Study on the Automatization of the Steam
Generator Water Level at Low Power
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Introduction

The water level control of the steam
generator in a nuclear power plant is difficult
to control at low power because of its reverse
directional response to feedwater control, The
main reason of this behavior is the intrinsic
thermal-hydraulic properties of the steam
generator which are well known as swell and
shrink phenumena, These phenomena are
common to all power plants and become more
salient as plant power decreases, The failure
of the water control causes reactor trips,
most of which are spurious at low power.
These spurious trips are not desirable with

respect to both the plant availability as well
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as safety, Up to now various statistics (Ku,
1987). (Chao, et al, 1985) show that
the feedwater control system including steam

et al,

generator is the major cause of reactor trips
(39 to 44% of all reactor trips), and the detail
root causes analysis shows that about 10 to 20
% of all trips are solely by shrink and swell,
The present art of the level control at low
power is the operator's manual control and
above a certain power level the manual mode
is switched to automatic mode, But this
method may lead to other problems of human
error, Therefore it is the most desirable way
to extend the range of automatic control into
the low power as far as possible to eliminate

operator's interface with the plant, A new
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control system is proposed in this paper for
the automatic control of steam generator
water level without interrupting stability and
still with proper control characteristics, This
control scheme, named off-line guider, is
developed by the use of thermal-hydraulic
characteristics of steam generator and
responses to key parameters are expressed in
the form of transfer functions, With these
tranfer functions known and by selecting
proper compositions and control constants, the
control scheme for automatic control can be
defined.

Thermal-Hydraulic Modeling of
Steam Generator

To fully understand the thermal-hydraulic
properties including the shrink and swell
phenomena, a sound model of steam
generator is necessary. In this papar, the
model of Stromayor (1982) and Choi(1987) as
shown in Figure 1 is used with two major
modifications, The shrink and swe}l phe-
nomena is directly related to downcomer flow
rate which is calculated by driving forces. At
low power, the pressure difference between
the tube region and downcomer region is so
small that the downcomer flow rate becomes
unstable and at the extreme case the so
called manometer phenomenon occurs, Further
since the thermal-hydraulic condition of a
steam generator depends on the energy input
to steam generator, more accurate estimation
of heat transfer rate from primary coolant to
steam generator is required, With respect to
these, two modifications are made to the
momentum equations and to the heat transfer

calculations .
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1) Mometum equations

The momentum equations are functions of
flow path geometry and other numerous
factors as well. The model mentioned above
assumed the constant geometry but in reality,
the flow path geometry becomes different
depending on the position of water level,
Accordingly the momentum calculational pro-
cedure is modified to be divided into three
cases in this paper, The first case is when
the water level is in the ‘head of steam
generator, The forces induced by each junc-
tion flow (see Figure 1) are calculated and
summarized as in Table 1. It is to be noted
that all the summation of numerator in the
momentum inertia is equal to the length of the
total flow loop, The second is when the water

level is in the ‘slope’ region of downcomer
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Figure 1. Thermal-hydraulic model of steam

generator
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Table 1, Forces by each flow
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where the cross sectional area of the flow,
accordingly the momentum inertia varies as
level changes, In this case, the force of each
junction flow is same as that of the first case
except the force by downcomer flow rate,

which is as below :
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The last case is when the water level is
very low and is in the region of vertical part
of the downcomer where the cross sectional
area is constant, In this case the force by the
(1) and

other forces are equal to the previous case,

downcomer flow rate becomes as Eq.
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The comparion of the modified result with
the existing model shows the decrease of the
downcomer flow rate about 3%, which
indicates the more unstable properties of

steam generator,
2) Heat transfer model

The existing@odel of Stromayor and Choi
assumed the constant heat transfer rate all
through tﬁe heat transfer area., But since the
tube region consists of two regions of single
phase and two phase, the heat tranfer rate is
different

each other, Particulary at low

Two Phase
Ts Ta
Ta
Single Phase
T1 T2
Inlet Cutlet
Plenum Plenum

Wo, ho, Po,To

power, the single phase region is large and it
introduces an error to treat the whole region
as two phase, Therefore, to represent the
heat transfer rate more accurately, different
correlations are used for each region. The
point of onset of boiling is found first, and
with this point as a boundary, Dittus-Boelter
is used for single phase region, and Thom's

correlation (1964) is applied for two phase

region, In Figure 2 of primary heat transfer
model, q, and g, are heat transfer rates of
single phase and q, is for two phase which

are expressed as :
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Figure 2. Primary heat transfer model

f-Ar
0= 2 . (T-To) = (T:-T)
1 foy To T 1 T--To}
hg; + k, In I + rp by ln[ Ts-Ts
=W - (Tl_Ta) * CP[P,T.h(T.D)] """"""" (3)
(1-f) - Aq (T,-T)
2— -
1  Toy fo fo 1 [T« TSJ
hez e iy * rn hy n T.-T,
=W - (To=T)) - cp(p. T.h(T, P)) -oomvvreenens 4)

qz

4
31 a1 4| q3
Ty 1 T2

1 2
Tpin Teout
f N A‘XT

Q= 2 . (TJ_Ts) - (TZ_TO)

: 1 Iy Iy To 1 Tl-Ts

'lg'f' k—sln?+ —I - Fl; 1I1|: Tz"To}

=W (T T)) - cp, T, h(T,P)] woveeeeemeee (5)

where { is the the distance ratio of OSB and
Ap is total heat transfer area.
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In the above equations, all the properties
are functions of temperature and the
temperature of each junctiorn can be obtained
by establishing the conservation equations of
mass and energy for each nodal volume, By
introducing the assumption that the rate of
change at each junction is same as that of
upstream nodal volume, .the temperatures are
determined at a ceratin time, and are used for
the heat transfer calculation of next time
step, The results of the heat transfer
modification show the decrease of the system
pressure of af)out 2% below that of existing
model, which is as expected since Thom's
correlation is sensitive to the system pressure
while Dittus-Boelter is not,

