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ABSTRACT

This report documents the physical models and the numerical methods
employed in the BWR systems code RAMONA-3B. The RAMONA-3B code simulates
three-dimensional neutron kinetics and multichannel core hydraulics of
nonhomogeneous, nonequilibrium two-phase flows. RAMONA-3B is programmed
to calculate the steady and transient conditions in the main steam sup-
ply system for normal and abnormal operational transients, including the
performances of plant control and protection systems.

Presented are code capabilities and limitations, models and solu-

tion techniques, the results of developmental code assessment and sug-
gestions for improving the code in the future.
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NOMENCLATURE

Cross-sectional area of flow channel

Heat transfer area

Constants for simplified thermal neutron diffusion

Surface area of neutron kinetics mesh cell

Constants for neutron kinetics boundary conditions

Coefficient matrices for two-group neutron diffusion equations

Coefficient matrix for implicit finite difference form of
state equations, Eq. 6.5.2

Parameter for pressure effect on slip, Eq. 4.4.66
Weighting factor for average fast flux, Eqs. 6.2.68 and 6.2.69

Fuel temperature coefficient for two-group neutron kinetics
parameters

Polynomial coefficients for thermophysical property correla-
tions, Section 4.4.2.5

Relative yields of delayed neutrons, Eq. 2.6.6

Moderator temperature coefficient for two-group neutron
kinetics parameters

Polynomial coefficients of quadratic void feedback correlation
for controlled fuel types

Polynomial coefficients of quadratic void feedback correlation
for uncontrolled fuel types

Weighting factor for average thermal flux

Constant for xenon reactivity feedback

Coefficients for relaxation parameters, Eqs. 6.7.14 to 6.7.17
Boron injection source strength

Geometric buckling for neutron flux of group g

Constants for simplified thermal neutron diffusion formulation

Exponent on void fraction for slip correlation, Eq. 4.4.66
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b1 sb125D1p
b21,b22
Cp

Cerit
Ci’cm

Cy

Cref

CTrB
Co

Cl,o..,C27

Ct¢

s N

Parameter for cell-averaged fast flux, Eq. 6.2.68

Polynomial coefficients for thermophysical property correla-
tion

Parameters defined by Eqs. 6.2.62 and 6.2.63
Parameter for cell-averaged thermal flux, Eq. 6.2.71
Constant for xenon reactivity feedback

Parameters defined by Eqs. 6.7.18 and 6.7.19
Parameters defined by Eqs. 6.2.57, 6.2.58 and 6.2.59
Parameters defined by Eqs. 6.2.60 and 6.2.61

Boron concentration in ppm

Critical flow factor, Section 5.2.1.5

Delayed neutron precursor concentrations, Sections 2.3.4
and 6.2

Capacitance of i-th computational cell in steam line, Eq.
6.4.41

Coefficient defined in Eq. 2.5.29

Turbine mass flow impedance

Boron reactivity feedback constant,1.1 x 10-11
User-specified constants

Coefficient matrix for implicit finite difference form of
state equations under initial conditions, Eq. 6.5.2

Specific heat, specific heat at constant pressure
Mass fraction of boron in liquid phase

Liquid mass-weighted, volume-averaged boron concentration,
Eq. 6.4.75

Liquid mass flux-weighted, area-averaged boron concentra-
tion, Eq. 6.4.75

Parameter for cell-averaged thermal neutron flux, Eq. 6.2.71
Parameter for cell-averaged fast neutron flux, Eq. 6.2.69

Closed contour for momentum equation
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<FIy

Diffusion coefficients for fast neutrons

Diffusion coefficients for thermal neutrons

Diffusion coefficient matrix

Substantial derivative, 3/3T + Vv

Substantial derivative for phase i, 9/31 + Vi -V, i=L,g
Hydraulic diameter

Effective fast neutron diffusion coefficients, Eqs. 6.2.47,
6.2.48 and 6.2.49

Exposure or burnup (neutron kinetics, Chapter 2 and Sections
6.2, 6.6 and 6.7)

Deviation of measured pressure from pressure set point (Chap-
ter 5)

Vector functions for explicit finite-difference integration,
Eq. 6.5.3

Computational error, Section 6.7.3.1
Truncation error, Section 6.7.3.1

Constants in Newton-Raphson iteration, Egs. 6.4.63 and
6.4.67

Fission density (characterizing type of fuel), Egs. 2.7.3 and
6.2.103

Average fission density due to j-th isotope, steady state

Relaxation function for approaching thermal equilibrium, Eg.
6.4.63

Vector function of state variables, Eqs. 6.3.36 and 6.5.1
General function symbol, Eq. 6.4.36

Darcy friction factor, Darcy friction factor in i-th steam
line segment

Bankoff-Jones function for pressure and void fraction effects
on slip ratio

Ratio of flow area to total area of fuel bundle

Normalized control rod density, 0 < ?_g 1
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Correction factor for boron reactivity feedback
Mass flux, pv
Transfer function (Chapter 5)

Nonlinear vector function of state variables y and secondary
variables x, Eq. 6.4.4

Magnitude of gravitational acceleration

Axial component of gravity, 3- k

Parameters defined by Eqs. 6.2.82 and 6.2.85
Gravitational acceleration

General nonlinear vector function, Eq. 6.6.5

Decay heat history integral, Eqs. 2.7.6 and 2.7.14
Fraction of delayed total fission energy

Enthalpy, subcooling enthalpy, hg-h

Delayed energy released per fission and per unit of time, from
fission products

Convective heat transfer coefficient

Neutron kinetics mesh spacings in x-, y-, and z-directions
Total number of delayed neutron precursor groups, normally I=6
Moment of inertia for pump and motor rotor assembly

Index; spatial position, neutron group

Fast neutron current

Fast and thermal neutron currents, respectively, at the
boundary

Thermal neutron current

Vector of boundary neutron current
Spatial index

Volumetric flux

Vapor volumetric flux, dzg

- xxviii -




A
JgJdg

Imsdm

L/A
Lee
Live

Liquid volumetric flux, (l-a)Vz
-> ->
Mixture volumetric flux, jg + jg
Total energy released per fission, 3.204 x 10-11 9

?ain of Proportional Integrating Differentiating Controlier
PID)

Valve coefficient

Thermal conductivity

Effective multiplication factor of reactor core
Infinite multiplication factor, Eq. 6.2.97

Unit vector in flow direction

Length

Length over area ratio, geometric inertia parameter
Length of steam line bypass pipe

Two-phase mixture level elevation above horizontal interface
between upper downcomer and steam dome

Fast and thermal neutron diffusion lengths, respectively
Fast neutron leakage from top, bottom and side, respectively
Total mass in reactor vessel

Maximum magnitude of second derivative

Number of concentric zones in fuel pellet

Cardinal number of relief valve node in steam line
Cardinal number of bypass branch node in steam line
Number of computational cells in main steam line

Fast neutron migration area

Momentum of coolant along closed contour c

Mass in computational cell

Isotopic number density

Total number of flow channels in core
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Number of computational cells in bypass of steam line
Total number of computational cells in reactor vessel
Number of concentric zones in fuel cladding

Nusselt number, h.dp/key

Prandtl number, ucp/k

Reynolds number, Gd/u

Number of recirculation loops

Number of straight channel segments in closed contour
Number of steam separators

Number of reflector-facing surfaces for a boundary cell of
neutron kinetics calculations

Normalized power distribution for xenon reactivity feedback
model

Plutonium isotope

Pressure

System pressure, Eq. 4.4.87

Initial system pressure

Parameter, defined by Eq. 6.2.90

Parameter, defined by Eq. 6.2.99

Parameter, defined by Eq. 6.2.101

Heat flux vector

Linear heating rate in flow channel, ¢ q,

Radial heat flux, positive in outward direction
Wall heat flux

Axial heat flux

Volumetric thermal power generation rate density
Delayed power generation rate density

Power generation rate density in fuel element
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Smax

Smin

w

Power generation rate density in liquid
Power generation rate density in core bypass
Prompt power generation rate density

Rated volumetric power density

Ratio of hi over hi, Eq. 6.2.41

Inner cladding radius

OQuter cladding radius

Radius of fuel pellet

Flow impedance

Radial coordinate

Radial position, inner surface of fuel pellet zone with index
1.; 1=1,uuu,Mf; r1=0; Eq- 60307

Radial position of j-th cladding zone interface, j=0,...,NC1,
Eq. 6.3.9

Center positions of pellet and cladding zones, respectively
Radial increment (zone width) in fuel cladding
Position vector

Fast neutron function, defined by Eq. 6.2.70

Thermal neutron function, defined by Eq. 6.2.71
Stip, Eq. 4.4.64

Constant source for fast flux boundary conditions
Constant source for thermal flux boundary conditions
Fractional valve position

Maximum valve position

Minimum valve position

Laplace transform of time

Transient fast flux function, Eq. 6.2.91

Cladding thickness, Rgo-Rci

-~ xxxi -




TeL
Trep

(Wh)m

wo

Absolute temperature (Kelvin)

Electrical torque of pump motor

Recirculation pump torque

Trim signal

Lagged signal

Relative temperature (centigrade), initial temperature
Temperature at pellet zone interface, Eq. 6.3.20

Zone area-averaged temperature in pellet and fuel cladding,
respectively, Eqs. 6.3.18 and 6.3.20

Column vector of pellet and cladding temperatures
Uranium isotope

Overall coefficient of heat transfer between heated channel
and bypass channel

Internal energy

Internal energy per unit of volume in computational cell
Volume, volume of computational cell

Volume of liquid in reactor vessel and recirculation loop
Volume of vapor in reactor vessel

Volume of system exclusive of steam dome, V* = Vgyst - VpomM
Time rate of volume change, Eq. 4.4.52

Velocity vector, velocity

Average fast neutron velocity

Average thermal neutron velocity

Mass flow rate, W=AG

Mixture enthalpy flow rate, (Wh)y = A[Gghy + Gghgl

Axial velocity component

Vapor velocity relative to stagnant liquid

Dimension of active core in x-direction
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Greek Symbols

a
ajj,lal
B
BisBm

B11,B22

™!

x-coordinate in rectangular Cartesian core representation,
Chapter 2 and Sections 6.2, 6.6 and 6.7

Flow quality, Eq. 4.4.48

Argument vector of nonlinear function, secondary state vari-
able

Initial gquess.for solution to nonlinear equations

k-th iterant of x

Solution vector of nonlinear equation

Core dimension in y-direction

Miropolskiy two-phase flow factor

State variable vector in implicit finite difference equations

State variable vector in ordinary differential equations
(state equations)

Initial state variable vector y

Initial-value vector for secondary state variables, Eq. 6.6.2
Axial coordinate

Cell center position of j-th computational cell in steam line
Location of boiling inéipience

Axial increment

Vapor void fraction

Two-group albedo matrix, Eq. 2.3.22

Total delayed neutron fraction

Neutron fractions from i-th, m-th delayed precursor groups
Fast and thermal albedos, Eq. 2.5.18

Covariance parameter, Eq. 4.4.180

Vapor generation rate, per unit of interface area and per unit
of volume, respectively
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AL

AT

ATp

ATY

Atg
ag,aij
6516503
ze’Gyz

Gng
(SZg(CB ,a)

Iy

Ratio of fast slowing-down cross section to thermal absorption
cross section (asymptotic thermal over fast flux ratio)

Constants in Newton-Raphson iterations, Egs. 6.6.58 and 6.6.59
Increments

Length of computation cell in steam line

Time increment, integration step size
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ch Coolant channel
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FC Forced convection
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Flow channel index (hydraulics), y~coordinate index (neutron
kinetics)

Node index (hydraulics), z-coordinate index (neutron kinetics)
Neutron leakage

Low-void regime in vapor dome

Two-phase mixture level in dome

Liquid

Spatial indices of cell, cell interface
Liquid in bypass

Modified Bromley

Minimum stable film boiling

Safety and relief valve node

Bypass branch node

Node upstream of turbine stop valve

Two-phase mixture (thermohydraulics), delayed neutron precur-
sor (neutron kinetics)

Neutron kinetics
Nucleate boiling
Node upstream of steam bypass valve

Jet pump nozzle

-~ xxxix -




PM

ph

pw

RCL
RCP
RSE
RSR
ref

rated

SCT
St
SR

sat

TB
TRT

XyYsZ

1,2
1,2

Index in void feedback polynomial
Recirculation pump and motor combination
Prompt fission energy

Interphase

Prompt heating of coolant
Recirculation loop

Recirculation pump

Riser exit

Riser

Reference (full load)

Full-Toad normal operation

Side

Jet pump suction

Steam line

Safety and relief valve
Saturation

Top Boundary cell in core, its surfaces
Transition boiling

Jet pump throat

Thermal

Vapor

Wall, outer cladding surface (thermohydraulics), water (neu-
tron kinetics)

X-, y-, z-coordinates
Reference, initial, rated
Fast and thermal, respectively (neutron kinetics)

Upstream and downstream of abrupt cross-sectional area change

- XXXX =




SuEerscriEts
B

c
J
k
(m)

n

(n)
(p)

Other Symbols

<>

Bottom boundary nodes or surfaces

Core section of a reactor, or controlled fuel types

Isotopic index for fissionable nuclides

Iteration count

Eigenvalfe iteration index for steady-state neutron kinetics

Time step index, or exponent of void feedback polynomial as
shown in Eq. 2.4.2

Inner iteration index for steady-state neutron kinetics
Power-void iteration index for steady-state neutron kinetics
Reflector surrounding the reactor core

Side boundary nodes or surfaces

Top boundary nodes or surfaces

Initial guess, initial value

Above and below two-phase mixture level, just downstream and
abstream of flow cross section, respectively

Integral mean

Differentiation with respect to pressure, along the satura-
tion lines

Control system average (line, area, volume)

- Xxxxi -




1. INTRODUCTION AND EXECUTIVE SUMMARY

This report documents the models and the solution techniques in the BWR
plant transient code RAMONA-3B at the time of its documentation in October
1981. The RAMONA-3B computer code descriptions, the instructions for preparing
input data, and the definitions of output data listings are presented in an at-
tendant User's Guide (Connell, Neymotin, Saha and Slovik, 1984).

RAMONA-3B was developed from RAMONA-II1 of Scandpower, Norway. Publica-
tion and distribution of this report have been delayed until an agreement was
reached between the U.S. Nuclear Regulatory Commission and Brookhaven National
Laboratory (BNL) on the one side and Scandpower on the other, regarding the
distribution of RAMONA-3B to U.S. organizations.

Since the drafting of this report in October 1981, significant improve-
ments have been made to the RAMONA-3B code. These improvements will be de-
scribed in detail in a forthcoming, separate report by P. Saha et al. (1984).
They strongly reduce or eliminate the limitations as described in this report
regarding the predictions of mixture level motions, wall friction, boron trans-
port and decay heat. Work is now in progress to improve the steam separator
model, to simulate processes in the balance-of-plant and to simulate control
systems for feedwater and recirculation flows.

Updated versions of RAMONA-3B are now available, at no cost and through
BNL, to U.S. organizations for the analysis of U.S. reactors.

We present in this chapter first the code objectives, then we summarize
the capabilities and the limitations of RAMONA-3B and describe the major model-
ing features as well as the general code structure. The details of models and
solution methods are documented in Chapters 2 through 6. The developmental as-
sessment of RAMONA-3B at BNL is described in Chapter 7. The report is con-
cluded with an overall summary of recommendations for future code improve-
ments.

1.1 RAMONA-3B Code Objectives

The RAMONA-3B code is designed to predict the neutron kinetics parameters
in the reactor core and the thermohydraulics parameters in the pressure ves-
sel, the recirculation loops and the steam lines of a Boiling Water Reactor
(BWR) power plant, as it operates under steady-state or transient conditions.
Specifica]ly, RAMONA-3B should simulate normal and abnormal operational plant
transients™ in the pressure and temperature ranges between cold standby and
full power conditions, plant transients which are induced by a full or partial

* As defined in Chapter 14 of Final Safety Analysis Reports.




reactor scram, the withdrawals of control rods, a main steam isolation valve
closure, a turbine trip, a recirculation pump trip, a steam line break, a
change in feedwater conditions or a failure of the pressure regulator. RAMONA-
3B is programmed to simulate any combination of plant control actions related
to the main steam supply system, and the consequences of such control actions.

RAMONA-3B is the only BWR systems code currently available which is de-
signed to predict local, three-dimensional distributions of fission power, neu-
tron kinetics parameters, fuel and cladding temperatures, vapor void and axial
coolant velocities in any one of many core flow channels. The detailed core
predictions in the context of a BWR systems code are combined in RAMONA-3B with
the capability to describe phase separation and 1iquid subcooling or superheat-
ing in the two-phase coolant mixture anywhere in the reactor vessel. These
unique features in RAMONA-3B afford the detailed study of the effects from in-
dividual control rod motion and their system interactions.

RAMONA 3-B is programmed to predict the critical power ratio under steady
state conditions, i.e., the measure of safety margin against the appearance of
burnout conditions anywhere in the reactor core. RAMONA-3B is also programmed
to simulate the conditions of burnout, transition or film boiling during tran-
sients.

RAMONA-3B is designed to predict acoustical effects in the steam lines,
following a sudden valve closure or opening, and the consequences from pressure
and steam mass flow oscillations in the steam lines on the conditions in the
pressure vessel. Finally, the RAMONA-3B code is programmed to predict the
transient distributions of boron concentrations in the pressure vessel, and the
effects of boron on the fission power.

RAMONA-3B 1is intended to accommodate standard plant controls for system
pressure regulation and the following plant protection systems: the safety and
relief valves, the main steam isolation valve, the High Pressure Coolant Injec-
tion (HPCI) system, and the Reactor Core Isolation Cooling (RCIC) system, in-
cluding boron injection.

In the next two sections is a summary of the capabilities and limitations,
showing the extent to which RAMONA-3B currently meets the above objectives.

1.2 Summary of RAMONA-3B Capabilities

In this section are listed the transients which RAMONA-3B is deemed, or
has been shown, of being capable to simulate. The first T1ist below is assem-
bled on the basis of modeling features in RAMONA-3B, and also includes tran-
sients for which the code has not yet been tested. The transients which
RAMONA-3B has executed successfully during developmental assessment are summa-
rized in the second listing below. A RAMONA-3B code application for licensing




has been scheduled for fiscal year 1982. This application deals with the anti-
cipated transient with partial reactor scram (partial ATWS).

The RAMONA-3B code has the unique capability of predicting, in the context
of a complete BWR Main Steam Supply Systems code, the local, detailed, three-
dimensional fission power distributions, the details of neutron kinetics param-
eters, heat generation, fuel temperatures, vapor void distributions and local
axial velocity distributions in a multichannel reactor core description. In
addition, the RAMONA-3B code accounts for unequal velocities of vapor and liq-
uid in the boiling two-phase mixture and for subcooling, saturation or super-
heating in the liquid phase while implying saturation for the vapor. Moreover,
RAMONA-3B has individual reactor component modeling and also reflects the judi-
cious elimination of unimportant but computationally expensive processes
(acoustic effects) found normally in large systems codes.

Thus, RAMONA-3B is in principle capable of predicting efficiently and ac-
curately the effects from processes particularly important for BWR simulations.
RAMONA-3B predicts the effects from local thermohydraulics parameters, such as
vapor void fraction, and from individual control rod positions on both the loc-
al fission power and fuel temperature as well as on the overall system re-
sponse. There is currently no other systems code available which offers this
comprehensive combination of capabilities in a single computer program.

As pointed out in the Foreword, RAMONA-3B evolved from modifications of
the RAMONA-III code which was orignally developed and programmed by Scandpower
A/S, Kjeller, Norway and then obtained by Brookhaven National Laboratory for
use and modification on behalf of the U.S. Nuclear Regulatory Commission. The
documentation presented here does not account for all the differences between
the actual coding in RAMONA-3B and the model descriptions by Scandpower, since
such an account is impractical in view of the original code structure. Pres-
ently there is no document available for quality assurance of FORTRAN coding in
RAMONA-3B. Since standard criteria for computational stability are approximat-
ed in the original RAMONA-III code and in some of its modifications, the code
may encounter computational instabilities under untested circumstances. For
further details see Chapters 3, 4 and 6. It is recommended that RAMONA-3B be
further assessed for the transients listed below in Section 1.2.1. Transients
already successfully executed by BNL are summarized in Section 1.2.2.

1.2.1 RAMONA-3B Modeling Capabilities

(a) RAMONA-3B can simulate all steady-state conditions between zero-
power, hot standby conditions and full power conditions, with the re-
circulation pumps running at full power, nominal stator voltage and
A.C. frequency.

The following summary contains the sixteen BWR normal and abnormal opera-
tional transients which RAMONA-3B is programmed to simulate. RAMONA-3B needs
to be tested, assessed and documented for these transients. The transients are
grouped together on the basis of their primary disturbances.



1.2.1.1 Transients with Reactivity Changes

RAMONA-3B can simulate the consequences from:

(b) gradual or sudden withdrawals or insertions of control rods, either
during startup from hot standby conditions, during power range opera-
tions, or during setback and shut-off maneuvers, while the recircula-
tion pump motors operate at nominal stator voltage and nominal A.C.
frequency, or at zero stator voltage.

(c) accidental dropping of a single control rod, a cluster of rods or an
arbitrary compination of rods.

(d) full or partial reactor scram.
(e) boron injection.
(f) transients which induce a change in moderator (coolant) density or

temperature (e.g., void collapse due to pressure rise in the core).

1.2.1.2 Transients with System Pressure Change

RAMONA-3B can predict the consequences from:

(g) electrical load rejection with fast closure of the turbine control
valve.

(h) turbine failure with closure of turbine stop valve.

(i) closure of main steam isolation valve.

1.2.1.3 Transients with Coolant Inventory Decrease

RAMONA-3B can simulate the transients caused by:
(j) a failure of the pressure regulator.

(k) faulty opening of safety or relief valves.
(1) 1loss of feedwater flow.

(m) loss of electrical power at the recirculation pump motor.

1.2.1.4 Transients with Coolant Temperature Changes

RAMONA-3B simulates the following events:




(n) the failure of the feedwater flow controller.
(o) the change of feedwater temperature if this change can be represented

by a specified, single Tinear change of temperature between two spec-
ified temperature levels (loss of feedwater preheating).

1.2.1.5 Transients with Changes in Coolant Mass Flow Rate

RAMONA-3B can predict the consequences from:
(p) the trip of both recirculation pumps.

(q) the seizure of both recirculation pumps.

1.2.2 Documented Capabilities of RAMONA-3B

RAMONA-3B has successfully executed the following two transients:

(a) Reactor Scram with the control rods of only half of the core entering
the core (Half ATWS), accompanied by either a turbine trip or a Main
Steam Isolation Valve closure,

(b) Turbine Trip with bypass flow, at three power levels.

Both transients are documented in Chapter 7 of this report. The Turbine Trip
Test predictions have been compared with experimental results.

Scandpower has also performed a number of developmental code assessment

calculations. However, since their documentation is incomplete, we have not
included Scandpower's assessment results in this report.

1.3 Summary of RAMONA-3B Limitations

The following code limitations are inferred from the assessment of the
models and the numerical methods in RAMONA-3B. The impact of these limita-
tions in quantitative terms has not yet been determined and should be part of
independent code assessment.

Some of the limitations summarized in this section may restrict the code
capabilities as summarized in Section 1.2, most likely for long-term simula-
tions (when countercurrent flow and flow reversals occur at low-flow condi-
tions, for example). As it is impossible without extensive code assessment to
identify the conditions generated from all combinations of malfunctions and
whence the resulting limitations, we summarize in this section generic limita-
tions. This enables the code user to infer the impact from the code limita-
tions on a particular transient of interest.




RAMONA-3B simulates processes only in the pressure vessel, in a recircula-
tion loop (representing all recirculation loops) and in a steam line (represen-
tative of all steam lines), but not in the containment building, nor the sup-
pression pool, nor in the balance of the plant. Simulated are only the plant
control and protection functions which are related to the main steam supply
system.

The simplifications adapted for the numerical solution and integration
techniques have not yet been tested. Also a priori computational stability and
accuracy under all possible conditions cannot be assured, although the code has
successfully executed a number of transients.

The importance and a quantitative assessment of the limitations listed
below are given in Chapters 3 for fuel modeling (gap conductance effects), in
Chapter 4 for hydraulics and system component simulations and in Chapter 5 for
control system simulations. The reader is also referred to Chapter 6, particu-
larly to Sections 6.3.3 and 6.8 for control of computational errors.

The RAMONA-3B code cannot be expected to reliably predict the consequences
from:

(a) the effects of burnup on fuel gap conductance.

(b) start-up from cold standby conditions.*

(c) 1loss of coolant accidents, caused by either a small or a large break.
(d) jet pump failures due to a pipe break inside the reactor vessel.

(e) start-up of one or all recirculation pumps.

(f) 1load-following maneuvers controlled by recirculation pump speed (A.C.
voltage and frequency).

(g) general variations of feedwater temperatures or failure of feedwater
preheater.

(h) malfunctions of shutdown cooling system (RHRS).
(i) failure of recirculation flow control.

(j) 1loss of condenser vacuum.**

(k) fuel cladding failure.

(1) single recirculation pump failure.

(m) single jet pump failure.

(n) flashing in jet pumps or recirculation loops.

. ‘
xxcorrected in MOD O Cycle 7
Does not affect Turbine Trip Transient
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(o) pipe break in a single steam line.
(p) critical two-phase flow.
(q) counter-current flow limitations

RAMONA-3B can presently predict the fuel pellet temperature distribution
only to within + 20 percent of total fuel temperature difference, under both
transient and steady-state conditions, because of its modeling assumptions re-
lated to thermal conduction. Long-term transients (ten minutes or more), where
the thermal energy stored in the pressure vessel walls and structural compo-
nents can affect the coolant energy are not presently adequately simulated.
Rapid transients in fuel cladding temperature (burnout) are not accurately
predicted because of simplifying assumptions in cladding property descriptions
and numerical methods.

Transients in which the coolant level in the vessel either rises above the
vapor separators or below their 1liquid discharge ports are not treated
accurately. RAMONA-3B has no provision for computing the state of superheated
vapor anywhere in the system. This affects the simulation of transients with
rapid pressure rises (above approximately 10 bar/s) or with prolonged
conditions of burnout in the core. RAMONA-3B is not modeled to account for
acoustical effects in the coolant, and it cannot predict flow reversal.

This completes the summary of code capabilities and limitations. Technical
details of modeling assumptions and of numerical techniques related to these
capabilities and limitations are found in:

Section 1 for neutron kinetics modeling,
for thermal conduction modeling,
for thermohydraulic modeling,

1.1, 6.4., 6.6, 6.7.3.1.2 and 6.7.3.1.3 for numerical
methods.

2.3
3.

4,2
6.3.

The reader's attention is directed toward the list of recommendations for
future code improvements, given in Chapter 8. A number of minor code modifica-
tions can effectively eliminate several of the code limitations.

As indicated earlier, the reader should know that significant improvements
have been made to the RAMONA-3B code since the writing of this report (Saha et
al., 1984). These improvements include a collapsed water level tracking capa-
bility, an expanded wall friction factor package, including the laminar flow
regime, and reactivity edits. A number of corrections have also been made in
the areas of decay heat predictions, momentum equation, boron transport and
Tevel tracking calculations. The improved level tracking calculation does al-
lTow the mixture Tevel to rise above or fall below its normal range, and it in-
cludes the effect of steam condensation on feedwater and/or safety injection
water when the level drops below the feedwater sparger. Work 1is presently
under way to implement the simulations of a feedwater and recirculation control
system, suppression pool temperature calculation, and a balance-of-plant as




modeled by MINET (Van Tuyle, 1984) into the RAMONA-3B code. Two separate re-
circulation loops will also be modeled in the near future. In addition, im-
provements are being made in the steam separator model and the reverse flow
calculation in the reactor vessel. Rather than extensively modify this report,
thesg improvements are to be documented in a separate report (Saha et al.,
1984).

1.4 Primary Modeliny Features in RAMONA-3B

This section presents the summary of modeling characteristics in RAMONA-3B
for neutron kinetics, thermal conduction and thermohydraulics. More details
are presented in Sections 2.1, 3.1 and 4.1.

1.4.1 Neutron Kinetics Models

A 1-1/2 group, coarse mesh diffusion model in a three-dimensional rectan-
gular coordinate system is used to predict transient three-dimensional fission
power distributions in the core. Six delayed neutron groups are accounted for.
Decay heat from fission products is computed in RAMONA-3B from ANS Standard 5.1
(1978). A1l feedback mechanisms between neutron kinetics and thermohydraulics
are modeled.

The prompt neutron equations are integrated with an implicit "box" method.
The delayed neutron equations are explicitly integrated.

1.4.2 Thermal Conduction

Thermal energy storage in, and its conduction and convection from, struc-
tural components are ignored in RAMONA-3B. Thermal energy storage and conduc-
tion in fuel elements (pellet, gas gap and fuel cladding), each one represent-
ing all the fuel in a computational cell of the three-dimensional mesh for neu-
tron kinetics calculations, is computed with a discrete-parameter model. Axial
conduction and the temperature dependencies of heat capacity in fuel pellet and
cladding and of thermal conductivity in the cladding are ignored. The gap con-
ductance is a prescribed function of fuel pellet temperature.

The conduction equations are numerically integrated by an iterative pre-

dictor-corrector method for the pellet and by a successive substitution proce-
dure for the cladding.

1.4.3 Thermohydraulics

RAMONA-3B has models for two-phase flows with unequal phasic velocities,
subcooled or superheated liquid phase and with transient boron concentration,
Four equations of vapor mass, mixture mass, momentum and energy conservation



describe the coolant dynamics in the vessel. Two equations of vapor mass and
momentum conservation describe the acoustic effects from valve closures in the
(adiabatic) steam lines. One boron mass conservation equation is used to pre-
dict the transport of boron.

A single pressure is used in the entire system to compute all phasic prop-
erties. This technique eliminates efficiently the effects from unimportant
acoustic effects in the vessel and contributes significantly to the computing
economy in RAMONA-3B.

One closed-contour momentum equation each is used to predict the individ-
ual axial velocities in a chosen number of parallel core flow channels. This
method increases significantly the computing speed.

The partial differential equation of mixture mass conservation is inte-
grated by a simple quadrature in space. This method also significantly in-
creases computing speed without 1oss in accuracy.

Without these three advanced modeling features, RAMONA-3B would not be
able to compute three-dimensional neutron kinetics and thermohydraulics for
multichannel core geometries in the context of a systems code and produce re-
sults at acceptable costs.

RAMONA-3B accounts for nonequilibrium vapor generation, unequal phase
velocities, wall shear and heat transfer for single-phase and two-phase flow
conditions. The prediction of slip is deemed reliable for low and moderate
vapor void fractions (& < 0.6), that of wall shear for forced turbulent flow,
and that of heat transfer for forced turbulent convection in single-phase flows
and for nucieate boiling in churn-turbulent two-phase flow. New modeling is
needed for laminar flows, film flows, dispersed droplet flows and the flow of
superheated vapor.

RAMONA-3B has individual component modeling to accommodate BWR systems of
U.S. design. A1l recirculation loops and all steam lines are represented in
RAMONA-3B by a single recirculation loop with a single jet pump and a single
steam line, respectively. The steam separator model is arbitrary and requires
improvements for the prediction of carry-under.

The thermohydraulics equations and the boron transport equations are inte-
grated by the Euler-Cauchy method; the acoustics in the steam line are pre-
dicted by a fourth-order Runge-Kutta method, coupled with the Simpson rule to
control the time step from specified error bounds. The implementation of the
first-order Euler-Cauchy method in RAMONA-3B can be expected to work most of
the time but not always because the stability criteria as implemented in
RAMONA-3B are not universal. (See Section 6.9 for necessary improvements.)

1.4.4 Systems Controls

RAMONA-3B has simplified but adequate models for the plant control and
plant protection systems which affect directly the main steam supply system.
Specifically, RAMONA-3B simulates the actions of the pressure regulator, the




Safety and Relief Valves (SRV), the Main Steam Isolation Vaive (MSIV), and of
the plant protection system, i.e., the sensors for neutron flux, water level
and system pressure, and the trip logic for control rod and valve responses.

Numerical methods for systems control simulations consist of explicit
Euler-Cauchy integrations and first-order backward time differencing (lag ele-
ments, proportional-integral-differential controller) and of MAX/MIN statements
for limiters.

1.5 Code Structure

The RAMONA-3B code consists of over one hundred FORTRAN SUBROUTINE and
FUNCTION subprograms. It is divided into two major program sets, one for neu-
tron kinetics calculations, the other one for thermohydraulics calculations. A
minor program module contains the steam line dynamics simulation.

The neutron kinetics package contains the small set of subprograms for
computing the thermal conduction in fuel elements. The thermohydraulics pack-
age includes the procedures for predicting boron transport.

The RAMONA-3B code structure is not optimized within the major program set
for the thermohydraulics calculation. There is no modular separation into
mathematical procedures and into procedures for computing derivatives of state
variables, for computing constitutive relations for mass, momentum and energy
transfer, nor for computing particular, component-related processes. The plant
control and plant protection systems simulation is not programmed in a separate
module. Only the steam line module has separate subprograms each for initial
conditions, derivatives of state variables, constitutive relations, mathemati-
cal procedures and program execution control.

Details of the programming in RAMONA-3B are to be found in the User's
Guide (Connell, Neymotin, Saha and Slovik, 1984), which also contains the de-
scriptions for the arrangement of input data and the detailed explanations of
the output listing.

1.6 Overview of Code Development

RAMONA-3B evolved from RAMONA-III. RAMONA-III was developed by Scandpower
Inc. in Kjeller, Norway as an outgrowth from RAMONA-I (with point kinetics)
(Bakstad and Solberg, 1968), and from RAMONA-II (with one-dimensional neutron
kinetics) (Holt and Rasmussen, 1968). RAMONA-III also contains program features
from other codes for steady-state neutron kinetics (PRESTO) and for thermohy-
draulics (ANDYCAP), also developed at the Institutt for Atomenergi in Kjeller,
Norway.
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RAMONA-III was acquired from Scandpower by Brookhaven National Laboratory
in 1978 on behalf of the U.S. Nuclear Regulatory Commission. BNL then modified
and expanded the RAMONA-III code extensively for the purpose of accommodating
specific system components of BWR power plants in the United States, and of
simulating processes which were beyond the capabilities of RAMONA-III. The mod-
ified code is called RAMONA-3B.

