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The original calculation demonstrating that the feedwater check valves can
perform their intended function following a feedwater 1line break outside
the contaimment (See Question 210.82) was based on an inelastic analysis
assuming no strain hardening.

The conclusions from this approach have been confirmed by an inelastic
analysis done in accordance with Appendix F of the ASME III Code (1977) for
Class 1 service, using the ANSYS camputer program (Appendix 3A of the
FSAR). ‘The non-linear stress/strain relationship will be conservatively
approximated by a bilinear curve with the strain at ultimate stress equal
to 2/3 the elongation at temperature as provided in ASME 1T, adjusted for
strain rate and temperature effects. This analysis has verified that
structural integrity of the feedwater check valves is maintained. Any long
term leakage through the check valves is controlled by redundant motor-
operated valves which are closed and sealed by the penetration valve leak-
age control system at approximately 25 min. after the accident. Note that,
as discussed in FSAR Section 15.6.6, a feedwater line break outside con-
tainment is less limiting than other postulated IOCA's.




ENCLOSURE 2

Calculation for River Bend Station Feedwater Check Valve
Integrity Following Pipe Rupture Outside Contairment

F has been added to the calculation which confirms that both
feedwater isolation valves will withstand rapid closure and that the pres-
sure boundarv will be maintained.



ENCLOSURE 1

RBS FSAR

QUESTION 210.82 (3.6.2)

Provide the basis for assuring that the feedwater isolation
check valves can perform their function following E
postulated pipe break of the feedwater line outside

containment.
RESPONSE

The response to this request is provided in revised
11| Appendix 3C, Section 3C.2.2. See also Question and Response 210.110.

Amendment 11 Q&R 3.6-38 January 1984



QUESTION 210.110

Your response to Q 210.82 regarding the basis for assuring that the feedwater
check valves can perform their intended function following a feedwater line
break outside containment is not totally acceptable. In your letter from

J. E. Booke= to H. Denton dated December 17, 1984, you provided a table which
summarized the results of your feedwater check valve analysis. The staff
finds that additional information is needed to justify the alliowable values
used for the disk shear load and strain limits.

In Note (1) to Enclosure 2 of your letter you state:

"Strain due to absorption of energy must be less than 0.7 times the
ultimate elongation (based on Table CB-3700-1 of the ASME Code, Section
111, Division II, 1983 Edition)."

The staff does not find the use of Table CB-3700-1 to be acceptable for
Division 1 components including valves. Table CB-3700-1 is applicable to
Division 2 components (i.e, concrete reactor vessels and containment).

Furthermore, in Note (1) you state:

"It is assured that strain rates are sufficiently high to warrant
doubling the material allowables (Ref. Juvinal, R. C., Stress, Strain,
and Strength - McGraw-Hill, 1967, pg-168)."

The staff finds that the figure provided in the referenced text book shows the
effect of strain rate on tensile properties of typical mild steel at rocm
temperature. However, the text book figure provides only general information
not suitable for specific design application without more details. The use of
the figure in the text book is not appropriate for the specific valve design
because it does not represent the yield strength of the disk material (i.e.,
SA-216 WCC) at temperature. Furthermore, the text book states that because it
is difficult to predict the conditions of impact strain rate, it is common to
design parts for impact based on empirically determined stress impact factors
together with the static strength of the materials. It appears that the shear
load on the disk for check valve 1B21*AQVF032A, B is near the allowabie value.
(Factor of Safety equal to 1.05). Thus, the staff is concerned that the
acceptability of doubling the material allowables at temperature is not
well-justified, and because of the small design margin and the uncertainties
involved, the shear load on the disk might be unacceptable. Additionally, it
appears the calculated values were established assuming strain hardening
effects. Provide the basis for this assumption if used. Furthermore, it has
been shown for mild steel at elevated temperatures that a negative slope
occurs in the stress-strain rate curve at the higher strains which is
generally associated with strain aging.

