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FOREWORD

The work reported here was performed mostly at Oak Ridge National
Laboratory (ORNL) under sponsorship of the U.S. Nuclear Regulatory Com-
mission's (NKC) Heavy-Section Steel Technology (HSST) Program, which is
directed by ORNL. The program is conducted as part of the ORNL Pressure
Vessel Techmology Program, of which G. D. Whitman is manager. The mana-
ger for the NxC iz ¥. K. Lymn.

This report is designated Heavy-Sec:ion Steel Technology Program
Technical Report No. 45. Prior reports in this series are liisteu jelcw.
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TEST OF 6—-IN.-THICK PRESSURE VESSELS.
SERIES 3: INTERMEDIATE TEST VESSEL V-7A
UNDER SUSTAINED LOADING

R. H. Bryan T. A. King G. C. Saith
T. M. Cate J. G. Merkle J. E. Smith
P. P. Bolz G. C. Robinson G. D. Whitman

ABSTRACT

HSST intermediate test vessel V-7 wvas repaired after
being tested hydrostatically to leakage and wvas retested
pneumatically as vessel V-7A. Except for the method of ap-
plying the load, the conditions in both tests were nearly
identical. In each case, a sharp outside surface flaw 547
ma long (18 in.) by about 135 mm deep (5.3 in.) was prepared
in the 152-mm-thick (6—in.) test cylinder of A533, grade B,
class 1 steel. The inside surface of vessel V-7A was sealed
in the region of the flaw by a thin metal patch so thit pres-

: sure could be sustained after rupture. Vessel V-7A failed by

. rupture of the flaw ligament without burst, as expected. Rup-
ture occurred at 144.3 MPa (20.92 ksi), after which pressure
wvas sustained for 30 min without any indication of instability.
The rupture pressure of vessel V-7A was about 21 less than that
of vessel V-7. The test demonstrated (1) that the pneumati-
cally sustained loading did not significantly affect the behav-
ior of the flaw, and (2) that the repair of the original V-7
flaw, made by the half-bead welding technique without stress
relief, was capable of withstanding pressures up to two tixes
design yressure. The report includes pretest analyses and a
complete set of test data.

1. INTRODUCTION

The ‘United States electric power industry adopted nuclear power as
an economically competitive source of energy during the 1960-1970 decade.
Plans were made and construction was started for boiling-water reactor
(BWR) and pressurized-water 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 predomi-
] nant capacity ratings of these plants increased to about 1100 MW(e) with
? an attendant demand for larger, thicker reactor pressure vessels. The
’
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Heavy-Secticn Steel Technology (HSST) Program was instituted during this
period of industrial chauge to accelerate !nvestigations inititated by
the industry of thick-section vessels r‘or water-cooled nuclear reactor
service. The program is especially councerned with developing the informa-
tion necessary for assessing the influence of flaws on the safety and ser-
viceability 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 msjor 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 snalysis, as well as experimental methods, are being de-
veloped for fracture evaluatiom of structures. A wide variety of specimen

. types and sizes have been tested under a wide range of loading couditions.

Considerable progress has been made in understanding the behavior of flawed
structures and in the application of results of tegsts 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 demonsgtrated 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, th~ HSST program includes simulated servi:ze
tests, of which the intermediate vessel tests are a part.

The aim of simulated service testing is to provide, through a series
of exp.riments, a connection between the behavior of structures observed
in a laboratory environment and the behavior of full-size components under
the vide variety of conditions that constitute the real operating environ-
ment. 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 in-
clude material properties; flaw location, orientation, shape, size, and
sharpness; and loading and envirommental conditions. If expense, resources,



safety, and time 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 thanm,
reactor pressure vessels. Since such an approach is completely imprac-
tical, 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 methods to predict actual fracture behavior of
flawed structure under known conditions of material properties and loading.
In the planned progression of such tests, analytical methods are confirmed,
improved, or their limitations revealed. The testing of intermediate ves-
sels in conjunction with tests of flawed tensile specimens of similar va-~
terial and flawed models of the intermediate vessels permits conside:-ation
of many variables. Thus the intermediate vessel tests'are a part of a
structural test program that covers ranges of flav size, gection thickness,
temperature, and stress state. The effects of differences in transverse
restraint, toughness, plastic strain, biaxiality, and stress concentration
can be observed and analyzed.

The original objectives emphasized in the simulated service task were
(1) to demonstrate capability to predict the "vessel tr-asition temperature"
for a selected crack configuration using the material of interest (ASTM
A533, grade B, class 1 plate; ASTM A508, class 2 forging); and (2) to dem-
onstrate, 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 combinartion that will cause fracture for both frangible and
tough fracture conditions.

The intermediate vessel tosts have been subdivided into four series:

1. flaws in cylindrical vessels, A508, class 2 forging ste2l — two ves-
sels;

2, flaws in cylindrical vessels with longitudinal submerged-arc weld
seams, A508, class 2 forging steel — thives vessels;

3. flaws in cylindrical vessels with longitudinal submerged-arc weld
seams, A533, grade B, class 1 plate steel — two vessels;
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4. cylindrical vessels wvith radially attached nozzles; vessels of A508
class 2 forging steel and A533, grade B, class 1 plate steel; nozzles
vi A508, class 2 forging steel — three vessels.

Reports have been prepared on tests in all four series. The report!
on the first series contains a cimprehensive 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 vredictions. Emphasis is placed
on providing the rest results in such a mauner that they form a resource
for any investigstors interested in the problem of fracture. The report2
on series 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 reports also describe the use
of fracture toughness weasurements based on equivalent-energy concepts.
These measurements and the investigations of crack growth by tests of both
large tensile specimens and mcdel vessels provided the bases for amalytical
predictions of rupture conditions. The report’ on series & presents simi-
lar details on the two vessels with nozzles that have been tested.

Intermediate test vessel V-7 has been tested three times in series
3. This vessel has the same cylindrical geometry as the five vessels of
the first two series. However, vessel V-7 contained s flaw that was much
larger and deeper than those of any other vessel tested. The first test
was preceded by tests of steel scale models of V-7 and by snalyses, which
all together indicated that the mode of failure would be the rupture of
the thin ligament along the base of the flaw. Vessel V-7 failed as pre-
dicted, the first test being necessarily terminated by the leakage of “he
pressurizing fluid. The vessel as a structure and the flaw itself re-
mained stable throughout the test. Results of the first test were reported
(Ref. 4) while the vessel was being prepared for the second test with the
designation V-7A. The latter test is the subject of this report.

The pneumatic test of vessel V-7A was initially conceived and planned
as a replication of the hydrostatic test of vessel V-7. It was thought
that this test would serve two purposes: (1) to demonstrate the effects
of sustained pressure loading on the behavior of a large cracklike flaw




in a thick pressure veasel and (2) to try out certain means of performing
later crack propagation and arrest tests in this or other intermediate-
8ize vessels. Vessel V-7A vas tested essentially as plenned. Loading

was sustsined prior to rupture through the use of nitrogen as the pressur-
izing fluid and after rupture by a thin metal membrane welded to the ingide
surface of the vessel in the area of the flaw. The crack behaved as pre-
dicted, with the rupture pressure differing from that in the V-7 test

by 2Z.
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2., PRETEST PLAMNING AND AMALYSIS

2.1 Background

The test of vessel V-7A vas designed primarily to study the prerup-
ture and postrupture stability of a large deep surface flaw in the wall
of a thick presgure vessel. Eight HSST intermediate vessel tests had
been carried out before preparations for this test commenced. The in-
formetion derived from those eight previocus tests confirmed that ome
could predict the conditions for initistion of umstable crack extension
on the basis of well-characterized flaw geometry, material properties,
and loading. At the same time there was an interest! in extending the
scope of the HSST program to include an investigation of vessel failure
modes under conditions of sustained loads in order to more accurately
model the behavior of reactor primary coolant systems. Furthermore,
some questions were raised about the applicability of the results of the
intersiediate vessel tests to reactor pressure vessels, since rapid de-
pressurization upon rupture was chsracteristic of the tests. These con-
cerns led to studies of the influence of the pressurizing medium on crack
behavior. Two types of experimental investigations of flawed vessels en-
sued: (1) demonstration of the effect of sustained loading on the initia-
tion of unstable crack extension (in V-7A) and (2) study of crack propaga-
tion and arrest in thick vessels under sustained load (in progress).

2.2 Fluid Mechanics Effects

2.2.1 Pressure-time behavior during loss of fluid

Pressurized- and boiling-wa‘er-reactor (PWR and BWR) primary cool-
ant systems contain sufficient energy to maintain pressure nf the system
essentially constarnt for a long time after a small rupture occurs. The
pressure-time behavior of intermediate test vessels under hydraulic load-
ing is quite differeat, in that pressure drops rapidly even for small
bresks.

The pressure-time behavior of a vessel with 3 rupture of a given size
is dependent on the effective compliance of the euntire pressurized system,




vith account taken of the conpliance of the pressure boundary itself and
the volumes and compressirilities of all contained fluids. The cocpli-
ance of the pressure hosm iry is a minor factor for the cases of interest.
The pressur:s-time behavic - 0f 8 homogeneous system is governed for adia-
batic-reversible procass =3 by the equationz

dp c_ dm
rrdy W

vhere p is pressure, t is time, X is compressibility, cp and c, are spe-
cific heat at constant pressure and constant volume, respectively, and
m is the mass contained in volume V. The mass flow rate, dm/dt, through
a crack in the vessel is given, for cases of interest, by the critical
flow relationship

da AC,
T (2)
|

vhere A is the airca of the throat of the opening at which local sonic
velocity, Coy, 1is attained in the fluid with local specific volume, vo.
Values of C; and vy are entirely dependent upon the thermodynamic proper-
ties and initial state of the fluid. The flow process was assumed to be
isentropic.

From these relationships, pressure decay curves were constructed for
a reference design PWR under various conditions, as shown in Figs. 2.1 and
2.2. These curves agreed well with results calculated by the RELAP-4 com—
puter code,?»" as Fig. 2.1 shows. In the long term, PWR pressure would
change by about 1/2% for a leak the size of the V-7 rupture.

Pressure decay in an intermediate test vessel was calculated for both
vater and nitrogen for vessel V-7 test conditions. High~pressure proper-
ties of water and nitrogen were taken from Refs. 5 to 7. As shown in Fig.
2.3, pressure decreases linearly with time for a short time interval, since
the mass, mass flow rate, and thermodynamic parameters in Eq. (1) change
very little.

These analyses show that pressure in a ruptured pneumatically loaded
intermediate test vesssl would decrease more rapidly than it would in a
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PVR vessel with the same size opening. Although the load dropoff in the
test vessel would not seriously impair some fast crack propagation tests,
vhich may last only a few aicroseconds, slovly developing changes would be
affected. Consequently, a leak-retarding patch was installed in vessel
V-7A so that long-tera post-ligament-rupture behavior could be cbserved.

2.2.2 load changes prior to rupture

Several quasi-static and dynamic processes affect the capability of
a test system to sustain the load on a cracked vessel prior to rupture.
Thev are susmarized in Table 2.1. The changes in the state of the pres-
surizing fluid result in changes in the pressure load and are csused either
by deformations of the vessel of by perturbations of the testing system.
With the possible exception of highly localized and rapid deformation of
the mexbrane near the flaw (a special case of change A, cause 2 in Table
2.1), all the changes take place glowly enough for the resultant pressure
change to be uniformly distributed over the inside surface of the vessel.
Accordingly, they have been evaluated as qiagsi-static changes in pressure.
A conservative model of rapid deformation uear the crack has been used to

estimate the upper limits on the potential dynsmic effect on crack-zone
stresses.

Table 2.1. Fluid mechanics processes affecting crack-zone
stresses prior to rupture

Change in fluid state Causes
A. Change in volume of 1. General elastic or plastic dilation
fluid inside vessel of shell

2. Local plastic deformation of membrarve
a8 crack opens or grows

B. Change in fluid mass 3. Compliance, leakage, and cooling of
ingide vessel pressurizing systea

C. Change in temperature 4., Change in vessel temperature
of fluid

5. Change in rate of heat input to the
vessel and fluid masses
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The testing procedure calls for increasing the presgure as rapidly
as the pumping system allows. The pressurization rate was about 356 kPa/
ain (50 psi/min) for the pneumatic system used for vessel V-7A and about
5000 kPa/min (700 psi/min)} ia the hydraulic intermediate vessel tests.
The vessel dilates with increasing pressure; and after yielding, there is
s continued slow dilation for some time afcer pumping stops. In the tests
ar 55°C (130°F) and sbove (vessels V-1, -3, -5, -6, and -7), substantial
stable crack growth was observed as pressure increased. Pressure incre-
ments and crack growth are attended by changes in cracz-opening displace-
ment (COD) and small movements of the inside surface of the vessel. If
this surface, which is in contact with the pressurizing fluid, moves
slowly during a crack jump, the pressure will change uniformly throughout
the vessel. In this case, the effect on load and crack-zone stresses can
be estimated from the change in fluid volume.

Volume changes. The expansion of vessel V-7 and the distortion of
the inside surface near the flaw were estimated from strain data from the
first test and posttest measurements of the flaw zone. The parameZers
used in this analysis are given in Table 2.2. The relationships goverm-
ing pressure changes for isothermal and adiabatic-reversible conditions
are, respectively,?

(dp)‘f == :—: ’ (3)
and
¢ dv
(dp)s--EE-V—’ (4)
v

The changes in volume are sufficiently small that variation of the thermo-
dynamic variables and V with pressure can be neglected. Furthermore, it
is conservative to assume that entropy, s, is constant, since its actual
increase would diminish the pressure drop by B‘l‘/lccv ds, vhere T is tem-
perature and B is the coefficient of thermal expansion of the fluid.

The isothermal equation [Eq. {3)) is less conservative, because
it does not include the factor cp/cv, wvhich 1is always greater than 1.



13

Table 2.2. Calculated pressure changes in vessels V-7 and
V-7A due to ligament necking, crack region bulging,
and uniform vessel strain

Internal volume of vessel, w® (ft?) 0.696 (24.6)
Initial pressure, MPa (psi) 138 (20,000)
Initial temperature, °C (°R) 87.8 (190)
Necked ligament
Length, msm (in.) 125 (4.92)
Average width, s (in.) 25 (0.98)
Maximm depth, sm (in.) 13 (0.51)
Displaced volume, m® (ft?) 2.03 x 10”° (7.17 x 107")
Ap, kPa (psi)
H,0 (V-7) —-106 (15.3)
N2 (V-7A) -15.3 (2.2)
Bulging
Length, 2L, mm (in.) 330 (13)
Width, 2W, mm (in.) 540 (21)
Maximua depth, mm (in.) 4.0 (0.16)
Displaced volume, m® (ft?) 1.2 x 107" (4.2 x 107?)
Ap, kPa (psi)
H20 (V-7) —620 (—90)
N2 (V-7A) -90 (-13)

Uniform dilation

Nominal final circumferential strain, 2 0.13
Nominal final axial strain, 2% 0.03
Displaced volume, m® (ft?) 1.43 x 10~2 (5.05 x 10~?)
Ap, MPa (psi)
H20 (V-7) -7.46 (-1082)
N2 (V=7A) —-1.08 (-156)

Furthermore, isothermal conditions could not be maintained during the

rapid change in pressure that we wish to evaluate.

Volume changes resulting from ligament necking, bulging, and uniform
dilation of vessel V-7 were estimated separately. These changes took place
generally throughout the last part of the test according to the actual
strain, COD, and ultrasonic measurements. ® Figures 4.11, 4.12, and 4.15
of Ref. 7 indicate that most of the deformation took place at high pres-
sure, generally above 124 MPa (18,000 psi). It is plausible that necking



acd bulging, in some instances, advanced in rapid jumps of such small
magnitude that the discontinuous nature of the events could not be de-
tected. In order to evaluate the possible contribution such events might
have made fo pressure decay durirg the test, we calculated the pressure
drops that would have resulted if all the deformations had occurred in one
rapid jump. The results are given in Table 2.2 for V-7 (the H;0 cases)
together with predictions for V-7A (the N2 cases).

Necking parameters were estimated by visual inspection of the de-
formed inside surface of V-7 after the initial test. (Sce Fig. 4.19 of
Ref. 8.) Uniform dilatior. was based upon average strains in the cylin-
drical part of the vessel, as shown in Table 2.2.

The volume change resulting from bulging was estimated from the COD
and ligament strains measured at maximum pressure in the V-7 test. (See
Figs. 4.12 and 4.14 of Ref. 8.) The angular rotation, o, of the crack face
was estimated from these data. Bulging of the inside surface was assumed
to be confined to an area of axial length, 2L, and circumferential width,
2W, with the flaw at the center. The bulging displacement, w, was assumed
to vary with ciccumferential distance, x, and axial distance, y, from the

center of the flaw as
v = (L- |y]) W~ |x])? (5)
2LW ¢

The calculated pressure drops given in Table 2.2 are far too small
to account for the pressure-time behavior of vessel V-7 during pauses 1in
pumping. In that test, pressure drops of 2000 to 3000 kPa (300 to 400
psl) were typical for pauses at pressures above 70 MPa (10 ksi). The COD
and strain changes during these pauses were gmall in comparison with the
total changes — about 10X of the total in the worst case. We concluded
that the quasi-statfc changes in internal volume affected preasure during
pauses only to a minor degree in the hydraulic test and that pressure drops
induced by such changes contributed negligibly to changes in the crack-

zone stress field.

Tegt system changes. The test system used for the hydraulic inter-

mediate vessel tests i{s capable of raising the vessel pressure rapidly,
by about 4000 kPa/min (600 psi/min) at low pressure and 6C00 kPa/min
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{900 psi/min) at high pressure. When pumps are stopped, there are two
factors that may contribute to a gradual and continued decline in pres-
sure. First, leakage past pump seals and check valves would cause a
continued slow decline in pressure. Second, stopping the pressurizing
pumps is an occurrence which produces a discontinuity in the rate at

which the £luid in the vessel is heared. During constant pumping, a

steady-state fluid temperature tends to be established through a balance
of the energy imput from compressive work and heat loss from the fluid

to the vessel and its environs. The decrease in energy input upon cessa-
tion of pumping causes the fluid temperature to decline toward a new
steady state dependent entirely upon the vessel heating system. In this
case, pressure would decline approximately in proportion to absolute tem-
perature and also approach a 3teady value. The pressure in the nitrogen
system is quite sensitive, at 138 MPa (20,000 psi), to a ckange in tem-

perature, since

(%% = 1,500 kPa/K (40 psi/°R) .
v

The variation of pressure with time was not measured with enough
precision in the V-7 test to determine whether the pressure declined
linearly with time or tended to approach a steady value. In the V-7A
test, pressure did tend to level off after a few minutes with total pres-
sure drops equivalent to a1l to 2.5 K (1.8 to 4.5°F) drop in average tem-

perature of the gas.

Rapid change in pressure. When a crack pops in or runs unstably,
there is an attendant local movement of the inside surface of the vessel.
The recession of the pressure boundary, illustrated ian Fig. 2.4, will gen-
erate a local d2compression wave affecting the load on the boundary and,
as a c.nsequence, the stress field niar the filaw. The decrease in pressure
on the receding boundary is immediat:, while the effect at a distance is
delayed. In both locations, the magnitude of the change is determined by
the speed of the receding boundary and the thermodynamic properties of the

pressurizing medium.
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In order to egtimate the dynamic effect of a local displacement of
the boundary, a one~-dimensional idealization of the problem has been an-

alyzed. 1In this idealization the foilowing assumptions were made:

1. The receding boundary (Fig. Z.4b) is a plzne moving as a piston
away from the initially static fluid.
2., The vessel wall accelerates continuously without restraint under

the influence of a constant (initial) pressure.

The geometry of the simplified problem is defined in Fig. 2.4c; given the
motion of the boundary prescribed by assumption 2, the task is to find the
change in pressure on the boundary itself and at distant points represen-

tative of the wall of the pressure vessel remote from the crack. The
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calculated changes in pressure will be extreme overestimates, since as-
sumption 2 completely ignores the strength of the vessel.

Behavior of the fluid next to a receding boundary is described® by
the nonlinear partial differential equations,

d

[¥+(E:Z)g;] (utF)=0, (62)

vhere u and ¢ are fluid particle and sound velocities, respectively, and
F is the thermodynamic variable,

P -
F-IE‘{. (6b)
pc

Thus, F is a function of p and Py The fluid dynamic process was assumed
to be isentropic;- the thermodynamic state and F at any point is then com-
pletely defined by the _nitial state and one variable, such as p in Eq.
(6b). Alternatively, F may also be defined in terms of c.

The boundary conditions for the problem are

(1) u= X on the moving boundarv; and

(6c)

(2) att=0: u=0,c¢= E;, and p = P, everywhere.

The solution to the problem obtained by the method of characteristics

is that on each characteristic, C; (a line in the x — t plane in Fig. 2.5),
defined by

9% G +¢C. = constant
de i i ’

7

originating at point Xi, the variable F is a constant given by

F o= X . ‘ (8)

+
Thus, the C characteristics are straight lines, illustrated in Fig. 2.5,

along which F, p, and c are constant (but generally different from one char-
acteristic to another).
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Calculations were made with nitrogen data from Stewart et al.” Results
shown in Table 2.3 give the time and decompression on the moving boundary
and on the characteristics for boundary displacements up to the maximum
bulge analyzed statically, that is, 4.0 mm (0.16 in.). Initial conditions
are as shown in Table 2.2. Table 2.3 also gives the time required for a
pressure change of a given magnitude to propagate a distance representa-
tive of the average distance from the crack to the remote wall of the cylin-
Jder.

The results indicate that the local decompression is substantial
(about 10Z) for a displacement of 4 mm under the stated assumptions. How-
ever, it is important to note that it requires substantially longer for
the disturbance to start to unloz”’ the major portion of the structure than
the running time of a fast pop-in. In view of these results, it was con-
cluded that it 1s unlikely that pop-ins would be arrested as a result of
the dynamic interaction of the vessel boundary, the fluid, and the struc-

ture.
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Table 2.3. Results of calculations of the
effects of a moving boundary

Boundary Dispiacement Pregsure Travel time
displacement time change to x = 4r/xw
(um) (rmsec) (Mpa) (msec)
First signal 0.46

1 9.145 =7.6 0.48
2 0.205 -10.8 0.49
3 0.251 —13.2 0.50
4 0.290 —15.2 0.50

%conversion factors: 1 MPa = 145.04 psi; 1 mm =
0.0394 in.

2.3 Reevaluation of Burst Calculations

2.3.1 Interpretation of previous test results

The result of the test of vessel V-7 was clearly a leak without a
burst.® This test result was implied by pretest calculations indicating
that, at the ligament separation pressure, tihe ends c* the crack would
not exterd axially because of the increase in fracture toughness caused
by the through~thickness contraction of the vessel cylinder.° However,
this is not the only cause to which the test result could be attributed.
It could also be postulated, but not proven, that had the vessel been
loaded pneumatically rather than hydraulically, a fracture instability
rather than a leak would have resulted because of the greater compli-
ance of a pneumatic system. While we did not »“scribe to the latter hy-

pothesis, it became necessary to ccaduct a pneumatic experiment (vessel

V-7A) in order to remove any doubt about the reasons for the original
(vessel V~7) test result.

The leak-without-burst implication of the pretest celculations for
vessel V-7 mentioned above was primdrily the result of assuming that the
fracture toughness resisting the axial extension of the through crack
that existed after ligament separation would be elevated above its plane
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strain value becsuse of through-thickness contractica. This was demon-
strated by an identical calculation, based on the assumption of plane
strain conditions, which indicated that the plane strain toughmess it-
self vas insufficient to resist th: axial extenmsion of the crack at the
ligament separation pressure. Thus, the effect of decreasing transverse
restraint along the through-thickness portions of the crack front appeared
to be the most importont physical factor governing the postleak behavior
of the flaws in vessels V-7 and 7-7A.

A rational hypothesis concerning transverse restraint effects had
been developing gradually during the testing of the intermediate vessels.
The development cf this hypothesis was particularly aided by the test re-
sults obtained from vessels V-5 and V-7 and by a successful partial trans-
verse restraint analysis of the first seven surface-flawed intermediate
tensile specimens tested earlier.!® Simply stated, the hypothesis is that
the strain tangent to the crack front, in the plane of the crack, 1is the
primary agent of transverse restraint and that this strain can be inferred
from the nominal strain that would occur in the uncracked structure, in
the same direction, at the location of the crack. The development of this
hvpothesis is described in Appendix E of Ref. 10, and the partial trans-
verse restraint analysis of the Intermediate tensile specimens is given
in Appendix H of Ref. 10. The application of the same hypothesis to the
inside nozzle corner cracks in vessels V-5 and V-9 13 described in Ref. 11.
According to this hypothesis, 2n axially oriented surface crack in the
cylindrical region of a pressure vegsel ghould always be subjected to
full transverse restraint, because the axial strain in the cylindrical
part of the vessel is always nearly zero, even after yielding occurs.
However, neither an inside nozzle corner crack nor a through-thickness
crack in the cylindrical part of a vessel should be subject to plane
strain conditions, because gubstantial contraction strains occur in the
directions tangent to both crack fronts. The results obtained from all
the intermediate vessels tested to date tend to support this hypothesis.

Although & rational explanation for the leak-without-burast perfor-
mance of vessel V-7 had been developed in terms of transverse restraint
effects, little if any experimental data from pneumatic tests were avail-
able to support the hypothesis. This is because the few pneumatic tests
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of flawed vessels that had becn done before the test of vessel V-7, in-
cluding three model tests of vessel V-7 done at Oak Ridge National Labcre-
tory (ORNL), had resulted in burst failures rather than leak failures.®
This 3ituation could nave been resoived if there had been one generally
accepted method of analysis for explaining why the prior tests had pro-
duced burst failures while vessel V-7 had prcduced a leak failure. How-
ever, i~stead of one method, there were several semiempirical methods
available for analyzing the burst pressure of thin cylinders containing
long axial through-wall flaws, and the one that was the most appropriate
for the case at hand had nct been established. Thus, it became necessary
to select th~ most appropriate method for estimating burst pressures and,
as a prerequisite to the pneumatic testing of vessel V-7A, to show why it
and vessel V-7 should produce leak failures whi:"ras the previous tests

had produced burst failures.

2.3.2 Preliaminary examination of burit formulas

Equations based on the strip yield model. Three formulas for calcu-

lating the burst pressures of thin cyliadrical shells containing long
axial cracks were examined in some detail. The first two formulas are in-
tended to be applied to through-thickness cracks, and both are generaliza-
tions of the strip yield eqiation to account for the effects of cylindrical
geometry. The third formula is applicable to deep part-through surface
cracks and assumes that the fracture toughness is sufficiently high so
that failure 1s caused by the onset of plastic instability in the region
surrounding the flaw.

The strip yield equation, 2s originally derived, is applicable to a

through-thickness crack in a wide plate under uniform tensile loading.

The equation is!'?

8d..c
Y 0
éd = — In sec (ZOY) ’ (9)

where § is the COD at the real crack tips, ¢ is the half-crack length,

Oy is the yield stress, and 0 is the remotely applied tensile stress.
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Equation (9) can be rewritten in the form

60Yc . (¢]
é = = la]l + tan 53;' , (10)

which, for small values of oloy. reduces to

§ =35 (11)
Y
Usirng
2 . 1

K EOYG, (12)
Eq. (11) then gives

KI-oﬁZ, (13)
which agrees with the linear elastic fracture mechanics (LEFM) formula
for a through crack in a wide plate. The corresponding expressicn for
& longitudinal ihrough crack in a cylinderl’ is

Kl=mvzn_c_, (14)

where the bulging factor M atcounts for the increase in KI due to the
lateral deflections of the crack region caused by interral pressure.

Since Eq. (13) is a special case of Eq. (9) for through cracks in
flat plates, it has been assumed that Eq. (14) is a special case of an
equation having the same form as Eq. (9) but containing -he bulging fac-~
tor M 30 as to be applicable to longitudinal through cracks in pressurized
cylinderg. This assumption seems rational as a semiempirical approach,
but it leaves unanswered the question of where to locate the bulging fac-
tor M in the general expression for §. Consequently, two foraulas have

15

been proposed. In th. first, by Wells'® and Cowan and Kiroy, the factor

M is applied to the flaw size, c, giving

SOlec no
6 = - in sec (ﬁ) . (15)
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In the second, by Hahn, Sarrate, and Rosenfield, ° the factor M is applied

ts the stress, ¢, giving

8¢, ¢c ™

— 1o sec EE; . (16)

d =

Although Rets. 15 and 16 do not agree on the subject of where to locate

the bulging factor M in the equation for §, Ref. 15 Joes acknowledge (in
fact, by referrirg to Ref. 16) that the stress at which plastic instability
commences, which is the stress at which the value of & beccmes infinitely

large, corresponds more closely to
(o]
Y -
o-ﬁ—'i (17)
as predicted by Eq. (16), rather than t

oc=g,, (18)
as predicted unconservatively by Eq. (15). Thus, since Eqs. (15) and (16)
agree closely for small values of O/OY, but Eq. (16} provides the better
estimate of the stress at which plastic instability commences, Eq. (16) ap-
pears to be the better choice of an equation for amalyzing the burst pres-
sures of cylinders containing axial through-wall crecks. A derivation wi’l

be ziven later to further support this choice.

The Battelle Memorial Institute (BMI) plastic instability formula

for a part-through crack. Reference 17 gives a formula for estimating

the pressure at vhich plastic instability will develop in the ligament

beneath an external part-through surface flaw in a pressurized pipe, as-
suming that a toughness-controlled fracture does not occur first. Although
the equation app-ars to produce reasonable estimates of ligament plastic
instability pressures, no derivation was given in Ref. 17 or elsewhere, 30

the one discussed belowv was developed.

