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A NON~-LINEAR DRUM BOILER~TURBINE MODEL
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ABSTRACT

The changing structure of the Swedish electric power produc-
tion system has increased the interest in dynamics of thermal
power plants. Compﬁter simulation using a dynamic¢ model is one
way t0 investigate the dynamics and evaluate control strate-
gles. In this report a non-linear drum boiler-turbine model is
presented. The model is derived from basic physical laws. The
purpose of the model is to design and simulate control systems
for output power, drum pressure, drum level, and steam tempera-
tures. The model is based on previous work by Karl Eklund ([11].
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1. INTRODUCTION

The interest in the dynamics of thermal power plants for elect-
ric energy production has grown considerably in Sweden during
the last years. The reason is the changing structure of the
Swedish electric power production system. The energy consunp-
tion during 1973 was 62»103 GWh. The energy production in hyd-
ro power stations was 42-103 GWh and in thermal powexr stations
was 16-103 Gwh. The future demand for increased electric ener-
gy production will be covered by nuclear power units. New hyd-
ro power units . will be installed to cover the lcoad peaks.

Today the thermal power units do not participate in the automa-
tic generation control. In the future the fossile power units
have to contribute significantly in the automatic generation
control. The installed power of the fossile units in Sweden is
9000 MVA and 97% of them are equipped with drum boilers. These
facts motivate the study of drum boilers.

Computer simulation using a dynamic model of the unit is one
way to investigate the dynamic properties of the unit and to
evaluate possible contrel strategies.

The changing operating conditions thus motivate the study of
models valid for both small and large‘loaa changes. The scope
of the work is to derive, if necessary nonlinear, models for
a drum boiler-turbine unit. The models are to be used for de-
sign of a coordinated controllexr for the unit.

There are two different approaches to the proBlem of modelling
an industrial process. One approach is to use basic physical
laws and construction data. Another approach is to use data
from dynamic tests and process identification. It is also pos-
gible to use a combination; using'basic physical .laws in order
to find the strgctﬁre of the model and data from dynamic tests
in order to estimate parvameters in the model. The choice of
method depends on a prioxi knowledge of the process, on avail-
able data from dynamic tests, on the possibilities to do dyna-




mic tests and of the purpose of the model. Eklund [1] has in=
vestlgated the same unit in detail and concluded that it is
possible to use basic physical laws in order to model a drum
boiler-turbine unit. Eklund also concluded that such a model
describes the dynamics of the process guite will. He also point-
ed out the weak points in his model and how to improve the mo-
del. The model presented in this report relies very heavily on
Eklund's PhD thesis. The model developed in this report is a
nonlinear model derived from basic physical laws. The reason
for choosing a nonlinear model is a desire to study large load
changes. The reason for deriving the model from basic physical
laws is the wide range of applicability.

The boiler~turbine unit was conceptually divided into the fol-
lowing sections: feedwater flow, superheated steam flow, heat
#lows, economizer, drum, primary superheater, first attempera-
tor, secondary superheater, second attemperator, tertiary super-
heater, high-pressure turbine, reheater, intermediate~pressure
turbine, low-pressure turbine, condensgor, low-pressure feedwa-
ter preheater, deaerator, and high-pressure preheater.

The sections are oréanized as follows: Every section starts with
a general description. Then the properties of the subsystem are
summarized. The assumptions are then stated and commented upon.
The inputs, states, variables, outputs, and parameters are then
enumerated. Then the basic physical laws gqvérning the subsysten
are stated and manipulated. Finally the algebrailc and differen-
tial equations of the computer program axre giveﬁ.

The considered unit is the largest of five units of the Uresunds-
verket power plant. The plant belongs to Sydsvenska Kraft AB. It
ig situated in Malmd, Sweden, This unit was also considered by
Eklund [11. '

The unlt P16~Gl6 was taken into. operation in 1964. The drum boi-
ler was built by Steinmiiller and the turbine by Stal-Laval AB.
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The alternators were manufactured by ASEA. Fig. 1.1l shows a
drawing of the entire power plant.

Fig, 1.1 - The Oresundsverket power plant.

The size of the unit is defined by the following data valid
at maximum output powers: ‘

1

output power 160 MW
steam flow : 140 kg/s
drum pressure 15.0 MPa
superheated steam pressure ~ 13.0 MPa
' reheated steam pressure 3.2 MPa
superheated steam temperature 535 ¢
reheated steam temperature 535 °¢
feedwater temperature 300 ¢

A schematic diagram of the thermal unit P16-Glé is shown in
fig., 1.2. In the combustion chawber heat is produced by oll-




firing. The heat is transferred to the economizer, the risers,

the superheaters and the reheater. The feedwater from the eco-
nomizer is evaporated in the drum system. The pressure of the

steam in the drum can be changed by changing the fuel flow.

The drum pressure determines the temperature of the steam en-
tering the superheaters. The temperature is rised to about 535°C
in the superheaters. The temperature of the superheated steam

can be changed by changing the spray flows of the attemperators.
The mass flow rate of steam can be changed by changing the po-
gsition of the control valve. In the high-pressure turbine the
steam expands to about 3.2 MPa thereby developing maximally 45 MW,
The temperature of the steam drops to about 350°C and the steam
is returned to the reheater.

In the reheater the temperature of the steam is rised to about
535°C. After expansion in the intermediate- and low-pressure
turbine which maximally give 115 MW the steam 1s condensed to
water in the condensor. The condensate isg pumped through the
low-pressure feedwater preheater (Fl, F2 and F3) by the conden-
sate pump. The feedwater is pumped through the high-pressure
feedwater preheater (F4, F5, F6é and F7) and the economizer in-
to the drum by the feedwater pump. The mass flow rate of feed-
water can be changed by changing the speed of the feedwater
pump. The temperature of the feedwater is rised by steam extract-
ed at seven points at the turbine. The temperature of the feed-
water is also rised in the economizer by heat from the combus-
tion gases. '

There are two“equal gteam paths comprising three superheaters
and two spray attemperators each. Under normal operating condi-
tions the thermal state of steam in the two paths are roughly

" equal. The two paths are lumped together in the model.
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Fig. 1.2 - A schematic diagram of the thermal unit, P16~Gl6.
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2. NOMENCLATURE

There are more than 500 variables and parameters in the model
of the thermal power plant. There is a need for a simple and
systematic method of assigning symbols to these variables and
parameters. It is a decided advantage if similar symbols could
be used both in the report and_in the computer programs.

Tt was decided to code the model in FORTRAN. This decision pre-
vented the distinction between small and capital letters. It
was also decided to run the program under SIMNON [2]. This deci-~
gion limited the number of characters in the symbeols to five,
The number of subsystems is 16 and this prevents a unique cor-
respondence between a single number and a subsystem.

The following viewpoints were considered important:

1) The symbols shall contain information about the type of
variable or parameter (area, enthalpy, mass, pressure,
heat flow, density, temperature or volume).

2) The symbols shall contain information about the subsys-
tem (drum, superheater, turbine, condensor, feadwater
preheater or economizer).

\

3) The symbol shall contain information about the medium
(metal, steam or water).

The following scheme for the symbols was finally chosen:

In the report: Q. an

In the computer program: AAAX

where a (A) represents an alphabetic character and x (X) re-
presents a number.




The first alphabetic character corresponds uniquely to the
type of the variable or parameter. The second alphabetic cha-
racter corresponds uniguely to the subsystem. The third alpha-
betic character corresponds uniquely to the medium. The number
indicates the position in the subsystem. Usually "1" corre-
sponds to the input and "2" corresponds to the output. The
drum system and the feedwater preheater are exceptions and

the correspondence is given in sections 10, 20 and 22.

The meaning of the first three alphabetic characters are gi-
ven below: '

The first alphabetic character

(a) = area

{A) = normalized area

(B} = heat flow coefficient
{C) = gpecific heat

(D) = diameter

(E) = efficiency

(F) = friction coefficient
(H} = enthalpy

(L) = length

(M) = mass

(N) = shaft power

(P} = pressure

(Q) = heat flow

(R) = density

(s) = normalized position of the sexvo of a valve
(T) = temperature '
(V) = volume

(W) = mass flow rate

(Z2) = level

N £ < 8 8T OW =28 Y hs 00U 8 »




The second alphabetic character

{A) = deaerator
{B) = burners
(C) = condensor

(D) = drum systen

(BE) = economizer

(F) = feedwater preheater

(H) = hi§h—pressure turbine
(I} = intermediate-pressure turbine
(L) = low-pressure turbine
(P) = primary superheater

(R} = reheater

(S} = secondary superheatex
(1) = tertiary superheater
(V) = steam control valve

(W) = feedwater control valve

T <4 ¢t W OH T T oo TR

The third alphabetic character

condensate
liquid
metal

oil

steam

(C)
(L)
{M)
(0)
(8)
(W) = water

nonon

i

T w0 B 0

To describe the dynamics of the subsystems and the interconnec-
tions between them the following nomenclature is used:

Inputs (to a subsystem): Process variables determined complete~

ly or partially outside the subsystem.




States (of a subsystem): Process variables, which vary con-

tinuously with time. There is a certain degree of freedom in
the choice of the states. The following rules for the choice
of states can be given:

1) The knowledge of all states in the whole process and of
all inputs to the process shall make it possible to com-
pute all inputs to the subsystems. This means that the in-
puts of the subsystems may depend on states in several sub-
systems (including the own subsystem) and the inputs to the
process. The inputs to the process are assumed to be com-
pletely determined outside the process.

2) The knowledge of the inputs to a subsystem and the states
of the subsystem must make it possible to compute all va-
riables and outputs of the subsystem as well as the time
derivative of all state variables of the subsystem.

Variables {(of a subsystem}): Process variables used to compute

the time derivatives of the state variables or to compute the
outputs of the subsystem and process varlables, which are mo-
nitored or measured in the protection and control system.

outputs (of a subsystem): Process variables used as inputs in
some other subsystem(s).

" Parameters (of a subsystem): Coefficients‘Gf the equations.

The variation of the parameters during the simulations are
insignificant. The parametersg are not necessarily constants.
The heat transfer coefficlents may vary considerably during
the life-time of the process. In such cases 1t is assumed that
it is sufficient to simulate the process with several constant
values of the heat transfer cdefficients.
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3., MODELLING

There are many problems associated with boiler~turbine units
which may be investigated by computer simulation using a ma-
thematical model of the dynamics. The complexity and the type
of the model is determined by the problem undexr investigation.
I+ is not unreasonable to say that every problem requires its
own model although several problems may be investigated using
the same model. The purpose of this model is to make Lt pos-
sible to design a coordinated unit control system by simula-
tion.

The task of such a control system is to increase the output
power during disturbances, increase the damping of tie-line
ogscillations and to adjust the output power to meet the vaxry-
ing demand. The setpeint of the output power shall be adjust-
able from the control room of the unit and from the dispatch
center. In order to form the reference value of the output
power the set point value shall be adjusted with respect to
locally measured network frequency. In order to prevent un-
necessary stresses the loadlng rate shall be limited to ad-
justable values, one to be used during normal operation, and
one to be used during disturbances. The choice of higher load-
ing rates can be done manually from the control room of the
unit, automatically based on locally‘measured network frequen-~
cy, or from the dispatch center,

The control of the output power cannot be treated as an iso-
lated problem. The manipulation of the control valve ox the
fuel flow in order to control the output power will also af-
fect other important process variables. Some of the nmost im-
portant are the pressure of the steam in the drum, the level
of the water in the drum, and the temperature of the steam.
These variables can be controlled by manipulating the posi=-
tion of the steam control valve, the mass flow rate of fuel,
the position of the feedwater control valve, and the position
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of the spray attemperator valves. The possibility of contrxol-
ling the output power by varying the mass flow rates of the
steam extracted from the turbine will also be investigated.

The purpose of the model can be expressed more exactly by men-
tioning some problems, which cannot be investigated using the
model. The model is not intended for the investigation of:

1) The sﬁecific fuel consumption.

2) The thermal stresses of individual tubes of the heat-ex-
changers.

3) The control of levels in the condensor, the feedwater pre-
heaters and the deaerator.

4) The control of the pressure of the steam in the deaerator.
5) The control of the speed of the feedwater punp.

6) The performance of the servos of the feedwater control
valve, the fuel control valves, the steam control valve,
and the spray attemperator valves.

7) The determination of . transient overspeed of the turbine
after load rejection.

The fact that the model, in its present'form, does not make

it possible to investigate these problems does not mean that
it is impossible to extend the model so that it becomes pos-
sible.

It was decided to exclude the possibility of accurate calcu-
lations of the steady-state values, of investigations of iso-.
lated dynamical_pfbblems and of very rapid phenomena. A phe-
nomenon is said to be rapid in this context if it is.associa—
ted with a time constant shorter than one second. This means
that some differential equations are replaced by algebrailc
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equations. The sampling intervals of the available experimen-—
tal results were 10 seconds. The conclusion is that the dyna-
mics associated with time constants smaller than 1 second are
not represented in the model, that dynamics associated with
angular frequencies over 0.3 rad/s are represented in'éhe mo-
del but may be in error due to the lack of experimental results,
that dynamics assoclated with angular freguencies under 0.3
rad/s are represented fairly accurate in the model, and that
the model may contain steady-state errors with a magnitude

less than about 10%.

Some of the components, especially the heat-exchangers, are
described accurately by nonlinear partial differential equa-
tions. The standard technique is to replace the partial 4dif-
ferential equations by a number of ordinary differential equa-~
tions. The approximation error decreases if the number of dif-
ferential equations are increased. The approximation error de-
pends also on the way the spatial derivatives are approximated
(forward, central ox backward differences). These problems are
very pronounced in models describing the dynamics of heat-ex-
changers and superheaters. The problems have, among many others,
been investigated by Enns [4], Isermann [1¢, 11] and Thal-Lar-
sen [5]. Eklund [1] investigated the necessary number of sec-
tions of models describing the dynamics of the superheaters

and the reheater of the Pl6-Gl6 unit, Sresundsverket. He used
backward differences and concluded that there wag no signifi-
cant difference between first order models and fourth order mo-
dels.,

The modeia of the subsystems'of the ﬁoiler-tﬁrbine unit are
treated in sections 5 to 22 of the report. The sections are
organized in a uniformly way. The assumptions used in order

to develop the model of the dynamics are given under the title
"pAssumptions”. The motivations are given under the title "Com-
ments®. The assumptions are sometimes motivated by a desire to
reduce the number of state variables and the number of arithme—'
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tic operations. Generally the differential eguations associa-
ted with rapid dynamic phenomena are replaced by algebraic
eguations. At least in one case a differential equation was
retained in order to avoid an iterative solution of an impli-
cit algebraic equation. The differential equation caused no
trouble during the simulation due to a fairly long (~l0 seconds)
time-constant. In some other case it was also desirable to re-
tain the differential equation but it caused too much trouble
during the simulation and had to be replaced by an implicit
algebraic equation. Some of the assumptions are simplifying
approximations, possibly introducing steady-state errors, but
introduced in order to avoid time-consuming iterative solution
of the algebraic equations. Some of these approximations can
be motivated directly by estimating the steady-state error.
Some of the approximations can only be motivated indirectly

by a comparison of the model responses and the experimental
responses, Sometimes the assumptions are motivated by a de-
sire to retain physical variables in the model.
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4. SIMULATION

The boiler-turbine model is simulated completely digitally.
One reason is the availibility of a very flexible interactive
simulation program. The program 1s developed at the Institute
of Automatic Control, LTH, by H. Elmgvist [2]. The program is
designed to integrate nonlinear differential equations of the
form:

%’é = f{x,u,p,t) (1a)

y = g(x,uspst) ' (1b)
where

is a vector of states,

is a vector of inputs,

is a vector of outputs,
is a vector of parameters, and

(s 2 » B S =T

is time.

The right-hand side of (1) can be defined by statements writ-
ten in an ALGOL-like high-level language or by subroutines
written in FORTRAN. Initially it was felt that some nonlinear
algebralic equations required iterative solution. There was al-
so a need for general routines defining the thermodynamic state
of steam and water. It was more convenient to write them and to
interface them with subroutines, written in FORTRAN. This moti-
vates the decision to define the model by subroutines written
in FORTRAN. The subroutines defining the boiler-turbine model
are given in Appendices A ~ D. The main subroutine is named
BOILR. The states, inputs, outputs and parameters are defined
in the subroutines DCL1 and DCLZ, The initial value of the vec-
tors of states and parameters are given in subroutine BPAR. The
derivatives and the outputs aré computed in the subrcutines
DRUM, TURB and COND.
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The organization of the subroutines can be illustrated by

fig. 4.1. The inputs of the process as well as the inputs

and outputs of the subsystems are represented by arrows. The
states of the subsystemsg are given within the blocks. Some
crucial variables: enthalpy of feedwater leaving the high-
pressure feedwater preheater, mass flow rate of feedwater
leaving the economizer, mass flow rate of water entering the
spray attemperators, mass flo& rate of saturated steam leaving
the drum,land mass flow rate of extraction steam leaving the
turbines have to be computed before the inputs of the subsys-
tems are known. To compute them it was decided to call the sub-
routines DRUM, TURB and COND twice.

In the early stages of modeling it was also decided to use on-
ly SI-units. Later it proved to be necessary to scale down the

pressure variables from ~100-105

to 100 due to accuracy tests

in the integration routine. The rescaling of integration state
variables to SI-units has to be done before the pressure vari-
ables could be used. This fact also motivated the two calls of

the subroutines DRUM, TURB and COND.
The computations were organized as follows:

First call to DRUM

Rescaling of pressure state variable.

First call to TURB.

Rescaling of pressure state variable.

Miret call to COND

Rescaling of pressure state variables. Computation of feedwater
enthalpy. -

second call to DRUM

Computation of mass flow rate of feedwater leaving the high-
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pressure feedwater preheater.

Computation of

Computation of

pressures along the feedwater circuit.

mass flow rate of superheated steam entering

the high-pressure turbine.

Computation of

Computation of
attemperators.

Computation of
 superheaters.

Computation of
mizer.

Computation of
nomizer, drum,

Second call to

pregsures along the superheated steam circuit.

mase flow rates of feedwater entering the spray

mass flow rate of superheated steam leaving the

mass flow rate of feedwater leaving the econo-

derivatives and outputs of the subsystems: eco-
and superheaters.

TURB

Conmputations of derivatives and oﬁtputs of the subsystems:

high~pressure turbine, reheater, intermediate-pressure turbine,

and low pressure turbine.

Second call to

COND

Computations of derivatives and outputs of the subsystems:

condensor, low-pressure feedwater preheater, deaerator, and

high-pressure feedwater preheater.
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5, THE FEEDWATER FLOW

Condensate is delivered to the suction of the feedwater pump
from the deaerator. The feedwater flow from the punp can be
regulated by the feedwater control valve. The attemperator
spray flow is extracted after the feedwater control valve.

Properties

The feedwater flow depends on the characteristics of the feed-
water pump, the friction coefficient of the high-pressure feed-
water preheater, the area of the feedwater valve, the friction
coefficient of the economizer, and the pressure in the drum.
The feedwater flow also depends on the area of the spray attem-
perator valves and the steam pressure after the primary and the
secondary superheater. The feedwater flow is about 130 kg/s at
maximum output power. The sum oOf the maximum spray flows is
about 15 kg/s.

Agsumptions

The acceleration term of the Bernoulli equation can be neglec-
ted (A5.1).

