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ABSTRACT

The TRAC-BWR code development program at the Idaho National
Engineering Laboratory has developed versions of the Transient
Reactor Analysis Code (TRAC) for.the U.S. Nuclear Regulatory
Commission and the public. The TRAC-BFl/ MODI version of the
computer code provides a best-estimate analysis capability for
analyzing the full range of postulated accidents in boiling water
reactor (BWR) systems and related facilities. This version provides
a consistent and unified analysis capability for analyzing all areas
of a large- or small-break loss-of-coolant accident (LOCA),
beginning with the blowdown phase and continuing through heatup,,

reflood with quenching, and, finally, the refill phase of the
accident. ~ Also provided is a basic capability for the analysis of
operational transients up to and includirig anticipated transients
without scram (ATWS). The TRAC-BFl/ MODI version produces- results
consistent with previous versions. Assessment calculations using-
the two TRAC-BF1 versions show overall improvements in agreement
with data and computation times as compared to earlier versions of
the TRAC-BWR scr' . of computer codes,
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FIN No. L2031--Documentation and Maintenance of TRAC-BFl/ MODI

iii

- . . . - - -_ . - . _ . . . - - . - , . _ . , , . _ . . - - ~ , . . , , , _ . . - - - -- - ,



.u .. ...n-~~--n. - . - + ,-- .- - - - . . . ~- -- - .-- -- -.wm.--.-,. r,==..- -~- - - - - . - . . = ~ + - - .s> - .a e- * n n.-- ---~~-a---+-~,.~~~. .s--3--r.---- - - - .

I

i

a

: O
P

I
,

I

|

|

|
.

I

I

i

i

O1

'

,

O
1

.

J

- -



- _ __.

CONTENTS

O
ABSTRACT iii

, . . . . . . . . . . . . .

FIGURES x
. . . . . . . . . . . . . . . . .

TABLES . xiv
, . . . . . . , , . . . . . .

SUMMARY. xvi. , . . . . . .

ACKNOWLEDGMENTS xix
. . .. . . , . . . . .

NOMENCLATURE xx
. . . . . . . . . .

1. INTRODUCTION 1-1
~

. . . . . . . .

1.1. References . 1-4. . . . . . . .

2. FIELD EQUATIONS. 2.1-1. . . . .

. . . . . . 2.1-12.1. Fluid Field Equations.

2.1.1 Nomenclature 2.1-1.. ..... . . . .

2.1.2 Gas-Liquid Equations . 2.1-2. . . . . .

2.1.3 Noncondensable Gas . 2.1-49 . . . . . . .

2.1-52.1.4 Liquid Solute. .. . . . . . . .

2.1.5 One-Dimensional Finite-Difference Methods 2.1-6. . .

2.1.6 Thrae-Dimensional Finite Difference Methods. .2.1-16.

2.1.7 Modifications to the Field Equation Set. .2.1-25. . .

2.2 Heat Conduction in Solid Materials 2.2-1
~

3. FLOW REGIME MAP. . 3-1
. . ... . . . .

3.1 Basis for Flow Regime Map in TRAC-BFl. 3-1. . .

3-23.2 Implementing Assumptions . . . . . . .

3.3 Constant Void F-raction Interval for Transition Region. 3-2. .

3-23.4 As-Coded Flow Regime Map . . ..

3.5 Variations in Application. 3-3
. . . . . .

3.5.1 Bubbly / Churn to Annular Transition in Interfacial
Heat Transfer 3-3

. . . . . . .

3.5.2 Bubbly / Churn to Annular Transition in Interfacial
Shear 3-4. . . . .

. 3-43.6 Assessment . . .

V

- - . - _ - -_______- - _ _ _ _ _ - _ _ . _ _ _ - _ - _ _ _ _ - _ _ -.



.- _ . _ _ _ . . _ _ - . . _ . . _ _ _ _ _ ~ . _ __ _ . _ . - _ _ _ _ . _ _ _. _ _ _

3.7 Scaling Considerations . . 3-4-
. . . . . . . . . . . . . .

| |3.8 Conclusions Regarding flow-Regime Map and Implementation . . 3-5.

3.9 References 3-5. . . . , . . . . . . . ..

4. CLOSURE RELATIONS REQUIRED CY FLUID-ENERGY FIELD EQUAlIONS . . 4.1-1. .

4.1 Interf acial Heat Transfer. . 4.1-1. . . . . . . . . . . . . .

i

4.1.1 Background . . 4.1-1. . . . . . . . . . . . . . .

4.1.2 Components of the Interfacial Heat and Mass Transfer . 4.1-1
4.1.3 Flow Regime Transitions . 4.1-2. . . . . . . , . .,

4.1.4 Data Base for Interfaci.J Heat Transfer. . 4.1-4. . . .

4.1.5 Entrainment. . 4.1-5. . . . . . . . . . .

4.1.6 Interfacial Area .
4,1-7. . . . . . .

4.1.7 Interfacial Heat Transfer Coef ficient. .4.1-12 ). .

4.1.8 Effect of Noncondensable .4.1-18 1, .

4.1.9 Effect of Horizontally St fied Liquid Interface 4.1-19
4.1.10 Implementation in Coding . . 4.1-20. . . . .

4.1.11 Mass Exchange Across the Interface .4.1-29.

4.1.12 Summary and Conclusions .4.1-29 ,. .

4.1.13 References . .4.1-30 |
'

. . . . .

4.2 Wall Heat Transfer . 4.2-1. . .

! 4.2.1 Background 4.2-1. . . . .

4.2.2 Different Modes of Heat Transfer in HTCOR. . 4.2-3. . .

4.2.3 Effect of Flow Regimes on Heat Transfer. . 4.2-3. .

4.2.4 Determination of Heat Transfer Mode. 4.?-5. . . .

4.2.5 Mode 0--Vapor Condensation . . 4.2-9. . . . . . .

4.2.6 Mode 1--Convection to liquid . .4.2-14. . . .

4.2.7 Mode 2--Nucleate Boiling . .4.2-16. . . . . . .

4.2.8 Mode 3--Transition Boiling . . 4.2-23.

4.2.9 Mode 4--Film Boiling .4.2-27. . . . . .

4.2.10 Mode 5--Single-Phase vapor .4.2-27. . . . . . . .

4.2.11 Mode 7--Simple Boiling Curve . .4.2-27. . . . .

4.2.12 Nucleate Boiling Transition . 4.2-33. . . . .

4.2.13 References . 4.2-37. . . . .

4.3 Radiation Heat Transfer. . . . . . . 4.3-1

4.3.1 Radiation Heat Transfer Model . . 4.3-1. . .

4.3.2 Implementation in Coding 4.3-9. . . . . . . .

| 4.3.3 Assessment , . . . . . . 4.3-12
4.3.4 References . .4.3-14. . . . . . . . . .

i 5. CLOSURE RELATIONS REQUIRED BY FLUID-MASS-CONSERVATION EQUATIONS. . . 5-1
|

| 6. CLOSURE RELATIONS REQUIRED BY FLUID-MOMENTUM FIELD EQUATIONS 6.1-1. .

6.1 Interfacial Shear. . 6.1-1. . . . . . .

6.1.1 Background 6.1-2. .

6.1.2 Flow Regime Transitions. 6.1-2 '

. . . .

vi

, _.. ._. - - ,



_ ___ _ _ _._ ____ _ __ . _ _ - - _ . _ _ _ _ _ _ _ _ . _ . _

6.1.5 Correlations for'lnterfacial Drag. . . . . . . . . . .|6.1-9-
6.1.6 Drag Coefficient and Interfacial Area Relations. . . 6.1-10
6.1.7 Data-Base for Interfacial Friction .~... . . . . . . 6.1-12
6.1.8 Drift Velocity and Distribution Parameters to

Di f fe rent F'. ow Reg ime s . . . . . . . . . . . . . . . ,6.1 - 12

Calculation of C , C' ding . ., Parameters . . . . , .
6.1 21, and C6.1.9

Implementation in Co .6.1-296.1.10 ............

6.1.11 References . . . . . . . . . . . . . . . . . . . . . 6.1-38

6.2 Wall Friction Correlations . . . . . . . . . . . . . . . . 6.2-1

6.2.1 Single-Phase Friction Correlation. . . . . . . . . . 6.2-1
6.2.2 The Basis of Pfann Friction Correlations . . . . . . 6.2-2
6.2.3 The Data Base and Range of Applications of Nikuradse

F rict ion Forniul as . . . . . . . . . . . . . . . . . . 6. 2-3 -
6.2.4 Comparison of Pfann's Correic. ions with Other Forms of

Friction factor Formulas . . . . . . . . . . . . . . 6.2-4
6.2.5 Local friction Losses. . . . . . . . . . . . . . . . 6.2-8

; 6.2.6 Two-Phase Friction Factor Multipliers. . . . . . . . 6.2-8
6.2.7 Implementation ir. Coding . . . . . . . . . . . . . 6.2-10 t

6.2.8 Conclusions. . . . . . . . . . . . . . . . . . 6.2-17 .. .

6. 2. 9. Re ference s . . . . . . . . . . . , , . . . . . . . . 6. 2- 18

6.3 Level Tracki ng Model . . . . . . . . . . . . . . . . . . . . 6.3 +1

6 3.1 Summary of Level Tracking Methodology and
Implementation . . . . . . . . , . . . . . . . . . . 6.3-1

6.3.2 Criteria for Calculating Cell Mixture Level . . . . 6.3-2
6.3.3 Models and Correlations used to Calculate a Cell

Two-Phase Mixture Level location , . . . . . . . . . 6.3-5
6.3.4 Criteria for Calculating Cell Mixture Level Velocities

and Cell Boundary Crossings. . . . . . . . 6.3-14....

6.3.5 Conclusions. .6.3-17... ,............. .

6.3.6 References . . . . . . . . . . . . . . . . . . , . . 6.3-'17

7. FLOW PROCESS MODELS. . . . . . . . . . . 7.1-1............

7.1 Pressure Drop Due to Area Changes. . . . . . . . . . . . . . 7.1 ?

7.1.1 Velocity Divergence . 7.1-1.. ...... . . . .

7.2 Critical Flow . 7.2-1.................... . .

7.2.1 Background . . . .. . . . . . . . 7.2-1... . . . .
7.2.2 Methodology for the Calculation of Choke Plane .

Thermodynamic Properties . . . . . . . . 7.2-6. . . . . .

7.2.3 Two-Phase /Two-Component Critical flow Models . . . . 7.2-9
7.2.4 Single-Phase One- or Two-Component Vapor Choking

Models . . . . . . . . . . . . . . . . . . . . . . 7.2-15-
7.2.5 Single-Phase Liquid Critical Flow Model . . . . . . 7.2-18
7.2.6 Choking Criteria and Phasic Velocity Formulation

Implementation into TRAC-BFl/ MODI, , . . . . . . . 7.2-21
7.2.7 Conclusions. .7.2-22. ....... . . . . .

7.2.8 References . .7.2-23.. ... . .. ... . . . . .

% -

vii

!
,

, - , - , , , .. - - - - -- -. . - - __ --- -- - - _ . -



. - - - - - - - - . . - . - - . - . . - - - . - . . . - _ - -. --

1

7.3 Countercurrent flow Limitation (CCFL) . . 7.3-1 i.........

O|7.3.1 The CCFL Model . . . . . . . . . . . . . . . 7.3-1 1..

7.3.2 Distribution Parameter for CCFL. . . . . . . . . . . 7.3-2 I
. 7.3.3 Data Base for the CCFL Model . . . . . . . . 7.3-5..
' 7.3.4 User-Defined CCFL Application. . 7.3-6. ... . .. . .

7.3.5 Descrfption of the CCFLCK Subroutine .
. 7.3-7.... .

7.3.6 References 7.3-9 '
.. . .. .. . ...., .

8. SPECIAL COMPONENT MODELS , . 8.1-1.. .. . . . . . . .. .

8.1 PUMP Component 8,1-1. . . ... . . . . . .. .

8.1.1 Pump Governin9 Equations . 8.1-3. . . ... .

8.1.2 Pump Head and Torque from Homologous Curves. . 8.1-4...

8.1.3 Pump Speed . . 8.1-7. . .. .

8.1.4 Pump Homolegous Curves 8.1-8... . . . .. ...

8.1.5 Pump Conclusions . . . . 8.1-14. . .. . .

8.1.6 References . . 8.1-14. . .. . .. .

8.2 Jet Pump Model 8.2-1. .. . . . . ..
,

8.2.1 Jet Pump Momentum Source Term. 8.2-1. .. .

| 8.2.2 Jet Pump Sirgular loss Coefficients. . 8.2-7. . .. . .

|
8.2.3 References . . 8.2-12. . .. . . .. .. .

,

8.3 Steam / Water Separator and Dryer. 8.3-1. . ,

' 8.3.1 Model Description. . 8.3-1. .. . .. . .......

8.3.2 Model Equations 8.3-3. . . . .....

8.3.3 Dryer Void fraction . 8.3-3. . . ... . .

8.3.4 Separator Void Fraction . 8,3-5. ,, ... . .

8.3.5 Implicit Portion of Separator Solution . . . . 8.3-6
8.3.6 Separator Velocity Solution . . . . 8.3-9
8.3.7 References . . . 8.3-10. . .. . . .

8.4 Implicit lurbine Model . . 8.4-1. . . ... .

8.4.1 Physical Model of Turbine. 8.4-1.. .. .

8.4.2 Numerical Model. . . . . 8.4-2. . . . . .

8.4.3 Momentum Equation 8.4-3. . . . . ..
,

8.4.4 Continuity Equation 8.4-7.. . . .. ..

8.4.5 Energy Equation . . 8.4--9. .. . .. .. .

8.4.6 Critical flow .8.4-11. . .. . . . .

8.4.7 References .8.4-12, . . . . .

9. HEA1 STRUCTURE PROCESS MODELS. 9-1. . . . . .. .

9.1 Cylindrical Wall Heat Conduction 9.1-1. . . .. .. .

9.1.1 Reference . 9.1-3. . , . .. .

9.2 Cartesian Heat Conduction for Vessel Slabs . . . . 9.2-1. .

9.3 Fuel Rod Heat Conduction 9.3-1. .

viii

. - . . - . . - . - - . -. , , - - -



.. _ _ . _ _ _ - _ _ . _ _ _ . _ _ _ __. _ _ . _ _ _. _ _ _ . _ . _ _ _ _ ._ __

.

- 9. 3.1 - Cylindrical Model. . . . . . . . . . . . . . . . . . 9.3-1
9.3.2 Rectangular Model. . . . . . . . . . . . . . . . . . 9.3-3 ?

9.3.3 Metal-Water Reaction . . . . . . . . . . . . . . . 9.~ 3-5
'

9,3.4 References . . . . . . . . . 9.3-6. . .. . . . ., . .

9.4 Core Power Models. . . . . . . . . . . . . 9.4-1. . . ... . .

9.4.1 Preliminary Definitions . .'9.4-1 |.,. . . . . .. .. . .

9.4.2 Space-Independect Reactor Kinetics and Core Decay-
Models- . 9.4-3............. . . . .. . . .

9.4.3 One-Dimensional Kinetics Model . . . , , , . . . .9.4-16
9.4.4 Conclusions. . . . . . . 9.4-32.. .. . . . . . . . . .

9.4.5 References . . . . . . . . . . . 9.4-33. . . ... . , .

Appendix A--Thermodynamic Properties , , . . . . . . . . . A-1. ... .. .

Appendix B--Material Droperties . . . B-1......... . . . . . . . .

'
Appendix C--Data Base Used by M. Ishii for Verification of Drift Flux
Models . . . . . . . . . . . . . . C-1

'
... . . . . . . . . . . . .. . .

Appendix D--Derivation of the Isentropic Sound Speed as a function of
Pressure and Temperature for a Single-Component, Single-Phase Substance. . D-1 -

Appendix E--Derivation of the Two-Phase, Two-Ccmponent HEM Sonic
- Velocity . . . . . . . E-1.......... .. . .. . .. . ... .

'= Appendix F--Derivation of the Drift Flux Equation. . . . . . F-1. . . . . .

Appendix G-. Moving Mesh Reflood Model . . . . . . . . . . . . . . . . . . . G-1

Appendix H--Analytic Nodal Model Routines in TRAC-BFl/ MODI . . . . . . . . H-1

,

J

ix

- - - . . , . _ .. - , . . . . . . . . . . . - . , . . . - - . - . . . . , - - - . . . . . . . - , -. .



- - - . - . . - - - - - - . . - ~ _ _ - -. . .- .

FIGURES

2.1-1. Void gradient gravity heat term schematic . . 2.1-15. . . . . . .
,

4.1-1. Comparison of flow regime boundaries between bubbly / churn and
annular patterns in the interfacial shear and the interfacial
heat transfer models for a hydraulic diameter of 0.0145 m . 4.1-4.

4.1-2. Variations of the interfacial area per unit volume in bubbly
2flow (p - 6.81 MPa; mass velocities in kg/m s. 4.1-9. . . . . .

4.1-3. Var iations of the interfacial area per unit volume in droplet
2flow (p = 6.81 MPa; mass velocities in kg/m s. 4.1-11. . . . .

4.1-4. Variations of the interfacial area per unit, volume in film
flow (p = 6.81 MPa; mass velocities in kg/m' s. 4.1-13. . . . . .

4.2-1. TRAC-Bfl/ MOD 1 boiling curve . 4.2-2'
. . . . . . .

i

4.2-2. Heat transfer mode selection logic 4.2-6. . . . . . . . .

4.2-3. Mode 0--vapor condensation 4.2-10. . . .

4.24 Mode 1 -convection to single-phase liquid 4.2-15. . . .

4.2-5. Mode 2--nucleate boiling 4.2-17. . . . . . .

4.2-6. Chen model for nucleate boiling . .4.2-18. . . . . . . . . .

4.2-7. Mode 3--transition boiling .4.2-24. . . . . .

|
4.2-8. Minimum stable film boiling temperature . .4.2-25, .

4.2-9. Mode 4--film boiling .4 2-28.. . . . , . . . . . . . . . .

|
4.2-10. Mode 5--forced convection to vapor. .4.2-29. . . . .

4.2-11. Mode 7--simple boiling curve .4.2-30. . . .

4.2-12. Critical heat flux calculation .4.2-38. . .

4.2-13. Biasi critical heat flux correlation .4.2-39. . . . , , . .

4.3-1. Enclosure of N discrete surfaces . 4.3-2. . .

i- 4.3-2. Radiation energy leaving surface k . 4.3-2. . .

l
'

4.3-3. Radiation energy incident on surface i. 4.3-2. .

4.3-4. Water vapor emissivity .4.3-10. .. . . .

4.3-5. GOTA radiation test data comparison .4.3-13. . . . . .

x

i

_ - - _ _ _ _ _ - . _ - . .- -



- - . . . - . - . . - _ .- - ---- . . . . - - - . - . - - - _ - _

1

,

26.1-1. Flow regime map -for a mass velocity of 500 kg/m s at p.7_MPa,
i showing the void-dependent limits of different flow patterns,

the void-dependent interpolation factor x2, and liquid-
entrainment . . . 6.1-3 '

. . . . . . . . .. . . . ........

6.1-2. Relationship between. mass velocity and void fraction at
tranrition from bubbly / churn to annular-dispersed ligJid
fl ow . . . . . , . . . . . . . . 6.1-8. . . . . . . . . .. . . . .

6.1-3. Variations of entrainment (Ent) with void fraction at
different mass velocities . . . . , . . . . . . . . . . . . 6.1-16

6.1-4. Variations of modified entrainment (Ex2) with void fraction at
different mass velocities . . . . .. . .. .. . . . . . .6.1-19

6.1-5. Schematic of interpolations for C, with respect -to x2 and E 2X

in the transition region . . . . . . . . 6.1-22. . . . . . . . , ,

6.1-6. Variations of the distribution parameter (C,) with void
fraction at different mass velocities, as calculated in
the FRCIF subroutine. . . . . . . .6.1-30. . . ... . . . . . . .

6.1-7. Variations of the vapor velocity distribution parameter (C )
3

with void fraction at different mass velocities, as calculated

in the FRCif subroutine . . . . . . . . . . . . . . . . . . . 6.1-30

6.1-8. Variations of the linearized interfacial friction coefficient
(C ) with void fraction at different mass velocities, as

1,

calculated in the FRClf subroutine .6.1-31. . . .. .... . . .

6.2-1. Fanning friction factors . 6.2-6. . . . . . . . .. . . . . . . .

6.2-2. Comparison of Pfann correlations and Colebrook formula with
Adorni's wall friction data from Reference 6.2-5. . . 6.2-7. . . . .

6.2-3. Single-phase friction factors according to the Pfann correlations-

as modified in TRAC-BFl/ MOD 1 (solid _ lines). - Colebrook
friction factors are shown with dashed lines for comparison . 6.2-12'

6.3-1. Two-phase level with normal vo'id profile . 6.3-4. . . . . . . .

6.3-2. Level detection logic diagram . . . . . . . . . 6.3-6. . . . . .

6.3-3. Level detection logic diagram for cell j tbove an inverted-
profile . . . . . 6.3-7-. . . . . . . . . . . . . .. ..... . .

6.3J4. Level detection logic diagram for cell j below an inverted
. 6.3-8profile . . . . . . . . . .. . .. . .... . . . . - . .

6.3-5. Level detection logic diagram for normal profile. 6.3-9. . . .

,

6.3-6. Rising two-phase level at a cell boundary . .6.3-16. . . . .

6.3-7. Falling two-phase level at a cell boundary .6.3-16. . . . . .

xi

4

w. <v- _ . . r v- w ,--,,- - ,, , , - . ,- .- - v



. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ ___ _ _ _ ___ _ __ _ . . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ _ _

.

: 7 '. 2 - 1. TRAC-BFl/ MODI choke logic . . 7.2-3. . . . . . . . . . . . . .

f7.2-2. Choking cell configuration. . . . 7.2-7. . . .. ... . . . . . .

,

. 7.3-37.3-1. Drift flux correlation and CCFL . '
. . . . . . . . . . . . .

7.3-2. lhe logic diagram of the CCFLCK subroutine. . . . . . . . . . 7.3-8

8.1-1. Semiscale single-phase homologous head curves . . 8.1-9. . . . . . .

8.1-2. Semiscale fully degraded homologous head curves . . . . .8.1-10
,

8.1-3. Semiscale head degradation multiplier curve . . . . . . . . . 8.1-11
'

. . .8.1-128.1-4. Semiscale single-phase homologous torque curves . . . .

8.1 - 5. Semiscale torque degradation multiplier curve .8.1-13. . . . . .

I

8.2-1. Jet pump mixing cell . 8.2-1. . . . . . . . . . . .
;

. . . . . . . . . . . 8.2-3| 8.2-2. Jet pump model momentum equation diagram
i

8.2-3. TRAC-BFl/M001 jet pump results compared to data for 1/6 scale
. 8.2-81 INEL test . . . , , . . . . . . . . . . . . . .

8.2-4. Comparisons of predicted versus measured MN curves for
INEL jet pump . . 8.2-8. . . . . . . . . . . . . .

8.2-5. Jet pump flow regimes .8.2-11 h. . . . . . . . .

8.3-1. Diagram of combined separator / dryer . 8.3-2. . . . . . . .

8.3-2. Separator phase separation 8.3-3. . . . . . . . . . . . . .

8.3-3. Dryer efficiency summary . 8.3-6. . . . . . . . .

8.4-1. Idealized turbine model . 8,4-1
. . . . . . . . . . . . . .

. 8.4-3S.4-2. Schematic of numerical model for turbine. . . . . . . . .

9-1. Semi-implicit coupling between hydrodynamics and structural
9-2heat transfer . , . . . . . . . . . . . . . . . .

9.1-1. Cylindrical wall geometry . 9.1-2. . . . . . . . . .

9.3-1. Nodalization for fuel rod heat conduction . 9.3-2. . . . . . . .

|
9.3-2. Nodalization for CHAN wall heat conduction. 9.3-4. . . . . . . . .

9.4-1. Control rod locations and corresponding control fractions . .9.4-21.

B-1. Materia', p.operties code organization . B-4 '
. . . . .

{G-1. Previous fuel rod coarse-mesh nodalization G-6. . . . . . . . .

xii

_ _ _ _ , __ ._. - .--._ _ . _ _ _ . . , . _ _ ...- . . _ . . _ _ . - _ . -. . . _ . . . - - - -



_ _ . _ ._.... _ _ _ -. _ ... . . . _ . .- _._ . _ _ _ _ . . - _ . _ _ ___ _ ._ _ _ _ _. _ ._ _ __ _ _ _ . _ _ ._.._.

i-

G-2. Previous fuel rod fine-mesh nodalization G-6. . . . . . . . .. . .

a G-3. Revised fuel rod coarse-mesh nodalization . - G-7. . . . . . . . . .

G-4. Revised fuel rod fine-mesh nodalization . . . . . . . G-7. . . . .

G-5. Nodalization for fuel rod conduction equations. . . . G-ll4 . . . . .

G-6. CHAN wall fine-mesh nodalization scheme and relationship
to adj acent fluid cell s . . . . . . . . . . , . . . . . . . . G-13

G-7. Logic for addition of a fine-resh channel wall node and |

redefinition of node overlap parameters . . . . . . . . . . . . G-14

G-8. Logic for removal of a fine-mesh channel wall node and
redefinition of node overlap parameters . . . . . . . . . . . . -G-15

H-1. Subroutine diagram for the IRAC-BFl/ MODI analytic nodal
neutronics routines , . . . H-4. . . . . . . . . . . . . . . . . .

,

,
,

xiii

f

w - - - - - v, . .e.,,w m ..m-,,-r ,_ _ , - - . , -...v_. . , , . , , ,, ,.v- . ._y . . , _ . , ._ _m,. .m ., _ _. -- -mm , , ,



_ _ _ _ _ __ _ _ _ _ . . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ . _ . _ > _ . . _ .

&

:
'

TABLES

O
l-1. Previously released versions of TRAC-BWR 1-1. . ...... ..

4.1-1. Data base for heat transfer correlations . . f. 1-6.. . ... .

4.2-1. Modes of heat transfer in subroutine HTCOR . 4.2-3. ....., .

'

4.2-2. Critical quality correlation options .4.2-34. . .. . . .

<
1

; 4.3-1. Water vapor absorption data . . . 4.3-9. . .... .. . . .

:

6.2-1. Range of variables in Nikuradse experiments on friction
j factors . . . .. ... . . .... . . . 6.2-4

, 6.2-2. Comparison of Pfann friction factors with Nikuradse and Von
| Karman equations for smooth pipes . 6.2-4.... . .., ..

; 6.J-3. Comparison of Pfann correlation with Moody's chart (or the
; Colebrook formula) for rough tubes with relative roughnesses

(3 = E-3 and (3 = E-4 . 6.2-7'
. . .. . . . ..

6.2-4. Ranges of data used in the derivction of the Hancox two-phase
multiplier .6.2-10.. . . . .. ...

,

6.3-1. Summary of input and output parameters for 1RAC-BFl/ MODI
level-tracking routines . . 6.3-3. . .. .. .

6.3-2. User-specified level-tracking parameters . 6.3-4. .

7.2-1. Equilibrium critical flow regimes . 7.2-2. . . . . .

1

7.2-2. Input call parameters to subroutine CliOKE . 7.2-5; . . . .

7.2-3. Output to subroutine CHOKE . . 7.2-6, ... . ...

7.2-4. Summary of choking correlations and throat conditions . . 7.2-10.

7.3-1. BWR fuel badle flooding data base . 7.3-6.. . .

8.1-1. Definitions of the four curve segments that describe the
homologous pump curves 8.1-5. ... . . . .

8.2-1. Jet pump flow regimes . 8.2-12. .

8.2-2. Flow-regime-dependent loss coefficients . . 8.2-12. . . .

9.4-1. Def ault values for key reactor kinetics constants . 9.4-5.. .

9.4-2. Default values for key feedback phenomena . . 9.4-11. .. .

'
A-4A-1. Miscellaneous constants . . . . .. . ..

xiv
,

- - - . . - . ~ . . . ..-.



- _ _ _ _ _ _ _ . . . _ . _ _ _ . _ _ _ . - . . . _ _ _ _ _ . _ _ _ . _ _ _ . _ _ _ _ ~ . _ . . _ _ _ _ . . . . . _ _

. . |
A-2. Constants for steam internal energy function A-5 1.. . . . . . . . .

'

A-3. Constants;for gamma function A-6-.......... ...... .

A-4. Constants for steam heat capacity function A7 |... .......
|

A-5. Constants for liquid internal energy funci ion . . . . . . . . . A-8

A-6. Miscellaneous liquid property constants . . . . . . . . . . . . A-9-

| A-7. Constants in liquid specific volume function A-10....,....

A-8. Constants in liquid specific volume correction factor . . . . . A-ll

B-1. Specific heat versus temperature for T < 1248 K . B-8.......

B-2. Structural materials properties . . . . . . . . . . . . . . . . B-13-
'-

C-1. Experiments used to check the distribution parameter C-6... . .

C-2. Experiments used to check drift velocity formulas . . . . . . . C-8'

O

.

l

i

O
.

xv

_ . _ _ . _ , _ _ _ . _ . _ . . _ _ _ _ _ . . _ _ . . . . _ , . _ _ _ _ _ _ . _ _ _ _ _ . _ . _ _ _ _ , _ . . . . _ _ . _ _ . . . - - . . . .- - - _



_ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ - _ - _ _ _ . _ _ . _ , . _ _

SUMMARY

Olhe IRAC BWR Code Development Program at the Idaho National ingineering
! Laboratory (INil) is developing versions of IRAC (Transient Reactor Analysis

Code) to provide the U.S. Nuclear Regulatory Commission (NRC), and the public,
,

a best-estimate capability for the analysis of postulated accidents and

transients in boiling water reactor (BWR) systems and related experimental
facilities. The first publicly released version of the code, TRAC-BDl,;

provided a basic capability for the analysis of design basis loss-of coolant

accidents (dbl 0CAs). lhe second publicly released version of the code, TRAC-

BDl/MODl, was developed to provide an analysis capability for operational
transients, including ant icipated t ransient s without scram (ATWS), as well as

: to provide an improved analysis capability for both large~ and small-break

t0CAs. The third release, IRAC-BF1, is a further improvement, part icularly in
the areas of computational speed and space-dependent (one-dimensional) neutron
kinetics modeling capability. The fourth release, TRAC-BFl/ MODI, again
improves the calculational speed, provides an ir provvd steam separat or-dryer <

model, and correc t s many errors or omissions.
,

lhe code provides a consistent and unified analysis capability for an
entire accident sequence. For a large break LOCA, this includes the blowdown
phase, heatup, reflood with quenching, and, finally, the refill phase of the
l0CA accident sequence for an AlWS event initiated by the closure of the
main steam isolation valve, the sequence includes the initiating event, the
reactor power excursion caused by void collapse and terminated by reactivity

feedback, periodic power excursion caused by cycling of the safety relief

valves, and ultimate reactor shutdown though the injection of soluble baron
poison.

Unique features of the code include (a) a full nonhomogeneous,
nonequilibrium, two-fluid, thermal hydraulic model of two-phase flow in all

portions of a BWR system, including a three-dimensional thermal-hydraulic
treatment of a Bl>R vessel; (b) detailed modeling of a BWR fuel bundle,
including a thermal radiation heat transfer model for radiative heat transfer

between multiple fuel rod groups, liquid and vapor phases, and the fuel
channel wall, with quench f ront t racking on all fuel rod surf aces and inside
and outside of the fuel channel wall for both bottom flooding and fal'ing film

quench frents, (c) detailed models of BWR hardware, such as jet pumps and
separator-dryers; and (d) a countercurrent flow limiting model for BWR-like
geometries

Other feat ures of t he code include a nonhomogeneous, thermal equilibrium
critical flow model and flow-regime-dependent constitutive relations for the
interchanges of mass, energy, and momentum between the fluid phases and
between the phases and structure.

TRAC-BDl/ MODI contained several upgrades and component enhancements.
these include

_
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4

Balance of_ plant component models, such as turbines, feedwater-.

1- heaters, and steam condensers-

A simple lumped parameter containment model.-

A comprehensive control system model. -

Reactivity feedback model, including the effect of soluble boron.

.

Boron transport model ;.

Noncondensable gas transport model, including the effects of.
,

noncondensable gas on heat transfer
:

Mechanistic separator-dryer model.

i

Two-phase level tracking model.

Generalized component-to-component heat and mass transfer models.
.

Moving mesh quench front tracking mo 1 for fuel rods and both.

inside and outside surfaces of fuel C annel wall,

'

Improved constitutive relations for heat, mass, and momentum.

transfer between the fluid phases and between the fluid phases-and
structure .

A . free-format input processor with extensive error checking..

.

New features of TRAC-BFl/M001 not available in the previously released
version of the code include:

i

f Courant-limit-violating (fast-running) numerical solution for all.

; one-dimensional hydraulic components
!
' Implicit steam separator / dryer model.

; j
|

! Implicit turbine model.

|'
Improved interfacial package - i.

j Condensation model for stratified vertical flow for realistic -.

prediction of condensation in such cases'

One-dimensional neutron kinetic medel (for space-det7ndent.

variations of power in ATWS-type transients)
|

Improved control system solution logic |.

Preload processor.

!
xvii
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I

:

Conversion to ANSI standard FORTRAN 77. i*

From the very beginning of the TRAC-BFl/ MODI development, adherence to a
strict quality control program ensured that a well-documented, working version
of the code would be available at all times. All changes to the code, however
small, are given a program change label that appears on the modified FORTRAN
statements and on all documentation that accompanies the changes. This
ensures that all changes are traceable to documents that describe the basis
for the change and the model developer making the change. A set of test cases
was developed and executed after each successive working version of the code
was assembled to ensure that recent changes did not affect changes or models
inserted into previous versions of the code.

Af ter the final working version of TRAC-BFl/ MODI was assembled, a seriet
of developmental assessment test cases was executed. These test cases
pre. ided insight into the code simuletion capabilities for various separate

! ef fects hydrodynamic tests, separate effect s heat transfer tests, and integral
system effects tests. On the whole, agreement b <een the TRAC-BFl/ MODI
simulation of the various problems and measured test data is excellent.

I The TRAC-BFlj'M001 code is described by three documents: TRAC-BFl/N001:
An Advanced Best-Estimate Computer Program for Boiling Water Reactor Accident
Analysis, Volumes 1 and 2, and 1RAC-BFl/ MOD 1 Models and Correlations. Volume
1: Model Description describes the thermal-hydraulic models, numerical
methods, and component models available. Volure 2: User's Guido describes
the input and output of the TRAC-BFl/ MODI code and provides guidelines for use
of the code modeling of BWR systems. TRAC-BF]/ MOD 1 Models and Correlations is
designed for those users wishing a detailed mathematical description of each
of the models and correlations available in TRAC-BFl/MODl. This document
reflects the as-coded configuration of the descriptive information provided in
Volume 1.

O
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NOMENCLATUP,E

O
A flow area; interfacial area (Sections 4.1 and 6.1)

A, interfacial area between the liquid and gas phases

A; flow area of cell j

A .3,3 Flow area at the junction (cell-edge) upstream ofj
cell j

1

A Flow area at the junction (cell-edge) downstream ofp1/2
cell j

l
A, Variable combination (Section 7.3)

A, geometric wall area
1

I
a absorptivity

a homogeneous equilibrium mixture sound speedu

a sonic veloc;ty
s

B radiosity

B, radiation erargy leaving surface k per unit area per
unit time

B2 buckling squared

b boron concentration

C virtual mass coefficient (Section 7.2); reactivity

coefficient (Section 9.4)

C Local average interfacial drag per unit volumeg

C, control rod fraction

C, Drag coefficient (dimensionless)

C, drif t-flux model distribution parameter

C specific heat constant pressure
p

C specific heat constant volumey

xx
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C distribution parameter for the liquid phase |
3

| (Section 6.1) |
. . 1

C,,, wall shear' coefficient for vapor flow |

C wall shear coefficient for liquid flowa
'

c, interfacial shear coefficient

c, wall shear coefficient in the gas

c wall shear coefficient in the liquida
,

D neutron diffusion coefficient

0 bubble diameter3

D droplet diametera

D hydraulic diametern

i

Di nondimensional hydraulic diameter

D hydraulic diameterg

DZ vessel cell axial length ,

i
DZL- two-phase level position within a vessel cell 3

dz distance increment ,

E fraction of the liquid flow entrained as droplets.
,

(Sections 4.1 and 6.1).

Ent modified entrainment defined in Sections 4.1 and'6.1
1

Et2 void-interpolated entrainment defined in Section.6.1- ;
3
1-

e relative roughness in relation to hydraulic diameter-
(Section 6.2); internal energy per mass (Section 7.2)

4

e, noncondensable gas internal energy

e, gas-mixture internal energy

e liquid internal energy
t

; e water-vapor internal energy
y

| xxi
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.

F view factor from surface k to surface jy

F,, interfacial drag force per unit volume

FA flow area in three-dimensional equations (subscript
indicates direction)

;

f single-phase friction factory

~

gravitational acceleration
9

G mass velocity (Section 6.1 and 6.2); mass flux
(Section 6.3)

G ,, , ,, flow area averaged mass velocity

g magnitude of the gravity vector

g3 variable combination defined in Section 6.2

H incident radiation heat flux

h heat transfer coefficient

h interfacial hic to the gasg

h, interfacial HTC to the liquid.
s ,

h,, vapor enthalpy at saturation temperature

h,, liquid enthalpy at saturation temperature

hj vapor enthalpy of the bulk vapor if the vapor is
condensing or the vapor sati ation enthalpy if liquid
is vaporizing

h[ liquid enthalpy of the bulk liquid if the liquid is

vaporizing or the liquid saturation enthalpy if vapor

is condensing

h,, wall HTC to the gas |

I h ,, wall Hit to the liquid

J volumetric flux

9'
xxii |,.
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!

j . Total mass flux -' J, + j,

j, Vapor volumetric flux density - a V,
,

l9 # MI '
- j ,, The limiting value of j, (for J, = 0) =a

l's

|
|

!j, Liquid volumetric flux density - (1 - a) V,

j,, The limiting value of jf (for j, - 0) -

(g a 4)0 25

fle

K -utateladze number in the CCFL correlation (Section
7.3)

K radiation absorption coefficient per unit length for
o

droplets (Section 4.3)

K, radiation absorption coefficient per unit length for
vapor (Section 4.3); vapor Kutateladze number
(Section 7.3)

|
K, liquid Kutateladze number (Section 7.3) -

k hydraulic loss coefficient (Section 6.2); neutron
multiplication (Section 9.4)

i

j k, thermal conductivity of vapor
|

k, thermal conductivity of water'

k, virtual mass coefficient
'

L hydraulic cell length

L length along the path kJy

m solute concentration in the liquid (mass of solute
3

per unit mass of liquid); constant in CCFL '

correlation (Sections 61 and 7.3)

m total mass flow
a

xxiii
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|

1

m' solute weight concentration in liquid (mass of solute
per unit mass of mixture)

N number of surfaces

Nu Nusselt number = h/kD

n neutron density
|

5 nuclei density

P pressure (Section 7.3); power density

P (z) probability of absorption per unit length
a

P, Wetted perimeter

P' Dimensionless variable defined in Section 7.3

p fluid pressure, or equivalently, total pressure

p,, partial pressure of the noncondensable gas
I
,

lp, partial pressure of the vapor

q core property, fuel temperature, moderator
,

temperature, or moderator void, etc. |

q power deposited directly in the gas (without |y
beat-conduction process) |

'

q, power deposited directly in the liquid (without
heat-conduction process)

!

qi total heat transfer across liquid-vapor interface

q interfacial heat transfer to the gasq

qa interfacial heat transfer to the liquid

q,y wall heat transfer to the gas

q, wall heat transfer to the liquid

Re Reynolds number

Re Reynolds number for vapor
g

XXIV
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Re,, Reynolds number for vapor in film flow
.

Re, Reynolds number for liquid

Re , Reynolds number for liquid in film flowc

r spatial location
,.

'S, vapor entropy

5, liquid entropy

$t St4iton number i h/GC;- p
!-

s plated-out solute density (mass of plated solute, e

divided by cell volume)
i

[- s, source term in the solute-mass differential equation

T temperature
,

i

T,- gas temperature

T, liquid temperature

T saturation temperature corresponding to the vaporo
partial pressure

t time

V volume'

i-
V velocity of dispersed phaseo

[a
gas velocity vector

!
.

55 cross-sectional average vapor velocity

IQ cross-sectional average vapor drif t velocity

V, cross-sectional average liquid velocity
,

'K void-weighted average relative velocity

5 = - |EIl
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! { countercurrent liquid velocity (Section 7.3)

V, magnitude of the gas velocity (one-dimensional
equations)

V,; drif t flux model drift velocity

VlEV two-phase level velocity within a vessel cell

V)
average velocity in cell j (the phasic subscript is
omitted for simplicity)

V velocity at the junction upstream of cell j
g ,7

V velocity at the junction downstream of cell j
g ,2

V velocity of phase k (k - g for vapor and k - t for
i

liquid) ,

V, magnitude of the liquid velocity (one-dimensional
equations)

V component of the gas velocity vector in the O
y

direction

liquid velocity vectory

v,, component of the gas velocity vector in the r
direction .

component of the gas velocity vector in the z a
vp

direction

v,, component of the liquid velocity vector in the r .

direction

v,; component of the liquid velocity vector in the z
direction

V component of the liquid velocity vector in the O
ta

direction

v, mixture velocity

VU volume of celi j
j
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Vol', vol hydrodynamic-cell volume
,

W weighting fac' tor

2
We Weber number = pDV 7,

" 'X steam rality = A a p, 7,
!
; X2 an interpolation variable defined in Section 4.1
4

x steam quality
|- ;

Z length in axial direction

| z length in vertical direction

Greek Letters:
'

i

gas volume fraction or void fraction >

a

|

a, vapor void fraction

liquid void fractiona; r

a void volume fraction in cell jj

a void fraction at transition from bubbly / churn to
te,n

annula flow'

AP pressure difference across a junction

AX axial length

Ap pc - p,(kg/m )3

e emissivity

emissivity of the vapor phase along the path k to j; e gg
;

emissivity of the tt.o-phase mixture along the path kcy
to j

j-

I absolute wall roughness heightc-

q variable defined in Section 6.1

$ direct neutron flux

:
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i

!

t

i

l' inter iacial mass-transfer rate

; I'; rate of vapor mass generation per unit time in cell

I'4 defined in Section 6.1 ,

I

y specitic heat ratio (Section 7.2); square root of

ldensity ratio ge,/p, (Sections 6.1 and 7.3)
,

x an interpolation variable defined in Section 6.1; 1

| fission neutron spectrum (Section 9.4)
1

|
2

x an interpolation variable defined in Sections C.1 and
j 7.3

p, vapor viscosity

|A p, liquid viscosity

wave number (Section 4.3); number of neutrons: v

produced per fission (Section 9.4) |

| ( defined in Section 6.1
i

| p dens.ity or concentration

p, noncondensable gas density (microscopic) i

;

o density of continuous phase (microscopic)
c

I.

p, gas-mixture density (microscopic)

p; pl ,ic density in cell j
1

p, liquid-water density (microscopic)
4

p, liquid / gas mixture density (microscopic)

p, water-vapor density (microscopic),

j Vp, pressure force per unit volcme due to void gradient
between adjacent cells in horizontal direction.

I macroscopic neutron cross section
.,

. o surface tension
!

4 Stefan-Boltzmann constanto g
;

xxviii
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; i
i

i t shear stress at the wall

fh transmissivity of the vapor phase along path k to jTg;

1

T transmissivity of the two-phtse mixture along path k ;j y
to j {

j t,g transmissivity of the liquid phase along path k to j
>

| & relative roughness in relation to channel !

] radius = 2c/Dn

(, defined in Section 6.1
> >

! (, an interpolation variable defined in Section 4.1

i,

!

,

Superscripts
,

; '..

I transpose of vector or matrix :

i

n old time
i

n41 new time ;

h + above two-phase level
'

i

!
- below two-phase level

!

!
,

Subscripts
1
- ,

4 a air or noncondensable gas (Section 2); absorption ;

, (Section 9.4) i

I
B boron 1

1

b bubble
a

c cell center

d droplet
i

r

DMH direct moderator heating ,

DOP Doppler ;

,

eff effective value

@-i
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;

,

:

!
!

ent entrained

| F fuel

f liquid film (Section 4.1); fission (Sect'.on 9.4)
!
'l fb feedback
|

l

j g mixture of water vapor and noncondensable gas

| (Section 2); group (Section 9.4)
i

HE homogeneous equilibrium mixture

j i interface

ib bubble interface
!

id droplet interface

! if film interface
i

igt total vapor to interface

itt total liquid to interface

ittc total liquid to interface in condensation

j center

j!1/2 cell edges

k surface number

kj along the path kj

1 or t liquid

M moderator

I m mixture

NC noncondensable

P constant pressure

r radiative (Section 4.3); removal

S constant enthalpy

s saturation state

XXX

|
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i total (Section 4.3); throat

T constant temperature

li fuel temperature

1M moderator temperature

U upstream

v water vapor

VD void

w wall

infinite lattice or infinite reactor-

1,2 fast and thermal neutron groups, respectively

1-2 neutron downscatter from fast into thermal group
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IN1810DtlCTION

I 'h
TRAC-BF1/ MOD 1 MODELS AND CORRELATIONS j

1. INTRODUCTION

lhe t ransient t eactor analysis (ode f or boiling water reattet s
(IRAC-B)'b'# is a large and (omplex computer program f or analy/ing
i he rma l - hyd r at.1 i t transient s in boiling water reactor (l'WR) systems.
Development of this code was initiated at the Idaho National lnqineering
laboratory (INil) in 1979 under t he sponsorship of the |).S. Nuclear Regulatory
Commission (NRE). lhe st art ing point for this development was an early
versionpf the transient reat tor analysis code for pressurited water reactors

5

(lRAC-P) developed at los Alamos Nat ional laboratory (L ANI) . For this
reason, the basic equat ion syst em and t he principal coding st ruc t ure of
IRAC Bil/ MODI are the same as in IRAC-Pil. However, many of the models
representing physical phenomena or performance of certain components unique to
BWRs are different in IRAC Ilfl/MODl. Furthermore, a number of programming
c hanges that have been included in the evolving versions of 1RAC ll, over
several years, ha"e made I RAI t i l/ MODI considerably dif f erent than 1RAC-Pil.
Table 1 1 gives a list of the released versions of 1RAC-B and their main
rapabilities.

Because of basic differences between BWRs and pressurized water reactors
(PWRs), spec ific models have been included in 1RAC B f or t reatment of
important BWR (omponents, suc h as f uel bundles with canisters, jet pumps,
steam separators, and dryers.'' lhe differences between the f.redecessor
TRAC P version and IRAC-B have increased in many respects wiIh each new
version, two of the most important differences from the ustr's point of view
are the input and output data structures. these are considerably different

between IRAC-Bf 1/ MOD 1 and IRAC- Pl 1.

In spite of t he many dif f erences, there are still fundamental
similarit ies between IRAC lu l/ MOD 1 and IRAC-Pil in t he use of the two-fluid
six-equation system, the discreti/ation of the partial dif f erential equations
and, to a large extent, the numerical solution schemes. for this reason, a

detailed description of these aspects of IRAC Pfl is equally descriptive of
the similar aspect s of 1RAC Bil/ MODI, and a number of these features are
identified in the following sections of this report. lypical examples of
these are the basic set of one and three-dimensional flow equations,
steam water properties, and remedies for water packing problems.

f rom the st art , development of 1RAC-B was technically coordinated with a
similar development at General llectric (GE) in San Jose, California. Several
models, solution approaches, and whole subroutines for 1RAC B versions have
been exchanged between Gl and INil in this collaboration. Major examples of
GE's contribut ions are the interf acial shear, jet pump, and interf acial heat
transfer models that are described later it may be observed that
1RAC Bil/ MODI cont ains many models and features t hat were develored outside of

1-1 NUREG/CR-4391
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h- Table 1-1. Previously released versions of 1RAC-BWR.
'

_ _ _ _ . . _ . _ _ _

_ _ _ _ _ Major new or
Code ver', ion Release date inproved capabilit ies Reference

IRAC-B01 february 1981 Basic large break l0CA a

TRAC-BDl/V12 June 1982 Improved large and small breaks, basic
cotrpat ibility for operat ional
transients and AlWS

1

1 RAL - BDl/ MODI Novomber 1983 l arge and small breaks , balance of b
_

plant modeling, eperational transient
and AlWS (with point Linetics)

T RAC -ill 1 January 1985 Basic fast running eumerics, c

(interin) one-dimensional neut ron kinet its

TRAC-Bil August 1986 Complete one dimensional fast numerics, d

upgraded control system, improved
hydraulics and heat transfer

_ _ . _ _ _ . _ _ _ .

a. J. Spore, 1RAC-B01: An Advanced Best [ stimate Computer Program for
Boiling Water Reactor Ioss-of-Coolant Analysis, HUkEG/CR-2178, October 1981.

b. D. D. l ay1or et al . ,1RAC-B01/NODl: An Advanced Best Tstimate Computer
Program for Boiling kater Reactor Transient Analysis, NURlG/CR-3633, IGG-2294,
April In84.

-

c. Unpublished (LLG report, ThAC-Bf1 Nanual: Ixtensions to TRAC-BD1/ NOD 1
(Draft), August 1985.

d. W. L. Weaver et a1., 1RAC-Bf1 Nanual: Extensions to 1RAC-601/N001, [GG-
2417, August 1986 (available f rom IG&G Technical library).

- - - - . - - - - . _ - - . - - - - - - - - - -.

the INil. lhe aim of this report is to give a detailed documertation of all
important features of IRAC-BFl/ MODI, regardless of their source of
development. In particular, it is important to note that models and features
received from other sources have often been revised, modified, or reprogrammed
before inclusion in IRAC-B.

The code manuals published with different versions of IRAC-B include
adequate descriptions of many models introduced in each version. However, a-

complete and detailed documentation of all features of 1RAC-Bf1/ MODI has not
been available in one publication. The present report is intended to fill

NUREG/CR-4391 1-2
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INTRODUCTION

this gap.

The approach taken in preparation of this document has been guided by the
following process:

1. Review the coding of different models.

2. Identify the source of models and formulations used in the coding.

3. Identify the data base used in the derivation of models or
correlations.

4. Provide a thorough sequence of equations leading to the programmed
equations.

5. Ident.fy and explain any limitations, modifications, interpoistions,
or other treatments imposed in the coding.

6. Comment on the implementation of each model in the coding; in
particular, on the numerical procedures in thn preparation of inputs
and numerical treatments of the calculation results when they are
used in the main equations.

7. Identify errors, inconsistencies, or other shortcomings.

Due to limitations in time and resources, this report does not include
any systematic assessment of the individual models. Only some specific model
assessments that were found in earlier publications have been included in a
few cases. The absence of soma necessary assessments is also pointed out in
several places. Although general assessment of TRAC-8 versions with the use
of system data (see Reference 1-5) have indicated good predictive
capabilities, it is probable that a systematic assessment of individual
models, followed by subsequent refinements in the code, would enhance the
accuracy of TRAC-8Fl/M001 for actual BWR transient analysis.

Adoption of the title " Quality Assurance Report" for thir document has
been avoided on the grounds that the identified inconsistencies and the
systematic assessment of the models must be performed before such a report can
be produced. Thestructureof+hisreporthasbyencoordinatedaspossible with similar documentation for TRAC-Pfl * and RELAP5/M002.{gr asThe
initial work on detailed documentation of TRAC-BFl/ MODI models began early in
FY-1987, and was intended to focus on the interfacial package and s'me other
features that users had found influence reactor analysis calculations must
significantly. Inwever, the focus and extent of this documentation was later
changed to achieve the above mentioned coordination.

A basic outline for the contents of the documentation of these codes was
suggested by the Safety Code Development Group, Nuclear Technclogy and
Engineering Division, LANL. This outline was slightly modified by inputs from

e

i 1-3 NUREG/CR-4391
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the Ifill and the NRC and was finalized in July 1987.* lhe adopted outline
; was to a large extent oriented towards 1RAC Pil features. lor this reason,

some of the main chapter headings are not quite relevant to a description of
! 1RAC Of 1, and there are some additional f eatures in the latter code that would

require separate sections of their own. On this account, Sections 3 and 5 in
!,

j this report are very brief because there is no centralized determination of
flow-regime in IRAC Bil (subject of Section 3) and the different aspects ofi

fluid mass conservation (subject of Section 5) are no dif ferent than those
3

i described in the interf acial heat transfer section (4.1) or wall heat transfer
; section (4.2). The same argument applies to many other sections, yet for

consistency, l ANl's suggested outline is preserved. Brief comments under some
of the headings are included to lead the reader to where the relevant details
are found in the report.

I Coordination of documentation allowed exchanging write-ups of some
i ident ical f eatures in 1RAC-Bfl/ MODI and TRAC-Pf l . On this basis, the contents

; of Section 2 (f ield Equations) is to a large extent a reproduct ion of the same
~

chapter in Ref erence 13. However, many changes and alterations have been
! incluoed to describe the field equitions, which are different in detail in
! 1RAC-Bf I f rom t hose in IRAC Pil . Several other sections from Reference 1-3
! are used in the same manner f ach of these sect ions is identified

appropriately with an acknowledgment of the source.

This report includes, also, some isolated sections f rom dif ferent IRAC-B
| manuals and completion reports, which were found to give an adequate

description of t he speci fic model s. These insertions are identified with
appropriate references.

1.1 REFERENCES

1 1. J. Spore et al., IRAC BDl: An Advanced Best Estimate Computer Program
) for Boiling Water Reactor loss-of-Coolant Analysis, NUREG/CR-2178,

October 1981.

1-2. D. D. Taylor et al., TRAC-BDl/MODl: An Advanced Best (stimate Computer
Program for Boiling Water Reactor Iransient Analysis, Voluti.cs 1 through
4, NURfG/CR 3633, IGG-2294, April 1984,

,
1-3. D. R. liles et al., 1RAC-Pfl/MODl: An Advanced Best Estimate Computer

| Program for Pressurized Water React " Thermal-Hydraulic Analysis,
{ NURlG/CR-3858, lA-10157-MS, July i986.
1

l-4. V. H. Rettig and H. l. Vade, fds., TRAC-Bfl/MODl: An Advanced Best-
Estimate Computer Program for Boiling Water Reactor Accident Analysis,
Volume 2: User's Guide, NURfG/CR-4356, EGG-2626, June 1992.

_ ______ _ _ _

1. D. Knight , "Models and Correlat ions Document , An out line," Memorandum, losa.
Alamos Nat ional l aboratory, July 28, 1987.
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\ - 1-5. B. L. Charboneau, overview of TRAC-801/ MOD 1 Assessment Studies,
NUREG/CR-4428, EGG-2422, November 1985.

1-6. Safety Code Development Group, 1RAC-PF1/M001 Correlations and Models,.
,

NUREG/CR-5069, LA 11208 MS, December 1988.
,

1-7. R, A. Dimenna et a1., RElAP5/M002 Models and Correlations, NUREG/CR-
I 5194. EGG 2531, August 1988. .
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FLuxo FIELD EcuATroNS

'
2. FIELD EQUATIONS

The main purpose 4 the IRAC4fl/ MODI code is to solve a coupled set of

).
field equations describing the thermal-hydraulic behavior of the fluid coolant
in the UWR system, the flow of energy in the fuel and the structural
components of the reactor, and the generation of the nuclear power in the

,

; reactor core. The following subsections bricfly describe those field
equations, lhe most difficult part of the solution is to solve the thermal-
hydraulic behavior of the fluid and the coupling to the f uel/ structural heat
transf er through the heat transf er coef ficients (H1Cs); the code devotes most
of the programming and most of the tomouter time to solving this part of the '

problem. This area is more complex t'ecause there are more coupled field
equations associated with describing the fluid (more independent variables),
nore phenomena to be considered, and the H1Cs are very dependent on the fluid
properties and velocities. On the other hand, the ficld equations describing
the energy field in the solid structures and the nuclear reaction are much
simpler and involve fewer variables, although this statement is not intended ;
to indicate that these fields are not as important as the thermal-hydraulic

1 model to the overall solution of the problem.

We present the field equations here almost solely to provide a basis for
understanding the required closure relations incorporated into TRAC 4Fl/M001,
although the equations help to express the coupling among the different parts
of the overall code. Also, the discussion of the fluid field equations
provides an indication of averaging processes and the time levels at which the
variables are evaluated.

'

2.1 FLuu FIELD EuUATIONS

1RAC4fl/ MODI uses a two-fluid model for fluid flow in both the one- and
three-dimensional components. These equations were derived at LANL and were'

coded into a developmental version of the 1RAC-pfl code, which was the code
from which 1RAC Pfl/ MODI was developed (see Section 1),

There have been two additmnal terms addeJ to the original equations of
motion (momentum equations), which represent the virtual mass force and a
pressure f orce due to the void fraction gradient between adjacent cells in the
horizontal direction.,

j 2.1.1 Nomenclature
,

i Defore presenting the fluid field equations, we need to define certain
| terminology, in our nomenclature, the term gaji implies a general mixture of

water sapor and the noncondensable gas. The subscript g will denote a
property or parameter applying to the gas mixture; the subscript v indicates a

2.1-1 NUREG/CR-4391
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FLU 10 FIELD EcuATIONs

quant ity applying specif ically to water vapor (ref erred to as simply vapor);
and the subscript a (for air) signifies a noncondensable gas quantity. The
term liquid implies pure liquid water, and the subscript r denotes a quantity
applying specifically to liquid water, in the discussion of the
f inite-di f ferent e equat ions, all quant it ies except for the velocities are
centered in the hydrodynamic tell (cell-centered); the velocities are
cell edge quantities.

2.1.2 Gas / Liquid Equations

lhe basic two-phase two-fluid me e , consists of six partial differential _

equations

Mixture Thermal Energy Equation

Ol() a) pe , . ap e )e
- - - - - - . V [(1 a) pge, , ap e,Y,)y g

y
et

|
pV [(1 a)N,,a y ) + q,, g +g, g (2.1 1)e

g g g

Combined-Gas lhermal Energy Equation

d(ap e ) ,

+ 4 e l' h ( 2 ' l ' ', )
-

---- .1 . V * ap90, V -p pV (n 9) g,.g Q,9 + g;, ,

Liquid Mass Equation _

0[(1 n) p, ] (2'1-3)V ((1 c) p, V, } I' .
di

Combined-Gas Mass Equation

N"P ) (2.1-1)
\, (apN) I, ,

w

y yg

Liquid Equation of Motion
SV, p', 1
-- + V, W, . k, ( 1 - a) p, Ofg (V,V) - -Q

-. -- -.

y
Of p,

9
NUREG/CR-4391 ?.1-i
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@ :
!c' c"- - - - - - -

( V, - V, ) + | V, - V, | - V, j V, | 4 g !

; (1 a) p, ( 1 - a) p,
1

:
1

p

- k, ( 1 - a) p, ~V V( V, - V,) * (2.1-5) !

g g

3 (1 - a) p,

Combined-Gas Equation of Motion
-

1 BV,
- Q- c, ( V, - V ) | V, - V |

p, 3

k, (1 - a) p, at (V, - V,) =
3

- - - - - - - -

V, W ss
g g eBt p, ap,

!
9 ;c

2 V,| V,| - > g - k, pc V V {V, - V ) < 2 (2.1-6)
-. - -+ _ ~ -

+

n g

ap, c p, a p, i
4

An alternative to solving one of the phasic mass equations is to solve the
total mass equation, which is obtained by summing Equations (2.1-3) and
(2.1-4).

Total Mass Equation
;

'

d[ (1 - a) p, 4 ap* ] - -

+ V- (1 a) p,V, 4 ap,V, m 0. (2 1 7)
Bt ,

Solving either Equation (2.1-3) or (2.1-4) together with Equation-(2.1-7)
: is completely equivalent to solving both Equations (2.1-3) and (2.1-4).

,

The mass equations are written in fully conservative form to permit the
canstiuttion of a numerical scheme that rigorously conserves some measure of
the system mass. 1he energy equations are written in a partially conservative

,

form to make numerical solution simpler than would be possible if the fully,
'

conservative form (bulk kinetic energy terms included) were used. The
nonconservative form of- the momentum equations also permits simpler numerical

| solution strategies and can generally be justified because the presence of '

| wall friccion' makes the fully. conservative form of the momentum equation far
I less useful. However, when sharp void fraction changes exist, numerical

solution of-the nonconservative motion equations can produce significant
errors. In-such instances, a version of the fully conservative momentum
equation must be solved (see Section 2.1.7.2.).

Closure is obtained for these equations with normal thermodynamic
relations, which for water are described in Appendix A, together with the
transport properties and specifications for the interfacial drag coefficients
(c ), the interfacial heat transfer (q,, and qu), the phase-change rate (I'),i

2.1 3 NUREG/CR-4391 -
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O-

tlk wall-shear coef ficient s (c,., and c,,), and the wall heat flows (q, and
q,t) . ihe phase-change rate is evaluated from a simple thermal-energy jump
reiation

(gi, + q,c)I, (2.1-8), ,

h, h,

where
,

I

j , d(I l)9 (2.1 9) |i ig,, h .

vol

|

and

1

h,,A, =( Y ,_1,). (2.1-10)g,,
voly

llere, A, and the h, terms are the interf acial area and liiCs, and T isg
the saturation temperature corresponding to the partial steam pressure. The

quantitiesh[andh,' are the appropriate enthalples of the vapor and liquid,
respectively; these enthalpies are the bulk fluid enthalpy for the phase
moving to the interf ace and the saturation enthalpy f or the product of the
phase change

Wall heat transfer terns asr .e the form
i

q,,- h A -(1 7') (2.1-11)"

vol
i

l
and

i

(T I)" g

q,, h ,, ( (2.1-12),

vol

where A is the actual heated surface area. The h and h of the cell
include the information necessary for partitioning"the wail heat transfer~

between the gas and the liquid.

2.1.3 Noncondensable Gas

A single noncondensable gas field may be followed wit h TRAC-BFl/ MODI. It

is assumed to be in thermal equilibrium with any steam that is present and to

| NUREG/CR-4391 2.1-4
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Ft.uIo FIELD EQUATIONS !
'

i

; move with the same velocity as the steam. Hence, only a single field equation -

is needed to track the noncondensable gas. )
i !

Noncondensable Gas Mass Equation
!

J ,

d( ap,) -(2.1-13)V - ( ap, ,) = 0 .4

; Of

i
,

With this field present, the total gas density and energy are sums of the
vapor and the noncondensable components

.

|
.

'

p, m p, 4 p, (2.1-14)
;.

1

j and
:

p,c, = p.e, + p e, . ( 2. l_- 15) __ ,

We assume Dalton's law applies; therefore, '

p = p, + p . (2.1-16)
,

The subscripts y and a indicate, respectively, the steam and air ,

properties; the code normally applies the thermodynamic properties for air to !4

the noncondensable gas.

.

2.1.4 Liquid Solute
4

,

TRAC-Bf1/ MODI includes a mass r,ontinuity equation for a solute moving- '

; with the liquid field.

Liquid-Solute Mass Equation'

S((1 - n)mp,) (2.1 17) -

+ V - ( 1 - n)mpe , - S, ,
Bt

.

where m is the solute concentration (mass of solute / unit mass of liquid water)
in the liquid phase.

|

This mass continuity equation is converted into a weight concentration'

equation by assuming that the mixture of liquid and solute is a dilute
mixture. The assumption of a dilute mixture is appropriate for the boron
concentration, which is measured in parts per million by weight. The weight1

2.1-5 NUREG/CR-4391
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concentration is given by

mass of solute,,

mass of solute * mass of 1iquid

m(i - a)p, I

(2.1-18) |

m( 1 - a) pe + ( 1 - u) p,

E - m if m < 1
1+m '

Using this approximation, the liquid-solute concentration equation is ;

N (1 - a)pem'] (2,1 19)-

+V [ (1 - n) p,m, V,) 5,,
at

where m' is the weight concentration of solute (mass of solute / mass of
mixture) in the liquid phase ano the units of m' are parts per million (ppm).

The solute does not affect the hydrodynamics directly, if we assume that
the solute represents boron, the amount of the dissolved and the plated-out
boron in the core may affect the hydrodynamics indirectly through reactivity
feedback. If the solute concentration exceeds the orthoboric-acid solubility
at the liquid temperature in a specific hydrodynamic cell, we assume that the
solute in that cell plates out. Plating can occur if the cell fluid flashes
or boils and increases the concentration beyond the solubility limit. We also
assume that any plated-out solute instantaneously redissolves to the maximum
allowable concentration if more liquid enters the cell. Because the solute
does not affect the hydrodynamics directly, the solute variable may be used as
a tag to track the movement of fluid fre a specific source through the
system.

2.1.5 One-Dimensional Finite-Difference Methods

For the one-dimensional components, the code solves Equations (2.1-1)
threugh (2.1-6), (2.1-12), ?.nd (2.1-16) to provide a complete description of
the fluid field, although Equation (2.1-12) and/or (2.1-16) can be turned off
through input. The spatial mesh used for the difference equations is
staggered with thermodynamic properties evaluated at the cell centers and
velocities evaluated at the cell edges. For stability, flux terms at cell
edges require donor-cell averages of the form

O
NUREG/CR-4391 2.1-6
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s

J V .3,3, if V .3,z . 0 (2.1-20)33 3U.,)i''/? Y ,3V ,,3, if V ,3,3 < 0
3 3 3,

where Y can be any cell-center state variable or a combination of such
variables, and V is either the liquid or vapor velocity, as appropriate. The
subscript j41/2 points to a cell interface, and the subscripts j and j+1
indicate the hydrodynamic cells on each side of the cell interface. With this
notation, the finite-difference divergence operator for one-dimensional
calculations is

[ A .1/2 ( Y V ) j .1/ 2 A;-1<2( YV); 1/2)37 yy) - (2.1 21)'
vol;

where A is the local cell-interf ace cross-sectional area (flow area) and vol;
is the volume of the jth cell. for the equations of motion, the donor-cell

-

form of any V W term is

f
DV .izz(f V .1/z f ' V .1/z)j jj ,U 20

AT j+1/? (2.1-22),

V;.112 V .112 V=a

DV.1/z(f'_V.3fz
f V .1f.')j 3 j

' I 7 g, j .1/ 2 ''0
.

,

j.1/2
,

where D ,,3f, is half 1he sum of Ax, and ax ,3, respectively the cell -

j

lengths of cells j and j41, and

A Aj+1/2 i41/2p , (2.1-23)
A ,3 Aj 3

A .1/2j ,

I'''2
A ,3 (2.1-24)<

jE- p
'5'2

V ,3,7 < 0;
3

, . ,

2.1-7 NUREG/CR-4391
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| O
A"'"\

f (2.1-25)'

| A,

vol
I A; _! (2.1-26)
f

M i

i l

|
| rol ,3

: A, ,3 L (2.1-27)
S

| o, i

lhe factors D, E, and f are used to obtain the correct Bernoulli (or
reversible) pressure loss (gain) through area reductions (expansions). The
f ormulations for D, f, and f yield exact results for single-phase flow and
approximately correct results if the change in the void fraction through the
area change is small. The derivation of the factors D, [, and f can be found
in Section 7.1.

The code uses the following finite-dif ference equations. In these
equations, the superscripts n and n+1 indicate current-time and new-time
quantities respectively. A tilde (') above a variable indicates that it is 1

the resuh of an intermediate step and not a final value for the end of the j
time step. A horizontal line ('') above a quantity indicates that it is
obtained from the arithmetic average of values at adjacent cells. If there
are ne subscripts denoting cell location, we assume subscript j for mass and j
erargy equations and subscript j41/2 for equations of motion. Finally, 0 is
ti angle between a vector f rom the center of cell j to the center of cell j+1 i

and a vector directed against gravity; in the application of the code, 0 is !
more generally the inverse cosine (cos'' ) of the change in elevation between I

cell centers divided by the flow length between cell centers. j

The source terms on the right-hand sides of the stabilizer mass and |
stabilizer energy equations have been eliminated by subtracting the basic
equations from the stabilizer equations. This eliminates the recomputation of
the source terms in the stabilizer phase of the time advancement.

2.1.5.1 Basic Equations of Motion

Combined Gas

O'
NUREG/CR-4391 2.1-8
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: (v . , . v;'\ v.,.,,, (v; ' - vr') (v; - v ) l
1

| *V j et/2 g *Vg vm __, y
("Pg)3|

j.1/2I

s

:
d

; C"i v," - vt1(v," ' - vT'') . gTs'-pl'
!,

. (aPg)n (Pg)n p +1/2j, , J*1/2 J '

,

n *

C"S | v " \ V'n '' k,,,pc 3 112 nS> + g cos 0 4 v V ur(v - V()+
O j g

)~h
(UP )n "P)J+1'2g j41/2 g i,

:|

n
i Ds

, =0. (2*I'EO)-n
b ,1/29j ,

Liquid
;

i v'"'-v;
! < v v .,iz v ;

a i e&

i :

+ k, -(v;*' - v;'') - (v" - v,")~
.

9"i.,/,
*

y
(l - a_ pl .1/2'

)
J

C | V," - V[j(v "*' - V,"'') , P[.i-Pj'' "

i p

j- (1 - a)p,q,,,, eq.v, 3
- -

m /z
4

$ CalVg(V*lft h

t - + g cos 0+ .

i n
( 1 - a) pc j ,,,,

.

J

n

@
.

,
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O
i! n

P' J 1 n )n
f ., y . v,' j .ia ( g,e ,, ), 'g. t

.( 1 n )... ,p, ,

Yp,"
0 (2.1 29). ~ - - .

(! n)il'Ejal/2

l,

|

2.1.5.2 Basic Mass Equations

| Combined Gas

V; (ap,v,"'') i' (2.1-30). d_. 4

Noncondensabic Gas

n..

C" "Ih . V, (ap,V,"'') 0 (2.1-31)

Liquid

{{l n) h, [ ( 1 - a) py )"f , y *1 _ in -

(2.1-32)
N'

| 2.1-5.3 Basic Energy Equations
,

Combined Gas
,

bh b (UP O
( UPg g ) b,g .1

t g y g n
O-" #

j
N

1

(E~") 7, (a" V,"~ '),! = 4., 44.i44 l' h. , (2 l'33).p 4

y

Total

O
NUREG/CR-4391 2.1-10
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|C
i ,

< shb, , ( 1 - 6) he , - ( exp,e,)" - ( 1 - a) p,cg]"ft
'

j
;

! 2 |

i i

V) {( up,e,) V,'"' 4 (1 - n)p,e V[* j| 4
g

.
,

i
1

,

Qg, (2.1-34) !4 6 V. ( * - u") V "'' 4 ( V,'" ' Qg q,, 4 Qeg4 4 .

! i

i -

2.1.5.4 Stabilizing Mass Equation;

Combined Gas

("P)n.i ~ "P ] -
, .-

S 91 + V (ap,)"'' - ap V,"''f = 0 , (2.1-35) |
7

i

''
Noncondencable Gas

,

("Ud ' bba- + V; f (ap,)"'l V,'"'f = 0 . (2.1-36)- ap
N ;

I

| Liquid
|

f {(1 - a)pg]'"' '(1 - &)p,] f + 7; f [(1 - a)pe,; ,3- -

g

- {(1 - a)p, ] f Vg"*' 0. (2.1-37)
.

e

Liquid Solute !

f[(1 - a) p,m'] - (1 - a)pq" m'"f
N 1

.

F

V {{(1 - a)pe m ' ] V,"''f ' O , (2.1-38) f
~

4 j
.

and i

@ !
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| 9
1 ,

,

(m')^*1 = min- m[, (2.1-39)
~ ' ,

.

[(1 - a) pgj"''i

S|"' - 5 " + [ (1 - a) pe l - (m')"'' ((1 - a) py"' . (2.1-40)m

i

| 2.1.5.5 Stabilizing Energy Equations

Com.;n,d Gas
,

("P 0 )n.1 ~ NY9
-

N '

V," ' =0. (2*l'41). 7 ( yp p )n.1 - ap,e,9s

i ,

| Liquid

{(1 - a) pe ,]"'1 - () d) p,bge
f ( 1 - a) p e,,|n,,,,,

i s- g) >
: y

- (1 - a) p,e,} V['' =0 (2.1-42)

!

Time levels are omitted from some flux terms in Equations (2.1-30)
through (2.1-42) because these terms contain both old and new time quantities.'

If X is a combination of state variables without a time superscript, then the
correct definition for the divergence term in the mass and energy equations in

'

which it appears is

: ,

'
(1 - fj 41/2)X[,3V(XV) - 4 , , z ".'t n f .3j;f)V + ,

i 3 j
| to1, -

3

i

i

!

(I ~ Ij-1/2) J- A .1/2Y I Y *
'

i -1/2 j -1/2 i-1
4

where

i; - g ' X;" + ( 1 - g ' )i; (2.1-44)

i

j The factor f;,3,3 (fi-1/2) is used to obtain donor-cell averaging (defined
i

f NUREG/CR-4391 2.1-12
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| @ in Equation (2.1-20)) and has the value I when V[[[a(V[[3n) is zero or positive
|.

'
|

! and 0 when the velocity is negative. The weighting factor g' depends on the |
! rate of phase change and goes to unity as the phase change disappears and to ,

! zero as the phase change approaches the total outflow of the phase created in |
the cell. for nonzero 9', this form of the divergence operator is !

'
| nonconservative, but total conservation is maintained by the stabilizer step.

,

| The divergence operator for the equations of motion (i.e., momentum
; equations) uses a mixed tire level so that the Courant stability limit may be

exceeded without the use of the predictor and stabilizer equations of motion
| found in TRAC-Pfl/ MOD). The divergence operator is
[ . .

.
DV {,,ulY{|n IV?-in ., h, .,a2o

y, ,

1 (2.1 45).

V V V ,a =: p ,

DV?.,nlV? sn - TV[| n , y"'" , 9,

'

| u,., !
i J

: The modifying coefficients are D = E = f = 1 in the diverg m e of the relative ;

[ velocity found in the virtual mass terms.

| .

'

[ 2.1.5.6 Additional Force Terms in Momentum Equations. In addition for ;

the forces represented by wall friction, 4 terfacial friction, gravity, andi

racmentum flux terms in the momentum ey;=tir n>, two additional force terms have !,

i i)een added to the one-dimensional momentum equat uns. The two additional :

terms represent the virtual mass force and an additional gravity force due tor
'

! the void gradient between cells.
i

,

4 2.1.5.7 Formulation of the Virtual Mass Term. A virtual mass force term
; has been included in the one-dimensional momentum equations. The magnitude of

this term is small and does not af fect the solution very much. However, it
,

does affect the coupling between the phases and adds damping to the solution
| procedure, leading to a smoother and faster-running code. The product of the

,

'

virtual mass coefficient and the continuous phase density is given by
4

1
: ,

1 + 2n'-

0.5n|
1 - a ,

p, ; O < n < ny
(2,1 46) !; ,

| k,,pfo 43

[ 0.5(1 - a) f
,

I~"(pf - p)" : 1>a>np, 4 y
1 e i em ;.

