Commonwealth Edison Company

1400 Opus Place
Downers Grove, 1L 60515

April 27, 1995

Office of Nuclear Regulation m

U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

Attn: Document Control Desk

Subject: Response to Reguest for Additional Information
(RAI) Pertaining to the Proposed Technical
Specification Amendment for the Nominal PORV
Pressure Relief Setpoint Versus RCS Temperature
for the Cold Overpressure Protection System

References: . R. Assa letter to D. Farrar dated April 20,
1995, transmitting Request for Additional
Information
- D. Saccomando letter to the Nuclear

Regulatory Commission dated December 16,
1995, transmitting a Proposed Technical
Specification Amendment for the Nominal PO™'’
Pressure Relief Setpoint Versus RCS
Temperature for the Cold Overpressure
Protection System

Reference letter 1 t:;ansmitted the Nuclear Regulatory
Commission's Request for Additional Information regarding the
proposed Technical Specification amendment for the Nominal PORV
Pressure Relief Setpoint Versus RCS Temperature for the Cold
Overpressure Protection System which was transmitted in Reference
2. Question number 3 mentioned that in Braidwood's submittal, the
instrument uncertainties have not been incorporated into the
power operated relief valve setpoints for low-temperature
overpressure protection curve, and that the Staff found this to
be unacceptable. We are enclosing the attached document which
summarizes the technical bases for the exclusion of a random
instrument uncertainty margin term from the pressure- temperature
limits and the cold overpressure mitigation system setpoint.

This attachment may be useful during your review to help resolve
this issue.
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NRC Document Control Desk -2~ April 27, 1995

I1f you have any questions regarding this, please contact this
office.

Sincerely,

Denise M. Sac ando
Nuclear Licensing Administrator

Attachment
cc: R. Assa, Braidwood Project Manager-NRR

3. Dupont, Senior Resident Inspector-Braidwood
J. Martin, Regional Administrator-RIII

Office of Nuclear Safety-IDNS
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+ Date: November 14, 1994 2 1 1 8 8 G

To: K.L. Kofron R. Kerr
G .K. Schwartz D.E. St.Clair
E.A. Broccolo M.E. Lohmann

Subject: Technical Position on Random instrument Uncertainty for P-T Limits and COMS Setpoints.

Reference: J.N. Chirigos and T.A. Meyer, "Influence of Material Property Variations on the Assessment
of Structural Integrity of Nuciear Components,” Jourr:al of Testing and Evaluation, Vol. 6,
No. 5, September 1978, pp. 289-295 (attached).

At the request of M A. Gorski, Braidwood SEC, the technical bases for the exclusion of a random instrument
uncertainty margin term from pressure-temperature (P-T) limits and cold overpressure mitigation system
(COMS, also known as low temperature overpressure protection system, LTOP) setpoints have been
summarized. Input to this letter was also provided by Russ Tamminga (Consultant), Jim Chynoweth
(SMAD), and Steve Goslin (EPRI-NDE).

Introduction

P-T limits and COMS setpoints are established to protect the reactor pressure vessel (RPV) from nonductile
failure due to overpressurization. The determination of the P-T limits and COMS setpoints is based on very
conservative assumptions and methodologies. Incorporation of a margin term 1o account for random
instrument uncertainty is not required by the applicable regulations and is not necessary in light of the large
margins already present in the determination of the P-T limns and COMS setpaints.

Incorporation of a margin term to account for random instrument uncertainty also:

reduces operating fiexibility at low temperatures (operating flexibility as a function of the
difference at a given temperature between the maximum allowable pressure in accordznce
with ASME Section X! Appendix G, and the minimum pressure necessary for proper
operation of reactor coolant purp seals), and

increases the likelihood of COMS actuation, endangering reactor coolant pump seals at
lower temperatures and unnecessarily challenging the reactor coolant system, with no
concurrent increase in protection against nonductile failure of the RPV.

: X GG .