The staff requests that you provide a detailed discussion of the valve parts
which do not satisfy linear stress limits per the ASME Code and the basis for
concluding that the leakage of the reactor coolant pressure boundary through
the feedwater check valves following the postulated break in the feedwater
line cutside containment is acceptable using your calculated strain values.
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REV.2

SUMMARY

The reactor vessel water is protected from blowdown following a postulated rupture of
the feedwater piping outside the containment, by the Velan check valve 1B21*F010A,B
inside the containment and by the Atwood/Morrill testable check valve 1B21%A0VF32A,B
outside the containment. Breaks are not postulated in the piping between the valves
because that region is classified as break exclusion.

The reverse flow caused by the sudden pressure reduction at the break rapidly closes
beth valves. This calculation examines the ability of these valves to withstand the
impact of the disk on the seat wiihout exceseive leakage thereafter.

Loads on the critical elements,i.e., the disk, tail link, rockshaft and seat, were
computed by simulation of the impact dynamics using the STARDYNE and GTSTIRUDL
computer programs. Both uniform and point impact were considered in search of the
worst case kickback loads generated by the point of impact not being at the center of
percussion. Seismic, hydrodynamic and dead loads were not considered because of their
insignificant magnitude compared to impact loads.

In those cases where linear stresses were not below their allowables, a strain (1)
energy analysis or a non-linear time history strain analysis was conducted to
demonstrate integrity.

It is concluded that both valves will remain intact and that the leakage will be
within the make-up capability of the High Pressure Core Spray(HPCS) or the Reactor
Core Injection Cooling(RCIC) system, following rupture of the feedwater piping
outside the containment.

Revision 2 adds Appendix F, an inelastic systems and component analysis (2)
using the non-linear option of the ANSYS computer program to confirm the
conclusions.
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1. OBJECTIVE/INTRODUCTION

The purpose of this calculation is to evaluate the ability of River Bend ASME III
class 1 feedwater check valves 1B21*AOVF32(specification 228.218) and
1B21*FO10(specification 228.211) to withstand rapid closure following the postulated
Pipe break outside the containment shown in Figure 1.l. The acceptance criterion is
that gross Jeak rates do not occur because of disk rupture, serious fracture of the

|
|
seat/disk interface or misalignment of the disk with respect to the seat from this
faulted event.

There are no consequences defined for a High Energy Line Break(HELB) outside the
containment. The other feedwater system is not available for make-up because loss-of-
off-site power is postulated and this system is not on the emergency diesel
generators. Single active failure of the HPCS(465 GPM) or the RCIC(600 GPM) systems
is assumed, leaving at least one of these systems available as a source of water to
the vessel required to make-up for any leakage.

Feedwater pump trip from high water level in the vessel, a normal operating
condition, was found by the analysis of Reference 8 not to cause high energy impact
of the disk on the seat. The inertia of the motor was sufficiently high that the pump
‘ took approximately 1000 seconds to completely stop. From the stand point of the
valve, two(2) seconds were required to generate a reverse flow rate equal to the
normal flow rate, resulting in a very gentle closing of these check valves. Pump trip

is not considered a critical loading condition and is, therefore, not treated in this
analysis.

Added to pipe rupture loads on a square-root-sum- of-squares basis are the seismic
and hydrodynamic loads. However, they are not considered in this analysis because of
insignificant magnitudes as compared to the impact forces generated by reverse flow
following rupture of the feedwater line. For the same reason, dead load and opening
loads are not considered in this analysis.

Figures 1.2 and 1.3 show a cross-section of these valves from the vendor drawing.
Figure 1.4 is a sketch labelling the dimensions and elements of importance to the

integrity of swing check valves. The coordinate system used to identify the loading
directions is also shown therein.




Stone an] Webster Engineering Corporation
CALCULATION SHEET

’ Calculation Identification Number
J.0. OR W.0. NO. DIVISION & GROUP CALCULATION NO. OPTIONAL CODE PAGE 9
12210 NM(C) 2043 SQE
REY 1

Ve = sel
/\g contamment oall

ol - 'P\\gf
-
REX ) ’ / "me) /2.A") hime ' |
0 | | Z-3
{'l’ 024 | | . ‘mmg
|ml - o —— s e M)
» "ﬁt_ o TR 8 3 TZrealt
~o0r0 e ROVE32 | s
|
!‘ “TBresle Eacl
B o
4 g:? gy’ 27’ | CEv.(

Figure 1.1 Sketch of Piping Model (Ref.17)
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Figure 1.2 Cross-section of the AOVF32 Check Valve(Ref.2)
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Figure 1.3 Cross-section of the FO0l0 Check Valve(Ref.3)
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2. METHOD

Elements critical to the integrity of a check valve identified in Figure 1.4, are the
disk, tail link, the pin which connects the tail link to the disk(F010 only - AOVF32
tail link and disk are integral), the rockshaft and the seat/disk interface.

