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PRELIMINARY

HSST THERMAL SHOCK PROGRAM QUICK LOOK REPORT

R. D. Cheverion

INTRODUCTION

Prior to TSE-5 four thermal shock experiments were conducted as a part
of the ORNL HSST Thermal Shock Progrum. The purpose of those experiments
was to investigate the behavior of shallow surface flaws in thick-wall

steel cylinders under severe thermal shock conditions similar to those

that might be encountered in a PWR during a loss-of-coolant accident (LOCA) .

The tests were conducted on 533-mm-0D x 152-mm-wall x 914-mm-length (21-
in. % 6-in. x 36-in.) cylinders fabricated from A508 class 2 material
(forging-grade LWR pressure vessel steel). A quench-only heat treatment
was used to achieve low toughness, simulating to some extent the radiation
damage in a PWR vessel after 40 yr service. For three of the experiments
the initial flaws were ~11 mm (0.4 in.) deep and extended the full length
of the cylinders, whi'e for the remaining experiment a semicircular flaw
with a radius of 19 mm (0.75 in.) was used; in all four tests the flaws
were on the inner surface of the test cylinder. These experiments demon-
strated initiation and arrest of shallow flaws under severe thermal shock
conditions, and indicated that at least for shallow flaws LEFM is valid
for these loading conditions. These experiments are discussed in Refs.
1~4.

Analysis of the PWR LOCA-ECC 1,254 indicates that under some circum-
stances a preexisting flaw on the inner surface of the vessel could propa-
gate deep into the wall, and that the extent of propagation would be in-
fluenced by the vessel diameter-to-thickness ratio and also by warm pre-
stressing (WPS). Neither of these effects could be investigated in the
first four experiments because the test specimen diameter-to-thickness
ratio was too small, and because the toughness associated with the quench-
only heat treatment was too low. Thus, additional experiments were in

order.

Loss-of-coolant accident followed by injection of emergency core
coolant. 0™ i I
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The purpese of TSE-5 was to (1) once again demons. rate initiation and
arrest of an inner-surface flaw under severe thermal shuock conditions but
this time in tempered material and in a large enough cylinder to allow
deep penetration as a result of a larger diameter-to-thickness ratio [a
minimum wall thickness of 150 mm (6 in.), indeperdent of diameter, was
selected much earlier in the programl on the basis of heat transfer and

fracture mechanics considerations); and (2) demonstrate warm prestressing.

TESTING TECHNIQUE

Since tempered material was to be used for the TSE-5 test cylinder
(designated TSC-1), the sink temperature had to he much less than used
previously (—=25°C) in order for cracking to occur. Liquid nitrogen F196°C
(—320°F)] appeared to be an appropriate coolant, and three years of develop-
ment effort® culminated in techniques for overcoming film boiling and vapor
binding problems associated with quenching in LN;. For TSE-5 the inner
surface of TSC-1 was coated with a thin layer 0.8 mm (~0.03 in.)] of "rub-
ber cement" (3M-N¥34) to suppress film boiling, and the ends and outer sur-
face were well insulated to preveut quenching of these latter surfaces.

The length of the test cylinder was minimized (consistent with the require-
ment that from a fracture mechanics point of view the cylinder would be
effectively infinitely long) in order to prevent excessive vapor concentra-
tion in the upper regions.

The thermal shock was administered to the inner surface by first lower-
ing TSC~1 into a container of LN, and then suddenly releasing a nitrogen-
gas bubble from the interior cavity, allowing LN; to flood the cavity.
Natural convection provided circulation of liquid up through the central
cavity and down over the insulation on the outside of the specimen. Nitro-
gen vapor exited through the top of the tank containing the LN,, and most
of the entrained liquid fell back into the tank; makeup was provided as
necessary. A schematic of the test facility is shown in Fig. 1.

