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1. INTRODUCTION

There are many papers on models for drum boilers. In spite of this
there are still no good models which describe the drum level in a
realistic way. In this report a comparatively simple model is derived
from first principles. A fourth order model is obtained which captures
most of the features of the drum downcomer riser loop. The model has
the nice characteristics that it is only one parameter representing
the friction term in the circulation Toop which has to be determined
from plant data. The basic equations and the state equations are given
in the report.



2. BASIC PHYSICAL EQUATIONS

The basic balance equations and the constitutive equations that

describe the system will now be derived. The notations used are first
described. The system is partitioned into drum, downcomer, and riser.
The mass, energy, and momentum balances for each subsystem are given.
The constitutive equations simply consist of the equations describing

saturated steam and water.

Notations:

a

o]

steam quality (volume ratio) in risers

average steam quality

total cross section of riser tubes

specific
specific
specific
specific
specific
specific

specific

heat of water

enthalpy

evaporation enthalpy

enthalpy of water in the drum

enthalpy of feedwater

enthalpy of steam at state of saturation

enthalpy of water at state of saturation

coefficient in momentum balance

average length of riser tubes

power transferred to the riser tubes

mass flow

condensate flow, i.e. the flow of water to the drum
due to condensation in steam

flow in downcomers

feedwater flow

mass flow at riser outlet

steam flow out of the drum



Py density of water in the drum

Pg density of steam at state of saturation
O density of water at state of saturation
T temperature of water in the drum

Ts temperature of saturated steam

Vr total riser volume

VS volume of steam in the drum

VW volume of water in the drum

X steam quality (mass ratio) in risers
X steam quality at riser outlet

Mass and Energy Balances for Steam in Drum

It is assumed that the steam in the drum is at the state of saturation
and that the steam density is the same in the whole drum. The steam
flow out of the drum is qs. The steam flow out of the risers is qpX e
Part of this steam flow e condenses to drum water. The mass balance
for the steam in the drum can be written as

2 (pgVg) = x,q, - q - (2.1)

at ‘Ps's rir = 9% 7 9% )
The energy balance for the steam in the drum is

d = -
Frs (pghgVe) = Xpaphg - dche = aghs. (2.2)

Since it was assumed that the steam was at the state of saturation the
density Ps and the specific enthalpy hs are functions of the drum
pressure p.

Mass and Energy Balances for Drum Water

There are three flows of water into the drum, feedwater flow Ocs flow
from the risers qr(1-xr) and condensation of steam from the risers 9c-



From the drum there is a flow Y4c to the downcomers. The mass balance
is

d

5 Pdl) = 9y 7 Gge * 9 (07xp) * ac. (2.3)

The energy balance is

j% (hdpde) B qfwhfw B qdchw * qrhw(]'xr) * qchc’ (2.4)
The water in the drum has normally a temperature which is slightly
below the critical temperature. The density Pd and the specific
enthalpy hd are thus functions of the drum water temperature T and the
drum pressure p. It is assumed that the pressure and the temperature
is the same all over the drum.

Mass Energy and Momentum Balances for Downcomer and Riser

It is assumed that the temperature of the water at the bottom of the
downcomers is the same as the drum water temperature. In the risers the
water is first heated to the boiling temperature. When boiling occurs
the amount of steam in the risers increases along the riser tubes.

Enerngy balance forn heating zone

In the heating zone the water temperature is described by

d Pdz

. ATdz) = —=.

3t Pd Cp 2) =
Neglecting that pq and Cp depend on temperature this equation can be
integrated

T. - T : R

S d " 7 a.c A
3 Pd Cp A
where t is the time it takes to pass the heating zone. If the length

of the heating zone is z we get

Z pq A
t = d

A4c



or
q t
g = dec )
Py A
Hence
Qe Cp(Te - T))
z _'dc "pt's 'd _ (2.5)
% P

An energy balance for the heating zone thus makes it possible to
determine where the boiling starts.

Mass and energy balances gon boiling zone

The mass balance is given by

d

3¢ [Ps @ Vo ¥p,(1-3) V] = g4 -, (2.6)

and the energy balance is

d - - Z

o [ps hs a Vr-+pw hw(l-a) Vr] e P(]— §>'+hw qdc"hr 9, (2.7)
where

hr = X hs + (1'Xr) hw. (2.8)

In these equations the density Ps and the specific enthalpy hW will be
functions of the pressure. It is assumed that the pressure is equal to
the drum pressure at all points along the risers. This is clearly an
approximation. It is not known how serious it is. If the approximation
is not made it will be necessary to determine the pressure from a
momentum balance. This is very complicated due to the two phase flow.

