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INFLUENCE OF THE PRESSING TEMPERATURE OF HALURGIC POTASSIUM
CHLORIDE ON THE OPERATING CONDITIONS OF THE GRANULATION PLANTS

Abstract. The regularities of the influence of the pressing temperature in the roll compactors of halurgic fine-grained
potassium chloride on the performance of the granulation process and the physical and mechanical properties of the granulate
under the conditions of the Sylvinite Processing Plant of JSC “Belaruskali” are determined. It is shown that an increase in the
pressing temperature from 120 °C to 142 °C significantly enhances the intensity of the processes of particles recrystallization
and melt formation at the particles’ contact points in the zone of plastic deformation, which provides greater strength of inter-
particle contact bonds due to the formation of additional bonds of the crystallization type. At the same time, the particle size
distribution of the granulate practically does not change. Only a slight decrease in the dynamic strength of the granulate was
revealed as a result of a small increase in the number of cavities and cracks in the granules, which is not critical for obtaining
a high-quality finished product. In general, an increase in the pressing temperature of halurgic fine-grained potassium chlo-
ride up to 140—-145 °C enables to enhance the capacity of granulation plants up to 130 % without reconstruction of existing
production lines while maintaining the high strength and granulometric characteristics of finished products. At the same time,
the switch to higher pressing temperatures requires solving the problem of intensive salt caking on the working surfaces of
the rolls of roll compactors based on the technical modernization of the existing compacting plants, taking into account the
recommendations developed.

Keywords: roll compactor, potassium chloride, granulate, pressure, pressing temperature

For citation: Peraschuk S. V., Volchek O. M., Prushak V. Ya. Influence of the pressing temperature of halurgic potas-
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BJIUSAHUE TEMIEPATYPBI IPECCOBAHUS IT'AJTYPTUYECKOI'O XJIOPUCTOI'O KAJIUSA
HA ITAPAMETPbBI PABOTBI T'PAHYJISAHUOHHBIX YCTAHOBOK

AHHOTAaNUsA. YCTaHOBIICHBI 3aKOHOMEPHOCTH BIHSHUS TEMIEpaTyphl MPECCOBAHMS B BAJKOBBIX IPECCax Trajxypruye-
CKOTO MEJIKO3EPHUCTOr0 XJIOPHCTOrO Kaslusi Ha MPOM3BOAMTENLHOCTh MpOLecca TPaHyIMPOBAHUS U (PU3UKO-MEXaHUUIESCKUE
CBOIfCTBa rpaHyJIsITa B YCIOBUSX CHIIBBUHUTOBON oborarutensHol ¢adpuku OAO «benapycbkanuiiy. [lokaszaHo, 4To yBenu-
yeHue TemnepaTypsl npeccoBanus co 120 g0 142 °C cyuiecTBeHHO MOBBIIIAET MHTEHCUBHOCTD MPOIECCOB PEKPUCTAIIN3ALINHI

© Ilepemyk C.B., Boruek O. M., [Ipymax B. f1., 2022
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YacTUL 1 00pa30BaHUs paciljlaBa B MECTaX KOHTAKTa YaCTHIL B 30HE IJIACTUYECKON IeOpMaITiH, 4TO 0OeceynBaeT OOJIBIIYIO
MIPOYHOCTH MEKYACTHIHBIX KOHTAKTHBIX CBS3€H 3a cueT 0Opa30BaHUS JOMOITHUTEIBHBIX CBA3eH KPHUCTAIM3alMOHHOTO THIIA.
ITpu 5TOM (hpaKIMOHHEIH COCTAB TPaHyJIsATa MPAKTUUSCKH HE U3MEHSETCSI. BBISBICHO TOIBKO HE3HAYUTEIBHOE CHIDKCHHUE JIH-
HaMUYECKOH MPOYHOCTH IPaHyIISITa B PE3YIIbTaTe HEOOIBIIOT0 YBEINYECHHsI KOJINYECTBA TPELIMH B TPAHYJIaX, YTO HE SIBIISIETCS
KPUTHYHBIM JIJIsI Oy Y€HNsl KaYECTBEHHOTO FOTOBOTO MPOAYKTa. B 11e10M yBennueHue TeMneparypbl IpecCOBaHMs Talypru-
YEeCKOT0 MEJIKO3EPHUCTOTO XJIopHucTOoro kanus 10 140—145 °C no3BomnseT 6€3 peKOHCTPYKIIMH CYIECTBYIOLINX MPON3BOACTBEH-
HBIX JIMHUH HOBBICUTH IIPOU3BOANTEIBHOCTD T'PAHYIISIIHOHHBIX YCTAaHOBOK /10 130 % mpu coxpaHeHHN BEICOKHX MPOYHOCTHBIX
1 TPaHyJIOMETPUUECKUX XapaKTEePUCTUK rOTOBOU mpoxykiuH. [Ipu sToM nepexoxn Ha GoJiee BRICOKHE TEMIIEpaTyphl IpeccoBa-
HUs TpeOyeT penieHne MpoOiieMbl HHTEHCHBHOTO HAIMIIAHUS COJIM Ha pabOYMX ITOBEPXHOCTSIX BAJIKOB BAaJIKOBBIX ITPECCOB HA
OCHOBE TEXHUYECKOW MOJICPHH3ALIUH CYIIECTBYOLINX YCTAHOBOK ITPECCOBAHUS C YUSTOM BIPAOOTAHHBIX PEKOMEH TAIIHIA.

KuroueBble c10Ba: BaIKOBBIN Npecc, XJIOPUCTHIN Kaluil, TpaHyIsT, JaBlIeHHE, TEMIIEPaTypa IPecCOBAHUS

Juasi uutupoBanus: [lepemyk, C. B. Biausaue temmeparypsl MpecCOBaHHS Tajlypruyeckoro XJOPHCTOTO Kajws Ha
napameTps! paboTHl IpaHyISIMHOHHEIX ycTaHOBOK / C.B. Ilepemyk, O.M. Bomuek, B. 1. [Ipymaxk / Bec. Han. akan. HaByk
Benapyci. Cep. ¢i3.-1oxH. HaBYK. — 2022. — T. 67, Ne3. — C. 263-268. https://doi.org/10.29235/1561-8358-2022-67-3-263-268

Introduction. The main method to obtain granular potash fertilizers is compacting the fine bulk
material to produce a compacted strip of material (tiles), which is subsequently crushed and sent for
screening to select the commercial fraction, which is a finished product (granulate). The method is based
on the ability of bulk materials to be compacted under high pressure to form a stable dense structure
of the substance due to the appearance of strong cohesive bonds between the particles. The method is
performed using, as a rule, roll compactor by continuous feeding the material into the area between two
counter-rotating smooth or profiled rolls. In general, the theoretical basis for determining the mechani-
cal characteristics of the material while pressing (compacting) and the basic process flow diagrams and
equipment have remained virtually unchanged over the last fifty years and are described in many papers
[1-8]. It was found that the granules of potassium chloride obtained this way are polycrystals, and the
compacting of potassium chloride, which, like all halogenides of alkali metals, has a high energy of
the crystal lattice, is technologically difficult and energy consuming process. During the compacting
process, numerous small defects are formed at the contact points of compacted grains, which are trans-
formed by recrystallization processes into larger ones, forming a porous granule structure which largely
determines its physical-mechanical and physical-chemical properties. The mechanical strength of poly-
crystals is determined primarily not by the strength of the crystals themselves but by the number and
strength of interphase contacts between them.

At the same time, despite the detailed study of many important aspects of the granular potash fer-
tilizers production, a number of provisions and recommendations require clarification, where one of the
most important issues to be solved is the choice of the optimal temperature for compacting the charge in
the roll compactor. This is particularly relevant for the process of obtaining granulate from fine halurgic
potassium chloride. In the known sources this problem has not been studied at all. There was only some
coverage of influence pattern of pressing temperature on physical and mechanical properties of granulate
obtained by processing of flotation potassium chloride, and that mostly determined by laboratory studies
[2, 7] and not adequately supported by the results of research under conditions of high-tonnage pro-
duction. In addition, it should not be forgotten that the initial charge of halurgic fine-grained potassium
chloride is significantly different in its physical, chemical and fractional composition from the charge of
flotation origin, which, for example, has significantly more fine particles whose prevalence contributes
to the formation of bonds between particles during their compaction based on Van der Waals forces [7].
Thus, the solution of problem regarding the choice of pressing temperature in roll compactors of halur-
gic fine-graded potassium chloride has an important applied meaning for Belarusian potash industry,
because the Sylvinite Processing Plant of the Production Unit 4 of JSC “Belaruskali” (SPP 4 PU) has the
large-capacity production of granular halurgic potassium chloride in the amount of up to 950 thousand
tonnes per year, while the demand for such products in the world market grows constantly. The increase
of the granulation plants capacity and the quality of the finished products will significantly enhance the
competitiveness and the export potential of the Belarusian potash industry. Accordingly, the purpose
of the paper presented was to investigate the influence of pressing temperature of halurgic fine-grained
potassium chloride on the capacity of the granulation process and physical and mechanical properties of
the granulate under conditions of JSC “Belaruskali” Processing Plant and to develop recommendations
on improvement of the technological process.
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Results and their discussion. The research was carried out in the potassium chloride granulation
department of the Processing Plant PU 4, where the process of obtaining the granular product includes
several process stages:

Stage I: The dewatered charge consisting of the standard potassium chloride is fed from the thicke-
ning and centrifugation department to the drying and granulation department to fluid bed dryers for
drying and heating. The product, heated to technological temperature, is then conveyed by a system of
elevators and conveyors to three granulation plants;

Stage 2: The granulation plants compact the charge, crush and classify the oversize product to pro-
duce granulate of a commercial grade, which is sent to a granulate enrichment unit by a system of con-
Veyors;

Stage 3: The granulate is further classified, moistened, scrubbed, dried, cooled and treated with re-
agents and then transported to finished product warehouse by a system of conveyors.

The research was carried out as part of technological stages 1 and 2 (production of granular product).

The research methodology involved measuring the operating parameters of the granulation equip-
ment under three set modes of operation with temperatures in the shaft of the roll compactor at about
120 °C, 130, and 140 °C, respectively. For each mode of operation of the granulation plants their maxi-
mum capacity, physical and mechanical characteristics of the product obtained, as well as the effect of
temperature on the change in the ratio of the formed flows of granulate, oversize and undersize product
(retur) were evaluated. The process flow diagram of the equipment of the granulation plants being re-
searched and of the main flows of the product is shown in the Figure 1.

2 3 4
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OO O
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—E-—— - Charge and undersize product

-3 Granular product
~==gg— (Compacted product P
— e Undersize product ~=—¢—— Charge, dried and heated

Figure 1. The process flow diagram of the granulation plant: /—4 — roll compactors; 5—8 — roller screens; 9-// — rotary
crushers; /2 — impact crusher; /3 — hammer crusher; 74, 15, 18, 19 — bucket elevators; 16, 17 — three-product sieving
machines

The temperature conditions of compacting were provided by changing the temperature of charge
heating in fluidized bed furnaces within 130—160 °C in order to ensure the necessary temperature in the
shafts of the roll compactors, taking into account the heat losses during transportation of material and
mixing the undersize product from screens and sieving machines.
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Each granulation plant includes (see Figure 1): roll compactors produced by JSC “Soligorsk Institute
of Resource Saving Problems with Pilot Production”, type PVP (pos. /-3) and roll compactor produced
by Zemag Zeiz (pos. 4); fixed single deck roller screens (pos. 5—8) with bar screens; PSpl 000M type ro-
tary pre-crushers (pos. 16, 17); Hazemag AP-SMA 1020 impact crusher (pos. 12); re-crushing hammer
crusher of the type FAM-PHM 1012 MVD (pos. 13); bucket elevators (pos. /4, 15, 18, 19); three-product
sieving machines type DF195 X 600/3 manufactured by Rhewum (pos. 20, 21).

The general picture of the granulate production process at the time of the research was as follows.
The charge, dried and heated in fluidized bed furnaces at the process stage 1, was fed to a collecting
scraper conveyor, and from there it was spread to the granulation plants. At each plant, the charge using
the elevators, pos. 18, 19, and the distribution conveyor, located above the roll compactors, pos. /-4, is
distributed in the compactors’ shafts. The undersize product from the roller screens, pos. 5—8, and siev-
ing machines, pos. 16, 17, was fed into the elevators. From the distributing conveyor the mixture of
charge and undersize product was transported into the shafts of the roll compactors, pos. /-4, through
the electric cut-off valves. Four compactors were in continuous operation. In roll compactors the initial
product was formed into a tile and a part of it came out as spillage. In the roller screens, pos. 5—8, the
compacted product (oversize product) and the spillage (undersize product) were separated. The oversize
product, most of which passed through the pre-crushers, pos. 9-11, was forwarded by means of a scraper
conveyor to the impact crusher, pos. /2. From the latter, through the scraper conveyor and the elevators,
pos. 14, 15, the crushed oversize product was fed to the three-product sieving machines, pos. 16, 17. The
oversize product from the top and middle deck was re-crushed in the hammer crusher, pos. /3. The over-
size product from the bottom deck (granulate) was transported to the enrichment unit. The undersize
product from the bottom deck, together with the undersize product from the roller screens, pos. 5—§, was
conveyed by means of the elevators, pos. /8, 19, and the scraper conveyors for re-compacting, as men-
tioned above. The working pressure in the hydraulic system of roll compactors of PVP type was main-
tained between 15.5-16.3 MPa in accordance with
the set technological requirements. The working
pressure in the hydraulic system of Zemag Zeiz

Parameters of operation of granulation plants

Gra- | Num- | Temperature in the shaft of | Current of elevators’ drives, . .
nulate| ber roll compactors, °C A roll compactors was maintained between 9.8—
- |of me-
gllﬁ, zssrrl:, Pos. | Pos. | Pos. | Pos. | Pos. | Pos. | Pos. | Pos. 10.2 MPa. .
t/h |ments| ! 2|3 | s [ 18| 19| 14|15 It should be noted that the granulometric com-
1 | 141 | 140 | 140 | 135 |46.5|37.9 |52.0|597| position of the charge supplied to the granulation
63 > 142 | 141 | 141 | 141 [453 1357|518 607| plants during the whole period of testing, practical-
. 3 1321133 1127 | 132 |42.6 412 1419 | 501 | ly did not change and.ls desc.rlbed' Wltl’.l sqfﬁc'lent
4 [ 13a] 134|127 | 133 [434]409] 415|517 ?Cguracy bg’;l})/e f‘())HSOWlng pgré“;/le Sﬁe dlsmt:)“tsl?;'
S [ 120 | 113 | 119 | 121 [55.3| 513 (447 |s22| oo T P2 70 B.6 MM 05 o, L1 M 0. 7,
49 o T3 115 T122 [ 124 (546 51012511520 0.315 mm — 10.6 %; 0.25 mm — 14.2 %; 0.2 mm —
: : - : 17.9 %; 0.1 mm —41.4 %; — 0.1 mm — 13.9 %.

The Table summarises the measurements re-
60 sults of granulation plants’ operating parameters,

2 55 - —2 indicating the positions of the equipment as shown
g 50 _ = = in the Figure 1.

g 4 The analysis of the equipment operating pa-
2 4 ; rameters presented in the table shows that with an
S 3 increase in the pressing temperature, the output of
£ 2 granulate increases, i.e., the capacity of the plants

increases. Thus, when we change the temperature
in the shafts of the compactors from 121-124 to
140-142 °C, the output of granulate increases from

121 123 125 127 129 131 133 135 137 139 141
Pressing temprature, °C

Figure 2. Change in the ratio of the relative share of the cur-
rent loads of the elevators’ drives when the pressing tem-
perature changes: curve / — relative share of the current load
of the elevators’ drives feeding the undersize product with
the charge; curve 2 — relative share of the current load of the
elevators’ drives feeding the oversize product

49 to 65 t/h. The reason for this allows us to set up
the analysis of regularities of change in the ratio of
drives’ currents of elevator groups, pos. /4, 15 and
18, 19, when changing the pressing temperatures,
which are graphically presented in the Figure 2.
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As you can see from this figure, with increasing the pressing temperature, the relative share of the
current load of the elevators, pos. 18 and 19, decreases and that of elevators, pos. /4 and 15, increases.
This indicates that with an increase in the pressing temperature compared to the total load on the roll
compactor the output of the undersize product of the roll screens, pos. 5—8, and the sieving machine,
pos. 16 and 17, decreases, and the output of the oversize fractions increases, which in turn indicates
a corresponding increase in the quality of the tiles formed in the roll compactor, including their homo-
geneity. In our opinion, with increasing the pressing temperature within the investigated limits there is
an increase in the intensity of recrystallization of particles described in the papers [2, 4—6]. In addition,
at high temperatures and pressures the process of melt formation at the contact points of particles in the
zone of plastic deformation begins to have a significant influence; as a result, the subsequent cooling of
the oversize product provides greater strength of interparticle contact bonds through the formation of
additional crystallization-type bonds, the possibility of which was pointed out in the paper [2]. Thus,
an increase in pressing temperature of halurgic potassium chloride within the investigated limits sig-
nificantly increases the capacity of granulation plants by reducing the volume of circulating load of
non-compacted particles (retur) on the roll compactors.

In the course of the researches, we also studied the influence of changes in the pressing temperature
on changes in the physical and mechanical properties of the granulate. It was found that by increasing
the temperature in the shaft of the compactors from 121 °C to 142 °C, by the corresponding change in
the amount of the granulate output, no significant changes in the physical and mechanical properties of
the product are observed. At all operating modes the particle size distribution of the granulate coming
to the enrichment stage had the following particle size distribution: 4 mm — 2.0-4.4 %; 3.15 mm —
34.0-34.9 %; 2.8 mm — 11.9-13.3 %; 2.0 mm — 43.8-49.2 %; 1.0 mm — 0.4—1.1 %; —1.0 mm — 0.7-1.1 %.
Such indicators fully meet the requirements of industry and international standards (GOST 4568-95,
Technical Specification of the Republic of Belarus (TU RB) 600122 610.010-2002, STO SPECS 001-98)
applied to granular potash fertilizers.

Another important parameter of finished granular potash fertilizers is their dynamic strength, de-
termined in accordance with the requirements of GOST 21560.3-82 “Mineral Fertilizers. Methods for
determination of dynamic strength and abrasive resistance”. In accordance with the requirements of the
mentioned industry and international standards this indicator must be not less than 80—85 %. During the
research it was found that with increasing the pressing temperature there was a slight decrease in the dy-
namic strength of granulate from 94 to 92 %, in our opinion, because of a slight increase in the number
of cracks in the granules. At the same time, the identified decrease in the dynamic strength of the granu-
late is not critical for the quality of the finished product. However, this fact should be taken into account
in further research and development of compacting modes at higher temperatures, above 145-150 °C, in
the compactor’s shaft.

In general, the results of these researches have shown that one of the ways to increase the capacity
of granulation plants for halurgic fine-grained potassium chloride is to increase the pressing temperature
to at least 140—145 °C. In the process of research, however, a serious technical problem was discovered
that limits the possibility of direct implementation of higher pressing temperatures in the technological
process. Namely, at pressing temperatures above 130 °C, a very significant intensification of adhesive
interaction between potassium chloride salts and working surfaces of the rolls occurs. Rather quickly
the forming elements (cells) on the working surfaces of the rolls are filled with the compacted material.
The rolls become practically smooth and covered by a layer of caked salt. This reduces the capacity of
the compactor and increases the density of the tiles. There are several solutions to this problem. For
example, as shown in some papers (patent RU 2014231 “Anti-adhesive lubrication of molds during the
formation and production of products made of synthetic polymers”; patent RU 2764206 “A method for
reducing the sticking of salts on the surface of roll press granulators™), salt caking can be eliminated
by applying an anti-adhesion agent or water to the work surface of the rolls. We also suggest that the
problem can be solved by reducing the temperature of the rolls’ surfaces using cooling liquids. In any
case, the implementation of these methods requires modernisation of the existing compaction facilities.
Therefore, it was decided to start corresponding design works on improvement of roll compactors of
PVP type within the framework of the creative cooperation between specialists of JSC “Belaruskali”
and JSC “Soligorsk Institute of Resource Saving Problems with Pilot Production”.
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Conclusion. The regularities of the influence of the pressing temperature in the roll compactors of
halurgic fine-grained potassium chloride on the performance of the granulation process and the physi-
cal and mechanical properties of the granulate under the conditions of the Silvinite Processing Plant of
JSC “Belaruskali” are determined. It is shown that an increase in the pressing temperature from 120 to
142 °C significantly enhances the intensity of the processes of particle recrystallization and melt forma-
tion at the particles’ contact points in the zone of plastic deformation, which provides greater strength of
interparticle contact bonds due to the formation of additional bonds of the crystallization type. Increase
in the pressing temperature of halurgic fine-grained potassium chloride up to 140—145 °C enables to
enhance the productivity of granulation plants up to 130 % using the existing production lines while
maintaining the high strength and granulometric characteristics of finished products. The implemen-
tation of the compaction mode of halurgic fine-grained potassium chloride at the temperatures above
130 °C requires solving the problem of intensive salt caking on the working surfaces of the rolls of roll
compactors based on the technical modernization of the existing compacting plants, taking into account
the recommendations developed.
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NPUMEHEHHUWE BUBPOJIUATHOCTUKU ITPU CO3JAHUHN JIEMEHTOB
HEPCOHAJIBHOT O QJIEKTPOTPAHCIIOPTA

Annortanus. [IpoBeseHo ucciieoBaHNe BUOPOHATPYKEHHOCTH OCHOBHBIX 3JEMEHTOB MEPCOHAJBHBIX AJIEKTPUYECKUX
TPAHCHOPTHBIX CPEJCTB U MOMCK MyTEH CHUIKEHUS BHOPAIIMOHHBIX XapaKTEPUCTHK. PAacCMOTPEHBI BOIIPOCH! U3MEPEHHUS BU-
Opainy, BOSHUKAOIIEH Ha BEJNOCHIIE/E, KOTOPBIN TIPUBOJUTCS B IBHIKCHHE MYCKYJIbHOW CHJION YeIOBEKa U 3JIEKTPONPHUBO-
JoM. M3MepeHusi BUOPOYCKOPEHHS M YaCTOTHBIX CIEKTPOB Ha ONPENCICHHOM Y4acTKe ABHIKCHHS OCYIIECTBISUINCH C IO-
MOIIbI0 aHanH3aTopa crnekrpa «OxraBa-101BM» B Tpu stana. Ha mepBoM 3Tamne 31eKTpoBeNoCUIIel TPUBOAUICS B ABHKE-
HHE C HOMOILbIO TIEAaJBHOr0 MPUBO/IA, HA BTOPOM — 3JIEKTPOIPUBOIOM, Ha TPETheM — IEAaJU U 3JICKTPOIPUBO] paboTasin
napajiensHo. B pesynbsraTe mpoBefeHHBIX HCIBITAHUN YCTAHOBJIEHO, YTO HAaHOOJbIIash BUOPAINs IPOMCXOUIIA B PEKUME
«MoTtop» B IpoIecce HCHOIb30BaHMs 3JIEKTPOBEIOCHIIS[a, HANMEHBINAsl BUOPALUs — IIPU €3/1€ C BBIKJIIOYEHHBIM DIICKTPO-
nsurareneM. OOHapyKEHO, YTO AIEKTPOIPHBO]] yBEIUYHBACT yPOBEHb BUOpANH (ITPU STOM Y 3JIEKTPOBEIOCHIIEIA 10 BCEM
0CSIM HE MPOMCXOIUT MPEBBIILCHUS TIPEEIbHO JONYCTUMBIX 3HAYCHUH ypoBHeit Bubparuii). C 1esiblo yMEHbLICHUS BO3HH-
Karolleil OT 3IeKTpoJBUraTeliss BUOPAIlMK Ha TIEPCOHAIBHOM DJIEKTPOTPAHCIIOPTE pa3paboTaHa KoMIbloTepHas 3D-Monens
W M3rOTOBJICH 110 JTAaHHOW Mojenu Ha 3D-npuHTepe 6e3BO3NYIIHBINA KOJICCHBIH ABMIKUTENH (KOJIECO JUIS QJIEKTpOocaMoKara
¢ BHYTPeHHHUM JeMipupoBanueM). CTEHIOBbIC NCTIBITAHNUS ITOKA3aJIH, 9YTO Pa3paboTaHHOE KOJIECO B CPAaBHEHHUH C ITHEBMATH-
4YecKO MTMHON nMeeT MeHbIee (10 45 %) naTHO KoHTaKTa. [lomydeHHbIe pe3yabTaThl MOXKHO HCIOJIB30BaTh IIPH pa3paboTke
KOHKYPEHTOCIIOCOOHOM! MPOAYKIIMHU, B YACTHOCTH EPCOHAIBHOTO 3JIEKTPOTPAHCIIOPTA.

KiroueBble cj10Ba: 3J1€KTPUYECKOE TPAHCIIOPTHOE CPEICTBO, BUOpalus, BUOPOHANPSIKEHHE, KOJIECO C BHYTPEHHUM
neMIpupoBaHuEeM

Jast uuTupoBanus: [IpuMeHeHre BUOPOINArHOCTUKH IIPU CO3QaHUU DJIEMEHTOB NEPCOHAIBHOTO 3JIEKTPOTPAHCIIOP-
ta / A.T. Bonouko [u np.] / Bec. Han. akan. maByk bemapyci. Cep. ¢i3.-taxH. HaByk. — 2022. — T. 67, Ne3. — C. 269-276.
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APPLICATION OF VIBRATION DIAGNOSTICS METHODS IN THE CREATING OF ELEMENTS
OF PERSONAL ELECTRIC TRANSPORT

Abstract. The study of vibration loading of the main elements of personal electric vehicles and the search for ways to
reduce vibration characteristics was conducted. The issues of measuring vibration arising on a bicycle, which is driven by
human muscle power and an electric drive, are considered. Measurements of vibration acceleration and frequency spectra in
a certain area of motion were carried out using the “Octave-101VM” spectrum analyzer in three stages. At the first stage, the
electric bike was driven by a pedal drive, at the second — by an electric drive, at the third — the pedals and the electric drive
worked in parallel. As a result of the tests carried out, it was found that the greatest vibration occurred in the “Motor” mode
during the use of an electric bicycle, the least vibration occurred when driving with the electric motor turned off. It was found
that the electric drive increases the vibration level (at the same time, the electric bike does not exceed the maximum permissi-
ble values of vibration levels on all axes). In order to reduce the vibration arising from the electric motor on a personal electric
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vehicle, a 3D computer model has been developed and an airless wheel mover has been manufactured using this model on
a 3D printer (a wheel for an electric scooter with internal damping has been manufactured). Bench tests have shown that the
developed wheel, in comparison with a pneumatic tire, has a smaller (up to 45 %) contact spot. The results obtained can be
used in the development of competitive products, in particular personal electric vehicles.

Keywords: electric vehicle, vibration, vibration voltage, wheel with internal damping

For citation: Volochko A. T., Yankovich S. N., Khrol I. N., Podorozhniaya I. V., Kalinovskij N. A. Application of vi-
bration diagnostics methods in the creating of elements of personal electric transport. Vestsi Natsyyanal nai akademii navuk
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Bgenenue. B rociennee BpeMs B CBSI3H C TIOBBITIIEHUEM CTOMMOCTH TOILITMBHBIX PECYPCOB BO3POC HH-
Tepec K AMEKTPU(UKAIIUNH yKE CYIIECTBYOIINX KOHCTPYKITMH WHANBHTYaIbHBIX CPEICTB TIepEeIBHKEHUS,
B YAaCTHOCTH BEJIOCHIIEZIOB M CAMOKAaTOB. BHenpeHne TpaHcmopTa Ha SIeKTPUYECKO TATe MPU3BAHO yBe-
JIMYUTH PACCTOSIHUS MIEPENIBIIKEHUST B TOPOJICKOI cperie 0e3 yuiepOa Jiisl SKOJIOTHH, CHU3UTh CTOMMOCTb
9KCIUTyaTallH 110 CPABHEHHUIO C TPAHCIIOPTOM, 000PYI0BAaHHBIM JABUTATENIEM BHYTPEHHETO CTOPAHHS.

OcHOBHBIC TpEHIIBI B MPOCKTUPOBAHMU M Pa3padOTKe KOHCTPYKIHMH MEPCOHATIBHOTO 3JIeK-
TPOTpaAHCIIOPTa HANIPABJICHBI Ha CHM)KCHHE MAcChl U3ETHUSl M MOBBIIICHUS TPOYHOCTHBIX XapaKTepu-
CTUK. MeXJly TeM KOMIIOHEHTHI TIEPCOHAIBHOTO JIEKTPOTPAHCIOPTA TOABEPralOTCs W3MEHSTFOIIIUMCS
BO BPEMEHH CHJIOBBIM BO3JICHCTBUSAM, B TOM YHCJIE€ BHOPAIHSAM, 9TO CHHKAET KOM(DOPTHOCTH TIOE3IKH.
[loaTomMy mocTOBEpHOE OIpe/eeHIe JMHAMIYECKIX XapaKTePUCTHK (COOCTBEHHBIX 9aCcTOT U (POPMBI
KoJIeOaHU) KOHCTPYKIIHH MEPCOHATLHOTO AIIEKTPOTPAHCIIOPTA SIBIISIETCS MIEPBOCTENICHHBIM (PakTOpOM
MpH pa3padoTKe KOHKYPEHTOCTIOCOOHOM MTPOLYKIIHH.

B nuTeparypHBIX HCTOYHHKAX HMEIOTCSI CBEJICHHS O BO3ACHCTBUM BUOPALIM HA CHACHUE U Yell0-
Beka [1], a Takyke BUOpalui, BBI3BAaHHBIX JIEMEHTAMU TOPMO3HOM CHCTEMBI, TPYIIMXCS Tap U KoJec-
HBIX IIUH [2-7].

Lenv Hacmoswetl pabomel — U3ydeHne BUOPOHATPYKEHHOCTH OCHOBHBIX DJIEMEHTOB ITEPCOHATBHBIX
ANEKTPUYECKUX TPAHCIIOPTHBIX CPECTB U IMOMCK My TEH CHIYKEHHS BUOPAITMOHHBIX XapaKTEPHUCTHK.

MeToauka HCCJIeI0BAHMIA. DKCIICPUMEHTANIbHBIC UCCIICOBAHUS TTapaMeTpOB BUOparuii (BOpoie-
(dbopManu 1 BUOPOHATIPSKEHU S, TIEPEMEILICHHU I, CKOPOCTH, YCKOPEHUSI U YACTOTHBIC CIICKTPBI) AJIEMEH-
TOB KOHCTPYKIIHMI 00YCIIOBJIEHA OTCYTCTBUEM Ha CTAAMU MPEIBAPUTEIBHBIX PACUETOB CBEJCHUH O Xapak-
TEPUCTHKAX ACHCTBYIOUINX HArpy3ok. /i onpeneneHus: BO3ICHCTBHS BUOPAIIMOHHON HArpy3KH POBO-
JIVITACH 3aMepbl BUOPOYCKOPEHM S Benocuriena. McribITanus ocymecTBiIsud B Ba dTana. Ha mepBom stamne
MIPOBOJUIICS 3aMep BUOpAITNH, BOSHUKAONIEH HAa paMe BEJIOCHIIE/Ia, KOTOPBIN MPUBOAUIICS B TBHIKECHUE:
a) C MOMOIIIBIO TEJATHFHOTO TIPUBOAA, 0) AIIEKTPOIPUBOAOM, B) TIEAATN U ICKTPOIIPUBOI paboTan Ta-
pasutenbHo. McnibiTanus ocyecTBIsuiuCh Ha miomassax OAO «IIpudopoctpouTenbHblil 3aBox ONTPOH.

BubpoyckopeHne 1 4acTOTHBIE CIIEKTPBI U3MEPSIIUCH C TOMOLIBIO aHaln3aTopa crektpa «OKraBa-
101BM». Jlns ompeneneHus: JOKAJbHOM MMITYJIbCHOW BHUOpAaIlMyM HCIOIb30BAJINCH MaslorabapuTHEIC
MbE303JICKTPUUYECKHIE aKCeNepOMETphl. VX TeXHHUECKHE MapaMeTpbl OTINYAIOTCS HAaJIS)KHOCTBIO U CTa-
OMIJIBHOCTBIO, IIMPOKUMHU YaCTOTHBIMU U IMHAMHYECKUMH JIMAITa30HAMH, TUHEHHBIMHI XapaKTePUCTH-
KaM¥ B OTUX JHANa30HaxX, MPOYHON KOHCTPYKIMeH. UyBCTBUTEIBHBIM DIIEMEHTOM TaKOTO aKCeIepo-
METpa SIBISETCS TUCK M3 MbE303JICKTPUUECKOTO MaTepuaia, KOTOPhIA MPH PACTSIKCHUN, COKATHH WITH
CBUIE TEHEPUPYET IEKTPUUECKUH 3apsi]l, IPONOPLHUOHAIBHBIN BO3JAECHCTBYIOLIEH CHIIE.

Kpennenre nmpeoOpa3oBarensi B HACTOSILIEM HCIBITAHHHM OBUIO BBINOIHEHO CTAJBHBIM XOMYTOM
K pame Benocurieaa (puc. 1).