The dynamic loading just before impact is purely centrifigal, reacted by the
rockshatt, pin and tail link. Acting simultaneously with this load are kickback
forces arising from the disk impacting the seat at a single arbitrary point(non-
uniform impact) not at the center of percussion. These loads mey be worst case for
the tail link, pin and rockshaft. For the seat and disk, worst case loads are
generated by a uniform impact of the disk on the seat combined with the pressure
surge from water hammer.

Kickback loads are neither obvious nor easily calculated manually and were therefore
modelled on GTSTRUDL and STARDYNE , using the integration option for specified
initial conditions. Typical initial conditions were the impact speed at all nodes
except a node suffering impact, its speed being set equal to zero. Note that all
dynamic loads are conservatively calculated based on a linear stress-strain

. relationship.
The details associated with calculating these loads are presented in Section 8. The
integrity analyses of Sections 9 & 10 are linear elastic for faulted service,
supplemented as necessary by a plastic strain energy analysis to treat limited energy
loading. Although not an ASME III code analysis, certain methods and allowables from Rf'
Appendix F(Ref.9) were used in this analysis for convenience. p
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3. ASSUMPTIONS

1) The strain rates are sufficiently high to warrant doubling the
material allowables, as provided in reference 6, page 168.
(confirmation not required)
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4. DESIGN INPUT

Mass Properties

Atwood/Morrill Check Valve
1B21*AOVF32A,B

Velan Check Valve

TABLE 4.1 1B21*FOl0A,B

Rzr.
Disk - wt. 260 12
Tail Link - wt. 71 (Integral/Disk) 12

Mass Moment of
Inertia/Rockshaft

13.9 slug-ft**2 2

‘H&tu‘uls

Atwood/Morrill Check Valve
1B21*AOVF32A,B

Velan Check Valve

TABLE 4.2 1B21*FO10A,B

Disk cs SA216 WCC cs SAlO0S
Stellite #6 facing

Rock Shaft ss Al82 Fé6a s SAS564 €30

Hardened (1100 degF)

Seat cs SA216 WCC cs SAl0S

Tail Link

Pin & Stud

Nut

Stellite #21 facing

cs SAZ216 WCC

N/A

N/A

Stellite #6 facing

cs SAlOS

cs SA 105

§s SAS64 630
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Dimensions
Atwood/Morrill Velan alve
TABLE 4.3 1B21*AOVF32A,B 1B21*FOl0A,B
SYMBL[REF. REF.
Diam of Disk 19. in. 2*Rd | 16 17.8% 1l
Dist - Rkshft/Dsk Ctr 14. Rs | 16 11.25 3
Diam of Pin N/A Dp |N/A 2.5 (welded to disk) 3
Diam - Stud for Tlk N/A Dsd [N/A 1.0 (Threaded) 3
Diam - TailLink Nut N/A N/A 3.5 3
Diam of Rockshaft 1.88 Ds | 16 1.0 3
Gap - Tlk/Bearing .56 g | 16 .1 or less 3
Dist - Dsk CG/Pin Seat| N/A P [N/A 1.375 11
Clearance - Disk/Tlk N/A c [N/A +125 3
Thickness of Disk 3.75ctr,2;5rim Tc/Tr | 16 2.75 11
Seat Annulus .5+ s 2 .56 3
Tail Link Section 2.9 x 15.0 hxw | 16 1.0 x 4.5 3
Tail Link Grip 16.4 TLg | 16 5.25 3
Seat Inside Diam 16.75 IDs | 13 15.75 3
Diam of Tlk Boss N/A TLb -N/A 3.5 3
Fit - Seat/Disk Pace b 4 .015 (at rim) 3
Tolerance - Brg/Rkshft g Tbr +.004,-0.0 3
Tolerance - Pin/Tlk N/A Tpt |N/A .010 3
(nut prevents rot'n)

