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An experimental study was conducted on the characteristics of high pressure vessel water
level systems at both fast and slow depressurization states. The swollen and collapsed
water levels were observed experimentally. The test results show that the swollen water
level has a relatively fixed difference compared to the collapsed one for the transient of both
high and low depressurization rates. Under the conditions of steady and heat up, the
differences between the swollen and collapsed water levels are acceptable. For the
transients of depressurization, the outputs from the three channels of the inside vessel
double-reference-tube water level system have a great deal of differences between each
other because of the thermal inertia of the two reference tubes and the water levels in the
cistern. In view of nuclear power plant safety and operation, the outside vessel single-
reference-tube water level system used in the current pressurizer is adequate and the
inside vessel double-reference-tube water level system is suggested as an additional
reference to monitor the water level in the steam generator.

Keywords: high pressure vessel, swollen water level, collapsed water level, transient, experimental study

1 INTRODUCTION

The water level is a very important parameter in the energy and chemical industry especially for the
boiler drum (Maslovaric et al., 2014). For pressurized water reactor (PWR) power plants, the nuclear
safety control signals are all associated with the pressurizer (PZR) water level and steam generator
(SG) water level (Riznic ,2017; Chen et al., 2019; Petrangeli ,2019).

After the Three Mile Island (TMI) accident, the water level inside the reactor pressure vessel
(RPV) has been independent and diversionary to the PZR water level (Anderson, 1980). However, for
the third-generation nuclear power plant (NPP) like AP1000 (Schulz, 2006), there are no
penetrations through the lower head of the RPV which highlights the importance of PZR water level.

The leaks and cracks in the reactor coolant pressure boundary and primary steam system cannot
be avoided, resulting in the slow depressurization of PZR and SG (Sanda and Veira, 2014). The leak
flow rate in the reactor coolant system (RCS) is the most important monitor parameter (Shah, 1998).
The water level is the key parameter for the calculation of the leak flow rate. Loss of coolant accident
(LOCA) and main steam line break (MSLB) accident are characterized by fast depressurization
which results in the formation of bubbles and water levels swollen at the free surface (Hardy and
Richter, 1986; Kmetyk, 1994; Boesmans and Berghmans, 1995; Boesmans and Berghmans, 1996;
Chen et al., 2013; Hatamura et al., 2014).

The outside vessel single-reference-tube water level system and measurement range of the
magnetic flap water level sensor are commonly used to monitor the collapsed water level in the
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FIGURE 1 | Experimental facility.

vessel. The inside vessel double-reference-tube water level
system (Lin, 1986) is introduced to directly measure both
the collapsed water level and the swollen water level in the
high pressure vessel. However, related research on the inside
vessel double-reference-tube water level system mainly focuses
on ideas and theories lacking experimental verification and
comparative analysis. In this study, the characteristics of
different high pressure vessel water level measurements
were conducted experimentally at both fast and slow
depressurization states.

2 EXPERIMENTAL FACILITY AND TEST
CONDITIONS

2.1 Experimental Facility

A schematic diagram of the experimental facility is shown in
Figure 1. The experimental vessel is a small scale electrical heat
PZR. The inner diameter of the experimental PZR is 0.6 m, and
the inner total height is 4.1261 m. Two different steam discharge
lines with an inner diameter of 15 and 8 mm for each are arranged
on top of the vessel to control the depressurization rate. To obtain
the fast-open and fast-close action of the steam discharge line, the
solenoid valve is selected and arranged on each steam discharge
line. At the end of the steam discharge line, there is a steam
expander with six nozzles in every 90°. The released steam from
the experimental vessel is condensed in the water tank. The inner
diameter of the expansion water tank is 0.5 m, and the height is
2.5 m. The initial water level of the open expansion water tank is
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1.5 m, and the temperature of the water is similar to that in the
environment.

The experimental vessel has three types of water level
measurement systems such as the outside vessel single-
reference-tube water level measurement system, the inside
vessel double-reference-tube water level system, and the
magnetic flap water level sensor with a maximum absolute
deviation of 10 mm.