3HaueHUs1 TPETHOKTABHBIX BECOBBIX KO3()(OUIIMEHTOB (MIOMPABOK) /JIsi OOLIECH U JIOKaJIbHOW BHOpa-
1 BeIOpansl cormacHo 'OCT 31191.1-2004 (MCO 2631-1:1997) « Bubpanus u yaap. Msmepenune oomieit
BHOpAITNK U OTICHKA e¢ BO3/IeHCTBHS Ha deioBeka. YacTe 1: O0mue TpedoBanms». KoppekTupoBaHHBII
10 9aCTOTE YPOBEHb MapameTpa Bubpaiuy (L) IpeicTaBIseT co00l 0IHOUNCIOBYIO XapaKTEPUCTHKY
Ha OCHOBE TPETHOKTABHOI'O YAaCTOTHOT'O aHAJIM3a C TIOCJIEAYIOUIMM CYMMHPOBAHUEM B YaCTOTHOM 00J1a-
CTH C YYETOM YHCIIOBBIX 3HAYCHHH (PYHKITUI 9aCTOTHON KOPPEKIIUU U PACCYUTHIBAIICS TIO BEIPAKEHUIO
(I'OCT 31191.1-2004)

L= ]O]g(Z?:110071(Lwi+ALwi))’ (1)

rae L,,; — OKTaBHBbIC YPOBHU napaMeTpa Bubpauuw, 1b; AL,,; — OKTaBHBIC BECOBBIE MONPABKH, Ab; i — 10-
PSLAKOBBIM HOMEP OKTaBHOMW MOJIOCHI; 71 — KOJTMYECTBO OKTABHBIX MOJIOC.
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Puc. 1. TIpumep kpennenust aHanu3aropa crektpa «OxraBa-101BM» ¢ mbe303IeKTpHIECKUM JaTIH-
KOM Ha BEJIOCHTIE/IC: @ — KPETJICHUE IaTunKa, b — KperieHne aHanu3aTopa cnekrpa «Okrasa-101BM»

Fig. 1. Example of mounting the spectrum analyzer “Octave-101VM” with a piezoelectric sensor on
a bicycle: a — mounting the sensor, » — mounting the spectrum analyzer “Octave-101VM”

Jlorapupmudeckuii ypoBeHb BUOpoyckopeHus (L, 1b) ompeaensiics HeMOCPEICTBEHHO B TPETHOK-
TaBHOM monoce gactoT ik o Gopmyrne (FOCT 31191.1-2004)

L, =20lga/ay, @)

IJIe 0L — CpeHEKBAIPATHYHOE 3HAUYCHIE BUOPOYCKOPEHHS B TPETHOKTABHOI T0JI0CE YacTOT, M/C; 0ly —
HCXOIHOE (OIOPHOE) 3HAYCHHE BHOPOyCKOpeHust, paBHoe 3 - 10~ m/c?.

Ha Bropom astamne (mocjie NoMy4YeHHs pe3yNbTaToB [0 BUOPALIMOHHBIM UCHBITAaHUSAM) pa3paboTaHa
KoMmmbsioTepHas 3D-MoAens ¥ U3rOTOBIIEH IO JaHHOW Mojenu Ha 3D-puHTepe 0e3BO3MYIIHBIN KOJec-
HBII ABMKUTENH (KOJIECO AJIA DIIEKTPOCaMOKaTa ¢ BHYTPEHHUM JeMII(UPOBaHUEM).

HcneiTanre n3roToBIEHHOTO KoJieca MPOBOAIIIN Ha pa3padoTaHHOM aBTOpaMu cTeH e (puc. 2), Ko-
TOPBI COCTOUT U3 pambl /, OCHAIIEHHOH CTATHYECKUM MEXaHU3MOM HOPMAaJIbHOTO OCEBOT'O Harpyske-
Hus 2 ucnbiTyeMoro kosneca. [Inardopma 3 MoxkeT nepemeniarbesi Kak B HOpMaJIbHOM HallpaBJICHUH, TaK
U OCCBOM, N OCHAllICHA MEXAHU3MOM IIPYKXHWHHOI'O BO3BpaTa B KaXX/IOM HaIlpaBJICHUH. I[I/IHaMI/I‘-IeCKOe

Puc. 2. YcranoBka aisi mpoBeACHHs] CPABHUTEIBHBIX CTCHIOBBIX UCIBITaHUi: | — pama, 2 — cra-
TUYECKUI MEXaHH3M HOPMAJbHOT'O OCEBOr0 HarpyxeHwus, 3 — miathopma, 4 — MEKTPOMAarHUTHI,
5 — TeH30MeTPUYECKUH JaTuuK

Fig. 2. Installation for comparative bench tests: / — frame, 2 — static mechanism of normal axial
loading, 3 — platform, 4 — electromagnets, 5 — strain gauge
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Harpy>KeHUe OCYLIECTBIISIETCS 32 CUET Maphl AJIEKTPOMArHUTOB 4, PACIOJIOKEHHBIX BO B3aUMHO IEp-
MEHUKYJISPHBIX HAIMPABICHUSIX U YIPABIISCMbBIX JJICKTPOHHBIM OJIOKOM IIUPOTHO-UMITYJIBCHOH MO-
Iynsiud. YacToTa u aMIUTUTy/a KOJIeOaHU ONpeneNsIfoTCsl MHKPEMEHTHBIMHU ONTHYECKUMHU JaTdH-
KaMU yTJjia OBOPOTa U MOCPEJCTBOM KPUBOIIMITHBIX MEXaHU3MOB, ITPEOo0Pa3yOIIUX MOCTYNATCIbHbIC
Kose0aHus miaThopMbl. Peructpamus Harpy3Ku Ha KOJIECO OCYHIECTBIISICTCS TEH30METPUUYECKUM J1aT-
YHUKOM J, yCTAaHOBIIEHHBIM Ha KPOHINTEHHE MEXaHN3Ma CTAaTHYECKOTO HATPYKEHHS B HOPMAJIbHOM Ha-
MPaBJICHUU. 3a CUET OTCYTCTBUS MEXaHUYECKOU CBSI3U JBYX HEPICHIUKYISIPHO PACHIOIOKEHHBIX KOJIe-
OaTeNBPHBIX MEXaHU3MOB UMEETCS BO3MOKHOCTh OKAa3bIBaTh BHOPAIIMOHHEIC BO3ACHCTBUS OMHOBPEMCH-
HO B JIBYX HalpaBJICHUSIX C MPOU3BOJIBHON aMIUIUTYION M YaCTOTOH C (PUKCHPOBAHUEM NapaMeTPOB
B PEXKUME PEaTbHOTO BPEMCHHU.

Jns cHUKEHUS U3ACPKEK MPU MPOTOTUIIUPOBAHUY UCIoNb30BaHa 3D-neuats. [Ipu u3rotoBieHuu
OTIBITHBIX 00pa3ioB npuMeHsanack FDM-TexHomorus, KoTopast 0OBIYHO UCTIONB3YETCS ISl TIedaTH W3-
JICJIAIA CO CIIOKHON reoMeTpueid. boibinHCTBO HccnenoBanumii B oonactu FDM-rexHonoruit cocpeno-
TOUYEHBI Ha IOy Y€HUH TE€OMETPUUECKON TOYHOCTH JieTaiu. OHAKO HCCIIeIOBAHMI, KacalomUXcs MeXa-
HUYECKUX CBOMCTB KOHEUHOT'O MPOAYKTA, BHITIOJTHEHO OTHOCUTEIBHO HEMHOT0. BMecTe ¢ TeM JaHHBII
METO/I TIO3BOJISIET MONYYUTh OTPOMHOE Pa3HOOOpa3ue CTPYKTYp M ILNIOTHOCTEH 3alOTHEHUS JeTaliei,
a CJIeI0BATEJIBHO, IIPEIOCTABIISICT TOIb30BATEIII0 APPEKTUBHBIA MHCTPYMEHT JIJIS CO3JIaHUSI TIPOTOTH-
OB C 3aJJaHHBIMH KOHCTPYKTOPCKO-TEXHOJOTUYECKUMU MapaMeTpPaMH.

Bb160p cxembl Harpy»eHusi 00yCJIOBJICH BBIITOJHECHHBIM aHAJIM30M HAIPYKECHHOCTH KOJIeca DJICK-
TPOCaMOKaTa KaK CTEP>KHEBOM CUCTEMBI.

B kauectBe Marepuana mis medatu ObUT Mcmonb3oBaH PLA-mmactuk. [ledaTs ocymiecTBisiiach Ha
3D-npuntepe TEVO Michelangelo. Texnonornueckue napamerpsl: 1uametp coria — 0,4 MM, CKOpocThb
egatu — 60 MM/c, TemIiepaTypa mnedararomieid rooBku — 220 °C; mBa Hapy»XHBIX CJIOS TBEPIOTO 3a-
nonuenus. Cozmanue ynpasisionieil mporpaMmmsl 3D-npuHTEpa NPOBOIUIOCH C UCIIOIB30BAHUEM MPO-
rpammuoro odecrieueHnst CURA.

PesyabTaThl ncciaenoBannii 1 UX odcy:kaeHne. B xone mpoBeneHus UCCIEAOBAHUN MOTYUYEHBI
3aBUCHMOCTH BHOPOYCKOPEHHS OT YacCTOTHI MIPH TPEX CIIoco0ax MPUBEACHUS B JBI)KEHUE BEJIOCHUIIE-
na (puc. 3). YCTaHOBJICHO, YTO HaUOOJIbIIasi BUOPAIUsSI B MPOIIECCE MCIIOIb30BAHMS AJICKTPOBEIOCHUTIC-
Jla IPOUCXOAUT B pexume «MoTop», HaUMEHbILAsi — IPU €3/1€ C BBIKJIIOUEHHBIM AJIEKTPOJBUIATEIIEM.
CriekTp BUOPOYCKOPEHUS COIEPKUT €IUHCTBEHHBIH MUK B mojioce yacToT ot 0 1o 20 ['u, nanee Bubpa-
LUl IOCTETIEHHO YObIBaeT B 001aCTh BRICOKUX YacTOT.

[TomydeHnHble aBTOpaMH HACTOSIIICH CTAaThU PE3YIBTAThl COOTHOCSITCS C TAaHHBIMHU HCCIICIOBAHUMA
[8—13], TIe HICTOYHUKOM HU3KOYACTOTHOW BUOPAIIMH BBICTYITHIIO KOJIECO, HA KOTOPOM KPEITHJIICS DIIEKT-
ponsurarenb. B [8—13] mMeroTcs cBeeHHU S, YTO HU3KOYACTOTHASI BUOPAITUS OKA3bIBAET OTPHUIIATEIIHHOE
BIIMSTHUE Ha OOMEHHBIC MPOIIECCHI YEJIOBEKA, YTO BBIPAKACTCS B U3MEHEHUU YIIIEBOJHOTO, OSIIKOBOTO,
(hepMEHTHOTO, BUTAMHHHOTO M XOJIECTEPUHOBOTO OOMEHOB, OMOXMMHUYECKUX ITOKa3aTelNeil KPOBH.
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0,20
MQOTOP

W MOTOP + NEJANN
2 015
% NEQANN
g
S 0,10
% =~ —
(=%
E 0,05 (K L

0

0 20 40 60 80 100 120 140

Puc. 3. DxcniepuMeHTaNnbHbIE 3aBUCHMOCTH BUOPOYCKOPEHHS OT YaCTOTHI MIPU PA3IUIHBIX CIOCO-
0ax MpUBEICHHUS B IBUYKCHHUE BEJIOCUIICA

Fig. 3. Experimental dependences of vibration acceleration on frequency for various methods
of driving a bicycle
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Vcxons n3 momy4YeHHBIX Pe3yNIbTaToB 10 3aMepaM BHOpa-
IIUM Ha JIETKOM TIEPCOHAIEHOM 3JIEKTPOTPAHCIIOPTE CO3JaHa
KOMITBIOTEpHAs MOJICNb C YBEJIMUCHHBIMH JIeMII(pUPYOIINMH
CBOIMCTBaMM KOJIECHOTO JIBIDKUTENS. ABTOpaMH pa3paboTaHO
0e3B03yIIHOE KOJIECO U3 IIACTHKA JIJIsl SJIEKTPOCAMOKaTa Kak
CaMoro KOMIAKTHOTO MAacCOBOTO CpEJCTBa MEPCOHAIBHOIO
3MEKTPOTpaHCcopTa. B 0e3B0O3MyIIHBIX IWHAX THOKHUE YIIPY-
THe SJIEMEHTHI BBIIONHIIOT (PYHKIMHM BO31yXa B ITHEBMATH-
YecKHx muHax. Hecymas cmocoOHOCTh O€3BO3IYIIHBIX HMINH
B 3HAUUTEIBHOW Mepe ONpeeNnseTcss KCIUTyaTallHOHHBIMH
XapaKTEPUCTUKAMH YIIPYTUX 3JIEMEHTOB, U IPEXJE BCEro pa-
JTUATBHOM KECTKOCTBIO.

Peanuzanuro BHyTpeHHEro JeMrupoBaHUs TPOBOAIIIN
3a cueT ONTHMH3AIHH (GOPMBI CITUIl O€3BO3YITHOTO KOJieca.
B kadecTBe MpUEMJIEMOT0 PEIICHHS IPUHATO KOHCTPYKTUB-  Puc. 4. Ilpemmaraemast KOHCTPYKuus 0e3BO3-
HO€ WCIIOJIHEHHE CIMI[ B BHJE BUTBIX NPYKUH S-00pasHON JLYHIHOTO KoJeca
¢dopmel (puc. 4). [lanHOE pelieHue MPOIUKTOBAHO HEO0XO-
JUMOCTBIO oOecriedeHnss OOKOBOW JKECTKOCTH Kojieca MpHU
MUHUMAaJIBHOM KOJIMYECTBE AeTaliel u y3i10B u3aenus. [IpuMeHeHne BUTHIX MPYKUH B TIONOOHBIX KOH-
CTPYKIHIX BEJCT K HEOOXOMMMOCTH HAIMYMWS HANPABISIONMX B KOHEUHOM H3Jelnu. Bmecre ¢ Tem
Oiraromapst cBoeit (hopMe TIIIOCKHE BUTHIC TIPYKUHBI BEITIONHSIOT (DYHKITUIO OOKOBOTO pedpa JKeCTKOCTH.

MonenupoBanue HampsOKEHHH, BO3IEHCTBYIOIINX HAa KOHCTPYKIIMIO JIBIDKHUTEINS, IPOBEAMIIOCH
C UCIIOJIB30BAaHUEM IporpaMMHoro komriuiekca SolidWorks. B pesynbsrate cozmana pacueTHas MOJEIb
¢ (PMKCHPOBAHHBIMH TIOCAI0YHBIMH pa3MepaMu U CBOOOAHBIMH pa3MepaMy reOMETPUH CHUL-AeMIde-
poB (puc. 5). 1ns onpeneneHuss IpOYHOCTH OBLIN 3aJaHbl CTATHUYECKUE U paboune Harpy3KH, a TaKKe
BBITIOJTHEH aHaIH3 Je()OPMUPOBAHHOTO COCTOSIHUS cTUI 06oaa B cpeae Simulation.

B kadecTBe mepeMeHHBIX MapaMETPOB HUCIOJIB30BAIUCh TONIIWHA CIUIBI [, a Takke paanychl Rl
1 R2, KOTOpBIE SIBISIOTCS 3aBUCHMBIMHU OT H M TIepecTpanBarOTCs aBTOMaTH4ecku (cMm. puc. 4). Beero
IPOAHAIM3UPOBAHO 43 BO3MOKHBIX CIIEHApHs C IapaMeTpaMy ONTUMU3AIMH — HANPSKEHNUS BO BCEX
TOYKaX JIeTaJli MEHbIIE npeaena Tekydecty [14]. MakcumainpHas gedopMarus npy 3aI0KEeHHBIX Ha-
rpy3Kax coctaBuiia 4 MM 0e3 pa3pyLIeHUN.

CornacHo pe3ynbprataM MOJCITUPOBAHUS, CIUIIBI 000712 HCIBITHIBAIOT IPEUMYIIECTBEHHO HAIPY3KH
Ha pacTsikeHue [14]. [loaTomy aiist 3TOM YacTH ETalN CAEAYyeT UCTIOIB30BaTh KOHIICHTPUYCCKUN PHUCY-
HOK 3aItoJIHeHU L. J{J1 Koppensaiuuy JaHHBIX ¢ pe3yIbTaTaMy MOJIeTupoBanus 061710 BeIOpano 100%-Hoe
3aII0THEHHE CTaJIN.

Fig. 4. Proposed airless wheel design
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Puc. 5. KoneuHo-a5eMeHTHasI MOjIeNTb 0€3BO3YIIIHOTO KoJieca (a) U 3MIopa HanpshkeHui criuil 06o71a (b)

Fig. 5. Finite element model of an airless wheel (@) and a stress diagram of the spokes of the rim (b)
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> / 000/ KoJIeca MCHBITHIBAET KOMILIEKCHBIE Ha-
0607

TPY3KH CHKaTUS-PACTSKEHUS] BO BpEMsl IKCILTya-
TallUM TpU 3HAKONIEPEMEHHOM HArpy>KEHUH.
B cootBeTcTBUU C pe3ynbraTaMy UCTIBITAHUN JJIs
CHUIKEHHSI HETIOJPECCOPEHHBIX MacC BHYTPEHHSS
o0acTh 000712 BHIIIOTHEHA C HETTOIHBIM 3aIT0JTHE-
HueM (60 %), puCyHOK 3alOJHEHUS — IeCTUT paH-
Coronoe sanonnerme WK 13 TPEYTOJIIBHUKOB (JaHHBLHA BUJL 3aI0JIHCHNUSI
BHYTPEHHe 061acTH nokasajn 0oJiee BBICOKHE OTHOCHUTEIIBHO IPYTHX
e 00pa3sIoB MOKA3aTeld IPOYHOCTH KaK IIPH UCIIbI-
TaHUSX Ha PACTSIKEHHE, TaK M MPU HCHBITAHUAX
Ha cxkatue) (puc. 6, 7).

Pe3ynbraThl cTEHOBBIX UCIBITAHUN TPUBENE-
HBI B Ta0uue. BunHo, 4To NATHO KOHTAKTa CTaH-
JAPTHOTO M 0€3BO3AYIIHOTO KOJIEC CYyHIECTBEHHO
OTIINYAIOTCS MO MJIOIIAIH B CTOPOHY YBEIMUYEHHUS

o ee y Kojeca C MHeBMaTH4YecKoi muHoi (10 45 %).
/ OTO NMPOUCXOAUT BCIECACTBHE PA3IHUUS, IPUUEM
CYILIECTBEHHOI0, (PU3MKO-MEXaHUUYECKUX Xapak-
TEPUCTUK JePOPMUPYEMBIX TeN: TPEXMEPHOU
3MaCTUYHON OOOJIOUKM, HAKAUYAHHOW BO3IYXOM,
o—o—o Y JIUTOH LIWHBI, Y KOTOPBIX HANPABJIEHUS U 30HBI
pacripocTpaHeHus: aeopManuii, paBHO KaK U UX
BEJTUYUHBI, — PA3INYHBI.

[Ipu dbopmupoBaHuM MITHA KOHTAKTA ITHEB-
MaTHYECKOH MUHBI (00BIYHO B (opMe DIIIUIICa)
Kapkac nedopMHUpyeTcss Kak B IPONOJIBHOM MIIo-
Puc. 7. 3aBUCHUMOCTBb CTENEHHM BHYTPEHHEIrO 3aIlojIHe- CKOCTH, TaK U B nonepequﬁ 3a cYeT JaBJICHUSA
HUsS 00pasua oT cpeﬂ:;l;)(;;lf;:::s: npezena Mpo4HOCTH BO3yXa M COOTBETCTBYIOLIEro MpOrHOa YIpy-
Fig. 7. Dependence of the degree of internal filling of the roit 0bonouKM WHHEL Y 6C3B03,E[yIHHOFO Koseca

sample on the average value of the tensile strength Aedopmanys nepudepri IPOUCXOTUT 110 3fK0Hy

(JIEHTBI», B OCHOBHOM TOJIBKO B ITPOJOJIBHOM ILIIO-
CKOCTH 3a CUeT Ac(opMaIiiy H3ruoa.
Koaddunment HopManbHO# skecTKOCTH mUHBI C, SBIISETCS EPBOI MPOU3BOIHON HOPMaIbHOI Ha-
Ipy3KH Kojieca P, Io HOpMaJIbHOMY MPOTHOy IIUHEI /1, [14] 1 onipenesnsieTcss COryiacHO BBIPAXKEHHUIO
=2, o)
Oh,
rae /i, onpenenseTcsl Kak JUHEHHOE CMELCHHE LEHTPa KOJieca OTHOCUTEIBHO OINOPHOMN IOBEPXHOCTH
1021 AEMCTBUEM HOPMAJIBHOM HATPY3KH, U3MEPEHHOE 10 HOPMAJIH K OIIOPHOM ITOBEPXHOCTH.

Ha puc. 8 mpencraBieHa 3aBUCHMOCTh KOX(QQHUIHEHTa HOPMAIbHOW KECTKOCTH OT Harpy3KH.
VY nmHeBMaTH4eCKOW LIMHBI MIPHU MaJIbIX Harpys3kax KOd(QQUIHEHT HOPMaJIbHOM >KECTKOCTH JOBOJBHO
BBICOKHH, MOCJIE MPHJIOKEHU HArPY3KN MPOUCXOAUT €r0 CHUKEHHE 33 CUET YNPYTOMIACTHYECKUX Je-
(opmanuii B KapKace INHbl 1 YMEHBIICHUS BIUSHUAS BHYTPEHHETO JaBJICHUS BO31yXa.

CHuxeHnue ynpyrux aedopmanuii 6€3B030yIIHON MUHBI (YMEHbIICHHE KOPQHUIIMEHTa HOPMallb-
HOM KECTKOCTH NP OOJNBLINX HArpy3Kax, puc. 8) CBA3aHO C MEXaHWYECKUMH CBOHCTBAMH CTPYKTYPHI
3aM0JHEHMSI U TEOMETPHH U3TOTOBICHHOTO 00pasia.

3aki0ueHue. Pe3ynbratel BUOPAlMOHHBIX UCHBITAHUI C PAa3JIMYHBIMM BapUaHTaMH IIPUBOAA Be-
JIOCUTIEIA TIOKA3aJIH, YTO SJIEKTPOIPUBOJL yBEIHMYUBAET YPOBEHD BUOPAIIHH.

YcTaHOBIIEHO, UTO HCIMOJIB30BaHHE OE3BO3IYIIHOTO KOJeca CYIIECTBEHHO CHHMIKAET HETaTHBHOE
BO3CHCTBHE HU3KOUacTOTHOrO (110 20 I'11) ypoBHS BUOpanuii, 4TO MOJIOKHUTEIBHO BIMSIET HA KOMPOPT
1 0€30MacHOCTh UCIIOIb30BAHMS TPAHCIIOPTHOT'O CPEICTBA.

Cnnupl

——

Puc. 6. BuyTpennss cTpykTypa o6oaa koieca

Fig. 6. The internal structure of the wheel rim
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Pe3yJ'ILTaTbI CPaBHUTECJbHBIX CTEHAOBbIX HCIBITAHUH 120
CTAaHAAPTHOIO U 6e3303ny111H0r0 KoJ1ecC

[THeBMaTN4eCKOE KONEco

o
[<b]
Results of comparative bench tests of standard and = 100 —@— be3Bo3ayLUHOe KOneco
airless wheels S 80
x
3
Benununna ctatnyeckoi Harpys3Ku S 60
-
Kouneco ¢ mueBma- bespo3nymnoe >
ITapamerp TUYECKOH IMHHOM KOJIECO gr 40
10|30 | 50 | 10| 30 | 50 g
<
KT KT KI' KT Kr KI ™ 20
2
[Tmoma, a KOHTaK-
HOTIAAh AT KOUTAK 1676 | 1354 1711 | 510 | 760 | 940 0
Ta [PU HArpy3Ke, MM 10 2 20 10 =0
[Inomanp naTHA KOH- Harpyska, Kr
aKTa arpyske
TaxTa IpH Harpy 81117051760 | 914 |1002|1256 .
C MONEPEYHBIM 2CM":EHle- Puc. 8. 3aBucuMocTs KO3 PUIINEHTa HOPMATBHOH KECTKO-
HHEM 5 MM, MM CTH OT HAarpy3KH CTAaHAAPTHOTO M OE3BO3AYLIHOTO KOJEC
Jlunetinoe cmemenne 1141713167 Fig. 8. Dependence of the coefficient of normal stiffness on
HEHTpa KoJieca, MM the load of standard and airless wheels

Pa3paboTka KOHEYHO-3JIEMEHTHOI MOJICIIM ¥ aHAJIN3 JITFOPHI HANIPSKEHHH 000/1a KOJieca TO3BOIHIIH
ONITHMHU3NPOBATH U U3TOTOBUTH C MpuMeHeHneM 3D-niedaTu Kojeca ¢ BHyTPEHHUM JIeMII(HUPOBAHHEM.

Pe3ynbraThl CTEHOBBIX UCIIBITAHUN TIOKA3aJH, YTO KOA(P(UIIMEHT HOPMaTBHOMN JKECTKOCTH y ITHEBMa-
TUYECKON IITUHBI 3JIEKTPOCAMOKATa JIOCTATOYHO BBICOKHIA TIPH MAJIBIX HATPY3Kax, a PH €€ YBEITHUSHHUH JI0
50 kr comoctaBuM ¢ pa3paboTaHHBIM 0E3BO3IYIITHBIM KOJIECOM, KOTOPOE UMEET MeHbIIee (10 45 %) nsTHO
KOHTAKTa.
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K 65-nemuro Ob6vedunennozo uncmumyma MawiuHocmpoeHus
Hayuonansnou akademuu nayk benapycu

C.II. Pynenko, C.I. CannoMupckuii

Obvedurnennvlll uHcmumym mawunocmpoerust Hayuonanvnoi akaoemuu nayk Benapycu,
Mumnck, Pecnyoauxa Benapyco

PACUETHAS MOJIEJb HAITPSI)KEHHOI'O COCTOSAHUS 30HbI KOHTAKTA 3YBBEB
MHNOBEPXHOCTHO YIIPOYHEHHBIX 3YBYATBIX KOJIEC

AHHOTanusl. PaccMOTpEHO HAIPSIKEHHOE COCTOSIHHE TIOBEPXHOCTHOTO CJIOSI B 30HE KOHTAKTa COINPSIKEHHBIX 3yObeB
WIMHIPUYIECKNX 3yOUaThIX KoJiec, KOTOPOE XapaKTepPH3yeTCs HE TOJIBKO MOBEPXHOCTHBIMH, HO U TTyOMHHBIMH JKBHBA-
JICHTHBIMU HanpspKeHUSIMH. [Toka3aHo, 9TO IpH KOHTAKTHOM Harpy>XeHUH HAINPSIKEHHOE COCTOSHUE MTOBEPXHOCTHOTO CIIOS
HEOIHOPOIHOE ¥ 3aBHCUT OT PACCTOSIHHS OT MMOBEPXHOCTH. BBIMIOTHEHBI aHATN3 U 000CHOBAHNE PACUCTHON MOAENH Hampsi-
JKEHHOTO COCTOSTHHS JU(P(y3HOHHOTO CIIOS B 30HE KOHTAKTa COMPSIKEHHBIX 3yObeB MOBEPXHOCTHO YIPOUHEHHBIX 3y0UaThIX
KoJIeC. YTOYHEHO 3HaueHue Kod(QUIeHTa, yUUTHIBAIOLIET0 BIMSIHIE HOPMAJIbHBIX HAPSOKEHNH Ha A PEeKTHUBHOCTH Kaca-
TEeNBHBIX. JJ0CTOBEPHOCTH M 000CHOBAHHOCTH MOJISNIN pacyeTa HalPsHKEHHOT'0 COCTOSTHUS TOBEPXHOCTHOTO CJIOS B 30HE KOH-
TaKTa CONPSHKEHHBIX 3yOheB MOBEPXHOCTHO YIIPOYHEHHBIX 3y0UaTHIX KOJIEC OLEHUBAIIH 10 Pe3yJIbTaTaM HaTypPHBIX CTEHJIO-
BBIX HCITBITAHHH 3y04aThIX Iepeaad, H3rOTOBICHHBIX 13 eMeHTyeMoil ctainu 20X HP. 3HaueHnst KOHTaKTHBIX HANPsHKEHUH
B TIOJIIOCE 3allETUICHHS 3yObeB KOPPEKTHPOBAIN C yUETOM KOHIIEHTPAI[MH HATPY3KH 0 MHPHHE 3yOuaToro BeHua. I myOuny
BBIKpAIIMBAHUS TOBPEKJICHHBIX 3yObeB OMpPEACISUIN MYTEM 3aMEPOB CIIENKOB, CHATBIX C 3yObeB Ka)JI0W HCCIeIOBaHHON
HIECTEPHH C HCIIOJIb30BAHUEM METAKPHJIOBOH CMOJIBI. YCTaHOBIICHO, YTO 30HA 3apPOXKJCHUS TIIyOMHHOIO KOHTAKTHOT'O BBI-
KpaIIuBaHU JUUIs MEeCTEPeH ¢ MOAyJIeM 6,5 MM HaXOIUTCS Ha ITyOHHe 3ajleraHus pacIeTHBIX MaKCUMAJIbHBIX SKBUBAJICHT-
HBIX KacaTeIbHBIX HampspkeHHH. COraacoBaHHOCTH PE3yIbTaTOB pacueTa ¢ SKCIEPUMEHTAIBHBIMH JAaHHBIMH IOKa3bIBAET
000CHOBaHHOCTH IIPUMEHEHH S PACUETHON MOJIENIN HANPSYKEHHOTO COCTOSTHUS AJIS1 SBOJIBBEHTHBIX 3y09aThIX KOJIEC.

KiroueBble cioBa: 3y6uarbie Kojeca, HOBEPXHOCTHOE YIPOUYHEHHUE, HAIIPSKEHHOE COCTOSHUE MOBEPXHOCTHOTO CIIOS,
HEOJHOPOHOCTb, aHAJTUTUYECKAsk MOJEIb

Jas uutupoBanus: Pynenko, C.I1. PacueTHast Mozienb HaNpsHDKCHHOTO COCTOSIHUS 30HBI KOHTaKTa 3yObeB TOBEPXHOCT-
HO ynpodHeHHBIX 3y0uaTsix konec / C.I1. Pynenxo, C.T. Cannomupckuii / Bec. Ham. akan. naByk bemapyci. Cep. ¢i3.-ToxH.
HaByK. — 2022. — T. 67, Ne3. — C. 277-284. https://doi.org/10.29235/1561-8358-2022-67-3-277-284

To the 65™ Anniversary of the Joint Institute of Mechanical Engineering
of the National Academy of Sciences of Belarus

Sergei P. Rudenko, Sergei G. Sandomirski

Joint Institute of Mechanical Engineering of the National Academy of Sciences, Minsk, Republic of Belarus

CALCULATION MODEL OF THE STRESSED STATE OF THE TOOTH CONTACT ZONE OF SURFACE-
HARDENED GEARS

Abstract. Stress state of the surface layer in the contact zone of mating teeth of cylindrical gears has been studied. It
is established that stressed state of contact surfaces in the meshing pole of mating teeth is characterized not only by surface
contact stresses, but also by deep equivalent stresses. It is shown that under contact loading the stressed state of surface layer
is heterogeneous and changes with distance from the surface. Analysis and substantiation of calculation model for stressed
state of diffusion layer in contact zone of mating teeth of surface-hardened gears are performed. Value of coefficient, which
takes into account influence of normal stresses on efficiency of tangential ones, is specified. Reliability and validity of model
of calculation of stressed condition of surface layer in contact zone of mating teeth of surface-hardened gears were estimated
according to results of full-scale bench tests of the gears made of cemented steel 20XT'HP. The values of contact stresses in
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tooth meshing pole were corrected considering the load concentration across the width of cogged ring gear. Spalling depth of
damaged teeth was determined by measuring impressions taken from the teeth of each examined gear with methacrylic resin.
It is established that the nucleation zone of deep contact pitting for gears with 6.5 mm module is on the depth of occurrence
of calculated maximum equivalent shear stresses. The consistency of the calculation results with the experimental data shows
the validity of the calculated stress-strain model for involute gears.

Keywords: gears, surface hardening, surface layer stress state, heterogeneity, analytical model

For citation: Rudenko S.P., Sandomirski S. G. Calculation model of the stressed state of the tooth contact zone of sur-
face-hardened gears. Vestsi Natsyyanal'nai akademii navuk Belarusi. Seryya fizika-technichnych navuk = Proceedings
of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67, no. 3, pp. 277-284 (in Russian).
https://doi.org/10.29235/1561-8358-2022-67-3-277-284

BBenenmne. VccnenoBanusi 1 pacyeThl COMPOTHUBIIEHUS KOHTAKTHON yCTalOCTH (KOHTaKTHOHM MpOod-
HOCTH) 3yOuaThIX nepenayd HarpaBieHbl Ha U3yueHHe (GakTopoB, 00YCIaBIMBAIOIIUX YCTAJIOCTHBIE TPO-
LIECChI MTPH KOHTAKTHOM Harpy>K€HUH U BIUSAIONINX Ha KOHTAKTHYIO IPOYHOCTH AeTanieil mamuH [1-9].
YCTaHOBJIEHO, YTO HANPSHKEHHOE COCTOSTHUE KOHTAKTHPYIOMIMX MOBEPXHOCTEW B IOJIOCE 3allCTIIICHUS
COIPSKEHHBIX 3yObEB XapaKTEPU3YETCs HE TOJIBKO HOBEPXHOCTHBIMHM KOHTAKTHBIMH HAIIPSDKCHUSIMH,
HO M TIyOWHHBIMHU SKBHUBAJICHTHBIMH HampspDkeHusMu [6, 7, 9]. Hamm uccienoBaHus MONTBEPIKAAIOT
nansble pe3ynbsratsl [10—13]. TloayuyeHo, 4To pH onpeaeeHHbIX YCIOBUAX Iy OMHHbBIE SKBUBaJICHTHBIE
HaTPSDKEHUST BBI3BIBAIOT MPOTPECCUPYIOIIEe BHIKPAIINBAHUE TIOBEPXHOCTEH 3yObeB — OTCIanBaHuUE, TO
ecTb OO0JIBIIIOE 110 ITTyOMHE U IO U BBIKPALIMBAHNE, KOTOPOE, 3apPOJUBILUCH B 30HE I10JIIOCA 3aLleTlIe-
HUSl, UMEET TeHICHIMIO PACIPOCTPAHATHCS B OHOIIAPHOMN 30HE aKTUBHBIX TOBEPXHOCTEH 3yObeB.

