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EPRI PERSPECTIVE

PROJECT DESCRIPTION

This final report describes a computer program, developed at Cornell University
under Research Project 352 for the purpose of simulating transient behavior in a
loop-type liguid metal-cooled fast breeder reactor (LMFBR) power plant. The
mathematical models developed for the simulation are described and a user's guide
is included. In addition, transient analysis studies for the purpose of program
verification make up a significant portion of the report. From these studies it
has been determined that the program is capable of simulating operational and
accidental transients in an economical manner, when compared with similar simula-
tion models, such as DEMO, BRENDA, and SSC-L. This is made possible by incorpora-
ting a numerical approximation technique that has not yet been completely verified
with respect to accuracy. It does appear to be effective, however, when applied

to a broad range of transient behavior in loop-type LMFBRs.

PROJECT OBJECTIVES

The overall objective of this project is to develop fast-running, yet accurate
computer programs to analyze operational and accident transient behavior of both
loop-type and pool-type LMFBR power plants. This objective has been achieved for
loop-type plants; this report describes the resulting computer program. Develop-
ment of a computer program that will be used for transient analysis of pool-type
ILMFBRs is currently in progress. Both programs incorporate numerical approxima-
tion techniques and simplified models that, when tied together to form the plant
simulator, produce fast-running computer programs. To build confidence in and to
verify these programs, extensive transient analysis is performed. Once verifica-
tion has been achieved and some comparisons to the measured data (e.g., gathered
in experimental LMFBRs) are made for code qualification purposes, the final
products could then be used by utilities that may, someday, purchase LMFBR power

plants.

PROJECT RESULTS
A computer program was developed, as stated above, for loop-type LMFBR power plant

iii



simulation. Incentive is equally strong to develop such a simulation model for
pool-type LMFBR power plants. It is also important to establish a high degree of
confidence in the mathematical models and numerical methods used to build the
computer programs. A related project (RP1381l) is now in progress at the University
of Arizona to study the validity of the numerical methods used. The mathematical
models used to simulate the control system, and the nuclear, thermal, and coolant
dynamic behavior in the various system components must ultimately be validated by
comparison with experiments. Unfortunately, a complete set of experiments is not
available for validating all of the models used, necessitating the adoption of an
indirect method for program qualification. That is, the relatively crude dynamic
modeling of a plant system component that is programmed into the plant simulator
is compared with a more comprehensive model of that same component; such models
can be constructed in three-dimensional programs, e.g., COMMIX. The more compre-
hensive model is, in turn, validated by assessing its ability to predict a fairly
realistic experiment, if such an experiment is available. Confidence is obtained
when both the comprehensive model and the simplified model in the simulator both
agree with the experiment. If no experiment is available, the comparison must be
between the results of the system simulator and the more comprehensive model. 1In
order to maximize comparison with experiment, it is recommended that a numerical-
experimental comparison program be set up to validate LMFBR transient simulators.
Existing relevant experimental data must be identified, and new experimental data

must be obtained where needed.

In addition to program qualification by comparison with experiments, further con-
fidence can be gained by numerical benchmarking; that is, transient simulation
studies are carried out with several systems transient simulators, and the results
are compared. Results of such comparisons are presented in the report. 1In
general, very favorable agreement is obtained, allowing the conclusions that the
approach taken in constructing the simulation model was valid, and that no gross

coding errors exist.

Edward L. Fuller, Project Manager
Nuclear Power Division
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ABSTRACT

A computer-aided simulation is developed to analyze the transient behavior of

loop type liquid metal-cooled fast breeder reactor plants. A set of nuclear, heat
transfer, sodium dynamics, steam/water thermodynamics and control models for the
multi-loop plant is developed to simulate operational, incident and accident

transients.

The major important features of the model include:

1. a multi-loop simulation, consisting of a single loop and the remaining
lumped loops,

2. a method to calculate the characteristic times for every differential
equation, and apply the Runge-Kutta algorithm to variables with slow and
moderate time responses as compared to the integration time step and
evaluate the variables with fast responses from a prompt approximation
to assure numerical stability and reduce the computation time; and

3. a pre-—accident initialization method by forcing most variables into their
prompt approximation.

The analytical submodels of the EPRI~CURL Code simulates: (a) the dynamics of sodium
flows in the primary and secondary systems governed by forced and natural circula-
tion, (b) reactor heat transfer, (c) neutron kinetics, reactivity feedbacks, and
reactor power control, (d) intermediate heat exchanger heat transfer, (e) sodium
transport delays in the primary and secondary systems, (f) steam/water thermody-
namics, normal feed water flow and auxiliary feed water flow control, and (g)
turbine header, throttle, steam bypass and relief flow control. There is a total

of 489 first order ordinary differential equations modelling the entire plant.

The EPRI-CURL systems analysis computer code for loop-type liquid metal cooled
fast breeder reactors is used to model the plant response of a typical LMFBR

to several transient conditions.

The following transients are discussed:



1. a seismic-induced reactivity insertion;
2. a spurious pump trip; and

3. a complete loss of forced coolant circulation leading to buoyancy
induced natural circulation.

The EPRI-CURL results are compared to parallel calculations using the FORE-IT

and DEMO simulation models where applicable.

vi



5

CONTENTS

Section
1 INTRODUCTION
2 SYSTEM DESCRIPTION AND SIMULATION MODEL

System Description

Simulation Model

MATHEMATICAL FORMULATION AND NUMERICAL METHODS
Problem Description
Alternative Approach to Stiffness
Quasi-Static Approximation
Plant Initialization

A Comparison of Exact and Reduced Systems

REACTOR POWER MODEL
Neutron Kinetics
Fission Product Power
Total Reactor Power
Reactivity Feedbacks
Primary and Secondary Control Rods; Scram Operation

Reactor Power Controller

REACTOR HEAT TRANSFER MODEL
Reactor Inlet Plenum
Reactor Outlet Plenum
Reactor Fuel Regions
Reactor Coolant Regions
Hot Channel Equations

Overall Heat-Transfer Coefficient for the Reactor Assemblies

PRIMARY LOOP COOLANT DYNAMICS
General Equation of Motion
Friction Factors
Primary Flow Model

Reactor Cover Gas

vii

5-1
5-1
5-4
5-6
5-8
5-9
5-10



Section Page

Coolant Pumps 6-9
Coolant Pump Motors 6~10
Speed and Frequency Controller 6-13
Sodium Transport Model 6-14
7 INTERMEDIATE HEAT EXCHANGER MODEL 7-1
Description of IHX Thermal Model 7-1
8 SECONDARY LOOP COOLANT DYNAMICS 8-1
Sodium Flow Model 8-1
Sodium Transport Model 8-1
9 TERTIARY LOOP MODEL 9-1
Heat Transfer Model 9-1
Hydrodynamics 9-4
Steam Generation System Valves 9-12
Heat Transfer Coefficients 9-14
Dryout Prediction 9-16
Two-phase Flow Friction Multiplier 9-17
10 CONTROL MODELS 10-1
11 USER'S GUIDE TO EPRI-CURL 11-1
Master Program 11-3
Subroutine LMFBR 11-12
Subroutine NEUKIN 11-23
Subroutine HYDROS 11-30
Subroutine RTHERM 11-38
Subroutine DELAYP 11-45
Subroutine IHX1 11-49
Subroutine IHX2 11-53
Subroutine IHYD1 11-54
Subroutine IHYD2 11-59
Subroutine DELAY1 11-59
Subroutine DELAY2 11-63
Subroutine SGTHD1 11-64
Subroutine SGTHD2 11-73
Subroutine TURBO 11-73
Subroutine SCRAM 11-77

viii



Section

Ancillary Programs

Input Data

Output Format

Programming Language and Computer Requirements

General Hints

12 TRANSIENT ANALYSIS AND VERIFICATION
Introduction
Seismic Induced Reactivity Insertion

Spurious Pump Trip

13 CONCLUSIONS
Conclusions

14 REFERENCES
APPENDIX A EPRI-CURL PROGRAM LISTING

APPENDIX B SAMPLE PROBLEM

ix

Page

11-82

11-120
11-120
11-132
11-133

12-1
12-1
12-2
12-15
13-1
13-1
14-1



Blank Page



5-1
5-2
5-3
6-1

7-1
8-1
9-1
9-2
10-1
10-2
10-3
10-4
11-1
11-2
11-3
11-4
11-5
11-6
11-7
11-8
11-9
11-10
11-11

ILLUSTRATIONS

Block Diagram of LMFBR System as Modeled by EPRI-CURL

Steam Temperature at Superheater Outlet Following a 11°C Increase
in Intermediate Sodium Inlet Temperature

Reactor Heat Transfer Regions and Flow Channels

Comparison of Control Rod Insertion Rates Between EPRI-CURL and the
Clinch River Breeder Reactor

An Example of a Core Division

Reactor Enclosure and Coolant Paths

Reactor Heat Transfer Regions

Primary System Flows and Piping Schematic

Pump Operational Regimes

Intermediate Heat Exchanger Model

Intermediate Heat Transport Schematic

Steam Generator System Schematic

Steam Drum Schematics

Reactor Power Controller Block Diagram

Primary Pump Controller Block Diagram

Secondary Pump Controller Block Diagram

Tertiary Feedwater Valve Controller Block Diagram
EPRI-CURL Code Organization

Primary System Pressure Locations

Intermediate System Pressure Locations

Inputs and Qutputs of Subroutine IMFBR

Input and Output Variables of Subroutine NEUKIN
Inputs and Outputs of Subroutine HYDROS

Reactor Heat Transfer Region Numbers

Input and Output Process Variables of Subroutine RTHERM
Inputs and Outputs of Subroutine DELAYP

Input and Output Process Variables of Subroutine IHX1
Input and Output Variables of Subroutine IHYD1

xi

5-2
5-3
5-7

6-11
7-1
8-1
9-2

10-2
10-3
10-4
10-5
11-1
11-19
11-21
11-23
11-29
11-37
11-39
11-43
11-48
11-52
11-58



Section

11-12 1Input and Output Process Variables of Subroutine DELAY1

11-13 Nodal Definitions for Subroutine SGTHD1

11-14 1Input and Output Variables of Subroutine SGTHD1

11-15 Main Steam Header and Turbine Flow Control

11-16 Input and Qutput Process Variables of Subroutine TURBO

11-17 Inputs and Outputs of Subroutine SCRAM

11-18 Pictorial Description of Arguments of Subroutine GHEAD

11-19 Definition of Temperatures in Subroutine LMTDIF

12-1 Seismic Perturbation - primary and secondary
sodium mass flow rates

12-2 Seismic Perturbation - reactor power to flow ratio

12-3 Seismic Perturbation - total reactivity

12-4 Seismic Perturbation - reactor average fuel temperatures

12-5 Seismic Perturbation - average fuel centerline
temperature in the hot core region

12-6 Seismic Perturbation - total power

12-7 Seismic Perturbation - midwall hotspot clad
temperature in the hot core region

12-8 Seismic Perturbation - maximum sodium temperature
at the hot core channel

1i2-9 Spurious Pump Trip - primary and secondary sodium
mass flow rates

12-10 Spurious Pump Trip - total reactivity and reactor power

12-11 Spurious Pump Trip - reactor power to flow ratio

12-12 Spurious Pump Trip - average fuel centerline temperature
in the hot core region

12-13 Spurious Pump Trip - maximum sodium temperature at the
hot core channel and reactor vessel outlet nozzle sodium
temperature

12-14 Spurious Pump Trip - sodium temperatures at the inlet
of the evaporators and water/steam pressure at the
outlet of the evaporators

12-15 Spurious Pump Trip - recirculation line water-steam
mass flow rate and steam quality at the evaporator exit

12-16 Spurious Pump Trip - superheater steam and feedwater
line mass flow rates

12-17 Spurious Pump Trip - clad hotspot midwall
temperature in the hot core region

12-18 Natural Circulation - reactor power

12-19 Natural Circulation - primary pump speed in the

single loop

xii

Page

11-62
11-65
11-71
11-74
11-76
11-82
11-87
11-106
12-5

12-6
12-7
12-8
12-10

12-11
12-12

12-13

12-16

12-18
12-19
12-20

12-21

12-23

12-24

12-25

12-27

12-29
12-31



Figure

12-20
12-21

12-22
12-23
12-24

12-25

12-26

12-27

12-28

12-29

12-30

12-31

12-32

12-33

12-34

12-35

Friction Torque as a Function of Pump Speed

Natural Circulation - sodium mass flow rate in the single
loop of the primary system

Natural Circulation - reactor power to flow ratio
Natural Circulation - reactor average fuel temperatures

Natural Circulation - sodium average temperature
at the exit of reactor channels

Natural Circulation - sodium temperature at the
reactor vessel outlet nozzle

Natural Circulation - sodium redistribution
inside the reactor vessel

Natural Circulation - sodium mass flow rates and
pump speeds in the secondary loops

Natural Circulation - water and two~phase mixture
mass flow rate in the recirculation line and evaporators

Natural Circulation - average pressure inside the
steam drum and the main steam header

Natural Circulation - steam mass flow rate to the
atmosphere and the condenser

Natural Circulation - superheater steam mass
flow rate in the single loop

Natural Circulation - water level inside
the steam drum of the single loop

Natural Circulation - superheater exit steam
temperature in the single loop

Natural Circulation - clad hotspot midwall
temperature

Natural Circulation - maximum hot channel
sodium temperature

xiii

Page

12-32
12-33

12-34
12-35
12-37

12-39

12-40

12-42

12-43

12-45

12-46

12-47

12-49

12-50

12-51

12-53



Blank Page



Table
4-1
4-2

6-2
11-1
11-2
12-1

TABLES

Primary System Reactor Trip Equations

Secondary System Reactor Trip Equations

Matrix of Inertial Loss Coefficients, Normal Operation
Matrix of Inertial Loss Coefficients, Pipe Rupture
Sample Input Data

Examples of Computer Run Times on an IBM 370/168

Plant Protection System

11-121
11-133
12-3



SUMMARY

A fast-running systems analysis code has been written to analyze the response to
transients of loop-type Liquid Metal-cooled Fast Breeder Reactors. Among the
transients which may be simulated are ramp changes in the demanded power, loss of
power to any pump, step reactivity insertions (of less than one dollar), manual

reactor trips, a turbine trip, a steam dump, or any combination of these.

Two heat transfer loops are modelled, one of which represents a single loop, and
the other represents any number of remaining, equivalent loops. Each of these
loops consists of a primary sodium loop, a secondary sodium loop, and a tertiary

water/steam loop.

The mathematical model includes: point reactor kinetics, reactivity feedback, and
reactor power control; primary, secondary, and tertiary thermal and coolant dynamics
governed by forced and natural circulation; and plant protection and control

systems.

A total of 489 differential egquations model the entire plant. A method has been
developed (using the diagonal elements of the Jacobian matrix) which separates
these equations into two classes: those with a "fast" response time, and those
with a "slow or moderate” response time, as compared to the chosen integration time
step. The "moderate" response equations are integrated using a second order Runge-
Kutta technique, and the "fast" response equations are evaluated using a prompt
approximation technique. This assures numerical stability and allows significant

reduction in computation time without much loss of accuracy.

The core neutron kinetics is calculated using two groups of delayed neutrons and
three groups of fission products. Total reactor power is computed through a

prompt approximation. Reactivity feedbacks due to the Doppler effect, sodium
density, and core expansion are included. Two sets of independent control rod
systems are provided for reactor shutdown. The primary control rod system also acts

as the power controller.



The reactor heat transfer model divides the reactor core into eleven fueled regions,
three in each of three flow channels, and one in each of two other flow channels.
These can be used to simulate, for example, a central core region with lower and
upper axial blankets in three channels, and an outer radial blanket in two other

channels. A two zone mixing model of the reactor vessel upper plenum is included.

The primary system coolant dynamics model computes the flow distribution to each

of the five fueled flow channels, as well as to an unheated bypass channel. This
model also computes the flow in the two primary loops. Reynolds number dependent
friction factors are used in all coolant dynamics calculations. 1In pipe rupture

transients (where the pipe rupture Occurs between the check valve and the reactor
vessel in a single loop), this model also computes the flow rate out the pipe

break. Coolant pumps with frequency controllers are also modelled.

All piping heat transport delays are included in the primary, secondary, and tert-
iary systems. Counterflow heat exchangers are modelled between the primary and
secondary loops. Two evaporators and a superheater are modelled for heat transport
from each secondary to each tertiary loop. Frequency controllers are also provided

for the secondary sodium loops.

The tertiary system model includes a steam drum, fed by either a normal or an
auxiliary feedwater supply system, and a steam header, which is fed by both tertiary
system loops. Also modelled are the turbine throttle valve, the turbine bypass

(dump) valve, and a safety relief wvalve.

All plant control systems are dependent on a supervisory controller which produces
a demanded reactor and plant power. The controllers use this demanded power to
compute setpoints for certain variables (such as reactor outlet temperatures, pump
speeds, etc.) which are then compared to measured values of those variables and

alter the controller output if the deviation is too large.

A plant protection system is also modelled, which compares the measured values of
certain variables to reactor shutdown setpoints, and provides for automatic shut-

down of the reactor if any setpoints are exceeded.

This report includes the basic modelling equations of each of these systems, as well
as a user's guide which describes each individual subroutine and the required input.

The system response to several transients has been calculated and compared to



parallel calculations using the FORE-II and DEMO simulation models; these include:
a seismic induced reactivity insertion, a spurious pump trip, and a complete loss-

of-forced-cooling leading to buoyancy induced natural circulation.

The results show that: (1) knowledge of the diagonal entries in the Jacobian
matrix of a large system of ordinary differential equations is a good estimate for
identification of sources of stiffness, (2) judicious use of the quasi-static
approximation reduces the need for either short timesteps or sophisticated implicit
numerical-integration methods, (3) a multi-channel reactor heat transfer and sodium
dynamics model is necessary for predicting thermohydraulic behavior correctly,
especially the effect of reactor flow regimes and redistribution during natural
convection cooling, (4) no sodium voiding was predicted for the above transients
even with reactor scram time delays of the order of 1 second, and (5) there is
general agreement between existing simulation models, but there is still a vital

need for experimental and further theoretical verification.



Section 1

INTRODUCTION

The significance of the Ligquid Metal-cooled Fast Breeder Reactor (LMFBR) was recog-
nized very early in the development of nuclear energy. Fermi and his coworkers,
concerned with the long-range availability of naturally-occurring fissionable

fuel, in the spring of 1944, discussed the possibility of building a fast-neutron
breeder reactor. Thirty-eight years of slow, but determined development of the
fast breeder have laid the foundation for the present intensive effort. The

rapid evolution of this type of reactor and the experimental and operational ex-
perience in this field requires the development of a theoretical means of simula-
tion to improve the engineering design and better understanding of the safety

problems associated with such systems.

Recent research in fast reactor technology has shown that there is a considerable
potential for the development of more physically realistic and mathematically

accurate models of simulation.

Accident risk assessment has evolved to the current Design Basis Accident (DBA)
approach, which involves the determination of the capability of a given reactor
design to deal with accidents of low probability and potentially high consequence.
Standards are set to ensure high quality in design, construction, and operation

of the plant so that the number and severity of events caused by a possible failure

will be minimized (1).

In spite of these measures, it is assumed that operational upsets and accidents

will occur and safeguards must be provided to cope with them.

High-probability, low consequence accidents are not normally considered to be
serious, but it is important to understand their level of severity, and to predict
the system response under these conditions. Therefore, analysis of the transients
for a variety of abnormal or accident conditions is an important part of the

overall safety evaluation.



Restricted analytical models and associated computer codes such as DEMO (2),
NALAP (3), and BRENDA (4, 5) have been developed by other organizations to simulate

the overall response of a fast reactor plant.

A number of simplifying assumptions and approximations are made in the above models
which may be acceptable from the design point of view, but certainly unacceptable
for a safety analysis. For example, the modeling of the entire reactor core by a
single, average channel is highly questionable. The flow redistribution during the
transients, enhanced by buoyancy in the reactor core is an important consideration.
The temperature stratification in the reactor outlet plenum is also an important

influence in the determination of the natural convection capability of the system.

It is essential that better solution techniques be developed, expecially determina-
tion of steady-state initial conditions, that at times could be tedious and expen-
sive for systems of different design and geometric configurations. In order to
meet this objective, Cornell University has developed an accurate, fast running
systems dynamics code, EPRI-CURL that simulates the primary, secondary, and tertiary
systems of a loop type LMFBR plant.



Section 2

SYSTEM DESCRIPTION AND SIMULATION MODEL

SYSTEM DESCRIPTION
This section provides an overall description of the EPRI-CURL code simulation model.
A block diagram provides gross information on the model organization, features

incorporated in the model, and some of the model inputs and outputs.

Figure 2-1 is a block diagram of the primary, secondary and tertiary systems. The
heat transport loops of the plant are simulated by a two loop model; a single loop

and the remaining lumped loops.

Each loop is positioned in an "elevated loop" arrangement to provide protection
against loss of coolant in the unaffected loops in the event of failure of sodium
piping in one of the loops. The relative elevations are arranged to promote natural
circulation of the coolant in the primary, secondary and tertiary loops in the event

of loss of all electrical power to the plant coolant pumps (station blackout) (6).

A primary pump is located on the hot leg piping of each loop. Sodium from the pump
discharge is passed through the shell side of the Intermediate Heat Exchanger (IHX)
in which heat is transferred to the secondary sodium. The sodium is then circula-
ted in the cold leg piping through a check valve to the reactor vessel inlet nozzle,

which is located near the lower end of the reactor vessel.

A secondary pump is located on the cold leg piping of each loop. Sodium from the
pump discharge is passed through the tube side of the IHX in which the heat is
transferred from the primary sodium. The sodium is then circulated through the
Superheater (SH) and Evaporators (EV) of Steam Generation System (SGS) and back to

the pump inlet nozzle.

The SGS consists of a feedwater pump, a steam drum, a recirculation line piping and
two identical EV modules and a SH module from which the superheated steam is fed to
a common steam header and then directed to the turbine through the throttle valves

or bypassed to the condenser.



As an integral part of the plant control systems, the primary, secondary, and
tertiary control systems provide the overall control of the plant for all normal
and accident conditions. The automatic control system maintains the temperatures,

flow rates, and the neutron flux according to a specified load demand (6, 7).
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Figure 2-1. Block diagram of LMFBR system as modeled by EPRI-CURL



SIMULATION MODEL

The mathematical modeling for numerical simulation of a multiloop liquid-metal-
cooled fast breeder reactor system has been developed by extending a modified
version of the primary systems model originally developed by Pavlenco (7), as dis-

cussed in references (6, 8).

The core physics uses a two group point reactor kinetics and a three group fission
product dynamics. The reactivity feedbacks, due to the nuclear Doppler effect,
sodium density, core radial and axial expansion are included. Two sets of indepen-
dent control rod systems are provided. The primary control rod system acts as the
reactor power controller or a shutdown rod system, while the secondary rod system

can only be used for the purpose of reactor shutdown.

The reactor heat transfer submodel divides the reactor into eleven fuel regions,
three in each of the three central channels, and one in each of two other coolant
channels. The bypass channel neglects the heat capacity of the structural material
as well as the gamma ray heat effects. 1In this analysis the three central channels
simulate the six average hot assemblies, the inner core region (102 assemblies),
and the outer core region (90 assemblies), which include lower and upper axial
blankets. The other two channels simulate the radial blanket and shields (474

assemblies), and the primary and secondary coolant rods (19 assemblies).

A two zone lower plenum model simulates the inlet plenum and the core inlet module

regions, neglecting the heat capacity of the structural material.

The upper plenum model is based on Yang's (9) two zone mixing model for jets

of negative buoyancy, also neglecting the structural material heat capacity effect.

The primary system coolant dynamics model includes the effects of friction,
buoyancy, expansion, contraction and inertia. The model calculates the sodium flow
rates in the two primary loops (neglecting the mass storage at the pump tanks),

the five reactor channels, and the unheated bypass channel. The Reynolds number
dependence of the friction factors inside the reactor channels is based on
Novendstern's (10) turbulent flow model as discussed in reference (8). The piping
friction factors are computed using the Blasius approximation for turbulent flow
inside the round tubes as a function of flow Reynolds numbers (8). In a loss-of-
piping integrity accident, this model also computes the flow rate out of the pipe

break as discussed in references (7, 8).



The secondary loop coolant dynamics model calculates the sodium flow rate in the

intermediate loop as governed by forced and natural convection effects (6, 8).

The coolant pump model includes the impeller dynamics, using the balance between

the applied motor torque, fluid hydraulic torque and the frictional torque for
primary, secondary and recirculation pumps of the tertiary system. The pump charac-
teristics are represented using the homolgous theory (11) including the complete
regimes of operation (12). The pump speed controller varies the motor generator

set frequency (13), and hence the applied motor torque as governed by the flow-
speed controller model for the sodium pumps. The recirculation pumps are constant

speed, and uncontrolled.

