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ABSTRACT

The life of the High Flux Isotope Reactor (HFIR) pressure vessel is limited by a radiation-
induced reduction in the material’s fracture toughness. Hydrostatic proof testing and
probabilistic fracture mechanics analyses are being used to meet the intent of the ASME
Code, while extending the life of the vessel well beyond its original design value. The most
recent probabilistic evaluation is more precise and accounts for the effects of gamma as well
as neutron radiation embrittlement. This analysis confirms the earlier estimates of a

permissible vessel lifetime of at least 50 EFPY (100 MW).

ii
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HFIR VESSEL PROBABILISTIC FRACTURE-MECHANICS ANALYSIS
1. Introduction

The life of the High Flux Isotope Reactor (HFIR) pressure vessel is limited by a radiation-
induced reduction in the material fracture toughness. The reduction in toughness increases
the chances that a sharp, crack-like defect (flaw) will propagate through the vessel wall,
resulting in vessel failure. With this in mind, the HFIR vessel was designed for 20 EFPY
(100 MW)." In November 1986, at which time the vessel had accumulated 17.5 EFPY (100
MW), the vessel surveillance program’ revealed that the radiation-induced degradation rate
was substantially greater than expected, and that criteria for “safe” operation had been
violated.? A reevaluation of vessel integrity, using updated methods of analysis, indicated
that the associated ASME Code requirements could not be satisfied for a desired life
extension of 8.5 EFPY (100 MW). Thus, hydrostatic proof testing was resorted to as a means
of satisfying the intent of the Code while extending the life of the vessel.?

If the hydro-test conditions (pressure, temperature, and frequency) are selected properly, the
vessel can, in principle, be used until it fails during a hydro test. Although not a safety issue,
failure of the vessel during a hydro test is not desirable. Unfortunatevly, a successful test
(nonfailure) does not reveal what the chances of failure are for the next test. The chances,
however, can be estimated using probabilistic fracture-mechanics methods of analysis such
as those developed by the Oak Ridge National Laboratory (ORNL) for the evaluation of the

integrity of commercial pressurized water reactor (PWR) pressure vessels.>*

Hydro-test conditions for the HFIR vessel are determined analytically by specifying that the
potential for vessel failure during the hydro test must be at least equal to that for worst-case
operating conditions [referred to herein as emergency/faulted (E/F) conditions].>*%
Although the hydro-test conditions are determined with a deterministic analysis, the
implication is that the calculated probability of failure during the hydro test must be at least

equal to that for the E/F condition. Thus, once the hydro-test conditions are calculated, the

*20 effective-full-power years based on full power = 100 MW.
1
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probability of vessel failure is calculated for both the hydro-test and E/F conditions and

compared.

A successful hydro test provides assurance that the vessel will not fail during the time
between hydro tests when subjected to the E/F condition. However, additional assurance is
provided by comparing the calculated frequency of failure (frequency of event times
conditional probability of failure) for the E/F condition with accepted criteria.® This
reinforces the need for calculating the probability of failure for the E/F as well as the hydro-

test conditions.

A probabilistic analysis performed in 1987 indicated that the desired 8.5 EFPY (100 MW)
life extension beyond 17.5 EFPY (100 MW) could be achieved.? In early 1994, an update
of the analysis,’ using additional surveillance data, indicated a useful life well beyond 17.5
+ 8.5 =26.0 EFPY (100 MW), and by the latter part of 1994, after a need for life extension

_ beyond 26 EFPY (100 MW) had been established, a 50 EFPY (100 MW) life time was
estimated.® By the early part of 1996, the effect of gammas on the distribution of radiation-
induced degradation was considered, but this appeared to have little effect on the predicted
life of the vessel.” At that point in the analysis, however, a considerable amount of
interpolation and extrapolation of the probabilistic results was involved. To reduce the
uncertainty, an updated probabilistic analysis was performed, and that analysis is the subject
of this report. In summary, the rcsuits of the latest study indicate. a somewhat lower
calculated probability of failure than reported in the most recent previous study.” Thus, based
on the criteria developed in Ref. 6 and applied in Ref. 7, the results of this study indicate that
a total life of the HFIR vessel of at least 50 EFPY (100 MW) is feasible.

2. Description of HFIR Vessel’
As indicated in Figs. 1 and 2, the region of the vessel opposite the reactor core is cylindrical

with a single axial seam weld and a diameter of ~ 8 ft. A circumferential weld that attaches

the cylindrical region to a hemisphical bottom section is located about 9 in. below the bottom
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end of the fuel. At an elevation corresponding to the horizontal midplane of the core, there

are four nozzles that allow beam tubes to pass through the vessel wall.

