www.czasopisma.pan.pl P N www.journals.pan.pl
N
S~

10.2478/v10170-010-0023-6

Archives of Control Sciences
Volume20(LV1), 2010
No.4, pages 381-416

Hierarchical mathematical models of complex plants
on the basis of power boiler example

WLODZIMIERZ STANISLAWSKI and MAREK RYDEL

The methodology of hierarchical linearized mathematicatleis construction of complex
plants to control purposes is presented in the paper. Thantkee methodology, the one high
order model (flat, one level model), is replaced by a coliectf models, which are placed at
different hierarchy levels. The models represent dynamicgsses typical for each hierarchy
level, and omit fast dynamic processes significant at loesels. The higher is hierarchy level,
the slower dynamic processes is described by the model andwter is order of the models.
Multi-level model structure gives possibility of dynamicoperties analysis by application of
aggregation procedure. One of the principal aggregatioogature is reduction of models at
individual levels of hierarchical structure. Such apptoanables creating a reduced hierarchi-
cal model including a collection of models at every level mfrarchy, characterized by various
adequacy scopes and accuracy of the plant features apgioimThe paper presents method-
ology of hierarchical complex plants models creation onetk@mple of evaporator of the BP—
1150 boiler. Each of the subsystem at individual level of eidderarchy is a multi-input and
multi-output causal systems.

Key words: once-through steam boiler, reduced hierarchical modeipbex model reduc-
tion

1. Introduction

Very intensive increase of calculation capacity of commitgobserved in last years
as well as a development of software for complex plants nirogl@ind simulation, which
results in a fast growth of mathematical models comple®gyticularly significant for
the models complexity is development of programmes for ringlef distributed pa-
rameter systems by means of the finite elements method. Saghapmes automati-
cally generate thousands of finite elements, and obtainédemmatical models include
thousands of state variables. This high complexity of matktecal model involves long
computer simulation times, significant demand for processsalculation capacity and
numerical problems which appear especially with highlffretss models.

To simplify building models of the complex plants it is nes&y to apply a multi
level (hierarchical) structure of the model and its decositpm into a series of subsys-
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tems which are simpler to be modeled. The key issue of suclehtodstruction is the
fact, that only the lowest (zero) level subsystems are destiby a set of differential
and algebraic equations. At all higher levels the modelidet subsystems of directly
lower level with topology of connections between them.

Simulation programmes (e.g. MLAB/Simulink make the technology of hierarchi-
cal models construction possible, by simple linking of edssibsystems. It should be
noted however, that hierarchical construction of modelsaltulation environment is
related solely with the functionality of a graphic editoefting and masking operations
of subsystems models). In the computer memory, the modadiedsas a system of al-
gebraic and ordinary differential equations. Such modeéry complex and difficult to
be analyzed due to its high order, therefore it is imposdibléraw a conclusion about
dynamic properties of such system.

Multilevel model structure with models decomposition odivtidual level of hierar-
chical structure gives a possibility of the plant dynamioparties analysis by means of
aggregation procedure. Aggregation is opposed to the daesition. One of the prin-
cipal aggregation procedure is reduction of models at idda level of hierarchical
structure. This approach enables creating a reduced tiécal model which includes
a collection of models at every level of hierarchy, chandaztel by various adequacy
scopes and accuracy of the plant properties approximazioh [

During reduction, the primary model is approximated by adoarder model, which
assures the required approximation accuracy. The redugpieration allows for elimi-
nating complex phenomena and dynamic processes which asigndicant at a given
hierarchical level. Therefore reduced model omits part liéromena which appears
in the actual plant. It is characterized with a limited adexyuscope. In linear case it
is determined by a range of frequencies in which the modetajpates the plant's
properties with determined accuracy. For instance zeiquéecy is the lowest one of
the adequacy scope for the control plants models, whichtpdine accordance of the
reduced models with primary models in steady state.

Reduced mathematical models, adequate in a limited freguamge are also nece-
ssary due to:

e shortening of the computer simulation time,
e facilitating application of the models in a real time cohsgstems,

e application for design of control systems.

2. Concept of hierarchical model construction

Plant model decomposition into a series of simple subsystisnwidely applied
method of complex plants and control systems modeling. Hoeemhposition procedure
is carried out as long as determining of the lowest (zerogllsubsystems models is
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possible and feasible. Graph in Fig. 1 illustrates the cemplant model decomposition
diagram [ refers to absolute number of model levels, whetaaders to relative one).

/o 1+1
li L=3
-1 L=2
-2 L=1
-3 L=0

Figure 1. Complex plant subsystems model structure

As a rule, the procedure of decomposition is hot complex.u&ition programmes
(e.g. MaTLAB/Simulink make the technology of hierarchical models constructiogsp
ble, by simple linking of causal subsystems. Only the zerellgsubsystems are described
by a set of differential and algebraic equations. At all leiglevels the model includes
subsystems from the lower level with a given structure ofhemtions. On this basis the
model onl-th level may be presented as a set of subsystems modelsebf tel, with
the following topology of connections between the subsyste

S=(3.1,R); for i=12....n4 1)

where:n;_; - number of subsystems dr 1-th level of hierarchyR - set of connections
between subsystems, at leVel

Individual subsystems at level—1 are causal systems, with input vector
U = [u]’_ll,u:fl,...,u:[“l} , output vectol] | = [w_ll, |7_21,...,y’|’_p1] and state vector
X = [x:;ll,><:7_21,...,><:[‘1]. Every subsystem is described by a transition and output

operators oH] ;,Gl
X_1=H_1(U_y)
YV1=G; (Ull—lvxll—l) :

Connections of individual subsystems at leahay be described by means of various
methods, especially with:

)

¢ block diagram (graphic method of model structure reprediemt at level),

e ZEero-one connections matrix.
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Model decomposition at a given hierarchy level can be cduoigt in any way, conside-
ring a series of criteria:

e technological structure of the plant (division into indiual technological de-
vices),

e status of a working media (e.g. steam, water, two-phaseumedic.),
e physical, chemical and other phenomena within the plant.

It may be stated in general, that the model creator detesmmnaividual subsystems and
defines the assumed borders between them.

The basic feature of a hierarchical model is the fact, thentlodel includes a whole
series of models at individual levels of the hierarchy. AdmnMevel we meet aggregated
models obtained on the basis of subsystem models of the lew&r As a result of ag-
gregation, the model of a given level includes individuddststems models properties,
and takes into account the connections between the subssespecially the feed-
backs. Moreover, the aggregated model at a given level oty includes only the
dynamic processes which are significant at this level, anitlsdime dynamic processes
which are significant at the lower hierarchy levels (thesewmsually faster processes).
For instance the mathematical model of a steam boiler dogsk® into account sound
phenomena (pressure changes displacement) in the evapdtdies.