Brookhaven National Laboratory implemented in RAMONA-3B existing proce-
dures for

a) decay heat calculations

b) computing the critical power ratio,

c) computing the slip in accordance with the Bankoff-Jones correlation,
d) calculating feedback effects on neutron cross sections, and for

e) independent verification of global mass and energy conservation.
Brookhaven National Laboratory also developed and implemented models for
f) steam line dynamics,

g) boron transport,

h) post-CHF heat transfer,

i) plant control and plant protection systems, i.e.: pressure regulator,
Safety and Relief Valves (SRVs), Main Steam Isolation Valves (MSIVs),
Turbine Stop Valve (TSV), High Pressure Core Injection (HPCI) and Re-
actor Core Isolation Cooling (RCIC).

Brookhaven National Laboratory subcontracted with Scandpower to develop
models for simulating thermal conduction in the fuel cladding and fluid flow
dynamics in the recirculation loop, including the jet pump, and in the steam
separators. BNL incorporated the respective program modules from Scandpower
into RAMONA-3B. The Recirculation Pump Data in RAMONA-3B were obtained from
General Electric.

Brookhaven National Laboratory also developed a plotting package and de-
leted a number of coding errors from the original code. Finally, BNL performed
code calculations for developmental code assessment. The steam line module was
assessed by comparing its results with exact solutions, with other code re-
sults, and with experiments. RAMONA-3B was assessed as a whole at BNL by com-
parison with test data from the Peach Bottom turbine trip tests. BNL demon-
strated the capability of RAMONA-3B to simulate, in principle, & partial scram
transient (Half ATWS). Details of this assessment are presented in Chapter 7
of this report,
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1.7 Organization of Report

This report was prepared on the basis of all available (but incomplete)
code documentation on RAMONA-III, of reports on code modifications and on code
listings, as obtained from Scandpower Inc.

The detailed technical part of this report presents the modeling in
RAMONA-3B in Chapters 2, 3 and 4 for neutron kinetics, thermal conduction in
solid structures and cnolant thermohydraulics. respectively. Chapter 6 pre-
sents first the finite difference formulation of these models, in the same
order, and then the solution techniques employed in RAMONA-3B for computing
first the steady-state and then the transient conditions. Chapter 5 presents
the complete description of control models and the solution methods for their
jmplementation. Chapter 7 describes the details of the developmental code
assessment carried out at BNL. The summary of Chapter 8 contains the list of
recommendations for future code improvements.

Equations are numbered by Arabic numerals, the first two numbers indicat-
ing the chapter and primary section in which they appear first. Assumptions
are numbered by Arabic numbers for their respective chapters and within the
chapter by lower-case Roman numerals. The sections covering the consequences
from assumptions have the same labels as the assumptions.

The models for neutron kinetics, thermal conduction and thermohydraulics
have been derived by the authors of this report. The derivations were started
from first principles as published in standard texts, and carried out to lead
to the formulations used in RAMONA-3B and documented by Scandpower. The deri-
vations showed clearly the assumptions implied in the models, and they served
to assess the capabilities and limitations of the code. Where major assump-
tions are implied, the model derivation has been presented separately from the
description of its implementation in RAMONA-3B. Minor differences between the
authors' derivations and the RAMONA-3B formulations are stated as part of the
derivations.
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2. MODELING OF NEUTRON KINETICS AND POWER GENERATION

2.1 Scope and Objectives

One of the most salient characteristics of boiling water reactors is the
strong space-time effect on the power distribution in the reactor core because
of the strong void feedback and the need for frequent movement of control rods
for operational maneuvering. Therefore, a rigorous analysis of many BWR trans-
ients and accidents often requires a knowledge of the three-dimensional transi-
ent power distribution in the reactor core. RAMONA-3B is unique in that it
provides a capability for predicting the three-dimensional transient power dis-
tribution. In fact, it is currently the only BWR system code which has such a
capability.

The source terms for the thermohydraulic equations in the core are derived
from the fission induced power distribution which, in turn, is determined from
the neutron flux distribution. The most rigorous theoretical description of
the neutron flux behavior is given by the Boltzmann transport equation. Unfor-
tunately, the solution of the transport equation for a light water reactor
(LWR) must be obtained by numerical means which are prohibitively expensive
(especially for time-dependent three-dimensional problems) because of excessive
computer time and memory requirements. It has been found satisfactory in many
practical applications to describe the neutron flux behavior in a nuclear reac-
tor by means of a multigroup neutron diffusion theory model, a low order ap-
proximation to the formally exact Boltzmann transport equation. In this model,
multiple energy groups are used to represent the energy dependence of the neu-
tron flux, the diffusion theory approximation (Fick's law) is used to represent
neutron transport, and up to six delayed neutron precursor groups are used to
represent the delayed neutrons.

For large reactors such as modern LWRs, even multigroup diffusion theory
is very expensive to use for calculating the three-dimensional power distribu-
tion. Two decades of experience have indicated that two or three energy groups
are, in most situations, sufficient to represent the neutrons, particularly for
light water reactors. Consequently, RAMONA-3B employs a two-group diffusion
theory model to describe the neutron kinetics.

The two-group diffusion theory model is based on the division of all neu-
trons into two classes depending on whether their energy is greater or less
than some arbitrary cut-point in the continuous energy spectrum ranging from
10-4 eV to 107 eV. The cut-point is generally taken to be about 1 eV above
which upscattering is negligible. It is assumed that within given regions of
the reactor {(generally corresponding to given compositions) the energy distri-
bution of neutrons belonging to the two groups is independent of position. This
implies that the cut-point is assumed to remain constant during the course of a
transient. This is generally true for transients of interest with RAMONA-3B,
but not for long-term transients such as due to fuel depletion (burnup). The
adequacy of the two-group diffusion theory model for LWRs is intrinsically re-
lated to the unique moderating property of hydrogen and has been demonstrated
by a wide range of experimental and operating experience.

- 13 -




Thus, the two-group diffusion theory forms the basis for the neutron ki-
netics of RAMONA-3B. However, it is not sufficient to consider the neutron
kinetics alone if one wishes to realistically predict the transient behavior of
a lTight water reactor. One must also consider the associated problems of heat
transfer and fluid flow as well as the coupling of the latter (thermohydrau-
lics) to the neutron kinetics. The coupling comes about because nuciear fis-
sion reactions generate a tremendous amount of heat that can result in changes
in core geometry, density of the constituent materials (coolant in particular),
and temperature of these materials. These effects, in turn, change the local
nuclear reaction rates, and hence, influence the subsequent kinetic behavior of
the reactor. These feedback effects are generally represented by empirical
constitutive relations often referred to as feedback models.

The objectives of this chapter are to describe the governing equations of
the neutron kinetics in RAMONA-3B and the associated initial conditions and
boundary conditions, and to describe the power generation rate for thermohy-
draulics. The basic assumptions and approximations leading to the 1-1/2-group,
coarse-mesh, diffusion equations employed by RAMONA-3B are discussed in Sec-
tions 2.2 and 2.3. The feedback models which relate the diffusion equation pa-
rameters to the thermohydraulic variables are described in Section 2.4. A gen-
eral discussion on how to obtain the two-group diffusion equation parameters is
also given. Section 2.5 discusses the boundary condition parameters and Section
2.6 treats other neutron kinetics parameters. The calculation of power genera-
tion is described in Section 2.7. The finite difference equations and the nu-
merical schemes for their solutions are not discussed in this chapter and will
be given in Chapter 6.

2.2 General Approach

2.2.1 The Two-Group Diffusion Theory Model

The general approach to the neutron kinetics for LWRs is the two-group
diffusion theory model. Let ¢j(r,T) and ¢2(r,7) denote the fast and thermal
(i.e., slow) neutron fluxes, respectively. The corresponding neutron densities
are given by ¢3(r,T)/v1 and ¢2(r,Tt)/v2, v1 and v2 being the average speed of
neutrons in the two groups (subscript 1 referring to the higher energy group,
i.e., the faster group of neutrons).

The total reaction rate at any location and time is given by the product
of fluxes and appropriate macroscopic cross sections Iq(r,T) where the sub-
script g (g=1,2) refers to the energy group. The I4(r,t) are sums of the
macroscopic cross sections for each nuclide present. %hese macroscopic cross
sections are the product of nuclide number densities, N(r,t), and the corre-
sponding microscopic cross sections, OQ(T). The time dependence of o4 arises
from the fact that it is an average over the thermal motion of the nuc?ei pre-
sent and over the assumed energy distribution of the neutrons. Thus, the feed-
back effects change the Ig by virtue of altering the values of the group
azera?ed microscopic cross” sections as well as the material concentrations,
N(r,T).
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The selection of the thermal cutoff at 1 eV is such that neutrons in the
thermal group do not scatter up into the fast group, but neutrons in the fast
group will slow down into the thermal group. The symbol z7(r,t) is custom-
arily used to denote a cross section for slowing down from group 1 to group 2.
Thus, the source for the thermal group is the slowing down density expressed as
221(r 1) ¢1(r,Tt). The symbol vgIgq will indicate the cross section for the
ngduct1on of Vg fast ngutrons ue to fission of a fissjonable isotope (e.g.,

in group g. Ifg is the fission cross section for the isotope and vgq is
the mean number of neutrons produced by that fission. A fraction g of the v
neutrons produced in fission appears only after a beta-decay of one of the fis-
sion products. There are a number of these fission products which are lumped
together as six “precursor groups.” The fraction of fission neutrons appearing
from the ith such group will be designated by 8; (8 = D_ gj). The concentra-

i
tion of the ith precursor group will be denoted by cj(r,t), and x; will reg
resent the decay constant (the probability of decay per second) of the
precursor group.

The leakage rate of neutrons in group g out of a unit volume is given by
the divergence of neutron current. In the diffusion theory approximation, the
neutron current is approximated so that the leakage is - V-Dg(r,T)Veqg(r,t),
where Dg (r,T) is the diffusion coefficient for group g. The coefficiént de-
pends on the number densities, temperatures and nucliear cross sections of the
materials at point r.

The general two-group diffusion theory equations are derived from the fun-
damental conservation law which states that the rate of change of the neutron
density is equal to the rate at which neutrons are produced within a volume of
interest minus the rate at which they are absorbed or escape from the volume;
namely (Henry 1975, Chapter 7):

_a_[wl(ﬁﬁ)]
9T v1

¥ (-6h) P e e (e + v (0 6y em)]

+Z >\1C1(£:T) - Zl(r_:T)‘pl(_tsT) + V'Dl(r_:T) V‘pl(_ta'f)
! (2.2.1a)

3 ‘PZ(LsT)
3T '—‘V;— = 221(£’T)¢1(£,T) - Zz(L:T) ﬁpz(_tfr) + V.DZ(L’T) V¢2(£9T)
(2.2.1b)
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and the corresponding balance equation for the delayed neutron precursors is .

ac. (r,1) S s s
i .. =Z 8‘1? [ViZ%I(L’T) ~P1(L,T) + v%):‘f]‘.z(_rl,r) goz(g,r)] - Aici(L,T)_

J (2.2.1¢)

T

We have assumed that neutrons from fission appear only in group 1. The as-
sumption is valid for the two-group approximation since the lowest energy of
fission neutrons is well above the thermal cutoff of 1 eV. We have also con-
sidered the general case where there are several fissionable isotopes (repre-
sented by the index j) in the reactor core.

It should be pointed out that the indicated space and time dependence of
the cross sections and diffusion coefficients stem from the feedback effects
due to fission heating which depends on the neutron fluxes. Equations 2.2.1
are really nonlinear and the nonlinearity presents a further difficulty for
their solutions. The difficulty is circumvented in practice by solving the
neutron kinetics equations in tandem with the thermohydraulics equations. Thus
with the fission rate known at some initial time T, material temperatures and
densities at some slightly later time, T+AT, are computed under the assumption
that the fission rate stays constant during the time interval At. The new tem-
peratures and densities are then used to estimate the behavior of the diffusion
theory parameters during At, and Egs. 2.2.1 are solved during the interval as a
set of linear equations with time-dependent coefficients. The fission rate at
T#AT is then used as the starting point for another cycle. It is, of course,
possible to iterate this process. Indeed, this is what is normally done for the
initial steady-state solutions. However, during a transient, changes in mate-
rial properties are generally so much slower than changes in the neutron fluxes
that this is not necessarily a good strategy. Instead, the time step size, AT,
is reduced appropriately if the tandem-strategy is found unacceptable. (RAMONA-
3B employs a predictor-corrector procedure to determine if the time step size
needs to be reduced.)

A further simplification of Egs. 2.2.1 is made in practice: the spatial
dependence of cross sections and diffusion coefficients is reduced to the de-
pendence on material compositions which correspond to the nodalization struc-
ture for the thermohydraulics calculation. The thermohydraulic nodalization
structure is, in general, coarser (simpler) than the neutronic mesh grid for
the neutron flux. Hence, such a simplification is a profitable strategy. This
simplification is also totally consistent with modeling the feedback effects
due to the thermohydraulics.

For the convenience of future discussions, the two-group diffusion theory
equations (2.2.1) are cast in more compact matrix form as follows:
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X T/I 0 ﬂ"l V'DIV-ZI 0 ﬂPl
Tl Llle| | = V-D,V-3, ]| e
Vs 2 21 2 2 2
Jpd  Jgd
1 ; [\)lzfl vzzfz] 2 1
+ > (1-g%) +D A
0} 3J 73 i 0
(2.2.2)
Jgd Jsd
8c1 [ lzfl + vzzf ] 1
=Zgg - ¢ s i=1,2,...1
T 3 &
or
D eyr=loos o J JyrpdqT
st (V17000 = [A1Le] +30 Dpl (-8 P18+ DngIagey
j 1
. o (2.2.3)
5o =2 BIFYITI0] - Agey s 1=1.2,...1
J

where the superscript T indicates a transpose so that [F1T is the row vector,
row [ViZf] v2Zf2]; and other terms in Eqs. 2.2.3 are defined by comparison with
Egs. 2.2.2. Note that the notations for [Xp] and [xj] are both equal to
the vector column [1,0] and hence superfluous. They are introduced so that
Egs. 2.2.3 have the general multigroup form.

Equations 2.2.3 are to be solved subject to the boundary conditions at the
outer boundary (S):

Vo (r) +i(ﬁ) og(r) =0 for reS (2.2.4)

and the initial conditions at T=0:

SIAI[8] = i DxJIF1TIe] (2.2.5)
eff
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Note that Eq. 2.2.5 is an eigenvalue problem, so an eigenvalue 1/keoff is
introduced. Physically, keff can be interpreted as the effective multiplica-
tion factor (or criticality factor) of the reactor defined as the ratio of to-
tal productions of neutrons to the total losses of neutrons. Thus, keff = 1.0
when the reactor is exactly critical. This is the desirable initial condition
to start a reactor transient.

A real reactor is geometrically complex and materially heterogeneous. To
solve the group diffusion equations (2.2.3) for a complex three-dimensional
1light water reactor, one needs literally in excess of a hundred thousand spa-
tial mesh points to represent the heterogeneities of the system. Obviously,
this is impractical, particularly for transient calculations. The usual remedy
for this problem is to seek coarse-mesh solutions of Egs. 2.2.3. In this ap-
proximation, we partition the reactor into a reasonable number of coarse-mesh
volumes, customarily referred to as "nodes." However, another degree of approx-
imation is necessary before the coarse-mesh approximation can be made. Namely,
the geometrical complexity and material heterogeneity must be homogenized by
means of some spatial averaging procedure known as "homogenization." This pro-
cedure yields a set of equivalent homogenized two-group parameters for the
coarse-mesh nodes.

2.2.2 Homogenization and Energy Averaging

In practice, the homogenized two-group parameters are rarely generated for
each coarse-mesh region. Rather, they are calculated for each so-called "fuel
cell" (or "fuel type" as called in RAMONA-3B). A fuel cell is defined to be a
collection of unit cells and a unit cell may be a fuel bundle or a fuel ele-
ment, its cladding, and associated coolant. There may be only several differ-
ent fuel cells in a fresh core, (although an exposed core may contain two dozen
or more such fuel cells).

The homogenization is usually carried out by first obtaining a fine-mesh,
multigroup transport {or diffusion) theory solution for the fuel cell of inter-
est using zero current boundary conditions, then flux-weighting the multigroup
cross sections to obtain the equivalent two-group parameters for the homogen-
ized fuel cell. For example, the average total cross section for group g for
the fuel cell is prescribed as follows:

<j}ue1 cell dv/;Eng 2t(r,E) o(r,E)
i (2.2.6)

dv dE o(r,E
/fue1 cell  JaE, e(r,E)

f{g

where ¢(r,E) is the fine-mesh, multigroup flux solution for the fuel cell ob-
tained from the detailed auxiliary calculations usually performed in a lattice
physics code such as the ARMP package, and AE, is the energy width of the
group g. The first integration is the homogeniZation procedure and the second
integration is the energy averaging procedure known as "group collapsing."
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The other cross section types are calculated in the same way as Lty , ex-
cept for the average diffusion coefficient, which is usually obtained as fol-
Tows:

dv dE #{(r,E
/;uel cell ./;Eg e(rsE)
- (2.2.7)

D
g
dv w(rdEg
/}ue1 cell j;Eg a D(r,E

where D(r,E) is the diffusion coefficient at position r and energy E.

The spatial homogenization and group collapsing are routinely done in the
lattice physics calculations. Thus, the equivalent two-group parameters re-
quired for the group diffusion equations (2.2.3) are the product of a lattice
physics code and a core burnup code to determine the material distribution in
the core as a result of burnup. A successful scheme for obtaining these param-
eters is given in (Cokinos 1980, Chapter 2) and (Kohut 1981, Chapter 2).

It should be mentioned, in passing, that the two-group parameters (i.e.,
cross sections and diffusion coefficients) must be generated for different re-
actor conditions (state points) at various void fractions, fuel temperatures,
coolant temperatures, fuel burnups (exposures) with and without the presence of
control rods. These data points are then used to derive the various feedback
coefficients associated with the two-group parameters. We shall discuss the
details later in Section 2.4.

2.3 The 1-1/2-Group, Coarse-Mesh, Diffusion Model

RAMONA-3B employs the so-called "1-1/2-group, coarse-mesh, diffusion theo-
ry model" for neutron kinetics. In this section we shall discuss how this sim-
ple model was developed from the more rigorous two-group diffusion theory mod-
el. In so doing, we address the assumptions and approximations that must be
made, and assess their implications and limitations.

2.3.1 The 1-1/2-Group, Coarse-Mesh, Diffusion Equations

The idea of using the 1-1/2-group approximation is intrinsically related
to the desire of seeking accurate coarse-mesh solutions to the two-group diffu-
sion equations (2.2.1) for a large three-dimensional LWR core. Note that the
fast neutrons do not see the small heterogeneities due to their much longer
mean free path (mfp). For example, for the Peach Bottom-2 core at the end of
cycle 2, the fast neutron mfp is about 37 cm in the bottom of the core with no
voids, 50 cm at the midplane with 40% voids, and about 65 cm in the top of the
core with 67% voids. In contrast, the thermal neutron mean free path is much
shorter, about 10-20 cm. This suggests that much is to be gained if one could
solve Egs. 2.2.1 for the fast flux only and then derive the thermal flux from
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the fast flux by some means. This is precisely how the 1-1/2-group approxi-
mation came about.

To derive the 1-1/2-group diffusion equations, we retain the divergence
tem only for the fast flux v; in Egs. 2.2.1 and assume that

(i) the divergence temm for the thermal flux «2 can be either ne-
glected (the standard option in RAMONA-3B) or approximated by some
known function Aa(r,t).

For simplicity, we further assume that

(ii) the average neutron speeds, vi and vy, are independent of space
and time, and

(iii) a single set of the delayed neutron parameters, 8i and 1j, can
be defined such that they too are independent of space and time.

Assumption (i) is the essence of the 1-1/2-group model and its validity
depends on the problem at hand. The assumption is generally good for a homoge-
neous region of large size (much larger than the thermal neutron diffusion
length so that the thermal neutron leakage is insignificant). It is bad for
small regions and near any large material discontinuities. Fortunately, this
assumption is self-consistent with the coarse-mesh representation of the reac-
tor.

Assumption (ii) is generally valid, but should be substantiated by calcu-
lations of the variation in v; and vp, and the sensitivity of transients to
this variation.

Assumption (iii) may not be valid for an exposed core with nonuniform
burnup (exposure) distributions. One of the LWR operating strategies is to
maintain the exposure distribution as uniform as practicable; however, calcula-
tions are recommended in order to substantiate that the spatial dependence will
not be important. It is clear that g; and A; can be assumed to be independent
of time. These parameters will be discussed }urther in Section 2.6.2.

With these assumptions, the two-group diffusion equations (2.2.1) reduce

to
1 34 (r,T)
vy e = VD Ve (r,1) - Zy¢(r,1)
1
1 3%(r.7)
v, et hplrst) - Iy 0p(rat) + Zpp ¢ (r,7) (2.3.1b)
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and

dcy(rst)

- = 81[v12f1¢1(zjr) + v22f2¢%(r,r)] - Aici(r)T); (2.3.1c¢)

i=1,2,...1.

Equations 2.3.1 are the basic 1-1/2-group, coarse-mesh, diffusion equations.
We have retained the argument (r,t) to indicate that they are meant to apply to
three-dimensional time-dependent problems. We have also dropped the argument
for the two-group parameters to indicate that they are the homogenized con-
stants for a coarse-mesh representation of the reactor, even though they are
fully time dependent.

Note that the spatial part of the group 2 flux equation becomes trivial
without having to deal with the divergence term. Thus we can use a coarse-mesh
grid to calculate the fast flux accurately. Once the fast flux is obtained,
the problem is reduced to obtaining the thermal flux accurately from the fast
flux. This is the central theme of the neutron kinetics model in RAMONA-3B.
The success of the model hinges on how one can minimize the impact of the fun-
damental assumption (i) regarding the thermal neutron leakage. Because of its
fundamental importance, we shall discuss this subject in the following section.

2.3.2 Simplified Treatment of Thermal Neutron Diffusion

As stated in assumption (i), the thermal neutron diffusion in space is ap-
proximated by the function Ap(r,t); namely;

VD, Ve,(r,t) = Ay(r,T). (2.3.2)

Here Az(r,r) is assumed known from either a simple analytical treatment or an
auxiliary precalculation for a typical coarse-mesh node of interest. It is this
treatment of Ap(r,T) which will have a great impact on the accuracy of the
present model. A judicious choice of the nodalization structure is important
in that it can help relieve the impact of the Ay treatment.

In the simplest case, one can set Ap(r,T) to zero, thus completely ne-
glecting the thermal neutron diffusion. In fact, this is the standard option
in RAMONA-3B. Physically, this implies that the majority of thermal neutrons
in a coarse-mesh node stay within the volume and only a negligible number of
thermal neutrons escape the volume by diffusion near the nodal boundary. Thus,
the larger the size of the coarse-mesh node, the better this simplest treatment
of Ay is because of very short thermal neutron diffusion length (about 2-5
cm). However, one should not use a nodal size so large as to render the treat-
ment of the fast flux divergence termm inaccurate. (RAMONA-3B employs a finite-
difference scheme to treat this term.) Obviously, there is an optimum range of

- 21 -



nodal size that is a good compromise for both the fast and thermal neutron

fluxes. One must keep this in mind if he chooses to use this option in
RAMONA-3B.

There is, in RAMONA-3B, an option for determining the A(r,T) function
that has not been verified as to its correctness. It is based on the basic
idea of the coarse-mesh formulation, that the size of the coarse-mesh volume
(node) is sufficiently large for thermal neutrons so that the thermal flux dis-
tribution becomes separable within the coarse-mesh volume. Thus, the three-
dimensional thermal neutron leakages can then be treated separately in each
spatial dimension as a one-dimensional slab problem. The following derivation
is based on this idea and provides the formulas which must be verified as being
present in RAMONA-3B.

Consider two adjacent slabs of sufficient thickness, each of which has ho-
mogeneous material properties of its own. In what follows, we shall consider
only the steady-state diffusion equation for thermal neutrons in say, the x-
dimension. The derived formula for Ay is then assumed to apply at each time
step during a transient. The thermal neutron diffusion equation at steady state
may be written

dzwz(x)

dx2

D + 221¢1(x)- 22¢2(x)= 0. (2.3.3)

2

If ¢1 is assumed known, the solution of Eq. 2.3.3 consists of a general solu-
tion and a particular solution of the form:

L
¢2(x) = Ae L2 , gel2 4 (3%})w1 (2.3.4)

where Lo is the thermal neutron diffusion length defined as
L, =4+ > (2.3.5)

and A,B are the constants associated with the general solution to be deter-
mined.

Note that Eq. 2.3.4 is applicable to the slab i of interest and its neigh-
bor (i-1) as sketched in Fig. 2.1. The interface is defined to be at x=0 for
convenience.  There are four unknown constants (A;, Bj, Aj_1 and Bj_1)
to be determined. We need four boundary conditions to determine them. The
first two are the continuity of the thermal neutron flux and its current at the
interface:
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Figure 2.1

Simplified Treatment of Thermal
Neutron Diffusion
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The other two boundary conditions are derived from the assumption that, at the
center of each slab, the thermal flux has reached its asymptotic form:

0y(x) = (%?—) ¢y (x)

whence

d¢2(x) _<221> dqol(x)
dx ) 22 dx

This is a good assumption if Ax >> Ly, a condition required of the coarse-
mesh formulation. Applying this to both slabs, we obtain the two additional
boundary conditions:

(3) de, =(§gl dey
dx Ly ). dx
2 2
AR A () %,i-1
dx Z, dx
x:_A_X i-1 x:_A_x
2 2

In order to apply the above two boundary conditions, it is further assumed that
the fast flux ¢ varies linearly across the interface, as shown in Fig. 2.1,
so that the fast flux gradient can be expressed in terms of the fast fluxes at
the center of the slabs.

In summary, the use of the boundary conditions (3) and (4) invokes two as-
sumptions. This is not necessary because we can utilize the central thermal
fluxes of the slabs which are being calculated by RAMONA-3B. Thus, a better
approach would be to use the following boundary conditions:
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(3)' ¢2’i(x)| . = wZ,i
_Ax
x=7

_ Ax

(4)' “b,i-l(X)| =% .i-1
X X

We recommend this for future improvement. In what follows, we shall present
the result for Ap based on the boundary conditions (1), (2), (3) and (4) as
they are actually implemented in RAMONA-3B.

For ease of writing, define the following quantities:

1
£:. = (2.3.6)
1oL
S
n; = L. 1,i-1 (2.3.7)
1 Ax
X
{721
Y1- -<T£-) (2.3.8)

1

where ¢1 i represents the flux at x=xj (cf. Fig. 2.1). Applying the flux
solution ’(2.3.4) to the four boundary conditions, we obtain the following four
equations for the four unknowns (Aj, Bj, Aj_1, Bj_1):

1 - 1
A By vy ?(‘ol,iwl,i-l) - A By Ty 2ot "1,1-1) (2.3.9)

D2, ('giAi tEBy ¢t Yini) =Dy 4.1 ('51-1Ai-1 + 51_131_1*'Yi_1ni) (2.3.10)

AX

A, = el2 B, (2.3.11)
1 A
M

A, . =el2p (2.3.12)
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For a coarse-mesh representation, Ax/Lp > 6 is usually chosen. Thus, we see
from Eqgs. 2.3.11 and 2.3.12 that A; 1s much larger %han and Aj_1 is
much smaller than Bj_j. (For Ax/L2 6, e6b = 403, e~ 0. 00248 )} Taking
advantage of this and solving Egs. 2. 3 .9 and 2.3.10 for Bj.7 and B;, we ob-
tain

: ( )( ) 4( )
5|9 i+ P Y=Y 1), JEs (D, LE. - i 154
-2 \1,i 1,i-1/\"1 i-1/72,i71 i\2,i%i DZ,1 1°i-1 ., (2.3.13)

Bi_1
D2,i%1 * D2,i-1%i1
_Ax
L 7] +
fl+e =2 ( 1,i ¥ ,i
Bi = x| Bi-1- B\ i - Yi_l) ,
].+e-|:E L
M
LI NY ]
e ][Bi-l 7 1,4t “’1,1‘-1)(Yi T Yia1/) - (2.3.14)

We are interested in the net outward currents (i.e., leakage) at the boun-
daries of the slab i. At the left boundary (x=0), we have

de

Jo s =Dy d¢2,i = D, . 2,i-1
2,i 2,1 dx x =0 2,i-1 dx £=0
=D2,i11 ('Ei-lAi-l *Ei9Big * Yi_lni) : (2.3.15)

The term with Aj_1 can be neglected because of Eq. 2.3.12. Thus, the net
outward current at the left boundary of slab i becomes

L
2,1~ 02,1-1(51-131-1 * Yi-1n1) (2.3.16)
where Bj_j is given by Eq. 2.3.13.

Similarly, we can derive the net outward current (to the right) at the
right boundary of slab i. In this case, we have
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R 2.
R o= : ,
2,1 2,1 dx 1, _ Ay
Ax Ax
_ L2 L
== Dy ; (“51“1 e +gBjete 4 Yi”m) (2.3.17)

where Nj;1 is the fast flux gradient at the right boundary which, by the Tlin-
ear approximation, may be written

Pa = - Y, .
_1,i+] 1,i
Niyp = ~ . (2.3.18)

Here we have assumed that the mesh spacing Ax is everywhere constant. Using
Eq. 2.3.11 for Aj and Eq. 2.3.14 for Bj, we obtain the net outward current
at the right boundary of slab i:

&
R _ i )
RN [5131-1 vy (“’1,1'”’1,1-_1)(\(1- Yi_l) + vinm] . (2.3.19)

The Ap function as defined by Eq. 2.3.2 for the slab i of interest is
then given by

A (2.3.20)

A similar expression can be derived for A2 j in the y-direction and for
Ag,k in the z-direction. By virtue of the separability assumption discussed
earlier, we can then express the total Az function as the sum of its three
components :

A2 = AZ,i + A2,j + A2,k . (2.3.21)

2.3.3 Boundary Conditions

In a BWR, surrounding the active fuel region of the core is the coolant
which acts as a reflector for both fast and thermal neutrons. A reflector can
significantly affect the characteristics of the neutron population within the
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core. It is, therefore, important to represent correctly the effects produced
by a reflector. This can be done simply by including the reflector as a part
of the overall reactor when performing the neutron flux calculations. However,
such a procedure is computationally costly since fine meshes are usually re-
quired to represent the reflector in a finite-difference approximation.

RAMONA-3B overcomes this problem by excluding the reflector but, instead,
applying appropriate boundary conditions at the core-reflector interfaces. The
most general approach for the two-group approximation is to use a matrix albedo
[a] defined as a current-to-flux ratio at the boundary:

o 0
) 11 1] .
[a] = = ng— ( .3.2 )

%21 %22

where [Jg] is the boundary current vector and [®g] is the boundary flux
vector. In neutron diffusion theory, the current vector is given by

[QI] - [QB]
£/2

[Jg) = - [(D1{Ve] |5 =~ (D] (2.3.23)

where [¢1] is the adjacent interior flux vector and £ is the mesh spacing
next to the boundary of interest. On the (x,y) plane, & is equal to ax and in
the z-direction it is equal to Az.

Eliminating the boundary current vector [Jg] from Egs. 2.3.22 and
2.3.23, and then solving for the boundary flux vector [¢g] yields

£ o1\
(9] = ([I] +2 (D] [al) (9] (2.3.24)

where [1] is the unity vector. Carrying out the matrix inversion, we obtain
the two-group boundary fluxes as follows:

“1

1
¢p. = ——— (2.3.25)

(e5)
Dy
_ela
2D, 1

= 6. t — (2.3.26)
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The above relations between the boundary fluxes and the interior (center) flux-
es are important since only the center fluxes are calculated and these must be
related to the boundary fluxes before the boundary conditions can be applied.

In the 1-1/2-group, coarse-mesh, diffusion model employed by RAMONA-3B,

Eq. 2.3.25 is utilized to treat the boundary condition for the fast neutron
flux in terms of the fast boundary current:

011 ‘pI]_

£
1+ 3 Dl

J .(2.3.27)

= . =

It is assumed that the fast neutron flux extrapolates linearly to zero at some
distance A1 beyond the boundary, where i1 is known as the "fast extrapola-
tion length." This assumption is consistent with the homogeneous boundary con-
ditions given by Eq. 2.2.4. It can be readily shown that a3, in diffusion
theory, is simply

o

aq = = . (2.3.28)

1

With this aj1, the boundary current reduces to

D141
3y = é . 4 (2.3.29)
1 Al +-E
For convenience, let us define
= £ . g=
Aeff Al * 35 E=Ax or Az, (2.3.30)
so that we may write JBy = D1 ¢Ij/Xeff- This boundary current is then used

to treat the fast flux divergence term, V-D1V¥l, in the boundary nodes only.

For the thermal neutron flux, the general relation as given by Eq. 2.3.26
is not used in RAMONA-3B. Instead, the thermal neutron boundary condition is
taken into account by introducing a source term, 8gSgei(r,t), in the balance
equation (2.3.1b):

3¢, (r,1)

1
v 9T

> = Az(g}r) - 22¢é(£,T) + 221¢i(£}T) + GBSB¢1(£,T). (2.3.31)
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Physically, we may interpret the introduced source term as the additional ther-
mal neutrons reflecting back into the core from the reflector per fast neutron
leaking into the reflector. Note that ég is unity in the boundary nodes only
and zero elsewhere.

