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ABSTRACT

A number of lumped parameter dynamic models were developed for
a vertical U-tube recirculation steam generator (UTSG) of the type
used in most pressurized water reactor nuclear steam supply systems.

The models ranged in complexity from a simplified model (Model
A) with only three Tumps to represent the primary fluid (reactor
coolant), tube metal and the secondary fluid to a detailed model
(Model D) with fourteen lumps and a moving boundary between the
subcooled and boiling sections of the iheat exchange region. The models
are linear and are in the state variable form which is convenient for
using standard general purpose computer codes for time or frequency
domain analysis.

The adequacy of the models was tested in several ways. The
calculated response from the models was studied for physical
plausibility. The adequacy of the analytical work was tested by
comparing results from progressively more detailed models. The
detailed model response was compared with the results of other UTSG

6,32)

dynamic mode]s( and with test results obtained at the H. B.

Robinson (739 MWe PWR) p]ant.(3’4’5)
A1l of the checks on model validity demonstrated the adequacy

of the lTumped parameter approach for the simulation of the dynamic

response of a UTSG for normal operating transients involving small

deviations from the steady state conditions,

AR
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CHAPTER I

INTRODUCTION

I.1 General Considerations

Although steam generators have been used in power generating
plants for a long time, the interest in their dynamic behavior
has grown only since nuclear energy became a feasible substitute
for fossil fuels as a load-following heat source for steam supply
systems. Figure I.1 shows a pressurized water reactor (PWR) coolant
loop. It is clear that the steam generator in this loop acts as
a thermal coupling between the reactor primary coolant system and
the secondary steam cycle. On the primary side, there is the
nuclear power reactor where efficient and safe heat removal from
the reactor core is of primary concern to the reactor designer.
On the secondary side, there is the electrical energy consumer
whose main interest is the reliability of service. It is
because of this strategic position of the steam generator between
these two sides that its dynamic behavior became of considerable
interest for the safe design and reliable operation of PWR nuclear
power plants.

The work reported in this dissertation was a part of a larger
task for the dynamic analysis of both single and dual purpose
(generating electricity and desalination of sea water), nuclear

power plants that was carried out at the Nuclear Engineering Department
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2 Description of the Physical System

The steam generator considered in this work is a vertical,
tube, recirculation type steam generator (hereafter abbreviated
UTSG). It is the type used in most of the current PWR nuclear
eam supply systems (NSSS).

The details of such a steam generator are shown in Figure .2
d a schematic is shown in Figure I.3. The hot reactor coolant
rrying the heat generated in the core enters at the bottom of
e steam generator through the inlet nozzle to an inlet plenum,
Jws through the U-tubes, transferring heat to the secondary fluid
it flows outside the tubes and then enters an out]ét plenum
fore leaving the steam generator through the outlet nozzle(s).
2 secondary feedwater to the steam generator enters at a level
it above the U-tubes through a feedwater ring. It mixes with
» recirculated water and the slightly subcooled mixture passes
mward through the annular region between the tube wrapper and
1+ shell before entering the U-tube region. Heat is transferred
the secondary fluid as it flows upward outside the U-tubes,
. a steam water mixture is formed. The steam water mixture then

ses through steam separators and dryers that limit the moisture

tent of the steam leaving the steam generator to less than 0.25% (2)

0
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The separated water returns to mix with the feedwater for another
pass through the tube bundle region.
Referring to Figure 1.3, one can summarize the different
processes encountered in the functioning of this UTSG as follows:
A. Primary Side

1. Entrance of the primary water from the reactor hot
leg to the inlet plenum.

2. Flow of the primary water through the U-tube bundle
and heat transfer along its path to the secondary
fluid. Notice that flow of the primary fluid is
parallel to the secondary flow in the inlet branch
of the U-tubes and opposite to it in the exit branch
of the U-tubes. Therefore, the U-tube steam generator
can be considered as composed of a parallel flow
steam generator and a counter flow steam generator
with a common secondary fluid.

3. Outlet of the primary water through the outlet plenum.

B. Tube Metal Walls

1. The tube metal separates the primary water and the
secondary fluid. The tube conductance together with
the film heat transfer coefficients determine the
effective heat transfer coefficients relating the bulk
mean temperatures in the primary and secondary sides

and the tube metal temperature.



C.

Secondary Side

1.

Feedwater enters through the feedwater ring into the
annulus between the U-tube wrapper and the shell,
referred to as the downcomer section in this study.
Feedwater mixes with saturated water separated

from the steam-water mixture in the steam separaters.
Secondary water enters from the downcomer into the

tube bundle region.

Secondary water is heated as it flows upward around

the U-tubes and the temperature is raised to the boiling
point.

Boiling occurs in the flowing secondary fluid and steam
is formed as more heat is transferred through the U-tubes
from the primary fluid.

The steam-water mixture continues to flow upward to the
steam separators where steam is separated and collected
in the upper part of the steam generator shell and
separated water is mixed with feedwater, then flows
downward in the downcomer.

Steam exits from the upper part of the steam generator
at a rate determined by the turbine stop valve

opening.



Statement of the Problem

The purpose of the study and research work reported in this
sertation was to investigate the dynamic behavior of a vertical
G using the state variable, Tumped parameter technique. The
hematical models developed were required to be in a form suitable
using existing state variable digital computer codes to obtain
dynamic response in tne time and frequency domains. Also,
y were required to be in a form suitable for coupling with
els for other subsystems so that the dynamic response of the
egrated PWR system can be obtained using the same computer codes.
validity of the model was to be checked against available
erimental data from dynamic tests on the H. B. Robinson Huclear

er P]ant.(3’4’5)

Importance of the Study

The need for efficient and practica] techniques for assessment
the dynamic behavior of nuclear steam generators is growing with
growth of the nuclear power industry. The design of a steam
erator within a nuclear power plant demands a detailed knowledge
the thermohydraulic processes affecting its performance, not only
steady state, but also during transients. Since a digital computer
1 be necessary to predict the dynamic response of large complex
tems, an efficient mathematical model must have the following
racteristics.

1. The number of equations should be the minimum that

adequately simulates the dynamic behavior of the system.
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2. The form of the model should allow the use of standard
general purpose computer codes.
3. It should be easy to couple models for other subsystems.
4. The same model should be useable for transient, frequency
response or stability analysis.
The lack of dynamic models with the above characteristics

for nuclear UTSG's stimulated the need for the work reported in this

dissertation.

I.5 Scope and Organization of the Text

Following this introductory chapter, a review of pertinent
literature is presented in Chapter II. The develnpment of the
mathematical models is given in Chapter III. TIn Chapter IV, the
calculation procedure is described and the application of these
models for dynamic response simulation of an isolated UTSG is
demonstrated. The response of a coupled PWR/steam generator system
is examined in Chapter V for the purpose of testing the validity
of the models. In this chapter, the correlation between the
ﬁathematica] model's prediction and the results obtained from dynamic

(3)

tests on H. B. Robinson Nuclear Power Plant is discussed. In

Chapter VI, the detailed model response is compared with the results

obtained from a finite difference mode].(32)

Chapter VI also
contains the comparison between the detailed UTSG model and a
dynamic model for an Integral Economizer U-tube Steam Generator
(IEUTSG) which was developed using the same modeling approach.(6>

In Chapter VII a summary of the model evaluation is presented

together with some concluding remarks.
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The Appendixes contain the basic information and detailed
calculations that would otherwise interfere with the smooth

continuity of the discussion in the main text.



CHAPTER II

REVIEW OF PERTINENT LITERATURE

II.1 Introduction

The problem of developing dynamic models to predict the dynamic
behavior of nuclear steam generators has received considerable
attention in the past decade. In this chapter, a number of publica-
tions will be reviewed for the purpose of presenting a sample of the
available literature pertinent to the area of dynamic simulation of
two-phase natural circulation systems in general and of U-tube
recirculation type steam generators in particular. The literature
review is presented in three parts. In Section I1.2, a review of
some dynamic modeling approaches for heat exchangers and fossil
fueled boilers are discussed. In Section If.3, some of the dynamic
models for boiling water reactor (BWR) systems are discussed with
the emphasis on the similarity between BWR and UTSG systems. In
Section II.4, some of the modeling techniques for nuclear steam
generator systems are reviewed with the emphasis on modeling approaches
and the scarcity of published modeldescriptions that stimulated
the need for the study and research work reported in this dissertation.

General remarks about the literature review are given in Section II.5.

II.2 Dynamic Models for Heat Exchangers and Fossil Fueled Boilers

The interest in the dynamic behavior of heat exchangers and
fossil fueled boilers has grown in the past two decades and a number

of publications have been reported in the open literature.

1
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Clark et a].(7) presented a number of papers where they derived
analytical solutions for the dynamic response of heat exchangers as
a function of position and time to three different perturbations in
the heat generation rate (the perturbations were a step, an arbitrary
function, and a sinusoid).

Chien et a].(B) presented the transient analysis for a boiler
with an internal recirculating loop and a superheater bank in the
load Toop. The model includes a pressure drop equation for the super-
heater and recirculating loop together with a steam drum water level
calculation. Analog solutions of the system were obtained for open
loop and closed loop transient responses of the drum pressure and
water level to changes in steam flow, fuel supply and feedwater
flow.

(9)

Thal-Larson examined the dynamic behavior of heat exchangers
by deriving transfer functions for frequency response analysis using
simple mathematical models. Important system time constants were
identified for each model presented.

A detailed study by Masubuchi(]o) treated the dynamic analysis
of different configurations of heat exchangers. Transfer functions
of a complex model were derived for frequency response analysis. He
also presented a simplified model for simulating the transient
response.

(1)

Enns classified the many theoretical models of heat
exchangers into distributed parameter and lumped parameter models.

Transfer functions were derived which show the adequacy of lumped



13
parameter models for flow rate or heat flux induced transients while
a distributed parameter model is recommended for temperature induced
transients.
Dusinberre(]z) approached the heat exchanger dynamics problem
by presenting a numerical technique for calculating transient tempera-
tures. He indicated that numerical methods are an excellent way for
generating a family of solutions to a particular problem. He also
hinted that there is often a great saving of time and effort in
processing on a finite difference basis throughout when an analytical
solution is not obtainable and when a digital computer is available.

(13)

Astrom presented a simple nonlinear model for a drum boiler-
turbine unit where the drum pressure is the state variable and fuel
flow, control valve setting and feedwater flow are the control
variables. The model was shown to agree well with measurements for
an actual boiler in the range half power to full power. The model
can be derived using physical arguments and is thus characterized by
several parameters. A derivation of the simplified model based on
physical consideration was given together with the assumptions required
to arrive at the simplified model. A crude method of estimating the
model parameters was also given.

Before leaving this section, the author would like to call

attention to a number of excellent papers on the subject of boiler

modeling given in Reference 14.
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[.3 Dynamic Models for Boiling Water Reactor (BWR) Systems

An extensive research effort has been undertaken in the past
wenty years in support of the boiling water reactor program with
mphasis on hydrodynamic stability of natural circulation boiling
systems.

The heat exchange process in a BWR core is somewhat similar
:0 that in the tube bundle region of a UTSG. In both cases, heat
is added from a primary source of heat to a flowing secondary fluid
nhich enters the heat exchange region as subcooled water and leaves
it as a two phase steam/water mixture. Some of the references
dealing with the dynamic behavior of BWR systems are given below.

Thie(]s) presented a theoretical analysis of the kinetic
behavior of a number of operating boiling water reactors based on
a simple model where steam void feedbacks dominate. It was concluded
that it is possible within the framework of existing experimental
and theoretical BWR dynamic technology to design these reactors with
reduced instability limitations on the power.

Akcasu(]G) investigated the dynamic behavior of boiling water
reactors in a systematic way. General expressions for the transfer
functions associated with the individual feedback mechanisms were
obtained for an arbitrary flux distribution, weighting function and
steam velocity distribution. Specific forms of the transfer functions
were obtained and simplified by single time constant transfer functions.
The error involved in the lumped time constant approximation was
examined and was shown to be as large as 4 db in amplitude. The

theoretical results were compared with experimental power-void transfer
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ictions and the agreement in some cases was proven to be better
in 5 db in amplitude and 10 degrees in phase in the entire
rquency range from 0.01 to 100 rad/sec.

Fleck(]7)

used the laws of conservation of mass, energy, and
lentum in the integral form to derive a set of ordinary differential
lations governing the hydrodynamics of natural circulation boiling
;tems. The equations can be solved for the water velocities at

v inlet and outlet of the heated section, the outlet void fraction

{ the total fluid momentum. These equations can be added to the
ctor kinetics equation and the equations governing the transfer
heat from reactor fuel elements to water and the relation between
ictivity and the average void fraction to obtain a model for the
iamics of a boiling water reactor. The calculations using this

lel indicated that under certain conditions, boiling water reactors
i operate stably even for very substantial reactivity additions.

v analysis also revealed that under proper conditions, purely hydro-
1amic instability can occur independently of any coupling between

'd and water. The onset of this unstable behavior would be
lependent of nuclear and thermal parameters although the dynamic
iavior of the reactor would depend on them.

(18)

Muscettola presented a theoretical formulation for the
lamics of a boiling water reactor of the pressure tube and forced
culation type. The model treated the neutron kinetics, fuel
iment heat transfer dynamics, the boiling channel, steam drum,

comer and recirculating pump. The author emphasized the need for

oretical models to support both design and experimental programs.
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Mida and Suda(]g) presented simplified versions of the transfer
function models derived by them in another report. The simplified
models were used to investigate the dynamic characteristics of a BWR
system from design parameters. The dynamic characteristics of the
feedback transfer functions and the system stability were also
investigated and some comparison with other studies were given.

Anderson et a1.(20) examined the transient response and stability
of a two phase natural circulation system for application to a boiling
water reactor. The treatment is very similar to that required for
a natural circulation steam generator. The model described the
conservation of mass, energy, and momentum for a two-phase loop.
The resulting equations were solved simultaneously with an analog
computer. The model uses a slip ratio correlation for determining
the two phase flow in the boiling portion of the loop.

Nahavandi and van Ho]]en(Z]) discussed the use of space-dependent
iynamic analysis to study the dynamic behavior and stability of
20iling water reactor systems where discrete space nodes along the
1xis of the core were used to determine local void fraction and
thermohydraulic feedback effects.

Neal and Zivi(zz) presented a comparative study of analytical
10odels and experimental data for the hydrodynamic stability of
1atural circulation boiling systems. The authors examined the
;tability problem in natural circulation boiling systems and indicated
hat a Targe nuﬁber of parameters in both the boiling and non-boiling

jortions of such a system jointly determine its stability, hence the

.omplexity of the dynamic models. The study of hydrodynamic stability
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problem was presented in three parts. In the first part, the
mechanisms of instability considered by a number of authors were
discussed and the experimentally observed effects of various system
parameters were summarized. In the second part, the basic conserva-
tion equations were derived in general form, and each model was
described relative to these equations. Finally, the model predictions
were compared with experimental data, and the relative predicting
power of each model was presented.

spigt (23)

presented the results of an experimental and theore-
tical study on the hydraulic characteristics of a single coolant
channel of simple annular geometry in a boi]ing‘water reactor with

main emphasis on the stability characteristics of the flow process

in such a channel. The report included a description of the
pressurized and atmospheric boiling loops which were used in the
experimental part of the study. In the theoretical part of the

study, the general equations describing the performance characteristics
of a boiling system under steady state and non-steady state were
derived with special attention to the formulation of boundary conditions
and the introduction of pressure effects into the equations. The
dynamic equations were linearized by assuming small disturbances from
steady state and then numerically integrated by means of a digital
computer. _

Vassier(24) developed an analog model to study the dynamic
behavior of a boiling loop with natural circulation. The model was
constructed for a longer test loop then those used by F]eck<]7) and
(22)

Zivi and was kept as simple as possible by isolating the most
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important factors and neglecting the other factors. The model showed

(23)

a rather good agreement with the experiments of Spigt regarding
the prediction of the onset of instability as well as the power/inlet
velocity transfer function. The model has been expanded to include
the neutron kinetics equations, fuel element and void feedback and
the control system. The author indicated that when dealing with some

phenomena in certain frequency ranges, it is not necessary to consider

other components of the plant which have much lower natural frequencies.

IT.4 Dynamic Models for Recirculation Type Nuclear Steam Generators

The problem of simulating the dynamic behavior of steam
generator components of nuclear power plants has recently received
a considerable attention both from industry and utility parties.

(25)

Westmoreland developed a natural circulation steam

generator model where he emphasized riser liquid-vapor volume fractions
and circuit pressure losses in describing a closed secondary Tloop.

This digital computer model of a shell and tube type unit used an
annular two phase flow treatment in computing the steady state and
transient steam flow, the recirculation ratio and the water level.

(26)

McGwan and Bodoia have performed experimental studies of
the stability of a natural circulation steam generator. Experimental
data from the test loop were compared to predictions from a digital
computer model of a steam generator. It was found that increased
power level and riser resistance have adverse effects on stability
while additional downcomer resistance improved stability.

(27)

Clark presented a mathematical model for the steady state

and transient analysis of a natural circulation, separate drum,
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horizontal steam generator of the type used in the Shippingport
Nuclear Power Plant. Equations describing the conservation of mass,
energy, and momentum were written for a secondary side system to
match a primary side heat balance and secondary power delivered to
a turbine-generator load. Major aspects of the model include
steady state and transient recirculation flow, single phase density
and pressure drop calculation and automatic control of the steam
drum water level. Both steady state conditions and the transient
response of the steam generator model were obtained by means of a
digital computer program, using a finite differencing method. The
model response was compared with experimental data from the Shipping-
port Nuclear Power Plant.

(28)

Nahavandi and Batenburg presented a combined digital-analog
mathematical model for the dynamic analysis of vertical U-tube
natural circulation steam generator. In the first part, a space-
dependent digital program simulation was used to describe the dynamic
behavior of the steam generator recirculation loop. In the second
part, an analog simulator consisting of five distinct blocks was

used for feedwater controller parameter optimization studies. The
five blocks of the analog simulator were (a) feedwater line; (b) steam
drum, (c) steam main to turbine; (d) water level controller, and

(e) recirculation loop model. In the analog model, the recirculation
loop was represented by six transfer functions obtained by using
analog/digital techniques and the time response from the digital
program to specified inpyt perturbations. The other four blocks

were represented by analytical expressions using lumped parameter
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odels. The fundamental equations and method of solution for the
ecirculation loop space-dependent digital model were also presented
y the authors.
(29)

Hargrov presented a program to calculate multiloop detailed
ransient behavior of a PWR system. The program simulated two

eactor coolant loop including two steam generators and associated
ystems. It also simulated reactor kinetics, reactor control and
rotection systems. The.thermal and hydraulic characteristics of

he reactor coolant system were described by time and space
ifferential equations, then reduced to nodal forms, the solution

f which are tractable by means of finite differences. Each steam
enerator was represented by six nodes, an inlet header, an outlet
eader and four primary/secondary heat transfer nodes. The heat
ransfer rate from each flow section to the secondary side was calcu-
ated using the logarithmic mean temperature difference (LMTD) so

hat the power transferred was computed correctly even at very low
low conditions. The heat transfer coefficient and heat transfer

rea were treated as variables and evaluated as functions of the
epresentative parameters. Perturbations related to the steam
enerator were taken as primary water inlet temperature (reactor hot
eg temperature), steam flow rate, feedwater flow rate and¢ feedwater
nthalpy.

Ten No]de(30)

investigated various aspects of the simulation
f the nonlinear transient thermal behavior of steam generators. Both

he evaporator in a sodium cooled fast breeder reactor power plant
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(LMFBR) and the steam generator in a pressurized water reactor plant
(PWR) are considered in the investigation. Both a hybrid continuous
space discrete time (CSDT) distributed parameter model and a lumped
parameter model were considered in the study. The results from these
models were compared with experimental results obtained from a 6 M4
PWR steam generator.

(31)

Bauer et al. described a digital model of the dynamic
performance of gas and pressurized water reactors designed and
developed by Electricite De France for its equipment studies. The
model equations were partial differential equations and were

solved by the finite difference technique. The paper showed the model
equations, the method of solution, and the application of the model
for two cases.

a. Explanation of the pulsating behavior of the heat exchanger

originally intended for the Bugey graphite gas plant.

b. Analysis of instability of water level in the Chooz PWR

steam generator under low output.

Christensen(32) developed a one dimensional model of a UTSG
using a mixed distributed and lumped formulation. The governing
equations for the heat transfer zone and the downcomer were described
by partial differential equations while the other sections of the
steam generator were described by ordinary differential equations.
The partial differential equations were solved by sampling in time
--and division into subsections in space, thus transforming the
equations into algebraic equations. The equations can be solved by

pure digital or hybrid techniques. The model has the advantage of
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calculating the steady state response as well as the dynamic response
to specified perturbations. The work reported in this dissertation
was developed independently from the work reported by Christensen.

A comparison between the results presented in Reference 32 and the
results obtained from the detailed lTumped parameter model is given

in Chapter VI.
(33)

Delene developed a digital simulator for dual purpose
desalination plants in which multistage flash (MSF) evaporators

are coupled to a Pressurized Water Reactor (PWR) nuclear power plant
through a back pressure turbine. This simulator included a state
variable model for a U-tube, drum type recirculating boiler. The
primary liquid was divided into three sections, each described by
two ordinary differential equations with outlet and average tempera-
tures of each section as the state variables. The secondary side was
represented by four equations, two for the subcooled (non-boiling
section), one for the downcomer temperature, and one for the steam
mass. The author stated that "several simplifying assumptions are
made in the steam generator model which may 1imit the simulator's
ability to predict the results of wide ranging transients." The
model was developed only for the purpose of an overall system
representation and has not been explicitly tested against other
models or test results.

Murre1(34)

presented a description of the components comprising
the simulation of PWR nuclear power plants. The reactor was
represented by a single average channel defined as a fuel element

and the coolant area associated with it. Average density in the
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primary circuit was calculated as a function of average temperature
and pressure. ‘The flow from the primary circuit into the pressurizer
was obtained from the rate of change of primary circuit density.
The recirculation flow in the UTSG was calculated from a pressure
balance of static head difference against frictional and acceleration
head losses which were assumed proportional to the square of the
flow.

(35)

Frei et al. presented a description of a computer model for
a 660 MWe nuclear power plant. The model included the pressurized
water reactor, steam generator, pressurizer, secondary side (steam
power plant side) and controls. The results obtained from the
dynamic model were compared against test results obtained during

the commissioning of the plant.

(36)

Matausek developed a nonlinear lumped parameter model (SINOD)
for analysis of two phase flow in natural circulation boiling water
loops. The model consists of the equations for the conservation of
mass, momentum, and energy. The resulting equations are solved with
time and length along the loop as the only independent variables.

The steady state calculations was performed by solving the same set
of equations with the time derivative terms set equal to zero. The
input data to the model are the parameters specifying the geometry

of the system under consideration, physical properties of the fluid
and pressure drop coefficients along the loop. Optional correlations
are provided for the calculation of slip ratio and two phase friction

multipliers. The models have a thorough investigation of the inter-

action between mass velocity and void fraction which is considered
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the basic mechanism of hydrodynamic instability. When using the model,
care must be taken to insure that the assumptions built into it are

reasonable for the physical system under investigation.

I[T.5 Remarks

From the previous discussion, it can be seen that the problem
of analytical and numerical simulation of the dynamic behavior of
nuclear steam generators has recently received considerable attention
as a tool for design and testing of PWR nuclear power plants. Three
modeling approaches are now in competition.

