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Abstract

This paper presents the possibilities of developing temperature dynamic simulation

models of water heating, steam generation and ssegerheating in boilers of power plants.

There are two basic methods considered for solthegproblem of temperature dynamics.

The first method is built on the lumped parametérs, second on global balances of non-
isothermal system. The description of differengguation creating process is presented in
this paper. The result is the nonlinear dynamiautation model, which is prepared to work in

wide range of operation parameters. Some resuts froth method models are shown, too.
The comparison of model and real system dynamiewehis demonstrated.
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1 Introduction 2 Temperature dynamic model

Modeling is an extensive problem in the energeti(%'1 General equations

plants and it can have many different forms andsaimThe Euler equations for non-isothermal system[H],
The expected aims can be mechanical propertiese used as basis for construction the model. We ca
steady state behavior, training simulator etc. M®deuse these equations in the following form:

focused on the temperature control area (dynamic )
behavior) are important part, too [1], [2]. The pafs 6_p+igiﬂ =
aimed at this area and it is focused on the devebop ot F oz
of the model of the basic once-through boiler

components. The steady state and dynamic behavior a_m+i{p[|:+ﬁ E—Il—} :__13&”1 [mg} @
p F 2 o V

0, (1)

of these components, the ability of their simulatio ot o0z

wide range of use and the possibility to conneet th

control circuit are all considered to be the mdimsa oulp 1 Qm[h_ 19Q

and properties of new developed models. ot +E 0z _F%_z' (3)

Consequently, the possibility to connect several
subsystems together into one simulation model das Where p - density,m — flow rate,p — pressurey —
exist. inner energyh — enthalpyQ — input heatF — cross-

It is possible to imagine the once-through boilsr gSection areay — inner tube dimension — friction
efficient,t — time,z — space coordinate.

one tube, in which there is steam generated frofy
water. Next, the steam is superheated to obtain thée first equation Eq. (1) is mass balance, therstc
effective power energy. equation Eq. (2) is momentum equilibrium and tre la
W%quation Eqg. (3) is energy balance. The complete se

The ‘approach based on the combination of t of equations is defined in combination with theibas
methods was chosen. In order to realize the mam ai q

the dynamic nonlinear simulation model of highequation for enthalpy Eq. (4), which is known from

pressure part steam temperatures in once—throubmermc’dynam'c'
boiler, was chosen. The basis is the description of P
lumped parameters. The concept of lumped u=h-=- (4)

parameters in the case of heating exchangers can be P

simplified into the description of medium inBecause of the dimensions (small diameter and big
dependence of time and one position coordinate. Aéngth of the tube) and the way of heating the medi

the most significant system nonlinearity, the stearnt is possible to consider a simplification of tiwole
properties are directly implemented in final eqoasi.  description into one axis dimension as it is shawn
Steam properties must be continually changing durirequations Eq. (1)-Eq. (3). The model based on the
the simulation process by the actual operatingestajumped parameters in the full space (3D) would be
Therefore, the right implementation of steam taldes much more complicated for the computation and the
used for obtaining data. However, another method ibtained information would be at the expense of the
used for solving the given problem. The latter rodth computation speed. The speed is an important
is based on the global non-isothermal equationthir criterion factor for usability. It is supposed the
medium on the tubes [2], [3]. The heat exchangenput heat power to every part (every heat exchgnge
(tube) is divided into several parts in a row. st iis known in advance. It is almost always true, beea
possible to obtain the transfer function of higheder the heat power can be solved separately as a steady
in a way, which is typical for heat exchangers [4]state problem (constructor team made this
This method became crucial for achieving necessagpmputation). This presumption brings the restitti
and accurate process of modeling of the temperatuge the relative flow motion. We do not solve the
in the steam heat exchangers. problem of heat exchange combustion gas — steam, we

The use of steam tables appears to be very usefuISiOlVe only the problem of orthogonal flow [9].

the simulations. The steam tables (IAPWS [5]) eixist 2.2 Description of medium temperature dynamic
many different forms. For the simulation modeisit in lumped parameters

necessary to choose the right implementation called _
Matlab-Simulink. ~ The tables implemented into-€t US consider the heat exchanger representetidy o
XSteam [6] and FluidProp [7] were discovered a8 it tubes (see Fig. 1). The description is based

optimal for this purpose. The solution is quick andne right_arrangement of Euler equations Eg. (1)-
accurate in every computation step. Eq. (3). First, we solve the process of trgnspgrthe
heat energy from the tube into the medium (steam or

water). Subsequently, we proceed to solve the
temperature dynamic (energy balance) of the tube.