The mass flow rate of feedwater leaving the high-pressure pre-
heater is equal to the mass flow xate of feedwater entering
the economizer (A5.2). '

The characteristics of the feedwater pump can be approximated
by a constant pressure behind a friction term, which is propor-
tional to the square of the mass flow rate of feedwater (A5.3).
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Comments

Assumption (A5.1) is physically well founded because the time
constant of the corresponding differential equation is only
about 0.2 second and it 1s not intended to nodel the dynamics
of rapid phenomena. McDonald et. al. [7] have used the same
agsumption,

Assumption (A5.2) is an approximation motivated by a desire

to avoid the solution of a system of nonlinear algebraic equa-
tions. The calculated feedwater flow is in error due to the
neglected spray attemperator flows. The neglected spray attem-
perator flows are about 12% of the feedwater flow and the
pressure drop of the economizer is about 20% of the total
pressure drop of the feedwater line. The erzor of the pres-—
sure drop of the economizer is hence about 25% and the error
of the total pressure drop is about 5%. The conclusion is

that the error of the total feedwater flow is about 2%. But
the position of the feedwater valve is adjusted in order to
obtain the desired feedwater flow and the assumption intro-
duces an error of the position of the feedwater control valve
and of the pressure drop in the economizer. These errors cor-
respond to a variation of 2% of the total feedwater flow.

Assumption (A5.3) is an approximation motivated by a desire

to simplify the calculations and a lack of detailed knowledge
of the characteristics of the feedwater pump. Often there is

a regulatoxr, which changes the speed of the feedwater pump.
This means that the pressure behind the pressure drop in the
feedwater valve changes. The iegulatoi igs designed to keep

the pressure drop in the feedwater valve fairly constant. This
means that the control of the feedwater flow is easier than it
is assumed here. The conclusioﬁ is that the assumption simpli-
fies the calculation of the feedwater flow but makes the con-
trol problem more severe.
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Inputs

Pgen = pressure of the steam in the drum, {(rps2), [Pal,

Piys = internal pressure of the feedwater pump, (PFW5), [Pal,

and

Sl = nb;malized position of the servo of the feedwater
valve, (SWw2).

Variables

a%wl = normalized area of the feedwater valve, (AWWL).

Outputs

Peg = Pressure of the feedwater leaving the feedwater pump,
{prwe) , [Pal,

Pr,g = Pressure of the feedwater leaving the high-pressure
feedwater preheater, (PFW8),. [Pa],

A

Pyyp = Pressure of the feedwater leaving the feedwater valve,
(pww2}, [Pal, '

= mass flow rate of feedwater entefing the feedwater

YEws
pump (WFW5), [kg/s).
Parameters

alb = base value_of the normalized Eosition of. the servo of
the feedwater valve, (AWWILEB) ,




2l.

Aralm selector of the normalized area of the area of the
feedwater valve, (AWW1M),

ffws = pressure drop coefficient of the feedwater pump,
(FFWS), [Pa/(ka/s) 1,

ffw? = pressure drop coefficient of the high-pressure feed-
water preheater, (FFW7) , [Pa/(kg/s)zj,

fwwl = pressure drop coefficlent of the feedwater valve,

2

(FwwWl) , [Pa/(kg/s)” ], and

fewl = pressure drop coefficient of the economizer, (FEWL).

[Pa/(kg/s) 1.

Basic Physical Equations

According to assumption (A5.3) the discharge pressure of the
feedwater pump can be written:

o _ 2
Brue = Prws ~ FrwsYfws

The pressure drop in the high-pressure feedwatexr preheater,
feedwater valve, and the economizer can be computed from Ber-
noulli equation using assumption (A5.1).

The pressure drop in the high~pressure feedwater preheater
is given by:

2

= L7 Yeus

Prye ~ Prws

The pressure drop in the feedwater valve is given by:

- ’ - 2'
Pryws  Pyw2 T fwwl(v%ws/awwl)
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The pressure drop in the economizer is given by

2

= fewlwdwl

Pyw2 T Pas2

or by the use of assumption (A5.2)

2

= fewlwfws

Puww2 ~ Pas2

Algebralc Equations

The mass flow rate of feedwater is computed on line 104-17

in subroutine DRUM, Appendix A39 and on line 324-26 in sub-
routine REGU, Appendix A56. The area of the feedwater valve.
is given by:

2 _
S w2 if Bim 0
awwl =
a2 if a =
wwlb wwlim

The mass flow rate of feedwater entering the feedwater pump

is given by

W s impi/fr
fap |

where

AP = Pgys ~ Pgyga

and

2

fr = fwa * ffw? + fwwl/awwl + £

ewl
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The pressure of the feedwater leaving the feedwater pump is
given by:

2

~ Epgs Yeys

Prus ~ Pfus

The pressure of the feedwater leaving the high-pressure feed-
water preheater is given by

2

P £ P

fwg = Peye ~ F

The pressure of the feedwaterx leaving the feedwater valve is
glven by: ‘

- _ 2
Puywz = Pfus fwwl(wfws/awwl)
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6. THE STEAM FLOW

Saturated steam leaves the drum and enters the primary super-
heater, where the temperature of the steam is rised by heat
from the furnace. Superheated steam leaves the primary super-
heater and passes the first attemperator, the secondary super-
heater, the second attemperator, the tertiary superheater, and
the control valve before it enters the high-pressure turbine.
Feedwater extracted after the feedwater control valve enters
the spray attemperators.

Properties

The steam flow dependsg on the pressure in the drum, the pres-
sure drop coefficients of the superheaters, the area of the
control valve, the pressure drop coefficient of the control
valve, and the characteristic of the high-pressure turbine.

The steam flow alsc depends on the area of the spray attempe-
rator valves and the pressure after the feedwater valve. The
steam flow is about 130 kg/s at maximum output powexr. The maxi-
mum value of the first spray flow is about 9 kg/s. The maximun
value of the second spray flow is about 6 kg/s.

Assumptions

The acceleration term of the Bernoulli equation can be neglec-
ted (A6.1).

The steam obeys the ldeal gas law (A6.2).
The steam temperature is constant (R6.3).
The mass flow rate of steam entering the primaxy, secondary,

and tertiary superheaters are equal when the mass flow rate
of steam entering the tertiary superheater is computed (B6.4}.
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Comments

Assumption (A6.1) is physically well founded because the time
constant of the corresponding differential equation is less
than 0.2 second and it is not intended to model the dynamics
of rapid phenomena. Eklund [1] and McDonald et.al. [7] have
used the same approximation.

Assumption (A6.2) is crude if the steam is saturated or slight-
ly superheated but reasonable in other cases. The accuracy of
the approximation is discussed by Traupel [8].

Assumption (A6.3) is an approximation motivated by a desire
to avoid the solution of nonlinear algebraic equations. The
assumption means that the variation of the pressure drop in
the superheaters with the temperature is neglected. The error
is equal to the relative variation of the temperature (in deg
K) of the steam. The error is estimated to be lesgsg than 10%,.

Assumption {(A6.4) is also an approximation motivated by a de-
sire to avold the solution of nonlinear algebraic equations.
The calculated steam flow is in error due to the neglected
spray attemperator flows. This means that the error of the
primary superheater steam flow is about 12% and the error of
the error of.the secondary superheater steam flow is about 5%.

The pressure drops of the primary and the secondary superhea-
tere are both about 5% of the drum pressure. The error of the
pressure drop of the primary and the secondary superheater is
about 25% and 10% respectively. The error of the total pres-
sure drop 1s hence about 1.25 + 0.5 = 1.75%. The conclusion is
that the error of the tertiary superheater steam fléw is about
1%. But the position of the steam control valve is adjusted in
order to obtain the desired steam flow and the assumption in-
troduces an error of the pbsition of the steam control valve
and of the pressure drop of the primary and secondary superhea-




26.

heatexr. These errors correspond to a variation of 1% of the

tertiary superheater steam flow.

Inputs

Pgg2 = pressure of the steam in the drum, {pDsS2}, [Pal,

Pywz pressure of the feedwater leaving the feedwater valve,
(pww2), [Pa],

8,y = Normalized position of the spray flow valve of the
first attemperator, (S5W2),

Brwd = normalized position of the spray flow valve of the se-
cond attempterator, (STW2), and

Sge2 = normalized position of the control valve, (SV52).

Variables

3wl = normalized area of the spray flow valve of the first
attemperator, (ASWl), '

Apl = normalized area of the spray flow valve of the‘second

avsl

attemperator, (ATW1l), and

normalized area of the control valve, (AVS1).
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Outguts '

= pressure of the steam leaving the primary superheater,
(pPs2), [Pal,

ppsz

Pggqp — Pressure of the steam leaving the secondary superheater,
(pss2}), [Pal,

Pigy = préssure of the steam leaving the tertiary superheater,
(pT52), [Pal,

Pygz = pressure of the steam leaving the control valve, (PVS2),
{rPal,

wpsl = mass flow rate of steam entering the primary superheater,
(wpsl), [kg/sl,

Wegy — Mass flow rate of steam entering the secondary super-

' heatex, (WsSl), (kg/s],

Wiegy — mass flow rate of steam entering the tertiary superhea-
ter, (Wrsl), [kg/sl,

Woyl — Mass flow rate of feedwater entering the first attempe-
rator, (WSWl), [kg/sl, and

Wiyl = Mass flow rate of feedwater enter;ﬁg the first attempe-
rator, (WIWl), [kg/sl.

Parameters

Aguip = bagse value of the normalized position of the spray flow

valve of the first attemperator, (ASWLB),




q¢wlb

Svs2b

aswlm

Stwln

Sys2m

psl

ssl

tsl

vsl

fhsl

swl

twl

it

I
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base value of the normalized position of the spray
flow valve of the second attemperator, (ATW1B),

base value of the normalized position of the control
valve, (SVS2B),

selector for the normalized position of the spray

flow valve of the first attemperator,  (ASW1M),

selector for the normalized position of the spray
flow valve of the second attemperator, (ATW1M),

selector for the normalized position of the control
valve, (Svs2M),

pressure drop coefficient of the primary superheater,
(Fpsl), [(pa) 2/(xg/8) 21,

pressure drop coefficient of the secondary superhea-
ter, (FSSl), [(Pa) /(kg/s) 1e

pressure drop coefficient of the tertiary superhea-
ter, (FTSl), [(Pa) /(kg/s) 1

pressure drop coefficient of the control valve,
(FVSL), [(Pa)?/(kg/s) 21,

pressure coefficient of the high pressure turbine,
(rHS1) , [Pa/(kg/s) ],

pressure drop coefficient of the spray flow valve of
the Ffirst attemperator, (FsWl), [Pa/(kg/s) ], and

pressure drop coefficlent of the spray flow valve of
the second attemperator, (FIWl), [Pa/(kg/s) }
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Basgic Physical Equations

Consider the steam flow of a nozzle with area, A [mzj. The
upstream pressure, py [Pa], and the downstream pressure, Py
[Pa], are related to the mass flow rate, w [kg/s], by the
following equation:

where p [kg/m3] is the density of the steam. This equation
is valid under subsonic conditions.

If the steam obeys the ideal gas law

we have

2 2
- w2 . _RT A'max Y - ¥
Py 7 Py 22 N =
max a

where a is the normalized area. The experimental relation bet-
ween pressure drop and steam flows are given in fig., 6.1. The
experimental results are obtained from Larsson and hbom [3].

The relation between pressure and steam flow of the high-pres-
sure turbine is given in fig. 6.2. It is clear from this fi-
gure that a straight line is a reasonable approximation.
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bar 4 Pressure drop

15-
10
5_.

y .

X X ‘ Steam flow

x
0 T E P
0 : 50 100 kg/s

Fig. 6.1 ~ Relation between pressure drop in the superheaters
and the steam flow. The crogses (%) represent expe-
rimental results and the full line (~—) represents
the approximation used in the model,
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kg/s % Steam flow

150~
X
X,
X
b 4
100+
b 4
%
X
50
Pressure before
the high pressure
turbine
0 I - 7 >
0 50 100 bar

fig. 6.2 - Relation between pressure before the high pressure

turbine and the steam flow., The crosses {x} repre-
sent experimental results and the full line {(—)
represents the approximation used in the model.
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The pressure drops of the primary, secondary, and tertiary
superheater are given by:

Pgsz N p;s2 = fpslw;sl (6.1)
pgsz - Pgsz = fsslwgsl (6.2)
P:sz - Pisz = ftslwisl (6.3)
The pressure drop in the control valve is given by:
Prgz = Pasz = Fusi (es1/2va1)’ (6.4)
The pressure after the control valve is given by
Pys2 = Tns1¥es1 OF

(6.5)
Pisz = fislwisl

The pressure drops of the spray flow valve of the first and
the second attemperator are given by:

- 2
Pyw2 Ppsz fswl(wswl/aswl)

-

. s 2
Pyw2 Pgga © ftwl(wtwl/atwl)
/s

The normalized areas of the spray flow valve of the first
and the second attemperator are given by:

2
Aswl — Sgw2

a -
twl tw2
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The normalized area of the control valve is a pilecewise li-
near function of the normalized position of the control wvalve
servo. This relation is shown in fig. 6.3. It is obtained
from Larsson and Bhbom [3]. The relation between steam flow
and normalized control valve position is given in fig. 6.4.

Algebraic Equations

The steam flow is computed on the lines 118-51 in subroutine
DRUM, Appendix A39 and A40, and on the lines 327-34 in sub-
routine REGU, Appendix Ab6.

The normalized areas of the spray flow valve of the first
and of the second attemperator are given by:

ng if Aewim 0
qgwl
Sswlb if fawim 1
sz if a = 0
tw2 twlm
fewl ©
Sewib 0 qpyim Tt

The normalized area of the control valve is given by:

£( if

Svsz) avslm =

vsl :
£ if

Svs2b) avslm

where the function £(:) is defined by the subroutine VALVE.

To compute the mass flow rate of steam entering the tertiary
superheater assumption (A6.4} is used. Addition of equations
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& Normalized control
valve area

Normalized control
valve position

T ; N
0 0.2 0.4 0.6 0.8 1.0

Fig. 6.3 ~ Relation between the normalized area of the control
valve and the normalized position of the contreol

valve.
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(6.1), (6.2), (6.3}, (634), and (6.5} gives:

N Pag2
Tesl 2 3
fpsl * fssl * ftsl * fvsl/avsl * fhsl

The pressure of the steam leaving the control valve is given
by:

= £

Pys2 hslwtsl

The pressure of the steam leaving the tertiary superheater is
glven by:

2
vaz

Prga © +

2
fvsl(wﬁslfavsl{

The pressure of the steam leaving the secondary superheater is
now given by: '

2

2
Ptsz

ts1Vtsl

Pgga = + £

The mass flow rate of feedwater entering the second attempera-
tor is given by:

{
Vewl = atsl\!!pwwz " Pes2|/fun

and the mass flow rate of steam entering thé secondary super-
heater by: '

= W

Yeal © wtsl twl

The pressure of the steam leaving the primary superheater is
given by:
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2 2
+ fsslwssl

The mase flow rate of feedwater entering the first attempera-
tor is given by

i
Yawl ~ aswl.qtpwwz " Pps2 /Eaw1

The mass flow rate of steam entering the primary superheater
is given by:

W

psl =

- W

ssl swl
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7. THE HEAT FLOWS

The heat flow to the economizer, the risers, the superheaters,
and the reheater are produced by oll~firing in twelve burners.
The number of burners in operation depends on the load but can
be varied to a certain extent. The o0il needed for the combus-
tion first passes the oil~heater. The air needed for combustion
first passes the air-preheater. The heat flow to the alr-prehea-
ter is taken from the combustion gases, which have passed the
risers, the superheaters, the reheater, and the econonmizer.

Properties

The heat is transferred to the risers and the primary superhea-
ter by both radiation and convection. The heat is transferred
to the economizer, secondary superheater, tertilary superheater,
and the reheater by convection. The heat flows to the metal
walls depend on the temperatures of the combustion gases and
the temperatures of the metal walls, as well as the velocitiles
of the combustion gases.

The determination of the heat flows under these circumstances
is a complicated problem.

Assumption

The heat flows are functiong of the fuel flow only (A7.1}.
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Comment

Assumption (A7.l1) is an approximation motivated by a desire

to simplify the model. Eklund {11 assumed that the heat flows
were proportional to (linear functions of) the fuel flow. His
assunption did not introduce any serious errors. Assumption
(87.1) is a refinement of the assumption of Eklund [1] motiva-
ted by a desire to cover a larger operating interval, McDonald
et.al. [7] did not neglect the influence of the metal tempera-
ture on the heat flows.

Inguts

Wpol = Mass flow rate of fuel flow (WBOl), [kg/s].

Outputs

Qemz = heat flow to the economizer, (QEM2), [kJ/=l,

Qde = heat flow to the risers, {(QDM8), [kJd/s].,

mez = heat flow to the primary superheater, (QPM2), [kJ/s],
QSm2 = heat flow to the secondary superheater, (QSM2}, [ka/sl,
thz = heat flow to the tertiary superheater, (QTM2), [kJ/s],
Qrmz = heat flow to the reheater, (QRMZ), [k&/s}°

Parameters

bemo = zero order coefficient of the polynomial approximating

the heat flow to the economizer, (BEMO), [kJ/sl,




eml

em2

a0

sml

sm2

#

it
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first order coefficient of the polynomial approximating
the heat flow to the economizer, (BEM1), [(kJd/s)/(kg/s8)]1,

second order coefficient of the polynomial approximating
the heat flow to the economizer, (BEM2), {(kJ/s)/(kg/s)23,

zero order coefficient of the polynomial approximating
+he heat flow to the risers, (BDMO), [kJ/sl,

first order coefficient of the polynomial approximating
the heat flow to the risers, (BDM1l), [(kJ/s}/(kg/s) ],

second order coefficient of the polynomial approximating
the heat flow to the risers, (BDM2), [(kJ/S}/(kg/s)zlf

zero order coefficient of the polynomial approximating
the heat flow to the primary superheater, (BPMO), {(kJ/s],

first order coefficient of the polynomial approximating
the heat flow to the primary superheater, (BPM1), [ (kI/s}/

/kg/s) 1,

second order coefficient of the polynomial approximating

the heat flow to the primary superheater, (BPM2) , [(kI/s)/
2

/(kg/s) "1,

zero order coefficient of the polyhomial approximating
the heat flow to the secondary superheater, (BSMO), [kJ/sl,

first order coefficient of the pclynoﬁial approximating
the heat flow to the secondary superheater, (BSM1},
[(ka/s)/(kg/8) ],

second order coefficient of the polynomial approximating
the heat flow to the secondary superheater, (BSMZ),

[ (ka/s)/ (ka/s) 21,




tm0

tml

tm2

rmo

rml

rm2

i
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sero order coefficlent of the polynomial approximating
the heat flow to the tertiary superheater, (BTMO},
{ka/s1,

first order coefficient of the polynomial approximating
the heat flow to the tertiary superheater (BTM1),
[(kJ/s)/(kg/8) ],

second order coefficient of the polynomial approximating
the heat flow to the tertiary superheater,  (BTM2} ,

2
[ (k3/s)/(kg/s) "],

sero order coefficient of the polynomial approximating
the heat flow to the reheater, (BRMO), [kd/sl,

first order coefficient of the polynomial approximating
the heat flow to the reheater, (BrRM1), [ (kd/s) /(kg/s)],

second order coefficient of the polynomial approximating
the heat flow to the reheater, (BRM2).

_Basic Physical Equations

Using assumption (A7.l) we can writei

Qi‘“

£y (W01)

From acceptance tests presentéd in Larson and Ohbom {3] the heat

flows were computed for ten different values of fuel flow. The

computed heat flows are given in table 7.1.
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Woo1  Qewz  %ass  “pm2 . Zsm2z Zem2 Qrm2

kg/s MW MW MW MW MW MW
5,25 6.9 116.5 36.5 8.5 13.4 27.8
6,53 12.8  140.0 46.2 14.1 16.0 35.4
4.36 5.3 98.3 29.4 6.8 10.7 22.2

9.28 30.9 L77.7 67.5 20.7 22.0 49.1
9.31 30.5 177.7 68.1 22.1 21.9 48.8
9.75 34.2 182.5 71.1 23.4 22.9 53.9
7.83 20,8 160.4 57.2 18.2 18.6 42.7
1.6l 2.9 26.4 7.l 1.4 - 3,9 6.8
9.17 30.3 175.8 66.9 21.1 21.5 49.3
9.67 34.0 181.4 71l.1 23.2  21.2 51.9

Table 7.1 = Fuel flow and heat flows.