Random pressure and temperature instrumentation uncertainties are insignificant when compared to the
margin terms already inciude 1 in the ASME Section Xi Appendix G methodology for determining P-T limits,
which are subsequently used as an input to COMS setpoints. These margin terms include:

1) A safety factor of 2 is applied to tha memiyane stress intensity factor (pressure). For
example, a P-T limit for an allowable pressur e of 400 PSIG would actually be based on the
stress intensity resulting from a pressure of 800 PSIG.

2) ASME Section X! Appendix C allows the sum of the pressure stress intensity factor
(multiplied by a safety factor of two) and the thermal stress intensity factor to be no higher
than the reference stress intensity factor K, shown in Appendix G Figure G-2210-1
(attachad). The K, value at a given temperature is the lower bound of all available static,
dynamic, and crack amest fracture toughness data, and is identical to the lower bound
crack arrest K, values shown in Section XI Appendix A Figure A-4200-1 (attached). This
is considerably more conservative than either the crack initiation toughness, K, of Appendix
». Figure A-4200-1 (which Section XI Appendix E permits for evaluating the etfects of actual
overpressure events on the operability of an RPV), or the actual fracture toughness of the
RPV limiting mater.al, which would be expected to fall above the K, curve.



3) A 20 margin on mean predicted shift is included in the Regulatory Guide 1.99 Rev. 2
method for determination of a conservative, upper bound value of adjusted reference
temnperature. For Braidwood Unit 1 at 32 EFPY and a depth of 1/4T, this results in the
addition of 56°F to the adjusted reference temperature used in the calculation of P-T limits;
for Braidwood Unit 2 at 16 EFPY and a depth of 1/4T, this results in the addition of 52.5°F
to the adjusted reference temperature.

4) Stress intensity factors are calculated on the basis of an assumed flaw in the wail of the
RPV with a depth: equal to 1/4 T. The degree of conservatism associated with this
requirement can be seen in Appendix E, which permits the use of a 1.0" initiation crack
size. This is considerably smaller than 1/4T, and is consistent with industry experience in
performing I1S! of RPV beltline regions.

Figure 5 of the Reference (attached) illustrates the conservatism typical of P-T limits developed in
accordance with Appendix G for a typical PWR at an end-of-life fluence.

At the lower end of the operating temperature range, where the concern for protection anainst nonductile
fracture is highest, Figure 5 shows that a margin of at least 600 PSIG exists above the Appendix G P-T
limit if the sum of the actual pressure and thermal stress intensity factors is not allowed to exceed the £,
curve.

Even greater margins exist when more realistic flaw sizes and the estimated available beltline material
~.-foughness is taken into account.

acaion o Sarcid - Saciion ) Acosodix B

The Appendix E Paragraph E-1200 Acceptance Criteria can be used to mustrate the conservatism of
Appendix G specifically for Braidwood Units 1 and 2.

For Braidwood Unit 1, with a 32 EFPY 1/4T adjusted reference temperature of 159°F (56°F of which is Reg.
Guide 1.99 Rev. 2 margin) , the maximum allowable pressure for a pressurized thermal transient occurring
at 214°F is 2485 PSIG (thw design pressure). The Appendix G steady-state pressure limit at the same
temperature is 935 PSIG, a margin of 1550 PSIG.

For Braidwood Unit 2, with a 16 EFPY 1/4T adjusted reference temperature of 145°F (52.5°F of which is
Reg. Guide 1.99 Rev. 2 margin), the maximum allowable pressure for a pressurized thermal transient
occurring at 200°F is 2485 PSIG (the design pressure). The Appendix G steady-state pressure limit at the
same temperature is 912 PSIG, a margin of 1573 PSIG.

The random instrument uncertainty of 60 PSIG and 10°F applied in the past to P-T limite '~ therefore very
small when compared with the margin between the Appendix G P-T limits and the Appenuix E allowables.
For isothermal pressure transients, the margin available from Appendix E is even higher. And accounting
for the shift in the curves resulting from the adjusted reference temperature margin would also result in eve..
higher margins.

m ion of Margin - Section X1 A ix G
The ASME Code explicitly recognized the amount of margin inherent in Saction XI Appendix G P-1 limits

in the 1993 Addenda. 'With that Addenda, Appendix G paragraph G-2215 incorporated a provision for
allowing COMS setpoints to exceed the usua! P-T limits by 10% as a standard practice.




