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ABSTRACT 

HSST intermediate test vessel V-7 was repaired after 
being tested hydrostatically to leakage and was 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 
•a long (18 in.) by about 135 mm deep (5.3 in.) was prepared 
in the 152-am-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 thct 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 
was sustained for 30 min without any Indication of instability. 
The rupture pressure of vessel V-7A was about 2X 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 times 
design pressure. 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 predoal 
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-Section Steel Technology (HSST) Program was instituted during this 
period of industrial change to accelerate investigations inltitated by 
the Industry of thick-section ves&els cor water-cooled nuclear reactor 
service. The program is especially concerned 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 forglngs in terms of mechanical properties, toughness, inherent flaws, 
and homogeneity. A major objective is to develop methods by which better 
estimates can be made of the effects of flaws on the service life and 
strength of vessels. 

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

The Importance of the tize of test specimens and structures in the 
proper characterization of behavior has been demonstrated in many parts 
of the program. The confidence in methods of analysis so important in 
safety evaluation of nuclear vessels can be attained only in proportion 
to the degree to which theoretical methods have been tried by experience 
or experiment with appropriately sized structures under losding conditions 
of interest. Consequently, th* HSST program includes simulated service 
tests, of which the Intermediate vessel tests sre a part. 

The aim of simulated service testing is to provide, through a series 
of experiments, a connection between the behavior of structures observed 
in a laboratory environment and the behavior of full-size components under 
the wide variety of conditions that constitute the real operating environ­
ment. The main effort of this task is to determine, if not slready 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, snd 
sharpness; snd losding and environmental conditions. If expense, resources, 
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safety, and tiae were of no importance, the significance of these factors 
could be studied under actual service conditions iaposed on vessels in a 
large nuaber of experiments with vessels as large as, or larger than, 
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 a 
flawed structure under known conditions of material properties and loading. 
In the planned progression of such tests, analytical methods are confiraed, 
improved, or their limitations revealed. The testing of Intermediate ves­
sels in conjunction with tests of flawed tensile specimens of similar ma­
terial and flawed models of the intermediate vessels permits conside ation 
of many variables. Thus the intermediate vessel tests1 are a part of a 
structural test program that covers ranges of flaw size, section thickness, 
temperature, and stress state. The effects of differences in transverse 
restraint, toughness, plastic strain, biaxlality, 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.-nsition 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 am or more (6 in.) that will not cause fracture, 
and finally, a combination that will cause fracture for both frangible and 
tough fracture conditions. 

The intermediate vessel tests have been subdivided into four series: 

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

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

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

Reports have been prepared on tests In all four series. The report1 

on the first series contains a comprehensive description of the pertinent 
factors considered in the design of the vessels and construction of the 
test facility and those leading to the tests of series 1, as well as a 
documentation of test results and fracture predictions. Emphasis is placed 
on providing the test results in such a Banner that they form a resource 
for any investigators 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 measurements based on equivalent-energy concepts. 
These measurements and the investigations of crack growth by tests of both 
large tensile specimens and model vessels provided the bases for analytical 
predictions of rupture conditions. The report3 on series 4 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 a 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 analyses, 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 
(Kef. 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 
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in a thick pressure vessel and (2) to try out certain Beans of performing 
later crack propagation and arrest tests in this or other interaediate-
size vessels. Vessel V-7A was tested essentially as planned. Loading 
was sustained prior to rupture through the use of nitrogen as the pressur­
izing fluid and after rupture by a thin aetal •eabrane welded to the inside 
surface of the vessel in the area of the flaw. The crack behaved as pre­
dicted, with the rupture pressure differing froa that in the V-7 test 
by 2Z. 

References 
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2. PEETEST PLaMDiG AMD AHALYSIS 

2.1 Background 

The test of vessel V-7A was designed primarily to study the prerup-
ture and postrupture stability of a large deep surface flaw in the wall 
of a thick pressure vessel. Eight HSST intermediate vessel tests bad 
been carried out before preparations for this test commenced. The in­
formation derived froa those eight previous tests confined that one 
could predict the conditions for initiation of unstable crack extension 
on the basis of well-characterised flaw geoaetry, material properties, 
and loading. At the saae tiae there was an interest1 in extending the 
scope of the HSST program to include an investigstion 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 
intermediate vessel tests to reactor pressure vessels, since rapid de-
pressurization upon rupture was characteristic 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-water-reactor (PWR and BWR) primary cool­
ant systems contain sufficient energy to maintain pressure of the system 
essentially constant for s long time after a small rupture occurs. The 
pressure-tlae behavior of intermediate test vessels under hydraulic load­
ing Is quite different, in that pressure drops rapidly even for small 
breaks. 

The pressure-time behavior of a vessel with « rupture of a given size 
is dependent on the effective compliance of the eutire pressurized systea, 
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with account taken of tfc* compliance of the pressure boundary itself and 
the volumes and compress! >ilities of all contained fluids. The ccepli-
ance of the pressure boua -~ry la a Minor factor for the cases of interest. 
The pressurs-time behavio- of a homogeneous system is governed for adia-
batic-reverslble proces e« by the equation2 

dp c da 
dt'cttdt' U ) 

V 

where p is pressure, t is tine, K is compressibility, c and c v are spe­
cific heat at constant pressure and constant volume, respectively, and 
• 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 

dm AC* 
dt vo 

where A is the aiea of the throat of the opening at which local sonic 
velocity, Co, is attained in the fluid with local specific volume, vo. 
Values of Co and vo are entirely dependent upon the thermodynamic proper­
ties and initial state of the fluid. The flow process waa 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,3** 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 
water 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 vessel 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 fsat crack propagation testa, 
which nay last only a few aicrosecoads, slowly developing changes would be 
affected. Consequently, a leak-retarding patch was installed in vessel 
V-7A so that long-tern post-ligawant-rupture behavior could be observed. 

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 summarized in Table 2.1. The changes in the state of the pres­
surizing fluid result in changes in the pressure load and are caused 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 membrane near the flaw (a special case of change A, cause 2 in Table 
2.1), all the changes take place slowly enough for the resultant pressure 
change to be uniformly distributed over the inside surface of the vessel. 
Accordingly, they have been evaluated aa qiasi-static changes in pressure. 
A conservative model of rapid deformation bear the crack has been used to 
estimate the upper limits on the potential dynamic 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 membrane 
as crack opens or grows 

B. Change In fluid mass 3. Compliance, leakage, and cooling of 
inside vessel pressurizing system 

C. Change in temperature 4. Change la 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 pressure as rapidly 
as the pumping system allows. The pressurtsation rate was about 350 kPa/ 
•in (50 psi/aln) for the pneuBetic systca used for vessel V-7A and about 
5000 kPa/aln (700 psi/ain} in the hydraulic intermediate vessel tests. 
The vessel dilates with increasing pressure; and after yielding, there is 
a continued slow dilation for some time af cer puapinc stops. In the tests 
a? 55*C (130*F) and above (vessels V-l, -3, -5, -6, and -7), substantial 
stable crack growth was observed as pressure Increased. Pressure incre-

and crack growth are attended by changes in cracc-opening displace-
it (COD) and snail movements of the inside surface of the vessel. If 

this surface, which is in contact with the pressurizing fluid, aoves 
slowly during a crack juap, the pressure will change uniformly throughout 
the vessel. In this case, the effect on load and crack-zone stresses can 
be estlaated fro* the change in fluid voluse. 

Volume changes. The expansion of vessel V-7 and the distortion of 
the inside surface near the flaw were estlasted froa strain data froa the 
first test and posttest aeasureaents of the flaw zone. The parameters 
used in this analysis are given in Table 2.2. The relationships govern­
ing pressure changes for isothermal and adiabatlc-reversible conditions 
are, respectively,2 

(dp) T - - ̂  , (3) 

and 
c dV 

< dP )s--^V-' <«> 
v 

The changes in volume are sufficiently saall 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 0T/KC ds, where T is tem­
perature and $ la the coefficient of thermal expansion of the fluid. 

The Isothermal equation [Eq. (3)) is less conservative, because 
it does not Include the factor c / c y , which is always greater than 1. 
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Table 2.2. Calculated pressure changes in vessels V-7 and 
V-7A due to ligaaent necking, crack region bulging, 

and uniform vessel strain 

Internal volute of vessel, a 3 (ft1) 0.696 (24.6) 
Initial pressure, MPa (psi) 138 (20,000) 
Initial teaperature, "C (*R) 87.8 (190) 
Necked ligaaent 

Length, mm (in.) 
Average width, ma (in.) 
Maximal depth, aa (in.) 
Displaced voluac, a 3 (ft3) 
Ap, kPa (psi) 

H 20 (V-7) 
N 2 (V-7A) 

125 (4.92) 
25 (0.98) 
13 (0.51) 
2.03 * 1 0 _ s (7.17 x 10~*) 

-106 (15.3) 
-15.3 (2.2) 

Bulging 
Length, 2L, aa (in.) 
Width, 2W, aa (in.) 
Maxiaua depth, na (in.) 
Displaced voluae, a 3 (ft3) 
Ap, kPa (psi) 

H 20 (V-7) 
N 2 (V-7A) 

330 (13) 
540 (21) 
4.0 (0.16) 
1.2 x 10-" (4.2 x 10"J) 

-620 (-90) 
-90 (-13) 

Uniform dilation 
Noainal final circumferential strain, X 
Noainal final axial strain, X 
Displaced voluae, m 3 (ft3) 
Ap, MPa (psi) 

H 20 (V-7) 
N 2 (V-7A) 

0.13 
0.03 
1.43 x 10" 3 (5.05 x 10"2) 

-7.46 (-1082) 
-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 chat most of Che deformation took place at high pres­
sure, generally above 124 MPa (18,000 psi). It is plausible that necking 
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and bulging, in ao»e instances, advanced in rapid juaps of such snail 
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 to pressure decay during 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 H2O cases) 
together with predictions for V-7A (the N 2 cases). 

Necking parameters were estimated by visual inspection of the de­
formed inside surface of V-7 after the Initial test. (See Fig. 4.19 of 
Ref. 8.) Uniform dilatlou 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, a, 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 circumferential distance, x, and axial distance, y, from the 
center of the flaw as 

" " 2LW ( L ~ 'y') ( W ~ , X I ) 2 * ( 5 ) 

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 in 
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 small in comparison with the 
total changes — about 10Z of the total in the worst case. We concluded 
that the quasi-static changes in internal volume affected pressure 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. 

Test system changes. The test system used for the hydraulic inter­
mediate vessel tests is capable of raising the vessel pressure rapidly, 
by about 4000 kPa/mln (600 pai/mln) at low pressure and 6C00 kPa/mln 
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(900 psi/mln) at high pressure. When puiaps 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 fluid in the vessel is heated. During constant pumping, a 
steady-state fluid temperature tends to be established through a balance 
of the energy input frô i 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 steady value. The pressure in the nitrogen 
system is quite sensitive, at 138 MPa (20,000 psi), to a change in tem­
perature, since 

- ^500 kPa/K (^0 psi/°R) . 
v 

The variation of pressure with time was not measured with enough 
precision in fhe 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 a 1 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 in Fig. 2.4, will gen­
erate a local decompression wave affecting the load on the boundary and, 
as a consequence, the stress field njar the flaw. The decrease in pressure 
on the receding boundary is immediate, 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. 

w 



ORNL QWG 78 52 

—*\ } *— COO 

6 *- RECEDING BOUNDARY 

t > 0 

U ) CRACKED REGION IN MOTION 

t»0* 
<«) CRACKED VESSEL AT INSTANT 

MOVEMENT BEGINS 
RECEDING VESSEL WALL 

VELOCITY * -X 

X «• 
P A 
M 

(c) ONE-DIMENSIONAL IDEALIZATION OF 
RECEDING VESSEL WALL OF AREA A 
AND MASS M 

Fig. 2.4. Receding boundary problem. 

In order to estimate the dynamic effect of a local displacement of 
the boundary, a one-dimensional idealization of the problem has been an­
alyzed. In this idealization the following assumptions were made: 

1. The receding boundary (Fig. 2.4b) is a plane 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 
chahge in pressure on the boundary itself and at distant points represen­
tative of the wall of the pressure vessel remote from the crack. The 



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 described9 by 
the nonlinear partial differential equations, 

|^ + (u ± c~) ~ \ (u ± F) - 0 , (6a) 

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

J DC 
Po 

(6b) 
pc 

Thus, F is a function of p and p . The fluid dynamic process was assumed 
to be isentropic;- the thermodynamic state and F at any point is then com­
pletely defined by the Initial 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) at t • 0: ' ii « 0, c * c , 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 

-r m u + c * constant , (7) 

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

F
t - *i • ' (8) 

Thu<», 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 oade with nitrogen data froa Stewart et al. 7 Results 
shown in Table 2.3 give the tine 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
der. 

The results Indicate that the local decompression is substantial 
(about 10%) 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 unlo?J 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 is unlikely that pop-ins would be arrested as a result of 
the dynamic Interaction of the vessel boundary, the fluid, and the struc­
ture. 



19 

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

Boundary Dispiaceaent Pressure Travel time 
displacement tlae change to x - 4r/ir 

(aa) (irsec) (MPa) (usee) 

First signal 
1 0.145 
2 0.205 
3 0.251 
4 0.290 

Conversion factors: 1 MPa 
0.0394 in. 

0. .46 
- 7 . 6 0. .48 
-10.8 0. .49 
-13.2 0. .50 
15.2 0. .50 

• 145. 04 ps i ; 1 „ 

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.8 This test result was iaplied by pretest calculations indicating 
that, at the ligaaent separation pressure, the ends r* the crack would 
not extend axially because of the increase in fracture toughness caused 
by the through-thickness contraction of the vessel cylinder.8 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 «*' Ascribe ro the latter hy­
pothesis, it became necessary to conduct 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 ctlculations for 
vessel V-7 mentioned above was primarily the result of assuming that the 
fracture toughness resisting the axial extension of the through crack 
that existed after ligaaent separation would be elevated above Its plan** 
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strain value because of through-thickness contraction. This was demon­
strated by an identical calculation, based on the assumption of plane 
strain conditions, which indicated that the plane strain toughness it­
self was insufficient to resist tha axial extension of the crack at the 
llgaaent separation pressure. Thus, the effect of decreasing transverse 
restraint along the through-thickness portions of the crack front appeared 
to be the most important 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 vas particularly aided by the test re­
sults obtained from vessels V-S and V-7 and by a successful partial trans­
verse restraint analysis of the first seven surface-flawed intermediate 
tensile specimens tested earlier.10 Simply stated, the hypothesis is that 
the strain tangent to the crack front, in the plane of the crack, is the 
primary agent of transverse restraint and that this attain can be inferred 
from the nominal strain that would occur in the uncracked structure, in 
the same direction, at the location of the creek. The development of this 
hypothesis 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 sane hypothesis to the 
inside nozzle corner cracks in vessels V-5 and V-9 in described in Ref. 11. 
According to this hypothesis, an axially oriented surface crack in the 
cylindrical region of a pressure vessel should 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 substantial 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 a rational explanation for the leak-without-burst perfor­
mance of vessel V-7 had been developed in terns 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 betn done before the test of vessel V-7, in­
cluding three model tests of vessel V-7 done at Oak Ridge National Labora­
tory (ORNL), had resulted in burst failures rather than leak failures.* 
This situation could have been resolved 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 produced a leak failure. How­
ever, instead of one Method, there were several semieapirical Methods 
available for analyzing the burst pressure of thin cylinders containing 
long axial through-wall flaws, and the one that was the aost appropriate 
for the case at hand had net been established. Thus, it became necessary 
to select tys? 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 whereas the previous tests 
had produced burst failures. 

2.3.2 Preliminary examination of burjt formulas 

Equations based on the strip yield model. Three formulas for calcu­
lating the burst pressures of thin cylindrical 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 eq-iation 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 is caused by the onset of plastic instability in the region 
surrounding the flaw. 

The strip yield equation, as originally derived, is applicable to a 
through-thickness crack in a wide plate under uniform tensile loading. 

The equation is 1 2 

where 6 is the COD at the real crack tips, c is the half-crack length, 
a„ is the yield stress, and o is the remotely applied tensile stress. 
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Equation (9) can be rewritten in the fori 

6 ^ l n [ 1 + tan (is;)]- (10) 

which, for saall values of o/o„, reduces to 

6 - isr- • ( 1 1 ) 

Using 

Kj - EO Y6 , (12) 

Eq. (11) then gives 

Kj - a /ire , (13) 

which agrees with the linear elastic fracture mechanics (LEFM) formula 
for a through crack in a wide plate. The corresponding expression for 
i longitudinal through crack in a cylinder13 is 

K^ * MO /BC" , (14) 

where the bulging factor M accounts for the increase in K.. due to the 
lateral deflections of the crack region caused by internal 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 sane form as Eq. (9) but containing -he bulging fac­
tor M 30 as to be applicable to longitudinal through cracks in pressurized 
cylinders. Tnis assumption seems rational as a semieopirical approach, 
but it leaves unanswered the question of where to locate the bulging fac­
tor M in the general expression for 6. Consequently, two formulas have 
been proposed. In ch«. first, by Wells1'' and Cowan and Kirby,15 the factor 
M is applied to the flaw size, c, giving 

8oyi 2 

irE 
c ho \ 
- l n "c {»;) • (15) 
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In the second, by Hahn, Sarrate, and Rosenfield,16 the factor M is applied 
to the stress, a, giving 

(?)• 8oYc 
6 - -r~- In sec I — 1 • (16) 

Although Ret?. 15 and 16 do not agree on the subject of where to locate 
the bulging factor M in the equation for 6, Ref. IS does acknowledge (in 
fact, by referring to Ref. 16) that the stress at which plastic instability 
commences, which is the stress at which the value of 6 becomes infinitely 
large, corresponds sore closely to 

as predicted by Eq. (16), rather than tc 

a » o v , (18) 

as predicted unconservatively by Eq. (IS). Thus, since Eqs. (IS) and (16) 
agree closely for small values of a/o"Y, 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 analyzing the burst pres­
sures of cylinders containing axial through-wall crocks. A derivation wi'l 
be given 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 which 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 appears to produce reasonable estimates of ligament plastic 
instability pressures, no detlvation was given in Ref. 17 or elsewhere, so 
the one discussed below was developed. 

Referring to Fig. 2.6, it is assumed than (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, o f; and (2) the load that would have been trans­
acted across the crack area, in the absence of the crack, within a dis­
tance £ from each end of the crack, is redistributed laterally beyond the 
ends of the crack and is not transferred to the ligaaent. Thus, at liga­
ment separation, 

aPTC A 0PTC c "c - A_ » a f (A - A c) , (»-) 

where 3 p T r Is the average unflaved hoop stress at ligament separation, 

A * 2ct , (20) 

and 

A - 2cd . 
c 

(21) 

Assuming that 

TC (22) 



where 0__ is the burst stress for a through crack of length 2c, substitu­
ting Eq. (22) into Eq. (19) and rearranging gives 

!™ . A" Ac ( 2 3 ) 

o f A - A c ioTC/af) • ( 2 3> 

Based on test data, 1 7 o v in Eq. (17) is rtslaced by a, to give 

a l 

where H is the bulging factor for a through crack of length 2c. Then, 
substituting Eqs. (20), (21), and (24) into Eq. (23) sives 1 7 

o 1 - (d't) 
O f 1 - (d/t)(l/M) ' U > ; 

For an infinitely long crack, M = °° and 

PTC 
r = 1 - (d/t) , (26; °t 

which provides a lower bound to the stress for ligacent failure by plastic 
instability. Also, for a lea< to occur, 

±TC < _ 
' a - M ' (27) 

so that, combining Eqs. (25) and (27), 

fpjc * - < d / t> 
a f ^ l - ( d / t ) ( a p T C / a f ) - - < 2 8 > 

Rearranging Eq. (28) gives 

< - r T ^pi? v ' ( 2 9 ) 
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Figure 2.7 shovs 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), shown dashed, which 
separates leak conditions froa burst conditions. Also plotted in Fig. 2.7 
are two points representing the failure conditions for intermediate test 
vessels V-6 and V-7, as listed in Table 2.4. The fallur-': modes of both 
vessels agree with the figure. Note that Fig. 2.7 iaplies that all cracks 
with depths less than half the vessel wall thickness will produce burst 
failures under overload, neglecting the effects of stable crack growth. 

ORNL DWG 78 55 

Fig. 2 .7 . Diagram of failure conditions as predicted by the BMI 
upper-shelf ligaaent p las t ic ins tab i l i ty aodel for part-through surface 
cracks In pressurized cyl inders . 



Table 2.4. Upper-shelf failure conditions for intermediate test 
vessels v-6 and V-7, based on a f = 609 MPa (88.3 ksi) 

Test 
Vessel temperature 

Failure conditions 
d/t 

.,. (»v\i ratio Pressure OpTC = ^-25 P n In H**** °* 
1 K U [MPa (ksi)j [MPa (ksi)! °PTC / af failure 

V-6 88 (190) 0.313 220 (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 
Memorial Institute, Columbus, Ohio). For purposes of illustration and 
comparison, saaple calculations were made by the BMI modification to the 
strip yield equation, Eq. (16), for both an intermediate test vessel and 
a typical reactor pressure vessel, with various assumed through-wall crack 
sizes and fracture toughnesses. Using Eq. (12) and replacing the yield 
stress, cry, with the flow stress, a,, Eq. (16) gives, after rearranging, 

-f — J4;@ !]| 
UTC = ' ( 3 0 ) 

Mr 

The bulging factor M was estimated from 1 6 

M = /l + 1.61 [<c/t)2] (t/R) , Ol) 

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, 
a f, was taken as 586 MPa (85 ksi). In these calculations, Eq. (30) was 
simplified to 

0-
V - — (32) 

' M 
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whenever 

(33) 

The calculations are listed in Tabl* 2.5. Assuming a leak to occur in the 
reactor 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 rathe*' than the mtan 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 MN*m"3^2 (419 ksi/in.) 
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, p f, always exceeds the assumed 
ligament separation pressure, 2.2p,. 

Discussion. From the preceding information, it was clear that estab-
f 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 pressure 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 c measures of toughness 

In the pretest calculations for vessel V-7, ic was estimated that the 
effective fracture toughness resisting the axial extension of a through 



Table 2.5. Trial burst pressure calculations lor an intermediate test 
vessel and a typical reactor pressure vessel considering long 

through-wall flaws based on o f » 586 MPa (85 ksi) 

C (mm 
(in.)] [MN«m _ 3 / 2 (ksi/inO ftj- i M °TC 

[MPa (ksi)] 
Pf 

[MPa (ksi)] .2p. 