;
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i

', ,

' ""p'," - 0.Sa,, p, (2.1-47)
1 n,i

! I

i

'3 -2n"
'

p7 0.5(1 y) p, (2.1-48)n ;,

' a,,

f where a represents the t ransition between liquid continuous flow regime and i

n
: the vapor continuous flow regime. for simplicity, this transition void
! fraction is taken as
,

| a 0.5 . (2.1-49)u

i
'

lhe formulation of the virtual mass coefficient is in agreement with
Zuber 3 recommendation. The ,elocity of the dispersed phase is given by

V., ( 1 - n) V, + nVe. (2.1-50),

>
.

] This formulation gives the correct limits for single-phase flows (i.e.,
V,=V at a - 1 and V -V at a - 0). The velocity of the dispersed phase Vi

3 3is.ioula trore rightly be the, kinematic velocity associated with the virtual mas,s
| force. In the absence of a definitive derivation of this kinematic velocity, ,

the sitcple form shown above was adopted, since it has the correct limits.

I

| 2.1.5.8 Void Gradient Gravity Head Term. lhe other term added to the
i momentum equation represents information lost in the derivation of the

| one-dimensional momentum equations by the integration over the cross-sectional
area perpendicular to the flow direction. In a horizontal flow path at low'

| flow rates, a horizontally stratified flow will develop with a force resulting
i from the difference in the hydrostatic heads in adjacent computational cells.
| This force term is given by

Ups = Pi - Pz = ( pe - o ) 9c & ( n, - a ) (2.1-51)g 3

|

| where the subscripts 1 and 2 refer to the diagram in figure 1-1.
!

| This force is added to the liquid phase momentum equation (the liquid
| phase has the highest inertia) in such a way as to equalize the liquid levels
j between the two cells and is computed based an beginning of time step void

fractions. The explicit formulation of this force term can result in the
| momentum equations being unstable if too large a time step is taken during the

time advancement. The time step used by the stratifical force is given by

NUREG/CR-4391 2.1-14
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Figure 2.1-1. Void gradient gravity head term schematic.

0.25
3, < min 3, (2.1-52)

/g, &(1. - 0.5(n, + a )] f2

where the time step associated with horizontal stratification force is
determined by analyzing the flow between the two adjacent cells as if they
were the two legs of a manometer. The stability limit for explicit
integration of the nanometer equations is given by

M5 (2.1-53)-

a )l} #{M g, &[1 - 0.5(n 4i 2

The time step used by the code is one-fourth of the stability limit.
Final.y, the stratification force varies with the orientation of the flow path
so that the final form of the horizontal stratification or void gradient force
term is

% = ( pr - p,) g, & ( n, - a,) s i n 0 . (2.1-54)

Equations (2.1-28) through-(2-34), combined with the necessary
thermodynamic and constitutive equations, form a coupled system of.

j nonlinear equations. Equations (2-28) and (2-29) are solved directly to
obtain V,"' and V,"*' as dependent variables. After substituting these
equations .or velocity into Equations (2.1-30) through (2.1-34), the resulting
system is solved for the independent variables
p "'' , p," '' , T," * ' , a n d&"''.

with a standard Newton iteration, including all coupling between cells. In
practice, the linearized equations solved during this iteration can be reduced
easily to a tridiagonal system involving only total pressures. The final six
stabilizing equations (Equations (2.1-35) through (2.1-42)] also are simple

2.1-15 NUREG/CR-4391
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O
t ridiagonal linear syst ems because V,'"' and V"'' are known af ter solving'

g

| Iquatibos (2.1 23) through (2.1-34). Because the pressure and fluid !

temperatures are used mainly as the starting point for the next iteration, the'

i start of t ime-step values for these quantities are the tilde values from the
j end of the previous basic step. This approximation prevents an extra

evaluatinn of the thermodynamic and transport properties. A void fraction'

tonsistent with the stabilizer mass and energy quantities is calculated by a
! simple 1inearitation.
!

! The basit momentum equations are set up in ifIE. Subroutine if11 sets up
! the solut ion of the basic mass and energy equation, and ifl0 completes the
i solution of the full basic equation set within a Newton iteration driven by

subroutine OUllR. The stabilizer mass and energy equations are solved in
$11;MI and UKSSIB.

,

,

2.1.6 Three-Dimensional finite-Difference Methods

i In the tbree-dimensional iiSS[L component, the code solves the
combined gas mass equation (fquation (2.1-4)) and the total mass equation
(lquation (2.1-7)] instead of the individual phasic mass equations solved in
the one-dimensional components. However, for the three-dimensional component.
the code solves the momentum and energy equations in the same form as for the4

one dimensional components; i.e., individual liquid and combined-gas equations
of motion (fquations (2.1 5) and (2.1-6)), and total and combined gas energy

,

equations (lquations (?.1-1) and (2.1-2)). The momentum equations separate
! into three orthogonal-coordinate components. We discuss only the gas-phase

'
!

equations, with the understanding that the liquid equations are treated
) analogously. For an orthogonal, right-handed cylindrical coordinate system in f

'

which the z axis is oriented vertically upwards, the three components of the
vapor-momentum differential equation follow. '

1

i

Momentum Equation Axial (2) Component
s

,

_ ' , . OV, V, DV, OV, I api R
+ t,"9

_

*
_ i

Ot Or r OO Oz , p, Oz

i
.

Y (V, V,)|V, Vl C*' Vu | V,| 9 (2.1-55)
C - -

'

g g

a p, ap,

:

Momentam Equation Radial (r) Component
'

CC" -. -

(V V ,) | V, V| "' V,, | V, | + K , (2.1-56)7 g e ,

an nPg g

NUREG/CR-4391 2.1-16
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2
OV OV V OV V l por eo er g6 orgr

_

*' , y" _,

Bt Or r 60 r Oz , p, Or
,

Momentum Equation Azimuthal (0) Component
f %

oo y" OV aOVon _ V VOV UV n , OV 1 po onon er o
_ y'' _

DD Or r D0 r Bz p,, OO <

,

,

- " ( V,n - V,,) | , - el- '" V,o | E, ) + V p,,, , (2.1-57)
ap, ap,

TRAC-Bf1/M001 uses a staggered-mesh scheme in which the velocities V are
defined at the mesh-cell surfaces as opposed to the volume properties of
pressure p, gas volume fraction a, temperature T, internal energy e, and
density p, which are defined at the mesh-cell center. The scalar field
equations (mass and energy) apply to a given mesh cell, whereas the momentum
equations apply at the interfaces between mesh cells, a staggered mesh, in the
three component directions.

The difference scheme for each of the momentum equations is lengthy
because of the cross-derivative terms. Therefore, to illustrate the
procedure, we describe only the gas z-direction momentum finite-difference
equation for a typical mesh-cell interface, together with the gas mass and
energy equations for a typical mesh cell. The gas component momentum
equations in the r and r directions along with the all of the liquid equations
are similar in form. The superscript n indicates a current-time quantity; the
superscript n+1, a new-time quantity. The functional dependence (r,0,z)
points to the cell center. By incrementing r.or 0 or z by 1, one moves to
the adjacent cell in the direction based on which coordinate is incremented
and on the sign of the increment. The - functional dependencies (r-1/2,0,z) and
(r+1/2,0,z) point to the-inside and outside radial faces of the cell,
respectively; (r,01/2,z) and (r,0+1/2,z), the right and left azimuthal faces
of the cell (based on a perspective of looking radially out of the cell),
respectively; (r,0,z-1/2) and (r,0,z+1/2), the Lottom and top axial faces of
the cell, respectively. ine subscript g (for gas) is dropped unless it is
needed for clarity. The three-dimensional finite-difference equations do not
contain stabilizer steps and are simple generalizations of the one-dimensional
basic equations.

2.1.6.1 Gas Homentum Equation in the z Direction. Using these
conventions, the finite-difference gas-momentum equation in the z direction is
where At is the time-step size.

2.1-17 NUREG/CR-4391-
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: VA V " VA,V,"
V,n ., ( r ,0, r e l / 2 ) - V,n ( r,0, z .1/ 2 ) - N

s
4

or rd)

: DV,"( r ,0, z 41/ 2 )

{ [ V,( r,0, z e l ) - V,( r,0,z)]"

i

p(r,0,z+1) p(r,0,z)"'' i

p"( r,0 z + 1/2 ) &
, ,

,

C,", ( r,0, z 1/ 2 )
V,n( r ,0, z + 1/ 2 )

2(r,0,z + 1/2 ) p"(r,0, z +1/T )

I ","( r 0,I + 1/ 2 ) V,"''(r,6,z + 1/2 ) - V '"'( r,0, z 1/2 ) fg ,

C,", ( r ,0, z + 1/ 2 )
V,n( r ,0, z + 1/ 2 )

*

2(r,0,z 1/2) p"(r,0,z el/2)'

<

V "''( r,0, z + 1/2 ) - g 4 g (2.1-58)

Any finite-difference scheme requires certain quantities at locations
where they are not defined formally; therefore, additional relations are
needed. IRAC-Bil/M001 obtains the volume properties a and p, at the celli

axial interface from a cell-level weighted average. For example,

&(z)a(r,0,z) + &(z +1)a(r,0,z +1)n(p,g,f,377) _ (2.1-59).

&(z) + &(z+1)

This averaging is necessary to compute arcurately the gravitational pressure
heads.

The cross-derivative term QY, reflects a dor.or-cell average

VA V, V,(r+ 1/2 0,z +1/2)[ V,(r +1,0,I+ 1/2) - V,(r,0,z + 1/2)].

O
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+ V,( r 1/2,0, r e l/2 ) [ V,(r,0,/ 41/2) V,( r - 1,0, / 41/ 2 ) ] (2.1-60)

where

V,(r + 1/? ,0,/ .1) &(/) . V,(r e l/2,0,/) &(/ 41)
V, ( r e l/2,0, / 1/2 ) min - - -. , 0

&(/) e &(/ 41 )

(2.1-61)
and -

V,(r 1/2,0,/41) &(/) e V (r-l/2,0,/) &(t el)7V,(r 1/2,0,/ e l/2) max - --- . _ _ - --- . - - - ,0 .

&(/) + &(/ +1)

(2.1-62)

in the above equattons, min and max are the mathematical functions of
minimum and maximem of the terms inside the brackets. An analogous expression

holds for the Q{ term. lhe usage of central differences was dropped
because of problems with numerical instabilities.

The radial component of the velocity at the axial location (p l/2) is
obtained from

1
V, ( r.0, / e l/2) 4 ( V,(r e l/2,0,/) e V, ( r -- l / 2 , 0, / )

-

-

+ V,( r .1/2,0, / e l ) * V, ( r - 1/ 2,0, / .1 ) ] ; (2.1-63)

a similar expression applies to V (r,0,nl/2).o

The avial dif ference of V, includes some cross-sectional area weighting
to eliminate problems with pressure drops across area changes and is similar
to the gradient terms in the one-dimensional component .
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,

V, ( r,0, z + 1/ 2 ) FA,,,,2

FA,,,

-

'(r,0,z-1/2) FAz~1/2
if V,(r,0,z+1/2) 2 0;

FA,
,

V,( r,0, z + 1 ) - V,( r,0, z) =
V,(r,0,z+3/2) FA .3/2

FA , , ,

- V,(r,0, z+1/2) FA .1/21

, if V,(r,0,2+1/2) < 0
( . < . ,

(2.1-64)

where

vo (r,0,z+1)
FA''' = (2.1-65)

&(z+1)

'

and

FA' = v (r,0,z) (2.1-66).

&(z)

The spatial differences for V, are, in the r direction,
,

'V,( r,0, z +1/2 )

- V,(r-1,0,z+1/2) if V,(r,0,z+1/2) 2 0
V,(r+1/2,0 z +1/2) - V,(r-1/2,0,2 1/2) = ~

V,( r+ 1,0, z +1/ 2 )

- V,(r,0,z+1/2) if V (r,0,z+1/2 < 07

(2.1-67)

and, in the 6 direction,

NUREG/CR-4391 2.1-2C
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U
'V,( r,0, z 41/2 )

- V,(r,0-1,z+1/2) if V (r,0,z+1/2) 2 0eV,(r,0 +1/2,z 41/2) - V,(r,0-1/2,z+1/2) = ~
V 0+1,z41/2)

- V,(r,0,z el/2) if V (r,0,z+1/2 < 0o

(2.1-68)

Note that the V uifferences in the r and 0 directions do not contain the
flow-area weighling of- the z-direction difference.

2.1.6.2 Combined-Gas Mass Equation. The convective terms in the
finite-difference relations for the scalar field equations are in conservative
form. The finite-difference form of the combined-gas mass equation is

""' P = ""Ps - FA .1/2 (""P"V"z''),.in z-1/2.(EP"V"')M/2- FAz s 8

* FA .1/2 (""P"V"c''),.m - FAr-1/2 (""P"V"r' ),y FA .1/2 (""P"V"e'')o.1/2r g s a s

- FA 1/2 (""P"V"o'')ea/2* OI I*'' + S0 " (2.1-69)a 9 8

where vol is the hydrodynamic cell volume, FA is the flow area at the,

mesh-cell edge, and SM, is the gas source term for all one-dimensional
components connected to the cell,

2.1.6.3 Combined-Gas Energy Equation. The combined-gas energy equation
is

a"'' p" * 'e['' = a"p"e," . FA .b2 (""P"e"V[ ' ),.m2 g

- FA, _3,2(a"p"e "V[*'), + FA .1/2 (""P"*[V ')r.1/2r-1/2 (u p"e[V;"'') ,,n- IAr

,

1
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O
- FA .3,7 (a"p"e,"V,"''),,,g - FAe-1/2 (""P"e "V"'')pf 7- P"' (""'' - "")g oo

,

(FA a"V,"''),, - (FAa"V[*') + (FA a"V,"''),,,,,- (FA a"V[''),-
#

+ (FA(V,"'')g, , - (FA(V[*')em + At (q ",'' + q f,'' + I'" *'h "'') . (2.1-70)

The diffe 'encing of the other scalar equations (the total mass and energy
equations, the noncondensable-gas mass equation, and the liquid-solute mass
equation) is similar.

2.1.6.4 Source Terms. All of the field equations in the three-
dimensional VESSEL can have additional source terms to allow piping to be
connected anywhere in the three-dimensional mesh. The source terms in the
mass and energy equations follow below. The subscripts 10 and VESSEL indicate
that quantities are obtained from the attached ID components and the VESSEL,
respectively; the subscript D represents the donor based on the velocity g;
and the summation is over all one-dimensional components connected to a given
vessel cell.

Overall Mass-Continuity Source Term

SN,"' ' = (ap )o" (V[''FA),, 4 [(1 - a) pg]o" (V,"*' FA) (2.1-71)g
kal

Combined Gas Mass Continuity Source Term

K

SN[*' = { (ap )o" (V,"''FA) (2.1-72)g
k el

Overall Energy Source Term

x

SQ = { [(1 - a)pte,)o (V,"''FA) + (ap,e,)o" (V[''FA),,
"

k =1

* OVESSEL
~

o 10 10,

Combined Gas Enerny Source Term
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K

SE,"'' = { (ap,e,)" (V,"''fA) + Pvtsstt"o (V"''fA)w (2.1-74)
"

o
k=1

Noncondensable Gas Mass Continuity Source Term

L

SA "'' = { ( ap,)," (V,"''rA) (2.1-75)
k=1

Liquid Solute Mass Continuity Source Term
._

SC "'' ( 1 - a) pe ' (V"''fA) (2.1-76)m g

k =1

The momentum source terms are complicated by the staggered differencing
and i>y the fact that allowable one-dimensional components may enter at an
arbitrary angle. For TRAC-BFl/ MODI, we have assumed that the one-dimensional
component attaches normal to the VESSEL mesh-cell face. The basic forms for
the liquid and vapor riiomentum source terms follow.

Liquid-Momentum Source Term

E [(1 - ") PtV FA)" (V fA)" + (V fA)"
*

t e e3 3 -
'

(1 - a)p,]Ctsset ' V0 7 "k4 p
< E ;vtsset

Vapor-Momentum Source Term -

f ("Pv
V FA (V,FA)" + (V,FA)"e

U (ap )Ctsset ' Vo l " py

< N > VESSEL

The E in the two previous terms is the distance between the centers of the
two cells separated by the mesh-cell face under consideration. The
(V,FA)y3 is the product of the velocity and the flow area at the cell face
opposite YE the one of attachment, and these momentum source te'rms are applied
to the momentum equations written at this opposite face.

The existence of the momentum source terms is dependent on the sign of
the velocities in the VESSEL to keep the VESSEL donor-cell momentum equations
consistent. For example, if the nearest VESSEL liquid velocity indicates that
the flow is into the one-dimensional component from the VESSEL, then the
source term is set equal to zero.

2.1-23 NUREG/CR-4391
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The finite-difference equations thus formed for the VESSEL. component are
semi-implicit, because the pressure gradient terms in the vapor and liquid
momentum equations are treated at the new time. A Courant stability
criterion,

L & rM & r$ or (2.1-77)
At < 7 = min

, , - , ,

gr gr (2 tr tr

is necessary,

if hardware structure exists in the mesh cell, the hydrodyaamic FA and
vol are reduced from their geometric mesh-cell values. Thus, FA may be less
than or equal to the geometric mesh-cell area, and vol may be less than or
equal to the geometric mesh-cell volume. When FA is zero, ail fluxes across
that plane, as well as the individual velocities of each phase, are
suppressed. This procedure allows large obstacles, such as the downcomer
walls, to be modeled properly. The user specifies the flow and volume
restrictions. (There are no constraints in the code to restrict FA and vol to
be less than or equal to the geometric values, although the code user should
adhere to such constraints.)

The number of independent variables is limited to V , V,, T , T,, a, and p
e eby using the thermal equations of state,

pt = p, (p , 7, ) (2.1-78)

p, = p, ( p , T,) (2.1-79)y

p, = p,( D,, 7 ) (2.1-80)g

the caloric equations of state,

ee = e,(p,T,) (2.1-81)

e, = e,(p , T,) (2.1-81)y

e, = e,(p,, T,) (2.1-83)

and the definitions for p,, e , and p (Equations (2.1-14), (2.1-15), and
g
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/

(2.1-16)].

The horizontal stratification or void gradient force in the radial and
azimuthal momentum equations is computed in the same way as in the
one-dimensional components. The force is partitioned between the two phase
based on the relative inertias of the phases rather than being added to the
liquid momentum equation as in the one-dimensional components.

The full set of momentum equations is evaluated in subroutine TF3E. The
mass and energy equations are set up and linearized in TF31. Final solution
of the equations occurs in FF30.

2.1.7 Modifications to the Field Equation Set

Because of the choice of independent variables in the solution of the
one-dimensional field equations (total pressure, air partial pressure, void
fraction, and liquid and vapor temperatures), the basic equation set becomes
singular at void fractions of 0 and 1. To avoid this problem, we replace the
liquid mass equation with a mean mass equation at these extremes. At a void
fraction of zero, the gas mass and energy equations are replaced with
equations setting the void fraction equal to zero and the gas temperature
equal to the saturation temperature based on the total pressure. At the other
extreme, the replacement equations set void fraction equal to one and the
liquid temperature to the saturation temperature based on the partial pressure
of the water vapor. When a transition first occurs from pure gas to a
two-phase mixture, the proper mass equations are used; but the replacement of
the vapor energy equations is maintained for one time step to avoid numerical
p robl ems .

These equation replacements are avoided in the three-dimensional

formul ation by using a"'', p"'', (1 - x)"'', T"'', and a"*'T,"*' as independent
t

variables in the solution procedure. However, this approach was found to be
inadequate when applied to the iterative equation solution used for one-
dimensional flow.

When the pressure exceeds the critical point, the field equations are
also singular, and a replacement might be expected. However, to model this
regime with minimal code changes, we have chosen to slightly modify the
thermal properties of steam. The code limits the calculated steam density to
never exceed 0,999 times the liquid density, thus preventing a singularity
from arising. Also, at pressures above the critical point, the calculated
saturation temperature is forced quickly to a high value to drive a phase
change to a pure liquid system.

2.1.7.1 Modifications to the Regular Momentum Solution. There are many
situations and places in the code where the regular momentum equations as
discussed in the previous sections are modified or are not used. These
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situations and places are

Water packing.

Counter-current flow limiting (CCFL).

Choking.

First face in separator component side arm.

Location of turbine blades in turbine component.

Turbine separator.

Pump impeller.

teak path.

TEE component joining cell..

Most of these situations will be discussed in subsequent sections of this
report. The water packing modifications will be discussed here, since the
modifications to the regular momentum solution are the same in the
one-dimensional and three-dimensional component models.

2.1.7.2 Water Packing. The water-packing logic in the code is triggered
under certain conditions (but not all conditions) when the code attempts
during a time step to overfill (pack) a liquid-full finite-difference mesh
cell or to over-extract (stretcn) liquid from a liquid-full cell. The
physical analog to water packing is a water hammer; when cold :ater surges
down a dead-end pipe filled with steam, a large pressure spike occurs when the
last steam collapses and the water fills the pipe. Because of the low
compressibility of liquid water, the spike has a very short duration.

In any Eulerian finite-difference scheme, the boundary of a mesh cell
behaves like the dead end of a pipe in a water hammer. This is especially
true when condensation is present. Consider a one-dimensional mesh cell with
pure liquid entering from the left and pure vapor flowing in from the right to

i condense on the liquid. It is not possible for a standard finite-difference
i momentum equation to produce a liquid mass flow out of the right cell face

that exactly balances the flow in the left cell face at the instant when the
cell fills with liquid. In fact, when strong condensation is present, the

; momentum equation generally will predict a liquid velocity into the cell on
the right face. This circumstance produces a numerical dead end for the
liquid. Unlike the water hammer, the final solution is not to halt the flow
but to push the liquid on through the right cell face. As with a hammer, this
is accomplished with an abrupt increase in pressure.

The simplest way to remove these packing spikes is to run with a higher
time-step size. The large time-step size helps, because the change in

| momentum in a time step is the product of the time-step size and the change in
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,

the pressure. At larger time steps, the same change in momentum can he
; accomplished with a proportionally smaller change in pressure.
|

During the calculation of a reactor transient, it is often not possible,

to force the time step to high enough values to solve the packing problem. In
TRAC-Bfl/ MODI, we have adopted a method for mitigating water packing, which is
similar in spirit to shock-fitting techniques. Logic has been installed that
detects pressure excursions caused by water packing. When they occur, it is,

'

clear that the finite-difference momentum equation is producing invalid
results. Therefore, we modify the equation at those locations and times to
obtain a better solution. A standard motion equation at a cell edge can be,

written as

V?.*|: = V?.nz + a + b {p"^ - p{.*|h . (2'I'8A)2 j
,

:

!

Additional force terms are incorporated in the term a, and b includes the
time-step size and inverse of mesh length and density. If packing is detected
in cell j, the equation is modified to the form

I

V?.'|iz = V?.uz + a + b (cp;"^ - p3.|} . (2.1-85)
"*

l The constant c multiplying p;"" is taken to be a large number (10 ) so that6

f only small changes in the pressure of the j'h W1mmWMb@uhW
appropriate velocity for the liquid outflow. To prevent excessively large
vapor velocities, the value of the coefficient b in the vapor equation is set

; equal to the corresponding coefficient in the liquid equation.
I

j In a given cell of a component (either one- or three-dimensional), the
code does not consider the water-packing logic if the cell void fraction isi

greater than 0.15, if the liquid in the cell is superheated, or if the net
mass flow is out of the cell. Also, the code cannot make adjustments at a
cell interface or test acrosg that interface if the associated flow area isless than or equal to 10"g m Further, the code does not consider adjacent
cells in which the void fraction is less than 0.1. The code predicts the
change in the current cell pressure to give a new pressure; if the predicted >

pressure change is negative, the code transfers to logic to detect stretching.' '

If the pressure rise is greater than or equal to 0. then the new pressure is
compared to a maximum value P which is computed as

p. = max fp ", p," p " - p[, 0. 02 p " (2.1-86)+ maxj j j ,

where p" equals the pressures in all adjacent cells. If the new pressure is
greater than P,, the momentum equation for the face meeting the void
fraction tests is modified, as shown in Equation (2.1-85).

The void-fraction tests ensu e that the water-packing logic will not,

.
.
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smooth out a true water-hammer-type phenomenon in the calculation, while the
pressure checks prevent the logic from bcing triggered too often. If, through
the tests, more than one interface of a given cell permits the water-packing
correction, the code applies the correction only at the interface across which
the void fraction difference is highest. The code does not permit the
wat9r-packing correction at the interface opposite a FILL component if the
velocities at both interfaces have the same sign or at the interface at which
the PUMP component source is applied.

The stretching logic is similar, although the code looks for a pressure
drop in the current cell that reduces its pressure to less than

P,in

where

P,in max (1. , P,"*' , P ) (2.1-87)

P "'' saturation pressure based on Tf' - SK (2.1-88)=

P - m i n (P ", P,") - max (P;" - P " 0.02 P") (2.1-89)j j

with the additional constraint that the prajected pressure must be less than
the saturation pressure corresponding to the current liquid ter.'perature
minus 5 K. The final constraint for stretching is that the test pressure
cannot be below the lower pressure limit for the equation of state (see
Appendix A). For a stretch, the code does not make an adjustment at a given
interface if the void fraction on the other side of the interface is less than
or equal to 0.1, if the liquid velocity at the interface is into the cell in
which the stretch is detected, or if the PUMP component source is applied at
the interface.

The first criteria ensures that the test pressure will not be lower than
the lower pressure limit for the equation of state, while the second criterion
ensures that the test pressure will be no lower than the estimated saturation
pressure in the cell based on the liquid temperature minus 5 K.

The search over all adjacent cells and the use of the maximum pressure
difference between adjacent cells in oetermining P and P attempts toindetermineifthepressureinthecellsticksoutrMative[othecellsaround
it.
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2.2 HEAT CONDUCTION IN SOLID MATERIALS
.,

Because the nuclear reaction in'the core of a PWR generates energy inside
the fuel, which moves to the primary fluid and crosses the' steam-generator
tubes to the secondary fluid, the code must calculate the heat conduction in -

- the fuel and the steam-generator tubes to simulate correctly the heat transfer '

processes involved in thermal energy transport. Also, the passive- solid -'

structures, such as piping walls, vessel walls, and the internal vessel ;

structures, represent significant metal masses that either can store or,

release large amounts of thermal energy, depending upon the reactor coolant
temperature. Therefore, the code needs to model these additional structures,
also.

Because the heat flux in a solid material is a vector quantity, the
following general equation describes the heat conduction process in an
arbitrary geometry:

a(pc T)
+ V i = q"I (2.2-1)p

at

where p is the local density of the solid; c,, the specific heat at constant

pressure of the material; T, the local temperature; U, the heat flux; q''',
,

the local volumetric heat generation rate; and t, time. In practice, the
| product pc is assumed to be constant for purposes of taking the timep

derivative. .

The heat flux 3 can be expressed in terms of the temperature gradient by
Fourier's law of conduction:

q = -k VT ( 2 '. 2 - 2 )
1

where k is the thermal conductivity of the material. Therefore,
Equation (2.2-1) becomes

,

pe b = V(kVT) + q"' .

; p at
- (2.2-3)

Writing this equation for one or two dimensions in Cartesian ifnd-
cylindrical-coordinates is a straigStforward task-described in Section 9. The

- code solves the one dimensional conduction ' equation implicitly, although the-
solution of the two-dimensional cylindrical conduction equations for the fuel

-

' - rod modeling is implicit in the radial direction and explicit in the axial
- direction. 'This explicit solution of the axial conduction in the fuel rod

| introduces an additional time-step limit for the code, which generally is
-

; important only when the axial increments in the conduction mesh become small.
We will not discuss here the finite-difference forms of these equation:,
because they shed little light on the main purpose of this document.

;
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tquation (2.2-3) does recuire boundary conditions on the inside and
outside surfaces of the heat structure. The code permits two types of
boundary conditions. The first is an adiabatic boundary

&!
- 0, (2.2-4)
(s sur t m e

where ( is length measured in the direction normal to the surface. The second
boundary cond;t en permits active heating or coc'ing of the surface by
.anvection.

- k _Si lI h (7 - T,,,g ) (2.2-5)s m, 3,

dClsetace

where Newton's law of cooling is used to describe the convective transport of
thermal energy into the fluids.

Appendix B discusses the solid material properties required by the heat
conduction equation.

O

O
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3. FLOW REGIME MAP

The two-fluid macel used in TRAC-BFl/ MODI requires using some auxiliary
relations for the source terms in the basic six equations. The auxiliary'

relations that express the rates of exchange of mass, momentum, and energy
between each phase and its surroundings take on different forms for different
flow patterns. As an example, two-phase flow patterns affect the rate of
vapor generation in direct contact with the walls, and this term is important
in determining mass exchange between liquid and vapor. Both the exc?ange of
energy and momentum at the interface between vapor and liquid depend on the
interfacial area per unit volume and the topology of the two-phase flow. For
these reasons, it is important to identify the flow regime in each hydraulic
cell before proceeding with the solution of the flow equations for that cell.

3.1 BASIS FOR FLOW REGIME MAP IN TRAC-BF1/M001

The interfacial package and wall heat transfer routines of TRAC-BF1 use a
relatively simple flow regime map, which consists basically of two distinct-
patterns--liquid-continuous at low void fractions and vapor-continuous at high
void fractions--with a transition zone in between. The liquid-continuous

p regime applies to the single-phase liqHd flow, bubbly / churn, and inverted
\ annular flows. The vapor-continuous r ;ime applies to the dispersed droplet

flow and single-phase vapor flow. The transition regime involves
annuler-droplet and film flow situations, depending on the void fraction and
other flow variables.

The criterion for transition from the liquid-continuous zone is defined
in terms of a transition void fraction, a that is a function of flow
conditions and channel geometry. ThecriEei,tonfortransitiontodispersed
droplet flow is a void fraction that is 25% above am.

This flow regime r"ip is based on Andersen and Chu's wur'."
modified flow regime map that was originalg suggested by Ishii "It is aIn his
derivations of the drif t-flux model, Ishii suggested two simple flow regime
transition criteria that, in his words, "are based on the relative e tion
between phases and are consistent with the concept of drift-flux model".;

Andersen and Chu modified Ishii's criteria for transition between the
different regime and stated its basis in the following terms:

I Transition between bubbly / churn and annular flow takes place when.

| the liquid in the film (or entrained droplets) can be lifted
| relative to the liquid velocity in the bubbly / churn flow regime.

This criterion is mathematically expressed as a relationship between
void fraction, a, the distribution parameter, C , and the densityo
ratio of liquid and vapor.

Transition between annular flow and dispersed droplet flow is given.
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by the onset of entrainment. This is expressed mathematically by
the entrainment correlation, in terms of the superficial phasic
velocities, j, and j,, hydraulic diameter, O and physicaln ,

properties.

3.2 IMPLEMENTING ASSllMPTIONS

The flow regime map that was originally developed for vertical flow is
assumed to be usable for both vertical and horizontal flow components. Hence,

the same set of flow transition criteria are used for all flow directions with
no variation. --

While the interfacial package and wall heat transfer calculations use .

similar logic for flow regime identification (with the exception of the
interfacialshearmodel),thewallfrigioncalculationusesadifferentlogic
that is an integral part of the Hancox two-phase flow multiplier.

3.3 CONSTANT VOID FRACTION INTERVAL FOR IRANSITION REGION

The criterion for transition between annular-dispersed and dispersed
droplet flows is not observed strictly in the coding. Instead of using the
onset of entrainment as the criterion for this transition, a 25% window of
void fraction above the transition from bubbly / churn to annular flow is used
for indication of complete transition to dispersed droplet flow. This
approach is based on the assumption that droplet entrainment may exist even in
the bubbly / churn flow regime, and certainly will exist as soon as annular flow
is initiated. As the void fraction increases, the intensity of entrainment
will also increase and, at the end of the transition region, droplet -

entrainment becomes 100%. This is a helpful assumption in the calculations,
and it appears to be logically reasonable. However, no assessment has been
made of the effect of changing the 25% void window to another value.

The 25% void fraction window used in TRAC-BFl/ MODI is different than the
10% void window implied in Reference 3-1. Repeated calculations in aifferent
cases have shown that the 25% window provides a smoother changeover and less
discontinuity in computations.

3.4 AS-CODED FLOW REGIME MAP

TRAC-BFl/ MODI does not feature a central and separate flow regime
calculation scheme. Instead, the subroutines dealing with interfacial heat
transfer, wall heat transfer, and interfacial friction include similar coding
for determining flow regimes internally.

The prevailing range of the different flow regimes and the identical

NUREG/CR-4391 3-2 j
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O features of the flow regime determination logic in different subroutines of
TRAC-BFl/ MODI are the following (see Reference 3-1):

. ' Bubbly / churn flow for.a < a,,,n

Annular flow for a,,,, < a < a ,,n + 0.25, and.
t

Dispersed droplet flow for a > ag e,n + 0.25.-

where

1 + 4' 1 4 - 0.15 (3-1)g ,,c =

Y, C Yo

in which

Ety- (3-2)
Py g

*

C, = C. - (3-3).

Y

The C, factor is calculated differently in different routines, as will be
discussed in the naxt section. Further remarks regarding the actual coding of
the flow regime transition criteria are discussed-in the sections for the
models where the criteria are applied.

3.5 VARIATIONS IN APPLICATION

Calculations of C, are done identically in the interfacial heat transfer
and in the wall heat transfer models, while a different formula is used in the
interfacial shear model .

3.5.1 Babbly/ Churn to Annular Transition in Interfacial Heat Transfer

In interfacial and wall heat transfp4r calculations, the C, in Equation
(3-3) is calculated by using Nikuradse's correlation for peak-to-average
velocity ratio in single-phase flow (see References 3-1 and 3-2). This
correlation gives

C = 1.393 - 0.0155 log (Re) (3-4)

3-3 NUREG/CR-4391
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where
|

GD
'

Re - (3-5) |
n

IN

As may be seen, Equation (3-4) is a weak function of the Reynolds number;
this makes the flow transition criterion almost independent of flow velocity
and hydraulic diameter.

3.5.2 Bubbly / Churn to Annular Transition in Interfacial Shear.

In the interfacial shear model, C, is calculated with the following
equalion

'O.5

3k (3-6)C. 1.0 4 0.2
G

l

l

Thi is a slightly modified version of the C correlation suggested by i
Rouhani.p4 o

The original correlation was based on a wide range of
,

experimental data from void measurements in different geometries, including
several rod bundles. Equation (3-6), which is derived from two-phase flow
data, gives better agreement of the overall computation results with data when
compared to the same computations performed with Nikuradse's single-phase ;

velocity ratio.

It may be observed that, according to Equation (3-6), C has a stronger
dependence on flow velocity and hydraulic dianeter than is indicated by
Equation (3-4). This difference in C, calculations leads to noticeably
different trends of void fraction at the transition from bubbly / churn to
annular flow regimes. Equation (3-4), which is used in interfacial heat
transfer, makes a almost independent of mass velocity, while Equation (3- !ty,
6), which is used in the interfacial shear model, shows a considerable 1

variation of mass velocity with a or vice-versa.tran,

i

)

3.6 ASSESSMENT

No isolated assessment of the flow regime maps in TRAC-BFl/ MODI has yet
been performed.

3.7 SCALING CONSIDERATIONS

The rationale used for calculating void fraction at transition between

NUREG/CR-4391 3-4
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bubbly / churn and annular flow is based on using the non-dimensional quantities
y and C . The density ratio, y, is quite independent of geometric scale; and
C, has been cgrrelated in terms of flow and hydraulic diameter. The data base

2
used by Ishii for comparing his derivations for C, with experiments, covers
a range of hydraulic diameters from 0.006 to 0.168 m (see Appendix C).
However, as will be shown in Section 6.1, the procedures for C, calculations
are based on logical derivations and non-dimensional quantities and not on any
set of experimental data. With these considerations, it may be claimed that
the flow regime transition criteria in TRAC-BFl/F'11 have no scale-dependent
limitations.

3.8 CONCLUSIONS REGARDING FLOW REGIME MAP AND IMPLEMENTATION

A single flow regime map is used for all flow directions in

TRAC-BFl/MODl. This flow regime map considers only three zones, namely, a
liquid-continuous region, a transition zone, and a vapor-continuous zone. The
continuous-liquid and continuous-vapor flow zones are clearly definable in
terms of phasic drift velocities and the distribution parameter. A

mathematical relationship between these parameters gives the void fraction for
transition between bubbly / churn and annular flow regimes. The onset of
dispersed droplet flow is also defined with the entrainment correlation.
Although the extent of the transition zone is taken arbitrarily to exist over
a range of 25% in void fraction, the overall scheme seems to provide logically
acceptable results with simple computational steps. Due to the use of
different correlations for C., there is considerable difference among the
transition void fractions calculated in the interfacial i iction model and in
other routines that use these transition criteria. No assessment has been
made to determine which one of the two C, equations provides a better match to
experimental data regarding heat transfer.
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INTERFACIAL HEAT TRANSFER

) 4. CLOSURE RELATIONS REQUIRED BY
FLUID-ENERGY FIELD EQUATIONS

1

F

Closure relations required by the fluid-energy field equations are
described in the following sections.

4.1 INTERFACIAL HEAT IRANSFER

Interfacial heat transfer calculation is a necessary part of the two-
fluid equation system solution. The.particular focus of the models used for
these calculations is to obtain the variable products (hA)u and (hA)g, which
are the liquid and vapor heat transfer coefficient times interfacial area,
respectively. As in the case of interfacial friction in TRAC-BFl/ MODI, the
interfacial heat transfer variables are dependent.on flow regime and local
void fraction.

The interfacial heat transfer calculations, for both one- and
three-dimensional components, are performed in the HEATif subroutine of TRAC-
BFl/MODl. This section describes the correlations used in HEATIF, their
basis, and their relationship to the interfacial friction model.

4.1.T Background

The interfacial heat transfer model of TRAC-BFI/ MODI is closely related
to the interf acial friction model described in Sect. ion 6.1, and it is based on
t he dt.rivations of Ishii'# and Andersen and Chu .12, which are discussed4

,

in that section. The data base for the working correlations, regarding drift
flux parameters and interfacial area, are basically the same as for
interfacial fr" tion. Due te the logical relation of these two models and
identical derivations, some of the equations derived in Section 6.1 are
reproduced here with only a reference to their derivation. Each equation that'

is used in the coding is marked with an asterisk (*), f ollowed by the variable
name used for the left--hand side of that equation in the coding.

4.1.2 Components of the Interfacial Heat and Mass Transfer

The basic assumptions in the calculations of interfacial heat and mass
transfer are:

The interface is always at saturation temperature corresp9nding to-

the local pressure

Steam and water exchange energy with the interface at a rate which.

i
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INTERFACIAL HEAT TRANSFER

defines any necessary mass exchange for maintaining the interface at
saturation temperature.

The total rate of heat exchange at the interface is !

9i = (hA) a ( T, - T,) + (hA),,(T, - 7,) (4,1-1) ;

|

and the net mass transfu rate in a hydraulic cell is

9'-
P=Pau + (4.1-2)

h,, - ha
,

where P ,n is the rate of mass exchange produced at the channel walls.

According to Equation (4.1-1), the comoonents of interfacial heat
transfer are the interfacial area and the heat transfer coefficients between
each phase and the interface. The temperature differences are obtained from
the heat balance for each phre.

4.1.3 Flow Regime Transitions

As in the case of interfacial friction, the interfacial heat transfer
model recognizes three different flow regimes--namely. bubbly / churn, annular
(transition), and dispersed droplet flows. This scheme of flow patterns and
thecriteriafortransitionsbetweepthemareaccordingtotheworksof
Ishii ''' and Andersen and Chu.'"i-2 Different correlations for the
interfacial area and heat transfer coefficients are used in different flow
regimes. The transitions between different flow regimes are defined in terms
of void fraction:

Bubbly / churn flow for a < a+
tron'

Annular flow for ag e,n < a<a + 0.25, and*
ge,n

Dispersed droplet flow for a > a ,, + 0.25.-
t

where

4' 1 4
1 - 0.15 * , ACA (4.1-3)%n =

Y> C Yo

y -
S , GAMMA (4.1-4)*

\ P9

O
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C* - 1 , CO (4.1-5)C, C- *= -

Y

C. 1.393 - 0.0155 log (Re) , COINF (4.1-6)*=

Re - * , - RE (4.1-7)-
Pt

A few points may be observed cor.sidering-the actual coding of these
equations. Firstly, Re in Equation (4.1-6) is replaced by 1 + Re to make sure
that the logarithm is always positive. Then, C is limited to a lower bound
of 1.0; and, finally, C, is limited to an upper bound of 1.3333, which is the
experimentally observed maximum valve of this variable (see Reference 4.1-1).

Note that the transition void fraction, a is calculated in a manner
similar to that of the interfacial friction ca,s,e,n, However, in this model, C..

is calculated according to Nikuradse's''"' equation for the maximum-to-average
velocity ratio in single-phase flow. This is different than the equatinn used
in the case of interfacial friction. As a result, transitions between
different flow regimes are at different void fractions for interfacial shear
and interfacial heat transfer models. For heat transfer, a,,,n changes very-
slightly with pressure, mass velocity, or hydraulic diameter. But, in the
shear model, a shows a strong dependence on these variables. An example of
thedifferentf,r,endsofatranintheshearandheattransfermodelsisgivenn

in figure 4.1-1.
,

in the transition region, where a a<a 0.25, an interpolation
variable, X2, is used for interpolating,,9r<ift flux,,n + iables between bubblyt

var
and dispersed droplet conditions. This variable, which depends on void
fraction, is calculated according to the following:

Y2 = (3(3& - 2(2) ,. X2 (4.1-8),

2

where

" ~ " " * " , X2 (4.1-9)(', *=

O.25

Note that Equation (4.1-5) is different than the simple relation used- for
the same variable in FRCIF (Section 6.1). The advantage of this formulation
is in providing a smooth changeover of variables at both ends of the
transition region, as the derivative of X2 with respect to (2 (or a) vanishes
at a - a and at a = (a,,,n + 0.25). For consistency, it is advisable toy ,n

4.1-3 NUREG/CR-4391
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Figure 4.1-1. Comparison of flow regime boundaries between bubbly / churn and
annular patterns in the interfacial shear and heat transfer models for a
hydraulic diameter of 0.0145 m.

implement Equation (4.1-8) in the interfacial shear model.

4.1.4 Data Base For Interfacial Heat Transfer

The phenomena related to the interfacial heat transfer, such as the
extent of interfacial area in each flow regime or the local rates of phasic
heat transfer at the interface, are not measurable; thus, there are no data
available for a direct comparison with theories or correlations. The
different formulas presented in this chapter, particularly those concerning
tha interfacial areas, are derived on theoretical basis, using the same
arguments that were employed in the case of interfacial friction. For this
reason, as far as the interfacial areas are concerned, the data base that was
used to confirm the drift flux parameters for the interfacial shear model
(Section 6.1) is applicable to the interfacial heat transfer model as well.
The heat transfer correlations for different flow geometries are based on data
from reasurements performed on heat transfer between similar solid geometries
and a fluid. In some cases, additional numerical multipliers are introduced
to take intn cccount the difference between rioid and fluid particles. These

NUREG/CR-4391 4.1-4
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multipliers are identified following the equations where they are introduced.
The data base for some of the heat transfer correlations that are not yet a
part of the classical literature in this field are given in Table 4.1-1.

4.1.5 Entrainment

In the interfacial heat transfer model, a contribution of droplet
entrainment to the interface is a considered in all flow r' ' nes, including-

bubbly / churn flow. The extent of entrainment changes with paasic velocities
and void fraction. The entrainment calculation in this model is done
according to the same procedure that is described for the interfacial friction
model [ Equations (6.1.43) through (6.1.50) in Section 6.1.8). These equaticas
are

E = (X - 0.03) 1 + (X, + 0.1 )2'
-0 5 , ENT ( 4 '.1 - 10 )*

g

where

10 *(J,* ) 2.s (D *) L 25Re[.25 , XE (4.1-11)*X =
, g

k J
J- a=

p[
'

, XJGS (4.1-12)*

52

Pg

94 , DS (4.1-13)*
C* q=

% o

''
Re , REL (4.1-14)*=

g

Pt

As in the interfacial shear model, the calculated entrainment is modified

in two occasions--when X < 0.03 and when there are some wetted walls and some
drywallsinthesameceil. These modifications are

En t = 0.1 , if X, < 0. 07 , ENT (4.1-15)*

and

4.1-5 NUREG/CR-4391
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Tabic 4,1-1. Data base for heat transfer correlations.

Data Descrip' ion
..

l.ce-Rylev Coo _k et al.
,

Test apparatus Horizontal glass fiber Vertical
in a horizontal duct rectangular

,

channel'

Dimensions:
Cross section (m) 0.025 x 0.025 0.381 x 0.038,

'

tength (m) 0.229 -

HeieSt (m) - 0 965i

Droplet diameter (pm) 230 - 1126 -

,

Droplet Reynolds number 64 - 250 -

Pressure (Mpa) 0.1 - 0.2 Slightly above
atmospheric

' Steam superheat (*C) 2.8 - 13.9 -

!

Inlet steam velocity (m/s) 2.68 - 11.95 -

|
Inlet mass flow rate (kg/s)

| Water - 0.8 - 1.78

| Steam - 0.066 - 0.104
|

| Inlet temperature ( C)
| Water - 73 - 94

Steam - 130 - 141i

|

Ent f + ( 1 - E) ( 1 - W,,t ) . , ENT (4.1-16)*

Here again, as in FRClf, W = WA,/WA is the fraction of the channel
walls that ce in contact with ,a liquid filyg

m. If all the walls are wet, Ent =
E; if all the walls are dry, Ent = 100%, which means all the liquid phase is
entrained as droplets.

Note that in the coding of HEATIF, no void-dependent restriction is

calculated entrainment was modified by using the void-dependent x], multiplier
imposed on entrainment. While in FRCIF (for interfacial friction the

[see Equations (6.1.51) and (6.1.61)]. As a result, there is no entrainment
in the bubbly / churn flow regime for interfacial friction, while some
entrainment is considered in the same flow regime for interfacial heat
transfer. Although this appears to be a discrepancy between the two models,
its effect on the results is not expected to be considerable, as the

entrainment may only have a minute contribution to the interface in

NUREG/CR-4391 4.1-6
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bubbly / churn flow.

4.1.6 InterDcial Area

The relationship between interfacial area and relative phasic velocity in
dif ferent flow regimes is discussed in Section 6.1.6. The resulting equations
from that section are employed here for the interfacial heat transfer.
However, for heat transfer, one should consider the entire interfacial contact
area. (In the case of friction, only the proje:ted area of the- particles had
to 'e considered.) This has - particular bearing in bubbly and droplet flows,
but it makes no difference in the case of annular (or film) flow,

4.1.6.1 Interfacial Area in Bubbly / Churn Flow, Equation (6.1.33) of
Section 6.1.6 is employed, with a critical Weber number of We a6
bubbly flow, to calculate the average bubble size, interfacial are.5 fora, and the
number of bubbles 'per unit volume (see Reference 4.1-3). These calculations
begin with determining the relative phasic velocity in each flow regime. In
bubbly / churn flow,

N"
, VROB (4.1-17)-= *

,c,
1-a 2

p

|

[

l [ Note that in the interfacial shear model, an exact equivalent of Equation
| (4.1-17) is used for bubbly / churn flow in pipes, while Equation (6.1.40), with
j a (1 - a) divider, is used for rodded bundles.]

Substittting V, with V,,, from Equation (4.1-17) and using We, = 6.5 (see;

' Reference 4.1-2) yields the inversed bubble diameter as

1 __ PE"2
-

* * , DIAB (4.1-18)
d 6.5aw

This inversed diameter is limited to 10'' m'' in the coding, and an
average bubble diameter is calculated, using the largest of ds' or 10'I .

(Normally, ds' is very large compared to 10'', and dig turns out to be a-small
number.)

1

dm .= , DIAB (4.1-19)*-
3Nax[ds,10~'}

This bubble diameter-is checked against three criteria and adjusted, if
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necessary, in order to keep its value within physically meaningful bounds.
The limiting values are a minimum diameter of 0.0005 m, an upper limit of 0.5
D , and a void-dependent maximum average diameter ofn

/ *1/3
,

0" * , DIABMX (4.1-20)d = -tm
,10 n ,

7This maximum diameter is based on assuming a limit of 10 bubbles per
3

unit volume (m ). Hence,

if dm < 0.0005, then d is msd to 0. W h
m >(or.5 D , then d ,g,is reset to 0.5 D , andif d 0

n i n
i f d,3 0.5 D ) > d Gen d is reset to dn im , ig o.

'The final d is used to calculate the interfacial area of bubbles per unit
volumeoftbehydrauliccell

,

,

'

6a
Am = -- . , AREAB (4.1-21)*

o
ib

|

|

This final d is also used to obtain a corresponding number of averagem
bubbles per unit volume

6a
N =

CNB (4.1-22)*o
3 ,

ib |

|

Variations of A with void fraction for three different mass velocities at am
pressure of 7.0 MPa are shown in Figure 4.1-2. There is no effect of mass i

velocity on the interfacial area of the bubbles, as might be expected, since |

the bubble diameter is not affected by this variable. |

4.1.6.2 Interfacial Area in Annular Droplet Flow. The interfacial area I

in this flow regime may include contributions from a liquid film on the walls
and from droplets in the gaseous core. Each of these areas is used with a |
different heat transfer coefficient that is relevant to its regime. |

The interf acial area per unit cell volumc for the droplets is calculated |
in a manner analogous to that of the bubbles.

6(1 - a )g
A;g ,ME H.1- W*= --

Da

1,

0
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Figure 4.1-2. Variatione f the interfacial area per unit volume in bubbly
2flow (p - 6.81 MPa; mass uocities in kg/m s).

where a is the void fraction corresponding to the annular core of vapor andg
droplets

g = 1. -(1 - a)fnt , ALPD (4.1-24)*a

and D is the average droplet diameter calculated frome

(Weg
D= , DIAD (4.1-25)*

e -

p Max Vrm, j 2g

numerical value is set at 2.7 for these calculations.''"gr for droplets; itsWe in Equation (4.1-25) is the critical Weber numbg

V is the relative droplet velocity that is calculated according to one
oftheYollowingequations:r

O
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O'0.25r

9V,g = 1.414 * , yR00 (4,1 26)

P9 t<

or

3o (g@) y-? , VROD (4.1-27)*y,g =
.

Ps WPs

Equation (4.1-27) is used only if the following condition is satisfied:
*-1/12

9"1.456 <j.
, XJCD (4.1-28)2 *

Ps o,

op,\ 94 ,

Equations (4.1-26) through (4.1-28) are based on Ishii's work''''' and
represent V, = vg /(1 - c) for dispersed liquid flow. Figure 4 1-3 shcas.

typical variations of the droplet interface area per unit volume as a function
of void fraction. In comparison with the interf ace area per volute for the
bubbles, the droplet interface has a much stronger dependence on the mass
velocity, and peaks at higher void fractions, where the entrainment is at its
maximum.

Note that although V should be identical for interfacial heat and
interfacial shear calculai.gions, Equations (6.1.55) through (6.1.59), which are
used for calculating''this variable in the shear model, are somewhat different
as they include a a multiplier and some dependence on Re Since those
equations are the result of a more recent development, it m,.ight be advisable
to change V calculations in HEATIF to match those in FRCIF.7g

In the HEATIF cooing, a number of limitations are imposed on D to make
sure its ca. :ulated value is within physically meaningful limits. ihedroplet

| diameter is bound between a minimum limit of 0.2 mm and a maximum limit that
; is the least of 0.25 0 or a droplet diameter calculated for the given void
| andtheassumptionofI,O dropiets per m of the vapor phase, which yields6 3

'0.333

| 6(1 - a) , DIADMX (4.1-29)*
z) =

'

6
(10 n + 1).

Contribution of the liquid fii., to the interfacial area is described in

| the following.

O1
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Figure 4.1-3. Variations of the interfacial area per unit volume in droplet
2flow (p - 6.81 MPa; mass velocities in kg/m s).

4.1.6.3 Interfacial Area in Annular Film Flow. The interfacial area per
unit volume due to the liquid film depends on the film thickness, which ; -

liquid flow area that is not occupied by the kiquid film. , is the fract.on of
obtained from the film liquid fraction,1 - a , in which a

a, 1 - (1 - a)(1 - f) . , ALPF (4.1-30)*

In terms of this void fraction, the average film thickness may be
expressed as

' C\ , DIAF (4.1-31)*

1 \ a, )b,- 0.50 !s

A minimum film thickness is established from a force b;iance on the

creeping film, which yields

4.1-11 NUREG/CR-4391
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e
,0. 2<

"W , DIAfMN (4.1-32)*
6 ,rtnf *

>
;

9 , Pt

In the coding, the film thickness is chosen as the larger of 6, and

The core void fraction corresponding to the minimum film thickness is
'

2 6, ,,i n , ALPFMN (4,1-33)*
n ] ,

Q ,

'l It should be noted that if there is any liquid entrainment in the vapor
core, a < a , ,,n, and if the liquid film is thick, then a > a With these
consideratio'ns, the filn-vapor interfacial area per unit vol,ume is

gn.

4'ik for a s a ,,nf

, APEAf (4.1-34)*
.

A'I .
.

4 P 1 a,
g a, for a > a , minl'

f

4 1 - a, ,, n

figure 4.1-4 shows variations of the nierfacial area per unit volume in
'

film flow for three different mass velocitics St 6,91 MPa pressure. As
Equation (4.1-34) indicates, the interfacial arnt 1 this flow regime is
insensitive to the variations in mass vek -ity.

4.1.7 Interfacial Heat Transfer Coef ficients

The heat transfer coef ficients for liquid to interface and vapor to
interface are dependent an the flow topcMgy, and different correlations are
used f or the dif ferent flow components i each flow regime.

,

4.1.7.1 Heat Transfer in Bubbly / Churn Flow. For heat transfer between
the continuous liquid phase and the interf ace with bubbles, the Lee-Ryley' "
correlation for Nusselt number is used.

* * CNUB (4.1-35)//u,3 2.0 + 0. i ; ,
.

N W

Note that a factor of Pr 33 that should be a part of this correlat'on (afterU

NUREG/CR-4391 4.1-12
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Figure 4.1-4. Variations of the inter acial area per unit volume in film flow
(p - 6.81 MPa; mass velocities in kg/m[ s).

i

i r

r

| the square root) is left out in the coding. The impact of this omission is an
underestimation of the Nusselt number by a maximum of about 50% for very low

~ water temperatures (around 50 K) and an overestimation of the same variable by
about 5% in the extreme cases. The liquid to-interface heat transfer rates
calculated on the basis of these Nusselt numbers will be off by the same

,

fractions.,

! .'
' . This correlation is based on data from measured r tes of evaporation on
| the surface of small droplets, due to heat transfer from hat air or

superheated steam. A summary of Lee-Ryley's test conditions is given in Table
4.1-1.

Equation (4.1 35) is used to obtain the heat transfer coefficient in the
| following form:

kNu,g ,
* Hit (4.1-36)h , ,, = - . .

4

for the heat transfer between the vapor-phase and bubble surface, the
,

following correlation is employed: *

4.1-13 NUREG/CR-4391
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s

j h,, i n? . ! 2.75 , HIV (4.1-37)*
.

i 3 4 g ;

i

!

| This equat ion is suggested by Andersen and Abe' Larsen,''b6 based on
CORE M 0L-il code development work. The factor 2.7 p /p is used for theg

i ef fect of internal circulation inside the bubbles on he"at convection to the
j surface.

As stated earlier, the interfacial heat transfer model assumes the
: existence of some entrainment even in bubbly / churn flow. Heat transfer

coef ficients for vapop"-to-droplet surfaces are calculated according to the<

Lee-Ryley correlation in the following form:

- _ _ .

I # Pr, '3D , CNUD (4.1-38)*

//u , g 2.0 4 0.74
\ N

1

!

! k,//u,g , Hly (4.1 39)*

is ' -

p
:
I

! for heat transfer between liquid and droplet surface, the following
correlation, which is a modified form of Equation (4.1-37), is used:' b6

j

k,1 2 2 , HIL (4.1-40); h -n _ (2.7) . *
ua

d 3 De

t

lhe numerical f actor of 2.7 is used for the ef fect of internal turbulence
inside the droplet.''"' The overall heat transfer coefficient in bubbly / churn'

flow for each phase in the cell volume is obtained from the individual
interf acial areas per unit volume and their specific heat transfer
coefficients. For the liquid phase,

| (hA)ng Vol(A H +A hica) ,MR M.1-41)*
in ub te

and, 'or the vapor phase,

(hA' , Vo1(A,n H, + A,, h;gg) . ,MW M.l W )*

i
,

! 4.1.7.2 Heat Tranr.fer in Dispersed Droplet flow Regime. In this regime

heat trar.sIe+r c.25), the interface is only between droplets and vapor.(for a > a 0 Thej
oefficient for vapcr to ir,terface is calculated with the

NUREG/CR-4391 4.1-14
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iO
Lee-Ryley correlation''" in the following form:

'd * , HIV (4.1-43) {h ig
()g

where;

I"8 d " " ' ' *

Nug = 2.0 4 0.74 Pr[*333 , CNUD (4.1-44)
N I4,

.

and Equation (4.1-40) is used again for droplet-to-interface heat transfer.

The overall heat transfer rate for each phase in the cell volume is given
by

(hA),,, _ Vol A h,,o , HAILD (4.1-45)*
g

| (hA ) ,,3 Vol A,a ,,a . ,WW M ,1 4 )h *

i

4.1.7.3 Heat Transfer in Film Flow Region. The interface between vapor
and liquid film is defined in terms of the film thickness and hydraulic
diameter of the channel ;

,
'

Dn < I4 - 2 6, . , HDMID (4.1-47)*

In the HEATif coding, a minimum limit of 10'' (m) is imposed on D This i,

u.
diameter is then used in the well-known Dittus-Boelter correlation for heat
transfer between vapor and interface4

h ,, m 0.023 - Re|,,a Pr['3"8 * , HIV (4.1-48)i

where
,

i

" * " . , REV ( 4.~ 1 - 49 )Re,, *=

6%

| Equation (4.148) is used for turbulent vapor flow. However, if O 15n
very small, vapor flow may be laminar. In lieu of checking the'Reynolds

,

I nunber for laninar flow and then using the laminar f!cw heat transfer, the
I !. vapor-t3-interface heat transfer is set as follows:

4.1-15 HUREG/CR-4391
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,

I k
h,,, Nax h , , 4. 0 9 ' , HIV (4.1-50)g

!

!
\ k ,

| in which the term 4.0 " is the heat transfer for laminar vapor flow. This
| Du

Kays'''pi on the classical heat transfer re.ation in laminar flow (see
is base'

i ) that is expre<. sed as Nu - 4.364, with the constant value reduced ;

from 4.364 to 4.
'

,

The liquid film-to-interface t
correlation suggested by Megahed.''jeat transfer is calculated according to ai *

If ti,e liquid is subcooled, then the
| local film to-interface heat transfer is

0.771 C ,m (g v - p)t 1/ 5
:

5
g

h,,, , Hit (4.1-51)*

rD,(tlax Re,,)M

where m, is the total mass flow rate of the liquid film given by

(1 fnt)(1 a) p, V, Vo l
m, , FL0fLM (4.1-52)*

d7

1?/3

C (7, T,)Fi'[g , XJACOB (4.1-53)*
Jax t

h,, 3 p,

4m
Re,, _ _! . , REYf (4.1-54)*

Pr4

However, if (I, I ) = 0 or Re = 0, then the above calculation is skipped
andaconstantheattransferra,leof10 is used (based on the experimentalt 8

,

value of condensation heat transfer).
.

Equation (4.1-51) is based on Megahed's derivation of the heat transfer
between steam and water in countercurrent flows.'''* His derivations suggest
a Stanton number that is given as

O1

NUREG/CR-4391 4.1-16
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:

' O.3 !'

5t = 0.0922 ( ARe ,)4 6 (4.1-55) |g

y ,

,

! where L is the length (height) of the channel,
L' 1/ ^. r 51/2<

3

| A = Ja - C (1, - f,) 3 (4.1-56)g
Po , < Po >,

1

Pv=c (4.1-57).

Pc

' The numerical constant 0.0771 that is used i
obtained from experimental data by Cook et al.''' p Equation (4.1-51) was: The data were obtained <

from measured rates of steam condensation in countercurrent flow inside a i

vertical test section with rectangular cross section. A summary of the test '

conditions of Cook et al. was given i: Table 4.1-1.
"

' It should be noted that, in implementing Equation (4.155) in the code,
the height dimension, L, has been replaced by r0, which is the periphery of
the channel. The correct application of the original equation would require a
lengthy logic to reevaluate the effective height of the channel for the
film-to interface heat transfer calculation, regardless of nodalization
changes and changes in the actual zone of film flow, from one time-step to the
next. Without such lonic, the calculation results would be unnecessarily,

sensitive to the nodalization changes and the course of the transient,,

Having established the local heat transfer coefficients for vapor and
) liquid in the film flow regime, the total rates of heat transfer for the cell
j volume are given by

(hA),,, = Vol A,h , , HAILF (4.1-58)*
u

,

( h A) ,,, = Vo l A,h ,, . , HAIVf (4.1-59)*
i

,

,

The overall liquid-to-interface heat transfer in the cell volume is then-
obtained by adding the contributions from the droplet and the film components

, Hall (4.1-60)(hA)ue,=(hA),,3 +(hA)u, *

,

and, similarly, for vapor-to-interface
,

'

4.1-17 NUREG/CR-4391
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O'
( h A ) , ,3, ( h A ) ,93 (hA)y, , ilAlV (4.1-61)*4 .

,

4.1.7.4 Heat Transfer in the Transition Zone. A final interpolation
procedtre is employed to cover the variations in the overall interf acial heat
transfer from bubbly / churn and annular-droplet to the dispersed droplet flow
regimes. lhis interpolation is done with the void dependent X2 variable that
was defined by [quation (4.1-8). This interpolation takes into account the

.'fractions of each pha.se that are present in any of the named flow regimes.
the overall interf acial heat transfer coef ficient for the liquid phase is

( hA ) ,,, (1 Y?) ((hA),,t, (hA),,g] e X2 ((hA),,3 (hA)i,,] , llAll (4.1-62)*e 4

and the corresponding coef ficient for the vapor phase is

( h A ) ,,, 'l X?) ((h4),,t, (h4),,3] + X2 ((hA)ig * (hA),,,] . *, ilAlV (4.1-63)+

I

changes fhe transition region, where a,,,,p
a < a,, ,4In t 0.25, the X2 variable

rom 0 to 1; and this interpolation scheme adjusts the heat transfer
rates accordingly.

4.1.8 Effect of Noncondensable Gas

presence of a noncondensable gas, such as air, affects the heat transfer
coef f icient in condenution. The HEAllf subroutine includes some logic for
this purpose, if the logic indicates presence of air (noncondensable), the
following modification is made on the liquid-side heat transfer, (hA),,,:

( h4 ) ,,,c C,,c , ( h A ) ,,, , Hall (4.1-64)*

, where
l

| C,,, Nin (1.0, C,x ,] , CNEG (4,1-65)*

|
|

'D.1
C

C,y 0.168 20 , CNCG (4.1-66)*

C,,, ,,

8 ? * , CNrCl (4.1-67)C Na4 10 apvrol
,

NUREG/CR-4391 4.1-18
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.

#ax 104, (1 - a) p,p , CNCG2 (4.1-68)*
C =g

p, p, - p, . , ROS (4.1-69)*=

1

1

|p is the local density of the noncondensable gas that is a component in the
tbtalvapordensity,p,.

,

3

|

introduced in TRAC-P ',r,ection of heat transfer due to noncondensable gas wasThe logic for cpr g
at LANL. It has not been possible to find the

original source of these equations in the technical literature. Furt hermore,
one may argue that the presence of noncondensable gas should affect the
vapor-side heat transfer, (hA) m , rather than the liquid side h at transfer,
as is done in the coding. However, this may be a more cffective way of

.

adequately reducing the overall heat transfer across the interface.

4.1.9 Effect of Horizontally Stratified Liquid Interface

In situations where vapor and liquid are separated due to gravity (at
.

very low axial phasic velocities), the interfacial contact area may be limited!

to the quiescent liquid surface and the heat exchange may be restricted,
.

regardless of void fraction in that volume. The existence of such a separated
,

liquid level in a volume is detected independently by the level tracking model
in the code. In these situations, when the void fraction above the liquid
level is > 0.999, interfacial heat transfer in the steam volume above the
level-is ignored, the (hA) and (hA) terms are proportioned to the liquid
heightinthevolume,andDIecontribN,ionoftheheatexchangeoverthe
liquis level is added to these components.

level is based on a correlation given by Holman'-(c,omponents across the liquid
Calculation of the interfacial heat transfe

for free natural
convection in air above a horizontal surface. The original form of this
correlation, given in British units, is >

h =0.22(S)''3 (4.1-70)g .

This correlation was converted to S.I. units and modified by Chu' to
take into account the heat conductivity of vapor instead of air, for which the4

correlation was suggested, by using the ratio of the two conductivities. The
result is '

a. Private communication, K. H. Chu, General Electric Company, San Jose, -CA,
October 7, 1987.

i
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I
N (4 l'7I)

0.0305
(S )"5t. g 1.027

in which L is the local heat conductivity of the vapor and 0.0305 is the heat
conductivilyofairatstandardconditions.

i
lhe overall interfacial heat transfer rates for liquid and vapor in a

volume with st ratified liquid level are then calculated as

; (h4),,, (hA),,f/, + 1.027 A, 32. 79( | 7, - 7,| )ND/, , ilAll (4.1 72)*

and

(hA) , (hA)gDz, 4 1.027 A 32.79(|7, 7,| )"5fl . IIAIV (4 1-73)*
y 3

for liquid and vapor, respectively, in these equations, (hA), and (hA)g,
represent the overall heat transfer rates for liquid and vapor,,that may
include contribution from different flow regimes, Dz is the height of the
st rat ified liquid in the volume, 32.79 is 1/0.305, a,nd D7, is the area per
unit volume of the cell.

,

!

4.1.10 Implementation in Coding

lhe coding of the Hl Alli subroutine is very close to the equations
described in Sections 4.1.3 through 4.1.9. Most of the numerical values or

,

limits imposed on the variables have been indicated in connection with the
equations to which they apply. There are, however, two sets of adjustments
made near the end of the HEATif subroutine to the calculated overall rates of;

f heat transfer, that should be discussed here, in addition, the procedures
involved in calculating the initial variables before HfAlli is called are
described below.

|

4.1.10.1 Volume-Dependent limits. Before the modifications of (hA);,,
and (hA), , for stratified liquid level (described in Section 4.1.9), the,

calculate $d values of these variables are compared to the cell volume for which!

they have been evallated (Vol) and the larger of the two numbers is chosen as
the minimum rate of phasic heat transfer to the interface; i.e.,

(h4)i,o ha s {(hA),,,,, Vol ] , Hall (4.1-74)*

|

and

NUREG/CR-4391 4.1-20
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(hA) g, Nax((hA)go, Vol ) .
4 , HAlV (4.1-75) ;*

1he logical meaning of these operations is simply setting the ninimum
rate of heat transfer per unit volume equal to 1.

.

8In order to cover the other extreme, maximum limits of 2x10 Vol and<

8
10 Vol are imposed on the (hA),, and (hA)g terms, respectively. These
upper numerical limits have been,found adequ, ate in preventing disruption of
computations due to occurrence of some abnormally high numbers for the rate of

|
heat transfer during iterations.

,

4.1.10.2 Adjustments for Metastable States. A correction in (hA) is

These correcticns are simply a, Tens corrected if tNe
made if f.he liquid is superheated. Similarly,(hA) i
vapor is subcooled. fold increa:;e in the

[ calculated value for the phase that is in the metastable state, if the
temperature difference exceeds one degree, and proportionally less if the,

temperature excess is below one degree. These operations are expressed by the
following relations:;

If 1, > T,, the liquid is superheated; hence,

g (hA),,, (hA),,cfl.4 9.Xf,(3. - 2.Y ) , HA!L (4.1-76)*
u

where

(hA),,, modified rate of liquid heat trnsfer in metastable state,-

and

A - Nin{(1, 7,),1.0]. , X I- (4.1-77)*n

If 1, < 1,, the vapor is subcooled; hence,

(hA),g .(hA)go 1. + 9. X[,( 3. - 2. Xy) , HAlV (4.1-78)*

where

. (hA)g, modified rate of vapor heat transfer in metastable state,-

and

j 1 Nin [(7, 7,),1.0]. , XI (4.1-79)*
9

lhere are no comparisons of these modified correlations with-data, and,

I there are ro known data from any measurements of the interfacial heat transfer
in metastable conditions.
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O
4.1.10.3 Calculation of Initial Variables. The interfacial heat

transfer subroutine HEATir computes the two cell-centered interfacial heat
transfer coefficients and the cell-centered interfacial area using a
combination of cell-centered variables, edge-centered variables, and mixed
variables that are products of cell-centered and edge centered variables. All

but one of the cell-centered variables, as computed by the numerical solution
scheme, can be used directly to calculate several thermodynamic and transport )
properties, such as density and viscosity; cell geometry (i.e., cell volume i

and length); and stratified level parameters. The void fraction used in the i

calculation of the interf acial heat transfer parameters is the cell-centered i

value but is subject to modification, as discussed below. The other variables
that are input to subroutine HEAllf are variables whose values are computed by
the numerical solution scheme at the cell edges or are variables that are ;
products of cell-centered and edge-centered variables. ;

The values of these variables are computed for each cell by subroutines
if!L and Tf3E before subroutine HEATIF is called to determine the interfacial
heat transfer parameters for cells in the one- and three-dimensional
components, respectively. The variables whose value at the cell center must

i

be computed from edge-centered values include hydraulic diameter, phasic
velocities, and phasic mass fluxes. Because the calculation of the unknown
cell-centered variables is somewhat different in the one-dimensional and
three-dimensional components, they will be discussed separately.

4.1.10.3.1 Computation of Coll-Centered Variables for
One-Dimensional Components--As stated above, the void fraction (which is a
cell-centered variable) is modified from the value computed by the numerical
solution scheme in several special circumstances. These circumstances are (a)
presence of st ratified mixture level, (b) presence of subcooled vapor at high
void fraction, (c) presence of superheated liquid at low void fraction, and
(d) presence of subcooled boiling in the cell. The code first sets the void
fractions to be used in the computation of the interfacial heat transfer
parameters equal to the cell-centered void fraction

i (4.1-80)a a,J

where

a) void f raction to be used in computation of interfacial heat-

transfer parameters in cell j, and

a, void fraction in cell j computed by numerical solution scheme.-

Next the code tests the above-level void fraction variable to determine
the presence of a highly st' ratified, two-phase mixture level in the cell. If

a highly stratified mixture level is present, the void fraction to be used in
the calculation of the interfacial parameter s is set equal to the below-level

NUREG/CR-4391 4.1-22
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,

i void fraction
'!

'

a) = a ,, if ag > 0.999 (4.1 81) ;j
,

j<

whereq

above-level void fraction in cell j, anda -
5 g ;

I below-level void-fraction in cell J.a -g

| The above-level void fraction a will be identically zero if no two-phase
mixturelevelexistsintheceli1 ,

The next modification is made if the cell-centered void fraction is less
,

than 0.5 and the liquid temperature is above the local saturation temperature. -
4

The void fraction to be used in the calculation of the interfacial heat ' '
'

' transfer parameters is the maximum of the previously selected void fraction
and a void fraction based on the amount of liquid superheat'

,

; a) = Max (a), 0.001 -(7,3 - T,j ) ] (4.1-82)

,

where |
,

liquid temperature in cell j, andT; =
i g
r

saturation temperature in cell J.
j T,; -

This modification is an attempt to limit the amount of superheat in the
liquid phase at low void fraction by increasing the interfacial heat transfer !

! area if superheat exists. The coefficient 0.001 was chosen from experience.
i,

! The next modification is made if the cell-centered void fraction is less
! than 0.5 and saturated or subcooled liquid and subcooled boiling are present
i in the cell.
!

The amount of vapor that will be created by subcooled t' oiling during the
time step is estimated from

QEVAP DELTI
Ax; = - - - - (4.1-83)

H Vol; pn93

where j

Aa; change in void fraction due to subcooled boiling in cell j-

subcooled boiling power in cell jQEVAP; =

time stepDELT -
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Oll,g heat of vaporization based on pressure in cell j-

i

| Vol; volume of cell j>

vapor density in cell j.pg -

The est imated void fraction change due to subcooled boiling is limited by-

the nnimum change in void f raction allowed during a time step (which is based,

on the void fraction in the cell)
.

St, N in [ A1, , Ag;) (4.1-84)

where Ac is the maximum allowed change in void fraction during a time step.;

1he void fraction used for the calculation of the interfacial heat
transfer parameters is the maximum of the void fraction thosen on the basis of
the previous modifications and the void fraction in the cell at the end of the |
time step predicted from the production of vapor due to subcooled boiling, )

I

n) n) , ( a, 4 Ai) (4.1-85)Nar
:

The subcooled boiling modification was implemented to cover the cast
where void first appears in a cell. In this situation, the unmodified void

I

fraction used to compute the interfacial heat transfer parameters would be l
zero, leading to a saturation where the interfacial area would be zero but the

'

void f raction would be non-zero due to the production of vapor by subcooled
boiling. The inconsistency between the void fraction and interfacial area'

'

causes the solution procedure to f ail due to excessive iterations or leads to ,

incorrect phasic temperatures due to the lack of an 'nterfacial energy |
exchange mechanism, lhe modification anticipates the creation of void due to

Isubcooled boiling and <djusts the interfacial area acccrdingly.
!

The final modification to the void f raction used to compute the,

' interfacial heat traisfer parameters is activated whenever the cell-centered
i void fraction is gre.ter than 0.5 and the vapor temperature is below the

saturation temperatun based on the pressure in the cell. In this situation,
the liquid fraction, which is defined as one minus the void fraction, is set
to the maximum of the liquid fraction, as computed using the void fraction
obtained using the previous steps, and a liauid fraction based on the vapor
subcooling,

( - Nax 1. a),0.0001(T Tg) (4.1 86)sg

where
i

ab liquid fraction to be used in the calculation of=

interfacial parametcrs for cell j
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saturation temperature in cell j, andT,,; -

vapor temperature in cell J.T -g

The void fraction used in the computation of the interfacial heat
transfer parameters is computed from the liquid fraction as

n'=1.-dj. (4.1-87);

This final modification attempts to limit the amount of vapor subcooling
at high void fractions. The factor 0.0001 in the expression for the liquid
fraction was chosen based on experience with the interfacial heat transfer
model at high void fraction. This completes the computation of the void
fraction for use by subroutine HEATif.