The subsystems models have got a precisely determined adegqaope at indivi-
dual hierarchy levels, which for the linearized models ireba by the limit frequency
Wmax The scope of adequacy of the subsystem model at a givendfigrievel results
from the scopes of lower level subsystems adequacy andreaqents (e.g. related to
the control systems design).

3. Models aggregation

Aggregation may be understood as a conclusion about thelpiageerties at a given
hierarchy level, on the basis of subsystems models of thel Bivectly below it and
the topology of connections between them [25, 28]. Modelkigher hierarchy levels
subsystems are aggregated and represent significant fiesgfer a given level. Model
aggregation can be carried out in two ways, by applicatiothefreduction procedure
or by model abstraction at individual hierarchy levels.ngsthe first and the second
procedure at a given hierarchy level, the model of simplifigdicture is obtained if
compared with the model obtained by connection of lowerllsubsystem models [31].

As a result of reduction, in the reduced model, the set oftimamiables remains
unchanged if compared with the primary model. However, taeoordinates change,
so that the reduced model outputs reflect the outputs of theapy model with assumed
accuracy (Figure 2) [1].
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As a result of abstraction, the lower order model is congddicwhich is charac-
terized by other inputs, outputs and state vector [22]. Timpgse of abstraction is to
determine transformation of the state vectamto vectorg = Px, so that the new model
(called abstraction) has got given properties if and ontiéf primary model is charac-
terized by determined properties. It is referred to propagarom macro model (ab-
straction) to micro model (primary model) [22] (Fig. 2).

u(t t v(t z(t
®) Reduced yil(t) ®) Abstract (t)
model model
reduction ‘ abstraction
u(t) Primary y(t) u(t) Primary y(t)
model model

Figure 2. Idea of model reduction and abstraction

The task of linear model reduction can be presented as fellagcording to
the stable (or unstable) model of order(3), a reduced model of orddc should
be determined (4), wherke< n, such that the determined approximation error norm
Ily(t) —yr (t)|| reaches the minimum value. The respective models can bessqu as
follows:

X(t) = Ax(t) +Bu(t) 3
y(t) = Cx(t) +Duf(t) “
% (t) = Arx (t) +Bru(t) 4)

Yr (t) = Crx(t) + Dru(t)

where: Ae R™" A, e Rk BeR™P, B, e RK*P, CER™" C, e R™K DeRM™<P,
D, e R™P,

The reduced model state vecteris related with the primary model state veckdoy
transformationx, = T x. There are many algorithms that can be applied to deterrhie t
matrix T [1, 2, 3, 10, 12, 17, 18, 20, 21, 23, 27, 33, 34, 35].

Number of methods enable complex model reduction. For nsotiahtaining less
than 10 of the state variables, the highest approximation accufatych assures a
reduced model stability) is provided by group of methodsHdamn Singular Value De-
composition (SVD) [1, 2, 13].

Contrary to the reduction, abstraction does not approxdrtiet properties of primary
(complex) model by its lower order approximation. Its puspas to determine a new
model of primary model properties. To determine the colabdity of complex model,
conditions have been determined under which controltsibilf the abstract model im-
plies controllability of the primary model [22].
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4. Hierarchical model of the BP-1150 boiler evaporator

4.1. Steam boiler BP—1150

BB-1150 and BP-1150 boilers included in the power units 6f8&V are monotube
boilers based on the SULZER structure. Water separatidreaiutlet of the evaporator
takes place in the vertical separator. In case of 30-85%gekathe unit works at a sliding
pressure, whereas for higher charges, it works at a conptassure. The BB-1150
and BP-1150 are one-way boilers, about 100 [m] high. The B®S-boiler evaporator
contains evaporating tubes of a vertical membrane type wbimstitute the furnace
walls, separator, mixer, filter, circulation pump and thareecting tubes (Fig. 3).

4.2. Structure of the hierarchical model of the BP—1150 bodr evaporator

General diagram of BP—1150 boiler showing hierarchical ehettucture, with par-
ticular focus on the evaporator model is presented in Fi@84 29]. At 3-rd level, the
evaporator model is connected with the models of other bdéeices. Operator descrip-
tion of the unit named ‘evaporator’ is as follows:

The evaporator model includes models of the following satesys: evaporating
tubes, separator, mixer, filter, circulation pump, steatangperators supply node, and
connecting tubes. Individual evaporator subsystems’ fsoa@y be described by in-
dicating input vector:U;, output vectors.YZi and by determining operators describing
individual subsystems,:

Evaporating tubes:
lhsepMsepPu] = evaporator.evaporatingjbes([MW O hw PsedT>
Separator:
[PsepHsed ' = evaporator.separatémein MsephsepMst]T)
Mixer:
[Mmin hmix]T: evaporator.mixe([MCIO Msw hew PsedT)
Filter: ©
hf= evaporator.filte([MCp hfm]T)
Circulation pump:
Mcp= evaporator.pumé[PsepPW HsepMmin]T)
Steam attemperators supply node:
My= evaporator.attemperatormde([MCp Msa]T)
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Connecting tubes:
htin = evaporator.connectintubes (hmix)
hw = evaporator.connectintubes (hy).

Psep
z[m] Msep
‘r I . hsep
Hsep
Separator
...................... Mo
hmin
Superheater
Pulverized-coal/
air mixture
T é:
25 20 15 10 5 r—f —
q [kW/m]
Mw h 4 _ to the steam
Circulation ¥ attemporators
MSB
pumps
Filter
Mcp
Mixer <
Mrw

Figure 3. Simplified diagram of the BP—1150 boiler evaparato
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BOILER LEVEL 4

Fuel preparing| | Furnase |
system  [V| chamber [V

Evaporator @

superheaters

FUTETRY @ Reheaters @ Economizer @ Air heaters (=) e

V| fumes fans

Coal transportes

Mills fans

Coal mills

Mixer and filter

Superheater P 1A‘

Reheater M1 ‘

Separator ‘ Superheater P 1 B‘

Circulation
pump

Superheater PZ‘

Reheater M2

LEVEL 2
Combustion Superheater PS‘
Burners Chamber
Ul Superheater
% -
Two-phase Two-phase Two-ph:
One-phase [ P I IFI) || Two I?I ase VL 1
zone — f—
zone zone Zone
s_op_1 s_tol s_toul 7;—‘}'1
1 A s-tpi2 s_tpi2 s_tpu2
LEVEL 0
s_op_N1 s_tpiIN2 s_tpuN3 s_tpuN4

Figure 4. Hierarchical structure of the BP—1150 boiler niode

Connections of subsystems models of BP—1150 boiler evaponzodel are pre-
sented in form of a block diagram, in Figure 5.