In summary, the thermal hydraulic model of
the steam generator are expressed in terms of
six unknowns, They are internal enegy of
downcomer flow, vapor volume, riser inlet
and outlet void fraction, system pressure and
system flow rate, The last one is again
expressed as a function of junction flow rates
of Figure 1, and overall mode!l is expressed in

the linear equation as below,

4=
Ag 278
B=Col (W(h-h)+Qz. W -h), W -H)

—ws (hg_Hk) ' wfw (hfw—Hk) -W (ho_Hk) ' ‘v(w_ws‘

where h is enthalpy, and Hk is the enthalpy
condition at movable surface at downcomer
boundary and Qg is the total heat transfer
rate from primary to secondary,

The elements of matrix A is of 6X6, and
are functions of all known variables. By
matrix inversion, the vector @ of which
elements are six unknowns is found at next

time step,
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3. Water Level Control System

The thermal-hydraulic model of the steam
generator developed above is applied for
various cases, Four(4) parameters of
feedwater flow rate, steam flow rate, primary
coolant temperature and feedwater
temperature are considered as major inputs to
the steam generator, By step changing a
particular parameter with others fixed, the
relation between that parameter and the steam
generator level can be analyzed., Figures 3
and 4 show the shrink and swell of level due
to feedwater and steam, for an example, To
describe the relations between key parameters
and the level in the form of transfer function,
the regression routine of IMSL(1984) is used
and the constants of the transfer function are
expressed in terms of initial power of the
plant, The transfer functions for each pa-

rameter are .
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where Vs] is the steady state value and K,. K,
are proportional gain, And a,b,c are control
constants which are functions of initial power,

In the above, H,(s) is the transfer funciion
of feedwater, H,(s) is for steam flow rate, H,
(s) is for primary temperature and H,(s) for

feedwater temperature, With these equations
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Figure 3. Shrink effect by feedwater (5 to 30 %)
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Figure 4. Swelling effect by steam (5 to 30%)

the level at time t is obtaind by inversing 6 =L"(H(s) - AW, (s) +H,(s) P AW (s)

Laplacian .

+Hy(s) - AT +H,(s) - AT(s)) oo 1y
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The above equation tells us that the thermal
hydraulic model of a steam generator is no
more necessary in computing the water level,
That is, since the properties of response to
each key parameter are known, the steam
generator is treated as a control plant which
is nothing more than a kind of control
component and the level control problem is
reduced to the control problem without regard
to thermal-hydraulic characteristics of the

steam generator, Figure 5 is a typical 3

G4

element level control scheme which consists of
two feedback paths, But at low power the
measurement of flow are always uncertain and
it is meaningless to use this variable as a
feedback. Therefore the flow feedback loop is
removed, In general, the elimination of a
feedback loop out of a control system makes
the system unstable, but since the control
characteristics of the steam generator are fully
known at any power level, the boundary of

the controller constants which makes the
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Figure 5. Three(3) element control of water level
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system stable can be defined, though the
boundary is limited, Figure 6 shows the
boundary of proportional gain and integral
reset time of the level feedback controller, As
in the figure, the boundary becomes small as
power decreases, which means difficult level
control at low power as explained before Still
within this boundary, the stability can be
maintained together with proper control

charateristics, Finally considering that the
integrator whose function is to eliminate the
steady state error makes the system unstable,
the integrator of the level feedback controller
is removed, resulting a simple proportional
controller. This scheme is named off-line
guider, Since only one constant is to be
adjusted, eaisier and simpler definition of the

system is possible, As its name implies, it can
calculate the level without being limited by the
time step because the whole system is
expressed in anlytical equations, Therefore the
water lvel and its corresponding feedwater
condition estimaied in advance guide an
operator what to do for avoiding the water
level trips, Figure 7 shows the result oi off-
line guider applied to the case of power
increases from 5 to 10%. As shown in the
figure, the level variation is mild, and other
control characteristis such as settling time are
better than those of existing model of Choi,
who uses the compensated level as a feed-
back which is calculated by the observer. In
addition, when the off-line guider is used to-
gether with the thermal-hydraulic model of
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Figure 7. Level variation of power increase

steam generator as on-line, the results are

improved further as compared in Figure 7,
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The water level converges to the reference

level without going to minus range, and
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overall trends are similar to the results of off-

line, which jdicates the fact that the off-line
-

guider can be applied on-line with the same

scheme and constants,

4, Discussions

The new control scheme proposed in this
paper is based on the sound model of steam
generator and can be regarded to represent
the thermal-hydraulic characteristics of the
steam generator more realistically, But the
actual behavior of the equipment such as
valve and actuator does not follow as required
by the calculation of feedwater flow rate. The
non-linearity of valve hysteresis and delay
time contribute the error to the water level

and this non-linearity should be included in the

control system to describe the system,

Also the power condition which is
represented by the steam flow rate in this
scheme and is treated as an input condition
should be modified to reflect the reactivity
temperature feedback. For this, the nuclear
and thermal-hydraulic model of the primary
system should be included, and by doing so,
the power is to be a state variale which is not
necessarily measured, say, the power is no
more a input condition, Despite these
limitations, the control scheme of off-line
guider is a kind of adaptive control in the
sense that the control constants varies as
power changes (Astrom, 1987), and shows the
possibility of extending the automatic control

range into the lower power regions,
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