Referring to Fig. 2.6, it is assumed thar (1) the ligament, shown
shaded in Fig. 2.6. will fail by plastic instability at an average stress
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Fig. 2.6. Upper-shelf ligament plastic instability model for a part-
through surface crack in a pressurized cylinder.

equal to the flow stress, 0_; and (2) the load that would have been trans-

f
aitted across the crack area, in the absence of the crack, within a dfis-

tance £ from each end of the crack, is redistributed laterally beyond the
ends of the crack and is not transferred to the ligament. Thus, at liga-

ment separation,

Oprch ~ Tprc ¢ Ao = O (A=A ¢
where OPTC is the average unflawed hoop stress at ligament separation,

A= 2t , (20)
and

A= 2¢d ., (21)

Assuaing that

L o
T

- =, (22)
13



r
W

where GTC is the burst stress for a through crack of length 2¢, substitu-

ting Ea. (22) into Eq. (19) and rearranging gives

%1c A—A
= 7
¢ A Ac (oTc.df)

. (23)

Based on test data,‘7 GY in Eq. (17) is cevlaced by Og to give

1
i ’ (24)
wirere M is the bulging factor for a through crack of length 2c. Then,

substituting Eqs. (20), (21), and (24) into Eq. (23) cives!’

o 1 — (d’v)

PIC _
5. TT=(@oam - (25)

f

For an infinitely long crack, M = = and

OprcC

I¢

=1- (d/e) , (26

which provides a lower bound to the stress for ligarent failure by plastic

instatility. Also, for a lea to occur,

?;:C-i ; ’ (27)
so that, combining Eqs. (25) and (27),
e 20 (28)
o = 1 - (d/t)(OPTc/Of) )
Rearranging Eq. (28) gives
% 2.1—1—75;;27;;; . (29)
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Figure 2.7 shows plots of Eq. (25) for four different values of 1/M (1.0,
0.9, 0.5, and 0) and the curve defined by Eq. (29), showm dashed, which
separates leak conditions from burst conditions. Also plotted in Fig. 2.7
are two points representing the failure conditions for intermediate test
veasels V-6 and V-7, as listed in Table 2.4. The failur: modes of both
vessels agree with the figure. Note that Fig. 2.7 implies that all cracks
vith depths less than half the vessel wall thickness wiil produce burst

failures under overload, neglacting the effects of stable crack growth.
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Pig. 2.7. Diagram of faflure conditions as predicted by the BMI
upper-shelf ligament plastic instability nodel for part-through surface
cracks in pressurized cylinders.
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Table 2.4, Upper-shelf failure conditions fcr intermediate test
vessels V-6 and V-7, based on 0_ = 609 MPa (88.3 ksi)

f
Failure conditions
Test a/t
Vessel tiezezfg;;e ratio Pressure oprc = 2-25 p P Mode of
t [MPa (ksi)i [MPa (ksi)) PTC'Yf failure
V-6 88 (i90) 2.313 220 (31.9) 495 (71.8) 0.313 Burst
V-7 91 (196) 0.883 148 (21.4) 332 (48.2) 0.545 Leak

Trial calculations (analysis performed by G. .. Hahn, Battelle

Memcrial Institute, Columbus, Ohio). For purposes of illustration and
comparison, sample calculations were made by the BMI modification to the
strip yleld equation, Eq. (16), for both an intermediate test vessel and

a typical reactor pressure vessel, with various assumed thr. ugh-wall crack
sizes and fracture toughnesses. Using Eq. (12) and replacing the yield

stress, CY, with the flow stress, Of, Eq. (16) gives, after rearranging,

. : (303

The bulging factor M was estimated from*®

M=/14+1.61 [(c/t)2] (t/R) , (31)

in which the value of R was taken as the inside -adius ~f the vessel cyl-

inder, although it is usually taken as the mean raaius. The flow stress,

Tg» Was taken as 566 MPa (85 ksi). In these calculations, Eq. (20) was
simplified to

(32)
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The calculations are listed in Tabl. 2.5. Assuming a leak to occur in the
Treactor pressure vessel at a pressure of 2.2 times the code design pres-
sure as it did in intermediate test vessel V-7, the margin to burst appears
to be considerably less in the case of an intermediate test vessel with a
crack half-length of 200 mm (8 in.) than in a reactor pressure vessel.
This is because the bulging factor M increases with decreasing R for a
given value of (c/t), but the comparison is somewhat exaggerated by using
the inside radius rather than the mean radius for computing M. Also, the
lowest apparent margins to burst are the result of choosing toughness
values not much above the plane strain value of 460 MNem~?/2 (4619 ksivin.)
and assuming large effective crack half-lengths. Nevertheless, all the
calculations summarized in Table 2.5 predict a leak rather than a burst,
because the through-crack failure pressure, Pes always exceeds the assumed

ligament separation pressure, 2'2pd'

Discugsicn. From the preceding information, it was clear that estab-
lishing the reliability of an estimate of the margin of pressure between
leak and burst for the pneumatic test of vessel V-7A depended on the fol-
lowing factors: (1) the fracture toughness resisting the axial extension
of a longitudinal through crack, especially as it is increased above the
plane strain value by through-thickness contraction; (2) the rationality
of the BMI-modified strip yield equation, Eq. (16), for predicting the
burst presgsure of a cylindrical shell containing a longitudinal through-
thickness crack; and (3) the effective length of a trapezoidal through
crack. Therefore, additional studies concerning each of these factors were
perforred, as discussed below, following which final calculations were made

to estimate the pressure margin between leak and burst for vessel V-7A.

2.3.3 Comparisons between COD and K. measures of toughness

In the pretest calculations for vessel V-7, it was estimated that the

effective fracture toughness resisting the axial extension of a th:ough



Table 2.5. Trial burst pressure calculations ror an intermediate test
vessel and a typical reactor presasure vessel considering long
through-wall flaws based on Op = 586 MPa (85 ksi)

KV 1
C [mm R A <). _ M o1 Pf .;P_f.___.
(in.)] [MN*m (ksivin.)] O c [MPa (ksi)] [MPa (ksi)] 2.2p
Sample calculations for HSST IVT; R = 343 mm (13.5 1in.),
t =152 mm (6.0 in.), Py " 67 MPa (9.71 ksi)
152 (6) >769 (>700) 11.3 1.3) 448 (65) 200 (29) 1.36
178 (7) 1769 (i700) 9.7 1.40 421 (61) 186 (27) 1.26
203 (8) 3769 (5700) 8.5 1.51 386 (56) 172 (25) 1.17
203 (8) 659 (600) 6.2 1.51 365 (53) 165 (24) 1.12
203 (8) 549 (500) 4.3 1.51 345 (50) 152 (22) 1.03
229 (9) >769 (>700) 7.5 1.62 359 (52) 159 (23) 1.07
Sample calculations for full-scale vessel: R = 2,16 m (85 1in.),
t = 21.6 cm (8.5 1in.), Py = 17.2 MPa (2.5 ksi1)
178 (7) 3769 (1700) 9.7 1.05 558 (81) 56 (8.1) 1.47
203 (8) 2769 (>700) 8.5 1.07 545 (79) 54 (7.9) 1.44
229 (9) 3]69 (:]00) 7.5 1.09 538 (78) 54 (7.8) 1.42

6¢
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crack could be as high as 2863 MN‘m-’/z (2610 ksi/T;T) because of through-
thickness contraction.® This toughness value corresponds to a l(c/KIc
ratio of 6.23. At first glance, this may look like an excessively high
value of toughness, but it does have some experimental justification. Al-
though direct experimental measurements of fracture coughness values this
high, in terms of Jc of Kc, have n~t been madz, some strong inferences can
be obtained from measurements of large COD values in the fully plastic
raage. Two dynamic tear (DT, specimens of A533, grade B, class 1 steel
vere tested ro incomplet: separation by the U.S. Naval Research Labora-

tory.l° One was the 162-ma-thick (6 3/8-in.) DT specimen show. in Figs.

2.8 and 2.9, which was tested at 7/°C (170°F) and developed a COD of ~13
mm (1/2 in.). Th2 other was the 254-mm (10-in.) net section thickress DT
specimen shown in Fig. 2.10, wvihich was tested at 102°C (215°F) and devel-
oped a COD of V38 mm (1.5 in.). 1In addition, intermediate tensile speci-
men 14, a 15Z-mm-thick (6-in.) surface-cracked tensile specimen tested at
93°C (200°F) by the Southwest Rasearch Inscitute,lg developed a COD of
30.5 mm (1.2 in.) at failure. The load vs COD curve tor specimen 14 is
shown in Fig. 2.11. Converting the latter COD value to an equivalent KC

value, by means of Eq. (12), but replacing Oy with o; to allow for

1’
strain hardening, gives

K_ = /E’ozltis = 2066 MN°m~3/? (1880 ksi/in.) ,

where E = 20.7 x 10* MPa (3 x 10° ks1) and ¢ , = 676 MPa (98.1 ksi).
Furthermore, as mentioned previously, partial restraint elastic-plastic
fracture strength calculations have een made for the first seven finter-
mediate tensile specimens by means of the tangent wmodulus merhod, and
these calcularions also give evidence of upper-shelf toughuess values of

approximately the same magnitude,'?

Thus, KC values approaching 2200

MNem~3/2 (2000 ksiv/in.) appear to be pnysically possible, under condi-
tions of less than full transverse restraint, on the upper shelf. Con-
sequently, there is gzood reason to believe that the through-crack burst
pressure of vessel V-7A should e cleose to the pressure required for crack-

induced plastic instability.
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Fig. 2.9. Close-up view of crack region in 162-mm-thick (6 3/8-in.)
dynamic tear specimen tested to incomplete separation at 77°C {170°F); a
general view of the same specimen is shown in Fig. 2.8.
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Fig. 2.10. View ot 254-mm (10-in.) net section thickness dynamic tear
specimen of A533, grade B, class 1 steel tested to incomplete separaticn by
the U.S. Nzval Research Laboratory at 102°C (215°F).



ISPLACEMENT (wn;

mo S 10 15 20 5 0 *» L]
h | | T 7 1 »
7000 P—
—~4
6000 b—
—=
so00 H-
- 2 =
| "
o 4000 - o
s g
-l -—‘5"
3000
-4 10
2000
1000 —~—45
i N T T N SR N N N
1] a2 o4 [13.) 03 10 12 1 4 18

DISPLACEMENT (.}

Fig. 2.11. Load vs crack-opening displacement (crack mouth clip gage)
for 152-mm-thick (6-in.) surface-flawed intarmediate tersile specimen 14
of A533, grade B, class 1 steel tested at 93°C (z00°F) by the Southwest Re-
search Institute.

2.3.4 Examination of the BMI modifjed strip yield equation

Plastic-zone-size expregsiosu. A first step in the examination of
the BMI modified strip yileld equation, Eq. (16), is the derivation of a

plastic-zone-size expression based on elastic analysis. This derivation
can be accomplished by means of the Irwin equation”'21 for a through
crack subjected to a symmetrically varying remote tensile sti'ess. The

stress-intensity factor for such a crack is ygiven by?!

/2
x-D/G[ o dB , (36)
L 0
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where
= bl ad 1/2
p- 2=t (car =), (35)
\
and
- -1 | sin (70/2w)
3 = cos [sin (Nchv)]' (36)

In Eqs. (34) through (36), ¢ is the crack half-length, w is specimen half-
width measared in the direction parallel to tie crack plane, A is the dis-~
tance from the crack centerline to a point on the crack l- e, and M is an
elastic bulging factor which has a value of 1.0 fo. a through crack in a
flat plate. (Noie that in Ref. 20 the distances A and ¢ — X were inad-
vertently reversed.) When v is large compared to c, Egqs. (34) and (35)
can be combined and reduced to

e n/2
M c
KI =573 c dB , (7
0
where
B = cos™! (Me) . (38)

Note that w has been eliminated from Eq. (37) and that 8 = 0 corresponds
to the crack tip. Following the usual procedure for the strip yield
1,'2,22

zode a plastic zone of length p is added tc the crack length, c,

so that the yield stress closure tractions acting across the plastic zone
cause the elastically calculated value of KI at the tip of the plastic
zone to be zero. Thus, infinite stresses at the ficcitious crack tip

are eliminated. Therefore, for ¢ = const.,

K. =0s=

I

Mo vx(c + p) [%/2 oy n(c + ) cos~ e/ (ctp)]
——_—"‘—"—‘f dB—“—-———f dg . (39)
0

®/2 x/2 0
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Hote that in Eq. (39) the factor M is not applied to the crack surface
tractions in the plastic zone because no additional geometry effects are

associated with these stresses. From Egq. (39),

OY . C
MG = ETE'COS - parrars (40)
or
[ Mo i
<+ p cos(aY 2) . {41)

Note that the bulgirg factor M appears with the stress 5. Furthermore,
Eq. (41) implier that p = @, which 1s a crack-indu:ed plastic instatility
condition, occurs wher MO = Oy in agreement with Eq. (17). This means
that crack-induced plastic instability can occur before general yielding

for M > 1.

Jerivation of the expressions for the crack tip and centerline crack-

cpening displacements. Because the derivatinn of the plastic-zone-size

equation, Eq. (41), for the strip yield model invulves getting the stress-
intensity factor at the fictitious crack tip ejual to zero, it might ap-
pear that the calculated COD should also remaiin zero. This might be the
case if the crack tip remained fixed and the yield stress traction zone
prog-essed back toward the crack centerline with each load increment.
However, that is not the physical model being used here. The esgential
feature of the strip yield model, as shown in Fig. 2.1z, is that the tan-
gent modulus associated with the yield stress tractions is zero. This
includes the tractions acting within the plastic zone already formed and
thogse acting within the incremental distance dp, shown in Fig. 2.12, which
is added to the plastic zone with the application of the stress ircrement
do. Therefore, the incremental CODs caused by the stress increment 4g
should be as calrulated by an elastic analys{s. On this basis, the pat-

tern of incremental CCDs due to a stress increment do should be ellipti-
cal,23 80 that

s \* . (_2_ ¥ ”
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wvhere dés is the incremental COD at the crack centerline and “3 is the
incremental COD occurring at a2 distance ' from the crack centerline.

the real crack "ip, 2 = c.

and then using Eq. (41),
d8 = d5; sin 3; ,

where

T T

Diagram of the strip yield model.

Therefore, by substituting c¢ for * in Eq.

Furthermore, based on the Green and Saeddon analysis,23

d5o = “"(C"‘_QMQ s

-
L

Therefore, using Eqs. (41) and (44), Eq. (45) becomes

_ 4Mc do i

E cos oy

At
(42)

(43)

(44)

(46)



Thus, combining Eqs. (43) aud (46) zives
a6 = 2 tan 8, do . )

From Eq. (44),

20Y
40 = — d§, , (48)

M5
so that substituting Eq. (48) into Eq. (47) gives

80..c
d§ =

tan B, dB; . (49)
sE

Note that the bulgfing factor M has been eliminated by cancellation from
the first factor in Eq. (49) and therefore appears only in the tera E:.
Integrating Eq. (49) and then using Eq. (44) thus gives

A

80,.c ™0
6 = — )

7E in sec | 55— (16)
Y

whnich is the BMI modified strip yield equation for the COD at the real

crack tip.'®

The equation for the COD at the crack centerlire can also be derived

in the sane manner. From Eq. (46),

déy = 5%5 sec 8 dg . (50)
Substituting Eq. (48) into Eq. (50) gives

8o9.,¢c

+E Sec B8; dB8: . (51)

d&o -
Then, integrating Eq. (51) and using Eq. (4%) gives

BOYC Bl m

-;E—-ln tanl—+-1]. (52)

8o = 2 4
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Since

8§ = 1 + sin 5, \!/2

tan 2—+Z = -—-———l_sin 5; N (53)

I. follows, by the use of identities, that Eq. (57) car te rewritten in

the form
80Yc MG
8o = tanh™! {sin|s— ||, (54)
TE 20Y

which agrees with the expression given by Goodier and Field!? for M = 1.
The foregoing derivations imply that the proper place tor the elastic
bulging factor M to appear in a modification of the strip yield equation

is with the stress rather than the crack size. Consequently, approaches

to elastic-plastic fracture analysis that are based on applying the
bulging factor to the crack size rather than to the stress should be
reexamined, especially wiih regard to the occurrence of crack-indiced
plastic instability prior to general vielding, for M > 1. An example

of this phenomenon was given in Ref. 16, using data obtained by Almond
2t al.’™ The test specimen was a 127-mm-ID (5-in.), 12.7-mm-thick (0.5-
in.) cylinder made of a mild stee. with a yield stress of 315 MPa (45.7
ksi) and containing a longitudinal through crack of half-length equal to
23.58 om (1.125 in.). At a nominal hoop stress of 24! MPa (35 ksi), the
measured crack-tip-opening displacement was 2.007 mm (0.079 in.). For
these test data, a point can be plotted in the coordinates of the nor-
malized COD curve proposed by Burdekin and Dawes?® as a design curve, based
on the same effective flaw size concept used in Eq. (15). From Eq. (31),
the bulging factor M is 1.58, so that

a = Mic = (25.4)(1.58)2(1.125) = 70.9 mm (2.79 in.) .

Therefore, referring to Fig. 2.13, the normalized COD is given by

6= —5 . 7.90 x 1072

zm:\; (2m) (1.57 x 10~3)(2.79)

= 2.96 .
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Fig. 2.13. Normalized crack-opening <isplacement diagram and plotted
point for a through-cracked pressurized pipe test.

Since the applied stress is less than the yield stress, t::/t:Y = 0/6Y =
35.0/45.7 = 0.766. As shown in Fig. 2.13, the resulting plotted po.nt
lies well above the normalized COD curve, indicating a nonconservative

prediction, based on the normlized curve, for this test.

Comparison of LEFM and the BMI modified strip yield equation. Since

the strip yield mndel leads to a plastic-zone-size adjusted linear elastic
analysis, it is of interest to compare its results with those of a con-~
ventional plane stress plastic-zone-size adjusted LEFM analyeis. The
latter is developed by replacing the crack half-length, ¢, in Eq. (14)
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witn ¢ + r,, where, for plane stress,

ro=— |1} . (55)

KI = . (56)

-] = — 67)

and substituting Eq. (57) into Eq. (56) gives, ‘ter some rearrangement,

(58)

where

Ql'

. (59)
ZﬂeYc

Note that ¢, is based on the actual crack halj-length, ¢, rather than an

"effective” crack half-length, Mc. The corresponding equation for the

BMI modified strip yield equation, from Eq. (16), is

4 MO
¢, = — 1ln sec|[—]. (60)

2
T ZoY

The curves of ¢; vs Ho/oY for both Eqs. (58) and (60) shown in Fig. 2.14



l

1

42

ORNL -OWG 78-50

14

|
)
!
!
1.2
!
BMI MODIFIED STRIP ,
YIELD EQUATI
1.0 L ON—\\\\
LEFM WITH PLANE
VSTRES Ty
CORRECTION
08
(2]
>
]
™~
<
[ ]
€ 06
0.4
02 /
0 \-é/
0 0.2 c4 0.6 08 1.0 12 14

Min/oy)

Fig. 2.14. Comparison of crack-opening displacements predicted by
the BMI modified strip yield equation and by linear elastic fracture me-
chanics (LEFM) with a plane stress plastic-zone-size (rY) correction.

indicate that there is no significant difference between the two expres-
sions for loals less than 752 of the iiwit load predicted by the BMI modi-
fied strip yield equation.

2.4 Elastic Bulging Factor Studies

The bulging factor M, which was used to exterd the strip yield model

to include cylindrical geometries, was derived for thin shailow shells
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with axial flaws of uniform through-thickness lengths. Intermediate test
vessel V-7A clearly does not qualify as z thin shell. However, Hahn et
a1.!® present data indicating that the strip yield model equation for burst
remains valid even for a vessel with a radius to wall thickness ratio of

5, which is well below that normally associated with thin shallow ghells.
The trapezoidal shape of the V-7A flaw is also at variance with the as-
sumptions made in the bulging factor derivation. It was initially pro-
posed that the trapezoidal shape of the flaw be ignored and that a bulging
factor based or cthe average V-7A flaw length be used in the strip yield
model. This study was made to examine that proposal.

Catanach and Erdoganzs have also considered the problem of a cylinder
with an axial, uniform—lengeth, througb-thickness flaw. Their solution,
involving several terms of a series expansion, makes a distinction between
the bulging factors at points on the outer and inner surfaces of the cyl-
inder. Their results are shown as the solid lines inF ig. 2.15. Also
plotted inFig. 2.15, as a dashed line, is the commonly used Folias bulg-
ing factor,'® which is given by the following expression :

M= (1.0 + 1.61 c2/re)}/2 , (31)

where R is the mean cylinder radius, c is the crack half-length, and t is
the cylinder wall thickness. 1t is of interest to note from Fig. 2.15 that
the stress-intensity factor is greater {or the cuter surface than for the
inner, even though the cir -umferential stress would be higher at ths inner
surface of an unflawed vessel. This difference reflects the bulging in

the shell due to the coupling of the extengionzl and bending stresses that
occurs in.curved surfaces.

In order to assess the effect of the departure of the trapezoid-shaped
V-7A flaw from the constant-length flaw considered in the derivation of the
bulging factor, a finite-element code was used to model the V-7A flaw and
vessel and to infer the bulging factor from nodal displacements. The
method relies on the plane strain, near-crack-tip relationship between
the stress-intensity factor K and the normal displacement u of a point

on the crack surface at a distance r from the crack tip, and is given by

2K r 1/2
u == 1 —v) (ﬁ) ’ (61)

.
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Fig. 2.15. Theoretical bulging factors as a function of cylinder
geometry.

where G and Vv are the shear modulus and Poisson's ratio, respectively.
Kobayashi?’ discusses the degree of refinement necessary in the finite-
element mesh size near the crack tip and an upper and lower bound on the
distance from the crack tip that should be used in conjunction with Eq.
(61). PFor the work discussed here, the characteristic mesh size near the
crack tip was 1/100 of the crack length, and the distance r from the crack
tip was taken to be approximately 3/100 of the crack length. Several prob-
lems of interest were gsolved by this method, using the finite-element pro-
gram STATIC SAP. The elements for the analyses reported here consisted of
eight-node bricks. Typically, the problems had one laver of elements
through the thickness and 1100 degrees of freedom.

The first three problems that will be discussed were intended as a
check of the analysis method, since the finite—element models were taken
to be just within the requirementg discussed by Kobayashi” in order to
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minimize computer costs. The first .roblem that was golved consisted of
a large flat plate with a center slit. The stress-inteusity factor de-
termined by the finite-element approach was found to be 1.272 above the
rheoretical value for an infinite plate; that is, K = o/c, where O is
the far field stress and c is the crack half-length. The numerically
cetermined value normaiized by the theoretical value is shown in Fig. 2.16
as a triangle. Since a flat plate can be thought of as the limiting case
of a cylinder wvith a radius of curvature equal to infinity, the flat plate
point is plctted with an abscissa value of zero. Figure 2.16 also shows
the results for the inner and outer surface values of the bulging ractor
determined from the finite-element results for cylinders with mean radius
to wall thickness ratios of 50 and 100. At an abscisgsa value of 2.25, the
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Fig. 2.16. Bulging factor test cases for a flat plate and two thin
shallow shells.
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bulging factor compares favorably with the results given by Cacanach and
Erdogan.?® At an abscissa value of 2.2, which was beyond the domaia of
convergency for the eight terms used by Catanach and Erdogan,?® the value
of the bulging factoc seems reascuable.

As a first step in understanding the effect of nonuuiform longitudi-
nal crack length, the stress—intensity factors for tapered cracks in two
flat plates with different thicknesses but with the same inside and ouz-
side surface crack lengtins as V-7A (as shown in Fig. 2.17) were calculated
using the finite-element method. The plate thicknesses that were consid-
ered were 152.4 mm (6 in.) and 76.2 mm (3 in.). The objective in analyzing
the flat plates was to establish a basis by which the results for a cylin-
der with a variable-length crack could be better interpreted. The calcu-
lated flat plate stress-intensity factors, evaluated at each surface and
normalized by the stress-intensity factor for a crack of uniform length
equal to the average tapered crack length of 165.1 mm (6.5 in.), are shown
in Fig. 2.18. Again, the flat plate values correspond to an abscissa of
zero. The 76.2-mm-thick (3-in.) plate values are the extreme values plotted
on the ordinate in Fig. 2.18, and the largest value (1.42) pertains to the
surface of the plate which has the 101.6-mm (4-in.) crack half-length. The
152.4-mm~thick (6-in.) plate displays the szme general character as the
thinner plate, except that the difference between the values at tie two

ORNL -OWG 76-2513R

UTSIDE
457.2 mm (18 in}—~ SURFACE

I‘—203 2mm (8 in. 1—4 lNSIDE SURFACE

Fig. 2.17. Intermediate test vessel V-7 crack geometry used for
finite-element analysis.
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Fig. 2.18. Bulging factors for nonuniform crack length in flat plates
and V~7A.

surfaces 1s less. It can be concluded from these examples that the vary-
ing crack length tends to redistribute the load in the structure, and this
in turn has a significant effect on the stress-intensity factors developed
at points corresponding to the shortest and longest longitudinal crack
lengths.

Regsults of an analysis of the same variable-~length crack in the V-7.
vessel are shown in Fig. 2.18, where the val.e of 2¢//Rt was determined to
he 1.,1, using the mean crack length and ze=n radius. The bulging factor
for euch surface was determined using two different flat plate stress-
intcnsity fuctors for normalization. The extreme values of the bulging

tactor in the range shown were determined by using & uniform 165.1-um
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(6.5~1n.) crack half-length, while the points closer to the vualue pre-
dicted by the Folias formula were determined by using the corresponding
stress-intensity factors from the finite-element solution of the compar-
able flat plate problem with a nonumifors crack length.

The elastic analysis results shown in Fig. 2.18 indicate that the
bulging factor for a trapezoid-shsped flsw can deviate from the value
given by the Folias formula. The deviatiom, by snalogy to the flat plate
cale, 1s apparently due to the stress-concentrating nature of the nonuni-
form crack length. In the case of the actual vessel, the devistion msy be
lecs than that indicated by the elastic snalysis as a result of load re-
distribution resulting from either (or both) yielding snd tearing at the
inrer surface where tic crack lemgth is the shortest. Because of these
factors, the crack would probably tend to behave as a stra:gat-through
crack, and the upper and lower surface bulging factors would ten3 toward
the value given by the Folias formuls st an sverage crack length. Since
there was evidence of tearing and yielding from the V-7 test, the differ-
ence between the bulging factor found from the finite-element analysis end
that given by the Folias equation was not considered significant when the
average crack length was used.

2.5 Estimate of the Pressure Margin Between
Leak and Burst for Vessel V-72

The modified strip yield model proposed by Hahn, Sarrats, and Rosen-
field'® as a relationship for predicting the burst pressure of a flawed
cylindrical vesesel was discussed in a previous section. The gcod corre-
lation of that equation with experimental data (see, for example, Kiefner
et 21.17) ied to its scceptance for predicting the burst pressure of inter-
mediste test vessel V-7A. This section contains a discussion of the pre-
test calculation of the burst pressure vs crack length for V-7A and a
siuilar calculation for a smsll pneumatically loaded model specimen. 1In
the modal experiment, the vessel was intentionally pressurized to failure.
The test results for vessel V-7 and for the model thus give leak and hurst
conditions that the modified strip yield model correctly predict.
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The governing equatioe {or predicting burst, which is obtained by

combining Eqs. (12) and (16) and replacing the yield stress, 0, with the
flov stress, af, is given by

[ EN

o (30)

O = the hoop stress at failure,

the flow stresg of the material,

the bulging factor,

the length of the through-wall flesw,

the effective fracture toughness of the material.

~ Q
R oxm
qa a » 0

The effective fracture toughnese, lc, vas determined from an empiri-
cal relationship, given by Irwin et al.,” batween effective ‘c and the
plane strain fracture .toughnuo LI‘.; nsmely,

2 2 2
xc Llc 1+ 1.4 BIc ) | (62)
vhere
2
8 __’; Ic (63)
Ie  t\oy ’
UY = yield stress, and t = thickness.

For the V-7A vessel, this expression gives high toughness values on
the order of those discussed in the previous section comvaring COD and Kc
measures of toughness. The value of the flow stress was tsken to be the
nominal hoop stress at plastic instability for an vnflawed cylinder with
closed ends under internal pressure (see Appendix € of Ref. 29) and is
given by

(o, + 0°

Y * %)
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Taking a yield stress of 448 MPa (65 ksi) and an engineering ultimate
stress, a&lt’ of 479 MPa (84 ksi) from Fig. 5.2 of Ref. 30, the flow
stress is found to be 550 MPa (80 ksi). If a precs<ure greater than the
vessel gross yield pressure was calculated from Eq. (30), then the gross
yield pressure vas substituted for the calculated value. In the cas: of
vessel V-7A, the gross yield pressure was taken to be 183 MPa (26.5 ksi),
vhich wvas the gross yield pressure for intermediate test vessels V-5 and
V-9 (Ref. 11). At 196°F, a lower-bound estimate of the plane strain

fracture toughness is 460 MN-w—>/? (419 ks1/1n.).?%*! For purposes of
presentation, the burst stress in Eq. (30) wvas replaced by the nominal
vessel burst pressure, Phurst’ given by

Pburec ii;'o ’ (63)
vhere
t = thickness,
nin = vessel inside radius,
0 = hoop stress at burst.

Equations (30) and (62) to (65) were used to calculate the V-7a bursgt
pressure for different crack lengths and for different values of plane
strain fracture toughness. These results plus the V-7 experimental point
are plotted in Fig. 2.19. The experimental point corresponds to the pres-
sure at which leaking was detected for the V-7 test based on a nominal crack
length of 343 mam (13.5 in.), which was discussed in the previous section
concerning the bulging factor correctfon. The predicted margin against
burst is thus the difference between tne leak pressure from the V-7 test
and the burst pressure determined from the curve for a nominal crack length
of 343 mm (12.5 in.). This margin 1s approximately 36 MPa (5200 psi). The
curve corresponding to a toughness of 460 HN'n'3/2 (419 ksiv/In.) is nearly
coincident with a limit curve that would be found if the toughnesses were
asgumed to tend toward an infinite value (i{.e., the upper curve in Fig.
2.19 is essentially independent of toughness). For comparison purposes,
burst calculatinns based on an arbitrary plane etrain fracture toughness
of 275 MN°n~*/? (250 ke1/In.) were alsc made and are shown in Fig. 2.19.
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Fig. 2.19. Burst pressjre vs crack length for intermediate vessel
tests V-7 and V-7A (1 in. = 25.4 mm; 1 psi = 6895 kPa).

One can conclude that the margin agzafnst burst is relatively insensitive
to the scatter that may exist in the plane strain toughness data.

Burst calcularions were also carried out for the pneumacically loaded
model test No. 10 which is described on pages 51-55 of Ref. 3., The results
of those calculations are shown in Fig. 2.20. As in the case of vessei V-7,

the curve associated with the appropriate toughness, estimated to be 137
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Fig. 2.20. Burst pressure vs crack length for a small-scale model
(1 1n. = 25.4 sm; 1 psi = 6895 kPa).