Data retrieved from TSC-1 included indications of crack initiation
and arrest (COD, AE and UT instrumentation) and radial temperature distri-
butions in the wall as a function of time. These actual temperatures are

being used in the post-test fracture mechanics analysis of the experiment.
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TEST CONDITIONS

TSE-5 was designed to demonstrate initiation, arrest and WPS of a
deep [fractional crack depth (a/w) > 0.3], long axial flaw on the inner
surface of a tempered, thick-wall steel cylinder having a large enough
diameter-to-thickness ratio so that bending effects for a/w > 0.2 would
have a substantial effect on the stress intensity factor. Two additional
criteria for the experiment were (1) calculated values of (KI/KIC)max for
crack depths corresponding to initiation and W¥S events should be large
enough to accommodate uncertainties in KI and KIC so that initiation prior
to WPS would be assured, and, if at an appropriate time in the transient
reinitiation did not take place, this nonevent would be a clear indication
that WPS was effective in preventing further propagation; and (2) che
length of the test specimen should be sufficient to represent an effec-
tively infinitely long cylinder insofar as crack behavior and analysis are
concerned.

As shown in Fig. 2, the dimensions of TSC-1 were 991-mm CD x 152-mm
wall x 1220-mm length (39 in. x 6 in. x 48 in.). There were fifteen 25-mm-
diam (1-in.) holes through the wall (see Fig. 1) that accommodated the
thermocouple thimbles shown in Fig. 3. The flaw was located on the inner
surface midway between two of the three equally spaced banks of thermo-
couple-thimble holes and was initially ~15-mm (0.6-in.) deep. The actual
depth of the initial flaw will be determined posttest by destructive means.

The material for TSC-1 was A508 class 2 that was tempered at an appro-
priate temperature [613°C (1135°F)] for achieving fracture toughness prop-
erties similar to those for HSST plate 02.°

The thickness of the rubber cement coating on the inner surface of
TSC-1 was V0.8 mm (0.3 in.), and the initial temperature of the specimen
was 96°C (205°F). Conditions for TSE-5 are summarized in Table 1.

FRACTURE MECHANICS CHARACTERISTICS OF TSE-5 (PRETEST)

During the design phase of TSE-5, calculations were made for different
heat transfer and material property conditions, and finally the test con-
ditions specified in Table 1 were selected. As indicated in this table,

the static fracture toughness and arrest toughness curves used in the

PRELIMINARY
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PRELIMINARY

Table 1. Test Conditions for TSE-5

Test specimen

Test specimen dimensions, m
oD
1D
Length

Test specimen material

Test specimen heat treatment

ch vs temp curve specified

K. and K. curves used in
Ic la

TSE-5 design analyses

Flaw

Temperatures, °C
Wall (initial)
Sink

Coolant
Flow rate
Coating on quenched surface

Coating thickness, mm

TSC-1

0.991
0.686
1.22

A508 Class 2
Tempered at 613°C for 4 hr
HSST Plate 02°

ASME Section XI, Appendix A,

= —34°
RTNDT 34°C

Long axial sharp crack,
a =16 mm

96
-196

LN,
Natural convection loop
Rubber cement (3M-NF34)

0.8

7,8
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final pretest analysis are those in Section XI of the ASME Code’>® with
R or = =34°C (=30°F); these curves are shown in Fig. 4. The static frac-
ture toughness curve obtained in this manner duplicates the nominal HSST
plate 02 data® in the temperature range of interest 46 to +10°C (-50 to
+50°F)]. Early studies had indicated that the HSST plate 02 data would be
appropriate for TSE-5. )

Results of the analysis corresponding to tlhie conditions in Table 1
are presented in Figs. 5 and 6. Figure 5 is the critical-crack-depth set
of curves showing crack depths corresponding to initiation and arrest
events, to (KI)max and to (KI/KIc)max’ all as a function of time. Also
/K. ) and the crack tip tem-

I" "Ic'max
peratures corresponding to the initiation events. The dashed line in Fig.

shown in Fig. 5 are specific values of (K

5 indicates the possible behavior of the long axial flaw, assuming an
initial fractional flaw depth (a/w) of 0.10. As in” _ated, the crack
front was predicted to advance in a series of init. .tion-arrest events,
and if WPS were effective, the final arrested cra.k depth would be "0.56.

Incipient warm prestressing (IWPS) for sharp flaws was predicted to
occur at a/w ¥ 0.48. 1If a flaw of this depth initiated, it would arrest
at a/w ¥ 0.70. This is the maximum depth to which a flaw could extend
because flaws with depths greater than 0.48 could not ini.iste. assuming
WPS to be effective. The calculations indicated that if WPS were not
effective the flaw would extend nearly all the way through the wall.