Sample calculations for HSST IVT; R - 343 mm (13.5 in.), 
t - 152 mm (6.0 in.), prf - 67 MPa (9.71 ksi) 

152 (6) >769 (>700) 11.3 1.33 448 (65) 200 (29) 1.36 
178 (7) >769 (>700) 9.7 1.40 421 (61) 186 (27) I. 2ft 
203 (8) >769 (^700) 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 

ts) 

Sanple calculations for full-scale vessel: R - 2.16 m (85 in.), 
t - 21.6 cm (8.5 in.), p. - 17.2 MPa (2.5 ksi) 

178 (7) >769 (>700) 9.7 1.05 r^58 (81) 56 (8.1) 1.47 
203 (8) >769 (>700) 8.5 1.07 545 (79) 54 (7.9) 1.44 
229 (9) >769 (>700) 7.5 1.09 538 (78) 54 (7.8) 1.42 
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crack could be as high as 2863 MN«m~3'2 (2610 ksi/Tn?) because of through-
thickness contraction.8 This toughness value corresponds to a K /K 
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 toughness values this 
high, in terms of J of K , have nr-t been mad£, some strong inferences can 
be obtained from measurements of large COD values in the fully plastic 
range. Two dynamic tear (DT) specimens of A533, gradi B, class 1 steel 
were tested to incompletfe separation by the U.S. Naval Research Labora­
tory. 1 8 One was the 162-nm-thick (6 3/8-in.) DT specimen show.' in Figs. 

2.8 and 2.9, which was tested at 7/°C (170CF) and developed a COD of ^13 
mm (1/2 in.). Tha other was the 254-mm (10-in.) net section thickress DT 
specimen shown i-.i Fig. 2.10, which was tested at 102*C (215°F) and devel­
oped a COD of V38 mm (1.5 in.). In addition, intermediate tensile speci­
men 14, a 152-mm-thick (6-in.) surface-cracked tensile specimen tested at 
93'C (200°F) by the Southwest Research Institute,19 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 K 
value, by means of Eq. (12), but replacing a with 0". , to allow for 
strain hardening, gives 

K - SE~a*~. S - 2066 MN'tiT3/2 (1880 ksiv'inT) , c ult 

where E - 20.7 * lO* K?a (3 x 10" ksi"> and a' =» 676 MPa (98.1 ksi). 
ult 

Furthermore, as mentioned previously, partial restraint elastic-plastic 
fracture strength calculations have been made for the first seven inter­
mediate tensile specimens by means of the tangent modulus method, and 
these calculations also give evidence of upper-shelf toughness values of 
approximately the same magnitude. ° Thus, K values approaching 2200 
MN»m~3'2 (2000 ksi/in.) appear to be pnysically possible, under condi­
tions of less than full transverse restraint, on the upper shelf. Con­
sequently, there is good reason to believe that th<j through-crack burst 
pressure of vessel V-7A should e close to the pressure required for crack-
induced plastic instability. 



PHOTO 92464 

A533 F £ ' J t £?m l\l%7?.£$\«*'*-i«.) dynamic tear specimen of 
Naval Research Laboratory at J ? - ^ ^ ' 8 e p a r a t l o n ^ « ^ 

r 



Fig. 2.9. Close-up view of crack region in 162-mm-thick (6 3/8-ln.) 
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. 



33 

PHOTO 7365-77 

Fig. 2.10. View of 254-mm (10- in . ) net sect ion th ickness dynamic t ea r 
specimen of A533, tirade B, c l a s s 1 s tee l tes ted to incomplete separat ion by 
the U.S. Nival Research Laboratory at !02°C (21S°F). 
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Fig. 2.11. Load vs crack-opening displacement (crack mouth clip gage) 
for 152-mn-thick (6-in.) surface-flawed intermediate ter.sile specimen 14 
of A533, grade B, class 1 steel tested at 93"C (200°F) by the Southwest Re­
search Institute. 

2.3.4 Examination of the BMI modified strip yield equation 

Plagtic-zone-8ize expression. A first step in the examination of 
the BMI modified strip yield 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 20.21 for a through 
crack subjected to a symmetrically varying remote tensile stress. 
stress-intensity factor for such a crack is given by 2' 

The 

K - D/w 
/•a/2 

Jo 
dB (34) 
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where 

D . _ _ _ ^ c a r _ j f (35) 

and 

cos 
., ("sin (*X/2w)~| % . 

[sin <irc/2v)J- ° 6 ) 

In Eqs. (34) through (36), c is the crack half-length, w is speciaen half-
width Measured in the direction parallel to the crack plane, X is the dis­
tance froa 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. (Note that in Ref. 20 the distances A and c — A were inad­
vertently reversed.) When w is large coapared to c, Eqs. (34) and (35) 
can be coabined and reduced to 

w/2 
Ki " ̂ JFTT ' ° d B • ( 3 7 ) 1 • 

where 

B - cos"1 (A/c) . (38) 

Note that w has been el initiated froa Eq. (37) and that 8 * 0 corresponds 
to the crack tip. Following the usual procedure for the strip yield 
zodel, 1 2' 2 2 a plastic zone of length p is added to the crack length, c, 
so that the yield stress closure tractions acting across the plastic zone 
cause the elastically calculated value of K_ at the tip of the plastic 
zone to be zero. Thus, infinite stresses at the fictitious crack tip 
are eliminated. Therefore, for 0 - const., 

Ma *w(c • p) /-ir/2 a v /w(c + p) /•cos-1[c/(c+p)] Jfir/2 a /w(c + p) /•, 
d 0 - - i / 

0 IT/2 h 
K j . o - | d» - — / d$ . (39) 
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Mote that in Eq. (39) the factor M i s not applied to the crack, surface 
tractions in the p last ic zone because no additional geoaetry e f f ec t s are 
associated with these s t re s se s . From Eq. (3-?), 

\ c • o) He - —^ cos~ : l ^ - r - r l (40) 

or 

c + p ft • *) cos ^ . ^ 1 . (41) 

Mote that the bulgicg factor M appears with the stress a. Furthermore, 
Eq. (41) impller that p » «, which is a crack-induced plastic instability 
condition, occurs when HO * O y in agreement with Eq. (17). This means 
that crack-induced plastic instability can occur before general yielding 
for M > 1. 

Derivation of the expressions for the crack tip and centerline crack-
opening displacements. Because the derivation of the plastic-zone-size 
equation, Eq. (41), for the strip yield aodel involves setting the stress-
intensity factor at the fictitious crack tip equal to zero, it night ap­
pear that the calculated COD should also remain zero. This might be the 
case if the crack tip remained fixed and the yield stress traction zone 
progressed back toward the crack centerline with each load increaent. 
However, that is not the physical model being used h°re. The essential 
feature of the strip yield aodel, as shown in Fig. 2.12, 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 
those acting within the iccreaental distance dp, shown in Fig. 2.12, which 
is added to the plastic zone with the application of the stress increaent 
do. Therefore, the incremental CODs caused by the stress increaent do 
should be as calculated by an elastic analysis. On this basis, the pat­
tern of incremental CCDs due to a stress Increment do should be ellipti­
cal, 2 3 so that 
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Fig. 2.12- Diagram of the strip yield model, 

where d6o is the incremental COD at the crack centerline and -'•5 is the 
incremental COD occurring at a distance '•' froa the crack centerline. At 
the real crack tip, A = c. Therefore, by substituting c for • in Eq. (42) 
and then using Eq. (41), 

d6 = d5o sin 3i , (43) 

where 

e. * TTMCJ 2c„ (44) 

Furthermore, based on the Green and Sneddon analysis,' 3 

d 5 o . ™(c + P)dO (45) 

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

d6 d = 4Mc do 1 
cos Si (46) 
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Thus, combining Eqs. (43) aad (46) gives 

d« - ~ - tan Si do . (47) 

Fro. Eq. (44), 

2a„ 
do - — - dSx , (48) 

Kir 

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

8o c 
d6 - — — tan Bi d6i . (49) 

*E 

Note that the bulging factor M has been eliminated by cancellation from 
the first factor in Eq. (49) and therefore appears only in the tera 6;. 
Integrating Eq. (49) and then using Eq. (44) thus gives 

' ) 

8oc /into 
6' -nrln s e c 1 2 ^ » • ( 1 6 ) 

which is the BMI Modified strip yield equation for the COD at the real 
crack tip." 

The equation for the COD at the crack centerlir.e can also be derived 
in the sane manner. Fron Eq. (46), 

d<S0 - - ^ sec 6i da . (50) 

Substituting Eq. (48) into Eq. (50) gives 

&7 C 
d6 0 - - ~ sec 8i dSi . < 5 1> 

Then, integrating Eq. (51) and using Eq. (V'») gives 
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Since 

/ g l A / l + sin sA 1 ' 2 

\2~*4)~ \l - s i n S i / t - \ r + T)'\l-.lnBlJ • ( 5 3 ) 

i. follows, by the use of identities, that Eq. (52) can be rewritten in 
the form 

* ^ . . . . 
(54) -̂ f-tanh-1 Lia^—j , 

which agrees with the expression given by Goodier and Field 1 2 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-induced 
plastic instability prior to general yielding, for M > 1. An example 
of this phenomenon was given in Ref. 16, using data obtained by Almond 
at al. 2* The test specimen was a 127-mm-ID (5-in.), 12.7-mm-thick (0.5-
in.) cylinder made of a mild steel with a yield stress of 315 MPa (45.7 
ksi) and containing a longitudinal through crack of half-length equal to 
23.58 mm (1.125 in.). At a nominal hoop stress of 241 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 2 5 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" - M 2c - (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 7.90 x IQ-2 
• * * m 2.96 . 2iT£Ya (2ir)(1.5? x 10"3)(2.79) 
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Fig. 2.13. Normalized crack-opening oisplacement diagram and plotted 
point for a through-cracked pressurized pipe test. 

Since the applied stress is less than the yield stress, e/Cy * o/0y " 
35.0/45.7 - 0.766. A« shown in Fig. 2.13, the resulting plotted pent 
lies well above the normalized COD curve, indicating a nonconservative 
prediction, based on the noralized curve, for this test. 

Comparison of LEFM and the BMI modified strip yield equation. Since 
the strip yield model leads to a plastic-zone-size adjusted linear elastic 
analysis, it is of interest to compare its results with those of a con­
ventional plana stress plastic-zone-size adjusted LEFM analysis. The 
latter is developed by replacing the crack half-length, c, in Eq. (14) 
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witn c + r , where, for plane stress. 

" * YV 
r Y = ^ r l ^ l . (55) 

The result i s 

Mc /ire 
* I -f^m (56) 

From Eq. (12) , 

W * **' (57) 

and substituting Eq. (57) into Eq. (56) gives, cter so«e rearrangement, 

*"T4i^y-
wnere 

•» • - s ^ • ( 5 9 ) 

Note that 4-i is based on the actual crack half-length, c, rather than an 
"effective" crack half-length, M ac. The corresponding equation for the 
BMI modified strip yield equation, from Eq. (16), is 

4 ArMc^ 
• I « — In sec I | . (60) 

\ 2 0Y/ 

The curves of *i vs Mo/o for both Eqs. (58) and (60) shown in Fig. 2.14 
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Fig. 2.14. Comparison of crack-opening displacements predicted by 
the BHI modified strip yield equation and by linear elastic fracture me­
chanics (LEFM) with a plane stress plastic-zone-size (r„) correction. 

indicate that there is no significant difference between the two expres­
sions for loads leas than 75% of the limit load predicted by the BMI modi­
fied strip yield equation. 

2.4 Elastic Bulging Factor Studies 

The bulging factor M, which was used to extend the strip yield model 
to Include cylindrical geometries, was derived for thin shallow shells 
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with axial flaws of uniform through-thickness lengths. Intermediate test 
vessel V-7A clearly does not qualify as c thin shell. However, Hahn et 
al. 1 6 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 shells. 
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. the average V-7A flaw length be used in the strip yield 
model. This study was made to examine that proposal. 

Catanach and Erdogan26 have also considered the problem of a cylinder 
with an axial, uniform-length, through-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 «*he cyl­
inder. Their results are shown as the solid lines in Fig. 2.15. Also 
plotted in Fig. 2.15, as a dashed line, is the commonly used Folias bulg­
ing factor,16 which is given by the following expression: 

M - (1.0+ 1.61 c 2 / R t ) l / 2 , (31) 

where R is the mean cylinder radius, c is the crack half-length, and t is 

the cylinder wall thickness. It Is of interest to note from Fig. 2.15 that 
the stress-intensity factor is greater for the outer surface than for the 
inner, even though the circumferential stress would be higher at th* inner 
surface of an unflawed vessel. This difference reflects the bulging in 
the shell due to the coupling of the extensional and beading 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 

u " f ^ - V > ( k ) l / 2 • (61) 
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Fig. 2.15. Theoretical bulging factors as a function of cylinder 
geometry. 

where G and V are the shear aodulus and Poisson's ratio, respectively. 
Kobayashi27 discusses the degree of refinement necessary in the finite-
plement 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). For 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 solved 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 layer 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 requirements discussed by Kobayashi27 in order to 
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minimize computer cost*. The first problem that was solved consisted of 
a large flat plate with a center slit. The stress-intensity factor de­
termined by the finite-element approach was found to be 1.27Z above the 
theoretical value for an infinite plate; that is, K_ • aJOc, where a is 
the far field stress and c is the crack half-length. The numerically 
determined value normalized 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 with a radius of curvature equal to Infinity, the flat plate 
point is plotted with an abscissa value of zero. Figure 2.16 also shows 
the results for the inner and outer surface values of the bulging factor 
determined from the finite-element results for cylinders with mean radius 
to wall thickness ratios of SO and 100. At an abscissa 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.2' At an abscissa value of 3.2, which was beyond the domain of 
convergency for the eight tens used by Catanach and Erdogan,2* the value 
of the bulging factor seeas reasonable. 

As a first step in understanding the effect of nonuuifona longitudi­
nal crack length, the stress-intensity factors for tapered cracks in two 
flat plates with different thicknesses but with the saae inside and out­
side surface crack lengths as V-7A (as shown in Fig. 2.17) were calculated 
using the finite-eleaent aethod. The plate thicknesses that were consid­
ered were 152.4 as (6 in.) and 76.2 an (3 in.). The objective in analyzing 
the flat plates was to establish a basU 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 unlfora length 
equal to the average tapered crack length of 165.1 sa (6.5 in.), are shown 
in Fig. 2.18. Again, the flat plate values correspond to an abscissa of 
zero. The 76.2-sa-thick (3-in.) plate values are the extreae 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-aa (4-in.) crack half-length. The 
152.4-aa-thick (6-in.) plate displays the »*mt general character as the 
thinner plate, except that the difference between the values at the two 
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Fig. 2.17. Intermediate t es t vessel V-7 crack geometry used for 
finite-eleaent analysis. 
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Pig. 2.18. Bulging factors for nonuniform crack length in flat plates 
and V-7A. 

surfaces is 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 Btress-lntec^ity factors developed 
at points corresponding to the shortest and longest longitudinal crack 
lengths. 

Results of an analysis of the same variable-length crack in the V-7A 
vessel are shown in Fig. 2.18, where the vsl.'e of 2c/r1lF was determined to 
he 1..M, using the mean crack length and cesn radius. The bulging factor 
fo-r each surface was determined using two different flat plate stress-
intensity factors for normalization. The extreme values of the bulging 
tactor in the range shown were determined by using a uniform 165.1-mm 
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(6.5-ln.) crack half-length, while the points closer to the value pre­
dicted by the Follas formula were determined by using the corresponding 
stress-intensity factors from the finite-element solution of the compar­
able flat plate problen with a nonuniforn crack length. 

The elastic analysis results shown In Fig. 2.18 Indicate that the 
bulging factor for a trapexold-sheped flaw can deviate front the value 
given by the Follas fomnia. The deviation, by analogy to the flat plate 
cade, la apparently due to the stress-concentrating nature of the nonuni­
form crack length. In tha case of the actual vessel, the deviation nay be 
lees than that indicated by the elastic analysis aa a result of load re­
distribution resulting fron either (or both) yielding and tearing at the 
inner surface where ti»c crack length la the shortest. Because of these 
factors, the crack would probably tend to behave aa a etraisjit-through 
crack, and the upper and lower surface bulging factors would tend toward 
the value given by the Follas formula at an average crack length. Since 
there waa evidence of tearing and yielding from the V-7 test, the differ­
ence between the bulging factor found from the finite-element analysis and 
that given by the Follas equation waa not considered significant when the 
average crack length waa uaed. 

2.5 Estimate of the Pressure Margin Between 
Leak and Burst for Vessel V-7/. 

The modified strip yield model proposed by Hahn, Saxrate, and Rosen-
field1* as a relationship for predicting the burst pressure of a flawed 
cylindrical veaael waa discussed in a previous section. The good corre­
lation of that equation with experimental data (see, for example, Rlefner 
et al. 1 7) led to Ita acceptance for predicting the burst pressure of inter­
mediate teat 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 
•littt.ar calculation for a small pneuoatlcally loaded model specimen. In 
the model experiment, the vessel was Intentionally pressurised to failure. 
The teat results for vessel V-7 and for the model thus give leak and burst 
conditions that the modified strip yield model correctly predict. 
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The governing equation for predicting burst, which is obtained by 
conblning Bqs. (12) and (16) and replacing the yield a tress, O y, with the 
flow stress, o f, is given by 

IH©II. 20* cos~ J 

(30) 

where 

0 - the hoop stress at failure, 
o f - the flow stress of tbe aaterlal, 
M - tbe bulging factor, 
2c - the length of the through-wall flaw, 
K - the effective fracture toughness of tbe material. 

Tbe effective fracture tougbnese, K , was determined fron an anplrl-
cal relationship, given by Irwin et al.,2* between effective K and the 
plane strain fracture toughness K_; namely, 

K c 2 " he ( 1 + l A B I c 2 ) • ( 6 2 ) 

where 

•{fey • $ - _ l _ ~ l <«3) 

a - yield atress, and t • thickness. 

For tbe V-7A vessel, this expression gives high toughness values on 
the order of those discussed in the previous section comoarlng OOD and K 
neasures of toughness. The value of the flow stress was taken to be the 
noainal hoop atresa at plastic instability for an enflawad cylinder with 
closed ends under internal pressure (see Appendix C of Kef. 29) and is 
given by 

( 0T + "ult* 0t - 1.07 * 2 "** . (64) 



50 

Taking a yield stress of 448 MPa (65 kai) and an engineering ultimate 
stress, o ^ , of 479 NPa (84 kai) from Fig. 5.2 of Ref. 30, the flow 
stress is found to be 550 MPa (80 kai). If a prec«ure greater than the 
vessel gross yield pressure was calculated from Eq. (30), then the gross 
yield pressure was 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). 
which was 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 MM»m~J'2 (419 ksi/in.). M » 1 1 For purposes of 
presentation, the burst stress in Eq. (30) was replaced by the nominal 
vessel burst pressure, p. , given by 

• w • ^ ° • <"» 

where 
t - thickness, 

R, = vessel inside radius, in * 
a • hoop stress at burst. 

Equations (30) and (62) to (65) were used to calculate the V-7A burst 
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 mm (13.5 in.), which was discussed in the previous section 
concerning the bulging factor correction. The predicted margin against 
burst is thus the difference between the leak pressure from the V-7 test 
and the burst pressure determined from the curve for a nominal crack length 
of 343 mm (13.5 in.). This margin is approximately 36 MPa (5200 psi). The 
curve corresponding to a toughness of 460 MN*m~3'2 (419 kai/iri.) is nearly 
coincident with a limit curve that would be found if the toughnesses were 
assumed to tend toward an infinite value (i.e., the upper curve in Fig. 
2.19 is essentially independent of toughness). For comparison purposes, 
burst calculations based on an arbitrary plane strain fracture toughness 
of 275 MKfm~ j / 2 (250 ksi/in.) were also made and are shown in Fig. 2.19. 
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One can conclude that the margin against burst is relatively insensitive 
to the scatter that may exist in the plane strain toughness data. 

Burst calculations were also carried out for the pneumatically loaded 
model test No. 10 which is described on pages 51—55 of Ref. 8. The results 
of those calculations are shown in Fig. 2.20. As in the case of vessel V-7, 
the curve associated with the appropriate toughness, estimated to be 137 



52 

ORNL-OWG 7 t - t l 

25.000 

20.090 

1 15.000 

3 
8 
IK 

2 10.000 

5000 

1 
^ - M O O E L TEST 

t 

2 4 0 8 
TOTAL THROUGH-WALL CRACK LENGTH (in.) 

10 

Fig. 2.20. Burst pressure vs crack length for a snail-scale model 
(1 In. - 25.4 ma; 1 psl - 6895 kPa). 

MN'sT'/2 (150 Itsl/LnT), Is nearly coincident with the limit case where 
the toughness Is sufficiently high so that the burst pressure Is Insensi­
tive to further Increases In toughness. The model was loaded until It 
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-thicfc (6-in.) A 533, grade B, 
class 1 steel plate.1 A long, deep outside surface flaw was formed in 
the test section of the vessel, and the vessel was tested undar hydraulic 
loading at 9l°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 wag repaired and prepared for retesting with the designation V-7A. 

Vessel V-7A was the first of the intermediate 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 war limited to the region of the flaw. Tims, distortion did 
not affect the removal and repealing of the head or the rev-air of the flaw 
itself. 

The cylindrical te3t section in regions remote from the flaw had 
reached strains of 0.29 to 0.47% on the inside surface and about 0.1% on 
the outside. The strain distributions in Figs. 3.1 and 3.2 sh j 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 location 135° from the original V-7 flaw was selected for the 
V-7A flaw to minimize the influence of the repair welt and residual strain 
on the test. The V-7A flaw location relative to the old flaw is shown in 
Fig. 3.3. 

3.2 Weld Repair 

The original flaw in vessel 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 In a radial-axial plane of the 
test section 180° from the longitudinal submerged-arc weld in the v~3sel. 
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Fig. 3.1. Outside circumferential strain distribution at midplane 
of vessel V-7 near maximum pressure and after depressurization. 
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Fig. 3.4. Flaw design for vessels V-7 and V-7A (1 In. > 25.4 ma), 

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 Che 
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 half-
bead procedure prescribed by Subsubarticle IWB-4420 of Section XI of titc 
ASME Boiler and Pressure Vessel Code* (hereafter referred to as the Code). 
This procedure is intended for use in repiir of components for which it is 
impractical to perform the usual postweld heat treatment at 590 to 620°C 
(1100 to 1150°F). The ORNL Welding Specification No. W-HB100, based upon 
this procedure in the Code, was written especially for the repair of vessel 
V-7. 

The welding procedures incorporated In the specifications were de­
veloped with the advice of the Pressure Vessel Research Committee's (PVRC's) 
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Advisory Task Group on Veld Repair of Pressure Vessels, under Che chairman­
ship of E. Landerman of Westinghouse Electric Corporation. The Electric 
Power Research Institute (EPRI) participated in this effort by funding the 
repair, which was made by Combustion Engineering, Inc. (CE) at no cost to 
the government. R. E. Smith was project leader for EPRI, and V. 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 given in Appendix A. 

