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ABSTRACT 

Surveillance specimens for the High Flux Isotope Reactor (HFIR) pressure vessel were 
removed and tested during 1993, after the vessel had accumulated 701,469 MWd of operation. 
The data agree well with HFIR surveillance data obtained in previous years. In conjunction 
with this effort, the vessel hydro-test conditions were reevaluated and found to be more than 
adequate. In view of this result, and because there are economic incentives for reducing the 
frequency of hydro testing, an analysis was performed to determine the minimum permissible 
frequency. The value obtained is substantially less than that presently specified. It was also 
determined that a somewhat lower cooling-tower-basin temperature is acceptable (improves 
operational flexibility). 

In 1986, after -20 years of reactor operation, it was discovered that the vessel embrittlement 
rate was substantially greater than expected. Possible reasons for the accelerated rate are 
reviewed in this report. 
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EVALUATION OF HFIR VESSEL SURVEILLANCE DATA 
AND HYDRO-TEST CONDITIONS 

1. Introduction and Summary 

In 1986, it was discovered that the embrittlement rate of the High Flux Isotope Reactor 
(HFIR) pressure vessel was greater than expected.1 As discussed in Ref. 1, the higher rate 
resulted in the design criterion for safe operation of the vessel being violated before the 
design life [20 effective full-power years (EFPY)] was achieved. In an effort to extend the 
life of the vessel by 10 years (well beyond design life and eventually specified as 10 EFPY at 
85 MW), updated methods of analysis were applied, and reactor operating conditions were 
changed somewhat.1 This was not sufficient, however, and hydrostatic proof testing (hydro 
testing) of the vessel was adopted.1 

Periodic hydro testing demonstrates with a high degree of confidence that the vessel is safe 
to operate, but selection of the hydro-test pressure, temperature and frequency requires 
knowledge of the embrittlement rate, which is determined from the HFIR surveillance 
program. The most recent set of surveillance specimens tested was removed from HFIR 
during August 1993. 

A Memo of Understanding pertaining to the 1993 HFIR surveillance activities2 states that 
The M&C FMGL shall be responsible for performing tests on the (surveillance) specimens 
as outlined in Evaluation of HFIR Pressure-Vessel Integrity Considering Radiation 
Embrittlement, ORNL/TM-10444 (April 1988), HFIR Pressure-Vessel and Structural Com
ponents Materials Surveillance Program, ORNL/TM-1372, and HFIR Pressure Vessel and 
Structural Components Materials Surveillance Program, Supplement 1, ORNL/TM-1372/Sr; 
The M&C FMGL shall be responsible for (1) analyzing the test results; (2) determining the 
reference temperature (RTjnyr); and (3) reporting findings of the analysis, including data, and 
an opinion as to whether or not embrittlement is proceeding as predicted in accordance with 
ORNL/TM-10444 and ORNL/TM-1372/S1"; and The ETD PVTSH shall be responsible for 
comparing embrittlement rates to the worst-case assumptions made in the calculations to 
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establish the hydrostatic test pressure in ORNL/TM-10444 and ORNL/TM-1372/S1." In 
addition, the HFIR technical specifications3 state that "If embrittlement rates indicated by the 
surveillance tests exceed the worst-case assumption made in the calculation to establish the 
hydrostatic test pressure, a new hydrostatic test pressure or test frequency shall be established 
to maintain equivalent safety margins.'' 

HFTR vessel surveillance specimens were removed from the reactor in 1969,1974,1983,1986 
and, most recently, in 1993 (end of fuel cycle 320). Testing of the 1993 specimens, evaluation 
of all the data and re-evaluation of the adequacy of the hydro-test conditions, in light of the 
new data, have been completed and a letter report submitted. It is concluded that (1) the 
embrittlement rates for each of the materials included in the surveillance program are 
essentially the same as determined earlier,1 and (2) the previously specified hydro-test 
conditions (vessel differential pressure = 900 psi, vessel temperature = 85° F, and frequency 
of testing equal once every effective full-power year) are more than adequate. 

There are operational and economic incentives for reducing the frequency of hydro testing 
and for permitting a lower vessel temperature during "normal" operation. Both possibilities 
have been evaluated and were found to be reasonable. 

A continuing perplexing problem with regard to radiation damage in the HFIR vessel is that 
the accelerated rate of damage, relative to that in other reactor vessels, and for similar 
materials tested in materials testing reactors, is not yet understood. Several possibilities have 
been suggested and evaluated to some extent, including fluence-rate and spectral effects, 
chemistry, and most recently, a contribution of gammas. 

This report provides details of the evaluation of the surveillance data and of the re-evaluation 
of the hydro-test conditions, including justification for reducing the frequency of testing and 
of lowering the minimum permissible temperature of the vessel. It also includes a brief 
discussion of the possible reasons for the accelerated damage rate and what impact this has 
on the specification of hydro-test conditions and the calculation of the probability of vessel 
failure during the hydro test. 
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Z Surveillance Data 

The embrittlement rate of the HFIR pressure vessel is monitored with Charpy impact 
specimens that are tested, following exposure in the reactor, to obtain the increase in the nil 
ductility transition temperature (NDTT). In accordance with the HFIR technical 
specifications,3 nine Charpy specimens (three per capsule) for each of the three vessel 
materials [nozzle weld, seam weld, and A212 grade B plate (A212B)] were removed and 
tested at the end of HFIR fuel cycle 320 (1993 data). [Specimens of the two nozzle materials 
(A105 grade II and A350 grade LF3) were not scheduled for removal at this time.] Capsule 
and specimen identification, location in the reactor, and exposure are provided in Table 2.1.* 
As indicated, the exposures were 61,535 MWd for the seam-weld and nozzle-weld specimens 
and 701,469 MWd for the A212B specimens. The exposure for the weld specimens was at 
a reactor power level of 85 MW (fuel cycles 288-320),+ while the A212B specimens received 
the same exposure as that for the weld specimens, at 85 MW, in addition to the previous 
exposure at 100 MW (fuel cycles 1-287). For convenience and comparison purposes, all of 
the data were normalized to exposure in terms of effective full-power years at 100 MW 
[EFPY(100 MW)], and these values are included in Table 2.1. As indicated, by the end of 
fuel cycle 320, the seam-weld and nozzle-weld specimens had received only 1.69 EFPY(100 
MW), while the A212B specimens received 19.2 EFPY(100 MW). 

Also included in Table 2.1 are the neutron fluxes and fluences (E ^ 1.0 MeV) calculated in 
1987 for each capsule location. These fluxes and the corresponding fluxes in the vessel wall 
were used to transpose the surveillance data to locations of interest in the vessel wall, as was 
done in Ref. 1 

The 1993 HFIR surveillance specimens were tested during the period August 23-27, 1993, 
following appropriate calibration of the Charpy testing machine and of the temperature 
measuring system (the testing machine was calibrated following the tests, as well, and was 

* In Sect. 2, tables and figures are at the end of the section; in subsequent sections, only 
figures are at the end of the section. 

+ The power level for fuel cycles 288 and 289 varied with time and was £ 85 MW (low-
power testing and training). 
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found to still be in calibration). In general, Charpy-specimen tests were conducted in groups 
of three at each test temperature. Following the tests at the initial temperature, additional 
test temperatures were chosen with a view toward obtaining average results above and below 
the energy level at which the nil-ductility transition temperature shifts (ANDTT) are 
determined. Tables 2.2, 2.3 and 2.4 provide the detailed test results for the A212B, seam 
weld and nozzle weld, respectively. Figs. 2.1,2.2 and 2.3 provide graphical plots of these test 
results as well as the test results of the unirradiated material in each case. The NDTTs shown 
for the unirradiated material on each plot were obtained from Ref. 1 and are 0°F for the 
nozzle weld and -5°F for the seam weld and A212B plate. 

As discussed in Ref. 1, the NDTT and ANDTT values are determined at the 15 ft-lb level for 
the A212B plate and at 20 ft-lb for the weld metals. A second-order polynomial was fitted 
to the irradiated data for the A212B and seam weld; in each case, the coefficient of the 
highest order term was about 10"4. For the nozzle weld, a linear regression was performed 
(the datum at -5°F was not included in the fit for the reasons discussed below). The 
resulting equations were used to determine the NDTTs for the irradiated data. The NDTT 
and radiation-induced ANDTT values are shown in the figures and given in Table 2.5 for each 
material. As shown, the ANDTT values are 0, 35 and 58° F for the seam weld, nozzle weld 
and A212B plate, respectively. These results are close to those predicted. 

For the A212B plate and seam weld, the average energies at each test temperature increase 
nearly linearly with temperature. For the nozzle weld, however, that is not the case. The 
datum at -5°Fwas ignored in the fitting for two reasons. First, its inclusion results in a curve 
with a derivative that is not representative of these materials at these levels of exposure. 
Secondly, using the generally conservative approach adopted in the 1987 study,1 exclusion of 
that datum results in a somewhat larger ANDTT. As observed with the unirradiated data, this 
weld metal exhibits a high degree of scatter, and thus the conservative approach seems 
prudent 

Following shutdown of HFIR in 1986, HFIR-vessel weld specimens were irradiated in the 
Oak Ridge Research Reactor (ORR) because no welds were included in the original HFIR 
surveillance program. These specimens were irradiated at a considerably higher flux than they 
would have been exposed to in the HFIR surveillance program. Thus, A212B specimens were 
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also irradiated in the ORR to provide data for comparison as well as for indexing the weld 
results to HFIR surveillance conditions. Figure 2.4, reproduced from Ref. 1, shows that the 
welds exhibited less radiation-induced ANDTT than the A212B; it also illustrates the method 
used to index the weld results to the A212B surveillance results. The solid line was 
constructed from the origin through the HFIR surveillance result at 17.5 EFPY (ANDTT = 
75° F). The ANDTT value for the A212B specimens irradiated in the ORR was 100° F. That 
result was simply located on the extension of the solid line and thus in principle corresponded 
to an exposure in HFIR, at the same location as the actual A212B capsules, of 23.4 EFPY. 
Because the weld-metal specimens were irradiated in the ORR at the same flux and to the 
same fluence as the A212B, they were indexed to 23.4 EFPY, and the equivalent location in 
HFIR would be the location of the A212B specimens that provided the 1986 data point 
included in Fig. 2.4. Because only one data point was available for each weld, embrittlement 
rates were determined by the linear fits shown in Fig. 2.4. 

All of the data in Fig. 2.4 correspond to irradiation of each indicated material at an average 
position (flux/fluence) corresponding to the A212B specimens associated with the 75° F shift. 
Recently, all of the data points in Fig. 2.4 and all of the 1993 data points were, as a matter 
of convenience and for comparison purposes, transposed to a capsule position referred to as 
Key 7, Position 8, using the flux ratios calculated in 1987 (Ref. 1). These results are included 
in Table 2.6 * 

The transposed ANDTT vs EFPY(100 MW) data in Table 2.6 are plotted in Fig. 2.5 and 
fitted with linear regressions. For the A212B and the seam weld, the best fit resulted in a 
negative intercept, so the intercept was set to zero. For the nozzle weld, the best fit resulted 
in a slightly positive intercept, but the curve was forced through zero because (1) there are 
only two data points, (2) the transposition method uses that assumption, and (3) the resulting 
embrittlement rate is somewhat more conservative. The slopes of these curves are the 
embrittlement rates corresponding to the flux at Key 7, Position 8, and are given in Table 2.6. 
The embrittlement rates used in the previous HFIR evaluation,1 corresponding to Key 7, 

In the figures and tables in this report, the Key 7, Position 8 location is referred to as 
the normalizing position, and the corresponding values of ANDTT and ANDTT are 
referred to as normalized values. 
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Position 8, are also given in Table 2.6 for comparison. As indicated, the updated rate for 
A212B is 4% less than estimated in Ref. 1, and the updated rates for the seam weld and 
nozzle weld are the same as before. 
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Table 2.1. HFIR surveillance capsules removed for testing in 1993 

Capsule 
Identification 

Specimen 
Identification 

Location 

Key Position 

Exposure 

MWd 
at power 

level 

EFPY 
at 
85 
MW 

EFPY 
at 

100 MW 

Flux"'0 x 10* 
[n/(cm2-a) 
(>1 Mev)J 

Fluence' x 10 '• 
(n/cm2 

(>1 MeV)l 

A 212 Grade B 

HB-1A-64 

HB-1A-71 

HB-4A-76 

A-25, A-27, A-131 

A-152, A-154, A-159 

A115, A-118, A-119 

61,535 (85 MW) 
639,934 (100 MW) 

Total 701,469 

61,535 (85 MW) 
639,934 (100 MW) 

Total 701,469 

61,535 (85 MW) 
639,934 (100 MW) 

Total 701,469 

1.98 

1.98 

1.98 

1.69 
17.5 
19.2 

1.69 
17.5 
19.2 

1.69 
17.5 
19.2 

1.83b 

1.89° 

1.70b 

1.74" 

2.08b 

1.9r 

1.15 
10.4 
11.6 

1.06 
9.61 
10.7 

1.30 
10.9 
12.2 
11.5 

Seam Weld 

SW-1-7 

SW-1-8 

SW-1-9 

SW-19, SW-20, SW-21 

SW-22, SW-23. SW-24 

SW-25, SW-26, SW-27 

61,535 (85 MW) 

61,535 (85 MW) 

61,535 (85 MW) 

1.98 

1.98 

1.98 

1.69 

1.69 

1.69 

3.17k 

2.841' 

3.17b 

1.99 

1.77 

198 
1.91 

Nozzlo Weld 

NW-2-1 

NW-2-4 

NW-2-8 

NW-1, NW-2, NW-3 

NW-10, NW-11.NW-12 

NW-22, NW-23, NW-24 

2 
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61,535 (85 MW) 

61,535 (85 MW) 

61,535 (85 MW) 

1.98 

1.98 

1.98 

1.69 

1.69 

1.69 

9.43" 

9.43b 

9.43b 

5.90 

5.89 

5.89 
5.89 

Normalizing position 61,535 (85 MW) 
639,934 (100 MW) 

Total 701,469 

1.98 1.69 
17.5 
19.2 

2.35" 
2.76° 

1.47 

16.7 

•Measured flux and fluence values from Appendix E, ORNUTM-10444. Calculated flux adjusted using dosimetry data. 
"Flux at 85 MW. 
cFlux at 100 MW. 