MN-n~%/2 (150 kei/1n.), 1s nearly coincident with the limit case where
the toughness 1s sufficiently high gso that the buret pressure i{g insensi-
tive to further increases in toughness. The model was loaded until 1t

burst. The experimentally determined burst pressure lies slightly above
the curve which is the region where burst instead of leakage should oc-
cur, according to the strip yield model.
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3. DESCRIPTION OF TEST VESSEL

3.1 background

Vessel V~7 was fabricated of 150-mm-thick (6-~in.) A 533, grade B,

1A long, deep outside surface flaw was formed in

"class 1 steel plate.
the test section of the vessel, and the vessel was tested undar hydraulic
loading at 91°C (196°F) until it leaked at 147 MPa (21,350 psi).2 (The
fabrication history is described in Ref. 1, and the condition of the ves-
sel after the test is described in detail in Ref. 2.) Subsequently, the
vessel was repaired and prepared for retesting with the designation V-7A.

Vessel V-7A was the first of the irtermediate test vessels to be pre-
pared for testing by repairing a vessel that had been previously tested to
the point of failure. It was suitable for further testing because, in the
initial test, the vessel had developed a rupture through the wall only
immediately beneath the prepared flaw, and gross residual distortion of
the vessel wars limited to the region of the flaw. Thus, distortion did
not affect the removal and resealing of the head or the repair of the flaw
itself,

The cylindrical test section in regions remote from the flaw had
reached strains of 0.29 to 0.47% on the inside surface and about 0.17 on
the outside. The strain distributions in Figs. 3.1 and 3.2 sh & measured
outside and inside circumferential strains near the maximum pressure in
the test of V-7. A permanent set in the vessel prior to weld repair is
indicated by the residual strain distributions also shown in these two
figures. A locaticn 135° from the original V-7 flaw was selected for the
V~7A flaw to minimize the Influence of the repair welc. and residual strain
on the test. The V-7A flaw location relative to the old flaw is ghown in
Fig. 3.3.

3.2 Weld Repair

The original flaw in vescel V-7 was a 25-mm-wide (1-in.) machined
notch sharpened by a cracked electron-beam (EB) weld bead. The cross sec-
tion of the flaw, shown in Fig. 3.4, lay 4in a radial-axial plane of the

test section 180° from the longitudinal submerged-arc weld in the v:asel.



\n
~d

OAN: DWCG 78 720

| A9 |
.
y4 /)\ _
0.10
PRESSURE
0.05 O 14C.3 MPa {20.35 ksn)
£ 1436 MPa {20.83 ksi}
L \ O 128.9 MP3 (18.69 ks:} AFTER
(rf — & MAXIMUM LOAD
V O0OMPa FINAL SET
2
z ]
-
w
co
L /
o= X 2
oos}
¥
Y-——-"’ o FLAW V.7A FLAW
~0.10 jo— v b
V-7A 180 225 270 315 0 45 90 135 180
L | 4 | 1 | | 1 i
v-7 315 0 45 90 135 180 225 270 315

CIRCUMFERENTIAL POSITION {deg)

Fig. 3.1. Outside circumferential strain distribution at midplane
of vessel V-7 near maximum pressure and after depressurization.



ORNL--DWG 78--721

I i |

1.00 PRESSURE
140.3 MPa (20.35 ksi)
143.6 MPa (20.83 ksi)

128.9 MPa (18.69 ksi) AFTER
MAXIMUM LOAD

0 MPa — FINAL SET

1
'e
/Jq 00

R
<
g
x 0.50
¢ -
4 4 (o
V-7 FLAW ——
V-7A FLAW
00 Ko AV 1 1
vV-7A 180 225 270 315 0 45 90 135 180
L | | | | 1 | ] J
v-7 315 0 45 80 135 180 225 270 315

CIRCUMFERENTIAL POSITION (deg)

Fig. 3.2, Inside circumferential strain distribution at midplane
of vessel V-7 near maximum pressure and after depresgurization.



ORNL DWG 78 18782R

- HEAD AND ACCESS NOZZLE

SUBASSEMBLY
151D
VESSEL V-2A
//—FLAW
i
27 0. 1D
. OD
LONGITUDINAL . - 3900
SUBMERGED 54 in.
ARC WELD
1
9 in!
: TEST
I} 1 AREA
9.1n.
y/
27 n.
WELD REPAIR OF ]
ORIGINAL FLAW
B-in.- THICK WALL

SECTION A-A

ra
3UPPORT STRUCTURE

’ ..

Fig. 3.3, Intermediate teat vessel V-7A (1 in. = 25.4 mm).

6S



ORNL-DWG 76-7962

FLAW DESIGN

Al
\

L L LR L LY

Fig. 3.4. Flaw design for vessels V-7 and V-7A (1 in. = 25.4 mm).

Consideration was given to making a repair of the fracture zone by the
most economical means consistent with tbe objectives of the subsequent
test. Alternatively, the vessel could have been repaired by procedures
applicable to nuclear vessels. The latter course was chosen, since Zhe
test being planned for V-7A would be a rare opportunity to test a repair
weldment to a high overload.

A repair weldment was designed for vessel V-7 to utilize the nhalf-
bead procedure prescribed by Subsubarticle IWB-4420 of Section XI of tic
ASME Boiler and Pressure Vessel Code® (hereafter referred to as the Code).
This procedure is intended for use in repair of components for which it is
impractical to perform the usual postweld heat treatmeant at 590 to 620°C
(1100 to 1150°F). The ORNL Welding Specification No. W-HB10O, based upon
this procedure in the Code, was written eapecially for the repair of vessel
v-7.

The welding procedures incorporated in the gpecifications were de-

veloped with the advice of the Pressure Vessel Regearch Committee's (PVRC's)
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Advisory Task Group on Weld Repair of Pressure Vesgels, under the chairman-
ship of E. Landerman of Westinghouse Electric Corporation. The Electric
Power Research Institute (EPRI} participared in this effort by furding the
repair, which was made by Combustion Engineering, Inc. (CE) =t mo cost to
the governmert. R. E. Smith was project leader for EPRI, and W. D. Goins
of CE directed the weld preparations, procedure qualification, repair weld-
ing, and nondestructive examination. A detailed account of work of CE is
given in Ref. 4, and the welding specifications are giver in Appendix A.
Section X1 of the Code requires the preparation of a welding proce-
dure qualiricaticn piece similar to the repair weldment. The cylindrical
prolongaiion of intermediate test vessel V-9 was chosen for this purpose,
since it was fabricated from the same neat as vesgel V-7 (Ref. 1). The
V-7 prolongation hid already been cut up for waterial characterization.
Since vessel V-7 was not a "Code” vessel in the sirict sense and its future
use in fractur: test3 did nc' Jdemand a Section XI repair, the procedure
qualificatioa piece was r . tested as required by the Code for the purpose
of qualitying the procedure used on the vessel. The vessel and the pro-
longation were prepared and welded concurrently. The prolomgation was
eventually sa2ctioned for material property studies and for the wmeasurement

of residual stresses.

The prolongation was instrumented with weldable strain gages in the
region of the repair weld by ORNL at the locaticns shown in Fig. 3.5. Two
~dditional circumferential gages, one on the Inside surface and onz on the
outside surface, were placed 180° from the repair cavity. Thermocouples
were installed at each strain gage location to ensure that the temperature
limitation for the gages was not exceeded. Ailtech type SG425 gages were
used within 50.8 mm (2 in.) of the cavity, and type SG125 gages were used
at locations corresponding to gages 3, 4, 7, and 8 on the prolongation.
Strain observations were made at several stages of the repair process and
were used subsequently in the residual stress study described in Section
3.3.

The material that had to be removed from the flawed region to prepare
the vessel for welding is stown in Figs. 3.6 and 3.7, respectively. This
material was removed to the ncminal dimensions shown in Fig. 3.8 by using

the conventional manual air-carbon-arc process followed by grinding.® 1In
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Fig. 3.6. Outside view of flaw in vessel V-7 after test showing
material to be removed to prepare the vessel for welding.

this process, a direct current arc is maintained between the work piece
and a copper~coated;}arbon electrode. The molten material is blown away
by high-velocity jets of compressed air. The final air-arc-produced sur-
face of the cavity is shown in Fig. 3.9.

A minimum of 6.4 mm (i/4 in.) of metal was removed by grinding to
ensure complete removal of the air-carbon-arc surface and any heat-affected
zone resulting from the air-carbon-arc process. After grinding, the cavi-
ties in both the vessel and the prolongation were given liquid-penetrant
and magnetic-particle (MT) examination to ensure that the cavity surfaces
were crack-free. The final ground surface of the vessel cavity in shown
in Fig. 3.1u.

Electrical reslstance heaters were used to preheat the vessel and the
prolongation for air-arc gouging and welding. The welding preheat tempera-
ture range was 177 to 260°C (350 to 500°F).
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Fig. 3.7. 1Inside view of vessel V-7 in area of rupture showing
material vo be removed to prepare the vessel for welding.
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Fig. 3.9. Vessel weld-repair cavity after air-arc gouging.
graph courtesy of Combustion Engineering, Inc.
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Fig. 3.10. Vessel weld-repailr cavity after grinding to final dimen-

sions before welding.

Photograph courtesy of Combustion Engineering, Inc.
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Welding was accomplished by the manual shielded-metal-arc process.
The weld cavity surfaces were "buttered" with 2.38-mm—diam (3/32-in.)
electrodes. The bead sequence is indicated in Fig. 3.11. The vessel and
prolongation were oriented so that most of the bseads were deposited in the
horizontal position. Approximately half of the “buttered" iayer was ground

off, and the cavities were then given an MT examination. A second weld

ORNL-DWG 762098
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Fig. 3.11. Cavity "buttering" weld bead sequence for repair of vessel
v-7.
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laver was deposited over the cavity surfaces with a 3.18-mm-diam (1/8-in.)
elect-ode. The weld bead sequence used to deposit the second layer was

the same as that used to deposit the first one. After the second layer was
completed ancg MT inspected, the cylianders were rotated so that the cavities
would be at the 12 o'clock position. Each cavity was then tilled with 3.18-
and 3.97-mm-diam (1/8- and 5/52-in.) electrodes. The first bead deposited
in each verticai layer wzs placed next tc the cavity side wall, and subse-
quent beads were sequenced inward toward the center. MT inspection was
performed on al:ernate layers and or the final ground layar. There were

no MT indications detectad in either cavity during any of the inspections.
Figure 3.12 =tows the vessel cavity partially welded.

Aiter the welding was completed, the weids were heat treated in the
temperature range of 232 to 288°C (45C te 330°F) for 4 hr, The tempera-
tures of the vessel and prolongation rep-ir weld regions were controlled
within *11 K (20°F) of the average Cemperatures; at all times. The heat—p
and cool-down rates were approximately 14 K/hr (25°F/hr).

The entire weld and the adjacent base metal within a distance of one-
half the thickness of the cylinder {:/2T) c¢f both the vessel and the pro-
longation were examined ultrasonically in accordance with the requirement
of paragraph IWA-2232 and Appendixz I of Section XI (Ref. 3. The required
examinatinon was performed three times: (1) as soon as th. vesscl and pro-
longation surfaces reached room temperature; (2) 4F hr after both surfaces
raturred to room temperature; and (3) approximately 4 weexs later. There
were no reccrdable indications detected during any of these inspections.

Radiographic examinatioi. wan performed with a 7 1/2-MeV Varian linear
acceierator and Kodarx M film in accordance with the regquirements of para-
graph IWA-2231 of Secticn XI. No defects were found in the wvesscl repair
weld. Porosity was detected near the ingide surface of the weld in the
prolongation, and it ig belicved to be related to the restricted access
avaiiable to the welder in the deep, narrow portion of the prolongation
cavity.

In order to provide sufficient material for characterizing the proper-
ties of the weld metal, two test plates, shown in Fig. 3.13, were weiged
and heat treated with the same parameters that were used to repair the

vesunl. MT examination and radiography revealed no re¢jectable indications


http://indio.it

s PHOTO 403277

TN

Tor o R R doxis

Fig. 3.12. Vessel cavity with second buttered layer complete and

cavity partially filled with weld metal,
Engineering, Inc.

Photcgraph ciurtesy of Combustion
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Fig. 3.13. We!'d metal test plates (1 in. = 25.4 mm).
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in the test plates. The base material in these plates came from the 3/4T
depth of section 02FH of HSST plate 02 (Refs. 6 and 7).
Recommendations on this type of weld repair were included in the

report prepared by Goins and Butler of CE."

3.3 Repair Weld Characterization

The welding proce iure qualification piece (that is, the V-9 prolonga-
tion) and one of the two weld metal test vlates prepared by CE were used
for characterizing the properties of the w:ld repair zone and for investi-

gating the through-the-thickness regsidual stress in the V-7A weldment.

3.3.1 Material properties

W. J. Stelzman and D. A. Canonico of the Metals and Ceramics Division
of ORNL determined the material properties of the weld repair zone. Since
the repair zone in vessel V-'/. was not to be flawed, an extensive investi-
gation of the fracture properties of the material in this zone was deemed
unnecessary. However, ultimate and yield stresses, Charpy energies, and
lower-bour.d fracture toughnesses of the weid metal were measured.

Material property specimens were machined from test pla-e B, shown
in Fig. 3.13. A cross section of this weldment, designated W-1, is shown
in Fig. 3.14. Tensile specimens of the W orientation (specimen axis per-
pendicular to the welding direction and parallel to the plate surface) were
tested in the temperature range from —73 to 232°C (100 to 450°F), and the
results are presented in Table 2.1 and Fig. 3.15.

Charpy V specimens from weldment W-1 were tested in the WL orientation
(specimen axis perpen<icular to the welding direction with the crack pro-
pagating in the welding direction). The notches were located at the weld
centerline. The Charpy V impact properties of weldment W-1 are given in
Fig. 3.16. Preoccracked Charpy specimensn of the same orientation were tested
statically, and the results are shown in Fig. 3.17.

Yield and ultimate strengths of W-1 weld metal differ glightly from
those previously measured for HSST plate 02 (Ref. 7). The yield strength
of W-1 weld metal is about 50 MPa (7 ksi) higher than that of the midsec-
tion region of the V-7 base material.’ Geﬁerally, the weld exhibited higher



Fig. }.14.
plate B,

Cross section of shielded metal-arc

weldment in test
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Table 3.1.

Tensile values from W-orlented lpecimansa from

shielded metal-arc weldment W-1 (test plate B)

) Test Strength Elo?gstion Reduct ion
Location te?ge§§;u§e Upper yield Lower yielda Ultimate 1n(;;en
[ ) [MPa (ksi)])  IMPa (ksi)] [MPa (ksi)]  Uniform  Total
0.71 -73.3 (-100) 585 (84.9) 543 (78.8) 655 (95.0) 8 18 72
0.29 23.3 (74) 542 (78.8) 510 (73.9) 590 (85.6) 5 14, 76
0.35 24.4 (76) 488 (70.8) 586 (85.0) xsb 72
0.35 24.4 (76) 491 (71.2) 589 (85.4) 18 72
0.71 65.6 (150) 507 (73.5) 479 (69.5) 563 (81.6) 6 15 71
0.29 121 (250) 490 (71.0) 582 (84.4) 2 7 39¢
0.71 177 (350) 490 (71.1) 659 (95.6) 5 10 58
0.29 232 (450) 497 (72.1) 622 (90.2) 4 10 64

TUnless noted, data are from 4.52-mm (0.178-in.) gage dlameter specimens with a zage length to
diameter ratio of 7 and & = 0.016 min~?.

bFractional depth from top surface of the weld.

“aAbsence of upper yield denotes 0.2% yield.

d
Standard 12.8-mm (0.505-1in.) gage diameter specimens with gage length to dlameter ratio r. 4 and

¢ = 0.

22 min™!.

“Low due tu lack of fusion and entrapped slag in the fracture zone.

7L
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Fig. 3.15. Variation of tensile properties with temperature for test
weldment W-1,

upper-shelf Charpy V impact energy values than either plate 02 or vessel
V-7, while the transition temperature at the 41-J (30-ft-1b) level of
the weld [-34°C (—30°F)] is within the range of values measured in V-7
material at various depths and orientations.

The V-9 prolongation (Fig. 3.5) that was used as the welding procedure
qualification piece was sectioned to provide additional material for study-
ing the properties of the repair zone. After the braces were cut from the
ends of the prolongation, the remaining cylinder was sawed into two pileces
along the circumferential centerlize labeled in Fig. 3.5. Subsequently,
the shell-end half was sawed approximately along the axfal centerline of
the repair weld cavity, and the quadrant of the repair zone labeled '"B"

in Fig. 3.5 was uged for materlal properties gtudies. The circumferential
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Fig. 3.17. Variation of {racture toughness with temperature as deter-
mined from slow-bend tests of precracked Charpy specimens from test weld-
ment W-1.

slice of part B shown in Fig. 3.18 was etched to reveal the weld—base metal

interface and the heat-affected zone (HAZ) in the base metal.

Microhardness measurements were made in the vicinicy of the HAZ. The
location of one such region is shown in Fig. 3.19. The circumferential-
radial face was traversed by three sets of hardness penetrations in a
region approximately 25 mm (1 in,) from the outside cylindrical surface,
as indicated in tnat figur=. Dimengional details of the traverses are
given in Fig. 3.20 and the results in Fig. 3.21. Hardness values are con-
sistently higher in the dark etched band c¢f the HAZ, with the highest value
measured in this repair weldment being 310 diamond pyramid hardness (DPH).
The relationship between hardness and ultimate tensile strength for steel®

implies an ultimate tensile strength of the HAZ as high as 1000 MPa (145
ksi).
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Fig. 3.18. Circumferential cross section of the repair weldment taken
from part B of the V-9 prolongation.
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Fig. 3.19. Microhardness traverses on a circumferential-radial gec-
tion of the repailr zone of the V-9 prolcngation. The 100% montage in
(b) shows the center traverse.
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Fig. 3.20. Location of diamond pyramid hardness indentations across
the heat-affected zone and adjacent areas of a cross eection of the weld
repair of the V-9 prolongation. 5%x. (1 {in. = 25.4 mm.)
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Charpy specimens oriented perpeudicular to the fusion plane were cut
from part B of the prolongation in the vicinity of the hardness measure-
ments. The blanks were notched and fatigue-precracked in or near the HAZ
so that the crack would run in the welding direction. The results of six
static and dynamic tests are presentéd in Table 3.2. The broken halves of
the specimens, re~eitched to show the fracture path relatrive to the weld
location, are shown in Figs. 3.22 and 3.23. These photographs show that,
for specimens precracked in the HAZ, the crack advanced away from the origi-

nal crack plane and into weld metal. For specimens in which the precrack

resided in weld metal, the crack extensions remained in that material. It
appears that the repair weld metal and HAZ are as tough as, or tougher

than, the V-7 base netal.

Table 3.2. Static and dynamic fracture tougnhness values foer
material in and near the HAZ of the half-bead weld repair
of the V-9 prolongation; data obtained from precracked
Charpy specimens tested at 21°C (70°F)

Fraszture toughness

Notch —
lccation Static, Ky.g Dynagic, Kjg4
[MNm"h (ksivin.)] (m:-m"77 (ksivin.)}
HAZ 316 (288) 359 (418
Weld metal—tAZ 271 (247) 319 (290)

Weld metai-HAZ 264 (240 380 (346)

3.3.2 Residual stresses

Measurements were made on both the vessel and the cyliadr cal pro-
lougation used for welding procedure qualification in order to estimate
the magnitude of the resjdual stresses induced by the weld repair.

The initial set of residual stress measurements was made by us.ug
weldable strain gages attached to the weld qualification piece and to
vessel V-7, These gages were monitored durinz the welding operation, ari
estimates of the residual stresses induced by the repairs were made from

the change in strain between :he start and cempletion of the repair. The
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Fig. 5.7%22. Macrephotographs showing the fracture path of staticallw
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Fig. 3.23. Macrophotographs showing the fracture path of dynamically

tested precracked Charpy V specimens from the HAZ of the weld repair of
the V-9 prolongation.



locations of the strain gages near the weld cavity
piece are shown in Fig. 3.5; in addition, gages 19

cumferentially on the outside and inside surfaces,

cylinder 180° from the cavity.

85

on the gqualification
and 20 were placed cir-
respectively, of the

four gagcs, numbered 3, 4, 7, and 8§ were

nlaced on the outside surface of vessel V-7 at locations, relative to tue
nearest edges and centerlines of the cavity, identical to those of gages
3A, 4A, 7A, and 8A on the quzlification piece. The orientations of the

gages were also identical to those on the qualification piece. Strains

measured at various states during the repair are shown ir Table 35 .3.

Tunle 3.3.

during weld repair of V-7 aad V-9 prolongation

Microstrain wit) temperature (°F) of strain gage
enp: g3ag

.G
Gage Step No.
No. 2 3 4 5 5 7
Vessel
3 0 —651 (450) —1456 (475) ~1498 (525) —604 (87)
ab 0 —1134 (450) +166 (475) +25 (525) +1216 (87)
7 0 —898 (400)
8 0 596 (400) +259 (465) 213 (515) +838 (85)
Prolongation
7A 0 —872 (365) 2141 (383) —2338 (500) —1044 (78) —1206 (90; -1187
3A 0 —902 (365) +90 (383) -185 (500) +787 (78) +822 (20) 811
3A =7 4267 (360) 914 (383) —832 (502) ~1110 (78&) -1083 (86) -1070
4A =3 +97 (350) +1507 (383)  +1443 (502)  +1327 (78) 1291 (86) 1275
5 +4 4239 (360) 580 (388) =505 (502) —760 (78) ~753 (86) -721
9 +3 4243 "270) 4637 (185) +564 (295) +172 (78) +283 (92) 213
12 -3 437 (380) =25 (398) =57 (5C2) +29 (78) +15 (85) 92
13 -3 -85 (380) —66 (398) —40 (502) +48 (78) +156 (85) 40
19 -3 =53 (190) —46 (232) —55 (285) +11 (78} =51 (90; —69
20 -8 4239 (180) 4294 (230) +365 (282) +63 (78) +231 (90) 207
Steps
1. Prior to the applicatiocn of preheat (reading takea at room tem-
perature).
2. After the vessel reaches the specified preheat range, but before
any welding is started.
3. After all welding was completed, but pricr to the postweld heat
treatment.
4. After the postweld heat treatment, tut before cooling to room tem-
perature.
5. After the weld repair temperature was at ambient temperature for a
minimum of 2 hr, but before removal of bracing and restraints.
v, 7. After removal of all bracing and restraints.

bDamaged gage.
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The strain indications used in estimating induced stresses were ob-

served with the vessel and qualification piece at room temperature (steps

1 and 7, Table 3.3).

Table 3.4. 5Strain: and stresses induced by
the weld repair operation

The resulting estimates are listed in Table 3.4.

Stressa’b (MPa)
Gage Orientation Microstrain
g g.. [of
A ~
Vessel V-7
3 Axial —642 —67
4 Circumferential 1151 211
8 Axial 817 163
Weld qualification piece
(V-9 prolongation)
3A Axizl -1063 —151
4A Circumferential 1278 212
5 Axial =725 -145
1A Circumferential --1187 —207
8A Axial 811 102
9 Axial 270 sS4
12 Axial 95 24
13 Circumferential 43 15
i¢ Circunferentcial —66 —13
20 Circumferential 215 43
a - —E ; = __E__
For gage pairs: 0, = 7——7 (g, +V EC), Oc = 7=7 %
(e. +v €,). For isolated gages: o = Ee.
C b A

1 MPa = 145.038 psi.

A second set of residual stresre neasurements was made on the V-9

prolongation by means of the hole-drilling technique,

The cylinder was

sectioned by sawing so as to expose the two planes of symmetry of the

weld on which measurements were to be made.

Ten strain gage rosettes

were 1ittached to the section to be gwudied (part A, shown in Fig. 3.3)
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before any cuts were made. The dimensions of part A and the rosatte lo-
cations are shown in Fig. 3.24.

The strain changes measured by the rosettes were used to estimate
the axial and circumferential stresses throughout tre body that are re-

lieved by cutting. A stress distribution that is Jinear in Z and quadratic

in X and Y was assumed; X, Y, and Z are defined in Fig. 3.24. The quad-
ratic form of X and Y presumes two planes of symmetr; bisecting the weld
repair, which is suggested by the work reported by Ferriil!, Juhl, and
Miller.? The inferred stress distributions were then used to adjust the
residual stresses measured on the cut sections through the weldment.

A subcontract was let to Westinghcuse Kesearch Laboratories to make
40 residual stress measurements on the part of the prolongation shown in

Fig. 3.24. The two faces tiiat bisect the weld were prepared by using the
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Fig. 3.24. Schematic of section removed from weld procedure qualifi-
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4



"gentle” grind technique suggested by Nowikowski, Maranchik, and Field.!®
This technique minirizes surface residual stresses induced from the cutting
operation. The work at Westinghouse was performed under the direction of
A. J. Bush. The residual stressec were determined from hole-drilling-type
sessurements for which an air-abracive device was used to machine the
boles.!! Elastic relaxation stresses resulting from cutting the cylinder
were calculated for each location at whi:h a residual stress was measured,
and the inverses of the relaxation stresses were added to the direc*ly
measured residual stresses. Tae resulting best estimrtes of the original
residual stresses that existed through ¢ne thickness of th: weld repair
before the cylinder was cut are shown in Figs. 3.25 and 3.26. Also shown

OANL DWG 78 722
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WELD METAL 43 ~ - ALONG LINE ab
| -~ MADE PRIOR TO
| CUTTING
51
7 477
Ie2 » < &Y, 22

STRESS DETERMINED FROM
VJELDABLE GAGES 3A AND 44
DURING REPAIR WORK

: -
. \ 107 63/
30

DIMENSIONS IN MILLIMETERS
STRESSES IN MEGAPASCALS

MEASUREMENTS ALONG
-105 LINE .d MADE PRIOR TO
CUTTING

Fig. 3.25. Circumferential residual stresses in the V-9 prolongation
wveldment made for qualification of the welding procedure used in repair of
vessel V-7, Values on the cut plane (Y-Z) have been adjusted to account
for the relief of stresses during cutting. (1 mm = 0.03937 in.; 1 MPa =
145 psi.)
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Fig. 3.26. Axial residual stresses in the V-9 prolongation weldment
made for qualification of the welding procedure used in repair of vessel
V-7. Values on the cut plane (X-Z) have been adjusted to account for the
relief cf stresses during cutting. (1 mm = 0.03937 in.; 1 MPa = 145 psi.)

in thesge figures are resuits of surface measurements made before the cylin-
der was cut, Addi.ional details of the residual stress measurements are

presented in Ref. 12.

3.4 Flaw Preparation

The repaired vessel, designated V-7A, was flawed {a Union Carbide
Corporation~-Nuc)ear Division (UCC-ND) facilities at Oak Ridge by the

same means and with the same flaw design as used in preparing vessel V-7
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for testing.? The locccion of the V-7A flaw in base plate material is
shown in Fig. 3.3. The flaw consists of a flat-bottom machined slot ex-
tended to a sharp edge by hydrogen charging an EB weld bead that had been
laid along the bage. The slot was milled in a radial-axial plane of the
test cylinder to the trapezoidal contour shown in Fig. 3.4 by a Giddings
and Lewis horizontal boring mill.

EB welding was performed in the large Sciaky weld chamber used in the
preparation of vegsel V-7 for the original test. The resulting EB weld
bead in the V-7A notch, shown in Fig. 3.27, was laid in three segments,
the deepest seerent being laid first. The welding parameters used pre-
viously for the V-7 flaw to obtain and EB weld crack dapth of 7.9 mm
(5/16 in.) were 2gain employed for the V-7A flaw. They are as follows:

Power: 40 kV with 180 mA on horizontal surface (deepest portion of

aotch) and 185 mA on the two slopes

Speed of beam: 2.3 m/min (90 in./min)

Vacuum chamber pressure: 0.67 x 1073 Pa (5 x 10~% torr)

Average tead cross section: surface width 3 mm (1/8 in.); depth

of penetration 7.9 mm (5/16 in.)

In the machined notch of vessel V-7A, a high magnetic flux density,
up to 6 x 10”3 T (60 G), was encountered. This condition had not been
experienced in veggel V-7 preparations, for whicn flux densities were
about 3 x 107" T (3 G). It is believed that the polarity (negative ground)
of the direct current arc welding electrode and the location of the attach-
ment of the ground during repair welding account for the magnetfzation ob-
served.

EB welding experiments on magnetized prototype tegt pieces had pro-
vided earlie: indications that high and nonuniform magnetic flux density
in the notch to be welded would cause significant deflection of the elec-
tron beam. Under such conditions, the deflected beam is not normal to the
bottom surface of the groove. Severe transverse beam deflection can also
caugse attachment of the beam to the side wall of the machined groove. It
is also possible that a longitudinally deflected beam will lose gharp
focus, which adversely affects depth of penetration. Earlier experimenta-~
tion had indicated beam diatortion problems with magnetic flux densities
of 5x 10°* T (5 G) or more.
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Fig. 3.27. Pretest photograph of notch in veasel V-7A showing the
electron-beam weld bead along the base of the notch.
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Many attempts were made to degauss the vessel znd reduce the residual
magnetic field before placing the vessel into the weld chamber. Both
alternating current and direct current degaussing procedures were used.
Results with direct current were highly unnredictable; flux increases

were noted on some occasions. Effective degaussing was achieved by

wrapping a 150-m (500-ft) No. 2 weld cable in continuous coils in three
perpendicular planes about the vessel. Alternating current voltages were
applied to genmerate up to 250 A. Magnetic flux densities in the vicinity
of the vessel slot were reduced to 25Z of initial values, or to about
15 x 107" T (15 G) maximum and about 8 x 10~ T (8 G) average. Two 0.1-T
(1000~G) permamagnets were used during EB welding for flux trimming so as
to keep the weld beam centered along the longitudinal axis of the notch.
After the EB welding was completed, the exposed weld bead was hydro-
gen charged by the process previously used? until a sharp crack was formed
around the entire periphery of the notch. In this process, the surface of
the notch, except for the bead, is masked by an insulating material. The
notch is then filled with an electrolyte, a 102 aqueous solution of H2S0,.
A current of about 8 X 10~° A/mm® of exposed weld bead is passed through
the solution in order to release hydrogen at the weld bead. The crack

gradually formed along the entire bead over a period of about 8.5 Lr of
charging.

3.5 Leak-Retarding Patch

As discussed in Section 2.2 and shown in Fig. 2.3, the pressure decay
in an intermediate test vessel after a small rupture develops is suffi-
cilently rapid that slowl+ developing changes at the time of rupture would
be inhibited by the drop in pressure. One of the measures adopted fcr en-
hancing the capability of the testing system to record the behavior of a
vessel under sustained load was a leak-retarding membrane, or patch, at-
tached to the inside surface of the test vessel in the vicinity of the
prepared flaw.

