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Abstract

The article presents the results of work aimed at solving the problem of measuring the coolant level in miscellaneous
tanks of liquid-metal-cooled reactor plants, mainly of an integral layout with a free level of the primary coolant. The
choice of relevant measuring means and methods is limited by the extreme parameters of the liquid metal coolant
(LMC) and operating conditions. Traditional measuring means are practically unsuitable; therefore, measuring the
HLMC level is a complex technical task. Based on this review, they propose and describe a method of pulsed micro-
wave reflectometry as the most promising in terms of combining the characteristics of reliability, accuracy and ease of
use. The results of the experimental study demonstrated the efficiency of the level gauge, which worked according to
this method, for measuring the level of lead-bismuth coolant in the control tank under conditions close to natural ones.
An analysis of the results confirmed the possibility of using this method to control the level of melts of various metals
as applied to HLMC reactor plants.

Using the device for measuring the level, which works according to the proposed method, it is possible to control the
level of melt of various metals in tanks in real time without the need to move various parts of the sensitive element of
the level gauge while maintaining the tightness of the circuit. This device is applicable for various nuclear power plants,
accelerator-controlled systems, research reactors and experimental facilities with liquid metal coolants.
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Introduction for the creation of reactor plants, since HLMC reactors
meet passive safety requirements and have a higher ef-

Of all the currently existing power production technolo- ficiency compared to existing pressurized water nuclear

gies, nuclear power engineering is considered the most power plants (NPPs) (Adamov et al. 2001).

promising in terms of efficiency and environmental safe- Stable operation of NPPs is ensured by the systems

ty. Currently, heavy liquid metal coolants (HLMC), such  of automatic control and monitoring of coolant parame-

as lead or lead-bismuth eutectic, are considered promising  ters. A characteristic feature of HLMC reactor plants is
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their integrated (tank) layout. These include the BREST,
SVBR, BRS-GPG reactors (Adamov et al. 2001, Beznos-
ov and Bokova 2011, Dzhangobekov et al. 2013, Bezno-
sov et al. 2020a, b). The integral layout of the reactor is
highly reliable and safe under external influences. The
compact location of the core equipment, intermediate heat
exchangers and primary circuit pumps shortens the circu-
lation path of the primary coolant, reduces its hydraulic
resistance, which leads to improved conditions for the
development of natural circulation in the primary circuit
when the plant is completely de-energized.

Statement of the problem and
a review of the coolant level
measuring methods

The tank layout implies a free level of the coolant, which
must be constantly monitored and maintained within the
specified range. The choice of means and methods for
measuring the level of a liquid metal coolant is limited by
its extreme parameters and operating conditions. Traditio-
nal measuring means are practically unsuitable; therefore,
measuring the level of TLMT is a complex technical task.

The most important properties and operating conditi-
ons of a HLMC reactor plant, which should be taken into
account in the first place, include a wide temperature ran-
ge (200550 °C) and high corrosive activity of the cool-
ant with respect to structural materials, as well as uneven
temperature fields in various parts of the plant, the need to
create protective oxide coatings on the surfaces of struc-
tures, the presence of gas mixtures (inert gas, hydrogen,
oxygen) in the gas cushions of the tanks and dissolved
in the coolant, and, finally, the mandatory provision of
the circuit leaktight integrity (Chirkin 1968, Chechetkin
1971, Beznosov et al. 2007).

The literature sources provide comparative characteris-
tics of methods for measuring the level of various media,
in particular depending on their physicochemical proper-
ties (Methods for Measuring). However, in open sources,
there is practically no analysis of methods for monitoring
the level of liquid metals, taking into account the opera-
ting conditions in NPPs and their physical properties.

At present, the most common means of level control
in bench experimental circuits is an electro-contact level
indicator. The principle of its operation is to register the
closing of the circuit “power element — key — signal lamp”’
when a metal rod moving in height comes into contact
with the surface of the coolant. The rod moves in an in-
sulating seal. As a rule, simple fluoroplastic sealants are
used, which are short-lived and need to be replaced fre-
quently. At the same time, a violation of the general leak
tightness of the gas circuit leads to an uncontrolled supply
of oxygen with air, which causes uncontrolled oxidation
of the coolant. And this, in turn, leads to the formation
of solid oxides and clogging of the flow sections of the
circulation circuit, partial or complete destruction of the

flow part of the pumps, disruption of heat removal from
the core, and other negative consequences.