The following BP—1150 boiler evaporator model subsystesaparator mixer, fil-
ter, circulation pump connecting tubedo not include lower level subsystems. Tda-
porating tubesmnodel includes four following subsysten@ne-phase zondwo-phase
zone | two-phase zone |andtwo-phase zone lifthese are the first level subsystems):

e one-phase zorextends from the inlet of the evaporating tubes to the segtitere

volume boiling of water begins (water enthalpy reachesevbl(P)) - section of
Z, coordinate,

¢ two-phase zonewith high heat charge and intensive steam generation, @ixign
from theZ, coordinate section to the place where the evaporating tagesovered
by the wall superheater (level 36.5 m),

¢ two-phase zone With zero heat charge, due to the cover by the wall superheate

e two-phase zone IlWwith insignificant heat charge and smaller flow velocity (eva
porating tubes of larger diameter).
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The border section between one-phase and two-phase zongethehangeablg,
location and moves with); velocity. The structure of evaporating tubes model of BP—
1150 boiler evaporator in form of block diagram, is presérnteFigure 6.

Mep
q g .
" m i ‘ Steam
2 = = : attemperators
¢ supply node
Mo, : Supply
A
Mcp Mw Mmin
i L\ Heep
M. M q M. »>
— v EVAPORA- | |, T
sep SEPARA-
e, he MIXER | hy oo TING . A .,
w sep
> [ F e TUBES | eyl e
Psep hiin Psep Mg
- ijp‘
Py
M, |CIRCULA-
“« TION |y,
PUMP
Muin
Mgy
Figure 5. BP—1150 boiler evaporator model structure;(CH - connecting pipelines, F - filter)
Z
My (V] h hiy
PN1 hsep
he ] —
~ N1 - | - |
q ONE-PHASE |+ TWO FIvHASE M, TWO IITHASE M TWO IP“HASE
ZONE l
Ot ZONE ZONE ZONE Maop
W2, W2y — >
hw Vi
Sy
ON1+1
] Pt Py P
Psep
> P,

Figure 6. Evaporating tubes model structure of BP—115@beitaporator
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Description of individual subsystem models of the evapogatubes is as follows:

One-phase zone:
[Z1 U Py hya M ©Ona Vi PW]T: evaporator.evaporatintyibes.
-One‘phasé[Mw "~ hwOn1+1 PN1+1]T)
Two-phase zone I
[hi M;y W2, On141 PN1+1]T: evaporator.evaporatintybes.
.two-phase ([qN Z, U, Pyt hvi M ©Ona Vi P ]T)
Two-phase zone II;
[hi My W2y P”]T: evaporator.evaporatintybes.
.two-phase I([q” by My W2y, Plu]T)

()

Two-phase zone llI:
[hsepMsepPii ]T: evaporator.evaporatintybes.
.two—phase II([qN hir Myt W2y PsedT) .

At level no. 1of the BP-1150 boiler model there are models of individualezo
which have been determined by various kind of working medilow in evaporating
tubes. Individual subsystems of evaporating tubes areillistd parameter systems
along the length and along the radius and circumferenceeofulbes, as well as along
the connecting blades, creating the furnace walls. In tap@ator model with lumped
parameters, the individual zones of the evaporating tuaes heen divided along their
length into large number of finite elements. Dimensions afdialements are chosen to
describe them by ordinary differential equations, as tistesys with lumped parameters.

Particular feature of the one-phase and the first part oftbephase zone models is
shifting of the boundary sectiafy with velocityU, (section with boiling water). For this
reason, all finite elements of the one-phase zone model atgért of the two-phase
zone model have got changeable dimensions and move aloegdperating tubes. For
linearized models analyzed in the paper, displacementseobbundary sectiod, are
inconsiderable, so it is assumed tlat= constand finite elements have got constant
dimensions [28]. Exemplary model structure for second pathe two-phase zone is
presented in Figure 7.

4.3. Mathematical models of the evaporator subsystems
4.3.1. Evaporating tubes

To describe phenomena in evaporating tubes, single tutbermgtlium mass flow of
working medium and average heat charge is considered @nerE344 parallel tubes in
the evaporator). Inner diameter of the tube is 0.02 m andhiigth is about 100 m. Soiitis
possible to analyze the evaporating tubes as a system wittibdied parameters along
the length (one-dimensional distributed parameter systBedance equations describing
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q

hy hy 1 hi2 i na-1 hy
—’ _> —_— = _’ —>

IVlll 1 I\/lll 1 | 2 M|| 2 o M” N3-1 N3 M|||

W2y W2y 4 W22 W2 N34 W2y,
—’ _> —_— = _’ —>

P Pi2 Pis Piins Pui
4— » l

Figure 7. Two-phase zone Il model structure

water flow in one-phase zone are as follows (balance of massg and impulse of
working medium) [28]:

oM _ _9dp
0z ot
oh  oh P MoP
pa‘i‘ E—E—BE—% (8)
M _MaM  M23p P M2
EALP LA USL 108 1
>+ 5oz 5, +PgCos+ 0°’az+ 5 0

where:M =M (zt) =pw, p=p(zt) =p(P.h), h=h(zt), P=P(zt), 3 =3 (Ph),

4(6p—3
a=a(PhM,q), gj= % - the heat flux related to volume unit of working
medium.

For one-dimensional two-phase flow, balans equations d@lass:

oM dp
9z ot
oh oh oP MOP , 9, /Wo .\,
P Moz ot paz” 5 M (1) (h=1)] ©)

M MM  M2ap P M2
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h—H

ho1

where: M =M (zt) =pw, p=p(zt)=p(Ph), h=h(zt), P=P(zt), c=

1
—= , S= f(M,Ph).
w l-c
C+ T
Lumped parametr model is obtained by division evaporatifg tinto several finite
elements. Individual finite elements have got small diramsito constitute dynamic

systems with lumped parameters (described by odrinargrdifitial equations) (Fig. 8).