The patch concept ipiroduced two complications to the test plan.
First, it was desired to place geveral strain gages and ultrasonic trans-

ducers on the inside urface of the vessel near the flaw, as was done for
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the V-7 test.? Thke patch woul¢ have to accommodate these devices or they
would be eliminated. Initial attempts to design a patch device that would
house ultrasonic transducers and their electrical penetrations were dis-
continued for lack of ccafidence that a reliable design could be proven

within a reasonable tiwe. Furthermore, preliminary trials by K. K. Klindt

and his group to locate a buried crack tip with the ultrasonic transducer
mounted on the cracked side of the specimen (corresponding to the outside
of the notch in V-7A) were promising. The patch developmeat then shifted
to the use of a thin membrane fillet-welded at the edge to the inside of
the vessel.

The second complication of using a leak-retarding device is the prob-
lem of reliably determining whether the wall of the vessel has ruptured
and, if it has, the precise time of rupture. If the patch performs as de-
sired, there 18 neither leakage nor pressure drop to mark the occurrence
of vessel rupture. An instrumented patch pressurization system, for which
Fig. 3.28 is a simplified schematic, was designed and tested to indicate
vessel rupture.

The general scheme is to maintain the pressure beneath the patch

(i.e., between the patch and the inside surface of the vegsel) at the same

QRN DN h e

%1n riESSURE
ELEMENT (TRANSDUCER d FLOW-RESTRICTING ELEMENT
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N\ PUMPING SYSTEM
VESSFL PRESSURIZATION
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\. VESSEL PRESSURE
ELEME T {TRANSNUCE R)

Fig. 3.28. Simplified schematic diagram of the patch pressurizaticn
system for vessel V-7A.



pressure as that throughout the vess.l as long as the vessel wall is in-
tact. The pressures in the vessel and in the system commmicating with the
volume beneath the patch are measured with a flow restriction between the
pointe of measurement. When the vesgsel ligament ruptures, the pressure in
the patch system will drop rapidly, provided there is adequate comsmmica-
tioa between the point of rupture and the patch pressurization system.

The patch is a 406 x 610 x 1.59 mm (16 x 24 x 1/16 in.) sheet of
type 304L stainless steel rolled to conform to the inside surface of the
vessel and welded by the tungsteminert gas process around the edge with

_ _JNCO 82 filler (see Figs. 3.29 and 3.30). The patch pressurization line

is attached to the vesscl by a 6.4-mm (1/4-in.) type 316 stainless steel
high-pressure nipple irstallation as Shown in Fig. 3.31.

The design of the patch and pressurization system was based upon a
series of mockup tests performed to determine the performance of each
element of the system and the complete system. Details of this work,
which was necessary to ensure the integrity of the patch and the adequacy
of the leak-detection system, are described im Appendix F

ORNL -OWG 76-9933
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Fig. 3.29. Design of leak-retarding patch for vesgssel V-7A.
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patch installed in vessel V-7A.
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Fig. 3.31. Patch pressurization system nipple-welded to vessel V-7A.
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4. TEST FACILITY LESIGN AND PERFORMANCE

4.1 Introduction

The decision to test a large vessel pneumatically introduced several
problems that had not been encountered ir the previous hydrauiic inter-
wediate vessel tests. Suitable pressurizing gas and equipment had to be
selected. A new test site had to be developed; and the design of the
electrical, mechanical, and instrumentation systems had to be reexamined
and altered to meet the new test conditioms.

The test plan and facility design developed at the inception of the
intermediate vessel test program wore the basis for many of the pneumatic
test facility design requirements. The design requirements for the exist-
ing test facility in the K-25 Power House had been carefully determined
for hydraulic testing.! The test cell was designed to contain fragments
produced in a hvdraulic test, but the stored energy in a pneumatic test
is far greater than the energy this facility can accommodate. The stored
energy in the pneumatic fluid at 140 MPa (20 ksi) was estimated conserva-
tively to be about 200 MJ (1.5 x 10° ft-1b), about 80 times the energy
stored in the same volume of water at that pressure.

In view of the unusual safety requirements imposed by the large po-
tential energy release, considerations of economics led to the decision
to look for a test site outside the Oak Ridge area that was already de-
veloped and suitable fui testing explosives. The Naval Surface Weapons
Center (NSWC) was chosen b. 1wse it had such a site with the particular
facilities and pressurization equipment needed for the pneumatic test.

The use of a remote site necessitated that the vessel be prepared
fcr testing and all of the associated heating equipment, instrumentation,
and data-acquisition equipment be installed and tested before shipment
from ORNL. The instrumented vessel and the data~acquisition system (DAS)
also had to be protectively enclosed for shipment by common carrier.

Completion of as many preparations as practicable in Oak Ridge ap-
peared to be the most economical procedure for attaining a high level
of confidence that the testing systems would perform satisfactorily. rhe

equipment used in instrumenting che vessel and in preparing and installing
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seals is specialized; therefore, it was not expected that emergency re-
pairs or adjustments could be effected at the test site without major
delays. Tiie computer-controlled data-acquisition system (CCDLAS), for
which there was no satisfactory redundancy, was of such vital importance
that specialists in the use and repair of that equipment were included in
the test team and kept on standby for troubleshooting and emergency re-
pairs.

The pneumatic sustained-loading conditions made it desirable to
include some instrumentation and data-reccrding equipment not used pre-
viously. Accordingly, instrumentation was installed to measure crack
propagation velocity in case of burst and to record the associated trans-
ient pressures and strains. A magnetic tape recorder furnished by the
NSWC was used for recording data for intermediate transients; fast digital
recording apparatus, also furnished by NSWC, was included for recording

a very fast burst.

4.2 Test Site

The test facility for vessel V-7A is located at the Explosives Experi-
mental Area of the Dahlgren (Virginia) Laboratory of the NSWC. The Oak
Ridge Operations Office of tiie Energy Research and Development Administra-
tion (ERDA)* entered into an interagency agteement+ with the NSWC to pro-

vide the foilowing facilities and services:

1. a site with protective personnel shelters, weather enclosure for test
vessel, and utilities for the support of ORNL test equipment;

2. a high-pressure nitrogen pressurization system;

3. equipment and personnel for handling the test vessel assembly and the
ORNL data-acquisition system (DAS) traiier;

4, magnetic tape data-recording equipment;

5. high-speed digital recording apparatus;

%
The functions of the Energy Resear~h and Development Administration
have since been traniferred to the Department of Energy.

+Interagency Agreerent ERDA No. EY-76-1-05-4971 [formerly E-(40-1)-
4971].
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6. supplementary video equipment;
7. the development and supervision of a safety plan for a hazardous test.

The test field was laid out as shown in Fig. 4.1. An overall view
of the site is shown in Fig. 4.2. The vessel wss enclosed in a plywoo?
and wood frame shelter to protect personnel and equipment from rain during
final preparvations and testing. The vessel was separated from the manned
facilities by a distance of about 100 m (330 ft). The NSWC determined this
to be a reasouable distance for protection of personnel in the event of a
burst, wvhich NSWC estimated realistically would be equivalent to the deto-
nation of ahout 13 kg (30 1b) of TNT.

For safsty, all personnel were required to stay within the sheltered
areas (Fig. 4.1) vhenever the vessel pressure was high erough to be con-
sidered hazardous (i.e., above design pressure). Movement through the
emergency access route was forbidden at high pressure except as permitted
by the range safety officer. The NSWC maintained surveillance over and
excluded people from contiguous areas of the test site and the Potomac
River during high-pressure testing.

ORNL and subcontractor personnel were stationed in two locations
during high-pressures testing: (1) the LAS trailer and (2) the bunker.
These facilities, shown in Figs. 4.2, 4.3, and 4.4, were provided with

ORNL- OWG 78 1324
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matic test of vessel V-7A.
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steel, concrete, or earthen shielding against projectiles from the ves-
sel. A steel plate was placed on top of the DAS trailer to intercept
projectiles with & high trajectory, while the concrete block equipment
building provided a shield sgainst those with a flat trajectory. The
NSWC operator of the pressurization equipment was shielded by the btunker,
s portable stesl shed, and s stesl plate rlaced over the operating station.
Bigh-pressure tubing war routed from the pumping station to the ves-
sel avay from inhabited aress and was also separated from the slectrical
sud data cables to minimize the risk of damage. The tubing was staked
down to inhib’. whipping in the event of a failure. The vessel hesd was
pointed away from the manned areas, since a large number of small fittings
and the closure studs were potential projectiles. The axis of the vessel
was pointed toward the¢ manned ares because it was assumed that the most
likely direction of projection of fragments from the shell itself would
be lateral. It was also thought possible that a leak through the flaw
could be large enough to push the vessel off the test stand laterally.

4.3 Instrumentation and Data-Acquisiciva STsiems

The instrumentation plans for vessel V-7A were adajpted from the origi-
nal (hydraulic) test of V-7 so that the original measurements could be
matched with .:omparable measurements in the sustained-load test. Two
additional typ:s of data were required: (1) strain behavior or the Section
XI weld repair 2zone and (2) dynamic regponse to pneumatic loading. in the
event the vessel burst. Instrumentation sensors mounted directly on ves-
821 V-7A consisted of 25 thermocouples, 84 strain gages, 2 crack propaga-
tion gagee, 6 crack-opening displacement (COD) gages, 4 ultrasonic trana-
ducers for sensing the location of the crack tip, and 2 arrays of acoust-
emission (AZ) transducers.

The inclusion of a patch in V-7A prevente: the placement of strain
gages at several important locations used in the V-7 test; it also pre-
cluded the mounting of ultrasonic trangducers on the inside surface for
direct deternination of the crack tip locdatinn. Ultrasonic transducers
were, instead, situated outside the vessel, and crack tip locatiom in-

volved a double reflection off the ingide surface of the vessel. To
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partially compensate for the loss of strain measurements >un the inside
surface beneath the flaw, three additional COD gages were installed withire
the notch about 76 mm (3 in.) below the outside surface.

Additional strain gages were located on the inside and outside sur-
faces ia the Section XI weld repair zone.

The data-acquisition systea (DAS) was designed to measure and record,
in addition to the slow changes in the vessel as pressure increased, the
transient response of the vessel in the event the vessel burst. If the
vessel had burst, the patch would not have remained intact very long; but
the pneumatic fluid would have kept the pressure from decreasing as fas:
a8 in the V-7 hydraulic test. In order to take advantage of the oppor-
tunity to observe a possible burst, several features not previously used
for intermediate vessel tests were included in the v-7A DAS: (1) crack
propagation gages; (2) direct recording of selected strain gage data on
magnetic tape; (3) strip chart recording of COD, strain, and crack initia-
tion data; and («) processing of all transient data by the CCDAS and re-
cording of digitized data on magnetic tape.

The data-acquisition requirements were developed into plans for a
transportable system, which vas assembled and checked out at ORNL. The
CCDAS and other instrimentation, conditioning circuitry, and amplifiers
for gages ani test data thermocouples were located in the DAS trailer,
the nlan for which is shown iu Fig. 4.5. Test gignals were transmitted
to the traiier by eight cables deployed from the vessel test assembly
(described in the next section). The main features of the DAS are given
in Table 4.1, and a layout of all instr:mentation on the vessel test as-
semvly 1s shown in Figs. 4.6 and 4.7. Details of the instrumentation and
DAS are given in Appendix D.

Crack propagation data were processed and recorded by five devices.
The first break was detected by a trigger module, which produced a synchro-
nizing signal recorded by the Ampex magnetic tape recorder, strip charts,
and the CCDAS. The output of both crack propagation ladders was recorded
by the CCDAS (adequate for slow propagation) and by the ERDAC equipment
(for fast propagatjon). The ERDAC is capable of continually recording

daca at the rate of 1 word per microsecond, with a total capcity of 4478
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words. The trigzer signal from the first break stops the erasing of old

data and recording of new data after a preset delay.
The Ampex magnetic tape recording unit recorded geven channels of

straip data (see Appendix D) and the crack propagation trigger signal in
the FM mode. This device has a response of 10 kHz and was included in the
system to provide a good record »f a rapid depressvrization. Although the
pressure transducers used in the test may have had an Jnherent capability
of measuring pressure transients of interest satisfactorily, they had to
be placed on a short tube attached to :he head and therefore could not
measure fast transient vessel prersure itself. However, the inside sur-
face strain remote from the flaw recorded by the Ampex recorder was con-

sidered to be a good indication of pressure during unloading of the vessel.
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: Table 4.1. Data-acquisition gystem for V-7A t
Output device Permanent test record Output during test Tempera-
Pressure St
ture
CCDAS Digitizes data on mag- (1) Lire printer (full 9 3
netic tape scans)
(2) Dpigital readout of
selected channel
Vighay Paper tape; typed record; ‘lﬁaagr tape
magnetic cassette
Ampex Model Direct magnetic tape
FR-1300 tape record
recorder
ERDAC Photographic copy of CRT CRT display
display
X-Y Plotter (data Paper plot Paper plot 1
vs precssure)
HP strip chart Paper chart Paper chart 2
Brown r.corder Paper chart Paper chart 16
Ultrasoric system Magnetic tape with voice CRT display
channel
Acoustic-emission Magnetic tape CRT display 1

system

Video Magnetic tape TV mouitors
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For recording slow changes in pressure and other variables, recordings
were made or three strip charts at chart speeds betweea 1 in./min and
0.5 in./sec and on the CCDAS. See Appendix D for details. Strip chart
speeds were selected during the test 4s necessary to resolve data for
easy interpretation, while the CCDAS was precrogramaed to scan all points
ten times per second. During periods of potential rapid change in data
values, the CCDAS scans were recorded on magnetic tape at 1-, 2-, or 4-sec
intervals. At other timeg scans were recorded at 1- or 5-min intervals.

The use of a patch to enable the vessel to sustain pressure after
rupture necessitated the incorperation of iastrumentation to detect rup-
ture. (The principle of opera:ion and development of the scheme of the
rupture-detection system is described in detail in Appendix E.) The patch-
pressurization system (PPS) was selected as the primary means of detecting
rupture because cf practi:zal advantages over other possible schemes. The
PPS produces a permanent record of its response with a time base, so that
the events surrounding the time of rupture can be accurately correlated
and evaluated after the test. Video monitoring was a backup, by which the
actual rupture was first notice.dl, It was not considered as reliablie as
the PPS, because therc w2s no way to make an objective time-based record
of an event on the video recordiug. Furthermore, a momentary disruption
of the video signal or distraction of fthe human monitor might result in the
event being migssed. Other instrumentation also provided significant infor-
mation about the time of rupture, as discussed in Section 4.6.

Rupture detection by the PPS is indicated by a rapid drop in pressure
in the PPS. A record of this pressure, together with vessel pressure, was
made on strip chart recorder No. 1, which was monitored visually during

the part of the test when rupture was most probable.

4.4 Vessel Test Assembly

A structure was designed for supporting and enclosing the instrumented
vesgel and assoclated equipment during transport. A simplified drawing of
the assembly of the vessel, support, and enclogure is ghown in Fig. 4.8.

This structure supported the vessel, cable reels, and terminal boxes for
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heater and instrumentation comnnections. The enclosure protected the in-
strumented vesgsel from weather and mechanical ijamage during the ioading,
unloading, and hauling of the vessel.

The heating system consigsted of eight groups of Calrod heaters equally
spaced around the vessel, as shown in Fig. 4.9. Each group was energized
by a Variac and monitored by two thermocouples attached to the surface of

the vessel beneath the heaters. Each group contained six 2-kW Calrod
heaters coimected in parallel. The space around and between the heater
rods was filled with an epoxy graphite compound to improve thermal con-
ductance between the heaters and the vessel. After instrumeniation was
installed, the vessel was insulated with 75-mm-thick (3-in.) glass wool.
Power cables for connectfng the Variacs to the heater terminal box on the
vessel test assembly were supplied by the NSWC. Each Variac wa: rated at
28 A and 130 V and was energized by 129-V alternating 2 rrent circuits.
Variac controls allcwed the power to be varied continuously from O to

3.3 kW on each group of heaters. The Brown recorder for the sixteen
thermocouples monitoring the heaters was mounted in one of the two Variac
cabinets that were installed in the bunker for the test.

Vessel preparation and the inszallation of components in the vessel
test assembly were accomplished at ORNL. Strain and COD gages and thermc-
couples were applied by techniques developed and used on several earlier
tests.? See Appendix D for details on the geasors in the layout in Fig.
4.6. The completed assembly 1s gshown in Figs. 4.10 and 4.11. The vicinity
of the flaw fs shown in Fig. 4.12 with the strain gages and mid-depth COD
gages installed. The outgide surface strain gages in the weld-repair region
are sincwn in Fig. 4.13.

The patch-pressurization system, shown schematically in Fig. 4.14,

was mounted on a separate steel frame.

4.5 Pressurization System

The NSWC furnished and operated the equipuent for pressurizing the
intermediatce test vessel with nitrogen. Figure 4.15 i8 a schematic dia-

gram of this system. The arrangement allowed several modes of pressur-

ization.
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Fig. 4.10. V-7A vegsel test assembly as it appeared when completed,

except for installation of thermal insulation and protective cover.
graphed after test.
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Fig. 4.11. Closure end view of V-7A -resgel assembly showing Autoclave
Engineers high-pressure penetration fittings for instrumentation cables.
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b.; - J

7 sl B

Fig. 4.12. Instrumeutation in the vicinity of the notch on vessel
V-7A. The guides for acoustic-emission transducers, mounts for outside
COD gages, and two 45° weld bosses for ultrasonjc transducers are shown
without the instrumentation mounted.



AT PHOTO 4423--76

Fig. 4.13. Strailn gages on the outside surface of the weld-repair
zone of vessel V-7A,
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Fig. 4.15. Diagyram of NSWC high-pressure nitrogen-pressurization
system.

1. The test vessel could be pressurized directly by the compressed
gas tank trailer up to about the pressure of the supply, 16.6 MPa (2400
psi).

2. The Corbliin pump could pump directly into the test vessel up to
about 62 MPa (900C psi).

3. The two Haskel pumps could be uscd singly or in parallel and
could be supplied directly from the tank trailer or from the Corblin pump.

During pressurization, the nitrogen could be vented to the atmosphere

or to a tanker if it appeared advantageous to conserve the supply of com-

pressed gas., Details of the pressurization system are given in Appendix H.
Figure 4.16 shows the pressurization system control station, the

Corblin and Haskel pumps, the tank trailers, and the air compressor.




PHOTO 7130A--77

WATER TANK

Fig. 4.16. View of NSWC pressurization control station showing
cooling-water storage tank, Corblin pump, Haskel pump, alr compressor,
and compressed nitrogen tank trailer.
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5.6 Test Operations

4.6.1 Pretest plans and preparations

The NSWC moved the principal units of the pressurization system to
the test site about a month before the test date. ORNL personnel and
equipzment arrived on site 14 days beiore the test. The highest-prioricy
goal in early test preparations was to check out the CCDAS, since it was
a critical system and difficulties were not unusual. A ~hunderstorm the
night before arrival destroyed an underground cable supplying 208/240-V,
3-phase power to the V-7A test site, and repair of the utility power
feeder :able required one week. A portable engine-generator set was in-
stalled to allow preparations to proceed, and preparations other than
the CCDAS checkout were nc: seriously affected. Pretest checks ard cali-
brations were completed on time.

The general plan was to pressurize the test vessels geveral times.
The necessity of having a full tear of gpecialists present during testing
made it imprudent to plan any pressurizations that would exteud much
beyond a normal working day. Since range safety rules permittel’ access
to the manned areas only when test vessel pressure was not above 70 MPa
{10,000 psi), the vessel was loft pressurized to that level overnight
between cycles, with two persons standing watch on the system.

The speciiic program of pressurization cycles was adopted the day

before the test as follows:

ist cycle Pregsurize to 66.3 MFa (9.61 ksi), and depressurize to observe
the behavior of the Section XI weld r:pair.
2nd cycle Pressurize to 124 MPa (18 ksi), and depressurize to as low a
pregsure as is praccicable. Note crack growth, 1f any.
Subsequent  Repressurize to 3.4 MPa (0.5 ksil) above previous high pres-
cycles sure level, and note crack growth, if any. If none, continue
preassurization until crack growth 18 observed. Determine
whetner pressure cycling with slightly increasing peak pres-
sure causes the crack to grow and, 1f it does, continue the
recycling without increasing peak pressure until the vessel
fails.
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Consideration of the possibility and consequences of a failure of
the test vessel head to reseal, if the vessel were completely depressurized
sfter being at high pressure, led to a decision to avoid complete depres-
surization. Seal replacement would require special equipment and several
days' time at the Dahlgren site, wvhere the ugual supporting shops and
personnel were not available. Furthermore, some cr all of the internal
instrumentation connections would have to be cut. During the planning of
the test, it was also recognized that one pneumatic pressurization cycle
required a few hours; but the time needed to depressurize, although not

measured, would become long if complete depressurization were desired.

4.6.2 Heatup phase

Heatup of the vesgel was started at 1448 on June 14, 1976, and a
satisfactory temperature distribution was attained by the time the first

pressure cycle was scneduled on June 15,

4.6,3 Pressurization phase

The complete pressurization schedule, starting at 093C on June 15,
is shown in Fig. 4.17; details of the schedule are given in Table 4.2. The
temperature history of the vessel is shown in Fig. 4.18,

The planned pressure cycling program was carried out through the first
two pressure cycles, reaching 66.1 MPa (9.58 kgi) in the first and 126.0
MPa (18.28 kaf) in the second. The pressure was dropped to 13.9 MPa (2.02
ksi) and 38.5 MPa (5.58 ksi) at the ends of the first and second cycles,
respectively. The third cycle, which was to go (at least initially) to
the previous peak pressure of 126.9 MPa (18.28 ksi), was started at 1300
on June 16, It was hoped that this cycle could be completed during that
day. However, failure of seals in one of the Hagkel high~pressure pumps
interrupted the test at 76.7 MPa (11.12 ksi).

Both Haskel pumps working in parallel had produced pressurization
rates of 0.2 to 0.5 MPa/ain (30 to 70 psi/min), depending upon the pres-
sure level., With thie capacity cut in half, it appeared imprudent to
resume the test until the following morning, June 17. Parts were ordered

from the pump manufacturer so that repairs could be made early on June 17.
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Fig. 4.17. Pressurization history of intermediate vessel test V-7A
June 15-18, 1976 (1 MPa = 145.04 psi).

The pressurization in the third cycle was resumed with one RHaskal

pump at 0828 on June 17, and at 1132 pressurization was interrupted by

the failure of the second Haskel pump. The peak pressure in cycle 3 was

121.0 MPa (17.55 ksi), slightly below the maximum pressure attained in

the second cycle.

The parts needed for repairing the pumps did not arrive until mid-

morning June 18, by which time both pumps had been dlsassembled and it
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Table 4.2. Pressure cycle data for the V-7A test

(June 1976)

Time at gtart

Pressure (MPa)a

Cycle Activity Le. .
(d:hr:xin:sec) Start End
1 Pump 15:09:33:29 0 66.1
Hold :12:48:48 66.1 65.3
Vent :13:25:15 65.73 14.4
Hold :14:11:29 14.4 13.9
2 Pump :15:28:36 13.9 72.4
Hold :17:58:36 72.4 70.9
Puap 16:09:01:05 70.9 109.8
Hold :10:39:01 109.8 109.1
Pump :10:59:01 109.1 116.9
Hold :11:19:01 116.9 116.4
Pump :11:25:u1 116.4 126.0
Hold :11:49:01 126.0 125.0
Vent :12:36:09 125.0 38.5
3 Hold :13:00:09b 38.5 42.8
Pump :13:15:08 42.8 76.7
Hold :15:25:47 76.7 76.4
Pump 17:08:28:140 76.4 121.0
Hold :11:31:39 121.0 i19.7
Vent :13:00:16 119.7 68.8
4 Hold :13:08:16 68.8 75.7
Pump 18:13:03:11 75.7 127.6
Hold 116:28:52 127.6 126.3
Pump :16:52:52 170.3 130.9
Hold :17:10:46 130.9 130.6
Pump :17:28:53 130.6 134.4
Hold :17:44:53 134.4 133.9
Pump :17:57:10 133.9 137.9
Hold :18:13:45 137.¢ 137.4
Pump :18:23:23 137.4 141.5
Hold :18:40:50d 141.5 141.0
Pump :18:48:118 141.0 144.3
Hold :19:02:26 144.3 142.7
Vent :19:33:12 142.7 0.3
End :20:45:22 0.3

a1 Mpa = 145.04 psi.

bPump failure at 16:15:07:00.

“Second pump failed av this time.

dPower to heaters turned off at 18:18:51:00.

®Nominal time of rupture,
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Fig. 4.18. Temperature history of intermediate vessel test V-7A,
June 1518, 1976, as measured by thermocouple TE 21 on inside surface
near end of notch.

had been determined tha’ overheating had led to failure. After consid-

ering various means of cooling the pumps, arrangements were made with

the NSWC to pump river water to cool the air receiver of the compressor

which provides air for driving and cooling the Haskel pumps. One pump

was repaired quickly, and the fourth pressurization cycle was started

at 1302 on June 13. The second pump was repaired but not used. The new

cooiing arrangement was effective in preventing a recurrence of overheating.
In consideration of the merits of attaining the principal goal of

testing the vessel to the point of rupture without further failures and

delay, which would bave become costly, it was decided to pressurize the

vessel in the fourth cycle until rupture occurred. This point was rezched

at 1902 on June 18 at a pressure of 144.3 MPa (20.92 ksi).
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%.6.4 Rupture vhase

The rupture was first observed on the video monitor. The stiip chart
record of the PPS pressure was marked by hand when the rupture was geen omn
the video monitor, about 20 to 25 sec prior to a cecorded rapid drop in PPS
pressure. The CCDAS data, which were plotted later, give a more precise
record of the rupture and confirm the strip char: record. Figure 4.19
shows the pressures plotted from the CCDAS record for the vesgsel and the
patch~pressurization system at about the time of rupture. It also shows
that the temperature in the notch dropped abruptly as the escaping g2s

cooled that region. (The location of the thermocouple in the notch is

shown in Fig. 4.7.) This drop in temperature marks the time that has
been nominally defined as the time of rupture.
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Fig. 4.19. Data defining the nominal time of rupture in V-7A cest
as 19:02:26, June 18, 1976 (1 MPa = 145.94 psi).
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A posttest review of the video record revealed that the blowdown of
the patch volume was visible for a period of about 30 sec. Figures 4.20
azd 4.21 show a sequence of video frames from this period. Features &£
.ne video camera view are defined inm Fig. 4.20. :ihe easily visible mate-
rial being expelled from the notch is oil that was put in the notch for
coupling the ultrasonic transducera to the vessel. When viewed at normal
speed, the video record shows evidence of a small leak about 1 sec before
the first globule of oil became visible (freme 1, Fig. 4.21). The irten-
sity of the flow appeared to be at a maximum in the period betwzen 10 and
13 sec after frame 1. The leak was not visible on video after frame S.

Although the exact sequence of events at ligament rupture cannot be
stated with certainty, the video and CCDAS data are consistent with the
f£cllowing supposition. Prior to rupture, the patch was slightly displaced
from the vessel wall so that it enclosed a substant:al voiume of gas.
Wnen the first material wvas ejected from the rotch, the rupture was still
szall. The rupture developed to full size in about 10 sec, during which
time PPS pressure was maintained at vessel pressure by virtue of the
diaphragm actior of the patch. Rapid patck volume depressurization com~
merced when the pacch voluue reached a minimum, the patch then being
firmly pressed ageinst the vessel wall. This may have occurred at about
the time frame 8, shown in Fig. 4.Z1, was recorded, about 33 gec &after

the first visible appearance of a leak on video.

4,6.5 Data-acquisition system performance

Several data sources were used during the pressurization phase cf
the test for evaluaiing the status of the vessel and test equipment 30
that appropriate decisiong could be made on the conduct of the test.
Since test preparations represented most of the expenditure of manpower
and funds, it was essential that checks be made as the test proceeded to
ensure that gsucceeding phases would be carried out properly with the
maximur recovery of data.

It was particularly important, for test control, to know the actual

crack depth in the flaw liga.ent and the extent of crack growth in the

axial direction. Cycling decisions depended unon the behavior of the

crack in the ligament, while the axial extent of the crack was ielated
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Fig. *.21. Videc sequence of notca during ruopture. I
measured ‘rom the first appearance of a drop et.

to the margin to Lurst. Because ultrasonic reflection {rom the crazk
tip had tc compete with interferences not pregent in the V-7 test, ob-
servations made during the test were interpreted only tentatively.

Strain and (00 measurements were inherently more precise than ultra-
s.nic measur:ment<, although the immediate implicatiuns of strain and COD
with regard to crack size were imprecise. Comparisons of V-7A with V-7
measurements at corresponding pressures nrovided reassurance during the

test that the vessel and the flaw were behkaviug as expected.
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Except for the difficulties with the high-pressure pumps, the elec-
trical and mechanical test equipment performed as desired. The CCDAS and
most of the associated sensors performed satisfactorily. The test was
started with only 1 out of 87 strain gages defective. All other sensor
channels were functioning properly. During the test, <4 additional sgtrain
gages became defective; both crack propagation gages broke on thz2 first
application of pressure to about 27 MPa (4 ksi). One ultrasonic trans-
ducer failed when the vessel was heated. Defective seusors are noted in

Appendix D.

All other data channels remained active throughout the test, but some
instrurentation was not as effective as had been expected, namely: (1)
ultrasonic sensing of the location of the crack tip; (2) COD measurement
outside the notch with Transteck linear displacement transducers; and (3)

COD measurement at mid-depth of the notch with 'divider" gages.

The ultrazonic obaservations in the V-7A test were inherently more
difficult than those in V-7, since both the transducer eignal and the re-
flection from the crack tip had to be reflected from the inzide surface of
the V-7A test vessel. Ultrasonic energy scattered from the nearer crack
surfaces provided additional disturbances. Furthermore, during the first
pressurizaiion cycle, the coupling fluid was a source of fluctuating re-
flections. During the low-pressure hold at the end of the first cycle,
the transducer installation was inspected, and it was found that a great
number of dead insects had accumulated in the fluid in the notch. The

insects had been attracted by lights illuminating the vessel shelter and

the notch and were killed by the exposed hot metal in the vicinity of

the notch. The notch was cleaned and refilled with clean fluid; however,
ingtalled instrumentation and heat precluded the removal of all debris.
Subsequently, lights at the vessel were turned off before nightfall and
left cff at night as much as practicable., The cleaning improved the per-

formance of the ultrasonic system substantially.

The two types of COD gages exhlbited anomalies peculiar to each type.
The outside gages (ZT 127, 128, and 129) consistently indicated displace-

ments free of noise, but their response at timea suggested that the end of
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the COD probe might not have followed the stop agaiast which it was sup-
posed to be helc by spring compression. Figure 4.22 illustrates this be-~
havior at a time when the loading changed from increasing to decreasing.
This shows a tendency for the COD at one point to stay constant for gsome
time after the load reversal while other associated measurements indicate
it should be changing. Table 4.3 summarizes the performance of the COD

gages. Subsequent tes- work with a redesigned gtop shows that these COD

gages should have beea responsive during the early stages of pressurization.

