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Po3pobnena enepeomexnonoziuna cucmema i
CNOCi0 mepMinHoi nepepooKU pioKuUx moxcurHux 6io-
X0016 Ha 0CHOBI 2IUOOK020 MEPMIMHO20 YNapro8an-
Hs 8 anapamax 3azaubno20 opinns. Bcmanoeaeno,
wo winvHicmo 1 8 a3xicmo PTB moscna euxopucmo-
sysamu 01 OUIHKU eexmusnocmi npouecy mep-
Miunoezo ynapioganns. Pospoéneno memoo xonmp-
oo winvrHocmi i 8 a3kocmi PTB, wo ynaprotomocsa
giopauitinum mMemooom 3 GUKOPUCTAHHAM 3aHY-
prosanviozo mexaniunozo pesonamopa. Hasedeno
010K cxemy po3pPaAxXYyHKY WibHOCMI i 8 A3KOCMI npu
OazamoxonmypHomy KoHmpoi napamempie

Knouosi caoea: pioxi moxcuuni 6ioxoou, mep-
Miune ynaproeanns, annapam 3aHypeHozo 20piH-
M, IOpauiiinuil Memoo KoHmpoJio, MexanuuecKul
pe3onamop

=, ]

Paspabomana snepzomexnonozuneckan cucme-
Ma u cnocod mepmuneckoli nepepadomKu HCUOKUxX
MOKCUMHBIX 0MX0008 HA OCHOBe 27Y00K020 Mmep-
MUMECK020 Ynapueanus 8 annapamax nozpyicHo-
20 20penus. Yemanoeneno, 4mo niomHocme u 6:3-
xocmo JKTO MmodrcHo ucnonvzoeanms 0N oueHKu
adpexmusnocmu npoyecca mepmuueckozo ynapu-
eanusi. Paspaboman memoo KoHmpons naiommocmu
u easxocmu ynapusaemvix JKTO eudpayuontvim
Memo0oM C UCNOTLI0BAHUEM NOZPYHCHOZO MEXAHU-
yecko20 pezonamopa. Ilpusedena 610k cxema pac-
uema NAOMHOCIU U 6A3KOCMU NPU MHOZOKOHMYP-
HOM KOHMPOJle napamempos

Kntouesvie cnosa: sxcuoxue moxcuunvie omxo-
Obl, mepmuneckoe ynapueanue, annapam nozpyic-
H020 20peHusi, 6UOPAUUOHHDLL MemO0 KOHMPO,
MexanunecKkuil pe3oHamop

u 0

1. Introduction

Liquid toxic waste (LTW) accounts for 30 to 50 %
of the total amount of wastewater entering the basins of
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Ukraine [1]. Development of nuclear power and extension of
the scope of radioactive isotopes in various fields of science
and technology are associated with pollution of natural
waters with radioactive waste. Radioactively contaminated




waters are characterized by a variety of radioactive elements
contained in them. In addition, up to 1 km?® of liquid toxic
wastewater containing 50 thousand tons of heavy metals,
100 thousand tons of acids and alkalis (waste of etching and
electroplating departments and production units of various
industries) is annually released into the environment [2].

Minimization of the volume and activity of waste due to
improvement of energy-efficient treatment technologies is
one of the urgent tasks in environmental protection.

2. Literature review and problem statement

Treatment of liquid toxic waste is aimed at solving two
main problems: cleaning of the bulk of waste of radionu-
clides, heavy metal salts and concentration of the latter
in the minimum volume [3]. To this end, three groups of
cleaning methods are used: thermal, sorption, membrane [4].
Thermal and sorption methods are well developed and wide-
ly used in practice. Currently, they are the basis of operation
of treatment facilities for processing waste from various
nuclear reactors, wastewater of etching and electroplating
departments [5].

Thermal methods involve the use of heat to concentrate
waste by transforming the main component — water — into
steam. The main thermal methods are thermal distillation
(evaporation) and drying [3]. Drying is commonly used for
preparation (dehydration) of LTW concentrates for solidi-
fication. Thermal distillation differs in the nature of vapor-
ization (volume boiling or surface evaporation). As a heat
carrier, steam, hot gases, electricity, organic products can be
used. Heat supply can be carried out by direct contact with
the heat carrier or heat transfer through the device wall. In
the practice of waste treatment, vaporization distillation
when boiling with the heat supply by water vapor through
the evaporator wall is most widely used. Such process en-
sures heat transfer in the absence of contact of the clean heat
carrier with the radioactive process liquor.

