19 qare

£en

Fh kK 5 :
S e A . it

502170263 950213
PDR  ADOCK 0S000454
P




o

]
» . '
.
fn(
3 ;
' N
\
4
2
.3
3
¥ S84
"
A
I ‘
y 4
L
e
A
g
£
\\
1 .
¥
¢ : :
'
=
¥ Sy
S 4 . ¢ ‘

PR0217026% 950213
FDR ADOCE 0S0004%4

S FDR



Westinghouse Non-Propnetary Class 3

WCAP14274
SG 95-02-004

TECHNICAL SUPPORT FOR
ALTERNATE PLUGGING CRITERIA WITH
TUBE EXPANSION AT TUBE SUPPORT PLATE
INTERSECTIONS FOR
BRAIDWOOD-1 AND BYRON-1
MODEL D4 STEAM GENERATORS

FEBRUARY 1995

WESTINGHOUSE ELECTRIC CORPORATION
NUCLEAR SERVICES DIVISION
P.O. BOX 158
MADISON, PENNSYLVANIA 15663-0158

© 1995 Westinghouse Electric Corporaticn
All Rights Reserved



Technical Support for Alternate Plugging Criteria with Tube Expansion
at TSP Intersections for Braidwood-1 and Byron-1 Model D4 Steam Generators

TAL'LE OF CONTENTS
SECTION
1.0 INTRODUCTION
20 SUMMARY AND CONCLUSIONS
2.1  Overall Conclusions
22 Summary
3.0 MODEL D4 S/G DESIGN DESCRIPTION
3.1 Overall Design
3.2 Tube Support Plate Design
3.3 Tube Support Plate Supports
3.4 Secondary System Considerations
40 THERMAL HYDRAULIC MODELING
4.1 TRANFLO Code Description
42 Model D4 TRANFLO Models
43 Calculation of TSP Pressure Drop
from Dynamic Analysis
44 Model D4 S/G Operating Conditions
45 TSP Pressure Drop Data
46  Acoustic Pressure Wave Considerations
4.7 Balance of Plant Modeling
50 QUALIFICATION OF TRANFLO CODE
51 Qualification Plan
52 Previously Reported Efforts
53 MULTIFLEX Code Description
54 MULTIFLEX Models
55 Comparison of MULTIFLEX and TRANFLO Results
56 Conclusions

:

WWwwe
DO bt



SECTION

6.0

7.0

8.0

TABLE OF CONTENTS (Continued)

HYDRAULIC SLB LOADS ON TSPs

6.1
6.2
6.3
6.4
6.5
6.6
6.7

6.8

Analysis Plan

Reference Full Power and Hot Standby Loads
SLB Load Dependence on Water Level

Best Estimate Loads

SLB Load Sensitivity Analyses

Adjusted Full Power and Hot Standby Loads
Acoustic Wave Consideration

Conclusions

STRUCTURAL MODELING FOR TSP DISPLACEMENTS

1

3 =3 =3 =)

9
3
4
5

)

General Methodology

Component Materials

TSP Support System and Tube Expansion
Finite Element Model

Revised Material Properties

Dynamic Degrees of Freedom
Displacement Boundary Conditions
Integration Time Step/Structural Damping
Application of Pressure Loads

'SP DISPLACEMENT ANALYSIS RESULTS
1

Analysis Approach

TSP Displacements Without Tube Expansion

SLB TSP Displacements By Tube Location Without Tube
Expansion

Optimization of Tube Locations for Tube Expansion

TS Displacements With Tube Expansion

Reaundant Tube Expansions for Postulated

Circumferential Cracking

TSP Displacements for Postulated Circumferential Cracking
Sensitivity of TSP Displacements to Expanded Tube Location
Tube Locations and TSP Elevations for TSP Expansions
Summary of Stress Results

SG Structural Effects of Expanded Tubes

Conclusion

e
w
0
s

i°

PO DD
O OO O b CO et o

~
(& > ]

6-11

3 =3 =] -3 = -3

-3

'J@Cl,"i\-‘-\u—a»-p_-

~J ~3 )

~3

oo 0o 0o
BO et

[dolle SRR BE |

oo 0o Qo
Dok et ot
o o O




TABLE OF CONTENTY (Continued)

90 ANALYSIS METHODS FOR TUBE BURST AND LEAKAGE

WITH LIMITED TSP DISPLACEMENTS 9-1
9.1 General Description of Analysis Methods 9-1
92 Burst Pressure vs. Throughwall Crack Length Correlation 9-1
93 Burst Length vs. Length for Cracks Extending Outside TSPs 9-1
94 SLB Burst Probability as a Function of Throughwall

Crack Length 9-4
95 Modeling for Burst Probability with Limited TSP

Displacement 9-6
96 SLB Leak Rates Based on Assumed Free Span Indications 9.7
97 SLB Leak Rate Analyses for Overpressurized Tubes -7
98 Leak Rate Analysis with Tube Expansion 9-10
99 Potential Structural Lamit for Indications at TSP

Intersections 9-11
9.10 Conclusions 9-15

100 TUBE EXPANSION PROCESS AND TEST/ANALYSIS SUPPORT 10-1

10.1 Tube Expansion Process Requirements 10-1
10.2 Tube Expansion Process Description 10-3
10.3 Tube Expansion Process Test and Analysis Results 10-5
104 NDE Support for Tube Expansion 10-10
10.5 Tube Stabilization with an Expanded Sleeve 10-13
10.6 Potential for Circumferential Cracking in Expanded

and Plugged Tubes 10-14
10.7 Requirements on Limiting Tube Denting for

TSP Integrity 10-19
10.8 Conclusions 10-22

11.0 TSP DISPLACEMENT AND TUBE BURST PROBABILITY
REQUIREMENTS WITH TUBE EXPANSION AT TSPS 11-1
11.1 General Approach to Tube Burst Probability
11.2 Allowable TSP Displacements for Acceptable

Tube Burst Probability 11-1
11.3 TSP Displacement and Tube Burst Probability Requirements

and Goals for Tube Expansion 11-2
11.4 Conclusions 11-3




TABLE OF CONTEMTS (Continued)

SECTION PAGE
120 ALTERNATE PLUGGING CRITERIA FOR BRAIDYOOD-1
AND BYRON-1 WITH TUBE EXPANSION AT TSPS 12-1
12.1 General Approach to Tube Plugging Criteria 12-1
2.2 Overall Functional Requirements and Summary
Performance with Tube Expansion 12-2
i2.3 Tube Repair Limits for Braidwood-1 and Byron-1 12-4
124 Inspection Requirements 12-6
125 SLB Analysis Requirements 12-8
126 Summary of Braidwood-1 and Byron-1 APC
with Tube Expansion at TSPs 12-9
130 REFERENCES 13-1




2
o

LIST OF FIGURES

Map of Tube Expansion Locations

Model D4 Steam Generator Layout

Model D4 Steam Generator Preheater Region
Flow Distribution and Preheater Baffle Plates
Secondary Side Nodes and Tube Support Plates -
I[dentification for Model D4 S/G (see Figure 4-2

for Preheater Detail)

Preheater Nodes and Baffle Identification for
Model D4 S/G

Primary Fluid Nodes and Flow Connectors, Metal
Heat Nodes and Heat Transfer Connectors, and
Secondary Fluid Nodes Within Tube Bundle
(Model D4 S/G3)

Secondary Side Fluid Nodes and Flow Connectors for
Model D4 S/G - Model for SLB Just Outside Steam
Outlet Nozzle

Secondary Side Fluid Nodes and Flow Connectors for
Model D4 S/G - Model for SLB Just Outside Containment
Building

Diagram of Flow Circulation During Power Operation

Counterbored Structural Quatrefoil Loss Coefficients

GENF Verification, Circulation Ratio Versus Load

MULTIFLEX Model for Braidwood Unit 1 S/G

4-8

4-9

4-10

on
p—
|

5-19

5-20




5-9

5-10

5-13

5-14

5-16

LIST OF FIGURES (Continued)

Pressure Drop Through Tube Support Plates M, N, and P
(Case 31 With Hot Standby, 487" Water Level With Flow
Limiter by MULTIFLEX Code)

Pressure Drop Through Tube Support Plates F, J, and L
(Case 31 With Hot Standby, 487" Water Level With Flow
Limiter by MULTIFLEX Code)

Pressure Drop Through Tube Support Plates A and C
(Case 31 With Hot Standby, 487" Water Level With Flow
Limiter by MULTIFLEX Code)

Pressure Drop Through Tube Support Plates M, N
and P (Case 32 With Full Power, 487" Water Level
by MULTIFLEX Code)

Pressure Drop Through Tube Support Plates F, J and L
(Case 32 With Full Power, 487" Water Level by
MULTIFLEX Code)

Pressure Drop Through Tube Support Plates A and C
(Case 32 With Full Power, 487" Water Level by
MULTIFLEX Code)

Pressure Drop Through Tube Support Plates M, N
and P (Case 1 Without Heat Transfer)

Pressure Drop Through Tube Support Plates F, J
and L (Case 1 Without Heat Transfer)

Pressure Drop Through Tube Support Plates A and C
(Case 1 Without Heat Transfer)

Pressure Drop Through Tube Support Plates M, N
and P (Case 2 Without Heat Transfer)

Pressure Drop Through Tube Support Plates F, J
and L (Case 2 Without Heat Transfer)

Pressure Drop Through Tube Support Plates A and C
(Case 2 Without Heat Transfer)

Vi

oY

.29

-30

-31

o




5-17

5-18

5-19

5-20

5-21

5-22

5-24

5-25

5-26

5-27

5-28

5-29

5-30

5-31

LIST OF FIGURES (Continued)
Transient of Steam Quality Immediately Upstream
to Stream Nozzle
Break Flow of Braidwood Unit 1 (Water Level at 487")

Steam Pressure at Steam Nozzle of Braidwood Unit 1
(Water Level at 487")

Pressure Drop Through Tube Support Plate P of
Braidwood Unit 1 (Water Level at 487")

Break Flow of Braidwood Unit 1 (Water Level at 544")

Steam Pressure at Steam Nozzle of Braidwood Unit 1
(Water Level at 544")

Pressure Drop Through Tube Support Plate P of
Braidwood Unit 1 (Water Level at 544")

Break Flow of Braidwood Unit 1 (Water Level at 474")

Steam Pressure at Steam Nozzle of Braidwood Unit 1
(Water Level at 474")

Pressure Drop Through Tube Support Piate P of
Braidwood Unit 1 (Water Level at 474")

Break Flow of Braidwood Unit 1 (Water Level at 378")

Steam Pressure at Steam Nozzle of Braidwood Unit 1
(Water Level at 378")

Pressure Drop Through Tube Support Plate P o1
Braidwood Unit 1 (Water Level at 378")

Break Flow of Braidwood Unit 1 (Hot Standby at a
280" Water Level)

Stean. Pressure at Steam Nozzle of Braidwood Unit 1
(Hot Standby at a 280" Water Level)

5-33

5-34

5-35

5-36
5-37

5-38

5-39

5-40

5-41

5-42
5-43

5-44

5-45

5-46

5-47




5.32

6-1

6-2

6-3

6-4

6-5

6-6

6-9

6-10

6-11

6-12

LIST OF FIGURES (Continued)

Pressure Drop Through Tube Support Plate P of
Braidwood Unit 1 (Hot Standby at a 280" Water Level)

Pressure Drop Through Tube Support Plates M, N, and
P - Case 1

Pressure Drop Through Tube Support Plates F, J, and L

- Case 1

Pressure Drop Through Tube Support Plates A and C
- Case 1

Pressure Drop Through Tube Support Plates M, N,
and P (Case 2 With Full Power, 487" Water Level)

Pressure Drop Through Tube Support Plates F, J, and
L (Case 2 With Full Power, 487" Water Level)

Pressure Drop Through Tube Support Plates A and
C (Case 2 With Full Power, 487" Water Level)

Pressure Drop Through Tube Support Plates M, N,
and P - Case 3

Pressure Drop Through Tube Support Plates F, J,
and L - Case 3

Pressure Drop Through Tube Support Plates A and
C - Case 3

Pressure Drop Through Tube Support Plates M, N,
and P (Case 4. With Full Power, 487" Water Level)

Pressure Drop Through Tube Support Plates F, J, and
L (Case 4. With Full Power, 487" Water Level)

Pressure Drop Through Tube Support Plates A and C
(Case 4. Full Power, 487" Water Level)

5-48

6-14

6-15

6.16

6-17

6-18

6-19

6-20

6-21

6-22

6-23

6-24

6-25



6-13

6-14

6-15

6-16

6-17

6-18

6-19

6-20

6-21

6-22

6-23

6-24

LIST OF FIGURES (Continued)

Peak Pressure Drop Across the Uppermost TSP as a
Function of Water Level Ranging from the Uppermost
TSP (280") to Mid-Deck (544") - Model D4 S/G

Pressure Drop Through Tube Support Plates M, N,
and P - Case 21

Pressure Drop Through Tube Support Plates F, J,
and L - Case 21

Pressure Drop Through Tube Support Plates A and
C - Case 21

Pressure Drop Through Tube Support Plates M, N,
and P - Case 61

Pressure DUrop Through T'ibe Support Plates F, J,
and L - Case 61

Pressure Drop Through Tube Support Plates A
and C - Case 61

Pressure Drop Through Tube Support Plates M, N,
and P (Case 62 With Full Power, 466" Water Level)

Pressure Drop Through Tube Support Plates F, J,
and L. (Case 62 Will Full Power, 466" Water Level)

Pressure Drop Through Tube Support Plates A and
C (Case 62 With Full Power, 466" Water Level)

Pressure at Steam Nozzle Outlet Where Break Occurs

Pressure at Steam Nozzle Outlet (Early Few
Milliseconds)

6.26

6-27

6-28

6-29

6-30

6-31

6-32

6-33

6-34

6-35
6-36

6-37



LIST OF FIGURES (Continued)

FPAGE
6-25 Pressure Immediately Upstream of Steam Nozzle 6-38
6-26 Pressure Immediately Upstream of Steam Nozzle
(Early Few Milliseconds) 6-39
6-27 Pressure at the Top of Tube Support Plate P 6-40
6-28 Pressure at Steam Nozzle 6-41
6-29 Pressure at Steam Nozzle (Early Few Milliseconds) 6-42
6-30 Pressure Immediately Upstream to Steam Nozzle 6-43
6-31 Pressure Immediatelv Upstream to Steam Nozzle
(Early Few Milliseconds) 6-44
6-32 Pressure at TSP P 6-45
7-1 Tube Bundle Geometry 7-26
7-2 Tierod/Spacer Locations 7-27
7-3 Plate A (1H) Support Locations 7-28
7-4 Plate C (3H) Support Locations 7-29
7-5 Plate F (6H) Support Locations 7-30
7-6 Plate J (TH) Support Locations 7-31
7-7 Plate L (8H) Support Locations 7-32
7-8 Plate M (9H) Support Locations 7-33
7-9 Plate N (10H) Support Locations 7-34

7-10 Plate P (11H) Support Locations 7-35



7-11
7-12
7-13

7-14

7-16

7-17

7-18

7-19

7-20

7-21
7-22
7-23
7-24
7-25

7-26

LIST OF FIGURES (Continued)

Configuration of Tierod/Spacer Supports

Configuration of Vertical Bar/Wedge Supports

Summary of Plate Rotation to Cause Two-Edged Contact
Overall Finite Element Model Geometry

Mode Shape Plot - Plate A (1H), Full Set of DOF,
Mode 1

Mode Shape Plot - Plate A (1H), Full Set of DOF,
Mode 2

Mode Shape Plot - Plate A (1H), Full Set of DOF,
Mode 3

Mode Shape Plot - Plate A (1H), Reduced Set of DOF,
Mode 1

Mode Shape Plot - Plate A (1H), Reduced Set of DOF,
Mode 2

Mode Shape Plot - Plate A (1H), Reduced Set of DOF,
Mode 3

Dynamic Degrees of Freedom, Plate A (1H)
Dynamic Degrees of Freedom, Plate C (3H)
Dynamic Degrees of Freedom, Plate F (5H)
Dynamic Degrees of Freedom, Plate J (TH)
Dynamic Degrees of Freedom, Plate L (8H)

Dynamic Degrees of Freedom, Plate M (9H)

x1

7-36
7-37
7-38

7-39

7-41

7-42

7-43

7-44

7-45
7-46

7-47



7-27

7-28

8-1

8-2

8-3

8-4

8-5

8-6

8.7

LIST OF FIGURES (Continued)

Dynamic Degrees of Freedom, Plate N (10H)
Dynamic Degreee of Freedom, Plate P (11H)

Relative Plate/Tubesheet Displacement Time History
Response SLB From Hot Standby Break at Steam
Generator Nozzle Plates A(1H), C(3H), F(5H), J(TH)

Relative Plate/Tubesheet Displacement Time History
Response SLB From Hot Standby Break at Steam
Generator Nozzle Plates L(8H), M(9H), N(10H), P(11H)

Relative Plate/Tubesheet Displacement Time History
Response SLB From Full Power Break at Steam
Generator Nozzle Plates A(1H), C(3H), F(5H), J(TH)

Displacement Time History Response SLB From Full
Power Break at Steam Generator Nozzle Plates
L{(8H), M(9H), N(10H), P(11H)

Relative Plate/Tubesheet Displacement Time History
Response SLB From Hot Standby Break at Steam Generator
Nozzle Uncertainty Factor of 2.0 Plates A(1H), C(3H),

F(5H), J(TH)

Relative Plate/Tubesheet Displacement Time History
Response SLB From Hot Standby Break at Steam
Generator Nozzle Uncertainty Factor of 2.0

Plates L(8H), M(9H), N(10H), P(11H)

Relative Plate/Tubesheet Displacement Time History
Response SLLB From Full Power Break at Steam
Generator Nozzle Uncertainty Factor of 1.75

Plates A(1H), C(3H), F(5H), J(TH)

X1

7-52

7-53

8-28

8-29

8-30

8-31

8.32

8-33

8-34



8-8

8-9

8-10

8-11

8-12

8-13

8-14

8-15

8-16

LIST OF FIGURES (Continued)

Relative Plate/Tubesheet Displacement Time History
Response SLLB From Full Power Break at Steam
Generator Nozzle Uncertainty Factor of 1.75

Plates L(8H), M(9H), N(10H), P(11H)

Relative Plate/Tubesheet Displacement Time History
Response SLB From Hot Standby Break at Steam
Generator Nozzle MULTIFLEX Loads

Plates A(1H), C(3H), F(5H), J(TH)

Relative Plate/Tubesheet Displacement Time History
Response SLB From Hot Standby Break at Steam
Generator Nozzle MULTIFLEX Loads

Plates L(8H), M(9H), N(10H), P(11H)

Relative Plate/Tubesheet Displacement Time History
Response SLB From Hot Standby Break at Steam
Generator Nozzle Uncertainty Factor of 2.0

Plate C(3H) Degrees of Freedom

Relative Plate/Tubesheet Displacement Time History
Response SLB From Hot Standby Break at Steam
Generator Nozzle Uncertainty Factor of 2.0

Plate C(3H) Degrees of Freedom

Plate C(3H) Node Numbers.