It was decided to approximate the measurements given in table
7.1 by polynomials:

n .

i

Q, = § by.w
i 420 ii'bol

the coefficients were determined by the least-squares method.

This means that the coefficlents were chosen in order to mini-

mize the expression

n .

- ]
Qi x j£0 P; "balk

=4

HE e 1

Ji(biO’ bilg LR N A J bin) k

1
where Qik and Wi o1k are heat flow and fuel flow from test k
and N is the number of tests. The computer program and the re-
sults for n = 1, 2, 3, and 4 are given in appendix E.




The estimated standard deviation, ¢

g, = d min Ji(bi)/Nl

hR
by

and the maximum error, &,

n :
_ - j
6y = max|Qyy jéo by $¥ho1x

for different n:s are given in table 7.2,
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Subsystem n =1 n= 2 n= 3 n= 4
g £ o € o £ g &
MW MW MW MW MW MW MW MW
Economizer 3.6 6.9 0.4 0.7 0.4 .
Drum 7.7 15.0 0.4 0.6 0.3 5 .
Primary
Superheatexr 0.4 0.7 0.3 0.5 0.3 0.4 0.3 0.4
Secondary
Superheater . 9.9 1.8 0.7 1.2 0.6 1.2 0.5 1.0
Tertiary '
Superheater 6.6 1.4 0.4 1.1 0.4 1.0 . 1.
Reheater 0.8 1.3 0.7 1.5 <5 . 1.
Table 7.2 - Approximation error for different degree n

of the approximating polynomial.

Pable 7.2 shows how the approximation errors decrease with n.

The most significant decrease 1s obtained when n is changed

from one to two. It was thus decided to use a second orderxr
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polynomial. The heat flows and the approximating polynomials

are given in figs. 7.1 to 7.6.

MW & Heat flow to
the economizer

Fuel flow

r -
10 kg/s

o
U

vig. 7.1 - Heat flow to the economizer. The crosses (x) denote
experimental results and the full lines (—) denote

the first and second order approximations.
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MW & Heat flow to

the risers
150~
100+
50+
Fuetl flow
0 T .
10. kg/s

. 7.2 - Heat flow to the risers. The crosses (x) denote

Fig
experimental results and the full lines (—) denote

the first and second order approximations.




MW & Heat flow to
" the primary
superheater

46.

Fuel flow

1 T
5 10

©
kg/s

Fig. 7.3 - Heat flow to the primary superheater. The crosses
(x) denote experimental results and the full lines

(—) denote the first and second order approxima-

tions.
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MW & Heat flow to

the secondary
superheater

Fuel flow

5 _ ’1'0 ka/s

Fig., 7.4 - Heat flow to the secondary superheater. The crosses

(x) denote experimental results and the full lines
(—-) denote the first and second order approximations.

MW & Heat flow to

30~

the tertiary
superheater

Fue! flow

5 10 kesk

Fig. 7.5 - Heat flow to the tertiary superheater. The crosses

(x) denote experimental results and the full lines
(—) denote the first and second order approximations.




MW & Heat flow to

50

the reheater

48,

Fuel flow

mm

1
10 kg/s

Fig. 7.6 - Heat flow to the reheater. The crosses (x} denote

experimental results and the full lines {—} dencte
the first and second order approximations.
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Algebralc Equations

The heat flows are computed on lines 163-64, 176-=77, 189-90,
204-05, and 252-53 in subroutine DRUM, Appendix A40-41, and
on lines 164-65 in subroutine TURB, Appendix Ad5, as well as
on lines 322-23 in subroutine REGU, Appendix AB6. The fuel
flow is given by

Spoz  Hf ¥ho1m < O
bhol
otb F Ypoim T

The heat flows to the economizer, the risers, the primary su-

verheater, the secondary superheater, the tertiary superhea-
ter and the reheater are given by:
0 = b + b W + b w2
em?2 em eml bol am2 bol
Q = b + b W + b wz
Adm8 dm0 dml bol dm2 ' bol
8] = b + b W + b wz
pm2 pmd pml " bol pm2 bol
0 = + b w 4+ b w2
sm2 sml sl bol sm2 hol
Q = + b W + b w2
tm2 tm0 tml bol tm2 bol
and
Q = + b W + b w2
rm2 rm0 ¥ml bol rm2 bol
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8. THE ECONOMIZER
Feedwater from the high-pressure preheater enters the econoc-

mlzer. The temperature of the feedwater is rised by heat from
the combustion gases.

Properties

The temperature of the feedwater entering the economizer is
about 230°C at maximum output power. The temperature of the
feedwater leaving the economizer 1s about 2909C at maximum
output power.

Assumptions

The economizer can be treated as a single lumped system (A8.1).

Comments

Assumption (AB8.l) was suggested by Eklund [l] and was based
on his comparison of a model without any model and experimen-
tal results. \

Inputs

heon = enthalpy of the feedwater leaving the high-pressure
feedwater preheater, (HFW7), [kd/kgl,

i

Pag2 pressure of the steam in the drum, (PDS2), [Pal,

Qemz = heat flow to the metal of the economizer, (QEM2), {kJ/sl,

Wael = Mass flow rate of steam entering the drum, (WDWl), [ka/sl.




states
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= enthalpy of the feedwater leaving the economizev,

ew?
(HEWZ2), [kJ/kgl.

Variables

Pew2 = densi;y of the feedwater leaving the economizer, {(REW2),
{kg/m 1,

Tem2 = temperature of the metal of the economizer, (TEM2),
(°c1,

prz = temperature of the feedwater leaving the economizer,
(TEW2) , [®cl, and

Tewzh = gerivative of Tewz with respect to enthalpy, (TEW2H),
7c/ kd/kg) 1.

Parameters

Com2 = specific heat of the metal of the economizer, (CEM2},
[(kd/ (kg °C)1,

Mgy = Mass of the metal of the econcmizer, (MEM2), [kgl,

Tows = heat transfer coefficient of the economizer, (TEW3),
[°¢/ (ka/s) 1, '

Vawz = yolume of the feedwater in the economizer, (VEW2),

[m33,
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Basic Physical Equations

An energy balance of the metal and the feedwater gives:

d = -
§€[Cem2mem2Tem2 * Vew2pew2hew2] = Qemz T delhfw7 delh

ew?
The temperature difference between metal and steam is given
by:

T - T

em2 avl =T

ew3Qem2

Algebralc Equations

The egquations of the economizer are written on lines 156-61
and 165-68 in subroutine DRUM, Appendix A40. The temperature
of the metal is given by:

T = T +

am2 ew? TewBQemz

Thermodvnamic Equations

The feedwater leaving the economizer has the density:

= RHP(heWE'PdSZ)

Pew2
The temperature is gilven by:

T = TH?(hewz‘Pdsz)

ew?e

The derivative of Tewz with respect to enthalpy is given by:

Tewzh = THPH{hewZ’pdsz)
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Differential Equation

The derivative of the enthalpy of the feedwater with respect
to time is given by:

s = - -
3t Pewa) = [Qemz “aul Pew2 hewl)]/rewz
where

Tew2 = Cem?Pen2lewzh T Vew2Pew?
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9, THE DRUM SYSTEM

The drum system consists of the drum, the downcomars and the
risers., Feedwater from the economizer enters the drum. Satu-
rated gteam from the drum enters the primary superheaterxr. Wa-
ter from the drum enters the downcomers. A mixture of water

and steam from the risers enters the drum. The circulation is
driven by_a force caused by the difference between the densi-
ty of the water in the downcomers and the density of the steam-
water wixture in the risers. This force is balanced by friction
losses in the downcomer-riser loop.

Properties

The drum system includes some very intricate physical phenome-
ra. The risers contain a boiling liguid and thus both a vapor
phase and a liguid phase are present. The amount of each phase
changes along the risers. The two phases have different densi-
ties and move with different velocities. The water is slightly
undercooled at the riser inlets.

The position where the boiling of the water starts is not con-
stant. This means that the specific heat flow from the metal

to the mixture of steam and water ig not constant. This implies
that the temperature distribution of the riser tubes is not uni-
form. The spatial variation of temperaturé causes a non—constant
specific heat flow from the combustion gases to the risers. The
heat is transferred by radiation and convection. If the drum
pressure decreases fast enough, boiling will occure in the down-
comers. The circulation flow decreases and the refrigeration of
the risers may become insufficient. The result is process fail-
ure.
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Assunmptions,

The acceleration term of the Bernoulli equation for the down-
comer-riser loop can be neglected (A%.1),.

In order to compute the circulation flow the difference bet-
ween the mass flow rate in the downcomers and the mass flow
rate in the risers can be neglected (A9.2).

The derivative of the temperature of the metal of the risers
with respect to time is equal to the derivative of the satura-
tion temperature with respect to time (A9.3).

The steam guality is linearly distributed in the risers (A9.4);

The enthalpy of the water in the drum is equal to the enthalpy
of the water leaving the downcomers (AS.5).

The vapor phase iz always in saturation state (A9.6) .
The liguid phase is incompressible (A3.7).

The velocity of the steam bubbles and the velocity of water
is equal in the risers (A9.8).

The transportation delay of steam bubbles‘produced in the ri-
sers can be modelled by a first order system having a time con-
stant equal to the mean transportation time (A9.9) .

gomments

Assumption (A9.1) is physically well-founded. In the early
stages of the modelling process the corresponding differen-
tial equation was coded and tested. In fig. 9.1 the transient
of the circulation flow is shown. The time constant assoclated
with this differential equation is obvious less than 0.2 second.
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Ekiund [9] has investigated the accuracy of models of the
drum~downcomer-riser loop with and without the acceleration
term of the Bernoulli eguation. The models were intended for
the design of steady-state boiler control systems. Eklund
concluded that the acceleration term could be neglected.

Assumption (A9.2) is motivated by a desire to sinplify the
computations. The assumption is completely Jjustified in stea-
dy-state and does not introduce any steady-state errors. Du-
ring transients the assumption may introduce errors in the
circulation flow. The errors are introduced in the pressure
drop of the risers due to friction, which ig one of four pres-
sure drop terms of the downcomer-viser loop. During transients
there is a difference between the total steam production and
the mass flow rate of steam leaving the drum. These transients
are mainly introduced by rapid changes of the outputl power and
consequently of the mass flow rate of steam leaving the drum.
The upper limit of conceivable step changes of output power
can be estimated to 20%. The mass flow rate of steam leaving
the drum is proportional to the output power. The volumes of
steam in the drum and the risers are about the same. This means
that the error of the mass flow rate of steam leaving the ri-
sers can be estimated to be less than 10%. The error increases
approximately linearly along the riger tubes. The mean error
can be estimated to 5%. This means that the error of the pres-
sure drop term of the risers can be estimated to about 10%.
The four pressure drops are about egual, thch means that the
error of the total pressure drop is about 2.5%.

Tt is concluded that the error of the mass fiow rate of water
of the downcomers are lLess than 2%,

assumption (A9.3) is proposed by Eklund {11 and is physically
well-founded. Without the assumption a fast mode will appear
in the model. This fast mode caused some trouble during the
initial stage of the modelling. The fast mode is due to .the
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high heat-transfer coefficient hetween the metal walls of the
risers and the liquid in the risers. This means that the tem~
perature difference between the metal and the liquid assumes
the final value very rapidly.

Assumption (A9.4) was used by Eklund [l] and is justified if
the specific heat flow is constant. The temperature of the
steam-water mixture in the boliling zone of the risers is con-
stant. This fact contributes to a constant specific heat flow.
During transients there may be deviations from the linear shape.

Assumption {A9.5) was used by Eklund {1] and reduces the number
of states. The errors introduced are negligible.

Assumption (A%.6) was introduced by Eklund [1] and is very
close to reality.

Assumption (A%9.7) was used by Eklund f1] and is also vexry close
to reality.

Assumption (A9.8) was used by Eklund [1] and is motivated by
a desire to simplify the model. There is undoubtedly a velo-
city difference between the vapor and the liquid phases. This
is commonly meodelled by introducing a slip factor. The effect
of the velocity difference is a reduction of the transporta-
tion delay'of the steam production.

Agsumption (A9.9) is introduced in order to increase the mag-
nitude of the non-minimum phase behaviour of the drum level
obtained by Eklund [1]. He modelled the storage phenomenon of
the steam-water volume of riser tubes but neglected the trans-
port delay of the steam production. This means that he assumed
that the steam guality corresponding to the mean steam guality
is available immediately at the outlet of the risers. His re-
sponses of the drum level had the correct shape but the magni-
tude of the non-minimum phase response of the drum level will
increase., The model developed here shows a better agreement
with the experiments performed by Eklund [1] and assumption
(A9.8) is justified indirectly.
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Inputs

Bowa © enthalpy of the feedwater leaving the economizer,
(HEWZ2) , [kJ/kgl,

Qamg = heat flow to the risers, (QDM8), [kJ/s],

Yawl mass flow rate of feedwater entering the drum, {WDW1) ,
{kg/s1, and

Wpsl = mass flow rate of steam entering the primary superhea-
ter, (wpsl), [kg/s].

States

hd£4 = enthalpy of the water leaving the downcomers, (HDL4},
(kd/kgl,

Pggy = Pressure of the steam in the drum, (PDS2), [N/mzj,

Vigs = volume of steam bubbles in the risers; {(VvDS8) , [mB},

Xapg = steam quality of the steamﬂwatgr mixture leaving the
risers, (%¥DS8), and

Zapg = level of feedwater in the drum, (zDL4), [m).

Variables

hdsz = enthalpy of the steam in the drum system, (HDS2),
[kd/kgl.,

hagop = derivative of h, , with respect to pressure, (HDS2P),
[ (kd/kyg) /Pal,
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hdwa = enthalpy of the water in the risers, (HDW8), [kJ/kgl,

h

dwdp = derivative of hde with respect to pressure, (HDWBP},

[ (kd/kg) /Pal,

bdﬁé = density of the watexr leaving the downcomers, {RDL4),

[kg/m’],

Pars = denslty of the steam-water mixture in the risers,
(RDL8) , [kg/m°1,

Paan = density of the steam in the drum system, (RDS2} 4
g /m*1, |

Pagpp = derivative of p,q, with respect to pressure, (RDS2P),

[ (kg/m>) /Pal,
= density of the water in the risers, (RDW8} , [kg/m3},

= temperature of the water leaving the downconmers, (TDL4) ,
[°c1,

Téﬂs = temperature of the steam~water mixture in the riseré,
O .
(rpn8), [Cl,

Td£8 = derivative of Td£8 with respect to pressure, {(TDLBP) ,
[®c/pal, -

Tdms = temperature of the metal of the risers, (TDM8), [OC],

Vapa = volume of the water in the drum, (VDL4), [m3],

Vdsz = yvolume of the steam in the drum, {(VDSs2), [mgj,

Yars = mass flow rate of steam entering the downcomers, (WDLS) ;
{kg/SEI

Wag7 total steam production in the drum system, (WD87) ,

fkg/sl, and




61,

Y 3u8 = mass flow rate of water leaving the risers, (WDW8),
[kg/s].
Parameters

Adﬂé = area of the free water-surface in the drum, {(ADL4) ,
2
(m™1,

AdES = area of the downcomers, (ADLS), {mzl,

= area of the risers, (ADL7), [mzl,

Bap7

Camg specific heat of the metal of the risers, (CDM8),
[kJ/ (kg °C) 1,

Dd£5 = diameter of the downcomers, (DDLS3), [m],

Dagq = diameter of the risers, (DDL7), [m],

fdﬂS = friction coefficlent of the downcomers, (FDL5} ,

fd£7 = friction coefficient of the risers, (FDL7} ,
g = acceleration due to gravity, (@), {m/sz],
Lags = length of downcomers and risers, (LDL5) , [ml,

Mgag = Mass of the metal of the risers, (MDM8), [kgl,
T = heat transfer coefficient of the risers, (TDLY),
(¥¢c/ (kI /kag) 1,
Vd£3 = pominal volume of the water in the drum, (VDL3) , [m3],
v = volume of the downcomers, (VDL6), [m3],
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VdﬂB = yvolume of the risers, (VDL8), [m3], and

<
i

sl nominal volume of the steam in the drum, (VDS1l), [m3}.

Basic Physical Equations

Using assumption (A9.1) the total pressure drop of the down-
comer-riser loop can be computed from Bernoulli's equation:

5

L W
alLs aes
[fdzs - + 1} o ~ = GlgpsPapy .t
at£s aLsPaes
2
L v
aes ae7 _
+ [fd£7 - 1 -~ —+ 9LgpsPges = O

ae7 de7°aes

Asgumption (A9.2) makes it possible to compute the circula-
tion flow:

A

1
= 80
Yaes !Ap]“dlszdﬂSAp/Fl

where

Ao = paps " Paes

and
o . faesPaes/Pags * 1 Taprlars/Pagy * T
3 3
BarsPara Bar7Paes

The energy balance of the riser metal, the steam-water mixture
in the risers, and the steam in the drum becomes:
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a - =
H‘{ ang"amsTams ¥ Vaes Vass) Pawslaws (Vdsz+vd38)pd52hdsz] =

+ w

= Yang * Yarshaes T YpsiPasz T Yaws"aws (9.1)

The mass balance the steam—water mixture in the risers and
the steam in the drum becomes:

4 ) .
EE[(VdKB Vass) Paws * (Vds2+vds8)pd82} =

= Yags ~ Wpsl ~ Yaws . _ (9.2)

Multiplication of eguation (9.2} by hde and subtraction from
eqgquation (9.1) gives:

aT dh
am8 ) aw8
amg™ams T Vars Vass) Paws e
dh a
ds2 Ddsz
+ (Vag2tVagg) Pasy ———— + (ggs- dw8)(vd£8 Vaga) ———= +
dt at
+ (s a=ha o) LW . )
ds2 “dw8’Pasg2 at — ae8’‘ass
= amg " Yazs Paws Pawa’ T Ypsi (PasaPaws’ (9.3)

If dpy,,/dt is 0.04 10° Pa/s and W a1 ~ Wpsll is 10 kg/s the
terms of the left hand side of equation (9.3) are 1.6, 2.8,
-0.2, 1.0 and 1.6 MW respectively. This means that the fifth
term cannot be neglected. The mass balance of the water in the
drum system becomes

d : _ _
&E{[Vtot ‘Vdsz+vds8)]pdwa} = Yawl " Yas7 (9.4)
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The mass balance of the steam volume in the drum system be-

comes

a _ .
EE((V652+VdSS)pdsz] = Ygs7 " Ypsi ‘ (9.5)

Addition of equations (9.4} and (9.5) gives:

d
(deB_pdsz)ﬁE(vdsz Vass’

a
(VasatVass'@e Pas2’ * Yawi = Yps1 (3.6)

Elimination of é%(vdsz+vdsa) between eguation (9.3) and equa-
tion (9.6) and use of assumption (A9.3) gives:

+

[cdemdeTdEBP Vaes~Vass! Pawslawsp *

* (Vas2tVass) Pas2Pas2p * MasaMaws’ Vars™Vas2) Paszp *

- - 4
* (hasa Payg) Pas2Pas2p’ (Pass pdsz)}dt(pdsz)

= gms ~ Yaes Pawe Paws) T Vps1 Pasahgye)

(Myer Paws! Pas2 (a1 Waw1)/ (Paws Pas2’ (8.7)
In order to obtain the steam production the term é%(VdSZ+VdSB)
is eliminated between equations (9.4) and (9.5):
V352*Vgs8’ ii( ) = Yag7 "~ Ypsl + Yawl ~ Yds7
pds2p gt ‘Pas2
Pas2 Pas2 Paws

and finally:
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(Paws™Pas2)¥as7 = Paw8¥psl ~ Pds2¥aw1

{v

d
* paws Vas2tVass! Pas2p 3t Pas2’

The steam production is not available in the drum immediate-
ly. There is a transport delay from the position where the
steam is produced and to the riser outlet. The storage time-
constant '

Taes = VaesPars/Vaes

is typical for the delay of a steam bubble produced at the
riser inlet. The delay of a steam bubble produced at the ri-~
ser outlet is zero. The transport delay in the risers is mo-
delled by a first order exponential lag with time-constant
Tdﬂg/z. Using assumption (A9.4) we have:

0.5x = V

ars = Vass®ass” VarsPars’

The dexrivative of the steam quality at the outlet of the ri-

sers are, using assumption (A9.9), given by:

2Vaps |%VassPass _

d —
at Zaeg! = S— - Xaes
arsarsl Vars®ares

The mass balance of the steam bubbles in the risers reads:

&

ac Vv

ds8 Pas2’ = Yas7 T *aesVars (9.8)

The mass balance of the water in the risers becomes:’

{(1-x%

d = - -
3t (Vars™Vass) Pawsd = Yars ~ Vas7 ae8’¥ars (9.9)
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Elimination of Yars between equations (9.8) and (9.9) gives:

d
dﬂs’Pdsz]EE(Vdse’

[xdﬂsdeB + (1=x

(1-x

a
Yas7 " Xaes¥ars aee’VassPas2p dx Pas2’

The mass balance of the water in the risers reads:

a _ - .
ﬁ”[(vdzg dsB)pdw8] = Yaes T Vaws T Yas7

which gives

v

Vaw8 = Yars T Yas7 t Paws dt( ass’

The derivative of the drum level with respect to time is gi-
ven by

d o= -
paraVagsz & Zaea) = Yawl * Yaws ~ Yaws.