To control the level of metal melts, it is customary to
use multipoint signaling devices based on compact in-
ductive transducers and inductive level gauges (Leshkov
and Taranin 2008, Taranin 2015), as well as potentiome-
tric devices operating on the principle of measuring the
resistance of a tubular probe immersed in metal (Trakh-
tenberg and Deniskin 1967). Most of these developments
were carried out decades ago, and are characterized by ex-
tremely high cost and low reliability (Kirillov et al. 1960).

Pulse microwave reflectometry and
reflex-radar level gauge

To measure the level of a liquid metal coolant, it is pro-
posed to use the method of pulsed microwave reflecto-
metry. We present the design of the level gauge and the
results of the study confirming its performance in the
HLMC environment.

The method of microwave reflectometry is well known
in measurement technology. In particular, it is used to lo-
cate faults in coaxial communication cables (Vorontsov
and Frolov 1985, Tarasov 2005), to control the level of
petroleum products (Needle and Shepard 1998, Melnikov
et al. 2017, Manualslib 2021), and it has also been pro-
posed to use it to control the water coolant of a nuclear
power plant (Melnikov et al. 2018). The advantage of
this method is the continuous measurement of the level
of any media and the use even under the most difficult
process conditions; operation of the device according to
this method makes it possible to ensure the necessary leak
tightness of the unit and the reactor plant as a whole, since
there are no moving parts in the measuring probe (Fig. 1).
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Figure 1. Structural scheme of the measuring probe.
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The principle of operation of a reflex radar level gau-
ge is based on the use of high-frequency electromagnetic
energy pulses transmitted through a measuring probe parti-
ally immersed in a controlled liquid. The probe is a tube in-
side which an electrode is installed coaxially in the center.

The secondary equipment generates microwave pulses
supplied at the top of the probe and measures the time
delay of their passage to the surface of the controlled me-
dium and back. If the level of the controlled medium in
the tank increases, then the distance to the top of the probe
and, accordingly, the time delay decrease proportionally.
In an ideal system, this dependence is linear. The physics
of the process is described in more detail in (Vorontsov
and Frolov 1985, Tarasov 2005, Trenkal and Loshchilov
2016, Melnikov et al. 2017).

Thus, the level gauge consists of a measuring probe
made in the form of a coaxial line (see Fig. 1), a commu-
nication line and a secondary electronic unit.

The probe body is made of a steel pipe with a diameter
of 42 mm and a length of 1.35 m. A tube with a diameter of
10 mm, sealed on both sides, is used as the central electro-
de. The probe body and the central electrode at the free end
are connected by a jumper, forming a short-circuited line.
The controlled coolant freely fills the space between the pi-
pes according to the principle of communicating vessels;
for this, windows are provided in the upper part of the probe
body. Electrical isolation and alignment of the central elec-
trode in the upper part of the probe is made of PTFE. The
wave impedance of the probe is 75 Ohm. A coaxial cable
with the same impedance is used as a communication line.

The electronic unit includes (1) a rectangular pulse ge-
nerator connected via a terminating resistor and a delay
line to the measuring probe of the level gauge, (2) a gated
comparator, the second input of which is supplied with
voltage from the voltage generator, (3) a “pulse duration
—amplitude” converter, (4) an analog-to-digital converter
and (5) an “amplitude — current” converter (Fig. 2, p. 8).
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Figure 2. Scheme of the experimental installation: 1 — measur-
ing probe; 2 — coolant control tank; 3 — thermal insulation; 4
— heating element; 5 — coolant drain valve; 6 — ruler; 7 —elec-
tro-contact signaling device; 8 — electronic unit.

The measuring system is controlled and data processed
by a personal computer. The information is transmitted
through the HART communicator via a two-wire line.