The shell material for the 8-ft-diam section and the hemispherical section is A212B, a low-
alloy carbon steel. The single section of plate was roll-bond clad on the inner surface with
304L stainless steel. After weld-assembly of all sections, the vessel was weld-deposit clad
on the outer surface and on the inner-surface weld joints with 347 stainless steel. The four
beam-tube nozzles were machined from forgings that were A105II material for HB-1 and
HB-4 and A350LF3 for HB-2 and HB-3. These forging materials are low-alloy carbon steels
that have substantially greater initial fracture toughness than that for the shell material

(A212B).? The nozzle exposed surfaces were also weld-deposit clad with 347 stainless steel.

All the vessel assembly welds were subjected to a stress-relief heat treatment. However,

considering the low pressure at which the HFIR vessel operates, relative to its initial design

. pressure, the remaining residual stresses were not negligible.

3. Loads on Vessel

As indicated in the “Introduction,” there are two extreme loading conditions that must be
considered: emergency/faulted (E/F) and hydro test. Any other credible loading condition

is less severe and thus need not be included in the probabilistic analysis.

For the E/F condition, the only significant load applied to the HFIR vessel is internal pressure
that is applied by the primary system pressurizer phmps. It is possible that the present
pressurizer pumps and associated controls could malfunction and result in a higher than
normal pressure. However, the primary system is protected by rupture discs. A primary-
system pressure equal to the burst pressure of the rupture discs is considered to be credible
(estimated frequency = 7 x 107° y™"), but a higher pressure is not (estimated frequency = 7 x
107" y1).5 Thus, the rupture-disc pressure specified for normal operation was considered to

be the E/F-condition pressure [p(E/F)]. The vessel temperature associated with the E/F
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condition [T,(E/F)] was based on the minimum expected temperature of the secondary

coolant in the cooling-tower basin.’

The hydro-test pressure [p(HT)] is substantially greater than p(E/F) to accommodate
degradation of the vessel between hydro tests;® the hydro-test temperature [T, (HT)] is a

convenient value.®
4. Critical Regions of Vesse.l
4.1 Potential for propagation of flaws
The critical regions of the vessel .are those that contribute significantly to the calculated
probability of vessel failure. As discussed in more detail in Refs. 2-6, the potential for

propagation of flaws can be defined as K/K,, where K| is the stress intensity factor, and K,

is the material fracture toughness. These parameters can be further defined as follows:?

KI = (‘l’ta)ll2 E CnOn ’ (1)
K, =4 + Bexp [T, - RTypy, - ART,ppy) @
ART,,, = ANDIT , 3)
where

a - = flaw depth

C, = flaw characterization factor for stress o,

a,,' = type-n stress (membrane, bending, residual, thermal)

A,B,C = constants

T, = temperature of vessel

RTNDTO = initial value of the reference nil-ductility temperature

ART,,, = increase in RTypr due to radiation
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ANDTT = increase in the nil-ductility transition temperature

The number of flaws in the vessel also affects the potential for failure, and the greater the

surface area of the defined region the greater the number of flaws.

The above parameters, in one form or another, are used in the probabilistic fracture-
mechanics analysis to define critical regions of the vessel. Different regions may have
different values of at least some of the parameters and thus have different potentials for
propagation of flaws. Each of the parameters is discussed in further detail below with regard

to their application in the HFIR study.
4.2 Flaw characterization

Flaws with the greatest potential for propagation are inner-surface flaws normal to the surface
and to the direction of the maximum principal stresses, other things being equal. Thus, all

flaws considered were of this type.

The flaw shépe considered for HFIR was semielliptical (Fig. 3) and the aspect ratio (surface
length/depth) was 6, the value specified in the ASME Code for design purposes.® Flaws with
larger aspect ratios have a greater potential for propagating but a lower probability of

existing.

Because of the different orientations of the welds in the vessel, the flaws in different regions
could also have different orientations. However, for the regions that contribute significantly

to the probability of failure, only axial flaws are considered.