Tolerance - Rkshft/Tlk . Trt +0.0,-.005 3

Assumed same as Velan
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Material Properties at S00F (Ref. 9, Appendix I)
Sy Su Elong.* E Remarks
TABLE 4.4 (ksi) (ksi) (%) (psi*e-6)
cs SA 216 WCC 40 70 22 27
cs SA 105 a9.1 70 22 27
§s SA 564 630 95.2 133 16 27
§S A 182 Fé6a 34.7 66.3 18 27

* Ref.l0(ambient temperatures) REY. }

Section Properties(calculated from Table 4.3)

TABLE 4.5 AOVF32 FOl1l0
Tail Link - Area 43.0 in**2 4.5(2.€pin)
- Mom of Inert/z 30.0 in**¢ .375(.167@pin)
‘ - Torsion Const/y 119.0 in**¢ 1.5
Rockshaft - Area 2.8 .79
- Mom of Inert/z .61 .049
Pin - Area N/A 4.9
- Mom of Inert/z N/A 1.9
Stud - Area N/A .60(root)

Impact Speed and Hammer Pressure(Ref. 1, page 31)

TABLE 4.6 AOVF32 FO10
Impact Speed(rad/sec) 42 58
Max Pressure(psi) - six(6) 3100 3200

milliseconds after impact
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Allowables for Faulted Service

The primary stress from a steady-state load must be less than .7 times the ultimate
strength(Su) of the material(Ref.9, App.F). Stresses acting for a very short REV. |
time(less than .5 milliseconds) must be less than the ultimate strength of the

material. If not, then it is necessary to recognize that the real question is the

ability of the configuration to absorb the energy of impact at acceptable values of

strain, taken here to be .7 times the ultimate elongation, based on Table CB-3700-1

of Ref.9A. Strains acting for a very short time(.5 ms) must be less than the ultimate
elongation. Because the specific reduction of elongation with temperature was not REvV/
available, the ambient values of elongation in Table 4.4 were used without benefit of

the increase from high strain rate loading.
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S. UMMARY OF RESULTS
AOVF32 FO10
TABLE 5.1
Calc'd | Allow. FS (PGl1l0-| Calc'd | allow. FS |PG9-
Disk ~shear # 7.9E6 8.3E6 1.05 2 2.7E6 7.7E6 2.9 2
-strain % 3+3 15.4 Ted 3 3.6 15.4 4.3 4
Rockshaft -stress ksi| N/A N/A - - 13.6 £3.8 4.0( 12
-ratio(l) .65 &:0 3.81 13 N/A W/A - -
. Tail Link -stress ksi 46.4 98. 2.1] 16 68.1 70.0 1.03 g
-ratio(l) .48 1.0 &kl 17 N/A N’A - -
Pin ~-stress ksi| N/A N/A - - 23. 4¢. X1 7
Stud ~-stress ksi| N/A N/A - - 41, 49, 1.2 6
Seat/Disk -stress ksi 74. 98. 1.3] 18 98.8 140. 1.4 15
Interface

(1) Appendix AS231, Ref. 9
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6. CONCLUSIONS

It is concluded that both 1B21*AOVF32A(specification 228.218) and
1B21*FOlOA(specification 228.211) valves will withstand rapid closure and remain
intact. In addition, any leakage will be within the make-up capability of the HPCS or
RCIC system, following rupture of the feedwater piping outside the containment.
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8. LOADS ANALYSIS

8.1 Pre-Impact Loads

The centrifigal force(Fc) arising from the angular speed(Omega) of the
disk just prior to impact is given by

Fc = W*Omega**2*R/g

where R is the distance from the rockshaft to the disk/tail link center of
gravity and W is its weight. Table 8.1 below contains the pre-impact Joads
on the rockshaft calculated from t & above expression:

TABLE 8.1 AQVF32 FOL10 Yer REVI
Omega - rad/sec 45 60 J
. L 331 205 Takle ¥./
R - in 14.0 11.25 Tealela D
Fc - # 24400 21500 Colewlated