Section XI of the Code requires the preparation of a welding proce­
dure qualification piece similar to the repair weldment. The cylindrical 
prolongation of intermediate test vessel V-9 was chosen fur this purpose, 
since it was fabricated from the same heat as vessel V-7 (Pef. 1). The 
V-7 prolongation h^d already been cut up for material characterization. 
Since vessel V-7 was not a "Code" vessel in the strict sense and its future 
use in fracture tests did no demand a Section XI repair, the procedure 
qualification piece was r . tested as required by the Code for the purpose 
of qualifying the procedure used on the vessel. The vessel and the pro­
longation were prepared and welded concurrently. The prolongation was 
eventually sactioned for material property studies and for the measurement 
of residual stresses. 

The prolongation was instrumented with weldable strain gages in the 
region of the repair weld by ORNL at the locations shown in Fig. 3.5. Two 
additional circumferential gages, one on the inside surface and one 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 shown in Figs. 3.6 and 3.7, respectively. This 
material was removed to the nominal dimensions shown in Fig. 3.8 by using 
the conventional manual air-carbon-arc process followed by grinding.5 In 
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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 alr-carbon-arc process. After grinding, the cavi­
ties in both the vessel and the prolongation were given llquid-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. 3.10. 

Electrical resistance heaters were used to preheat the vessel and the 
prolongation for sir-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. Inside view of vessel V-7 in area of rupture showing 
material to 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-repair 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-ram-diaa (3/32-in.) 
electrodes. The bead sequence is indicated in Fig. 3.11. The vessel and 
prolongation were oriented so that most of the boads vere deposited in the 
horizontal position. Approximately half of the 'buttered" layer was ground 
off, and the cavities were then given an MT examination. A second veld 

ORNL-DWG 76-3098 

Fig. 3.11. Cavity "buttering" weld bead sequence for repair of vessel 
V-7. 
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layer was deposited over the cavif 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 and MT inspected, the cylinders were rotated so that the cavities 
would be at the 12 o'clock position. Each cavity was then filled with 3.18-
ar.d 3.97-nan-diam (1/8- and b/'j2-in.) electrodes. The first bead deposited 
in each vertical layer was placed next to the cavity srde wall, and subse­
quent beads were sequenced inward toward the center. MT inspection was 
performed on alternate layers and on the final ground layer. There were 
no MT indications detected in either cavity during any of the inspections. 
Figure 3.12 .'.-hows the vessel cavity partially welded. 

After the welding was completed, the welds were beat treated in the 
temperature range of 232 to 288°C (450 to 550°F) for 4 hr. The tempera­
tures of the vessel and prolongation rep-ir weld regions were controlled 
within -11 K (20CF) of the average temperatures at all times. The heat—-p 
and cooi-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 (j./2T) of both the vessel and the pro­
longation were examined ultrasonicaliy in accordance with the requirement 
of paragraph IWA-2232 and Appendix I of Section XI (Fef. 3^. The required 
examination was performed three times: (1) as soon as tru; vessel and pro­
longation surfaces reached room temperature; (2) 4P hr after both surfaces 
returned to room temperature; and (3) approximately 4 weeks later. There 
were no recordable indications detected during ?.ny of these inspections. 

Radiographic examination wan performed with a 7 1/2-MeV Varian linear 
accelerator and Kodak M film in accordance with the requirements of para­
graph IWA-2231 of Section XI. N'o defects were found in the vessel repair 
weld. Porosity was detected near the inside surface of the weld in the 
prolongation, and it is beiit^ed to be related to the restricted a,:cess 
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, Wf-rt voiced 
and heat treated with the same parameters that were u.sod to repair the 
vess;'-! • MT examination and radiography revealed no rejectable indio.it ions 

http://indio.it
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Fig. 3.12. Vessel cavity with second buttered layer complete and 
cavity partially filled with weld metal. Photcgraph ccurtesy of Combustion 
Engineering, Inc. 
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Fig. 3.13. Weld metal t e s t p l a t e s (1 i n . = 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 Coins and Butler of CE. 

3.3 Repair Weld Characterization 

The welding proceiure qualification piece (that is, the V-9 prolonga­
tion) and one of the two weld metal test plates prepared by CE were used 
for characterizing the properties of the wold repair zone and for investi­
gating the through-the-thickness residual 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-.V. was not to be flawed, an extensive Investi­
gation of the fracture properties of the material in this zone was deeded 
unnecessary. However, ultimate and yield stresses, Charpy energies, and 
lower-bound fracture toughnesses of the weld 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-l, 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 3.1 and Fig. 3.15. 

Charpy V specimens from weldment W-l were tested in the WL orientation 
(specimen axis perpendicular to the welding direction with the crack pro­
pagating in the welding direction). The notches were located at the weld 
centerline. The C.harpy V impact properties of weldment W-i are given in 
Fig. 3.16. Pr«.cracked Charpy specimeno of the same orientation were tested 
statically, and the results are shown in Fig. 3.17. 

field and ultimate strengths of W-l weld metal differ slightly from 
those previously measured for HSST plate 02 (Ref. 7). The yield strength 
of W-l weld metal is about 50 MPa (7 ksi) higher than that of the midsec­
tion region of the V-7 base material.1 Generally, the weld exhibited higher 
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Fig . 3 .14. Cross sec t ion of sh ie lded tnetal-arc weldtnent in teat 
p l a t e B. 



Table 3.1. Tensile values from W-oriented specimens from 
shielded metal-arc weldment W-l (test plate B) 

Location 
Test 

temperature 
[°C (°F)] 

Strength Elongation 
(X) Reduction 

Location 
Test 

temperature 
[°C (°F)] Upper yield Lowei : yield Ultimate 

Elongation 
(X) in area 

Test 
temperature 
[°C (°F)] Upper yield Lowei : yield Ultimate (X) 

Test 
temperature 
[°C (°F)] [MPa (ksi)] [MPa (ksi)] [MPa (ksi)] Uniform Total (X) 

0.71 -73.3 (-100) 585 (84.9) 543 (78.8) 655 (95.0) 8 18 72 
0.29 23.3 (74) 543 (78.8) 510 (73.9) 590 (85.6) 5 1 4 7 

18J 

76 
0.35 24.4 (76) 488 (70.8) 586 (85.0) 

1 4 7 
18J 

72 
0.35 24.4 (76) 491 (71.2) 589 (85.4) 

1 4 7 
18J 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 39e 

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 

Unless noted, data are from 4.52-rara (0.178-in.) gage diameter specimens with a gage length to 
diameter ratio of 7 and £ • 0.016 min - 1. 

Fractional depth from top surface of the weld. 
Absence of upper yield denotes 0.2% yield. 
Standard 12.8-mm (0.505-in.) gage diameter specimens with gage length to diameter ratio ri 4 and 

t - 0.22 min"1. 
Q 
Low due to lack of fusion and entrapped slajj In the fracture zone. 

4> 
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Fig. 3.15. Variation of tensile properties with temperature for test 
weldment W-l. 

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-lb) 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 
end:i of the prolongation, the remaining cylinder was aawed into two pieces 
along the circumferential centerline labeled in Fig. 3.5. Subsequently, 
the shell-end half was sawed approximately along the axial centerline of 
the repair weld cavity, and the quadrant of the repair zone labeled "B" 
in Fig. 3.5 was used for material properties studies. The circumferential 
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Fig. 3.17. Variation of fracture toughness with temperature as deter­
mined from slow-bend tests of precracked Charpy specimens from test weld-
ment W-l. 

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 vicinity 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 figure. Dimensional details of the traverses are 
given in Fig. 3.20 and the reaults in Fig. 3.21. Hardness values are con­
sistently higher in the dark etched band cf 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 steel8 

implies an ultimate tensile strength of the HAZ as high as 1000 MPa (145 
ksi). 



PHOTO 3560 76 

00-

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 sec­
tion of the repair zone of the V-9 prolongation. The 100* montage in 
(b) shows the center traverse. 
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Fig. 1.20. Location of diamond pyramid hardness indentations across 
the heat-affected zone and adjacent areas of a cross section of the weld 
repair of the V-9 prolongation. 5x. (1 in. - 25.4 mm.) 



100 
I » I M ;'*i<. >» ' ', '««« 

1 IK. II I [U\HK H A \ 0 - » j * " " " ° ' « -
. UAH*. HAM) | 1 1 
1 o ! 1 

• * ••• _. - B A S I M I 1 A I — -fc] f » A l l I l M I U l •• - • • 

o 
fliO " o 

•o ! t 
O O ; 

* • o ! 
1 ; 

i i 
iSi l ! M A U D S M l K0 ' * • ' 

O | f ( DHi-tl SI'ONUINl, 

1 
! C K * A I '' Ti) 4C..ON AHM lV>A 

j 
1 

i 

i 1 A A ' 
A 1 

j ° j 
A ">'>'l H I MAVI HSI 
O^ ' i lHHI THAVIIISI 40 

1 

i 1 A A ' 
A 1 

j ° j D l O W l H TMAVl KSI ' 
i*0 } 

1 

' "n n \ 
I 9 A •1 U O ; M . ' " » IOOIO i i i i s i A M i 

1 1 Hf Trtl h N MAHDN '.S i 
1 

1 
•1 U O ; M . ' " » IOOIO i i i i s i A M i 

1 1 Hf Trtl h N MAHDN '.S 

1 INDI M AlloNS 
1 

:.'o 1 
! n - o l i o 

i 

o o o i £\° f° \ 
?00 

o 
O OOJ , °°°oo 

> { 

1 CO A 

oo o] -\A T 
O A 
coo 

|2PQO 1 
Qt4p $0° o „ o 

-
O 

, O O r 
190 ! ~°i 

•K. 43 6U HO 

Ml I A T I V I : ( A M ( 1 N I S S I N 0 1 N T A 1 I 0 N P O S I T i O N 

Fig. 3.21. Hardness traverses of the heat-affected zone and adjacent 
areas of a cross section of the weld repair of the V-9 prolongation. Posi­
tions of hardness indentations of the three traverses have been normalized 
so that the Indentation at base metal edge of the dark etched band In each 
traverse is assigned to position 40 on the abscissa. 
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Charpy specimens oriented perpeiiiicular 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 presented in Table 3.2. The broken halves of 
the specimens, re-etched to show the fracture path relative to the weld 
location, are shown in Figs. 3.22 and 3.23. These photographs 9how that, 
for specimens precracked in the HAZ, the crack advanced away from the origi­
nal crack plane and into weld metal. Fur 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 toughness values for 
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) 

Fracture toughness 
Notch 
lccation Static, KJ C CI Dynamic, KI<JH Static, K I c d Dynamic, Kld,j 

[MNTTT 3 / ; ! (ksi/InT)] [MN-m. 3 / ? (ksi/in.)', 

HAZ 316 (288) 459 (418^ 
Weld metal-HAZ 271 (247) 319 (290) 
Weld metal-HAZ 264 (240) 380 (346) 

3.3.2 Residual stresses 

Measurements were made on both the vessel and the cylindrical pro­
longation used for welding procedure qualification in order to estimate 
the magnitude of the residual stresses induced by the weld repair. 

The initial set of residual stress measurements -as made by u.ŝ .ig 
weldable strain gages attached to the weld qualification piece and to 
vessel V-7. These gages were monitored durin;; the welding operation, ari 
estimates of the residual stresses indiweri by the repairs wee made from 
the change in strain between : he start and completion of the repair. The 
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Fig. 3.23. Macrophotographs showing the fracture path of dynamically 
tested precracked Charpy V specimeno from the HAZ of the weld repair of 
the V-9 prolongation. 
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locations of the strain gages near the weld cavity on the qualification 
piece are shown in Fig. 3.5; in addition, gages 19 and 20 were placed cir-
cumferentially on the outside and inside surfaces, respectively, of the 
cylinder 180° from the cavity. Four gages, numbered 3, 4, 7, and 8 were 
placed on the outside surface of vessel V-7 at locations, relative to t'«e 
nearest edges and centerlines of the cavity, identical to those of gages 
3A, 4A, 7A, and 8A on the qualification 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 in Table 3 3. 

Table 3.3. Microstrain wit'.i temperature (°F) of strain gage 
during weld repair of V-7 and V-9 prolongation 

Gage 
No. 

Step No. 

Vessel 

0 -651 (450) -1456 (475) -1498 (525) -604 (87) 
0 -1134 (450) +106 (475) +25 (525) +1216 (87) 
0 -698 (400) 
0 -596 (400) +259 (465) 213 (515) +838 (85) 

7A 
3A 
3A 
4A 
5 
9 
12 
13 
19 
20 

0 
0 

—7 
-3 
+4 
+3 
-3 
-3 
-3 
-8 

-872 (365) 
-902 (365) 
+267 (360) 
+97 (360) 
+239 (360) 
+243 3.0) 
+37 (380) 
-«5 (380) 
-53 (190) 
+239 (180) 

-2141 (383) 
+90 (383) 
-914 (383) 
+1507 (383) 
-580 (388) 
+637 (385) 
-25 (398) 
-66 (398) 
-46 (232) 
+294 (230) 

Prolongation 

-2338 (500) -1044 (78) -1206 (90) -1187 
-185 (500) +787 (78) +822 (90) 811 
-832 (502) -1110 (76) -1083 (86) -1070 
+1443 (502) +1327 (78) 17.91 (86) 1275 
-505 (502) -760 (78) -753 fS6) -721 
+564 (i95) +172 (78) +283 (92) 273 
-57 (5C2) +29 (78) +15 (85) 92 
-40 (502) +48 (78) +156 (85) 40 
-55 (285) +11 (78) -51 (90) -69 
+365 (282) +63 (78) +231 (90) 207 

Steps: 
i. Prior to the application of preheat (reading taken 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 prior to the pontweld 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. 
ij, 7. After removal of all bracing and restraints. 

Damaged ga^e. 
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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). The resulting estimates are listed in Table 3.4. 

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

Gage Orientation Microstrain 
S t r e s s ^ (MPa) 

Gage Orientation Microstrain 
A v 

3 
4 
8 

Axial 
Circumferent ial 
Axial 

Vessel V-7 

-642 
1151 
817 

-67 
211 

163 

Weld qualification piece 
(V-9 prolongation) 

3A Axial -1063 
4A Circumferential 1278 
5 Axial -725 
7A Circumferential -1187 
8A Axial 811 
9 Axial 270 
12 Axial 95 
13 Circumferential 43 
19 Circumferential -66 
20 Circumferential 215 

av~r „o„» «««,-. T , E 

-151 

102 

24 

212 

-207 

15 

-145 

-13 
43 

'For gage pairs: a A = ± "_ ^ (eA + v e c); aQ - yzr^T x 

(e. + v e.). For isolated gages: o - Ee. 
L , A 

1 MPa = 145.038 psi. 

A second set of residual stresp aeasurements 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 ittached to the section to be studied (part A, shown in Fig. 3.5) 
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before any cuts were made. The dimensions of part A and the rosette lo­
cations are shown in Fig. 3.24. 

The strain changes measured by the rosettes were used to estimate 
the axill and circumferential stresses throughout the body that are re­
lieved by cutting. A stress distribution that is linear 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 symmetry bisecting the weld 
repair, which is suggested by the work reported by Ferriil, Juhl, and 
Miller.9 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 Research Laboratories to make 
40 residual stress measurements on the part of the prolongation shown in 
Fig. 3.24. The two faces that bisect the weld were prepared by using the 

ORNL-OWO 76 1354/R1 

305 » 

• ROSETTE LOCATIONS (6) ON EXTERIOR SURFACE DIMENSIONS IN 
MILLIMETERS 

O ROSETTE LOCATIONS (4) ON INTERIOR SURFACE (ALIGNED 
WITH EXTERIOR SURFACE ROSETTES ALONG RADIALS) 

Fig. 3.24. Schematic of section removed from weld procedure qua l i f i ­
cation piece for residual s t re s s measurements (1 mm - 0.03937 i n . ) . 
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"gentle" grind technique suggested by Nowikowski, Maranchik, and Field.10 

This technique minimizes surface residual stresses induced froa the cutting 
operation. The work at Westinghouse was performed under the direction of 
A. J. Bush. The residual stresses were determined from hole-drilling-type 
aeasureaents for which an air-abraaive device was used to machine the 
holes. 1 1 Elastic relaxation stresses resulting froa 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 directly 
measured residual stresses. The resulting best estimates of the original 
residual stresses that existed through toe thickness of tfr» veld repair 
before the cylinder was cut are shown in Figs. 3.25 and 3.26. Also shown 

ORML OWO 78 77? 

1 MEASUREMENTS 
ALONG LINE ab 
MADE PRIOR TO 
CUTTING 

STRESS DETERMINED FROM 
VELDABLfc GAGES 3A ANO 4A 

'DURING REPAIR WORK 

DIMENSIONS IN MILLIMETERS 
STRESSES IN MEGAPASCALS 

MEASUREMENTS ALONG 
.,05 LINE id MADE PRIOR TO 

CUTTING 

Fig. 3.25. Circumferential residual stresses in the V-9 prolongation 
veldment 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 psl.) 
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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 of stresses during cutting. (1 mm - 0.03937 in.; 1 MPa « 145 psi.) 

in these figures are results of surface measurements made before the cylin­
der was cut. Additional details of the residual stress measurements are 
presented in Ref. 12. 

3.4 Flaw Preparation 

The repaired vessel, designated V-7A, was flawed i.n Union Carbide 
Corporation-Nuclear 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.2 The location of the V- 7A flaw in base plate material is 
shown in Fig. 3.3. The flaw consists of a flat-hotter, machined slot ex­
tended to a sharp edge by hydrogen charging an EB weld bead that had been 
laid along the base. 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 us«*d In the 
preparation of vessel 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 se«r.ent 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 again employed for the V-7A flaw. They are as follows: 

Power: 40 kV with 180 mA on horizontal surface (deepest portion of 
notch) and 185 mA on the two slopes 
Speed of beam: 2.3 m/mln (90 in./min) 
Vacuum chamber pressure: 0.67 * 10~ 3 Pa (5 x 10" 6 torr) 
Average Lead 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 vessel V-7 preparations, for which flux densities were 
about 3 x lO"1* 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 magnetization ob­
served . 

EB welding experiments on magnetized prototype test pieces had pro­
vided earlier 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 
cause attachment of the beam to the side wall of the machined groove. It 
is also possible that a longitudinally deflected beam will lose sharp 
focus, which adversely affects depth of penetration. Earlier experimenta­
tion had indicated beam distortion problems with magnetic flux densities 
of 5 x 10"1* T (5 G) or more. 
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Fig. 3.27. Pretest photograph of notch in vessel V-7A showing the 
electron-beam weld bead along the base of the notch. 
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Many attempts were aade to degauss the vessel ?nd 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 unpredictable; 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 generate 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 10" % T (15 G) maximum and about 8 x lO"" T (8 G) average. Two 0.1-T 
(1000-C) permamagnet8 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 used2 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 10Z aqueous solution of H2S0i,. 
A current of about 8 * 10_l* A/mm2 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 l.r 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
ciently rapid that slow]- developing changes at the time of rupture would 
be inhibited by the drop in pressure. One of the measures adopted for 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 introduced two complications to the test ̂ .lan. 
First, it was desired to place several strain gages and ultrasonic trans­
ducers on the inside mrface of the vessel near the flaw, as was done for 
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the V-7 test.2 The patch woulc 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 confidence that a reliable design could be proven 
within a reasonable time. 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 development then shifted 
to the use of a thin membrane fillet-welded at the edge to the inside of 
the vessel. 

The second complication ->f 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, tb»re is 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 vessel) at the same 

- ? ' . l C n r.iESSURE 
ELEMENT ITHANSOUCERi FLOW-RESTRICTING ELEMENT 

PATCH PR€SSU'tl?ATlON LINE 

ATCH VOLUME 

VESf-EL VOLUME 

\ 
VESSEL PHESSURl/ATION 
LINE 

VESSEL PRESSURE 
ELEMENT lTR*N«OUCFRl 

f *G A HIGH-
PRESSURE 
PUMPING SYSTEM 

Fig. 3.28. Simplified schematic diagram of the patch pressurizaticn 
system for vessel V-7A. 
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pressure as that throughout the ve»»wl as long as the vessel vail is in­
tact. The pressures in the vessel and in the system communicating with the 
volume beneath the patch are measured with a flow restriction between the 
points of measurement. When the vessel ligament ruptures, the pressure in 
the patch system will drop rapidly, provided there is adequate communica­
tion between the point of rupture and the patch pressurization system. 

The patch is a 406 * 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 tungsten—inert gas process around the edge with 
JKCO 82 filler (see Figs. 3.29 and 3.30). The patch pressurization line 
is attached to the vessel by a 6.4-mm (1/4-in.) type 316 stainless steel 
high-pressure nipple installation 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 in Appendix P. 

OftNL-OWG 76-9833 

010 mm i24 in.) 

^ \ V 

V - SPACER m 

PLAN VIEW BEFORE ROLLING 

SPACER WIRES 
ATTACHED TO VESSEL 

F.'.g. 3.29. Design of leak-retarding patch for vessel V-7A. 
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Fig. 3.30. Stainless stael patch Installed in vessel V-7A. 
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Fig. 3 .31. Patch pressurization system nipple-welded to vesse l V-7A. 
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4. TEST FACILITY DESIGN AND PERFORMANCE 

4.1 Introduction 

The decision to test a large vessel pneumatically introduced several 
problems that had not been encountered in the previous hydraulic inter­
mediate 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 ueet the new test conditions. 

The test plan and facility design developed at the inception of the 
Intermediate vessel test program v?re 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.1 The test cell was designed to contain fragments 
produced in a hydraulic test, but the stored energy in a pneumatic test 
is far greater Chan 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 * 10 8 ft-lb), 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 fur testing explosives. The Naval Surface Weapons 
Center (NSWC) was chosen b«- luse 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, l'he 
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. The computer-controlled data-acquisition system (CCDAS), 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 oeasure 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 the Energy Research and Development Administra­
tion (£RDA)* entered into an interagency agreement with the NSWC to pro­
vide the following 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) trailer; 
4. magnetic tape data-recording equipment; 
5. high-speed digital recording apparatus; 

The functions of the Energy Research and Development Administration 
have since been transferred to the Department of Energy. 

Interagency Agreement ERDA No. EY-76-1-05-4971 [formerly E-(40-l)-
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 was enclosed in a plywood 
and wood frame shelter to protect personnel and equipment from rain during 
final preparations and testing. The vessel was separated from the manned 
facilities by a distance of about 100 a (330 ft). The NSUC determined this 
to be a reasonable distance for protection of personnel in the event of a 
burst, which NSWC estimated realistically would be equivalent to the deto­
nation of about 13 kg (30 lb) of TNT. 

For salsty, all personnel were required to stay within the sheltered 
areas (Fig. 4.1) whenever the vessel pressure was high enough 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 HSWC maintained surveillance over and 
excluded people from contiguous areas of the test site and the Potomac 
River during high-pressure testing. 