The flaw characterization factor (c,) is not used as such in the HFIR probabilistic analysis
because the K, values are effectively calculated using a finite-element approach, which

models the flaw and associated stresses in detail.
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Fig. 3. Axially oriented, semielliptical, surface flaw

used in HFIR fracture analysis.
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For the type of flaw selected, the value of K/K,. is a maximum at the deepest point of the
flaw, and thus calculations were made for that location only. Furthermdre, it was assumed
that once propagation begins at the deepest point, the flaw will grow in surface length,
allowing it to grow deeper and thus through the wall in a single event. There may be some
conservatism involved in this assumption, but the mechanics are too complex to allow

quantification.
4.3 Stresses in vessel

The stress in the shell region away from the nozzles and welds is simply the pressure-induced
membrane stress (0,,). Close to a nozzle the membrane stress varies some around the nozzle,
and there is also a discontinuity bending stress (o) that varies around the nozzle and through
the wall. Welds around the nozzles are subjected to membrane stresses, bending stresses, and
residual stresses (0,), the latter of which has a component transverse to the weld direction and
one in the direction of the weld. The seam welds are subjected to membrane and residual

stresses.

Because of the difference in temperature between the primary-system coolant in the vessel
outer region and the water in the reactor pool, there is also a thermal stress. However, this

stress is relatively small and thus has been omitted from the study.

Differential thermal expansion between the cladding (relatively high temperature and
coefficient of thermal expansion) and the basé material during cooling of the vessel from
fabrication temperatures tends to result in high tensile stresses in the cladding and a relatively
low compressive reaction stress in the base material. The effect of these stresses on the stress
intensity factor associated with a flaw depends upon the depth of the flaw. The deeper the
flaw the greater the effect of the stress in the base material and the less the effect of the stress
in the cladding. “All” flaw depths are considered in the probabilistic analysis. Aside from
flaw depth, if the potential for propagation of flaws is high, shallow flaws will result in most
failures (more shailow than deep flaws and lower fracture toughness), and the high

differential-expansion stress in the cladding will be influential. On the other hand, if the
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potential is low, the flaw depths resulting in failure will be relatively large and the cladding
effect relatively small. Preliminary calculations indicated that the critical flaw depths were
large enough that the cladding effect resulted in a smaller stress intensity factor and thus a
lower probability of failure. Because there is considerable uncertainty about the actual stress
in the cladding (for instance, the stress may be less than assumed because of radiation stress-
relief effects), and because the effect of cladding is to result in a lower calculated probability
of failure, the cladding stresses and associated reaction stresses in the base material were not

included in the final analysis. In this regard, the results tend to be conservative.

Stresses in critical areas of the HFIR vessel are given in Ref. 2 and Table 1 and are derived

in Appendix A.

Table 1. Characterization of regions of HFIR vessel selected for
probabilistic fracture-mechanics analysis

Parameter Region 1 Region 2 Region 3

o(a), ksi p[16.8 +4.24 p[16.8 + 4.24 16.0p
(1-2 a/w)] + 8.5 (1-2 a/w)] + 8.5

A, ksi \fin : 33.2 33.2 33.2
B, ksi \/in 20.73 20.73 20.73
C, °F" 0.0200 0.0200 0.0200
RT,, , °F° 10 10 -10
ANDTTa=o0) ,*
°F/EF17>Z(((100)1Y\4W) 3.6 2.1 3.1
ANDTTa=o),,*
°F/EF}7’Z(((IOO);'I - | 0.6 03 0.0
A(Y), in”! 0.66 0.66 0.66
A(n), in™! 0.15 0.15 0.15
A, 1.0 0.8 1 100
N, flaws/ft%,® 7x 10 7x 107 7x107

*Mean value. "Best-estimate value.

.
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44  TheK, curve

The values of the constants 4, B, and C in Eq. (2) correspond to the lower-bound K, curve
given in Ref. 9 and used in the ASME Code." In the probabilistic analysis, a mean curve is
required, and it is obtained by multiplying Eq. (2) by 1.43 (Ref. 3). The same curve is

appropriate for all defined regions of the vessel. Values of 4, B, and C are given in Table 1.

In Ref. 2, the probability of vessel failure was calculated using the above mean K,, curve and
also a mean K, curve equal to 1.25 times the Ky curve given in Ref. 9 and used in the ASME
Code for design purposes.®? The product 1.25 Ky is the mean of the dynamic-loading and
crack-arrest data and thus is overly conservative for static crack initiation, which is the
fracture mode of concern for HFIR. There is the possibility of low-toughness sites
introducing dynamic effects, but these are believed to be accounted for in the distribution
function for K;.. Thus, Kj; has not been used in HFIR probabilistic evaluations other than

Ref. 2.

Other mean curves have been considered.*®” However, they are not generally accepted, and,

furthermore, they result in less conservative values of p(F/E).