1. Transfer function approach.

2. Numerical (finite difference) approach.

3. State variable lumped parameter approach.

The first approach is mainly an analytical approach suitable
for the solution on analog computers. The system characteristics are
hidden in the complex expressions of the transfer functions which
make the interpretation of results rather difficult. The second
approach is a numerical approach where the system of differential
equations describing the system are discretized in space and/or
time to obtain local effects of a given perturbation to the system.

The third approach combines some of the advantages of the
analytical approach and the numerical approach. A physical insight
into the system can be achieved by examining the dynamic behavior of
the system state variables. The work reported in this dissertation
is an independent contribution in the area of simulating the
dynamic behavior of PWR nuclear power systems using the lumped

parameter state variable approach.



CHAPTER III

DEVELOPMENT OF THE MATHEMATICAL MODELS

III.1 Introduction

An essential part of the dynamic analysis of an engineering
system is modeling the physical process taking place within the
system during a transient. The purpose of the modeling process
is to obtain a mathematical description that can predict
the response of the physical system to all anticipated inputs.

For a thermal hydraulic system like a nuclear steam generator,
the mathematical model consists of the equations governing the
storage and transportation of mass, momentum and energy (mainly
thermal) within the system during a transient.

In this chapter, a number of mathematical models for a UTSG
are developed using the state variable lumped parameter approach.
The models range from a three-Tump model of a simplified steam
generating system to a fourteen-lump detailed model of a UTSG

system.

ITI.2 Basic Assumptions

In the process of developing mathematical models for a complex
system such as a UTSG, several assumptions have to be made. The

folTowing list includes the assumptions used in this work:
1. One dimensional flow for both primary and secondary fluids.
This means that radial variations of thermal and hydraulic

properties of the primary and secondary fluids are neglected.

25
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2. For the pressurized primary water and the subcooled
secondary fluid, constant density and specific heat
are assumed.
3. Thermal conductivity of the tube bundle metal is
assumed to be constant.
4. Heat transfer coefficients are adjusted to fit the
heat transfer rates and temperature differences reported
by the steam generator manufacturer. Heat transfer

coefficients are assumed to be constant during transients.

5. Thermodynamic properties of saturated water and
saturated steam are assumed to be linear functions of
pressure over a narrow range about the steady state
operating point.

6. The enthalpy and mass quality of the steam water mixture
in the secondary fluid boiling region are taken as linear
functions of position along the heat transfer path.

7. No heat transfer takes place between the tube bundle

region and the downcomer.

III.3 Structure of the Mathematical Models

From the discussion in Chapter I, page 3, it can be seen that
the UTSG is coupled to the reactor coolant system through the
primary coolant flow rate and temperature. These primary loop
conditions determine the rate at which thermal energy is input
to the steam generator system. In the development that follows, the

primary coolant flow rate is assumed constant. The UTSG is also
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coupled to the steam cycle through the steam outlet flow rate and
the feedwater input conditions. The steam outlet flow rate is
determined by the steam demand signal to the turbine stop valve.
The feedwater input conditions, mainly feedwater flow rate and
the feedwater temperature, are determined by feedwater pump speed,
feedwater heaters, and feedwater control system. Since the main
emphasis in this work was the development of UTSG models, the feed-
water control system is not included in the models and the feedwater
flow rate was made equal to the steam flow rate. Thus, the turbine
valve coefficient and the feedwater temperature are the only
allowable secondary side forcing functions.

The modeling approach used in the development of the mathematical
models documented in this chapter is the stepwise lumped parameter
state variable approach. The models range from a three lump model for
a simplified steam generating system (Model A) to a fourteen lump
detailed model (Model D) for a UTSG system with two models of inter-
mediate complexity (B and C). Progressive development of increasingly
complex models and comparison of results created confidence in the
validity of the formulation of the detailed model. The Tumped structure

of these models are described below.

II1.3.1 Simplified Steam Generating System Model (Model A)

Model A was developed as a first step for the purpose of providing
a "feel" for the dynamic response of the UTSG detailed model. 1In this
model, the steam generator is represented by the simplified steam
generating system shown in Figure III.1. The model consists of the

following three lumps as shown in Figure III.2.
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Figure III.1 Simplified Steam Generator System for Model A.
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30
1. Primary fluid Tump (PRL).

2. Heat conducting tube metal lump (MTL).
3. Secondary fluid lTump (SFL).

[11.3.2 First Intermediate Model (Model B)

In Model B, the primary fluid lump and the conducting tube metal
lump of Model A are each broken into two lumps to simulate the two
branches of the U-tube bundle. The secondary fluid is still represented
by one lump. The model consists of the following five lumps (also
seen in Figure III.3):

1. Parallel flow branch primary fluid Tump (PRL1)

2. Counter flow branch primary fluid lTump (PRL2)

3. Parallel flow branch conducting tube metal lump (MTL1)

4. Counter flow branch conducting tube metal Tump (MTL2)

5. Secondary fluid Tump (SFL).

[11.3.3 Second Intermediate Model (Model C)

In this model, the secondary fluid Tump in Model B is broken into
three lumps as shown in Figure III.4. The model thus consists of the
following seven lumps.

1. Parallel flow branch primary fluid Tump (PRL1)

2. Counterflow branch primary fluid Tump (PRL2)

3. Parallel flow branch conducting tube metal lump (MTLT1)

4. Counterflow branch conducting tube metal lump (MTL2)

5., Effective heat exchange secondary fluid Tump (SFEHEL)

6. Drum equivalent secondary fluid lump (SFDRL)

7. Downcomer secondary fluid lump (SFDCL).
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[11.3.4 The Detailed Model (Model D)

In the detailed model, the effective heat exchange region (tube
bundle region) is divided into a subcooled heat transfer section and
a boiling heat transfer section with a dynamic boundary between the
two sections. Also, the effect of primary coolant inlet and outlet
plenums is examined by adding a lump for each plenum.

The detailed model structure is shown in Figure III.5 and is
composed of the following Tumps.

a. Primary side lumps

1. primary inlet plenum (PRIN)

2. parallel flow branch subcooled heat transfer section
primary lump (PRL1)

3. parallel flow branch boiling heat transfer section
primary lTump (PRL2)

4. counter flow branch boiling heat transfer section
primary Tump (PRL3)

5. counter flow branch subcooled heat transfer section
primary lump (PRL4)

6. primary outlet plenum (PROUT)

b. Conducting tube metal lumps.

7. parallel flow branch subcooled heat transfer section
tube metal Tump (MTL1)
'8, parallel flow branch boiling heat transfer section
tube metal lump (MTL2)
9. counter flow branch boiling heat transfer section tube
metal Tump (MTL3)
10. counter flow branch subcooled heat transfer section

tube metal Tump (MTL4)
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c. Secondary side lumps
11. subcooled secondary fluid lump (SFSL)
12. boiling secondary fluid lump (SFBL)
13. drum equivalent secondary fluid lump (SFDRL)

14. downcomer secondary fluid lump (SFDCL).

ITII.4 Governing Equations for Model A

111.4.1 Primary Lump (PRL)

An energy balance on the primary water lump yields the following

equation
%E(MPCP]TP) =W Coy (T -T)) = Uy s (To-T ) (111.4.1)
where,
Mp = mass of primary water
Cp] = specific heat of primary water
Tp = bulk mean temperature of the primary water Tump
wp = mass flow rate of primary water
Tpi = inlet primary water temperature
Upm = effective heat transfer coefficient between primary
water and tube metal lumps
Spm = heat transfer area between the primary water and tube
metal lumps
Tm = average temperature of tube metal lump.

Since the density and specific heat of the primary water are

assumed to be constant, then Equation (III.4.1) can be written in

the form
dT ;o US u.S - :
e Tt e Tt Tos (111.4.2)

oo Mprpr o P T p
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where, fp = = residence time of the primary water in the heating

<=l

section.

Introducing perturbation variables, one obtains:

—P o= (¢ BUPMy o7 PMPM oy 4 LT (ITI.4.3)
dt W MpCp] MpCp] m T pi

where 6 means the deviation of the variable from its value at

steady state.

II1.4.2 Tube Metal Lump (MIL)

An energy balance on the tube metal lump yields the following

equation
SEMCT ) = UpnSomToTm) = UneSms (T Ts) (111.4.4)
where,
Mm = mass of tube metal
Cm = specific heat of tube metal
Ums = effective heat transfer coefficient between the tube
metal and secondary fluid lumps
Sms = heat transfer area between the tube metal and secondary
fluid Tumps
TS = bulk mean temperature in the secondary lump,

and other terms are as defined before.

For constant tube metal density and specific heat, we have

dT Uu_.s U S +U_S U .S
m . (_pmpmy 1 - (-Pm_pm msrm) T + 5. M 7 . (I11.4.5)
dt MC p M C m MC s T
m-m m’'m mm
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Thus, the perturbation form of the equation becomes

d6Tm QPmSpm Upmipm+umssms Umssms
i - meo ) 0T, - (B ) ST + 4P 8T (I11.4.6)
m m m-m m m

It is assumed that the fluid in the secondary lump is a steam-water
mixture at thermodynamic equilibrium. Therefore, a pressure change

results in a change in saturation temperature:

aTsat*
GTS = ( P ) &P (I11.4.7)
where
P = steam pressure
aTsat
( P ) = slope of the straight line approximation of the curve

of TSat against P (see Appendix A).

Thus Equation (III.4.6) becomes

d‘STm - (Ugmsgm) 5T - (Upmspm+UmsSms) ST+ (Umssms) . aTsat sp
dt Mmcm p MmCm m Mmcm 3P

(I11.4.8)
I11.4.3 Secondary Fluid Lump (SFL)

The governing equation for the secondary fluid Tump is
obtained by applying mass balances for the water and steam
coniponents, a volume balance, and an equation relating the steam
generation rate wsg to the heat transfer rate to the secondary
fluid and tne degree of subcooling of the feedwater entering the

system (heat balance).

*Although T+ and other saturation properties are considered as
functions of one variable (P), the partial derivative symbol (3/3P)is
used for clarity of equations.
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Mass balance

1. Water phase

dM
SW _ -
s wFi wsg (I11.4.9)
where,
Msw = mass of water in the secondary lump

wFi = inlet feedwater flow rate

wsg = steam generating (evaporation) rate
2. Steam phase
932§§-= wsé - wso (I11.4.10)
where,
MSS = mass of steam in the secondary Tump
wso = outlet steam flow rate

Volume balance

dv dv dv
Sw SS  _ st _
TS + It el 0 (I11.4.17)
where,
sz = volume of water in the secondary Tump
Vss = volume of steam in the secondary lump
Vst = total volume occupied by the secondary fluid.
Substituting sz = MSw " Ve
and VSS = MSS . Vg’
. where,

Ve specific volume of saturated water

v

q specific volume of saturated steam
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we get
d Msw d Ve d MSS dv
vege e tYga tMss ge 0 0o (114a2)

Neglecting the change in the specific volume of saturated

water during a transient, one obtains:

d MSW d MSS dv
Vf —HE——'+ Vg 3 + MSS _Hfg =0 (I111.4.13)
dv hYY,
1 _j = __g_ . ,d_P
using —= = (—p) - x

and solving for %%3 we get

— (I11.4.14)

and substituting from Equations (I1I11.4.9) and (II1.4.10)
into Equation (II1.4.14) and using the assumption

wFi = wso, we have

b

P _ . )
It v (VeglWgg = Hgp)) (I11.4.15)
s 5P
where,
Vfg = Vg - Vf'

Using the critical flow assumption (see Appendix B), we

have
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where,

CL = steam valve coefficient.

Therefore,
L VN U - (I11.4.16)
dt MSS i;% fg''sg L
c. Heat balance
%f (Mswef * Msseg) B Umssms(Tm - Ts) * Wi CpaTy - wsohg
(I11.4.17)
where,
ef = jnternal energy of saturated water
eg = internal energy of saturated steam
CP2 = specific heat of feedwater
TFi = inlet temperature of feedwater
and other terms are as defined before. The internal
energy terms e and eg can be replaced by the enthalpy
terms hf and hg without significant error(22 due to
the small value of the flow work term (%X) (see Appendix
C). Since hf and hg are pressure dependent, we have
2he gp d Mg, 2y ap
Mw 37 @ T e T M ff% “at T
dM
L 2= U S (T T ) + W CooTes - Hsohge (111.4.18)

Substituting from Equations (III.4.9) and (II1.4.10)

into Equation (III.4.18) and using the assumption

' wFi = wso, we get



M

4
3h "3h

f
sw aP ~dt = 'ss aP  dt sg  "so’ ‘'g

- Umssms(Tm B Ts) B wso(hg B CPZTFi)'

From Equation (III.4.15) we have

M av dp
(w ..w ):_ﬁ—j—._.
sg SO Vfg 3P dt

Thus, Equation (II1.4.19) becomes

ms ms' ' m S
where,
hfg = hg - hf

ah ah h v

_f _9._ _fg , _"gy déP
(Msw P * Mss 9P Mss vf aP) t
g
"y
- Umssms(GTm - de) - Nso(—'aP 8P - CP26TF1)
= (hg = CppTpy) SWgy.
ahf ahg Efi BY&
Let K= (Mg, =5 * Mss 5p ~ Mss Veq * 5P
and substitute 5“50 = CLGP + P<SCL
oT
_  sat .
and GTS = —35--6P to obtain:
oT ah
dsp _ 1 - sat g
dt K [UmsSmSGTm (Umssms TR wso 3P

h - C.,T..)) 8P

+ € (hg = CppTey

dp . M 9.4, (W _ -W ) (h -

(I11.4.19)

(II11.4.20)

(IT1.4.21)
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W_ C. 8T - CPZTFi) 6C

solp2STps - PUh

g L’

I[I1.4.4 Summary of the Model Equations

(I11.4.22)

The first simplified model can be represented in the form of

three first order differential equations that can be written in the

matrix form

where

x 1

§T
P

éTm

LGP

1

ala
x|

i]

ESCL )

(IT1.4.23)

Each of the matrices, A and B, is a 3 x 3 matrix giving the coefficients

of the state variable vector x and the forcing vector u.

The nonzero elements of A and B are listed as follows:

A(1,1) =

A(1,2)

A(2,1)

fl

1]

u S+

pm _pm
MC
m'm

/MmCm) .

UmSSmS )

aTsat

¢ aP

(Ums ms

N3 CpaT

))



B(3,2) = P2 _so

B(3,3)

i

P
- i (hg = CppTgy)-

ITI.5 Governing Equations for Model B

III.5.1 Primary Lump (PRL1)

Heat balance

d : i )
7t Mp1Cp1Ter) = Wolpi oy = Upn(Spndy (Tpy = ) = WplpTpy

(ITI.5.1)

Mp] = mass of primary water in PRI

TP] = bulk mean temperature of PRI
(Spm)] = heat transfer area between PRl and MTLI]
Tm] = average temperature of MILI,

and other terms are as defined before. Following the same procedure

as in the first simplified model, we have

dsT u_(s_) U (s )
L s S 6T (e PRELy op g MR g1 (111.5.2)
p1 P pl  "P1%PI1 P1°P]1
where
Mo
U Nl residence time of the primary fluid in PR1.
P

I11.5.2 Primary Lump (PRL2)

The equation for primary lump PRL2 can be obtained from Equation

(IT1.5.2) by replacing TPi by TP]’ TP] by TP2 and Tm] by Tm2 as follows:

dsT u (s_) Uu (s_)
P2 _ 1 1 m “pm’2 2
= —— 6T, - (— + _R___Rm__) 6T + PM_PM 2 o J(I11.5.3
dt Tp) Pl o MPZCPl P2 MPZCP1 m2 )
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II1.5.3 Tube Metal Lump (MTL1)

Heat balance

d = - - -
dt (Mmlcme1) Upm(spm)] (Tp] Ta) = U (S ), (Tml T.) (111.5.4)
where,
Mm] = mass of tube metal Tump MTLI
TS = bulk mean temperature of the secondary fluid lump.

Assuming that TS is equal to Tsat’ the saturation temperature, and

using the same procedure as in the case of the first simplified

model (Model A), we get:

d dTml - Upm(sgm)l 5T - (Upm(spm)l ¥ Ums(sms)1) ST
dt Mmlcm P1 Mm]Cm m
Uu (s ), oT
» TS ! agat 5P. (111.5.5)
ml “m

II1.5.4 Tube Metal Lump (MTL2)

The equation for tube metal lump MTL2 can be obtained, by

similarity, from Equation (III.5.5) as follows:

d 6T, = ”pm(spm)z §T. - (QQm(Spm)Z ¥ Ums(sms)Z) 5T
dt MmZCm p2 Mmzcm m2
Uu (s ) aT
+ T2 328 . 5P, (111.5.6)
mZ - m

I1I1.5.5 Secondary Fluid Lump (SFL)

The only difference in the formulation of the secondary lump

equation between this model and the first one is that the heat is
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transferred to the secondary lump from both metal Tumps M] and M2.

Thus, the heat balance equation becomes.

d
dt (Mswhf * Msshg)

(s )y (T )

Ums ms m1-Tsat

Ums(Sms)Z (TmZ-Tsat)

+ wF1CP2TFi - wsohg' (I11.5.7)
That is:
M dh d Msw EES. d MSS
W the =g "M gttt g o
N Ums(sms)l (Tml_Tsat) * Ums(sms)Z (TmZ'Tsat)
+ W.C.  T.. -W_h . (111.5.8)

Fi~“pP2 Fi SO g

By using the relations

ag Ny e
dt P dt
and
it S )
dt aP dt
dMSw dM
and substituting for T and dis from Equation (III.4.9) and
Equation (II1.4.10) we get
dh dh
f dP _ _
(Msw " Mss dP) dt Ums(Sms)l (Tm1+Tm2 2Tsat)

* WeiCppTey - hg(wsg_wso

- h(Wo.-W_ ) -~ W_ h_. (I11.5.9)

f*7Fi “sg SO g
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Using the assumption that feedwater is adjusted to match steam flow

(wFi = W__), and substituting for (W__ - NSO) from Equation (III.4.15),

SO Sg
we get
dh dh h dv
M —f+m 3.y _fa._gd,
sw dP ss dP SS vfg dP’ dt
Ums(sms)] (Tm1+Tm2'2Tsat) - wso(hg_CPZTFi)' (I11.5.10)
Introducing perturbation variables, we get:
3T
dsP _ 1 T sat
dt K [Ums(sms)1 6T + T ! {“Ums(sms)1 P
oy
+ wso T CL(hg-CPZTFi)} sP +
+ wso CPZGTFi - P(hg'CPZTFi) GCL]. (IT1.5.11)

II1.5.6 Summary of the Model Equations

Model B can be represented in the form of five, first order
differential equations that can be written in the matrix form given

in Equation (III.4.23) where

o — = h

GTPZ : u-= GTFi
X = aTm] GCL

5Tm2

6P

L P

In this case, A is a 5x5 matrix and B is a 5x3 matrix giving
the coefficients of the state variable vector x and the forcing

vector U, respectively.
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The nonzero elements of A and B are listed as follows:

(1,1) ( 1 Upm(spm))
A(1,1) = - +
B Mprbpy
U m(S m)1
A(1,3) = pEoEr—
P17P1
A(Z,]) = ]_ = ]_
P2 TP
U (s )
A(2,2) = - (== + B PM2) - p(1,1)
'p2 P2-P1
U (S )
A(2,4) = EE = A(1,3)
P2-P1
U (S_)
A(3,1) = _pm*“pm’1
? M .C
ml “m
U (s ) (S_.)
_ m' “pm’ 1 ms ~ms’1
A(3s3) - - ( p M C
ml “m
u (s_) T
_ o ms Tms’1 sat
A(335) - M C ( 5P )
ml m
u_ (s )2
A(4,2) = METE—EEL- = A(3,1)
ml “m
(S, ), +U_(S )
- _ (_pm pm’'2 ms'~ms’2
A(4,4) ( TG ) = A(3,3)
m2-~m
A(4,5) = A(3,5)
U (S _.)
ms " ms’1
A(593) - i(( )
U S
A(5,4) = MS_MS’2Z _ a(5 3)
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-1 Tsat Eﬁﬂ
A(5,5) = x (@ Ums(sms)l S Mot CL(hg B CPZTFi)}
1
B(1,1) = —
Pl
W_C
B(5,2) = _E%_Eg
P(h. - C.,T_.)
8(5,3) = g v P2 Fi

ITI.6 Governing Equations for Model C

IT1.6.1 General

The structure of this second intermediate model was described
in Section III.3, page 26, and shown schematically in Figure III.4, page
32. The difference between this model and the first intermediate model
(Model B) is that a more detailed lump structure of the secondary
side is used. The governing equations for the primary fluid and
tube metal Tumps in Model C are similar to those in Model B and are
repeated in this section for convenience. The governing equations
for the secondary fluid lumps are derived in detail since they will

be used in the development of the detailed model (Model D).

I11.6.2 Primary Lump (PRL1)

The equation for the primary lump PRL1 in Model C is similar
to Equation (III.5.2). That is:

dsT

U S u.s
P1 _ —l—-GT - 1, _pm pml) §Tpp + chgm1 5T

. (I11.6.1)
1 Ml MprCpy i



49
I11.6.3 Primary Lump (PRL2)

The equation for the primary lump PRLZ2 in Model C is similar

to Equation (III.5.3). That is:

dsT U S U s
2 - _l_.éTP] S (e MPmCsz) ST .+ MEEEEEZ-aTmZ. (111.6.2)
Tpo P2 P27PI P2 P

[11.6.4 Tube Metal Lump (MTL1)

The equation for the tube metal lump MTL1 in Model C is similar
to Equation (III.5.5) except that TS is considered a state variable
(instead of pressure) to account for the change in secondary
temperature between the subcooled and boiling regions of the effective
heat exchange secondary fluid lump. That is:

U mS

dsT U S .+ S u_s
ml . _pwpml gr - (mpml msmsly o oy WSS sr | (111.6.3)

dt Mm] m P1 Mm]Cm 1 ml~“m

I11.6.5 Tube Metal Lump (MTL2)

The equation for the tube metal lump MTLZ2 in Model C is similar
to Equation (III.5.6) except for the use of TS as a state variable

(see above). That is:

dsT
dt

u s Uu s ,+U S u .S

mZ _ _pmpmZ o _ (-Pm pme__ms msZ) §T . + TS MSZ oy (111.6.4)
M _,C P M m M ,C s’ T

mZ m : mZ " m m2~m

[11.6.6 Effective Heat Exchange Secondary Fluid Lump (SFEHEL)

This Tump represents the core of the steam generator secondary
fluid where the main heat exchange process takes place as shown in

Figure III.6. The secondary fluid that enters from the downcomer
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Figure III.6 Secondary Lumps for Model C.
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section receives heat from both branches of the U-tube bundle and
is converted from a slightly subcooled liquid into a two phase
mixture that rises to enter the drum equivalent section. An energy
balance on the control volume enclosing the effective heat exchange

lump yields the following equation

4 _ . . ]
at Mh) = gy * Qg * MiCppTy = Wolee (II1.6.5)
where,
MS = mass of secondary fluid
hS = average enthalpy of secondary fluid
éms] = heat transfer rate from the parallel flow tube metal
branch to the secondary fluid = Umssms(Tm]'Ts)
QmSZ = heat transfer rate from the counter flow tube metal

branch to the secondary fluid = UmSSmS(TmZ-TS)

w] = mass flow rate of secondary fluid from the downcomer
to the riser

CP2 = specific heat of the subcooled liquid leaving the
downcomer section

Td = temperature of the subcooled liquid leaving the
downcomer section

w2 = outlet secondary fluid mass flow rate

hXe = enthalpy of the outlet secondary fluid.