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

OM«l DWG 78 1J2« 

» N 
POTOMAC RIVER 

Fig. 4.1. Arrangement of the Dahlgren, Virginia, site for the pneu­
matic teat of vessel V-7A. 
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Fig. 4.3. The ORNL data-acquisition system (DAS) trailer parked bea'de 
the equipment building and bunker at the Dahlgren site. 
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Fig. 4.4. The protective bunker at the. Dahlgren site of the V-7A test. 
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steal, concrete, or earthen shielding against projectiles froa the ves­
sel. A steal plate was placed on top of the DAS trailer to intercept 
projectIlea with a high trajectory, while the concrete block equipment 
building provided a shield against those with a flat trajectory. The 
RSHC operator of the preesurlsation equipment waa shielded by the bunker, 
a portable steel shed, and a steel plate rlaced over the operating station. 

Righ-preesura tubing wax routed froa the pumping station to the ves­
sel away froa Inhabited areas and waa also separated froa the electrical 
and data cables to mlnlalxe the risk of damage. The tubing waa staked 
down to inhib'- whipping In the event of a failure. The vessel head was 
pointed away from the Banned areas, since a large number of small fittings 
and the closure studs were potential projectiles. The axis of the vessel 
waa pointed toward the manned area because It waa 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 «Lnd Data-Acquitticioa Systems 

The instrumentation plans for vessel V-7A were adapted from the origi­
nal (hydraulic) teat of V-7 so that the original measurements could be 
matched with comparable measurements in the sustained-load test. Two 
additional types of data were required: (1) strain behavior ot the Section 
XI weld repair zone and (2) dynamic response to pneumatic loading, in the 
event the vessel burst. Instrumentation sensors mounted directly on ves­
sel V-7A consisted of 25 thermocouples, 84 strain gage3, 2 crack propaga­
tion gages, 6 crack-opening displacement (COD) gages, 4 ultrasonic trans­
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 prevent*: the placement of strain 
gages at several important locations used in the V-7 test; it also pre­
cluded the mounting of ultrasonic transducers on the inside surface for 
direct daternination of the crack tip locatioc. Ultrasonic transducers 
were, instead, situated outside the vessel, and crack tip location in­
volved a double reflection off the inside surface of the vessel. To 
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partially compensate for the loss of strain measurements on the inside 
surface beneath the flaw, three additional COD gages were installed within 
Che notch about 76 mm (3 in.) below the outside surface. 

Additional strain gages were located on the Inside and outside sur­
faces in the Section XI weld repair zone. 

The data-acquisition system (DAS) was designed to measure and record, 
in addition to the slow changes in the vessel as pressure Increased, Che 
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 faec 
as 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 was assembled and checked out at ORNL. The 
CCDAS and other instrumentation, conditioning circuitry, and amplifiers 
for gages and test data thermocouples were located in the DAS trailer, 
the plan fov which is shown in Fig. 4.5. Test signals were transmitted 
to the trailer 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 instrumentation on the vessel test as­
sembly is 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 propagation). The ERDAC is capable of continually recording 
data at the rate of 1 word per microsecond, with a total capcity of 4478 
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Fig. 4.5. Layout of equipment in data-acquisition system trailer and 
bunker. 

words. The trigger signal frost the first break stops the erasing of old 
data and recording of new data after a preset delay. 

The Aapex magnetic cape recording unit recorded seven channels of 
strain data (see Appendix D) and the crack propagation trigger signal in 
the FM code. This Hevice has a response of 10 kHz and was included in the 
system to provide a good record of a rapid depreasi»~lzation. Although the 
pressure transducers used in the test may have had an inherent capability 
of measuring pressure transients of interest satisfactorily, they had to 
be placed on a short tube attached to the head and therefore could not 
measure fast transient vessel pre*<<ure itself. However, the inside sur­
face strain remote from the flaw recorded by the Aapex 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 systea for V-7A ti 

Output device Peraanent test record Output during test Teapera-
ture Pressure 

CCDAS 

Vishay 

Aapex Model 
FR-1300 tape 
recorder 
ERDAC 

X-Y Plotter (data 
vs pressure) 
HP strip chart 
Brown recorder 
Ultrasonic systen 

Acoustic-emission 
systea 

Video 

Digitized data on mag­
netic tape 

Paper tape; typed record; 
magnetic cassette 
Direct magnetic tape 
record 

Photographic copy of CRT 
display 
Paper plot 

Paper chart 
Paper chart 
Magnetic tape with voice 
channel 

Magnetic tape 

Magnetic tape 

(1) Line printer (full 
scans) 

(2) Digital readout of 
selected channel 

Paper tape 

CRT display 

Paper plot 

Paper chart 
Paper chart 
CRT display 

CRT display 

TV monitors 

16 

1 

2 
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iTable 4.1. Data-acquisition system for V-7A test 

Number of channels by data type 

lutput during test Tempera- Pressure ture 
, Crack 

Strain COD UT A c ° u s t l c propaga- fc , Time 
emission r

 t ^ Q * trigger 

> Line printer (full 
scans) 

I Digital readout of 
selected channel 

per tape 

77 

10 

7 

P display 

per plot 

per chart 
per chart 
P display 

16 

f display 

monitors 
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For recording slow changes in pressure and other variables, recordings 
were made ou three strip charts at chart speeds between 1 in./ain and 
0.5 in./sec and on the CCDAS. See Appendix D for details. Strip chart 
speeds were selected during the test as necessary to resolve data for 
easy interpretation, while the CCDAS was preprogramed 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 times 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 incorporation of instrumentation to detect rup­
ture. (The principle of operation 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 practical 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-!. It was not considered as reliable as 
the PPS, because there vis no way to make an objective time-based record 
of an event on the video recording. Furthermore, a momentary disruption 
of the video signal or distraction of the human monitor might result in the 
event being uissed. 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 
vessel and associated equipment during transport. A simplified drawing of 
the assembly of the vessel, support, and enclosure Is shown in Fig. 4.8. 
This structure supported the vessel, cable reels, and terminal boxes for 
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heater and instrumentation connections. The enclosure protected the in­
strumented vessel from weather and Mechanical damage during the loading, 
unloading, and hauling of the vessel. 

The heating system consisted 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 coenected 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 instrumentation was 
installed, the vessel was insulated with 75-mm-thick (3-in.) glass wool. 
Power cables for connecting the Variac3 to the heater terminal box on the 
vessel test assembly were supplied by the NSWC. Each Variac vac rated at 
28 A and 130 V and was energized by 120-V alternating current circuits. 
Variac controls allowed the power to be varied continuously from 0 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 installation of components in the vessel 
test assembly vere accomplished at ORNL. Strain and COD gages and thermo­
couples were applied by techniques developed and used on several earlier 
tests.2 See Appendix D for details on the seasors in the layout in Fi£. 
4.6. The completed assembly is shown in Figs. 4.10 and 4.11. The vicinity 
of the flaw is shown in Fig. 4.12 with the strain g^ges and mid-depth COD 
gages installed. The outside surface strain gages in the weld-repair region 
are shcvn 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 
intermedial.a test vessel with nitrogen. Figure 4.15 is a schematic dia­
gram of this system. The arrangement allowed several modes of pressur­
ization. 
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Fig. 4.9. Arrangement of electrical haateri* on vesael V-7A. 



Fig. A. 10. V-7A vessel test assembly as it appeared wh«n completed, 
except for installation of thermal insulation and protective cover. Photo­
graphed after teat. 
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TO 4*21-76 

Fig. 4.11. Closure end view of V-7A -essel assembly showing Autoclave 
Engineers high-pressure penetracion fittings for instrumentation cables. 
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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 ultrasonic transducers are shown 
without the instrumentation mounted. 
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Fig. 4.13. Strain gages on the outside surface of the weld-repair 
zone of vessel V-7A. 
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Fig. 4.15. Diagram of NSWC high-pressure nitrogen-pressurization 
system. 

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

2. The Corbiin pump could pump directly into the test vessel up to 
about 62 MPa (9000 psi). 

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

During pressurlzation, the nitrogen could be vented to the atmosphere 
or to a tanker if it appeared advantageous Co 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 
Corbiin and Haskel pumps, the tank trailers, and the air compressor. 
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Fig. 4.16. View of NSWC piessurization control station showing 
cooling-water storage tank, Corblin pump, Haakel pump, air compressor, 
and compressed nitrogen tank trailer. 



4.6 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 nhe test date. ORNL personnel and 
equipment arrived on site 14 days beiore the test. The highest-priority 
goal in early test preparations was to check out the CCDAS, since it was 
a critical system and difficulties were not unusual. A thunderstorm 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 Lhari 
the CCDAS checkout were nc; seriously affected. Pretest checks arcl cali­
brations were completed on time. 

The general plan was to pressurize the test vessels several times. 
The necessity of having a full teat' of specialists present during testing 
made it imprudent to plan any pressurizations that would extend much 
beyond a normal working day. Since range safety rules permitted access 
to the manned areas only wh?n test vessel pressure was not above 70 KPa 
(10,000 psi), the vessel was left pressurized to that level overnight 
between cycles, with two persons standing watch on the system. 

The specific program of pressurization cycles 'jas adopted the day 
before the test as follows: 

1st cycle Pressurize to 66.3 MFa (9.61 ksi), and depressurize to observe 
the behavior of the Section XI weld repair. 

2nd cycle Pressurize to 124 MPa U8 ksi), and depressurize to as low A 

pressure as is practicable. Note crack growth, if any. 
Subsequent Repressurize to 3.4 MTa (0.5 ksi) above previous high pres-
cycles 

suie level, and note crack growth, if any. If none, continue 
prtisurization until crack growth is observed. Determine 
whetner pressure cycling with slightly increasing peak pres­
sure causes the crack to grow and, If 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 
after being at high pressure, led to a decision to avoid complete depres-
surizatlon. Seal replacement would require special equipment and several 
days' time at the Dahlgren site, where the usual supporting shops and 
personnel vere 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 vessel was started at 1448 on June 14, 1976, and a 
satisfactory temperature distribution was attained by the time the first 
pressure cycle was scheduled on June 15. 

4.6.3 Pressurization phase 

The complete pressurization schedule, starting at 09JC 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 carritd out through the first 
two pressure cycles, reaching 66.1 MPa (9.58 ksi) in the first and 126.0 
MPa (18.28 kn<) in the second. The pressure was dropped to 13.9 MPa (2.02 
ksi) and 38.5 MPa (5.58 ksl) 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 126.0 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 Haskel 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 this 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 Haskel 
pump at 0828 on June 17, and at 1132 pressurlzetion was interrupted by 
the failure of the second Haslcel 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 disassembled and it 



124 

Table 4.2. Pressure cycle data for the V-7A test 
(June 1976) 

Cycle A c t i v i t y T i 0 , e a t * t a r t 
7 ( d : h r : t l n : s e c ) 

Pressure (MPaf 
Cycle A c t i v i t y T i 0 , e a t * t a r t 

7 ( d : h r : t l n : s e c ) S t a r t End 

1 Pump 15: 09:33:29 0 6 6 . 1 
Hold : 12:48:48 6 6 . 1 6 5 . 3 
Vent : 13:25:15 6 5 . 3 14 .4 
Hold : 14:11:29 14-4 13 .9 

2 Pump : 15:28:36 13 .9 12.U 
Hold : 17:58:36 72 .4 70 .9 
Purap 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 11:25:01 116 .4 126 .0 
Hold 11:49:01 126 .0 125.0 
Vent 12:36:09 125 .0 38.5 

3 Hold 13:00:09 , 
13:15:08^ 

38.5 4 2 . 8 
Pump 

13:00:09 , 
13:15:08^ 42 .8 76.7 

Hold 15:25:47 76.7 76 .4 
Pump 17 08:28:14 76.4 121.0 
Hold 11:31:39^ 121 .0 119.7 
Venr. 13:00:16 119.7 6 8 . 8 

4 Hold 13:08:16 68 .8 75 .7 
Pump 18 :13:03:11 75.7 127.6 
Hold 36:28:52 127 .6 126.3 
Pump 16:52:52 ir.6.3 130.9 
Hold 1 7 : l b : 4 6 130 .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 .9 137.4 
Pump :18:23:23 137 .4 141 .5 
Hold : 1 8 : 4 0 : 5 0 , 

: 18:48:11 
141 .5 141.0 

Pump 
: 1 8 : 4 0 : 5 0 , 
: 18:48:11 141 .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 

l \ MPa - 145.04 psi. 
3Pump failure at 16:15:07:00. 
'Second pump failed at this time. 
Power to heaters turned off at 18:18:31:00. 
'Nominal time of rupture. 
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Fig. A.18. Temperature history of intermediate vessel test V-7A, 
June 15—18, 1976, as n-.easuied by thermocouple TE 21 on inside surface 
near end of notch. 

had been determined tha'. overheating bad 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 1303 on June 13. The second pump was repaired but not used. The new 
cooling 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 have become costly, it was decided to pressurize the 
vessel in the fourth cycle until rupture occurred. This point was retched 
at 1902 on June 18 at a pressure of 144.3 MPa (20.92 ksl). 
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4.6.4 Rupture phase 

The rapture was first observed on the video monitor. The strip chart 
record of the PPS pressure was aarked by hand when the rupture was seen on 
the v-'.deo monitor, about 20 to 25 sec prior to a .recorded rapid drop in PPS 
pressure. The CCDAS data, which were plotted later, give a more precise 
record of the rupture and confirm the strip chare record. Figure 4.19 
shows the pressures plotted from the CCDAS record for the vessel 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 gas 
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. 

o « v . D w , :» ••*<: 

TIMf AFTIB SCAN 73K (He) 

Fig. 4.19. Data defining the nominal time of rupture in V-7A test 
as 19:02:26, June 18, 1976 (1 MPa - 145.04 psi). 
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A posttest review of the video record revealed that the blowdovn of 
the patch volume was visible for a period of about 30 sec. Figures 4.20 
and 4.21 show a sequence of video frames from this period. Features of 
wae video camera view are defined in Fig. 4.20. fhe easily visible mate­
rial being expelled from the notch is oil that was put in the notch for 
coupling the ultrasonic transducers to the vessel. When viewed at normal 
speed, the video record shows evidence of a dmall leak about 1 sec before 
the first globule of oil became visible (frame 1, Fig. 4.21). The inten­
sity of the flow appeared to be at a mavimunt in the period between 10 and 
33 sec after frame 1. The leak was not visible on video after frame 5. 

Although the exact sequence of events at ligament rupture cannot be 
stated with certainty, the video and CCDAS data are consistent with the 
following supposition. Prior to rupture, the patch was slightly displaced 
from the vessel wall so that it enclosed a substantial volume of gas. 
When the first material was ejected from the notch, the rupture was still 
small. 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 patch volume depressurization com­
merced when the paLch voluue reached a minimum, the patch then being 
firaly pressed against the vessel wall. This may have occurred at about 
the time frame 8, shown in Fig. 4.21, was recorded, about 33 sec 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 evaluating the status of the vessel and test equipment 30 
that appropriate decisions 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 succeeding phases would be carried out properly with the 
maximuir recovery of data. 

It was particularly Important, for test control, to know the actual 
crack depth in the flaw liga«*nt and the extent of crack growth in the 

axial direction. Cycling decisions depended upon the behavior of the 
crack in the ligament, while the axial extent of the crack was Ielated 
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measured from the first appearance of a drop".it. 
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to the margin to burst, Because ultrasonic reflection from the cra.k 
tip had to compete with interferences not present in the V-7 test, ob­
servations made during the test were interpreted only tentatively. 

Strain and COD measurements were inherently more precise than ultra­
sonic measurement«, although the immediate implications of strain and COD 
w^th regard to crack size were imprecise. Comparisons of V-7A with V-7 
measurements at corresponding pressures provided reassurance during the 
test that the vessel and the flaw were behaving 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 strain 
gages became defective; both crack propagation gages broke on the first 
application of pressure to about 27 MPa (4 ksi). One ultrasonic trans­
ducer failed when the vessel was heated. Defective sensors are noted in 
Appendix D. 

All other data channels remained active throughout the test, but some 
instrumentation was not as effective as had been expected, namely: (1) 
ultrasonic sensing of the location of tbe 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 ultrasonic observations in the V-7A test were inherently more 
difficult than those in V-7, since both the transducer signal and the re­
flection from the crack tip had to be reflected from the Inside surface of 
the V-7A test vessel. Ultrasonic energy scattered from the nearer crack 
surfaces provided additional disturbances. Furthermore, during the first 
pressurization 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, 
Installed instrumentation and heat precluded the removal of all debris. 
Subsequently, lights at the vest>?l were turned off before nightfall and 
left off at night as much as practicable. The cltaning improved the per­
formance of the ultrasonic system substantially. 

The two types of COD gages exhibited anomalies peculiar to each type. 
The outside gages (ZT 127, 128, and 129) consistently indicated displace­
ments free of noise, but their response at times suggested that the end of 
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the COD probe might not have followed the stop against which it was sup­
posed to be held 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 some 
tiine after the load reversal while other associated measurements indicate 
it should be changing. Table 4.3 summarizes the p*rformance of the COD 
gages. Subsequent test work with a redesigned stop shows that these COD 
gages should have been responsive during the early stages of pressurization. 
Figure 4.23 shows the COD calculated by an ela& .ic-plastic finite-element 
method for the type 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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Fig. 4.22. Examples of anomalous behavior of outside COD gages indi­
cating poasible slippage during (a) increasing load and (b) decreasing load 
(1 MPa = 145.04 psi; 1 mm - 0.0394 in.). 



Table 4.). Siunnuirv of COD gage performance during teat of vessel V - 7 A " 

Ĉ v, Cycle No. 
gag- No. ' " ~~~ " ~ 

i:T 12 7 f.o response No response below 100 hP.i; Negligible responiie No response below 1)4 MPa; 
proper response only on "inInn normal response during balance 
load between 112 MPa and 12b of cycle, both loading and r..i-
MPa; hang up on unloading loading 

^T 128 Negligible response No response on increasing lo<;d; Normal response over entire Normal response on rlslm-, load; 
normal response on rapidly de- cycle hang up ••)) decreasing '.oad until 
creasi.'.g load SS MPn was reached; normal ihere-

aft. r 
ZT 129 Small erratic response No change In output in first No change In output on first No change in output In first 10 

30 MPa of loading and unload- )0 MPa of loading and 2"> MPa MPa of loading and during en- e 4 

lng; otherwise normal of unloading; otherwise normal tire unloading portion; other- ^J 
except for a spurious point at wise norma? response 
seen No. b()9 

;T i i0 Normal response except for Normal response except for Normal response except lor Norir.al excrpt for anomalous 
spurious point at scan No. small drift during the 2 hr drift during 17-hr period at drop In Ci>0 for ^1.5 hr during 
87 prior to loading above 71 MPa "-76 KPa hold and initial loading above 

110 MPa 
2T 1)1 Normal response except for Normal response Normal response formal response 

spurious point at scan No. 
26 

2T 1)2 Erratic response Krratlc response ''rratlc response Large drlf» during hold period; 
normal response duripg loading 
and unloading 

'l Ml'a - 145.04 pal. 
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associated with the way the gages were mounted. However, when the gages 
indicate a change la COD, the response of the gages to loading in one 
direction appears to give reasonable differential values. 

The type of COD 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 test was noisy, as shown in Fig. 4.24, and drifted with time, as 
shown in Fig. 4.25. As a consequence of this behavior, recalibrations were 

OANL-OWG 71-1418 

PRESSURE IMP*) 

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 in,). 
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Fig. 4.25. Drift in COD (ZT 130) during hold period in 3rd cycle 
(1 mm - 0.0394 in.). 

made after the test, and the sensitivity of the output to temperature 
changes was investigated. This work confirmed the original calibration. 
With curve-fitting analysis of these COD data, results are obtained Chat 
are believed to be valid. An illustration of this treatment of the data 
is given in Fig. 4.26. In the case illustrated, a correct interpretation 
of the data ircnedlately after the time of rupture is net possible because 
of the disturbance the escaping fluid caused, but it wou 1^ be reasonable 
ro suppose that values of COD could be interpolated between the two sep­
tic .o >f Clie fitted 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 deformation during periods of constant load. 
A complete record of test data is included in this report on microfiche, 
as described in Appendix B. The behavior of the flaw during pressurlza-
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. Sc'tlamp 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 mldplane 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 strain be­
havior Figs. 5.2 and 5.3 show strain vs pressure over all four cycles for 
two inside locations, 180° and 270° from the flaw, respectively. These 
plots show that there was little hysteresis during the first three cycles 
at locations far from the flaw. 

The inside aad outside circumferential strains at 45° intervals from 
the flaw are shown in Fig. 5.4 through 5.10. The points plotted are a 
composite of the increasing 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 COD and strain plots are Figs. 5.12 and 5.13, respectively. 
Since defoliations are high, there is substantial residual deformation upon 
unloading. However, one may notice that, in a subsequent reloading of the 
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vessel, the strain or COD tends to retrace th< previous unloading line 
until the previous high pressure is reached ajain. 

It has been noted in Chapter 4 that the long segments of constant 
outside COD while pressure is changing are probably artifacts and not 
true representations of vessel 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 1, 2, and 4 are presented 
in Figs. j.14 and 5.15. Similarly, composite data for outside and inside 
strain gages near the flaw are given in Figs. 5.16 through 5.19. 

5.2 General Response of Vessel to Sustained Load 

When subjected to pneumatic loading, vessel V-7A exhibited a creeping 
deformation for some time after pumping stopped. This phenomenon had 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 olots is shown in Fig. 
5.24. 

5.3 Sustained-Load Behavior of Flaw 

The sustained-lo<»d behavior of the flaw is characterized by the 
changes in COD of the flaw and strains nearby. At several levels below 
maximum (rupture) pressure, the pressurization of V-7A wa^ 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 following 
rupture. Plots of the CODs vs time for a period 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 indicate 
that the vessel was stable at the time of ligament rupture. 
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5.4 Response of Weld-Repair Zone to Pressure Changes 

The observation of the behavior of the Section XI weld-repair zone 
wa3 a secondary objective of the V-7A test. Accordingly, strain gages 
were placed in the repair zone 225° from the flaw, as ahown in Fig. 5.27. 
Outsio? and inside strains at the center of the repair and in base metal 
at symmetrical locations with respect to the flaw center.1 ine are presented 
in Figs. 5.28 through 5.31. 

5.5 Ultrasonic Observation of Crack Tip 

The ultrasonic monitoring of the crack growth in 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 arrangement for the V-7A test, the 
inside surface was used as a reflector 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 region of the crack. 