Figure 8. Finite element of the evaporating tube model

Balance equations describing water flovkth finite element of the one-phase zone
have got the following form:

dPy op\ o
NZy <ap> G + AZy <%> o = My_1 — Mg

dh d
DZipr g ~ 02 dF:“ — Mt (het—h) —
Mot gy s Sz, o
Pk—1 A
dvi, MZ, M2
MAPCE oo e

M2
— DZyprgcosB — (Pt — Py) 10° — AZ fkp_:

where:qgjn, = z, ak (@k —8k>
whereas fok-th two phase zone section:

4P o\ dh
AZ“(ap) o A% <ah) & = Mic1— M



www.czasopisma.pan.pl N www.journals.pan.pl
S
<

HIERARCHICAL MODELS OF COMPLEX PLANTS ON BASIS OF POWER BOHR EXAMPLE 393

dh d M
D2~ A2 = M () — 2 (Aea— R+
qdkAZk—i- M1 [(V\‘,’\f)k_l—l} (1 —h) — (11)
_ W2\ W
M| ()~ (=)
dav, M2, M2
AZypr— s = L~ Tk _ AZ, pgcosp—

dt pk1 Pk
Mg
— (P1— R 10° —AZkfka.

Working medium parameters in the two-phase zone are peeBsamd enthalpyh func-
tions:

_ _ 1 _hy 1
O VA 7
V21
_h
h21:h”—h’,v21:\/’—\/,C:h h
h21
ap PEVa1
h’:h’P,h”:h”P,<_> _ Pk 12
(P) ®) (3 ). =T (12)

P\ _ pxVar d (hpy +p§vZ1 d /W —hY
aP - h21 dP V21 h21 dP Vo1 ’

Equations (10) and (11) should be completed with the relataescribing the heat trans-
fer, from the furnace chamber, along the radius and the tabecincurference, as well
as along the connecting blade.

Tube wall:
dell  an |(d+2i0) (0 —0)) —(@+2(j-1)8) (0]~ )]
= -
d PuwCwh [(d+2j8)— (d+2(j— 1)A)?]

) 4NG2A)\tW OI 1,j 26|J+el+1j
T2t G [d + (2] — 1) 4] [(d—i—ZJA) —(d+2(j- 1)y
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d@:él _ 4(d + ZA) Atw <®|’2 B @I’l) B
= k k
dt G [(d+2A)2—d2]
4d (047 i1

_ o (@L —Sk) + (13)

P |(d-+28)° — 02|
2

n ANg A _ (@L 11_2@:(1+@|+11)

TPt G (d + A) [(d N dz}
do 4Ny D 1

- No[ o+
® mpwew|D2- (D—2a)7| DFloi B -1

+ 4)\tW (D B ZA) 5 (@LNw—l @' NW)
Ptw Cwl [DZ —(D-24) ]
2 . . .
+ . 4N(X A)\;W . (e:(—l-Nw o ZOLNW + @:(+1an>
T pu G (D — 8) [D2— (D — 27|

D-d
where:A = W Nw - number of layers in the tube wall), d - inner and outer tube

w
diameter,Ny - number of elements in the tube wall cimcurferenkcg, - length of the
connecting blade.
Connecting blade:

ol 20, +0f
d Ay Pbi Ch [ bk blk b'k] D + L1 Noi Op1 Al Poi Col %
dOg Abl N Al bl
- obN_gl V4 A (@2 ol
dt Aé Pl Col ( blk) Aglp ol ( blk bl k) (14
+ Lo L Ok
D + Lt Noi Qo1 Al Poi Col
d@glﬂ( )\bl N, I—bI 1
= o1 _ o
dt D2, Ppi Col ( blk blk) D + Lt Nyt Op1 Al Poi Col B

L
where:dy, - thickness of the connecting bladg, = o

[
Diagram of the tube wall and connecting blade digitizingrssented in Fig. 9.

4.3.2. Separator

The role of separator in once-through steam boilers by SUR ZEseparation of
water from the steam-water mixture leaving the evapordtibgs. Separator constitutes
cylindrical vertical container, with length dfep~ 34m., inner diameted = 0.8m. and
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1L ]

Figure 9. Digitizing of the tube wall, including irreguléigs of the heat stream along the tube circumference

external diameteD = 0.94m. Steam-water mixture is supplied to the top part of the
separator with the velocity about &§'s, through tangent connecting tubes. Via the bot-
tom connecting tubes, also tangent, water is supplied tonilker, with velocity about
2.5m/s. The mechanism of water separation in the field of centrifdgeces in the
separator is very complex process, dependent on seriesysicah construction and
exploitation parameters.

Separator is the system with four input valukk;, Msep hsep Mmin, @and two output
values:Psep Hsep A lumped parameters model of the separator is used in tiperpa
based on balance of mass and energy of the working mediunglhasithe heat energy
in the steel thick wall [28].

The balances of mass and energy of the working medium in tharsr are as
follows:

a b dt _ sep” Ile - I\/Ikond (15)
C d dl;iep Ms*ep *ep_ MS h” - Mljondh/ - T[dC( Lsep('s - @1)
d / d Z
Wherea = Aszepd%+ (V — Aszep) dip, b == Az(p/ - p”),
d(p/h/) d(p//h//)

C= AZHSGDT—F (V — AZHSED) , d = Az(p/h/ _ p//h//).

drP
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The separator’s steel wall is described by the followingestector:

4daA(a—el)—(d+2A)A(@1—ez) 1
o ((d+20)°— ) pscas

Sl
al g | L(@+2(- DA (O 1~ O — (d-+ KA (O~ Ot )
| ((d+2kA)2—(d+2(k—1)A)2)pstcstA
[ On :

(d+2(N—1)A)A(Oy_1— )
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Calculations indicate that the separator is unstable stdasy This instability is re-
lated with pressure dependency of dry steam and the boilatgrparameters. The pole
of the separator model (Fig. 10), which implies instahilitgpends strongly on the boiler
load. The pole value is greatest for 100% load [28]. Insitgiwif the separator influences
instability of the whole evaporator.
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Figure 10. The separator’s eigenvalues

Mathematical models of the remaining evaporator subsys{emxer, filter, connec-
ting tubes and circulation pump) have been described in [28y are postponed here
due to their simplicity.
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All obtained models were implemented inAVLAB /Simulinkenvironment. On the
basis of these models, linearized models were developedjigen working point of a
BP-1150 boiler (e.g. at 100% load).

