
From: Stevens, Gary
To: Chu, Shannon; Letitia Midmore (lmidmore@epri.com)
Cc: "Chopra, Omesh K."; "yogen garud"; "Dyle, Robin"; Csontos, Aladar; Tregoning, Robert
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Shannon/Letitia:
 
As previously discussed during the November EPRI EAF Advisory Panel meeting in St.
Louis, attached for distribution to the EPRI EAF Advisory Panel is a set of calculations that
NRC/ANL have put together as a part of our current research efforts to validate the Fen
expressions.  Please note that these calculations are PRELIMINARY in nature and should
not be construed as being a formal position of the NRC.  In the interest of receiving
feedback from interested stakeholders, we are providing these calculations for public
review.
 
As noted by the e-mails Letitia forwarded to me over a several week period late last year,
most of the members of EPRI’s EAF Advisory Panel expressed interest in reviewing these
calculations.  Therefore, please send this e-mail and the attachment to the entire EAF
Panel distribution list.  Also feel free to distribute them to any other interested
stakeholders.
 
We are looking for the following:
 

·         Interested stakeholders should provide the results of their independent review
and/or comments to me via e-mail no later than January 31, 2012.

·         As indicated in the attached spreadsheet, these calculations are ONLY intended to
validate the Fen expressions currently under development by the NRC and ANL (as
presented at previous ASME Code and EAF Panel meetings).  As such, we are not
evaluating the methodology specified for calculating CUF in Section III of the ASME
Code.  (I wanted to clarify this point as there have been several e-mails recently
that focus on apparent over-conservatisms in the ASME Code process, and we are
not evaluating that issue here.)

·         We are particularly interested in any stakeholder feedback on the correctness of our
evaluation (i.e., independent QA), as well as input on the most technically
defensible temperature users feel is best to use in these calculations.

 
Feel free to contact me with any questions.  We look forward to any feedback we may
receive.
 
Regards,
Gary L. Stevens
Senior Materials Engineer
NRC/RES/DE/CIB
+ Gary.Stevens@nrc.gov
' 301-251-7569
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Background Information

		Reference:		Gurdal, Robert and Xu, S. X., "Comparison of Strain Range Measures and Environmental Fatigue Calculation Methodologies for the Stepped Pipe Tests," 
Paper No. PVP2008-61915, 2008 ASME Pressure Vessels and Piping Division Conference, July 27-31, 2008, Chicago, Illinois, USA

		Material:		Type 304 stainless steel

				C		Si		Mn		P		S		Ni		Cr		Mo

				Solution Heat Treatment								Elongation (%)				0.2% YS		UTS

																275		609		MPa

																39,885		88,328		psi

		Specimen:		Stepped Pipe [Dimensions in inches]

		Conditions:		Average fluid velocity ~ 5.17 m/s in hollow cylinder area (cold flow rate).

				Simulated PWR primary water:





Summary of Calculation Results

		

		Results:						THESE METHODS USE ANL'S REVISED FEN EXPRESSIONS																								THESE METHODS USE NUREG/CR-6909 FEN EXPRESSIONS

				Test				Method #1:  Strain-Integrated								Method #2:  Simplified								Method #3:  Multi-Linear Strain-Based								Method #4:  6909 Strain-Integrated								Method #5:  6909 Simplified								Method #6:  6909 Multi-Linear Strain-Based

				No.		Nleak		Fen		Adjusted Nair		Nwater		Difference		Fen		Adjusted Nair		Nwater		Difference		Fen		Adjusted Nair		Nwater		Difference		Fen		Adjusted Nair		Nwater		Difference		Fen		Adjusted Nair		Nwater		Difference		Fen		Adjusted Nair		Nwater		Difference

				1		365		3.858		767		199		-45.53%		1.673		767		458		25.61%		4.182		767		183		-49.74%		4.190		767		183		-49.84%		2.821		767		272		-25.49%		4.385		767		175		-52.07%

				The Fen methods identified above are described below (the NUREG/CR-6909 best fit air curve for SS were used):																																														Design margin N obs/N est =		1.8

						Method #1:  Strain-Integrated																																								Nfenv(av)						Nf env

						Fen,i is computed ANL's revised Fen expressions at each time interval, i, using Ti.																																								957		cycles				458

						Overall Integrated Fen =								S Fen,i (ei - ei-1)				for strain rates > 0																												sdt dev						365

														(emax - emin)																																362		cycles				1101

																																														Nfenv (min)						693

						Method #2:  Simplified																																								365		cycles				1163

						Fen is computed ANL's revised Fen expressions for the entire time interval where strain rate > 0 using the average T for the interval.																																								Nfenv (max)						1155

						The average strain rate is used (i.e., a "straight line" from the valley to the peak).																																								1408		cycles				1195

																																																				1079

						Method #3:  Multi-Linear Strain-Based																																														1408

						The loading consists of either two or more ramps (for strain rate > 0), depending on the test case.

						Fen,i is computed ANL's revised Fen expressions at for each ramp using the average T for each ramp.																																								Factor on life to account for:

						For the 2-ramp case:																																								surfrace finish:		2

						Overall Fen =						Fen,1 De1 + Fen,2 De2						for strain rates > 0																												Size:		1.3

												(De1 + De2)																																		Total factor:		2.6

						Similar calculations are performed for the more-ramps cases, except there are more terms instead of 2.

																																														Fig 7 of the Bettis paper PVP2004-2748 shows

						Method #4:  6909 Strain-Integrated																																								no heat-to-heat variability for the heat of material

						Same as Method #1 except that Fen is computed NUREG/CR-6909 methodology.																																								used for stepped pipe test.  Smooth specimen data

																																														at 24°C and 357°C fall on the best-fit-curve fot test specimens.

						Method #5:  6909 Simplified																																								So, not need to apply any factor for heat-to-heat variability.

						Same as Method #2 except that Fen is computed NUREG/CR-6909 methodology.

						Method #6:  6909 Multi-Linear Strain-Based

						Same as Method #3 except that Fen is computed NUREG/CR-6909 methodology.





NOTES -- READ THIS FIRST

		

				The purpose of this comparison is to validate the Fen expressions and not determine the conservatism in the ASME Code fatigue evaluation methodology.  The following method is used for the comparison.

				Methodology for comparing estimates of fatigue life based on the Fen expressions with the experimental test results.

				1. The Fen expressions are based on data obtained on small smooth test specimens (i.e., cyclindrical gauge specimens or tube specimens).

				2. To apply these expressions to data obtained on large components would require an adjustment of the estimates based on the Fen expressions

				to account for the following effects (i.e., by applying the following adjustment subfactors):

						(i) effects of material variability (i.e., heat-to-heat variability) and data scatter.  Heat-to-heat variation refers to the difference between the median response

								of the heat being tested as compared to the median (or best estimate) response from various heats represented in (or by) the baseline S-N fatiogue data.

								Data scatter refers essentially to "within-heat" variability (or "intrinsic" variability).

								If the baseline fatigue S-N data for the heat of material used in the experiments is known, then  estimates from Fen expressions

								should predict the test results within the data scatter (i.e., within a factor of ±2), provided other effects are absent.

								Heat-to-heat variation may be ±2.5.  Actual values in NUREG/CR-6909 are ±2.8 for carbon steels, ±2.1 for low-alloy steels, and ±2.3 for stainless steels .

						(ii) size effect

								Larger surface area in components means higher probability of fatigue cracks initiating at surface flaws/discontinuities, which would decrease fatigue life.

								Typically the decrease in fatigue life due to size effect is in the range of 1.4-1.8 (NUREG/CR-6909).

						(iii) surface roughness

								Since fabrication processes such as milling, grinding, etc. produce rough surfaces where fatigue cracks may initiate, which can also decrease fatigue life.

								Typically the decrease in fatigue life due to the effect of surface roughness is in the range of 2.0-3.5 (NUREG/CR-6909).

						(iv) sequential loading

								As discussed in Section 2 and demostrated in Fig. 1 of NUREG/CR-6909, fatigue cracks greater than 100-250 microns (i.e., 4 to 10 mils) can grow even

								at stress levels below the fatigue limit defined by test specimen data obtained under constant loading conditions.

								The data under variable loading conditions (i.e., variable strain cycles, specifically a few high strain cycles followed by low strain cycles) show significant

								decrease in fatigue life relative to that obtained under constant loading conditions.   The decrease in life is in the range 1.2-2.0.





Calcs. Using New Fens

				Test No.		1				ANL Best Fit Air Curve for SS (Eqn. (32) from NUREG/CR-6909):  ln(Nair) = 6.891 – 1.920 ln(εa – 0.112)																				240.12								Nf air Code curve:		166		cycles

				Uses NEW Fen Expressions								Strain amplitude, εa =		0.8039		%, so Nair =		1,995		cycles;				Integrated Fen's =		3.858				1.6078								Nf air with factor of 8.4:		237		cycles

				No.		Time		Time		Temperature		Temperature		Strain		Strain Rate		T'		O'		R'		Fen,i		Fen Integral				Average Fen Calculations:								Nf env:		62		cycles

						t (min)		t (sec)		T (°C)		T (°F)		e (%)		R (%/sec)										Based on Strain

				1		0.00		0.00		37.78		100.00		0.0000		---		---		---		---		---		---						Average T =		196.1

				2		0.00		0.06		38.82		101.88		-0.0039		-0.0646		0.000		0.290		0.000		1.000		0.000E+00						T' =		0.243

				3		0.00		0.12		41.18		106.12		-0.0126		-0.1460		0.000		0.290		0.000		1.000		0.000E+00						O' =		0.290

				4		0.00		0.18		44.28		111.71		-0.0241		-0.1913		0.000		0.290		0.000		1.000		0.000E+00						Average R =		0.0067

				5		0.00		0.24		47.84		118.12		-0.0372		-0.2181		0.000		0.290		0.000		1.000		0.000E+00						R' =		-7.309

				6		0.01		0.30		51.70		125.07		-0.0513		-0.2346		0.000		0.290		0.000		1.000		0.000E+00						Fen =		1.673

				7		0.01		0.36		55.77		132.39		-0.0660		-0.2454		0.000		0.290		0.000		1.000		0.000E+00

				8		0.01		0.42		59.99		139.99		-0.0812		-0.2531		0.000		0.290		0.000		1.000		0.000E+00				Multi-Linear Fen Calculations:

				9		0.01		0.48		64.34		147.80		-0.0967		-0.2588		0.000		0.290		0.000		1.000		0.000E+00				Slope #1:

				10		0.01		0.54		68.79		155.83		-0.1125		-0.2633		0.000		0.290		0.000		1.000		0.000E+00						Average T =		317.5

				11		0.01		0.60		73.31		163.97		-0.1285		-0.2668		0.000		0.290		0.000		1.000		0.000E+00						T' =		0.882

				12		0.01		0.66		77.92		172.25		-0.1447		-0.2700		0.000		0.290		0.000		1.000		0.000E+00						O' =		0.290

				13		0.01		0.72		82.60		180.68		-0.1610		-0.2723		0.000		0.290		0.000		1.000		0.000E+00						R =		0.0097

				14		0.01		0.78		87.34		189.21		-0.1775		-0.2746		0.000		0.290		0.000		1.000		0.000E+00						R' =		-6.942

				15		0.01		0.84		92.12		197.81		-0.1941		-0.2764		0.000		0.290		0.000		1.000		0.000E+00						Fen,1 =		5.898

				16		0.02		0.90		96.96		206.53		-0.2108		-0.2780		0.000		0.290		0.000		1.000		0.000E+00				Slope #2:

				17		0.02		0.96		101.85		215.34		-0.2275		-0.2792		0.000		0.290		0.000		1.000		0.000E+00						Average T =		341.8

				18		0.02		1.02		106.77		224.19		-0.2444		-0.2805		0.000		0.290		0.000		1.000		0.000E+00						T' =		0.920

				19		0.02		1.08		111.75		233.15		-0.2613		-0.2814		0.000		0.290		0.000		1.000		0.000E+00						O' =		0.290

				20		0.02		1.14		116.76		242.16		-0.2782		-0.2824		0.000		0.290		0.000		1.000		0.000E+00						R =		0.0005

				21		0.02		1.20		121.79		251.23		-0.2952		-0.2831		0.000		0.290		0.000		1.000		0.000E+00						R' =		-9.895

				22		0.02		1.26		126.87		260.37		-0.3122		-0.2839		0.000		0.290		0.000		1.000		0.000E+00						Fen,2 =		14.014

				23		0.02		1.32		131.97		269.55		-0.3293		-0.2845		0.000		0.290		0.000		1.000		0.000E+00				Slope #3:

				24		0.02		1.38		137.10		278.78		-0.3464		-0.2849		0.000		0.290		0.000		1.000		0.000E+00						Average T =		224.7

				25		0.02		1.44		142.26		288.07		-0.3635		-0.2854		0.000		0.290		0.000		1.000		0.000E+00						T' =		0.393

				26		0.03		1.50		147.44		297.40		-0.3806		-0.2855		0.000		0.290		0.000		1.000		0.000E+00						O' =		0.290

				27		0.03		1.56		152.65		306.77		-0.3978		-0.2858		0.014		0.290		0.000		1.000		0.000E+00						R =		0.2578

				28		0.03		1.62		157.89		316.19		-0.4149		-0.2860		0.042		0.290		0.000		1.000		0.000E+00						R' =		-3.658

				29		0.03		1.68		163.13		325.63		-0.4321		-0.2863		0.069		0.290		0.000		1.000		0.000E+00						Fen,1 =		1.517

				30		0.03		1.74		168.40		335.13		-0.4493		-0.2863		0.097		0.290		0.000		1.000		0.000E+00				Slope #4:

