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The article considers the theoretical principles of improving the design of
membrane equipment for concentrating and purifying juices. The current state of
membrane technologies is analyzed, the main problems of the operation of the devices
are identified, and a design concept with turbulizing inserts is proposed, aimed at
increasing the efficiency of mass transfer, reducing membrane contamination, and
improving the energy efficiency of the process.
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YIOCKOHAJEHHA KOHCTPYKIII MEMBPAHHOI'O
OBJAJJTHAHHSA JJIA KOHOEHTPYBAHHSA
TA OYUIIEHHA COKIB

I'.B. leiinuyenko, JI.B. ImutpeBcokuii, 1.0. I'onuap,
O.A. llinnyoHwuii, B.B. JlappeHok

Y cmammi npedcmasneno meopemuune 06TpYHMY8aHHS YOOCKOHANEHHSA
KOHCIPYKYTT MeMOpanHo20 061aoHanHs 0Nl KOHYEHMPYS8anHs ma OYULeHHs COKI6,
WO € AKmyanbHUM HANPAMOM PO3GUMKY Xapuoeoi npomuciosocmi. Memobpanni
mexHono02ii  003601A10Mb  30IUCHIOBAMU  NPOYeCU OYUWEHHS, OCEIMAeHHs ma
KOHYEHMPYBAHHSL NPOOYKMI8 NpU HUZLKUX memnepamypax, wo 3abesneuye
30epedcentss 0ioN02IUHO  AKMUBHUX DPEYOBUH, APOMAMUYHUX KOMNOHEHmis ma
cmakosux sikocmetl coky. BoOnouac icHyloui npomucnogi anapamu maiomv nesHi
0OMedHCeHHSL, NOB SA3AHI 3 HEPIBHOMIPHUM PO3NOOLIOM NOMOKY NO NOBEPXHI MEMOPAH,
VMBOPEHHAM KOHYEHMPAYIlIHO20 Wapy, 3a0pYOHEeHHIM MeMOpan ma 6UCOKUMU
eHepeemuiHUMU UMPAMAMU.

Y cmammi 30iiicneno ananiz cyuacnux munig¢ mMemOpammux mooynie —
CNIPALHO-36UMUX, MPYOYACIUX MA NOPOHNCHbOBONOKOHHUX — | 6USHAYEHO IXHI
nepegazu ma uedoniku. Ha ocnosi yvoeo nposedeno ¢hopmysanns Konyenyii
VOOCKOHANIEHOI KOHCMPYKYIi MeMOpanHo2o anapama, aka nepeddauae iHmezpayito
mypoynizylouux 6Cmagox y Kawaiu @iiempayitinoco mMooyis Onsi 3a06e3nedeHms
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PIBHOMIDHO20 pO3nOJiny mucky ma wieuoxkocmi nomoky. Taxa KoHcmpyKyis mae
NOMEHYIAN 3MEHUIeHHsT KOHYEHMPayiinol nospusayii, niosuwenns Koepiyicnma
MACONEPEHECEeHHs, 3HUNCCHHS EHEP2OCNONCUBAHH MA NOOOBNHCEHHS MEPMIHY
CyaHcou memopaH.

VY pobomi nasedeno cxemy matibymnboeo anapama ma mabauylo OYiKy8aHux
MEXHIYHUX napamempis, NOPIGHAHO 3 MPAOUYIUHUMU YcmaHogKamu. AKyenm
3p0ONeH0 Ha HeoOXIOHOCMI NOOANBLUO20 MOOEN08AHHS 2IOPOOUHAMIYHUX YMOS
MEmoooM 0OUUCTIOBANbHOI 2IOPOOUHAMIKY, CMEOPEHH MO0l Md 6USOMOGLEHHs.
00CiOH020 3pasKa Oisi eKCNEPUMEHMANbHOT nepesipKu.

Ompumani  peyibmamu  CMEOpPIOMb  HAYKOBO-MEXHIUHY OCHOGY OJisl
PO3POOKU  eheKmusHOi MeMOPAHHOL YCMAHOBKY, WO CRpUSmumMe NiOGUWEHHIO
NPOOYKMUBHOCHI, NOKPAWEHHIO SKOCMI  KIHYe8020 NPOOYKMmY, 30epeiCeHHO
OI0aKMuBHUX — peyosuUH 1 eHepeo30epedxtceHHI0 Ha  NIONPUEMCINGAX — COKOBOT
NPOMUCIOBOCHI, A MAKONC HAOAOYMb OCHOBY OJisl BRPOBAOINCEHHS HHOBAYIUHUX
MEXHON0CIL Y Xapuo80OMY 6UPOOHUYMEL.