L The enthalpy is known in every time step (as sofuti
2+ 8 8308 8,8 of equation system) and in every cross-section cut.
== 4 ‘ The temperature of the medium can be computed from
N TS —————— g % . steam tables in every cross-section cut, resphén t
' : ‘ ‘ end, becaus@ =T(h, p, 3. Sometime it is useful to

To e P Tre Tout: Mout Pou compute the temperature directly. The relation

Fig. 1 Heat exchanger — tube and heated medium between enthalpy and temperature can be written as
shown in Eq. (8).
Let's supposeQ(t) is the heat input into the medium.

The diameter of the tube is small, therefore the

temperature of the heated medium will be constant Where ¢, is the heat capacity coefficient by the
the whole cross-section. We establish the innerggne constant pressure.

u from Eq. (4) into Eqg. (3) and the final form is.K§)

dh=c,@T (8)

The Eq. (8) is known as a consequence of theléivet
of thermodynamic. This equation can be put into the

d(ph) dp 10(mH) 1 90 Eq. (7). Then the temperature is directly in the

%‘a“‘; (az ) FG%_Z (5)  position of a computed state value (see Eqg. (9))
The equations of mass and energy balance have to be ﬂ m[T+_L[w g+ ﬂ (9)
valid every time. If the time derivative of densftpm dt  4av av AVLip,
Eq. (1) is substituted into Eqg. (3), then a new
presumption is made. This presumption states Heat t L 1 1 1
time derivative of pressure is negligible. The tméNhere W, =diag

p1Ep1 102|]:p2 lon[Cpn
change of enthalpy is in Eq (6).
andT=[T, T, ... T].

oh__m oh, 1 9Q (6)
a Flp 0z F[p 0z T is the temperature vector of medium (steam)

temperatures in cross-section parts.
The Eq. (6) is re-sampled in the axis coordinate fo

9z=Az= /nand solved for the whole tube 2-3 Temperature dynamic of the barrier

(i=1..n). The result is an equation system nof The tube (barrier) is the next important part oé th

equations, the unknown parameter is the enthhlpy whole heat exchanger system. The material and

We suppose the constant flow rate inside the titbe.dimensions of the tube have the dominant impact on

means driydz=0. The equation system is afterthe speed of temperature changes of flow medium

rearrangement in vector form (water/steam), because the tube has the dominant
temperature capacity effect.

dh _ M Hr|:|]|+—|‘mumﬂ'z[-l—d12 (7) The temperature dynamic of barrier can be written i
dt - av av av p the vector form as in Eq. (10).
where dT
_ _ —B=—— |:GQmput output) (10)
_i 0 0 dt M |:t:Fe
e The input heat power is known in advance and it is
1 1 equal to constant in every tube element (closédg li
; _F U 0 a cross section flow). The output heat power depend
r= 2 2 , NV = FAz on temperatures of the medium (steam) and the tube,
0 : o : the heat exchange ared and the heat exchange
. 0 coefficienta according to the Eq. (11).
o . o2 -1 Qe =@ ST =a (ST, -T)  (11)
L Pn Pn
1 1 1 Finally, after establishing the Eq. (11) into E4O),
W= diag(— _= _] andQ :[1 0 . qT_ the temperature dynamic of the barrier has the fofm
P P Jos Eq. (12).
m . dT;
The last part of Eq. (7REM-EY is the boundar — == Q. —a BT -T)) (12)
p q (pA\/ 2 y dt mze[bpe[q put [GF ))

condition of the process. The boundary condition i§4 Temperature model of heat exchanger
a parameter of input medium (steam) that enters int”

heat exchanger. The complete model of the heat exchanger is
constructed from Eq. (12) and Eq. (9). The lasp ste



(Eq. (13)) is to institute the value of input heatver dr., _ 1

from tube into the enthalpy dynamic of medium at ML [qunput_a[S[qTFe_T)) 17)
(steam) Eq. (9). e re
. . dT m _. S

dt _ m S m T, - I [T+a EGT —T)+

— =—O+—W, [T, -T)+QEF— > (13 5 e \Fe

dt v vV c[ﬂ Fe ) AV p, (13) dt MNP V,ch (18)

m T

Moreover, this equation system for the heat exchang +QE’AVBL
is independent of the medium phase and can be used Pin
to compute the evaporator temperature dynamic with 10 ol

water on the inlet and steam on the outlet side. 110 0

2.5 Series of global equations method — patrtially wherer” =| 0

distributed parameters :
The description in the lumped parameters has some -0
disadvantages. The main weakness is the computing [0 . 0 -1 1
intensity. The lumped parameter method is based o
huge number of differential equations and in additi
it is in every solving step necessary to access in
steam tables for steam parameters (density, etc.).