Table 22.. Charpy impact surveillance test results 
for HFIR shell material, A 212 grade B, 1993 

Identification 
Temperature Energy Expansion Shear 

(%) Identification 
(°F) ro (ft-fb) (J) (in.) (mm) 

Shear 
(%) 

A25 
A118 
A159 
A131 
A152 
A27 
A154 
A115 
A119 J 

40 
40 
40 

"55 
55 
55 
85 
85 
85 | 

4.4 
4.4 
4.4 

1Z8 
1Z8 
1Z8 
29.4 
29.4 
29.4 J 

4.2 
14.5 
9.2 

14.8 
10.9 
21.3 
23.9 
36.2 
28.5 

5.7 
19.7 
12.5 
20.1 
14.8 
28.9 
32.4 
49.1 
38.6 

0.0041 
0.0139 
0.0077 
0.0141 
0.0118 
0.0180 
0.0210 
0.0298 
0.0231 J 

0.1041 
0.3531 
0.1956 
0.3581 
0.2997 
0.4572 
0.5334 
0.7569 
0.5867 

10 
20 
15 
20 
20 
20 
35 
45 
30 

Table 2.3. Charpy impact surveillance test results 
for HFIR seam weld metal, 1993 

Identification 
Temperature Energy Expansion Shear 

(%) Identification 
(T) (°C) (ft-lb) (J) (in.) (mm) 

Shear 
(%) 

SW20 
SW23 
SW26 
SW21 
SW27 
SW24 
SW19 
SW22 
SW25 

-25 
-25 
-25 
-5 
-5 
-5 
10 
10 
10 J 

-31.7 
-31.7 
-31.7 
-20.6 
-20.6 
-20.6 
-1Z2 
-1Z2 
-12.2 

8.2 
8 

12.1 
9.1 

35.1 
16.7 
25.1 
19.8 
40.1 

11.1 
10.8 
16.4 
12.3 
47.6 
22.6 
34 
26.8 
54.4 

0.0043 
0.0052 
0.0089 
0.0055 
0.0263 
0.0130 
0.0185 
0.0152 
0.0272 

0.1092 
0.1321 
0.2261 
0.1397 
0.6680 
0.3302 
0.4699 
0.3861 
0.6909 

10 
5 

25 
15 
30 
25 
25 
30 
4 0 J 

Table 2.4. Charpy impact surveillance test results 
for HFIR nozzle weld metal, 1993 

Identification 
Temperature Energy Expansion Shear 

(%) Identification 
(°F) rc) (ft-lb) (J) (in.) (mm) 

Shear 
(%) 

NW24 
NW1 
NW10 
NW22 
NW3 
NW12 
NW2 
NW11 
NW23 

-5 
25 
25 
25 
35 
35 
50 
50 
50 

-20.6 
-3.9 
-3.9 
-3.9 

1.7 
1.7 

10 
10 
10 

19.9 
15.2 
17.5 
17.4 
13 
15.2 
21.8 
19.8 
49.6 

27 
20.6 
23.7 
23.6 
17.6 
20.6 
29.6 
26.8 
67.2 

0.0164 
0.0153 
0.0154 
0.0161 
0.0159 
0.0152 
0.0222 
0.0191 
0.0380 

0.4166 
0.3886 
0.3912 
0.4089 
0.4039 
0.3861 
0.5639 
0.4851 
0.9652 

15 
20 
30 
25 
30 
30 
35 
30 
45 
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Table 2.5. Summary of 1993 surveillance results 
for HFIR pressure vessel materials 

Material 

Unirradiated 
transition 

temperatures 
(°F) 

1993 surveillance 
ANDTT results 

(°F) Material 

NDTT R T N D T

a 
Measured 
ANDTT 

Normalized6 

ANDTT 

A 212 grade B 

Seam weld 

Nozzle weld 

- 5 

- 5 

0 

20 

60 

10 

58 

0 

35 

84 

0 

10 

"Determined from T^ - 60°F, where Tg,, is the 
temperature at which the mean Charpy energy less 
one standard deviation is equal to 50 ft-lb (from 
ORNL/TM-10444). 

bNormalized to Key 7, Position 8, for exposure at 
100 MW. 
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Table 2.6. Normalized ANDTTs and embrittlement rates 
for 1993 HFIR surveillance program 

Material 
ANDTT 

(°F) EFPY 
at 100 MW 

Embrittlement rates 
("F/EFPY) Material 

Measured Normalized0 

EFPY 
at 100 MW 

Current Previousa,b 

A212B 52 
75 
58 

100" 

59 
84 
84 

112" 

15.0 
17.5 
19.2 
23.4" 

4.6 4.8 

Seam weld 0 
85" 

0 
95" 

1.69 
23.4" 

4.1 4.1 

Nozzle 
weld 

35 
80" 

10 
89" 

1.69 
23.4 

3.8 3.8 

"Normalized to Key 7, Position 8, and 100 MW. 
"From ORNL/TM-10444. 
"Results from irradiations in Oak Ridge Research Reactor (ORR), see 

ORNL/TM-10444. 
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Review and Update of Vessel Integrity Evaluation Based on ASME Code Approach 

3.1 Introduction 

The particular concern addressed in this report, with regard to the integrity of the HFIR 
pressure vessel, is propagation of a sharp, crack-like defect (flaw) as a result of the 
radiation-induced embrittlement of the vessel material in the vicinity of the beam-tube 
nozzles. As discussed in Ref. 1, the potential for propagation of flaws is evaluated using 
linear elastic fracture mechanics (LEFM), an approach that is included in the ASME 
Code4 , 5 and accepted by the NRC 6 for nuclear pressure vessels. The ASME Code 
approach was used in Ref. 1 to determine the required reduction in pressure loading, 
and thus power level, to compensate for radiation damage over an additional 10 EFPY 
operating period. The calculated reduction was not acceptable, and thus hydro testing 
was resorted to in order to demonstrate integrity. Even so, it is of interest to review and 
update the Code-type analysis. 

The Code-type analysis was also used to calculate the vessel pressure-temperature limits, 
which are more concerned with low-temperature, low-pressure operation (start up, etc.), 
and these analyses are reviewed herein, as well. 

32. Methodology 

The Code requires consideration of two loading conditions: normal/upset and 
emergency/faulted. In accordance with Appendix G, Division 1 of Section HI of the 
ASME Code, for normal and upset conditions4 

\ = 2KJp + KI$ , (1) 



where 

Kj = total stress intensity factor 

Kj = stress intensity factor associated with primary loads (primary-system pressure) 

Kj = stress intensity factor associated with secondary stresses 

The secondary stresses included in the Ref. 1 analysis were those resulting from 
discontinuities (bending stresses), thermal gradients (thermal stresses) and welding 
(residual stresses). Thus, 

K, = 2K, +K, +K. +K, . (2) 

The condition that must be satisfied to demonstrate integrity for normal and upset 
conditions is 

Kh*KIR , (3) 

where K I R = ASME-Code lower-bound fracture toughness corresponding to 
dynamic-loading initiation and to crack arrest. 

Section HI of the Code does not specify what safety factor or fracture-toughness curve 
should be used for emergency and faulted conditions, but Appendix A of Section XI 5 

allows use of KJe instead of Km (KIc>Km) for fracture toughness and yfl instead 

of 2 for a safety factor for emergency and faulted conditions. Section XI pertains to 

actual flaws, which are characterized conservatively, and thus part of the safety factor 

is included in "sizing" of the flaw. For that reason, the safety factor of 2 from Section 

HI was retained in the Ref. 1 analysis for emergency and faulted conditions, but KJe 

was used instead of Km. Thus, for emergency and faulted conditions, Eq. (1) applies, 

and the following condition must be satisfied: 

17 



Kh±KIc , (4) 

where K I c = ASME-code lower-bound fracture toughness corresponding to 
static crack initiation (onset of propagation). 

K I c and Km are calculated from (see Sect 5) 

KIc,Km = A + B exp [C (Tv - RTmT - e • ANDTT • At)] , (5) 

where 

A, B, C = constants 
T v = vessel temperature 

RTNDT = initial (no radiation-induced embrittlement) value of the reference nil 
ductility transition temperature 

ANDTT = rate of increase of nil ductility transition temperature 
e = ANDTT uncertainty factor 

At = time of reactor operation 
= 17.53 EFPY (100 MW) + At' 

At' = permissible life extension of vessel beyond 17.53 EFPY(100 MW) 
(17.53 corresponds to the shutdown in November 1986) 

On the basis of the HFIR surveillance data (Sect 2), ANDTT was assumed to be 
linear with fluence and thus zero for zero fluence. 

Substituting Eq. (5) into (3) or (4) and solving for At gives 

(Tv-RTmTo) - iln 
At C 

K i 

A (6) 

e •ANDTT 

Kj can be written as (see Sect. 5) 

Kh = ^ [p ( 2cmsm + cbsb ) + crar], (7) 
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where m, b, and r refer to membrane (primary), bending and residual stresses. The 

thermal stresses are not included in Eq. (7) because, as discussed in Ref. 1, they are 

relatively small. 

For the purpose of calculating the pressure-temperature limits, Eqs. (5) and (7) are 

combined to obtain 

A + Bexp 
p = 

C (Tv - RTmT - e • ANtiTT • At) Cr°r (8) 
QCJn, + CbS

b) J™ ^ ^ + CbSb) 

33 Input 

The flaw required by Section HI of the Code is at and perpendicular to the surface 
(surface-breaking flaw), and it is semielliptical in shape with a depth (a) of 1.0 in. and 
a surface length of 6.0 in. The analysis in Ref. 1 indicated that the limiting flaw was 
in the HB-3 nozzle weld, directly above the nozzle and oriented axially, and that the 
limiting point on the crack front was the deepest point. Corresponding values of cm, 
Cb, c„ sm, s b and o r are given in Tables 5.3 and 5.4 of Ref. 1 and are included herein 
in Table 3.1, which summarizes all of the input for Eqs. (6), (7) and (8). The 
appropriate value of ANDTT is derived in Appendix A of this report and is 
2.44°F/EFPY (100 MW). An uncertainty factor for ANDTT of 1.5 was specified by 
a DOE review committee.1 

For the calculation of At, values of p and T v , worst-case consistent values of the 
primary-system pressure and the vessel temperature, and of A, B and C, depend upon 
the assumed loading conditions. As already indicated, the ASME Code requires 
consideration of two loading conditions: normal/upset and emergency/faulted. 
Appropriate values of the affected parameters are included in Table 3.1. 

For the pressure-temperature-limits analysis, p and T v are dependent/independent 
variables, K I R is used for the fracture toughness and At = 17.5 + 8.5 = 26 EFPY 
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(100 MW). This particular value of At corresponds to the target life extension of the 

vessel [10 EFPY(85 MW) or 8.5 EFPY (100 MW)]. 

Table 3.1 Input data for Code analysis (flaw in nozzle weld above HB-3 nozzle) 

PARAMETER VALUE 

Fracture Toughness Curve Kfc K m 

A, ksi \Jin 33.2 26.8 

B, ksi jin 20.73 12.44 

C, 6 F ' 0.020 0.0145 

a, in. 1.0 

Cb 0.741 

c m 
1.146 

C r 
0.860 

s b 4.24 

s« 16.8 

op ksi 8.5 

RT °F 
" f v- 1 NDT0 » r 

10 

ANDTT, °F/EFPY(100 MW) 2.44 

e 1.5 

Loading Type normal/upset emergency/faulted 

p, ksi 0.508a 0.679b 

TV,°F 90c 85 b 

a Pressurizer-pump cutoff pressure 
b Rupture-disc upper limit 
c Trip point for depressurization of primary system 
d Minimum control point for cooling-tower basin 
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3.4 Results of analysis for calculation of At 

Results of the analysis are given in Table 3.2 

Table 3.2 Values of At, At', and Kj for an axially oriented flaw 
in the HB-3 nozzle weld directly above the nozzle 

Loading Condition Normal/Upset Emergency/Faulted 

e 1.5 1.0 1.5 

At, EFPY(100 MW) 9.7 14.6 15.5 

At', EFPY(100 MW) -7.8 -2.9 -2.0 

Kh,ksijm~ 50.5 50.5 63.1 

The values of At' in Table 3.2 are much less than calculated in Ref. 1 because values 
of e and ANDTT corresponding to the recent analysis are greater than those used 
in Ref. 1 (1.5 and 2.44 compared to 1.0 and 2.18), and the values of T v are less (90°F 
for normal/upset conditions compared to 110°F, and 85° F for accident/faulted 
conditions compared to 105° F). 

The use of e=1.5 is believed to be excessively conservative because of the large safety 
factors required in the ASME analysis, but the larger value of ANDTT represents an 
appropriate update (see Appendix A), and the smaller values of T v correspond to 
upset and faulted conditions not considered previously. 

In Ref. 1, it was argued, on the basis of "appropriate" fracture toughness data, that an 
increase in the allowable values of K I c and K I R of 25% would be reasonable. If this 
is done, the At values in Table 3.3 are obtained. 
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Table 3.3 Same as Table 3.2 except that fracture toughness increased by 25% 

Loading Condition Normal/Upset Emergency/Faulted 

e 1.5 1.0 1.5 1.0 

At, EFPY(100 MW) 20.2 30.3 23.0 34.5 

At', EFPY(100 MW) 2.7 12.8 5.5 17.0 

Kj , ksi\jin 50.5 50.5 63.1 63.1 

In 1987, the criterion was that At'^8.5 EFPY(100 MW). For the conditions imposed 
on ORNL by DOE, that criterion could not be achieved at a power level of 85 MW 
(Table 3.2), and reducing the power further was not desirable. Thus, the fracture-
toughness safety factor was reduced somewhat to obtain the At' values in Table 3.3, 
which, considering a reasonable intermediate value of e, do satisfy the criterion. Even 
so, the Code is not literally satisfied, and thus the integrity of the HFIR vessel must 
be demonstrated by some other means. That "means" is, of course, a hydro test and 
a probabilistic fracture-mechanics analysis to show that the probability of failure 
during the hydro test is acceptable. The probabilistic analysis is reviewed in Sect 4, 
and an update of hydro-test conditions is included in Sects. 5, 6 and 7. • 

3.5 Results of analysis for pressure-temperature limits 

Results of this analysis are included in Table 3.4, which shows that p is not very 
sensitive to T v over the range 70-85° F, and that for T v = 80° F, p = 304 psi. The 
reason for the lack of sensitivity is that, because of the use of the K K curve and an 
uncertainty factor of 1.5 for ANDTT, the portion of the fracture toughness curve 
involved in the analysis is the lower-shelf (little change in K m with change in 
TV-RTNUJ.). 

As discussed in greater detail in Sect. 5, a successful hydro test for the HFIR vessel 
demonstrates that the permissible vessel pressure, for a vessel temperature of 85° F, 
is 679 psi just prior to the time of a successive hydro test. Thus, the results of the 



ASME Code analysis are quite conservative and need not represent a true limit. 
However, the Code analysis does satisfy the HFTR technical specifications3 

requirement for the vessel temperature to be at least 85° F when the vessel pressure 
is above 300 psi. 

Table 3.4 Pressure-temperature limits based on ASME Code analysis 

T V , °F p, psi 

70 289 

75 296 

80 304 

85 313 
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4. Probability of Propagation of Flaws in the HFIR Vessel During Hydro Test 

The probability of vessel failure during normal/upset and emergency/faulted conditions and 
during a hydro test was evaluated in Ref. 1, using probabilistic fracture mechanics. A review 
and reevaluation is included in this report. In summary, at the completion of 26 
EFPY(100 MW) the conditional probability of failure [P(F|E)] for all loading conditions is 
less than the maximum permissible value of 10"6 (Ref. 7). 

Calculations included in Ref. 1 used a best-estimate value of RT N m - at the inner surface of 
the vessel wall of 140° F. This was a conservative estimate made early in the HFIR vessel 
integrity reevaluation study and thus without the benefit of the later detailed surveillance and 
fracture-analysis results. Eventually, it was determined that an axially oriented inner-surface 
flaw in the weld above the HB-3 nozzle had the greatest potential for propagating (see Ref. 
1 and Sect 3 of this report). The best-estimate end-of-extended-life value of RTj^p for this 
material (nozzle weld) and location (above HB-3) is (see Tables 5.1 and 5.2 of Ref. 1 and 
Appendix A of this report) 

RTNDT = RTNDT0

 + ANDTT x At (9) 

= 10 °F + 3.82 °F/EFPY(100 MW) x — x 26 EFPY(100 MW) 
2.68 

= 10 + 73 = 83°F 

197 The value of ANDTT (3.82 x —— = 2.81) is a best-estimate value at the inner surface of the 
2.68 

vessel wall at the location described above. It was obtained by transposing the value 
corresponding to the Key 7, Position 8 location to the vessel site using the corresponding 

ratio of fast neutron fluxes 

As discussed in Sect. 8, it may be that gammas, rather than fast neutrons, are primarily 

responsible for the observed damage, in which case the above flux ratios are not necessarily 
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appropriate. The gamma fluxes required for transposition are not available; however, it is 
expected that the gradients in fast neutron and gamma fluxes are of the same sign. Thus, the 
appropriate flux ratio for transposition is less than unity. If unity is used, ART,^ = 3.82 x 
2.6 = 99°F instead of 73°F. The difference (26°F) can be considered to represent three 
standard deviations, with 73° F being the best estimate. Thus, one standard deviation for 
transposition is -9°F. If the uncertainty factor of 1.5 imposed by DOE (see Appendix B) 
for ANDTT (the experimental value) represents three standard deviations, then one 
standard deviation (a) for ART^^ at the tip of the flaw is 

a „9+ 1-5*73-73 _ Q n _ 21oF 

3 

In Ref. 1, a value of 24° F was used and was also used in this latest calculation. 

