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Abstract

This paper describes a simple nonlinear models for a drum-
boiler. The models are derived from first principles. They can
be characterized by  few physical parameters that are easily ob-
tained from construction data. The models also require steam
tables for a limited operating range, which can be approximated
by polynomials. The models have been validated against exper-
imental data, A complete simulation program is provided.

1. Introduction

There are many models of drum-boilers in the literature. See
the reference list. The models described in this paper are de-
rived from first principles. They are characterized by a few pa-
rameters only which can be obtained from first principles. The
models are validated by comparison with extensive plant data.

A key feature of a drum-boiler is that there is a very efficient
energy and mass transfer between all parts that are in contact
with the steam. The mechanism responsible for the heat trans.
fer is boiling and condensation. A consequence of this is that
it is a very good approximation to assume that all water steam
and metal is in thermal equilibrium. This means that the total
energy can be represented by a global energy balance. The va-
. lidity of this approximation has been shown by many modeling
- exercises.

The paper is organized as follows. A first order model is
presented in Section 2. This model is obtained from a global
energy balance for the total plant. The model has one state
variable which is chosen as the drum pressure. This model has
the same structure as the model presented in Astrém and Bk-
lund (1972), The parameters are, however, obtained from first
principles. To model the drum water level it is necessary to
account for the shrink and swell phenorens. This is done in
Section 3. A third order model is obtained. This model has
drum pressure, water volume and steam quality in the risers
as state variables. The model exhibits a complex behaviour in
spite of being of low order. Simulation of step responses are
presented in Section 4.

2. A First Order Model °

Because of the efficient heat and mass transfer due to boiling and
condensation all parts of the system which are in contact with
the steam will be in thermal equilibria. Tt is therefore natural to
describe the plant with global mass and energy balances as was
done in Astrom and Eklund (1972). The global energy balance
can be written as

d
d_t'[glh'lVl‘ + Qwthwt + TnCpT] =P+ q/whfw - q‘h'l (1)

where ¢ denotes specific density, h enthalphy, V' volume and ¢
mass flow. The indices s, w and fw refers to steam, water and
feedwater respectively. The total mass of the metal tubes is m,
the specific heat is cp and the average metal temperature is T,

R D Bell
School of Mathematics and Physics
Macquarie University
North Ryde New South Wales 2213
Australia

The input power from the fuel is denoted by P. The total steam
volume is given by

1/“ = Vdrum - Vw + an Vs (2)

where Vyrum 18 the drum volume, V,, the volume of water in
the drum, V; the riser volume and a,, the average steam-water
volume ratio. The total water volume is

Vur = Vo + Ve + (L — a) Vs (3)

The right hand side of equation (1) represents the energy flow
to the system from fuel and feedwater and the energy flow from
the system via the steam. Since all parts are in thermal equilib-
ria the state of the system can be represented by one variable
which we choose as the steam pressure. Using steam tables the
variables p,, pu, b, and h,, can then be expressed as functions
of steam pressure. Similarly T can be expressed as a function
of pressure by assuming that T is equal to the saturation tem-
perature of steam which corresponds to p.

This model represents the dynamics due to input power
well. When the feedwater flow or the steam flow is changed it
is, however, necessary to also take into account that the water
and steam masses are also changing. This can be accounted for
with a global massbalance.

d
gpleVet ewVan] = 410 — a, (4)

The dynamics which describe how the drum pressure is influ-
enced by input power, feedwater flow and steam flow is well
captured by equations (1) and (4).

The derivative of the total water volume (dViue/dt) can be
eliminated between equations (1) and (4). Multiplication of (4)
by hy, and subtracting from (1) gives

d dh, dh,, dT
hc;t. (2aVae) + {Q.V.:? + QwthTt— + meE

=P~ qpu (hw ~ hyu) — ghe

I o

The condensation enthalpy k. = A, — h,, has also been intro-
duced. If the boiler is provided with a good level control s ystem
the total water volume (V,..) and the total steam volume (Vi)
do not change much. Equation (5) can then be simplified to

d,
enZy = P = grulbu — hpu) - 0,h O)
where
do, dh, dh,, dT,
= —_— / — — —
enn = heVi 2y T oV ap T ouVue o T

Apart from steam table data it is thus sufficient to know total
steam and water volumes and total metal mass. The model (6)
is identical to the model in Astrdm and Eklund (1972). No-
tice however that in this case the parameters are obtained from
construction data. Also notice that the term

1 dh, dh,, a7,
ge = “he [Q'V'td_t + Qwth—dt + mcp?]



can be interpreted as the total condensation flow. It is observed
that the terms dh, /dp and dh,,/dp nre key quantities in pre-
dicting the energy and mass transfer between steam and water.
These terms also appeared in the drum-boiler model of Morton
and Price (1977).