Before we go on to discuss the derivation of this source term, a caution
is in order. If the option of non-zero A2 is invoked, care must be taken to
insure that the A2 treatment discussed in the previous section does not in-
clude all the external boundaries for, otherwise, the thermal neutron leakage
(or in-leakage) may be doubly accounted for.

To derive Sg in the introduced source term, we define a parameter, 6, as
the ratio of the net inward thermal neutron current (-Jg,) to the net outward
fast neutron current (JBI) at the boundary surface of interest:

- JBZ
6 = 4 . (2.3.32)
B
1

Thus, upon using Eqs. 2.3.29 and 2.3.30, we obtain
6 Dl ¢Il

=0J =z e—
B2 B1 Aeff

-J (2.3.33)

Note that -JB, is the number of thermal neutrons per unit surface area leaking
into the boundary node of interest from the reflector; whereas the introduced
source term as it appears in Eq. 2.3.31 is the number of thermal neutrons per
unit volume leaking into the boundary node from the reflector. Note also that
¢1(r,r)in the source term is the interior (center) fast neutron flux of the
boundary node; namely, e1q- Thus, we have

S, P1. = "% - P19%1
B' 11 E

Moo
whence
Dle

S. =

B R (2.3.34)

Aerf &

where £ is the mesh spacing of the boundary node. Note that RAMONA-3B imposes
that the mesh spacings on the (x,y) plane be equal (i.e., Ax = Ay). Hence,& =
ax for the side (radial) boundary nodes and & = Az (the mesh spacing in the ax-
ial direction) for both the bottom and top boundary nodes.

Equation 2.3.34 is directly applicable to the bottom and top boundary
nodes which all have only one surface facing the reflector. For the side
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(radial) boundary nodes, one must consider the possibility that some of the
boundary nodes may have more than one surface facing the reflector. Thus, the
right-hand side of Egq. 2.3.34 should carry a number n for the side boundary
nodes to account for the multiple reflector-facing surfaces (i.e., missing
neighbors as they are called in RAMONA-3B).

Furthermore, the side boundary conditions may vary along the axial direc-
tion primarily because of the void distribution. Steam voids significantly af-
fect the diffusion coefficient which dictates the parameter Xeff, as we shall
discuss later in Section 2.5.1. The axial variation of the side boundary con-
dition is taken into account via a first-order Taylor series expansion for
1/ xeff:

1 (1 R n. - pref (2.3.35)
S S 3D; |55 1~ %
eff eff/ o eff/ o¢

where the notation "ref" represents the reference condition chosen for deter-
mining the single set of the side boundary condition parameters as required by
RAMONA-3B, and the superscript S has been used to stand for the side boundary
nodes.

The source term for the side boundary nodes can then be written

6 .
S _ n S} S
SB —()\S )(T\x) D1 s (2.3.36)

eff

where 8¢ is the current ratio defined by Eq. 2.3,32 for the side boundary
nodes with their fast diffusion coefficients being Dl'

Considering all the boundary nodes in three dimensions, we can summarize
the source term as follows:

B T s
D; © D, 6 Dinb
g5 =B LB T 17T .S 13 (2.3.37)
BB  B,B ., BT Az B S ax
eff eff eff

Recall that the parameter, Agff includes the void effect through Eq. 2.3.35
where the coefficient 9/3D1(1/A2ff Jref and Dief are also required input for
RAMONA-3B. Determination of the boundary condition parameters will be discus-
sed later in Section 2.5.
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2.3.4 1Initial Conditions

Appropriate initial conditions are necessary to start a transient calcula-
tion. The governing equations for the initial conditions of neutron kinetics
can be derived from Eqs. 2.3.1 by setting the time derivatives to zero:

(=90, Ve, (r) + 2 e (r) = kL [vlzf er(r) + v,z «:2(3)] (2.3.38a)
eff 1 2
< =h(r) + Z,¢,(r) = Iy e1(r)+ 85Sp e (r) (2.3.38b)
By
\ C;(r) = X, ["1 Zfl o1(r) + v, Zfz eo(r)| s (2.3.38¢)
i=1,2, .1

Here again, for simplicity, we have dropped the argument for all the cross sec-
tions and diffusion coefficients, keeping in mind that they are actually time
dependent and space dependent in a coarse-mesh sense.

The first two equations in Eq. 2.3.38 define an eigenvalue problem of the
form:

(-7-D, 7 + £;) 0 ey [vlzfl vzzfz] o
1
" Keff
(T + 8pSpthy)  (Sht Iy [ e, Teff ?)
or (2.3.39)
1 T
[A][0] = = [F]'[2] . (2.3.40)
eff

Here we have decomposed the A2 function into a term depending on ¢1(£) and
another depending on ¢(r) for the sake of generality:
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Az(g) = A21.¢1(£) + Ay wz(r) . (2.3.41)

Naturally, A21 = A2 = 0 if the option of A, = 0 is invoked.

Note that an eigenvalue 1/keff has been introduced to assure that a de-
sired initial condition exists. The parameter kgff is often interpreted as
the effective multiplication factor (or criticality factor) of the reactor of
interest. It can be detemmined either by solving the eigenvalue equation
(2.3.40) for the fundamental eigenvalue or from the ratio of total production
of neutrons to total loss of neutrons using the eigenfunction [¢]. The latter
approach is used by RAMONA-3B to obtain keff.

The desired initial condition to start a reactor transient is that the re-
actor is exactly critical (keff = 1.0). In practice, it is not always possi-
ble to obtain this desired condition from solving Eq. 2.3.40 because of the un-
certainties in the two-group parameters used and the method employed to solve
the eigenvalue equation. The usual practice is to calculate kefs to within
0.5% of unity, then divide both vizf] and v2If2 by the calculated kqfs to make
the reactor exactly critical prior to the transient calculation.

We shall defer the discussion of the solution method used to solve the
eigenvalue equation until Chapter 6. It is important to point out that the
initial value problem is not closed unless the coupling between the neutron ki-
netics and themohydraulics is considered. This coupling is due to the thermo-
hydraulic feedback effects on the two-group neutron diffusion parameters. The
coupling at the initial steady state is established by solving successively the
eigenvalue equation and the thermohydraulics equations (to be discussed in
Chapters 3 and 4) until a converged fission power distribution (or thermohy-
draulic heat source distributijon) is obtained. To do this we need a feedback
model for representing the thermohydraulic effects on the two-group diffusion
parameters. We shall discuss this in the next section.

2.4 Feedback Models

The two-group cross sections and diffusion coefficients (hereafter called
two-group parameters for brevity) are functions of space and time as a conse-
quence of their dependence on the material composition, density and tempera-
ture. The material composition changes due to fuel depletion (often referred
to as burnup or exposure), fission product buildup (especially xenon), soluble
boron injection, and the control rod movement including reactor scram. The de-
nsity changes with steam voids and temperatures which, in turn, change with the
thermohydraulic conditions. The material temperature changes due to fission
heating.

Thus, in general, the two-group parameters should be represented as a
function of nine variables: the void fraction a, the coolant temperature Ty,
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the fuel temperature T¢, the control fraction fyq, the 1iquid boron concentra-
tion cg, the xenon concentration X,, the fuel type F, the exposure E, and
the exposure-weighted void fraction ap (customarily called history-dependent
void). Symbolically, we can express the two-group parameters as

T = Z(u,TZ, Tf’fd’cB’Xe’ F,E,aE) . (2.4.1)

For convenience, we call Eq. 2.4.1 the feedback model for linking the neutron
physics and thermohydraulics.

The functional form of the feedback model is by and large empirical in
that experimental evidence and practical experience dictate its choice. In
this sense, the feedback models are analogous to the constitutive relations
used in thermohydraulics. In RAMONA-3B there are three different such choices
called, respectively, the BNL1 option, the BNL2 option and the ScPl option. We
shall describe the BNL2 option in the following and leave a description of
other options to Appendix 2.1.

The BNL2 option represents the two-group parameters in the following form:

3 3
_ 0 n-1 c n-1
r=(1- fd)z a o + de; aja T+ al(TSL'TSLo)
n:

n=1
+ afGJT; '\/Tfo) + 8z(cg,a) + 6Z, + 67 - (2.4.2)

The first two terms account for the effect of void feedback and the presence of
control rods. The third termm with a, accounts for the effect of moderator
temperature feedback. The term involving af takes into account the effect of
Doppler feedback. The temm &z(cg,a) accounts for the effect of standby solu-
ble boron injection should it occur. The temm 8§z, attempts to account for
the effect of fission product poisoning. Finally, the term &g accounts for
the effect of transverse leakage of neutrons if fewer than three dimensions are
used to represent the core.

Note that the effect of exposure (burnup) is not explicitly represented in
Eq. 2.4.2 because the effect of exposure does not change during the course of
most BWR transients of interest to RAMONA-3B. (Exposure accumulates appreciably
only in a duration of months or years.) Thus, for intended applications of
RAMONA-3B, the exposure can be assumed to be constant in time and its effect
should be taken into account in generating the coefficients for Eq. 2.4.2.
Note also that the fuel type dependence has been suppressed in Eq. 2.4.2 for
the sake of simplicity. One must keep in mind that the coefficients in Egq.
2.4.2 must be generated for all fuel types that are present in the core.
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2.4.1 Void Feedback

The effect of void feedback differs substantially between the uncontrolled
(control rod out) condition and the controlled (control rod in) condition in a
BWR. Therefore, the quadratic representation of the void feedback must be given
for both the uncontrolled and controlled conditions as shown in Eq. 2.4.2. The
quadratic coefficients, ag (n=1,2,3), are for the uncontrolled state and aﬁ (n=
1,2,3) for the controlled state. These coefficients must be generated for each
of nine two-group parameters (Dl, Dy, Zl, Iy, L1, ViZggs vzzfz,vl,v Yo To
this end, one must obtain first these nine two-group "parameters by  performing
the so-called lattice physics calculations (as discussed in Section 2.2.2) for
all uncontrolled fuel types or fuel cells (a fuel cell is usually a fuel bundle
or a multiple of fuel bundles) and all controlled fuel types for at least three
void fractions (usually chosen to be o=0, 0.4 and 0.7). The calculations use
nominal values for all other variables in Eq. 2.4.1. The data obtained at the
three void fractions are then used to determine the quadratic coefficients, ap
and a¢ for each of the two-group parameters. Of course, one can generate the
two-group parameters for many more void fractions, then least-square fit them
to the quadratic form. This is rarely done in practice because of the large
computing expense required.

It should be mentioned that the quadratic void feedback model was selected
after a parametric study (Lu and Cheng 1976) had shown that the void feedback
follows a quadratic law up to a void fraction of 0.75. For o > 0.75, a higher
order termm may be necessary. We recommend this for future improvement.

2.4.2 Moderator Temperature Feedback

The effect of moderator temperature feedback is generally of much less im-
portance than that of the void feedback. It is sufficient for most situations
to represent the moderator temperature feedback via a linear dependence on the
moderator (coolant) temperature T, as shown in Eq. 2.4.2.

To determine ap, one first selects an appropriate reference moderator
temperature Ty, (usually 286°C, the saturation temperature at 70 bars), a re-
ference void fraction (usually 0.40) and a reference fuel temperature (usually
922 K or 1200°F); then generates the two-group parameters at these reference
conditions. Keeping the reference void fraction and fuel temperature constant,
one then selects another moderator temperature somewhat lower than Ty, (usu-
ally 220°C) and generates another set of the two-group parameters at the per-
turbed conditions. The moderator temperature coefficient, ay, is then given

by

Z(Tzo) - Z(T:o)

a ~ =
. Tzo - Tzo

(2.4.3)

where T7, is the perturbed moderator temperature, and £(Tg,) represents
symbolically any of the two-group parameters generated with the reference mod-
erator temperature Tyq-
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2.4.3 Doppler Feedback

Neutrons with an energy spectrum ranging from about 1 eV to 5.53 keV are
called "epithermal or resonance neutrons." The absorption cross section of
these epithermal neutrons exhibits a complex resonant structure within the re-
sonance energy spectrum. Nuclear fission heating results in an increase in the
epithermal absorption cross section due to Doppler broadening of the resonant
structure. The increased epithermal absorption decreases the reactivity in the
core. The reduction in the reactivity due to an increase in the fuel tempera-
ture (as a result of fission heating) is called the "Doppler feedback." The
Doppler reactivity coefficient (i.e., the change in reactivity due to an in-
crease in fuel temperature) is always negative and very important for a severe
power excursion such as a rod drop accident since the Doppler feedback acts
promptly on the reactivity.

The Doppler feedback affects primarily the fast group cross sections (zp,
I21, ViEf1) and has lTittle effect on the fast diffusion coefficient, Dy. Conse-
quently, the Doppler feedback effect is taken into account only in these three
cross sections. The coefficients af, called the "fuel temperature coeffi-
cients," are simply the changes in these cross sections with respect to a
change in the fuel temperature. The coefficient a¢ is negative for zp; and
vy Ify, but positive for r;. A parametric study fLu and Chang 1976) indi-
cated that the Doppler effect on the cross sections follows a linear dependence
on the square root of the fuel temperature over a wide range of reactor condi-
tions. Consequently, such a linear model is employed as shown in Eq. 2.4.2.

To determine af, one first selects a reference fuel temperature Tg,
(usually 922 K or 1200°F) along with a reference moderator temperature (usually
286°C) and a reference void fraction (say, 0.40), then generates a set of fast
group cross sections at these reference conditions. Keeping the reference mod-
erator temperature and void fraction constant, one then selects another fuel
temperature (T?o) somewhat higher than T¢g (say, 1172 K or 1650°F) and gener-
ates another set of the fast group cross sections at the perturbed conditions.
The fuel temperature coefficient, af, can then be determined as follows:

HTgy) - 2(TE)

ac ™
V Tfo ' T?o

. (2.4.4)

Here again z(TfO) is used to represent symbolically any of the fast group
cross sections generated with the reference fuel temperature Tg,.

It is important to note that the present Doppler feedback model, as given
in Eq. 2.4.2, does not consider the effect of voids on the fuel temperature co-
efficients, af. As a matter of fact, af does vary with the void fraction
(Diamond and Cheng 1979). In general, one should account for the void effect
on af. We recommend this for future improvement. Moreover, the fuel tem-
perature coefficients, af, also depend on the control fraction, fy (Diamond
and Cheng 1979). Such dependence on the control density, while not ignorable,
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is of secondary importance for most anticipated transients in a BWR, but may be
important for a severe power excursion such as a rod drop accident.

2.4.4 Boron Reactivity Feedback

For BWRs, a standby liquid control system (SLCS) is provided to inject
soluble boron into the reactor vessel in case the normal control rod system ex-
periences difficulty in shutting down the reactor. Since boron is a strong
neutron absorber (especially for thermal neutrons), the boron injection, when
it occurs, will decrease the reactivity in the core. This boron reactivity
feedback is represented by the temm sI{cg,a) in Eq. 2.4.2.

The boron effect is taken into account in the fast and thermal absorption
cross sections only as follows:

GZg(CB,a) = Co oag(l-f*) fw(l-a) P, Cgs (2.4.5)
g=1,2
where

a = average void fraction in the thermohydraulic node,

7;2 = average liquid (water) density defined at each boron computational
cell as the arithmetic average of the cell inlet and outlet densi-
ties (kg/m3),

cg = boron concentration computed for each boron computation cell (ppm),

¢ = 0.11 x 10-10, a constant involving Avogadro's number, the natural

0 abundance and atomic weight of Boron-10, and conversion factors to
obtain the correct units,

o__ = microscopic absorption cross section of Boron-10 (typically, ¢ 1°

ag 22148 barns, o2 = 130073500 barns, depending on the neu%ron
spectrum in the water of a fuel cell),

fw = the ratio of bundle hydraulic flow area to total bundle cross-sec-
tional area,

f* = a correction factor to allow for conservatism and/or uncertainties

(use zero if there is no uncertainty).
The last three quantities (oag, fy and f*) are required input for RAMONA-3B.
e th

Note that the 0,4 should ose corresponding to the hardened water
spectrum in a fuel cell, and hence depend on the boron concentration, cg.
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2.4.5 Xenon Reactivity Feedback

As a result of fuel burnup, fission products build up in the core. These
fission products are neutron absorbers. Hence, their presence decreases the
reactivity in the core. This reduction in the core reactivity is often called
"fission product poisoning." Among all the fission products xenon stands out
as the strongest thermal neutron absorber and is the major single contributor
to the poisoning. Since xenon has relatively little effect on the fast neu-
tron cross sections, only the poisoning effect on the thermal cross sections
are considered in the xenon reactivity feedback, represented by the tem &I,
in Eq. 2.4.2.

The problem of xenon buildup is a transient problem by itself. The xenon
concentration tends to approach an equilibrium condition after a while. For
the sake of modeling the xenon reactivity feedback, it is usually assumed that
the xenon buildup has reached its equilibrium condition. The equilibrium xenon
concentration depends on the operating power level as well as the power distri-
bution within the core.

The correction for equilibrium xenon in the core assumes that the cross
sections, as otherwise supplied, are evaluated at a core average power density
qo corresponding to rated power. The correction for the nonuniformity of the
power distribution and/or an operating power level different from rated power
is

1+ bx

GZX = a, qg, -1 (2.4.6)
1+ bX -

qlll

where q" is the local power density, by, is a fitting constant and a, de-
pends on whether I, is the absorption cross section (z;) or the v -fission
cross section (vpIgp):

[+ 1]
1]

A():z)xe » the change in £ due to xenon poisoning at the rated power
density,

ay -A(vngg)xe, the negative change in vyI¢) due to xenon poisoning at

the rated power density.

Both ay and by, are required input for RAMONA-3B. They may be obtained from
a lattice physics calculation at the rated condition.
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2.4.6 Transverse Leakage Correction

Although RAMONA-3B is a three-dimensional code for neutron kinetics, it
can be used to calculate a one-dimensional (axial) problem. In this case, the
neutron leakage in the other two dimensions (x,y), called "transverse leakage,"
should be accounted for, if it is important. Such a correction is not very
significant for BWRs of large size (e.g., Peach Bottom-2), but may be impertant
for smaller BWRs.

The transverse leakage correction is simply an approximate way of repre-
senting the Teakage (divergence) term of the governing equations in the trans-
verse directions. That is,

8L, ¥Yq = -V:D .
9" 9 5| (x,)
~ -D V2w . (2.4.7)
g gl(x,y)
If we define a parameter, Bg. called "buckling" as
-V2¢
2. g , (2.4.8)
g g
(x,y)
we obtain the transverse leakage corrections as follows:
51 =D B2, g=1,2 . (2.4.9)
g g9

Thus, the problem becomes how to estimate the bucklings, B§ (g=1,2). The
best way is to evaluate B2 with Eq. 2.4.8 if the detailed flux distributions in
the transverse directions” are available. Since the transverse leakage correc-
tions are not of prime importance, they are often estimated from a homogeneous
reactor theory (Glasstone 1956, Chapter 7):

B = — ) ; g=1,2 (2.4.10)
g X+2) Y+ 2xg

where X is the effective dimension of the active reactor core in the x-direc-
tion, Y is that in the y-direction, and iq is the linear extrapolation length
for the gth group of neutrons. The degermination of Ag will be discussed
next in Section 2.5.1.
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2.5 Boundary Condition Parameters

We have discussed the boundary conditions in Section 2.3.3 where a set of
boundary condition parameters have been defined; namely, the effective linear
extrapolation length for the fast flux (Xeff), the thermal-to-fast current
ratio (68), and the coefficient 3/3D; (1/Agff). These parameters must be in-
put by the user for RAMONA-3B at present. Thus, it is necessary for the code
user to know how to determine these parameters.

The parameter Xoff is related to the linear extrapolation length, A},
for the fast flux as given by Eq. 2.3.30. The determination of Ay is a well
known subject in reactor physics. Simple analytical formula for Ay can be
found in any textbook (e.g., Glasstone and Edlund 1956). We shall present one
such formula later in Section 2.5.1.

Because of the special way of treating the thermal flux boundary condition
in RAMONA-3B, the subject of determining the parameter 8 is not a common one in
reactor physics. There is no simple analytical expression for 6 available in
open literature or any textbook. Scandpower Inc. has developed an auxiliary
code called "ALBMO" with which one can generate data for the parameter 6 at the
initial steady-state condition. They are then assumed to apply and hold con-
stant during the transient calculation. However, the use of the ALBMO code is
cumbersome and time-consuming in that it involves generating-a flux file from a
fine-mesh calculation with another 2-group diffusion theory code (MD2 or MD1)
and generating a cross-section file with RAMONA-3B or PRESTO using a mirror
symmetry boundary condition (Borresen 1978). Furthermore, one must do these
extra calculations for every new problem at hand. Clearly this is not a prac-
tical and efficient approach. The laborious effort involved tends to discour-
age the user from using it.

In this section we shall present a simple method for deriving an analyti-
cal formula for the themmal-to-fast current ratio 6, with which the user can
readily estimate the value for 6 from the two-group parameters in the core and
reflector. The method is based on some simplifying assumptions tailored to the
1-1/2-group, coarse-mesh, diffusion model empioyed by RAMONA-3B. It has been
found to work well for the RAMONA-3B code, but should not be taken to apply to
the general 2-group, fine-mesh, diffusion calculation. 1In this case, the best
approach is to represent the reflector explicitly as part of the reactor core.

2.5.1 Linear Extrapolation Lengths

In order to determine the effective extrapolation length q¢¢ defined by
Eq. 2.3.30, we must know how to determmine the linear extrapolation length 1)y
for the fast neutron flux. For the purpose of deriving the boundary condition
parameters, it is a good approximation to represent the core and reflector as
semi-infinite slabs because of the large size of modern LWRs. For convenience,
let us assume that the core-reflector interface is at x=0. The linear extrapo-
lation Tength A7 is defined as

- 40 -



(2.5.1)

x=0

Physically, XA; is the distance beyond the interface (x=0) where the fast
neutron flux is zero (inside the reflector). In neutron diffusion theory, Eq.
2.5.1 can be expressed as (Glasstone and Edlund 1956, Chapter 5, p. 133):

A, = 2D E_iﬂfll (2.5.2)
1 1 1'811 : )
where B11 is an albedo defined as

2D, de

1 1
T

By = T, de ' (2.5.3)
o™

For a finite reflector of thickness T, 817 is given by (Glasstone and

Edlund 1956, p. 133)
r
D
1-2 —{}- coth —J%i>
L L
- 1 1 (2.5.4)
T

B © or
1

1 + 2 —*—r—' coth —T

L L

where the superscript r denotes the reflector and L; is the fast neutron dif-
fusion length defined as

DY‘

A e T (2.5.5)
r
L

(2.5.6)
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Note that we have used the fast flux in the reflector to evaluate gj;. This
is permissible because of the continuity of the neutron flux and current across
the interface.

Substituting Eq. 2.5.6 into Eq. 2.5.2, we obtain a very interesting re-
sult:

A= L. (2.5.7)
Thus, X1 is approximately equal to the fast neutron diffusion length in the
reflector.

In general, we do not need the thermal neutron Tinear extrapolation length

A2 unless Eq. 2.4.10 is used to estimate the thermal buckling BS. In this
case, A2 can be determined by a similar approach; namely,
r
D
r 2
)\2 ~ L2 - —_YT— 9 (2.5.8)
L2

which is the thermal neutron diffusion length in the reflector.

2.5.2 Thermal-To-Fast Current Ratios, 6

For the determination of the thermal flux boundary condition parameters,
the group-to-group coupling as well as the core-reflector coupling is impor-
tant. Thus, one should consider the two-group diffusion equations for a re-
flected core. However, the subject of interest here is not to seek the two-
group flux solutions for the reflected core as this is the main mission of the
neutron kinetics model of RAMONA-3B. Rather, the main thrust is to find the
proper relationship between the thermal and fast neutron currents at the bound-
ary so that the effect of the reflector on the midpoint thermal flux of the
boundary nodes is properly acocunted for in accordance with the thermal bound-
ary conditions discussed in Section 2.3.3.

We shall adopt the same approach as that used for the simplified treatment
of thermal neutron diffusion as discussed in Section 2.3.2. It is based on the
basic idea of the coarse-mesh formulation that the sizes of the coarse-mesh
boundary node and the reflector are sufficiently large for thermal neutrons so
that the thermal flux distributions become separable within the coarse-mesh
volumes. Thus, the three-dimensional thermal neutron leakages (or in-leakages)
can be treated separately in each spatial dimension as a one-dimensional slab
problem.

We make the following simplifying assumptions:

(i) The boundary node of interest and its adjacent reflector are ther-
mally thick so that they can be represented as two-region slabs
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with the interface located at the origin (x=0), for convenience.
We assume that the boundary node occupies the space x > 0% and
the reflector occupies the other space x < 07.

(ii) The boundary node and its adjacent reflector are homogeneous so
that the two-group parameters can be treated as constant in each
region.

(i1i) The source term, called S, for the fast neutron flux is assumed to
be constant in the boundary node and zero in the reflector:

S = constant for x > 0F
(2.5.9)
=0 for x < 0~
(iv) The boundary condition parameters are a weak function of time so
that the time rate of change of fluxes can be ignored.

Assumption (i) is a good approximation within the framework of the coarse-
mesh formulation of RAMONA-3B because the sizes of the boundary node and the
reflector are much larger than the themmal neutron diffusion length (2% 3 cm).

Assumption (ii) is true or made true by the homogenization procedure dis-
cussed in Section 2.2.2. Again, this is consistent with the coarse-mesh formu-
Tation of RAMONA-3B.

Assumption (iii) is essential for the present approach. It is made to ob-
tain a simple analytical formula for 6. The assumption is also consistent with
the coarse-mesh formulation which applies a piecewise constant for the neutron
flux and power density in each coarse-mesh node. Furthermore, the assumption
is in keeping with the design and operating strategy for BWRs to maintain the
power distribution in the core as uniform as practicable.

Assumption (iv) is commonly made for deriving the boundary conditions in
reactor physics primarily due to practical considerations. The validity of
this assumption is subject to question if the core condition near the boundary
changes drastically due to, for example, the control rod movement. However,
some of the time-dependent effects can be restored if the boundary condition
parameters are allowed to change during the transient calculation due to the
change in the two-group parameters in the boundary nodes as this can be readily
done if simple analytical expressions are available for the boundary condition
parameters.

Under the above assumptions, the governing equations for the two-region
slabs can be written

dzwg
- p¢ + 3% = s (2.5.10a)
1 d 2 11
X
d2 ey
c cc _ <€ C
- D, dx2 + L9, = Lp¥ (2.5.10b)
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R

- D1 dx2 +Iyey = 0 (2.5.10c)
r d2¢£ r.r r o r

- 02 dx2 + szz = Zlel (2.5.10d)

where the superscript ¢ denotes the core (boundary node), the superscript r re-
presents the reflector, and

= 1 cC C, . C.C CY _
R <V1 I1f1 V2 2f2w2> ~ constant (2.5.11)

in the coarse-mesh boundary node of interest.

Equations 2.5.10a through 2.5.10d are a set of inhomogeneous, ordinary
differential equations. The complete solutions of these equations take the
form:

¢ x/LY
WSlx) = Sep Xy MM (2.5.12)
1 5¢ 1 1
1
c c c c
c _ /Ly v =X/l x/Ly o =X/Ly
wz(x) = Co + Cle + Cle + A3e + A3e (2.5.13)
r r
ef(x) = Ae XUy e lXI7h (2.5.14)
1 2 2
- r r - r . r
wg(x) = Cye x|/ + CéelxI/Ll thge %I/t + A4e|x|/L2 (2.5.15)

where the A's are the homogeneous solution constants and the C's are the par-
ticular solution constants, and
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D

Lo =4 <+ g=1,2 (2.5.16)
g e
g
DY‘

IR it K g=1,2. (2.5.17)
g 5T
g

We can simplify the general solutions as follows. First, the neutron flux
in the ref]ector must van1sh at the outer boundary of the ref]ector. This re-
quires that Ay = Ay = C, = 0 since the reflector is very thick in terms of the
neutron diffusion lengths.

Next, we apply the boundary condition (2.5.1) for the fast flux wi (x) to
obtain

(2.5.18)

which implies that Aj is insignificant relative to A; since A1~.L1 For sim-
plicity, we will drop the Al term and hence the Cl term.

In the 1-1/2-group, coarse-mesh approximation, the thermal neutron diffu-
sion (d1vergence term) is assumed to be negligible. This means that the A3
and A3 terms (which correspond to the thermal neutron diffusion) must be sec-
ondary to the asymptotic termm related to the particular solution (Cy and Cq
terms}. In the interest of maintaining consistency with the 1-1/2-group approx-
imation, it is acceptable to neglect both the A3 and A; terms. However, we
shall retain the A3 term to preserve at least some contribution of the therma]
neutron diffusion near the boundary for the A3 term contributes more signifi-
cantly to the center flux of the boundary node.

With these approximations and simplifications, the flux solutions reduce

to
x/LS
oS (x) = =+ Ae 1, (2.5.19)
r
1
c
x/LS L
v;(x) ~ Co +Cpe /1 + A3ex/ 2 . (2.5.20)
-Ix[/LY
w{(x) = Aye X7ty , (2.5.21)
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r r
vE(x) = Cze'lxllLl + A4e'lxl/L2 . (2.5.22)

We can detemine the particular solution constants (Co,C1,C2) by substi-
tuting Eqs. 2.5.20 and 2.5.22 into Eqs. 2.5.10b and 2.5.10d, respectively.
This gives rise to the following results:

c = (S )yc (2.5.23)
(o] zC
1
¢, = (2.5.24)
¢, = (2.5.25)
where
o}
5
¥ = % , (2.5.26)
o
Zr‘
yoo 2l (2.5.27)
Iy

The four homogeneous solution constants (Aj,A2,A3,Aq) can be determined by
the four boundary conditions (i.e., the continuity of the flux and current) at
the core-reflector interface (x=0):

(1) ¢J(o) = ¢1(0) ,

(2) 5 (0) = ¢5(0) ,

- 46 -




C wr‘
(3) p¢ d;pl = pf i_l
1 dx 1 dx ’
x=0 x=0
C r
(4) oS gfg = pr d_g
2 dx 2 dx
x=0 x=0

Applying the flux solutions (2.5.19)

through (2.5.22) to the above four

boundary conditions, then solving the resultant four algebraic equations for

the four unknowns (Ay,As,A3,As), we obtain

A, = _(_5_>( Ql) (2.5.28)
0/ \1+9
S 1
A, = , 2.5.29
2 (z‘i) (1"91) ( )
(o c\?2
Q. L L
S 1- 1.2 . q+an (-2
Zc 2 QZ Lc 1 Lc
A 1 LAY 1 1
3 (1+e)(1+0) L €\
1+ -2 1-{ 2
Lr L¢
1 1 (2.5.30)
(o}
s ]
c 1 C
Z1 c L1
Ay = Yo {1 + : (2.5.31)
(1+0)(1+Q,) L
1 2 1+ 2
LC
1
where
r o}
D L
9 = — a1 (2.5.32)
p¢ L'
1 1
A
2, = A (2.5.33)
¢ L
2 2
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In the definition of the thermal-to-fast current ratio, the net current is
defined to be positive in the outward direction and negative in the inward di-
rection. Since the axial reflectors consist of more than 60% of structural ma-
terials (stainless steel), both the fast and thermal neutrons leak out of the
core (i.e., the fast and thermal fluxes have slopes of the same sign) at the
axial boundaries. Thus, the thermal-to-fast current ratios, 61 and 6g, at the
top and bottom boundaries are given by

r
2 dx =0
op g = ——2> . (2.5.34)
1) dw
pf L
1 dx k=g

Note that, because of the continuity of the fluxes and currents, it does not
matter whether the reflector fluxes or the core fluxes are used. Using Egs.
2.5.21 and 2.5.22, we obtain

(o
o 2
1 ¢
0, , = el —2 ) ! (2.5.35)
1.8 (1+9,) LS L o
2 2 2
1+ -2 1+-2
LS LY
1 1

For the side (radial) parameter 65, we recognize the fact that fast neu-
trons leak out of the core; whereas thermal neutrons are reflected back into
the core. This is due to the unique characteristics of the side (radial) re-
flector consisting of pure hot water. Thus, we have

r
r dw2
Dz v
dx x=0
es = e — T N (2.5-36)
de
pf 1
1 4
X Ix=0
whence
c
o 2
1. .¢
r 1 c L1
) = Y - Y 1+ (2.5.37)
S r c
L2 L2
1 +— 1+ —
Lr L¢
1 1
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Thus, given the two-group parameters for the reflectors and the boundary
nodes in the core, one can determine the boundary condition parameters. The
importance of the core-reflector coupling is evident in the parameters, 6r,
6g and 6. We recommend that, for input preparation, the two-group param-
eters of the core needed for 65 be those of the side boundary node at the
mid-core with approximately 40% voids.

2.5.3 The Coefficient, Cpef

For brevity, we denote the coefficient in Eq. 2.3.35 by Cpef; that is

. 9 1 - I
CY‘ef = B—D*l— ')\—s— = - s 5 a0, (2.5.38)
eff ref eff
From Egs. 2.3.30, 2.5.7 and 2.5.5, we have
r
D
A:ff = '—3: + ‘Aéi . (2.5.39)
I
Using the above expression in Eq. 2.5.38, we obtain
r
L
0.5 _-%;
Dy
Cref = - > (2.5.40)
s
("eff)

We see that Cpef is always negative and changes with the mesh spacing 4Xx se-
lected for the core representation.
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2.5.4 Two-Group Reflector Parameters

In this section we provide a typical set of the two-group reflector cross
sections and diffusion coefficients applicable to a typical operating condition
of a BWR. This is desirable because the reflector compositions do not vary
significantly from one class of BWRs to another.

In a BWR the axial reflectors are approximately a mixture of 60% stainless
steel and 40% water (or two-phase mixture). The water of the bottom reflector
is at a hot operating condition with no voids, while that of the top reflector
consists of about 70% voids. The side (radial) reflector is pure water at near
saturation.

