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Material properties data
~ Alloy 600

- A508 _
StructUraland contact pressure analyses for severe accidents
— Tube-to-collar junction test specimen | |
— Model 51 tube-to-tubesheet junction.
LLeakage analysis for severe accident
—  Tube-to-collar specimen

— Model 51 tube-to-tubesheet junction
Leakage analysis for NO and MSLB
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Thermal Expansion Strain (in/in)
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Key propertles are the thermal expansnon coefficients of A508 and Alloy 600
We sent specimens of each material to ANTER Corp. and PMIC Corp.
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The thermal expansmn strains measured by both vendors are Cﬂose
Fitted with 6" order polynomlals




hermal Expansion Coefficient
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lloy 600 Tubes)

Heat No. | Diam. | Yield uTsS %
| | in. ksi ksi | Elongation
- (mm) | (MPa) | (MPa)
8520L | 0.875 | 425 101 36
(22.2) | (293) (696)
18524 0.75 44.7 99 25
(19.05) | (308) (682)
EX-82-1 | 0.875 | 51.8 99 43
(22.2) | (357) | (683)




Stress-Strain Curves at RT (Alloy 600)
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NX 8524 properties are intermediate between those of the other two heats
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Room Temperature Yield Strength (ksi)
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Room Temperature Yield Strength (MPa)
Room Temperature Ultimate Tensile Strength (ksi)

Specimen No.

_ operties lass 1
Th_e SA 508 steel was obtained from a large forging. |
Following high temperature anne_alin_g,. it was water quenched at 870°C
(1600°F) for 11 h and tempered at 649°C (1200°F) for 15 h.
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PWHT 'a'ppea'r”s to have softened the material s'igniﬁcantly
The extra 1- hr PWHT was applled to facilitate machining of our tube-to- collar
specnmens
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design of Tube-to-Collar Test Specim

We deSighed the collar such that its radial elastic stiffness is the same as that
of the tubesheet. | ;

First, caICuI‘ated the orthotropic elastic-con_stants of the tubesheet material

tubes arranged in a square array in tubesheet (50"radius, 21" thick)
Applied unit normal and shear strains to a unit cell of the tubesheet
Applied u_nit pressure at the tube hole in a tubesheet

Applied unit pr'essure'y.on the ID surface of the collar

Determined r‘adial thickness of the collar by equating the radial stiffnesses.




Finite Element Model of Tube-to .
Axisymmetric model (initial radial clearance of 0.008") including the tack
reglon |

) Amsymmetrlc SO|Id eIements for both tube and collar

Surface to-surface contact (u=0. 2) between tube OD and collar ID

Seal weld at the bottom modeled by constralnlng the aXIaI dl placements of
the tube and the collar to be the same

ngld body translation in the axial direction prevented by applying
dlsplacement boundary condition at the OD point at the bottom of the collar.

Pressure Ioadlng only (|sothermal)
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Finite Element Analysis of Tube-to-Co
Step 1 Tack expansron and Hydraulic expansron pressures applied and
- removed | | :

Step 2 Tube mternal pressure applred

Step 3 Temperature of the specimen raised
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Thermal stress depends on the dn‘ferenllal thermal expansion coefficient
Initial co_ntact pressure is higher the lower the yield strength




Tests at RT

N Leak Rate: (mg/min) . Leak Path ~Initial contact
ot | 05ksi | ks Tksi | Length pressure
| - (3.5 MPa)| (6.9 MPa) | (6.9 MPa) in. (mm) ksi (MPa)
Nxbezsy | 05 | 85 | 43 | 4(100) 3(21)
NeeotlTy| 08 | 27 | 27 | 4(100) 3 (21)
X erq) | Noleak | 243 23.8 | 4(100) 1(7)

Leak rates are con3|stent with calculated contact pressure
Slgnlflcant scatter in the data
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Test 05-7/8" (EX-82-1)
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Tubesheet with holes replaced by equivalent tubesheet with effective
orthotropic thermal and* mechanical properties. -

Smear out these holes and tubes | ‘ ' Apply equivalent volumetric heat flux in this zone
i ' Equivalent Tubesheet Material
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PE, Mas, Principal
(Pug: 75%)

+6.4312-02

+5.145e-027
+4,502e-02
+3.85%¢-02
+3.216e-02
+2,572¢-02
+1,92%e-02
+1.286e-02
+6.431e-02
-4 8,000e+00