Bonbiioe HaydHOE M MPAaKTUUYECKOE 3HAYEHHE MMEIOT TEOPETHUECKHE U AKCIEpUMEHTAIbHBIE UC-
cnenoBanus P.P. 'anbnepa [6] u E. W. Teckepa [9], KoTOpbIe OCBSIICHBI PEIICHUIO0 KOHTAKTHOM 3a1a4u
[0 BCEH TONIIHMHE MOBEPXHOCTHO YNPOYHEHHOTO CJIOS MaTepualia 3y0uaTeix kKosmec. OHHM MO3BOISIOT
YCTaHOBUTB 3aBUCUMOCTb MEX/Y PACIIOI0KEHHUEM OIACHOW 30HBI, B KOTOPOH MOTI'YT BO3HHUKATh OYaru
KOHTAKTHBIX Pa3pyLICHUH, 1 MEXaHUYECKMMH CBOWCTBAMH MaTepuaa, IeHCTBYIOIIMMH KOHTAKTHBIMH
Harpy3kaMu C OLIEHKOW 3amaca MpOYHOCTH B 3TOH 30He. Ho pacueTHas olleHKa CONMpPOTHUBIEHUS KOH-
TaKTHOW yCTaJIOCTH MOBEPXHOCTHO YIPOYHEHHBIX 3yOUaThIX KoJieC TpeOyeT MaJbHEHIIEero pa3BUTHS.
B wactHOCTH, pacueT Ha NpeJOTBpAlllCHHE TTyOMHHOIO KOHTAKTHOIO Pa3pylLICHUs a30THPOBAHHBIX
3yO4aThIX KOJIEC OTpaHMYEH CPaBHEHUEM JONMYCKAEMBIX M PACUETHBIX HAMPSKEHUH, ASHCTBYIOLINX
Ha rpanune Auddy3noHHOTo cios u cepaueBuHbl [7]. [Ipn sToM nomyckaeMble HAPSHKEHHUS CTaBSITCS
B 3aBHCHUMOCTH TOJIBKO OT IMPOYHOCTH CEpAIICBHHBI. MeTouKa pacyeTa MOBEPXHOCTHO YIIPOUYHEHHBIX
3y0JaThIX Kojec, IpuBeeHHAs B [9], OCHOBaHA HE HA AUArpamMMax KOHTAKTHOW YCTaJOCTH, a HA JIH-
HEHHOM 3aBHCHMMOCTH IPEIeNbHBIX KacaTeNbHbIX HaNpsDKeHUH oT TBepaoctu. Ho Oa3oBble uncna nu-
KJIOB KPUBBIX YCTAJIOCTH IPU MOBEPXHOCTHBIX U TITyOMHHBIX pa3pyLICHUAX 3HAYUTEIBHO OTIMYAIOT-
cs. IloaToMy HMCIONIB30BaHNE OTHOTO U TOTO K€ 3HAYEHHUsI PACUETHOI'0 KOHTAKTHOTO HANPSIKEHUS NS
MMOBEPXHOCTH M B TIIyOMHE MaTepuaia He onpaBaaHHo [13]. Kpome Toro, HemocTaTouHbIi 00hEM JKC-
[EPUMEHTAJIBHBIX JAHHBIX NPUBOAUT K IPOTUBOPEUNBOCTH HH(OPMALIMK O HANIPSKECHHOM COCTOSIHUH
MTOBEPXHOCTHEIX CJI0EB 3y0beB [14].

Ha mpakTuke yacTo cTaBUTCS 3a7a4a HE TOJIBKO OLIEHKH pecypca 3yOuaThiX mnepeaad, odecreunBae-
MOTO COTIPOTHBIJIEHHUEM INTYOMHHON KOHTAaKTHOW YCTAJOCTH MOBEPXHOCTHO YIIPOUHEHHBIX 3y04aThIX KO-
JIec, HO U OINIpEJIeNICHNsI KaueCTBEHHBIX TapaMeTPOB YIIPOUHEHHBIX CJI0€B, o0ecreunBaromux oe3aedexr-
Hy10 paboTy 3y0uaToii nepenayu B TEUCHHUE 3aJaHHOro cpoka. [Ipu pereHun 3Toi 3a1aun CyIeCTBEH-
HO€ 3HaueHHE UMEET XapaKTep HANpPSHKEHHOI'O COCTOSAHMS M pacHpeiesieHHe HaNpsKeHWH B JIeTai,
JIOMTYCTUMOCTH TOTO MJIM MHOTO HAIPSIKEHHOTO COCTOSTHUS AJ1s 00ecneueH s MpoYyHoCTH u3aenus [15].

Llenv pabomwvr — ananu3 1 0OOCHOBAHHME PACUYETHONW MOJETH HAIPSKEHHOTO COCTOSHUS Mupdy3u-
OHHOT'O CJIOS B 30HE KOHTAKTa CONPSIKEHHBIX 3yObeB MOBEPXHOCTHO YIPOUHEHHBIX 3yOUaThIX KOJIEC.

TeopeTnyecknii aHagmu3. B HacTodmee BpeMss B METOJMKAX pacueTa SBOJIBBEHTHBIX LUIMHAPH-
YecKUX Tepeaad UCIONb3YIOT OCHOBHBIE IMOJOKEHUS TEOPHH KOHTAKTHBIX JieopMannii, MoIydeHHbIE
I Tepuem [16]. IIpu 3TOM mpUHUMAIOT psiJ] IOMYIIEHUH, CBA3AHHBIX C OTIMYHEM YCIOBUU PabOTHI CO-
MIPSDKCHHBIX 3yObeB 3yOUaThIX KOJIEC OT KJIaccHUeckux rmonokeHuit teopum I. I'epma. Ilpm pacuere
SBOJIbBEHTHBIX IMIMHAPHUYECKUX Iepesiad JIOMYCKAaI0T, YTO B KaXKI0W TOUKE 3aleIUICHUs 3yObsi MOXKHO
3aMEHUTh NPSIMBIMU KPYTOBBIMU LIMIMHAPAMU C MapajuIeIbHBIMU OCSMH, PAINyChl KPUBU3HBI KOTOPBIX
paBHBI paJrycaM KpUBU3HBI 9BOJILBEHTHI B TOUKe KOHTaKTa [15, 16]. Ilox neiicTBreM ckMMaronux Harpy-
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30K 3yObsI COIPUKACAIOTCS 0 Y3KO# Mosioce (IIOMAAKEe), OrpaHUICHHOM ABYMSsI psiMbIMU. HopMmainbHbIe
JIABJICHUS TOMEPEK TJIOIMIAKY, BETUYMHA KOTOPBIX SBISETCS HEOOXOIMMOW YacThiO pacyeTa Ha BBIHOC-
JUBOCTH paboyeli MOBEPXHOCTH 3yObeB, OMPEIENAIOTCS U3BECTHBIM BhIpaskeHHeM [15—17]

c=cu\1-(y/b), )

T/ie Gy — HanOoJbIlIee TaBlieHHe Ha KOHTAaKTHOM IIJIOMIAIKe, KOTOPOe CBA3aHO C HArpy3KOW w, Ha -
HUIY JUTMHBI [WJIMHPA U BEJIUYMHON b MaJioil TOIYyOCH KOHTYPHOT'O AJUIMICA IJIONIAJKH KOHTaKTa
3aBUCUMOCTHIO [16]

_2w

T b @

CSu

IIpu paboTe 3yOuaThIX TIepeaay Harpy3Ka Ha OOKOBBIX MOBEPXHOCTIX 3yObEB MEHSIETCS 10 BEJIUYU-
HE, OCTaBasCh MOCTOSTHHOW 10 3HaKy. MHOIOKpaTHOE MEPUOANYECKOe H3MEHEHHE BO BPEMCHH HAIpsi-
JKEHHOT'O COCTOSIHHS paboueil MOBEpXHOCTH 3yObeB BBI3bIBACT 00pa3oBaHUE M AalIbHEHIee pa3BUTHE
TpemuH ycTanocTtu (puc. 1, a).

OH

0 0,5 1,0 yib

G
z z
Ty Ty
\a‘ Tyz
% Oy To, % Oy
T

yz
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y/b=-0,85 y/b=0,85

zlb

Puc. 1. Bun monmoBepXHOCTHOM TpEeIIUHBI 3y0a MECTEPHU ¢ MOAYIIEM 6,5 MM (¢) U HaIIPsSHKEHHOE COCTOSTHUE TPH KOHTAK-
T€ HHJIHHIPOB (b)

Fig. 1. View of the subsurface crack of the gear tooth with a module of 6.5 mm (@) and stress state at contact of cylinders (b)

J11s1 OLIEHKYM CONPOTHBIIEHUS YCTAJIOCTU TIOBEPXHOCTHO YIPOYHEHHBIX 3yO4aThIX KOJEC B peajlb-
HBIX YCIIOBHSX HEOOXOAMMO 3HATh HE TOIHKO HAMOOJbIIee JaBICHUE Ha TIOMAIKEe KOHTAKTa, HO U Xa-
PaKTEPUCTUKH HAMPSIKEHHOTO COCTOSIHUSL pabodero o0beMa MarepHualia 1Mo TOJIIUHE YIPOYHEHHOTO
CJI051, 0COOECHHO B KPUTHYCCKUX 30HAX, TJIC MOTYT BOSHUKHYThH YCTAJIOCTHBIC pa3pyIICHHUS.

W3 mpukinanHoil Teopuu yOpyrocTd M3BECTHO [15], UTO KOHTAaKTHOE HArpy>KeHHE LHJIMHIPOB
BBI3BIBACT B MaTepuaie 00BEMHOE HAIPSIKEHHOE COCTOSHHE, XapaKTepru3yeMoe HOPMAaJbHBIMH CKH-
MaloUMHU (Gy, Gy, G;) U KaCaTEIbHBIMHU (Ty), Ty, T-,) HaNpsuKeHUsMHU (puc. 1, b). Kpome HOpMasbHbIX
JIABJICHUI Ha TIOBEPXHOCTH TUIOMAJKHA KOHTAKTa JEHCTBYeT KacaTeidbHas Harpys3ka OT CHJI TPEHWS.
VYuuteiBas [17], 4TO npu 3HAYCHUSIX KOIPPHUIIUCHTA TPSHUS B KOHTAKTE, XapaKTEPHBIX JJIs 3y0UaThIX
nepead, KacarelbHas Harpy3ka He OKas3bIBaeT BIHSHUE HA HAMPSHKEHHOE COCTOSTHUE Ha TITyOHHE MaTe-
puana z/b > 0,2, KOMIIOHEHTBI HAIIPS)KEHHOT'O COCTOSTHUS B TPOU3BOJIEHON TOUKE C KOOpAMHATAMH (), Z)
UMEIOT clieayromuid Bun [15, 16]:

o o’ b2+x_l o e Z b+ , b?z? e s bz PP+

¥ HHN T Y Tyl 2 A2+ b22? T Ha2ip22\ a7
byz* A

Tyz:sz:_GHk2+bzzz b2+7\,’ T, =T, =0, Txy:ryx=0, 3)

r7ie A — HauOOoNbIINY KOPEHb YPaBHEHUS y2 [ (B> +0)+ 2%/ h=1.
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B [18] moka3ano, 4TO KacaTeIbHBIE HANPSKCHUS M BEIMYUHA OTHOmEHHMA T,./HV (HV — TBep-
JIOCTh 10 mKaye Bukkepca) siBISIOTCS OCHOBHBIM (PAKTOPOM, KOTOPBIH OMpesesieT MIyOHHY 30HbI
3apOKJICHUsS] TPEIIMHbBI, BI3BIBAIOIICH TIyOMHHOE KOHTAKTHOE BBIKPANIUBAHHE IMOBEPXHOCTHOTO
CJIOSI IECTEPEH.

B obmiem ciydae mpu NUKIMYECKMX KOHTAaKTHBIX Harpy3kax CJeIyeT pacCMaTpUBaTh HaPsSKEH-
HOC COCTOSAHUC U XapaKTEP U3MCHCHUS MOANIOBEPXHOCTHBIX HaHp;I)KeHI/Iﬁ BO BCEM OG’beMe HaIrpsKCH-
HOTO KOHTaKTa (cM. puc. 1, b). B aTom ciydae kacarenbHbIe T, 1 HOpMaJIbHbIE G, HANIPSKEHHS Ha IIO-
IaJIkax, MPOXOsIINX Yepe3 TOUKY ¢ KOOPAMHATOM z(y 1 HAKJIOHEHHBIX TIOJ] YTJIOM 0L K OCH Y, OIIpees-
FOTCS CIEYOIIMM 00pa3oM [16]:

G,—G 6,+06, G,-OC
z z z
2 -cos2a; G, = 5 L+ 2

T, =T-sin 20+ 1y,

B mporecce nepekaThiBaHUS IIUIHHIPOB MEHSIETCS OTHOCUTENIbHAS KOOPJMHATA TOYKH Vo, a Clie-
JIOBATENIbHO, W HAIPSDKEHUS T, U G,. Ha puc. 2 mpencTaBiieHbl KPUBbIC U3MEHEHUSI OTHOCHTEIBHOTO
KacaTeILHOTO HATIPSHKEHUS T,/Cyy TSI TOUEK, 3aJieralonux Ha nryonne z/b = 0,5. Ha momaakax, pac-
MTOJIOKEHHBIX 071 yritamu o = 0° 1 90°, HanpsKeHUS T, M3MEHSIOTCSI TT0 CHMMETPUIHOMY ITHKJTY, a TIOT
YII0M o, = 45° 1 Ha OCTAJIBHBIX TUIOMIA/IKAX — TI0 ACHMMETPUYHOMY.

-C0s20L— T, - sin 2oL 6]

‘ TG/GH ‘
0.2
1, =0° 1, =90°
0.1
~ 8 —
15 4 05 05 0o yb
™ / P
\ T = 45° /
< 02y /

| ~—4 — |

0
=0,

PO

[

Puc. 2. VI3amMeHeHne KacaTebHBIX HAPSHKEHUH Ha TUIOMIAIKAX, PACIIOI0KEeH-
HBIX TIOJ1 YIJIOM O, K ocH y ipu z/b = 0,5

Fig. 2. Change of tangential stresses at the sites located at an angle o to the
y-axis atz/b=0.5

OnpezeneHue I0MyCTUMOCTH TOTO WM HHOT'O HAIIPSHKEHHOT'O COCTOSIHHS C TOUKH 3PCHHSI TPOYHOCTH
M3/Ie/IMs OCHOBAHO HA MPUMEHEHUH THIIOTE3 IJIACTUYHOCTH M MPOYHOCTH. JlJIsl IIaCTUYHBIX MaTepua-
JIOB HauOoJIee pacpOCTPAaHCHHBIMH SIBJISIOTCS THIIOTE3a HAUMOOBIINX KacaTeIbHBIX HAMIPSHKEHUH U TH-
[0Te3a MOTEHIMAJIbHON 3HEpruK (HPOPMOU3MEHEHUs (CPEIHUX KacaTelbHbIX HampskeHui). [Ipu orieHke
KOHTAKTHOH MPOYHOCTH TUIACTHYHBIX U XPYNKUX MATCPHaIOB MHOTOUHCIICHHBIMU 3KCIICPUMEHTAIbHbI-
MU JTaHHBIMH TIOATBEPIK/ICHA TUTIOTE3a SKBUBAJICHTHBIX KACATEIBHBIX HaNpspkenuit [7, 9, 15], cormacHo
KOTOPOM MOMEHT HACTYIUJICHUS MPEACIBHOTO COCTOSIHUSI (Pa3BUTHE TITYOMHHOW KOHTAKTHOW YCTAJIOCTH
MOBEPXHOCTHBIX CJIOEB) OOYCIIOBJICH CIIOCOOHOCTBHIO MaTepHalia COMPOTHUBIIATHCS KaK KacaTelIbHbIM, TaK
Y HOPMAJIBHBIM HAIPSHKCHUSM. B 3TOM cilyuae MMEIOIIUECs JaHHbBIC TIO3BOJISIFOT TIPU HATPSIKSHHOM CO-
CTOSIHUU C MPEBAIMPYIONIUMHU KacaTeIbHBIMU HAIIPSKEHUSMU, KOTJ[a OHU OTBETCTBEHHBI 33 YCTaJIOCT-
HBIC pa3pylIeHHUs], MPUHATH THIOTe3y [ecta—Mopa [7], cormacHoO KOTOPO# COMPOTUBJICHUE YCTAJIOCTH
MaTepualia OnpeaeseTCs SKBUBAJICHTHBIMY KacaTeIbHBIMU HAMIPSKEHUSIMH T,, OTPAKAIOIIMMHY BIUSHUC
HOPMAJIBHBIX HAIPSHKEHUH G, Ha IIJIOMIAJIKE JISHCTBUS KacaTeIbHBIX HAIPSIKSHUH T, B IAHHOW TOUKE:

klo,|, ®)

Te = |Ta| -
rie k — ko3 unmeHT, onpenensieMplil 3KCIIEPUMEHTAIBHO.

Pesynprarel pacuera no dopmysie (5) MOKa3bIBAIOT, YTO AKBUBAJICHTHBIC KAacaTEIIbHBIC HAIPSIKCHUS
MMEIOT MaKCUMaJIbHbIC 3HAYCHUS Ha TUIOMIAJIKAX, MapaJuIeIbHBIX W MEPICHANKYIISPHBIX IUIOMIAKEe KOH-
takTa (o0 = 0° u 90°), pacronokeHHbIX Ha T1youHe z/b = 0,4—0,8 ipu y/b ==+ 0,85, uTo cornacyercs ¢ pe3yiib-

TaTaMu ucclieoBanuii [16]. Ilpudem HanpsikeHus Ha Tuiomankax ¢ o = 90° Boiie, yem ¢ o = 0° (puc. 3).
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Tak kak pacdeT 3yOUaThIX IMepemad Ha MpoU- /0
HOCTb ITPOU3BOAUTCA II0 HanOOJNBIIEH BEINYNHE 020
OKBHUBAJICHTHOT'O HANIPSAKCHUA, TO aHAJIN3 HAIPs- 016 1

JKEHHOT'O COCTOSIHHSI TIJIOIIAIKA KOHTAKTa C IpHU-
MeHeHueM (Gopmyi (3) u (5) MOKa3bIBAET, YTO HA (12 2
TJIOIIAAKAX, MEPIEHINKYISPHBIX MJIOIMAIKE KOH-

takTa (o0 = 90°), rmaBHbIe HANPSDKEHUS T, coBrma- 0,08
JIaf0T 110 a0CONIOTHON BENIMYHHE, HO IPOTUBOIIO-
JIOKHBI TI0 3HAKY C HANPSIKEHUSAMH Ty, @ TIIABHbIE
HaTPSDKEHUsI G, COBIAAAIOT MO BEJIMYWHE U 3Ha-
Ky C HaIPSOKEHUSAMHM Oy. YUMTBIBAs 3TU JaHHbIE,
MpPUMEHUM TEOpHIo mpoyHocTu ['ecta—Mopa ans
HaNPSKEHHOTO COCTOSIHMSI, OMTMCHIBAEMOT0 YpaB-

0,04

0
0 02 04 06 08 10 12 14 16 18 2,0 22 24 26
zlb

HCHUSMU (3) IIJIs1 KOMIIOHCHTOB Tyz u Gy: Puc. 3. I3aMeHeHHE OTHOCHTEILHBIX 3KBHBAJICHTHBIX Hanps-
XKEHUH T,/0y B 3aBUCHMOCTH OT TITyOHHBI z/b yIIpOYHEHHOTO
T, = ‘Tyz - k‘cy ‘ (6)  cuost: 1 — st mtowmanok ¢ o = 90° 2 — st IIoManoK ¢ o = 0°

Fig. 3. Change of the relative equivalent stress Tt./cy

PacueT KBHBAIEHTHBIX KACATENBHBIX HAMPSI- depending on the_depth z/b of the hardeqed layer: 1 — for
xeHuit 1, mo dopmynam (5) u (6) mokasan, 4To areas with = 90%; 2 — for areas with =0°
OHM PaBHBI MO A0COJIIOTHOW BETMYHMHE Ha ILIO-

HIaaKax, MepreHIuKyISpHBIX Tutomaake KoHTakta (oo = 90°). CnenoBaTeNbHO, C IETbI0 YIPOLICHUS
pacyeToB s ONpeeSICHHs HAIPSKEHHUH T, 11e71ec000pa3Ho MPUMEHSTh GopMyity (6).

JKCcnepuMeHTAIbHbIE HCCJIeI0BAHUS U pe3yabTaThl. J0CTOBEpHOCTH U 00OCHOBAHHOCTH MO/IE-
JIM pacyeTa HampsHKEHHOT'O COCTOSHUS MOBEPXHOCTHOTO CJIOSl B 30HE KOHTAKTa CONMPSIKEHHBIX 3yObeB
MOBEPXHOCTHO YNPOYHEHHBIX 3y04aThIX KOJIEC OLEHUBAJIH IO Pe3ybTaTaM SKCIEPHUMEHTAIbHBIX HC-
CJICZIOBAaHMH B PaMKaX HATYyPHBIX CTEHJOBBIX HCIIBITAHMN 3y04aThIX mepenad ¢ MoAyjeMm 6,5 MM, H3-
rotoBieHHBIX U3 neMeHTyemoit ctainu 20XT'HP (I'OCT 4543-2016). 3yOuarsie Koyeca, MOABEPTHYThIE
XUMHUKO-TEPMHUUECKOI 00paboTke (LUeMEHTalus, 3aKajlka U HU3KUH OTIIYCK), UCIBITHIBAIM IPU KOH-
TaKTHBIX HAOpsDKEHUAX B nosroce 3auemaeHus 2000-2200 MITa. [Ins ycTaHOBIEHUS MPUYUH KOHTAKT-
HBIX TOBPEXACHUH U pa3pylIeHUil 3yOuaThIX KOJIEC IOCIE CTEHAOBBIX UCIBITAHUI OBIIM MPOBEICHBI
MeTaJorpaduieckue U JIOPOMETPUUYECKHE UCCIESIOBAaHNS YIPOUHEHHBIX CJIOEB 00pa3lioB UCIBITAH-
HBIX LIECTEPEH. 3a KPUTEPUI JOCTOBEPHOCTH MOJAEIH pacdyeTa NPUHUMAJIOCh COOTBETCTBUE INIyOUHBI
KOHTaKTHOTO BBIKPAIIMBAHUS UCTIBITAHHBIX IIECTEPEH C TITyOMHOW 3aJieraHusl MaKCHUMaJIbHBIX DKBHBA-
JICHTHBIX KaCaTENbHBIX HAMIPSIKEHHI.

Ocoboe BHUMaHUE MPU aHAJIN3E PE3yJIbTaTOB
WCHBITAaHUN YAENAIN ONpPEeNeeHUI0 TBEPAOCTH 0,50
M KadecTBa CTPYKTYpbl NH((Yy3HOHHBIX CIOEB
Ha ONpeJ/IeJIEHHOM pPacCTOSHHUHM OT MOBEPXHOCTH
3yObeB B 30HE C MaKCUMaJbHBIMH BEIHYMHAMH
SKBUBAJIEHTHBIX KacaTeJIbHBIX HalpsKEHUH,
paccuUMTHIBAEMBIX COTJIACHO ypaBHEHHIO (6) 10
Bcel Tonmuue aud¢ysuonnoro cuod. Ilpu pac-
YeT€ YYUTHIBAIM HEOAHOPOJHOCTH YIPOUYHEH-
HBIX Ju((QY3UOHHBIX CIIOEB, OOYCIIOBJICHHYIO
rPaiMeHTOM TBEPAOCTH IOCJIE XMMHKO-TEPMU-
YEeCKOI'0 YIIPOUYHEHHU I, Iy TeM BapbUPOBaHU S 3HA-
YEeHUSIMU KOdPPUIIMEHTa k, KOTOPBIA YUYUTHIBACT
BIIMSTHUE HOPMAJIBHBIX HAMpPsOKCHUH Ha 3 dek-
THUBHOCTH KacaTedbHBIX. [ 30H auddys3mon- 020
HOTO cJosi ¢ TBephnocThio 550 HV 0,2 u menee 550 600 650 700 750
npunnMany k = 0,25 [7], nuist 308 ¢ TBEPAOCTEIO Puc. 4. 3aBucumocts ko3 dunnenta k ot reeproctu HV 0,2
Beime 550 HV 0,2 nnst ompenencHUs BEIUYH- A y3HOHHOTO ¢1051
HBI k TIpejuioxkena sapucuMocts k = 0,0013 HV — Fig. 4. Dependence of the coefficient k£ on the hardness
0,5331 (puc. 4). HV 0.2 of the diffusion layer

0,40

y=0,0013x - 0,5331
R?=1

0,30

RV 0,2
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OuHUIIHON 00pa0dOTKOMN HCIBITYEMBIX IECTEPEH SIBISIIACH XUMUKO-TEepMUYECKasi, TOITOMY CTe-
[IEHb TOYHOCTHU M3TOTOBJICHUS 3yOuaThIX KoJiec Oblia HEBHICOKON M coctarisiia 10—11 mo Hopmam
knHeMaTndeckoi TouHocT o 'OCT 1643—81. D10 00yCIOBHIIO HECTAOMIBLHOCTH ISATHA KOHTAKTa
B 3all€IJIEHNH M HEOJHOPOJHOCTh KOHIIEHTPAIIMK HAarpy3KH IO JUIMHE 3y0a MpH UCHBITAHUU Pa3HBIX
nap. J{7s yTOUHEHU ST KOHIICHTPAIMY HATPY3KHU B 3y04YaTOM 3alleIJICHUH Obllia ONpeieicHa BETHInHA
ko> punuenta Kyg, y4uTHIBAIOIETO HEPABHOMEPHOCTH PACIPEIEIEHUs HAIPY3KHU 10 INMPHHE BEHIIA
JUISl BCEX UCTIBITAHHBIX 3y0UaThIX map:

Ky =1+ (Kip =1)- Ky (7)
rne K,%B — KO3 QUIIUEHT, yUUTHIBAIONINN HEPABHOMEPHOCTD pacIipeAeIeHIs HarPy3KH 110 IIUPUHE BEH-
L1a B HA4YaJIbHBIM niepros] paboThl nepenaun; Ky — Ko3hGULUNUEeHT, yYUTHIBAIOIUN TPUPAOOTKY 3yObeB.

JUisl LeMEeHTyeMbIX 3y0daTblX KoJec IepBOHAdalibHAas HEPABHOMEPHOCTb pAaCIpelesICHUsl Ha-
IPY3KH IO IIHPHHE BEHILA C TCUYCHHEM BPEMEHHM NMPAKTHUYECKH HE M3MEHSETCSI, TOCKOJIbKY KoJeca
C TBEPJIBIMH [TOBEPXHOCTSMHU 3yObeB MpakTHYecku He npupadareiBatotcs [19]. [Toatomy koaddunuent
Kpw =1, a dopmyna (7) npunumaet Bui: Ky = K?,B.

Koadpdpumuent KE,B OTIpeIeTIsANIN B COOTBETCTBHH ¢ pekomeraanusimu 'OCT 21354-75:

2
0400 V3 Gr 14 Bu | | )
Wy, d

m w

Kpg =1+

rne G, — cyMMapHasi )KeCTKOCTh COMPSDKEHHBIX 3y0heB, G, = 14 I'Tla; wy, — ynenpHas pacdeTHas OKpYy K-
Has cuia, H/mwM; b, — pabouas muprHa 3y04aToro BeHIa, MM; d,, — TUaMeTp Ha4aIbHOW OKPYKHOCTH, MM;
Ys — CyMMapHBIH YTOJI MEXIY MPOSKITUIMU Oceil 3y0UaThIX KOJIEeC Ha MIIOCKOCTh 3aleTIIICHUs, PaJl:

A—A, AS

'Yz =

b, b

rrae A; 1 A, — BETMYHMHBI H3HOCA IO KpasiM paboyeil IHUPHHBI IECTEPHH b,,, MM.

[ToncraBus BeIpakenue (9) B (8) W BBIpa3uB yHEIBHYIO PACUCTHYIO OKPYXKHYIO CHIIY Wy, depes
KPyTAIMA MOMEHT Ha mectepHe Ty [Hw], momyduum okoHYaTenbHO BhIpaxkenue 1 K pyg:

2
0.4:0,d\,85-Gy 14 b | (10)
2000- Ty, d

w

; ©

w

Bennuunbl uzHoca A; u A,, BXonsuue B BbIpaxkeHue (9), ompenensyiii MyTeM 3aMepoB Clell-
KOB, CHATBIX C 3yObeB Ka)KJOH HCCIeIOBAaHHOHN IIECTEPHHU C MCIOIB30BAHUEM METAKPUIOBOH CMOJIBI
Degaroute 465, xoTopast IprMeHsIach TAKXKE AJIs OIIPEesICH s [ITyOUHbI BEIKPAIIBAHU S IOBPEKICH-
HBIX 3yObeB. [1o pe3ynbpraTam 3aMepoB CJICIIKOB YCTaHOBJICHO, UTO IITyOMHA BHIKPAILIMBAHU S 110 OOKOBOM
MOBEPXHOCTHU B 30HE OJJHONAPHOT'O 3alleTJICHNs 3yObeB UCIIBITAHHBIX IecTepeH cocTapuia 0,4—0,7 M.

Pesynbrarel nccnenoBaHus NOKa3anu, YTO BeaMIMHA Kodpdunuenta Kyp, yIUTHIBAIOIETO HEPAB-
HOMEPHOCTH PacIpelielieHusI Harpy3KH 10 IIUPUHE BeHla, koiebanack ot 1,04 1o 1,50 ans Bcex ucibl-
TaHHBIX 3y0UarbixX nap. [lomydeHHbIC pe3yabTaThl O3BOIMIN YTOUHUTH BETUYHHY KOHTAKTHBIX HATIps-
KEHUH Oy, JEHCTBYIOINX HA KOHTAKTUPYIOMINX MOBEPXHOCTAX KA 0! Mapbl HCIBITAHHBIX IIECTEPEH.

PacueT 3kBHBaJIEHTHBIX KacaTeJIbHBIX HANPSDKEHUH 10 Gopmyiie (6) ¢ y4eTOM YTOYHEHHBIX 3Haue-
HUI KOHTAaKTHBIX HANPSKEHUMN, NEHCTBYIOIUX IIPU PEXKUMAX CTEHIOBBIX UCIBITAHUN, I1OKA3AJI, UYTO
nTyOWHA 3ajleTaHusT MaKCUMAJIbHBIX BEJIWYNH SKBUBAJICHTHBIX HampsokeHui coctasiser 0,5-0,6 M,
YTO XOPOIIO COINIACyeTCsl ¢ AKCIEPUMEHTAJIbHBIMH JaHHBIMHU (cM. pHC. 1, a). CnemoBaTenbHO, MOX-
HO cZIe7laTh BBIBOJ, YTO 30HA 3apOKJCHHS TITyOMHHOTO KOHTaKTHOTO BBIKPAIIUBAHUS ISl IIECTEPEH
¢ MonyJsieM 6,5 MM HaxOOUTCs Ha IIIyOMHE 3ajieraHusl MaKCHUMAJIbHBIX SKBHBAJIEHTHBIX KacaTeIbHbIX
HanpsokeHui. [lomyueHHBIH pe3ynbTaT mokasbiBaeT 000CHOBAHHOCTH MPUMEHEHHUSI pacueTHONH MOACIH
HANPSKEHHOTO COCTOSTHUS JIJISl 9BOJIbBEHTHBIX 3y0UaThIX KOJIEC.

3akiioyenue. IIpn KOHTaKTHOM HAarpy’>K€HHU MOBEPXHOCTHO YIPOYHEHHOIO MaTepHana Harps-
YKEHHOE COCTOSIHUE MOJIITOBEPXHOCTHOIO CJI0S HEOJHOPOAHOE U U3MEHSIETCS C PACCTOSHUEM OT MOBEPX-
HOCTH. HEOMHOPOIHOCTE HANPS)KEHHOTO COCTOSHUSA MOANIOBEPXHOCTHOTO CIIOS ABJISICTCS MPEATIOCHII-
KOH TOSIBJIEHUS B HEM KPUTHYECKHUX 30H, B KOTOPBIX MOTYT 3ap0K/IaThCS U Pa3BUBAThCS YCTAJIOCTHEIE
MPOLIECChl KOHTAKTHOT'O pa3pyIIeHHUs..
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Pe3ynbpraThl HATYPHBIX CTEHAOBBIX MCIBITAHUN 3yOUaThIX Iepenad, N3rOTOBICHHbBIX U3 LIEMEHTYe-
Mol crann 20XT'HP nokaszanu, 4To 30Ha 3apOXkKACHUS TIIyOMHHOTO KOHTAKTHOTO BBIKPAIIMBAHUS IJIS
LIECTEPEH ¢ MoAayJeM 6,5 MM HaXxoAWTCs Ha ITyOMHE 3ajeraHusl MaKCUMaJIbHbIX 3KBHUBAJECHTHBIX Ka-
caTeNbHBIX HanpspkeHUH. [lodyueHHbIN pe3ysbTar moka3piBaeT 000CHOBAHHOCTD IPUMEHEHHUSI pacueT-
HOM MOJIeJIN HANPSIKEHHOI'O COCTOSIHUS JJIsI 9BOJIbBEHTHBIX 3y04aThIX KOJeC.
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THERMAL CONDUCTIVITY OF WURTZITE GALLIUM NITRIDE

Abstract. This paper reviews the theoretical and experimental works concerning one of the most important parameters of
wurtzite gallium nitride — thermal conductivity. Since the heat in gallium nitride is transported almost exclusively by phonons,
its thermal conductivity has a temperature behavior typical of most nonmetallic crystals: the thermal conductivity increases
proportionally to the third power of temperature at lower temperatures, reaches its maximum at approximately 1/20 of the Debye
temperature and decreases proportionally to temperature at higher temperatures. It is shown that the thermal conductivity of
gallium nitride (depending on fabrication process, crystallographic direction, concentration of impurity and other defects, isoto-
pical purity) varies significantly, emphasizing the importance of determining this parameter for the samples that closely resemble
those being used in specific applications. For isotopically pure undoped wurtzite gallium nitride, the thermal conductivity at
room temperature has been estimated as high as 5.4 W/(cm-K). The maximum room temperature value measured for bulk-
shaped samples of single crystal gallium nitride has been 2.79 W/(cm-K).
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B.C. Boauék, M. C. bapanosa, B. P. Cremnunkui

benopyccruii 2cocyoapcmeennulii ynusepcumem ungpopmamuxu u paouosnekmponuxu, Munck, Pecnybnruxa beaapyco
TEILIOITPOBOJHOCTDh HUTPUIA IAJJINS C KPUCTAJVIMYECKOM CTPYKTYPOM THITA BIOPIIUTA

AHHOTaUMs. BRIOTHEH aHAN3 TEOPETHUECKUX U HKCIIEPIMEHTATbHBIX HCCIIETOBAHNN OHOTO U3 BaKHEHIINX mapa-
METPOB HUTPHJIA TAIIUS C KPUCTAIINYIECKOH CTPYKTY POl THIa BIOPIHUTA — TEMJIONPOBOJHOCTH. Tak Kak MepeHoc Tera
B HUTPH/IC FaJUINSI OCYIIECTBISSTCS IJIaBHBIM 00pa30M C MOMOLIbIO ()OHOHOB, €r0 TEIJIONPOBOJHOCTE HMEET TeMIepaTyp-
HYI0 3aBUCUMOCTH, XapaKTEPHYIO JUIsl OOJNBIIMHCTBA HEMETAININYECKUX KPUCTAJIOB: YBEIUYHBACTCS ITPONOPIIHOHAIBHO
TpPEeTheil CTENEeHN TeMIepaTyphl B 00JaCTH HU3KHX TEMIEepaTyp, JOCTUTACT CBOEI0 MAKCHMAJIbHOTO 3HAUEHUS IIPU TEM-
neparype, NpuOIU3UTENbHO paBHOW 1/20 oT mebaeBCKOM, M yMEHBIIAeTCS MPOMOPIUOHAIBHO TeMIleparype B 00JacTu
BBICOKUX TemmepaTyp. [loka3aHo, 4TO B 3aBUCHMOCTHU OT yCIOBUH (TEXHOJIOTHS MU3rOTOBIEHHUS 00pasua, KpUCTaiorpa-
(uyeckoe HampaBiIeHUe, KOHICHTPALUS IPUMECH U IPYTUX Ie(eKTOB, N30TOMHBIH COCTaB) TEIJIONPOBOIHOCTh HUTPHIA
raJius MOKET HaXOAUTHCS B OOJIBLIOM JHalia30He 3HAYCHHH, YTO yKa3bIBaeT Ha BAXXHOCTD OIPEACICHUS ITOTO Iapame-
Tpa UMEHHO TeX 00pa3loB MaTepuaa, KOTOPbIe HCHOIb3YIOTCS B KOHKPETHBIX NMPHJIOKCHHUSIX. TeIIONpOBOAHOCTH Helle-
THPOBAHHOTO W30TOMHO-YHCTOTO HUTPU/A TAJUIHs IIPU KOMHATHON TeMIIepaType oleHuBaeTcs Ha ypoBHe 5,4 B1/(cm - K).
MaxkcuManbpHas TeII0NPOBOJHOCTE, JOCTUTHYTAs s 00BEMHOr0 00pasiia U3 MOHOKPHUCTAIINIECKOT0 HUTPU/A TajIns,
pasHa 2,79 Br/(cm - K).
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Introduction. Over the last decades, a lot of attention has been focused on gallium nitride (GaN) as
a promising material for the application in high-power radio-frequency electronic and optoelectronic de-
vices [1, 2]. The intense interest in this semiconductor arises from the following factors. First, the wide
band gap of GaN yields a high breakdown voltage, which is valuable for high-power device operation.
Second, the saturation velocity of electrons in GaN is over a factor of two larger than that in silicon,
which enables high-frequency operation. Furthermore, the natural structure of GaN is wurtzite — a he-
xagonal crystal structure where electrical polarization effects play a major role [3]. At heterojunctions
formed by group III nitrides the polarization induces a very high electron concentration, providing
a large current density.

