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Abstract. In the conditions of modern progressive poliution by liquid radscac-
tive wastes (LEW), and the ineffective panfication of LEW using existing waler
trestment technologies, it is crucial to investigate and substantiate the application
for retaining specific pollutants, particularly beavy metal ions and radionaclides,
using soqption materials. One of the parameters affecting the efficiency of sorbents
is their sedimentition rate. The sorbent’s settling in the settlers occurs during the
contimuous movement of waler at a low speed and uniform distribution throug hoat
the volame of the purification stnactare from the inlet o the outlet. Experiments
aimed at substantiating the constmactive and technological parsmeters of 2 uni-
versal stnacture capable of working egually effectively with sorbenis in different
agpregate stabes. The process of sorbent sedimentation in water is characterized by
the kinetics of sedimentatson of sorbent flocculant conglomerates. These processes
are reflecied in the form of sedimentation kinetics graphs. The expeniment used
powdered beatonite and a sclution of copper ferrocyansde, consisting of yellow
blood salt and copper sulfaie in a given ratio. A viriual full-scale spatial model
of the illuminator-adsorber was used as the stmacture. During the research, the
hydraulic size of bemtonite powder clay was determined, the efficiency of differ-
et designs of the settler with ordinary and modernized thin-laver modules was
established, and an increase in the sedimentation area was achieved. The use of
virtual modeds of sedimentation of bentonite and zeolile poader clays and copper
cyanoferrate allowed substantiating the optimal design of the illuminator-adsorber
for stable and efficient sedimentation of the sorbent

Keywords: Water parification stractares - Water preparation - Bentomite -

[Hueminator-adsorber - Hydraalic size - Suspended partickes - Sorbent - Liguid
radioactive wastes

| Introduction
Jkrainian and global problem of accumulating volumes of LRW:
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— 486 million cubic meters of liquid radioactive wastes accumulated globally, and this
number is only Increasing:

— 22 thousand cubic meters of liguid radicactive wastes stored in the Chemobyl NPP
repositories;

— 70% of Chermmobyl NPP repositones are already filled;

— 450 operating reactors and NPPs continue to add thousands of cubic meters of liguid
RAW to repositories annually, outpacing the rate of their atilization.

Ways to solve the problem of minimiring the volumes of RAW:

— Extraction of radicnuclides from RAW by transforming them from a soluble state to
a fixed state in a solid phase, followed by their disposal.
— Returning the deactivated and purified water to its natural cvcle on Earth.

Challenges in this pathway:
— A wide variety of organic and inorganic compounds in the composition of RAW.

Besides the need for appropriate sorbents, there is a necessity to develop techmo-
logical structures capable of ensuring the passage of adsorption and sedimentation pro-
cesses during the purification of LEW with minimal involvement of additional energy,
for example, only due to gravity.

The need for maximum compaction and dehydration of the spent sorbent.

In the context of modemn progressive pollution with liguid radioactive wastes (LEW)
and the ineffective purification of LRW using existing water treatment technologies, it
is relevant to research the application for retaining lons of heavy metals and radionu-
clides, various sorption materials, and further development of appropriate technological
structures where the processes of adsorption and sedimentation will occur.

Research results of the effectiveness of different sorbents are necessary for selecting
the most efficient ones; their hydrodvnamic charactenstics will directly determine the
structural solutions for the given structure. In modem conditions, it has become possible
to establish the parameters of the technological structure through Computational Fluid
Dvnamics modeling by the Volume of Fluid — modeling the free flow of fluid by the
free surface method. To reduce the model to an acceptable 3-5 million elements. it i1s
necessary o conduct an accurate determination of the hydrodynamic characteristics of
sorbent particles. Currently, there is no data on the hvdrodynamic characteristics of the
vast majority of sorbents in reference literature. This is especially true for colloidal con-
glomerates formed during the introduction of liquid reagents, the combination of which
causes the formation of solid phases with undefined hyvdrodynamic properties. Anexam-
ple is one of the most effective sorbents - copper ferrocyanide ((Cu2[Fe{CNG1]), which
is formed from a mixture of two solutions: vellow blood salt ((K4{Fe(CN)61) and copper
sulfate (CuS04) directly in the water being purified. The hydrodynramic characteristics
of the promising combination of copper ferrocyanide with powdered bentonite clay are
also unknown. The hydrodynamic characteristics of the most promising sorbents were
determined for further development of the parameters of a universal adsorber-illuminator,
capable of working effectively with both liquid reagents and solid fractions of sorbents,
similar to powdered bentonites and reolites.



Analysis of the Latest Research and Publications. The works [ 1-7] have investigated
the impact of various sorbents on water treatment technologies and water guality in the
removal of heavy metal ions. The studies [8-12] considered technologies based on the
use of biological factors, and [13-16] focused on sorbents based on bentonite clays.
In the research [3, 4], it is assened that bentonites and zeolites are promising sorbents,
primanly due to their availability and technological convenience.