The stresses used in Ref. 1 included only the primary stresses because the largest secondary 
stress, the residual stress, is self equilibrated and thus does not necessarily contribute to Kj 
after the flaw has penetrated about half the vessel wall. A more conservative approach was 
taken in the present analysis by including the secondary stresses and assuming that the 
residual stress was uniform through the wall. This approach is consistent with calculating the 
probability of crack initiation (onset of propagation) rather than the probability of failure, 
which could be less. 

Only the hydro-test loading condition (p = 900 psi and T v= 85° F) was considered in the 
present analysis because it represents the worst case, and the criterion for acceptability is the 
same [P(F|E) slO^J. The result of the analysis was P(F|E) = 0.9X10-6. 

In the above type of evaluation, the analysis can be performed for either the time of the final 
hydro test, using the corresponding hydro-test conditions, or the specified end of vessel life, 
using the "worst-case" (emergency/faulted) loading conditions. Not knowing when the last 
hydro test might be conducted, it was assumed, conservatively, that it was essentially at the 
end of the specified life [26 EFPY (100 MW)]. Because the corresponding value of P(FIE) 
is less than the maximum permissible value, the implication is, from a probability of failure 
point of view, that the life of the vessel could be extended beyond 26 EFPY (100 MW) by 
the maximum permissible time between successive hydro tests. This is because, as indicated 
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by Eq. 10, the potential for failure at the time of a successive hydro test, and for the "worst-
case" (emergency/faulted) loading condition, must be no greater than that for the previous 
hydro test. As mentioned in Sect. 5.6, however, there may be other factors to consider with 
regard to vessel life extension. 

26 



Calculation of Hydro-Test Conditions 

5.1 Hydro-test concept 

As discussed in Ref. 1, the concern regarding radiation embrittlement of the HHR 
pressure vessel is that the potential for sharp, crack-like defects (flaws) in the vessel 
propagating and resulting in breach of contaminant increases with increasing embrittle
ment. In addition to embrittlement (reduction in fracture toughness), parameters 
affecting the potential for vessel failure are size, shape, and location of possible flaws and 
the stresses in the vicinity of the flaws. Uncertainties in these three parameters are 
accommodated in an ASME-type evaluation of vessel integrity by the use of safety 
factors, but for HFTR this approach is too restrictive (see Sect 3). A hydro test is less 
restrictive because, if the vessel does not fail during the test, it demonstrates that the 
combination of the actual (existing) conditions (fracture toughness, flaw characterization 
and stresses) is subcritical. 

The hydro test must accommodate degradation of the vessel, over a specified period of 
time, that can affect the potential for failure during that period. One of these 
degradation mechanisms is, of course, radiation embrittlement, and the only other is 
increasing size of a flaw. The size of a flaw can increase as a result of corrosion and/or 
fatigue, but as will be discussed later, neither is of sufficient magnitude to be of concern. 
Thus, only the continuing radiation embrittlement must be considered in establishing 
appropriate hydro-test conditions. 

The amount of embrittlement that must be accommodated by the hydro-test conditions 
is a function of the time between successive hydro tests, the vessel temperature and the 
location of the crack front (crack tip) in the vessel wall. The time between successive 
hydro tests and the vessel temperature can be calculated and/or specified, but the location 
of a crack front is not known. 
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The stresses in the vicinity of the crack front are also used in the determination of the 
hydro-test conditions, and they, too, depend on the location of the crack front as well as 
type and size of flaw, neither of which is known. 

There is also uncertainty in the amount of embrittlement between successive hydro tests, 
but as will be demonstrated later, the uncertainties in embrittlement rate and flaw 
characterization need not have a significant effect on the selection of hydro-test 
conditions. 

52, Criteria 

The hydro-test conditions that must be determined are the primary-system pressure, 
vessel temperature and time between successive hydro tests. This combination must be 
such that the potential for vessel failure during the hydro test is equal to or greater than 
the potential at the time of the successive hydro test with the vessel subjected to "worst-
case" loading conditions (pressure and temperature). This criterion can be expressed 
mechanistically and mathematically as 

KIe(HT) KIe(At) ' 

where 

Kj(HT) = stress intensity factor at the time of the hydro test, 
Kj(SV) = stress intensity factor corresponding to "worst-case" operating 

conditions, 
K Ic(HT) = fracture toughness at the time of the hydro test, and 
KIe(At) = fracture toughness at the time of the successive hydro test and 

corresponding to "worst-case" operating conditions. 

Kj can be thought of as the "load" that is trying to make the flaw propagate, and K J c 

is a critical value (material property) of Ki corresponding to the onset of propagation. 
Therefore, KJ/KJ,. represents a potential for propagation of a flaw, and propagation 
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takes place when Kj ^ KIc. As indicated by Eq. (10), the actual value of KifKlc is not 
needed, only the relative value, for determining the hydro-test conditions. If, however, 
at the time of the hydro test Ki/KIc ;> 1, the vessel will fail. To avoid this possibility, 
a probabilistic analysis is performed to establish that the risk is sufficiently small (see 
Sect. 4). 

As indicated above, K I c is a material property. It represents the materials ability to 
resist propagation of a flaw in a brittle, unstable manner. It decreases with increasing 
exposure of the material to radiation and with decreasing temperature. 

53 Derivation of equations for p(HT) and At 

For the purpose of determining the hydro-test conditions, Eq. (10) is written as 

KjiHT) KIc(HT) 
Kj{SV) ~ KIe(At) 

It is apparent from Eq. (11) that if Kx and/or K I c are multiplied by uncertainty factors, 
it does not change the hydro-test conditions because the factors cancel. There are 
other uncertainties, however, that do not cancel, and they are discussed later. 

Kx is calculated from1 

K^cayfJta , ( 1 2 ) 

where 
c = crack characterization factor 
o = far-field stress 
a = crack dimension 

Four types of stresses were considered in the original study: (1) membrane stress due 

to pressure, (2) bending stresses due to pressure and associated with discontinuities at 
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the nozzles, (3) thermal stresses due to differences in temperature between the 
reflector water and pool water, and (4) residual stresses in the nozzle welds. The 
original studies1 indicated that the thermal stresses were relatively small, and thus they 
are not included in the determination of hydro-test conditions. 

Equation (12) can be rewritten as 

K I = \p (C

m

S

m

 + C

bh)+Cr°r)f™ » (13) 

where 

p = primary-system pressure 
s = o/p 

m, b, r = membrane, bending, residual 

Substituting Eq. (13) into Eq. (11) gives 

KJHT) 
KiXAt) 

KIc(HT) _,, 

l**(A0 J 
(14) 

or 

where 

M.Kjmffifc (15) 

S = 
Cr°r 

CmSm + CbSb 

(16) 

p(HT) = hydro-test pressure 
p(SV) = "worst-case" operating pressure 
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An appropriate expression for K I c is taken from Ref. 8: 

Kk~A*Bap[C(J'-RTllDr)] , ( 1 7 ) 

where 
T = material temperature 

RTJ^J. = initial (no damage) value of the nil-ductility 
reference temperature 

ART N E r r = increase in RT N E r r due to radiation exposure 
= ANDTT 

ANDTT = increase in nil-ductility transition temperature 
A,B,C = constants 

The HFTR surveillance program provides ANDTT vs EFPY (see Sect. 2), and data 
available thus far indicate a linear relationship. Thus, Eq. (17) can be written as 

KIc(HT) = A +B exp [C -E(HT)] , ( 1 8 ) 

and 

KIc(At) =A + B exp { C [E(At) - e • AN&TT -At]} , (19) 

where 

E(HT) = TV{HT) - RTmT - e • ANDTT-At (HT) , (20) 

E(At) = Ty(At) - RTmT -e-ANDTT'At(HT) , (21) 
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ANDTT = time-averaged rate of ANDTT 
e = uncertainty factor associated with ANDTT 

At = time between successive hydro tests 
At(HT) = total operating time up to time of hydro test 
TV(HT) = temperature of vessel during hydro test 
T v(At) = "worst-case" (lowest) operating temperature of vessel 

(assumed to exist at any time during At) 

Substituting Eq. (19) into Eq. (15) and solving for At gives 

E(At)-hn 
At = _ 

Kic(^n(p(SV)+S\_^ (P(SV)+S) 
{p(HT)+Sj [ 

(22) 

e -ANDTT 

The crack dimension, a, does not appear in Eqs. (14)-(22) because it cancels out when 
Eq. (13) is substituted into Eq. (11) to obtain Eqs. (14) and (15). However, values of 
c,,, cm, c„ and ANDTT are functions of crack size. The relationships are complex, and 
the effects of variable a on p(HT) and At are small, as will be demonstrated. Thus, the 
relationships were not included in the foregoing equations. 

The insensitivity of p(HT) and At to a can be qualitatively demonstrated by examining 
Eqs. (11), (14), (16) and (18)-(22). It is observed that the quantities Cb, cm, c p and ANDTT 
tend to appear as ratios so that the effects of a on these parameters tend to cancel. 
A quantitative assessment of sensitivity was made by calculating values of p(HT) and 
At for two different values of a, as discussed later. 

Values of %, cm, and c r are also functions of flaw type, location, and orientation, and 
of the relative position on the crack front at which Kx is to be determined. The type 
of flaw selected for the HFIR vessel integrity evaluation is the type specified in the 
ASME Code for evaluation of PWR vessels, and the locations and orientations selected 
are those resulting in maximum values of p(HT) or minimum values of At. 
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5.4 Uncertainties 

There are two uncertainties of particular concern in the determination of the hydro-test 
conditions: (1) the uncertainty in the value of ANDTT, which is designated by the 
factor e in Eqs. (9) -(11), and (2) the uncertainty in the shape of the K I c vs T-RTj^ 
curve (Fig 5.1). If the uncertainty factor, e, is very large, Ty-RTf^ is very small, and 
thus, K I c corresponds to the lower shelf of the Kjc vs T-RTĵ yj- curve (Fig. 5.1). For this 
case, p(HT) - p(SV) because very little radiation damage takes place during At At 
the other extreme, e=0, the same result is obtained. Thus, there tends to be a 
maximum in the p(HT) vs e curve and a minimum in the At vs e curve. However, as 
will be demonstrated later, the values of e for which zero derivatives exist may be 
outside the range of reasonable values. In this event, the values of p(HT) and At 
specified for the hydro test could correspond to values of e at one end or the other of 
the reasonable range. Or, if the specific values of p(HT)m a x and At,^ do not impose 
excessive constraints, they could be specified for the hydro test so as to negate the 
need for specifying limits on e. Even so, limits of 0.5 to 1.5 have been established 
(Appendix B). 

As indicated by Eqs. (14) and (22), p(HT) and At are sensitive to the shape (slopes of 
the K I c vs T-RTJJUJ. curve) and not the amplitude. "Bounding" curves were selected for 
the study by using the ASME lower-bound K I c curve8 (Fig. 5.1) and a recently derived 
mean K I c curve9 (Fig. 5.1). The former curve has a relatively steep transition region 
(T-RTNUJ- > 0°F) and a relatively flat lower shelf. The two curves were used to 
establish the sensitivity of p(HT) and At to variations in the shape of the curve. 

Uncertainties in ANDTT are associated with measurement and interpretation of the 
surveillance-specimen data and with transposition of the ANDTT values at the location 
of the surveillance specimens to the hypothetical flaws in the vessel wall. This latter 
uncertainty depends to a large extent on how well the calculated neutron and/or gamma 
fluxes are known. As discussed in Appendix C, which relies on information from 
Appendices D and E, the uncertainty in the fluxes is well within the reasonable range 
of e values (0.5 to 1.5). 
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5.5 Calculations 

5.5.1 Input 
The flaw specified by the ASME Code4 for PWR pressure vessels, with a wall thickness 
equal to that for the HFIR vessel, is a semielliptical surface flaw with a major-diameter 
to minor-radius ratio of 6 and a depth (minor radius) of 1.0 in. This flaw was adopted 
for the HFIR vessel analysis, although one additional depth (a = 0.5 in.) was 
considered for sensitivity studies. As discussed in Appendix F, 0.5 in. is an estimate of 
the minimum critical flaw size. 

The critical location of the flaw was determined in Ref. 1 to be at the HB-3 nozzle 
weld, directly above the nozzle center, on the inner surface, with a longitudinal 
orientation. This "flaw" was used for determining the hydro-test conditions. 

The "worst-case" operating conditions for HFIR for determining the hydro-test 
conditions included1 a primary-system pressure equal to the primary-system safety-valve 
(rupture disc) nominal rating (650 psi), plus its design tolerance and difference in vessel 
and pool heads, for a total of 679 psid. The corresponding vessel temperature [Tv(At)] 
was specified as 85° F, although values down to 65° F were included, also. These 
loading conditions (679 psid and 85° F) correspond to ASME-Code-defined emer
gency/faulted operating conditions (see Sect. 3). 

The hydro-test temperature [TV(HT)] can be any convenient value, with the 
understanding that the calculated, and thus specified, value of p(HT) or At will be 
dependent on the value of TV(HT) selected. For example, the higher TV(HT), the 
higher p(HT) or the smaller At. 

The value of At(HT), which is the total operating time of the vessel up to the time of 
the "last" hydro test, is 19.4 EFPY(IOOMW). As mentioned above, the values of 
ANDTT, cm, Cb and c r are functions of crack depth, and two crack depths were 
considered (0.5 and 1.0 in.). Values of these parameters for the two crack depths are 
provided in Table 5.1, which summarizes all the input data. 
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The values of ANDTT in Table 5.1 are taken from Table 5.2 of Ref. 1, with modifi
cations as discussed in Appendix A. Values of cm, c,, and c p for a = 1.0 in., and for sm, 
s b and o r are taken from Tables 5.4 and 5.3, respectively, of Ref. 1. Values of cm, % 
and c r for a = 0.5 in. were calculated separately."* 

As mentioned earlier, values of cm, Cb and c r are also a function of position on the crack 
front. The ones given in Table 5.1 correspond to the deepest point because for this 
study that point results in the largest value of Kj/Kĵ  

As mentioned above, two "extreme" K I c vs T-RTj^r curves were included in the study 
as a means of addressing the uncertainty in the shape of the curve. Both are of the 
exponential form given by Eq. (7). The two sets of coefficients are given in Table 5.1, 
and the two curves are plotted in Fig. 5.1. 

The number of effective full-power years at a power level of 100 MW [EFPY(100 
MW)] included in Table 5.1 for At(HT) is based on 707,081 MWd, which corresponds 
to the end of HFIR fuel cycle number 323, and the time at which a hydro test was 
conducted with p(HT) = 900 psid and TV(HT) = 85°F. [The number of EFPY(100 
MW) = 707,081 MWd/(365dfy x 100 MW) = 19.4.] 

J. G. Merkle, Oak Ridge National Laboratory, personal communication 
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Table 5.1 Input data for the calculation of p(HT) and At 

PARAMETER VALUE 

Fracture-toughness curve ASMEK,e

8 New mean9 

A, ksi )/in 33.2 36.68 

B, ksi \]in 20.73 51.59 

C, "F1 0.020 0.0115 

a, in. 1.0 0.5 

c 6 
0.741 0.823 

Cm 1.146 1.068 

cr 
0.860 0.860 

sb 
4.24 

sm 
16.8 

a, ksi 8.5 

p(HT),psi variable/dependent variable 

p(SV),psi 679 

RT "F 10 

ANDTT, °FIEFPY(100 MW) 
(a = 1.0 in.) 

2.44 

ANDTT, °FIEFPY(100 MW) 
(a = 0.5 in.) 