Multigroup integral transport calculations have been performed for a two-
region slab of core and reflector to obtain first a set of 8-group (with 5
thermal groups) cross sections, using the integral transport theory code HAMMER
(Rothenstein, 1977) with an 84-group cross section library based on ENDF/B-IV
data. The obtained 8-group cross sections were then used to calculate the
two-group reflector parameters by means of the discrete ordinate transport code
TWOTRAN-I1 (Lathrop, 1973) using the weighting scheme described in Section
2.2.2. The results are listed in Table 2.1 for the axial and side reflectors.

Table 2.1 Typical Two-Group Reflector Parameters

Top Bottom Side
Dy 1.0051 0.90379 1.6851
D2 0.36378 0.30612 0.24624
I1 0.011155 0.016686 0.03634
I2 0.09437 0.10081 0.010407
£21 0.008397 0.01388 0.03598
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2.6 Neutron Kinetics Parameters

The neutron kinetics parameters consist of the average neutron velocities,
Vg (g=1,2), and the delayed neutron parameters, B; and r; (i=1,2,...1).

2.6.1 Average Neutron Velocities

In the formulation of the 1-1/2 group, coarse-mesh, diffusion model, a set
of average neutron velocities was defined so that they become effectively con-
stant in space and time. In order to minimize the impact of this assumption,
the average (effective) neutron velocities should be determined as follows:

1
»/A. Aore g (r.E) dE dv

E v
<—_> = J g ’
Vg S f e (rB) dE
AEg/ core g

g=1,2

(2.6.1)

where AE, is the energy width of group g, and the spatial integral covers the
entire reactor core. Here we have introduced the energy dependence of the
group fluxes since each group flux has its own energy spectrum. These energy
spectra can be obtained from the multigroup neutron spectrum calculations in a
lattice physics code.

Note that the particular definition (2.6.1) results naturally from energy
and space averaging of the general two-group diffusion equations (2.2.1). The
average inverse velocities, <1/vy> (g=1,2), are all that are actually needed
to solve the neutron kinetics equations. However, RAMONA-3B requires as input
the average neutron velocities, Vg (g=1,2). Thus, they should be obtained as
the reciprocals of <1/vg> (g=1,2).

Note also that we have suppressed the time dependence of the group spec-
tra, ¢gq (g=1,2), under the assumption that they do not change appreciably dur-
ing a transient. This is nearly true for most reactor transients of short du-
ration. With this assumption and the averaging (2.6.1), the neutron velocities
become effectively constant in space and time. Typical values for the neutron
velocities in a BWR are:

1.81 x 107 cm/sec

3.65 x 105 cm/sec
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2.6.2 Delayed Neutron Parameters

In the 1-1/2-group, coarse-mesh diffusion formulation, we have made the
assumption that a single set of the delayed neutron parameters, g8; and Aj
(i=1,2,...,I), can be defined such that they are independent of space and time.
In this section we shall discuss how this is usually done and provide the most
recently published delayed neutron data for various fissionable isotopes that
may be present in a BWR.

It is obvious from the general two-group diffision equations (2.2.1) that,
in order to get rid of the isotope dependence (j), we simply define an average
B; as follows:

- j g=1
Bi (L’T) - 2 (2.6.2)
2 Vg g ¢g (r.7)
g=1
where
- J d
vngg :g: vg ng . (2.6.3)

Note that we have retained the space- and time-dependence of B; for the
sake of generality. However, if gJ are independent of j, the argument (r,t)
of B8; then drops out. This isnot' quite true in reality, and hence g will
have some dependence on space and time. We shall show that such dependence is
a weak one so that the assumption of constant g; and x; can be justified in
most situations.

First of all, observe that the space- and time-dependence of g; stems
from that of the neutron fluxes, ¢4, the v-fission cross sections,vgZfg, and
the isotopic dependence of gl. Thé effect of the first two tends to cancel
each other for they appear both in the numerator and denominator of Eq. 2.6.2.
The effect of the isotopic dependence becomes important only if the exposure
distribution in the core is very nonuniform. Furthermore, the delayed neutron
effect tends to be dominated by a particular fissionable isotope (i.e., U)
in a LWR.,

The physical definition of the total 8 is the fraction of delayed neutrons
per fission:

g = 4 (2.6.4)
v




where vy is the delayed neutrons per fission and

Vi Zg1 ¥ Vol ¥
Zepop Y I %

<l
1

(2.6.5)

While the individual g; will influence the delayed neutron concentrations,
Cj (i=1,2,...,1), it is the total B which is of primary importance for the
transient behavior of the neutron fluxes. It is, therefore, advantageous to
define the so~called relative delayed neutron yield, aj, as

R.
S
a; = 2 (2.6.6)

so that the transient neutron fluxes become relatively insensitive to aj. 1In
fact, the customary way of reporting the delayed neutron data in the Titerature
is to report ai rather than gi and the decay constants Aj, or the half-life
(1/x5).

The delayed neutron data for most fissionable isotopes have been exten-
sively reviewed and evaluated (Tuttle 1975). A recent review of the delayed
neutron data has a]so befn made (Walker and Weaver 1979). The evaluated delayed
neutron data for 8u, 239Pu 240py, 241py, and 242py are summarized in
Table 2.2.

To obtain the total g8 for a BWR core, we make use of the data in Table 2.2
and calculate g4 with Eq. 2.6.2, then sum:

=2 8 - (2.6.7)

i

Since the calculation of gj by Eq. 2.6.2 calls for a knowledge of the neutron
spectrum, this calculation is typically a part of the lattice physics calcula-
tions for the generation of the two-group parameters. For BWRs, the value of 8
is about 0.00738 at beginning-of-life (BOL) and decreases progressive]y to
about 0.00546 at end-of-cycle 2 (E0C2) due to plutonium buildup.
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Table 2.2 Delayed Neutron Parameters(a)

Fission Vd Total Group Fractional Yield Decay Constant
Nuclide (Neutron/Fission) g i aj Aj(s-1)
1 0.038 + 0.004 0.0127 + 0.0003
2 0.213 + 0.007 0.0317 + 0.0012
235 3 0.188 + 0.024 0.115 + 0.004
U 0.01654 + 0.0002 0.0068 + 0.0002 3 0.407 % 0.010 0.311 1+ 0.012
5 0.128 + 0.012 1.40 1t 0.12
6 0.026 + 0.004 3.87 + 0.55
1 0.013 + 0.001 0.0132 + 0.0004
2 0.137 + 0.003 0.0321 + 0.0009
238 3 0.162 + 0.030 0.139 1t 0.007
U 0.04508 *+ 0.0006 0.0161 + 0.0008 4 0.388 + 0.018 0.358 + 0.021
5 0.225 + 0.019 1.41 = 0.10
6 0.075 + 0.007 4.02 t 0.32
1 0.038 + 0.004 0.0129 + 0.0003
2 0.280 + 0.006 0.0311 t 0.0007
239 3 0.216 + 0.027 0.134 + 0,004
Pu 0.00655 t 0.00012 0.0022 + 0.0001 3 0.323 ¢ 0.015 0.331 + 0.018
5 0.103 =+ 0.013 1.26 1 0.17
6 0.035 + 0.007 3.2 +0.38
1 0.028 + 0.004 0.0129 + 0.0006
2 0.273 + 0.006 0.0313 + 0.0007
240 3 0.192 + 0.078 0.135 1t 0.016
Pu 0.00960 + 0.0011 0.00291+ 0.0002 2 0.350 + 0.030 0.333 + 0.046
5 0.128 + 0.027 1.36 t 0.30
6 0.029 + 0.009 4.04 1+ 1.16
1 0.010 t 0.003 0.0128 + 0.0002
2 0.229 + 0.006 0.0299 + 0.0006
241 3 0.173 + 0.025 0.124 1+ 0.013
Pu 0.0160 + 0.0016 0.0051 + 0.0005 p 0.390 t 0.050 0.352 + 0.018
5 0.182 + 0.019 1.61 t0.15
6 0.016 = 0.005 3.47 1.7
1 0.004 &+ 0.001 0.0128 + 0.0003
2 0.195 + 0.032 0.0314 + 0.0013
242 3 0.161 + 0.048 0.128 t 0.009
Pu 0.0228 + 0.0025 0.0069 + 0.0008 p 0.412 + 0.153 0.325 + 0.020
5 0.218 + 0.087 1.35 1+ 0.09
6 0.010 + O t 0.44

.003 3.70

(a)From Tuttle 1975



2.7 Power Generation

The thermohydraulic calculations in RAMONA-3B require the volumetric heat
generation rate, g"'(r,t), or the power density in each thermohydraulic compu-
tational cell. The power density at any point in the reactor is the sum of two
components. One component, called "prompt fission heat," is the amount of en-
ergy released promptly in the fission process and is proportional to the fis-
sion rate. The other component, called "decay heat," is the amount of energy
released by the decay of fission products. It is delayed relative to the prompt
fission heat, and hence depends on the fission rate history.

Using the subscripts p and d to denote the prompt and delayed components,
respectively, we may write

Q" (ry1) = ag" (r.7) + qy" (r.7) . (2.7.1)

2.7.1 Prompt Fission Heat

The prompt power density is related to the fission density, F(r,T):

q" (r,t) = K(l-Ho) F(r,t) (2.7.2)
where

F(r,t) = Zfl“’l (r,t) + ZfZ‘pZ (r,7) . (2.7.3)

Note that KF(r,t) is the total fission energy density and H, is the fraction
of this energy density which is delayed.

The constant K is the total energy released per fission, usually taken to
be 200 MeV/fission (ANS 5.1, 1978). Converting it to joules per fission for
RAMONA-3B, we obtain

K = 3.2041 x 10'11 joules/fission .
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2.7.2 Decay Heat .

The amount of delayed energy released at time T due to the decay of fis-
sion products per fission at time t' per unit time, denoted by hgf(t-1'), is a
measured quantity and has been tabulated as a function of time for different
fissionable nuclides (ANS 5.1, 1978).

Using the approach similar to that for the treatment of the delayed neu-
tron fraction g8, we assume that an average set of h¢ (t-1') can be defined for a
reactor so that it is independent of space. Thus, if the reactor has been op-
erated for a given time, Ty, prior to the start of a reactor transient at t=0,
the delayed power density is given by

qy (r,t) =/:h Fr,t) he (t-1') dt' . (2.7.4)

If we further assume that the reactor has been in operation at a constant
power density qtp for the time period Tp with the initial power distribution at
=0, we can rewrite Eq. 2.7.4 as

T
9 (07) = a0 Hln) + [ Flee) helee) o (2.7.9)
vhere
. .1 f0° Y gt
H(T,Th) = —([Th hf('r—'c Ydt' . (2.7.6)

From the definition of H(T,th), we see that the fraction of the total fis-
sion energy which is delayed is obtained from an infinite irradiation, i.e.,

Ho = H(o,») . (2.7.7)

Ho is approximately 0.07.
The contribution of the second term in Eq. 2.7.5 is generally small, less

than 5% for T < 1000 seconds. Hence, we can treat this term approximately as
follows. For 0 < 7' < 71, we approximate the fission density F(r,t') as

Frot') = v(1) F(r,t) , (2.7.8)
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. where

T
_’][:_'/o. qnl (Tl)dTl

y(t) = (2.7.9)
qll| (T)
and q"' (1) is the total core power density; namely,
e (1) = f qm(nmav (2.7.10)
core

This approximation (Eq. 2.7.8) is important for transients in which the reactor
does not shut down after a reactor trip due to failure of the control rod in-
sertion. It takes into account that the reactor will reach a new quasi-steady
state power distribution after a short time and at the same time (through the
use of v(t)) protects against errors incurred if F(r,t) exhibits oscillations
with high amplitude.

From Eq. 2.7.6, it can be shown that

H(T,Th) = H(1,») - H(T+Th,°°) . (2.7.11)
and that
%[T he (t=') d' = H(0,) - H(t,®) . (2.7.12)

Using Egs. 2.7.8, 2.7.11 and 2.7.12, we obtain

9§ (ro1) = afl {r) H(t,=) - Ht+r,,=)]

+ KY (1) F(r,t) [H(0,») - H(t,0)] . (2.7.13)

We see that a single function H(t,=), if it can be defined, is all that is
needed to compute the delayed power density ¢ (r,T). We define this single
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function to be an average for the three major fissionable isotopes (235U, 238U,
and 23%y):

3
Z<Fj> HJ (‘[,oo)
H(r,e) = —i=t (2.7.14)

3
Z <Fd>
§

where the superscript j refers to a fissionable isotope and <Fd> is the total
fission density due to isotope j at steady state (t=0); namely,

<Fj> =/ [Z‘j e, (r,o0) + Zj ¢ (r,o)] dv . (2.7.15)
core fl171 - f2 2 '~

The HJ(t,») used in RAMONA-3B for the three isotopes is obtained from
the ANS Standard (ANS 5.1, 1978) with a multiplier of 1.02 applied to account
for the effect of neutron capture by fission products. A more accurate value
for this factor is available (ANS 5.1, 1978), but since it changes by only 1.3%
in 1000 seconds, the constant value is recommended.

The weighting factors, <FJ'>/Z <FI>, in Eq. 2.7.14 must be supplied by

=1
the user as input %g RAMONA-3B. Tgey can be determined by Eq. 2.7.15. If we
assume that only 235y 45 present in the core, the decay power will be slightly
overestimated (ANS 5.1, 1978). (The user also specifies tTp, the duration of
the fuel exposure prior to the transient and the average power level q%ﬁ at
which the fuel was exposed.)

2.7.3 location of Heat Deposition

RAMONA-3B takes into account the fact that the fission energy is deposited
as thermal energy both inside the fuel pellet where the fission takes place and
outside the pellet due to neutron slowing-down and gamma ray attenuation. It
also provides for differences in the heat deposition location for the prompt
and delayed power densities, separately.

For each thermohydraulic node, there corresponds a volumetric heat genera-
tion rate, qf, in the fuel which is assumed to be constant across the pellet
and zero in the clad. Let npy and ngqy be the fractions of the prompt and
delayed power densities that are deposited outside the pellet. For a thermohy-
draulic node of volume V, the average value of Qf is given by
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(1 npw)fv qp' (r,T) aV + (1ony, )f qy' (rot

q¢' (1) = (2.7.16)

ﬂriAer

where r¢ is the radius of the fuel pellet, Az is the height of the volume, and
N, is the total number of fuel rods in the Volume V.

The heat deposition outside the fuel consists of the direct heating in the
coolant (i.e., the water within a bundle channel box) and that in the bypass
water. If nc is the fraction of the total heat deposition outside the fuel that
is deposited in the coolant, then (1-n¢) of the total heat deposition is in the
bypass water. This fractionn. is about 0.5 for BWRs.

The average volumetric heat generation rate due to the direct heating in
the coolant of the thermohydraulic volume V is

n
q(r) = Ac% [np‘”/v " (rar) dv +ndwfq“' ,T)dV] (2.7.17)

where A. is the flow area in the volume V.

The average volumetric heat generation rate in the bypass water of the by-
pass channel is given by

(1-n.)

9y, (1) = R iz [pw qp" (raT) dV + ng, g’ (g,r)dv]
core core

(2.7.18)

where Ay is the flow area of the bypass channel. Note that the integrals ex-
tend over the entire radial plane of the core. In reality, there is one bypass
region per coolant channel in a BWR, and hence, there are many bypass regions
in the core. RAMONA-3B lumps all the bypass regions into a single bypass chan-
nel and we must inegrate accordingly all the prompt and delayed power densities
in the core.

The three fractions G) Ndw+"c ) must be specified in order to compute the
average volumetric heat ge erat1on rates (‘?,ﬁ@,ﬁgb) Studies (Thorlaksen 1976
and Moberg et al. 1981) have shown that these fractions are functions of void
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fraction. (Linear functions are generally adequate.) Since the transient peak
power for certain BWR transients is sensitive to these fractions (Moberg et al.
1981 and Cheng and Diamond 1978), a careful choice of these fractions is in
order. Typical values used in BWR safety analyses are ow = Ndw = 0.03 ~0.04
and n¢ = 0.5.

2.8 Summary and Recommendations

In this chapter we have described the modeling details of the neutron ki-
netics and power generation in RAMONA-3B. The fundamental assumptions invoked
in the development of the 1-1/2 group, coarse-mesh, diffusion model for neutron
kinetics were discussed, and their limitations were assessed.

The importance of the coupling between neutron kinetics and thermohydrau-
lics was stressed, and the feedback models for establishing this coupling were
described.

The initial conditions and boundary conditions required to specify a tran-
sient problem were also discussed. In particular, a method of determining the
boundary condition parameters was provided, thus eliminating the need for arbi-
trary adjustment of these parameters as is often done in practice.

The neutron kinetics parameters were uniquely defined, and the usual meth-
ods for determining them were described. Typical values for these kinetics pa-
rameters were also given.

The volumetric heat generation rates required for thermohydraulic calcula-
tions were defined and the methods used to compute them were described. In
particular, the decay heat model was discussed in detail. The direct heating
fractions in the nommal coolant and the bypass water were also defined and
their typical values were given.

We recommend for future improvements the following refinements:

(1) The new ScP feedback model should be implemented in RAMONA-3B for fu-
ture applications. The BNL1 option should be deleted, but the BNL2
option should be retained.

(2) A higher order term (e.g., cubic term) should be included for the
void feedback for the case of o > 0.75 (post-CHF applications).

(3) The void dependence and control-state dependence of the Doppler feed-
back coefficients should be included to treat the Doppler feedback
effect more accurately.

(4) A linear void dependence of the direct heating fractions should be
considered.
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(5)

An edit of various reactivity components (void reactivity, Doppler
reactivity, control reactivity, etc.) is highly desirable for it will
provide Tegitimate reactivity input for point kinetics that is still
widely used in many system codes. Moreover, it is extremely helpful
for understanding the characteristics of a transient. It 1is, however,
not a trivial task. A similar capability has been implemented in the
BNL version of the 3-D neutron kinetics code, MEKIN-B (Aronson et al.
1980), and can be used as a guide to the installation in RAMONA-3B.

Because of the importance of thermal neutron diffusion in certain
situations, a better treatment of the themmal neutron diffusion would
be desirable and is recommended.

The microscopic absorption cross sections, 0a; and oap, of Boron-10
required for the boron reactivity calculation should be obtained with
a hardened neutron spectrum in the water of a typical fuel cell.
Since the hardness of the neutron spectrum depends on the boron con-
centration in the water, the cross sections (cal and oaz) are, in
general, functions of the boron concentration, Cg.
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APPENDIX 2.1
RAMONA-3B Feedback Model Options

This appendix describes the three feedback options mentioned in Section
2.4. These options are quite similar in that they all employ a quadratic law
for the void feedback, a linear Taw (in terms of the average coolant tempera-
ture) for the moderator temperature feedback, and a linear law (in terms of
the square root of the average fuel temperature) for the fuel temperature
(Doppler) feedback.

The two BNL options differ in the representation of the control rod ef-
fect on the two-group parameters with the BNL1 option being a simplification
of the BNLZ2 option. Since the BNL2 option is more realistic, we recommend
that the BNL1 option be deleted to avoid confusion.

The principal differences between the BNL2 option and the ScP1l option are
the following:

(1) The BNL2 option uses the void fraction (a) to represent the void
feedback, whereas the ScPl option uses the coolant density (p) to
describe the void feedback. Since both options apply a quadratic
law to the two-group parameters, they are, in effect, equivalent and
constitute no difference in the void feedback effect.

(2) The BNL2 option defines two separate void feedback coefficients for
both the uncontrolled (rod-out) and controlled (rod-in) fuel types.
This is necessary because the void feedback for the controlled fuel
types is three times more negative than that for the uncontrolled
fuel types. The ScPl option defines a single set of the void feed-
back coefficients for the uncontrolled fuel types only and accounts
for the control rod effect via a correction to the thermal (group 2)
absorption and fission cross sections only. (The control rod effect
on other two-group parameters is neglected.) Thus, the BNL2 option
is superior to the ScPl option in the representation of the control
rod effect.

(3) The BNL2 option defines two separate mean numbers of neutrons per
fission (i.e., vi and vjy) for the fast and thermal groups, re-
spectively. The ScPl option defines a single constant v for both
the fast and thermal groups of neutrons. Since Vy#Vv> in gener-
al, the BNL2 option is also superior to the ScPl option in this re-
spect.

(4) The BNL2 option does not account for the void effect on the Doppler
feedback, while the ScP1l option does. However, the ScPl option does
not consider the Doppler effect on vif,, while the BNL2 option does.
Since the Doppler reactivity coefficient varies with the void frac-
tion (about 25% difference between a=0 and o=0.4, (Cheng 1978)), the
ScP1 option is better than the BNL2 option in the representation of
the Doppler feedback.
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In summary, the BNL2 option is superior in the modeling of the control
rod effect and the mean numbers of neutrons per fission, whereas the ScPl op-
tion is better in the description of the Doppler feedback. For the void feed-
back, both options employ a quadratic lTaw and constitute no difference.

A new ScP option (Moberg 1980) was developed by Scandpower Inc. under the
sponsorship of BNL for the purpose of improving the deficiencies of the ScPl
option as outlined above. The deficiency regarding the mean numbers of neu-
trons per fission is removed. The Doppler feedback on vif; is also included
(previously neglected). Also, separate void feedback coefficients are now
utilized for both the uncontrolled and controlled fuel types. The quadratic
representation for the void feedback still remains. The new ScP option has
not been implemented in RAMONA-3B. We recommend that it be implemented and
used in the future applications of RAMONA-3B.
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3. MODELING OF THERMAL CONDUCTION IN
SOLID STRUCTURES

This chapter covers the formulation of the RAMONA-3B models for thermal
conduction in solids, particularly in fuel elements. Presented are the model-
ing assumptions and their implications, the governing field and constitutive
equations and recommendations for possible improvements. The numerical tech-
niques used for the predictions of steady-state and transients are presented in
Chapter 6. Section 6.3 covers the discretization of the equations presented
here, while Sections 6.6 and 6.7.1 describe the numerical methods, respective-
ly, for the steady-state and for the transients. The coupling of the algor-
ithms for thermal conduction with the algorithms for neutron kinetics and ther-
mohydraulics is described in Section 6.7.3.

The conduction models presently incorporated in RAMONA-3B were developed
and programmed by Scandpower (1977). The model descriptions and assessments
presented here are in part taken and derived from Scandpower documentation and
in part derived from the program listing, since the available documentation is
incomplete. As pointed out in Chapter 1, the documentation for the original
RAMONA-III code as obtained from Scandpower was incomplete so that an assess-
ment with regard to quality assurance was impossible. Therefore, the thermal
conduction models as implemented here have not been assessed with regard to po-
tential coding errors. Furthermore, there exists to our knowledge no document-
ed comparison with exact analytical solutions.

3.1 Scope of Thermal Conduction Modeling

The purpose of thermal conduction models is to account for thermal energy
storage in, and release from, structural components and for the transport of
thermal energy from the fuel pellets, where heat is being generated (see Sec-
tion 2.4), to the coolant in the core (see Section 4.4) and also from the cool-
ant through vessel and piping walls to the containment. Conduction models Tink
neutron kinetics with thermohydraulics models and provide such surface tempera-
tures of solid structures as are required for computing convective heat trans-
fer from structures to coolant or from structures to the environment in the
containment.

The RAMONA-3B code has conduction models for the fuel elements to predict
storage and transport of energy in the fuel pellets, the gas gap and the fuel
cladding. This model is designed for predicting operational transients near
normal operating conditions as discussed in Section 3.2.

The RAMONA-3B code does not take into account the thermal inertia due to
energy storage in structural components, such as the pressure vessel, vessel
intervals and core structures other than fuel and fuel cladding. The signifi-
cance of omitting these effects is summarized in Section 3.2 below and dis-
cussed in detail in Section 3.3.1.
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3.2 Code Capabilities and Limitations

This section is a summary of RAMONA-3B code capabilities and limitations
arising from the modeling assumptions and the solution techniques which are
used to predict the thermal response of structural components in a BWR reactor
system. The capabilities related to thermal response modeling are potentially
limited further by modeling assumptions for neutron kinetics and thermohydrau-
lics. For the overall summary of capabilities and limitations see Sections 1.2
and 1.3 of this report.

The models in RAMONA-3B for the storage and transport of thermal energy in
solid structures are suitable to predict operational transients in the range
between hot stand-by and full-power conditions. These models are also suitable
to predict other thermohydraulic transients with characteristic times* in the
range of approximately one second to one minute and with fuel conditions (mean
temperature, burn-up and fission gas concentrations) near initial conditions.

The models in RAMONA-3B for the storage and transport of thermal energy in
solid structures are not Suitable for slow transients that allow large tempera-
ture variations in the pressure vessel because thermal energy storage in solid
components other than fuel pins is not accounted for. These models are also
inadequate for the simulation of rapid reactivity insertions and of rapid ther-
mal transients in the fuel cladding (change in boiling length, dryout), with
characteristic times* on the order of 0.05 second, since the correlations for
thermophysical properties are inadequately represented at present. Moreover,
the models as presently implemented in RAMONA should be used with care in the
area of stability analyses.

RAMONA-3B is not designed to predict core quenching as there are no models
for radiative heat transfer and because axial conduction near the quench front
is not accounted for.

For details of modeling assumptions, see Section 3.3 below. The assump-

tions implied in the development of finite difference equations for thermal
conduction are presented in Section 6.3.

3.3 Assumptions and Their Consequences

This section presents the eleven modeling assumptions which are implied in
the RAMONA-3B models for thermal conduction 1n solid structures. The conse-
quences resulting from these assumptions have been inferred on the basis of
order of magnitude estimates, rather than on sensitivity calculations. We pre-
sent at first the assumptions related to solid structures in general, and then
those related to fuel elements.

*Time span of main events during the transient.
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In addition to the eleven modeling assumptions presented here, there are
also three simplifying assumptions implied in the development of the finite-
difference analogues used in numerically integrating the field equations for
thermal conduction. These assumptions restrict the code capabilities further,
as discussed in Section 6.3.2.

3.3.1 Structural Components

For the storage and transport of thermal energy in solid structures,
namely the pressure vessel, the core shroud, the separator assembly, the top
guide, the fuel support structures, the guide tubes, the jet pumps, the steam
dryer and the feedwater sparger, there is no model in RAMONA-3B. This fact is
equivalent to the two assumptions stated below.

3.3.1.1 Modeling Assumptions for Conduction in Structural Components

Assumption (3-i) The stored energy in the above structural components is
negligible.

Assumption (3-ii) Heat transfer across the above structural components is
negligible.

3.3.1.2 Consequences from Modeling Assumptions for Structural Components

Concerning Assumption (3-i), one needs to recognize that the pressure
vessel with a typical mass of 6.8x10° kg and the internal structures with
the mass of approximately 1.6x10° kg have a combined heat capacity of 389
MWs/°C. This heat capacity is more than seven times as large as the heat capa-
city of all the uranium oxide and five times as large as that of the fuel ele-
ments.

When the mean temperature of all structural components changes at the
rate 0.5°C/s, as a consequence of pressure fluctuations with attendant changes
in coolant (saturation) temperature for example, then the thermal energy re-
leased or absorbed by these structures equals approximately the decay heat re-
lease.

The pressure vessel has a time constant of approximately ten minutes
under nonboiling conditions and approximately one minute when boiling occurs
at the vessel wall. All other components have time constants below one minute
and constitute one quarter of structural heat capacities.

This means that RAMONA-3B is restricted to transients with rapid changes
of coolant temperature that cannot be followed by the vessel and structural
component temperatures and to slow transients with fission power levels well
above decay heat levels.

Concerning Assumption (3-ii), heat transfer across structural components
is expected to affect the prediction of core inlet subcooling because of heat
transfer from the core through the core shroud into the downcomer and jet
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pumps which are filled with subcooled liquid. Incorrect predictions of core
inlet subcooling affect the boiling length and thereby the void fraction in the
-core, which in turn affects strongly the reactivity feedback and the axial var-
iation of fission power generation. Heat transfer across the vessel walls may
be important in simulations of long-term heat rejection.

3.3.2 Fuel Elements

3.3.2.1 Modeling Assumptions for Conduction in Fuel Elements

The thermal energy storage and conduction in the fuel pins, consisting of
the fuel pellets, of the gas gap between pellets and cladding and of the fuel
cladding is modeled with the following nine assumptions.

Assumption (3-iii) Fuel and cladding are rigid, retaining their cylindri-
cal geometries. Possible variations in time of the gas gap width can be taken
into account by a temperature-dependent gap conductance (see Assumption (3-xi)
below).

Assumption (3-iv) Curvature effects are ignored in gas gap and fuel clad-
ding, which are modeled as plane-parallel slabs.

Assumption (3-v) The volumetric concentration of heat generation rate,
gf as defined in Eq. 2.7.16 and used later in Eqs. 3.4.2 and 3.4.22 is uni-
formly distributed over the fuel pellet cross-section. Gamma heat generation
is ignored in the gas gap, qgp = 0, and in the cladding, q¢ = O.

Assumption (3-vi) Axial and azimuthal conduction in the fuel pellet, gas
gap and cladding are negligible: 5t/38z = 0, at/50 = 0.

Assumption (3-vii) The volumetric heat capacities for fuel, (pc)f, and
cladding, (pc). are constants. The same values apply everywhere in the core
and at all times.

Assumption (3-viii) The volumetric heat capacity of the gas in the gas
gap, Tbc)gp, is negligible.

Assumption (3-ix) The thermal conductivity of the fuel pellet, k¢(t),
depends on temperature only.

Assumption (3-x) The thermal conductivity, ko of the fuel cladding ma-
terial is a fixed constant, applied everywhere in the core and at all times.

Assumption (3-xi) The thermal conductance (k/8)gp of the gas gap is the
same everywhere in the core and can be specified by the code user as a quadra-
tic power polynomial in average fuel pellet temperature t¢.

Additional assumptions are implied in the application of numerical methods
for integrating the field equations of thermal conduction. These assumptions
affect the accuracy of the computer results and are discussed in Section 6.3.2. -
Computational accuracy is also affected by the approximation for thermal con-
ductivity of fuel pellets which is assessed in Section 3.4.1.3.
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3.3.2.2 Consequences from Conduction Modeling Assumptions for Fuel Elements
(Assumptions 3-i1ii through xi)

Assumption (3-iii), implying rigidity of fuel and cladding enables RAMONA
to compute only transients in which neither the gas gap between fuel pellet and
cladding changes in width, nor the fuel cladding swells to block (in part) the
coolant flow. This assumption limits the use of RAMONA-3B to operational tran-
sients, provided the heat transfer regimes of dryout or burnout are not encoun-
tered, and provided that no significant (1ong-termm) fuel degradation occurs.

Assumption (3-iv) concerning curvature effects in gas gap and cladding
imposes no additional restriction on the RAMONA-3B code. By virtue of Assump-
tion (3-iii), the mean gap radius is at least thirty times the gap width and
the mean cladding radius is approximately sixteen times as large as the clad
thickness.

Assumption (3-v) implies that the heat generation rate is uniformly dis-
tributed over the fuel pellet cross section and thereby limits the use of the
RAMONA code to transients with fuel at the Beginning of Life (BOL). Toward the
End of Life (EOL) the heat generation rate is known to concentrate around the
periphery of the fuel pellet and to reduce the difference between fuel pellet
centerline and surface temperatures by up to five percent (Wulff 1980, p. 24
and Moody and Lahey 1977, p. 257). Assumption (3-v) also implies negligible
heat generation in the cladding. Gamma absorption in the fuel cladding is ap-
proximately 1.5% of fission power and is responsible for rapid cladding temper-
ature responses to changes in reactivity.

Assumption (3-vi) implies primarily the neglection of axial conduction in
fuel pellets and cladding. Axial conduction is unimportant during operational
transients, but it may be important under conditions of dryout or burnout where
Tocal hot spots develop along the fuel pin. Axial conduction is important dur-
ing fuel quenching in the reflooding phase after a Loss of Coolant Accident
(LOCA). Assumption (3-vi) also implies axisymmetric temperature distributions
in the fuel element. This is always justified except during reflooding of the
core after a large-break LOCA, with radiative heat transfer between fuel pins
and channel box. Notice that LBLOCA simulation is not the objective of RAMONA-3B.

Assumption (3-vii) imposes constant volumetric heat capacities for fuel
and cladding. The volumetric heat capacity of uranium dioxide varies 110% in
the range between 290°C (=560°F) and 2,440°C (~4,430°F), i.e., between minimum
fuel surface and maximum fuel centerline temperatures. The volumetric heat ca-
pacity of Zircaloy cladding material varies 25% in the range of possible clad-
ding temperatures between start-up and burnout conditions.

The volumetric heat capacity does not affect steady-state temperature pre-
dictions. However, the time constant of thermal responses depends linearly on
the volumetric heat capacity. Assumption (3-vii) is entirely inconsistent with
the objective of computing transient fuel element temperature distributions
through the discrete-parameter representation in the RAMONA-3B code. Assumption
(3-vii) restricts the use of RAMONA-3B to transients which are weakly affected
by fuel temperature variations, that is, to slow operational transients within
a narrow fuel temperature range, in the vicinity of the fuel temperature at
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which the volumetric heat capacities have been specified by the user. Because
of Assumption (3-vii) the RAMONA-3B code should not be used for reliable pre-
dictions of transient fuel temperatures.

Assumption (3-viii) is justified because the heat capacity of the gas in
the gas gap is insignificant under all conditions.

With Assumption (3-ix) RAMONA-3B accounts for the primary variation of
fuel thermal conductivity, namely for its temperature dependence but it ne-
glects the effects from changes in fuel density and porosity (cracking) with
progressive burn-up. Assumption (3-ix) is justified for all transients with
fixed fuel composition and structure throughout the entire core.

Assumption (3-x) implies temperature-independence of thermal conductivity
for the cladding material. The thermal conductivity of Zircaloy cladding mate-
rial varies by 50% in the temperature range between 100°C (=210°F) and 590°C
(=~1100°F).

The thermal conductivity of the cladding affects strongly the predicted
cladding outer surface temperature and hence the boiling heat transfer. It
also affects the themmal response time constant of the cladding which is of the
order of 1/10 of a second.

