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Overview
iMaterial properties data

- Alloy 600

- A 508

Structural and contact pressure analyses for severe accidents
- Tube-to-collar junction test specimen

- Model 51 tube-to-tubesheet junction.

11 Leakage analysis for severe accident
- Tube-to-collar specimen

- Model 51 tube-to-tubesheet junction

Leakage analysis for NO and MSLB



Materia IProperties Data
M. Key properties are the thermal expansion coefficients of A508 and Alloy 600

0 We sent specimens of each material to ANTER Corp. and PMIC Corp.
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The thermal expansion strains measured by both vendors areclose.

Fitted with 6 th order polynomials



Thermal Expansion Coefficient
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B&W (Canada) Fit to PMIC Data of A508
T (°C)

0 100 200 300 400
15

j14.5
-4

S14

13

US 12.

U,11.

10
0.0

LL
o 8
C)

7.5
L)

0

0)7

C-.

Q- 6.5

7 6

5-

O5.5

0)

II I I . I I . I I

-'-PMIC-B&W

-4-PMIC-AA508

-a-PMIC-AAI(-.y
4-PMIC-ANL

500

/-A508

600
A508

0

14 "-

13 0

0

C

.2
12 C-

cc

x
w

10
0 U
I-

. . . I , .
I II

100.0 . 200.0 300.0 400.0 500.0 600.0'

Temperature (*CQ
700,0 800.0

0 200 400 600
T (°F)

C
) 10

The temperature region 250-350OC is important for analyzing NO and MSLB



Mechanical Properties (Alloy 600 Tubes)

Heat No. Diam. Yield UTS %
in. ksi ksi Elongation

(mm) (MPa) (MPa)
8520L 0.875 42.5 101 36

(22.2) (293) (696)

8524 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)
Plastic Strain (%)
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1 INX 8524 properties are intermediate between those of the other two heats



Mechanical Properties of A508 (Class I Grade 3)
M The SA 508 steel was obtained from a large forging.

E Following high temperature annealing, it was water quenched at 870TC
(1600'F) for 11 h and tempered at 6490C (1200°F) for 15 h.
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7] Average yield of 66 ksi and average UTS of 88 ksi



S"tress-Strain Curvesof A508 at RT
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The extra 1-hr PWHT was applied to facilitate machining of our tube-to-collar
specimens



otress-Strain Curves at High temperatures
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Creep Rate Equations
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Design of Tube-to-Collar Test Specimens
M We designed the collar such that its radial elastic stiffness is the same as that

of the tubesheet.

First, calculated the orthotropic elastic constants of the tubesheet material

1 .28 in. pitch and 0.891 in. tube hole diameter for 0.875 in. diameter SG
tubes arranged in a square array in tubesheet (50"radius, 21" thick)

M Applied unit normal and shear strains to a unit cell of the tubesheet
N Applied unit pressure at the tube hole in a tubes.heet

Applied unit pressure on the ID surface of the collar

Determined radial thickness of the collar by equating the radial stiffnesses.



Finite Element Model of Tube-to-Collar Specimen
* Axisymmetric model (initial radial clearance of 0.008") including the tack

region

* Axisymmetric solid elements for both tube and collar

Surface-to-surface contact (pt=0.2) between tube OD and collar ID

" Seal weld at the bottom modeled by constraining the axial displacements of
the tube and the collar to be the same

" Rigid body translation in the axial direction prevented by applying
displacement boundary condition at the OD point at the bottom of the collar.

m Pressure loading only (isothermal)



Finite Element Model of ANL Test Specimen
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Finite Element Analysis of Tube-to-Collar Spec e
U Step 1 Tack expansion and Hydraulic expansion pressures applied and

removed

* Step 2 Tube internal pressure applied

M Step 3 Temperature of the specimen raised
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Leakage During Screening ests at RT
Leak Rate. (mg/min) Leak Path Initial contact