				31		0.03		1.80		173.69		344.65		-0.4665		-0.2866		0.125		0.290		0.000		1.000		0.000E+00						Average T =		101.9

				32		0.03		1.86		179.01		354.21		-0.4837		-0.2866		0.153		0.290		0.000		1.000		0.000E+00						T' =		0.000

				33		0.03		1.92		184.34		363.81		-0.5009		-0.2865		0.181		0.290		0.000		1.000		0.000E+00						O' =		0.290

				34		0.03		1.98		189.68		373.43		-0.5181		-0.2863		0.209		0.290		0.000		1.000		0.000E+00						R =		0.0081

				35		0.03		2.04		195.06		383.10		-0.5352		-0.2865		0.237		0.290		0.000		1.000		0.000E+00						R' =		-7.113

				36		0.04		2.10		200.43		392.78		-0.5524		-0.2863		0.265		0.290		0.000		1.000		0.000E+00						Fen,2 =		1.000

				37		0.04		2.16		205.83		402.50		-0.5696		-0.2861		0.294		0.290		0.000		1.000		0.000E+00						Strain-based Fen =		4.182

				38		0.04		2.22		211.23		412.22		-0.5868		-0.2860		0.322		0.290		0.000		1.000		0.000E+00

				39		0.04		2.28		216.66		421.99		-0.6039		-0.2860		0.351		0.290		0.000		1.000		0.000E+00

				40		0.04		2.34		222.09		431.77		-0.6211		-0.2859		0.379		0.290		0.000		1.000		0.000E+00

				41		0.04		2.40		227.55		441.59		-0.6382		-0.2855		0.408		0.290		0.000		1.000		0.000E+00

				42		0.04		2.46		233.01		451.42		-0.6553		-0.2853		0.437		0.290		0.000		1.000		0.000E+00

				43		0.04		2.52		238.48		461.27		-0.6724		-0.2849		0.466		0.290		0.000		1.000		0.000E+00

				44		0.04		2.58		243.97		471.14		-0.6895		-0.2849		0.495		0.290		0.000		1.000		0.000E+00

				45		0.04		2.64		249.47		481.05		-0.7066		-0.2844		0.524		0.290		0.000		1.000		0.000E+00

				46		0.05		2.70		254.98		490.96		-0.7236		-0.2843		0.553		0.290		0.000		1.000		0.000E+00

				47		0.05		2.76		260.50		500.89		-0.7407		-0.2840		0.582		0.290		0.000		1.000		0.000E+00

				48		0.05		2.82		266.03		510.85		-0.7577		-0.2836		0.611		0.290		0.000		1.000		0.000E+00

				49		0.05		2.88		271.57		520.82		-0.7747		-0.2834		0.640		0.290		0.000		1.000		0.000E+00

				50		0.05		2.94		277.11		530.80		-0.7917		-0.2830		0.669		0.290		0.000		1.000		0.000E+00

				51		0.05		3.00		282.67		540.80		-0.8086		-0.2827		0.698		0.290		0.000		1.000		0.000E+00

				52		0.05		3.06		286.81		548.26		-0.8202		-0.1937		0.720		0.290		0.000		1.000		0.000E+00

				53		0.05		3.12		289.36		552.85		-0.8259		-0.0942		0.733		0.290		0.000		1.000		0.000E+00

				54		0.05		3.18		291.13		556.03		-0.8287		-0.0465		0.743		0.290		0.000		1.000		0.000E+00

				55		0.05		3.24		292.49		558.48		-0.8300		-0.0225		0.750		0.290		0.000		1.000		0.000E+00

				56		0.06		3.30		293.61		560.51		-0.8306		-0.0094		0.756		0.290		0.000		1.000		0.000E+00

				57		0.06		3.36		294.60		562.28		-0.8307		-0.0018		0.761		0.290		0.000		1.000		0.000E+00

				58		0.06		3.42		295.48		563.87		-0.8305		0.0032		0.766		0.290		-8.037		5.957		7.188E-04

				59		0.06		3.48		296.28		565.30		-0.8301		0.0068		0.770		0.290		-7.296		5.098		1.291E-03

				60		0.06		3.54		297.03		566.65		-0.8295		0.0095		0.774		0.290		-6.963		4.770		1.685E-03

				61		0.06		3.60		297.72		567.90		-0.8288		0.0116		0.777		0.290		-6.758		4.589		1.990E-03

				62		0.06		3.66		298.37		569.07		-0.8280		0.0134		0.781		0.290		-6.614		4.472		2.239E-03

				63		0.06		3.72		298.97		570.15		-0.8271		0.0148		0.784		0.290		-6.512		4.396		2.436E-03

				64		0.06		3.78		299.56		571.20		-0.8262		0.0162		0.787		0.290		-6.428		4.338		2.615E-03

				65		0.06		3.84		300.10		572.18		-0.8251		0.0172		0.790		0.290		-6.364		4.298		2.761E-03

				66		0.07		3.90		300.61		573.10		-0.8241		0.0181		0.793		0.290		-6.313		4.268		2.888E-03

				67		0.07		3.96		301.10		573.99		-0.8229		0.0190		0.795		0.290		-6.266		4.242		3.008E-03

				68		0.07		4.02		301.58		574.85		-0.8217		0.0197		0.798		0.290		-6.232		4.229		3.101E-03

				69		0.07		4.08		302.02		575.64		-0.8205		0.0203		0.800		0.290		-6.201		4.216		3.189E-03

				70		0.07		4.14		302.45		576.41		-0.8193		0.0208		0.802		0.290		-6.175		4.208		3.266E-03

				71		0.07		4.20		302.86		577.14		-0.8180		0.0213		0.805		0.290		-6.151		4.200		3.341E-03

				72		0.07		4.26		303.26		577.87		-0.8167		0.0217		0.807		0.290		-6.132		4.197		3.402E-03

				73		0.07		4.32		303.63		578.54		-0.8154		0.0220		0.809		0.290		-6.118		4.198		3.452E-03

				74		0.07		4.38		304.00		579.20		-0.8140		0.0224		0.811		0.290		-6.103		4.197		3.504E-03

				75		0.07		4.44		304.35		579.82		-0.8127		0.0227		0.812		0.290		-6.088		4.196		3.555E-03

				76		0.08		4.50		304.69		580.44		-0.8113		0.0229		0.814		0.290		-6.080		4.202		3.588E-03

				77		0.08		4.56		305.01		581.03		-0.8099		0.0231		0.816		0.290		-6.070		4.204		3.627E-03

				78		0.08		4.62		305.32		581.58		-0.8085		0.0233		0.817		0.290		-6.060		4.207		3.663E-03

				79		0.08		4.68		305.63		582.13		-0.8071		0.0234		0.819		0.290		-6.055		4.214		3.688E-03

				80		0.08		4.74		305.93		582.67		-0.8057		0.0236		0.821		0.290		-6.049		4.219		3.716E-03

				81		0.08		4.80		306.21		583.18		-0.8043		0.0238		0.822		0.290		-6.042		4.223		3.746E-03

				82		0.08		4.86		306.49		583.68		-0.8028		0.0238		0.824		0.290		-6.040		4.232		3.761E-03

				83		0.08		4.92		306.76		584.17		-0.8014		0.0240		0.825		0.290		-6.034		4.236		3.789E-03

				84		0.08		4.98		307.03		584.65		-0.7999		0.0240		0.826		0.290		-6.033		4.246		3.800E-03

				85		0.08		5.04		307.27		585.09		-0.7985		0.0241		0.828		0.290		-6.030		4.252		3.819E-03

				86		0.09		5.10		307.52		585.54		-0.7971		0.0241		0.829		0.290		-6.027		4.259		3.836E-03

				87		0.09		5.16		307.76		585.97		-0.7956		0.0242		0.830		0.290		-6.025		4.266		3.850E-03

				88		0.09		5.22		307.99		586.39		-0.7942		0.0242		0.832		0.290		-6.025		4.275		3.858E-03

				89		0.09		5.28		308.22		586.80		-0.7927		0.0242		0.833		0.290		-6.023		4.282		3.873E-03

				90		0.09		5.34		308.44		587.19		-0.7912		0.0243		0.834		0.290		-6.021		4.289		3.884E-03

				91		0.09		5.40		308.66		587.59		-0.7898		0.0242		0.835		0.290		-6.022		4.299		3.890E-03

				92		0.09		5.46		308.87		587.97		-0.7883		0.0243		0.836		0.290		-6.020		4.305		3.904E-03

				93		0.09		5.52		309.08		588.35		-0.7869		0.0242		0.837		0.290		-6.023		4.316		3.903E-03

				94		0.09		5.58		309.29		588.71		-0.7854		0.0243		0.838		0.290		-6.021		4.322		3.917E-03

				95		0.09		5.64		309.48		589.06		-0.7840		0.0242		0.839		0.290		-6.023		4.333		3.915E-03

				96		0.10		5.70		309.67		589.41		-0.7825		0.0243		0.840		0.290		-6.021		4.338		3.929E-03

				97		0.10		5.76		309.86		589.76		-0.7811		0.0242		0.841		0.290		-6.024		4.349		3.927E-03

				98		0.10		5.82		310.05		590.08		-0.7796		0.0242		0.842		0.290		-6.025		4.357		3.930E-03

				99		0.10		5.88		310.22		590.40		-0.7782		0.0242		0.843		0.290		-6.024		4.363		3.940E-03

				100		0.10		5.94		310.40		590.72		-0.7767		0.0241		0.844		0.290		-6.027		4.373		3.939E-03

				101		0.15		8.94		316.25		601.24		-0.7079		0.0229		0.875		0.290		-6.078		4.675		2.000E-01

				102		0.20		11.94		319.48		607.07		-0.6466		0.0205		0.892		0.290		-6.192		4.962		1.894E-01

				103		0.25		14.94		321.80		611.24		-0.5912		0.0184		0.904		0.290		-6.296		5.211		1.794E-01

				104		0.30		17.94		323.72		614.69		-0.5409		0.0168		0.914		0.290		-6.390		5.443		1.704E-01

				105		0.35		20.94		325.41		617.74		-0.4950		0.0153		0.920		0.290		-6.482		5.638		1.610E-01

				106		0.40		23.94		326.92		620.46		-0.4530		0.0140		0.920		0.290		-6.571		5.773		1.508E-01

				107		0.45		26.94		328.31		622.96		-0.4145		0.0128		0.920		0.290		-6.659		5.910		1.414E-01

				108		0.50		29.94		329.58		625.24		-0.3793		0.0118		0.920		0.290		-6.746		6.049		1.327E-01

				109		0.55		32.94		330.75		627.34		-0.3469		0.0108		0.920		0.290		-6.833		6.190		1.245E-01

				110		0.60		35.94		331.81		629.26		-0.3173		0.0099		0.920		0.290		-6.919		6.335		1.168E-01

				111		0.65		38.94		332.79		631.01		-0.2901		0.0091		0.920		0.290		-7.007		6.485		1.096E-01

				112		0.70		41.94		333.69		632.64		-0.2652		0.0083		0.920		0.290		-7.093		6.636		1.028E-01

				113		0.75		44.94		334.52		634.13		-0.2423		0.0076		0.920		0.290		-7.180		6.791		9.652E-02

				114		0.80		47.94		335.27		635.49		-0.2214		0.0070		0.920		0.290		-7.268		6.953		9.049E-02

				115		0.85		50.94		335.97		636.74		-0.2022		0.0064		0.920		0.290		-7.356		7.117		8.485E-02

				116		0.90		53.94		336.60		637.89		-0.1847		0.0059		0.920		0.290		-7.443		7.285		7.957E-02

				117		0.95		56.94		337.19		638.94		-0.1686		0.0054		0.920		0.290		-7.532		7.459		7.459E-02

				118		1.00		59.94		337.72		639.90		-0.1539		0.0049		0.920		0.290		-7.621		7.639		6.986E-02

				119		1.05		62.94		338.21		640.77		-0.1404		0.0045		0.920		0.290		-7.709		7.821		6.547E-02

				120		1.10		65.94		338.65		641.58		-0.1281		0.0041		0.920		0.290		-7.799		8.011		6.130E-02

				121		1.15		68.94		339.06		642.31		-0.1169		0.0037		0.920		0.290		-7.889		8.205		5.740E-02

				122		1.20		71.94		339.44		642.99		-0.1066		0.0034		0.920		0.290		-7.978		8.403		5.376E-02

				123		1.25		74.94		339.79		643.62		-0.0972		0.0031		0.920		0.290		-8.069		8.609		5.029E-02

				124		1.30		77.94		340.10		644.17		-0.0886		0.0029		0.920		0.290		-8.159		8.819		4.708E-02

				125		1.35		80.94		340.38		644.68		-0.0808		0.0026		0.920		0.290		-8.251		9.036		4.402E-02

				126		1.40		83.94		340.65		645.17		-0.0737		0.0024		0.920		0.290		-8.342		9.260		4.116E-02

				127		1.45		86.94		340.88		645.59		-0.0671		0.0022		0.920		0.290		-8.434		9.489		3.850E-02

				128		1.50		89.94		341.10		645.99		-0.0612		0.0020		0.920		0.290		-8.524		9.721		3.602E-02

				129		1.55		92.94		341.30		646.34		-0.0557		0.0018		0.920		0.290		-8.617		9.964		3.365E-02

				130		1.60		95.94		341.47		646.65		-0.0508		0.0017		0.920		0.290		-8.709		10.212		3.146E-02

				131		1.65		98.94		341.64		646.96		-0.0463		0.0015		0.920		0.290		-8.800		10.464		2.942E-02

				132		1.70		101.94		341.80		647.23		-0.0422		0.0014		0.920		0.290		-8.894		10.729		2.747E-02

				133		1.75		104.94		341.93		647.47		-0.0384		0.0013		0.920		0.290		-8.986		10.995		2.568E-02

				134		1.80		107.94		342.06		647.72		-0.0350		0.0011		0.920		0.290		-9.079		11.272		2.398E-02

				135		1.85		110.94		342.17		647.90		-0.0319		0.0010		0.920		0.290		-9.172		11.554		2.241E-02

				136		1.90		113.94		342.28		648.10		-0.0290		0.0009		0.920		0.290		-9.264		11.842		2.094E-02