Since the effective heat exchange lump is bounded at the bottom

by the tube sheet and at the top by a hypothetical plane just above
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the tube bundle, the volume of the Tump is constant and Equation

(IT1.6.5) becomes

Vo S (ogh) = U S (T o+ T = 2T) + Wy Cp,Ty = Hoh,  (I11.6.6)
where,
VS = volume of the secondary fluid in the effective heat
exchange Tump
pg = average density of the secondary fluid in the effective
heat exchange 1ump
TS = average temperature of the secondary fluid in the

effective heat exchange lump.
The secondary fluid in the effective heat exchange Tump is composed
of two regions, a subcooled region where the bulk mean temperature
of the subcooled water is raised from the downcomer temperature to
the saturation temperature and a boiling region where part of the
saturated water is converted into steam. Llet L be the length of

sub

subcooled region and Lboil be the length of the boiling region. LSub

(the level at which the boiling process starts) can be determined
from a calculation of the secondary temperature profile in the

effective heat exchange lump at steady state.

Since the dynamic response of the subcooled/boiling interface

Lsub

L, .
boil
be constant. The average thermodynamic properties of the secondary

is not considered in this model, Lsub(and hence ) is assumed to
fluid in the effective heat exchange lump are derived from the
weighted average of the properties in the subcooled and boiling

regions. Figure III.7 shows the variation of the thermodynamic
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Figure III.7 Variation of Thermodynamic Properties of the Secondary
Fluid in the Effective Heat Exchange Lump.
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properties of the secondary fluid in the subcooled and boiling
regions of the effective heat exchange lump. From this figure,

the following equations are obtained for the average thermodynamic

properties of the secondary fluid in the effective heat exchange lump.

T +T L L

_ (.d 'saty _ Tsub . _boil
Ts = ( 5 ) L + Tsat L (II1.6.7)
p o L L, .
1
og = (5 0) - SO - bE‘1 (I111.6.8)
e
'r T2 Vg
T 4T L X L, .
— d sat sub e boil
hs = CPZ( 5 ) - Tt (hf+—2hfg) s (II1.6.9)
_ CPZ(Td-Tsat) Lsub Xe Lboi]
X = . +_o
5 hfg L 2 L

In the above equations, the subscript (s) indicates average

properties in the effective heat exchange region and the subscript

(II1.6.10)

(d) indicates downcomer exit properties. Substituting from Equations

(II11.6.7) to (III.6.10) into Equation (III.6.6) and neglecting the
changes in the subcooled density during the transient, one obtains

the following equation:

T,+T L X L, .
d d saty, . “sub e . _boil
Mode Kool ) - T *(he * 5 heg) - ]
L, .
d 1 boil
tVhe gl X L ]
Vv +—£V
f 2 fg
T AT L L, .
- - d sat = “sub . _boil _
- Umssms[Tml+Tm2 2 2 Lt Tsat L )1+ w1CP2Td
- wz(hf t Xy hfg)

(IT1.6.11)
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Performing the differentiation in Equation (III.6.11) and using the
assumption of linear change of the thermodynamic properties of
saturated water and steam with the steam generator pressure (see
Appendix A) one can write the equation describing the heat balance of
the effective heat exchange lump in the form:

L Cp, oT ah X 3h

L, .
. _sub P2 "'sat . _boil | f . e fg
Mg =2 M (5t )
L, . dsp
boil+y —+
P OqpVhg - 1 dt
L C dsT L . h L, . dsx
sub , P2 d boil ., “fg . _boil e
tIM ) g M 7t GV - 1
- UmSSms(ﬁTml * 6Tm2 B 2(STS) ¥ CP2[w]6Td * Td5w1]
ahf ahf ' '
- W, [—=5 + x4 —ﬁap 1 6P - thfgéxe - hx W, (I11.6.12)
where C1b and CZb are the coefficients of 6P and 6xe in the derivative

of the average density in the boiling region (see Appendix E). From

Equation (III.6.7) we have

L aT

L L, .
sub sub boil sat
oL -éTd + ( 5T + C ) -p §P. (I11.6.13)

6T =
S

The relation between the flow rates w] and w2 can be obtained
from the mass balance equation as follows

dp

S . - .
Vo W - W (I11.6.14)
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Substituting for Pe from Equation (II11.6.8) and introducing the

perturbation variables

Lboil 4y déx,,
V2 (o P vc, )T My - N, (111.6.15)

Equations (III1.6.12), (III1.6.13), and (II1.6.15) are the describing

equations for the effective heat exchange lump.

II1.6.7 Drum Equivalent Secondary Fluid Lump (SFDRL)

The drum equivalent secondary fluid lump in this model is bounded
by the hypothetical plane above the U-tube bundle and the steam
generator shell inner surface as shown in Figure III.8. This lump
can be divided into three parts

1. Riser/separator volume

2. Drum water volume

3. Drum steam volume.

The riser/separator volume represents the control volume bounded
by the hypothetical plane at the exit of the effective heat exchange
lump, the U-tube wrapper and the inner surface of the steam separators.
The drum water volume represents the control volume bounded by the
hypothetical plane at the exit of the effective heat exchange lump,
the steam water interface, the housing of the steam separators and
the steam generator shell inner surface (see Figure III.8). The drum
steam volume represents the control volume bounded by the steam water
interface, the steam separators and the steam generator inner surface.
In the riser/separator volume, the two phase mixture leaving the
effective heat exchanger lump is transported to the steam separators
where the saturated steam part enters the drum steam volume and the

saturated water part enters the drum water volume. In the drum water



Drum Steam
Volume

Drumwater

Volume

Riser/Separator
Volume

U-tube Bundle

57

Steam Outlet

A wso’hg

|

t

A ng
= ‘ ==

—_1
W
N, T
B S S & 5

A w2

1 N 7o N

Figure III.8 The Drum Equivalent Secondary Fluid Lump.

dw
I
~+ Feedwater
T Inlet
WeioTey
Fixed
— — T T Boundary

U-tube Wrapper



58
volume, the saturated water from the steam separators is mixed with
the feedwater entering througnh the feedwater ring and the slightly
subcooled liquid thus formed flows downward to enter the downcomer
lump. The drum steam volume acts as a steam storage and delivery
section where the steam from the steam separators enters at a rate
proportional to the exit quality of the evaporator section and leaves
at a rate proportional to the turbine load demand. The governing
equations for the above three volumes constituting the drum
equivalent lump are developed below.

[I1.6.7.1 Riser/Separator Volume

This volume is mainly a transport section between the effective
heat exchange lump and the steam and water volumes of the drum
equivalent lump. The transport time delay associated with this
volume can be accounted for by considering a mass balance on the

riser/separator volume as follows:

d -
aE.(vrpr) = w2 - w3 (I11.6.16)
where,
Vr = volume of the secondary fluid in the riser/separator volume
b= density of the secondary fluid in the riser/separator volume

w2 = mass flow rate of the secondary fluid entering the riser/
separator volume
w3 = mass flow rate of secondary fluid leaving the riser/

separator volume.
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The density of the secondary fluid in the riser/separator volume

can be expressed by the following equation:

P T TR (I11.6.17)
where
X = mass quality of the two phase mixture leaving the
effective heat exchange lump
Ve = specific volume of saturated liquid
v_ = specific volume of saturated vapor.
From Equations (III1.6.19) and (III.6.20), we have

) + 5 4
vf+xevfg (Vf+xevfg dt

d -
V. JE ( =W, - w3. (I11.6.18)

Since the riser/separator volume is bounded by the hypothetical
plane at the exit of the economizer-evaporator section and the

U-tube wrapper then Vr is constant, and Equation (III.6.13) becomes

d 1
V. o () = W, - W.. (II1.6.19)
r dt vf+xevfg 2 3

Differentiating and introducing the perturbation variables, we get

v(c, 9P ¢ %—)ww - W (111.6.20)
r'“1r dt 2r dt 2 3 e
where
HAY) av
Cip = - ] [+ x, —19]
f fg
and
- - | ;
Copr > [vf ] (see Appendix E).
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II1.6.7.2 Drum Water Volume

The drum water volume is bounded at the bottom by the
hypothetical plane separating the downcomer section from the
drum section and is bounded at the top by the drum steam/water
interface. Subcooled water from the feedwater train enters the
drum water volume and mixes with the saturated water recirculated
from the steam separators. The slightly subcooled water resulting
from the mixing process leaves the drum water volume to the down-
comer section. The mass and energy conservation equations applied

to the drum water volumes yield:

d = -
Fa (de) wFi + wr wdw (I11.6.21)
and
d -
at MawCe2Taw) = WeilpoTei * WelpoTsat = MawCpoTdw (111.6.22)
where
de = mass of drum water
wa = drum water temperature
wFi = feedwater flow rate
TFi = feedwater inlet temperature
wr = recirculated water flow rate
TSat = saturation temperature
wdw = drum water volume outlet flow rate

The recirculated water flow rate is determined by the secondary
fluid mass flow rate entering the steam separation section and the
evaporator exit quality thus

Wr = (1 - xe) W3 (I11.6.23)
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where

>
1]

evaporator exit quality

v
=
a
=
1

3 secondary fluid mass flow rate entering the steam
separation section.
Substituting from Equation (III.6.23) into Equations (II1.6.21) and
(IT1.6.22) and neglecting the difference in specific heat between

subcooled and saturated water, we get:

d = —
af-(de) = wFi + (]—xe) w3 de (I11.6.24)
and
M, 1 47 Maw WoTo. + (1-x.) W.T _ W.T (111.6.25)
dw dt dw dw  dt Fi Fi e 3 sat di dw’ t
Substituting de = deodw

where

de volume of drum water

P dw density of drum water

and neglecting any change in P dw during the transients considered in

this analysis, we get

dv
dw _
Paw gt - Mpp T %) My - Wy, (I11.6.26)
and
9T 4 Vg

Assuming that the drum water volume has an effective area, Adw

and the level of the drum water is de, then

de = Adedw' (I11.6.28)
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Substituting from Equation (III.6.283) into Equations (II1.6.26) and

(I11.6.27) and introducing perturbation variables, we get

dsL
dw _ _ _
pdAd T (Swdw + (] Xe) <SW3 W36Xe + 5NF1 (III.6.29)
and
dsT dsL , aT
dw dw _ sat ,
Maw 3 7 TawPdwaw dt - (1-x,) Wy =55 — 6P = 3T 8%y
FTaxg) Ty 88y + W 6T,
+ TFi«SNF1 - wdwdew - waawdw. (II1.6.30)

Equations (III.6.29) and (II1.6.30) are the two governing equations
for the drum water volume.

I11.6.7.3 Drum Steam Volume

The drum steam volume is bounded by the steam generators' shell
inside surface and the steam/water interface in the drum equivalent
section. It acts as a storage and delivery section with the steam
generator pressure as the dominant state variable. Steam leaving
the steam separators accumulates in the drum steam volume which includes
the steam dryers that 1imit the moisture content of the steam leaving
the steam generator to less than 0.25%. The rate of steam leaving
the steam generator from the steam outlet nozzle is a function of the
turbine steam demand and is determined by the turbine valve opening
which is adjusted according to the electrical load demand.

A mass balance on the drum steam volume yields

dM

ds _ _
‘—at—'" Xew3 wSO (III.6.3])
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where,

Mds = mass of drum steam

Xew3 mass flow rate of steam from the steam separators

wso mass flow rate of steam leaving the steam generator.
Assuming that the steam in the drum steam volume is dry and

saturated, then

(111.6.32)

where

0 density of dry saturated steam

g
VdS = volume of drum steam.

The drum steam volume can be related to the drum water level through

the equation:

VdS = Vdr - Adedw (I11.6.33)

where,

Vdr = volume of the equivalent drum section

Adw effective area of drum water volume
Ld = drum water level,
W
Substituting from Equations (II11.6.32) and (II1.6.33) into Equation
(I11.6.31) and differentiating we get

dp

- : _ 9= -
(Vdr Adedw)+ VS at xew3 wso. (II1.6.34)

0

aja
pure

g

Equation (III.6.34) is the governing equation for the drum steam
volume, however, before it can be coupled to the other equations
of the model, NSO may be either treated as a forcing element or

related to other system state variables and forcing elements. In
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this study, the critical flow equation is used to relate wso to the
steam generator pressure (P) and the turbine value coefficient (CL).
Thus

=C - P. (I11.6.35)

Substituting from Equation (II1.6.35) into Equation (III.6.34)

and introducing perturbation variables, we get

dp dsL
g deP _ dw _ ) )
Vds P ~dt ogAdw s xecSN3 + N36xe cLaP PscL. (I11.6.36)

Equation (III.6.36) is the governing equation for the drum steam

volume,

I11.6.8 Downcomer Secondary Fluid Lump (SFDCL)

The downcomer secondary fluid lump in this model acts only as
a time delay section between the exit of the drum water volume to
the inlet of the effective heat exchange lump. Since the downcomer
section has a fixed volume and the change in subcooled secondary
water density is negligible then a mass balance on the downcomer

secondary fluid lTump yields

dw’ (I11.6.37)

A heat balance on the downcomer secondary fluid lump results in
the following:

d = -
It (MdCPZTd) = wdwcPZwa w1CP2Td (I11.6.38)

where,

=
n

g = mass of the secondary fluid in the downcomer 1lump

sz = specific heat of the secondary fluid in the downcomer lump
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—
|

dw - temperature of the subcooled fluid entering the downcomer

lump

—
"

q temperature of the subcooled fluid leaving the downcomer
Tump.
Since Md is constant, then

dT

d -
My gt = WaulTaw = ¥1Tq (I11.6.39)

Substituting from Equation (III1.6.37) into Equation (III.6.39)

and introducing perturbation variables, we get

dsT

d . -
Md_ﬁ" w](swa sTd). (I11.6.40)

Equation (II1.6.40) is the describing equation for the downcomer

secondary fluid lump.

[I1.6.9 The Recirculation Loop Equation

In order to solve the equations for Model C, the variable H]
(the flow from the downcomer into the riser) has to be related to
other system state variables. The direct method for obtaining this
relationship is to apply the momentum theory on the recirculation
secondary fluid loop between the downcomer lump and the effective
heat exchange lump. Since the recirculation ratio is assumed to
be known from the steam generator design data, the momentum balance
can be replaced by equating the driving pressure due to the static
head difference to the acceleration and friction pressure drops along
the loop. Since the dynamic pressure Qrops (friction and acceleration)
are proportional to the square of the flow, then the momentum balance

equation can be replaced by the following equation
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o 2
APd = de1 (I11.6.47)
where,
APd = driving pressure due to static head difference
Cd = effective dynamic pressure coefficient

w] = recirculation mass flow rate.

From Equation (III1.6.41) we have:

W, = —— JiPl . (111.6.42)
1 — d
/Cd
Let C, = ! then,
L
"rd
w] = C]/APd. (I11.6.43)
The driving static head pressure APd can be calculated as
follows:
8Py = (aP) gy = (8P)ipy (I11.6.44)
where,

(AP)OTN = pressure head of the recirculation Toop outside
the tube wrapper
(AP)ITw = pressure head of the recirculation loop inside
the tube wrapper.
The secondary fluid outside the tube wrapper consists of two parts
1. the subcooled liquid in the drum water volume
2. the subcooled liquid in the downcomer lump.
Therefore, (AP)OTw can be calculated from the following equation

(0 gulaw * Pdclac) |
_ Pdw dw dc~dc’ g (IT1.6.45)

(aP)
144 9c

OTW psi
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where

Odw - density of the secondary subcooled liquid in the drum
water volume

de = height of the secondary subcooled liquid in the drum
water volume above the hypothetical plane at the
effective heat exchange exit

Pde = density of the subcooled secondary liquid in the
downcomer lump

de = height of the downcomer Tump measured from the tube
sheet

g = gravitational acceleration (32.2 ft/sec2

1bm ft/secz)
1bf .

Since g and g. are numerically equal in the foot-pound-second (fps)

)

9. = conversion factor (32.2

unit system and 0 dw and Pyc are equal, then Equation (III.6.45)

reduces to
_ Pdy
OTW 144
psi

(aP) (I11.6.46)

where

and

The secondary fluid inside the tube wrapper consists of two
parts
1. the secondary fluid in the effective heat exchange Tump

2. the secondary fluid in the riser/separator volume.
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Therefore, (AP)ITw can be calculated from the following equation:

Pl * o ly

(aP) =25 - rr.3 (111.6.47)
ITW psi 144 9
where
p. = average density of secondary fluid in the effective

heat exchange lump

L. = length of the heat exchange lump

S

P = density of the secondary fluid in the riser/separator
volume

Lr = height of the secondary fluid in the riser/separator
volume.

Since g and g. are numerically equal in the fps unit system,

Equation (II1.6.47) becomes

L+
plg o by

(AP) = 144 * (I11.6.48)

ITW DS i

Substituting from Equations (II1.6.46) and (II1.6.48) into
Equation (III.6.44) and using the results in Equation (III.6.43),
we get

c
_
Uy = 15 /oy = (oL, ¥ o LT (111.6.49)

The value of the recirculation flow coefficient C] can be estimated

from the steady state conditions. The deviation of w] from its
steady state value can be obtained by taking the derivative of
Equation (III.6.49) thus
El 5(ode) - G(OSLS + prLr)
12 -

2/ogby - logle + 0, L]

(IT11.6.50)

6N] =
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When substituting the expressions for Pg and Pp from Equations

(IT1.6.8) and (III.6.17) and assuming that the change in Ve and v
with system pressure is linear, then Equation (III.6.50) can be reduced

to the following equation which is suitable for coupling with other
model equations

aw] = a, ade + azéP +agex, (I11.6.51)

where

1]

Gde deviation of drum water level from steady state

5P

n

deviation of steam pressure from steady state

éxe = deviation of mass quality at the outlet of the

effective heat exchange lTump from steady state.
he expressions for the coefficients ays 55 and a

3 are derived
1 Appendix D.

[.6.10 Summary of the Model Equations

The governing equations of Model C that were developed in the

iceeding sections can be represented by the matrix equation

>x13

d - -
A]-a—f“'AzX-f

x4
[]

system variables (differential + algebraic)* vector

1d A2 = coefficient matrices

?

forcing vector.
A list of the system variables is given in Table III.1 and the

‘0 elements of the matrices A] and A2 and the forcing vector T
ven below.

‘The definition of differential and algebraic variables will be
ed in Chapter IV.
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TABLE III.1

SYSTEM VARIAELES FOR MODEL C

State Variable

Number Symbol Description
1 TP] Parallel flow branch primary water
temperature
2 TPZ Counterflow branch primary water
temperature
3 Tm] Parallel flow branch tube metal
temperature
4 T Counterflow branch tube metal
me
temperature
5 P Steam pressure in the drum steam
volume
6 Xo Mass quality at the exit of the
effective heat exchange lump
7 wa Water temperature in the drum water
volume
8 de Drum water level
9 Td Downcomer temperature
*10 TS Average temperature in the effective
heat exchange Tump
*11 w] Mass flow rate at the inlet of the
effective heat exchange lump
*12 w2 Mass flow rate at the exit of the
effective heat exchange lump
13 w3 Mass flow rate at the exit of the

separator/riser volume

*Algebraic variables.



The A] Matrix

A,(1,1) = 1.0
A, (2,2) = 1.0
A;(3,3) = 1.0
A (4,4) = 1.0
L C oT
- . _sub P2 " sat
A(5.5) =M« =~ 5 —p — * M
boil
* C]b Vshs L
L c
= sub | P2
A1(5,9) M, i 5
L. .. h
= boil . 'fg .
A (5,6) = M - — 7+ CopVehg
L .
_ boil ]
L e O
L .
- . _boil
A](7,6) v, i Cop,
AL(8,5) = V- (.,
AL(8,6) = V- Cy,
A(958) = oy Ay
A (10,7) = My
A10,8) = Tye quPaw
%q
A, (11,5) = v, —2
A](11,8) = - gAdw

>
—1
—
p—
nN
O
|
=

71

“boil
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The A, Matrix

2

A (1,1)

5

A (1,3) =

o

A(2,1)

A

A,(2,2) =

of

A (2,4) =

o

A,(3,1)

o

£
-

N

~
|

£~
"
S
o
"

A,(4,10)

Al

A,(5,3)

A2(5,4)

A

L}

u.s
( 1 + _pm pm1)
M, C
P17P1

_ Ugm pm2
Mo2tp1
S

_ _pm pml

m]Cm

X C

u_s +U S
_ _pm pml ms™ms 1

Mm'ICm

Emssms_

Mm]cm

-_Erﬁp_n@

MmZCm

Egmsme ' UmsSmSZ

Mm2Cm

- Umssmsz

Mm2cm

- S
ms ~ms

S
ms~ms

ahf ahf ]

= Wl * % —3p



/3

A,(5,6) = thfg
A2(5,9) = - w]CP2
A2(5,1O) =2 Umssms
A2(5,11) = - CPZTd
A2(5,12) = hf + xehfg
L L, . aT
_ , sub boil sat
A (6:5) = (5 *+ =) —5p
L
A, (6,9) = _sub
,(6,9) ST
A2(6.10) = -1.0
A2(7,11) =-1.0
A2(7,12) = 1.0
A2(8,12) =-1.0
A2(8,13) = 1.0
A = =
,(9,6) Wy = W,
A2(9,11) = 1.0
A2(9,13) = -(1 - xe)
aTsat
AZ(]O,S) = - (] - Xe) N3 T
A2(10,6) = w3 TSat
A2(1O,7) = wdw = w]
A2(10,11) = wa
A2(1O,13) = (1 - Xe) TSat
A2(11,5) = CL

(0.0 in case dwso is used as forcing)
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A2(11,6) = - W3 = - W]

A2(1],]3) = - Xy

A2(]2,7) = - W]
A2(12,9) = W]

A2(13,5) =-a,
A3(13,6) = - a,
A2(13,8) = - a
A2(13,]1) = 1.0

3. The Forcing Vector f
1

f(9) = awFi
f(10) = wFi‘STFi + TF].c'SWH
f(11) = - P &C. (-awso in case W_ is left as forcing).

II1.7 Governing Equations for Model D

I[I1.7.1 Primary Side Equations

The primary side equations consist of two equations for the
inTet and outlet plenums and four equations for the primary fluid
Tumps in the tube bundle region. In developing the equations for
the primary lumps in the heat transfer region, special consideration

is given to the dynamic boundary between the primary lumps in the
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subcooled region and those in the boiling region. Both continuity
(mass balance) and energy (heat balance) equations are considered

for describing the transient behavior of each lump. The formulation
that results is a so-called moving boundary model. In this case, the
boundary is determined by the heating length required to bring the
subcooled water up to saturation temperature. This distance also
fixes the length of the metal and primary lumps that are adjacent to
the subcooled secondary section.

I11.7.1.1 Inlet Plenum (PRIN)

The inlet plenum is considered as a well stirred tank. A heat

balance yields the following equation

g? (Mp3Cp1Tpy) = WpiCpy (85 = Tyl (111.7.1)
where
MPi = mass of primary water in the inlet plenum
TPi = bulk mean temperature of the inlet plenum
8. = primary water inlet temperature

and other terms are as defined before..
Since the density and specific heat of the primary water are assumed

constant, then
dT

Pi _
MPiCP1 gt wPiCPl(ei - TPI)‘ (I11.7.2)
Dividing through by MPiCP1 we get
dT, .
Pi _ 1
T T 6TP1(61 TPi) (111.7.3)
where
Mo
i~ . residence time of primary water in the inlet plenum.
Pi

And the perturbation form of the equation for the inlet plenum becomes

(111.7.4)



déTp, 1 1

= _ §T.. + — &86.. (III.74)
dt TP1 P1 TP-I 1

111.7.1.2 Primary Lump (PRL1)

a. Mass balance

d_

a M

=W . - W

p1) = Wpy - Moy (111.7.5)

where

MP] = mass of primary water in the lump

wpi = mass flow rate at the entrance of the lump

wp1 = mass flow rate at the exit of the lump.
But, MP] = ppApLs1 (I11.7.6)
where

pp = density of primary water

Ap = flow area of primary water

Ls] = length of the Tump.