The edge-centered properties whose values must be computed at the cell
center for use in subroutine HEATlf are the hydraulic diameter, the phasic
velocities, and the phasic mass fluxes. The camputation of these parameters
depends upon whether a highly stratified, two-phase mixture level exists in
the cell [see Equation (4.1-81)]. If no two phase level exists in the cell or
if the above level void fraction does not satisfy the criterion, then the
cell-centered parameters are computed by

#D = 0. 5 [HDpi,2 + HDg3,2] (4.1-88)j

and the average liquid and mixture mass velocities are calculated by

GL; = (1 - a )pypl; (4.1-89)j

for the liquid, and

99; 4 (1 - a ) p Pl, (4.1-90)GN; = a pjg jy

for the mixture. In these equations,
|

VV ,,2} if VV ,,2{Ap112' VVysia + A ,,2 VV ,,2 20pp pp

j'i (4.1-91)| 99 = <j
'''

Min [| VV ,,2|, | VV ,,2|} if VV ,,2 VV ,,2 < 0| p p p p
J,

and
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I

VL .,,, a o j{Al-liz' Vl> -sit + A .,,g VL .,,2} if VL;.,,23 3 3

l
Pl m (4.1-92),

j j '"i
Min (| Vi;.,,2 | , | VL;.,,2 |} if VL;.,,, VL;.,,2 < 0

J

where

Vol |

IA (4.1-93)I
.

DX;

1

The linear phasic velocities are calculated with the following relations;

(4 1-94)VL, Nax 0.1m/s,|9f;| .

VV; Nar 0.1m/s,|99;| (4.1-95).

i

The cell-centered hydraulic diameter is computed as the average of the i
edge-centered hydraulic diameters at the two edges of the cell. The i

cell-centered phasic velocities depend upon whether the velocities at the two
|

ends of the cell are in the same direction or not, if the velocities are in i

the same direction, then a simple edge flow area weighted average is computed, |
where the cell centered flow area is computed as the ratio of the cell volume
to the cell length, if the velocities at the two ends of the ccll are in
opposite directions, the velocity that has the lowest absolute value is
multiplied by the ratio of the flow area at the low numbered edge of the cell
to the cell-centered flow area.

Note that the method used to compute the phase velocity knen the
velocities at the two edges of the cell are in opposite directions is
inconsistent with the method used when the edge velocities are in the same
direction, for total accuracy, the method for the case of opposite directions
should be changed to

,

|

l j et,2 ]j j-1,2 j-,,2 1 j.1,2 ,ge

for VL;.,,2 VL;.,,2 < 0
!

j and

!
,

O
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VV; Min {A, ,,;, \ VV; ,,, \ , A;,,,, | VV,,,,,| } 1

f o r VV) m, VV ,3,;,
;0

j

so that the minimum function chooses the smallest area-weighted velocity
rather than the smallest velocity. This is a small point, which would only
change the results of the computation if the three flow areas associated with
the cell have verv dif for<mt values.

Once the cell-centered phasic velocities are computed, the phatic mass
flu ms are computed using the cell-c;ntered void fraction and phasic
densities.

"

If the highly stratified, two-phase level criterion is satisfied, the
cell centered phasic velocities and mass fluxes are computed as

HD, HD, . 3,7 (4.1-98)

VV, I V V , . 3,, | (4.1-99)

VI, |VI,3,y (4,1-100)

(4.l-101)GI, (1. ag ) p, , Vl 3
_

g ) pg jVL, (4.1-102)g tg VV, * ( 1. aGM, a

lhis comont at ion uses the edge-centered values at the low-nu.nbered edge
of the celi as the cell-centered value that is appropriate if the component is
upright with the low-numbered end of the component at a lower elevation than
the high-numbered end of the component, lhe cell-centered velocities and mass
fluxes are then computed from the cell edge below the stratified mixture
level. However, the model for the computation of the phasic velocities in the
presence of a stratified two-phase level appears inappropriate when the user
has oriented the component with the high-numbered end at the lower elevation.
In that event, the cell-centered phasic velocities will be computed from the
values at the cell edge e.bove the stratified mixture level, while the void
fraction used in the computation of the interfacial heat transfer parameters
will be the below-level void fraction. The model should be changed so that
the closest edge values below the two-phase level are used regardless of the
oriontation of the component.

4.1-27 NUREG/CR-4391
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:

1 One final comment is appropriate. The cell centered phase velocities are
.

(omputed as posit ive values to be consistent with the correlations used in
i subrout ine il! Alli , which wue all developed f rom upflow data, and are limited
j to be greater in magnitude than 0.1 m/s to give finite values of the
j interfatial heat transfer parameters at low flows.
1

i
,

4.1.10.3.2 Computation of Cell-Centered Variables for Three-
Dimensional Components, lhe comput at ion of the void f ract ion to be used in

| the computation of the interfacial heat transfer parameter is the same in
j t ht ee-dimensional < omponent s eu ept that there is no modif ication for-

subcooled boiling since subcooled boiling is not allowed in three-dimensional
' components.
!

the comput alion of t he (ell coatered phase velocit les is quite dif f erent!

in three-dimensional components. Iirst, average velocities are computed for
each of the three coordinate direc t ions

|

!

1 J< i .iu n 6 if A,,.ur 10 * m? (4.1-103)y''"
if A,,i .in < 10 ' m'V(i in n6

i

"

k,i#6 i(; 1/ ? )k i( j al/? p*

,1

*
I, % lb

'

||(l 1//) Ij(bei/2)

i
i

w li'I'e

I

V g;,3 velocity in axial (7) directions on upper axial face ofg
3 (ell ijk

|
: V,, g,,y, velotity in axial direction (7) on lower axial face of

cell ljk

,

| V, , , 9 - average velocity in axial (7) direction for cell ljk
i

i

average velocity in radial (R) direction for cell ijk4 V -

yg

V, , , 9 average velocity in azimuthal (0) direction for cell tjk-
.

j

and the other velocit ies with half-integer subscripts have their usual
I def'initions

The (ell-centered phase velocity is the maximum of 0.1 m/s and the vector

'

NOREG/CR-4391 4.1 28 .
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sum of the three average velocities in the individual directions, i.e.,

i,3 = Nax 0.1 m/ s , (V,,, p V,,33 + V,,3 3 V,,3 3 + V,, ,3 V,,3f (4.1-106)
1

.

This algorithm is used for both the liquid and vapor velocities.

The cell-centered mass fluxes are then computed as

G , ,3 = ( 1 - n| g ) p, g p g , ,, (4.1-107)
g

G , t o = "I p P ,i n o. i n + G , t j k U * I' NEm o t

where n! is the cell-centered void fraction to be used in the calculation of
the interfacial heat transfer parameters.

4.1.11 Mass Exchange Across the Interface

Calculations of the heat and mass exchanges across the interface,
according to Equations (4.1.1) and (4.1 2), are performed in the TFIE and Tf3E
subroutines of TRAC-Bfl/ MODI for one- and three-dimensional components,'

respectively.

4.1.12 Summary and Conclusions

The interfacial heat transfer calculation in TRAC-BFl/ MODI is based on a
mechanistic model that calculates the interfecial contact areas for vapor and
liquid in different flow regimes and applies appropriate heat transfer
correlations for heat exchange between each phase and the interface over those
areas. The flow regime up for this model consists mainly of two distinct
regions, bubbly / churn and dispersed droplets, with a transition zone, called
annular-droplet, between them.

The boundary between bubbly / churn and annular-droplet flows is identified

with a transition void fraction, a$,al,es.ich is calculated as a function ofwh
the flow, pressure, and system var l The dependence of a ,,n on these

t

variables.in this model is much weaker compared to_a in the interfacial
shear model. The transition from annular-droplet to T0lly dispersed droplets
is set arbitrarily at a void fraction of 0.25 + a,,,, This is the same as in
the interfacial shear model.

Calculation of the interfacial area fo each flow pattern is according to
the drift flux formulas suggested by Ishii,[# with some variations according

4.1-29 NUREG/CR-4391
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to Andersen et al.''">5 There are some minor dif forences in the.

correlat ions used for bubble drif t velocity in fuel bundles and f or droplet
drift velocity in general between this model and the interfacial shear model.
The ",9ct of these differences has not been evaluated. There are also some
other minor dif ferences l'etween these two models that may need to be,

harmonized in the future
i Calculations of the heat transfer coefficients are based on published
j correlations for overall heat transfer obtained from studies of heat transfer

on solid geometries of different kinds. In some cases, such as in heata

! transfer between a bubble or droplet and the interface, modifications have
i been made to include the ef fects of local circulation inside the fluid
j particle.;

1

i finally, the of f ects of noncondensable gas and horizontal stratification
i of liquid in a volume on the condensation heat transfer have been considered.
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4.2 WAL.L NEAT TRANSFER

Wall heat transfer in 1RAC-Bil/ MOD) involves all processes of energy
exchange between the fluid and the solid walls of each hydraulic volume. The

and Qs terms thatcalculation results from wall heat transfer provide the 0 ,d vapor.are used in the energy balance equations for the mixture an The main
part of wall heat transfer calculat ions in IRAC-Bil/ MODI is perf ormed by the
HlCOR subroutine. This subroutine was originally developed as a part of
1RAC pD2 at los Alamos National laboratory, but it includes a number of
modifications that were introduced in the course of TRAC-BWR development at
the IHLt..

H100R is called within nine different subroutines in 1RAC Bfl/MODl; and,
in turn, HlCOR calls a few other subroutines for some specific calculations
t hat will be discussed later. This section describes the correlations used in
HTCOR and its related subroutines, their basis, and the situations in which
they apply. In the following sections, each equation that is actually used in
the coding is marked with an asterisk (*), followed by the variable name used
in the code for the lef t-hand side of that equat ion.

4.2.1 Background

i
Nurrerous experimental studies have shown that the mechanism of heat

transfer f rom a solid wall to a mass of water and steam varies as the
temperature difference between the wall and the bulk of fluid passes trough
some certain limit s. lhe intensity of heat transfer, known as heat flux,
shows dranat.c variations with changes in the temperature difference be'. ween
the wall and fluid. lhe diagram showing these variations is known as the
boiling curve, an example of which is shown in figure 4.2-1.

In general, the boiling curve displays the following modes of heat
transfer.

forced or natural convection to single-phase (sub-cooled) liquid.

Nucleate boiling, up to the point of departure from nucleate boiling.

(DNB), or critical heat flux (CHF), at which the heat flux passes a
maximum and begins to drop

1ransition boiling, with reduced heat flux, as intensive evaporation+

prevents adequate contact between the wall and liquid

film boiling, where thermal radiation f rom t he wall to the two-phase*

mixture begins to enhance the heat transfer

forced or natural convection to single-phase (super-heated) steam.a

4.2-1 NURCG/CR 4391
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Figure 4.2-1. TRAC-Bfl/M001 boiling curve.

The true shape of the boiling curve in each case will depend on the channel
geometry, mass velocity and fluid properties.

Wall heat transfer may also involve cooling of the fluid through the
walls. Heat transfer from the fluid to a solid wall may involve one of the
following processes:

Forced or natural convection in single-phase water.

Condensation of vapor or two-phase mixture.

forced or natural convection in single-phase vapor.e

The overall structure of the wall heat transfer model in TRAC-Bfl/ MODI is
based on the processes involved in the boiling curve and flow cooling.

O
NUREG/CR-4391 4.2-2
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!

4.2.2 Different Modes Of Heat Transfer In HTCOR
,

lhe wall heat transfer calculations in IRAC-Bfl/H001 include all phases
of the boiling curve and fluid cooling processes. In order to apply proper
correlations for heat transfer coefficients in different situations, each
phase is identified with a mode number that will direct the path of
calculations to the right correlation.- The mode numbers and their -

interpretations are given in Table 4.2-1.

Table 4.2-1. Modes of heat transfer in subroutine HlCOR.

l!t. l transfer calculatiOD._fgrmMode No, a

0 Vapor condensation (if a > 0.5)

1 Convection to single-phase liquid4

2 Nucleate boiling (both subcooled and quality boiling)

3 Transition boiling (both subcooled and quality boiling)

4 film boiling

5 Convection to single-phase vapor'

6 Not used for any mode

7 Convection to two-phase mixture with no detaileo .HF
calculation

Each of these modes comprises a number of subsets, representing different
flow or system conditions, which require application of specific heat transfer
correlations. Example of these subsets are single-phase convection in laminar
or turbulent flows, each one to be calculated with a different correlation.
The subsets of each mode are identified by a combination of the mode number
and some decimal points, such as 1.0 for convection in laminar flow and 1.1
for :atural convection.

4.2.3' Effect Of Flow Regimes On Wall Heat Transfer

lwo-phase flow patterns affect the rate of vapor generation in direct .

contact with the walls, and this term is important in determining :nass
exchange between liquid and vapor. Variations in two-phase flow regimes are

; considered in nucleate boiling and in transition boiling modes, as the steam
quality and void fraction experience their widest range of variations in these

4.2-3 NUREG/CR-43914
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two modes of heat transfer.

4.2.3.1 flow Regime Transitions. As in the cases of interfacial shear
and interfacial heat transfer, three flow patterns are considered--namely,
bubbly /churri, annular (transition), and dispersed droplet. The transitions
between these flow regimes are defined in terms of void fraction. lhis scheme

Andersen and Chu'';finition is based on the derivations of Ishii gof flow pattern dt and
4 with a slight modification. The transition range is

expanded from 10% in void to 25% in void (for a more smooth change). The
prevailing range of the dif f erent flow regimes are:

Bubbly / churn flow for a < a,,,,,.

Annular flow for a,,,,n < a < a , , ,,, 4 0.25, and.

Dispersed droplet flow f or a > a,,,, 4 0.25.

where

4' 1 4
g ,,, 14 - - - -0.15 a, ACA (4.2-1)

Yf Yo

3 , GAMMA (4.2-2)*
y

% Va

* ~ * CO (4.2-3)c, - c, - ,

Y

C, 1.393 0.0155 log (Re) , ColNF (4.2-4)*

|
|

| GH

| Re . __ f . RE (4.2-5)*
,

! He

I A few points may be observed considering the actual coding of these
equations. First, Re in Equation (4.2 5) is replaced by 1 + Re to make sure
that the logarithm is always positive. Then, C, is limited to a lower bound
of 1.0; and, finally, C, is limited to an upper bound of 1.3333, which is the
experimentally observed maximum value of this variable (see Reference 4.2-1).

Note that the transition void fraction, e,,,,, is calculated in a manner

NUREG/CR-4391 4.2-4
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that is identical to that of the interfacial heat transfer and similar to that
of the interfacial friction case. As explained in Sections 6 and 4.1, there
is a difference between Equation (4.2-4) and the formula used for calculating
C, in the interfacial shear model. As a result, transitions between differenti

flow regimes are at different void fractions for wall heat transfer and
interfacial shear. An evample of the difference in transition from
bubbly / churn to annular flow is given in Section 6.

4.2.4 Determi ation Of Heat Transfer Mode,

Withi.. outroutine HICOR, a decision is made that determines the heat
transfer mode chat will be used for the following time interval. This mode
selection logic is shown in figure 4.2-2.

first, certain conditions of the fluid are calculated. These include the
velocities, slip, mass flux, and equilibrium qualltf. The slip is set equal
to one for countercurrent flow or when either phase velocity is zero.

4.2.4.1 Mode Selection in the Containment. Three modes can be chosen
for a heat transfer surface in the containment; subcooled convection (mode 1),
forced convection to vapor (mode 5), and film condensation from two phase
fluid (mode 0). Subcooled convection is chosen if the surface is below the
water level. If the surface is above the water level, forced convection to
vapor is chosen when the surface temperature is greater than or equal to
saturation temperature. Film condensation from two phase is chosen when the
surface temperature is less than saturation temperature.

4.2.4.2 Mode 7--Simplified Boiling Curve. For each heat transfer
surface, either the full-selection logic (modes 0 through 5) or the simpli11ed
boiling curve (mode 7) will always be used as preselected by the user. For
surfaces where an accurate prediction of transition boiling is required, the'

full-selection logic should be chosen. The full-selection logic is
recommended for fuel elements and heated structures that are likely to develop
critical heat fluxes. Using the simplified boiling curve will result in
faster calculations and is recommended for the heat transfer calculations from
surfaces sJch as piping or unheated structures.

4.2.4.3 Mode 5--Convection to Vapor. The forced convection to vapor
correlations (mode 5) are selected whenever the fluid contains little or no
liquid and the wall temperature is greater than the saturation temperature.
Under these conditions, wall condensation cannot occur.

4.2.4.4 Mode 4--Film Boiling. The first way in which the film boiling
i correlations (mode 4) are selected is if the wall temperature is greater than

minimum stable film boiling temperature, if the wall temperature is less than

| 4.2-5 NUREG/CR-4391
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minimum stable film t> oiling temperature, the selection procedure continues.

4.2.4.5 Mode 0--Film Condensation from Two-Pnase Fluid The
correlations for film condensation from two-phase fluir ' mode 0) are selected
if the wall temperature is less than saturation temper re and the void
f raction is greater than 0.5.

4.2.4.6 Mode 1--Convection co Liquid. The correlations for subcooled
convection are used when either (a) the wall tempe is less than
saturation temperature and the void fraction is le i or equal to 0.5; or

(b) the wal' temperature ;s less than or equal to ' id temperature.
_

4.2.4.7 Mode 2--Nucleate Boiling (Path 1). There are two paths that
lead to using the Chen # correlations for the nucleate boiling regime. The
first is simply that tae user has determined that the chance of goi, into

transition boiling cr film boiling can be ruled out for this particular heatg

transfer surface and transient. Using the option to not calculate a boiling
transition will result in faster calculations and is recommended for the heat
transfer calculations from surfaces sJch as piping or unheated structures.
This choice should definitely be made for calculations that are being
performed to establish a reactor steady state, since even the heated
st ructures are known to be below the critical heat flux point. If this choice
is not made in attempting to reach steady state, it is possible that the -

TRAC-BFl/ MODI calculation will undergo a transient that enters transition
boiling and then film boiling before recovering or attempting to recover.

4.2.4.8 Calculation of the Critical Heat Flux. The boiling length is
initialized to zero. For each cell thereaf ter, the length of the cell is

added to the boiling length if the cell quality is greater than 0.0 and if the
user has chosen to use a critical quality correlation. If a cell quality is

less thar a tal to 0.0 or the user has chosen not to use a critical quality
boiling length is reinitialized to zero.correlat) '

A critical heat flux (ceparture from nucleate boiling) calculation is
nerf ormed to estat 'ish the heat flux, wall temperature, and fluid quality at
the point of maximum heat transfer during nucleate boiling and beyond which
transition boiling occurs.

4.2.4.9 Mode 4--Film Boiling. If the fluid quality is greater than the'

critical quality and the mass ' and the boiling length are within the
correla+ ion bounds (200 kg/m s .od 1 m, respectively), the film boiling heat

2
transfc c<crelations are chosen. In order to reduce hunting between the film
boiling, transition boiling, and nucleate boiling regimes, a hysteresis factor
of 0.95 is applied to the calculated critical quality when the previously
determinad heat transfer regime was either film boiling or transition boiling.

_
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A
If film boiling is eliminated as a possibility by one of the above tests,

either transition boiling or nucleate boiling is selected by testing the old
wall temperature against the wall temperature at critical hect flux.

4.2.4.10 Mode 3--Transition Boiling. If, after eliminating film boiling
from consideration, the wall temperature is greater than or equal to the wall
temperature at critical heat flux, the transition boiling correlations are
selected.

4.2.4.11 Mode 2--Nucleate Boiling (Path 2). If, af ter eliminating film

boiling from consideration, the wall temperagu[e is less than the wall
temperature at critical heat flux, the Chen'* nucleate boil ..ig correlations
are slected.

4.2.5 Mode 0--Vapor Condensation

Figure 4.2-3 shows the logic used to select among four models that are
used in the vapor condensation regime of_su The four
modelsthatarepossiblearetheNusselt.2'[faceheattransfer.s horizontal tube equation, the
Dittus-Boelter' 24 correlation, the McAdams'2'6 turbulent natural convection
model, and the Chen' 2'3 forced-convection model.

iy', J 4.2.5.1 Mode 0.2--Nusselt Horizontal Tube Equation. As shown in
rigure 4.2-3, the Nussel t .2'' horizontal tube equation is always used to get4

ii initial value for the liquid and vapor heat transfer coefficients
2 3 '1/4

, HL (4.2-6)' fa *

H, = 0. 7 ? 5
pt ,( T - 7, )D s

H, = 0 . 0 , HV (4.2-7)*

If the quality is less than 0.71, these coefficients will be used unless
| adjusted for a high void fraction, as discussed in Sections 4.2.5.4 and
i 4.2.5.5.
|
!

4.2.5.2 Mode 0.4, Dittus-Boelter, McAdams, or Modified Kays. At higher
qualities (greater than 0.71), the liquid film becomes thin and H from thee

Nusselt equation above is linearly decreased from its value calculated at
X = 0.71 to zero at X = 0.999. For these high qualities, HV is obtained by
interpolation between zero at X = 0.71 and the maximum of the
Di ttus-Boel ter,'' ' McAdams ,'' ~6 and modified Kays''2'' correlations at
X = 0.999. The equations for the three correlations arej

i

4.2-9 NUREG/CR-4391
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Figure 4.2-3. Mode 0--vapor condensation.
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#,p =- 0.023 b Rc[.sPr * ., HV (4.2-8)*
y

Da

#''* = 0.13 3
r , HV (4.2-9)v *

D, < Pr, ,

k
4 ._* , HV (4.2-10)#y *=

D,

'

where

''
Re, = (4.2-11)

Pv

Pr* = (4.2-12)
k,

Gr = ge p'| T" - T"| D|
(4.2-13)y

-2
IPv v

and 1/T approximates the coefficient of thermal ex ansion. Note that the
power on the Prandtl number in the Dittus-Boelter''p,5y

correlation has been
decreased to 1/3 from the original value of 0.4.

4.2.5.3 Isachenko's Jet Data Correction. If any noncondensables are
: present, the heat transfer coefficients are ceduced by multiplying by a factor
|

based on the Russian jet data expression by Isachenko.4.2-8 The factor is -

2 ' 0.1

F = 0.168 , , CNDM (4.2-14)' *
# .

| |',1 - n)Popt

4.2.5.4 Chen Forced Convi ction. If the particular fluid volume
represents the containment, the heat transfer coefficients calculated above
are used with no further tests or corrections applied. For normal fluid

4.2-11 NUREG/CR-4391
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volumes, assuming that the void {raction is greater than 0.05 and the quality
is greater than 10'5, the Chen'''' forced convection correlations are used.
In order to begin this calculation, the lockhart-Martinelli .2 9 factor is4

f trst calculated as follows:
8 0.s e 50.1<

y;1 -- X '#'''

P( W , XXTT (4.2-15)*

,1 - X , p, , pg,

The Lockhart-Martinelli f actor is limited to the range 0.10 5 x;',1100. A
Reynolds number f actor is then calculated as

F = 2.35 (xi' + 0.213) -
, F (4.2-16)*

Th three correlations (Dittus-Boelter,4.2 5 McAdams,4.2 6 and modified
Kays' 2'p) trc- then used to calculate three heat transfer coefficients:

k
H, = 0.023 -' (F .2sRe )U 8Pr ''31 * , HL (4.2-17)c e

H

'''

k ' G r(
#''"' = 0.13 , HL (4.2-18)f *

D, Pr ,e

k
H, y = 4_' , HL (4.2-19)*

H

where

D
Re, = ped'c e- (4.2-20)

Pt

'
Pre = (4.2-21)

k,

, ,

3

k (4.2-22)'
Gr, = - gc p,

dT ,
| T, - 7, l

2p

O
NUREG/CR-4391 4.2-12
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f The highest of the three heat transfer coefficients is then chosen as H,,,,.
H and H the liquid heat transfer coefficient _ calculated from
SEc{ ion 4.h.Y.,1,4.5.2.2,or4.5.2.3,asappropriate,arethenusedto
calculate a modified liquid heat transfer coefficient

,

( 1 - n)#,,,, 4 a#,,,te fo r T, - f, > 5
, HL (4.2-23)*

# '
*

1 - a( T' - T*) #,,,, 4 a(7* - 7*) #,,,ig for 7, - T, < 5
't

is a linear interpolation between the
The second equation for the modified H, t T, - T, = 0.first equation at T, - T, - 5 and H,,,, a

The vapor heat transfer coefficient, H , from Section 4.2.5.1, 4.2.5.2,y

or 4.2,5.3 is unmodified.

4.2.5.5 Void Fraction Range Corrections. The correlations used in
Section 4.2.5.4 above are applied when the void fraction is in the range 0.75
s a 1 0.99. Above and below this range, the heat transfer coefficients are
modified to match correlations use<. fur 0.99 < a 10.999 and for 0.5 s a <
0.75. The modifications to the liquid-to-wall heat transfer coefficient are

0.999 - a
#,,ga, for 0.99 < a s 0.999

0.009.

H, = < l.0H ,,io for 0.75 s a s 0.99 .g

' a - 0. 5 " 0.999 - n'y , ' 0. 7 5 - a #,,, , f o r 0 . 50 < a < 0 . 7 5
0.25 0.009 0.25'

,< , .

, HL (4.2-24)*

The wall-to-vapor heat transfer coefficient, H ,i calculated in Sectionsy

4.2.5.1,4.2.5.2,and4.2.5.3above,isusedinfherange0.5<a_s0.99. The
equations of Section 4.2.5.2 are used to calculate the vapor-to-wall heat

that would be used in the range a > 0.999. The
transfer coefficient, H ,ni, fficient, H , isy

resulting heat transfer coe y

H ,to,- for 0.50 < a s 0.99y

,HV,(4.2-25)*

y ,<
'0.999 - a , a - 0.99'H for 0.99 < a s 0.999

v
_ g y* y

0.009 O.009'

,
,

4.2-13 NUREG/CR-4391
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4.2.6 Mode 1--Convection to Liquid 4

figure 4.2-4 shows the logic used to select among four models that are
used in the convection-to-liquid regime of surface heat transfer. The four
models that are possible are the Dittus-Boelter'24 turbulent flow
correlation, the Chen'#~5 forced convectior naturalconvection model, and the modified Kays'#'; model, the McAdams'#4laminar flow equation.

,

4.2.6.1 Lockhart-Martinelli Factor for Forced Convection. The quality
and void fractions are tested to determine whether the Chen'#'3 forced
convection heat transfer coef ficient will be calculated, if the void fraction
is greater than 0.5 or the quality is less than 104, the unmodified Dittus-
Boelter'"4 correlation will be used to obtain a turbulent flow heat transfer
coefficient. If the void fraction is less than or equal to 0.5 and the

4quality is greater than or equal to 10 the Lockhart-Martinelli'd* factor,

will be used to modify the Dittus-Boelter correlation used in obtaining the
turbulent flow heat transfer coefficient. When called for, the
Lockhart-Martinelli factor is calculated by Equation (4.2-15). Since the

Lockhart-Martinelli factor, XN , is limited to be in the range 0.11 xN 5
i 100, a Reynolds number factor is then calculated as

:

2.35(0.i 4 0.213) J56 - 1.0, for n , 0.05, Y > 10 4
,

and xn s 0.1
2.35(xj+0.213)J56, for a < 0.05, X < 10 4

,

, F (4.2-26)*
'

F" and 0.1 s xj s 100 -

4
2.35(100 + 0.213)U * 69.8, for a < 0.05, X > 10 ,

I andxj2 100
41.0, for a < 0.05 or X < 10

This factor will be used to modify the Reynolds number in the Dittus-Boelter
turbulent flow heat transfer coef ficient.

4.2.6.2 Liquid Heat Transfer coefficients. The three correlations
(Dittus-Boelter, 24 Mc Ad ams ,'' d * and modified Kays'd'7) defined as Equations
(4.2-17), (4.2 18), and (4.2-19) are then used to calculate three heat
transfer coefficients. The highest of the three heat transfer coefficients is

If the void fraction < 0.99, H is used for the
thenchosenasH,"$'.value of H with'h further modifications. IfthevoYfraction>0.99,H is

e e

decreased linearly with void fraction until reaching zero at a void fraction
of 0.999

O
NUREG/CR-4391 4.2-14
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Figure 4.2-4. Mode 1--convection to single-phase liquid.
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! O
H, y , for a < 0.993

; H, = , 0.999 - n'# ,, for 0.99 s. a s 0.999 , HL, (4.2-27)*

0.009

{
,0, fer a > 0.999

'
.

4.2.6.3 Vapor Heat Transfer Coef ficients. For void fractions, a < 0.9,
J the heat transfer to the vapor is neglected by setting H 0 and only the=

y

heat transfer to the liquid is considered. For void fractions, a 2 0.999, the'

vapor heat transfer coefficient is taken to be the highest of the turbulent
i flow, natural convection, and laminar flow heat transfer coef ficients for
; vapor. For void fractions, 0.99 < a < 0.999, the coefficient is varied

linearly between zero at a = 0.99 and the highest of the turbulent flow,
natural convection, and laminar flow heat transfer coefficients for j4he vapor
at a = 0.999. The three correlations (Dittus-Boelter,' 24 McAdams,'' and
modified Kays''2'') are defined by Equations (4.2-8), (4.2-9), and (4.2-10).

The highest of the three heat transfer coefficients is then chosen as
H .

If the void fraction < 0.99, zero is used for the value of H" linearly
with no

fE8[hermodifications. If the void fraction 2 0.99, H, is decreased
| with void fraction until reaching H,y at a void fraction of 0.999

H for a < 0.99g., ,

, HV, (4.2-28)*
i H - '

"~ ' H *, for 0.99 a 0.999y *

i 0.009 ,

! 0, for a > 0.999

:
' 4.2.7 Mode 2--Nucleate Boiling

Figure 4.2-5 shows the logic used to select among models that are used in'

the nucleate boiling regime of surf ace heat transfer, it also shows the order
of the various tests and calculations that need to be performed.

4.2.7.1 Chen Correlaticn for Nucleate Boiling. Figure 4.2-6 shows the
logic used in the module to calculate the Chen'2'3 model for nucleate boiling.
The Chen correlation is com;'osed of two parts; a forced convection term and a
nucleate boiling term that contains a suppression factor, S.,

As described in section 4.2.6.1, the quality and void fractions are
tested to determine whether the Chen 2 3 forced convection heat transfer
coefficient will be calculated. If the void fraction is greater than 0.5 or

! the quality is less than 10 the unmodified Dittus-Boelter.2a correlation4 4
,

; will be used to obtain a turbulent flow heat transfer coefficient. If the
.

NUREG/CR-4391 4.2-16
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b Figure 4.2-5. Mode 2--nucleate boiling.
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Figure 4.2-6. Chen model for nucleate boiling.
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void fraction.is less than or equal to 0,5 and the quality is greater than or
equal to 10'5
to modify the Dittus-Boelter' ginelli''2'the Lockhart-Ma factor [ Equation (4.2-15)) is used,

correlation used in obtaining the turbulent
flow heat transfer coefficient. A Reynolds number factor is then calculated,

acco Two correlations (Dittus-Boelter and modifiedKays [jip)g to Equation (4.2-26).
'

are then used to calculate two heat transfer coefficients:

//,u,3 = 0. 023 Re '8Pr '' HTURB (4.2-29)*
p e ,

H

k
H%=42 HLAM (4.2-30)*

,

H

where

Re , = Re f .2s (4.2-31)1

t e
1

1

and Re and Pr are as defined in Equations (4.2-21) and (4.2-22). The higher
e e

of the two heat transfer coefficients is then chosen as H ,c. If the wallg

temperature is less than or equal to saturatipn temperature, no nucleate
boiling can occur. In +his case, the Chen' 2' coef ficient and the nuclear
boiling coefficient are both set equal to zero and the calculation is ended.
If the wall temperature is greater than saturation temperature, a suppression

i factor is calculated

, for Re*" < 32.5 x 10'
14 0.12(Re,p x 104 ) ' ''

4 *S,(4.2-32)
for 32.5 x 10' s Re'" < 70 x 10

'

S=
1 + 0.42(Re,p x 104 ) 78 ,

,

I
= 0.0797, for 70 x 10' s Re'"

1 + 0.42(70) 78

fluid pressure, the Chen ,ssure at the wall temperature is greater than the-If the saturation pre. 3
' coefficient, C and the nucleate boiling heat

transfer coefficient, H , are then calculafe,d:

-

4.2-19 NUREG/CR-4391
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O|
0.00122 5 (k,'"C[p['')

C* = , CA (4.2-33)*

0 's o.29fi 9
o 0.25 c.24

Vt re 2

H = C,( T, - T,) 2' ( r, - P ) 75 , HNUCB (4.2-34)*

If the saturatinn pressure at the wall temperature is less than the fluid
pressure, no nucleate boiling can occur.

4.2.7.2 Non-equilibrium Temperature Adjustment. The properties are
evaluated at the liquid and vapor temperatures; X, is the equilibrium quality
and V, is the liquid quality parallel to the surface. Because the nucleate
boiling contribution to the Chen' 2~5 correlation was developed for saturated
conditior.s, H , is multiplied by a temperature ratio to adjust the heat
transfercoefYicienttotheactualliquidtemperature,T,

Bf1/M001 can tolerate superheated liquids, the adjustmenk.
Since TRAC-

factor is restricted
m a maximum value of 1.0, restricting the adjustment to subcooled liquid.

For qualities less than or equal to 0.99, the heat transfer to the vapor
the Cher' 2 'py setting the vapor heat transfer coefficient equal to zero, and
is ignored

calculation is used for the liquid heat transfer coefficient

T - T**
H, ,,. c +H for le , T,a ,

T - Iw t , HL (4.2-35)*
H, = <

H,, * Ha, for T, e T,

H, = 0 , HV (4.2-36)*

For qualities greater than or equal to 0.999, the heat transfer
coefficient to the liquid is calculated using the Bromley' 2" correlation for
film boiling, while the coefficient for vapor is chosen as the larger of that
calculated usin McAdams''2'' natural convection and the modified
D i t t u s- Boe l t e r''g'Sturbulent flow. The Bromley correlation

]1/43 e

~ Pv) P N'S(
H, = 0. 6 2 , HL (4.2-37)*

, ( 7, - T, ) 1

uses two expressions, a modified heat of vaporization,h[g, and a
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characteristic length, 1.

h[, = h,, + 0. 5Cpy(T - 7,) , HFGP (4.2-38)*
y

|

'1/2 i

1 = 2n , WL (4.2-39)*
.

gc ( p, - p,)

The modified Dittus-Boelter turbulen' flow and the McAdams natural convection
- correlations are defined by Equations (4.2-8) and (4.2-9).

For qualities between 0.99 and 0.999, both the Chen .2 3 and Bromley .2-104 s

calculations are performed; and H, and H are linearly interpolated according-y

to the fluid quality.

4.2.7.3 Flashing Energy using Lahey Mechanistic Model. The possibility
of net vaper generation is considered even though the liquid may be subcooled.
Accurate estimates of the axial core void profile are needed for reactor
transients without scram because core power is very sensitive to void changes.
Estimates of the bulk enthalpy needed are suggested by the mechanistic model
proposed by Lahey.4.2-n

( The enthalpy needed to produce net vapor is expressed as
'

h, - Nu ' C455, for Pe s 70000#

h,=, , HLD (4.2-40)*
e g#

h, - St 0.0065, for Pe > 70000

where the modified Nusselt, Peclet, and Stanton numbers (Nu' . Pe, and St,
respectively) are given by

D*
Nu' = gk , XNUMOD (4.2-41)*

g,

|

|

i
'

GD,C,
Pe = * , PE (4.2-42)

kg

St = #" , ST (4.2-43)*
.

Pe
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The heat flux transferred to the liquid is approximated by

q 0. 5(#, 4 H,,ogo) ( T, - 7,) . , QPPW (4.2-44)*
,

:

lhe para:neter h, is the smaller of the actual liquid enthalpy, h , and the
saturatedliquidgenthalpy, h . Whenthenetvaporgenerationenti!alpy,hed'nobubtdeswillbegeneratedandthebubblegenerationis greater tnan hpg,
flux, q,,,p, used in the energy equation is zero.

4.2.7.4 Calculating the Wall Evaporation. When the not vapor generation'

enthalpy, h,, is less than h,g, bubbles will be generated. The heat flux used
for bubble generation is

qs- q (4.2-45)
f fd

When the q*uality is low enough, the bubbly churn flow is maintained and the,

Bromley'd correlation is used without modification. For high-quality
flows, the flow will be annular and the bubble generation will be zero.

is interpolated using the quality in a spline
Betweenthesetwoextremes,q,dpof the bubbly churn regime and the low end offunction. The high-quality en
the transition to annular drop flow regime is calculated by

e +1/2
P' , GAMMA (4.2-46)*

: y --
Pv .

i

| G* | D*-

*
! Re, , REMIX (4.2-47)

W
,

)
!

C ,. Max { 1, [1.393 0.155 Log (1 + Rey,)]) , CO (4.2-48)*

o
,

i

1 , CO (4.2-49)*"

C, Nin 1.33, C ,, '

n

NOREG/CR-4391 4.2-22
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1+4
, ACA (4.2-50)y 4 *

g- _ - 0.15 .
C,, y

The low end of the annular drop flow regime and the high end of the transition
regime is taken as 0.25 higher in quality unless this would be greater than 1.

% = Nin [1, (g + 0.25)) . (4.2-51)

Finally, q, is fitted by a spline function from the bubbly churn correlation
for a s q to zero for a > a g.

% , fo r a K. Q w

2 3 , QEVAP (4.2-52)*

- 2X ), for g < a < ab op b (3X2=
7 33

0, for a sag

where

""" "
x (4.2-53)=

2

%~%

4.2.8 Mode 3--Transition Boiling
_

Transition boiling may be considered as a combination of nucleate and
film boiling. A given spot on the wall surface is wet part of the time and *

dry during the remainder of the time. Therefore, contributions to both the
liquid and the vapor heat transfer coefficients exist for all conditions.

Figure 4.2-7 shows the logic used to calculate the transition boiling
heat transfer coefficients. The logic diagram shows both the selection
criteria and the correlations and models that are used for various
combinations of fluid conditions and wall temperatures.

4.2.8.1 Minimum Stable Film Boiling Temperature. The minimum stable
film boiling temperature, T , is calculated using the TMSFB subroutine (see
Figure 4.2-8) whenever the wail temperature, T,, is no more than 50 degrees

m

homogeneous nucleation model, by sel.
The user may choose to use either theabove tne saturation temperature, T

L2a2ting ITMIN s 0, or the Shumway model,
by setting ITMIN > 0.
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Figure 4.2-7. Mode 3--transition boiling.

1
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TMSFB
Minimum stable

film boiling
temperature

i

Homogeneous
Yes nucleation

ITMIN <[.1
> TMIN = TCRIT

+ (TCRIT - TL)
* BETA

No y ;

Y

Shumway > RETURNcorrela' inn

Tm = Tw
+ 3.7 * DRO / (rot + RO v )
* HFG * BETA / (Cp t* Prt)
*(1 + (1 - ALP*(1 - p/ pena ) |r)
* (1 + 1.5 x 10 '5 * Re t)"'' ,, _ _

O Figure 4.2-8. Minimum stable film boiling temperature.

7,,,, + (T ,i, - 7,) p, for 17NIN s 0c

' ' " " '8T, + 3 . 7
Pt + Pv,( C Pr,,g

, THIN (4.2-54)*

T ~.
'

=

0.1

[1 + (1 - a)2] 1#
Perit )

( 1 + 1. 5 x 10 ~5Re )'''5 for IThl# > 0
'

g ,

,

where
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O
(k f )'f

p (4.2-55)t'

(A c),fy

4.2.8.2 Heat Transfer Coef ficients at T . The heat trans er
coefficienttotheliquidat1,,iscalculate"d'"usingtheBromley[#~'
correlation for film boiling, wY1ile the c00fficient for vapor is chosen as the
larger of that calci McAdams''3* natural convection and the
Dougal l - Ro senhow'#''gl a t ed us i ng~turbulent flow correlations. The Bromley correlation

uses two expressions, a modified heat of vaporization, h|,, and a
characteristic length, )., as defined in f quations (4.2-38) and (4.2-39) .

1/43 *

v) Pv '9 *

H ' '' ' 0.62 , HfBB (4.2-56)*

g ( 7, 1)As

The Bromley heat transfer coefficient used for the liquid is limited to a
value of 1000, as spurious large values can sometimes be calculated when a
volume becomes liquid filled af ter having been two-phase.

Os 1000 (4.2-57),(1 a)h for h,3,3y,
f , t na n (1 a)l000, for h, n > 1000 '

The Dougall-Rosenhow turbulent flow and the McAdams natural convection
correlations are calculated for the "ipor

A

H 0,023 l Re # Pr['5 , HV (4.2-58)*
p

Du

>1/3, ,'

H* * * 0.13 , HV (4.2-9)v v *

D, Pr, ,

where

D
Re,p pja| V,j + (1 -a) | V,|]l (4.2-59)

4,

Pr, and Gr, are as defined in Equations (4.2-12) and (4.2-13), and 1/T,
approximates the coefficient of thermal expansion.
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+

The higher of these two vapor heat transfer coefficients is used for the
vapor at the minimum stable film boiling temperature

#' "'d' " ' *
H .tmin

~-

4,, y , for h ,nc > h .de
"v

y v

4.2.8.3 Chen Correlation for Nucleate Boiling. As shown in Figure 4.2-6
and described in Section 4.2.7.1, the Chen .2-3 model is used for nucleate4

boiling in the liquid phase.

4.2.9 Mode 4--Film Boiling

Film boiling is composed of a forced convection component, a pool boiling
component, and transitional components. The logic is shown in Figure 4.2-9.
The forcej" convection component is taken as the maximum of the Dougall-
Rohsenow'' 3 correlation and natural convection to steam, defined in
Equations (4.2-58) and (4.2-9). The pool boiling component is taken from the-
Bromley correlation defined in Equation (4.2-55).

4

4.2.10 Mode 5--Single-Phase Vapor

Single-phase vapor is assigned a wall heat transfer coefficient equal to
the maximum obtained from the laminar, turbulent, and natural convection
correlations defined in Equations (4.2-8), (4.2-9), and (4.2-10). The logic-
is shown in Figure 4.2-10.

4.2.11 Mode 7--Simple Boiling Curve

The seventh heat transfer mode is specifically for nonreactor core
structures or for situations where accurate values of CHF are not desired.
This simplified logic allo s nucleate boiling up to a wall superheat of 25 K
if the quality is not greater than one and the-void fraction is not > 0.999.
This logic is shown in Figure 4.2-11. At very dry steam conditions, h is set

Littus-BoeltePis the maximum of the natural convection, laminar flow,,andto zero and h
24 correlations given by Equations (4.2-8), (4.2-9), and (4.2-

10), respectively. Fornucleateboiling,geCHENcorrelationisused;and
transition boiling -uses the Loomis-Shumway "' correlation

he = HTB = 2000(1 - a)([62.36 + 8.804 x 10-5(P)]

.
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I
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i

HVLAM by'
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; Dougall Rosenhow,

|

L s
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Y

Ca1cu, tate Set HL, HV
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Figure 4.2-9. Mode 4--film boiling.
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- Figure 4.2-10. Mode 5--forced convection to vapor.
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Figure 4.2-11. Mode 7--simple boiling curve. ,
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Figure 4.2-11. (continued)
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- [1] .3 4 1.59 x 104(P)ln(N)) . (4.2-61)

Figure 4.2-11 diagrams the condensation logic. Mode 7 through 7.5 follow
closely Mode O through Mode 5; Modes 7.8 and 7.9 i we been added for heat
exchangers that have horizontal and vertical tubes, respectively. The
equations used for horizontal and vertical tubes are related such that
dif ference> disappear as the steam flow increases. The equation is

T - [INu TL Nu, e (1 - FL)NU (4.2-62)2
T T
t u

where FL !s thp,f[, action of tube surface beneath the water pool. Nu, is the
Nusselt number ' below the pool surface.

Nu - 0. 36 Ref'" Pr,''3 (4.2-63)
3

.

Nu is the Nusselt number in the steam region. For horizontal tubes?'2 *2

11/4
0.276

Nu, - Af 1+ gg /2 (4.2-64)i

XT '' Fr HF

where

'1/3
XF 0.9 1+ _}_ (4.2-65)

RF HFj

K(T' T)g "
HT (4.2-66)

hVe g

s1/2<

PM
RT (4.2-67)

PA

on the volumetric vapor velocity perpendicularFr is the Froude number basc a

to the tubes in the st- .,i region.

Vertical tubes use Equation (4.2-6) plus the first term in Equation (4.2-

Chen .2-[ie coef ficient in Equation (4.2-6) is 0.943, as recommended by63). T
2 7 and the length is the distance between baffle plates instead of the,

hydraulic diameter. The first term of Equation (4.2-63)

O
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,

Nu, = XF Re 'l2 (4.2-68)

is the only velocity-d(pendent term and becomes dominant at normal flow rates
'

so that the tube orientation makes little difference.
i

!

4.2.12 Nucleate Boiling Transition

Pressurized water reactor safety codes have predicted the onset of
nucleate boiling transition by using an empirical correl. tion to determine the
local CHF. Using this transition criteria alone is in' aquate for boiling
water reactors since the high-quality, high-mass-flux anditions may introduce
memory effects when the heat flux is nonuniform.4.2-18

Several methods exist -for correlating CHF data for nonuniform heat
fluxes. Perhaps the two most widely accepted for analyzing B like phenomena
are the Tong F-factor and CISE critical quality correlations g" Since the
critical quality correlation is a simpler-function to 9 valuate and has been
used by General Electric Corporation (GE) to correlate CHF data in BWR rod
bundle simulation, it has been chosen for use in TRAC-BFl/MODl. The general.
form of the correlation is

Al*X= , XC (4.2 69)*
c B + I,

where

critical qualityx =
c

boiling lengthL, =

and A and B are functions of pressure and mass flux (see Table 4.2-2).

Implementedintothecodearetwoversionsofthiscorrelat.,ign,asshown
in Table 4.2-2. The first is based upon the Biasi correlation'' originally

used in TRAC-BFl/MODl. This correlation has been converted from a local CHF
to a critical quality correlation, as described in Reference.4.2-18. The
second is the CISE-GE correlation derived from data taken from experiments
performed at GE. The Biasi X, correlation gives larger values than the
CISE-GE correlation.

Both correlations are included, since each has distinctive advantages.
The improved Biasi correlation is based on a broad data base of CHF
experiments. It is, however, subject to the assumptions used in converting.to
a critical quality. The CISE-GE correlation, or, the other hand, is based on
data from rod bundle experiments and includes effects of local peaking
factors. The data base from which it is derived is limited to mass fluxes in

NUREG/CR-4391 4.2-33
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O|Table 4.2-2. Critical quality correlation options.
|

Improved Hiasi CISE GE
(ICHF = 2) (ICHF = 3)

,

|

Ag = 1.0 A = 1.05 5 - 0.013
- 10b

'

62.738 10
e

8 I# ~4 d
B; = 1.048 x 10 G D hrg/il(P) 1.233(7.37 x 10' G) + 0.907(7.37 10 G)h

l

PA, Lg h
X. 'g - Rj '2 1.233(7.37 x 10 G) + 0.907(7.37 10~4G)2I' d

c
1 1, B a

2

- 0.285(7.37 10 G)3
,

A; e F(P)/C"* H = 0.457 + 2.003(7.37 10 G)#

hgg(5 707 10'8) 0.901(7.37 10"'G)2H; - G Df''#
D

A; L3 nP

fi j ' If Bundle is 8 x 8, B e B/l .12X
cr, ~ a., , L p

- B w

Ab B 1.24

g[C B+L2' 1 ' ct: R!
C

HtP) = - 1. ! ? 9 + 0.149(P 10'5) ex;'( .019 P)

3.99
*

<,
10 + (P 10 ')*

F(P) - 0.7249 + 0.099 (P 10 '' J e x p ( 0 3. 2 10''P )

2 2the range 300 kg/m -s < G < 1400 kg/m -s.

The local CHF Biasi correlation has a data base that covers the mass flux
2(G) range between 100 and 6000 kg/m -s. The local flux Biasi correlation

logic uses the maximum of

9
4.2-34 NUREG/CR-4391
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O-

G
7 f1.883 x 10 Pq,, , _ , pp y p

D "G '!* G "* >r

|
73. 8 x 10

q ' c,, u h (1 - X) QCHF1 (4.2-71)*p
,ng 0.6

where

0.4 for D 2 I cm (4.2-72)n =

0.6 for D < 1 cm

0.7249 4 (0.099)(P)[exp . 32p] (4.2-73)f =
p

0, hydraulic diameter (cm)=

2
G mass flux (g/cm -s)-

2h -1.159 + (0.149)(P)[exp] + 8.99(P)/(10. + P ) (4.2-74)=
p

P pressure (barc).=

'
Note that the Biasi correlation uses cgs units, but the constants in Equations
(4.2-70) and (4.2-71) have been changed so that Qcg, is in W/m

If Equation (4.2-70) is used, 0.02 is added to the heat transfer mode
number, if Equation (4.2-71)2 is used, 0.01 is added to the mode number.

~

Below a mass- flux of 200 kg/m -s, the critical quality correlations _e.re not
used. Above 200, departure from nucleate boiling will occur if the local wall
flux exceeds the Biasi CHF or the local quality exceeds either critical
quality correlation specified by the user.

2Between a mass flux- of 200 and -700 kg/m -s, the
correlation is linearly interpolated with the Zuber .2 local flux Biasi-4 i pool boiling
correlation at a mass flux of zero and the Biasi correlation evaluated at-G =
200 for positive flow and G - 700 for negative fle The modified Zuber
correlation is

Ocur = (1 - a)(0.9 x 0.131 h p BRAC + QSUB) QPPPB (4.2-75)*
gy ,

where

5)( Pc - P,) *'
BRAC (4.2-76)=

g

Py

O
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O
0, if T, , 7, ;

1

| 2 A,( 1' 1,) (4.2 77)<

0508 - ~ , otherwise
'

'

nTAUk g

r cpge

+1/2
, a

g(p, {' ' (4.2-78)
T. n - 2.625 .

BRAC :

flow is counter (orrent, the luber correlation is used; if the massIf
'

4

flux is ,ess than -700 kg/m'-s, the absolute value of the flux is used in the
Blasi correlation.

Once qcs, has been obtained from the Biasi correlation, the temperature
corresponding to the CHf point, T ,, is calculated using a Newton Raphsonesiteration''g to determine the intersection of .ne heat flux found by using
the nucleate boiling HTC and CHf. An iteration is required because l T,y es
must bc knowr to evaluate the CHEN correlation; in turn, the CHEN HTC must be
known to calculate the wall temperature. The expression thus becomes

Oce, h ( 7, 7,, ) . (4.2-79)

The equation for i ,, is
t

7r-I - Qcern

ce S
h71 T *

n n

TCHf (4.2-80)cer our ,

1 + Ocur dh-
? dl,h

where T"e, is the CHf temperature for the nth iteration, h is the HTCr

evaluated using the CHEN ctrrelation, and dh is the derivative of the HTC
dl,

with respect to the wall temperature.

Conver gence occurs when TSi' - T[, < l.0. A maximum of ten iterations isc c

allowed; if convergence does not occur, a message is printed and a fatal error
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results.

The CHI temperature is restricted to the range, (1,4 0.5) s 1 s (1, 4
100). The options available to the user are

negat tve, no CHI allowedICHF -

0, use simplified boiling curve (Mode 7)-

1, use Biasi local CHF-

2. use Biasi critical quality plus Diasi local CHf-

3, use CISL-GL critical quality plus Biasi local CHF.-

To assist in understanding the nature of the nucleate boiling transition for
CHAN components, the output variable, IllM1 RIP has been added, where

e
0 implies no nucleate boiling transitionfitMlRIP -

1 implies local CHf transition>

2 implies critical quality transition.-

logic diagrams of both correlations are given in figures 4.2-12 and 4.2-13.

'
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Figure 4.2-13. Biasi critical heat flux correlation.
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@ 4.3 RADIATION HEAT TRANSFER
i

,

! !

! lt is known that the contribution of radiation to the overall heat !

| transfer in tWR systems is negligible in normal operations. However, in a
2 hypothetical accident situation in a BWR system that might lead to some core

heatup, thermal radiation would contribute to the heat transfer from the fuel"

| cladding to the shroud, lhis heat transfer by radiation is both directly, ;

i from surface to surface, and indirectly, through absorption by steam and water j

) droplets inside the bundle. Radiation heat transfer may be appreciable only !

! if the emitting surface is considerably hotter than its surroundings and if it |
j is not directly in contact with an evaporating liquid. for these reasans, ;

| radiation heat transfer is neglected in all components except the fuel bundle .!
! (CHAN component in 1RAC-Bfl/ MODI computations). In the case of the CHAN !

component, the user specifies a cutoff void fraction (AtPTST) below which ;

radiation heat transfer is, again, neglected. (A value of 0.9 for the cutoff ;

j void fraction is suggested in the TRAC-Bfl/M001 User's Guide.) for void
fractions above Al !

described below.'',PTST, radiation heat transfer in the CHAN is modeled as;
~' '

L
I i

i ;
'

| 4.3.1 Radiation Heat Transfer Model
|

}i!

i The governing equations for radiative heat transfer within an absorbing, E

emitting, and scattering medium are a set of integro-differential opp 2tions
| for which only a few solutions for simple geometries are available.

Numerical solutions to these equations are also impractical in terms of cost
| and effort. for engineering applications, approximate methods are typically

chosen. A lumped-sydem approximatiop Wwith uniform radiosity at the surfaces-

has been the tradit40nal approach.'''| .

The lumped-system approximation of the net-radiation method has been !i

presented in Reference 4.3-2. The governing radiation exchange equations can,

be obtained for the k"' surface of area A of an arbitrary enclosure of N'

discrete,dif'use,graysurfaces,asilluStratedinfigure4.3-1,by )
'

| considering the incident and outgoing radiation components. As illustrated in
|

figure 4.3-2, the total radiation leaving surface k is

B,A c o,T[ A ( 1 - c, )H, A (4 3 1)4n i n n

|

| or

a[4 (1 - c,)H, . (4.3 2)TB, = c,o
,

As illustrated in Iigure 4.3-3, the total incident radiation for surface |

k, assuming a transparent medium between surfaces, is :

@
4.3-1 NUREG/CR-4391
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O
1

i

2

3

k

6

(NLL A 19190

Figure 4.3-1. Enclosure of N discrete surfaces.

O

_

U -I )H Ak tkTt oSB k A kg tk

INEL A 19189

Figure 4 3-2. Radiation energy leaving surface k,

F ANBF2 2k 2 0F3 3g 3A B0F A A N Nk1 ik l

i e # 4 e

j II U

IN E L A 19 168

Figure 4.3-3. Radiant energy incident on surface i.
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|
N

| #, A = [B A f (4.3-3)u j ij p .
; .1 j

Given the surface temperature, surface emissivities, and geometric view;
factors, Equations (4.3-2) and (4.3-3) tan be solved for B, and H . The neti
radiation from surface k is'

,

e (c l -B)t ag xQ, = B, - H, = (4.3-4)
,

(7
.

j 1-e g

If a two-phase mixture is present, the governing radiative exchange |

equations would appear as ;3

a[4 (1 - c )n, (4.3-5)7; B = e, n iy

'
,

?

. u

T' fl' * CN" [ (8;Tn+C en un"a g)A,j 3 (4.3-6)on en"a sT T
t

Au33

where
.

| (1 - agg) (4.3-7)T =
g3

4

i

(1 - ac3) (4.3-8); icp =

I
-

t T (4.3-9)| n o tjk

|

an6 where the following assumptions have been made:

!All surfaces are gray and diffused..

Each rod is one surface at one temperature, and the channel wall is*

one surface at one temperature.

Axial radiative heat transfer is neglig'ible.*

The droplets and vapor are gray.+

IScattering is negligible..

#The vapor and liquid temperatures are independent of the radial-*

4.3-3 NUREG/CR-4391 i

t

_ s 'e w-r ve w w e . ..f .-...-wr . . , , v,3-g.,,O.y,..ey.,,,,,,.wm ,,w,..,. .,..,,w.,,.,.g,,r , ,,,.,,,,.,,.y,,, y , . , _ , .. c g p ,, n. p .



_ _ _ _ _ _ ._

RADIATIOf4 HEAT TRAf4SFER

dimension.

1he view factor of the two phase rtiixture of surface j along the path.

L to j is given by the view f actor f rom surf ate k to j (f g).

Equation (4.3 5) implies that the radiosity at surf ace k (B,) is composed
of two com"onents,

g[ - radiant heat flux emitted by surface k.71. rn
i

2. (I r, ) H, - radiation heat flux reflected from surface k due
to the incident radiation heat flux on surface k -

(H,).

Equation (4.3-6) gives three components to the inc ident radiant heat flux
at surface k:

1. 1 8, A , ,/ g gi radiation transferred from all surfaces to
A, y

surface k without being absorbed by
two-phase mixture.

2* C i A In"a7 r diation reemitted by the vapor phase
an en t3

along the path j to k and transferred to
surface k wit'.out being reabsorbed by the.

liquid.

7[ radiation reemitted by the liquid phase -A,,f3. r, g t oyg g g

along the path j to k and transferred to
surface k without being reabsorbed in the
vapor phase.

[quation (4.3-5) and (4.3-6) can be combined to yield a system of linear
equations if the surface temperatures, surface emissivities, view factors, and
fluid radiation properties are known and can be solved for the radiosities for
each surface

g [ (1 r,){6 (1 c)t t , j B, e,o l9 g
3-1

gjLI(il sB g f ji gjk sB l kJ
' *

jal

wbere

NUREG/CR-4391 4.3-4
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1

0. if j * k (4,3.}}) j6 =
H 1. if j , k * |

| Given the solution from Equation (4.3-10), a solution to Equation (4.3-4)
can be determined to yield the net radiation heat flux from surface k. ;

Equation (4.3-4) provides the radiation heat transfer boundary condition used ;

for the conduction solution for surface k. However, additional calculations
are required to determine the portion of radiant energy leaving surface k that :
is eventually absorbed into either the vapor, droplet, or film phases of the
two-phase mixture. :

The total radiation absorbed by the two-phase mixture is given by
h N N ,j

y ) - t,q n j g | - T,3 ,q a [J . (4.3-12){ 0 ABS,= { { A f B, ( 1 e o 7 c n Ttuy
b .1 k1j1

~

lt can be shown that Equations (4.3-10) and (4.3-12) form a system of
radiative exchange equations that conserve radiation energy !

(q,A - 0 ABS,) = 0 . (4.3-13)n
k1

However, since 1RAC-Bfl/ MODI is a nonequilibrium two-fluid code, it is
necessary to determine haw much of the total radiant energy absorbed by the
two-mixture phase is absorbed by the vapor phase and how much by the liquid
phase,

lhe first term on the right side of Equation (4.3-12) is the amount of
radiation absorbed by the two-phase mixture along the path k to j. The second
term is the amount of-radiation emitted by the liquid phase along the path k :

to j and not reabsorbed by the vapor phase. The third tern is the amount of
radiant energy emitted by the vapor phase along the path k to j and not
reabsorbed by the liquid phase.

One method for splitting the first term on the right side into
vapor / liquid components is to consider the probability that radiation will
travel a distance z along a path L from k and then to j and be absorbed in the
vapor phase in the next dz of path length, P,(z)dz or ,

P (z) dz e K,e * * * 'd" dz . (4 3 14)g
_

Equation (4.3-14) assumes that the radiation absorption m h ism of the
two-phase mixture can be expressed as an exponential function.g* g* If

Equation (4.3-14) is integrated from 0 to L, P (L) can be determined, which iso
the probability that radiation traveling along the path L will be absorbed by
the vapor phase

4.3-5 NUREG/CR-4391
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K I
i

P (l) - 1-e**''" (4.3-15)8
.g

K, o Kg

i

! The term of one minus the exponential can be recognized as one minus the
t ransmissivity, since-

t; 'l - apj)(1 - a,q)a

1,

1_ (j _ c 4e jt u)]] _() 4oulu),e

;

g (te; r y)tu , (4.3-16)a-

|

Equation (4.3-15) can now be written as

y'9U
,

P(l y) A,gg (1 - tij)
(4.3-17)g

K,q -+

Comparing Equations (4.3 12) and (4.3-14) yields the following equation for
the net radiation absorbed by the vapor phase:

u u u
y' * U

[QABSVs = [['Af ll,_{l - in) N ' k;a j-
au

k1 k.1 j 1 pj
,

t se o 96j tij is \ t - I(j (4.3-18)[I 44

t30 T + 0 r o- C atj 9 f. ,
-

The last term on the rig'ht side of Equation (4.3-18) is a correction
proposed by Sun et al.'34 to account for radiation heat transfer between the
droplet phase and the vapor phase. The rar'iation absorbed by the liquid phase
can be obtained in a similar manner

u u u
g"U[QABSIg - [['4 F B,( l u)zau

61 61 i1 h,ey + A,gy

O
NUREG/CR-4391 4.3-6
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I

(4.3-19) |
,

o 7 -Coi , Ce 6 ; "s s Y' e*Ib-5 4

Cn;tgij ss e; v

lhe sum of Equations (4.3-18) and (4.3-19) are solved in the routine RADSLAB. ,

once B,d to determine a radiation heat transfer coefficient from the rod orThe results of Equations (4.3-18) and (4.3-19)
has been determined.

are use4
,

channel wall surface L to the liquid phase and a radiation heat-transfer
coefficient from the rod or channel wall surface k to the vapor phase.

'

,

! QA35L' ,

I h, n (4.3-20)
(I I)Ant t n$

,

1

QAB5V'
-

I (7 -7,)A
- (4.3-21)h, p

*

,

9 n

| Before Equations (4.3-4), (4.3-5), (4.3-18), and (4.3-19) can be solved
and a ,3 must be determined.j by RADSLAB., the quantities e , e e a

' The emissivity of steam, e , iscalcul$;e,dtak,ir.gint*oaccounttheabsorptionp p. n

and emission spectrum of w,ater vapor, in physics, the emissivity and
absorptivity of absorb.ng gaseous media are expressed as functions of
radiatien number v (the inverse of the radiation wave length). The total
emissivity, e, for steam is obtained by integrating the emissivity equation
over all wave numbers, with the Plank black body radiation distribution,
8(v,T), as a weighting factor. Thus,

'[[c,(vj](v,lg)de
(4.3-22)e, .

(9 B(v,1,) dv
,

i

i

j- where

22'

2nhc vN("'I) (4,3-23)-nc,

E
e -I

Plank's-constanth -

velocity of lightc -

Boltzmann's constant.k =

In a similar procedure, the absorptivity for the vapor phase can be
calculated as

4.3-7 NUREG/CR-4391
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O
(* ,(v)B(v, T,) dvI

a

; a, e __ - (4.3 24)
,[,B( v,7,) dv

i

where
i

surf ace ten.perature1, -

| a (v) e,( v) (4.3-25)y

by Kirchof f's law (hence, a, - e,)

wave number of radiat ion (cm ') .
~

v =

The absorption spectrum of water / vapor is generally considered to consist
of six major absorption bands. The wave numbers and absorption coefficients

| associated with these bands are given in Reference 4.3-8 and Table 4.3-1. The
values given iri this table were obtained for the lhomson model of emissivity
described in Reference 4.3-9, which is essentially the model utilized for the
present calculation. The absorption coef ficient values in Table 4.3-1 were
obtained for a reference temperature of 300 K. These values are assumed to
vary inversely with water / vapor temperature to account for various line;

broadening phenomena, or,

I
K(v) K,( v ) _2 (4.3-26)

I

where l = 300 K and K, (v) is the tabular value of K(v). The values of K(v)o
used in the present model were assumed to be constant within each band, and
zero in the region between bands.

Using data in Table 4.3-1, the int egrals in Equations (4.3-22) and (4.3-
24) can be approximately evaluated as sums over the six bands

6

T c(h)h(v ,IJav'iM (4.3-27)
e-

o T*sg

.
6

| { c(h)D(v ,I,Javi i (4.3-28)! i,3
a=

"sBI

NUREG/CR-4391 4.3-8
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!
1

; Table 4.3-1. Water vapor absorption data.
!
4 Wave Length Minimum Wave Maximum Wave Absorption i

Num Coefficientof Band Center Number
(nj _(cm") (cm'yer

K(v)( At m"cm 1). ,)

! 20.0 195.5 804.5 0.0959 '

| 1.0 1283.0 1892.0 0.2874 |
~, 2.7 3399.0 4008.0 0.2069 1

l.87 5043.0 5652.0 0.0166'

{ 1.38 6942.0 7551.0 0.0136 j
j 1.1 8468.0 9077.0 0.00053
i

_
.

1

i
j- where i is the band index and B(v ,1J is the average value of the Planck

i

| black body function over band i.
}
i In the Thomson model, the value is obtained by integrating B(v,T) over
| the entire band; while in the present model, it is obtained by evaluating !

i B(v,T) at the mean wave number vi of the band, or
,

B(v,TJ=B(h,T). (4.3 29)i

4.3.2 Implementation in Coding

i
|- The model for water / vapor emissivity is incorporated.into TRAC-BD1/ MODI

in Subroutine EMISS. To test the implementation of this model, EMISS was used
L to evaluate the emissivity of water / vapor for an applicable range of vapor
| temperatures and optical path lengths (PL products). The results of these
L calculations are compared in Figure 4.3-4 with experimental data and Thomson
! model results, both presented in Reference 4.3-8. Though the Thomson model
; gives better agreement with data than the present model, it is judged that the

faster computational scheme used in the present model justifies the observed
I. decrease in accuracy.
<

and a ,j, are also calculated in EMISS. TheThe droplet properties, c r ,

model developed in Reference 4,.3-7 is
i,

'

.,

! '1 * *d (4.3-30)
*I O# al " 8dej| d

L
Equation (4.3-30) also gives tne absorption coefficient for the droplets
(K,;)

.

g

i

4.3-9 NUREG/CR-4391 j

L ..- . . _ . _ . - . - _ _ _ . - - - .__ _ _ _ _ _ _ - . _ . _ _ _ _ _ _ . _ _ -



- .
..