45  RTy,

In the vessel shell regions, the value of RT, DT, is dependent on the orientation of the flaw
relative to the rolling direction (L) and thickness direction (S) of the plate. An axial flaw in
the vessel propagating through the wall corresponds to the notch in a CVN specimen with an
LS orientation. Reference 2 contains a value of RTNDTO for the HFIR shell material for the

LS orientation, and it is included in Table 1. A value for the nozzle welds is also included

in Table 1.

11
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46  ARTyy,

Values of ART,,; have been determined from the HFIR vessel surveillance program for the
period of time between removal/testing of surveillance specimens. Based on these data, it
was determined that the rates were essentially constant with time.>* Thus, in Eq. (2), for the

shell and weld materials,

ART,,, = ANDTTt , @)

where

ANDIT = rate of increase of NDTT,

~
I

operating time of vessel.

As discussed in Appendix C of Ref. 7, both gammas and neutrons contribute to ANDTT.
Thus ANDTT at the inner surface of the vessel is divided into the two contributions to
accommodate the different attenuation constants in the wall of the vessel. The value of

ART,pr in Eq. (2) at the tip of the flaw is equal to the sum of the two contributions. That is,

ART,{t.a) = ANDTT(t.a), + ANDTT(tq),

. . ®
= ANDTTla=o) te ¥ + ANDTT(a=0), ‘e 2>,

where

A
Y.n

attenuation constant

gamma and neutron contributions

Values of ANDTT (a= 0) and A for gammas and neutrons are derived in Ref. 7 and are given

in Table 1.

12
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4.7 Region area and flaw density

The number of flaws in the vessel affects the potential for failure because the more numerous
the flaws the greater the chance of a flaw characterized such that it will propagate. For a
defined region, the number of flaws is equal to the flaw surface density (V) times the surface
area of the region (4). Thus, the greater the surface area the greater the potential for failure.
However, some, if not all, regiohs.will have K, and K, “surface” gradients. In these cases,
a conservative approach is to use the maximum value of K/K,. and a corresponding

“appropriate” area.
4.8 Region definition

Obviously, some judgement is required in defining the regions to be included in the analysis.
Three “regions” were defined for the HFIR analysis discussed herein. Region 1 includes
high-stress areas around the HB-2 and HB-3 nozzles, with an axially oriented flaw located
directly above the nozzle center in the nozzle weld, where the circumferential stress is a
maximum. This location does not have the maximum reduction in fracture toughness, but,

as indicated in Appendix A of Ref. 6, it has the greatest potential for propagation of a flaw.

Region 1 also includes the nozzle corners, which at 50 EFPY(100 MW) have about the same
potential for propagation of flaws as the nozzle welds, although at earlier times the potential
is less.® The nozzle corners are included by including their “areas” as part of the nozzle weld
areas. Nozzle weld areas that include the nozzle corner areas are calculated in Ref. 7.
However, a review of these calculations indicated that the areas should be increased some to
account for the uncertainties. The increased values, which are included in Table 1, include

an uncertainty factor of ~ 1.8.
The area of the outer surface of the vessel is not included in the nozzle-weld area because the

attenuation of ANDTT from the tip of a 1.0-in. inner-surface flaw to the tip of a 1.0-in.

outer-surface flaw is a factor of two, which is equivalent to a factor of ten on P(F|E).

13
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Region 2 is similar to Region 1 but pertains to HB-1 and HB-4. Region 3 consists of the shell
region away from the nozzles. The stresses and fluence in this region are less, but the area,
and thus number of flaws, are much greater. These three regions are characterized in Table

1, and the reasons for their selection are discussed in Appendix C of Ref. 7.

For the preliminary calculations that included cladding, the cladding thickness was 0.125

inches, and the differential-expansion stress in the cladding was estimated to be 50 ksi.
5. Brief Description of the Probabilistic Fracture-Mechanics Code FAVOR*
5.1 Origin of FAVOR

The computer program (code) FAVOR is an update of the OCA-P? code, which was
developed for the Nuclear Regulatory Commission (NRC) by ORNL in the early 1980's to
address the PWR pressurized thermal shock (PTS) issue.!! FAVOR was also developed at
ORNL for the NRC. Both codes have been used by ORNL to evaluate the integrity of the
HFIR vessel.>**” FAVOR, however, is now the preferred code and was used for the study

discussed in this report.

5.2 Quality-assurance assessment

Recently, FAVOR has undergone a formal quality-assurance assessment'? in compliance with
both ORNL and NRC requirements. Both codes have been used and reviewed by
organizations other than ORNL and NRC, and this further helps to validate and certify the
codes.