The energy balance of the water in the drum and the downcomers
reads:

d 1. -
3‘[(Vd£4+vd£6’pd£4 d£4] = Yawllaw1 * YawsPaws ~ YaesPaes

d - -
Vaea*Vare) Paes atPare) = YawiPawl * YawsPaws ~ YarsPara
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Algebraic Equations

The equations of the drum systems are coded on lines 212 -~ 49
and on lines 254 - 94 in subroutine DRUM.

The density of the steam-water liquid in the riser is given
by:

+ (Vv

 [Vass®aso a28 " Vass) Pays |

I
aes
Vaes

The volume of the water in the drum is given by

Vaea = Vars * 2aeaZqes
The volume of the steam in the drum is given by

v =V

as2 = Vas1 T Paga?apse

The circulation flow is given by:

- _bp ol
wdES - |Apl dlengdKS/:l

where

Ap = Paps " Pars

o . faesPaes/Pags * 1 faprlags/Papy * 1
2 7
AaesPars Aap7Paes

The temperature of the metal of the risers is given by:
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_ 3
Tams = Tags * Taeo \Pans
The total steam production is given by:

_ g
Yis7 = [deB(vdsz+vd58)pds2p ac (Pas2) *

* P awsYpsl T pdszwdwl]/(“dws“pdsz)
The mass flow rate of water leaving the risers are given by:

Yaws = Yaes T Yas7 t PawsVdsst

Thermodynamic Equations

The enthalpy of the steam in the drum system is given by:

hgga = HEP(pgg,)

The derivative of hdsz with respect to pressure is given by
hasap = HSPP(Pgey) ,

The enthalpy of the water in the risers is given by:

Bawg = HWP (Pgg5)

The dexivative of hdwa with respect to pressure is given by:

hdep - HWPP(pasz’
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The density of the water leaving the drum is given by:

= RHP(BgpysPggp!

Pars
The density of the steam in the drum system is given by:
Pagy = RSP(pgg,)

The derivative of Pas2 with respect to pressure is given by:
pdsép = RSPP (Pqqq)

The density of the water in the risers is given hy:

Paws = RWP (pggqo)

The temperature of the steam-water mixture in the risers is
given by:

Tags = TLP(Pgqp)

The derivative of Td£8 with respect to pressure is given by:

Tagsp = TLEP (Pgqy)

The temperature of the water leaving the downcomers is given
by:

Taga = THP (hgpqrPgg3)
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Differential Equations

The derivative of the pressure of steam with respect to time
is given by:

d = - - - -
a3 Pasa) = (Qams = Yaes Paws™Paes) ~ Yps1 Pasa Baws’

- Pas2(Mas2 Paws) Vps1Vaw)/ (PawsPas2’ )/ Tas2
where

Tas2 = MamsCamaTarep t Vaes Vass’ PawsPawsp *

* (Vag2*tVae8) Pas2las2p ¥

+ (h ) (Vv

as2 Paws’ Vas2tVass) Pas2p *

-h

+ (Rggr™ay8) Pas2’ (Paws ™ Pas2’ Pas2p

The derivative of the steam guality of the steam-water mixture
leaving the risers is given by:

v p 2w
d(x ) = |, _as8lase _ . asLs
azs v "p afs Q .
araars ars’aes

The derivative of the steam volume in the risers with respect
to time is given by:
{(1-x

- -
_ _[“’557 *3e8¥aes ars’ Vaseliszp T Pas2) ]

[%araPaws * (1Xgps)Pasa]

The derivative of the enthalpy of the water leaving the down-
comers is given by:
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hewz)]

du - [Yaws PawsPaes) ~ Yawr Pags
deda Vare’ Para

The derivative of the level of the water in the drum is given
by:

<l

atZaea) = Wawr1t¥awsVaes!/ PapaPars!
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10. THE PRIMARY SUPERHEATER
Saturated steam from the drum enters the primary superheater.

The heat flow from the furnace rises the temperature of the
steam. Superheated steam leaves the primary superheater,

Properties

The temperature of the steam entering the primary superheater
is about 300-3407C. The temperature of the steam leaving the
primary superheater is about 450~4800C. The mass flow rate of
steam at maximum output power is about 120 kg/s and the cor-
résponding heat flow from the furnace is about 70 MW.

Aszumptions

The primary superheater can be treated as a single lumped sys-
tem (AL0.1).

The steam flow is incompressible (Al10.2).

The difference between the temperatures of the metal aund the
steam can be computed from static relations (A10.3).

The .derivative of the temperature of the metal with respect to

time can be computed with h and Wpsl constant (Al0.4).

psl

Comments

Assumption (Al0.l) was investigated in detail by Eklund [1]
and he concluded that it is very reasonable.

Assumption (A.10.2) was used by Eklund [1] and is physically
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well-founded.

Assumption (Al0.3) was used by Eklund [1] and is a reasonable

assumption.

Assumption (A.10.4) is an approximation motivated by a desire
to simplify the calculations.

Inputs

Pggy = Pressure of the steam in the drum, (PDS2}, [Pal,

I

P pressure of the steam leaving the primary superheater,

ps2
(pps2), [Pal,

me2 = heat flow to the metal of the primary superheater,
(opm2), [kJ/s], and

Wpsl = mass flow rate of steam entering the primary superhea-
ter, (WPS1l), [kg/s].

States

hpsz = enthalpy of the steam leaving the primary superheater,
(gps2), {kJ/kgl.

Variables

hpSl = enthalpy of the steam entering the primary superheater,
{#rsi), [kJ/kg],

ppsz = density of the steam leaving the primary superheater,

(RPS2), [kg/m3},_
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Tpmz = temperature of the metal of the primary superheater,
(reM2), (°c],

Tpsz = temperature of the steam leaving the primary superhea-
ter, (TPs2), [°C], and

= derivative of Tpsz with respect to enthalpy, (TPS2H),

Tpth o
[7C/(kJ/kg) 1.

Parameters

c = specific heat of the metal of the primary superheater,

pm2
{cpM2), [kJ/ (kg °c) i,

mpmz = mass of the metal of the primary superheater, (MPM2),
[kgl,
Tp53 = heat transfer coefficient of the primary superheater,

(rps3), [°c/(kJ/s)], and

Vpsz = yolume of the steam in the primary superheater, (VPS2),
3
fm™].

Basic Physical Equations

TheAenergy balance of the metal and the steam becomes:

d

aE )

mmeCPmZTme + Vpszppszhpsz
= mez * Wpslhpsl - WpsthSZ

The mass balance of the steam becomes:
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a = - =
EE(Vpszppsz) = ¥psl Yos2 0

The temperature of the metal is given by

T = T

paZ ps2 *

(h

Tpsa¥psel pszmhpsl)

Using assumption (Al0.4) the derivative of the temperature of
the metal can be computed:

4

. @ 4,
dt(Tme) - §¥(Tpsz) + T§s3wpsl dt(hpsz)

The energy balance now becomes:

' d
{mpmzepmz(Tpszh+wpslTp33) * vpszpps2}az(hp32) -

= mez - Wpsl(hpszuhpsl)

Algebraic Eguation

The equations of the primary superheater are coded on lines
169-~181 in subroutine DRUM, Appendix A40. The temperature of
the metal is given by

Tpmz = Tpsz * Tps3gpm2

Phermodynamic Equations

The enthalpy of the stean entering the primary superheater is
given by:

bogy = HSP(pgey)
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The density of the steam leaving the primary superheater is
glven by:

= RHP {h )

Pps2 ps2'Pps2

The temperature of the steam leaving the primary superheater
is given by:

T = THP (h )

ps2 psz’ppsz

The derivative of T

ps2 with respect to enthalpy is given by:

T = THPH (h

ps2h psZ'ppsz)

Differentlal Equationsg

The derivative of hpsz with respect to time is given by:

d - - -
Hf(hpsz) N (mez wbsl(hps2 hpsl))/Tpsz
where

)

T =

ps2 mpmchm2(Tp52h+wpslTp53 Vpszpps?,
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11. THE FIRST ATTEMPERATOR

There is a spray attemperator after the primary superheater.
The steam is cooled by injecting water into the steam flow.
The watexr evaporates and reduces the temperature of the steam
leaving the attemperator. The mass flow rate of water is va-
ried by varying the position of the spray flow valve. The
gspray flow valve is manipulated in order to control the tem~
perature of the steam leaving the attemperator.

Properties

The temperature of the steam entering the first attemperator
is about 450-480°C. The maximum spray flow of the first attem-
perator is about 9 kg/s. The reduction of the temperature of
the steam passing the first attemperator is less than 30°cC.
The volume and the mass of the first attemperator are very
small (less than 1 m3 and 1.0-103kg).

Assumption

The mass storage and the energy storage of the first attempe-
rator can be neglected (All.l).

Comments

Assumption (All.l) was used by Eklund [1] and by McDonald et.
al., [7]. If the pressure changes from,loo-los Pa to 150-105 Pa
the stored mass in 1.0 m3 changes 18.0 kg, which shall be com-
pared with the mass flow rate of steam (130 kg/s). If the tem-
perature changes 20 °¢ the stored energy of l-lO3 kg metal
changes about 10 MWs, which shall be compared with the c¢ooling
power (approximately 20 MW), It is coﬁcluded that assumption
(All.l) is physically well-founded because the purpose is not

to model rapid dynamic phenomena.
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Inguts

hfw? = enthalpy of the feedwater leaving the feedwater prehea-
ter, (HFW7), [kJ/kg],

hpsz = enthalpy of the steam leaving the primary superheater,
(BPs2) , [kd/kgl,

wpsl = mass flow rate of the steam entering the primary super-—

.heater, (WPSLl), I[kg/s].

Wygp = Mass flow rate of the steam entering the secondary su-
perheater, (WSSl), [kg/s], and

Woy = mass flow rate of the spray water entering the first at-
temperator, (WSwl), {kg/sl.

Output

= enthalpy of the steam entering the secondary superheater,
(uss1), [kJ/kgl.

hssl

Basic Physical Equation

Using assumption (2A11.1) the energy balance of the first attem~
perator becomes:

0 =w h h

psilps2 ¥ YawiMfw7? T Yss1Pssi
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Algebraic Egquation

The equation of the first attemperator is coded on lines 187-
~188 in subroutine DRUM, Appendix A40, The enthalpy of the
steam leaving the attemperator is given by:

hssl = (Wpslhps2 * wswlhfWT)/wssl
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12, THE SECONDARY SUPERHEATER
The steam enters the secondary superheater after leaving the

first attemperator. The heat flow from the furnace rises the
temperature of the steam in the secondary superheater.

Properties

The temperature of the steam entering the secondary superhea-
ter is about 450°C., The temperature of the steam is rised
about 50°C in the secondary superheater. The mass flow rate
of steam at maximum output power is about 130 kg/s and the
corresponding heat flow is about 25 MW,

Assumptions

The secondary superheater can be treated as a single lumped
system (Al2.1).

The steam flow is incompressible (Al2.2).

The difference between the temperatures of the metal and the
steam can be computed from static relations (A12.3).

The derivative of the temperature of the metal with respect

to time can be computed with hssl and w constant (Al2.4).

ssl

Comments

Assumptions (Al2.1 to Al2.4) are similar to assumptions (A10.1
to Al0.4) and the same comments are applicable.
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Inputs
hssl = enthalpy of the steam entering the secondary superhea-
ppsz = pressure of the steam leaving the primary superheater,

(pPS2), f[Pal,

Pygo = Pressure of the steam leaving the secondary superheater,
(pss2), [Pal,

Qs = heat flow to the metal of the primary superheater,
(QsM2), [kJ/s]1, and

Wogl © Mass flow rate of steam entering the secondary super-
heater, (WSSl), {kg/s].

States

hSs2 = enthalpy of the steam leaving the secondary superheater,
(#ss2), [kJ/kg].

Variables

Pggn = density of the steam leaving the secondary superheater,
(RPS2), [kg/m’],

Tomp = temperature of the metal of the secondary superheater,
(rsm2), [°cl,
Tssl = temperature of the steam entering the secondary super-

heater, (TSS1l),; IOC],'
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Tygy ™ temperature of the steam leaving the secondary super-
heater, (7582), [°c], and

Togon = gerivative of Tog2 with respect to enthalpy, (TS582H),
["¢/(kd/kg) 1.

Paraneters

= gpecific heat of the metal of the secondary superheater,

gm2
 (csM2), [kJ/(kg°C)1,

msz = mass of the metal of the secondaryrsuperheater, (MSM2) ,
[kg],
Tess = heat transfer coefficient of the secondary superheatér,

(rss3), 1°¢/(kJ/s)], and

volume of the secondary superheater, (VS8s2), [ma].

<3
i

852

Baslc Physical Eguations

The energy balance of the metal and the steam becomes:

d
am

+ v

smzcstTsmz sszpssthSZ)

= Qem2 ¥ Yes1Peel 7 YasiPss2

The mass balance of the steam becomes:

a - - -
EE(VSSZQSSZ} = Wasl Ysg2 © o

The temperature of the metal is given by

it

T i + T (h

sm2 $52 s53¥ss1 Pes2Pas)
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Using assumption (Al2.4) the derivative of the temperature
of the metal can be computed:

a .4 v a
EE(Tsmz} - EE(TSSZ) ' Tes3¥ss1 dt(hssz)

The energy balance now becomes:

' s
[msmzcsmz(T552h+wsslT533) * Vss29552]§¥(hssz}

= Qsm2 ~ Wgg1 Mg Pger)

Algebraic Equation

The eguations of the secondary superheater are coded on lines
182~-193 in subroutine DRUM, Appendices A40~A41l, The tempera-
ture of the metal 1s given by:

T + T +

Sm2 882 TSS3Q8m2

Thermodynamic Equations

The density of the steam leaving the secondary superheater is

given by:

= RHP(hssZ'pss2)

Pas2
The temperature of the steam entering the secondary superhea-
ter is given by:

T = THP (h

ssl ssl'ppsz)
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The temperature of the steam leaving the secondary superhea-
ter is given by:

T = THP (h

552 SSZ'pSSZ)

The derivative of Tyon with respect to enthalpy is given by:

= THPH (h

Tsszh ssZ'pssz)

Differential Equations

The derivative of hss? with respect to time is given by:

d - - -
EARTPY [Qsm2 Yss1 (Pggn hssl)]/TSSZ

where

Tsg2 = msmzcst(Tss2h+wsslTss3) + VSSZPSSZ
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13. THE SECOND ATTEMPERATOR

There is a spray attemperator also after the secondary super-
heater. The steam is cooled by injecting water into the steam
flow. The water evaporates and reduces the temperature of the
steam leaving the attemperator. The mass flow rate is varied

by varying the position of the spray flow valve. The spray flow
valve is manipulated in order to control the temperature of the
steam leaving the attemperator.

Properties

The temperature of the steam entering the second attemperator
is about 490-520°C, The maximum spray flow of the second attem-
perator is about 6 kg/s. The reduction of the temperature of
the gteam passing the second attemperator is less than 30°¢C.
The volume of the second attemperator are very small (less

than 1 m3 and 1.0 103 kg) .

Assumption

The mass storage and the energy storage of the second attempe-
rator can be neglected (Al3.1).
Comment

Assumption (Al3.1) is similar to assumption (All.l) and the
same comment is applicable.
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Inguts

hfw? = enthalpy of the feedwater leaving the feedwater pre-
heater, (HFW7), [kJ/kg]l,

hssz = enthalpy of the steam leaving the secondary superhea-
ter, (HSS2), [kJ/kgl,

Wogy = mass flow rate of the steam entering the secondary su-
perheater, (WSSl), [kg/s],

i

masgss flow rate of the steam entering the tertiary su-
perheater, (WISl), [kg/s ], and

Yisl

Wil = mass flow rate of the spray water entering the second
attemperator, (WIWl), [kg/s 1.

Qutput

htsl = enthalpy of the steam entering the tertiary superheater.

Basic Physical Equation

Using assumption (Al3.1) the energy balance of the second at-
temperator becomes: '

h h

Rewr = YesiPesi

= Weg1Pgs2 T Vw1
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Algebraic Equations -

The equation of the second attemperator is coded on lines 202«
=203 in subroutine DRUM, Appendix A4l. The enthalpy of the
steam leaving the attemperator is given by:

h {w h +

ssl 'ss2

esl © ewilew7) Vg1
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14. THE TERTIARY SUPERHEATER
The steam enters the tertiary superheater after leaving the

gsecond attemperator. The heat flow from the furnace rises the

temperature of the steam in the tertiary superheater.

Properties

The temperature of the steam is rised about 50°C in the ter-
tiary superheater. The temperature of the steam leaving the
superheater is about 540°C. The mass flow rate of steam at
maxlmum output power is about 130 kg/s and the corresponding
heat flow is about 25 MW.

Assumptions

The tertiary superheater can be treated as a single lumped
system (Al4.l).

The steam flow is incompressible (Al4.2}).

The difference between the temperatures of the metal and the
steam can be computed from static relations (Al4.3).

The: derivative of the temperature of the metal with respect
to time can be computed with htsl and Wil constant (Al4.4).
Comments

Assumptions (Al4.1 to Al4.4) are similar to assumptions (Al0.1
to Al0.4) and the same comments are applicable.
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Inputs

=
i

ts1 enthalpy of the steam entering the tertiary superhea-
ter, (HTS1), [kJ/kg]l,

Pgogqn © Pressure of the steam leaving the secondary superhea-
ter, (PSSz) ¥ [Pa]r

Pegy = Pressure of the steam leaving the tertiary superheater,
(pTS2), [Pal,

th2 = heat flow to the metal of the tertlary superheater,
(QTM2), [kJI/s], and

Wegy = nass flow rate of steam entering the tertiary superhea-
ter, (WTSl), [kg/s].