Plate C(3H) Local Plate Rotations SLB From Hot
Standby Break at Steam Generator Nozzle Uncertainty
Factor of 2.0

Displaced Geometry Plate A(1H): Time = 2.572 Sec
SLB From Hot Standby Break at Steam Generator Nozzle
Uncertainty Factor of 2.0

Displaced Geometry Plate C(3H): Time = 2.600 Sec

SLB From Hot Standby Break at Steam Generator Nozzle
Uncertainty Factor of 2.0

X111

8-35

8-36

8-37

8-38

8-39
8-40

8-41

8-42

8-43



8-17

8-18

8-19

8-20

8-21

8-22

8-23

8-24

8-25

LIST OF FIGURES (Continued)

Displaced Geometry Plate J(TH): Time = 2.656 Sec
SLB From Hot Standby Break at Steam Generator Nozzle
Uncertainty Factor of 2.0

Tube Position Relative to Model Node Location

Relative Plate/Tubesheet Displacement Time History
Response SLB From Hot Standby Break at Steam
Generator Nozzle Uncertainty Factor of 2.0

Tube Expansion Included Plate A(1H)

Relative Plate/Tubesheet Displacement Time History
Response SLB From Hot Standby Break at Steam
Generator Nozzle Uncertainty Factor of 2.0 Tube
Expansion Included Plates C(3H), F(5H), J(TH)

Relative Plate/Tubesheet Displacement Time History
Response SLB From Hot Standby Break at Steam
Generator Nozzle Uncertainty Factor of 2.0

Tube Expansion Included Plates

L(8H), M(9H), N(10H), P(11H)

Displaced Geometry Plate A(1H): Time = 2.572 Sec
SLB From Hot Standby Break at Steam Generator Nozzle
Uncertainty Factor of 2.0 Tube Expansion Included

Displaced Geometry Plate C(3H): Time = 2.592 Sec
SLB From Hot Standby Break at Steam Generator Nozzle
Uncertainty Factor of 2.0 Tube Expansion Included

Displaced Geometry Plate J(TH): Time = 2.640 Sec SLE
From Hot Standby Break at Steam Generator Nozzle
Uncertainty Factor of 2.0 Tube Expansion Included

Displaced Geometry Plate P(11H): Time = 0.4480 Sec

SLB From Hot Standby Break at Steam Generator Nozzle
Uncertainty Factor of 2.0 Tube Expansion Included

Xiv

8-44

8-45

8-46

8-47

8-48

8-49

5-50

8-51

8-52



8-26
8-27

8-28

8-29

8-30

8-31

8-32

8-33

8-34

©
—

9.2

9-3

9-4

LIST OF FICURES (Continued)

Map of Tube Expansion Locations

Maximum Stress Intensity SLB From Hot Standby Break
at Steam Generator Nozzle Uncertainty Factor of 2.0
Plate A(1H) Tube Expansion Included

Minimum Stress Intensity SLB From Hot Standby Break
at Steam Generator Nozzle Uncertainty Factor of 2.0
Plate A(1H) Tube Expansion Included

Maximum Stress Intensity SLB From Hot Standby Break
at Steam Generator Nozzle Uncertainty Factor of 2.0
Plate C(3H) Tube Expansion Included

Minimum Stress Intensity SLB From Hot Standby Break
at Steam Generator Nozzle Uncertainty Factor of 2.0
Plate C(3H) Tube Expansion Included

Maximum Stress Intensity SLB From Hot Standby Break
at Steam Generator Nozzle Uncertainty Factor of 2.0
Plate J(7TH) Tube Expansion Included

Minimum Stress Intensity SLB From Hot Standby Break
at Steam Generator Nozzle Uncertainty Factor of 2.0
Plate J(7TH) Tube Expansion Included

Maximum Stress Intensity SLB From Hot Standby Break
at Steam Generator Nozzle Uncertainty Factor of 2.0
Plate P(11H) Tube Expansion Included

Minimum Stress Intensity SLB From Hot Standby Break
at Steam Generator Nozzle Uncertainty Factor of 2.0
Plate P(11H) Tube Expansion Included

Burst Pressure Versus Crack Length

Burst Pressure Versus Crack Length for Probability
of Burst

Effect of TSP Clearance on the Probability of Burst

Mass Velocity for Large Cracks

Xv

8-53

8-54

8-55

8-56

8-57

8-58

8-59

8-60

8-61

9-19

9-20
9-21

9-22



9-5
9-6
9.7

9-8

9-9

9-10
10-1
10-2
10-3
10-4

10-5

10-6
10-7
10-8

10-9

10-10
10-11

10-12

LIST OF FIGURES (Continued)

Crack Opening Within Tube Support Plate
Bounding Leak Rate Versus Throughwall Crack Length
Correlation of Bobbin Volts to Througwall Crack Length

SLB Leak Rate Versus Bobbin Amplitude
3/4"x 0.043" Alloy 600 SG Tubes @ 650 “F,AP=2560 psi

Residual Strength of Tubes With Cellular Corrosion
(Data Fit Excludes IGA and Burst Data)

Residua! Strength of Tubes With Cellular and 1GA Corrosion
Capture of TSP by Tube/Sleeve Combination

Tube/Sleeve Expansion Profile

Pull Force vs. Tube Bulge Size

Pull Force ve. Tube OD Bulge Size for Tubing Heats Used

Finite Element Model of TSP with Expanded and Dented
Tubes

Enlargement Showing Det«ils of Couples Nodes
Stress Intensity Contours Near Expanded Tube
Identification of Ligament Locations

Stress Intensity Contours Produced by Tube Expansion with
Four Dented Tubes in the Diagonal Direction

Stress Intensity Contours for Minimum Ligament
Typical Sleeve Expansion Standard

Profilomery Trace of Sample with Two Sleeves Expanded at
TSP Locations

xvi

9-23
9-24
9.25

9-26

9-27
9-28
10-30
10-31
10-32

10-33

10-34
10-35
10-36
10-37

10-38
10-39
10-40

10-41



LIST OF FIGURES (Continued)
PAGE
10-13 Bobbin Data for TSP 10-42
10-14a Bobbin Data for TSP with 100% Deep Crack in One Ligament 10-43

10-14b Bobbin Data for Field TSP Expansion Candidate 10-43
10-15 Bobbin Data for Typical Field TSP Intersection 10-44
10-16 Potential PWSCC and/or ODSCC Locations 10-45
10-17 PWSCC Tests Results for Bulged Hydraulic Expansions

in Alloy 600 TT 10-46
10-18 Residual Stresses in External Bulges from Polythionic

Acid Tests 10-47
10-19 Stress Intensity Contours for 0.065" Diametral Dents 10-48
10-20 Tube Support Plate Lig: ment Cells 10-49
10-21 Potential Locations Considered for Development of Cracking

of Expansions 10-50
10-22 PWSCC Test Results for Bulged Hydraulic Expansions in

Alloy 600TT 10-51
10-23 Residual Stresses in External Bulges from Polytheonic Acid Testd0-52

xvil



2-1

5-1

5-2

5-3

6-1

6-2

7-1
7-2
7-3
7-4

7-5

LIST OF TABLES

Example of Generic Tube Expansion Matrix

Hot Standby Pressure Drops Calculated by TRANFLO
and MULTIFLEX

TSP Pressure Drops and Ratios to Case 1 With
Heat Transfer (Hot Standby Conditions)

TSP Pressure Drops and Ratios to Case 2 With
Heat Transfer (Full Power Conditions)

TRANFLO Analysis Matrix

SLB Peak TSP Pressure Drops and Ratio of Each Case
to Case 1

Summary of Component Materials

Summary of Material Properties, SA-285, Grade C
Summary of Material Properties, SA-106, Grade B
Summary of Material Properties, SB-163

Summary of Material Properties, SA-216, Grade WCC
Summary of Material Properties, SA-508, Class 2a

Summary of Material Properties, SA-533, Grade A,
Class 2

Summary of Combined Tierod/Spacer Stiffnesses,
Outer Tierod/Spacer, Up Loads

XViil

2-7

5-14

5-15

5-16

6-12

6-13

7-9

7-10

7-11

7-13

7-14



7-9

7-14
7-15

7-16

7-18

8-1

8-2

8-3

LIST OF TABLES (Continued)
Summary of Combined Tierod/Spacer Stiffnesses,
Outer Tierod/ Spacer, Down Loads

Summary of Combined Tierod/Spacer Stiffnesses,
Center Tierod/ Spacer

Summary of Spacer Stiffnesses

Summary of Combined Tube/Expansion Zone Stiffnesses
Summary of Equivalent Plate Properties

Summary of Plate Areas

Summary of Flow Areas

Summary of Effective Densities, SLB Initiating from
Hot Standby

Summary of Effective Densities, SLB Initiating from
Full Power

Comparison of Natural Frequencies, Full Versus
Keduced DOF

Summary of Maximum TSP Displacements for Postulated
SLEB Events for D4 Steam Generators

Summary of Relative Plate/Tubesheet Displacements
Model D4 Steam Generator SLB Initiating From
Hot Standby Break at Steam Generator Nozzle, Plate C

Summary of Nodal Displacements Model D4 Steam
Generator SLB Initiating From Hot Standby
Break at Steam Generator Nozzle, Plate C

7-16

7-17
7-18
7-19
7-20
7-21

7-22

7-23

7-24

7-25

8-15

8-16

8-17



8-4

8-5

8-7

8-8

8-9

8-10

8-11

8-12

8-13

9-1

9.2

9-3

LIST OF TABLES (Continued)

Summary of Relative Plate/Tube Displacements
Model D4 Steam Generator SLB Initiating From
Hot Standby Break at Steam Generator Nozzle, Plate C

Summary of Number of Tubes Having Different
Displacement Magnitudes Model D4 Steam Generator
Steam Line Break Load Cases, Full Plate

Comparison of Maximum Displacement at Plate Edge
and at Limiting Tube Location

Summary of Limiting Displacements Model D4 Steam
Generators Including Tube Expansion Effects

Summary of Limiting Displacements Model D4 Steam
Generators Including Redundant Tube Expansion Effects

Summary of Limiting Displacements Model D4 Steam
Generators Tube Expansion With Postulated
Circumferential Cracking

Summary of Limiting Displacements Model D4 Steam
Generators Sensitivity of Displacements to Tube
Expansion Location

Summary of Tube Expansion Locations

Summary of Vertical Bar Stresses SLB Transient
Model D4 Steam Generators

Summary of Axial Forces in Expanded Tubes SLB
Transient Model D4 Steam Generators

Burst Pressure as a Function of Crack Length and Crack
Extension Outside of the TSP

Burst Pressure as a Function of Crack Length and Crack
Extension Outside of the TSP, Series 2

Summary of Cellular/IGA Corrosion Data

XX

8-18

8-19

8-20

8-21

8-22

8-23

8-24

8-25

8-26

8-27

9-16

9-17

9-18



10-1

10-2

10-3
10-4
10-5

10-6

11-1

11-2

12-1
12-2

12-3

12-4

LIST OF TABLES (Continued)

Tube Expansion Maximum Stress Intensities in the TSP

Comparison of Actual ID Measurements to Those Calculated
for 7/8" Tube Samples

Expansion Sample Profilometry Results for 7/8" Tube Samples
Expansion Sample Profilometry Results for 3/4" Tube Samples
Circumferential Cracking Observed in Operating Plants

Temperature Based Time Factor for Circumferential Cracking
of Plugged Tubes

Allowable Model D4 SLB TSP Displacements for
Acceptable SLB Tube Burst Probability

Objectives for Model D4 SLB TSP Displacements and
SLB Tube Burst Probabilities with Tube Expansion

Overall Requirements for Tube Expansion Apphcation
Tube Expansion Process Requirements

Comparison of Tube Expansion Design Requirements
and Demonstrated Performance

Summary of Conservatisms in Applications of Tube
Expansion for Limited TSP Displacement

xx1

10-24

10-25
10-26
10-27

10-28

10-29

11-4

11-5
12-13

12-14

12-15

i2-16



1.0 INTRODUCTION
This report provides technical support for implementing alternate plugging
criteria (APC) with tube expansion at tube support plate (TSP) intersections for
Westinghouse Model D4 steam generators (S/Gs). The supporting technical data
and analyses are generic to Model D4 S/Gs although the recommended tube repair
limits are specific to the Braidwood-1 and Byron-1 S/Gs.

With tube expansion, TSP displacements in a steam line break (SLB) event are
limited to negligible levels and the axial tube burst probability is thereby also
reduced to negligible levels. For very large bobbin voltage indications with a
cellular corrosion morphology, it is possible for the axial pressure loads on the
tube to cause axial tensile tearing of the indications. This condition establishes
the structural limit for voltage repair limits and, based on current data, this limit
is developed in this report and shown to be much higher than any indications
reasonably expected at Braidwood-1 and Byron-1 for the repair limits
recommended in this report. Thus repair limits with tube expansion are primarily
limited by the requirement to limit accident condition leakage to acceptable levels.
For conservatism, deterministic repair limits are proposed for Braidwood-1 and
Byron-1.

The evaluations of this report include hydraulic SLB analyses to obtain the time
dependent pressure drop loads on the TSPs (Sections 4 to 6), structural analyses
that apply the hydraulic loads to determine the tube locations requiring expansion
to limit TSP displacements to acceptable levels (Sections 7 and 8), a description of
the analysis methods for evaluating SLB leak rates and tube burst probabilities
(Section 9), a description of the tube expansion process and test results (Section
10), a development of the TSP displacement requirements (Section 11) and the
integration of these results to develop the tube repair criteria (Section 12). The
methods and results for the hydraulic loads and the methods for structural
analyses are essentially the same as previously reported in WCAP-14222
(Reference 13.1). However, minor extensions of load sensitivity analyses were
performed and full documentation of analysis methods and results are given in
this report. For conservatism in the tube expansion design and supporting
analyses, a factor of two increase in the TRANFLO code loads is applied to
envelope the results of load sensitivity studies and comparisons with loads
obtained with the MULTIFLEX code.

The analysis methods for SLB leak rate and tube burst probability assessments
given in Section 9 are essentially the same as the EPRI methodology and are
consistent with the requirements of the NRC draft generic letter (Reference 13.2).
An extension of the leak rate methodology is required for potentially
overpressurized indications within the confines of the TSP and the methodology
for this analysis is also given in Section 9. This section also includes development
of the voltage structural limit for axial tensile tearing as the applicable structural
limit with tube expansion.



Section 10 provides the tube expansion process requirements, description and
supporting test and analysis results. A hydraulic expansion process with a sleeve
stabilizer is applied to implement the required expansions at TSP intersections.
Also included is an assessment of the potential for circumferential cracking in the
expanded tubes in their plugged tube condition and considerations of TSP
integrity for application of the expansion process.

The requirements on limiting TSP displacements to obtain negligible tube burst
probabilities are developed in Section 11. Section 12 integrates the results of the
prior report sections to develop the alternate plugging criteria with tube expansion
for Braidwood-1 and Byron-1. Inspection and SLB analysis requirements are also
given in Section 12. Overall conclusions and a summary of this report are given
in Section 2.



20 SUMMARY AND CONCLUSIONS

This report documents the technical support for APC with tube expansion at TSP
intersections for Model D4 S/Gs. The development of the matrix of tube locations
and TSP elevations for tube expansion 18 a generic matrix for Model D4 S/Gs. The
generic matrix identifies groups of adjacent tubes for each tube location requiring
expansion. On a plant specific basis, candidates for tube expansion can be
selected from each acceptable group, thereby providing flexibility in finalizing the
plant specific tubes for expansion. The report is plant specific for Braidwood-1
and Byron-1 primarily in regard to the voltage repair limits for which a 3.0 volt
IPC repair limit is proposed for hot leg TSP intersections with expanded tubes and
a 1.0 volt IPC repair limit is proposed for the FDB and cold leg TSP intersections
which do not have expanded tubes. The technical assessment of this report
supports full APC repair limits in the 10 to 15 volt range or higher for hot leg
intersections with tube expansion.

Overall conclusions and a summary of the report are provided in this section.
2.1 Overall Conclusions

Although TSP displacements up to 0.31 inch are adequate to reduce axial tube
burst probabilities to a negligible 10°, the tube expansion S/G modification has
been designed to obtain maximum TSP displacements of < 0.1 inch with associated
tube burst probabilities of < 10"°. These bounding tube burst probabilities have
been obtained by the unrealistically conservative assumption that all hot leg TSP
intersections have throughwall cracks exposed by the TSP displacements. The
negligible TSP displacements with tube expansion are achieved by hydraulically
expanding 21 tubes at 72 TSP intersections. Tubes are expanded 2t the hot leg
TSP intersections and the FDB and cold leg TSP intersections are not expanded.
A sleeve stabilizer is expanded with the parent tube and functions to increase the
stiffness of the expansion against TSP motion and to capture a severed tube end
under the assumption that a circumferential crack at the parent tube expansion
caused the tube to sever.

Since axial tube burst probabilities are negligibly small with tube expansion,
repair limits to preclude burst are not required and tube repair requirements
would be primarily based on limiting accident condition leakage to acceptable
levels. At very high voltage levels and crack morphologies including cellular
corrosion, it is possible that the axial pressure loads on the tube could cause
tensile tearing of an indication. This limit represents the structural limit
applicable with tube expansion and, based on available data, is estimated to
exceed 35 volts at the lower 95% confidence level on the data at the 3AP,,
structural margin guideline of Regulatory Guide 1.121.

Although voltage repair limits as high as 15 volts are justifiable with tube
expansion, a 3.0 volt repair limit 1s proposed for the hot leg TSP intersections at
Braidwood-1 and Byron-1. For FDB and cold leg TSP intersections without tube
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expansion, the previously approved IPC voltage repair limit of 1.0 volt is
recommended. Inspection requirements with tube expansion are essentially the
same as required for IPC inspections without tube expansion although
supplemental inspections at the time of tube expansion and for periodic
monitoring of the expanded tubes are required as described in Section 2.2 below.

2.2 Summary

Overall Approach to Tube Expansion APC

The approach applied to develop the tube expansion APC basis is to: define
acceptable TSP displacements to achieve a negligible (very small compared to NRC
reporting guideline of 10%) tube burst probability, utilize conservative SLB
hydraulic loads on the TSPs by applying a factor of two margin on the expected
loads obtained with the TRANFLO code, determine the number and locations for
tube expansion by structural analyses with additional redundant expanded tubes
as margin for the low likelihood of circumferential cracking at the expansions and

demonstrate that the TSP displacements with tube expansion are significantly
smaller than the acceptable TSP displacements.