The primary, secondary, and tertiary coolant transport delay model accounts for the
turbulent mixing of the fluid, and the heat capacity of the pipe wall material
(except for the tertiary system, where the pipes are assumed to be adiabatic).

Counter flow heat exchangers are also modeled as discussed in references (7, 8).

The steam-water thermodynamics model, includes a compressible three region steam
drum, fed by normal or auxiliary feed water through control valves, a downcomer,
evaporators, a superheater, and a compressible steam header with its associated

safety relief valve, throttle valve and the turbine bypass valve.

The hydrodynamics are based on the single mass-flow rate model with slip in the
two-phase flow region. The slip model is based on the Armand semi-empirical slip
flow correlation (14). The dryout in the evaporators is also predicted using the

Bertoleti, et al. (15) method.

The thermodynamic properties of sodium and water are provided through curve fitted

polynomials (6).

All plant control systems are dependent on a supervisory controller which produces
a demanded reactor and plant power. The controllers use this demanded power to
compute setpoints for certain variables (such as reactor outlet temperatures, pump
speeds, etc.) which are then compared to measured values of those variables and

alter the controller output if the deviation is too large.

A plant protection system is also modeled, which compares the measured values of
certain variables to reactor shutdown setpoints, and provides for automatic shut-

down of the reactor if any setpoints are exceeded.



A total of 489 differential equations model the entire plant. A method has been
developed (using the diagonal elements of the Jacobian matrix) which separates
these equations into two classes: those with a "fast" response time, and those
with a "slow or moderate" response time, as compared to the chosen integration
time step. The "moderate" response equations are integrated using a second order
Runge-Kutta technique, and the "fast" response equations are evaluated using a
prompt approximation technique. The prompt equations are also used to determine

the pre-transient steady state conditions.



Section 3

MATHEMATICAL FORMULATION AND NUMERICAL METHODS

PROBLEM DESCRIPTION

The plant is modeled by a number of first-order differential equations of the form:

ax,

1
——=
i(Xl, X

P ey Xn;t) (3-1)

2’

where:
Xi = state variables,
Fi = differentiable functions, and
t = time, the independent variable.

The measure of stiffness of a system of equations is normally determined by the

eigenvalues of the Jacobian matrix:

PO d
J (i,j) = o F, (3-2)
i J

Unfortunately, the computation of the eigenvalues of a large (in this model,

n £ 500) system of equations is extremely time consuming, even for a computer.

ALTERNATIVE APPROACH TO STIFFNESS

To remedy this situation, it was decided to consider only the diagonal elements of

the Jacobian matrix of Eq. 3-2.



The "characteristic time" for each of the state equations is defined as:

d -1
T = (dX. Fj) (3-3)
where:
T, = the "characteristic time" of state equation i (see Egq. 3-1).

The magnitude of each of these characteristic times is then compared to the inte-

gration time step, At, for the purpose of dividing them into two groups:

Class A variables -- those Xi whose state equations have a "characteristic

time" greater than the time step; and
Class B variables -- all other Xi.

In practice it was found that best results were obtained if a slight weighting

factor was applied; i.e.,

Class A variables X when a T > At

Class B variables Xi when o T < At

where:
o = weighting factor (generally chosen to be 0.7).

Because the "characteristic times" can generally be interpreted as the speed of
response to a perturbation, the Class A variables may be interpreted as "slow or
moderate” response variables, and the Class B variables as the "fast" response

(i.e. "stiff") variables.

The Class A variables are integrated using a standard Runge-Kutta technique, and
a quasi-static ("prompt jump" or "prompt approximation™) technique is used on the

Class B variables.



QUASI-STATIC APPROXIMATION

For the Class B variables, the differential equations for the state variables are
replaced by algebraic equations of the form:

Fi (Xl, X2, ey Xn;t) =0 (3-4)
which is then solved for Xi. In order to provide consistency (and to preserve the
Runge-Kutta feature that the order of integration does not affect the solution),
the values used for the Xj(j#i) in Eq. (3-4) are the values from the previous time

step.

In some cases, the Fi are not linear in Xi, so that iterative numerical methods
may need to be employed. And in the case of the primary flows, any Class B vari-
ables are solved simultaneously, in order to get the most accurate solutions for

these extremely critical parameters.

PLANT INITIALIZATION

The initialization of plant conditions to their steady-state values is required
before any transient calculation can take place. The inclusion of the prompt ap-

proximation equations greatly alleviates this problem.

Those state variables that have prompt approximations are forced into the Class B

status. .Certain equations do not have prompt approximations (i.e. Fi is indepen-

dent of X ). For these equations, a "reasonable" time step (about 0.1 or 0.2 sec-
i

onds) must be chosen to allow them to reach a steady state.

An example of this plant initialization technique is included as a sample problem

in the appendices to this report.

A COMPARISON OF EXACT AND REDUCED SYSTEMS

A number of studies were made to determine the inaccuracies produced by the intro-
duction of the quasi-static approximation. An example is included here as Figure
3-1. This example uses a single steam generator and header system decoupled from
the rest of the plant (i.e., it represents only subroutine SGTHD1l and TURBC and

their required ancillary programs).



It is observed that an increase in the time step greatly reduces computer execu-

tion time, while introducing very minor changes in the transient results.

At = 0.2 case, all of the steam side superheater temperatures were Class B variables.

495
>
:
o
®
(-8
E
-
490
485

Figure 3-1.

In the

At=0.02, 0.05 sec.

At1=0.10 sec.

\Ai =0.,20 sec.

Time Step, At]{ 0.02]0.05]10.10]0.20
Class A
Voriables 44 39 37 35
Class B
Variables (o] 5 7 ]
Execution Time
IBM 370/68(sec)] 13 49 25 15
| (WATFIV)
| i |
10 20 30

time,

sec

Steam temperature at superheater outlet following a 1l °C increase
in intermediate sodium inlet temperature, as computed by the EPRI-CURL code for
various sizes of time steps.

3-4



Section 4

REACTOR POWER MODEL

The detailed description of the mathematical models and equations used in the

EPRI-CURL Code is given in (6, 7).

The code model equations are given in this section to accompany the user guide
description.
NEUTRON KINETICS

The point kinetics equations with a prompt jump approximation are used to simulate

the nuclear power,

2
yoc.(®)
=1t
N(t) = (4-1)
B-p
dCi(t)
—5r— = A 1B, N(®) - c ()], i =1, 02, (4-2)
where
N(t) = total neutron power,
Ci(t) = delayed neutron precursor power, group i,

p = total reactivity

B. = delayed neutron fraction, group i,
2
B = z Bi, total delayed neutron fraction, and
i=1

A. = delayed neutron precursor decay constant, group i.

FISSTION PRODUCT POWER

Three reduced groups of fission products are considered in determining the contri-

butions of beta and gamma decay of the fission products to reactor power. The total



fission product power may be written as,

3
F(¢) = ] F, (t). (4-3)
i=1

For each fission product group, the conservation of energy requires that,

dFi(t)
—a Ai [Yi PT(t) - Fi(t)], i=1 2, 3, (4-4)
where

Fi(t) = fission product power, group i,

3
Z Fi(t) = total fission product power,

F(t) =
i=1
Ai = fission product decay constant, group i,
Yi = fission product fraction group i, and
PT(t) = total reactor power given by Eg. 4-6.

For transients in which fission product densities have not reached their saturation

values, the numerical values of the fission product fractions may be calculated

from:

Bi = Bsi [1 - exp (-Aito)], (4-5)
where

Bsi = fission product fraction at saturation, group i, and

to = time during which the reactor has operated at power level PT

before the transient is initiated.

TOTAL REACTOR POWER

The total power of the fast reactor is obtained as the sum of contributions to

power of neutrons and fission products; that is

PT(t) = N(t) + F(t). (4-6)



REACTIVITY FEEDBACKS

The temperature-dependence of the reactivity feedbacks has been included to simu-

late the eleven fuel regions and their respective sodium coolant regions with reac-

tivities expressed in units of B.

where:

and

FB

11 11

.Z *pi 1n[TFi/TFo] * .Z ®si [Tci-Tco]
i=1 i=1

11
+ T -T + T_.-~F
0LR L c co] izl 0LAi [TFi Fo]

total feedback reactivity,

nuclear doppler coefficient, fuel region i,
sodium density coefficient, coolant region i,
radial core expansion coefficient,

axial core expansion coefficient, region i,

average fuel temperature, region 1,

reference fuel temperature,

average coolant temperature, region i,
reference coolant temperature,

average coolant inlet temperature,

1 through 11 for the 11 fueled reactor regions (see Fig. 4-1).

PRIMARY AND SECONDARY CONTROL RODS; SCRAM OPERATION

(4-7)

The primary and secondary control rod systems are two completely independent systems

for shutting down the reactor. In addition, the primary control rods are used for

power control under normal operation.

Upon receipt of a primary or secondary scram signal, the affected rods begin to

fall into the core.

To account for scram assisting forces (scram spring in the

primary system, hydraulic assist for the secondary rods) and drag forces, the rod

4«3
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Figure 4-1. Reactor heat transfer regions and flow channels.



scram position is approximated by:

2
A« t
= < < -
X=og 57 ¢ 02X:2L (4-8)
where:
X = primary control rod scram position, (0 -- fully withdrawn, L -- fully
inserted),
L = primary control rod stroke,
t = time after primary scram signal, and
A, B = input parameters chosen to fit insertion curve.

A similar equation exists for the secondary control rods.

The form of Eg. 4-8 was chosen in order to represent the initial rod insertion,
where the relative reactivity change is important, as well as the central part of
the curve, where the bulk of reactivity exists (see Fig. 4-2). Although the inser-
tion of the last 20% of the rod is not as well represented, this is considered less
important because over 95% of the control rod worth has already been inserted (see

Eq. 4-9).

The scram reactivity of both the primary and secondary control rods is determined

as a function of position using the "integral sine squared" control rod worth curve,

i.e.:

R Sl S (4-9)

o (xit) max L 2m L

1l
©
.

where:

p(x;t) = reactivity worth of a control rod at position x,

p total reactivity available for scram, and

max
L

maximum control rod stroke.

The reactivity available for scram in either system is defined as the total worth
of rods withdrawn from the core less a stuck rod worth. Thus, in the primary sys-

tem, the control rod reactivity in the core due to the power controller is as-
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Pigure 4-2. Comparison of control rod insertion rates between EPRI-CURL and
the Clinch River Breeder Reactor. (Source: PSAR for CRBRP, Project Management Corp.)




sumed to be from fully inserted rods, and all other rods are fully withdrawn.

The equations that provide for reactor trip signals (and subsequent heat transfer

system trip signals) are listed in Table 4-1 and 4-2.

REACTOR POWER CONTROLLER

The reactor power is controlled through the movement of the primary control rods.
A proportional-integral (PI) control scheme was chosen, based on total primary rod

reactivity.

The form of the control equation is as follows:

t
do _ i -
at = K By + 1 JO E, dt) (4-10)

where:

p = control rod reactivity,

t = transient time,

E¢ = total flux deviation (see sec. 10, Fig. 10-1),
TI = integral time,
K = RMAX -

E (1 + —)

¢, max TI

RMAX = maximum allowed reactivity insertion rate, and
E = saturation value of flux deviation.

¢ ,max
The total worth inserted into the reactor is kept track of in order to know how

much reactivity would be inserted for a primary scram signal.



Table 4-1

PRTMARY SYSTEM REACTOR TRIP EQUATIONS

Trip .
No. Reason for Trip
1 High Flux
5 Flux-Delayed Flux
(RO>0)
3 Flux-Delayed Flux

(RO<0)

4 Flux - YPRESSURE

Primary Pump

5 .
Electrics
6 Primary-To-Inter-
mediate Speed Ratio
- Reactor Vessel
Level
8 Steam~to~-Feedwater
Flow Ratio
9 IXH Primary Outlet
Temperature
10 Spare

where Ai’ Bi’ Ci’ Di' ¢ max, T, 2

normalized flux,

= time,

= normalized pump speed,
W = normalized flow rate,

R &
|

and subscripts:

ave = average of all primary,
I = intermediate,
ST = steam,

Trip Equation

¢ > ¢ max

et/1:
A'J —dt + B, * ¢ +Cy +D_ <

A - /P + . b+ <
4 By nd+C0

Loss of Power to Any Primary Pump

o C A

1 - = aé. - 59-36 > 0 in any loop
%p P P
<

er ZL
WST

1 - T A8 < 0 in any loop

FwW

5 .

Thx —-Tshx in any loop

L’ Tth are input parameters,
P = normalized pressure at reactor inlet,
va = sodium level above reactor outlet nozzle,
Thx = temperature at outlet of heat exchanger,
P = primary, and
FW = feedwater.



Trip
No.
11
12
13
14
15
where A,
i
¢
W
T
ev

Table 4-2

SECONDARY SYSTEM REACTOR TRIP EQUATIONS

Reason for Trip

Flux -- Total Flow A

Primary-To-Inter— |

mediate Flow Ratio

Steam Drum
Level

Evaporator Outlet

Trip Equation

12 A12
WP W
HD,max

T in any 1loo
Temperature ev — "sev Y P
Spare
B, ., T H are i t parameters
e cl’ sev’ "D,max nput paramet !

normalized flux,

normalized flow rate,

normalized steam drum level,

and subscripts:

TP

total primary system,

primary, and

intermediate.

temperature at outlet of evaporator,



Section 5

REACTOR HEAT TRANSFER MODEL

The reactor heat transfer model consists of five radial core regions, an unheated

core bypass region and two inlet plenum, and two outlet plenum regions.

The model calculates the transient sodium and fuel temperatures using a lumped

parameter method.

The possibility of flow reversal in the above regions has also been included to
insure accurate prediction of fuel and coolant temperatures during transient con-

ditions (7).

Figure 5-1 shows an example of a core division, and Figure 5-2 describes the reac-

tor coolant paths. Figure 4-1 shows the heat transfer regions.

REACTOR INLET PLENUM

Two constant volume, perfectly mixed zones of inlet plenum sodium temperatures are

calculated neglecting the heat capacity of the plenum structural materials.

The lower zone consists of the main inlet plenum, and the upper zone contains the

region from which the coolant is orificed into the reactor fuel assemblies.
The sodium temperature in the lower zone is calculated from:

dT = =
- = - + - . -
pAvACA 3 A W1C1 (Tl TA) NWZCZ (T2 T ) (5-1)

The upper zone sodium temperature is given by:

6

ar =
p V. C B = (W, +NW) Cpo (T, - T)) - )W

B'B B dt . (5-2)
i=1

.C .T .
cicici
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where

T = sodium temperature,
t = time,
C = heat capacity of sodium at constant pressure,
p = density of sodium,
V = sodium volume,
W1 = sodium flow rate of the single loop,
W2 = godium flow rate of the lumped loop,
wc = sodium flow rate of the core channel,
N = n-1, and

n = number of heat transport loops in the system;

subscripts:

lower plenum zone,

upper plenum zone,

. .th
ci = core i— channel,

]

single loop, and

[\8)
]

lumped loop.

REACTOR OUTLET PLENUM

A two zone mixing model based on the lumped-parameter approach (2) has been used
to simulate the outlet plenum sodium temperatures neglecting the heat storage ef-

fect in the structural materials of the outlet reactor plenum.
The sodium temperature in the lower mixing zone is given by:

dTL(t)

5
o - - 5=3
pLVLCL dt izl Wcicci [Tci TL] ( )

+ By Wop Cp oy (TyTy) — BA(TST,)



and, the upper zone sodium temperature is given by:

dTu(t)
puvucu at = WBPCBP—u (TBP—Tu) (5-4)
5
+ By [izl W1 € (T-T.) + BA(T-T )

where:
T = sodium temperature,
t = time,
C = heat cepacity of sodium at constant pressure,
p = density of sodium
V = sodium volume
h = constant heat transfer coefficient between the outlet plenum zones,
A = cross-sectional area of outlet plenum,
W = sodium mass flow rate, and
81,82 = control integers (see the following discussion);

subscripts (two subscripts indicate that the physical property is taken at the

average of the two zones):

L = lower zone of outlet plenum,

. .th
¢l = core i— channel,

BP bypass channel, and

upper zone of outlet plenum.

c
U

The average jet penetration distance is given by (9):

Z_ = (1.0383 Fr0'785)r + Z
o o c

J (5-5)

hl
where:

ZJ = jet penetration distance in the outlet plenum,



Fr = densometric Froude number,

o
MR B ]
nrzp 9 ro(pc_pL)
o c
r, = radial coordinate of the jet flow,
Zch = chimney height,
)
W = W ..,
c jop ¢
pc = average core sodium density, and

g = acceleration due to gravity.

The control integers Bl and 62 are defined as follows:

Bl } For Z_ > 2 + 0.5D ,
J — on on
B, =1
2
B, =0
1 } For Z - 0.5D < Z_< 2 + 0.5 D ,
on on J on on
B, =0
2
By =1 Forz_ <z =-0.5D ,
g = 0} J — “on on
2
ZOn = reactor outlet nozzle height (lower edge), and
on = reactor outlet nozzle diameter.

REACTOR FUEL REGIONS

The reactor core is divided into five parallel channels consisting of:

1. peak channel,

2. inner core channel,

3. outer core channel,

4. control assemblies channel, and

5. radial shields and radial blanket channel.

There exists three axial fuel regions in the peak, inner and outer core channels
consisting of lower axial blanket, reactor core and the upper axial blanket re-

gions.

Figure 5-3 shows the schematics of the reactor fuel regions that are simulated by
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the EPRI-CURL Code.

The following is the lumped parameter energy equation that simulates the above fuel

temperatures in each region j (j = 1, 11) (see Fig. 4-1 for region numbers):

dT -
F_Q'''V_ - URA [T-T] (5-6)
pFVFCF 3t - F F F C
where:
pF = fuel density,
VF = fuel volume,
CF = fuel specific heat,
TF = fuel average temperature,
t = time,
Qé" = average heat density,
U = overall heat transfer coefficient (given by Eg. 5-11),
A = total heat transfer area,
EC = average sodium temperature,
= .+ .
(Tcln Tco)/2 0, and
Tc, = sodium temperature at the inlet of region j,

in
Tco = sodium temperature at the outlet of region j.

REACTOR COOLANT REGIONS

The sodium temperature at the outlet of every control volume corresponding to the

above mentioned fuel regions (j = 1, 11) and the bypass (j = 12) is given by:

4ar _ B
= U A [TF—TC] -wWC (Tc —TC ), (5-7)

- = c
pcvccc dt °© .
in fe)

where
Sc = average sodium density,
Vc = volume of sodium,
Ec = average heat capacity of sodium, and

W = sodium mass flow rate.

5-8



The thermophysical properties of liquid sodium are calculated as a function of

average sodium temperature in the region. ©Note that U = 0.0 for the bypass channel.

During flow reversal in any of the reactor channels, the equation form will remain

the same except sodium inlet and outlet temperatures to the given region will switch.

HOT CHANNEL EQUATIONS

The reactor peak region transient temperatures are used to determine the hot chan-

nel conditions in the reactor.

The centerline temperature of a cylindrical fuel rod is calculated using:

2
11
R
T, = Tt R (5-8)
£
where:
To = center-line fuel temperature,
TF = average fuel temperature (given by Eg. 5-6),
Q''' = average fuel heat density,

R = fuel pellet radius, and

k_ = fuel pellet average thermal conductivity.
Two statistical hot channel temperatures of significance are calculated: the max-
imum core outlet coolant temperature and the maximum cladding temperature, as

follows:

Maximum Core Outlet Sodium Temperature

T =T + 0 « AT (5-9)
c, c, c,hc c

max in hc

= (1-a T + o T
( c,hc) c, c¢,hc "¢, core ,
in
where:

T = maximum outlet sodium temperature,

c, max



Tc in = peak region inlet sodium temperature,
r
T = peak region core outlet sodium temperature,
c, core
uC,HC = coolant hot channel factor,
= . X s s :
%flow X Oragial * *10cal * %statistical ’ where
maldistribution pin
3
0‘flow
distribution
0Lradial
alocal } Hot channel factors.
pin
o -
statistical J

Maximum Cladding Midwall Temperature

=T + a_, L -
Tclad Cc,max 0Lfllm ATfllm OLclad ATclad (5-10)
max
where:
Tclad = maximum cladding midwall temperature,
max
T = maximum coolant temperature (see Eg. 5-9),
c,max
ZTfilm = average film temperature difference at the top of the reactor core
in the peak region,
ZTclad = average cladding temperature difference (between inner and outer sur-
faces) at the top of the reactor core in the peak region, and
%£i1m
o hot channel factors.
clad

OVERALL HEAT-TRANSFER COEFFICIENT FOR THE REACTOR ASSEMBLIES

Throughout the analysis the following modes of heat transfer were assumed:

1. conduction in the fuel material,
2. conduction in the gas filled gap, and
3. convection at the interface between cladding and coolant.

5-10



Therefore, the quasi-steady state approximation yields, for each region j (j =

1, 11):

URA= 1778 %) + 8 /(2K ) +ﬁ1§(g K) 1n (O/D-6 ) + 1/ (6 D) |’ (5-11)
_ £ g g c c _
where:

U = overall heat transfer coefficient,

A = overall heat transfer area,

T = 3.1415,

N = total number of fuel pins under consideration,

L = effective length of fuel pin,
kf = average thermal conductivity of fuel,
kg = average thermal conductivity of gas filled gap,
kc = average thermal conductivity of cladding,

D = pin outside diameter,

R = fuel radius,

§ = gas filled gap thickness,

w0

§ = cladding thickness, and

o a

= convection heat-transfer coefficient.

Due to the triangular arrangement of the rod bundles, the flow area consists of a
large number of parallel "tubes." Two different equivalent diameters have been cal-~

culated for each type of assembly: a hydraulic equivalent diameter, D, , and a

thermal equivalent diameter, Dt. "
Thus
Dh = f—érfil , (5-12)
and
spm?
D = D|——~— - 1| , (5-13)

t mv 3



where:

total flow cross sectional area per assembly,

wetted perimeter per assembly,

rod outside diameter, and

"OU*UD‘P
0

pitch.

The following heat transfer coefficient correlations have been used:

a) Laminar Flow (16), Re < 3000
h Dt
Na = —— = 48/11 = 4.36, (5-14)
b) Turbulent Flow (17), Re > 3000
hD
Nu = —k—t= 7. + 0.025 (¥ pe)?*8, (5-15)
where:
OVDh
Re = _H—_ = Reynolds number ,

Nu = Nusselt number ,
Pe = Re * Pr = Peclet number ,

uc
Pr = —E£-= Prandtl number ,

€
Y = EE-= the average, effective value of the ratio of eddy diffusivity of

=

heat transfer to that for momentum transfer = 1.0,
p = sodium density,
V = sodium velocity,
1 = sodium dynamic viscosity,
c = sodium heat capacity at constant pressure, and

k = sodium thermal conductivity.

5-12



Section 6

PRIMARY LOOP COOLANT DYNAMICS

GENERAL EQUATION OF MOTION

Transient sodium flow rates are calculated using the time-dependent equation of

motion for an incompressible fluid.

Several simplifying assumptions are made in order to solve the problem while re-

taining the accuracy of the model:

1. a one-dimensional flow is considered,

2. the flow is incompressible,

3. fluid velocity is taken as an average over the pipe cross section, and
4. the macroscopic form of the basic equation of motion is used.

Based on these assumptions, the following equation is derived 6, 7):

dw =
—_— = - + - -
a 3¢ (Pl P2) g p (Zl 22) (6-1)
W2 1 1 1 1 c
4+ — (___+ __) ( - —_) - ___le|
2 Al A2 plAl p2A2 5

where:

a = inertial loss coefficient

n
H———
IQ

= ]

1
Il ~12
W|PN

X = dimension in the direction of flow,
A = pipe cross-sectional area,

g = gravitational acceleration,



W = mass flow rate,

t = time,

Pl = pressure at position X)r

P2 = pressure at position Xy

S = average density of the fluid

= (pl t 0,072,

= fluid density at position x

Dl 17
Py = fluid density at position Xy
Zl = relative elevation corresponding to xl,
22 = relative elevation corresponding to Xy

c = frictional loss coefficient

X

2 — —
_1 af 1| N O4f; Axy MK
=3 pax =gl 5+ 1 5

d. A, i=1l 4., A, i=1 A,

Xlll _ 1 1 l_

4f = moody friction factor given below,

di = hydraulic diameter,
K = velocity head factor,
N = number of pipe sections of constant area,
M = number of pipe fittings,
Al = pipe cross sectional area corresponding to Xy and
A2 = pipe cross sectional area corresponding to Xye
Normally A. and A_ are equal as one applies equations 6-1 around a closed loop, and

1 2
hence that term is normally neglected.