The experimental PZR steam pressure is measured by a sensor
with a range of 0-6 MPa and the maximum relative deviation is
0.075%. The pressure differences used by the outside vessel
single-reference-tube and inside vessel double-reference-tube
water level systems are measured by the sensors with a range
of 0-30kPa and a maximum relative deviation of 0.075%. The
temperatures are measured by the K-type thermocouples with a
maximum absolute deviation of +1.5°C.

2.2 Outside Vessel Single-Reference-Tube

Water Level System
The outside vessel single-reference-tube water level system is
shown in Figure 2. On one side, the differential pressure
transmitter is connected to the lower section of the vessel. On
the other side, it is connected to a capillary reference tube. At the
upper end of the reference tube, there is a condenser connected
with the PZR steam zone, and the overflow pipe is arranged
between the condenser and vessel to maintain the water level in
the reference tube.

The pressure balance of the outside vessel single-reference-
tube water level system can be built up through Eq. 1 as follows:

Condenser

Overflow

=

b PZR

Zero water
level surface

Ho
\/ Low |Hig ——

Reference tube

Impulse tube

T

differential pressure transmitter

FIGURE 2 | Outside vessel single-reference-tube water level system.
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FIGURE 3 | Scheme of inside vessel double-reference-tube water level
system.

{Pl =P, +pg(H~L)+p,g(L+Hp) W

PZ = PS +P5g(H_ h) +PVesselgh +pimng0

where P, and P, are the pressures of the high and low
measuring points, Pa; P; is the steam pressure of the vessel,
Pa; p, is the steam dens1ty, kg/m’; 5 Pref is the water density in the
reference tube, kg/m’; 5 Pimp 18 the water density in 1mpulse tube,
kg/m’; py,; is the water zone density of the vessel, kg/m*; H is
the height of the upper pressure impulse point referring to the
zero water level surface, m; L is the water level in the condenser
referring to the zero water level surface, m; h is the vessel water
level referring to the zero water level surface, m; Hy is the height
of the pressure transmitter access points referring to the zero
water level surface, m; and g is the gravitational constant
9.81 m/s”.

The signals of the differential pressure transmitter will be
collected into the data acquisition system and transferred into the
pressure difference by Eq. (2),

High Pressure Vessel Water Level

AP, =P - P, (2)

where AP)_; is the pressure difference, Pa.

By combining Eq. 1 and Eq. 2, the relationship between the
water level h and the medium density in the experimental vessel
can be expressed as

(pref - ps)gL - AP,

h=
(P Vessel ~ Ps )g

3)

The medium density in the pressure vessel is assumed to be
saturated according to the pressure. That is to say, the water level
h in Eq. 3 is a collapsed water level.

2.3 Inside Vessel Double-Reference-Tube

Water Level System
The scheme of the inside vessel double-reference-tube water level
system is shown in Figure 3. Tube A is the water level measure
tube. Tubes B and C are arranged with fixed height differences
named the high reference tube and low reference tube. At the
outside of the experimental vessel, there is a condenser linked
with the steam section. The steam in the condenser will be
condensed into water by heat transfer with the environment.
The water in the condenser drains into the cistern of reference
tubes A and B to maintain the water levels of these two tubes. The
inner diameter of the reference tube is 8 mm with a 1 mm
thickness. Thermal properties in the two reference tubes will
have almost the same thermal properties in the axial direction due
to the small thermal inertia.

