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Abstract

This paper presents an improved water level control scheme for Pressurized Water Reactor(PWR)
Steam Generator(S/G) at the low power operation and transient states. To reduce fluctuations of
the water level by the swell and shrink phenomena, the scheme adds feedforward terms considering
S/G pressure and the feedwater temperature into the conventional proportional-integral feedback
controller. The simulation results using the Compact Nuclear Simulator show that smaller level
errors and much faster settling time than those of the conventional scheme can be obtained. The
proposed algorithm is easily implementable and has a potential for the real applications.
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1. Introduction determines the plant responses when some changes

in the operating loads occur. S/G is the vertical U-

The Steam Generator (S/G) is a very important tube . heat exchanger which operates with the reactor
facility in the Nuclear Power Plant(NPP) which coolant on the primary side and the feedwater in the
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secondary side. S/G water level control is to main-
tain the water level within the prespecified limits by
regulating the feedwater flow to S/G. In case that the
water level is too low, the reactor will be tripped
automatically by Plant Protection System(PPS) to
protect fuel damages, while when the water level is
too high, the turbine will be tripped due to too much
moisture carryover to the turbine[1]. Therefore, to
maintain S/G water level at its setpoint is important
in overall plant availability and safety aspects.

Unfortunately, due to the presence of steam
bubbles in the tube bundle region, S/G water level is
known to temporarily respond in the adverse manner
to input variations: the level first appears to increase
under an augmented steam flow and to drop under
an increased feedwater flow. These effects, respect-
ively known as swell and shrink phenomena, are
dominant at the low power operation, especially in
the plant startup and transients rendering more haz-
ardous the use of high control loop gain. Hence,
particular attention should be paid to the controller
design at the low power (typically less than 20% of
full power) so as to reduce fluctuations of the water
level while keeping a sufficient margin[2, 3].

In this paper, we analyze the factors which cause
the swell and shrink of S/G water level and propose
an improved control algorithm which includes
feedforward terms considering S/G pressure and the
feedwater temperature into the conventional Pro-
portional and Integral(PI) feedback part. To verify the
performance of the proposed control algorithm, the
Compact Nuclear Simulator(CNS) being operated at
Korea Atomic Energy Research Institute(KAERI){4]
has been used.

2. Swell and Shrink Phenomena

The figure 1 shows the conventional S/G water
level control system.

It is basically a three-element control scheme using
S/G water level, the steam flow, and the feedwater
flow as its inputs. During the low power operation,
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Fig. 1. Conventional Steam Generator Water Level Con-
trol System at Low Power

since fluid flow measurements are very inaccurate,
the scheme uses only the water level as its input. To
make the level control at the low power more diffi-
cult is that the measured leve! is temporarily opposite
to the expected one as swell and shrink become
dominant. In order to improve the control perform-
ance at the low power, it is necessary first to investi-
gate the fundamental factors which cause swell and
shrink, and then to reflect these into the controller
design.

The main factor is changes of S/G pressure. When
the steam flowrate is varied through the turbine ad-
mission valve or the bypass valve, S/G pressure
changes inversely because S/G is a saturated pro-
cess. When the steam flow is increased (power is
increased), the steam pressure decreases and the two
phase fluid in the riser region expands leading to the
measured water level up. This phenomena is called
“Swell”. Upon observing the increased water level,
S/G water level controller reduces the feedwater flow
demand, although the actual water level should be
decreasing. This reverse control action induces many
reactor trips in the real plants. On the other hand, if
the steam flowrate decreases (power decreases) by a
reduction of the turbine loads, the amount of steam
consumption would be less than that of steam gener-
ation. This unbalance in the steam quantity makes
S/G pressure rise, which in turn causes a rapid col-
lapse of steam bubbles existing in the water-steam
mixture of the tube bundle region. Since the volume
taken by the water-steam mixture suddenly decreases
with the collapse of steam bubbles, water mass from
the downcomer moves into the empty region leading
to the indicated water level down. This phenomenon
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is called “Shrink”. In reaction to shrink, S/G water
level controller increases the feedwater flow demand,
although the actual water level should be increased.

The second major factor is the incoming cold
feedwater into S/G. When the feedwater flowrate is
increased, the cold feedwater results in condensing
the water-steam mixture in the lower part of the tube
bundle region. As a result, suction occurring there
produces increased flow in the downcomer leading
to a drop of the water level.

This phenomenon called shrink is dominant at the
low power, because the feedwater is much colder
comparing to the temperature at the high power.
The counter phenomenon called swell occurs when
the feedwater flowrate decreases.