5.3 Basic features

FAVOR performs both deterministic and probabilistic analyses. For the deterministic

analysis, temperature, stress, stress intensity factor and fracture toughness are calculated as

a function of time during an applied temperature/pressure transient and also as a function of

14



ORNL/TM-13303

position in the wall, and this can be done, of course, for any and many times in the life of the
vessel. The stress intensity values are compared to the fracture toughness to determine if the

flaw experiences propagation (K; > K,.).

Monte Carlo techniques are used to calculate the probability of failure. Many vessels are
simulated by first simulating fracture-mechanics-related parameters to which the ratio K/K;
is sensitive. A deterministic calculation is performed for each of the simulated vessels to
determine which ones fail. The conditional probability of failure [P(F|E)] is the number of
failures divided by the number of vessels simulated. The probability is conditional in the

sense that it pertains to a specific loading condition.

When steep radial gradients in fracture toughness and/or stresses exist in the vessel wall, it
is possible that after a flaw propagates some distance the flaw will arrest. FAVOR has the
ability to account for arrest; however, the conditions for arrest do not exist in the HFIR
vessel. Thus, in the HFIR analysis, only the onset of propagation (K, > K,) is checked for,

and this condition is designated as failure.

A vessel can be divided into regions that are characterized differently. This accommodates
gradients in fluence and stress and differences in materials and propensity for the existence
of flaws.

54 Parameters simulated

With the exception of flaw depth, the parameters simulated for HFIR are listed in Table 2
with their standard deviations and truncation values. Normal distributions were assumed for
these parameters. The standard deviations listed are recommended by the NRC for

commercial PWRs when surveillance data are not available.!

The number of flaws in a specific region with depths in the range Ag; about g; is’
P (Aai) = NA fM ;ﬂa)B(a)da N (6)

15
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where
fa) = flaw-depth density function prior to final preservice inspection
= (fraction of flaws with depths in the range a = a + da)/da
B(a) = probability of nondetection of flaws during final preservice

inspection (detected flaws are repaired).

Table 2. Three parameters simulated in HFIR vessel probabilistic analysis

Parameter Standard deviation® (o) " Truncation
RTyy 17°F '
ART,,; 24°F ’

K, 0.154 (X)) +30

*Distributions for RT, NDT,? ARTyp, and K, are normal.

0(RTypyp) = [ongT NDTO) + OYART, NDT)]W'; truncated at = 3.

In Ref. 7, it is concluded that there is no significant growth of flaws during the expected
lifetime of the vessel, and thus a specific function for P(Aa;) is appropriate for all times in the

life of the vessel. The specific function suggested in Ref. 3 and included in FAVOR is

P(Aa) = NA ani4.06e ~4964 (0,005 + 0.995¢ “$%2)dq ™

It is apparent from Eq. (7) that the number of flaws with depths in the range Aa; decreases
rapidly with increasing depth. For HFIR, flaw depth was truncated at 1.5 in. Details of the
method for simulating flaw depth, using the above distribution, are discussed in Ref. 3, and
the specific flaw depths (a,) used in the HFIR analysis are given in Appendix B. Once a flaw
depth is selected, the number of flaws of that depth is obtained with Eq. (7).

16
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All of the parameters simulated are simulated separately for each of the vessel regions
considered. For each region, the mean value of ART,p; at the inner surface is attenuated
through the wall in accordance with Eq. (5). At each flaw depth (a), RTypy is simulated

assuming a normal distribution, a mean value of RTNDTO (mean) + ARTyp; (mean), and

O(RTNDT) = [OZ@TNDTO) + OZ(ART NDT)]m . ®

The indicated method of calculating 6(RTypy) Was suggested in Ref. 14, and the justification
for doing so is discussed in Ref. 15. Using the above simulated value of RTypr, a “mean”
value of K| is calculated using the mean K, vs (T-RTyyy) curve [Eq. (2) multiplied by 1.43].
A simulated value of K,  is obtained assumingva normal distribution characterized by the

mean value of K, and the o(K, ) value given in Table 2.