Figure 4,23 shows the COD calculated by an elas .ic-plastic finite-element
method for the tvpe of flaw in V-7 and V-7A. (See Appendix G for details
of the calculation.) It is now believed that the COD threshold exhibite

in the first cycle of the V-7A test, as well as in V-7, is an artifact
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Table

4.3, Summary of COD gage perfo

rmance during test of vessel v-7A"

Cycle No.

con
gag No. - __‘.q»"‘—;* T T 2
2T 127 MO response No responsge below 00 MP.y;
proper response only on vising
load between 112 MPa and 126
MPa; hang up on unloading
2T 128 Nagligible response No responsc un increasing locd;
normal ra2sponse on rapidly de-
creasiag load
ZT 129 tmall erratic response No change in output in first
30 MPa of loading and unload-
ing; otherwise normal
2T 13D Normal response except for Normal responge except for
apurious poiat at scan No, small drift during the 2 hr
87 prior to loading abuve 71 MPa
2T 130 Normal response except for Normal response
spurious point at scan No.
26
T 12 Er-atic response Erratic response

1 MPa = 145.04

pai.

Negligible response

Normal renponue over entire
cvele

No change in output on firat
1O MPa of loading and 25 MPa
of unloading; otherwise normal
except for a mnpurious point at
scan No, 609

Normal response except tor
drift during 17-hr period at
~76 MPa

Normal response

“rratlc response

No response below L34 MPa;
normal renponse during balance
of cycle, both lrading and o~
loading

Normal response onv risin load;
hang up 0 decreasing load unti)
55 MPa was reached; narmal there-
aft.r

No change {n output in flras 30
MPa of loading and during en-
tire unload.ng portion; other-
wine norma’ vesponac

Normal except for anomaloun
drop {n Cub tor V3.5 hr during
hold and initial toadtng above
110 MPa

Nagmal responne

Large drdfr during hold period;
normal response Jdurieg loading
and unloading

e
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associated with the way the gages were mounted. However, when the gages
indicate a change ia COD, the response of the gages to loading in one
direction appeusrs to give reasonable differential valces.

The type of COL gage used at the mid-depth of the notch (ZT 130, 131,
and 132) is a divider with strain gages attached to the surfaces of the
clip spring. Details of this device and its calibration are given in Ap-
pendix F. The inherent problem with this gage is its low level of output,
about 0.05 mV/mm of displacement with 5-V excitation. The output during
the V-7A tegt was noisy, as shown in Fig. 4,24, and drifted with time, as
shown in Fig. 4.25. As a congequence of this behavior, recalibrations were

OANL -OWG 78-1416
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Fig. 4.24. Noisy response typical of COD gages ZT 130, 131, and
132. COD (ZT 131) vs pressure in 4th cycle (1 MPa = 145.04 psi; 1 mm =
0.0394 1in,).
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Fig. 4.25. Drift in COD (ZT 130) during hold period in 3rd cycle
(1 om = 0.0394 in.).

made after the test, and the sensitivity cf the output to temperature
cuanges was investigated. This work confirmed the original calibration.
With curve-fitting analysis of these COD data, results are obtained that
are believed to be valid. An illustrarion of this treatment of the data
is given in Fig. 4.26. In the case illustrated, a correct interpretation
of the data immediately after the time of rupture 1is nct possible because
of the disturbance the escaping fluid caused, but it would be reasonable
t> suprose that values of COD could be interpolated between the two ser-

tic - f tlie fitced curve as indicated by the dashed line.
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5. TEST RESULTS

This chapter presents data and observations that generally charac-
terize the behavior of vessel V-7A in terms of its response to pressure
changes and its continued Jdeformation during periods of constant load.

A complete recoxzd of test data is included in this repor%” on microfiche,
as described in Appendix B. The behavior ¢i the flaw during pressuriza-
tion of the vessel is characterized by COD changes, nearby strains, loca-
tion of the crack tip, and acoustic-emission activity. After the test,
the flawed region was cut from the vessel and sectioned to determine the
nature and extent of the final crack.

A complete report by M. P. Kelly and R. J. Schlamp of Dunegan/Endevco
on acoustic-emission monitoring is included as Appendix C of this report.

5.1 General Response of Vessel to Pressure Changes

The overall response of the test section to increasing pressure is
represented by circumferential strains measured around the vessel at the
circumferential midplane of the flaw. The locations of strain gages that
measured this response are defined in Fig. 5.1.

To give a simple illustration of the effect of cycling on gtrain be-
havior Figs., 5.2 and 5.3 show strain vs pressure over all four cyclec for
two inside locations, 180° and 270° from the flaw, respectivel,. These
plots show that there was little hysteresis during the first three ~vcles
at locations far from the flaw.

The inside and outside circumferential etraing at 45° intervals from
the flaw are shown in Fig. 5.4 through 5.10. The points plotted are a
composite of the ‘ncreasing load data from cycles 1, 2, and 4, which cover
the full range of all test pressures.

The behavior of the region of the flaw over all cycles is summarized
in the plots of one COD (ZT 129, and one outside strain near the end of
the flaw (XE 104). Locations of sensors in the flaw region are shown in
Fig. 5.11; the CCD and strain plots are Figs. 5.12 and 5.13, respectivelv.
Since deforrations are high, there is substential residual deformation upon

unloading. However, one may notice that, in a subsequent reloading of the



139

vessel, the strain or COD tends to retrace thi previous unloading line
until the previous high pressure is reached a_ain.

It has been noied in Chapter 4 that the long segments of constant
outgide COD while pressure is changing are probably artifacts and not
true representations of vess2l behavior. This applies to COD gages ZT
127, 128, and 129. See Table 4.3 for a summary cf COD gage anomalies.

The COD data for the composite of cycles i, ?, and 4 are presented
in Figs. 3.14 and 5.15. Simiiarly, composite data for outside anc inside

strain gages near the flaw are given in Figs. 5.16 through 5.19.

5.2 General Responge of Vessel *o Sustained Load

When subjected to pneumatic loading, vessel V-7A exhibited a creeping
deformation for some time after pumping stopped. This phenomenon hac been
noted in X-Y plots of strain and COD in previous (hydraulic) tests of inter-
mediate vessels. The data system for V-7A, unlike that of earlier tests,
was equipped to record the changes with time at nearly constant load. This
behavior during sustained load is shown in Figs. 5.20 and 5.21 for strains
far from the flaw and in Figs. 5.22 and 5.23 for nearby strains. A plot
of pressure vs time for the time interval of these nlots is shown in Fig.
5.24.,

5.3 Sustained-Load Behavior of Flaw

The sustained-load behavior of the flaw is characterized by the
changes in COD of the flaw and strains nearby. At several 1avels below
maximum (rupture) pregsure, the pressurization of V-7A was interrupted
so that, even if the vessel had eventually burst, sustained loau behavior
would have been recorded near maximum load. The sustained-load period
of greatest interest, since the vessel did not burst, is that foliowing
rupture. Plots of the CODs vs time for a perfiod of about 30 min after
rupture are shown in Figs. 5.25 and 5.26. The plots start at a time when
the pressure is still rising, as shown in Fig. 5.24. These data irdicate

that the veagsel was stable at the time of ligament rupture.
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5.4 Response of Weld-Repalr Zone to Pressure Changes

The observation of the behavior of the Section XI weld-repair zone
was a secondary objective of the V-7A test. Accordingly, strain gages
were placed in the repair zome 225° from the flaw, as shown in Fig. 5.27.
Outsioe and inside strains at the center of the repair and in base metal
at symmetrical locations with respect tc the flaw center!ine are presented
in Figs. 5.28 through 5.31,

5.5 VUltrasonic Observation of Crack Tip

The ultrasonic monitoring of the crack growth ir vessel V-7A was
accomplished by K. K. Klindt by the arrangement shown in Fig. 5.32. This
arrangement is different from that used in vessel V-7, in which the trans-
ducers were placed on the inside surface of the vessei for direct trans-
mission to the crack tip.1 In the arrangemeunt for the V-7A test, the
inside surface was used as a refiector from which to “bounce' the sound
into the crack and the reflected sound back to the transducer. This less
desirable arrangement was necessary because of the pressure-retaining mem-
brane on the inside surface of V-7A in the vegion of the crack.

The V-7A method resulted in loss of signal strength aad a confusing
mixture of gignals iiom irrelevant reflectors at about the same time as
the signal from the crack. Interpretation was difficult; however, with
ciose observation throughout the test, the relevant signal was separated
from the others with z fair degree of assurance. By calibration of the
system with an external block 25.4 mm {1 in.) chick, ir was inferred that
the machined iigament in the vessel was only 23 mm (0.91 in.) thick, while
it was supposed ro be 25.4 mm. This ult-asonic measurement was confirmed
in the posttest examination of the vessel.

Crack depth vs vessel pressure for transducer 2 (XE 141) is plotted
in Fig. 5.33. The ultrasonicaily measured crack depth is reckoned from
the machined surface at the bottom of the notch. The first pressure cvcle
to 66.1 MPa (9.6 ks{) did not open the EB weld crack sufficiently to make
it detectable in the V-7A test. [With the V-7 srrangement of transducers,

the EB weld crack was detected at less than 35 MPa (5 ksi).] On the gecond
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cycle, the crack became visible at 115 MPa (16.7 ksi), and its depth in-
creased with pressure to 11 me (0.45 in.) at the pzak pressure in the
cycie, 126 MPa (18.3 ksi). During the tiird cvcle, the crack indicatiom
was visible at the same depth from a pressure of 43 MPa (6.2 ksi) near the
beginning of the cycle until 83 MPa (12 ksi), after which the point from
which a reflection was received progressed to a depth of 14 mm (0.55 in.)
at the peak pressure in the cycle, 121 MPa (17.5 ksi). The ultrasonic
iniication durinc the fourth cycle ifollowed the path of the third except
for an unexplained excursion at 90 to 97 MPa (13 to 14 ksi). When the
pressure reached the previous maximum pressure [126 MPa (18.3 ksi)], the
signal began to indicate a more rapid rate of crack growth. After 134

MFa (19.5 ksi) was reached, the crack grew uniformly with increasing nres-
sure until just before vessel failure when the confusion of signals made
interpretation impossible.

Traasducer 3 (XE 140) ceased to function properly after the vessel
test temperature vas reached.

Transducers 1 (XE 143) and 4 (XE 142) failed to detect any crack at
the end of the notch until near the end of cycle 4. At 134 MPa (19.5 ksi),
transducer 1 showed the crack to be at a depth of 15 mm (0.6 in.) from the
sloping machined surface of the motch. Transducer 4 gave no definite indi-

cation of any crack extemsion beyond the EB weld depth.

5.6 Posttest Characterization of Flaw

After the test, the flawed region of vessel V-7A was examined, local
deformations and gross dimensions were measured, and the cracked region
was cut out and examined.

Figure 5.34 shows the creased inside surface of the vessel beneath
the me:hined nctch. A nlaster cast of the creased region was made and
sectinned for measurement of the local deformations. In the central 100
mm (4 in.), the crease is sharp and about 3 mm (0.1 in.) deep rei-tive to
the cylindrical surface in this locality. This area was inspected visually
with the aid of dye penetrant and Zyglow. No evidence of the crack could

be found by this means.
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When the flawed region was flame cut from the vessel, the fracture

along the crease opened so that a crack cver 100 mm long (4 in.) was

clearly visible, as shown in Fig. 5.35. The cutting operation removed
the posttest residual compressive load, allowed the crack to open, and
possib’:- allowed some addirional tearing along the inside surface. The
surface of the unruptured patch is shown in Fig. 5.36. Ac seen in this
photograph, the patch deformed smoothly and bridged the opening of the
vessel without being marked by the edges of the crack. In Figs. 5.34 to
5.36, the linear markings transverse to the crease are vestiges of the
patch spacer wires on the vessel surface and indentations made by the
wires on the patch.

The posttest appearance of the crack from outside the vessel is showm
in Fig. 5.37. The residual crack cpening at the bace of the machined notch
was 3.5 to 4.0 mm wide (0.14 to 0.16 in.). Photographs of the crack open-
ing in Figs. 5.38 and 5.39, which were taken after the flaw was cut from
the vessel, show the fibrous appearance of the crack bevond the smooth EB
weld crack.

The block removed from the vessel (Fig. 5.40) was chilled in liquid
nitrogen and broken open along the plane of the crack to expose the frac-
ture surfaces (Fig. 5.41). A detailed fractographic examination of the
fracture was performed by D. A. Canonico and R. S. Crouse, whose report
is found in Appendix I. The principle features shown ir. the photograph of
Fig. 5.41 are identified schematically in Fig. 5.42.

The EB weld crack was found to be nonuniform in depth along the sloping
ends of the flaw and to be deeper than expected along the ligament, namely,
about 13 mm (0.51 ¢n.) rather than 8 mm (0.31 in.). The machined ligament
(before EB weld cracking and necking) was found to be 23 mm thick (0.91
in.) rather than the nominal 25.4 mm (1 in.) planned. This discrepancy
was discovered during the test bv the ultrasonic instrumentation.

The crack extensions axially were variable up to about 13 mm {0.51
in.), confirming the measurement mide ultrasonically during the test by
rransducer XE 143, Crack extensione in 211 regfions were by a dimple frac-
ture mode, which is indicative of ductile tearing. Canonico concluded,
from the fractographic examination, that the crack breached the inside

surface of the vessel over a distance of 73 mm (2.9 in.).
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ORIGINAL 90°
FABRICATION

ORNL-DWG 78 1360

V-7 FLAW
REPAIR WELD

270°
VIEW FROM CLOSURE END

NOTE: XE 72 ANC XE 88 ARE 51 mm (21n.) FROM THE CIRCUMFERENTIAL
MIOPLANE OF THE FLAW IN V-7A. THESE ARE PLOTTED BECAUSE
ONE MIDPLANE GAGE WAS DEFECTIVE AND THE OTHc R WAS ON
THE VISHAY SYSTEM, WHICH RECORDED FEWER DATA.

Fig. 5.1. Locations of strain gages in circumferential midplane of
V-7A flaw.
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Fig. 5.2. Inside circumferential strain (XE 72) 180° from flaw vs
pressure during four cycles in V-7A test,
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Fig. 5.27. Layout of strain gares in weld-repair zone.



{}

Trvevyrrrey
\
-
Lesarliasadasial .

<+
4
4
9.08
<
<
- >
¢t ]
- y b4
FEX 1
x
-
9
b
<
e f
4
4
b
L
0.9 j
b
i ]
SO PPN § i i i i i i L i Fi I i - ;
-2 4] It 20 0 w0 Sse 60 70 o % 100 110 120 1%

PRESS. . RE We,

Fig. 5.28. Outside circumferential gtrains at center of repair zone
(XE 115) and at symmetrical location (XE 95) vs pressure during cycles 1
and 2.

Akt

o
-
o
T
ada

L 3
b
[
0.98 4
4
b
- r -
4
z r
< J.08 b
a 4
-
b3 4
|
z
0.04 - 1
,"’ i
I' ”
0.02 o -
"
./,
' ' -
F NPIPPTE P Y das daaaaid davsadas N od N i i n ol
n 20 w) £y 80 109 ich N k0

PHRESSURE (MPy)

Fig. 5.29. Outside circumferential gtrains at center of repair zone
(XE 115) and at symmetrical location (XE 95) vs pressure during cycles 3
and 4.



P
¥

”
]

2
‘A

N ')

Y
\
~\
A
IS WS TTUY FUNDE WIS DU DU DUNDwS %

e
-]

X

— e

o
o

STHAIL (%)
a
-rﬁr-'-v-v-v-vrv-v-vﬂ-wvvw-;-rw-v-v-fﬂwvj—ﬂ s naads aadas

8.13

bid
a8

3
ir]
N
4
§
2
]

e k) 80 «© e 110 i
PRESSLPE W,

Fig. 5.30. Inside circumferential strains at center of repair zone

(XE 60) and at symmetrical location (XE 57) vs pressure during cycles 1
and 2.

PN DWG TR TG

0.6 v v - -y vy T Ty —r ~r r >

3

0.5 . /7 3

e ]

— A ]

Pt -

b . f ]

4

o8k ///{ ; _‘:
// - —Eso r

STRAIN (N
a
-
TYrYYTyTY ey
o
/\
Al

\{
‘,

A

\

\

\
Lavaadiaaal

»F 5
-— s
"2 / gl
3 LA ]
+ e IRt 14
9 et - P 1
& e e 4
0.1 P 3
LT e ]
! ]
9 3
r -
4 3
| FPTETTUUS ST TUUIT DY WU UYDUT GID NI IR BT has sk PN
[ Z0 e &0 L] m ) [ 160

PAESSLIAT iMP,.

Fig. 5.31. Inside circumferential strains at center of repair zone
(XE 60) and at symmetrical locatfon (XE 57) vs pressure during cycles 3
and 4,



ORNL -("WG 76-16790
CLOSURE END OF VESSEL
XE 143

-

MACHINED SURFACE
XE 141 XE 140 ‘ OF NOTCH

XE 142

NOTCH

\vessn INNER SURFACE \ EB WELD

Fig. 5.32., Ultrasonic transducer arrangement f{or test vesgel V-74,

991



CRACK DEPTH

{in.)

1.0

09

0.8

0.7

0.6

05

04

03

0.2

01

I

-

{MPa)

{ksi)

ORNL-- OWG 76 18791

{mm)
) [
24 | O 2nd CYCLE
22 | O 3rd CYCLE

A 41 CYCLE
20
18

N
16 /
14 A o3
12
L o e o — lf
s
i | J -
15-min "HOLD" AT {
8 117 MPa (17 ksi) ]
: g
4 +———- :
2 |
(i
40 S0 80 70 80 90 100 110 120 130 140 150
'y 1 1 1 1 | B Al
6 8 10 12 14 16 18 20
PRESSURE
Fig. 5.33. Ligament crack decpth as measured ultrasonically from

machined tottom surface of the notch

in vessel V-7A.



REFLECTED IMAGE
CLOSURE ==

Fig. 5.34. Mirror image ot inside surface of
notch after ruprure,.

PHOTO 5421-76

vessel V-7A bheneath the

891



B e T

-#—— CLOSURE

Fig. 5.35.

Appearance of crack at inside surface

fracture zone was cut from vessel (1 c¢m = 0.394 1in.).

of V-7A after the

PHOTO 4/87A-~

76

691



T AV V.

Fig. 5.36. Posttest appearance of the surface of rthe patch that had
been pressed against the vessel (1 cm = 0.394 in.),.

oLt



Fig.

removal

from vessel (1

c¢m

0.394 in.).

'."::\:\

L€ AR AR

CLOSURE =P~

5.37. External appearance of V-7A flaw atter rupture before

WEEE Ak S

PHOTO 5422

78



Fig. 5.38. External appearance of closure eud of V~7A tlaw after
removal of fracture zone from vessel (1 cm = 0.394 in.).

¥

J4ii] PHOTO 4788A--78

By

H

-




173

9L-VB8LY OLOMd

T(rut
76€£°0 = V> T) T9889A WO1J BUOZ 2aIN3IOBIJ JO TFr.CWAI I91)® peay Teoraayds

-Jwey piemol meTj V/-A JO pua jo aduvieadde Teu1aIX3 ‘'K€'C ‘814




in.).

Fig.

5.40.

Fracture zone flame cut from vess:l V-7A

(1 cm = 0.394

21



175

" (

ur 46€°0 = W T

) me(3 Vi-A 3O B3

oejans sanloead




176

SRITTL & FRACTURE
N LOLD M TROGE!

DEFORMED 8Y CONT.

(s}

MACHINED SURFACES
INITIAL £8
“9i1.D CRACK
% s wilo
OUCTILE KES
ERACTU RE SURFACE /77
FRACTURE SURFACE
OEFORMED BY
CONTACT OM FINAL
DEPRESSURIZATION
LCnease
INSIOE SURFACE
OF VESSEL

CROSS SECTION A-A OF LIGAMENT
i) {NOT TO SCALE)

Fig. 5.42. Schematic of V-7A fracture surface.



177

Reference

1. J. G. Merkle et al., Test of 6-in.-Thick Pressure Vessels. Series 3:
Intermediate Test Vessel V-7, ORNL/NUREG-1 (August 1976).



v AR

R Lt i L

178

6. CONCLUSIONS

The V-7A test wuas initially conceived as an attempt to replicate,
except for the pressurizing fluid, the conditions imposed oa the vessel
in the original V-7 test and thus to determine whether the sustained-load
tendency of the gas in comparison with a liquid would accelerate crack
tearing and vossibly precipitate a burst. In our pretest studies of this
question, we concluded that the influence, if any, of the more compliant
fluid on slow crack growth and on burst strength could not be discerned
either anmalytically or experimentally for flaws and test conditions of the
intermediate test vessel type. As this conclusion gained acceptance, the
primary objective shifted to the determination of the influence, if any,
cf sustaining the load after rupture on the propensity of the —essel to
burst. With this objective, it became less important to replicate some
details of the V-7 test, particularly the single pressurization cycie.
Nevertheless, the conditions imposed on the vessels for the two tests were
very nearly the same insofar as palpable effects on fracture are concerned.
The pressurization schedules of the two tests are ghown in Fig 6.1, and
COD measurements are compared in Fig. 6.2. From comparisons of these data
anu the ultrasonic and acoustic-emission observations, we have found no
evidence that the pneumatic lo=2iug, the cy-ling, or the protracted pres-
surization schedule affected the stable crs-k growth.

The principal objective of studying the effuct of austained loading
after rupture was accomplished. The pressure was maintained witbin 1.1%
of maximm pressure for 30 min after rupture. Vessel deformations con-
tinued during sustained loading after rupture generally as they had before
rupture, a3 indicated in Fige. 5.20 through 5.23. The stability of the
flaw after rupture was demonstrated by its rapid approach to a static con-
dition, as shown in Figs. 5.25 and 5.26.

The test subjected the Section XI weld repair to an overload condi-
cion of about 2.2 times the design pressure and demonstrated the integrity
of the repair zone. The repair zone withstood high gtrains, imposed partly
as a result of the residual deformation from the earlier test. The region

vas remarkably free of acoustic-emission activity.
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Fig. 6.1. Pressurizetion histories for intermediate vessel tests V-7
and V-7A (1 MPa = 145.04 psi).

The flaw ligament ruptured (without the vessel bursting) acs had been
predicted. Neither the V-7 nor the V-7A test provides any basis for con-
firming the estimated margin to burst. The ligament rupture pressure of
V-7A was very close to that o V-7. Crack ertension as a function of pres-
sure can be ccempared only approximately, but there appears to be little
difference.

The inirial flaw in V-7A was deeper than had been estimated {vom EB
weld crack studies before the V-7 tesc. Tha uncracked ligament in V-7A
was actually 10 mm (0.39 in.), while the pretest estimate was 17.5 mm
(0.688 in.). Comparable posttest measurements were not made on vessel
V-7. 1If the ligament size was different in vessel V-7, it did not affect
the rupture pressure, presumably because the crack in the ligament ex-
terded stably prior to rupture in both -ests.

Posttest metallographic examination of the fracture surfaces in
vessel V-7A confirm that the original flaw was sharpered arour.! the entire
periphery, and that crueck extension was by a dimpled mod - of fracture

typical of stable crack extension on the upper shelf.
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Appendix A

WELDING SEECIFICATION NO. W-HB 100**

Low Bydrogen Electrode Manual Shielded Metal-Arc
Welding for "Half-Bead" Repair Welding

Scoge

This specification covers the Welding Procedure (Part 1) and Welder
Performance Qualification and Procedure Qualification Tests (Part II) for
wanual shiel&ed metal-arc repair welding on 6~in.-thick low-alloy steel
materials using low-alloy (middle 70 ksi as-welded yield strength), low
hydrogen steel electrodes. This weld procedure is specifically applicable
for vessel weld repairs from the exterior using the "half-bead" techmique,
wvhereby the entire cavity of the preheated vesgel is "buttered" using 3/32-
ir.-diam electrodes. The "buttered” deposit thickness is then half removed
by grinding. Subsequentiy, the remainder of the cavita is then filled
using first 1/8-in., then 5/32-in.-diam electrodes. Removal of half of the
initial weld layer (buttering) permits the heat from the ne«t weld to pass
to reheat, for tempering purposes, the base metal heat-affected zone. Pre-
heat is to be maintained throughout the entire welding operations.

The machined notch and the adjacent cracked and yielded zone of the
vessel shown in Fig. A.1 will be repaired by this welding procedure. This
Procedure may require the preparation and welding of two types of test

pleces, as follows:

Test Piece A: 3-in. (minimum tkickness) plate, ASTM A533, grade B, class
1, or equal to dirensions of Fig. A.2, plus steel plates to
simulate the physical obstruction of a 6-in.-deep cavity.

*Reference: ASME Boiler and Pressure Vegsel Code, Section XI (In-
Service Inspection), Subsubarticle IWB-4420 (Repair Procedure No. 4).
References to portions of the Code are to the 1974 edition with the Summer
1974 and Winter 1974 addenda and are to Section XI unless stated otherwise.

+In this Welding Specification "fabricator" is used to mean the subcon-
tractor in whose shop the welding is performed, and "UCC-ND" 1s used to
mean the Union Carbide CorporatiomNuclear Jivision.
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Fig. A.1. HSST intermediate vessel V-7.
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Fig. A.2. Preparations for 3-in. qualification plate weld. Welding
position — 1G, fixed flac.

Test Piece B: 6-in.-thick, ASTM A533, grade B, class 1, or &qual plate as
shown in Fig. A.3; or a prolongation from a vessel as shown
in Fig. A.4, along with a bracing arrangement for the back-

ing plates and end restraints for the cylinder ends.

Individual welders must be qualified under Section IX of the Code for a
procedure having the same essential variableg for welding perfurmance
qualification as the procedure of Part I, or they must weld Test Piece A
to demonstrate qualification under these procedures. Test Piece B is used
to demonstrate the qualification of the procedures used by the welders for
repair of the vessel.

Numbered footnotes in this specificatior .re for information only.
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Fig. A.3. Preparations for 6-in. qualification plate weld. Welding
position — 1G, fixed flat.

Participation of UCC-ND

The UCC-ND's representatives and ingpectors shall have access to the
fabricator's facilities to witness all work and to make strain messurements.

Surface strain measurements may be made by the UCC-ND on Test Piece B.
The UCC-ND shall furnish materials, labor, and equipment for this work; the
fabricetor shall provide utilities to support the work. This work consists
of the applicatiom of weldable strain ygages to the piece after the backing
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Fig. A.4. Weld repair preparations for intermediste test vessel V-7
prolongation. Waziding position — 1G fixed flat. (Not gshown: a center
brace arrangement for the 1/8-in. backing plates and end restraints for the
cylinder ends.

plate and suitable internal brace restraints have been installed but prior

to preheating. Strain gage meagsurements will be recorded as follows:

1. prior to the application of preheat;

2. after the vessel reaches the specified preheat range but before
wzlding commences;

3. after all welding is completed but prior to the post-weld heat

treatament;

4, after the post-weld heat treatment is completed but before cooling;

5. after the temperature has been at ambiant temperature for s mini-
mum of 2 hours but before removal of bracing and restraints;

6. after removal of bracing and restraints.



188

Acceptance of work

The fabricator shall furnish test coupons maie in accordance with
NB-2431.1 of Section III of the Code for each lot of electrodes. The
coupon for each lot shall be of sufficieat width and thickness such that
tensile and impact specimens cau ve removed and shall be no less than 56
in. in total length.

Prior to the etart of welding on the cavity of the vessel the fabri-
cator shall furnish the UCC-ND a report of the welding material properties
determined in accordance with Section 3 of Part I of this specification.
Welding on the cavity in Test Piece B and the vessel ghall not commence
without the buyer's consent of UCC-ND if tensile and impact properties of
welding zaterial do not conform to the gpecificatiom SFA-5.5, AWS Classgi-
fication E801§-C3 of Secticn II of the Code. The UCC-ND may, unde. terms
agreed upon with the fabricator, require the preparation of a revised weld-
ing procedure and the repetition of Test B of this specification in accor-
dance with the revised procedure.

All test pieces and the repaired vessel shall be accepted by the UCC-
ND upon acceptance of the vessel in accordance with Section 13 of Part I
of this specification.

Records and documentation

Appropriate records as follows shall be kept by the fabricator for
transaittal to the UCC-ND within 30 days after acceptance of the test piece
and vessel:

1. documentation on welding electrodes and their care;

2. welder certification papers;

3. procedure for air-arc gouging and grinding for cavity preparation;

4. sketches showing as~-fabricated cavity preparations in the vessel
and Test Pilece B;

5. procedures for grinding and thickness control of the "buttering
layer";

6. material certification papers for all backing plate materials;

7. a summary report of the evaluation made pursuant to Section 13
of Part I of this specification;
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8. charts, or copies thereof, fros temperature recording instruments
" and sketches showing locations of thermocouples related to the charts for

the vessel and Test Piece [;

9. sketches showing size, location, and orientation of both repaired
and allowable flaw indications found during post-weld nondestructive inspec-

tions.

Part 1 — Welding Proce .re

1. Welding qualification

All welding in accordance with this procedure shall be done by welders
qualified and currently certified under Part II below or under Section IX
of the Code for a procedure having the same essential variables for welding
performance qualification as this procedure. Welder certification papers

shall »e available at the job site at all times.

2. Base metal

The base metal will be low-alloy, high-strength carbon steel plate
(ASTM A533, grade B, class 1, or equal), P number 3, Group 3, (Table (W
422, Section IX of the Code;.

3. Filler metal

The filler metal shall be covered low-alloy steel electrodes and sghall
conform to the requirements of specification SFA-5.5, AWS Classification
E8018-C3 of Section Il of the Code or, if the fabricator go elects, shall
conform to such other specificarions as wev be approved, in writing, by
the UCC-ND. Electrodes shall be clean and dry, and the flux shall not be
cracked or spalled. (See Care of Welding Electrodes, Section 8 of Part 1
of this specification.) Tests of welding materials shall conform to Sub-
article NB-2400 of Section III.

4. Electrical characteristics

Direct current at 20 to 26 volts connected for reverse polaricy (DCRP),

with the base metal on the negative side of the line shall be used with
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amperages, based upon electrode diameter, as follows:

Electrode

diameter Amperages
(in.)
3/32 85-10u
1/8 110-140
5/32 130-185

5. Repair zone

For preheating purposes the repair zone of a te3t piece shall comsist
of the entire piece, and the repair zone of the vessel shall consist of
the cavity plus a region around the cavity lying beneath the area circum-
scribed by a line on the outside surface 2z minimum distance of 3T* from
the boundary of the cavity. For inspection purposes the repair zome of
the vessel and test pieces shall congist of the regions specified above

for the vessel, except the distance there specified shall be 1T.!