- Conclusion

The regulations, Codes, and reguiatory positions governing P-T limits and COMS setpoints (10CFRS0
Appendix G, ASME Section XI Appendix G, and NUREG 0800 Section 5.3.2 Branch Technical Position
MTEB 5-2) do not require margins for random instrument uncertainties.

Compared with the margins inherent in the P-T limits a. ~ resulting COMS setpoints developed in
accordance with thesa regulations, random instrument uncertainties are insignificant and additional margin
need not be included. Section X1 recently recoynized this by incorporating a provision for allowing COMS
setpoints 1o exceed Appendix G P-T limits by 10%.

The imposition of margin in addition to that already shown to exist reduces operating flexibility and
increases the likelihood of COMS actuation, endangering reactor coolant pump seals and unnecessarily
challenging the reactor coolant system, with no concurrent increase in protection against nondi«ctile failure
of the RPV.

if there are any questions, please call Tom Spry at 708/663-7268.

Ghewer D Loy

S/G & RPV Projects

cc: J.C. Blomgren N.J. Mares J. Hosmer
K. Norris J.M. Chynoweth R.J. Tamminga
D. Saccomondo H. Pontius M.A. Gorski

R.E. Waninski



G-2212 APPENDIX G — NONMANDATORY G-2214.3
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Fig. A-4200-1 1992 SECTION XI — DIVISION 1
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REFERENCE: Chirigus, J. N. and Meyer, T. a., “Influcnce of
Material Property Variations on the Assessment of Structural Integrity
of Nuclear Componcats,” Journal of Testing and Ewvaluation,
JTEVA, Vol. 6, No. 3, Sept. 1978, pp. 289-295.

ABSTRACT: The question, “Whure can the generation of new
material property data reduce overly conscrvasive design in reactor sys-
terns?” presently exists in the nuclear industry. The question is
answered by identifying where conservatism exisis relative to deter-
mining maerial property variations. Several areas are reviewed to
ideniify comervatism and the sensiiivity of structural integrity
evaluation results 10 the property vaniations. The areas reviewed were
Nuence dependence of the transition temperature, fracture toughness,
the drop in upper shell toughness, the arress toughness, the material
thermal propurties, and the fatigue crack growth rate.

_ KEY WORDS: nucleur reactors, mechanical properties, fatigue
{materials), fracture mechanics. fracture toughness, structural
integrity, transition tempcrature, arrest toughness, fatigue crack
growth, nuclear plant heat-up and cool-down, reactor vessel accident
analysis, upper shelf 1oughness

A question presently existing in the nuclear industry is, “Where
can the generation of new material property data reduce overly
conservative design in reactor systems?”” The question can be
answered by identifying where conservatism exists relative to deter-
mining material property variations in the evaluation of nuclear
components’ structuzal integrity and by demonstrating the scnsi-
tivity of thie structural integrity analysis results to the property
varia.'ons. The impact of material property variations on the
structural integrity of nuclear components can be illustrated by
evaluating the structiral integrity of a pressurized water reactor
vessel. The limiting region of a reactor vessel that should be
analyzed in the cvaluation of strv -iural integrity is the bekiline or
cors mid-plane region. This region is usually limiting because of
the high Nuence levels and resulting irradiation damage *hat
occurs in this region.

To assess the reactor vessel integrity it is mecessary first to
provide a basis fur the asscssment by cunsidering the applicable
~ fards and criteria used (o design, evaluate, and operate &
nuclear plant. Then, with these standards and criteria as guides,
the evaluation of the sensitivity of the reactor vessel structural
integrity 1o various material property assumptions can be made.
This sensitivity is assessed in this report. for two sets of plant
com’!itions: those nucicar plant teactor conditions that are con-

"Manaper and engineer, respectively, Westinghouse Fleetrie Corpora:
tion, ¥.O. Box IS5, Pean Conter Building 2. Mishurgh, Pa, 15230,

© 1978 by the American Society for Testing and Materials

sidered normal and are expected 1o nccur and those that are more
severe but are not expected to occur (accident conditions).