3. Shrink and Swell

For some control tasks e.g. drum level control it is necessary
to model the dynamics of the drum level. This is more difficult
because of the shrink and swell effect. To describe this it is
necessary to account for the distribution of steam and water
and the transfer of mass and energy between steam and water.

The steam-water distribution varies along the risers. Partial
differential equations are needed to describe this propetly. To
keep a finite dimensional model we will assume that the shape
of the distribution is known. The assumed shape is based on
solving the partial differential equations in the steady state.
This gives a linear distribution of the steam-water mass ratio
along the risers. We will therefore assume that the ratio varies

e(f)=2z,.f 0<€<1 (1)

where £ is a normalized length coordinate along the risers and z,.
is the steam-water mass ratio at the riser outlet. The transfer of
mass and energy between steam and water by condensation and
evaporation is a key element in the modelling. When modelling
steam and water separately the transfer must be accounted for
explicitly. This can be avoided by writing joint balance equa-
tions for water and steam. The global mass balance for the riser
section is

@Vt (o= eV) =g (8

" where ¢, is the total mass flow out of the risers. The global
. energy balance for the riser section is ‘

d d

5 (eahaom¥2) + 7 (uhu(l = am)V;) =

P+ guehy — 2,00, — (1 - 2, )gohy = O
P+ qychy — Zegehe — grhy

The flow out of the risers (g,) can be eliminated by multiplying
equation (8) by —(hy+z,A.) and adding to equation (9). Hence

d d

3z (2shaamV2) = (hu + 2, h.) 7 (0sam¥2)
d

+ E (Qwhw(l - a‘m)Vr) - (hw + zrhn:)

d

E(gw(l - am)Vr) =P -z h.qq

This can be simplified to

d dhy,
hc(l - :r)a (Q.GmVr) + 0w (1 - am) VP”EE_ ( )
10
d dh,
- zrth{Ew(l I~ am)Vr) + Qnamw"{‘ﬁ" =P- zrhchc

.

Drum Level

To calculate the drum level it is necessary to know the average
steam-water volume ratio in the risers (a,,). We have

z = £a0
2.0+ ou(l—z)
Solving this equation for a we get

QwZ

e=oe) = 2+ (0w —0.)=

Assume that the steam-water mass ratio is linear along the riser
as expressed by equation (7). The average steam-water volume
ratio in the risers is

Gm

/o " oz, £)dt = = " a2 €)d(z.¢)

1 e
— a(z)dz (11)
Tr Jo

— O [1 _ £a in (1 + Ow — Q'Zr>:|
0w = 04 (ew - 0.)z- o

We can now obtain the following equation for the drum level

Vit am Ve

L= ———— (12)
where A is the wet surface of the drum. This equation tells that
the drum level is composed of two terms, the total amount of
water in the drum, and the displacement due to changes of the
steam-water ratio in the risers. The model has the same basic
form as the water level model in Bell and Astrom (1979). This
model was, however, developed heuristically and not from first
principles.

Downcomer Flow

The flow through the downcomers (g4.) can be obtained from
a momentum balance. In matural circulation boilers the flow
is driven by the difference between the densities of water and
steam. A momentum balance gives

1
amVr(Qw - Q:) = Ek qic (13)

where k is a friction coeflicient. The riser flow gr can be calcu-
lated from equation (8). We get

d d
&= gu~ g (eanVs) = 2 (el an)Vs)  (14)

4. Simulations

The equations derived in Section 3 will now be summarized.
The state equations are given by (1), (4) and (8). The state
variables are chosen as drum pressure p, water volume in drum
Vw and average steam quality at riser outlet z,. Equation (1),
(4) and (8) can then be written as

dp dV., dz,
e gy + Q- + Qs = P+ gruhyy — b,
dp dv, dz,
CHE+CHTL‘U+CHT= 9w — s (15)
d dz,
631:1—}: + Caad—t =P - qaz.h
where
' do, dh, dow dhy,
e = (Eh. + Q-E) Vie + (Ehw + ow dp Vet
dT,
™

e12 = guhy — 0,h,

dam,
e13 = (0,h, — 0uhy,) V; I
do, dow
€31 = %V.: + EVM
(16)
€22 = Pw — O«
da
€23 = (Ql - Qw) Vr'd"f
do, dh,
€3 = [(1 - Zr)hcd—i- + Q‘E] am Vs
dh,, dow
+ [Qw":i; - zrhc?] (1 - am)V,.
da,,
€3z = [(1 . Tr)Q. + ngw]hcvr_‘

dz,



To execute the simulation equation (15) has to be solved for the
derivatives of the state variables. The right hand side of (15)
contain input variables P, ¢4, and ¢, and functions of the state
variables. Notice that downcomer flow gy is given by equation
(13). A detailed description of the simulation is given in the
code in the Appendix.