FRICTION FACTORS

Fluid friction correlations for the entire flow regime are required by the EPRI-CURL
code. The following is a compilation of the friction factor correlations that have

been selected.

Turbulent Regime Re > 3000

Wire-wrapped Fuel Rod Bundles. For the reactor wire-wrapped rod bundles, the fol-

lowing correlation for friction factor is used (10).

— —,0.885
1.034 29.7 (p/p)®-2% re0-086

lP/D)O.124 (L/D)2'239

0.316 Re 02 (6-2)

4f =



where:

4f = moody friction factor,

p = pitch,

D = rod diameter,

L = spiral wire spacer lead, and

Re = reynolds number.

This equation is found to compare favorably with the FFTF experiments where P/D

> 1.08.

Smooth Pipe. The following smooth pipe correlation is used in the EPRI-CURL Code

(18) :

4f = 0.0055 + 0.55 (Re)'1/3

(6-3)

Transition Regime 2000 < Re < 3000

A linear extrapolation is used from the turbulent correlation (fuel bundle or smooth

pipe) value at Re = 3000 to the laminar correlation value at Re = 2000.

Laminar Regime Re < 2000

The laminar flow friction factor is given by

64
4f = Re (6-4)

The Reynolds number is calculated at the bulk temperature of the fluid in all of

the thermal-hydraulics calculations.

PRIMARY FLOW MODEL

Six flows are simulated through the reactor. With the notation of Fig. 6-1 these

flows are:

WHC = total flow rate in the peak core assemblies,

WIC = total flow rate in the inner core assemblies,

WOC = total flow rate in the outer core assemblies,

WCA = total flow rate in the primary control assemblies,
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Figure 6-1. Primary System Flows and Piping Schematic




"B

total flow rate in the radial blanket assemblies, and

wBP total flow rate in the core bypass.

There are eight primary flow rates in the coolant dynamics model: six through the
reactor and two in the heat transport system (HTS) loops. One loop flow, wl, repre-
sents a single HTS loop, and the other, W2' represents each of remaining identical

loops.

Seven of the eight flow rates are determined by applying Eq. 6-1 successively
around HTS loop 1 through each of the six reactor regions and once around HTS loop
2 through the inner core region, resulting in seven equations. The eighth flow

rate, WIC' is determined by assuming mass conservation in the system, i.e.:

= + - . - - - - - -
Wig =W + (N=1) = Wy = Wyo = Woo = Wy ~ Wop — Wip (6-5)

where
N = number of HTS loops in the system.
The other seven equations may be rewritten in the form:
AX=%, (6-6)

where A is a 7 by 7 matrix of inertial loss coefficients (see Table 6-1),

Ewl/df_
aw,,/dt

W, /at
X = |aw /dt|
dW,/dt
W /dt
W, /dt

and ¥ is the flow dependent vector of the right hand side terms of Eq. 6-1 (7).

Because the inertial loss coefficients in the matrix A are constant during any



Table 6-1

MATRIX OF INERTIAL LOSS COEFFICIENTS,

NORMAL OPERATION

+ . - - - -
& *taptare 2+ (apta ) a1¢ 21 21c a1c
a1+aP 2-aP aOC 0 0 0
a.ta
a-= 1P 2 aP 0 aHC 0 0
+ 3
a1 aP 2 aP 0] 0 aCA 0
+ .
al aP 2 aP 0 0 0 aRB
+ -
a1 aP 2 aP 0 0 0 0
+ +2 - - - -
aptarc ayt2s(aptars)  -a, a1c a1c 2rc
where:
a = inertial loss coefficient;

and subscripts:

Ic, oCc, HC, CA, RB, BP =
P =
1 =
2 =

six core flow channels (see Fig. 6-1),
inlet and outlet plena taken together,
loop 1 piping, and

loop 2 piping.

“-a

Ic

BP

-a

IC




transient, Eq. 6-6 may be inverted to the form:

x=2"y, (6-7)

which gives the derivative of each flow independently.

For the case of a pipe rupture in loop 1, another flow, WBRK

the reactor vessel inlet nozzle), is required. An additional equation is obtained

(between the break and

by applying Eq. 6-~1 from the outlet nozzle to the rupture and into the guard ves-
sel. The pressure at the outlet nozzle is obtained by considering the gravitational
head up to the cover gas, where the pressure is known. This added equation depends
only on one derivative, dwl/dt, and is thus already independent of the other seven
differential equations. Equations 6-6 and 6-7 are again used to solve for the seven
flow derivatives, with A now as seen in Table 6-2, Y altered by replacing dWl/dt by

its analytical equivalent (from the added equation) (7), and

EWBRK/dE
aw,,/dat
aw,./dt
X = dWHC/dt
aw,,/at
AW, /dt
aw,/dt

The pressure drop out the break is determined using a rupture loss coefficient and

gravity head consideration, i.e.

= . . + + -
Pppg = CD ¢ W_ . ]woutl AP, + P (6-8)
where:
PBRK = pressure of coolant inside of the break,

CD = rupture loss coefficient,
Wout = Wl - WBRK = flow out the break,
AP . = gravitational head built up in guard vessel (= 0 until guard vessel
fills to the pipe rupture point), and

P__ = atmospheric pressure inside the guard vessel.



Table 6-2

MATRIX OF INERTIAL LOSS COEFFICIENTS,
PIPE RUPTURE

agtaptare 2+ (ap*a o) “21c 210 1 e “21c

aB+aIC 2'aP aOC 0 0 0 o]
A= aB+aIc 2'aP 0 ch 0 0 0

a +aIC 2-aP 0 0 aCA 0 0

aB+aIc 2‘aP 0 0 0 aRB 0

aB+aIC 2-aP 0 0 0 0 aBP

arp*arc ayt2-(agtar.) a0 210 1c 210 “21c

where:

a = inertial loss coefficient;

and subscripts:

IC, OC, HC, CA, RB, BP = six core flow channels (see Fig. 6-1),
P = inlet and outlet plena taken together,
IP = inlet plenum only,
1 = loop 1 piping,
2 = loop 2 piping, and

B = piping from break location to reactor inlet nozzle.



REACTOR COVER GAS

Since the primary pumps are located on the hot legs of the PHTS, the cover gas is
kept at near atmospheric pressure. In the EPRI-CURL calculations, the cover gas

pressure is calculated by applying a gravity head to the initial (input) value for
the pressure at the reactor vessel outlet nozzle. At present, the cover gas pres-

sure is held constant for the duration of the transient (7.

COOLANT PUMPS

The pumps are described by a so-called homologous model (19). The model gives re-
lationships among the variable head (H), torque (TP), flow rate (W), and rotational
speed (w). First these variables are normalized by dividing each one by its value

at rated conditions. Thus the new variables are:

§ = H/HD = normalized head = f(a,v)

B = TP/TP D= normalized pump torque = g(a,Vv)
?
o = w/wD = normalized pump speed
v = W/WD = normalized mass flow rate
where:
HD = design head
TP'D = design torque
wy = design speed
WD = design flow

The following functional relationships appear to quite adequately fit the charac-

teristics of centrifugal flow pumps (9).

3
5=’ +a, J+ra, B2, (9 (6-9)
8= a’ [B, + B, [5] + By %)2 + B, (§)3] (6-10)



v

<1l; a <o

§ = o (ag + 2, (3) + A, (5)2 * Bg (5—)3] (6-11)

B = a’ 8, + 8, (3) + B [ﬁ)z + By §93] (6-12)
%-< 1; v>o

s=viic,+c, & +c, % +c, & (6-13)

B = v’ (D, + D, ® + o, (%]2 + D, (%)3] (6-14)
%< 1; v>o

5=l vc, (B +c, O%+c, B (6-15)

g=v2 o, + . (Y +p, &%+, (B (6-16)

where the Ai, Bi, Ci' and Di are input constants.

Figure 6-2 shows the complete operational regimes for which the above relationships

can be applied.

COOLANT PUMP MOTORS

The following normalized torque characteristic is used to simulate the operation of

the main motor (20).

-1 _
Ty = [aS + b/S] (6-17)



Figure 6-2.

where:
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normalized torque of the main motor,

main motor slip

design spesd,
synchronous speed,

£

P

motor generator frequency,
number of pairs of poles,
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input constant, and

input constant.
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Following the main motor trip, an automatic clutch connects the pony motor (via a
reducing gear, 10:1 ratio) to the pump shaft when the pump speed decreases below
10% of the design speed, unless the option to exclude the pony motor is exercised,

in which case the loop will undergo natural convection cooling.

The normalized torque of a squirrel cage type motor is used to simulate the opera-

tion of the pony motor:

—_— C R -
Tem = Tas + b/s] (6-18)

where:
TPM = normalized torque of the pony motor
s = pony motor slip
w
=1 -—ua
w
sp
wsp = pony motor synchronous speed
C = input constant

The torque due to motor windage, bearing and seal losses and the fluid friction on

the pump shaft is calculated using:

T = Ts exp (—a/ao) + T

+
FR o+ Ty

(6-19)

R in

where:
T = normalized friction torque

= normalized start-up torque

= normalized rotating torque

R
T ., = minimum friction torque
min
o, = input constant

It should be noted that the normalized friction torgque at low pump speeds (<10%)
used in the code is an important contribution to the conservatism of the calcula-
tions since the pump tailoff in speed significantly affects the total flow prior

to the onset of thermally induced flow (natural circulation).



SPEED AND FREQUENCY CONTROLLER

The pump speed is obtained from a time-dependent torque balance equation:

w,
Dy do (6-20)

ecri— =7 . -g-rT
TP,D t Drive

where:

I = moment of inertia of coupled motor-and pump-rotor,

wy = design pump speed,
T = design pump tordque,
P,D

t = time,

Torive = Bu™mm * XomTem,

Motor
TMM = normalized main motor torque given by Eq. 6-17,
TPM = normalized pony motor torque given by Eq. 6-18,

Kypq = 1

0 } main motor connected (normal operation),

Ky = O

1 } main motor disconnected and o < 0.1,

Ky = ©

0 } "station blackout," natural circulation, and

T__ = normalized friction torque given by Eg. 6-19.

Variable pump speed is achieved by the main motor supplied with variable frequency

power from a fluid coupled Motor Generator Set.

The following first order equation has been used to simulate the variable frequency:

== - =2
"Mes at = X o By (6-21)

where:
TMGS = motor generator set time constant,
t = time,
f = variable frequency,



+h
[

rated frequency,

~
1]

conversion gain, and

(5]
il

pump speed fractional deviation.

SODIUM TRANSPORT MODEL

The primary Heat Transport System (HTS) consists of three primary loops which trans-
port the radioactive sodium coolant from the reactor vessel to the intermediate heat
exchangers. The loops have a common flow passage through the reactor vessel be-

tween the inlet and outlet plena but are otherwise independent in operation.

The present model simulates only two primary loops of the HTS but is applicable to

any system with two or more primary loops.

Thus, the two primary loops of the HTS have been divided into six pipe-runs (refer

to Figure 6-1), three per loop as follows:

Ioop 1: Run 1 -- reactor outlet nozzle to the primary sodium pump suction
Run 2 -- primary sodium pump discharge to the IHX inlet nozzle, and
Run 3 -- IHX outlet nozzle to the reactor inlet nozzle.

Ioop 2: Run 4, 5, and 6 correspond symmetrically to runs 1, 2, and 3 of Loop 1.

The following is a description of the submodel of a pipe-run (7).

The sodium transport time along a pipe-section is given by the following equation:

t+T
wW(t')
—_——dt' =V 6-22
j CR) (6-22)
t
where:
W = sodium mass flow rate,
p = average density of sodium,
V = volume of pipe section,
t = time,
T = transport time,
t' = dummy variable of integration.



Application of heat-balance equation for the coolant over a pipe subsection gives:

dT T, +
C C TC

J
(pV'C) = (WC) (T ~T,) - (UA")_ (——F——— - M) (6-23)
C; dt C; Cy_q ' J

and for the metal:

T +
dTMJ CJ TcJ--l T
1 = A — - -
(pv C)MJ e (U. )J ( > MJ) (6-24)
Jg=1,2, 3, ..., N
where:

Tc = coolant temperature at mesh point j,

J
TM = metal temperature at node point j,

J

V' = metal or coolant volume per node,

A' = heat-transfer area per node,

W = coolant flow rate

C = coolant or metal specific heat

U = average overall heat-transfer coefficient based on inside diameter,

d
1 i § -1
= —— — +_—
Gtz in @+ 301
c m i
N = total number of pipe subsections,
h = convection heat-transfer coefficient,

[¢]

KM = thermal conductivity of the pipe wall,

o
o b
It

inside diameter of the pipe,

= pipe wall thickness,

and subscripts:

coolant at mesh point J, and

Q
o
il

MJ = metal at node point J.

6-15



Section 7

INTERMEDIATE HEAT EXCHANGER MODEL

The THX is a counterflow shell and tube heat exchanger operating in the vertical

position.

efit of the natural circulation effects.

The flowing directions of the two sodium flows are arranged to take ben-

Thus, the primary sodium flows downward

on the shell side and the secondary sodium flows upwards inside the tubes.

DESCRIPTION OF IHX THERMAIL MODEL

The time-dependent heat-balance equations of the IHX thermal model are written as

follows (Figure 7-1):

Primary inlet plenum:

dTP
1
(pVC) ——— = (1-B) C (T_ = T_) (7-1)
PIP dt P, By Py
Primary
Bypass
T
. PN+2
. 7 /

Primary lInlet é Qutlet I
: Plenum]T T T To Ppienum -
Side TPI P P2 , PN P4 TP -TPO

7 N+3

7/ L

4
Secondary| Outlet ¢

T T T T
Side TSO'Plenum SI T 32 , SN SN+I
SCAXD>ECAXXST T EAXD>EAXX D
N equal Ilength sections
(N=1,2,..., or 10)

Figure 7-1. Intermediate Heat Exchanger Model



Primary bypass plenum:

ar
PB
(PVC) s T3t = B Wp Cpg (Tpr — Tpp)

P "PB PI PB

Primary outlet plenum:

ar
POP _
eV pop —ar = 178 Wy Cpy (T Tpo)
N+1
+ B Wy Cpg (Tpg = Tpg)
Secondary inlet plenum:
dTSN+1
(pve) —=W_ C (T - T )
SIP dt S "sTP ' SI Sgt1

Secondary outlet plenum:

Primary sodium temperature at tube-bundle mesh-point (J+1):

ar,,
1 J+1
§ VO, —ar - BN, G (Tp
J,J+1 J,J+1 g
_p Joggn®
o] N LM

(7-2)

(7-3)

(7-4)

(7-5)

(7-6)



Secondary sodium temperature at tube-bundle mesh-point J:

daT
1 SJ
= (pVC) =W, C (. -T. ) (7-7)
d
N Sg,0+1 9t > Szae1 Ss1 Sg
A
J,J+
+ Fc ’; L ATLM
J,J+1
J=1, 2, ..., N
where
WP = primary sodium flow rate,
Ws = secondary sodium flow rate,
B = primary bypass flow fraction, percent of WP'
TPI = primary sodium inlet temperature,
TPo = primary sodium outlet temperature,
TPB = primary bypass sodium temperature,
TSI = gsecondary sodium inlet temperature,
TSo = gecondary sodium outlet temperature,
TP = primary éodium temperature at mesh-point J, J =1, 2, ..., N+1,
J
p = density of sodium,
= average specific heat of primary sodium,
J,J+1
C = same as C but for secondary sodium,
J,J+1 J,J+1
A = total effective heat-transfer area based on 0.D.,
1
[¢) = [ ] ’
J,J+1 de 1 de de 1
’ T & 5= 1n () + )
i s J,J+1 KT i p J,J+1
(T -1, ) - (T, -T.)
P
AT = J+1 SJ+l PJ SJ
M T - T !
+
Jr I+l PJ+1 SJ+1
In ( )
T = Tg
de = tube outside diameter,
i T tube inside diameter,
c = fouling correction factor for heat transfer,



KT = thermal conductivity of tube material,
(hs)J 41 = tube-side convection heat transfer coefficient between mesh-point
! J and J+1 (secondary sodium) given by Egs. 7-8 and 7-9, and
(h ) = shell-side convection heat-transfer coefficient between mesh points
J,I+l J and J+1 (primary sodium) given by Egs. 5-14 and 5-15.
The shell side heat-transfer coefficients for laminar and turbulent flow used are as
follows:

Laminar F

N
ude

Turbulent

Nu de

where:

low (21) (Re < 3000.)

h =« de
= ‘Lljg‘-— = 7.15 (7-8)
C

Flow (22) (Re > 3000.)

=———=a+b Pe (7-9)

6.66 + 3.126 (p/de) + 1.184 (p/de)2
0.0155

0.86

thermal conductivity of coolant
pitch

Peclet number = RePr



Section 8

SECONDARY LOOP COOLANT DYNAMICS

SODIUM FLOW MODEL

Equation 6-1 has been applied to different pipe sections of figure 8-1 at the end of
which the pressures are known, and then added to obtain the following equation which
simulates the dynamics of sodium flow in the Intermediate Heat Transport System

(IHTS):

a O b+ T |59z ——ww) W) (8-1)
dt SP =
around | o) _
Ioop
where:
a = total inertial loss coefficient for the secondary loop,
W(t) = sodium flow rate in secondary loop,
t = time,
GPSP = secondary loop pump pressure head,

g = acceleration due to gravity,

ol
1

average sodium density between inlet and outlet of pipe section,
AZ = change in relative elevation between end points of a pipe section, and

C = frictional loss coefficients.

The IHTS sodium flow is assumed to divide equally into the shell side of the evapor-
ators and join together before the secondary loop pump, so the frictional loss co-

efficient is reduced by a factor of 4 in this region.

The intermediate loop pumps are exactly identical to those of the primary system.

SODIUM TRANSPORT MODEL

The intermediate Heat Transport System (IHTS) consists of sodium piping loops which

transport non-radiocactive sodium from the IHX to the Steam Generator System (SGS)



and back to the IHX. Figure 8-1 shows the IHTS and the pipe-runs simulated.

Run 1 -- IHX outlet to SGS inlet

Run 2 -- SGS outlet to intermediate pump inlet header

Run 3 -- Pump inlet header to the intermediate pump inlet nozzle
Run 4 -- Intermediate pump outlet nozzle to the IHX inlet

Nodal energy balances have bean performed for both pipe walls and the coolant as

described in Section 6.
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Section 9

TERTIARY LOOP MODEL

Transient sodium, water/steam enthalpies, pressures, temperatures, and flow rates

have been simulated using a set of hydrodynamics and heat transfer models (6) .

The steam generator system shown in Figure 9-1 is one of two loops modelled by the
code (one for each of the two secondary sodium loops). Each loop consists of

two evaporators, a steam drum, a recirculation pump, and a superheater module.

The two steam generator loops are connected to a steam header through which the

superheated steam drives the turbine.

HEAT TRANSFER MODEL

Shell Side Sodium

Transient sodium temperatures are calculated by performing an energy balance on

each region in the evaporators and the superheater (6), that is,

dar
S,

l— - - -
(pvc)si at - %5 G, (Tg, Tg )~ FY (9-1)

where:
p = average sodium density,
V = volume of sodium in the region,
C = average heat capacity of sodium at constant pressure,
TS = sodium temperature,
Ws = secondary side sodium mass flow rate,

F = fouling area correction factor for heat transfer,
Q = total amount of heat transferred,

= UAATlm

U = overall heat transfer coefficient,
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A = total heat transfer area, and

ATlm = average logarithmic temperature difference.
Subscripts:
si = node point at the region outlet, and
Si_y = node point at the region inlet.

There are four equally divided heated regions in the superheater and two variable

length heated regions in the evaporator modules.

The two evaporators are lumped together and assumed to behave symmetrically during

all of the transients.

The pipes connecting the superheater to the evaporators has been modelled as five

equally spaced subsections with no heat storage options in the walls.

Tube Side Water/Steam

The evaporators and superheater nodal enthalpies are simulated using the following

energy equation (6):

dn

J
p_V =W (HJ_

J'7 Tat - Hp) + FQ, (9-2)

1
where

p = density of water, water/steam mixture, or superheated steam,
= function (T, P) water
= function (P, x) water/steam mixture,
= function (T, P) superheated steam,

= temperature,

g H

= pressure,

= steam quality (weight fraction),

= gpecific enthalpy of water, water/steam mixture, or superheated steam,
mass flow rate of water, water/steam mixture, or superheated steam,

= fouling area correction factor for heat transfer, and

0O Ho=x o m X
[}

= total amount of heat transferred;



Subscripts:

[
It

node point at the region outlet, and

J-1 = node point at the region inlet

There is one tube silde equation for every corresponding heated shell side sodium
equation. The connecting pipe runs have been simulated as a purely transport delay

regions with no heat storage options in the pipe walls.

HYDRODYNAMICS

The water, water/steam and superheated steam flows and local pressures are calcu-
lated by solving the time-dependent incompressible flow equation of motion (Eg. 6-1)

in the corresponding regions.

The model is divided into the following hydrodynamic regions:

1. a compressible steam drum,

2. incompressible single phase subcooled water in the downcomer of
the recirculation line up to the saturation point in the
evaporators,

3. two-phase water/steam mixture region in the evaporators up to the

steam drum inlet nozzle.

4., single phase steam regions from the steam drum outlet nozzle
through the superheater up to the steam header inlet nozzle, and

5. a compressible steam header model.

The recirculation pump is a constant speed centrifugal pump which is located between

the drum and evaporators inlet.

Steam Drum

The energy and mass continuity are solved simultaneously to obtain the drum average
pressure, and the steam water fractions in the drum using appropriate equations

of state (6).

The drum, shown in Figure 9-2, is a horizontally mounted long cylinder with hemi-
spherical heads. Most of the major appurtenances are located in a wvertical plane

through the drum centerline.
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Functionally, the drum receives saturated water/steam mixture from the evaporators

and subcooled feedwater and produces saturated steam of low moisture content for the

superheater, and subcooled water of low steam content for the recirculation pump.

Mass conservation requires that:

W, - W (9-3)

and, the total energy of the steam/water mixture in the drum is determined using:

where:

mom o = T =

oo

O w N

[

B8

[= 1

4]

Vo]

——=WH +W (H-H) -Wh (9-4)
m s g

total mass of steam/water in the drum,

time,

feedwater mass flow rate,

recirculation line mass flow rate,

dry steam mass flow rate,

total internal energy of the steam/water in the drum,
feedwater specific enthalpy,

steam/water mixture specific enthalpy from the evaporators,
subcooled water specific enthalpy at the drum outlet, and

dry steam specific enthalpy.

The specific internal energy is defined as:

where:

>

i

UD - N
ﬁ;'= (1-x) Ug + x ug (9~5)

weight fraction of steam to the total mixture in the drum,
specific internal energy of saturated water,

he = Pp Vg

9-6



= specific enthalpy of saturated water,

specific volume of saturated water,

b g >0
Hh
i

= drum average pressure,

D
ug = specific internal energy of saturated steam,
=h =P v
g b g
hg = specific enthalpy of saturated steam, and
vg = gpecific volume of saturated steam.

The average drum specific volume is defined as:

<

-~ D ~ ~
= —= - <+
v MD (1-x) Ve b4 vg

Therefore: the drum average pressure is calculated using the following
scheme:
o - v (uD-uf) Ve (ud—ug)
D old T e o)
B p (U U 3
where:
PD' initially
Paa=le 4
D old .
——— otherwise

2

(9-6)

iterative

(9-7)

Note, during the iteration steps the right hand side of Eq. 9-7 is updated using

the updated pressure and steam tables.

8ingle Phase Water Flow

Equation 6-1 is applied successively between the steam drum and the saturation point

in the evaporators to obtain (6)



aw, 9
—= = - + 5 - -
35 g - (B3 ™ Bg) + OPpp ‘-1’24 Py (231 = %) (9-8)
9 6 c, ;9 CI
+ ) E W+ | ) =+ T =|w]|w|
i=4 i=ap, Yi=75,| %2
where:
a, = total inertial loss coefficient for the subcooled region given by Equa-
tion 6-1,
P3 = pressure at the drum outlet nozzle,
P9 = pressure at the saturation point in the evaporators,
GPRP = pressure head of the pump,
= Pretlrp
HRP = recirculation pump head,
;RP = average water density across the pump, and
9 6
1 1 1 1 1
LE =5 |1 G+ (p W
i=4 i=4 i-1 i i-1"i-1 i'i
o —
1 1 1 1 1
+3 1« + 5 - )
i P By PiagBy PRy

Other variables have been defined by Eg. 6-1.