Knwuoei  cnosa: membpanna — Qinempayis,  ni00080s2IOHI  COKU,
yavmpaginempayis, OYUWEHHS, CEleKMUGHICMb MeMOpaH, SKicmb  NpOOYKMY,
MEXHONI02TYHI napamempu

Statement of the problem. The modern food industry, in particular
juice production, is actively developing in the direction of increasing the
efficiency of technological processes, preserving the naturalness of products
and minimizing energy costs. One of the key stages in the production of juices
is their concentration and purification, on which the quality of the final
product, stability during storage and transportability largely depend.
Traditional methods of concentration - evaporation or heat treatment - are
accompanied by significant energy consumption and lead to the loss of
biologically active substances, aromatic and flavor components. In this
regard, the scientific and technical community is increasingly paying
attention to membrane technologies as an effective alternative to classical
processes [1]. Membrane methods, such as reverse osmosis, nanofiltration,
ultrafiltration and microfiltration, allow for the purification and concentration
of juices at low temperatures, ensuring the preservation of their natural
composition and organoleptic properties. However, the implementation of
membrane processes on an industrial scale faces a number of problems,
including low productivity due to membrane contamination, high cost of their
replacement, difficulty in ensuring a stable hydrodynamic regime and uneven
distribution of flows in the module. That is why the issue of improving the
design of membrane equipment aimed at increasing the efficiency of mass
transfer, reducing the phenomenon of concentration polarization and
increasing the durability of membranes is becoming particularly relevant [2].
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In addition, modern requirements for food production include not only
technical efficiency, but also environmental safety and economic feasibility
of processes. The development of innovative designs of membrane devices
must take into account the optimization of energy consumption, the
possibility of automated process control and ease of maintenance [3]. Thus,
the current scientific and technical problem is the creation of improved
membrane systems for concentrating and purifying juices, ensuring high
product quality, energy saving and long-term stability of operation. Solving
this problem will help increase the efficiency of processing enterprises,
expand the possibilities of processing fruit and berry raw materials, and
reduce the environmental burden on the environment.

Review of the latest research and publications. In recent years,
membrane technologies for juice purification and concentration have
attracted considerable attention from scientists as an energy-efficient and
quality-friendly alternative to traditional thermal methods [4]. Review papers
summarize that micro- and ultrafiltration are effective for preliminary
classification and clarification of juices, while nanofiltration and reverse
osmosis provide increased removal of trace elements and partial
concentration at lower temperatures, which contributes to the preservation of
aromatic and biologically active components [5]. This general trend is
confirmed by a number of works that record the advantages of membrane
operations in terms of final product quality and energy consumption [6].

One of the key problems that is repeated in modern publications is the
fouling of membranes during juice processing (pectin, proteins, colloids,
sucrose), which leads to a rapid drop in productivity and the need for frequent
washing cycles [7]. Review studies classify the mechanisms of
contamination, indicate the factors (feedstock composition, temperature,
hydrodynamics, pressure) and describe existing approaches to control -
chemical and mechanical cleaning, mode optimization, pre-treatment of
feedstock [8].

A separate direction is the improvement of the design of modules and
elements that affect the flow distribution and intensification of mass transfer:
channel geometry, spacer network structure, the use of three-dimensional
printed spacer elements, as well as the modernization of flat-film and tubular
modules [9]. New studies show that optimized spacers and innovative module
configurations can significantly reduce concentration polarization and
contamination retention [10].

Another notable trend is the modification of membrane surfaces
(hydrophilic coatings, nanocomposites, antimicrobial layers) to increase
resistance to contamination and extend maintenance intervals [11]. Recent
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reviews also highlight the potential of thermal-membrane hybrids (e.g.
membrane distillation, forward/reverse osmosis combined with UF/MF) to
achieve higher degrees of concentration without significant energy penalties
[12]. Despite significant progress, gaps are identified in the literature; the
need for standardized tests for different types of juices, economic evaluations
of scaling up, and longer-term field tests of new designs [13]. Therefore, the
scientific and engineering challenge of integrating material science
approaches, hydrodynamic module optimization, and adequate fouling
management strategies remains open and determines the direction of further
research.

The objective of the research. The purpose of the article is to analyze
the current state of development of membrane technologies for concentrating
and purifying juices, to substantiate the directions for improving the design
of membrane equipment in order to increase efficiency, energy saving, and
quality of the final product.

Materials and methods. In the process of preparing the article, open
scientific sources were used, containing modern approaches to the design,
modeling and analysis of the operation of membrane equipment intended for
the concentration and purification of food liquids, in particular juices. The
main attention is paid to the methods of comparative analysis of scientific
works, technical standards and patent decisions, which allows systematizing
information on the principles of constructive improvement of membrane
modules and factors that determine their efficiency in the food industry [14].