States
hi o5 = enthalpy of the steam leaving the tertiary superheater,

(HT82), [kJI/kg].

Variables

"

density of the steam leaving the tertiary superheater,
(RTS2), [kg/m 1y

Peg2

Timy = temperature of the metal of the tertiary superheater,
(rtM2) , [(ci,
Tigy = temperature of the metal of the tertiary superheater,

(rrsi), 1%e1,
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Ttsz = temperature of the steam leaving the tertiary superhea-
ter, (rrs2), [°c], and

Tigop = derivative of Tigp With respect to enthalpy, (TTS2H),
[7¢/ (k3/kg) 1.

Parameters

G
it

m2 specific heat of the metal of the tertiary superheater,
- (emM2), [ka/ (kg %0) ],

= mass of the metal of the tertiary superheater, (MTM2),
(kgl,

3
i

]
i

ts3 = heat transfer coefficient of the tertiary superheater,
(TTs3), [Pc/(kd/s)1, and

Vts? = volume of the tertiary superheater, (Vrs2), [u’].

Basic Physical Equations

The energy balance of the metal and the steam becomes:

a
T Mem2emaTemz + Vig20ts2Pes2!

+ I§ h

= Qemz VY Yegilegl T Yegoleso

The mass balance of the steam becomes:
a
a v

= wtsl - = {}

ts2Pts2) ts2

The temperature of the metal is given by:
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=, + T (h )

Temz ts2 es3e el Mes2 Pes

Using assumption (Al4.4) the derivative of the temperature of
the metal can be computed:

d - 4 8
T Ten2) = a8 Tes2’ * Tesi¥esl 3t (g2

The energy balance now becomes:

- " a
[mtm2ctm2(lts2h+wtsth53} * vtsZQtSZ]dt

(htsz)

(b

= Qo = Yigl Praz Pesy)

Algebraic Equation

The equations of the tertiary superheater are coded on lines
197-201 and 206-211 in subroutine DRUM, Appendix R4l. The tem~
perature of the metal is given by: '

Tems = Tesz T Tes3%em2

Thermodynamic Egquations

The density of the steam leaving the tertiary superheater is
given by:

Prap = RHP(Ry orPign)

The temperature of the steam entering the tertiary sur:rheater

is given by:




es1 = THP(hy 9/Ppqq)

The temperature of the steam leaving the tertiary superheater
is given by:

T = THP (h

ts2 ts2'Prsz!

The derivative of Ttsz with respect to enthalpy is given by:

T = THPH (h

ts2h ts2Pesa)

Differential Equation

The derivative of h __, with respect to time is given by:

a - ) . ,
e Megn) = [0 = Wegr Mg Pear) 1712

where

3) + v

Tts2 = mtmzctmz(rt52h+wtsths ts?pts2
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15. THE HIGH~PRESSURE TURBINE

The superheated steam passes the control valve and enters the
high-pressure turbine. In the high-pressure turbine the ener-
gy of the steam is partly converted to mechanical energy.
Steam to the seventh stage of the feedwater preheater is ex~
tracted after the high-pressure turbine.

Properties

The temperature of the superheated steam is about 535°C. The

steam expands to about 32-105

Pa in the high~pressure turbine
at maximum output power. The temperature of the steam leaving

the high~pressure turbine is about 350°C.

Assumption

The expansion in the high-pressure turbine can be characte-
rized by a constant isentropic efficiency (Al5.1).

Comment

Assumption (Al5.1) is sometimes used in accurate steady-state
calculations. The output power of the high-pressure turbine
and the enthalpy of the steam leaving the high-pressure tur-
bine may be erroneous at part loads due to assumption (Al5.1}).
These errors are steady-state errors and of minor importance
in a nmodel of the dynamics.
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Inputs

jop
[

enthalpy of the steam leaving the tertiary superheater,
(urs2), [kJI/kgl,

ts2

Peg7 = pfressure of the steam in the seventh stage of the feed-
water preheater, (PFS7), [Pal,

Prgz = pressure of the steam leaving the reheater, (PRS2),
ipal,

Pygp = Pressure of the steam leaving the control valve, (PVS2),
ipal,

Sggp = normalized position of the extraction valve of the high-
pressure turbine, (SFS82}, and

Wyegp = Mass flow rate of the steam entering the tertiary su-
perheater, (WISl), [kg/s].
Variables

B2 = normalized area of the extraction valve of the high-
pressure turbine, (AHS2), and

Thsz = temperature of the steam leaving the high-pressure tur-
bine, (THS2), [°Cl.

Outputs

hhs2 = enthalpy of the steam leaving the high-pressure turbine,

(HHs2), [kJ/kgl,
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Npgo = mechanical output power of the high-pressure turbine,
(NHS2), [kW], and

g = extraction mass flow rate of the high-pressure turbine,
(wis2), [kg/s].

Parameters

Apsap = base value of the normalized area of the extraction
valve of the high-pressure turbine, (AHS2B),

athm = gelector for the normalized area of the extraction
valve of the high-pressure turbine, (AHSZ2M),

Mhg2 = isentropic efficiency of the high-pressure turbine,
(EHS2) ,
frsl = pressure drop coefficient of the reheater, {FRS1),
[Paz/(kg/s)zj, and
fhsz = pressure drop coefficient of the extraction valve of
the high-pressure turbine, (FHS2), {Paz/(kg/s)z].

Basic Physical Equations

The pressure drop in the reheater is given by:

2 2 2 2
Phe2 = Prez = Frei¥rs1 ™ fre1Wes1

The pressure drop in the extraction valve of the high-pressure

turbine is given by:

2 2 2 2
Phe2 ~ Prs7 = Fhs2¥hs2/®hs2
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Algebraic Equations

The area of the extraction wvalve of the high-pressure turbine
is computed on line 340 in subroutine REGU, Appendix A56. The
outputs are computed on lines 74-83 of subroutine TURB, Appen-
dix A44.

The area of the extraction valve of the high-pressure turbine
is given by:

S if

fs2 8ng2m

hs2
s2p 1T qpgop T
The pressure of the steam at the outlet of the high-pressure

turbine is given by:

= | 2 + £ w2 !
Phg2 = \(Prs2 rsl tsl

The enthalpy of the steam at the outlet of the high-pressure
turbine is giwven by:

- Ed — R
hpgp = Bpgp + (Ionpgo) (hy o=hp o)

The mechanical output power of the high-~pressure turbine is
given by:

N (h

ng2 = Yes1 Peg2Phg?!

The extraction mass flow rate of the high-pressure turbine is
given by:

_ 2 _ 2 *
Yhea T athdlphsz Pes7l/Fhen
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Thermodynamic Equations

The enthalpy of the steam after an isentropic expansion from

(hpg orPygy) 1O Py, is given by:
d = 5

The temperature of the steam at the outlet of the high-pres-
sure turbine is given by:

T = THP (h

hs2 hs2’Phs2’
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16. THE REHEATER

After expansion in the high-pressure turbine a minor part of
the steam flow is extracted to the seventh stage of the feed-
water preheater. Most of the steam enters the reheater where
the temperature of the steam is rised by the heat flow from
the furnace.

Propexties.

The temperature of the steam entering the reheater is about
350°C and the mass flow rate of steam is about 125 kg/s at

maximum output power. The temperature of the steam leaving

the reheater is about 535°C and the pressure is about 32-10
Pa. The heat flow to the reheater is about 55 MW.

5

Assumptions

The reheater can be treated as a single lumped system (Al6.1).
The steam flow is incompressible (Al16.2).

The difference between the temperatures of the metal and the
steam can be computed from static relations (Al6.3).

The derivative of the metal with respect to time can be com-

puted with hrsl and w constant (Al6.4}.

rsl

Comments

Assumptions (Al6.1 to Al6.4) are similar to assumptions (Al0.1
to Al0.4) and the same comments are applicable.
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Inputs

hhsz = enthalpy of the steam leaving the high-pressure turbine,
(#Hs2), [kd/kgl,

Qmz = heat flow from the combustion gases to the metal of the
reheater, (QRM2), [kJ/s1],
Wpgp ~ Mass flow rate of extraction steam from the high-pres-

sure turbine, (WHS2), {kg/s], and

Wigy = mass flow rate of steam entering the intermediate-pres-
sure turbine, (WISl), {kg/s}],

Wigy = Tass flow rate of steam entering the tertiary superhea-
ter, (WTSl), [kg/s]. '
States

enthalpy of the steam leaving the feheater, {HRS2),
[kd/kgl, and

o2
il

Prgy = Pressure of the steam leaving the reheater, (PRS2}, [Pa].

Variables
Prg2 = density of the steam leaving the reheater, (RRS82),
3
[kg/m™ ],
Prson = derlvatlve of Py with respect to enthalpy, (RRS2H),
[(kq/m )/(kJ/kg)},
prszp derlvatlve of P rgo with respect to pressure., (RRS2P),

[(kg/m y/Pai, and
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T = temperature of the metal of the reheater, (TRM2), [OC],

+3
I

temperature of the steam leaving the reheater, (TRS2),
o]

[°cl,

T = derivative of T2 with respect to enthalpy, (RRS82H),
[°c/ (k3/kg) 1, and

rs2in

Wy = Mass flow rate of steam entering the reheater, (WRS1l),

rs

(kg/s 1.

Parameters

Crmz = specific heat of the reheater metal, (CRM2), ([kJ/(kg OC)],

Moo = Mass of the reheater metal, (MRM2), [kgl.,

Trs3 = heat transfer coefficient of the reheater, (TRS3),
(®°c/(x3/s) 1, and

Vigas = volume of the reheater, (VRS2), {m3].

Basic Physical Equations

The ‘enerygy balance of the reheater becomes:

d

Té--t + Vv

(

Crma™rm2Trm2 t Vrs2Prs2Prs2’

h

= Qrm2 t wrsl he2 wislh

rs2 {16.1)

The mass balance of the reheater reads
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d -
-d—_E-(V W W

re2Prs2) = rsl (16.2)

isl

Combination of equations (16.1) and (16.2) as well as assump-
tion (Al6.4) gives: ' |

d -
(Cyma®™ym2Tyson * Vrszprsz)ag(hrsz) -
= Qumz = Yrs1 Ppgr™hygo)

The time derivative of the pressure of the steam leaving the
reheater is now given by:

4

Vig2Pre2n at®

) +

d } .
rs2 Ves2Prs2p FEPrga) = Yps1 ~ Yigy

Algebraic Egquations

The equations of the reheater are coded on lines 158~62 and
166~78 in the subroutine TURB, Appendix A45.

The mass flow rate of steam entering the reheater is given by:

Wrsl T Yes1l T Yns2

The - temperature of the metal of the reheater is given by:

Trmz = Trsz + TrsBQrmz
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Thermodynamic Equations

The density of the steam leaving the rxeheater is given by:

= RHP {h

Pra2 rsZ'prSZ)

The derivative of Prg2 with respect to enthalpy and pressure
is given by:

tH

Prs2h RHPH(hrsZ'prsz) and

I

RHPP (h

Prs2p rsz’prsz)

Differential Equations

The time derivative of the enthalpy of the steam leaving the
reheater is given by:

¢t _ - _
§~(hr82) - [Qrmz Vg1 Mpgo hhsz)]/rrsz

where

v

= Mm2Crm2trs2h T Ves2Prg2

T
rsl

The time derivative of the pressure of the steam leaving the
reheater is given by:

d - -
3t Pre2! (¥151"Y5 61 P re2nlre2n’ / VegoPrs2)
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17. THE INTERMEDIATE-PRESSURE TURBINE

The reheated steam enters the intermediate-pressure turbine.
In the intermediate~pressure turbine the energy of the steam
is partly converted to mechanical energy. Steam to the feed-
water preheaters is extracted at four different locations of
the intermediate-pressure turbine.

Properties

The temperature of the steam entering the intermediate-pres-
gure turbine is about 535°C and the pfessure is about 32-105
Pa at maximum output power. The temperature of the steam leav-
ing the intermediate-pressure turbine is about 200°C and the

pressure is about 3-105

Pa at maximum output power. The inter-
mediate-pressure turbine is conceptually divided into four sec-

tions, with extraction after every section.

Assumptions

The expansion of every sectlion of the intermediate~pressure
turbine can be characterized by a constant isentropic efficien-
cy, (A17.1).

The .pressure of the steam entering a section of the intermedi-
ate-pressure turbine 1s proportional to the mass flow rate of
steam into this section, (Al7.2).

The mass flow rates of the extraction steam do not affect the
pressures of the steam in the intermediate-pressure turbine,
(Al7.3).
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Comments

Assumption (Al7.1) is sometimes used in accurate steady-state
calculations. The output power of the intermediate-pressure
turbine and the enthalpy of the steam leaving the four sec-
tions 0f the intermediate pressure turbine may be erronecus
at part loads due to assumption (Al7.l). These errors are
steady-state errors and of minor importance in a model of the
dynamics.

Assumption (Al7.2) is a reasonable approximation. Compare with
fig. 6.2.

Asgumption (Al7.3) is motivated by a desire to simplify the
calculations.

Inputs

hrsz = enthalpy of the steam at the output of the rehoater,
(HRS2), ([kJ/kgl, ‘

Pggy = Pressure of the steam in the third feedwater preheater
stage, (P¥S3), [Pa],

Pggyq = Pressure of the steam in the fourth stage of the feed-
water preheater, (PFS4), [Pal,

Pggs = Pressure of the steam in the fifth stage of the feedwa-
ter preheater, (PFS5), [Pal,

Pggg = Pressure of the steam in the sixth stage of the feedwa-
ter preheater, (PFsSe6), [Pal,

P,y = Pressure of the steam at the outlet of the reheater,
(PRS2}, [Pal, |
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Sggy = normalized position of the servo of the high pressure

feedwater preheater valves,

{5F52), and

Sgg7 = normalized position of the servo of the low pressure

feedwater preheater wvalves, (SFs7).

Variables

aisz = normalized area of the first extraction valve of the
intermediate-pressure turbine, (AIS2),

g4 = normalized area of the second éxtraction valve of the
intermediate~pressure turbine, (AIS4),

a, .o = normalized area of the third extraction valve of the

intermediate-pressure turbine, (AIS6),

A48 = normalized area of the fourth extraction valve of the

intermediate-pressure turbine, (AISS8),

Pjgp = Pressure of the steam at the
of the intermediate pressure

Pig4 = Pressure of the steam at the
of the intermediate pressure

Pisé

first extraction valve

second extraction valve

'turbine, (p1s4), [rPa},

= pressure of the steam at the third extraction valve

of the intermediate pressure turbine, (PI186), [Pal,
Pjqg ~ Pressure of the steam at the fourth extraction valve
of the intermediate pressure turbine, (PIS8), [ral,

Ti32 = temperature of the steam after the first section of

the intermediate pressure turbine, (TISZ2), [OCJ,

Tis4 = temperature of the steam after the second section of
the intermediate pressure turbine, (TIS4), [OC],




1086,

Tis6 = temperature of the steam after the third section of
the intermediate pressure turbine, {(1IS56), [OC],

Tigg = temperature of the steam after the fourth section of
the intermediate pressure turbine, (TIS8}, [OC},

Wigy = masg flow rate into the second section of the interme-
dlate pressure turbine, (WIS3), [kg/s], and

Wigg = Mass flow rate into the third section of the interme-
diate pressure turbine, (WIS5), [kg/sl.

Outputs

hisz = enthalpy of the steam after the first section of the
intermediate pressure turbine, (HISZ2), [kdJ/kgl,

his4 = enthalpy of the steam after the second section of the
intermediate pressure turbine, (HIS4), [kd/kgl,

hisG = enthalpy of the steam after the third section of the
intermediate pressure turbine, {(HIS6), [kJ/kgl,

hiSS = enthalpy of the steam after the fourth section of the
intermediate pressure turbine, (HISS8), [kJ/kgl,

Nisz = mechanical output power of the intermediate-pressure
turbine, (NIS2), Ikwl,

Wigq = Mass flow rate of steam into the first section of the
intermediate pressure turbine, {(WISLl), [kg/s],

Wign = extraction mass flow rate after the first section of
the intermediate pressure turbine, (WIS2), [kg/s].,

Wigq ~ Mass flow rate of extraction steam after the second

section of the intermediate pressure turbine, (WIS4),
{kg/s],
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mass flow rate of extraction steam after the second sec-~

is6
tion of the intermediate pressure turbine, (WISe),
[kg/s],
Wis? = mass flow rate of steam into the fourth gection of the
intermediate pressure turbine, (WIS7), [kg/sl,
WiSB = mass flow rate of extraction steam after the fourth sec-
tion of the intermediate pressure turbine, (WIS8), [kg/s].
Parameters
ai50p = base value of the normalized area of the first extrac-
tion valve of the intermediate pressure turbine, (AIS2B),
ais4b = base value of the normalized area of the second extrac-
' tion valve of the intermediate pressure turbine, (AIS4B),
aisGb = base value of the normalized area of the :thirc extrac-
tion valve of the intermediate pressure turbine, (AIS6R),
aisSb = base value of the normalized area of the fourth extrac-
tion valve of the intermediate pressure turbine, (AISSB),
aisZm = selector for the normalized area of the first extrac~
tion valve of the intermediate pressure turbine, (AIS2M),
aisdm = selector for the normalized area of the second extrac-
tlon valve of the intermediate pressure turbine, (AIS4M){
aisGm = selector for the normalized area of the third extrac~
tion valve of the intermediate pressure turbine, (AIS6M),
aissm = selector for the normalized area of the fourth extrac-

tion valve of the intermediate prassure

turbine, (AISSM),




is?

isd

L

isé

i=8

isl

is2

is3

isd

ish

is6

is7
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isentropic efficiency of the first section of the in-
termediate pressure turbine, (EIS2),

isentropic efficiency of the second section of the in-
termediate pressure turbine, (EIS4),

isentropic efficiency of the third section of the in-

termediate pressure turbine, (EIS6)},

isentropic efficiency of the fourth section of the in-~
termediate presgsure turbine, (EISS8),

pressure drop coefficient of the first section of the
intermediate pressure turbine, (FISl), [Pa/(kg/s)],

pressure drop coefficient of the first extraction valve
of the intermediate pressure turbine, (FIS2), [(Pa)z/

Z
/kg/s) " 1,

pressure drop coefficient of the second section of the
intermediate pressure turbine, (¥FI83), [Pa/(kg/s)],

pressure drop coefficient of the second extraction valve
of the intermediate pressure turbine, (FIS4), [(Pa)z/

2
/kg/s) "1,

pressure drop coefficient of the third section of 'the
intermediate pressure turbine, (FIS5), [Pa/(kg/s)],

pressure drop coefficient of the third extraction valve
of the intermediate pressure turbine, (FIS6), {(Pa)z/

/ (kg/s) %1,

pressure drop coefficient of the fourth section of the
intermediate pressure turbine, (FIS7), [Pa/(kg/s)],
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£, = prassure drop ccoefficient of the fourth extraction

ig8

valve of the intermediate pressurs turbine,

[ (Pa)?/ (kg/s) %1, and

(FIS8),;

fﬂsl = pressure drop coefficient of the first section of the

low pressure turbine (FLSL),

Basic Physical Equations

[Pa/(kg/s) 1.