The V-7A method resulted in loss of signal strength and a confusing 
mixture of signals uora irrelevant reflectors at about the same time as 
the signal from the crack. Interpretation was difficult; however, with 
close observation throughout the test, the relevant signal was separated 
from the others with a fair degree of assurance. By calibration of the 
system with an external block 25.4 mm (1 in.) thick, it was inferred that 
the machined ligament in the vessel was only 23 mm (0.91 in.) thick, while 
it was supposed co be 25.4 mm. This ult-asonic measurement was confirmed 
in th<» posttest examination of the vessel. 

Crack depth vs vessel pressure for transducer 2 (XE 141) is plotted 
in Fig. 5.33. The ultrasonically measured crack depth is reckoned from 
the machined surface at the bottom of the notch. The first pressure cycle 
to 66.1 MPa (9.6 ksi) did not open the EB weld crack sufficiently to make 
it detectable in the V-7A test. fWlth the V-7 arrangement of transducers, 
the EB weld crack was detected at less than 35 MPa (5 ksi).] On the second 
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cycle, the crack became visible at 115 MPa (16.7 ksi), and its depth in­
creased with pressure to 11 mm (0.45 in.) at the peak pressure in the 
cycle, 126 MPa (18.3 ksi). During the third cycle, the crack indication 
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 Q D (0.55 in.) 
at the peak pressure in the cycle, 121 MPa (17.5 ksi). The ultrasonic 
indication during; the fourth cycle folloved 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 pres­
sure until lust before vessel failure when the confusion of signals made 
interpretation impossible. 

Transducer 3 (XE 140) ceased to function properly after the vessel 
test temperature was 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.) froa the 
sloping machined surface of the notch. Transducer 4 gave no definite indi­
cation of any crack extension 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 nu-̂ hined notch. A plaster cast of the creased region was made and 
sectioned for measurement of the local deformat ions. In the central 100 
mm (4 in.), the crease is sharp and about 3 ann (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 flaved regicn was flame cut from the vessel, the fracture 
along the crease opened so that a crack ever 100 mm long (4 in.) was 
clearly visible, as shown in Fig. 5.35. The cutting operation removed 
the postteat residual compressive load, allowed the crack to open, and 
possib1; allowed some addifional tearing along the inside surface. The 
surface of the unruptured patch is shown in Fig. 5.36. As 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 shown 
in Fig. 5.37. The residual crack opening at the base 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 beyond 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 in.) rather than 8 mo (0.31 in.). The machined ligament 
(before EB weld cracking and necking) was found to be 23 mo thick (0.91 
in.) rather than the nominal 25.4 mm (1 in.) planned. This discrepancy 
was discovered during the test by the ultrasonic instrumentation. 

The crack extensions axially were variable up to about 13 mm (0.51 
in.), confirming the measurement made ultrasonically during the test by 
transducer XE 143. Crack extensions in all regions 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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Fig. 5.11. Locations of sensors near the flaw :'.n V-7A. 
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Fig. 5.15. Mid-depth COD (ZT 133) vs pressure. Data for rising 
pressure only plotted for cycles 1, 2, and 4. 



Fig. 5.16. Outride circumferential strcins near the flaw at closure 
end vs pressure. Data for rising pressure only plotted for cycles 1, 2, 
and 4. 
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Fig. 5.J7. Outside circumferential strains near the flaw at hemi­
spherical end vs pressure. Data for rising pressure only plotted for 
cycles 1, 2, and 4. 
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Fig. 5.18. Inside circumferential strains near the flaw at closure 
end vs pressure. Data for rising pressure only plotted for cycles 1, 2, 
and 4. 

0»NL :-WG 78 Ti78 
l | r m ) T T T I | » I T T I M I I 'p l f T t > r f > | I 1 I T | ' r ^ T f f T i i i i i | i i i i f t i i i | - i i i i i i i f f i 

" O . u F 

O.Jf 

XE 3? : 

XE 36 

I ' l l ' " 1 " " 1 ' " 1 . . . . L . . . . I 1 M . . . I . . . . I • . . . I . . . . I I 1 . . I . . 1 ,-
0 JO 10 60 9C I0O 120 m 0 I M 

PBSSSURF. !MPjl 
-?0 

Fig. 5.19. Inside circumferential strains near the flaw at hemi­
spherical end vs pressure. Data for rising pressure only plotted for 
cycles 1, 2, and 4. 
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Fig. 5.20. Inside (XE 56) and outside (XE 96) circumferential strain 
from flaw vs time during postrupture sustained load. 
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Fig. 5.21. Inside (XE 72) and outside (XE 88) circumferential strain 
from flaw vs time during postrupture sustained load. 
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Fig. 5.22. Inside (XE 35) and outside (XE 104) circumferential strain 
near flaw at closure end vs time during postrupture sustained load. 
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Fig. 5.23. Inside (XE 39) and outside (XE 103) circumferential strain 
near flaw at hemispherical end vs time during postrupture sustained load. 
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Fig. 5.24. Vessel pressure vs time during postrupture sustained load. 
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Fig. 5.25. Outside COD vs time during postrupture sustained load. 
The ccspletely constant responses of gages ZT 128 and ZT 129 may be arti­
facts and not real. 
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Fig. 5.26. Mid-depth COD vs time during postrupturp sustained load. 
Data fitted by piecwise cubic splines. 
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Fig. 5.27. Layout of strain ga^es in weld-repair zone. 
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Fig. 5.28. Outside circumferential strains at center of repair zone 
(XE 115) and at symmetrical location (XE 95) vs pressure during cycles 1 
and 2. 

Fig. 5.29. Outside circumferential strains at center of repair zone 
(XE 115) and at symmetrical location (XE 95) vs pressure during cycles 3 
and 4. 
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Fig. 5.31. Inside circumferential strains at center of repair zone 
(XE 60) and at symmetrical location (XE 57) vs pressure durinf? cycles 3 
and 4, 
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Fig. 5.32. Ultrasonic transducer arrangement for test vessel V-7/ 
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PRESSURE 

Fig. 5.33. Ligament crack d^pth as measured ultrasonically from 
machined bottom surface of the notch in vessel V-7A. 



PHOTO 6421-76 

oo 

Fig. 5.34. Mirror image of inside surface of vessel V-7A heneath the 
notch after rupture. 



CLOSURE 
PHOTO 4/87A-76 

Fig. 5.35. Appearance of crack at inside surface of V-7A after the 
fracture zone was cut from vessel (1 cm = 0.394 In.). 



PHOTO 4705-76 

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



. ^ V ^ , H PHOTO 5422 76 

Fig. 5.37. Externa] appearance of V-7A flaw ,:1 ter rupture before 
removal from vessel (1 cm = 0.394 in.). 



IO 

Fig. 5.38. External appearance of closure end of V-7A tlaw after 
removal of fracture zone from vessel (1 cm » 0.394 in.). 
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Fig. 5.40. Fracture zone flame cut from vessel V-7A (1 cm • 0.394 
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Fig. 5.42. Schematic of V-7A fracture surface. 
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Reference 

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

The V-7A test was initially conceived as .in attempt to replicate, 
except for the pressurizing fluid, the conditions imposed on 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 possibly 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 analytically or experimentally for flaws and test conditions of the 
intermediate test ve&sel 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 vessel 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 arc concerned. 
The pressurization schedules of the two tests are shown in Fig 6.1, and 
COD measurements are compared in Fig. 6.2. From comparisons of these data 
an-- the ultrasonic and acoustic-emission observations, we have found no 
evidence that the pneumatic loading, the cycling, or the protracted pres­
surization schedule affected the stable cr?~.k growth. 

The principal objective of studying the effect of sustained loading 
after rupture was accomplished. The pressure was maintained within i.l% 
of maximum pressure for 30 min after rupture. Vessel deformations con­
tinued during sustained loading after rupture generally as they had before 
rupture, as indicated in Figc. 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 zona. The repair zone withstood high strains, Imposed partly 
as a result of the residual deformation from the earlier test. The region 
was remarkably free of acoustic-emission activity. 
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Fig. 6.1. Pressurizi":ion histories for intermediate vessel tests V-7 
and V-7A (1 MPa = 145.04 psi). 

Tlie flaw ligament ruptured (without the vessel bursting) as '.iad been 
predicted. Neither the V-7 nor the V-7A test provides any basis for con-
finning the estimated «rargin to burst. The ligament rupture pressure of 
V-7A was very close to that o? V-7. Crack Rrtension as a function of pres­
sure can be compared only approximately, but there appears to he little 
difference. 

The initial flaw in V-7A was deeper rhan had been estimated fvom EB 
weld crack studies before the V-7 test. The uncracked ligament in V-7A 
was actually 10 nun (0.39 in.), while the pretest estimate was 17.3 mm 
(0.688 in.). Comparable posttest measurements were not made on vessel 
V-7. If the ligament size was different in vessel V-7, it did not affect 
the rupture pressure, presumably because the crack in the ligament ex­
tended stably prior to rupture in both ests. 

Posttest metallographic examination of the fracture surfaces in 
vessel V-7A confirm that the original flaw was sharpened arour/ the entire 
periphery, and that crack extension was by a dimpled mod • of fracture 
typical of stable crack extension on the upper shelf. 
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Appendix A 

WELDING SPECIFICATION NO. W-HB 100* 

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

Scope 

This specification covers the Welding Procedure (Part I) and Welder 
Performance Qualification and Procedure Qualification Tests (Part II) for 
•manual shielded netal-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 veld repairs from the exterior using the "half-bead" technique, 
whereby the entire cavity of the preheated vessel is "buttered" using 3/32-
itt.-diaa electrodes. The "buttered" deposit thickness is then half removed 
by grinding. Subsequently, the remainder of the cavit-r is then filled 
using first 1/8-in., then 5/32-in.-diao electrodes. Removal of half of the 
initial weld layer (buttering) permits the heat from the next 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.l will be repaired by this welding procedure. This 
procedure may require the preparation and welding of two types of test 
pieces, as follows: 

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

Reference: ASME Boiler and Pressure Veeeel 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" is used to 
mean the Union Carbide Corporation—Nuclear Division. 
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Fig. A. l . HSST intermediate vesse l V-7. 
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Fig. A.2. Preparations for 3-in. qualification plate weld. Welding 
position — 1G, fixed flat. 

Test Piece B: 6-in.-thick, ASTM A533, grade B, class 1, or equal 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 variables for welding performance 
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 specification ire for Information only. 



186 

OSCNSIONS M£ M MCHES 

Fig. A.3. Preparations for 6-in. qualification plate weld. Welding 
position — 1G, fixed flat. 

Participation of UCC-HD 

The UCC-HD's representatives and Inspectors shall have access to the 
fabricator's facilities to witness all work and to make strain aeasureaents. 

Surface strain aeasureaents aay be aade by the UCC-ND on Test Piece B. 
The UCC-BD shall furnish aaterlals, labor, and equlpaent for this work; the 
fabricator shall provide utilities to support the work. This work consists 
of the application of weldable strain gages to the piece after the backing 
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i _ . PROLONG _ i i 
*• CTLMHOCR OVERALL LENGTH - - 24 

Fig. A.4. Held repair preparations for intermediate test vessel V-7 
prolongation. Welding position — 1G fixed flat. (Not shown: 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 measurements will be recorded as follows: 

1. prior to the application of preheat; 
2. after the vessel reaches the specified preheat range but before 

welding commences; 
3. after all welding is completed but prior to the post-veld heat 

treataent; 
A. after the post-weld heat treataent is completed but before cooling; 
5. after the temperature has been at amblant temperature for a mini­

mum of 2 hours but before removal of bracing and restraints; 
6. after removal of bracing and restraints. 
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Acceptance of work 

The fabricator shall furnish test coupons made 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 sufficient width and thickness such that 
tensile and impact specimens cau i-e removed and shall be no less than 56 
in. in total length. 

Prior to the start of welding on the cavity of the vessel the fabri­
cator shall furnish the UCC-ND a report of the welding aaterial properties 
determined in accordance with Section 3 of Part I of this specification. 
Velding on the cavity in Test Piece B and the vessel shall not co—nice 
without the buyer's consent of DCC-ND if tensile and impact properties of 
welding material do not conform to the specification SFA-5.5, AWS Classi­
fication E8016-C3 of Section II of the Code. The UCC-ND say, under 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 
transmittal 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 Piece 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 E; 

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

Part I — Welding Proce ire 

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

2. Base metal 

Tho 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 QW 
422, Section IX of the Code). 

3. Filler metal 

The filler metal shall be covered low-alloy steel electrodes and shall 
conform to the requirements of specification SFA-5.5, AWS Classification 
E8018-C3 of Section II of tht Code or, if the fabricator so elects, shall 
conform to such other specifications z~i u y 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 I 
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 polarity (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 
diaaeter Amperages 

(in.) 

3/32 85-100 
1/8 110-140 
5/32 130-185 

5. Repair zone 

For preheating purposes the repair zone of a teat piece shall consist 
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 a minimum distance of 3T* from 
the boundary of the cavity. For inspection purposes the repair zone of 
the vessel and test pieces shall consist of the regions specified above 
for the vessel, except the distance there specified shall be IT.1 

6. Instrumentation 

Thermocouples and recording instruments shall be used to monitor the 
preheat, gouging, grinding, welding, and final post-weld heat treatment 
operations. Thermocouples may be attached by welding where practicable. 

7. Cavity preparation and cleaning 

The cavities ijr 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 lo 400°F until air-
arc gouging and grinding are finished.2 After air-axc gouging is completed 

nT means n times the wall thickness. 
'This is a deviation from the Code, which requires an examination of 

a 3T band. 
2This is 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 be pre­
pared and kept at the job site. 

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

In final preparation for welding, the cavity shall be ground smooth 
and clean with beveled ei^es and edges slightly rounded to provide suit­
able accessibility for welding. The surfaces within IT distance of :he 
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joint shall be cleaned of all dirt, 01}, grease, paint and excessive 
amounts of scale and rust. The cavities of the vessel and test pieces 
shall be examined by magnetic particle inspection in accordance with the 
requirements of IWA-2221 prior to welding. Additional grinding shall 
be performed with preheat as necessary to remove indications of flaws. 
Actual dimensions and location of the cavity shall be documented. 

8. Care of welding electrodes 

Prior to welding Test Piect B or the vessel the fabricator shall 
submit to the UCC-ND his detailed procedures for care of electrodes. 

The moisture content in the protective coating of the low hydrogen 
electrodes shall not exceed 0.4Z by weight. The following steps shall 
be taken to prevent moisture pickup provided that, with prior written 
approval of UCC-NO, 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 piiced in the oven 
for baking. During the baking cycle, the temperature 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 tne electrodes are allowed to cool below 150°F, they shall be trans­
ferred to holding ovens operating in temperature ranges of 225CF to 30C°F. 
Electrodes shall not be rebaked more than once. 

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

9. Conditions for welding 

The vessel shall be adequately braced to prevent warpage. Te3t pieces 
shall be restrained to avoid warpage and to simulate the restraint of the 
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vessel. Backing plates shall be installed before anchoring or bracing. 
Backing plr.tes shall consist of two layers of 1/8-in.-thick by 2-in.-
wide cold-rolled steel strip, ASTM A108, grade 1018 or 1020. Flat test 
piece* shall be anchored to heavy support plates or welding tables. 

All subsequent impair work shall be performed with preheat applied 
to the base material. The preheat temperature in the repair zone shall 
be within the temperature range of 350 to 500CF. The temperature shall 
not be allowed to fall below 350°F until the completion of a post-veld 
heat treatment at 450 to 550"F for 4 hours. If electrical heat is used, 
standby torches shall be provided to maintain vessel temperature in case 
of prolonged power outages. 

10. Position of welding 

Ail welding shall be done in the 1G, fixed flat position. 

11. Weld metal deposition 

Welding shall be done in general accordance with the illustrations 
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. Approximately one-half the thickness 
of this buttering layer shall be removed by grinding before depositing a 
second layer. Special procedures shall be established as needed to control 
the grinding of the buttering layer. Such procedures may employ the use of 
vor!_aianship specimens, dimensional measurements, or other ceans to demon­
strate compliance. The maximum interpass temperature shall be held to 
500°F. See Step 2. The second layer and the initial 1/4-in. deposit (as 
a minimum) 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.-dlam 
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 beads and their heac-affected zones as shown in Step 3. 
The completed weld shall have at least one layer of weld reinforcement 
(temper pass) deposited, and then this reinforcement shall be removed by 
grinding, making the finished surface of the repair substantially flush 
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PLAN 

LONGITUDINAL SECTION 

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

CROSS SECTION 

STEP-2 
REMOVE HALF OF FIRST LAYER ("BUTTERING" LAYER) BY GRINDING. 
DEPOSIT SECOND LAYER AND THE INITIAL 1/'4-w. OEPOSIT (AS A 
MINIMUM) USING 1/B-in. DIAMETER COATED ELECTRODE. WELD 
PROGRESSION-SAME AS ABOVE. 

•TEP-3 
COMPLETE THE JOINT USING 1/B-in. AND/OR 6/32-in. OiAMETER 
COATED ELECTRODES. THE MAXIMUM BEAD WIDTH SHALL NOT 
EXCEEO FOUR TIMES THE ELECTRODE CORE OIAMETER. WELD PRO­
GRESSION-IK FLAT LAYERS FROM BOTTOM UP. THE FINAL LAYER 
OVERLAPS. BUT SHALL NOT EXTEND 8EY0ND THE "BUTTERING" 
DEPOSITED BY 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. 



195 

witp the surface of the vessel surrotmding the repair. Likewise, follow­
ing all welding and the post-heat and cooldown, the backing plate shall 
be removed, and the interior repair surface shall be contoured evenly to 

conform 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 controlling the thickness of the 
buttering layer shall be kept at the job site during this part of the work. 

12. Inspection during welding 

A magnetic particle examination (XT) 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.3 The final HT 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 1-3121. A magnetic 
particle examination in accordance with IWA-2221 shall be made of the 
surfaces of the repair zone and of areas representing locations of weld 
attachments. A visual examination shall be made in accordance with IWA-
2210. 

An evaluation shall be made of each flaw indication, if necessary, 
repair? of the repair zone of the vessel shall be made in accordance with 

3This 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 described in the foregoing sections of 
Part I. 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 Qualification 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 shall be 
tested by completing the welding of a plate as specified for Test Piece 
A, which shall be tested in accordance with QW-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. Only 
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 weld­
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 welo in accordance with W-HB 100. 

A. Retests 

A welder 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 withdrawn 
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. 
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Fig. A. 7. 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 system (CCDAS) consist of 3120 scans of temperature, pressure, 
crack-opening displacement (COD), and strain measurements recorded on 
magnetic tape. Ten additional channels of strain data were recorded on 
Vishay equipment; these data consist of 333 scans, the times of which 
were recorded by 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 S, and a set of measured data in SI units. Conversions are 
giver, in Table B.l. 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.l. Conversions from SI to English units 

Va SI Multiplier of SI value English 
unit to obtain English value unit 

Pressure MPa C 14504 ksi 
COD mm 0.039370 in. 
Strain ym/m 1.0 pin./in 
Temperature (°F) « 9/5 [temperature (°C)] + 32 
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Table E.2. Index to V-7A data on microfiche 

Fiche No. Colinm No. Table No. and description 

1 1-5 1 — Teaperature 
6-10 2 — Pressure and CCS 

11-15 3 - CCDAS strain, XE33-42 
16-18 4 - CCDAS strain, XE43-49, XE51-53 

2 1-2 4 — continued 
3-7 5 — CCDAS strain, XE54-61, 64, 65 
8-12 6 - CCI>AS strain, XE66-69, 72, 83-87 
13-17 7 - CCDAS strain, XE88-97 
18 Blank 

3 1-5 8 - CCDAS strain, XE98-107 
6-10 9 - CCDAS strain, XE108-115, 117, 118 

11-15 10 - CCDAS strain, XE119-124 
16 11 - Vishey strain, XE73-82 
17-18 Blank 

Table 4 is continued on fiche No. 2. 

Table B.3. Erroneous data 
from good sensors 

Sensor Scan N'». 

PE30 344 
XE41, 48-61 137 
ZT129 609 
ZT130 87 
ZT131 26 
XE93-124 345 
TE21-29 345 
XE37, 49-72 346 
XE8 3-124 346 
TE21-29 346 
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Appendix C 

ACOUSTIC-EMISSION MONITORING OF HSST 
INTERMEDIATE TEST 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 less 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 method?. 

Acoustic-emission techniques have been successfully applied to the 
evaluation of structural integrity in bridges, nuclear and petrochemical 
pressure vessels, pipeline, wind tunnels, rocket motor cases, composite 
materials, and aircraft. 1 - 1' Acoustic emission has already been incor­
porated into production line testing in one Nuclear Regulatory Commission 
(NRC) facility.9 

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 standard12 covering the application of the tech­
nique. Several acoustic-emission examinations have already been performed 
in accordance with this document. 1 J~ 1 1' 

The Nuclear Regulatory Commission (NRC), in conjunction with Oak Ridge 
National Laboratory, is conducting a continuing test program on heavy-
section steel pressure vessels. The purpose of this program is to gather 
experimental data concerning the failure modes of thi-.k-walled pressure 
vessels 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 aethods 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 these test vessels. This report covers the monitoring 
of intermediate test vessel V-7A during the first pneumatic test of an in­
termediate test vessel in the HSST program. The D/E source location system 
utilized in this test is described in the next section. 

Instrumentation 

The D/E model 1032 Source Location Systea is a portable systea 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 source 
Information in real time on a storage display scope (CRT). In addition, 
pertinent event information, including source coordinates, event size, and 
paraaetric input, are printed by a high-speed teleprinter and recorded on 
cassette for future use. 

The 1032 utilizes a unique monitoring 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 
triangle boundary. Multiple arrays can be positioned arbitrarily on a 
structure as each array has its own monitoring area and wave speed cali­
bration 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 computer. If structural acoustics allow, valid data 
can be accepted ac a rate of 3000 events per second for short periods of 
time. Data processing 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 configuration, two transducers can be attached 
to a test piece in lieu of four channel arrays. Lines and arrays can be 
intermixed, allowing maximum coverage of difficult geometries. A block 
diagram of the systea is presented in Fig. C.l. 
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The 1032 CRT provides an instantaneous display of the location of 
each source in relation to the position of the sensors (array) involved. 
In addition, a histogram (or bar graph) shoving Lhe number of events for 
each array is constantly updated and displayed on the CRT along with the 
currently displayed array. The histogram keeps the operator aware of total 
system activity* thus allowing alternate viewing of any active array. All 
CRT source coordinates are stored in computer memory, allowing alternate 
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 histogram scaling factors. 

Experimental Procedure 

HSST vessel V-7, fabricated from ASTM A533 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 fle.;ed 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 in Fig. C.3; its location is shown in Fig. C.4. Vessel V-7 A 
was monitored for acoustic-emission during a pneumatic pressure cest con­
ducted June 15 to 18, 1976. Test and calibiatlon procedures were in ac­
cordance with the ASME Proposed Standard for Acoustic-Emission Examination 
During Application of Pressure.12 

The cylindrical section of vessel V-7A was instrumented with two ar­
rays of 4 transducers each (8 channels). Transducer' were attached to the 
structure with magnetic hold-downs. A thin layer of GE-G-623 silicone 
grease was usei 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 transducer 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 system 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 initiated at the start 
of the first pressure cycle and continued for the pressurization period 
of the four cycles. No monitoring for AE vas done during the overnight 
hold periods at pressure (refer to Fig. C.6 for these hold periods). The 
vessel temperature was maintained between 88 and 93°C (190 and 200°F) 
throughout the test period. 