Since the flow area and the density of the primary water

are constants, then Equation (III.7.5) becomes

dLS1
ppAp T wpi - wP1. (I11.7.7)
b. Heat balance
d _ _ e
at M1Cp1Tp1) = %iCpyTps = WoCpy Ty - Oy (111.7.8)
where
TP1 = bulk mean temperature of the lump

me] heat transfer rate between (PRL1) and (MTL1) lumps.

Substituting from Equation (III.7.6) into Equation (III.7.8)

we get

5 AC P1

sl - . -
Ao P](LS] G+ T —=2-) = W, .C_,T No C o T d

P1 dt Pi“P1 Pi P17P1 PI pml°
(IT1.7.9)
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) TMl)

= heat transfer area/unit length between primary

water Tump (PRL1) and tube metal Tump (MTL1)

Substituting me] = Umer]LS](TP]
where,
Pr]
Tyy = average temperature of Tump (MTL1)

and using Equation (III.7.7) into Equation (III.7.9),

we get
dT dL
P1 s
ppApCPl(le at ’ TP] dt )
dLS1
= Wp CpqTpi = CpyTpy(Hpy = ophy —gt)
= UpnPrabts1(Tpy = Ty
Rearranging and dividing through by MP1CP1’ then
Equation (III.7.10) reduces to
déTP] 1 1 Upmspm1 UQmSQm1
i S e T ot e, ) T R T
P1 P1 P17P1 pl~Pl
Ugmpr] )
- (T, =T Sl
MP1CP1 P1 "Ml s
where,
Pl Wp;
Spm] ) Pr]le'
[11.7.1.3 Primary Lump (PRL2)
a. Mass balance
d -
at (Myp) = Wpy - ¥,

(ITI1.7.10)

(IT1.7.11)

(II1.7.12)
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(o8

dt
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where,

MP2 = mass of primary water in the lump

wP],wPZ = inlet and outlet mass flow rates.
Substituting
Moo = Ppfpkso

where,

L52 = length of the lump, then

dL
o A

PP dt P1 p2

Since Ls] + L52 = constant, then

dL52

dt dt

dL

and Equation (III.7.14) reduces to

dL
Wy, =W

P2 Pl pp dt

But from Equation (III.7.7), we have

dLs]

Wpy = Wpy + o A g -

P1 opA

Pi

Therefore, the mass balance equation for the primary

water Tump (PRL2) becomes

Wp, = W (II1.

p2 Pi’

Heat balance

(My,CoiTon) = W Coq Ty, - W 1

p2tp1lp2 P1Cp1Tp1 = Wpalpy

A L (ITI.

SZ - W - W, (II1.

- _ _.sl (111.

R -1 (111.

(III.

'P2 h mez (I111.

.13)

.14)

.15)

.16)

A7)

.18)

.19)
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where,

TP2 = bulk mean temperature of the lump

meZ heat transfer rate between (PRL2) and (MTL2)

Tumps.
Substituting for My, from Equation (IT1.7.13) and using
Equations (III1.7.17) and (III.7.18), we get

dTPZ

s dt T

dL
52) _ A

dL
p2 gt - (W 21) T

ppA Ly (L p dt p1lp

p-P1 Pi " Pp

- Wg.C., T

piCp1Tpo - meZ' (II1.7.20)

Substituting me2 =U P .L T

pm r] s2(Tpp - (111.7.21)

M2)
where,

TM2 = average temperature of lump (MTL2)

and dividing through by MPZCPl’ we get

dT T
P2, (

dt

-TPZ) dLS] _ wPi (

dt MPZ

P1

T T

- T

P1 P2)

52

Ug Prtse
- P Ss (T, - T

- Typ)
MooCor P2 T M2

(I11.7.22)

which upon introduction of perturbation variables becomes

diTpp (TP]-TPZ) dily i
dt LSZ dt TPZ P1
Uu s
1 pm>pm2
- (—+ ) 6T
2 Mpolpy T P2
U (Top=Tyo)
LS S P2 M2’
gl M T W, Chy e 1%t (I11.7.23)



I11.7.1.4

d.

b. Heat balance
9 (M T} =W CoT o = W .C
at Mp3tp1Tp3) = WpalpyTpn = Wpslpy
for wPZ and NP3, we get
dL dT
YA P3, _
pofple1 (Tpz at * lsz —at ) = Wpil
de
sé
- CpyTpslHpy = ophy —5)-
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where,
p2 wpi
Spm2 - Pr] ) LSZ'

Primary Lump (PRL3)

Mass balance

d M) =u W

t P3) p2 =~ "p3°
Since MP3 = MP2 = ppApL52

and wpz = wpi, then

d = -
EE'(ppApLSZ) = Wpy - Wps

(IT1.

(ITI.

using the assumption of constant primary water density

and solving for wp3, we get

Substituting from Equation (III.7.15) we get

dL

- sl
Wp3 = Wpi ¥ ppAp dat -

P3 me3‘

(ITI.

(III.

(ITI.

Using Equations (II1.7.18) and (III.7.26) to substitute

P2 = me3

(III.

7.24)

7.25)

7.26)

7.27)

7.28)

7.29)
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Dividing through by MP3cP1 = ppApLSZCP]’ we get

9o _ ¥ps (T
dt M,

q
- _ _pm3
p2"Tp3) FosCor (I11.7.30)

substituting me3 =y P L (T .,-T (I11.7.31)

pm rl1-s2' ' P3~ M3)

where
TM3 = average temperature of lump (MTL3),
and introducing perturbation variables, we get

U S
1 + _pm pm3) ST

p3 Mp3lpy P3

Uu s U p
m pm3 = _pm rl _
* MpaCo Tz ™ o (Tp3~Tuz) 8Ly (111.7.32)
where,
P3 ~ Tp2

Spm3 ) Spm2'

111.7.1.5 Primary Lump (PRL4)

a. Mass balance

d

gt (M

=W - W (I11.7.33)

P4) P3 P4

substituting MP4 = ppApLS], we get

dL

A Sty

b Tt - W (I11.7.34)

°p P3 P4*

From Equation (III.7.27), we have

dL dL

sl _ sl
ppAp dt (wPi * ppAp dt ) - W

P4 (IT1.7.35)
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from which we have

wP4 = wpi. (I11.7.36)
b. Heat balance
d _ ) A
at MogCo1Tpa) = Wo3CpTps = MpalpyTps = Qpra- (II1.3.37)
Substituting for MP4 = ppApLS1 and using Equations
(IT1.7.27) and (III.7.36), we get
dL dT dL
s P4, _ sl
ppPoCp1Tpa —at * Ls1 gt ) = My * ephy a8 ) CpiTp3
- WpiCoyTpy - me4. (I11.7.38)
Dividing through by MP4CP1 and rearranging, we have
dT To,-Tp, dL W,. Q
P4 P4 "P3 s Pi m4
+ ) = (Toy-Tog) = we— - (I11.7.39)
dt LS] dt MP4 P3 P4 MP4 P
Substituting for me4 = Upmpr]Ls](TP4-TM4) and introducing
perturbation variables, we get
ds -
T££‘+ (TP4 TP3) ddLS] ] e - 1 . UpmSpm4) -
—dt LS-I dt Tpg P3 Tpg MP4CP] P4
Ugmsgm4 Ugmprl
tWoC Ot TR o (TpaTa) flgy
P47P1 P4~P1
(111.7.40)
where,
Tpa T TPy
Spm4 - Spm]
Mog = Moy
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[11.7.1.6 OQutlet Plenum (PROUT)

The equation for the outlet plenum is obtained in the same

way as for the inlet plenum. The equation is as follows:

Po 1 1
= —— 8Ty, = — &T (I11.7.47)
dt Tpo P4 o Po
where
o - TPi
TPO = primary water outlet temperature.

[I1.7.2 Tube Metal Equations

As in the case of the primary water lumps in the tube bundle
region, special consideration is necessary for the treatment of the
dynamic boundary between the subcooled and boiling sections.
However, the treatment of the moving boundary is different from the
case of the primary water lumps. Here, it was assumed that if the

boundary is moving at a rate dLS]/dt, it adds (or subtracts) a

quantity of heat at a rate pmAmCme SI—c}%l-to the metal lump under
consideration
where

P = density of tube metal

Am = cross sectional area of tube metal lump

Cm = specific heat of tube metal

T = average temperature at the boundary.
This approach results in maintaining a dynamic heat balance

for each lump during the transient.
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I1I1.7.2.1 Tube Metal Lump (MTL1)

Heat balance

dL
d = 0 - = sl
dt (Mm]Cme1) me] (Qms1)1 ¥ pmAmCmel dt (I11.7.42)
= m Tm2
Substituting Mm] = pmAmle and Tm] = then
dL dT
sl mly _ &
PP (T & tlaw T me]
A Tm] * Tm2 dLs]
- Qe * oAl () - (111.7.43)

Dividing through by Wnlcm and collecting terms, then

Ty . (Tm1-Tm2) oy - me] ] (Qms1)1 (111.7.44)
dt Ls] dt Mmlcm
Substituting me] = Umer]LS](TP]-Tm])
and (Qne)y = Ung1Prabs1(TyyTgy) s then
T N (T T2 96 1 U P L (o -T 1)
dt Ls1 dt MG = P T sTV'P1 'mi
- Ums]PrZLS](Tm]-TS])J. (I11.7.45)
Introducing perturbation variables and replacing &T 1 by %(de+6T t),
2T . s sa
where éTsat = a;a §P then the describing equation for the first tube

metal lump (MTL1) becomes
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dsT T,-T dsL
ml + ml mZ) S

u_s
1 _ “pmpml
It §T

2Ls1 dt Mmlcm P1

UmS m1+Umslsms1

M ,C ml
ml “m
U .S
ms1 ms1
+ —2" 57
2 Mm]Cm d
Uu .S aT
ms1 ms]1 sat
+ 5 ¢ - SP. (I11.7.46)
ml “m
I111.7.2.2 Tube Metal Lump (MTL2)
Heat balance
Mt )=04 ,-(0_)
dt *'m2°m m2 pm2 ms2’?2
T Tme, ey
- amAmCm ( 5 ) - (I11.7.47)

Using the same procedure as in lump MTL1 results in the following

equation

dsT ., T .-T dsL
me + ml m2)

sl _ Upmsme T
dt 2L, dt

MmZCm

P2

(Upmspm2+Um525m52) 5T
- M ,C
m2~m

me

T

U_.S 3
(Mmsé ms2y, gat 5P. (111.7.48)
m2 "m !

+
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[11.7.2.3 Tube Metal Lump (MTL3)

Heat balance

d y .
HE'(Mm3Cme3) - me3 h (Qm52)3
T +T dL
m3  m4 sl
- o AL (=) —— . (I11.7.49)

Following the same procedure as in lump MTL2, we have

4Ty (Tm3-Tm4) dsL

U S
sl _ “pm pm2 T
dt T, dt °

m3Cm

P3

(Upmsgm2+um525m52 .
- M .C ) §Tn3
m3~m

3T

T
(EES2) 53k o (111.7.50)
m3°m

+

[11.7.2.4 Tube Metal Lump (MTL4)

Applying the heat balance and using the same procedure, then

the governing equation for lump MTL4 can be written as

doTrg (Tm3—Tm4) dolgy VoS ,

dt 2Ls1 dt Mm4cm P4

Uu s -+U0 .S

(_Pm pml "ms] ms1) ST
M _,C m
m4 “m

4

+ Ums1sms1 ST
2 Mm4Cm d

Umslsmsl) DTsat

2 Mm4Cm JP

+

SP. (I11.7.51)
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[IT1.7.3 Secondary Side Equations

III.7.3.1 General Considerations

Heat is transferred from the hot primary fluid (reactor coolant)
to the secondary fluid mainly in the tube bundle region sometimes

o 32) Part of the heat transferred is used

referred to as the "Core.
in removing the subcooling of the secondary water entering the tube
region from the downcomer. The other part is used in the boiling
process and converting part of the secondary water into steam. The
steam water mixture thus formed continues to move upwards to the
steam separators where the steam is separated and moves upwards to
the steam storage and delivery section while the separated water
moves downwards to mix with feedwater in the downcomer. The circulation
between the downcomer and the tube region is achieved through the
natural convection process due to the difference in density of the
secondary fluid in these two regions.

Because of the two different heat transfer mechanisms between
the tube metal and the secondary fluid, the active heat transfer
region is divided into two sections; a subcooled (or preboiling)
section and a boiling section (evaporator). In the subcooled section,
the temperature of the secondary fluid rises from Td at the downcomer
outlet to TSat at the starting of the boiling section. In the

boiling section, the temperature stays at TSa while the mass quality

t
(x) or void fraction (a) increases as the secondary fluid moves
upwards and more heat is transferred to it. At the end of the heat
transfer region, the secondary fluid leaves the boiling section with

an exit quality (xe).
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The length of the subcooled section is determined by the fraction
of the heat transferred necessary to raise the secondary fluid
temperature of the secondary fluid from Td to Tsat'
The governing equations for the boiling section are simplified
by assuming that the mass quality of the two phase mixture changes

linearly with distance from the subcooled/boiling boundary.

I11.7.3.2 Subcooled Secondary Fluid Lump (SFSL)

Slightly subcooled water from the downcomer enters the U-tube
region at a flow rate w] and temperature Td. Heat 1is transferred
to the secondary fluid flowing upwards (by natural recirculation)
from both branches of the U-tubes. As a result of this, the
temperature of the secondary fluid rises until it reaches Tsat’ which
is a function of the secondary system pressure, and boiling takes
place. The level at which boiling starts is a function of the
following.

1. Flow rate and temperature of secondary fluid from the

downcomer

2. Heat transfer rate from tube metal to the secondary fluid

3. Steam pressure which determines Tsat'

Since the length of the subcooled secondary lump is determined
by the start of the boiling level, both mass balance and heat balance
equations are required to represent the dynamics of the subcooled lump.

a. Mass balance

) =W, - W (IT11.7.52)
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fee, S (ogqAeloy) = Wy - W, (111.7.53)
where,

Pey = density of water in the subcooled Tump

Afs = secondary fluid flow area

Ls] = length of subcooled lump.

Neglecting the changes of subcooled water density during

the transient, one obtains

dL
01 Pes —o- = Wy - Wy (111.7.58)
which yields
ddLs] 1
It oA (6Wy = 6W,). (I11.7.55)
b. Heat balance
%E'(MS1CP2T51) ) (Qms])l * (Qmsl)4 UG - WCT oy (I11.7.56)
where,
Ms] = mass of water in the subcooled Tump
CP2 = specific heat of secondary water
Ts] = average temperature of water in the subcooled Tump
(Qms1)1 = heat transfer rate between M] and S]
) Ums]pr2L51(Tm1 - Ts1)
(Qmsl)a = heat transfer rate between M4 and S]
) Ums1pr2le(Tm4 - TS])'

Since the difference between T, and Tsa is usually small,

d t

then we can assume that

T +T
- d sat
Tqs——- (I11.7.57)
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Substituting from Equation (III.7.57) into Equation (III.7.56)

we get

T AT

d C ( d sat

a?'[Ms1 p2

W CpaTy = WolppTeat

Since Ms] = Afsps1Ls1’ then

501 = Uy Prob (T + Tog = Ty -

sat

4 (A L_,C (TQjIEEEJ] =U P L (T . +T, -
dt L"fsPs1ts1vp2 2 ms1 r2-s1' ' ml md
WGl = WolhoTeay
T
. _ sat
Using deat = 3p §P, we get
AfspleslcPZ [dGTd + BTsat déP] + A C (Td+Tsat)
2 dt P dt fsPs17p2 7
aTsat
= Ups1Probop [8Ty + 8Tg = 8Ty - —5— oP]
U1 ProlTiog + Tog = Ty = Toaed Sy + WiCpptTy
T
sat
+ CopTyoly = WyCop —57= 6P = Co T M,

111.7.3.3 Béi]iqg Secondary Fluid Lump (SFBL)

The secondary boiling starts when the temperature of the

secondary fluid reaches TSat

transfer region at a level just above the tube bundle.

(IT1.7.58)

)

(I11.7.59)

(I111.7.60)

and ends at the end of the active heat

secondary fluid moves upwards, the quality of the two-phase mixture

formed by the boiling process increases from O to an exit quality Xa*
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Assuming the homogeneous flow model, we consider the secondary
in the boiling section as a homogeneous steam water mixture wi

average quality x, density oy and enthalpy hb where

- xe
X=7,
P = ]
b - s
vf + X Vfg
and hb = hf + X hfg'

Since the size and the density of the boiling lump change duri
the transient both mass balance and heat balance equations are
necessary for the description of the boiling lump.

a. Mass balance

d }
at (Pphesbsn) = Wy - H3e

Since the flow area of the secondary fliud is consta

then
do dL
b $24 _
Aesllor <t *op g 4 = Wy - Us.

or, in terms of perturbation variables

ddpb dsL

24 _ .
Aesllop =gt * Pp —gg | = W, - oM

2 3

fluid

th an

(III.7.61)

(ITI1.7.62)

(IT1.7.63)

ng

(II1.7.64)

nt,

(III.7.65)

(III.7.66)

Since Ls] + L52 = constant, then using the equation for

S0y (see Appendix E), we get

ddLS] dsp d6xe
= AP TaE T ArsbsalCp Tar * Cop gp d T SWp - oM.

(I11.7.67)
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b. Heat balance

G [ophrsbay) = (ngply * (lngp)y + Ughe - Hgh, (111.7.68)
where,
(Qmsz)2 = heat transfer rate between M, and S,
) UmsZPrZLSZ(TmZ B Tsat)

(Qmsz)3 = heat transfer rate between M, and S,

ms2 2 s2 A

hf = enthalpy of saturated water entering the
boiling lump

h. = enthalpy of secondary fluid leaving the

boiling lump

where,

hfg = latent heat of vaporization.

Substituting for h, (Qmsz)2 and (Qm52)3 in Equation (I11.7.68),
we get
4 o AL, (he+2&h )= U el (T, -T. )
dt Pbfsts2 VF T 7 fg ms2 ' 2°s2' m2 sat
* UmsZPrZLSZ(Tm3 B Tsat)
+ Wyhe - w3hxe (I11.7.69)

which upon Tinearization and some algebraic manipulation

yields the following equation
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Aesobbsolp L e ah—fg] 9‘@{‘ * Reseptsa Ezm dz:e
= Ups2Pra 52[CST téTy -2 angt §P]
Uns2 2[T Ty =2 Tsat] sLq+ heoW, - hxe6w3
+ W2 igg'éP - w3xe Eggﬂ sP - NBHfgdxe‘ (I11.7.70)

II1.7.3.4 Drum Equivalent Secondary Fluid Lump (SFDRL)

The drum equivalent secondary fluid Tump in this model
has the same geometrical boundaries as in Model C. It can also
be divided into the following parts:
1. Riser/Separator volume
2. Drum water volume
3. Drum steam volume.
The equations describing these parts are developed using the same
procedure as in Model C are repeated in this section for convenience.
1. Riser/Separator Volume
The describing equation for the riser/separator volume is
the same as Equation (III1.6.20) derived in Section III.6.7.1,
page 58, with éW, and SW, replacing awz and &W

3 4
respectively, thus

3

déx
2r dt

dsP

(C]r dt +C

) (I11.7.71)
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v 3V
- 1 f fq
where C,. = - (v XV )2 [ 5P " %e T3P ]
f "e’fg
i
and Cop = - ————-5l~—7? (see Appendix E).
(Vf+xevfg)
2. Drum Water Volume
The describing equations for the drum water volume are
obtained from a mass balance equation relating the flows
in, the flows out, and the water level and a heat balance
equation describing the mixing between recirculated water
and feedwater. The drum water lump is coupled to the
secondary lumps in the effective heat exchange region
through the downcomer lump and the recirculation Toop
equations.
Following the same procedure as in Section II[.6.7.2,
page 60, we have the following equations
ddew 1 ) ] (
= [(1-x_) 6W, = W, 6x = 8W, + SW_. [11.7.72)
dt pdedw e 4 4" "e dw Fi
dsT dsl
dw d 1
—_+ T = [T . {(1-x_) 6W, - W,6x }
dw dt dw dt pdﬁﬁdw sat e 4 4" "e
oT
sat
+ (]-xe) - sP - w]éTd
- TNy + Wy sTe 4 TFiﬁwFi]. (I11.7.73)

~ The above equations are similar to Equations (II1.6.29)

and (I11.6.30) with W., replaced by W, as the mass flow

3
rate of the two phase mixture leaving the riser/separator

vo lume.
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3. Drum Steam Volume
The linearized equation for the drum steam volume is
similar to Equation (III.6.36) developed in Section
I11.6.7.3, page 62, with w4 replacing w3 as the mass
flow rate of the two phase mixture leaving the riser/

separator volume, thus

3p dsL
v g dsP o A dw
s dt dt g dw dt

= xeéw4 + N46xe - CLSP - PGCL. (IT11.7.74)

I11.7.3.5 Downcomer Secondary Fluid Lump (SFDCL)

As in the case with Model C, the downcomer secondary fluid
lump acts as a transport time delay between the drum water volume
and the effective heat exchange region. The equation for
the downcomer lump is the same as Equation (III.6.40) and can
be written in the form

dsT
dw d) (IT1.7.75)

where
M

Ty T Wg = residence time of the secondary fluid in the
1
downcomer lump.

IIT1.7.4 The Recirculation Loop Equation

The recirculation loop equation is obtained by applying the
momentum theory to the secondary fluid outside and inside the tube
wrapper. Following the same procedure described for Model C in
Section III.6.9, page 65, we notice that outside the tube wrapper
the pressure head of the recirculation loop is identical for Model
C and D, however, the secondary fluid inside the tube wrapper in

Model D is composed of three parts.
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1. Subcooled region of length Ls]’ where the temperature of
the subcooled fluid is raised from Td at the inlet to
Tsat at the outlet. The density is assumed constant in
this region.

2. Nucleate boiling region of length LB =L - Ls]’ where
boiling of the gaturated water leaving the subcooled region
takes place and the mass quality of the two phase mixture
is assumed to change linearly from 0 at the inlet to Xa
at the outlet.

3. Riser/separator region of length LR’ where the two phase
mixture leaving the nucleate boiling continues to move
upwards in the riser/separator volume.

Therefore (aP) can be calculated in the same way as in

0TW

Equation (III1.6.46), thus

odL
14

(aP) -.gd

(IT1.7.76)
OTW psi

S

where,

Pq = Pdw - Pdc density of the secondary fluid outside the

tube wrapper

+
—
]

dc height of the secondary fluid in the drum

water volume and the downcomer transport

Tump.
However, (AP)ITN is now calculated from the following equation.
p L + oL, + 0oL
_ 'ssl b™B rr
(AP)ITN = 144 (111.7.77)

psi
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where,

p_ = density in the subcooled region

L., = length of the subcooled region

Ppg = average density in the nucleate boiling region

LB = length of the boiling region

p. = density in the riser/separator region

L. = length of the riser/separator region.

Using the same method as discussed on page 68, the equation for sw]

can be reduced to the form

5w] = a]Sde + a26L51 + a35p + a46xe. (I11.7.78)

The expressions for the coefficients a5 3y, as, and a, are derived

in Appendix D.