Two-phase Water/Steam Flow

Equation 6-1 is modified in the following way to account for the large frictional

pressure losses associated with the two phase flows:

2
aw = Wl 1 1 1
a—= (P.-P_) + gp* (2.-Z2.)) + >— (- + ) (55 - =) (9-9)
dat 12 172 2 A, A Tp¥A p3A,

= | wlwl

Pe

al

- Op



where

p*

Applying

= two-phase flow mixture density,

_ 1

X Vg + (1-x) vf
= * *

(pl + 02)/2 '

= density of saturated water,
= l/vf
= frictional loss coefficient based on the liquid properties, and

= two-phase flow frictional multiplier given by Egs. 9-25 and 9-26. Sub-

scripts 1 and 2 correspond to the positions xl and X, of Equation 6-1.

Equation 9-9 successively between the saturation point and the drum inlet

nozzle we get:

where

arp
P13

TP

aw, 13 _
= - Nk - -
at = BePyy t9 I etz -z (9-10)
i=10
12
1 | 1,1 .1 1 1 .
+= |1 ( + ) (5 - =)
2 |iz10 ® PRi B PR PIA
1 1 1 1 2
+ ( - ) (=% - Y| W
A
Bia Piz PPy Pastia | 2
_ . -
32 Cei . 4rf13 fi3
* Z d"I‘P p 4 p W2IW2I
2o TPy Pgi £,

total inertial loss coefficient between 9 and 13

pressure at the drum inlet nozzle,

=P
D

Equations 9-8 and 9-10 are added to obtain an equation that uses the pump head as

its only

known boundary condition and is solved simultaneously with the energy



equations of section 9 (Heat Transfer Model) to obtain the recirculation line

mass flow rate.

Superheated Steam Flow

Equation 6-1 is applied successively between subsections joining the steam drum to

the steam header to obtain the following equation for the superheated steam flow:

aw, 21
Ay 3 = ®BpPy) t 9L 0y (25 -2 (9-11)
i=14
21 , 21 ¢
+ 1 B Wy - [ wW,lw,]
i=14 i=14 o,

where
aSH = total inertial loss coefficient for the superheated steam region,
w3 = superheated steam mass flow rate,
PD = drum pressure given by Eg. 9-7, and
P21 = pressure at the inlet of steam header,

PH given by equation 9-14.

Equation 9-11 is solved simultaneously with Eq. 9-2 and the steam tables for the

superheated steam mass flow rate.

Steam Header

Two separate lines convey the superheated steam from the two steam generator

loops to the main steam header (see Figure 9-1). Following temperature and pres-
sure equalization in the header, the steam is carried to the turbine through the
throttle valve(s) or bypassed (dumped) to the condenser via the dump valve. There
are also a number of pressure relief valves provided to depressurize the system

during off-normal conditions.

The steam header thermodynamics is based on conservation of mass and energy in the

following manner:
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Mass continuity requires

dMH
_— = + - + + -
dt (W3 NW3L) (WTV WDV WRV) (9-12)
and, the total internal energy:
dUH
—_— = + . + + -
ar - (W3Hyy) + MWy Hyp) = (g + Wy o+ W ) (9-13)
where:
= superheated steam mass in the header,
UH = superheated steam internal energy in the header,
W3 = syperheated steam mass flow rate from the single loop,
W3L = superheated steam mass flow rate from the lumped loop,
WTV = superheated steam mass flow rate through the throttle valve,
WDV = superheated steam mass flow rate through the dump valve,
WRV = superheated steam mass flow rate through the relief valves,
H21 = gsuperheated steam specific enthalpy from the single loop,
H21L = superheated steam specific enthalpy from the lumped loop,
H = steam header specific enthalpy, and
N = number of heat transport loops represented by lumped loop.
The header pressure, PH' is calculated using:
@ e =B, 5 oo
= , = —
H MH H MH
. - +
(1) H=wuy + P4
(9-14)
(iii) T = function (H, Pold)
(iv) PH = function (T, VH)
where Pold is the header pressure based on the previous time step.
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STEAM GENERATION SYSTEM VALVES

There is one feedwater control valve per loop, and a relief valve, a throttle valve

and a dump (bypass) valve in the turbine header subsystem.

Feed Water Valve and Flow

The feedwater valve has been modeled as an equal percentage valve given by (1):

In (W_/W ) _I
F’ F,max
= + -
SFV SFV 1 in (W /W, . (9-13)
F,max’" F,min
max '— -—
where:
SFV = feedwater valve opening (fraction of 1),
SFV = maximum opening of the F.W. valve
max
WF = feedwater mass flow rate (noramlized),
W, = maximum feedwater normalized flow,
F,max
. = minimum feedwater normalized flow.
F,min
Therefore the feedwater mass flow rate (normalized) is calculated using:
Wo = Wp nax SXPUDOL /Mo min) ° Opy/Spy ~ 1] (9-16)

max

Throttle Valve and Flow

The throttle valve is also modeled as an equal percentage valve operating based

on a constant pressure drop across the valve. The throttle valve flow is given by:

/ Pu ” Pc
W__ =W (9-17)
v TVD (Cp + Cpy) @

where:

=
[}

superheated steam flow through the throttle valve,

=
I

superheated steam flow through the throttle valve, at the rated

condition,
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PH = steam header pressure given by Eq. 9-14,
PC = condenser pressure,
CT = frictional loss coefficient in the turbine and the stationary blades,
CTV = frictional loss coefficient in the pipes,
—2aSTV
o =8
Wriin
a = 1n (Wmax)
wmin
Wmax = maximum normalized steam flow rate,
nin minimum normalized steam flow rate, and
STV = throttle valve opening (fraction of 1), given by Equation 9-18.

The throttle valve position is given by:

dSTV

v Tac - Srv Eov (9-18)

where:
CTV = controller time constant,
t = time,
KTV = conversion gain factor,
ETV = fractional header pressure deviation from the constant set point value.

Dump Valve and Flow

The dump (bypass) valve flow is calculated using:

P -P
H C
W.. =W s /// (9-19)
C
DV DVD DV DV
where:
WDV = superheated steam flow through the dump valve,
WDVD = superheated steam flow through the turbine at the rated condition,



SDV fractional opening of the dump valve, given by Eg. 9-20, and

CDV frictional loss coefficient.

The dump valve position is modeled as:

Bpy

Sov at - fov Tov

(9-20)

where:
EDV = controller time constant,
KDV = conversion gain factor, and
EDV = fractional header pressure deviation from a constant set point value.

Relief Valve and Flow

The relief valves are modeled as burst type valves that open if the header pressure

exceeds a specified set point limit.

The relief valve flow is calculated using:

¥=v = Yyp Crv Fm T Fsp (9=21)
where:
WRV = guperheated steam leaving the header through the relief valve,
WTVD = superheated steam flow through the turbine throttle valve at the rated
condition,
CRV = inverse frictional loss coefficient, and
PSP = relief valve set point pressure.

HEAT TRANSFER COEFFICIENTS

Shell Side Sodium

The shell side sodium heat transfer coefficients are calculated using Equations

5-14 and 5-15.
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Tube Side Water/Steam

The subcooled water and superheated steam heat transfer coefficients are calculated

using the Dittos-Boelter correlation:

Nu = b% = 0.023 Reo'8 Pro'4 (9-22)

where:
h = heat transfer coefficient,
D = tube inside diameter,
k = water/steam average thermal conductivity,
Re = Reynolds number, and
Pr = Prandtl number.

The boiling region heat transfer coefficient is calculated using:

h = s+h + F+h (9~23)

where:

S = nucleate boiling suppression factor (23, 24)

(1.05 - 1.3x107° Re Re < 2.5x10°
0.83 - 4.3x10 ° Re 2.5x10" < Re < 10°
= -6 5 5
0.32 exp [-1.92x10 = Re] 107 < Re < 6x10
5
0.09 Re > 6x10

N

F = Reynolds number correction factor (23, 24)

’

1 ,0.45 1

2.84 (=) <2
- tt tt
2.57 + 0.7643 (L) 1 > 2
X X -
| tt tt
Xy = Lokhart-Martinelli parameter given by:
0.09 Y 0.5 0.1

1 _ g g

% - (E) (—==) ( ” )

tt Ve £



NB

The heat

nucleate boiling coefficient (23, 24, 31).

KeT?
X
_ _3
c
Me Aeg Pg l
Ty 1.7
cf/ (of—pg) 3.013 xfg Pr. '

dynamic viscosity of saturated water,

latent heat of vaporization of water,

surface tension of saturated water,
density of saturated water,
density of saturated steam,

convection heat transfer coefficient, given by:

h D
c 0.8 0.4
kf = 0.023 Ref Prf

heat capacity at constant pressure of saturated water,

Reynolds number based on density and viscosity of saturated water,
Prandtl number of saturated water, and

thermal conductivity of saturated water.

transfer after dryout is neglected, because this mode of heat transfer is

usually not reached in the transients of interest.

DRYOUT PREDICTION

The following critical heat flux correlation (15) is used to predict the onset of

dryout in the evaporators (note: correlation is unit-dependent):

L1}
ewr
r. G

fg

where:

ng

(4_?:) 3y — & L+ 168 [(1/Pr) - 210'4 6/10%) pt-? om2d
1.356G/10 r

s s 2
critical heat flux, Btu/hr - ft= °F
latent heat of vaporization, Btu/lbm,

water/steam mass flux, lbm/hr - ft2,

tube inside diameter, ft,
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L = dryout length, ft,
P
Pr = reduced pressure = )
c
Pc = water critical pressure, and
P = evaporator system pressure.

TWO-PHASE FLOW FRICTION MULTIPLIER

The Armand’'s two-phase flow friction multiplier is used as (14)

(l-x)2

¢TP = 1.4 0.39 <1 -0ac<1.0 (9-25)
(1-0)
0.478 (l-x)2

Opp = 0<1=-a<0.39 (9-26)

2.2 -
{1-a)
where:

o = modified Armand void fraction

(0.833 + 0.167 x) x Vg

A~ A 14

X vg + (1-x) vf

X = steam quality,

<>
I

specific volume of saturated steam, and

>

v,. = specific volume of saturated water.
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Section 10

CONTROL MODELS

The plant control system provides the necessary instrumentation and systems for the

safe and reliable operation of the plant in all operating conditions.

Control is effected by coordinated feedforward and feedback loops which receive
information from several measuring instruments and which adjust the appropriate

parameters to match the required set point requirements.

The setpoilnts established by the plant supervisory controller and input to the
second level controllers drive the system to its operating point. They character-
ize the feedforward action. The feedback consists of the difference between the
"demanded" and the measured value of the process variables. Since feedback control
requires that a deviation between the measured variable and its setpoint exists
before control action can take place, the feedback controller changes its output
until the deviation (error signal) between the two values is negligible or within

a specified deadband (25).

Figure 10-1 describes the reactor power control model block diagram that is modeled

in the EPRI~CURL Code.

The primary and secondary loops control models are shown in Figure 10-2 and 10-3.
The tertiary loops control model does not require any load dependent variables from
the plant supervisory controller, and operates primarily based on near constant
pressure in the turbine header. Figure 10-4 illustrates the control strategy and
methods used in the EPRI-CURL Model.

All measured values used by the controllers and the plant protection system are de-
termined from the following type of equation:

L —=X-X (10-1)
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where:

X = real value of the parameter to be measured,

Xm = measured value of the parameter, and

Cm = time constant of the relevant measuring device.

Figure 10-1.
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Pigure 10-3.
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Section 11

USER'S GUIDE TO EPRI-CURL

The EPRI-CURL Code User's Guide is intended to provide a complete description of the

code input along with any other pertinent operating information needed to use the
code effectively in performing LMFBR plant transient analyses. Other general infor-
mation on the code is included for convenience; details of process variables, meth-
ods used are contained in this chapter. However, details of the equations used are
not given here, but are instead cross-referenced to the preceding sections where

appropriate.

Figure 11-1 shows the overall organization of the code, along with the number of

differential equations formulated in the corresponding model subroutine (see also

Figure 2-1).
SCRAM LMFBR TURBO
8 5
IHXI IHX2
25 25
IHYDI IHYD2
5 \ MASTER / 5
and
80 Ancillary Programs 80
SGTHOD SGTHD2
39 39
NEUKIN HYDROS RTHERM DELAYP
8 18 33 120

Figure 11-1. EPRI-CURL Code Organization
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"Loop 1" in the code always refers to a single heat transport loop, while "loop 2"
refers to the remaining, lumped loops (as defined by the input XLOOP in the master

program) .

Internally, all of the variables are calculated in British units. In order to al-
low EPRI-CURL to be more easily and universally applied, another subroutine, CONVRT,
has been added as a pre-processor and a post-processor for the input and output
data. As presently written, subroutine CONVRT allows the user to employ SI units,
both in preparing the inputs and interpreting the outputs. Thus, the following

units apply:

time - sec

power - th
length - m
area - m

volume - m
frequency (angular speeds) - Hz (cps)
temperature - °C
reactivity - $
flow rate - kg/sec
density - kg/m3
pressure - N/m2
thermal conductivity - W/m °C
heat capacity - J/kg °C
moment of inertia - kg m
torque ~ Nem

inertial loss coefficient - m

rupture loss coefficient -

enthalpy - J/kg

heat transfer coefficient - w/m~ °C

All temperature conversions are handled by subroutine TMPCON, so that, for example,
degrees Kelvin (K) may be used instead of degrees Centrigrade (°C) by altering only

this subroutine.



MASTER PROGRAM

Purpose and Scope

The master program performs the following important functions:

[e]

[e]

It controls the flow of information to and from each subroutine;

It takes as inputs the control variables which determine the type
of transient to be simulated;

It rearranges the components of the NULL vectors from each subrou-
tine by bubbling out the zeros standing for the Class A variables

to form an overall vector, NO, which is used by the RUNGE function
to discriminate between Class A and Class B variables; Class A
variables are those variables which have large characteristic times
compared to the time step and are integrated by the RUNGE function;
Class B variables have much shorter characteristic times and are
evaluated from prompt approximation conditions using the new Class A
variables (see section 3);

It accepts the time step as an input, as well as values which may
be used to alter the time step at various times throughout the
calculation;

It calls as needed the subroutines which model the primary, secon-
dary, and tertiary systems, in which derivative values of Class A

variables or the prompt approximation values of Class B variables

are computed;

It employs the RUNGE function to calculate new values of the Class
A variables using a second-order Runge-Kutta algorithm (a fourth-
order algorithm is also available);

It controls the printing frequency of the transient results accord-
ing to input values;

It terminates the transient calculation when an input time limit
is exceeded; and

It has a mode whereby a plant initial steady state may be deter-
mined before proceeding to the transient calculation.

There are a total of 489 Class A or Class B variables which model the entire two-

loop system.

Method

Extensive use of labelled COMMON statements is made in the master program to fa-

cilitate the exchange of information between the master program and each of the

fourteen major subroutines (those with variables to be integrated).
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Fourteen one-dimensional arrays are concatenated in a COMMON storage area called
ALLR. An additional array, R(489), is constructed to overlap these arrays by means
of an EQUIVALENCE statement. The concatenated arrays are used for easy cross-
reference, and correspond to the integrated arrays in each major subroutine. The
overall array, R, is used to hold and convey all the process variables to the

RUNGE function.

The components of R are as follows:

R(1) = R1(1)

. . Subroutine NEUKIN

R(E.B) = Rl(é)
RO() = R2(1) 1

: : Subroutine HYDROS
R(Zé) = R2(i8)
R(27) = R3{(1)

: : r Subroutine RTHERM
R(Sé) = R3(53)

R(60) = R41(1) |

. . r Subroutine IHX1
R(84) = R4L(25) )
R(85) = R42(1) )

: : r Subroutine IHX2

R(109) = R42(25) |

R(110) = R5(1) )

. . r Subroutine DELAYP
R(229) = R5(120) |
R(230) = R61(1)

. . r Subroutine IHYD1

R(2;4) = R61(5) )
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R(235) = R62(1) |

. . I Subroutine IHYD2
R(239) = R62(5)
R(240) = R71(1)

- -

. . r Subroutine DELAY1

R(319) = R71(80) |

s
—_

R(320) = R72(1)

. . r Subroutine DELAY2
R(399) = R72(80) |

R(400) = R81 (1)

. . r Subroutine SGTHD1
R(438) = R81(39) J

R(439) = R82(1)

. . r Subroutine SGTHD2

R(477) = R82(;9) J
R(478) = RO(1) )

. . , Subroutine TURBO
R(482) = R9(5) |
R(483) = R10(1) )

. . 4 Subroutine SCRAM

R(489)

1]

R10(7)

Two more COMMON storage areas, ALLF and ALLNUL, contain respectively the derivative
values for each of the R-variables and the components of the local NULL vectors

(vectors of Class B variables) for each subroutine.

Before entering the loop within which the time step procedure is carried out, the
master program calls the plant initiation and physical properties model, LMFBER,

and all the major subroutines to establish all the necessary initial conditions
corresponding to the steady state at which the plant is assumed to have been operat-

ing prior to the initiation of the transient calculation.
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In its present form, the master program can initiate a variety of transients in-
volving various pump coastdowns, a turbine trip, a pipe rupture in the primary HTS,

a reactivity insertion, a steam dump, and/or a change in power demand.

Another option is to have the master program institute a steady-state search given
the plant parameters and an approximation of the plant steady state values at some
chosen power. It must be noted that although a reasonable time step (~.2 sec) must
be chosen in order to accommodate those few variables without Class B prompt approx-—
imations, the number of steps to reach steady-state is nearly independent of the
size of the time increment. Steady-state conditions will be attained in a time
much less than the time it would take a reactor to reach a steady-state given cer-
tain initial values. 1Its purpose is to determine the steady-state values for a
particular reactor at a given power. Once the steady-state values are determined,

a translent calculation may optionally begin.

The master program calls all the major subroutines and controls whether the sub-
routines should calculate the derivatives of the Class A variables or the values

of the Class B variables.

The master program also calls the scram bus to determine whether the conditions in

the reactor warrant a plan trip.

The step counter, ICOUNT, is incremented by 1 each time step, and selected results

are printed if the new ICOUNT complies with the preset printing frequency.

Each major subroutine has a separate entry point which is called when the print-
out is required. The calculation is terminated in the master when the integration

time exceeds the preset maximum.

Limitations

At present, the only output option included in the master program is to call on
each subroutine in turn to produce its own output, which provides a fairly compre-

hensive listing of the variables pertinent to that subroutine.
However, the master program has access to all the process variables (see the descrip-

tion of the R-vector, above), as well as certain other parameters important to a

transient analysis (such as hot spot temperatures), so that a selection of more
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limited output is certainly possible with only slight modifications to the master

program.

Input Data

NAMELIST/MASA/MODE, IPRINT, IPK, SSEC, TMAXSC

where:

MODE

IPRINT
IPK

SSEC
TMAXSC

control integer for plant operation, where
0, pre-accident initialization,
1, normal operation, and
2, pipe rupture in the primary HTS;
initial value for printing frequency, IPRINT > 1;
value for the printing frequency of the "characteristic times" of
Section 3;
initial value for the time step, sec; and

maximum integration time for transient analysis, sec.

NAMELIST/MASB/P100,PDO, SLOPEP, PDEND, XLOOP

where:

P100O
PDO
SLOPEP

PDEND
XLOOP

100% rated reactor power, MWt;

initial power demand, fractional power;

rate at which demanded power is to change during the transient, frac-
tional power/sec;

final demanded reactor power, fractional power; and

number of loops to be represented by the lumped loop (i.e., one less

than the total number of heat transfer loops in the primary system).

For example, to run a transient which represents a reactor that changes from 100%

to 90% in 20 seconds, the following values would be used:

PDO
SLOPEP
PDEND

1.0
-.005
0.9.
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NAMELIST/MASC/TNEW, SNEW, TPNEW

where:

TNEW = vector

may be
SNEW = vector
IPNEW = vector

of three times when the time step and/or the printing frequency
altered,
of three new time steps corresponding to TNEW, and

of three new printing frequencies corresponding to TNEW.

NAMELIST/MASD/TSCRM, TTRIP

where:

TSCRM vector

of two manual reactor scram times (primary and secondary system,

respectively), and

TTRIP vector

of six manual pump trip times (two primary, two secondary, and

two tertiary).

NAMELIST/MASE/NOPON,MTURB ,MDUMP , RSTART, EPSILN

where:

NOPON = vector of four control integers to suppress pony motor operation,

NOPON (i) = 0, pony motors o?eratlonal, if required,
1, pony motors disconnected,
1, primary loop 1
i = 2, primary loop 2

3, secondary loop 1,
4, secondary loop 2,

MTURB = control integer for turbine trip,

_ } 0, normal operation,
1, turbine trip at time 0.0,

MDUMP = control integer for a steam dump,

ormal operation

_ 0, n
1, uncontrolled opening of steam bypass valve at time 0.0,

RSTART = control integer for the option to start a transient calculation

immediately following a pre-accident initialization (MODE = 0),

transient to follow a MODE = 0 run,

- 0, no
1, transient data will follow the MODE = 0 data and a transient begun.
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EPSILN = convergence criterion (fractional change) required of each of the
489 process variables before a pre-accident initialization is con-

sidered accomplished.

If RSTART=1 for a MODE=0 calculation, a new set of master program data (MASA through
MASG) will be required to define the circumstances of the transient calculation.
If none is found (or if RSTART=0) the input data which defines the acquired steady

state is printed and the calculation is terminated.

If RSTART=1 for a MODE#0 calculation, the plant conditions are printed in input

data form at the conclusion of the transient.

NAMELIST/MASF/RNSERT, TNSERT

where:

RNSERT = step reactivity insertion, $, and

TNSERT = time of reactivity insertion, sec.

NAMELIST/MASG/TNOFW1, TNOFW2, TAUX1, TAUX2

where:

TNOFW1 = time (from start of transient) when the main feedwater supply in the

loop 1 steam generator system is to be manually disconnected;

TNOFW2 = the feedwater disconnection time for loop 2;
TAUX1 = time when the auxiliary feedwater is made available to loop 1; and
TAUX2 = time when the auxiliary feedwater is available to loop 2.

Initial Conditions

The initial conditions for the master program are set up by the program itself.
These include initialization of the time at 0, and converting all times to hours

which is the unit handled by the RUNGE function.

Input and Output Process Variables

The master program has access to all 489 of the class A and B process variables.

Several of these variables, which may be considered to be output variables of the
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major subroutines, are required as inputs to other subroutines.

For example, the last temperature in the second pipe run of DELAYP, RS5(20) (assuming
10 node pipes), is required as an input to the IHX1 subroutine, as the primary
sodium inlet temperature to the heat exchanger, TPIl. Similarly, the primary sodium
outlet temperature of the heat exchanger is required as the inlet to pipe run 3 in

DELAYP.

The master program coordinates the entire flow of such information between the

subroutines.

Other variables are generated inside the master program and supplied to other sub-
programs. For example, the time-dependent value of the power demand is calculated
by the master program as a function of the input initial and final power level and

the input slope.

The master program also controls the execution of the major subroutines by means of

a COMMON statement:
COMMON/RUNGNO/K, KCALC
where:

K tells each subroutine what calculation phase to follow:

r—l, read input data and initialize all process variables,

0, compute the value of Class B variables by the prompt
approximation,

1, begin a new time step and compute the first set of derivatives
of Class A variables,

K = < 2, compute a new set of derivatives for Class A variables, contin-
uing in same time step,

3, same as 1, except characteristic times are evaluated and the
local NULL vectors updated, and

4, re-initialize process variables for a transient calculation (used

following a pre-accident initialization).
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KCALC is a control integer which provides for the output of characteristic
times when desired:
0, no output of characteristic times, and

KCALC =
1, output of the new characteristic times for each major subroutine.

One of the main functions of the master program is to channel all the newly calcu-

lated derivatives of Class A variables to the RUNGE function, which performs the

actual integration.

The hot spot temperatures are made available to the master program in case the user

wishes to provide his own (printed or plotted) version of output without needing to

alter the other subroutines. The following COMMON statement is used:
COMMON/TMPMAX/TCMAX , TCLMAX, ZJET

where:

TCMAX = the hot spot coolant temperature;
TCLMAX

the hot spot (inner surface) cladding temperature, and

ZJET

the jet penetration distance in the outlet plenum (see Section 5,

Eq. 5-5).

Required Suprograms

Functions:

o RUNGE -- carries out a second-order Runge-Kuntta algorithm for in-
tegrating up to 489 first-order differential equations.