Specimenat #) 0.5 ksi 1 ksi 1 ksi Length pressure

(3.5 MPa) (6.9 MPa) (6.9 MPa) in. (mm) ksi (MPa)
#01-3/4
(NX8524 0.5 3.5 4.3 4 (100) 3 (21)
#04-7/8

(NX8520 LT) 0.8 2.7 2.7 4(100) 3(21)
#05-7/8
EX-82-1) No Leak 24.3 23.8 4 (100) 1 (7)

11 Leak rates are consistent with calculated contact pressure

M Significant scatter in the data



Effect of Thermal Ramp to 3000C on Leak Rate
Exit Gas Temperature (°C)
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Analysis of Contact Pressure (7/8"Tube)
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8520.

7] These temperatures are close to the test temperatures at which large
leakages were observed.



Model 51 Tubesheet Model.
E 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

Equivalent Tubesheet Material

/



Determination of Effective Uniaxial Yield Properties

1 7:074.e-02

+5 ,145,0Q2
+4 502e-02

7-+3 859 e-02
+3.216e -02
+2 572e-02

1929::02
+ .26 .02

+6.431 '.03
+0,000,+00

U 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

0 Compute X-load vs. displacement



Results for -Displacement

Unit Disp. in X Direction
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Determination of Effective Shear Yield Properties
U, U1

7,4615e-03
+6.6614e03
+5,768, 03
+4 921.-03
+4,075e 03
+3.228e-03
+2 382:-03
+1t535e -03
+6 886e,04
1,578e-04

* 1Apply X-shear displacement to unit
cell

M Apply zero X, Y and Z
displacements to remove rigid body
translations

I Couple Y and Z displacements on
appropriate faces

7 No net load in Y and Z direction

;ý Compute X-load vs. displacement



Hill's Formulation for Anisotropic Plasticity

f(a) = V[F(ar - 1o)2 +G(u z -_7)2)+ H((uo -crz) 2 +2L 0rO2 + M(3rz2 + 2NozO2]
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Effective Stress-Strain Curves for Tubesheet
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AV%
a -Effective Creep Propertiesof Tubesheet

Effective anisotropic properties (Hill's formulation) determined from FEA of
unit cells.
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Determination of Equivalent Bulk Heating Rates
NTII

+7.897e+02
+ 7.995e+02
+7 894e+02
*7,992e+02
+7.990i+02

9789e+02
+7.887e+02
+7.886e+02
+7 7884 e +02
4.7 882e+02
+7.88 1 02
+7.879ee+02

+7 S 7 e++0.2
.+7 897:-02
* 7,897 +02.
+7;897 e+2
+7.89,76+02
+7 i7897e+02
* 7:897e+02
+7.897:+02

* +7.897 +02.

* +7 8974402
+7:8974+02

Unit cell Equivalent material
M Unit cell subjected to HTC and Tgas from RELAP5

11 Equivalent material subjected to uniform bulk heating

M] Determined effective anisotropic thermal conductivities



Thermal Analysis Inputs (SBO Severe Accident
Base Case)

hil: hi2

~hT [hs

hi 2h

h20

hi7

hi

b94

h14

HTC and Tgas for hot inlet (hl-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).

h24 h23



FiniteEllement Model

Quadrant h24 Quadrant h23 .
Cold inlet " . i. 'Coldloutlet. ... : .

Tubeeheet FEM included a single tube,
'41 tubesheet (with solid rim), divider

plate, lower head and a SG shefl
segment.