Applicable Standards and Criteria
The various applicable standards and criteria are these:

(1) American Society of Mechanical Engineers (ASME) Boiler
and Pressure Vessel Code, Section 111, Appendix G, Protection
Against Non-Ductile Failure,” 1974; -

(2} Code of Federal Regulations, Title 10, Part 50, Appendix G;

(3) Code of Federal Regulations, Title 10, Pant 50, Appendix H;

(4) ASME Boiler and Pressure Vessel Code, Section X1, 1974;

(5) ASME Boiler and Pressure Vessel Code, Section XI,
Appendix A, “Evaluation of Flaw Indications,” 1974;

(6; U.S. Nuclear Regulatory Commission (NRC) Standard Plan
for Pressure- Temperature Operating Limits; and

(7) HRC Regulatory Guide 1.99, Revision 1, “Effects of Residual
Elements on Predicted Radiation Damage to Recctur Vessel
Materials,” 1977. ¥

The ASME-Ill, Appendix G, standard presents eriteria and
methods for prevention of nonducrile failure in nuclear compo-
nents. All loading conditions expected to occur, including normal
operation, upset, and test conditions, must be considered. Luading
conditions not expected to occur are classed as “accident condi-
tions™ and are not considered in the ASME-III, Appendix G,
analysis. Appendix G of 10 CFR 50 presents fracture toughness
requirements and makes the ASME-1II, Appendix G analysis
mandatory. Again the conditions lassed as “accident conditions’’
arc excluded. Appendix H of 10 CFR 50 requires that the reactor
vessel have a surveillance program if the end-of-life Nucnce is
expected 1o be greater than 10' n/em? and gives the requirements
for such a program.

The ASME-X1 standard gives code requirerents for in-scrvice
inspection, and Appendix A of Section XI requires that defects
revealed during inspection be cvaluated for aevident loading
conditions as well as for fatipue, The NRC standard review plan
presenis guidelines for the NRC reviewer of pressurc-tempe-ature
operating limits and invokes 10 CFR 50, Appendix G, on all
plants, old as wrll as new, and also requires demonstration of
the adcquacy of the plant under accident (thermal shock) condi-
tions. The various regulatory guides give supgestions as to how 1o
account for different cffects. For example, R.G. 1.99 pives
guidance un how to account for the embrittling effccts of neutron

0000-397 3/78/0009.0269%00.40
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Normal Condition 'lant Operation
The standards

and criteria applicable during normal plant

operation are Appendixes G of both ASME- 111 and 10 CFR 50,

The principal maierial property of in

terest is the matenal fracture

toughness, which is given in the code as th

¢ N g curve in ASME-11],

Appendix G, and as equations for initiation toughness Ky, and
arrest toughness K, in Appendix A of ASME-XI. The K, of
ASME-X1 corresponds to K g n ASME-1i1. Appendix G.

Figure 1 gives a plot of K, and K, (or Kx) as obtamed from
the ASME- 111, Appendix G. Temperature 18 plotted relative to the
reference transition temperature, R7apr- The code gives no
guidance as to the value of toughness on the upper shelf, which is
assumed here to be 220 MPa-m'? (200 ksi-in.!"%). it is felt that
this value is supported by existing data; however, the actual value
taken is not too important for the task at hand, which will include
an asscssment of varying sheil toughness.

Fluence De'pcndence

An important aspect of iJentifying the toughness curves to be
applicd to a given situation is to account for the effect of irradi-
ation. This can be accomplished by employing so-called trend
curves that give the change in refetence temperature with fluence
st given copper and phosphorus levels. Regulatory Guide 1.99
presents such curves, as does Ref /.

As can be scen by examining these documents, there is a dif-
ference in the fluence dependence assumed on property changes.
This difference is illustraied in Fig. 2. This figure presents AR Tapr
(°F) as a function of increasing Auence. Two fluence trends are
shown in Fig. 2: one curve is ART .pr plotted as a function of the

. square root (Vi power) of the fluence and the second curve is
ART apr plotted as a function of the cube root (s power) of the
fluence. The impact of different 3 RT yp7 fluence curves on reactor
vessel structural integrity can now be assessed.