Although the structural, electronic and optical properties have been extensively studied, relatively
little work, both analytical and experimental, has to date been reported on the thermal conductivity
k of GaN. Meanwhile, this thermoelectric parameter — a measure of the ability to conduct heat — is
significant from both fundamental and applied aspects. One of the critical issues in the development
of the nitride high-power technology is self-heating. A non-uniform distribution of the dissipated
power and a rise of the average temperature that lead to the formation of a hot spot near the active
area and result in the degradation of the drain current and output power are characteristic of GaN
high electron mobility transistor — a device considered for broadband/multiband communication ap-
plications, radar systems and electronics in harsh environments [4, 5]. For this reason, the monitoring
of the average and maximum temperatures inside the device structure is crucial to its efficiency and
reliability. Being an important part of technology computer-aided design, thermal simulation makes it
possible for device engineers to identify the principal cause of thermal problems as well as to create,
optimize and verify the thermal design. The simulation of self-heating implies the addition of a lat-
tice heat flow equation to the set of the fundamental semiconductor device equations — the Poisson
equation and the continuity equations. Standard device simulators implement a thermodynamically
rigorous model of lattice heating that accounts for Joule heating, heating and cooling due to carrier
generation and recombination, the Peltier and Thomson effects [6]. One of the input parameters of
the lattice heat flow equation is thermal conductivity, which can depend on temperature 7 and other
factors. This is critical to take into account in thermal simulation as the result can be highly sensitive
to the thermal conductivity values for certain regions of the device structure. Otherwise, a significant
error may occur. Due to the recent advancements in the ammonothermal and hydride vapor phase ep-
itaxy (HVPE) methods, free-standing GaN substrates have begun to gain in popularity lately. The use
of native electrically insulating substrates enables to improve the crystalline quality of epitaxial layers
by preventing the necessity of growing a nucleation layer, which would act as a thermal barrier for
the heat flow generated in the active area of the device structure [7, 8]. As opposed to other common
substrate materials, particularly sapphire, GaN may provide a sufficient heat dissipation efficiency
without recourse to additional heat-removing elements [9]. From this aspect, the thermal conductivity
of GaN is of interest as a key design parameter.

In this paper, we present a review of the works, both theoretical and experimental, concerning the
thermal conductivity of wurtzite GaN, mainly its dependence on temperature. The problem of determin-
ing the value of this parameter has a long history and has been tackled by many authors. The correlation
and interpretation of the published data is quite challenging as the densities of impurity atoms, vacan-
cies, dislocations and isotopes in various samples are often very different or even unknown. The theo-
retical limit at a temperature of 300 K for isotopically pure undoped wurtzite GaN is estimated as high
as 5.4 W/(cm-K) [10]. However, values lower than 3.0 W/(cm'K) are prevalent for bulk samples grown on
foreign substrates owing to the presence of imperfections in the crystal [11].

Thermal Conduction in Nonmetallic Crystals. The internal energy may be transferred within
a solid by several independent agents. In metals, the heat is carried both by electrons and by lattice
waves, or phonons, although the electronic contribution is predominant. On the other part, in insulators,
the heat is carried almost entirely by phonons. From a thermal conduction point of view, semiconductors
are very similar to insulators, with the compounds listed above being no exceptions. Thus, the transport
of heat in nonmetallic crystals can be interpreted using the concept of a phonon [12].

The atoms of a crystal are not quite stationary and take part in thermal vibrations around their equi-
librium positions. Instead of describing the individual vibrations of the particles, which is unrealistic
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and impractical, their collective motion in the crystal is considered. This approach is based on the fact,
that powerful interatomic forces immediately transmit the vibrations of one particle to other particles
and a collective motion in the form of an elastic wave involving all the particles of the crystal is excited
in it. Such elastic waves are termed normal modes. The quantity of the normal modes equals to the num-
ber of degrees of freedom, which is 3N, where N is the number of particles constituting the crystal. The
frequency o and the wavelength A of a normal mode are linked by

2y
Ow=—, 1
y M
where v is the velocity of wave propagation (of sound). -
Wave processes are usually described by a wave-vector ¢, whose direction coincides with that of

wave propagation and whose absolute value is

2n
¢ @)

The relationship between ® and ¢ is termed the dispersion relationship, which is given by
®=vq. 3)

The lattice waves in a crystal occupy some spectrum of frequencies. The temperature at which the
entire spectrum, including the mode with the maximum frequency, is excited is called the Debye tempera-
ture 0p. A rise in temperature above 0, shall not be accompanied by the appearance of new normal modes.
In this case, the role of the temperature is to increase the intensity, or the energy, of each of the normal
modes. According to the oscillation theory, the energy of a normal mode equals to the energy of an oscilla-
tor with a mass equivalent to the mass of the vibrating atoms and the frequency of the normal mode. Hence,
the total energy of the crystal formed by N atoms taking part in coupled vibrations equals to the energy of
3N independent normal harmonic linear oscillators. The energy of a quantum oscillator is written as

E= (n +%)hm, @

where 7 is a quantum number and 7 is the reduced Planck constant.

The minimum portion of energy that can be emitted or absorbed by a lattice in the process of ther-
mal vibrations corresponds to the transition of the normal mode being excited from the given energy
level to the adjacent level and equals to Zw. This portion, or quantum, of energy is termed a phonon.

The vibrations of the atoms in a crystal can only be treated as the normal modes of the lattice
under certain idealized conditions: the interatomic forces are harmonic (obey Hooke’s law) and the
lattice is structurally perfect, isotopically pure and has no external boundaries. The departure from
these idealized conditions leads to an anharmonic nature of the atomic vibrations. There are two
phenomena caused by the anharmonicity — thermal expansion and thermal resistance. The effect that
the thermal expansion of a lattice has on its vibrational properties is described by the Griineisen con-
stant v. This dimensionless parameter relates the thermal expansion coefficient to the heat capacity
defined by harmonic contribution:

Ba
=—1, ®)
Cy
where B is the bulk modulus, o is the volumetric thermal expansion coefficient and Cy is the volumetric

heat capacity.

Should the vibrations of the atoms be strictly harmonic propagating through a lattice in the form of
noninteracting elastic waves, there could be no thermal resistance in the crystal. In the absence of in-
teraction the waves would be able to spread without scattering — that is, without encountering any resis-
tance — and the thermal conductivity of the crystal would be infinitely high. The anharmonicity deprives
the normal modes of the lattice of their independence and forces them to interact, exchanging energy
and changing the direction of their propagation through mutual scattering. It is just these processes of
interaction between the elastic waves that enable the transfer of energy from the modes of one frequency
to the modes of another and the establishment of thermal equilibrium in the crystal.
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It is well known that the thermal conductivity of silver at room temperature is 4.3 W/(cm - K) — high-
est of any metal. For copper, k = 4.0 W/(cm - K). There are several nonmetallic crystals that exhibit a high
thermal conductivity comparable to or even exceeding that of silver and copper. Many of these crystals
are adamantine, or diamond-like, compounds, such as diamond, boron nitride, silicon carbide, beryllium
oxide, boron phosphide, aluminum nitride, beryllium sulphide, boron arsenide, silicon, aluminum phos-
phide and gallium phosphide. GaN is also included in this category of materials. In all of these crystals
the atoms possess tetrahedral coordination and « in this series decreases from 20 W/(cm - K) for diamond
to 1 W/(cm-K) for gallium phosphide [13].

The dependence of the thermal conductivity on temperature is universal for almost all pure electrically
insulating crystals: k grows as 7° at lower temperatures, reaches a maximum at approximately 0.050,, and
falls off as 7! or faster at higher temperatures [14]. At temperatures below 0, the phonon concentration
reduces dramatically with a fall in temperature. This leads to a sharp increase in the phonon mean free
path — the average distance between scattering events, or collisions — so that at 0.058, it becomes com-
parable to the dimensions of the crystal. As the crystal surface is usually a poor reflector of phonons, any
further reduction in temperature does not result in an increase in the mean free path, for the latter is de-
termined by the dimensions of the crystal only. The temperature dependence of the thermal conductivity
within this range of temperatures parallels that of the heat capacity, which is proportional to 7°.

As the temperature rises, there are two opposing processes occurring at the same time — an increase
in the phonon concentration, which should make the thermal conductivity to grow, and an increase in
the resistive phonon-phonon scattering — three-phonon umklapp scattering or U-process — and a subse-
quent decrease in the phonon mean free path, which should cause the thermal conductivity to drop. For
a low phonon concentration, the first factor is predominant and « increases with temperature. However,
starting with a certain concentration of phonons the second factor becomes prevailing and « after pass-
ing through its maximum decreases with temperature as 7! or faster.

Phonons can also be scattered by point defects, such as impurity atoms, vacancies and isotopes. The
reasons for this are the differences in mass, size and interatomic force constants between the defects and
the host atoms. Having no effect at low temperatures, point defects, however, take on significance at in-
termediate temperatures, where they will depress the peak of the thermal conductivity below that of the
pure crystal. The magnitude of an isotope effect can be determined by

pP= Kpure ’ (6)

Khatural
where K. corresponds to x of the isotopically pure material and Kpaeurar to k with naturally occurring
isotope proportions.

While the influence of most scattering processes on overall thermal conductivity at different tem-
peratures has been well analyzed, the normal three-phonon scattering processes, or N-processes, have
been neglected in many publications. This scattering mechanism conserves phonon momentum and en-
ergy and hence does not contribute directly to thermal resistance. However, the normal processes lead
to a redistribution of momentum and energy among phonons more likely to participate in umklapp pro-
cesses thereby indirectly affecting the overall thermal conductivity.

In many nonmetallic crystals, the electronic component of the thermal conduction is small enough
and can be neglected. Florescu et al. [15] estimated the electronic contribution to the thermal conductiv-
ity of GaN to be about 1.5- 10 W/(cm-K), which is three orders of magnitude smaller than the typical
values of « for GaN.

Theoretical Studies of the Thermal Conduction in GaN. One of the earliest theoretical studies of
the thermal conduction in GaN was carried out by Slack [13], who applied the fundamental theory given
by Leibfried and Schlomann to predict the intrinsic thermal conductivity — the upper limit for k defined
only by crystal anharmonicity. According to this theory, the thermal conductivity of adamantine crys-
tals in a temperature range of T > 0, is proportional to the factor 8m03):

; (7

where 4 is a scaling constant, & is the average volume occupied by one atom of the crystal and m is the
average mass of the atoms in one mole of the compound.
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It must be noted that Eq. (7) is strictly valid only for face-centered-cubic crystals having one atom
per primitive crystallographic unit cell. From the dependencies of k on Sme% plotted for the series of
materials, for which the data was by then available, the scaling constant was estimated at 2.5 s - K>,
For GaN, & = 2.25-10% cm, m = 41.86 g, 0 = 600 K and 3m@}, = 203.44 cm-g-K>. The Griineisen
parameter was omitted as it was yet not known. Thus, the intrinsic thermal conductivity at 300 K was
predicted at 1.7 W/(cm - K).

A similar approach but without using a scaling constant was taken by Witek [16], who formulated
the thermal conductivity of ideal single nonmetallic crystals in terms of the bulk modulus, the Debye

temperature and the Griineisen parameter:
1 dvB
k=128 ®)
3y°T

This equation was derived from the suggestion by Dugdale and MacDonald [17] that the thermal
conductivity should be related to the thermal expansion coefficient. They noticed that the dimensionless
term yo,;, T serves as a measure of the departure of a lattice from harmonicity and proposed that the pho-
non mean free path could be calculated by

)

/= )
you T

©

The substitution of B in Eq. (8) by YV and the insertion of Eq. (9) give another expression for ther-
mal conductivity: ay

K= %lch. (10)

By solving Eq. (8), the Griineisen parameter and the intrinsic thermal conductivity of GaN at
300 K were estimated at 0.74 and 4.1 W/(cm-K), respectively. The latter exceeded considerably any va-
lues that had previously been obtained by experiment. In real lattices, the anharmonicity is not the only
source of the resistive phonon scattering. Macroscopic and point defects scatter phonons independently
on the anharmonicity, decreasing thermal conductivity.

The evaluation of the thermal conductivity of a GaN sample characterized by realistic material pa-
rameters specific for a given growth technique can be made in the framework of Callaway’s phenome-
nological model [18]. It has proved to be a feasible computational tool and has been widely used for tech-
nologically important semiconductors. A long list of the publications in which this model was employed
is presented in [19].

In Callaway’s formulation, the thermal conductivity contains two terms k = k; + k,, where

K = Tdx, (11)
: 27'[27!31) 0 (ex _1)2
2
op/T 4 x
e T
0 (e =1) "W
o KB4T3 (e 1) )
275 233 6p/T 4 x ’
2nhy x'e T

0 (ex _1)2 TNTR

where kp is the Boltzmann constant, 1 is the combined relaxation time, Ty and 1 are the relaxation times
in normal and resistive processes, respectively, and

10
xX=—

(13)

kgl



290 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67, no. 3, pp. 285-297

This model is derived using Debye-like phonon density of states and under the assumption of one
effective acoustic-phonon dispersion branch and the additivity of the relaxation rates for independent
scattering mechanisms:

1 1 1
—=—t— (14)
T Ty T

The relaxation rates in normal processes become comparable to those in resistive processes only in
high-purity, defect-free samples. Otherwise, the resistive processes are totally dominant and the condi-
tion Ty >> 1 leads to k = k;. Thus, the final expression is often written as

KT Op/T 4,

1 - - -
"2 | ooy T ) 1

where j denotes a specific phonon polarization type.

Using Callaway’s theory, the thermal conduction in GaN has been investigated by a number of
researchers [10, 14, 20, 21]. Kotchetkov et al. [20] considered the three-phonon umklapp scattering
(described by a relaxation time 1)), the scattering on impurity atoms and the scattering on core, screw
and edge dislocations. Given the wide discrepancy in the material parameters reported for GaN,
the calculations were performed with two distinctly different sets of the input data. The solution of
Eq. (15) with T =1, gave the values of 3.44 and 3.70 W/(cm-K) for the intrinsic thermal conductivity
at 300 K. When all of the scattering processes were accounted for, the model showed the reduction of
the thermal conductivity from 1.97 to 1.31 W/(cm-K) as the dislocation line density was raised from
10" to 10" cm 2.

The same research team [10] also investigated separately the influence that is exerted by the doping
density on the thermal conductivity. After making several modifications to the model, including the
addition of a mixed dislocations component, and making corrections to some material parameters, the
intrinsic thermal conductivity values were estimated at 3.36 and 5.40 W/(cm - K). When all of the scatter-
ing mechanisms were taken into account, the thermal conductivity fell off linearly with the natural loga-
rithm of the doping density — about a factor of two decrease in k for every decade increase in the doping
density. As the latter was increased from 107 to 10'® cm™, the thermal conductivity dropped from 1.77
to 0.86 W/(cm-K).

Liu and Balandin [21] accounted for the three-phonon umklapp scattering, the scattering on impurity
atoms and the scattering on external boundaries. The thermal conductivity was equal to 1.57 W/(cm-K)
at room temperature.

Natural gallium (5;Ga) consists of a mixture of two stable isotopes: 60.11 % “Ga and 39.89 % "'Ga.
Natural nitrogen (;N) has also two stable isotopes: 99.63 % “N and 0.37 % '>N. The isotope effect on
the thermal conductivity of high-purity GaN was analyzed by Morelli et al. [14] with Callaway’s model
modified to include the contribution of both transverse and longitudinal phonons explicitly. For deter-
mining the combined scattering rate, the umklapp and normal processes, the phonon-isotope scatter-
ing and the scattering on boundaries were considered. The model predicted an isotope effect of 1.05
at 300 K.

This rather small value of the isotope effect was disputed by Lindsay et al. [22], who applied an
ab initio (or “from first-principles”) formalism to determine the thermal conductivity of GaN de-
fined by the three-phonon umklapp scattering and the phonon-isotope scattering. The first-principles
method combines an exact iterative solution of the phonon Boltzmann transport equation in the sin-
gle-mode relaxation time approximation with accurate computations of the second-order (harmonic)
and third-order (anharmonic) interatomic force constants using the density functional theory and the
density functional perturbation theory. The second-order interatomic force constants are required for
the calculation of the phonon dispersion relation, while the third-order constants are necessary for the
calculation of the three-phonon scattering rates. The advantage of this method is that no adjustable
parameters are invoked as the interatomic force constants are the only input parameters required for
the exact solution [23]. The thermal conductivity obtained by solving the phonon Boltzmann transport
equation can be expressed as
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1 2—(—
Kk=——> (ho) n(n, +1)v,dys,, (16)
KBTZNV%( ) e (mg +1)vicdy:
where N is the number of discretizing :] points in the Brillouin zone, V is the volume of the primitive
unit cell, 7, is the phonon group equilibrium population, v, is the phonon group velocity, d; is the mean

free displacement, o and 3 are the Cartesian directions, { represents the phonon mode (&, j )

Unlike previous estimates [14, 24], Lindsay ef al. showed that the isotope effect in wurtzite GaN is
very large — about 1.65 at room temperature. The upper limit for k was found to be around 4 W/(cm - K)
at 300 K. These features were ascribed to the substantial isotope mixture in gallium, to the large fre-
quency gap between the acoustic and optical phonon branches and to the high frequency scale of the
phonon dispersion in GaN. The latter two points slacken the phonon-phonon scattering and, in particu-
lar, the scattering between the acoustic and optical phonons. Since the phonon-isotope scattering is not
affected by temperature, starting from 500 K with decreasing temperature, the phonon-phonon scat-
tering becomes weaker, causing the thermal conductivity to rise and making the scattering on isotopes
more pronounced. At room temperature, the in-plane «;, (along the [100] direction) and the out-of-plane
Koyt (along the c-axis, or the [001] direction) values of the intrinsic thermal conductivity (Kpure) were 4.01
and 3.85 W/(cm - K), respectively. The corresponding values for GaN with the naturally occurring galli-
um isotope concentrations (Kyagra) Were 2.42 and 2.39 W/(cm - K).

The natural structure of GaN is wurtzite — a crystal structure belonging to the hexagonal crystal sys-
tem, which is the most anisotropic among the other six crystal systems. Several investigations showed
that the thermal conductivity of wurtzite GaN is isotropic around room temperature [24, 25]. On the
other part, in most analytical works, the average value of the three directions or the value of one arbi-
trary direction are often taken as the thermal conductivity, omitting the anisotropy of the material. By
performing non-equilibrium molecular dynamics simulation, Ju et al. [26] recently demonstrated that
« of defect-free wurtzite GaN along the [001] direction, is by a factor of 1.25 higher than that along [100]
at room temperature. The evident anisotropic behavior of the thermal conductivity of wurtzite GaN at
low temperatures was confirmed by Wu et. al [27], Qin et al. [28] and Jiang ef al. [29]. In their research,
Wu et al. developed a full-dispersion Monte Carlo simulation method coupled with the first-principles
technique. According to their combined approach, the phonon dispersion relation and the scattering rates
were computed using the first-principles method and served as the input data for the Monte Carlo solu-
tion of the phonon Boltzmann transport equation by applying the open-source ShengBTE code [30]. The
thermal conductivity at room temperature of isotopically pure GaN along the [001] and [100] directions
was calculated to be 4.04 and 3.62 W/(cm-K), respectively, leading to an anisotropy factor of 1.12. As
the temperature decreased from 500 to 100 K, the factor increased from 1.10 to 1.25, indicating that the
anisotropy of wurtzite GaN cannot be neglected, especially at low temperatures.

Qin et al. and Jiang et al. employed the first-principles method with a plane-wave pseudopotential
formulation in the framework of the density functional theory as implemented in the Vienna Ab in-
itio Simulation Package. The generalized gradient approximation with the Perdew—Burke—Ernzerhof
parameterization was adopted for the exchange-correlation functional. The numerical solutions of the
linearized phonon Boltzmann transport equation were also carried out using the ShengBTE software
package. As was found by Qin et al., the thermal conductivity at room temperature along the [001] and
[100] directions of bulk GaN was evaluated to be 3.25 and 2.80 W/(cm-K), respectively, yielding an
anisotropy factor of 1.16. In excellent agreement with the results obtained by Wu et al., Jiang et al., it
determined the «,, and k;, values to be 4.09 and 3.63 W/(cm-K) at 300 K, respectively, giving an aniso-
tropy factor of 1.13. When the temperature fell off from 800 to 100 K, the factor grew from 1.09 to 1.42.

By employing the first-principles approach to analyze the thermal conductivity of isotopically pure
GaN, Garg et al. [31] recently observed a remarkable feature of the thermal conduction, namely, a spec-
tral focusing of k. It turns out that almost 60 % of the heat is transferred by phonons in a very narrow
frequency range of 5—7 THz, which spans 9 % of the frequency range in GaN. The k., and «;, values
for the isotopically pure material were determined to be 3.73 and 3.90 W/(cm - K), respectively. The cor-
responding values for ka1 Were equal to 2.34 and 2.38 W/(cm-K) — a very good agreement with the
results of Lindsay ef al.
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Over the last few years, the application of machine learning techniques to solid-state physics have
rapidly gained in popularity. The assessment of the thermal conductivity of bulk GaN using the innova-
tive high-dimensional neural-network method developed by Behler and Parrinello [32] was first demon-
strated by Minamitani et al. [33]. The thermal conductivity at room temperature along the [001] and
[100] directions was computed to be 3.10 and 2.76 W/(cm - K), respectively. To estimate the accuracy of
the method, these values were compared to the density functional theory calculation results, which were
Kout = 3.26 W/(cm-K) and «;, = 2.74 W/(cm-K).

The dependence of the thermal conductivity on temperature for wurtzite GaN with naturally occurred
isotope proportions obtained mainly by calculations is shown in Figure 1. For the sake of comparison, the
experimental results of Jezowski ef al. [25] and Simon et al. [34] are also included. The dislocation line
density in “Kotchetkov et al. (2001)” is 10' cm™2. The dislocations in “Zou et al. (2002)” are evenly dis-
tributed among the screw, edge and mixed components. For “Jezowski et al. (2003)”, the best of the highly
conductive samples is taken. The “Simon et al. (2014)” data points are given for the semi-insulating ox-
ygen-magnesium co-doped sample. The “Minamitani et al. (2019) [001]” and “Minamitani et al. (2019)
[100]” curves correspond to the x values derived by the neural-network technique.

The dependence of the thermal conductivity on temperature for isotopically pure wurtzite GaN is
shown in Figure 2.

Experimental Studies of the Thermal Conduction in GaN. The earliest experimental study of the
thermal conduction in GaN was carried out by Sichel and Pankove [35] for a temperature range from 25
to 360 K. The bulk sample was fabricated by HVPE on a sapphire substrate [36]. The process included
a two-hour reaction of gallium monochloride with ammonia at 1223 K. After the substrate was removed,
the two surfaces of the GaN layer with a thickness of 400 um were polished flat and parallel. The ther-
mal conductivity evaluated along the c-axis had a slope of —0.76 around room temperature and a value of
1.3 W/(cm - K). Both of these values were small in comparison to the contemporary estimates [13], which
was attributed by the authors to the high impurity density.

Using a scanning thermal microscope, Asnin et al. [37] performed high spatial resolution measure-
ments of the thermal conductivity at 300 K on different patterned sections of GaN prepared by the lat-
eral epitaxial overgrowth (LEO) technology on a sapphire substrate. The samples were fabricated by
metalorganic chemical vapor deposition (MOCVD) at 1273 K with trimethylgallium and ammonia as
the source precursors. On several sections of GaN, values of 1.7-1.8 W/(cm*K) were registered. Since
the quality of the material obtained by MOCVD is generally better than that of the corresponding HVPE
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Figure 1. Thermal conductivity of wurtzite GaN with naturally occurred isotope proportions as a function of temperature
obtained mainly by calculations
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Figure 2. Thermal conductivity of isotopically pure wurtzite GaN as a function of temperature

sample, the higher values of k were believed to be an indication of the reduced defect densities. Using the
third-harmonic (3-w) electrical method, this assumption was soon corroborated by Luo et al. [38], who
obtained a room temperature thermal conductivity in excess of 1.55 W/(cm'K) for the LEO films grown
by MOCVD at 1333 K. In the paper [39], a comparison was drawn between the fully and the partly co-
alesced LEO sections of GaN prepared by MOCVD at 1273 K on a sapphire substrate. The measurements
were taken by a scanning thermal microscope having a spatial resolution of ~ 2—3 pm. On the fully co-
alesced sample, the thermal conductivity lay in an interval from 1.86 to 2.05 W/(cm - K) over a distance of
approximately 50 um. One of the partly coalesced samples had k between 2.00 and 2.10 W/(cm - K).

The thermal conductivity of GaN as a function of the doping density was experimentally researched
by Florescu et al. [15]. The three sets of samples were fabricated by HVPE in a vertical reactor. The
process consisted of two stages. First, gallium monochloride was synthesized upstream by a reaction
of hydrogen chloride gas with liquid gallium at 1073—1173 K. Second, the gallium monochloride was
transported to a sapphire substrate where it reacted with ammonia at 1273—-1373 K forming a GaN lay-
er. In all three sets, the thermal conductivity reduced linearly with the natural logarithm of the doping
density, the variation being about a factor of two decrease in k for every 10-fold increase in the doping
density. For one of the most lightly-doped sample (6.9-10'° cm™), the thermal conductivity was found
to be 1.95 W/(cm-K) at 300 K. As it was mentioned above, the dependence of this kind would later be
confirmed analytically by Zou et al. [10] in a framework of Callaway’s model.

One of the common impurities that affect the thermal conductivity of GaN is oxygen, which enters
the lattice not by the replacement of nitrogen atoms but by the incorporation of gallium vacancies. The
metal vacancies are very effective phonon scatterers [13]. To verify this view, Slack et al. [24] consid-
ered the thermal conductivity of a GaN plate manufactured by HVPE on a sapphire substrate, which was
subsequently deleted. The major impurities were oxygen (2.1 - 10" ¢cm™) and silicon (3.7 10" cm™). The
thermal conductivity was equal to 2.27 W/(cm-K) at 300 K and possessed a slope of —1.22 in a tempera-
ture range from 80 to 300 K.

The first systematic study of the low-temperature behavior of GaN was reportedly carried out by
Jezowski et al. [25] by comparing highly conductive and highly resistive (doped by magnesium) single crys-
tals. The free-standing bulk samples were fabricated from nitrogen solution in liquid gallium at a high tem-
perature and under a high pressure. The measurements were performed by the axial stationary heat flow
method in a temperature range 4.2-300 K. The best of the highly conductive samples showed a thermal
conductivity of 2.26 W/(cm-K) at 300 K, while the magnesium-doped GaN layer had x = 1.60 W/(cm- K).
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The high-temperature thermal properties of GaN were studied by Shibata et al. [40]. The single crystal
sample was fabricated in a conventional vertical HVPE reactor at 1223—-1293 K on a sapphire substrate.
The free-standing sample unintentionally doped with silicon (2.1-10" ¢cm™) was spontaneously separat-
ed from the substrate. The thermal conductivity along the c-axis was obtained for a temperature range
from 300 to 850 K and was equal to 2.53 W/(cm-K) at room temperature. This value was highest among
the previously reported ones for bulk-shaped samples [24, 25, 35]. Another work on the high-temperature
behavior of GaN was presented by Slomski ef al. [11]. The two bulk samples were grown by HVPE on sap-
phire and by the ammonothermal method on GaN, with the substrates subsequently removed. The density
of dislocations laid in a range from 10* to 10° cm 2. Using the 3-o technique, the thermal conductivity was
extracted for a temperature range 300—460 K. The room temperature values of k were equal to 2.65 and
2.79 W/(cm-K), respectively, and the slopes were determined to be —1.43 and —1.38.

Further investigation of the influence that is exerted by impurities on the thermal conductivi-
ty of GaN was made by Jagannadham et al. [41], who examined undoped, n-type (silicon-doped) and
p-type (magnesium-doped) films on a sapphire substrate. The samples were fabricated by MOCVD at
1303 K for different periods of time with trimethylgallium and ammonia as the precursors. The depo-
sition process was common to all three films except the dopant incorporation. The 3-® measurements
were taken at 215, 250 and 300 K. The values of k — 5.4, 4.8 and 2.8 W/(cm-K) — in the undoped film
were much higher compared to those in the n- and p-type samples. This was due to the absence of the
phonon scattering on dopants, the larger thickness of the undoped film and the correspondingly lower
density of dislocations. The presence of silicon and hydrogen in the n-type films was responsible for the
values lower than those in the p-type films doped only by magnesium. Simon et al. [34] investigated the
impact of oxygen and oxygen-magnesium co-doping on the thermal conductivity of bulk crystals with
a low dislocation density (~10* cm™) grown by the ammonothermal method. The 3-® measurements
were performed between 120 and 520 K. The heavily oxygen-doped sample attained the lowest value
of kK — 1.64 W/(cm-K) at 300 K — which was ascribed to the increased phonon-dopant scattering. On
the contrary, the highest value — 2.30 W/(cm-K) at 300 K — was observed for the semi-insulating oxy-
gen-magnesium co-doped sample.

A high thermal conductivity of 2.94 W/(cm-K) was determined by Richter et al. [42] for a cylindri-
cal sample of 3.6 mm thickness and 6.0 mm diameter manufactured by HVPE.

The thermal conductivity of wurtzite GaN as a function of temperature obtained primarily by mea-
surements is presented in Figure 3. For the sake of comparison, the theoretical results of Liu and Balandin
and Garg et al. are also given. The “Slomski et al. (2018)” curve has the slope of —1.38.
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Figure 3. Thermal conductivity of wurtzite GaN as a function of temperature obtained primarily by experiment
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Conclusions. In this review, a number of theoretical and experimental studies of the thermal con-
ductivity of wurtzite GaN, particularly its dependence on temperature, has been described. A compari-
son of the results has also been made.

The heat in GaN is transported almost exclusively by phonons. Its thermal conductivity has a tem-
perature behavior typical of most nonmetallic crystals: « increases as T at lower temperatures, comes
up to a maximum at approximately 0.050,, and decreases as 7' at higher temperatures. At tempera-
tures below 0p, the thermal conductivity is limited by the scattering of the phonons on the external
boundaries. As the temperature rises, the three-phonon umklapp scattering becomes predominant.
The phonons in GaN can also be scattered by different point defects, such as impurity atoms, vacan-
cies and isotopes.

For isotopically pure undoped wurtzite GaN, the value of k at room temperature has been estimated
as high as 5.4 W/(cm'K). The thermal conductivity of the films prepared by the LEO technology using
MOCVD has been determined experimentally to be in a range from 1.55 to 2.10 W/(cm'K) at 300 K.
The maximum room temperature value measured for the bulk-shaped samples of single crystal GaN has
been 2.79 W/(cm'K).