1

! RADIATION HEAT TRANSFER

0.50 ; i , , ,

*
~~~ TRAC BD1 model

"" ~~I0.30 - Thomson model

,

" ' ,
e Ex perimental data

/ * * * * * ~0 20 -
/ e

1111 K / * ,,'
,/

/
0.10 - / 1667 K p /._'s'py

% '/e

*'sf
/$ / /

E s' // /s' / /*
.

* ' '* 0 05 - ,/ / 2778 K / -

e/ //
/ / /

|
/ ,/

//
/

/

/0 02
-

-

/ /

/ /
/ /

1 I I I l0 01 -

0.0166 0.0332 0 0665 0.1662 0 3324 0.6649 1.6600

PL (MPa m) mn.A 39 m

Figure 4.3-4. Water vapor emissivity.

1.llag (4.3-31)K = .gg
Od

lhe model for the steam absorptivity does not assume the form of Equation
(4.3-18); aerefore, K,y is calculated from

g;)-In(1 a

K,g - (4.3-32)
Lg

The surface emissivities are input for the CHAll component and held
constant over the transient. This completes information required by RADSLAB
to calculate the radiation boundary conditions required by the TRAC-BF1/ MODI
hydrodynamics and heat transfer solution, if all involved surfaces are dry and
the geometric data, F and L are known.g g,

HUREG/CR-4391 4.3-10 )
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! !

If a surface involved in the radiation heat transfer calculation
quenches, the radiation heat transfer calculation performed by RADSLAB is !

'modified to account for the thange in effective surface emissivity fer the
wettedorquenphedsurface, if a surface is quenched, the surface emissivity
is set to 0.96 ( = 0.6648), and the calculated radiation heat flux at that
surf ace is treated as an additional energy inflow to the liquid phase, since
it is the liquid film absorbing the radiant energy and not the surface.

The quenched fraction for each axial node (for each rod group) and
'

channel wall within a given rHAN component is calculated by CHAN1 and passed;

to RADSLAB. RADSLAB uses the fraction of quenched surface to linearly
partition radiation at the quenching surface between the liquid phase and
suiface. CHAN1 also uses the fraction of quenched surface to linearly weight
the dry surface emissivity with the wet surface emissivity and an effective
wetted surface temperature with an effective dry surface temperature for the
rods. Linear weighting may not be adequate. Additional work in this area may
be required, depending on how the CHAN radiation model compares with data.

Calculation of the geometric quantities, f and L required by the
radiation model are performed in ICHAN by calls to Cf hI,f,GRPflJ and GRPLIJ.

g.

,

L These routines were obtained from Reference 4.3-5. The method employed to
calculate view factors between individual surf aces before grouping is the
crossed string method given in Reference 4.3-9. The method employed to

: calculate mean beam lengths between individual surfaces is the equivalent flat
plate method proposed in Reference 4.3-3. The method employed in grouping of
the individual view factors is the angle-factor algebra method given in
Reference 4.3-8.

The CFlJ routine has been modified from that given in Refe-ence 4.3-5.
lo reduce storage requirements, the channel wall is treated as one surface,
rather than broken into segments and treated as 4-NR00 surfaces, where NROD is
the number of rods on a row. For calculation of the view factor from each rod i

to the channel wall, conservation of radiant energy can be used. The view
factor from any given rod to the channel wall is given by

h -1

fn=1-[f (4.3-33)g .

j-1

fhe reciprocity rule * tan be used to calculate the view factor from the
wall to the rod surface K

: f (4,3-34)g .

A,
;

The calculation of the path length from the rod surfaces to the channel
wall uses the path length from the rod surface to the nearest channel wall.
This is an approximation; however, it appears adequate for the outer row of
rods in the bundle and is not a major factor for the inner rows of rods, since
the view of the channel wall by the inner rows of rods is small. Work should

.

4.3-11 NUREG/CR-4391
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'

be performed in the area of imptoving these calculations and reducing the
; storage requirements at the same time.

| An anisotropic reflection model has been developed for IRAC-Bfl/ MODI,
which modifies the view factors to a(tount for anisotropic reflection effects
f rom the rods and channel walls in a liWR bundle. Comparisons with
experimental data indicate that the of fett can be significgnt . lhe view4

f actors are modif ied by the method suggested by Andersen,' * in which a
'

fraction p of the radiation incident on rod i from rod j is directly
reflected bnk to rod j, and a f raction (1 - p,) is reflected isotropically.
lhis has the ef fec t of reducing the ef fect Ive view f actor f rom rod j to rod i
and increasing the ef fective view f actor f rom rod j to itself, since a
f raction p, of all radiation sent f rom rod j to rod i is immediately returned.

' lhe anisotropic factor p is used to modify the view factors used in
[quations(4.33)through(4.bl2)inaccorfancewithIquations(4.3-35)and
(4.3-36):

/,,(1 p,,) for i < j
' *

(4.3-3b)f'
.

| U /u '[l,Pij '

i

| 14
jei

,

)

These new effective view factors co';erve radiant energy and satisfy the
In accordance with the recommendationsteciprocity relat nship if p pg.of lien et al . ,''*g' values of 0.5 and 0.15, respect ively, are used f or p

I g
for| g

i rod-to-rod and channel-wall-to-rod radiation.
;

}

| In an ef fort to reduce computation time f or the radiation model, MDSt AB
l is called every NRADth 1ime step, where NRAD is a user-supplied input. This
| has the disadvantage that if wall temperatures and fluid temperatures, or
i both, are rapidly changing, the radiation heat transfer boundary conditions
| (q,, h hm ) calculated by RADSLAB may not be consistent withm,

'

| w

{ qA QARS, 0 (4.3-36))

n.1

i

Additional work should be done in this area of determining how of ten to
call RADSL AB and what informat ion to calculate at each time step.

I

|
' 4.3.3 Assessment

As reported in Volume 4 of Reference 4.3-1, the radiation model of
TRAC-Bf!/MODIhasbeencomparedtothedataobtainedinasimulatedfullq*cgle
8x8 BWR fuel bundle. The experimental data, reported by Nilsson et al. '
were obtained in the G01 A test f acility at Studsvik, Sweden. lest No. 27 of

| NUREG/CR-4391 4.3-12
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CU1A experiments was used for this assessment. In this test, the electrically I
heated 64-rod bundle was filled with stagnant steam at near atmospheric i

pressure and operated at a high temperature in the middle with steep i

temperature gradients towards the periphery. The peak rod temperature in the '

middle of the bundle was 1224 K. The bundle shroud walls were maintained at
373 K by cooling water on the outside. Heating of the rods (radial power
f actors) was diagonally symmetrical, and over half of the 64 rods were
instrumented.

The IRAC-Bul model used a one-cell CHAN simulation of the bundle
mid-section. Modeling the rods in one-half of the bundle plus the hal_f rods
along the diagonal requires 36 different rod types, as input to the CHAN '

component. A zero velocity flLL component was connected to the bottom of the
CHAN, and a BREAK component with set pressure was connected to the top,

,

figure 4.3-5 (from Ref. 4.3-1) shows a comparison af the calculated and
measured data along the diagonal. A summation of the differences between the
calculated and measured data for all the 36 rods, divided by 36 yields only
1.3 K error, lhls error is extremely small considering that the temperature
gradient from the ranister wall to the central rod is 600 times larger than
the error. Performing the same calculation with the steam absorption set to
zero has shown a negligible effect on the results. However, switching to
uniform (isotropic) reflection reduces the peak temperature by about 100 K.
The emissivity used for all surfaces was 0.7.

\ 1,300 - ,
,

p

1,200
9

*
R

T
[ 1,100 P

,

2
5
c)

$ 1,000
N

R

c Data test 27 + 5 K .

900 , TRACB

800 -- t "

0 1 2 3 4 5 6 7 8 9'
Rod number along diogonal

7.-=

Figure 4.3-S. G6TA radiation test data comparison.
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FLuIo-MASS CONSERVATION EQUATIONS

1 CLOSURE RELATIONS REQUIRED BY
'

PLUID-MASS CONSERVATION EQUATIONS

1reatment rf fluid-mass conservations equations in TRAC-Bfl/ MODI is very i

closely related to the energy exchange equations described in Section 4.1.
For this reason, a separate section on this topic is not necessary.

3

:|

|
i

i

|

,

.

t

|
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INTERFACIAL SHEAR

6. CLOSURE RELATIONS REQUIRED BY'

FLUID-M0 MENTUM FIELD EQUATIONS

Closure relations required by the fluid-momentum field equation are
described in the following sections.

6,1 INTERFACIAL SHEAR

Calculation of interfacial shear and momentum exchange across the
interface is a necessary part of the two-fluid equation system solution. in
specit ie terms, the interfacial shear model calculates the variable f,, in
equations of motion for vapor and liquid. f, represents the drag force, per
unit volume, between the phases; and it is ex, pressed in terms of phasic
velocity difference

T,, = ( | V, | 7 (6.1-1)

where k is the local average interfacial drag coefficient between phases

(per unit volume) and , is the void-weighted average velocity difference
between vapor and liquid. The local values of ( and , are dependent on
flow regime, void fraction, and properties of vapor and liquid. Furthermore,

C, is a function of , . Equation (6.1-1) gives only the generic form of f,,;
its specific forms are described later. The basic principle of these
calculations is to identify the prevailing flow pattern at each hydraulic
junction and then apply specific correlations for celative phasic velocity and
interfacial drag to determine the momentum exchange across the interface at
that junction. However, to satisfy the requirements of hydraulic modeling
with numerical solution, a two-stage interpolation scheme is used to obtain
representative values of the relative velocity and interfacial drag that
include the effects of drift velocity and distribution parameters in all
possible flow regimes. This aspect is further clarified after the main
variables have been discussed.

The interfacial friction is calculated mainly in the FRClf subroutine in
TRAC-Bfl/ MODI, The present soction is intended to provide a complete
documentation of the actual equations used in that subroutine and to disc-
the background and origins of the basic relations used in these calculatis .,,

as well as the effects of coding on the results. The order of presenting
different equations in the main text has been arranged, as closely as
possible, to reflect the order of application of those equations in the flow
chart of the FRClf subroutine. In order to distinguish between the main
variable computations and their derivations in this report, each equation that
is used in the coding of fRClf, eithec exactly or in successive steps, is

6.1-1 NtlREG/CP.-4391-
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!

! INTERFACIAL SHEAR

! marked with an asterisk (*), f ollowed by the variable name used in the coding
for the left-hand side of that equation,

i

6.1.1 Background

:

lhe interfacial shear riodel in IRAC-Bil/M001 is based mainly4on thedrif t-flux correlat ions derived by Ishii,' '' Andersen and Chu.6- and
'

Andersen et al.,''d with some moSifications that are specific to the INLl
g#version of the code. These include some additional correlations by 1shii,

| and others, as will be specified later

According to Andersen et al . ,*'6# the basic assumptions in the
derivation of the present interfacial shear model are:

,

!

Ior adiabatic and steady-sta: . conditions, the two-fluid model and.

the drift flux model are equivalent, and the drif t flux parameters
can be used to characterize the relative velocity and the phase and
flow distributions.

The correlations for interfacial shear and drag and wall friction,-

as derived f rom adiabatic steady-state conditions, are applicable
for transient conditions.

On these bases, an existing collection of data from two-phase flow,

pressure drop and average void fraction measurements has been analyzed to
derive correlations for relative phasic velocity and interfacial drag in
dif ferent flow regimes. These correlations are then employed in the two-fluid"

interfacial shear model. The data base for these derivations covers a large
number of experiments. A detailed reference to these will be given later,

6.1.2 Flow Regime Transitions

.

The interfacial shear model distinguishes three regimes in two-phase
fl ow. These are:

,

Bubbly / churn flow*
,

Annular flow, including dispersed annular flow.
,

' Dispersed droplet flow*

Except for the extreme cases of zero or 100% void, each one of these flow
regimes may involve either cocurrent or countercurrent fl ows .

Figure 6.1-1 shows a schemat ic diagram of the flow regime b"undaries and
two of the void-dependent variables calculated for a mass velocity of 500

NUREG/CR-4391 6.1-2
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2Figure 6.1-1. Flow regime map for a mass velocity of 500 kg/m s at p - 7
MPa, showing the vold-dependent limits of different flow patterns, the void-
dependent interpolation factor x2, and liquid entrainment,

2kg/m s, in a chanri with a hydraulic diameter of 0.0145 m (typical of BWR
fuel bundles) at a pressure of 7.0 MPa. As stated earlier, all variables
calculated for each one of these flow regimes, including countercurrent flows,
are used in an interpolation scheme with respect to void fraction and
entrainment. The interpolation variables that are shown in figure 6.1-1 will
"e discussed later. The void fraction at transition between different flow
.egimes depends on flow and system variables, as will be explained later. It

should be noted that some of the correlations for flow regime transitions,
relative velocity, and entrainment in different flow regimes that are derived
for interfacial shear are also applied to the interfacial heat transfer
calculations. These were discussed in Section 4.2.

6.1.3 Basic Definitions

Before presenting the equations used for interfacial exchange
calculations, it is useful to review some of the specific notationg'ged in
drift flux formulation, as initially defined by Zuber and Findlay.

l

6.1-3 NUREG/CR-4391
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INTERFACIAL SHEAR

Sinple area-averaged quantity of a locally varying property, f(A), is
defined as

A'(^(A)dA
<fS f (6.1-2)

Void-weighted area-averaged quantities are defined as
r~. ay

/ (6.1-3)
< tc>

l

l ocal volumetric liquid flux:

j,(A) [1 - a( A)]V,( A) (6.1-4)

local volumetric vapor flux:

J (A) n(A)V ( A) (6.1-5)g o

lotal volumetric flux at a point:

j(A) j,(A) 4 j,(A) (6.i-6) ;

Average volumetric liquid flux:
1

<j , :- G (1. -A)
'

- (6 1-7) i
Pt !

|

Average volumetric vapor flux:

<jj G -X (6.1-8)
Pg

Total average volumetric flux; i

<j> = <j,> . <j,> (6.1-9)

Distribution parameter-

O
NUREG/CR-4391 6.1-4
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,

<d>-C + (6.1-10)o
! < a> <j >

f
I

Void-weighted average liquid velocity:
i

< aV >-

-y, m (6.1 11)
g

< a>

t

Void-weighted average vapor velocity: i

i

p , < "V >; o
(6.1-12)U < a)

Local drift velocity of vapor with respect to volumetric flux!

| V,;( A) ' V,( A) - j( A) (6.1-13)
!

' 'Ioid weighted average vapor drift velocity:

<av)> --

(6.1-14)
i 9y'I V, - C,<j >, . -

<C
.,

j

; This relation is employed to calculate C, from <j>, and Tha, ,;, .

distribution parameter C i s an indicator of the nonuniform distribution of,

void, a(A) and phasic velocities, V (A) and V,(A), over flow area.'

g

~

Note: In vertical flows, V,) is related to the rising velocity of
j bubbles in a continuous liquid phase, or to the falling velocity of droplets

in a continuous vapor phase.
>

Local relative velocity: 1

VSi(A)V,( A) = (6.1-15)
1 - a(A)

Void-weighted relative velocity (see Reference 6.1-2):
-

V
~

V' = _12 8I (6.1-16)
q <1 - o

'

|

where .

i
>

6.1-5 NUREG/CR-4391
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O|'

<a(1 a)>
11 - =1 (6.1-17)

<ns<l to

It should be noted that both and E, depend on flow regime and theg
distribution parameter C, as well as on the local void fraction, a,

,

for simplicity in the following equations, all area-averaged quantities
are presented without the symbols, < > and the void-weighted average

void weightedquantities are presented as defined. Hence, n = <<o and =

average velocity. A complete list of other symbols used in the equations is
given in the nomenclature.

6.1.4 Flow Trensition Criteria

lhe criteria for transit ion between dif ferent flow regimes are given in
terms of an average void fraction, a that is calculated in terms of phasicmn ,
densities and flow the distribution parameter for bubbly / churn flow, C . o

4' 1 4 i

%n 1 0.15 , ACA (6.1-18)*

|y,C. y

where

l.'.! , GAMMA (6.1-19)*
y

\ Pg

~

C. C- , CO (6.1-20)*

y

sc.s

h/[D
, COINF (6.1-21)*

C, 1.0 + 0.2 .

,G

lhe latter equation, which is specific to the interfacial shear model in

IRAC-Bfl/ MODI (indeviationfromReference6.1-3[,isaslightlymodifiedform
of C formula that was recommended by Rouhani 6- The original formula,,

whicf) includes a factor of (1 - X) in the sc .1 term, was derived from

analyzing a large data base of measured void fractions in different
geometries. Dropping the (! - X) term in this case is quite justified (for

NUREG/CR-4391 6.1-6
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simplicity), as the steam quality, X, is close to zero at low a values, where
' Equation (6.1-21) is appl'ed. Equation (6.1-20) gives the distribution !

parameter for bubbly / churn flow. '

J

) Note that there is a dif ference between the C, calculation in this model
- and the calculation of the same variable for interf acial heat triinsfer in the i

| HEAllf subroutine (see Section 4.3).
, .

; Comparison of drift flux equations with expe-imental data indicates that, '

) in most cases, C has a value slightly more than 3.0, and it never exceeds
1.33 (see Refere,nce 6.1-1). In subcooled boiling, C may even reduce to less
than 1. These restrictions are observed in the prog, ramming, as will be '

described later

j The flow transition criteria are:
.

| _
flows), when

Liquid continuous flow (including single-phase liquid, bubbly, and churn
,

a 6

) a s a ,,,n (6.1-22)s

'

: Transition flow (including annular and film flows), when

0.25 (6.1-23)a ,,n < a < a ,,n
4

t t

i

: . Vapor continuous flow, (including dispersed droplet and single-phase vapor
'flow), wheni

! a > a,,,, + 0.25 . (6.1-24)
,

;
' figure 6.1-2 shows variations of a (boundary between bubbly / churn and19,

annular dispersed flows) with mass velocity for three dif ferent hydraulic
diameters, at a constant pressure L.' 6.81 Mpa. These are according to
Equations (6.1-18) through (6.1-21), whi:h are used in the FRClf subroutine.

Note that the transition criteria given by Equations (6.1,2p) Inthrough(6.1-24) art simplified forms of the criteria given by Ishii.6-
,

particular m,rtion of a band of 25% void for the transition from
o dispersed droplet flow is a computational convenience (a good

__

bubbly /cF ,,
practica spproximation) for this region.

The original derivations by Ishii* suggest two transition criteria
Re ,. and the variable groupbased on C,, jp t

o.25<

2

iheseare:
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Tr a n . . . . . . .sid fraction in the shear modeli

| .. m

|

| Figure 6.1-2. Relationship between mass velocity and void 'raction at
j transitic.n from bubbly / churn to annular-dispersed liquid ''.w
i

| Transition from bubbly to annular when

l 1a z -0.1

gk__ G4 C (6.1-25)o

Pg

1

and transition from annular to dispersed droplet flow when

- .78 Re "'3 ff Re s 1635 (6 1-26)c94' .2sy"'o. 2 4.' t e,
9

/ l.0 if Ret > 1635f 9

where

O
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N, = ,

--

(6.1-27)
"

p, n
N N 9%)

It should be noted that these derivations are for adiabatic flow, and the

bubbly-annular transition is actually for the case of jt 24) represents a
0, for this reason

(according to References 6.1-2 and 6.1-3), Equation (6.1-
modified version of Ishii's criteria, which includes the effect of non-zero
liquid velocity (no proof has been given).

In ieality, transition from annular to droplet flow is a gradual process
that starts with the onset of liquid entrainment and is completed when 100% of
the liquid flos; is entrained. This precess is dramatically affected by the
onset of dry-out in hea+ed channels. Both of these features are observed in
the calculations of entrainment and drift flux variables, as will be discussed
in the following sections.

6.1.5 Correlations For Interfacial Drag

in .e derivations of References 6.1-1, 6.1-2 and 6.1-3, steady-state
momentum equations for vapor and liquid in adiabatic flow are employed to show
that the interf acial force may be expressed in terms of phasic density
differences and void fraction. This is expressed as

f,, C,|V8I|V -S Ag< a( 1 - a) > (6.1-28)
<1 - as-

in which C, includes 1/n?, which is a factor in relating to (see,3 7

Reference 6.1-3). The coefficient ( represents the drag force per unit
volume per unit velocity squared. Its components are interfacial area per
unit volume and drag coefficient per unit area, llence, ( has the following
general form

s

( _ dc . , _ _ (6.1-29)
31

g
2 2d yi

llere , d[isthefrictionalareaperunitvolumeandpc is the density of
2

.

6.1-9 NUREG/CR-4391
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,

elthe continuous phase. As will be shown later, the di, depends on in '

,;

bubbly and dispersed droplet flow regimes. This makes C and F, strongly
dependent on the phasic velocity differences in these flo,w regim,es.

i

|By using known correlations for in terms of a and material,; ,

properties of steam and water, suitable correlations for C are obtained from |i
Equation (6.1-29) in comparison with data. The general form of this I

correlation is expressed as

i f,, = U [ = U,lCp, C, c | ( C E, - C, c ) . (6.1-30) |
3

!

The exponent N varies between 2 and 4, due to the effect of the flow l
1

i regime on the interf acial area. This effect is implied in the variable 2 , 1
3

| as will be seen later. With this formulation, the calculations involve

! specifying the coefficients C , r , and U . Here, C, and Ci account for theo 3 i

effects of vapor and liquid velocity distributions, respecti ply. C, was
defined earlier, and C, is given by

1 - aC
C, - , ClB (6.1-31)*

.

1-a ,

|
|

| In computation of tt'e interfacial friction factor, the product of C,
and the absolute value of relative velocity is considered as a single
variable, C,, and expressed as

- -

C, = C, | C V, - C,V l . (6.1-32)i e

This product is readily usable in the integration of momentum equations
that are linearized in terms of velocity difference.

Different correlations are used for C , C , and C in different flow
regimes. ThesecoefficientsarecomputedintheFRCIPsubroutinein
TRAC-BFl/M001 and returned to the momentum solution routine, where FRCIF is
called in each iteration.

6.1.6 Drag Coefficient and Interfacial Area Relations

In particulate flow regimes, such as bubbly or dispersed droplets, the
total interfacial area per unit volume is related to a critical Weber number,

6'"3We that is expressed in terms ofc ,; .

NUREG/CR-4391 6.1-10



_

)

INTERFACIAL SHEAR
,

,

>

For bubbly flow, the interfacial area per unit volume is
i

1 = 6a 83 (6.1-33)-
d c#e (1 - a)2i c

where

~2
(6.1-34)'

We = .c
o

This critical Weber number signifies the limiting value of E, beyond
which the bubbles may deform and break up. Ecuation (6.1-33) is obtained by
considering that the void fraction, a, corresponds to n bubbles of diameter D e

per unit volume. The void volume is I nr4 , and the total interfacial area3

6
2

is nn4 These give a ratio of area per unit volume that is 6a/D,. By .
._

V'-

Isubstituting D;., from Equation (6.1-34) and setting V, = ,

1 - a-
one obtains Equation (6.1-33). However, for friction calculations, one should
use the projected area--l/4 of the total surface area for the spherical,

particles.

In annular flow, the interfacial area per unit volume for both friction
and heat transfer is independent of the relative velocity, as expressed by the
following relation:6,13

- k- (6.1-35)
d 4i

This is obtained with the assumption of a vapor core surrounded by a
smooth liquid film on the walls.

In bubbly flow, the interfacial drag coefficient ( and the frictional
area per unit volume are related-to I,; and the Weber number by .d2.36

3 U$ a(1 - a) . (6.1-36)-g
. ,____, =

4 We, o (1 - a)'

A simi; >r argument for dispersed droplet flow, in which the liquid
l - a), corresponds to n droplets per unit volume, gives thefraction, i

6.1-11 NUREG/CR-4391
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following relation between the drag coefficient and the drif t velocity of
droplets:

-

2

3 C P' ,V'Io

_ ( 1 - a) Re
- opga(1 - a) (6.1-37).

4 o (1 - a)'c

The Weber number in this equation is
-g

P 0Y
ye' = (6.1-38)9dr

o

Equations (6.1-36) and (6.1-37) are employed to evaluate 'o , as will bed

seen later.

6.1.7 Data Base For Interfacial Friction

it should be noted that the interfacial friction in two-phase flow is not
measurable directly and, as yet, there is no measuring technique developed for
this effect. The derivations of the interfacial friction factor, as well as
phasic drift velocity and the phasic distribution parameter, are done on
theoretical basis and verified indirectly through comparison with measurable
data, such as void fraction and pressure drop, in two-phase flow. Some data

pressure gradients, as reported by Zuber et al.,6'14'gid distribution and axial
from simultaneous measurements of radial and axial v

have been very useful
in the development and application of the drif t flux theory. However, the
fundamental task of deriving mathematical expressions for the drift flux
parameters and comparing them with a wide range of measured data was performed
by Ishii.6'"'''' The data base used by Ishii in those comparisons is given in
Appendix C. The data sources are organized in tabular form to show the range
of variables for the different parameters. The appendix also includes a list
of publication references.

Andersen et al .6.92,3 adopted Ishii's correlations to the concept of two-
fluid models and added some new ones of their own, particularly for
interfacial friction in bubbly flow. For a final check on the interfacial
shear in the two-fluid mode', they used adiabatic void measurement data
reported by Agostini et al. The data base for these derivations and
assessment are also documented in Appendix C. Finally, the experimental data
employed in the derivation of other correlations that are used in this model
are also included in Appendix C.

6.1.8 Drift Velocity and Distribution Parameters in Different Flow Regimes

O
NUREG/CR-4391 6.1-12
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O 6.1,8,1 Bubbly / Churn flow. The commonly used expression for ing
2 co-current bubbly flow " Ad'5 is6

E,,=k VRB (6.1-39)*
,

oc.

where k has been given values ranging from 1.18 to 1.53. TRAC-BFl/ MODI uses k
1.53.-

However, for bubbly flow between the fuel rods in a rod bundle,'

,

TRAC-BFl/ MODI uses a different correlation for E that is recommended byg
Bestion.pe on the basis of experimental data from void measurement in6

different rod bundles. This correlation is
,

30.5

. = 0.188 VRB (6.1-40)h *
,

''
p,

,

!

in which D is W h &ad ic dia M e d W b d e.n
'.
' in either case, the relative velocity is calculated according to
I. Gal *
; y' = VROB (6.1-41),

,

[ 1-a

In the absence of subcooled boiling, the distribution parameter, C for this
L bubbly / churn flow is calculated according to Equations (6.1-20) anEl 6.1-21).

In subcooled boiling, the bubbles are mostly concentrated within a layer
close to the heated walls, where the liquid velocity appt oaches zero. For
this reason, the distribution parameter, C , is modified to accommodate this
difference from-regular two-phase flow sitEtations. The modification is done
by applying a multiplier to C, that is a function of liquid enthalpy and heat
transfer parameters (see Reference 6.1-3). Hence, for subcooled boiling,

b' - h#d , CO-(6.1-42)*

C * = C* h, - h
ea

where h, is the local liquid enthalpy, h is the saturation liquid enthalpy,f

to the Saha-Zuber subcooled boiling model.6'g net vapor generation accordingand h,g is the liquid enthalpy at the point-
lhis enthalpy, which is a

function of pressure and wall heat flux, is always less than h,. Calculation
of this variable is reviewed in the next.section.

t'
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Oi!6.1.8.2 Transition Region, Annular flow, and Entrainment

6.1.8.2.1 Entrainment--Beyond the bubbly / churn flow regime, that
is, in the annular and dispersed droplet flow regimes, liquid entrainment as
drpp,lptsinvapormustbeconsidered. The general expression for entrainment
is

5 *
/ (X 0.03) l i (X *0.))? , ENT (6.1-43)

g r

|

where

X, 10 (j *)2'5(D *)' ?5(Re,) 25 , XE (6.1-44)6 *
g

ja..

do
-

I5,2/3,

, XJGS (6.1-45)*

5okc) -.'.o.
I,2 k> ,

9

D* (( -

, DS (6.1-46)*9

% o

'
Re, , REL (6.1-47)*

De

entrair, ment that was derived by Ishil from experimental data.6'"{' elation for
leuation (6.1-43) is a modified version of an empirical cor

The
constant 10* in Equation (6.1-44) is slightly higher than 8.0 x 10'' that is
given in Reference 6.1-3.

The calculated entrainment from Equation (6.1-43) is modified to Ent in
two occasions; when X < 0.03 and when there are some wetted walls and some

t

dry walls in the same segment of a channel. These modifications are

Ent 0.0, if X < 0.03 , ENT (6.1-48)*
t

;

I

|
and

Ent f i (1 E)(1 - Wg) , ENT (6.1-49)*

O
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. ,

, where

WA
#

: V,a (6.1-50)=

WA,a

in which WA is the sum of the rod and wall areas in the cell that are coveredg
with a liquid film, and-WA is the total rod and wall area in the cell,
includingtheportionsthalgare in film boiling or steam cooling process. It

,

may be observed that if all walls are wet, Ent - E and if all walls are dry
Ent - 1. (100% of the liquid flow is entrained). The variables WA, and W,g
are calculated based on the wall heat transfer mode number. (These are
discussed in the section on interfacial heat transfer.)

6.1.8.2.2 Drif t Velocity in Transition Region--The ' vapor drift
velocity in the transition region does not have a unique expression of its
own. Instead, the drift velocity is calculated by interpolation between g
values for bubbly / churn and for annular flows. - This interpolation is one in
terms of the average void fraction in the cell, a, using

x2 = a - a,'*" , f o r a ,,n < a<a + 0. 2 5 . , X2'(6.1-51)*
t uon0.25

This interpolation factor is also used for calculating droplet
entrainment in the transition region, as the entrainment should be zero at the
end of bubbly / churn regime and it should reach 100% at the start of dispersed
droplet flow. Examples of x2 and Ent variations with void are shown in Figure
- 6-1.1, and variations of Ent with void 'for three different mass velocities are
shown in Figure 6 .l.3.

Generally, the liquid velocity in the transition and annular flow regimes
will include two components, namely, F,, for the annular film on the wall and

for the droplets in a continuous vapor phase, in each case, an average,o

relative velocity is obtained by interpolation between the velocities of the
different components.4

The drif t velocity in annular film flow, ,,, is calculated from
steady-state mass balance for the liquid film and the theory of minimum stable
film flow.6 b3 The minimum film thickness is given by-

-

,

%

6.1-15 NUREG/CR-4391
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Figure 6.1-3. Variations of entrainment (Ent) with void fraction at different
mass velocities.

o.:
,

'4
D . min 18 , DIAFMN (6.1-52)*

f ,3

9 ' Pc

and the absolute velocity of the liquid film is
*

,

IM"9y , VROA (6.1-53)*
,

359

lhis equation is from a simple force balance on a creeping film, assuming'

viscous flow and linear velocity distribution in the film,

The interpolated drif t velocity, based on this V,, and I'm of Equationi

(6.1-41) is
.

I'rwi (I X ')Vm > x2V,,,. , VROBA (6.1-54)*i

O
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11 should be noted that Equation (6.1-54) gives, also, the relative
velocity in annular film flow when a > a,7m + 0.25. In this region, x2 - 1

and V = V , ,7

For the dispersed droplet flow regime TRAC-BFl/ MOD 1 uses some more
recent correlations suggested by Ishii.6'',, In this regime, the drift

velocity, depends on the oattern of liquid flow. This may be either a,g,

wake regime er a distortedJarticle reaime. In the wake regime, that is, when
chunks of liquid are dragged behind very large bubbles or when large waves are
fanned on the wall, the relative liquid velocity is

( M ) ]1/3
__

p oga 13 , W@ (6.1-M)*
rg g

PoN

in which R is the droplet radius and is given bya

'1/3
s2e

R = 0.005 b Re, N , RDISH (6.1-56)" *

g

p J,2 P. W.9g

where

p,J,lk
, REG (6.1-57)Re *

y

N

However, if the liquid flow is in the form of distorted particles, the -

relative velocity is given by

3

og 3p ' ''' ae; is
k s' 2 , VROD (6.1-58)*ra

2

Po+

The criterion for applying Equation (6.1-55) or Equation (6.1-58) for V,e

thatisdefinedbytrefollowingequation:['''
is set by comparing R of Equation (6.1-56 with a critical droplet radiuso

_

20 1 *
p _7 y /3 , RDCRIT (6.1-59)
x -

g ., uo

where
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.i Nug

VISNUM (6.1-60)*
,

' o

S N 94

The wake regime equation (6.1-55) is uscd whenever R sR In coding;

: these equations, some numerical limitations are imposed on R ,ec.as will bee

3

| described in Section 6.1.10.

Since the actual two-phase flow in the transition region involves a,

' combination of liquid film and dispersed droplet flow (carried as
entrainment), a relevant value of the relative velocity is obtained from an

j entrainment-denendent interpolation between of Equation (6.1-54) and,a 7a .

; lhe interpolation parameter is Ex2, that is defined in terms of Ent from
Equations (6.1-48) or (6.1-49), and x2, which is a function of a.

Ex2 x2 Ent , ENT (6.1-61)*

figure 6.1-4 shows typical trends of Ex2 variations with void for three
different mass velocities. Although entrainment, Ent, starts at lower void
fractions for G = 1000 compared to G = 500 (see Figure 6.1-3), Ex2 values are;

lower for the higher mass velocity at the beginning. This is caused by the x2
f actcr, which remains zero over a wider range of void fraction for higher mass

i velocities, as the transition from bubbly to annular flow takes place at
increasingly higher voids.,

With this Ex2 as a new interpolation parameter, the relative velocity in
the transition region is given by

(1 - f 2) ru + f 2E ' N @ lE*
V % % rd- -ro

This relative velocity is then used to calculate the average drift
velocity

,; = 7,(1 - a) , VGJ (6.1-63)*

Calculation of the distribution parameter, C,, for the annular flow
regime is described later.

6.1.8.3 Dispersed Droplet Flow. As was pointed out under Equation
(6.1-54), the relative velocity in annual film flow is given by of7,

'

Equation (6.1-53). In the case of dispersed droplet flow, where x2 = 1,
Equation (6.1-61) results in Ex2 = Ent and, since Ent = 100% in this regime,

NUREG/CR-4391 6.1-18
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Figure 6.1-4. Variations of modified entrainment (Ex2) with void fraction at
different mass velocities.

Equation (6.1-62) yields E , = rd-7

Calculation of the distribution parameter, C,, for dispersed droplet flow
is described later.

6.1.8.4 Countercurrent Flow. Countercurrent flows of vapor and liquid
that may occur at some hydraulic restrictions can lead to flooding situations
known as countercurrent flow-limitation (CCFL). In this process, the rising
vapor flow prevents downflow of liquid. This phenomenon is important in the
penetration and distribution of the emergency core cooling (ECC) water in
BWRs. CCFL may affect _the liquid penetration through the upper core tie
plate, and it may also affect outpouring of liquid from the fuel bundles,
through the side entry orifices at the bottom of the bundles.

Experimental investigations'''d0 have shown that the CCFL behavior
depends on the geometry of hydraulic restriction and the properties of the two
phases. The CCFL model in TRAC-BFl/ MOD 1 employs a Kutateladze type
correlation '''" in which two empirical constants, m and K, must be specified6
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(see Section 7.3).

IRAC-Bfl/ MODI employs the CCfL model in two different contexts:

a. as a regular part of the interfactal shear calculations within the
FRClf subroutine with a built-in set of constants, and

b. as a special option evoked by the user at any flagged hydraulic
junction with the user-specified values of m and K.

A detailed discussion of the CCf L model of TRAC-BF1/MODl, including the
derivation of equations and features of the CCFLCK subroutine where the
optional uses are performed, will be given in Section 7.3. In the following,
only the equations that are coded in FRCif are presented briefly.

the CCfl calculations in FRCIf are initiated by defining an interpolation
variable, r, that depends on phasic velocities, first, the absolute value of

the larger phasic velocity, V,lative velocity, xor V,,
is identified and used for calculating a

no rma l izeri (nondimensional) re c

| V" V,|
x< - , X (6.1-64)*

Nax ( | V,| , j V, j ]

If ( is larger than 1, it is set equal to 1 and, in either case, it is
used to calculate another variable, xg

4 0.8
zi , X (6.1-65)*

0.2

If xg is negative, there is no countercurrent flow to be considered, in
this case, xg is set to zero and the CCFL calculations are skipped, llowever,
i f xg is positive, it indicates the existence of a CCFL situation. In this

case, xg is used in Equation (6.1-81) for x, and the following equation is
used for the distribution parameter (see Section 7.3):

, C0CCfL (6.1-66)2 m *

(C )cgt 4 i (2 2 1) 4Xo
% a

in which
'

(

, AO (6.1-67)P *I a g

Q = 0. 5 - +F m
-tj" % P

and

O
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O
.V-
0F= * , F (6.1-68).

Kjg,

For reasons that are explained in Section 7.3, the variable F is limited
to a maximum defined by

" " *

2 , FMAX (6.1-69)= *

fm 72a14

As stated earlier, the CCFL constants m and K are dependent on geometry
and flow properties. TRAC-BFl/ MODI employs one set of default values of m and
K in the FRCIF subroutine. These constants that are recommended for the upper
tie-plate and general pipe calculations are: m - 1.0 and K = 4.2. Another
set of default values are used for the side entry orifice of the BWR bundles
(see Section 7.3).

In CCFL situations, the C factor of Equation (6.1-30) is calculated with
3the following formula:

' * " *
(C)ccn = , CICCFL (6.1-70)

3
.

1-a

In cases of very high void fractions (a > 0.999999), the above relation
is replaced by the following:

(C )ccn = 1 , CICCFL (611-71)*
3

.

KV,a

6.1.9 Calculation of C , C , and C, Parameterso 3

As stated earlier, two-phase flow beyond the bubbly / churn flow regime
must be considered as a mixture of annular and dispersed droplet flows. In
particular, for smoothness of the numerical solutions, it is important to ramp
all changeovers of the variables from one flow regime to the next one. Hence,

the final values of C , C,ined by , interpolations with respect to void and
and C that are returned from the FRClf subroutine,o

in TRAC-BFl/ MODI are obta
entrainment. These interpolations are shown diagrammatically in Figure 6.1-5.
Each of the elements, COB, C0A, and COD, is obtained by a separate
interpolation between its cocurrent and countercurrent components.

In the remainder of this section, a series of correlations for C , C ,
o i

and C, in different flow regimes are described and, finally, the interpolated
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.



- - . . - - - . - - - . . - - - . - . ---.~ -...-.-.--.-. --- -~--.

INTERFACIAL. SHEAR

COB ~_,

~ ~ ..

C O B A "C T.- - - - C O D
C ' ' -

. ~ s s '

-COA

, - . . - .. -. , - _ . - - . . ...--.-.-__.,..,n
v'/ /. ,

' Q> /'
.

'/ .h //

. _ _ - . . _ _ _ . _ / t _ ._ _ _ _ _ _ . -_ .gg,
, i

.__

/ /,*4 s'

' 1 D._- 1; L - ---._ ;('n
'

. ' .: v
"

0.0 1.0 * ~~~a

Figure 6.1-5. Schematic of interpolations for Co with respect to x2 and EX2
in the transition regio'.

form of these variables will be presented, following the same order as in the
coding.

6.1.9.1 Bubbly / Churn Cocurrent Flow. When a < am,,and flows of vapor
and liquid are cocurrent, the following relations are used.

C, is calculated according to Equation (6.1-20) or C of Equation (6.1-
42), for subcooled boiling, depending on the prevailing tt$6,rmal-hydraulic
conditions. C is given by the following relation:

3

I aC
C. , ClB (6.1-72)" *
y,

I a

lhe interfacial friction factor f or bubbly flow, C ,, is derived fromu
Equation (6.1-36) and a modified correlation for drift velocity, basedog,
on bubble rise data of Wilson et al .6'"'# The modified drift velocity is

' (I f,2 ) !ll (C Ca) (6.1-73)o,. 93 m

O-
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in which P,3 and C, are given by Equations (6.1-40) and (6.1-20),
respectively,

a - 0.3
f..= , XL (6.1-74)*

"tro, - 0.3

and

'O.203'

Cy - 0. 73 (D *) '2' $ (j[ ) 365 (6.1-75)
E,gs

__

where D* is qiven by Equaticn (4.1.13) and

SVj,* = , BB (6.1-76)*
,

( Ago) 25

C is the distribution parameter for bubble rise in a mass of stagnant
water [[ased on Wil son's data.6''~5

Using U,g, for in Equation (6.1-36) and rewriting it as,;

-4
-

V" I"'
C = Aga(1 - a) (6.1-77)i

(1 - a)'

gives

zpa(1 a)5
(| C ,V, -- C,3V, j f , CIB (6.1- @*

Cin = 3

or4,

where

( - 1.53+(C,(j[)635 - Cf*)(1 - F,) , XX (6.1-79)*

e 40.203

C, -

0. 7 3 (D *) .121 .$ , AA (6.1-80)*

Po .

As expressed earlier in Equation (6.1-32), C
interfacial friction factor and the absolute value; represents a product of theof relative velocity;
also for the dispersed flow, the interfacial area is proportional to the
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relative velocity squared. Combining these two features leads to the third-
power dependence of C . on relative velocity in Equation (6.1-78).i,

F, in Equation (6.1-79) is a void-dependent irnerpolation factor. For a

. 0.3, the variable F,in Equation (6.1-79) is only a facii,fty to ramp the (
is set equal to 0.0; and for a > a f,- 1.0.(

n,

Inclusion of (1 - Ffactor f rom bubbly l)o the start of transition region. The contribution of the
second term in Equation (6.1-79) is maximum for void fractions less than 0.3,
and there is no contribution from that term for void fractions greater than a

n.,,n (close to the transition region).-

An except ion to the use of Equation (6.1-78) for C,, in bubbly / churn flow
is in the case of flow in the rodded pnrtion of fuel bundles. A special
formula for this geometry that covers both bubbly / churn and transition flow
regimes will be discussed later.

6.1.9.2 Bubbly / Churn Countercurrent Flows. When a < a ,,n and flows aret
countercurrent, the following relations are used.

First, a new interpolation variable, x, is defired as

1

,1| , X (6.1-81)" *
X LNin

"tran )

O
This interpolation variable, whose value is limited between zero and one

in the coding, is used to obtain C,c, C and C;c according to the followingu,
relations:

C (1 x)C 4 x ( C,)y,n , COB (6.1-82)*
x

and

C (I X)C ,4 X(C)cc,3 , ClB (6.1-83)*
u n 3

i

In these equations, (C )cg3, and (C,)ccn are chosen from the corresponding
parameter values for c,ocurrent and countercurrent flow situations according to
the following comparisons:

( C,) c g 3 - Max [C (C,)cg [j COCCFB (6.1-84)*
en, ,

and

O
'IREG/CR-4391 6.1-24
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|
|

(C ),] CICCfB (6.1-85)*

(C )% - Nin (C ,
3 g, 3

It may be observed that, with a few exceptions, if there is no
countercurrent flow, x = 0.0 and Equations (6.1-82) and (6.1-83) reduce to
their equivalents for cocurrent bubbly / churn flow. The interpolation
procedure is needed to avoid strong discontinuities and numerical
oscillations.

is the same as given by Equation (6.1-7b,) for the case of count (frcurrent flow
The interfacial friction factor, C

that covers both cocurrent and
countercurrent flows.

It the entrainment, Ex2, is less than 90%, Equation (6.1-78) is used as
it is But, for Ex2 > 90%, Equation (6.1-78) is modified in the following
manner

#
p a(1 a)5

f (|C V, C V,j)5[10(1 - Ex2)) . (6.1-86)u g
o;a

As may be observed, the last term in this equation ramps C, smoothly to
zero as the entrainment approaches 100%.

6.1.9.3 Special Case of Rodded Channels. In this type of geometry, C g
is given by

p a(1 a)3
C,u | C V, C y,] , CIB (6.1-87)

-

g *
g ot

(0.188)24

which is based on Equation (6.1-40) for g

6.1.9.4 Annular flow. lhe distribution parameter, C , and C for thiso 3

tIow regime are
,

(1 a)(1 - Ex2) , COA (6.1-88)f, I *i
m, a + I.,

,,

and

a(1 - n)(1 - E 2)XC, 1 , CIA (6.1-89)*
3

a + 1,4

|
'6.I 25 tlVREG/C, '391
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where
_, s

F |1e 75(1 a) O , GAMMA 4 (6.1-90)*

y 6 P.t

lhe origin of these equations is a correlation for interf acial friction
f actor in annular flow by Wallis.6'"" That correlation is based on annular
flow measurements in vertical tubes, with inside diameters of 0.051 and 0.076
m, and in a horizontal tube with 0.025-m diameter. Ishii employed Wallis'

correlation to develop expressions for ,3,
C , and C ,.''b' These were then

o i

modified for the effect of entrainment by including the term (1 - Ent) and --

used in TRAC-BFl/ MOD). The interfacial friction term that is derived from the
same source is given later.

In order to cover the cases of countercurrent flow with large void
f ractions, just as in the case of bubbly /caurn flow, a comparison is made
between the C and C values of countercurrent flow and those given by

3

Equations (6.b 88) and (6.1 89), respectively. The countercurrent
interpolation f actor, X of Equation (6.1-81) is then used to combine the
corresponding variables for the two flow regimes. These are expressed as

X(C )ccia
, COA (6.1-91)*

C . ,, , (1 X)C +

O
oc u

and

C (1 X)C,o + x(C )cc,, , CIA (6.1-92)*

u 3

-

where

(C )a,d , COCCFA (6.1-93)*

(C )ura -

Max [Co o, o

and

Min [C ,, (C )cc,d , CICCFA (6.1-94)*(C )y,, 3 33

The interf acial friction f actor, combined with | J is given by

0.015 IC *V - C"V l1 S e *
C, p a( a * l'4 )2- , CIA (6.1-95)

i g

D 1 - Ex2n

in which P; is defined by Equation (6.1-90).

In order to make C vanish smoothly when the liquid phase disappears,
m
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whenever a > 90%, the C , of Equation (6.1-95) ir endified according to thei
following:

, CIA (6.1-96)C ,- 10(1 - a)C,,. *
i

100%, these terms are further ,modifi'el,to a limiting value' as Ex2 approaches
Also, in order to ramp C, or C

as shown below, whenever Ex2 > 90%.
,

C,, = 10(1 - Ex2)C,, , CIA (6,1-97)*

, CIA (6.1-98)C% = 10(1 - Ex2)C%. *

6.1.9.5 Dispersed Droplet flow. If flow is cocurrent, both.C and C
3are unity, because of the assumption of uniform distribution of the, droplets.

However, even in this regime, the flows may be countercurrent. In order to
allow for either possibility and provide a smooth changeover between the two
cases, the following interpolation scheme is employed.

C (1 - x) + X(C )cefd , 000 (6.1-99)*
a o

and

C3a = (1 - x) + xK3)cy,3 , ClD (6.1-100)*

where

Nax {l .0, (C )cc,i] , C0CCFD (6.1-101)(C )cefd
*=

oo

and

Min [1.0, (C )cc,j} . , CICCFD (6.1-102)(C )cc,o *=
33

The product of the interfacial friction coefficient and | ,| in this
case is

Cid * [ D O C V - C V l) - , CID (6.1-103)*td a od e

rod

6.1.9.6 Final Interpolations. The final instructions in +he FRCIF
,

6.1-27 NUREG/CR-4391
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|
subroutine are some simple interpolations that give C,, C , and C,, to be used
for i in the phasic man,entum equations. Theseinterpoiationscombinethe

g,
corresponding values of each variable calculated for the three flow regitnes,
bubbly, annular, and dispersed droplets,

*

C (1 f x2 )C ,,, + f x2Cy g g

'

T 2)C ,,, ' I 2CC, (1 X n X y

'

C, (1 fx2)C,g, + fx2C
-

g

where

C, (1 - X )Ce ' X"C , , COBA (6.1-107'# *

m

C ,, (1 x? ) C , ' X C, , ClBA (6.1-108)*

y u n

C (1 x ) C ,r, ' X C , CIBA (6,1-109)2 *
m, m

Another factor that is calculated in FRCIf and returned to the momentum
solution routine is an interpolated exponent, f (or N in Equation 6.1-30)],
for the relative velocity in the friction formulca. Due to the effect of flow
regime on the interf acial area (see Section 6.1.6), the dependence of -

interfacial friction factor on the relative phasic velocity varies with the
flow pattern. In bubbly / churn and droplet flow regimes, the interfacial
friction varies with the fourth power of the relative velocity; while in the
annular flow regime, it varies with the square of the relative velocity, in
the transition zone, an interpolated value of the exponent is used in the
numerical integration scheme. The interpolated exponent is obtained with the
use of X2, (1- X2), fNT, and (1 - ENI), variables that were described earlier.
The following formula is used for the calculation of f, within FRCIF:

T (1 X2)f +Xq(1 fN7)f ,, e TNT IQ , FAC (6.1-110)*
y on, y

where

2.0, the i' exponent in Equation (6.1-30) for annular flowf s
g,

the V exponent in Equation (6.1-30) for bubbly / churn flowf, e

NtJREG/CR-4391 6.1-28
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4.0 for bubbly flow in pipes, and '
-

2.0 for hubbly flow in rodded bundles.-

F, 4.0, the exponent in Fe,uation (6.1-30) for dispersed droplet=
x

fl ow.

F is returned with C , C , and C to the subr:iutine where the call to
o 3 iFRCIP w,as initiated.

Variations of C , C , and C, with void volume fraction are shown ino 3

Figures 6.1-6, 6.1-7, and 6.1-8, respectively. The calculated values are
according to Equations (6.1-104), (6.1-105), and (6.1-106) for three different
mass velocities at a pressure of 7.0 MPa.

6.1.10 Implementation in Coding

As mentioned at the beginning, presentation of the different equations in
this section follow the order of their coding in the FRCIF subroutine rather
Llc ely. Hence, as far as the models and correlations are concerned, the
cod og implementation is already covered to a large exter.t. However, an
important aspect of the coding concerns preparation of variables that are used
to initiate a call to FRCIF and the numerical manipulation of the results
returned from this subroutine. These aspects, that are different for one-
dimensional and three-dimensional cases, are discussed in this section. There
are, also, some minor aspects in the coding within FRCIF that are not
mentioned in describing the equations. These are elaborated upon here.

t

6.1.10.1 Coding Aspects within FRCIF. A majority of the coding aspects
within the FRClf subroutine concern inclusion cf finite limits for some of- the
variables in order to avoid division by zero or other discontinuities. Some
remedies of this kind -were presented as Equations (6.1-79), (6.1-86), (6.1-
96), and (6.1-97), all of which provide a smooth ramping to zero for the
involved variables. Some of the other noteworthy manipulations in the coding
are stated below.

6.1.10.1.1 Comments on C,--In the coding af ter Equation (6.1-20),
the calculated value of C, is limited between that of Equation (6.1-20) and a
maximum-of 1.33. Furthermore, if the void fraction, a, is larger than 1/1.33,,

C is set equal to 1/a, These restrictions together make'it certain that in'

c
| no case the calculated C, exceeds 1.33, a limit that is set by experimental
i observations,

f Also, in coding
increased by 10" i1/m(quation (6.1-21), the actual mass velocity, G, isI in order to avoid division by zero. This incremental
change in -G is con 'tely negligible in all practical cases. There are a
-number of similar enonges in the denominators of other equations. They will
not be mentioned individually because of the obvious necessitylof these
operations.

6.1-29 NUREG/CR-4391
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Figure 6.1-6. Variations of the distribution parameter (C ) with voido
fraction at different mass velocities, as calculated in the FRCIF subroutine.
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! Figure 6.1-7. Variations of the vapor velocity distribution parameter (C )3

with void fraction at different mass velocities, as calculated in the FRCIF
,

l subroutine.
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L Figure 6.1-8. Variations of the linearized interfacial friction coefficient

(C,) with void fraction at different mass velocities, as calculated in the
FRCIF subroutine.

6.1.10.1.2 Limitation of Re --The Reynolds number for liquid, Re ,g

that is used in Equation (6.1-44) for ,entrainment, has been limited to
370, and lower values of Re, are replaced with 370. This is in(Re,) =

accor$,,ncewiththesourceofdatausedinderivi
cor'.'ation,asreportedbyIshiiandMishima.6''ggtheer,trainment

a

6.1.1u.1.3 CCFL Implementation--For very low void fractions, a <
~310 , (C )cen calculation is bypassed and the following relation is usedo

instead

(C,)ccn = Fm (6.1-111)2

where F is defined by Equation (6.1-68).

All other aspects of implementation in coding were included in the
discussion of the equations.

O
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6.1.10.2 Preparation of the input Variables and riumerical Processing of
the Result..

,

6.1.10.2.1 Edge-Centered and Cell-Centered Quantities--The
ieterfacial shear model as described above computes the edge-centered
interfacial shear parameters CO, Cl, FAC, and Cl in subroutine FRCIF using a

' combination of cell- and edge centered variables fo both one- and
three-dimensional component models in TRAC-BWR/M001. The edge-centered
variables used in the interf acial she" model for both the one- and
three-dimensional component models in ude the cell edge hydraulic diameter |
dnd the cell edge phasic Velocities. The other Variables that are input to :
subroutine IRCll are variable; shose values are computed by the numerical
solut ion u heme at the cell ce< ;ers. The values of these variables at the
cell edges are computeo by subroutines TFlt and Tf3E, which call FRCif for the ,

one- and three-dimensional cells, resp (ctively. I

|

|
Since the computation of the unknown cell edge parameters is somewhat

j different for the one- and three-dimensional cells, they will be explained
' separately.

6.1.10.2.2 Computation of Cell-Centered Properties for One-
,

Dimensional Components--Several of the cell-centered properties whose valuesi

at the cell edges must be computed are thermodynamic properties. The phasic
densities (Rt p,) and RV - (p ) at the cell edges are computed by linearg

I interpolation between the values in the center of the cells on either side of
| the cell edge as

In RI' * DXiaRI ' ,,I
RI , g' ' (6.1-112)

| DY; + DX;g

where Rt is liquid density, DX is the cell length, and where the interpolation
as based on the cell-lengths. The interpolation for the vapor density is the
same

H,0 cell edge phasic viscosit ies are computed from the donor cell value
based on the direction of the phasic velocity as

(6.1-113)Wl ,9;.)ANri jaANyl,,iy Wl ; g,7XN y l , . ( 1. y

where i
i

\ .0 if Vi , .u, > 0. 3 m/ s
|

;_;gq |0.0 if VI ,97 < -0.3m/sy

O . 0 i f | VI. , ,,,, | < 0. 3 and DP , , u; '. O . jin''

O|
l . 0 if | VI ,,u, < 0. 3 and DP,,u 0.<

1
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/ \
k

LJ
DP;,,,2 P ,3,7 P; (6.1-115)3

and XMYL is the liquid viscosity. The vapor viscosity XMYV at the cell edge
is computed in a similar manner, using the donor direction computed using the
vapor velocity at the cell edge. The surface tens son at the cell edge is
computed using the liquid velocity to compute the donor direction in a similar
manner to the computation of the cell edge liquid viscosity.

The parameter WAWET, which was defined under Equation (6.1-49), is a
cell-centered parameter whose value is the fract ion of the total structural
surface area in a cell that is wetted by the liquid phase. The surface of a
structure (i .e. , pipe wall, fuel rod, channel wall) is wetted if the surface
is not in the film boiling heat t ransfer mode (Mode 4), as determined by the
surface heat transfer subroutine HTCOR. If a conduction solution is not being
performed for a given structure (i.e., N0 DES = 0 for that structure), the
surface is assumod to be wetted. The value of WAWET in the cell on the
higher-numbered side af the cell edge is used for all cell edges in a
component

WARET .1/2 MAMfI .1 (6.1-116); j

Q except the last (or highest-numbered) cell edge in the component, which uses

Q the value of WAWET in the cell on the lower-numbered side

WARET),3,2 MAVfl (6.1-117)j

The variable CO (C, notation in coding) is used to pass the subcooled
ooiling parameter into subroutine FRCIF, where the distribution parameter CO
as computed by FRCIF is modified to account for subcooled bailing effects on
the cross-sectional distribution of void. The modification as determined by
Ishii (see Reference 6.1-1) is

i1/2) (6.1-118)[1.
-W

CO C0 -eg,),.,

where

distribution parameter with no subcooled boiling effect,CO =
g

C - distribution parameter af ter subcooled modification, and
o

a,,3,7 void fraction at cell edge j+1/2.=

The ccde uses the variable CO as both an input and as an output variable
to subroutine FRClf. On input,
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4'1/2
CO),3,3 1. e (6.1-119) |

! I
t i
' for all interior cell edges in a component and !

I :

C0 ,3,2 1.0 (6.1-120)|
'

j
l

;

1

! for the cell edges at the ends of a component. In addition, for the interior
cell edges, the void fraction is donored, based on the direction of the vapor
velocity, and there must be subcooled boiling (QEVAP * 0) on at least one

[ structural surface in the donor cell, as determined by the vapor velocity
direction. If the previous conditions are not met for interior cell edges,
then CO 1.0 as for the cell edges at the ends of the component.

Iinally, there are three void fractions input to sui > routine FRCIF. These
void fractions are the void fractions to be convected across the cell edge

| based on the direction of t% phasic velocities and the void fraction at the
interface itself. The convected void fractions on either side of the cell'

edge are the cell-centered void fractions in the cells on either side of the
cell edge unless there is a stratified two-phase level in either one of the
cells, in which case the level model determines the void fraction to be
convected across a given cell edge. The convected void fractions are usel in
subroutine FRClf to determine the phasic superficial velocities and mass
fluxes at the cell edge. The void fraction at the cell edge is used in
subroutine FRClf to determine the interfacial force per unit volume, the flow
regime, and the interfacial shear coefficients.

The cell edge void fraction is computed as the donored value of the
convected void fractions using the donor direction based on the mixture
superficial velocity when the absolute value of the superficial mixture
velocity is greater than 0.3 m/s.

kN.u2)".1,iu? (O'l~I2l)kN .1/2" i.92 *(I"j .v2 J J

where

a 3,2 void fraction at cell edge,=
j

a' j ,92 void fraction to be convected from cell j at cell-

face j+1/2.

| n' ,3, j , v, void fraction to be convected from cell j+1 at cell=

face j&l/2.

O
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f

l .0 if jm 3f2 > 0.3 m/s (6.1-122).< j
l'1/2 0.0 if jm ,3,3 < -0.3 m/sj

jmj41/2 = VL .1/tl ~ Ml .1/2"i - (I - kl .1/2)"j.1j j j

VV .1/2"j +(1-WV.1/2)"j.t+ VV ,1/2 J jj

and where

RN .1/2 = Xy 2(3.0 - 2X1) if |jm .1/2| < -0.3 (6.1-124)j j

jm .1/2 + 0. 3 (6.1-125)j

0.6

when the absolute value of the mixture superficial velocity is less than
0.3 m/s. Since the phasic momentum equations are solved simultaneously even~

in the limit of single-phase flow, the three void fractions input to
subroutine FRCIF are limited to be in the range 0.01 < a < 0.999, so that the
interfacial shear does not go to zero as the flow becomes single phase. This -
is done so that the velocity of the missing phase will be approximately
correct when the phase reappears and will not cause a pressure disturbance due
to phase reappearance.

6.1.10.2.3 Computation of Cell-Edge Properties--There are three
cell edges (axial, radial, and azimuthal) associated with each cell in the
three-dimensional component, leading to three calls to the subroutine FRCIF -
for each cell. The phasic densities used in each call are interpolated values
as in the one-dimensional component, where the interpolat son is based on the
distance between cell centers in the appropriate direction. The viscosities
and surface tension are not donored, as in the one-dimensional component;
rather, the cell-centered value is used for all three _ cell edges associated-
with the cell. The fraction of the structural surface in a cell wetted by

liquid (WAWET) is likewise used for all three cell edges (axial, radial, and
azimuthal) associated with that cell.

A structural surface is assumed to be wetted if its temperature is below
the minimum stable film boiling temperature, T where T is set to the
critical temperature for water (Tg = 647.30 k ,for simp Ncity. The
subcooled boiling modification ir oisabled (i.e., input CO = 1.0) in the
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three-dimensional component for all three cell edges, since subcooled Soiling
it deactivated f or all structural surf aces in contact with fluid in the three-
dimensional c onponent by the surf ace heat transfer logic. The three void
fractions for each of the three cell edges associated with each cell in the
three-dimensional case are conputed in exactly the same wav as in the
one dimensional component s.

6.1.10.2.4 Integration Schemo--The interfacial shear subroutine
IRClf computes f our parameters, Cl, CO, Cl, and FAC, from given input
variables, the flow regime selection logic, and the correlations for the
average relative velocities between the phases, as described above. This
sectio 1 describes how these four paramet,i are used to compute the
interfacial foun per unit volume at the end of a time step in terms of the
unknown phasic velocities (at the end of the time step). The interfactoi
force per unit volume is assumed to obey a force law given by

c(p{ (6.1-126)i
tu r r.

where

interfacial force per unit volumeI,, *

coefficientC -

average relative velocity between the phasesV, -

C,V, - CJ1 (6.1-127)-

h flow-regime-dependent exponent.

Expanding this torce law into a first-order Taylor expansion to determine
interfacial force per unit volume in terms of the known properties at the
beginning of the time step gives

^
r y ' q", , y "*1 ") (6.1-128)

bV,

wt re the superscripts n ar.d n+1 represent the values at the beginning and end
of t he time step, respectively. Differentiating the interfacial force law
[ Equation (6.1-126)) with respect to the average relative velocity between the
phases gives

.. sn n

!9 nc (V,")" N. (6.1-129).

6V, 6V,

9
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Substituting this into the Taylor expansion for the interfacial force per
unit volume gives

n

T[|' (1 N ) f f., . N M" V,"'' (6.1-130)
V,

lhe variable C1 as computed by subroutine f Clf is defined as
n

7
C1 e dB (6.1-131)

V,"
_.

and the power f4 in the interf acial force law is computed as FAC,

Substituting these variables into the expression for the interf acial
force per unit volume gives

T[|' - (1 - TAC)CI (C1 V[ C0 V[) 4 N CI(ClV"'' - CO y[*') (6,1-132)

which defines the in' arf acial force per unit volume in terms of the known
phasic velocities at the beginning of the time step and the unknown phasic
velocities at the end of the time step. This relation is simplified by
defining

C1' (1 TAC) C1 (C1 V[CO y[) (6.1-133)

C1' TAC C1 CJ (6.1-134)
-

C0' FAC Cl CO (6.1-135)

so that the interf acial f orce per unit volume is given by

[[;' C1 ' + C1 ' V|'' - CO ' Vf *' . (6.1-136)

In order to smooth the transitions between flow regimes and to allow
larger time steps to be taken, the parameter C1 as computed by subroutine
fAClf is averaged using an exponential weight factor i

CI () ffcl) CI 4 ffCI Cln (6.1-137)

where

UT average value of Cl-
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|

| tl valu^ (onputed by subroutine IRClf

01" value used during last time step-

i

] Illi - I XP (-D111/0.010) (6.1-138)

Dil l time step si/e

! lhis averaging function assumes a time constant of 10 mset for the rate
I of thange of interficial shear. The averaged value of Cl is used to compute

the final interfacial coefficients in lquation (6.1-136). Finally, the
i argument in the exponential weighting function is limited to be less than 20
i to prevent an underflow of the exponential function on the computer.
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!

,! 6.2 WALL FRICTION CORRELATIONS
d

! I

! Like most other models in IRAC BFl/ MODI, wall friction correlations are
j applied to both one-dimensional and three dimensional calculations.

,

t i

i The general forms of wall shear coefficients for vapor and liquid are:
l SP
,

.

j dl , (6.2 1) !c"
p,( V,) ?q

)
,

I for vapor, and
'

BP
'

_

dl , (6.2-2)ga.

| Pt(V)t

) for liquid.
1 ;

The term is the static pressure gradient due to friction alone 6t

the wall. The magnitude of this term is obtained from two basic correlations
for single-phase and two-phase flows. The nature and origins of these
correlations are discussed in this section. The calculatec variables C

are used in the solution of momentum equations for vapo, and liquid." andCa

!

6.2.1 Singlo-Phase Friction Correlation
,

a

1RAC-BFl/ MODI employs a set of four correlations for single-phase
friction factor, depending on Reynolds number and relative wall roughness,
( = 2c/D,,. These are:

: for laminar flow, the single-phase Darcy friction factor is
64

f,* , where Re < 2300 . (6.2-3) -

Re

.

For turbulent flow in hydraulically smooth pipes,

@
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O
'?O'?8 60

where 2300 < Re < (6.2-4)f* [logRe 0.82, (1 1H
3

f or the t ransit ion region between laminar and t"rbulent flows,
2

0.25 | (6.2-5)r'' (3.393 - 0.805 g3)g, 2.477 - log (j

F60 Re < 424_0.87 - log 2 ; and, finally, -

where _( _-

g).ut (
f or t urbulent flow in effectively rough tubes,

V0.M whereRe,4242S 9 (6.2-6)f,*
,0.87 log ( (

In these equations,

"" "
Re (6.2-7)

Dr

.

Re ( T
'

g3 l og' (6.2-8)
i,0.87 log (,
|

Equation (6.2-3) is a classical formula for laminar flow that is found in '-

all hydraulic text books. Equations (6.2-4) through (6.2-6) are due to
Pf ann''''' and have been chosen for their accuracy and single-valued form of f
that does not require an iterative solution.

6.2.2 The Basis of Pf ann Friction Correlations

in an article entitled "A New Description of liquid Metal Heat Transfer
in Closed Conduits," J. Pfann

2'' elaborates on the different formulas used6

for friction factor calculations. Among these, he compares the well-known
correlations of Colebrook and Frenkel with the original works of Nikuradse and
the theoretital derivations of Von Karman, regarding the relationship between
wall friction and velocity distribution in dif ferent conduits. Nikuradse
results are given by two equations, one for hydraulically smooth tubes and
another one for rough tubes. These are

O
NUREG/CR-4391 6.2-2
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E

1 - 4.0 log (Re /f ) - 0.40 (6.2-9)
-

d
4

for smooth tubes and,

1 -

- 3.48 - 4.0 log e (6.2-10)8;

!

for fully turbulent flows in rough tubes, where (e Re 8)4 > 0.01. In these
equations, e = relative roughness of the tube - c/D .n

.

"

Equations (6.2-9) and (6.2-10) are the basis of many other correlations
and charts that have been suggested for f,r,iction factor calculati,op,2in
single-phase flow. According to Pfann,6 ' the Colebrook formula is
obtained analytically as the simplest interpolgipn between equations (6.2-9)
and (6.2 10). Also, a review of Moody's paper on friction factors for
pipe flow indicates that the well-known Moody chart for friction factor in

,

smooth and rough tubes is created essentially with the use of Colebrook's *

formula that is based on Nikuradse's equations. Following is a brief review
of the data base of Nikuradse equations, that is also the basis for Pfann
correlations. The aim of this review is to find out whether the data base is
relevant to channel geometries encountered in light water reactors.

6.2.3 The Data Base and Range of Applications of Nikuradse Friction Formulas

Equations (6.2-9) and (6.2-10), which are the basis for Pfann's friction
'factor correlations, were derived on the basis of experimental studies of

radial velocity distribution and frictional pressure loss in pipes of
,

( different sizes. A review of Nikuradse's experimental studies and range of
I parametp*rsisgiveninabriefreportentitled"TheLawsofFlowinRough

Pipes." g" Table 6.2-1 gives a summary of the range of variables in
Nikuradse's experiments.

Realizing that the hydraulic diameters of most reactor components, with
the exception of the main vessel (the steam dome) and the downcomer, vary from
0.014 to_about 0.30 m, it appears that the range of pipe diameters in Table
6.2-1 does cover the dimensions encountered in most parts of light water
reactors. Besides, the nondimensional form of the relationships for. friction
factors provides a logical basis for its extrapolation to larger pipes.- -In
particular, very large diameters and high mass velocities contribute to very
large Reynolds numbers that indicate completely turbulent flow for which the
friction factor is only a function of the relative wall roughness (c/D ),s
regardicss of the Reynolds number (see Reference 6.2-3).

6.2-3 NUREG/CR-4391
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Table 6.2-1. Range of variables in liikuradse experiments on f riction f actors.

Variable Description Range of data Remarks
! base

D,m Hydraulic 0.025, 0.050, and Channel lengths
n

1 diameter 0.10 from 1.0 to 2.5
i

6
R, Reynolds number from 600 to 10 Water flow

( 2r/D,, Relative from 0.0197 to
roughness 0.067

6.2.4 Comparison of Pfann's Correlations with Other forms of Friction Factor
Formulas

i pfann's article # provides a basic review of the formulas for friction6

f actors with no limitations to liquid met als (not withstanding the title and
,

the main topic of the article). In particular the appendix in Pfann's
article includes some approximations to the original Nikuradse equations that,

simplify the computation procedure. These were given by Equations (6.2-4) to'

i (6.2-6) above. A study of the effect of the simplified formulations is
presented below.

| Equation (6.2-3) for laminar flow is the classical formula for laminar
: flow situations and needs no further qualification in this report.
I

Equation (6.2-4) for smooth tubes is a clost approximation to Nikuradse
i experimental results for smooth tubes, expressed by Equation (6.2-9). A

givenbyPfann'"hesetwoequationsoverawiderangeofReynoldsnumbersis
comparison of ti

" and reproduced in Table 6.2-2. The table also gives'

friction f actors calculated by Von Karman's theoretical equation for smooth
,

pipes.|
.

I

|
|

Karmp equalions for smoot h pipes.6 ;iction f actors wit h Nikuradse and Von
' Table 6.2-2. Comparison of pfann ft

3 5 5 6 7 8
we = vio m' s 30' 10 pe 1c ic 10

rw :no n77u s m:1 cc w 7 uo vu Lm co m / .colut

P_ L: n ,1 Ct .H3 DC M I C N 4 F f,h u ur JMr G!!?! '" ' -

v' . 6 C01417 OC/1$i < W 17 4 '2t c :/ .M f M C 014 M*

lt may be observed that the largest relative dif ference between the Pfann and
Nikuradse correlations is about 2.36% at the largest Reynolds number in this
table,

for turbulent flow in rough tubes, beyond the limiting values of Reynnids
number specified in Equation (6.2-6), the Pfann correlation is analytically

NUREG/CR-4391 6.2-4
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identical to the Nikuradse formula given by Equation (6.2-10), and they need-
no numerical comparison.

for turbulent flow in the transition region, spanning between-

hydraulically smooth and rough tubes, an assessment of the Pfann correlation
as expressed by Equation (6.2-5) is more difficult. There is a shortage of_

] data in this area, and the literature reflects some dispute over validity of
the different correlations. The contradictions over this region may be
illustrated by comparing the charts in figures 6.2-la and 6.2-lb.
Figure 6-
chart,"f.la, which is based on the Colebrook formula just like the Moodyshows gradual single-valued transitions of friction factors in
going from smooth to rough tubes. However, figure 6.2-lb, which is generated
according to the Pfann correlations, shows a dip in friction factors over the
transition region.

Nikuradse has presented experimental data for artificially roughened
tubes in the transition region, and those data do reflect the initial dip and
the subsequent rise in the friction factors over this area. However,
according to some comments in Reference 6.2-3, such trcads have not been
observed for commercial tubes (without artificial roughening). On the other

' hand, these comments are not supported by :. camperison that is _ presented in
the following.

Except for the original data reported by Nikuradse, there is not a large
data base for comparison of friction factor formulas over the turbulent
transition region, and a comparison of the Pfann correlation with Nikuradse
data in this region would not provide any new information, since Pfann's
correlation is based on Nikuradse results. However, some relatively recent >

data f om single-phase friction factor measurements reportad by Adorni et
al. " f do support Nikuradse data and agree fairly well with Pfann's
correlation _for this region. In Table 6.2-3, two numerical comparisons of. the
friction factors according to the Pfann and Colebrook correlations (or Moody,

chart) are presented first; and then the same two correlations are compred
with the reported data. Note that the combinations of ( and Re' marked by N/A
are outside of the transition region, and this Pfann correlation is not
applicable.

As may be observed, Table 6.2-3 indicates some noticeable differences
between Pfann and Colebrook correlations over the transition region. The
deviations change considerably over a small range of Reynolds numbers for each
roughness. A graphical comparison of 1RAC-Bfl/M001 single phase friction
factors with the Colebrook equation over a wide range of Reynolds numbers is
provided la Section 6.2.8.

Adorni et al. " 5 has reported some single-phase friction factor
measurements for flows of cold and hot water with superheated steam in a round
tube of 5.08 mm inside diameter with a surface roughness of e - 4.3 pm. The
data, which are presented only graphically in Reference 6.2 5, i.*,dicate that
measured friction factors go through a minimum value in the turbulent
transition region and then increase with increasing Reynolds numbers. Figure
6.2-2 shows a reproduction of Adorni's data in-the Von Karman system of

6.2-5 NUREG/CR-4391 >
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Table 6.2-3. Comparison of the Pfann correlation with Moody's chart (or
Colebrook formula) for rough tubes with relative roughnesses (3 10 2 and=

,

( , - 10'' .
5 6 6 I

Re = 2'10' 3.0'10' 5'10' 10 2*10 3 39 10 $*10

Of. 0 00078 0.00054 0.00000 0.00725 N/A N/A N/A N/A

Mo. 0 00Et2 0 00820 0 0D804 0.03782

% Diff. -21 3 -20.2 21.8 -7.3
,

| (2 Pf. /A h/A N/A N/A 0 00201 0.00242 0.00244 0.00246

M1 0.00295 0.00278 0.00271 0.00265

t Dif'. =11.5 -13.0 -10.0 -7 7

5 ,

Data

A Water at - 17.5'C

4 e Water at - 280*C and ~
superheated steam at
288 333'C

o $3 P = 7.15 MPa

Piann correlationsg J
2 [
~ , ? *' *gfM*g

p, * f
' N _ _ _ _ _ Jiough tubet _ _ _ . ,

r
h' |i/ ,. / W%

N Colebrook formulaj
'

J,
|

0
0 1 2 3

U=0
LO9 y

, . - . .

Figure 6.2-2. Comparison of Pfann correlations and Colebrook formula with
Adorni's wall friction data from Reference 6.2-5.
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i

coordinates, superimposed by calculations according to the Pfann and Colebrook
correlations. As it appears, the Pfann correlation follows the data points
rather closely, while the Colebrook formula undershoots the experimental curve j

considerably (indicating higher friction factors). This comparison provides .

!some confidence in the validity of the Pfann correlation for this region.

6.2.5 Local Friction Losses

Local hydraulic resistances, such as abrupt area contractions or flow
restrictions, can be modeled by specifying their form loss coef ficients among
the inputs. Each restriction may have different loss coefficients for flow in
forward and reverse directions; hence, the user may specify separate loss
coef f icients, k, and k,, for forward and reverse directions, respectively.
These local loss factors are usually given in terms of Darcy's pressure loss
formula, that is

M dkpV 2 (6.2-11)
2

The given k values are converted internally in the code to correspond to an
i equivalent addition to the distributed friction factor over the length of the

component. Further explanation is given in Section 6.2.7.
'

O'
| 6.2.6 Two-Phase friction factor Multipliers

TRAC-BFl/ MODI calculates two-phase frictional pressure drop as a product
' of the ringle-phase friction and a two-phase multiplier. This is the common

Mart inelli-Nelson" approach. The formula used for calculating the'

two-phase multiplier depends on the nature of the single-phase frictional
pressure loss. For the normal friction along a conduit, the Hancox "
multiplier is used; while for local losses, such as in abrupt area changes or
across hydraulic restrictions, the two-phase multiplier is simply the ratio of
the liquid density to the average mixture density, p(/pm. Further details
about these two types of two phase multipliers are given in the following.,

.

6.2.6.1 Hancox Two-Phase Multiplier. Inapaperonpredictionof