An acceptable TSP displacement requirement of < 0.31 inch was very
conservatively developed assuming that all TSPs are uniformly dieplaced and by
the bounding assumption that the displacements exposed throughwall cracks at all
hot leg TSP intersections (32,046 throughwall indications). With tube expansion,
the resulting maximum TSP displacements are < 0.1 inch for all tube locations at
all hot leg TSPs. This 0.1 inch TSP displacement goal, with a resulting tube burst
probability of < 10" for the bo'inding hot leg indication assumption, was
established to permit a longer term option for in gitu leak testing. Braidwood-1
and Byron-1 will conservatively apply the EPRI free span leak rate methodology
consistent with the requirements of the NRC draft generic letter for ODSCC at
TSPs.

The required tube expansion matrix includes 21 tube locations with a total of 72
expansions. The reference expansion to limit TSP displacements to 0.1 inch
requires 16 expanded tubes. In addition, 3 tubes are expanded for redundant
expansicns at critical locations for TSP displacements and 2 tubes are expanded
for structural reasons to limit plate stresses at the top TSP. Aa example generic
tube expansion matrix is given in Table 2-1. This matrix identifies specific tubes
for expansion. However, plant specific tubes can be selected from the nearby
locations shown as darkened tube locations in Figure 2-1.

The TSP displacement goal of 0.1 inch and resulting tube burst probability of
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< 10" 1s satisfied with or without the redundant and structural expansions
functional (1.e., with or without postulated severing of these expansions). The tube
expansion design provides large margins against postulated severed expansicns
and hydraulic loads. For example, the maximum TSP displacement is < 0.2 inch,
as compared to the 0.31 inch design requirement, for any of the following very
conservative postulates: hydraulic loads increased from the conservative design
basis factor of 2 on TRANFLO hydraulic loads to a factor of 4 on the loads;
assuming all but the 2 redundant expanded tubes (all but 4 of 18 TSP expansions)
of the 8 tubes expanded at the lower 3 TSPs (above the FDB) are severed; all but
5 of the 17 tubes expanded (all but 10 of 54 TSP expansions) at the top 4 TSPs are
severed; or only 7 of the 21 tubes expanded (all but 14 of 72 TSP expansions) are
functional. The expansion design is fail safe against severed expansions for the
bottom 3 TSPs which have downward (toward tubesheet) hydraulic loads and at
which most of the indications at TSPs occur. This results as the expansion design
includes a sleeve stabilizer which prevents significant lateral motion for a severed

tube such that the severed expansion continues to resist downward motion of the
TSPs.

Tube Expansion Process

The tube expansion at the TSPs is performed by a hydraulic expansion process
that expands the parent tube and the sleeve stabilizer at the same time.
Expansions are performed below and above each TSP intersection that requires
expansion. The design requirements on the tube expansion process, as developed
to restrain TSP displacement, are a minimum expanded |

1*“*. The sleeve
stabilizer expanded with the parent tube increases the expansion stiffness at a
given diametral expansion and prevents lateral motion or adjacent tube damage
for a postulated severed expansion. Testing of expanded tube sections has shown
that all design requirements are satisfied. Following the field expansions, bobbin
coil profilometry i1s used to confirm that acceptable expanded tube diameters have
been achieved and that the expansions are properly located relative to the TSP.

Hydraulic Load Analyses

Hydraulic loads on the TSPs for application to the TSP displacement analyses
were obtained using the TRANFLO code. The analyses show that the TSP loads
are higher for a SLB event at hot standby operating conditions than for full power
conditions and the hot standby loads are used for the tube expansion design even
though only a small fraction of the operating cycle is spent at hot standby
conditions. A TRANFLO sensitivity analysis to input vanables was performed to
assess the dependence of the TSP loads to potential uncertainties in the input
variables such as TSP pressure drop loss coefficients and water level. When the
potential uncertainties that increase the TSP hydraulic loads compared to the
reference or expected parameters are simultaneously combined, the TSP loads can
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be bounded by a factor of two increase over the reference loads. This factor of two
increase on the reference hot standby loads was applied to obtain the design basis
loads for tube expansion. Analyses of TSP loads were also performed with the
MULTIFLEX code. The primary objective of the MULTIFLEX analyses was to
assess the potential for acoustic wave effects influencing the TSP loads. The
results of these analyses demonstrate that acoustic wave effects have no
significant influence on the TSP loads. In addition, the TRANFLO design loads
bound the TSP loads obtained with the MULTIFLEX code. Overall, it is
concluded that the TRANFLO code provides acceptable thermal-hydraulic analyses
to determine the SLB loads on the TSPs and that the factor of two margin applied
to the reference or expected loads bounds the uncertainties in obtaining the loads.

Tube Reosir Limi

By essentially eliminating tube burst as a credible event with tube expansion at
the TSPs, the Regulatory Guide 1.121 guidelines for structural margins are
inherently satisfied by the TSP constraint at both normal operating and accident
conditions including a postulated SLB event. Consequently, tube repair limits are
not required to satisfy tube burst margins and tube repair would be required only
as necessary to satisfy allowable leakage limits. At very high bobbin voltages
corresponding to relatively large ODSCC indications compared to those obtained
with domestic tube repair limits, a structural limit based on axial tensile tearing
of indications with cellular or IGA (not significant at TSP intersections) corrosion
becomes applicable for the axial pressure differentials across the tube. Available
pulled tube and laboratory specimen data on axial tensile tests and measured
undegraded tube cross sectional area were used to estimate the tensile tearing
structural imit. Based on a regression analysis of the residual tube cross
sectional area to bobbin voltage, the tensile structural limit at the lower 95%
confidence bound on the data, as adjusted foi lower tolerance limit material
properties at operatin7 temperatures, is greater than 35 volts. With a
conservative factor of two allowance for crack growth and NDE uncertainties
(current data indicates that typically a 1.7 factor is required), a full APC repair
limit for tube expansion would be about 15 volis. For Braidwood-1 and Byron-1,
the full APC repair limit, above which tube repair is required independent of RPC
confirmation of indications at TSPs, is conservatively set at 10 volts.

For Braidwood-1 and Byron-1, a tube repair limit of > 3.0 volts is recommended
for the hot leg TSPs with tube expansion. Bobbin voltage indications < 3.0 volts
can be left in service independent of RPC confirmation as a flaw indication.
Bobbin indications > 3.0 volts and < 10 volts are repaired if confirmed as flaw
indications by RPC inspection and bobbin indications > 10 volts are repaired
independent of RPC confirmation. For indications at FDB and cold leg TSP
intersections for which tube expansion is not applied, the NRC approved repair
limits of the Generic Letter for ODSCC at TSPs are to be applied. Currently, the
draft generic letter establish.es tube repair limits of 1.0 volt for 3/4 inch diameter
tubing. Based on this tube repair limit, Braidwood-1 and Byron-1 bobbin
indications at FDB and cold leg TSP intersections > 1.0 volt would be repaired if
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confirmed as flaw indications by RPC inspection. Bobbin indications > 1.0 volt
and less than or equal to the full APC repair limit without tube expansion are to
be repaired if confirmed as flaw indications by RPC inspection. Bobbin indications
greater than the full APC repair limit are to be repaired independent of RPC
confirmation. The full APC repair limit is based on the structural limit reduced
by allowances for growth and NDE uncertzinties. The structural limit is
dependent on the latest database arplied to develop the burst pressure versus
bobbin voltage correlation and i= {0 be updated on a periodic basis. The full APC
repair limit will be updated to the latest database and plant specific growth rate
data at each inspection outage at which the alternate plugging criteria of this
report are applied. For FDB intersections which have large tube to plate
clearances, the structural limit is based on a 3AP,,, structural margin. At cold leg
TSP intersections for which the small clearances provide constraint against tube
burst, the structural limit is based on a 1.43APg; structural margin. Based on
the latest 3/4 inch diameter database and the prior cycle Braidwood-1 growth
rates, the full APC repair limits developed in this report are 1.9 volt for
indications at the FDB and 2.7 volt for indications at cold leg TSPs.

Inspection Requirements

Inspection requirements for applying the tube repair limits of thie report are
essentially the same as those required by the NRC draft letter with adjustment of
the RPC inspection requirements for hot leg TSP intersections to reflect the higher
tube repair limits with tube expansion. All hot leg FDB and TSP intersections
and cold leg TSP intersections down to the lowest TSP at which ODSCC
indications are found are to have 100% bobbin inspection. For cold leg TSP and
hot leg FDB intersections, all bobbin indications above the IPC repair limit of 1.0
volt are to be RPC inspected. For hot leg TSP intersections, all bobbin indications
above the 3.0 volt repair limit and a minimum of 100 intersections below the 3.0
volt repair limit are to be RPC inspected. All TSP intersections with dent
(mechanically induced dings at Braidwood-1 and Byron-1) voltages > 5 volts and
residual bobbin signals that could mask a flaw at the voltage repair limit are to be
RPC inspected and RPC flaw indications at these intersections are to be repaired.
The RPC inspection results are to be evaluated for responses typical of that found
for dominantly axia! COECC and to confirm that flaw indications are within the
confines of the TSPs. RPC indications at dented TSP intersections are to be
evaluated for potential PWSCC indications. If the RPC inspections identify
indications outside the confines of the TSP, circumferential crack indications or
PWSCC at dents, these results are to be reported to the NRC prior to restart.

Additional inspections are required for implementation and monitoring of
expanded tubes. TSP intersections selecied for tube expansion and all
surrounding TSP intersections shall be confirmed to be free of corrosion induced
denting by bobbin inspection. For Braidwood-1 and Byron-1, no corrosion induced
denting has been identified. At the time of tube expansion, the expanded TSP
intersections are to be bobbin inspected following implementation of the
expansions. By applving bobbin profilometry, the inspection must confirm that
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adequate expanded tube diameters have been achieved and that the expansions
are properly located relative to the TSP. At every third scheduled inspection
following tube expansion, hot leg plugs in three expanded tubes shall be removed
and the expanded TSP intersections inspected for circumferential cracking at the
expansions. A probe capable of inspecting for circumferential cracks in the parent
tube shall be used for this inspection.

SLB Analyses

SLB leak rate and tube burst probability analyses are required for the actual
voltage distribution found by inspection at each outage and for the projected next
EOC distribution. Methods of analysis are consistent with the NRC draft generic
letter. With tube expansion, tube burst probability analyses are required only for
FDB and cold leg TSP indications and the resulting burst probabilities are to be
compared to the NRC reporting guideline of 10*. For the FDB and cold leg TSP
indications, which are assumed to be free span indications in a SLB event due to
postulated large TSP displacements, the SLB leak rate can be calculated by the
EPRI methodology as included in the draft generic letter. For conservatism,
Braidwood-1 and Byron-1 will also apply the EPRI methodology to the hot leg TSP
intersections. However, with tube expansion, the hot leg SLB leak rate must
include an additional term that accounts for indications within the TSP that
become potentially overpressurized with crack openings larger than included in
the free span leakage estimate.

The probability of an overpressurized condition is essentially the probability of a
free span burst. With overpressurization, the flanks of the crack face can open
until contact is made with the inside surface of the tube hole. For this condition,
bounding analyses can be made for the leak rates associated with the
overpressurized indications. The bounding leak rates are given in this report and
related to bobbin voltage to obtain the overpressurized leak rate as a function of
voltage. The SLB leak rate for the overpressurized indications is then obtained as
the probability of free span burst (probability of leakage with an overpressurized
indication) times the bounding leak rate for an overpressurized indication. It is
roughly estimated that the overpressurized indications will add a few gpm of
leakage to that calculated for the hot leg TSP indications by free span analysis
methods. For applications of the alternate repair limits of this report, Monte
Carlo analyses will be used for all SLB leak rate and tube burst probability
analyses.
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Table 2-1

Example of Generic Tube Expansion Matrix
ac ke
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Figure 2-1. Map of Tube Expansion Locations
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30 MODEL D4 S/G DESIGN DESCRIPTION

3.1 Overall Design

The Byron Unit 1 and Braidwood Unit 1 steam generators are of the Westinghouse
Model D4 preheat steam generator design. Each steam generator (S/G) contains
4578 mill-annealed Alloy 600 U-tubes, 0.75 inch OD x 0.043 inch wall, which
provide 48,300 sg. ft. of heat transfer area per S/G. Figure 3-1 shows the steam
generator layout; a detailed layout of the preheater region is shown in Figure 3-2.
Primary coolant enters the hot leg channelhead and passes through the U-tubes,
which tranefer heat from the primary side to water on the secondary side, which is
converted to steam. On the secondary side, about 10% of the feedwater flow at full
power 1s bypassed to an auxiliary nozzle to enter the upper plenum in the region of
the primary moisture separators. Most (about 90%) of the feedwater enters the
S/G through the preheater inlet nozzle into the preheater region (see Figure 3-2).
The feedwater flow entering the preheater nozzle is directed to the hottom of the
preheater by a waterbox at the nozzle, from where it circulates upward through a
series of preheater baffle plates which discharge the flow upward into the tube
bundle. As the secondary fluid passes through the tube bundle, it is converted to a
water/steam mixture which passes upward through the transition cone region of
the S/G shell, into the primary and secondary moisture separators in the upper
shell region. Water is separated from the steam before the dry steam exits the S/G
via the steam outlet nozzle. Water removed by the moisture separators flows down
the annulus between the shell and the wrapper surrounding the tube bundle
region. Upon reaching the tubesheet, the water 1s once again directed upward
through the flow distribution baffle into the tube bundle. A partition plate between
plates B and L (see Figure 3-2) separates the preheater and hot leg sides of the
S/G. Below plate B and above plate L, second =y flow can cross between the hot
and cold leg sides of the S/G.

The S/G tubes pass through tube support plates (TSPs) which provide lateral
support to the tubes and contain circulation holes through which the water/steam
passes upward through the tube bundle. On the cold leg side in the preheater
region, these support plates contain no circulation holes, and act to direct the flow
across the tubes; therefore, these plates are also referred to as baffle plates. The
flow distribution baffle, at an elevation of 6.0 inches above the top of the tubesheet,
distributes flow across the tubesheet and upward through a cutout in the plate on
the hot leg side.

During normal operation, a slight pressure drop exists across each TSP or baffle
plate. This pressure drop causes small displacement of the TSPs relative to the
tubes during normal operating conditions. At hot standby conditions, there is no
secondary flow or pressure drop across the TSPs. However, during postulated
accident conditions such as steam line break (SLB), pressure differentials across
individual TSPs can act to displace unsupported regions of the TSPs in such a
manner as to uncover degradation within the TSP crevice. The following sections




provide specific design information concerning the Model D4 baffle and support
plates.

3.2 Tube Support Plate Design

The Model D4 steam generators at Byron 1 and Braidwood 1 utilize 0.75 inch thick
carbon steel support plates with drilled (round) tube holes set on a square pitch of
1.0625 inches. With the exception of the flow distribution baffle and preheater
baffle plates (described below), the tube support plates also include flow circulation
holes measuring 0.50 inch in diameter, set on a square pitch of 1.0625 inches
within the tube hole array.

The tube support plates of the Byron 1 and Braidwood 1 S/Gs may be classified as
one of three types: the flow distribution baffle, preheater baffle plates, and tube
support plates. The flow distribution baffle (FDB), located 6.0 inches above the top
of the tubesheet, is comprised of two halves, with the cold leg side containing no
circulation holes or cutouts; a moon-shaped cutout on the hot leg side permits the
secondary fluid to pass upward through the tube bundle. On the cold leg side of
the FDB, the drilled tube holes measure 0.900" in diameter, compared to the 0.750"
OD of the tube. Therefore, the FDB provides no lateral support for the tubes. On
the hot leg side, the drilled tube holes inside a radius of 32" from center of the S/G
measure 0.875" in diameter, and the tube holes measure 0.833" in diameter outside
2 32" radius from the center of the S/G. Hence, the enlarged FDB holes allow some
secondary fluid to pass upward through the tube/FDB crevices, but no lateral
support is provided for the tubes at the FDB leve! due to the large tube to FDB
clearances.

The preheater baffle plates, shown in Figure 3-3, contain 0.766" diameter drilled
tube holes and no circulation holes. Their function is to provide lateral support to
the tubes and direct the flow back and forth across the tubes as the feedwater
passes upward through the preheater. Letter designations are used by
Westinghouse for the baffle plates at various elevations, with "A" representing the
FDB and "B", "D", "E", "G", and "H" representing preheater baffle plates with no
circulation holes.

On the hot leg side, two semi-circular plates ("C" and "F") with 0.766" diameter
tube holes as well as 0.50" diameter circulation holes are located at the elevations
of the "D" and "G" preheater baffle plates. These plates permit flow upward
through the tube bundle and provide lateral support for the tubes. Plates "J" and
"K", on the hot and cold leg side of the S/G at the top of the preheater, similarly
contain 0.766" diameter tube holes and 0.50" diameter circulation holes. The
remainder of the tube support plates, "L", "M", "N" and "P" are full size circular
plates with similar tube and circulation holes. In addition, the "L" through "P"
plates contain central flow slots along the tube lare to enhance flow upward
through the bundle.



At Braidwood 1 and Byron 1, number designations are used for the plates, counting
upward from the FDB through the preheater to the top TSP. The correspondence
with the Westinghouse letter designations are: 1=A,2=B, 3=C, 4=E, 56=F
and G, 6=H,7=Jand K, 8=L,9=M, 10=Nand 11 =P.

3.3 Tube Support Plate Supports

The FDB, TSPs and preheater baffle plates are supported vertically using several
support mechanisms, including five tierods/spacers in each half of the tube bundle.
Preheater baffle plates C (3H), F (5H), and J (7TH) are supported at their center by
a vertical bar welded to the partition plate, while all of the TSPs above the
preheater are supported at their center by a central tierod and spacer. Each of the
baffle plates and TSPs are supported at the edges by vertical bars welded to the
wrapper and/or partition plate irimediately above the plates. In-plane supports
are provided by wedges located around the circumference of each plate. The
wedges are welded to the wrapper; their tapered design provides additional
resistance to upward movement, in addition to in-plane support, due to the sloped
face of the wedge.

Section 7.3 provides a detailed description of the Model D4 S/G TSP support
system. Figure 7-1 shows a schematic of the tube bundle region, and support
locations for each of the plates are shown in Figures 7-2 to 7-10. Detailed
descriptions of the support components, including the tierods, spacer bars, and
wedges groups, are provided in Section 7.3.

3.4 Secondary System Considerations

The steam generator secondary side consists of a natural circulation loop with
feedwater inlets and a steam outlet. The steam generator water level at Braidwood
Unit 1 is maintained at 66% of the narrow range taps, which is 487" above the top
of the tubesheet. Byron Unit 1 has been at 61 to 63% of the narrow range taps, but
will be going up to 66%. The current study considers a normal water level of 487"
for the reference analysis applicable to both the Braidwood and Byron Units.

Most (~90%) of the feedwater enters the preheater of the generator through the
main feedwater nozzle. The feedwater then flows through four crossflow passes; it
moves upward and leaves the preheater to join the flow from the hot leg side, after
passing upward through the tube support plate L. A fraction of the feedwater flow
comes down through the bottom baffle to meet with the flow from the downcomer.
The resulting flow then moves into the hot leg side via the tube lane.