The anisotropy of the thermal conductivity of GaN has remained to be a subject of discussion. While
some investigators have shown that « is isotropic at around room temperature, others have affirmed that
this parameter exhibits a noticeable anisotropy, especially at low temperatures.
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YUCJEHHOE UCCJEJOBAHUE TEIINIOOBMEHA 1 ASPOIUHAMUWYECKOI'O
COINPOTUBJIEHUS AITITAPATOB BO3IYIITHOI'O OXJIAKIEHHWS C BBITSI)KHOM
IIAXTOM

AHnHoTanms. IIpeacTaBiIeHbl Pe3yIbTaThl YUCICHHOTO NCCIICA0BAHUS TEII0adpPOJHHAMUYCCKUX XapAKTePHCTHK ara-
paToB BO3AYIIHOTO OXJIAXICHUS C YCTAHOBJICHHOI BBITSDKHOM 11axToi. VccnenoBaHNUs IPOBEICHBI JUIS alllapaToB BO3AY -
HOTO OXJIXKICHMS C YETBIPEXPSAHBIMHU My4YKaMH OpeOPEHHBIX TPYO, YCTAaHOBJICHHBIX B IIAXMAaTHOM Nopsake. YncieHHoe
MOJICITUPOBAHHE OCYIIECTBIISIIOCH C HCIOIb30BaHUEM Ia30JMHaMuyecKoro peuareist Ansys Fluent. JIis 3amblkaHus ypas-
HeHui PeliHonbACa MPUMEHSINCh K- MOJENH NEepeHoca CABUIOBbIX HampspkeHud Mentepa. IlonydeHHble unciaeHHBIE
Pe3yJIbTaThl MO3BOJIMIM BU3YaJM3UPOBATh TEUEHHE BO3/yXa B MYYKE M BBITSIKHOM LIAXTE, YCTAHOBUTh HEPAaBHOMEPHOCTH
ckopocTell u Temnepatyp. IToka3aHo, 4TO pacrpe/eieHne TeMIEPaTypbl B IIOTOKE, IPOXOIAIIEM Yepe3 BBITSKHYIO MIaxXTYy,
3aBHCHUT OT BBICOTHI BHITS)KHOW IIAXTHI. yCTaHOBHeHO, 4TO IIPU MaJIbIX BBICOTAX IIAXThI B CJIEAC 3a IMIYYKOM H3-3a KOHeGa-
TCJIIBHOI'O IBHXKCHHUA ClICaa (I)OpMI/IpyCTCﬂ JUHaAMHYECKas U TEMIIEpATypHasd HCOAHOPOAHOCTb, KOTOpas MPUBOJAUT K IIOACOCY
XOJIOZHOTO BO3JyXa 4epe3 IIaxTy U3 OKpy’Karomei cpenbl. [Ipy yBelIn4eHU BBICOTHI MIAXTHI TEMIIEPATypHasi HEOIHOPOI-
HOCTH CIBHTAeTCs BBEPX II0 XOAY BO3JyXa B IIAXTe, U HEYCTOMYMBOCTH 3aTyxaeT. [1oaydyeHo, 4To MaKCHMallbHasl TEIIOOT-
Ja4a MpH OJMHAKOBBIX T'MPABINYECKUX MOTEPSX JOCTUTAETCS NMPH yCTAHOBKE MIAXTHI C BEICOTOH H > 1,16 M. [TomyueHHbIe
Pe3yNIBTaThl MOTYT OBITH HCHOJIB30BAHBI ISl MOJIEPHU3AIMH CYIIECTBYIOIINX alllapaTOB BO3AYLIHOTO OXJIaKICHUS, a TAKXKe
MIPH IIPOEKTHPOBAHIH HOBBIX aIlllapaTOB C BHITSKHOW IIAXTOH.

KuroueBble ci10Ba: anmapaT BO3IyIITHOTO OXJIAX ICHHS, BRITSDKHAS IIAXTHI, CBOOOHASI KOHBEKIUSI, THCICHHOE MOJICIIH-
poBaHue, MOJIeTh MEPEHOCa CABUTOBBIX HaNpskeHnit MenTepa, aucio Hyccensra, ancino Ditnepa

Jas nutupoBanus: YncieHHoe nccieqoBaHue TEII0O0OMeHa M a3pOANHAMHYECKOTO COPOTHUBIICHNUS AlapaToB BO3-
JTYITHOTO OXJIaXKJICHU ¢ BBITSDKHOH mraxrtoii / I. C. Mapmanosa [u ap.] / Bec. Ham. akan. maByk benapyci. Cep. ¢i3.-toxH.
HaByK. — 2022. — T. 67, Ne3. — C. 298-306. https://doi.org/10.29235/1561-8358-2022-67-3-298-306

Galina S. Marshalova'2, Tatiana A. Baranova', Yulia V. Zhukova!, Andrei D. Chornyl, Al’bert B. Sukhotskyz,
Ekaterina S. Danil’chik!>2, Aleksandr A. Mironov’, Ruslan G. Kadyrov?, Igor A. Popov’

'A. V. Luikov Heat and Mass Transfer Institute of National Academy of Sciences of Belarus, Minsk, Republic of Belarus
’Belarusian State Technological University, Minsk, Republic of Belarus
3Kazan National Research Technical University named after A. N. Tupolev — KAI, Kazan, Russian Federation

NUMERICAL SIMULATION OF HEAT TRANSFER AND HYDRAULIC LOSSES OF AIR-COOLED
EXHAUST-SHAFT APPARATUSES

Abstract. The article presents the numerical simulation results on heat transfer and hydraulic losses of air-cooled ex-
haust-shaft apparatuses. Studies were made on air-cooled apparatuses in which four-row bundles of staggered finned tubes
were placed. Numerical simulation used a gas dynamic solver Ansys Fluent. Menter’s shear stress transport k-0 model was
invited to close the Reynolds equations. The obtained numerical results allowed us to visualize air flow in the bundle and
the exhaust shaft, as well as to establish an inhomogeneous distribution of velocities and temperatures. We found that the
temperature distribution in the flow passing through the exhaust shaft depends on the height of the exhaust shaft. We also
established that at small shaft heights in the wake behind a bundle because of the wake oscillatory motion, the dynamic and
temperature inhomogeneous distributions take place, resulting in the cold air suction through the shaft from the environment.
With an increase in the shaft height, the inhomogeneous temperature distribution moves upstream the air flow in the shaft and
the inhomogeneous temperature distribution attenuates. We can say that maximum heat transfer at the same hydraulic losses
is achieved when mounting a shaft with a height of 7 > 1.16 m. The results obtained can be used for the modernization of
existing air-cooled apparatus, as well as for the design of new devices with an exhaust shaft.
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BBenenue. Anmaparsl BO3AyImHOTO oxyiaxaeHus (ABO) sSBISIOTCS COCTaBHON 4acThiO 000pY/I0-
BaHUs TEIJIO-TEXHOJOTHUECKUX MPOILECCOB B HedTenepepadaThiBaomell, XAMUYECKON, HEPTEXUMU-
YECKOMW, ra30BOM M MUIIEBOW MPOMBIIIIEHHOCTH, a TaK)Ke MPUMEHSIOTCS Ha aBTOMOOMIBHBIX ra30Ha-
MOJIHUTEIBHBIX KOMIIPECCOPHBIX CTaHIUAX [1], B TEMJI0- U 3IEKTpodHEpreTUKe [3, 4], B XOIOIUIBLHOM
TEXHUKE, IepeBO00padaTHIBAIONIEH TPOMBIIINIEHHOCTH [5], HA aTOMHBIX cTaHIuAX [6]. [To manHBIM [7]
B cTpaHax EBpa3miickoro SKOHOMHYECKOro cOr3a B HacTosiliee BpeMs padoraet okono 52 000 ABO
C yCTaHOBJIEHHO# MomHOCTBIO 1,93 - 10° KBT.

Jns ontumuszanuu padotel ABO HCIONB3YOTCS pa3iudHbIe MOAXOIbI U METOJIbI: KAK aKTUBHBIC
(HanmpuMep, yCTaHOBKa BEHTHJISTOPOB, MOHHU3AIMS BO31yXa Ha BXxoje B kamepy ABO), Tak u maccus-
HbIe (K IPUMEPY, Pa3BUTHE ILJIOMIAIN TEIIONEPEaroliel TOBEPXHOCTH, U3MEHEHUS PSKUMA TCUCHUS
B kamepe ABO 3a cdeT npoduanpoBaHus TeOMETPHICCKON (OPMBI KaMEPhI 3a ITyYKOM TETLIOTepea-
rouux Tpy6 u ap.). [pu npodunrpoBaHuy reOMETPUIECKON (OPMBI KAMEPHI 32 TEILIOOOMEHHBIM ITy4-
KOM, B YaCTHOCTH IIPY YCTAHOBKE BBITSHKHOM IIAXThI, N3MEHACTCS XapaKTep TeUCHHS BO3AyXa, TO €CTh
(YHKIIHOHAIBHO Pa0OTa BBITSHKHOM MIAXTHI B KAYECTBE MOOYIUTENS JIBUKCHHS BO3TyXa Yepe3 TeIo-
0OMEHHBIC CEKIIMU KaueCTBEHHO T0I00Ha BCaChIBAIOMIEMY JICHCTBHIO BeHTUIsiTopa. [[puHIMITHATBHOE
OTIIMYUE MEXJYy CIOCOOaMH YCKOPEHHs IMOTOKa B KaMepe C TEIUIOOOMEHHBIMH TPyOamMu COCTOUT
B TOM, YTO YCTAHOBKA INAXThl HE TPEOYET MOJIBO/IA SHEPIMH M3BHE B SBHOM BHJC U, TAKUM 00pa3oM,
OCYIIECTBIISAETCS MHTEHCH(PUKAIMS TEMI000MeHa B TyYKaX CEKI[M MaCCHBHBIM CITIOCOOOM, KOHEYHBIM
pe3yJaBTaTOM KOTOPOTO SIBISIETCSI COOTBETCTBYIOIIAS BETUUYMHA dHEprocoepekeHus. Takke mpuMeHe-
HUE BBITSDKHOM MIAXTHI MO3BOJISAET UCKITIOYUTH PEIIUPKYIIAIIIO BO3IyXa B TEMJI00OMEHHUKE U MTOBBIIIA-
€T CPOK CITY’KOBbI BEHTHJISITOPOB C MIPHBOIAMHU.

IIpu sxcnmyaranuu ABO ¢ BBITSIKHOHN MIAXTOH HEOOXOAUMO CTPOTO COOOaTh TeMIIepaTypHbIE
PEXKUMBI U TOUHO UX perynupoarts [§]. s aToro HeoOXoauMa J0CTOBEpHAs HHPOPMAIIHS O Xapak-
Tepe TEeIJIOOTAa4H IMYYKOB OpeOpPEHHBIX TPYO B peXKMMax €CTECTBEHHOW M CMEINIAaHHOW KOHBEKIIHH
Bo3ayxa. OgHAaKo B HACTOAIIEE BPeMsI OTCYTCTBYIOT METOAMKH TemioBoro pacuera ABO B aTux pe-
KUMaX, a U3BECTHBIC HCCIICIOBAHUS CMEITaHHOW KOHBEKITUH BO3ayXa [9—14] He 0XBaTRIBAIOT paclpo-
CTPaHECHHBIX KOMIIOHOBOUYHBIX MapaMeTPOB ITYYKOB, HE YUYUTHIBAIOT BIUSHUS a’3pOJAMHAMUUYECKUX
XapaKTePUCTHK ¥ FEOMETPHUECKUX IMapaMeTPOB BHITSIKHOM MIAXTHI, HE MPEIaraloT peKOMeHJallni
Ha nipoekTupoBanue ABO.

[Ipu 5TOM OCyIIIeCTBICHUE IKCIIEPUMEHTAbHBIX UCCIIEI0OBAHUI 110 H3YUEHUIO CBOOOIHON 1 cMe-
IIaHHOW KOHBEKIIMU TpeOyeT 3HaYMTEIbHBIX PAcXOJIOB Ha pealiu3alliio, BELICOKOH MOIIHOCTH 000pYy-
JIOBaHMS, a TaKKe OOJNBIINX BPEMECHHBIX 3arpaT. [IpoBeeHNe IKCIIEPUMEHTAIBHON BHU3yalU3alHu
CTPYKTYpHI TeueHus B kamepe ABO 3arpymHeHO, TOCKOJIBKY HaKJIaJBIBAIOTCS 3HAUYUTEIbHBIC Tpe-
OoBaHHS Kak Ha coOurofeHre (GUKCHPOBAHHOTO TEMIEPATyPHOTO pPexkUMa, TaKk U Ha 000opyioBaHHUE
I Buzyanu3anuu. 1103ToMy SKCIIEpUMEHTAIbHO OXBATUTHh BECh JKEJIaeMblH JHaNa30H BapHAHTOB
KOMITOHOBOK ITYUYKOB, PSKUMOB KOHBEKTHBHOTO TEIJIOOOMEHA M METOJI0B MHTCHCU(UKAIIUU TEIJIO-
oOMeHa, a Tak)Xe NMPOBECTH BU3yaTU3aINIO0 CTPYKTYPHI TEUCHHS B KaMepe He MPEICTaBIsSeTCS BO3-
MOXHBIM. PerieHueM 3Toil mpoOJieMbl MOXET BBICTYIHUTh MPUMEHEHUE METOJOB BBIYMCIUTEIBHOM
razomuHamuku (CFD — computational fluid dynamics), koTopsie TO3BOJSIOT PacCIIUPUTEL T'PAHUIIBI
JKCIIEPUMEHTAIBHBIX UCCIICIOBAHUM.

Llenv 0annoeo uccredosanus — 9UCIEHHOE WCCIIEIOBaHNE KOHBEKTHBHOTO TEMI000MEHa YeThIpex-
PAIHBIX MIAXMATHBIX PABHOCTOPOHHHUX ITYYKOB alllapaToB BO3JYILIHOI'O OXJIAXKJCHHUS C BBITSIKHOM
IIaXTOM, a TaK)Ke OIEHKA BIMSHUS MCIIOIb30BAHUS BBITSKHOW IIAXTHl HA TEIIOOTAAYY ITy9IKOB Oped-
PEHHBIX TPYO B peKMMaX €CTECTBEHHOW U CMEIIaHHOW KOHBEKIIUH BO3yXa.
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MeToabl ucciaenoBanus. CorocTaBlIeHWE YHCICHHBIX HCCIEIOBAHWN C OKCIEPUMEHTATbHBIMH
npoBoamIKCch it Moaenu ABO, cocrosineil u3 4eThipex psaoB (z = 4) MIaXMaTHO PACIOJIOKESHHBIX
OpeOpeHHBIX TPyO ¢ muaMeTpoM Hecyed Tpyosl dy = 0,0264 M. IlonmepedHslil mar myJKa COCTABIISIT
S1= 10,058 m (6e3pa3mepnblii mar S)/dy = 2,2). TpyObl B ITy4Ke UMEIIU CISIYIONINE TeOMETPHUSCKUE Mapa-
METpBI: HAPYKHBIH TraMeTp TpyOsl ¢ opedpeHueM d/d, = 2,152; BeicoTa pebdpa h/dy = 0,576; mexpebdep-
HbIi mwar s/dy = 0,092; TonmuHa pedpa A/dy = 0,0208; nnuna TpyOs //dy = 11,36; xoadduiueHt opedpe-
Hus ¢ = 21. BeicoTa BBITSI)KHOM IaXThl BappupoBajack B npenenax H = 0,52-2,12 M, nuaMeTp BbIXOIHOTO
OTBEPCTHS BBITSKHOM IIAXThI OCTABAJICS MOCTOSTHHBIM M OBLT paBeH dy., = 0,105 M. [lonpoOHoe omuca-
HHE METOAUKH SKCIEPUMEHTAIbHBIX UCCIEIOBAaHUMN U3I0KEHO B [15—17].

Bepudukanus pacyerHoro anroputMa mpopoaunack aist ABO ¢ BBITSDKHOM MIaXTOH co clenyro-
UMY T€OMETPUYESCKUMU pazmepaMu do., = 0,105 M, H = 1,16 M. 3aTem no BepudUIIPOBAHHOW METO-
JIUKE OCYIIECTBIISINCH pacdeThl KOHBEKTUBHOTO TEMI000MEHa MIaXMaTHOTO MyYKa OpeOpEeHHBIX TPYO
JUTSL pa3JIMYHBIX BBICOT BBITSKHOM IIaXTHI.

[TocTaBrmenHas 3aa9a pemnrarach B TPEXMEPHOM ITOCTAaHOBKE. Pa3Mepsl pacdeTHOM 00/1acTH COCTaB-
nsmm 4%3,8X0,00972 m>. HecTpyKTypHpoBaHHasi pacueTHas ceTka (puc. 1) reHepupoBanach ¢ Hc-
ronb3oBanueM makera Ansys Meshing. [Ipu mocTpoeHnn ceTku y9uTHIBajiCA TOT (DakT, YTO BOJIW3H
CTEHOK Ha pa3Mep IeHepHpyeMoii siueiiku, cornacHo [18] HaknaneiBaeTcs yenosue y & [1; 5]. UTo6bI
orucath pabouyto 001acTh moTpedoBasock nopsaka 30 MITH TeTparekcaroHaJlbHBIX sYeeK.

Jns noCTHXKEHUs TOCTABICHHON IeNM pelrajinuch cTallmoHapHBIE ypaBHeHHs Hapre—CToOKca,
ocpenHeHHbIe 0 PeifHonbiacy (ypaBHeHUs PeliHonbp/ca), ypaBHEHHE HEPa3pbhIBHOCTH U ypaBHEHHE
sHepruu B (hopMynupoBke Juisi sHTanbnuu [19]. Kak mokasanu Bepu(UKaIMOHHBIE PacdeThl, YHUCIO
Pefinonbzca, mocTpoeHHOE MO qUAMETPY HECYIIei TpyObl M CKOPOCTH Ha BXOJIE B PACUETHYIO 00J1acCTh,
COOTBETCTBYET JIAMHHAPHOMY peKuMy TedeHus. OmHako, coriaacHo pekomeHaanusm [20], st 3amaq
€CTECTBEHHOW U CMEIIAHHON KOHBEKIIMM HEOOXOIHMMO peliaTh ypaBHeHUs PeliHonbica. 3aMblkaHHe
ypaBHeHUM PeliHOIb/Ica OCYIECTBIIAIOCH C TTIOMOIIBIO K- MOJIENH MEePEeHOca CABUTOBBIX HAMPSIAKEHUM
MenTtepa [21].

B skcniepumenTax HarpeB TPyOBI OCYIIECTBIISAIICS AJIEKTPUYECKUM TOKOM, MOIIHOCTH MCTOYHUKA
TEIJIOBBIACTICHHS OIpeIesIsiach Kak MPor3Be/IeHUe CUIIbl TOKA Ha HanpsibkeHue. [loatomy nis cornaco-
BaHMS C HKCTIEPUMEHTOM, Ha BHYTpPEHHEH TTOBEPXHOCTH HECyIel TpyObl 3a/1aBalloch 3HAUCHUE TETLIO-
BOro NoToKa. [TOCKOJIBKY pa3Mephl pacyeTHOH 00JIaCTH 3HAYMTEIBLHO MPEBOCXOIMIH pa3Mepbl 00beK-
Ta UCCIIEOBaHMS, TO HaM MPEJCTaBIIOCh BOBMOXXHBIM Ha BBIXOJIE U3 PACYETHOH 00JaCTH YCTAHOBHUTH

Puc. 1. ®parmMeHTHI pacueTHON CETKH Ha HOBEPXHOCTHU TPYObI U B PaCUETHOH 00J1acTH

Fig. 1. Fragments of the computational grid on the pipe surface and in the computational domain
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MATKHE TI'DAaHUYHbBIC YCIOBUS, TO €CTb PABEHCTBO HYJII TPAJAMEHTOB PACCUMTHIBAEMBIX BEJIMYMH.
CreHKH 1axXThl IPEIIOIaraliuch TEIJION30JMPOBaHHBIMU. B Hauase pacyera Bo Bceil pacueTHOH 00a-
CTH 3aJ1aBaJIOCh CTaTHYECKOE JAaBJIeHHe, paBHOe atMochepromy, P = 101325 Ila, u Temrieparypa Bo3y-
Xa, paBHas TEMIEpaType OKPYKarolel cpeabl, U3MEPEHHOH SKCIEPUMEHTANbHO, Ty = ty. Yucnennoe
MOZAETUPOBAHKE TEIUIONEpeaun OT OpeOPEHHBIX TPYO K BO3AYXY OCYIIECTBIISUIOCH B CONPSIKCHHOM
MOCTAHOBKE.

ConocraBiieHHE YHUCIEHHBIX M 3KCINEPUMEHTAJBHBIX JAaHHBIX MPOBOAMJIOCH MO CIEAYIOIIHM Be-
JUYMHAM: CPEIHssl Temreparypa pebpa HarpeBaeMoil OpeOpeHHOW TpyObl B KaKIOM psay Myd-
Ka 7;; TemmepaTypa BO3/1yXa Ha BBIXOJIE€ M3 BBITSKHOW MAXThl Ty, CpaBHEHHE PE3yJIbTaTOB IKCIIE-
PUMEHTa W YUCIOBOTO MOJIEIUPOBAHUS MPEICTaBICHO B BUIE 3aBUCUMOCTH TemIepaTyp Ha pedpe 7;
(puc. 2, @) ¥ B BBIXOHOM CEUEHHUH BBITSKHON MIAXTHI (pHUC. 2, b) OT MIOTHOCTH TETJIIOBOTO IMTOTOKA JIJIS

dors. = 0,105 M, H=1,16 m.
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Puc. 2. CpaBHeHHe pe3ysIbTaTOB dKCHEPHUMEHTa U YUCICHHOTO MOJCIMPOBAHUS: d — II0 TeMIIepaTypaMm Ha Tpybax, b — 1o
TEMIIepaTypaM Ha BBIXO/IE U3 BBITSKHOM IIaXThI

Fig. 2. Comparison of experimental and numerical simulation results: a — by the temperatures on the tubes, b — by the
temperatures at the outlet of the exhaust shaft

Pe3yabraTrhl U uXx 00cy:kaeHue. [lomydeHHbIE pe3ydbTaThl YHCICHHOTO MOACIHPOBAHUS XOPOIIO
COTJIACYIOTCA C DKCIIEPUMEHTAIBHBIMU JaHHBIMH (pacXo)kJeHHE Pe3ylbTaToB HE IMpeBbImaeT 5 %).
[IpenmonaraeTcst WCIONb30BaHUE Pa3paOOTaHHOM METOAWKHU JUJISl PACIIMPEHHS TPAHHI] TapaMeTpOB
SKCTIEpUMEHTa W BU3YAIH3AIUU CTPYKTYPHl TEUYEHWS B MHOTOPSIAHBIX IydKaxX TpyO C pa3UdHBI-
MU KOMITOHOBKaMH.

UwuciieHHOE HCClie/IOBaHUE TEIIOOOMEHa U BU3yalu3alus CTPYKTYPbl TEUCHHS 32 IIyYKOM B pe-
KM€ CMENIaHHON KOHBEKI[UH OBbLIO MPOBEACHO ISl YETHIPEXPSTHBIX IIAXMATHBIX ITYYKOB, 32 KOTO-
pPhIMU yCTaHABIHMBAJIACh BBITSIKHAS MIAXTa C TIOCTOSHHBIM THAMETPOM dorp. = 0,105 M 1 mepeMeHHO
BoicoTOM H = 0,52; 1,48; 2,12 m. J{ns1 cinydas ka0 BEICOTHI BBITSI)KHON IIAXThl YHCICHHOE MOJCITH-
pOBaHUE OCYIIECTBIISIIOCH JJIsl 3HAYCHUH TEIJIOBOTO MOTOKA Ha opeOpeHHOM TpyOe, paBHBIX JKCIE-
PUMEHTAJIBHBIM.

Pacmpenenenne TeMmepaTyp Ha TOBEPXHOCTH TPYO B ITyUKe U BO3yXa B IIAXTE IMOKA3aHO Ha pHUC. 3.
JLJ1st KaXk10i UCTIOIb3yEMOM BBITSKHOM 11aXThl OHO UMEET UJICHTUYHBIN XapaKTep.

Kax BugHO M3 puc. 3, MEpBBIA psAJ MydKa OXJIAXKIASTCs HAMIYUIINM 00pa3oM, Tak Kak TemIepa-
Typa MOCTyHaloIero BO3AyXa UMeeT HauMeHbIee 3HadeHue. [lo Mepe mpoaBrmkeHUs BO3ayXa depes
MyYO0K TeMIIepaTypa MOBBIIIAETCS 32 CYET KOHBEKTHBHOTO U PAAHAIIMOHHOTO HarpeBa OT OpeOpeHHBIX
TpyO, ¥ TEMIepaTypa YeTBEPTOro Psiia U TIOTOKA 32 HUM SIBJISETCS CaMON BBICOKOH.
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Puc. 3. PacripesiesieHne TeMIepaTyp Ha Mydke W B BBITXKHON maxte: a — H = 0,52 M, ¢ = 534 Br/m%; b — H = 1,16 ™,
g =1005 Br/M*; ¢ — H= 1,48 M, ¢ = 422 Br/m?*; d — H= 2,12 M, ¢ = 1093 Br/m>

Fig. 3. Temperature distribution on the beam and in the exhaust shaft: ¢ — H = 0.52 m, ¢ = 534 W/m?; b — H = 1.16 m,
g =1005 W/m?% ¢ — H=148 m, ¢ =422 W/m%* d— H=2.12m, g = 1093 W/m>

XapakTtep pacnpeneseHus TeMIepaTyp B MOTOKE, IPOXOASIIEM UePE3 BBITSKHYIO IIAXTY, 3aBUCHUT
ot ee BbicOoTHL. st H = 0,52 M HabmiofaeTcsi HEPaBHOMEPHOCTD pacIpe/esieHrs TeMIepaTyp Herno-
CpeaCTBEHHO Haja My4yKkoM. C yBEeIMYEHHEM INIOTHOCTHU TEIMJIOBOT'O MOTOKA U BHICOTHI BBITSKHOM IIaXThI
JaHHAs 30Ha HEPAaBHOMEPHOCTH CMEILAETCs BBEPX M0 LIAXTE, s €€ BBICOTHI /1 = 2,12 M HEOHOPOAHO-
CTH He HaONIIoJaeTcs U TeMIIepaTypa BO3yXa Ha BBIXOAE M3 OPEOPEHHOr0 IMyYKa paBHa TeMIIEpaType
Ha BBIXOJIC U3 BBITSDKHOM maxThl. JlIst 0OBSICHEHHUS! JAaHHOTO SIBJICHHSI HEOOXOAMMO COBMECTHO € pac-
npeaesiecHueM TeMIIepaTypbl paccMaTpuBaTh U paclpeelieHne CKOPOCTH B clieie 3a My4YKoM opeOpeH-
HBIX TPYO ¥ B BBITSDKHOMU T1axTe (puc. 4).

W3-3a 3HAUUTETHHOTO 3arPOMOXKJICHUS KaHala My4YKOM OpeOpEeHHBIX TPyO ciel 3a mydKkoM ¢op-
MHpPYETCs KaK 3a II0X0 o0TexaeMbIM TenoM. B [21-23] moka3aHo, 4TO pU pa3MeleHUH MakeTa Tpyo
B Y3KOM KaHalile pacCTOSHHE OT TPYO JO CTEHKH OOYCJIOBIMBAaCT (POPMUPOBAHUE TPEX PEKUMOB 00-
TEKaHMsI, IPUYEM IIPH MAJIOM PACCTOSIHUU OT CTEHOK KaHaja 0 CTEHOK TpyO makeT TpyO oOTexaeTcst
KaK OJIHO IJI0X0 o0Tekaemoe Teso. Takum o0pas3om, ciel 3a IMy4koM OyeT GopMUpPOBATHCS B YCIIOBHU-
SIX MaJIbIX CKOPOCTEN MOTOKa BO3yXa, OJM30CTH CTEHOK KaHaja K My4YKy opeOpeHHBIX TPpyO U KOH)Y-
30PHOr0 BXO/a B ILIAXTY.

Kaxk mokazaHno Ha puc. 3, a u 4, a, npu BeicoTe maxtel H = 0,52 M B ciene 3a my4koM o0pa3yercs
OIIMH BUXpPb, KOTOPBIH, Nonaaas B KOH(PY30pHBIH BXOI B IIAXTY, GOPMHUPYET AMHAMUYECKYIO U TEM-
nepaTypHyI0 HEOAHOPOIHOCTh, BOSHUKHOBEHHE KOTOPOM CBSI3aHO C KOJIeOATeIbHBIM JBUKEHUEM Clie-
na. Takoe nBM)KEHHE IMPUBOIUT K IOJACOCY XOJOIHOIO BO3AyXa Yepe3 IIaxXTy U3 OKPYKAroIEeH Cpeabl.
[Ipu yBennueHuM BBICOTHI IAXTHI 32 CUET YBEJIWYUBAIOLIETOCS pa3pekeHUsl B clie/ieé HEOTHOPOTHOCTD
cIIBUTaeTCs BBEPX IO XO1y Bo3ayxa B maxre (puc. 3, b, ¢ — puc. 4, b, ¢). 11 MakcumManbHON BBICOTHI
maxTel (puc. 3, d — puc. 4, d) moTepu NaBieHUs NMO3BOJISIIOT CBECTH Ha HET COPMHPOBABIIYIOCS He-
YCTOMYHUBOCTb.



Becui HaupisnanbHail akagsmii HaByk benapyci. Cepbis disika-ToxHiunbIX HaByk. 2022. T. 67, Ne3. C. 298-306

303

——
Velocity

Velocity

—

Velocity

Velocity

Puc. 4. Pacripenenenue ckopocTeil Ha My4yke W B BBITSKHOW maxte: a — H = 0,52 m, ¢ = 534 Br/m% b — H = 1,16 m,
g =1005 Br/™%;, ¢ — H= 1,48 M, ¢ =422 Br/M?*; d — H= 2,12 M, ¢ = 1093 Br/m>
Fig. 4. Velocity distribution on the beam and in the exhaust shaft: a — = 0.52 m, ¢ = 534 W/m?%; b — H=1.16 m, ¢ = 1005 W/m?;
c—H=148m,q=422 Wim% d—H=2.12m, g = 1093 W/m?>

IlockoabKy WHTEHCH(HKAIUS TETI000MEH-
HBIX IPOLIECCOB OPraHM30BaHa TOJIBKO 3a CYET
YCTaHOBKH BBITSDKHOW IAXTHI, TO JIs1 OUCHKH 3(-
(heKTUBHOCTH JEHUCTBUS MIAXTHl MOXKHO TpeacTa-
BUTh CyMMapHYI0 TEIUIOOTAady Iydka TpyOo Nu
B BHJI€ 3aBUCUMOCTH OT TUJIPaBINUYECKUX MOTEPh
Eu (puc. 5):

od,
Nu=—2, 1
Y M
A
Eu=—2, )
pUin
re o — Kod(O(UIHMEHT TerIo0TAaYr IydKa,

Br/(M*>°C); A — TemmonpoBogHocTh, Br/(M °C);
AP —nepenan naBnennii, [1a; U;, — CKOpOCTb BO3-
JlyXa B C)KaTOM CEUeHHUH ITydKa, M/C.

Kak mokazano Ha pwuc. 5, MakcuMajbHas Te-
MJI00TAaYa TPH OJWHAKOBBIX THIPABINYECKUX
MOTEepSAX JOCTUTACTCS TPH YCTAaHOBKE MIaXThI
¢ Beicotori H > 1,16 M. Heo0X0auMo OTMETHUTB,
9T0 3aBUCHMOCTE Nu = f(Eu) nmeeT HeoqnHaKo-
BBII TEMII TIPH Pa3HOH BBICOTE IIAXTHI
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Puc. 5. Temnoruapasnudeckas 3GGeKTHBHOCTE OpeOpeH-
HBIX TPYOHBIX YYKOB C BBITSKHOI MIaXTOM

Fig. 5. Thermohydraulic efficiency of finned tube bundles
with exhaust shaft
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3axunroueHue. [IpoBeieHO YHUCICHHOE HCCIENOBAaHKE TEIIOOTAAYH M a3POANHAMHUYECKOIO COPOTUB-
JICHUST YETBHIPEXPSIHBIX IIaXMAaTHBIX PAaBHOCTOPOHHUX IyYKOB OpEOpPEHHBIX TPYO IS anmapaTtoB BO3-
JOYLIHOTO OXJIAKJCHUS C BBITSDKHOHN mmaxTol. IlomyueHHble pe3ysbTaThl HO3BOJIMIN BU3YaJIH3UPOBATH
CTPYKTYpPY TEUCHHUs BO3/lyXa B ITyYKE U BBITSHKHOW LIaXTe, yCTAHOBUTH MPHUYUHY BO3HMKAIOLINX HEPaB-
HOMEpPHOCTEH cKopocTeil u Temrmeparyp. ObpadoTka pedynsraro B Buse Nu = f{Eu) mo3Bonser oleHuTh
3¢ (EKTUBHOCTB MIAXThl KAK MHTEHCU(UKATOPA TEIIO0OMEHA ITPU CBOOOIHOM U CMEIIaHHOH KOHBEKIUH.