The method of structural and functional analysis was used to
summarize information on the structure of membrane elements of various
types - tubular, spiral-wound, plate and capillary. This made it possible to
identify key structural parameters, such as the geometry of the channels, the
type of material, the thickness of the selective layer, hydrodynamic
conditions in the module, as well as to determine their influence on the mass
transfer resistance and the intensity of membrane surface contamination [15].

The critical review method was used to evaluate the technological
regimes used in ultrafiltration and reverse osmosis of juices. Based on the
analysis of scientific publications, the parameters that most often vary in
studies were considered: flow rate, pressure, temperature, turbulence level,
mechanisms for preventing fouling, methods of hydrodynamic amplification.

The comparative systematization generalization method allowed to
structure approaches to optimizing the design of membrane equipment: by
improving the movement of fluid in the channels, using turbulization inserts,
changing the configuration of the flow part, using the latest polymer and
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composite materials, increasing the resistance of the membrane layer to
colloidal and organic contaminants.

In addition, the classification generalization method was used to
organize the criteria for the effectiveness of membrane processes -
productivity, degree of selectivity, stability of filtration characteristics,
energy consumption and resource of membranes. This made it possible to
determine which parameters of the device design are the most promising for
further improvement.

Thus, the methods used provided a comprehensive overview of
existing engineering solutions and scientific approaches, which allows us to
form a holistic vision of the directions for improving the design of membrane
equipment for juice production.

Presentation of the research material. Membrane technologies are
currently one of the most promising areas for intensification of juice
purification and concentration processes, as they provide high efficiency at
low temperatures and allow preserving the natural properties of the product.
Unlike thermal methods, membrane processes allow minimizing the loss of
aromatic and biologically active substances, as well as reducing energy costs.
However, despite significant progress in this area, most industrial plants have
certain disadvantages, in particular, uneven flow distribution over the
membrane surface, high susceptibility to contamination, reduced productivity
during long-term operation, and significant costs for cleaning elements. That
is why the current study is aimed at theoretical justification and development
of a concept for an improved design of membrane equipment for juice
concentration and purification. At this stage, the work is mainly analytical
and design in nature and involves the creation of a model of a future plant,
which will later be manufactured and experimentally tested [16].

Analysis of existing types of membrane devices shows that the most
common are spiral-wound, tubular and hollow fiber modules. They are
characterized by compactness, high specific productivity and ease of
maintenance. However, during the operation of such systems, intensive
formation of a concentration layer on the membrane surface is observed,
which reduces the filtration rate [17]. Therefore, one of the main areas of
improvement is the optimization of the hydrodynamics of the flow in the
module channels, the creation of conditions for turbulization of the liquid
movement, which will prevent the formation of stagnant zones and reduce
the polarization effect [18]. The proposed conceptual scheme of the improved
membrane device has the following form.

Figure 1 shows the conceptual scheme of the improved membrane
device.
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The design involves the use of a flat-film or tubular module with
integrated turbulators (special perforated or spiral inserts), which ensure a
uniform distribution of pressure and flow velocity. This will improve the
conditions of mass transfer on the membrane surface and increase its
efficiency.

Juice inlet (pressure feed)

Distribution chamber

h 4

Membrane block with
turbulizing inserts

Filtrate collection chamber

h

Concentrate output

Fig. 1. Conceptual diagram of an improved membrane device

It is planned that the device will operate in reverse osmosis or
nanofiltration mode, depending on the task at hand — purification or
concentration of juice. The use of a combined approach (for example,
sequential use of ultrafiltration and nanofiltration modules) will allow
combining high transparency of the filtrate with an increase in the content of
dry substances in the concentrate [19].

For further development of the design, it is planned to conduct
modeling of the hydrodynamic characteristics of the flow using the
computational hydrodynamics method. This will allow determining the
optimal geometric parameters of the channels, the angle of inclination of the
inserts, the intervals between them, as well as the ratio of pressure and juice
flow rate.

In the future, it is expected that improving the design will allow
achieving the results shown in table 1.
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As can be seen, the predicted indicators indicate the prospects of the
proposed direction, since they allow to improve not only the technical, but
also the economic characteristics of the process.

In addition to hydrodynamic optimization, attention will be paid to the
selection of membrane materials and structural elements of the apparatus. To
minimize contamination, the possibility of using polymers with increased
hydrophilicity (for example, polyamide or polysulfone membranes with a
surface coating based on titanium or silicon oxides) is being considered. Such
materials have high antifouling properties and a longer operational life.