Unlike other methods (sorption and membrane), thermal
distillation allows condensate cleaning of radionuclides in
any form: ionic, molecular or colloidal [6, 7]. In this case,
cleaning is limited only by the volatility of radionuclides.
Low requirements to the quality of the waste subject to ther-
mal distillation (presence of colloids, detergents) allow ex-
cluding the use of special sedimentation operations before it.
This sets thermal distillation apart from sorption (dynamic)
and some membrane methods. And, finally, the possibility of
obtaining high cleaning factors allows thermal distillation,
if necessary, to solve the problem of condensate treatment to
waste standards or circulating water norms independently
and completely [8]. Distillation allows achieving a high de-
gree of cleaning of radionuclides (Kcl=1-10%).

The possibility of obtaining high cleaning factors makes
the tasks of developing new thermal distillation technologies
very relevant. The majority of wastewater thermal distilla-
tion technologies known today are associated with the use of
the evaporation process with mechanical vapor recompres-
sion [9]. The developed evaporation systems based on such
technologies are very power-intensive and expensive [10].

One of the promising approaches to reducing the energy
consumption of LTW evaporation is the use of modern en-
ergy-efficient thermal devices. Among them, a special place
is occupied by immersion combustion units (ICU). The
devices and plants operating on their basis are characterized

by the efficiency of more than 100 % relative to the lower
calorific value [11].

Literature review has shown that the method of LTW
thermal distillation (evaporation) in volume by means of
immersion combustion units is not applied in the industry
[12]. The paper [12] describes the results of the immersion
evaporator development and laboratory tests that allow the
unit to be used in the thermal distillation technology.

Due to the lack of thermal distillation method with the
use of ICU, no data on universal methods for monitoring
the LTW distillation process efficiency have been found in
the literature. A number of works touch upon the issue of
monitoring individual parameters of the wastewater treat-
ment process: concentration and rate of evaporation [13],
temperature and pressure in the unit [14]. The vibration
method for controlling the oscillations of the gas-liquid sys-
tem in the immersion combustion unit has been described
in [15], but the possibility of using the method for monitor-
ing the pulsations of liquid radioactive wastewater has not
been investigated.

Thus, the works and research related to the development
of an LTW treatment method using the immersion combus-
tion unit and process efficiency control methods should be
recognized as a promising aspect of solving environmental
safety problems and introducing modern energy-efficient
technologies in Ukraine.

3. The aim and objectives of the study

The aim of the paper is to develop an energy-efficient
technological system (EETS) that would ensure waste
cleaning of radionuclides and heavy metal salts with a high
degree of waste concentration, with the continuous control
of process efficiency.

To achieve the aim, the following objectives were accom-
plished:

— to develop the energy-efficient LTW treatment meth-
od, allowing to increase the degree of waste concentration,
to select the equipment that prevents salt encrustation on
the evaporator and plant heating surfaces;

—to transform the salt concentrate into a fire-explo-
sion-proof condition and to simplify the LTW treatment
procedure in general;

— to develop a scheme for automatic control of the LTW
distillation process efficiency;

—to develop a design of the turbulent pulsation trans-
ducer for monitoring the evaporation density of the medium
based on the vibration method.

4. Description of the liquid toxic waste
thermal treatment plant

The basis for the design was the liquid radioactive waste
(LRW) thermal treatment plant based on the ICU. The
plant was developed for the experimental nuclear reactor of
the Institute for Nuclear Research of the Academy of Sci-
ences of Ukraine (Ukraine), tested and commissioned [15].

To solve the set-out problem, it was proposed to perform
thermal distillation in the ICU to the level of deep evapora-
tion and drying in a specially designed radiation chamber.

The developed EETS for the thermal treatment of LTW
and wastewater of etching and electroplating production



units (Fig. 1) is a heat-insulated refractory fireproof cham-
ber (1) in the form of a @1800 mm vertical stainless steel
cylinder with the ICU located in it. The chamber is equipped
with an explosion relief valve (2), mounted in the upper part
of its casing. In addition, the EETS is equipped with an
autonomous (capacity of 1580 m®/h) blower, LTW storage
tank (3), pump unit (4), EC&I unit. In the central part
along the axis of the fire chamber, there are a flat-flame
burner GPPs-5 (fuel consumption of 160 m3/h, pressure of
12 kN/m?) with the fuel and combustion air supply system
and shut-off equipment. Gas piping and shut-off equipment
are complete with measuring sensors.
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Fig. 1. LTW thermal treatment plant based on the ICU:

1 — heat-insulated fireproof chamber; 2 — explosion relief
valve; 3 — LRW storage tank; 4 — pump unit; 5 — burner unit;
6 — gas duct; 7 — cyclone; 8 — condenser; 9 — sedimentation

tank; 10 — radiation chamber

The control system (EC&I cabinets) is designed
for automatic LTW feeding into the fire chamber,
radioactivity monitoring, signaling and protection

requirements, control and regulation of pressure values at
the burner inlet are provided.