+7.717e-02
+7.074e-02 -

+5,788e-02 -

Properties

Apply X-displacement to unit cell

Apply zero Y and Z displacements
to remove rigid body translations

‘Use X, Y and Z symmetry

Couple Y and Z displacements on
appropriate faces

No net load in Y and Z direction
Compute X-load vs. displacement
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Sig XX (ksi)
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- ‘  Strain
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Fl ffective

eterminati

U, U1 )
mar * 1 000¢- 0z

ear Yielc

B Apply X-shear dlspﬂacement to unit
Apply zero X, Y and Z

+ +2.382¢-03
+1.5350-03 -
+6.886¢-04
-1,578e-04

dlsplacements to remove rigid body
translations

| Couple Y and Z displacements on
appropriate faces

No netload inY and Z dlrectlon

‘-Compute X-load vs. displacement
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tress- train Curves for Tubesheet
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ffective Creep

Effective anlsotroplc properties (Hill's formula’uon) determined from FEA of

unlt cells
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Available literature Creep rate data
for A508 steel at high temperatures
were fitted to the following equation

= Bexp| — Ght”’,AzBex -
p 7 )° p T
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-+ 7.898e+02
+7.:897e402
+7.8%5e+02
+7.894e+02
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1+7.890e¥02
+7.889%e+02
+7.887e+02
<+ T 886e+02
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etermination of

Unit cell

+7.897e402"
7.897¢+02

¥7,897¢402

+7/897¢+02
+7.897e402

EquNélent :métenéi»
Unit cell subjected to HTC and Tgas from RELAP5
Equivalent matevrial subjected to uniform bulk heating

Determined effective anisotropic thermal conductivities




Severe Accident

HTC and Tgas for hot inlet (h1-h21)
provided by Boyd based on CFD
analysis.

We used Cell 16 data as representative
of hot tubes |

Equivalent bulk heating rate based on
RELAP 5 calculated data (ISL) used for
hot outlet (cell 22), cold outlet (cell 23)
and cold inlet (cell 24).
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Quadranth23 . 7 - .
P Cold.outlet-v o .

Quadrant h24
Cold inlet

FEM included a single tube,
tubesheet (with solid rim), divider
plate, lower head and a SG shell

segment.

:Tubesheet-

Quadrant h1-h21 i
Hot-inlet - S ol
<o " Quadratit.h22+
- Divider . Hotoutlet. ..

Tdhe.-'locatinvn
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“+8,426e+02
+8.063e+02 .. |
47.713e+02 Hot inlet plenum
+7,356e+02,
4 +7,000e+02 ’
. +6,643e+02
+6.287e+02
+5,930:+02
(455746402
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.+4,147e+02

- Cold 'm’!et plenum
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Lower head (ID surface
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t=13,750 s

ermal Analysis Resulits

- Mixed plenum
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ntact Pressure

. Di_sfance from Top of Tubesheet (m)
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Tubesheet Deformation Effec

NTll
. +5.444e+02 -
+5.2752+02
+5,107e+02
+4.938e402

- $4,5582+02
144.2042402
+3,850e+02°
143495402

t=11,700 2135908
At lower temperatures bowing i is approximately axisymmetric

At_higher temperatures, additional local bending due to creep.
— Causes non-axisymmetric contact preséure distribution in the tube
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O 875 in. d:ameter tube (EX-82-1)

34 ksi expansron pressure
UniformlCrevice Prassure
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Tubesheet
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Distance from Mnddle of Tubesheet (in.)

Four axial paths separated from each other by 90° in the CIrcumferentlal
direction

Throughwall crack assumed to be at TS mid-thickness
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ations (Parabolic Crevice Pressure

ressure a

ferential ntact

ist. )

. Distance from Middle of .Tuhesheet (m) Distance from Middle of Tubesheet (m)
-O.(iS 0 005 = 0.1~ 0.15 0.2 0.25 0.3 -0.05 U 0.05 0.1 '0.15 0.2 A 0.25 0.3
T e G e ey g 0 R e epye sennt iyses S SN INAS
[T b ] o0 P e e — o
g [ | 47/: \\\\ Tobaaneet 3 4°§ g - Joof
DS e RN
é- B \ -j1o§ o P ——— / v io
) ‘ i " Top of
r 1 Tubesheet 4 .02
- : — - U B o -2' 0 2l“4 6 HJau‘Ho 12
- -2 o T2 4 6 8 . 10 12 Distance from Middle of Tubesheet (in.)
Distance from Middle of Tubesheet (in. )
Four aX|a| paths separated from each other by 90°in the circumferential
_directlon | | | |
Significant circumferential variation — leak rate model assumes axisymmetric
contact pressure and gap opening with no crrcumferentlal flow
Non-axrsymmetry implies that the flow will be circumferential from high
resistance to low re3|stance before turnrng axial.