2 Hydraulic Characteristics for the Sedimentation of Sorbents
Bentonite, Zeolite, Copper Ferrocyanide, and Their Mixture

The process of sorbent sedimentation in water is characterized by the Kinetics of settling
of sorbent Alake conglomerates. These processes are depicted in sedimentation kinetics
graphs. In the study, bentonite clay powder with particle sizes of 0L1-0.072 mm and
a solution of copper ferrocvanide ({Cu2[Fe(CMNG)]). consisting of yellow blood salt
({K4{Fe(CMN¥)) and copper sulfate (CuS04) In a proportional ratio of 1g yellow blood
salt to 13562 copper sulfate, were used. Mixing oocurs in 8 measuring cup with the
addition of distilled water not exceeding 50ml per 10¢ of dry mixture. The solution of
copper ferrocyanide is prepared exclusively before use; otherwise, the effectiveness of
the solution decreases.

The obiained data are compiled into tables, based on which the Graph of Dependen-
cies of the Study (Figs. 1 and 2) are constructed, and calculations of hydraolic size [17.
18] are conducted.

As a result of the studies. a model of sorbent sedimentation was built, and their
sedimentation speed was established (Figs. | and 2, Table 1)
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Fig. 1. Graph of dependencies of the hydrulic size of bentonite with an experiment duration of
56 b and a mixtare of bentonite and zeolite with a duration of 54 h af a suspension lemperature
fluctuation of 14-16"C.

The best result was obtained with a mixture of bentonite powder clay and copper
ferrocyanide solution in a ratio of 200.5 pfdm? of dry matter - 99.8% of suspended
particles settled and complete discoloration of the purified water from the remnants of
copper ferrocyanide.
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Fip. L Graph of dependencies of the hedraulic size of a mixture of bemtonite and copper femro-
cyamide with an experiment daration of 2 b 20 min and a mixture of bentonite, zeolite, and copper
ferrocyanide with a duration of 3 b 30 min at a suspension temperature of § "C.

Table 1. Sedimentation speed.

Ko | M ame Setiling Time. £ | Hydraulic Size, | Proporionality | Comcentration of
hiours L. Coefficient, n | Suspended
mim's Substapces, P %
| | Bentonite 56 0.1l 139 98 2%
1 |Bentonite + |37 044 1.23 96.5
Ziofite
1 |Beotonite + |35 4.90 043 98.7
Zeolite +
Copper
Ferrocyamide
4 |Bentonitz + |2.20 6.185 029 90 8
Copper
Ferracyanide

Calculation of Hydraulic Size [17. 18]:
_ 10DDHK
CN(HE R

where H — depth of the working part of the setiler. m; K — coefficient of utilization of
ithe setiler's volume; t1 — duration of setiling in the laboratory cylinder at the height of
layer hl, during which the required effect of clarification is achieved; n — coefficient
of proportionality, which depends on the agglomeration of suspended particles in the
process of settling in different water layers (hl = h2); it is calculated using the following
formula:

0 (1)

_ lgn — gty
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where hl and h2 — heights of settling layers, cm;

t] and 2 — duration of settling in the respective layers, when the required effect is
achieved. s.

The efficiency of suspension settling is calculated as the difference in values of the
concentration of suspended substances in water before and after settling, namely:

P-%.mn i3

where pBrx - content of suspended substances in the orginal water; i - content of
suspended substances in the settled water, g/1, after the end of the settling period.

3 Modeling of Hydrodynamic Processes in Proposed Structures

As a result of simulation experiments conducted using the virtual machinge in the Com-
putational Fluid Dynamics Autodesk Simulation (CFD) environment, experiments were
conducted to determine the hydrodyvnamic characteristics of the illuminator-adsorber
based on modeling in a virtual environment (Fig. 3.

The presented scheme shows that the total height of the illuminator-adsorber with
vertical flow is 6.22 m, the diameter of the illominator is 3.5 m, and the central tube
for suspension supply {(hereafter: Aocculation chamber) has a diameter of 0.5 m and a
height of 3.8 m. The concentration of suspended particles is 7-12 tgn’n:l3- A structured
grid containing 3.868.373 computational cells was used in the three-dimensional model.
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Fig. 3. General view of the illaminator-adsorber with a thin-biyer module in cross-section and a
sample of the computational virtual model based on the Finite Element Method (FEM ).

To substantiate the model of sedimentation of bentonite and zeolite powdery clays
and copper cyanoferrate, optimal suspension supply speeds of 0.014 m/fs (14 mm/fs)
were determined. The results of the modeling in the form of fiow velocity diagrams are
presented in Fig. 4.