The pressure differences between tubes can be calculated by
the following equations:

APy = AH, (pe, = p.)g )
AP, = AH, (py, — Ps)g 5)

where AP is the pressure difference between tubes C and A, Pa;
AH] is the water level in tube C above the water level, m; p ., is the
average medium density in tube C above the water level, kg/m?;
AP, is the pressure difference between tubes B and A, Pa; AH, is
the water level in tube B above the water level, m; and pp, is the
average medium density in tube B above the water level, kg/m®.
Eq. 6 represents the pressure difference between tubes B

and C,
AP = AHgc (pg = p,)g = AHac (pcy — p.)8 (6)

where AHpc is the water level difference between tube B and C, m.
From Eqs 4-6, the water level h can be deduced as follows:

APl AHl HC—h API
= =—————>h=Hc-—(Hz - H 7
AP~ AHpc HB_HC_) c ( 5—He)  (7)
AP, AH. Hz—h AP

2= = Hy - S (Hy-Ho)  (8)
AP ~ AHge Hy-Hc AP

AP, AH, Hc¢-h AP, -Hc — AP, - Hg

— = = —h= (9)
AP, AH, Hp-h AP, — AP,

Eqgs. 7-9 represent how the water level h of the double-reference-
tube water level system can be calculated by the structure

Frontiers in Energy Research | www.frontiersin.org

February 2021 | Volume 9 | Article 609320


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Wang et al.

TABLE 1 | Experimental conditions.

Condition Initial pressure (MPa) Initial
water level (m)
Fast depressurization 3.19 2.025
Slow depressurization 3.16 1.892
3.3
3.2
3.1 Discharge line open @217s
3.0
I Experimental vessel pressure
= 29 +
2
S 28}
1]
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25
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FIGURE 4 | Vessel pressure of the fast depressurization.

parameters and the outputs of the differential pressure
transmitter. If the water level is below the top of tube C, h is a
wide narrow water level which can be calculated by Eq. 7. If the
water level is between the top of tubes C and B, h is a wide range
water level, and Eq. 8 will be selected. The double-reference-tube
water level system is self-redundancy through Eq. 9 for water
level monitoring which can be used to validate the results of Eq. 7
or Eq. 8.

2.4 Magnetic Flap Water Level Sensor

The measurement range of the magnetic flap water level sensor
used in this test facility is 1.2 m, and the maximum absolute
deviation is 10 mm, so the maximum relative deviation is 0.83%.

2.5 Experimental Conditions
The initial experimental conditions for the depressurization are
listed in Table 1. The depressurization rates are controlled by the
opening of different steam discharge lines.

3 EXPERIMENTAL RESULTS DISCUSSION

3.1 Fast Depressurization

In the fast depressurization case, the initial water level is 2.025 m
and the pressure is 3.19 MPa. At 10 s before the depressurization,
the electrical power is kept at 15 KW until the end of the transient.
The solenoid valve on 15 mm steam discharge line is opened at
217 s and closed at 300s. Figure 4 shows the trends of the
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FIGURE 5 | Swollen and collapsed levels in the vessel.
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FIGURE 6 | Vessel content temperatures of the fast depressurization.

pressure in the experimental vessel. At the time of steam
discharge, the pressure of the experimental vessel descends
linearly and increases at the end of the depressurization
transient according to the electrical power.

To balance the heat dissipation between the experimental
vessel and the environment, the electrical power is needed.
There will be some vapor bubbles in the liquid pool. Thus,
there are two types of water levels (see Figure 5) named as
swollen water level (the mixture of vapor bubbles and liquid
water) and collapsed water level (only liquid water).

Figure 6 shows the trends of the steam and water in
comparison with the saturated temperature according to the
vessel pressure. Because of the vapor bubbles in the water
zone, the output of the double-reference-tube water level
system is a swollen water level which is higher than the
collapsed one.
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FIGURE 9 | Vessel pressure of slow depressurization.
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FIGURE 8 | Three channels of fast depressurization.

According to the pressure trends in the experimental vessel,
the test can be divided into three stages namely; steady,
depressurization, and heat up. In the stead state stage, the
relative deviations of the water level are 0.94 and 2.34%,
respectively, based on the benchmark water level from the
magnetic flap sensor (see Figure 7). Since the outside of the
magnetic flap water level sensor has no thermal insulation, the
water inside is colder than the experimental vessel. The value of
the water level in the magnetic flap water level sensor will be a
little lower than the actual level. Taking the relative deviations of
the magnetic flap water level sensor into account, the water level
of the single-reference-tube is in good agreement with the
magnetic flap water level sensor. The relative deviation
between double-reference-tube and single-reference-tube is
about 1.4%.