Thus, Assumption (3-x) is in conflict with the objectives of predicting
three-dimensional distributions of neutron kinetic and thermohydraulic parame-
ters in the core. Assumption (3-x) does not permit the accurate prediction of
reactor transients with characteristic times of the order of 0.1 second.

Assumption (3-xi) imposes uniformly over the entire core the same quadrat-
ic dependence of gas gap conductance on fuel temperature. RAMONA therefore
cannot account for differences in fuel type, in degree of burn-up and fission
gas concentrations, nor for fuel expansion relative to its cladding.

The gap conductance varies 30% between fuel assemblies with 7x7 and 8x8
arrays, it _varies 100% with linear fission power density between 33 kW m~
(=10 kW ft-1) and 61 kW m-1 (=18.5 kW ft-1) (Lahey and Moody 1977, pp. 255 and
256) and it varies 200% with xenon concentration between the xenon mole frac-
tions of 0.2 and 0.4 (McDonald and Thompson, 1976, p. 306)

To account only for the temperature dependence of the gap conductance is
not adequate for the reliable prediction of three-dimensional neutron kinetics
and thermohydraulic parameters since the above effects can be represented only
by core-wide averages. Thus, Assumption (3-xi) imposes the same limitation on
the use of RAMONA-3B as Assumption (3-x) above.

It should be noted that Assumptions (v), (vii), (x) and (xi) can readily
be relaxed, with relatively little programming effort, hardly any significant
penalty on computing time, but with considerable benefit regarding the applica-
bility of RAMONA-3B.

- 70 -



3.4 Governing Equations of Thermal Conduction

In this section are presented the conduction equations, the constitutive
equations and the initial and boundary conditions which constitute the thermal
conduction model in RAMONA-3B for the fuel elements. As indicated in Section
3.1, RAMONA-3B ignores thermal energy transport in other structural components.

This section presents the analytical formulations, based on Assumptions
(3-iii) through (3-xi) in Section 3.3. The transformation from the analytical
to the finite difference formulations is discussed later in Section 6.3. The
methods for solving the finite-difference equations are described in Sections
6.6 and 6.7 for steady-state initial conditions and for transients, respective-

ly.

Below we present first the formulations for transient conduction and then
we specialize the description of transients to model the steady-state condi-
tions.

3.4.1 Description of Transient Conduction

Consider the composite of fuel pellets, gas gap and cladding shown in Fig-
ure 3.1. Concentric, right circular cylindrical surfaces with radii Rf, Rcj
and R.o bound the fuel pellets and the cladding. Nuclear reactions generate
heat in the fuel pellets. Heat is stored in fuel and clad and is conducted
from the fuel, across the gas gap, through the cladding and convected from the
cladding outer surface by forced convection with or without boiling.

3.4.1.1 Field Equations of Thermal Conduction

Conservation of thermmal* energy and Fourier's law yield the conduction
equation (Slattery 1972, pg. 307)

pc g%— = v (kvt) +q" , (3.4.1)

where p, ¢, k, t, q" and T designate density, specific heat (strictly speaking,
specific heat at constant strain, however the specific heat at constant pres-
sure is used justifiably), thermal conductivity, centigrade temperature, volu-
metric heat generation rate from nuclear fission and decay, and time, respec-
tively. Because of Assumption (3-vi) in Section 3.3.2.1, Eq. 3.4.1 becomes for
the fuel pellets (subscript f):

(oc), — = +2 [rk e + qp for 0<r<R., >0 (3.4.2)
f ot r 9f = f? : S

*Contributions from mechanical energy are insignificant (Boley and Winer 1960,
Chapter 2).
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Because of Assumptions (3-iv, v, and viii), Eq. 3.4.1 reads for the gas gap
(subscript g):

ot
9 _9P) -
o (kgp =y ) 0, Re<re< Rci’ all . (3.4.3)

Assumptions (3-iv and v) simplify Eq. 3.4.1 for the fuel cladding (subscript
c):

Btc 3 Btc
(pC)CW = 3 kC—F N RC'i<r<RCO’ > 0. (3.4.4)

Equations 3.4.2 through 3.4.4 are the field equations which govern the
storage and transport of thermal energy in the fuel element. They can be inte-
grated for specified initial and boundary conditions, provided that constitu-
tive descriptions are given for (pc), k and d". The heat generation rate df for
the fuel pellet is predicted from neutron kinetics and defined by Eq. 2.7.16 in
Chapter 2. Below we define first the boundary conditions which couple Egs.
3.4.2 through 3.4.4 among each other and Eq. 3.4.4 with the coolant temperature
field. After that, in Subsection 3.4.1.3, we discuss the constitutive relations
for thermmal conduction.

3.4.1.2 Boundary Conditions for Thermal Conduction in Fuel Elements

The boundary conditions imposed on Egs. 3.4.2 through 3.4.4 are the contin-
uity conditions for heat flux and for temperatures. Specifically, they are:

ot
—é_r‘— = O at r = 0 (3'4'5)
ot 3t
f . —gp
ke = = kgp = (3.4.6)
at r = Rf
te(Re) = o (Re) (3.4.7)
ot - ot
—ap - _c
kgp 5 ke 5n (3.4.8)
at r = R,
c1
tepRes) = tc(Rey) (3.4.9)
at, _
-k 5o s hc[tC(Rco) tﬂ] at r = R, (3.4.10)
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The new symbols hc and tg] designate the convective heat transfer coeffi-
cient and the coolant temperature (fluid). Observe that the temperature con-
tinuity requirements in Eqs. 3.4.7 and 3.4.9 are necessary and imply that
neither mass transfer at the positions r = Rf and r = Rci, nor the Kundsen ef-
fect of rarefied gases (McDonald and Thompson 1960) are taken into account.

Equation 3.4.3 is integrated and then combined with Eqs. 3.4.6 through
3.4.9 to yield

P [t (Ry) - te(Re)] = kf—aT‘R (3.4.11)
f
3t
=k, ‘ , (3.4.12)
Rei
where ¢
§ = Rci - Rf

is the gap width. Thus, Eqs. 3.4.11 and 3.4.12 replace Egs. 3.4.3 and 3.4.6
through 3.4.9 and Eqs. 3.4.2, 3.4.4, 3.4.5, and 3.4.10 through 3. 4 12 def1ne
the conduct1on process, prov1ded the const1tut1ve relations for (pc)

k, h¢ and qf are specified and provided that the initial cond1t1ons ?or tf
and t. are given.

3.4.1.3 Constitutive Descriptions for Thermal Conduction

This subsection presents material properties for fuel, cladding and gas
gap which are related to conduction. These properties are the volumetric heat
capacity (pc) for fuel and cladding, the thermal conductivities k for fuel and
and cladding, and the thermal conductance (k/§) p of the gas gap. The con-
vective heat transfer coefficient h. in Eq. 3.4.10 is defined in Section
4.4.2.1, by Eqs. 4.4.30, 4.4.32, 4.4. 35 and 4.4.39, respectively for single-
phase 11qu1d flow, for subcooled bo111ng and for trans1tion and film boiling.

The Volumetric Heat Capacity (pc)f of the Fuel must be specified by the
code user as a tixed constant (see Assumption (3-vii) in Sections 3.3.2.1 and
3.3.2.2). The value currently used in RAMONA-3B* corresponds to tg¢ = 492°CT
and is

(pc)y = 3.157 x 10 gm3c¢t . (3.4.13)

Consult MATPRO (McDonald and Thompson 1976), Appendix A, Page 9 for reliable
data on specific heat c¢. The fuel density pg is 10,968 and 10,420 kg m=3 at
100% and 95% of theoretical fuel density, respectively (Lahey and Moody 1977,
p. 252).

*ROCF on Input Data Card No. 720 000.

TAt 95% of theoretical fuel density. The FSAR lists (tf)avg 650°C.
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The Volumetric Heat Capacity of the Cladding must also be specified by the
code user. A fixed constant applies everywhere in the core and at all times
(see Assumption (3-vii) in Sections 3.3.2.1 and 3.3.2.2). The value currently
used in RAMONA-3B* corresponds to t. = 307°C and is

(pc)e = 2.127 x 106 J m=3 -1, (3.4.14)

MATPRO (McDonald and Thompson 1976) lists specific heats c. for most claddin
materials on Page 151 in Appendix B. For Zircaloy-2 use Pe = 6,570.3 kg m~
(Lahey and Moody 1977, p. 252).

The Thermal Conductivity for the Fuel is defined in RAMONA by

C

1
k, = —— (3.4.15)
f k]
1 + C2tf

where C, and Cz are user‘—specified'r constants and tf is the local centigrade
temperature. RAMONA-3B has currently

8.5 Wml ¢l (3.4.16)
0.002°c-1. (3.4.17)

G
and

C2

As discussed in Sections 3.3.2.1 and 3.3.2.2 under Assumption (3-ix), the
effects of fuel density (burn-up) are ignored in RAMONA-3B. Table 3.1 below
shows a comparison of RAMONA-3B-computed thermal conductivities with data pub-
Tished in a revised version of MATPRO (Hagrman, Reyman and Mason 1980, pp. 41-
43). The RAMONA-3B results are specific to the choices for C; and C; in Egs.
3.4,16 and 3.4.17.

*RCCA on Input Card No. 720 000.
TE1 and E2 on Input Card No. 391 000.
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Table 3.1 Comparison of RAMONA-Computed Thermal
Conductivity of Fuel With MATPRO Data

Temperature Thermal Conductivit{ k¢ of Fuel
(W m-1 ¢c-1)
te(C)
RAMONA-3B MATPRO
(Eqs. 3.4.15-17) 95% TD* 98% TD*

277 5.85 6.31 6.91

726 3.46 3.57 3.67
2,227 1.56 2.22 2.62

The Thermal Conductivity of Cladding Material must be specified by the
user as a single constant which applies to the cladding at all locations in the
core and at all times (see Assumption (3-x) in Sectjons 3.3.2.1 and 3.3.2.2).
The value currently used in RAMONA-3B**is

ke = 13.85 W ml ¢-1 (3.4.18)

This equals the thermal conductivity of Zircaloy (-2 or 4) at the temperature
of 141°C (the average cladding temperature in the core is 300°C and calls for
ke= 15.80 W m-1 C-1), according to MATPRO-Version 11 (Hagrman, Reymann and
Mason 1980, p. 217), where standard expressions can be found to compute the
thermal conductivity for cladding materials.

The Thermal Conductance of the Gas Gap between fuel and cladding is de-
fined in RAMONA-3B by a bounded quadratic power polynomial

9P . Mﬂ1{C3 +CpTe csfﬁ, c6} (3.4.19)

where C3, C4, C5 and Cg are user-specified constants and tf is the cross-sec-
tional average of the fuel temperature.

*TD stands for theoretical fuel density.
**RCLA on Input Data Card No. 391 000.
TFor its actual approximate evaluation see Section 6.3.4.
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The values currently used in RAMONA-3B are*

2 -1

C3=Cg

5.678 x 103 Wm °¢C (3.4.20)

Ch=C =0 (3.4.21)

The dimensions of C4 and C5 are W m=2 C-2 and W m-2 C-3, respectively. The
fixed gap conductance defined by Eqs. 3.4.19 through 3.4.21 represents fresh
fuel in an 8x8 BWR/6 fuel bundle, operating with the linear power generation
rate of 44 kW m'}, Notice also that Eq. 3.4.19 has no continuous derivative at
the temperature t¢ at which the quadratic polynomial reaches the maximum value
Cg. See Chapter 6 for the effect of this discontinuity on the solution proc-
ess.

This completes the presentation of constitutive descriptions related to

thermal conduction and energy storage in fuel elements. The convective heat
transfer coefficient h. is discussed in Section 4.4.2.1.

3.4.2 Steady-State and Initial Conditions

Transients are computed with the RAMONA-3B code by starting from steady-
state initial conditions. The RAMONA-3B code can also be employed to find
steady-state operating conditions.

Steady-state thermal conditions in t“? fuel pin are uniquély defined by
specifying a fixed heat generation rate qf (in Eq. 3.4.2) and a fixéd coolant
temperature tfy (in Eq. 3.4.10). The steady-state temperature distributions
are computed for these boundary conditions by setting 3/30T equal to zero in
Eqs. 3.4.2 and 3.4.4. For the fuel pellets one obtains

d dte) _ <r<R.. T< 3.4.22
ar rkf o) = - rees for 0<rc< £ 1<0, (3.4.22)

and for the cladding one gets

d dtc
a? kC ar = 0, for RCi<r<RCO’ T<0. (3.4.23)

Equations 3.4.22 and 3.4.23 can be 1ntegrated**,subject to the boundary condi-
tions given by Egs. 3.4.5, 3.4.10, 3.4.11 and 3.4.12, using the constitutive
relations in Eqs. 3.4.13 through 3.4.21.

*See GCAO, GCAI, GCA2 and GCAMAX on Input Data Card No. 391 000.

**Closed-form integration is possible but, while useful for code verification,
not compatible with the steady-state solution of finite-difference analogues
for Eqs. 3.4.2 and 3.4.4.
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3.5 Summary and Recommendations for Improvement

The models in RAMONA-3B for the prediction of thermal phenomena in the
fuel pins are completely specified by Eqs. 3.4.22 and 3.4.23, and by Egs.
3.4.5, through 3.4.12 and Eqs. 3.4.15 through 3.4.21 for the steady-state ini-
tial conditions and by Eqs. 3.4.2 and 3.4.4 through 3.4.21 for the transients.

The applicability of RAMONA-3B can be considerably enhanced by removing
the restrictions of Assumptions (3-v, vii, x and xi) regarding the dependence
of transport properties on temperature. The thermal transport properties and
the gap conductance (see Section 3.4.1.3) should be computed as functions of
position and local conditions in the core to account for variations in fuel
types, burn-up, fission gas composition and to render the conduction modeling
consistent with three-dimensional neutron kinetics modeling.

The thermal interaction between structural components other than fuel pins
and the coolant should be accounted for with simple, lumped-parameter descrip-
tions of storage and transport of thermal energy in such components.

The conduction models in RAMONA-3B should be verified by comparison with
exact analytical solutions.
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4. MODELING OF THERMOHYDRAULICS

This chapter presents the formulation of the models in RAMONA-3B for the
dynamics of coolant flows in the BWR reactor vessel, the recirculation loops
and in the steam line, turbine, condenser and feedwater injection system. We
present modeling assumptions and their implications to safety analyses, the
governing field equations and constitutive relations. We also present appro-
priate recommendations for improvements at the end of this chapter.

The numerical techniques employed in RAMONA-3B for predicting first the
initial steady-state conditions and then the reactor transients are described
in Chapter 6. Section 6.4 presents the nodalization scheme for the thermohy-
draulics and the corresponding sets of ordinary differential and algebraic
equations. In Section 6.6 is described the method for predicting steady-state
conditions of the coolant and in Section 6.7 can be found the method for inte-
grating the governing equations for the transients.

The thermohydraulics models in RAMONA-3B were developed and programmed by
Scandpower, except the models for the steam line dynamics, for the transport
of boron, for predicting the critical power ratio, the occurrence of burnout
and the heat transfer for transition and stable film boiling. These specific
component and process models were developed by BNL. The description here of
the models developed by Scandpower is taken or derived from Scandpower docu-
mentation and from program listings. The documentation presented here does
not account for differences between the actual coding in RAMONA-3B and the
model descriptions by the code originators since such a task was beyond the
present level of effort and impractical. There is presently no documentation
available by which to assess and judge the quality assurance of the FORTRAN
programming. The thermohydraulics models, other than that for the steam line
dynamics, have not been verified against analytical solutions.

4.1 Scope of Thermohydraulic Modeling in RAMONA-3B

The thermohydraulic models in RAMONA-3B are designed to simulate opera-
tional transients between hot standby and full-power conditions and the fol-
lTowing abnormal transients: turbine trip with reactor scram (rapid control
rod insertion for cessation of fission), Main Steam Isolation Valve closure
with reactor scram, Anticipated Transients Without Scram (ATWS) or with par-
tial scram (Partial ATWS) where some control rods fail to enter into the core,
further the transients induced by control rod drop and by the failures of the
pressure regulator, and finally, feedwater transients.

The models are designed to describe the coolant dynamics and the trans-
port of boron. The models account for two-phase flow of liquid and water
vapor mixtures with different phase velocities (nonhomogeneous flow). The
models allow for the liquid phase to be subcooled, saturated or superheated,
but they restrict the vapor to saturation conditions,
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The RAMONA-3B models describe the coolant flows in the pressure vessel of
a BWR reactor, 1in a single recirculation loop, representative of all
recirculation loops and in a single steam line, also representative of all
steam lines in the BWR power plant. A schematic of the modeled coolant system
is given in Figure 4.1. The turbine, condenser and feedwater preheat and
injection systems are modeled only to the extent necessary for simulating the
control system of the nuclear steam supply system.

The thermohydraulic models are designed to achieve the major mission of
the RAMONA-3B code, namely to predict steady-state and transient three-dimen-
sional variations in the core of both fission power, fuel temperatures and
coolant flow conditions. The thermohydraulic model for the core computes one-
dimensional flow through parallel channels which consist of sets of channel
boxes with fuel elements, or of a bypass channel.

The extent to which these code objectives have been achieved is summa-

rized below in Section 4.2. Specific modeling assumptions and their conse-
quences to safety analyses are presented in Section 4.3.

4,2 Code Capabilities and Limitations

This section is the summary of RAMONA-3B code capabilities and limita-
tions related to the thermohydraulics modeling assumptions and associated so-
lution methods. The summary is not complete as the capabilities presented here
are further restricted by limitations related to models for neutron kinetics
and thermal conduction in structures. The overall summary of RAMONA-3B capa-
bilities and limitations is given in Sections 1.2 and 1.3.

RAMONA-3B is currently the only available systems code for BWR power re-
actors that offers the capability to predict the local details of three-dimen-
sional distributions of fission power, neutron kinetics and thermohydraulic
parameters. The modeling of the thermohydraulics is designed to fully comple-
ment the three-dimensional neutron kinetics calculations.

The thermohydraulics modeling enables RAMONA-3B currently to predict:

a) steady-state conditions at rated recirculation pump speed and at
power levels between hot standby conditions and full power,

b) operational transients at power levels between hot standby and full
power, with the recirculation pump motor at rated generator frequency
and rated stator voltage, and with constant feedwater temperature,

c) recirculation pump coast-down transients with zero stator voltage at
the pump motor,

d) transients induced by turbine trips (Turbine Stop Valve closure),
Main Steam Isolation Valve closures and loss of condenser vacuum,
with recirculation pump either at full stator voltage and rated
generator frequency, or shut off.
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e) anticipated transients with scram, partial scram or without scram,

f) thermohydraulic transients caused by control rod motions and control
rod failures,

g) transients caused by a failure of the pressure regulator or a steam
line break,

h) transients with boron injection.

RAMONA-3B has a simple simulation system for the plant control and pro-
tection system to the extent that it is related to the nuclear steam supply
system (see Chapter 5). This simple simulation system can be extended by
prescribing appropriate boundary conditions as functions of time. Therefore,
the above list of simulation capabilities can be widened further, using the
currently implemented thermohydraulics models.

RAMONA-3B is currently not capable of simulating BWR transients

a) requiring one to follow variable steam demands by controlling the re-
circulation pump speed (load-following transients),

b) with large changes in feedwater temperature (50°C or more) or with
cold water injection,

c) with conditions of burnout (CHF), producing superheated vapor any-
where for significantly long time periods,

d) with coolant inventory loss or coolant contraction such that the mix-
ture level in the lower part of the steam dome, at the separator dis-
charge elevation, recedes down into the upper plenum,

e) with sudden flashing or intensive boiling such that the coolant level
rises above the separators,

f) flow reversal in the reactor vessel beyond the reactor core or the
recirculation loop.

Recall that RAMONA-3B is not programmed to simulate loss of coolant acci-
dents, neither large nor small breaks. Reviewing the assumptions and their
consequences as presented in the next section, the reader will realize that
the elimination of some modeling conflicts would improve the reljability of
RAMONA-3B, and a number of relative simple modeling improvements would signif-
icantly expand its range of applicability.
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4.3 Thermohydraulic Modeling Assumptions and Their Consequences

In this section are presented the thirty-two assumptions implied in the
RAMONA-3B models for the thermmohydraulics of the coolant in the nuclear steam
supply system. The assumptions arising from the numerical solution of the
governing thermohydraulics equations are presented in Section 6.4 of Chapter 6.
Following the summary of modeling assumptions below is a discussion on their
relevance to safety analyses.

4.3.1 Assumptions

Fundamental Balance Equations

Assumption (4-i): Covariances of time and space averaging are ignored in
the derivation of two-phase fiow balance equations from fundamental local, in-
stantaneous balance equations and interface jump conditions. This means that
averages of products are set equal to products of averages, and flow parameters
are assumed to be uniform over a cross section.

Assumption (4-ii): The vapor is at saturation, wherever it occurs and at
all times.

hy = hg(p), by = pg(p) and t, = t . (p) , (4-i1)

where h, p, t and p stand for enthalpy, density, centigrade temperature and ab-
solute pressure, respectively, and where the subscripts v, g and sat denote va-
por, saturated vapor and saturation, respectively.

Assumption (4-iii): The spatial variation of pressure p is ignored for
all themmophysical property calculations and in the mass and energy balances,
but in the momentum balance the axial pressure variation is accounted for.

Vp = 0, properties and mass and energy balances. (4-1i1)

Assumption (4-iv): The pressure is uniform in a flow cross section: op/or=
0, in the momentum balance.

Assumption (4-v): Longitudinal thermal conduction in a flow channel, ki-
netic and potential energies and viscous dissipation are ignored in the mixture
energy equation.

Assumption {4-vi): Flow channels in core, downcomer and recirculation
loop are sectionally of constant cross-section A.

Constitutive Descriptions

Assumption (4-vii): The compressibility and thermmal expansion of the 1ig-
uid phase, whether subcooled, saturated or superheated, can be approximated by
that of saturated Tiquid.
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Assumption (4-viii): The isobaric specific heat and the transport proper-
ties of liquid water are approximated by saturation properties at the appropri-
ate pressure.

Assumption (4-ix): Onset of nonequilibrium boiling can be approximated by
intersecting the single-phase, forced convection, with the nucleate boiling,
curves for heat flux versus wall superheat or it can be predicted from the mod-
el for vapor generation.

Assumption (4-x): Transitien boiling occurs whenever the wall superheat
temperature, ty - tsat, lies between the wall superheat temperatures at burn-
out, tcHF - tsat > and the wall superheat temperature at the point of Minimum
Stab]e Film Boiling, tMsFB - tsat, even when the wal] heat flux q, is tempor-
arily either larger than the burnout wall heat flux QCHF’ or smaller than that
of Minimum Stable Film Boiling, qMSFB (see Figure 4.3).*

Assumption {(4-xi): Laminar forced and laminar or turbulent free convec-
tion flow and heat transfer regimes will not occur in RAMONA-3B applications. A
fixed constant serves to describe heat exchange between heated channels and by-
pass channels.

Assumption (4-xii): The reversible transformation of kinetic energy at
abrupt changes of flow cross-sectional area is negligible (see Eqs. 4.4.49 and
4.4.50), and form loss coefficients are independent of flow direction (i.e.,
the same for contractions as for expansions, under conditions of flow rever-
sal). The flow does not reverse.

Component Modeling

Assumption (4-xiii): The effect of thermal expansion of liquid is ignored
in the computation of the time rate of change of system pressure (cf. Egs.
4.4.90 and 4.4.93).

Assumption (4-xiv): Flow inertia is negligible in the suction intake and
the mixing throat of the jet pumps.

Assumption (4-xv): There is only single-phase 1iquid in the recirculation
Toops.

Assumption (4-xvi): The liquid in the recirculation lToop has uniform den-
sity, changing only with time and being equal to the liquid density in the
downcomer at the location of the jet pump suction.

Assumption (4-xvii): There is no flow reversal in the recirculation Toop.
Water flows only from the lower exit of the downcomer through the recirculation
pump to the jet pump nozzle.

*This assumption is implied as a consequence of computational procedures and
affects the calculations during a neutron kinetics time step, at the end of
which the assumption is relaxed in part.
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Assumption (4-xviii): The effects of 1iquid expansion are ignored in the
recirculation Toop (a conflict with Assumption (4-xvi) above).

Assumption (4-xix): The friction factor and the form loss coefficients
for the flow in the recirculation loop are constant, independent of Reynolds
number, i.e., flow regime and flow rate.

Assumption (4-xx): The electrical torques of the induction motors driving
the recirculation pumps are functions of rotor speed only.

Assumption (4-xxi): The flow quality x., at the separator discharge to-
ward the downcomer is constant. It is derived to achieve the desired core inlet
subcooling temperature under steady-state conditions.

Assumption (4-xxii): An artificial surface mass transfer term is imposed
at the separator exit {jump in phasic mass balances and energy balance) to
achieve equilibrium conditions (hy = hf and hy = hq) at the separator exit.
This surface mass transfer term is ignored in the global mass balance for the
prediction of the system pressure.

Assumption (4-xxiii): The vapor void fraction is uniform in the low-void
region of the downcomer, below the coolant level.

Assumption (4-xxiv): The coolant mixture level remains in the steam dome.
The liquid return from the separators discharges always into the steam dome
below the mixture level. The mixture level never falls below the separator
discharge level nor below the feedwater spargers. There is only pure vapor
above the level.

Assumption (4-xxv): The slip ratio S is equal to unity in the low-void
regime of the vapor dome.

Assumption (4-xxvi): The steam in the steam line is superheated vapor and
behaves 1ike an ideal gas.

Assumption {(4-xxvii): Gravity effects and effects of local acceleration
are negligible in the steam line dynamics.

Assumption (4-xxviii): Themmal effects of viscosity are unimportant in
the steam line; the vapor in the steam line has constant entropy (cf. Assump-
tion (4-v)).

Assumption (4-xxix): Form losses are distributed in the axial direction
over steam line pipe sections adjacent to the form loss source location.

Assumption (4-xxx): Injected boron remains in solution in the liquid
phase of the coolant.

Assumption (4-xxxi): The liquid water (solvent) injected with the boron
is neglected.

Assumption (4-xxxii): Axial diffusion of boron (mixing) is ignored.
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4.3.2 Consequences from Modeling Assumptions

In this section we discuss the relevance of the thermohydraulic modeling
assumptions in RAMONA-3B to safety analyses. The consequences of the thirty-
two assumptions of thermohydraulics modeling in RAMONA-3B are inferred from an
estimation of their effects on the governing equations. The assessment is
qualitative. The quantitative assessment of RAMONA-3B is presented in Chapter
7.

Fundamental Balance Equations

Assumption (4-i) concerning the neglection of covariances in time and
space is of no concern to RAMONA-3B users when analyzing plant transients other
than small break loss of coolant accidents. The user is warned to apply RAMONA-
3B to transients in which the mixture level falls below the separator discharge
elevation, and the steam separators issue a falling liquid film (cf. 4-xxiv).

Assumption (4-ii), restricting the vapor phase to its saturation condi-
tions, is valid for all BWR transients other than those which lead to super-
heated vapor. This may occur when burnout or dryout conditions are reached in
the core sufficiently far below the core exit, and prevailing long enough, to
allow the steam to become superheated downstream of the burnout (CHF) location.
Such conditions may be reached during ATWS simulations.

Assumption (4-iii) 1implies uniform pressure in the BWR system for all
phasic property calculations. This assumption is highly recommended as it
eliminates from the analysis unimportant and computationally expensive acoustic
effects. The assumptions permit the integration of the momentum equation sepa-
rately from mass and energy equations, thereby saving additional computational
efforts. The potential limitations from this assumption are that RAMONA-3B
cannot be used to predict mechanical interactions between coolant and struc-
tures, that the time delay of pressure pulse propagation from the steam line
entrance to the core cannot be predicted without additional modeling efforts
and that time delay may affect the timing of scram actions relative to reactiv-
ity insertion due to vapor void collapse under coolant compression.

Assumption (4-iv) concerning the lateral pressure variation dp/3r in a
flow cross section introduces no restriction in the use of RAMONA-3B, since
small-break 1oss of coolant accidents with flow stratifications in horizontal
channels are outside the scope of RAMONA-3B applications.

Assumption (4-v) implies negligible contributions from mechanical energy,
viscous effects and longitudinal conduction to the energy balance. These con-
tributions are insignificant and the simplification is recommended for all com-
ponents in the BWR system. A potential exception is the recirculation Tloop.
The mechanical energy of the recirculation pump affects the thermal expansion,
and thereby, the coolant level elevation during the simulation of a transient
from cold standby to hot standby.

Assumption (4-vi) about constant flow cross sections is justified by the
system geometry, except in the Upper Downcomer and in the jet pump diffuser.
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The user must accommodate the temporal acceleration in these flow channel sec~
tions by using a mean diameter. Concerning related assumptions about spatial
accelerations, the reader is referred to Assumption (4-xii).

Constitutive Descriptions

Assumption (4-vii) implies that subcooled 1liquid expands like saturated
1iquid. This assumption leads to the overprediction of thermal expansion in
large 1iquid volumes by a factor of ten (see Eq. 4.4.92) and an appreciable er-
ror in the prediction of the system pressure during all transients with signif-
icant feedwater temperature or system pressure changes. It is strongly recom-
mended that this error be corrected for future code improvements. See Eq.
4.4.93, last term in denominator, for proper representation of liquid thermal
expansion. See Eq. 4.4.94, denominator integral, for the current representa-
tion of liquid thermal expansion in RAMONA-3B.

Assumption (4-viii) concerning the approximations of thermophysical and
transport properties of liquid is assessed in part in Tables 4.1 and 4.2 of
Section 4.4.2.5. The error in specific heat for subcooled liquid ranges be-
tween 4% and 19% in the pressure range between 25 and 150 bar and at 20°C
l;g;id subcooling. The error in liquid internal energy ranges between -2% and
+ .

Assumption (4-ix) involves two conflicting criteria by which onset of net
vapor formation in the core is predicted by the RAMONA-3B code. This conflict
makes it possible that the incorrect heat transfer correlation (forced convec-
tion instead of nucleate boiling or vice versa) is used by RAMONA-3B, over some
indeterminable axial section of the core.

Assumption (4-x) concerning the departure from, and return to, nucleate
boiling affects the RAMONA-3B application for ATWS simulations and for simula-
tions of thermally-induced power and flow oscillations encountering burnout
conditions if departure from nucleate boiling occurs.

It is implied as a consequence of coding restrictions in RAMONA-3B that
transition boiling conditions exist whenever and wherever the wall superheat
temperature lies between the critical wall superheat and the minimum stable
film boiling temperature. In reality, however, transition boiling cannot exist
unless the conductive heat flux at the cladding surface equals the transition
boiling heat flux which corresponds to the wall superheat temperature, as shown
in Figure 4.3 of Section 4.4.2.1.1. Instead of following the transition boil-
ing curve, the heat flux vs. wall temperature relation may follow a 1line from
CHF conditions directly to stable film boiling and from minimum stable film
boiling directly to nucleate boiling (cf. Figure 4.3).

As these hysteresis effects are not modeled in RAMONA-3B*, the user of the
code should expect uncertainties in post-CHF heat transfer and wall temperature

*The correct modeling of hysteresis effects would have required major code mod-
jfications to couple computationally hydraulics and thermal conduction calcu-
lations in the cladding.
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predictions and in predicting the frequency of thermally-induced flow oscilla-
tions. The magnitude of these uncertainties needs to be assessed quantitatively
to establish their importance.

Assumption (4-xi) implies the absence of 1laminar flow conditions in
RAMONA-3B simulations (lTaminar flow and flow reversal are accounted for in the
steam line dynamics).

Assumption (4-xii) concerns the neglection of the reversible transforma-
tion of kinetic energy at sudden expansions and contractions, and the use of
the same form loss coefficient for forward and reverse flows. In spite of this
assumption, the RAMONA-3B code can be used for simulating transients with nor-
mal full flow and near full-flow conditions because the error from this assump-
tion can be compensated for in some range of flow rates by adjusting loss coef-
ficients (cf. Eq. 4.4.49) or flow impedances (cf. Eq. 4.4.133). The code cannot
be employed for transients with low flow conditions and flow reversal.

Component Modeling

By Assumption (4-xiii), the effect of thermal expansion in the liquid is
ignored in the computation of the system pressure {cf. Eqs. 4.4.90 and 4.4.93).
The thermal expansion is expected to be important for feedwater transients when
cold water enters the pressure vessel. At a subcooling temperature of 100°C,
the thermal expansion of the liquid can be expected to have the same effect on
the pressure history as a 24% increase of the feedwater mass flow rate. The
error is proportionately less for lower feedwater subcooling temperatures. It
is recommended that this assumption be relaxed for future code improvements.

By Assumption (4-xiv), the totally unimportant flow inertia of the flow
path from the downcomer to the jet pump intake is ignored. There is no re-
striction arising from this assumption on the use of RAMONA-3B. To the con-
trary, the inclusion of this inertia would lead to inordinate computing com-
plexity and computing effort, without any discernible benefit. In fact, the
inertia in the entire recirculation loop may be unimportant because the relaxa-
tion time of its flow is on the order of 10-2 seconds.

Assumption (4-xv) restricts the recirculation loop flows to single-phase
flow of liquid. Consequently, RAMONA-3B cannot be used for loss of coolant ac-
cident simulations. A pipe break in the recirculation loop leads at once to
flashing and two-phase flow in the broken pipe, and to two-phase choked flow
out of the pipe.

By Assumption (4-xvi), the density of the liquid in the recirculation loop
is imposed to be uniform and equal to the liquid density at the jet pump loca-
tion. This assumption is entirely acceptable for the momentum balance, as its
consequences are negligible on the prediction of flow rates. However, the as-
sumption is in conflict with Assumption (4-xviii) which implies time-invariant
Tiquid density.
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Assumption (4-xvii) disallows flow reversal in the recirculation loop but
introduces no additional restrictions to the use of the RAMONA-3B code as the
code cannot simulate flow reversal for other reasons (cf. Assumptions 4-xii, xv
and xix).