The analysis of modeling results showed (Fig. 4a) that in the classic model of the
continuous-action illuminator at a fluid Aow speed of 0.014 m/s at the entrance to the
fiocculation chamber with an eguipped diffuser-reflector at the exit, there are zones of
turbulent flow that hinder the normal formation of sorbent flocculant conglomerates
and their sedimentation in the central section of the illuminator. The fiow of LEW and
sorbent, due to excessive turbulence, is unevenly distibuted throughowt the volume of
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Fig. 4 Tracing of vectors and distribution of flow fields of sorbeat solution 20d liquid radicactive
wasles with a fluid supply speed of 0.014 m's in the continuoas-action illuminatoc-adsorber: a)
model of the classic illuminator with a diffuser reflector; 6) model of the illuminator-adsorber
with a reflector and a thin-layer module; B) mode! of the illuminator-adsorber with a reflector and
a modemnized thin-laver module.

E=d
i)

the settler, creating stagnation zones that hinder the sorption process. leading to the
suction of spent sorbent into the outlet channel. and preventing the compaction of spent
sorbent in the lower pan of the structure designated for RAW removal.

In the model of the illuminator-adsorber with a regular and modernized thin-layer
module (Fig. 46, B). the sorbent solution is evenly distnibuted throughout the volume of
the illuminator-absorber through the diffuser reflector and the thin-layer module, with
a clear distribution into zones: creation of flow turbulence. laminar streamlining of the
flow. and discharge of punified water.

Turbulence in the turbulent zone is achieved due to the diffuser reflector: stable, uni-
form swirls are formed, maintaining constant circulation of flocculant particles, increas-
ing the contact time of the sorbent with polluted water, and accelerating the settling of
spent sorbent. In the laminar flow leveling zone, the thin-layer module acts as a final
water purification step from suspended sorbent particles by damping turbulent flows
and increasing their settling area, preventing the suction of spent sorbent into the outlet
channel. The difference between the regular and modemnized thin-layer modules is that
the modernized thin-layer module has an increased settling area by one and a half times



compared to the regular thin-layer module. achieved by introducing additional plates to
half the height of the regular thin-laver module.

Thus, the use of vinual models of sedimentation of bentonite and zeolite pow-
dery clays and copper cyanoferrate allowed substantiating the optimal design of
the illuminator-adsorber for stable and efficient sedimentation of the sorbent in the
illuminator-adsorber with a modernized thin-layer module (Fig. 4B) and an inlet speed
for this design of the settler v = 0,014 m/fs.

The virtual experiment is describad using a mixiture model. The mixture model is &
simplified model with two liquids that can simulate two-phase flow or particle flow, solve
the continuity equation of the mixed phase, momentum energy equation, and volume
fraction eguation of the second phase, and achieve relative algebraic velocity. Since the
mixture model is simple, the calculations are relatively small. and the results are more
reliable, it is widely used. Below is the continuity equation of the mixture model:

b
E{”] + V- (fmVm) = )
Vm = M (5
£m
P = Z:-.“&-ﬂi ()

In Formulas (4)}~6): gy — density of the mixed phase; o — density of the k-phase;og
— wvolume fraction of the final phase k: Vm — average mixing speed; Vi — average speed
of k phase quality; — s through guality relative to the user-defined source guality.

The improved BENG (Renormalization Group Model) with two k-2 equations adds
two factors: rotation of the average flow and Aow turbulence for computation, better
addressing situations of high variability and greater bending of flow lines. In this paper.
the authors use a turbulence model for modeling the flow scheme in settlers. The turbulent
kinetic energy k and the dissipation rate £ of the turbulent kinetic energy transfer equation

are:
ak 2 ey 8
— = — Pl +pr- 7
H'IEH'E 3If[(ﬂ+trt -E'Ij]+ ko )
&k 3 TN £ &t
=2 D\ |+ o =F — C— 3
N a:;[(wr:rt)axf]"' dpTE TR @)

In the formula: p — viscosity; i — turbulent viscosity coefficient;

Pr = m[g% I{% + %,i:}] is the generated elements of turbulent energy:
op = 071790, =0.717%; C,) = 1.42 — ﬂiﬁ-;jm;q =

§ = (55.55)"7 o =438 § = 0.012— 0.015; ;2 = 1.68.

4 Conclusions

The clazsic vertical settler provides only primary sedimentation of formed colloidal
conglomerates.
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The well-known thin-layer module slightly improves the sedimentation process of
the sorbent.

The proposed construction, thanks to the specific distribution of hydraulic Aow vec-
tors in the water-sorbent suspension. allows one structure o provide the appropriate
contact time of the sorbent in the form of a layer of suspended sediment with gradual
enlargement of sorbent flake conglomerates forming a sediment that gradually thick-

ens and compacts. Thus, we managed to combine an “adsorber™ and a “settler” in one
simaciuore.

This allows considering this construction of the structure as universal, combining the
processes of adsorption and sedimentation, which, in turn, allows conducting a complete
cvcle of LRW purnification with a reduction in the number of involved technological
structures.
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