Th<f 1032 system specifications during the conduct of the pneumatic 
re«i were as follows: 

Transducers: S140B, 140 kHz resonant frequency, single ended 
Filters: 120 to 240 kHz 
Preamplifier gain: 40 dS 
Signal conditioner gain: 40 dB 
Total system gain: 80 dB 
Arrival time resolution: 0.1 usee 
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 sa&e resonant frequency as 
the monitoring transducers, were attached to the structure within the moni­
toring area of each array. The 1032 pulse generator provided repeatable 
electrical signals to each pulser transducer; the resulting mechanical sur­
face waves 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-
tlonal accuracy of the various arrays. The locational accuracy for each 
of the arrays is listed in Table C.l. The accuracy was within ±5% of 
transducer spacing for both arrays as specified in the ASME Proposed 
Standard for Acoustic-Emission Examination during Application of Pres­
sure. 1 2 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.ll. 
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Table C.l. Intermediate test 
vessel V-7A simulated source 

locatiooal accuracy 

Accuracy Array No. r ,. i, J [mm (xn.)J 

0 ±25 (±1.0) 
1 ±13 (±0.5) 

The column headings in Figs. C.S through C.ll arer defined as follows: 

EVENT Sequence number of events evaluated for validity 
ARY Array number 
DTO, .... DT3 Differential times (0.1 \isec) of arrival at trans­

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

coordinate system 
COUNTS Number of peaks in signal exceeding selected thresh­

old 
TIME Internal clock time of event (0.01 hr) 
PARAM Pressure signal from CCDAS system PE30 (atm) 

A diamond in the PARAM column means the location of the source is outside 
the area of the CRT display. 

Figures C.12 through C.19 represent hard copy reproductions 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 
iine 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,1 the reasons tor chi» disparity are vessel 
geometry, transducer spacing and placement, and the presence of multiple 
sound paths. 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 situation, transducers would be 

file:///isec
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separated by at least five times the vessel thickness in order to reduce 
the effect of bulk wave velocity transmission paths. The V-7A heating 
coils prevented cransducer spacings of this magnitude. The system ac­
curacy for a single type of wave velocity (surface wave) is demonstrated 
by the pulser locattonal accuracy shown in Table C.l. 

Several of the events recorded during the first cycle originated In 
the electron-beam (EB) weld at the base cf the flaw. Events attributed 
to crack propagation through the base metal commenced at about 83 MPa 
(12,000 psl) and continued until rupture occurred at 144 MPa (20,9?0 psi). 
No emission 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 area might be attributed to frictlonal 
noise generated by rubbing of the heater coils against the vessel surface. 

The Dunegan/Endevco Test Analysis Program was utilized to generate a 
summation of counts-v3-pressure CRT graphs for each array (Figs. C.22 and 
C.23). Figure C.24 is a summation of counts from both arrays vs pressure. 
As can be seen 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-ys-pressure curve could have been utilized to halt 
pressurization prior to failure had this been desirable. A substantial 
change In slope was detected between 128 and 144 MPa (18,500 and 20,920 
psl). 

2. The bulk of the recorded enission appears to have originated in 
the flaw zone. The error In location is due to geometry constraints. A 
larger vessel, and significantly larger arrays, would reduce scatter and 
improve locational accuracy. 

3. The repaired flaw did not generate acoustic emission under the 
imposed stress conditions. 
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Fig. C.8. Terminal printout of Information associated with aach 
valid event of cycle 1. 
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215 0 0 574 
220 1 875 1807 
230 1 492 0 
246 0 0 550 
£49 1 53 1035 
250 1 0 130 
264 0 391 0 
270 0 955 1782 
271 1 248 8 

10249 0 471 2206 
CAS OFF 

*T2 DT3 X 

1301 1061 -15.8 
1827 0 -10.5 
394 1016 4.0 
2348 0 -18.5 
1671 1690 -11.5 

0 H I -3.3 

0 740 26.7 
333 990 -2.8 
141? 1732 -7.9 
424 1675 O.C 

0 1800 9.5 
1995 1594 -8.8 
1366 1676 -7.2 
1743 1831 -10.7 
2199 2049 -6.5 

0 403 40.2 
1277 904 -15.2 

0 1765 -13.9 
1246 1092 -4.6 

0 1997 -41.4 
0 1447 6.2 
0 1358 11.3 
0 1540 7.3 

1338 1849 -5.8 
0 796 21.3 
0 1637 7.2 

1446 1630 -7.1 
0 1249 7.4 

23 1325 4.6 
1550 1737 -5.7 
1336 1968 -8.7 
697 1505 -0.9 
2545 1930 -6.7 
1046 1480 -5.9 
764 1800 0.7 
1633 0 -3.8 
60 1333 4.3 
412 1751 2.6 
1551 1658 -9.1 
1464 1565 -8.9 
369 376 2.3 

0 1863 11.2 
1430 1540 -8.r, 
730 1809 -0.7 

0 1242 5.8 
733 1073 -4.0 
1121 1359 -8.6 

0 1974 8.9 
1470 0 -21.3 

0 911 12.6 

ORM.-DWG 78-1814 

V COUNTS TINE PAPAH 

-5.0 109 125 0532 
19.5 359 127 0537 
-2.5 15 128 0540 
11.7 11 135 0560 
-6.9 29 228 0690 
1.9 8 255 0712 

1.0 28 It 0733 
-10.0 109 42 0807 
-8.2 37 42 0807 

-10.6 54 44 0811 
~cf» %* 16 46 0816 
-1.1 25 70 6975 
-7.5 16 74 0886 
-7.3 28 75 0886 
-2.3 2 75 0886 
8.5 4096 83 *905 
-2.7 103 85 0904 
7.8 10 88 0908 
-1.3 9 90 0914 
18.9 17 95 0926 
-5.0 28 105 0951 
2.5 39 115 0976 
-5.0 58 124 0998 
-8.7 23 126 1004 
5.5 4 126 100* 
-8.2 24 129 1011 
-6.1 14 140 1037 
-3.-1 55 14| 1040 
-6.8 30 143 1044 
-5.1 20 148 1058 

-13.5 4 150 1064 
-7.6 30 151 1064 
1.5 73 199 1097 

-S.2 7 204 1112 
-7.9 22 206 1117 
7.-5 25 208 1123 
-7.0 47 212 1136 
-8.1 18 215 1142 
-6.5 18 221 1161 
-6.3 17 249 1173 
1.2 110 249 1174 

-7.1 47 254 1187 
-6.2 15 259 1202 
-9.5 32 267 1222 
-5.5 75 268 1225 
-5.9 71 268 1226 
-8.0 78 278 1254 
-7.3 *» 280 1253 
12.4 84 233 1251 
4.6 79 380 0652 

Fig. C.9. Terminal printout of information associated with each 
valid event of cycle 2. 



DRTfl RUN 3 

EVENT BRY DTO DTI DT2 DT3 
CBS QN 

4 0 1582 
6 1 1073 
5 0 479 
20 1 558 
40 0 613 
73 1 1083 
7? 0 0 

599 263 
2000 2217 

0 413 
1400 0 

0 1486 
2113 1334 
590 1305 

Fig. CIO. Terminal printout 
valid event of cycle 3. 

ORNL-OWG 78 1815 

X Y COUNTS TIME PBRBM 
3.9 -0.0 1 110 0596 

-8.2 -7.2 31 114 0603 
17.1 8. 1 7 19 0779 
26.9 36.6 792 30 1795 
11.2 -4.9 133 151 0963 
75.5 -8.4 12 231 1079* 
2.8 -3.8 73 290 1183 

information asaorlated with each 
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•AT* PVH 4 

EVCHT W f *T© »T1 PT2 *T3 

3 1 V 2 9 6 4 9 5 t « « 2 0 
3 5 1 1 0 1 2 0 1 8 1 6 2 1 7 2 
3 9 t 4 9 0 0 1 6 2 9 5 2 7 
4 4 1 1 5 3 5 0 1 5 6 1 2 4 9 7 
5 8 0 0 6 3 0 
6 8 1 1 5 2 2 0 1 5 6 3 2 2 6 3 
6 1 1 5 6 1 0 1 1 7 7 6 7 1 
6 6 1 7 2 9 0 1 7 5 6 8 1 
6 $ 1 9 5 l ! 6 « 0 1 1 4 4 
7C 0 1 3 0 0 2 l » 5 2 2 2 7 0 
73 1 1 1 8 1 4 3 3 0 1 7 0 7 
7 4 0 6 1 6 3 9 7 0 1 3 0 3 
7 2 1 5 4 5 2 5 7 9 0 9 6 8 
7 9 0 0 5 8 4 1 7 2 8 1 1 1 6 
3 4 •> 2 7 9 0 1 0 4 6 1 4 9 0 
8 5 0 6 8 2 0 I 8 6 0 1 7 2 8 
8 8 1. 4 9 0 0 1 9 8 6 2 0 3 0 
8 9 1 3 4 9 0 U 2 2 1 5 5 8 
9 1 0 5 8 0 1 0 1 9 1 0 5 5 
9 3 1 1 2 6 9 2 3 2 2 0 1906 
9 4 0 0 8 7 2 5 6 1 2 2 0 
9 9 1 4 8 0 1 5 0 5 1 7 3 3 

1 8 2 0 2 0 8 0 1 4 5 4 1 3 7 7 
1 8 3 1 7 1 5 0 1 4 4 7 1 8 5 6 
1 2 0 0 0 3 1 3 3 7 6 9 8 2 
1 3 3 1 0 1 2 8 7 5 5 3 t 0 4 ? 
1 3 4 0 371 0 1 9 2 4 9 0 
1 4 1 0 8 4 7 0 2 4 5 9 1 3 9 * 
1 4 4 1 1 4 6 8 0 2 3 2 5 2 3 9 3 
1 4 6 1 2 0 0 0 1 4 1 2 1 5 5 1 
1 5 2 1 0 8 6 6 1 1 7 1 2 9 9 
1 6 4 1 1 4 7 1 5 0 2 6 6 1 0 
1 6 8 0 6 6 6 0 1 3 6 0 1 6 4 8 
1 7 9 1 1 5 9 1 0 4 7 1 4 4 4 0 
1 8 1 0 6 1 ? J 7 6 5 0 1 6 7 ? 
18!* 0 3'*5 1 4 6 0 0 1 5 4 8 
1 8 5 0 2 2 8 0 1 3 6 8 1 3 * 7 
1 8 8 0 3 1 ? 1 5 4 ) 1 3 o 3 
1 9 0 0 6 0 5 1 4 1 0 u 1 5 * 0 
1 9 6 0 8 5 1 0 : . 5 3 i 1 7 2 8 
2 0 0 V 0 3 5 8 1 9 8 6 1 4 9 1 
2 0 ? 0 V 5 7 6 9 8 3 1 0 2 9 
2 1 4 0 u 1 8 0 1 0 4 " 5 1 5 
2 1 8 0 >64 0 1 5 2 5 1 4 2 * 
2 2 1 1 0 10 •<» 1 6 0 1 3 3 3 
2 2 5 0 0 3 3 1 5 4 8 1 3 5 8 
2 2 7 1 0 2 0 6 7 3 1 9 1?7 
2 2 9 1 1 3 1 6 2 5 1 3 0 1 9 8 9 
2 3 0 1 0 1 2 8 4 ^^rA 1 1 3 1 
2 4 2 1 2 9 6 i.i 1 5 8 6 1 5 8 5 
2 4 4 0 9 1 1 i> 1 7 9 6 1 8 8 5 
2 4 5 1 4 9 7 1 7 7 2 0 1 3 2 1 
2 * 0 1 4 7 ? 2 0 1 5 0 1 2 0 1 
172 1 5 2 » 0 1 5 - 2 1 5 5 8 
2 7 5 I 0 9 3 3 v«. 1 0 2 1 
Z12 1 0 1 3 6 2 * 1 2 1 1 2 0 

217 

/. 1 COUNTS TIHE W W H 

- 1 1 . 9 1 0 . * 1 6 3 0 4 ] 1186 
- 9 . 1 - * .« 2 4 3 2 1 1 1214 

- 2 4 . 2 * . 7 1 1 1 ? 2 ! 1 1216 
l ? . l 1 " . 3 f 2 8 3 2 4 1 1221 

- 1 3 . 0 . ' . 5 1 3 8 0 1 1 2 5 * 
1 7 . 8 , 1 4 . 8 1 4 9 4 1 4 ] 2 7 9 

- 8 0 . to - 5 . 5 9 5 3 4 1 4 1 2 7 9 * 
3 8 . 0 - 1 9 . 5 12 4 1 9 1 2 8 5 

7 . 0 - 3 . 9 4 1 4 2 4 1 2 9 1 
- 0 . 9 2 " . 7 6 6 4 2 4 1 2 9 1 

5 . 5 - 5 . 7 31 4 2 5 1 2 9 3 
- 3 . 9 - 6 . 5 2 1 4 2 6 1 1294 
1 1 . 4 •». 3 4 M 4 3 " 1 £ 9 8 
- 7 . 2 1 . 3 71 4 i 4 1 1296 
- 5 . 9 - 8 . i 6 4 4 * I 1294 
- 8 . 9 -i.7 5 6 4 5 1 1 1297 
- 5 . 6 - 3 . 6 2 5 4 5 5 1 3 0 3 
- 6 . 6 - r . 4 18 4 5 5 1 3 0 3 
- 6 . 7 - 4 . 2 1 1 1 4 5 5 1 1303 
2 6 . 2 - 7 . 3 1 4 5 6 1 1305 

4 . 7 - * . 2 30 4 5 7 I 3 0 6 
- 5 . 6 - 5 . 4 19 4 6 2 1 1313 
- 7 . 4 - 3 . 5 4 € 4 6 3 ] 1314 
- 8 . 8 - 1 0 . 2 17 4 * 3 1315 
- 0 . 5 - 9 . 9 3 8 7 4 6 6 1 1 3 1 9 

4 . 8 -•1.6 1 4 0 4 * 8 1 3 2 1 
- 1 9 . 2 1 0 . 5 18 4 * 8 1 3 2 2 
- 1 1 . 8 3 . 5 131 4 8 * 1 3 2 3 
- 5 1 . 4 - 1 v . 6 11 4 7 0 1 3 2 4 

- 6 . 3 - 5 . 0 2 9 4 7 1 1 1325 
4 . 1 - 6 . 6 9 0 4 7 3 1 3 2 8 
7 . 7 9 . 5 2 9 4 7 6 1 1331 

- 1 1 . 1 - 1 0 . 5 5 4 7 7 | 1331 
- 3 . 5 8 . 3 17 4 8 6 ^ 2 8 

8 , 8 - 4 . 2 no 4 ? 1 1*326 
7 . 5 - 5 . 3 2 7 4 ^ 3 1326 

- 7 . 3 - 4 . 2 5 1 5 0 1 3 3 6 
- 8 . 8 - 2 . 6 6 2 5 0 2 3 3 7 
1 0 . 6 - 8 . 1 17 5 0 4 1 34 n 

- 1 6 . 6 - 1 3 . 1 12 5»>6 134 3 
- 8 . 5 - 0 . 3 -.4 51.3 1 3 4 7 
- 2 . 7 - 2 . 0 7 1 5 1 1 1 3 5 0 
- 7 . 4 1 . 5 4 3 0 5 1 2 1351 
- 8 . 3 - 3 . 7 30 5 1 2 1351 

4 . ? - 5 . 2 8 0 5 1 3 1353 
1 . 6 - 5 . 6 1 * " ! 5 1 4 1354 
9 . 3 ~ . 3 35 f' 5 1 4 l3"-4 

="* .? - 1 0 . 4 11 5 1 4 1354 
4 . 3 - 1 . 1 3 * 5 1 4 1 3 5 5 

- 7 . 0 - 4 . 0 4 1 5 1 6 I 357 
- 1 2 . 0 - * . l 6 5 1 7 1 3 5 * 

1 0 . 7 - 1 . 3 5 4 5 1 7 I 3 5 3 
1 1 . 1 1 . 7 2 4 5 1 * 3 6 0 
- 8 . 9 - 5 . 1 i<i 5 2 4 1 3 6 * 

5 . 9 - 4 . ? . 5 ? 5 2 5 l " : * * 
4 . 8 - 0 . 6 9 3 5 2 9 I 36 5 

2 8 4 1 L 4 6 6 1 7 6 6 1 6 4 2 0 
3 0 0 > 9 6 5 1 9 7 ; V 1 9 5 2 
3 0 7 0 5 4 0 1 6 7 3 0 1 5 4 6 
3 0 9 1 6 3 0 0 1 4 3 1 1 5 1 3 
3 1 0 1 1 2 7 5 2 3 0 * 0 2 1 6 4 
314 1 I 5 7 1 1 5 9 8 0 9 7 5 
3 1 8 1 I 6 5 8 0 2 3 0 9 1 3 5 7 
3 1 9 1 8 * 3 0 2 1 3 1 1 1 1 7 
321 1 1 0 0 8 2 0 2 1 0 1 9 0 9 
3 2 3 0 9 5 9 4 5 V 1 3 3 1 
32 - i 1 I 7 6 6 0 1 7 0 9 1 8 2 8 
3^5 1 9 5 9 ft 2 1 8 8 1 3 * 1 
3 2 8 < 1 3 0 6 •J 1 6 2 2 7 9 4 
3 2 9 1 9 2 4 1 9 4 4 0 1 7 7 5 
3 3 1 1 8 7 8 1 8 * 3 0 1 5 9 2 
3 3 5 1 * 6 6 1 8 3 0 0 9 7 2 
3 4 0 1 8 6 5 1 7 8 7 0 1 7 2 6 
341 < » 6 5 2 1 3 9 9 0 1 8 4 9 
3 6 2 1 4 2 1 1 6 1 6 0 9 2 5 
3 6 4 ] 7 5 9 1 7 6 3 0 1 7 9 1 
3 6 9 i » 3 6 5 0 1 4 5 0 7 5 7 
3 7 9 1 4 9 8 2 1 3 7 0 7 9 5 
3 8 9 1 8 8 2 1 7 * 4 0 1 6 1 ? 
3 9 0 1 1 3 4 0 5 5 5 7 2 4 
3 9 1 1 8 4 4 2 0 1 3 0 1 0 8 9 
394 1 4 2 2 1 7 8 6 0 6 6 1 
3 3 8 J 4 * 2 1 8 0 7 •> 7 8 6 
3 9 9 1 4 8 1 0 1 4 0 5 1 4 7 1 
4 0 7 1 5 4 8 1 8 7 4 0 1 8 8 1 
4 1 3 1 9 0 3 0 1 * 4 2 » 7 7 3 
4 1 6 ( 1 8 - 9 0 1 4 8 3 2 1 1 1 
4 1 9 1 4 1 4 0 1 3 9 9 1 4 2 2 
4 2 3 i > 1 3 6 ? 1 2 5 8 0 2 2 9 0 
4 2 9 1 3 5 8 2 2 4 7 0 6 1 0 
4 3 0 • • 4 3 5 1 2 9 2 2 0 9 7 0 
4 4 1 ( > 1 8 6 0 1 0 7 0 1 0 5 2 
4 4 5 I 3 0 1 1 3 1 9 0 7 9 9 
4 4 8 1 € 1 9 1 2 9 7 0 1 6 8 8 
4 4 9 1 4 * 5 1 4 3 1 ft 1 4 5 7 
4 5 0 1 8 l ~ 1 8 7 4 0 1 8 7 9 
4 5 6 1 9 1 7 1 8 6 4 n 2 0 7 3 
4 5 7 1 7 8 5 17U9 0 1 5 9 8 
4 6 1 ( > 47 0 1 6 7 6 0 1 1 8 9 
4 6 8 i > 1 1 6 2 2 2 4 5 0 19? 3 
4 8 6 •' » 4 5 5 1 7 8 3 0 1 9 7 5 
4 9 1 1 9 1 3 1 8 6 6 0 1 9 1 3 
5 0 4 1 1 2 * 6 2 3 2 2 0 1 9 0 5 
5 1 4 C > 2 7 ? 0 1 0 4 * 1 4 * 9 
5 1 7 1 " S I * 1 8 7 8 0 1 7 3 2 
5 2 0 1 1 2 0 4 1 345 0 1 * 6 8 
5 5 0 t > 1 1 6 ? 2 375 0 1 * 3 6 
5 7 1 ( 3 30 0 1 5 9 " 8 2 0 
5 7 2 1 5 2 2 1 3 4 * 0 1 6 * 3 
5 7 9 1 2 9 8 i r ? 3 o 5 3 0 
5 8 1 1 361 1 8 5 5 ft 5 ? J 
5 8 8 «J 9 7 7 0 1 * 4 4 Zk'ib 
6 0 6 0 343 1 3 6 1 0 1 5 5 5 
6 2 4 fl (i 3 3 0 1 7 8 7 1 9 
6 2 * 0 w. ^K M 2 2 3 5 3 4 * 
6 3 5 C 8 4 5 1 5 * 3 2 0 0 5 0 

Fig. C . l l . Terminal p r in tou t of information 
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ORN'.-OWG 78-1316 

t . l 8 . 4 5 0 5 2 9 136* 637 » 266 1511 n 1498 7 . 2 - 4 . 0 * t 5 « * 1 
»•.€ - * • • 31 5 4 9 1376 64 i 0 1397 • 1817 1712 2 4 . 5 1 3 . 1 6 591 1 
9 . 2 - 3 . 9 1*2 5 5 3 1383 643 0 42 1557 2044 0 - 4 . 0 7 . 4 23 591 1 

- U . 9 - 3 . 1 7 5 5 3 1383 652 i * 1862 77 1077 € . 1 - 3 . 5 5 9 59? 1 
1 3 . 1 - 5 . 7 18 554 1384 668 •1 6 2 9 V 1597 1633 - 9 . 7 - 6 . 0 10 594 l 
l » - 7 - • • • 119 5 5 4 1384 673 •4 291 0 U 7 6 776 - 1 2 . 8 - 0 . 4 109 5 * 5 1 

- 1 4 . 1 2 . 4 «8 5 5 4 1384 787 1 0 1063 8 6 613 7 . 9 0 . 3 318 596 1 
- £ 4 . 2 2 . 7 129 5 5 4 1384 717 1 1077 2268 0 1616 1 9 . 5 - 1 . 4 4 597 l 