II1.7.5 Summary of the Model Equations

The governing equations of Model D that were developed in the

preceeding sections can be represented by the matrix equation

1 2
where
x = system variables (differential + algebraic)* vector
A] and A2 = coefficient matrices

f = forcing vector.
A 1ist of the system variables is given in Table II1.2 and the nonzero
elements of the matrices A] and A2 and the forcing vector T are given

below.

*The definition of differential and algebraic variables will be
discussed in Chapter IV.
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TABLE III.2

SYSTEM VARIABLES FOR THE DETAILED MODEL (MODEL D)

1. TPi : primary water inlet plenum temperature
2 TPl first primary water lump temperature
3. TP2 : second primary water lump temperature
4. TP3 : third primary water Tump temperature
5. TP4 : fourth primary water lump temperature
6. TPO : primary water outlet plenum temperature
7. ml first tube metal lump temperature
8. Tm2 : second tube metal Tump temperature
9. Tm3 : third tube metal lump temperature
10. Tm4 : fourth tube metal Tump temperature
1. de : drum water level
12. Le: nonboiling (subcooled) length
13. P : steam pressure
14. Xo G boiling section exit quality
15. wa : drum water temperature
16. Td : downcomer outlet temperature
*17. w] : flow rate to the nonboiling section
*18. w2 : flow rate to the boiling section
*19. w3 : flow rate from the boiling section
*20. w4 : flow rate from the riser/separator volume

*Algebraic variables.
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The A, Matrix

1

A](],l) 1.0

A,(2,2)

1 1.0

A](3,3)

1.0

Toy-T
A (3,12) = ()
s2

1

A](4,4) 1.0

A](S,S) = 1.0

P4~ P3

A](5,12) =

|
—_—
o

A-l (696) -
A](7,7) =

m2)

p=3
p—
—
—
o
-
—
o
1]
—
o

. (Tm3-T

S

1.0

—~
pa—
pa—
-
—_
pa—

~
1}

p=)

"
—
—
~nN

-
J—
~nN
~

|

m4)

2L

1

T

T

dt sat

2

L

sl

)
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M .C. T
_ s17p2 sat
A (12,13) = =3 3P
M C
_ s17pP2
A, (12,16) = =
A1(13,12) = - Aoy
A(13,13) = AL ,Cy
A (13,18) = AL ,Cpp
A(18,12) = - A hioy
oh X_ 9h
- “f e _fq
AL(14,13) = Ao, (5o * 5 50 + Agglooh
"fg
A(18,14) = Ao Loy ==+ Arloohlop
A (15,13) = V. C;.,
A, (15,14) = V.G,
A,(16,11) = 1.0
A7,01) = Ty,
A (17,15) = Ly,
A8 = - 0 Ay,
%q
A(18,13) = v, =
A,(19,16) = 1.0.
The A2 Matrix
1 Wp;
A(11) = == g
pi  Mpi
W
1 pi
A(2,1) = - A= L
2 P Mp1

b%1b



A (2,2) = (D4 Pem
2 1 MoiCpy
U mS 1
A2(2,7) = - _E_EEE_

2 MPlcPl P1 m
W_.
1 Pi
A(3,2) = = —— = _ 1
2 Tpo Moo
A.(3,3) = ( 1 + gpmsme)
2 Ty Mpplp
u.S
Ay(3,8) = - MEEEE@—
p2-pP1
Ugmpr]
A,(3,12) = - MpoCoy (Top = T
W,
: 1 Pi
A (4,3) = = —— = 11
2 3 M3
1 Yoo pm3
Ay(4:8) = (== + TP
p3 P37P]
U mS m3
Ay(4,9) = 53L7§l~—

A, )
2 MysCoy © P37 'm3
W,
1 P1i
A (5,4) = - —— = "1
2 Ty Mpg




A2(5,'IO) = - ME”lCﬂﬁ
P4~PI]
Yon’ 1
Ay(5.12) = MoaCot (Tog = T
W..
A2(6,5) = . _J__: - M_Pl
PO PO
1
Ay (6,6) = —
PO
U s 1
A2(7,2) = . _pm pmi
M.C
ml “m
Uu._s +U .S
A2(7,7) - (_EE,EW& - ms1 ms1)
ml “m
Uu .S oT
17ms1 sat
A(T7,13) = - (2 ) -
2 : 2Mm]Cm 3P
Ums1sms1
A2(7,16) ST o o
ml “m
U mS >
A,(8,3) = - GPTPIE
m2 " m
Uu_s +U .S
A2(8,8) = (Pm pmﬁ C mSZ mSZ)
m2 “m
u .S oT
A2(8,13) - . (Mmsé msZ) . 3;at
m2~m

U S
2\’ M
m3™m

A
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Uu S + U S
- (_pm pm2 ms2 ms2
Ay(9.9) = (——Fr—= )
m3~m
{ S oT
- ms2”ms2y , __sat
A2(9’13) T (Mm3Cm ) 3P
Uu s 1
A,(10,5) = - PO_PmL
2 M _.C
m4 “m
' Egmigm] * Umslsms]
A,(10,10) = ( TRG )
md ~“m
u ,S oT
1" ms 1 sat
A (10,13) = = (52 ) -
2 2Mm4cm oP
A (]O ]6) - _ UmS]SmS]
2 ! 2M . C
m4~m
1
A(11,17) = -
2 Pehgs
A,(11,18) = x
Ps"fs
A2(12’7) - - Umslsms]
A2(12,10) = - Umslsms]
A, (12,12) = - (ns17ms1 [T, +T , =T, -T..]
2 ’ Ls] ml mé d sat
T
_ sat
A(12,13) = (U 4Spar + Ho0pp) —5p
Ap(12,16) = (U 1S oy = WyCpp)
A2(12,17) = - CPZTd



A

2(13,18)

A,(13,19)

2

A2(14,8)

A,(14,9)

A

A, (14,12)

5

A,(14,13)

2

A (14,14)

2

A, (14,18)

5
A,(14,19)

A2

A

(15,19)
(15,20)

A, (16,14)

5

A, (16,17)
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2
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- 1.0

1.0
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T
A,(17,17) = —%
Pdw dw
(1—xe)
A,(17,20) = - —¢— .
Paw dw
A2(18,13) = C,
A,(18,14) = - W,
A2(18,20) = Xg
A,(19,15) = - ..
Td
A,(19,16) = L
Td
A2(20,11) = a,
A,(20,12) = a,
A,(20,13) = a,
A,(20,14) = a,
A2(20,17) = - 1.0.

The Forcing Vector f

f(16)

f(17)

f(18)

Pdw 'dw

P dw" dw

- PsC .

Fi

sT

Fi

sat

+ 7T

Fi

SW_.



CHAPTER IV

CALCULATION PROCEDURE AND RESULTS

IV.1 Introduction

As was seen in Chapter III, page 25, the lTumped parameter state

variable approach results in two different types of model formulations:

1.

Pure Differential Formulation. In this case, all of the
model equations are differential. Models A and B belong

to this group.

Mixed Differential and Algebraic Formulation. In this case,
some of the model equations are differential and some are
algebraic. The system variables consist of differential
(or state) variables and algebraic (or intermediate)
variables. A differential variable is defined(37) as a
variable whose derivative appears at least once in the
system equations while an algebraic variable is defined as
a variable whose derivative does not appear anywhere in the
system equations. Models C and D belong to this group. As
the model complexity increases, the mixed differential and
algebraic formulation has the advantage of reducing the
amount of mathematical manipulation required by the system
analyst and accordingly reducing the possibility of
algebraic or numerical errors in the process of dynamic
system analysis. The calculation procedure for obtaining

the system time response and frequency response for both

106
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formulation groups and the results obtained from the
mathematical models are described in the following

sections.

IV.2 Calculation Procedure for the Pure Differential Formulation

A system of coupled first order differential equations can, in

general, be written in the form

Cqg=0 x +Ef (IvV.1)
where
X = state variables vector
f = forcing vector
C, D and E = coefficient matrixes.
Provided that C is a nonsingular matrix}38) both sides of Equation

(IV.1) can be pre-multiplied by C-] (inverse of C) to get the

following equation

>
"

h oy
x1
+

o

~h

(IvV.2)

Q.!CJ.
ot

where

N=2C D state coefficient matrix

and B=2°C E

forcing coefficient matrix.
Equation (IV.2) is the "classical” form for the mathematical representa-
tion of a system of first order differential equations. This equation

forms the basis for the computer codes MATEXP(39) (40)

and SFR-3 that
are used in this study to calculate the time response and frequency

response respectively.
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The general solution of Equation (IV.2) in the time domain is

1

given by(4 )

_ Alt-t ) _ _ _

(1) =e O x(t) + LT B o (1v.3)

0
where
i(to) = initial conditions vector
" et ) (t-t )
A(t-t o {A(t-t )}
e =] o (1v.4)

k=0

The following conventions are used in the matrix exponential

in Equation (IV.4)
0

{A(t-to)} [ = identity matrix

and ol = 1.

From Equation (IV.3), it can be seen that given the initial condition
vector i(to), the coefficient matrices A and B and the forcing vector
f(t), the solution at a later instant t can be found. The degree

of accuracy of the solution depends on the number of terms used in
the calculation of the matrix exponential in Equation (IV.4) and the
method of numerical integration used to calculate the integral in
Equation (IV.3). The method for handling the integral term in the
MATEXP computer program is to assume that the forcing function is

piecewise constant. This gives:

Alt-t)

B F(1) dt = [I - e ° 1A B F(t,)- (1V.5)

t eA(t-r)

t

i)
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The frequency response can be obtained by starting with

Equation (IV.2) and Laplace transforming(42) both sides, thus

S x(S) = A x(S) + B F(S) (1v.6)
where
S = Laplace transformation variable
x(S) = Laplace transform of x(t)
F(S) = Laplace transform of f(t)
A,B = coefficient matrices, assumed constant.

Rearranging Equation (IV.5) and solving for x(S), we get
x(S) = [SI - A]_] B F(S). (IV.7)

For a single forcing element fm(t) in the forcing vector f(t),

Equation (IV.7) can be written as

- ~ -1 -
x(S) = [SI - A] bm Fm(S) (Iv.8)
where
Fm(S) = Laplace transform of fm(t)
bm N b]m
b2m
nm

The frequency response vector of the system state variables with respect
to the forcing element fm can be obtained from Equation (IV.8) by

replacing S by juw, thus
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. _ o x{Gw _ . -1 -
G (Ju) = {Fm 5oy = [ - AL b . (Iv.9)

From Equations (IV.3) and (IV.9), the calculation procedure
for obtaining the dynamic response when the mathematical model
consists of a system of first order differential equations (Models
A and B) can be summarized as follows:
1. Calculate the geometrical parameters needed to estimate
the volumes of the different lumps in the model using
available design data and/or engineering judgement.
2. Calculate the thermal and hydraulic parameters required
for the calculation of the coefficient matrices and
forcing vectors. This calculation includes the calculation
of the heat transfer coefficients and steady state
parameters.
3. For time response analysis, input the coefficient matrix
and forcing function to the computer code MATEXP(39)
together with the program control cards described in
Reference 39.
4. For frequency response analysis, input the coefficient
matrix and the forcing function to the computer code
SFR-3(4O) together with the program control cards described

in Reference 40.
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IV.3 Calculation Procedure for the Mixed Differential and Algebraic

Formulation

As the dynamic model complexity increases, the mathematical
manipulation effort can be considerably reduced when the algebraic
equations relating system intermediate variables to system state
variables are left in the model. In this case, the mathematical
model of the system consists of a set of first order equations having

both differential and algebraic variables that can be written in

the form:
A, 9244 z =g u(t) (1v.10)
1dt " "2 9 y

where

z = vector of system variables (differential + algebraic)

g = vector of constant multipliers of the time varying

forcing function
u(t) = arbitrary function of time representing system input

(forcing function)

A] and A2 = coefficient matrices.
If the system variables are composed of n differential (or state)
variables and r algebraic (or intermediate) variables, then matrix
Equation (IV.10) has the order m which is equal to (n+r).

The method of obtaining the time response and the frequency
response when the system dynamic model can be represented by
Equation (IV.10) is described in Reference 37 and is summarized

below for convenience.
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IV.3.1 Time Response Calculation

The set of equations represented by matrix Equation (IV.10)
is first reordered into m differential equations followed by r
algebraic equations and then reduced to a system of n differential

(37) Then the reduced

equations using the computer code PUREDIFF.
set of pure differential equations is solved using the cormputer code
PMTEXP.(39) The method of removing the algebraic variables from the
equations is described below.

After reordering Equation (IV.10) can be written in the

partitioned matrix form

' !
R "O v T 1'T .’ = {-1
d ITi= 11X nhiziix o121
1 i .
where
x = differential variable vector
y = algebraic variable vector.

Equation (IV.11) can be expanded to obtain the following equations

Rppge * Ty X+ Typ ¥ = gy ult) (1v.12)
Ryp K4 T K+ Ty = gy u(t) (I1V.13)
21 dt 21 » Y =9 .

The algebraic variable vector y is eliminated by pre-multiplying
both sides of Equation (IV.12) by the inverse of T]2 and
pre-nultiplying both sides of Equation (IV.13) by the inverse of T22

and subtracting the resulting equations to get
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-1

[Ty2

R

>
I

o -1
1 22 21] T Ty - Ty Tyl
i
[T]Z g] = 22 92] u(t ) (IV.]4)

pre-multiplying Equation (IV.14) by Ty, we get

ol -] dx R -
[Ryy = Ty T Rpd g ¥ [Tyq = Typ Tpp oyl x =
-1 11
[g] T]Z 22 92] U( t). (IV.]S)

Equation (IV.14) can be written in the concise form

d- -
B a%-+ CX=5bu(t) (1V.16)
where

i -1
B = [Ryy = Typ Ty Ryl

i R
C=1[Ty - Ty Ty Ty

lea]

-tz -l -
=9y - Ty Ty 9,]

Multiplying both sides of Equation (IV.16) by B_] gives

ggtre ¢ x =B bu(t). (IV.17)

Equation (IV.17) is in the "classical" form suitable for using the

time response code MATEXP.(39)

An important feature of the above method is that it involves
matrix inversion which may produce error in the results when any of

(43)

the matrices involved are ill-conditioned. This problem may be

avoided by changing the ordering of the system equations.
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IV.3.2 Frequency Response Calculation

The frequency response vector for the dynamic system represented
by Equation (IV.10) can be obtained by replacing S by jw in the

transfer function vector G(S) defined as

B(s) = 234 (1v.18)

The transfer function vector can be obtained by two methods.

1. Following the same procedure as in the time response
calculation, one can reduce the system of combined
differential and algebraic equations to a set of pure

differential equations of the form

a
x1

‘a—t—zAX'i"g U(t). (IV-]Q)

The computer code, SFR-3,(4O)

can then be used to
obtain the frequency response vector G(jw) using the

following relation

G(jw) = [Ju I - A]'1 g. (1V.20)

2. The system equations can be kept in the original mixed
mode (differential + algebraic) formulation and a
modified version of the SFR-3 code developed in Reference
37 can be used to obtain the frequency response vector

G(jw) using the following relation

G(jw) - [Jw Ay - AZ] g. (1v.21)
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From the above discussion, it can be seen that the calculation

procedure for obtaining the dynamic response when the mathematical

model consists of a mixed set of differential and algebraic equations

(Models C and D) can be summarized as follows.

1.

Calculate the geometric parameters needed to estimate the
volumes of the different lumps in the model using available
design data and/or engineering judgement.

Calculate the thermal and hydraulic parameters required for
the calculation of the coefficient matrices and forcing
vectors. This calculation includes the calculation of the
heat transfer coefficients and steady state parameters.

For the time response analysis, input the coefficient matrices
A] and A2 together with the forcing function to the computer

(37)

code PUREDIFF to reduce the system to pure differential

(39)

form. Then use the computer code MATEXP to obtain the

time response.

For the frequency response analysis, either use the modified

version of the SFR-3 code(37) or use the reduced system

matrix and forcing vector obtained from step 3 as input

to the computer code SFR—3.(4O)

V.4 Geometrical Calculation

When the design details of the steam generator are known to the

1alyst, the task of calculating the lengths, areas and volumes

scessary for the dynamic response calculation reduces to a simple

tsk that has to be repeated when the dimensions and/or

ometrical configuration change. However, since the design details
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of nuclear steam generators are often considered as proprietory
information, the method of calculating geometrical input data for
dynamic response calculation from the design details is ruled out
when this information is not available. In this study, the only
information available to the author is the scoping design data
usually listed in the safety analysis report of a nuclear power

p]ant.(z)

Therefore, engineering judgement and proportionality
principles are used to obtain the geometrical parameters used as
input to the dynamic response calculation algorithms. In this

section, the method of calculating the geometrical parameters is

described and then applied to the H. B. Robinson Unit 2 steam

generator using the steam generator design data obtained from

Reference 2 and shown in Table IV.1.

IV.4.1 Primary Side

On the primary side, it is required to determine the volume of
the primary water in the inlet and outlet plenums and flow area in
the effective heat exchange region (U-tube region). The U-tubes are
replaced by two straight-tube branches and the average length of

each branch is calculated as follows

nDo
SO = ——-'1—2—‘ « N« 2L (IVZ])
where
SO = total heat transfer surface, ft2
D0 = U-tube diameter, in.
N = number of U-tubes
L = length of straight tube branch, ft.
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TABLE IV.1

H. B. ROBINSON STEAM GENERATOR

DESIGN DATA*

Number of Steam Generators

Design Pressure, Reactor Coolant/Steam, psig

Design Temperature, Reactor Coolant/Steam, °F

Reactor Coolant Flow, 1b/hr

Total! Heat Transfer Surface Area, ft2

Steam Conditions at Full Load, Outlet Nozzle:

Steam Flow, 1b/hr
Steam Temperature, °F
Steam Pressure, psig
Feedwater Temperature, °F
Overall Height, ft-in,
Shell 0D, upper/lower, in.
Shell Thickness, upper/lower, in.

Number of U-tubes

U-tube Diameter, in.
Tube Wall Thickness, (average) in.

2200 MWt
Reactor Coolant Water Volume, ft3 928
Secondary Side Water Volume, ft3 1536
Secondary Side Steam Volume, ft3 3203

3
2485/1085
650/556
33.93 x 10°
44,430
3.196 x 10°
516
770
435
63 - 1.6
166/127.5
3.5/2.63
3260
0.875
0.050
Lero Power
928
3089

1640

*Table 4.1-4, Reference 2.
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The flow area of the primary water in the tube region is determined

by the following equation

2
TrD~i
Ap ol vl N (Iv.23)
where
Ap = primary flow area, ft2
Di = U-tube inside diameter, in
N = number of tubes.

The tube inside diameter is obtained from the tube outside diameter
and the. tube wall thickens. The inlet and outlet plenums are each
assumed to have the same volume which is given by

-V
LS T (Iv.24)

where

= volume of inlet or outlet plenum, ft3

<
<
] i

p steam generator primary water volume, ft3

volume of primary water inside the U-tubes, ft3.

<
"

IV.4.2 Tube Metal

The cross section area of the tube metal (Am) is given by
v (05 - 05) e
Am_W‘N. (V- )

The surface area per unit length is used in the calculation in
the heat transfer area and can be determined as follows

7 D,

i

P.:=

T N (Iv.26)
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P. =5+ N. (Iv.27)

IV.4.3 Secondary Side

The secondary side is divided into three parts.

1. Secondary fluid in the effective heat exchange region.

2. Secondary fluid in the downcomer region.

3. Secondary fluid in the drum equivalent region.

For the effective heat exchange region and the downcomer region,
it is possible to determine the flow area and therefore the volume of
any secondary fluid lump in these regions from a knowledge of the
length of the lump. However, for the drum equivalent region, it is
only possible to estimate lumped volumes due to the complex
geometrical configuration in that region since it includes the feed-
water ring and the steam separators and driers. The calculation of
the geometrical parameters in the above regions is described below.

1. Effective Heat Exchange Region. The effective heat

exchange region is bounded by the tube-wrapper, the tube
plate and a fixed plane just above the U-tubes. The
secondary fluid flow area in this region can be estimated
from the area inside the tube wrapper and the area occupied

by the U-tubes, thus,

(Iv.28)

where

AS = secondary fluid flow area, ft2
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A area inside the tube wrapper, ft2

W

At = area occupied by the U-tubes, ftz.
The area inside the tube wrapper can be estimated from the
tubes arrangement, number and outside diameter. The length
of the effective heat exchange region is assumed to be
the same as the straight tube branch length calculated by
Equation (IV.22).
Downcomer Region. The downcomer region is defined by the
annular space between the steam generator lower shell
section and the tube wrapper. The downcomer flow area is

determined by

Ad = ALS - Aw (Iv.29)

where

p=g
]

d downcomer flow area, ft2

ALS = inside area of the lower shell section, ft2

area of the tube wrapper, ft2.

p=J
1]

The length of the downcomer section is assumed to be equal

to the same as the length of the effective heat exchange
region.

Drum Equivalent Region. As described in Chapter III, page 56,
the drum equivalent region is composed of three sections.

a. Riser/separator volume

b. Drum water volume

c. Drum steam volume.
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The dimensions for these sections were estimated using
engineering judgement and proportionality principles
using the steam generator dimensions and the secondary

side water and steam volumes given in Table IV.1.

IV.4.4 Results for H. B. Robinson Steam Generator

The geometrical data calculated for the H. B. Robinson steam
generator can be summarized as follows.
A. Primary Side
1. Number of tubes = 3260

2. Straight tube branch length = 29,75 ft

3. Primary flow area = 10.68 ft2

4. Primary inlet plenum volume = 146.27 ft3

5. Primary outlet plenum volume = 146.27 ft3.

B. Tube Metal

1. Tube metal cross section = 2.934 ft2

2. Primary/metal heat transfer area per unit
length = 661.436 ft
3. Metal/secondary heat transfer area per
unit length = 746.783 ft.
C. Secondary Side

1. Effective exchange region

Flow area (A¢) = 52.93 £t
Total length (Lt) = 29.75 ft.
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2. Downcomer region

Flow area (Ad) = 7.614 ft2

Length (L,) = 29.75

4
3. Drum equivalent region

Drum water volume (de) = 973.88 ft3

Drum water area (Adw) = 101.13 ft2
(

Drum water length de) = 9,63 ft

) = 2966.38 ft°

Drum steam volume (Vss

Riser/separator volume (Vr) = 408.5 ft3

Riser/separator area = 42.42 ft2

Riser/separator length = 9.63 ft.

IV.5 Calculation of Heat Transfer Coefficients

In the effective heat exchange region, heat is transferred
from the primary side to the seccndary side through the U-tube
walls. On the primary side, pressurized water passes inside the
U-tubes and transfers heat to the tube metal. Across the tube
thickness, heat is transferred by radial conduction. On the
secondary side, slightly subcooled water, then two phase steam/
water mixture flows by natural circulation outside the U-tubes.
Metal-to-1liquid heat transfer occurs in the subcooled secondary
region while nucleate boiling is the primary heat transfer

mechanism in the boiling secondary region.
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In this section, the method used in calculating the heat
transfer coefficients is described and the results used as input

for the dynamic response calculations are reported.

IV.5.1 Film Heat Transfer Coefficients

The Dittus-Boelter Correlation is the most desirable corre-

1ation(27)

for calculating film heat transfer coefficients when
convection is the primary heat transfer mechanism. This correlation
can be written in the form

GDO'8 pC. n

- Ky (G D p
Upe = 0.023 (7 " ) (=) (1v.30)
where
UFC = film heat transfer coefficient, Btu/hr ft2 °F
K = thermal conductivity, Btu/hr ft °F
2

G = mass velocity, 1bm/hr ft
D = hydraulic diameter, ft
u = viscosity, 1bm/ft hr

Cp = specific heat at constant pressure, Btu/1bm °F.

