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Abstract 

Results of experimental study of operation of ultrasonic reflex-radar waveguide level gage in water coolant at elevated parameters with 
pressure up to 18 MPa and temperature up to 350 °C are examined. 

In contrast to the known waveguide level gages, traveltime of acoustic pulses along the waveguide from the radiator to the subsurface layer 
and back is measured in the level gage under study. Waveguide consists of two acoustically isolated waveguides – the radiating waveguide 
and the receiving waveguide. Waveguides of zero-order flexural waves and piezoelectric transformers operated at frequency of ∼800 kHz are 
applied. Processing of received signals is performed by microprocessor-based electronic circuit. Measurement uncertainty does not exceed 
± 10 mm. Description of the experimental setup and the experimental methodology is provided. 

The instrument works reliably and does not require introducing corrections of readings when coolant thermal physical properties change. 
The measurement instrument is intended for application in heat exchanging equipment in thermal and nuclear power generation. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Instrumentation for control of coolant level constitutes the
ost vital components of control and safety systems of nu-

lear power installations (NPI). 
Since coolant parameters examined here are practically ex-

reme (temperature up to 350 °C and pressure up to 18 MPa
t high levels of radiation) measurements of level represent a
hallenging technical task. 

Numerous technical solutions and ideas were suggested for
olving the above problem, although only small part of them
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as realized as working designs and even smaller fraction
as practically tested. 
In our opinion, acoustic instruments based on the use of

etal waveguides are the most suitable type of instruments for
olving the problem of water coolant level control in reactor
acilities. Their application allows designing sensors with sig-
ificant lifespans capable to conduct practically infinitely fast
easurements and to work during extended time periods in

he extreme conditions existing in nuclear power installations.
There exist two principally different optional configura-

ions of the measurement system: the first option refers to
evel gages in the form of sampled data multipoint fluid sig-
aling devices and the second option refers to the level gages
llowing conducting continuous control of coolant level. 

The first option is implemented on the basis of the sys-
em including several tens of waveguides each of which is
quipped with piezoelectric transformer and is connected to
ensitive element [1] . As the result multicomponent complex
nd expensive design is obtained which must be supplemented
ith appropriate versatile electronics and multi-wire connec-
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Fig. 1. Layout of propagation of ultrasonic wave from the radiating waveg- 
uide to the receiving waveguide. 
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tion cables. Advantage of multi-point signaling devices is
associated with absence of the need to perform metrological
certification of the instrument. 

The second option refers to acoustic impedance level
gages based on the measurements of attenuation (or delay)
of acoustic pulses propagating along the extended-length
waveguide when the latter is submerged into fluid [2,3] .
The feature of acoustic impedance level gages distinguish-
ing them from multi-point level signaling devices is their
relative simplicity and, consequently, higher reliability and
low cost. Significant drawback of these instruments is their
interference with output signal in response to evolutions of
physical properties of the controlled medium accompanied
with changes of its temperature and pressure. Additional
correction of the data is needed to eliminate this interference.
Interferences due to condensate flowing down along the
waveguide sensitive element above the interphase boundary
and due to boiling resulting in the generation of vapor-gas
bubbles within the fluid phase are also possible. 

The above indicated drawbacks are associated with mea-
surement methodology based on the determination of ampli-
tude of received signal which is influenced by different factors
ranging from the resistivity of communication lines to the
ageing of waveguide elements. Significant improvement of
quality of the instrument can be expected with substitution of
amplitude measurements of acoustic signal with time-domain
measurements. 

Description is given in the present paper of the originally
developed design of ultrasonic reflex-radar level gage and re-
sults of its experimental studies in the conditions which are
close to the maximum extent to real operational conditions
with wide variation of parameters of the controlled medium,
i.e. water coolant at elevated parameters. 

Principles of operation and design of reflex-radar level gage

The main idea of reflex-radar level gage consists in the lo-
cation of the boundary separating fluid and gas media. Trans-
fer of energy is performed in pulsed mode along the waveg-
uide with the measured value being the traveltime of pulses
from the radiator to the receiver. Such measurement princi-
ple is implemented in superhigh-frequency reflex-radar level
gages where SHF energy pulses spreading along the waveg-
uide are used. However, application of such level gages in
nuclear power generation encounters significant difficulties as-
sociated with installation of SHF devices inside equipment of
the primary cooling loop. 

Attempts to apply reflex-radar technology on the basis of
ultrasonic waveguides were undertaken in this country during
1970s but failed to demonstrate success [4,5] . 

Evident advantages of waveguide level gages with mea-
surement channel on the basis of time-domain measurements
compelled researchers to revisit this idea. As the result, ef-
forts were undertaken to develop reflex-radar level gage using
ultrasonic waveguides and pulsed signals. 

