950 •1380 •920 +990 • 1000 •990 •920 
19300 •910 +2.910 •4.700 ' 44)60 •2.190 • 1490 •940 • 1010 •1030 • 1020 •940 
20.000 •970 • 3 * 4 0 • 5 * 2 0 +4.960 •2.700 • 1710 •970 • 1050 • 1060 • 1050 •960 
20300 • 1050 +4.420 • 6 3 4 0 •5.950 •3 .4W •1970 •990 • 1070 + 1090 + 1080 •980 
21.000 +1200 •5.610 *5,Z\.<0 • 7 * 0 0 • 4 * 0 0 •2640 • 1010 + 1110 + 1140 +1120 • 1010 
21300 • 1390 • 6 3 8 0 • 9 * 0 0 •9.020 • 5 3 6 0 •3320 • 1030 • 1150 • 1170 +1160 • 1030 
22,000 + 1820 • 8 / / I 0 + 11.740 • 11.160 +6,770 ^4120 •1060 • 1200 +1220 +1210 + I06O 
22300 •2320 •9.440 + 14,200 + 13.460 +7,980 • 1750 • 1090 + 1240 •1260 + 1250 + 1090 
23.000 •2720 • P.330 •17,700 • 17.040 • 9 * 9 0 •.•370 + 1110 + 1280 • 1300 • 1300 • 1120 
23.400 •3130 • 11.050 •2\<WH) +22.160 • 11.940 • 3640 • 1140 • 1330 + 1360 • 1340 + 1140 
23.700 •3330 • 15.170 +26.080 +24,990 + 13.100 '7160 • 1150 + 1350 •1380 + 1370 • I I 6 0 
23.950 +3600 •20.710 •38.270 +36,430 • 17.160 +8690 >940 + 1120 •1200 • 1130 •920 
17.000 •3490 •20.490 •37,510 +36,060 • I6.97P +8550 •820 • 1000 • 1020 • 1010 •810 

0 •2650 • 18.570 •34,090 •32,450 + 1 5 . 1 0 +7410 +50 • 180 •190 • 180 +50 

**! in. = 25.4 mm: I psi = 6.895 kPa. 
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Appendix D 

Acoustic-Emission Monitoring of HSST Intermediate Test Vessel V-7* 

INTRODIJCTION 

Acoustic emission (AE) is the term applied to the spontaneously generated elastic waves produced 
within a material under stress. Plastic deformation and the nudeation and growth of cracks are the primaiy 
sources of AE in metab. Acoustic-emission techniques have been succcssfuly applied to the evaluation of 
structural integrity in bridges, nuclear and petrochemical pressure vesseb. wind tusmeb, rocket-motor cases, 
and composite materiab and pipeline.'"' * Acoustic emission has already been incorporated into production 
line testing in one AEC faculty.* 

The Nuclear Regulatory Commission in conjunction with Oofc Ridge Natioral Laboratory b conducting a 
continuing test program on heavy-scction-steel pressure vesseb. The purpose of the program is to gather 
experimental data concerning the failure modes of thick-waned pressure vesseb with very large fbws. A 
secondary purpose is to demonstrate and evaluate various methods of nondestructive testing techniques in 
detecting and analyzing flaws and thus preventing catastrophic in-service failure. Dunegan/Endevco has 
participated in the AE monitoring of three of these test vesseb. This report covers the monitoring of 
intermediate test vessel V-7; a similar report will be generated from data acquired from each of the other 
vesseb monitored by Dunegan/Endevco. 

EXPERIMENTAL PROCEDURE AND RESULTS 

A block diagram of the Dunegan/Endevco model 1032 source location system used in this work is 
presented in Fig. D-l. The features and components of the model listed below are worth noting. 

Ttamduc'r: Punegan/Endevco S140B single-ended 140-kHz resonant frequency transducers were used 
in this work. 

Array selector/audio monitor: The 1032 utilizes a four-transducer array configuration. Each array is 
totally independent of all other arrays and monitors AE activity both inside and outside the array 
boundaries. The array selector allows oscilloscope monitoring via thumbwheel switch selection of the four 
analog signals within any array. The audio monitor heterodynes the high-frequency analog signal from any 
channel to provide an audible measure of the AE activity. 