The value of the index n is taken as 0.3 for calculating the
heat transfer coefficient between the primary water and the inner
surface of the tubes and as 0.4 for calculating the heat transfer
coefficient between the outside surface of the tubes and the
secondary fluid in the subcooled region. In the boiling region of
the secondary fluid, the heat transfer is enhanced by the boiling
mechanism. In this region, the film heat transfer coefficient

(44)

can be calculating using a correlation proposed by Chen. In
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this correlation, the heat transfer coefficient in the saturated
nucleate boiling region is assumed to have contribution from both

nucleate boiling and convection, thus

Urp = Uneg * Ug (IV.31)
where
UTP = heat transfer coefficient in the boiling region
UNCB = contribution due to nucleate boiling

UC contribution due to convection.
It was assumed that the convection component, UC’ could be

represented by a modified Dittus-Boelter type equation

0.8 ucC_ 0.4 K
Uc = 0.023 [ﬂ]—;‘—)—] [u—l] (-5 F (Iv.32)
u K £ D

where F is a parameter defined such that

ReTp 0.8

F is a function of the Martinelli factor Xtt defined as

. - (l:£)0.9 (lﬁqo.s (££)0.1 (1V.34)
tt X vg ug

where
X = mass quality
vf = specific volume of saturated 1iquid
vg = specific volume of saturated steam
uf = viscosity of saturated 1liquid

ug = viscosity of saturated steam.
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The nucleate boiling contribution hNCB is given by(44)
K 0.79 C 0.45 0 0.49
_ f pf f . 0.24 0.75
Uy = 0172 [g5 005028 0.2 S %sat * Psap -
ag Uf: hfg pg
(Iv.35)

The reader is referred to Reference 44 for the details of calculating
the heat transfer coefficient in the boiling region using Chen's

correlation.

IV.5.2 Tube Metal Conductance

Since the thickness of the tube wall is very small relative to

the tube length, the tube metal conductance can be estimated using

the following equation(45)

Um % (IV.36)

where

thermal conductivity of tube metal

K

bW

thickness of tube wall (inches).
Effective area for heat conduction through the tube wall is given by

Ay - A

=0 .
Am = A - (Iv.37)

In (ﬁ)

IV.5.3 O0Overall Heat Transfer Coefficients

The overall heat transfer resistance is the sum of the
resistances of the primary side film, the tube wall, fouling and
the secondary side film. Based on the secondary side heat transfer

area we have

>
o

C|-—‘

(Iv.38)

cl|—
>

A

1 1 0

LI VA B +f o+
Uy Ay U, A 0
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where

U = overall heat transfer coefficient
U. = primary side film heat transfer coefficient

U = tube metal conductance
U0 = secondary side film heat transfer coefficient
f = fouling factor
Ai'= inside tube area
AO = outside tube area.
The secondary side film heat transfer coefficient depends on whether
the secondary fluid is subcooled or boiling.

Fouling factors may be considered to represent safety factors
that increase the design area of the steam generator to compensate
for possible scale build up on the tube metal surfaces. Since the
primary coolant is maintained at extremely high purity level,
fouling on the primary side is often negligible. Secondary side
system purity is lower and some fouling allowance must be considered

in calculating the overall heat transfer coefficients. Fraas et a1.(45)

stated that an allowance of 0.0003 (°F ft2 ht/Btu) is generally

considered reasonable.

IV.5.4 Combined Film and Tube Metal Conductances

When the mean temperature of the tube metal lump is considered
as a state variable in the dynamic model, it is necessary to combine
the film heat transfer conductance (coefficient) with the tube metal
conductance to obtain an effective heat transfer coefficient between
the bulk mean temperatures of the primary and secondary fluids and

the tube mean temperature. The calculation for this effective heat
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transfer coefficient can be derived from the analogy between the flow

of heat energy through thermal resistance to the flow of electric

(46)

current in an electrical resistor, thus

Temperature Difference

Heat Transfer Rate = oo pecTstance

Referring to Figure IV.1 we have

= _P m____- 1y A -
me A _pm“i(Tp T) (1v.39)
R1+Rm(ﬂf—0
j
and
T -7
. _m S _
Qms = » = UmSAO(Tm TS) (Iv.40)
R +R ()
o mA
0
From these equations we have
A.
1. Ul.+ (7 - %_. (1V.41)
pm i ml m
and A
= ) - %_.+ %_ (1V.42)
ms m2 m 0
where Am
A AR
A, =1 - (1v.43)
ml Am Am
LIRS
i i
A
and _ _m
A A Ay AO)
]n(“A‘*‘) 1 n(r)
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where
Ui = primary side film conductance = 1/Ri
Um = tube metal conductance = 1/Rm
Uo = secondary side film conductance = 1/R0
Ai = tube inside surface area
Am = tube mean surface area
AO = tube outside surface area.

IV.5.5 Results for H. B. Robinson Steam Generator

The following values of the heat transfer coefficients are used
as input for the reference case dynamic calculation.
Primary film heat transfer coefficient = 4500 Btu/hr ft2°F

Tube metal conductance = 2160 Btu/hr ft2°F

Tube outside heat transfer area = 44430 ft2

Tube metal/subcooled secondary film heat transfer
coefficient = 1972 Btu/hr ft2°F

Tube metal/boiling secondary film heat transfer

coefficient = 6000 Btu/hr ft2°F

IV.6 Steady State Calculations

IV.6.1 Introduction

When the moving boundary approach is used in the development
of dynamic models for a UTSG, the conditions at steady state
are prerequisites for the dynamic calculation algorithm. In this
section, it is assumed that the recirculation ratio of the steam
generator is known and the purpose of the steady state calculation

is to determine the temperature profiles along the primary and



130

subcooled secondary flow paths and also the mass quality profile along
the boiling secondary flow path after finding the level at which the
boiling process in the secondary fluid starts (LS])' Figure IV.2

shows a schematic diagram of the effective heat exchange region (core)
of a UTSG. Primary water from the reactor hot leg enters the heat
exchange region from the steam generator inlet plenum at temperature
TPi and after exchanging heat to the secondary fluid passing outside
the U-tubes, it Teaves the heat exchange region to the steam generator
outlet plenum at temperature TPo' The secondary fluid enters the heat
exchange region from the downcomer section at a temperature Td which is
lower than the saturation temperature corresponding to the steam
generator pressure. As the secondary fluid flows upwards in the core
region (by natural circulation) its temperature increases until the
saturation temperature TSat is reached at a level Le which is
considered as the subcooled/boiling boundary. The primary temperatures
and T,, in the

P1 P4
parallel and counter flow branches respectively. Above L

at the subcooled/boiling boundary are denoted by T
SE the heat
added to the secondary fluid is used in increasing the mass quality
of the steam/water mixture from xso at the onset of bulk nucleate
boiling to x = Xo at the end of the boiling section of the heat
exchange region. The primary temperatures at the end of the boiling
section are denoted by TP2 and TP3 in the parallel and counterflow
branches respectively. Since the primary temperature at the exit of

the parallel flow branch must be equal to the inlet temperature to

the counterflow branch,TP2 and TP3 should be equal. Since the
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Figure IV.2 Schematic of the Effective Heat Exchange Region (Core).
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secondary inlet temperature Td is dependent on the mass quality at
the exit of the boiling section, an iteration technique is necessary
to satisfy an overall heat balance between the primary and secondary

sides of the steam generator.

IV.6.2 Solution Using the Finite Difference Approach

In this method, the path along the heat exchange region is
divided into a number of finite sections. The heat balance
equations for each section are solved for the exit conditions using
the inlet conditions and the other known system parameters. The
secondary temperature at the exit of the finite section is compared
with the saturation temperature. There are three possible conditions:

1. The secondary temperature is less than Tsat'

2. The secondary temperature is equal to TSat (within a reason-

able convergence allowance).

3. The secondary temperature is greater than Tsat'

In the first case, the height along the heat exchange path is
incremented and the calculations are repeated for another finite
section using the exit conditions of the previous sections as the
new inlet conditions. In the second case, the subcooled/boiling
boundary is reached and new heat balance equations are solved where
the mass quality is the unknown variable for the secondary fluid.
In the third case, the incremental height of the finite section is
decreased and the calculations are repeated until the secondary

temperature at the exit of the calculation section converges to the

saturation temperature within a reasonable convergence allowance.
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In the boiling section, the finite element calculation continues
until the total height of the U-tube branch is reached. At this
and T, are tested for

P2 P3
equality in case they are unequal, the primary outlet temperature is

point, the primary exit temperatures, T

adjusted and the calculation loop is repeated. This approach causes
a slight adjustment of the primary average temperature in order to
achieve balanced conditions in the steam generator.

The heat balance equations for a finite element in the subcooled

section are given by (see Figure IV.2, page131)

C (T _.-T . = (T =T . Iv.
T o oq=P o) = U A (T =T _
W
~Topi+1) * e )Y =20 (T, -T. . _
NpCp]{(TppJ TPPJ+]) (TDCJ+1 DCJ)} Xa p2( SJ+1 5 (1v.47)
where,
Ays =m0 Ny 4q-v;) (1v.48)
T . +7T .
- _PPpJ ppj+l V.49
Tppmj 2 (Iv.49)
T . +T .
= _PCJ pcj+]
Tpen; 2 (1V.50)
T .+ 7.
SN NNkl
and TS“U 2 . (IV.S])

The initial conditions for the subcooled section calculation

are

T .
Tppl pi
Tpcl po

and Ts] =T,.
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Equations (IV.45) through (IV.47) are solved for the exit
conditions (at yj+]) knowing the inlet conditions (at yj).
The heat balance equations for a finite element in the

boiling section are given by (see Figure IV.2)

. . = A. (T - IV.5
WoCo1 Tops Topsr1? = V25T ppmy Tsat! (1v.52)
wpcpl(Tpcj+1_Tpcj) N U2Aij(Tpcmj-Tsat) (Iv.53)
wS
= + =T . - _S X .
WoCo1 {Topi Topi1) + (Toeie17Tpey)? X (X;47%;) (1v.54)

where the definitions in Equations (IV.45) through (IV.51) apply
with the following initial conditions

T =T

ppl pl
Tpc] i Tp4
X, = 0.0.

1
Equations (IV.52) through (IV.54) are solved for the exit conditions

(at yj+1) knowing the inlet conditions (at yi) until yj is equal

+1

to the tube branch length and Tp2 is equal to T_, within a

p3
reasonable convergence tolerance.

The above method was programmed on the IBM/360 digital computer
of The University of Tennessee and is used as a subroutine which

provides the steady state boundary conditions needed for the

dynamic calculation algorithm for Models C and D.
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IV.6.3 Solution Using Logarithmic Mean Temperature Difference (LMTD)

In this method, the effective heat exchange region is divided
into two sections, a subcooled section and a boiling section as seen
in Figure IV.2. Each section has a parallel flow branch and a
counterflow branch with a common secondary fluid passing outside the
tubes.

The heat balance equations for the subcooled section are given

by
Qos1 = WoCon (Ti=Tos) = UpAg (LHTD) ) (1v.55)
Qes1 = MCor(Toa=Tog) = UpAgp (LMTD) ) (1v.56)
st] * Qegp = Wglhehgy) (1V.57)

where the Togarithmic mean temperature difference in the parallel

and counterflow branches of the subcooled section are given by(45)

(T ;=T

) -
- pi d
(LMTD)psl T .-T

“sat

(Iv.58)

and

(IV.59)

po d

In the boiling section, the heat balance equations are given by

stZ = prp (Tp]-Tpm) = UZASZ(LMTD) (Iv.60)

ps2
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WC (T (Iv.61)

Gesz = WoCo ) = U.A_(LMTD)

pm_Tp4 2's2 cs2

stZ ¥ chZ B wsghfg’ (1v.62)

Since the bulk mean temperature of the secondary fluid in the

boiling section is equal to Tsa » the logarithmic mean temperature

t
difference in the parallel and counterflow branches of the boiling

section are given by

n
=
|
o
3

(LMTD) (IV.63)

ps2 T -T

—~
—
=
—’
o

NS—r

9]
1
o
3
L=
S

In(R0L_sat) (IV.64)

where Tpm = sz = Tp3.

The above equations were programmed on the IBM/360 digital
computer of The University of Tennessee. Either the finite differ-
ence of the 1og mean temperature difference method can be used to
calculate the temperature and mass quality profiles in a UTSG. However,
since the finite difference method can be easily implemented in the
dynamic calculation algorithm, it was decided to use it in obtaining
the results of the dynamic response calculations reported in the
following section. A comparison between the two methods is given in

the next section where the steady state results for H. B. Robinson

Nuxlear Power Plant is presented.



137

IV.7 Results for H. B. Robinson Steam Generator

The primary and subcooled secondary temperature variation
along the heat transfer path as well as the variation of the mass
quality of the secondary fluid in the boiling region were calculated
using the finite element method and the results are shown in
Figure IV.3. The conditions describing the inlet and outlet of the
subcooled and boiling sections are as follows.

A. Primary Side

TPi = 601.2 °F

TPl = 597.2 °F

TPm = 566.9 °F

TP4 = 548.1 °F

T. = 546.2 °F
Po

B. Secondary Side

Td = 500.6 °F

Tsat = 517 °F

Xq = 0.1993 (0.2 starting value)

L., = 3.966 ft.

sl
When the LMTD method was used to obtain the subcooled/boiling 1umps
boundary conditions, the following results were obtained.

A. Primary Side

TPi = 602.1 °F

TP] = 597.33 °F

T. = 567.06 °F
Pm

TP4 = 548.2 °F
T. = 546.2 °F

Po
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Secondary Side

Tq = 500.6 °F
Tsat = 517 °F
Xe = 0.2

Ls] = 3.95 ft.

From the above results, we can see that the results obtained from

the finite elements method or the LMTD method are in agreement

to within 0.2% in the boundary temperature calculation and within

0.5% in estimating the subcooled length. It is noticed that the

use of the finite element method resulted in a slight modification

of the primary water average temperature.

IV.8 General Remarks on Dynamic Response Calculations

The following remarks are needed before presenting the results

of the dynamic response calculations obtained from the UTSG mathe-

matical models developed in Chapter III, page 25.

1.

When the critical flow assumption was used to furnish
the steam flow rate leaving the steam generator, the
term awso was expressed by the following equation

5wso = CL §P + P GCL. (IV

There are two ways to handle the feedwater flow term,

6HF1.

a. Uncontrolled case. In this case dwFi is a forcing
function (if the perturbation of interest is a feed-
water flow perturbation), or awFi is zero (no change

in feedwater flow).

.65)
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b. Perfect controller case. In this case, the feedwater
flow rate is continuously set equal to the steam flow

rate (GNFi = 6wso). For the case of the critical flow

assumption, 6wFi = &W 0o - C, 6P + P0 8§C, . This means

L L
that terms involving &P now appear in the A matrix to

S

represent this control assumption because of the

CL SP term.
In obtaining the dynamic response from Model C, it was found
necessary to remove the algebraic equation expressing 6Ts
in terms of sTd and §P. Also, the equations are reordered
in order to avoid the inversion of ill-conditioned matrices
which may result in erroneous results from PUREDIFF.(37)
From the experience gained from Model C, it was found that
combining the drum water volume with the downcomer lump and
combining the evaporator/riser volume with the boiling
secondary fluid Tump in Model D reduces the order of the
system equations from 20 to 18 and solves the problemof
the inversion of ill-conditioned matrices in PUREDIFF.(37)
A complete summary of the dynamic response results as
obtained from the mathematical models is given in Appendix
F. In the following section, the step response results of
the four models, to a +10% change in steam valve coefficient,
are presented for the purpose of checking the physical

plausibility of the mathematical development and comparing

the model's capabilities.
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IV.9 Dynamic Response Results

IV.9.1 Response of Model A

The nonzero elements of the A matrix and B matrix for Model A

(using input data for H. B. Robinson steam generator) are given

by:
A(1,1) = - 0.9783
A(1,2) = 0.6486
A(2,1) = 2.406
A(2,2) = -5.400
A(2,3) = 0.4342
A(3,2) = 1.651
A(3,3) = -0.2864

B(1,1) = 0.3296

B(3,2) = 0.05579

B(3,3)

-33.28.

The step response of Model A to a +10% change in steam valve
coefficient is given in Figure IV.4. It shows a stable response with
a time constant of approximately 15 seconds. It can be seen that
the steam pressure shows the earliest response to the perturbation.
This is to be expected since the steam valve perturbation is a
secondary side perturbation. The primary outlet temperature response
shows a slight delay of about 1.25 seconds. Then it starts to fall
down following the decrease in the secondary side temperature caused

by the pressure decay due to the steam valve perturbation.
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IV.9.2 Response of Model B

The'nonzero elements of the coefficient matrices A and B for
Model B (calculated using the H. B. Robinson steam generator data)

are given by:

A(1,1) = -1.308
A(1,3) = 0.6486
A(2,1) = 0.6593
A(2,2) = -1.308
A(2,4) = 0.6486
A(3,1) = 2.406

A(3,3) = -5.400
A(3,5) = 0.4342
A(4,2) = 2.406

A(4,4) = -5.400
A(4,5) = 0.4342
A(5,3) = 0.8254

A(5,4) = 0.8254
A(5,5) = -0.2364
B(1,1) = 0.6593
B(5,2) = 0.0558
B(5,3) = -33.28

The response of Model B to +10% step change in steam valve coefficient
is shown in Figure IV.5. The general trend of the response is

similar to Model A except for the more delayed primary outlet tempera-
ture (about 2 seconds) and the slight change in the new steady state
values. This change is the result of using two lumps to represent

the primary water and tube metal instead of one lump as used in Model

A.
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IV.9.3 Response of Model C

Since Model C was developed in the mixed algebraic plus
differential formulation, there are two coefficient matrices,

A1 and AZ’ to be calculated as input to PUREDIFF.(37)

The nonzero

elements of A] and A2 are given in Table IV.2. The nonzero elements
of the forcing vector for the case of +10% step change in the valve
coefficient and assuming that the feedwater flow always matches the

steam flow are given below

f(6) = -89.06
f(8) = 89.06
£(9) = 7.97 x 10,

Note that the output from PUREDIFF is a 9x9 reduced matrix and a

9x1 forcing vector that is used by MATEXP to ca]cu]ate(the time

response. This step is done within the dynamic response calcula-

tion algorithm without external interference. The results of the

step response calculations are shown in Figure IV.6. It is noticed

that the response of the primary and tube metal lumps are almost

the same as in Model B. This is to be expected since the difference

between Models B and C is only in the treatment of the secondary side.
For the secondary side lumps, it is noticed that the deviation

of the steam pressure in the new steady state is about 4.5 psi less

than for Model A and 2.4 psi less than Model B. This can be explained

by the fact that in Models A and B, the secondary side temperature

is assumed to be the saturation temperature. While in Model C, it

is taken as a weighted average between the downcomer temperature and

the saturation temperature.
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The increased exit quality at the end of the effective heat
exchange lump can be explained by the reduction of the saturation
temperature due to the pressure decrease. This causes more heat to
be available for steam evaporation. The increase in the downcomer
level and the decrease in downcomer temperature are due to the increase
in feedwater flow into the steam generator to match the increase of
steam flow rate due to the step change in the valve opening. The
downcomer temperature lags behind the drum water temperature by
about three seconds which is the transport time in the downcomer

Tump.

IV.9.4 Response of Model D

The nonzero elements of the coefficient matrices, A] and A2,
for Model D are given in Table IV.3. The nonzero elements of the
forcing vector for a +10% step change in the steam valve coefficient

are given by

£(11) = 0.0667
£(12) = 59.67
£(17) = -89.06.

The step response is shown in Figure IV.7. The primary inlet plenum

has a zero response because it acts only as a mixing lump

between the reactor hot leq temperature and the primary inlet
temperature. The behavior of the primary temperature in the first
primary lump TP] looks different than the other primary lumps,

This 1is due to the moving boundary that determines the

length of the lump. A look at the response of the subcooled length
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shows a sharp drop then a gradual increase until it settles at a
lower Tevel at the new steady state. The downcomer level and the

downcomer temperature behave in a similar way as in Model C.

IV.9.5 Comparison of Models Responses

Since each dynamic model has state variables to represent different
sections of the system, a one-to-one correspondence for comparing the
results obtained from the four models is not possible. The only two
state variables that are common to all four models are the primary

outlet temperature (T and the steam pressure (Ps). A comnarison

Po)
of these two state variables to a +10% change in the steam valve
coefficient is shown in Figure IV.8. In Model N, the primary outlet
temperature is taken as the temperature of the last primary lump (P4)
since the inlet and outlet plenum Tumps were not considered in the
other models.

Referring to Figure IV.8, it can be seen that the response of
the primary outlet temperature and the steam pressure is consistent
for all four models. The maximum deviation in the new steady state for
the primary outlet temperature is less than 0.5°F and for the steam
pressure is less than 8 psi. This shows the lumped nature of the UTSA.
The difference in response between Models A and B is due to the use of
the backward differencing with a single primary lump for Model A and
two primary lumps for Model B. The difference in response between Models
C and D is due to the assumption of a fixed boundary between the subcooled

and the boiling sections of the effective heat exchange Tump in Model C

while a moving boundary is considered for Model D.
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CHAPTER V

COMPARISON OF DETAILED MODEL PREDICTIONS

WITH EXPERIMENTAL RESULTS

V.I Introduction

A mathematical model of an engineering system is as good as its
capability of predicting the dynamic response of the actual system.
Therefore, the comparison between theoretical model predictions and
experimental results is the best method for testing the adequacy of
the dynamic simulation models of an engineering system.

In Chapter IV, page 106, the mathematical models developed in
Chapter III, page 25, were applied to simulate the step response
and frequency response of a UTSG with a perfect feedwater controller.
In this chapter, the end product UTSG model (Model D) is coupled with

(3,4)

a model for a pressurized water reactor, and the frequency

response of the combined system is compared with the experimental
results obtained from dynamic tests performed on the H. B. Robinson

(5)

nuclear power plant. The objective of the comparison is to check

the adequacy of the UTSG model.

V.2 Description of the System

The Nuclear Steam Supply System (NSSS) of the H. B. Robinson
Nuclear Power P]ant(z) is a three-Toop 2200 Myt (739 Mie) Westinghouse
PWR system owned and operated by Carolina Power and Light Company.
Each loop includes a vertical UTSG. The dynamic tests were performed

during full power operation using normal plant equipment to measure

160
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system responses at several locations of the loop as shown in Figure
V.1. The dynamic tests involved the perturbation of reactivity and
steam demand using multifrequency binary signa]s(4) and monitoring

the system outputs at the junction box where the signals enter the

plant computer.

V.3 PWR Mode1'3)

The reactor power was modeled using the point kinetics equations
with six groups of delayed neutrons and reactivity feedbacks due to
changes in fuel temperature, coolant/moderator temperature and primary
coolant system pressure. The core heat transfer model used a nodal
ipproximation for fuel and coolant temperature. Each axial section
included a fuel temperature node and two coolant temperature nodes.
fhis formulation was used to obtain a good approximation to the
iverage coolant temperature. The reactor lower and upper plenums and
.he piping between the reactor and steam generator were modeled to
ccount for the transport time delays between the reactor core and
team generator. The reactor model used for coupling with the
etailed steam generator model (Model D) consists of fourteen first

rder differential equations that can be expressed in the form

Fia Ax + f(t) (V.1)
nere x and f(t) are the state variables and forcing vectors respec-
ively and A is the coefficient matrix. The definitions of the state
iriables used in the reactor model are given in Table V.1. The
mnzero elements of the A matrix and the forcing vector T as obtained

‘om Reference 3 are given in Tables V.2 and V.3, respectively.
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TABLE V.1

DEFINITION OF THE STATE VARIABLES USED IN THE REACTOR MODEL.