MThe only problem is the accuracy of this solutitin.
was found that for standard heat exchangers in powe
plants, where any change is on the phase of the
medium, the error is very small both in the steady
Let the presumptions be the same like in the cése state, and in the dynamic. Moreover the stead\e stat
lumped parameters system description. The whokgror can be easily compensated by the simple lgok
heat exchanger can be divided into separate phraltable.

tubes (all tube are same with the same behavio as

constructed. Than it is sufficient solving only one3 The steam generation and

tube. Thi_s tube is sectionalized into a numbemof superheating in the once-through boiler
parts with the same length. The sought-after

information is the outlet steam temperature, mord.1 Superheater technology model structure
specifically, the temperature of the last part ofl.
intersected tube. The rearranged global balances

nonisothermical system are possible to be induce,5
from basic Euler equations by the integration o& on

tube in heat exchanger over the full length (see E . :
. uperheating part as shown on the scheme (se@)Fig.
(14) and Eq. (15)). The density and the flow rae aThe same heat exchangers are repeating in other

now considered constant along the whole tube Iengtlﬂiechnological constructions of once-through bcéled

_dh . therefore it is possible to use the same simulation
Vo= M (h-B)*ad - T) (14 models as absolutely universal.

dqT It is possible to separate the steam generation and
Fe — Qdodané_agg:q T TOL) (15) superheating into several parts. The first part is
dt without primary temperature control by some valves

The complete equation system of temperatur%nd is set up from the economizer, the steam gtarera

dynamic of the medium and the tube is based on tﬁ@d first part of superheating. The next part, his t

idea of constant steam parameters in the tubeinig$® Special configurationz is the counter-gurrent heat
the simplification in the solution, because instedd exchanger between high pressure and middle pressure

computing the density (and heat capacity) in eVet,sﬁeam. The_reactiqn of this system is relative$,fa
crosg-sec%ion part, theyd(ensity is comguteo{)onlmm e comparison with other heat exchangers [10]. The

outlet. For example, if the tube is divided into farts last, han(tj_ Ver)llt |_mporta|r_1t, q pz;rt Itsh the stear?
in the lumped parameters, we have to look up fift uperheating. IS _realized by three separate
times into steam tables. However, with the ne uperheaters. Every superheater is likely to cotite

method introduced in this paper it is necessarfjnid f)UtIEt Stea’.“ temperatl_Jre by the control valve @& th
put. The input valve is the spray attemperatat @&n

only two parameters in every computation soIvin£

; - rings the injection water to the inlet side of Bve
Ztripv'vr}—t?gn ?r? r;;ty(f(;d the heat capacity of themste superheater. The steam reheating is separateldart [

e whole technological part of steam superheating
d steam reheating consist of several partial
bsystems, which can be described and modeled
separately. Suppose the technological system heas th

Mee |:‘:Fe

The basic technological parts show the need to
Yo} :1[@10"1 +pom),6p :E[@cpi“ Cpout) (16) construct the water injection model and steam ngixin
2 2 model.
The full equation system for the heat exchangeén is
the form of Eq. (17) and Eq. (18)



Neoomizer —stoamgenarator oo heatenchanger The functional ability of the model in lumped
= parameters is shown on Fig. 3 and Fig. 4. The space
distribution of the density in the evaporator istlire
Fig. 3. The density is shown on several heatingliev
and it is possible to see the rapid change of teirsi
p— small length of tube. The point of changing theggha

(outout) from liquid to vapor (water to steam) is also njcel
shown. The point of the beginning of this changmis
the maximal break on the curves in fig. 3. Thegwll
line (for maximal heating power) does not have this
significant point, because the process of evapmrati
has a high pressure, very close to critical pressur

Superheater 2 Superheater 3

to turbine

vai
Water %

Fig. 2: Feasible architecture of the high prespane
of the once-through boiler —

3.2 Modeling method

——a%
—a%
100 %

The simulation input to every heat exchanger is the ..
steam (water) with three significant parameterg th
temperature, the pressure and the flow rate. Thie la
important input is the input heating power. Thewer f .
parameters together create the heating level and a =
parameters are defined on several heating levels (i
the range 50 — 100%). ——
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The models of separate parts of boiler are budinfr ) e
equations in the lumped parameters or as a sefiesfdd- 3: The density space distribution in the evapar
global method. The steady state and dynamic behavio model

of separate component and the full high pressure pi
were discovered in several experiments. Th
simulations were made in open and closed loop. Tt -«
closed loop was working with standard controller =
which was implemented on the real system.