2.62 

e variable 

Ty(HT), °F 85 

TyfAt), "F 85, 80, 75, 70, 65 

At(HT), EFPY(100 MW) 19.4 

At, EFPY(100 MW) variable/dependent variable 



5.5.2 Calculation of p(HT), At, and related parameters 

Three basic cases were evaluated in this report. In each case p(HT) and At were 
calculated as a function of e with Tv(At) as a variable parameter. Calculations were 
made for two values of crack depth (a) to demonstrate that p(HT) and At are not 
sensitive to a, and for two "bounding" K I c curves. The cases are defined concisely as 
follows and in more detail in Appendix G (input for these cases is included in Table 5.1): 

Case Description 
A a = 1.0 in., ASME K I c curve8 

B a = 0.5 in., ASME K I c curve8 

C a = 1.0 in., updated mean K I c curve9 

For the calculation of p(HT), a single value of At = 1 EFPY was used because that is 
the value initially specified by DOE for the hydro tests.1 For the calculation of At, a 
single value of p(HT) = 900 psi was used because that is the value that DOE initially 
agreed to for the hydro tests.1 Increasing p(HT) increases At, which is desirable, but it 
also increases the probability of vessel failure during the hydro test On the basis of the 
earlier studies1 and these, it was concluded that p(HT) = 900 psi is reasonable but does 
not necessarily represent an "optimum". 

The more important aspects of the results of the analysis are as follows: 

Flaw-depth effects on p(HT) and At 

As mentioned in Sect. 5.3, p(HT) and At are rather weak functions of crack depth (a). 
To demonstrate this, calculations of p(HT) and At were made for two "extreme" values 
of a: 0.5 in., which is the minimum critical flaw size, and 1.0 in., which is the largest value 
of a required by the ASME Code. The results (Fig. 5.2) show that, for reasonable values 
of e, the corresponding values of p(HT) and At differ by less than 5%. 
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pfHD and At vs e for Tvf Atl = 85°F 

As mentioned above, there is a maximum in the curve of p(HT) vs e and a minimum in 
the curve of At vs e. This is evident in Fig. 5.2 for Tv(At) = 85°F and At = 1 EFPY 
(100 MW), for the calculation of p(HT) vs e; and for Tv(At) = 85° F and p(HT) = 
900 psid for the calculation of At vs e. The corresponding values of p(HT) and At are 
709 psi and 8.0 EFPY(100 MW), using the ASME lower-bound fracture toughness curve, 
and 713 psi and 7.1 EFPY(100 MW) using the other "bounding" fracture toughness curve. 
The corresponding values of e, using the ASME fracture toughness curve, are -1.5 and, 
using the other fracture toughness curve, <2.5. The largest value of e that needs to be 
considered, in accordance with Ref. 1 and Appendix B, is 1.5. For this value of e, the 
values of p(HT) and At are about the same for the two fracture-toughness curves [p(HT) 
- 709 psi, At - 8.0 EFPY(100 MW)]. 

The above results are very similar to what was calculated previously," even though the 
fracture toughness curves used in this study are different than the one used in the earlier 
study. The earlier fracture toughness curve was the ASME Km curve (lower bound of 
dynamic and crack arrest data)8, which tends to result in somewhat .lower values of 
p(HT), larger values of At, and smaller values of critical crack size. The recent analysis 
is the more realistic. 

prHD and At vs e for T y (At) < 85°F 

From a reactor operational point of view, there are incentives for allowing T v(At) 
< 85° F, which is the presently specified minimum operating temperature of the vessel 
(minimum permissible temperature of the cooling tower basin). For that reason, calcu
lations were also made with T v(At) = 80, 75, 70 and 65° F. As T v(At) decreases, the 
values of e corresponding to the maximum in p(HT) and the minimum in At decrease. 
This raises the question as to how small a value of e needs to be considered. This 

Unpublished data prepared and presented at the time Ref. 1 was being published but 
that was not included therein. 
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question is addressed in Appendix B, and it is concluded that a reasonable lower limit 

of e is 0.5, as mentioned earlier. Thus, for T v (At) = 65° F, and considering the results 

corresponding to the ASME lower-bound fracture toughness curve, At is less than zero. 

For T v (At) = 70°F, At = 1.4 EFPY(100 MW), and for T v (At) = 75°F, the minimum 

in the curve occurs above e = 0.5; for this case, At = 4.5 EFPY(100 MW). Results 

corresponding to the upper-bound fracture-toughness curve show that the minimum 

values occur above e = 1.5. For T v (At) = 70°F, At m i n = 4.3 EFPY(100 MW). Thus, 

for T v (At) = 70°F, the limiting value of At is 1.4 EFPY(100 MW), and for T v (At) 

= 75° F, it is 4.5 EFPY(100 MW). The "minimum" values corresponding to the two 

bounding fracture toughness curves are summarized in Table 5.2. 

Table 5.2 "Minimum" values of At as a function of vessel temperature and 
corresponding to the two bounding fracture toughness curves 

T v(At), °F At. EFPY ri00 MW) 
Curve A 1 Curve B b 

85 8.0 8.6C 

80 6.5 

75 4.5 

70 1.4d 4.5C 

65 <0 
a ASME K I c curve (Ref. 8), a = 1.0 in. 
b Mean K J c curve (Ref. 9), a = 1.0 in. 
c Value at e = 1.5; not a minimum 
d Value at e = 0.5; not a minimum 

5.6 The distinction between At and vessel life extension 

It is not the intent of this report to estimate vessel life extension beyond 26 EFPY 

(100 MW), but it is important to make a clear distinction between At associated with 

hydro-test conditions and vessel life extension. 
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The calculated maximum permissible time between successive hydro tests (At) by itself 
does not represent a permissible life extension of the vessel, because as indicated by 
Eq. 11, it is based on the relative change in fracture toughness between successive 
hydro tests, not the absolute value. The change decreases with increasing time of 
operation, and thus At increases with time. 

By contrast, a criterion for vessel life extension is that the probability of failure during 
the hydro test and also during "normal" operation, including emergency/faulted 
conditions, must be less than a maximum permissible value, and the probability of 
failure increases with increasing time (decreasing fracture toughness). 

Equation 10 implies that the probability of failure during the hydro test must be at 
least equal to the probability of failure at any other time during the period between 
successive hydro tests. Thus, if the probability of failure for the hydro test is 
acceptable, the vessel can be operated for an additional time At, or some fraction 
thereof, if a safety factor is applied. At some time thereafter, however, the probability 
of failure may be excessive because of the continuing decrease in fracture toughness, 
and that will signify the end of vessel life in its irradiated condition (annealing to 
mitigate the radiation damage might be considered as a means of extending the life 
further). 

As mentioned in Ref. 1, other factors, such as the potential for fragmentation, might 

need to be considered when estimating life extension but not for the calculation of At. 
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Fig. 5.1 Fracture toughness curves used in the calculation of p(HT) and At 
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6. Reevaluation of Hydro-Test Conditions 

As mentioned in the Introduction, a Memo of Understanding (MOU) pertaining to the 
present HFIR surveillance activities2 states that The ETD PVTSH shall be responsible for 
comparing embrittlement rates to the worst-case assumptions made in the calculations to 
establish the hydrostatic test pressure in ORNL/TM-10444 and ORNL/TM-1372/S1." In 
addition, the HFIR technical specifications3 state that "If embrittlement rates indicated by the 
surveillance tests exceed the worst-case assumption made in the calculation to establish the 
hydrostatic test pressure, a new hydrostatic test pressure or test frequency shall be established 
to maintain equivalent safety margins." The "worst-case assumptions" referred to in the MOU 
pertain primarily to the embrittlement rate (ANDTT), which is a best-estimate value obtained 
from the surveillance program, times an uncertainty factor. Other worst-case assumptions 
pertain to the off-normal maximum primary-system pressure and minimum vessel temperature; 
the type, location, and orientation of the hypothetical flaw; and the stresses at the location 
of the flaw. 

A ANDTT uncertainty factor of 1.5 was specified by DOE1 and was used in Ref. 1 to help 
establish the hydro-test conditions for HFIR. Calculations performed at that time, but 
subsequent to the publication of Ref. 1, indicated that there could be an "optimum" 
uncertainty factor that results in the highest hydro-test pressure and/or maximum frequency 
of testing. Results in this report show (Fig. 5.2) that for the hydro-test conditions specified 
in Ref. 1 [p(HT) = 900 psi, TV(HT) = 85°F, Tv(At) = 85°F)], a minimum value of the 
maximum permissible time between successive hydro tests does exist in a plot of At vs e and 
is equal to 8.0 EFPY(100 MW) or 9.4 EFPY(85 MW). Coincidentally, the corresponding 
value of e is -1.5. Thus, the worst-case assumption with regard to embrittlement rate can be 
defined as 1.5x3.8 = 5.7°F/EFPY(100 MW), where the specific best-estimate value of ANDTT 
[3.8°F/EFPY(100 MW)] is taken from Ref. 1 (Table 5.2) for nozzle weld material and 
normalized to Key 7, Position 8. As indicated in Table 2.6 of this report, the updated value 
of ANDTT for the nozzle weld is the same as before [3.8°F/EFPY(100 MW)] and, thus, is 
substantially less than the permissible value of 5.7°F/EFPY(100 MW). It is also observed 
with reference to Table 2.6 that the updated value of ANDTT for the seam weld is the same 
as determined previously, and for A212B it is 4% less than determined previously. Thus, the 
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nozzle weld remains the critical material for evaluating hydro-test conditions, and the 
previously specified hydro-test conditions, stated above, are more than adequate. 

As discussed in greater detail in Sect. 5, the calculated value of At is a function of the time 
at which the hydro test is conducted and increases with increasing time of reactor operation. 
The value of 8.0 EFPY(100 MW) is based on the time of the hydro test conducted following 
fuel cycle 323 [707,081 MWd or 19.4 EFPY(100 MW)]. 
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7. Suggestions for Future Hydro Testing 

7.1 Increase in At 

Hydro testing of the HFTR vessel is an expensive operation, and this provides an 
incentive for reducing the frequency of testing. As indicated by the calculated results 
in Fig. 5.2, the maximum permissible time between successive hydro tests, based on 
p(HT) = 900 psi, TV(HT) = 85°F and T v (At) = 85°F, is 8.0 EFPY (100 MW). The 
DOE McSpadden committee, however, recommended1 At = 0.85 EFPY (100 MW) [1.0 
EFPY (85 MW))], presumably because (1) the location of the flaw dictating the hydro-
test conditions was in a nozzle weld, (2) the only radiation-damage data for this material 
was obtained from the ORR (see Sect. 2), and (3) there was something unusual and un
known about the HFIR vessel irradiation conditions that resulted in a damage rate 
greater than expected1, and that raised questions about the accuracy of the ORR data. 
To help resolve this issue, nozzle weld material was included in the continuing 
surveillance program, but at the time of this writing (March 1994) a fluence of only 
6 x 10" n/cm2 (E>1 MeV) had been accumulated. The 1993 HFTR surveillance data 
(Sect. 2) are in reasonably good agreement with the ORR data, but because of the very 
low fluence, the uncertainty in extrapolating to the actual vessel fluences is rather large. 
Thus, there is not much more known today about the damage rate of the nozzle welds 
than there was in 1987, when the hydro-test conditions were established. 

Although the uncertainty in the damage rate of the nozzle welds has not yet been sub
stantially reduced, it is known from the results in Fig. 5.2, as discussed earlier, that there 
is an "optimum" value of the uncertainty factor that corresponds to a rninimum value of 
At If this value of At can be tolerated, then it is not necessary to know what the actual 
uncertainty factor is. Thus, the uncertainty in the damage rate is not a justifiable reason 
for applying a large safety factor to At. 

Another consideration in establishing a safety factor for At is the growth of flaws that 
may exist. In the calculation of the hydro-test conditions, it was assumed that the 
growth between successive hydro tests was negligible. This assumption is supported by 
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-20 EFPY (100 MW) of operation and many hydro tests without any indication of a 
flaw of critical size. The maximum value of the minimum critical flaw size is -1.0 in. 
(Appendix F). Assuming a constant growth rate, due to unspecified mechanisms, and 
zero initial flaw size, the growth rate required to achieve a 1.0-in.-deep flaw in 20 EFPY 
is -0.05 in./EFPY(100 MW). The results in Fig. 5.2 indicate that the hydro-test 
conditions are insensitive to flaw size, and thus, from this point of view, and for the 
presently specified conditions otherwise, 8 EFPY(100 MW) between successive hydro 
tests would be acceptable. 

Based on the above information, it appears reasonable to increase the value of At above 
that presently specified [0.85 EFPY(100 MW)]. There are no specific technical criteria 
with which to make the choice. However, it is prudent to apply a safety factor of two 
to the calculated maximum permissible value, which for the presently specified values 
of p(HT), TV(HT) and T v(At), is 8.0 EEPY(100 MW). Thus, At = 4.0 EFPY(100 MW) 
is reasonable. 

7.2 Decrease in Ty(At) 

In the calculation of the hydro-test conditions, the minimum temperature of the vessel 
while pressurized was speciGed as 85° F because this is the minimum control point for 
the coolant in the cooling-tower basin. Operational flexibility is improved by allowing 
a lower basin temperature, and presumably there are accident scenarios that could 
reduce the basin temperature below 85°F. The information in Fig. 5.2 can be used to 
estimate values of At that are consistent with different values of T v(At), assuming p(HT) 
= 900 psi and TV(HT) = 85° F. Results based on the minimum values of At within 0.5 
se sl.5 and a safety factor of 0.5 on At are included in Table 7.1. The reasonableness 
of the limits on e are discussed in Appendix B. 
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Table 7.1 Maximum permissible values of At vs T v (At) for p(HT) = 900 psi, 
T v (HT) = 85°F and a safety factor of 0.5 on the calculated nominal value of At 

Tv(At), °F At, EFPY Tv(At), °F 

100MW 85M 

85 4.0 4.7 

80 3.3 3.8 

75 2.3 2.6 

70 0.7 0.8 
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8. Progress in Understanding Reasons for the "Accelerated" Damage Rate of the HFBR. 
Vessel Surveillance Specimens 

In Ref. 1 and in the Introduction for this report, it is mentioned that the HFIR vessel 
surveillance data obtained in 1986 indicated an embrittlement rate that is greater than had 
been expected. Since that time, several possible explanations have been suggested and 
explored both theoretically and experimentally. This effort is summarized in Ref. 10, and a 
brief account is given below. 

The suggested explanations include the following: (1) a fast-neutron-fluence rate effect; (2) 
contribution of thermal neutrons; (3) chemical composition, primarily Cu, Ni, P, and B; and 
(4) contribution of gammas. 

The fast neutron flux (E>lMeV) in the HFIR surveillance specimens is less, by a factor of 
-105, than that in the materials testing reactors that provided data for irradiation 
temperatures appropriate for HFIR (jj200°F). A case was made in Refs. 1 and 11 for a 
negative fluence-rate effect (the lower the neutron flux the greater the damage per neutron), 
but data obtained later from testing of the Shippingport shield-tank material indicated 
essentially no rate effect 

Neutron spectral effects were suggested in Ref. 1, and a theory was developed later that 
indicated a significant contribution from thermal neutrons, if the ratio of thermal-to-fast 
(E>lMeV) flux were at least 20. Ratios ^20 do exist at some, but not all, surveillance-
specimen locations. Surveillance data evaluated thus far are for locations with a ratio <20, 
and yet the accelerated rate is evident. 

With regard to chemical composition, boron, copper, nickel and phosphorus are known to 
contribute to radiation damage to varying degrees and under various circumstances. As for 
their potential contributions to the "accelerated embrittlement" for HFIR, however, boron and 
phosphorus have been ruled out because of their very low concentrations in the vessel 
materials, and copper and nickel are ruled out because of the low irradiation temperature and 
very low fluence. 
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The remaining contender for the cause of the higher rate of damage in the HFIR surveillance 
specimens is the contribution of gammas. The ratio of gamma flux to fast-neutron flux at the 
inner surface of the HFIR vessel wall is unusually high primarily because of the relatively 
large attenuation of neutrons, compared to gammas, through the 12 in. of beryllium and 24 
in. of water between the core and vessel. Under these specific conditions, it is postulated that 
gamma radiation could dominate the embrittlement observed in the HFIR surveillance 
specimens. Experiments are being proposed to further explore the possibility, and the 
potential impact of this situation (damage due to gammas rather than neutrons) on the 
determination of hydro-test conditions is discussed in Sect. 5 and Appendix C. 
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Appendix A. Comments on the Derivation and Use of ANDTT for the Nozzle Weld 
Material 

As discussed in Sect. 2 of this report, the surveillance data obtained in 1993 for the nozzle 
weld material did not alter the trend curve (ANDTT vs EFPY) generated from previous data. 
However, a review of all the data, including the calculated neutron fluxes and ratios of 
calculated to measured fluxes, resulted in a revision of the data given in Ref. 1. For the sake 
of clarity, a detailed explanation is included herein. 