Assumption (4-xviii) implies no liquid dilation, i.e., time-invariant lig-
uid density in the recirculation loop. This assumption affects the prediction
of the coolant mixture level, particularly in attempts at simulating the tran-
sients from cold standby to hot standby conditions and the transients with cold
water injection into the downcomer (feedwater transients).

With Assumption {4-xix) RAMONA-3B relies on fixed wall-shear and form loss
coefficients for all fluid velocities in the recirculation loop. RAMONA-3B,
therefore, cannot compute the low-flow conditions after a recirculation pump
trip, nor flow reversal in the recirculation loop.

Assumption (4-xx) implies that the electrical torque of the induction
motor, which drives the recirculation pump, is independent of stator voltage
magnitude and independent of the voltage frequency. Both quantities are con-
trolled in reality to vary the reactor power from 75% to 100% of full power
(via boiling length, void fraction and void reactivity feedback). It is recom-
mended that electrical torque curves be implemented in RAMONA-3B which account
for variation of frequency and stator voltage, so that the code can be used for
the simulation of pump startup and of power-following transients.

Assumption (4-xxi) regarding the time-invariance of the flow quality at
the separator discharge into the downcomer is arbitrary. The calculation of

~this flow quality even for steady-state conditions, cannot be justified because

the flow quality, while physically a measure of steam separator performance, is
being misused to adjust the initial core inlet subcooling temperature. It is
used to compensate initially for modeling inadequacies (omission of heat trans-
fer, of pumping power. dissipation and inaccuracies in specific heat calcula-
tions) in downcomer and lower plenum.

The assumption is expected to have no consequences on the use of RAMONA-3B
as long as the riser exit void fraction does not depart far from initial condi-
tions. Conflicts with mass and energy balances must be expected when pure 1ig-
uid or when high-void mixtures enter the separators. This should lead to com-
putational difficulties.

It is strongly recommended that Assumption (4-xxi) be relaxed for future
code improvement.

Assumption (4-xxii) introduces an artificial surface evaporation rate at
the separator exit to eliminate the unrealistically high liquid superheating
temperature produced by the nonmechanistic bulk vapor generation term. There
appear to be no adverse consequences from this artifice because the correction
is normally small and in the proper direction. However, this assumption should
be rendered unnecessary by improving the model for predicting vapor generation
rates.

Assumption (4-xxiii) implies a homogeneous mixture of liquid and vapor in
the low-void region of the steam dome. Due to vapor upward drift and Tow
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1iquid downward flow in the region around the separators, one should expect
phase separation: higher vapor concentration just below the liquid level and
lower vapor concentration at the downcomer entrance. The assumption has an
influence on the prediction of vapor entrainment into the downcomer.

Under normal conditions near full power, the effects of this assumption
are compensated for by Assumption (4-xxi). For general conditions, the RAMONA-
3B code cannot be expected to predict phase separation reliably unless a new,
finer nodalization is employed in the low void region to compute the void dis-
tribution. The error on core entrance subcooling from errors in entrainment
calculations can be estimated for quasi-static conditions with the aid of Eq.
4.4,161,

Assumption (4-xxiv) introduces some error when the mixture level does not
drop below the lower discharge opening of the steam separators. The level mo-
tion cannot presently be predicted reliably if the level falls down into the
upper downcomer and much Tess if it falls below the feedwater sparger eleva-
tion. The RAMONA-3B code switches its computational logic to inject all vapor-
liquid mixtures below the level, regardless of the level position relative to
the elevation of injectign.

The level tracking model in RAMONA-3B also implies that there is only pure
vapor above the level, i.e., that the vapor does not condense appreciably in
the dome, during depressurization, nor that there is spray injection above the
mixture level,

Assumption (4-xxv) implies that there is stagnant liquid in the dome, be-
low the mixture Tevel. This assumption introduces no restriction in the use of
RAMONA-3B for operational plant transient simulations since the vertical veloc-
ity component is always negligibly small in the vapor dome. During sharp pres-
sure fluctuations of the system, however, flashing and condensing will cause
the mixture level to rise (swelling) or to fall (void collapse). Code predic-
tions become questionable if the level velocity and the 1iquid velocity reach
0.2 m/s, i.e., a velocity comparable to the vapor drift velocity.

Assumption (4-xxvi) implies that the steam in the steam line is superheat-
ed. The steam is saturated in the vapor dome but becomes superheated by adia-
batic throttling in the steam line. Estimates have shown that the vapor may
condense behind an expansion wave but cannot reach a void fraction below 0.990.
Thus, single-phase vapor descriptions are adequate. Comparison of steam table
data with ideal gas data have shown that the error from assuming ideal gas con-
ditions is negligible.

Assumption (4-xxvii) concerns the importance of gravity and local inertia
effects, These effects have been assessed by order of magnitude comparison
with first-order terms. They were found to be negligible (Wulff 1980a).

Assumptions (4-xxviii and xxix) about the thermodynamic process path of
the steam in the steam line and about the effects of form losses have been jus-
tified by comparison with full-scale experiments (Wulff 1980a).

- 90 -




Assumption (4-xxx), that the injected boron remain in solution, is justi-
fied on the basis of boron solubility and coolant temperature.

Assumption (4-xxxi) introduces an error of 0.3% of the feedwater injection
through the neglection of the boron solution in the coolant mass balance.

Assumption (4-xxxii): boron diffusion in the axial direction is negligi-
ble when compared with convective transport.

This completes the summary of modeling assumptions and the discussion of
their consequences. The reader may have noticed that some of the items present-
ed as assumptions are, in fact, modeling conflicts. These have been presented
as assumptions in the belief that the modelers had assumed that the consequenc-
es from the conflicts are negligible. It should be recognized, however, that
modeling conflicts have the tendency to produce computational obstacles. It is
therefore recommended that "Assumptions (4-ix, xi, xii and xxiv)" be eliminated
first, along with the correction of the |w|w term in the momentum flux term of
the mixture momentum balance. It should read wf as in Eq. 4.4.6 below.

4.4 Governing Thermohydraulics Equations

This section is the presentation of field equations, constitutive rela-
tions, initial and boundary conditions which describe the coolant flow dynamics
and the motion of boron. Presented are the equations which apply to the system
as a whole, to the closed circulation Toops in the system and to the major com-
ponents in the system. The adaptation of the general equations presented here
to particular computational cells involves nodalization and discretization
schemes and is therefore presented as part of the discussion on numerical meth-
ods in Section 6.4.2 of Chapter 6. The numerical solution techniques for solv-
ing and integrating the equations related to the total system, its circulation
loops and its individual components are presented in Sections 6.6 and 6.7.

Subject to the assumptions listed above in Section 4.3, the RAMONA-3B code
employs a four-equation slip flow model for nonhomogeneous, nonequilibrium two-
phase flow. The four equations are the vapor and liquid mass balances, the
mixture energy and the mixture momentum balances. With the vapor assumed to be
saturated (Assumption 4-ii), the constitutive description for nonequilibrium
vapor generation (see Section 4.4.2.3) defines uniquely the degrees of subcool-
ing or superheating in the liquid. The slip correlation (see Section 4.4.2.4)
establishes the phasic velocities vg of the liquid and vg of the saturated
vapor relative to the mixture velocity.

The vapor and liquid mass balances are combined with the phasic equations
of state and applied to the total control volume Vgyst Of pressure vessel
plus recirculation loop for predicting the time rate of change of the overall
system pressure <p>gqyst. By using this single pressure for all thermophysi-
cal property evaluations, RAMONA-3B achieves large savings in computing time as
discussed in Section 4.3 (see Assumption 4-iii).
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The one-dimensional momentum balances for mixture or single-phase flows
are applied to every closed loop, formed by any core flow channel, together
with the upper plenum, the riser, the steam dome, Upper Downcomer, jet pump and
lower plenum as shown by the contour 1, passing through the core, in Figure
4.1, and as formed by the recirculation Toop contour 2 shown also in Figure
4.1. This method reduces the stiffness of the system of governing ordinary
differential equations by increasing the relaxation time of coolant flow tran-
sients and by suppressing acoustic effects. The method leads to only one ordi-
nary differential equation for each closed loop and affords the efficient pre-
diction of a separate coolant mass flow rate in each core channel.

The mixture mass balance is replaced by the equation of volumetric mixture
flux divergence, as explained later. This reduces, because of Assumption
(4-i1i1), the task of integrating a partial differential equation in space and
time to a simple quadrature in space.

The three important modeling features discussed above leave only two par-
tial differential equations (for vapor mass and mixture energy). These are con-
verted into ordinary differential equations through integration over finite-
difference control volumes (see Section 6.4.2).

Special care is given to the modeling of jet pumps, steam separators and
the recirculation loop. A separate model for single-phase vapor is used to
predict the pressure and flow oscillations in the steam line.

The above modeling features in RAMONA-3B are absolutely necessary for
cost-efficient simulations of detailed, transient parameter distributions by
three-dimensional neutron kinetics, multiple channel core flow and nonhomogene-
ous, nonequilibrium two-phase flow modeling in the context of a BWR systems
code. The combination of these modeling features provides a unique capability
that currently no other systems code can offer.

4.4.1 Field Equations for Thermohydraulics of Coolant

As stated in Section 4.3.1, the field equations of RAMONA-3B thermohydrau-
lics imply six important assumptions. To illustrate clearly their importance,
we first present, or derive as necessary, the set of complete field equations,
starting with published two-phase flow equations. Then we discuss the omissions
or modifications implied in RAMONA-3B, and finally, we present the equations as
used in RAMONA-3B.

The thermohydraulics models in RAMONA-3B are based on the following four
conservation equations for vapor mass, 1iquid mass, mixture energy and mixture
momentum:

The local, time-averaged phasic mass balances are (Delhaye, Giot and
Riethmuller 1981, p. 174), for saturated vapor (subscript g)

) >
5;‘(apg)+ V- (igeg) = Ty (4.4.1)
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‘ and for the liquid phase (subscript ¢)

5@; [(1-a) pz)J“ v- (Ez pg) =T, . (4.4.2)

In Eqs. 4.4.1 and 4.4.2 the symbols o, p, j and T, denote, respectively,
vapor void fraction, density, volumetric flux and vapor generation rate per
unit of volume. The symbol T stands for time. Note that

. + > 2.4
j =av and g = (1-a) Ve o (4.4.3)

where V is the local velocity vector.

Notice that Eqs. 4.4.1 and 4.4.2 are written in three-dimensional vector
form. This form affords the integration over arbitrarily shaped control vol-
umes (plena, etc.) with three-dimensional flow patterns. The volume integra-
tion is needed to derive the equation for the time rate of change of the vol-
ume-averaged system pressure <p>syst' The one-dimensional form of Eq. 4.4.1
as used for channel flow is preseénted later in Section 6.4.1.3. A one-dimen-
sional form of Eq. 4.4.2 is not required since Eq. 4.4.2 is replaced by a com-
bination of Egs. 4.4.1 and 4.4.2.

The one-dimensional, instantaneous area-averaged mixturé energy equation
is (Delhaye, Giot and Riethmuller 1981, Eq. 17, p. 164) by virtue of Assump-
tions (4-i through iii, v and vi)

ql
a a - w "1 -
y [ocpg ug + (1-0) pguz] + ooz [ocpg hgwg+ (1-a) pghlwz] =4t (1-a) ,
(4.4.4)

where qg'(l-a) is the power density of direct gamma absorption by the 1liquid
phase (only) (cf. Eq. 2.7.17),

W T (EFQDC [tc (Reo) - tfl] - (B0 (g - Typ) (4.4.8)

and A, &, u and h denote cross-sectional area, heated perimeter, specific in-
ternal energy and specific enthalpy, respectively. The symbol h. represents
the heat transfer coefficient (see Section 4.4.2.1), while t stands for the
centigrade temperature, tc (R¢q) = ty is the cladding temperature tc at the
outer cladding surface, r = R.,, and tgy is the fluid temperature. Ujyp is the
overall heat transfer coefficient for the heat transfer to the interchannel
bypass flow with temperature tgp from the heated channel with its fluid temper-
ature tgg = tg or tfg = tsate In Eq. 4.4.4 w denotes the axial velocity compo-
nent, and z is the axial coordinate. The void fraction o is an area fraction
in Eq. 4.4.4, but a time fraction in Eqs. 4.4.1 and 4.4.2. By virtue of Assump-
tion (4-i) and the commutativity of time and space averaging (Delhaye, Giot and
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Riethmuller 1981, p. 181), the void fractions in Eqs. 4.4.1, 4.4.2, 4.4.4 and
4.4.6 through 4.4.8 will be the same, once Eqs. 4.4.1 and 4.4.2 are integrated
over a control volume and « appears only in control surface integrals, as shown
later.

The one-dimensional, instantaneous area-averaged mixture momentum balance
is,* by Assumptions (4-i, ii, iv and vi)

G G |
9 2 2 - op 2 "m'm
ot T 32 Bngwg * {1-0) pRWQ] =t 577 90, fiop Zdeh’ (4.4.6)

where the mixture momentum G in the axial direction is

Gm = (xpgwg + {1-0) Po Wy (4.4.7)

and the mixture density pp 1s given by the thermal equation of state for the
two-phase mixture:

oy = apg + (1-—0L)pZ . (4.4.8)

The symbols fy, ¢§ and dp designate, respectively, the single-phase Darcy
friction factor, computed as if the mixture were flowing as a liquid, the two-
phase flow friction multiplier and the hydraulic diameter of the channel, wet-
ted by the fluid. The symbol g, is the gravitational acceleration component in
the negative z-direction.

Equations 4.4.1, 4.4.2, 4.4.4 and 4.4.6 are the four basic conservation
equations in RAMONA-3B. Problem closure requires that flow-regime dependent
constitutive relations are provided for the heat transfer coefficient h., the
friction factor fy and its two-phase flow multiplier ¢g, the vapor generation
rate Ty and a relation between the phasic velocities wg and wy. Also, the
one-dimensional momentum balanees will be applied to channel sections of con-
stant flow cross section and then coupled by jump conditions for abrupt changes
in cross-sectional area. The dissipation of energy across such area changes
must be described by loss coefficients. Moreover, problem closure requires the
specification of thermophysical and transport properties. All these constitu-
tive relations are presented in Section 4.4.2, initial and boundary conditions
are discussed in Sections 4.5 and 4.6.

*The RAMONA-3B code 1isting shows that w|w| is used erroneously instead of
w2 in the second term on the left-hand side of Eq. 4.4.6. See Section 4.3.2
for the discussion of this error.
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As discussed in the introduction to Chapter 4, Egs. 4.4.1 and 4.4.2 are
combined in RAMONA-3B to yield the equation of mixture volume flux divergence,

D o D,o
M o 94 (l-u} L8
V-Jm = (pl-pg)/(olpg)l"v- [pg bt 5, _5?_] R (4.4.9)
where
> > > .
Ip = gty = avgt (la) vy (4.4.10)
and
D.
i _ 3 . .
AR R R T (4.4.11)

Equation 4.4.9 constitutes the mixture mass balance and replaces in RAMONA-3B
the mass balance for the liquid, Eq. 4.4.2 and, as will be seen later, the task
of integrating a partial differential equation by the simpler task of integrat-
ing over space.

The first term on the right-hand side accounts for volume dilation due to
vapor generation, the terms in square brackets represent the phasic compressi-
bilities.

With Assumptions (4-ii and iii) one can reduce the first term in square
brackets in Eq. 4.4.9 to

30 N pl N p' d<p>
a (%g : - o 9|3 : - o 9 __syst 4.4.12
Og (3‘[ + vg vpg) o 5 [3”[ + vg Vp] o pg ar > ( )

where the superscripted primes denote differentiation with respect to pressure
along the saturation line and <p>gygt is the system pressure. The compressi-
bility of the liquid is, by Assumption (4-iii)

Do p 3p du 3p d<p>
L % L, >, L syst

By utilizing the phasic energy equation and the interface energy jump condi-
tion, subject to Assumptions (4-iii and v) and also the assumption that the
thermal conduction in the vapor phase, toward the liquid-vapor interface, is
zero, that is, by utilizing
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ou
(1-0) p, [a_j " Vz.wg] = - 7. [(1—oc) al] -1, (hg=hy) + qgt (1-0)
(4.4.14)

one can replace the total derivative in the first square bracket of Eq. 4.4.13
to get

DQ, pQ, apSL d<p>5 st 1
1- = 1- Y + _ "
(1-a) Dt (2-a) '( o /4 dt Py (1-a) g

- V. [(l-a) ql] - T, (hy- hz)} (a—ﬁp (4.4.15)

Equation 4.4.15 is valid for general conditions in the liquid. For saturated
Tiquid, Pg = pg(p) and

D, p d<p>
(1-a) %12 = (1l-a) p% ———B%XEE , saturation . (4.4.16)

For the subcooled liquid without vapor (downcomer, lower plenum, recirculation
Toop under normal operation), Eq. 4.4.15 reduces with a = 0 and T, = 0 to

D,p op d<p> 30
L7 L syst 1 ) [ R ] ]
Dt <8p>u dt oy (3u>p Veoqp - qf (1-0)f.  (4.4.17)

With these results we distinguish for later use three forms of Eq. 4.4.9; name-
1y,

for pure liquid, upstream of boiling incipience, in lower plenum, downcomer and
recirculation loops

o dt ’

(apl>
ap op d<p>
v.3 - ; (aul) [v-* ] u syst (4.4.18)
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for the two-phase mixture of saturated vapor and nonequilibrium 1iquid, in the
core downstream of boiling incipience and, during system pressure fluctuations
in the upper plenum, riser, separator and steam dome

V'Em _ [pz " g, (aog> hg; hz] . {afi+ 1) 3 ), } d<P> et

op
+ o (E&) {v- [(1-a) 32]- (1-0) g1, (4.4.19)
Py P

and for the two-phase mixture at saturation

> P, = P p! pe ] d<p>
v.3 = 277 ¢y le (1) OF sYst (4.4.20)
m plpg g pg pf dt

Notice that the equilibrium vapor generation rate Ty in Eq. 4.4.20 can be
computed from the mixture energy and two phasic mass” conservation equations.
The result consists of two contributions, one from wall heating and the other
from flashing. The latter 1is proportional to d<p>gyst/dt. However, the
RAMONA-3B code does not utilize this relation; it there¥ore cannot achieve and
maintain saturation conditions exactly.

This completes the discussion of the four fundamental equations used in
this report as a basis for presenting the field equations of RAMONA-3B; namely,
Eqs. 4.4.1, 4.4.4, 4.4.6 and 4.4.9 in either of the three forms of Eqs. 4.4.18,
4.4.19 or 4.4.20. Additional simplifying assumptions are used in RAMONA-3B.
These will be pointed out as the ordinary differential equations are derived
from the above equations in Sections 4.4.3, 4.4.4 and 4.4.5. The governing
equations for single-phase vapor in the steam lines are presented in Subsection
4.4,5.5, that for boron transport in Subsection 4.4.6.

4.4.2 Constitutive Equations for Coolant

The integration of Eqs. 4.4.1, 4.4.4, 4.4.6 and 4.4.18 through 4.4.20 re-
quires the specification of constitutive relations for heat transfer (h¢),
wall shear (fy and ¢E) and form losses (r), vapor generation rate (FV), stip
ratio (S) and thermophysical and transport properties for the vapor and liquid
phases. These constitutive relations are presented below.
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4.4.2.1 Heat Transfer from Cladding Surface to Coolant .

The RAMONA-3B code accounts for four heat transfer regimes (cf. Assumption
4-xi), namely

turbulent forced convection in single-phase liquid,
nucleate boiling,

transition boiling and

stable film boiling.

0O oo
Nt Nt el vt

We present below first the criteria by which the RAMONA-3B code determines
the local, instantaneous heat transfer regime, and then the heat transfer cor-
relations for'ﬁC in Eq. 4.4.5, one for each heat transfer regime.

4.4.2.1.1 Transition Criteria Between Heat Transfer Regimes

The Transition from Nonboiling to Nucleate Boiling Heat Transfer Regimes
is the boiling incipience (onset of vapor generation). The RAMONA-3B code has
two conflicting criteria to predict boiling incipience, none of which is mecha-
nistically related to boiling incipience. The first criterion is embedded in
the calculation of the vapor generation rate, Iy. In RAMONA-3B, the vapor gen-
eration rate I'y is predicted to be negative for large liquid subcooling (tgat -
ty) in single-phase liquid (a=0), as 1is normally encountered in the Tlowest
core section. As the flow progresses upward, the vapor generation rate Ty is
computed to increase with decreasing liquid subcooling, until Ty passes through
zero and becomes positive. Negative values of I', are suppressed in RAMONA-38B,
while a=0. Therefore, RAMONA-3B defines, througp its first criterion, boiling
incipience to occur when and where

PV =0 with a=0 and 30/02>0 . (4.4.21)

As will be shown in Section 4.4.2.3, the condition of Eq. 4.4.21 is dominated
by a single, "tunabie" parameter, C11, which is involved in the calculation of
the bulk evaporation/condensation rate. This parameter depends upon flow chan-
nel geometry and operating conditions.

The second criterion in RAMONA-3B, affecting boiling incipience, is assoc-
jated with the switch from non-boiling to nucleate boiling heat transfer re-
gimes. The RAMONA-3B code computes the outer fuel cladding temperature t (R¢p),
at radius r = R.p, twice (according to Eq. 6.3.34 in Section 6.3, using tgg =
tg). The first calculation is performed with the heat transfer coefficient
(hc)Fc for forced convection in single-phase liquid flow, the second calcula-
tion is performed with (h.)yg of nucleate boiling. From the two resultant
values for the wall temperature t.(Rco) = t,, the lower one is chosen by
RAMONA-3B, as shown on the lower section of the boiling curve in Figure 4.2.
Notice that the lower value of the cladding surface temperature ty is associat-
ed with the larger of two values of wall heat flux (cf. Eq. 6.3.17).

- 98 -




CHF
ol (R)=al /O\
A

NUCLEATE BOILING

FORCED CONVECTION
SINGLE PHASE LIQUID

2.CALCULATION
. CALCUL—-

y

%

Aty Aty =1(Reg) = tsay
SELECTED

Figure 4.2 Schematic for Criterion of Transition
from Nonboiling to Nucleate Boiling
Heat Transfer Regimes

- 99 -



Since neither the single-phase, nonboiling, nor the nucleate boiling heat
transfer correlations used in RAMONA-3B have ‘been derived to contain informa-
tion on nonequilibrium boiling incipience, it must be concluded that the inter-
section of the two lines in Figure 4.2 has no mechanistic relation to boiling
incipience. More importantly, there is no mechanism to synchronize the first
with the second criterion for boiling incipience. Also, it is possible, in
principle, that RAMONA-3B employs nucleate boiling heat transfer correlations
when the wall temperature ty = t.(Rc,) 1is below saturation temperature
tsate It is recommended, therefore, to improve the RAMONA-3B code by intro-
ducing a single criterion for subcooled boiling incipience (Saha and Zuber
1974) and by subordinating the calculations of vapor generation rate I'y, wall
heat flux qc (Rco) and cladding surface temperature tc(Reo) or heat transfer co-
efficient he, all to the same criterion.

The Transition from Nucleate to Post-CHF Boiling occurs when and where the
wall superheat temperature Aty = tc(Rco) - tsat reaches AtcHp the value associ-
ated with the critical heat flux q{uf.

The wall superheat temperature At,, is obtained by subtracting the satu-
ration temperature from the surface temperature tc(Rcq), computed with the heat
transfer coefficient (hc)ng of nucleate boiling (cf. Egs. 3.4.10 and 6.3.34)

Atw = [t (Rco) - tsat] . (4.4.22)

The critical wall superheat temperature is obtained by computing first

~ ~ G

l _ " \Y) Ul 1-v S = m <

enF ~ <qCHF>1 <qCHF)2 » for 0sv=— kg <! (4.4.23)
2

ms

Qcyp ~ <qCHF>1 , for Vv>1 (4.4.248)

and then by computing

qll
At - _ChF (4.4.25)
CHF )
c’/NB

In Eq. 4.4.23, Gy denotes the mixture mass flux, and

0.1775 1n (1+x)

-4 m’s
7.37x107 TS - g
" _ 8_w_ kg m
(qCHF>1 = 4.44x107 3 3.3906 0,323 (4.4.26)
" (1+x) '—E:§
Nm
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is the critical heat flux for high mass fluxes, 1 < ¥ < 40, according to Condie
and Bengston (1978, p. 9). The symbols x and p in Eq. 4.4.26 denote flow qual-
ity, x = Gy/Gm, and pressure, respectively. Equation 4.4.26 is claimed to hold
for -0.1 < x < 1.0 and 60 < p < 150 bar. In Eq. 4.4.23

is the critical heat flux as derived by Smith and Griffith (1976) from the pool
boiling correlation by Zuber (1961), and reported by Delhaye, Giot and Rieth-
muller (1981, p. 282). The symbols a, pg, Pgs O and hfg stand for vapor void
fraction, densities of liquid and vapor, surface tension and latent heat of
evaporation, respectively. The heat transfer coefficient (h¢ )NB is computed
fram Eq. 4.4.33 below.

Having computed Aty from Eq. 4.4.22 and aAtcyr from Eq. 4.4.25, the
RAMONA-3B code continues to compute heat transfer in the nucleate boiling re-
gime if Aty < Atcyp , but it advances to the transition boiling regime (cf.
Assumption 4-x) i Atw > tey The RAMONA-3B heat transfer model implies

also post-CHF cond1t1ons, namefy transition or stable film boiling conditions,
as long as Aty > AtcHr.

As the wall superheat temperature increases beyond Atcyp, the RAMONA code
implies that transition boiling prevails until the wall superheat reaches the
minimum value Atyspg of stable film boiling (cf. Assumption 4-x). In Figure
4.3, this means that the heat flux should decrease along the transition boiling
segment of the boiling curve, starting from point CHF and dropping toward the
point MSFB. Notice that the cladding temperature rises rapidly by more than
100°C as it approaches the rising fuel pellet outer surface temperature. The
thermal cladding response time is approximately fifty milliseconds. Consequent-
1y, there may be circumstances under which the heat flux from the cladding sur-
face may be greater after burnout than that corresponding to steady-state tran-
sition boiling. After burnout, the relation between wall superheat temperature
Aty and wall heat flux g, may correspond to the path from point CHF to point
A (typically) in Figure 1{3, rather than to the path from point CHF to point
MSFB. As pointed out in the assessment of Assumption (4-x) (see Section 4.3.2),
the heat transfer coefficient he (Eq. 4.4.5) computed for transition boiling
may be too high in RAMONA-3B immediately after burnout and may affect predic-
tions of boiling instability.

The Transition from Transition to Stable Film Boiling occurs when the ris-
ing wall superheat temperature (tc (Reo) - tsat = ty - tsat = Aty) equals or ex-
ceeds the minimum value of wall superheat temperature aAtyspg for stable film
boiling. The minimum stable film boiling wall superheat temperature is comput-
ed from the correlation by Henry, Quinn and Spleha (1974):

pCKIy

Myspg = {tyy = tat) * Toch), (tyy - tg) > (4.4.28)
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Figure 4.3 Schematic Boiling Curve and Boiling Regimes
(Fixed Mass Flux, Quality and Pressureg

- 102 -




where tea¢, to, C, k and p designate saturation and liquid temperatures, speci-
fic heat %at constant pressure), thermal conductivity and density, respective-
ly. Subscripts 2 and c denote liquid and cladding, respectively, and

£ = 312.66C+ 1.99519x 1072 ¢™7 (¢ 8

HN ¢

+273.15¢C (4.4.29)

sat

is the homogeneous nucleation temperature according to Lienhard (1976). All
temperatures are centigrade temperatures in Eq. 4.4.29.

Returning to F1gure 4.3, the point MSFB of Minimum Stable Film Boiling re-
presents also the minimum poss1b1e heat flux QMSFB for transition boiling.
Any decrease in heat flux qij below gusFg leads to the prompt return to nucle-
ate boiting, along the path from point MSFB to point B. Also, any decrease in
wall superheat temperature aty below aAtmgrg Teads in general abruptly to nuc-
leate boiling, unless the conductive heat flux in the cladding increases exact-
1y to balance the external convective flux along the curve from point MSFB to-
ward the point CHF. The post-CHF heat transfer models in RAMONA-3B imply the
heat transfer coefficients h¢ (Eq. 4.4.5) for transition boiling whenever
AtCHF < oty < AtMmspp, regardless of heat flux qy (cladding temperature
gradient at the surface). As pointed out in Section 4.3.2 [cf. Assumption
(4-x)], RAMONA-3B may temporarily underpredict the heat transfer coefficient

for qu<aMsFp and Atcuyp < Aty < AtMSFB.

In summary, it should be pointed out that RAMONA-3B predicts the occur-
rence of burnout correctly in accordance with the nucleate boiling heat trans-
fer correlation (Jens-Lottes, Eq. 4.33) and the criterion for critical heat
flux (Eq. 4.4.23). The RAMONA-3B predictions may not be accurate during some
portions of boiling instability simulations, namely during the intervals when
post-CHF conditions occur, and when the return occurs from stable film boiling
to nucleate boiling.

Any further improvement of post-CHF heat transfer modeling in RAMONA-3B,
particularly the modeling of the hysteresis effects between the points CHF and
A or MSFB and B in Figure 4.3 requires direct coupling of hydraulics calcula-
tions with thermal conduction calculations which is not available in RAMONA-3B
at this time (see Sections 6.1 and 6.7.3).

4.4.2.1.2 Heat Transfer Correlations

a) For Forced Convection in Single-Phase Liquid RAMONA-3B employs the Dittus-
Boelter (1930) correlation for heating, which is valid (=~ + 20%) for turbulent
flow, Npe > 3000:

k k

_ oL _ N 0.8 ,,0.4
(hC)FC " a My 3 [0.023 Neo No. ]2 , (4.4.30)

where k, and dp, stand for the thermmal conductivity of liquid and for the hy-
draulic diameter for heat transfer (four times the flow cross-sectional area A,
divided by the heated perimeter £), respectively. Ny, represents the Nusselt
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number and Npe the Reynolds number ‘

G d
Npe = "‘uh : (4.4.31)
while Np,. denotes the Prandtl number
uc
Np, = TE ) (4.4.32)

In Egs. 4.4.31 and 4.4.32, Gy = Gy, u and Cp denote the mass flux, the dynam-
ic viscosity and the specific heat at constant pressure. As Eq. 4.4.30 applies
to the pure liquid flow, all properties are those of liquid; they are evaluated
at the mean fluid temperature t, (cf. Eq. 4.4.80).

b) For Nucleate Boiling, RAMONA-3B employs the correlation by Jens and Lottes
(1951)*

it

— B W 6.45x10" mZ/N)p .3
(hC)NB = m = 2.555 =2 e At s (4.4.33)
where
Aty = [t (Rg) - teaedl =t -t (4.4.34)

is the wall superheat temperature, the difference between the cladding surface
temperature tc at the outer cladding radius r = R¢g and the saturation tempera-
ture. Equation 4.4.33 holds for 34 bar < p < 138 bar. (Tong and Weisman 1970,
p. 201).

c) Transition Boiling is computed in RAMONA-3B with the heat transfer coeffi-
cient (he)

TB
_ (%) 7p
(hC)TB = , Btoye <Ot <Btyeen s (4.4.35)
where (q;',)TB is interpolated from (Bjornard and Griffith, 1977)
(0075 = ?9cur * (1-9) ayepp > (4.4.36)

*The RAMONA code has 2.567 Wm=2C"% instead of 2.555 Wm=2C"% as obtained from
the original correlation.

- 104 -




‘ with the interpolant

9 = [(tysrs - ot,) [ (btygrg = dteyp)]” - (4.4.37)

In Eq. 4.4.36, qeyp is as defined by Eq. 4.4.23, while q&spg is computed from
Eqs. 4.4.28 and 4.4.38 below, namely

Auspp - (hC)FBl < Btyerp - (4.4.38)

Atusep

In Eq. 4.4.37, atysrg and Atcyr are defined by Eqs. 4.4.28 and 4.4.25, re-
spectively. There is no assessment of the above relation, Eq. 4.4.36, for BWR
applications. However the relation is adequate because this regime occurs
rarely, if at all in BWRs.

d) For Stable Film Boiling, RAMONA-3B employs the larger of two heat transfer
coefficients

h.)

I (hC)MB} . (4.4.39)

(h) = Max {(

C'rB

The first one is computed from the Groeneveld 5.9 correlation (Groeneveld 1968):

— k o 0.901
- -3 g 1.32 oy 9 -1.5
(hC)GS.Q 3.27x10 hd (NPr)g {(NRe)g [x+(1 x) pf:]} YM ,{(4.4.40)
where
Pe 0.4
YM = 1-0.1 [(l-x) (——-- 1)] (4.4.41)
Pg

is the Miropolskiy two-phase flow factor, x, p, k and dy denote flow quality,
density, themmal conductivity and hydraulic diameter for heating, respectively.
The subscripts g and f denote saturated vapor and liquid, respectively. Np.
and Npe are the Prandtl and Reynolds numbers, respectively:

uc G d
NPr ——EJ1 and NRe " (4.4.31,32)

As before, u, cp, and k are dynamic viscosity, specific heat at constant pres-
sure and thermal conductivity, respectively. G is the mass flux of the mix-
ture.
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The second heat transfer coefficient in Eq. 4.4.39 is computed in accor-
dance with the modified Bromley correlation, using Andersen's analytically de-
rived critical wavelength A., as reported by Delhaye, Giot and Riethmuller
(1981, pp. 273-275):

3 )1/4
() = 0-62 gpgipi:sz "rofel (4.4.42)
crgtlw
where
04 h?:g u;, 1/11
Ac = 16.24 3§ (4.4.43)

3
-p,) ki g° At
pg (g - pg) kga™ oty

and the symbols g, p, he,, k, u and o represent, as before, gravitational ac-
celeration, density, 1a§%nt heat of evaporation, thermal conductivity, dynamic
viscosity and surface tension, respectively. The wall superheat temperature
Aty is computed from Aty = ty - tsat and Eqs. 4.4.69 and 6.3.34. An assess-
ment of Eqs. 4.4.40 through 4.4.43 can be found in Delhaye, Giot and Riethmul-
ler (1981, Chap. 14). The data base for Eqs. 4.4.40 and 4.4.41 is

flow quality -0.1 < x < 0.9
pressure 34 < p < 215 bar
mass flux 700 < G < 5,300 kg/(ms).