				137		1.95		116.94		342.37		648.26		-0.0264		0.0009		0.920		0.290		-9.358		12.143		1.955E-02

				138		2.00		119.94		342.46		648.43		-0.0241		0.0008		0.920		0.290		-9.450		12.445		1.827E-02

				139		2.05		122.94		342.54		648.57		-0.0219		0.0007		0.920		0.290		-9.545		12.763		1.704E-02

				140		2.10		125.94		342.61		648.70		-0.0200		0.0007		0.920		0.290		-9.637		13.081		1.593E-02

				141		2.15		128.94		342.67		648.80		-0.0182		0.0006		0.920		0.290		-9.730		13.410		1.488E-02

				142		2.20		131.94		342.73		648.91		-0.0166		0.0005		0.920		0.290		-9.825		13.753		1.388E-02

				143		2.25		134.94		342.79		649.03		-0.0151		0.0005		0.920		0.290		-9.918		14.100		1.296E-02

				144		2.30		137.94		342.84		649.11		-0.0137		0.0004		0.920		0.290		-10.013		14.462		1.209E-02

				145		2.35		140.94		342.88		649.19		-0.0125		0.0004		0.920		0.290		-10.106		14.825		1.130E-02

				146		2.40		143.94		342.92		649.26		-0.0114		0.0004		0.920		0.290		-10.127		14.906		1.035E-02

				147		2.45		146.94		342.96		649.32		-0.0104		0.0003		0.920		0.290		-10.127		14.906		9.420E-03

				148		2.50		149.94		343.00		649.39		-0.0095		0.0003		0.920		0.290		-10.127		14.906		8.576E-03

				149		2.55		152.94		343.03		649.45		-0.0086		0.0003		0.920		0.290		-10.127		14.906		7.788E-03

				150		2.60		155.94		343.05		649.50		-0.0078		0.0003		0.920		0.290		-10.127		14.906		7.111E-03

				151		2.65		158.94		343.07		649.53		-0.0072		0.0002		0.920		0.290		-10.127		14.906		6.462E-03

				152		2.70		161.94		343.10		649.59		-0.0065		0.0002		0.920		0.290		-10.127		14.906		5.878E-03

				153		2.75		164.94		343.12		649.62		-0.0059		0.0002		0.920		0.290		-10.127		14.906		5.350E-03

				154		2.80		167.94		343.14		649.65		-0.0054		0.0002		0.920		0.290		-10.127		14.906		4.877E-03

				155		2.85		170.94		343.16		649.70		-0.0049		0.0002		0.920		0.290		-10.127		14.906		4.441E-03

				156		2.90		173.94		343.18		649.72		-0.0045		0.0001		0.920		0.290		-10.127		14.906		4.052E-03

				157		2.95		176.94		343.18		649.73		-0.0041		0.0001		0.920		0.290		-10.127		14.906		3.671E-03

				158		3.00		179.94		343.20		649.76		-0.0037		0.0001		0.920		0.290		-10.127		14.906		3.338E-03

				159		3.05		182.94		343.21		649.78		-0.0034		0.0001		0.920		0.290		-10.127		14.906		3.032E-03

				160		3.10		185.94		343.22		649.80		-0.0031		0.0001		0.920		0.290		-10.127		14.906		2.772E-03

				161		3.15		188.94		343.24		649.84		-0.0028		0.0001		0.920		0.290		-10.127		14.906		2.531E-03

				162		3.20		191.94		343.25		649.84		-0.0026		0.0001		0.920		0.290		-10.127		14.906		2.290E-03

				163		3.25		194.94		343.26		649.87		-0.0024		0.0001		0.920		0.290		-10.127		14.906		2.086E-03

				164		3.30		197.94		343.26		649.87		-0.0022		0.0001		0.920		0.290		-10.127		14.906		1.901E-03

				165		3.35		200.94		343.28		649.90		-0.0020		0.0001		0.920		0.290		-10.127		14.906		1.734E-03

				166		3.40		203.94		343.27		649.89		-0.0018		0.0001		0.920		0.290		-10.127		14.906		1.567E-03

				167		3.45		206.94		343.29		649.91		-0.0017		0.0001		0.920		0.290		-10.127		14.906		1.437E-03

				168		3.50		209.94		343.28		649.91		-0.0015		0.0000		0.920		0.290		-10.127		14.906		1.317E-03

				169		3.55		212.94		343.29		649.92		-0.0014		0.0000		0.920		0.290		-10.127		14.906		1.168E-03

				170		3.60		215.94		343.30		649.93		-0.0013		0.0000		0.920		0.290		-10.127		14.906		1.103E-03

				171		3.65		218.94		343.30		649.95		-0.0012		0.0000		0.920		0.290		-10.127		14.906		9.735E-04

				172		3.70		221.94		343.31		649.95		-0.0011		0.0000		0.920		0.290		-10.127		14.906		8.993E-04

				173		3.75		224.94		343.31		649.96		-0.0010		0.0000		0.920		0.290		-10.127		14.906		8.252E-04

				174		3.80		227.94		343.31		649.95		-0.0009		0.0000		0.920		0.290		-10.127		14.906		7.232E-04

				175		3.85		230.94		343.31		649.95		-0.0008		0.0000		0.920		0.290		-10.127		14.906		6.675E-04

				176		3.90		233.94		343.31		649.97		-0.0008		0.0000		0.920		0.290		-10.127		14.906		6.305E-04

				177		3.95		236.94		343.31		649.96		-0.0007		0.0000		0.920		0.290		-10.127		14.906		5.470E-04

				178		4.00		239.94		343.31		649.96		-0.0006		0.0000		0.920		0.290		-10.127		14.906		5.099E-04

				179		4.05		242.94		106.04		222.86		0.7727		0.2578		0.000		0.290		-3.658		1.000		4.810E-01

				180		4.05		243.00		105.88		222.58		0.7728		0.0020		0.000		0.290		-8.509		1.000		7.526E-05

				181		4.05		243.06		104.70		220.46		0.7737		0.0151		0.000		0.290		-6.499		1.000		5.616E-04

				182		4.05		243.12		103.54		218.38		0.7746		0.0146		0.000		0.290		-6.532		1.000		5.436E-04

				183		4.05		243.18		102.43		216.37		0.7754		0.0131		0.000		0.290		-6.635		1.000		4.901E-04

				184		4.05		243.24		101.37		214.47		0.7760		0.0108		0.000		0.290		-6.829		1.000		4.037E-04

				185		4.06		243.30		100.37		212.67		0.7765		0.0082		0.000		0.290		-7.108		1.000		3.054E-04

				186		4.06		243.36		99.42		210.96		0.7768		0.0056		0.000		0.290		-7.494		1.000		2.077E-04

				187		4.06		243.42		98.54		209.37		0.7770		0.0031		0.000		0.290		-8.074		1.000		1.163E-04

				188		4.06		243.48		97.70		207.85		0.7771		0.0009		0.000		0.290		-9.334		1.000		3.296E-05

				189		4.06		243.54		96.90		206.43		0.7770		-0.0011		0.000		0.290		0.000		1.000		0.000E+00

				190		4.06		243.60		96.15		205.06		0.7768		-0.0030		0.000		0.290		0.000		1.000		0.000E+00

				191		4.06		243.66		95.43		203.77		0.7766		-0.0045		0.000		0.290		0.000		1.000		0.000E+00

				192		4.06		243.72		94.75		202.55		0.7762		-0.0060		0.000		0.290		0.000		1.000		0.000E+00

				193		4.06		243.78		94.09		201.37		0.7758		-0.0073		0.000		0.290		0.000		1.000		0.000E+00

				194		4.06		243.84		93.47		200.25		0.7752		-0.0085		0.000		0.290		0.000		1.000		0.000E+00

				195		4.07		243.90		92.88		199.18		0.7747		-0.0095		0.000		0.290		0.000		1.000		0.000E+00

				196		4.07		243.96		92.31		198.15		0.7740		-0.0105		0.000		0.290		0.000		1.000		0.000E+00

				197		4.07		244.02		91.75		197.15		0.7734		-0.0114		0.000		0.290		0.000		1.000		0.000E+00

				198		4.07		244.08		91.23		196.21		0.7726		-0.0121		0.000		0.290		0.000		1.000		0.000E+00

				199		4.07		244.14		90.72		195.29		0.7719		-0.0128		0.000		0.290		0.000		1.000		0.000E+00

				200		4.07		244.20		90.24		194.43		0.7711		-0.0134		0.000		0.290		0.000		1.000		0.000E+00

				201		4.07		244.26		89.76		193.56		0.7702		-0.0140		0.000		0.290		0.000		1.000		0.000E+00

				202		4.07		244.32		89.31		192.76		0.7693		-0.0146		0.000		0.290		0.000		1.000		0.000E+00

				203		4.07		244.38		88.86		191.96		0.7684		-0.0150		0.000		0.290		0.000		1.000		0.000E+00

				204		4.07		244.44		88.44		191.20		0.7675		-0.0155		0.000		0.290		0.000		1.000		0.000E+00

				205		4.08		244.50		88.03		190.45		0.7666		-0.0159		0.000		0.290		0.000		1.000		0.000E+00

				206		4.08		244.56		87.63		189.73		0.7656		-0.0162		0.000		0.290		0.000		1.000		0.000E+00

				207		4.08		244.62		87.24		189.03		0.7646		-0.0166		0.000		0.290		0.000		1.000		0.000E+00

				208		4.08		244.68		86.86		188.35		0.7636		-0.0169		0.000		0.290		0.000		1.000		0.000E+00

				209		4.08		244.74		86.50		187.69		0.7625		-0.0172		0.000		0.290		0.000		1.000		0.000E+00

				210		4.08		244.80		86.15		187.07		0.7615		-0.0175		0.000		0.290		0.000		1.000		0.000E+00

				211		4.08		244.86		85.81		186.45		0.7604		-0.0177		0.000		0.290		0.000		1.000		0.000E+00

				212		4.08		244.92		85.47		185.84		0.7594		-0.0180		0.000		0.290		0.000		1.000		0.000E+00

				213		4.08		244.98		85.14		185.25		0.7583		-0.0181		0.000		0.290		0.000		1.000		0.000E+00

				214		4.08		245.04		84.82		184.67		0.7572		-0.0184		0.000		0.290		0.000		1.000		0.000E+00

				215		4.09		245.10		84.52		184.13		0.7561		-0.0185		0.000		0.290		0.000		1.000		0.000E+00

				216		4.09		245.16		84.21		183.58		0.7549		-0.0187		0.000		0.290		0.000		1.000		0.000E+00

				217		4.09		245.22		83.92		183.05		0.7538		-0.0188		0.000		0.290		0.000		1.000		0.000E+00

				218		4.09		245.28		83.63		182.53		0.7527		-0.0190		0.000		0.290		0.000		1.000		0.000E+00

				219		4.09		245.34		83.35		182.03		0.7515		-0.0191		0.000		0.290		0.000		1.000		0.000E+00

				220		4.09		245.40		83.08		181.55		0.7504		-0.0192		0.000		0.290		0.000		1.000		0.000E+00

				221		4.09		245.46		82.81		181.07		0.7492		-0.0193		0.000		0.290		0.000		1.000		0.000E+00

				222		4.09		245.52		82.55		180.58		0.7480		-0.0194		0.000		0.290		0.000		1.000		0.000E+00

				223		4.09		245.58		82.29		180.12		0.7469		-0.0195		0.000		0.290		0.000		1.000		0.000E+00

				224		4.09		245.64		82.03		179.66		0.7457		-0.0196		0.000		0.290		0.000		1.000		0.000E+00

				225		4.10		245.70		81.79		179.23		0.7445		-0.0197		0.000		0.290		0.000		1.000		0.000E+00

				226		4.10		245.76		81.55		178.80		0.7433		-0.0197		0.000		0.290		0.000		1.000		0.000E+00

				227		4.10		245.82		81.32		178.38		0.7421		-0.0198		0.000		0.290		0.000		1.000		0.000E+00

				228		4.10		245.88		81.09		177.97		0.7409		-0.0199		0.000		0.290		0.000		1.000		0.000E+00

				229		4.10		245.94		80.86		177.55		0.7397		-0.0199		0.000		0.290		0.000		1.000		0.000E+00

				230		4.10		246.00		80.64		177.16		0.7385		-0.0200		0.000		0.290		0.000		1.000		0.000E+00

				231		4.15		249.00		73.16		163.69		0.6784		-0.0201		0.000		0.290		0.000		1.000		0.000E+00

				232		4.20		252.00		68.92		156.06		0.6219		-0.0188		0.000		0.290		0.000		1.000		0.000E+00

				233		4.25		255.00		65.86		150.55		0.5703		-0.0172		0.000		0.290		0.000		1.000		0.000E+00

				234		4.30		258.00		63.33		145.99		0.5231		-0.0157		0.000		0.290		0.000		1.000		0.000E+00

				235		4.35		261.00		61.12		142.01		0.4800		-0.0144		0.000		0.290		0.000		1.000		0.000E+00

				236		4.40		264.00		59.14		138.44		0.4407		-0.0131		0.000		0.290		0.000		1.000		0.000E+00

				237		4.45		267.00		57.34		135.21		0.4046		-0.0120		0.000		0.290		0.000		1.000		0.000E+00

				238		4.50		270.00		55.70		132.27		0.3715		-0.0110		0.000		0.290		0.000		1.000		0.000E+00

				239		4.55		273.00		54.21		129.58		0.3412		-0.0101		0.000		0.290		0.000		1.000		0.000E+00

				240		4.60		276.00		52.85		127.13		0.3133		-0.0093		0.000		0.290		0.000		1.000		0.000E+00

				241		4.65		279.00		51.60		124.88		0.2877		-0.0085		0.000		0.290		0.000		1.000		0.000E+00

				242		4.70		282.00		50.46		122.83		0.2642		-0.0078		0.000		0.290		0.000		1.000		0.000E+00