The only data point obtained for the nozzle weld prior to the availability of the 1993 data was 
from the ORR in 1987. As discussed in Ref. 1 and Sect. 2 of this report, Charpy specimens 
of HFTR nozzle weld material and archive shell material [A212B(LT)] were irradiated 
together in the ORR in the same flux and to the same fluence. By including the A212B, 
which was also included in the HFIR surveillance program (weld metals were not), it was 
possible with the aid of a few assumptions to index the ORR data to the HFIR surveillance 
data. Thus, within the limits of the necessary assumptions, the dose received by the A212B 
and nozzle weld specimens in the ORR was the same as if these specimens had been 
irradiated in HFIR at the average location of the reference A212B specimens for 23.4 
EFPY(100 MW). 

As with all other "surveillance" data, it was necessary to transpose the surveillance data to 

locations in the vessel wall corresponding to the crack front of assumed flaws. This was done 

assuming that ANDTT <* (j>, the neutron flux, an assumption that is based on the trend curves 

in Fig. 2.5. Thus, a value of (J) must be defined for each surveillance data point. Several 

Charpy specimens (generally nine) must be tested to obtain a value of ANDTT, and thus an 

average flux is associated with the data point. 

51 



From the ORR data, ANDTT (nozzle weld) = 80° F, and the corresponding exposure time 

in HFIR is 100^F x 17.53 EFPY(100 MW) = 23.4 EFPY(100 MW) (see pages 94, 150 

RO and 151, Ref. 1.) Thus, ANDTT = _ = 3.42°F/EFPY(100 MW). 

This value is given in Table 5.2 of Ref. 1, and it corresponds to the average flux at the 
location of the reference A212B specimens in HFIR. The average flux can be estimated from 
the data in Table D.4 of Ref. 1, using flux values for specimens A-136, A-145, A-140, A-141, 
A-96, A-120, A-97, A-99 and A-161 (the three relatively high-test-temperature specimens in 
the set were not included because they were not used in the determination of the transition 
temperature for the irradiated specimens). The corresponding average flux is 2.47 x 108 n/cm2*s. 
Specimen A-96, A-97 and A-99 were located at Key 7, Position 8, for which the flux is 2.76 
x 108n/cm2*s. This location is used for normalization purposes in some instances. 

The fluxes in Table D.4 of Ref. 1 are the calculated values times a correction factor that is 
the ratio of calculated to experimental fluxes, and since the ratios turned out to be different 
for different specimen locations, an average value was used (see Appendix E of Ref. 1). The 
value used for Table D.4 (Ref. 1) was 0.69. However, when the fracture mechanics studies 
were being performed and the data in Table 5.2 (Ref. 1) were being compiled, the correction 
factor was specified as 0.71. Using this latter value gives a flux at Key 7, Position 8, of 2.68 
x 108 instead of 2.76 x 108; the smaller value was included in Table 5.2 (Ref. 1). 

The text associated with Table 5.2 (Ref. 1) states that the flux of 2.68 x 108 (2.76 x 108 when 
corrected) corresponds to Key 7, Position 8; however, as mentioned above, the value of ANDTT 
included in the table (3.42°F/EFPY) corresponds to an average flux (2.47 x 108). Thus, in 
order to use the fluxes in Table 5.2 (Ref. 1) for transposition purposes, the values of ANDTT 
must be transposed to Key 7, Position 8: ANDTT (nozzle weld, Key 7, Position 8) = 3.42 
x 2.76/2.47 = 3.82°F/EFPY(100 MW). This is the value that is given in Table 2.6 of this 
report. 
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For the purpose of transposing, it does not matter that the fluxes in Table 5.2 (Ref. 1) are 
not based on the "latest" correction factor because it was assumed that the same correction 
factor applied to all locations, including those in the vessel wall, in which case the correction 
factor cancels out. Thus, the value of ANDTT for the deepest point on the specified flaw 
with a = 1.0 in. is 

( H i ) x 3.82 = 2.44°F/EFPY(100 MW), 
[2.68 J 

and for a = 0.5 in. it is 

( i f i ) x 3.82 = 2.62°F/EFPY(100 MW). [2.68 J 
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Appendix B. Establishing a Reasonable Range of e, the Uncertainty Factor for ANDTT 

The surveillance data obtained in 1986 for the nozzle weld material was obtained from 
material irradiated in the ORR, and the recent data from HFIR correspond to a very low 
dose. Thus, there is still substantial uncertainly, and a reasonable upper limit of e for the 
nozzle weld material is 1.5, the value specified by the McSpadden Committee.1 However, as 
discussed in Sections 5.4 and 5.5.2, because of the existence of a maximum in the p(HT) vs 
e curve and a minimum in the At vs e curve, large values of e (> 1.5) are of no real concern. 

Low values of e (<1.0) can be of concern for T v(At) < 75°F (Fig. 5.2), and thus a 
reasonable lower value must be established. As e is decreased, the reduction in fracture 
toughness due to radiation damage also decreases, which means that the fracture toughness 
increases. At some value of fracture toughness, the ASME Code requirements for vessel 
integrity are satisfied, and a hydro test is not necessary to demonstrate integrity. The 
appropriate value of e can be calculated by letting KJ=KJ and solving for e. 

Kj = KIc =A + B exp { c [Tv-RTmTo -e • ANDTT • At] \ , (BA) 

and thus 

o_Ty ~ RT^-hnj^-A)} ( R 2 ) 

ANDTT-At 

where 
At = expected total service life of vessel 

= 17.5 + 8.5 = 26.0 EFPY(100 MW) 

Ki = J™[p(fcmsm+cbsb)+cror] 

(see Sect. 5, Table 5.1, for values of cm, c,,, c„ sm, s b o r) 
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f = safety factor required by ASME Code 
= 2 for normal and upset conditions 

= ^2~ for emergency and faulted conditions 

p = 508 psi for normal and upset conditions (Ref. 1) 
= 679 psi for emergency and faulted conditions 

T v = 70° F (assumed extreme value consistent 
with range of Tv(At) considered in 
Fig. 5.2) 

a = 0.5 and 1.0 in (ASME Code requires a = 1.0 in.) 
ANDTT = 2.62°F/EFPY(100 MW) for a = 0.5 in. 

= 2.44 for a = 1.0 in. 
A, B, C = constants for fracture-toughness curve 

Constant 
A 

(ksi yjm~ 

B 

(ksi \fbi~ ) 

C 
o p l 

ASME K I c curve3 33.2 20.73 0.0200 

ASME K I R curveb 26.8 12.44 0.0145 

a accident and faulted conditions 
b normal and upset conditions 
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For normal and upset conditions: 

K: (a=0.5) = v/037 [ 0.508 ( 2x 1.068x 16.8 + 0.823x 4.24) + 0.86x 8.5] 

= 34.23 ksi \fin~ 

^ (a=1.0) = /LOT [ 0.508 (2x 1.146x 16.8 + 0.741x 4.24 ) + 0.86x 8.5 ] 

= 50.46 ksi \Jin 

70-10- 1 In l_J_[34.23-26.8]l 
e(a=0.5) = 0.0145 \UM1 J j 

v ' 2.62x26.0 

= 1.40 

70-10- 1 In J_L-[50.46-26.8]l 
0.0145 [12.441 *f e (a=1.0) = v J 2.44x26.0 

= 0.25 

For emergency and faulted conditions: 

Kx (a=0.5) = ^O^F [ 0-679 (yfl • 1.068x 16.8 + 0.823x 4.24 ) +0.86x 8.5 ] 

= 33.72 ksi y[in~ 

YLi (a=1.0) = yJTJQn [0.679( fix 1.146x 16.8 + 0.741 x4.24) + 0.86x8.5] 

= 49.51 ksi JUT 

70-10- — i _ In {_J_[33.72-33.2]l 0.0200 \20.73L *] e (a=0.5) v ' 2.62x26.0 

= 3.59 

70-10- — 1 — In J_L-[49.51-33.2]l 
, 1 f t . 0.0200 [20.731 J ] 

e (a=1.0) = i L 

= 1.13 
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The controlling value of e is the smallest of the above (0.25), but this value is unreasonably 

low. As an alternative, an uncertainty of ±50% can be used, which is consistent with the 

upper limiting value of e of 1.5 mentioned above and which yields a lower limit of e of 0.5. 

Contributing to the uncertainty in ANDTT is the lack of knowledge regarding the type of 
radiation causing the damage (see Sect 8). However, this is more of a problem in the 
transposition of the surveillance data than it is in establishing the value of ANDTT for a 
specific surveillance-specimen location. The transposition problem is discussed in 
Appendix A. 

57 



Appendix C Comments on the Accuracy of the NeutronFluxes Used for Transposing ANDTT 

Values of ANDTT corresponding to locations of surveillance specimens are transposed to 

the locations of hypothetical flaws by assuming that ANDTT « <j>, consistent with the trend 

curves in Fig. 2.5. The accuracy of calculated fluxes far from the source (reactor core) is 

questionable, and thus, dosimeters are included in the grooves of the CVN specimens in the 

capsules to obtain greater accuracy. The ratio of calculated to experimental flux (C/E) is a 

measure of the error in the calculated flux and includes the error in the nominal flux 

distribution as well as the perturbation in the capsule/specimen. 

As indicated by data included in Ref. 1, the C/E ratios are different for different capsule 
locations, and there were no dosimeters at or in the vessel wall. The C/E ratios for the 
capsules cannot be used for these latter locations because they include the perturbation 
effect, which cannot be factored out, and because they vary from one location to another. 
Thus, it is convenient, if not necessary, to use a single value for all locations, and because the 
transposition of ANDTT relies only on flux ratios, the C/E ratios cancel out. There is, of 
course, a remaining uncertainty with regard to the flux ratios, and the variation in C/E ratios 
is somewhat indicative of what the uncertainty is. The C/E ratios calculated in 1987 for the 
1986 surveillance specimens (Appendix E of Ref. 1) indicate an average for all capsules and 
both activated elements (Ni and Fe) of 0.69 with a one standard deviation of 10%. In 1993, 
the fluxes were recalculated using updated neutron cross sections (see Appendix E), and the 
corresponding mean value of C/E for the 1986 data was 0.78 with a standard deviation of 27% 
(see Appendix D). C/E ratios have also been calculated for the 1993 surveillance data, using 
the updated fluxes. The mean value is 0.86 with a standard deviation of 17% (see Appen
dix D). If the 1986 and 1993 sets of data, based on the updated fluxes, are combined and 
then separated in accordance with key position, the following results are obtained: 

Key Mean C/E Std. Dev. (%) 

1 and 4 0.82 22.6 
2 1.03 8.0 

6 and 7 0.67 7.4 
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It would be expected that the fluxes would be difficult to calculate around both the HB-1 and 
HB-4 nozzles, because of lack of symmetry, and relatively less difficult for Key 2, which is 
symmetrical, and Keys 6 and 7, which are further removed from the nozzles. Key 3, from a 
symmetry point of view, would tend to be between Keys 1 and 4 and Key 2 in terms of 
difficulty, and thus a standard deviation of 15% is estimated for Key 3, for which C/E ratios 
are not available. Because the limiting flaw is in the HB-3 nozzle weld, the uncertainty in 
calculated fluxes at the location of the flaw is -15%. 

The other location of interest with regard to determining the damage rate at the tip of the 
limiting flaw is Key 7, Position 8. From Appendix D, the standard deviation for C/E ratios 
at Keys 6 and 7 is 7%. Thus, for the ratio of fluxes, an uncertainty of -24% is reasonable 
and is well within the limits assumed for the damage rate (±50%), as discussed in Appendix B. 

The fluxes used in this report for estimating the damage rate at the tip of the hypothetical 
flaw are those calculated in 1987, because the set of fluxes calculated in 1993 (Appendix E) 
does not include all of the necessary fluxes. Considering the insensitivity of p(HT) and At 
to the uncertainty in the damage rate (see Sect. 5), the differences in the two sets of fluxes 
did not warrant obtaining a complete new set for the 1993 evaluation of hydro-test conditions. 

The question of accuracy of the calculated neutron fluxes may be a moot point if, as 
suggested in Sect. 8, gamma and/or thermal neutrons (rather than fast neutrons) are 
responsible for the observed radiation damage. Not knowing which is responsible, however, 
does not prevent a determination of hydro-test conditions, if the minimum value of At in the 
At vs e curve is acceptable because, as explained elsewhere, in that case knowledge of the 
damage rate (ANDTT) is not necessary. This is the approach taken at this time. 
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Appendix D. Analysis of HFIR Pressure Vessel Wall Surveillance Dosimetiy 

\ 
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September 29,1993 
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R K N a n a a d OCTO 51993 

OWOE OF 
Analysis of HFIR Pressure Vessel Wall Surveillance Dosimetry R. %, KANSTAD 

As part of the HFIR Pressure Vessel Surveillance Program, metallurgical specimens 
of actual and simulated pressure vessel materials are irradiated near the inner surface of 
the vessel walL At predetermined intervals a series of specimens are removed and tested 
to determine changes in the material properties caused by irradiation effects. Property 
changes in the metallurgical specimens are correlated with neutron fluence parameters 
and the results are extrapolated to predict the condition of the pressure vessel. Recently, 
9 surveillance capsules were removed from the HFIR at the end of cyde 320 in 
accordance with the revised surveillance plan. Of the 9 capsules removed, 6 were 
installed in the vessel during the 1986 - 1989 extended shutdown. The 3 remaining 
capsules are original surveillance capsules that were relocated to new positions during 
the extended shutdown. 

The capsules removed after cycle 320 were disassembled by the Research 
Reactors Division. HFIR surveillance capsules consist of 3 charpy specimens 
encapsulated in a stainless steel box with a single stainless steel dosimeter wire located 
in the aligned notches of the charpy specimens. The metallurgical specimens were 
shipped to the Metals and Ceramics Division's Fracture Mechanics Group for testing and 
the stainless steel dosimeters were taken to the Analytical Chemistry Division's Neutron 
Activation Analysis Facility (NAAF) where they were weighed and counted to determine 
the absolute activities of M C o and *Mn. An additional count of each dosimeter was 
performed at the Irradiated Fuels Examination Laboratory (1FEL) and compared to the 
NAAF's results. Consensus between the two laboratories was excellent with most of the 
measurements in agreement to better than ±3%. 

The stainless steel dosimeters included in the surveillance capsules are used to 
measure two activation reactions of interest in determining fast neutron fluence rates. The 
two reactions are the "NifapJ^Co and ^Fefn.pJ^Mn reactions which have similar 
threshold energies and response ranges. The product nuclei of these reactions have 
half-lives of 70.9 days and 3122. days, respectively. Compared to the complete operating 
history of the HFIR, the half-lives of the product nuclei are relatively short thus limiting 
their sensitivity to early irradiation periods. A build-up and decay analysis for these two 
isotopes using the complete power time history for the HFIR revealed that more than 99% 
of the activity measured at the end of cycle 320 was due to irradiations which occurred 
after the extended shutdown of the HFIR. This fact simplifies the analysis of the three 
dosimeters which came from the capsules that were relocated during the extended 

oml 
OAX RJDGE NATIONAL LABORATORY 
Oparatad by MvtJn Manatta Enargy Syaajma. k i c tor tha U.S. Oaoa/vnant of Enargy 
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shutdown. For all intents and purposes these dosimeters can be treated as though they 
were initially installed during the extended shutdown. 