6. Instrumentation

Thermocouples and recording instruments shall be used to monitor the
preheat, gouging, grinding, weiding, and final post-weld heat treatment

operations. Thermocouples may be attached by welding where practicable.

7. Cavity preparation and cleaning

The cavities {.r the vessel repair and Test Piece B shall be formed
by air-arc gouging to rough dimensions and grinding to finished dimen-
sions. Finished dimensions are shown in Fig. A.5 for the vessel and in
Figs. A.3 and A.4 for Test Piece B. The repair zone shall he preheated
and maintained at temperatures in the range of 350°F io 400°F until air-
arc gouging and grinding are finished.? After air-arc gouging Is completed

*nT means n times ‘he wall thickness.

!This 18 a deviation from the Code, which requires an examination of
a 3T band.

2This 18 a deviation from the Code, which does not allow flame (ther-
mal) cutting. (With agreement of the Advisory Task Group on Weld Repair
for Pressure Vessels. PVRC, Atlanta meeting 6-6-75)
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Fig. A.5. Weld repair preparation for intermediate test vessel V-7.
Welding position — 1G, fixed flat.

a layer of metal under the gouged area a minimum of 1/4 in. in depth shall
be removed by grinding.

Detailed procedures for cavity preparation and cleaning shall he pre-
pared and kept at the job site.

Care shall be exercised in cavity corners to retain minimum radfi as
shown in Figs. A.4 and A.5.

In final preparation for welding, the cavity shall be ground smooth
and clean with beveled cides and edges slightly rounded to provide suit-
able accessibility for welding. The surfaces within 1T distance of :he
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joint shall be cleaned of all dirt, oil, grease, paint and excessive
amounts of scale and rust. The caviries of the vessei and test pieces
shall be examined by magnetic particle inspectioa in accordance with the
req:irements of IWA-2221 prior to welding. Additional grinding shall
be performed with preheat as necegsarv to remove indications of flaws.

Actual dimensions and location of the cavity shall be documented.

8. Care of welding electrodes

Prior to welding Test Piece B or the vesgei the fabricator shall
submit to the UCC-ND his deta’iled procedures for care of electrodes.

The moisture content in the protective coating of the low hydrogen
electrodes shall not exceed 0.4 by weight. The following steps shall
be taken to prevent moisture pickup provided that, witl prior written
approval of UCC-ND, minor deviations may be allowed.

All coated electrodes shall be baked before use at temperatures of
800°F * 25°F for 30 minutes to one hour. The temperature of the oven
shall be at 300°F or lower when the electrodes are pliced in the oven
for baking. During the baking cycle, the tempzrature shall not be raised
more than 300°F per hour when oven temperatures are above 500°F, and the
total time above 500°F shall not exceed five hours. After baking, and
before the electrodes are allowed tv cool below 150°F, they shall be trans-
ferred to holding ovens operating in temperature ranges of 225°F to 30C°F.
Electrodes shall not be rebaked more than once.

During the repair, the electrodes shall be kept in pcrtable heated
ovens which shall be at the work sidation. These ovens shall be at 225°F
to 300°F. Zlectrodes shall not be out of an oven more than 20 minutes
prior to use. Electrodes not used within 20 minutes after removal from
tre oven shall be returned to the holding oven and held at 225°F to 300°F
for at least 8 nours before reissue. The fabricator shall initiate and
maintain records to indicate conformance to the above electrode bakeout

and rod issnance regulatioms.

9. Conditions for weiding

The vessel shall be adequately braced to prevent warpage. Test pieces

shall be restrained to avoid warpage and to s{mulate the restraint of the
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vessel. Backing plates shall be installed before anchoring or bracing.
Backing pl-.tes shall consist of twc layers of 1/8-in.-thick by 2-in.-
wide cold-rolled steel strip. ASTM A108, grade 1018 or 102C. Flat test
pieces shall be anchored to heavy support plates or welding tables.

All subsequent repair work shall be performed with preheat applied
to the base material. The preheat itemperature in the repair zone shall
be within the temperature range of 350 to 500°F. The temperature shall
not be allowed to fall below 350°F untii the completion of a post-weld
heat treatment at 450 to 350°F for 4 hours. If electrical heat 1s used,
standby torches shall be provided to maintain vessel temperature in case

of prolonged power outages.

10. Position of welding

All welding shall be done in the 1G, fixed flat positionm.

1i. Weld metal deposition

Welding shall be done in general accordance with the illustratioms
of Fig. A.6.

The cavity shall be buttered using 3/32-in. maximum diameter elec-
trodes as shown in Step 1, Fig. A.6. Aprroximately one-half the thickness
of this butteriny layer shall be removed by grinding before depositing a
second layer. Special procedures shall be egtablished as needed to control
the grinding of the buttering layer. Such procedures may employ the use of
worl.nanship specimens, dimensional measurements, or other reans to demon-
gtrate compliance. The maximum interpass remperature shall be held to
500°F. See Step 2. The second layer and the initial 1/4-in. deposit (as
a minimun) shall be welded with a 1/8-in. maximum diameter electrode. Sub-
sequent passes shall be deposited with either 1/8-in. or 5/32-in,.~diam
electrodes. The maximum bead width shall not exceed four times the elec-
trode core diameter. Bead deposition shall be performed in a manner to
temper the prior beuds and their heat-affected zones as shown in Step 3.
The completed weld shall have at least one layer of weld reinforcement
(temper pass) deposited, and theun this reinforcement ghall be removed by
grinding, making the finished surface of the repair substantially flush
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LONGITUDINAL SECTION CROSS SECTION

STEP -1

"BUTTER” CAVITY WITH ONE LAYER OF WELD METAL 'JSING 3/32-in.
DIAMETER COATED ELECTROGE. WELD PROGRESSION—FLAT FROM
BOTTOM UP THE SIOES.

STEP -2

REMOVE HALF OF FIRST LAYER {"BUTTERING” i AYER) BY GRINDING.
DEPOSIT SECOND LAYER AND THE INITIAL 1/4~1n, DEPOSIT (AS A
MINHEUM) USING 1/8—in. DIAMETER COATED ELECTRODE. WELD
PROGRESSION-SAME A3 ABOVE.

STEP -3

COMP._ETE THE JOINT USING 1/8—in. AND,OR 5/32--in, DiIAMETER
COATED £LECTRODES. THE MAXIMUM BEAD WIDTH SHALL NOT
EACEED FOUR TIMES THE ELECTRODE CORE DIAMETER. WELD PRO-
GRESSION—IN FLAT LAYERS FROM BOTTOM UP, THE FINAL LAYER
OVERLAPS, BUT SHALL NOT EXTEND BEYOND THE "BUTTERING”
DEPOSITED 8Y STEP 1 AND SHALL EXTEND TO A LEVEL ABOVE THE
SURFACE. IT SHALL THEN BE REMOVED SUBSTANTIALLY FLUSH
WITH THE SURFACE.

<<=

Fig. A.6. Half bead weld repair and weld temper bead reinforcement

for heavy wall vessels and/or thick plates. Welding position — 1G, fixed
flat,
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witi the surface of the vesgel surrovmding the repair. Likewise, foilow-
ing all welding and the post-heat and cocoldowmn, the backing plate shall
be removed, and the intericr repair gurface shall be contoured evenly te
ccnform to vessel inside diameter dimensions plus or minus 1/8 in. Peen-
ing shall not be employed for purposes of stress relief.

Detailed procedures for grinding and contrecliing the thickness of the
buttering layer shall be kept at the job site during this part of the work.

12. TIncpection during welding

A magnetic particle examination (¥i) shall be performed on the ground
"buttered" layer, the next 1/8-in. layer, and thereafter on alternate
layers and the final ground outside surface.’ The final MT shall be com-
pleted prior to the start of the four-hour post-weld heat treatment.
Layers not inspected by MT shall be visually inspected. Where necessary
weld defects shall be removed and the repaired zone reinspected. If de-
fects occur within 3/16 in. of the base metal, such repairs shall be made

using the "buttering" and half-bead grinding technique.

13. Post-weld nondestructive inspection

The repair zone as defined above under Repair Zone shall be nonde-
structively examined after the completed weld has been at ambient tem-
perature for a period of not less than 48 hours. A volumetric examination
of the repair zone shall be made by radiography in accordance with IWA-2231
and “he ultrasonic examination in accordance with IWA-2232, except that
calibration block material of the same specification as the base material
shall be deemed to meet the requirement of paragraph I-3121. A magnetic
particle examination in accordance with IWA-2221 shall be made of the
surfaces of the repair zone and of ireas reprecenting locations of weld
attachments. A visual examinatiun shall be made in accordance with IWA-
2210.

An evaluation shall be made of each flaw indication. if necessary,

repairs of the repair zone of the vessel shall be made in accordance with

’This is a deviation from the Code, which calls for examining every
layer (with agreement of the Advisory Task Group on Weld Repair for Pres-
sure Vessels, PVRC, Atlanta meeting, 6-6-75).
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the half-bead weld technique as describeu in the foregoing sectioms of
Part J. Size of flaw indications not completely removed shall be part
of the evaluation. Acceptance of the repaired vessel and Test Piece B
shall be determined in accordance with IWB-3500 and Examination Category
B-A.

Part II — Welder Performance Qualification
and Procedure Quaiification Tests

1. General

All welding shall be in accordance with the requirements of Part I.
The welder performance and procedure qualification requirements will be

satisfied upon the successful completion of the tests described below.

2. Test welds

Test A. Each welder to be qualified under this procedure ghall be
tested by completing the welding of a plate as specified for Test Piece
A, which shall be tested in accordance with (W-302 and QW-304 of Section
IX of the Code. Each test piece of this type shall be stenciled with the
welder's stencil number on the upper surface where he originates the weld.

Test B. Test B is a procedure qualification. Test Piece B shall be
prepared and welded in accordance with the procedure of Part I. Cnly
welders who have qualified under Test A or are qualified under Section IX
of the Code for a procedure having the saue essential variables for welid-
ing performance qualification as the procedure of Part I shall be permitted
to weld in Test B.

3. Welder certification

A welder passing Test A and participating in the procedure qualifi-
cation, Test B, shall be certified to wela in accoriaznce with W-HB 100.

4. Retests

A velder who fails to meet the requirements as set forth in Test A
may be retested after he has had further training or practice. A complete
repetition of Test A shall be made. Retest specimens shall be tested and

evaluated by the same procedure used for the first test.
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5. Period of effectiveness

The qualification of a welder for this procedure shall be considered
as indefinite but shall expire upon termination of a 90-day period in
which the welder has not used this process. This qualification period
may be extended to six months if the welder is continuously employed in
shielded metal-arc welding. A welder's qualification may be withdrawm
if the quality of his work is substandard to the requirements of this
procedure. When a welder leaves the employment of that particular manu-
facturer or contractor for whom he worked at the time of his qualifica-

tion, his qualification is automatically canceled.

Renewal of qualification

Renewal of qualification may be obtained by passing Test A.

Records

Certified records of the welder qualification tests shall be origi-
nated by the fabricator at the plant where the test was conducted. When
a welder from an outside agency is qualified, a record of the test shall
be submitted to and become the responsibility of that agency. A suggested
form for the record is provided in Fig. A.7.



56

Fs

ORNL~-DWG 78-1210

RECORD OF WELDER QUALIFICATION TEST

T—
WRLOKN 3 NAMK

STENCIL 8O

= BADGCE NO OgkPT NO.
i

1

BMSLOYES

PROCEOURE N0

CATEL STARYED

“loatg comrLETED

MATERIAL IPLATROS PIBT & SPEC. XO.?

FTT

WnESS AND D1 AmiTEE ROD Ow ELECTROCE » SPEC NO

WELO PROCESS

tARC. 848 mELIARC KTC.’

1

WELD TEST POS TION

TFIAST TEST OOUBLE AETEST

i

RECORD TEST RESULTS BELOW GIVING A BRIEF DESCRIPTION OF DEFECTS.
RECORD SILYER BRAZING TESTS ON SACK SIDE

TEST METHOD SPECIsEM NO, | PASSED | FAILED MATURE, SIZE, AND LOCATION OF DEFECTS
1
A UV GRS S e
2 |
X-RAY e o
3 ! :
L — o4 R S
4 ! H
— . 4 A e _
' T T
1 i ' :
FACE 2 :
BEND b T e e e T
3 :
+ ¢ -—
P B
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... - ! . e
ROOTY 2 : 3
S, P S S SR R - - e
BEND : 1 |
|
S S } P P,
4 t
— —— Vo R S ——
- SO S . o
1 |
—~L—~~——.ir~—~—————-—- —_ —
OTHER L 2 e
(EXPLAWN) 3 }
S
4 X
1 e

P CERTIFY THAT THE STATEMENTS IN THIS RECORD ARE CORRECT AND THAT THE TEST wELDS WERE PREPARED, WELDED, aND
TESTED 14 ACCORDANCE WITH THE REQUIREMENTS OF SECTION IX GF THE ASME CODE.

(L1 4 {241

ASPROYRO

UCN-820A
('r 10-70

Fig. A.7.

oare’

H-2ha 3

Record of welder qualification test.
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Appendix B

TEST DATA

A complete tabulation of data recorded during the testing of vessel
V-7A has been produced on microfiche and attached inside the back cover
of this report. The data recorded on the computer—controlled data ac-
quisition svstem (CCDAS) consist of 3120 scans of temperature, pressure,
crack-opening displacement (COD), and strain measurements recorded on
magnetic tape. Ten additional channelg of strain data were recorded on
Vishay equipment; these data consist of 333 scans, the times of which
were recorded bv hand from the CCDAS clock.

The data on microfiche are divided into 11 tables: (1) temperature,
(2) pressure and COD, (3-10) CCDAS strain, and (11) Vishay strain. Each
line of a table presents a scan number, the lapsed time relative to CCDAS
scan number 5, and a set of weasured data in ST units. Conversions are
giver in Table B.1. The data tables occupy 3 fiche, each of which has
18 columns. An index to the data is given in Table B.2.

Data known to be erroneous but produced by sensors that were generally
functioning properly are identified in Table B.3. Improperly functioning
sensors are identified in Appendix D.

Table B.1. Conversions from SI to English units

- S1 Multiplier of SI value Enzlish
Variable unit to obtain English value unit
Pressure MPa ¢ 14504 ksi
CoD mm 0.039370 in.
Strain um/m 1.0 pin./4in.

Temperature (°F) = 9/5 [temperature (°C}] + 32
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Table E.2. Index to

V-7A data on microfiche

Fiche No. Column No. Table No. and description
1 -5 1 — Temperature
610 2 — Pressure and €Co
1115 3 — CCDAS strain, XE33-42 a
1618 4 — CCDAS strain, XE4349, XE51-53
2 12 4 — continued
37 5 — CCDAS strain, XE54—6l1, 64, 65
812 6 — CCDAS strain, XE6669, 72, 8387
1317 7 — CCDAS strain, XE88-97
18 Blank
3 1-5 8 — CCDAS strain, XE98-107
610 9 — CCDAS strain, XE108-115, 117, 118
1115 10 — CCDAS strain, XE119-124
16 11 — Vighey strain, XE73-82
17-18 Blank

aTable 4 1{s continued on fiche No. 2.

Table B.3. Erroneous data

from good sensors
Sensor Scan N-».

PE30 344
XE41, 4861 137
ZT129 609
ZT130 87
Z2T131 26
XE93-124 345
TE21-29 345
XE37, 49-72 346
XE83-124 346
TE21-29 346
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Appendix C

ACOUSTIC-EMISSION MONITORING OF HSST
INTERMEDIATE TZST VESSEL V-7A*

Introduction

Acoustic emission (AE) is the term applied to the spontaneously gen-
erated elastic waves produced within a material under stress. Plastic
deformation and the nucleation and growth of cracks are the primary source
of AE in metals. Unlike most other nondestructive test (NDT) methods, the
energy comes from the material itself. As a result, AE is more sensitive
to growing defects and potentially legss reliant on operator interpretation
than conventional NDT techniques. Acoustic emission offers a further ad-
vantage in the inspection of complex structures containing inaccessible
areas. Normally, just a few stationary transducers can detect, locate,
and qualify defects over a very large area, including regions inaccessible
by alternate methods.

Acoustic-emission techniques have been successfully applied to the
evaluation of structural integrity in bridges, nuclear ard petrochemical
pressure vessels, pipeline, wind tunnels, rocket wmotor cases, composite
materials, and aircraft.'”™!! Acouszic emission has already been incor-
porated into production line testing im one Nuclear Regulatory Commission
(NRC) facility.?®

Although AE has not specifically been incorporated into the American
Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Codes,
there is a proposed ASME standard!? covering the application of the tech-
nique. Several acoustic-emission examinations have already been performed
in accordance with this document.!3?~!"

The Nuclear Regulatory Commigsion (NRC), in conjunction with Oak Ridge
National Laboratory, is conducting a continuing test program on heavy-
section steel pressure vessels. The purpose of this proyram 1s to gather
experimental data concerning the failure mcdes of thi:k-walled pressure

vegsels with vary large flaws. A secondary purpose is to demonstrate and

*

This appendix is a report to ORNL by M. P. Kelly and R. J. Schlamp,
Dunegan/Endevco, whose work was performed under UCC-ND Purchase Order 11Y-
7328V,
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evaluate various methods of nondestructive testing techniques in detecting
and analyzing flaws and thus preventing catastrophic in-service failure.
Dunegan,Endevco (D/E) has participated in the acoustic-emission monitor-
ing of a number of thege test vessels. This report covers the monitoring
of intermediate test vessel V-7A during the first pneumatic test of an in-
termediate test veaesel in the HSST program. The D/E source location system
utilized in this test is described in the next sectionm.

Instrumentation

The D/E model 1032 Source Location System is a portable system which
provides a real-time display of acoustically active sources and their rela-
tive severity. The 1032 accepts input from up to 32 transducers, measures
relative arrival times, calculates sourca coordinates, and displays souzce
information in real time on a storage display scope (CRT). In addition,
pertinent event information, including source coordinates, event size, and
parametric input, are printed by a high-speed teleprinter and recorded on
cassette for future use.

The 1032 utilizes a unique mon:toring configuration of four trans-~
ducers called the "quad" array. The array consists of three transducers
forming an equilateral triangle with the fourth transducer directly in
the center. The array monitors AE activity both inside and outside the
trjangle boundary. Multiple arrays can be positioned arbitrarily on a
siructure as each array has its own monitoring area and wave speed cali-
brat:iv» routine. Each array is totally independent of all other arrays,
allowing validity checking in hardware and rejection of erroneous data
before it gets to the :omputer. If structural acoustics allow, valid data
can be accepted at a rate of 3000 events per second for ghort periods of
time. Data procesgsing occurs at approximately 100 events per second, de-
pending on the incoming data rate.

The 1032 also provides linear location capability for piping and
pipeline testing. In this cunfiguration, two transducers can be attached
to a test picce in lieu of four channel arrays. Lines and arrays can be
intermixed, allowing maximum coverage of difficult geometries. A block
diagram of the system is presented in Fig. C.l.
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The 1032 CRT provides an instantaneous displav of the location of
each source in relation to the position of the sensors (array) involved.
In addition, a histcgram (or bar graph) showing ite number of events for
each array is constantly updated and displayed on the CRT aiong with the
currently displayed array. The histogram keeps the operator aware of total
systex activity, thus allowing alternate viewing of any active array. All
CRT source coordinates are stored in computer memorv, allowing alternmate
viewing of active arrays or lines without loss of data. Figure C.2 repre—
sents a typical CRT display, including the array sensors, active sources,

events per array histogram, and appropriate histogra=m gcaling factors.

Experimental Procedure

HSST vessel V-7, fabricated from ASTM A532 grade B, class 1 steel
plate, was instrumented with a machined flaw and hydrostatically pressure
tested on June 19, 1974, After this initial test, the flejed area was
repaired in accordance with the ASME Boiler and Pressure Vessel Code,
Section XI, weld repair procedure without postweld stress relief and the
vessel was redesignated V-7A. A new flaw, identical to the original one,
was machined in the vessel outside surface along the longitudinal axis
135° away from the original defect. A dimensional diagram of the flaw
is shown it Fig. C.3; 1its location is shown in Fig. C.4. Vessel V-7A
was monitored for acoustic-emigsion during a pneumatic pressure cest con-
ducted June 15 to 18, 1976. Test and calibiation procedures were in ac-
cordance with the ASME Proposed Staadard for Acoustic-Emission Examination
During Application of Pressure.!?

The cylindrical section of vessel V-7A was instrumented with two ar-
rays of 4 transducers each (8 channels). Transduce.. were attached to the
structure with magnetic hold-downs. A thin layer of GE-G-623 silicone
greage was use] as a coupling agent between the surface and each transdu-
cer, Figures C.4 and C.5 show the locations of the.transducers.

The amplified output of an ORNL pressure transd.cer was connected to
the parametric imput of the 1032 in order to monitor the pressure through-
out the test. The scaling factor required to convert parametric counts to
pressure is shown under eystem specifications.
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The pneumatic test consisted of four pressure cycles as shown in
Fig. C.6. Monitoring of vessel V-7A for AE was funitiated at the start
of the first pressure cycle and continued for the pressurization period
of the four cycles. No monitcring for AE was done during the overnight
hold periods at pressure (refer to Fig. C.6 for these hold periods). The
vessel temperature wvas maintained between 88 and 93°C (190 and 200°F)
throughout the test period.

The 1032 system specifications during the conduct of the pneumatic

teat were as follows:

Transducers: S140B, 140 kHz resonant frequency, single ended
Filters: 120 to 240 kHz

Preamplifier gain: 40 48

Signal conditioner gain: 40 dB

Total system gain: 80 dB

Arrival time resolution: 0.1 usec

Parametric input: PARAM COUNTS X 14.67 = psi

Test Results

Each array was calibrated and operation verified through the use of
pulser transducers. These transducers, of the same resonant frequency as
the monitoring transducers, were attached to the gtructure within the moni-
toring area of each array. The 1032 nulse generator provided repeatable
electrical signals to each pulser transducer; the resulting mechanical sur-~
face vaves were detected and located by the neighboring monitoring trans-
ducers. The actual source coordinates of the pulser transducer were then
compared with the resulting calculated coordinates to determine the loca-
tional accuracy of the various arrays. The locational accuracy for each
of the arrays is }isted in Table C.1. The accuracy was within *57 of
transducer spacing for both arrays as specified in the ASME Proposed

Standard for Acoustic-Emisgion Examination during Application of Pres-

12

sure, A 1032 printout of the initial operator/computer communication is

shown in Fig. C.7. Printouts of the acoustically active sources for the
four test cycles are shown in Figs. C.8 through C.11.
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Table C.1. Intermediate test
vessel V-7A simulated source
locational accuracy

Accuracy

Array No. (mm (in.)]
0 $25 (#1.0)

1 +13 (20.5)

The column headings in Figs. C.8 through C.1ll arc defined as follows:

EVENT Sequence number of events evaluated for validity
ARY Array number

DTO, ..., DT3 Differential times (0.1 usec) of arrival at trans-
ducer locations

X, Y Coordinates of event (inches); see Fig. C.5 for
coordinate gystem

COUNTS Number of peaks in signal exceeding selected thresh-
old

TIME Internal clock time of evernt (0.01 hr)

PARAM Pressure signal from CCDAS system PE30 (atm)

£ diamond in the PARAM column means the lucation of the source is outside
the area of the CRT display.

Figures C.12 through .19 represent hard copy reproductiors of the
actual CRT test data from each array for the four pressure cycles. Fig-
ures C.20 and C.21 give the data from each array for all four pressure
cycles. The flaw location and length (18 in.) are indicated by a dashed
rine in Figs. C.12 through C.21. As can be seen from these data, the lo-
cated sources do not agree with the actual flaw coordinates. This has
been a typical pattern for HSST vessels monitored with AE. As discussed
in the initial V-7 report,’s the reasons for cnis disparity are vessel
geometry, transducer spacing and placement, and the presence of multiple
sound pathsg. Both of the arrays were equidistant from the flaw; and in
each case, the bulk of the defect emission was pulled inside the bounda-~

ries of the array. In an ideal test situatiom, transducers would be
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separated by at least five times the veesel thickness in order to reduce
the effect of bulk wave velocity transmiseion paths. The V-7A heating
coils prevented ctransducer gpacings of this magnitude. The system ac-
curacy for a single type of wave velocity (surface wave) is demonstrated
by the pulser locational accuracy shown in Table C.l1.

Several of the events recorded during the first cycle originated in
the electron-beam (EB) weld at the base c¢f the flaw. Events attributed
to crack propagation through the base metal commenced at about 83 MPa
(12,000 psi) and continued until rupture occurred at 144 MPa (29,97) psi).
No emissicn was detected from the weld repair zone, but minor emissions
originating in the longitudinal weld were recorded. Some of the scattered
emissions outside the general flaw avea might be attributed to frictional
noice generated by rubbing of the heater coils against the vessel surface.

The Dunegan/Endevcc Test Analysis Program was utilized to genmerate a
summation of counts-vs-pressure CRT graphs for each array (Figs. C.22 and
C.23). Figure C.24 {3 a summation of counts from both arrays vs pressure.
As can be geen from these graphs, the approaching failure was clearly in-
dicated by the rapidly changing slope of the counts-vs-pressure graph be-
tween 128 and 144 MPa (18,500 and 20,920 psi).

Conclusions

The following conclusions can be drawn from the test results:

1. The counts-vs~pregsure curve could have been utilized to halt
pressurization prior to failure had this been desirable. A substantial
change 1ln slope was detected between 128 and 144 MPa (18,500 and 20,920
psi).

2. The bulk of the recorded emission appears to have origicated in
the flav zone. The error in location is due to geometry constraints. A
larger vessel, and significantlv iarger arrays, would reduce scatter and
improve locational accuracy.

3. The repaired flaw did not generate acoustic emission under the
impoged stress conditions.
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ORNL-DWG 781814

DATA R 2

EVENT ARY DTO DT1 pr2 dY3 X Y COUNTS TIME PRRWM

ARy 1

CAS Om
49 1 497 0 1301 1061 -1%5.8 -5.0 109 125 0532
S 1 743 1129 1827 9 =30.5 19.5 339 127 0537
63 O 0O 989 394 1016 4.0 ~2.5 1S 126 0540
3 1 630 298 23438 ¢ -18.5 11.7 11 133 0560
827 o6 751 8 1671 1690 -11.5 -©.9 29 228 0590
861 0 224 111 L 111 -3.3 1.9 8 235 o712

CRS OFF

CAS ON
e9 0 337 1434 0 740 26.7 1.6 28 11 08733
60 1 0 10 333 990 -2.8 -10.0 109 42 0807
61 0 3577 0 1417 1732 -7.9 -8.2 37 42 0307
62 1 N 428 424 1675 0.¢C -10.6 54 44 0811
64 0 7 1556 ¢ 1800 9.5 -8.5 16 46 0816
8 1 353 0 1955 1594 -8.8 -1.1 25 70 627%
6 1 480 0 1365 1676 -7.2 =7.5 16 74 uBHS
86 1 826 0 1742 1831 -10.7 -7.3 28 735 0886
87 1 857 0 2199 20«9 -6.9 -2.3 e 75 06385
99 0 421 1197 ¢ 403 40.2 8.3 40% 83 0905
200 1 416 ¢ 12?7 904 -15.2 -2.7 103 85 0904
163 0 1721 1842 0 1763 -13.9 7.8 10 68 V908
106 1 0 3526 1246 1092 -4.6 -1.3 9 90 0914
1S 0 1545 2338 0 1997 -41.4 18.9 17 95 0926
120 O 130 1303 0 1447 6.2 -5.0 28 105 095)
13 0 621 22835 0 1358 11.3 2.9 3% 115 0976
136 0 336 1468 0 1540 7.3 -5.0 58 124 09938
141 0 493 0 1338 1849 -5.8 -8.7 23 126 1004
142 1 671 2085 0 79 el.3 5.9 4 126 1004
144 0 463 1283 0 1637 7.2 -8.2 4 129 1011
154 1 424 0 1446 1630 -?7.1 -©.1 14 140 1037
157 1 126 1366 0 1249 7.4 -3:1 S5 141 1049
16§ © 0 903 23 1325 4.6 -6.8 30 143 1044
163 0 126 0 1556 1737 -S5.?7 -5.1 20 148 105¢
167 0 771 0 1336 1968 -8.7 -i3.9 4 150 10¢4
168 1 0 St £97 13505 -0.9 ~7.6 30 151 1064
184 1 618 0 2545 1930 -5.7 1.9 73 199 1097
189 0 269 o 1046 1480 -S.9 -8.2 7 204 1112
191 0 0 906 764 1800 0.7 -7.9 e 206 1117
193 1 18 1164 1632 0 -3.8 7.5 23 &o08 1123
195 1 0 879 €0 1338 4.3 ~7.0 47 212 1135
198 0 ¢ 1016 412 175 2.6 -8.1 18 2135 1142
0 1 607 0 1551 1453 -9.1 -5.9 18 221 1141
c14 1 Ses5 0 1464 1365 -8.9 -5.3 17 249 1173
2195 © 0 S?4 369 376 2.3 1.2 110 249 1174
220 1 875 1807 n 1863 11.2 -7.1 47 254 1187
230 1 492 0 1430 1340 -8.0 ~5.2 1S 239 1202
246 O 0 S30 730 1809 -0.7 -92.95 32 267 c2e
249 1 33 1033 0 1z42 S.8 -%9.% 75 e68 1229
%0 13 0 130 733 1073 ~4.9 ~5.9 71 268 1226
264 0 391 0 1121 1359 -2.6 -8.9 78 278 1254
2?0 0 935 1782 N 1974 8.9 -7.3 < 280 1233
271 8 248 g 1470 0 -21.3 12.4 84 283 12351

10249 0 471 2206 6 911 12.6 4.9 79 380 0652

CAS OFF

Fig. C.9. Terminal printout of information associated with each
valid event of cycle 2.
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ORNL-DWG 78--1815