Subroutines:

o IMFBR —- carries out plant initialization and calculates physical
properties for primary and secondary systems;

o NEUKIN,PUTNEU -- NEUKIN computes derivatives of 8 variables which
model neutron kinetics and the reactor control system; PUTNEU con-
trols this subroutine's output;

o HYDROS, PUTHYD -- HYDROS computes derivatives of up to 18 variables
which describe the coolant dynamics, primary pumps, and the pri-

mary flow/speed controllers; PUTHYD controls the outputs;

o RTHERM, PUTRTH -- RTHERM computes derivatives for up to 33 reactor
temperatures; PUTRTH controls the output;
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o IHX1,PUTHX1 -- IHX1 computes derivatives for up to 25 primary and
secondary sodium temperatures in the loop 1 heat exchanger:;
PUTHX1 controls its output;

o IHX2,PUTHX2 -- same as IHX1,PUTHX1l, but for loop 2;

o DELAYP, PUTDEL =-- DELAYP computes derivatives of up to 60 sodium
and 60 wall temperatures in the primary piping; PUTDEL controls
its output;

o IHYD1,PUTIH]1 -~ IHYDl computes derivatives for up to 5 variables
which describe the flow and flow/speed controllers in intermediate

sodium loop 1l; PUTIHL controls its output;

o) IHYD2,PUTIH2 -~ same as IHYD1,PUTIHl, but for intermediate loop 2;

o DELAY1,PUTID]1 -- calculates up to 40 sodium and 40 wall tempera-
ture derivatives for intermediate loop 1l; PUTID1 controls its
output;

o DELAY2,PUTID2 -- same as DELAY1,PUTID1, but for intermediate loop
2;

o} SGTHD1,PUTSGl -~ SGTHD1 calculates the derivatives of the 39 var-
iables which describe the loop 1 steam generation system enthal-
pies, temperatures, flows, and controllers; PUTSGl regulates the
output;

o SGTHD2,PUTSG2 -- same as SGTHD1,PUTSGl, but for loop 2;

o TURBO, PUTTUR -- TURBO calculates the derivatives of the 5 varia-
bles which model the thermodynamics of the steam header and the
turbine bypass valve and throttle valve controllers; PUTTUR
controls the output; and

o SCRAM, PUTSCR -- checks to see whether plant conditions warrant a
reactor trip, and regulates the delay times for the plant and
pump trips; PUTSCR controls the output of the seven plant par-
ameters measured by this subroutine.

SUBROUTINE LMFBR (MODE, HOP, KX1, XX2, PD)

Purpose and Scope:

The subroutine ILMFBR calculates 232 sodium average temperatures in the plant's pri-
mary and secondary loops and invokes subroutine PHYPRS to compute the thermophysi-
cal properties of liquid sodium, and uses them along with input flow, pressure,
relative elevations to determine the gravitational pressure heads, the friction

factors, velocity loss factors and the overall frictional loss coefficients.

The purpose of this subroutine has been to reduce the computational requirements

of the code, by computing nearly all of the physical properties, average tempera-
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tures, mass fluxes, etc. at once and distributing them among the related subpro-

grams.

The temperature, pressure and flow initialization is also performed by ILMFBR using

the input data.

Method:

Average sodium temperatures are calculated for every nodal region in the primary
and secondary systems, along with the design related characteristic calculation

(regional length, diameter, area, etc.).

The physical properties are calculated at the average sodium temperatures at every

time step during the transient.

Input Data:

The following are the data that must be supplied to subroutine IMFBR through the
appropriate NAMELIST statements.

NAMELIST/BRO1/WI100,WI1l,WI2,WIC,WOC,WHC,WCA,WRB,WBP,WS100,WS1,WS2,WBRK

where:

WIl00 = primary sodium mass flow rate per loop at the rated condition (100%
value)
WIl = initial primary sodium flow in loop-1
WI2 = initial primary sodium flow in loop-2
WIC = initial sodium flow in the reactor inner core channel
WOC = initial sodium flow in the reactor outer core channel
WHC = initial sodium flow in the reactor peak core channel
WCA = initial sodium flow in the reactor control assemblies channel
WRB = initial sodium flow in the reactor radial blanket channel
WBP = initial sodium flow in the bypass channel,
WS100 = sodium flow in each secondary loop at 100% rated conditions,
WSl = initial sodium flow in secondary loop 1,
WS2 = initial sodium flow in secondary loop 2, and
WBRK = initial sodium flow between the rupture and the reactor vessel in a

pipe rupture calculation (usually = WIl).
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NAMELIST/BRO2/TC,TIP1l, TIP2,TOP1, TOP2, TM

where (refer to Fig. 4-1):

]

TC (1) vector of initial coolant temperatures for each reactor region
(i=1,12),

TIPl1 = lower inlet plenum initial sodium temperature,

TIP2 = uypper inlet plenum initial sodium temperature,

TOP1 = outlet plenum initial sodium temperature in zone 1,

TOP2 = outlet plenum initial sodium temperature in zone 2, and

TM(i) = vector of initial fuel temperatures for each reactor region (i=1,11,

because no fuel in bypass channel).
NAMELIST/BRO3/K1,K2,NP,LP,N1,Ll1,N2,L2
where:

Kl = number of nodes in THX-1,
K2 = number of nodes in IHX-2,
NP (i) = vector of number of subsections for each primary pipe run (i=1,6;
see Fig. 6-1),
LP(i) = vector of control integers for the heat storage option in each pri-
mary pipe run (i=1,6)
<(O, heat storage in pipe walls included in pipe run i,
(1, heat storage neglected in pipe run i,
N1 (i) = number of subsections for secondary loop 1 pipe runs (i=1,4; see
Fig. 8-1),
L1(i) = control integers for the heat storage option in secondary loop-1
(i=1,6),
N2 (i) = same as N1(i) but for secondary loop 2, and

L2(i) = same as L1(i) but for secondary loop 2.
NAMELIST/BRO4/TP1l,TS1
where (refer to Fig. 7-1):

TPl (i) = vector of initial IHX-1 primary side nodal temperatures (i=1,13);

filled out with zeroes if XK1 < 10,
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TS1(i) = vector of initial IHX~1 secondary side nodal temperatures (i=1,12);

filled out with zeroes if K1 < 10.

In both the above temperature vectors, the order is as shown in Figure 7-1.

NAMELIST/BRO5/TP2, TS2

where:

It

TP2 (1)
TS2 (1)

same as TP1(i), but for IHX~-2 (and K2), and

same as TS1(i), but for IHX-2 (and K2).

NAMELIST/BRO6/TCI1,TCI2,TCI3,TCI4,TCI5,TCI6

where:

TCIi = initial sodium temperature at inlet of primary pipe run i (i=1,6;

see Fig. 6-1).

NAMELIST/BRO7/TI11,TI12,TI13,TI14,TSI1,TSOl,TEILl

where:

TIli = initial sodium temperature at inlet of pipe run i of secondary loop-1
(i=1,4),

TST1 = initial sodium temperature at the inlet of the superheater in secon-
dary loop-1,

TSOl = initial sodium temperature at outlet of superheater in secondary loop-1,
and

TEI1 = initial sodium temperature at inlet to evaporator in secondary loop-1l.

NAMELIST/BROS/TI21,TI22,TI23,TI24,TSI2,TSO2, TEI2

where:

these correspond to the variables of NAMELIST/BRO7/, but for secondary loop-2.
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NAMELIST/BRO9/DH,AH,AIPT,AOPT

where:
DH(i) = vector of hydraulic equivalent diameters for the 12 reactor coolant
regions of Fig. 4-1 (i=1,12),
AH(i) = vector of hydraulic areas for the 12 reactor coolant regions (i=1,12),

AIPT = hydraulic equivalent area of reactor inlet plenum, and

AOPT = hydraulic equivalent area of reactor outlet plenum.

NAMELIST/BR10/XL, P, WL, OD

where:
XL({i) = vector of lengths corresponding to the reactor coolant regions (i=1,12),
P(i) = vector of rod pitches corresponding to the reactor fuel regions
(i=1,11, since no fuel in bypass),
WL(i) = vector of fuel rod wire leads for the reactor fuel regions (i=1,11),
and
OD(i) = vector of the fuel rod outer diameters for the reactor fuel regions

(i=1,11).

NAMELIST/BR11/DPX,APX, ODP,DELP,XLP,XL11,XL12,XL21,XL22

where:

DPX = hydraulic equivalent diameter for the primary side of the IHX,
APX = hydraulic area for primary side of the IHX,
ODP (i) = vector of outer diameters of primary pipe run i (i=1,3; it is as-
sumed that the pipes in runs 4, 5, 6 are the same size as in 1, 2,
and 3),
DELP (i) = vector of pipe wall thicknesses of primary pipe run i (i=1,3),
XLP (i) = vector of lengths of primary pipe run i (i=1,6),
XLP(7) = active length of tubes in IHX,
XL1ll = length of IHX-1 primary side inlet plenum,
XL21 = length of IHX~2 primary side inlet plenum,
XL12 = length of IHX-1 primary side outlet plenum, and
XL22 = length of IHX-2 primary side outlet plenum.
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NAMELIST/BR12/DSX,ASX,0DI,DELI,DSG,ASG,ODSE, DELSE, XLS

where:

DSX
ASX
ODI (i)

DELI (i)

DSG
ASG
ODSE
DELSE

XLS (i) =

XLS (9)
XLS (10)
XLS(11)

XLS (12)

hydraulic equivalent diameter for the secondary side of the IHX,

hydraulic area for the secondary side of the IHX,

vector of outer diameters for secondary loop-l pipe run i (i=1,4;

assumed identical in loop-2),

vector of pipe wall thicknesses for secondary loop-l1l pipe run i

(i=1,4; assumed identical in loop-2),

hydraulic equivalent diameter for secondary side of steam generator,

hydraulic area for secondary side of the steam generator,

outer diameter of pipe connecting superheater to evaporator,

pipe wall
{length of
length of
flow path
flow path
length of

thickness of pipe connecting superheater to evaporator,

secondary loop-1 pipe run i (i=1,4),

secondary loop-2 pipe run i-4 (i=5,8),

length of tubes in secondary side of IHX,

length of tubes in secondary side of superheater,

pipe connecting the superheater to the evaporator (see

Fig. 8-1), and

flow path length of tubes in secondary side of evaporator.

NAMELIST/BR13/ZIN1,ZIN2,ZON,ZP1,2P2,Z20PLEV

where:

ZIN1
ZIN2
ZON
ZP1
ZP2
ZOPLEV

elevation
elevation
elevation
elevation
elevation

elevation

of
of
of
of
of
of

the reactor
the

the

reactor
reactor
the primary

the primary

vessel inlet nozzles,
subassembly inlet nozzles,
vessel outlet nozzles,
pump 1 outlet nozzle,

pump 2 outlet nozzle, and

initial operating sodium level in reactor vessel.

(Note: The level chosen as zero elevation is arbitrary, as long as

remains consistent throughout the plant.)
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NAMELIST/BR14/Z1,22,23

where:
Z1(i) = elevations of the NP(1l) subsections of primary pipe run 1 (filled out
with zeroces if NP(1l) < 10),
Z22(i) = same as 21(i), but for primary pipe run 2 (and NP(2)), and
Z3 (i) = same as zl1(i), but for primary pipe run 3 (and NP(3)).

NAMELIST/BR15/24,25,2Z6

where:

Zz4 (1)
75 (i)

same as Z1(i), but for primary pipe run 4 (and NP(4)),

same as 2l1(i), but for primary pipe run 5 (and NP(5)), and

Z6 (i) = same as Z1l(i), but for primary pipe run 6 (and NP(6)).

NAMELIST/BR16, ZX1, ZX2

where:

ZX1 = vector of 13 elevations of IHX-1 nodes; first is inlet plenum, then K1

nodes, then bypass, then outlet plenum (filled with zeroes for K1 < 10),

and

ZX2 = same as ZX1l, but for IHX-2 (and K2).

NAMELIST/BR17/P1,P2,P3,P4,P5,P6,P7,P8,P9,P10,P11,P12

where:

Pi are primary system initlal pressures (see Fig. 11-2).

NAMELIST/BR18/DSS,XKSS,CSS

where:

DSS = density of pipe wall material (all primary and secondary piping),
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XKSS

thermal conductivity of pipe walls (primary and secondary), and

Css

heat capacity of pipe walls (primary and secondary).

NAMELIST/BR19/PS1,PS2,PS3,PS4,PS5,PS6,PS7,PS8,PS9

where:

PSi are secondary loop-1 initial pressures (see Fig. 11-3).

NAMELILST/BR20/PIl1,PI2,PI3,PI4,PI5,PI6,PI7,PI8,PI9

vhere:

PIi corresponds to PSi, but for secondary loop-2 (see Fig. 11-3).

NAMELIST/BR21/ZS1,2S2,2S3,2S4

where:

ZSi (i) = vector of nodal elevations for secondary loop-l piping (j=1,10),

filled out with zeroes if N1 (i) < 10.

NAMELIST/BR22/2S5,2S6,2S7,2S8

where:

285, ..., ZS8 correspond to 2S1, ..., ZS4, but for secondary loop-2 (and N2(i)).

NAMELIST/BR23/ZHX1,ZHX2,ZSH], ZSH2,ZEVIl,2EVI2,Z2EVOl, ZEVO2,ZSP1, ZSP2

where:

ZHX1 = elevation at outlet of secondary side of IHX-1,

ZHX2 = same as ZHX1l, but for IHX-2,

ZSH1 = elevation at inlet of secondary side of superheater-1,

ZSH2 = same as ZSH1, but for superheater in loop 2,
ZEVI1 = elevation of inlet of secondary side of evaporators in loop 1,
ZEVI2 = same as ZEVI1l, but for loop 2,
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ZEVOl = elevation of outlet of secondary side of evaporators in loop 1,

ZEVO2 = same as ZEVOl, but for loop 2,
ZSP1 = elevation at outlet nozzle of pump in secondary loop 1, and
ZSP2 = same as ZSP1l, but for loop 2.

NAMELIST/BR24/PBRK, ZBRK, XBRK, PGV

where these are used only in pipe rupture transients (break after check valve in

pipe run 3):
PBRK = pressure of coolant at break location before break,
ZBRK = elevation of break location,
XBRK = length of pipe from break to reactor inlet nozzle, and
PGV = pressure inside guard vessel before break.

NAMELIST/BR25/AA,BB,CC,DD

where these are the parameters in the pump head and torque relationships (eq. 6-9

through 6-16):
BA,BB,CC,DD are eight element vectors corresponding to Ai, Bi’ Ci' and Di'

Qutput Variables

The output variables of subroutine IMFBR are average temperatures, gravitational
pressure heads, and frictional loss coefficients, all for the primary and secon-
dary loops.

The three output variables which appear in the subroutine arguments are:

HOP

initial height of sodium in each reactor outlet plenum from core outlet
to cover gas,
KX1 = K1 = number of nodes in IHX-1l, and

KX2 = K2 number of nodes in IHX-2.

Other output variables (temperatures, heads, etc.) are distributed through COMMON

statements, and are described in the subroutines in which they appear.

Figure 11-4 pictures the inputs and outputs of subroutine LMFBR.
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Figure 11-4. Inputs and Outputs of Subroutine LMFBR

Required Subprograms

Functions:

o FRFAC = computes the Moody friction factor for laminar, transition,
and turbulent regimes; and

(o) DENSOD

computes sodium density as a function of temperature.
Subprograms :
o PHYPRS = computes the physical properties of liquid sodium (den-

sity, dynamic viscosity, thermal conductivity, and heat capacity),
and also the Reynolds number;

o GHEAD = computes the total gravitational pressure heads, overall
frictional loss coefficients, and velocity loss factors (due to
bends, etc.) in a coolant region or a pipe with several subsections;

o CONVRT = converts all input data into the proper units for the
subroutine, and initializes all the conversion factors used by the
other subroutines; and

o RSTCON = a separate entry to subroutine CONVRT which converts to
the input data units for the display of the restart data.

SUBROUTINE NEUKIN (MSCRAM,PTOT,PD)

Purpose and Scope

Subroutine NEUKIN computes the total reactor power as the sum of the power produced
by neutron fission and by the decay of fission products in the reactor. Two groups
of delayed neutrons and three groups of fission products are considered. Total

reactor power can be computed for two distinct cases:
1. changes in power level governed by the reactor controller, and

2. changes in power level due to a primary and/or a secondary scram.

11-23



The power controller is a proportional-integral controller, based on reactor power
demand and the measured reactor core outlet and measured steam temperatures, which
alters the reactivity of the primary control rod limited by a maximum reactivity

insertion rate. The reactor core outlet temperature is the flow weighted average
of the peak channel, inner core, and outer core outlet temperatures as determined

by subroutine RTHERM.

The reactivity feedbacks considered are assumed to be caused by:

1. sodium expansion effects in 11 reactor regions,
2. the nuclear Doppler effect in 11 reactor regions,
3. core axial expansion in 11 reactor regions, and
4. core radial expansion.

The reactor is assumed to be at steady-state initially, so the initial reactivity
of the primary control rod is assumed to precisely counteract the feedback effects

and the cold shutdown margin of reactivity.

Two independent control rod systems are simulated for shutting down the reactor.

In addition, the primary control rods act as the power controller.

Method

A more detailed description of the equations and models used is given in Section 4

of this report.

There are eight first-order ordinary differential equations which simulate the
neutron kinetics and the reactor control processes. To achieve the coupling of
all physical processes involved, all equations are integrated simultaneously by the

RUNGE function as called in the master program.

The eight variables with differential equations are supplied to the master through

a dummy vector, R(8), which is defined as follows:

R(l1) = P(l) = group 1 delay neutron power,
R(2) = P(2) = group 2 delay neutron power,
R(3) = P(3) = group 1 fission product power,
R(4) = P(4) = group 2 fission product power,
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R(5) = P(5) = group 3 fission product power,

R(6) = TSTM = measured steam temperature at the turbine throttle valve,
R(7) = TROM = measured sodium temperature at the reactor core outlet, and
R(8) = ROCRl = primary control rod reactivity.

Total neutron power is determined algebraically by means of a prompt jump approx-

imation using the known values of the delayed neutron power contributions.

For a reactor scram shutdown (primary or secondary scram), the control rod position

is determined by Eg. 4-8, and its reactivity contribution by Eq. 4-9.

Limitations

Due to the prompt jump approximation, subroutine NEUKIN cannot handle positive re-
activity insertions close to or in excess of one dollar. Smaller positive inser-

tions are allowed.

Input Data

NAMELIST/KINA/LAM, B

where:

LAM(i) = vector of decay constants for delayed neutron precursors (i=1,2) and
fission products (i=3,5), and
B(i) = vector of delayed neutrons fractions (i=l,2) and fission product

fractions (i=3,5).

NAMELIST/KINB/X0,ROMAX, ROSTUK, RINMAX, ROSUBC, TRESET, XKT

where:

X0(i) = length of control rod strokes, primary (i=1l) and secondary (i=2),
ROMAX (i) = total control rod reactivities, primary (i=1l) and secondary (i=2),
ROSTUK (i) = worth of stuck rods, primary (i=1l) and secondary (i=2),
RINMAX = maximum reactivity insertion rate for the reactor power controller,
ROSUBC = cold reactor shutdown margin of reactivity,
TRESET = integral reset time for the reactor controller (see Eg. 4-10), and
XKT = steam temperature-to-reactor outlet temperature conversion gain in

reactor power controller.
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NAMELIST/KINC/TROM, TSTM, TSTSP, TAURO, TAUST

where:
TROM = initial value of measured reactor core outlet temperature,
TSTM = initial value of measured steam temperature (at the turbine),
TSTSP = load-independent steam set-point temperature,
TAURO = time constant for the measurement of the reactor core outlet temper-
ature (see Egqg. 10-1), and
TAUST = time constant for the measurement of the turbine steam temperature.

NAMELIST/KIND/TFREF, TCREF,ASOD,ADOP,ACAE,ACRE

where:
TFREF = reference fuel temperature (see Eq. 4-7),
TCREF = reference coolant temperature,
ASOD (i) = vector of sodium density reactivity coefficients (i=1,11 for the
fueled regions of Fig. 4-1),
ADOP (i) = vector of nuclear doppler coefficients (i=1,11),
ACAE (i) = vector of core axial expansion coefficients (i=1,11), and

ACRE = core radial expansion coefficient.

NAMELIST/KINE/PRIMA, PRIMB, SECA, SECB

where:
PRIMA,PRIMB = parameters to represent primary rod insertion rate during a scram,
corresponding to A,B of Egq. 4-8, and
SECA,SECB = similar parameters for secondary rod insertion rate during a
scram.
NAMELIST/KINF/AT
where: -

these are the parameters for the reactor outlet temperature setpoint, gov-
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erned by the following equation:

AT(1) PD> + AT(2) PD + AT(3)

TROSP =
where:
TROSP = reactor core outlet temperature setpoint, and
PD = demanded power (normalized).

Some other input data are provided by the master program through a common statement

from the master program:

COMMON/REACT/P100, RNSERT,, TNSERT

where:

P100 = rated reactor power,

RNSERT = size of step reactivity insertion, and

TNSERT = time of reactivity insertion.

Initial Conditions

Subroutine NEUKIN calculates the initial conditions of all its process variables.
Various power fractions are calculated by use of the initial power, PTOT, as sup-
plied in the argument list. Similarly, the initial values of the reactivity feed-
backs, which determine the initial primary control rod reactivity, are determined

within NEUKIN using the initial fuel and coolant temperatures.

Input Process Variables

The input process variables that are supplied by the list of arguments of NEUKIN

are:

MSCRAM = control integer for reactor scrams,
0, normal operation, power controller operational,
- 1, primary scram, power controller shut off,
2, secondary scram, power controller shut off, and
3, both primary and secondary scrams, controller shut off; and
PD = demanded reactor power.
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Other input process variables are provided through labelled common statements.

These include:

COMMON/FBR1/TC (12), TIP1,TIP2,TCI(6),TOPl,TOP2,TON,TM(11)
These are the reactor fuel and coolant temperatures used for reactivity feedback
calculations. The core outlet temperature, TRO, is obtained from a flow weighted
average of the inner core, outer core, and peak channel outlet temperatures. The
flow rates are obtained from another common:

COMMON/GET1/...,WIC,WOC,WHC,...
Other parameters obtained through COMMON statements are

COMMON/MISC/ . eesTreeeross
where:

T = transient time.

COMMON/ RUNGNO/KRUNG , KCALC
where:

KRUNG is a control integer to determine what part of the subprogram is being

called; and

KCAIC is a control integer to determine when characteristic times are printed.

COMMON/PHDR/ ..., TST
where:

TST = steam temperature at the turbine throttle valve.

Output Process Variables

The main output process variable of the subroutine NEUKIN is the total reactor power,

PTOT, which is contained in its list of arguments.

Certain information is also transferred to the subroutine SCRAM by means of a
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COMMON statement.

COMMON/SCRP/PTOTN, RO
where:
PTOTN = normalized reactor power, and
RO = total reactor reactivity.
MSCRAM >N
e
Reactor Fuel Temperatures ~
7
R T \
eactor Coolant Temperature :> Subroutine pTOT
Reactor Core Flows ~ NEUKIN >
7
T N
rd
RNSERT, TNSERT ~
7

Figure 11-5. Input and Output Variables of Subroutine NEUKIN

Required Subprograms

Functions:

RVOTSP = computes the reactor core outlet temperature setpoint as a function

of power demand.

Subroutines:

TMPCON = converts temperatures from °C to °F and vice versa.

Additional Comments

Subroutine NEUKIN has a secondary entry point, PUTNEU, which is accessed from the

master program for the purpose of printing the latest results computed by NEUKIN.
In addition to the aforementioned variables, NEUKIN also uses a number of internal

variables which do not need to be specifically defined in order to use subroutine

NEUKIN.
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SUBROUTINE HYDROS (MODE,KMM1,KMM2,PD,HOP)

Purpose and Scope

The subroutine HYDROS computes the sodium flow rates in the two primary loops and
the six reactor vessel flow paths as governed by forced and natural circulation
effects. During normal operation, the sodium flow rates in each primary loop are
subject to the action of the two primary flow/speed controllers, one for each loop.
Each controller has a feedforward action with feedbacks of primary pump speed and

sodium flow rate (see Fig. 10-2).

The primary system is simulated with two primary loops, one of which is a single
loop and the other represents each of the remaining, equivalent loops. A variable
sodium level is allowed only in the reactor vessel and only for the case of a pipe
rupture. The sodium flow rates in the primary loops is the same both before and
after the primary pumps because the sodium level in the pump barrel is assumed to

remain constant. The primary pumps are located on the hot legs of the loops.

Subroutine HYDROS can also handle the case of a major primary pipe rupture in the
single loop. Both the sodium level in the reactor vessel and in the relevant guard
vessel are computed during the transient. Following the primary pipe break, two
distinct sodium flow rates are calculated in the single primary loop, before and
after the break. A rupture loss coefficient may be provided as input to allow for

various sizes of breaks.

In addition to the loss of coolant transient, subroutine HYDROS can be used to an-
alyze changes in demanded power transients and sodium flow coastdown transients as-

sociated with a loss of power to any or all of the primary pumps.

Method

Detailed descriptions of the equations and models used in this subroutine are given

in Section 6.