8.2 Kickback Loads

Kickback loads arise when a body rotating about one point is impacted at any other
point not at the center of percussion. Although the anticipated angle between the
plane of the seat and the disk is very small, nonetheless, extremely high loads are
possible by such a point contact(non-uniform) of the disk rim on the seat. They
disappear in less than one(l) millisecond because after that time, the disk rim is in
uniform contact with the seat. They are much reduced if sufficient articulation is
provided by the tolerances in the shaft bearing and/or a pinned attachment of the
disk to the tail link, because this limits the kickback forces to those arising only
from uniform impact of the disk rim on the seat. Under this condition, the forces
from rotation of the large mass of the disk about center-line tail link after impact
do not occur.
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uter Model

The Velan valve 1B21*FOl0A has a separate tail link(Figure 1.2) attached to the disk
by a pin whereas the tail link and disk are integral(Figure 1.3) in the design of the
Atwood/Morrill valve 1B21"AOVF32A.

Both tail-link/disk assemblies were modelled as shown in Figures 8.1 and 8.2, for
computation of the kickback lcads under conditions of uniform and point impact of the
disk rim on the seat. The postulated impact points(IP) are identified as a, b, ¢, d,
e, £, & g therein.

Results

Tables 8.2 and 8.3 give the kickback loads at the attachmant of the tail link to the
rockshaft and to the pin at the disk center for non-uniform impact at several

points(IP) on the seat, as shown in Figure 8.l1. These loads for the F0l0 valves are

much smaller than those for the AOVF32 valves because its tail link(see sketch in AEY |
Ref. 14, App. C herein) is extremely rigid compared to the FOl0 tail link(see sketch

in section 9.2 herein). Tables 8.4 and 8.5 provide kickback loads at these peints

plus the load on the seat for the case of uniform impact.

The kickback loads from point impact are small compared to uniform impact loads
because the fit of the disk to the seat in the closed position is tight for both
valves, the specified tolerance(Table 4.3) being .015 inches. The loads in Tables 8.2
and 8.3 are based on a tolerance of twice that amount, .030 inches.

The 7200 kip load on the disk rim in Table 8.4 is the sum of the loads appearing at
sach node on the rim. Table 8.6 presents the loads taken from the computer run which
is plotted in Figure 8.3./ -y

RE V.
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TABLE 8.2 POINT IMPACT - KICKBACK LOADING TABLE AOVF32
FXK FYK FZK MXK MYK MZK
IP LOAD POINT (kips) | (kips) | (kips) | (in=k) | (in-k) | (in~k) REMARKS
a 60 - - - 0.0 -
R
b (o} 20 - - - 160 -
C ——
- K 1 - - - 30 -
d S 1 - - - 60 -
H
€ A 3 - - - 10 -
F
4 T 10 - - - 15 -
‘ g 10 - - - 0.0 -
Worst Case 60 - - - 160 -
a Tail Link 70 - - - 0.0 450
b Fairing 20 - - - 160 130
c to Disk & - - - 30 10
d 1 - - - 60 60
€ 5 - - - 10 30
f 10 - - - 15 50
g 10 | - - | - 0.0 60
Worst Case 70 - - - 160 450
These loads are based on an impact speed of 60 r=d/sec.
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TABLE 8.3 POINT IMPACT - KICKBACK LOADING TABLE FOl0
FXK FYK FZK MXK MYK MZK
g LOAD POINT (kips) | (kips) | (kips) [ (in-k) | (in-k) | (in-k) REMARKS
a .01 - - - 0.0 -
R
b o 001 - - - no‘ -
ce
-4 K 001 - - . 013 -
d S .01 ~ - - .23 -
H
. A 003 - - - -28 -
F
- T .06 - - - .20 -
g .07 - - - 0.0 -
Worst Case .07 - - - .28 -
a D 01 - - - 0.0 .10
I
b S .01 - - - .04 " L
K
c .01 - - - % 5 ALK
e
d E 0% - - - - .01
N
= T .03 - - - .28 .28
E
f R .06 - - - .20 .67
g (Pin) .07 - - - 0.0 0.0
Worst Case .07 - ~ - .28 .67
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TABLE 8.4 UNIFORM IMPACT - KICKBACK LOADING TABLE AOVF32
FXK FYK FZK MXK MYK MZK
LOAD POINT (kips) | (kips) | (kips) | (in=k) | (in=k) | (in-k) REMARKS
Rockshaft
=Unif. Impact 240 - - - - -
Tail Link/Disk
~Unif. Impact 240 - - - - 960*
Disk Rim
-Unif. Impact 7200 - - - - -