The plant operates as follows. The fire chamber of LTW
is filled to the specified level. The ICU burner plug is ignited
and steady combustion is achieved. As a result of fuel com-
bustion, flue gases containing N,, O,, C are formed, as well as
molecules of harmful substances, the atmospheric emission
of which is not allowed.

Flue gas cleaning takes place in the cyclone with the
deposition of harmful substances into the hopper and then
purified flue gases go to the chimney through the condenser
and gas duct.

The developed EETS allows effective treatment of LTW
with a volume of ~1,000 1/h [15]. During the evaporation in
the ICU, the end products remained liquid at p=1.3-2.0 g/cm?
and the salt content of 1,300—2.000 g/1 of the product, which
is almost 2 times higher than evaporation indices of the devices
used in the practice of salt LRW processing (650 g/1). In this
case, evaporation of salt crystals in the fire chamber begins
when the salt content reaches 800—1.000 g/1 [15].

The positive fact is that the proposed LRW processing
method allows a stage of deep concentration to be performed
practically without salt encrustation on heat transfer surfac-
es, which is due to design features of the ICU combustion
chamber [15].

From the analysis of experimental data (Table 1), it
follows that the concentration of LTW components (heavy
metal ions) increased on average 2.5-3 times as a result of
the thermal treatment process. The chemical composition of
LTW, subjected to thermal treatment, and dry residue (after
the radiation chamber) has not changed.

Energy efficiency was estimated based on the opera-
tion of the immersion combustion unit, the efficiency of
which is 0.98 [16].

Table 1

Chemical composition and concentration of substances in

the stages of solution and dry residue

of equipment.
Combustion products are removed from the fire

Experimental

Concentration, g/1

chamber through the gas duct (6), cyclone (7) with a stage pH |Mg2* Cu” |[Pb”] Fe* | Cr |Zn2+ Ni*"|Ca™| Co™ [ A"
capacity of 5600 m?/h, condenser (8), smoke exhauster Solution of clarifying red-copper pipes
with a capacity of 6,800 m?/h, connected to a chimney. I |1.35| 0.19 | 35.9 |0.17|0.026| 6.32 | 82 |O.94| 1.13| 0.4 |0.09
The technology of gaseous waste treatment de- Solution after neutralization
pends on the type of waste. In some cases, gaseous T |11.3| 585 | i | 73 | 022 |156.3| 6.7 |43.3| 36 | 195 | 75
waste is deactivated prior to be released into the 5
. . .. Solution after treatment
atmosphere by passing through electric dust precipi-
tators or filters made of glass wool, cloth or asbestos. 1 | - | 0.19 | - |0~14| 0.03 | 8.4 | 15 |0~23|0~39| 0.15 | 1.0
For the release of gaseous radioactive substances, the Evaporated sludge
emissions are passed through chemical absorbers. If I 2.00.22(34.4(0.2]0.026]| 8.95 | 82 | 1.2 [0.45/0.013] -
there are short-lived isotopes in the emissions, they 1 9915321317176 0281538193 43 [108] — |63
are sometimes held in gas holders (large cylinders) 111 — lo32] - lo39]0.03] 21.9 [18.4]0.46]0.15] 0.15 [27.3
until the complete disintegration. The emissions, -
deactivated in one way or another, containing only Dry sudge (5 % solution)
traces of radioactive substances are removed through I 2.6 | 067|103 | 0.6 | 0.04 | 33.6 |20.8| 3.4 | 0.7 |0.013| —
high pipes for better dispersion in the atmosphere. 11 7.0[72.6|435|7.6(0.03| 131 |73.3] 3.9 |80.4| - |63
In addition, the EETS is equipped with a sedi- I —lo6t| — 1091]0.06]| 758 |45.6] 1.4 |058]| 0.15| -

mentation tank (9) with a stirrer, electric motor and
radiation chamber (10) to dry the evaporated LTW
in the fire chamber to a dry residue state.