There are 18 first-order ordinary differential equations which simulate the primary
coolant dynamics of the plant. One of these is used only in a pipe rupture trans-
lent, and the other 17 are used in all transients. All equations are integrated
simultaneously within the function RUNGE (provided they are classified as Class A
variables, see Section 3), in order to provide for the coupling of all the physical

properties involved.
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The 18 variables are defined both as components of a vector R (to be available to
the master program for the RUNGE function) and as local variables for use within

HYDROS. These variables are (see also Fig. 6-1):

]
[

R(1) W(l) Wl = sodium flow rate in loop 1 (before the break in pipe rup-
ture transients),

R(2) = W(2) = W2 = sodium flow rate in loop 2,

R(3) = W(3) = WOC = sodium flow rate in reactor outer core region,

R(4) = W(4) = WHC = sodium flow rate in reactor peak core region,

R(5) = W(5) = WCA = sodium flow rate in reactor control assembly region,

R(6) = W(6) = WRB = sodium flow rate in reactor radial blanket region,

R(7) = W(7) = WBP = sodium flow rate in reactor bypass region,

R(8) = ALl = primary pump speed in loop-1l, normalized to 1,

R(9) = FREQ1 = primary pump controller frequency in loop-1,
R(10) = TRIM1 = measured reactor inlet temperature for loop-1,
R(11) = NEWMl = measured sodium flow rate in loop, normalized to 1,
R(12) = ALM]1 = measured primary pump speed rate in loop-1l, normalized to

1,

R(13) = AL2 = primary pump speed to loop-2, normalized to 1,

R(14) = FREQ2 = primary pump controller frequency in loop-2,

R(15) = TRIM2 = measured reactor inlet nozzle temperature, loop-2,
R(16) = NEWM2 = measured sodium flow rate in loop-2, normalized to 1,
R(17) = ALM2 = measured primary pump speed in loop-2, normalized to 1,
R(18) = W(8) = sodium flow rate after the break in loop-1 (LOCA only).

The reactor inner core region flow rate, WIC, is determined algebraically from the

other flow rates using mass conservation.

The primary pump characteristics are programmed separately in two additional sub-
routines, PHEAD and PTORQ, which compute the normalized pump head and the normal-

ized pump torque, respectively, as functions of the normalized speed and flow rate.

The present coolant dynamics model of the primary system has the primary pumps lo-
cated on the hot legs of the piping. For cases where the primary pumps are located
on the cold legs of the primary loops, the inertial loss coefficients and reactor
pressures (input to subroutine LMFBR) must be changed to reflect alterations in the
geometry of the primary piping. The pressure of the cover gas in the reactor vessel
must also be increased to account for increased pressure losses in the piping before

the primary pump.
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Limitations

The primary loop check valves are simulated only as local dynamic resistances, re-

flected through the frictional loss coefficients calculated from the initial system

pressures.

sidered.

No inertia to retard the opening or closing of a check valve was con-

through is assumed to be zero.

For any reverse pressure differential across a check valve, the flow

Because the sodium level in the primary pump barrels is assumed constant, the pres-

ent model does not allow for a mismatch of the flow rates before and after a pump.

As presently modeled, the pipe rupture is assumed to occur between the check wvalve

and the reactor inlet nozzle of pipe run 3.

Input Data

NAMELIST/HYDA/AX

where AX(i) is an 18 element vector of inertial loss coefficients,

i=1
i=2
i=3
i=4
i=5

i=6

for
for
for
for
for

for

pipe run 1,
primary pump 1,
pipe run 2,
IHX~-1,

pipe run 3,

inlet plenum,

i=7,...,11 correspond to i=l,...,5, but for primary loop 2,

i=12
i=13
i=14
i=15
i=16
i=17
i=18

for
for
for
for
for
for

for

outlet plenum,

inner core flow channel (see Fig. 4-1),
outer core flow channel,

peak core flow channel,

control assembly flow channel,

radial blanket flow channel, and

bypass flow channel.
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NAMELIST/HYDB/CA,CB,CE, MINERT, TMMD, DSPEED, POLES , PMSSP

where:

CA,CB,CE = are the coefficients in the torque equations (6-17 and 6-18)
MINERT = primary pump moment of inertia,
TMMD = main motor design torque,
DSPEED = primary pump design speed,
POLES = number of pairs of poles in the primary pumps, and
PMSSP = pony motor synchronous speed.

NAMELIST/HYDC/CDBRK, AX5BB, AXAB,VOLGV, SGVMID, SGVTOP, ZGVMID, ZGVTOP

where:

CDBRK = rupture loss coefficient of Eq. 6-8,
AX5BB = inertial loss coefficient in pipe run 3 before the break,
AXAB = inertial loss coefficient in pipe run 3 after the break,

VOLGV = total volume of the guard vessel,

SGVMID = constant cross-sectional area of the guard vessel from the break lo-
cation to a given reference location (see ZGVMID, below),

SGVTOP = constant cross-sectional area of guard vessel above the reference
point,

ZGVMID = elevation of reference location where the guard vessel may change
cross-sectional area, and

ZGVTOP

i

elevation of top edge of guard vessel.

NAMELIST/HYDD/CONVG, FREQO, XKA, TK, TS, TR, TMIN, ALO

where:

CONVG = conversion gain in the pump frequency controller equation (Egq. 6-21),
FREQO = steady-state 100% rated frequency of the motor generator,
XKA = flow-to-speed conversion gain in primary flow controller (see Fig. 10-2),
TK = motor generator set time constant (see Eq. 6-21),
TS = normalized startup friction torque (see Eq. 6-19),
TR = normalized rotating torque (see Eq. 6-19),
TMIN = minimum friction torque {(see Eq. 6-19), and

ALO = constant of Eg. 6-19.
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NAMELIST/HYDE/FREQ1,FREQ2,ALl,AL2

where:

FREQi

initial value for frequency of pump motor in loop-i, and

ALi

initial value for pump speed in loop-i.

NAMELIST/HYDF/TAUWM, TAUAM, TAUTM, TRISPN

where:

TAUWM = time constant for measurement of flow rates,
TAUAM = time constant for measurement of pump speeds,
TAUTM = time constant for measurement of reactor inlet nozzle temperatures,

and

TRISPN = reactor inlet nozzle temperature setpoint.

Initial Conditions

Some initial conditions data are provided through labeled COMMON statements, as

follows:

COMMON/HYD2/NODB, PBRK, ZBRK, XLBRK, . . .

where:
NODB = node of pipe run 3 where pipe rupture occurs,
PBRK = coolant pressure at break location before rupture,
ZBRK = elevation of break location, and
XLBRK = pipe length from break location to reactor inlet.

COMMON/HYD3/Z0PNOM, DZCON, PCG, PGV, PINLET, AOP

where:

ZOPNOM

normal sodium level above reactor vessel outlet nozzle,

DZCON

elevation change from core outlet to reactor vessel outlet nozzle,
PCG = constant cover gas pressure,
PGV = constant guard vessel pressure,

PINLET = initial coolant pressure at reactor vessel inlet nozzle, and
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AQP = cross-sectional area of outlet plenum.

COMMON/GET1/W100,W1,W2,WIC,WOC,WHC, WCA,WRB, WBP, . .. ,WBRK

where these are the primary system flow rates (see NAMELIST/BRO1l/).

COMMON/NATCON/NOPON1 , NOPON2

where these are NOPON(1l) and NOPON(2) of NAMELIST/MASE/.

All other variables are initialized using input data (e.g., NAMELIST/HYDE/ above)

or within the subroutine itself.

Input Process Variables

The input process variables which must be supplied with the list of arguments are:

MODE = control integer for transient selection (see NAMELIST/MASA/),
KMM1 = control integer for the main motor of primary pump 1 (see Eq. 6-20),
={O, main motor disconnected,
1, normal operation,
KMM2 = same as KMM1l, but for primary pump 2, and

PD = normalized power demand.

Other input process variables are made available to subroutine HYDROS through com-

mon statements:

COMMON/HYD1/TRI1,TRI2,CRIP

where:
TRI1 = reactor inlet nozzle temperature for loop 1,
TRI2 = reactor inlet nozzle temperature for loop 2, and
CRIP = total frictional loss coefficient for inlet plenum.

COMMON/FRICTS/CRLP1,CRLP2,CRPLEN,CRC(6),...

where:
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CRLP1 = total frictional loss coefficient for loop 1,

CRLP2 = total frictional loss coefficient for loop 2,

CRPLEN = total frictional loss coefficient for both inlet and outlet plena,
and
CRC(i) = total frictional loss coefficients for the six reactor flow regions:

ICc,0C,HC,CA,RB,BP.

COMMON/HEADS/GHEAD1 , GHEAD?2 ,GHPLEN,GH(6) , ...

where these are gravitational heads corresponding to the same regions as the total

frictional loss coefficients of COMMON/FRICTS/.

COMMON/PHY4/...,DENOP, ...,DPUMP1,...,DPUMP2,...

where:
DENOP = density of sodium at the outlet nozzle,
DPUMP1 = density of sodium in primary pump 1, and
DPUMP2 = density of sodium in primary pump 2.

COMMON/HYD2/...,CROBB, CROAB, HEADBB, HEADAB, DENAB

where:
CROBB = total frictional loss coefficient before the break in pipe run 3,
CROAB = total frictional loss coefficient between the break and the reactor
inlet in pipe run 3,
HEADBB,
HEADAB = gravitational heads for the same regions as CROBB,CROAB, and
DENAB = density of coolant at break location.

Output Process Variables

Various primary sodium flow rates are the major output process variables of sub-
routine HYDROS. These flow rates are returned to the master in the R-vector pre-

viously defined.

One other output process variable (for pipe rupture transients) is transferred

through the subroutine arguments:
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HOP = sodium level above the core outlet.

Certain variables are transferred to the subroutine SCRAM for use in the plant trip

equations. These are:

COMMON/SCRH/ALM1 ,ALM2, PRSNRM, NEWM1 , NEWM2, ZOPTOT

where:

ALMl = measured normalized pump speed in loop 1,
AIM2 = measured normalized pump speed in loop 2,
PRSNRM = normalized pressure at reactor inlet,
NEWM1 = measured normalized flow rate in loop 1,
NEWM2 = measured normalized flow rate in loop 2, and

ZOPTOT = sodium level above the RV outlet nozzle.

reactor inlet nozzle temperature
MODE ~
>
KMM1 , KMM2 . primary system flow rates <
rd . rd
Subroutine
PD ;; HYDROS AIM]1 ,ALM2,NEWM], NEWM2 3>
frictional loss coefficients ~ PRSNRM, ZOPTOT ~
g 7
gravitational heads ~
-
reactor densities & viscosities
g
Figure 11-6. Inputs and Outputs of Subroutine HYDROS
Required Subprograms
Functions
o} SOLVE = inverts the matrix of inertial loss coefficients and uses the in-
verted matrix to compute the derivatives of the sodium flow rates;
o RVOTSP = calculates the core outlet temperature setpoint as a function of
power demand;
o PDERIV = calculates the derivative of PHEAD with respect to flow-rate;
and
o FRFAC = calculates the 4f factor based on a correlation with Reynolds
numbers.
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Subroutines

o GHEAD = calculates gravitational heads and frictional loss coefficients;
o PTIME = calculates the derivative of PTORQ with respect to pump speed;
o PHEAD = computes the normalized pump head as a function of normalized

pump speed and flow rate;

o PTORQ = computes the normalized pump torque as a function of normalized
pump speed and flow rate;

o SYSTEM = solves a system of N (N < 8) equations using a Gauss-Jordan elim-
ination technique;

o ALPHP = computes the pump speed under prompt approximation conditions;
o TFRIC = computes the normalized pump friction torque; and
o TMPCON = converts temperatures from °C to °F and vice versa.

Additional Comments:

Subroutine HYDROS has a secondary entry point, PUTHYD, which is used to print the

latest results from subroutine HYDROS.

In addition to the aforementioned variables, subroutine HYDROS also employs a num—
ber of internal variables which need not be defined explicitly in order to use the

subroutine.

SUBROUTINE RTHERM (MODE, PTMW, HOP, TI1l, TI2)

Purpose and Scope:

Subroutine RTHERM computes the reactor temperatures in 33 separate regions and
nodes. The model is divided into two reactor inlet plena, two reactor outlet plenum
zones and six sodium flow path channels, consisting of: peak core channel, inner
core channel, outer core channel, control assemblies channel, radial blanket and

shield assemblies channel, and an unheated bypass channel.

Figure 11-7 depicts the eleven fuel regions of uniform heat generation that are sim-
ulated in the EPRI-CURL Code. The cladding and fuel centerline temperatures are also
simulated using a pseudo-steady state approximation. Hot channel factors are ap-
plied to the average temperatures in the peak region to determine the maximum fuel

and cladding temperatures in the reactor.
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The model also permits flow reversal in any number of the six reactor sodium flow

paths.

Method:

Detailed description of the equations used in RTHERM is given in Section 5 of this

report.

The vector of process variables

as follows:

Y(i) = T™()
¥(12) = TIPl
Y(13) = TIP2

Y(i) = TC(i-13)
Y(26) = TOPl
Y(27) = TOP2

Y(i) = TCI(i-27)

Limitations:

reactor
average
plenum;

average
plenum;

reactor
reactor

reactor

R3(33) is locally labelled Y(33), and is defined

fuel region temperatures, i=1,11;

temperature of the lower region of the inlet

temperature of the upper region of the inlet

coolant region temperatures, i=14,25;

outlet plenum temperature, lower zone;

outlet plenum temperature, upper zone; and

temperature at junction between upper inlet plenum and

the six

core channels, i=28-33 (used only for cases of

reversed flow).

The model assumes the liquid sodium is in the subcooled thermodynamic state, al-

though some minor localized saturation may be tolerated. The model also assumes

the core geometry is fully intact. The thermophysical properties of fuel, gas filled

gap, cladding and other structural materials are temperature independent input

parameters.

Input Data:

The following are lists of the input data required for subroutine RTHERM.

NAMELIST/RTH1/PF

where:
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PF(i) = fraction of power generated in region i (see Fig. 11-7),

cause the bypass region is assumed to generate no power).

NAMELIST/RTH2/VX,DT,VIP1,VIP2

where:
VX (i) = sodium volume in region i (i=1,12),
DT (i) = thermal equivaient diameter for fuel region i (i=1,11),
VIPl = sodium volume in the lower inlet plenum, and
VIP2 = sodium volume in the upper inlet plenum.

NAMELIST/RTH3/DF,CF, XKF, DG, XKG,DC, XKCL

where:
DF (i) = fuel density in region i (i=1,11) (see Fig. 11-7),
CF (i) = fuel heat capacity in region i (i=1,11),
XKF (1) = reactor fuel thermal conductivity in region i (i=1,11),
DG (i) = fuel pin gas filled gap thickness in region i (i=1,11),
DC(i} = fuel pin cladding thickness in region i (i=1,11),

XKG = gas thermal conductivity in pin gap, and

XKCL = thermal conductivity of pin cladding.

NAMELIST/RTH4/VF,XL,R, XN

where:
VF (i) = fuel volume in region i (i=1,11)
XL(i) = active length for heat transfer in region i (i=1,11),
R(i) = fuel pellet radius in region i (i=1,11), and
XN(i) = total number of fuel pins in region i (i=1,11).

NAMELIST/RTH5/RO, ZCH,DON, HIF

where:

RO = radial coordinate of jet flow (see Eg. 5-5),
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ZCH = height of reactor chimney,
DON = diameter of reactor outlet nozzle, and
HIF = heat transfer coefficient between two upper plenum regions.

NAMELIST/RTH6/HCFAC,FLFAC, CLFAC

where:

HCFAC = coolant hot channel factor (see Eg. 5-9),
FLFAC

film correction factor (see Eq. 5-10), and

CLFAC

clad correction factor (see Egq. 5-10).

Initial Conditions

The initial reactor temperatures are inputs to subroutine LMFBR (through NAMELIST/

BRO2), and are transferred through:

COMMON/FBR1/TC(12),TIP1,TIP2,TCI(6),TOP1,TOP2,TON,TM(11)

These are the 33 variables to be integrated (see Y-vector, above) and are trans-

ferred to the MASTER program to a vector R3(33).

Input Process Variables

The five input variables which enter through the subroutine arguments are:

MODE = control integer for transient selection (see NAMELIST/MASA/),
PTMW = total reactor power,

HOP = height of sodium above core outlet,

TIl = reactor inlet nozzle sodium temperature, loop-1l, and

TI2 = reactor inlet nozzle sodium temperature, loop-2.

Other input process variables include:
COMMON/GET1/, which are the flow rates output by subroutine HYDROS,
COMMON/PHY1/, the first 33 elements of which are average region (as opposed

to nodal) temperatures used to calculate physical properties,

and
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COMMONS/PHY4, PHY5, PHY6,PHY7/, which are the sodium densities, viscosities,
specific heats, and thermal conductivities, re-
spectively, at the temperatures of PHY1l, above.

The Reynolds number is also inputed through the following:

COMMON/PHY8/RE (12), ...

During transients, the listed input process variables vary because they are output

variables of other models.

Output Process Variables

The average sodium temperature at the reactor outlet nozzle, TON is an output pro-

cess variable needed in subroutine DELAYP.

The average fuel and coolant temperatures in the reactor are also used to compute

the feedback reactivities in NEUKIN subroutine.
The turbulent jet penetration distance in the outlet plenum is also an internal pro-
cess variable which is needed in subroutine PLENOl. The following COMMON statement

contains six sodium specific heats at the outlet of reactor coolant regions:

COMMON/PLNO/CHC, CIC,COC,CCA,CRB,CBP

MODE
g
PTMW ~ Fuel Temperatures ~
rd . 7
Subroutine
TI1,T
1,TI2 >, RTHERM TON >
WI1l,WI2,WIC,WOC,WHC,WCA,WRB,WBP Coolant Temperature N
rd 7
HOP ~
g
Figure 11-8. Input and Output Process Variables of Subroutine RTHERM
Required Subprograms
Functions:
o SPHSOD = computes sodium specific heat as a function of temperature,
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o DENSOD = computes sodium density as a function of temperature, and

o HCORE = computes the convection heat transfer coefficient for
sodium flowing along a bundle of cylindrical rods.

Subroutines:

o JET = computes the turbulent jet penetration distance in the outlet
nozzle of the reactor as a function of average core flow rate and
sodium density,

o UATOT = computes the overall heat transfer coefficient for sodium
flowing along a bundle of cylindrical rods, as well as the fuel
centerline, clad and film temperatures in prompt approximation,

o TIMECF computes the fuel region characteristic times,

o TIMECC computes the coolant region characteristic times,

o DFUEL = computes the fuel temperature time derivative in the
reactor,

o DCOOL = computes the coolant temperature time derivatives in the
reactor,

o TFUEL = computes the fuel temperature in prompt approximation,

o TCOOL = computes the coolant temperature in prompt approximation,

o PLENI1 = computes the coolant temperature of inlet plenum -1 in

prompt approximation,

o PLENI2 = computes the coolant temperature of inlet plenum -2 in
prompt approximation,

o) PLENOl1 = computes the coolant temperature of outlet plenum -1 in
prompt approximation, and

[e) TMPCON = converts temperatures from °C to °F and vice versa.

Additional Comments

Subroutine RTHERM has one secondary entry, PUTRTH, which is used to print the la-
test results computed by RTHERM.

In addition to the aforementioned variables, subroutine RTHERM employs a number

of internal variables which, however, do not need to be specified in order to use

RTHERM.
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SUBROUTINE DELAYP (Wl,W2,MODE)

Purpose and Scope

Subroutine DELAYP computes the sodium temperatures in the primary piping system
which connects the major components of the primary heat transport system. Six pipe
runs are modeled, three in each of two primary loops (see Fig. 6-1). Given the
inlet sodium temperature for each pipe run, subroutine DELAYP computes the sodium
temperatures at each of N subsequent nodes, where N is the number of equal length
subsections into which the pipe run is divided (1<N<10). These calculations are
made in order to account for sodium transport delays around each loop as a function

of flow rate.

Heat storage in pipe walls is included as an option for the evaluation of the trans-
ient sodium temperatures along the pipes. The sodium temperature at the exit of
each pipe run is delivered as an output of DELAYP to the next heat transport system

component downstream.

Method

Detailed descriptions of the model and the equations used are found in Section 6
of this report. Transient sodium temperatures and (optionally) transient wall tem-
peratures are calculated by means of energy balances in each subsection of a pipe

run. Sodium flow is based on single-phase, incompressible liquid sodium conditions.

The number of pipe subsections, N, is preset numerically for each of the six pipe
runs, and can take on different values in each pipe run. Similarly, heat storage

in the walls can be considered in any, all, or none of the six pipe runs.

The vector of process variables, R5(120), is labelled locally as Y(120), the first
60 of which are the nodal coolant temperatures (ten locations allocated for each
pipe run, whether all are used or not), and the next 60 are the corresponding wall
temperatures (ten locations allocated for each pipe run, whether heat storage is

considered in that pipe run or not).

Limitations

The model does not accommodate reverse flows. It is assumed that check valves pre-

vent the flow from reversing.
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In the case of a pipe rupture transient, calculations are carried out in a normal
manner. It is assumed that the rupture takes place near the reactor vessel so that

the majority of the calculations along the pipe are still valid.

Input Data

All of the input data for subroutine DELAYP comes in from subroutine LMFBR through
labeled COMMON statements.

COMMON/FBR14/...,0DP(3) ,DELP (3) ,XL(6),...

where:
ODP (i) = outer diameter of pipes in pipe run i (i=1,3); note: it is assumed
that pipe runs 4,5,6 have the same dimensions as pipe runs 1,2,3
respectively
DELP (i) = pipe wall thickness for pipe run i (i=1,3; see note above), and

XL (i) length of pipe run i (i=1,6).
COMMON/FBR10/N(6) ,L(6)

where:

N(i) = number of nodal subsections in pipe run i (i=1,6), and

L(i)

control .integers for heat storage option, pipe run i (i=1,6) (see

NAMELIST/BRO3/).

COMMON/FBR15/DSS,CSS, XKSS

where:
DSS = density of pipe wall material,
CSs = specific heat of pipe wall material, and
XKSS = thermal conductivity of pipe wall material.

Initial Conditions

The initial conditions are brought in through a COMMON statement from subroutine

LMFBR:
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COMMON/FBR5/TM1 (10) ,TM2 (10) ,TM3 (10) ,TM4 (10) ,TM5 (10) , TM6 (10)
where:

TMi (j) = vector of initial coolant temperatures for pipe run i (j=1,N(i),

filled out with zeroes if N(i) < 10).
The plant is assumed to be at steady state initially, so the wall temperature in
each subsection is equivalent to the coolant temperature in that subsection at the

beginning of the transient calculation.

Input Process Variables

The input process variables which must be supplied with the argument list are as

follows:

W1l

sodium flow rate in primary loop-1,
W2 = sodium flow rate in primary loop-2, and

MODE

control integer for transient selection (see NAMELIST/MASA/).

The inlet temperatures of each pipe run are brought into the subroutine through a

COMMON statement:

COMMON/FBR4/TCI1,TCI2,TCI3,TCI4,TCI5,TCI6

where:

TCIi = inlet temperature to pipe run i (i=1,6).

COMMONS/PHY4,PHY5, PHY6,PHY7,PHY8 bring in the sodium properties for each pipe

subsection (densities, viscosities, specific heats, thermal conductivities,

and Reynolds numbers, respectively).

Output Process Variables

The output process variables are the sodium outlet temperatures at the exit of each

of the six pipe runs:
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TC1(N1),...,TC6(N6)

where Ni refers to the number of subsections in pipe run i (i=1,6).

wl -~
>
TCI1 ~ TC1(N1) (= TCI2) ~
> 7
TCI2 ~ TC2 (N2) ~
7 >
TCI3 .
>| Subroutine IC3 (N3) >
TCI4 ~ DELAYP TC4 (N4) (= TCI5) ~
7 g
TCI5 ~ TC5 (N5) ~
7 re
TCI6 ~ TC6 (N6) ~
-~ g
7
Figure 11-9. 1Inputs and Outputs of Subroutine DELAYP
Required Subprograms
Functions:
(o} None.
Subroutines:
o PIPE = calculates the transient temperatures of sodium and the pipe wall

for N equal length subsections of a pipe run; the wall temperature may
be neglected, and

o TMPCON = converts temperatures from °C to °F and vice versa.

Additional Comments

At present, no temperature increase is assumed to occur in the primary pumps due to
compression work, and all temperature delays through the pumps are neglected.
Therefore, the outlet temperatures of pipe runs 1 and 4 are used as the inlet tem-

peratures to pipe runs 2 and 5.
The coolant temperature arrays, TCl to TC6, and the wall temperature arrays, TWl

to TW6, are concatenated in that order in a 120 element vector called Y, for trans-

fer to the master program and the RUNGE function.
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Subroutine DELAYP does not at present employ a prompt approximation for cases when
time constants of the temperatures are small relative to the time step. For the
pre-accident steady-state calculation, the inlet temperature of each pipe run is
immediately propogated through the pipe and becomes the corresponding outlet temper-

ature. This is done so that piping delays get neglected in the steady state search.