The crack-tip temperature for the first initiation event was pre-
dicted to be v22°C (—7°F), and the maximum associated with a subsequent
initiation event would be 4°C (40°F) and corresponds to a fractional crack
depth of 0.4. As indicated by the curves in Fig. 4, this temperature
range corresponds to the lower transition region of the fracture toughness
curve. Velues of KI(KIC) at the times of initiation can be obtained from
Figs. 4 and 5. The maximun value, which corresponds to an initiation tem-
perature of 4°C (40°F), is 2127 MN-m~3/2 (116 ksi vin.).

The requirement that (KI/KI )max be sufficiently greater than unity

to ensure initiation for a/w < (a/w) and to leave no doubt regarding

IWPS
the effectiveness of WPS, should initiation not take place for a/w 2

EY "
(a/w)IHPS. would be satisfied. For th2 initial crack depth, (KI/KIC e #

2.3, and for the maximum arrested crack depth (a/w = 0.7), (KI/KIC)max -
1.7,
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The actual performance of TSE-5 would depend of course on how well
the assumed heat transfer rate was duplicated and how closely the actual
xIc and KI. data match the data specified and used in the pretest calcula-
tions. Preliminary fracture toughness data (ch) obtained specifically
for TSE-5 using the TSC-1 prolongation as a source of test specimen mate-
rial are shown in Fig. 7. KIa data and additional KIc data are being ob-
tained at this time.

RESULTS OF EXPERIMENT

The trace of the COD-gage output, shown in Fig. 8, illustrates graphi-
cally the events that took place during TSE-5. As indicated, initiation-
arrest events took place at 105, 177 and 205 sec, with all gages* indicat-
ing each of these events. Four of the seven gages survived the event at
205 sec and indicated no further events during the remainder of the 30-min
test. Prior to the event at 105 sec, a few relatively small events took
place but were not indicated by all gages.

Estimates of crack depth prior to the test and at the time of each
event were obtained from three ultrasonic (UT) transducers secured to the
outer e~ rface of the test specimen. After disassembly of the test speci-
men, following TSE-5, UT instrumentation was used to obtain a detailed
description of the final crack front. All UT measurements are displayed
in Fig. 9. It appears that the first crack-jump distance was V18 mm (0.7
in.), the second “64 mm (2.5 in.), and the third ~38 mm (1.5 in.); the
corresponding total crack depths were approximately 33, 97 and 135 mm
(1.3, 3.8 and 5.3 in.), respectively. These are the deepest recorded
points along the length of TSC-1 and are located at mid-length. As indi-
cated by the detailed posttest scan of the final crack front, there appears
to be substantial end effects (less crack penetration) that extend about
25 mm (10 in.) from each end.

A comparison of the COD and UT data with the TSE-5 pretest analysis
(Fig. 5) shows that the three main initiation-arrest events took place
earlier and the crack jumped deeper than anticipated. Part of the reason
for this is that the thermal shock was more severe than intended, as indi-

cated by the comparison of calculated (pretest) and measured surface-

«
Gages 4 and 6 recorded elsewhere.
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temperature transients in Fig. 10. This greater heat transfer rate intro-
duced the possibility of excessive axial asymmetry in quenching due to
vapor binding. However, as shown in Fig. 11, which is a plot of near-
surface-temperature vs time for five axial locations in one vertical plane,
the degree of symmetry was very good; although not shown herein, the degree
of circumferential symmetry was equally good. Calculated (pretest) and
measured radial temperature distributions for a few times of special
interest in the TSE-5 transient are shown in Figs. 12, 13 and 14. These
and other measured temperature distributions were used in a preliminary
post-test fracture mechanics analysis of TSE-5 to determine how well the
analysis, using actual thermal loadings, agrees with observed behavior.