Quadrant hl-h21
Hot inlet

Quadrant h22
Divider Hot :outlet

Tube location



Thermal Analysis Results
NrllI

+8 426e+02
+S 069t+02
ý+7 713e+02
+7, 356 e+02,
+7.000e+02

+5.930e+0 2

+48 +02
+4,504e+02

.+4,147e+02

Mixed plenum
(HIlotoutlet): .:

Hot inlet plenum +5684 -02. C
ýý.,:79o,
+5274e+02
+.069e+02

+4.064e-02
+4.66N0~~2
+4 455:+02
ý44250 +02
+4 045e+02
+3:840e+02
,13635e+02,
+3430e+02

Hot Inlet

Solid Rim

Cold Outlet

Hot Outlet
Cold inlet plinum

Cold outlet plenumDivider
Divider

Lower head (ID surface) t=13,750 s (TS bottom surface) t=12420 s



Temperature Distributio n It th Tubesheet
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Contact Pressure Analysis Results
Distance from Top of Tubesheet (m)
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Tubesheet Deformation Effect
NTII .TUt

. .5.444...2 7472,o02
*.5.275,.02 387 36 02

* _ .5. 107e+02 7. 4 +0
*4.938e÷02 "6681.+02
+4.769,+02 .. 327.,-02
4,6o.oe02 5973.-02

+-443 0 +5619e0
.4.263.-02 26.'02

4 +4,094:.02 . •
.3,925e+02 ", 558e4 02

:+ .75702 -4204e+02

+3.589*.02 
4"3.850e+02

... .• . ...........

t=l 1,700s t=1 3,590s
At lower temperatures bowing is approximately axisymmetric

W. At higher temperatures, additional local bending due to creep.
- Causes non-axisymmetric contact pressure distribution in the tube



Circumferential Contact Pressure and Gap
Variations (Uniform Crevice Pressure Most.)
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Ring Aseml Mode forLekat

P=PI P=P1 P=P1

Tube wall

PC=PC(t,Pf) Pf=P1

inlet
z=OOutlet

z=L

L

qf dz•-1. f (PPfK ) dpf • f (PK 1 ) dpfI P,
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Leakage Analysi's Steps (Ring Assembly Model)
TIME TEMPERATURE PTUBE PCREVICE PCONTACT
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14402

14402

14402

14402

q -J
, f p 1

710

710

710

710

710

•710

710

710

710

710

7•10

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

2.13

1.88

1.65

1.40

1.14

0.69

0.34

0.024

0

0

GAP

0.OOE+00

0.OOE+00

0.OOE+00

O.00E+00

0.00E+00

O.00E+00

O.OOE+00

O.OOE+00

4.96E-05

1.21E-04

hcorr

5.65E-05

6.87E-05

8.16E-05

9.78E-05

0.000117

0.000167

0.000237

0.000393

0.000393

0.000393

0.000393

if

K

6.65E+13

3.69E+13

2.20E+13

1.28E+13

7.36E+12

2.58E+12

8.97E+11

1.96E+11

1.96E+11

1.96E+11

1.96E+11

(Pf
K

0 2.27E-04

q Pl K



Crevice Gas Pressure Distribution (Ring AssemblyModel)

Test 11-7/8"

0.8

E ( el-sy)t•i/
0 

r----------

0.2 6.5. 8 _ 9

~A

0 2./. 2 3 i5 67 8

Axial Location (in.):

Pressure distribution is parabolic when the gap is physically
Pressure distribution is relatively uniform as long as contact
positive contact pressure.

open.

is closed with

U

U



Predicted VS. Observed Leak Rate (Test 01-3/4')

Crevice Pressure

1 2

(MPa)

30 4
20000

- 15000

E

1710000E

5000
cc

.- I 0

S.ed . .t .e . . . . .Be - Ptube=2500 psi
•.Blue - Ptube=2000 psi

Gme,., - Ptube=1500 psi

Black - Ptube=O psi

I . .. . . I

4" long specimen, crevice
independently pressurized

Specimen heated to 6700C,
then tube pressurized to 2500
psi and held 4 h - no leakage.

M Then crevice was pressurized
to 2000 psi and held for 4 h at
670°C - started leaking after
30 min.

M Final leak rate =8350 mg/min
vs. predicted leak rate = 5500
mg/min.

M Specimen cooled to RT and
leak tested.