Table 1
Expected performance of promising equipment (compared to
traditional installations)

. Expected result (compared to
Indicator Fraditional inétallapt)ions)
Uniformity of flow distribution +15-20 %
Mass transfer coefficient +25 %
Concentr_atlon polarlzatlon 20 %
intensity
Specific energy consumption -10-15 %
Membrane cleaning frequency -30 %
Expected membrane life +25-30 %
Filtrate transparency Improvement on 30 %
Preservation of bioactive 90-95 %
substances

The structural design of the apparatus provides for the possibility of
modular connection of elements, which will allow to easily adapt the
installation to different production volumes - from laboratory to industrial
scales. The modular structure also simplifies maintenance, repair and
replacement of individual membrane elements without stopping the entire
process.

Among the tasks of the subsequent stages of the study are the creation
of a model of the apparatus, calculation of operating parameters (flow rate,
pressure drop, membrane layer resistance) and experimental verification of
the obtained data. It is assumed that after confirmation of theoretical
calculations, a prototype of the device will be manufactured, which will be
tested on model juice solutions of different concentrations.

It is expected that the results of the experiments will allow to improve
the design of the device, determine the optimal operating modes and
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formulate practical recommendations for industrial implementation. In
addition, the data obtained can become the basis for creating an automated
control system for the membrane concentration process, which will increase
the stability and controllability of juice production.

Thus, this study lays the scientific and technical foundation for the
development of a new effective design of membrane equipment. At this stage,
an analytical review of modern approaches was conducted, the concept of the
future device was formed, the key parameters that affect its efficiency were
determined, and the expected results after the development were presented.
The next stage of the work will be the creation of a prototype and its testing
in conditions as close as possible to industrial ones.

Conclusion. The conducted research is of a theoretical and design
nature and is aimed at substantiating the concept of an improved design of
membrane equipment for concentrating and purifying juices. Analysis of
modern technologies showed that the main problems of existing systems are
uneven flow distribution, formation of concentration polarization and rapid
contamination of membranes. The proposed concept of the apparatus
involves the use of turbulators in the filtration channels, which should ensure
intensification of mass transfer, reduction of polarization and increase in
process efficiency. It is expected that the implementation of such a design
will allow to increase the mass transfer coefficient, reduce energy
consumption and extend the service life of membranes. Further research
involves the creation of a model of the apparatus, hydrodynamic modeling
and the manufacture of a prototype for experimental verification of the results
obtained.
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IHHOBALUAHI PIIUEHHS Y PO3POBLI INAKYBAJIbHOI TAPH
JUIS1 IPOJIYKIIIT XAPYOBOI TA HEPEPOBHOI
IIPOMHUCJIOBOCTI

JA.B. ImutpeBchknii, O.€. 3aropyasko, 1.B. Jledbequnens,
B.M. Yepsonuuii, /I.B. I'opesikon

Y emammi posensinymo cywacni innosayiiini piwenns y cgepi po3pooxu
nakyeanvbHoi mapu Ons xapyoeoi ma nepepoonoi npomucrogocmi. [lpoananizoeano
MeHOeHYli 3acmocy8ants OGiOPO3KIAOHUX, AKMUGHUX | «PO3YMHUX» NAKYEATbHUX
Mamepianie, ix nepesazu ma 0cobaUB0CMI 8npoeadtcens. Busnaueno nepcnekmugni
Hanpsimu  YOOCKOHANEHHA KOHCMPYKYIl mapu 3 YPAXYBAHHAM eKONOSIUHUX 1§
MEXHON02IYHUX BUMOE BUPOOHUYMEA.

Knwuoei cnoea: naxysanvha mapa, iHHOBAYIUMI PIWeEHHs, Xapu08d
NPOMUCTOBICMYb, NEPepoOOHA NPOMUCTOBICTb, eKON02IYHA YNAKOBKA, OI0pO3KIAOHA
mapa, 6ap'cpui eracmueocmi, cmitikicms, OU3ALH YNAKOBKU, 30epieanHs npoOyKmie

INNOVATIVE SOLUTIONS IN THE DEVELOPMENT OF
PACKAGING FOR FOOD AND PROCESSING INDUSTRY
PRODUCTS

D. Dmytrevskyi, A. Zagorulko, I. Lebedinec, V. Chervonyi,
D. Horielkov

The article explores innovative approaches to the development of packaging
for food and processing industry products in the context of modern environmental,
technological and economic challenges. The current trends in the development of
packaging materials are analyzed, in particular the introduction of biopolymers,
active and intelligent packaging systems that are able not only to ensure product
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