KRR L 1
ﬁ.,.Jwﬂ

DATA RUN 3
EVENT RRY DTO DT DTe pT3 X Y COUNTS TIME PAPRM
CRS ON
4 0 1582 0 F99 ch3 3.9 -0.0 1 110 0596
e 1 1073 g 2000 2217 -8.2 -7.2 31 114 0603
3 0 479 210v8 0 4173 17.1 2.1 7 19 0779 N
20 1 558 603 1400 v -26.9 36.5 792 3¢ 1799 o
40 0 13 1619 ¢ 1486 11.2 -4.9 133 1951 09a3
73 1 1083 0 2113 1334 -75.95 -8.4 12 221 1079e
¢ 0 0 10959 990 1305 2.8 -3.8 73 29V 1183
Fig. C.10. Terminal printout of information associated with each
valid event of cycle 3.
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MIR PN o 284 1 408 1765 ledc [
300 » 9SS 197> v 19
EVENT APY BTO  BTY  BT2 BT3 # Y (OUNTS TIME PRPaM 307 0 S40 1573 ¢ :;4526
Cho O 309 1 €30 6 1431 1513
k ] &e% 4“3 leve (] -11.2 16.» 16 1304 1166 Mo 1 1275 22 B Zice
* 1 1032 9 151e 2172 -%.1 -5, 45 24 321 1214 314 1 S?71 1993 0 97s
3 1 490 0 1629 %27 -24.2 [ 111 22 1216 318 1 o35 6 c30% 1397
4 1 15 0 1958 2697 13,4 17.2 123 3%&4 1221 319 1 882 o Z13n 7
s 3 ] ] 3 ] -13.9 2.5 1 296 1&% 321 1 1063 202% o 1999
%% 1 1%:¢2 B 1253 g2en? 17.3 ., 13,z 144 414 1279 323 9 b 4% v 13
a1 1 S 0 1177 %71 -2¢0. v -%.5 w5 414 127% e 1 Jon 0 1206 153¢c8
5 1 Tee 0 17% 21 3%5.0 -1%.% 1z 419 120% LI T T ] 02182 13l
68 1 3 1159 9 1146 7.0 -2.9 41 424 120 8 9 3I0% 9 1822 794
TG0 31200 Z1nS 2227 ()] -0, 3 én. v 66 44 1291 322 1 324 1944 0 1778
73 1 118 1433 8 1707 5.5 -%.7 3] 4% 1893 331 1 =9 U £k 9 1532
74 © 1] 163 “?6 1363 -3.% .5 1l 4¢én 1894 3% 1 nbs 1830 0 w7e
T2 1 %48 28T 6 =8 11.4 5.2 4 43I 1295 340 1 3% 1787 1725
e B 1) 0 S24 17EE 1118 -T.2 1.1 T1 434 12%% 341 6 nBSE 13%S 9 1649
34 9 270 4 1045 1490 -%.3 -8, 3 5 $4v 1294 36 1 421 1ele 0 «zs
3% o 652 0 1860 1728 -3.% -3.7 S6 4%} 1297 35a 1 59 1763 g 1729
885 1 49¢ g 136 2630 ~%.5 -z.¢ 2% 4%% 1393 369 ¢ 365 ¢ (450 rd
89 1 345 O leee 193¢ 9.9 -T.4 12 4959 13063 379 1 4«3 =137 0 TR
91 o b5 0 11 10%% 5.7 -4,2 111 4%S 1303 389 1 £52 1704 0 161?
92 1 1269 2322 I R 8 én.e -7.3 1 4% 1308 396 1 134 9 359 724
4 ¢ 9 372 % 1e2v 4.7 -6.2 20 4%7 1306 391 1 244 213 9 1089
@ 48 0 1%0% 17:% -%.5 -%.4 19 462 13132 394 1 22 1786 o Bel
182 o 208 9 1454 1577 -7.4 ~3.% 46 463 1314 338 a4n2 1507 b 7R
183 1 1S D 1447 18%6 -%3.3 -10.¢& 17 4473 131% 299 1 431 0 1405 1471
120 0 0 313 e B2 -0.% -».% 37 A%6 1319 407 1 53 1574 9 1631
133 1 ¢ 1287 583 1049 4.3 “4.6 199 4dew 1221 413 1 3 0 IndZg 1773
124 9 3N 0 19¢4 %0 -19.2 1v.% 13 43 13&2 416 0 RS 0 1453 2111
143 o 7 0 24%% 13:9¢ -11.% 3.9 131 469 1322 419 1 414 31379 1422
144 | 1466 D 233 235 -21.4 -1..8 115 470 1324 423 0 1369 z2%8 0 zeo
46 1 209 9 1412 1581 5.3 -%.0 2e 4T1 12:= 429 1 IS 2oe7 ¢ s10
1% 1 " 865 117 1299 4.1 -6.& 30 ATI 13zR 430 v 43% 1232 097 0
164 1 147 1%02  #61 (1) 7.7 3.9 &2 475 1331 41 0 185 a2 10679 1052
168 0 566 0 130 1648 -11.1 -10.% S 477 1331 445 1 361 1 31% O 79
179 1 15¢ 1547 1444 0 -3.95 e,z I7 456 1382 448 1 £§% 29?7 0 1€9%
181 @ 519 17595 0 1674 5.8 ~-4.2 119 2421 1339 445 | 45 1931 N 1457
16 o0 I 1469 H 1943 .3 -5. 3 27 4L 1738 450 1 517 1574 o 1379
18% 0 e&2% 0 1383 137 -7.3 -4.2 1 S01 1335 4% 1 37 1554 n 2073
188 0 319 1543 1 30% -3.3 -2.% ve S0c 12%7 45?7 1 JAD 1Trs 0159
190 0 S0S 1419 ¥y 1%:0 10.5 -5, T S04 1340 461 0 70 1eTH 0 1182
1% ¢ 851 0 531 1723 -16.6 -13.1 12 Siuh 1343 453 u 1162 c24S 0 193
200 » 0 IR3 198F 1431 -%,% -0.3 24 Sh3 1347 485 @ 255 1752 0 197S
207 ¢ v I S 933 10¢9 -Z el -Z. 0 71 %11 1350 491 1 “12 1Z60 0D 1°13
214 0V o 120 (047 %1% -7.4 1.9 320 <12 1% S04 1 1266 Z3eE 6 1%0%
213 O 154 0 1%2% 14w -3.3 -3,7 06 %12 139 Si4 0 gTe 0 1036 1479
2zl 1 0 163N 150 1333 4.2 -%. 2 26 T17 13%2 S17 1 BIm 1 ETZ 0 175¢e
2% ¢ 0 331 <4z 13955 1. -%.8 162 %13 13%4 529 1 icod  123% 0 les
227 0 2067 X1 177 “,3 T3 TSN S14 13%4 &S50 0 11eS 7% o198
289 1 131n ¢x12 LI §-:"4 ] “%,7 ~-10,4 11 S14 17%4 571 ¢ 330 n 1590 220
230 1 0 1224  S@d {13y 4.3 -1.1 n S1d 13%S %72 1 €28 13:4n 0 ine2
c4e 1 & B )1%5s 1998 -7.0 -4, 0 41 Tie 13%T 5?79 1 S T T k] 0 53¢
244 0 w11 0 174 1825 -12.9 -2, 6 %17 L3%A 531 1 > 15%% 0 59y
. e4s 1 4%7 1TTe 0 1321 10.7 -1.3 4 517 13%: Su8 4 @77 1 l1a44 ZEUh
. 2%6 1 47 2% N 1e0t 11.1 1.7 24 1% 1zen ods 0 43 1321 n o 155%
f er 1 5en v 19x2 1992 -2, -%.1 et %id 1oenm 824 0 n 230 172 7ya
: er%s 0 w33 2% 192t . -4, Sr %% 1en nén 0 b - L3 3d4m
: e 1 0 13%2 nle 1leh 4.2 ~-0,% 2% %23 1S [ X ] 4% 1%2I IZO0S "

Fig. C.11. Terminal printout of informatior
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ORN_ -DWG 78-1316

T R R P T T U SRS

1.1 3.4 39 Se? 154 £37 1 ¢os 1511 N 1496 T.e -3.0 . SaS 140%
10.¢ 3.0 31 %49 1376 o4i & 1397 ¢ 1817 1712 6. %S 131 e Su] 1612
9.2 -3.9 16 9953 1343 543 0 42 1957 2044 [ -4.0 T.4 €5 %% 1413
-11.9 -3.1 ? 9%3 1383 e%2 i e 1062 77 1877 é€.1 -3.9 9 T2 1419
$3.1 -=.7 10 554 1334 oeF v eI ¥ 1997 1633 -9,7 5.9 10 9S24 1817
18.7 -¢.® 119 9554 1384 se3 9 P 9 1o 77e -12.5 -0.4 103 9995 1817
L =18.& 2.4 cf T4 1324 767 1 0 1083 k) 513 J.G 6.3 318 S 1419
R Y 2.7 129 954 1393 TI17 1 1077 2268 0 1616 19.9 -1.4 4 52T 1429
i 1€.7 -5.9 15 S%4 13:% T2 0 sm 1722 ® 16883 9.9 -7.4 3 S%7 1419
s.2 -7.0 72 %% 1389 TIW 0 818 ¥y 17%) 1719 ~iE.% - % 12 ®oT 1420
-5.9 -5. 3 ¥ S5 1366 T 1 <63 ¥ 1862 2489 -1.?7 -3, 8 14 S<7 142w
-16.9 1.1 113 995 1387 s e 21 1% o 1207 16.5 J.4 323 %93 1ecd
-12.9 &1 200 9%7 1387 T3¢ 1 Tes v 1532 1877 -11.¢ P | T S 1821
£3.4 -5 3 S8 %7 1387 T?3 1 230 S 1243 10653 -3.2 -2.3 <3 <3 1421
16.1 -%.8 34 T 1397 779 1 950 15%0 0 o7s 15.¢ 2.4 36 S 1421
20.9 1.7 7é T8 1589 T8 1 3% 0 1325 129% -3.6 -5, Th S5 1421
13.9 7.2 33 935 1329 79 0 484 1493 6 1963 3.2 -%3.0 12 99 1422
7.7 -3.8 28 933 15369 88 1 273 123% 0 1050 9.7 -3.3 122 %= tac1
13.96 0.8 119 %60 1392 TR 1 101D 195 ¢ 199 11. o -7, o« S% 1422
o7 -5.,9 33 S60 1392 799 o o= 0 112e T7e -13.¢ -c.0 313 5% 1322
-14.7 1.2 3126 S61 1352 810 0 43T 1448 D 1493 3.3 -5.4 19 T3« jag2
14. 9 .2 16 Sé1 1263 813 0 &£20 o 1734 1521 ~10.2 -2.7 4 S9% 1822
18. 3 -8.3 106 562 1394 81 1 ¢ 205 199 1357 e.e -3.5 10 5% 1422
-7.8 ~7.6 1242 S42 139%4 832 1 a1l 1944 0 1719 17.% -13, % 1e? 9= 12272
B2 1.% 79 Se2 1734 833 0 404 0 12hé 903 -14.8 ~2.7 9% %90 1423
15.3 4.6 4 Sez2 13%4 83 1 () 0 1553 1519 -9.0 -5.3 3
16.% 2.1 28 Sé62 1597 850 1 E72 1448 c 758 12.4 1.2
-2.1 ~€.1 o T62 13%4 870 ¢ S43 1038 9 1%7¢ 2.0 -4.9
10.2 -5.0 30 T3 139% 871 1 328 1561 " 1639 5.8 -4.¢
-15.3 -1¢.0 29 %63 15396 872 1 cel 1364 0 1459 5.8 -4.9
-7.7 -1z.2 3 €3 1395 83g O 237 3 1543 1382 =r.% -2.%
-8.7 ~5.3 21 S64 17396 883 1 g54 1579 0 1450 33.2 -15.9%
17.0 -10.7 7 64 13%5 ane G rel " 1219 723 -12. ¢ -0, 3
13.0 6.4 20 5S¢4 13w 886 0 S01 9 1533 £y ) -14.0 3.1
-5.6 7.3 19 %64 ) Tee 894 0 493 1%1% 0 1509 S.1 -%.7
-8.1 -4.4 410 565 1397 27 1 121 13%4 o 123 14.5 T.4
12.7 -0.3 238 565 1398 939 1 788 6 1450 1379 -10.3 -11.7
e.3 -10.5 147 S8% 1337 I3 ) S04 1259 5 1626 7.5 -T.3
.9 -4.3 I8 565 1305 98 1 G190 2043 9 1% 11.4 =-&.1
2.1 -5.3 34 559 139% 97% @ e 1332 w2 0 -2. 0 2.4
8.2 -7.1 31 565 1393 1028 v 497 0 1855 593 -14.3 2.%
14.1 -2.6 87 S€S 1394 1631 1t 138 1227 B 1747 4.0 -7.5
11.7 -1.1 a3 Spe 139G 1032 1 313 0 1953 1544 -6.5 -4.%2
13.7 -4.7 > 8566 1397 10% 1 v 1wm5 1318 2s -g.t T.4
3.3 -7.3 ? 57T 1400 106% 1 105> 133% g 20ur 15,2 -5,
16.9 -5.3 33 567 1401 1060 1 556 0 18T 177 -£.% -5, %
&s.7 -7.1 2 S&5 1408 13723 1 152 G VS SR 1] -7.6 -s.1
-<.9 -%.3 % SKRE 147 1383 ¢ @ 139 0 177z B -4.2
10.7 -5, N W SEE 1401 1486 1 ?e? 0 129 1794 -3 -7.0
-23.1 15.2 & &3 1anl 151% o ¢ 333 127 Ea | -%.1 -0 F :
12.% -é.1 167 S7TO 1408 1515 § ¥ InZ 1254 167 ~s. 7 -1.¢ 1Y AaT 142¢
-1c.2 1.5 7S ST3 1499 1922 o 337 1371 v 1153 10.4 -4.5 S e0T 133%
T3 -4, S %73 1408 1524 1 9% 1552 " 1545 5.2 -4.% 102 BNT 142%
14,2 3.3 S0 974 1400 1526 1 700 ¢ 1413 e -, 4 -19.32 12 =07 1425
14.6 5.3 47 574 1400 1614 0 S4% 1947 (U T =78 7.3 -%,3 B om0z 1429
-5.9 -3,2 44 S04 1393 1619 1 239 1433 194 -12,¢ -14.3 5 BlA 132S
5.9 -6, 0 z 879 13%3 152% 9 0 10%4 & 1187 =, 0 -4, 4 S S0 1454
: 1.9 ~£,3 1454 TIi 140% 183% ) 1254 2% o T0e 40,9 -T.3 2 RS 14
FoelT.s ) 21 %27 jdim 1549 ¢ =734 1574 A 17 1.8 -5, % T omil 1413
: 4.9 12.1 36 Sx2 1407 165¢ 1 136 1240 0 esd 1.0 D3 ST iz 1%
- CRA: OFF
'
-

valid event of cycle 4.
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ORNL DWG 76 TR

EVENT HISTOGRAM Jeo

1 1

1 .
8 &
EVENTS/ARRAY

]
3

0 9 «— ARRAY No‘ho

SOURCE MAP
C]
@

o. . -@

O ARPAY TRANSDUCER

Fig. C.12.

Arrav 0 sources in cycle 1.
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ORNL-DWG 7618788

EVENT HISTOGRAM I SOURCE MAP
~440 )
>
4
- 4
- <
<
430 1C]
z i --
‘; G -- e " O
w .;__.-__-'
420 LFLAW 3
210
©® ARRAY TRANSDUCER
.. .. —40
0 1e— ARRAY No. ]

Fig. C.13. Array 1 sources in cycle 1.



ORNL -DWG 78817

EVENT HISTOGRAM SOURCE MAP
—{ 60
-450
—40
©
>
<«
a
:: .
~43% » o)
— -
z . .
< .. -0
w —-— - —
1 /
FLAW G
—110
©® ARRAY TRANSDUCER
- —90
0 i e ARRAY No.
Fig. C.1l4. Array 0 sources in cycle 2.
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ChHL -DWG 78-1818

EVENT HISTOGRAM |

|
8
EVENTS/ARRAY

0 1 «—ARRAY No.

SOURCE MAP
O]
- - k .
O . B

[FLAW ¢

©® ARRAY TRANSDUCER

Fig. C.15.

Array 1 sources in cycle 2.
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ORNL-DWG 78--1819

EVENT HISTOGRAM s SOURCE MAP

e R

—{10 ®

EVENTS/ARRAY
0]

® ARRAY TRANSOUCER

0 1 «—ARRAY No.

rig. C.16. Array 0 sources in cycle 3.
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ORNL - DWG 781820

EVENT HISTOGRAM 15 SOURCE MAP

—112
— 11

EVENTS/ARRAY
©

-1 ©® ARRAY TRANSDUCER

0 1 «—ARRAY No.

Fig. C.17. Array 1 sources in cycle 3,
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ORNL-OWG 7618787

EVENT HISTOGRAM

1
8

I
-l
8
EVENTS/ARRAY

~ir

SOURCE MAP
.0
::’ '.Q .e ..
- ot .
@ e '.. A ..-:-:o

® ARRAY TRANSDUCER

Pig. C.18.

Array 0 sources in cycle 4.
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ORNL-DWG 73-18788

EVENT KHI"TOGRAM

L
8

EVENTS/ARRAY

.
=
8

SOURCE MAP

150
® ARRAY TRANSODUCER
Fig. C.19. Array 1 sources in cycle 4.
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ORNL-DWG 75-1821

EVENT HISTOGRAM 1240 SOURCE MAP
-4220
~4200
-4 180
-4 160 - ®
>
—1140 g
« . ] - e
—120 a :_" :o Q'- -
s O'.'.:‘." R G)
w ¥ F.oe et
- 1m z ° '—‘— .-s—-;' . "
80 ZFU\WQ_
—460
—140
--120
©®© ARRAY TRANSDUCER
.
0 1«— ARRAY No.

Fig. C.20.

Array 0 sources — summation of all cycles.
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ORNL-OWG 78-1822

EVENT HISTOGRAM |

0 1 «—ARRAY No.

8

3

160

140

100

8 & 8 8

o

EVENTS/ARRAY

SOURCE MAP

,-‘; ., ""‘ '-

ok,

.'-Z'a-'.—
FLAW G

©® ARRAY TRANSDUCER

-. O ¢ _:.-""."
.:5..'.'9 .

Fig. C.21.

Array 1 sources — summation of all cycles.
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x 'og’ ORNL-DWG 781823

S s & &
| | I ]
| 1

CUMULATIVE COUNTS TO INDICATED PRESSURE
o 3
1

[ 3]
|

: i

(MPs) 0 50 100 150
' ' LI ' LI J K ) L T )
{ksi) O 22 4.4 8€ B8 1.6 132 15.4 176 19.8 220
PRESSURE

Fig. C.22. Summation of counts vs pressure for all cycles for ar-
ray 0.
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ORNL-DWG 781824

*
53

5N 2 & &
L L
I

CUMULATIVE COUNTS TO INDICATED PRESSURE
)

(MPa) 0 50 100 150

I ! P I ! I 1 ! ' i L
{ks) O 22 44 6.6 8.8 1.0 132 154 17.6 198 220

PRESSURE

Fig. C.23. Summation of counts vs pressure for all cycles for array 1.
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x 'oj' ORNL-DWG 76—-18789
50 | T
45— .
40— -
»Br— -
20—

3
|

-
L]

3
1

CUMULATIVE COUNTS TO INDICATED PRESSURE
R
|

0|
(MPs) O

U LI I 4 I L 4 1 J L L
(ksi) O 22 4.4 6.6 88 1.0 13.2 15.4 17.6 19.8 220

PRESSURE

Fig. C.24. Summation of counts vs pressure for all cycles for bothb
arrays.
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Appendix D

DATA-ACQUISITION SYSTEM AND INSTRUMENTATION

All data from the teat of vessel V-7A, except the acoustic-emission
(AE) information, were processed, displayed, and recorded by the data
acquisition system (DAS) planned and integrated by ORNL. This appendix
provides details on the relationships of each of the output devices,
identified in Table D.1, to the measurement devices (sensors) listed in
Table D.2. Sensors in Table D.2 are listed in number order for each of
the following categories: heater control thermocoupnles, vessel tempera-
ture data thermocouples, pressure transducers and gages, ingide gtrain
gages, outside strain gages, crack propagation gages, COD gages, and ul-

trasonic transducers.

Table D.1. Output devices for the V-7A test

Syabol
used in Description
Table D.2
A Computer-controlled data-acquisition system (CCDAS) with mag-
netic tape data storage, line printer, and digital display
Datum System 70
B Vishay with paper tape printer, typewriter, and magnetic cas-
sette recorder
c Ampex model FR-1300 tape reccrder
D ERDAC digital memory
E-1 X-YY” plotter No. 1
E-2 X-YY” plotter No. 2
-1 Strip-chart recorder No. 1
P-2 Strip-chart recorder No. 2
F-3 Strip~-chart recorder No. 3
G Brown recorder
H Ultrasonic system with CRT display and magnetic tape recorder

I Video with TV monitor and tape recorder




Table D.2.

Sensors or vassel V-7A

Sensor
No.

V-7 sensor a
in same Description
location

Output
device

Conditirnd

Heater concrol thermocouples

TE
TE
TR
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE

VNN E WN -~

Vesgsel

temperature data thermocouples

TE
TE
TE
TE
TE
TE
TE
TE
TE

21
22
23

Ingide

strain gages

XE
Xe
XE

33
34
35

F350
F250
27 F350

> > >

o000

Recor'uslc
run]o

——— ———— e ———

-18 to 260°C
(0 to 500°F)

SX

5%

o e s+ e e M s et

~

e



V-7 sensor

Table D.2 (continued)

POV 0 B e L)

Seg;?r in same Descr ipt fon" 3:5?3:b Re::;::BIQ Condjtinn"
location

Inside strain gages (continued)

XE 36 F350 A, C S%

XE 37 F350 A, C 5%

XE 38 40 F150 A, C Erratic and unresponsive

Xe 39 9" F350 A, C 5%

XE 40 W A 5%

X3 4l ] W A 5%

XE 42 28" W A 5%

XE 43 . W A 52

XE 644 10 W A 5%

Ye 45 W A 5%

XE 16 W A %

XE 47 F120 A 52

XE 48 F120 A 5%

XE 19 W A S%

XE 50 F120 A 5% Shorted gage

XE 51 F120 A

XE 52 W A

XE 53 W A

XE 54 F120 A 2%

XE 55 30 F120 A 2%

XE 36 31 F120 A

XE S7 32 F120 A

XE 58 35 F120 A 2%

XE 59 34 F120 A

XE 60 33 F120 A

XE 61 F120 A

XE 64 29 W A

XE 65 41 w A

XE 66 16 £120 A

XE 67 37 W A

Xe 68 41 F120 A Anomalous discontinuitiea in cycles
1 and 4; unreasonably high output
most of time

XE 69 44 W A Frratic after cyele 1

XE 72 42 F350 A, E~1, F-3

cee




Table D.2 (continued)

V-7 sensor . ’ 1
mn“MWn in same connnnvunosn Mu“w”“v xnmuunnwao Condieon”
location
Inside strain gages (continued)
XE 73 8 F350 B
XE 74 ¢ F350 B
XE 75 ~oa F350 B
XE 76 29 F350 B
XE 77 F35C B
XE 78 38 ¥350 B
Ouvtside strain gazes
XE 79 61 F350 B
XE 30 F350 B
XE 81 60 F350 B
XE 82 80 F350 B [T
XE 83 74 F120 A b
XE 84 15 F120 A
XE 85 76 F120 A
XE 86 17 F120 A
XE 87 91 w A
XE 88 82 w A
XE 89 83 F120 A
XE 90 85 W A
XE 91 84 W A
XE 92 86 F120 A
XE 93 79 F120 A
XE 94 81 1) A
XE 93 70 w A
XE %26 68 w A
XE 97 66 w A
XE 98 13 w hY
XE 99 72 w A
XE 100 56 W A 5%
XE 101 57 F120 A b4
XE 102 58 W A S%
XE 103 59 ¥120 A 5%
XE 104 62 F120 A A




Table D.2 (continued)

V-7 sensor

Sensor in sape Descriptiona Outputb Recordusle Condlt!ond
No. device range
location
Outside strain gages (continued)
XE 105 63 F120 A 5
XE 106 64 W A 22
XE 10 65 L} A b}
XE 108 FL20 A 5% Output out of range and erratic
XE 109 F120 A 5
XE 110 F120 A
XE 111 W A
XE 112 Fl120 A
XE 113 L] A
XE 114 F120 A
XE 115 7 L] A
XE 117 F120 A
XE 118 L] A ~N
XE 119 F120 A <]
XE 120 w A
XE 121 w A
XE 322 F120 A
XE 123 F120 A
XE 124 F120 A
Pressure sensors
PE 30 Vessel pressure, type DH¥ high- A, E-1, E-2, 0-30 kst
frequency pressure transducer, F-1
0-30,000 psi, BLH Electronics, Inc.
PE 31 Patch pressure; same type as PE 30 A, F-1 0-30 ksi
PL 32 Vessel pressure, Bourdon gage Visual
PE 133 Vessel pressure, bulk modulus gage, A 0-30 ksai Output was consistently lower than

Rarwood Engineering Co.

but approximately proportional to,
that of PE 30 except for drift in
4th cycle




Table D.2 (continued)

T WA v St Prbeta)

V-7 sensor :
in same Description
location

Sensor
No.

4
Cond{tion”

Crack propagation gages (CPG)

XE 125 Each gage consisted of two electrically
parallel strings of foil gages; each
string consisted of 8 to 12 strain
gages connected in deries; strain
gage types were 120 2, 2 and 4 in.
long; Micromeasurement EA-(C6
Trigger Trigger detects first break of CPC
and generates a constant signal used
as a time mark

XE 126

Outside COD gages

2T 127 87 Transtek linear displacement trans-
ducers, model 354-000, with self-

2T 128 89 oscillating and demodulating direct-
current differential transformers

2T 129 90 (0DCDT)

Mid-depth COD gages

ZT 130 Divider gage fabricated at ORNL; sgee
Appendix F

ZT 131

2T 132

Outputb Recordaple
devicae range
A, D
Trigger
A, C, E-1,
E-2
A, E-2, F-2 0--25.4 mm
(01 {n.)
A, FE-1, F=]} Same
A, E=2, F=2 Saoe
A 0-12.7 mm
(00,5 in.)
A Samc
A Same

Fatled ar about 3.5 MPa (500 psi)

Failed at about 27 MPa (4 kri)

N
Sve Table 4.1 1]

Sve Table 4.3

See Table 4.3

See Table 4.3

See Table 4
Suee Table 4



. V-7 sensor
Sensor . ki
. in same
No N
location

Crack lovation sensors

XE 140 A Ultrasoniv
XE 1al C Same
XE 12 Ultrasounice

Table D.2 (continued)

transducer in rluid in noteh

transducer on 45°% weld buss

on vessel 0D

XE 143

Same

Stratn gage types are F120

120- toll gage, Micromeasurements EP-08-2508G-120; F150

Output,
device’

Recordagle
range

ments EP-08-253GBF-350; and W - 120-.2 weldable gage, Ailtech 125.

“See Table DY for key,

“Unless noted otherwise, strain gage range is 17,

‘Unless noted otherwise, the output of the sensor was gencrally normal.

“Sensor location only approximately equivalent.

.

Condition’

Defective durlng all cveles

6¢€7
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Apperdix E

DEVELOPHENT OF TEE PATCH AND PATCH-PRESSUBIZATION
SYSTEM FOR INTERMEDIATE TEST VESSEL V-7A

Patch and Patch-Pressurization Nipple

Type 304L stainless steel was chosen for the patch material to be
welded into vessel V-7A. Verification tests demonstrated the adequacy
of the fabrication procedures and competency of the welders.

The design details of the patch and nipple installation are showm
in Fig. E.1. Preparations included the following steps:

. drilling the pressurization passageway through the wall of the vessel;
. Ppreparing and testing weld coupons;

. preparing the patch;

. cleaning and preheating the surfaces to be welded;

. welding patch and nipple;

. leak testing the installed patch.

-To aid in the precise location and alignment of the drilled passage-
vay, a drill guide assembly was fabricated and tack-welded to the vessel.
The assembly was keyed into the notch in the vessel so that the hole would
be aligned radially and intersect the ingide surface of the vessel 51 mm
(2 in.) from the centerline of the notch. The diameter of the hole varied
wvith depth, as shown in Fig. A.l, to facilitate drilling. The diameter
at the inside surface was 1.59 mm (1/16 in.) countersunk to 2.38 mm (3/32
in.), a diameter that had been demonstrated in mockup tests (described
below) to allow satisfactory communication of pressurizing fluid between
the external portion of the system and the internal patch volume.

The patch and nipple were welded into the vessel with 1.59-mm—diam
(1/16-4n.) INCO 82 filler in accordance with UCN Weld Specifications WS01
for gas tungsten arc welding. Six weld test coupons consisting of samples
of the patch material welded by the gelected specifications to 6.35-mm-
thick (1/4-1in.) carbon steel bars were made. The bars were attached during
welding to a 152-mm-thick (6-in.) plate to provide proper restraint and

heat sink. The coupons were tested by bending in various orientations,

a6 ks e s R B B e o L - L . N Rl
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as shown in Fig. £.2. The four narrow coupons (C, D, E, and F) were
tested in a guided-bend test jig specified in Section IX of the ASME
Boiler and Pressure Vessel Code. Coupons A and B were bent to a total
deflection of about 20° and coupons C to F were bent to about 180°.
Dye-penetrant inspections were made at various stages of bending. All
test welds sustained extreme deformation without indication of flaws.

The vessel surface beneath the patch was left rough, except for a
25-mm-wide (1-in.) zone at the perimeter of the patch. This zone was
cleaned and ground approximateiy to a No. 32 finish in preparation for
welding the vatch. The rough surface beneath the patch was desirable
to provide passages for flow tetween the patch pressurizacion port and
the region of rupture while the patch is pressed against the vessel bv a
large pressure differential. To ensure that adequate passages would exist
at high differential pressure, 0.30-mm-diam (0.012-in.) stainless steel
wvires were spot-welded to the vessel as suwwn in Fig. E.3.

The vessel areas to be welced for the nipple and the patch were pre-

heated overnight to provide temperatures of at least 93°C (200°F) and 66°C

Fig. E.2. Patch weld teat coupons for vessel V-7A.
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&
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2
=
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6 SPACER MIRES

PATCH (0.012-m. DiAM)

PRESSURI ZATION : SPOT WELDED

PASSAGE i TO INSIDE SURFACE
i OF VESSEL

DIMENSIONS
i IN INCHES

INSIDE PLAN VIEW

Fig. E.3. Location of spacer wires between the patch and the vessel
V-7 inside surface (1 in. = 25.4 mm).

(150°F) in the two areas, respectively. Temperatures were maintained above
those minima and below the maximum of 191°C (375°F) during welding. Dye-
penetrant inspection indicated several places on the patch weld requiring
minor repair; afcer the repair operation, vacsum and helium leak checks
were made. Additional repairs were made, and the final test of the welds
was made with a helium detector probe while the patch volume was slightly
pressurized with helium.