ASME: 111, Appendix G Assessment

The Appendix G asscssment involves determining the stress
intensity factor owing to the design loading conditions acting on
an assumed reference flaw csually taken as one fourth of the wall
thickness (4 T) in depth. Appropriate safety factors are applied
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s 1o the calculated stress intensity factors and it is required that the
_ stress intensity facturs (with the safety factors) be less than the

value defined by the K g curve, that is, the reference fracture
toughness.

The specific Appendix G evaluation of heat-up and cool-down

" in nuclear power plants will be discussed scparately in a later

) section of this paper.
By considering the various design loading conditions such as
) steady siate operation and sicp foad change in power, the stress
" intensity factor is calculated for each loading condition, the
_appropriate safety factors are applied, and the resulting stress
intensity factor is compared with the K x curve at the temperature
where the particular loading condition oceurs. An example of
the results of this type of analysis is shown in Fig. 3 for an analysis
of the beltline region of a four-loop reactor vessel at end-of-life
* fluence conditions.

The points plotted in Fig. 3 represent the stress intensity factors
calculated for individual loading conditions. The posiiion of the
refercnce toughness curve (K i curve) has been established by two
different methods: Method A, Y4 power ART yyr-fluence de-
pendence and Mecthod B, ¥ power ART yyr-fluence dependence.
Even though there is a significant difference in the K g curve, for
these loading conditions, in this particular example ample margin
still remains with the curved portion of the K g curves.

& ATypy °F)

Fluence (N/CMZ 1 MeV)
——

FIG. 2—Change in reference temperature with fluence.
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There is, however, a less satisfactory situation relative to the
proximity of the individual A, values to the assumed toughness at
the shell. There is ample margin relative to the assumed value of
220 MPa-m"? (200 kst-in." ?) and less, of course, at the value of
182 (o 187 MPa ' (165 to 170 ksi-in."?), which represents
the termination of the A’y curve in Appendix G of ASME 111
It should be emphasized that there is considerable conservatism
in the calculated stress intensity factors, arising mainly from the
factor of 2 on pressure stress intensity and the assumption of a
YT Naw, as required by ASME- 111, Appeadix G,

The upgar shell values portrayed in Fig. 3 are considered ade-
quate, in panticular for planis built to contrulled copper linuts.
Results from on-going tests will help establish upper shelf levels for
older plants with relatively high copper content.

Heat-Up and Cool- Down

Typical heat-up and cool down limit curves are constructed
by the metliods of ASME 111, Appendix G, for specified heat-up
and cool-down rates, that is, 33°C/'h (60 °F/h) cool-down rate.

A time period of reactor operation is chosen for which heat-up
and cool-down limit curves are to be determined and the RT ypr is
then identificd. The stress intensity factor K, for thermal stress is
calculated at a specified oolant temperature relative to the
RTypr. The K g is determined from ASME-TI, Appendix G and
then the allowable reactor system pressure is calculated which
satisfics the relation:

K > 2K, pressure + K, thermal

This procedure is repeatcd for temperatures covering the range
of reactor coolant temperatures of intcrest and the results are
presented as curves of maximum system pressure versus system
temperature, as shown in Fig. 4. The curves in Fig. 4 are repre-
sentative curves for a three-loop, high-copper vessel having 2a
end-of-life fluence, .

Two end-of life limit curves are shown in Fig. 4, one determined
by the % power fluence dependence, the other by the ¥4 power
fluence dependence of shift in RTypr. The case chosen was for a
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reactor design that operates at low average coolant tempera-
ture Ta,‘. .

The criticality limit is determined by adding a 22°C (40°F)
margin to the maximum pressure limit to prevent brittle fracture
based on ASME-111, Appendix G. Note that in this case reactor
operation is marginal based on Mcthod A (¥ power dependence)
and impossible based on Method B (Y4 power dependence). Thus,
it can be scen that the fluence dependence of AR Tipe is a sig-
mificant parameier that must be established. i is cssential that
the proper fluence dependence, Vs power versus Vi power flucnce
dependence, be established since it can determine whether reactor
operation is possible at end-of-life conditions, with the assuniption,
of course, that the margins presently required will be applicable in
the future.