Generally, measurements and neutron transport calculations are combined to 
determine the neutron fiuence parameters necessary to correlate irradiation damage in 
vessel materials. A process called unfolding is used to scale and/or adjust the calculated 
neutron spectrum using information obtained from dosimeters which are sensitive to 
different parts of the neutron spectrum. The adjusted spectrum is then folded with the 
appropriate response function to provide the parameter of interest In this instance, the 
limited dosimetry provided in the HFIR surveillance capsules would only have a scaling 
effect on the calculated neutron spectrum because the 58N!(n,p)58Co and MFe(n,p)S4Mn 
reactions have similar response functions. This neutron spectrum scaling can be 
accomplished in a straightforward fashion by using calculated to experimental (C/E) ratios 
based on the MCo and **Mn activity measurements. The C/E ratio scaling approach was 
used in the previous analysis of the surveillance capsules removed in 19861 and has 
been adopted here. 

Saturation activities for "Co and **Mn were determined for each dosimeter using 
the detailed power time history and composition data provided by J. R. Inger and the 
measured activities at end-of-irradiation provided by the NAAF. These results are 
reported in Table 1 along with corresponding calculated values obtained from a three-
dimensional discrete ordinates calculation of the HFIR2 provided by J. V. Pace (see 
attachment). Note that calculated values for key locations 1 and 6 were obtained by 
taking advantage of symmetry with key locations 4 and 7. For key location 2 an 
anomalous oscillation was observed in the calculated data Activities calculated for one 
capsule position changed by a factor of 2 when compared to the next adjacent position. 
The symmetry of the capsule positions in key 2 relative to the source would lead one to 
expect a uniform exposure and the experimental measurements support this expectation. 
It has been suggested that "ray effects" caused by an inadequate angular quadrature set 
are responsible for the oscillating behavior in the calculation, it was decided that since 
the transport calculation could not be repeated with an improved quadrature set, the best 
approach would be to average the calculated activities for the key 2 positions. 

For each capsule in Table 1 the C/E ratios for both activities were computed and 
then averaged to provide the final C/E ratio for the capsule, it was noted that agreement 

1 R. D. Cheverton, J. G. Merkie, R. K. Nanstad, Eds., Evaluation of HFIR Pressure-
Vessel Integrity Considering Radiation Embrittlement, ORNL/TM-10444, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee, April 1988. 

2 J. V. Pace III, C. 0. Slater, M. S. Smith, "Letter Report on Beginning-Of-Cycle HFtR 
Flux/Response Calculations at Keys 2,4, 5, and 7," Oak Ridge National Laboratory, July 
30. 1992. 
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between calculated and experimental values seemed to be dependent on key location. 
To provide additional information, measured activities obtained from the previous series 
of capsules removed in 1986 were compared with the current calculation. These results 
are provided in Table 2. Note that prior to 1986 the HFIR operated at a nominal power 
of 100 MW, so, the experimental data in Table 2 have been re-normalized to 85 MW. 
Overall there appears to be good consistency between the two series of tests in that like 
key locations have similar C/E ratios, if the C/E ratios from the two series of capsules are 
analyzed in terms of key location, the standard deviations of the mean C/E ratios are 
greatly reduced for keys 2,6, and 7 as shown in Table 3. For keys 1 and 4 the standard 
deviation of the mean C/E ratio is only slightly improved. 

In addition to the calculated MCo and *Mn activities needed for comparison with 
measurements, 3 parameters useful for correlating irradiation damage in the metallurgical 
specimens were calculated for each key position. The 3 parameters are the neutron 
fluence rate for (E > 1.0 MeV), the neutron fluence rate for (E > 0.1 Mev), and the 
displacements per atom (dpa) of iron rate. Calculated values of these parameters are 
given in Tables 4 and 5 for the surveillance capsules removed in 1993 and 1986, 
respectively. The analysis of the metallurgical data requires the total accumulated fluence 
or dpa not the rate as given by the calculation. To obtain the total fluence or dpa it is first 
necessary to scale the calculated rate values with the average C/E ratios from Tables 1 
and 2. Next, the calculated rate value is adjusted by a power normalization factor to 
account for the different periods of 100 MW and 85 MW operation. Finally, the adjusted 
rate values are multiplied by the appropriate effective full power time to obtain the fluence 
or dpa. For the 3 capsules that were relocated during the extended shutdown it was 
necessary to perform this calculation twice; once for the initial location and once for the 
relocated position. The total fluence or dpa for these 3 capsules is the sum obtained 
from the 2 irradiation periods. Note that for the initial positions of the 3 relocated 
capsules there were no measured C/E ratios available, so, an estimated C/E ratio from 
Table 3 was used. To provide estimates for future surveillance capsules, fluence and dpa 
rate results for each key and position have been tabulated in Tables 6 and 7 for 85 MW 
and 100 MW operation, respectively. 

If you have any questions or need additional information, please call me. 

C. A. Baldwin, 3525, MS-6295 (4-6552) 

Attachment 

cc: R. D. Cheverton 
D. F. Craig 
J. R. Inger 
F. B. Kam 
M. J. Kania 
J. V. Pace ill 
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Table 1. Comparison of calculated and experimental reaction rates for capsules removed in 1933. 

58Nl(n.p)58Co 54Fe(n,p)54Mn Average 
Bail "93 Cat "93 Exp. cm W C a L *93Exp. C/E C/E 

Key Po»JtJon IdanL (Bq/atom) (Bq/atom) 
(8SMW) (85MW) 

Ratio (Bo/atom) (Bq/atom) 
(8SMWI (85MW) 

Ratio Ratio 

i 7 SW-1-7 4.49&17 5.11E-17 0.878 3.496-17 3X46-17 1X46 0X62 
1 8 SW-1-8 3X1E-17 S.02E-17 0.659 2X0&17 3.47&17 0.748 0.704 

• 1 9 SW-1-8 4.496-17 528E-17 0.850 3.496-17 3X26-17 0X82 0X21 
2 2 NW-2-1 2.166-16 2X7E-16 0.911 1.71E-16 1X16-16 1X62 0X87 
2 6 NW-2-4 2.166.18 2.41 E-16 0.898 1.71E-16 1.606-16 1X69 0X83 
2 16 NW-2-8 2.16&16 222E-16 0573 1.71E-16 1.486-16 1.155 1X84 
6 *• HB-1AX4 3.14E-17 4.44E-17 0.707 Z496-17 3.776-17 0X81 0X84 
6 5' HB-1A-71 3X5E-17 4.32E-17 0.751 2X66-17 3X66-17 0.704 0.728 

1 7 <• HB-4A-76 3XSE-17 455E-17 0.764 2X86-17 3.71E-17 0.695 0.729 1 
Maximum C/E Ratio - 0.973 Maximum C/E Rat io - 1.155 

* Relocated epeeinw «w Minimum C/E Ratio - 0.659 Minimum C/E Rat io - 0X61 
Mean C/E Rat io- 0.821 Mean C/E Ra t io - 0X04 

% Sid. 0«v. - 1£794 % Std. Dev. - 21.795 

Table 2. Comparison of calculated and experimental reaction rates for capsules removed in 1986. 

I 5SNi(n,p)58Co 54Fe(n,p)54Mn Average I 
Ban "93CaL -86 Exp." C/E "33CaL -86 Exp ." C/E cm 

Kay Position Idant (Bq/aiom) {Bq/atom) 
(85MW) (85MW) 

Ratio (Bq/atom) (Bq/atom) 
(85MWI (8SMW) 

Ratio Ratio 

1 3 HB-1-25 6.58E-17 1.25E-16 0.527 5226-17 9.446-17 0X53 0X40 
4 3 HB-t-31 3X1E-17 4.97E-17 0.666 2X06-17 2X96-17 0X69 0.767 
4 8 HB-4-32 6.58E-17 7.24E-17 0X09 SX2E-17 4.846-17 1.079 0X94 
2 5 HB-2-11 2.16E-16 2.00E-16 1.081 1.71E-16 1.55&16 1.105 1.093 
2 7 HB-2-9 2.166-16 2.105-16 1.029 1.71E-16 1.666-16 1.032 1X30 
6 2 HB-1A-68 3506-17 4.83E-17 0.663 2X46-17 4.156-17 0X12 0X38 
6 3 HB-1A-69 3.20E-17 4.83E-17 0X63 2X46-17 4.15E-17 0.812 0X38 
7 6 HB-4A-77 320E-17 4.68E-17 0.683 2X46-17 3X26-17 0.648 0.666 1 
7 8 HB-4A-73 3.84E-17 5.96E-17 0.644 3.03E-17 5.07E-17 0X38 0.621 1 

Maximum C/E Ratio - 1.081 Maximum C/E Ratio — 1.105 
* * Experimental data nonnalized Minimum C/E Ratio — 0X27 Minimum C/E Ratio - 0X53 

toB5MW Maan C/E Ratio • 0.763 Mtan C/E Rat io- 0.790 
% Sid. 0«v. • 25X50 | %Std .Dev . - 29.139 

Table 3. Analysis of C/E ratios by key location. 

1 Kayal&4 Maximum C/E Ratio- 1.079 
Kay* 1 &4 Minimum C/E Ratio «» 0X27 

Key* 1&4 Mean C/E Ratio - 0X15 
%Std.Dev. - 22X42 

Kty 2 Maximum C/E Ratio — 1.155 
Kay 2 Minimum C/E Ratio — 0.896 

Key 2 Mean C/E Ratio- 1X31 
% Std. Dev. - 8X32 

Keya 647 Maximum C/E Ratio - 0.764 
Kaya 647 Minimum Cm Ratio - 0X98 

Keya 64.7 Mean C/E Ratio - 0X72 
% Std. Dev. - 7X59 



Table 4. Neutron damage correlation parameters for surveillance capsules removed In 1993. 
f 

Calculatsd Calculated Adjusted Adjuilad EHacUv* V 1 
Fluanc* Fluanca Calculated Average Powar Fluanca Fluenca Adjusted Futl Adjusted Adjuttad 1 

Ball Rata Rata Fa DPA C/E Norm. Rats Rate F*DPA Powar Fluanc* Fluanc* Adjuatad 1 
Kay PoaHlon Idant. (E>1.0MaV) (E>0.1M»V) Rata Ratio Factor (E>1.0MaV) (E>0.1MeV) Rata Tim* (E>1.0MaV) (E>0.1MaV) Fa DPA 1 

(n/cm"2 a) (n/cm"2 a) (dpa/.) (n/cm"2 a) (n/cm**2 a) (dpa/.) <•) (n/cm"2) (n/cm"2| (dP«» I 
(85 MW) (85 MW) (85 MW) (85 MW) (85 MW) (85 MW) I 

1 7 SW-1-7 2.49E408 4.96E+08 3.55E-13 0.962 1.000 2.58E+08 5.16E+08 3.70E-13 6.25E+07 1.62E+18 3.23E+I6 2.31 E-05 
1 8 SW-1-8 1.59E+08 2.89E+08 2.28E-13 0.704 1.000 2.26E40S 4.10E+O8 3.23E-13 6.25E407 1.41E418 2.S6E418 2.02E-O5 
1 S SW-1-9 2.49E+08 4.96E40S 3.S5E-13 0.921 1.000 2.70E+08 S.39E408 3.86E-13 825E407 1.69E416 3.37E+16 2.41 E-OS 
2 2 NW-2-1 8.19E+08 1.27E+09 1.19E-12 0.987 1.000 B.30E+08 1.28E+09 1.21E-12 6.2SE+07 S.19E+16 8.02E+18 7.54E-05 
2 8 NW-2-4 8.19E+08 I.27E+09 1.19E-12 0.983 1.000 8.34E408 1.29E+09 1.2IE-I2 6.2SE407 B.2IE+16 8.06E+I8 7.58E-05 
2 16 NW-2-8 B.19E408 1.27E409 1.19E-12 1.064 1.000 7.70E408 1.19E409 1.12E-12 6 2SE+07 4 81E416 7.44E418 6.99E.05 
8 4» HB-1A-64 1.17E+08 1.75E+08 1.70E-13 0.684 1.000 1.71E+08 2.56E408 2.48E-13 625E+07 1.07E416 1.60E416 1.59E-09 
6 S« HB-1A-71 1.18E408 1.72E4D8 1.71E-13 0.728 1.000 1.63E+08 2.37E408 2.36E-13 8.2SE407 1.02E+16 1.48E+18 1.47E-05 
7 4« HB>4A-76 1.1BE+08 1.72E408 1.71E-13 0.729 1.000 1.62E+08 2 36E+08 2.35E-13 6.25E407 1.01E418 1.48E418 1.47E-OS 

Calculated Calculated Adjuttad Adjusted Erlectlv* 
Fluanca Fluano* Calculated E.tlmated Powar Fluanca Fluanc* Adjuttad Full Adjusted Adjusted 

Ball Rat* Rat* F*0PA C/6 Norm. Rat* Rat* F*DPA Powar Fluanc* Ftuanc* Adjuttad 
Kay position Idant (E>1.0M*V) (E>0.1MaV) Rat* Ratio Factor (E>1.0MeV) (E>0.1MaV) Rat* Tim* (E>1.0M*V) (E>0.1M*V) F*DPA 

(n/em"2 a) (n/cm"2 a) 
(85 MW) (85 MW) 

(dpa/*) 
(85 MW) 

(n/cm"2 a) (n/cm"2 a) 
(100 MW) (100 MW) 

(dpa/a) 
(tOOMW) 

« (n/em"2) (n/cm**2) (dP«) 

6 7 " HB-lA-64 1.24E408 1.7SE408 1.B1E-13 0.672 1.177 2.17E408 3.07E408 3.17E-13 S.53E408 150E+17 1.69E417 1.76E-04 
8 8 " HB-1A-71 1.20E408 1.68E+08 1.75E-13 0.672 1.177 2.10E408 2.04E408 3.07E-13 8.53E408 1.18E417 1.63E417 1.69E-04 
7 1 " HB-4A-76 1.20E408 1.68E408 1.75E-13 0.672 1.177 2.10E408 2.94E408 3.07E-13 S.53E+08 1.16E+17 1.63E+17 1.69E-04 

* Relocated specimen* 
"Initial looatlona ot relocated specimens 

The response function for Iron dpa ha* • cutott energy of 0.8 KeV. 

J* 

Total Total 
Adjusted Adjusted Total 

Ball Fluanc* Flueno* Adjusted 
Kay Position Want (E>1.0M*V) (E>0.1M*V) FaOPA 

(n/om"2) (n/cm**2) (dpa) 

1 7 SW-1-7 1.62E+16 3.23E+16 2.31 E-05 
1 8 6W-1-8 1.41E+18 2.86E41B 2.02E-03 
1 e 6W-f-« t .esE4ie 3.37E416 2.41E-09 
2 2 NW-2-1 5.18E+16 8 02E+I6 7.B4E-OS 
2 6 NW-2-4 6.21 E+16 8.06E416 7.S6E-0S 
2 16 NW-2-3 4.81E+18 7.44E+18 889E-03 
6 4» HB-1A-44 1.31E+17 1.85E417 1.01E-04 
6 5* HB-1A-71 1.26E417 1.78E417 1.B4E-04 
7 4* HB-4A-7B 1.26E+17 1.77E+I7 1.84E-04 
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Table 5. Neutron damage correlation parameters (or surveillance capsules removed in 1986. 