time-dependent diabatic two-phase flows, Hancox and Nicoll .2a suggest the
following correlation for the two-phase multiplier:

s3fs, , ,

(6.2-12)Pc t\'
2 t . RY 3f2(1 - A.)ijp- 1 |A . {l 4q) - 1+ j

i <P, Ik .t g ;

where

NUREG/CR-4391 6.2-8
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, ,

R - 3.1 12 exp( 0.000565 G) (6.2-13)
P,c

t, equivalent single-phase liquid shear stress.-

6#'8The Hancox correlation has been derived onthebasisofalargenumberof
d* Adorni

datafromtwo-phaseflowmeasurementy"geportedbyGasparietalAccording to Hancox,''#8et al.,624 and Alessandrini et al.*' .

experimental data were used to determine the necessary constants in a generic
function that was chosen to embody the following asymptotic behavior: _.

1 must approach 1. as X approaches 0..

T r

, s e s

T Pl h
must approach as X approaches 1..

't P,,f4,g

I must approach 1. for all values of X as the critical pressure.

t
e

is approached.

The selected functional form includ s a dependence on Reynolds number in
single phase friction (expressed as Re*g), and the final form of his
correlation is given by Equation (6.2-1). It should be noted that the
constant multiplier in the exponent term of R in Equation (6.2-1) has been
wrongly given as 0.0135 in the article, but the correct value is as given -

above. (The constant is obtained by dividi 9 .00276 in Hancox original
report by 4.885,2 which is the conversion factor for mass velocity from2
1b/f t s to kg/m s.)

An advantage of the Hancox correlation over previous two-phase
multipliers is its dependence on mass velocity. A comparison of Hancox
two-phase multiplier with data from the cited references indicates a mean
absolute error of 12%. The data range regarding pressure, flow, and steam
quality are summarized in Table 6.2-4.

6.2.6.2 Homogeneous Two-Phase Multiplier. The two-phase friction factor
multiplier for local restrictions is calculated according to a homogeneous
flow n.oc;el . The formula for this multiplier is

b=b (6.2-19)
Pm

6.2-9 NURE6/CR-4391



- - - . - . - - - - .-. - - - _ - - . . - -

|

| WALL FRICTION

j Table 6.2-4. Ranges of data used in the derivation of the Hancox two-phase
multiplier.

Erf. t 9 kef. f. ? 8 Eff. f, ?-10

b r e.c t s e M :n Wes wir Mas Min Man

| nnue Po) 4 m 7a 7 :e c. n s ce4

I Mus.eWit,(6pds) It us mc n;3 1100 3t ';0

5temt cu a l it y (X) 00 10D C.0 100. 0.0 00.0

Owel :1t m ter (c ) 0 005 0 025 0 DM1 0 0051 0 015 0 C?5

where

p,,, a p, 4 () a) p, (6.2-15)
.

This is an empirical relation, suggested by Kay and London,'2'" that
applies particularly to the case of abrupt area contractions. Its application,

to other types of local restrictions is very approximate but provides
simplicity in computations.

! 6.2.7 Implementation in Coding

O
Wall friction calculations are performed in subroutine FRCW in

TRAC-Bfl/MODl. This subroutine employs Equations (6.2-3) through (6.2-6) and
Equation (6.2-11) for single-phase and Equations (6.2-12) and (6.2-14) for
two-phase multipliers. lhere are, however, a number of other considerations

i regarding the way those equations are implemented in the program. These
i considerations are (a) limitations of variable ranges imposed within the FRif

subroutine, (t)) the procedures employed in the preparation of the initial
variables before a call to FRCIf, and finally, (c) the way the calculated

' results are used in one-dimensional and three-dimensional components. These

; aspects are discussed below.

! 6.2.7.1 Limitations imposed within FRCIF. In order to guard against
discontinuities and numerical oscillations, it has been necessary to include
the following limitations on the extent of variables and range of

; correlations:
i

4
1. Hydraulic diameter values below 10 m are not used in the friction

factor correlations. Instead, the friction factors are set to
f = 0.32 for both liquid and vapor. This limitation will hardly
affect any reactre calculations, since thcre are no such small
diameters in ai.) R system.

2. The lowest ',alue of the relative roughness, (, is set at 10" fori

NUREG/CR-4391 6.2-10
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: ~ all practical purposes, this represents a very smooth surface; ;

| hence, it poses no restrictions on reactor calculations. '

L |

| 3. If a calculated Reynolds number is less than 1.0, it is set equal to |

| 1.0. This limitation poses no restriction in any reactor ,

; calculations. j
!

-

| 4. The laminar friction factor is not allowed to go_below a limiting j
[ value corresponding to the tut bulent friction factor at Re - 2300, i

. For Reynolds numbers between the useful range of Equation (6.2-3) i

i and Re - 2300, the friction factors are set to a constant determined |

| from the turbulent transition correlation at Re - 2300. This |
| feature-is shown graphically as the first flat portion of the f |

| curves in Figure 6.2-3. This modification prevents endless -

iterations in flow calculations that would result otherwise, due to ;

; considerable changes in the friction factors with some slight - ;

changes in Reynolds number. The adverse effects of this-

;

modification is minimal in reactor calculations, as laminar flow andi

! low Reynolds numbers art seldom encountered. Even when flows
| diminish in a transient. the switchover to laminar flow is nit :

i immediate; hence, the turbulent friction factors apply in reality. |
- The solid curves in Figure 6.2-3 are single-phase friction factors
! for three different roughnesses, calculated according to the j

procedure used in the FRCW subroutine in TRAC-BF1/MODl. For !:

I ca tarison, friction factors according to the Colebrook formula (or i
Moody chart) are also shown in Figure 6.2-3 for the same ,

: roughnesses. The largest differences between the two sets are :
observed over the transition zone, as discussed-in Section 6.2.1,

,

j with the quantitative examples given in Table 6.2-3. |

| 5. Local loss _ coefficients are normalized over the length of
'

F corresponding hydraulic cells and, after multiplying by their i

! homogeneous two-phase factors (see Section 6.2.2), they are added to '

i the friction factors of the straight segments. This is expressed by -

| the following relations: ;

I t

f, = 0. 25 k 4 (6.2-16) !
'

i !
L >

,

!
'

| representing the local loss factor k, in terms of an added friction !
' factor along the cell length, L. k represents the local loss 1.

factor for forward or reverse flow directions, and, .!;
:

f, = fj > fag. (6.2-17)

.

; finally, the total frictional pressure drop is obtained by the ;

following expression in the code. ;

!
,

| 6.2-11 NUREG/CR-4391
. ,

t

-

_-_ _m._____ ______ __ _



- - - _ _. _ _ . _ __-

.

i

WALL FnicTroN
1

'

O
0.030 ~~- . , 1 ~ .---n-, ~ ,.,n-- ~ ~ ,v - ,- , , - - , , , -

'.hnglo phut.o, modified Pf ann correlation

f - - Colot> rook
,

0.025 ,,

l I
i

,

I
0.020w

; o
U'

! $ I
0.01S e o 03

j j _._ _

| U 7, ,
-

z
u. .,

| 0.010 N , _. _ _ c , o 01_ ..

,
s.

'

*'
.

'

i

0.005 _

.

os
,

.

. _

. -. .e.. ._o..o. - - -__,

,

!
i

| 0.000 " --- *- - ^ - "'- - ' " " - " " " - " " " - " " "

| 10' 10' 10' 10' 10* 10' 10'
i Reynolds number

i figure 6.2-3. Single-phase friction factors according to the Pfann
correlations as modified in TRAC-Bfl/ MODI (solid lines). Colebrook friction
f actors are shown with dashed lines for comparison.

,

df' .{t"b (6,2-18)
d/ . , g p,

6. In the final calculations of C and C g, according to Equations
(6.2-1) and (6.2-2), a lower llinit is ' imposed on the abs.> lute values

of V,ity is 10'jvoid division by zero.and V, to This minimum limit of
veloc m/s; and, for all practical purones, it has no
influence on reactor calculations.

.

6.2.7.2 Calculation of Initial Variables. Tha wall shear model as i

described in the sections above computes the edge-centered phasic wall shear '

coefficients, using a combination of cell-centered and edge-centered ;

variables. The edge-centered variables can be used directly and include the
surface roughness, the hydraulic diameter, the phasic velocities, the singular
loss coefficient, and the additive pressure gradient (only used by the

. mechanistic separator model). Cell-centered variables whose value at the cell
| ,

.

NUREG/CR-4391 6.2-12
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.

edge must be computed are the void fractions, pressure, phasic viscosities,
phasic densities, and the mixture mass flux. The final input variable for the
wall friction subroutine is the distance between the centers of the two cells
that are separated by the cell edge under consideration. This distance is
computed from the user-input cell geometry.

The computation of the unknown edge variables is different in the ,

one-dimensional and three-dimensional components and will be discussed
separately.

,

6.2.7.2.1. Computation of Cell-Edge Variables for One-Dimensional
Components--The void fraction used in the wall shear routine has the same
value as the void fraction used in the interfacial shear model-and will not be
described here (see Section 6.1).

The pressure at the cell-edge is a donor weighted value based on the
vapor velocity direction

P .1/2 " I kV .1/2 P ,3(1. - WV; 3,3) (6.2-19)4j j j j

where the donoring parameter is given by

1.0 if V,c j,3,33 2 0.3 m/s
WV .1/2 ,.0.0 if V,c),3,23 s 0.3 m/s (6.2-20)j

0.5 - SIGN (0.5, DP; 3f,) if | V <j.1/2)| < 0.3 m/so,

'
and

DP;,,f, = P;,3 - P; . (6.2-21)

The phasic viscosities at the cell edge are the donor-weighted values
where the donoring parameter is computed for each phase using its own
velocity.

The phasic densities at the cell edges are linearly interpolated values
based on the lengths of the cells on each side of the cell edge under
consideration

DX;p,j + DX;,3 p,c;,3 3
(6.2-22)0,<j+1/2) =

.

DX; + DX;.,

A similar equation calculates liquid density. The mixture mass flux is the
sum of the phasic' mass fluxes, which are in turn computed as the product of
the macroscopic density of each phase at the cell edge and the phasic velocity
at the cell edge. Like the phasic densities, the macroscopic densities at the

' cell edge are linearly interpolated based on the lengths of the cells on

6.2-13 NUREG/CR-4391
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either side of the (ell edges under consideratior,

( a p, ) ) ,3 a . l'd "" " ' ' M " ' '_? _.E' (6.2-23)
DX; + DA ),3

Again, o similar equation is used for the liquid phase lhe average
macroscopic phase density used in the linear interpolation is the cell-
centered macroscopic phase density unless a stratified two-phase level exists
between the center of the cell and the cell edge under consideration.

If a two phase level exists, then the average macroscopic phase density
is computed using the above-level and below-level void fractions as determined
by the level model and the relative position of the level between the cell
center and the edge under consideration to determine an average void fraction
in the space between the cell center and the cell edge. This verage void
fraction is then multiplied by the cell-tentered phasic density to give the
average macroscopic phase density to be used in the interpolation scheme.

( ap,) g ,3 a ( p,) , (DX,
Dl. j ) a,' j + DL a_ j g; (6.2-24)

0 . 5 D t. ,

where

cell lengthDX, o

DL, - distance between lovel position and cell center.

f or the liquid phase, the liquid f raction is used rather than the vapor
fraction.

lhe mixture mass flux is computed from the phasic mass fluxes as -

GM Gl .in GV),3a (6.2-25)r,a j

G L ,,,a (1 n)p,g,3g3V (6.2-26)g , ,3 g ,

GV , ,3 g ( ,3 g ,V (6,2-27)
su 1a)

,

The sign of the mixture mass flux is then used to choose which of the two
input singular loss coef ficients will be used at the cell edge

O
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K ,j.tfr // GN .1/2 a 0 (6.2-28) !v j
k.1*112 " K,,,,,,7 if GM;.,,2 < 0

,

where

K ,f, singular loss coefficient to be used in the-a
calculation of the wall friction parameters,

user input singular loss coefficient for forward flowK,,g,3,,3 -

at cell edge j+1/2

user-ir.put singular loss coefficient for reverse flowK .o.1/2)
"

r at cell edge j+1/2.

6.2.7.2.2 Computation of Edge Variables for Three-Dimensional
Components--The calculation of the edge variables in the three dimensional
components is identical to those in the one dimensional components for the
three cell edges (axial, radial, and azimuthal) associated with cells in the

.

three-dimensional components with the following exceptions. '

1he pressure and phasic viscosities in the cell are used inst'ead of
donor-weighted values as in the one-dimensional components, and the presence
of a stratified two phase level is only taken into account in the computation-
of the mixture mass flux in the axial direction. All of the other variables
are computed in the same way as in the one dimensional components.

6.2.7.3 Implementation of the Calculated Results in Momentum Equations.
The previous sections have described the wall friction subroutine FRCW and_ the
computation of the input quantities for this subroutine. This section
describes how the quantities computed by subroutine FRCW are manipulated to
obtain the wall frictional force on each phase for use in the momentum
equation. The implementation of the wall friction in the one-dimensional and
three-dimensional components is different and will be discussed separately for
the two types of components.

6.2.7 3.1 Implementation in One-Dimensional Components--The wall
shear subroutine TRCW first computes the total pressure gradient due to shear
at the wall as a function of the conditions at the beginning of the time step.
The wall shear coefficients are then computed as the ratio of the total wall
pressure gradient to the. kinetic energy of each phase

4
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dP *

d) (6.2-29).g7pg

PtkV?f
'

*dP
-__

dl (6.2-30).g gy ,
p;(v,"f

and the wall shear coefficients are returned to the subroutine that called
FRCW. We want to linearize the wall friction in such a way as to make it a
function of the mixture mass flux, which itself is a function of both of the
unknown phasic velocities. One way to do this is to write the end-of-time-
step total pressure gradient due to wall friction as

I a"p"C/ VV V," V,"'' + (1 - n") p, CTRL |V,'jV,"'' (6.2-31)
di ,,

This force is divided between the phases using the void fraction as a
measure of the surface area in the cell melted by each phase. (The void
frattion is used to be consistent with the assumptions used to convert the
drift flux correlations into interfacial drag coefficients.) We obtain

dP " *'
" ^ ^ ^

dP "''

dl (6.2-32)._ .

'
(a")'p] CFWV V," V,'"' < a"( l . - a*) p"CFWL V" V"''"'*

and

dP '"' NI' " E ~dP
'"'

~~

_
dl (6.2-33), ,

(n")(l. n") p| CTWV V," V,'"' + ( l . - n")2 "CfWL V[ V[''"'' p

<

lhe wall shear force appears in the momentum equations as a force divided
by an inertia (to obtain the acceleration due to the force) for the gaseous
and liquid phases, respectively, which can e written as
C , f,

M
and

O
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C,,e\v,IV,e

{l . - a) p,
for the gaseous and liquid phases, respectively, which can be written as

a" CFWV V," V,"'' < (l. - a") CFWL V" V "''g

Po
and

n

a" CFWV V," V,"'' + { 1, - a") CfWL V" V"*'.g g

pg

6.2.7.3.2 Implementation in Three-Dimensional Components--The
implementation of the wall shear in the three-dimensional components is
simpler than in the one-dimensional components. As for the one dimensional
components, the total wall shear is split between the phase using the void
fraction, but the linearization is simpler. The wall shear on each phase is
written as

dP "'1
_

dP "*1
y .1

(6.2-34)
n nn g7g7

dz di ,,

and

dP "*1
.. _ _g,_ g797 y y .1 (6.2-35)

dP "*1
n n

.

dz ,,, dz ,

6.2.8 Conclusions

The detailed review of the wall friction calculation in TRAC-BFl/ MODI
that is presented in this section shows that there is a solid basis for the
choice of formulas used for those calculations. The correlations used for
single-phase friction factors include the classical formulas given in the
technical literature for laminar flow, turbulent flow in smooth pipes, and
fully developed turbulent flow in rough pipes. The correlation used for
turbulent transition region shows deviations from Colebrook formula and Moody
chart over a short range of Reynolds numbers. However, it gives considerably
better agreement with the limited data available in this region. The chosen
correlations are also very suitable f or rapid 31culations.

Hydraulic loss coefficients dua to local restrictions are normalized over
the hydraulic cell length and used as an added friction factor along the

I length of that cell.

6.2-17 HUREG/CR-4391
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The ef fect of two-phase flow on friction losses is calculated by using
two-phase multipliers, lhe Hancox correlation is used fnr straight channel
parts, and the homogeneous two phase multiplier is used for local
restrictions. Both of these correlations are supported by considerable
experiment al observations.

The coding of wall friction calculations follows the nature of equations
exactly, except for a few restrictions imposed on the range of parameters to
be used in the equations (such as hydraulic diameters or absolute phase
velocities). These restrictions are necessary for stability of numerical
solutions, and none of them has any noticeable ef fect on reattor calculations.

'
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'

6.3 LEVEL TRACKING MooEL
,

This section documents the liquid level tracking model presently used in
the TRAC-Bfl/ MODI computer code. In early versions of TRAC-8, the cell void
fraction was assumed to be uniformly distributed thrcughout each hydrodynamic
volume. In many cases (in particular, vertically oriented cells), this can
result in numerical solutions to the governing equations that overcaiculate
cell-to-cell fluid mass convection. To address this problem, a level tracking
model originally developed by General Electric ap'g subsequently modified by

'

INEL was installed in the TRAC-BFl/ MODI code.6*3 This model has been shown
to be capable of simulating a sharp void fraction gradient, which
characterizes a two-phase mixture level. Level tracking models have been
developed for both three-dimensional and one-dimensional components.

,

The remainder of this chapter is outlined as follows: Section 6.3.1
summarizes the TRAC-Bfl/ MODI level modeling methodology and implementation.

: Section 6.3.2 documents the details of the criteria used to detect a mixture
level in a particular cell. Section 6.3.3 documents the models and
correlations used to calculate the position of a mixture level if it exists.
Section 6.3.4 documents the cr'teria for determining when a mixture level will
cross a cell boundary. Section 6.3.5 gives conclusions relative to the
applicability of the TRAC-BFl/ MODI level tracking model.

6.3.1 Summary of Level Tracking Methodology and Implementation

The TRAC-Bfl/ MODI level tracking model was integrated into the code via,
' two subroutines, LEVID and tEV30, for the one- and three-dimensional
j components, respectively. Both tracking models are programmed to work in the

following sequence:
:

1. for each vertically oriented cell, the coding first searches for the
! presence of a two-phase mixture level from criteria based on the

axial void profile around that particular cell.
,

2. If the presence of a mixture level is found in a particular cell,
TRAC-Bfi/ MODI calculates the position of the mixture level and,

mixture level velocity.>

3. Additional tests are performed to see if the mixture level will-

propagate across a cell edge in the next computational time step.

4. If either conditions 2 or 3 apply, the codirg uses updated cell void
and/or cell phasic velocities in the TRAC-BF1/ MOD 1 momentum solution
solver.

The logic used in the one-dimensional level tr. .ng model is nearly
identical to the three-dimensionai model. Because the TRAC-BFl/M001 and

j network solver allows the user to orient one-dimensional components in any
,

,

6.3-1 NUREG/CR-4391
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direction (unlike the VESSEL component, which is always assumed to be
vertically oriented), allowances have been made to preclude the use of the
level tracking model when a one-ditensional component is not vertically
oriented.

Presented in Table 6.3-1 is a summary of the physical parameters that are
passed to the LEVID and LEV 3D subroutines and the calculated output
parameters, which are, in turn, passed back to the routines that solve for the
two-phase conversion of mass, momentum, and energy. The parameter definitions
in Table 6.3-1 do not necessarily correspond to the actual argument names used

In addition, there are user-selected option flags toin the coding.
independently activate the one-dimensional or three-dimensional models.6 3'3
lhe user can also use level tracking parameters on a global basis for all
one-dimensional or three-dimensional components. 1his information is
summarized in Table 6.3-2. How these parameters are implemented in the code
level tracking logic is discussed in the following subsections.

A number of the TRAC-Bfl/ MOD 1 level tracking features are considered to
he empirical rather than based on first-principal physics derivations. The

reader should be cautioned that even though the level tracking model can
successfully suppress numerical dif fusion or unrealistic cell-to-cell mass
convection, this is a necessary but not sufficient condition to guarantee
accurate numerical results. The level tracking option is an alternative to
employing finely noded cells in a 1RAC-Bfl/ MODI computer simulation. The

accuracy,~' achieved with finely noded cells may be of fset by high computational
costs.6

6.3.2 Critrela f or Calculating Cell Mixture Level

The logic used by IRAC-BFl/M001 to test for the presence of mixture level
in a computational cell is based on a certain BWR experimental test data and

-

numerical experiments.s34,2 The initial step in detecting a two-phase level
is to evaluate the axial void profile around a 7 articular hydrodynamic cell.
The level detection logic required for a normal (increasing in the upward
axial direction) void profile is not the same as the logic required for an
inverted (increasing in the downward axial direction) void profile, in
general, a level is assumed to exist in cell j if the calculated cell centered
void distribution satisfies the following criteria:

p) > DALPC and a,,, > ALPCUT (6.3-1)( a, ,, - a, ) > DALPC or (a, a

provided that no level exists in cell jd or cell j-1 (Figure 6.3-1). Here,
,

DALPC and ALPCUT are predetermined cut of f values (Table 6.3-2), which have
default values of .2 and .7 or can be specified by the code user.

The criteria for a void profile inversion depends on whether a particular
cell is above or below a void inversion. A two-phase level is defined as
being below a void profile inversion if

NUREG/CR-4391 6.3-2
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Table 6.3-1. Summary of input and output parameters for TRAC-BFl/ MODI level
tracking routines.

.

Parameter name Parameter description

i Input Parameters:-

ILEV Current two-phase level indicator
DZLEV Current two-phase icvel position

L VLEV Current two-phase level velocity i

ALPP Uurrent void fraction above two-phase level !

AlPH Current void fraction below two-phase level )
ILEVB Previous two-phase level indicator ;
ALPN New-time cell-average void fraction
ALP Old-time cell-average void fraction ,

VLH Liquid velocity i
'

VLV Vapor velocity
DX Cell axial length
FA Cell boundary flow area

i VCL Cell volume
'

DH Hydraulic diameter

Output Parameters:

ILEV New-time two-phase level indicator
i DZLEV New-time two-phase levei position

VLEV New-time two-phase level velocity
ALPP New time void fraction above two-phase level'

,

ALPH New-time void fraction below two-phase level
VLN Junction cell liquid velocity
VVN Junction cell vapor velocity .

l

.

4

i
i

,

P
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Table 6.3-2. User-input specified level tracking parameters
_

Parameter name Parameler descript ion

LEV 1 Level tracking option flag

i l implies level tracking option on
0 implies level tracking option off

AL PCU l' Minimum allowable cell average void fraction in cell above
for a two-phase level to be detected in a cell.

DALPC Minimum change in cell average void fraction between
adjacent cells to detect a two-phase level in a cell.

DAlPCI Minimum change in cell average void fraction between
adjacent cells to constitute a void inversion in the level
t racking logic.

EPSAL Pl. Minimum allowable difference betwnen cell average void
fraction and above- and below-leve void fraction to allow
level to persist. (level will be propagated out of cell

i f n, n, < ! PSAl PL or n} - nj < EPSALPL.)

;

a
'J+1 g+

J..____________________.

h /
w. -

VLEVj> 0
i

a-
J

.._--------------------

a
J-1 nutoosas

figure 6.3-1. Two-phase level with normal void profile. -

1
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a, - a, .3 > DALPCl (6.3 2)

If a void inversion is above a cell, the criteria becomes

a .3 - a; > DALPCl (6.3 3)j

where DALPCI (Table 6.3-2) is a eser-inputted prtdeteroined cut-off value that
defaults at .l.

These void inversions are typically the "esult of liquid pooling in the
upper or lower tie plates in a BWR reactor pressure vessel. The coding in the
LEVID and LEV 3D subroutines checks for the presence of flow restrictions by
calculating the raticed areas for a cell-to cell junction:

''2
'

I'3'27est f - (6.3-4)
A ,3,7j

A -A
"1/2 j-1/2Test B = (6.3-5)

j-1/2

If Test E > .5, the flag is set for an area reduction above cell j; if Test B
> .5, a flag is set for a area reduction below cell j. In either case, the
code logic automatically initiates a search for a void profile inversion.

2If the inlet or outlet cell flow area is less than 1.E-10 m , the void
profile inversion logic is also automat ically activated. The subroutine logic
automatically initiatcs a search for void inversion above or below that
particular cell. The level detection logic is further explained in block
diagrams given in figures 6.3-2 through 6.3 5.

6.3.3 Models and Correlations Used to calculate a Cell Twe-Phase Mixture
Level Location

Once the TRAC-Bfl/ MODI model logic determines the presence of a level in
a particular cell, a level flag is switched on and the parameters nece sory to
define the level behavior are calculated. The position of the level in cell j

of length DZ; is calculated as

6.3-5 NUREG/CR-4391
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O

Determine void profile
cotidition for cell )

-x

[Aflow testric Yes

at bottom of celf
N?/ \

.

Cell)is above a void
profile inversions

s Yes
x) > DA A

N/

is
flow restii0 tion N Yes B
at top of cell j

? \

Cell j is below a void ,

profile inversiony

N Yes
(uj - aj ) > DALPCI B

?

/

Cell j is within ap"
normal void profile usn -osem

Figure 6.3-2. Level detection logic diagram.
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O
A

-

Level detection for cell j
above inverted void profile

,

e
o-phase lev Yesy Perform level calculations

~

already exist ing

/

/wo Does a
,

t phase level Yes No level in cell j
already exist in

cell j+17

Is
D Yes

up c aj) > ALP , initiate level calculations
nd u,,i >

/
_

/
Is

0.001) > DALP N_ Yes Initiate level calculations
aj dup, > ALPCUJ/n

N7/
No level
in cell

I u m m oso2 x

Figure 6.3-3. Level detection logic diagram for cell j above an inverted
profile.
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9
B

b

Level detection for cell j
below inverted void profile

'

,- x

/Doesh
[already exist in, -wo phase leve Yesi Perform level calculations_

N

(k
'

>

/N
f Does a,N

/ two-phase level \.. yes No level in cell j\already exist inf
Ncell |-1?f

9j '-

'/ Is
es< 0.999 - u;) > DALPC '>- initiate level calculations

7 /
\/

-

,/ N
/ 13 \

<dti - u ,3) > DALPC '> -- Initiate level calculationsYCS
3 f

? /
w[

No level
in cell

}

Figure 6.3-4. l_evel detect..,o logic diagram for cell j below an inverted
pro f i'l e .
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O
Level detection for cell j !

normal void profile

es a
two phase level Yes Perform lovel calculationsalready exist i

x/Does a .

two phase level
. Yes No lovel in cell jalready exist ,ni

cell j+ 17
/

/sI

DALP N Yes
"j+1- "j) >ALPCUg Perform level calculations
nd uNj.i >-

N
/oes aD

two-phase level Yes No level in cell jalready exist iti
ce!! j-1 ?

s
n, - uj,1) > DALP N Yes Perform level calculations-

nduj,3 > ALPCUJ/

No level
in cell

j w m ,- w w as

Figure 6.3-5. Level detection logic diagram for normal profile.'
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.

I N ..

a -- a .

Dll; oz (6.3-6)1 >

i
..

"i - "i.
I

where aj and aJ are the void fractions above and below the mixture level

(figure 6.3-1). The a]andajvoidfractionsarecalcalatedonthebasisof
whether j is part of a normal or inverted void profile, for a normal void
profile, the void fraction below the level a is assumed to equal the void
fraction in the cell j-1, which is below cell j

(6.3-7)a j = a;.3 .

| In the absence of liquid entrainment in cell j, the value of aj would be
!

a,' a,,, (6.3-8)

If the velocity from the previous time step at the top of cell j
(figure 6.3-1) is downward, then no liquid is assumed to be entrained and

junction is upward, an entrainment correlation developed by Rosen ghe cell
Equation (6.3-8) is used. If, on the other hand, the velocity at

6 '5 is used.
Liquid entrainment will tend to lower the vapor void fraction above the
mixture level, The entrained liquid mass flux is expressed as follows:

,

30.5

2 (' )3. x 10'5KK 5 , 530. CK ') ~ 86 jJ p=
% g g

b .Ia

where

| 2. DMAX J,

so.s (6.3-10)
"

VCRIT g
Pt ~P,o ,

og( p p ) W25g g
VCRIT 2. (6.3-11)=

,

P's
,

@
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2

0.3375 (6.3 12)* *
DNAX =

.

g( pe - p,)

In the above expression, G is calculated using donor cell-averaged valuesgt
for p3, p and o at cell J. The value of J, is set equal to the trial value
(for posil,ive v,)

J,=n,3v, (6.3-13)

where
, s

._11/2 (6.3-14)v, -

v .).1/2s
; ,

and v is the junction vapor phasic velocity calculated by the TRAC-
3 .,

BFl/MU1$i ,IIlomentum solution solver and passed to the level trackiag subroutine.
The value for the cross-sectional area A; is calculated by simply dividing the
cell j volume by the cell length.

The vapor velocity is weighted by the ratio A ,/A toricountfor
velocity field corrections inside the cell j, since;.3(he ; cell &utlet area A ,3,,j
and cell average flow area A may not be equal.j

By conservation of mass, the liquid mass flux out of the top of the cell
j is equal to

G ,n, -- ( 1 aj ) p,v, (6.3-15)
-

1

from which the above-level void fraction, n},iscomputedtobe

G ""'
a,' = 1 (6.3-16)

PtV e

and
- ,

1 (6.3-17)= v ,j,3,2v
t e

><

'

eg.3,3 or v,,3.i,7 are negative, a, is automatically set equalAgain, if either v

6.3-11 NUREG/CR-4091
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t o a),i and the above computational procedure is bypassed in the calculation.

When the level logic detects a void inversion below cell j (Equation
(6.3-2)] or a flow area reduction at the top of cell j, the solution scheme

foraj is modified, in this case. the trial volumetric vapor flux used in

Equation (6.3-9) becomes

J, . 999 v, (6.3-18)

where v was previously defined by Equat ion (6.3-14). This trial expressiony

is substituted into Equation (6.3.6), G iscalculated,andaj isgg

subsequently calculated from Equation (6.3-16). Then, a[ and the two-phase
level are then calculateJ using Equations (6.3-7 and 6.3-6). If v,g.3g is
negative, a|issetequalto.999,

for a cell two-phase level occurring above a void fraction inversion l

cell mixture level is calculated using the drif t flux approximation 'gelow the
[ Equation (6.3-3)] or bottom cell area reduction, the void fraction i

6 ''

d
oa _ (6.3-19)j

CJ < V,9

where

V,, 1.41 (6.3-20)
Pc

,,_

C, C. ( C, 1) O (6.3-21)
N Pt

C, 1.395 0.15 in (Re) (6.3-22)

These coefficients are calculated assu:aing a bubbly / churn flow map.6.30,2

The parameters in the coding (C, and v,h)e drif t flux formulation is given in
are based on cell-centered (cell j)

quantities. A further discussion of t
Section 4.6.-

O
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I

The volumetric fluxes J[ and J are caltplated using junction-donored

velocities from the bottom of cell j and void fractions of either a .3 orajj

(old time), depending on whether or not the phasic velocities are positive or
negative, respectively. The values of the volumetric fluxes are

J, = 12 ,', j _1/2 [ "j -1" ) + 590 Vla - a )] (6,3-23)-
~ -

v +
o j-1

Je = 1 Ve.j-1/2["j-1
- -

a ) + sgn v (a;_, - c )] (6.3-24)
~ ~

+ g

2

J = J| . J[ (6.3-25)

where sgn v,t j-1/2,and v, are the signs for the vapor and liquid cell-edge phasicvelocities a

j 1/2 (6.3-26)v',3-1/2 v ,j-1/2s .
m

9 j js

^i-1/2 (6.3-27)v '. j. .- v ,j-1/2t -a2 e j
ir ,

The phasic velocities v,j_3f2 and v'j_3f, are calculated using the phasicg,

junction velocities v,,33,3 and v calculated from the TRAC-BFl/ MODIe 3f2momentum solution scheme and pass,e;d to the level tracking routines (LEVID and
LEV 30). The primed velocities are calculated using the same weighting scheme
as for Equation (6.3-14) but with the inlet instead of outlet junction cell
juriction areas. The logic and correlations used to calculate a} are the same
used for the normal void profile scheme.

Once aj and a] have been calculated using the above methodology (assuming
a level flag has been activated for that particular cell), these void
fractions are passed back to the code's momentum finite-differencing solution
scheme. It is the substituted cell mixture level void fractions, rather than

the cell-averaged void fractions, which are then employed for void donoring to
the adjacent cell volumes in the TRAC-BFl/ MODI momentum solution solver. When

a two-phase mixture level approaches a cell boundary, the cell junction

6.3-13 NUREG/CR-4391
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velocities are also recalculated in the level tracking routines and passed
back to the code's general momentum solution scheme. The code methodology for
this is discussed in the next section.

6.3.4 Criteria for Calculating Cell Mixture Level Velocities and Cell
Boundary Crossings

This section summarizes the code methodology used to calculate cell
mixture level velocities when a mixture level crosses a cell bundary and how
junction phase velocities are recalculated under these circumstances.

The level velocity VLEV is calculated by taking the time derivative of ---

'Equation (6.3-6)

da da: da'ii
- DZL' 1 - (DZ' - DZL ) dt (6.3-28)

DZ ii dldt
y7 7 y'_

aj - a[

The derivatives in Equation (6.3-28) are numerically approximated by
taking the difference between the new-time and old-time void fractions and
dividing by the thermal-hydraulic time step. The denominator in Equation
(6.3-28) uses new-time mixture level void fractions.

The two-phase level tracking model uses two criteria to determine if a
level will cross an axial cell boundary. For a rising level, VLEV > 0, the
condition is

(a; - aj) < EPSALPL (6.3-29)
_

If VLEV < 0, the criteria for a f alling level is

(a| - a ) < EPSALPL
(6.3-30)

j

Equations (6.3-29) and (6.3-30) comprise the first test for cell boundary
level crossing. The level tracking void parameter EPSALPL is defined in Table
6.3-2 as a user-specified value that defaults to .02. Again, the above
criteria are erpirical. The reader is cautioned that using a lar
nondefault value of EPSALPL may induce numerical instabilities.**ger

When a two-phase level approaches a boundary, a second test is also
employed to see if the mixture level during the next computational time step
will be advanced into the next adjoining cell for a rising or falling level.
The level is advanced into an adjoining cell if the level transit time is less
than the current hydraulic computational time step, At.

O
NUREG/CR-4391 6.3-14
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' t
\ The criteria for a rising level to advance to the next cell is>

IDZ - DZL '
I J <y, (6.3-31)
VLEV;

A

for a falling level, the criteria is

DZ L'"<g, (6.3-32)
VLEV; ,

When a two-phase level crosses a cell boundary, there is a discontinuous
change in the void fraction and phase velocity at the cell boundary. To
stabilize the numerics, the level model calculates modified phasic velocities
that are used in the new-time solution to the momentum equation when a level
crossing occurs. The modified velocities are determined from the jump
conditions

f - J,'8VLEV = (6.3.33)
aj - aj

or

'
VLEV = (6.3.34).

a{-aj

For a rising level that will cross a cell boundary at the next time step
(as shown in Figure 6.3-6), the liquid velocity at the boundary after the
level crosses can be calculated using Equation (6.3-34). The modified old-time
junction liquid velocity becomes

(aj - aj) VLEV; + (1 - a])(v )].1/2g

(V )ne ja/2 = (6.3-35).

(1 - aj)

For a falling level that will cross a cell boundary at the next time step (as
shown in Figure 6.3-7), the modified old-time junction vapor velocity at the
boundary after the level crosses can be calculated using Equation (6.3-33).

aj(v,)" 1/2 - (a)J - a7)VLEV;
( V,)nJ a/2 =

-

(6.3-36).

,

"i

V
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a
J+1

a ____ ________________.

a+
J

DZ nj

a~
J

DZL)

--___________________.

a
J-1

HbL00826

Figure 6.3-6. Rising two-phase level at a cell boundary.
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a

J+1
______________________
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J

VLEV <0j
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______________________
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Figure 6.3-7. Falling two-phase level at a cell boundary.
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If the junction velocities are recalculated by the one-dimensional or
three-dimensional level tracking routines, these modified velocities are
transferred back to the code's one- or three-dimensional momentum solutior
subroutines for solution advancement to the next time step.

It was discovered during the develonment of the level tracking models
that computational instabilities may develop when a level is propagated to an
adjacent cell where the void fraction is very near 0.0 or 1.0. For this
reason, it was necessary to slightly adjust the void fraction in a cell to
which a two-phase level is propagated if the initial void in the cell is near
0.0 or 1.0. System mass is still strictly conserved in this case by
transferring mass to or from the cell from which the level originates.

6.3.5 Conclusions

The following conclusions are made with respect to the level tracking
models which are currently used in TRAC-BFl/MODl:

The 1RAC BFl/M001 level tracking model has been shown to produce.

physically realistic results in thermal-hydraulic transients by
suppressing artificial ce''-to-cell mass convection.

The level tracking model is designed to compensate for inherent*

limitations of the TRAC-BFl/M001 finite-differencing scheme. ,

The use of this model has also allowed for coarser nodalization and.

a substantial savings in computational costs.

The level tracking parameters supplied to the user should be+

employed with cautio:. The nature of the hypothesized transient may _

affect the range of validity of these default parameters.
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7. FLOW PROCESS MODELS

The following sections describe flow process models in TRAC-BFl/ MODI.

7.1 PRESSURE DROPS DUE TO AREA CHANGES

7.1.1 Velocity Divergence

In the TRAC-BFl/ MOD 1 momentum equations, the velocity divergence operator
is written in terms of a backward spatial difference, which gives the correct
pressure drop for a straight duct of constant cross-sectional area. In order
to compute the pressure drop between cells j and j+1 for the case of a
nonconstant cross-sectional area duct, the velocity divergerce should be
written in terms of the difference in the squares of the cell-centered
velocities as

(V 7 V )pi/2 " ~~L (V ~V.1)6 k ki1 k

"Y (7.1-1)
)

o j) (V .i., - Vuj)g (V .j a + V
=

tx

Modifying the terms in the backward spatial difference results in an
approximate form of the correct cell-center-to-cell-center velocity difGrence
and the correct pressure drop between cell centers for a duct with changing
cross-sectional area. The mass flow rates at the cell centers are written as
the average of the mass flow rates at the cell edges (where the phasic
subscript has been suppressed)

I (a p;A ,i,2V .1/2 + "j a Pj a j a/2Vja/2)iAap4Vj= j j j p,14j j

V .1/2 > 0, Vj azz > 0j

1

A .i j .i = 7 ("j .i Pj a j .3/2 A V.1/2)V A V .3fe + "j Pj j .1/2a .iPj.1 j m l-3)jji

V .3/2 > 0, V .1/2 > 0j J

|
! where the donor onvetsion has been used to express the phasic densities and

void fractions a 'he cell edges. Analogous equations may be written for
various combinations of positive and negative velocities at the cell edges.

{ These eqdations are combined in various ways with the steady-state phasic

7.1-1 NUREG/CR-4391
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continuity equations

"j .1 P;-i j -1/2 j -1/2 *Pj = a;p; A .1/2V).1/2 (7.1-4)A V |j
|

|
|

A V + P .i = a,,,p;.3A;,3,2V;,3,2 (7.1-5)"j Pj j .1/2 j .1/2 j

to determine the cell-centered velocities. Substituting Equation (7.1-5) into ,

'

Equation (7.1-3) to eliminate V we obtain
3,3,7,

,

V .,,2 0. 5 P;a, p A; ,,,2 j (7.1-6)j,

V;.3 = +

a, . p, . , A . , a, ,, p; ., A .,j 3
,

1

Substitution of Equation (7.1-4) into Equation (7.1-2) results in two forms of
i

| the cell-centered phasic velocity in the upstream cell in terms of the phasic
' velocity at each cell edge

=
_ 0. 5 P;"jP;A .1/2 V .1/2

l,j(j.1/2)
j j (7.1-7)

| a;p,A, a,p;A;

1

y(i-1/2) _ "j.iP 1A V 0.5 P
3 F1/2 F1/2 3,

A a, p, A,
|

"; Pi,
:

Substitution of Equations (7.1-6), (7.1-7), and (7.1-8) into Equation (7.1-1)
gives

I

(y 7 y) j .1/2 _ - - -

y , y (i 1/2f y y(j-1/2;1

j.1 3 31 J |

f (7.1-9)
;

2M(AV.1/2 + B) (CV
,,,3 - DV 3,.2 +B)- j j j

I

where

a, p , A , , ,,, a; p, A ; .,,,
(7.1-10)A +

A .i a; p, Aj"FiPj.1 j

|

|0.5 P ' 0. 5 P'.D
= - (7.1-11)6

a, ,3 p, , A , a;p,A;3

1

O'
NUREG/CR-4391 7.1-2

.

-,w-.- - - - ,-, - - ,



__ _ - - _ - ___-___ _ ___-_ _ __ . _ - _ . _ _ _ - .

PRESSURE DROPS

O
C I'''2

(7.1-12)=

"j .1Pj,1A .1j

1 1 1/2D (7.1-13)=

A"j Pj i

It should be noted that setting A v C = D = 1.0 and B = 0 results in the
uncorrected form of the velocity divergence operator.

This form of the velocity divergence will be numerically stable as long
_

as it has the form of the corrasponding backward dif ference (curresponding
form in the sense that the two terms in parentheses have the same signs as the
uncorrected form at the backward difference'. Since A, C, and D are always
greater than zero, the only situation that can cause instability is whenever
B > AV .3,2 or B > -(CV - DV ). These criteria come from the fact that
the vaiues of A, B, C,;.3,2and D s$'o'u'id not change the sign of the two terms in
parenthesis in Equation (7.1-9) relative to the uncorrected form of the
velocity divergence operator.

Rather than test for every combination of the coefficients, the
coefficients A, B, C, and D are simplified to give9 A .1/2j.1/2 jA= , (7.1-16)

A .,3 A,j

B-0 (7.1-17)

A
i'''2C= (7.1-18)

A ; ,3

A j-1/2
D (7.1-19)

A,

where

j.i (7.1-20)A ~-

I'' M;3

0
7.1-3 NUREG/CR-4391

__ _ _ _ _ _ _ _ - _ _ - _ _ - _ - _ _ . - - - - -



- - - . . . - . - - . - .. . .-- ... - ..._. . - . . _ . . - _ . - . - - - -.. ..

!
1

1
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.

|
|

,

i Vol.
A 1 (7.1-21)=j s;'

Since A, C, and D are always positive, the corrected velocity divergence has
the form of a backward velocity divergence with modified coefficients. This
form of the coefficients will give the correct pressure drop for single-phase
flow in a duct with varying cross-sectional area and should be adequate for
two-phase flow.

i

:

|

|

,

,

J

i

.

O'
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--CRITICAL- Flow; j

7.2 CRITICAL FLOW

This section details the equilibrium critical flow model presently
employed in the TRAC-BFl/ MODI computer code. The' critical flow 'model used in
TRAC-BF1/ MODI is applicable for coarse-mesh nodalization and is based on a
semi empirical approximation of the choking criteria ~ derived from the general
one-dimensional, two-phase fluid field equations. The critical flow model
also allows for- the simulation of choking with a noncondensable gas phase.
The principal motivation of using a choked flow limitation model was to.

improve code efficiency and run times. In the past, it was found that
modeling choked flow using the TRAC-BFl/ MODI finite-difference approximation
to the basic conservation equations required extremely fine cell nodalization
in the vicinity of the ak plane. As a consequence, simulating. break
transients generally let .o prohibitively costly calculations. The choked
flow model was developed in s ra
by a number of individuals.7',eg' '3'} stages and was implemented into the code

The remainder of this chapter is outlined as follows. Section 7.2.1-
documents the basic assumptions used to formulate the choking criteria in
TRAC-BF1 and how the choking model is implemented. Section 7.2.2 documents
the general methodology used to calculate thermodynamic properties at the
choke plane. Sections 7.2.3, 7.2.4, and 7.2.5 document the
two-phase /two-component, single phase /two-component vc,cr, and single-phase
liquid critical flcw models, respectively. Section 7.2.6 documents the
closure relations needed to calculate the choke plane phasic velocities.
Section 7.2.7 gives conclusions relative to applicability and areas for
further study reiative to the present TRAC-BF1/ MODI choking model.

7.2.1 Background

Choking occurs when the mass flow in a pipe becomes independent of the
downstream conditions. Therefore, a further reduction in the downstream
pressure will not change the mass flow rate. The reason choking occurs is-
that acoustic signals can no longer propagate upstream to affect-the boundary
conditions that determine the mass flow rate at the choke -plane. The choking '

model employs a flow-limiting scheme that u'ses a linear function of the cell
junction phasic velocities and compares this expression to the calculated
local junction sound speed. If this linear function exceeds the local' sound
speed, the choking model is employed to limit flow at that particular-
junction. The quantitative details of how this is done will be identified
later in this section. The choking model used in TRAC-BFl/ MOD 1 b d on
theRELAp5/M001modeloriginallydevelopeobyRansomandTrapp.7'g',ag''

Originally, the TRAC-BFl/ MODI choking model was based on a characteristic
analysis of the partial differential equations governing the flow response.
However, it has been found empirically that a much simplified criterion,

relating the throat homogenous equilibrium mixture (HEM) sonic velocity and
throat phasic velocities void fractions, and densities

7.2-1 NUREG/CR-4391
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9
"9Pv "9 + "v P Vf

~ =- >a p 31)9
g

a, p, 4 a, p,

,

may be used in place of the detailed theoretical expressi in and still yield
good code / data comparisons.

The choking model consists of four different regimes, identified in
Table 7.2-1. These regimes are presently based on cell-centered void
conditions immediately upstream of the choke plane. Each of these regimes is
simulated in the TRAC-BFl/ MOD 1 subroutine CHOKE. Figure 7.2-1 is a flow chart
of the current logic for selecting these flow regimes, in each case, the

method used to calculate the homogeneous sound speed a, is slightly
different. The presence of noncondensables introduces an additional degree of
complexity in the approximation of a At present, only air is modeled withg.
the noncondensable option. The presence of air is accounted for in all of the
break flow regimes with one exception. Noncondensables at the break choke
plane are ignored for the low void regime (Table 7.2-1) when the
Alamgir-Jones-Lienhard (AJL) correlation is used. In the subcooled blowdown
regime the effects of noncondensables on the local sound speed are assumed to
be small and are therefore ignored.

Tabl e 7.2-1. Equilibrium critical flow regimes.
,

Void Fraction Regime Correlation

a < 0.01 1iquid Alamgir-Jones-Lienhard

0.01 < c < 0.1 transition Interpolate

0.1 < a < 0.999999 two-phase Homogeneous equilibrium sound
speed

0.999999 < a gas only HEM with adiabatic gas
approximation

We shall now summarize how the choking model is implemented into
TRAC-BFl/ MODI. The choking model is presently implemented in only
one-dimensional components. The critical flow model is called by the
subroutine TFlE, which is the subroutine to solve the governing equations for
one-dimensional TRAC-BFl/ MODI components. TFlE passes donor cell parameters
based on new-time velocities to CHOKE. Tables 7.2-2 and 7.2-3 summarize the
principal variables passed to CHOKE and the calculated output variables. The
alphanumeric identifiers in Tables 7.2 c and 7.2-3 should not be necessarily
interpreted as subroutine call arguments. After CHOKE has been entered,

NUREG/CR-4391 7.2-2
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Figure 7.2-1. TRAC-BF]/ MODI choke logic. r
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Figure 7.2-1. (continued)
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Table 7.2-2. Input call parameters to CHOKE subroutine.

Variable Parameter

DXC Donor cell length
ilD Hydra"lic diameter
WFL Wall friction f actor, liquid
WFV Wall friction factor, vapor
ALP Donor cell void fraction
PC Donor cell upsteam pressure
PD Donor cell downstream pressure
RL Donor cell density, liquid
RV Donor cell density, vapor
SIGMA Donor cell surface tension
TL Donor cell temperature, liquid
TV Donor cell temperature, vapor
VMC Donor cell mixture velocity
VM0 Old-timo miyture velocity
VL Throat junction velocity, liquid
VV Throat junction velocity, vapor
DFLDP Derivative of VL with respect to pressure
DFVDP Derivative of VV with respect to pressure
ICHOKE Choking flag
ROAIR Donor cell air density
LEOS Gaseous phase equation-of-state flag
AVM0 Old-time HE sonic velocity
RHOCK Throat-to-cell-center mixture density ratio
CV Coefficient of VVN in combined momentum -

equation. Obtain in TFlE b eliminating the
pressure gradient term fron the liquid and vapor
momentum equations.

CL Coefficient of VLN in combined momentum equation
above

RHSN RiiS of combined momentum equation above
DADZ Derivative of flow area with respect to axial

distance (set to 0.0 if DADZ is non-negative)
AT Flow area at current junction (choking plane)
AU Flow area at upstream junction

7.2-5 NUREG/CR-4391
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!

Table 7.2-3. Output to subroutine CHOKE.

5 V a r i @l_e Parameter

VL Throat liquid velocity
VV Throat vapor velocity

,

DFLDP Derivative of VL with respect to pressure
DFVDP Derivative of VV with respect to pressure
ICH0KE Choking status flag

i

control is passed to a particular model, depending on the void conditions
define; in Table 7.2-1. Each model that is invoked follows the same
computational sequence:

; 1. The throat pressure and temperature conditions are calculated. The
subroutine THERMO is called to calculate additiona: 'hermodynamic'

throat conditions.

2. The throat sonic speed is calculated and the choking criteria are
evaluated.

3. If the choking criteria are not met, control is returned to TFIE,

4. If choking criteria are met, new-time throat velocities and
derivatives are recalculated. To calculate the derivatives, the
throat pressure is perturbed by 1% and a second pass is made to
calculate the liquid and vapor velocities. The choked derivatives
are calculated by dividing the change in the choked velocity
calculated between passes by the pressure perturbation.

5. Control is returned to TFIE with the new calculated junction phasic
velocities and derivatives.

The abcse process is illustrated in the logi . flow in Figure 7.2-1. We shall
now detail how CHOKE calculates the throat conditions, the details of
particular models that are invoked, and how they are implemented into the
code.

; 7.2.2 Methodology for the Calculation of Choke Plane Thermodynamic Properties

This section details the principal method used to calculate choke plane
thermodynamic properties and how this method is implemented in the
TRAC-BFl/ MODI code. In order to calculate a,g, the cell break plane
conditions must first be approximated. In tne TRAC-BFl/ MODI finite-
differencing scheme, fluid properties are calculated as cell-centered
qua:itities. As a consequence, approximation techniques must be employed to

NUREG/CR-4391 7.2-6
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,

estimate gradients in fluid conditions between the cell center and cell edge
choke plane, In TRAC-BFl/M001, a half cell momentum (see Figure 7.2-2)
balance approximation is used to estimate the junction pressure. It is
assumed that the area change from the cell center to the cell face is not too
abrupt. Hence, form loss effects are not accounted for in the approximation.
The throat pressure becomes, using Bernoulli's theorem,

2

"" 2
+ a p,,f ) v (7.2-2)P, = P, - + 0. 5 pm -%cp,,f,c te ge

.

where the subscripts t and c designate cell throat and center locations. The
m subscript designates mixture conditions. The parameters V,, V p , and
p, are mixture velocities and densities at the cell center and th,r, oat,
respectively (figure 7.2-2). The parameters f,, and f are the liquid andu
vapor phasic friction factors. The L and OH parameters are the upstream cell
half length and throat hydraulic diameter r'spectively.s

I
I
I
I
1 I

< l PC i
1 i
' * O x- VMC i MT*VVMU
I I
I I
I i
i
i

'

1

I

THROAT,

|

j Figure 7.2-2. Choking cell configuration.

!
'

The above Bernoulli approximation has been done by assuming that the
mixture velocities rather than the phasic velocities are sufficient to
calculate throat properties. The wall phasic friction factors, f and f
passed from the TRAC-BFl/ MODI momentum solution routine TFIE to tbe CH0K1, are

g
routine. The frictional loss terms are neglected for the throat pressure

l calculation in the liquid regime and vapor regime (Table 7.2-1). A further
l elaboration of the above corrections is given in Sections 7-2.3 and 7'.2.5..

|
'

Because of inherent limitations in the TRAC-BFl/ MODI finite-difference
solution scheme, additional approximations have been made to evaluate V ,, v ,,
and p In particular, the finite-difference scheme solves the fieldg.
equalmns so that the phasic velocities are calculated only at cell edges.

7.2-7 NUREG/CR-4391
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| Cell-donored quantities, including the pressure, nhase densities, temperatures
'and void fractions, are calculated only as. cell-centered pararreters. The

mixture densities and velocities in Equation (7.2-2) are calculated as;

follows:

Pmc = %P c +acc Pre (7.2-3)a

"R#0CK - (7.2-4)
Pmc

r

I

Ugc P c gt tch cY'E
g t tty (7.2-5)

* EtcPeci bc Pgc

i

(7.2-6)ty* =
: RHOCK
i

.

I A V,Q

44 2 (4A )v2 + At t

# uO u tu%O u gu #
f tgj y g=

# uO uhuO u
#'

t tg

! The cell edge velocities and call-centered densities and void functions are
quantities calculated at the previous computational time step that are passed
to the CHOKE subroutine, where the expressions (7.2-3) through (7.2-8) arc
calculated and substituted into Ecuation (7.2-2). The density ratio p /p is
calculated at the previous time step, with p beingestimatedusingCfidKE,.c,

.

| The expression for 'he throat mixture veloci,ty V, is a logical consequence of
I the code fini+e-differencing scheme. The approximation for V,, is done by
| equating the mass fluxes with cell and throat-donored densities so that

p V[c = pm,V, . The mixture velocity Vjt is the effective .elocity weightedy

with the cell-centered mixture density, whereas V, is weighted with the
throat mixture density. If compressibility effects are important, the
approximation for V, will give more accurate results in calculating the
throat pressure P

t

The expression used to approximate the cell-centered mixture velocity V
isbasedontheassumption(Figure 7.2-2)thatthebreakgeometryupstream07
the choke plane approximates a conical pathway. By assuming constant i

NUREG/CR-4391 7.2-8
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volumetric flow, we have the following relationship between the cell-centered
and upstream mixture velocities:

AV,=AJ, (7 2-9)c

,

where

'
(7.2-10)A =

c ,

4

which gives us Equation (7.2-7). The value of A'alf-cell length (cross-
is the result of calculating

the cross-sectional area of a frustrum at the h
sectional area at P in Figure 7.2-2).c

Once P has been calculated at the choke plane, the phasic temperatures
at this loc, tion are calculated using assumptions dependent on the breaka

upstream void fraction conditions and whether noncondensables are present.
Once the phasic temperatures and throat pressure have been calculated at the
break plane, these properties are passed to the. subroutine THERMO, which
calculates the remaining thermodynamic properties needed to calculate the
sonic speed. THERM 0 passes the parameters back to CH0KE, where a is
calculated and the appropriate tests for choking using Equation (Y 2-1) can be
performed.

The current TRAC-BFl/ MODI choking model assumes that the throat void
fraction is equal to the calculated void fraction of the cell immediately-
upstream of the choke plane. In future versions of TRAC-BFl/ MODI, it may
prove useful to investigate ways of accounting for void gradient changes
between the choke plane and the upstream donor cell.

Table 7.2-4 summarizes the assumptions used in TRAC-BFI/ MODI to calculate
the key throat parameters (pressure and phasic temperatures) and the
associated sonic models used in the code. This table also makes reference to'
the presence of noncondensables, which will be discussed in later sections.
Additional details of the assumptions used to calculate the break plane
thermodynamic conditions and corresponding sonic velocity are detailed in
Sections 7.2.3 through 7.2.5.

7.2.3 - Two-Phase /Two-Component Critical _ Flow Models

The two-component /two-phase (TCTP) HEM critical flow model used in
TRAC-BFl/ MODI was developed by Phillips et. al .7d'3'7 This model is based
exclusively on theoretical grounds and employs several simplifying assumptions
to enable one to derive an expression for the equilibrium sonic mixture
velocity. This section will deal with several variations of the TCTP mode'
employed in the TRAC-BF1/ MODI code. The variations include the following:

,

' 7.2-9 NUREG/CR-4391
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Air / water mixture covering same void regimes as 1..

Water / steam mixture covers sa 2 void regime as 1.*

General TCTP model with steam / water / air mixture applied to void*

fraction regimes

< .01
.1<a|5.999999..1ia
Air / steam mixture formulation covers void regime a, > .999999.*

Section 7.2.3 will deal wi" the first three cases. The last case is -

separately discussed in Sc ion 7.2.4, dealing with single-phase one and
two-component gas / vapor choking models.

The general expression for the local HEM sonic velocity is

gp ritz?

a - - (7.2-11)g
do,s

where the subscript S corresponds to constant entropy of the derivative P with
respect to p. In order to derive a tractable expression for a in terms ofg
thermodynamic quantities and derivatives, a number of simplifying assumptions
have been made.

1. For an arbitrary steam-liquid-noncondensable mixture, each component
is in temperature equilibrium.

2. Since the flow process is anumed to be isentropic in the
formulation of Equation (7.2-11), nonequilibrium interf acial heat -

and mass transfer are not directly considered in the formulation.

3. If a noncondensable gas component is present, it is assumed that the
noncondensable and vapor occupy the same volume and obey the
Gibbs-Dalton law of partial pressures.

4. If a noncondensable is present, it is considered chemically inert;
i .e. , the noncondensable cannot dissolve in the liquid, come out of
solution, or form new compounds with the water molecules.

5. If a noncondensable is present, its equation of state is assumed to
obey the perfect gas law.

6. Multi-dimensional and turbulence eff ects are not considered.

7. The assumption that the liquid-steam-noncondensable is homogenous
precludes formulation of stratification or other flow-map-dependent
phenomena on the sonic velocity.

7.2-11 NUREG/CR-4391
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i O' The above assumptions, with some exceptions, also apply to the critical
.

i flow models documented in Sections 7.2.4 and 7.L 5. With regard to
j assumptions 1 and 2, TRAC-Bf1/ MODI assumes a mixture equilibrium temperature

at the choke plane that is calculated according to which break flow regime,

1 (Table 7.2-4) is considere Under certain circumstances, the equilibrium
assumptionmaybreakdown.gl' N '5 In particular, f or break assemblics of veryi
short length, nonequiiibrium transport behavior may be important. This occursj

when the liquid and vapor phase at the choke plane have not had adequate time
1 to relax to thermal equilibrium, nowever, it was judged that, in most cases,
: the equilibrium assumption is reasonable except in the low liquid void regime
| (lable 7.2-1). Modifications to assumption 2 unuer these circumstances are

| detailed in Section 7.2.5.

| With respect to assumptions 3-5, we have confined the class of problems
to situations where noncondensable gases cannot interact chemically with the,

I liquid-steam mixture. This assumption may not produce accurate results for
i certain classes of problems where significant quantities of dissolved gases

choke plane.g* * Assumption 6 may require code input adjustments ;o account
are hypothes ed to come out of solution as the liquid decompresses at the.

I

for break flow geometry ef fects. lhe effe s of bre k geometry near the choke
j plane is discussed by a number of authors.g* * ""* g6 In general, the use of
i

j a one-dimensional critical flow model approximation requires that a discharge
coefficier}t be employed to account for two- or three-dimcc.<ional geometry>

!
"

effects. ' Since there is a wide range of passible bres flow geometries,
! there is no particular universal discharge coefficient that is applicable to .

} all situations. .

With regar( to assumption 7, flow stratification effects may be important
unde certain circumstances. The IRAC-BFl/ MODI user is cautioned to be aware ,

of tna situativos where stratificatio., upftream of the break plane may exist. |

Critical flow models with stratification pye been it plemented in other |thermal hydraulic codes, such as Rf.l APS.'' It may prove useful to
incorporate stratification modeling in future versions of the critical flow
model.

,

Using the formulation rietailed in Appendix D and r, we shall r ow show how
the HEM sonic speed is derived for either a steam-air or air-steam mixture.
lhe general form of the isentropic derivative for the reciprocal of the sonic
velocity s'1ua, d is

O
NUREG/CR-4391 7.2-12
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,

- ( h
O ut T

vP ,,

(7.2-12).
, , , , , ,

a, an, aa,ape n
"a ' "a 7p 7p ( Pe * P Pt) ]~p"t 9

*

gp

, s

Da'in the liquid /noncondensable regime. - O :o that Equation (7.2-12)
, vP , , -

reduces to
-1/2

,

apg age (7.2-13)
a '- R 4 Rg ,

.gg g
OP ;s c1P ,,
,

,,

The individual isentropic derivatives in Equation (7.2-13) are given by the
general formula for a pure substance derived in Appendix D and is

' Sp'?
1 -

' Op > Op, . BT ,,'

(7.2-14)
< gp,1oP DP > T

,

ge, pr is >
<

p,
, BT ,, p 81, p2

,

where the state variobles, such as p, are for the liquid or noncondensable.
''

In the case where we are modeling a single-phase vapor /noncondensable mixture,
Equation (7.2-14) becomes (a - 1)

1-iH

a -

SP,c SPg (7.2-15)
*n -

, cP , , . BP , ,
,

where the individual isentropic derivatives are again evaluated using Equation
(7.2-14).

In situations where the steam / liquid phases coexist, the general
expression for the homogenous sound speed can be expanded using Equation (7.2-

< s

day
12). In this situation, the isentropic derivative - * 0 ; and we have a

< BP , ,

significantly more complex expression. The expansion of e individual
isentropic derivatives into algebmic expressions containing non-isentropic

7.2-13 NUREG/CR-4391
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derivatives is somewhat long and is detailed in Appendix E. In the limit
where the nuntondensable gas density betones zero, Equation (7.2-12) can be
expressed as

I ' ^ !?
, U m ,7 (

P P
a o (7.2-16)g

6P p, p, ,3,

where

a , , s

O a, p, -e a p, A (7 2 17)
g

vP vP aa ,

;
'

1
. < s

P, Pc OS SS (7.2-18)g cA a,pS - 4 a, p, -

S -S, OP 8Pq 3sy

Prior to calculating the value of the sonic velocity, the throat
I therniodynamic conditions must be evaluated. The general outline for

icalculating the throat pressure was given in Section 7.2.2, using
j Equation (7.2-2). We shall now give further details as to how the throat

temperature and partial pressures are calculated. The methodology used
depends on the particular break flow regime. We shall now consider cases 1-3;
Case 4 will tse documented separately in Section 7.2.4. Table 7.2-4 summarizes

) how the throat conditions are calculated for cases 1-4.
!

Relative to the steam-water case, P is calculated with Equation (7.2-2). j

. The throat temperature of the liquid is , assumed to be the upstream cell- |
' centered liquid temperature, lhe noncondensable gas throat tcmperature is set

equal to the liquid temperature, in the situation where there is a,

steam-liquid mixture at the cell center upstream of the break plane,.

Egaation (7.2-2) is again used; and the steam-liquid mixture is assumed to be ;

in equilibrium with the throat steam and liquid temperatures set equal to the;

saturation temperature at the throat pressure, P,.

For the steam-liquid-noncondensable situation, the total throat pressure
P, is again calculated with Equation (7.2-2). However, the effect due to
partial pressure complicates matters for estimating the throat temperature,

i The steam-liquid-noncondensable temperature is calculated using'"a Taylor'3series approximation to account for the steam partial pressure. Given the
cell-centered pressure PC, which is the sum of the vapor and noncondensable
partial pressures, the steam partial pressure P, at the throat is expanded as

O
NUREG/CR-4391 7.2-14
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,

@ , ,

OP
P,, ( P, 4 #) r P,( P, ) 4 & (7.2-19)

+ r,,

i
<

y

where from Dalton's law, the cell-centered pressure upstream of the throat is ;
'

0, (7.2-20)P, Puc
- 4

T

and the prersure increment to the throat is !'

N' , P, - P, . (7.2-21) ;

in the above expansion, we have calculated the steam throat partial pressurei

with a laylor series expansion, where p, is the dependent variable and p, is
GP

'

the independent variable. The derivative -3 is expressed as
. OP

, < ,

7
| DP ' OT ' dP,a (7.2-22); * -

*eDP , .BP-a , dT |1 1
.

;<
,

i bat (P ) t

c

i ' a7 '
: The isentropic part of the derivative - is a f airly complex

BP,,
expression. Its expansion into its basic components is detailed .oi

Appendix f.. !he equilibrium throat steam-liquid-noncondensable temperature is ,

| then
. ,

T,q = PSA T (P,3 ) (7.2 23),

| where PSAT is the saturation temperature function at the pressure P,1

7.2.4 Single-phase One- or lwo-Component Vapor Choking Models

.

The seven principal simplifying assumptions employed in Section 7.2.3 to
icalculate a are also employed in the single-phase, one/two-component vapory

choking formulation. This choking model presently employs two methads for
calculating the sonic speed. The first approximation models the steam as a
" perfect gas" (in the sense that there is no potential for vapor

I condensation). This is a valid approximation when the throat temperature of
the steam is well above saturation conditions so that the isentropic

. 7.2-15 NUREG/CR-4391
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|
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, s

( '(1
derivative l -O. The second approxirration employs the generalized Hf

OP , s;

! forme'ation from Section 7.2.3. In this formulation, the isent ropic

' da '
This formu ation fully accounts forlderivative - is not equal to zero.

i dP a
vapor equation of state deviations from the " perfect gas" approximation when i

the calculated throat temperature is near saiuration conditions. |
1

In the first approximation, the steam :nd noncondensable mixture are i

assumed to approximate a perfect gas with zero friction losses between the4 1

cell center and downstream choke plane. Under these conditions, the cell-
centered total pressure, temperature, and density are approximated within the

| adiabatic choked flow perfect gas fprmulation. The throat, pressure,
temperature, and density become # '

,
__I , b.l_ l

'

.( \1 t ,7.2-24)
p' p'+ ) s

? ,

- ,

c c
_ _ (7.2-25)P' P 4

2
,

e

1

'
,.i

T, T 1+Y (7.2-26)c
2

3

Y l'~ y i (7.2-27)
p, pc 14

: where tF3 specific heat ratio is density-averaged

X C + (1 Xg)C
/c --

p? (7.2-28)
g,

'
y

/ X C 4 (1 + Xg)Cg g y

2

and

J fV
X - __: (7.2-29)'

g
P i

NUREG/CR-4391 7.2-16
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!
! Assuming constant noncondensable mass fraction, X,c, gives a noncondensable
j throat density

| Ret " &cP (7.2-30) ;
.t

<

r

i-

The throat partial pressure of the steam becomes j

P, - ge3R7,e . (7.2-31) i| P ng

i
4

,

f The conditions at the throat are thus completely specified. '

l - The above throat pressure and temperature conditions are then used by
'

i THERM 0 to calculate the remaining thermodynamic parameters and derivatives to
evalcate the equations for the isentropic sound speed. In the limit g * 1, ;

Equation (7.2-12) reduces to4

-in >

'

OPuc dP. (7.2-32) *

a" - *

BP
-

'

DP , ,4

i

j where the individual irentropic derivatives are evaluated at T, - Tue - T ,a
'

In the second formulation of the sonic speed, the vapor and ,

noncondensable temperature are set equal to TSAT (P T), or the saturation
temperature at the partial steam pressure. Sincethe-vaporstateisnowon-

da,!

| the saturation curve, the isentropic derivative is not equal to zero
. dF , ,'

i ,

even though a, = 0. From Appendix E, the generalized HEM sonic velocity in i

the limit a,a 1 reduces to !

- s r s

d6c OPg >r
| n '

p<
( Pc - Sc)a P, +

Pg Pg BP , , cP , ,
,

,
,

| (7.2-33)
, , < s -

,

~ Pt SS c dS,| - Sc + Pg ,

5, - S
p ,'

, OP ,, + p,
I

BPg 4 ,

1 i

.

| The current version of 1RAC-tsf1/MCD1 calculates the sonic speed using i

both Equations (7.2-32) and (7.2-33) and uses the maximum value in the
criteria for choking.

@ |
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7.2.5 Single-Phase Liquid Critical flow Models

This section documents the single-phase liquid critical flow model used
in 1RAC-BF1/MODl. The terminology single phase liquid is used in the sense
that the vapor and/or noncondensable void f raction is either small or
nonexistent. The single phase liquid critical flow model presently employs
two approximations for calculating the sonic velocity. The first method
employs the A|.J sonic correlation, while the second method employs a modified
illM approximation. After the sonic speed for each scheme is calculated, the
mdXimum Value is used in the Choking Criterion formulation. The single-phase
liquid model is acttvated when the cell vapor void fraction immediately
upitream of the break plane satisfies the criteria o, s .01.

The seven principal assumptions employed to calculate the choke plane a
inSections7.2.3and7.2.4aremodifiedforthesingle-phaseliquidcriticalg
flow model. These modifications are:

Vapor or noncondensables immediately upstream of the break plane are1.
assumed to be insignificant and are not donored to the cell choke
plane.

2. The ALJ model formulation quantifies turbulent fluctuations and
nonequilibrium nucleation phenomena at the choke plane.

When high-pressure, high-temperature water is suddenly decompressed, it
transitions from a subcooled or saturated state to a superheated state. As a
consequence, the throat pressure of the flashing liquid can be much lower than
tne choke plane saturation pressere. Such enhanced depressurization can be
driven by turbulent fluctuations er by bubble nucleation effects as the liquid
exits the choke plane. The pressure undershoot AP(a,) at the throat is '

related to the sonic speed a via the correlation -

s

Pm (7 ) - P, P(a ) (7.2-34)
7 s

F(a,) (CA + CB a[")'' CCa| (7.2-35)

where

, , ' 1,

CA _ (7.2-36)""-

(kiga)''? 1O
et ,

9
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'0.8
'dA'

(13.25)(9.866 E-12)pt
-37)

CB =

A,

t 82

! (7.2-38)CC
0.072p,A

=

surface tensiono -

,

k Boltzmann constant-

4

\ < gp >
' rate of area change.- =

dx , ,

Tg, critical fluid temperature-

I

P ,(T)o g saturation pressure at the liquid temperature in the cell-

adjacent to the choking plane.

The first term in Equation (7.2-33) represents the depressu zation
driven by nucleation effects formulated by Alamgir and Lienhard.g* "8

'

The
second term represents effects of dep' rep,surization driven by turbulent driven:

' '2: flashing and was developed by Jones. In the formulation implemented in
TRAC-BFl/ MODI, code turbulence driven by acceleration effects (break geometry;

i area gradients) is assumed to be much larger than wall friction effects. As a
consequence, wall friction is ignored in the implementation of the- AJL
correlation in TRAC-BFI/MODl. The .072 coefficient is a best estimate of the
turbulent intensity index in Equation (7.2-35). This number is recommended
uniess there is a clear an

j particular break geometry.p.2 yas bstantially different value known a prior / for a

for closure, the second equation used to equate the throat pressure with
sonic speed is the Bernoulli equation (see Section 7.2.2).

2 29

p . Em ac p,a5 (7.2-39),p . ,

2 2

Equations (7.2-35) and (7.2-39) are solved in the TRAC BF1/ MODI solution
scheme by eliminating P, and finding a, from the transcendental equationi

,

|

7.2-19 NUREG/CR-4391
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2 (DPP 4 F( ): ,V[ 0 (7.2-40)) a, _ _

! s Pc
!

!

I where
'

DPP Nax [0, PC P,g ( 1, ) ] . (7.2-41)
,

d

!,

Lquation (7.2-40) is solvtd iteratively using a standard Newton-Raphson
technique.

.

| The sonic speed is calculated using a second approximation with Equation
(7.2-14). Here, the throat temperature is set equal to T and the press' ire is

upstream of th,e,2(1,), where 1, is the cell-centered liquid temperature
set equal to P

;
throat. In the second approximation, it is assumed that the;

liquid has decompressed to a saturated state at the break plane. The final'

y], where a is the liquid single phasesonic velocity becomes Max (a ag
homogenoussoundspeedfromEquation(7.2-14I

In the course of doing simulations with early versions of the TRAC-B
choking model, numerical oscillations in the break mass flow rate were
observed when the throat conditions were near the subcooled sonic regime.I 2''
If the conditions upstream of the break plane transition from subcocled to
saturated conditions, large reductions in the throat sonic velocity will
occur. To prevent large discontinuous changes in the sonic velocity, a cubic
spline interpolation scheme has been employed in the transition region .01 1
a s .l. In this a range, both the TCTP homogeneous equilibrium and single-
p iase liquid models, are separately used to calculate the break plane sonic
speed. The cubic spline interpolation yields the transition sonic speed

a, Wa + (1 - W)a, (7.2-42)y

where

W - 3n Za} (7.2-43)

n .01
(7.2 44)9

a' =

.1 .01

O
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7.2.6 Choking Criteria and Phasic Velocity Formulation Impic..a ".ation into
TRAC-DFl/N0DI |

:

| |
! Once a particular regime has been picked and the corresponding sonic !

| speed calculated, Equation (7.2-1) is employed to test for choking conditions. -i
; Because of the half-cell donoring scheme, Eq'jation (7.2-1) is implemented into

3

TRAC-Bfl/ MODI with the following modifications.
)
.

! The sonic speed calculated from cell edge throat properties is first -|
multiplied by the throat mixture density ratio so that ;.

| , ,

i a ' , - a, b (7.2-45) i
.

j Pu ,
'

I

i

|- This modification was used to partially account for the difference in throat
: mass flux used in the cell continuity equation (due to cell-centered donoring) r

| and the velocity that would exit if the throat density were used instead. If

| the choking criteria are satisfied, the new-time throat mixture velocity is
j set equal to t1e sonic velocity and then calculated using a relaxation scheme ;

| ,

| a';^ = a'; i REL AX (a'; - a';^) (7.2-46)

-

where n and n+1 refer to old and new times respectively. A RELAX = .9 is used
.

;

except in the interpolation region, where RELAX = .l. The relaxation a
:
' algorithm is used to ensure numerical stability. Calculating the throat sonic

,

! velocity is not sufficient to advance the momentum solution for the next time :

step,

i Since there are two unkncwns, the throat edge velocities, a second
j governing equatio_n must be used to solve for two unknowns. The present
j solution scheme (except for single-phase vapor choking) uses the following two !

equations:i

) i

| a[= b"'8 8 ' (7.2-47) !

a Pc 4g % P,>

t

{ C,v, + C, vg = RHS .(7.2-48)
i

!

| where ;

|
a[ calculated sonic speed=

'choke plane cell edge liquid and vapor velocities|_ V , V, =
e

'
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IRAC-Bfl/MDbl me w ntum equation solution constantsL , , C , , 1d15 -

calcule ed from lilE.

for single phase one or two conponent vapor choking,

v, v, a[ (7.2-49)

In general, the above f uiwulat ion allows for slip between the phases at