In the stage of depressurization, the water level of the double-
reference-tube system is significantly higher than the other two
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FIGURE 10 | Water levels of slow depressurization.

due to the huge vapor bubbles generated in the water zone. In the
stage of heat up, the water levels of the single-reference tube and
magnetic flap are at the same calibration, which is lower than that
in the double-reference tube. The swollen water level has a fixed
difference with the collapsed one.

Figure 8 shows the performance of the three channels in the
double-reference-tube water system. Eqs. 7-9 represent how the
water level h is mainly affected by the structure parameters and
the differential pressure transmitters. The peak water levels from
Egs. 7, 9 are higher than those from Eq. 8 at the beginning of the
depressurization. In the depressurization stage, the water levels in
the two cisterns and the thermal properties in the two reference
tubes have randomness differences.

3.2 Slow Depressurization
In the slow depressurization case, the solenoid valve on 8 mm
steam discharge line is opened at 255 s and closed at 523 s with
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FIGURE 11 | Three channels of slow depressurization.

268s of steam discharge. Figure 9 shows the trends of the
pressure in the experimental vessel. The pressure of
experimental vessel descends linearly with the steam
discharge and rises at the end of the transient by the
electrical power.

Figure 10 shows the trends of the water levels from the three
water level systems which are similar to the fast depressurization
test. In comparison with the fast depressurization test, the
outputs of the magnetic flap water level sensor are
discontinuous.

Figure 11 shows the performances of the three channels in
the double-reference-tube water system. In comparison with the
fast depressurization, the three channels in the double-
reference-tube water system are in good agreement with
each other.

3.3 Analysis of the Engineering Application
For the current PWR, the outside vessel single-reference-tube
water level system is selected to monitor and control the PZR
water level. In the transient of depressurization, the output
water level is lower than the actual level resulting in being
partially conservative for safety. For the calculation of the leak
rate from the reactor coolant pressure boundary using the PZR
water level, the swollen water level will be higher than the actual
level which has an adverse effect on the leak rate evaluation.
Taken together, the outside vessel single-reference-tube water
level system used in the current PZR is adequate for both safety
and operation.

For SG in PWR, the cyclone separator and drier are
arranged in the direction of steam flow to ensure the steam
humidity under the standard requirement. The water level
which is too low will lead to the destruction of the water cycle,
and the water level which is too high will lead to the steam
humidity exceeding the standard requirement. During the
transient of depressurization, the swollen water level may be
higher than the top of the primary separator (cyclone

Steam nozzle

/i
/ \\ Secondary
p separator
| I I ﬂl
§:| ( \‘) Primar y
| IR [ separator
N\ N\ - Normal water
[—| — — level
A\ A\
U-tube
Downcomen

v/

FIGURE 12 | Secondary side structures of U tube SG.

separator) or above the bottom of the secondary separator
(drier) (see Figure 12) which will cause the steam humidity to
exceed the standard requirement. In this view, the outside
vessel  single-reference-tube water level system is
unconservative for safety. Thus, the inside vessel double-
reference-tube water level system is the best design to
monitor the swollen water level in SG, which is helpful for
the safety and operation.
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CONCLUSION

The characteristics of high pressure vessel water level measurement
at the transients of depressurization have been studied. Significant
performances are observed for both steady state and transient.
According to the analysis, the following conclusions can be drawn:

(1) The inside vessel double-reference-tube water level system
could indicate the swollen water level.

(2) The swollen and collapsed levels have a relatively fixed
difference for both high and low depressurization rates.

(3) The outside vessel single-reference-tube water level system used
in the current PZR is adequate for both safety and operation.

(4) The inside vessel double-reference-tube water level system is
suggested as an additional reference to monitor the water
level in SG.
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