Using assumption (Al7.2) the pressure of the steam entering

the intermediate-pressure turbine and the pressures of the

steam leaving the four sections of the intermediate-pressure

turbine are given by:

Prga © fislwisl

Pisa = Fi93MWig1™VWigo)
Piga = F195Mi537Wig4)
Pise = 157 Mig5™Wigp)

Pigg = fpa1Wig7 Yigg)

(17.1)

(17.2)

(17.3)

(17.4)

(17.5)

The pressure drops of the extraction valves of the interme-

diate~pressure turbine are given by:

2 2 2 2
Pis2 ~ Prsg = fi52¥is2/%4s2
2 2 2 2
Piga ~ Pras T Fi54¥is4/2454
2 2 g 2 2
Pise ~ Prga is6 is6’ tisé

(17.6)

(17.7),

(17.8)
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> 2 2 2
Pigs ~ Prs3 ™ Fig8¥is8”/21s8 (17.9)

Thermodynanic Equations

The enthalpiles of the steam leaving the four sections of the
intermediate-pressurc turbine after an isentropic expansgion
should be given by:

hisz = ISENX(hrSZ’prs2’piSZ)
hzsé = ISENX(his2’piSZ’Pis4)
hzs6 = ISENX(hisé’piS4’pis6)
higg = ISENX(h cvPy ciPy g)

The temperatures of the steam leaving the four sectionsg of

the intermediate-pressure turbine are given by:

Tiga = THP(h; oipygo)
Tigq = THP(N, (4epycy)
Tige = THP (R, 6Dy 6)
Tigg © THP(hisE’piSS)




Algebraic Equations

The areas of the extraction
sure turbine are given by:

Sgen E Ay o0
Bis2 ©

3is2p  *E a0

stz if ais4m
B354

24 s4b if ais4m

st2 if aisGm
ais6 = ~

aisﬁb 1t aissm
a st? ig aisBm
ig8 =

aisSb if aisﬁm

11l.

valves of the intermediate-pres-

i
o

The mass flow rates of the steam entering, and the pressures
and the enthalpies of the steam leaving the four sections of
the intermediate*preésure turbine, and the mass flow rates of
the extraction steam after the four sections of the interme-

diate-pressure turbine can be computed from equations (17.1
to 17.9) using assumption (Al17.1):

wisl = prsz/fisl

Pis2 = Fig3%¥ia1
h =hY .+ (1-n, ) (h .-
is2 ig2 is2 ra2

*®
hrsz)
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W = a dl 2 - p? /£
is2 162\ /Pig2 ™ Pegel/Eign

=
it

W - W

is3 isl ig2
Piga = Fig5%is3
= * - —h*
Biga = Digq * Qmnggg) (hyo-hi )

|
_ 2 2
Wiss = 3154419134 Pess |/ figy

iss = Yig3 T ¥ig4

Pigg T Fig7¥igs

1

h, h¥ o+ (1-q.

i E
isb isé 156)(h' h

isd 136)

B [ 2 2 '
Yise = ais6d[pi56 Prsql/figs

Wis7 = Wiss T Yige

Pigg © fﬂslwis7
L A - ]
higg = Bigg * (I7nyog) (hy o=hi o)

1
_ 2 _ 2
Wisg © aisBleiSB, Prs3l/figg

The mechanical output power of the intermediate-pressure tur-
bine is finally given by:
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N -h ) {

152 = Wig1 Mpgaygp) + wi oy o~h, ) +

+ w ;-h + {h

155 MigaNyge) Wiy (hy hy o)
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18, THE LOW-PRESSURE TURBINE

Most of the steam from the fourth section of the intermediate-
pressure turbine enters the low-pressure turbine. In the low-
pressure turbine the energy of the steam is partly converted
to mechanical energy, available on the rotating turbine-gene-
rator shaft. Steam to the feedwater preheaters are extracted
at two different locations of the low-pressure turbine.

Properties

The temperature of the steam at the inlet of the low-pressure
turbine is about 200°C and the pressure 1is about 3*105 Pa. The
steam at the outlet of the low-pressure turbine is saturated
and has a pressure about 0.03-105 Pa. The low-pressure turbine
is conceptually divided into three sections, with extraction
after the first and the second.

Assumption

The expansion of the steam in every section of the low-pressure
turbine can be characterized by a constant isentropic efficien-
cy, (Al8.1).

The: pressure of the steam entering a section of the low-pressure
turbine is proportional to the mass flow rate of the steam en-
tering this section, (AlB.2)}.

The mass flow rates of the extraction steam do not affect the

pressures of the steam in the low-pressure turbine, (Al8.3).
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Comments

Assumption (Al8.1) is sometimes used in accurate steady-state
calculations. The output power of the low-pressure turbine
and the enthalpy of the steam leaving the three sections of
the low~pressure turbine may be erroneous at part loads due
to assumption (Al8.1). These errors are steady-state errors
and of minor importance in a model of the dynamics.

Assumption (Al8.2) is a reasonable approximation. Compare with
fig. 6.2.

Assumption (Al8.3) is motivated by a desire to simplify the
calculations.

Inputs

=
il

is8 enthalpy of the steam at the outlet of the intermediate~
pressure turbine, (HIS8), [kJ/kg], .

Poo2 = Pressure of the steam in the condensoxr, (PCC2), [Pa]l,

Pgg1 = Pressure of the steam in the first stage of the feedwa-
ter preheater, (PFSl), [Pal,

Pggs = Pressure of the steam in the second stage of the feedwa-
ter preheater, (PFS2), [Pal],

Pygg ¥ Pressure of the steam at the outlet of the intermediate-
pressure turbine, (PIS8), [ral,

Sgg7 = normalized position of the servo of the low~pressure
feedwater preheater valves, (SFS87),
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fi

Wig7 mass flow rate of steam into the fourth stage of the

intermediate pressure turbine, (WIS7), [kg/s], and

Wigg T mass flow rate of extraction steam after the fourth
stage of the intermediate pressure turbine, (WISS8),.

[kg/s].
Variables

azsz = normalized area of the first extraction valve of the
low-pressure turbine, {ALS2),

a£84 = pnormalized area of the second extraction valve of the
low-pressure turbine, (ALS4),

Ppyy = Pressure of the steam after the first section of the
low-pressure turbine, (PLS2), [Pa],

Ppgq = Pressure of the steam after the second section of the
low-pressure turbine, (PLS4), [Pa],

T£ 2 ¥ temperature of the steam after the first section of
the low-pressure turbine, (TLS2), {OC},

T£s4 = temperature of the steam after the second section of
the low-pressure turbine, (TLS4}, [OC],

Tﬁsﬁ = temperature of the steam after the third section of
the low-pressure turbine, (TLS6), EOC],

Wpgp = mass flow rate into the first section of the low~pres-
sure turbine, (WLS1}, [kg/s}, and

Wpg3 = Mass flow rate into the second section of the low-pres-
sure turbine, (WLS3), [kg/s].
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Qutputsg

enthalpy of the steam after the first section of the
low-pressure turbine, (HLS2), [kJ/kg],

h£s4 = enthalpy of the steam after the second section of the
low-préssure turbine, (HLS4), [kJ/kg]l,

h£36 = enthalpy of the steam after the third section of the
low-pressure turbine, (HLS6), [kJd/kg],

stz = mechanical output power of the low-pressure turbine,
(NLs2), [kwW],

wﬂs2 = mass flow rate of extraction steam after the first sec~
tion of the low-pressure turbine, (WLS2), [kg/s],

wzsé = mass flow rate of extraction steam after the second
section of the low-pressure turbine, (WLS4), [kg/s],

wsz = mass flow rate of steam into the tﬁird gsection of the
low~pressure turbine, (WLS5), {kg/s].

Parameters

8ps9p = base value of the normalized area of the first extrac-

tion vailve of the low-pressure turbine, (ALS2B),

a£54b = base value of the normalized area of the second extrac-

2ps2m

tion valve of the low-pressure turbine, (ALS4B),

= gelector for the normalized area of the first extrac-

tion valve of the low-pressure turbine, (ALS2M),




qpsdm

Nps2

Nes4

Ntsé

fﬁsz

283

f£s4

fﬁss

= gelector for the normalized
traction valve of the low-pressure turbine,

isentropic efficiency of the
pressure turbine, (ELS2),
isentropic efficiency of the
pressure turbine, (ELS4),
isentropic efficiency of the
pressure turbine, (ELS6),
preésure drop coefficient of
of the low-pressure turbine,

pressure drop coefficient of
low-pressure turbine,

pressure drop coefficient of
of the low-pressure turbine,

pressure drop coefficient of

(FLS4),
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area of the second ex-
(ALS4M) ,

first section of the low-
second section of the low-
third section of the low-
tﬁe first extraction valve

(FLS2), [(Pa)?/(kg/s) 2],

the second section of the
[Pa/ {kg/s) 1.

the second extraction valve
(FLS4)., [(Pa)?/(kg/s)?1,

the third section of the

low-presSure turbine, (FLS5)}, [Pa/(kg/s)].

Basic Physical Equations

Using assumption  (Al8.2) the pressures of the steam leaving the

first two sections of the low-pressure turbine are given by:

Ppsa

= £

P£54 =

283 Vo1 oy

frs5 (Vo3 ™ Woss!

.

(18.1)

(18.2)

The pressure drops of the two extraction valves of the low-pres-
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sure turbine are given by:

2 2 2 2

Pgap ~ Pggp 7 fzszwzsz/agsz (18.3)
2 2 N 2 2

Posa ~ Prg1 = TpsaWpsa/2ps4 (18.4)

Thermodynamic Eguations

The "enthalpies of the steam leaving the three sections of
the low-pressure turbine after an isentropic expansion should
be given by: '

h£s2 = ISENX(hisB'piSB'pzsz)
* = :)

Bpgq = ISENX(h, 5iPpesrPpgy)

Bpsg = ISENX(h,sy/PpsyrPrey)

The temperatures of the steam leaving the three sections of
the low-pressure turbine are given by:

T

THP {h

2s2 £s52'Pps2)

Tﬂsﬁ = THP(h£s4’p£s4)

1]

THP (hy o/P )

TESG cc
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Algebraic¢ Eguations

The areas of the extraction valves of the low-pressure tur-
bine are given by:

S£s7 if dpsom "~ 0
VI

8 ¢s2b if azszm =1

S£g7 if a£s4m =0
Bpss =

8gsap AT Bpeqn = O

The mass flow rates of the steam entering, and the pressures
and the enthalpies of the steam leaving the three sections of
the low~pressure turbine, and the mass flow rates of the ex-
traction steam leaving the first two sections of the low-pres-.
sure turbine can be computed from equations (18.1 to 18.4)
using assumptions (Al8.1 and Al8.3).

Wesl T Yig7 T Yigg

Pps2 = Tps3¥ps1
= E 3 - %* e
Bpg2 = Bpga * (Amnpgy) (hfg-n, o)

£s82

2 2 :
Yes2 T a£824|9£52 pfszl/f£32

Wes3 T Yps1 T Ypao
Prsa = fpg4¥ps3

— 1k - R
Bpsq = Nggg + (Imripgy) (hp o-hy )
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[ 2 2
a£s4dfp£s4 " Prs1|/ sy

i

Yesd

Yess T Wee3 T Yega

H

h*

| ok
h ts6 ¥ (l”nﬂsﬁ)(hﬁsé hyse!

£56

The mechanical output power of the low-pressure turbine is
finally given by:

Npsa = Wpg1(hjggh, o) + WESS(hﬁsz_h£s4) +

tWees(hpgghpse)
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19. THE CONDENSOR

The steam leaving the last section of the low-pressure turbine
enters the steam side of the condensor. Sufficient heat is re-
leased to the cooling water from the steam in ordexr to condense
it. Condensate leaving the low-pressure feedwater preheater al-
so enters the steam side of the condensor. Condensate leaves
the condensor.

Properties

The pressure of the steam in the condénsor is about 0.03-105 Pa,

The pressure increases with the output power and with the tempe-
rature of the cooling water. The mass flow rate of the cooling
water'is choosen g0 that the temperature of the cooling water
rises about 5-10°C at maximum output power. The specific fuel
consumption decreases if the pressure of the steam in the con-
densor decreases. Even small errors of this pressure will influ-
ence the specific fuel consumption. The dynamics of the conden-
sor, however, does not influence the dynaﬁics of the whole unit.
The dynamic model, with a time-constant of about lo.seconds, is
motivated by a desire to simplify the calculations. An implicite
algebraic equation is replaced by an explicite differential equa-
tion.

Agsumptions

The difference between the enthalpy of the condensate and the
enthalpy of the cooling water is constant (Al9.1).

The difference between the temperature of the condensate and the
temperature of the condensor metal is constant (Al9.2).
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Comments

Assumption (Al19.l) is a fairly crude approximation and may in~

troduce a steady-state error of the pressure of the steam in

the condensor.

Assumption (Al9.2) is a reasonable approximation.

Inputs

hcwl

hfcl

£s6

pcwl

owl

Yol

Yewl

Yiss

i

i

]

enthalpy of the cooling water entering the condensor,
(Hewl), [kJ/kgl,

enthalpy of the condensate leaving the first stage of
the feedwater preheater, (HFCl), {kJ/kgl,

enthalpy of the steam leaving the last section of the
low-pressure turbine, (HLS6), [kd/kg],

pressure of the cooling water entering the condensor,
(pCwl), [Pal,

mass flow rate of cooling water entering the condensor,
(WCewl), [kg/sl],

mass flow rate of condensate leaving the first stage of
the feedwater preheater, (WFCl1l), [ka/s],

mass flow rate of feedwaterﬂentering the first stage of
the feedwater preheater, (WFW1l), [(kg/s], and

mass flow rate of the steam leaving the last section of
the low-pressure turbine, (WLS5), [kg/s].
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State Variable

Popp = Saturation pressure of condensate leaving the conden-~
soxr, (PCC2), [Pal].

Variables

h = derivative of hccz with respect to pressure, (HCC2P),

[ (kd/kg)/Pal,

cclp

v
f

= enthalpy of the cooling water leaving the condensor,
(Hewz) , (kd/skgl,

cwl

Poen = density of the condensate leaving the condensor, (rRCC2),

3

[kg/m~1,

pcw2.= density of the cooling water leaving the condensor,
(RCW2) , [kg/m>1,

chz = temperature of the condensate at the outlet of the con-
densor, (TCC2), [OC},

ch2p = derivative of the temperature at the outlet of the con-
densor with respect to the pressure, (TCC2P), [OC/Pa],

Tyl = temperature of the cooling water at the inlet of the
condensor, (TCWLl), [OC}, and

Ty = temperature of the cooling water at the outiet of the
condensor, (Tcw2), [°ci.

Output

hCcz = enthalpy of the condensate leaving the condensor, (HCC2),
{kJI/kgl.
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Parameters

ccm2

cc3

Vcc2

cw2

cm2,

= gpecific heat of the metal of the'condensor, (ccMzy,
[(x3/ (kg °C) 1,

n

difference between the enthalpy of the condensate and
the cooling water at the outlet of the condensor, (HCC3),
[kJ/kgl,

Il

mass of the metal of the condensor, (MCM2), fkgl,

H

volume of the condensate in the condensor, (vcezy,
(m>1, ana

= volume of the coocling water in the condensor, {VCW2),
3
m~1,

Basic Physical Equations

The energy balance for the whole condensor becomes:

é%(VCCZQCc2hcc2 * mcmZCcszcmz + Vcwzpcw2hcw2)
= Wessts6 T YowiPowr T Yow2lowz T Yewilec2 (lé'l)
According to assumption {(Al9.1) we have
Bowa = Boga ™ Bays (19.2)
and according to assumption to (Al19.2) we have
= T {19.3)

Tcm2t

cCZt
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The combination of equations (19.1), (19.2) angd (19.3) gives:

d
(V¢czpcc2hc02p * Rem2em2Teezp T VewzPeowalec2p! T Poc2)

+ h h h

* Yosstess T Ve cwl © Yow2lew2 T Yewilee2

Algebraic Eguations

The equations are coded on lines 335-38 in subroutine REGU,
Appendix A56, on lines 90-91, 105-06, 121, 134, 147, l62-163,
and 188-92 in subroutine COND, Appendix A47-49,

The enthalpy of the cooling water at the outlet of the conden-
sor is given by

h = h -~ h

cw? ca2 cel3

Thexrmodynamic Equations

The enthalpy of the condensate at the outlet of the condensor
is given by:

h = HWP (p

ce2 cc2)

The density of the condensate is given by:

= RWP (p

Pee2 ccz)

The density of the cooling water is given by:

o = RHP (h )

cw2 cw2 ' Pewl
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The temperature of the condensate is given by:
chz = TLP(pchJ

The temperature of the cooling water at the inlet is given
by:

T

owl THP (h

cwl’pcwl)

The temperature of the cooling water at the outlet is given
by:

Tcw2 = THP(h

cw2/Pewl!
The derivative of the enthalpy of condensate with respect to
pressure is given by:
h

= HWPP (p )

celp cc2

The derivative of the temperature of the condensate with re-~
spect to pressure is given by:

= TLPP (

ch2p pch)

Differential Equations

The derivative of the pressure of the steam in the condensor
with respect to time is given by: .

h

d - ; - -
Tt Peea) = [W£35h£36 T ¥ee1tel T Yewibooz

—

wcwl(hcwzmhcwl)}/chz
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where

T = (V

a2 h + m

cc2Pec2ec2p cmBCcszCCZP * Vcw2pcw2hcczp)
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20. THE LOW-PRESSURE FEEDWATER PREHEATER

The low-pressure preheater consists of three heat-exchangers
(stages). The feedwater (condensate) from the condensor enters
the first stage. The temperature of the feedwater in the first
stage is rised by the steam extracted after the second section
of the low-pressure turbine and by condensate leaving the se-~
cond stage of the feedwater preheater. The condensate is passed
on inte the condensor. The feedwater, which has been heated in
the first stage of the feedwater preheater, enters the second
stage. The temperature of the feedwater in the second stage is
rised by steam extracted after the first section of the low-
pressure turbine and by condensate leaving the third stage of
the feedwater preheater. The condensate is passed on into the
first stage. The feedwater, which has been heated in the second
stage of the feedwater preheater, enters the third stage, The
temperature of the feedwater in the third stage of the feedwater
preheater is rised by a fraction of the steam extracted after
the fourth section of the intermediate~pressure turbine,

Properties

The temperature profile of the feedwater preheater is shown in
fig. 20.1. The heat transfer coefficients are large and the tem-
perature differences are small compared to temperature increases.
If the stages should have been modelled with two (three) inde-
penéent énergy storing elements; the feedwater, the metal, (and
the condensate), one (two) very fast mode (s} should have been ab-
tained. The fast mode(s) describe(s) the equilibration of the
three media in the stage of the feedwater preheater,

The mass flow rates of extraction steam depend on the difference
between the pressures of the steam in the turbine and the pres-
sures of the steam in the feedwater bPreheater. The temperature
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of the feedwater is self-regulated, which can be explained in
the following way: Assume that the temperature of the feedwa~
ter is lower than the equilibrium value. The saturation pres-
sure of the condensate in the feedwater preheater is then re-
duced. The mass flow rate of extraction steam is increased due
to the increased pressure difference. The heat flow to the feed~
water preheater is increased and the temperature of the feed-
water increases until the equilibrium value is reached. This
means that the mass flow rates of extraction steam and the tem-—
peratures of the feedwater are determined by an involved inter-
action between the very rapid dynamics of the turbines and the
slow dynamics of the feedwater preheater,

The model will also be used to study the effects of rapid va-
rlations of the mass flow rates of the extraction stean. The
possibilities of rapid changes of ocutput power without intro-
ducing severe conditions for the drum system and the superhea-
ters will be investigated.

In order to simulate the varying equilibrium temperatures of

the feedwater and the effects of rapid vafiations of the mass
flow rate of the extraction steam it is important that the steam
pressures are represented in the model. Therefore it was decided
to model each stage of the feedwater preheater with a single
lumped system with the saturation pressure of the steam as state
variable.

Assumptions

The individual stages of the low-pressure feedwater preheater
can pe treated as single lumped systems with the saturation
pressure of the steam as state variables (A20.1).

The difference between the enthalpy of the condensate and the
enthalpy of the feedwater is constant'(A20.2).
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The difference between the temperature of the metal and the
temperature of the condensate is constant (A20.3),.