State Variable

Number Symbol Nefinitions
1 cSP/P0 6P = deviation in reactor power
2 GC]/P0 P0 = steady state reactor power
3 GCZ/PO §C. = deviation in precursor concen-
tration of group i, i=1, 2,...,6
4 <SC3/Po
éTf = deviation in fuel temperature
5 6C4/P0
GTC] = deviation in reactor coolant
6 <SC5/P0 temperature of the first coolant
Tump
7 6C6/P0
GTC = deviation in reactor coolant
3 GTf temperature of the second reactor
coolant Tump
9 GTC]
GTUP = deviation in reactor upper plenum
10 GTCZ temperature
11 GTUP GTHL = deviation in reactor hot leg
o temperature
12 GTLP
GTCL = deviation in reactor cold leg
13 GTHL* temperature
14 6TCL** GTLP = deviation in reactor lower plenum
temperature

*To be coupled with steam generator primary inlet plenum.

**To be coupled with steam generator primary outlet plenum.
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TABLE V.2

NONZERO ELEMENTS OF THE A MATRIX FOR THE REACTOR MODEL(3)

Row Column Element
Number Number Value

1 1 -400.0

1 2 0.0125

1 3 0.0305

1 4 0.1110

1 5 0.3010

1 6 1.140

1 7 3.01

1 8 -0.8095

1 9 -6.227

1 10 -6.227

2 1 13.125

2 2 -0.0125

3 1 87.50

3 3 -0.0305

4 1 78.130

4 4 -0.1110

5 1 158.10

5 5 -0.301

6 1 46.25

6 6 -1.140
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TABLE V.2 (Continued)

Row Column Element
Number Number Value
7 7 -3.01
8 1 166.30
8 8 -0.1647
8 9 0.1647
9 8 0.05707
9 9 -2.440
9 12 2.383
10 8 0.05707
10 9 2.326
10 10 -2.383
11 10 0.3365
11 11 -0.3365
12 12 -0.516
12 14 0.516
13 11 2.500
13 13 -2.500
14 14 -1.48
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TABLE V.3

NONZERO ELEMENTS OF THE FORCING VECTOR
FOR THE REACTOR MODEL

f(1) = 400.0
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V.4 Coupling of Reactor and Steam Generator Models

Figure V.2 shows a schematic of the reactor and steam generator
lumps used in the dynamic models. It can be seen that the output
from the reactor hot lTeg Tump feeds into the steam generator primary
inlet plenum and the output from the steam generator primary outlet
plenum feeds into the reactor cold leg lump. This constitutes the
coupling mechanism between the reactor model and the steam generator
model. The steam generator model used for coupling with the reactor
model is the reduced version of Model D. It was obtained as an
output from the PUREDIFF(37) computer program when the mixed
differential and algebraic equations described in Section III.7, page
74, are used as input. The mixed algebraic and differential form
of the model consists of eighteen differential and algebraic equations
involving fifteen differential variables and three algebraic variables
as shown in Table V.4. After eliminating the algebraic variabies in
PUREDIFF, the model is reduced to fifteen first order differential
equations involving the first fifteen variables in Table V.4. The
state variables involved in the coupling with the reactor model are
marked with the superscript "c". The combined reactor-steam
generator model can be expressed in the form given in Equation (V.1),
page 161, when in this case x is a (29x1) state variable vector
where the first 14 elements are the reactor variables described in
Table V.1 and the next 15 elements are the steam generator differential

variables given in Table V.4.
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TABLE V.4

SYSTEM VARIABLES FOR THE STEAM GENERATOR MODEL

1. _Tgi
2. T
3 Tpp
1. T,
5. Thy
6. Tf,o
ooT
8. T,
9. T,
0. T,
. Ly
12, L
13. P,
14, Xa
15. T,
6. W,
7. W,
*18. W,

primary water inlet plenum temperature
first primary water lump temperature
second primary water lump temperature
third primary water lump temperature
fourth primary water Tump temperature
primary water outlet plenum temperature
first tube metal lump temperature
second tube metal lump temperature
third tube metal lump temperature
fourth tube metal lump temperature
downcomer Tevel

nonboiling (subcooled) length

steam pressure

boiling section exit quality
downcomer temperature

flow rate to the nonboiling section
flow rate to the boiling section

flow rate from the boiling section

*Algebraic variables.
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V.5 Results
The frequency response of the combined reactor steam generator
model was calculated for two perturbations, a reactor side reactivity
perturbation and a steam generator side steam flow perturbation, using

the SFR-3 code.(40)

The forcing vector for the reactivity perturbation
has only one nonzero element as given in Table V.3. For the steam
flow perturbation, the forcing vector was obtained from the time
response analysis of the steam generator model and the nonzero elements
are given in Table V.5.
Figures V.3 and V.4 show the frequency response of reactor power
and steam generator pressure for the reactivity perturbation and
Figures V.5 through V.7 show the frequency response of reactor power,
cold leg temperature and steam pressure for the steam valve perturbation.
For the reactivity perturbation, it was found that the agreement
between the theoretical model predictions and the experimental results
in the lower frequency range depends on the value of the moderator
coefficient of reactivity (ac). The theoretical response was calculated

(5)

for two values of @ the reference value (a._) used by Kerlin et al.

cr
and 60% of this reference value. It can be seen from Figure V.3
that the agreement between the theoretical model response and the
axperimental results is better for the smaller o, especially in the
ower frequency range. Clearly, one would need a better value of a.
han was available for this work to permit conclusive comparisons of

heory and experiment at low frequencies. The following comments on

he comparison with test results are in order.
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TABLE V.5

FORCING FUNCTION FOR STEAM VALVE PERTURBATION
(+10% Change in Steam Flow Rate)

f(17) = 2.697999€E-01
f(19) = -1.163999€E-01
f(21) = 4.732000E-01
f(22) = 7.279998E-02

(
f(23) = -1.628000E-02
( -1.058000E-01

()
~
N
"

f(25) = 1.681000E-01

f(26) = -2.298000E-01
f(27) = -6.072000E-00
f(28) = -5.483999E-03

—+
—
nN
Vo)
~
0]

-6.673998E-02
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1. A complete statistical analysis of the experimental data

(3)

from the H. B. Robinson dynamic tests has not been made.

However, the standard deviation was calculated for some of

the data and the selected results are shown in Figures V.3

through V.7.

2. The comparison with test results presented in this chapter
can only serve the purpose of checking for gross inadequacies
in the steam generator model because of the following
factors.

a. Limited accuracy of the test results due to experimental
noise in some signals.

b. The effects of the control systems were not included in
the theoretical model results, and control system inputs
have a significant effect on steam generator response.

c. Models for other components of the system such as the
pressurizer, reactor coolants, pumps and turbine
generator were not included in the theoretical model
results.

It can be concluded that no gross differences in qualitative

behavior were observed that would indicate major inadequacies in the

development of the detailed steam generator model.



CHAPTER VI

COMPARISON OF DETAILED MODELS WITH OTHER UTSG MODELS

VI.1 Introduction

In Chapter V, page 160, the frequency response of the UTSG
detailed model (Model D), coupled with a PWR model was compared
with the experimental results obtained from dynamic tests performed
on the H. B. Robinson Nuclear Power P]ant.(s) In this chapter,
another approach for checking the mathematical development of the
UTSG detailed model is considered. The step response of Model D
is compared with the step response obtained with two other models.
1. A one dimensional finite difference model of a Westinghouse
design UTSG developed independently by Christensen.(32)
2. A state variable lumped parameter model of a new Combustion
Engineering (CE) integral economizer U-tube steam generator
(IEUTSG) developed at The University of Tennessee by
(6)

Arwood.

The comparison with the first model is to check the lumped
parameter, homogeneous flow, state variable approach against a
finite difference, slip flow approach. The comparison with the
second model is done for the purpose of comparing the behavior of
the conventional type (UTSG) with that of the new design (IEUTSG).

In each case, a brief description of the system and the
mathematical model is introduced followed by the comparison of the

step response of selected state variables.
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VI.2 Comparison with Christensen's UTSG Model

VI.2.1 System Description

The UTSG system considered by Christensen(32) in his model
development is a Westinghouse UTSG(]) similar to that described
in Section 1.2, page 3. A simplified diagram of the physical
system is given in Reference 32 and is reproduced as Figure VI.1.

VI.2.2 Model Description(32)

The steam generator is divided into eight sections as shown
in Figure VI.1. The central "core" and the downcomer sections are de-
scribed by partial differential equations, while the other sections are
described by ordinary differential equations. The partial differential
equations are solved by sampling in time and division into subsections
(finite differencing) in space, thus transforming the differential
equations into algebraic equations.
The main approximations used for the formulation of the
equations are:
1. Uniform water and steam velocity in the primary and the
secondary side and constant steam to water velocity ratio
(slip factor) are used.
2. No subcooled boiling is included. The water is heated
to saturation and afterwards all the energy is used
for steam production.
3. Thermal equilibrium at the saturation point is assumed in

the boiling part of the "core," the riser, the steam

volume, and the upper part of the feedwater chamber.
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4. HNo heat conduction along the tubes takes place. The
tubes are divided in two shells, each with half of the
heat capacity and all of the heat resistance assigned
“to the coupling between the shells.
5. No boiling is allowed in the downcomer and no heat
transmission from the "core" to the downcomer takes
place. This assumption limits the working range of
the pressure derivative to values less than 1-2 bar/s.
6. All heat exchange with the wall and the steel construc-
tions in the steam volume is neglected.
The basic equations are derived by applying the mass, energy and/or
momentum conservation principles to the eight sections of the
steam generator. The equations for the "core" and downcomer sections
are partial differential equations while those for the other sections
are ordinary differential equations. The details of the modef

equations are given in Reference 32.

VI.2.3 Comparison of Model Formulation

The main differences between Christensen's model and Model D

can be summarized as follows.

1. Model D uses a homogenous flow model where average density
and average enthalpy in the boiling region are expressed
in terms of mass quality (x) and the saturation properties
while Christensen's model utilizes a s1lip flow model with
constant slip factor (S). In Christensen's work, the

average density and average enthalpy in the boiling region
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are expressed in terms of the void ratio (a). The
relation between x, o, and S can be derived from the

basic definitions of these quantities and is given by

s = () . °f . (Q-a) . (VI.1)

In Model D, the heat transfer coefficients are assumed
constant during the transient. In Christensen's model,
they are calculated at each time step using instan-
taneous values of temperature and pressure.

The recirculation flow in Model D is calculated from a
quasi-static momentum balance assuming that the
differential gravity head equals the dynamic pressure
drops in the recirculation Toop. In Christensen's model,
the dynamic pressure drops are treated explicitly with

the flow velocity as a variable which should equal the
total mass flow divided by the flow area and density.

The method of solution for Model D is described in Section
IV.3, page 111. Christensen's model may be solved either
by a digital program or by hybrid simulation. Partial
differential equations are solved by division of space
into subsections, 20 "core" and downcomer sections, and
sampling in the time domain with a sampling rate of 10-20
per second. The time derivatives are replaced by first
order differences in both cases, while the space deriva-
tives are handled in different ways. Details of both digital

and hybrid solution procedures are given in Reference 32.
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VI.2.4 Comparison of Dynamic Responses

In Reference 32, Christensen presented the step response of a
UTSG model to changes in the primary inlet temperature and the steam
valve coefficient. The steam valve perturbation results are used
for the comparison of the dynamic model as predicted by Model D and
Christensen's model. It is noticed that the results given in
Reference 32 are based on steam generator design data that is some-
what different from the H. B. Robinson data (Christensen's system
is larger and operates at higher pressure). Therefore, the responses
can be compared only on a qualitative basis. The system variables

used for the comparison are primary outlet temperature (T, ) and

Po

steam pressure (Ps)'

The results of the comparison are given in Figure VI.2. It
can be seen that the results obtained from the detailed lumped parameter
model (Model D) agree fairly well with the results reported by

Christensen using the finite difference formulation.

VI.3 Comparison with Arwood's IEUTSG Model
(6)

Arwood developed a mathematical model for an Integral
Economizer U-Tube Steam Generator (IEUTSG) using the state variable
lumped parameter approach. Arwood used Model D of this study as a
starting point and made the necessary changes to the lump structure
to include the integral economizer section and to simulate the new
steam generator design features. In this section, the step response
of Model D will be compared with the results reported by Arwood for
the IEUTSG. The main objective of this comparison is to highlight

the similarities and differences between the two UTSG designs.
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VI.3.1 Description of the IEUTSG Systenm

The integral economizer steam generator is an advanced UTSA
design that will be installed in future PWR systems.(47) The TEUTSG is
illustrated in Figure VI.3. A steam generator with an integral
economizer is similar in most respects to the standard U-tube
recirculating steam generator (UTSG). The basic difference is that
instead of introducing feedwater only through a sparger ring to
mix with the recirculating water flow in the downcomer channel,
feedwater is also introduced into a separate, but integral section
of the steam generator. A semi-cylindrical section of the tube
bundle at the exit end of the U-tubes is separated from the
remainder of the tube bundle by vertical divider plates and horizontal
baffle plates. Feedwater is introduced directly into this section and
preheated before discharge into the evaporator section. The economizer
section is divided into two halves, in the upper or counterflow section
feedwater flows in three paths across the tubes and generally counter
current to the direction of primary flow inside the tubes. In the
lower or parallel flow section, feedwater also flows in three paths
across the tubes and generally parallel to the primary flow inside
the tubes. This split feed arrangement prevents introduction of
cold feedwater on the tube sheet with the associated thermal stress
problems and at the same time retains partially the advantage of
higher log mean temperature difference associated with the counterflow
arrangement. The remainder of the steam generator is little

different from the UTSG type except that the lower portion of the
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evaporator section and the downcomer channel occupies only one half

of the steam generator cross section.

VI.3.2 Comparison of Dynamic Responses

Figure VI.4 show the comparison between the IEUTSG and UTSG
models step response to +10°F change in primary inlet temperature.
A primary side perturbation was chosen so that both steam generator
models can be compared on similar basis. The state variables chosen
for comparison purposes are:

1. Primary outlet temperature (TPO).

2. Steam generator pressure (PS).

3. Downcomer level (LD).

4. Downcomer temperature (TD).

It can be seen that the response of the primary TPO and PS
are similar in both steam generator models. This is to be expected
since the only difference between the IEUTSG and the UTSG is in
the feedwater preheating mechanism. The difference in the final
steady state values is due to the difference in the design input
parameters used for the dynamic response calculation.

The basic design difference between the UTSG and the IEUTSG
can be seen from the response of the downcomer level and downcomer
temperature as seen in Figure VI.4. Since only a small fraction of
the feedwater is introduced into the downcomer section in the IEUTSG,
it shows a larger change in the downcomer level due to the decrease
of the recirculated water due to the increase in evaporation rate

because of the increase in heat input rate. The downcomer temperature
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in the IEUTSG is largely determined by the saturation temperature
and therefore it shows a larger increase than in the case of the
UTSG. The above comparison provided a second check on the

modeling approach used for the detailed model (Model D) development.



CHAPTER VII

REMARKS AND COMCLUSIONS

VII.1 Evaluation of the Development Procedure

In the previous chapters, an approach was described that
involved stepwise development of increasingly detailed models for
a UTSG. This approach starts with identifying the physical process
taking place within the system during anticipated transient...The
approach proceeds by dividing the system into the minimum number
of lTumps that can describe the response to anticipated inputs.
After analyzing the response of the system as obtained from this
first step (simplest) model, further subdivision into more lumps
can proceed in order to study spatial effects and/or add new system
variables that are needed for design purposes. The above approach
has the following advantages.
1. An idea of the response characteristics can be obtained
from a simple model. The simplicity makes it possible
to check the formulation in detail to insure that there
are no blunders in the formulation or the algebraic
manipulation of the equations. As progressively more
detailed models are developed, their performance can be
compared with results from eariler, simpler models.
ilajor differences in comparable outputs would indicate
probable errors in the formulation of the more detailed

model .
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2. This progressive approach allows an assessment of model
complexity vs. fidelity. This information can assist in
selecting the model with the appropriate detail and cost

for a particular application.

VII.2 Possible Uses of the Current Work

Possible uses of the mathematical models developed in this
dissertation depend on the purpose of performing the dynamic analysis.

Models A and B are the simplest UTSG models. They can be used
for scoping analysis and when a simplified model for the steam
generator is needed to simulate an overall PWR system. The models
do not include the steam generator level as a state variable,
therefore, they cannot be used for analysis involving the dynamic
response of this quantity.

Model C combines the simplicity of using the primary and tube
metal structure of Model B with the treatment of water level since
the secondary fluid lump is broken into three lumps.

a. Effective heat exchange lump.

b. Drum equivalent Tump.

c. Downcomer Tump.
The model is represented by 9 differential equations compared to 15
for Model D. Therefore, it can be used for parametric steam generator
controller work without introducing the complexities of the subcooled/
boiling moving boundary considered in Model D.

Model D can be considered as the end product of the work

reported in this dissertation. It is now programmed such that it
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receives steam generator design data and produces the steady state
temperature and mass quality profile along the heat exchange path,
then uses the steady state output for the transient response
calculations. The model represents a fairly detailed lumped
parameter approach that can be used for the dynamic analysis of UTSG

associated with PWR nuclear power plants.

VII.3 Recommendations for Future Work

The work reported in this dissertation can be expanded in

several directions. Possible future work may include the following:

1. The steady state profile calculations can be modified to
include the momentum equation and can be used to estimate
the recirculation ratio at different load conditions.

2. The steam flow rate can be related to the turbine
electrical load by means of a turbine model and thus the
steam generator nodel can be coupled to the reactor on
the primary side and to the turbine on the secondary side
to simulate load following capabilities of PWR system.

3. A feedwater controller can be coupled to the steam
generator model and the closed loop response can be used
to determine and optimize the controller parameters.

4. The nonlinear terms that were eliminated in this work can
be identified and re-introduced into the model.

5. The effect of subcooled boiling and the effect shrink and
swell can be added to the model by introducing the void
fraction (o) instead of the mass quality (x) as a state

variable in the boiling secondary fluid 1lumps.
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VII.4 Conclusions
A set of linear, lumped parameter, state variable models of
varying complexity was developed for simulation of U-tube steam
generators. The models appear capable of predicting the response
of this type of system. The suitability of these models was
examined by:
- assessing the physical plausibility of the transient
results
- comparison with independently-developed, more detailed
model results
- comparison with available test data.
The models are cast in the state variable form, making it convenient
to couple them with other subsystem models for use in studying

overall plant performance.
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APPENDIX A

NARROW RANGE LINEAR APPROXIMATION OF SATURATION,

WATER AND STEAM PROPERTIES

One of the prerequisites for the solution of the dynamic analysis
models for UTSG systems is the expressions for the equation of state for
saturated water and steam. The most direct and accurate method for
satisfying the above requirement is to input the thermodynamic
properties of saturated water and steam in tabular form into the
digital computer and use standard table Tookup algorithms to obtain
the value of a certain property at a given thermodynamic state. This
method is suitable for numerical solution of dynamic analysis
models.

Another method to obtain the thermodynamic properties is to use
polynomial fitting of the steam tables data. Obviously, the higher
the order of the fitting polynomial, the more accurate the solution (at
the expense of computation time). In this study, intuition and
engineering judgement were used to arrive at the least expensive
method for obtaining the saturation properties of water and steam in
the range of interest (600-1000 psia).

The method was arrived at by first studying the behavior of the
saturation thermodynamic properties as a function of pressure over a
wider range than the range of interest for a particular application.
After that the wide range was divided into a number of narrow ranges

and the behavior of the saturation properties was reexamined over these
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narrow ranges to determine the least order polynomial that can
adequately represent the relation between the saturation properties
and the system pressure. The above method was applied to obtain an
approximation for the equations of state for saturated water and
steam over the pressure range 600-1000 psi. This range is suitable
for normal operation transients of steam generator systems where the
steady state pressure is about 800 psi. The following saturation
properties were plotted as a function of pressure using the ASME
1967 steam tables.

1. TSat = saturation temperature (°F)

2. Vf = specific volume of saturated water (ft3/1bm)

3. Vg = specific volume of saturated steam (ft3/1bm)

4. V. =V -V

fg g f

5. hf = enthalpy of saturated water (Btu/1bm)

6. hg = enthalpy of saturated steam (Btu/lbm)

7. hf-g = hg - hfc
The results are shown in Figures A.1 through A.7. From these results,
it can be seen that the change of the above properties, over the range
of interest is fairly linear. The following values are representative
of the rate of change of the above saturation properties with respect

to pressure for the H. B. Robinson steam generator.

aT*

sat _ o .
1. Y- 0.145 F/psia
3V
2. —a—;- = 3.6x107° £t3/1bm/ psia

*Although Tyt and other saturation properties are considered as
functions of one variable (P), the partial derivative symbol (3/3P) is
used for clarity of equations.



208

°24nssadd yitm 18] o uorgerdep [y 3unbiy
(ersd) aunssaud
0001 006 008 004 009 00§ 00t 00€ 00¢ 001 0

Col

(o¢

\\\ 00¢€

\\\\\ 40}/

\
\

c09

DC




209

*94NSSaUd UILM FA 4o uoLjetdep 2°Y aunbi4

(etsd) aunssaugd

0001 006 008 0L 009 00§ 00v 00€ 00¢ 001 0
070
—
00
\\.I\lllll\\ll
20°0
.I'IIIA




210

0001

006

008

0]074

009

°34NSSaUd

(etsd) aunssadd
005

6

UILM A 4O UOLIBLUBA £°Y 2unBiy

00t 00€

002

001

0°0

~

™~

01

0°¢

0°¢

0y

0°9



211

0001

006

008

00¢

009

*34NSSAUd Y3 LM mm> 40 uoLjetdep {°y aunbi

(etsd) aunssadg
00§ 00v 00€ 00¢ 00!l

~—

C°1

0°¢

0°¢

0¥

0°§

0°9



500

40

300

200

100

100 200 300 400 500 600
Pressure (psia)

Figure A.5 Variation of hf with Pressure.

700

800

900

1000

eLe



*34NSSIud U LM ms J0 uoLleLdep  9°y 24nbly

(ersd) aanssaud

0001 006 008 00L 009 00§ 00V 00€ 002 001

213

00¢

00t

009

008

0001

00¢1



1200

1000

800

600

400

200

1200

800

600

400

200

100 200 300 400 500

Pressure (psia)

Figure A.7 Variation of hfg with Pressure.

600

700

800

900

1000

1000.

vie



_fo9 _ _ -
5P 7.7x10
9h
f _
—p - 0.175
T -2.7x10
ah

215

ft3/1bm/psia
£t3/1bm/psia
Btu/1bm/psia
Btu/1bm/psia

Btu/1bm/psia.



APPENDIX B

THE CRITICAL FLOW ASSUMPTION

In the absence of a turbine model that can be used to relate
the steam flow rate from the steam generator to the turbine load,
some assumptions have to be made to relate the steam flow rate to
other system variables and/or forcing functions.

The simplest method to achieve this relation is to leave the
steam flow rate in the equations as a forcing function. This method
is suitable when using the steam generator model for feedwater
controller design and optimization. Another method is to relate the
steam flow rate to the steam generator pressure and the turbine first

stage pressure using the orifice flow equation

wso = Cf/PS-Pt (B.1)
where
wso = steam flow rate
PS = steam generator pressure
Pt = turbine first stage pressure.