5. Evaporator model reduction at individual hierarchy levels

Once-through evaporator mathematical model (elaboratatieobasis of the liquid
mechanics and thermodynamics rules for mass, energy ancentom balance equa-
tions) has been characterized with a high degree of contplékis significantly diffi-
cult to be used directly to programme methods of dynamicgntags analysis as well as
to synthesize control algorithms. The basic problem beecatimen the choice of proper
reduction methods, so that the model complexity is limitellile dynamic features (sig-
nificant at a given hierarchy level) are preserved.

5.1. Scopes of evaporator models adequacy at individual hi@rchy levels

The elaborated evaporator models have been analyzed faleafreiquency range
(up to 1000 [rad/s]), however adequacy scope of the primagehis limited due to the
following simplifying assumptions:

e the steam-water mixture is in a state of thermodynamic loaldtiis assumption
is valid for w < 100 [rad/s]),

¢ the simplification of heat energy transport along the pipd wadel (applied
model assures adequacy for frequencies 20 [rad/s]),

¢ applied density of space variable digitizing assures aagqup to about 20 [rad/s]
[28, 30].

We can assume, that adequacy scope of evaporator modelssioieequal to
20 [rad/s]. Individual dynamic processes take place witlious velocities and they can
be placed in different frequency scopes:

e w<0.2][rad/s]

Within this frequency scope, there are dynamic processdatedeto the accumu-
lation of heat in the pipe walls and in the working medium, aslwas to the
heat exchange between the pipe walls and the working mediten limit fre-
quency value for this scope results from the working mediamigle flow time
through the evaporating tubés, ~ 30s) w= 21/30~ 0.2 [rad/s]. It means that
there exist dynamic processes in this frequency scope vdrietionger than the
time spent by the working medium particle in evaporatingetiland the mass
transport processes are not noticeable.

e 2> w>0.2[rad/s]
There are dynamic processes noticed in this frequency sebjoh are related to
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the working medium transport along the evaporating tubsd adso to the density
and changes of working medium enthalpy. Maximum frequereythis scope

results from the time spent by the particle of the working mexin the first part

of evaporation zone (the shortest time spent by the padicleorking medium in

all parts of evaporating tubeg) ~ 3.0s) w = 21/3 ~ 2 [rad/s].

e W> 2 [rad/s]
There are phenomena in this frequency scope which are defatthe transfer
of the mass flow and pressure changes along the evaporatieg. fihe pressure
changes transfer time along the evaporating tubes-i€.5 [s]. Pressure changes,
after being reflected from the other end of the evaporatibggueturn after about
1 [s] which causes, that the first maximum in the frequencpaese induced by
the pressure changes transfer, appears at the frequea@r/t ~ 6 [rad/s].

Fig. 11 shows example of magnitude frequency response aéuhporating tubes
for BP—1150 boiler in order to illustrate the above definedjfrency scopes.

Connecting of model reduction methods with evolution atpans (which are aimed
to determine optimal parameters for reduction methodshleregeffective determining
of reduced models for chosen approximation errors and adggcopes [25]. Obtained
models may be useful not only for control systems design lsat f@r simulation and
analysis of the evaporator dynamic properties.

Due to the problem of stability of the reduced hierarchicalded, it becomes ne-
cessary to implement the idea of approximation scope. TOea is close to adequacy
scope and for the linear systems can be defined as frequeopg $ar which the re-
duced model correctly approximates properties of the psimaodel. Both terms are
identical to frequency 20 [rad/s], for the evaporator ssbmys models. Out of the range
reduced model cannot be called adequate (primary modéhifostope of frequency is
inadequate), but correctly approximating the primary nhdeatures. Fig. 12 presents
sample adequacy and approximation scopes for reduced snodel

5.2. Linearized models reduction methods

Most of contemporarily used methods of linear models rédnatan be divided into
three groups [1, 2]

e Methods based on SVI5{ngular Value Decompositiprwhich use the balanced
model realization theory.

¢ Krylov-based approximation methods, based on moment nmgicti the impulse
response.

¢ Methods which connect the advantages of the both SVD andiigioup.

Model reduction methods based on SVD have been commendedwire’s works
[20]. The concept of balanced model realization was a tgrpioint in the field of dy-
namic linear models reduction. It constitutes an easy wajetermine the dominating
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Figure 11. Mass flow magnitude frequency response at thetooftlevaporating tubes for heat stream
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Figure 12. Adequacy and approximation scopes for reducetlso

part of the model and reduction by ’cutting’ the matricesatiing dynamics of the
model in state spac&&lanced Truncation The concept of model balanced realization
became the basis for elaboration of BTA reduction mett®alanced Truncation Ap-
proximation [20]. Main advantages of this reduction method is guaeamtereduced
model stability and possibility to estimate the approxioraterror. This method was
elaborated preliminarily for asymptotically stable lineaodels and became the basis for
developing unstable models reduction methods [6]. Manyifitations of BTA method
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have also been created to eliminate its defects e.g.: SHfglar Perturbation Ap-
proximation [6, 19]. This method significantly improves approximatiohfrequency
responses for steady state and for low frequencies.

In 1984 an optimum reduction method was presented with degathe Hankel
norm Hankel Norm Approximation[10]. HNA method guarantees a double smaller
maximum approximation error than BTA, however, it is loadéth higher calculation
complexity of the algorithm.

More general than BTA metod are FW methods (Frequency Waightvhich in-
troduce weight frequency functiong\(- input weight function andl\;, - output weight
function). Proper selection of the weight functions ensldignificant improvement of
the model approximation results for a given frequency sc@pe first method of this
type was proposed by Enns in 1984 [7], however, the presei¢edithm did not gua-
rantee stability of reduced model for simultaneous apptioeof both weight functions.
This disadvantage was removed in algorithms proposed bghdnChiu and Wang [34].

Frequency weights are also possible to be introduced dirdeto methods can be
distinguished: FDRrequency Domain[1, 2, 9, 25, 36], if gramians are determined in
frequency domain and TLBTT{me Limited Balanced Truncatipfil, 2, 9, 14] for time
domain.

TheBalanced Stochastic TruncatierBST methods constitute a separate group of
methods [1, 4, 21], determining gramians from Riccatti ¢igna. The methods enable
determining reduced model of assumed relative approximagiror. However, applica-
tion of BST method is possible only for stable square mode!s (n) [1, 21].

Disadvantage of methods based on SVD is considerable ncehenmplexity of
the reduction algorithms. In spite of their unquestionaddeantages, including first of
all the reduced model stability, the methods are not praltyicised for models of state
variables number higher than“.0t is caused by a significant calculation complexity
and impractical nature of gramians.