				243		4.75		285.00		49.41		120.95		0.2426		-0.0072		0.000		0.290		0.000		1.000		0.000E+00

				244		4.80		288.00		48.45		119.21		0.2227		-0.0066		0.000		0.290		0.000		1.000		0.000E+00

				245		4.85		291.00		47.57		117.62		0.2045		-0.0061		0.000		0.290		0.000		1.000		0.000E+00

				246		4.90		294.00		46.76		116.17		0.1877		-0.0056		0.000		0.290		0.000		1.000		0.000E+00

				247		4.95		297.00		46.02		114.83		0.1723		-0.0051		0.000		0.290		0.000		1.000		0.000E+00

				248		5.00		300.00		45.34		113.61		0.1581		-0.0047		0.000		0.290		0.000		1.000		0.000E+00

				249		5.05		303.00		44.71		112.47		0.1451		-0.0043		0.000		0.290		0.000		1.000		0.000E+00

				250		5.10		306.00		44.13		111.44		0.1331		-0.0040		0.000		0.290		0.000		1.000		0.000E+00

				251		5.15		309.00		43.61		110.49		0.1221		-0.0037		0.000		0.290		0.000		1.000		0.000E+00

				252		5.20		312.00		43.13		109.63		0.1120		-0.0034		0.000		0.290		0.000		1.000		0.000E+00

				253		5.25		315.00		42.69		108.83		0.1027		-0.0031		0.000		0.290		0.000		1.000		0.000E+00

				254		5.30		318.00		42.28		108.10		0.0942		-0.0028		0.000		0.290		0.000		1.000		0.000E+00

				255		5.35		321.00		41.90		107.42		0.0864		-0.0026		0.000		0.290		0.000		1.000		0.000E+00

				256		5.40		324.00		41.56		106.81		0.0792		-0.0024		0.000		0.290		0.000		1.000		0.000E+00

				257		5.45		327.00		41.25		106.25		0.0726		-0.0022		0.000		0.290		0.000		1.000		0.000E+00

				258		5.50		330.00		40.96		105.73		0.0665		-0.0020		0.000		0.290		0.000		1.000		0.000E+00

				259		5.55		333.00		40.70		105.25		0.0610		-0.0019		0.000		0.290		0.000		1.000		0.000E+00

				260		5.60		336.00		40.45		104.82		0.0559		-0.0017		0.000		0.290		0.000		1.000		0.000E+00

				261		5.65		339.00		40.23		104.42		0.0512		-0.0016		0.000		0.290		0.000		1.000		0.000E+00

				262		5.70		342.00		40.02		104.04		0.0469		-0.0014		0.000		0.290		0.000		1.000		0.000E+00

				263		5.75		345.00		39.84		103.71		0.0429		-0.0013		0.000		0.290		0.000		1.000		0.000E+00

				264		5.80		348.00		39.66		103.39		0.0393		-0.0012		0.000		0.290		0.000		1.000		0.000E+00

				265		5.85		351.00		39.51		103.12		0.0360		-0.0011		0.000		0.290		0.000		1.000		0.000E+00

				266		5.90		354.00		39.36		102.85		0.0330		-0.0010		0.000		0.290		0.000		1.000		0.000E+00

				267		5.95		357.00		39.23		102.62		0.0302		-0.0009		0.000		0.290		0.000		1.000		0.000E+00

				268		6.00		360.00		39.12		102.41		0.0276		-0.0009		0.000		0.290		0.000		1.000		0.000E+00

				269		6.05		363.00		39.00		102.21		0.0253		-0.0008		0.000		0.290		0.000		1.000		0.000E+00

				270		6.10		366.00		38.90		102.01		0.0231		-0.0007		0.000		0.290		0.000		1.000		0.000E+00

				271		6.15		369.00		38.81		101.86		0.0212		-0.0007		0.000		0.290		0.000		1.000		0.000E+00

				272		6.20		372.00		38.72		101.70		0.0194		-0.0006		0.000		0.290		0.000		1.000		0.000E+00

				273		6.25		375.00		38.64		101.55		0.0177		-0.0006		0.000		0.290		0.000		1.000		0.000E+00

				274		6.30		378.00		38.56		101.41		0.0162		-0.0005		0.000		0.290		0.000		1.000		0.000E+00

				275		6.35		381.00		38.50		101.31		0.0148		-0.0005		0.000		0.290		0.000		1.000		0.000E+00

				276		6.40		384.00		38.44		101.19		0.0135		-0.0004		0.000		0.290		0.000		1.000		0.000E+00

				277		6.45		387.00		38.39		101.10		0.0124		-0.0004		0.000		0.290		0.000		1.000		0.000E+00

				278		6.50		390.00		38.33		101.00		0.0113		-0.0004		0.000		0.290		0.000		1.000		0.000E+00

				279		6.55		393.00		38.29		100.92		0.0103		-0.0003		0.000		0.290		0.000		1.000		0.000E+00

				280		6.60		396.00		38.25		100.85		0.0094		-0.0003		0.000		0.290		0.000		1.000		0.000E+00

				281		6.65		399.00		38.21		100.77		0.0086		-0.0003		0.000		0.290		0.000		1.000		0.000E+00

				282		6.70		402.00		38.17		100.71		0.0078		-0.0003		0.000		0.290		0.000		1.000		0.000E+00

				283		6.75		405.00		38.14		100.65		0.0072		-0.0002		0.000		0.290		0.000		1.000		0.000E+00

				284		6.80		408.00		38.11		100.61		0.0065		-0.0002		0.000		0.290		0.000		1.000		0.000E+00

				285		6.85		411.00		38.09		100.55		0.0059		-0.0002		0.000		0.290		0.000		1.000		0.000E+00

				286		6.90		414.00		38.06		100.50		0.0054		-0.0002		0.000		0.290		0.000		1.000		0.000E+00

				287		6.95		417.00		38.04		100.46		0.0049		-0.0002		0.000		0.290		0.000		1.000		0.000E+00

				288		7.00		420.00		38.01		100.41		0.0045		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				289		7.05		423.00		37.99		100.39		0.0041		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				290		7.10		426.00		37.97		100.35		0.0037		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				291		7.15		429.00		37.96		100.32		0.0034		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				292		7.20		432.00		37.94		100.29		0.0030		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				293		7.25		435.00		37.93		100.28		0.0028		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				294		7.30		438.00		37.91		100.24		0.0025		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				295		7.35		441.00		37.90		100.22		0.0022		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				296		7.40		444.00		37.90		100.23		0.0020		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				297		7.45		447.00		37.89		100.19		0.0018		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				298		7.50		450.00		37.87		100.17		0.0016		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				299		7.55		453.00		37.87		100.17		0.0015		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				300		7.60		456.00		37.86		100.15		0.0013		-0.0001		0.000		0.290		0.000		1.000		0.000E+00

				301		7.65		459.00		37.86		100.14		0.0012		-0.0000		0.000		0.290		0.000		1.000		0.000E+00

				302		7.70		462.00		37.85		100.13		0.0010		-0.0000		0.000		0.290		0.000		1.000		0.000E+00

				303		7.75		465.00		37.84		100.11		0.0009		-0.0000		0.000		0.290		0.000		1.000		0.000E+00

				304		7.80		468.00		37.83		100.10		0.0008		-0.0000		0.000		0.290		0.000		1.000		0.000E+00

				305		7.85		471.00		37.84		100.11		0.0007		-0.0000		0.000		0.290		0.000		1.000		0.000E+00

				306		7.90		474.00		37.84		100.10		0.0006		-0.0000		0.000		0.290		0.000		1.000		0.000E+00

				307		7.95		477.00		37.83		100.09		0.0005		-0.0000		0.000		0.290		0.000		1.000		0.000E+00

				308		8.00		480.00		37.82		100.08		0.0005		-0.0000		0.000		0.290		0.000		1.000		0.000E+00





Calcs. Using -6909 Fens

				Test No.		1				ANL Best Fit Air Curve for SS (Eqn. (32) from NUREG/CR-6909):  ln(Nair) = 6.891 – 1.920 ln(εa – 0.112)																				240.12

				Uses OLD 6909 Fen Expressions								Strain amplitude, εa =		0.8039		%, so Nair =		1,995		cycles;				Integrated Fen's =		4.190				1.6078

				No.		Time		Time		Temperature		Temperature		Strain		Strain Rate		T'		O'		R'		Fen,i		Fen Integral				Average Fen Calculations:

						t (min)		t (sec)		T (°C)		T (°F)		e (%)		R (%/sec)										Based on Strain

				1		0.00		0.00		37.78		100.00		0.0000		---		---		---		---		---		---						Average T =		196.1

				2		0.00		0.06		38.82		101.88		-0.0039		-0.0646		0.000		0.281		-6.908		2.083		0.000E+00						T' =		0.264

				3		0.00		0.12		41.18		106.12		-0.0126		-0.1460		0.000		0.281		-6.908		2.083		0.000E+00						O' =		0.281

				4		0.00		0.18		44.28		111.71		-0.0241		-0.1913		0.000		0.281		-6.908		2.083		0.000E+00						Average R =		0.0067

				5		0.00		0.24		47.84		118.12		-0.0372		-0.2181		0.000		0.281		-6.908		2.083		0.000E+00						R' =		-4.090

				6		0.01		0.30		51.70		125.07		-0.0513		-0.2346		0.000		0.281		-6.908		2.083		0.000E+00						Fen =		2.821

				7		0.01		0.36		55.77		132.39		-0.0660		-0.2454		0.000		0.281		-6.908		2.083		0.000E+00

				8		0.01		0.42		59.99		139.99		-0.0812		-0.2531		0.000		0.281		-6.908		2.083		0.000E+00				Multi-Linear Fen Calculations:

				9		0.01		0.48		64.34		147.80		-0.0967		-0.2588		0.000		0.281		-6.908		2.083		0.000E+00				Slope #1:

				10		0.01		0.54		68.79		155.83		-0.1125		-0.2633		0.000		0.281		-6.908		2.083		0.000E+00						Average T =		317.5

				11		0.01		0.60		73.31		163.97		-0.1285		-0.2668		0.000		0.281		-6.908		2.083		0.000E+00						T' =		0.957

				12		0.01		0.66		77.92		172.25		-0.1447		-0.2700		0.000		0.281		-6.908		2.083		0.000E+00						O' =		0.281

				13		0.01		0.72		82.60		180.68		-0.1610		-0.2723		0.000		0.281		-6.908		2.083		0.000E+00						R =		0.0097

				14		0.01		0.78		87.34		189.21		-0.1775		-0.2746		0.000		0.281		-6.908		2.083		0.000E+00						R' =		-3.723

				15		0.01		0.84		92.12		197.81		-0.1941		-0.2764		0.000		0.281		-6.908		2.083		0.000E+00						Fen,1 =		5.670

				16		0.02		0.90		96.96		206.53		-0.2108		-0.2780		0.000		0.281		-6.908		2.083		0.000E+00				Slope #2:

				17		0.02		0.96		101.85		215.34		-0.2275		-0.2792		0.000		0.281		-6.908		2.083		0.000E+00						Average T =		341.8

				18		0.02		1.02		106.77		224.19		-0.2444		-0.2805		0.000		0.281		-6.908		2.083		0.000E+00						T' =		1.000

				19		0.02		1.08		111.75		233.15		-0.2613		-0.2814		0.000		0.281		-6.908		2.083		0.000E+00						O' =		0.281

				20		0.02		1.14		116.76		242.16		-0.2782		-0.2824		0.000		0.281		-6.908		2.083		0.000E+00						R =		0.0005

				21		0.02		1.20		121.79		251.23		-0.2952		-0.2831		0.000		0.281		-6.908		2.083		0.000E+00						R' =		-6.676

				22		0.02		1.26		126.87		260.37		-0.3122		-0.2839		0.000		0.281		-6.908		2.083		0.000E+00						Fen,2 =		13.600

				23		0.02		1.32		131.97		269.55		-0.3293		-0.2845		0.000		0.281		-6.908		2.083		0.000E+00				Slope #3:

				24		0.02		1.38		137.10		278.78		-0.3464		-0.2849		0.000		0.281		-6.908		2.083		0.000E+00						Average T =		224.7

				25		0.02		1.44		142.26		288.07		-0.3635		-0.2854		0.000		0.281		-6.908		2.083		0.000E+00						T' =		0.427

				26		0.03		1.50		147.44		297.40		-0.3806		-0.2855		0.000		0.281		-6.908		2.083		0.000E+00						O' =		0.281

				27		0.03		1.56		152.65		306.77		-0.3978		-0.2858		0.015		0.281		-6.908		2.146		0.000E+00						R =		0.2578

				28		0.03		1.62		157.89		316.19		-0.4149		-0.2860		0.045		0.281		-6.908		2.274		0.000E+00						R' =		-0.439

				29		0.03		1.68		163.13		325.63		-0.4321		-0.2863		0.075		0.281		-6.908		2.410		0.000E+00						Fen,2 =		2.196

				30		0.03		1.74		168.40		335.13		-0.4493		-0.2863		0.105		0.281		-6.908		2.555		0.000E+00				Slope #4:

				31		0.03		1.80		173.69		344.65		-0.4665		-0.2866		0.135		0.281		-6.908		2.710		0.000E+00						Average T =		101.9

				32		0.03		1.86		179.01		354.21		-0.4837		-0.2866		0.166		0.281		-6.908		2.874		0.000E+00						T' =		0.000

				33		0.03		1.92		184.34		363.81		-0.5009		-0.2865		0.196		0.281		-6.908		3.049		0.000E+00						O' =		0.281

				34		0.03		1.98		189.68		373.43		-0.5181		-0.2863		0.227		0.281		-6.908		3.235		0.000E+00						R =		0.0081

				35		0.03		2.04		195.06		383.10		-0.5352		-0.2865		0.257		0.281		-6.908		3.434		0.000E+00						R' =		-3.894

				36		0.04		2.10		200.43		392.78		-0.5524		-0.2863		0.288		0.281		-6.908		3.645		0.000E+00						Fen,2 =		2.083

				37		0.04		2.16		205.83		402.50		-0.5696		-0.2861		0.319		0.281		-6.908		3.870		0.000E+00						Strain-based Fen =		4.385

				38		0.04		2.22		211.23		412.22		-0.5868		-0.2860		0.350		0.281		-6.908		4.109		0.000E+00

				39		0.04		2.28		216.66		421.99		-0.6039		-0.2860		0.381		0.281		-6.908		4.364		0.000E+00

				40		0.04		2.34		222.09		431.77		-0.6211		-0.2859		0.412		0.281		-6.908		4.635		0.000E+00

				41		0.04		2.40		227.55		441.59		-0.6382		-0.2855		0.443		0.281		-6.908		4.924		0.000E+00

				42		0.04		2.46		233.01		451.42		-0.6553		-0.2853		0.474		0.281		-6.908		5.232		0.000E+00

				43		0.04		2.52		238.48		461.27		-0.6724		-0.2849		0.506		0.281		-6.908		5.559		0.000E+00

				44		0.04		2.58		243.97		471.14		-0.6895		-0.2849		0.537		0.281		-6.908		5.908		0.000E+00

				45		0.04		2.64		249.47		481.05		-0.7066		-0.2844		0.568		0.281		-6.908		6.280		0.000E+00

				46		0.05		2.70		254.98		490.96		-0.7236		-0.2843		0.600		0.281		-6.908		6.675		0.000E+00

				47		0.05		2.76		260.50		500.89		-0.7407		-0.2840		0.631		0.281		-6.908		7.097		0.000E+00

				48		0.05		2.82		266.03		510.85		-0.7577		-0.2836		0.663		0.281		-6.908		7.545		0.000E+00

				49		0.05		2.88		271.57		520.82		-0.7747		-0.2834		0.695		0.281		-6.908		8.024		0.000E+00

				50		0.05		2.94		277.11		530.80		-0.7917		-0.2830		0.726		0.281		-6.908		8.533		0.000E+00

				51		0.05		3.00		282.67		540.80		-0.8086		-0.2827		0.758		0.281		-6.908		9.075		0.000E+00

				52		0.05		3.06		286.81		548.26		-0.8202		-0.1937		0.782		0.281		-6.908		9.502		0.000E+00

				53		0.05		3.12		289.36		552.85		-0.8259		-0.0942		0.796		0.281		-6.908		9.775		0.000E+00

				54		0.05		3.18		291.13		556.03		-0.8287		-0.0465		0.806		0.281		-6.908		9.968		0.000E+00

				55		0.05		3.24		292.49		558.48		-0.8300		-0.0225		0.814		0.281		-6.908		10.119		0.000E+00

				56		0.06		3.30		293.61		560.51		-0.8306		-0.0094		0.821		0.281		-6.908		10.247		0.000E+00

				57		0.06		3.36		294.60		562.28		-0.8307		-0.0018		0.826		0.281		-6.908		10.359		0.000E+00

				58		0.06		3.42		295.48		563.87		-0.8305		0.0032		0.831		0.281		-4.818		6.420		7.747E-04

				59		0.06		3.48		296.28		565.30		-0.8301		0.0068		0.836		0.281		-4.077		5.428		1.374E-03

				60		0.06		3.54		297.03		566.65		-0.8295		0.0095		0.840		0.281		-3.744		5.042		1.781E-03

				61		0.06		3.60		297.72		567.90		-0.8288		0.0116		0.844		0.281		-3.539		4.823		2.091E-03

				62		0.06		3.66		298.37		569.07		-0.8280		0.0134		0.848		0.281		-3.395		4.678		2.342E-03

				63		0.06		3.72		298.97		570.15		-0.8271		0.0148		0.851		0.281		-3.293		4.581		2.538E-03

				64		0.06		3.78		299.56		571.20		-0.8262		0.0162		0.855		0.281		-3.210		4.503		2.714E-03

				65		0.06		3.84		300.10		572.18		-0.8251		0.0172		0.858		0.281		-3.146		4.447		2.857E-03

				66		0.07		3.90		300.61		573.10		-0.8241		0.0181		0.861		0.281		-3.094		4.403		2.979E-03

				67		0.07		3.96		301.10		573.99		-0.8229		0.0190		0.863		0.281		-3.047		4.364		3.094E-03

				68		0.07		4.02		301.58		574.85		-0.8217		0.0197		0.866		0.281		-3.013		4.338		3.181E-03

				69		0.07		4.08		302.02		575.64		-0.8205		0.0203		0.869		0.281		-2.982		4.315		3.263E-03

				70		0.07		4.14		302.45		576.41		-0.8193		0.0208		0.871		0.281		-2.957		4.296		3.335E-03

				71		0.07		4.20		302.86		577.14		-0.8180		0.0213		0.873		0.281		-2.932		4.279		3.404E-03

				72		0.07		4.26		303.26		577.87		-0.8167		0.0217		0.876		0.281		-2.913		4.267		3.458E-03

				73		0.07		4.32		303.63		578.54		-0.8154		0.0220		0.878		0.281		-2.899		4.259		3.502E-03

				74		0.07		4.38		304.00		579.20		-0.8140		0.0224		0.880		0.281		-2.884		4.251		3.548E-03

				75		0.07		4.44		304.35		579.82		-0.8127		0.0227		0.882		0.281		-2.869		4.242		3.594E-03

				76		0.08		4.50		304.69		580.44		-0.8113		0.0229		0.884		0.281		-2.861		4.240		3.621E-03

				77		0.08		4.56		305.01		581.03		-0.8099		0.0231		0.886		0.281		-2.851		4.236		3.654E-03

				78		0.08		4.62		305.32		581.58		-0.8085		0.0233		0.888		0.281		-2.842		4.232		3.685E-03

				79		0.08		4.68		305.63		582.13		-0.8071		0.0234		0.889		0.281		-2.837		4.233		3.704E-03

				80		0.08		4.74		305.93		582.67		-0.8057		0.0236		0.891		0.281		-2.830		4.232		3.727E-03

				81		0.08		4.80		306.21		583.18		-0.8043		0.0238		0.893		0.281		-2.823		4.230		3.752E-03

				82		0.08		4.86		306.49		583.68		-0.8028		0.0238		0.894		0.281		-2.821		4.233		3.762E-03

				83		0.08		4.92		306.76		584.17		-0.8014		0.0240		0.896		0.281		-2.815		4.231		3.785E-03

				84		0.08		4.98		307.03		584.65		-0.7999		0.0240		0.897		0.281		-2.814		4.236		3.791E-03

				85		0.08		5.04		307.27		585.09		-0.7985		0.0241		0.899		0.281		-2.811		4.237		3.805E-03

				86		0.09		5.10		307.52		585.54		-0.7971		0.0241		0.900		0.281		-2.808		4.238		3.817E-03

				87		0.09		5.16		307.76		585.97		-0.7956		0.0242		0.902		0.281		-2.806		4.241		3.827E-03

				88		0.09		5.22		307.99		586.39		-0.7942		0.0242		0.903		0.281		-2.806		4.245		3.831E-03

				89		0.09		5.28		308.22		586.80		-0.7927		0.0242		0.904		0.281		-2.804		4.247		3.841E-03

				90		0.09		5.34		308.44		587.19		-0.7912		0.0243		0.905		0.281		-2.802		4.250		3.849E-03

				91		0.09		5.40		308.66		587.59		-0.7898		0.0242		0.907		0.281		-2.803		4.255		3.851E-03

				92		0.09		5.46		308.87		587.97		-0.7883		0.0243		0.908		0.281		-2.801		4.257		3.860E-03

				93		0.09		5.52		309.08		588.35		-0.7869		0.0242		0.909		0.281		-2.804		4.264		3.856E-03

				94		0.09		5.58		309.29		588.71		-0.7854		0.0243		0.910		0.281		-2.802		4.266		3.866E-03

				95		0.09		5.64		309.48		589.06		-0.7840		0.0242		0.911		0.281		-2.804		4.272		3.861E-03

				96		0.10		5.70		309.67		589.41		-0.7825		0.0243		0.912		0.281		-2.802		4.274		3.870E-03

				97		0.10		5.76		309.86		589.76		-0.7811		0.0242		0.914		0.281		-2.805		4.280		3.866E-03

				98		0.10		5.82		310.05		590.08		-0.7796		0.0242		0.915		0.281		-2.806		4.285		3.865E-03

				99		0.10		5.88		310.22		590.40		-0.7782		0.0242		0.916		0.281		-2.805		4.287		3.872E-03

				100		0.10		5.94		310.40		590.72		-0.7767		0.0241		0.917		0.281		-2.808		4.294		3.867E-03

				101		0.15		8.94		316.25		601.24		-0.7079		0.0229		0.950		0.281		-2.859		4.470		1.912E-01

				102		0.20		11.94		319.48		607.07		-0.6466		0.0205		0.968		0.281		-2.973		4.679		1.786E-01

				103		0.25		14.94		321.80		611.24		-0.5912		0.0184		0.982		0.281		-3.077		4.868		1.676E-01

				104		0.30		17.94		323.72		614.69		-0.5409		0.0168		0.993		0.281		-3.171		5.046		1.580E-01

				105		0.35		20.94		325.41		617.74		-0.4950		0.0153		1.000		0.281		-3.263		5.212		1.488E-01

				106		0.40		23.94		326.92		620.46		-0.4530		0.0140		1.000		0.281		-3.353		5.344		1.396E-01

				107		0.45		26.94		328.31		622.96		-0.4145		0.0128		1.000		0.281		-3.440		5.478		1.311E-01

				108		0.50		29.94		329.58		625.24		-0.3793		0.0118		1.000		0.281		-3.527		5.613		1.231E-01

				109		0.55		32.94		330.75		627.34		-0.3469		0.0108		1.000		0.281		-3.614		5.752		1.157E-01

				110		0.60		35.94		331.81		629.26		-0.3173		0.0099		1.000		0.281		-3.700		5.893		1.087E-01

				111		0.65		38.94		332.79		631.01		-0.2901		0.0091		1.000		0.281		-3.788		6.040		1.021E-01

				112		0.70		41.94		333.69		632.64		-0.2652		0.0083		1.000		0.281		-3.874		6.189		9.592E-02

				113		0.75		44.94		334.52		634.13		-0.2423		0.0076		1.000		0.281		-3.961		6.341		9.012E-02

				114		0.80		47.94		335.27		635.49		-0.2214		0.0070		1.000		0.281		-4.049		6.500		8.460E-02

				115		0.85		50.94		335.97		636.74		-0.2022		0.0064		1.000		0.281		-4.137		6.662		7.943E-02

				116		0.90		53.94		336.60		637.89		-0.1847		0.0059		1.000		0.281		-4.224		6.828		7.458E-02

				117		0.95		56.94		337.19		638.94		-0.1686		0.0054		1.000		0.281		-4.313		7.000		7.000E-02

				118		1.00		59.94		337.72		639.90		-0.1539		0.0049		1.000		0.281		-4.402		7.177		6.564E-02

				119		1.05		62.94		338.21		640.77		-0.1404		0.0045		1.000		0.281		-4.491		7.358		6.159E-02

				120		1.10		65.94		338.65		641.58		-0.1281		0.0041		1.000		0.281		-4.580		7.546		5.774E-02

				121		1.15		68.94		339.06		642.31		-0.1169		0.0037		1.000		0.281		-4.670		7.739		5.414E-02

				122		1.20		71.94		339.44		642.99		-0.1066		0.0034		1.000		0.281		-4.759		7.936		5.077E-02

				123		1.25		74.94		339.79		643.62		-0.0972		0.0031		1.000		0.281		-4.850		8.141		4.755E-02

				124		1.30		77.94		340.10		644.17		-0.0886		0.0029		1.000		0.281		-4.940		8.350		4.457E-02

				125		1.35		80.94		340.38		644.68		-0.0808		0.0026		1.000		0.281		-5.032		8.567		4.174E-02

				126		1.40		83.94		340.65		645.17		-0.0737		0.0024		1.000		0.281		-5.124		8.791		3.907E-02

				127		1.45		86.94		340.88		645.59		-0.0671		0.0022		1.000		0.281		-5.215		9.019		3.659E-02

				128		1.50		89.94		341.10		645.99		-0.0612		0.0020		1.000		0.281		-5.306		9.252		3.428E-02

				129		1.55		92.94		341.30		646.34		-0.0557		0.0018		1.000		0.281		-5.398		9.496		3.207E-02

				130		1.60		95.94		341.47		646.65		-0.0508		0.0017		1.000		0.281		-5.490		9.745		3.002E-02

				131		1.65		98.94		341.64		646.96		-0.0463		0.0015		1.000		0.281		-5.582		9.998		2.811E-02

				132		1.70		101.94		341.80		647.23		-0.0422		0.0014		1.000		0.281		-5.675		10.265		2.628E-02

				133		1.75		104.94		341.93		647.47		-0.0384		0.0013		1.000		0.281		-5.767		10.533		2.460E-02

				134		1.80		107.94		342.06		647.72		-0.0350		0.0011		1.000		0.281		-5.860		10.812		2.301E-02

				135		1.85		110.94		342.17		647.90		-0.0319		0.0010		1.000		0.281		-5.953		11.098		2.152E-02

				136		1.90		113.94		342.28		648.10		-0.0290		0.0009		1.000		0.281		-6.045		11.390		2.014E-02

				137		1.95		116.94		342.37		648.26		-0.0264		0.0009		1.000		0.281		-6.139		11.694		1.882E-02

				138		2.00		119.94		342.46		648.43		-0.0241		0.0008		1.000		0.281		-6.231		12.001		1.762E-02

				139		2.05		122.94		342.54		648.57		-0.0219		0.0007		1.000		0.281		-6.326		12.325		1.646E-02

				140		2.10		125.94		342.61		648.70		-0.0200		0.0007		1.000		0.281		-6.418		12.648		1.540E-02

				141		2.15		128.94		342.67		648.80		-0.0182		0.0006		1.000		0.281		-6.511		12.983		1.441E-02

				142		2.20		131.94		342.73		648.91		-0.0166		0.0005		1.000		0.281		-6.606		13.333		1.346E-02

				143		2.25		134.94		342.79		649.03		-0.0151		0.0005		1.000		0.281		-6.699		13.688		1.258E-02

				144		2.30		137.94		342.84		649.11		-0.0137		0.0004		1.000		0.281		-6.794		14.059		1.175E-02

				145		2.35		140.94		342.88		649.19		-0.0125		0.0004		1.000		0.281		-6.887		14.430		1.099E-02