[Tomy4eHHbIe pe3yabTaThl MOTYT OBITH UCIIOIB30BAHBI AJISI MOAECPHU3ALMH CYIIECTBYIOIIMX arnmnapa-
TOB BO3JIYIIHOTO OXJIAXK/IEHHUS, a TAK)Ke IMPU MPOSKTUPOBAHNHN HOBBIX aIllllapaToB C BBITSHKHOM MIaXTOM.
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B.s1. I'pynanos, JI. T. Tkayesa, I'. U. beroxsoctoB, M. B. bpenu, A. A. IInnuyk, B. B. Pycckux

FBenopyccruii 2ocyoapcmeennsiii acpapuviii mexuuyeckuti ynugepcumem, Munck, berapyco

BJIMSTHUE ITPOLUECCOB YTUJ/IM3ALIUU DHEPI'MU OTPABOTABILINX I'A30B
MOPIITHEBBIX IBUTATEJIEM BHYTPEHHET'O CTOPAHUSI HA TASOJAMHAMUWYECKHE
U AKYCTUYECKHUE XAPAKTEPUCTHUKHU ITTYIIUTEJENR IITYMA

AnHoTanus. IIpeacraBieHsl HayuyHble OCHOBBI IPOEKTUPOBAHUS INIyIIUTENICH IyMa ABUraTesIel BHYTPEHHEIO Cropa-
Hud ([IBC) ¢ yrunuzanueil TenaoTsl oTpadOTaBUIMX ra30B, 00ECIEYUBAIOIINX BBITYCK Ia30BbIX MOTOKOB C YJIyYIICHHBIMU
Ta30JMHAMUYECKUMH U aKYCTHUECKIMH XapaKTePUCTHKAMHU. M3ydeH TepMOANHAMHUYECKUH aHAIN3 TIPOLECCOB Yy THIN3AIIH
SHEpPruu OTpabOTABIIMX ra3oB. TepMOAMHAMHYECKHUII aHANIN3 MOKa3al], YTO YTHJIM3ALIUs TEIUIOTH OTPabOTaBIIMX Tra3oB
HMPUBOJUT K IOBBIIICHAIO TepMHUUeckoro koddduruenta noxeznoro peiicteust (KII/1) nuxma Orro. Bemmonnen Takske sKxcep-
TeTHYSCKUH aHaJIH3 TeIII00OMEHHBIX IIPOLECCOB B IIYIIUTENE W OIPEASIICHbI IyTH MOBBIMICHNS €r0 TePMOJANHAMHYECKOH
3¢ PEeKTUBHOCTH. YCTAaHOBIICHO, YTO TIIYLIMTENb IIyMa C Pa3MEIIeHHBIM BHYTPHU TEIJI000MEHHHUKOM-3MEEBUKOM C TO3ULMH
BTOPOr0 3aKOHA TEPMOAMHAMHKH, BBIPAKEHHOTO MOCPEJCTBOM IKCEPreTUYECKOr0 aHAIN3a, SIBISIETCS Ooliee COBEPIIEHHOM
TEPMOAMHAMHUYECKOI CHCTEMO 110 CPAaBHEHUIO C OOBIUHBIM IIIyMmKTENeM. JJaHO MaTeMaTH4IecKoe OUCaHue MPOIECCOB YTH-
JU3aIUH B YCIOBHUSX BHEITHETO TEMJIOBOTO BO3ACHCTBHS, IPH STOM BBISBIICH XapaKTep BIMSHUS TETJIOBOTO BO3ACHCTBHS Ha
U3MEHCHHE JaBJICHNUS, TEMIepaTypsl U II0THOCTH. Ha ocHoBe MeTona JI. A. Bynuca nomy4eHsl aHAJINTHYECKUE YPABHEHUS
M3MEHCHHMSI AaBJICHNUsI, TEMIIEPATypPhl ¥ INIOTHOCTH. IIporieccsl yTHIIM3auu SHEPTUU 0TPabOTABIIMX Ia30B CIIOCOOCTBYIOT
CHIDKEHHIO TEMIIepaTyphl ra30B, BO3PACTAHUIO IIIOTHOCTH, YMEHBIICHUIO CKOPOCTH MOTOKA M MaACHUIO TaBJICHUS, TO €CTh
umeet MecTo 3¢ dexT (3akon JI. A. Bynuca) TenmoBoro TOpMoKeHHsI Ta30BOr0 MOTOKA, 00YCIOBIMBAIOIETO CHIKECHHE Y POB-
Hs ITyMa NPH MEHbIIEM MpoTuBoaaBneHnn u ysennuennu KITJ[ npurarens.

KuioueBble €J10Ba: TITyIIUTENN ITyMa, JBUTATENb BHY TPEHHETO CTOPAHMS, OTPadOTaBIINE ra3bl, yTHIN3AIUOHHBIH Te-
IUIOOOMEHHHK, TEPMOJNHAMUYECKHI aHATH3, KCEPTUsl, SHTPOIHS

Jasi nuTHpoBamus: BiusHuE NpPOLECCOB YTWJIM3AIMH OSHEPrUM OTPAaOOTAaBIIMX TIa30B IIOPIIHEBBIX JBH-
ratejieil BHYTPEHHErO0 CropaHHWs Ha Tra30JMHAMHUYECKHE M aKyCTHYECKHE XapaKTePUCTHUKHM TDIyLIHTened myma /
B. 4. I'pynanoB [u ap.] / Bec. Hau. akan. naByk Bemapyci. Cep. ¢i3.-ToxH. HaByk. — 2022. — T. 67, Ne3. — C. 307-317.
https://doi.org/10.29235/1561-8358-2022-67-3-307-317

Vladimir Ya. Grudanov, Ludmila T. Tkacheva, Guennadi I. Belokhvostov, Marina V. Brench,
Anna A. Pinchuk, Viktor V. Russkikh

Belarusian State Agrarian Technical University, Minsk, Belarus

THE INFLUENCE OF THE PROCESSES OF UTILIZATION OF EXHAUST GASES OF RECIPROCATING
INTERNAL COMBUSTION ENGINES ON THE GAS DYNAMIC AND ACOUSTIC CHARACTERISTICS
OF NOISE SILENCERS

Abstract. The scientific basis for the design of noise suppressors for internal combustion engines with exhaust gas
heat recovery, providing the release of gas flows with improved gas-dynamic and acoustic characteristics, is presented. The
thermodynamic analysis of the processes of energy utilization of exhaust gases has been studied. Thermodynamic analysis
showed that the utilization of exhaust gas heat leads to an increase in the coefficient of performance (COP) of the Otto cycle.
An exergy analysis of heat exchange processes in the muffler was also carried out, and ways to increase its thermodynamic
efficiency were determined. It has been established that a noise silencer with a heat exchanger-coil installed inside, from the
position of the second law of thermodynamics, expressed by means of exergy analysis, is a more advanced thermodynamic
system compared to a conventional silencer. A mathematical description of the recycling processes under conditions of exter-
nal thermal exposure is given, while the nature of the influence of thermal exposure on changes in pressure, temperature and
density is established. Based on the method of L. A. Vulis analytical equations for changes in pressure, temperature and den-
sity are obtained. Exhaust gas energy recovery processes contribute to a decrease in gas temperature, an increase in density,
a decrease in flow velocity and a pressure drop, i.e. there is an effect (law of L. A. Vulis) of thermal stagnation of the gas flow,
which causes a decrease in the noise level with less back pressure and an increase in engine efficiency.

Keywords: noise mufflers, internal combustion engine, exhaust gases, recycling heat exchanger, thermodynamic analy-
sis, exergy, entropy
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BBenenue. Kak nzBecTHo, oTpaboTaBIIie ra3bl COCTaBISIOT OKosIo 60 % Bcelt aMuccHH aBTOTpaH-
CIIOPTHOT'O CPE/ICTBA M COZIEPKAT B CBOEM cocTaBe okucibl azota NO,, okuchk yriepoaa CO, 1ByoKHch
yriepona CO,, Bomsabie apsl H,O, 9acTHYHO WM TOJTHOCTBIO Hecropepmmue yriaeBomoponsl C,,H,,
okucibl cepbl SO,, KOMIIOHEHTHI CBHHIIA U JPYTHE BEIIECTBA B 3aBHCUMOCTH OT BHJIA U COpPTa CHKH-
raeMoro ToruiuBa. [Ipu 3ToM BBEIOPOCHI IBUTATENe TPAHCIOPTHBIX CPEICTB 3aHMMAIOT TIEPBOE MECTO
Cpeau TIepBUYHBIX NCTOYHUKOB 3arpSI3HEHUS aTMOC(hEpHI.

Bwmecre ¢ TeM oTpaboTaBIime rasbl SBISIIOTCS PACPOCTPAHEHHBIM U JJOCTATOYHO MOIIHBIM UCTOY-
HHUKOM BTOPUYHBIX dHEPTrOPECYPCOB, C KOTOPBIMH OTBOJIUTCS B OKPYKAIOIIYIO cpeay oT 25 mo 35 %
SHEPrUU CXKUTAEMOTO B JiBUTaTese BHyTpeHHero cropanus (JBC) nernoro tommBa. [Ipumenenne Ha
SHEPrOCUJIOBBIX YCTAHOBKAX CHUCTEM BHENIHEW YTHJIM3AIMU TEIIOTHl OTPAO0OTaBIIUX T'a30B CETOHS
paccMaTpuBaeTCs KaK OIMH U3 OCHOBHEIX MyTEW CHUKEHHUS yNIEIHLHOTO Pacxo/a TOIUINBA U YMEHBIIIC-
HUS 3arps3HEHUS OKPYKAIOLIEH cpellbl TOKCUYHBIMU KoMIToHeHTamu [1, 2]. Ilpu 3ToMm elie He co3aaHbl
Hay4YHbBIC OCHOBBI, HEOOXOMMBIC ISl TPOSKTUPOBAHUS U U3TOTOBJICHUS BEICOKO3(D(PEKTUBHBIX YTUIIHU-
3aIIMOHHBIX TETIO0OOMEHHUKOB.

[losTomMy mpexze Bcero HeOOXOAMMO PacCMOTPETh (PM3UUYECKHE OCOOCHHOCTH W JaTh MaTeMaTH-
4YecKoe OIMCaHKe MPOIEeCCOB THAPOJAHMHAMUKH U TEIUIOOOMEHA B OXJIAXK/IaeMbIX KaHallaX yTHIN3alld-
OHHBIX TEIJIOOOMEHHHUKOB, ONTHMHU3UPOBATh KOHCTPYKIIUIO YTHUIU3AIMOHHOTO TETUIOOOMEHHHUKA IO
OCHOBHBIM TEIIJIOOOMEHHBIM, THJIPABIUYECKUM U aKYCTUYCCKUM XapaKTePUCTUKAM, YCTAHOBUTH B3au-
MOCBSI3b MKy OCHOBHBIMH TEPMOIMHAMUYECKIMH TTapaMeTpaMHy Ta30BOT0 TTOTOKA B TO BIUSHUE, KO-
TOpPOE OHU OKa3bIBAIOT Ha A(h(HEKTUBHOCTD M 3KOJIOTHYECKHe oka3arenu padotsl [IBC.

Kak u3BecTHO, MpUMEHEHUE TAYIIUTENICH B Fa30BBIMYCKHOM TPAKTE MO3BOJISICT YMEHBUIUTD IIYM
Ha BeITycke Ha 30—40 nb, omHaKO OJHOBPEMEHHO IMOBBIMIACTCSI COMMPOTHUBIICHUE IMMOTOKY BBIXJIOMHBIX
raszoB — norepu 3¢ dextruBHOI MontHOCTH [IBC MoryT moxomuts 10 3—4 % [1, 2].

B cBs3u ¢ aTuM nepen pazpaboTUYMKaMM TIIYIIUTENEH CTOUT CIOXKHAs 3ajlaya: MUHUMHU3HUPOBATh
MOTEpH, BBI3BAaHHBIE COMMPOTUBIICHNEM, 00ecreunBas Ipu 3ToM Tpebyemoe mymormymeHue. HecMoTpst
Ha 3HAYUTEIbHOE KOJTMYECTBO HAyYHBIX UCCIICIOBAHMI B 3TON 001aCTH TeXHUKH [1, 2], B meyaTu gaeTcs
KpaiiHe OrpaHrYeHHas MHPOPMAIUs O KOHCTPYKTUBHBIX OCOOCHHOCTSIX TJIYIIUTENIEH U My TSIX JOCTH-
KeHus uX onTuMaiabHbIX XapaktepucTuk ('OCT 31328-2006 (MCO 14163:1998) «Illym. PykoBoacTBo
[0 CHWXXEHHUIO Iyma rnymurensMm»; nmar. PO 2056508 Cl, MIIK FOIN1/08 «[mymuTens myma
JBUTATENIsl BHYTPEHHETO CropaHus», aBTopel — B. . I'pynanos, C.B. AKyneHKo; 1Mojl. MOJENb K TaT.
RU 171331 U1, MIIK FOIN13/02, FOIN1/06 «PeakTuBHBI# Ty muTelb mryMay, aBTopsl — C. I. CMUpHOB,
B. A. Huxonaepa, A.U. Komkun, A.U. beikos; [3—17]). IIpu 5TOM BOIpOCH YTUIU3AIUN YHEPTUU OT-
paboTaBIINX Ta30B OOJBITHHCTBOM HCCICIOBATEICH HE3acHyXKEHHO O0OWIEHBI CTOpoHOU. [ToaTomy
co3nanue dQ(GHEKTUBHOTO TIYIIUTENSI ¢ MUHUMAIbHBIM ITPOTHBOJABICHHEM U YTIIIH3AIUEH SHEPruu
O0TpabOTABIINX Ta30B ABISETCS aKTyaJIbHOM 3a1a4ei.

TaxuMm oOpazom, yenb Hacmoawezo ucciedo8anus — pa3padoTKa HAyYHBIX OCHOB MTPOCKTHPOBAHUS
TIIYIIUTENeH IyMa IBUraTens BHyTpeHHero cropanus (JIBC) ¢ yTunu3anueit TenaoTsl oTpadoTaBIIiX
ra3oB, 00ECMEYNBAIONINX BBIITYCK TA30BBIX MMOTOKOB C YIYUIICHHBIMU Ia30IMHAMHUYECKIMU U aKyCTH-
YEeCKUMHU XapaKTePUCTUKAMI.

[ponecepl yrunuzaiuu (0TOOpa) SHEPrUM OTPAOOTABIIUX T'a30B B BBITYCKHBIX TpakTax [IBC mo-
TYT OCYIIECTBIATHCS C TIOMOINBIO YTHJIM3AIMOHHBIX TEMJIOOOMEHHUKOB CAMBIX Pa3HBIX KOHCTPYK-
LU TUIACTUHYATHIX, TPyOUaThIX, 3MEEBUKOBBIX, «I'perolinxX pyOamek» u ap. (mar. RU 2243388 C2,
MIIK FOIN1/24 «I'mymuTens myma JBUTATeNs] BHYTPEHHErO cropaHus», aBTopbl — B.JI. 2KnaHos,
3.b. Kynosckuii, A.Il. Pakomcun, B.B. Kopcakos, M. 1. 'opbanesuy; a. ¢. 1501621 CCCP: F 01 5/02
«'mymuTens myma ABUrarens BHYTPEHHEro cropasus», aBropel — B.S. I'pymanos, H.U. Illupun,
K.H. Tynansckuii, I. 1. benoxBocToB; «TpaHCTIOPTHBIN yTHIM3ATOP TeIIa OTPa0OTABIINX Ta30B», aB-
topel — B. fl. I'pynanos, A.H. Py6anos, JI. T. Tkauesa, A.B. Hukomaes, C.JI. HoBogBopckwnii; [18-23]).
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JlaHHBIE TIpOIIeCCHI CBSA3aHBI MPEXK /I BCETO ¢ BHEITHUM BO3JICHCTBHEM HA TA30BBIHA MTOTOK ¢y (dqyy < 0),
C JMCCUNIANMEN YacTH MEXaHMYECKOHW DHEPrMM W NPEBPAlIEHUEM €€ B TEIUIOTY TpeHus (dg., > 0)
Y C BOBHUKHOBEHHEM B Ta30BOM ITOTOKE BCIIEICTBAE XMMHUYECKUX IK30TEPMHUUECKUX PEaKIINi OKHCIIe-
HUS OKCHJIOB a30Ta NO, BHYTPEHHET0 UCTOYHUKA TETUIOTHI ¢y iy (AGxun: > 0).

s ananu3a TakuxX IpoLECcCOB BOCIIOJIb3YEMCsI OCHOBHBIMHU NOJ0xkeHUAMU Teopun JI. A. Bynuca [3]
u OyJeM paccMaTpHuBaTh J03BYKOBOH MmoTok ¢ yuciaoM Maxa M = 0,3-0,4 (M < 1) 1 BHEIIHUM TerLIO-
BBIM BO3/CUCTBUEM d(y; < 0, TO €cTh MpeACTaBUM, UYTO y4acTok TpyOorposoaa /IBC c ycranoBieH-
HBIM B HEM TEIUIOOOMEHHUKOM paboTaeT B peKMMe KOMOMHHUPOBAHHOTO COIJIA M MCIIBITHIBACT TOJb-
KO TEIJIOBOE BO3JEHCTBHE, IIPU 3TOM TEXHHUYECKash padoTa HEe COBEPIIACTCS, IPOXOAHOE CEYCHHE TPY-
OBl HE M3MEHSETCS MO JUIMHE M PAcXoJl Ta3a OCTaeTCsl MOCTOSHHBIM, MPH 3TOM Oy/AeM Mojararb, 4To
|dqenl > (Aqrp + dqxun) W1 (AGgy + dgrp + dgxun) < 0.

TepMoauHaAMHYeCKH aHAJW3 NPOLECCOB YTUIU3ANUU IHEPruu OTPadOTABIIMX Ta30B.
s TepMOMHAMHUYECKOTO aHalin3a BbIxyonHoro Tpakta JABC ¢ yrunuszanueil TenaoTsl peaabHbIi
pabounii HeoOpaTUMBIF TIpollecC B JIBUTATENe IEIeCO00pa3HO 3aMEHHUTh OOPaTHUMbIM 3aMKHYTBIM
LUKJIOM, COBEpIIaeMbIM | KI' ABYXaTOMHOTO HJI€aJILHOI'O ra3a, pU YCIOBHH, YTO KOJIUYECTBO MOA-
BEJICHHON TENJIOTHl B HJICATHHOM ITMKJIE COOTBETCTBYET TEILIOTE, BBIJACIUBINEICS TPU CTOpPaHUH
peaNbHOro TOIJIMBA B CMECH C BO3AYXOM, a KOJIMYECTBO OTBEJEHHOM TEMJIOTHl — TEMJIOTE MPHU OX-
JaXIeHUH OTpabOTaBIIMX Ta30B IMOCTe UX BbIOpoca B arMocdepy. g yTuiausanuu TermioTsl oT-
paboTaBmIMX Ta30B MOKHO HCIOJb30BaTh, HANPHUMEP, TEIIOOOMEHHUK-3MEEBUK, 3alOTHEHHBIH
OXJIAXK IAFOIIIEH JKUIKOCTHIO (IIPOMEXKYTOYHBIM TEILNIOHOCUTENIEM) U YCTAHOBIECHHBIN B MOJIBIX PE30-
HAaHCHBIX Kamepax ITyHINTEeNs IyMa CUCTEMBI BhIITycKa ABUraTens. Cxema Takol yTHUIN3alnOHHON
CUCTEMBI [TOKa3aHa Ha puc. 1.

[.B.C.

Puc. 1. Cxema cuctemsl BbillycKa ¢ yTuiau3amnueil sHeprun orpadorasmux rasos J[BC B reruio-

0OMEHHHKE-3MEEBHUKE C OXJIaXKTAIOIICH )KHUIKOCThIO: [ —BUTATENb, 2 — IpHEeMHas TpyOa, 3 — riry-

[IUTENb IyMa, 4 — TSII00OMEHHHUK-3MEEBUK C OXJIaXKJAIOIICH KUIKOCTBIO, 5 — BEIXJIOMHAS TPyOa,
6 — pe30oHaHCHas KaMepa

Fig. 1. Scheme of the exhaust system with the energy recovery of the exhaust gases of the internal
combustion engine in a heat exchanger-coil with a coolant: / — engine, 2 — receiving pipe, 3 — noise
suppressor, 4 — heat exchanger-coil with cooling liquid, 5 — exhaust pipe, 6 — resonant chamber

Ha pwuc. 2 npusenena 7-S auarpamMma 3aMEHSIOIIETO
(naeanpHOrO) OOpaTuMoro nukiaa OTTO ¢ yTUIU3alUuen Te-
TIJIOTHI OTPabOTABIITUX T'a30B.

IIponeccrr 2—3 cropanus Tomiauba U 4—1 BeIXJIONA CUH-
TAOTCA KaK M30XOPHBIE MPOLECCHl MOABOMAA TEIJIOTHI ¢
1 OTBOJIA TEIUIOTHI ¢, & MPOIECC OTBOJIA TETUIOTHI C yTUIIH-
3alUEN ero B TEIIOOOMEHHUKE-3MeeBUKe — 4'—1'.

Toraa repmudeckuii K03QOUIIMEHT MOJIE3HOTO JCHCTBHS s
(K[ ) nukna OTro: Puc. 2. T7-S puarpamMmma 006paTUMOro mnpouecca
1) 6e3 yrmim3anuu: unkna OTTO ¢ yTuan3aLmeii TemioTsl 0Tpado-
TaBIINX I'a30B
Orro _ b+A4 . . .
My—3-4-] =1————— (1)  Fig. 2. =S diagram of the reversible process of

2
atb+c the Otto cycle with exhaust gas heat recovery
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2) ¢ yTHJIM3aIHCH:

Orro b
N3y =l————, )
a+b+c
TO €CTh
Otto OtTo0
Ny—2—3-4—1" > Nj~2-3-41 3)

OnHako IS perieHrsi KOHKPETHBIX MH)KEHEPHBIX 3aj[ad BaXXHO 3HATh, HACKOJBKO NPEICTaBIISET-
Cs1 BO3MOKHBIM CHU3UTBH TEMIEpaTypy OTpaOOTaBIIMX ra30B, KAKUM IMPU 3TOM KOJIUYECTBOM TEIIJIOTHI
MOYHO pacrojiaraTe U J0CTaTOYHO JH € OyAeT IUIsl MPAKTUYECKON pean3aliy 3aJaHHOIO TEXHOJIO-
THYECKOro mporiecca. B ¢B3u ¢ 3THM HEOOXOAMMO PaccMOTPETh IKCEPTUI0 TETUIOTH OTPabOTaBIINX
ra3os [IBC c Touku 3peHHs BO3HUKAIOUINX B CUCTEME HEOOPATUMBIX TPOLIECCOB.

PaccmoTpuM Bompoc paboOTOCIIOCOOHOCTH HAIleH TEpPMOAMHAMHUYECKONH CHCTEMBI, COACpIKAIICH
BEpXHUH (TemmepaTypa oTpaboTaBIIKX ra3oB) 77 U HUKHHUK T, UCTOYHHKH TEIUIOTHI U paboyee TeJo,
IIPY TOMOIIY KOTOPOT'O COBEPUIAETCS IIUKJI U C KOTOPBIM MOABOAUTCS TEIIOBOM NOTOK ¢. Ecnn B Kaue-
CTBE MCTOYHHUKA TETJIOTHI C TEMIIEPATY POl T, MPUHATH OKPYKAIOIIYI0 cpeny 1, KaK 3JEMEHT TEPMO-
JUHAMHYECKON CHCTEMBI (Cly4ail ¢ OOBIYHBIM TIYIINTENEM), TO pab0TOCIOCOOHOCTh MOKHO BBIUHC-
JINTB Yepe3 SKCEPTUI0 TEIIIOTHI:

Eogi e @
4
a ee yMEHbLICHHUE B pe3yJIbTaTe HeOOPaTUMOro MajAeHus TeMIEpaTypbl OTpadOTABIINX [a30B COTIACHO
teopeMe ['yn—CTo10516I MOYKHO MPEAICTaBUTH KaK
E=E —-E, =T, -AS. ®)

Torna:

1) c yrunuzamuei:
h-1T, L -T,

Ey=E-E,=q +|-q = ©)
y Ti ].i!

’
rae 1) — TremnepaTypa ra3os B DIIyHIMTENE IIyMa IpH UX oxnaxkaeHud, K; 7) — remnepaTypa IpoMexy-
TOYHOT'O TEINIOHOCUTENISI B TEIUIOOOMEHHUKE-3MeeBUKe, K; ¢ — TenmoBoi moTok, K /[K/KT;
2) 6e3 yrunmzauuu £, = 0:

—F = _Top
Eoy=Er=q| —— | (7)
i
rie 7} — Temmeparypa razoB, HPOXOAALIMX MO OOBIYHOMY [Ty LIHTENH0, K.
CretoBaTenbHO, ¢ Kaxa0ro 1 Kr cxuraemoro tomusa B JIBC B cilyuae yTHIN3ALUH SHEPTUH OT-
pa60TaBHH/IX Ta30B MbI MOXEM II0JIC3HO HUCIIOJIb30BaTh

E=Eg, — Ey, xJUx/kr. (8)

OKCepreTH4YeCKUid aHajIu3 TeIJIOOOMEHHBIX MPOLIECCOB B INIYLIMTENE, TAKUM 00pa3oM, yKa3bIBa-
€T Ha MYTH TOBBIIICHUSI €r0 TePMOJUHAMHUYECKON (P PeKTUBHOCTH. Tak, MPUMEHEHHE TETI000MEH-
HUKa-3MEEBHKa B TIIYLIUTENC BBI3bIBACT CHUIKCHHE TEMIIEPAaTypbl OTPabOTABIIUX ra30B, YTO B CBOIO
oyepenb MPUBOAUT K CHMIKCHHIO IOTEPU KCEPrHM IO OTHOUICHHIO K O0bIYHOMY miiymmuTento. Ecnu
MoOIIHOCTH JiBuraress ['A3-53 npu HOMHHATBHOM YHciie 000pOTOB KoJieHYaroro Basia 2600 06/MuH co-
CTaBJISIET 1O MACIOPTHBIM JaHHBIM 85 KBT, TO, IpUMEHNB YCTaHOBJICHHBIH B TIIyLIMTENE IIyMa Te-
171000MEHHUK-3MEEBUK, JONOIHUTEIBHO U3 OTOPOCHON TEIUIOTHI C OTPa0OTABLUIMMH ra3aMHU, COIJIACHO
pacyeTaM, MO>KHO MOJIE3HO UCTONB30BaTh 5—10 % sHEepruu cxxuraemoro toriusa. [lpu aTom Temnepa-
Typa oTpaboTaBIINX Ta30B CHIKaeTcs Bcero Ha 60—80 K.

Ha puc. 3. mpezcraBieHa quarpaMma MOTOKOB 3KCEPTUU TEIUIOTHl pACCMOTPEHHOM TepMOJMHAMU-
YEeCKOM CHCTEMBI C YTHIM3alUeH TemIOThl OTPpaOdOTaBIINX Ia30B, IOCTPOCHHAS B COOTBETCTBUU C pe-
3yJNbTaTaMU IPOBEICHHOTO aHAIN3a.
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06L1ee KONMYECTBO TENNOTHI,
BBELEeHHOe B aguratens ¢ Tonnmeom (100 %)

Tennora, -
nepesasaemas
oxNnaxaarLLen Tennora,
cpege (21,6 %) 9KBUMBANEHTHas
apheKTUBHON
oS~ padoTe (27,8 %)
/
Hey4TeHHble
noTepu Tennota
TennoTbl (7,3 %) 0T XMMUYecKon
HENOMHOTHI
\ cropaus (16,0 %)
yA

[ToTepwn B OKpyXXatoLLyto cpeay
0T cTeHok rnywutens (0,9 %)

— ™| VYtunusuposanas Tennota (10 %)
< /
MoTepu rywuTens />§(\
B npuemHoit Tpy6e (1,7 %)

N\

Tennota, yHeCceHHas
C 0TpaboTaBLIMMU
MoTepyn Ha TpeHue rasamu (27,3 %)

B rnywurene (1,2 %)

X
s

Tennota ¢ oTpaboTaBLLUMU
ra3amu B OKpY><aioLLyto cpesy
(13,5 %)

Puc. 3. JluarpamMMa mOTOKOB 5KCEPTUH TEIIOTHI ABUTATEN I BHYTPEHHETO cropanus apromoomis [A3-53

Fig. 3. Diagram of heat exergy flows of the internal combustion engine of the GAZ-53 car

Takum 00pa3oM, MIYHIUTEIb [IyMa ¢ YCTAHOBJICHHBIM BHYTPH TEIIIO0OOMEHHUKOM-3MEEBUKOM C I10-
3HUIIMH BTOPOTO 3aKOHA TEPMOIMHAMUKHU, BBIPAYKEHHOT'O TTOCPEICTBOM AKCEPreTHUYECKOT0 aHAIU3a, SiB-
JisieTcst 00Jiee COBEPILICHHONW TEPMOIMHAMUYECKOM CUCTEMOM 10 CPABHEHUIO C OOBIYHBIM Ty IHUTEICM.

MaremaTH4ecKkoe OMUCAHHE MPOIECCOB YTHIN3ANNA B YCJIOBHAX BHEIIHETO TEMJIOBOr0 BO3-
peiictBusi. YToOBI OTpa3uTh GU3MUECKYIO CYIIHOCTh pacCMaTPUBAEMBbIX IPOIIECCOB U JIaTh MX Mare-
MaTHUYECKOE OIUCAaHUE, TPUMEM, YTO padoTa MITYIIUTENs IyMa ¢ yTHUIIM3alued S3HEPruu ra3oB (C ycTa-
HOBJICHHBIM BHYTPH TEIUIOOOMEHHHKOM) aHAJIOTHYHA paboTe KOMOMHHPOBAHHOTO COILJIA, B KOTOPOM
OJHOBPCMCHHO MPOABJIAIOTCA Tr€OMETPHUYCCKUC, pACXOAHBIC, MCXaHNYCCKUC U TCILJIOBBIC BO3I[CI710TBHH,
a Tak)ke padoTa CHJI TPEHHS.

[nymmrens nryma npeacTaBiseT co0oi TpyOy MepeMeHHOro ceueHus (dF = var), yepe3 KOTOPYIO
MPOXOUT T'a3 MEPEMEHHOr0 MaccoBoro pacxosaa (dG = var), Tak Kak JBUTaTe)Ib aBTOMOOMIISI TOCTOSIHHO
paboTraeT B HECTALIMOHAPHOM PEKUMe. B TO jxe Bpems JBUKEHHE ra3a 1o TIyIIMTEI0 HEITOCTOSHHOTO
ceueHus (dF = var) MOXKET COITPOBOXKAATHCS COBEPIICHHON MEXaHUYECKON pabOTOM, €Clii YCTAaHOBUTH,
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HarpuMep, TypOWHY B OIHY W3 PE30HAHCHBIX KaMep, TO €CTh dL,.x = var. OMHOBPEMEHHO B TIIYIIH-
TEJAX IIyMa aKTHBHO-PEAKTUBHOTO THIIA B HAMOOIBINEH CTENEHU MPOSBIISCTCS SBICHUE JUCCHITAIIHH
SHEPruM JBHXKCHUS Ta3a — Mpollecca pacCeUBaHUs YACTU MEXAaHUYECKOM SHEPTrUM U MPEBPAIICHUS €€
B TEIIOTY TPeHHUs dL.,. VI, HaKOHEl, NPOLECC yTHIM3AlluK SHEPTHHU Ia30B B IIYIIMTENIAX IIyMa Xapak-
TEepU3YETCS TMPEXKIC BCETO OTBOIAOM TEIUIOTHI d(yy, @ TAKXKE TCTIOTON d(yyy, BBLACISICMON MPH XUMHU-
YECKUX peakuusax okucieHus okucu azota NO u ayokucu NO, u nanpHeimei nonumepuzanuu NO,
B YeTHIpexOKuch a3oTa N,Oy4 (Ipu moctrokeHuu Temreparypsl raza Huxe 420 K). [lpuuem peakius
MPEBpAILEHUS OKUCH a30Ta OCYIIECTBISETCS C BBIJICIICHUEM TEILIOTHI, TO €CTh d(yyy > 0.

Takum oOpa3oM, o0Omas TEII0Ta, MOJBOANMAS K MTOTOKY Ta3a, CKIAALIBACTCS U3 OTBOAMMON HAPY-
KY Gy, TEMIIOTBI TPEHUS ¢rp M TEIJIOTHI XUMUYECKUX PEAKIMHI Gy

4 =4u + Grp + Gxars ©)
T
dq = dqy,, + dq.p, + dyyy,.- (10)

Torma ypaBHEHHE MTEPBOr0 3aKOHA TEPMOAMHAMHUKH JIJISI IOTOKA pabovero Teja ¢ yTHIIH3aIueH Te-
ILTOTHI (OXJIXKICHUEM ra3a) IPUMET BU/I:

dq=di+WdW + gdh+dL., +dL,,. (11)

ITonaras, 4t0 dLp, = dq.p 1 U1 TOPU30HTAIILHO PACIIONOKEHHBIX IayInuTenei dh = 0 (rae h — reo-
MeTpHUUecKas BEICOTa),

dq, +dqy =di+WdW +dL . 12)
W3 obuiero ypaBHEHHUS SHTPOIIHH HMEEM
dq
as=—, 13
T (13)
nJIIn
s = ot Ay * (14)
T
B 10 xe Bpems u3 ypaBHeHus Jlamaca ciaenyer
2
P _ _a_ (15)
ov), v?
rie V — ynenbHbI 00beM.
Mexy TeM U3 ypaBHEHHS HEPa3pbIBHOCTH
F
v =V ar + aw , (16)
F w
UCTIOJB3YS BBIPAKECHHE
P T
(2] [ar(2) .25 -
ov ), or), C,
IoJTy9aeM CIeAyIONTyI0 0000MEeHHYI0 3aBUCUMOCTD, YAOOHYIO JIJIsl AAIBHEHIIIETO aHaln3a:
dq,, +dq., +d
vap=—g*| X AW 1OV B T Ty T B (18)
F - w v\dT), C,

I[anee HCIIOJIB3YEM U3BCCTHBIC YPABHCHU A, BBIPAKAOMINUC TAKIKC HepBLIﬁ 3aKOH TCPMOJNHAMUKMU:

PAV =d(PV)+WdW +gdh+dL, +dL,,. 19)
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Tak kak
d(PV)=PdV +VdP, (20)
TO
WdW =-VdP —gdh—dL,. —dL,,. (21)
Hcxoms u3 Toro, 94To
Ma = K, (22)
a

T7Ie @ — MECTHAasI CKOPOCTh 3BYKa, TIOJCTaBUM 3HaueHue 1151 VdP B ypaBaenue (21):

(Ma2—1)d—W :d_F_L(%j quH_L(%j -qup—L(%j dg, -
w  F vc,\or), ve,\er ), ve,\or),

(23)
1 g 1
_a_2dLTp —a—zdh _a_zdLTeX‘
[Ipunumas, 4to dq.p,= dL.p,n dh = 0, nomy4aem:
dw dF 1 (oV 1 1 (oV 1
Ma* —1)—="—-——| — | (dq,, +d -—dL . —|—|—| +—|dL.,. (24
( ) % F ch(ﬁT]p( 9u qng) az TeX ch(aT]p CZ2 Y ( )

Takum 00pa3oM, MBI AHAIUTHYECKH MOJYYHJIM YPaBHEHUE, XapaKTepU3yIOlee N3MEHEHHE CKOPO-
CTH Ta3a B INIYMIMTEJIE LIyMa ¢ YTUIM3ALUed SHEPTUU C YUETOM BCEX BBILICNEPEUHCICHHBIX (aKTo-
POB BO3JEHCTBHUA.