A small fraction (~10%) of the feedwater enters the steam generator through an
auxiliary feedwater nozzle in the upper shell. The feedwater from the auxiliary
nozzle mixes with the separated water from the moisture separators. This takes
place in the upper water reservoir. The mixecd water flows down the downcomer
annulus, which is separated from the tube bundle by the wrapper. The downcomer
flow enters the tube bundle through the wrapper opening above the tubesheet. As
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the fluid approaches the first tube support plate in the hot leg side, axial flow
becomes dominant. Boiling takes place and the flow moves upward along the hot
leg side.

The hot and cold leg tube bundle flow meet above TSP L. The combined flow
moves upward while boiling continues, leaving the tube bundle and entering the
primary separators. A large portion of the water is separated by the primary
separators and returned to the water reservoir. The steam with the remaining
entrained moisture then enters the secondary separators. This entrained moisture
1s trapped by a system of hook and pocket vanes and returned to the water
reservoir, The steam then leaves the steam generator through the steam outlet
nozzle.

The Model D4 S/Gs utilize a venturi type flow limiter in the steam outlet nozzle.
The venturi flow area at the throat is about 1.4 ft*, while the steam line flow area
18 about 4.7 ft*; therefore, the critical discharge flow is controlled by the flow
limiter throat area of 1.4 ft* when a guillotine steam line break is postulated.



Figure 3-1. Model D4 Steam Generator Layout
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Figure 3-2. Model D4 Steam Generator Preheater Region
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Figure 3-3. Flow Distribution and Preheater Baffle Plates




40 THERMAL HYDRAULIC MODELING

A postulated steam line break (SLB) event results in blowdown of steam and water.
The fluid blowdown leads to depressurization of the secondary side. Pressure drops
develop and exert hydraulic loads on the tube support plates (TSPs) or baffle
plates. These hydraulic loads were determined for the Model D4 steam generator
using the TRANFLO computer code.

41 TRANFLO Code Description

The TRANFLO code uses an elemental control volume approach to calculate the
thermal and hydraulic characteristics of a steam and water system undergoing
rapid changes. Fluid conditions may be subcooled, two-phase or superheated. The
code considess fluid flow as one-dimensional. It predicts the mass flow rate,
pressure, pressure drop, fluid temperature, steam quality and void fraction.

Control volumes simulate the geometrical model, and flow connectors allow mass
and energy exchange between control volumes. Each nodal volume has mass and
energy that are uniform throughout the volume. Flow connectors account for flow
and pressure drops. The system model allows for flow entering or leaving any
control volume. This then allows that feedwater flows into the steam generator
and steam flows out of it. The system models also permit a heat source, which
then can simulate the tube bundle with hot water flow.

TRANFLO solves for system conditions by satisfying mass, momentum and energy
equations for all control volumes. It models the effects of two-phase flows on
pressure losses. The code allows a variety of heat transfer correlacions for the tube
bundle. It covers all regimes from forced convection to subcooled liquid through
boiling and forced convection to steam.

42 Model D4 TRANFLO Models

The TRANFLO computer model for Model D4 steam generator is composed of a
network of nodes and connectors that represent the secondary side fluid, tube metal
heat transfer and primary coolant. Figures 4-1 and 4-2 show the nodal layout of
the secondary side of the Model D4 steam generator. Figures 4-3 and 4-4 present
the nodal network of the secondary fluid, primary fluid and tube metal. The
computational model consiste of the following elements:

31 nodes (i.e., No's. 22 through 52) for secondary fluid.

44 fluid connectors (1.e.. No's. 23 through 66) for secondary fluid.

21 nodes (i.e., No's. 1 through 21) for primary coolant.

22 fluid connectors (i.e., No's. 1 through 22) for primary coolant.

21 heat transfer nodes (i.e., No's. 1 through 21) for tubes.

42 heat transfer connectors (i.e., No's. 1 through 42) from primary to
secondary fluid.
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For a postulated SLB event, the above model considers a break just outside the
steam outlet nozzle. However, the break may be further downstream, outside the
containment building. Figure 4-5 illustrates such a model; it has three additional
nodes and three more flow connectors to simulate the steamline from the steam
nozzle to the containment. For the Braidwood-1 and Byron-1 plants, this length 1s
about 120 feet with about three elbow turns

The TRANFLO modeling reported in WCAP-14046, Rev. 1 involved a coding error
in flow connec.ors. Flow connector No. 22 is in the primary coolant side; its
upstream node .s No. 21 and its downstream node is No. 0 (an outside node, see
Figure 4-3). Instead of using outside node No. 0, node No. 22 was coded in the
input. Note that node No. 22 is a secondary side node (see Figure 4-4). This error
18 corrected in this report. Results for the hot standby case are similar between
this report and WCAP-14046, Rev.1. However, there are significant differences
between this report and WCAP-14046, Rev. 1 for the full power case. The error in
the prior full power analyses leads to an overestimate of the TSP loads in
WCAP-14046. The correction results 1n proper simulation of full power behavior
The results show that hot standby yields higher loads than full power, as expected
since the water flashing due to depressurization 1s greater for hot standby than full
power conditions

43 Calculation of TSP Pressure Drop from Dynamic Analysis

In the tube bundle area, the space between support plates or baffles forms a fluid

! and a flow connector links the adjacent nodes (see Figures 4-1 and 4-2)
Pressure drops through support plates or baffles are calculated by the code for each
flow connector, which includ.s a plate or baffle. The whole length of the flow
connector is very long compared to the thin plate of less than an inch. For
example, flow connector 39 links node 30 to node 29. Tube support plate P is the
boundary between node 33 and node 32. Node 29 is the U-bend and the space
below the inlet of riser barrels. The pressure drop through TSP P is calculated
along flow connector 39

For example, the pressure difference between the centroids of nodes 30 and 29 acts
to accelerate the flow for the whole connector 39, including the inertia of all the
fluid in the flow path. It would be highly unrealistic to apply the overall pressure
difference between nodes or along the whole connector to the thin plate. Note that
connector 39 has a length of 66.6 inches and that TSP P is only 0.75 inch thick. A
correct approach 1s to apply only the form pressure drop to TSP P, since the fluid
itself absorbs most of the unsteady pressure drop through inertia, and the
momentum flux and friction terms are distributed through the flu:d

It can be shown that the force on an orifice plate (or a TSP) resulting from the
transient, blowdown-type flow of a compressible fluid in a pipe can be calculated
from a form loss. The orifice pressure drop is equal to a loss coefficient times the
fluid dynamic head. The TRANFLO code 1s a proven code for dynamic analysis of
two-phase blowdown flow resulting from a SLB event. The hydraulic loads on the




TSPs as calculated by the TRANFLO code or any other alternate code are based on
the form loss of pressure through the TSP.

44 Model D4 S/G Operating Conditions
Both Braidwood Unit 1 and Byron Unit 1 are plants with Model D4 steam
generators; hence, they have identical designs for the tube bundle and tube support

plates.

Design operating conditions at full power for the Braidwood Unit 1 S/Gs are as
follows:

Thermal Power 856.25 Megawatts

Thermal Design Flow = 94,400 gpm
Primary Inlet Temperature = 618 4°F
Primary Operating Pressure = 2250 psia
Feedwater Tempcrature = 440°F
Steam Pressure = 997 psia
Circulation Ratio = 2.35

Byron Unit 1 has similar operating conditions to those above, with the exception of
the primary side temperature and secondary steamn pressure. The plant is licensed
to operate at a reduced primary temperature, as low as 600°F, which results in a
lower steam pressure (824 psia).

In addition, both plants have identical hot standby conditions. The steam
temperature at hot standby 18 557°F. Both plants operate at the same water level.
The steam piping layouts are similar between the two plants.

In summary, both plants have essentially the same geometrical and
thermal-hydraulic conditions. The TRANFLO model developed for the Braidwood
Unit 1 S/Gs can also be used for Byron Unit 1. The TRANFLO calculations were
made at the Braidwood-1 inlet temperature of 618 48°F. Differences in the
dynamic transient due to a SLB event are considered insignificant between an
initiation of 618.48°F or 600°F.

45 TSP Pressure Drop Data

Laboratory tests were made to correlate the loss coefficient through a tube support
plate (see Figure 5-2 in Section 5.2 4). As discussed in more detail in Section 5.2 4,
Figure 5-2 shows the test data and correlation of the loss coefficient for determining
the pressure drop through a TSP. The correlation constant ranges from 0.8 to 1.4,
and its best estimate is 1. 1. This correlation has been incorporated in the GEN
code. a steam generator performance code.

The circulation ratio depends on pressure drops through the circulation loop. The
circulation loop consists of the downcomer, tube bundle and primary separator.
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The downcomer has a small pressure drop. The major pressure drops come from
various TSPs and swirlvanes of the primary separator.

46 Acoustic Pressure Wave Considerations

Acoustic pressure can affect the fluid flow through the tube bundle and thus the
pressure drop through the TSP if it is significant inside the steam generator, in
particular, in the tube bundle. The steamline break can generate a
depressurization wave into the steam generator. Because of hardware elements
ingide the steam generator, this decompression wave will reflect and not be
transmitted into the tube bundle. The nature of tortuous paths from the steam
nozzle to the tube bundle (see Figure 4-1) weakens the penetration of the wave into
the tube bundle In addition, since the secondary side is two-phase, there is ample
compressibility of the mixture and the speed of sound is significantly reduced. The
secondary side will respond to the depressurization by flashing of the two-phase
mixture to a higher void fraction. The pressure drops that will occur will be due to
mainly the two-phase flow acceleration, friction and form loss of hydraulic motion.

If the steam generator is in a hot standby condition when the break cccurs, the
vapor space above the water level would provide compressibility for the flow. Also,
as the secondary side begins to depressurize, vapor forms within the hot liquid due
to flashing, which will also provide additional compressibility to the mixture

The TRANFLO code uses the complete transient mass, momentum and energy
conservation equations; the acoustic propagation of pressure waves through steam
or water occurs naturally within the solution obtained from these equations.
Results obtained from the TRANFLO code have been tested against analytical
results of acoustic phenomena. Their comparison has demonstrated that the
TRANFLO code has the capability to simulate the acoustic effect. Its simulation
for a steamline break depressurization would be able to calculate the effect of a
depressurization wave initiated at the steam nozzle, if not negligible. A smaller
time increment would be appropriate to properly simulate the acoustic effect.

However, a finer nodalization than that shown in Figures 4-1 and 4-2 may be
needed to adequately analyze the acoustic effect by the TRANFLO code. The
MULTIFLEX code retains the same conservation equations and it uses the method
of characteristics with an explicit numerical solution scheme. The method and
numerical scheme thus minunize numerical diffusion. The effect of numerical
diffusion 1s to stretch the wave out spatially. For relatively thin structures like
the tube support plate, the effect of numerical diffusion can be significant because
the pressure difference across the plate due to an acoustic wave is underestimated.
Therefore, MULTIFLEX provides the most accurate spatial representation of
acoustic waves. In terms of two-phase flow modeling, the TRANFLO code uses the
dnift-flux model to consider the effect of flow ship between water and steam phases.
The MULTIFLEX code uses a homogeneous model without flow slip between
phases.



MULTIFLEX has been used (Section 5) to simulate the SLB event with equivalent
modeling to the TRANFLO model. Results are compared with those of the
TRANFLO model, and the effect of acoustic waves are assessed. As noted in
Section 5, the effects of acoustic waves are shown to be negligible, as expected,
based on the above discussion.

4.7 Balance of Plant Modeling

A postulated steam line break could take place in any operating mode of the plant;
it could occur at any location along the steam line, and the size of the break could
be double ended (i.e., guillotine) or limited. These variables all lead to different
blowdown flow rates and two-phase motion inside the steam generator. Therefore,
they all result in different hydraulic loads on the tube support plates. For example,
a dynamic transient initiated from full power operation is different from that
initiated from hot standby. A guillotine break will have higher blowdown flow than
a limited break.

A complete assessment of these variables reonires a parametric study. This
assessment 1s given in Section 6; it covers reference cases, best ¢cstimates and a
seneitivity study for the above variables in plant - »nditions, as well as for the TSP
pressure drop.



Figure 4-1. Secondary Side Nodes and Tube Support Plates - Identification
for Model D4 S/G (See Figure 4-2 for Preheater Detail)
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Figure 4-2. Prehester Nodes and Baffle Identification for Model D4 S/G
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Figure 4-3

Primarv Fluid Nodes and Flow Connectors, Metal Heat Nodes and

Heat Transfer Connectors, and Secondary Fluid Nodes Within Tube Bundle
(Model D4 S/G)

a




Figure 4-4. Secondary Side Fluid Nodes and Flow Connectors for Model D4 S/G -
Model for SLB Just Outside Steam Outlet Nozzle
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Figure 4-5 Secondary Side Fluid Nodes and Flow Connectors for Model D4 S/G -
Model for SLB Just Outside Containment Building
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50 QUALIFICATION OF TRANFLO CODE

In the early 1970's, there was a need to accurately predict the steam generator
behavior under transient conditions, such as a steam line break (SLB) event; a
transient can develop thermal hydraulic loads on the internal components and shell
of the steam generator. Structural analyses are required to analyze the adequacy
of the individual components and the whole steam generator under various thermal
and hydraulic loads. With the assistance of MPR Associates, Westinghouse
developed and verified the TRANFLO computer code to conservatively model the
thermal and hydraulic conditions within the steam generator under transient
conditions.

Qualification of the TRANFLO code has been a continuing process in demonstrating
the code's capability to accurately predict the hydraulic loads on internal
components of the steam generator.

51 Qualification Plan

For application to Braidwood Unit 1 and Byron Unit 1, the gualification effort
consists of two parts. Part 1 (Section 5.2) describes the historical verification effort.
Part 2 (Sections 5.3 to 5.6) documents a specific effort for both units; this includes
an evaluation of the acoustic effect on hydraulic loads on tube support plates. For
Part 2, a verified computer program called MULTIFLEX has been applied as
described below, together with analysis results and comparisons with TRANFLO
code results.

52 Previously Reported Efforts

The secondary side of the steam generator involves water boiling under high
pressure during normal operating conditions. During a transient such as a SLB
event, it may be subject to vapor generation due to rapid depressurization.
Therefore, analysis methods have to recognize this characteristic of two-phase fluid
behavior. In the early stage of the computer code development and technology of
two-phase flow, a homogeneous model was used. For current analyses, a more
accurate slip flow model 1s used which takes into consideration the relative velocity
between the liquid and vapor phases. Development of the TRANFLO code reflects
this general trend of the two-phase flow modeling. The first version of TRANFLO
was a homogeneous model, and it was later updated to a drift flux model to
simulate the effect of two-phase slip. Since the original issue of the code,
Westinghouse has made several enhancements to the code and has performed the
appropriate verification and validation of these changes.

521 Acceptability of Application of TRANFLO
The onginal version of the TRANFLO code (Reference 13.10) was reviewed and
approved by the NRC in Reference 13.11. TRANFLO was used as part of the

Westinghouse mass and energy release/containment analysis methodology.

5-1



Specifically, the code was used to predict steam generator secondary side behavior
following a spectrum of steam line breaks. Its output was the prediction of the
quality of the steam at the break as a function of time. The quality is calculated
as a function of power level, as well as break size. In order to assure that the
TRANFLO code evaluates a conservatively high exit quality, Reference 13.11 states
that the calculational sequences were reviewed for the determination of conditions
prior to entering into the separation stages. The calculated rate, quality and
energy content of the two-phase mixture entering the separation stages must be
evaluated conservatively. This review was completed and found to be acceptable,
as the NRC staff concludes in Reference 13.11 that the TRANFLO code is an
acceptable code for calculating mass and energy release data following a postulated
SLB. Therefore, it is concluded that the TRANFLO model is appropnate for
predicting S/G behavior (including tube bundle region) under the range of SLB
conditions. In particular, the NRC review concluded that the flow rate and quality
entering the separation stages is adequately conservative. Therefore, if further
review is required, the review would focus on the flow distribution within the tube
bundle. The distribution within the tube bundle is principally influenced by the
TSP loss coefficients, which are based on experimentai data for Westinghouse
manufactured S/Gs (see Section 5.2.3). To further address the flow distribution
within the tube bundle, additional sensitivity analyses in TRANFLO pressure drop
dependence on the TSP loss coefficients have been performed as described in
Section 6.

For the current application, TRANFLO is used in conjunction with a structural
analysis code to predict TSP movement following the same SLB event. The key
data transferred between the transient code and the structural code is the pressure
drop across the TSP as a function of time. This pressure drop calculation depends
on the fluid conditions in the steam generator and on the adequacy of the loss
coefficients along the flow paths. The conditions in the tube bundle as calculated
by TRANFLO have been previously reviewed. Further justification of the adequacy
of the pressure drop calculation is discussed in Section 5.2.3.

5.2.2 Different Versions of TRANFLO

The original version of the TRANFLO code has been reviewed and approved by the
NRC. Westinghouse has continued to update the code with new models that more
accurately predict steam generator behavior. Four versions of the TRANFLO have
been used in calculations. The following are descriptions of each of them.

The Original Version (April 1974)

This is the original homogeneous model, which MPR Associates developed in April
1974. The code predicts mass flow rate, pressure, pressure drop fhiid temperature,
steam quality and void fraction. The code document includes results of TRANFLO
calculations for a 51 Series steam generator subject to water and steam blowdown
due to a SLB event. The document also presents code verification using blowdown
test data from pressurized vessels.
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Westinghouse documented this version in detail in September 1976, including code
verification using vessel blowdown data (Reference 13.10). Sensitivity analyses
were also performed ard documented to show that the modelling was conservative.

The TRANFLO code uses an elemental control volume approach to calculate the
thermal-hydraulics of a steam and water system undergoing rapid changes. Fluid
conditions may be subcooled, two-phase or superheated. The code considers fluid
flow being one-dimensional.

Control volumes simulate the geometrical model, and flow connectors allow mass
and energy exchange between control volumes. Each nodal volume has mass and
energy that are homogeneous throughout the volume. Flow connectors account for
flow and pressure drops. The system model allows flow entering or leaving any
control volume. This then allows that feedwater flows into a steam generator and
steam flows out of it. The system models also permit a heat source, which then can
simulate the tube bundle with hot water flow.

TRANFLO solves for system conditions by satisfying mass, momentum and energy
equations for all control volumes. It models the effects of two-phase flows on
pressure losses. The code allows a variety of heat transfer correlations for the tube
bundle. It covers all regimes from forced convection to subcooled liquid through
boiling and forced convection to steam.

The Drift-Flux Version (November 1980)

This version implements a drift-flux model to better simulate relative flow velocity
between water and steam. For example, it allows a realistic simulation of
counter-current flow of steam and water. It required modification of the mass,
momentum and energy equations of the two-phase flow. A capability is provided
for monitoring calculated variables for convenient examination of results.