Delta-t interface: The delta-r interface is the heart of the 1032. When an AE event has occurred, this 
module determines which array has been excited, locks out all other arrays to reduce subsequent 
extraneous data, determines the transducer arrival sequence, measures the corresponding arrival times, and 
stores the event information in computer memory. 

Interdata model 74 computer: The model 74 computer calculates the X and Y coordinates of the 
source as well as the event severity and prepares the source information for display on the CRT and 
printout on the terminal. 

61 j CRT: The CRT provides an instantaneous display of the location of esch source in relation to the 
position of the four sensors involved. A dual histogram indicating the number of events per array and the 
number of ringdown counts (event magnitude) ncr array alerts the operator of the most active areas and 
their severity. The computer front panel switches allow the operator to select any array and its monitoring 
area for display on the CRT. 

*This appendix is a report to ORNL by M. P. Kelly. Field Test Manager. Duncpn/Endcvco. who* work was 
performed under UCCND Purchase Order 11Y-7328V 
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Termini: Besides serving as an input device for the test operator, the printer/cassette combination 
provi Jes a hard-copy output of each event for test analysts. The event number, array number, delta-/'*, 
source coordinates, test time, and event severity are output for each event. The cassette record permits the 
operator to either duplicate the test results at a hter date or actually recompute and display "new" tauter 
coordinates using an alternate calibration value. 

Calibration: The 1032 is self-calibrating since the wave velocity ot the material is ineasured 
automatically b- *he system during a special calibration run prior to testing. A piezoefecir;r transducer used 
as a puber is attached to the structure next to one of die pickup sensors and excited by an electrical signal 
to simulate an AE event. The closest transducer detects the event immediately and enables miee delta-/ 
counters, which are disabled as the other sensors are hit. This technique provides the »ystsm with (he 
maximum time of flight between transducers fot rejection of erroneous data in hardware, as wed as 
calculation of source coordinates of legitimate data. 

T) e vessel monitored in this work was a vertical cylinder of A533. class I . tow-carbon steel. Two arrays 
of four sensors each were attached to the vessel using plastic tape and a room-temperature vulcanizing 
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produced by a transducer. Hard-copy reproductions of the source activity for arrays 0 and I are shown in 
Figs. D-4 and D-5. The original Haw coordinates |457 mm (18 in.»| are indicated by solid lines in these 
figures. 

DISCUSSION OF RESULTS 

Acoustic emission from the artificial defect was recorded by both of the four-transducer arrays attached 
to V-7. Although array I received more total events, most of the flaw- emission triggered array 0. Each oi 
the array CRT plots (Figs. D-4 and D-5) includes several sources to the sides of the arrays, rhese sources 
were probably caused by heater coil drag as the vessel expanded. The Katter of sources from the artificial 
defect can be attributed to wave transmission problems related to physical vessel geometry and transducer 
layout. Normally, in pressure vessel testing, transducers would be separated by distances at least five limes 
the vessel thickness in order to reduce the effect of bulk wave transmission paths. The V-7 heating coils 
prevented normal transducer spacings and also accounted for the close proximity of the transducers to the 
actual flaw. Since bulk waves tend to attenuate much faster than surface waves, their effect is. of course, 
more profound near a source Four of the AF, transducers were located within 152 mm (6 in.) of the defect 
due lo the presence of the heating coils. 

The scatter from a real Haw in a pressure vessel with a normal transducer arrangement would be 
significantly less severe. 
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The followmg conclusions can be drawn from the test results: 
1. The count pressure cune could have been utilized to halt pressurization prior to failure had this 

been desirable. A substantial change in slope was detected between 138 and 145 MPa (20 and 21 ksi). 

2. The bulk of properly located flaw emission was detected prior to 83 MPa (12 ksi). although flaw 
activity did resume at 145 MTa (20 ksi). The inttiai data might be attributed to cracking of the E l weld at 
the root of the sawcut. 

3. Some of the scattered cminon in each array may be actual flaw eonssiuA. Significantly larger arrays 
would reduce scatter and improve locational accuracy. 
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