The data base for Eqs. 4.4.42 and 4.4.43 is

liquid subcooling

temperature at, < 77.9 C
void fraction a < 0.4
mixture velocity vp < 0.3 m/s
pressure 1 < < 7 bar
heat flux 30 < gy < 130 kw/m2,

e) The Overall Heat Transfer Coefficient Uy, for computing the exchange of
heat from the heated channels to the bypass channels (see Eq. 4.4.5) is a user-
specified* constant in RAMONA-3B (cf. Assumption xi). Currently, RAMONA-3B has

m _ -2 -1
U]b = 3100 Wm " C ~ .

*HTC on Input Data Card No. 200 015.
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4.4.2.2 Wall Shear and Form Losses

The RAMONA-3B code accommodates only turbulent forced convection in the
prediction of wall shear in single-phase liquid and two-phase mixtures [cf. As-
sumption (4-xi)]. The wall shear prediction enters into the themmohydraulics
models through the momentum conservation equation, Eq. 4.4.6, via two parame-
ters, the single-phase friction factor f; and the two-phase multiplier ¢%

(see Section 4.4.1 for Eq. 4.4.6).
The single-phase flow friction factor is computed in RAMONA-3B from

f, = 3,000<N

C8 Re<1003000 s (4-4.44)

where C; and Cg are user-specified* constants. Recommended are, according to
Blasius (1913), the following two values for C7 and Cg:

0.3164 (4.4.45)

C7

Cg = 0.25 (4.4.46)

These represent turbulent flows in smooth tubes in the range 3000 < Npe <
100,000. The Reynolds number Npe 1s defined by Eq. 4.4.31.

The two-phase flow friction multiplier ¢§ is computed in RAMONA-3B accord-
ing to the correlation by Becker, Hernborg an Bode (1962).

0.96
5 X
¢, = 1+Cq m2 (4.4.47)
1
N p
where
Cg = 1.49 x 108
is a user-specified constant,** and x is the flow quality
G
x = 2. (4.4.48)
Gy

The correlation in Eq. 4.4.47 has been derived for typical BWR applica-
tions.

Form Losses account for the dissipation of kinetic energy in the coolant
at locations of abrupt expansions and contractions in cross-sectional area, A.

*G1 and G2 on Data Input Card No. 500 010.
**CRT(1) = 2400 on Input Data Card No. 500 050, used with p converted from at-
mospheres to N/m-.

- 107 ~



They account indirectly for the forces exerted by the flow channel on the cool-
ant fluid, and play an important role in coupling the momentum balances, Eg.
4.4.6, of two contiguous flow channel segments, each one having a constant but
distinct cross-sectional area (cf. Eq. 4.4.102).

The loss coefficient £12 for the coolant flow from the exit of segment 1
to the entrance of segment 2 (typically) in Figure 4.4 below is normally de-
fined and experimentally obtained through the use of the mechanical energy bal-
ance, derived as a jump condition for the interface between the segments. For
two-phase flow the definition is

|

1 _ 1
Pl t5 [szl + Ggwg]1 = Pyt [GSLWQ + Ggwg]2 + &12 vl [GSLWSL+Gg wg]Amin,
(4.4.49)

where p, G, w denote pressure, mass flux and velocity, the subscripts ¢ and v
designate liquid and vapor, and the subscript Ayj, indicates that the loss
coefficient is defined as the fraction of dissipated kinetic energy relative to
the kinetic energy in the narrower cross section (always finite). The loss co-
efficient depends for single-phase flow upon the direction of the flow, on the
geometry of the transition and, most importantly on the area ratio, Al/Az, as
well as on the Reynolds number. Single-phase flow loss coefficients are col-
lected in handbooks on hydraulics. Idel'chik is recommended for a large number
of geametries. Two-phase flow loss coefficients are not available at this time
and must be approximated by single-phase loss coefficients.

Gy G,
v, v,
P P

INTERFACE

Figure 4.4 Nomenclature for Definition of
Form Loss Coefficient
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In the RAMONA-3B code, the loss coefficient is defined differently from
the standard definition (cf. Assumption (4-xii)), namely, by Cig = ¢ through

pl_pz = CIO[Gllw,Q/l + GnggI]Amin . (4.4.50)

The parameter Cijg is specified by the user,* one parameter for every abrupt
change in cross-sectional area. The consequences arising from the nonstandard
definition for the loss coefficient are discussed in Section 4.3.2 (cf. Assump-
tion (4-xii)).

4.4.2.3 Vapor Generation Rate

The RAMONA-3B code is designed to account for thermal disequilibrium to
the extent that the liquid phase in the two-phase mixture is allowed to be sub-
cooled (t, < tsat)’ saturated (t, = tgat) or superheated (tg > tgat) wh11e
the vapor phase 1s restricted to saturation conditions (ty, = tg = tgat)
Assumption 4-ii). The temperature, t,, of the liquid in two-phase mixture 1s
entirely dictated by the calculation for the nonequilibrium vapor generation
rate I'y. The capability of RAMONA-3B to compute nonequilibrium evaporation
and condensation rates I, (under some conditions, see Assumptions (4-ix, x
and xi)) is one of its strongest attributes, since I'y has a strong and direct
impact on the predictions of vapor voids (cf. Egs. 4. 4 1 and 4.4.1.9) and hence
of reactivity feedback and fission power generation.

In RAMONA-3B, the vapor generation rate I'y, is computed in two parts

r, = I +T

v W ph (4.4.51)

The first part, Ty, accounts for evagoratio due to heat transfer from the
wall to the Tiquid phase, the second part, P accounts for mass transfer
er

(evaporation or condensation) due to heat trans between the phases.

Evaporation from wall heating 1s predicted in RAMONA-3B on the basis of a
model” for cyclic ejection of vapor (VI &t) and liquid (VE §1) from the boundary
layer at the heated wall, followed by the return of cooler liquid ( st) from
the bulk of the flow to the boundary layer. This cycle is repeatef'w1th the
(unimportant) period of &t. The symbol V denotes the volumetric exchange rate,
averaged over the period &t. The model implies evaporation only and

(i) a steady process on a time-scale larger than the period &t (no
storage of mass or energy),

(ii) dimcompressible phases,

(iii) Vg - Vl 0, and

¥VH(I) on Input Data Card No. 200013 and following cards.
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(iv) that the liquid Teaving the heated boundary layer has the tempera-
ture equal to the arithmetic mean between wall surface and satura-
tion temperatures.

By setting up the mass and energy balances for the boundary layer segment
within any axial increment Az (in bulk flow direction)

" b ey
ngg + 0y (VQ - VQ) =0 (4.4.52)

. +-+ - o _ "
pghg Vg + 0, (hRV2 - hgvz) = AZE q, » (4.4.53)

and by eliminating Vg from these balance equat1ons, one obtains, using item
(iii) above, the evaporation rateT,, = Pg g/(A AZ):

£ q

r = A : (4.4.54)

w P
- [} + -
hg- hz + (5;-— 1) (h2 - hz)

Here £ and A denote the heated perimeter and the cross-sectional area, respec-
tively, of the flow channel. The enthalpy differences in tq. 4.4.54 are re-
placed by temperature differences, through

h = h, + ¢

3 £ (tg -t

) . (4.4.55)

P>l sat

and Assumption (iv) above 1is introduced to obtain the final result for the va-
por generation rate due to wall heating, with ng qQ

a,,/A
- - (4.4.56)
N Pr .1 Pe
"ot pan | tsat) 5t 7 (B Baed (57

In Eq. 4.4.56, q, is computed as part of the thermal conduction model
for the fuel (cf. Eqs. 4.4.5 and 6.3.34); .8 tsat and pg are the latent
heat of evaporation, the specific heat of sagura ed liquid at cdnstant pressure
and the density of saturated vapor, respectively, all being computed as func-
tions of the system pressure <p>q syst- The wall temperature t, is the clad-
ding surface temperature tc (R.o) 1n Eq. 6.3.34. The liquid temperature t, is
computed from the local internal energy of the mixture, the vapor mass and the
thermal equation of state, using Eq. 4.4.80. The liquid density pg is comput-
ed from <p>gyst and ty according to Eq. 4.4.76.
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Equation 4.4.56 accounts for the energy required for evaporation (h 9)
and preheating of the subcooled 1iquid and for the removal of energy by the T1—
quid which returns from the boundary Tayer to the bulk. Equation 4.4.56 yields
correctly the isobaric equilibrium evaporation rate when ty, = tgat and tg =
tsat + Equation 4.4.56 does not represent the complete separation of energy
from wall heating into the net energy entering the liquid phase and the net en-
ergy entering the vapor phase, as it does not account for energy transfer be-
tween the phases. This is described by the interphase transfer term Tpy, be-
low. Equation 4.4.56 cannot be expected to apply for condensation when the
wall temperature t, = tc(R¢o) falls below saturation temperature tgat. Then
RAMONA-3B sets Ty, = O.

Mass transfer from interphase heat transfer, represented by the second
term on the right-hand side of Eq. 4.4.51, is computed in RAMONA-3B from

ph h

r s [(tz‘tsat) +Cq5 |t2'tsat|] , (4.4.57)

where a, tgat, hfg and ty are the void fraction (cf. Eq. 4.4.1), saturation
temperature (cf. Eq. 4.4.69), latent heat of evaporation (cf. Eq. 4.4.72) and
liquid temperature (cf. Eq. 4.4.80), respectively. The parameters Cy1, C12
and C13 are user-specified input data* and have the recommended values

C11 = 5 x 100 wm-3¢-1 (4.4.58)
C12 = 4 x 107 wm=3¢-1 (4.4.59)
C13 = 0.3 . (4.4.60)

Equation 4.4.57 produces condensation for t, < tsat and evaporation for
tg > tsat - The parameter C13, 0 < C13 < 1, measures the hysteresis between
evaporation and condensation. As a(l-a) is proportional to the interfacial
area density, it has been claimed that C;p can control the interfacial mass
transfer rate due to interfacial heat transfer. The parameter Cj; dictates
the incipience of boiling (once C13 is fixed, of course, but Cy3 has no strong
effect on boiling incipience). According to Eq. 4.4.21, boiling starts when

Ty - Cll(l + C13)(tsat— tz) =0, (4.4.61)

where T\ is given by Eg. 4.4.56. Hence the product 011(1+C13) is the only
"tunable" parameter that defines the 1liquid subcooling (tgat - tg) at which
boiling starts for a given wall superheat temperature (ty - tgat) and a given
heating rate q.

Equation 4.4.57 is not a mechanistic model for interphase mass transfer
due to interphase heat transfer: there exists no universal parameter triplet
{C11, C2, C13} that can represent all possible conditions in a BWR reactor
core. The three parameters C11, C12 and C13 have, and can be expected, to pro-
vide sufficient freedom of adjustment to fit any steady-state experimental

*Rg, R1 and k, respectively, on Input Data Card No. 500030.
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data. The model performs less reliably during pressure fluctuations (flashing
and recondensing). The model produces unrealistically high 1iquid superheating
(=~ 1-2°C) under steady-state boiling at high void fractions. It is not possi-
ble to produce equilibrium phase change under conditions (adiabatic flow with
pressure oscillations of ~1 Hz or less) where equilibrium conditions have
been observed.

Rates of vapor generation in the post-CHF regime are computed in RAMONA-
3B according to

1 ohy ohy %W
Iy * Th h, [— (1-a) pz(?+wl—éz— + Tw+q2 (l-oc)> (4.4.62)

where qy is the wall heating from fuel and channel boxes (see Eq. 4.4.5), and
qg is the heat generated due to gamma-ray attenuation and neutron slowdown.

The above expression was derived from the liquid mass conservation equa-
tion, Eq. 4.4.2, and the following liquid thermal energy equation:

q
2 [a-)ogng |+ & [(1-adogwyhy] = 2+ qp (1-a - (4.4.63)

g

Assumptions (4-i) through (4-iii, v and vi) discussed in Section 4.3.1 were

used to obtain Eq. 4.4.63. In addition, the term (1-a) %g has been neglected

since its magnitude is less than 3% of (l-a) oy 7§§1 at 70 bar. Notice that
since the vapor phase in RAMONA-3B is always restricted to be at saturation
(Assumption (4-ii)), the vapor enthalpy change is small and the entire wall
heat flux is assumed to enter the liquid. In reality, most of the wall heat
flux would be transferred through superheated vapor to the liquid while in the
post-CHF regime.

The post-CHF vapor generation model, i.e., Eg. 4.4.62, has been imple-

mented such that the superheated 1iquid reaches saturation in a single calcu-
lational time step and thermal equilibrium is maintained thereafter.

4.4.2.4 Slip Correlations

The RAMONA-3B code 1is designed to account for nonhomogeneous two-phase
flow (cf. Assumption (4-xii)): the liquid and the vapor phases are allowed to
have different velocities.
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The vapor velocity Vg is related in the RAMONA-3B code to the liquid ve-
locity vy through

Wy = Swy +w’ . (4.4.64)

The RAMONA-3B code has three options for computing the slip ratio S, the
Bankoff-Malnes correlation (Malnes, 1977), the Bankoff-Jones correlation (Jones
and Dight, 1962) and the Solberg (1967) correlation. The Bankoff-Malnes corre-
lation is recommended; the Bankoff-Jones correlation overpredicts the slip ra-
tio at void fractions above o=0.5. For the Solberg correlation, there is no
adequate data base.

The Bankoff-Malnes correlation as used in RAMONA-3B is

l-a
S = for a <C
- 14
C14 o

- 0.02 (4.4.65a)

and

S = 50 {1.02- C14-+50 (o - C14-+0.02)(1-C14)] for o> 014- 0.02 ,
(4.4.65b)

where Ci4 is a user-specified* constant. Its recommended value is
C14 = 0.904 . (4.4.65c)

The vapor velocity wO relative to stagnant liquid is, in conjunction with the
Bankoff-Malnes correlation, set** equal to

wo = C15 = 0.174 m/s. (4.4.65d)

The Bankoff-Jones correlation is

_ l-a
S = h0)-a ° (4.4.66a)
where
f(p,a) = a+(1-a) of , (4.4.66b)
-8 m2
a = 0.71 + 1.3119x 10 Tr-- p (4.4.66¢)

*CSS(3) on Input Data Card No. 500 020.
**CSS(4) on Input Data Card No. 500 020.
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and

-8 n’ -14 o
b = 3.4483 - p[2.7194x 107° & - 1.230 x10 @E p ] . (4.4.66d)
N

For the Bankoff-Jones correlation, w0 is set equal to zero. Equation 4.4.66
has produced better results than Eq. 4.4.65 in integral, full-scale power plant
simulations (turbine trip tests at Peach Bottom 2), but the better agreement is
obfuscated by vapor generation and reactivity feedback modeling. An assessment
of Eq. 4.4.66 can be found in a paper by Nash (1980). The Bankoff-Jones corre-
lation appears to overpredict the slip ratio at high void fractions (a > 0.5);
however, the assessment by Nash is affected also by his choice of an evapora-
tion model. Observe that, from Eq. 4.4.66

1o
a

IA

as (4.4.67)

The Solberg correlation in RAMONA-3B is

C18
S = C,+C5o0
16 17 (4.4.68)
W o= - g, K
19 ¢ ?

where C1g, C17, C1g and Cyg_are user-specified* constants, g is the gravity
vector, g its magnitude and k is the unit vector in the direction of the nommal
flow. We have no recommendations for Cig,...,C1g.

4.4.2.5 Thermophysical Properties of Coolant

This subsection presents the thermal and caloric equations of state for
1iquid and vapor as used in RAMONA-3B. The thermophysical properties as com-
puted with RAMONA-3B have been compared with data (linearly interpolated where
necessary) from the VDI Steam Tables (E. Smidt, 1969)* The comparisons are
presented in Tables 4.1 and 4.2. The property calculations are deemed to be
accurate in the pressure range from 30 to 130 bar and for liquid subcooling of
up to 15°C, except the specific heat of liquid (cf. Table 4.1) and the func-
tions depending on specific heat of liquid.

*CSs(1I), I=1,...,4 on Input Data Card No. 500 020.
**xle could not confirm the 0.1% accuracy for all properties, as claimed by
SCANDPOWER.
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Table 4.1 RAMONA-3B Computed Saturation Properties,
Compared with VDI Steam Table

Pressure (bar) 30 50 70 90 110 130
Saturation RAMONA 233.93 263.93 285.77 303.30 318.07 330.87
Temperature(C) | VDI 233.84 263.91 285.79 303.31 318.05 330.83
Density of 3 RAMONA 822.07 777.80 740.19 705.43 671.76 638.04
Liquid (kg/m>) VDI 822.17 777.73 740.03 705.27 671.73 638.08
Density of AMONA 15.04 25.40 36.55 48.80 62.52 78.23
Vapor (kg/m5 VDI 15.01 25.36 36.53 48.79 62.48 78.14
Internal Energy RAMONA -0.24495 -0.10949 0 0.099619 0.19736 0.29983
of Liquid*MJkgd VDI -0.25315 -0.10983 0 0.093039 0.17632 0.25373
Internal Energy RAMONA 1.35407 1.33986 1.32304 1.29397 1.29303 1.2846
of Vapor* VDI 1.33547 1.33011 1.31497 1.29316 1.26625 1.2427
Latent Heat of RAMONA 1.7948 1.6397 1.5060 1.3788 1.2553 1.1306
Evaporation VDI 1.7939 1.6397 1.5050 1.3809 1.2587 1.1350
Isobaric Spec. RAMONA 4,725 5.014 5.326 5.682 6.110 6.648
Heat of,Liquid
(kJ kg_1C°?l4 VDI 4.732 5.019 5.406 5.850 6.451 7.307
Isobaric Spec+ RAMONA 3.166 3.615 4.244 5.110 6.314 8.058
Heat ofVapor™ | yp; 3.410 4.174 4.601 6.123 7.513 9.597
(&J kg C- ) . . . . . .

*Evaluated relative to uf(70

TUsed only for post-CHF heat

bar) = 1.2579 MJ/kg.

transfer coefficients.




Table 4.2

RAMONA-3B Computed Properties for

Liquid, Compared With VDI Steam Table

Selected Pressure (bar)
25 50 100 150
Saturation Temp (C) 223.94 263.91 310.96 342.13
Selected Temp (C) 200 240 280 320
Density (kg m>)  RAMONA | 854.68 797.10 713.52 689.65
VoI | 865.43 815.40 756.37 649.27
Int. Energy* RAMONA | -0.39908 | -0.22948 | -0.03394 0.25253
(MJ kg™*) VDI -0.40799 | -0.22623 | -0.03612 0.17496
Isobaric Spec. Heat RAMONA | 4.653 5.014 5.885 7.377
(kd kg-lc-1) VDI 4.491 4.750 5.196 6.206

*ReTative to uc(70 bar) = 1.2579 MJ kg~1 .
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‘ a. Saturation temperature is computed in RAMONA-3B by

5 5
teat(P) =Za1 P1/}:bi P, (4.4.69)

i=0 i

1t
o

where p is in N/m€ and tgat in C and

= 1.999 674 70 x 101,

= 2.094 876 30 x 10-2,

1.303 936 69 x 1076,
6.757 168 12 x 10712,
= 3.174 246 82 x 10-18,
=1.0x 10055

—
o
N
-
o
(@]
!

-3.845 764 67
0.570 716 464

ap X
ai X
ag = 1.040 917 92 x
a3 = 1.029 493 24 x 1079, b3
X
X

—
o o
]
-hvo
v

[ S =

N =
0] |

ag = 8.520 961 26 x 10-16,
ag = 5.561 708 47

o
=
|l

10-23’

o
o1
1

b. Density of saturated liquid is computed from

3 3
- - i i
pe(p) = pelt 4) = E a; tsat/z byt > (4.4.70)

i=0 i=0

where tgat(p) is in C (cf. Eq. 4.4.69), pf is in kg/m3 and

a, = 2.572 043 55, by = 2.572 244 87 x 1073,
a; = 3.425 101 10 x 10-3, by = 3.363 883 17 x 1075,
ap = -6.203 223 40 x 10-5, bp = -4.535 222 20 x 10-8,
a3 = 9.271 653 24 x 1078, by = 3.038 555 54 x 10-11,
bg = 5.060 341 91 x 10-14,

c. Density of saturated vapor is computed from

5

3
- - i i
pg(p) = pg(tsat) = 2 a; tsat/z bitear o (4.4.71)

i=0 i=0

where tga¢(p) is in C (cf. Eq. 4.4.69), pg is in kg/m3 and

ap = 8.860 267 69 x 10-%, by = 1.825 181 13 x 1071,
a] = 5.577 964 47 x 10-5, by = -7.496 960 90 x 10-4,
ap = 1.863 200 39 x 10-6, bs = 1.126 570 20 x 10-5,
ag = 1.175 296 83 x 10~8, b3 = -9.934 695 91 x 10-10,
ag = 4.447 866 46 x 1010,
ag = -1.077 625 69 x 10-12,
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d. Enthalpy of evaporation is computed from

4

] ] i i
neg(P) = hegltepy) = D 3 tsat/z bitl . (4.4.72)

i=0 i=0

w

where tgai(p) is in C (see Eq. 4.4.69), hfg is in Ws/kg and

ag = 4.775 353 76 x 106, by = 1.909 199 98,

a] = 5.617 140 74 x 103, by = 4.109 092 78 x 1073,

ap = -1.165 955 82 x 102, bp = -4.466 649 07 x 1075,

a3 = 1.806 741 74 x 1071, b3 = 5.432 480 60 x 10-8,
by = 1.627 496 41 x 10-12.

e. Specific heat at constant pressure for saturated liquid is computed in
RAMONA-3B from

4

3
] _ i i
co (P} = ot = D a, tsat/z byt L (4.4.73)

i=0 i=0

where tgat(p) is in C (Eq. 4.4.69), Cp,e s in Ws/(kg C) and

ag = 9.348 515 89 x 103, bo = 2.219 499 39,

a; = 3.377 977 85 x 101, by = 8.924 479 27 x 10-3,
ap = -3.185 401 82 x 10-1, by = -8.638 211 84 x 1072,
a3 = 4.715 586 12 x 104, b3 = 1.246 888 42 x 10-7.
ag = -9.934 252 02 x 1078,

The specific heat at constant pressure for subcooled and superheated liquid is
approximated by that for saturated liquid, according to Eq. 4.4.73.

f. Specific heat at constant pressure for saturated vapor is computed in
RAMONA-3B from (Wulff and Jones 1978, Part 2, Eqs. 2.10.15 and 2.10.16)

oT, \ !
Cp’v = ?}‘T 5 . (4.4.74)

where

2
- 33
T,(hsp) = (a;5) poh
=0

2
i=0 j
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C M
6.565 890 556 x 102

aoo =

ag] = -5.256 896 914 x 104

agp = 1.622 084 838 x 10-10
ajp = 9.906 585 925 x 102

aj] = -3.440 578 369 x 10-11
ajp = 1.867 406 949 x 10-18
app = -2.187 860 677 x 10712
apy = 7.008 133 640 x 10719
ags = -1.456 676 437 x 10726

The specific heat of saturated vapor, p,g> is evaluated by using hy, = hg(p)
in Eq. 4.4.74.

g. Specific internal energy of saturated vapor is approximated in RAMONA-3B by

1 1
fg * Us
g pf pg

~ 1 1 0
= hfg tp <pf Ti;) Y (tSat - tsat) ) (4.4.75)

ug(p)

where u,(p) is in Ws kg‘1 p is in Nm~ 2 and the symbols hfgs pfs pgs Cp,o and

tgat_are defined by Eqs 4.4.72, 4.4.70, 4.4.71, 4.4.73 and 4.4.69), respec-
tively. The symbol tsat represents the 1n1t1a1 steady-state saturation tem-
perature. Since €p,2 approximates the specific heat

ug tsat
~ C
Btsat to p.L
sat

in Eq. 4.4.75, this equation restricts RAMONA-3B simulations to the pressure
range of

- <p>? <
<p>syst <p>syst| < 35 bar .

Beyond this range, one must expect an uncertainty of approximately 0.5% for the
relative error Au /hf of the vapor internal energy, whence 0.5% in static
quality, which in %urn produces an uncertainty of 0.05 in vapor void fraction.
This uncertainty is normally not acceptable because of its strong effect on re-
activity feedback and fission power.

- 119 -



h. Density of subcooled and superheated liquid is computed in RAMONA-3B from ‘

apl
oalprty) = o) + () (8 - tiay) (4.4.76)

where
%0, 2 i
St ) ZE: ayr o
P i=0

and p is in N/m%, t in C, pf and tgat are given in Eqs. 4.4.69 and 4.4.70.

ay = -0.8071
a; = -0.1774 x 10-6
ap = 0.5289 x 1014,

i Specific_internal energy of liquid is approximated (cf. Approximation
4-viii) in RAMONA-3B by

ulty ) = cp () [tl - t:at] , (4.4.77)

where up is in Ws kg’l, Cp,z in Ws kg'1C‘1 and defined by Eq. 4.4.73,
tg is the liquid temperature in C, and t2;¢ is the initial saturation tem-
perature as for Eq. 4.4.76.

je Interfacial surface tension is computed in RAMONA-3B from Zemanski (1968)
according to

1.2
= N tsat
o(p) = 0.0755 Fﬂ— (1 - W) . (4.4.78)

This completes the description of thermophysical property definitions in
RAMONA-3B.

RAMONA-3B uses the mixture internal energy density

(pmum) = ap + (1-0) Py » (4.4.79)

g g

the vapor mass density (apy) and the system pressure <P>syst as principal
state variables. The previousSly given definitions of thermmophysical properties,
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however, require that the liquid temperature t;, is computed first from the
principal state variables, before the properties of the liquid phase can be
evaluated. By combining Eqs. 4.4.76 and 4.4.77 with Eq. 4.4.79, one finds the
liquid temperature from

tQ, = tsat + ——‘—'—a————— s (4.4.80)
where
90, .
a <p>5yst = —5—t—" A N as 1n Eq. 4.4.76,
2b{<p> = p. +alt - t°
syst f sat sat
and

(pu ) ~u (ap )

= o} mm g g
c<<p>syst’(pmum)’mpg) - p1"<tsat'ts> B (cp )] -
Cp’z 1- pg

Equation 4.4.80 applies for 0 < a < 1, that is for pure liquid and two-phase
mixtures, but not for pure vapor, the state that RAMONA-3B cannot achieve in
general (cf. Assumption 4-ii). Equation 4.4.80 can be evaluated directly.
RAMONA-3B does not use Eq. 4.4.80. Instead it uses previous time step values
for the density of liquid. We recommend the use of Eq. 4.4.80 for future im-
provements.

This completes the descriptions of thermophysical properties used in
RAMONA-3B. In general, derivatives of properties, when used in RAMONA-3B, are
computed by numerical differentiation (first-order forward differences). Equa-
tions 4.4.18, 4.4.19 and 4.4.20 contain liquid density derivatives with respect
to pressure and internal energy, and the derivative of saturation densities
with respect to pressure along the saturation lines. The derivatives for the
1iquid are, in terms of properties available in the RAMONA-3B code (cf. Egs.
4.4.69, 4.4.73, 4.4.76 and 4.4.80):

ap ap u dc dp
AN g g %o - ' d g
5p ) - T\t 5 dt . vl taartest (Y-t @\t o
u p \c

Pyl P

(4.4.81)

where superscripted primes denote differentiation with respect to pressure and
3p p
(ﬁ) - __cl (a_tl> , (4.4.82)
P p,2 P
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but they are not used in the RAMONA-BB'code because of Assumption (4-vii). The
derivatives of saturation densities, Pg and p%, are computed by numerical dif-
ferentiation of Eqs. 4.4.70 and 4.4.71.

4.4.2.6 Transport Properties of Coolant

The original RAMONA models require only the thermal conductivity k, and
the dynamic viscosity ug, of the liquid phase; RAMONA-3B requires also the
same properties for vapor.

a. Thermal conductivity of liquid is computed in RAMONA-3B from

4 3
= - 2 : i IE: i
i=0 i=0

where tgat{p) is in C and defined by Eq. 4.4.69, kg is in Wm-lc-1 and

ag = 6.099 370 00 x 10! , bo = 1.0,

a] = -2.056 114 90 x 10-3 , by = -5.388 780 00 x 10-3,
ap = -9.675 658 00 x 10-6 , by = 3.641 552 90 x 1076,
a3 = 3.946 890 00 x 10-8 , b3 = 5.998 070 00 x 10-9.
ag = -3.170 096 00 x 10-11,

The thermal conductivity k, according to Eq. 4.4.83 is used for all liquid
states, whether subcooled, saturated or superheated.

b. Themmal conductivity of vapor is computed in RAMONA-3B from (Wulff and
Jones 1978)

_ -4.2
kg(h,p) = x1+pg <x2 + pctSat ) . (4.4.84)

where tgat is computed from p = <p>gyst and

3 -
_ i
Xp = Z 3; tat

i=0

2 -
_ j
Xp F Z bi tsat
=0

i=
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‘II' and

ap = 1.76 x 1072 bo = 1.0351 x 1074
a] = 5.87 x 102 by = 4.198 x 10-7
ap = 1.04 x 10~7 bp = -2.771 x 10711
a3 = 4.51 x 10711 ¢ = 2.1482 x 10°.

In Eq. 4.4.84, kq is in Wm'lc’l, tgatis in C and p 1is in N/mé.  An accuracy as-
sessment of Eq. 2.4.84 is given in the reference by Wulff and Jones (1978).

c. Dynamic viscosity of liquid is computed from

4 _ 3 ,
_ _ 1 1

w(p) = ulte,,) = Z 2 tsat/z by tl s » (4.4.85)
=0 =0

1=

where tgat(p) in C is given by Eq. 4.4.69 and wy, is 1in kg s~Ip-1. In
Eq. 4.4.85, the coefficients are

a, = -7.378 281 37 x 1075, by = -4.098 097 60 x 10-2,
a; = 6.515 214 74 x 1077 , by = -1.035 654 16 x 1073,
ap = -1.775 192 64 x 1079 , bo = 9.450 251 34 x 1077,
a3 = 1.199 574 82 x 10-11, by = 7.941 315 16 x 10-8.
ag = -1.440 476 22 x 10-14

The dynamic viscosity uy, as computed from Eq. 4.4.85 is applied for sub-
cooled, saturated and superheated 1iquid.

d. Dynamic viscosity of vapor is computed in RAMONA-3B from the following two
relations (Wulff and Jones 1978):

_ -7 -10 ]
by T Vo - P [1.858x 107 - s.90x1070 ¢ |, (4.4.862)
for 300°C < tgat < 375°C
3 - 3 > 2 3
- i i i
Mg = W +p Z fotoar * Z 95 teat Z a; p . (4.4.86b)
i=0 i=0 i=0
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Here ugq and u, are in kg m'ls‘l, tgat in C, p in kg m-3 and p in N m=2. The
constarnits in Eq. 4.4.86 are

) -7 -6
M, = 0.407 x 10 tsat + 8.04x 10
and
ap = 3.53 x 10-8 fo = -2.885 x 10-6
a; = 6.765 x 10-11 f1 = 2.427 x 108
ap = 1.021 x 10°14 fo = -6.7893 x 10710
f3 = 6.317 037 x 10-13
d = 1.858 x 107/ go = 176.0
e = 5.90 x 10-10 g1 = -1.60
gp = 4.8 x 1073
g3 = -4.7407 x 10-6

An accuracy assessment of Eq. 4.4.86 is given in the reference by Wulff and
Jones (1978).

4.4.3 The System Pressure

4.4.3.1 General Derivation

Using the four conservation equations, Eqs. 4.4.1, 4.4.4, 4.4.6 and 4.4.9
(in the form of Eqs. 4.4.18, 4.4.19 and/or 4.4.20), of RAMONA-3B and its con-
stitutive descriptions presented in Section 4.4.2, we present now the system
modeling equations. First, we present the equation that defines the system
pressure, <p>syst, because it involves the entire pressure vessel and the re-
circulation 1oops as control volume. Later, we present the equations describ-
ing the coolant flows, as these equations involve flow contours through parts
of the pressure vessel and through the recirculation loops. Finally, the gov-
erning equations for individual computational cells are presented in Chapter 6,
Section 6.4.2.3, because they involve a nodalization scheme of numerical solu-
tion. .

The use of a single system pressure <P>syst in RAMONA-3B achieves com-
puting efficiency and speed, by suppressing acoustical effects and by "effec-
tively" decoupling the momentum from the mass and energy balances through the
elimination of phasic density variations with local pressure variations. The
momentum equation can be integrated separately once the void and temperature
distributions are computed. It remains coupled in time and space through the
effects of gravity which is important for the simulation of natural circula-
tion. The single pressure concept (cf. Assumption (4-iii)) is very powerful
for all BWR transient simulations, except for the simulation of dynamic inter-
actions between coolant and structures during rapid pressure oscillations.
Such transients are outside the scope of RAMONA-3B. A possible limitation of
the single pressure concept lies in its inability to predict the delays of
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pressure pulses due to their finite propagation speeds, should such delays be
important relative to the response time of reactivity controls. An example is
a turbine trip transient. However, the single pressure concept should not be
compromised because of this possible limitation. Instead, it is recommended
for future code improvements, that a time delay be computed separately, based
on the sound propagation speed and the distance between the core center and the
source of the pressure pulse (steam line entrance, for example), and then in-
troduced into the reactivity feedback or the reactivity control.