TRANFLO Version 1.0 (November 1981)

This version accepts transient data of parameters as direct inputs, rather than
supplying input subroutines, as used in the drift-flux version. It also improves
printouts and plots. This version maintains the drift-flux model, and includes the
addition of thermal conductivity of Alloy 690 tubing.

TRANFLO Version 2.0 (January 1993)

This version provides an option for two inlets of feedwater flow into the steam
generator. It involves minor changes to a subroutine for specifying feedwater flow.
This version is used for separate iniets of simultaneous feedwater flow from the
main and auxiliary feedwater nozzles.




5.2.3 Verification of Loop Pressure Drop Correlations

As discussed earlier, an accurate prediction of mass and energy release from the
vessel means that the TRANFLO code properly calculates local thermal-hydraulics
in various nodes (i.e., elemental control volume and flow connector). It is eritical to
accurately simulate the pressure drop inside a steam generator that consists of
various components, such as the tube bundle with tube support plates, moisture
separators, and downcomer. Hydraulic loads on various components depend on
accurate preseure drop calculations. Thus, it is important to verify the pressure
drop calculations through the circulation loop.

The TRANFLO code uses the same pressure drop correlations as the Westinghouse
GENTF code, which is a performance program. The GENF code predicts
one-dimensional steady state conditions, which include pressure drops along the
circulation flow loop. Both laboratory tests and field data validate the accuracy of
the GENF code. The GENF code is used extensively for steam generator
performance analysis and has been shown to accurately predict operating steam
generator conditions.

When provided with all geometrical input and operating conditions, GENF
calculates the steam pressure, steam flow rate, circulation ratio, pressure drops,
and other thermal-hydraulic data. The circulation ratio is a ratio of total flow
through the tube bundle to feedwater flow. For a dry and saturated steam
generator, there exists a hydrostatic head difference between the downcomer and
the tube bundle. This head difference serves as the driving head to circulate flow
between them (sec Figure 5-1). The driving head is constant for given operating
specifications, such as power level and water level. The total pressure drop
through the circulation loop is equal to the driving head.

Pressure drops depend on loss coefficient and flow rate (i.e., velocity). Loss
coefficient consists of friction loss and form loss; the majority of the loss is due to
the form loss in the steam generator. Since the driving head is constant, a higher
loss coefficient means a lower circulation flow rate and a lower circulation ratio. A
lower loss coefficient yields a higher circulation ratio. Therefore, an accurate
prediction of the circulation ratio depends on an accurate loss coefficient.

Model boiler and field tests are used in qualifying the loss coefficients in the flow
loop of the steam generator. For example, the major contributors of the pressure
drop are the primary separator and tube support plates. The loss coefficient of the
primary separator has been verified using model boilers and field steam generators
(Reference 13.12). Similarly, loss coefficients of tube support plates have been
developed using test data; Figure 5-2 presents the correlation of the loss coefficient
and test data.

Figure 5-3 shows a typical comparison between predicted and actual measured
circulation ratios. There 1s good agreement in the circulation ratio between the
prediction and measurement.
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The TRANFLO model uses the same loss coefficient correlations as the GENF code.

This provides assurance in properly calculating the pressure drops throughout the
steam generator.

53 MULTIFLEX Code Description

The MULTIFLEX program 1s an engineering tool for calculation of pressure and
mass flow distributions during rapid thermal-hydraulic transients caused by an
imposed driving force on the system. The driving force is taken, throughout this
report, to be a break of a secondary loop in a Pressurized Water Reactor (PWR)
system. MULTIFLEX has been verified by comparison to test data and has been

reviewed and approved by the United States Nuclear Regulatory Commission
(USNRC).

The USNRC has reviewed Westinghouse WCAP-8708 (Preprietary) and WCAP-8709
(Non-proprietary). The USNRC issued an approval letter on June 17, 1977
together with a Topical Report Evaluation (Reference 13.13). It concludes that
WCAP-8708 presents an acceptable computer program for use in calculations to
evaluate the pressure time history of fluid within current Westinghouse reactor
systems caused by subcooled decompression during a postulated loss of coolant
accident. Based on this approval letter and comments in the attached Topical
Report Evaluation, Westinghouse 1ssued a revised WCAP-8708-PA-V1 (i.e,,
Reference 13.14), which contained the Reference 13.13 Topical Report Evaluation.

The thermal-hydraulic portion of MULTIFLEX is based on the one-dimensional
homogeneous model which 1s expressed in a set of mass, momentum, and energy
conservation equations. These equations are quasi-linear first order partial
differential equations which are solved by the method of characteristics. By the
method of characteristics, the partial differential equations are reduced to ordinary
differential equations. The formulation of the characteristic equations results 1n
equations which include acoustic signal transportation.

The representation and analysis of complex hydraulic systems by MULTIFLEX 1s
accomphshed using a network of hydraulic flow paths and mathematical models of

various hydraulic components, such as two- and muiti-pipe joints, orifices, pumps,
valves, etc

MULTIFLEX has been used extensively to analyze, among other events,

loss-of-coolant transients in both the primary and secondary sides of PWRs and
waterhammer transients due to valve motion.

54 MULTIFLEX Models

The MULTIFLEX model of the steam generator consists of a network of hydraulic
flow paths, referred to as legs. Figure 5-4 shows the MULTIFLEX model in

schematic form. The entire hydraulic geometry of the secondary side of the steam
generator is modeled with the legs by specifying appropriate values for flow area,
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flow length, elevation, loss coefficient, hydraulic diameter, and boundary condition.
The thermodynamic initial conditions are specified with appropriate values for
pressure, enthalpy, and mass flow. The forcing function for the transient is
described by a break model which simulates a double-ended, guillotine rupture of
the main steamline, located at the outlet nozzle on the steam generator. The
MULTIFLEX model, as depicted in Figure 5-4 and described by its associated input
data, 1s equivalent to the TRANFLO model presented in Section 4.2.

55 Comparison of MULTIFLEX and TRANFLO Results
5.5.1 Hot Standby Case

In WCAP-14222 report, MULTIFLEX moael did not properly enter the throat area
(about 1.39 ft*) of the venturi in the steam nozzle. This results in a use of a 5.0 ft*
area of the steam line in calculating the break flow rate. This use of higher flow
area leads to unusually high break flow, which can significantly affect flow in tube
bundle and thus pressure drops through tube support plates. In present report,
this i1s corrected; the venturi throat area is simulated.

Results of MULTIFLEX calculations for a SLB event initiated from a hot standby
are shown 1n Figures 5-5 through 5-7. For the identical case, results of TRANFLO
calculations are given in Figures 6-1 through 6-3 (see Section 6.2). From these
figures, it is seen that neither MULTIFLEX nor TRANFLO results show a higher
frequency oscillation in the TSP pressure drops as might be expected if acoustic
wave effects were significant. Effect of the acoustic wave due to a SLB event is
discussed in detail in Section 6.6.

TRANFLO predicts a flow split between TSP J and TSP L. That is, the transient
flow at TSP J and below is in a downward direction, while in an upward direction
at TSP L and above. MULTIFLEX gives a split between TSP L and TSP M. They
differ by about one TSP span (i.e., about 43 inch tube span); this is in good
agreement. It is shown in Section 8 that this shift in the flow split to above TSP L
for MULTIFLEX has negligible influence on TSP displacement.

Table 5-1 presents the peak values for pressure drops over the transient for
comparison. MULTIFLEX yields lower values than those of the TRANFLO.

Results presented in WCAP-14222 are reproduced here for comparison and
discussion. As mentioned above, these results are obtained for a steam nozzle
without the venturi flow limiter in the steam nozzle. Thus the break flow is
unusually high. Figures 5-8 through 5-10 show the predicted pressure drops
through tube support plates. Compared to those of Figures 5-5 through 5-7, results
of the case without the flow hiziver are many times higher. Peaks of these
pressure drops under the conditions without the flow limiter are comparable to the
TRANFLO results with the venturi flow limiter. Note that TRANFLO results show
two peaks in pressure drop, and MULTIFLEX gives one peak only. This will be
discussed below and in detail later.

n
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The differences in pressure drop between TRANFLO and MULTIFLEX are
considered to be due to differences in modeling and solution schemes. Since the
employed numerical method of solution in MULTIFLEX is the explicit scheme,
numerical diffusion is minimized, thus providing an accurate spatial representation
of the acoustic waves, TRANFLO could underpredict the acoustic effect because of
the use of an implcit integration technique. An implicit numerical solution scheme
tends to result in greater numerical diffusion than an explicit scheme. The effect of
numerical diffusion on acoustic waves is to stretch the wave out spatially. For
relatively thin structures like the TSPs, the effects of numerical diffusion can be
significant because the pressure difference across the plate due to acoustic waves, if
present, i1s underestimated.

There is a difference in the physical model for two-phase flow between TRANFLO
and MULTIFLEX TRANFLO uses drift-flux modeling, which accounts the effect of
flow slip between liquid and vapor phases. MULTIFLEX considers a homogeneous
model without slip. A homogeneous model tends to yield a higher void fraction
than a drift-flux model. A drift-flux model would have a better estimate for void
fraction. However, void fraction would not totally account for the difference
observed. The amount of the water flashing can influence the two-phase flow and
thus the pressure drop. So can the water boiling due to heat transfer. These will
be discussed in later subsections.

552 Effect of Heat Transfer on Hot Standby Case

The MULTIFLEX modeling for a SLB event was conducted without considering the
heat transfer from the primary coolant under the assumption that heat transfer is
not significant. This assumption greatly simplifies the MULTIFLEX modeling.
This 1s considered to be a good assumption for a process having a short transient.
In addition, the dominating thermal hydraulic process is due to break flow,
subsequent depressurization and the resulting water flashing. This section
presents the results of the TRANFLO calculations with and without heat transfer
from the primary coolant.

Figures 6-1 through 6-3 show the TRANFLO pressure drops through tube support
plates for the hot standby with heat tranefer (see Section 6.2). The same
TRANFLO model without heat transfer yields pressure drops given in Figures 5-11
through 5-13. These figures demonstrate that results are sumilar in the transient
shape and magnitude. Table 5-2 lists the peak value of the pressure drop and their
ratio. Their ratio 1s about unity, except the TSP L, which gives a ratio of 1.49.

This is expected because the flow split is near the TSP L.

The good agreement between the TRANFLO calculations with and without heat
transfer confirms the assumption of the dominating effect of water flashing and

insignificant role of heat transfer for the extreme short transient phenomena of a
SLB event.
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Based on the above discussion, we show that the MULTIFLEX calculation without
coupling with the primary coolant for the hot standby case is appropriate and
acceptable in simulating the transient of a SLB event.

553 Effect of Heat Transfer on Full Power Case

Figures 5-14 through 5-16 show the TRANFLO pressure drops through tube
support plates for the full power case without heat transfer. Figures 6-4 through
6-6 present the same TRANFLO pressure drops for the full power case with heat
transfer. As can be seen, heat transfer seems to yield higher pressure drop for the
upper TSPs L, M, N and P, while the no heat transfer case seems to generate
higher pressure drop for the lower TSPs A, C and F. This opposite behavior could
be explained below.

It may be the situation that boiling due to heat transfer and water flashing due to
depressurization are mutually competitive or exclusive. For the upper tube bundle
where the upper TSPs are located, the initial void fraction is high and water mass
1s relatively small, and the boiling dominates the thermal and hydraulic process.
The beiling of the small amount of the water available in the upper tube bundle
seems to be the driving mechanism to create flow motion, and thus pressure drop.
If there is no heat transfer the small amount of water may not be adequate to
generate enough flow motion locally. Therefore, the no heat transfer case results in
much lower pressure drops for the upper TSPs.

For the lower tube bundle where void fraction is low and water body is large, the
boiling may consume the water and deplete the amount of water for flashing to
generate flow motion. However, if there is no heat transfer all of the water will be
available for flashing to act in producing flow motion. In the lower tube bundle the
flashing action dominates the thermal and hydraulic process. Any heat seems to
tend to weaken the flashing effect. Therefore, the no heat transfer case leads to
higher pressure drops for the lower TSPs.

In view of the above discussion, a calculation of the full power without the coupling
with the primary coolant is not appropriate; it deviates drasticaliy from the
prototypical conditions. Therefore, we do not include plots of pressure drop
transient from the MULTIFLEX calculation for the full power without the heat
transfer. However, we will present its peak values later in table for comparison
with TRANFLO calculations.

554 Effect of Water Flashing and Initial Temperature Distribution

The description of Section 5.5.3 is plausible. It implies that tube bundle two-phase
flow is subject to complicate interaction of the boiling and flashing mechanism; it is
a highly local phenomenon. This then points out that it is important to subscribe
appropriate initial conditions, such as initial temperature of primary coolant and
initial heat transfer rate. It is the most appropriate to use the prototypical
conditions of full power operation as the initial conditions. Such conditions are
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varying along the U-tube. The full power calculation in WCAP-14222 report uses
an approximation of an equivalent, averaging temperature over the total length of
the U-tube. In view of the above discussion, such an approximation is not as good
as a non-uniform distribution of temperature along the U-tube. Present report has
changed from the average temperature approximation to actual distribution of
primary coolant temperature and heat transfer rate as the initial conditions.
Results shown in Figures 6-4, 6-5 and 6-6 are obtained using the prototypical, non-
uniform conditions of the full power operation. Results by the present calculation
show higher pressure drops than those given in WCAP-14222. For example,
pressure drop through TSP P by the present calculation peaks to about 0.8 psi after
time zero, and the WCAP-14222 gives a peak less than 0.2 psi for TSP P. Of
course, both calculations have a same initial pressure drop of 0.56 psi.

Table 5-3 lists the relative peak value of the pressure drop for four calculations: the
TRANFLO with and without heat transfer, the MULTIFLEX without heat transfer,
and the TRANFLO with heat transfer reported in WCAP-14222. From the
viewpoint of the relative peak of the pressure drop, both calculations of heat with
uniform (i.e., average) and non-uniform initial temperature give about the same
(absolute) values. Displacement calculation of the tube support plates has been
made for both uniform and non-uniform temperature cases. Results indicate they
are essentially the same; the non-uniform case is slightly less in displacement,
except the TSP L, which 1s slightly higher. This trend is the same as that of the
relative peak of the pressure drop (see Table 5-3). In view of this comparison, we
keep the uniform temperature case as the reference and enter its results for Case 2
in Table 6-2. Note that Table 6-2 presents the results of sensitivity study for
uncertainty parameters, and they are used to establish the adjustment factor of
two, as discussed 1n Section 6.6.

The no heat transfer case leads to higher (absolute) values in the lower TSPs, and
in upper TSPs M and P. The MULTIFLEX calculation without heat transfer yields
lower pressure drops, except TSP M, than the TRANFLO calculation without heat
transfer. It requires deeper investigation to explain such a difference between the
TRANFLO and MULTIFLEX calculations. Such a difference may be due to rate of
depressurization and rate of water flashing, and they may in turn depend on
moisture separation and break flow calculation. These will be addressed in the
next subsection.

555 Effect of Moisture Separation under Sign:ficant Water Flashing

We have made a parametric calculations of pressure drop under different water
levels, ranging from 544" to 280" above the top of the tubesheet. The pressure drop
through the tube support plate increases as the water level decreases; this is
described 1n Section 6.3. We will take these calculations to examine the role of the
water flashing and its impact on moisture separation, and then its influence on the
break flow and the subsequent effect oa pressure drop




For a steam line break (SLB), the critical blowdown (or break) flow is limited by
choking at the throat of the venturi in the steam nozzle. Use of the venturi is just
for this purpose to control the break flow . an SLB event takes place.

TRANFLO program uses the Moody critical flow model to determine mass flux (or
velocity), which is a function of two-phase flow thermodynamic state upstream to
the steam nozzle. The two-phase thermodynamic state is fully defined by two
inermodynamic properties, such as steam quality and pressure. Once the choking
mass velocity is determined from the Moody model, the break flow rate is known by
multiplying the mass velocity by the flow area at the throat of the venturi.

The choking flow can change significantly with variation of the thermodynamic
state upstream to the steam nozzle. This thermodynamic state changes according
to flow conditions in the steam generator; a full power will behave differently from
a hot standby. Even a hot standby can lead to different transient of
thermodynamic state if the initial water level changes. The following is to describe
this in detail.

For the hot standby at time zero, the break flow 18 100% steam, and it decreases in
steam content as time goes. There may be two stages. Taking the case with a
water level of 487 inches for illustration (see Figure 5-17), the stage 1 has a steam
quality at 99% within about 1.75 seconds after an SLB event. After 2.2 seconds, it
drops down to stage 2 at a steam quality less than 4%. Between these two stages,
there is a transition period with drastic change in steam quality. The lower the
steam content the higher the fluid density, and thus the larger the critical mass
velocity, as the Moody model gives. Figure 5-18 shows this behavior of two-stage in
the break flow. Figure 5-19 depicts this two-stage phenomena in pressure
immediate upstream to steam nozzle; it drops drastically during the transition
period of 1.9 to 2.2 seconds. The significant flashing takes place during the
transition and it leads to a temporary pressurization before it goes on a decreasing
again.

During the first stage, it is essentially of single- phase steam. The steam blowdown
depressurizes the steam generator, and thus triggers water flashing. The water in
the upper downcomer flashes, and it entraine significant water. Thus, it results in
a two-phase flew with low steam quality. Majority of the water flashing takes
place outside the primary separators. Therefore, most of the resulting two-phase
flow will moves directly against the secondary separator without the benefit of
moisture separation by the primary separator. The secondary separator is flooded
by this moisture rich flow, and can not remove it effectively. This moisture rich
(1.e., low steam quality) flow continues into the steam nozzle. The Moody model
then yields a much higher critical mass flux for a low steam quality in the stage 2,
and thus larger break flow, as shown in Figure 5-18.

Each stage has its own acceleration and decceleration behavior of flow, and thus a
peak develops, and appears in the pressure drop through TSPs. Figure 5-20 indeed
shows a two-peak pressure drop through the TSP P.
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Figures 5-21 through 5-23 show the similar response of break flow, pressure
upstream to the steam nozzle and pressure drop through the TSP P for the case
ith a 544" water level. Figures 5-24 through 5-26 are the similar results for a
474" water level. The second stage appears quicker for a higher initial water level,
because the available steam volume 1s smaller and it 1s depleted sooner. As shown
by Figures 5-18, 5-21 and 5-24, the first stage ends at about 1.3, 2.0 and 2.3
seconds for a water level of 544", 487" and 474", respectively. The initial water
level also affect the relative value of the double peak in pressure drop. Figure 5-23
shows the pressure drop through the TSP P for a 544" water level; the second peak
has a higher pressure drop than the first peak. The first peak 1s related to the
blowdown of the existing steam before the water flashing. The second peak is
directly associaied with the water flashing. Figure 5-20 depicts a similar two-peak
pressure drop for a 487" water level, but both peaks have almost the same value.
Again, Figure 5-26 gives the two-peak pressure drop for a 474" water level, the first
peak 18 now at a higher value. This shift 1n relative value between the two peaks
18 well correlated with the amount of water flashing outside the primary separator.