P=P1 P=P1 P=P1
Tube wall

T T : T

Pf=0 lPC=PC(t) PR=Pfz) | PC=PC(t,PD Pf=P1 | |PC=PC(t,P1)

Collar wall .

Outlet dz Inlet

utie l..__.l z=0

z=L
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Effective Gap/Roughness

T T T '| T T T s’n T T 7 T T r T T

L - - H R " -_{
" l;.._._._ Effective Gap/Roughness ] Specimen 01 3/4 y
L ' ]
b -
r : _ I ]
[ Effective gapfroughness correfation ]
+t= for nonzero contact pressure -
A ]
r ]
B J
L . Calculated gép/roughness ]
C I TR S § 1 PR . ] 1 1 1 4 FEa | I W' 1
6 . 4 . 2 0 2 4
Contact Pressure (Ksi) Gap/Roughness
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Bold line used as normalized effective

'gap width




TIME = TEMPERATURE PTUBE PCREVICE PCONTACT  GAP hcorr K

0.00E+00

5.65E-05

6.65E+13

14402 710 2.5 0 2.13 |
14402 710 25 0.25 1.88 0.00E+00  6.87E-05  3.69E+13
14402 710 25 05 1.65 0.00E+00  8.16E-05 2.20E+13
14402 7i0 25 0.75 1.40 0.00E+00  9.78E-05 1.28E+13
14402 710 25 1 1.14 0.00E+00  0.000117  7.36E+12
14402 710 2.5 1.25 0.69 0.00E+00  0.000167 2.58E+12
14402 710 2.5 1.5 0.34 0.00E+00 ~0.000237 8.97E+11
14402 710 25 1.75  0.024 0.00E+00  0.000393  1.96E+11
14402 - 710 2.5 2 0 4.96E-05 0.000393 1.96E+11
14402 710 25 225 0 1.21E-04 0.000393 1.96E+11-
14402 - 710 2.5 2.5 0 2.27E-04  0.000393 1.96E+11
nes ol
V0 P | OV, g
=1L TR ~p, N Z_z—jjplf—\’ KP1 P

! HATIONAL LABORATORY
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revice Gas Pressure Distribution

2
©

2.5/2.5ksi-stgl
® :2/2°ksi*stgl
4 1.5/1,5kst-stgl’
* 2:5/0:45 Ksi-stg5§
s r0dEl sqre( 1)
#  2,5/0.3 ksizstg5"
+ 2.5/0.15°Ksizstg5
s (1 2y ) N6

Normalized Crevice Pressure
e e
BN o

o
~

0 1 2 3 4 5 6 . -7 8 9
Axial Location:{in.).

PreSsure distribution is parabolic when the gap is physically Open.

Pressure distribution is relatively uniform as long as contact is closed with
positive contact pressure.




W}

4" long specimen, crevice
independently pressurized

Specimen heated to 670°C,

Crevice Pressure (MPa)

' -0 1 2 3 4 _ .
20000 e then tube pressurized to 2500
Red - Ptube=2500 psi _ ] ] .
- Blue - Ptube=2000 psi ] ~ psi and held 4 h — no leakage.
= 15000 - Gieen - Ptube=1500 psi ’ _ ' ] : ]
£ - Black - Ptube=0 psi o] Then crevice was pressurized
£ 1o000 | | o { 102000 psiand held for 4 h at
2 : 1 670°C — started leaking after
o 5000 - : .
” o o 30 min.
8 TestQ1-3/4 ] . , _ » ] '
= 0y = Symbols Test data Final leak rate =8350 mg/min
000 e vs. predicted leak rate = 5500
| 400 0 100 200 300 400 ‘500 600 700 'mg/min. - |

Crevice Pressure (psi)

Specimen cooled to RT and
leak tested.
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redictec VS.

Tt T T r t ] . r T

Test 02-7/8" {Stage 3) .

¢4
o
o
S .