The steam quality distribution

In the equations appear both the mean steam quality a (volume ratio)

and the steam quality at the riser outlet Xp (mass ratio). To obtain

the relationships between those variables it is necessary to know the
steam distribution. The steam distribution can be obtained from a



distributed model. In this case a distribution of the steam quality
along the risers is simply postulated. It is assumed that the steam
quality expressed as a mass ratio is linear from the point where the
boiling starts i.e.

The relation between the steam quality expressed as a volume ratio and
as a mass ratio is given by

Py X

py X + [1-xT pg

a =

We thus find that the average steam quality a (volume ratio) is related

to the steam quality ar the riser outlet expressed Xpn (mass ratio) as
/ 2
a = — J a(zg) dg = — J .
L3 23 Pw x(2) + [1-x(2)] ps

Simple calculations give

_ P P Xn(py = Pg) +p
7= (1 _ E) [1 ; S qp W Ts'7s ]. (2.9)
Py = Ps L Xp(Pw - Ps) Ps

Momentum balance

A momentum balance for circulation loop is given by

2
K a5 (2.10)

= _ 1
(pg-pg) a V. =

Constitutive Equations

The constitutive equations are the equations which describe how the
densities Pgs Oys the specific heat Cp, and the boiling temperature T

depend on the thermodynamical state of water and steam.

S



3. STATE SPACE EQUATIONS

The equations given in the previous section give a complete descrip-
tion of the system. The equations will now be reduced to standard state
space form. To do so it is necessary to decide which variables should
be regarded as inputs and state variables.

Input Signals

It is natural to consider the following variables as inputs to the

system.
P power supplied from the fuel
qq steam flow

Py feed water flow

hfw specific enthalpy of feedwater.

State Variables

The state variables describe the storage of mass energy and momentum.

The mass of water in the drum can be described by Vw or equivalently
the drum level. Since the total drum volume is known, the steam volume
is then given by

VS = Vd- VW.

The mass of the steam stored in the drum is then uniquely characterized
by the steam density pg OF the steam pressure p.

The energy stored in the drum is uniquely given by V,, and the drum
water temperature. The energy stored in the steam is characterized by
v, and pg (or p).



The mass of water in the riser tubes is uniquely given by the steam
quality a or the steam quality Xpn at the riser outlet. Either of these
variables will also describe the energy stored in the risers.

The state variables are thus chosen as

p steam pressure

Vw volume of water in drum

X, steam quality (mass ratio) at riser outlet
T drum water temperature.

There are thus 4 state variables. Since the physical system was charac-
terized by 6 differential equations this means that two differential
equations can be eliminated. This is done as follows. The condensate
flow g, can be eliminated between equations (2.1) and (2.2) and the
mass flow out of the risers q, can be eliminated from equations (2.6)
and (2.7).

Outputs

Apart from the state variables there are several other variables that
are of interest. The following variables are of prime interest:

X drum level

Tg temperature of steam in drum.

It is also of interest to know the variables
dc condensate flow

. flow at riser outlet

9dc criculation flow

z/% position along riser tubes where boiling starts.



Parameters

It is of interest to know the parameters that have to be determined
to obtain the model:

K coefficient in equation for circulation flow
Ag area of water in drum
Vyq drum volume

Ve riser volume

It is thus a remarkable small number of parameters that have to be
determined. Since the energy storage in the metal masses have been
neglected, it may be useful to make a correction. If this is done it
will be necesssary to know also the metal masses and their heat
capacities.

State Equations

The state equations will now be derived. Elimination of qc between
equations (2.7) and (2.2) gives

d d _

ac (PshsVs) =he oo (ogVs) = x.ap(hg=he) - ag(hg-he).
Since

he =hg - hy,
and

Vg = Vg - Yy
we get

dos dh, av,,
W T esYs T fshw gr T Xeru 95y

Since the steam in the drum is in saturated state its enthalpy is a
function of its density. Furthermore using equation (2.6) to eliminate
q,. we get



dos dhgy gp dv,,
v h — -
[(RAEN >dp+psvsdp]dt Ps " g
N PR h -q.h (3.1)
r Mwlryes) Yy dx, dt T 9dc "w™9s Mw - :

ETimination of the condensate flow e between (2.1) and (2.3) gives

4
dt

d = -
(pgVy) *+ gg (psVs) = 9 *+ Ay ~ Age = 9s-

Using (2.6) to eliminate q, we get

Veta V) — + V. — + (1-3) V }_p n ) W
{43 V) =t et (058 Y 2} 4 (ogmeg) o
o da , IXp 94 dT

(py=Ps) V.. WY‘ ETl + Vy oS @t = Qg " YGs- (3.2)