It appears that there is a more critical need to establish the efTect
of fluence on the shift in transition temperature rather than the
effect of fluence on upper shelf toughness.

An indication of the conservatism in the ASME- 111, Appendix G,
limits can be seen in Fig. 5. This figure presents the maximum
pressure limit at end-of-life conditions for a three-loop vessel
having bigh (0.30%) copper content.

The lowest curve is that obtained by using the ASME.1II,
Appendix G, methods, The subsequent curves result by:

(1) relaxing the factor of 2 on K, (pressure),
(2) using the Ky, instead of the K g curve,
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(3) relaxing the assumed critical flaw size from AT to 254
and 12.7mm (1 and Y4 in.), and, finally,

(4} basing the curve on an assumed “actual toughness,” which
can be expected to fall above the code K, curve, a value which
may result from the testing of sprcimens contained in reactor ves:
sel surveillance capsules.

Figure S illustrates explicitly the conservatism that exists in the
current methods for defining maximum pressure limits. The lower
temperature scale results when the tcughness curve is shifted by
the ¥ power fluence dependence as opposed to the upper scale,
which is based on the 4 power fluence dependence.,

Figure S demonstrates the nced to establish the correct method
of extrapolating the effect of fluence on ART 7. and it also illus-
trates the need to assure that shifting the reference toughness curve
by use of Charpy data is indeed properly conservative. This can be
accomplished by conducting irradiation tests that include both
Charpy and fracture mechanics specimens that yield a direct
measure of fracture toughness and comparing the shifts in tough-
ness curves. Support for the contention that the method of ac-
counting for the effects of irradiation on toughness using Charpy
data to shift the K curve is conservative can be seen in Fig. 6.

In Fig. 6 the dynamic fracture toughness obtained from 12.7-mm
(YA-in.) thick wedge-opening-loaded samples irradiated in two
different surveillance capsules are ploited. These data, although
limited, indicate that the toughness is significantly above the
K, curve, which was positioned by using a s power fluence
dependence on Charpy data. The dashed curve was drawn with
the shape of the K, curve and pusitioned by the point at T -
RTxpr = 36°C (100°F). The dashed curve is that used to define
“actual” toughness in Fig. 5. This plot also suggests that the shelf
toughness for irradiated (~7 x 10" n/em?) material is greater
than 193 MPa - m"™ (175 ksi -in.").

Assessment of Vessel Integrity Under Accident Conditions

Accident conditions are those severe conditions which, aithough
not expected to occur, are considered in the reactor vesscl design
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becausc they can produce high thermal stresses in the reactor
vessel. To evaluate the reactor vessel under thermal shock cundi-
tions |/] a description of the accident transient, usually pre:
sented in terms of the coolant pressure and temperature as a
function of time into the transient, is first developed. From this
information the temperature distribution, or the temperature pro-
file, through the reactor vessel wall at fixed times into the transient
is calculated. At a given time into the transient, the temperature
profile is used to determine the thermal stress distribution through
the wall. The thermal stress and the pressure siress (if any) are
then used (o determine the stress intensity factors for a postulated
flaw of varying depth through the wall. The calculation is usuaily
performed at a given time into reactor life, typically at end-of-life,
which provides the maximum fluence at the inside diameter of
the vessel. The distribution of Muence through the vessel wall, in
conjunction with the temperature profile at a given time into the
transient, then permits the determination of the fracture tough-
ness, K, and K, , as a function of position in the vesse! wall at a
given point in vessel life and at the particular time into the
transient.

The results of such a calculation can be represented in a plot of
stress intensity factor as a function of /¢, where a is the crack
depth or position in the wall of thickness r. Such a plot is shown
in Fig. 7.