The results of the analysis are reported herein in terms of the critical-
crack-depth curves (Fig. 15) and KI vs time (Fig. 16). The actual events
that took place during TSE-5 are indicated by the dashed line in Fig. 15.
Point 1 in Fig. 15 represents the initial crack depth at the start of the
thermal transient (time zero). Point 2 is the first crack-initiation
event and point 3 the first arrest event. The sequence continues to point
7, which represents the final arrest event. If the post-test analysis

were exactly correct, the initiation points (points 2, 4 and 6) would coin-
cide with the KI = KIc curve. Points 2 and 4 are very close; however, the
third initiation event falls far short of the KI = KIc curve, indicating
that the fracture toughness at that depth (a/w ¥ 0.63) and temperature
[~79°C (175 °F)] was much less than expected, although the test specimen
material had not be=n characterized at this high a temperature. Assuming
the KI calculation to be correct, the KIc value for 79°C obtained by means
of this third initiation event is “115 MN-m=3/Z (105 ksi Vin.); this data
point is included in Fig. 7.

The static arrest toughness (KIa) values associated with points 3, 5
and 7 as derived from the post-test analysis, are 86, 104 and 92 MN-m“3/2
(78, 95 and 84 ksi Vin.), and the corresponding temperatures are V36, 82
and 89°C (96, 180 and 193°F), respectively. These data points are also
plotted in Fig. 7.

A review of the Charpy and drop-weight data obtained from the TSC-1
prolong pr}or to TSE-5 indicates, in retrospect, that the TSC-1 material
was probably much less tough above 10°C (50°F) than originally believed
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on the basis of the pretest xIc data in Fig. 7. This would account for
the early third initiation event but does not explain the large magnitude
of the second crack jump. Had this and successive jumps been much smaller,
crack-tip temperatures would have been much less, and the calculated KI =
ch curve would have been followed more closely. The very large second
jump [64 mm (2.5 in.)] is an indication of inhomogeneities through the
thickness of the wall and/or perhaps dynamic effects. Both possibilities
are being investigated.

Another possible explanation for the long crack jum; and the initia-
tion at "high" temperature (third initiation) is the possibility that the

calculated K, values for the deep cracks are too low. Two post-test FE-

LEFM calculaiions have been performed with two different FE techniques for
calculating KI: the energy method and the displacement method. The agree-
ment was very good. Also, a comparison was made between the FE wethod,
which accounts for bending of the wall, and the Irwin method, which does
not. As shown in Fig. 17, there is a very substantial difference between
the two results. Of course this comparison does not necessarily mean that
the FE analysis is correct, but it does mean that a good deél of the bend-
ing effect is included in the FE analysis.

During TSE-5, an attempt was made to measure the rate of crack open-
ing using COD gages (4 and 6) and fast recording equipment. This informa-
tion was then interpreted in terms of crack velocity by relating crack
depth te crack opening via the post-test finite element LEFM analysis.
Figure 18 is a trace of strain vs time for COD gages 4 and 6 during the
second crack jump. As indicated by the slopes of the curves, the velocity
decreases with time over essentially the entire crack jump distance. The
initial velocity is estimated to be 180 m/sec.

The acoustic emission data obtained during TSE-5 will be used pri-
marily as supplemental information for establishing the time of an initi-
ation event. These times are also determined by means of the COD and UT
instrumentation. During TSE-5, the close proximity of the AE and UT
transducers resulted in some loss of AE sensitivity, and this is creating
some difficulty in analyzing the AE data. No definitive results are
available at this time.
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With regard to warm prestressing it is apparent from Figs. 15 and
16 that the three initiation events took place prior to the times that
d(ll)/dt = 0, and of course none took place afterwards. However, at this
time there is too much uncertainty in the shape of the KI = KIc curve to
conclude that WPS was effective in preventing a fourth initiation event.
Preliminary results for TSE-5 are summarized in Table 2.

Table 2. Results of TSE-5

iniciation-arrest events 1 2 3
Time (sec) 105 177 205

Crack depth.* (a/w)
Initiation 0.10 0.20 0.63
Arrest 0.20 0.63 0.80C

Temperature, °C (°F)

Initiation -9 (15) -3 (27) 79 (175)

Arrest 36 (96) 82 (180) 89 (193)

Koo MN-m~3/2 (ksi vin.) 79 (72) 111 (101) 115 (105)

M MN'm~3/2 (ksi Vin.) 86 (78) 04 (95) 92 (84)
Duration of experiment, min 30

*
Maximum depth (mid-length of TSC-1).
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