the (hoke plane in order to advance the IRAL-Bil/ MODI momentum solution
scheme in time, the velocity derivatives with respect to pressure mJst be
calculated. The derivatives are calculated by porturbing the previously
calculated throat pressure by 1% in the subreutine CHOKl. The sonic speed and
junction velocities are then recalculated. The phasic velocity derivatives

-

dre then calculdted as f ollows'

&, v ( P, 4 Nj) v,(P)7 (7.2-50)
N% .hP,

~

& v ( P' + N\ ) v(P).J L _ _ _ _ - (7.2-51)9

Ni N'

is the 1% throat pressure variation. It should be noted that the
where AP,locities calculated by CHOKE (if choking criteria are satisfied) thatphasic ve
are passed back to lilf are calculated at P, and not P, 4 A P, .

The current methodology for calculating the choke plane phasic velocities
has generally yielded adequate results f or comparisons calculated versus
experimu.tal dat a relative to calculqted mass flow rates and system 'depree>surizat'on responses. " b2' W

7.2.7 Conclusions

the two-phase critical flow model detailed in Section 7.1 contains a
number of simplifying assumptions that require the code user to understand
where the break flow model is applicable. In particular, break flow geometry
must be cnnsidered as a f actor in simulating a particular scenario. If the

modeled break configuration is suspecterJ to be strongly effected by
multi-dimensional hydrndynamic phenomena (IRAC-Bfl/M001 choking model is
inherently one-dimensional), the code user must determine if the input used
for the one-dimensional modeling approximation needs modifications. In a
number of circumstances, the use of a discharge coefficient in the break
modeling is sufficient to approximate geometric effects.

The IRfiC-Bf 1/ MOD 1 sonic speed f ormulation (with the exception of the ALJ
correlation, which considers tur bulence and nucleation) assumes that
inhomogeneous or nonequilibrium processes are not significant. As a

NUREG/CR-4391 7.2-22

- _ _ _ _ _ _ - _ _



>

,

CRITICAL Flow
i

|
| consequence, the sonic speed at the choke plane is derived with the assumption :

that the liquid and vapor phases have relaxed to thermodynamic equilibrium. !
'

| The degree of break plane nonhomogeneity is dependent on the flow map, while
1

: the degree of nonequilibrium is determined by interfacial transport processes i
! and the time needed to relax to equilibrium. Further studies of these i
'

nonequilibrium-inhomogeneous effects on the local choke plane sonic speed may '

prove fruitful.
|

Assessment work using the TRAC-BFl/MDDI critical flow model has generally
yielded adequate results with regard to calculated versus measured data and

;
. associated system depressurization responses. Because there is still a fairly ;
| scarce experimental data base using noncondensables, the validity ot. the

TRAC-Bfl/ MODI formulation with noncondensables is yet to be extensively I

tested.
! ;
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COUNTERCURRENT FLOW LIMITATION

7,3 COUNTERCURRENT FLOW LIMITATION ,

Countercurrent flows of vapor and liquid, that may occur at some
hydraulic restrictions, can lead to flooding situations, known as
countercurrent flow limitation (CCFL), in which the rising vapor retards

L downflow of liquid. This phenomenon is important in the penetration and
distribution of the emergency core cooling (ECC) water in BWRs.
Countercurrent flow limitation m:y affect the liquid penetration through the
upper core tie plate, and it may also affect outpouring of liquid from the
fuel bundles through the side entry orifices at the bottom of the bundles.
However, CCFL may occur at any hydraulic restriction in the vertical flow
patr<s of a system, depending on the geometry of the restriction, vapor
velocity, and the properties of 9ater and steam at that point.

The CCFL formulation used in TRAC-B
shear model according to Andersen et al.{pgD1 is a part of the inter-facialThe present section gives the
derivation of the CCFL model, equations that are used in the FRCIF subroutine,
and a review of the CCFLCK subroutine, where the user-specified applications
of the CCFL model are performed. Equations that are used in the coding of the
CCflCK subroutine are marked with an asterisk, followed by the symbolic
variable name used for the left-hand side of that equation in the coding.,

7.3.1 The CCFL Model

Experimental investigations have shown that CCFL depends on
the two phases and on the geomtry of the hydraulic restriction.'3rpperties ofThe
limitingliquidflowratesmaybecprrl
either by a Wallis-tyge correlation 3 f ated to the rising vapor flow ratesor through a Kutateladze correlation,

3as suggested by Sun, with the following general expression

g/K, m/K gi (7.3-1)T4 =
g

in which

KG (7.3-2)8
K' - - a * (n%g)0J5

,

Jgo

K - ' - (1 - a)F \ (7.3-3)e

Jco (o#9)DJ5
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'
i where m is a const ant and K, which is known as Kutateladze number, depends on

georna y and flow properties (see flamenclature for the other symbols). j t

and J,c, are the variable groops that are found useful in making the volume,t'ric
,

4

! fluxes j and j, nondimensional in Equation (7.3-1).y

T rat > P.f l/ MOD) employs Equation (7.3-1) in two different contexts: (a) as
a regular part of the interfacial shear model (described in Section E.1) with ;

built-in Sel of Constants, m and K, and (b) as a special option evoked by,
d

4 the user at any flaqqed hydraulic junction, with the t.3er-specified constants,
m and K in the following, the general approach is discussed first and the
special applications are mentioned later.

7.3.2 Distribution Parameter for CCFL'

,

in order to employ the CCIL model in regular momentum solutions according
to the interfacial friction model, one has to define the distribution
parameter, C , and the interf acial f rict ion coef ficient, C,, that match theo
CCFL situation. Referring to the variables j and j, of the drif t flux model
(see Set t ion 6.1), one may const ruct a graph , f the count ercurrent flows in

_

o
! the toordinate system of these variables, as shown in figure 7.3 ;. It may be

observed that the CCf L situations are encountered only in the quadrant of j, <
0.0andj}7.3-1). This explains the necessity of the negative sign of K, in> 0.0.
Equation

.

According to Reference 7.3-2, a combination of CCFL and drift flux
,

principles requires that the drift flux equation be a tangent to the CCFL'

curve in the J a, plane The drift flux equat ioe is given by
3

| <d
" "j* <( j,

'
aC

V" . (7.3-4)
'

+

1 l
O O

(Derivatien of this equation is shown in Appendix f.) The necessity of this

requirement is obvious from the f act that the relationship between j, and j,
must satisfy both Equations (7.3-1) and (7.3-4) and that the linear relation
may not be applied te any pnini ieside the CCFL curve. Hence, both intercepts
of Equations (7.3-1) and (7.3-4) must coincide at one point on the curve,
regardless of the actual values of j and ],. The necessary mathematical
condition is obtained by setting the,A (i.e., b - 4ac term) in the solution#

of the intercept equat ion equal to zero. This gives the following relation

between V and C, for the CCil. situat ions:g

O
NUREG/CR-4391 7.3-2
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Is A

J,,-

J, = f(|, , u)

CCFL correlation , /
,/

' '_ _! . >..

J, /f
/

MS'rt WHT48216

Figure 7.3-1. Drif t flux correlation and CCFL,

I, j _ KC,(1 - aC,)

J' jeo (7.3 5)2aC, + m ( 3 _ aC,)
Jya

lhis equation is solved for C, in terms of in CCFL situations,,)
Solution of this equation provides

F
2

k ~ im (7.3-6)2

o)ccfl A#
o

\ a

in which

1
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e_ . . _ ,)
.

P (7.3-7)1 2 g
A,, 0.6 *I m --

y p,a

and

r (7.3-8)9i

0,o

us.s<
,

--J "' .
~

V*The term in Equation (7.3-7) is tre ratio of
Pt , Joo

in order to avoid imaginary solutions of Equation (7.3-6), the value of f
is limited to an ik which reduces the square root in Equation (7.3-6) to

By setting A' * f m?- O and doing some algebraic manipulations, one
,

tero.
K

obtains

YT /"" (7.3-9)
1 , \ m y )2

_4

!_2a

As may be seen, in general, Equation (7.3-6) provides two solutions,
depending on the sign to be used for the square root. However, instead of
randomly choosing one of the two possible solutions, an interpolation routine
is used that takes some fraction of each solut;on, depending on the local void _

fractior. The interpolation variable is based on X2, which was defined by
iquation (6.1-51) in Section 6.1

x2 S ._3Di' . (7.3 10)
0.25

ihe iHcrpolated solut ion is

_ _ _ _ _ _ _

* 57'3*II)
N[(2x2 - 1) A'. C ) n n A 4 .

o o
a

for low void fractions, a < a , ,, X2 is zero; hence, the negative root
will be used. As a increases (witbincreasinqJ ( C,,) will include more
and more of the positive root; and for a > (a,,,,)4 0. 2hg n, where X2 is 1, the

,

positive root will apply completely.

O
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As stated earlier,-the CCFL constants m and K are dependent on geometry i

and flow properties. TRAC-BFl/ MODI employs two sets of default values of m I

and K, one set for the upper tie plate and another set for the side entry I

orifice. These sets, which are recommended for BWR geometry according to
Reference 7.3-9, are;

,

for the upper tie-plate: m = 1.0 and V 4.2
for the side entry orifice: m - 0.59, and

K < ( A - B P[]? (7.3-12)

where A - 2.14, B - 0.008, and

P"P|= , '5
.

(7.3-13).y

g( pc - p,)

The data base for extracting these constants and relations is summarized-in
the next section.

,

in CCFL situations, the C factor, according to Equation (6.1-30) of
Section6.1,is.calculatedwitbthefollowingformula:

1 - a( C,)''"
. (7.3-14)(C ),,n =i 1-a

.

'Equations (7.3-7), (7.3-8), (7.3-9), (7.3-11), and (7.3-14) are implemented as
a part of the interfacial shear model in the FRCIF subroutine (see Section
6.1).

7.3.3 Data Base for the CCFL Hodel

Thesuggestedcorrelationsfopcuappear in the technical literature *3 p',n,tercurrent flow, or flooding, which|
are ba~d on data from a variety ofI

'

I geometries and flow conditions. It is not within the scope of this report to
j

- correlaty* ns by-Wallis * '} hat have led to the development of generic floodingenumeratethebasicdag
or its modified version based on Kutateladze;

''
I numbers. However, some test data from BWR specific geometries have been
; used to obtain the above mentioned empirical relation and constants for the.
| Kutateladze type flooding correlations in those _ geometries. The sources of
! these data and the range o_f their variables are given in Table 7.3-1. A

| collected reference to the BWR related data, their analysis, and the resulting
|

empirical constants is given by Sun in Reference 7.3-4.
|
|

|
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O-
Table 7.3-1. BWR fuel bundle flooding data base.

Test Geometry Range of Variables Reference

Upper tie plate * 7 x 7 0.11376 < P < 0.14961 MPa lobin 347

bundle, simulated actual 374 < 19 < 385 K
BWR tie plate flow area. 365 < If < 370 K

: 5.48 < j < 11.1 m/s
0.0068 < ,t < 0.0656 m/sj

Upper tie plate" 8 x 8 0.10066 < P < 0.13789 MPa Jonts 3'77

350 < If << 382 K
373 < 1bundle, simulated actual

370 KBWR tie plate flow area.
3.25 < j < 12.04 m/s

0.0004<03f<0.126m/s-

Upper tie plate" 8 x 8 0.101 < P < 0.120 HPa N3 itch et al.73'8
373 < f <
304 < TY < 378 K

bundle, 92% of the flow
374 Karea of an actual 8 x 8

; BWR tle plate. 9.74 < j < 18.88 m/s (approximatc)
0.007 < -j,f ( 0.117 m/s

Bundle bottom,' t bree 0.0993 < P < 1.021 MPa Jones 3'7

372.5 < If << 388.1 K
372.5 < 1side-ent ry orifices with

388.1 KD 31.9, 37.6, and

6k.7mm. 0.00035 < j? < 25.79 m/s
0.1436 < j < ,

0.5097 m/s|

_

Data used for extracting the constants m and K for BWR upper tie plate.i a.

b. Data used to derive the geometry and pressure-dependent correlation for
I K and the constant m f or the side entry orifice of BWR f uel bundles.

As may be observed in Table 7.3-1, most of the BWR relevant data are
taken at near atmospheric pressure. No comparison of the const ents, m and K,
has been made with data from higher pressures. However, sincc the CCFL
correlation is based on non-dimensional variable groups, no major deviations
are anticipated a higher pressures.

7.3.4 User-Defined CCFL Applications

Apart from the regular application of the CCFL correlation in the
interfacial shear routine, 1RAC-8Fl/ MODI provides a separate option for using
the CCFL model at any specified junction. This option checks the flow
situation at the specified junctions and calculates a liquid downflow
velocity, according to Equation (7.3-1), for a given vapor velocity and the
specified CCFL constants for that junction. These calculations are done in

NUREG/CR-4391 7.3-6
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the CCFLCK subroutine, and the input constants are A and B in Equation (7.3.-
12) and m in Equatlon (7.3-1). A description of the CCFLCK subroutine is
given below.

7.3.5 Description of the CCFLCK Subroutine
p

1

CCFLCK is a small subroutine that is called by the TFIDE and Tf3DE
subroutines for each hydraulic junction. The vaid fractions of the hydraulic
volumes before and after the junction (a and a , respectively), as well as

3 y

the liquid and vapor velocities, E, and i,, at the junction are among the
arguments that are passed from the calling routine to CCFLCK in each case.

The computations within the CCFLCK subroutine are straightforward
according to Equatico (7.3 1). In the beginning, the absolute value of the
incoming vapor velocity and the negative value of the incoming liquid velocity
( ,n = -| ,|) are calculated for logical operations, and a check is made on
the junction number to identify the proper set of the CCFL constants to be
applied for that junction, once K and a are defined, Equation (7.3-1) is used ,

to calculate a liqaid velocity, Vu,forthegivenvaporvelocity,f,,atthe
junction. Also, Equation (7.3-2) is used to calculate K, for the given vapor

_
velocity. The logic diagram of the CCFLCK subroutine is shown in Figure 7.3-

| c ?.

If K, is larger than K, (vapor Kutateladze number above the cut-off
value) there is no countercurrent flow; V, is set equal to V with the signu,

of the original V, and returned to the calling routine. However, if K, is _
the liquid velocity, V ,smaller than K and V is equal or smaller than Ven , eu

is returned to the calling roatine with no alteration. Finally, if E i su
larger than V,n, then V is set equal to V with a sign that is the negative<

e u
r s

_

of the original liquid velocity -e=V-
- V'

u _ and this , is returned toV

|V |,)'

t<

the calling subroutine.

In the final part of the CCFLCK subroutine, one-calculates the derivative
DV"

of V- with respect to pressure difference, This is done by usingu
0(oP)

7.3-7 NUREG/CR-4391
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9
|

v,,, = |va ,

vi, = - Ivd

V,, = f (V,. , u , , u.,, p, m , K)

K , = f (u ,, V,, , p)
'

I

J
/ Yes (flow is cocurrent)

/
No

%,f \) v '
-V,, if V, > 0.Yes . . ,m

'"

v,, if v, < 0. |
No

V,, if V, < 0.
'" V, if V, > 0.

- -

I

ov'Calculate opp)

L

Return

MS TS veii 40017

Figure 7.3-2. The logic diagram of the CCFLCK subroutine.
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. bl
the analytically derived partial derivative of - ' from Equation (7.3-1) and

bV, ;

#E' which is brought in among the calling arguments.,

D( N')

D 1 n K /p, (g )m2s ak D * DL (7.3-15)3, i
-

3 9 ,
u.

.

U(F) m i

(1 - a ) ( ,p,f 1 - n ) /p, 0(#}
g y
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8. SPECIAL COMP 0llEllT MODELS

Some of the one-dinwnsional c omponent s in IR O Bfl/ MODI perform functions
that alt er t he way in which one-dimensional fluid equations are normally
solved. These functions are more than simply altering the normal closure
relations that have been discussed in Chapters 4 and 6; these components
either alter the normal f inite dif f erenc ing of the iluid equations, introduce
source terms t o t he equations, or use tomplex logic to alter the closure -

relations to accomplish a specific modeling requirement. The PUMP component
produce < a moment um soort e term in the form of an additional Ap on the
right hand sidt of the momentum equation to model the pressure rise across the -

pump impeller The steam / water separator dryer component (SEPD) permits the
user to model the swirl separators and chevron dryers in a UWR reactor the
VAlVi component provides a variable flow area to model the action of various
types of valves lhe UlATR component models the shell side of both vertical
and hori/ontal feedwater heaters as well as the shell side of condensers,
including the phase separat ion due te drain cooler regions or hot wells. The
JiIP component models the jet pumps found in BWR systems by use of the TEL
component momentum source in t he Til joining cell and jet pump specific
>ingular loss coeffitinnts. The IURB component models the energy extraction
(and associated pressure and enthslpy drops) across the blade cascade of
turbines, as well as t he phaw separation in moisture separators and steam
extrac t ion f or f eedmter heat ing, the CONIAN component models the BWR
containment, usinq a separate lumped parameter formulation that provides
boundary condit ions to the remainder of the BWR reactor system. The fitL and
BRfAK components provide houndary conditions to the normal one-dimensional
components by allowing the user to specify either flows (fil.L) or pressures
(BREAK) at the boundary. together with the fluid state if an inflow condition
exists. Most of these component models have been described in Volume 1 of the -

IRAC-Bil/ MODI Manual," ' and the following sections are reproductions of the -

model desc ript ions from the Manual, with some additions and modifications.

8.1 PUMP COMPONENT

The PUMP model was developed at iANL and was incladed in the code from
which IRAC UWR was developed. The PUMP co"'penent describes the interaction of
the system f luid with a centrif ugal pump. The model calculates the pressure
dif f erent jal at ross the pump and its angular velocity as a function of the
fluid flow rate and the fluid properties. The model can treat any centrifugal
pump and allons for the inclusion of two phase effects.

The pu~p model is represented by a one-dinensional component with N cells
(N > 1). The pump momntum is modeled as a source at the user-specified
interface between cells; this interface will be referred to as the pump
interface for the remainder of this discussion. The source is positive for
nornal operation, so that a pressure rise occurs in the direction of
increasing cell index. Therefore, it is necessary to construct the cell

8.1-1 NUREG/CR 4391
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noding such that the cell number increases in the normal flow direction. This
( latter requirement is equivalent to requiring the first cell of the component :

to be in the pump suction end the second cell in the pump discharge for normal
operation.

.

i

F

The following considerations were important in creating the PUMP.

component:

1. Compatibility with adjacent components should be maximized,
4

; 2. Choking at the pump inlet or outlet should be predicted
automatically, and

3. The calculated pressure rise across the pump should agree with that
measured at steady-state conditions.

The first two criteria precluded the use of a lumped-parameter model. The
PUMP component, therefore, rombines the PIPE component with pump correlations.

The pump model that is in TRAC-Bt 1-M001 is very similar to that included
in RELAP4/M005,8'" although some additional assumptions were made to
incorporaie the momentum source into the me.ner.tum equations. Also, the

details of the input for the homologous curves are somewhat different in that
the eight curve segments defined in RELAP4/M005 are combined into only four
segments in TRAC-Bfl/MODl. Reference 8.1-3 (Chapter 9) provides a good
discussion of pump operation, and Section 9.2 of the same reference describes
the single-phase homologous curve description of a pump. Reference 8.1-4 is a
general text on pumps and provides much information about pumps and their
operating characteristics. Runstadler " provides an overview of the state8

of the art in pump modeling in the mid-1970s, about the time that work began
on TRAC-BD1 and there was a need for a pump model in the code. Several
organizations worked on pump models dtgring the late 1970s, and the work8continued through the 1980s. Furuya ' * developed an analytical pu.np model
that yields the two-phase performance characteristics based on single-phase
characteristics and the details of the pump geometry.

The similarity factor for pumps that is most often discussed is the
specific speed a defined in the following equation (Reference 8.1-4, Equation

s

(5.9)]:,

dq (8.1-1)
(gn) 3"

where

pump speed (rad /s, rev/s)n =

3 5
volumetric flow (m /s, f t /s)Q -

2acceleration of gravity (m/s? f t/s )9 = ,

NUREG/CR-4391 8.1-2
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,

! H pump head (m, ft).-

'

lhis specific speed u is dimensionless mly if the units of the other
parameters are consislent, as noted above. Stepanoff (Reference 8.1-4) points,,

| out that u, is constant for all similar pumps and ideally does not change with
; speed for a given pump; however, when it is used as a similarity parameter, w,

should be calculated at the highest efficiency point of operation.- Stepanoff
'

also casts o in another dimensionless form (Reference 8.1-4, Equation 5.35),
whichshowslheimportance ' maintaining certain geometric ratios in similar
pumps. All of this discussion really is intended to provide a guide to help '

i the code user determine if a set of homologous curves can be used to describe
j this pump. ,

'

I

| 8.1.1 Pump Governing Equations

f The pump model is identical to the one-dimensional pipe model except '

| that the momentum equations between cells where the impeller is located are-
;

rewritten as
i

'l O'l

ayj {s . g/ "y M
4v "' _ y '! i Jl 9

(8.1-2)a 9 '

N
- g cos 0

(i()"M,

!

and'

| V, - V, , (8.1-3)
|

where AP is the pressure rise through the pump evaluated from the pump -

correlation. Equation (8.1-2) is implemented in subroutine TFlf. The,

'

steady-state solution of Equation (8.1-2) is
,

F = P;.3 - P; + g co s 0 , (8.1-4)
t;

i

which is the desired result. friction does not enter explicitly into the pump

!
- motion equation, because we assume that the friction effects are normally
included in the homologous curves d Jining the pump head. Therefore, additive

|_ friction is not allowed at the impeller location,-

It is necessary to evaluate AP and its derivative with respect to
,velocity for a pump cell only once each time step. The source is needed only |

i

in routine TflE. This evaluation is performed by subroutine PUMPSR. '

8.1-3 NUREG/CR-4391 ,
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; PUMP COlWONEIM

i
.

j 8.1.2 Pump Head and Torque from flomolonous Curves

!

! The pump correlation curves describe the pump head and torque response
| as a function of fluid volumetric ficw rate and pump speed. Homologous curves ,

j (one curve segment represents a family of curves) are used for this I

description because of their :,implicity. These curves describe, in a compact ;

manner, all operating states of the pump obtained by combining positive or i' negative impeller velocities with positive or negative flow rates.

The following definitions are used in the subsequent development:
4

| H = the pump head * AP/p,

| Q - the pump volumetric flow, and
!

0 = the pump impeller angular velocity,
'

where AP is the pressure rise across the pump and p, is the pump average
mixture density in the cells immediately adjacent to the pump interface. The
code user should note that the definition of pump head H above differs from
the standard definition by a f actor 9, the acceleration due to gravity. To

; allow one set of curves to be used for a variety of pumps, the following
normalized quantities are used:

h= (8.1-5),

:
4

9

90, (8.1-6),

i
1

.

j and

i O'

o=- (8.1-7).q-

l

j where H is the rated head (RHEAD) for the pump, 0 is the rated volumetric
relations'')g and0,istheratedpumpspeed(ROMEbA).The pump similarityflow (RfLOWj

show that'

- f (8.1-8)
ct %

i for small u, this correlation is not satisfactory, and the following
I combination of variables is used

! O
NUREG/Cb4391 8.1-4
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(,
'

b = f u'
(8.1-9).

2q 9,

Equation (8.1-8)isusedintherangeOs|q/o|s1andresultsintwo
separate curves. one for o > 0 and one for o < 0. Equation (8.1-9) is used in
the range 0 s lo/ql s 1 and yields two separate curves, one for q > 0 and one
for q < 0. The four resulting curve segments, as well as the curve selection
logic used in TRAC-Bfl/ MODI, are she>wn in Table 8.1-1.

Table 8.1-1. Definitions of the four curve segments that describe the
homologous pump head curves *

Curve seament la/ol o o Corre'ation
2

1 11 s0 -- h/9 f(q/o)-

4 51 <0 --

,

2 >1 - >0 - f(o/q)
3 >1 -- <0

a. For the special case of both a = 0.0 end q = 0.0, the code sets h - 0.0.
-

To account for two-phase effects on pump performance, the pump curves are
divided into two separate regimes. Data indicate that two-phase pump
performance in he vapor-fraction range of 20%-80% is degraded significantly
in comparison with its performance at vapor fractions outside of this range.
One set of cu es describes the pump performance- for single-phase- fluid (0 or
100% vapor fraction), and another set describes the two-phase, fully degraded
performance at some void fraction between 0 and 100L For single-phase
cor.ditions, the curve segments for Equation (8.1-8) are input as HSP1 for o >
0 and HSP4 for o < 0, and ' Equation (8.1-9) turve segments are input as HSP2
for q > 0 and HSP3 for q < 0. The fully degraded version of Equation (8.1-8)
is input as curve HTP1 for o > 0 and HTP4 for o < 0. The fully degraded
version of Equation (8.1-9) is input as HTP2 for q > 0 and HTP3 for q < 0.

The pump head at any vapcr fraction is calculated from the relationship,

H=H - H(a)(H -#), (8.1-10)3 3 3

waere

the total pump headH =

the single-phase pump head = h H, where h is theH =
3 3 3

k
8.1-5 NUREG/CR-4391
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nondimensional head from the single-phase homologous head
curves

where h is the
the f ully degraded pump head - h H, degraded homologous headH -

nondimensional head from the fuliy2

curves

the head degradation multiplier (input as HDM), andm =

the donor-cell void fraction.a =

To this point, no knowledge of densitv - required to calculate H from
the homologous head curves. The average ii x t..- density in the cells

always used to convert the totalimmediately adjacent to the pump interft .

pump head H to AP, t1. o - urc rise *hrou3n the pump, by the definition AP -
p,H.

The development of homologous torque curves parallels the previous .

development for homologous head curves. The dimensionless hydraulic torque is
defined by

7
p = "1 , (8.1-11)

R

where

hydraulic torquel~ n, =

rated torque (RTORK).T, =

t
works to retard positive pump

The convention used is that a positive T ,is correlated as either S/u orn

angular velocity. The dimensionless torque E -

D/q just as the dimensionless head was correlated. For single-phase
conditions, the correlations yield the corresponding four arve segments -
TSP 1, lSP2, TSP 3, and TSP 4. The fully degraded cor relations produce four
corresponding curves--TTP1, TTP2, TTP3, and TTP'. The ' mologous torque curve
se wents are iurrelated in the same manner as the head ve segments shown in
Table 8.1-1 (ieplace h with p). For the special case of a = q - 0.0, the code
sets $ - 0.0.-

3 2

The single-phase torque T is dependent upon the fluid density and is
3

calculated from
< s

47, O (8.1-12)7 m
3

,

P.R

where

O
NUREG/CR-4391 8.1-6
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0 dimensionless hydraulic torque from the single-phase-
3

t homologous tcrque curves

p, pump average mixture density in the cells immediately adjacent-=

to the pump interface )
'

i

rated density (RRHO). ~

p, =
'

The density ratio is needed to correct for the density difference between the
.

pumped fluid and the rated condition. Similarly, the fully degraded torque T,
- lis obtained-from

{- s

T2 = 02 e S (8.1-13)T ,

A

where $ is the dimensionless hydraulic torque from the fully degraded2
homologous torque curves. For two-phase conditions, the impeller torque is
calculated from

Tr 7 -N(a)(T -T), (8.1-14)3 3 2

where

T total impeller torque=

N(a) = torque degradation multiplier (input as -TDM).

In addition to the homologous head and torque curves, the head and torque
,'

degradation multipliers defined in Equations (8.1-10) and (8.1-14) are
required. These functions of void fraction are nonzero only in the
vapor-fraction range where the pump head and torque are either partially or
fully degraded.

1

8.1.3 Pump Speed

'

The pump component treats-the pump angular velocity _ as a constant
(input) while the motor is energized. After a drive motor trip, the time rate
of change for the pump angular velocity 0 is proportional to the sum of the
moments acting on it and is cciculated from the equation,

Ib = - 7, = - ( T -+ T, + T3 + T,) , (8.1-15)
dt

"

where

N/'

4

8.1-7 NUREG/CR-4391
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combined impeller, shaft, and motor assembly moment ofI -

inertia (fffMI)
hydraulic torque on the impelle1 -

'he torque caused by f ric t ionI, =

bearing and windage torquei -
n

driving (or motor) torque computed by he turbine model or1, -

the control systems model.

We assume that I, and T aren

' 010| '
7, C (8.1-16)i j,

4

l

and

' u| 0| ' I
7 C (8.1-17)t, 2 ,

,

4'

0
are input constants (Tf R1 and TfR2, respetlively). Thewhere C, and C2

hydraulic torque T is evaluated using the homologous torque curves and
Equation (8.1-14); it is a function of the volumetric flow, the upstream void
fraction, the average density in the cells immediately adjacent to the pump
interface, and the pump angular velocity, for time step n+1, Equation
(8.1-15) is evaluated explicitly

C ) CT| G'|
Nd"' ff T (0, a, p,,0) e (C 'I (8.1-18)+

3 2 in
I

,

4

8.1.4 Pump Homologous Curves

The user may specify pump homologous curves in the input or alternately

the Semiscale Mod-l system pump.8 " ge get of built-in pump curves is based on
may use the built-in pump curves. Ti

'g' The Semiscale pump curves for
single-chase homologous head (HSP), fully degraded two-phase homologous head
(illP). head degradation multiplier (llDM). single-phase homolcgous torque
(TSP), and torque degradation multiplier (TOM) are provided in figures 8.1-1
through 8.1-5, respectively. The fully degraded two-phase homologous torque
curves (TTP) for the Semiscale pump is zero. Where applicable, the curves are
numbered corresponding to the conditions provided in Table 8.1-1.

NUREG/CR-4391 8.1-8
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Figure 8.1-1. Semiscale single-phase homologous head curves.
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Figure 8.1-2. Semiscale fully degraded homologous head curves.
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Figure 8.1-3. Semiscale head degradation multiplier curve.
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Figure 8.1-4. Semiscale single-phase hontologous torque curves.
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Figure 8.1-5. Semiscale torque degradation multiplier curve.

Because these homologous curves are dimensionless, they can describe a
variety of pumps by specifying the desired rated density, head, torque,
volumetric flow, and angular velocity as input.

-

There are restrictions and limitations in the current version of the PUMP
component. A flow area change should not be modeled at the impeller location.
Additionally, the head degradation multiplier M(a) and the torque degradation
multiplier N(a) are assumed to apply to all operating states of the pump.

The PUMP component input consists of the same geometric and hydrodynamic
data and initial conditions that are required for the PIPE component. In
addition, information specific to the PUMP is required, as described in the
input specifications. The speed table (SPTBL) as well as the homologous pump
curve arrays must be input in the following order:

x(l), y(l), x(2), y(2),. ., x(n), y(n)

Here, x is the independent variable and y is the dependent variable.
Furthermore, the independent variables must increase monotonically on
input, tnat is,

x(l) < x(2) < < x(n-1), x(n)

8.1-13 NUREG/CR-4391
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Linear interpolation is used within the arrays.

8.1.5 PUMP Conclusions
I

The pump model included in the IRAC-BFl/M001 code has demonstrated a
remarkable capability to model reactor pumps under many conditions.
Obviously, the quality of the pump simulation is very dependent on the quality

! of the homologous curves used to describe the pump, and we recommend that
whenever the data ar e available, the user ir.put specific curves for the pump
under consideration instead of using the built-in curves. An alternative is
to use the Tetra Tech model (Reference 8.1-6) to generate the fully degraded
nomolsgous corves and associated two-phase multiplier curves from the pump
geometry and the published single-phase performance curves from the
manufacturer. Unless the pump to be modeled is similar to the Semiscale pump,
the least desirable option is to select one of the sets of built-in curves.

From a code viewpoint, there are two deficiencies regarding the pump
model. First, the assumed treatment of frictional torques in calculating the
pump coastdown is limited at best and should be generalized. Second, the
assumption of equal phase velocities at the pump interface, while a reasonably
good assumption when the pump is operating at a significant rotational speed,
breaks down as the pump speed approaches zero. At this point, the homogeneous
flow assumption prevents unequal phase velocities and, in particular, prevents ;

countercurrent flow at that one interface. The lack of phase slip can affect
the separation of liquid and vapor in the pump suction and discharge. This
effect could result in oscillatory flow to approximate the net effect of
countercurrent flow, Under the current coding, the only solution to the
second problem available to the code user is to replace the DUMP component
with an equivalent PIPE component when the pamp speed is near zero and the
fluid velocities are low.
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j JET PUMP MoDEL

8.2 JET PUMP MODEL

The jet pump model in IRAC-BFl/M001 is based on the TEE component; the
primary arm of the TEE component models the jet pump suction, mixing region,
diffuser and discharge passage, ano the IEE side arm models the drive line und
drive nozzles. The regular continuity and energy equations are used in the
jet pump component, but an additional term is included in the momentum
equation for the mixing region of the jet pump. Singular loss (irreversible)
coefficients based on data, jet pump geometry, and flow conditions in +he jet
pump are also used in the jet pump component. The additional term in die
momentum equation represents the momentum gained in the mixing region as a
result of the dissipation of the momentum of the high-speed drive line flow as _

it merges with the suction flow.

0.2.1 Jet Pump Homertum Source Term

The jet pump momentum source term was derived for each phase by
performing a steady-state phasic momentum balance across the mixing region and ,

comparing the resulting expression with the regular momentum equation for the
mixing region. The comparison between the two formulations of the momentum
equation is complicated by the fact that the regular momentum solution is
performed on a staggered mesh and the velocity divergence operator is written
as a backward spatial dif ference.

The momentum and continuity equations for the mixing cell of the jet pump
are (see Figure 8.2-1)

.

.

Drive

Vm
Discharge
'/.-

O ; v,u
v. : *'

' *> .
' .

L

Suction

Figure 8.2-1. Jet pump mixing cell.
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Continuity:

% fts os n,, (8.2-1)% % w a ' 'N Ps4V A VA V
s

Momentum: |

I V @ 2 2)%i bs os Ds (P P)Aos g(\Psh,VeV '%Il4 DR tp os s

Where

P (8.2-3)P -
s g

(8.2-4) |a - as ns

A (8.2-5)A, 4 A -
3 es

and all quant itles are defined on the cell f aces. The assumptions as given by
the first two equalities are that the static pressures are equal on the
suction and drive nonle exit planes and that the change in phasic void
fraction are small between the suction and discharge planes (planes S and 05).
Multiplying the continuity equation by V and subtracting from the momentum )
oquation gives i

ou s) ~ % sits os horVV) (P Pos Mosg3 (8.2-6)%% t.n krfaA V V A os s s

or

"V (V , V) Vos (V V). (8.2-7)S S "
3 e 3 os s

AIts % fbs os

Now the regular steady-state 1RAC-BFl/M001 momentum equation is written
as (see Iigure 8.2-2)

1 DP DV
l o s s e '. (8.2-8)-- -S VL e

p al OZ

or

} P, P, V, ( V, - V, )
5 < lossos

p i AY (8.2-9)
1_..( ar, . AY,)

'

2

where

O
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Figure 8.2-2. Jet pump model momentem equation diagram.

M pi + M :%3 p'_

(8.2-10)p -

M 4 Mi 2

and the loss terms include wall friction, interphase friction mnd gravity
head. Comparing these two formulations, the momentum source term, S is
given by

a p3 3 V (V -V)A
3 3 3 3

"1El[1 ] (8.2-11)-( M, + M )2
2

where the donor convention has been used for all convected properties and the
cell face pressures have been staggered with respect to the cell faces to give
8 form that corresponds to the re alar momentue equation with its backward

-

spatial difference approximation to the velocity divergence terms. lhese
relations are summarized as

(8.2-12)q=as

2 = "o s (8.2-13)a

a3=g (8.2-14)

(
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1 O
| (8.2-15)p, = ps

fy = % (8.2-16;
i

P3 - % (8.2-17)

|
\

A - A; (8.2-18)3

A;. A (8.2-19)os

A A (8.2-20)3 ng

/ V (8.2-21)3 s

V,.- V (8.2-22)os

V V (8.2-23)3 oy

|

P - P. (8.2-24)3

!
!

P -- P (8.2-25)7 es

Several additional assumptions are implicit in the derivation of the
momentum source term as given by Equation (8.2-11) to establish the

,

! equivalence of the ve'locity divergence terms between the two forms of the
| momentum equation. First, the lengths of the two cells on either side of the

discharge face must be the same

|

HllREG/CR-4391 8.2-4
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1
-(M M,) - M, (8.2-26)4

3

2

so that the velocity divergence terms are the same Second,

M1 V, * M2Pi
p- as p3 (8.2-27)M, + M g

The second assumption is closely approximated by the code in that the
changes in the phasic density between adjacent cells are usually quite small.

IHowever, the assumption of equal cell lengths is rarely satisfied by the code
user, and the error in the assumed form of the mom ntum source term must be
compensated for by the singular loss terms that are derived from data. The
singular lorn are derived using an assumeo geometric representation of the '

actual jet pump. If the code user uses a different node 1('ation than that
used to derive the singular losses, the compensation i: a contplete and the
jet pump model will not perform as well as if the user ui used the same
geometric representation as was used when the singu!ar los cs were derived.

,

The momentum source term, as shown in Equation (8.2-11), was derived
assuming that the nonconservative form of the velocity divergence operator was

(4being used in the regular IRAC-BFl/ MODI momentum solution. With the
modification of the velocity difference to an approximate conservative form
(see Section 7.1.1), the momentum source term had *.o be modified. The
velocity divergence in the regular momentum solution is written as

' A ., A 'A, A, }
'

4 + =, ' V,VW - JV = V, (8.2-28)2
A, A A, A, 2Mg, _

where

Vol,
A, (8.2-29)

M,

Vo l .,
A (8.2-30)

'

2
3,

and the areas with the overbar represent the flow area in the centec of the
cell. Assuming for the moment that

A A (8.2-31)7 3
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3 A (8.2-32)
3 7

we obtain

l'W V W (8.2-33)7 7 ,

which differs from the velocity divergence term in the original derivation
[ Equation (8.2-9)] by

A
- A' ( V,V )_} (8.2-34)lVW = V (V - V) ,

g 2 3 3

A, M

of

A 1
VW V (V V ) + 5(V V ) . (8.2-35). y p 3 3 3

A, M

where

A A A (8.2-36)3 2 i
,

Substituting this expression for the velocity di',ergence term into the
regular momentum solution and eliminating the corresponding terms, the
momentum source term becomes

'

a p3 3 V (V - V) A V V.4
3 3 3 3 3 p,

"1 p1A 1 A 1 (8.2-37)
1 --(M M) _(M +M)14 g 3 p3

2 2

This deviat ion is based on the equivalence of the cell-centered flow areas to
the discharge flow area as given by Equations (8.2-31) and (8.2-32). The
second relation should always be sati:fied by the jet pump geometry in that
the mixing region in an actual jet pump is a straight section of constant flow
area, whereas the first relation may be satisfied if the user divides the
mixing region into at least two computation cells, each of which models a
straight constant flow area section. If the user employs a coarse
nodalization in which the first cell models the mixing region anc the second

, cell models the jet pump diffusor, the first relation will not be satisfied.
The performance of the jet pomp will suffer unless the singular losses
compensate for the error in modelino the geometry of the iet p"m.

The momentum source term as given by Equation (8.2-37) is added to the

NUREG/CR-4391 8.2 6
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right-hand side of the regular TRAC-BFl/ MOD 1 phasic momentum equations for
positive drive flow (drive flow into mixing cell) and is identically zero for
reversed flow in the drive line.

In addition, a limit is placed on the numerical value of the macroscopic
density ratio in the momentum source term so that the source term does not
cause unrealistic phasic velocities, lhis limit is given by

3 a1 (8.2-38)
% Pi

and arises form the observation that if the quantity in the denominator
becomes smallei than the numerator, the value of the momentum source term -

becomes large relative to the phasic inertia (represented by the denominator)
and " unrealistically" large values of the phasic velocity can result. This is
a cosmetic problem in that the user can ne mislead by a large value of the
phasic velocity at small phasic void fractions into thinking that something is
wrong where in reality, the momentum represented by the large velocity and low
void fraction is correct and has a small value. The limitation also protects

against a divide by zero in the single phase limits.

Finally, there is subtle error in the jet pump, which results from the
implementation of the approximate conserving form of the velocity divergence -

term. The singular losses as explained in subsequent sections were derived
using a code version without the modifications to the velocity divergence and
are now being used in a code which has these modifications. The momentum
source term was modified to npensate for the different form of the
divergence term for the mon entum solution at the discharge faue. The momcatum $

equations for the suction ace and the drive face, however, use the new form
of the velocity divergen terms and are now inconsistent with the singular
losses as derived from data using an unmodified code version. These
inconsistencies result in a slight degradation of the jet pump performance in -

TRAC-BF1-M001 (Figure 8.2-3) as compared to the performance as reported by
General Electric (Figure 8.2-4) where the singular losses were derived.

8.2.3 Jet Pump Singular Loss Coefficients

In addition to the momentum sourcc due tc the high-speed driva line flow,
there are pressure losses associated with uic fat pump geometry. ~hese
include diffuser (expansion) and nozzle (contraction) losses, losst s due to
incomplete mixing of the drive and suction flows, and inlet and outlet losses
where the jet pump connects to the BWR downcomer and low' plenum,
respectively. The losses due to the jet pump and reactor vessel geometry are
developed from handbook values as well as from analysis of data obtained from
testing of a subscale jet pump mocel .a.21

The mixing and nozzle losses were developed from the analysis of the
subscale data. These loss coefficients were developed by the General Electric

.;I
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,

d

Company (GE) as part of the BWR Refil]-Reflood and FIST programs jointly
4

Andersen et al.g ffRI, and the USNRC.
2" This model was developed bysponsored by GE,

' and was made available to the TRAC-BFI project.

i

8.2.3.1 91ffuser (Expansion) Losses. The loss coefficient for the
Idelchik *gle pressure loss for flow through a diffuser is given byirreversi

8 2 as

K, = C, t a n a' '5 ( 1 - A * ) 2 (8 2-39)-!

!
where'

diffuser angle
.

a -

!

A* area ratio of outlet to inlet-
;

1

C, constant.-
,

The recommended value of C, is 5.5 and is the default'value in,

TRAC-BFl/MODl. The user may input the value of C, if he so desires.,

;
-

This pressure loss coefficient is used at every cell faca of the jet pump
where the flo.1 areas at the cell centers on either sice of the face increase,

in the direction of flow.

,

8.2.3.2 Nozzle (Contraction) Losses. The loss coefficient for the '

,

irreversible pressurg.y2oss for flow through a nozzle due to the-contraction
is given by Idelchik

K, = C sin a(1 - A *) (8.2-40)e

J

where

contraction anglea =,

A* area ratio of outlet to inlet of contraction=

C, constant.-

4

The recommended value of C is 0.38 and is the default value in TRAC-BFl/MODl.
+

* The user has the option to input his own value of C . This pressure loss
4 - coefficient is used at every face in the jet pump wfiere the flow area at the-

cell centers on either side of the face decrease in the direction of flow.
|

1 8.2.3.3 Inlet losses. There is an irreversible pressure loss at the jet

i pump suction inlet due to the contraction of the suction flow from the ,

8.2-9 NUREG/CR-4391 ;
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downcomer to the jet pump. The loss coefficient for this loss has beea
estimatgd to be 0.04 from data obtained at the INEL using 1/6 scale jet
pumps.8 ^3 When the flow at the jet pump dif fuser outlet reverses, there is a
contraction loss from the lower plenum into the jet pump diffuser. The loss
coefficient for thi' lose has been estimated from data to be 0.45. These
values are in the TRK orl/ MODI code as def ault values, but the user may
change them.

8.2.3.4 Outlet Losses. There is a loss at the diffuser outlet due to
the flow expansion from the diffuser outlet into the lower plenum for normal
operating conditions in the jet pump. The loss coefficient for this loss is
estirnsted to be 1.0 and is implemented into the TRAC-BFl/ MODI code at the
diffu,er outlet for forward flow in the diffuser.

8.2.3.5 Mixing Losses. There are irreversible pressure losses in the
mixing region of the jet pump where the high-velocity drive flow mixes with
the low-velocity suction flow. These losses have been estimated from the 1/6
scale jet pump data and have been correlated in terms of the drive velocity
(V the ratio of suction mass flow rate to drive mass flow rate (M ratio),
and)the flow regime. The flow regimes are defined for various combinations of

p ,

positive and negative suction flow, drive flow, discharge flow, and M ratio.
The definitions of the flow regimes are shown schematically in Figure 8.2-5
and listed in Table 8.2-1. The loss coef ficients in the various flow regimes
for mixing losses are given in Table 8.2-2.

8.2.3.6 Nozzle Losses. In addition to the pressure losses in the drive
nozzles caused by the contraction of the flow, there are additiaal losses

because of the unique geometry of the drive npzzle. These losses have been
estimated f rom the 1/6 scale jet pump data .2- and have been correlated ina

terms of the M ratio for the various flow regimes. These loss coefficients
are listed in Table 8.2-2.

The accuracy of the jet pump model in TRAC-BFl/M001 was assessed by
simulating the experiment used to ebtain the data from which the loss
coefficients were obtained. Figure 8.2-3 shows the comparison between the
measured data and the TRAC-BFl/ MODI computed results in terms of the_N ratio
versus the M ratio. The N ratio is defined as the rise in total heeJ of the
suction flow as it moves from the entrance to the exit of the jet pump divided
by the difference in the total heads between the drive flow and the suction
D ow. The total head includes the pressure head, velocity head, and gravity
nead contributions. The M ratio is the ratio of total discharge flow rate
divided by the drive flow rate. Figure 8.2-3 shows that quite good agreement
is obtained between the measured data and the simulation.

O
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(a) Positive drive line flow
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(b) Negative drive line flow
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Figure 8,2-5. Jet pump flow regimes.
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Table 8.2-1. Jet pump flow regimes.

_ Regime Drive flow Syf t ion flow D_ischarge flow M raLin

l' Positive Positive Positive M>0
2 Positive Negative Positive 0>M>-1
3 Positive Negative Negative M < -1
4 Negative Necative Neg,tive M>0
5 Negative Positive Negative 0>M>-1
6 Negative Positive Positive M < -1

a. Flow regime 1 is the normal operating regime.
__

Table 8.2-2. Flow-regime-dependent loss coef ficients.
- . -

.lleqime Mixin_g loss coefficient _!folz_lp_ Joss coefficient

1 0 0

2 -0.134 M V$ Min [2.5, M(0.08M - 0.06)]?

3 -(0.1 - 0.0333M) V$ Min [2.5, M(0.08M - 0.06)]
4 0 Max (0.0, 0.48 - M (0.33 0.055M)]
5 0 Max [0.0, 0.48 - M (0.33 - 0,055M)]
6 0 2.55
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8.3. STEAM / WATER SEPARATOR AND DRYER

8.3.1 Model Description

The model used in 1RAC-Bfl-MOD 1 utilizes the TEE component. Both the
separator and stoam dryer components of a BWR have a single inlet, which
accepts two-phaa fluid, and two outlets discharging nearly single phase fluid
through each path. The separator accepts moderate-quality two-phase fluid
f rom the mixing plenum and directs high-quality fluid to the steam dryer and
low-quality fluid to the downcomer. The steam dryer accepts the high-quality
fluid f rom the separator and removes the residual moisture to provide nearly -

single-phase steam to the steam dome. The separated liquid is directed back
to the liquid pool surrounding the separators.

Each of these components can be represented by a TRAC-BF1/ MODI 1EE 3

component that has three flow paths. The model as developed can be used to
represent a separator (or a number of separators), the steam dryer, or both
the multiple separators and the steam dryer.

Furthermore, there are two different separator options for determining
the liquid carryover and the vapor carryunder qua'ities--a simpie separator
option where the user specifies constant carryover and carryunder qualities
and a mechanistic separator option in which the carryover and carryunder
qualities are computed as functions of the local conditions in the separator.
The mechanistic separator methodolog, and coding implementing the methodology
were developed by the General Llectric Company (GE) .a.3a

The steam dryer also has two options, a prefect separator option in which
all liquid is separated regardless of the local conditions and a more
mechanistit model in which the dryer efficiency decreases as the vapor -

velocity increases above a critical dryer inlet velocity. The more
amechanistic dryer model was developed by GE .3"

and is adapted from their
version of the TRAC-BWR code.

Figure 8.3-1 is a diagram of a combined separator / dryer component. The
portion of the primary tube from the inlet to the joining cell represents the
separator standpipe and barrel, the joining cell represents the volume between
the separator discharge and dryer inlet, and the portion of the primary tube
above the joining cell represents the dryer.

The TEE side arm represents the separator shroud. The separated liquid
from the dryer flows down along the dryer skirt; this flow path is not
explicitly modeled, since it occupies a negligible volume. The separator
function occurs across the inlet face of the joining cell where the two-phase
mixture leaves the stand pipe and barrel to appear at the inlet to the side
arm rath,r than in the joining cell. The dryer function occurs at the outlet
face of the joining cell where the convected void fraction is computed from
the dryer efficiency. The phase separation is accomplished by adjusting the
void f raction convected across the several f aces of the joining cell and by

8.3-1 NUREG/CR-4391
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Figure 8.3-1. Diagram of combined separator-dryer,

adjusting the flow velocities at the inlet to the TEE side arm. The
separator / dryer component thus uses the same methodology as the two-phase
level model in which convected void fractions are different than the cell
average value. The analogy may be carried further by reference to Figure
8.3-2, in which the phase separation is accomplished by the use of the
two-phase level model in the joining cell. The above-level void fraction
(void fraction convected across the dryer face) is determined by the dryer
efficiency and the below-level void fraction is determined from the vapor
carryunder mass flow rate. The phase velocities at the inlet to the TEE side
arm are adjusted such that the desired cell average void fraction is
maintained in the joining cell of the TEE. The side arm velocities are
determined by adjusting the loss coefficient at the inlet to the side arm so
that the velocity solution is sufficiently implicit to allow large time steps
to be taken with the new model.

O
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Figure 8.)-2. Separator phase separation.

8.3.2 Model Equations

The phase separation in the separator / dryer component is accomplished by
determining the void fractions convected across the two outlet faces of the

|
Joining cell and by adjusting the loss coefficient at the inlet of the TEE

| side arm,

|

8.3.3 Dryer Void Fraction

The void fraction convected across the dryer face is determined by the
dryer ef ficiency. If the simple dryer option is chosen, the dryer efficiency

,

is assumed to be 100%. If the more

8.3-3 NUREG/CR-4391
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mechanistic dryer option is chosen, the dryer efficiency is computed from the
vapor velocity across the dryer face and the dryer inlet liquid quality.

Once the dryer efficiency has been computed, the void fraction convected
across the dryer face is computed. The convected void fraction is 1 for a
dryer ef ficiency of 100% and is the donor void fraction for a dryer ef ficiency
of 0.0%. For dryer efficiencies between 100% and 0%, the convected void
fraction is linearly interpolated between the void fractions corresponding to
values obtained for efficiencies of 100% and 0%, respectively

This relation is summarized in Equation (8.3-1) as

tb * (l 'b ) a, (8.3-1)au

where

convected void fraction at dryer facea ~
o

ry dryer efficiency*

1

j a, donor void fraction at dryer face.=

|

The dryer efficiency is computed by comparing the dryer inlet liquid
| quality to a critical dryer inlet liquid quality. The dryer efficiency is

100% if the dryer inlet liquid quality is below the critical dryer inlet
liquid quality and is zero if the dryer inlet liquid quality exceeds thei

critical inlet 1iquid quality by a user-defined amount, AX . He kyug
efficiency is linearly interpolated between these two extremes based on thei

| dryer inlet liquid quality. The dryer efficiency is given by

'l . 0 fo r X, < X n
X X i

.l.0 + _l'" " for X y n < X, < Xg n + Ar (8.3-2)st e
A% \

| 0.0 for X, > X,a -+ At a

I

l

where

rg - dryer ef ficiency

dryer inlet liq tid qualityX, i=

1

critical dryer inlet liquid quality, andX,,y n =

range of dryer inlet liquid quality over which efficiencyAX -

g
degrades from 100% to 0%.

The range of dryer inlet liquid quality over which the dryer ef ficiency
degrades is a user-input constant.

NUREG/CR-4391 8.3-4
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lhe dryet inlet liquid quality is determined from the donor void
fraction assuming homogeneous flow at the dryer face and is given by

%
Y 1-i p' (8.3-3)

g * (1 - q) _ ' _
, Pv ,

where p, and p, are the donor liquid and vapor densities, respectively. J

finally, the critical dryer inlet liquid quality is given as a liner
function of the vapor velocity at the dryer face and is given by _

(

l . 0 f or V,a < V,e,g

' V ** V *'' (8.3-4)
'

X, - , 1.G - f o r V,a, g < V , ' V ,o,u,

vd,u vd, f ,

0. 0 f o r V,a,, < V,a

where

vapor velocity at dryer f aceV,g -

lower dryer vapor velocityV,g,, =

upper dryer vapor velucity.V,3,, -

The lower dryer vapor velocity is the dr:rer inlet vapor velocity below which
the dryer ef ficiency is 100% regardless of dryer inlet liquid quality, The
upper dryer vapor velocity is the dryer inlet vapor velocity above which the
dry 2r ef ficiency is less than 100% regardir;, of dryer inlet liqaid quality.
The dryer efficiency relationships are summarized in figure 8.3-3.

8.2.4 Separator Void fraction

The computation of the separator void fraction is much more complicated
and is divided into two phases, The first phase of the calculation is the
determination of the liquid carryover and vapor carryunder qualities. This
calculation is performed once per time step in the prepass phase of the TRAC-
Bfl/ MODI numerical integration scheme. If the simple separator option is

used, the user-input values of liquid carryunder quality X,{or option has been
and vapor

are used. If the mechanistic separa
carryunder quality X,,Xselected by the user, and X are determined by a call to subroutine
SSEPOR, which computes Die phas,yic flow rates of liquid and vapor at the two
outlet ports of the separator using the separator geometric data and the local

1h

8.3-5 NUREG/CR-4391
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figure 8.3-3. Dryer ef ficiency sumary.

j conditions at the separator inlet. (See Reference 3.9-2 for the details of
| calculation.) The carryovcr liquid luality X and the vapor carryunderg

quality X are assumed to remain constant during the iterations used tocu
update the IRAC-BFl/M001 hydrodynamic variables,

8.3.5 Implicit Portion of Separator Solution

Once the liquid carryover quality X, and the vapor carryunder quality Xcu
have been determined, the joining cell target void fraction a, and the vapor

,

carryunder mass flow rate N .cu are determined. This calculation is performed
- v

P.! REG /CR-4391 8.3-6
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once per iteration to prevent the overextraction of mass from the joining
cell. The joining cell void fraction is determined from the liquid carryover
quality assuming homogeneous flow at the exit of the separator and is given by

.

1 - X,,'

u - :

' p* ) X (8.3 5) ,

1 - X,, * .-
, e,

.Pt

a, = Nin [a , 0.995) . (8.3-6)o

The vapor carryunder mass flow rate is computed from a steady-state vapor mass
balance on the joining cell and is given by

'l-X
'

..

v,1 ~ t,ly'
#,, c u = (8.3-7)''

, ,

l~X 1 - X,,cu3_
X Xca ce,. ,

,

where

Ai- vapor mass t!ow rate into joining cellv

,

'

$g,, liquid mass flow rate into joining cell.-

Once the target joining cell void fraction a, and the vapor carryunder
mass flow rate N,,,, have been computed, the separator void fraction and side
arm fluid velocity can be computed.

The liquid mass flow rate out of the side arm is computed from a steady-
state liquid mass balance on the joining cell

T(g - n)p' Vol (8.3 8)
. . .

N ,, u N, , , - P N, , -g

_ _

where

S ,, = liquid flow rate in side arm
e

|

| h,,, a extrapolated liquid in mass flow rate

|
'

| !

8.3-7 NUREG/CR-4391'

|

|
:

I

|
'. _ . , _ .._ , _ _ _ _ _ . _ _ _ __ _ _ __ _._ _ _ . _ - . _ _ _ , - . . . - , _ . - . . . .. _.-._.- _ ,- ,,



_ - . _ _ _ .- - _ _ _ _ _ _ _ _ _ . _ _ _ _ _

i

!

!

| SEPARATOR /DRYrR Moott
1

0
j s,,, - dryer liquid flow rate.

| lhe last term rc:weseni- *ne liquid mast flow rate needed to remove the excess.

liquid in the p.nntr9 'fi and return the joining cell void fraction to the'

target value during the current time step. The attempt to return the joining
cell void fractior to the target value sometimes leads to overextraction of
mass from the joining cell. The factor f varies inversely with the number of'

iterations being used during this time step to attempt to prevent this
;

| overextraction and is given by
| 1.0 for 01T//0 s 2,

|

/ 1.0 0.25 (017/!0 2) for 2 < 017//0 5 (8.3-9)

0.25 for 5 < 011//0

where OITNO is the number of iterations. At steady state, when the joininj
cell void fraction is equal to the desired value, this term is identically
zero. The extrapolated liquid mass flow rate is given by

($," - 5,"[. (8.3-10)$c",, -+ $,"g 4

N

where

$,"Y liquid mars flow rate from previous time step, and-
,

N "1 previous time step size.-

The liquid mass flow rate at the dryer face is computed using the current
dryer void fraction.

The side arm fluid velocity can now be computed assuming homogeneous flow
i
'as

} ' A' 5 A
~

y* ,* (8.3-11)
A p, p,

where A is the side arm flow area. The separator void fraction is then
computed from

1

1 O
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a f o r V, c 0. 0
(8.3-12)g"'"

f o r V* > 0. 0

<

%~
p,V,A

which means that the actual doner void fraction is used if reverse flow in the
side arm is indicated.

B.3.6 Separator Velocity Solution

If reverse flow in the side arm is indicated by Equation (8.3-11), the
side arm loss coef ficient f rom the previous time step is used, if positive
velocity in the side arm is indicated by Equation (8.3-11), then a new side
arm loss coefficient is computed.

8.3.6.1 Side Arm Loss Coefficient. The side arm loss coefficient needed
to balance the imposed pressure gradient is competed from a simplified steady-
state momentum equation across the side arm face. This simplified momentum
equatton includes pressere drop, form losses, and gravity lead across the side
arm face and is given by

d K p,J',,# gpp (8.3-13).T
2

where -

AP pressure drop from center of joining cell to center of first-

side arm cell

K side arm loss coefficient-

p ,, average mixture densit)=

gravitational constant9 =

distance from cell center te cell center.AX -

The gravity head term assumes that the side arm is directed downward, and the
input processor flags an error if the user does not specify a vertically
directed side arm. This equation is solved for the side arm loss coefficient.
The value computed is averaoed with the value from the previous time step, and
the averaged value is restricted to be within a factor of two of the previous
value.

8.3-9 NUREG/CR-4391
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8.3.6.2 Side Arm Velocity Solution, lhe side arm loss coefficient is
: used in the time-dependent form of the simplified momentum equation to
I determine the predicted side arm fluid velocity and its derivative with

respect to pressure gradient, lhe predicted fluid velocity is given by

,

' N'V,n i ,3 --<g
PmAI; y'n _

(8.3-14) ,

!13 na-

) +- K \
'

* '

2 Ar'

,

|

where i

3

V," predittad side arm velocity-

V"" beginning of time step side arm velocitya
,

i and the other terms have been defined previously.

The derivative of the side arm velocity with respect to pressure gradient
is given by

OV N
n1' (8.3-15)4 OP

j AV p, I+1N_K V
t

2 AY

av
where - is the derivative of the side arm velocity with respect to the

DP
I pressure gradient. These two values are used in the solution of the

continuity and energy equations in place of the regular momentum solution for
the first side arm face.,

J
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8.4 IMPLICIT IURBINE MODEL

The turbine modal in TRAC-BDl/M001 was designed to provide a basic
capability for modeling BWR main steam turbines and for modeling sinaller
turbines, such as those used for driving feedwater pumps. The turbine model
is based on a simple thermodynamic description of flow through a turbine with
user-specified performance parameters, such as mass flow rate and
thermodynamic stage efficiency.4

8.4.1 Physical Model of Turbine

The turbine is modeled as a one-dimensional branching flow component or
tee. The principal branch represents the turbine inlet and outlet, and the
turbine nozzles, rotor blades, stator blades and internal flow passages
(hereafter referred to as turbine internals). The secondary branch, or side
arm, represents either a liquid drain or a steam tap for driving a feedwater

model in TRAC-BDl/ MODI,p'pe modeling philosophy used to develop the original
heater. Consistent wit

the flow through the turbine internals is not
treated in detail from first principles. Instead, the processes of momentum
and energy exchange are lumped into source terms in the one-dimensional
conservation equations. The idealized physical model is illustrated
schematically in figure 8.4-1. The assumed characteristics of this model are i

summarized below.

A C
* *

, , , ,

| | |

'' ) }----- OutletInlet --- , j
i s _

,
i

! I I i,____

&'

B >D

Turbino internals
(nozzles, rotor & stator blades, etc.) - - - " - - - *

U

Steam tap
or
liquid drain a 330s

. . Figure 8.4-1. Idealized turbine model.
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The two-phase inlet flow enters f rom the lef t and is homogenized in
Region A prior to entry into th3 turbire internals (Region B). Heat exchange
with the walls nmy oc cur in Region A, but all fluid dynamic processes
associated with the internals are lumped into Region B. In this region, the

fluid state is changed and momentum and energy are extracted by the turbine
rotor the net effett is that (a) the fluid pressure drops; (b) the total
energy flow rate of the working f luid diops by an amount equal to the
mec hanical power output of the turbine rotor; (c) a saturat ed mixture is
achieved, corresponding to the steam partial pressure in Region C; and (d) the
velocity of the iluid thanges due to density and/or flow area changes between
entry to and exit f rota Region B. The flow area at the entrance to Region B is
assumed equal to that at the inlet to Region A and the flow area at the exit
from Region B is assumed equal to that at the exit from Region C.

The flows tbrough Regions A and C are determined by the pressure
gradient, the inertia of the fluid, and the wall friction losses (including
form loss factors at the turbine entrance and exit). The flow th<ough Region
B is determined by the pressure gradient, the fluid inertia, and an effective
f orm loss f at tor (bosen to give the correct steady-state mass flow rate

I"through the first turbine stage

The flow through Region D depends on whether the side arm represents a
steam tap or a liquid drain, if it is a steam tap, the flow is determined in
the same manner as for Regions A and C. If it is a liquid drain, it is

determined from the user-input liquid separation officiency (SEPEF). In
this case, the vapor velocity is set to zero and the liquid velocity is set to
the value required to extract (SEPfl) times (the total 1iquid mass in Region
C) in a single computational time step.

Region B is assumed to have zero volume, lhus, the mass flow rate into

the region is ident ically equal to the flow rate out, and the only ef fect of
the region is to change the state of the working fluid and to transfer energy

~

from the fluid to the turbine toior.

8.4.2 Numerical Model

lhe conservation equat ions f or momentum, mass, and cnergy used in TRAC-
Bil/ MODI are given in Sections 2.1.2 and 2.1.3. The semi-implicit finite-
difference form of these equations used in the IRAC-Bfl/ MODI nutrerical scheme
are given in Section 2.1.5. The original turbine model has been reformulated
as a standard IRAC-Bf 1/M001 LEE and thus makes use af the above semi-implicit
formulation of the fluid dynamic equations. The necessary modifications to
the numerical model for the IEE component to achieve this objective are
explained with the aid of figure 8.4-2.

The turbine LEE consists of two cells in the primary tube and N cells in
the side arm, wherc N is specified by the user. Since all side arm cells
except the first are treated exactly like a normal TEE component, only the

O
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aXb
(~ 3

aX1 AXp
* *

r M r 3

-

I i
i I

| [W| |
.1 dj 2 .2

[/' !
I

|
| '/)$ ) i
| |
' '__.d---
a b c

b refers to fluid conditions entering Junction b; 3Note: 3

bg refers to fluid conditions leaving junction b.

O ---0-- asses

figure 8.4-2- Schematic of numerical model for turbine.

first cell is indicated in Figure 8.4-2. The lumped effects of the turbine
,

internals are felt at Junction b (hereafter referred to as the turbine
membrane). As explained previously, the working fluid enters Junction b at
the conditions prevailing at the center of Cell 1 and leaves as a saturated
mixture at the pressure of Cell 2. The turbine membrone is assumed to possess
zero volume, so the mass flow rate into Junction b is identically equal to the
mass flow rate out of the junction.

The normal flow conditions for the turbine are into Cell 1 at Junction '

a, from Cell I to Cell 2 at Junction b, out of Cell 2 at Junction c and d, and
toward the exit of the side arm at all other side arm junctions. The
modifications explained below are applicable only for the case of normal flow
and positive pressure gradient at Junction b (i.e., p < p3 ). For other flow-
conditions the described modifications do not upply a,nd the fluid equations
are solved by the unmodified TRAC-Bfl/ MODI semi-implicit scheme.

8.4.3 Momentum Equation

,

iThe normal IRAC-BFl/ MODI momentum equations are written as veloc ty

8.4-3 NUREG/CR-4391
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equations for the lionid and vapor phases. Solution of the linearized
equations yields expt t .sions f or the explicit new time junction phase
velocities, V,'"' and V|"' , assuming no change in the pressure drop across the

g y'n * 1 gy"n 1
junction and implicit correction term, and for each phase

d(F) O(P)
velocity due to variation in the junction pressure drop during the time step.s

There i' no change to the normal IRAL-Bfl/ MODI scheme for obtaining these
terms at Junctions a and e.

lhe momentum (or velocity) equation used at Junction b is obtained by
assuming the flow is homogeneous, and the 10161 pressure drop between Cells I

-and 2 is lumped in a single form loss term characterized by the coefficient
f,, n . Thu:,, the momentum equation solved at b is

nV D V"' 1 pp f V'

_"' . V* B K
__ _h"22 . (d.4-1)

_

dt P, M 3,,

.

in; form loss coefficient is obtained as follows. First, the steady- state

turbine nozzle velocity "'' is computed.

r[ r,{ '' (8.4-2)
Ver

.

Next, the mass flow rate corresponding to this nozzle velocity is used to
obtain the steady mixture velocity at b:

lA -

V,,e V (8.4-3)m
c

FA
u

Equation (b.* is determined by substituting the velocity obtained from3) into the finite-difference approximation of the steady-statefinally, f ,g
form of Equation (8.4-1)

M 1 -'

V ,d h',m.d V .a) y + Pm 1g(P-P1)
n nn un n

m en 3 3

i (8.4-4).

7 IUf D ,
,

(V,"[

(To prevent numerical instabilit ies, a lower limit of 0.001 is placed on the
numerical value of f,,_g. With f,yg determined from the abose explicit
expression, the transient, semi-implicit, finite-difference approximation to
Equation (8.4-1) becomes

NUREG/CR-4391 8.4-4
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9
i , ,
'

V1 - V .b V ,b - Vn P .t- - P .13
n n n - n n

m 3 .. 1 2 1 n n+1 (8.4-5)mb3 ai i n
" + V ,b "~

m ~ turb m,bg m,bj *

yn
Pm,1 >'

Linearizing the pressure term in the above equation yields the following

D V*" ' ' |
explicit values for 9",'3' and '

:

89

y P[ - P " V. b -V,.
3 n n n 3

m

+ V ,b - V ,d V M-

m i m,b,m 3. y' " 'y
' '

9,'"b (8.4-6)",

'
V"b f N3 turb

l.0 +'

dUb

at ,

SV,n 1 p, Ay,,33

(8.4-7)
b V f Smb turb1. 0 - , i

b

' '
Due to the assumption of homogeneous flow, 9,",'b , and 9 ",'b, are set equal

t

' ' '
- S V ",'bj S V ".'b SV ",'bj

'

g f 3 m
'. to V,n.1**';and and are set equal to .

i 32 D2 89

) At Junction c, the only modification to the momentt,m equation is in the '

spatial acceleration terms. Since the phase velocities that are stored in the
data base for Junction b are the phase velocities entering the turbine.

membrane (V ), the spatial gradient terms in the momentum equations at3Junction c must be altered to reflect the velocity differences between the
exit of the turbine membrane and turbine exit. Thus, the spatial terms used ,

in the vapor and liquid momentum solutions at Junction c are of the form

V ",C \ PJ - V "d kbV"
P m

2f

b

:

where
,

8.4-5 NUREG/CR-4391
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. ,n

/A Pm, t. ,n 3

V.n V :, t,, g- g- (8.4-8),o, n

51 Pm , t,,, ,

,

|

rh mixture density at entrance to turbine mer:.brane cell-

; (centered value in Cell 1)

p"g ,, mixture density at exit of turbine membrane.-

I lhc momentum equation at Junction d is treated differently depending on
whether the side arm represents a steam tap for feedwater heaters or a liquid
separator drain. In the former case, the only modification to the normal
IRAC-13fl/ MODI momentum solution occurs when the control system is used to
regulate the mass flow rate out the side arm. For this case, the side arm
loss coef ficients IKLOS and RKLOS are set each time sten by the control system
and are not dirtct.ly controlled by the user.'

In the case of thc side arm representing a liquid separator drain, the
; momentum equations at Junction d are replaced with " pseudo momentum equations"

designed to pull liquid cely out of Cell 2 in a manner that approximates the
effect of the true separation process. With the separator efficiency (SEPEF) ~

set by the user, the explicit new time liquid velocity is defined as 1

:

1 - n") |

P,"'] Srrf f (8,4-9)'

fA}t ) |

._.

'

As previously discussed, this velocity is such that all the liquid present in
Cell 2 at the end of the previous time step would leave through the side arm

during the current time step if V"[j is r.ot implicitly changed during the timer

step,

gy'n 1'dThe implicit correction term is obtained by defining a " pseudo
3( M )

'
'

o

loss coefficient," f as follows:mc .

(8.4-10)nY=I Pt V ,a -to side

This expression is differentiated with respect to (AP ) to obtain theg

following value for the implicit term:

O
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'

:
!

'

SV ,.1 1 V .1
n -n ;

*td td (8A-il) l<-- .

'Yd) 2pp_p2" |

When F" - P" < 0, both the explicit and implicit terms are set to zcrn Also. '

3 2

to avoid numerical instability during startup, the maximum explicit velocity
V[,'e' i s l imi ted t o 50 m/ s . The vapor velocity and its implicit correction -

term are both set to zero for the liquid separator option.

The above approach to computing the separator liquid velocity is not
mathematically rigorous. The implicit correction term should clearly be tied '

to the change in the void fraction in Cell 2 and not to the pressure drop.
'

However, the present approach is much simpler and has produced satisfactory
results in test calculations to date.

,

1

8.4.4 Continuity Equation
,

The continuity equations for vapor and liquid mass are solved by thei
'

unmodified TRAC-Bfl/ MODI scheme in all cells of the turbine except Cell 2.i

for normal flow, the effect on the working fluid of passing through the
turbine membrane is to lower the mi:aure enthalpy and iressure and change the
mixture quality. This change in the mixture quality, together with the change
in the specific internal energy of the steam and liquid after passing through
Junction b, must be reflected in the continuity (and energy) equations for
Cell 2.

The state of the mixture leaving Jun: tion-b is computed by assuming that
the turbine membrane extracts adiabatically an amount of energy given by:

%ru = t1M (8.4-12)iaeat

where
'

ideal enthalpy change of working fluid assuming anAb =u
isentropic ideal gas expansion from pressure P to

3

pressure P -
2

Both q and Ah are computed explicitly, as described in Reference 8.4-2.
| ApplyingthekTllaw,ths enthalpy of the mixture on exit from Junction b isi

|
computed from the equation:

V[, q + h , = V[.bn 2 g+g. ( 51 . 4 - 1 3 )4 h

s
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1

Assuming that the working fluid leaves Junction b as a saturated
mixture of vapor vid liquid at pressure P,, Equation (8.4-13) leads to the

leavingfollowing expression to compute the homogeneous exit quality, xg,
Junction b:,

>?a '

( y ,, t i
n

Vm, g c

h'n
n.n

(1 A ,3)6 ,t.,h ,oi *+*

A .3 ''? (8 4-14) i
i t ''t v

2 ,

x,, _ _ _ . _ _ _ _

h ,,h , , ,,, g ,,

with X the explicit estimate for the homogeneous velocity at the turbineg,
membrane exit may be computed from mass continuity as follows:

i

f$,t>i I43 n3ni
V ,ty V .,o, . (8.4-15)

m. r
,,

Pn, t., 7

1he implicit correction term is then

OV ,[), f(, t,3 I 4,3 OIkt 3 (8.4 16)
T4 0( F ,, )a(F ) n

7 en p

Iihe explicit estimates fer the integrated mass flux terms for vapor
aW liquid entering Cell i frem tell 1 are now computed from the corresponding |
terms representing mass flux out (.f Cell 1 together with the above value for ,

x as follows: '

g

!

h,",[[, . N " *,, h,",[|,4p (8.4-17)

h ,",i[, h "'t|, 4 h";|, h,",;[, , (8.4-18)
,

:

1he ter.r.s h ,n and h,t, are computed by the normal IRAC-Bf1/ MODI numericaly e

scheme, The implicit corrections to the integrated mass flux terms are also
obtained from the corresponding terms computed for the mass flows out of Cell
1. Thus,

- g? p"''lTA '' _ _,,, DV,",i}, ( 6t sc,M,",i|,
-

p,
(8.4-19)

,

a(P ) pm,g, d(F )n 3

O
NUREG/CR-4391 8.4-8

-. - _-. . . - - _ - . ..- . _ - ,.



~____ - -- _ . . _ - . _ _ . _ . . _ -- - . _ _ _ _ _ . . . _ _ . . _ .

.

IMPLICIT TURBINE HODEL