PaccMoTpuM 1osTy4eHHOE COOTHOMIEHHUE MPHU yCIOBUM, YTO dF = 0, dL,ex = 0, dL, = 0, HO ipy Ha-
JIUYUU OTBO/IA TEIIOTHI (OXJIaKA€HU I Fa30B):

s ondW 1 (ov
(Ma —1)7——1/—%(5 p(quH +quI/IM)' (25)

HpI/I OXJIAKJACHHWU I'a30B quH < 0, HO OAHOBPEMEHHO quMM > 0. OTCIOZ[a paccMOTpUM JiBa Ciiydas.

1. Ecnu (dqgy+ dgyu) <O.

oV
Tax xak nns razos Bcerna C,> 0, [ﬁ > (0 ¥ mpu J03BYKOBOM TOTOKe Ma < 1 (mBUTaTeNH, Kak
P

npasuiio, padotatoT npu Ma = 0,3 + 0,4), TO UHTEHCUBHOE OXJIAXKACHUE Ta30B (d¢yy T dxuy) < 0 mpu-
BOJUT K TOPMOXKEHUIO TOTOKA d W < 0, TO €CTh ra3 B IOTOKE COKMMAETCS U €r0 CKOPOCTh YMEHBIASTCSL.

2. Ecmum (dqen+ dgyuy) > 0.

B »TOoM cimydyae mmeeT MECTO TOABOA TEIUIOTHI, YTO OOYyCIaBIMBAET yCKOpeHHe moToka dW > 0.
Ortcrofa cienyeT BBIBOM, YTO NPH d(yy = dyyy TAYIIMTENb ITyMa B JIAHHOM CIly4ae HE WUCIBITHIBACT
TEIUIOBOTO BO3JEHCTBHUSI, XOTSI ra3bl OXJIaKJAIOTCS M TEIIOTa OTBOAMTCS, HO 9Ta TEIJIOTA SKBUBAJICHT-
Ha TEIJIOTEe, KOTOpask BBIACISACTCS IPH XUMUYECKUX PEaKUsIX OKUCICHUS OKUCH a30Ta NO B BBICIIHE
okucibl. [Ipu 3TOM OTMETHM, UTO TIPH COOTBETCTBYIOmMHUX TeMieparypax (Humxe 1000 K) okcna azo-
ta (II) (oxmeh azota) NO OKHUCISAETCS H30BITOYHBIM KHCIOPOIOM J0 THOKCHIA a30Ta (IIBYOKHCH a30Ta)
NO, no peakuuu

2NO + 0, = 2NO, + 124 k][ (26)

[Ipu manepneiimem oxnaxaenuu (473 K) maumHaeTcs mporecc MOJMMEpH3aluy ABYOKHCH a30Ta
B TETPAOKCH]T THA30Ta (UETHIPEXOKHUCH a30Ta) N,Oy:

2N02 = N204 + 56,9 KI[)K (27)

B cMmecu rasos, cocrosiei n3 okucu azora NO u nByokucu azota NO,, 0THOBPEMEHHO C YeThIpeX-
OKHUChIO a30Ta N,O4 BO3MOXKHO 00pa3oBaHne M TPHOKCH A 1Ha30Ta (Tpexokucu azora) NyOs:

NO + NO, = N,0; + 40,1 &JIx. 28)
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Takum 00pa3om, Impu nepecueTe Ha 1 MOJTb OKCHIA a30Ta:
nipu okucaernu 10 N,O4 1o mytu (26), (27) 5KBUBaJIEHTHOE ypaBHEHHE PEAKIINN UMEET BH]L

1 1
nipu okucaernu 10 N,Oz o myTH (26), (28) S5KBHBaJI€HTHOE YpaBHEHHE PEaKIINA NMEEeT BUJT
1 1
NO + ZOZ = 5N203 + 51,05 x/I>x/MOb.

Co0TBETCTBEHHO, pEaKIHs OKUCICHUS TOIBKO 1 MOJIS OKCHJIAa a30Ta MPOUCXOANT C BBIJCICHUEM JI0
90,45 x/Ix TemnOThL. 3HAYMT, ISl TOCTHIKEHUS MOJIOKUTEIBHOTO AP deKTa TerIoBOro TOPMOKECHUS Ta3a
1 CHHO)KEHHSI TTPU 5TOM CKOPOCTH, a CIIEJOBATEIBHO, U YPOBHS 3BYKOBOT'O AaBJICHUSI HEOOXOIUMO, YTOOBI

Ay > Ay - (29)

YcTaHOBUM TaKKe XapaKTep BJIUAHUA TCIIJIOBOT'O BO3I{CI710TBH$I Ha UBMCHCHUEC NaBJICHUS, TEMIICpA-
TYpBI ¥ INIOTHOCTH. [IpH annabarndeckoM mpoiecce ypaBHEHUE COCTOSTHUS Ta3a HMEET BH/T
K
—_— = 5 (30)
B (po
rne P, p — mepeMeHHbIe TaBJIEHUE W INIOTHOCTH Tra3a COOTBETCTBEHHO; K — OTHOIICHHE TETIOEMKOCTH
IIPH TIOCTOSTHHOM JIaBJICHUH K TETIJIOEMKOCTH TIPH TIOCTOSTHHOM 00BeMe; Py, po — IIOCTOSHHBIE TaBIICHUE
M INIOTHOCTH COOTBETCTBEHHO [4].
Ucnonp3ys meton JI. A. Bynuca [3], moinydum cieayromue ypaBHEHHUS:
U3MEeHeHUs OABIeHUs:
) dP
P

(M 24 dG dFj+ 1 Mua

2
= KMa (?—? a_ZdLTeX +a—2(KMCl—1)(quH _quI/IM)’ (31)
pu dG =0, dF = 0, dLex = 0 v ip¥ (dqpy T dgxuy) < 0, Ma < 1 nonyuaem, uro dP < 0, TO ecTb JaBJe-
HHE [1aJIAET;

UBMEHEHUs MeMNePamypbl:

JT dG dF K+1 K-1
(1\/[612 )_ = (K I)M (E — ? + a—; dLTeX az (KMCZ - 1)(dQBH + dqng )) (32)

npu dG =0, dF =0, dL,x=0, Ma < 1 u nipu (dq,y + dgxy) < 0 momyuaem, uto d7 < 0, To ecTh TEMIIEpa-
Typa YMEHBINACTCS;
UBMEHEeHUS. NJIOMHOCMU.

(1\/1412 - 1) dp =Ma (dG dF Lz[dLTex + (K - 1)(quH - quI/IM)]j’ (33)
o) G F a

3nech ipu dG =0, dFF =0, dLiex = 0, Ma < 1 u ipu (dgy, + dgxuy) < 0 cemyer, uto dp > 0, TO €CTh TIOT-
HOCTh ra3a yBeJIUYHUBACTCA.

B pesynbraTe mosydaeTcsi, 4TO MPOIECChl YTHIIM3AI[UU SHEPTUH OTPA0OTABIIKX ra30B CIIOCOOCTRBY-
FOT CHUKCHHIO TeMITepaTyphbl 7, BO3PACTAHUIO MJIOTHOCTH P, YMEHBIICHHIO CKOPOCTH MOTOKa W u maje-
HUIO JIaBJIeHUS P, TO ecTh uMeeT MecTo 3(P(EeKT TerioBoro TOPMOKEHUSL.

CHmxeHue naBieHus P U yMEHBIIICHHE CKOPOCTH W TIpu 0JJTHOBPEMEHHOM YBEINUYCHUH P IIPUBOIHUT
K MEHBIIIEMY MPOTUBOJIABICHUIO B CHCTEME BBIMTyCKa JBUTATEINSI U OOYCIOBIMBAET TEM CaMbIM IOBBI-
menue ero KII1/I. BmecTe ¢ TeM cymecTBeHHO CHIKAETCS M YPOBEHB ITyMa OTPabOTaBIINX Ta30B B CH-
CTEMC BEBIITYCKaA.

3akiouenue. OrpadoTagiire ra3sl JIBC uMer0T 3HaYUTEIbHBIE 00BEMBI, OOJIBIIINE CKOPOCTH JIBHU-
JKEHHUS Ta30BOTO MOTOKa ¢ Temmeparypoil 150-200 °C u B 1meioM mpeacTaBisiioT co0ol JOCTATOYHO
MOII[HBIH UCTOYHHK BTOPUYHBIX 3HEPTOPECYPCOB, IIPU ATOM OTOOpP SHEPIUU OT OTPabDOTABIIUX Ta30B
11e1ecoo0pa3HO OCYIIECTBIATH C MOMOIIBIO CHEIUANIBHBIX YTHIN3AIIUOHHBIX TEMI000MEHHUKOB-TE-
IOy TUITN3aTOPOB, COBMEIIEHHBIX KOHCTPYKTHUBHO C CEPUMHBIM TIYIIUTENEM IIyMa.
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TepMonrHAMIYECKHI aHAIIN3 MPOIIECCOB YTHIIM3AIUN YHEPTHH OTPAOOTABIINX Ta30B TOATBEPIHI,
YTO TIIYIIUTENh IIyMa C YCTAHOBIEHHBIM BHYTPH TEIJIOOOMEHHUKOM-3MEEBHKOM C ITO3UIIUHA BTOPOTO
3aKOHA TEPMOJMHAMHKH, BEIPAKEHHOT'O MOCPEICTBOM IKCEPreTHUESCKOr0 aHAIM3a, sIBIseTcs Oolee co-
BEPILICHHOW TEPMOJAMHAMUYECCKON CHCTEMOM 10 CPABHEHUIO ¢ OOBIYHBIM TIIYIIUTENIEM U UMEeT Oolee
BBICOKHH TepMHUUECKU KOIP(HUIIHECHT ITOJIE3HOTO TCHCTBHS.

MaremaTndeckoe ONUCaHUe MPOLECCOB YTHJIM3ALUU B YCIOBUAX BHEIIHErO TEMJIOBOTO BO3JEH-
CTBUS [I0KA3AJI0 CHUIKEHHE TeMIEepaTypsl I, BO3pacTaHUE IJIOTHOCTH P, YMEHBIIEHUE CKOPOCTH IIO-
TOKa W u majeHue AaBlieHWs P, 9TO IPUBOAUT K MEHBIIEMY NMPOTHUBOJABICHUIO B CUCTEME BBITyCKa
nBuratens, moBeimeHuto ero KI1/I, cHUKeHnIo ypoBHS ITyMa BBIITYCKa, TaK Kak MMeeT MecTO d(hdeKT
TEIIOBOI'O TOPMOKEHHSI IIOTOKA ra30B — 3aKOH TEIJIOBOI'O TOPMOXKEHHSI, OTKPBITOIO BIIEPBBIE TETIO(H-
sukom JI. A. Bymucom B 1950 1. [3].

IlonydeHbl aHAIUTUYECKUE YPABHEHUS JUIsl ONPENECICHUs NABJICHUS, TEMIEPATyphl U IMIIOTHOCTH
B YCJIOBHSIX BHEUIHETO TEIJIOBOIO BO3ACHCTBUSA, BHIBEICHO YPaBHEHUE MIEPBOI0 3aKOHA TEPMOJIUHAMHU-
KM JUIsl TIOTOKa pabodvero Tejla ¢ yTHIM3alMeld TemIoThl, U3 KOTOPOro ClenyeT, 4To obuiasi TerioTa,
HOJBO/IMMAsl K TIOTOKY Ia30B, CKJIaIbIBAE€TCS U3 OTBOJAUMON HAPYXKY (py, TEIIOTHI TPEHUS ¢rp U TETLIO-
THI XUMHYECKHUX PEAKIINHN ¢y

9 =4pu t 9rp T Gxun 1IH dq = dqy, + qup + Al gy (34)

oV
Tak kak mjas ra3oB Bcerna miIoTHOCTH p > 0, a | — | > 0 u npu 103ByKOBOM moTtoke Ma < 1
P

(mBuraTenp, Kak mpaBuio, paboraetr npu Ma = 0,3-0,4), To WHTEHCHBHOE OXJaXXJCHHE Ta30B
(dqu t dgxuy) < 0, TPUBOIUT K TOPMOXKEHUIO TIOTOKA dW < 0, TO €CTh Ta3 B IOTOKE CKMUMAETCS U €ro
CKOPOCTh YMEHBIIIAETCS.

VYTUIu3upoBaHHYIO TEIUIOTY OTPabOTaBIIMX Ta30B MOXKHO WCIIOB30BaTh, HATIPUMED, I 000-
rpeBa IMOMENIEHUH CIIeaBTOMOOHIIEH «ABTOMAacTepcKas», «TeXmoMoIey, «IeKTpoiadopaTopusy,
«ABTOMarasuH», HarpeBa BObl, IIOIOTPEBa TPOJAYKTOB IMUTAHUS H T. II.
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THE EFFICIENCY OF THE OILSEED DRYING PROCESS IN SUSPENDED LAYER

Abstract. The drying process of oilseeds in a suspended layer is investigated in order to increase productivity, reduce
energy consumption and improve the quality of seeds for multipurpose use. To study the process of drying seeds of agricultural
oilseeds, an experimental installation for drying seeds in a suspended layer has been developed, tested, optimized and imple-
mented. The developed plant for drying seeds in a suspended layer is simple in design and easy to use, has high productivity.
It also automates the process and has demonstrated a high level of operational safety during testing. To evaluate the effective-
ness of the process of drying seeds in a suspended layer using the developed installation, three types of seeds of oilseed crops
were selected: flax seeds, grapes and white sea buckthorn seeds. The results of the conducted studies of the drying process
using the developed installation are: increasing the speed of the drying process; reducing the processing time; reducing energy
consumption; reduction of processing costs; reduction of cost of processed products; improvement of the quality of processed
products by increasing the degree of uniformity of drying and ensuring the preservation of the basic properties of seeds during
heat treatment, mainly by reducing the degree of oxidation of vegetable fats in their components. Due to the rationalization of
the drying process of oilseeds based on processing in a suspended layer, a number of tasks currently facing enterprises engaged
in the primary processing of agricultural products have been solved. Using the results of the study will increase productivity,
reduce energy consumption and processing costs, reduce the degree of oxidation of vegetable fats in the composition of seeds
and improve their quality for subsequent use in the food industry, medicine, cosmetology, pharmaceuticals, etc.
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IOPEKTUBHOCTD ITPOLECCA CYIIKU MACJIMYHBIX CEMSH BO B3BEIHIEHHOM CJIOE

AnHoTanus. MccinenoBan nmponecc CyImIKd MaciIMYHBIX CEMSH BO B3BEHICHHOM CJIO€ C IIETbIO MOBBIIICHUS IIPOU3BO-
JUTEIBHOCTH, CHIDKCHHSI PHEPro3aTpaT U MOBBIIMICHUS KadeCcTBa CEMSH ISl UX MHOTOIENICBOTO MCIONb30BaHUA. [l u3y-
YEHUsS MPOIEcca CYIIKNA CEeMSH CeNbCKOXO3SHCTBEHHBIX MaCIUYHBIX KYJIBTYp pa3paboTaHa, NCIBITAHA, ONTHMH3NPOBaHA
1 BHEJIPEHA YKCTIEPUMEHTATbHAS YCTAHOBKA JIJISl CYIIKM CEMSH BO B3BEHIEHHOM clioe. PazpaboTaHHas yCTaHOBKA TS CYIIKH
CeMsTH BO B3BEIIEHHOM CJIO€ TIPOCTA M0 KOHCTPYKIIMH M yJ0OHA B IPUMEHEHHH, HMEET BBICOKYIO TPON3BOAUTENBHOCTE. OHA
TaK’Ke TO3BOJSET aBTOMATU3UPOBATH MPOLECC U MPOAEMOHCTPHPOBAA BBICOKHH YPOBEHB 3KCIUTyaTalHOHHOHM Oe30macHo-
CTH BO BpeMs HCIbITaHUH. YTOOB! OLEHUTH 3G (HEKTUBHOCTD MpoLEcca CYLIKH CeMsH BO B3BEIIGHHOM CJIO€ ¢ IPUMEHEHHEM
pa3paboTaHHOM YyCTaHOBKH OBLIM OTOOPAHBI TPH BHJAA CEMSH MACIHUHBIX CEIbCKOXO35HCTBEHHBIX KYJIBTYp: CEMEHa JIbHa,
BUHOrpaja 1 odnenuxu Oeioil. Pesyiabraramu MPOBEICHHBIX MCCIEA0BAaHUN MpoLEecca CYLIKH ¢ UCIIONIb30BaHUEM pa3pado-
TaHHOI YCTaHOBKH SIBJISIIOTCS: YBEIMYCHUE CKOPOCTH MpoLecca CYIIKH; COKpPALICHNEe BPEMEHH TeXHOJIOIHUeCcKoi 00paboT-
KH; CHIDKCHHE SHEPronoTpeOIeHus; CHHIKEHUE 3aTpaT Ha repepaboTKy; CHIKEHHE Ce0eCTOMMOCTH MPOIYyKTOB HepepadboT-
KH; TOBBIIICHHE KauyecTBa MPOAYKTOB MEPepadOTKH 32 CUET MOBBIIICHNS CTENICHH PAaBHOMEPHOCTHU CYIIKH M 00ecreueHHsI
COXpaHEHUs! OCHOBHBIX CBOWCTB CEMSIH B IPOIIECCE TEPMHUUECKOIl 00pabOTKH, INIaBHBIM 00pa30M IPH CHUIKEHUH CTEICHH
OKHUCJICHUSI PACTUTEJIbHBIX )KMUPOB B UX KOMIIOHEHTAX. 3a CUET pallMOHAJIM3alUY IPOLecca CYLUIKU MACIUYHbIX CEMSH, OC-
HOBaHHOIT Ha 00paboOTKe BO B3BELIEHHOM CJIO€, PEIIeH Psij 3a/]1a4, CTOSIINX B HACTOSIIEE BPpeMs IIepe/t IIPEANPUSITHIMH, KO-
TOpBIE 3aHATHI IEPBUYHON 1TepepabOTKOH CeIbCKOXO03SIHCTBEHHON POyKIUK. Vcronb30BaHme pe3yIbTaToOB UCCIICAOBAHMUS
TI03BOJIUT MOBBICHTH IIPOU3BOIUTEIFHOCTD, YMEHBIINTH TOTPEeOIICHIE 2IeKTPOIHEPTHH U 3aTPATHl HA TepepadoTKYy, CHU3HUTh
CTCHCHb OKMCICHUS PACTUTENBHBIX JKUPOB B COCTaBE CEMSH U IIOBBICUTH UX KAuECTBO JJIA MOCICAYIOLIErO NPUMEHEHUS
B IIMIIEBOH IIPOMBINUIEHHOCTH, MEUI[UHE, KOCMETOJIOT Y, (hapMaLeBTHKE U T.X.
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Introduction. Currently, the rise in energy prices makes it imperative to improve the efficiency of
primary agro-food processing technologies. Efficient management of the agro-industrial complex can be
ensured both by upgrading existing technologies and by developing and implementing new processing
methods [1-3].

Thus, the effort of researchers in the field is particularly directed towards reducing electricity
consumed and processing costs, increasing machine productivity and product quality [4—7].

Currently, one of the main problems of electrical seed drying technologies is the long process
time and the essential consumption of electricity [8, 57, 9—11]. The given problem is exacerbated in
the case of oilseed drying, which is rich in unstable vegetable fats in heat treatment processes [6—12].
Therefore, in order to identify solutions in this direction, a suspended layer seed drying plant was
developed.

Research has confirmed that the application of the experimental plant, increases the speed of
the process and reduces the duration of heat treatment, helping to ensure the quality of the seeds
for subsequent use in the food industry, medicine, cosmetology, pharmaceuticals, etc. Moreover, the
installation developed allows a reduction in electricity consumption and overall processing costs.

Material and method. The research was carried out on three types of oilseed: grape seed,
linseed and white buckthorn seed. These types
of seeds were selected for research because at
present their drying is a problem, and they have
a valuable potential for the industry of food,
medicine, cosmetology, pharmaceuticals, etc.

The experimental installation for seed
drying in a suspended layer, developed for the
research, is shown in Figure 1. On the basis of this
installation, the efficiency of the suspended bed
drying process was estimated and the results were
compared with those obtained by the classical
dehydration method.

The suspended layer drying installation
consists of the following components: on the
casing [/ is mounted the wind tube and the
control panel 3, which operates the inverter 2 and
the fan 4. The fan draws in air at a flow rate of
430 m’/h through filter // and is operated by
motor /3 model C 15/2 T with a power of 0.16 kW.
The SHF generator /5 with drying chamber 74
is also mounted on the housing. The fan 4 is
connected with the tube 6, to which the supply
bank 5 is attached. The tube 6 vertically intersects
the drying chamber /4, which is mounted on the
support &, and is fixed by the fixing-adjusting | N Eem——
levers 12 to the guides 7. At the top of the = - 1
tube 6 is mounted the product outlet pipe 9, and

il

the perforated receiver /0.

The CPS-AMS50 anemometer with +1.5 %
accuracy, TESTO 400 hot wire thermometer with
+1 % accuracy was used to measure air velocity,
air flow and temperature.

Figure 1. Experimental plant developed for seed drying:

1 — casing, 2 — inverter, 3 — control panel, 4 — fan, 5 —

supply bank, 6 — tube aerodynamic, 7 — guides, 8 — support,

9 — product outlet pipe, /0 — perforated receiver, /1 — filter,

12 — fixing-adjusting levers, /3 — fan motor, /4 — treatment
room, /5 — SHF generator
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440 The process of drying seeds in a suspended layer consists
of the following stages:

Stage 1 consists of entraining the seeds in a suspended

layer, which takes place in a tube (shown in figure 2),

/_\ under the action of an air flow, which develops a speed of
11.4 m/s, with a flow rate of 430 m?/h.

In stage II, the heat treatment of the seeds trained
in the suspended layer takes place for the different
regimes examined.

260 At stage III, the self-separation of the seeds from the
suspended layer begins. The separation starts for the first
seeds with the lowest mass and moisture concentration, after

which they are followed by the rest of the seeds depending on
the mass and moisture content for each individual seed, and
N

670

until the end of the process, all the seeds with more mass and
with higher moisture content are separated high.

Results and discussions. During the investigations it
was observed that in order for the grape seeds to be kept
in the suspended layer, it is necessary that the air speed
in the aerodynamic tube be equal to their floating speed.
Analyzing the aerodynamic properties of the grape seeds, it
was observed that the speed of the air current in the tube is
90 higher towards the central axis of the tube and lower towards
the periphery.

The suspended seed layer is formed at a height from the
base of the tube equal to 110 mm, where there is an increase
in the cross-sectional area of the tube from 0.0081 to 0.055 m?. The suspended layer with seeds is
maintained by air which has a flow rate of 430 m*/h and develops a velocity of 11.4 m/s, which is also the
floating velocity of the seeds. The air pressure at the entrance to the tube is 98.7 kPa, and at the exit is
98.2 kPa. In the area of the suspended layer, a pressure value equal to 98.5 kPa was recorded.

The Reynolds number in the area of the suspended layer was measured and the value of 1905 was
found, which is characteristic for the laminar air flow regime, positively influencing the stability of the
suspended layer of seeds during the drying process.

As a result of the research on the drying process of the three types of oilseeds (grape seed, linseed
and white buckthorn seed), the following was determined for each type in particular: speed of moisture
reduction in the seeds, duration of the drying process and electricity consumption.

The results obtained by the suspended layer drying method were compared with those obtained by
the classical drying method.

610

470

150
190

110

Figure 2. Aerodynamic tube

Figure 3 shows, as an example, the humidity

Humidity, %
40 1 reduction for drying grape seeds in a suspended
25 e 200W  —e— 300W 450 w} layer with the developed plant application.
—e—600W  —e— 750W Using the suspended layer treatment
30 4 method, the seeds were dried to the optimum
moisture level of 10.3 % and as a result of
25 examining 5 treatment regimens: 200 W, 300, 450,

600, 750 W, the duration of treatment for each

20 1 regime was determined, respectively: 103 minutes,
15 76, 53, 43, 33 minutes.

Time, minutes Following the seed drying process, the

kinetics of the process was determined and the

0 20 40 60 80 100 results obtained from the suspended layer drying
Figure 3. Humidity reduction of dry seed with the developed method were compared with those obtained by the
plant classical drying method.
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Table shows, as an example, the comparison Seed drying results by methods examined
of the results obtained for drying by the methods
analyzed, for grape seeds, for a treatment source Treatment Drying method
power of 450 W. source applied D;):;ﬁi(;i:ss Clas;ical susg:r?ded

Analyzing the results of drying with SHF to drying AV payer drying
application, we observe that the drying time is - s

. Drying speed,

41 minutes shorter for the suspended layer than o4 /minute 0,72 0,98
for the classical drying method. Also the drying | Drying time,
speed, with the application of SHF in a suspended Convection minutes 244 183
layer, is 0.35 %/minute higher than with the Electricity - 137
application of SHF by the classical method. consumption, kWh ’ ’

The results confirm that, even when drying Dryipg speed, 142 177
these seeds by convection in a suspended layer, %/minute
the drying time is 61 minutes shorter than when |gyp Drying time, 94 53
drying by convection using the classical method. r};lmfﬁfs.t

. . . €Ctricr

The speed of convection drying in the suspended consumptyion, KWh 0.71 0.39

layer is also 0.26 %/minute higher than in the
classical drying method.

It was found that when drying these seeds in a suspended layer with the application of SHF, electricity
consumption is lower than when drying with SHF by the classical method by 0.32 kWh.

Also, for convection drying in a suspended layer, the electricity consumption is lower than for
convection drying by the classical method by 0.46 kWh.

Comparing both drying methods, based on the applied treatment source, it is recommended to use
the suspended bed drying with SHF application. This method is characterized by increased drying
speed and reduced drying time for all three types of seeds examined: grape seed, linseed and white
buckthorn seed.

For quality analysis, dried seeds were analysed microscopically. Figure 4 shows, as an example, the
microscopic analysis of grape seeds, which were dried by the classical method.

From this figure it can be seen that micro cracks have formed on the surface of seeds dried by the
classical method.

This is because in this method, in the drying process, the seeds are subjected to mechanical action,
which causes cracks to appear on their surface. These micro-cracks negatively influence the stability of
the seeds in the drying process and reduce quality. This is explained by the fact that the vegetable fats in
the seed are more sensitive to contact with oxygen in the air. Thus, through cracks in the conventional
drying process, oxidation of the fats occurs and the quality of conventionally dried seed is reduced.

Figure 5 shows the microscopic analysis of the seeds, which were dried in a suspended layer.

Figure 4. Microscopic analysis of dried seeds by the classical =~ Figure 5. Microscopic analysis of dried seeds in suspended
method layer
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It can be seen that no micro cracks have formed on the surface of the dried seed in the suspended
layer. This is due to the fact that, by this method, the seeds are not subjected to negative mechanical
actions, as by the classical method, and this fact prevents the appearance of cracks or other defects on
their surface. The suspended layer drying method therefore excludes the appearance of micro cracks and
prevents oxidation of the vegetable oil in the seeds.

Thus, the results of the research confirmed that the application of the experimental installation
significantly increases the speed of the drying process and reduces the heat treatment time, contributing
to the increase of the process productivity.

Moreover, electricity consumption is significantly reduced in the application of the suspended layer
drying compared to the classical method, and these are the basic technological parameters for a drying
process with low electricity costs and high productivity.

Research has shown that the seeds are not subjected to mechanical action during the drying
process and the risk of cracks on the seed surface or other defects is absolutely excluded. The risk
of oxidation of the vegetable fats in the oilseed content, which can occur through these cracks when
in contact with oxygen, is therefore also excluded. This is quite important for the preservation of the
quality of seeds rich in vegetable oils for further use in the food industry, medicine, cosmetology,
pharmaceuticals, etc.

Conclusions

1. The installation developed for the drying of seeds in a suspended layer allows increasing the
speed of the drying process, reducing the duration of the process and the consumption of electricity for
all three types of seeds examined: grape seeds, linseed and white hawthorn seeds.

2. The drying in suspended layer does not allow defects to appear in the drying process of the seeds
and ensures the preservation of their quality for further use in the food industry, medicine, cosmetology,
pharmaceuticals, etc.
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METOAbI OHEHKHX TOYHOCTHU NO3UIINOHUPOBAHUA UCTOYHUKA U3TYYEHUSA
IPU IMTPOBEJAEHUUN BPAXUTEPAITUN

AnnoTanms. [IpeacrasieH MeTO/ OLCHKH TOYHOCTH MO3UIIMOHMPOBAHUS UCTOYHUKA C UCIIOIb30BAHUEM HOBOTO (paH-
TOMa JUISl NIPOBEJCHUS IPOLEAYp KOHTPOJIS KauyecTBa ANIUIMKATOPOB B Opaxurepanuu. [lpuBeneHo omucanue aHTOMA
JUTS TIPOBEACHUSI U3MEPCHHS B pPaMKax MPOLELyp KOHTPOJIS KadecTBa alIUINKAaTOPOB I OpaxuTepanuu, KOTOphIe B BUIE
CTEPXKHSI pa3MemaTcs B (JaHTOME Ha PACCTOSTHHM 2—4 CM OT MECTa PacloI0KeHHsI HOHU3AaINOHHOHM kKamepbl. [IpoBenensr
H3MEPEHHs] MOLITHOCTH BO3YIIHON KEPMBI OT HCTOUYHHKA M PacdeT PACCTOSHHUS OT UCTOYHHMKA 0 HOHM3AIIMOHHON KaMephl.
BrinoaneHo CpaBHCHHUE U3MEPEHHBIX 3HAYCHU U paCCTOHHI/If/i CO 3HAYCHUAMMU, NOJIYUYCHHBIMH IIPU U3MEPECHUU I10 PEHTIC-
HOBCKHM H300pa)KEHUsIM alIUIMKATOpa C PACIIOIOKEHHBIM B HEM MCTOYHHKOM JINOO PEHTIC€HOKOHTPACTHBIMU MapKepaMu.
3adukcupoBaHHbIE IPU TOMOIIY pa3paboTaHHOTO (hJaHTOMA ITAPaMETPhI XOPOIIIO COTTIACyIOTCS C MOKA3aTeISIMH, 0Ty YeHHBI-
MH TIPH UCTIOJIb30BaHUU YCTAHOBIIEHHOTO B IIPOIEyPHOM MTOMEIIEHUH PEHTTEeHOBCKOro ammapata (p > 0,05). [Ipumenenne
MIPEJIOKEHHOT0 (PaHTOMA MO3BOJIHUT HE TOIBKO ONPEAETUTh TOYHOCTh YCTAHOBKY HCTOYHHKA U3TYUCHUS B TO3ULIUU ITPEOBI-
BaHUsA B KaHAJIC allllJINKATOpa, HO U IPOBOAUTH Bepnq)m(aumo IJIaHOB 06J'Iy'-[eHI/Iﬂ JUISL pa3JINYHBIX TUIIOB alllJINKAaTOPOB,
B TOM YHCJIE C CIOIB30BAaHHEM DKPAHUPYIOMINX OJIOKOB.

KuroueBsle c10Ba: GpaxuTepanisi, KOHTPOJIb KadecTBa, paHTOM, alTNINKATOP, TO3UIIHOHNPOBAHNE HCTOUYHUKA
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METHOD FOR ASSESSING THE ACCURACY OF SOURCE POSITIONING DURING BRACHYTHERAPY

Abstract. A method for assessing the accuracy of source positioning using a new phantom for quality control procedures of
applicators in brachytherapy is presented. A description is given of a phantom for performing measurements as part of quality con-
trol procedures for brachytherapy applicators, which are placed in the phantom in the form of a rod at a distance of 2—4 cm from
the location of the ionization chamber. The air kerma strength was measured and the distance from the source to the ionization
chamber was calculated. The measured values of the distances were compared with the values obtained by measuring the X-ray
images of the applicator with a source located in it or radiopaque markers. The parameters recorded using the developed phantom
are in good agreement with the parameters obtained using the X-ray machine installed in the procedural room (p > 0.05). The use
of the proposed phantom will allow not only determination of the accuracy of the radiation source position in the applicator chan-
nel, but also verification of the irradiation plans for various types of applicators, including the use of shielding blocks.
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BBeneHnue u nocTaHoBKa 3aja4M. bpaxurepanus siBIsSETCS BaXKHOW YaCThIO JIyUYE€BOM Tepaluy U ya-
CTO UCIIONB3YeTCsl B KOMOMHAILIY C TMCTAHIIMOHHOM JTyueBoit Tepanueid. [Ipumenenue Opaxurepanuu o0y-
CJIOBJICHO HEOOXOIIMMOCTHIO TIOJIBEICHHSI BEICOKUX 7103 OOTy4YeHUsT Ha HEOOIBIINE, XOPOIIO JIOKATH30BaH-
HBIE OITYXOJIH JTH00, TPH HEOOXOAUMOCTH, CHUKEHHSI CyMMapHOMH MOTJIOIEHHOM I03bI Ha 3J0POBbIE OPraHbI
u TkaHn. OJIHAKO 3TOT METOJl, B CPABHEHHH C INCTAHIIMOHHOM JTy4eBOM Teparmueil, MoIBEep)KeH OOIBIIIOMY
KOJIMYECTBY HeomnpezaeneHHocTel [1]. B TakoM ciyyae TOUHOCTH JOCTaBKHU J03bI METOIOM BBICOKO/IO3HOM
OpaxuTeparuu sBISETCS BaKHBIM acTIEKTOM ISl IOCTHIKEHHUS YCIIEIITHOTO Pe3yiIbTara B OOJbIIIEH CTeleHH
M3-3a MaJIbIX 00BEMOB BO3CHCTBUSI M OOJIBIIMX P IUEHTOB J103. [1o taHHBIM MeK 1y HapOIHONH KOMHUCCHH
0 PaIMOJIOTMYECKOM 3aIIUTe, OOJBIIMHCTBA OIIHMOOK, 3aperucTpupoBaHHbIX K 2004 T., MOKHO OBLIO ObI
n30ekarhb, ey Obl IepCOHAI MEI HaAJiexKalee 000pyI0BaHue ISt MOHUTOpUHTA [2].