Flaw density is the most uncertain of all the fracture-related parameters, but it is not simulated
directly in the probabilistic analysis. As discussed in Refs. 6 and 11, a log-normal
distribution with a relative mode (best estimate) of 1.0, a standard deviation of 100, and
truncated at 500 was considered reasonable. This distribution has a ratio of mean to best
estimate of 45. This factor is applied to the best-estimate valué of P(F|E) to obtain a rough
estimate of the mean value, which is required for comparison with criteria that are discussed

in Ref. 6.
6. Cases Calculated

As mentioned in Sect. 3, there are two loading conditions of particular interest: the hydro test
and the emergency/faulted conditions. The specified hydro-test and E/F pressures may vary
over the life of the vessel, and thus a range of pressures was considered in this study. The
presently specified value of p(HT) is 900 psid, and the corresponding primary system rupture-
disc rating is ~ 1100 psi, but in Ref. 7 a lower value of p(HT) is suggested (850 psid). Also,
there are plans to reduce the maximum head of the pressurizer pump,’ and this may allow

p(E/F), and thus p(HT), to be reduced. With this in mind, a range in pressufe of 700-1100

17
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psid was specified for the hydro test, and for p(E/F) the range was 600-700 psid. The vessel
temperature specified for the hydro test was 85°F, and that corresponding to the E/F

condition was 80°F. The corresponding cases calculated are listed in Table 3.

The remaining parameter to be specified for the calculations is the time in the life of the
vessel (f). The times selected and the corresponding values of ART\p; at the inner surface

of each region are given in Table 4.

Table 3. HFIR probabilistic fracture-mechanics cases calculated.

Case D, ksi T,, °F
1 0.600 80
2 0.650 . 80
3 0.700 80
4 0.700 85
5 0.800 85
6 0.850 8
7 0.900 85
8 1.100 85
9* 0.900 85

*Calculation that included cladding.

Table 4. Times in the life of the HFIR vessel and corresponding values of ART ¢
at the inner surface used in the probabilistic fracture-mechanics analysis.

ART\pr(a=0), °F

Eg}i)x;e(ggo MW) Region 1 Region 2 Region 3
Y n ¥ n Y n

25 90 15 53 8 78 '

35 126 21 74 11 109 '

45 162 27 95 14 140 '

50 180 30 105 15 155 *

55 198 33 116 17 171 '

*Neutron fluence negligible.
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7. Results of Analysis

Values of P(F|E) for the nine cases in Table 3 and the reactor operating times in Table 4
are given in Table 5 and, for cases 1-8, are also presented graphically in Fig. 4. A
comparison of cases 7 and 9 shows that inclusion of the cladding differential thermal
expansion reduces P(F|E) somewhat. This result justified leaving the cladding out of the

model for the other cases.

Table 5. Calculated values of P(F|F) for the HFIR pressure vessel

P(F|E)
Time
EFPY » Case number
(100
MW) 1 2 3 4 5 6 7 8 9

25 22x10° | 5.6x10° | 1.1x107 | 7.8x10* | 2.9x1077 | 5.5x107 | 7.3x107 | 4.0x10°¢ 3.6x1077

35 L1x107 | 2.7x1077 | 4.9x107 | 4.0x107 | 1.2x10°¢ | 1.8x10° | 2.9x10¢ | 1.3x10°° 1.6x10°¢

45 4.0x107 | 8.0x107 | 1.4x10°¢ | 1.2x10¢ | 3.3x10° | 5.1x10°® | 7.6x10°° | 3.1x10°* 5.1x10°¢

50 7.6x107 12x107¢ | 2.0x10° | 1.8x10°° | 4.9x10 | 7.3x10"° f:IXIO" 4.2x10°* 6.2x10°¢

55 1.1x10°¢ 1.6x10¢ | 2.7x10°° | 2.4x10¢ | 6.6x10°° | 1.0x10* | 1.5x10% | 5.6x10°* 1.0x10°*

A comparison of the results from this study with the results of the most recent previous study®
that did not include the effect of gammas on the space-wise distribution of ANDTT shows the
latest values of P(F|E) to be essentially the same. In Ref. 7, an attempt was made to include
the effect of gammas, and the result was a 40% increase in P(F|E) compared to the results
in Ref. 6. Thus, the more precise evaluation in this study yielded values of P(F|E) that are
about 30% less than those in the most recent previous study,” which included an estimation
of the gamma effect, even though the Region 1 and Region 2 areas in this study were greater

by 82%. This reflects the conservatism associated with the extrapolations in Ref. 7.
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10" , ———
10" °F
w g
[T
o.
10" "¢
10 -8 N 1 A 1 : 1 N
20 30 40 50 60
Operating time, EFPY (100 Mw)
Case Pressure Temperature
number psid °F
1 600 80
2 650 80
3 700 80
4 700 85
5 800 85
6 850 85
7 900 85
8 1100 85

Fig. 4. Conditional probability of failure [P(F|E)] of HFIR

pressure vessel vs operating time.
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Contrary to the results in Ref. 7, this study indicates that the shell region, with its much larger
area and thus number of flaws but lower stress and ANDTT, compared to the other two
regions, contributes very little to P(F|E). This difference, also, is attributed to the

extrapolations that were necessary in Ref. 7.