The following two waveguides of flexural waves (as the
most efficient radiators) are applied in the proposed technical
olution: namely, the radiator and the receiver of ultrasonic
ulses. Waveguides are arranged vertically parallel to each
ther. Hemicylindrical reflector with large number of bafflers
esigned in the form of undulated pipe sections cut longi-
udinally is installed along the whole length of the waveg-
ides. Transmission of acoustic energy from one waveguide
o another can take place only when the space between the
aveguides and the reflector is filled with fluid. Layout of

ransmission of ultrasonic wave from the radiation waveguide
o the nearest to it reflector baffler under the level of fluid
nd then to the receiving waveguide is shown in Fig. 1. 

Thanks to the physical properties of zero-order flexural
aves efficient radiation of acoustic energy into the fluid oc-

urs during their propagation along the waveguide submerged
nto the fluid. Practically complete transfer of energy of the
exural wave is achieved in the process in the contact of the
aveguide with the fluid, for instance, for waveguide with
iameter equal to 2 mm operated at 800 kHz frequency, along
he length equal to just 30–50 mm. 

Transfer of acoustic energy from the radiating waveguide
n the fluid to the reflector and after that to the receiving
aveguide takes place within the subsurface layer with 20–
0 mm depth. Acoustic wave from the radiating waveguide
enetrates the subsurface layer of the fluid in downwards di-
ection at an angle and reaches the reflector. Following this,
he wave undergoing repeated reflections from the reflector’s
orizontally oriented protrusions returns at the same angle in
pward direction to the receiving waveguide shaping the sig-
al on the receiving piezoelectric transformer. Fluid level is
roportional to the time for ultrasonic pulses to travel along
he waveguide to the subsurface layers of the fluid and back,
.e. it is determined using the time characteristic in accordance
ith reflex-radar principle. 
Radiation of wave in the fluid takes place at the angle

, determined from the triangle of the following sound ve-
ocities: flexural wave in the waveguide and lateral wave in
he fluid [1] . For many fluids (including water) the angle at
hich the wave enters the fluid is approximately equal to 60 

o 
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Fig. 2. Design of reflex-radar level gage: 1 – electronics unit; 2 – piezoelec- 
tric transformer; 3 – support; 4 – packing assembly; 5 – waveguide fixture; 
6 – radiating and receiving waveguides; 7 – reflector; 8 – communication 
waveguides. 

r  

o  

t  

t  

t  

o  

r
 

w  

d  

p
w  

i  

f  

a  

m  

w  

m
 

(  

r  

a  

c
t  

d  

d  

d  

l  

s

E

 

d  

O  

t  

d  

e  

t  

 

w  

f  

s  

h  

o  

e  

s  

o  

i  

p  

p  

m
 

e  

l  

D  

s  

r  

i  

b
 

p  

t
o  

s  

w  

r  

l  

w  

s
 

f

h  
elative to the waveguide axis. Because of the polarization
f flexural waves in the waveguide directional response pat-
ern consisting of two wave packets symmetrical relative to
he waveguide axis is formed in the fluid within the oscilla-
ion plane. In connection with the above, waveguides must be
riented in such a way as to obtain maximum amplitude of
eceived signals reflected from the reflector’s surface. 

Level gage design includes the following components: two
aveguides of flexural waves in the form of rods with 2-mm
iameter and length equal to 400 mm attached through the
acking assemblies to communication waveguides equipped 

ith piezoelectric transformers of flexural waves with work-
ng frequencies of 800 kHz; hemicylindrical reflector manu-
actured from corrugated steel pipe with 166-mm diameter
nd electronics unit ( Fig. 2 ). Suspension of parts of the instru-
ent contains the packing assembly in the form of coupling
ith coupling nut, waveguide support brackets and frame for
ounting the casing with electronics components. 
Functional block diagram of sensor signal processing

 Fig. 3 ) consists of the generator of video pulses, amplifier of
eceived signals, comparator, time interval meter, digital-to-
nalog converter and current generator. Main elements of the
ircuit are microprocessor-based. Feature allowing observing 

he received signals using oscilloscope is incorporated in the
esign. The design ensures output of current signal linearly
ependent on the travetime of ultrasonic pulses from the ra-
iator to the nearest baffler of the reflector under the fluid
evel and to the receiver. Processor performs the functions of
trobing, computing and output signal normalization. 

xperimental studies 

Calibration of the instrument was performed at normal con-
itions by gradual submersion of the sensory element in water.
utput current was measured in the process proportionally to

he depth of sensory element submersion in the fluid. Standard
eviation of the measured level from the trend line did not
xceed 4 mm, which can be explained by the step of corruga-
ions on the applied reflector equal to approximately 4.5 mm.

Experiments at elevated parameters were conducted in the
ater coolant at the saturation line within the pressure range

rom 0.1 MPa to 8 MPa. Experimental facility ( Fig. 4 ) repre-
ents solid hermetically sealed pipe equipped with electrical
eating inside which the level gage is mounted. Pipe made
f stainless steel with 700-mm length and internal diameter
qual to 35 mm was used. Heating element in the form of
piral made of nichrome with porcelain insulators is coiled
ver the pipe and is protected from the outside with thermal
nsulation on the basis of basalt continuous fiber. Water tem-
erature and pressure inside the pipe are controlled. Heater
ower is controlled using laboratory autotransformer. Maxi-
um coolant temperature can reach 357 °C. 
Amplitude of received signal on which reliability of op-

ration of the instrument depends to a significant extent is
inearly dependent on the characteristic impedance of water.
ependence of characteristic impedance of water on the pres-

ure value on the saturation line within the measured pressure
ange is presented in Fig. 5 . Let us note that characteristic
mpedance within the pressure range in question decreases
y approximately five times. 