T

Test 0 1 -3/4

Symbols-Test data
Lines-FEA prediction

-5000

-100 0 100 200 300 400 500
Crevice Pressure (psi)

600 700



Predicted vs. Observed Leak Rate (Test 02.-718"')

Specimen 2" long, tube had a
20000 1/32" dia. hole drilled in the tube

Test 02-7/8" (Stage 3)wal wall.
15000

Test The inlet for crevice pressure was
10000 sealed off.

M5 Leak rate oscillation at low leak
Z- orate - not predicted, not observed

0 when crevice is pressurized
S oscillations independently.

Predicted leak rate based on
200 250 300 350 400 450

Time (min.) crevice pressure.= tube pressure.



Leak Rate Analysis of Test 0.-314
•18000

16000 14<9 ___

4000 "- Ts
Preredicted

W12000

mu 8000 *""

mU 6000

40,00

0 0.5 1 1.52
Crevice Pressure (ksi)

First approach
IM Leak rates predicted to within
E We used the, first approach to

16000

146.000

12000

Ei

80o0

! 6000

4000

2000

0

2.5

a factor of 2.

0 0.5 1 1.5 2
Crevice Pressure (ksi)

Second approach

2.5

predict the leak rate of Model 51



Leakage Analysis (Model 51)
_Contact pressures were calculated for uniform and parabolic crevice pressure
distributions

We assumed that the crevice pressure distribution for a physically open gap
is parabolic for leakage analysis

pf_

Lj First, leak rate calculated with the same Eq. as the tube-to-collar specimens

-d3 P2 d3 P2
-d2iL (P(Pf) )df -d j

q12L ; f P)dpf 12Lv pI f pfdpf

PI PI

The second approach was to use the basic equation for leak rate.
Apf

q • o - dz
oP



Predicted Leak Rates for Model 51

109 103=

Model 51 (EX-82-1) Model 51 (EX-82-1)
Uniform Crevice Pressure 1 08 Parabolic Crevice Pressure 1 02

108 ,7 10~2

i Path1

0h - Path / 10 • " 106 Path210
SPath 2 , E 3

E u 108 Path 4 lo1 0° E -- Path 4
--- -verae - - Average-- -- Average 76 10 -2 "

10"• 105 104 n1 •_

Q) ,_

_ 104 o .,- 02 "j / j0
• !•,,,, • :102 1 -

.. . .. - -- --

1000 - 102----------------- -----1000 10.13.........................I• •

10 .O0 10-4 10 ° 10-6

12200 12400 12600 12800 13000 13200 13400 13600 13800
T12200 12400 12600 12800 13000 13200 13400 13600 13800 Time (S)
Time (s)



Conclusions
E The leak rate tests showed that during high temperature ramp under both

tube and crevice pressure, the leak rate remains very low until- 670-7000C,
ýbeyond which it increases rapidly with temperature

- No large leakage observed if crevice was unpressurized.

- Specimens with 0.75" diameter tube. behaved essentially 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 pressure 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 independently pressurized.

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

E A leak rate model was developed for axisymmetric contact pressure and gap
opening
- The predicted leak rates are within a factor of 2-3 of the observed leak rates in the

tube-to-collar specimens.



C~onclusions - Cont'd
A finite element model was developed 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

Limited high temperature tensile and creep tests were conducted on a heat of
A508 steel and three heats of Alloy 600

- The heat loading on a single tube under consideration was modeled in a detailed
fashion based on CFD input.

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

7A Stress analysis showed a significant variation in contact pressure and gap in
the circumferential direction suggesting that circumferential flow will occur
- The leak 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 predicted to remain low (<10-3 kg/min) until 13,400
s, then rising rapidly with time.

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



Conclusions-- ContVd
M In the absence of tests with realistic boundary conditions, these results

should be considered as best estimates.