The second peak of the pressure drop is dominating for a water level of 544 inches.
For a water level of 487 inches, both the 1st and 2nd peak are about equal. The
first peak becomes dominating at a water level of 474 inches. The second peak
doesn't show for a water level of 378 inches, as indicated in Figures 5-27 through
5-29 Again, there i1s no second peak for a water level of 280 inches, as depicted in
Figures 5-30 through 5-32. A water level of 387" is at the base of the primary
separator, and thus there is no water mass in the upper internal space, except the
limited water mass in the downcomer annulus. A water level of 280" results in no
water mass in the upper internul space. Therefore, the only water flashing 1s
taking place in the tube bundle; the amount of water mass 1s much smaller than
that at a level of 474" or more. In addition, the flashing two-phase flow has the
benefit of the primary separator to remove the moisture effectively. Therefore, the
secondary separator is not loaded beyond its capability, and the steam quality to
the steam nozzle 18 kept at high value. Figure 5-30 for a level of 280" thus shows a
smooth decreasing trend in break flow; it does not give a rise to a second plateau
like Figure 5-18 for a level of 487"

Regardless of relative magnitude between the 1st and 2nd peak, the peak value of
the pressure drop increases with a decrease of the water level. This is due to
significant flashing taking place across the water level. The nearer the TSP to the
water level the stronger the flashing in generating fluid motion. A lower water
level means a shorter distance between the TSP and water level. Therefore, a

water level of 280 inches results in the highest pressure drop, as shown in Figure
6-13.

For a full power as an initial condition, the mass velocity 1s similar to that of the
first stage of the hot standby case. The full power case does not lead to a second
stage like that of the hot standby. The mass velocity of the full power goes through
a deceasing transient. This 18 expected because the full power 1s still producing
steam 1n the tube bundle by boiling, and water mass in the downcomwer continues
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feed into the tube bundle due to the continued fiow circulation. Therefore, water
flashing in the upper downcomer is limited, the primary separator effectively
removes the moisture, and the secondary separator is not flooded. Thus, conditions
do not exist to produce a second stage for the full power case.

TRANFLO computer program has incorporated both primary and secondary
separation function, and it correctly simulates the behavior of water flashing and
moisture separation, as described above. It had been reviewed by NRC, as
discussed in Section 5.2.1. The NRC review concluded that flow rate and quality
entering the separation stages is adequately conservative. Therefore, TRANFLO
has been an appropriate computer program in simulating thermal and hydraulic
process of the steam generator.

The above comparison indicates that the TRANFLO calculation yields higher
pressure drops through tube support plates than the MULTIFLEX. There are still
no definite answers to explain the differences in the pressure drop calculations
between TRANFLO and MULTIFLEX. However, these differences in thermal and
hydraulic process do not deny the capability of the MULTIFLEX code in its
simulation of acoustic wave and its acoustic effect on two-phase flow. This will be
discussed in detail in Section 6.6.

56 Conclusions

This section presents a summary of the adequacy of the TRANFLO code for its
current applications. Blowdown test data of simulated reactor vessels validate the
adequacy of the code in predicting the steam and water blowdown transient. The
NRC has accepted the TRANFLO code in calculating mass and energy release to
the containment during a steam generator blowdown due to feed or steam line
break.

As part of its review, the NRC accepted the code's ability to accurately predict local
thermal-hydraulics in the vessel. The calculated pressure agrees well with the
measured vessel pressure. Flow through the internals of the steam generator
depends on accurate prediction of pressure drops, which relies on the accuracy of
the loss coefficients along the flow paths. Test data of pressure drops from model
boiler and field steam generators have been appled to verify the correlations for
the loss coefficients.

Westinghouse has made modifications to the code to better predict steam generator
behavior following a SLB event. Westinghouse has performed the verification and
validation consistent with the methods approved by the NRC staff for the original
version

To assess acoustic wave effects, the results between TRANFLO and MULTIFLEX
have been compared. As expected for the steam environment and the diameter
changes in the steam flow path (see Section 6.6), the MULTIFLEX results do not
show any acoustic wave effects on the TSP loads. Thus acoustic wave effects do not
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need to be considered for the TSP loads. The minor differences between the
TRANFLO and MULTIFLEX loads represent the sensitivity to the code used for
the load analyses, and the differences between codes are bounded by the
uncertainty factors applied to the TRANFLO TSP pressure drops.

In conclusion, the TRANFLO code is a verified program for adequately predicting
thermal-hydraulic conditions during the blowdown transient of a steam generator
due to a feed or steam line break.



Table 5-1

Hot Standby Pressure Drops Calculated by TRANFLO and MULTIFLEX
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Table 5-2
TSP Pressure Drops and Ratios to Case 1 viith Heat Transfer
(Ho. Standby Conditions)

Feak Pressure Drop
ac
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Table 5-3

TSP Pressure Drops and Ratios to Case 2 with Heat Transfer
(Full Power Conditions)

Peak TSP Pressure Drop
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Figure 5-1. Diagram of Flow Circulation During Power Operation



Figure 5-2. Counterbored Structural Quatrefoil Loss Coefficients



Figure 5-3. GENF Verification, Circulation Ratio Versus Load
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Figure 5-4 MULTIFLEX Model for Braidwood Unit 1 8/G
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Figure 5-5. Pressure Drop Through Tube Support Plates M,N and P
(Case 31 with Hot Standby, 487" Water Level, with Flow Limiter by
MULTIFLEX Code)
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Figure 5-6. Pressure Drop Through Tube Support Plates F, J and L.
(Case 31 with Hot Standby, 487" Water Level, with Flow Limiter by
MULTIFLEX Code)
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Figure 5-7. Pressure Drop Thr ugh Tube Support Plates A and C
(Case 31 with Hot Standby, 487" Water Level, with Flow Limiter
by MULTIFLEX Code)




Figure 5-8. Pressure Drop Through Tube Support Plates M, N, and P
(Case 32 With Full Power, 487" Water Level by MULTIFLEX Code)
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Figure 5-9. Pressure Drop Through Tube Support Plates F, J, and L
Case 32 With Full Power, 487" Water Level by MULTIFLEX Code)




Figure 5-10. Pressure Drop Through Tube Support Plates A and C
(Case 32 With Full Power, 487" Water Level by MULTIFLEX Code)




Figure 5-11. Pressure Drop Through Tube Support Plates M, N and P
(Case 1 Without Heat Transfer)




Figure 5-12. Pressure Drop Through Tube Support Plates F, J and L
(Case 1 Without Heat Transfer)




Figure 5-13. Pressure Drop Through Tube Support Plates A and C
(Case 1 Without Heat Transfer)
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Figure 5-14. Pressure Drop Through Tube Support Plates M, N and P
(Case 2 Without Heat Transfer)



Figure 5-15. Pressure Drop Through Tube Support Plates F, J and L
(Case 2 Without Heat Transfer)
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Figure 5-16. Pressure Drop Through Tube Support Plates A and C
(Case 2 Without Heat Transfer)
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Figure 5-17. Transient of Steam Quality Immediately Upstream to Steam Nozzle



Figure 5-18. Break Flow of Braidwood Unit 1 (Water Level at 487")




Figure 5-19. Steam Pressure at Steam Nozzle of Braidwood Unit 1
(Water Level at 487")
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Figure 5-20. Pressure Drop Through Tube Support Plate P of Braidwood Unit 1
(Water Level at 487")
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Figure 5-21. Break Flow of Braidwood Unit 1
(Water Level at 544™)
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Figure 5-22. Steam Pressure at Steam Nozzle of Braidwood Unit 1
(Water Level at 544")




Figure 5-23. Pressure Drop Through Tube Support Plate P of Braidwood Unit 1
(Water Level at 544")



Figure 5-24. Break i"low of Braidwood Unit 1
(Water Level at 474")
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Figure 5-25. Steam Pressure at Steam Nozzle of Braidwood Unit 1
(Water Level at 474")
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Figure 5-26 Pressure Drop Through Tube Support Plate P of Braidwood Unit 1
(Water Level at 474")
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Figure 5-27. Break Flow of Braidwood Unit 1

; (Water Level at 378")




Figure 5-28. Steam Pressure at Steam Nozzie of Braidwood Unit 1
(Water Level at 378")




Figure 5-29. Pressure Drop Through Tube Support Plate P of Braidwood Unit 1
(Water Level at 378")
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Figure 5-30. Break Flow of Braidwood Unit 1
(Hot Standby at a 280" Water Level)




Figure 5-31. Steam Pressure at Steam Nozzle of Braidwood Unit 1
(Hot Standby at a 280" Water Level)
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Figure 5-32. Pressure Drop Through Tube Support Plate P of Braadwood Unit 1
(Hot Standby at a 280" Water Level)
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60 HYDRAULIC SLB LOADS ON TSPs
6.1 Analysis Plan

The hydraulic, pressure drop loads on the TSPs in a SLB event are calculated with
the TRANFLO computer code as described in Section 4. An extensive set of
TRANFLO analyses was performed and the results of these analyses are reported
in this section. The TRANFLO analyses include: reference analyses for a guillotine
SLB both inside and outside containment at both hot standby and full power
conditions; and a series of analyses to assess the sensitivity of the TSP loads to the
most influential input parameters including the break size for a limited break, the
S/G water level, the TSP pressure drop loss coefficient, the S/G downcomer loss
coefficient and the Moody discharge coefficient. The results of the sensitivity
analyses are used to define a conservative or bounding uncertainty factor which is
applied to the reference analyses pressure drops to obtain a bounding set of loads
for the TSP displacement analyses. The reference analysis loads on the "SPs and
the bounding reference loads adjusted by the uncertainty factors are used .o
develop the expected and bounding TSP displacements in Section 8.

The TRANFLO analysis matrix is given in Table 6-1 and is described below:
Reference Analyses

The reference analyses, Cases 1 to 4 of Table 6-1, provide the expected TSP loads
for a guillotine steamline break either inside containment at the exit of the S/G
nozzle or at a location just outside of the containment building. The break at the
S/G nozzle would result in a potential radiation release inside of containment, while
the break outside containment represents containment bypass for the potential
radiation release. In addition to the break size, the TRANFLO input parameters
most influential on the TSP loads are the water level, the TSP loss coefficients, the
downcomer loss coefficients and the Moody discharge coefficient. For the reference
analyses, the expected values are used for the water level and the TSP/downcomer
loss coefficients. The Moody discharge coefficient has been set at its maximum
value (most conservative) of 1.0. The reference analyses thus lead to a moderately
conservative representation of the expected TSP pressure drops, under hot standby
and full power conditions, for a guillotine SLB inside and outside containment.

TRANFLO Sensitivity Anal

TRANFLO sensitivity analyses were performed to assess the influence of the
principal input parameters, individually and collectively, on the TSP pressure
drops. The more limiting hot standby SLB event was used to determine the TSP
load sensitivity to the break size (guillotine versus 1.5 ft*), water level (expected
487" versus lower uncertainty level of about 466"), TSP loss coefficients (expected
versus maximum values), downcomer loss coefficients (expected versus minimum
values) and the Moody discharge coefficient (maximum 1.0 versuvs expected 0.84).



These analyses are represented by Cases 51 to 55 in Table 6-1. From these
analyses, it was determined that the reduction in water level, the increased TSP
loss coefficients and the reduced downcomer loss coefficients resulted in an increase
in the TSP loads for the most limiting plates (plates C and J for TSP
displacements) and typically for most other plates.

The above three input parameter changes that increase the TSP loads were then
combined, in Cases 61 and 62, with the most limiting S/G guillotine break (with a
Moody discharge coefficient of 1.0) to define a bounding set of loads to develop an
uncertainty adjustment factor for the reference analyses. The uncertainty factor is
a constant factor on the loads obtained to reasonably bound the ratio of the peak
pressure drop for each plate from the combined analyses of Cases 61 and 62 to the
referer.ce analyses of Cases 1 and 2.

Cases 61 and 62 combine all the worst case or most limiting input parameters to
define the combined uncertainty factor for each plate. It is extremely corservative
to combine all the collective worst case input conditions in a single TSP load
analysis. A more realistic bounding analysis would collectively combine
intermediate (between expected and worst case) values for the input parameters in
a single run, or would combine the resulting TSP loads by the square root of the
sum of squares since all worst case conditions would not be expected to act
simultaneously. However, it is the intent of these analyses to develop a very
conservative set of bounding TSP loads, and the results of Cases 61 and 62 are
used to define uncertainty factors. To further simplify the uncertainty factor
approach, a constant uncertainty factor is developed based on the maximum ratio of
the Case 61 to Case 1 and Case 62 to Case 2 pressure drops. As developed later in
this section, this resulted in the Case 2, full power loads for all plates being
increased by a factor of 1.75. For the Case 1, hot standby loads, the uncertainty
factor applied was 2.0 for plates A to L (1 to 8) and 1.5 applied to plates M to P (9
to 11). Thus the reference analyses with the uncertainty adjustment provide a
direct assessment of a constant factor increase in the loads. Cases 11 and 12
represent the adjusted load conditions and are considered to define an upper bound
on the TSP pressure drops.

Case 21 provides a best estimate analysis for comparison with the reference
analysis of Case 1 or the bounding analysis of Case 61. The best estimate
conditions were selected to represent a more limited (than a guillotine break) SLB
event with containment bypass and with the expected Moody discharge coefficient
of 0.84. The analysis results, given later in this section, show that the best
estimate loads of Case 21, representing a more likely SLB event, are typically
about half the loads of Case 1 and about 1/4 the loads of the bounding Case 11.
Since the loads of Case 11 are shown in Section 10 to result in acceptable tube
burst probabilities for Braidwood-1 and Byron-1, it is clear that the more probable
SLB event and expected S/G conditions would lead to small TSP displacements



with a very low tube burst probability and would essentially eliminate tube burst
as a concern for APC applications.

Cases 31 of Table 6-1 represents the MULTIFLEX computer code analysis
described in Section 5 for qualification of the TRANFLO code. This analysis is used
in Section 8 for TSP displacement analyses and is included in the table to define
the complete analysis matrix.

The TSP loads for Cases 1, 2, 11, 12 and 31 are used in Secticn 8 to calculate the
associated TSP displacements.

6.2 Reference Full Power and Hot Standby Loads

Case 1 is a reference analysis for SLB at hot standby with a guillotine break at the
S/G outlet nozzle. Its water level is at the normal setting of 487 inches above the
top of the tubesheet, and both TSP and downcomer loss coefficients are at nominal
values. The Moody discharge coefficient for critical blowdown flow is set to be
unity. Figures 6-1, 6-2 and 6-3 show the hydraulic loads through eight TSPs P, N,
ML J F Cand A

Case 2 is equivalent to Case 1, except the SLB is initiated from full power
operation. Figures 6-4, 6-5 and 6-6 show the hydraulic loads through eight TSPs P,
N, M L, J, F, Cand A As discussed in Section 5.5.4, both uniform and non-
uniform temperature cases essentially give the same results, and we use the results
from the uniform temperature case as the reference Table 6-2 reports the results
of the uniform temperature case.

Case 3 is identical to Case 1, but the guillotine break at hot standby is outside the
containment building. Figures 6-7, 6-8 and 6-9 show the hydraulic loads through
eight TSPs P NN M, L, J, F, C and A.

Case 4 is equivalent to Case 3, except its initial condition is full power operation,
not hot standby. Figures 6-10, 6-11 and 6-12 show the hydraulic loads through
eight TSPs P NN M, L, J, F, C and A

For hot standby, a break at the S/G steam outlet nozzle generally yields higher
loads than a break outside the containment. This 18 expected because of the
additional flow resistance due to extra piping of about 120 feet and three 90°
elbows between the steam outlet nozzle and the containment penetration. There is
a flow split around the middle of tube bundle (between TSPs J and L). Flow is
upward for TSP L and above (see Figure 4-1), and flow is downward for TSP J and
below. Except for a low feedwater flow of 200 gpm through the auxiliary nozzle,
the main feedwater nozzle is isolated during hot standby.

For full power operation, differences in hydraulic loads are negligible between a
break at the S/G steam outlet nozzle and outside of the containment building.
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Apparently, blowdown flow through the break has a negligible effect on the tube
bundle flow for the full power mode, because there is not much water for flashing.
During most of the transient, loads are more or less equal to those during steady
state full power, because of continued feedwater flow through the main feedwater
nozzle. Thus, there is no flow split within the tube bundle.

It 1s important to note that hot standby leads to higher loads on the TSPs than full
power operation for both upper and lower TSPs, but middle TSPs tend to
experience higher loads for full power than hot standbv. Middle TSPs like J and L
are where the flow sph* takes place for hot standby, and thus the flow rate in
either direction tends to L= small because they are not reaching fully developed
conditions. Therefore, hot standby usually results in lower hydraulic loads at the
middle TSPs than full power operation. Both upper and lower TSPs experience
higher loads for hot standby than for full power. This is due to the difference in
amount of water available for flashing, as discussed below.

Once a SLB event begins, it triggers a rapid depressurization, which leads to water
flashing. The rapid water flashing generates water motion. Fluid velocity
increases with an increase in the amount of water flashing. A higher water
velocity will lead to a larger pressure drop across a TSP. In addition, when fluid
moves in the tube bundle, water will exert a higher pressure drop across the TSP
when compared to steam. Hot standby at zero power provides a solid water pool in
the tube bundlie, while power operation generates a steam and water mixture.
Therefore, hot standby yields higher loads than full power operation.

6.3 SLB Load Dependence on Water Level

Sensitivity studies of water level on hydraulic loads on tube support plates have
been performed and documented. Results show that the lower the water level, the
larger the hydraulic loads on the TSPs. Figure 6-13 shows a relative load on the
uppermost TSP with respect to the water level of a steam generator. This trend is
expected, as explained below.

A postulated steam line break (SLB) event results in blowdown of steam and water
out of the steam generator. The fluid blowdown depressurizes the secondary side
fluid and thus causes the fluid to move. Fluid motion leads to pressure drops and
thus hydraulic loads across the TSPs and baffle plates. Depressurization triggers
rapid water flashing, mainly across the water level during the early part of the
transient. The rapid water flashing generates water and steam motion, and the
closer the tube support plate is to the water level, the higher the flow rate and thus
the higher the pressure drop.