* Weakest section of the tail link(intersection with disk)

‘ These loads are based on an impact speed of 60 rad/sec.
Equipment
TABLE 8.5 UNIFORM IMPACT - KICKBACK LOADING TABLE FOl1l0
FXK FYK FZK MXK MYK MZK
LOAD POINT (kips) | (kips) | (kips) | (in-k) | “in-k) | (in~-k) REMARKS
Rockshaft
-Unif. Impact 5 - - - - -
Tail Link/Disk
=Unif. Impact 5 - - - - 35
Disk Rim
-Unif. Impact 2070 - - - - -
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TITLE 1B21wA0VO32A CHECK VALVE
- TITLE GSU/RIVER BEND POWER STATION - UNIT 1
. » STORED JMG.RSO32A:210
10
FUNCTION TH=(0.,0.),(.1E-3,.202E6),(.26E-3,.202E6),( . 3E-3,0.),...
" (.5E-3,0.)
= INITIAL
PARAM WTG=71.,E=27.E6,68211.E6,L=1.06,A%2.8,IRS=.61,021.88
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X » SIGY=38,700k1.2 = 81,600 PSI FROM APP. F FOR SUPPORTS
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™ ALELS=EL
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1} EN=PIun2nD/ (8 wlon2)
2 Kz1./(Lwu3/(28. nERIRS ) oL/ 2. wAuGS ) )
20 DYNAMIC
e FTSAFGEN(TI, TIME )
DOY=( FT-RY )/M
22 PROC RY=FUNC(RP)
RY=KaY
23 IF(RY.GT.RPRY=RP
- ENOPROC
DY=INTGRL(0. ,D0Y)
23 Y=INTGRL(0.,0Y)
BSTRN=EKxY
e SIG1=EwBSTRN
- 21623 0Mu0/ (2. wIRS)
MOM=FTAL/G.
20 SSTRM=Y/L
L » 'RATIO" IS CALCULATED IN ACCORDANCE WITH APPENDIX A9231 OF THE
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. RATIO=SQRT( (BSTRN/ALELS Jwn2+( SSTRN/ALELS Jwu2)
38 TAUL=GS#SSTRN
TAUZ=FT/(2.A)
s HETHOD RKSFX
‘o w RANGE BSTRN,SSTRN,SIG1,S162,TAUL,TAUZ,Y,MP,R#,RE,RATIO
TIMER FINTIMs.000Q3,PROEL=.00001,DELT=.0000001
s  PRINT RATIO,Y,FT,RY
TERMINAL
’e WRITE(6,10)
o 10 FORMAT(/SX, 'STIFFNESS OF ROCKSHAFT(K) =',E15.3)
£
3 sToP
" OUTPUT VARIABLE SEQUENCE
«0 _ALELD ALELS M RP X K FT RY poy oY
g = BSTRN SIGL MOM  SIGZ SSTRN RATIO TAUL TAUZ  ZZ1004
43
4a
as B
o |
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TIME HISTURY STRAIN IN THE ROCHSMAFT FROM KICKBACK LOAD
1B21#A0VO32A CHECK VALVE
GSU/RIVER BEND POWER STATION - UNIT 1

TIME

.0
1.000000-05
2.000000-05
3.000000-05
4.000000-05
$.000000-05
6.000000-05
7.070000-05
8.000000-05
9.000000-05
1.000000-04
1.100000-04
1.200000-04
1.30000C-04
1.400000-04
1.500000-08
1.600000-08
1.700000-04
1.800000-04
1.900000-04
2.000000-04
2.100000-04
2.200000-0¢
2.300000-08
2.40N000-06
2.500000-04
2.600000-08
2.700000-04
2.800000-08
2.9C000D0-08
3.000000-04
3.100000-08
3.200000-04
3.30000D0-08
3.400000-06
3.500000-08
3.600000-04
3.700000-04
3.800000-04
3.900000-08
4.000000-04
4.10000D-04
4.200000-04
&.3000 D-08
§8.800000-084
§.500000-08