Key PotHlon 
Ball 

tdent 

Calculated Calculated 
Fluanca Fluenca Calculated 

Rata Rat* F* OPA 
(E>1.0MeV) (E>0.1MaV) Rate 
(n/em"2 a) (n/cm"2 a) (dpa/e) 

(85 MW) (85 MW) (85 MW) 

Averao* Povvar 
C/E Norm. 
Ratio Factor 

Adjuitad Adjuttad 
Fluenc* Fluenca Adjuitad 

Rata Rat* F* DPA 
(E>1.0MeV) (E>0.1MoV) Rat* 
(n/cm"2 a) (n/cm"2 a) (dpa/t) 

(100 MW) (100 MW) (100 MW) 

EHacth/a 
Full 

Power 
Tim* 
(•) 

Total Total 
Adjuttad Adjuttad Total 
Fluartc* Fluenc* Adjuttad 

(E>1.0M*V) (E>0.1M*V) F*DPA 
(ry*cm"2) (n/em"2) (dpa) 

1 3 
4 3 
4 8 
2 8 
2 7 
8 2 
8 3 
7 8 
7 8 

HB-1-25 
HB-4-31 
HB-4-32 
HB-2-11 
HB-2-9 

HB-1A6Q 
HB-1A-69 
HB-4A-77 
HB-4A-73 

3.66E408 7.68E408 S.31E-13 
1.59E408 2.89E+08 2.28E-13 
3.66E+08 7.66E408 S.31E-13 
8.19E40B 1.27E409 1.19E-12 
8.19E408 I.27E+09 1.19E-12 
1.26E+08 1.96E+08 1.61E-13 
1.19E+08 1.76E+08 1.72E-13 
1.19E+08 1.76E+08 1.72E-13 
1.57E40B 2.53E+08 2.26E-13 

0.640 1.177 
0.767 1.177 
0.994 1.177 
1.093 1.177 
1.030 1.177 
0.638 1.177 
0.638 1.177 
0.668 1.177 

1 0.621 1.177 

7.S8E408 1.67E+09 1.16E-12 
2.44E408 4.43E+08 3.50E-13 
4.33E408 0.09E+08 6.29E-13 
8.82E408 1.38E+09 1.28E-12 
0.36E408 1.45E409 1.36E-12 
2.33E408 3.62E408 3.34E-13 
2.20E4O8 3.2SE408 3.18E-13 
2.10E408 3.11E40S 3.04E-13 
2.97E408 4.79E408 4.28E-13 

6.53E408 
5.53E+08 
8.83E408 
5.53E408 
5.53E+08 
6.53E+08 
0.63E4O8 
S.S3E408 

| 5.53E+08 

4.41E417 0.26E417 8.40E-04 
1.35E417 2.45E+17 1.93E4M 
2.40E417 5.03E417 3.48E-04 
4.87E417 7.54E417 7.08E-O4 
5.17E+17 B.00E417 7.52E04 
1.29E+17 2.00E417 1.85E^M 
1.21E+17 1.80E417 1.78E44 
1.16E+17 1.72E417 1.68E4M 
1.64E417 2.65E417 2.37E44 

ItlfKlO*J* ,<».<i"-' 

The reiponi* (unction (or Iron dpa hat • cutoff energy of 0.6 KeV. 



Table 6. Estimated neutron damage correlation parameters for 85 MW operation 

Cafculalad Cttcutatad Afiiiajmi Aiauaaul 
FhMoe* FkMAC* CaJcuUtsd OE Pow<f FkMrtoa Fkjano* Adjuatad 

Rita Rata FaDPA Adjustment Normalization Rata Rat* FaOPA 
toy Position (E>1.0M«V) (E>0.1MaV) Rata Factor Factor (E>1XMtV) <E>0.tMaV) Rata 

(n/em»'2 •) (n/em"«2 •) Wpa/s) In/cm—2 * (n/omM2 a) (dpa/s) 
(85 MW) (85 MW) (85 MW) (85 MW) (85 MW) (85 MW) 

1 4X0E+08 736E+0B 5326-13 0.815 1.000 4.91 E+08 9266+08 7.146-13 
2 5.49E+08 9X6E+08 8X06-13 0.815 1.000 • 6.746+06 1226+09 9326-13 
3 338E+08 7.68E+08 5316-13 0.815 1.000 4.496+08 fc42E+OS 632E-13 
4 5.49E+0S 9X8E+08 8X06-13 0.815 1.000 6.746+08 122E+0X 9326-13 
S 4XOE+08 736E+08 5326-13 0.815 1X00 4X16+06 9266+08 7.14E-13 
6 234E+08 6.31 E+08 4.09E-13 0.815 1X00 3.48E+08 7.74E+08 5.026-13 
7 2.49E+0B 4X66+08 335E-13 0.815 1.000 3X56+OS 8X96+06 4365-13 
e 139E+08 239E+08 228E-13 0.815 1X00 I 1X5E+OS 3345+06 2.796-13 
9 £495+08 4X65+08 3355-13 0.815 1.000 1 3XSE+08 6X66+06 4366-13 
10 234E+05 6J1E+0S 4.09E-13 0.815 1.000 I 3.466+08 7.746+08 5X26-13 

2 1 8.19E+08 127E+09 1.19E-12 1.031 1.000 7X46+08 1235+08 1.15E-12 
2 2 8.19E+08 127E+09 1.19E-12 1.031 1.000 7X46+06 1235+08 1.15E-12 
2 3 S.19E+08 127E+09 1.18E-12 1.031 1X00 7X46+08 1235+08 1.155-12 
2 4 &19E+08 127E+09 1.19E-12 1.031 1.000 7X46+06 1236+08 1.156-12 
2 S 8.19E+08 127E+09 1.19E-12 1.031 1.000 7.94E+08 123JE+09 1.15E-12 
2 6 8.18E+08 1275+09 1.19E-12 1.031 1.000 7X46+06 1235+08 1.1S6-12 
2 7 8.19E+08 127E+09 1.19E-12 1.031 1.000 7X45+06 1236+00 1.156-12 
2 a 8.19E+08 127E+09 1.196-12 1.031 1.000 7X46+06 1235+08 1.156-12 
2 9 M9E+08 1275+09 1.19E-12 1.031 1.000 7X45+08 1236+08 1.156-12 
2 10 8.18E+08 1275+09 1.18E-12 1.031 1.000 7.94E+08 1236+08 1.156-12 
2 n 8.19E+0B 127E+09 1.19E-12 1.031 1.000 7.94E+08 1236+08 1.155-12 
2 12 8.19E+08 127E+09 1.19E-12 1.031 1.000 7X46+08 1236+08 1.156-12 
2 13 8.19E+08 1275+09 1.19E-12 1.031 1.000 7X46+06 1236+08 1.156-12 
2 14 8.19E+08 127E+09 1.19E-12 1.031 1.000 7.94E+08 1236+08 1.15E-12 
2 15 8.19E+0B 127E+09 1.19E-12 1.031 1.000 7X46+C8 1236+08 • 1.155-12 
2 16 8.19E+08 127E+09 1.195-12 1.031 1.000 7X46+08 1236+08 1.156-12 

1 234E+0S 631E+08 4.09E-13 0.815 1.000 3.48E+08 7.746+08 5X25-13 
2 2.49E+08 4.96E+08 3355-13 0.815 1.000 3X56+06 6.096+OS 4366-13 
3 139E+08 239E+08 228E-13 0.815 1.000 1256+06 3346+08 2.796-13 
4 2.49E+08 4.96E+08 3355-13 0.815 1.000 3.05E+08 6X96+08 4366-13 
S 234E+08 6.31E+08 4.096-13 0.815 1.000 3.48E+06 7.74E+08 5X26-13 
6 4X0E+08 735E+06 5.825-13 0.815 1X00 4X1 E+08 9286+08 7.14E-13 
7 5.48E+08 9.98E+08 8.00E-13 0315 1X00 6.745+06 1226+08 9326-13 
8 336E+0S 7.S8E+08 531 E-13 0.815 1.000 4.48E+08 8.426+08 6326-13 
9 5.49E+08 9X8E+06 8X05-13 0.819 1X00 6.746+06 1226+08 9326-13 
10 4.00E+08 736E+08 S.826-13 0.815 1.000 4X1E+08 9286+08 7.14E-13 

6 1 137E+0S 233E+06 2265-13 0.672 1.000 2346+08 3.766+08 3386-13 I 
6 2 126E+08 1X6E+06 1315-13 0.672 1X00 1.835+06 2X26+08 2395-13 
6 3 1.19E+08 1.76E+08 1.715-13 0.672 1.000 1.77E+06 2.626+08 234E-13 
6 4 1.17E+06 1.75E+08 1.705-13 0.672 1X00 1.74E+08 231E+0S 2326-13 
6 S 1.18E+08 1.72E+08 1.716-13 0.672 1.000 1.76E+06 2376+08 2356-13 
6 6 122E+08 1.73E+08 1.78E-13 0.672 1.000 1326+08 2376+08 2355-13 
6 7 124E+08 1.75E+08 1.81E-13 0.672 1.000 1356+06 2306+08 239E-13 
6 8 120E+08 1.6SE+08 1.75E-13 0.672 1.000 1.79E+08 2306+08 230E-13 

7 1 120E+08 138E+08 1.75E-13 0.672 1.000 1.79E+08 2306+08 2305-13 
7 2 124E+06 1.75E+OS 1.81E-13 0.672 1.000 1.85E+08 2.606+08 2385-13 
7 3 1226+08 1.73E+08 1.78E-13 0.672 1X00 1326+08 2376+08 235E-13 
7 4 1.18E+0S 1.725+08 1.71 E-13 0.672 1.000 1.7SE+08 2376+06 235E-13 
7 S 1.17E+08 1.75E+08 1.70E-13 0.672 1.000 1.74E+08 2316+08 2326-13 
7 6 1.18E+08 1.76E+08 1.71 E-13 0.672 1X00 1.77E+08 2326+08 2345-13 
7 7 126E+08 1X6E+0S 1316-13 0.672 1.000 1386+08 2226+08 2396-13 
7 8 137E+08 2.53E+08 226E-13 0.672 1.000 234E+08 3.766+08 3365-13 

Tha rssponsa function tor iron dpi has a cutott antrgy et 0.8 KtV. 
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Table 7. Estimated neutron damage correlation parameters for 100 MW operation 

Cilnitifffi Cilfuf^f* AdjuatM Adajaiao - ' 
I FHMOOV Ffctanea r'tff^ffni C/E PCWBf Fkwnoa Fkianeo Aoluatad | 

Rata Rata FaDPA Adjuatmant NormaMzatton Rata Rata FaOPA 
fey PoaKJor i <E>t3MaV| 

(fVem««2 • 
(E>0.1MaV) 
(n/em"2 t) 

Rata 
(dpWt) 

Factor Factor (E>15MaV) (E>0.1MaV] 
<rVem**2 a) (nrom"2 a 

Rata 
<dpa/a) 

(85 MW) (85 MW) (85 MW) noOMW) (100 MW) (100 MW) 

1 1 4506+08 7366+08 5326-13 0315 1.177 S.7B5+0B 1396+09 1416-13 
t 2 5496+08 9386+06 8X0E-13 0315 1.177 7536+08 1.446+09 1.166-12 
1 3 3366+06 7385+08 5316-13 0.615 1.177 5296+08 1.11E+09 7376-13 
1 4 S49E+08 936E+08 8.006-13 0315 1.177 7536+08 1.446+09 1.186-12 
1 5 4506+06 7366+06 5325-13 0315 1.177 5.786+08 1306+00 8416-13 
1 6 2846+08 831E+08 4596-13 0315 1.177 4.106+08 9.116+08 551E-13 
1 7 2496+08 436E+08 3356-13 0315 1.177 3386+06 7.166+08 8.136-13 
1 8 1395+08 £896+08 2286-13 0.815 1.177 2306+08 4.176+08 3296-13 
1 9 2496+06 4.966+08 1556-13 0315 1.177 3396+08 7.18E+OB 5.136-13 
1 10 284E+08 6316+08 4.0SE-13 0315 1.177 4.106+08 9.11E+08 5516-13 

2 1 8.196+06 1276+09 1.196-12 1.031 1.177 9356+06 1.456+09 1366-12 
2 2 8.19E+08 1276+09 1.196-12 1.031 1.177 9356+08 1.456+09 1366-12 
2 3 8.19E+08 1276+09 1.186-12 1331 1.177 9356+08 1.456+09 1386-12 
2 4 8.19E+08 127E+09 1.196-12 1.031 1.177 9356+08 1.456+09 1366-12 

I 2 5 8.196+08 1276+09 1.196-12 1.031 1.177 9356+08 1.45E+09 1366-12 

I 2 6 8.196+08 1276+09 1.19E-12 1.031 1.177 9356+08 1.456+09 1366-12 

I 2 7 8.196+06 1276+09 1.196-12 1.031 1.177 9356+08 1.456+09 1366-12 
2 e a.ise+08 127E+09 1.195-12 1.031 1.177 9356+08 1.456+09 1366-12 
2 9 8.196+08 127E+09 1.195-12 1.031 1.177 9355+08 1.456+09 136E-12 
> 10 8.195+06 1275+09 1.195-12 1.031 1.177 9356+08 1.456+09 1366-12 
! 11 8.196+08 1276+09 1.196-12 1.031 1.177 9355+08 1.456+06 1366-12 

12 8.195+08 1276+09 1.196-12 1.031 1.177 9356+08 1.456+00 1366-12 
S 13 8.19E+06 1276+09 1.196-12 1331 1.177 9356+08 1456+09 1366-12 
2 14 6.19E+06 1276+09 1.195-12 1.031 1.177 9356+06 1.456+09 1366-12 
2 15 8.195+08 1276+09 1.196-12 1.031 1.177 9356+08 1.45E+00 1366-12 
2 16 8.195+08 1276+09 1.195-12 1.031 1.177 9356+08 1.456+09 1366-12 

1 2845+08 6316+06 4.096-13 0315 1.177 4.106+08 9.11E+OB 531 E-13 
2 249E+0S 4566+06 3356-13 0315 1.177 3396+08 7.16E+0S 5.136-13 
3 1396+06 2895+03 2286-13 0.815 1.177 2305+08 4.17E+08 3296-13 
4 2«96+06 4566+08 3356-13 0315 1.177 3395+08 7.16E+08 5.13E-13 
5 2645+08 6316+08 4.095-13 0.815 1.177 4.106+08 9.11E+08 551E-13 
6 430E+08 7365+06 5326-13 0315 1.177 5.786+06 1586+09 8416-13 
7 5.49E+0S 9566+06 8306-13 0315 1.177 7536+06 1.446+00 1.16&12 
8 3.86S+06 7386+08 5316-13 0315 1.177 5296+08 1.116+09 7376-13 
9 5496+08 9466+06 8X05-13 0315 1.177 7536+08 1.44E+00 1.16&12 
10 4306+08 736E+08 5326-13 0.815 1.177 5.786+06 139E+09 8.41E-13 

6 1 I 1375+08 2535+08 2266-13 0372 1.177 2756+08 4436+08 356&13 
« 2 I 1266+08 1566+08 1316-13 0372 1.177 221E+08 3436+08 3.17E-13 
6 3 I 1.196+06 1.76E+08 1.71 E-13 0372 1.177 2086+08 3356+08 3306-13 
e 4 1.175+08 1.756+08 1.706-13 0.672 1.177 2056+08 3376+08 257E-13 
6 S 1.186+08 1.726+08 1.71 E-13 0.672 1.177 207E+08 3326+08 3306-13 
6 8 1226+06 1.736+06 1.785-13 0.672 1.177 2146+08 333E+08 3.126-13 
e 7 1245+06 1.756+08 131E-13 0372 1.177 2176+08 3376+08 3.17E-13 
6 8 1205+08 1386+08 1.756-13 0372 1.177 2106+08 2546+08 3376-13 

7 1 1205+06 1386+08 1.75E-13 0.672 1.177 2106+08 2946+08 3376-13 
7 2 1245+08 1.756+08 1316-13 0.672 1.177 2176+08 3376+08 3.176-13 
7 3 122&f08 1.736+08 1.785-13 0372 1.177 2146+08 3336+08 3.126-13 
7 4 1.185+08 1.726+08 1.716-13 0372 1.177 207E+08 3326+08 3306-13 
7 5 1.17E+08 1.75E+06 1.706-13 0.672 1.177 2056+08 337E+08 2576-13 
7 6 1.195+08 1J66+08 1.71E-13 0372 1.177 2066+08 3366+08 3306-13 
7 7 1266+08 1566+08 1316-13 0.672 1.177 2216+08 3436+08 3.17E-13 

1. 8 I 137E+06 2336+08 2286-13 0.672 1.177 2756+08 4.436+08 3566-13 

Tha ratponsa function far iron aoa has a cutoff anargy of 0 3 KaV. 
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Appendix E. Neutron Fluxes Calculated for HFTR in Connection with 1993 Vessel-Material 
Surveillance Activities 
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"ernai Correspondence 
June 16 1993 twnwt MARIETTA EHSKIY SYSTEMS, MC. 