3. Proposed Improved Control Algorithm

It was pointed out that S/G water level is difficult
to control at the low power due to the swell and
shrink, and that two major causes of swell and shrink
are S/G pressure changes and the cold feedwater
entering into S/G secondary side. In this section, we
present an improved water level control algorithm
which can explicitely account for -the swell and
shrink.
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Fig. 2. Improved Steam Generator Water Level Contro!
System at Low Power

The figure 2 shows the devised algorithm using
S/G pressure and feedwater temperature signals as
the additional controller inputs.

3.1. Consideration of Feedwater Temperature

The feedwater temperature varies by maximum
200°C depending on the reactor power. In the low
power case, the difference between feedwater and re-
actor coolant temperatures is approximately 200°C.
This large difference causes the water level to be
shrunk when the feedwater flowrate is increased. In
addition to the shrink and swell (swell is minor
comparing to shrink), S/G water level response is
delayed about 2~3 minutes due to internal flow
circulations. These effects complicate the water level
control.

The figure 3 shows a variable gain profile with re-
spect to the feedwater temperature.

The profile was derived based on the startup data
from the simulator at KAERI, which is modeled for
GORI units 3 and 4. To compensate for the effects
on the water level by low feedwater temperatures,
this gain profile is implemented as the feedforward
term in Figure 2.
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Fig. 3. Variable Gain for Feedwater Temperature
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3.2. Consideration of S/G Pressure Changes

S/G pressure signal is an effective index regarding
the occumrence of swell and shrink phenomena.

Other
feedwater and steam flows, changes of steam flow

indexes such as the difference between

may be used, but are not practical in the sense that
fluid flow measurements accompany too much
errors. S/G pressure changes AP at the time t can be
calculated by

AP(t) = P(t) — P{t—1) (1)
where P(t) is the current measured value, and P(t—
1) is the stored value before seconds.

The figure 4 contains a variable gain profile with
respect to S/G pressure changes.
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Fig. 4. Variable Gain for Steam Generator Pressure

S/G pressure typically varies from 77 to 65Kg cm?
depending on the reactor power. The profile was
obtained based on the water level versus AP curves
from the simulator. To compensate for the water
level fluctuations by S/G pressure changes, this gain
profile is implemented as the feedforward term in
Figure 2.

4. Simulation Results

In érder to evaluate the performance of the pres-
ent S/G water level controller which is composed

(Kg/en)
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of the conventional Pl control part and two
feedforward terms.

The computer simulations were carried out using
the simulator of KAERL The results when the
steam flow changes stepwise and with the following
conditions

- Reactor power: 3%, 6%

- Turbine power : 0% (rolling)

- Reactor coolant temperature : 290°C, 295°C
- Feedwater temperature : 48°C, 58°C

. ‘PI gains: Ko, =2, Ti=750

are presented in the figures 5, 6, 7, and 8. Note that
the PI gains are the same as the actual ones.

Figure 5, 7 shows the water level, steam flow, and
feedwater flow behaviors using only the conventional
Pl controller. It is observed that the water level
oscillates with large overshoot and undershoot.
These are mainly due to sudden changes of S/G
pressure followed by the swell and shrink phenom-
ena. And moreover, the reverse control actions make
worse the situation. Figure 6, 8 displays the

responses using the present control scheme.
Comparing to those of Figure 5,6 the magnitude of
water level fluctuations is reduced, and it takes less
time by about 2—4 minutes to stabilize the water
level. These improvements are thought to be

achieved by contributions of the feedforward terms.
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Fig. 5. Level, Steam Flow, Feedwater Flow Response by
Conventional PI Controller 3% Power
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Fig. 6. Level, Steam Flow, Feedwater Flow Response by
Proposed by Controller at 3% Power
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Fig. 7. Level, Steam Flow, Feedwater Flow Response by
Conventional PI Controller 6% Power
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Fig. 8. Level, Steam Flow, Feedwater Flow Response by
Proposed by Controller at 6% Power

5. Conclusion

In this paper, an improved S/G water level control
scheme has been suggested, which in addition to the
conventional Pl control part, the feedforward terms
using S/G pressure and feedwater temperature
signals are included to explicitly account for the swell
and shrink phenomena during the low power oper-
ation and transient states. To evaluate and compare
the water level conirol performances, computer
simulations were conducted using the simulator at
KAERI Resultingly, it was found. that the present
scheme leads to smaller level errors and quicker set-
tling behavior than the conventional one.

Since the proposed control algorithm has been
tested using the simulator which has the same
characteristics as the commercial NPP, and the algor-
ithm is easily adapted to a real system, we think that
this study is valuable in the view of applications.
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