!n.1 n
#.

P=. b b>.1',ba 2 bi (8.4 20)g_ ?)p,'2gj 0(&g) (y ) .t'ld(& ) pg3

By formulating the mass flux terms and the implicit corrections in the above
fashion, mass is identically conserved across Junction b.

! 8.4.5 Energy Equation

The energy equation has been modified from the normal scheme only in
Colis 1 and 2 of tne turbine. Th9 modification for Cell I reflects the effect
of frictional dissipation. At thi point, it is noted that the
em at ions used in the IRAC-Bfl/ MODI thermal-hydraulic solution'"'epergyare thermal '

energy equations. They were obtained from the total energy (1st law)
equations by subtracting out tha volume integrals of the product of the
respective pha>e volumet;ic fluxes (FA V ) with their corresponding momentump
equations. However, implicit in the form of the resulting energy equations is
the assumption that frictional dissipation is zero. For most flow situations
modeled with TRAC-BFl/ MOD), the dissipation terms are small and can be
neglected. To 'ccount for the possibility of a large frictional (or form)!

loss through the turbine entrance (Junction a), the effect of dissipation has
been added to the thermal energy equation for Cell 1.

,

By performing the absve-mentioned operations on the one-dimensional
momentum and energy equations, the following terms are added to the thermal
energy equations:

a p V[ dx dx is added to the left-hand side of the mixture energy equationpp

(see Section 2.1.1) and V (FA)f dx is added to the right-hand side of the
vapor energy equation (se,e Sect, ion 2.1.1). In the mixture energy equation,
both_the vapur cnd liquid dissipation terms (p - g and f) are added, while in
the vapor energy equation, only the vapor terms-are used (p - g). -(dote that ,

the above form of the dissipation terms neglects the effect of dissipation due
to the interfacial shear.)

In the turbine energy equation modifications for Cell 1, the area change
term above is neglected. The_second term is evaluated assuming that all terms1

under the integral (8,4-11) are constant and equal to the values at Junction
f, is simply the total wall friction term ir the momentum equation fora.

Junction a ano is a linear conLinatiot of V[ aad V . Thus, the dissipation2

t ,

term for Cell 1 is approximated as
,

8.4-9 NUREG/CR-4391
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p (A t'g# +HV[) (8 4'21)V (TA)f dr V p gp y

and the tern on the right-hand side is written semi-implicitly as

BV[) V[,"' A[( V[)~ B[( V,")# (8.4-22)
V(AV

#
4+ .

pp p g

1he ccefficients A and B are simply products ar.d quotient of volume
y

f ractions, phasic densik,les, and friction f actors and are evaluated

explicitly, as indicated. The f act that V"' appears in the above exprcssionp

requires addition', to both ine explicit residual in the energy equation for
Cell 1 and '.he implicit derivative o' the residual with respect to the
pressure drop across Junction a. These additions are, respectively

(1 - gc,,) Wfl,(V[,,)# ''

(DISS )" ' P ",[ f AAt,, p ,DX, ge,,WTV (V[,)? +
y, o

Ps a

(8.4-23)

(DISS )7" 9[,',' TA,, ( 1 - n.,c ,,,) p ,DXAc,,WTV,,(V",,)2 bd + (1 - %c,,) WTL. D[,,)#g, g

P' * (8.4-24)

O(DTSS)""" O V "" ""(DIS 5 )"'"'r (8,4-25)'p
3 O( F,) O( Y,) pna

9a
3
v;

4(DISS )[" eV['[ (DISS )"*" (8.4-26)- .

O( F,) O( F,) pnd
g.o

-

lhe effects of friction in the turbine internals are presumably accounted
for in the turbine stage efficiency y and the pressure drop, and thus the
addition of dissipation to the thermal erergy equation is performed only in
Cell 1 to reflect the of fect of wall friction ud form loss at the turbine
entrance.

1.' energy equation for Cell 2 must be modified to reflect the altered
specii. enthalpies and phasic mass flows at the exit of the turbine membrane.
This is done by altering the energy flux terms due to vapor and liquid flow
into the cell at b in the same manner as was done for the mass flux terms.7

NUREG/CR-4391 8.4-10
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Q-

Thus,
1

f ,oy "h 0 (8.4-27)p pa.2 pay .

:

In adfition to the above correction, the dilatation terms (P"''Vda"V,"'')i

a nd P "''V ( n"V,"'' 4 (1 - a")V['') ] must be altered to reflect the change ing ,

ivoid fraction, mixture velocity, and flow area as the working fluid crosses
the turbine membrane, lhe modified terms for the vapor and oixture energy
equations for Cell 2 are, respectively,

,

% y
.1 g y .1n n n

2 9,b2 9c
P

.)n
y,

My

afid ,

7 4 !

Ybz*(I-$)Y"b2 ' " Y ".I * I I ~ ""I YI.'c
"

|
P

.1
'~ '

'
2 an

2
,

,

(Again, note that junction properties such as velocity and flow area that are
stored in the data base for Junction b are those appropriat9 at the upstream
side of the turbine membrane, b,, in Figure 8.4 2.)

8.4.6 Critical Flow

The criterion for critical or choke flow at the turbine membrane is the
sameaswasusedinthepreviousmodel.a.jt When the pressure ratio P,/P
exceeds the critical value, the explicit new time velocity is computed as,

,

follows: ,

*1/2'

n.

p"n.1
2y P t 2/v 1h (8.4-28)

2 '"" _ "" '

y_3 n
Pm,1

lhe implicit correction to the choked velocity arises due to changes in tta
upstream pressure (P ) only. However, since the TRAC-Bfl/ MODI network

3solution is based on pressure differences across junctions rather than cell
pressures, it is assumed that

4
<

,

8.4-11 NUREG/CR-4391
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O
E .1n

rM', r c',',',''('9,"','[' . (8.4-29)ne y 1

S(%) y 1 p'|

Chokinci at all turbine junct ion', other than b is treated by the normal
critical fl5w model in TRAC BDl,""' with the single exception of Junction d
when the side arn is treated as a liquid separator drain. In this case, a

critical flow model is clearly not applicable.

8.4.7 References -

8.4-1. D. D, laylor et al., 7RAC-601/ MOD 1: An Advanced Best Estimate
Corrput er Program f or Boiling Water Reactor Transient Analysis,
Volume 1, NUREG/CR-3633, EGG-2994, April 1984.

8.4-2. M. M. Giles, 7RAC-BD1 Turbine Model, EGG-CBB-6029, September 1982.
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9. HEAT STRUCTURE PROCESS MODELS

four fundamental heat structure process models are modeled by the IRAC-
Bfl/M001 code. They include the interfacial heat transfer between the vapor
and liquid phases, conduction within structural components, heat transfer
between the structures and the fluid, and internal fuel rod power generation.

; interfacial heat transfer has been addressed in develovtent of the
' fluid-dynamics equations. The remaining three mechanis s are discussed below.

The thermal history of the structu.al reactor materials is obtained from !
a solution of the heat-conduction equation. The energy exchange betwun the ,

'structures and the fluid is modeled using Newton's law of cooling. The
coupling algorithm is semi-implicit. For each new time step (Figure 9-1), the,

fluid-dynamics equations are solved based on previous values for the wall
heat-transfer coefficient (h) and surface wall temperatures (T ,). The .

expressions can be written as

q "'' - h " (f[ - 1|"') . (9 1)

Once the fluid dynamics equations are solved, the wall temperature
distriLutions are deduced from the conduction equation.

For simplicity as well as computing efficiency, the conduction models are
separated according to their geometric function. They include conduction
within cylindrical walls, slabs, core rods, and flat channel walls. The first
model analyzes heat conduction within the pipe walls of loop components and of
internal vessel components (control guide tubes and vessel wall). The second
model is used to represent vessel internal structures that cannot be
characterized by a cylindrical conduction model. The third model is used to
represent the heat transfer in a fuel rod. The fourth model is used to
represent heat conduction within the walls of the BWR fuel bu' idle or channel.
lhe fifth model is used to model the fuel rod power density distribution.'

These walls are assumed to be flat, rather than cylindrical. Each of these
five models is discussed in detail,

In addition, the TRAC-Bil/ MODI model for th- :irconium steam oxidationt

reaction is discussed, together with its effet, un outer fuel rod cladding
radius and internal heat generation rate : sed in the conduction equations fer
the fuel rods. 2

The remainder of this chapter is outlined as follows. Section 9.1
documents cylindrical heat conduction in one-dimensional components, 9.2
drcuments the Cartesian heat conduction for VESSEL slabs, 9.3 documents'

fuel-rod heat conduction, and Section 9.4 documents the reactor core power
model.

.
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9.1 CYLINDRICAL WALL HEAT CONDUCTION

The temperature distribution within the walls of a component is
determined by Subroutine CYUiT. A solution is obtained from a finite
difference approyi atior, to the one-dimensional conduction equation

rk B 7 ' q. , , , (9.1-1)BT A.

gP at
.

r Or, dr.

The finite difference equations are derived by applying an integral method'''''
to the elemental volumes shown in figure 9.1-1. The general form for the ith
volume (1 < i < n) is

s<

2
r ,3jpk,,jfp 1 &g3r,.3j7k I k

i-1/2 71 i-1/2 i-1/2 gn
'' '' ' p 1/2

&n3 & .3 &, 2N 4
i < ,

,

2'
'

r, &, + 4 ,(r p) n 3,7
7"'' +

"''? "''2'
7 " *3i

& i.

- 33
7 3

1 &a ( K )i.1f2 & ( K )i.1/2i p n t p - T,n + q,,,.q,,,- r, N,, - T r,&, -++
s

2. 4 . M 4 N

(9.1-2)

where

7 ( t ", r;) (9.1-3)7 ," -

Q

lhe boundary conditions applied to the inner = 1) and outer (i - N)
surfaces are

-k.ST| n,(T, 7 ) + h,( 7, - T ) - q (9.1-4)e
3 i q .

,

.ni.6

Applying this Tundary condition to the inner surface (i - 1), the above
finite diffe' e equation becomes

9.1-1 NUREG/CR-4391
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Figure 9.1-1. Cylindrical wall geometry.

l

& '. , (pc )3n r kr k ] . f r (h, 4 h,) 73 3n 3n 7
,33 p3n 3n n n

r Ar 4 +
3 3 23& 2, 3 r, & &

3 3

i
|

3' I'

h,(fJ 3 -T"'')4 h,(f,7 " - T,"''),3# "
r, &, 7[ + q' ' ' q,,4 r 4=

c 33

(9.1-5)

In this equation, f and f are implicitness parameters. Because of the
semi-implicit coupling with,the fluid equations, f and f, take on the values

g

u
of 0 and 1, respectively, for transient calculations. This ensures that both
sets of equations use identical surface heat fluxes as boundary conditions for
each time step. When a steady-state solution is required, however, large time
steps are desirable. Therefore, the conduction equation is written in a fully
implicit form and f = 1 and f, = 0.g

O'
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CYLINDRICAL HEAT CONDUCTION

Note that the above formulation conveniently positions nodal points on
material interfaces. Material properties are evaluated betweer nodes.

The resulting linear equations are solved in a sequential fashion in the
axial (z) direction. For each axial position, a solution is achieved using
Gaussian elimination. A lumped parameter solutica is available if the number

.

of nodes is one (NODES = 1). For this option, the wall temperature is !
;

obtained from

,- 4
,

s h (T"^ - f,T*) + h|T"f - f,T"T"^ e 2W + - I" + 4 ' ' '
'

q

*h f,1 " - T,"
- - ^

h,, f,l " - T "- 1+ g

|| -

e

'' ' ' '
(9.1-6)pc y3 2N + p + f,, hq+h (h,, + h,,) ,.,

+ 14
3 y

'

The subscripts i and o refer to the inner and outer radii, respectively.
,

Note that the present coding does not allow for radiation heat-transfer
boundary conditions when NODES - 1.

lhe boundary condition at the inside surface is inferred from the
hydraulic conditions inside the component, The outer boundary condition is
normally coastant, with user-specified values for the heat transfer
coefficient and fluid temperatures. Alternately, the user may utilize a .

generalized heat transfer capability whereby the outer surface of any
one-dimensional component may be thermally coupled to the fluid inside any
other component (including the vessel) in the model.

TRAC-Bfl/ MODI also can be used to model the conduction heat transfer with
the preceding cylindrical conduction solution within any double-sided heat
slab surface within the vessel. Examples of such heat structures are the core
barrel. which sees fluid conditions in both-the downcomer and the core bypass,
and the vessel wall, which sees ambient fluid conditions as well as downcomer ,

fluid conditions.

9,1.1 Reference

9.1-1. P. 0 Roache, Computational fluid Dynamics, Albuquerque: Hemosa
Publishers, 1972.
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CARTESIAN IIEAT CONDUCTION |

,

9.2 CARTESIAN }} EAT CONDUCTION FOR VESSEL SLABS
,

,

! 'l

| Conduction within vessel structures such as downcomer walls and support -

'

plates is modeled in Subroutine SLABHT, A lumped parameter solution is
i available. Through input, the user must supply the slab mass, m, surface

area A, and material properties, c and k, for heat slabs in eachp
fluid-dynamic volume. The lumped parameter temperature is obtained from

I

bkT" h, (f,T " - 7|"') - h, (f,T " - 7,"),

7"''= (9.2-1) !

IC--. i 4 f,(hg + h,).

where x is an effective slab thickness (m/2pA). The steady-state (f ) andi

o
! transient (f,) flags were discussed in the previous section.

|

|

:

!

1

,

F

f
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FUEL Roo HEAT CONDUCTION
'

9.3 FUrt rod HEAT CONDUCTION

!
'

|9.3.1 Cylindrical Model ;

|
Subroutine RODHT analyzes the conduction of reactor rods on a rod-by-rod '

basis. The formulation can model diverse rod geometries. Both nuclear and
electrically heated rods can be analyzed. The effects of internal heat,

generation, gap conduction, metal-water reaction, and variable rod properties
are included. The nu. rical procedures are capable o modeling the entire
LOCA scenario in a con 3, stent and mechanistic fashion. The model can also
resolve large axial (z) gradients characteristic of the reflood phase.

1he rod conduction solution is obtained for each rod group within each
fuel bundle component specified by the user. The number of rod groups i

required to represent the radiation heat transfer within the bundle is,

optional. However, for each rod group, a conduction solution is obtained and
coupling of the rod heat transfer with the hydraulics is modeled with Newton's
law of cooling. power distributions from bundle to bundle, from rod to rod,
and from node to node within the rod are modeled. '

The fuel rod conduction solution method is similar to that described in
the cylindrical geometry section. The major differences pertain to treatment
of boundary conditions, user selection of composite material structure, and
provision for spatial and time-dependent internal heat generation.

The fuel rod conduction model has two significant features not foind in
the previous code versions, first, axial conduction is included in the
finite-difference equations. Second, the nodes arc defined as centered at
material boundaries, and the code calculates and stores special interf' ace
material properties that are used in the conduction solutions. Referring to
figure 9.3-1, the finite-difference equation for conduction at an interior
node (1,j) is identical to that found in References 9.3-1 and 9.3-2 except
that axial conduction is included and written as

1 1 1 7 "*1 -T"

-4 (r 4 r )' - (r4 r)2 pC
,

'

2(% + %) p
4 V.

(volumetric source terms] * (narmal radial conduct ion terms' (9.3-1)<

'
,

1 1 1 T"" - 7 " " 1 eT " - 7 "*1
- (r 4 r.)2 - (r 4 r )2 _ ( k*. 4 k) +k)-2 (k

+ 4 g
4 4

~

2 % %;

At the top and bottom of the heated length, the axial conduction terms
are modified; while at the rod axis, material interfaces, and rod surface, the

9.3.I NUREG/CR-4391
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figure 9.3-1. Nodalization for fuel rod heat conduction,

radial conduction terms are modified (as specified in References 9.3-1 and
9.3-2). NOTE: for each row of nodes across a rod, these finite-difference
equations form a tridiagonal system of linear equations in terms of the
new-t ime node tempera t ures 7"'', 7 "*', and 7."*' . These linear systems are
solved row by row (ascending the rod) for each rod group. Because the axial

conduction terms are explicit, involving old-time temperatures T," and Tui
this row-by-row scheme may be used instead of solving for the temperature
field for the whole rod at once, which would require inverting a large
(although sparse) matrix (perhaps 200 x 200 or more).

The gap between the fuel and cladding of fuel rods is treated by explicit
noding on fuel and cladding surfaces with a heat-transfer coefficient between
these nodes. Stored energy and internal heat generation in the gap region are
neglected. The finite-dif ference equation for the outermost fuel pellet node
is

1 (r + r.) (k + k )
b (7 n.1 _7n) ( y n,3 _ y .3 )

n

At 2 1
r - (r - r ) ( r - r. ) 2

4 ;

rh, ,,,

,

1 1
-- r - ( r - r. ) (r r_)
2 4

* (axial conc'uction terms) + (volumetric heat sour e) . (9 3-2)

O
NUREG/CR-4391 9.3-2

- _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ ._____ _ _. - _ _ _ . . __



- - - _ _ _ . . _ - _ _ _ _ _ _ _ _

FUEL Roo HEAT CONDUCTION
..

" For th innermost cladding nade, the finite-difference equation is-

ff (r + r) (k, )

i (7n.3 _ 7 n) . 1 y *n.3 n ,3 )

-

p

2 1 (r, - r) i r - r);,.

r: ,:; -

. .g A
*~

>

( T ?'' - 7 "'')
+ - cap

,
,

r4 ( r, - 1') (r - r)
_

(axial conductio terms) + (volumetric heat sources)+

(met ' water reaction scurce)+

The equation used for the outside ei ')' cladding is similar t( yuation
(9.3-2) (outside surface node of tin fuel r qion) except that the radiative
heat flux and metal-water reaction ere in..'es d. This equation is

S (7 7 n) _ y n, )
+ r_) (k + k. ) n.3

- ( r - r_) ( r - r. )r.
,

h (T - T "'') 4 h (T 7"'') [r e g y y
R t ..a

-- r -- ( r - r_ ) ( r -- r _ )

+ (axial conduction, metal-water reaction, and radiatfor: 'erms) (9.3-4)

9.3.2 Rectangular Model

The walls of CHAN components are modeled as flat plates rather than
cylinders. In addition, axial conductior, is included in the difference
equations when the reflood model is activated. For the nodalization
conventions used in Figure 9.3-2, the finite-difterence form of the conduction
equations ured in TRAC-BFl/ MODI are

1. For an inside surface rode

9.3-3 NUREG/CR-4391
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Figure 9.3-2. Nodalization for CHAN wall heat conduction.

&& ( 7 "'' - 7 ") = & h ,, (T f,'*y'- 7 "'') + h ,, (Tf,'[ - T"'') + &k.
*

i i

T"" - T " ' ' T'" - 7 " '' ''

+& k + k, + &q,g + &&q ' ' ' , (9.3-5)u M &cu

Here T and T refer to the vapor and liquid fluid temperatures,
respectk'dely,a[''theinnerwallsurface. h

,y
and h,,, are the correspondingi

heat transfer coef ficients.

2. For an outside surface node

M ( T"' T ") = & h
,y (T",'y'- 7 "'') -+ h, ,, (Tf,'[ - 7 "*') + &k _

'
m& o Mm

O
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1

7"n , 7 n .1 7'n _ 7 n.14 & k 4 k +&&q'''. (9.3-6)- _ . .u g
-M &go

3. For an interior node

& & pc__f ( 7 "*' - 1 ") e &k_ ' - T "'') + A (T'"*' - T "*')7 "+ 1
|

M M &p
'

m

7"n -T"'' 7'" - 7 "''k + & &q ' ' ' . (9.3-7)+ & k .e
u

&u
'

&c

It will be noted that the right-hand side of the above equations includes
terms for surface convection, axial and transverse conduction, surface
radiation, and internal heat generation. The four conductivities used in
these equations (k , k , k., k.) are linear averages between the conductivitye u
of the central node and the appropriate outer node.

The channel wall surface Soundany conditions are determined from the same
h at transfer correlations package as is used for other components.

; Additional i'iformation relative to the rod heat transfer package is
supplied in ApperJix G, which documents the moving mesh model for reflood.

9.3.3 Hetal4fater Reaction

When sufficiently high temperatures are reached by zircaloy in a steam
environment, an exothermic re9ction may occur that will influence the peak
cladding temperatures attained. The zirconium-steam reaction equation is

Ir + 2H O - Zr0 + 2#2 + # eat . (9.3-8)2 2

In the presence of sufficient steam, the reaction rate expression of Reference
9.3-3 is written as

[

9.3-5 NijREG/CR-4391
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O
[18062\dr 1.126 x 10-6

m - exp \ i / (9,3-9)
di R - ro

where

reactig surface radius (m)r -

cladding outer radius (m)R =
o

cladding surface temperatureT -

and is assumed to be valid.

The method outlined in Reference 9.3-4 is used to calculate the
zirconium-oxide penetration depth aid associated heat source. The mass of
zirconium per unit cladding length ;m,7) consumed by the reaction in one time
step is

m,, np,, ((r")2 -(r"'1)2). (9.3-10)

Equatiun (9.3-10) is used to calculate r"', yielding
1/2

m 62 (9.3-11)
r"*' R - . ( r ") 2

6 '2.252 x 10 at exp4
o

The heat source (q,) added to the conduction equations, assuming a one-region
cladding, is

q[ - 6. 513 x 10 m,, at(R -R,2) (9'3-12)6 #

o

6where R; is the inner cladoing radius and 6.513 x 10 J/kg corresponds to the
energy release per kilogram of zirconium oxidized.
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/ 9.4 CORE POWER MoDELS

in general, the requirements for simulating reactor core neutronics
during a postulated transient entails the use of a space-time-dependent
multi-group neutron transport model . However, the computational solution for
a detailed space-time neutron transport calculation is generally cost
prohibitive. Consequently, the core power response models employed in
TRAC-BFl/ MODI have a number of simplifications to the generalized neutron
transport formulation.

The TRAC-BFl/ MODI code has three methods of simulating core power
response. The first method is simply a user-supplied table lookup scheme.
The supplied table is a power-versus-time input. The second method employs a
space-independent reactor kinetics model with reactivity feedback. The second
model is useful for simulating transients where time-dependent spatial
variations in the core power distribution are not significant. The third
method employs a one-dimensional, two-group, neutron transport model . The
third model solves the one-dimensional steady-state and_ time-dependent neutron
diffusion equations in a rectangular geometry.

The remainder of Section 9.4 is outlined as follows. S:ction 9.4.1 will
defina and discuss several key parameters that are used in the formulation of
the point kinetics and one-dimensional diffusion neutronics models. Section
9.4.2 will detail the space-independent kinetics formulation, numerical

\ approximations to the point kinetics formulation in TRAC-BFl/ MODI, and
implementation of the point kinetics model into the code. Section 9.4.3 will
detail the one-dimensional neutron diffusion model formulation, numerical
approximations to this formulation, and implementation into the 1RAC-BFl/M001
code. Section 9.4.4 will give conclusions relative te applicability of the
above models.

9.4.1 Preliminary Definitions

This section details senral ke, definitions needed to understand the
formulation for the space independent and one-dimensional neutron kinetics
model s . For a comprehensive overview of the fundamentals for neutron
transport and kinetics, see References 9.4-1 through 9.4-5.

Power in a nuclear reactor is generated by approximately 200 MeV of
energy each time a neutran causes a nucleus to fission. The rate at which
this energy is released is determined by the state of the neutron chain
reaction. The behavior of such neutron chain reactions is most easily
understood in terms of the populations of neutrons in successive generations.
The key parameter involved here is denoted by k and is defined in terms of the

,

neutron population of sur essive generations.

,

| 9.4-1 NUREG/CR-4391
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number of neutrons in (n+1)th generation
k- (9.4-1) |

number of neut rons in nih generat ion i

If we had a system in which the only mechanism for neutron production was
fission without external sources, the nth generation would produce

j

N N, k "- ' (9.4-2) !
n

|

l
,

neutrons, where f4 is the number of neutrons in the first generation. When |3

treated precisely, the kinetic behavior of the above chain reaction is far ;

more complex. '

Complications arise from the fact that small fractions of neutrons are
not instantaneously produced by fission but result from the decay of certain ;

fission products. A chain reaction is said to be subcritical, critical, or 1

sui ccritical at time t depending on whether k(t) < 1, k(t) - 1, or k(t) > 1,
respectively. ~

Often it is more convenient to deal with the reactivity p(t) at some time

t which is dr'i ed in terms of the k(t) as ;

I

k(t) -1p(t) --- (9.4 3) ;

A(t) ,

i

l

Clearly, the subtritical, critical, and supercritical states correspond to p <
0, p - 0, and p O, respectively.

'We now turn briefly w definitions needed to describe spatial as well as

| time effects ia neutron transport theory. In a reactor, the neutron flux is a !

function of space, time, and energy and can be denoted as
;

4 -<!(f,r,t) v(f , r, t )n(f , r, t ) (9.4-4)

whirei

l

neutron energy |I a

location of neutron at posit ion (x,y,z)i r =

neutron speedv e-

neutron density.n -

The probability that a neutron with a given energy E wi'l undergo a collision
| travelling a unit distance p with a nucleus is defined as
|

O
NUREG/CR-4391 9.4-2
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E(f, r, t ) = h( r, t ) o(f) (9.4-5)

where

n(r,t) the atomic density of reactor nuclei at position r at time-

t

E(E,r,t) macroscopic cross section=

a(E) microscopic cross section.=

The above units are generally given in centimeters. A neutron that undergoes
~

a collision is scattered, captured, or causes a ficsion.

The expression a(E) is generally referred to as the total cross section
and is written as

o,(f) = o,(f) 4 o (f) 4 o,(f) (9.4-6)c

.

where tha subscripts t, s, c, and f refer to total, scattering, capture, and
fission. At times it is convenient to group fission and capture cross
sections together. Thus, an absorption cross section is defined by ,

o,(f) o,(f) + o,(f) (9.4-7)

for each reaction type. A macroscopic cross section is defined as

4 (f, r, t ) = no,(f) (9.4-8)
-

where the subsr.ript x refers to the reaction type.

9.4.2 Space-Independent Reactor Kinetics and Core Decay Models

Even the one-dimensional, two-group approximation discussed in Section
9.4.3 requires extensive numerical calculations. Consequently, it is often
desirable to solve the reactor power only as a f nction of time. Althoughi

this approach is not as accurate, such simplifi;.ations may provide a great
deal of insight into the nature of reactor transients. The derivation of the
space-independent or point reactor kinetics equas. ion begins with the more
generalized space- and energy-dependent neutron transport equation. The
general diffusion ecuation is collapsed into a single energy group diffusion
equation. By assuming that the power distribution can be separated into
separate spatial and time-dependent functions, the point kinetics equation can
be derived using spatial averaging techniques. This approximation is adequate
for cases in which the core spatial distribution remains nearly constant.

9.4-3 NUREG/CR-4391
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Accurately modeling a rod withdrawal accident er similar scenario is an
example of a case where the above approximation would not be appropriate.

9.4.2.1 formulation of Point Kinetics Equations. In the
space-independent formulat ion employed in 1RAC-fiil/ MODI. the decay hat
equation tnat describes the energy release from fission decay products is
solved after the point kinetics equation is solved. Moreover, in this I

formulation, allowances for direct moderator heating have been made.
The point kinetics and decay heat equations are as given in Reference 9.4-6.

$ _b._b ( p 1)P + 1, C, (9.4o)
dt A m 1

|

I
'

dC p
-! A,C; + lP for i 1,? . .n (9,4-10)
di A

i
;

dH EP |

-O Ak#n + _l f o r f 1,2,. .m e
n

k - 1,2 . . . n, (9.4-11) |
dt Q |

,

!

where

ef f ect ive delayed neutron f raction of delayed group i )p, -

!

|: n

total of fective delayed neutron fraction - E P,p +

i -1 |

f ission power of delayed neutron group i (W)C, -

i etfective energy input to decay group k from fission of isotope |n,
' f (MeV/ fission-s) ;

)

|
li decay power of decay heat group L from fissile isotope f (W)an

'
A prompt neutroa generation time (s)-

1, decay constant of delayed neutron group i (1/s) |
-

|

1[ decay constant for decay heat group k from fissile isotope f |
-

(1/s)

number of decay heat groups jm -

number of delayed nutron groupsn =

HUREG/CR-4391 9.4-4 ;
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n, number of fissile isotopes-,

P, instantcneous fission power of isotope t (W)-

ng

instantaneoustotalfissionpower(W)-]]P,P -

k<1

Q total energy release per fission (MeV/ fission)-

p total feedback reactivity ($).=

Equations (9.4-9) and (9.4-10) constitute the point kinetics equations.
Equation (9.4-9) describes the time rate of change of total instantaneous
fission power. The first and second terms on the right-hand side of Equation
(9.4-9) conprise the neutrons directly generated by the fissile fuel and
neutrons generated by fissile product precursors, respectively.

Equation (9.4-10) describes the rate of change of the delayed neutron
concentrations. The first term on the right-hand side of Equation (9.a-10).

'

describes the rate of decay, while the secono uescribes the rate of production
from fissioning isotopes. Table 9.4-1 lists the values for and A
presently employed in the code. The p,'s are default values a,nd can bei

changed by the code user. The value of A has a default value of 4.754 E-5 s
if not specified by the user. Together, Equations (9.4-9) and (9.4-10)

, constitute 1+n equations in 1+n unknowns, where P(t) and C,(t) for i=1, 2,
. . . , n are to be solved for.

Table 9.4-1. Default values for key reactor kinetics constants;

Group i 6, A,

'

1 2.74 x 10-4 0.0127
2 1,38 x 10-3 0.0327

!
3 1.22 x 10-3 0.115
4 2.64 - 10-3 0.311
5 8.32 x 13-4 1.40
6 1.69 x 10-4 3.87

_

The reader is cautioned that the S 's and A values are nominal values
the ta not characterize the fuel prope,rties to be simulated. Since these
car <m Kers can differ depending on fuel burnup and enrichment, the use of
sepacote neutronics calcu'tations may have be to employed to calculate globally

: averaged values of the ,'s and A.

The decay heat equation [ Equation (9.4-11)] quantifies thermal energy

( production of fission products that decay by emitting beta and gamma rays..

9.4-5 NL*dEG/CR-4391
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The beta and gamma radiation is subsequently absorbed as heat. The first term
in Equation (9.4-11) is the loss rate due to decay of the various gamma and
beta emitters, and the second term is the creation rate for new gamma and beta
emitters from fission.

In the current formulation in l C-BfgMODl,t,houserspecifiesfission
powerfrcctionsforthreenuclides-y5for these Nwer f ractions are .71, .21, and .08 for'*U, fhe def ault values0, U, and "Po.

258'Pu, and 0,

aregivenlaReferences9.4-6and9.40.andassociatFddecayconstraints
respectively. The energy release rates E
in

In order to better understand the energetics of Equations (9.4-9) through
(9.4-11), consider the fissioning of '"U, which is the principal fuel in most
BWRs. A fissioning #"U atom releases approximately 200 MeV of energy. Most
of this energy ('93%) is promptly converted into thermal energy, while a sma;i
percentage ('7%) of the fission energy is stored in the fiscion pSroducts to be58 2
released at a later time. Similar energetics apply to U and Pu. I

1
'~To calculate the effective instantaneous thermal power delivered to the

reattor, Equations (9.4-9) and (9.b 20) must first be solved for P(t). Now,

P(t) is the instantaneous fission oower due to both prompt and delayed
neutrons Since some of the instantaneous fission power is stored in the |

fission decay products for later release and some of the reviously stored I

energy is released, the instantaneous effective thermal power is the sum of
instantaneous neutron power (le s instant aneous neutron power deposited to

,

decay products) and instantaneous power released by previously existing i

fission decay products. Once Equations (9.4-9) and (9.4-10) have been solv >d, !
instantaneous effective thermal power can be quantitatively expresscd as

ne m n. m

{ P, { 7 , { { #n (9.4-12)F Pm
61 ra QA u t .1 iy

where ig is the instantaneous thermal energy deposited into the reactor
core.

ihe code user ,as the additional option of partitioning the fraction of
fission power atd decay heat for direct moderator heating. These fractions
currently default to 0.0. Determining what this moderator deposition is
aenends on specific BWR system configuration. Most of this moderator energy

deposition is due to gamma heating and may require a detailed core radiation
transport simulation to give a good estimate. This modeling capability exists
for the point kinetics model as well as the one-dimensianal diffusion
approximation.

In a BWR, direct moderator heating tan be significant, because this
causes an almost instantaneous void reactivity feedback during a reactor
transient simulation. F or example, this phenomenon may apply to severe BWR
pressurization transients. If all power generated is assumed to be deposited
only into the fuel and then transferred to the moderator / coolant, the void

NUREG/CR-4391 9.4-6
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generation and associated rcactivity feedback are delayed. This delay may-
artificially distort the character of tne transient.

The formulation cf di m : ::,oderator heating in TRAC BFl/M001 for a given
cell g ensity-weighted and is assumed to be directly proportional to the
power

@.b M*
P ,,, 1000 (F,P, + ffa)o

where

instantaneous fission power (W)P, *

direct moderator heating power fraction for P,f, =

I P instantaneous decay power (W)=
d

!
direct moderator heuting power fraction for Pf -

dg

{ p, cell-average moderator density (kg/m3).=

The f, and f confficients are user-specified fractions. The rate cf thermalq
| ene gy deposition into the fuel then becomes

Is P,,. = (P e P ) - P ,, @.0 Wf g o

i

: The next two subsections will detail the feedback reactivity model
presently employed in 1RAC-BFl/ MODI and additional details for approximating
the core power decay model,

9.4.2.2 Reactiv'ty Feedback Model. The reactivity parameter p.in
Equation (9.4-9) consists of a user-input control reactivity and a code-
calculated feedback (fb) reactivity. We can express the total reactivity as

P = Pprog i 0 (9.4 ')3

t

I k''-1P (9.4-16)'

p ,.,, = .p
prog

The control reactivity is computed from a table lookup scheme or is driven by
user-modeled control variables. The control roactivity is interded to model
reactivity associated with control rod motion or any other external changes i

that might effect the core neutronics during a transier,t. The feedback
retctivity is assumed to be decoupled from the control reactivity.

O, Furthermore, in formulating the feedback reactivity, it is assumed that each
<

,

9.4-7 NUREG/CR-4391
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phenomenon driving feedback is mutually decoupled. The controlling phenomena
driving reactivity feedback presently modeled with TRAC-BFl/ MODI are,

i

moderator vcid (VD) !a

|
moderator teniperature (TM)*

fuel temperature (TF).

boron injaction (B). 1.

I

For any of the above four controlling phenomena, the general form of the
reactivity coef ficient is given as

|
I

C* - (9.4-17)
k aq

for the core property parameter q. The feedback reactivity for a small
change in q is expressed as

C, A7 (9.4-18)- =

Since it is assumed that the reac 1vities for each q variation can be
calcul;ted independently, the total feedback reactivity beccmes

|
pm = C A7 (9.4-19) !y

q=1
f

In a typical BWR reacto'' core, the thermal-hydraulic ptoperties are not
spatially uniform. Consequently, in the formulation of Equation (9.4-19), a
spatially dependent weighting scheme is employed to calculate the global

,

; behavior of p For a nonuniform reactor with spatially varying coreg.
i properties, the total feedback reactivity is

pm = fdv p (F)W (F) A7(F) (9.4-20)
'

q q
-q = 1

,

where the control volume integratea ovet is the retctor core and W are
spatially va"ying weighting functions. The present TRAC-BFl/ MODI ,odelingm4

options al)ow the user to either employ a volume or a power-squared wei hting3

s c h anie ." The power-squared weighting scheme is formulated so that
i 2Wm(~r) = Ug(F) - U(F) = Wy(F)aP (F) (9.4-21)g

where P(r) is a normalized power distribution. Equatwn (9.4-21) has a

NUREG/CR-439' 9.4-8
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(
theoretical basis and can be found in References 9.4-6 and 9.4-8.

TSe reactivity feedback model for void, boron, moderator, and fuel
temperature currently employs reactivity coefficients that are plynomial
approximations using core-averaged properties. The polynomial approximations
to the reactivity coefficients are functions of local thermal-hydraulic
conditions. However, the polynomial coefficients themselves are spatially
invariant and are globally aver aged par ameters. The invariance assumption is
reasonable if core fuel propertier are approximately unifom at different
power densitics.

The Doppler reactivity varia! ion induces a chcnge in k, which is due to
variations in fuel temperature and moderator voiding around the fuel. The
Doppler reactivity change is formulated as

=C 0 4-22)pg y y

where " is the final averaoe fuel temperature and T is the referenceg
averac fuel temperature. The coefficient C is a polynomial function of they
local moderator void fraction and is given as

an+ba+Ca2 (9.4-23)y y

The Doppler coefficient in a BWR is a function of a because tha channel void
fraction strongly effects the fuel usonance escape probability behavior.

| The change in moderator void reactivity feedback driven by a small change
in a is calculated asi

p o = C, at . (9.4-24)y

The void reactivity coefficient C,l void fraction.is also expressed as a quadratic powerseries expansion in the fuel channe
2

C = a, + b,a + C,a (9.4-25).

l

Fuel channel void collapse or generation is the dominant feedback mechanism
| during mest postulated BWR operational transients.

During normal operating conditions, the moderator temperature reactivity
feedbck is small compared to void reactivity feedback. However, moderator
feedback effects are important during cold sta.',p and hot standby conditions
where moderator void generation conditions are nonexistaat or small. For a
small variation in moderator temperature, the moderator reactivity feedback is
expressed as

9.4-9 NUREG/CR-4391
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O
pm C N, (9.4-26)m

4

where 1, is the fuel channel liquid moderator temperature. The moderator'

temperature coefficient is expressed as a power series function of moderator
,

temperature'

B ,7, C 7,2 (9.4-27)C a 4
m m m

The boron feedback reactivity is assumed to be

p, C NJ (9.4-28)oc

I where B is the boron concentration in ppm. The boron concentration feedback
! coefficient C is modeled as a quadratic function of the moderator densityge

p,, so that'

(9'4-29)C - a, i bu Pm capg

A set of default coef ficients for the various feedback phenomena is
listed in Table 9.4-2. The reactivity quadratic curves were obtained from
curve fitt ing data.* The default values are nominally for a fresh BWR

| core; however, the default v61ues are only recommended if a code user does not
I have data that are BWR plant-specific, Reactivity parameters are dependent on

fuel geometry, burnup, and other considerations. The actual coefficient
values may require the use of multidimensional neutronics simulation,

9.4.2.3 Solution Approximation to the Point Kinetics Equations. The
present strategy for integrating the point kinetics equations to advance the
fission power and delayed neutron precursors to new time values requires the
following input:

1. old-time fission power

2, old-time delayed neutron precursor concentrations
.

3. new-time feedback reactivity change calculated from new-time
thermal-hydraulic input parameters and/or user-supplied control
variables or tables.

Runge-Kutta integration method deveioped by Gill .p#gs a fourth-orderThe solution scheme used in TRAC-Bfl/ MODI em lo|
'" This technique was|

| found to be very fast with excellent round-off error-limiting characteristics.
Unless the thermal-hydraulic tin,e step is small, it is generally necessary to
solve the point kinetics equation over a ser n of time step subintervals.i

! HUREG/CR-4391 9.4-10
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Table 9.4 -2. Default values for key feedback phenomena.

Parameter. _ Constant Value

4Neutron generat ion time (s) TNEUT 4.754 x 10

F uel reactivity coef ficients C" -8.44 x 10''

C]' -3.95 x 10''

C|' O.00

Moderator temperature C" - 1.158 x 10''
3 _

Reactivity coefficients C]" 4.63 x 10'7

C]* -9.69 x 10'' ,.

Void reactivity coefficients Cf -4.78 x 10-2

C[ -2.748 x 10'
'

C[ 1.911 x 10''

Boron reactivity coef ficients Cf 3.6 x 104

C[ -2.23 x 10'7

Cf 0.0

5This is borne out by the physical observation that the characteristic time
constants connected with the neutron kinetics time scales can be very small
relative to hydrodynamic time scales. This is especially true for severe
transients where there is a very large reactiv~ty insertion. The maxit,;um
solution time step subinterval for the point kinetics equatio , scales with the
prompt neutron generation time and is given by

0.8A
M" (9.4-30)

D Nax { p - 1,1]
<

where p is the old-time reactivity. From the above expression, it is also
clear that, for large (p n 1) reactivity insertnas, 6t varies inverselyn
with p. Thus, the more severe the transient, the smaller 6t becomes. The

,6 approximation for the total global change in core reactivity'is aetailed in
Section 9.4.3.3. With respect tu TRAC-Bf1/ MODI, the solution algorithm time
step size is limi;ed by the hyd. aulic time step size At . If M < M,Wg n g

kinetics equatiors are integrated ever J equal subintervals where

a e
9.4-11 NUREG/CR-4391
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: Ght
J ~" +1. (9.4-31)

6t: n

lhe total reactivity increment thet was calculated as a function of the last
M

hydraulic time step is split into increments. lhus, when the kinetics
J

'
equations are integrated, the reactivity change is approximated as a tir %

1 A3
dependent ramp caonge sp1 up into J equal increments of magnitude .

JI

The linear assumption may break down, however, if there is a very large
initial recctivity change coincident with the situation 4t, ,, .i . Undern
these circumstances, some nonlinear reactivity insertion rate may be a better
approximation to int egrate the point kinetics equation.'"'' If 5t > At ,

'

n y
! only one integration of the point kinetics equation is done. Under these

circumstances, the new-tit ' reactivity change can be thought of as a step
change approximation.

It should be noted that the dccay heat equation (Equation (9.4-11)) is
solved using the same Run;1e-Kotta algorithm and the same time sul'titerval 6t .n
However, the numerical solution to Equation (9.4 41) is further modified after
the H 's have been solved to account for* "

1. Heavy eleinent decay heat (from U and 25'Np) and239

2. Inclusion of the effect of fission product neutron capture.

If the above two phenomena were not accounted for, the instantaneous fission
decay energy would be

"f m

p {{g (9.4-32)
k ;1 f;1

1.1 fact, the user does not have to model these phenomena; the code decay heat
will default to Equation (9.4-32). With the above two phenomena accounted
for, the actual instantaneous decay power is written as

P[m G P, + P,, (9.4-33) ,

where P accounts for heavy el'eraent decay heat and G accounts for fissiony
prod'sct neutron capture. The expressions for G end P are rather complexg
expressions and are given in Reference 9.4-6.

!
!

| 9.4.2.4 Approximations of Reactivity Feedback for the Point Reactor
| Kinetics Equations. The calculation of react ivity feedback (not including

NUREG/CR-4391 9.4-12
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user-supplied reactivity insertion tables or control variables) is initially
'

done on a cell-by-cell basis. The reactor core is partitioned into chan:al
regions (using CHAN components) and bypass regions (using VESSEL coniponent).
Contributions for the moderator, D ppler, void, and boron feedback
coefficients are glebally summed over all CHAN and VESSEL cells, The same-
reactivity coefficient polynomial curve fits are used for the CHAN and bypass ,

VESSEL cells. The user has the option to specify what fraction of the !
reactivity contribution is from the VESSEL bypass and CHAN components.

|Af ter the new-time thermal-hydraulic calculations are done, the total
reactivity change is calculated from the individual changes in reactivity for
the moderator, boron, Doppler, and void contributions. The total change in
feedback reactivity is written as

p"|' = p", op";' (9.4-34)

where

op";' 4"|' + af;' + g"[ g"'' (9.4-35)=

and where n and n+1 indicate old and new time values.
>

The individual reactivity contributions are computed fromg
' 2c _. -

0$ $ i y'7I ,' |'i V (9.4-36)
i M

| op"[ { p"(; (a?'' - a") V (9.4-37)g

|
'

|

|
1 s n nn.i n.1 n.1 / n

{Vygg (1 g )p, T,n .1 - (1 - %)pe ,,,T,,

4, m (9.4-38)i

(1 - a"'')p"''Vgg
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O
{ Vg{j (1 d,"') pyjBf" - () a")p"Bf

4(" _ _ _ _ . _ _ _ . . . _ _ (9.4 39)
'

{(1 E;^)p7^Wy
i 1

where i is the cell index and the summation is over all cells in the reactor
core regicn. The reactivity coef ficients are computed using the new + 'me
conditions in each cell. The moderator temperature and boron feedback
contributions are normalized by the amount of liquid in the cells. This is

'

because the property is connected with the liquid phase and cannot exist apart
f rom the presence of liquid.

l

lAs previously mentioned as an option, the user is allowed to choose for i

each feedback reactivity component, whether the power-squared weighting is to |

be applied or not. When the power-squared weighting is not chosen for a given
feedtuck reactivity component, the simple volume average is used.

In addition to the feedback, the explicit reactivity (control rod)
insertion is modeled as a user-input reactivity-versus-time table. This
reactivity table represents the additional control rod reactivity worth
inserted from steady state. At the beginning of t he transient, this
t eactivity value is t heref ere zero. The control rod reactivity, pc,, inserted
in each time step is found from this reactivity table. The total reactivity
inserted into each t ime step is the sum of the feedback. reactivity and the
control rod reactivity. The neutron multiplication factor at the new time is
updated as

k"" k" + A " (p"[ > pf) (9.4-40)

I where k"" and k" are the neutron multiplication factors at the new and old
I times, respectively. At the beginning of a transient, k = 1 is assumed. The

new time reactivity p is
.

| gna ;

| (" (9.4-41)
A""

where p"" is then used in the point kinetics equation to solve for the new-
time fission power.

9.4.2.5 Implementation of the Space-Independent Reactor Kinetics flodel.
The user input requirements for the TRAC-BFI/ MODI core power model are
presently inputted into the code using the one-dimensional CHAN and three-
dimensional VESSEt components and auxiliary POWER cards to define :Jditional
input data. The eibroutine FPOW is the principal input processor of the user-
supplied kinet ie ameters. If the user specifies a spatially indepenuent

*
.
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model, the subroutine iPOW calls FPPT, which proct 'n1" spatially.

independent kinetics input models. The decay hea .A delayed neutron
constant s are stored in block data with the name BLOCKDATA. The subroutine
POWER controis the overall s>lution logic for the space-independent core power
solution. This subroutine employs uscr inputted options to branch to other
subroutines depr? ding on what options have bec. invoked. Relative to space-
independent models, the following options can be ..vo ked :

1. Constant power

2. Table lookup power

3. Trip-initiated power

4. Point kinatics with table lookup reactivity

5. Point kinetics with trip-initiated table lookup

6. Point k n? tics with reactivity icedoack

? Point kinetics with trip-initiated table lookup, reactivity
feedback, and scram insertion.

It should be pointed out that th; rue-dimensional kinetics model can also be
invoked by tne subroutine POWER. Discussion of this model is deferred until

- Section 9.4.3.

If the user employs option 1, the code will either use a constant core
Power specified by the user or employ a user-specified control system to drive
the core power. In the event that the user employs lookup tables (entions 2
or 3), the code employs a linear interpolation sc. me to find power or
reactivity at a particular time step. The subroutine llNINT is employed to do
this interpolation. The use of option 1, 2, or 3 precludes the use of the
reactor physics models supplied in the code.

If the kinetics space-independent solution scheme is employed (options 4
through 7), POWER calls the subroutine POWPT, which solves the nnint kino g s
Equations (9.4-9) and (9.4-10). Once the prompt fission power has been
calculated, POWER calls POWDK, which uses the numerical results from POWPT to
calculate the decay power fraction of the total power.

Relative to the reactivity feedback, the subroutine VSt calculates the
VESSEL bypass moderator, boron, and void reactivity fe;dba: contributions.
The CHAN component Doppler feedback reactivity is calcula' 1 with subroutine
COR3. The CHAN component moderator, void, and boron feechack reactivities are
calculated with ;ubroutine CHN3. It should be pointed out that subroutine
CHN3 is run before COR3. COR3 uses new-time channel thermal-hydraulic
conditions to calculate the new-tirre fuel temperature profile prior to
calculating the Doppler ceactivity Medback. If the user-specified time-
versus-reactivity table is employeo. p is interpolated in the subroutineg
POWPT. If the control rod reactivity is modeled as a control variable, the

9.4-15 NUREG/CR-4391
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subroutines for the TRAC-BFI control system are employed. The approximation
model for direct moderator heating is done in subroutine TflE.

9.4.3 One-Dimensional Kinetics Model

This section documents the one-dimensional diffusion mosol presently
employed in the TRAC-BFl/ MODI code. This model is a two-group kinetics scheme
based on the Analytic Nodal Method ( ALM).*?'" The ANM can also be extended
to two- or three-dimensional problems by making the appropriate programming
modifications to 1RAC-BFl/MODl. The one-dimensional model assumes axial
variation of the core neutronic properties but is assumed uniform in the
radial direction. This assumption precludes detailed modeling transients with
inherently three-dimensional characteristics. The one-dimensional diffusion
approximation is applicable to a number of transient scenarios, including many
types of anticipated transients without scram (ATWS). Control bank insertion
or withdrawal events may also be applicable under certain circumstances where
the radial flux profile can be approximated as being flat. ATWS applications
using the TRAC ANM approximation can be found in Reference 9.4-13.

The one-dimensional TRAC-BFl/ MODI model assumes that a parallel
multi-channel core can be divided into a number of a"ial nodes. Each
hydraulic node in the reactor core may be subdivided into multiple neutronic
nodes, and each neutronic node may have separate fuel characteristics. The
one .imensional diffusion model can be thought of as working in three stages.

1. Radially averaged properties (state variables) for each axial
hydraulic level are calculated (void fraction, moderator
temperature, fuel rod temperature, boron concentration, and control
rod fraction),

2. One dimensional diffusion transport parameters for each axial node
are calculated with the radially averaged properties from stage 1.

3. The transport coef ficients from stas > 2 are inser ted into the
two-group ANM diffusion approximation, and the core power
distribution is calculated.

It should be noted that stages 1-3 apply to both steady-state and tcansient
situations. In the transient mode, the core thermal-hydraulic properties are
recalculated at each hydraulic time step so that the core properties,
transport coef ficients, and diffusion equation solution similarly have to be
updated. We shall now detail each or the abo"e three stages.

9.4.3.1 Radial Averaged-Thermal-Hydraulic I."operties, in TRAC-BFl/MODl,
the core region can be represented by multiple CHAN components, each having
different characteristics in the radial directicn. Each CHAN component
approximates a particular fuel bundle radial region. Because of radial
variations in moderator temperatures, void fractions, etc. , a radial averaging
algorithm is employed to generate averaged core properties at a particular

NUREG/CR-4391 9.4-16
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axial level. These averaged properties are required to calculate transport
coefficients used in the TRAC-EFl/ MODI one-dimensional diffusion model. The
radial cell averaging is done over both the CilAN and associated VESSEL bypass
components.

The approximations used for the representative radially averaged
thermal-hydt auli properties are given as follows.

N
C v

{ a,r[,i (9 4-42)a, {a,,nR[,n .

nel jei

N h, -__

c

{(1-a,,n)T,nR[,n {(1 a ) T,j [ iR+ j (9,4-43)m
n21 jet

7
} _ g

"c

7 pp p (9.4-44)c

fi 4.s fi,o 1,n
n')

K Ln k,n

I [[I R|, t (9,4-45)
fi.n vi.n,k,t

k '1 t=1

d hc e

{ (1 - a,) p,;b R[,i
_

b ,nR ,', n{(1 a, , n ) p, , , n + ji
I''B , = " '' (9.4-46)

h N
e y

{(1-a,,n)p,3,nR[,n { ( 1 - a ) p,j [,,R+ j
n.1 jei

where

void fractiona =

R' CliAN weight factor=

number of CHAN componentsN, =

number of VESSEL. cella corresponding to level iN, =

moderator temperature (K)T, =

ft.el temperature (K)T, =

9.4-17 NUREG/CR-4391
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boron density (kg/m3)C e

boron concentration (ppm)-b =

number of rod groups in CHAN component nK.n
-

L,,n number of radial fuel nodes in fuel rod group k in CHAN=

component n

R' fuel temperature weight factor=

R'' VESSEL weight 1 ctor-

3
liquid density (kg/m )pg =

core hydraulic level indexi =

VESSEL cells on core level indexj =

CHAN comconent indexn =
,

rod group incexK =

fuel radi'l node index.1- =

Each hydraulic parameter consists of a 'seighted average of CHAN and ,

VESSEL component hydraulic variables. The VESSEL component portion of the
hydrat.lic parameter represents the contribution of the bypass region
surrounding each fuel bundle. Normally, the bypass region of the core is
represented by fewer itxial cells than the region within the CHAN component
portion of the ccre; hence, the weight factors for the VESSEL portion of the
weighted sums must take this into account. We shall now give further details
to explain how the CHAN, VESSEL, and fuel weighting factors are defined.

The CHAN weight factor may be determined using ona of three options--
volume weighting, power-squared weighting, or user-input weighting. The'

general form of the weight factor is

/, Vol (9.4-47)RC =

where

R' CHAN weight factor-

option-oependent parameterA =

total CHAN cell volume which enuals number of bundlesVol =

represented by this CHAN component times the volume of one
bundle axial section.

2For volume weighting, A = 1; for power-squared weighting, A = Pc; and for
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O
'

user-input weighting, A = U, where P, is the power density in a particular
CHAN cell.-

Estimating the weight factors for the vessel region is complicated by the
fact that the VESSEL cells a'A the CHAN cells do not generally span the saine '

elevations. The weit t factors for the VESSEL cells that represent the bypass
'

,

region are computed from the weight factors in the CHAN cells. The weight
factor fer VESSEL cell j, which spans core hydraulic level i, is given by the
weighted average of the weight factors for the CHAN cells inside VESSEL cell j !

on core hydraulic levei i

k) ) i

[R'g
(9.4-48)R[i = V V[i k(1

<

r
'

'

Ev'
|

a ., ,

,

i
where

user-input VESSEL relativ3 weight factorW, =

.

V[$ volume of VESSEL cell j on core hydraulic level i-

R* CHAN weight factor=
g

V' volume of CHAN cell=
g

number of CHAN components in VESSEL cell j.k; =

The formulation of the fuel weight factors are similar to the CHAN weight
factors. The general form is given as

R ' = / i il (9 4-49)

"

where

R' fuel temperature node weight factor '
=

option-dependent parameterA =

|

total cylindrical shell fuel volume between two radial :Vo =

temperatures nodes for a particular rod group. |

For volume weighting, A = 1: for power -squared weighting, A = P,2; and for !

@
user-input weighting, A = V, where P, is the power density in a fuel rod
temperature node.
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9.4.3.2 Control Rod Model. The control rod model is incorporated into
the one dimensional kinetics model via a space-time dependent control rod

the one-dimensional k.This parameter drives the transport coef ficients ininet ics field equat ions."'"' (see Section 9.4.3.3 for
fraction parameter C

more details).

The cont rol rod model in IRAE-Cf 1/ MODI consists of a user-specified
number of control rod groups, each group containing a user-input number of
individual control rods. A control rod group cont ains control rods having the
same initial axial insertion and actuated by the same scram er trip signal.
The user specifies the t rip number for each control rod group and the
insertion velocity of the rods in the group once the trip signal has occurred.

_

lhe control fraction on each core neutronic level is determined from the
locations of all of the cont rol rotis and varies f rom zero to one for each core
level. A value of zero means that there are no control rods at this level,
and a value of one means that all cont rol rods have been inserted completely
through this core level. The control fraction it the average control rod

position in the level and is given by

N

{Nf'' (9.4-50)*

cf' " , ,
Li

where

control fraction on core level iCf, -

numbe. of control rod groupsN -
y

N, number of cont rol rods in cont rol rod group k

total number of control rodsN =
y

f - relative location of control rod group k on core level i.y

The rciative locations of the control rods on a core level are determined from
the absolute axial location of each control rod and the top and bottom of each
axial level in the core region. figure 9.4.1 shows an example of control rod
locations and the resulting control fraction for each core level, lhe
absolute axial location is computed fro' the initial control rod positions and
the distance the rod has noved since the scram or trip signal was received.

9.4.3.3 Generation of One-Dimensional Neutron Kinetics Transport ,

Coef fici ents . Once the radially averaged parameters from Sections 9.4.3.1 and
9.4.3.2 have been calculated, the one-dimensional kinetics t ransport

O
NUREG/CR-4391 9.4-20
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Core level 4 Cf, = 0

Core level 3 E~ Cf3 = 1/6
i

__

,

Core level 2 Cf2 = 2/3
r~1

!

Core level 1 Cfi=1

Group 1 Group 2 Group 3

1 1Cf (f .i + f ,1 + fa,1) g (1+1 +1) 1
=i 5 =i 2

h (f ,2 + h (0.2+0.8+1.0) = fCf2= f.2+ fa.2) =2i

} (f .a + f ,3 + fa.3) h (0+0+0.5) = fCf3= =t 2

l

f (f ,4 + f -(0+0+0) = 0Cf f,4+ fa)4 = =23

| Figure 9.4-1. Control rod locations and corresponding control fractions.

|

( coefficients can be determined using polynomial correlations. These
ccrrelationsarep6etermined with a separate detailed neutron transport
c al c u l a t i o n . '''* "'' The form of this correlation for the jth transport

parameter is

+ a n = a a ) + (1 - Cf;)(a *aa+ad)2
X; = Cf (a a 3 t 3 6j 3

@bM)+ a) T,j g/T,,; + a ( T,; - T,,; ) + a B;3 9
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where

X; specific transport coefficient-

control fractionCf -
3

a; radially averaged void fraction-

T,; radially averaged fuel temperature (K)-

radially averaged moderator temperature (K)I -g

B, radially averaged boron concentration (ppm)
_

=

user-defined coefficients (for i - 1, 7, .9)a =
i

T,y user-defined fuel reference temperature (K)-

user-defined moderator reference temperature (K).1 -

%

The nine user-defineri coefficients and two reference temperatures equal
11 unknown coefficients s. terrelation. The transport parameters that are
calculated with the above correlation include nine different variables:

1. The fast neutron group diffusion coefficients.

2. The thermal neutron group diffusion coefficient.

3. The fast group macroscopic absorption cross section.

4. The thermal group macroscopic absorption cross section.

5. Fast group macroscopic downscatter cross section.
-

6. fast group transverse buckling squared.

7. Thermal group transverse buckling squared.

8. Fast group macroscopic fission cross section.

9. Thermal group macroscopic fission cross section.

Each transport parameter is described by the same functional relationship with
different coefficients. Moreover, each 11 sets of coefficients will differ
for different fuel types.

The polynomial coefficients in Equation (9.4-50) are generated using a
three dimensional multi-group neutronics simulation code. Since there are
nine transport parameters, each of which has 11 separate polynomial
coef ficients, a total of 99 independent coefficients must be generated per
fuel type. Each axial level of the core may have different fuel types. For

NUREG/CR-4391 9.4-22
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instance, if the core were composed of a single fuel type and there were 10
neutronic levels, we would need 11 9 different coefficients in order to
calculate all of the nine transport variables. If, on the other hand, all 10
levelt were of different fuel types (different burnups for example), we would
then i.eed 10119 dif ferent coefficients in order to calculate all transport
parameters.

The neutron transport parameter coefficients are calculated using a
least-squares fitting scheme to the information calculated from a three-
dimensional neutronics calculation. In order to perform the least-squares
fits, one must calculate transport parameters as functions of the following
state variables:

control rod fraction
-

.

moderator temperature.

boron concentration*

fuel temperaturee

void fraction+

at a particular computational cell or cells. After the nine transport and
five state variables have been calculated at each axial level, they are
radially averaged using a weighting function scheme to produce one averaged
value per level for each state and transport variable. At least 11 sets of
data per fuel type must be generated to uniquely determine parameter fits for
the transport variables. Also, the variations in the state variables should
cover the range of parameter space expected to occur in the hypothetical
transient being simulated. This will ensure that the transport variables are
being interpolated between known regions of state space rather than
extrapolating outside known state space boundaries. -

The details of how TRAC-BFl/ MODI interfaces with particular three-
dimensional neutron transport codes are found in References 9.4-15 and 9.4-16.
The reader is cautioned that using calculated data from a separate neutronics
transport code for input into TRAC-BFl/M001 requires an understanding of the
inherent differences in how TRAC-BFl/ MODI and a three-dimensional neutronics
code calculates :are power. In particular, many advanced'neutronics codes
have a thermal-hydraulics package (RAMONA-3B for example)''that solves field'"equations that are different than those in TRAC-BFl/ MODI. For this
reason, transport versus state variable correlations derived from a specific
neutron transport code may require additional adjustments before being used as
input to the TRAC-BFl/ MODI one-dimensional kinetics model .

9.4.3.4 The One-Dimensional Two Group Neutron Diffusion Model. In the
last two sections, we detailed how volume-averaged state and transport
variables are calculated. These variables are substituted into the
one-dimensional diffusion field equations to calculate the ccre power profile.

9.4-23 NUREG/CR-4391
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formulation based on the Analytic Nodal Method. '{F,l/M001 is a two-group
The one-dimensional kinetics model in IRAC-l

''3 The advantage of the
one-dimensional kinetics option over traditional point kinetics is that the
axial flux profile is allowed to change as a function of timt in response to
changing thermal-hydraulic conditions and/or control system actions. However,
considerably more use triput is required in order to implement the one-
dimensional kinetics model, as compared to the point kinetics model.

The two-group, one-dimensional, space- and time-dependent neutron
diffusion equations can be written in matrix form as

1
- 0 ,

V h g D, 0]d b 51 * S i +D 6' 0 hi a 3 3
_

0 b O' 0 O'l -41 42*08$ h2
2

V
2

} ~0 X1 Y Xi1

+T (9.4-52)
A X2, v42 h, Y % ) (c

+

3 2

where the space- and time-dependence of all parameters except A, A , and is -

g

implied and

the group 1 diffusion coefficientD =
3

the group 2 diffusion coefficientD =
2

the group 1 macroscopic absorption cross sectionE -g

the group 2 macroscopic absorption cross sectionE =g

the group 1 macroscopic downscatter cross sectionE =
ri

B ,2 the group I transverse buckling squared=

B[ the group 2 transverse buckling squared=

xi the fraction of fission neutrons released into group 1.=

(x, is assumed to be a constant equal to 1.0; no
distinction is made in this derivation between the prompt
and delayed neutron emission spectra.)

the fraction of fission neutrons released into group 2.
%2

=

(% is assumed to be a constant equal to 0.0)
2
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.

the group 1 macroscopic production cross sectionvE -n
1

>

! vE the group 2 macroscopic production cross section-n
a
'

$ the group 1 scalar neutron-flux-
3

-

| 4, the group 2 scalar neutron flux-

|

! A a constant parameter used to force criticality for a*
|

| particular set of input diffe son theory parameters '

f

| the group 1 average neutron velocityv = ,
3

v, the group 2 average neutron velocity*

the decay constant for delayed tron precursor kA, -

the concentration of delayed neutron-precursor kC, -

the number of delayed neutron precursor groupsK -
,

i

the total effective delayed neutron fraction.j a

Equation (9.4-52) may be written in a more compact form
i ,

a V4
[v]-1 a [$] = Bz[0] d [$] - [K][4] + [x](1 - p)- [4]

Bt az k

k

. { [x](C, (9.4-53)
i

where all bracketed quantities denote matrices or vectors.

The- region of interest (usually the entire reactor and possibly the axial
reflectors) is now partitioned into an arbitrary number of subregions, or
nodes. Each node, i, extends from interface i to interface i+1.and is of

width h,,
where h, (= z'hin each node) neutron diffusion theory parameters are3 - z,. If it is assumed that suitably averaged,

space-independent wit
available for every node, then Equation (9.4-53) may be integrated over a-
typical node, i, to yield

;

&
h,[v,]iBt [6,] -[J .3] + [J ] - h,[4,][$,]i i ,

i
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v w

+ h,[x](1 - p) [ $, ] + [x] AC (9.4-54)
i

A
,

where

,f "C dl (9.4-55)u k

-

1 *

[$ ] -- (z "[$(I)] dz (node-average flux vec.or) (9.4-56) -

3

h,-

[J ] - [-D,] d [$(z;)] (net current vector at z ) (9.4-57)i i
dz

The equation governing delayed neutron precursor k is given by
1 11

(9.4-58)1 - A C, + [$)
et A

where Q, is the partial effective delayed precursor fraction for precursor k
and

q p (9.4-59) -

Integration of Equation (9.4-58) over node i yields
~T

U
(9.4-60)

'

d
__C

~k u + hA{
[U,]u

dl A

Additional relationships between the node-averaged fluxes and the
interface currents are now required in order to allow the solution of the
system of Equations (9.4-54) and (9.4-60) to be obtained for the node-average
fluxes and the nodal precursor inventories, C as functions of time. The
desired relationships may be obtained using tNe, Analytic Nodal Method.2+6,7
This method produces a flux-current relationship for node i of the form

[J .il - [J ] - [Cl;][h,.3] + [CC,][ h,] 4 [CR,][4, 3 ] (9.4-61)
~

i i

O
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Where the coupling matrices [CL ], [CC ], ard [CR,] are complicated functions
-of the nodal cross sections and,dimens, ions.

Substituting Equation (9.4-61) into Equation (9.4-54) and rearranging
yields

6-h, [ v, ] 4-[k] = [CL,][ka] 4 [CC ][k] + [CR,][ka] + h,[Ki][k] tidt

'T
U K

- h,[Xl(I - D) [k] - [ [Xldi - (9.4-62)
A t

Equations (9.4-60) and (9.4-62) are the basic time-dependent nodal equations
of intarest. Note that Ec.uation (9.4-62) -is nonlinear because quantities
procartional to the time derivatives of the fluxes and precursor
cc centrations appear in the coupling matrices. This is a consequence of the
'nalytic Nodal formulation.i

The time-dependent nodal equations are usually initialized by assumingn

that the transient to be calculated starts from an equilibrium condition.
Initial fluxes can thus be obtained by running a steady-state nodal
calculation and using the resulting fluxes and eigenvalue to initialize
Equation (9.4-62). In the TRAC-BFl/ MOD 1 program, the steady-state- flux
calculation would normally be run iteratively with the thermal-hydraulic
initialization procedure, since the diffusion theory parameters are ' functions
of the thermal-hydraulic state variables associated with each node and these
state variables are, in turn, functions of the nodal fluxes and powers.

At every point in time, t , of interest, nodal powers are computed by then
following formula:

_

PWR" = (epf) h, 4, (9.4-63)
i

where

'PWR, - the total power in node i at. time tn

an input power normalization factor, usually equal to theepf =

user-specified prompt energy per fission-times the reactor
transverse area

the height of node ih, =

(, the macroscopic fission cross section for node i at time t-
n

9.4-27 NUREG/CR-4391,
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e( the node average flux vector for node i at time t .=
n

The total reactor power is then the sum af all the individual nodal powers.

For most transient situations, the natAron diffusion kinetics equations
must be integrated over time intervt. s smalle than the TRAC-BF1/ MODI
thermal-hydraulic time step site At . One exception is the prompt jumpy
approx 4mation, which is available to the code user This approximation
assumes that reactivity is very small, so the kinetics equations can be
integrated between thermal-hydraulic time steps.

The automatic time step control algorithm solves the neutron kinetics
equations over a series of tima subintervals between two thermal-hydraulic
computational time steps. 1 aerivation used to calculate the maximum size
for the subinterval time s.ep can be found in Reference 9.4-13. The time step
partitioning between two thermal-hydraulic time steps is required for
numerical stability. The physical bu', is that the characteristic time
constants associated with the nodal neutron kinetics equations can be much
smaller than any thermal-hydraulic time scale. For severe transients, this

time scale ordering regime exists.

If either of the automatic time step control algorithms is requested in
the TRAC-BFl/ MOD 1 nodal routines, the fully implicit approximation (0 = 1) is
specified; and the subintervals 6t of the input time interval DT) areg
currently set such that, at all times,

0.01 0.005
< 6t,n (9.4-64)a

,%l l %Ii

where
,

1 41 |$l (9.4-65)

gn+1

( In (9.4-66)i

.W
This constrains the flux that is changing the fastest during a transient to
change by no more than approximately 1% but by at least .5% during each time
subinterval. These limits can be changed easily as a programmer eption. The
relevant statements are flagged in the coding. The o data used in Equations
(9.4-61) and (9.4-62) are always the most recently av,ailable as the
calculations progress across the time input interval DT;. Thus, the
subinterval estimate, 6t is constantly updated across DT . For example, aj
typical calculation may r;n,equire a few small subintervals near the beginning of
a time step DT;; but af ter a short time, it is usually possible to divide the
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remaining portion of DT; into much larger intervals, since Lt.e_ components of

calculation f]or an input interval DT;iffusion theory parameters are constant
the nodal [o ~ matrices ordinarily decrease in absolute magnitude as a l

progresses. This is a consequence of- '

the assumption that the input nodal d I
during each DT .j

The two time step control algorithms differ only in the matter in which
an estimate is made of the magnitudes of the components of the [u ] matrices
at the beginning of each input time step DT;. Thisestimateisufedtoset

'

the first subintarval time step. Since no subintervel time steps have yet
been taken, it is not possible to use Equation (9.4-66). It is also usually

not sufficient to simply use the [upi) matrices computed at the end of the
previous TRAC-8Fl/ MODI time step DT The nodal diffusion _ theory parameters
willusuallybedifferentfromone[.3ime step to the next, due to changing
thermal-hydrMic conditions, control actions, and other time-dependent
changes that can occur during a reactor transient.

The first time step control algorithm sets the starting subinterval on-
the basis of nodal k-infinity data, which are computed from the input nodal
diffusion theory parameters for each time step. At the beginning of each time
step, the following parameter is computed for each node:

O| =
"' - k"D'
ik '

'
(9.4-67)

kj; 'Ij;

wherekji is the k-infinity value for node i during time step OT , and kJ," isj

the k-infinity value for the previous time step, DT;.3 Theparameterlji is
an approximate estimate of the infinite medium prompt neutron generation time
for node i. The k, and 1 data are computed for each node using the following
expression:

D[B !) , y3j,;gvb (k2i
2

+

ki 2 u
;= (9.4-68)

A fEfit Efu) (E+ 08 +OO+
i 1i 26 2i 2i

1

for the case where [x) =
0,

and

k"i' k"i-

ilj; = (9.4-69)
kj,Kb

where k[ is computed from Equation (9.4-64) with the absorption cross
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sections increased by the input inverse velocity terms (v,]d for each group,
lhe starting time step is then

0.01N - (9.4-70)u
i (OhNax

This method of obtaining the starting subinterval requires very little
compulcr time but can produce an undesirably large subinterval estimate if the
neutron fluxes and precursors are not near equilibrium, it should be noted
that if no dif fusion transport parameter changes are made in any node between
IRAC BFl/ Mon 1 thermal-hydraulic time steps, then Equation (9.4-70) is not
used. The starting time step is obtained from Equations (9.4-63) and (9.4-67)
directly using the omega data computed at the end of the last At t hermal - ;

g

hydraulic time step.

With regard to the second initialization option, the algorithm sets the
starting interval on the basis of the neutron kinetics equation itself.
Substitution of Iquation (9.4-61) into Equation (9.4-54) yields

- h, [ V, ] l [ tg ] [ $, ] [ f L, ] [ $, q ] + C T ][$,] + [CR,] [ $, g }
3

,

ly}d (9 4-71)

Rearranging this expression and solving for the omega matrix on the
lef t -hand side (using the t hermal-hydraulic t ime node-average fluxes, delay
precursor inventnries, and new-time diffusion theory transport parameters)
provides estimates for the expected omega matrices for nach node at the _

beginning neutronics time step. These are then used in Equation (9.4-63).
The coupling matrices in Equation (9.4-70) are computed using the omega data
from the end of the previous TRAC-Bil/ MODI time interval but are based on new-
time transport parameters. The estimated omega matrices on the left-hand side
of Equation (9.4-70) are thus evaluated without iterations. Again, a check is
made to determine whether any diffusion transport parameter changes were made
from the previous TRAC-BFl/ MODI time step (or from the assumed initial
equilibrium condition when computing the estimated omegas for the first time
step). If no changes were made, the omega data from the eni of the previous
time step are used in Equation (9.4-63) in order to est imat. the starting.

interval.

The second time step initialization algorithm is very conservative and
requires more computing time, since an extra set of omega matrices has to be
evaluated for the conditions existing at the beginning of the time step.
However, this algorithm appears to be applicable to a wider range of
transients, and in addition it will detect and account for transport variable
changes, if any, from one time step to the next.

9
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9.4.3.5 Implementation of the One-Dimensional Diffusion Mode. The
programming for the TRAC-BFl/ MODI one-dimensional kinetics package is
implemented in a number of subroutines in a way similar to the point kinetics
modei (see Section 9.3.2). However, the level of programming detail is
significantly more complex.

As in the point kinetics package, the one-dimensional diffusion model is
interfaced with the one-dimensional CHAN and three-dimensional VESSEL
components. This allows the user to appropriately partition the fuel bundle
and vessel bypass elements so that TRAC-BFl/ MODI can correctly estimate
macroscopic cross sections and other transport variables in the one-
dimensional diffusion model. The subroutine FPOW is the master input
processor of the user supplied kinetics data. FPOW will call the subroutine
FPID to process one-dimensional kinetics input if the one-dimensional kinetic
option is on. Initialization of decay heat arrays, computation of weight
f actors, and the calculation of rod power distribution factors are controlled