The enthalpy of the condensate, which enters a stage of the
low-pressure preheater, is equal to the enthalpy of saturated
water at the pressure of the steam in the corresponding stage
of the low-pressure preheater (20.4).

The difference between the saturation pressure of the steam in
the condensor and the saturation pressure of the condensate
leaving the first stage of the feedwater preheater is constant
(A20.5). '

Comments

Assumption (A20.1) is crude if it is desired to describe the
internal phenomena of the preheater stages. The purpose of the
model is to describe the temperature of the feedwater leaving
the seventh stage of the feedwatar preheater. The purpose of

the model is also to make it possible to study the variation

of the output power due to variations of the mass flow rates

of the extraction steam. Eklund assumed in {1] that the tempe~
rature of the feedwater leaving the economizer wes constant but
his experimental results showed later on that his assumption was
too crude. The inclusion of a model of the economizer dynamics
as well as the feedwater preheater dynamics is a significant im-
provement over [1]. McDonald et.al. did not include any model of
the feedwater preheater dynamics. The possibility of investiga~
ting the effects of the manipulation of the mass flow rato of
extraction steam is a considerable extension of the purpose of
the model compared to purposes of the models proposed in the 1i-
terature, '

Assumptions (A20,2 to A20.5) are very reasonable considering
fig. 20.1.
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Inputs

hcc2 = enthalpy of the condensate at the outlet of the conden-
gor, (HCC2), [kd/kgl,

hisa = enthalpy of the steam after the fourth section of the
intermediate pressure turbine, (HIS8), [kd/kg],

h£82 = enthalpy of the steam after the first section of the low-
pressure turbine, (HLS2), [k3/kg1,

h£s4 = enthalpy of the steam after the second section of the low-
pressure turbine, (HLS4), [kJd/kg],

pasz = saturation pressure of the steam in the deaerator, (PAS2),
fral,

pccj = saturation pressure of the steam and the condensate in the
condensor, (PCC2), [Pal,

mass flow rate of extraction steam.after the fourth sec-
“tion of the intermediate pressure turbine, (WIS8), [kg/s],

H

wisS

w£52 = mass flow rate of extraction steam after the first section
of the low-pressure turbine, (WLS2), (kg/s],

'W£s4 = mass flow rate of extractién steam after the second sec¢-
tion of the low-pressure turbine, (WLS4), {kg/s]1, and

WESS = mass flow rate of steam into the third section of the low-
pressure turbine, (WLS5), [kg/s]
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States

Prgp = saturation pressure of the steam in the first stage of
the feedwater preheater, (PFS1), [Pa],

Pgyp = saturation pressure of the steam in the second stage of
the feedwater preheater, (PFS2), [Pa], and

Pegy = saturation pressure of the steam in the third stage of
the feedwater preheater, (PFS83), [Pa].

Variablesg

hfﬁl = saturation enthalpy of water corresponding to the steam
pressure in the first stage of the feedwater preheater,
(HFL1) , [kJ/kg],

hf£2 = saturation enthalpy of water corresponding to the steam
pressure in the second stage of the feedwater preheater,
(HFL2) , [kJ/kg], |

hf£3 = saturation enthalpy of water corresponding to the steam
pressure in the third stage of the feedwater preheater,
(HFL3), [kJ/kg],

hfﬂlp = derivative of hfﬁl with respect to pressure, (HFL1P),
[ (kd/kg) /Pal,

hf£2p = derivative of hf£2 with respect to pressure, (HFL2P),
{ (kd/kg)/Pal,

£23p = derivative of hf£3 with respect to pressure, (HFL3P),
[(kJ/kg)/Pa},

hfwl = enthalpy of feedwater after the first stage of the feed-
water preheater, (HFWLl), [kJ/kg],
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hfwz = enthalpy of feedwater after the second stage of the
feedwater preheater, (HFW2) , [kJ/kg],

Pgoy = Saturation pressure corresponding to the enthalpy of
the condensate after the first stage of the feedwater
preheater, (PFCl}, {[Pal,

Pepy = density of the condensate in the first stage of the
feedwater preheater, (RFL1), {kg/m3],

Pepy = density of the condensate in the second stage of the
feedwater preheater, (RFL2), [kg/mB],

Pep3 = density of the condensate in the third stage of the
feedwater preheater, (RFL3), [kg/mal,

Pyl = density of the feedwater in the first stage of the feed-
- water preheater, (RFWl), {kg/m3],

|

density of the feedwater in the second stage of the feed-
water preheater, (RFW2), {kg/m 1.

Pryw2

Pey3 = density of the feedwater in the third stage of the feed-
water preheater, (RFW3), [kg/mslp

3
il

fol saturation temperature corresponding to hf 17 (TFCL),
[°c1,

Tfil = saturation temperature corresponding to pf 17 (TFrLl),
[®c1,

Teop = sgturation . temperature  corresponding to Pggyr (TFL2),
[°Cl.,

Typ3 = saturation temperature corresponding to pf 31 (TFL3},
1%,
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Tf{lp = dgrlvatlve of szl with respect to pressure, (TFL1P),
[Tc/pal,
Tffzp = derivative of Tf£2 with respect to pressure, (TFL2P),

[°c/pal,

Tf£3p = deyrivative of Tf£3 with respect to pressure, (TFL3P),
0
['c/Pal,

w3
"

Fwl temperature of the feedwater after the first stage of
the feedwater preheater, (TFWl), [OC],

Teyp = temperature of the feedwater after the second stage of
the feedwater preheater, (TFW2), [OC],

Tey3 = temperature of the feedwater after the third stage of
the feedwater preheater, (TFW3), [OC], '

Wepy = mass flow rate of condensate into the first stage of
the feedwater preheater, (WFL1l), (kg/s], and

Wgpp = Mass flow rate of condensate into the second stage of
the feedwater preheater, (WFL2), ([kg/s].

Outguts

th1 = enthalpy of the condensate leaving the first stage of
the feedwater preheater, (HFCl), [kJ/kg],

hfw3 = enthalpy of the feedwater leaving the third stage of
the feedwater preheater, (HFW3), [kJ/kg]l,

Weop = Mmass flow rate of condensate leaving the first stage
of the feedwater preheater, (WFCl), [kg/s], and
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= masg flow rate of feedwater entering the first stage

of the feedwater preheater, (WFWl), [kg/=s}].

e}

fm2

“fm3

Ngeg

Meml

m:Em2

Mem3

fcl

fl

specific heat of the metal of the first stage of the
feedwater preheater, (CFM1), [kdJ/{kg OC)},

specific heat of the metal of the second stage of the
feedwater preheater, (CFM2), [kJ/{kg DC)],

specific heat of the metal of the third stage of the
feedwater preheater, (CFM3), [kJ/(kg OC)],

enthalpy difference between the condensing steam and
the feedwater in the feedwater preheater, (HFLB), [(kJ/kg]l,

mass of the metal of the first stage of the feedwater
preheater, {(MFM1), [kgl,

mass of the metal of the second stage of the feedwater
preheater, {(MFM2}, [kg],

mass of the metal of the third stage of the feedwater
preheater, (MFM3), [kg]l.

difference between the saturation pressure of the steam
in the condensor and the saturation pressure of the con~’
densate leaving the first stage of the feedwater prehea-
ter, (PCC3), [Pa]l, )

volume of the condensate in the first stage of the feed-
water preheater, (VFCl), [m3],
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Veaa = volume of the condensate in the second stage of the
feedwater preheater, (VFC2), {m3],

Vfc3 = volume of the condensate in the third stage of the
feedwater preheater, (VFC3), [m3],

Vewl = volume of the feedwater in the first stage of the feed-
water preheater, (VFW1), [ma},

Vegz = volume of the feedwater in the second stage of the feed-
water preheater, (VFW2), {m3], and

vfw3 = volume of the feedwater in the third stage of the feed-
water preheater, (VFW3), [m3}.

Basic Physical Equations

The energy balances of the three stages of the low-pressure
preheater become:

+ +

d
T V1P eriPerl * MemiCemiTeml T Vewd Pewl P ewy)

+ h h

= VosaPesa * VeaPeen Y YeoiPoc2 T YewiPewl T Yeel'fol

+ +

q,
& Veo2Psealre2 ¥ Memae2Tem2 + Vew2Prw2lew2!

h

*¥entrel T YewiPrez T YeeaPrel

= Wpsalpa2 ¥ Vegalepo

+ + v

a
5 Veo3Peealeed * PemaCemaTem3d T VewsoswaPews)

h

= 0.7, ghygg * Ve Pruz T Yewilews T Yeealee2

Assumption (A20.2) gives:
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h = h - h

fwl = Peer T Pres
Newa = Dgpo = Depg
hegs © hepsy = Repg

Assumption (A20.3) gives:

a d
HE($fml) EE(Tfﬂl)

a _a
Tt Tema? = g€ Tep2)

a _ 4
Tt Tena) = g5 (Tees)

The energy balances of the three stages of the low-pressure
feedwater preheater now become:

(v

]

: a
fe1PeeiPreip ¥ PeniCemiTeelp t VewrPewiPerip) 3E (Pesa!

= Wosalpsa T Vepilepr T Vo1 BegrBeca) T YeoiPear

i

| a
(VeuaPepaPepop * Pem2mmaTe02p * VewaP swaleep! 38 Pes2?

= WeaaPpaa * Yepaleer T Vel Mewa™Peg1) ~ Yepibep

il

4
VeeaPseaPeesp ¥ Pem3Cen3Teesp + VewsP ewsleesp) aF (Pesa)

= 0.7 oghiss ™ Wewl PraaPrua) 7 WreaPeeo
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Algebraic Equations

The equations of the low-pressure feedwater preheater are co-
ded on lines 86, 92-96, 107-110, 122~125, 135-138, 148-152,
164-167, 180-182, and 193-197 in subroutine COND, Appendix
A47-249,

The saturation pressure of the condensate leaving the first
stage is given by:

Pgo1 ™ Pee2 ¥ Pee3

The enthalpies of the feedwater leaving the three stages are

given by:
hegr = Bepy = Pegg
h, . =h. . -h

fw2 fez ££8

= h_,,» - h

Begs £03 ££8

The mass flow rates of condensate leaving the three stages are

given by:
Vel = Yee1 t Ypsy
Veel T Yepa Y Ypgeo

Wepa = 007,08

The mass flow rate of feedwater entering the first stage is gi-
ven by:

+ w

Yewl © Yiess fol
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Thermodynamic Equations

The enthalpy of the condensate leaving the first stage is gi-
ven by

heoy = HWP (pgy)

The enthalpies of the condensate in the three stages arxe given
by:
hepy = HWP(pgg;)

heps = HWP (Peys)

The derivatives of the enthalpies of the condensate with respect
to the pressures of the steam in the three stages are given by:

heprp = HWPP (Pegy)
Bepop = HWPP (Peysy)

hepap = HWPP(pgg3)

The densities of the condensate in the three stages are given by:
pgp1 = RWP(Pggy)

Pepa = RWP (Pegy)

Prp3 = RWP(pggs)

The densities of the feedwater leaving the three stages are given
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by:

chl = TLP(pfcl)

The temperatures of the condensate in the three stages are gi-
ven by:

Tfﬂl = TLP(pfsl)

Tepr = TLP(peg,)

il

Teps = TLP(pggsy)

The derivatives of the temperatures of the condensate with re-
spect to the pressures of the steam in the three stages are gi-
ven by:

Tlep == TLPP(pfSl)
Tf£2p = TLPP(pfsz)
Tf£3p = TLPP(pfS3)

The temperatures of the feedwater leaving the three stages are
gliven by:

Tegr = THP(hg 0P, 0)
Tegz = THP(hg o rPogy)
Tewsz = THP(hg 30p, (o)
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Differential Equations

The derivatives of the pressures of the steam in the three
stages are given by:

Tt ®Prs1) = (pgahpss * Vegihepy - Yee1Pre1 T
. " Y1 B Roe2) M tegy

dEPran) = (Mpaahpaz * YeeaPega T YepaPepy T

" W1 Begahe) ) tegs
dt(Pees) = (0.7wsgghygg = WepoBppy =

~ Vel Bey3hegs) ) /ey
where
Tes1 T WeerPeoiPeeip ¥ Pemi®emiTee1p t Vew1P euiee1p)
ts2 T VeeoPreaseap * Mm2CmaTer2p * Vewa® rw2Peo2p)

T = {V

£s3 £c3°£23"£23p ¥ Men3Cen3Tre3p * VewsP ewalerap’
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21. THE DEAERATOR
The feedwater, which has been heated in the third stage of the

feedwater preheater enters the deaerator. The feedwater reaches
the saturation temperature in the deaerator.

Properties

The water-steam surface in the deaerator is very large. The
feedwater is heated to the boiling state by steam extracted af-
ter the intermediate-pressure turbine,

Asgumptions

The deaerator can be treated as a single lumped system with the
saturation pressure of the steam as state variable (A21.1).

The mass and energy storage in the steam volume Of the deaera-
tor can be neglected (AZ21.2).

The difference between the temperature of the feedwater and the
temperature of the metal in the deaerator is constant (A21.3).
Comments

Assumption (A2l1.l1) is very reasonable as long as the purpose is
not to study internal phenoména of the deaerator.

Assumption (A2l.2) is very reasonable as long as the purpose is
not to study pressure control of the deaerator.

Assumption (A21.3) is physically well-founded, due to the high
heat transfer coefficient.
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Inputs

hfcd = enthalpy of the condensate leaving the fourth stage of
the feedwater preheater, (HFC4), [(kI/kg],

hfw3 = enthalpy of the feedwater leaving the third stage of
the feedwater preheater, {(HFW3), [kd/kg],

hisB = enthalpy of the steam extracted after the intermediate-
pressure turbine, (HIS8), [kJ/kg],

Wenq T Wass flow rate of the condensate leaving the fourth
stage of the feedwatexr preheater, (WFC4), [kg/s],

Weys = mass flow rate of the feedwater leaving the deaerator,
(WFW5) , [kg/s1, and

Wy gg = Mass flow rate of the steanm extracted after the inter-
mediate-pressure turbine, (WISS), [kg/s].

State

Pagy T saturation temperature of the steam in the deaerator,
(Pas2), [pa]j.

Variables

hawl = enthalpy of the feedwater needed for the control of the
level in the deaerator, (HAW1), [kJ/kg1,

hapr = derivative of hawz with respect to the pressure in the

deaerator, (HAW2P), [ (kJ/kg) /Pal,
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Pawz = density of the feedwater in the deaerator, (RAW2),
3

[kg/m™ ],

Tawz = temperature of the feedwater leaving the deaerator,
(rawz2), (°ci, and

Tawzp = derivative of Tawz with rgspect to the pressure in
the deaerator, (TAW2P), [ C/Pa].

Cutput

hawz = enthalpy of the feedwater leaving the deaerator, (HAW2),
[kJ/kg].

Parameters

Cam2 = specific heat of the metal of the deaerator, (CaM2),
[kd/ (kg “C) 1,

haw3 = enthalpy of the feedwater in the storage tank, (HAW3),
(kd/kgl;

Wyng = Mass of the metal of the deaerator, (MAM2), [kg], and

Vaw2 = volume of the feedwater in the deaerator,'(VAWZ), {m3].

Basic Physical Equations

The energy balance of the deaerator becomes:

d
HE(VEWZpaWZhaWZ + mamZCam2Tam2}

= 0'3w158h158 *+ wfwlhfWB + wawlhawl * wfc4hfc4 - wfwshawz
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Assumption (A21.,3) gives:

d s .
gt Tamz) = g a2

The energy balance now becomes:

d
(Vawzpawzhawzp + mamzcam2Taw2p)E¥(paw2)

h

fwl fw3 + Wawlhawl + ch4 fc4 washaWZ

| = 0‘3w158hiss + v h

Algebraic Equations

The equations of the deaerator are coded on  lines 97-98, 126~
-127, 153-154, 186~187, and 204-212 of subroutine COND, Appen-
dix A47-A49. The mass flow rate of the feedwater needed for le-
vel control in the deaerator is given by:

Yawl T Yews T Yyl T Wgeq T 043w, g

The enthalpy of the feedwater needed for level control in the
deaerator depends on the direction of the flow:

haw2 if Wawl s 0

awl

h if w

awi3 >0

awl

Thermodynamic Equations

The enthalpy of the feedwater leaving the deaerator is given
by:

i = HWP (p

awz asz)
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The derivative of hawz with respect to the pressure of the
steam in the deaerator is given by:

= HWPP (p

hapr asz)

The density of the feedwater leaving deaerator is given by:

p = RWP (p )

awl as2

The temperature of the feedwater leaving the deaerator is
given by:

T = TLP (p

aw?z asz)

The derivative of Towz2 with respect to the pressure of the
steam in the deaerator is given by:

Taw2p = TLPP(pasZ)

Differential Equation

The derivative of the pressure of the steam in the deaerator
with respect to time is given by:

4 .- -
&E(pasz) = (0.3w h + W h +

1588 "is§ fwl fw3 * Wawlhawl

F¥ecabecs T Veusaw2) /Tasn

where

(v

t awzpaw2haw2p * MomzCameTawzp

as2
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22. THE HIGH-PRESSURE FEEDWATER PREHEATER

The high-pressure preheater consists of four heat-exchangers
(stages). The feedwater pump sucks water from the deaerator
and pumps it through the fourth, fifth, sixth and seventh
stages of the feedwater preheater. The steam extracted after
the third section of the intermediate-pressure turbine is fed
to the fourth stage. The condensate leaving the fifth stage
also contributes to the heat flow of the fourth stage. The
fifth stage is heated by steam extracted after the second sec-
tion of the intermediate-pressure turbine and by condensate
from the sixth stage. Steam extracted after the first section
of the intermediate-pressure turbine is used to rise the tem-
perature of the feedwater in the sixth stage. The condensate
leaving the seventh stage does also contribute to the heat flow
in the sixth stage. The seventh stage is heated by steam ex-
tracted after the high-pressure turbine.

Properties

With the motivation given in Section 20 it was decided to mo-
del each stage of the high-pressure feedwater preheater with
a single lumped system with the saturation pressure of the
steam as state variable,

Assumptions

The individual stages of the high-pressure feedwater preheater
can be treated as single lumped systems with the saturation
pressure of the steam as state variables (A22,1).

The difference between the enthalpy of the condensate and the
enthalpy of the feedwater is constant (A22.2}.

The difference between the temperature of the metal and the tem-
perature of the condensate is constant (A22.3).
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The enthalpy of the condensate, which enters a stage of the
high~pressure preheater, is equal to the enthalpy of saturated
water at the pressure of the steam in the corresponding stage
of the low-pressure preheater {(A22.4).

The difference between the saturation pressure of the steam in
the deaerator and the saturation pressure of the condensate lea~
ving the fourth stage of the feedwater preheater is constant
(A22.5}.

Comments

Assumptions (A22.1 to A22.5) are similar to assumptions ({A20.1
to A20.5) and the same comments are applicable.

inputs

hawz = enthalpy of the feedwater leaving the deaerator, (HAW2),
[kI/kg1, '

hhsz = enthalpy of the steam leaving the high-pressure turbine,

(HES2) , [kJ/kgl,

hisZ = enthalpy of the steam leaving the first section of the
intermediate-pressure turbine, (HIS2), [kJ/kgl,

his4 = enthalpy of the steam leaving the second section of the
intermediate-pressure turbine, (HIS4), [kJ/kgl,

his6 = enthalpy of the steam leaving the third section of the
intermediate-pressure turbine, (HIS6), [kJ/kgl,

Paga = saturation pressure of the steam in the deaerator, (PASZ),

[Pal,




Prue

Peyg

Yews

hs2

It

wisZ

isd

Yis6

States

Peag

pfss

Pese

Pgg7
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pressure of the feedwater leaving the feedwater pump,
(PFW6) , [Pal] r

pressure of the steam leaving the high-pressure feed-
water preheater, (PFW8), [Pa],

mass flow rate of feedwater leaving the feedwater pump,
(WFW5) , [kg/s],

mass flow rate of extraction steam leaving the high-
pressure turbine, (WHS2), [kg/s],

mass flow rate of extraction steam leaving the first
sectlon of the intermediate-pressure turbine, (WIS2),
[kg/s1,

mass flow rate of ‘extraction steam leaving the second
section of the intermediate-pressure turbine, (WIS4),
{kg/s1, and |

mass flow rate of extraction steam leaving the third
section of the intermediate~pressure turbine, (WISSs),
[kg/s].