Therefore, a chosen water level being lower than the normal setting is most
conservative in determining and providing hydraulic loads as input to displacement
analysis of the TSPs. The norme! water level setting at hot standby for a Model D4
S/G, including Braidwood- 1, is about 492 inches above the top of the tubesheet.
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Braidwood Unit 1 actually controls at a level about 5 inches lower (or 487 inches
above the top of the tubesheet); it 1s about 206 inches above the uppermost TSP
The span between the uppermost TSP and mid-deck is 264 inches, over which
Braidwood Unit 1 has a 78% span

The TRANFLO TSP loads at hot standby in WCAP-14046 are based on a water
level at the uppermost TSP, which 1s excessively conservative. The control point
water level of 487 inches above the tubesheet is the reference water level for the
reference Braidwood-l TRANFLO analyses (1.e., Cases 1, 2, 3 and 4 of Table 6-1)
The uppermost TSP peak pressure drop for the Braidwood-1 updated analysis at the
controlled water level 18 a factor of about 2.5 lower than the corresponding load
given in WCAP-14046. The WCAP-14046 loads also include the additional
conservatism of a feedwater transient coincident with the SLB. This combined
event 18 considered to be a low probability event and the feedwater transient is not
considered in the Braidwood-1 reference analyses for a SLLB from hot standby

6.4 Best Estimate Loads

As stated earlier, the hydraulic load varies with initial and boundary conditions of
a SLB event. The best estimate case (1.e., Case 21 of Table 6-1) consists of the

following

Break outside containment

A limited break size of 1.5 ft°

A nominal water level of 487 inches

Nominal correlation constant of TSP loss coefficient
Nominal downcomer loss coefficient

A Moody discharge coefficient of (.84

l'here has been no steam line break event on Westinghouse designed PWRs. Twc
main feedline pipe breaks have occurred on Westinghouse designed PWRs. These

breaks were outside containment

A guillotine break of a steam line results in a double-ended break and a break area
of the total pipe cross section. The probability of a guillotine break is extremely
low. In reality, the steam line would leak before breaking, and the break takes
some finite time to open up to its final size. Therefore, the blowdown rate is
Jimited at the beginning since it depends on the break area. By the time it reaches
its final break size, the system pressure drops, on which the blowdown flow rate
depends. The maximum likelihood of the break size could be less than half of the
4

pipe Ccross section

The TRANFLO code does not simulate the breal size as a function of time during

the break of the steam line. It will take the final size and apply it to the beginning

f the breaking. Therefore, recognizing such a model and the nature of a
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non-guillotine break with gradauai opening, we could consider a break size ot 1.0 1t




about one third of the steam line flow area of 4.71 ft*. Note that the throat area of
the S/G steam nozzle is about 1.4 ft*

If the break were to occur at the exit of the steam generator, it 1s assumed to be
three feet from the top of the steam nozzle

TRANFLO uses the Moody model for calculation of break (or critical discharge)
flow. Comparisons with measured break flows of pressure vessels have indicated
the need to use a muiltiplier for the Moody model. The multiplier is less than unity
depending on the conditions of the two-phase flow and the geometry to and through
the break. The multiplier can be as low as 0.55 and as high as 0.84

Just the geometry alone, Moody model, like many critical flow models of two-phase
flow discharge, considers a one-dimensional flow problem. In reality, it is not one
dimensional flow. Consideration of two-dimensional flow demonstrates that a
multiplier of about (.84 15 needed to achieve agreement with measured data. A
multiplier of 0.84 is used as a best value for a SLLB event for the Braidwood-1 and
Byron-1 units. Figures 6-14, 6-15 and 6-16 show pressure drops through TSPs for
his best estimate case. As expected, the pressure drops are smaller than those of

ases 1 and 3. The ratios to those of Case 1 range from about 0.4 to 0.8, depending
on the individual TSP (see Table 6-2)

6.5 SLB Load Sensitivity Analyses
6.5.1 Break Size

According to Section 6.4, a break size of 1.5 ft* is considered at the exit of the S/G
steam outlet nozzle

The time histories of the pressure drops through various TSPs are similar to those
of Figures 6-1, 6-2 and 6-3 for Case 1, but smaller as expected for a limited break
size. Table 6-2 presents ratios of the peak values of the pressure drope between
Case 51 and Case 1; the peaks are about 10 to 20% smaller for the limited break
than a guillotine break

6.5.2 Water Level

The normal water level setting at hot standby and full power operation is 487
inches above the top of the tubesheet for the Braidwood-1 steam generators
According to system control, the control is accurate within 1% of the 233 inch span
of the narrow range taps. The water level for hot standby can drop below the
normal setting due to steaming by the reactor residual heat. However, the water
level 1s quickly restored within about 10 minutes at a typical flow rate of 200
gallons per minute The cross sectional area of fluid space at this level is about 152
ft*. This implhes that the water level can momentarily drop by about 21 inches. In
other words, we consider a drop of the water level from 487 inches to 466 inches




For the minimum water level, Case 52, the pressure drops through the various
TSPs are similar to those of Figures 6-1, 6-2 and 6-3 for Case 1, but higher as
expected for a lower water level. Table 6-2 presents ratios of the peak value of
pressure drops between Case 52 and Case 1; the peaks are about 10 to 30% higher
for the water level of 466 inches than for 487 inches

6.5.3 TSP Loss Coefficient

As shown in Figure 5-2, the best value of the correlation constant of the loss
coefficient correlation is 1.1. Its upper and lower bounds are 1.4 and 0.8,
respectively. Reference analyses of Cases 1 to 4 use the best estimate of 1.1. The
upper bound of 1.4 is applied to assess the sensitivity of the TSP loss coefficient on
pressure drops. Use of the upper bound of 1.4 leads to higher pressure drops

For the maximum TSP loss coefficient, Case 53, \he dynamic behavior of pressure
drops through the various TSPs are similar to thosc of Figures 6-1 to 6-3 for Case
1, but higher in value as expected. Table 6-2 presents ratios of peak value of

pressure drops between Case 53 and Case 1; the peaks are about 15 to 30% higher

6.5.4 Downcomer Loss Coefficient

The loss coefficient of the downcomer consists of friction along the shell and
wrapper, and form loss due to area changes and flow turns. The estimate of
friction and form loss for the downcomer is straightforward, as it is within single
phase (water) flow, and simple geometry; but, it can be subject to uncertainty, too
Its total drop 1s only about 0.6 psi during full power operation

For sensitivity study, we will consider a possibility of a decrease of about 0.3 psi, or
a 50% decrease in the downcomer pressure loss. This decrease is achieved by a
decrease in the downcomer form loss coefficient. A decrease in downcomer loss will
promote more tube bundle flow toward the tubesheet and then entering the tube
bundle

For the minimum downcomer loss coefficient, Case 54, the time histories of
pressure drops through various TSPs are similar to those of Figures 6-1 to 6-3 for
Case 1. Table 6-2 presents ratios of peak value of pressure drops between Case 54
and Case 1, the ratios depict that downward flow increases by a few percent for
TSPs A, C, F and J. Indeed, the upward flow decreases slightly, 2% for TSP N and
1% for TSP P. These are expected because the downcomer loss is very small
compared to the total loss through the whole bundle and separator

655 Moody Discharge Coefficient

Pressure drop increases with an increase in flow rate, and vice versa. A decrease
in break flow generally decreases the tube bundle flow and thus reduces the
pressure drops across the TSPs. A Moody discharge coefficient of 0.84 reduces




break flow compared to that of a coefficient of unity

For the lower, 0.84 Moody discharge coefficient, Case 55, the pressure drop
transients through various TSPs are similar to those of Figures 6-1 to 6-3 for Case
1, but essentially lower. Table 6-2 presents ratios of peak value of pressure drops
between Case 55 and Case 1; the peaks are up to 20% smaller for Case 55 than for

Case 1
6.5.6 Combined Worst Conditions for Hot Standby
Combined worst conditions are given in Table 6-1; they are

Break outside steam outlet nozzle

A guillotine break

A lower water level of 466 inches

An upper bound for correlation constant of TSP loss coefficient
Minimum loss coefficient

A Moody discharge coefficient of 1.0

Figures 6-17, 6-18 and 6-19 depict pressure drops through the TSPs. As expected,
they are higher than those of Cases 1 and 3. Their ratios to those of Case 1 range
from about 1.4 to 2.1, dejending on the individual TSP (see Table 6-2)

6.5.7 Combined Worsst Conditions for Full Power

The combined worst conditions for full power are identical to those for hot standby
(see Section 6.5.6). Figures 6-20, 6-21 and 6-22 show pressure drops through TSPs
As expected, they are higher than those of Case 2 (see Table 6-2)

6.6 Adjusted Full Power and Hot Standby Loads

Sensitivity analyses of SLLB loads are discussed in detail in Section 6.5. In these
sensitivity studies, we have considered uncertainties of the break size, water level
TSP loss coefficient, downcomer loss coefficient, Moody discharge coefficient, break
location and break size. Based on these studies, we consider the combined worst

mditions for hot standby (1.e., Case 61, see Table 6-1), and for full power (i.e
Case 62, see Table 6-1)

Results of Cases 61 and 62 are presented in Table 6-2. In the same table, we list
results of reference loads from Cases 1 and 2 for hot standby and full power,
respectively. Accordingly, a factor of 2 on the reference loads represents a
conservative load adjustment factor that combines the uncertainties




6.7 Acoustic Wave Consideration

A steam line break does generate a decompression wave, which can enter the steam
generator. This pressure wave that starts at the break has to propagate through
the tortuous path provided by the primary and secondary separators with their
numerous area changes. It has to pass through the U-bend of the tube bundle.
Before it reaches the uppermost or lowest TSP it will attenuate significantly along
the path.

The MULTIFLEX calculation for Case 1 confirms that an acoustic wave due to a
SLB event is indeed insignificant, as to be discussed below using the MTTLTIFLEX
result.

In order to explain the resulte obtained, it is neclul to first discuss what resuits
would be obtained for a simplified, idealized case. 'I'ne idealized case is a two foot
long section of piping counected to the top of the steam generator. The area of the
piping is 5 ft* while that of the steam generator is 99 ft* . There is no flow
restrictor, zero friction in the piping, constant fluid properties, the break occurs in
zero time, and the pressure at the break plane remains constant. The break will
generate a pressure wave of magnitude P = 1100 - 325 = 775 psi that has zero
spatial length (a step change in pressure) and that will propagate at sonic speed to
the steam generator. At an elapsed time of 0.00125 second (or t = L/c = 2 ft / 1605
fps), the wave will arrive at the steam generator. Because of the area change at
the steam generator, the initial blowdown wave will be decomposed into a
penetration wave and a reflected wave.

The penetration coefficient is as follows:
C, = 2A,,, | (A, + Ase) = 2(5 ft*) / (5 ft* + 99 ft*) = 10%

Therefore, the reflection coefficient is 1 - C, = 90%. The penetration wave of
magnitude P = 0.1(1100 - 325) = 78 psi will propagate into the steam generator,
dropping the local pressure to a value of P = 1100 - 78 = 1022 psia. The reflection
wave of magnitude P = 0.9(1100-325) = 697 psi will propagate back toward the
break, increasing the local pressure to a value of P = 325 + 697 = 1022 psia. Again
at an elapsed time of 0.00125 sec, the initial reflection wave will arrive at the break
and be reflected again, back toward the steam generator. Since the break plane is
essentially a constant pressure boundary condition, any wave reflected from it will
have the same magnitude as the incident wave but opposite sign. Thus, at time
2(0.00125) = 0.00250 second, there is a wave of magnitude 697 psi propagating
toward the steam generator, reducing the local pressure to P = 1022 - 697 = 325
psia. When this wave arrives at the steam generator it is decomposed into a
penetration wave of magnitude 0.1(1022 - 325) = 70 psi and a reflection wave of
magnitude 0.9(1022 - 325) = 627 psi. This precession of waves will continue in an
analogous manner until a quasi steady-state flow condition is achieved. From the
perspective of the pressure just inside the steam generator it can be seen that the
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initial blowdown depressurization wave of magnitude 775 psi is reduced to a series
of depressurization waves of much smaller and diminishing magnitude (i.e. first 78
psi, then 70 psi etc.), each separated by a time interval of 0.00250 second.

For the steam generator model analyzed in this 1°port, the following factors serve
to modify the above behavior for an idealized case: the presence of the flow
restrictor, friction at the pipe wall, a 1 msec break opening time, and the presence
of many area changes within the flow path inside the steam generator. The effect
of the flow restrictor, within the context of this discussion, is to provide an
additional point of wave decomposition. Each wave which arrives at the flow
restrictor 1s split into two waves in a manner which 1s similar to that described
above. The effect of friction at the pipe wall is to stretch the acoustic waves over
an increasing spatial length, thus changing the ideal step change in pressure to a
gpatial ramp in pressure. The effect of the 1 msec break opening time is to change
the initial blowdown wave from a step change to a ramp over 1 msec (and a
corresponding spatial length). The effect of the additional area changes within the
steam generator is to further decompose the acoustic waves traveling insid : the
steam generator.

The combined effect of the above factors is to obscure the presence of individual
acoustic waves, except for very early in the transient at locations relatively close to
the break. After just a few milliseconds or at locations within the steam generator,
the transient does not exhibit the characteristically rapid changes in pressure and
mass flow associated with waterharamer, but rather appears as a relatively slow
depressurization event. Due to friction primarily, the step changes in fluid
parameters are transformed into linear ramps of finite spatial length. Because of
the complex network of area changes and superposition of the resulting large
number of individual acoustic waves, the individual linear ramps combine to result
in continuous, smooth changes in fluid parameters rather than discrete step
changes. The transient is still driven by the propagation of acoustic waves, but
individual acoustic waves are not discernable except as noted above.

The following figures, taken from MULTIFLEX results for the Hot Standby Case 1,
illustrate the foregoing discussion: Figures 6-23 and 6-24 are the pressure at the
break plane, plotted against two time scales; Figures 6-25 and 6-26 are the
pressure at the top of the steam generator, again for two time scales: and Figure
6-27 1s the pressure at the upper surface of the uppermost tube support plate.
Figure 6-24 shows that the initial blowdown wave is of magnitude P = (1106 - 910)
= 196 psi with a duration of 1 msec. Figure 6-26 shows that the portion of the
initial blowdown wave that penetrates the steam generator beginning at
approximately 1 msec is of magnitude P = (1106 - 1091) = 15 psi, where 1091 is the
pressure at time t = 0.0015 sec. The pressure at 0.0015 sec was used instead of the
pressure at time t = L/C + 0.001 = 0.00225 second (wave propagation time plus
break opening time) in order to ignore the secondary effect represented by the
small peak between 0.0015 sec and 0.00225 sec.



Figure 6-27 shows no discernable step change in pressure zcsociawed with the
initial blowdown wave. The small increase in pressure seen at the bYeginning of the
transient in Figure 6-27 is a correction by the computer code for staiic pressure due
to elevation head. Figures 6-25 and 6-27 show that, except for early in the
transient, individual acoustic waves (of the classic step-change type) from the
blowdown event are not discernable inside the steam generator

As reported in Section 5.5.1, results of the pressure drop through the tube support
plates for the case without the venturi flow limiter give values similar to those of
the TRANFLO calculation with the flow limiter. For assessing the acoustic effect
under the condition without the flow limiter, Figures 6-28 through 6-32 present the
similar plots like Figures 6-23 through 6-27. There are no discernable acoustic
effect inside the steam generator, too

68 Conclusions
Considering the above discussion, we can draw the following conclusions

1. SLB at hot standby generates higher pressure drops across tube support plates
than SLB at full power operation. This trend is observed for most of TSPs,
except for middle TSPs, such as Plates J and L (see Reference Cases 1 to 4 in
Table 6-2)

2. The best estimate case (i.e., Case 21) of hot standby SLB has limited break
outside the containment and a Moody discharge coefficient of 0.84, and results
in smaller pressure drops than Case 1

3. Sensitivity studies indicate that 1) a limited break is less severe in pressure
drop than a guillotine break, 2) pressure drop increases with a decrease in
water level, 3) an increase in TSP loss coefficient increases the pressure drop, 4)
a decrease in downcomer loss coefficient has negligible effect on the pressure
drop, and 5) a decrease in Moody discharge coefficient reduces the pressure
drop

4. Combined worst conditions were constructed from the sensitivity study. The
gensitivity study has been applied to develop a bounding uncertainty factor on
the TRANFLO TSP pressure drops. The resulting factors of 2.0 on hot standby
loads and 1.75 on full power loads are applied to the reference Cases 1 and 2
loads for the TSP displacement analyses given in Section 8

5. The effects of an acoustic wave initiated from the decompression at the break
can penetrate into the steam generator but are less than 5% of the initial wave,
and the acoustic wave effects dampen out within milliseconds. The penetrated
waves do not travel deep into the tube bundle and are insignificant at the TSPs
The dynamic transient due to an SLB event 1s essentially a hydraulic process

not an acoustic one




Table 6-1
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Table 6-2
SLB Peak TSP Pressure Drops and Ratio of Each Case to Case 1
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Figure 6-1. Pressure Drop Through Tube Support Plates M, N, and P - Case 1
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Figure 6-3. Pressure Drop Through Tube Support Plates A and C - Case 1
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Figure 6-4. Pressure Drop Through Tube Support Plates M, N, and P
(Case 2 With Full Power, 487" Water Level)
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!";gk.u 6-5

Pressure Drop Through Tube Support Plates F, J, and L
(Case 2 With Full Power, 487" Water Level)
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Figure 6-6. Pressure Drop Through Tube Support Plates A and C
(Case 2 With Full Power, 487" Water Level)
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Figure 6-7. Pressure Drop Through Tube Support Plates M, N, and P - Case 3
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Figure 6-8. Pressure Drop Through Tube Support Plates F, J, and L - Case 3
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Figure 6-9. Pressure Drop Through Tube Support Plates A and C - Case 3
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Figure 6-10. Pressure Drop Through Tube Support Platee M, N, and P
(Case 4: Full Power, 487" Water Level)
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Figure 6-11. Pressure Drop Through Tube Support Plates F, J, and L
(Case 4. Full Power, 487" Water Level)
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Figure 6-12. Pressure Drop Through Tube Support Plates A a
(Case 4: Full Power, 487" Water Level)




Figure 6-13 Relative Peak Pressure Drop Across the Uppermost TSP as a
Function of Water Level Ranging from the Uppermost TSP (280")
to the Mid-Deck (544") - Model D4 S/G
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Figure 6-14. Pressure Drop Through Tube Support Plates M, N, and P - Case 21
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Figure 6-15. Pressure Drop Through Tube Support Plates F, J, and L - Case 21



Figure 6-16. Pressure Drop Through Tube Support Plates A and C - Case 21
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Figure 6-17. Pressure Drop Through Tube Support Plates M, N, and P - Case 61

6 -30




Figure 6-18. Pressure Drop Through Tube Support Plates F, J, and L - Case 61
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Figure 6-19. Pressure Drop Through Tube Support Plates A and C - Case 61
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Figure 6-20. Pressure Drop Through Tube Supgort Plates M, N, and P
(Case 62 With Full Power, 466" Water Level)




Figure 6-21. Pressure Drop Through Tube Support Plates F, J, and L
(Case 62 With Full Power, 466" Water Level)
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Figure 6-22. Pressure Drop Through Tube Support Plates A and C
(Case 62 With Full Power, 466" Water Level)
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Figure 6-23. Pressure at Steam Nozzle Outlet Where Break Occurs



Figure 6-24. Pressure at Steam Nozzle Outlet
(Early Few Milliseconds)
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Figure 6-25 Pressure Immediately Upstream of Steam Nozzle



Figure 6-26. Pressure Immediately Upstream of Steam Nozzle
(Early Few Milliseconds)

6 -39




Figure 6-27. Pressure at the Top of Tube Support Plate P
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Figure 6-29. Pressure at Steam Nozzle
(Early Few Milliseconds)
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Figure 6-30. Pressure Immediately Upstream to Steam Nozzle



Figure 6-31. Pressure Immediately Upstream to Steam Nozzle
(Early Few Milliseconds)

6 - 44




Figure 6-32. Pressure at TSP P



7.0 STRUCTURAL MODELING FOR TSP DISPLACEMENTS

7.1  General Methodology

Section 7.0 summarizes the structural modeling of the Model D4 tube bundle to
determine relative tube / plate motions under steam line break loads. The
analysis involves the preparation of a tube bundle model for the hot leg side of the
tube bundle, consisting of the flow distribution baffle, seven tube support plates,
tierods and spacers, channel head, lower shell, and tubesheet. The WECAN
computer code, a general purpose finite element code is used to develop the

model. The model is composed mainly of shell elements, with beam elements used
to model the tierods and spacers. Calculations are performed to define applicable
dynamic degrees of freedom (DOF) for each plate. Once the DOF are defined, a
global substructure is generated for the overall tube bundle. The dynamic
response of the plates is then calculated using the special purpose computer
program, pltdym.