The entire set of the EETS equipment is located in a
separate building, with the LTW feeding pipeline system
connected to the LTW storage tank with a room for the
operator. The gas piping is assembled in accordance with the

5. Vibration method of density and viscosity control of
evaporated LTW

One of the indicators of efficiency of the LTW distilla-
tion unit are the density and viscosity of evaporated efflu-



ents. Control of the concentrated LTW treatment process
is impossible without the application of a reliable method
for monitoring these parameters. Density characterizes
the quality of an output product and is subject to manda-
tory control in the automatic control system of feeding the
evaporated LTW solution in the radiation chamber after
treatment in the ICU. The value of the density of evaporated
effluents is the main efficiency criterion of the LTW drying
and crystallization processes.

Control of density and viscosity of the evaporated solu-
tion is made by the vibration method. The problem of simul-
taneous measurement of the LTW density and viscosity by
vibration methods is a significant (up to 50 %) decrease in
the quality factor of the mechanical resonator due to the
damping of its vibrations by a viscous medium.

The operation principle of the mechanical resonator
of the “vibration dumbbell” type (Fig. 2) consists in the
following: when the controlled oscillator 9 is switched on
in the windings 7, 8, a current pulse appears, which causes
opposing longitudinal magnetic fluxes F,,, and F,,, in the
magnetoelastic rods 2, 3. At the same time, the rotating
magnetic fluxes Fy,, Fy,, caused by a direct current in the
winding 6, act on the rods 2, 3. The interaction of the mag-
netic fluxes causes the appearance of counter-oscillations of
the rods 2, 3, and of the cylinders 4, 5 together with them. In
this case, in the nonmagnetic connector there is a nodal line,
which remains fixed throughout the vibration process. In the
nodal line, the resonator is fixed to the column 11. The mo-
ments of the forces acting on the cylinders 4, 5 linearly depend
on the magnitude of direct current I, of the winding 6. The
resonator vibration amplitude changes with the current in the
winding 6. The vibration frequency of the oscillator 9 can be
controlled by the resonator vibrations. To convert the resona-
tor vibrations into an electrical signal, the receiver 10 is used.

The intermediate measuring transducer (Fig. 3) contains
a vibration frequency control circuit and a resonator damp-
ing control circuit. The resonator transmission function can
be expressed as:

k
m(t)- p*+h(t)-p+c’

W,(p.t)= O

where m(t)=m,+m,,(t) is the total mass of the movable part
of the resonator; m,, is the resonator mass; m,,(¢) is the added
mass of the liquid; 2(&)=h,+h,(¢) is the resonator vibration
damping factor; &, is the damping of the free resonator from
energy losses due to internal friction in the material and in
the place of fixing; £,,(¢) is the added damping (damping by a
liquid); ¢ is the resonator rigidity, k is the static transmission
factor of the resonator.

For cylinders with radial partitions (Fig. 3), with small
amplitude vibrations, the dependence of the added mass
m,,(t) and the damping factor % _,(¢) on the measured den-
sity p, viscosity n and vibration frequency o'=w,+A® has
the form:

m,, =0c1+0c2-\,p‘n~(,)'y
hy=0ypMo,

where a,, a,, o, are constant coefficients (determined exper-
imentally), o, is the initial circular vibration frequency of
the resonator, A is the change in the resonator vibration
frequency.
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Fig. 2. Resonator of the immersed measuring transducer
of liquid density and viscosity: 1 — elastic non-magnetic
connector; 2, 3 — magnetoelastic rods; 4, 5 — cylinders with
partitions; 6 — winding of the DC voltage passing through an
internal cavity of both rods; 7, 8 — coaxial windings;

9 — controlled generator; 10 — receiver of torsional
vibrations; 11 — resonator fixing column
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Fig. 3. Block diagram of the intermediate measuring
transducer: CG — controlled generator; IN — integrator;
M — multiplier; DF — differentiation unit; CD — computing
device; x, € — system coordinates; p, N — controlled
density and viscosity; p —differentiation operator;
x,=0,sin(w,+Aw) — input signal; v, & — control coordinates
of the adaptation circuits; W (p, #) — resonator transmission
function; ¢ — time coordinate

The dynamics of operation of the intermediate measur-
ing transducer (Fig. 3) can be represented by the following
system of differential equations:

|:m(t)~p2 +(h(t)+Ah)~p+c]~x=aO sinw -t,
3

Aw=k 20X

u

A=Pk .xo'x_&o
oo

where &, is the integrator coefficient, x is the angular ve-
locity of the resonator, a, is the vibration excitation force
amplitude.

The parameters m(t), h(t) are quasistationary, namely,
changes in the vibration frequency Ao and parametric com-
pensation coefficient 47 during the transient process are
small, which can be ensured by selecting the integrator coeffi-
cient k,. The solution of the system of equations has the form:



x=A-sin(o -t +0), 4)

where the values of A and ¢ can be found from the expressions:

Ao a,-k
Je—m-0°y +(h+ M) - ©°

(h+Ah)-o

c—m-o?