RATIO

.0
5.3960E-05
§.2994E-08
1.68813E-03
3.3844E-03
6.5305E-03
1.1119E-02
1.7389E-02
2.5378E-02
3.5314€-02
§.7213E-02
6.1027€-02
7.6438E-02
9.3037€-02
.11057
.12901
.16838
.16866
.18986
.21198
.23501
.25895
.20382
.30960
.33630
+36391
.392a5
22176
.235119
.879%0
.50711
.53212
.55481
.57518
.59322
.60893
.62232
63339
.68213
.64854

68

65384

65096
.64575
.63822

Y

.0

2.1898E-06
1.74588E-05
5.8491E-05
1.3735E-04
2.6502E-04
§.5121E-04
7.0806E-08
1.0299E-03
1.4331E-03
1.9160E-03
2.87646E-03
3.1020E-03
3.7757€-03
Q.G870E-03
5.2356E-03
6.0215E-03
6.88486E-03
7.7050E-03
8.6026E-03
9.5372E-03
1.0509€-02
1.1518€-02
1.2564E-02
1.3688E-02
1.8768E-02
1.5926€E-02
1.7116E-02
1.8310E-02
1.9876E-02
2.0580€-02
2.1595E-02
2.2516E-02
2.3342E-02
2.8074E-02
2.4712€-02
2.5255E-02
2.5708E-02
2.6059€-02
2.6319€-02
2.6885E-02
2.6557€-02
2.6538E-02
2.6817€E-02
2.6206E-02
2.5900€-02

FT
6.2500E-02
26200.
88500.
72600.
96800.
1.2100E+05
1.8520E+05
1.6930E+05
1.9360E+05
2.1780E+05
2.4200E+05
2.8200E+05
2.6200E+05
2.8200E+05
2.4200E+05
2.Q200E+05
2.8200E+05
2.8200E+08
2.8200E+05
2.6200E+05
2.8200E+05
2.8200E+05
2.3200E+05
2.4200E+05
2.8200E+05
2.6200E+"5
2.8200E+05
1.8150E+05
1.2100E+05
60501.

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

RY

.0

108.29
862.86
2892.6
6792.3
13106.
22314,
35818,
50932.
70873,
94755,
1.2268E+05
1.5381E+05
1.7353E+05
1.7353E+085
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+08
1.7353E+08
1.7353E+08
1.7353E+05
1.7353E+08
1.7353E+05
1.7353E+75
1.7353E+/5
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
1.7553E+08
1.7353E+085
1.7353E+05
1.7353E+05
1.7353E+05
1.7353E+05
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Plastic Strain Energy for Beams of Various Cross-section
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. PLASTIC STRAIN ENERGY FOR BEAMS OF VARIOUS CROSS-SECTION

Ignoring the initial elastic stage, the plastic strain energy is given by the
expression

F =
[t w0 (D
where is the plastic bending moment and d© is the angle through which this

moment 1s rotated. For physical reasons, the integral is always positive.

Referring to Figure 2 showing a differential element in the line
Mp-Fa-oyAu/Z

since the line stress is at yleld, 0, (assumed for simplicity). The distance
'a' between the center of area abové and below the neutral axis is given by
the integral expression (Figure 3).

%-‘2-- f; z dA = fl(rsina) (rtda)

% = % r2t ]; sinada = - ZEZE cos a ; = f;ii

- ,,:zr: -2 (2)
Thus, the plastic bending moment becomes

Hp = oyAg (3)

for a thin circular tube. By a similar analysis, it is shown that the plastic
moment for a solid circular section is given by

A-2
‘ BN1-14764.07~1
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4 3 2
M =2r’c =%£0 AD/M (4)
T Ll e 4
For a rectangtlar section of height, h, and width, b

1
M =o0 Ah
p &4y

To determine d©, assume that the deflection curve shown by the dashed line in
Figure 1 is approximated by