Elimination of q,. between (2.6) and (2.7) gives after some calcula-

tions
— dps — dpy _ dhg — dy 1 dp
[hc(]-xr) a-:ﬁ; + hC X, @ ) tpg @ 7ﬂ; + pw(l-a) —aa-] v, P
da dxr .
+ h [(1-xp) pg +x, pw]vrdxr =9t (0-3)P (3.3)

Elimination of q. between (2.2) and (2.4) gives

4 (peh V) +

d = :
dt ‘\Ps's's! T 4§ (PghgVyy) = Aphp* Agy gy - G4 Mg — 9 hs-

10

Notice that the density of the drum water Py and the specific enthalpy

of the water in the drum are functions of temperature and pressure
Pq = pd(P,T)
hd(paT)'

hy

Using (2.6) to eliminate q,. we get



_ dpg 304 _, ., 4oy dhg
[(hsVS+hraVr) —dp— + hd Wa—p- + hr(]'a) VY‘ —a{—)— + pSVs d_p +
oh dVv i

d ] dp wo_ _ da
* PgVy 3p ] at T (eghg - eshg) 3t " Mrley =) Yy P

9pd ohy dT
* (ﬁhd *t Pyq F) de—t = (hy.-hy) 9c * rw hfw_qs hs' (3.4)

The equations (3.1), (3.2), (3.3), and (3.4) thus gives a set of
linear equations for the time derivatives of the state variables.
Notice that the equations have the following structure:

b

N Gz €3 O |[dp/dt ) [ xehyage - hyag
€1 €5 €y3 €y, dv,,/dt Qfw - Qg

841 G2 Cq3 Cqq)dT/dE || (hphy) 4o *+ aghe, - Ashs]

Auxiliary Equations

Several auxiliary variables were introduced when the state-equations
were derived. The equations for these variables are summarized below
for easy reference.

Thermodynamical equations fon saturated steam

r hs = hs(p)
dhg  dh,
— = — (p)
dp dp
Ps = pg(P)
7ﬂ; = Tﬂ; (p)
Ts = Ts(p)

11
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These functions are obtained from the steam table for saturated
steam.

Density and enthalpy for drum water

The water in the drum is not in saturated state the density and the
enthalpy therefore depends both on temperature and on pressure:

Pq = Pq(PsT) (3.7)
hq(psT). (3.8)

hg

Mean steam quality, circulation glow, start of boiling

To determine the variables a, Ayc» and z/% from the state variables
it is necessary to solve an algebraic equation. Equations (2.5), (2.9),
and (2.10) can be written as

z/% =B A4c
a =C(1-2z/2)
qgc =Da

where

B = Cp(Tg~Ty) /P

c p”[-
PwPs Xp(Py~Ps

P Xn(0y=Ps) +p
S In _row?’s S ]
) Ps

D = 2(py-pg) V. /K.
Elimination of @ and z/% gives the following second order equation
for A’

2 - -

Agc * BCD Q¢ DC = 0.

Since the circulation flow must be positive the following unique solu-
tion is obtained:



Qe = / (BCD)2 /4 +DC - BCD/ 2. (3.9)
Then

z/% = B qy, (3.10)

T = C(1-2/2). (3.11)

The function da/dx, is also needed. Differentiation of (2.9) gives

PwP Xp(Py=Pc) TP
da _ Whs (1-2/2) 1n r\*w s S _
2 bg

dx,. 2
r Xr<pw'°s)
Pw Ps
Xp(Py=Pg ) [X . (py=0g) + ]

(1-2/2). (3.12)

Feow at niser outlet

The flow at the riser outlet is given by (2.6)

d — —
&% = 3% [ogaVy + o, (1-3) V.1 + qy4,.
Hence
- Ps dp E
- + a V _ e ¥ - —_— 3.13
qr qu r dp dt (pw ps) r dXY\ dt ( )
Condensate fLow
The condensate flow is given by (2.1)
9. = X.9.-9 -1(pV)-
c rir s 4p Vs
Hence
dp dv
- - s . dp w
qC = qur qs VS —aE‘ -d—E + ps E. (3-]4)

13



Drum Level

The drum Tevel is simply V,, /A4, where Ay is the wet area in the drum.

14



b4, EXTENSIONS

The simple model presented in this report can be extended in many
ways. The energy storage in the metal masses can be taken into account
by modifying the values of the enthalpy coefficients.

The circulation time in the downcomer riser loop can be introduced as
a first order lag.

The energy storage in the riser walls can be introduced via an extra
state variable.

15
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5. VERIFICATIONS

The simple model has been used to calculate the void distribution
in a BWR reactor. The results obtained by the simplified model agree
surprisingly well with the simulation of the full PDE (Bergman, 1985).
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