The system pressure is defined by

Doyt * T, fVI+V2pdv (4.4.87)

as the pressure, averaged over the volume Vi of liquid and the volume Vy of
two-phase mixture and pure vapor, as shown in Figure 4.5. The time rate of
change of <p>gyst is computed by integrating Eq. 4.4.18 over Vi and Eq.
4.4.19 over_Vp. In the resultant equations, one replaces the volume inte-
grals of V. j, by surface integrals and recognizes the continuity of the volu-
metric flux j at all locations of flow discontinuity (cf. Assumption iii) and
at moving interfaces (Wulff 1981). By adding up the two equations and solving
for the time-derivative d<{p>gyst/dT, one arrives at

d<p> P, = D 3p h
syst _ . . _ . L g 2 g L
at () + D (Agee = (Mg “,42 oo (au o2 | v

The symbols in Eq. 4.4.88 have the previously defined meanings. The first two
terms of the numerator (first curled brackets) are the contributions to pres-
sure rise from injected flows: (Aj)py and (Aj)pcc are the volumetric flow
rates of feedwater and emergency core cooling. The third term, (Aj)sL is the
vapor volumetric flow rate entering the steam 1ine, tending thereby to reduce
the pressure change rate. The fourth term accounts for the effects of phase
change; the first termm of the integrand is the change in specific volume during
phase change, the second one accounts for thermal contraction in the liquid as
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Figure 4.5 Typical Control System for
System Pressure Calculation
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it gives up the total heat for evaporation, hg-hg. This thermal contraction is
only ~4% (at p = 70 bar) of the change in specific volume and can be ignored,
i.e.,

P, =P ap h -h
L9 (—5—51) __9_2_2 (4.4.89)
P2Pg "o ooy

The fifth term of the numerator accounts for the thermal expansion or contrac-
tion in the large liquid volume, volume Vi in Figure 4.5. It cannot be ignored
since it affects strongly the pressure and the coolant Tevel during feedwater
transients.* Using the mean-value theorem of integral calculus (for the entire
volume Vi or for appropriate subdivisions) and then Green's divergence theorem,
one obtains (for the global application)

dp ap
1 < ,Q,) > _ 1 ( ,Q,) f "
- L2) voq dv o= (== q" dA, , (4.4.90)
'3 2 h
v 2\ su D u P v1 (Ah W

1 Py Py )1

where (Ahh is the total heat transfer area contacted by the Tiquid in volume
Vi. The Tlast term in the numerator of Eq. 4.4.88 accounts for the thermal
expansion and contraction of the liquid in the nonequilibrium mixture. The
term is small (approximately 1-2% of the displacement by feedwater) and should
be ignored:

1 apz) . } _
S (1-a) q" , dAp+ [ (1-a) g, dv(<< (Aj)_,. (4.4.91)
pﬁ(au P}v,, '/(Ah)z W, T '/v; 2 Fi

The denominator of Eq. 4.4.88 is the measure of system compressibility.
At p=70 bar, one finds (cf. Eqs. 4.4.70, 4.4.71 and 4.4.81):

3p p!
1 (_2) ~ 1073 4

(4.4.92)

Q2
—
ol
p—
|+

*The contribution to Eq. 4.4.88 is 50% of feedwater injection effects (AJ)ry
if the feedwater subcooling temperature is 200°C.
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This estimate suggests that the second termm of the first integrand in the deno-
minator should be ignored unless the void fraction in Volume 2 approaches zero
(as for a low-void mixture filling the steam dome). The second term in the de-
nominator represents the compressibility of all single-phase liquid. It should
be retained only for the cases when Vi >> Vo (pressure vessel flooded with lig-
uid; the third term is normally less than 2% of the first term in the denomina-
torj).

Substitution of Eqs. 4.4.89 through 4.4.92 into Eq. 4.4.88 yields this
final result:

d<p>sxst EX;;EQ
T = R+ D (g - (A +ng Py ¥ N

(o) ap
a -3 dv +f 1 (__“) av b . (4.4.93)

In Eq. 4.4.93, the volumetric flow rates (Aj)py and (Aj)ecc. are prescribed as
functions of time by tabulated input data. The flow rate EAJ)SL of steam enter-
ing the steam line is computed from the steam line dynamics model presented in
Section 4.4.5.5. The vapor generation rate I'y is computed as discussed in Sec-
tion 4.4.2.3. The vapor void fraction o is computed from the vapor mass bal-
ance, Eq. 4.4.1, having the product (pga) as its principal variable, and the
vapor density Pq, Eq. 4.4.71. All the other properties are computed in accor-
dance with Section 4.4.2.5.

4.4.3.2 Pressure Prediction in RAMONA-3B

The wall heat flux q from the walls wetted by the single-phase liquid in
Volume 1 is computed in RAMONA-3B only for the nonboiling section of the core
(cf. Eq. 6.3.14), but ignored elsewhere (cf. Assumption (3-ii)). Also, the
RAMONA-3B code ignores completely the last term of the numerator in Eq. 4.4.93,
thereby producing an error equivalent to a 24%-error in feedwater flow rate for
every 100°C of feedwater subcooling or of cold water injection subcooling (cf.
Assumption 4-xiii).

Finally, the last term in the denominator of tg. 4.4.93 is approximated in
RAMONA-3B by the relative compressibility of saturated liquid (cf. Approxima-
tion (4-vii)), corresponding to the last temm in Eq. 4.4.20. As shown earlier
in Eq. 4.4.92, by this approximation RAMONA-3B overpredicts the liquid compres-
sibility in Volume 1 of Figure 4.5 by a factor of ten. Both this approximation
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and the omission of the effects of thermal expansion (last term in numerator of
Eq. 4.4.93) reduce the predicted time rate of pressure change. The equation
used in RAMONA-3B is

d<p>syst

dT - 1 [}
P P

f [a—h (1-a)—f] v
p P

(4.4.94)

It is recommended that Eq. 4.4.93 be used instead of Eg. 4.4.94 for future
improvements of RAMONA-3B.

4.4.4 Coolant Circulation

This section presents the methods used in RAMONA-3B for the prediction of
coolant flow velocities. The flow is first described for the circulation
through the core and then for the recirculation loops.

Figure 4.1 shows as contour €; one of N. flow circuits through the core,
having N¢ parailel flow channels. = Figure 4.1 shows also contour €, a typi-
cal recirculation loop. The core flows and the recirculation flows are coupled
dynamically at two common points of their respective contours: once at the
point of divergence above the jet pump suction inlet and once at the point of
convergence in the jet pump mixing throat. The flows are coupled through the
inertia of the suction flow and through the momentum exchange in the jet pump
mixing throat. Since this unimportant flow dnertia is ignored in RAMONA-3B
(cf. Assumption 4-xiv), the flows through core and recirculation loop remain
coupled only through quasi-steady momentum exchange in the jet pump. The flows
are therefore described by separate explicit ordinary differential equations,
one set of N. equations for the core, and one equation for the recirculation
loop.

At the present time RAMONA-3B represents both recirculation loops by a
single representative loop and all the jet pumps by a single representative jet
pump.

The prediction of coolant flows is based on two conservation equations and
four constitutive equations for wall shear and form losses (Section 4.4.2.2),
vapor generation rate (Section 4.4.2.3) and slip (Section 4.4.2.4), along with
equations for themmophysical and transport properties. The first conservation
equation is the mixture momentum balance, Eq. 4.4.6. It determines the time-
dependence of the closed-contour momentum. The second conservation equation is
the mixture mass balance, Eq. 4.4.9 (in the form of Eq. 4.4.18 for the liquid,
Eq. 4.4.19 for the two-phase mixture or Eq. 4.4.20 for saturated mixtures). The
mixture mass balance is integrated to yield firstly the relation between the
total momentum of the coolant along the contour and the volumetric flow rate of
the mixture at some reference point (inlet to upper downcomer for core flows),
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and then secondly, the relation between the local mixture volumetric flow rate
and the reference flow rate.

The prediction of the coolant flow velocity on the basis of the closed-
contour momentum balance is one of the outstanding modeling features in RAMONA-
3B. It produces efficiently computing accuracy with a far smaller computing
effort than that of conventional finite difference techniques for integrating
partial differential equations. It achieves computing efficiency at the expense
of only the insignificant loss from not simulating unimportant acoustic ef-
fects. The method is possible on account of Assumption (4-ii), by ignoring
phasic density dependence on local pressure variations. The important density
variations due to thermal expansion and phase change are fully accounted for.
The method has been used successfully in the past (Wulff 1979), notably also in
commercial training simulators for nuclear power plant operators (Wulff 1980b).
In RAMONA-3B, the method supports fully the need of simulating the flow through
many parallel flow channels in the core for multi-dimensional neutron kinetics
predictions.

4.4.4.1 Vessel Circulation (Core Flow)

4.4,4.1.1 Derivation of Contour Momentum Balance

To obtain the closed contour momentum balance for a typical contour €y 1n
Figure 4.1 through the j-th core flow channel, we divide the contour into Ng
straight segments of constant flow cross section. A typical segment is shown
in Figure 4.6 below. We denote the segment average of the i-th segment by

Ls
1
o= [ ar (4.4.95)
1 0
JUNCTION - JUNCTION i
le R
[ Ly -]
' 4
| NORMAL FLOW ——> ‘.T —
=1 SEGMENT i | i+l
A 12 CROSS -SECTION A, 12 A

i-l i+l

Figure 4.6 Notations for Contour Integration of
Momentum Balance
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Adjacent segments (with indices i-1, i, i+1) need not have the same orientation
relative to the gravity vector. Adjacent segments are connected by abrupt
cross-sectional area transitions, orifice restrictions or elbows.

By integrating the momentum balance, (Eq. 4.4.6), separately for each one
of the NS segments in the j-th contour through the j-th core channel (set of
channel boxes), one obtains first Ng Segment-averaged momentum balances:

2 2 2 2
{p *Longg (e v }(1-1),2 ) {p  [oogug + (- pgw”;]}i,l

2
d<G >, L, f, ¢
J/ﬁ 1 _X;JE. G |G |dz
p2 m'm
0

m i 1
i 7o Y%, h Y

= L

)1

i=1,...,N (4.4.96)

S’

where

<G>, = <opgwWgt(l-a)pgwp>, (4.4.97)
In Eqs. 4.4.96, the junction with i=Ng is the entrance to the segment with
i=1. Next, one adds up the N. equations for the j-th flow contour to obtain
a single, ordinary differentiaf equation for the time rate of change of momen-
tum along the closed contour with index j.

o4
at ° ZA{p+ngg+w2G5L
i=1 J
Ng Ns Li £ o2
- L. <p.> + = 1 J/. 2L 6 16 dz
gz,i ioTm 2 dh i Py m'm :
i=1 is] ™10
J=1,...,N, (4.4.98)

In Eq. 4.4.98, we have used these four abbreviations:

NS Ng Ly
i=1 i=1 0

J
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for the closed-contour momentum, Gy = (1-a)pgW,, Gg = apgWg and

A{p+ Wy Gy * WILGJL}i = Pi.

2 2 2 2
{apgwg + (1l-a) Py 2}1 ) - {upgwg + (1-a) Po We }1’1

The pressure differences across the junction with index i are eliminated with
the aid of the jump condition given by Eq. 4.4.49 in Section 4.4.2.2. The re-
sult is

1
A {p + w6y +w262}1_ = 7{[wg 6 * wQGR]Z

- [ngg + wQGQ] - C12 [ngg + leQ]Amin}i’ i=1,...,Ns; i#iJT

(4.4.100)

1

and applies to all junctions, except across the mixing throat in the jet pump,
designated by i=JT. Here

A {p g Gy * wQGQ}JT 0P gy (4.4.101)

applies and ApgT is given by Eq. 4.4.138 later. By substituting Egs. 4.4.101
and 4.4.102 into Eq. 4.4.98, one finds for the Ng closed-contour momentum
equations

N

N
4 zs + 3 y i ———f g 16 |d
= Apyt - 92, “Pm>; Ly * 37 u/ﬁ z
dt J7 et zZ,i m 1 2 dh,1 Py j

i=1 0

Ng Al 2
> W G + g G -lw. G +w,G 1+ z
*3 = { ;]2 [ g g 27y Ruin 12 3
i‘JT
J=l,...,N_ . (4.4.102)

C

In Eq. 4.4.102,z1p applies to the normal flow direction in Figure 4.6, arbi-
trarily chosen as the direction of normal operation, upward through the core.
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Should the flow reverse, g1z would have to change as a contraction becomes an
expansion upon flow reversal. Also,

Amin = Min (Al’ A2) (4.4.103)

appears in Eq. 4.4.102 because of the standard definition of (single-phase)
loss coefficients. Equation 4.4.102 is the closed-contour momentum balance
which can be integrated, provided gn, Gy, Gg, Gy, and wyp can be computed in
terms of and local themmodynamic cond1t1ons. Tge density is computed from
(apq), resulting from the integration of the vapor mass balance, Eq. 4.4.1,

from <p> st» resulting from the integration of Eq. 4.4.94 and be1ng used to
compute p then ty according to Eq. 4.4.80 and finally pg according to Eq.
4.4.76. a1th as, pg and pg known, one evaluates according to Eq. 4.4.8 (see
diagram below). The relation between and Gm’q&g’ Gg, wg and wg is given
below. But first we point out the differences between Eq. 4.4.102 and the
closed-contour momentum equation actually used in RAMONA-3B.

4.4.4,1.2 The Loop Momentum Balances in RAMONA-3B

The user should be aware that RAMONA-3B employs loop momentum balances
which differ in two important aspects from Eq. 4.4.102 and which imply three
limitations regarding the modeling of form losses.

a) RAMONA-3B does not employ the standard definition of loss coefficients
(cf. Eq. 4.4.49). Instead it employs Eq. 4.4.50 thereby neglecting the reversi-
ble transformation of kinetic energy. The result is the disappearance of the
factor 1/2 in the last summation of Eq. 4.4.102, except on the loss term (pro-
portional to £q12) and a change of sign on the momentum flux terms [wqGq +
wgGy]. The consequence from the nonconventional definition of loss coefficients
is discussed in Section 4.3.2 (cf. Assumption xii).

b) RAMONA-3B has consistently |w|G in the momentum flux terms instead of
wG. This is done, apparently, to achieve flow retardation for all flow direc-
tions, without switching the loss coefficients from forward to reverse flow
values. As a consequence, RAMONA-3B can be used only for normal, forward flow
conditions, i.e., with upward core flow.

Thus, the closed-contour momentum balance in RAMONA-3B is

N
44 > LN R
— = A - <p> Lo+ -——-~/f —— G_|G_|dz
dt Pat Z 9z <P 2a, oy ml Gl }13‘
i=1
= 1 MY
+ 2: w_|G +|w|G] 1+-—{-§Qr—>} ‘DWIG +W[GJ } >
o1 {[ g T} 2 min 99 t 2 ij
# JT
J=1,...,N . (4.4.104)
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It should be pointed out, that the number N. 0f cross-sectional area
changes is fixed in RAMONA-3B to be N¢=7, while tﬁe number N. of parallel
core channels can be specified by the user. The seven junctions with form los-
ses connect Upper Downcomer, Lower Downcomer, two lower plenum sections, core,
upper plenum and riser, in that order. Moreover, the code user should be aware
that:

a) The effect of cross-sectional area change in the jet pump diffuser on
inertia is not accounted for in Eqs. 4.4.6, 4.4.102 or 4.4.104. An average
cross-sectional area must be used for the jet pump diffuser.

Contrarg to general conventions on loss coefficients, the negative
value C(Al/Am1n is to be specified for each junction (i=1,...,Ng; i#JT).

¢} Flow reversal cannot be simulated with RAMONA-3B because it has at ev-

ery junction only one value for the loss coefficient, and because it uses |[w]|G
in the momentum flux instead of wG.

4.4.4.1.3 Derivation of Flow Distribution Model

Next we relate the key parameters in Eqs. 4.4.102 and 4.4.104; namely, the
mass flux Gm, the phasic mass fluxes Gg and Gg. and the phasic veloc1t1es w
and wg first to the local volumetric f?ux of liquid or mixture, jg or Jy ang
then to the closed-contour momentum . These relationships are required to
integrate Eqs. 4.4.102 or 4.4.104, as well as the vapor mass and mixture energy
balances, Egs. 4.4.1 and 4.4.4, respectively.

Using the relation between phasic velocities wy and wg, as given by Eg.
4.4.64 in Section 4.4.24, and the definition for the mixture volumetric flux
Jm» Eq. 4.4.10 in Section 4.4.1, one finds for the phasic velocities

jm-awo
Wp = T, 0<a<l1 (4.4.105)
1+0(S-1)
and
Sjm-r(l-a)wo
=M - 7 g<oa<l . 4.4.106
"g 1+a(S-1) * ( )

After substituting these results into Eq. 4.4.7, one arrives at the mixture
mass flux

G, = (Ajm) XxX+vy, (4.4.107)
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where
S(p, - p,)
_ 1 L
X = R [pz - a 1‘+a(s-1l)j| (4.4.108)
= w° oS
Yy o= W a(pz- pg) [1 - 1+a(S-1)] . (4.4.109)

The phasic mass fluxes, Gy and Gg can be evaluated with the results of Egs.
4.4.105 and 4.4.106, respectively

G, = (1-a) Py Wy (4.4.110)

G = apg Wy . (4.4.111)

Thus, all important fluxes and velocities are given in temms of the mixture
volumetric flux j,(z). The volumetric flow rate (Aj ) (which reduces, of
course, to Aj, in the regions of subcooled 1iquid) is computed by integrating
Eq. 4.4.9 in its appropriate form (cf. Eqs. 4.4.18, 4.4.19 or 4.4.20), starting
fran one arbitrarily chosen* flow cross section at z=0, continuing along the
contour of a particular core channel, upward through the core, and returning to
the starting point. The integration is carried out over the coolant volume in
the flow channel between the starting cross section at z=0 and a cross section
at position z.

We need to recognize the core inlet position zpp and the core exit posi-
tion zcp as important Tocations of flow branching and convergence.** Because
of Assumption (4-ii), we have Vp=0 implied in the volume flux divergence equa-
tion, i.e., neither flashing or condensing, nor phasic density changes are ac-
counted for. Therefore, the volumetric flow remains continuous across the core
entrance

NC
Alzep) 3y (zgp) = ZAJ (201 3 5 (2¢p) (4.4.112)
j=1

where N. denotes the number of parallel flow channels in the core and

- . + .
2oy = Tim (ZCI' €), 2oy = 1im (zCI4-e), e>0 .
>0 >0

*The upper downcomer entrance in RAMONA-3B.
**The flow into and out of the recirculation Toops is modeled to cancel at one
and the same position.
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. Similarly, for the core exit

NC
ZAJ (ZEE)jm,j(zEE) = A(ZEE)jm(zEE). (4.4.113)
=1 »

Equations 4.4.112 and 4.4.113 constitute mass conservation across core inlet
and exit, subject to Assumption (4-ii).

The integral of Eq. 4.4.9 over the coolant volume in the vessel, between
the fixed reference cross section at z=0 and any cross section at position z <
zc1 (CI is core inlet) yields

A{z) -jm(z) = (Ajm)0 + ¢I(z) , OSz<zCI (4.4.114)
where
Z\ [p,-0 D_p D, p
- 2 9. _ o g9 _l-a 7278 ;
o, (2) l A[plpg e b ey gy (2)pdz. (4.4.115)

The expression in square brackets is evaluated for 1iquid to be equal to the
right-hand side of Eq. 4.4.18, for mixture to be equal to that of Eq. 4.4.19 or
4.4.20. The last term in the curly bracket of the above integrand represents
the net volume injection at location z, entering across the injection perimeter
zINT- This accounts for feedwater injection. Discharge into, and return from,
the recirculation loop are modeled to cancel each other at one and the same
position (cf. Assumption (4-xviii}).

For the core, one obtains similarly (zcg is the core exit location)

Aj(2) 3p 5 () = Alzg) iy s (2 05(2) o zgp<z<zge  (4.4.116)

m,J
with

z Py - P D o D, p
¢5(2) -/ Aj[—’L—JF R A -M—’L—&] dz . (4.4.117)
J

For the flow above the core, through upper plenum and riser, one obtains,
with the aid of Eq. 4.4.113

Ne

Al2)ip (2) = ) {Mzglum,j(zgl) + ¢j(zCE)}+ ¢11(2)
j=1

Zep <2< Zpgp (4.4.118)
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where .

z P D.p
= Py Pg _ o g g _(1-a) 272 ,
¢r1(2) j; { [ P2Pq Ty pg DT o, DT :I+€INJJINJ (Z)}dz

CE @.4.119)

and jing > O accounts for emergency coolant injection above the core, jINJ <0
for removal of coolant, such as steam into the steam dome.

Equations 4.4.114, 4.4.116 and 4.4.118 define the volumetric flow rates
completely in the vessel, but still in terms of (N, + 1) unknown reference flow
rates: (Ajy), and AJm) at each core flow channel entrance. These unknowns
are computed with the a1d of Eqs. 4.4.99 and 4.4.112.

First we substitute Eq. 4.4.107 into Eq. 4.4.99:

My - }g 6, dz = f;} [(Ajm)x+w]j dz , (4.4.120)
J J

where the closed-contour integration replaces the summation over segment inte-
grals in Eq. 4.4.99. After replacing (Ajp) in Eq. 4.4.120 from Eqs. 4.4.114,
4.4.116 and 4.4.118, we find, with Eq. 4.4.113 that

z
JV(J. = f 11;\].dz+‘/.CIX[(A\]'m)0 +¢I(z)]dz

‘ej Y
ZCE
+[ J {[A (ZCI)J (ZZI)] + ¢J-(Z)} dz
CI
c
/ RSE %(A\]m) +¢ (ZCI) + Z q;J.(zCE) + ¢II(Z)} dz .
ZcE j=1

Notice that there is no momentum contribution from the radial flow between
riser and downcomer. Next, we solve the above equation for the j-th core inlet
volume flow rate:

(I z
+ - + _ ZeE . RSE
Ajlzer) 3y 5 (2ep) = {MJ -}g v;dz _f X¢dz - (A‘]m)o./o‘ Xdz +f Xdz

j et cE
Zc1 ZRSE RSE ZCE
- f X¢dz +f )<q>Hdz+{¢I(zCI i: ¢ CE) Xdz [ XJ.dz.
° ZCE j= Zep cl
(4.4.121)
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Finally, we sum both sides of Eq. 4.4.121 over all core channels, j=1,...N¢, use
Eq. 4.4.112 and recognize from Eq. 4.4.114 that

Alzer) 3 (zep) = (Rip), + 41 (2 ZAJ(ZCI)Jm 5 (2 -

Solving the result for the unknown reference flow rate (Ajy), at the entrance
to the upper downcomer, we arrive at

z

CE
g dz - d
N /{] }g dez °/z‘ chJ z
(A, =D ] e
=1 f X.dz
: j

CI
Ze] ZpsE Ne ZRSE
- / x¢dz +f xq;IIdz + [¢ (zCI Z(p (zCE / Xdzp *

N N
[ ZI C

1 C Zn 1

Z _ 1+[f xdz +f Xdz] Z ZCE
j ° CE J=1-/f
1

(4.4.123)

This completes the prediction of the flow fields in the vessel with its Ng
parallel flow channels through the core.

Equation 4.4.123 y1e1ds the reference volumetric flow rate at the entrance
to the upper downcomer, , in termms of principal state variables <p>syst
(Eq. 4.4.93), J(,J 1,..., TEq 4,4.104), of local variations of vapor genera-
tion rate Ty ( ct1on 4.4 5 and thennophys1ca1 properties (Section 4.4.2.5).
The functions X, ¥ and ¢ in Eq. 4.4.123 are specified by Eqs. 4.4.108, 4.4.109,
4.4.115, 4.4.117 and 4.4.119. Specifically, for flow channel sections filled
with pure Tiquid, these equations read

X = 2 (4.4.108a)
v = 0, and (4.4.109a)
z<z ap op d<p>
)\ L ____'_Q’_ ] " A. Q/ SySt .
¢ ={ {' 2 (au>p(qw T A) "o, <3p>u a R g% o
L

(4.4.124)
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where q& is defined by Eq. 4.4.5 and di by Eq. 2.7.17. For sections filled
with two-phase mixture, X and ¥ are given by Eqs. 4.4.108 and 4.4.109, while ‘

z P, = P o' d<p>
= _&__.9. - _g__——sle ]
¢ [ {A[ pgpg r, - o 5y e ]+ EINJJINJ}dZ . (4.4.125)
A

The appropriate integration limits of Eqs. 4.4.124 and 4.4.125 are those given
in Eqs. 4.4.115, 4.4.117 and 4.4.119. Equations 4.4.124 and 4.4.125 are con-
sistent with Eq. 4.4.93 for d<P>syst/dT~

4.4.4.1.4 Flow Calculations in RAMONA-3B

The RAMONA-3B code does not employ Eqs. 4.4.124 or 4.4.125 for ¢(z). In-
stead, in RAMONA, the liquid is assumed to expand as if it were saturated,
whence

2( [p, -0 o, pe d<p>
¢ =f AL_H.I‘_ a—g+(1-a)—i ___S.LSE.,.g J dz .
A plpg v pg Pe dt INJVYINJ

(4.4.126)

Equation 4.4.126 is used everywhere in the vessel (with Ty =0 when a=0). The
equation corresponds to Eq. 4.4.20 for the flux divergence; it is also consis-
tent with Eq. 4.4.94 used in RAMONA-3B for the system pressure, but it overpre-
dicts the liquid expansion during pressure transients and underpredicts liquid
expansion during feedwater temperature variations, as discussed in Section
4.4.3.2.

Once the volumetric flow rate (Ajm), at the upper downcomer entrance is
computed, one finds each core inlet flow AJ(ZEI)jm,j(ZCI)’ j=1,...,N¢ from
Eq. 4.4.121 and the volumetric flow rates anywhere in the vessel from Egs.
4.4,114, 4.4.116 and 4.4.118. With these flow rates, one computes the mass
fluxes Gm, Gg and Gy in accordance with Eqs. 4.4.107, 4.4.110 and 4.4.111 and
the phasic velocities wy and wg from Eqs. 4.4.105 and 4.4.106.

Note that this procedure satisfies mixture mass and momentum balances.
Only one momentum balance per core flow channel is integrated in time, via an
ordinary differential equation, Eq. 4.4.104. The integration of the mass bal-
ance is reduced to gquadratures in space (cf. Eqgs. 4.4.114, 4.4.116 and
4.4,118), which require only simple summations in the computer solution. This
outstanding modeling feature in RAMONA-3B contributes to its exceptional com-
puting speed, this the more the greater the number N. is of parallel channels
in the core.

The driving potentials for the core flow are gravity forces, the second
tem on the right-hand side of Eq. 4.4.104, and the jet pump-induced pressure
rise, Apyy, the first term in Eq. 4.4.104. The effects of gravity are directly




computed from the distributions of void fraction, phasic densities and channel
orientation. The pressure rise induced by the jet pump, AP 57> is computed from
the recirculation flow, as discussed in the next section.

4.4.4.2 Recirculation Flow

This section presents the method by which the recirculation flow through
the recirculation loops, each with its recirculation pump, and into the jet
pump is predicted. See Figure 4.1 for this flow path, indicated by contour
Co.

The model for the recirculation flow implies the nine assumptions summa-
rized in Section 4.3.1 as Assumptions (4-iv), (4-vi), (4-vii), and (4-xiv)
through (4-xix). The assumption of single-phase flow reduces the number of
balance equations from four in the reactor vessel to three in the recirculation
loop. The assumption of quasi*-incompressible flow replaces also the mass and
energy conservation equations, leaving only the momentum equation which governs
the recirculation flow rate.

The basis for predicting the recirculation flow is, as in Section 4.4.4.1
for the vessel flow, a closed-loop momentum equation. A single loop around
contour C» in Figure 4.1, with a single jet pump represents in RAMONA-3B all
recirculation loops with all their jet pumps.

The closed contour momentum equation has been derived in Section 4.4.4.1.
The result is Eq. 4.4.102 and can be used here with appropriate simplifications
which reflect the assumptions implied in the RAMONA-3B recirculation model.

Assumptions (4-xv and xviii) reduce Eq. 4.4.102 to the closed-contour mo-
mentum equation for single-phase flow of an incompressible liquid:

Ns foL W, |W
Mper sy = 3 (2 ol¥g ]
d RCP 2d 2
N AL W
s ”sZL ”i TS
+Z 5 - AR Z1p (4.4.127)
=1 ZpRA A 2p2A A min ;

where Wo = AG is the mass flow rate of the liquid, and apgpcp 1s the pressure
rise across the recirculation pump. See Figure 4.4 for the meaning of sub-
scripts 1 and 2. Notice that the gravity effects are neglected on account of
the uniform density (cf. Assumption (4-xvi)).

*Compare Assumptions (4-xvi and xviii) to recognize the confiict between the
assumptions of time-dependent density and incompressible flow.
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In the RAMONA-3B code, the recirculation Toop consists of four segments
(Ng = 4): firstly, of the flow path from the branch point in the upper down-
comer (see Figure 4.1) down to the exit of the downcomer; secondly, of the suc-
tion line of the recirculation pump; thirdly, of the discharge line of the re-
circulation pump, up to the jet pump nozzle where recirculation flow and jet
pump suction flow converge (Figure 4.1); and fourthly, of the path between this
point of convergence and the branch point in the upper downcomer. Call WpcL
the mass flow rate in one of the NycL recirculation loops. Then we can eval-
uate Eq. 4.4.127 term by temm. 1In the first three segments, we have

(W W i=1,2,3 (4.4.128)

2); RCL °

because the liquid expansion is ignored (cf. Assumption (4-xviii). In the
fourth section we have, with pZ(AJQ)JT = {pRAjz}(sz)

1
(W) = W = (p Mg) - Wory s (4.4.129)
24 SCT NecL V2 T RCL

i.e., the mass flow rate in the suction path (w2)4 = Wgct is equal to the
difference between the downcomer mass flow rate at the suction location and the
mass flow rate through the recirculation loop (mass balance for branch point).
Thus, Eq. 4.4.127 reads for nommal forward flow (cf. Assumption (4-xvii))

3 2
dMRCL = A -W2 _]'___f._l:_+ ._A_l__
dt Prcp RCLZ; 2A§"9V 2 q t12 A
1:
A\ 2
f (L - 20 (ear - 1) . (4.4.130)
A, 2 2 SCT
i SCT Py

The area ratio is zero in the last temm for the suction flow, because the kine-
tic energy in the free stream outside the suction intake of the jet pump is
very small and ignored. The wall shear and form loss coefficients in the sum-
mation of Eq. 4.4.130 are taken to be fixed (cf. Assumption (4-xix)) and lumped
together in RAMONA-3B with the coefficient 1/(2A§ g). Also, the reversible
conversion of kinetic energy is ignored in RAMONA= 3B (cf. Assumption (4-xii))
which is equivalent to setting Aj/A2 =1 in Eq. 4.4.130.

Finally, we express Mpc in temms of mass flow rates. Since there is no
inertia contribution from the suction path (cf. Assumption (4-xiv)), we have

3
Mo, Z;

(4.4.131)

J>|_‘

i
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The substitution of Eqs. 4.4.129 and 4.4.131 into Eq. 4.4.130, the above combi-
nation of wall shear and form losses and the neglection of kinetic energy in
Eq. 4.4.130 yields

dw
RCL _ 1 2 ; 1
rraal {APRCP = YpeL (ZRCL'*ZDC*"NZZ P )
i Py ANzZ
i M
p, (Aj 2
-fi——ifzﬂl W Z . 4.4.132
- NrcL = "RCL SCT ~ Y - (4.4.132)
Py RscT

In Eq. 4.4.132 the flow impedances Z are defined from Eq. 4.4.130 to be

1 [ < L )]
Z = 5 f+—+cz
RCL— 200 | a2 \ 4y RCL

1 [1 ( L >
Z S Fo+ g
DC 2pg LKZ d ]DC
. _ c (4.4.133)
NZZ 20 p2
Po A INzz
) z
Zser = (2 Az)
Pe ™ Iset

where the subscripts RCL, DC, NZZ and SCT denote, respectively, the recircula-
tion Toop piping, the downcomer, the jet pump nozzle and the jet pump suction.
Notice that the kinetic energy is accounted for in the suction intake and the
drive nozzle exit of the jet pump, as can be seen in Eq. 4.4.132, in that the
flow impedances Zyzz7 and Zgct are reduced by l/(2p2A2).
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In RAMONA-3B, the flow impedances Z are fixed, user-specified* input para-
meters and must have the dimensions of kg~‘m~i.

Equation 4.4.132 describes the flow rate through the recirculation loop
and can be integrated if the mass flow rate pg(AjR)JT in the lower downcomer,
at the location of the jet pump suction, and the pressure rise across the re-
circulation pump, Appcp, are specified. The mass flow rate p (Ajy)gy7 is com-
puted from Eq. 4.4.114 and the local density of the liquid. The prediction of
the pressure rise Appcp is given in Section 4.4.4.4.

4.4.4.3 Jet Pump Model

This subsection presents the method for the prediction of apgt in the
closed contour momentum equations, Eqs. 4.4.104.

The pressure rise ApgT induced by the jet pump is the pressure between
the upper branch point in Figure 4.1 and the diffuser exit, but it is imposed
in RAMONA-3B at the location of the jet pump suction intake cross section. The
pressure rise ApgT is computed without inertia and gravity effects, it is
computed as a momentum jump condition and imposed at a horizontal interface
(without mass) in the downcomer. The jet pump model is subject to the same
assumptions as the model for the recirculation loop (cf. Assumptions (4-iv, vi,
vii and xiv through xix)).

The pressure rise Apgr across the jet pump consists of three parts: the
pressure change Apgct between the upper branch point in Figure 4.1, i.e., the
free-stream conditions in the downcomer, and the nozzle exit plane, Plane a in
Figure 4.7, then the pressure change ApTRT in the jet pump mixing throat, be-
tween Planes a and b in Figure 4.7, and thirdly, the pressure change in the
diffuser, AppiF-

The suction intake pressure drop has already been computed in Section
4.4.4.2. 1t is
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(4.4.134)
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