Subroutine DELAYP has an additional entry point, PUTDEL, which is used to print the

latest results of the temperature calculations.

In addition to the aforementioned variables, subroutine DELAYP employs a number of
internal variables which need not be explicitly defined in order to use the sub-

routine.

SUBROUTINE IHX1 (MODE,WP,WS,TPI,TSI,N)

Purpose and Scope

The subroutine IHX1 computes the sodium temperatures at 2N+5 locations of the inter-
mediate heat exchanger in loop 1, where N is the number of equal length subsections

into which the active heat-transfer length is divided (1<N<10).

This variable mesh point feature has been incorporated in this subroutine to allow
for more flexibility in determining the optimum compromise between computation time
and accuracy of transient results. Primary and secondary inlet and outlet plena
are simulated, as well as a primary bypass flow region. The other 2N temperatures
calculated represent the temperatures in each primary or secondary heat transfer

region.

No solid regions (shell, shrouds, tubes, etc.) are simulated in this model. This
simplification was adopted after analyzing the transient results obtained from an
earlier model of the IHX which incorporated solid region nodes. It was concluded
that negligible errors are made by neglecting the heat storage in shells and

tubes (7).

Method

Detailed descriptions of the equations and models used are given in Section 7 of
this report. Transient IHX temperatures are calculated by means of an energy bal-
ance on each node of the system. Heat transferred between primary and secondary

sodium flows is calculated to account for sodium film conductivity (as a function
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of flow and temperature) on both the shell and tube sides, and for the tube metal
wall conductivity. Sodium flows are based on single-phase liquid sodium conditions

with a constant bypass flow fraction.

The amount of heat exchanged between the primary and secondary systems is calcu-
lated by means of a logarithmic mean temperature difference (ILMTD) in each heat-
transfer subsection. It was found that the use of the LMTD resulted in better
temperature profiles along the tube bundle than those obtained by other techniques

such as backward-, forward-, and central-difference.

Calculation of the LMTD is performed by a separate subroutine IMTDIF, which is in-

voked recurrently by subroutine IHX1 for each heat-transfer region.

The vector of process variables, R41(25), is labelled locally as Y, and consists of:

Y(i) = TP(4i) = coolant temperatures at the primary nodes (i=1,13) (refer to
Fig. 7-1); and
Y (1) = TS(i-13) = coolant temperatures at the secondary nodes (i=14,25) (see
Fig. 7-1).
Limitations

The model does not accommodate flow reversal. Check valves in the primary and se-

condary loops prevent the flows from reversing.

Input Data

NAMELIST/HX1A/DEXT,PITCH, XKSS,NT,BP,ACF

where:

DEXT = tube external diameter,
PITCH = triangular array tube pitch,
XKSS = thermal conductivity of tubes,
NT = number of tubes,
BP = bypass flow fraction, and
ACF = heat-transfer area correction factor (due to fouling, flow maldistri-

bution, etc.).
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NAMELIST/HX2A/VIP,VOP,VBP,VIS,VOS
where:
VIP = primary sodium inlet plenum volume,
VOP = primary sodium outlet plenum volume,
VBP = primary sodium bypass region volume,
VIS = secondary sodium inlet plenum volume, and
VOS = secondary sodium outlet plenum volume.

Other input data is obtained through a COMMON statement:

COMMON/FBR14/DEQUIP, STOTP, . ..,XLTOT, ...,DINT, STOTS, ...

where:
DEQUIP = shell side equivalent hydraulic diameter,
STOTP = shell side (primary) free flow area,
XLTOT = total tube bundle length,
DINT = tube side inner diameter, and
STOTS = tube side (secondary) free flow area.

The number of heat transfer regions, N, is input through the list of arguments to

the subroutine.

Initial Conditions

The initial conditions for subroutine IHX1 are provided through a common statement

from subroutine LMFBR:

COMMON/FBR2/TP (13) , TS (12)

where:

TP = primary side sodium temperatures, and

TS

secondary side temperatures.

These initial temperatures are input to subroutine LMFBR through NAMELIST/BRO4/

(see Section 10.2).
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Input Process Variables

The input process variables which are supplied through the list of arguments are:

MODE = control integer for transient operation,
={O, pre-accident steady state initialization,

1, normal operation,

WP = primary sodium flow rate entering heat exchanger,
WS = secondary sodium flow rate entering heat exchanger,
TPI = primary sodium inlet nozzle temperature, and

TSI = secondary sodium inlet nozzle temperature.

Physical properties are brought into the subroutine through several COMMON state-

ments:

sodium densities: COMMON/PHY4/...,DP(13),...,DSDUM(12),...
sodium viscosities: COMMON/PHY5/...,AVP(10),...,AVSDUM(10),...
sodium specific heats: COMMON/PHY6/...,CP(13),...,CSDUM(12),...
sodium thermal conductivities: COMMON/PHY7/...,XKP(13),...,XKSDUM(12),...
flow Reynolds numbers: COMMON/PHYS8/...,REP(10),...,RESDUM(10),...

All the secondary side parameters (those with names ending -DUM), need to be re-
versed within subroutine IHX1 because they are ordered in the direction of flow and

the subroutine does its calculation in the direction of decreasing temperature.

Output Process Variables

The output process variables of subroutine IHX1 are the outlet nozzle temperatures

on the primary and secondary sides, that is, TP(N+3) and TS (N+2) respectively.

MODE

>~
>
WP -
. TPO = TP (N+3
WS “| subroutine (N+3) >
> THX1 TSO = TS (N+2)
TPI ~ >
7~
TST -
”~

Figure 11-10. Input and Output Process Variables of Subroutine IHX1
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Required Subprograms

Functions:

[e} None.

Subroutines:

o IMTDIF = computes the logarithmic mean temperature difference between pri-
mary and secondary flow regions,

o PROMTP = computes the prompt approximation values of primary side sodium
temperatures for pre-accident initialization cases or cases in which the
characteristic time is relatively short compared with the time step;

le] PROMTS
and

equivalent to PROMTP, but for the secondary side temperatures;

o TMPCON = converts temperatures from °C to °F and vice versa.

Additional Comments

Subroutine IHX1 has a secondary entry point, PUTHX1, which is used to print the
latest results calculated by subroutine IHX1.

In addition to the aforementioned variables, this subroutine employs a number of

internal variables which need not be understood in order to use the subroutine.

SUBROUTINE IHX2 (MODE,WP,WS,TPI,TSI,N)

Subroutine IHX2 is identical in most respects to subroutine IHX1, and is used to
compute the transient behavior of the intermediate heat exchanger of loop 2. The
two subroutines are completely distinct, so some associated parameters (number of

nodes, area correction factor, etc.) need not be the same in each loop.

The input data to subroutine IHX2 is of the same form, but the NAMELIST names have
changed to HX2A and HX2B.

The initial conditions come through a COMMON labelled FBR3, having been input to
subroutine IMFBR through NAMELIST/BROS5/.

The basic heat exchanger dimensions (flow areas, inner diameters, and heat trans-

fer length) are identical in IHX1 and IHX2 because both subroutines use the same

COMMON/¥BR14/statement.
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The vector of process variables is passed to the master program as R42(25).

SUBROUTINE IHYD1l (PD, PTM, KMM, MODE)

Purpose and Scope

The subroutine IHYD]1l computes the sodium flow rate in the secondary loop as governed
by forced and natural circulation effects. During normal operational transients,
the sodium flow rate in the secondary loop is subject to the action of the secondary
flow/speed controller. The secondary loop flow/speed controller is based on feed-

forward with feedback strategy.

The sodium flow rate in the loop is assumed to be the same both before and after the
secondary pump because the sodium level in the pump barrel is assumed to remain

constant.

Subroutine IHYD1 can be used to analyze change of power and many sodium flow tran-

sients such as secondary pump coastdown.

Method

Detailed descriptions of the model and methods used are given in Section 8 of this

report.

There are five first-order ordinary differential equations which simulate the secon-
dary loop sodium dynamics. The vector of process variables R61(5), is locally la-

belled Y(5), and is defined as follows:

Y(1) = WI = sodium flow rate in the secondary loop,

Y(2) = ALFA = secondary pump speed (normalized),

Y(3) = WIM = measured sodium flow rate in the secondary loop (normalized),
Y(4) = ALFM = measured secondary pump speed (normalized), and

Y(5) = GF = frequency of motor generator-set.

The Reynolds number dependence of the frictional loss coefficients is considered,
as well as the gravitational pressure heads developed by the density variations

from the IHX to the steam generator system.

Limitations

The secondary loop sodium dynamics model assumes the sodium flow rates in the secon-

dary sides of evaporators to be equally divided.
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At present the model does not permit any secondary pipe ruptures. Provision for

such an accident can be made by modeling an additional differential equation.

Input Data

The following are the redquired input data for subroutine IHYDL:

NAMELIST/IHA1l/DSPEED, TMMD, MINERT, PMSSP

where:
DSPEED = secondary pump design speed,
TMMD = secondary pump main motor design torque,
MINERT = secondary pump moment of inertia, and
PMSSP = secondary pump pony motor synchronous speed.

NAMELIST/IHA2/PTSP,KFT,KST,KSF, TAUS

where:
PTSP = turbine header pressure set point,
KFT = pump flow trim conversion gain,
KST = pump speed trim conversion gain,
KSF = pump speed controller conversion gain,
TAUS (1) = secondary flow meter time constant,
TAUS (2) = secondary tachometer time constant, and
TAUS (3) = secondary motor generator-set time constant.

NAMELIST/IHA3/Al,A2,A3,AZ,TS, TR, TMIN,GFI,XNP,ALFA,GF

where:

Al = constant used in the motor torque slip relationship (a in Eq. 6-17),

A2 = constant used in the motor torque slip relationship (b in Egq. 6-17),

A3 = constant used in the pony motor torque slip relationship (C in Eq. 6-18),
AZ = constant used in the friction torque equation (Eg. 6-19),

TS = pump start-up torque,

TR = pump rotating torque,

TMIN = minimum friction torque,
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GFI = steady-state 100% rated frequency of Motor Generator Set,
XNP = number of pairs of poles,
ALFA = initial secondary pump speed, and

GF = initial frequency of pump motor generator.

Initial Conditions

Subroutine IHYD1l requires five initial conditions of which frequency and speed are

input through NAMELIST/IHA3/ and the flow is made available through the following:

COMMON/GET1/ ..., WI100, WI, ...

The measured secondary loop flow and pump speed are initially set equal to their

actual values in the subroutine, that is:

WIM = WI = measured sodium flow rate, and

ALFM = ALFA = normalized measured pump speed.

Input Process Variables

The input process variables which must be supplied with the list of arguments of

subroutine IHYD1 are the following:

PD = normalized power demand,
PTM = measured turbine header pressure,
KMM = control parameter for the main motor of secondary pump,
KMM = 1.0 -- main motor connected (normal operation),
KMM = 0.0 -- main motor disconnected,
MODE = control parameter for transient selection,

MODE

0 preaccident steady state initialization,

MODE = 1 normal operation, and

MODE 3 natural circulation (pony motors not available).

Other required variables for subroutine IHYD1l are made available through the fol-

lowing COMMON statements:

COMMON/MISC/T, TSEC, ICOUNT,S,SSEC, «eey, +..
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where:

T = time

TSEC = time
ICOUNT = step
S = time

SSEC = time
COMMON/FBR14/

in hours,

in seconds,
counter,

step in hours, and

step in seconds.

..., XL3, XL7, XL8, XLl, ..., XL2, XL4, XL5, XIL6,

where the secondary loop pipe lengths are:

XL1 = length
XL2 = length
XL3 = length
XL4 = length
XL5 = length
XL6 = length
XL7 = length
XL8 = length
COMMON/FBR16/

are the flow areas

lengths cal

culated

COMMON/HEADS/

where:

DPBST = total

of the pipe connecting the secondary pump to IHX,
of the tubes in IHX,
of the pipe connecting IHX to the superheater,

of the tubes in superheater,

of the pipe connecting superheater to the evaporator,

of the tubes in evaporator,

of the pipe connecting the evaporator to the connecting

of the pipe connecting the T to the pump.

..., AS2, AS3, ..., AS4, AS5, AS6, AS7, ..., AS8, As]l,

T,

and

in the secondary loops that correspond to the above mentioned

in subroutine LMFBR.

..., DPBST, ...

gravitational pressure head in secondary loop-l,

COMMON/FRICTS..., CCST, ...

where:

CCST = total frictional loss coefficient in secondary loop-1l.
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Output Process Variables

Secondary sodium flow rate is the only output process variable of subroutine IHYDI1.

The flow rate is WI.

PD ~
P .
™ >| Subroutine Wl
KMM ~ THYD1 >
P
MODE ~
P

Figure 11-11. Input and Output Variables of Subroutine IHYD1

Required Subprograms

Functions

o

None.

Subroutines

o]

PTIME = computes the derivatives of pump torque and friction torque with
respect to pump speed as a function of normalized pump flow and speed,

PHEAD = computes the normalized pump head as a function of the normalized
pump speed and flow rate,

PTORQ = computes the normalized pump torque as a function of the normal-
ized pump speed and flow rate,

ALPHA = computes the pump speed from the prompt approximation condi-
tions, and

TFRIC = computes the normalized pump friction torque.

Additional Comments

The subroutine IHYD]1l has one secondary entry, PUTIHl, which is accessed from the

master program for the purpose of printing the latest results computed by IHYDI.

In addition to the aforementioned variables, subroutine IHYD1l also employs a num-

ber of internal variables that need not be defined explicitly in order to use IHYD1.
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SUBROUTINE IHYD2 (PD,PTM,KMM,MODE)

Subroutine IHYD2 is identical in most respects to subroutine IHYD]l and is used to
compute the transient behavior of the secondary loop-2 sodium flow dynamics. In
order to preserve the laws of conservation of energy, mass, and momentum when sim-
ulating the response of a lumped loop, this loop is exactly identical to that of

loop-1 (single loop).

Each of the two subroutines, IHYDl and IHYD2, is allocated in a separate storage
area and, thus, the values of the variables within each model are preserved and

processed independently without any possibility of error.

Subroutine IHYD2 has only two NAMELIST data statements (as opposed to three in
IHYD1l), since the sodium pump characteristics for the two loops are identical and
are made available to IHYD2 through the COMMON storage area ALPB from IHYDl. The

input data are:

NAMELIST/IHB1l/TMMD,MINERT,GFI,ALFA,GF

NAMELIST/IHB2/PTSP,KFT,KST, KSF, TAUS

where the descriptions of these variables are found under the NAMELIST statements

of subroutine IHYD1.

The wvector of process variables for subroutine IHYD2 is R62(5), labelled locally
as Y{5).

SUBROUTINE DELAYl (W1, MODE)

Purpose and Scope

Subroutine DELAY1l computes the sodium temperatures in the secondary piping system
of loop-1 which connects the major components of the Intermediate Heat Transport

System (IHTS). Four pipe runs are modeled for the secondary loop. Given the so-
dium temperature at the inlet of each pipe run, subroutine DELAY1l computes sodium
temperatures at N subsequent locations, where N is the number of equal=-length sub-
sections into which the pipe run is divided; it can be set equal to any value be-
tween 1 and 10. These calculations are necessary in order to account for the so-

dium transport delays around the secondary loop as function of the sodium flow rate.
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Heat storage in pipe walls is included as an option for the evaluation of the tran-
sient sodium temperatures along the pipes. The sodium temperature calculated at
each pipe exit is delivered as an output of subroutine DEIAY1l to be used as input

temperature to the next major HTS component downstream.

Method

The equations used are of the same form as those in subroutine DELAYP. fTransient
sodium temperatures and, optionally, transient wall temperatures are calculated by
means of energy balances on each subsection of a pipe run. Sodium flow is based
on single-phase liquid sodium conditions with the same mass flow rate throughout
the secondary loop. When heat storage in the pipe wall is considered, the amount
of heat exchange within a pipe between the sodium and the wall is calculated as be-
ing directly proportional to the difference between the average wall temperature

and the average inlet-outlet sodium temperature.

The number of pipe subsections, N, is preset numerically for each pipe run of the
loop; it can take different values for different pipes. 1In order to estimate the
effect of heat storage in the pipe walls on the sodium transient temperatures, the
option of considering the heat stored in the walls can be applied to all pipe runs,

to several selected pipe runs, or to none.

The vector of process variables, R71(80), is labelled locally as Y(80), the first
40 locations of which are the nodal coolant temperatures in each of the four pipe
runs, and the last 40 are reserved for the corresponding wall temperatures (used

if heat storage is considered).

Subroutine PIPE is invoked for each of the four pipe runs to compute the transient

sodium temperature at each node, with or without heat storage.

Limitations

The model does not accommodate reverse flows. It is assumed that check valves will

keep the flow from reversing.

At present, the number of nodes per pipe run is limited to 10.
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Input Data

All of the required input data come in from subroutine IMFBR through labelled COM-
MON statements:

COMMON/FBR11/N(4),L(4)

where:

N(i)

number of pipe subsections in pipe run i (i=1,4), and

L(i)

control integer for heat storage option in pipe run i (i=1,4) (see

NAMELIST/BRO3/) .

COMMON/FBR14/...,XL(4),...,0DI(4),DELI (4)

where:

XL(1)
ODI (i)

il

length of pipe run i (i=1,4),

outer diameter of pipe in pipe run i (i=1,4), and

DELI(i) = pipe wall thickness in pipe run i (i=1,4).

Initial Conditions

The initial sodium temperatures are made available through a COMMON statement with

LMF'BR:
COMMON/FBR7/TM1 (10) ,TM2 (10) ,TM3 (10), TM4 (10)
where:

TMi (j) = sodium temperatures in pipe run i (j=1,N(i), filled out with zeroes

if N(i) < 10), (i=1,4).

Initially, the pipe walls are assumed to be in thermal equilibrium with the coolant

at each node.

Input Process Variables

The variables which must be supplied through the argument list are:
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MODE control integer for transient selection,

MODE = { 0, pre-accident steady state initialization, and

1, normal operation,

W1l = flow rate in the loop.
Other input process variables are provided through COMMON statements:
COMMON/FBR6/TCI1,TCI2,TCI3,TCI4,...
where:
TCIi = Inlet sodium temperature to pipe run i.

COMMONS/PHY4 , PHY5, PHY6, PHY7, PHY8/

provide the sodium physical properties (densities, viscosities, heat capacities,
thermal conductivities, and Reynolds numbers, respectively) at each node of each

pipe run.

Output Process Variables

The output process variables of subroutine DELAY1l are the sodium temperatures at

the exit of the four pipe runs.

These output process variables are further used as input process variables for other

components of the system.

TCI1
> TCS1 (N) S
TCI2 ~ 3
Wl “| subroutine TCS2 (N) (= TCI3) S
>|  DELAYL TCS3(N) (= TCI4) S
TCI3
- > TCS4 (N) -~
TCI4 ~ >
7

Figure 11~12. Input and Output Process Variables of Subroutine DELAY1l
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Required Subprograms

Functions:

o None.

Subroutines:
o) PIPE = computes the transient temperatures of sodium and of the
pipe wall in N equal-length subsections of a pipe run; heat stor-

age in pipe walls is optional, and

o TMPCON = converts temperatures from °C to °F and vice versa.

Additional Comments

No temperature increase due to compression in the pumps is considered at present.

Subroutine DELAY1 does not employ a prompt approximation at present for cases where
the length of a pipe subsection is so short as to make the "characteristic time"

shorter than the time step increment. Care should be taken to avoid this situation.

Subroutine DELAY1l has an additional entry point, PUTID1 for the purpose of printing
the results of the sodium transport delay calculations in secondary loop-1 whenever
required by the master program. A number of internal variables are also employed

which need not be known in order to use DELAY1.

SUBROUTINE DELAY2 (W1, MODE)

Subroutine DELAY2 is exactly identical to subroutine DELAY1 and is used to compute
the sodium and pipe wall temperatures in the Intermediate Heat Transport Systems

(IHTS) of loop-2.
Each of the two subroutines, DELAYl and DELAY2, is allocated in a separate storage
area and, thus, the values of the variables within each model are preserved and

processed independently without any possibility of error.

The vector of process variable for subroutine DELAY2 is R72(80), labelled locally
as Y(80).

11-63



SUBROUTINE SGTHD1l (TISH, KMM, MODE)

Purpose and Scope

Subroutine SGTHD1l computes steam/water enthalpies, temperatures, pressures and flows
as well as the steam generator secondary shell side sodium temperatures for loop-1
of the plant. It models 39 differential equations and solves them simultaneously

either using the Runge-Kutta algorithm or the prompt approximation method.

Figure 11-13 shows the regions of simulation for this subroutine.

Method

Detailed descriptions of the equations used are given in Section 9 of this report.
The model simulates the water/steam enthalpies flow rates and pressures and calls
the appropriate equations of states (polynomial approximations to 1967 steam ta-

bles) to determine water/steam temperatures and thermodynamic properties.

The vector of process variables, R81(39), is labelled locally as Y(39), and is de-

fined as follows:

Y(i) = TCS(19-i)

secondary system nodal sodium temperatures (see Fig. 11-13

for node definitions), i=1,11,

Y(i) = H(i-9) = tertiary system nodal enthalpies (see Fig. 11-13 for node
definitions), i=12,30,

Y(31) = ALFA = normalized recirculation pump speed,

Y (32) = W2 = recirculation line water/steam flow,

¥Y(33) = W3 = steam flow through superheater,

Y(34) = MT(2) = mass of steam/water mixture in the steam drum,

Y (35) = UI(2) = total internal energy of the steam drum,

Y(36) = HDM = measured value of the steam drum level (normalized),

Y (37) = WM3 = measured value of normalized steam flow,

Y(38) = wMl = measured value of normalized feedwater flow, and

Y (39) = CVP = position of the feedwater control valve.

Due to nonlinearity of the energy equations along the heat transfer regions (evapor-
ators and superheaters), iterative schemes are developed that determine the tertiary

side enthalpies and secondary side sodium temperatures when in prompt approximation.
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Figure 11-13. Nodal Definitions for Subroutine SGTHD1
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Limitations

The model assumes symmetric evaporator modules and hence lumps the two together.
The model does not handle flow reversal and steam generator blow-down accidents.
The heat transfer modes in evaporators are limited to subcooled and saturated boil-

ing and effect of film boiling after the dry out is neglected.

Input Data

The following 13 NAMELIST statements are used to input the required data for SGTHDI:

NAMELIST/SGAOl/EPSI,P
where:
EPSI = accuracy criteria for drum pressure iteration (units of pressure), and
P(i) = vector of 21 tertiary system nodal pressures (see Figure 11-13 for node
definitions).
NAMELIST/SGAO2/H
where:

H(i) = vector of 21 tertiary system initial nodal enthalpies.

NAMELIST/SGAO3/TCS

where:

TCS(i) = initial sodium temperature at secondary system node i (i=1,19; note

that the first 7 are dummies and may be set to zero).

NAMELIST/SGAO4/XLT, XL, ACF, TKON

where:

XLT = total effective tube length in an evaporator module,
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XL(i) = length of pipe (or region) from tertiary system node i-1 to node i
(i=1,21);
NOTES:
XL (1) and XL{(3) are not used by the code (may be set to zero),
XL(2) = total effective length of steam drum,
XL(9) and XL(10) are calculated internally by the code (using XLT and

the calculated boiling lengths), and thus may be input as zero;

ACF = fouling area correction factor for heat transfer in the superheater,
and
TKON = thermal conductivity of the superheater and evaporator tubes.
NAMELIST/SGAOS5/Z

where:

Z(i) = elevation of the tertiary system node i (i=1,21; NOTE: Z(9) may be input

as zero).
NAMELIST/SGAO6/XLS
where:

XLs (i) = length of pipe (or region) from secondary system node i-1 to node i
(i=1,19);
NOTES:
XLS (1) > XLS(8) are dummies and should be set to zero,
XLS(9) and XLS(10) are determined by the code and may be set to zero.

NAMELIST/SGAO7/PITCH,D

where:

PITCH evaporator and superheater tube pitch, and

D (i)

vector of inner diameters of tertiary system pipes of NAMELIST/SGAO4/
(i=1,21).

NAMELIST/SGAO8/DS,DEL, XN

where:
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DS (1)

vector of inner diameters of shrouds (in evaporators and superheater)

and piping in the secondary system, corresponding to the pipes of

NAMELIST/SGAO6/ (i=1,19),

DEL(i) = vector of tube wall thicknesses (in evaporators and superheater) and
pipe wall thicknesses, corresponding to the tertiary side piping
(i=1,21), and

XN(1i)

vector of the number of tubes or pipes corresponding to the tertiary
pipes (or regions) of NAMELIST/SGAO4/, note that the split of
piping between nodes 6 and 12 is internally represented. For
example, to model a system where the piping from the evaporators

to the steam drum remains separate, XN should be as follows:

XN (8) - XN(1l) = number of tubes in each evaporator,

XN(13) = 2.,
XN (15)> XN(20) = number of tubes in the superheater,
all other XN = 1.