				146		2.40		143.94		342.92		649.26		-0.0114		0.0004		1.000		0.281		-6.908		14.513		1.007E-02

				147		2.45		146.94		342.96		649.32		-0.0104		0.0003		1.000		0.281		-6.908		14.513		9.171E-03

				148		2.50		149.94		343.00		649.39		-0.0095		0.0003		1.000		0.281		-6.908		14.513		8.350E-03

				149		2.55		152.94		343.03		649.45		-0.0086		0.0003		1.000		0.281		-6.908		14.513		7.583E-03

				150		2.60		155.94		343.05		649.50		-0.0078		0.0003		1.000		0.281		-6.908		14.513		6.924E-03

				151		2.65		158.94		343.07		649.53		-0.0072		0.0002		1.000		0.281		-6.908		14.513		6.292E-03

				152		2.70		161.94		343.10		649.59		-0.0065		0.0002		1.000		0.281		-6.908		14.513		5.723E-03

				153		2.75		164.94		343.12		649.62		-0.0059		0.0002		1.000		0.281		-6.908		14.513		5.209E-03

				154		2.80		167.94		343.14		649.65		-0.0054		0.0002		1.000		0.281		-6.908		14.513		4.748E-03

				155		2.85		170.94		343.16		649.70		-0.0049		0.0002		1.000		0.281		-6.908		14.513		4.324E-03

				156		2.90		173.94		343.18		649.72		-0.0045		0.0001		1.000		0.281		-6.908		14.513		3.945E-03

				157		2.95		176.94		343.18		649.73		-0.0041		0.0001		1.000		0.281		-6.908		14.513		3.575E-03

				158		3.00		179.94		343.20		649.76		-0.0037		0.0001		1.000		0.281		-6.908		14.513		3.250E-03

				159		3.05		182.94		343.21		649.78		-0.0034		0.0001		1.000		0.281		-6.908		14.513		2.952E-03

				160		3.10		185.94		343.22		649.80		-0.0031		0.0001		1.000		0.281		-6.908		14.513		2.699E-03

				161		3.15		188.94		343.24		649.84		-0.0028		0.0001		1.000		0.281		-6.908		14.513		2.464E-03

				162		3.20		191.94		343.25		649.84		-0.0026		0.0001		1.000		0.281		-6.908		14.513		2.230E-03

				163		3.25		194.94		343.26		649.87		-0.0024		0.0001		1.000		0.281		-6.908		14.513		2.031E-03

				164		3.30		197.94		343.26		649.87		-0.0022		0.0001		1.000		0.281		-6.908		14.513		1.851E-03

				165		3.35		200.94		343.28		649.90		-0.0020		0.0001		1.000		0.281		-6.908		14.513		1.688E-03

				166		3.40		203.94		343.27		649.89		-0.0018		0.0001		1.000		0.281		-6.908		14.513		1.526E-03

				167		3.45		206.94		343.29		649.91		-0.0017		0.0001		1.000		0.281		-6.908		14.513		1.399E-03

				168		3.50		209.94		343.28		649.91		-0.0015		0.0000		1.000		0.281		-6.908		14.513		1.282E-03

				169		3.55		212.94		343.29		649.92		-0.0014		0.0000		1.000		0.281		-6.908		14.513		1.137E-03

				170		3.60		215.94		343.30		649.93		-0.0013		0.0000		1.000		0.281		-6.908		14.513		1.074E-03

				171		3.65		218.94		343.30		649.95		-0.0012		0.0000		1.000		0.281		-6.908		14.513		9.478E-04

				172		3.70		221.94		343.31		649.95		-0.0011		0.0000		1.000		0.281		-6.908		14.513		8.756E-04

				173		3.75		224.94		343.31		649.96		-0.0010		0.0000		1.000		0.281		-6.908		14.513		8.034E-04

				174		3.80		227.94		343.31		649.95		-0.0009		0.0000		1.000		0.281		-6.908		14.513		7.041E-04

				175		3.85		230.94		343.31		649.95		-0.0008		0.0000		1.000		0.281		-6.908		14.513		6.499E-04

				176		3.90		233.94		343.31		649.97		-0.0008		0.0000		1.000		0.281		-6.908		14.513		6.138E-04

				177		3.95		236.94		343.31		649.96		-0.0007		0.0000		1.000		0.281		-6.908		14.513		5.326E-04

				178		4.00		239.94		343.31		649.96		-0.0006		0.0000		1.000		0.281		-6.908		14.513		4.965E-04

				179		4.05		242.94		106.04		222.86		0.7727		0.2578		0.000		0.281		-0.439		2.083		1.002E+00

				180		4.05		243.00		105.88		222.58		0.7728		0.0020		0.000		0.281		-5.290		2.083		1.568E-04

				181		4.05		243.06		104.70		220.46		0.7737		0.0151		0.000		0.281		-3.280		2.083		1.170E-03

				182		4.05		243.12		103.54		218.38		0.7746		0.0146		0.000		0.281		-3.313		2.083		1.133E-03

				183		4.05		243.18		102.43		216.37		0.7754		0.0131		0.000		0.281		-3.416		2.083		1.021E-03

				184		4.05		243.24		101.37		214.47		0.7760		0.0108		0.000		0.281		-3.610		2.083		8.410E-04

				185		4.06		243.30		100.37		212.67		0.7765		0.0082		0.000		0.281		-3.889		2.083		6.362E-04

				186		4.06		243.36		99.42		210.96		0.7768		0.0056		0.000		0.281		-4.275		2.083		4.328E-04

				187		4.06		243.42		98.54		209.37		0.7770		0.0031		0.000		0.281		-4.855		2.083		2.423E-04

				188		4.06		243.48		97.70		207.85		0.7771		0.0009		0.000		0.281		-6.116		2.083		6.868E-05

				189		4.06		243.54		96.90		206.43		0.7770		-0.0011		0.000		0.281		-6.908		2.083		0.000E+00

				190		4.06		243.60		96.15		205.06		0.7768		-0.0030		0.000		0.281		-6.908		2.083		0.000E+00

				191		4.06		243.66		95.43		203.77		0.7766		-0.0045		0.000		0.281		-6.908		2.083		0.000E+00

				192		4.06		243.72		94.75		202.55		0.7762		-0.0060		0.000		0.281		-6.908		2.083		0.000E+00

				193		4.06		243.78		94.09		201.37		0.7758		-0.0073		0.000		0.281		-6.908		2.083		0.000E+00

				194		4.06		243.84		93.47		200.25		0.7752		-0.0085		0.000		0.281		-6.908		2.083		0.000E+00

				195		4.07		243.90		92.88		199.18		0.7747		-0.0095		0.000		0.281		-6.908		2.083		0.000E+00

				196		4.07		243.96		92.31		198.15		0.7740		-0.0105		0.000		0.281		-6.908		2.083		0.000E+00

				197		4.07		244.02		91.75		197.15		0.7734		-0.0114		0.000		0.281		-6.908		2.083		0.000E+00

				198		4.07		244.08		91.23		196.21		0.7726		-0.0121		0.000		0.281		-6.908		2.083		0.000E+00

				199		4.07		244.14		90.72		195.29		0.7719		-0.0128		0.000		0.281		-6.908		2.083		0.000E+00

				200		4.07		244.20		90.24		194.43		0.7711		-0.0134		0.000		0.281		-6.908		2.083		0.000E+00

				201		4.07		244.26		89.76		193.56		0.7702		-0.0140		0.000		0.281		-6.908		2.083		0.000E+00

				202		4.07		244.32		89.31		192.76		0.7693		-0.0146		0.000		0.281		-6.908		2.083		0.000E+00

				203		4.07		244.38		88.86		191.96		0.7684		-0.0150		0.000		0.281		-6.908		2.083		0.000E+00

				204		4.07		244.44		88.44		191.20		0.7675		-0.0155		0.000		0.281		-6.908		2.083		0.000E+00

				205		4.08		244.50		88.03		190.45		0.7666		-0.0159		0.000		0.281		-6.908		2.083		0.000E+00

				206		4.08		244.56		87.63		189.73		0.7656		-0.0162		0.000		0.281		-6.908		2.083		0.000E+00

				207		4.08		244.62		87.24		189.03		0.7646		-0.0166		0.000		0.281		-6.908		2.083		0.000E+00

				208		4.08		244.68		86.86		188.35		0.7636		-0.0169		0.000		0.281		-6.908		2.083		0.000E+00

				209		4.08		244.74		86.50		187.69		0.7625		-0.0172		0.000		0.281		-6.908		2.083		0.000E+00

				210		4.08		244.80		86.15		187.07		0.7615		-0.0175		0.000		0.281		-6.908		2.083		0.000E+00

				211		4.08		244.86		85.81		186.45		0.7604		-0.0177		0.000		0.281		-6.908		2.083		0.000E+00

				212		4.08		244.92		85.47		185.84		0.7594		-0.0180		0.000		0.281		-6.908		2.083		0.000E+00

				213		4.08		244.98		85.14		185.25		0.7583		-0.0181		0.000		0.281		-6.908		2.083		0.000E+00

				214		4.08		245.04		84.82		184.67		0.7572		-0.0184		0.000		0.281		-6.908		2.083		0.000E+00

				215		4.09		245.10		84.52		184.13		0.7561		-0.0185		0.000		0.281		-6.908		2.083		0.000E+00

				216		4.09		245.16		84.21		183.58		0.7549		-0.0187		0.000		0.281		-6.908		2.083		0.000E+00

				217		4.09		245.22		83.92		183.05		0.7538		-0.0188		0.000		0.281		-6.908		2.083		0.000E+00

				218		4.09		245.28		83.63		182.53		0.7527		-0.0190		0.000		0.281		-6.908		2.083		0.000E+00

				219		4.09		245.34		83.35		182.03		0.7515		-0.0191		0.000		0.281		-6.908		2.083		0.000E+00

				220		4.09		245.40		83.08		181.55		0.7504		-0.0192		0.000		0.281		-6.908		2.083		0.000E+00

				221		4.09		245.46		82.81		181.07		0.7492		-0.0193		0.000		0.281		-6.908		2.083		0.000E+00

				222		4.09		245.52		82.55		180.58		0.7480		-0.0194		0.000		0.281		-6.908		2.083		0.000E+00

				223		4.09		245.58		82.29		180.12		0.7469		-0.0195		0.000		0.281		-6.908		2.083		0.000E+00

				224		4.09		245.64		82.03		179.66		0.7457		-0.0196		0.000		0.281		-6.908		2.083		0.000E+00

				225		4.10		245.70		81.79		179.23		0.7445		-0.0197		0.000		0.281		-6.908		2.083		0.000E+00

				226		4.10		245.76		81.55		178.80		0.7433		-0.0197		0.000		0.281		-6.908		2.083		0.000E+00

				227		4.10		245.82		81.32		178.38		0.7421		-0.0198		0.000		0.281		-6.908		2.083		0.000E+00

				228		4.10		245.88		81.09		177.97		0.7409		-0.0199		0.000		0.281		-6.908		2.083		0.000E+00

				229		4.10		245.94		80.86		177.55		0.7397		-0.0199		0.000		0.281		-6.908		2.083		0.000E+00

				230		4.10		246.00		80.64		177.16		0.7385		-0.0200		0.000		0.281		-6.908		2.083		0.000E+00

				231		4.15		249.00		73.16		163.69		0.6784		-0.0201		0.000		0.281		-6.908		2.083		0.000E+00

				232		4.20		252.00		68.92		156.06		0.6219		-0.0188		0.000		0.281		-6.908		2.083		0.000E+00

				233		4.25		255.00		65.86		150.55		0.5703		-0.0172		0.000		0.281		-6.908		2.083		0.000E+00

				234		4.30		258.00		63.33		145.99		0.5231		-0.0157		0.000		0.281		-6.908		2.083		0.000E+00

				235		4.35		261.00		61.12		142.01		0.4800		-0.0144		0.000		0.281		-6.908		2.083		0.000E+00

				236		4.40		264.00		59.14		138.44		0.4407		-0.0131		0.000		0.281		-6.908		2.083		0.000E+00

				237		4.45		267.00		57.34		135.21		0.4046		-0.0120		0.000		0.281		-6.908		2.083		0.000E+00

				238		4.50		270.00		55.70		132.27		0.3715		-0.0110		0.000		0.281		-6.908		2.083		0.000E+00

				239		4.55		273.00		54.21		129.58		0.3412		-0.0101		0.000		0.281		-6.908		2.083		0.000E+00

				240		4.60		276.00		52.85		127.13		0.3133		-0.0093		0.000		0.281		-6.908		2.083		0.000E+00

				241		4.65		279.00		51.60		124.88		0.2877		-0.0085		0.000		0.281		-6.908		2.083		0.000E+00

				242		4.70		282.00		50.46		122.83		0.2642		-0.0078		0.000		0.281		-6.908		2.083		0.000E+00

				243		4.75		285.00		49.41		120.95		0.2426		-0.0072		0.000		0.281		-6.908		2.083		0.000E+00

				244		4.80		288.00		48.45		119.21		0.2227		-0.0066		0.000		0.281		-6.908		2.083		0.000E+00

				245		4.85		291.00		47.57		117.62		0.2045		-0.0061		0.000		0.281		-6.908		2.083		0.000E+00

				246		4.90		294.00		46.76		116.17		0.1877		-0.0056		0.000		0.281		-6.908		2.083		0.000E+00

				247		4.95		297.00		46.02		114.83		0.1723		-0.0051		0.000		0.281		-6.908		2.083		0.000E+00

				248		5.00		300.00		45.34		113.61		0.1581		-0.0047		0.000		0.281		-6.908		2.083		0.000E+00

				249		5.05		303.00		44.71		112.47		0.1451		-0.0043		0.000		0.281		-6.908		2.083		0.000E+00

				250		5.10		306.00		44.13		111.44		0.1331		-0.0040		0.000		0.281		-6.908		2.083		0.000E+00

				251		5.15		309.00		43.61		110.49		0.1221		-0.0037		0.000		0.281		-6.908		2.083		0.000E+00

				252		5.20		312.00		43.13		109.63		0.1120		-0.0034		0.000		0.281		-6.908		2.083		0.000E+00

				253		5.25		315.00		42.69		108.83		0.1027		-0.0031		0.000		0.281		-6.908		2.083		0.000E+00

				254		5.30		318.00		42.28		108.10		0.0942		-0.0028		0.000		0.281		-6.908		2.083		0.000E+00

				255		5.35		321.00		41.90		107.42		0.0864		-0.0026		0.000		0.281		-6.908		2.083		0.000E+00

				256		5.40		324.00		41.56		106.81		0.0792		-0.0024		0.000		0.281		-6.908		2.083		0.000E+00

				257		5.45		327.00		41.25		106.25		0.0726		-0.0022		0.000		0.281		-6.908		2.083		0.000E+00

				258		5.50		330.00		40.96		105.73		0.0665		-0.0020		0.000		0.281		-6.908		2.083		0.000E+00

				259		5.55		333.00		40.70		105.25		0.0610		-0.0019		0.000		0.281		-6.908		2.083		0.000E+00