The generator uses an output stage based on a tran-
sistor with a cutoff frequency of 7 GHz, the rest of the
circuit is based on a PIC series microprocessor.

The developed interface and software makes it possi-
ble to control the device operation during the measure-
ment process. The view of the user page of the device for
the operator is shown in Fig. 3.

Oscillograms of pulses at the probe outlet for two diffe-
rent values of the liquid level are shown in Fig. 4. It can be
seen that the pulse duration decreases by about 6 ns with
an increase in the level by 1 m. Considering that the reso-
lution of the measuring circuit is about 50 ps, we obtain a
level measurement step of about 1 cm.

Progress of the experiments and
discussion of the results

The operation of the device was first tested under normal
conditions in a water coolant. To do this, the control tank
for the coolant was filled with water. The measuring pro-
be of the device was immersed in water stepwise (with
a step of 50 mm). The immersion depth was controlled
with a ruler. The coolant level at each step of immersion
(emersion) was controlled by an electro-contact (referen-
ce) level indicator. After each change in the immersion
depth, the coolant level was measured by the reference
and reflex-radar level gauges.

It was confirmed that the measured time delay and
output current vary in proportion to the probe immersion
depth in the liquid, in full accordance with previous stu-
dies of this method (Melnikov et al. 2017). The obtained
data are shown in Figs. 5, 6. Fig. 6 shows quite satisfac-
tory agreement between the liquid level recorded by the
reflex-radar level gauge and the actual level.

After the operation of the device in the water cool-
ant was tested, experiments were carried out using the
lead-bismuth coolant. For this purpose, the control tank
of the installation was filled with lead-bismuth melt, in
which the measuring probe of the level gauge was placed.
The temperature of the melt in the system gradually in-
creased from 320 to 350 °C. At this temperature range,
the first stage of the experiment was carried out on the
lead-bismuth coolant.

Next, to determine the temperature effect on the level
gauge performance, the second stage of the experiment
was carried out at a melt temperature in the range of
420-450 °C.

When the experimental data on the lead-bismuth cool-
ant at temperatures of 320-350 °C and 420450 °C were
compared, it was concluded that there was no significant
temperature effect on the operation of this reflex-radar le-
vel gauge, since when two graphs for different tempera-
tures were superimposed on each other, they practically
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Figure 3. Screenshot of the main page of the level control device interface for the operator.

Figure 4. Oscillograms of signals at the output of the dried
probe (T1) and immersed in the liquid to a depth of 1 m (T2).
Scale: vert. — 0.2 V/cell; horizon. — 5 ns/cell.

coincided. Therefore, the authors illustrated the confirma-
tion of the operation of the level gauge only for the tem-
perature range of 420— 450 °C (Figs 7, 8).

Note that, when the water level is measured at a minimum
filling level (up to 50 mm), there is a nonlinear change in
the output signals of the reflex radar level gauge from actual
immersion in the liquid, which is due to the influence of the
dielectric constant of water (Melnikov et al. 2018). It is ne-
cessary to take this fact into account when calibrating the in-
strument. At the same time, this phenomenon is not observed
in the lead-bismuth coolant, since the signal is completely
reflected from the metal surface even at minimal immersion.
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Figure 5. Dependence of the signal time delay on the probe im-
mersion depth in the water coolant.

The resulting discrepancy between the coolant level
measured by the reflex-radar level gauge and the actual
level is practically within a few millimeters, i.e. their qui-
te satisfactory agreement is evident. The root-mean-squa-
re deviation of the measured level value from the actual
one did not exceed 8 mm.

The experiment on the eutectic alloy was followed by
a successful experiment on the water coolant in the same
vessel. It can be concluded that the immersion of the re-
flex-radar level gauge in the lead-bismuth coolant did not
affect its further performance in other media.
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Figure 6. Comparative readings of the reflex-radar level gauge
and the actual level of the water coolant.
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Figure 7. Dependence of the signal time delay on the probe im-
mersion depth in the lead-bismuth coolant.

At the end of the sensitive element of the level gauge
at 50-75 mm after the experiments with the HLMC, the
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