C.A. Baldwin, Bldg. 3525, MS-6295, 4-6552 

BOC HFIR Kevs 2. 4. and 7 Fluxes. Response Factors, and Responses 

References: 1. tf.L. Zijp, H.J. Nolthenius, G.C.H.M Verhaag, "Damage 
Cross-Section Library DAMSIG84 (in a 640 group structure of 
the SAND-II type)", ECN-159, October 1984. 

The neutron-energy-group boundaries, neutron fluxes, and response factors you 
requested have been determined and are provided on the accompanying floppy 
disk; information on each directory is as follows: 

1. The neutron group boundaries are located in directory EBOY and are 
in MeV, arranged from high energy to low. 

2. The beginning of cycle (BOC) 3-dimensional fluxes for each key (2, 
4, and 7) are located in directory FLUX and have units of (neutrons/cm2.s). 
The positions given are related to the actual positions as shown in the 
following table: 

Key 2 Key 4 Key 7 
As Given Actual As Given Actual As Given Actual 

1 1.8.9,16 1 1,5 1 1 
2 2,7,10-,15 2 2,4 2 2 
3 3,6,11,14 3 3 3 3 
4 4,5,12,13 8 

9 
0 

8 
9,7 
10,6 

4 
5 
6 
7 
8 

4 
5 
6 
7 
8 

3. Energy dependent, response damage factors are given in the 
directory RESPONSE and have units of ( reactions. ca:/neucron. atom). All damage 
responses were taken from Ref. 1., which contains 640-neutron-energy-group 
damage cross sections. Two iron displacement-per-atoa (DPA) cross sections 
and three scainless steel (SS) DFA cross sections were taken froa the files of 
Ref. 1. The cross sections were collapsed to the HFIR 64-neutron-energy-group 
structure using the following procedure: The fluxes at each of the positions 
for a key were normalized to 1.0, then averaged over all positions of the key 
using the arithmetic mean. This averaged flux for the key was expanded to the 
640-neutron-energy-group structure. The 640-neutron-energy-group daaage cross 
sections were then weighted with the expanded fluxes and reduced to the HFIR 
64-neutron-energy-group structure. 

The response file names can be deciphered as follows: 



CFE54K2.RES - Fe54(n,p)Kn54 energy dependent response factors at Key 
2, all positions, 

CFEGDK4.RES - Fe DPA energy dependent response factors at Key 4, all 
positions. 

CFELDK7.RES - Fe OPA energy dependent response factors at Key 7, all 
positions. 

CSTAPEK4.RES - SS OPA energy dependent response factors at Key 4, all 
positions. 

CSTASTK2.RES - SS DPA energy dependent response factors at Key 2, all 
positions. 

When the response damage factors are multiplied by the fluxes and sunned over 
all energy groups, the units are (reactions/atom.s). These results are shown 
in Tables HFIRK2RES, HFIEK4RES, and HFIRK7RES. If these results are then 
multiplied by the ratio of Advogadro's number (atoms/g-mole) to the molecular 
weight (g/g-mole), the final units are (reactions/g.s). 

If you have any questions or need additional information, please call me. 
Thanks. 

J.V. Pace III, Bldg. 6025, MS-6363. 4-5285 
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Table HFIRK2RES. BOC KFIR Key 2 Responses Using 3-D TORT Fltaes 

Response 

1 . Fe54(n,p)Mn54* 

2 . Fe DPA(GD) 

3 . Fe DPA(LD) 

4 . Ni58(n,p)Co58 

5 . SS DPA(A-PROB) 

6. SS DPA(ASTM) 

7. SS DPA(LD) 

8. Flux > 1.0 MeV* 

9. Flux > 0 .1 MeV 

Posi t ions 

1,8.9,16 2 ,7 ,10 ,15 3 ,6 ,11 ,14 4 ,5 ,12 ,13 

8.8909e-17 

7.9326e-13 

8.8217e-13 

1.1361e-16 

8.7741e-15 

9.7576e-13 

9.2537e-13 

5.7038e+O8 

9.7854*+08 

2.4660e-16 2.5850*-16 9.0379e-17 

l .S537e-12 1.6082e-12 8.0341*-13 

/ . * 7 / £ - ; t 

1.5683e-12 1.6179e-12 8.9022e-13 i . 2 l ^ u ' , L ' 

3.1005e-16 3.2485e-16 1.1547e-16 2W&',I> 

1.6780e-14 1.7351e-14 8.8858e-15 

1.7842c-12 1.8436e-12 9.8470e-13 

1.6516e-12 1.7044e-12 9.3378e-13 

1.0474e+O9 1.0808e+O9 5.7741e+08 j ? . / 9 * ^ - ^ 

1.5299e+09 1.5666e+09 9.8956e*08 / . 2 *****"*' 

* Units on react ions : (reactions/atom.s) 
** Units on f l u x e s : (neutrons/en 2 .s) 



Table HFIRK4RES. BOC HFIR Key 4 Responses Using 3-D TORT Fluxes 

Positions 

Response 

1. Fe54(n,p)Mn54* 

2. Fe DPA(GD) 

3. Fe DPA(LD) 

4. Ni58(n,p)Co58 

5. SS DPA(A-PROB) 

6. SS DPA(ASTM) 

7. SS DPA(LD) 

8. Flux > 1.0 MeV" 

9. Flux > 0.1 MeV 

1.5 

3.4355e-17 

4.0943e-13 

4.9986e-13 

4.4482e-17 

4.7377e-15 

5.5888e-13 

5.3210e-13 

2.8414e+08 

6.3096e+O8 

2,4 

3.4935e-17 

3.5543e-13 

S.5643e-13 

4.4857e-17 

4.0279e-15 

6.4830e-13 

6.0376e-13 

2.4852e+08 

4.9613e+08 

2.5960e-17 

2.2753e-13 

2.8806e-13 

3.3090e-17 

2.5353e-15 

3.2905e-13 

3.0822e-13 

1.5902e+O8 

2.8852e+08 

Positions 

Response 

1. Fe54(n,p)Mn54 

2. Fe DPA(GD) 

3. Fe DPA(LD) . 

4. Ni58(n,p)Co58 

5. SS DPA(A-PROB) 

6. SS DPA(ASTM) 

7. SS DPA(LD) 

8. Flux > 1.0 MeV 

9. Flux > 0.1 MeV 

8 9,7 10,6 

5.2173e-17 

5.3058e-13 

5.7640e-13 

6.5846e-17 

6.0653e-15 

6.3576e-13 

6.0709e-13 

3.6613e+08 

7.6840e+O8 

9.7376e-17 

7.9960e-13 

1.1052e-12 

1.2365e-16 

8.9012e-15 

1.2799e-12 

1.1890e-12 

5.4885e+08 

9.9750e+08 

6.7217e-17 

5.8233e-13 

7.7969e-13 

8.5560e-17 

6.5294e-15 

8.9727e-13 

8.3702e-13 

4.0001e+O8 

7.5601e+08 

* Units: (reactions/atom.s) 
** Units: (neutrons/cm2, s) 
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Table HFIRK7RES. BOC HFIR Key 7 Responses Using 3-D TORT Fluxes 
Positions 

Response 

1. Fe54(n,p)Mn54* 

2. Fe DPA(GD) 

3. Fe DPA(LD) 

4. Ni58(n,p)Co58 

5. SS DPA(A-PROB) 

6. SS DPA(ASTH) 

7. SS DPA(LD) 

8. Flux > 1.0 MeV" 

9. Flux > 0.1 HeV 

2.7446e-17 

1.7485e-13 

1.6S88e-13 

3.4495e-17 

1.8715e-15 

1.9077e-13 

1.7747e-13 

1.1982e+08 

1.6846e+08 

2.8313e-17 

1.8122e-13 

1.7523e-13 

3.5592e-17 

1.9403e-15 

1.9769e-13 

1.8401e-13 

1.2436e+08 

1.7523e+08 

2.7604e-17 

1.7812e-13 

1.7239e-13 

3.4713e-17 

1.9086e-15 

1.9425e-13 

1.8096e-13 

1.2242e+08 

1.7349e+08 

2.5776e-17 

1.7142e-13 

1.6563e-13 

3.2451e-17 

1.8445e-15 

1.8590e-13 

1.7369e-13 

1.1826e+08 

1.7244e+08 

Positions 

Response 8 
1. Fe54(n,p)Mn54 

2. Fe DPA(GD) 

3. Fe DPA(LD) 

4. Ni58(n,p)Co58 

5. SS DPA(A-PROB) 

6. SS DPA(ASTK) 

7. SS DPA(LD) 

8. Flux > 1.0 HeV 

9. Flux > 0.1 HeV 

2.4921e-17 

1.6951e-13 

1.6336e-13 

3.1405e-17 

1.8321e-15 

1.8292e-13 

1.7124e-13 

1.1705e+08 

1.7528e+08 

2.5376e-17 2.5365e-17 

1.7175e-13 1.8117e-13 

1.6629e-13 1.7616e-13 

3.1975e-17 3.2032e-17 

1.8521e-15 1.9691e-lS 

1.8609e-13 1.9604e-13 

1.7417e-13 1.8432e-13 

1.1877e+08 1.2561e+08 

1.7566e+08 1.9577e+08 

3.0339e-17 

2.2577e-13 

2.2289e-13 

3.8380e-17 

2.4660e-15 

2.4714e-13 

2.3302e-13 

1.5676e+08 

2.5302e+O8 

* Unics: (reactions/atom.s) 
** Units: (neutrons/cm2. s) 
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Appendix F. Selection of Flaw Sizes for Calculating p(HT) and At 

The range of flaw depths that needs to be considered in calculating p(HT) and At is 
established by consideration of ASME Code requirements for flaw size and the calculated 
minimum critical flaw size. In accordance with the Code, the maximum flaw depth that needs 
to be considered for the HFTR vessel is 1.0 in. (larger flaws are not likely to exist because the 
confidence level in nondestructively detecting such flaws is sufficiently high). The smallest 
flaw that needs to be considered can be calculated using Eqs. (13) and (18) from the text 
The critical value of a is obtained by letting Kj = KIc. Thus, 

[p(HT)(cmsm+cbsb) + cro] f^=A+Bexp[C'E(HT)} ( R 1 ) 

or 

U 
it 

A+Bexp[C'E(HT)] 
/ ? ( # 7 M C

m * m

+ C ^ ) + C r 0 , 

(F.2) 

where E(HT) is given by Eq. (20) of the text. 

The approximate sign is used because cm, Cb, c r and ANDTT are also functions of flaw depth. 
However, the effect on a c is only secondary. 

Reasonable input for Eq. (F.2) is taken from Table 5.1. The lower of the two toughness 
curves will result in the smallest value of ac; values of c,,, cm, c r and ANDTT should 
correspond to a=0.5 in; the largest required value of e (1.5) should be used, At(HT) should 
be 26 EFPY(100 MW) (17.5+8.5=26), and p(HT)=900 psi is a reasonable maximum 
pressure. Thus, 
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E(HT) =85-10-1.5 -2.62 -26 = -27.2°F 

a. = 

12 

33.2 + 20.73 exp [0.020 (-27.2) ] 
0.900 (1.068* 16.8 + 0.823 x 4.24) + 0.86x 8.5 

= 0.92 in. 

Because this value of a c is based on the ASME lower-bound K I c curve and an uncertainty 
factor of 1.5 for ANDTT, the probability of a flaw of this depth propagating is quite small. 

The above calculation of a c did not include the customary ASME safety factor of Jl on 

primary stresses for emergency/faulted loading conditions. If this factor is added, 

a =0.59 in. 

This value is consistent with the value of a selected for obtaining the above values of c,,, cm, 
c r and ANDTT, and thus the result is reasonably accurate but at the same time quite 
conservative. At any rate, based on the evaluation, a reasonable range of flaw depth for this 
study is 0.5 to 1.0 in. 
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Appendix G: Calculation of p(HT) and At = /(e) 

Appendix G is included to assist those that may wish to make additional calculations and/or 
check the results of calculations included in this report. The equations involved are Eqs. (14), 
(16) and (18-22) of the text, and the input is from Table 5.1 Three cases (A, B and C) are 
evaluated that include two different crack depths and two different fracture toughness curves. 

Case A: a = 1.0 in., Tv(At) = variable, ASME K I c curve 

0.860x8.5* 103 

5 = 1.146x16.8 + 0.741x4.24 = 326 psi 

ANDTT = { H I Tx 3.82 = 2.44°F/EFFY(100 MW) 
\ 2.68 J 

* see Appendix A 

E(HT) = 85 - 10 - e • 2.44 • 19.4 
= 75-47.3e 

E(At) = Tv(At) -10 - e • 2.44 • 19.4 
= Tv(At) - 10 - 47.3e 

KIc(HT) = 33.2 + 20.73 exp [0.020 E(HT)] 

KIc(At) = 33.2 + 20.73 exp {0.020 [E(At) - 2.44 eAt]} 

KAHT) 
p(HT) = 679_£__! + 326 

Ki£At) 

KIc(HT) 

**(A0 
- 1 
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For p(HT) = 900psi , 

E(At) In 
At = 0.020 

33.2 
20.73 

KIc(HT)r679 + 326 
33.2 (900 

+ 326^., 
T326J 

244e 

£(A0-50.0 In {1.602 [ 0.02469KIe(HT) -1 ]} 
2.44e 

Case B: a = 0.5 in.; otherwise, same as Case A 

0.860X8.5X103 

S = 
1.068x16.8 + 0.823x4.24 

= 341 psi 

ANDTT = f — Tx 3.82 = 2.62°F/EFPy(100 MW) 
\ 2.68 J 

* see Appendix A 

E(HT) = 85 - 10 - e • 2.62 • 19.4 
= 75-50.8e 

E(At) = T v(At) -10 - e • 2.62 • 19.4 
= T v (At) -10 - 50.8e 

K Ic(HT) = 33.2 + 20.73 exp [0.020 E(HT)] 

KIc(At) = 33.2 + 20.73 exp {0.020 [E(At) - 2.62 eAt]} 

p(HT) = 679-I±—1 + 341 
KIc(HT) 
KIe{At) 

- 1 
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For p(HT) = 900psi , 

At = 
E(At) - _ L In 

v J 0.020 

33.2 
20.73 

Kid1*7) (679 + 34n ^ 
33.2 (900+ 341J 

2.62e 

£(Af)-50.0 In {1.602 [ 0.02476KJc(HT) -1 ] J 
2.62e 

Case C: Updated mean K I c curve; otherwise, same as Case A 

S = 326 psi 

ANDTT = 2.44°F/EFPY(100 MW) 

E(HT) = 75-47.3e 

E(At) = Tv(At) - 10 - 47.3e 

KIc(HT) = 36.68 + 51.59 exp [0.0115 E(HT)] 

KIc(At) = 36.68 + 51.59 exp {0.0115 [E(At) - 2.44 eAt]} 

KAHT) 
p(HT) = 679_^: 1 + 326 

KIc{At) 
KJc(HT) 
Klc(At) 

- 1 
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For p(HT) = 900/wi , 

E(At) - 1 
At = 0.0115 

In 36.68 
51.59 

KIe(HT) (679 + 326 
36.68 (900 

+ 326^ _, 
+ 326J 

2.44e 

£(Ar)-86.96 In {0.7110 [o.02235Kle(HT) -1 ]} 
2Me 
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