For systems with more than 4Gtate variables the Krylov-based approximation
methods are proposed [1, 2]. They are characterized withlemealculation complex-
ity. Main disadvantage of these reduction methods are |askability guarantee of the
reduced model (for significant part of the elaborated ators). These methods are usu-
ally characterized with less accurate approximation offtbguency response as com-
pared with BT methods, especially with methods implementiaquency weighs [13].

One of the simplest reduction approach based on the methowwofents is AWE
method Asymptotic Waveform Evaluatignproposed by Pillage and Rohrer in 1990
[24]. The method utilizes the fact that the transfer functd primary model, presented
as asymptotic series expansion at two posts0 ands= c of the complex plane,
can be well approximated with Pade polynomial. Direct dateing of the moments
values is, however, difficult because of numerical reasdhs limits significantly the
usefulness of the method for reduction purposes [8].

Much better are algorithms basing on Krylow subspace déténm [1, 5]. The
methods require determining of orthonormal basis. Tworétlyos are the most impor-
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tant: Arnoldi algorithm (modified Gram-Schmidt orthogdmation) and asymmetrical
Lanczos algorithm.

The Krylov-SVD methods enable replacing a time consumirigutation of gra-
mians from Lapunov equations by determining their appragiom [1, 3, 11, 18, 23]).
Similar principle was used for determining gramians decositipn with POD algorithm
(Proper Orthogonal Decompositipfil5].

The most advantageous method [16, 25, 32] for the reducfitimreavaporator sub-
systems models is the FW method with output weight functiarthe form of Butter-
worth low-pass filters, determined by two parameters: fiftelerns and the limit fre-
guencyw;. Number of calculations showed, that the choice of outptgrfilparameters
significantly influences the primary model approximatioroerCriterion of approxi-
mation correctness should include the relative maximumoreand the relative average
square error [25, 26]:

A3 =100 max <max‘G(X’y) @) = Grixy (Jm”) (%] (17)

WE(0—max) \ XY ‘G(x7y) (J(*)i)‘

_ NP 1[Gy ( an ~Grpey i)\
AelOOJ Nzlx_lyzl< )] %) (18)

where: p - number of model inputan - number of model outputs\l - number of ap-
proximation points in frequency domain.

The approximation error is a function of weight filters paedens and includes a
lot of local extremes while determining optimal parametdra/eight filters, thus global
optimization methods should be applied. To obtain an examtlt it becomes necessary
to apply hybrid algorithms, coupling global and local séaatgorithms. The evolutio-
nary algorithms with variable population are used in thigggaVery good properties are
obtained by application of two level hybrid algorithms [25]

5.3. Reduction of the first level models

The first level of the evaporator model includes one-phadewao-phase zones mo-
dels which are a part of the evaporating tubes model. Théydecmumber of connected
finite elements models, which are the 55-th order system: each

e One-phase zone - 150 finite elements,
e Two-phase zone I: - 50 finite elements,
e Two-phase zone II: - 75 finite elements,

e Two-phase zone Il - 200 finite elements.
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The models obtained on the basis of digitizing and desoniptif individual finite
elements by ordinary differential equations are very caxpghd include a few thousand
state variables. Models at a given hierarchy level inclugghnificant, sometimes very
fast, dynamic processes. Moreover, mathematical modets fpat a defined adequacy
scope due to accepted simplifying assumptions. A modettamuis therefore necessary
in order to eliminate fast dynamic processes from the models

The most favorable for the evaporator subsystems modealgtied is FW method.
Number of outputs is smaller than inputs, thus it is more athgeous to apply output
weights. FW algorithm with output weights is then appliede¢duce of all evaporator
subsystems.

The approximation error is presented in Fig. 13 as a funaticthe reduced model
order for individual evaporating tubes zones. To deterrttiese curves the evolutionary
algorithm minimizing average square relative approxioraerror {\g) for the scope of
frequencies 6- 20 [rad/s] is applied. It can be noticed, that for all evafiotatubes
zones, the approximation error is reduced exponentiallly thie increase of the reduced
model order. It is possible to determine the approximateltoof reduced model for a
given value of approximation error. Results of the first lesigbsystems reduction are
presented in Table 1.

A(K) Ag=f(K)

One-phase zone
Two-phase zone |
Two-phase zone Il
Two-phase zone Il

One-phase zone H o [}
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Figure 13. Model approximation errors of the reduced models

Fig. 14 includes a ‘cloud’ of eigenvalues for the followingaporating tube zones
models: primary model and reduced models with approximasicopes 500 [rad/s],
20 [rad/s] and 2 [rad/s] (OPZPM, OPZRM, OPZRM,y, OPZRM). The primary
model is characterized with high stiffness (ratio of eigdunes modules reaches the value
of 10%), which causes significant difficulties followed from nuneat solving of diffe-
rential equations. In reduced models a significant stinestriction is obtained (e.g.
for reduced model adequacy scope 20 [rad/s], the ratio eheaues modules does not
exceed 19).
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Table 1. The first level subsystems models reduction results

One-phase | Two-phase | Two-phase | Two-phase
zone zone | zone Il zone llI
Adequacy scope Wax = 2 [rad/s]

Reduced model order 18 13 17 22
Az Approximation error 6.8% 4.9% 7.6% 9.0%
Ag Approximation error 1.1% 0.4% 1.1% 1.1%

Adequacy scope Wmax = 20 [rad/s]

Reduced model order 33 29 35 52
A3 Approximation error 7.8% 8.2% 8.9% 7.7%
Ag Approximation error 1.1% 0.7% 1.1% 0.6%

Adequacy scope Wmax = 500 [rad/s]

Reduced model order 68 78 113 242
A3 Approximation error 6.8% 9.8% 7.9% 7.3%
As Approximation error 0.7% 0.6% 0.7% 0.3%

90007 " .. R m ETPRM_500

gooo ™ OPZPM * O ETRM_20

O OPZRM_500 O ETRM 2

7000 O OPZRM_20 -

O OPZRM_2
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Figure 14. Eigenvalues of the one-phase zone and evapptabirs models

5.4. Reduction of the second hierarchy level models

Evaporating tubes model (the second level of the evaporatmtel hierarchy) is
obtained as a result of connecting the first level reducedystims models (one-phase
zone and three parts of two-phase zone) (Fig. 15). Deperutiragcuracy of dynamics
analysis of individual evaporating tubes parts, modelsasfous adequacy level may
be used. Maximum frequency for which reduced first level neodemain adequate is
20 [rad/s].
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As presented in Fig. 15, there are feedbacks in the modekbpiogating tubes which
result from the transfer of working medium pressure changde direction of the work-
ing medium flow and in the opposite direction. The feedbacksract very weakly at
low frequencies; for high frequencies the gain in the feellb@op exceeds 10 (Fig. 16).
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Figure 15. Evaporating tubes model structure

As the reduced models of one-phase zone and the individual gfadwo-phase zone
approximate correctly the frequency response onlydier 20 [rad/s], approximation
errors for higher frequencies were not considered as aioritef reduced model choice.
It may therefore turn out that after closing loops of feeddsafor reduced models, the
evaporating tubes model will be unstable. The models wiggadcy scope 20 [rad/s]
may therefore be useful only for dynamic phenomena anailysslividual evaporating
tubes parts, without possibility to be applied in creatingegaporating tubes model.