				260		5.60		336.00		40.45		104.82		0.0559		-0.0017		0.000		0.281		-6.908		2.083		0.000E+00

				261		5.65		339.00		40.23		104.42		0.0512		-0.0016		0.000		0.281		-6.908		2.083		0.000E+00

				262		5.70		342.00		40.02		104.04		0.0469		-0.0014		0.000		0.281		-6.908		2.083		0.000E+00

				263		5.75		345.00		39.84		103.71		0.0429		-0.0013		0.000		0.281		-6.908		2.083		0.000E+00

				264		5.80		348.00		39.66		103.39		0.0393		-0.0012		0.000		0.281		-6.908		2.083		0.000E+00

				265		5.85		351.00		39.51		103.12		0.0360		-0.0011		0.000		0.281		-6.908		2.083		0.000E+00

				266		5.90		354.00		39.36		102.85		0.0330		-0.0010		0.000		0.281		-6.908		2.083		0.000E+00

				267		5.95		357.00		39.23		102.62		0.0302		-0.0009		0.000		0.281		-6.908		2.083		0.000E+00

				268		6.00		360.00		39.12		102.41		0.0276		-0.0009		0.000		0.281		-6.908		2.083		0.000E+00

				269		6.05		363.00		39.00		102.21		0.0253		-0.0008		0.000		0.281		-6.908		2.083		0.000E+00

				270		6.10		366.00		38.90		102.01		0.0231		-0.0007		0.000		0.281		-6.908		2.083		0.000E+00

				271		6.15		369.00		38.81		101.86		0.0212		-0.0007		0.000		0.281		-6.908		2.083		0.000E+00

				272		6.20		372.00		38.72		101.70		0.0194		-0.0006		0.000		0.281		-6.908		2.083		0.000E+00

				273		6.25		375.00		38.64		101.55		0.0177		-0.0006		0.000		0.281		-6.908		2.083		0.000E+00

				274		6.30		378.00		38.56		101.41		0.0162		-0.0005		0.000		0.281		-6.908		2.083		0.000E+00

				275		6.35		381.00		38.50		101.31		0.0148		-0.0005		0.000		0.281		-6.908		2.083		0.000E+00

				276		6.40		384.00		38.44		101.19		0.0135		-0.0004		0.000		0.281		-6.908		2.083		0.000E+00

				277		6.45		387.00		38.39		101.10		0.0124		-0.0004		0.000		0.281		-6.908		2.083		0.000E+00

				278		6.50		390.00		38.33		101.00		0.0113		-0.0004		0.000		0.281		-6.908		2.083		0.000E+00

				279		6.55		393.00		38.29		100.92		0.0103		-0.0003		0.000		0.281		-6.908		2.083		0.000E+00

				280		6.60		396.00		38.25		100.85		0.0094		-0.0003		0.000		0.281		-6.908		2.083		0.000E+00

				281		6.65		399.00		38.21		100.77		0.0086		-0.0003		0.000		0.281		-6.908		2.083		0.000E+00

				282		6.70		402.00		38.17		100.71		0.0078		-0.0003		0.000		0.281		-6.908		2.083		0.000E+00

				283		6.75		405.00		38.14		100.65		0.0072		-0.0002		0.000		0.281		-6.908		2.083		0.000E+00

				284		6.80		408.00		38.11		100.61		0.0065		-0.0002		0.000		0.281		-6.908		2.083		0.000E+00

				285		6.85		411.00		38.09		100.55		0.0059		-0.0002		0.000		0.281		-6.908		2.083		0.000E+00

				286		6.90		414.00		38.06		100.50		0.0054		-0.0002		0.000		0.281		-6.908		2.083		0.000E+00

				287		6.95		417.00		38.04		100.46		0.0049		-0.0002		0.000		0.281		-6.908		2.083		0.000E+00

				288		7.00		420.00		38.01		100.41		0.0045		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				289		7.05		423.00		37.99		100.39		0.0041		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				290		7.10		426.00		37.97		100.35		0.0037		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				291		7.15		429.00		37.96		100.32		0.0034		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				292		7.20		432.00		37.94		100.29		0.0030		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				293		7.25		435.00		37.93		100.28		0.0028		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				294		7.30		438.00		37.91		100.24		0.0025		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				295		7.35		441.00		37.90		100.22		0.0022		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				296		7.40		444.00		37.90		100.23		0.0020		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				297		7.45		447.00		37.89		100.19		0.0018		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				298		7.50		450.00		37.87		100.17		0.0016		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				299		7.55		453.00		37.87		100.17		0.0015		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				300		7.60		456.00		37.86		100.15		0.0013		-0.0001		0.000		0.281		-6.908		2.083		0.000E+00

				301		7.65		459.00		37.86		100.14		0.0012		-0.0000		0.000		0.281		-6.908		2.083		0.000E+00

				302		7.70		462.00		37.85		100.13		0.0010		-0.0000		0.000		0.281		-6.908		2.083		0.000E+00

				303		7.75		465.00		37.84		100.11		0.0009		-0.0000		0.000		0.281		-6.908		2.083		0.000E+00

				304		7.80		468.00		37.83		100.10		0.0008		-0.0000		0.000		0.281		-6.908		2.083		0.000E+00

				305		7.85		471.00		37.84		100.11		0.0007		-0.0000		0.000		0.281		-6.908		2.083		0.000E+00

				306		7.90		474.00		37.84		100.10		0.0006		-0.0000		0.000		0.281		-6.908		2.083		0.000E+00

				307		7.95		477.00		37.83		100.09		0.0005		-0.0000		0.000		0.281		-6.908		2.083		0.000E+00

				308		8.00		480.00		37.82		100.08		0.0005		-0.0000		0.000		0.281		-6.908		2.083		0.000E+00
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ABSTRACT 
 



Various strain measure formulas exist at this time for the 
calculation of the strain amplitude required for fatigue 
calculations, and various methodologies have been suggested in 
the years 2005 through 2008 to take into account - in general - 
the environmental effects on fatigue (EAF = Environmentally-
Assisted Fatigue). The purpose of this technical paper is to 
compare these strain measure formulas and these EAF 
methodologies for the case of the thermal fatigue tests of a 
stainless steel stepped pipe for which results have been 
published in the Proceedings of the 2004 PVP Conference [1]. 
 



Thermal transient finite element analyses and cyclic elasto-
plastic finite element analyses were performed to obtain the 
thermal gradients through the pipe thickness and the resulting 
strain ranges. These strain ranges are based on the various 
strain measure definitions presented at the 2001/2005 PVP 
Conferences (see Ref. [2] and [3]). These various strain 
measure definitions were compared. 



 
Using one of the stepped pipe inside surface locations and 



using one of the strain range values (out of the various strain 
measure definitions), the allowable number of design cycles 
has been calculated, based on the currently mandated 
methodologies for the environmental effects on fatigue (EAF). 
These methodologies are the EAF methodologies to be applied 
in the United States for future fatigue calculations, either for 
license renewal of the currently operating nuclear power plants 
or for the design of new plants. The fatigue results are 
compared and discussed for their implication in component 
design.  


1. THERMAL FATIGUE TEST OF A STEPPED PIPE 
 



Thermal fatigue tests of 304 stainless steel pipes were 
conducted by alternatively pumping hot and cold low oxygen 
water [1]. The pipe has four thicknesses, as shown in Figure 1.  
The pipe was pressured at 2500 psi (pressure kept constant 
during the tests). The water temperature was rapidly increased 
from 100ºF to 650ºF in three seconds, followed by holding at 
650 ºF until four minutes. The temperature was then rapidly 
decreased from 650 ºF to 100ºF in three seconds, followed by 
holding at 100ºF for four minutes (see Figure 2). 
 
The material properties and analysis assumptions are found in 
Reference [1]. Thermal transient analysis was conducted to 
obtain temperature distribution in the pipe. Figures 3-5 show 
the thermal gradient results.  



2. STRAIN RANGE MEASURES 
 



Various strain range measures have been proposed for fatigue 
assessment using elastic-plastic finite element analysis. Details 
of the definitions can be found in previous PVP papers such as 
[2, 3]. There are about five different strain range measures as 
listed below.  
   a.) The numerically maximum total principal strain range, 
which is the strain range that needs to be considered in the 
current ASME-Code fatigue analyses (see NB-3228.4(c) in [4]) 
 
   b.) The effective strain range proposed by Professor Norman 
Dowling [3]. This is the sum of the elastic strain range (based 
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on the von Mises elastic stress range divided by the elastic 
modulus of elasticity E) and the von Mises plastic strain range. 
 
   c.) The corrected equivalent strain range, which is calculated 
using the von Mises formula for the plastic strain range, except 
that the total (elastic + plastic) strain range components are 
directly used and that a corrected ratio between the von Mises 
elastic stress range and the elastic modulus of elasticity E is 
added. 
 
   d.) The path strain range proposed by Professor Arturs 
Kalnins [3], which is similar to the effective strain range, 
except that the plastic strain range is the result of the 
integration - on the loading cycle - of the von Mises strain 
increment. 
 
   e.) The path strain range (Shear Strain), which is similar to 
the effective strain range, except that both the elastic stress 
range and the plastic strain range are based on the Tresca 
formulation, rather than the von Mises formulation. 
 
The strain ranges of the five measures listed above were 
calculated using the elastic-plastic finite element analysis 
(ANSYS [10]). The strain range results are listed in the top part 
of Table 1, and are also shown in Figure 6.  
 



3. GENERALITIES ON THE FATIGUE CALCULATIONS 
 
Reference [1] reports that cracks were present at all 



circumferential locations in the thicker sections, and no 
cracking was observed in the thinner sections. Finite element 
analysis results of thermal gradient and strain ranges also 
suggest that the thickest section is the most critical section for 
fatigue assessment. The results for the inside surface location at 
the middle section of 0.60’’ thickness are therefore used for 
fatigue calculations in this paper. Table 1 indicates that the 
strain ranges from the five measures are in general close to 
each other. The total principal strain range measure is the strain 
range measure that needs to be considered in the current fatigue 
calculations performed in accordance with the ASME-Code [4]. 
The fatigue calculations in this paper are only for the stepped 
pipe material, which is stainless steel. 



 
For the new fatigue methodologies, in addition to the strain 



range, the strain rate also needs to be known. Therefore, in 
Table 1, the strain rate values are also listed. The difference 
between the lower-bound strain rate and the best-estimate strain 
rate is illustrated in Figure 7. For example, for the strain range 
of 1.608 % considered in this paper for the fatigue calculations, 
the lower-bound strain rate is equal to the strain range divided 
by the time duration between the Valley strain (-0.831 %) and 
the Peak strain (+ 0.777 %). On the other side, as the strain 
variation is almost negligible during a non-negligible part of 
the transient, the strain rates corresponding to the Valley strain 


 



and to the Peak strain may be calculated independently from 
each other, and then combined to arrive at a more reasonable 
(best-estimate) value of the strain rate to be considered in the 
fatigue calculations. 
        