Patch-Pregsurization System

The patch-pressurization system was designed to give a highly reli-
able and accurate indication of the rupture time of the intermediate test
vessel wall without permitting significant leakage. The thin gtainless
steel natch welded to the vessel wall at the location shown in Fig. E.1
was thougiit to have a reasonable chance of remaining gastight after vessel

rupture in the V-7A test, inasmuch as the length, width, and thickness

———S.. , %, Aot
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vere selected to tolerate the deformation found in the V-7 test. It was
recognized, however, that the patch could not remain intact if a long
rupture developed or if the crack opening at the ingide surface became
large. Hence, the patch pressurization gystem was designed principally
to function properly as a rupture detector on the premise that the patch
would remain leaklight; the systeam should also provide a means for deter-
mining, if necessary, whether the patch ruptured prematurely.

The general scheme of the system (described in Chapter 3 and Fig.
3.28) requires that two critical components of the system function prop-
erly in all phases of the test. First the flow-restricting element in
the external system must freely allow sufficient flow for simultanecus
pressurization (or depressurization) of the patch and vessel volumes;
otherwise, a slight overpressurization of the patch volume would tear the
patch from the vessel. Second, in the rupture situation, there must be
low resistance to flow within the patch volume relative to that of the
external flow restrictor in order for a significant pressure drop to be
detected at the restrictor (see Fig. E.4).

With presgures equalized, the patch membrane would lie loosely against

the wall of the vessel or be stretched across the chord of the vessel.

ORNL-DWG 78-1246

FLOW
RESTRICTOR HIGH
PRESSURE
GAS
SUPPLY

Fig. E.4. Schematic of patch pressurization system.
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When rupture occurs, the pressure differential between the inside of the
patch (the side toward the ceiter of the vessel) and the outside (toward
the vessel wall) would increase as dictated by the pressure gradient along
the flow path from the gas supply through the rupture to the atmosphere

(A to E in Fig. E.4). Increasing differential pressure forces the patch
toward the wall of the vegsel. When the resistance of the rupture path-
way itself to flow Zs large relative to that of the flow restrictor, the
pressures in the patch volume at points C and D would be almost as great

as the vessel pressure (point F). However, as the rupture area increases,
the registance in the flow regtrictor makes the pressures at C and D ap-
proach atmospheric pressure; this results in the patch being forced against
the wall and tends to interrupt flow from B to D. If, as a result of patch
deflection, the restriction anywhere between B and D should become large
prematurely, it would prevent or retard the developme - ‘ a measurable
pressure drop between points A and B, where the cruc: .fessuyre measure-
ments are made,

A series of tests in a small high~pressure loop (Figs. E.5 and E.6)
was carrizd out to verify the performance of componants and the system.

The test loop was arranged so that the simulated patch pressurization
system could be charged with gas, while the balance of the system would
contain hydraulic pump oil. An existing oil pressurizing system was used
for economy, and the high-pressure gas volume was minimized for safety.

The vacuum pump allowed the 'vesgel" side of the patch mockup to be charged
with nitrogen if desired.

The gas accumulator was sized so that, when charged with nitrogen at
7 to 10 MPa (1000 to 1500 psi), liquid would not enter the flow restrictor
upon pressurization from the oil pump and subsequent venting of the system
through vaive V-1.

In the course of the mockup tests, the effect of vessel surface prepa-
ration beneath the patch was considered. A disk of stainless steel patch
material was welded to a mockup flange, snown in Figs. E.7 and E.8 before
and after installation of the patch, respectively. Figure E.7 ghows the
outlet port counterbored from a diameter of 0.794 mm (1/32 in.) to 6.35 mm
(0.25 in.). Before this port was counterbored, geveral tests were run at

pressures up to 155 MPa (22.5 ksi) to determine whether flow could be
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E.6. Patch pressurization system mockup test loop.
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Fig. E.7. Patch volume simulation flange without patch installed.

established between the two ports while the opposite side of the patch
was at high pressure. Adequate flow occurred with differential pressures
across the patch membrane of 62 MPa (9 ksi) and greater. Thus, it ap~
peared that little flow resistance would be expected over most ¢f the
pathway from the pressurization port to the rupture in a vessel (from C
to D in Fig. E.4).

A patch mockup with the counterbored port was tested next to determine

whether a wide rupture, one which would leave the patch unsupported over
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Fig. E.8. Patch volume simulation flange with patch welded in place.

a wide span, would be conducive to formation of a seal where the patch con-
tacts the corners of thz rupture in the vessel. This type of seal devel-
oped, but only after the patch had bz2en exercised through several pressure
cycles with pressures up to 172 MPa (25 ksi‘. Examination of the digk
after disassembly showed that it had seen deformed slightly to ccnform

to the counterbored port. Subsequent tests were run successfully with a
0.305-mm—-diam (0.012-1in.) wire spacer between the mockup patch disk and
flange. It was decided that spacers were probably not needed in the vessel

but would be installed for additional assur.ance that a geal would not de-

velop.
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Seven types of flow restrictors were tested. Two long capillary
tubes with 0.711 and 0.127 mm (0.028 and 0.005 in.) inside diameters were
t-ied first. The larger tube did not restrict flow enough for the effect
to be observed on the recorded pressure-~time ciiarts. The smaller one func-
tioned well for a few tests but eventually plugged. Therefore, the long
capillaries weve abandoned becauvse they were either too large or too sus-
ceptible to plugging. @.ality cesntrol in reproducing a nominal capillary
size was also a concern not resclved favorably.

The third device tested, an orifice 0.216 mm in diameter by 6.35 mm
long (0.0085 x 0.25 in.}, did not plug but gave poor resolution in the
pressure drop tests.

A surge check valve (Autoclave Engineering type CK4402) was tested
successfully in twe different orientations, and two high-pressure gage
snubbers (Chemiquip Cumpany type 30-31-HF-6GS with element HP-50-HX or
HP-50-G) were also tested. The performance of the surge check valve was
excellent when it was mounted upside down. (In this orientation the ball
check is always held in the check positicn by gravity.) Tests demonstrated
however, that the patch volume could be pressurized consistently through
the closed check valve at rates up to 10 MPa/s (1459 psi/sec), which {is
far beyond the potential capacity of the intermediate test vessel pneumatic
pressurization system.

The performance of the two snubber elements in detecting rupture was
fair to gcod in the mockup testg. Since the mockup tests were gevere
tests of rupture detectability, either snubbe: was considered adequate
for the vessel test. Therefor=2, it was decided that the snubber with
type HP-50-HX element, which was designed particularly for use with gases,
would be included in the vessel test system in such a way it would be

redundant to the surge check valve.



251
Appendix F

CALIBRATION AND EVALUATION OF CRACK-OPENING DISPLACEMENT
GAGES USED AT MIDDEPTH OF NOCTCH IN VESSEL V-7A

Each middepth crack-opening displacement (COD) gage was made by ap-
plying four Micromeasurements type EA-06-062TT-120 gtrain gages to the
circular spring clip of a mechanical divider. A typical gage is shown
in Fig. F.1. The outer and inner surfaces of the spring clip each had
one axial and one circumferential gage. The four gages were connected
as a full bridge as shown in Fig. F.2.

Each gage was calibrated at room temperature before the test by open-
ing and closing the gage three times between the limits of 25.4 mm (1 in.)
and 38.1 mm (1.5 in.) with the output being recorded at each 2.5-mm (0.1-
in.) step. Typical behavior of this type of gage is shown in Fig. F.3,
where the output is given as an indicated s.rain. Figure F.3 shows an ap-
parent loss in linearity upon change of direction of motion. The calibra-
tion factors are given in Table F.l.

After the vessel test, recalibrations were made at room temperature,
and the effects of temperature on the gages were investigated. The post-
test calibration results are included in Table F.l. The latter calibra-
tions deviated from the initial ones by 2, 6, and 11% for 2T 130, ZT 131,
and ZT 132, respectively. The measured changes in indicated COD with
temperature over a range from room temperature to about 75°C (170°F) are

givan in Table F.2. Measured drifts in output are given in Table F.2.

Table F.1, Calibration factors
for COD gages

Calibration factor® (mm™})

Gage No,

b
Pretest rosttest
ZT 13C 0.01074 0.01093
2T 131 0.009839 0.009235
ZT 132 0.01079 0.00%68)
aFactor - output voltage 1

excitation voltage  ACOD °

(:‘
Pretest factnrs were used in reducing
dats preseuted in this report.
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Table F.2. Effect of temperature
on COD gages

Gage 2%22 Drift in 9 hr
No. (m.x-l) (mm)
ZT 130 -0.02 to +0.02 (at 70°C)

.5 (at 27°C)

0]

1
ZT 131 —0.01 to -0.08 0 (at 70°C)
0.8 (at 27°C)
2
0

ZT 132 —0.05 to -0.14 .9 (at 70°C)

fat 27°C)

) mmek"! = 0.0229 in./°F; 1 mm =
0.0394 in.

COD GAGE PUINTS

INNER SURFACE
STRAIN GAGES

OUTER SURFACE

STRAIN GAGES

MOUNTING BARS

Fig. F.l. Mechanical-divider-type COD gage used at middepth of notch
in ves=el V-T7A.
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Fig. F.2. Schematic for connecting strain gages on spring clip of
COD gage.
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Fig. F.3. Calibration curves for pretest calibration of 2T 130 during
one cycle; other cycles were almost identical (1 in. = 25.4 mm).
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Appendix G

AN ELASTIC-PLASTIC FINITE-ELEMENT ANALYSIS OF
INTERMEDIATE TEST VESSELS V-7 AND V-7A

An elastic-plastic finite-element analysis of intermediate test ves-
sels V-7 and V-7A was performed during tie preparations for the V-7A test
using the code NEPSAP. *“ A partial schematic of the element arrangement
(i.e., 192 sixteen-node thick-shell elements) is shown in Fig. G.1. The
loading consisted of an initial 90 MPa (13 ksi) internal pressure that was
subgequently increased in 17 equal increments of 6.9 MPa (1000 ksi) each.
Selected results from the analysis and experimental data at comparable
locations on V-7 are shown in Figs. G.2 to G.4.

Figure G.2 shows the rircumferential strain at the outside surface,
76 mm (3 in.) from the flaw in the axial direction, as a function of pres-
sure. Figure G.3 shows similar data for a location on the outside surface,
127 mm (5 in.) from the flaw. Figure G.4 is a record of the crack-opening
displacements (COD) taken from test V-7, Superposed on that plot is the
COD from the finite-element anzlysis at the point of maximum displacement,
that is, the outside surface at the crack midpoint.

Although the mciel used for the finite-element analysis was quite
coarse, the results from the analysis tend to agree with experimental

measurements. A closer correlation would be expected with a finer mesh.
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Appendix H

NITROGEN PRESSURIZATION SYSTEI*

System Requirements

The nitrogen pressurization system, snown schematically in Fig. H.1,

vas designed to meet the following conditions:

1. Provide a relatively high volume and low pressure for the initial
pressurization of the test vessel.

2., Provide a smaller vol:me, but higher pressure, system to be used
in the final stages of the test vessel pressurization.

3. Provide appropriate valving so that any pump could be isolated
from the remainder of the gystem in case of failure.

4. Provide a valving system for feeding the compressed nitrogen in
the test vessel back into the supply trailer during the test vessel de-
pressurization cycles. The valving also allowed the gag in the test vessel
to be exhausted to the atmosphere.

5. Provide a means of prepressurizing the gas to the inputs of both
high-pressure pumps should the trailer supply pressure drop below an ac-
ceptable level.

6. Maintain a cooling system to lower the temperature of the com-
pressed gas at the output of the high-volume pump.

7. Provide pressure monitoring gages to indicate the pressure at the
output of the pumping system (the input to the line feeding the test ves-
sel) and at other points within the system.

The quantity of nitrogen in the test vessel, which has an internal
volume of 0.696 m® (24.6 ft’), is shown in Fig. H.2 as a function of pres-~
sure, The pressure-density curve of nitrogen is not straight because of

real gas effects. As the pressure increases and the gas approaches a

iiquid, it becomes less compressible. As may be seen in Fig. H.2, to

*

This description was prepared by J. F. Bampfield, White Oak Labora-
tory, Naval Surface Weapons Center, as part oi the wor.. performed for ORNL
under the 'nteragency agreement.
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Fig. H.2. Quantity of nitrogen in test vessel V-7A vs pressure (1 MPa
= 145.04 psi; 1 kg = 2.2046 ]bm).

produce a given pressure increase, less additional gas is needed at the

higher pressures than the lower pressures.

Nitrogen Supply and Control Console

The nitrogen gas supply was contained in a compressed pae tank-trailer
with a capcity of 991 scm (35,000 scf) at a pressure of 16.55 MPa (2400
psi) and a temperature of 21.1°C (70°F).* Each of the 22 tanks in the

*
Standard conditions for the definition of 1 scf are 1 atm (14.696
psia) and 60°F; for nitrogen, 1 scf = 0,07380 1bm = 0.03348 kg.
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trailer were individuslly velved sad fed into a common manifold which, in
turn, vas coutrolled by a master valve. The output of the trailer manifold
wss coupled to the input of the pusp console vis a 15.24~m (50-ft) length
of flexible 6.4~mm-ID (1/4-in.) hose. The hose bad a working pressure of
34.5 NPa (5000 psi) and a burst pressure of 138.9 MPs (20,000 psi).

A second tank-trailer was provided as a precautionary measure to en~
sure an adequave supply of nitrogen in case of large gas losses. Fortu-
nstely, additional nitrogen wvas not needed.

The control comsole, disgrammed in Fig. H.3, consisted of a group of
wvalves intercomnected with high-pressure nipples and arranged so that they

ORNL-DWG 18-5272

7 MTROGEA TRAILER
SUPPLY PRESSURE

HOSE FROM __ HOSE TO
NITROGEN TRAILER ¥ CORBLIN INPUT

HOSE TO CONSOLE
MOUNTED HASKEL INPUT HOST TO

LINE PRESSURE
(HEISE GAUGE)

8 LINE PRESSURE
(VIATRAN GAUGE)

EXHAUST

rig. H.3. Nitrogen pressurization systes control console.
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could be reached ccnveniently “rom one spot. The valves were assigned num-
bers that correspounded to the valve positions showm iu Fig. H.1l. Valves
10 and 11 wevre physically located on a control panel sssociated with the
Baskel pump, vhich was mounted in its own console. Valve 9 was added as
s precaistion against possible seat erosion of valve 8 during M
periods of venting to the atmosphere.

By opening or closing various valves, it was possible to tﬁuto the
gas flow to accommodate any requirement. Commnectious to the console were
made with flexible rubber tubing vhere the pressure vas not expected to
ever exceed 20.7 MPa (3000\”1). This tudbing, like that ‘used to comnect
the tank-trajiler, had a working pressure of 34.5 MPa (5000 psi) and a burst
pressure of 137.9 MPa (2C,000 psi). Other connections which involved the
higher pressures were made with steel tubing having a minimum burst pres-
sure of 547.7 MPa (80,000 psi).

The output of the piuping system was fed into about 90 = (300 ft) of
type 304 stainless steel high-pressure tubing, coupled at 6.1-m (20-ft)
intervals, and then to the test vessel. The tubing, 7.94 sm (5/16 in.)
ID x 14.3 sm (9/16 1in.) OD, had a burst pressure rating of 547.7 MPa
(80,000 psi). The only constrictions in the line were at the couplings,
two valves at the pump site (Nos. 6 and 7 located in the eontrol comsole,
see Fig. H.1) and one valve at the test vessel. The orifices at these
points were 4.76 mm (3/16 in.). The coupling on the test tank had an ID
of 3.17 mm (1/8 in.). The valve near the test vessel (No. 12 of Fig. H.1)
proved useful when rumniag leik and system operation tests prior to the

actual pressurization of the test vessel.

The Low-Pressure System

The nitrogen pressurization system (Fig. H.1l) consisted of two basic
pumping systems interconnected with app~opriate valving to provide the
necessary operating flexibility. One was a relatively low-pressure, high-
volume system capable of pumping 1.7 scm (60 scf) of gas at a maximum dis-
charge pressure of about 62.1 MPa (9000 psi) when supplied with an input
pressure of 13.8 MPa (2000 psi). The heart of this system was a model
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MC-600 Corblim diaphragm pump powered by a 20-hp, 220-V, 3§ eleczric
motor. A .

- The Coxrblin pump wes cooled by circulating water through a jacket
surrounding the cowpression chamber, an oil reservoir, and then through a
water jacket which surroumdel the high-pressare output line. The tempers-
ture of the nitrogen gas delivered to tae control console was about 48.9°C
(120°P).

The weter for cooling, from a 7451-liter (5000-gal) supply contained
in a large [14,902-1iter (10,000-gal)] tank adjacent to the pumps, vas
circulated from the storage tank through the Corbliz gymp and then back
to the storage tank by a small electric pump. ‘l'he> volume of water which
" could be circulated could be varied fxom zero to a maximum of sbout 14.9
liters/uin (10 gpm) by a valving arrangement on the output side of the
vater pusp. However, a flow rate of about 4.5 liters/min (3 gpm) proved
adequate.

A published curve showing the pumping characteristics of the Corblin
pump is given in Fig. H.4.

At lompression ratioe* greater than 1, the volume of gas taken into
the compression chamber is less than the piston displacement. This is due,
in part, because some of the available space is filled by the reexpsnsion
of the high-pressure gss remsining in the clearince volume at the end cf
the.coq’rmm stroke. The ratio of the actual intake volume to the dis-
placement volume, the volumetric efficiency, decreases linearly to zero
st a éq.prcssion ratio such that the reexpanded gas completely fills the
availgble space and no fresh gas can be taken in. The vclumetric effi-
ciency of the Corblin pump is somevhat higher than that for a piston—-cype
pump with a comparable pumping capacity because the diaphram-type pump
provides better cooling in the compression chamber.

When s gas is drawn into a hot compression chamber, it contacts the
hot surfaces and ismediately expands. For every 3.1 X (5.6°F) rise in
the temperature of the gas in the compression chamber, the volumetric ef-
ficiency’ will decrease by 12. This holds true whether the gas is pre-
heated in an inlet line or in the compression chamber during a compression

: qlhe ratio, in abgsolute pressure units, of the delivery pressure to
| the supply pressure.
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Fig. H.4. Discharge volume vs input pressure of Corblin pump.

stroke. A crrve showing the volumetric efficiency of the model A4C-600
Corblin pump for various compresgion ratios is given in Fig. H.5.

Several measured pumping rates were made at average discharge pres-
sures of 26.2 MPa (3800 psi) and 44.8 MPa (6500 psi) with an average
supply pressure of 13.8 MPa (2000 psi). The results ghowed that the pump-
ing capacity of the Corblin pump was a little lower than the curve of
Fig. H.4 would indicate. The pumping rate at the average discharge pres-
sure of 26.2 MPa (3800 psi) was found to be 1.56 scm/min (54.6 scfm), while
at the iischarge pressure of 44.8 MPa (6500 psi), the rate dropped to 1.42
sca/min (50 scfm). This loss of pumping efficiency can be partly explained
by the volumetric efficiency curve of Fig. H.5.

At pressures above about 57.2 MPa (8300 psi), the pumping efficiency
dropped very quickly because of the maximum pressure setting available on
an oil bypass relief valve peculiar to this pump.
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The High-Pressure Systea

When the sutput pressure of the syste= rzached about 57.2 MPa (8390
psi), the pumping operation was transferred to two high-pressure pumps
(Baskel model 14ATS-315C air-driven two-stage piston pumps). Both pumps
were identical except for their method of mounting. One was just the
basic unit (unenclosed), while the other was housed in a console. Since
the Haskel pumps were air driven, power for them was supplied by two large
diesel-driven air compressors, one with a casacity of 8.9 m’/min (315 cfm)
and the other 17.0 a’/min (600 cfm). The air from the 8.9-w/min compres-
sor was fed to the unenclosed unit via a 19-sm-'D (2/4~in.), 15.2-m~-long
(50-ft) air hose wvhich was coupled to the pump with a standard 19-am (3/4-
tn.) pipe nipple. The air pressure at the comyressor was rais«? to its
ssximum of 0.76 MPa (110 psi) before a pressure-relief valve on the com—
pressor opened. The pressure drop in the air hose was found to be 0.33
MPa (48 psi) when the Haskel pump was operating. Consequently, the Haskel
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pump was operated on a maximum air drive pressure of only 0.43 MPa (62 psi).
This slowed its normal cycling rate of about 50 strokes/min to around 30
strokeg/min. Normsel drive pressure for the pumps is about 0.68 MPa (100
psi); maximum drive pressure is 0.86 MPa (125 psi).

The Baskel pump which was housed in a console was supplied air from
the 17.0-a/ain (600-cfm) compressor. Maxizum supply pressure at this
compressor vas 0.69 MPa (100 psi) with a C.41-MPa (60-psi) Hrop in a
similar air hose. Cycling rate of this pump was around 25 strokes/min.

Temperature of the dvive cir at the juput to the pumps was about
65.6°C (140°F).

At an average exhaust pressure of 58.6 MPa (8500 psi) and an Input
pressure of 10.9 MPa (1580 psi), the two Haskel pumps operating together
were able to pump 0.297 sca/min (10.5 scfm) of nitrogen. When the supply
pregssure wvas raised to an average of 15.5 MPa (2250 psi) and the output
pressure was 89.6 MPa (13,000 psi), the pumping rate increased to 3.36 scm/
uin (12.8 scrm).

Bot.. high-pregssure pumps eventually failed because of excessively
high temperatures at the second-stage cylinder walls. The Teflon geals
in the pistons had deteriorated badly. It was then realized that the

operating temperatures of the pumps had to be lowered. This was accom—
plished by (1) cascading large volumes of water over the receiver tank on
the compressor unit, thus lowering the temperature of the drive air to

the Haskel pump by about 22.2 K (40°F), that is, to 37.8°C (100°F) at the
pump input; and (2} lowering the compression ratio oi the gas pumped by

the Haskel pumps. This was done by using the Corblin pump tc prepressurize
the nitrogen from 12.4 MPa (1800 psi) to 20.0 MPa (2900 psi) before it was
fed to the Haskel pump.

The output of the Corblin pump cc itained high pressure peaks which
were smoothed out befcre being fed to the Haskel pumps. This was accom-
plishced by usirg a 5.2-scm (184-scf) (at 12.4 MPa and 21.1°C) nitrogen
cylinder as a surge tank to absorb the pressure pulses from the Corblin
pump (Fig. K.1).

After the failure of the Haskel pumps, both were repaired but only
one (the unenclosed unit) was used to continue the test. The other was
kept in reserve on a s:andby basis.
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Pressure Measurements at the Pump Site

Dial zages having s ramge >f 0 to 27.6 MPa (C to 4000 psi) and an
.accuracy of 12 vere placed in the system (see Fig. H.1) to monitor the
pressure of the nitrogen gas supply and the input pressurs to the RHaskel
pumps. The 12 accuracy was adequate at these stage:-
A Beise wodel CM 216-wm—diam (8 1/2-in.), 344-MPa (50,000-psi) FS
Bourdon dial gage with a calibration accuracy of 0.1Z was located at the
pump site to monitor the line pressure to the test vessel. Since the
saallegt graduation on the dial equaled 0.689 MPa (100 psi), it was com—
paratively easy to read to =0.2) MPa (30 psi). It is felt that the over-
all accuracy with wvhich the pressure in the test vessel could be measured
from the pump site by the Heis= gage was well within 0.20%.
A second gage, a Viatran model 221 with a full-scale range of 206.8
MPa (30,000 psi), was comected at the same point in the gystea as the
| Heisc gage (Fig. H.1). It provided am output voltage which was propor-
| tional to the pressure. The voltage from the Viatran gage was recorded
{ on a model 5211-2 Omni Scribe* X-Y recorder which provided a continuous
history of the pressure at the pump site. The measurement error produced
by these two units together (the Viatran gage and the X-Y recorder) along
with the expected error of the gage excitziion voltage resulted in an over-
all pressure measurement error of 1.02 at the pump sfte. The lower trace
of Fig. H.6 through H.9 shows 3 reduced copy of the recurds produced by
the Viatran gage.

When the pumps were operating, the pressure pulsations produced by
the pumps as well as the static pressure drop in the line between the pump
site ard the test vegsel would often produce a pressure reading of 6.89
MPa (1000 psi) higher than the actual pressure in the test vessel. The
data for these traces ware obtained at times when the pumps were stopped
and after sufficient time had elapsed for the gas pressure in the test ves-
sel to equalize with that in the feed line at the pump site. The pressure
stabilization time was of _‘he order of 30 sec.

*Hunufactured by the Houston Instrument Co.
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Pressure Measurements at the Tegt Vesgsgel

A 0- to 206.8-MPa (0- to 30,000-psi) type DHF pressure transducer* was
Placed in the line about 0.5 m from the test vessel (see Fig. H.1l) and con-
nected to a second channel of the Omni Scribe recorder. Unlike the Viatraa
gage lorcated at the pump site, this gage responded only to the pressure in
the test vessel and was independent of any pressure drops produced in the
line between the pump site and the pressure vessel.

The transducer error (0.25% of full scale) plus an estimated measure-
ment error of the exci:i:tion voltage (0.1%7), that of the X-Y recorder
(0.22), and a reading error of perhaps C.2Z all combine to produce an over-
all error not exceeding 0.4%7.

The traces showing the pressure-time histories produced by the DHF
page for each of the four days of pressure cycling are given in the upper
trace of Figs. H.6 through K.9. Note that the timings between the upper
and lower traces do not coincide; the writing pens on the X-Y recorder are

mechanically off-set.

*Hanufaccured by BLH Electronics, Waltham, Mass. Identified as PE 30

on ORNL drawings.
\
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A second gage to gsense the test vessel pressur: - :5 mounted in para-
1lel with the DEF pressure transducer (Fig. H.1l). BHowever, the output of
this gage, a bulk sodulus gsge, was not moritored by the White Oak Labora-
tory. This gage wvas manufactured by Harwood Engineering Co., Walpole,
Mass., and is identified as PE 133 on ORML drawings.

Reference

1. B8andbook of Diaphragm Compregsors and Pumps, American Instrument Com—
pany, Inc., Silver Springs, Md. '
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Appendix 1

FRACTOGRAPHIC EXAMINATION OF INTERMEDIATE
TEST VESSEL V-7A

A fractographic examination employing both light microscopy and scan-
ning electron microscopy (SEM) of the fracture surface from intermediate
tegt vessel V-7A was made by D. A. Canonico and R. S. Crouse. Figure I..
is an approximately half-size photograph of the fracture from V-7A. The
goal of the _ractographic e;amination was to determine the mode of frac-
ture that occurred during testing. Of particular interest were the region
in the main section of the vessel wall beneath the electron-beam (EB) crack
starter (areas 1 and 5 in Fig. 1.1) and the ligament region beneath the
deepest part of the fiaw, where rupture resulted in the termination of the
test. The latter region is typified by areas 2, 3, and 4 in the figure.

The fractured zone was removed from the vessel, chilled, and sepa-
rated. The bright portions of areas 1 and 5 are the areas that were frac-
tured at low temperature in order to separate the two surfaces. Figure
I.2 contains SEM photomicrographs of the bright fracture areas. The frac-
tures in this area, as expected, are cleavage. Figure 1.2 provides an ex-
ample of a frargible fracture.

The region that leaked in V-7A, between areas 2 and 4 in Fig. I.1,
was examined to determine the mode of cracking and to estimate the length
of the ruptured surface. Previous estimates of the length of the crack
were based on visual examination of the ingide surface of the vessel before
the fractured zone was chilled and separated. In the earlier examination,
the inside surfice rupture could not be seen until the zone was cut from
the vessel. The relief of restraint during removal allowed the rupture to
open and possibly allowed additional teiring. The fractographic examina-
tion of the ligament region between aress 2 and 4 ghows a length of about
73 mm (2.9 in.) of plastically deformed Sracture surface bounded at each
end by a thin, pointed fraciure area along the inside gurface of the ves-
sel. These thin areas have an appearance similar to that of the cleavage
in areas 1 and 5, formed when the specimen vas separated for examination.

During the test the ligament must have ruptured tuv the inside aurface over
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a distance of at least 73 sm and, from fractographic ev.dence, no more
than this amount.

An SEM examination of the region that breached the imner wall was
made. Figure 1.3 shows that the fracture surface near the inside is
essentislly featureless. The surfaces that evolved as a corsequence of
the crack extension during testing subsequently came into intimate contact
when the pressure was relieved and were then plastically deformed. The
flat facets in FPig. 1.3 are the result of this deformation. There is
evidence that the fracture surface has a dimple morpholoygy, but this could
not be uncontestably confirmed. However, this comnclusion can be inferred
from the morphology of the fracture gurfaces at areas 1 and 5 in Fig. 1.1,
both of which exhibited a dimple fracture mode below the EB weld crack.
Figure 1.4 contains SEM photomicrographs of the areas below the EB weld
that fractured during the V-7A test. The surfaces exhibit a disple mode
of fracture, indicative cf ductile tearing.

In susmary, the crack in V-7A extended by ductile tearing until the
inner wall was breached by the propagating crack front. The final crack
extension that breached the inner wall was about 73 mm long. When the
pressure was released, rhe fracture surfaces came into contact and were
plastically deformed, resulting in the flat facets in the fracture sur-
faces evident in Figs. 1.3 and I.4,
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Fig. I.1. Photograph of° the fractured surfaces from iutermediate
test vessel V-7A. The regions of the fracture that were examined by
scanning electron microscopy are areas 1 to S.
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Fig., 1.2. SEM photomicrographs of the area of the V-7A fracture
surface that was separated after the test at extremely low temperatures.
The fracture occurred at low temperature by the clcavage mode. Thase
photomicrographs are representative of the SEM appearance of brittle
fracture in thia A533, grade B, class 1 material. Original reduced 26X.
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Fig. I.3. SEM photomicrographs of the region of the crack in V-7A
that breached the inner wall (area 3 in Fig. I.l1). The fracture surface
was flat facets, indicative of an area that was plastically deformed.
This deformation undoubtedly occurred when the internal pressure was re-
leased and the two surfaces were brought into intimate contact. Originasl
reduced 27%.
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Fig. T.4. SEM photomicrographs representative ol the regions within
the wall of the V-7A vessel where the cracks extended and arrested (areas
1l and 5 in Fig. I.1). The dimpled appearance of the fracture gurfacce is
indicative of ductile tearing. The flat facets are undoubtedly due to the
plastic deformation that occurred when the pressure was released and tlie
fracture surfaces were brought into intimate contacr., Original reduced

21.5%.

082