U . 7 - 5 . 9 16 5 5 4 1385 724 0 8 * 6 1722 0 1883 9 . 5 - 7 . 4 5 59~ l< 
5 . 2 - 7 . 8 72 5 5 5 1385 737 0 815 V 1790 1719 - 1 2 . 4 —* . 8 15 5 *7 1 

- 9 . 5 - 6 . ? 9 9 556 1386 733 1 503 u 150£ 2489 - 1 . 7 - a . 6 14 597 1 
- 1 6 . 0 1 .1 118 556 1387 755 t • "*21 1956 0 1207 1 6 . 5 0 . 4 3*-3 598 1 
- 1 2 . 5 2 . 1 266 5 5 7 1387 756 1 72*9 u 1633 1677 - 1 1 . 2 - 7 . t 52 5 * 6 1 

1 3 . 4 - 5 . 5 5 8 5 5 7 1387 773 1 230 0 1343 1068 - 9 . 2 - 2 . 3 •32 598 1 
1 8 . 1 - 5 . 8 34 5 5 7 1387 775 1 950 18^0 0 975 1 5 . 0 2 . 4 30 598 1 
2 * . 9 1 .7 76 558 1389 781 1 355 0 1855 1296 - 9 . 6 - 0 . 0 76 598 1 
1 3 . 9 - 7 . 2 35 5 5 8 1399 786 0 484 14<»8 0 1593 8 . 2 - 5 . 6 12 598 1 

7 . 7 - 9 . 8 24 558 1389 788 1 273 1239 0 1050 9 . 7 - 3 . 3 122 598 l< 
13.© 0 . 8 115 5 6 0 1392 798 1 1015 1969 0 1996 1 1 * - 7 . 0 5? 599 1 
9 . 7 - 5 . 9 33 5 6 0 1392 799 0 299 0 11 ?4 776 - 1 3 . 2 - 2 . 0 313 599 1 

- 1 4 . 7 1 .2 126 561 1392 810 0 435 1448 0 1498 3 . 3 - 5 . 4 15 59** I 
1 4 . 0 5 . 2 16 561 1393 813 0 630 if 1734 1521 " 1 0 . 8 - 3 . 7 24 5 * 9 1 
1 8 . 3 - 8 . 1 108 5 6 2 1394 816 1 V 6 0 9 190 1397 t.& - 3 . 3 10 5 9 * 1 
- 7 . 8 - 7 . 6 1242 5 6 2 1394 832 I 861 1544 0 171? 1 7 . 5 - 1 3 . 3 127 5 > * 1 
2 8 . 2 1 . 6 79 5 6 2 1394 833 0 404 0 1266 983 - 1 4 . 8 - 2 . 7 9 3 * 599 1 
1 5 . 3 4 . 6 44 5 6 2 1394 836 1 608 0 1593 1615 - 9 . 6 - 5 . 8 100 6o© 1 
1 6 . 9 2 . 1 8 8 5 6 2 1395 860 1 272 1448 C 758 1 2 . 4 1 .2 661 6 0 0 1 
- 9 . 1 - 6 . 1 6 2 562 13*4 870 0 548 1*38 0 1576 3 . 0 - 4 . 5 t 60"** i 
1 0 . 2 - 6 . 0 30 563 1395 871 1 328 1561 0 1635 6 . 8 - 4 . 6 27 600 1 

- 1 6 . ? - 1 2 . 0 29 563 1396 872 1 221 1364 0 1459 6 . 8 - 4 . 9 41 600 1 
- 7 . 7 -ii.Z 3 5 6 3 1396 882 0 237 0 1543 1382 - r . 8 _ J «• 42 600 1 
- 8 . 7 - 5 . 3 21 564 1396 883 1 8 *4 1575 0 1486 3 3 . 2 -1*>.6 1 * 0 0 1 
1 7 . 6 - 1 0 . 7 7 564 1396 884 0 240 0 1216 7Z9 - 1 2 . 0 - 0 . 3 1 " ! 600 1 
1 3 . 0 6 . 4 20 564 1396 886 0 501 0 1893 896 - 1 4 . 6 3 .1 157 600 1 
- 6 . 6 7 . 9 39 564 1396 894 0 493 1516 0 1605 3 . 1 - 5 . 7 10 * 0 1 1 
- 8 . 1 - 4 . 4 410 5 * 5 1397 927 1 121 13*14 0 125 1 4 . 9 7 . 4 105 * f ' I 1 
1 2 . 7 - 0 . 3 238 565 1398 939 1 788 0 1460 1879 - 1 0 . 3 - 1 1 . 7 2 * 6 I*I2 1 

9 . 3 - 1 0 . 5 147 5 6 5 1397 963 0 504 1389 <> 1626 7.-? - 7 . 3 54 60 3. 1 
8 . 9 - 4 . * 3 * 565 1 398 4 £ A 1 3 ! 9 2048 0 1652 11 .4 - 2 . 1 89 603 1 
9 . 1 - 5 . 3 34 565 139* 975 o 764 1332 2062 0 - 2 . •'• 3 . 4 23 603 1 
8 . 2 - ' . 1 31 565 1398 1028 u 497 0 1855 393 - 1 4 . 8 2 . * £5> 604 1 

1 4 . 1 - * . 6 57 565 1 3 9 * 1031 1 134 \zz? 0 1745 4 . 6 - 7 . 5 2 * *>*4 1 
1 1 . 7 - 1 . 1 69 566 13*9 1032 1 313 0 1563 1664 - 6 . 5 - 4 . 4 50 * >>•* 1 

1 3 . 7 - 4 . 7 • • • 566 139-9 1056 1 0 1>HJ3 1312 28 - 2 . '. 7 . 4 45 *:.'4 1 
9 . 3 - 7 . 3 7 567 1400 1065 1 1059 1935 0 2007 13 .? - 9 . 0 IS *t.<5 1 

1 0 . 9 - 6 . 9 48 567 1401 106* i 666 ( I 1672 1739 - ? . 9 - 5 . 9 I I *i ' i5 1 
£ 5 . 7 - 7 . 1 2 568 140! 1073 1 152 •> 921 9 8 " - 7 . 6 - 5 . 1 153 * 0 5 1 
- 6 . 0 - S . 3 6 5 * 8 1 4 / c 1363 0 96 1329 0 1 372 6 . 6 - 4 . 2 15 6 '•* 1 
1 0 . 7 - 5 . « 36 566 1401 I 486 1 727 0 1*56 1794 - ? . 5 - 7 . U ~* * y * l 

- 2 3 . 1 1 3 . 2 2 •"•69 1401 1515 0 0 333 1275 9? 1 - 6 . 1 -f'.'i 5 * *'.'7 i 
1 2 . 8 - 2 . 1 107 5 7 0 M O : 1516 0 0 368 1254 1031 - 5 . 7 - 1 . 2 i n 607 1 

- 1 2 . 8 1 .6 75 573 1400 1523 IJ 347 1371 0 1194 1 0 . 4 - i • 5 51 * i>7 1 
7 3 - 9 . 2 5 173 1400 1524 1 449 155* i i 154* 9 . 2 - 4 . 6 U'2 * 0 7 1 

1 4 . £ 5 . 3 50 574 1400 1526 1 700 -.• 1413 1795 - 9 . 4 - 1 0 . 3 12 * 0 7 1 
1 4 . 6 5 . 3 47 574 1400 1614 0 54 3 15*7 V 1*36 7 . 9 - 5 . * * * 0 3 1 
- • » » - S . 2 44 574 1399 1615 1 * 9 5 0 1493 1941 - 1 3 . 2 - 1 4 . 8 * 609 1 

6 . 9 - 6 . 0 V 579 1393 1625 0 0 1094 32 llvi * . 0 - 4 . 4 ^ 6 1 0 1 
1.6 - 6 . 3 1454 5-56 1406 1639 0 1254 2356 0 170* 4 0 . 9 — 7 . 3 2 625 1 

- 1 7 . 6 £ . * 81 537 14 0 * 1649 0 634 1674 0 1710 : . 3 - 5 . 5 i * •• 1 1 
- 4 . 6 l ? . l i 5 5 *? 14.)? 1652 I tiK l i 4 0 0 6 * 9 1 6 . 0 0 . 4 5 5 * * ; c : S 

ca: OFF 

elated with each valid event of cycle 4. 
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O M N I OWC. ' 6 !»?•«• 

EVENT HISTOGRAM - 60 

50 

40 

- 3 0 
*-
z 
lit 

> 

20 

- 10 

0 '. <*— ARRAY No. 

SOURCE MAP 

0 

0 

0 . 

z 
© 

FLAW<t 

0ARRAY TRANSDUCER 

Fig. C.12. Array 0 sources In cycle 1. 
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EVENT HISTOGRAM 
-SO 

- 5 0 

40 
> < 
IT 

- » ! 
z 
IV 

> 

0 1 • •— ARRAY No. 

20 

to 

- 0 

OMVL-OWG 7S-1C7SB 

SOURCE MAP 

0 

0 

^•FLAW<t 

© 

0 ARRAY TRANSDUCER 

Fig . C.13. Array 1 sources in cycle 1. 
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0«ttlL-Wl0 78--.817 

EVENT HISTOGRAM 

0 ?«•— ARRAY No. 

60 

SO 

40 

> < 
tr 
tr < 30 w 
UI 

> 

20 

- 10 

- 0 

SOURCE MAP 

0 

© 
©- . 

^ - F L A W ^ 

© ARRAY TRANSDUCER 

Fig . C.14. Array 0 sources in cycle 2. 



221 

CfcNL-OWG 78-1818 

EVENT HISTOGRAM _ 
60 SOURCE MAP 

50 

40 

> < 
<E 
C 
<t 

30 a> 
t-z 
U> 

> 

© 

. _. \» 

© -•• ' 0 

20 

10 

0 

^ F L A W C j . 

© ARRAY TRANSDUCER 

0 1 •*— ARRAY No. 

Fig. C.15. Array 1 sources in cycle 2. 



f i t 

ORNL DWG 78 1819 

EVENT HISTOGRAM 
15 

SOURCE MAP 

14 

13 

12 

11 

— 

10 

9 $ 

8 5 

7 £ 
LU 

0 

0 
0 0 

6 UJ 

*— FLAW Q. 5 *— FLAW Q. 

— 4 

3 

2 

1 
© ARRAY TRANSDUCER 

0 1-«—ARRAY No. 
0 

Fig. C.16. Array 0 sources in cycle 3. 

4 



22* 

OHNL OWG 78-1820 

E V E W HISTOGRAM _ 
15 

SOURCE MAP 

14 

13 

12 

11 

10 0 
9 $ 

a. 
8 < 

1/5 

7 5 
> 

© 
0 0 

6 UJ 

5 ^-FLAW <t 

4 

3 

2 

1 

0 

© ARRAY TRANSDUCER 

0 1 - * — ARRAY No. 

Fig. C.17. Array 1 sources in cycle 3. 
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OMN.-OWG 7S-1S7t7 

EVENT HISTOGRAM - 2 6 0 

- 200 

HIM 
> < c 
K ^ I 

Hiooj 
> in 

-so 

SOURCE MAP 

© 

;~ •*•® 
0 ..• •' • * :© 

t-FLAWq, 

0 ARRAY TRANSDUCER 

Fig. C.18. Array 0 sources in cycle A. 
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CWNL-OWG 7S-1I7M 

EVENT HISTOGRAM " 250 SOURCE MAP 

200 

150 > 
oc 
oc < 
z 
ill 

100 in 

© 

© • • . • . -Q . 

i J 
_ 50 

t-FLAWQ. 

0 ARRAY TRANSDUCER 

0 

Fig. C.19. Array 1 sources in cycle 4. 
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ORKL-OWG 76-1821 

EVENT HISTOGRAM 
240 

SOURCE MAP 

220 

200 

- ISO 

- 160 © 

8 
£ 

I 
EV

EN
TS

/A
R

R
A

Y 

• ' * 

© ; . . . • •.••'/•>'© 

• 

— 80 

60 

40 

20 

*— FLAW <£ 

© ARRAY TRANSDUCER 

• 

0 
0 \-*— ARRAY No. 

Fig. C.20. Array 0 sources — summation of all cycles. 
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ORNl-OWG 78-1822 

EVENT HISTOGRAM _ 
240 SOURCE MAP 

- 220 

200 • 

180 -

160 0 
- 140 < 

ec 
'm 

— 8 
§ 

E
V

E
N

TS
/A

 

• " - • . ' . © , - : • • • - ' . . ' ' 

80 

60 

40 

l— FLAW <t 

— 20 

0 

© ARRAY TRANSDUCER 

0 i •—ARRAY No. 

Fig. C.21. Array 1 sources — susnation of all cycles. 



228 

(X103) 
20 

OftNL-OWG 78-1823 

T 

Ul 
C 

18 -

16 Hi 
K a. 

i. 
2 
O 

10 

? 8 O 
U 

> 6 
< 

i * 
3 
U 

0 
(MPs) 0 

r 
(ksi) 0 

jiiiiiiiiiiiiWi 

- r -
22 4.4 6£ 88 11.0 13.2 

PRESSURE 
15.4 ~r~ 

17.6 19.8 

r 
150 
— 1 
22.0 

Fig. C.22. Suaaatlon of counts vs pressure for all cyclas for ar­
ray 0. 



129 

ORNL-OWG 78-1824 

22.0 
PRESSURE 

Fig. C.23. Sutmnation of counts v& pressure for all cycles for array 1. 



230 

ORNL-0WG 76-18789 

(MPa)O 
I 1 1 1 1 1 1 ! 1 1 1 

(ksi) 0 2.2 4.4 6.6 8.8 11.0 13.2 15.4 17.6 19.8 220 
PRESSURE 

Fig. C.24. Summation of counts vs pressure for all cycles for both 
arrays. 



References 

1. D. 0. Harris and H. L. Dunegan, "Verification of Structural Integrity 
ac Pressure Vessels by Acoustic Emission and Periodic Proof Testing," 
Testing for Prediction of Material Performance in Structures end Com­
ponents, STP-515, pp. 158-70, American Society for Testing and Materi-
£.Js, 1972. 

2. A. T. Green and H. L. Dunegan, "Acoustic Emission Analysis of Crack 
Propagation and Fracture in Pressure Vessels and Pressure Vessel 
Materials," presented at the First International Conference on Struc­
tural Mechanics in Reactor Technology, Berlin, Germany, September 
1971. 

3. H. 0. Cross, L. L. Loushin, and J. L. Thompson, "Acoustic Emission 
Testing of Pressure Vessels for Petroleum Refineries and Chemical 
Plants," Acoustic Emissiof., STP-505, pp. 270-96, American Society 
for Testing and Materials, 1972. 

4. A. A. Pollock and B. Smith, "Stress-wave Emission Monitoring of a 
Military Bridge," Non-Deetructive Testing, pp. 348—53, December 
1972. 

5. M. P. Kelly and R. L. Bell, "Detection and Location of Flaw Growth 
in the EBOR Nuclear Reactor Vessel," DE-73-4, Dunegan/Endevco, San 
Juan Capistrano, Calif. 

6. K. Gopal, "Westinghouse Acoustic Emission Studies at EBOR," Final 
EEI-TVA Rp 79 Meeting, San Antonio, Tex., Dec. 11, 1972. 

7. D. L. Parry, "Acoustic Emission Analysis in Oil and Chemical Indus­
try," Exxon Nuclear Company, Richland, Wash., April 1972. 

8. M. P. Kelly, D. 0. Harris, and \ . A. Pollock, "Detection and Location 
of Flaw Growth in Metallic and Composite Structures," Monitoring 
Structural Integrity by Acoustic Emission, STP-571, pp. 22J-40, 
American Society for Testing and Materials, 1975. 

9. T. V. Drouillard, R. G. Liptai, and C. A. Tatro, "Industrial Use of 
Acoustic Emission for Nondestructive Testing," tkmitoring Structural 
Integrity by Acoustic Emission, STP-571, pp. 122-49, American Society 
for Testing and Materials, 1975. 

10. R. R. Corle, "The Use of Acoustic Emission to Improve Rocket Motor 
Case Structural Reliability," presented at AIAA/SAE 9th Propulsion 
Conference, Las Vegas, Nev., November 1973, AIAA Paper 73-1258. 

11. C. D. Bailey and W. M. Pless, "Acoustic Emission Used to Nondestruc-
tively Determine Crack Locations in Aircraft Structure Fatigue Speci­
mens," Hh Symposium on Nondestructive Testing, San Antonio, Tex.,-
April 1973. 

12. "Proposed Standard for Acoustic Emission Examination during Applica­
tion of Pressure," available from the American Society of Mechanical 
Engineers, United Engineering Center, 345 East 47th Street, New York, 
N.Y. 10017. 



232 

13. M. P. Kelly, "Acoustic Emission Monitoring of a Reactor Vessel during 
Hydrostatic Testing," Dunegan/Endevco, San Juan Capistrano, Calif. 
September 1975. 

14. B. J. Schlaap and M. P. Kelly, "Acoustic Eadssion Honitoring of Two 
Gulf Bydrotreaters during Hydrostatic Testing," Dunegan/Endevco, San 
Juan Capistrano, Calif., April 1976. 

15. J. G. Merkle et al., Test of 6-in.-thick Pressure Vessels. Seines 3: 
Intermediate Test Vessel V-?t ORNL/NUREG-1 (August 1976). 



233 

Appendix D 

DATA-ACQUISITION SYSTEM AND INSTRUMENTATION 

All data from the test 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.l, 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 thermocouples, vessel tempera­
ture data thermocouples, pressure transducers and gages, inside strain 
gages, outside strain gages, crack propagation gages, COD gages, and ul­
trasonic transducers. 

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

Symbol 
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-l X-YY' plotter No. 1 
E-2 X-YY' plotter No. 2 
P-l Strip-chart recorder No. 1 
F-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 on vessel V-7A 

Sensor 
No. 

V-7 sensor 
in saove 
location 

Description Output, 
device 

Rucoi 
ranaV 
rda£ it Coiidltlrn 

Heater control thermocouples 

T6 1 
TE 2 
TR 3 
TE 4 
TE 5 
TE 6 
TE 7 
TE 8 
TE 9 
TE 10 
TE 11 
TF. 12 
TB 13 
Tl* 14 
TE 15 
TE 16 
Vessel temperature data thermocouples -18 to B60'C 

(0 to 500*F) 

TE 21 
TE 22 
TE 23 
TE 24 
TE 25 
TE 26 
TS 27 
TE 28 
TE 29 

Inside strain gages 
XE 33 
XE 34 
XE 35 27* 

F350 
F250 
F350 

A, C 
A, C 
A, C 

5X 
5Z 
5X 



Tahle D.2 (continued) 

Sensor 
No. 

V-7 sensor 
In same 
location 

DescrIpt ion Output, 
device 

Recordable 
range Cond It inn ' 

Inside strain nages (continued) 

XE 36 F350 
XE 37 F350 
XE 38 40 F350 
Xt 39 ?' F350 
XS 40 w 
X?. 41 VI 
XE 42 28* u 
XE 43 w XE 44 10' w 
yc 43 .V 
XE '16 w XE 4' F120 
XE 48 F120 
XE 49 W 
XE >0 F120 
XE 51 F120 
XE 52 W 
XE 53 vJ 
XE 54 F120 
XE 55 30 F120 
XE 56 31 F120 
XE 57 32 F120 
XE 58 35 F120 
XE 59 04 F120 
XE 60 33 F120 
XE 61 El 20 
XE 64 39 W 
XE 65 41 W 
XE 66 36 r'120 
XE 67 37 W 
Xt 68 43 F120 

XE 69 44 W 
.\F 72 42 F350 

A, <: 
A. 0 
A, C 
A. C 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

A, K-l, H-3 

57. 
5% 

57. 
57. 
5% 
52 
5X 
57. 
57. 
5X 
5* 
5X 
52 
5X 

2% 

2% 

Erratic and unresponsive 

Shorted gage 

Anomalous discontinuities In cycled 
1 and 4; unreaaonably high output 
moat of time 
Erratic nftor cvle 1 
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Table D.7 (continued) 

Sensor 
No. 

V-7 sensor 
In sane 
location 

Description Output, 
device 

Recordable 
range Condition 

Outside strain gages (continued) 

XE 105 63 
XE 106 64 
XE 10< 65 
XE 108 
XE 109 
XE 110 
XE 111 
XE 112 
XE 113 
XE 114 
XE 115 71 
XE 117 
XE 118 
XE 119 
XE 120 
XE 121 
XE J 22 
XE 123 
XE 124 

Preaaure sensors 

PE 30 

PE 31 
PI 32 
PE 133 

F120 
u w 
F120 
F120 
F120 
U 
F120 
W mo 
U 
F120 
U 
F120 
W 
U 
F120 
F120 
F120 

Vassal pressure, type DHF high-
frequency preaaure tranaducer, 
0-30,000 pal, BLH Electronics, Inc. 
Patch preaaure; same type aa PE 30 
Veaaal preaaure, Bourdon gage 
Veaaal preaaure, bulk aodulus gage, 
Harvood Engineering Co. 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

A, E-l, E-2, 
F-l 

5* 
2t 
5* 
5% 
5? 

Output out of range and erratic 

A, F-l 
Visual 
A 

0-30 ksl 

0-30 Val 

0-30 ksl Output waa consistently lower than 
but approximately proportional to, 
that of PE 30 except for drift in 
4th cycle 



Table D.2 (continued) 

'WMr.uAMjR w « H 

censor 
No. 

V-7 sensor 
in same 
location 

Description" 

Crack propagation gages (CPG) 

XE 125 

XE 126 

Trigger 

ZT 131 
ZT 132 

Each gage consisted of two electrically 
parallel strings of fuil gages; each 
string consisted of 8 to 12 strain 
gages connected in series; strain 
gage types were 120 Si, 2 and 4 in. 
long; Mlcromeasurement EA-06 

Trigger detects first break of CPG 
and generates a constant signal used 
as a time mark 

Transtek 1tnear displacement trans­
ducers, model 354-000, with self-
oscillating and demodulating direct-
current differential transformers 
(DCDT) 

Divider gage fabricated at OKNL; see 
Appendix F 

Output, 
device 

A, I) 
Trigger 

A. C, E-l. 
K-2 

A, K-2. K-2 

A, K-l, F-3 

A, F.-2, F-2 

Recordable 
range1 

0--25.4 mm 
(81 in.) 
Same 

Sane 

0-12.7 mm 
(0-0.5 in.) 
Same 
Same 

Condlt ion* 

Failed at about 3.5 HPa (500 psi) 

Failed at about 27 MPa (4 kill) 

See Table 4.3 

See Table 4.3 

See Table 4.3 

Sec Table 4.3 

See Table 4.3 
See Table 4.3 



Til bit- I).-' Cont inued) 

Sensor . ' 5 , e n f > o r ,1 Oulput : Ki'iordubU- . . , •< in same D c s c i l o t i o n , . • _ „ (.unci 11 win So. d e v i c e ranne K'i'.it i o n 

Crack location sensors 
' • • ' - - ' • 

xt: uo 
XK 1-U 
XE U.» 