.
agn at

4  Simulation results

Temperature [°C]

4.1 Steam generator (evaporator)

The main problem with the evaporator dynamic mods
construction can be the fact, that there is thespha S—
c_har_lge from liquid to vapor in this e>_<changer. _TheFig. 4: The temperature fields in evaporator mdnjel
significant changes of flowed medium physical the heating level change

properties (density, enthalpy, heat capacity) are
connected together by this change. On the othed,harThe temperature field in evaporator is in Fig. 4isT
the temperature change is small, in some area therdigure presents the temperature changes in spate an
no change at all. It is clear, that the use of globtime in the situation of changing the heating level
balance equations is problematic and the results cfrom 90 to 100 % with the standard tendency 10 % pe
have a big error, mainly in the dynamic response§.min. Furthermore, it is possible to find the
The better possibility is to describe the heat axgjer characteristic area of evaporating, which s
in the lumped parameters. This description shcedd | represented by the place with any changes of
to the best steady states and dynamic responghbisof temperature.

heat_ ex_changer. The other advantage IS the p0135|b|l4_2 Water spray attemperator, steam/steam

of viewing the evaporating area. The disadvantage rl{lixing

in the computing demands, because it is neceseary

find some important physical parameters in everyhe control process of changing water into steam
computation step. If we have only one (or two) hednjection through the spray attemperator is thenpry
exchangers constructed this way in the whole systeipart of control circuits of all steam generatingmveo
there is no problem with the solving speed. plants. It is possible to say, that the temperature
dynamic behind the spray attemperator is much rfaste
than the temperature dynamic of whole heat
exchanger (the outlet steam temperature). The
temperature sensors dynamic, the dynamic of valve

Time [s]

The final model is realized by the equations EQ®) (1
and Eq. (12).



servo and, of course the temperature dynamic of tleee connected together with changes in the deasity

mixing pit have the significant impacts on the stea heat capacity. It could be considered to use lumped

temperature behind the valve. parameters model, but it is much better to findeoth

N way. The partially distributed model equations are

e T i raciegsed (Eq(1f) and Ea. (7) i the case o

equations of global balances was elected Thgupc_arheaters. The d_ensny is considered as a nfgan o]
' e inlet steam density and the outlet steam derisit

solution has many advantages. Malnly_ _the_ OUtp.L\JNas proved that the error is small and thereforie it
temperature of steam after water injection

| . . L .
absolutely correct in the steady state. The nez;,[ossmle to use this description. The most impartan

o L " proof is shown in Fig. 6, where there is the
positive thing is the possibility of absolutely dre verification of the model with data from real
dynamic. The model is prepared to import the

dynamic of the real spray attemperator, if it eis Mmeasurement. There the response to the step change

o o . on the injection valve position on output superbe#

the dynamic is unknown, it is possible to use som h £ th del i d h

approximation, for example, the first order syste gnown. The response of the model is compared to the
PP ' ' rrE'esponse of the real system. Both responses arky nea

with time dela_y, and estimate the real propertiegf the same. The dynamic on the inlet side (before the
the construction parameters. The temperature of tge

e : Uperheater) is the same in model and in the real
outlet of the injection process (inlet of heat exater) o .
can be described by the Eq. (19). application. Moreover, the model is prepared to add

some other dynamic, such as the dynamic of sensors,
1 etc.

hy = (M, h, + nm)ﬁ 19)

Tout (1) = Tou (& Mo Pous)
where the indexout is for the outlet side (after

mixing), w are the properties of injection water asd
are the properties of steam.

T
I

§ 8l

ATemperature [°C]

Another important advantage is that the same eguati
can be used for steam/steam mixing and simpl
water/steam mixing, too. This implies to the final = 1
spray attemperator solution. Every valve system i

constructed as water/steam mixing with separat / i . H i}
dynamic (see Fig. 5). T
Fig. 6: The comparison of the model and real data
> g p
- The Fig. 7 shows the simulation model of one heat

Kz

E
“heam w7

@ , exchanger (superheater) as is realized in Simulink.

ot
Mixing

&
ition (0-1)
(>

Fig. 5: The model of steam attemperator

The valve realized in the model has implemented th
adjustment time 30 sec and linear steady stat
character.

4.3 Superheaters

The controlled superheater is mostly separated into
some subsystems such as [spray attemperator, hea
exchanger] or [three-way bypass valve, heat
exchanger, mixing].

tFig. 7: The Simulink simulation model of output
superheater

5 Conclusion
Let us solve, for example, the output heat exchange

This is the last heat exchanger in the high pressuf he method of building temperature models of boiler
part. The steam produces a considerable amount @mponents (heat exchangers) was prepared, verified
heat in this heat exchanger and the temperatup@d tested. The presented algorithm and the steictu
markedly grows from the inlet (before the sprayf the model are prepared to include some other
attemperator) value of 485 °C to final controlletiet dynamics (the changing of technological parameters

temperature 575 °C. This high temperature chang#ough the life cycle, the sensor dynamics, efthe
most significant presumption on the known heat flux



into heat exchanger can be replaced by the dynamic
model of combustion gases. Probably will be possibl
to close the circuit of water/steam (the turbinee t
condenser, the HRSG, etc.).

Some significant results from simulation and
verification are presented. The model is actualigcu
for testing the control system and the developnoént
new possibilities in control.
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