Yy = ¥, cos mx/L (5)

Differentiating twice, we obtain
y' =8 = =y (n/L) sin nx/L (6)
y' =8' = 1/p = -yo(ﬂ/L)z cos mx/L (7)

where 1/p = curvature of the beam. Noting that d® = 8'dx, the expression for
energy given by equation 1 becomes

2
Eg = prdG = pryo(l/L) cos mx/L dx
Calling mx/L = £, the integration read-
E, = (v/L) y Mp f’ cos EdE
B Yo -

Remembering that the integrand is never less than zero since energy is always
absorbed, change the limits to v/2 and zero, and multiply by 4

BN1-14764.07~]
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n/2
EB (4y°/L) T Mp sin lo
which yields for the plastic strain energy in bending
By = 4% Mpy/L (8)
The displacement, y,, must now be related to strain, €, in order to determine
acceptable damage. Referring to Figure 2
€ = (de~dx)/dx = ds/dx -1 A
Since ds = (p + r) d6, the expression for strain can be written
€= (p+r) dé/dx -]
But, from equation 7, d8/dx = 1/p so that
e=(p+r)eo~-1=1/p

Replacing 1/p by its equivalent from equation 7

2
€ = r({) Y, €os {5

which has for its maximum

2
€ = %- EZ% (9)
L
Yo T
- € (10)
, :7- Ll

Now, replacing Yo by € in equation 8 yields

= 8L
EB D Hpc

BN1-14764.07-1
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for the strain energy of a beam pinned at both ends.

For a beam fixed at both ends, the assumed deflection curve is

 J

y.z—o—(cogz%d- l) (12)

By a similar analysis to the simply supported case, the plastic strain energy
in bending for a beam with both ends fixed

y

Eg = 47 Mp T— | | (13)

€= -%- -:7—. - ;i’- (14)

Lo :'z" - (15)
which yields for the plastic strain energy in terms of strain

E, = —2— Mp -t— 3 (16)

For a beam with one end fixed and the other end pinned, the assumed deflection
curve for uniform loading is given by the elastic curve obtained from any
edition of Rourk's Formulas for Stress and Strain

y = 3.86 y_ [3 (-%—)3 -2 (—ﬁ—)" - -%] (17)

where X is measured from the pinned end. Again, a similar analysis leads to
the result for plastic strain energy in bending

. Yo 8
EB. Jal—L— (18)

BN1-14764.07~1
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which yields for the plastic strain energy in terms of strain

BN1-14764.07~1
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Plastic Strain Energy for a Circular Plate in Bending
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PLASTIC STRAIN ENERCY FOR A CIRCULAR PLATE

The strain energy of a plate in bending is derived below for a purely plastic
response to a uniform loading. Ignoring the elastic contribution greatly
simplifies the analysis and is conservative.

A deflection curve that satisfies the simply-supported boundary conditions is
assumed

y =Y, cos op (1)

y' = Yo (;K) sin 4;%

(2)
. ( ')chl w1 dé
y "% 'R R 7§ dr
Referring to the Figure, the strain energy is given by
Eg = [ My d® (3)
summed over the plate where is the moment for fully plastic loading.

Referring to the figure, because of symmetry, the plastic moment acting at
radius, r, 1is simply the unit moment, Mp times the circumference at radius, r.

&’ o (anr) (4)
M = o T

L R

Inserting into the integral

R 2 2
Eg = | 0,(271) ¥ (yp) cos yp dr
o

which reduces to

BN1-14764.07-2
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2
2v
E' - (;) oy y°2l f;/ ¢ cos £ dE
with £ = %%

Integrating,

2

Es- Zwoy (;) [cos £ + £ sin E]'/z

o)

"

' -
glg-Do

t2yo (5)

The plastic strain by definition equals

o d8=dr _ ds _ 1

e dr dr
o (p+t/2)db
=3 1 t/2p

Since 1/p = 6', this becomes

2 ty
" (o]
c-.s_;r.. (6)

which can be used to eliminate Yo from the energy equation
«2 (-2
EesO-2) . Ve (7)

where V= volume of the circular plate (7R%t) and € is the maximum strain.

B-3
BN1-14764.07~2
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