A 
t: 

Ultrasonic transducer in fluid in notch II Defective during all cycles 
Same II 
Ultrasonic transducer on 4S° weld boss H 
on vessel 0l> 

XK 141 Same 

^Strain Ka«e types are Kl.'O U0->. toil sage, Micromeasurementa KI'-08-250Hi;-l 20; I'iSO ISO-W Co 11 nane, Micromeasure-
nents KP-08-JSOBF-ISO; and W - 120-.: weldable Rage. Alltech 125. 

' See Table D. '. for key. 
Unless noted otherwise, strain K aK 1' ran^e is \"/,. 

'Unless noted otherwise, the output of the tentor was generally normal. t*> 
S e n s o r l o c a t i o n o n l y a p p r o x i m a t e l y e q u i v a l e n t . 
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Appendix E 

DEVELOPMENT OF TEE PATCH AND PATCH-PRESSURIZATION 
SYSTEM FOR INTERMEDIATE TEST VESSEL V-7A 

Patch and Patch-Presaurization 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 shown 
in Fig. E.l. Preparations included the following steps: 

1. drilling the preasurization passageway through the wall of the vessel; 
2. preparing and testing weld coupons; 
3. preparing the patch; 
4. cleaning and preheating the surfaces to be welded; 
5. welding patch and nipple; 
6. leak testing the installed patch. 

-To aid in the precise location and alignment of the drilled passage­
way, 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 che inside surface of the vessel 51 mm 
(2 in.) from the centerline of the notch. The diameter of the hole varied 
with 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-diim 
(1/16-in.) INCO 82 filler in accordance with UCN Weld Specifications W501 
for gas tungsten arc welding. Six weld test coupons consisting of samples 
of the patch material welded by the selected specifications to 6.35-mm-
thick (1/4-in.) 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, 
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as shown in Fig. E.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 tot;?! 
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 — nide (1-in.) zone at the perimeter of the patch. This zone was 
cleaned and ground approximatejy to a No. 32 finish in preparation for 
welding the patch. The rough surface beneath the patch was desirable 
to provide passages for flow between the patch pressurization 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-mn-diam (0.012-in.) stainless steel 
wires were spot-welded to the vesseJ as su^wn in Fig. E.3. 

The vessel areas to be welded 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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OPEN D O OF VESSEL 

PATCH 
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DIMENSIONS 
I N INCKES 

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; after the repair operation, vacuum 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-Pressurization 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 stainless 
steel patch welded to the vessel wall at the location shown in Fig. E.l 
was thought to have a reasonable chance of remaining gastight after vessel 
rupture in the V-7A test, inasmuch as the length, width, and thickness 
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were 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 Inside surface became 
large. Hence, the patch pressurization system was designed principally 
to function properly as a rupture detector on the premise that the patch 
would remain leaklight; the system 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 simultaneous 
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 pressures equalized, the patch membrane would lie loosely against 
the wall of the vessel or be stretched across the chord of the vessel. 

ORHL-DWG 78-1246 

HIGH 

PRESSURE 
GAS 

SUPPLY 

FLOW 
P E S T P I C T O R 

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 vessel. When the resistance of the rupture path­
way itself to flow is 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 resistance in the flow restrictor 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 developing -' a measurable 
pressure drop between points A and B, where the cruel .ressure measure­
ments are made. 

A series of tests in a small high-pressure loop (Figs. E.5 and E.6) 
was carried out to verify the performance of components and the system. 
The test loop was arranged so that the simulated patch pressurtzation 
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 "vessel" side of the patch tnockup 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 valve V-l. 

In whe 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 shows 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, several tests were run at 
pressures up to 155 MPa (22.5 kai) to determine whether flow could be 
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Fig. E.5. Schematic of patch pressurization system mockup test loop. 

FLOW RESTRICTOR 

Fig. E.6. Patch pressuriz.ation system mockup test loop. 



248 

**m> •o»-n» 

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 ksl) and greater. Thus, it ap­
peared that little flow resistance would be expected over most of 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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mora **3S-rr 

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 tho rupture in the vessel. This type of seal devel­
oped, but only after the patch had b^en exercised through several pressure 
cycles with pressures up to 172 MPa (25 kai'*. Examination of the disk 
after disassembly showed that it had seen deformed slightly to conform 
to the counterbored port. Subsequent tests were run successfully with a 
0.305-mm-diam (0.012-in.) wire spacer between the mockup patch disk and 
flange. It was decided that spacer? were probably not needed in the vessel 
but would be insfalled for additional assurance that a seal 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 ma (0.028 and 0.005 in.) inside diameters were 
tried first. The larger tube did not restrict flow enough for the effect 
to be observed on the recorded pressure-time uharts. The smaller one func­
tioned well for a few tests but eventually plugged. Therefore, the long 
capillaries were abandoned because they were either too large or too sus­
ceptible to plugging. Quality control in reproducing a nominal capillary 
size was also a concern not resolved 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 two different orientations, and two high-pressure gage 
snubbers (Chemiquip Company 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 if was mounted upside down. (In this orientation the ball 
check is always held in the check position 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 (1450 psi/sec), which is 
far beyond the potential capacity of the intermediate test vessel pneumatic 
pressuri?ation system. 

The performance of the two snubber elements in detecting rupture was 
fair to good in the mockup te9ts. Since the mockup tests were severe 
tests of rupture deiectability, either snubber was considered adequate 
for the vessel test. Therefor3, 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. 
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Appendix F 

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

Each middepth crack-opening displacement (COD) gage was made by ap­
plying four Microm*:asurements type EA-06-062TT-120 strain gages to the 
circular spring clip of a mechanical divider. A typical gage is shown 
in Fig. F.l. 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.A 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 strain. 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 ZT 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 
giv2n in Table F.2. Measured drifts in output are given in Table F.2. 

Table F.l. Calibration factors 
for COD gages 

Gage No. 
Calibration 2 , - 1 . 

factor (mm ) Gage No. b Pretest Posttfst 

ZT 13C 
ZT 131 
ZT 132 

0.01074 
0.009839 
0.01079 

0.01093 
0.009235 
0.009683 

a_ output voltage 1 Factor - . r- , ,-° y rrrr . excitation voltage ACOD 
Pretest factors were used in reducing 

data presetted in thi3 report. 
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Table F.2. Effect of temperature 
on COD gages 

Gage 
No. 

9COD 
3T 

(on'K"1) 
Drift In 9 hr 

(nan) 

ZT 130 --0.02 to +0.02 0 (at 70°C) 
1.5 (at 27'C) 

ZT 131 -0.01 to -0.08 

ZT 132 -O.05 to -0.14 

0 (at 70°C) 
0.8 (at 27°C) 
2.9 (at 70°C) 
0 'at 27'C) 

a l nmvK"1 = 0.0229 in./°F; 1 mm = 
0.0394 In. 

•wore 'Si4-r A 

COD GAGE PUNTS 

OUTER SURFACE 
STRAIN GAGES 

MOUNTING BARS 

V 

Fig. F.l. Mechanical-divider-type COD gage used at middepth of notch 
in ves-el V-7A. 
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Appendix G 

AH 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 the preparations for the V-7A test 
using the code NEPSAP.i»" A partial schematic of the element arrangement 
(I.e., 192 Bixteen-node thick-shell elements) is shown in Fig. G.l. The 
loading consisted of an Initial 90 MPa (13 ksi) internal pressure that was 
subsequently 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 circumferential 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 analysis 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. 

References 

1. P. Sharif1 and D. N. Yates, "Nonlinear Thermo-Elastlc-Plastic and 
Creep Analysis by the Finite Element Method," A1AA/ASME/SAE 14th 
Structures, Structural Dynamics, and Materials Conference, Mar. 20— 
22, 1973, Paper 73-358. 

2. P. Sharifi, "Nonlinear Buckling Analysis of Composite Shells," AIAA/ 
ASME/SAE 15th Structures, Structural Dynamics, and Materials Confer­
ence, Apr. 17-19, 1974, Paper 74-411. 
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Appendix H 

NITROGEN PRESS'JRIZATION SYSTEM* 

System Requirements 

The nitrogen pressurization system, shown schematically in Fig. H.l, 
was 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 volume, 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 system 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 gas in the test vessel 
to be exhausted to the atmosphere. 

5. Provide a means of prepressurizing the gas to Che 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 Che high-volume pump. 

7. Provide pressure monitoring gages Co indicate the pressure at the 
output of the pumping system (the input Co Che line feeding che Cest ves­
sel) and at other points within che system. 

The quantity of nitrogen in the test vessel, which has an internal 
volume of 0.696 m 3 (24.6 ft 3), 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 
liquid, 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 of the wor«. performed for ORNL 
under the 'nteragency agreemenc. 
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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 lb ). 

produce a given pressure increase, less additional gas is needed at the 
higher pressures than the lover pressures. 

Nitrogen Supply and Control Console 

The nitrogen gas supply was contained in a compressed pas tank-trailer 
with a capcity of 991 son (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 lb - 0.03348 kg. 
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trailer vara individually valved aad fad Into a r neawin nanifold which, in 
torn, waa controlled by a waster valve. The output of the trailer aanlfold 
was coopled to the input of the powp console via a 15.24-s (50-ft) length 
of flexible 6.* — III (1/4-in.) hose. The hose had a working pressure of 
34.5 MPs (5000 psl) and a burst pressure of 138.9 » a (20,000 pal). 

A second tank-trailer waa provided as a precautionary neaaura to en­
sure an adequate supply of nitrogen in caaa of large gas losses. Fortu­
nately, additional nitrogen waa not needed. 

The control console, dlagransed in Fig. H.3, consisted of a group of 
valves Interconnected with high-pressure nipples and arranged ao that they 

n-uft 

y \ NITROGEN TRAILER 
' ! SUPPLY PRESSURE 

HOSE FROM 
NITROGEN TRAILER 

HOSE TO CONSOLE 
MOUNTEO HASKEL INPUT 

O -

HOSE TO UNMOUNTED 
HASKEL INPUT 

CORRLINPUNP 
OUTPUT 

HASKEL 
OUTPUTS 

LINE TO 
TEST VESSEL 

HOSE TO 
° 00R8LIN INPUT 

. HOST TO 
° SURGE TANK 

HASKEL 
/ JSUPPLY 

PRESSURE 

/ \ LINE PRESSURE 
' /(HEISE GAUGE) 

LINE PRESSURE 
(VIATRAN GAUGE) 

EXHAUST 

Fig. H.3* Mltrogsn pressorlaation systea control console. 
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could be reached conveniently from one spot. The valves were asalgned uua-
bers that corresponded to the valve positions shown ii> Fig. H.l. Valves 
10 and 11 were physically located on a control panel associated with the 
Basket pump, which was nounted in its own console. Valve 9 was added as 
a precaution against possible scat erosion of valve 8 daring extended 
periods of venting to the atmosphere. 

By opening or closing various valves, it waa possible to route the 
gas flow to accommodate any requireaent. Connections to the console were 
aade with flexible rubber tubing where the pressure was not expected to 

f 

ever exceed 20.7 MPa (3000'psi). This tubing, like that'used to connect 
the tank-trailer, had a working pressure of 34.5 MPs (5000 psi) and a burst 
pressure of 137.9 MPa (20,000 psi). Other connections which involved the 
higher pressures were aade with steel tubing having a alnimua burst pres­
sure of 547.7 MPa (80,000 psi). 

The output of the pumping systea was fed into about 90 a (300 ft) of 
type 304 stainless steel high-pressure tubing, coupled at 6.1-a (20-ft) 
intervals, and then to the test vessel. The tubing, 7.94 an (5/16 in.) 
ID x 14.3 aa (9/16 in.) 0D, 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 control console, 
see Fig. H.l) and one valve at the test vessel. The orifices at these 
points were 4.76 aa (3/16 in.). The coupling on the test tank had an ID 
of 3.17 aa (1/8 in.). The valve near the test vessel (No. 12 of Fig. H.l) 
proved useful when running le-ik and systea operation tests prior to the 
actual pressurizatlon of the test vessel. 

The Low-Pressure System 

The nitrogen pressurization systea (Fig. H.l) consisted of two basic 
pumpinp systeas interconnected with appropriate valving to provide the 
necessary operating flexibility. One was a relatively low-pressure, high-
voluae system capable of pumping 1.7 sen (60 scf) of gas at a aaxiaua 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 systea was a model 
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MC-600 Corolla diaphragm pump powered by a 20-hp, 220-V, 3# electric 
aotor. 

The Corblla pump ana cooled by circulating water through n jacket 
surrounding the conpreaaloa chaaber, an oil reservoir, and then through e 
enter jacket which surrounded the ttlgh-pressjre output line. The tenpera-
ture of the nitrogen gaa delivered to t^e control conaole waa about 48.9'C 
(120 -P). 

The water for cooling, froa a 7451-liter (5000-gal) supply contained 
in a large [14,902-liter (10,000-gal)] tank adjacent to the punps, was 
circulated from the storage tank through the Cbrblfc eump and then back 
to the storage tank by a awn 11 electric punp. The volune of water which 
could be circulated could be varied from zero to a ma-rlmum of about 14.9 
lltere/wln (10 gpa) by a valuing arrangenent on the output aide of the 
water pomp. However, a flow rate of about 4.5 llters/ain (3 gpa) proved 
adequate. 

4 published curve ahoving the puaping characteristics of the Corblin 
poap is given In Fig. H.4. 

At compression ratios* greater than 1, the volume of gaa taken into 
the coapression chaaber la leas than the piston dlsplacenent. This Is due, 
in part, because scan of the available space la filled by the reexpaneion 
of the high-pressure gas rsaalning in the clearance volune at the end cf 
the*coapression stroke. The ratio of the actual intake volune to the dis­
placement volume, the volumetric efficiency, decreasea linearly to zero 
at a coapression retio such that the reexpanded gas completely fills the 
available apace and no fresh gss can be taken in. The volumetric effi­
ciency of the Corblin pump la somewhat higher than that for a piston-type 
pump with a comparable pumping capacity because the dlaphraja-type pump 
provides better cooling In the compression chamber. 

when a gas is drawn into a hot compression chamber, it contacts the 
hot surfaces and immediately expands. For every 3.1 K (5.6*F) rise in 
the temperature of the gas in the compression chamber, the volumetric ef­
ficiency1 will decrease by 1%. This holds true whether the gss is pre­
heated in an inlet line or in the compression chaaber during a compression 

*The ratio, in absolute 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 compression ratios is given in Fig. H.5. 

Several measured pumping rates were made at average discharge pres­
sures of 26.2 HPa (3800 psi) and 44.8 MPa (6500 psi) with an average 
supply pressure of 13.8 MPa (2000 psi). The results showed that the pump­
ing capacity of the Corblin pump was a little lower than the curve of 
Fig. R.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 discharge pressure of 44.8 MPa (6500 psi), the rate dropped to 1.42 
scm/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 System 

When the output pressure of the systes reached about 57.2 MPa (8393 
psl), the pumping operation was transferred to two high-pressure puaps 
(Haskel aodel 14ATS-315C air-driven two-stage piston puaps). Both puaps 
were identical except for their method of aountlng. One was Just the 
basic unit (unenclosed), while the other was housed in a console. Since 
the Haskel puaps were air driven, power for thea was supplied by two Jarge 
diesel-driven air compressors, one with a car iclty of 8.9 a'/ain (315 cfa) 
and the other 17.0 aValn (600 cfa). The air froa the 8.9-aVain compres­
sor was fed to the unenclosed unit via a 19-mm-TJ) (3/4-in.), 15.2-sv-long 
(50-ft) air hose which was coupled to the pump with a standard 19-aa (3/4-
in.) pipe nipple. The air pressurs at the compressor was raist' to ita 
aaxlaua of 0.76 MPa (110 psl) 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 psl) when the Haskel pump was operating. Consequently, the Haskel 
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pump was operated on a *•?*•* •"» air drive pressure of only 0.43 MPa (62 psi). 
This slowed its noraal cycling rate of about 50 strokes/ain to around 30 
strokes/ain. Normal drive pressure for the pumps is about 0.68 MPa (100 
psi); «n*r«— drive pressure is 0.86 MPa (125 psi). 

The Haskel puap which was housed in a console was supplied air f roa 
the 17.0-mVmin (600-cfa) compressor. Maxima supply pressure at this 
compressor was 0.69 MPa (100 psi) with a C.41-MPa (60-psi) irop in a 
siailar air hose. Cycling rate of this puap was around 25 strokes/ain. 

Temperature of the drive uir at the iuput to the puaps 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 puaps operating together 
were able to puap 0.297 scm/min (10.5 scfa) of nitrogen. When the supply 
pressure was raised to an average of 15.5 MPa (2250 psi) and the output 
pressure was 89.6 MPa (13,000 psi), the puaping rate increased to 3.36 sua/ 
•in (12.8 sera). 

Bot~ high-pressure puaps eventually failed because of excessively 
high teaperatures at the second-stage cylinder walls. The Teflon seals 
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 puap by about 22.2 K (40°F), that is, to 37.8°C (100°*) at the 
puap input; and (2) lowering the compression ratio or the gas pumped by 
the Haskel puaps. This was done by using the Corblin puap 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 before being fed to the Haskel pumps. This was accom­
plished by using 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. 111). 

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 scandby basis. 



270 

Pressure Meaaurementa at the PUMP Site 

Dial gages having a range of 0 to 27.6 MPa (C to 4000 psi) and an 
.accuracy of IX were placed In the system (see Fig. H.l) to monitor the 
pressure of the nitrogen gaa supply and the input preeaure to the Haskel 
pumps. The IX accuracy was adequate at these stages-

A Beise aodel CM 216-OB-diaa (8 1/2-ln.), 344-MPa (50,000-psl) FS 
Bourdon dial gage with a calibration accuracy of 0.12 was located at the 
punp site to monitor the line pressure to the teat vessel. Since the 
smallest graduation on the dial equaled 0.689 MPa (100 psi), it waa com-
paratlvely easy to read to z0.2i MPa (30 psi). It is felt that the over­
all accuracy with which the pressure in the test vessel could be Measured 
from the pump site by the Heise gage waa well within 0.20Z. 

A second gage, a Viatran model 221 with a full-scale range of 206.8 
MPa (30,000 pai), was connected at the same point in the system as the 
Beise gage (Fig. H.l). It provided an output voltage which was propor­
tional to the pressure. The voltage from the Viatran gage waa recorded 
on a model 5211-2 Omni Scribe* X-T recorder which provided a continuous 
history of the pressure at the punp 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 excitation voltage reaulted in an over­
all pressure measurement error of 1.02 at the pump s?te. The lower trace 
of Fig. H.6 through H.9 shows a reduced copy of the records produced by 
the Viatran gage. 

When the pumps were operating, the pressure pulsations produced by 
the pumps as well aa the static preasure drop in the lice between the pump 
site aiH the test vessel would often produce a preaaure reading of 6.89 
MPa (1000 psi) higher than the actual preaaure 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 tha gaa pressure in the test ves­
sel to equalize with that in the feed line at the pump site. The preasure 
stabilization tine waa of '..he order of 30 sec. 

Manufactured by the Houston Instrument Co. 
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Fig. H.9. Pressure-tise history at pump station, June 18, 1976. 

Pressure Measurements at the Test Vessel 

A 0- to 206.8-MPa (0- to 30,000-psi) type DHF pressure transducer* was 
placed in the line about 0.5 m fros the test vessel (see Fig. H.l) and con­
nected to a second channel of the Omni Scribe recorder. Unlike the Viatraa 
gage located 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 (0.252 of full scale) plus an estimated measure­
ment error of the excitation voltage (0.12), that of the X-Y recorder 
(0.2Z), and a reading error of perhaps 0.22 al] combine to prouuce an over­
all error not exceeding 0.42. 

The traces showing the pressure-time histories produced by the DHF 
gage for each of the four days of pressure cycling are given in the upper 
trace of Figs. H.6 through h.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. 

Manufactured by fcLH Electronics, Waltham, Mass. Identified «* PE 30 
on OKNL drawings. 
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A second gage to sense the test vessel pressure <-. :s aounted in para­
llel with the DBF pressure transducer (Fig. H.l). However, the output of 
this gage, a bulk sodulus g&ge, was not •oritored by the White Oak Labora­
tory. This gage was manufactured by Harwood Engineering Co., Walpole, 
Mass., and Is identified as PE 133 on OREL drawings. 

Reference 

1. Handbook of Diaphragm Compressors and Ptmq>8* American Instruaent Com­
pany, Inc., Silver Springs, Md. 
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Appendix I 

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 
test vessel V-7A was made by D. A. Canonico and R. S. Crouse. Figure I.i 
is an approximately half-size photograph of the fracture from V-7A. The 
goal of the Jractographic ej 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 flaw, 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 
1.2 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 frangible fracture. 

The region that leaked in V-7A, between areas 2 and 4 in Fig. 1.1, 
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 inside surface of the vessel before 
the fractured zone was chilled and separated. In the earlier examination, 
the Inside surf ice 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 tearing. The fractographic examina­
tion of the ligament region between areas 2 and 4 shows a length of about 
73 mm (2.9 in.) of plastically deformed fracture surface bounded at each 
end by a thin, pointed fracture area along the inside surface 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 to the inside surface over 
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a distance of at least 73 mm and, from fractographlc ev.'dence, no sore 
than this amount. 

An SEM examination of the region that breached the inner vail was 
made. Figure 1.3 shows that the fracture surface near the Inside Is 
essentially featureless. The surfaces that evolved as a consequence 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 Fig. 1.3 are the result of this deformation. There is 
evidence that the fracture surface has a dimple morphology, but this could 
not be uncontestably confirmed. However, this conclusion can be Inferred 
from the morphology of the fracture surfaces at areas 1 and 5 in Fig. Z.l, 
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 dimple mode 
of fracture, Indicative cf ductile tearing. 

In summary, 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, •".he 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 1.4. 
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Fig. I.l. Photograph of*tha fracturad aurfacaa fron iut«r*adlata 
test vessel V-7A. The regions of the fracture that were examined by 
scanning electron microscopy are areas 1 to 5. 
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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 ths cleavage mods. These 
photomicrographs are representative of the SEM appearance of brittle 
fracture in thla A533, grade B, class 1 material. Original reduced 26X. 
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Fig. 1.3. SEM photomicrographs of the region of the crack in V-7A 
that breached the inner wall (area 3 in Fig. I.l). 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. Original 
reduced 27%. 
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Fig. 1.4. SEM photomicrographs representative oi the regions within 
the wall of the V-7A vessel where the cracks extended and arrested (areas 
1 and 5 in Fig. 1.1). The dimpled appearance of the fracture surface is 
indicative of ductile tearing. The flat facets are undoubtedly due to the 
plastic deformation that occurred when the pressure was released and t'ufc 
fracture surfaces were brought into intimate contact. Original reduced 
11 C«/ 
-1.J». 