Boiling and partial evaporation of water takes place in the
rocess of heating inside the hermetically sealed experimen-
al section and increasing pressure suppresses development 
f boiling. Thus, isochoric thermodynamic process (at con-
tant volume) is observed at the water saturation line. Here,
ith increased temperature and pressure water level gradually

ises. Predicted calculation dependence of variation of water
evel on the pressure at the saturation line presented in Fig. 6
as determined (pressure is unequivocally dependent on the

aturation temperature). 
Calculations were perfromed according to the following

ormula: 

 = m/ ( πr 2 ρ ′ ) , (1)
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Fig. 3. Design of the electronics unit of the reflex-radar level gage: 1 – generator of video pulses; 2 – amplifier; 3 – comparator; 4 – time interval meter; 5 
– digital-to analog converter; 6 – current generator. 

Fig. 4. Experimental installation: 1 – electronics unit; 2 – pipe; 3 – heating 
element; 4 – thermal insulation; 5 – drain valve; 6 – autotransformer; 7 - 
temperature measurement unit; 8 – pressure gauge; 9 – current meter. 

Fig. 5. Dependence of characteristic impedance of water on the pressure 
value on the saturation line. 

Fig. 6. Calculated dependence of variation of water level on the water satu- 
ration pressure line. 
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Fig. 7. Dependence of measured water level on the calculated level on the 
saturation line. 
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Fig. 8. External appearance of reflex-radar level gage with integrated elec- 
tronics unit. 
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here h is the physical level of water in the pipe in the
xperimental section; m is the water mass in the pipe in the
xperimental section; r is the pipe internal radius; ρ ′ is the
ater density corresponding to the saturation line. 
Prior to the implementation of the experiment the system

s filled with water to the 450-mm mark from the pipe lower
utt end, after that, level gage is installed (sensory element is
ubmerged in the fluid to the depth of 130 mm) and sealing
f the system is performed. After preparation of the measure-
ent circuit electric power is suppli ed to the electrical heater
ith power equal to ∼400 W. Temperature in the system is
radually increased at the rate of 7 °C/min to reach the value
qual to ∼350 °C. Pressure increases in the process to ap-
roximately 18 MPa. Coolant temperature and pressure inside
he pipe are controlled, as well as acoustic signals and output
urrent of the level gage. 

iscussion of results 

Dependence between the measured coolant level and the
alculated level on the saturation line ( Fig. 7 ) was determined
n the course of experiments. 

The obtained discrepancy between the coolant level mea-
ured using reflex-radar level gage and the factual value of
he level is within the limits of ± 10 mm, i.e. agreement be-
ween the values is satisfactory enough. In such case within
he whole measurement range of coolant parameters both in
he primary and in the secondary cooling loops there will be
o need to introduce corrections in the level gage readings. 

Let us note that fluctuations of received acoustic signal
ere observed in the process of experiments, which is ex-
lained, in our opinion, by the boiling of the medium. In
rder to check the above assumption temporary switching off
f the heater was undertaken resulting in the disappearance
f fluctuations of received signals. 

The most pronounced fluctuations of the signal are ob-
erved at pressure values in excess of 14 MPa. At the same
ime the algorithm selected by us allowed to a significant ex-
ent to remove the effects of fluctuations on the instrument
utput signal. Use of mathematical statistics methods for lo-
alization of maximum amplitude of receiver signal within
he time interval under control allowing determining the most
robable traveltime of ultrasonic signals along the travel path
f the instrument is the distinguishing feature of the above
lgorithm. 

onclusions 

Originally developed design of ultrasonic level gage based
n the reflex-radar measurement principle and suitable for
pplication in equipment of power generation equipment was
resented. The fact that time characteristic, namely, the travel
ime of ultrasonic pulses along the waveguide from the ra-
iator along the line separating water and steam and back
long the second waveguide to the receiver is the distinguish-
ng feature of the measurement instrument. Let us note that
easurement of time intervals is performed in a more straight-

orward way and, what is more important, more reliably as
ompared to the measurement of amplitudes of signals. Here,
volution of coolant parameters within wide range does not
roduce significant influence on the operation of the measure-
ent instrument. 
The fact that radiator and the receiver of the instrument

re removed from the area under effects of high temperature
nd pressure and are connected with the medium under con-
rol by metal waveguides which significantly increases the in-
trument’s lifespan and reduces its cost constitutes important
eature of the level gage. 

The level gage under discussion here is manufactured as
he ready product, sketch drawing of which is presented in
ig. 8. 
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