by the subroutines IPDK, IPRW, and IPFL, respectively. The one-dimensional
model also uses the same data from BLOCKDATA to calculate the decay heat
fraction of the total core power.

The key specifications and options that the TRAC-BFl/M001 user has when
invoking the one-dimensional diffusion model are as follows:

1. Calculate either steady-state and/or transient diffusion equation
solutions.

2. Specify source convergence options for steady-state solutions.

3. Specify time differencing and fractional nodal change parameters for
time-dependent solutions.

4. Specify boundary conditions via albedo natrices.

5. Specify polynomial fit coefficients for the diffusion equation
transport parameters.

It should be pointed out that the code will generally default to some
value if the user has not chosen a particular parameter or parameters.

If the one-dimensional kinetics option is employed, the subroutine POWERy

passes control to the one-dimensional diffusion code package, which is
composed of a number of different subroutines. A summary of these one-
dimensional kinetics subroutines is given in Appendix H.

The kinetics subroutines are not self-containeJ but require
thermal-hydraulic data calculated from other subroutines in order to solve the
one-dimencional diffusion equation nedal iinite-difference scheme. In
particular, subroutines VSL3, CHN3, and COR3 caiculate radially averaged
hydraulic and fuel tempertture data to subroutine NXSECT, which computes new
time diffusion equation transport variables for the one-dimensional diffusion
subroutines. Dace the power distribution has been calculated by the one-
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dimensional kinetics package, additional data processing is performed by iflE
to partition power between the modeled fuel bundles and moderator.

9.4.4 Conclusions

Both of the neutronics models documented in Section 9.4 were global
approximations to the generalized three-dimensional neutron transport
me thodol ogy . The global approximations were tude on the assumption that the
fuel and moderator properties were spatially homogenous (point kinetics
model) or radially homogeneous at different axial locations (one-dimensional
approximation). Relative to the point kinetics model, the following
conclusions are made: -

1. The point-kinetics model can provide quick estimates of reattor
power when spatial ef fects are judged io be insignificant.

2. The IRAC-Bil/ MOD 1 user is cautioned that certain types of kinetics
problems are inherently multi-dimensional, so the point kinetics
approximation breaks down.

3. lhe present point kinetics model assumes linear variations in
reactivity feedback for a given thermal-hydraulic time step. If the

hydraulic time step is very large relative to the neutronics time
scale, the linear assumption may become invalid.

4. lhe power-squared or volume-weight ing reactivity feedback modeling
in the point-Icinetits formulation indirectly accounts for some
spatial variation in reactor core state variables.

Conclusions relat ive to the one-dimensional nodal neutronics model are as
follows: -

1. The analytic nodal routines provide IRAC-Bfl/M001 with an efficient
one-dimensional neutronics capability.

2. The accuracy of this model is dependent on how well the modeled
reactor can be represented in one dimension, in particular,
calculations with a senarate neutronics code must be performed to
generate radially averaged transport coefficients.

3. The assumption of one-dimensional geometry can be eliminated by
expanding t he TRAC-BFl/ MODI nodal routines to two or three
dimensions.

Conclusions relevant to both TRAC-Hfl/ MODI models include:

1. Reactor kinetics constants such as delayed neutron fractions and
neutron lifetimes should be chosen with great care. Supplied
default valuer are nominal values and do not always characterize tue
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conditions peculiar to specific reactors.

2. The power fraction for direct moderator heating can be very
important, depending on the transient scenario simulated. Moderator

'

power oeposition fractions should be carefully chosen under these-

conditions.

3. Wherever possible, the simplified models in TRAC-BFl/ MODI should be
benchmarked against more detailed three-dimensional neutronics
codes.

4
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APPENDIX A

THERMODYNAMIC PROPERTIES

The thermodynamic properties subroutines used in TRAC-BFl/M001 are based
on polynomial fits to steam table data for water and ideal gas behavior for
the noncondensable gas component. The thermodynamic property routines are,

used by all TRAC-BFl/ MODI component modules. Tables A-1 through A-B list the'

values of the constants.

Subroutine THERMO supplies thermodynamic groperties for TRAC-BFl/ MODI.
The input variables are the total pressure, the partial pressure of the.'

noncondensable gas component, and the liquid and gas-phase temperatures. The
output variables include the saturation temperature corresponding to total
pressure; the saturation temperature correspont.ng to the partial pressure of

| stcam; the specific internal energies of liquid, gas, and noncondensable; the
| saturated liquid and steam enthalpies corresponding to the partial pressure of

steam; the liquid, gas, and noncondensable densitier - the derivatives of,

saturation temperatures and enthalpies with respect sa pressure; and, finally,
the partial derivatives of liquid, steam, and noncono 1 sable internal energies
and densities with respect to pressure (at constant temperature) and with
respect to temperature (at constant pressure).t

.

The range of validity for the thermodynamic properties supplied by THERM 0
\ is

.

273.15 K $ T s 713.94 K;
e

273.15 K s T 1 3000.0 K; and
y

1.0 Pa s p 5 450.0 E5 Pa.

If THERMO is providad with data outside these ranges, it adjusts the data to
the corresponding limit and issues a warning message.

.

A-1 SATURATION PROPERTIES

A-1.1 Relationship between Saturation Pressure and Temperature

The saturation line that lies between the triple point (2T K) and the
critical point (647.3 K) is divided into two regions of temperature and
pressure, and a separate correlation is used in each region.

'

A-1.1.1 First Region of Temperature and Pressure. ihe first region of
temperature is defined by

:

A-3 NUREG/CR-4391

. _ . _ _ -_ - _ _ _ ._ _- _ - _ .._ _ , . _



APPENDIX A

Table A-1. Miscellaneous constants.

Constant Value Constant Value

A 1.00008875 E-3 C, Not used
33 3

A 7.691625 E2 C 9.056466 E4
32 70

A 1.300115 E-3 C 370.4251
33 21

a. 1. E-5 C 1004.832
3 22

C - 2263.0 C C C
3 23 33 4

C 0.434 C <. 4186.8 ---

2 2

C - 6 364 C 287.03
3 73

C, C /(C - 1) C C (C - Cp9)32 33 73 23 3

C 273.15 C C + C;o
3 27 26

C C - C ,3 C C (C -C25)$123 77 3 33 37
*

C C; C 273.15
7 2 39

C - 0.61132 + C (C - Cg9) C 1.0
3 7 3 33

C 990.0 C 450.0 E5
9 33

C h,g(C) C C
3a 3 32 3 ,

t ,3 1. E5 C 713.9402633

C 461.49 C; C
12 3 3 ,

C 0.0228 C 3000.0
33 33

C; 0.65141 C 610.8
3 33

C 0.0 C 221.2 E5
-

33 37

r. ,3 1.3 C 647.333

C C - C .C 139.6997 ES
t 22 23 39

C C /C C 609.62S
33 33 37 cg

__

.,
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Tatie A-2. Constants for steam internal energy: function.' '

|.

2
,

*

Maximum
.| Pressure
| Reqion (Pa) Ave Bye Cve Dve

!
*

1 20 E5 2.49497 E6 2.08558 E-1 -1.35539 E-l 2.852268 E-14

2 50 E5 2.56008 E6 3.10861 E-2 -6.89888 E-9 4.32037 E-16'

,

''

3 100 E5 2.59155 E6 8.77499 E-3 -1.794999 E-9 4.29999 E-17

4 150 ES 2.66060 E6 -1.3545 E-2 6.425 E-10 -4.21 E-17
,

!

5 200 E5. 3.82016 E6 -2.30199 E-1 1.40689 E-8 -3.1786 E-16
>, .

; J,., 6 220 E5 -1.21034 E8 1.80188 El -8.74424 E-7 1.40911 E-14 ;

7 250 E5 2.20 E6 0. O. O. !

|8 300 E5 2.20 E6 0. O. O.

9 350 ES 2.20 E6 0. O. O. i

10 400 E5 2.20 E6 0. O. O.

11 450'E5 2.20 E6 0 0. O. [
'!

4

a. Constants in TRAC-BFI/ MODI have 14 significant figures. .{
:(
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Table A-3. Constants for ga ma function.'

Maximum
Pressure

Region (Pal Ava Bva Cvc Dvo ,

i

1 20 E5 1.06668 2.83108 E-8 -2.1151 E-14 4.7404 E 21

2 50 E5 1.07354 2.651805 E-9 -6.3461 E-16 3.9824 E-23

3 100 E5 1.077773 -2.43 E-Il -7.19799 E-17 4.87999 E-25

4 150 E5 1.0B5113 -I.9307 E-9 8.9) E-17 -3.896 E-24

5 200 E5 1.16398 -1.63385 E-8 9.5856 E-16 -2.1194 E-23

Y 6 220 ES 3.88988 -3.85959 E-7 1.74763 E-14 -2.6377 E-22

7 250 ES 2.71687 -2.28327 i-7 1.04173 E-14 -1.58428 E-22m

8 300 ES 3.97498 -3.06571 E-7 1.063789 E-14 1.22579 E-22

9 350 E5 1.29469 -2.48349 E-8 7.8979 E-16 -8.079 E-24

10 400 [5 1.05905 -2.46159 E-9 8.8399 E-17 -8.0799 E-?5

11 450 E5 1.143019 -7.709599 E-9 1.933599 E-16 -1.46399 E-24

Constants in TRAC-8Fl/M001 have 14 significant figures.a.
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! Table A-4. Constants for steam heat capacity function." :
';,

Maximum {
' Temperature <

Region (K) Ace- Bco Cco Dco ;

|

'

t

i 1 323.15 -7.9678 E2 2.81876 El -1.01806 E-1 1.2499 E;4 j

2 373.15 9.70826 E2 2.8325 El -9.76562 E-2 1.16 E-4 !

3 423.15 -1.66497 E3 3.315936 E1 -1.0861179 E-1 1.2399 E-4 g

4 473.15' -6.142048 E3 6.363098 El -1.77623 E-1 1.7599 E-4
^

> :

) 5 523.15 -8.228995 E4 5.377395 E2 -1.16125 8.5599 E-4 |
'

'!6 .573.15 -6.5842 ES 3.79343 E3 -7.29249 4.704 E-3

f7 623.15 3.45616 E5 -2.2129 E2 -2.4524 '3.14799 E-3

i- 8 647.3 1.979837 E6 -1.478255 E4 3.16564 El -2.08433 E-2 |
!-

9 673.3 -9.62493 E7 4.363367 ES -6.58876 E2 3.31461 E-1

| 10 723.3 -1.10749 E7 4.80737 F4 -6.9212 El 3.30917 E-2
|

!

i
~ Constants in'1RAC-BFl/M001 have 14 significant figures.a.
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Constants for liquid internal energy function."Table A-5.
~

Maximum

Heaion (K) Af Bre Cte DieTemperature

1 423.15 -1.14367 E6 4.1868 E3 0 0

2 473.15 8.09575 E6 -5.70088 E4 1.34436 E2 9.78797 E-2

3 523.15 -1.93739 E6 9.74928 E3 -1.32996 El 1.08799 E-2

'> 4 573.15 -5.32458 E6 2.91794 E4 -5.04522 El 3.456 E-2

5 623.15 -6.35835 E7 3.2873 ES -5.53712 E2 3.276 E-1
*

6 645.15 -6.62391 E9 3.16056 E7 -5.02637 E4 2.665 El

7 673.15 -5.4759 E9 2.46356 E7 -3.6931 E4 1.84547 El

8 713.94 -7.15364 E7 3.05608 E5 -4.24245 E2 1.97199 E-1

Constants in TRAC-Brljgo[,1 have 14 significant figures.
' a.

O O O
,,
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|

!Table A-6, Miscellaneous liquid property constants."

(_onstant Value

C ~8.329 E-4a
C -2.2458 L-17u
C -1.4504 D-16u
a 7.146g

a. Constants in IRAC-BFl/M001 have 14 significant figures.

i

|
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Table A-7. Constants in liquid specific volume function.'~

| Maximum ,

| Temperature |
Region (K) Avo Bvo Cvo Dvo

! l 373.15 1.705767 E-3 -6.03208 E-6 1.5944 E-8 -1.2149 E-Il !

2 473.15 5.21459 E-4 3.518922 E-6 -9.73048 E-9 1.085668 E-Il ,

3 573.15 -1.493186 E-2 9.793156 E-5 ~2.01728 E-7 1.40804 E-10
,

i

4 603.15 -4.93342 E-1 2.59285 E-3 -4.53871 E-6 2.65379 E-9 [

5 613.15 -3.45589 1.735179 E-2 -2.90474 E-5 1.62202 E-8 3

!

t 6 623.15 -1.19525 El 5.89049 E-2 -9.67866 E-5 5.30292 E-8 ;
t

>

f; 7 633.15- -3.74466 El 1.81734 E-1 -2.940499 E-4 1.5863 E-7

8 643.15 -3.97132 E2 1.88018 -2.96739 E-3 1.561217 E-6

9 653.15 -2.31427 E3 1.07102 El -1.65217 E-2 8.49552 E-6

10 663.15 2.048156 E3 -9.345278 1.4212 E-2 -7.2037 E-6

11 673.15 -7.38647 El 3.31449 E-1 -4.96087 E-4 2.477179 E-7 [

12 713.94 -2.189132 El 9.67584 E-2 -1.14289 E-4 7.05672 E-8 i

F

a. Constants in IPAC-BF1/ MODI have 14 significant figures.
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Table. A-8. Constants in liquid specific volume correction factor.",

Maximum
Temperature t

Reaion (K) Afn Bfn Cfn Ofn

1 373.15 -4.24863 E9 3.75167 E7 -1.00649 ES 8.75072 El
'

'2 473.15 -2.79363 E8 5.566317 E6 -1.49217 E4 1.0834095 El
3 573.15 -1.17612 E8 4.38322 E6 -1.208837 E4 8.60345
4 603.15 -4.54151 E9 2.73686 E7 -5.18947 E4 3.15812 El

,

5 613.15 -4.01043 E10 2.029257 E8 -3.40759 E5 1.900066 E2
> 6 623.15 -6.01738 E10 2.99849 E8 -4.96759 ES 2.73686 E2 i

7 633.15 2.06788 E10 -8.95038 E7 1.282278 E5 -6.072229 El !
--

8 643.15 8.379355 E10 -3.899718 E8 6.050262 E. -3.129196 E2 i
'

9 653.'15 9.240237 E10 -4.267492 E8 6.569561 ES -3.371112 E2 .

,

10 663.15 -2.75477 E10 1.2580004 E8 -1.914749 ES 9.713614 El '

[11 673.15 6.860819 E8 -3.063602 E6 4.561362 E3 -2.264207-,

1 12 713.94 4.34584 E7 -1.83799 ES 2.59716 E2 -1.224404 E-1 i

!
a. Constants in IRAC-BFl/ MODI have 14 significant figures.
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APPENDIX A

273.15 K s T, s 370.4251 K

1 Pa < p, < 90564.66 Pa .

In this region, thermodynamic relations are used to define the saturation
properties. The enthalpy of vaporization, h is represented as a linearn,
function of temperature

h 3180619.59 2470.2120 7, (A-1)g

The Clausius-Clapeyron equation, which assumes that steam is an ideal gas;

|
and neglects liquid volume compared to steam volume, can be written as

dp, h p,o
(A-2)

dT R T,'s

where R is the gas constLot for steam. Substituting for h and integrating,g
using the boundary condition ps = 24821 Pa at T, - 338 K, gives

,A.3512

7 20.387 (T -333)l= (A-3)s
p, 24821 l exp

<338 7_s

To corpute the saturation temperature for a given pressure, this equation must
be solved iteratively. To simplify the solution and avoid iteration, an
approximate solution is used that g'"es the value of saturation temperature t.
within a fraction of a percent erre- First, 3n approximate value of
saturation temperature is determined from

2263
I ,ap - ss

(A-4)
pS

6.064 - 0.434 in -

100000,

which gives the saturation temperature within a few degrees of its correct
value. This value is corrected by integrating the Clausius-Clopeyron
equation, assuming constant h between T,,, and T,, which givesu

I .ops
7 =

(A-5)R 7 ,e ! psv s -) ;; _

g(T,,y)]nh py(T,,,)j

where hg(T ) and p,(T ) are calculated using the equations above at T,,,p.
The derivat ,ive along th, , saturation line is also needed and is given bye

1
!

NUREG/CR-4391 A-12
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Q
BT* - R, T '

'

$ (A-6)= .

E, P,hg(7,)P

A-1.1.2 Second Region of Temperature and Pressure. The second region of
1 temperature is given by

T, 2 370.4251 K

p 2 9.056466 E4 Pa.

In this range of temperature and pressure, a simpler functional form i:,
used and is written

'l'7 (5 '2 (A-7)I S

p, = _A _ C,u ,

7, = C ( A p,)C2+C (A-8)
3 u 3

9

dT, CJT -C).
s 3

(A-9)- - .

dp, p,

Los Alamos National Laboratory has since modified the high-pressure range
calculation. Those modifications have not as yet been incorporated into TRAC-
BFl/fiODI .

A-1.2 Internal _ Energy of Saturated Steam
A

There are 12 pressure ranges in which the saturated vapor internal energy
-

and the derivatives of the s-turation enthalpy with respect to pressure and
temperature are evaluateC. ',e lowest pressure range uses one functional
form, while the 1. highest sure ranges use another functional form with.

different sets of constant ;oe two functional forms are given, along with
the sets of constants and giessure ranges.

A-1.2.1 Lowest Pressure Range. The lowest pressure range is given by p,
< 5.0 E5 Pa, where p, is the partial pressure of steam. In this pressure
range, the internal energy is given by,

;

A-13 NUREG/CR-4391
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O
P

e, , - n, , -_i h,, - R,T, (A-10)
Pa

and

de" dh" dl
.__ -R (A-ll)'

dp, dp, * dp,.

The quantities have been determined by fitting the saturated vapor
enthalpy and its derivative with respect to pressure as

C [ 7,(p,) ~ C ] , h,,[ 7,(p,)] (A-12)h C 4
7 3o 3

dh" di
C 2470.212 2 (*-13)

7

dp, dp,

the ratio of vaporOther quantities that will be needed later are yg,
specific heats along the saturation line, and its derivative along the
saturation line with respect to pressure, lhe e quantities are given by

b" (A-14)yo <-

eo

dyo dh y, de" (A-15)a

dp, dp, c dp,a

A-1.2.2 Higher-'. essure Ranges. In the high-pressure ranges, tne
quantities of interest are determined from pol momials. These polynomialsf
have different coefficients for the different pressure ranges. The pressures
ranges and coefficients ar given in Tables A-2 and A-3. The functions for
pressure range j are

c ( ') = Ave (j) + p,(Sve(j) 4 p,[Cve(j) 4 p,Dve(j) ]) (A-16)
o

de"(J )
-- Sve(j) + p,[2.0 Cre(j) + p,3.0 Dve(j)] (A-17)

dp,.

O
NUREG/CR-4391 A-14
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i

b(j) Ar9(J) * p,(Brg(j) i p,lCvg(j) + p/h'g(f))) (A 18)
;

t

| dy',(J)
<- vvg(j) . p,[2.0 Crg(j) e p,3.0 Dvg(j)] (A-19)

dp,

i

h,,(j) = e ,(j)L(j) (A 20)
,

a
i dh,,,(j) de (j) dq(j)o ,"- L (j) + e (J) (A-21)

~

.n
dp, dp, dp,

A-1.3 licat Capacity of Saturated Steam at Constant Pressure
,

Although the heat capacity of steam is not an output variable of the
; THERM 0 subroutine, it is used in subsequent calculations. The temperature is ,

divided into 10 regions, with the heat capacity and its derivative with,

; respect to pret.sure being determined from the same polynomial function in each
'

temperature range with different coefficients, lhe polynomial function is
given by

Cps (j) = Acp(j) i T,(Bcp(j) e T,[Ccp(j) + T,Dep(j)]) (A-22)
i

dCps(j) dT ;
2 (A-23)

dp, (Sep(j) + 1,(2.0 Ccp(j) * 3.0 T,Dcp(j))) _dp,
u

;

,

A-2 LIoulo PROPERTIES

!

A-2.1 Liquid Internal Energy

4

The liquid interral energy is computed by adding a correction term to the
internal energy at saturation (corresponding to saturation pressure at the
liquid temperature), that is

,

A-15 NUREG/CR-4391
1

, i

*rw.=%=,-we-,-wemme.-,.--+-,+.- .-mww...-4 w--,-e,-. .... .-..w.. v. --.,c#-w..#.r-w-r*wim .+----=m,=wwww+e-- -vm.,--e-w,--rws+&vm-=w'se----



- -- . - . - - - . - _ . . _ . - . - . -

!

.

i

APPENDIX A
1

: O
e, ( 1, , p ) e (7 , PSI) . flP (A-24)c g

:
t

where PSl is the saturation pressure corresponding to 1, and
i ,

; Oc
| flP (p PSI) J (A-25)

Op ,sg

|

.

where the derivative of liquid internal energy with respect to pressure at
| constant temperature is given by

'

i
I de
| d Cg{l exp (C,fSI)] 4 C PSL (A-26)2

g .

;
l dp 7,

'

lhe derivative of the liquid internal energy is calculated from
I s

De ,,

| -. l --|--- c,(1 , PS I )P+ [R1 (A-27)g

07,'O 01,1

|

,

Where

O
TRI - ([l P)

d[,

3PSL ] $ b . (A-28)C[?pPSI 2
1 (C p + C,fSL)exp (C PSI) 1 ,

C, ,,' uu u di g

The liquid internal energy at saturation is computed from a third-order
polynomial in each of eight temperature ranges. The polynomial coefficients
are different in each temperature range. 1he temperature ranges and the
coefficients for each range are given in Table A-5. The polynomial function
is given by

e,(7,, PSI) Ate (j) 4 7,(St e(j) . T [Cre(j) + T me(j)]) (A-29)g g

for each temperature range j.

A-2.2 t.iquid Density

O
NUREG/CR-4391 A-16
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!

Th( liquid density is cceputed in two steps. The density is computed
from the primary liquid density function to which a residual void correction
is applied.

,
'

4

A-2.2.1 Primary Liquid Density Correlation. The primary liquid density
is computed from a correlation for the liquid specific volume as a function of
liquid temperature, to which a pressure-dependent correction factor is
applied, and is.

Pg(I P) 't4-
, s

P (A-30)ln 1,

f(T )'t

v (7 ) 1-g c
8
t j

where

v (7,) = Avo + T [Bvo 4 T (Cvo 4 7,0vo)) (A-31)g g e

:

and

T(7 ) = Afn + 7 [Bfn + T (Cfn + T Dfn)) . (A-32)g c e g

The temperature range is broken up into 12 temperature regions, and the
polynomial coefficients are dit forent in each region. The temperature regions
and the coefficients for each region are listed in Tables A-7 and A-8.

The derivatives of the liquid density with respect to pressure and
temperature are found by differentiation of the liquid density function.

A-2.2.2 Residual Void Correction. After evaluation of the functions
described above, the liquid density and its derivatives are modified to
reflect a residual void fraction. In the following, the unmodified values
computed by the formulas described above are denoted by a tilde (~), There
are two pressure ranges for the res.idual void correction.

| A 2.2.2.1 High-Pressure Residual Void Correction--The high-pressure
range for the residual void correction is given by

P > 4. E5 Pa.-

In the high-pressure region, the corrected liquid density and its
derivatives are given by

A.17 NUREG/CR-4391
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t.

ip,(7 .p) I li(I,,p) (A-33) )t t
p

'jPt(IP)|opt (I p) 1000 tt (A-34)3

OI p Ol ',tr > ,

,

UPr(l.p) 1000' di'r(I ,p) 1000 ii,( 7,,p)e t (A-35)
Op p do p?n, ,

A-2.2.2.2 1.uw-Pressure Residual Void Correction--lhe low-pressure
region ior the residual void curiettion is given by

P( 4.0 15 Pa.

In this region of pressure, the cerrected liquid density and its
derivative'. are given by

Aff 6.2S I 9 p e 0.005 (A-36)

p,(1,,p) Atf ii,(1,,p) (A-37)

J ,(7 ,p) dii, ( 1, , p )P g
_ _ _ , _ _ (1 Aff) ,

, 6.25 f 9 f, (A-38)
OP ,, s,OP

de, ( T , , p ) Upc(I .p)t

(1 A t t. ) _ .. (A-39)
01, 01,

e e

A-3 VAPOR PnortnTIts

There are two vapor species in IRAC-lWl/M001, steam and noncondensable
gas. Correlations are provided for the properties af each of these species.

O
NUREG/CR-4391 A 18
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' '
A-3.1 Steam Properties'

Steam properties are computed frcm different correlating functions,
depending upon whether the steam is superheated or subcooled.

A-3.1.1 Superheated Steam (T > T p ). Superheated steam is defined as
steam whose temperature is greater than,(the saturation temperature based ony y

the partial pressure of steam.

A-3.1.1.1 Internal Energy of Superheated Steam--The internal energy
of steam is computed by integra1ing the enthalpy from the saturated state to
the terrperature of interest along a line of constant pressure to give

(^2 * '

e ( T ,p) = c,[ 7,(p ) ,p,) . A,g' [ 7, - T,(p,) ] . ( 7 p)''2 -y y y

A C,-133 p

and

D = T, (p,) 1- (A 41)
(A C - 1)2nna

where p is the isobaric thermal expansion coefficient.

The satt. rated vapor enthalpy function was described in Section A-1.2, and
the other constants are listed in Table A-1.

The derivative of vapor internal energy with respect to temperature at
constant pressure is given by

'Be| Cr
" - ~ ~

Tj~ (A-42)
1 ,pv,p,

x'

and

< s

x=A33(e,-eu) 4 7, 14 (A-43)
A C , - 1,np

p where x is the isothermal compressibility.
'

\

A-19 NUREG/CR-4391
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The derivative of vapor internal energy with respect to pressure at i

constant temperature is given by |:

, ,

de' de p
,

._1 d p (A-44). . . . 1/2 _.2 1 _. x
V

._

Op.,v D1, p & xdpj
t -

|

~

On De,.

y" - A" -.

, Op, , , Op , ,y

!

~

de I di A i ' dC"

' n'
1 _ f. (A-45)A .. l

'
.

, g~

dp, , A C I dp,, (A c })2 dp,n p, g
,

ss

dp ? dl dC , T, {p.As)p
p _._,. A _ . _ , . . _ ,n._._

de T,, dp, dp, AC 1n

.i

:

A-3.1.1.2 Density of Superheated Steam. The density of superheated
steam is given by

p'
p,( 1,. , p ) (A-47)

( n - 1 ) e,, + 0. 3D,

and

+ (/,f ~ pf ? (A-48)I D, A l iu y s A C 1n n

The derivat ive of steam density with respect to temperature at constant
pressure is given by'

' S p, 0. 3 p,( T,,p ) de[ (A-49)
y

Ol ( b ~ I)e 0. 3D, Olu yi v,,
,

i

lhe derivative of steam censity with respect to pressure al constant
temperature is given by

NUREG/CR-4391 A-?O
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Sy" 4 de l
ap, Op,

1. 3 ) ,p",.1 - p, ( T, , p, ) e (yu- s n
e

dp, , q (Yo - 1)e * 0 . 3 D,n

0. 3 p ( 7 ,p,) ' de 'y y

(A-50)- - .

(yo 1)e 0. 3 D, Sp4
o y

A-3.1.2 Subcooled Steam [T T,( p,) ) . Subcooled steam is defined as<

steam whose temperature is less Ihan the saturation temperature based on the '

partial pressure of steam.

' A-3.1.2.1 Internal Energy of Subcooled Steam--The internal energy
of steam is computed by integrating the internal energy from the saturated
state to the temperature of interest along a line of constant pressure,
assuming that the heat capacity at constant volume remains constant at its
value on the saturation line. This gives

e ( T p) = e,[ T,(p,) ,p,] 4 [T - 7,(p,) ]
"'[ T'(p") ]

(A 51)
C

y y y
Cu

de,(T ,pv) C { T (P,) )y ps s
(A-52)_

dT Cy g

' ac ( T ,p,) ' , de,[ T,(p ) ,p,] SC ,{ 7,(p ),p ] 7, - T,(p,)y y y , , p y y ,

Op, Op, Sp, Cu

C [I (pv) >Pvl SI (pv)
(A 53)ps s s

,
_

'

C Sp,
,

g

where the derivatives and heat capacity of saturated steam were described in
Section A-1.

A-21 NUREG/CR-4391

-_ .__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ . ~ __



_ _ - _ _ _ _ _

Appr.noix A

A-3.1.?.2 Density of Subcooled Steam--lhe density of subcooled
steam is (omputed using the same (oi relat ing lunt t ions as f er superheated
steam (as described in Sec t ion A 3.1.1.2) except that the correlating
paramet er, D , is given by

b* 6 ' E'
p, ( /, 1, ( p, ) } , (A.54)'

I t t,

A-3.1.3 5 team Density Corrections, lhere are two separate corrections
applied to t he steam densit y as comput ed f rom the formulation des (ribed in the
previous se(ttons If the computed density is negative, then the steam
density and it s det ivat ives wit h respec t to pre <.sure and temperature are
recomput ed assuming t hat < team is a peifect gas These relations are.

P'
p, ( 1, , p ) (A-55)

1L ,7 ,

0, P, ( 1, , P )0
(A-56)

, 31 1v p, v

9
y; ra.m ( A. sn

, OP a, p.

lhe SeColld rotreftiof) iS u5ed WIlelleVer the CotDputed steam den $ity i$
greater t han the computed liquid density, in this case, the vapor density and
it s derivat ives with respec t to pressure and temperature are set ap3roximately
ecual t o their corresponding liquid propert ies. lhus,

i f p (1,, p,) > 0. 999 r,( 1,, p) , theny

p, ( 1, , p, ) 0. 999 p,( I,, p) (A-58)

Op, ( 1, , p, ) Op, ( 7 , , p )
- - - - 0.999 ~ - - (A-59)

S,% Py ,,

9
NUREG/CR-4391 A-??
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1

! SPv ( T, , P,) Sp;( 7, , p) ;
i = 0.999 - . (A 60)

ST BT-
V f I.p, .p,

!

t

: A-3.2 Noncondensable Gas Properties

! ,

s

The density and internal energy of the noncondensable gas are computed
1 from the perfect gas law and are given b'!
!
1

(A 61)c. ( T , P. ) ' C Tuvy

;

de,( T,, p,)
=C (A-6?)u

! ST#
| -P
i

!

bO v , Pe )s =0 (A-63),

% ,v
i

|

Op* ( /* , p* ) î

(A 64)i =

ap, C ?, >n,,,

.
\

'
,

| Sp,(7,,p,) Sp,( 7, , p,)
I = -Cn P,( T , P.) - (A-65), y

I cst, Sp, },v
j fa

| i
,

( '
Op,( T", p,)

(A 66)0, * ( T , P. ) = P. .
.y

dPa ,V

i

A-3.3 Properties of Water Mixtures

A-23 NUREG/CR-4391
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i

lhe internal energy of a mixture of steam and noncondensable gas is given
by the density-weighted average of the int ernal energies of the two species

P ( 7, , P ) 0,( 7, , P ) * 0,( 7, , P,3 ) c l l, , P,,)
e,(1,'p) (A-67)o

n
P,(7, i P, ) ' Po l l , Po )y

1he density of a mixture of steam and noncondensable gas is the sum of the
densities of the two species.

_.

O

O
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I APPENDIX B
:

i

APPENDIX 8
,

| MATERIAL PROPERTIES !
i

'

i ;

An extensive library of temperature-dependent material properties is ;

incorporated in the TRAC Bfi/ MODI code. The entire library is accessible by
the CHAN futi rod components, while component walls and VESSEL double-sided,

heat slabs have access to structural material property sets only. There are
10 sets of materials properties that comprise the library, each set supplying
values for thermal conductivity, specific heat, density, and spectral
emissivity for use in heat transfer calculations, lhe first five sets contain

: properties for nuclear-heated or electrically heated fuel rod simulation.
included are nuclear fuels, zircaloy cladding, fuel-cladding gap gases,d

electrical heater rod filaments, and electrical heater rod insulating
. materi al . The last five sets are for structural materials, including .

I stainless steels, carbon steel, and Inconel. The material indices used in the
library are:

,

1. mixed-oxide fuel
,

2. zircaloy

3. gas gases

4. boron nitride insulation

5. constantan/nichrome heater

6. stainless steel, Type 304

7. stainless steel, Type 316

8. stainless steel, Typc 347

9. carbon steel, Type A508

10. Inconel, Type 718.

In addition to the library of built .in material properties, the code provides
for user-supplied tables of materials properties.

Figure B-1 illustrates the calling tree for ch'aining the property
values. Subroutines MFR00 and MPROP are simple '. .essor.s for calculating-the
average temperature and calling the appropriate ;rb outine based on the user-
supplied material index. Subroutine FROD controls the fuel-cladding gap
conductance and fuel rod thermal conduction calculations. Gap gas properties
are calculated only when the dynamic fucl-cladding gap heat transfer
coefficient option is used.

-

B-3 NUREG/CR-4391
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figure B-1. Material propert ies r ode organizat ion.

Density variat ion with t het mal expansion is currently suppressed, because
it is inconsistent wit h t he fixed node conduction solution. When node spacing
changes ate implemented, the expansion calculation may be activated,

B-1. NUCLEAR f0EL (U0,,-Pu0,J Pnoprin I ts

Subroutine Mfull calculates the properties for mixed-oxide nutlear fuels.
Values obtained are influenced by three user supplied input variables:
fraction of theoretital density, irattion of plutonium oxide in the fuel, and
fuel burnup. propert y changes upon mel t ing are not included in this code
version,

D-1.1 Density

NUREG/CR-4391 lb 4
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A constant value is used; ;

P=f {l - few )fbo + I wg (0"I)w z z r

where

fTD fraction of theoretical fuel density-

f,,, weight fraction of Pu0 in fuel-
7 ,

,

1.097 E4(bo -
z

1.146 E4.%, -

B-1.2 Specific Heat

<

The mixed-oxide fuel specific heat correlations ar taken from the MATPRO'

report *'' '

e ,

2b b exp ' '

i4 bb -b'35c -- 15.496 25,7 4 exp -- (B-2)
'

4p
'

UI 'b' 6 * *

7 ?exp .- 1 ,

T,s

where

specific heat capacity (J/ky K)c -
p

'
T fuel temperature (K)-

and

| b 19.145 for l'0 ; 19.53 for U0 -Pu0,-
i 3 2

b 7.8473 E-4 for U0 ; 9.25 E-4 for U0, Pu0,-
y 7

b 5.6437 E6 for U0 ; 6.02 E6 for 00 -pug-
3 2 3 3

b 535.285 for U0 ; 539.0 for UO -Pu0,-
4 2 3

b 37694.6 for U0 ; 40100.0 for UO -Pu0-
5 3 2 2

b 1.987 for U0 ; 1.987 for UO -pug .-
3 7 36

B-5 NUREG/CR-4391
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B - 1. .$ Thermal Conductivity

1he mixed-oxide fuel thermal conductivity correlations are taken from the
MATPRO report"'' and include porosity and density correction factors. ;

f or 1, s 1 ,3

,

c'k= c +c exp (c;T,) (B-3)
3

c, + 7 ,

|

1

f o r 1, > 1 , |3

c exp (c 7,) (B-4)A = c c3 +
3 4

where

I temperature ( C)-
c

fraction of theoretical densityf,p -

l 1( 'I) (B-5) |0 t
c 100.0

1 - 0.05p
!

|

c 7, (B-6)D c +=
73

|

and

40.4 f or 00 ; 33.3 for UO -pugc -
2 7 73

464.0 f or UO,; 375.0 for U0,-Pu0c -
22

1.216 E-4 for UO,; 1.54 E-4 for UO -Puo,c -
23

c; 1.867 E-3 for U0 ; 1,71 E-3 for UO -Pu0-
2 2 7

0.0191 for U0 ; 0.0171 for U0 -Pu0,c -
2 g3

2.58 for UO;; 1.43 for UO -Puo,c -
73

c ;, -5.8 E-4 for UO,,; 6.0 for U0 Pu02-
2

1650.0 for UO;; 1550.0 for UO -pug .1 =
7 33

O
NUREG/CR-4391 B-6
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B-1.4 Spectral Emissivity

The mixed-oxide spectral emissivity is calculated as a function of '

temperature based on MATPRO correlations. The values for U0, fuel and UO,- ,

Pu0, fuel are assumed to be equivalent.

for T s 1000*C,

et 0.8707 (B-7)

for 1000 < T s 2050*C,

c = 1.311 - 4.404 E-4 7 (B-8)

for T > 2050"C,

c = 0.4083 . (B-9)

B-2. ZInCALOY CLADDING Pn0PERTIES

Subroutine MZlRC calculates the properties for zircaloy and oxidized
zircaloy clad' 09 The values obtained are for zircaloy-4. Zircaloy-2
propertles are assumed to be identical, lhe equations used are based on the .

I correlations in the MATPRO report.""

B-2.1 Density

i

A constant value is used;

p = 6551.4 (B-10)

B-2.2 Specific Heat

P

Since zircaloy undergoes a phase change (alpha to beta) from 1090 to 1248
K, with a resultant sharp spike in the specific heat value during the
transition, the specific heat is calculated by linear interpolation. Table B-
1 provides the values of specific heat versus temperature that are used for T
1 1248 K,

for T > 1248 K. C 356 J/kg K,p

B7 hJREG/CR-4391
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Table B 1. Specific heat versus temperature for 1 s !?48 K.
1

'

1 C

| ___- _.__.__ ( K ) _ __.. ._.___ _. _( J/Mh K )--
!
; 300 281
| 400 302
I 640 38)I

1090 375'

| 1093 502
1113 590
1133 615
1153 719
.173 816
1193 770
1213 619
1733 469
1248 356

. _ - . . _ . . . . - -. . - - . . _ . .

B-2.3 Thermal Conductivity

Iour-term polynomials are used to calculate the zircaloy and 9xidized
zircaloy thermal conductivities. Kelvin temperature is the independent

'variable, and the polynomia: constants are

7.51 for Zr; 1.96 for 7ro,a -
tn

0, 2.09 E-2 for Ze; -2.41 E-4 for 7r0-
2

a, -1.45 E-5 for 7r; 6.43 E-7 for Zr0,-

7.67 E 9 for tr; 1.95 E-10 for 7r0,.a -
3

The form of the polynomial used in this .ection and the sutist.quent materials
properties sections is

o + ap + a;s? y "' (B-11)Y a +. e.

B-2.4 Spectral Emissivity

The emissivity of zircaloy is temperature-dept'nds.t, and t he e'ai ssivi ty
of zircaloy oxide is temperat ure- and time-dependent . for simplicity, a
constant value of r 0.75 is currently used.

O
NUREG/CR 4391 B-8
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3

i@ B-3. Furt-CLADDINo GAP gas PROPERTIES
'

)
!
i Subroutine MCAP calculates values for the gap gas mixture thermal

_

) conductivity u:;cd in ;)redicting gap heat-transf er coef ficients. The method is
i taken from MATPRO*' and is based on calculating mixture values for a possible
] seven c]nstituent gases
,

I / k'x'
'n

P
! k" = d
>

(B.}2) |"

i * [ $, j ;'
x A

1 ,., ,

f l'1 )-

|
'

f wher? I

;

; k, gap mixture thermal conductivity (W/m K)-

!

_ ,

'

(N, - N; ) (N, - 0.14 2 N )j
t; $,, 14 2.41 (B 13)-

i

(N, + N )2 ,j
- :-

'2
1 *1/2+ g *1/4

'<

1
I k. N.

3' ' l'| 4I (B-14). -
,

, 112, <

$3/2
2 ) .

i N.
'

, Is

,

b

k, constituent gas thermal conductivity (W/m 4)-

i

constituent gas molecular weight |M -
i

constituent gas mcle fraction.x, -

The seven constituent gases considered are helium, argon, xenon,_ krypton,_
hydrogen, air / nitrogen, and water / vapor. Except for water / vapor, their- r

thermal conductivities are defined as ;

k = aT - (8-15)t ,

where
i

T temocrature (K) --

t
'

B-9 NUREG/CR-4391
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1

?
:
1

; Aertunix C

O:
3.36 1-3 for He; 3.4?! ! 4 for Ar; 4.0?88 l-$ for Xe; 4.7?6 |-Sa -.

ioi Lr; 1.63 % i 4 ior H: and ?.091 1-4 for air /N,

4

|

1 b 0.660 f or lh'; 0.701 f or Ar; 0.87? f or Xe; 0.923 f or Kr; 0.8213 !-

j for li; and 0.046 f or air /N.
i
; for water / vapor. the (trrelatton it

14 1 ) I,? .
1.0086 p #

# L L(?.2428 I 7 4 5.0534 / 10 / 1.853 !: 5 -

| 1 (I ? 7 3 )'#
' 2 '

:

.

! 1.76 / 4 3.?61 ( 5 / 3.?09 l' 8 l l./33 / )r I (B-16)# I.
1
,

where p is the gap gas pressure (N/m').
,

|

| When the gap dimension shrinks tc the order of 1he gas nman f ree pith, a
| cortettion Iattoi 15 applied to the 1ight gas t het mil (otulutt ivitles to

actotat f or t he change in energy e u h._u
at t liz ing t he MAlpRO recommendat i ,ns,''jge between gas atal surf ace,

fnce again
t he corret t ion f act or f or h,drogen

a*1 heltum is

A (B-17)

t

where

0.?l03 l'T . >\u

f - IO (D 18)

1, average gap yas temperature (h)-

1 t haract erist it fuel RMs roughness (4.389 I-6 m).-

,

B-4. ELECIRICAL FUEL Ron Insut Aion (BN) PnortnTIts

Subroutine MBN calculates value'. f or bot on nit ride insulators used in
i electrically heated nuclear fuel tod simulat e Maquesium oxide insulators
| are assumed to have roughly equivalent values

| B 4.1 Density

O
NUREG/CR-4391 H-10
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:

3A constant value of 2002 kg/m from Reference B-2 is used.
i

B-4.2 Specific Heat !
,

!
!

A four term polynomial is tsed to calculate the specific heat. The
independent variable is temptra;ure ( F), and the constants are modifications {',

of those reported in Reference B-3; ao - 760.59; a 1.7955; a2- 8.6704 E-d -
3 '4; and a 1.5896 f,7.-

3
.

"

i

B 4.3 Thermal Conductivity
:
!

; Ihe boron rutHde thermal conductivity *' is calculated based on a :
'

conversion to SI units or a curve fit;

i

k - 25.27 1.365 f 3 T, (B 19)

! where !

| i,

k thermal conductivity (W/m K)-
,

temperature ("f), f
!

1, -

i ,

B-4.4 Spectral Emissivity j4

i
'

A constant value of unity is used for the boron nitride spectral '

emissivity.
I

t

B-5. ELEcTnicAL Fort Ron HEATER COIL (CONSTAN1AN) PnoPERTIES

;

Subroutine MHIR calculates property values for constantan heater coils as
;

used in electrically heated nuclear fuel rod simulators. Nichrome coils, used
in some installations in place of constantan, are assumed to have similar-

properties, lhe correlations used are from Reference B 4.
.

c

.i

I B 5.1 Density ;

i

3
- A constant value of 8393.4 kg/m i s used.

1

B-5.2 Specific Heat
; i

B-11 NUREG/CR-4391 .
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O
c 110 1"" * (ll20)

e

Where
w

c - specific heat (J/kq K)

1, t emperat ure ("l ) .

B-5.3 1hermal Conduct |vity

-

A 79.18 . P.683 /-3 (1, 100) (1121)

where

k - ther mal tonduc t tvit y (W/m L)

1, temperature ("l ) .

B-5.4 Spectral Lmissivity

O
A constant value of unity 15 used.

B-6. ST RUCT URAL mal t nI AL. I'90"t e;T i rs

.

Suhrout ine M511R 1 supplies proper 1y values for five types of structural
materials not mally used in light water power reat tor plant s stainless steel,

lype 304 ; st ainles', st eel, ly pe 316; stainless steel, lype 347; carbon steel,
type A508; and intonel lype 118. A tabulation of the correlations used and a
list of as .oc iated r ef erem es are given in lat le ll ?

B-7. Jstn-Suentito MATtniAL PnoptnTits

At the option et the user, Subrout ine M1 All get s property values f rom the
user supplied nut erial property t able, using straight-line int erpolat ion.

O
NUREG/CR-4301 lb 17
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;

'l

; Table B-2. Structural materials properties.
;
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DATA BASE USED BY M. IsHII
FOR VERIFICATION OF DRIFT FLUX MODELS

O
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DATA BASE USED P'f M. ISHII
FOR VERIFICATION OF DRIFT Flux MODELS

In the derivation of drif t flux formulas, for variables such as the

regimes, Ishii has used a variety of data from different sources.',grent flow
distribution parameter, C , and phasic drif t velocity, V in dif,f ;

o g, '2'3
it

should be noted that, with the exception of correlations given for C,,, there
are no empirical correlations in the drif t flux model that are generated only
from data. The mathematical relations for different variables, such as C and

Vg, have been derived on mechanistic principles first and then compared with ,

a collection of data to ascertain their validity. In some cases, however, a
body of experimental data has been used to determine the leading constant or'

employed by Andersea and Chu "''p the same manner, additional sets of data were
an exponent in formulations. I

C in developing some improved correlations _for
V and C, that were addressed in the text. The source, nature and the rangeg
01 variables of tho:e data are summarized here in Tables C-1 and C-2.
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Two. Phase Flow of low Viscous Fluid, ANL/ RAS / LWR 81-2, Harch 1981.

C-4, J. G. M. Andersen and K. H. Chu, BWR Refill-Reflood Program, Task 4.7 -
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APPENDIX C

OTable C-1. Experiments used to check the distribution parameter 1

Reference flow medium and test Range of variables
geometry

Nikuradse" Single-phase water. Reynolds numbers from 600 to 106

Round Tubes,

0,10 m
= 0.025, 0.050, and

0.

Schwartz " Steam-watt.'. Pressure = 2.11 to 8.10 MPa
2Round tube, G = 577.8 to 608.6 kg/m s

D - 0.0596 m X - 2.8% to 5.85%
L = 6.350 m

Marchaterre"8 Boiling water. Pressure = 0.78 to 4.18 MPa
Parallel rectangular Mass velocity,

2channel s, G = 365.46 to 499.88 kg/m s
20.0llx0.094 m (3)
2

0.056x0.094 m (2) Exit steam quality,
L = 1.22 m X = 1.9% to 8.2%

Hughes" Steam-water. Pressure = 6.8 to 16.32 MPa
2Round Tube, G = 118.8 to 362.6 kg/m s

Di = 0.168 m X = 3.22% to 22.77%
L = 3.105 m

Rouhani and Boiling heavy-water. Pressure = 0.7 to 6.0 MPa
Becker"" Round tube, G = 650 to 2050 kg/m .32

D, = 0.006 m X = 0.0 to 38%
L = 2.50 m

Semissaert"" Air-water. Pressure = 0.1 MPa
Round tube, j, = 0.0 to 11.0 m/s
D, = 0.07 m. L = 3.19 m j, = 0.0 to 0.305 m/s

Adorhi"'2 Boiling water Pr3ssure = 5.1 MPa
2Round tube, G = 1500 to 3800 kg/m s

D' = 0.0251 m X = 5% to 70.4%
L = 1.66i m

Thome"'3 NaK-N mixture. Pressure = 0,107 to 0.16 MPa
2

Rectangular Channel j = 0.078 to 3.89 m/s
0.0064x0.516 m J[=0.39and1.36m/s

2

L = 0.762 m

Wallis"'' Air-water. Pressure = 0.1 MPa
(l.ppendix) Round tube, j, = 0.539 to 11.46 m/s

D, = 0.0248 m j, = 0.0285 to 1.384 m/s
L = 1.778 m

Baker'" Freon-ll. Pressure = 0.411 to 2.492 MPaC

Rectangular channel j = 0.021 to 2.05 ra/s
0.00 0267 m j[ = 0.024 to 15.4 m/s

NUREG/CR-4391 C-6

_ _ __ _ _ ___ _____ __ _ ___ _ _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- - . - . . - . - - - .- . - .

APPENDIX C

Table C-1. (continued)
t

Reference Flow medium and test Range of variables
geometry

St. Pierre
''6 Boiling water. Pressure = 1.36 to 5.44 MPaC

Rectangular chpnnel j = 0.0 to 1.93 m/s
0.0lix0.0445 m j,e = 0.77 to 1.15 m/s
L = 1.55 m

Semissaert'" Air-water. Pressure = 0.1 MPaC

Round tube, j, = 0.0 to 11.0 m/s
D, = 0.07 m, L = 3.19 m je = 0.0 to 0.305 m/s

Adorni ''2 Boiling water. Pressure = 5.1 MPaC

2Round tube, G = 1500 to 3800 kg/m s
0, = 0.0251 m X = 5% to 70.4%
L = 1.661 m

lhome"'3 Nak-N mixture. Pressure = 0.107 to 0.16 MPa2

0.0064 x 0.0516 mpl j,= 0.078 to 3.89 m/sRectangular chann
je = 0.39 and 1.36 m/s

L = 0.762 m

Wallis"'' Air-water. Pressure = 0.1 MPa
Round tube, j,= 0.539 to 11.46 m/s

(Appendix) D, = 0.0248 m je = 0.0285 to 1.384 m/s
L = 1.778 m

Baker 'S Freon-ll. Pressure = 0.411 to 2.492 MPaD

Rectangularchapnel J,= 0.021 to 2.05 m/s
0.0097x0.0267 m je = 0.024 to 15.4 m/s
L = 1.130 m

St. Pierre"'6 Boiling water. Pressure = 1.36 to 5.44 MPa
Rectangular channel J,= 0.0 to 1.93 m/s

z0.0llx0.0445 m je = 0.77 to 1.15 m/s
L = 1.55 m

Zuber"'2 Boiling freon-22. Pressure = 0.61 to 3.3 MPa
2Round tube, G = 81.16 to 8116 kg/m s

D, = 0.01 m X = 0.0 to 60%
L = 1.54 m

Petrick"'8 Boiling water. Pressure - 4.8 MPa
2Round tube riser: Upflow, G = 739 to 1276 kg/m s

Di = 0.067 m and X = 2.1% to 6.5%
2annular downcomer: Downf!ow, G = 347 to 600 kg/m s

D, = 0.089 m X = 0.0% to 3.4%
D, = L.132 m
L = unspecified

O
C-7 NUREG/CR-4391
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Table C-1. (continued)

Reference Flow medium and test Range of variables
geometry

Bergonzoli Boiling Santowax-R
and Hal fen'''' Round tebe,

G = 1400 to 3141 kg/m#238 MPa
Pressure = 0.102 to 0

D, = 0.0122 m s

L - 3.66 m X - 0.0% to 8.5% in upflow
X = 0.0% to 17% in downflow

Table C-2. Experiments used to check drift velocity formulas

Reference flow medium and test Range of variables
geometry

Gill and Air-water. Pressure - unspecified
3Hewitt''? Round tube, p, - 1.18 to 1.83 kg/m

3
p 1012.4 to 1014.0 kg/m0, = 0.0318 m

L = 3.66 m j, = 12.96 to 89.9 m/s
j, - 0.0031 to 0.47 m/s,

Alia et al .c-21 Argon-water and Pressure - 0.1 to 2.2 MPa
argon-ethyl .lcohol j, - 4.43 to 55.4 m/s
Round tubes, j, = 0.221 to 1.772 m/s
0; = 0.015 m and

0.025 m '

L = 4.0 m

Cavarolo -22 Argon-water and Pressure - 0.1 to 2.2 MPac

argon-ethyl alcohol j, = 0.693 to 26.32 m/s
Round tube, j, = 0.075 to 2.063 m/s
D, = 0.025 m
L = 3.0 m

|

(

|
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O

APPENDIX D

DERIVATION OF THE ISENTROPIc S0uND SPEED AS A
FUNCTION OF PRESSURE AND TEMPERATURE FOR A

SINGLE-COMPONENT, SINGLE-PHASE SUBSTANCE

O

.

)

D-1 NUREG/CR-4391

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __



-. . . . _ , __. . . . ..

i

APPENDIX D

i

APPENDIX D

DERIVATION OF THE ISENTROPIC SOUND SPEED AS A
FUNCTION OF PRESSURE AND TEMPERATURE FOR A

SINGLE-COMPONENT, SINGLE-PHASE SUBSTANCE

To begin, let us consider the following expressions for the differential
change in entropy.

BP
ds = C" dT

T
-

-dp
(D-1).+

ST 2,p

and

ds = Cp
-. dp . (D-2)4

for isentropic systems, ds = 0, so

T '8P' ' Bp'
L. C, = (D-3)

and

C -T ' ap) ' BP'
(D-4)=

p
- .

Thus,

'BP' ' ap'
C -- BT > p BT >sv _

(D-5)
C ' op' 'BP'p

,aT,p BT g

From the cyclical relationships,

* BP' ' BT' ' ap'
-1 (D-6)

, ST , , , Sp , p ,SP,1

also

D-3 NUREG/CR-4391
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' BT ' ' BP ' 'BP'
(U^I5

ap, ,d7, < Bp ,.,r

Therefore, substituting gives

' _a p '
_

C OP ,3; y
(D-8)

s
l ,09

o

,OP,,

This means that calculating C and C is sufficient to specify - P .
y p

,SP,3

Now, for any gaseous substance,

' ap'2
1 --

C - C, - ',B T ',P pq
p

d_e2p
> BP si

and

' ap' ?
T ---

C, ,aT,p
'I (D-10) j

7'r 2' ap' 'De' P ' ap'

< SP , .ST,p p , ST , p2

The isentropic sound speed is then
-1/2

'B'2
T -P

' SP' 1/2 ' dp' , Al .e
(0-11)- - < -

.
.

< dp < s SP,r
' de ' P ' ap'

.

ap
dI,p p af ,p2

'
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APPENDIX E

DERIVATION OF THE Two-PHASE, Tw0-COMPONENT
HEM SONIC VELOCITY

O
,

!
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|
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APPENDIX E

O
APPENDIX E

DERIVATION OF THE TWO-PHASE, Two-COMPONENT
HEM SONIC VELOCITY

Following the analysis of Ransom, the sonic velocity for a homogeneous
equilibrium mixture is given as

< gp ,1n
a- (E-1)

OP,

Assuming that one phase is a steam-liquid mixture and the other is an
imiscible component such that the gaseous phase is a Gibbs-Dalton mixture, the
density of the mixture may be expressed as

p = a( p, + puc ) + ( 1 - a) pe . (E-2)

Taking the derivative of this mixture density with respect to pressure at
constant entropy gives

, s e s - 3

' Sp' OPq dPc dPt
( p* + pue - P )

da' (E-3)
'

S

(1 - a)-a +a + + g .

BP,, , BP , , OP , , BP , , .BP,,.

"To evaluate
.dP,,,

consider the mixture specific entropy,

S = X,S, + X,c ,c + ( 1 - X, - Y,c) S, (E-4)S

where

"PS (E-5)X*
=

P

X -
" ENC

'

(E-6)g
P

In an isentropic system,

(

E-3 NUREG/CR-4391
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O
, , , , , s

' BS * BS,' OS' BS g

- 0 X*. + X*
-- + () - X", - X* )

.BP,, BP , , , BP , , , BP , ,

BX BK"C8 (S,c - S )+ ( 5* - S ) 4 gg

BP , , < BP , ,

Since the noncondensible is assumed to be immiscible in the liquid-vapor
mixture,

, ,

dX,c H
0

3P , ,

from Equation (E-5),

Af APg Pg ' da' "Pg " Sp' (E-9)ag
_ ., _

BP , g p 2P , , p .BP,, p BP , ,2

If we substitute Equation (E-9) into Equation (E-7) and rearrange terms, we

s

APg a ' ap' (E-10)5 ( S' - S, ) -' da' a
+

OP , g p p SP ,3 p , SP 3g g

where

s < s ,

SS,e SS, SS (E.I1)e
( 1 - a) p,4 -

- apuc
+ ap ( BP , , BP , s

+
g

. BP , ,

if Equation (E-ll) is substituted into Equation (E-3), we have
,

< ,

Pac ~ Pr APgP - De ' ap' P +

1-n(PS:
*

gg -a 1 --
p , dP , s Ps dP , s (E-12),

s < s

dp c dp,y
+a --- -+ (1 a) - + L,,

'

. BP . , AP ,,'
,

where
i
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(Pg + N - P )EtE _ (E-13)" pjs, - s,)

so that

-. 3

OPuc |' Sp'
__

p
ap* -_i

. BP , , p, p, BP ),,

<

(E 14)< s < s,

Sp, ap,
+ a( p, - pg)

BP , s ,(1 - a) BP , ,
p

i

. ,

+(he+Pg Pe)h]-

' ap'Having defined an expression for - , the next step is to define the
.BP,,.

property derivatives, Recall that the thermodynamic variables are defined as

fue = f.,c ( P,c ,1 ) (E-15)

f, = f ( P, , 7 ) (E-16)g

and -

f = f,(P, T) (E-17)t

where

P P,c + P (E-18)=
e

since we are dealing with a Gibbs-Dalton mixture. The result of this is that

BP,c BP BT'
} _

g p9y
. BP , , , BT A SP,g

and

E-5 NUREG/CR-4391
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O
/ * f \

BP a? ' BT ' (E-2uf_9 9

. BP , (OT,rdP,s

Here, the assumption has been made that the equilibrium partial steam
pressure is that which corresponds to the equilibrium temperature. Thus,

P, --P,(T) . (E-21)

|
i

from this knowledge, the basic derivative properties may be defined as
from the chain rule as

< s < > - ,

s s

OPwe
_

Pu 04c OPA g
O P ' ST ' @ 22)

. BP ,g OP BT ,, BP, . BT , ap,,g,,

s ,, < s

SP,)| Sp, r a7 *

,

ops
_

OP p (E-23)9

\ BP , , Sp,si BT ) , BT , *
Sp , g

+

, s
-

s - s

opt opt ' OT'Pt
, p {g.74)

BP , , = \ BP O T ,
'

BP , ,,,,

1

i

SS 1 agc {r5g i ag; SP ra7' (E-25).

BP , , f BT , T [ BT ,p . &T, , Bp, g

r, < , , ,

SS Cp
1 Sp9 a? ' dT ' (E-26)9 9 9.

( SP , , T p , BT ,,9. BT . ap g2

g
|,

b ' OI'OS 1 optt
. , _ (E-27)

BP , , 2 BT ,o T BP,gp

where

i
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"C " "C
(E-28)C ~

- T gfPhC y
>P gg g. JP,g

i

i l

|< s < s

Be P ag.
#

P
~ ~

g

9 Pg 9

, s < s

C -
ao' P' ap'

(E-30)p*
BT ,P, p , a7 ,,,2

' 8T'This leaves the specification of - . To this, consider the identity
. aP , ,

XucP, = X,ge . (E-31)

Differentiating with respect to pressure gives
e s e s < s

#P anc aX

BP , , aP , , . aP , , .
(E-32)S a

X,c - X* , q,'

Using the result from Equation (E-7) gives
r

-

< ss

OPg 04c
X,~

aP , g
X*

-
he

. BP ,g S, - Sg

(E-33)< s , , r s

85,e 85,,. BS,
X,c + X* + ( 1 - X,,. - X* )

~

.

BP , , . BP , s bP , ,
'

Substituting the relations defined above,
'

-ap, + a p, BP, ' ' a T ' dhc OPuc dhc aP, ' ' aT 'apy' - ap* + - -

BT aP, BT ,aP,g BP,c BT BP BT , aP> suc,

E-7 NUREG/CR-4391
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O,

C
-

f%c 1 Ofic ru 1 dm JP, 'g7s
- aryc . .

S, S 2 BT I [ 31 al , OP , ,g

Ce } dp, SP ' dT ' I dpt C
g Pp 'dJ i

(E 34)ap* + (1 - a) pee .+ ,
,

I 2 BT B1 , DP , , 2 OT T BP , ,p p

' Ol 'Solving for - then g'ives the result
BP . ,

'

' aT ' Af%c 1
-

ap* OP,c -
a

- (1 - a)f%c Spea ger

DP , s S, - S, al pg BT

ap, SP, a p, ' ' drge aP,
'

a ger
arge + ap* _

BP OT al DP,c 31 BTc

3p,

Cf\c ry d% SP,)
. _ _ _ _ _ a

S, S I DT DT ,g

gp ' c,' '(E-35)
'

C 2
p g gp p

,(gep, _1
_ -

. ( 1 - a) rge p, _I+a +

p, ST BT ,

finally, at saturation conditions, this Clasius-Clapyron equation gives

OP" ' S ( P* , T ) - S ( P,, T )
~

8 g

(E-36)
aT pg (P,, T ) - p (P,,7 )

pg (P,,7) p (P,,7) .y
'

g

Assuming that the approximation is valid in the presence of a NC gas,

9
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, , , s

S,(P,, T) - S (P,,7) S,(P,, T) - S,(P,, T)e (E-37)
pe(P, T) - p,(P,, T) p,(P,, T) - p,(P,,7) ,

p,(p,,7)
,

|

1

allows for (S, - S ) to be expressed as 1

t

5* - S -
' ' ' 8 (E-39)e

BT pg p,

Equations (E-5), (E-7), and (E-8) thus provide complete closure for the
two-phase, two-component HEM sonic velocity. It is interesting to examine the
limit of no air in p, - 0. In this case,

e , ,1

. ' BT' BP
(E-39)lim -

-
o

hc"o - BP,, BT,

and
*

,< , (

0)=2 P 8 ''

ape + ( 1 - a) p,lims

me-o SP), pg p, < SP , , < BP , s
(E-40)

SS, BS- p, - pc t -

ap, - + ( 1 - a) p, .

< BP , , , BP , ,S, - Se

This result is in agreement with that prescribed by Free and Spore in the
original choking model.

.

U
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DERIVATION OF THE DRIFT FLUX EQUATION
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APPENDIX F

DERIVATION OF THE DRIFT FLUX EQUATION

The basic definitions of the drift flux formulation of two-phase flow
were given in Section 6.1 of this report. However, for a quick reference, a
simple derivation of Equation (7.3-4) is given below.4

c

According to the definitions given by Wallis (see Chapters 1 and 4 of
Reference F-1), the overall volumetric flow equation for vapor and limid may
be written as

JO

- C* Or + Og + gt (F-1)g

aA A a

where Q, and Q, are the total volumetric flow rates of vapor and liquid,
respectively, e is the vapor volume fraction, A is the total flow area, and
C, is the distribution parameter defined by

b(a*JdAA-
(F-2)C =

o

,bfa dA b (aJ dA
,

' .A A-
,

in which, according to definitions (see Chapter 1 of Reference F-1),

J = J, 4- J (F-3)t

f aV, dA (F-4)J, = =

J -- 0' - 1 f(1 - a)V, dA (F-5)e
A A

and

J,, = a( 1 - a) 0* - 0' = a(1 - a) (J, - J,) (F-6)

,
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l'3 ; = V, - (J, + J, ) (1 a ) ( V, -- V, ) . (F_7)

Substituting J,g in Equation (f-1) by Equation (f-3), eliminating
Q, ar.d Q, between these relations, and using V,3 instead of (1 - a) (V, - V,)
converts Equation (f-1) into the following form:

-
J* C,(J, e J,) , V,; . (f-9)
a

,

Ibis equation may be rearranged to give Equation (7.3-4) that reads !

,

ac .

V (f-9)d d 't ai -
a 3 _ j

!

Reference ;

f-1. G. B. Wallis, One-Dimensional, Two-Phase flow, New York: McGraw-Hill
Book Company, 1969, pp. 336-345.

,
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APPENDIX G

MOVING MESH RErLooD MODEL

This model incorporates into TRAC-BFl/H001 the moving-mesh reflood core
heat transfer model originally developed by the Los Alamos National Laboratory
Safety Code Development Group for TRAC-PD2. In addition, a similar
moving-mesh upgrade was developed for the CHAN (PWR fuel element component)
wall heat transfer, lhe CHAN wall model tracks both rising and falling quench
fronts on the inside and outside of the wall and allows inter-component heat
transfer from the outside wall surface to the fluid of an outside component.

These models were originally documented in the following EG&G internal
report: C. H. Hohr, Moving Mesh Reflood Heat Transfer Modt1, IS-NSHD-83-013,
May 1983.

G-1. NOMENCLATURE

C Specific heat (J/kg K)p

2h , h, liquid and vapor heat transfer coefficients (W/m K)e
.

fi , ( Average liquid and vapor heat transfer coefficients (W/m ,g)2
g

k, k, Thermal conductivity (W/m K)

f; Axici level of outside component associated with wall node j
3

QPPP Volumetric heat source in thannel wall (W/m )

QRAD
Surfp)ce heat flux on- inside channel wall due to radiation(W/m

2
QTOT Total-heat flux to a wall node or fluid cell (W/m )

r, Rod radius at node i (m)

i , T, Fluid cell liquid and vapor temperatures (K)g

T , TW Local and average wall surface temperature at node j (K)j j

at Time step size (s)

W.P. Wetted perimeter of heat transfer surface (wall or rods) (m)

G-3 NUREG/CR-4391
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X Fraction of node rewetted

X Overlap fraction of wall node j on outer cell (;y

Ax Radial node spacing in wall (m)

Z; Elevation of node row j (m)

ZQF Elevation of quench front (m)

a Void fraction in fluid cell kg

3
p WalI or rod 1ocal density (kg/m )

5,, 6 , S , 6, Flag for node location at inside, outside, top, and bottom ofp y

CHAN wall (=1 if located there, =0 otherwise)

G-2. MODEL REQUIREMENTS

The fuel rod and channel wall models are discussed in this section.

G-2.1 FUEL R00 MODEL (TRAC-PD2 REFLOOD MODEL)

The original reflood fine-mesh model in TRAC-BD1 had the following
features:

1. A fixed fine-mesh array, with node locations input at the start of
reflood and kept throughout the rest of the transient.

2. The same fine-mesh spacing for each rod group.

These features limited code ef ficiency, since fine-mesh nodes cannot be
clustered about a moving quench front without so nodalizing the whole rod,
causing excessive heat transfer calculations in regions of the rod (far from
the quench front) where they are not needed. In order to eliminate this
problem and still permit fine nodalization where needed, a moving-mesh reflood
model developed at Los Alamos National Laboratory for TRAC-PD2 was adapted for
use in the TRAC-BFl/ MODI code.

G-2.2 CHANNEL WALL MODEL

The same limitations that applied to the original TRAC-BD1 fuel rod model
applied to the channel wall quench model as well. In addition:

NUREG/CR-4391 G-4
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1. Falling-film and bottom-flood quench fronts were not tracked on the
out side of t he CHAN wall .

2. Each node in the CHAN wall could tronsfer heat to only one e ter
component cell.

3. The heat transfer regimes permitted on the outside of the channel
wall were restricted.

The present model addresses these limitations by:

1. Trackinn quench fronts on the outside of the channel w .l.

2. Partitioning heat transfer from a node according to the wall area
associated with each outer cell.

3. Allowing a full range of heat transfer modes on the outside of the
channel wall.

The scheme followed for the CHAN wall fine-mesh model closely follows
that used for the rod model.

G-3. MODEL DESIGN

Models for heat transfer from the fuel rod surf ace, heat conduction
within the rod, heat transfer from inner and outer walls of the channel, and
heat conduction within the channel are described in this section.

G-3.1 FUEL rod-SURFACE HEAT IRANSFER MODEL
'

In the original TRAC-BD1 fuel rod model, heat transfer coarse-mesh nodes
were centered in the hydrodynamic cell, es shown in figure G-1, which depicts
a typical fuel rod and several associated hydrodynamic cells. When the
reflood fine-mesh model is invoked, each coarse-mesh node is divided into n
equal-length fine-mesh nodes ("n" is user-input for each coarse-mesh row), as
shown in Figure G-2, where the coarse-mesh node has been divided into five
fine-mesh nodes. In neither instance does a fuel rod heat transfer node
overlap two adjacent hydrodynamic cells. The new model, however, places the
coarse-mesh nodes at hydrodynamic cell boundaries, where each transfers heat
into two hydrodynamic cells, as shown in Figure G-3. The upper and lower
elevations of each node are taken as the midpoints between the center node and
the nodes above and below. In order to maintain equality between the heat
transfer out of the wall nodee and the heat received by the fluid cells,
average heat transfer coefficients (and associ: ted wall or fluid temperature)
must be defined for each fluid cell and eact uel rod node. Figure G-4 shows
portions of three fluid cells and two assor ,ated coarse-mesh nodes. Note that

G-5 NUREG/CR-4391
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Figure G-1. Previous fuel rod coarse-mesh nodalization.
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I
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figure G 2. Previous fuel rod fine-mesh nodalization.
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F Figure G-3. Revised fuel rod coarse-mesh nodalization.
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i Figure G-4. Revised fuel rod fine-mesh nodalization.
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each coarse-mesh node transfers heat to two fluid cells. For the situation
shown in figure G-3, the total heat transfer to liquid in fluid cell k is

Oroi.t,t = V.P. l ,3 - (/;,3 +l) h ,j,3 4 ( 7k ,3 - 7,,g )j j e j

+ V.P. (2,,, + 2;) - 2; h,,3 4 ( TV) 7,, g ) . (G-1)

i We define an appropriate average wall temperature and heat transfer l
coefficient as follows: l

- (2) ,3 - 2;) h,, j ,37V ,ij (l ,3 - Z ) h,, j7k;4 j j

fV,,g - (G-2) j

- ( 2 ,, 2 )h,,3,3 + 7 (2),3 - 7;)h,, jj 3
2 <

|

1 1 |-(2.1 l ) h , j ,3 + --(l ,3 - Z ) h,,;3 j e j j,

2 2 (G-3)
,

'

"
t," '

7 ,, _ 7jj

I

Analogous expressions for vapor TW and h may be derived. Iy y, g
1

Close inspection shows that, indeed,

Oorrt b ,4tN ,t(7 .i -l)V.P. (G-4)t e, t j j

A simi'ar average must be derived for the wall nodes that are in thermal
contact with two fluid cells. These averages become more complicated when
fine-mesh nodes are introduced, but the general form remains similar.

Another feature unique to the reflood package is the adjustment of the
void fraction used in calculating heat transfer coef ficients if the quench
front is near the node. Referring to Figure G-4, the void fraction, a , usedj
at node j is:

,

_ q when ZQF > Z ,3 (G-5)j
"i a when 7QF < Z

"

y j

:

O'
HUREG/CR-<391 G-8
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(
\

E = --[% + X%,3 + (1 - X)%_3] (G-6)j

where

g ( g . g _3 ) (G-7)=

%
-

2(%,3 + %) (G-8)

Z *' - ZQFIX (G-9)=

Z ,3 -Zj j

and ZQF, the elevation of the quench front, is in node j. This adjustment
permits a smooth void fraction transition as the quench front moves up in the
node.

The model has three distinct types of heat transfer nodes. The coarse-Y mesh nodes, used before reflood 's specified, are centered on fluid cell
boundaries as previously illust aed. The fixed fine-mesh nodes are
introduced at the beginning of reflood and do not " move." These are similar
to the fine mesh nodes in earlier versions of the code. The user specifies in
input how many of these nodes should be introduced between each pair of
adjacent coarse-mesh nodes. Finally, the third kind of nodes are the " moving"
nodes. The placement of these nodes is up to the computer, subject to
licitations imposed by user input. These limitations are:

1. Maximum total number of heat transfer nodes per rod group.

2. Minimum opacing between heat transfer nodes (required for
stability).

! 3. Minimum surface temperature difference between adjacent existing
'

nodes. If this temperature difference is exceeded, the code will
. attempt to insert another row of fine-mesh nodes between the two
! nodes that have the excessive temperature difference.

Nodes are inserted in such a manner as to minimize disruption of energy
|_ conservation. When rows are deleted, however, the temperatures of the nodes

above and below are not adjusted, so that some minor energy loss (or gain) may
occur. The algorithm for calculating the temperature of an inserted node is
where phl'ow a,;nd, abo;.3,

,C p and C ,, are the density and specific heat for the
nodes b ve the in,;serted node, and

G-9 NUREG/CR-4391
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O
C C l ,1Pr1 opi7 * Pj.i p3.i jpi

,

2p,C ;p

i~1 *E ! (G-ll)pj
2

I
*[fi +1 (c.12)c _

pF1

PI
,

2

In general, T would be very close to 1/2 (1 + 1 . ), and energy
3conservation ;should not be seriously violate'd,for addition or deletion of rows

of nodes.

Falling film and bottom flood quench fronts are tracked on each rod
group. While the previous code versions had an explicit calculation of quench
frcit velocity, this package considers a node quenched whenever the node is in
heat transfer mode 1, 2, 3, 11, or 12. The quench front positions are taken
as the lowermost consecutive quenched node for the falling film and the
uppermost consecutive quenched node for the bottom flood position. While this
method could permit isolated patches of quenched nodes, this has not yet be::n
observed in any sample test cases.

G-3,2 FUEL Roo CONDUCTION MODEL

The fuel rod conduction model has two significant differences from that
found in previous code versions, first, axial conduction is included in the

| finite-difference equations. Second, the nodes are defined as centered at
material boundaries, and the code calculates and stores special " interface"
material properties, whic' are used in the conduction solutions. Referring to
figure G-5, it finite-difference equation for conducti.m at an interior node
(i,j) is identi al to that found in References G-1 and G-2 except that axial

j conduction is included.
'

T ".'J- I? -?

M) 1(r,->r.3)2 - 1( r, + rg)2 g ,,c
,

'

d (&u
t i.)

4
e i p

2 4 4 At t
,

|
|

- (volumetric source terms} + (normal radial conduction terms}

| 9
HUREG/CR-4391 G-10
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O (i, j +1)
A

AZu

Y (i, j)
(i-1, j) O * AXm >O* A X, := O (i+1, j)

A

AZ,

Y
O (i, J-1)

M575 WHT492 26

Figure G-5, Nodalization for fuel rod conduction equations,

n n .1

'I*' 'I( r, 4 r 3)2 - (ri + r _,)2 (k ,j 3 + k ,;)+ i i i i

_

1 T '" ' ' T'?''1' " '~ (G-13)+ .- ( k ; _, + k ; )i' i' ,

2 g,

At the top and bottom of the heated length, the axial conduction terms
are modified, while at the rod axis, material interfaces, and rod surface, the
radial conduction terms are modified (as specified in References G-1 and G-2).
Note that for each row of nodes across a rod these finite-difference equations
form a tridiagonal system of linear equations in terms of the new-time node

' '
temperatures Tf_'3,;, T f,';' , a nd T f,*3, ; , These linear systems are solved row by

_

row (ascending the rod) for each rod group. Because the axial conduction
terms are explicit, involving old-time te- at ures Tf,;._i andTf,;.3, this
row-by-row schnme may be used instead of 'g for the temperature field for

G-11 NUP.EG/CR-4391
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the whole rod at once, which would require inverting a large (although sparse)
: matrix (perhaps 200 x 200 or more).
i
,

' G-3.3 CHANNEL WALL INSIDE SURFACE
!

The surface heat transfer on the inside of the channel wall is analogous
' to the rod surface heat transfer. Coarse mesh nodes are located at cell

boundaries. and the same temperature and heat-transfer coefficient averaging
| schemes are used. Volumetric heat sources and radiation are included, and the

j same method for averaging void fractions near a quench front is employed.

G-3.4 CHANNEL WALL OuTSIDE SURFACE HEAT TRANSFER;

i

The heat transfer situation on the outside of the channel wall is
complicated by the f act that the coarse-mesh rodes may not be located at fluidi

! cell boundaries, previous versions of the code handled this by assuming that
all the beat transfer from a wall node went into the fluid cell that
overlapped most of the node. The present model partitions the heat transfer
according to the fraction of overlap with each fluid cell. The model is
limited, however, since it only permits a wall node to contact one or two
fluid cells. This places some burden on the usor to ensure proper alignment
of channel and outside-component cells in order to comply with this rule, but,
in general, the restriction is reasonable, sine' channels are always noded
much finer than the surrounding bypass region, fiaure G 6 shows several fluid
cells (both CHAN and outside component) and associer.ed .11 heat transfer
nodes (both fine and coarse mesh).

I A new variable, X has bren defined for ea d wail node, which i
f raction of the node (fu, t transfers heat to the lenst outer cell wb4-

.

'

overlaps. Referring to f'igure G-6,

1
I - z (2, 4 l ,3 ) ;g i

'
( X, ) i ,3 (G-14)

!(?a-2,)i
2

(X ),a 1 (G-15)j

( X; )i .3 1 (G-16)

| llVREG/CR-4391 G 12
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:
,

CHAN Fluid Ceu Wall Outer Comp. Fluid Cell
,

k+0j_-_j jy: ,

%(Z,44 Z,..)
. - - - - - - -------Z i

.
k+5 "--*---

k+4

I
. k+3 "--*---
,

k+2

k+1 "--+---"
iZn

%(Z + Z,,)i k M

1

MS78 WHT-4eM1

Figure G-6. CHAN wall fine-mesh nodalization scheme and relationship to
adjacent fluid cells.

t

(X;),.4 =1 (G 17),

1
l - ( 2 ,3 +l,6)j 5 i

2
( X, ), ,3 = (g,33),

1(2 ,6 - I .4 )
5 t

2

Previous code versions contained a variable defined on the fine mesh
nodes that stored the outer component -cell number that most overlaps the wall
node. This variable has been changed to store the lowest outer component cell

overlap a node, the fraction of each node, and the rule that only two tells may
that the node overlaps. Combined with X

in contact with each cell is
completely defined. However, since this model can add and delete fine-mesh
nodes according to the wall temperature profile, these two values need to be

G-13 NUREG/CR-4391
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redefined each time node spacing is altered. A flow chart showing the logic
'

used for dif ferent situations when a node is added is given in figure G-7. A I

similar chart for the deletion of a node is given in figure G-8. When a |
; vessel (or other outer component) cell boundary is near the added or deleted

i

node, the boundary location is determined using the previous X,'s and 1, ions to
's, i

and this information is combined with the new H.T. node boundary elevat
calcu'ote the new Z,'s and 1,'s " sing fquations (G-14) through (G-18).

G-3.5 CHANNEL WALL CONDUCTION

' Previous code versions considered the channel wall to be cylindrical,
ignored axial conduction, and tracked quench fronts only on the inside
surface, using explicit quench-front velocity correlations. This model
pictures the channel wall as flat rather than cylindrical, includes axial
conduction, calculates quench front locations on the outside of the wall, and
omits the explicit calculation of quench front velocity. The quench front
location is taken to be the uppermost ( r lowermost, for top flood) wetted,

'

nodc, the criteria for wettedness beina. identical to that for the fuel rod
model,'

j

The equation used for the conduction solution is quite similar to'

[quation (G-13) but is writ ten in Cartesian coordinates. Referring to figure
G-5, the equation is

| (! 6,) At, + ( 1 - 6 ) AY ( 1 - b ) A7 + (1 O ) A't 7 " ; - IO,1p p g u t
Pi,;C ,irij p p ; y

|
|

|

(1 6,) Ar, + ( 1 6 ) Ar ) k
-

3, j ,3,7 ( 7 ,n 7,n.3 )
p p(l 6) ,j,, ,;u

a ,

( 1 - 6,) AY, + ( 1 - 6 ) At
k p1/2(I j-1 ~ I 3)n np p

(1 6) --4
t tj

2 A\. ,

(1 - b )A',-+ (1 6, ) A',
(1 - 6 ) k , , , ,2, j ( 7 ,,j -7n,3)

a n3
+

p 3 5,j
2 Al.p

.

O
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i
4 (1 - 6 ) &u + ( 1 - 6, ) &,

(1 - 6 ) k, . ,,2,) ( T , - T ,., )
u n n

*
i 3,; ij

2 M,
,

i

I
I t

(1 - 6 )&u (1 - b )&c4

1 4 6 h,, , ( T,,, - T ,. i ) + h,,,( T,, , - 7. n.1 ) en, 2
ij ,,j

p

,

( 1 - 6 ) &u + (1 - 6,) &,
h ,, ( T , e - T ,n.1 ) + h , y ( T ,, - 7,n 3 )

.
n* 6 p p ,) p p , 3; p

2

,

1

|

( 1 - 6") &" e ( 1 - 6, ) M,
6, QRAD (j)'

<

I 2

.

r,

s

k

(1 - b ) &u ( 1 - 6,) M, ( 1 - 6,) M, 4 ( 1 - 6 ) M, (g.ig)4
u p ,

qppp (f,])
2 2

j ;

where

o 1 at top nodes, 0 elsewhere-
; u
I
'

6, I at bottom nodes, 0 elsewhere=

6, 1 at inside surface nodes, 0 elsewhere-
,

6 1 at outside surface nodes, 0 elsewhere-
p

; p,,) density at node (i,j)=

J

C ,,j specific heat at node (i,j)=. p

k ,; conductivity at node (i j)-
i

k ,3.ify 1/2 (k ,) k ,;.3) - average k between nodes+-
i i i

old-time value; n -

! new-time value (being calculated),n+1 =

:
' G-17 NUREG/CR-4391
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| |

| |

| The first two terms after the equals sign are the explicit axial conduction )
| terms; the next two terms are the implicit transverse conduction terms; the i

next two terms are the surface heat transfer terms; the next term is the inner j

| surface radiation term; and the final term is the volumetric heat source term.
]
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APPENDIX H :,

1

ANALYTIC NODAL MODEL ROUTINES IN TRAC-BF1/ MOD 1

This appendix describes the Analytic Nodal Model routines presently
employed in the IRAC-Bfi/ MODI code. TRAC-Bil/ MODI will call three subroutines
at various times during reactor simulation.

KlDSS: This is the control routine for steady-state (eigenvalue)
calculations. A set of nodal cross sections and the necessary
geometry information for the reactor being modeled are input.
Output consists of a set of two-group node-averaged fluxes
normalized to a user-specified power. These, plus the output global

~

eigenvalue, constitute the solution for the given reactor,

conditions. Nodal powers and relative power distributions are also
output. K1 DSS should be used to compute an initial condition for a
transient. It can be called repeatedly during the thermal-
hydraulics initialization procedure in order to iteratively generate
an initial reactor power distribution that is consistent with the
initial reactor thermal-hydraulic conditions which, in turn, should
be consistent with the initial power distribution.

.

Klflux: The subroutine is called one time, after initial condition nodal
fluxes have been determined. K! FLUX initializes the delayed neutron
precursor inventories in each node so that they are consistent with
the initial flux distribution, assumed to be a steady state flux
distribution. KlfLUX also initializes the power and omega arrays.

KlDlR: This is the control routine for time-dependent calculations. Each1

time KlDIR is called, the fluxes, powers, omegas, and precursor
inventories are advanced forward in time. Input consists of the
fluxes, precursor inventories, and their associated omega arrays as

_

:

i they stand at the beginning of a time step, along with a set of
nodal cross sections and albedos presumed to exist during At . _ -

u
Fluxes, powers, omegas, and precursor inventories at the end of At g

are output, in addition, the total energy deposited in each node
during at, is output, if automatic time step control is requested,
KlDTR breaks At, up into subintervals, as described in Section
9.4.3. If automatic time step control is not requested, all data
are advanced forward over At in one step, in addition, if inverse

g

velocity terms equal to zero are detected in the input data, At isg

not subdivided, even if automatic time step control is requested.
For this reason, caution should be used when running special
problems having inverse velocity terms equal to zero.

The three subroutines described above call several other subreutines in'

order to solve the steady state and time-dependent equations. These
subroutines, shown in Figure H-1, are described below:

H-3 NUREG/CR-4391
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DRIVER

) (POWER)

| \
i .

/ \
'

K1 DSS KIFLUX K1DTR

i

! KSCHEK KTCHEK KTCHEK
KSANOD KTABLS KTANOD-

J KSCOEF KTABLS
i KSRGEN KMOGST
| KXTAP KTCOEF
J KMXMN KOMEXP
: KFACTR KABMAT

KNFLUX KMATPR
KMATR KFACTR

| KABMAT KNFLUX
KBSO1D,

:

d US7s WHTast2 30

figure H-1. Subroutine diagram for the TRAC-Bfl/M001 Analytic Nodal
neutronics routines.>

|

KSCHEK: Checks the input steady-state cross section vector fo data that are
i not ph,5 " ally realistic. Computes nodal k-infinity data. Prepares
1 a printeu cross s. tion table if requested.

KSANOD: Solves the steady-state, one-dimensional Analytic Nodal equations
using the source iteration method. KSAN00 performs outer iterations
until the global eigenvalue and the nodal source distribution are
converged to some arbitrary criterion. During each outer iteration,
the nodal flux vector is computed using Gaussian elimination.1

KSCOEf: Assembles the steady-state global nodal coefficient matrin The
non-zero elements of this matrix are returned in three arrays

containing, respectively, the below-diagonal terms, the diagonal
terms, and the above-diagonal terms.

i

KSRGEN: Generates a nodal fission source vector for steady-state problems
,

using the latest flux estimate.
|

EXTAP: Extrapolates the latest nodal source iterate using Chebyshev
polynomial.>, if requested.

|

NUREG/CR-4391 H-4
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KMXMN: Computes source convergence data.

KFACTR: Factors the global nodal coefficient matrix using Gaussian,

elimination. The below-diagonal elements of the factored matrix are
written in elementary form into the same locations where the
below diagonal elements of the unfactored matrix were originally
stored.

KNFLUX: Given a factored global nodal coefficient matrix and a global source'

vector, KNFLUX computes the global flux vector by back-substitution.
The input source vector is destroyed.

,

KMATPR: Performs various submatrix manipulations (multiplication, inversion,
etc.) required during assembly of a global nodal coefficient matrix.

KABMAT: Generates the necessary data for each node for use in assembly the
global nodal coefficient coupling matrices. For time-dependent
problems, these are also used during assembly of the global source
vector.

KTCHEK: Checks the input time-dependent cross section vector for data that
are not physically realistiu Computes nodal k. infinity and ;

Igeneration time data. Estimates the maximum expected omega if
automatic time step control is requested. Prepares a printed cross
section table if requested. KTCHEK is called at the beginning of
each time step, since, in the general case, the input cross sections'

will be different for each time step.

KTAN0D: Advances the nodal fluxes, powers, precursor inventories and omega
data forward over time interval 6t . 6t may be a subinterval ofn nthe time interval At input to Subroutine KLDTR. If so, KTAN0D isg

repeatedly called to march across At . If, as is recommended, an
u

option to compute the delayed portion of the total reactor power
separately is included in TRAC-BFl/ MODI with space-dependent
kinetics, this could logically be done in Subroutine KTAN00.

KTABLS: Prints a table of nodal fluxes, powers, and other data whenever
called. KTABLS simply edits the current information in the nodal
arrays.

KOMGST: KOMGST evaluates the kinetics equation at the beginning of each time
step l&tH in order to estimate the maximum expected omega.

'
KTCOEF: Assembles the global time-dependent nodal coefficient matrix and the

global time-dependent nodal-source vector. These are input to
KfACTR and KNFLUX to step the fluxes forward

KOMEXP: The delayed precursor formulation contains several terms of the form
,

' [1-exp(-x)]. This expression is subject to round-off error if x is
small. KOMEXP computes [1-exp(-x)) using an x dependent number of
terms of an infinite series in order to avoid round-off error.

H-5 NUREG/CR-4391
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t 3. AHSTRACT (2Cs) worne or inesj

The TRAC-BWR code development program at the Idaho National Engineering Laboratory has
developed versions of the Transient Reactor Analysis Code (TRAC) for the U.S. Nuclear
Regulatory Commission and the public. The TRAC BFl/M001 vereion of the computer code
provides a best-estimate analysis capability for analyzing the full range of postulated
accidents in boiling water reactor (BWR) systems and related facilities. This version
provides a consistent and unified analysis capability for analyzing all areas of a
large- or small-break loss-ci-coolant acciaent (LOCA), beginning with the blowdown
phase and continuing through Teatup, reflood with quenching, and, finally, the refill
phase of the accident. Also ,,rovided is a basic capability for the analysis of
operational transients up to eid including anticipated transients without scram (ATWS).
The TRAC-BFl/ MODI version produces results consistent with previous versions.
Assessment calculations using the two TRAC-BF1 versions show overall improvements in
agreement with data and computation times as compared to earlier versions of the TRAC-
BWR series of computer codes.
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