Fig. 16 presents frequency response magnitude and phaperfaops for the first,
second, and third feedback loops. Open system gain for hégjuéncies significantly
exceeds the value 1.
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Figure 16. Frequency response magnitude and phase forgheséicond and third open feedback loops

A very strong activity of the feedbacks for high frequenaiesans that in order to
guarantee evaporating tubes model stability, obtainedobyecting of individual parts
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models, one requires correct approximation of subsysteetgiéncy responses in the
scope up to 500 [rad/s], and for the one-phase zone even @[iff)s] (models orders
and approximation errors are presented in Table 1). Suchda sdope of evaporating
tubes subsystems models approximation involves their biidbr and significant com-
plication, at unchanged adequacy scopedD [rad/s]. The model of evaporating tubes
obtained on the basis of particular zones reduced modelsection at approximation
scope up to 506 1000 [rad/s], may be then reduced with maintaining adegsaope
of 20 [rad/s].

From the point of view of evaporating tubes model stabibitghieved on the basis
of reduced models of individual subsystems, it is advarmagéo apply reduced models
of one-phase zone and individual two-phase zone partsnglatdor the adequacy scope
2 [rad/s]. Obtained in this way subsystems models are of adimer, which causes,
that the frequency responses magnitude is quickly redwetiafter closing feedbacks
the evaporating tubes model remains stable. It is unfortiynhappening at the cost of
limiting the evaporating tubes model adequacy scope todZgfa

Each of the reduced subsystems models is characterizegw#termined scope of
adequacy and approximation error, as a result of conneaihgred subsystems models,
therefore a problem of approximation errors effect on thel@herror at a higher hierar-
chy level appears. The problem is analyzed on the basis dipteuteduction of the first
level subsystems models with the application of evolutigredgorithms and creating
an evaporating tubes model on their basis. Table 2 showsamedithe mean square
of relative evaporating tubes approximation error ratithi® mean error of lower level
subsystems, for two scopes of adequacy of subsystems madiedd/s] and 500 [rad/s].
This results show that the evaporating tubes model erronasacterized with an ave-
rage 15- 2 times higher than the lower rank subsystems models embthe same
adequacy scope. It was however noticed, that it is possibkelect such subsystems
reduced models which facilitate compensating approximnagirrors of individual sub-
systems. As a result, the model of evaporating tubes maydracterized with the same
or even smaller approximation error as the subsystems odel

Table 2. Median of the mean square of evaporating tubes naggebximation relative error ratio to the
subsystems average error

Approximation scopg 2 [rad/s] | 500 [rad/s]

Asevaporating tubes |4 = 145

A3 subsystem

AG evaporating tubes

1.90 1.42

AG subsystem

Results of the reduction of the evaporating tubes modegiodt from subsystems
reduced models are presented in Table 3.
Fig. 14 presents eigenvalues of the following evaporatifigg$ models:
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Table 3. Evaporating tubes model reduction results

Adequacy scope Wmax= 2 [rad/s] | wmax= 20 [rad/s]
Reduced model order 44 85
A3 Approximation error 4.5% 8.3%
Ag Approximation error 0.6% 0.8%

e ETPRMsy (Evaporating Tubes Primary Reduced Model with approxiomati
scope 500 [rad/s]),

e ETRMyq (Evaporating Tubes Reduced Model with adequacy scope abads]),
e ETRM, (Evaporating Tubes Reduced Model with adequacy scope afti2g]).

5.5. BP-1150 boiler evaporator model

The evaporator model of BP—1150 boiler includes five inpuittdes: Mg, 9™, Msa,
Mtw, hsw and two output variable®sepandHsep Structure of the connections of indivi-
dual evaporator subsystems models is presented in Fig.d8.pgrecesses are significant
for the evaporator model dynamic properties, therefordrdgiency rangey < 2 [rad/s]
was taken into account during the evaporator model reductio

The evaporator model includes two feedback loops whichifgigntly influence
evaporator dynamic properties (Fig. 17). The first one dlessrinfluence of pressure
changes in the separator on the mass flow and enthalpy ofaamstiater mixture at
the outlet of the evaporating tubes which, in turn causesprreschanges in the separa-
tor. This negative feedback is of internal character andlte$rom the phenomena of
the steam generation process. The second feedback idreldkethe changes of inlet
enthalpy to the evaporating tubes (caused by the changegssue in the separator).
It results from the recirculation of the working medium iretevaporator [28] and con-
stitutes a positive feedback. Frequency responses of e system for the internal and
circulation feedback (at closed internal feedback) isgmesd in Fig. 18.

5.5.1. Innerfeedback

Influence of the pressure changes in the separator on epthath mass flow in
the evaporating tubes outlet appears as a negative feedbaelshape of open system
frequency responses indicates differentiating propentidich in practice means that the
inner feedback does not work in the steady state. Due toiypmgible, resulting from the
separator instability, the inner feedback system is utest#dter determining the poles
of the open and the closed inner feedback loop it may be stttatithe positive pole
becomes reduced by 4 times as a result of inner feedback ige&8y. Negative inner
feedback can not make the closed system stable.
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Figure 17. Structure of the inner and circulation feedbadkeé evaporator
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Figure 18. Magnitude and phase frequency responses of émdogp system for internal (if) and circulation
(cf) feedback and shifts of the positive pole, as a resuleetibacks

5.5.2. Circulation feedback

Circulation feedback loop causes almost double increapesifive pole (Fig. 18).
This indicates significant deterioration of dynamic prajesrof the evaporator. In con-
trast to the inner feedback, the circulation feedback aatkisively in the low frequen-
cies range < 0.1 [rad/s]), as faster enthalpy changes are being suppréssesl sys-
tem of circulation in the evaporator (separator, mixeefjlconnecting pipelines).