Parameters

The model is characterized by the variables
Vdrum  drum volume

1 riser volume

Ve downcomer volume
m total metal mass

cp specific heat of metal
k friction coefficient

and the functions Ql(p): Qw(p)a h,(p), hw(p)y T,(P), hfw(p)
which are obtained from steam tables. Quadratic approxima-

tions to the steam tables are given in the program ljsting in the
Appendix.

Equilibrium Conditions
L

Equilibrium conditions are obtained from (15). Hence

Uw=10 (17)
P= q,(h, - hfw) (18)
P = guz,he (19)

The equilibrium value of the drum pressure can be determined
from equation (18) since h, and h;,, depend on the pressure.

Dynamic Response

Responses to steps in fuel flow and steam flow are given in
. Figures 1 and Figure 2. The simulations illustrate the dynamic
.1 features that are captured by the model. Figure 1 shows the

response to a step change in fuel flow. The pressure responds
' like a pure integrator. The total amount of water in the drum

Drum pressure

8 /
7.6 i . :
20 40 60 8

0 0
Water volume

14.5

13.5 ] T T T 1
0 20 40 60 80
Steam fraction mass

increases because steam is generated in the risers. The total
amount of steam in the risers increases because of the increased
steam generation. The steam quality in volume ratios increases
initially but it will later decrease because of the compression
effect.

The drum level increases rapidly at first but the rate of
increase decreases. The downcomer flow matches the steam
fraction volume ratio. There is an instantaneous increase of
the riser flow at the beginning of the step. The riser flow will
then decrease at the same rate as the downcomer flow. Figure 2
shows the response to a step change in steam flow. The global
effect is that the pressure and the volume will respond like in-
tegrators. There will, however, be a swell effect because of the
initial evaporation of steam.

5. Conclusions

This paper has presented simple models for a drum boiler sys-
tem. The models capture the major dynamical behaviour. They
are derived from first principles and require only a few physical
parameters that are easily obtained from construction data and
steam tables. The behaviour has been shown by simulating step
responses to fuel and steam flow changes. Reasonable results are
obtained even for the difficult problems of predicting circulation
flow and drum water level shrink and swell. The model can eas-
ily be augmented by equations for turbine and electrical output
given in Astrom and Eklund (1972, 1975) or Bell and Astrém
(1979) to produce a simple model for a complete boiler-turbine
alternator system. A strong feature is that the model capture
the essence of the steam generation in a heated pipe. It has also
been used successfully to model steam generation in a nuclear
plant. It can also be adapted to model once-through boilers.
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Figure 1. Responses to a step in fuel flow.
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Figure 2. Response to a step in ateam flow.
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Appendix

CONTINUOUS SYSTEM DRUM

"Nonlinear third order model for drum-downcomer—
riser

"Author K J Astrom 870805

INPUT pow qfw tfw gs
QUTPUT d1 am

STATE p Vw xr

DER dp dVw dxr



"pow Power from fuael [MW]

"qfw Feedwater flow [xg/s]
"tiw Feedvater temperature {deg C]
"qs Steam flow [kg/s]
"dl Drum level [m]

"am Steam quality volume ratio

"qe Condensate flow (total) [kg/s]
"qex Condensate flow (risers) [xg/s]
"p Drum pressure [MPa]
"Wy Drum water volume [m*m*m]
Wxr Steam quality at riser outlet