UncOrtainties
Hoý
thro

MAre
tubE
acct

HowA

7 HovA

L HowA

, long does it take the crevice to be pressurized by leakage from the tube
ugh a crack within the tubesheet?

the contact pressures and gaps under the two types of bending of the
,sheet during the severe accidents captured in the FEM with sufficient
racy?

would the circumferential flow affect the total leak rate?

sensitive is the calculated leak rate to material property variation?

sensitive is the leak rate to the thermal hydraulic uncertainties?



Leak Rate for Two Phase Flow (NoBowing)
0] Ring-Assembly Model (uniaxial stress field)

Tubesheet

1 Pft. dpf in the liquid phase
q-výLP KPl

(incompressible) and

1 P2 dp
q1 I P dpf in the gas phase
Vsat P satVsatLg Psat . K

(ideal gas) with Lg+L/=L

1 FEA model (triaxial stress field)

Apf However, K(z), i.e. pf(z) is apriori unknown
L potdzfK'

- Use iterative solution



Iterative Solution Steps
IN Start with loss coefficients K(z) and contact pressures pf(z) as determined by

the ring assembly model

F- Perform. FEA to determine new K(z)

F- Calculate q

1t p(pf) dpf from inlet to z to obtain next estimate of pf(z)l ntegrate q--~ dK }.t dz

* Iterate on pf (steps 3 and 4) until convergence

* Repeat Step 2 through Step 5 until convergence



Results for Crevice Pressure Distribution at End of
Iteration'

FEA TubeCollar Specimen

3.0000

2.5000

12.0000

0.

U

0.5000

0.0000

0 2 4 6 8 10

Axial Location. (,in.)
12

M- Leak rate is 20 mg/min for higher crevice pressures and 8 mg/min for lower
crevice pressures



Results for Contact Pressures at Start of Iteration
6

5

4
01
I..

U)
U)

*013
I..

~0.
4.
U

C
0
U

1

0
12..0 2 4 6 8 10

Distance from Crack Location (in.)



Results for Leak R
30

25

20

15
a)

a,

all-Il,,

p III liii ii, ii. liii ii, i,, ~ iii ii. I,..,

IU

5
0 1 2 3 4 5

Iteration Number
6 7 8

U Leak rate oscillates between 8 and 25 mg/min.

I Need to use a better iteration scheme.



MSLB of Model 51 Including Tubesheet Bowing
Distance from Crack Location(m)

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3

1 F - ....- -- I ...... •T FTI I T •r I.' -

0.875 in. diameter tube (NX 8520) 60 Top 2.5" of interface loses
18 . ............... '...... .... '.................•.. . ........... :............ ............................................ ........... ............... s o t c u i g ML

8 * .50 contact during MSLB
"• -:.:................... .. Post Expansion• .......... •.......... ................. .................................. : 4o _ It r i n 1 c a u a i n u s g

8 ................ ...... .... ........... ...... . ........ ..... .............

• •---T v.20 model shows a leak rate of
40 a. M .Itera io n 1 dalulaiong NO sang

8~( Pcre fro r 65m/ induig asmblB.
304 ................. • t ...... ... ..- ................... -.................. .:... ........ ... ..... ..... ..... ................ o o e i e a io s a e n e e2 . 6.1 mg/min during NO and
1016.5 mg/mmn during MSLB.

00 More iterations are needed.
34 ksi expansion pressure

-10
-2 , , , i I , I I I , I ,

-2 0 2 4 6 8 10 12

Distance from Crack Location (in.)



=MW.i rends Observed in Tests Conducted to Date
720

0

• 710

-J.

- 700

0

690

"•6800)
ca

670F-

Ex-2-

FZ--ZNX 852 a

Ca

-J

16

0
76

Cd

a)

720

710

700

690

680

670
1 2 3 4 5 6

Leak Path Length (in.)
7 8 9 0 50 100 150

Initial Leak Rate at RT (mg/min)

200 250

* Temperature at onset of high leakage increases with increasing leakage path
length

* Temperature at onset of high leakage decreases with increasing initial leak
rate at room temperature ("looser" joint)

- It is independent of initial leak rate for high initial leak rate.