5.5.3. Evaporator model reduction

Hierarchical model of the evaporator obtained as the resalbnnecting of reduced
subsystems models is characterized with a significant nuofgtate variables. Simi-
larly to the evaporating tubes model, the order of obtainexperator model can be
significantly reduced as a result of further reduction opena
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In the evaporator model (third level of hierarchy), heatpsses are crucial, whereas
the dynamic processes related to the working medium trahgpmng the evaporating
tubes are practically insignificant. Frequency responbkesvs that the dynamic pro-
cesses, taking place in the evaporating tubes, are sigrtificdamped by the separator
which is characterized by high heat volume capacity. Sepaiastability significantly
influences the evaporator dynamics, thus the positive e&des in the separator model is
also present in the evaporator model (Fig. 19). In the rediuoadels (e.gk = 25 order)
the eigenvalues related to the fast mass and pressuredrapspcesses in evaporating
tubes are removed, whereas eigenvalues which are resfgofmilthe heat processes
remain (Fig. 19).

Fig. 20 presents histogram of the approximation error ofeieporator model re-
lated to the average error of the lower level subsystems Isobecontrast to the re-
duced evaporating tubes model, the approximation erroeaiged hierarchical evapo-
rator model is smaller than the average error of the sub®gsteodels. This results from
small sensitivity of the evaporator model to variationshef subsystems models [25].

The adequacy scope of the obtained evaporator reduced wifoithel 25-th order is
about 2 [rad/s]. The model describes processes which andisimt for the evaporator
dynamic properties and omits fast dynamic processes delatéhe transfer of pressure
and mass flow changes along the long tubes.

Fig. 21 shows the evaporator models set of the BP—1150 kailéthe methods of
models creating at individual hierarchy levels. In corttaghe hierarchical evaporator
model, in Fig. 22 one level (flat) model of the evaporator isspnted, obtained as the
result of individual subsystems models connection. Theeh&of very high order,
(over 10000), and its application to the dynamic properdiralysis of the evaporator
and to the control systems design is practically impossible

6. Conclusions

The control purposes of complex plant need mathematicalelsaahich are cre-
ated by modeling of phenomena occurring in the plant. Theptexity of models grows
constantly and significantly hinders the usage of the mettaodl programs for the dy-
namic properties analysis and the synthesis of controfigiigos. Simplicity in attaining
complex models follows from application of hierarchicalusture and decomposition
model into a series of subsystems which are simpler to be leddat all higher levels,
the hierarchical model contains subsystems included ifotker level with determined
topology of connections.

Multi level model structure enables analysis by applicatid aggregation proce-
dure. One of the principal aggregation resources is restucd the model at individual
levels of hierarchical structure. Such approach allowsfeating theeduced hierarchi-
cal modelincluding a collection of models at every level of hierarcblyaracterized by
various adequacy scopes and accuracy of the plants feaippesximation.
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Figure 19. Evaporator model eigenvalues
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Figure 20. Histogram of the approximation error of the evafm model related to the average error of the
lower level subsystems models

Using this methodology, instead of high order model (flag mvel model), a collec-
tion of models is obtained, which are placed at individuar&ichy levels. The models
represent dynamic processes typical for each hierarctel, land omit fast dynamic
processes significant at lower levels. The higher hieratetagl, the slower dynamic
processes is described by the model and the lower is ordbeahodels.

This paper presents methodology of hierarchical complartplmodels creation on
the example of evaporator of the BP-1150 boiler. Each of tibsystems at individual
levels of model hierarchy are a multi-input and multi-outpausal systems. The paper
analyzes the evaporator dynamic properties in normal tiondi of exploitation on the
basis of linearized models.

The evaporator model structure presented in the papedesliour hierarchy levels:
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Figure 22. Complex model of the evaporator of BP—1150 bol¢ained on the basis of subsystems models

connection

e Level 0 — description with differential and algebraic edoas of finite elements
which create lumped parameter models.

e Level 1 —individual areas of evaporating tubes defined bykimgrmedium flow
type — one-phase zone and three parts of two-phase zonermbpért with large
heat load in which most of vapor is being produced, interatedpart with zero
heat load and the top part of two-phase zone with little hesd land higher eva-
porating tubes diameter, which assures higher boiler agfation capacity.

e Level 2 — evaporator subsystems which include: evapordtibgs, separator,
mixer, filter, connecting pipelines and circulation pump.

e Level 3 —once-through evaporator.

Evaporating tubes model of the BP—1150 boiler is describeditferential equa-
tions system which constitutes the mass, energy, momendilende as well as the heat
conduction along the tube wall and the connecting blade s$are the adequacy scope
of the model with lumped parameters equal 20 [rad/s], it eseary to apply significant
number of finite elements and high model order. Models ofviddial zones of evapo-
rating tubes are characterized with a very high order: drese zone — 8250, two-phase
zone | — 2750, two-phase zone Il — 4125 and two-phase zon€lllDo0.

As the result of such high model complexity, the basic pnobie the choice of
proper reduction methods, so that the model complexitynigéid, while the dynamic
features (significant at a given hierarchy level) are preserOut of all presented reduc-
tion methods, the best results have been obtained with F\Nadet
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Appendix A

Nomenclature

A
C
C

cross area [m]

vapor mass fraction [/]

specific heat [kJ/kgK]

diameter [m]

pressure drop coefficient [1/m]

standard gravity [rfs]

specific enthalpy [kJ/kg]

specific enthalpy of boiling water and saturated steam §§J/k
water level in separator [m]

length [m]

mass flow rate [kg/(i¥s)]

pressure [kPa]

heat flux [kW/m], relative heat flux [/]

slip factor in two-phase flow[/]

time [s]

boiling water section displacement velocity [m/s]
specific volume [r/kg]

specific volume of boiling water and saturated stearf/uj
fluid velocity [m/s]

tube’s height [m]

boiling water section position [m]

Greek symbols

a heat transfer coefficient [kJ/GsK)]
©,9 temperature [K]

P density [kg/n?]

A thermal conductivity [kJ/(mK)]
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Subscripts

bl connecting blade
cp  circulation pump
ct connecting tubes
f filter

fin  filter input

fw  feedwater

in inner

m mixer

min  mixer input

sa  steam attemperators

sep separator

st
tw

steam
tube wall
water
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