When Equation (B.1) is linearized, we get

SW_. =¢C

S0 f1 CSPs tC

£ 5Py (B.2)

where Cf] and sz are constant coefficients that can be calculated
from steady state conditions. From Equation (B.2), it can be seen
that the steam flow rate term in the governing equations for the

steam generator model is replaced by two terms. The first includes

216



217
the steam generator pressure which is one of the state variables and
the other includes the turbine first stage pressure which now serves
as a forcing function.

The method used in the mathematical developments in Chapter III,
page 25, is to assume that the steam flow rate is determined only by
the upstream (steam generator) pressure and any drop in the downstream
(turbine) pressure no longer results in an increase in the steam flow
rate from the steam generator. This is usually known as the "critical
flow" assumption. This condition is reached when the ratio between
the turbine pressure to the steam generator pressure reaches a critical

(48)

For saturated steam, this critical pressure ratio is
(43)

value.
about 0.545, When the central flow assumption is used, the steam
flow rated is considered to be a function of the upstream (steam

generator) pressure only, thus

wso = CL . Ps' (B.3)

Equation (B.3) when linearized yields the following equation.

W =C aPS + PS sC (B.4)

SO L L

Thus, the steam flow term is replaced by a term including the
steam pressure PS and another term involving the flow (or valve)

coefficient CL which is now taken as the forcing function.



APPENDIX C
BASIC CONSERVATION EQUATIONS FOR TWO PHASE FLOW SYSTEMS

The basic conservation equations are the building blocks in
the development of dynamic models for thermal hydraulic systems.
They express the storage and transport of mass, energy, and
momentum which are the major factors governing the dynamic behavior
of the system. In this appendix, the general statement of the
basic conservation equations is given and applied to derive the
mathematical expressions for the conservation equations in a one

dimensional two phase flow system.

C.1 Principle of Conservation of Mass (Continuity Equation)

The principle of conservation of mass equation can be stated

as follows

(Rate of increase of mass storage) = (flow in) - (flow out). (C.1)

Consider the control volume bounded by the horizontal levels
(z) and (z+L) in the vertical flow system shown in Figure C.1,
application of Equation (C.1) to this control volume yields the

following equation

d = -
gr P ALY =W, - W, (c.2)
where
p = average density of the fluid in the control volume
A = cross section area
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|:W:|Z+L

z+L

(W]

Figure C.1 Control Volume for the Application of the Continuity
Equation.
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L = length of the control volume
W_ = flow in
z
wz+L = flow out.

For constant cross section area, we can divide both sides of

Equation (C.2) by A to get

d r- -
g lell=6,-6, (€.3)
where
GZ = inlet mass velocity
GZ+L = outlet mass velocity.

For a homogeneous flow model, we have

- _ 1

p = — (C.4)
Vetx Vfg
G, = [ (C.5)
Z vf+x Vf z
Gz+L‘= [v +§ v ]z+L (C.6)
f f
where
Ve = specific volume of saturated water
vg = specific volume of saturated steam
X = average mass quality
u = flow velocity
x = local mass quality.
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For a slip flow model, we have

p = pe(l-a) + og © (C.7)
G, = [og up(l-a) + Pq Yg o], (c.8)
GZ+L = [pf uf(1-a) + Pq ug G]z+L (C.9)
where
p = average density
a = average void friction
pe = density of saturated water
Pq = density of saturated steam
ue = velocity of water phase
ug = velocity of steam phase.
C.2 Principle of Conservation of Energy (Energy Equation)
The principle of conservation of energy can be stated as
follows
Rate of Creation of Energy = 0 (C.10)

where the term creation is defined as(49)

Creation = (outflow) - (inflow) + (increase of storage). (C.11)

The application of Equation (C.10) to the control volume shown

in Figure C.2, yields the following equation

AL -El=D-(e+BNT - - (e+ 2] +0Q(ca2)
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[w-h]z+L
Z+L
Q ———— (o AL)-e
Zz
[W-h],

(N

Figure C.2 Control Volume for the Application of the Energy Equation.
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where
e = average internal thermal energy
e = local internal thermal energy
Q = heat input rate
E% = flow work (in thermal energy units).
The combination e + E%—is known as the enthalpy and is denoted

by h, thus, Equation (C.12) can be written in the form

%f (5 AL - el=[W-hl, - [v-nl, +42. (C.13)

The flow work term can be shown to be negligible compared to the
enthalpy term in typical UTSG operation. Therefore, the enthalpy

h can be used in both sides of Equation (C.13), thus

Selo AL« ) =W+ nl, - [ n] (C.14)

2+l " 0.

The relative importance of the flow work term for applications
involving Tow mass quality two phase mixtures can be examined from
the following example.

For P = 800 psia, we have,

=0
1

509.7 Btu/1bm

f
hg = 1199.3 Btu/1bm
ve = 0.02087 £t3/16m
v, = 0.5691 £t3/1bm

PVe 800 x 144 x 0.02087
J 778.16

then = 3,09 Btu/1bm
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pv
""g _ 800 x 144 x 0.5691 _ 84.26 Btu/1bm

778.16
and
PVe 3.09
(—j_¥hf) = §6§T7'— 0.00606 (or 0.6064)

PV,
(-ﬁgfhg) = ??5363 = 0.07026 (or 7.026%)

for a mass quality Xe = 0.2, the weighted error involved in using

enthalpy instead of internal energy can be estimated as follows

€o = 0.8(0.606) + 0.2(7.026) = 1.89%

and for an average mass quality x = 0.1, we have
e = 0.9(0.606) + 0.1(7.026) = 1.25%.

From the above example, it can be seen that the error involved in
using the enthalpy instead of the internal energy term for UTSG
applications is less than 2%.

Dividing both sides of Equation (C.14) by A, we get

gY[L . 5 Fi] = [Gh]Z - (G .h]z+L. (C.]S)

For the homogeneous flow model, we have

h=het ;(hg-hf) (C.16)
[h]Z = hf + xi(hg-hf) (Co]7)
[, = e * xo{hghe). (C.18)
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For the slip flow model

ph = (pe(l-a) he + oq ahg) (C.19)
[hG]Z = [pf(]"a) Uf hf + pg aug hg]Z (C.ZO)
'[hG]Z+L = [pf(l-a) Ue hf + pg aug hg]Z+L' (C.21)

C.3 The Momentum Principle (Momentun Equation)
The momentum equation can generally be stated as follows.
"Rate of momentum accumulation in a control volume is equal
to the net rate at which momentum flows into the control volume
plus the sum of the surface and body forces acting upon the
control volume."
When the above statement is applied to the control volume shown
in Figure C.3, we obtain the following mathematical expressions for

the momentum equation

d - 2 2
A HE-[L pu] = Alpu” + P]Z - Alpu” + P]z+L

-t P L-gpAL (C.22)

W YW

where
U = average velocity of the fluid in the control volume
?w = wall sheer stress
wa = wall wetted parameter

g = acceleration due to gravity

and other terms are as defined before.
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Figure C.3 Control Volume for the Application of the Momentum Equation.
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In the current application, the momentum equation is used in
its gteady state form (no time derivative) to calculate the secondary
fluid mass flow rate at the entrance of the tube bundle region as

described in Appendix D.



APPENDIX D
RECIRCULATION LOOP EQUATION

The mass flow rate of the secondary fluid entering the tube
bundle region from the downcomer section (w]) is considered as an
inlet condition for the solution of the mass and energy balance
equations in the effective heat exchange region. The relation
between w] and other state variables in the UTSG model is derived
here using the assumption that the net pressure drop along the
recirculation loop is equal to zero during the transient. This
assumption means that the driving static head due to the difference
in density between the downcomer section and the tube bundle region
is equal to the total dynamic head loss along the recirculation
loop. That is

AP =APf+APa (D.1)

where,

APd static pressure drop along the Toop

APf frictional pressure drop along the Toop

AP

a acceleration pressure drop along the loop.

Since the friction and acceleration pressure drops are proportional
to the square of the mass flow rate, then Equation (D.1) can be

written as

where

Cd = effective dynamic head loss coefficient.
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Solving Equation (D.2) for Wy, we get

Wy = — V3P . (D.3)
/T,
d
Let C] = —l—-, then
o
W, = C V/BP, . (D.4)
Referring to Figure D.1, we have
o (L, +L.) - peqleq = Lipp - Lo
- d'"dw d S1°s1 b"b rr. .
APd 144 psia (D.5)
where
Pq = density in the downcomer section
L, = drum water level

Ld = downcomer length
Pg =‘density of the secondary fluid in the subcooled region
LS] = length of the subcooled region
oy = density in the secondary fluid in the boiling region
Lb = length of the boiling region
L= effective lTength of the riser/separator volume
pe = density of the secondary fluid in the riser/separator
volume.
Since the density of the subcooled 1iquid in the downcomer region
is nearly equal to the density in the subcooled region, then
Equation (D.5) can be written as follows

AP = p(bayttalsr) - Lpep - Loy (0.6)
d 14% e :
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4 Steam outlet

§u
sg

Wy e
I L
Y dw
L I
-
sy [ = Fesater
] |
l
|
|
|
|
(SFBL) I
Lb |é
a "
|
|
3
e ~-—-_-__-._J_
!
le (SFSL) |
L l.._._-.....-q ————— —-‘
R

Primary outlet

Figure D.1 Calculation of the Driving Pressure Head for the
Recirculation Loop.
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Substituting from Equation (D.6) into Equation (D.4), we get

C
9 |
Wy = 17 (eglbylgtsy) = Lpop - Loy

1/2
rr :

(D.7)

The deviation of w] from steady state can be obtained from Equation

(D.7) as follows
G

cSW] = 4R {Od

(5de—5LS]) - (prb+Lb60b) - Lr5pr} (D.8)

where

- L )1/2'

R = (Dd(L +L o -L - prb rpr

dwttaLst) (D.9)

The deviation in the two-phase density in the boiling region and in

the riser/separator volume can be expressed as (see Appendix E)

Sey, = C]b sP + C2b 5Xe (D.10)

and

c

8oy r

P+ C §X . (D.11)
2r e

When Equations (D.10) and (D.11) are substituted into Equation

(D.8), we get

6Wy = a; 6Ly, *a, sloy +ag P +a, sl (D.12)
where

, =1%d

] 20R
C](pd-pb)
o) 24R
T Nalay
a3 24R




APPENDIX E

AVERAGE DENSITY IN THE TWO-PHASE REGION

An expression for the density in the two-phase region, in terms
of system pressure and bubble population in the two-phase mixture, is
necessary for the solution of the describing equations in the two
phase secondary fluid lumps.

In the slip flow model, the bubble population is represented

by the void fraction o defined by the equation

A
=9
a A (E.])
where
a = void fraction
Ag = area occupied by the vapor phase
A = total flow area.
. . . . (44)
The density of the two-phase mixture is given by
p=apgt (1-a) p¢ (E.2)

where

p = two-phase mixture density

e = density of the 1iquid phase (water)

P density of the vapor phase (steam).

g9

Assuming that Pe and p_ are linear functions of system pressure PS

g
(see Appendix A, page 206) differentiating Equation (E.2) and

linearizing gives
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3p 3p Ap :
dsp _ °f deb _ (PF _ TPg ) dsa
at - 3p at - [el5p - —5p) 6P+ (egmeg) =gl (E.3)

Neglecting the change in Tiquid phase density with pressure, we

have
dsp _ %Pg dsp _ (po-p ) 482 (E.4)
dt TP dt T ‘Pf g’/ Tdt - .

The perturbation equation for the two phase mixture density

can be written as

ap
§p = '5%‘5P - (pf-pg) Sa. (E.5)

Equation (E.5) relates the perturbations in o with the perturbation

in P and .

In the homogeneous flow model, we have(49)
p = V;;E%V;:V;T (E.6)
where
p = density of the two phase mixture
Ve = specific volume of liquid phase
v_ = specific volume of vapor phase

mass flow note of vapor phase
total mass flow rate :

mass quality =

Differentiating Equation (E.6) gives

3Vf

5o -]
& 7 U—p

} 8Vfg) agsp , 98
[vf+x(vg-vf

X
*X =57 gt t Vg Tdt

Jt } (E.7)
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where

Vfg = (vg-vf).

If we neglect the change in Ve with pressure, the perturbation

equation for the two phase mixture density can be written as

av

-1 fg
Sp = {x 8P + v_  6xl}. (E.8)
2 oP fg
(vf+x Vfg)
— xe
In the boiling secondary fluid lump, we have x = x = — and
Equation (E.8) becomes
-1 - V¢ ‘s
S0, = (x —3 sp + 13 5x 3, (E.9)
b (V +)—( v )2 aP 2 e
f fg
Equation (E.9) can be written in the simple form
Sy, = C]b sP + C2b 8X (E.10)
where
c } _;( viﬂ
1b - 2 3P
(vEHx veg) 551
and
_ TVfg
“2b 2( v +X )
f Vfg S¢

In the riser/separator lump x = Xa and Equation (E.8) becomes

-1 Vg
§pp = m {Xe Y + Vfg 5Xe}. (E.11)
f "e fg
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Equation (E.11) can be written in the simple form

where

and

C2Y

§Pp + C

Gpr ) C]y 2y
-xe . BVfg
2 aP
(Vf+X Vfg) SS
~Vfq |

(Vf+xe Vfg)

§x
e

When using the above expressions, it is understood that the

unperturbed parameters are calculated at the steady state conditions

corresponding to the system pressure, even when the subscript (ss.)

is not shown in the expression for these parameters.



APPENDIX F

SUMMARY OF DYNAMIC RESPONSE RESULTS

In Chapter IV, page 141, the step response of the four UTSG
dynamic models to a steam valve perturbation was presented for
models comparison. In this appendix, a summary of the dynamic
response of the four models to all anticipated perturbations is
presented for future reference. The four models are designated as
follows:

Model A: Simplified model

Model B: First intermediate model

Model C: Second intermediate model

Model D: Detailed model.

The input perturbations are

1. Primary inlet temperature perturbation

2, Feedwater temperature perturbation

3. Steam valve perturbation.

Table F.1 gives the case identifications and Figures F.1 through F.12

show the results of the dynamic response for these cases.
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TABLE F.I

SUMMARY OF DYNAMIC RESPONSE RESULTS

Case No. Model Perturbations Figure
A-1 A 1 F-1
A-2 A 2 F-2
A-3 A 3 F-3
B-1 B 1 F-4
B-2 B 2 F-5
B-3 B 3 F-6
C-1 C 1 F-7
C-2 C 2 F-8
C-3 C 3 F-9
D-1 D 1 . F-10
D-2 D 2 F-11

D-3 D 3 F-12
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Figure F.1

Step Response for Case A.l.
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APPENDIX G

INSTRUCTIONS FOR USING THE DETAILED MODEL DYNAMIC

RESPONSE COMPUTER PROGRAM

When Model A or B is used for the dynamic response calculation
for a UTSG, the only computer inputs needed are the coefficient
matrices and forcing vectors obtained from steam generator design
and input data. Once the coefficient matrices are calculated, they

can be used to provide the input to the computer codes MATEXP(39)

or sFr-3(40)

to calculate the time or frequency response respectively.

In case of Models C and D, the calculation procedure is more
complicated due to the use of the mixed (differential + algebraic)
formulation, the computer program that was prepared to calculate the
time response for Model D is outlined and the instructions for using
it are given in this appendix.

The computer program is a FORTRAN IV program prepared to be
implemented on the IBM 360 Model 65 computer. The program consists
of a main routine and several subroutines, the functions of which
are described below.

1. The "MAIN" routines read in input data and calculate the

parameters needed for the steady state calculation. There

are some built-in data that can be.collected in data

statements for improving the readability of the program.
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2. The subroutine "STDYST" is called from "MAIN" to calculate
the temperatures and mass quality profiles along the heat
transfer path in the effective heat exchange region (core).
The subcooled length and boundary temperatures are passed
from "STDYST" to "MAIN" so that it can be used to calculate
the coefficient matrices AONE and ATWO.

3. After AONE and ATWO are calculated, the program proceeds
by reading in the control input data used for subroutine
"PART" which handles the partitioning of AONE and ATWO to
reduce the system of algebraic plus differential equations
into a set of pure differential equations. After that,
the forcing vector for "PUREDIFF" is read in.

4. After the pure differential system is obtained, subroutine
"MATEXP" is called to calculate and plot the time response
using the reduced A matrix and forcing vector.

5. The same procedure can be used to calculate the frequency
response by calling the "SFR-3" program instead of

"MATEXP".

G.1 Input Data and Format

The following are the input data contained in each data card

together with the reading format used.
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Card Ho. 1 (Geometrical parameter)

Colurm | 1-5 | 6-15] 16-25] 26-35| 36-45| 46-55| 56-65 | 66-75
L

Format | I5 ———— 7(E10.4)

Input | NT | TOD | TMT USHD USHT LSHD | LSHT | QUHT

NT = number of U-tubes

TOD = tube outside diameter (inches)

TMT = tube metai thickness (inches)

USHD = steam generator upper shell diameter (inches)
USHT = steam generator upper shell thickness (inches)
LSHD = steam generator lower shell diameter (inches)
LSHT = steam generator lower shell thickness (inches)
OVHT = steam generator overall height* (ft).

Card No. 2 (Primary side parameters)

Column | 1-10 [11-20 {21-30] 31-40| 41-50( 51-60 | 61-70 | 71-80

Format +— 8(C10.4)

Input | WP VP CP1 TPI TPO PP TOP PHC

WP = primary water (reactor coolant) mass flow rate into the
steam generator (1b/hr)
VP = steam generator primary water volume (including inlet

3
and outlet plenums) (ft")
CP1 = specific heat at constant pressure of the primary water

(Btu/1b°F)

*This input is redundant. It was read in bhecause it may be
used in the future to calculate water and steam volumes.
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TPI = primary water inlet temperature (°F)

TPO = primary water outlet temperature (°F)

PP = primary loop average pressure (psia)

ROP = average density of primary water (1b/ft3)

PHC = primary side heat content* (Btu).

Card No. 3 (Secondary side parameters)

Column | 1-10| 11-20 | 21-30| 31-40{ 41-50| 51-60| 61-70{ 71-80

Format —————— 8(E10.4)

Inpyt | W T cp

SAT FWI SH SS 0s1

WSO = steam flow rate (1b/hr)

PSTG = steam generator pressure (psig)

Topp = saturation temperature at Per. (°F)

TFwI = feedwater inlet temperature (°F)

V.,, = volume of secondary water (ft3

in the steam generator
SW ) in the st t

(including downcomer)
VSS = volume of secondary steam in the drum steam volume (ft3)
ROS] = subcooled secondary water average density (1b/ft3)

CP2 = specific heat of secondary side subcooled water (Btu/1b°F)

Card No. 4 (Heat transfer coefficients)

Column| 1-10| 11-20, 21-30f 31-40{ 41-50

Formatt+————- 5(E10.4)

Input | HTA | HP ut HS HS

*This input is redundant. It can be replaced by 0.0 without
affecting the results; it was included for possible future use.
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HTA = overall heat transfer area of the steam generator U-tubes (ft2)

HP = primary side film heat transfer coefficient (Btu/hr ft2°F)
UM = tube metal conductance (Btu/hr ft2°F)
1S, = subcooled secondary film heat transfer coefficient (Btu/hr ftZ°F)

1
H52 boiling secondary film heat transfer coefficient (Btu/hr ft2°F).

Card No. 5 (Steady state thermodynamic properties)

Column| 1-10] 11-20 |21-30 |31-40 {41-50 ) 51-60

Formatt———— 6(E10.4)

Input | HF HFG HG VF VFG VG

HF = enthalpy of saturated water (Btu/1b)

HFG = latent heat of vaporization (Btu/1bm)

HG = enthalpy of saturated steam (Btu/1b)

VF = specific heat of saturated water (ft3/1b)

VFG = difference between specific volumes for saturated steam and
water (ft3/1b)

VG = specific heat of saturated steam (ft3/1b)

Card No. 6 (Thermodynamic property gradients)

Column| 1-10 |11-20| 21-30| 31-40 | 41-50 | 51-60 | 61-70 | 71-80

Format— 8(E10.4)

Input | DTSAT !DHF DHFT | DHG DVF DVFG | DVG DROG
|

DTopt = Tsat/3P (°F /psia)
DHF = ahf/aP (Btu/1b/psia)
DHFG = ahfg/aP (Btu/1b/psia)
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DHG ahg/aP (Btu/1b/psia)

DVF = 3v./aP (ft7/1b/psia)
OVFG = v /3P (Ft3/1b/psia)
OVG = av /aP (Ft3/1b/psia)
ROG = 3p, /3P (1b/Ft3/psia)

(pg = density of saturated steam).

Cards 7 through 11 (5 title cards)
Format (18 A.4) each.

Card No. 12

Column| 1-5 | 6-10

Format| I5 I5

Input | MNRED | NALG

Use the following input values:

NRED = 15 = order of reduced (pure differential system)

NALG = 3 = number of algebraic variables in the mixed mode formulation.

Card No. 13

Column | 1-5 6-10 11-15

Format | I5 I5 I5

Input | LALG(1) | LALG(2) | LALG(3)

LALG(I), I =1, 2, . . ., NALG is the list of MALG algebraic variables.

The algebraic variables in the current program are 16, 17, and 18.
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Card No. 14 (Nonzero forcing function elements)

Colurn| 1-5 6-15

Format| I5 E10~-4 | Repeat 4 per card

Input | IU(J){ UX(J)

IU(J) = row number of each nonzero component of the forcing
function vector

UX(J) = value of each nonzero component of the forcing function
vector.*

Card No. 15

Blank card to end the input of the nonzero forcing function

elements.
Card No. 16 (MATEXP control parameters)
Column | 1-2 6-7 11-20 | 21-30 [31-40 41-SQ 51-60 [61-62
Format | I2 | 3X [I2 | 3X | F10.0 [ F10.0 |F10.0 | F10.0 |F10.0 |I2
Input | HE LL P TZERO |T TMAX | PLTINC|MATYES
MATEXP control parameters (continued)
Column | 63-64 | 65-66 | 67-69 | 70 71-72 | 73-74 |75-80
Format | 12 12 I3 I 12 12 F6.0
Input | ICSS | JFLAG | ITMAX | LASTCC | 11Z ICONTR|VAR

NE

LL

number of equations = 15

P = precision of C and HP - recommend 10_6

TZERO = zero time (usually 0.0)

coefficient matrix tag number, use LL = 1

or less

*See Section III.7.5, page 105, for the calculation of the
forcing vector elements.
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T = computation time interval

TMAX = maximum time

’

PLTINC = printing time interval

MATYES = coefficient matrix (A) control flag
1 = use precious A and T
2 = read new coefficients to alter A
3 = read entire new A (nonzero values)
4 = DISTRB to calculate entire new A,

(Use MATYES = 3 for this application)

ICSS = initial condition vector (XIC) flag

1 = read in all new nonzero values
2 = read new values to alter previous vector
3 = use previous vector
4 = vector = 0
5 = use last value of X vector from previous run
(Current program uses ICSS = 4.)
JFLAG = forcing function (Z) flag
1 thru 4 = same as for ICSS for constant Z
5 = call DISTRB at each time step for variable
(Current program uses JFLAG = 3.)
ITMAX = maximum number of terms in series approximation of exp (AT)
(recommend ITMAX = 10)

LASTCC = nonzero for last case

I1Z = row of Z if only one nonzero, otherwise = 0
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ICONTR = for internal control options

0

read new control card for next case

—
1}

go to 212 call DISTRB for new A or T

]
—_—
1]

go to 215 call DISTRB for new initial conditions
(Current program uses ICONTR = 0.)

VAR = maximum allowable value of largest coefficient matrix element

*T (Recommend VAR = 1.0).

Card No. 17 .

Blank card to end the input data.
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