In Fig. 7 the variation of K, K, and K|, through the vessel
wall is presented for 600 s into the transient. Where K 2 K, frac-
ture initiation will occur, and if initiation occurs, arrest will occur
when X < Ky,. 3

It can be seen in Fig. 7 that the K curve has just misied the
lower part of the K, curve and that initiation will not oceur until
some crack depth greater than 0.6 a/t. Obviously, a slight change
in the position of the X', (or K ) curve could have lead to initiation
a flaw sizes less than 0.1 /1,

If similar plots for longer times into the transient are con-
sidered, as presented in Fig. 8, it can be seen that the initiation
size could be very small or very large depending on how well Ky is

600 Seconds

Stress Intensity (KSIVIN)
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100

Ll L L i i)
04 06 08 10

0 (-
0.0 0.2
Fractional Distance (a/t)

FIG. 7—Thermal shock ewluation for 600 s into the trunsiens (1
ki oin” w 1.0 MPa-m*).
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knows. Actually, in this scrics of curves, the K, value never
reaches the Ay, valuc until the upper shelf, where the entical
size (minimum crack initiation depth) is very large in terms of the
wall thickness. As illustrated here the resu'ts are very sensitive 10
the location of the toughness curve. Obviously, the method of
shifting the unirradiaied toughness curves can have a very signifi-
cant impact on the calculated critical Rawy size.

The relationship of the actual vessel toughness 10 the assumed
design K curve can also be very significant in determining the
actual critical flaw size determined for the vessel, A small change
in toughness can change the intersection point from a very small to
a very lazge value of @/t (or vice versa).

Effect of the Upper Shelf Tonghness Value

The sensitivity of the caiculated critical flaw size when K; > K\
in the upper <helfl region is shown ir Fig. 9. Here, as belore, the
standard shell value has been taken as 220 MPa-m"? (200
ksi-in.'?), which, for this case, yields a, (minimum or critical
flaw size) of ~0.68 a/t—very large. If the shelf were taken as 275
MPa-m"? (250 ksi-in.""?) there would be no a, value, which for all
practical purposes is not muck different than 0.68 a/t. If the
shell were 182 MPa-m'"? (165 ksi-in.'"%), there is, of course,
a reduction in the g, value to 0.54 a /¢, again, very large.

Thus in the case of an accident evaluation the exact value of
the upper shelf is not very significant. The opposite is true for the
lower portion of the K, curve. :

Figure 9 also illustrates that if initiation had occurred at about
0.08 a/t, arvest could be expected at a/t ~0.30, that is, where
K, falls below the K, curve. Thus, the validity of the arrest con-
cept and the location of the arrest curve can be extremely impor-
tant, in particular when the initiation flaw size turns out to be

. small.

600 Seconds 700 Seconds
K
LT}
LT
800 Seconds 900 Seconds
1000 Seconds 1100 Scconds

FIG. 8—Thermal shock evaluation for longer times into the transient,
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Effect of Thermal Properties

We have, to this point, focused attention on the uncertainties in
the critical flaw size calculation that result from uncertaintics in
the matcrial property values: initiation toughness, arrest tough-
ness, and upper shell toughness. We have not considered un-
certaintics in the A, cueve that may result from uncertaintics in
material thermal properties, Also, uncertaintics in material thermal
propettics can resuli in changes in the location of the toughness
curves since the thermal properties can change the temperature
profiles. ; -

In Fig. 10 a temperature profile that results from an assumed
reduction of 25% in thermal conductivity, because of irradiation,
is comparcd with the basc case, that is, no reduction in thermal
conductivity.

It is known that neutron irradiation will reduce electrical con-
ductivity in mctals and it is reasonable to assume a reduction in
“hermal conductivity. To the best of the authors’ knowledge the
tn..mal properties of irradiated reactor vessel steel have not been
measured. The 25% reduction is arbitrary and was chosen to
illustrate an effect. , ,

Very little ¢/ ange occurs in the temperature distrivution near
the vessel inside diameter, but towards the vessel outsice diameter
there is about a 28°C (50°F) difference in temperature.

In arriving at this plot, a 25% reduction in conductivity of both
clad and base metal was assumed. Other calculations show that
the effect of the clad is negligible and the results portrayed are
due almost completely to the assumed reduction in base metal
conductivity.