4. METHODOLOGIES IN THE U.S. FOR THE 
CONSIDERATION OF THE ENVIRONMENTAL 
EFFECTS 



 
For the U.S. nuclear power plant industry, there are at this 



time two methodologies for the consideration of the 
environmental effects: 



 
• MRP-47, Rev. 1 [5] is for currently operating nuclear power 
plants, and only for the case where the plant has decided to 
apply for a license renewal to operate to a 60-year life; 
 
• NUREG/CR-6909 Final Report [6] is for the design of new 
nuclear power plants. It is the main reference to U.S. NRC 
Regulatory Guide 1.207. 
 



Note that these two methodologies are only for application 
in the United States of America. 



 
In addition, Dr. O’Donnell has proposed another method, 



based on a set of design fatigue curves and on a correction for 
the temperature. There is one design fatigue curve for the case 
where the maximum temperature during the transient is 302 
degrees F or less, or for the case where the strain rate is ≥ 1.0 
% / sec. This curve is here referred to as the “Curve 1”. The 
other four design fatigue curves are for the cases where the 
maximum temperature during the transient is higher than 302 
degrees F. These four curves are for the following four cases: 
strain rate ≥ 0.1 % / sec (Curve 2), ≥ 0.01 % / sec (Curve 3), ≥ 
0.0014 % / sec (Curve 4), and ≥ 0.0004 % / sec (Curve 5).  



 
Note that this newly suggested ASME-code methodology 



does not allow any interpolation between the five design curves 
for the consideration of a known more accurate strain rate 
value. The temperature correction is for the cases where the 
strain rate is smaller than 1.0 % / sec and where the highest 
temperature during the transient is between the values of 302 
and 662 degrees F. (between 150 and 350 degrees C.) 



 



5. CALCULATION OF THE STRAIN RATE FOR THE 
NEWLY SUGGESTED ASME-CODE METHODOLOGY 



 
The calculation of the strain rate for the newly suggested 



ASME-code methodology is shown in Figure 7, where a lower 
bound strain rate can be calculated by simply drawing a straight 
line between the valley strain value of – 0.831 % and + 0.777 
%. The resulting strain rate is 0.0067 % / sec. This means that 
the Curve 4 from the newly proposed ASME-Code 
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methodology needs to be used (see Section 4 above and Ref 
[7]; Curve 4 is for strain rate ≥ 0.0014 % / sec). However, as a 
lower strain rate leads to a more severe - and in general too 
severe - number of Design cycles, a more reasonable strain rate 
needs to be found by decoupling the strain rate corresponding 
to the strain Valley (0.0097 % / sec.) from the strain rate 
corresponding to the strain Peak (0.2198 % / sec.). This leads to 
a resulting strain rate of 0.1203 % / sec. Using this best-
estimate strain rate value leads to the consideration of Curve 2 
from the newly proposed ASME-Code methodology (see 
Section 4 above and Ref [7]; Curve 2 is for strain rate ≥ 0.1 % / 
sec). 



 



6. CALCULATION OF THE F(EN) FACTORS FOR THE 
CURRENT TWO METHODS 



 
The methods of MRP-47, Rev. 1 and NUREG/CR-6909 



have in common the fact that they are based on the calculation 
of an F(en) penalty factor. However, the formulas to calculate 
those F(en) penalty factors are different. Figure 8 shows the 
calculation of those F(en) factors. They are based on the 
integral of the instantaneous F(en) values, where the integral is 
performed from the strain Valley to the strain Peak, using the 
following formula: 



ε



ε



Δ
= ∫



rangestraintotal



denF
enFRangeStrain



)(
)(  



 
The calculated F(en) penalty factors are 4.88 for MRP-47, 



Rev. 1 and 4.23 for NUREG/CR-6909. 
 



7. CALCULATION OF THE ALLOWABLE NUMBER OF 
DESIGN CYCLES 



 
Based on the total principal strain range of 1.608 % and on 



the fact that the ASME-Code stainless steel design fatigue 
curve is for an elastic modulus of elasticity of 28300 ksi, the 
corresponding alternating stress Sa is equal to: 



 
Sa = 28300 * 0.01608 / 2 = 227.5 ksi. 



 
This alternating stress Sa is shown in Figure 9, where the 



minimum, the average and the maximum numbers of cycles 
from the tests are indicated (365, 957 and 1408). These 
numbers of cycles correspond to a crack initiation of 0.01 inch. 
The following stainless steel design fatigue curves are also 
shown in Figure 9: 
 



• Current ASME-Code (year 2007) 
• NUREG/CR-6909 
• Least severe newly proposed ASME-Code Design 



Fatigue Curve (same as in NUREG/CR-6909) 


 



• Curves 2, 3 and 4 from the newly proposed ASME-
Code Design Fatigue Curves from February 2008. 



 
The calculation of the number of design cycles is 



summarized in Table 2 of this paper. The tests were component 
tests, including size effect, surface finish effect and 
environmental effects, and failure in the tests is defined as 
crack initiation (to a 0.01 inch deep crack). Therefore, the 
number of design cycles from the current ASME-Code Fatigue 
methodology (144) is very reasonable, if not in fact too severe, 
as the ratio between the minimum number of test cycles to 
crack initiation (365) and the current ASME-Code is 365 / 144 
= 2.53. 



 
The numbers of design cycles from the two F(en) 



methodologies are much too severe. The ratio between the 
minimum number of component test cycles to crack initiation 
(365) and the number of design cycles from these two F(en) 
methodologies (30 and 39) is approximately 10. Also, the ratio 
between the average number of test cycles to crack initiation 
(957) and the number of design cycles from these two F(en) 
methodologies is larger than 24. These ratios are much too high 
for a reasonable design methodology, as these numbers of test 
cycles are for actual component tests and also it only pertains to 
crack initiation (not to crack propagation). Note that this ratio 
of 24 should not be confused with the original factor of 20 on 
the number of cycles, because this factor of 20 is for the ratio 
between the small smooth specimen best-fit curve and the 
number of design cycles for a component, whereas the factor of 
24 derived above pertains to the ratio between the component 
number of actual cycles to crack initiation and the number of 
design cycles for that component. 



 
The number of design cycles from the newly proposed 



ASME-Code methodology is a little more interesting, as it is 
equal to 116, which is approximately three times more than 
from the two F(en) methodologies. In addition, in February 
2008, a temperature correction has been added to that 
methodology [7]. For this temperature correction, the current 
proposal is to consider the maximum temperature during the 
transient. Figure 10 shows the calculation of the increased 
number of cycles N. Using the maximum transient temperature 
of 650 degrees F, the value of N = 116 increases to 117, which 
is therefore a negligible increase. At the ASME-Code meetings, 
it has been discussed more than once whether the use of the 
maximum transient temperature in any temperature correction 
is not too severe. Therefore, in Figure 10, using the average 
temperature of 375 degrees F (average between 100 F and 650 
F) leads to a revised number of cycles of 156, which - by pure 
coincidence - comes out to be exactly between the number of 
design cycles based on the current ASME-Code methodology 
[4] and the number of design cycles from the new in-air 
stainless steel design fatigue curve from the NUREG/CR-6909 
Final Report [6]. 
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8. CONCLUDING REMARKS 
 
Based on the results of the thermal fatigue tests of the 



stainless steel stepped pipe and associated analyses, the 
following remarks are made.  



 
(1) The various strain measure methodologies lead to 



similar strain ranges. Out of the five strain definitions evaluated 
here, the Tresca-based shear strain range is the highest value 
and the principal total strain range is the lowest value. This 
principal total strain range is the strain range currently used for 
the ASME-Code fatigue calculations (Ref. [1], NB-3228.4 (c)). 



   
(2) It is possible that the order of the strain range 



magnitudes of the various strain measure definitions is specific 
to the particular component being considered. Therefore, it is 
not clear whether the conclusion of item (1) above is applicable 
to all cases. 



 
(3) All the fatigue calculations performed in this paper are 



based on the strain range definition specified in NB-3228.4(c) 
of the current ASME-Code [4]. Note that this definition of the 
strain range (maximum principal strain range) is consistent 
with the current thinking in the United States that the 
cumulative usage factor corresponds to both crack initiation 
and crack growth (to a certain depth), and not only to crack 
initiation. 



 
(4) The F(en) methodologies that need to be used at this 



time for fatigue calculations lead to extremely low numbers of 
design cycles, when compared with the numbers of cycles to 
crack initiation from the stepped pipe tests. These F(en) 
methodologies are the methodologies from the EPRI MRP-47, 
Rev. 1 Report [5] and from the NUREG/CR-6909 Final Report 
[6]. From the comparison of the numbers of cycles, it seems 
that considering an F(en) factor equal to a minimum value of 
approximately 2.0 as soon as the component surface is in 
contact with water is extremely severe. 



 
(5) The newly proposed ASME-Code methodology from 



Dr. O’Donnell is less severe than the two F(en) methodologies 
by a non-negligible factor. 



 
(6) Although it has been suggested that the maximum 



temperature during the transient needs to be used when 
applying the newly proposed ASME-Code methodology from 
Dr. O’Donnell [7], the fatigue calculations performed here 
show that - for the fatigue test results evaluated in this paper - 
the average temperature during the transient should be used. In 
addition, the best-estimate strain rate based on the combination 
of the strain rates at the strain Valley and at the strain Peak 
should be used. The more severe lower-bound strain rate 
should not be used by the stress analyst. 


 



 
(7) In the description of the tests, Ref. [1] indicates that 



the pipe surface finish is consistent with production run piping. 
This means that the fatigue tests of Ref [1] contained the 
surface finish effect, the size effect and the environmental 
effects. Therefore, the minimum number of cycles to crack 
initiation (365) contains all four effects listed by Dr. Bill 
Cooper in Ref. [9]: surface finish, size effect, scatter and 
environmental effects (see also Ref. [8]). This means that there 
is still a multiplication factor slightly greater than 2.0 between 
this minimum number of cycles to crack initiation from the 
tests (365) and the number of cycles from the current ASME-
Code design methodology (144). 



 
(8) Based on the fatigue test results evaluated in this paper 



and on the fatigue calculations performed here, the current 
ASME-Code fatigue methodology does not need to be 
changed.  
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Table 1: Calculated Strain Ranges and Strain Rates from the finite element computer-runs 
 



 Total 
Principal 



Strain 
Range 



Effective 
Strain 
Range 



Corrected 
effective 
Strain 
Range 



Path 
Strain 
Range 



Shear 
Strain 
Range 



Strain Range values (units: %) 
0.6” thickness 1.608 % 1.749 % 1.750 % 1.751 % 1.827 % 



0.46” thickness 1.471 % 1.603 % 1.605 % 1.604 % 1.664 % 
0.32” thickness 1.214 % 1.332 % 1.333 % 1.332 % 1.369 % 



Lower Bound Strain Rates (units: % / sec.) 
0.6” thickness 0.006700 0.007287 0.007291 0.007296 0.007614 



0.46” thickness 0.006129 0.006680 0.006686 0.006684 0.006935 
0.32” thickness 0.005057 0.005549 0.005554 0.005551 0.005703 



Best-estimate Strain Rates (units: % / sec.) 
0.6” thickness 0.1203 0.1308 0.1309 0.1310 0.1367 



0.46” thickness 0.1100 0.1199 0.1200 0.1200 0.1245 
0.32” thickness 0.0908 0.0996 0.0997 0.0997 0.1024 



 



 



Table 2: 0.6” Thickness Fatigue Results based on the Strain Range Value of 1.608 % 
 



Source for the number 
of cycles 



Number of 
cycles N 



Notes 



Stepped Pipe Tests 365 
957 



1408 



Lowest 
Average 
Highest 



Current ASME-Code 144 Referred to as N(current ASME) 
NUREG/CR-6909 (in-air) 168 Referred to as N(air) 
MRP-47, Rev. 1 30 N(current ASME) / F(en) = 144 / 4.88 
NUREG/CR-6909, incl. EAF 39 N(air) / F(en) = 168 / 4.23 



45 based on lower-bound strain rate Newly proposed ASME-Code 
Methodology (Dr. O’Donnell) 116 based on best-estimate strain rate 



117 
 



based on maximum temp. of 650 F. Newly proposed ASME-Code 
Methodology (Dr. O’Donnell), 
based on best-estimate strain rate 
and with temperature correction 



156 based on average temp. of 375 F. 
 



           Notes: 
1) The smaller strain range of 1.608% (total principal strain range) leads to the highest number of allowable cycles 



when using the various fatigue design methods. For example, the consideration of the Tresca-based shear strain 
range of 1.827% would lead to lower values of allowable design cycles. 



2) The final number of cycles of 156, considering the best-estimate strain rate and the temperature correction based on 
the average temperature during the transient, is really close to the number of cycles N from the current ASME-Code 
(144). 
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Figure 1. Thermal fatigue tests of 304 stainless steel pipe 
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Figure 2. Water temperature cycle (temperature jump or drop every 4 minutes) 
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Figure 3. Points of interests and cut locations 
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Figure 4. Temperature as a function of time 


8 Copyright © 2008 by ASME 











 



 



 



 



Figure 5. Temperature difference as a function of time 
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Figure 6. Strain Range values based on the five strain measure methods. 
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Figure 7. Strain as a function of time (in seconds) 
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Figure 8. Calculation of the F(en) values using two different methods 
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Figure 9. Design Fatigue Curves and Number of cycles to crack initiation from the tests 
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Figure 10.  Temperature correction for the newly proposed ASME-Code methodology 
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