Leak Rate (mg/min)
; T TTI T 1T 1 Ll I T LSRR l T T

P T TN U Y W TV N T N WA SN BT UNE NAE EOT N
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RTINS S SR S PR TN NS T B T T
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ate (Test 02-7/8")

Specimen 2" long, tube had a
1/32" dia. hole drllled in the tube
wall.

The inlet for crevice pressure was
sealed off.

Leak rate oscnlﬂatlon at low leak
‘rate — not predlcted not observed
when crevice is pressurized
“independently.

Pre_dicted leak rate,based on
crevice pressure = tube pressure.




118000-
16000 -

14000 -
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‘10000 -

Leak Rate (mg/m
[s)] o]
CQ (o]
(=] (@]
[»] o

4000 -

2000

0 0.5 1 1.5
' Crevice Pressu’re--(ksi)

2.5

)1-3/4"

First approach
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Leak Rate (mg/min)

16000 -

14000

=
N
[=]
o
o

10000

8000

0.5 1 1.5

Crevicé Pressure: (ksi)

Leak rates predicted to within a factor of 2.
We used the first approach to predict the leak rate of Model 51

‘Second approach




| Leaka ge Analys'is (Model 51)

_Contact pressures were calculated for unlform and parabollc crevice pressure
distributions »

“We assumed that the crevice pressure dlstrlbutlon for a physically open gap
is parabohc for leakage analysns

I
P , L

3

~d* p, ¢ p(ps) | d
B )/ yd
q 2Lutj( /o, )dpr = 12Lllfpfpf

The 's_econ'd approach was to use the basic equation for leak rate.
o _ Ap; |




odel 51

redicted Leak Rates for

10° pr—r vy . 10° e T e e
E Model 51 (EX-82-1) % Model 51 (EX-82-1)
10° E- Uniform Crevice Pressure 162 08 E Parabolic Crevice Pressure 102
: % g
107k —— Path 1 119 2 T 10° | i) 10° E
= F e 310 3 3 &5 > E ain g
g’ 10° L . Path 4 i 100 X £ - Path 4 ::_),
> — = « Average 3 2 > ) E — = - Average . B
T [ 5 ¥ ' 10
£ 10k J 100 € g 10 ¢ s
x -5 ° K o
o 3 S o 3 -
3 10 1 10° - 3
1 10? FEEESTse=——— 10
1000 B § 10° -
- F 3 E
100 b bt 10° 10:220.0.112:10;).1,2;0IOI1’28L0‘O?3(;(;0‘14(;;0‘0‘1‘3:10'0‘1.3("30.041;380(:05
-12200 12400 12600 12800 13000 13200 13400 13600 13800

Time (s)
Time (s)
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Conclusions

The leak rate tests shoWed that dUrihg high temperature ramp under both
tube and crevice pressure, the leak rate remains very low until ~ 670-700°C,
ibeyond which it increases raprdly with temperature |

- No large leakage observed if crevice was unpressurrzed

- Specrmens with 0.75" diameter tube behaved essentrally in the same fashion as
specimens with 0.875" diameter tube

— High temperature leak rates were essentially the same for three heats of Alloy 600

A test, in which the crevice pressr.rre inlet was sealed off and a 1/32" hole was
drilled in the tube wall, behaved essentially the same Way as specimens
whose crevices were mdependently pressurlzed

— If a throughwall crack is present in a tube within the tubesheet, the Crevrce will very
likely be pressurized.

A leak rate model was developed for axrsymmetrrc contact pressure and gap
opening |

~ The predrcted leak rates are within a factor of 2-3 of the observed leak rates in the
~ tube- to collar specrmens

o
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B A finite element model was »deveioped for a Model 51 SG tube-to-tubesheet
" interface, including the: tubesheet tube, divider plate, SG shell and lower
‘head. ,

— Equivalent thermal and mechanical properties were developed for the tubesheet

° L/m/ted h/gh temperature tensile and creep tests Were conducted on a heat of
A508 steel and three heats of Alloy 600

— The heat loading on a smgle tube under consideration was modeled ina detalled
fashion based on CFD input.

— The heat loading on the rest of the tubes were smeared out over the tubesheet as'
volumetric heat flux. -

Stress anaIyS|s showed a significant variation in contact pressure and gap in
the C|rcumferent|a| direction suggesting that C|rcumferent|al flow will occur

— The Ieak rate model predicted leak rates that were dependent on the location of
the axial path around the circumference of the tube

— The path- averaged leak rate is predlcted to remain low (<1073 kg/min) until 13,400
S, then rising rapldly with time.