O =arctg

The control coordinates of the adaptation circuits y=x,-x,
&=x,« with allowance for (3) can be represented as:

_p c-m-o*
1= (c—m-0*) +(h+Ah) - w*’ 5)
&:—k~a§- (h+Ah)-o?

2 (c-m-0’)+(h+Ah) w0

The intermediate measuring transducer supports the
system in the resonance mode by means of the CG (Fig. 3).
To determine the nature of the dependences (5), we take
c—m-w*=2\, where A is a rather small value proportional to
a frequency deviation from the resonance frequency. In view
of the above, the relationship can be represented as:

2 (h+Ah)? - 0*’

2
1
- pH
5 2 (h+Ah)

(©6)

where AZ is the parametric compensation of the resonator
damping.

In the initial setting, the coordinate of the system is
&,=-0.5-k-a}. Then the relation for AE=E-E, can be repre-
sented as:

h,, +Ah
h+Ah

A§=§o' (7

Around the resonance, the coordinate vy is proportional
to a resonance frequency deviation from the CG frequency,
and the coordinate A is proportional to the sum of the added
damping /,, and parametric compensation Ak.

In the presence of information on #,,, the exact values of
density p and viscosity 1 of the controlled LTW are calcu-
lated (Fig. 4).

|Ao)| |0)0| |Ah|

A 4

I on(Ah, ®o) ‘

A
‘ 0o(A®, ®0) l

m had
v v L 4

p= 01 (Mad, had, ®0)
N= ©2 (Mad, hag, ®0)

Fig. 4. Block diagram for density and viscosity calculation in
multi-circuit control of parameters

The selected algorithms for forming the coordinates v,
€ and the presence of integrators in the adaptation circuits
provide continuous resonance setup of the system while
maintaining the resonator quality factor. This allows con-
sidering the output signals of the integrators Aw, Ak defi-
nitely related to the added mass m,, and the added damping
factor A, The computing device processes signals of the
parametric circuits.

6. Discussion of the results of the study of
the energy-efficient technological system of
LTW treatment

The developed EETS and the method of LTW thermal
treatment on the basis of deep thermal evaporation in the
ICU in comparison with the existing thermal treatment
technologies [10] have significant advantages:

—almost 2—3 times (from 600 g/1 to 1.300-2.000 g/1)
higher degree of concentration of radioactive waste;

— prevent salt encrustation on the heating surfaces of the
ICU and the plant as a whole;

—simplify the vat residue treatment operation (prelimi-
nary technological and mechanical preparation before ther-
mal treatment in the ICU is not required);

— allow obtaining the final product in the form of a
dry residue, which eliminates the embedment (harden-
ing) of radioactive salt concentrates to the technological
product, preventing the release of radionuclides into the
environment;

— obtaining the final product in the form of dry radionu-
clide salts, which can be returned back to the technology, or
subject to disposal in special tanks.

It is determined that the density and viscosity of evap-
orated effluents can be used as efficiency indicators of the
LTW distillation complex. The proposed vibration control
method allows calculating simultaneously the density
and viscosity values of controlled LTW. The selected
algorithms for forming the coordinates of the presence of
integrators in the adaptation circuits provide continuous
resonance setup of the system while maintaining the res-
onator quality factor.

7. Conclusions

1. The energy-efficient method for LTW treatment is
developed, in which thermal distillation is carried out in
the ICU to a degree of deep evaporation and drying in a
specially designed radiation chamber. The design of the
ICU radiation chamber allows the stage of deep concen-
tration to be made practically without salt encrustation on
heat transfer surfaces.

2. Obtaining the final product in the form of a dry
residue does not require additional drying and holding op-
erations before disposal or landfilling. The proposed flow
diagram of thermal distillation does not require also prelim-
inary technological and mechanical preparation of the vat
residue before thermal treatment in the ICU.

3. It is found that the density of evaporated effluents is
the main efficiency criterion of the LTW drying and crystal-
lization processes. The method for nondestructive control of
toxic waste density using the multi-circuit scheme for auto-



matic monitoring of amplitude-frequency characteristics of  vibration-frequency sensor and intermediate transducer is pro-
the medium is proposed. posed. The structure of the automatic density control scheme

4. For the control of turbulent pulsations in a liquid toxic  allows compensating for a decrease in the resonator quality
medium, the design of an immersion sensing element of the  factor due to the damping of its vibrations by a viscous medium.
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