"Properties of steam and water in saturated state

hs = a0i+(ali+a21+(p-10))*(p-10)
dhsdp = alil+2#a21(p-10)

a0l: 2.728E6
all: -1,792E4
a2l: -924.0

T8 = a02+(al2+a22+(p-10))*(p-10)
drsdp = al2+2+a22#(p-10)

a02: 55.43

al2: 7.136

a22: 0.224

hw = a03+(a13+a23+(p-10))(p-10)
dhwdp = al3+2*a23*(p-10)

a03: 1.408E6

al3: 4.565E4

a23: -1010.0

v = a04+(al4+a24%(p-10))*(p-10)
drudp = al4+2+a24*(p~10)

a04: 691.35

al4: -1.867

a24: 0.081

ts = a05+(al5+a25+(p-10))*(p-10)
dtsdp = al5+2+a25+(p-10)

a05: 311.0

alb: 7.822
a25: -0.32

"Properties of water in subcritical state

 "hd = hw+(a06+al6%(p-10))(td-ts)
. "dhddp = dhudp+al6*(td-t8)-(a06+a16*(p-10)) xdtsdp

"cp = a06+al6%(p-10)
a06: 5900
alé: 250

"rd = re+(a07+a17+(p-10))*(td-ts)

"drddp = drwdp+al7+(td-ts)-(a07+al7+(p-10))*dtsdp
"drddt = a07+ai17»(p-10)

"a07: 2.4

"ai7: 0.2

hfw = hw+(a06+al6*(p-10))» (tfw-ts)
hc = hs-hw
hr = xx#hs+(1-xr)*hw

"Drum level
lw=Vw/adrum
lr=am*Vr/adrum
dl = 1r+lw

"Average steam quality volume ratio

82 = 18/ (xr*{rv-rs))

83 = 1+xr+(ru/rs-1)

am = rw/(xw-15)%(1-82*1n(s3))

damdx = rw*s2%(1n(s3)/(xr*(rw-rs))-1/83/rs)

"Circulation flow

81 = 2% (rw-rs)*Vr+am/k

qde = sqrt(sl)

qr=qdc- (am*drsdp+(1-am)*drvdp) *Vr*dp+(rw-1s)
*Vrxdamdx*dxr

"Total condensation flow
qc = (re+«Vst*dhsdp+ru*Vut*dhwdp)+dp/hc

"Condensation flow in risers
qcr = (re*am*Vr*dhsdp+ru*(1-am)+Vr*dhsdp)*dp/hc

"Equations for derivatives of state variablesn
Vst = Vdrum - Vv + am*Vr

Vut = Vu + Vdc + (1-am)#*Vr

ell = Vst*(hs+drsdp rs*dhsdp)+Vwtx
(hw*drwdp+rw*dhwdp)

al2 = hwsry-hsxrs

a13 = (hs¥rs-hw+rv)*Vr*damdx

bl = powkleb+qfw+hfw-qs+*hs

821 = Vst*drsdp+Vwtxdrwdp

@22 = Iw-I8

023 = (rs-rv)*Vr*damdx

b2 = qfw-gs

631 = ((1-xr)*hc*drsdp+rs*dhsdp)*am*Vr+
(rw*dhwdp-xr*herdrwdp) * (1-am) *Vr

e32 = 0

033 = ((1-xr)+*rs+xr*rv)*hc*Vr*damdx

b3 = powkleb-qdc*xr+hc

"Solve linear equation for derivatives of state
vector pl = e21/e11

0221 = @22-912+pi

8231 = e23-e13%p1

b21 = b2-bix¥pl

P2 = e31/eit

€321 = -a12%p2
6331 = e33-a13%p2
b31 = b3-bi*p2

p3 = e321/e221
€332 = e331-0231%p3
b32 = b31-b21#p3

dxr = b32/e332
dvw = (b21-e231%dxr)/e221
dp = (bl-el2%dVw-el3*dxr)/ell

"Paramaters
adrum: 20
vdrum: 40
vf: 37

vdc: 19

k: 0.01

"Initials
p: 7.576
Vw:13.521
xr:0.091263

END
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Global Energy Balance

d
E [pshsVst + pwthwt + meT]

=P+ wahfw — QShs
Total Steam Volume
Vvst — Vd’rum — V'w i a'mVr

Total Water Volume

th — Vw + Vdc + (1 — am)vtr

Global Mass Balance

d
-CE [ps‘/st + pwth] — qfw — g5

Eliminate dV,,,/dt between (1) and (4)

d dhg dhy
hc'gt'(ps‘/st)'{_ lipsvtst dt +pwth dt

=P - qdfw (hw — hfw) — QShc

+me'E_E-

(1)

(2)

dTJ

(3)



dhy o dhy | dT
tag T Pe et g P gt

=P - qfw (hw — hf'w) - QShc

d
hc_" ST/S ST/S

(5)

Rewritten as

d
elld—§ =P - wa(hw - hf'w) - QShc (6)
b, dh, dha, dT,
— ths sVs — wVw — —
e11 tdp +p tdp +p tdp —I—mcpdp