Additional details for all aspects of the structural modeling are provided in the
following sections.

7.2 Component Materals

A specification of component materials is contained in Table 7-1, with the
corresponding material properties summarized in Tables 7-2 through 7-7. The
properties in these tables are taken from the 1971 edition (through summer 1972
addenda) of the ASME Code, the applicable code edition for Byron Unit 1 and
Braidwood Unit 1. It should be noted that although the properties are provided
over the temperature range 70°-700°F, the average temperature during the
transient, based on the thermal hydraulic results is *550°F. Since temperature
dependent properties cannot be used in substructures, properties for the finite
element model correspond to the values at 550°F. In addition, the material
properties for the tubesheet and tube support plates must be modified to account
for the tube penetrations and flow holes, and to account for added mass effects of
the secondary side fluid. Additional details of the material property modifications
are provided later in Section 7.5.

73 TSP Support System and Tube Expansion

The various TSPs and baffle plates are supported vertically using several support
mechanisms. A schematic of the tube bundle region is shown in Figure 7-1, with
each of the plates identified. All of the plates are supported by three
tierods/spacers in each of the plate quadrants. In addition, plates C (3H), F (5H),
and J (TH) (where the Braidwood-1 and Byron-1 plate numbers are in
parentheses), in the preheater region, are supported at their center by a vertical
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bar welded to the partition plate, while the plates above the preheater, L (8H),
M (9H), N (10H), and P (11H), are supported at their center by a central tierod
and spacer. Additicnal support is also provided to the plates by vertical bars
\»veldedI to the wrapper and / or partition plate immediately above and below the
plates.

This analysis also accounts for the beneficial effects cf tube expansion relative to
providing support for the plates against vertical motion under accident condition
loads. The number and location of the tube expansions varies from plate to plate
depending on the number and location of other plate supports, and the magnitude
and direction of the applied pressure loading.

The support locations for the plates are shown in Figures 7-2 through 7-10. The
location of the tierods and epacers is shown in Figure 7-2, while the plate /
wrapper support locations, including tube expansion locations, are shown in
Figures 7-3 through 7-10. The configuration of the tierod / spacer supports is
shown in Figure 7-11, with the vertical bar / plate interface shown in Figure 7-12.

The in-plane support for the TSPs is provided by wedges located around the
circumference of each plate. In all cases, the wedges are welded to the wrapper.
The wedges are intended to provide in-plane support for the plates. However,
since the wedges are welded to the wrapper, there is resistance to upward vertical
motion, due to the sloped face of the wedge (see Figure 7-12). In evaluating a
preliminary set of transients (without tube expansion), vertical support provided
by the wedges was not included. However, the resulting displacements showed
that for the limiting plates, the maximum displacements occur near the tube lane
at the outer edge of the plate. Thus, in evaluating subsequent sets of loads, wedge
support (in the up direction only) is included at the 10° location for the plates
showing the highest deflections in this area, Plates A (1H), C (3H), and J (7H).
When the hydraulic laods are in the downward direction, the wedges at the
corners of these plates do not provide vertical support and, as shown in Section 8,
the maximum TSP displacements occur at the corners along the tubelane in the
downward direction. All other plates have vertical bar supports at the corners
and smaller displacements are found for these plates.

' For the Model D3 steam generator, the vertical bars are present only for

some of the plates in the preheater region, and only along the partition
plate. Veitical support for the periphery of the plates is limited to the
tierods. an( spacers, and in some cases local vertical support is provided by
wedges welded to the wrapper. The wedges for the Model D3 steam
generators are not welded to the wrapper in all cases. For a number of the
plates, the wedges are welded to the TSPs and / or baffle plates. For cases
where the wedges are not welded to the wrapper, they are unable to provide
resistance to upward movement by the plates.
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Regarding the tierods and spacers, the tierods are bars that are threaded into the
tubetheet and run the full height of the tube bundle with a nut on the upper side
of the top TSP, Plate P (11H). (For the central tierod, the lower end ie threaded
into a spacial coupling welded to the top of the partition plate at Plate L (8H).)
Around the outside of the tierods are spacers that are located between each of the
support plates. For the central tierod, the spacers are welded to each of the
TSPs. For the spacers located at the periphery of the TSPs, however, there is no
rigid bink between the spacer and the support plates.

The lack of a rigid link between the spacers and TSPs for the outer tierods /
spacers results in a non-linear dynamic system. The TSP / spacer non-linearities
are included in the dynamic solution. The tierods / spacers have different stiffness
characteristics for upward and downward loads, and these difierences are
incorporated into the model. For the up direction, the load path 1s through the
spacers from the loaded plate to the one above it, up through the bundle to the top
plate, where the load is transferred to the tierod and down to the tubesheet. For
the down direction, the load path is through the spacers from the loaded plate to
the or.e below it down through the bundle to the tubesheet. As a means of
comparison, the combined tierod / spacer stiffnesses for the outer tierod / spacers
are summarized in Tables 7-8 and 7-9. Table 7-8 provides the stiffness values for
the "upward" load path, and Table 7-9 for the "downward" load path. In general,
the down load path is several times as stiff as the up load path. The combined
tierod / spacer stiffnesses for the central tierod / spacer are summarized in

Table 7-10. Recall that the central tierod / spacer runs from Plate L (8H) to

Plate P (11H). As will be shown later, the loads for these plates all act in the
upward direction, so the combined stiffness is based on a load path up through the
spacers to Plate P (11H), and then down to the coupling at the top of the partition
plate, just below Plate L. (8H). A summary of the spacer stiffnesses fur the
individual tube passes is provided in Table 7-11. These stiffnesses are
incorporated in the dyamic model for the non-linear TSP / spacer interface.

For the expanded tube locations, the stiffness of the tubes is incorporated in the
dynamic analysis through axial stiffness members. The prescribed stiffness for
these members is the combined stiffnesses of the tube section and the expanded
joint, which was determined through a test program. Based on preliminary
qualification tests, a conservative axial stiffness for the expanded joint was
determined to be | ]**< lbfinch. A summary of the resulting stiffnesses for
the various tube sections is provided in Table 7-12.

As a result of the plate deflection and rotation under SLB loads, the potential
exists for interaction between the TSP and the tubes. These interaction effects
have been incorporated in the analysis. If the plate rotates locally such that the
top surface of the plate contacts the tube on one side while the bottom surface of
the plate contacts the tube on the other side, then the tube will bind up in the
plate and restrict further deflection of the plate. The amount of rotation necessary
to cause tube / plate interaction is summarized in Figure 7-13.




7.4 Finite Element Model

The overall fimite element model is shown in Figure 7-14. With the exception of
the tierods, all of the structural components are modeled using three dimensional
shell elements. The tierode are modeled using three-dimensional beam elements.
The spacers are incorporated in the dynamics code through stiffnesses that are
coupled to the various plate elements when the corresponding gaps are closed.

In modeling the plates, the various cutouts along the tubelane, the cutout for the
FDB in the center of the hot-leg, and the cutouts at the outer edges of Plates N
(10H) and P(11H), are accounted for. In terms of material properties, equivalent
properties are specified only in the tubed regions of the plate. Actual plate
properties are used along the tubelane and at the periphery of the plates.

7.5 Revised Material Properties

As noted earlier, the material properties for the tubesheet and TSPs are modified
to account for the tube penetrations, flow holes, and various cutouts. The
properties that are modified are Young's modulus, Poisson's ratio, and the
material density. In the case of the TSPs, the density is additionally modified to
account fo: the added mass of the secondary side fluid.

Young's Modulus / Poisson's Ratio

Due to the presence of flow holes in the TSPs, but not in the FDB, separate
formulations are used to modify the material properties. Although different
formulations are used for the two components, the same methodology is used in
each case. Due to the square penetration pattern, different properties exist in the
pitch and diagonal directions. The first step is to establish equivalent parameters
for Young's modulus and Poisson's ratio in the pitch and diagonal directions
(E,*/E, E;*/E, v;*, v,*), respectively. The equivalent Young's modulus for the
overall plate is taken as the average of the pitch and diagonal directions. The
next step in the process is to determine an equivalent value for the shear
modulus, G*/G, for the plate. This is done in a similar manner as for Young's
modulus, starting with values in the pitch and diagonal directions, and then
taking an average of the two values. The final equivalent value for Poisson's ratio
is determined from the relationship between Young's modulus and the shear
modulus.

A summary of the resulting effective plate properties for Young's Modulus and
Poisson's ratio is shown in Table 7-13.

M ial Dengi
There are two aspects to revising the plate density. The first is based on a ratio of
solid plate area to the modeled area. The second aspect corresponds to the plate
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moving through and displacing the secondary side fluid, creating an "added mass"
effect. In calculating the added mass, the formulation shown below is used.

where,
p¢ = fluid density
A, = solid area of plate
A, = flow area
!l = hole length (plate thickness)
d = hole diameter
b = hole pitch

The first step in the process of calculating revised densitios for the plates is to
determine the applicable areas for the metal and the fluid. Summaries of the
actual and modeled plate areas are provided in Table 7-14. Summarized in
Table 7-15 are the corresponding flow areas.

The resulting added mass is a direct function of the fluid density. Because the
dynamic analysis cannot account for the change in fluid density with time, the
analysis uses an average density value for the transient. Variations in the fluid
density as a function of elevation in the tube bundle are accounted for by
calculating an average fluid density for each plate.

Two sets of calculations are performed for added mass corresponding to whether
the transient initiates from hot standby or full power. For transients initiating
from full power, the secondary fluid has a much lower fluid density and a lower
added mass. Summaries of the resulting fluid and structural masses, together
with the resulting effective densities are summarized in Tables 7-16 and 7-17.

Note that the density modification for the tubesheet is based solely on an area
ratio of the actual perforated tubesheet to the equivalent solid plate

7.6 Dynamic Degrees of Freedom

In setting up the global substructure, it is necessary to define the dynamic degrees
of freedom. In order to define dynamic degrees of freedom for the TSPs, two sets
of modal calculations are performed for each of the plates. The first set of



calculations determine plate mode shapes and frequencies using a large number of
degrees of freedom (approximately 120 per plate). The second set of calculations
involves repeating the modal analysis, using a significantly reduced set of degrees
of freedom (DOF). The reduced DOF are selected to predict all frequencies for a
given plate below 70 hertz to within 10% of the frequencies for the large set of
JOF* A frequency of 70 hertz was selected as a cutoff, 2» ** is judged that higher
freque=..es will have a small energy content compared to the lower frequencies.
This can be confirmed by noting that the frequency content for the dominant peak
in the pressure time histories is typically less than 10 hertz.” For each of the
modal rune, symmetry boundary conditions are prescribed alor.g the 'Y-axis", and
vertical restraint at vertical bar locations. Actual stiffness properties are
incorporated for both the tierods/spacers and the expanded tubes.

A sample set of mode shape plots for Plate A (1H) for the full set of DOF are
provided in Figures 7-15 through 7-17, while mode shapes for the reduced set of
DOF are shown 1n Figures 7-18 through 7-20. A comparison of the natural
frequencies for the full and reduced sets of DOF for the plates (with tube
expansion included) is provided in Table 7-18. Based on the tabular summary, the
reduced set of DOF are concluded to provide a good approximation of the plate
response.

The reduced set of DOF consists typically of 15 or 16 DOF for each of the plates.
Plots showing the resulting DOF for each of the plates are shown in Figures 7-21
through 7-28. The analysis of the plate dynamics without tube expansion use a
slightly different set of DOF. Plots showing the DOF used for those calculations
are provided in Reference 13.1.

7.7 Displacement Boundary Conditions

The displacement boradary conditions for the substructure generation consist
primarily of prescribing symmetry conditions along the "X" and "Y" axes for each
of the components. Vertical constraint 1s provided where the plates are
constrained by the vertical bars welded to the partition plate and wrapper, and for

* For the analysis without tube expansior. (Reference 13.1), a cutoff frequency
of 50 hertz was used. However, with the additional support provided by the
tube expansions, the frequencies of response of the plates are higher. With
the increased response frequencies, it was judged that a higher cutoff
frequency should be used, and the 70 h.~ : value was selected. Again, the
frequency content for the dominant peak in the pressure time history is less
than 10 hertz, thus the higher frequency modes will have lower energy

content than the lower modes of response.

Pressure time curves for each of the transient conditions are presented in
Section 6
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the channel head at the locations corresponding to its interaction with the
interfacing support structure. For the TSPs, rotations normal to the plate surface
are also ronstrained, as required by the stiffness representation for the plate
elements.

78 Integration Time Step / Structural Damping

The dynamic time step used ir evaluating the SLB transients is 0.0002 second.
This time step was selected based on analyses using similar models and loadings
where various time steps were considered, and 0.0002 second was shown to result
in a converged solution. The analysis incorporates structural damping of 4%,
which is judged to be a conservative value for the type of dynamic loading and
response (movement of the plates through the secondary fluid) being considered.

79 Application of Pressure Loads

The SLE pressure loads act on each of the TSPs. To accommodate the variation in
load from plate to plate, load vectors are prescribed for each of the plates using a
reference load of 1 psi. The reference loads are then scaled during the dynamic
analysis to the actual time-history (tvansient) loading conditions. The transient
pressures summarized in Section 6 are relative to the control volume for the
thermal hydraulic analysis. The ari.a over which the hydraulic pressure acts
corresponds to the area inside the wrapper minus the tube area. Before applying
the pressure time histories to the structural model, they are scaled based on a
ratio of the plate area in the structural model to the control volume area in the
hydraulic model.



Table 7-1

Summary of Camponent Materials



Table 7-2

Summary of Material Properties
SA-285, Gr. C
PER ED.| 70 | 200 | 300 | 400 | 500 | 600 | 700
Young's Modulus 71 2790 2770| 2740 2700 2640 2570 2480
Coefficient of Thermal 71 607 638 660 682 702 723 744
Expansion
Density - 0284 0283 0283 0282/ 0281 0281 0280
7.35 7.331‘ 732 730, 728 726 725
| PROPERTY
Young's Modulus psi x 1 OE06
Coefficient of Thermal m/in/deg F x 1 0E-06
Expansion
Density Ib/in"3
Ib-sec”2/in™4 x 1 OE-4
7-9



Table 7-3

Summary of Material Properties
SA-106, Gr. B
TEMPERATURE
_____PROPER CODEED | 70 | 200 | 300 | 400 | 500 | 600
Young's Modulus 71 2790, 2770 2740) 2700 2640 2570 24..0'
Coefficient of Thermal 71 6.07 638 6.60 682 702 723 744
Expansion
Density . 0284 0283 0283 0282 0281 0281/ 0280
[ 7.35 733 732 7.30 728 7.26 7.25
PROPER UNITS
Young's Modulus psi x 1 OE06
Coefficient of Thermal m/m/deg F x 1 0E-06
Expansion
Density Ib/in"3
Ib-sec”2/in™4 x 1 OE-4



Table 7-4

Summary of Material Properties
SB-163

TEMPERATURE
PROPERTY CODEED. | 70 | 200 | 300 | 400 _ 500 | 600 | 700
Young's Modulus 71 3170, 3090

3050 3000 2960/ 2920, 2860

Coefficient of Thermal 71 7.13 740 7.56 7.70 7.80 790 8.00
Expansion
Density --- - 0306 0305 0305 0304/ 0303/ 0302

- 7923| 7905, 7886 7867 7847 7828

| _____PROPERTY UNITS
| Young's Modulus psi x 1. OE06
|
| Cocefficient of Thermal in/in/deg. F x 1 0E-06
Expansion
Density Ib/in"3

| Ib-sec”2/in™ x | OE-4

7-11




. UNITS
Young's Modulus psi x 1.0E06

| Cosfficient of Thermal in/in/deg, F x 1 0E-06

Density Ib/in™3
Ib-sec”2/in"4 x 1 OE-4

7-12



Table 7-6

Summary of Material Properties
SA-508, Class 2a
TEMPERATURE
|___PROPERTY __CODEED.| 70 | 200 | 300 | 400 | S00 | 600 | 700
Young's Modulus 71 2990 2950 2900/ 2860, 2800, 2740 2660
Coefficient of Thermel 71 6.07 638 6.60 682 7.02 7.23 744
Expansion
Density - 0283 0282 0282 0281 0280 0280 0279
7324 7303| 7287 7269 7252, 7234 7215
PROPERTY UNITS
Young's Modulus psi x 1 OEO6
Coefficient of Thermal n/m/deg F x 1. 0E-06
Expansion
| Density Ib/in"3
It Ib-sec”2/in™4 x 1 OE-4




7-14

l TEMPERATURE 7
PROPERTY CODEED | 70 200 300 400 500 600 790
Young's Modulus 71 2990 2950 2900 2860 2800 2740 2660
Coefficient of Thermal 71 6.07 638 6 60 6.82 7.02 7.23 744
Expansion
Density - 0283 0282} 0282 0281 0280, 0280 0279
| 7324 7303 7287 7269 7252 7234 7215
|
PROPERTY UNITS
Young's Modulus psi x 1 OEO6
Coefficient of Thermal w/in/deg F x 1.0E-06
Expansion
Density Ib/m"3
L Ib-sec”2/in"4 x 1 0E-4




Table 7-8

Summary of Cambined Tierod / Spacer Stiffnesses
Outer Tierod / Spacer

Up Loads

-3
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Table 7-9

Summary of Cambined Tierod / Spacer Stiffnesses
Outer Tierod / Spacer



Table 7-10

Summary of Cambined Tierod / Spacer Stiffnesses
Central Tierod / Spacer



Table 7-11

Summary of Spacer Stiffnesses
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Table 7-12

Summary of Combined Tube / Expansion Zone Stiffnesses
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