Results of the analysis also show (Figs. 5 and 6) that the range of flaw depths resulting in
most of the failures is such that truncation of the ﬂaw-dépth distribution function at 1.5 in.
was reasonable because relatively few failures occur with flaws in the increment (Aa;) having

an average flaw depth equal to 1.5 in.

Another result of interest is obtained by comparing P(F|E) values for the hydro test at time
t(HT) and the E/F conditions at time t(HT) + At, where t(HT) and At are the time of the hydro
test and the time between hydro tests. The former value of P(F|E) should be greater than the
latter to provide further assurance that the vessel will not fail during the time between hydro
tests. In Ref. 7, the pfoposed hydro-test conditions for vessel life extension beyond 26
EFPY(100 MW) are p(HT) = 850 psi, T,(HT) = 85°F, and At = 3.0 EFPY(100 MW); the E/F
conditions are p(E/F) = 679 psi and T,(E/F) = 80°F. For convenience, let At =5 EFPY(100
MW) and p(E/F) = 700 psi, both values being conservatively large, as indicated above. From
Table 5, using Cases 6 (HT) and 3 (E/F), t(HT) = 45, and t (E/F) = 50 EFPY(100 MW),
P(F|E)(HT) = 5.1 x 107 and P(F|E)(E/F) = 2.0 x 107, Thus, P(F|E)(HT) > P(F|E)(E/F) by
a factor of ~ 2.5. This is an additional margin over that associated with the deterministic
derivation of the hydro-test conditions and is the result of using, perhaps, excessively large

uncertainty factors in the deterministic analysis.

Frequencies of failure [¢(F)] can be estimated for the hydro-test (HT) and emergency/faulted
(E/F) loading conditions using values of P(F|E) from Table 5 or Fig. 4, frequencies of events
[$(E)] from Refs. 6 and 7, and the relation®

&(F) = $(E) AF|E) . | ©)
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|
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|

Load Case 1 (P=0.6 ksi, T= 80 F)

I EFPY=25
% EFPY =55

a
A

60

% of All Failures

0.671 0.904 1.158 1.437 1.5
Flaw Depth (inches)

Fig. 6. Histogram of percent failures vs average flaw depth for Case 1.
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The largest value of P(F|E) (HT) corresponds to the time of the last hydro test, which occurs
at 50 EFPY (100 MW) - At, where, as indicated above, At =3 EFPY(100 MW). Thus, t(HT)
=47 EFPY(100 MW), P(F|E) (HT) = 5.9 x107%, ¢(E) = 0.333/EFPY(100 MW), and

&(F) (HT) = 0333 x 5.9 x10 = 2.0 x 10°/EFPY(100 MW) .

The largest value of P(F|E) (E/F) corresponds to the end of the life-extension period; thus,
t(E/F) = 50 EFPY(100 MW). From Ref. 6, $(E) = 10"/EFPY (100 MW), and from Table 5,
P(F|E) (E/F) = 2.0 x 107, Using Eq. (9),

&F) (E/F) = 1072 x 2.0 x 105 = 2.0 x 10°8EFP¥(100 MW) .

The above values of P(F|E) and thus ¢(F) are best-estimate values. As discussed in Ref. 6,
the mean value of the frequency of failure [p(F)] is required for comparison with the
tentatively specified limiting values, and the mean value of P(F |E) is obtained by multiplying
the best-estimate value by the ratio mean flaw density/best-estimate flaw density. The value

of this ratio for HFIR is 45.% Thus,

&(F) (HT) = 2.0 x 1078 x 45 = 9.0 x 10"5/EFPY(100 MW) ,
OF) (E/F) = 2.0 x 107 x 45 = 9.0 x 10"7/EFPY(100MW)

The maximum permissible values tentatively specified in Ref. 6 are

®(F) (HT, MP) = 1 x 10"*/EFPY(100MW)
$(F) (E/F, MP) = 5 x 10"5/EFPY(100MW) .

Thus, the criteria are satisfied.
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8. Discussion and Conclusions

In Refs. 6 and 7, it is concluded that the life of the HFIR vessel can be extended to
50.EFPY(100 MW). This study confirms that conclusion because the values of P(F|E) and
®(F) calculated in this study are less than those calculated in Ref. 7.