Total condensation flow

1 dh dh dTl’
c & o= SV.-S'_S" w 'w_w' —=
= I [" v g T PwVee g Fme
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THE VOID MODEL
A distributed parameter system

Assuming a void distribution
gives a lumped parameter model

The PDEs gives a steady state
solution with a linear steam
water mass ratio

Use static relation also for
dynamics

Model explored for nuclear
reactor models where elaborate
simulation models are available



VOID Profile calculation
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Mass Balance for Riser Section
2 (peamVe) + L (@ — am)V) = qae —ar (8)
dt PsQm Vyp dt Pw m)Vr) = Qdec qdr

Energy Balance

d d
1. shs mYr N whw 1-— m ‘/r
7 (Poheam V) + = (puhu(1 = am)V3)
= P+ qachyw — 2rqrhs — (1 — 2,)q, Py (9)

=P+ Qdchw — errhc — Q'r'hw

Eliminate ¢, between (8) and (9)
Zlcit (pshsa’mv ) (h + z,h ) (Psamv )

d
+ Zi? (p'whw(l _ am)‘/'r') _ (hw + mrhc)

d

dt (pw(]- — am)V ) P = CUrhc(_ch

Simplify to

AR,

dt

dhs (10)
dt

d
he(1 — xr)d_t (psam V) + pu (1 = ) Vi —=

d
_ xhcd_t (pw(l — afm)vr) + PsQm Ve

=P - :UThCQdC



Drum Level

Average steam-water volume ratio

__ p
 psa+ pu(l — )

Z

Solving with respect to a

a=a(z)= Ll
Ps + (pw — ps) X
Assume
z(€) = z,.€ 0<¢E<L1
Hence

1 [*r
= — a(z)dx
Xy 0
— P {1 — Ps In (1 — Pu = Ps
Pw — Ps (Pw Ps)Tr Ps
Vo + an, V.

(11)



Downcomer Flow

Momentum balance

1
am Ve (pw — Ps) = 57‘7 qgc (13)

Riser flow from (8)

d d
dr = 4dc — E (psam‘/r) - E (p'w(]- — am)‘/'r) (14)



Summary

d
11 Sh’SVS w wVw T
= (05 Vit + puh Vs + me, T -

= P+qf’whf'w — qshs

d
ﬂ [PsVst + Pwth] =dqfw — (s (4)
d dhy,
hc(l o m"')% (PsamV;«) T Pw (1 _ am) W_d%_
dh, (10)

d
- ¢ 77 (Puw(l —am)V, sQm Vo
zhe = (puw(l = am)Vr) + psa -
:P_xThCQdc

Choose p, V,,, and z, as state variables.

Simulation Model

( dp avy, dz,
e _ : = P wh w — shs
Cgy e e T Qfwhfo — g
€21 — + €90 —= + ¢ = Gty — G
Tag TP BTy T w4
d dz,
\631 —p' T €33 =P — Qdcmrhc

dt dt
(15)



dp d
=} (_d?hw 4 w——"dp ) th mcp dp
€12 = pwhw = pshs
€13 = (pshs — pwhw) V'r'
dps dpw
= Vs 7 Yuw
€21 dp t dp t
€22 = Pw — Ps (16)
dam,
€23 — (ps — pw) I/TEE—
hp dhg
€31 = l(l —:z:r)hc—dﬁ- Ps . ] Ay, Vi
dh, dpqy
w7 rhc__ 1 - m ‘/7'
o e
da,,
€33 = [(1 - xr)ps + x'rpw] h: Ve dr



Parameters

Vdrum

drum volume

riser volume
downcomer volume
total metal mass
specific heat of metal
friction coefficient
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Step in Fuel Flow
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Figure 1. Responscs to a step in fuel flow.



Step in Steam Flow
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Figure 2. Response to a step
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EXPERIMENTS

P16-G16 at Oresundsverket

Steinmuller boiler Stal-Laval
turbine. Active power 160MW.

Controllers disconnected. PRBS
like perturbations introduced in
fuel flow, feedwater flow and
steam valve at high and low load



Fuel Flow Changes at Low Load
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Turbine Valve Changes at Low Load
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Feedwater Flow Changes at Low Load
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Fuel Flow Changes at High Load

88.02.05 - 19:16:05 nr: 1
hcopy meta
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Turbine Valve Changes at High Load
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Feedwater Flow Changes at High Load
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CONCLUSIONS
Promising results
Some details remain
Further experiments
Simplifications

Control design