NOTE: DS(i) may be set to zero for i=1,7; the proper values must

be included for i=8,9 in this case.

NAMELIST/SGAO9/Al1,A2,AZ,TS, TR, TMIN, DSPEED, SSPEED, TMD,MINERT

where:

Al,A2 correspond to a,b of the tertiary system version of Egq. 6-17,
AZ,TS, TR, TMIN correspond to ao, T
of Eg. 6-19,

DSPEED

T

s’ Tre Tmin of the tertiary system version

recirculation pump design speed,

SSPEED = recirculation pump synchronous speed (constant),

TMD

recirculation pump design torgque, and

MINERT pump moment of inertia (see Eg. 6-20).

NAMELIST/SGA10/KFW,KCV, HDSP

where:
KFW = feedwater flow trim conversion gain,
KCV = feedwater valve controller conversion gain, and
HDSP = normalized steam drum setpoint water level.
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NAMELIST/SGAl1l1/wW1100,W2100,W1l,W2,W3,CVP,ALFA

where:

W1100 = 100% rated value of feedwater flow,
W2100 = 100% rated value of recirculation line flow,
Wl = initial feedwater flow,
W2 = initial recirculation line water/steam flow,
W3 = initial steam flow,
CVP = initial feedwater valve opening (normalized), and

ALFA = initial value of recirculation pump speed (normalized).

NAMELIST/SGAl12/TAUS
where:
TAUS (1) = time constant of device measuring drum level,
TAUS (2) = time constant of device measuring steam flow,
TAUS (3) = time constant of device measuring feedwater flow, and
TAUS (4) = time constant of feedwater valve controller.

NAMELIST/SGA1l3/WFMIN, WFMAX, CVMAX, WAUXM, HAUW, HDAUX , HDMAX
where:

WFMIN,WFMAX, CVMAX correspond to WF,min’ wF,max' SFV of Eq. 9-15,
max
WAUXM = maximum auxiliary water mass flow rate,
HAUW = auxiliary water enthalpy,
HDAUX = minimum normalized drum level under auxiliary feedwater flow (any less

forces full opening of auxiliary feedwater valve), and

It

HDMAX maximum normalized drum level under auxiliary feedwater flow (any more

forces full closing of auxiliary valve).

Initial Conditions

The initial conditions to the 39 differential equations are supplied through

NAMELIST/SGAO2, SGAO3, SGAll/ and the rest are calculated by the model as necessary.
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Input Process Variables

There are three input process variables that must be supplied through the argument

of SGTHD1;

TISH = superheater inlet sodium temperature, loop-1,
KMM = control integer for the recirculation pump operation
KMM = 1.0 -- normal operation
KMM = 0.0 -- pump trip
MODE = control integer for transient selection
MODE = 0 -- preaccident steady state initialization

MODE = 1 =-- normal operation

The secondary loop sodium flow is supplied through:

COMMON/GET1/...,WI100,WI,..c.,...

where:

WI1lO00

100% rated value of sodium flow and

WI

sodium flow rate in secondary loop-1l.
The steam header pressure is available through:
COMMON/PHDR/PH, ...

where:

PH = steam header pressure.

Output Process Variables

The output process variables of subroutine SGTHD1l are the secondary sodium outlet
temperature from the evaporators, the superheated steam enthalpy and flow rate from
the superheater outlet steam line (at the inlet of the main steam header inlet

nozzle).

The sodium outlet temperature is used in subroutine DELAY1l, and the superheater

enthalpy and flow are the required inputs to subroutine TURBO.
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Figure 11-14 describes the input and output process variables of subroutine SGTHD1.

The steam drum measured water level is also an output that is required by subroutine

SCRAM during the transients.

MODE
> W3 N
TISH1 ~
WI | subroutine H(21) >
> SGTHD1 TCS (8) >
PH > DM 4
KMM ~ e
”

Figure 11-14. Input and Output Variables of Subroutine SGTHD1

Required Subprograms

Functions:

o DENSOD = computes density of subcooled liquid sodium as function
of temperature,

o SPHSOD = computes heat capacity of liquid sodium at constant pres-
sure as a function of temperature,

o VISSOD = computes the dynamic viscosity of liquid sodium as a
function of temperature,

o THCSOD = computes the thermal conductivity of liquid sodium as a
function of temperature,

o SURFTN = computes the surface tension of water as a function of
temperature and specific volume,

o PSAT = computes the saturation pressure of water as a function of
temperature,
o TCOND1 = computes the thermal conductivity of water as a function

of pressure and temperature,

o) TCOND2 = computes the thermal conductivity of steam as a function
of temperature and specific volume,

o DVISCl = computes the dynamic viscosity of water as a function of
pressure and temperature,

o) DVISC2 = computes the dynamic viscosity of steam as a function of
temperature and specific volume,
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o SHEAT1 = computes the heat capacity at constant pressure for water
as a function of pressure and temperature,

o) SHEAT2 = computes the heat capacity at constant pressure for steam
as a function of pressure and temperature,

o SPVOL2 = computes the specific volume of steam as a function of
temperature and pressure,

o TSTEAM = computes the temperature of superheated steam as a func~
tion of enthalpy and pressure,

o TMETAL = computes the tube wall to bulk temperature drop in the
evaporating region,

o DPMOM = computes the momentum term coefficient in the equation of
motion, and

o USTG = computes the overall heat transfer coefficient based on the
steam generator tube outside diameter for the evaporator and
superheater modules.

Subroutines:

o) SWATER = computes the thermodynamic properties of saturated water
and saturated steam as a function of pressure,

o WATER = computes the thermodynamic properties of subcooled water
as a function of pressure and enthalpy,

[e) ENTH = computes the enthalpy of superheated steam in the super-
heater iteratively using the prompt approximation condition,

o PROMTT = computes the secondary side sodium temperature by Newton-
Raphson's Method using the prompt approximation conditions,

o DRUM = computes the drum pressure as a function of specific in-
ternal energy and specific volume iteratively using a thermo-
dynamic equilibrium model,

o IMTDIF = computes the logarithmic mean temperature difference,

o BRHTC = computes the heat transfer coefficient for the boiling
portion of the evaporator,

o CHFLX = computes the distance at which the dryout occurs from the
saturation point using a critical heat flux correlation,

o ARMAND = computes the two-phase flow frictional multiplier using
the Armands Method,

o PTIME = computes the partial derivatives with respect to speed of
pump hydraulic and friction torques,

o RPSPD = computes the recirculation pump speed in prompt approxi-

mation,
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o PHEAD = computes the recirculation pump head as a function of speed
and flow,

o PTORQ = computes the recirculation pump torque as a function of
speed and flow, and

o TFRIC = computes the pump frictional torque.

Additional Comments:

Subroutine SGTHD1l has an additional entry, PUTSGl, which is used to print the la-
test results computed by SGTHDI.

In addition to the aforementioned variables, subroutine SGTHD1l employs a number of
internal variables which, however, do not need to be specified in order to use

SGTHD1.

SUBROUTINE SGTHD2 (TISH, KMM,MODE)

Subroutine SGTHD2 is identical to subroutine SGTHD1 and is used to compute the tran-

sient behavior of the Steam Generator System of loop-2.

The recirculation pump characteristics are exactly identical to those of loop 1 and

are made available to SGTHD2 through COMMON storage location ARPP.
Each of the two subroutines, SGTHD1 and SGTHD2, is allocated in a separate storage
area and, thus, the values of the variables associated with each subroutine are pre-
served and processed independently without any possibility of error.
The input data to SGTHD2 corresponds, with one exception, to the input data of sub-
routine SGTHDl, except that the NAMELIST names all begin SGB (instead of SGA). The
lone exception is in:

NAMELIST/SGB09/TMD , MINERT

because the other pump characteristics are identical to loop-1.

SUBROUTINE TURBO (MODE, W31, W32, H211l, H212)

Purpose and Scope:

Subroutine TURBO simulates the main steam header, the turbine throttle valve, the

turbine bypass (dump) valve and the header relief valves. The steam header pres-
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sure, temperature and enthalpy are calculated using conservation of mass and energy
along with appropriate equations of state (steam tables and/or a corrected ideal

gas model for water vapor).

Method:

The detailed descriptions of the equations used are given in Section 9 of this re-
port. There are five differential equations in the submodel which simulate the fol-

lowing variables:

Y(1) = MH = mass of superheated steam inside the header,
Y(2) = IE = total internal energy of the superheated stean,
Y(3) = PM = measured header pressure at the guage,

Y(4) = TVP = fraction of the throttle valve opening, and
Y(5) = DVP = fraction of the dump (bypass) valve opening.

These variables are passed to the master program as R9(5).

The turbine throttle, bypass and header relief valves operate to keep the steam

header pressure near constant.

Limitation:

The model does not calculate choked flow conditions at the valves, and hence there

is no limitation on the steam flow rate through throttle, dump and relief valves.

The concept of acoustic wave phenomena has not been included, although acoustic

waves may be of some importance during the turbine trip accident.

Retlief Valve

Y 2aN To
7/ Atmosphere
Loop | Steam Throttle Valve To

Loop 2 Hecdef ® > Turbine

Bypass Valve

To
® > Condensor

Figure 11-15. Main Steam Header and Turbine Flow Control
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Input Data

The required data for subroutine TURBO are inputed via the following two NAMELIST

statements.

NAMELIST/SHD1/VH, KTV, XDV, TVP,DVP, TAU, PSPTV, PSPDV, PSPRV

where:

VH
KTV
KDV
TVP
DVP
TAU

PSPTV
PSPDV
PSPRV

total volume of the main steam header,

throttle valve controller conversion gain,

dump valve

controller conversion gain,

fractional opening of the throttle valve (initially),

fractional opening of the dump valve (initially),

time constant for the pressure gauge at the header,

throttle valve set point pressure,

dump valve

set point pressure, and

relief valve set point pressure.

NAMELIST/SHD2/WT100, WNMAX, WNMIN, PH,PC,CT,CTV,CDV,CRV

where:

WT100
WNMAX
"WNMIN
PH

PC

CcT

CTV
Cchv

CRV

100% rated value of the turbine flow,

maximum fractional flow through the throttle valve,

minimum fractional flow through the throttle valve,

main steam header initial pressure,

condenser pressure,

frictional
pressure),
frictional
frictional
and

inverse of

pressure) .

Initial Conditions:

loss in the turbine and stationary valve (in units of

loss in the pipe and throttle valve (in units of pressure),

loss in the bypass valve and piping (in units of pressure),

frictional loss in the relief valve (in units of inverse

The following initial conditions were inputed through the input data,
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Y (4)
Y (5)

1
3

DVP

and the other three initial conditions are calculated by subroutine TUREO.

Input Process Variables:

There are five input variables that come to TURBO through the subroutine argument.

They are:

MODE = control integer for transient selection,

MODE = 0 -- preaccident steady state initialization,

MODE = 1 -- normal operation,

MODE = 4 -- turbine trip,

MODE = 5 -- uncontrolled opening of the dump (bypass) valve,

W3l = superheated steam mass flow rate from loop-1,
W32 = superheated steam mass flow rate from loop-2,
H211l = superheated steam enthalpy from loop-1l, and,
H212 = superheated steam enthalpy from loop-2.

Output Process Variables:

The only output process variables from subroutine TURBO are the main steam header

pressure PH, and the steam temperature TMH.

Figure 11-16 shows the input and output process variables of subroutine TURBO.

MODE ~
v .
Subroutine
P
W31, H211l S TURBO H, TMH >
w32, H212 ~
rd
Figure 11-16. Input and Output Process Variables of Subroutine TURBO
Required Subprograms:
Functions
o TSTEAM = computes the steam temperature as a function of steam enthalpy
and pressure,
o SPVOL2 = computes the specific volume of steam as a function of steam

temperature and pressure.
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Subroutines

o HEADER = computes the steam pressure in the main steam header as a
function of total specific internal energy and specific volume.

Additional Comments:

Subroutine TURBO has one secondary entry, PUTTUR, which is used to print the latest
results computed by TURBO.

SUBROUTINE SCRAM(MSCRAM,KMM1,KMM2,KMS1,KMS2,KPM1,KPM2)

Purpose and Scope

Subroutine SCRAM compares various parameters {as sensed through measuring devices
with known time constants) with reactor trip equations to determine whether a reac-

tor shutdown is warranted.

Presently, the subroutine includes 9 possible trip equations for a primary control
rod scram, and 4 equations for a secondary scram. Room has been left in the subrou-

tine for the easy addition of 2 more trip equations, one primary and one secondary.

The actual plant trip may be delayed from the time of the trip signal by means of
input, constant delay times. Separate delays are provided for control rod insertion,

primary pump trip, secondary pump trip, and tertiary recirculation pump trip.

In addition, any pump or either control rod system may be tripped manually at any
given time (see master program, NAMELIST/MASD/). These manual trips are overridden

by any automatic trip which may occur at an earlier time in the transient.

Any trip equation may be neglected if desired, as provided in the input data set.

Method

Most of the variables used in the trip equations have already undergone measure-

ment delays because they are used in the reactor power and flow/speed controllers.

Certain variables, however, do not have measured values, so these must be determined
within subroutine SCRAM. To accomplish this, a vector is set up for integration

within function RUNGE. This vector has 7 variables and is set up as follows:

R(1)
R(2)

il

PRESM

]

measured normalized pressure at the reactor vessel inlet,

n
]

ZRVOPM measured sodium level above reactor vessel outlet nozzle,
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R(3) PNRMM = measured normalized reactor power (flux),

R{4) = TIHXIM = measured IHX primary sodium outlet temperature in loop-1,
R(5) = TIHX2M = measured IHX primary sodium outlet temperature in loop-2,
R(6) = TVAPIM = measured evaporator outlet sodium temperature in loop-1, and
R(7) = TVAP2M = measured evaporator outlet sodium temperature in loop-2.

This vector is passed to the master program as R10(7).

It is assumed that the determination of whether power is increasing or decreasing

(i.e. whether the total reactivity RO is positive or negative) is instantaneous.

As soon as a primary trip is initiated, no further calculation of the primary trip
levels is done. The same is true for the secondary trips. The pump trips will oc-

cur due to the earliest of the control rod trips.

Limitations

At present, the same delay is used for a control rod trip in either the primary or

the secondary scrams.

Input Data

NAMELIST/SCR1/NOSCRAM,DELAY , PMPDEL

where:

NOSCRM = vector of 15 integers which consists of the plant trips that are to
be neglected, filled out with zeroes (e.g., to allow only primary
system scrams, the value of NOSCRAM should be:

NOSCRAM = 11,12,13,14,15,0,0,0,0,0,0,0,0,0,0;
Note that the neglected scrams must appear in increasing order);
DELAY = delay time between trip signal and control rod drop, and
PMPDEL = vector of 6 delay times between trip signal and pump shut-off:

2 primary, 2 secondary, and 2 tertiary.

NAMELIST/SCR2/PLIM,TCON,A2,B2,C2,D2,A3,B3,C3,D3,A4,B4,C4,A6,B6,C6,A8,ZLEVEL,
THXSCR

These are the parameters in the primary trip equations of Table 4-1 where:
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PLIM = ¢ max in #1 trip,

TCON = T |
A2 = A2
B2 = B2r in #2 trip,
C2 = C2
D2 = D,
N
A3 = A3
B3 = B3
c3 = C3’ in #3 trip,
D3 = D3J
Ad = A4T
B4 = B4> in #4 trip,
Cc4 = C4J
\
A6 = A6
B6 = B6> in #6 trip,
c6 = C6)
A8 = A8 in #8 trip,
ZLEVEL = ZL in #7 trip, and
THXSCR = Tth in #9 trip.

NAMELIST/SCR3/Al1,Bl1,C11,Al2,B12,C12,DRUMAX, TVAPSC

These are the parameters in the secondary trip equations of Table 4-2, where:

All = All

Bll = B11 in #11 trip,

Cll = C11

Al2 = A12

Bl2 = B12 in #12 trip,

Cl2 = C12
DRUMAX = HD,max in #13 trip, and
TVAPSC = Tsev in #14 trip.
NAMELIST/SCR4/TAU

where TAU is a 7 element vector of measurement time constants for the following:
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TAU(1l) = time constant for reactor vessel inlet pressure measurement,

TAU(2) = time constant for sodium level measurement,

TAU(3) = time constant for reactor power measurement,

TAU(4) = time constant for IHX-1l outlet temperature measurement,

TAU(5) = time constant for IHX-2 outlet temperature measurement,

TAU(6) = time constant for evaporator outlet temperature measurement in loop 1,
and

TAU(7) = time constant for evaporator outlet temperature measurement in loop 2.

Initial Conditions

All initial conditions are set up within the subroutine scram itself. The initial
conditions of all the measured quantities are set to the initial values of the quan-

tities themselves, because the reactor is assumed to be at steady state initially.

Input Process Variables

All the input process variables are supplied to subroutine SCRAM by means of COMMON

statements.

COMMON/SCRH/ALM1,ALM2, PRES, WMl , WM2, ZRVOP

where:

ALM1l = measured value of the normalized pump speed in primary loop-1,
AILM2 = measured value of the normalized pump speed in primary loop-2,
PRES = normalized reactor inlet pressure,

WMl = measured value of the normalized flow rate in primary loop-1l,

WM2 = measured value of the normalized flow rate in primary loop-2, and

ZRVOP = sodium level in the reactor vessel above the outlet nozzle.

COMMON/SCRM/ALIMY ,ALIM2,WIM1,WIM2, TIHX1, TIHX2

where:

ALIM1 = measured value of the normalized pump speed in intermediate loop-1,

ALIM2 = measured value of the normalized pump speed in intermediate loop-2,

WIM1l = measured value of the normalized flow rate in intermediate loop-2,

WIM2 = measured value of the normalized flow rate in intermediate loop-2,
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TIHX1 = primary side outlet sodium temperature of heat exchanger in loop-l, and

TIHX2 = primary side outlet sodium temperature of heat exchanger in loop-2.
COMMON/SCRP/PNRM, RO
where:
PNRM = normalized reactor power, and
RO = total reactor reactivity.

COMMON/SCRT/HDM1 , HDM2, TEVAP2 , WSTM1 , WSTM2 , WFWM1 , WFWM2

where:

HDM1 = measured value of normalized steam drum level in loop-1,
HDM2 = measured value of normalized steam drum level in loop-2,
TEVAPl1 = evaporator outlet sodium temperature in loop-1,
TEVAP2 = evaporator outlet sodium temperature in loop-2,
WSTM1 = measured value of normalized steam flow rate in loop-1,
WSTM2 = measured value of normalized steam flow rate in loop-2,
WFWM1 = measured value of normalized feed-water flow rate in loop-1, and

WEFWM2 = measured value of normalized feed-water flow rate in loop-2.

Output Process Variables

All of the output process variables of subroutine SCRAM are transferred through the

subroutine arguments. These are:

MSCRAM = control integer for reactor scrams,
0, normal operation,
MSCRAN = 1, primary system scram,
2, secondary system scram, and
3, both primary and secondary reactor scrams;
KMM1 = control integer for primary pump 1

1 = { 1.0, pump operational, and

0.0, pump motor shut off;
KMM2 = same as KMM1, but for primary pump 2,
KMS1 = same as KMM1, but for intermediate pump 1,

KMS2 = same as KMM1l, but for intermediate pump 2,
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KMGl = same as KMM1, but for recirculation pump 1, and

KMG2 = same as KMM1, but for recirculation pump 2.

measured system flow rates and pump speedg

reactor vessel sodium level

> MSCRAM N
reactor vessel inlet pressure ~ KMM1, KMM2
reactor power and reactivity | subroutine , >

> SCRAM KMS1, KMS2 >
heat exchanger outlet temperature

J P > KMGL, KMG2
evaporator outlet temperature ~

7
measured steam drum levels ~

rd

Figure 11-17. Inputs and Outputs of Subroutine SCRAM

Required Subprograms

None.

Additional Comments

In addition to the previously mentioned variables, subroutine SCRAM contains sev-

eral internal variables which need not be defined in order to use the subroutine.

Subroutine SCRAM has one secondary entry, PUTSCR, which is used to print the latest

values for the variables measured in SCRAM.

ANCILLARY PROGRAMS

There are 59 ancillary subprograms which are required by the major subroutines dis-

cussed in the previous sections.

These subprograms (functions and subroutines) are mostly general, and include the
thermophysical properties of liquid sodium, water and steam, and may be replaced by

other more up-to-date correlations and data as they become available.

They also include some of the more specific aspects of the plant modeling such as
the reactor fuel energy equations and the compressible flow models of the steam
drum and steam header. These models can be altered as needed by the user and will

not create any major difficulty in the overall model.
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Because all variables are internally represented in English units, these subpro-
grams must accept input and provide output in English units. To avoid confusion,
in case one wishes to alter a particular correlation, the required units are listed

in this section.

FUNCTION VISSOD (X)

The VISSOD function computes the dynamic viscosity of liquid sodium as a function of
its temperature measured in °F. The dynamic viscosity is first computed in units
of poises, using an analytical expression and then converted into units of 1lb/ft -

hr (17).
The input process variable is:
X = sodium temperature, °F.

The output process variable is:

VISSOD = dynamic viscosity of sodium, lb/ft - hr.

FUNCTION SPHSOD (X)

SPHSOD function computes the heat capacity of sodium as a function of its temper-
ature °F. The heat capacity is computed in Btu/lbm - °F using an analytical ex-
pression (17).

The input process variable is:

X = sodium temperature, °F.

The output process variable is:

SPHSOD = liquid sodium heat capacity, Btu/lbm °F.

FUNCTION THCSOD (X)

THCSOD computes the thermal conductivity of liquid sodium as a function of its tem-
perature in °F. An analytical expression is used to obtain the liquid sodium ther-

mal conductivity in Btu/ft - hr - °F (17).
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The input process variable is:

X = sodium temperature, °F.

The output process variable is:

THCSOD = liquid sodium thermal conductivity, Btu/ft ~ hr - °F.

FUNCTION DENSOD (X)

The DENSOD function computes the density of liquid sodium as a function of its tem-
perature measured in °F. The sodium density is computed in 1bm/ft3 using an anal-

ytical expression (17).

The input process variable is:

X = sodium temperature, °F.
The output process variable is:

DENSOD = liquid sodium density, lbm/ft3.

SUBROUTINE PHYPRS (N)

Subroutine PHYPRS computes the physical properties of liquid sodium as well as the
flow Reynolds Number. The liquid sodium density, viscosity, specific heat, and
thermal conductivity as well as the Reynolds Number are calculated in N different

nodes.

The input process variables are:

N = total number of nodes/regions for which physical properties and Reynolds
number needs to be calculated
COMMON/PHY1/TCAV (232)

TCAV(232) = vector of 232 sodium average temperatures, °F

COMMON/PHY2/G (232)

G(232) = vector of 232 sodium mass fluxes, lbm/ft2 - hr
COMMON/PHY3/DH (232)

DH(232) = vector of 232 hydraulic equivalent diameters, ft
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The output process variables are:

COMMON/PHY4/DEN (232)

DEN(232) = vector of 232 sodium densities, lbm/ft3
COMMON/PHY5/VIS (232)

VIS(232) = vector of 232 sodium dynamic viscosities, 1b/ft - hr
COMMON/PHY6/CPS (232)

CPS (232) = vector of 232 sodium heat capacities, Btu/lbm - °F
COMMON/PHY 7/XKS (232)

XKS(232) = vector of 232 sodium thermal conductivities, Btu/hr - ft °F
COMMON/PHY8/RES (232)

RES (232) = vector of 232 sodium Reynolds numbers

The following subprograms are required:

Functions
o DENSOD = computes the density of liquid sodium,
o VISSOD = computes the viscosity of liquid sodium,

o SPHSOD

computes the specific heat of liquid sodium, and

o THCSOD = computes the thermal conductivity of liquid sodium.

Subroutines

o None.

FUNCTION FRFAC (RE,P,D,WL,M)

The FRFAC function calculates the moody friction coefficient in the reactor fuel
rod bundle or inside a smooth pipe for the complete flow spectrum. The function
uses analytical relationships described in Section 6 of this report, to calculate

the 4f factor.

The required input process variables of the FRFAC function are:

= flow Reynolds number

= rod pitch, ft

rod outside diameter, ft

g ow &

= gpiral wire spacer lead, ft

11~85



M = control integer
M= 0 -- for a pipe

M = 1 -- for reactor fuel rod bundles

Note: when FRFAC is used for a pipe, P, D, and WL should be specified as some dum-

mies since Re and M are the only required inputs.

The output process