The thermal stress profile resulting from this temperature pro-
file is shown in Fig. 11. In this figure it can be scen that # signifi-
cant increasc in thermal stress has resulied from the 25% reduc-
tion in conductivity, increased tensile stress in the inner region,
and increased compressive stress in the outer region. A fracture
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FIG. 9~ Thermal shock cwaluation; effect of upper shelf {1 ksi-in ¥
w 1.1 MPa-m").




mechanics analysis would be required to evaluate the impact of
changes in thermal conductivity on the reactor vessel integrity.

Fatigue Crack Growtn

Data obtained 1o date for reactor vessel stecls indicate a large
dependence of crack growth rate on loading frequency and
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2000 Seconds After Large LOCA

100 p=-

0 i | . & | 1 1 i
0 01 02 03 04 0.5 0.6 0.7 0.8 0.9 1.0
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FIG. 10—Temperature profiles: effect of thermal conductivity
[°C = (°F ~ 32)/1.8; LOCA = loss-of-coolant accident .
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FIG. V1—Thermal stress peofiles; effect of thermal conductivity
(7 ksi = 6.9 MPu; LOCA = luss-of coolunt uccident ).
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environment—water versus air [2]. At low frequencies the data
appear 1o differ by a factor of about 20 owing to environment,
as shown in Fig. 12, This figure is schematic and is intended
only (o iflustrate the difference caused by the environmental ¢llect
and the large conservatism contained in fatigue calculations when
no consideration 1s given 1o the presence of the cladding, which
prevents access of the water to the base metal, )

The presence of an environmental cffect suggests the possibility
of an in-pile cffeet since the radiation environment can break
down the water and lead to specics which may control the en-
hanced crack growth rates observed when tests are conducted in
water. This is an arca that should be evaluated.

There is & dearth of data on crack growth rates pertinent o
actual reactor vessel cvaluations, that is, irradiaied matenal
tested in a water cavironment. Limited data exist for irradiated
material tested in air [2.4) and no data cxist for testing in a water
environment. There docs not appear to be an cffect of irradiation
on crack growth rates when the testing is performed in an air
environment. .

Since the present analytical methods, which do not consider the
presence of the clad, are conscrvative for reactor vessel fatigue
crack growth evaluations, the analysis results could be improved
by obtaining and using more pertinent fatigue crack growth data
obtained in vacuum or air environments.

da/dN
(Inches/Cycle)

Water
Environment

Alr
Environment

Stress Intensity Range

FIG. 12—~Schematic diagram of crack growih rate wrius iitress
intensity range (1 in, = 25.4 mm).

Summary

Several arcas have been reviewed to identify conservatism in the
determination of materia! property variations and the sensitivity of
the structural integrity analysis results 1o the material propery
variations. The arcas covered were fluence dependence of the
transition temperature, fracture toughness and the drop in upper
sheif, the arrest toughness, the thermal propertics, and the crack
growth rate. Major interest is in defining the Nuence dependence
of irradiation embrittlement, in particular for those evaluatons
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that require extrapolation into the future with resuiting higher
fluence. Accurate methods for predicting changes in transition
temperature and  defining fracture toughness for irradiated
material arc needed. Indications are that knowledge of toughness
in the low toughness region of the fracture toughness curve is more
important than toughness at the upper sheif.

When the assessment of a vessel indicates small flaw sizes for
initiation and consequent reliance on arrest to demonsirate
adequacy, then the arrest toughness for irvadiated material must
be accurately known.

Finally, the thermal prop rtics of irradiuted reactor vessel
material should be evaluated since an irradiation cffect can affect
evaluation of vessel integrity under accident conditions.

As long as cladding 1s not considered in crack growth evaluation,
then the behavior of irradiated material in 2 water environment
must be established, and it should be detcimined whether an
in-pile effcct on crack growth rate in a water environment exists.
Also, if consideration is to be given for the clad, more crack
growth data in vacuum of air should be obtained to eliminate the
present conscrvatism.
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