= saturation pressure of the steam in the fourth stage

of the feedwater preheater, (PFs4), [Pal,

= saturation pressure of the steam in the fifth stage of

the feedwater preheater, (PFS85), (ral,

= saturation pressure of the steam in the sixth stage of

the feedwater preheater, (PFS6), [Pa], and

= saturation pressure of the steam in the seventh stage

of the feedwater preheater, (PFs7), [Pal.
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Variables

hﬂ,4 = saturation enthalpy of water corresponding to the steam
pressure in the fourth stage of the feedwater preheater,
(HFL4) , [kJ/kg],

hfﬂS = gaturation enthalpy of water corresponding to the steam
pressure in the fifth stage of the feedwater preheater,
(HFL5) , [kJ/kgl;

=
it

£26 saturation enthalpy of water corresponding to the steam
pressure in the sixth stage of the feedwater preheater,
(HFL6) , [kJ/kgl,

hf£7 = gaturation enthalpy of water corresponding to the steam
pressure in the seventh stage of the feedwater preheater,
(HFL7), [kJ/kgl,

hfﬂép = derivative of hf£4 with respect to pressure, (HFL4P),
[ (kd/kg) /Pal,

hf£5p = derivative of hf£5 with respect to pressure, (HFL5P},
[ (kd/kg) /Pal,

hf£6p = derivative oﬁ hf£6 with respect to pressure, (HFLG6P},
[ (kI/kg)/Pal,

hf£7p = derivative of hf£7 wlith respect to pressure, (HFL7P),
[ (xJ/kg)/Pal,

hfw4 = enthalpy of the feedwater leaving the fourth stage of
the feedwater preheater, (HFW4), [kJ/kgl,

hwa = enthalpy of the feedwater leaving the fifth stage of
the feedwater preheater, (HFWS), [kI/kgl,

hfw6 = enthalpy of the feedwater leaving the sixth stage of
the feedwater preheater, (HFW6), [kJ/kg],




Peoy

Pepa

PEes

PEp7

P w4

P fws

P fue

P w7

focd

£e4

££5

fie
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saturation pressure corresponding to the enthalpy of
the condensate leaving the fourth stage of the feedwa-
ter preheater, (PFC4}, [Pa]l,

density of the condensate in the fourth stage of the
feedwater preheater, (RFL4), {kg/m3],

density of the condensate in the fifth stage of the
feedwater preheater, {(RFL5}, [kg/m3},

density of the condensate in the seventh stage of the
feedwater preheater, (RFL7}, [kg/m3],

density of the feedwater in the fourth stage of the
feedwater preheater, (RFW4), [kg/mB},

density of the feedwater in the fifth stage of the feed-
water preheater, (RFW5S), [kg/mB],

density of the feedwater in the sixth stage of the feed-
water preheater, (RFW6), {kg/mBI,

density of the feedwater in the seventh stage of the
feedwater preheater, (RFW7), [kg/m3},

saturation temperature corresponding to hfc4' (TFC4}) ,
lo!
[ci,

saturation temperature corresponding to Pega? (TFL4) ,
o
[7Cl1.

saturation temperature corresponding to Psgr (TFL5) ,
o]
[Cl,

saturation temperature corresponding to Pege? (TFL6G) ,
o :
[7C]
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Tf£7 = saturation temperature corresponding to Pegyr {(TFL7) ,

Tfﬁép

Tresp

Treep

Tre7p

wa4

T

fw5

waﬁ

wa?

Yees

Weps

Yere

it

(°c1,

= derivative

[®c/pal,

= derivative

(®c/pal,

= derivative

[®c/pal,

= derivative

[Cc/pal,

of T

of T

of T

of T

f24

££5

£L6

£e7

with

with

with

vwith

respaect to pressure, (TFL4AP),

respect to pressure, (TFL5P),

respect to pressure, {TFLGP},

respect to pressure, (TFL7P),

temperature of the feedwater leaving the fourth stage
of the feedwater preheater, (TFwW4), [OC},

temperature of the feedwater leaving the fifth stage
of the feedwater preheater, (TFW5)}, [OC},

temperature of the feedwater leaving the sixth stage
0of the feedwater preheater, (TFW6), [QC],

temperature of the feedwater leaving the seventh stage
of the feedwater preheater, (TFW7), {OC],

mass flow rate of the condensate entering

stage of the feedwater preheater, (WrL4),

mass flow rate of the condensate entering

stage 0f the feedwater preheater, (WFLS),

mass flow rate of the condensate entering

stage of the feedwater preheater, (WFL6),

the fourth
{kg/S]r

the fifth
[kg/s1, and

the sixth
[kg/s].
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Outputs

hfc4

= enthalpy of the condensate leaving the fourth stage of

1

the feedwater preheater, (HFC4), [kJ/kg],

enthalpy of the feedwater leaving the seventh stage of

fw7

the feedwater preheater, (HFW7), [kd/kg), and

wfc4 = mass flow rate of the condensate- leaving the fourth
stage of the feedwater preheater, (WFC4), [kg/s].

Parameters

Cpng = SPecific heat of the metal of the fourth stage of the
feedwater preheater, (CFM4), [kJ/ (kg OC)],

Cems = specific heat of the metal of the fifth stage of the
feedwater preheater, (CFMS5), [kJ/ (kg OC)],

Ctne = specific heat of the metal of the sixth stage of the
feedwater preheater, {(CFM6), {k3/ (kg OC)],

Crqy = SPecific heat of the metal of the seventh stage of the
feedwater preheater, (CFM7), [kJ/ (kg OC)], '

hf£3 = enthalpy difference between the condensate and the feed-
water in the feedwater preheater, (HFL8S), [kd/kg],

Meog = Mass of the metal of the fourth stage of the feedwater
preheater, (MFM4), [kgl,

Mens = Mass of the metal of the fifth stage of the feedwater

preheater, (MFM5), [kgl,




M eme

Mem7

pas3

fcd

fob

fce

fa7

fwd

fwh

fwo

fwi

mass of the metal of the sixth
preheatex, (MFM6), [kgl,
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stage of the feedwater

mass of the metal of the seventh stage of the feedwater

preheatexr, (MFM7), [kgl,

difference between thé saturati

in the deaerator and the satura

on pressure of the steam

tion pressure of the con-

densate leaving the fourth stage of the feedwater prehea-

ter, (PAS3), [Pa],

volume of the condensate in the
water preheatex, (VFC4), {m3],

volume of the condensate in the
water preheater, (VFC5), [m3],

volume of the condensate in the
water preheater, (VFC6), [msl,

volume of the condensate in the
feedwater preheater, (VFC7), [m

volume of the feedwater in the
water preheater, (VFW4), [m3},

volume of the feedwater in the
water preheater, (VFW5}, [m3},

volume of the feedwater in the
water preheater, (VFW6), [m3},

volume of the feedwater in the
water preheater, (VFW7), [m3].

fourth stage of the feed-
fifth stage of the feed-
sixth stage of the feed-
seventh stage of the
3
1s
fourth stage 0f the feed-
fifth stage of the feed-
sixth stage of the feed-

and

seventh stage of the feed-
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The energy balances of the four stages of the high-pressure
preheater become: '

a
Tt VecaP paPrrs

h

= Wis6M4s6

36 VecsP ashees + MemsCensTems * Yf#S?fwshfws’

= WigaPisa ¥ YegsPers * YeusPewd T YewsPews
35 VeoePre6Pees * ™eme®smeTems * V6P D)

= WigoPign * YepePree * Yewstews T YewslEwe
5%‘Vfc70fg7hfz7 * P77 7 T Vfw7pfw75fw7’

= WheaMhea * Yeushewe ~ Yewslew? T Yegelers
Assumption-(Azz.Z) gives
hfw; = Bgea T Pggs
hews = Brgs = Pegg
hewe = Pres ~ Pegs
hewr = Bepr ~ Begs

+ mfm4cfm4Tfm4

Wepallpoa + Yeyshaw2

t Vewd? fwalewd)

h

T WewsMiwd

B wfc4

hfc4

~ Wepsbeeg

= Wepshegs
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Assumption (A22.3) glives:

a - a
3t Tema) = ge{Teed)

a
3t Tgns?

d

a _a
Tt Teme! = gt {Teps)

dop ) on L

T Tem?) = g Tegy)
Assumption (A22.5) gives:
Peaqa = Pag2 + Pas3

The energy balances of the four stages of the high-pressure
feedwater preheater now become: |

N + d
VecaPspaPepap ¥ Pema®emaTerap * VewaP rwalepap) 3t Pesa)

= YWiseMise T Vepalepa T Vews MewiPawa) T YecaPeca

(v

H

' _ d
£c5P£250Ee5p * PEmsCensTEesp * VewsP swsPeesp) dE (Pres’

h + w

= Wigaligag £250 805 = Weys Meue e g) = Wepphe,y

4
(VeceP o6t eeep + MemeCemeTee6p * VewsP fwele6p) F (Pese)

h

= Wis2Pia2 Y YepePrpe T Yiws Prue Prws) T Vepsheps

a
Veer?£070e07p * Men7em7 2070 * Vew7? sw7lee7p) 3E Prs?)

= Yhs2"hs2 T Vews MrerPeve) T VeeePege
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Algebraic Equations

The eguations of the high-pressure feedwater preheater are
coded on lines 87, 99-104, 111~115, 128-132, 139%-143, 155-
-160, 168-179, and 213-226 in subroutine COND, Appendix Ad7-
“A49 »

The saturation pressure of the condensate leaving the fourth
stage is given by:

Pgag = pas2 + Pas3

The enthalpies of the feedwater leaving the four stages are

given by:

hegs = Brea = Prpg
Bews = Nggs = Degs
Rews = Pree T Pree
h

g7 = Pgp7 " Pggg

The mass flow rate of condensate leaving the fourth stage is
given by:

Weod T Vepa t VYigg

The mass flow rates of condensate entering the high-presgsure
stages are given by: '

Wepd T Yeps T VWigy

Weps = Wepe T Wiao

w =y
£26 ha2
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Thermodynamic Eguations

The enthalpy of the condensate leaving the fourth stage is gi-
ven by:

hfc4 = HWP(pfc4)
The enthalpy of the condensate in the four stages are given by:

hepq = HWP(peoy)

heps = HWP (pegi)

hepe = HWP (pgge)

hepy = HWP (pegy)

The derivatives of the enthalpies of the condensate with respect
to the pressures of the steam in the four ‘'stages are given by:

hepgp = HWEP (D )
Begsp = HWPP (pgy )
Deegp = HWPP‘pfsg)
hfﬂ?p = HWPP(pfs?’

The densities of the condensate in the four stages are given by:

Prpqg = RWP(Pgoy)

Pres = RAP (P c)
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Pees = RWP (P c)

Prpy = RWP(Pgoy)

The densities of the feedwater leaving the four stages are gi-

ven by:

Prwq = RHP(he P ryg)
Prys = RHP (g5 Peye)
Prwe = RHP(heycrPeg)
Pry7 = REP(h g 7/Peyg)

The temperature of the condensate leaving the fourth stage is
given by:

Teeq = TLP(Pg ,)

The temperatures of the condensate in the four stages are gi-
ven by:

Tepa = TLP(pegy)

Teps = TLP (Pggs)

Ters

T

The derivatives of the temperatures of the condensate with re-—
spect to the pressures of the steam in the four stages are gi-

£217

f

TLP (Pego)

i

TLP(pfs?’




ven by:
Tffép
Tﬂ%p=

Tetep

Teerp

The temperatures of the feedwater leaving the four stages are

= TLPP(pfS4)

TLPP (pc )

= TLPP (pg ()

= TLPP (pg )

given by:

Tewa = THP (ReprPee)
Tews = THP(he 5/peye)
Tewe = THP (hgy6rPpyg)
wa? = THP(hfw?’hWS)

Differential Eguations

The:derivatives of the pressures of the steam in the four sta-

ges are

a
It Prgy)

given by:

M3s6Pia6 ¥ YepaPrpa = Veus Mega=hans)

" Weaalrog) /Tegy

162,
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a _ } .
TEPess) = (Wigahygy + Wepsheps = Weps (hpo-he )
" WepaPeea) /Tegs

h

5 .
Tt Pesg) = WigoNian * Wepehppe Wews Mppeheo o)

= WepsBeps)/Tege
S Peay) = ("he2Phsz = ¥eus Meyrhege) -
~ Yepaheee) /Tegy
where
“fs4 T VeoaPreaPeoap * MemgCemaTroap * Vewa® swalepap)
“£s5 = VeesPresPeesp ¥ MensCrnsTeesp * Viws® susheesp)

(v

frs6 ~ VecePrecrrep ¥ MemeemeTezep * VewsP fwsleeep)

“ts7 T Vi1 £070507p * OenyCemrTee7p * Vew7? ewrMee7p)
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23, THE THERMODYNAMIC EQUATIONS

The thermodynamic state of water in liquid, boiling and vapor
phase can be characterized by e.q. enthalpy, entropy, pressure,
density, or temperature. If two of these variables are known

it is usually possible to compute the other variables. Pressure’
and temperature are possible to measure and they define the
state except if the water is boiling. The knowledge of enthal-
Py or density makes it possible to determine the state comp-
letely. In the early stages of the modelling process it was de-
cided to base the thermodynamic state on enthalpy and pressure.
From these two variables it is always possible to compute the
other variables. It was also decided to develope routines for
the computation of density and temperature of water in liquid,
boiling, and vapor phase. It was also decided to develope rou-
tines for the computation of enthalpy, density, and temperature
of saturated steam and water. All routines are based on Schmidt

f61.

Density of Water in Liquid, Boiling, and Vapor Phase.

The density and its derivatives are nonlinear functions of the
enthalpy and the pressure:

p = RHP(h,p)

[%ﬁ = RHPH(h,p), and
/p=const

3p | -

("a‘" = RHPP (h;P)
-pih=const

The functions RHP, RHPH, and RHPP are defined by the subroutine
RHP, Appendix CLl-C6. The subroutine is called by:

CALL RHP{H,P,R,RH,RP)
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where

H = enthalpy, [kJ/kg],

P = pressure, ([Pa],

R = density, [kg/m>],

RH = derlvative Of the density with respect to enthalpy,

[ (kg/m>)/ (k3/kg) 1, and
RP = derivatlve of the density with respect to pressure,
[ (kg/m>) /Pa].

Temperature of Water in Liquid, Boiling and Vapor Phase

The temperature and its derivatives are nonlinear functions
of the enthalpy and the pressure,

T = THP(h,p},

{%%} = THPH (h,p), and
p=const

f%g] = THPP (h,p)
B h=const

The functions THP, THPH, and THPP are defined by the subroutine,
THP, Appendix C7-Cl2. The subroutine is called by:

CALL THP (H,P,T,TH, TP)

where

H = enthalpy, [kJ/kgl

P = pressure, [Pa],

T = temperature, [°C],

TH = derivative of the temperature with respect to enthalpy,

(© C/(kJ/kg) 1, and
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TP = derivative of the temperature with respect to pressure,
[®c/pal.

Enthalpy of Condensing Steam

The enthalpy and its derivative are nonlinear functions of the
pressure.

h = HSP({p} and

3h

p HSPP (p) SN

The functions HSP and HSPP are defined by the subroutine HSP,
Appendix D1-D2. The subroutine is called by:

CALL HSP(P,H,HP)

where

P = pressure, [Pa},

H = enthalpy, [kd/kgl, and

HP = derlvative of enthalpy with respect to pressure,

[ (kd/kg)/Pal.

The result of the test program, Appendix D13-D16, is given in
Appendlx D19, The maximum absolute error is 9.2 kd/kg and the
maximum relative error is 0.4%,
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Enthalpy of Boiling Water

The enthalpy and its derivative are nonlinear functions of the
pressure

h = HWP (p} and

ah HWPP (p)

ap

The functions HWP and HWPP are defined by the subroutine HWP,
Appendix D3-D4. The subroutine is called by:

CALL HWP (P,H,HP)

where
P = pressure, [Pa},
H = enthalpy, [kd/kgl, and

HP

I

derivative of the enthalpy with respect to pressure,
[(kJ/kg)/Pa). .

The results of the test program, Appendix D13-D16, is given in
Appendix D2, The maximum absolute error is 8.5 kd/kg and the
maximum relative error is 3.3%.

Density of Condensing Steam

The density and its derivative are nonlinear functions of the

pressure

p = RSP{p}, and

9p
L = RSPP
B (p)
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The functions RSP and RSPP are defined by the subroutine RSP,
Appendix D5-D6. The subroutine is called by:

CALL RSP (P,R,RP)

where

P = pressure, [Pal,

R = density, [kg/m3}, and

RP = derivative of the density with respect to the pressure,

[ (kg/m®) /Pa].
The result of the test program, Appendix D13-Dl6, is given in

Appendix D17. The maximum absolute error is 5.7 kg/m3 and the
maximum relative error is 2.7%.

Density of Boiling Water

The density and its derivative are nonlinear functions of the
pressure

p = RWP({p}, and

30 =
35 RWPP (p)

The functions RWP and RWPP are defined by the subroutine RWP,
Appendix D7-D8, The subroutine is called by:

CALL RWP(P,R,RP)

wherxe

vl
i

pressure, [Pal,

R = density, [kg/m3], and

derivative of the density with respect to the pressure,
[ (kg/m>) /Pal.

&
i
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The result of the test program, Appendix D13-D16, is given in
Appendix D18. The maximum absolute error is 7.6 kg/m3 and the

maximum relative erxor is 1.7%.

Temperature of Condensing Steam and of Boiling Water

The temperature and its derivative are nonlinear functions of
the pressure

T = TLP{p), and

Q»

31 - prpp(p)

e

The functions TLP and TLPP are defined by the subroutine TLP,
Appendix D9~D10. The subroutine is called by:

CALL TLP(P,T,TP)

where

g
It

pressure, [Pa],
T = temperature, £°C], and
P

I

derivative of the temperature with respect to the pressure,
o , _
["Cc/Pal. :

The result of the test program, Appendix D13-D1l6, is given in
Appendix D21. The maximum absolute error is 14°%C and the maxi-
mum relative error is 3.3%.
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Organization of the Subroutines

All subroutines are based on interpolation in tables of accu-
rate values of the nonlinear functions. The range of the sub-
routines RHP and THP is 0.01:10° < p < 500-10° [Pal, and 0.0 <
< h < 4000 [kd/kgl. The range of the subroutines HSP, HWP, RSP,
RWP, and TLP is 0.01-10° < p < 221.29 105 [Pal. The value of
3h/%p and ap/ép tends to infinity when p tends to the eritical
point, p = 221.29-105 Pa. Near the critical point these func-
tions are approximated by the inverse of a quadratic function,.

The subroutine SEARCH, Appendix DL1l, is used to find the inter-
val of the independent variable to inﬁerpolate in, The subrou-
tine INT13, Appendix D12, is used to interpolate the function,
using a third order polynomial. The interpolation in the sub-
routines RHP and THP uses a two-dimensional linear approxima-
tion function. Special care has been exercised to ascertain con-
tinuity near the border to the saturated region,
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