- At 13,600 s, it is predicted to be within 5 and 10 kg/mln

onne ==
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In the absence of tests with realistic bou-ndéry conditions, these results
should be considered as best estimates. |




Uncertainties

How long does it take the crevice to be pressunzed by leakage from the tube
through a crack within the tubesheet? |

Are the contact pressures and gaps under the two types of bendlng of the

tubesheet during the severe accidents captured in the FEM with sufficient
accuracy’?

How would the circumferential flow affec_t the total leak rate?
How sensitive is the calculated leak rate to material property variation?
How sensitive is the leak rate to the thermal hydraulic uncertainties?




Leak .fw Two

B @Wm g)

Ring- Assembly Model (unlaXIaI stress f|e=ld)

Phase Flow (No Tubesheet

Psat 4
q=- ! f dpg in the liquid phase (mcompreSSIble) and
Vng e K
1
o1 P2 oo dp ». | . o |
q=— _[ L —~L in the gas phase (ideal gas) with Ly+L~L
- VsatL.g Peat Psat K | \

FEA model (triaxial stress field)

. However, K(z), i.e. ps(z) is apriori unknown




| Start with Ioss CoefﬂCIentS K(z) and contact pressures pf(z) as determined by
- the ring assembly model

Perform FEA to determine new K( )

C‘alculate‘ q

‘Integrate q= '—11< p(if) Cff from mlet to z to obtain next estlmate of p{z)
Z .

lterate on py (steps 3 and 4) untll convergence

RepeatStep 2 through Step’5-until convergencié

—
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NAHDNAl lABDRAYORY

2




lteration

'3.0000

2.5000 ;

@

X, 2.0000 =
el 1st |terat|on based ‘0N
a . Ring Assembly Model
o 1_5000- 2nd rteratlon

%.‘: “3rd iteration

o : . '

'g 1.0000 ‘4th iteration:

5] 5th iteration-

0.5000 -6th iteration.

iteration
0.0000

“Axial Location (in.) | )
- Leak rate is 20 mg/mln for higher crevrce pressures and 8 mg/min for lower
crevice pressures
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S

W A

Contact Pressure (ksi
N

1 = . # 4th iteration
R - - -~ = 5th jteration
s ¢ 6th iteration




esults for Leak Rate
30 __.""l""l""l""I""l'."'lﬁ"l'”'_
25:— j
g f .
%20 o 3
S - )
= | ]
815 [ .
ﬁ‘g - .
i - 10:— _
5 ;l!ulllllilIIILLL‘II]ll!l,llllll|lll|ll]
8.

o 1 2 3 4 5 6 7
' lteration Number

Leak rate oscnlates between 8 and 25 mg/mln.
Need to use a better iteration scheme.




Distance from Crack Location(m)

005 0 005 .01 045 02 025 03
10 i LA 1 ". Lt 4 I' LA (L | .' LSRN AL LR
10,875 in. diameter tube (NX 8520) - ] W o
O 7o 1 clametep ube (T 8520) {60 Top 2.5" of interface loses
T 3 50 contact during MSLB
g 6 [rmdePOStEXPANSION o - 440 & lteration 1 calculation using
o i ymal sratfio E = ; . )
s 0 togropemen ) 3, §  Pcrev from ring assembly
g 4T SRS G| N 2 model shows a leak rate of
ol - s - J 20 £ . :
g . ) TL 6.1 mg/min during NO and
< _ - ] 8 , . .
8 I N s | Bl ¢ 16.5mg/min during MSLB.
R R IR More iterations are needed.
34 ksi expansion pressure b 10
B . H H H 1 -
2 el L L .

2 0 2 4 . 6 g8 10 .12

Distance from Crack Location (in)
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2 F _ ° . - °
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1 2 3 4 5 6 7 8 9 0o . 50 100 150 200 250
o Leak Path Length (in.) _ © Initial Leak Rate at RT (mg/min) .

Temperature at onset of hrgh Ieakage rncreases with increasing leakage path
length |

‘Tempereture at onset of high Ieakage decreases with increasing mrtral leak
rate at room temperature ("looser" joint)

— Itis independent of initial leak rate for high initial leak rate.
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