The derivation of the hydro-test conditions is based on a deterministic analysis that requires
the potential for vessel failure during the hydro test to be at least equal to that for worst-case
normal operating (E/F) conditions during the time between hydro tests. This implies that
P(F |E) for hydro-test conditions must be at least equal to that for the E/F conditions during
the time between hydro tests. This criterion is satisfied because the results of this study
indicate that P(F|E)(HT) = 3 P(F|E)(E/F), where the E/F condition is taken at time t(HT) +
At.
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APPENDIX A
DERIVATION OF STRESSES IN REGIONS OF VESSEL DEFINED FOR
PROBABILISTIC FRACTURE-MECHANICS ANALYSIS
Regions 1 and 2 (Nozzle Welds af)ove HB-2 and HB-3)
Stresses for Regions 1 and 2 include membrane and bending stresses, due to internal pressure,
and residual stresses. It is assumed that the residual stress is uniform through the wall (a

conservative assumption), and that the bending stress varies linearly through the wall. Thus,

the total circumferential stress as a function of position through the wall is

or:p{f_’ﬁ) +p[&)(1 _%) v o, (A1)
P p

where
O = total stress in nozzle weld
Opm = pressure-induced membrane stress
C, = pressure-induced bending stress at inner surface of vessel wall
o, = residual stress in weld
p = primary-system pressure
= radial position in wall
() = wall thickness
From Ref. 2, fpﬂ) - 168, [ %‘1) =424, 0, = 85 ksi

28




Thus,

o, = p[16.8 + 424 (1 - 2a/w)| + 8.5

Region 3 (Shell away from Nozzles)

The only stress is the pressure-induced membrane stress, which is

Gm = E :pﬁ = 16_0p
[A) 3

29
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(A.2)

(A3)
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' FLAW-DEPTH INCREMENTS USED IN FLAW-DEPTH

DISTRIBUTION FUNCTION [(EQ. (7)]

The average flaw depth (a;) used in the flaw-depth distribution function [Eq. (7)] was

truncated at 1.5 in. Eight values of a, including 1.5 in., were specified. These values are

given in Table B.1. The relative number of flaws in each increment Aa,, consistent with Eq.

(7), and the cumulative values are also included in Table B.1.

Table B.1. Flaw-depth data used for HFIR

a, (in.) At TA,
0.0850 0.69122 0.69122
0.2630 0.22307 0.91428
0.4577 0.06446 0.97874
0.6707 0.01656 0.99530
0.9036 0.00377 0.99907
| 11585 0.00076 0.99983
‘ 14373 0.00014 0.99997
‘ 1.5000 0.00003 1.00000

QN = an. fla) B(a)dal fo‘” fla) B(a)da

30



ORNL/TM-13303

INTERNAL DISTRIBUTION
1 W. K. Brown 33. J.E.Lee
' 2 S. E. Burnette 34. M. A.Linn
3. M. H. Carperiter 35. R. S. McKeehan
4 S. J. Chang 36. J. G. Merkle
5-9. | R. D. Cheverton 37. L. D. Merryman
10.  D.H. Cook ) 38.  R.K.Nanstad
11.  R.E. Daniels (DOE-ORO) 39.  J.V.Pacelll
12.  T.L.Dickson 40. L.D.Proctor
13.  H.R. Fair (DOE-ORO) 41.  J.B.Richard
14.  M.B.Farrar 42 R.B.Rothrock
15. K. Farrell 43, R. M. Stinnett
16.  G.F.Flanagan 44.  B.S. Willis (DOE-ORO)
17.  H. A. Glovier 45.  RRD-DCC
18.  R.E.Hale 46.  Document Reference Section
19. R. W. Hobbs 47-48. Laboratory Records
20-30. J. R. Inger 49, Laboratory Records (RC)
31.  H.T.Kerr |
32. M. W. Kohring
EXTERNAL DISTRIBUTION

Washington, DC, 20585

52. Office of Assistant Manager for Energy Research and Development, Department of

i

51. - M. A. Hutmaker, Jr., Office of Nuclear Energy, NE-47-GTN, Department of Energy,
|

Energy-ORO, Oak Ridge, TN, 37831

\ 31
\
\



M98054251
AFR R

Report Number (14) OR/V27/ U —-13303

Publ. Date (11) 99710
sponsor Code (18) I)OE/EK
UC Category (19) UC 4‘00 Dﬂf / ER

%

956070, 004

m‘it Q‘." Alm

DOE