Hcnonb3oBanne pa3nUyHbIX THIIOB alllJIMKaTOPOB AJISI JOCTABKH JI03bI TpeOyeT MPOBENECHHUS MpoIie-
Jyp KOHTPOJISI KayecTBa Mepen HadaJioM MX KIMHUYECKOTO MCIIOIh30BAHUS ISl OTIPENEIICHHS] COOTBET-
CTBUSI TEXHUYECCKHM XapaKTEPUCTUKAM aIllIJIMKATOPa 3asBJICHHBIX Pa3MepoB U (JOPMBI KaHaa JJIsl J[BU-
JKeHHS ICTOYHIKA. BBOJI anmiInkaTopoB B KIIMHIYECKYTO AKCITTyaTaIMIo0 Kak 9acTh TPOrpaMMbl TapaHTHH
KauecTBa B JIyUEBOM Tepanuu BKIIOYACT B ceOsl MPOBEPKY JO3UMETPUUCCKUX U FEOMETPUUICCKUX Hapame-
TpOB anIuInkaTopos [3, 4]. Illupokoe npuMeHEHHE aNIIMKATOPOB UHAMBUAYAJIBHOIO U3rOTOBJICHUS IS
MaKCUMaJIbHOTO COOTBETCTBHUS YCIIOBHI oOiyueHust GopMe U pa3MepaM MHUILICHH TpeOyeT TIIaTebHOHI
MIPOBEPKH COOTBETCTBUS JAO3UMETPHUYECKOTO IIaHa OOJIy4EeHUs! peabHbIM KIMHUYECKUM YCIIOBHUSIM He-
TIOCPEICTBEHHO TMEepes] KaXKIbIM CEaHCOM JiedeHus. [ eoMeTpHs anruInKaTopa Uil UCXOAHbIE TIOJIOKEHUS
WCTOYHMKA B KaHAJIE allllJINKATOpa MOTYT OBITH COXpaHEHBI B BHJIE (PalijioB OMOIHMOTEKH U TIO3KE UCTIONb-
30BaThCs B KIIMHUYECKUX YCIOBUSIX. BaykKHO MOHMMATH, YTO JaKe PEKOHCTPYHPOBAHHBIN KaK CIIETyeT all-
IUIMKATOP, HO MPU 3TOM HEMPABHIIBHO PaCIONOKEHHBIA Ha TPEXMEPHOH CepHH M300pakeHWH Ha Tare
JIO3MMETPUYECKOTO TUTAHUPOBAHU S, HE CMOJKET JJaTh BEPHYIO OIIEHKY pacIipe/iefieHHst 036l [5].

s ompeneneHus mapaMeTpoOB aNIlJIMKATOPOB HMCIOJB3YIOTCS PEHTICHOBCKME IJIEHKH, a TaKxkKe
nudpossie EPID-nanenu [6, 7]. X0oTs U3MEepeHHs C TIOMOIIBIO TUICHKH JOBOJIBHO TOYHBIC, BPeMs, He-
00X0AMMO€ TSI BBITIONTHEHUSI HECKOJIBKUX U3MEPEHUH, MOXKET OBITh 3HAYMTEIBHBIM, TIOCKOJIBKY HOBYIO
MJICHKY HEOOXOIMMO pa3MemaTh Mepea KaKIbIM SKCIIEPIMEHTOM. DTO YBEIHYHWBAET HEONperelieH-
HOCTH NMO3UIMOHUPOBAHUS M3-3a pa3MELIeHMs TUIEHOK Ha JeprKaTesie U BhIpaBHUBAHUS alIlJIMKaTOpa
noBepx HUX [8, 9]. PeHTreHoBCKuii anmapar ¢ nu(poBOi aHENbIO MOTYYeHHST U300paKSHHH TO3BOIIS-
€T MPOBOJUTH OOJIBIIOE KOJIMYECTBO U3MEPEHHH 332 KOPOTKUN MPOMEKYTOK BpeMeHHU. B To e Bpems
3HAYUTEITHHO MOBHIIIAETCS TOYHOCTH OMPEACIICHUS MO3UIIUN UCTOYHUKA, a TAKKE BO3MOKHOCTh MOJIe-
JIMPOBAHMS AMIIJIUKATOPa B CHCTEME IJIAHWPOBAHMS JICUSHHS, YTO JIOMYCKAET MPOBEICHNE N3MEPEHUH
B TPEX MPOEKIIUAX U OMPECIICHUE COOTBETCTBUS MEXTY MO3HUIIMSIMHA OCTAHOBKH NCTOYHUKA U METO/Ia-
MU PEKOHCTPYKIMHU ammiiukaropa. B ordyere paboueii rpymnmbsl EBponelickoro o0mecTBa pajananioH-
HBIX OHKOJIOT'OB, KOTOPBI BKJIIOYAeT 0030p JUTEPaTyphl, OMUCHIBAIOTCS MPEUMYIIECTBA OTCICKHUBA-
HUS UCTOYHUKA W M3MEPEHHS BPEMEHH NPEObIBAaHMUSA, a TAK)KE OMPEACIIIOTCS HEKOTOPhIe TpeOOBaHNA
u Oyayuiue HampaBJIeHHs 1Sl TO3UMETPHH in vivo B Opaxutepanuu [10].

B nanHoif paboTe mpeACTaBICHO W MCCIEA0BAHO YCTPOUCTBO, KOTOPOE MpeaHa3HAUYCHO IS TPO-
BEJICHUS IIPOLIEYp KOHTPOJIS KadecTBa alIlIMKaTOPOB IPH BBOJIE X B KJIMHHUUYECKYIO SKCILITyaTalHIo.
OcHogHas yeab pabomsl — UCCIIEAOBATH METO/I UCTIONH30BaHUS IIPEJICTABJICHHOTO YCTPOHUCTBA HA OCHO-
B€ LIMJIMHPUYECKOr0 THIa alIIMKAaTOPOB, IPOBECTH U3MEPEHHUS B paMKaX MPOLEAYp KOHTPOJIS Kade-
CTBa aMIJINKATOPOB C IPUMEHEHHEM JTAHHOTO (paHTOMa.

YerpoiicTBa 171 NpoBeeHUs KOHTPOJIA KayecTBa B OpaxuTepanuu. 11 MUHUMU3AIUN BIHSA-
HUS TIOT'PENTHOCTEN PaCMOJIOKEHHSI UCTOYHUKA MPH MPOBEICHUH JO3MMETPUUYECKOT0 TUTAHHPOBAHUS
JIeYeHUs1 W JIOCTaBKe JI03bl Ha ammapare OpaxuTepanmud MPOBOIWUTCS KOHTPOIh KadecTBa AalIlIMKa-
TOpPOB IIPH BBOJIE€ MX B KJIMHHMYECKYIO JKCILTyaTallMI0 U MEPUOANYECKH B MPOIECCE HCIIOIb30BAHMS.
[IpumeneHre anmINKaTOPOB WHIAUBUYATHHOTO M3TOTOBJICHHS TIO3BOJISET TOBBICUTH KAauecCTBO JIyde-
BOW Tepamnuy, TaKk Kak B 9TOM ciydae paJdaloHHOE BO3ACHCTBHE mpoBoxuTcs Ooiee 3(h(eKTHBHO
B COOTBETCTBUH C TpeOyeMBIMH yciaoBHsAMH. [Ipu 3ToM HEoOXOmMMO 0OpaTHTH 0cO00C BHUMAaHHUE Ha
UCTIOIb30BaHUE MPOLEAYP KOHTPOJS KauecTBa Mepes KaxIblM KJIMHUYECKUM NMpPUMEHEHHEM amIliu-
KaTropa, 0COOEHHO TOTJa, KOTJla BO3MOXKHO M3MEHEHHE IIOJIOKEHUS KaTeTepOB IOCIE aNTIIUKAIIHH.
[IpoBepku cucTeM JO3MMETPUYECKOTO TUIAHMPOBAHUS OONyYeHHUs, KOTOpblE NpeAHA3HAYCHBI IS
OTIpeIeTIeHNs] KaueCTBa JOCTYITHBIX METOAOB PEKOHCTPYKIINHU, HE TIO3BOJISIOT B MTOJTHOW Mepe OIEHUTH
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TOYHOCThH PACIOJIOKEHMSI MUCTOYHHMKA M3IydeHHs B anmiaukarope. HekoTopble (akTopbl, Takue Kak
KpHBM3HA KaHaJa A ABUKEHUS HCTOYHHKA, TOUHOCTh U BOCIPOU3BOANMOCTD MOJI0KEHUS HICTOYHUKA,
IIyTh ABMO)KEHUS MCTOYHMKA K aKTHBHOM IO3UIMHU U IIpouYre, 00yCIaBIMBAIOT TOYHOCTbH ITOJIOKCHUS
HMCTOYHHUKA B allllJINKaTOPE U, KaK CIEACTBUE, TOUHOCTH JOCTABKH /I03bl HA arrmapare.

CymecTByoT (aHTOMBI ISl ONpPEHeNieHuss TOYHOCTH IPOBEAEHHS PEKOHCTPYKLUHU aNIlIuKaTopa,
TO €CTb ONpeNeNeHUs] MO3ULHK HMCTOYHHMKOB B ANIUIMKATOpE MPH JO3MMETPUUECKOM IUIaHWPOBAHUU.
Hampumep, TpexmepHsblii MaTpuunblii pantom (Baltas Phantom) mpencraBnser coboii CIuIonIHoe BBICO-
KOTOYHOE YCTPOWCTBO, HCIIOIB3yEMOE COBMECTHO C allapaToM PEHTTCHOBCKOW BH3yaslM3alluy sl Opa-
xutepanuu [11]. @aHTOM COCTOMT M3 IIECTHU IUIACTUH U3 MOJUMETUIMETAKpuiara TOIMMUHON 20 MM,
JurHOM 120 MM ¥ mupuHO# 120 MM, MEXIY KOTOPBIMH BCTABIICHBI TI0 TSTh CHEPHUSCKIX PEHTTeHOKOH-
TPACTHBIX MapKepoB (25 B oOLIeH CIOXKHOCTH). B IIEeHTpajbHYI0 MJIACTHHY BCTPOCH JOMOJHHUTEIbHBIN
Mapkep JUTsl HISHTH(HUKAIMH TTOJIOKEHNUS W OpueHTalnu Gantoma. [laHHbIH (aHTOM MO3BOJSET IMPOBe-
PHUTH TOJIBKO TOYHOCTHh PEKOHCTPYKIIUHU KAaTETEPOB JIJIS1 CUCTEMBI IO3UMETPHUECKOT 0 TNITAHUPOBAHMSL.

Cy1iecTByomuye B HACTOSIIIEE BPEMS CUCTEMBI JOSMMETPUUYECKOT0 KOHTPOJS in vivo B Opaxure-
pamnuy He MO3BOJISAIOT TOYHO OLIEHUTH MOTPEIIHOCTD MOJBEAEHNUS 103bl, 8 TAK)KE€ BO3MOYKHBIE OTKJIOHE-
HHS B IO3UITMOHNPOBAHNY UCTOUYHHKA UITH allTTMKATOPA METUKOM [12]. DTO CBSI3aHO C CYIMIECTBEHHBIM
yIaJleHueM JEeTEKTopa OT M3JIydarollell CUCTEMBI, pa3MepaMt IETEKTOPOB U TOYHOCTBIO UX pErucTpa-
LM HA MOy YEHHBIX H300pakeHUAX. Jaxxe He3HAUUTEIbHbBIE OTKIOHEHUS B ONIPEIEICHUH IO3ULINH Jie-
TEKTOPOB, B TOM UHCJI€ U B3aUMHOE CMELICHNE U3Tydarollel 1 perucTpUPYIOLIEH CUCTEM B IPOMEKYT-
Ke MEeX]y MOJIydeHHUeM H300pakeHUH M IOCTABKOM NO3bI, HE AAl0T BO3MOXXHOCTH OLICHUThH BIIUSHUE
HeoTpeeIeHHOCTEHN MO3UIIHOHUPOBAHN HCTOYHUKA B allIIJINKATOPE.

Marepuanabl U MeToAbl. (151 onpeneneHus MO3ULUN OCTAaHOBKM MCTOYHHMKA HaMU ObUI Mpenio-
*eH (aHTOM (puc. 1), KOTOPBIH COCTOUT M3 KBaJIPaTHOW €EMKOCTH, MEIOIIeH JIIMHY W ITUPUHY CTEHOK
o 300 mm, Tormunay 10 MM. KBagpaTHast eMKOCTh BBITIONIHEHA W3 NonuMeTiMeTakpriara ([IMMA)
U cHaOXeHa TpeMsi HOXKKaMH C BO3MOXKHOCTBIO PEryJIMpoBKH (haHTOMA Mo BhicoTe. J{nst ymobcTBa me-
pemenieHus paHTOMa KBaJIpaTHAas eMKOCTh CHaO)KeHa ABYMS PyKOSTKaMH, PACIIOIOKEHHBIMH CHAPY KU

v 1

Puc. 1. Buemnuii Bun dantoma: / — KBaapaTHasi €eMKOCTb, 2 — pPeryJu-

pyeMble HOXKKH (TPH HOXKKH), 3 — PYKOSITKH JUJIs IepeHoca GpanToMma (aBe

PYKOSITKH), 4 — yCTPOHCTBO JIs TO3UIIMOHUPOBAHNS HOHN3ALMOHHOM Ka-

MepHl, 5 — MUIUHAP, 6 — OCHOBA C 3a3KUMOM, / — PyKOSATKA s (PUKCAIHH
Ha MIIHHIpPE, § — BpaIalomui GUKCATOp alIuITHKATOpa

Fig. 1. Appearance of the phantom: / — square container, 2 — adjustable

legs (three legs), 3 — handles for carrying the phantom (two handles), 4 —

device for positioning the ionization chamber, 5 — cylinder, 6 — base with
clip, 7 — handle for fixing on the cylinder, § — rotating applicator lock
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M0 TEHTPY MPOTUBOJIEKAIMNX CTOPOH. BHYTpH KBaJpaTHOM €MKOCTH IO HEHTPY MapalijieIbHO JABYM
PYKOSATKAM MEXAy MPOTUBOJICKAIIUMH CTEHKaMU (paHTOMa 3aKPETIeHO YCTPOUCTBO IS MTO3UITHOHU-
POBAaHNS MOHM3AIIMOHHOM Kamepsl 06bemMoM 600 MM Thma Farmer, KoTopoe mpeacTaBaseT coboit 1u-
muaap u3 [IMMA nuametpom 15 MM 111 pacrionoKeHu s MOHU3AIIMOHHON KaMephl B IIeHTpe haHToMa.
Ha paccrosanu 40 MM oT 60Kk0BO# cTeHKH M 30 MM CBEpXy OT Kpasi CTeHKH 3aKPEIIeHO YCTPOHCTBO
I (pUKCAIUU alTuInKaTopa. YCTPOMCTBO Aid (UKCAIMK aNTUIMKaTopa COASPKUT HIJIMHAP ra-
MeTpoM 20 MM u JyIHHON 60 MM, Ha KOTOPOM CBOOOIHO MEPEMENIACTCS OCHOBA C 3a)KUMOM BBICOTOM
50 MM, anuHOM 20 MM U upHHOM 15 MM. OcHOBa € 32)KMMOM cHaOKeHa PYKOSITKOW Juist puKcanuu Ha
HWIMHAPE W BpallalonIuM (HUKCATOPOM aNIUIMKAaTOpa Ha ee KoHuUe. KBagpaTHylo eMKOCThb ((paHTOM)
HATIOJHSIOT BOIOH 10 oTMeTkH «Fully» (40 MM OT BepXHel rpaHUIIBI CTEHKH (aHTOMa).

®aHTOM OBIJ YCTAHOBIIEH B MPOLEYPHOM MOMEIIEHNH Ha CTOJI, Te pa3MelaeTcsl anmnapar Juisi Ipo-
BezieHus OpaxuTepanui. CTOJN pacroyioKeH B IIEHTPE TIOMEIIEHUS Ha PacCTOSTHIM HE MeHee 1 M OT mora,
CTEH MJIM MacCHBHBIX MpeAMETOB. KBaapaTHyro eMKOCTb ((paHTOM) HAIIOIHUIIH BOIOH 10 OTMETKH «Fully.
HoHn3anmoHHy0 KaMmepy pa3MECTUIIM B YCTPOMCTBE AJIsl €€ TIO3ULMOHUPOBAHMSI M TOAKITIOYHITN K AJIeK-
TPOMETPY, PACIOJIOKEHHOMY B KOMHATE YIIPaBICHUS. ANIUIMKATOP I OpaxWTeparnvy MpU MOMOIIH
YCTpOHCTBA (PUKCAITNH aNTUTHKATOPa PACIIONOKUIN TAKUM 00pa3oM, YTOOBI HCCIenyeMas O3UITUs OCTa-
HOBKH MCTOYHHUKA TIPH U3MEPCHHUH OKa3asiach Ha paccTossHuH 20—40 MM OT MecTa pacroIOKEeHUST HOHN3a-
IIMOHHOM Kamepsbl. [lanHoe paccTosiHie 00yCIIOBJICHO PacTioNoKEHHEM 00JIaCTH HHTEpeca IPH MPOBEICHUH
pacdetoB st Opaxurepanuu. [Ipr 5ToM NO3UIKS sl K3MEPEHHsI BRHIOUpaIach B TOUKE alllIHKaTopa, pac-
MOJIOKEHHOW HA MUHMMAJIBHOM YIAJIeHUH OT MOHM3aLMOHHOW Kamepsl. [lo3uuus 1i1st u3smepeHus BbIOU-
paJiach CIEIYIOMIMM 00pa30M: ICTOYHHK PacIiojiarajics B alllUIMKATOPE MOCIEI0BATEBHO B KaXK/I0H MMO3HU-
IIUH, TIPY 3TOM TIO3HUIHS TSI U3MEPEHHSI BRIOMPATach 10 HAMOOIBIIEMY 3HAUYCHHIO MTOKAa3aHUs JO3UMETpa.

HcTouyHnK M3mydeHus moMeniancs B alfInkaTop B TO3UIMIO JUI U3MepeHusd. M3mepenns 3apsaaa
Ha MOHU3AIIMOHHON KaMmepe MpH MOMOIIM 3JIEKTpPOMETpa MPOBOJUINCH B TeUeHUE 1 MUH MocienoBa-
TEJBHO 4 pa3a, 3a U3MEPEHHOE 3HAYCHNE TPUHUMAJIOCh CpeiHee apu(PMeTHYECKOe 3HAYCHUE TIOJTy YeH-
HBIX U3MepeHnid. PaccTosiHUEe OT MCTOYHHKA U3ITYUEHUS 10 MOHU3AIMOHHON Kamephl (d, M) ObLIO pac-
CYUTAHO TI0 (hopmyITe

K-t
d= ref , )
Muncor Ny “Pr* Pp* Phum * Ppol * Pion 'fsc 'f;geo "Pw

Te ¢ — BpeMs U3Mepenwuii, u; K, — MOIIHOCTb BO3IYNIHON KEpMbI, 3aHCAHHAS B KOHCOJIb YIIpaBJIe-
HUS allllapaToM Ha OCHOBAaHMH KaJMOPOBKHM MCTOYHHUKA, C YUETOM PaJMOAKTHUBHOIO paciazia u30Tola,
I'p-M%/4; Mypeor — HEKOPPEKTHPYEMOE TIOKa3aHHE J03MMETpa (CpefHee apu(METHIECKOe U3 HeThIPex
uzMepenuit), Ki; Ny — kanuOpoBouHbIi KOdQPUINEHT HOHU3AIIMOHHOW KaMephl JJI raMMa-CIeKTpa
COOTBETCTBYIOIIECTO M30TOMA, ONPENEICHHBIN B eIMHUIIAX BO3AyIIHON KepMbl, ['p/Ki; p, — mompaBou-
HbIH KOO(Q(QUIMEHT HA OTKJIOHEHHE TEMIIEPATYPhI OT CTAHAAPTHBIX YCIOBUH IIPU M3MEPEHUH; p), — MO~
NpaBOYHbIN KO3()(UIMEHT HAa OTKJIOHEHHE aTMOC()EPHOro AABJICHMS OT CTAHIAPTHBIX YCJIOBUH IIPH
U3MEPEHUH; Phym — NONPABOYHBINA KOI()(UIIMEHT HA OTKJIOHEHHE OTHOCUTEIbHOH BIa’KHOCTHU OT CTaH-
JApTHBIX YCIOBUI IIPU U3MEPEHUH; Ppol — MONPABOYHBINA KOd(YPULHEHT Ha >QPeKT peKOMOUHALIUH HO-
HOB IIPH U3MEPEHHSX; Pion — MOMPABOYHBIN K03 uIneHT Ha AP PEKT NONAPU3aLUN IPH U3MEPCHHSIX;
fsc — IIONIPaBOYHBIN KOA((GUIINEHT, YIYUTHIBAIOUINH pa3HUIY B BEJIMYHMHE PACCESTHHOTO U3IyUEHUS AJIS
TOJIHO-PAcCenBaromIEro GanTomMa U GpaHTOMa, B KOTOPOM IMPOBOIAAT M3MEPEHHUS; foco — MONPABOYHBIM
KOO(PHUITUEHT, YIUTHIBAIONINH TIOTJIOICHHIE U PACCESHUE B BOJIE; Py, — IOMPABOYHBIN KOXPPUIIMEHT Ha
TIOTJIONIIEHUE U PACCETHIE B CTEHKE KaMephl M KOJITadyKe BO BPeMsI KaTHOPOBKH.

He meHsisi monokeHUsl anminkaTopa U MOHWU3ALMOHHOW Kamepbl, (haHTOM pa3MECTHIIM Ha CTOJIe
PEHTTEHOBCKOTO M30LeHTpHueckoro ammaparta Integrated Brachytherapy Unit (IBU) mpousBoactsa
Elekta (IlIBeuwmst). B anmnukaTop ycTaHOBMIJIM PEHTTEHOKOHTPACTHBIM Mapkep. Bbliau mosydeHsl 1Ba
PEHTTEHOBCKUX M300pakeHus moj yriaoM 45° m 315° (pasHocth — 90°) M MUHHUMU3AANA BIHSHUS
HOI'PEIIHOCTH PEKOHCTPYKIMK U300pakeHui. [loayueHHble peHTTCHOBCKUE CHUMKHU 3arpy3wId B CH-
cremy maHupoBanus odyuenust Oncentra Brachy V.4.5.2. [Ipu nmomomiy MeToa peKOHCTPYKIIUH T10
OIHUCATENIbHBIM TOYKaM (PEHTIC€HOKOHTPACTHBIC MapKepbl) ObLIO ONMpENeNieHO MIaHUPYEeMOe TIO0JI0Ke-
HUE UCTOYHHUKA MPH U3MEPEHU X, TIOCIIE YETO U3MEPEHO PACCTOSIHUE MEXK Y LIEHTPOM MOHHM3AL[MOHHOM
KaMepbl U MOJTYYCHHOM aKTHBHOW MO3MLHKEH, KOTOPas COOTBETCTBYET MO3ULUN HCTOYHHKA BO BPEMs



328 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67, no. 3, pp. 324-331

n3MepeHuil. Jlangee anmiauMkaTop MONKJIIOYIIM K amllapary Ajs NPoBeAeHus jedeHus. VICTOUHMK u3-
JTydeHus ObLI PACIONOKEH B TIO3UITUH JIJIS IPOBE/ICHUSI U3MEPEHUH, ONpeIe]IeHHON paHee JJisl BEIUUC-
JICHUsl PacCTOSIHUSA 10 MOHM3aUMOHHOW KaMmepsl. IIpu nomomu anmnapara IBU nosyumnsiv peHTIeHOB-
CKHe M300pakeHHUs alTUIMKAToOpa C UCTOYHHKOM, [0 KOTOPBIM B CUCTEME TUIAHUPOBAHUST OOJIyUYEHU S
MPOBEJIM M3MEPEHHE PACCTOSHUSI MEXJy LEHTPOM HCTOYHUKA M IEHTPOM HMOHU3ALMOHHOW KaMephl.
W3mepeHns NpoBOAMINCH MIPH TPEX Pa3IUYHBIX MOJOKEHUSIX alTIMKATOPa B (JaHTOME.

Pe3yabraTsl 1 ux o0cy:xkaeHue. PaccTosHue HCTOYHUK—KaMepa ONpeiesiioch TPeMs CIIOCOOaMH.

Cnoco6 Ne I: Beruucnenue no ¢opmyie (1), s yero mpoBOAMIN U3MEPEHHUS MOLITHOCTH BO3AYII-
HOU KepMBbl, CO3JaBaeMOH HCTOUHUKOM HU3JIy4YEHUs B (paHTOME.

Cnocobd Ne2: ¢ ACTIOJIB30BAHUEM IOJYYEHHBIX PEHTI'C€HOBCKUX HM300pakeHUI (aHTOMa C aIIiiu-
KaToOpoM M Pa3MELICHHBIM B HEM HUCTOYHMKOM H3JydeHHs. sl 3TOro MojyuyeHHbIC PEHTTCHOBCKHUE
n300pakeHNs] UMIIOPTUPOBAJINCH B CUCTEMY JO3MMETPUUECKOI0 IUIAHUPOBAHUS JICUCHHUS], & 3aTEM BbI-
YHCIISTIN PACCTOSIHUE MEXly KOOPAUHATAMH TOYEK, COOTBETCTBYIOLIUX MOJIOKEHUM LIEHTPa KarcyJibl
C HCTOYHUKOM W [IEHTPa HOHU3AIIMOHHOW KaMephbl.

Cnoco6 Ne 3: myTeM BBIYMCIEHUS IJINHBI OTPE3Ka MEX/AY TOUKaMH, KOTOPBIE COOTBETCTBYIOT IICH-
TPY MOHU3ALMOHHOW KaMephl ¥ aKTUBHOH MO3UIIUU UCTOYHUKA, ONIPEACTICHHOW PH TPOBEICHUH PEKOH-
CTPYKIIMH alIUIMKATOpa B MPOLIecce MIaHUPOBAHUS [0 PEHTICHOBCKUM H300pakeHUsIM. OripeneneHue
paccTOosHUSI UCTOYHHK—Kamepa BBIMOIHSIOCH MOCICAOBATEIBHO ISl TPEX TOJIOKEHHH amnrminkKaropa
B (haHTOME — Ha PacCCTOSIHUU 2, 3 1 4 CM OT LEHTPa AepsKaTelisi HOHU3AUOHHON KaMepbl 1 ONnKalen
TOYKOW alTUIMKaTopa.

[Ipu nomomu Tecra KonmoropoBa—CMupHOBa IpoBeieHa IPOBEPKa HAa HOPMaJIbHOCTB. 151 Bcex
BBIOOPOK 3HAYEHHUs HAOII0JaeMOr0 YPOBHS 3HAUMMOCTH cocTaBuio Oounbiie 0,05 (p-value > 0,05), To
€CTb BCE BBIOOPKH paciipeesieHbl HOpMaibHO. B Tabi. | mpuBeneHbl 3HAUEHUS CTATUCTHYECKUX XapaK-
TEPUCTUK BBIOOPKH, NOJTYUYCHHOM B PE3YJIbTATE IKCIICPUMEHTA.

Tao6numna 1. Ilapamerpsl pacnpeaejeHns BbIOOPOK

Table 1. Sample distribution parameters

UapaMeTp pacnpeiaeneHu s Paccrosinue HUCTOYHHUK—KaMmepa, Paccrosinue HUCTOYHHUK—KaMepa, Paccrosinue HUCTOYHHUK—KaMepa,
paccuntanHoe 1o popmyie (1), Mm NU3MEPEHHOE 10 N300pAKEHHUAM, MM | U3MEPEHHOE OT aKTHBHOII MO3HIIMH, MM
(croco6 Ne 1) (crioco6 Ne2) (crioco6 Ne3)
ITonoxe- Tonoxe- ITonoxe- Tonoxe- Tonoxe- ITonoxe- Tonoxe- TTonoxe- Tonoxe-
Hue | Hue 2 Hue 3 Hue | Hue 2 Hue 3 Hue 1 Hue 2 Hue 3
CpenHee 3HaYCHHE 20,69 31,48 39,49 20,7 31,48 39,69 21,78 31,98 40,88
CraHaapTHOE OTKJIOHEHUE 0,21 0,29 0,21 0,26 0,29 0,24 0,31 0,31 0,31
MuHMMaIbHOE 3HAYCHUE 20,24 30,86 39,04 20,21 30,86 39,17 20,24 31,31 40,21
MaxkcumaabHOE 3HaYCHHE 21,05 31,99 39,85 21,14 31,99 40,10 22,32 32,52 41,42

Jlanee st cpaBHEHUsT BELIOOPOK MEXKTy COOOH MPUMEHSLIICS TUCTIEPCHOHHBIN aHau3. [lo pe3ynbpra-
TaM JIaHHOTO aHalln3a ObLJI C/IeJIaH BBIBOJI O TOM, YTO PA3IUYHs MEKTy BEIOOpKaMu 3HaYUMEIL. J[J1st TOTO
YTOOBI BBISICHUTH, MEXKY KAaKMMHU T'PYIIIAMHA UMEIOTCS Pa3JIMdus, ITPUMEHSIICS METOJ MHOKECTBEH-
HbIX cpaBHeHus llledde. PesynpraTs! mpencraBiens! B Tabm. 2 u Ha puc. 2.

Taxum oOpazoM, paznmuuns MexAy crmocodamu Nel m 2 oka3ajauch HE 3HAYUMBI JJIST PACCTOSTHUN
MeHee 3 CM OT HMCTOYHHKA HM3ITYyYeHUS J0 HOHW3AIMOHHOW KaMephl. PEeKOHCTPYKIMS anIuinkaro-
pa, IPOBEACHHAS JUJIs ONPEICICHUs PACCTOSHHUS UCTOYHHUK—KaMmepa crocoOom Ne3, BBINTOJHSIIACH OT
JMACTAJIPHON MO3UIIMM OCTAHOBKM MCTOYHHKA J0 30HBI MHTEpeca C 3amacoM B 1-2 cM. JlaHHBIN mpo-
1IeCC BHOCUT JIOTIOJHUTENIbHBIC HEOMPENCICHHOCTH B U3MEPEHUS, UTO SIBJISCTCS OTHOW M3 OCHOBHBIX
NpUYrH 0oJiee 3HAYMTEIBLHOrO OTKJIOHEHHS MO cpaBHEHHUIO co crmocodamu Nel u 2. B To ke Bpems
PEKOHCTPYKIIMS KPUBOJIMHEHHOr0 KaHalla aniInKaTopa MOXKET MPUBOAUTH K JTOMOJHUTEIBHBIM HEO-
NPEACICHHOCTAM IO MPUYUHE HECOOTBETCTBUS MONOKEHHUSI TPOCUKA UCTOUHHMKA U TIOJIOKEHUS IICHTpa
KarcyJibl MPU JBM)KEHUU BAOJIb KaHaya aniuinkatopa. CymecTBYIONNe Ha JaHHBI MOMEHT CIIOCOOBI
PEKOHCTPYKIIMU B CUCTEMAaX JO3UMETPUUYECKOr0 MIAHUPOBAHU S HE TIO3BOJISIIOT MOJTHOCTHIO UCKITIOUUTh
HOTPEIIHOCTh PEKOHCTPYKIMU KPUBOJUHEUHOIO KaHaja, TAK KaK MyTh ABUKEHUS KAICyJIbl HCTOYHUKA
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3a4aCTyIO0 MEHBIIE, YeM ITYTh JBHIKEHHS TPOCHKA. DTO CBS-
3aHO C 0COOCHHOCTSIMU KOHCTPYKIIUH aIlIJINKATOPOB U TIPH-
BOJIa ICTOYHHKA B ammapare.

Wsmepenus criocobom Nel meHee TPYJAOEMKH, OJHAKO
TpeOyIOT HAMWYUs IUPPOBOTO H30UEHTPHIECKOTO PEHTTE-
HOBCKOT'O arapara, yCTaHOBJICHHOTO B TPOIEIYPHOM TIO-
MelnieHnu. Mcrnonb30BaHne JaHHOTO criocoba OOHapyIKEHUs
HNCTOYHHKA M3JIYUCHHA B alllZIMKATOPEC SABJISACTCA NPCAIIOU-
TATENBHBIM. [lOrpenrHocTh ompeneneHuss pacCTOSHUS TI0
PEHTT€HOBCKUM CHUMKaM OIIPCACIIACTCA UCXOJAs M3 TOYHO-
CTU PEKOHCTPYKIIMH IMOJIYYEHHBIX PEHTTEHOBCKUX HM300pa-
xenuit. KauecTBo MaHHBIX M300paskeHUN ObLIO ITPOBEPEHO
C WCNOJb30BAaHUEM T'€OMETPUYECKOTO (paHTOMa PEHTTEHOB-
CKOro arimapara B COOTBETCTBHUHU C HHCTPYKHHeﬁ 110 TCXHU-
4eCKOMY OOCITY)KMBaHHI0. BelnunHa OTKIOHEHUH U3MEPEH-
HBIX PacCTOSHHUM 11 (aHTOMa cocTaBisuia MeHee 0,5 MM
17 paccrossHui 80—100 Mm.

Wamepenus ciocobom Ne2 He TpeOyIOT yCTAaHOBKH PEHT-
TCHOBCKOI'O aIlrapara B IIpOLUCAYPHOM IMMOMCHICHUN U MOT'YT
OCYIIECTBIISATHCSA C UCIIONH30BaHUEM 000pYyIOBaHUS, MPE-
HA3HAYCHHOTO JIJISI ©)KEMECIYHOTO KOHTPOJISI Ka4eCTRa arla-
paToB i OpaxuTeparuu, a TakXKe MPeIoKeHHOTo (paHTO-
Mma. Kak BujiHO Ha puc. 1 u B Ta0I. 2, TaHHBIC, TOJIYYCHHBIC
crocobamu Ne 1 u Ne2, oTinuuaroTcsl B HE3HAYUTEILHOM CTe-
neHu. Vcrnosib30BaHue MPEIIOKEHHOTO (paHTOMa MO3BOJIUT
HE TOJILKO OIPEICIUTh TOUHOCTh YCTAHOBKU MCTOYHHKA U3-
JIYyYCHUSA B IO3UIUHN Hpe6BIBaHI/I$[ B KaHAJIC allllJInKaTopa,
HO Y MIPOBOJUTH BepH(DUKAINIO TIITAHOB OOIYUSHUS TSI pas3-
JIMYHBIX TUIIOB AIlIIJIMKATOPOB, B TOM YHCJIC C IPUMCHCHUEM
AKPAHUPYIOMIUX OJIOKOB.

M3amepenus cmoco6oM Ne3 MOTYT MPOBOIHUTECS TOJIBKO
o0opyioBaHUEM IS TOJNy4YeHHUS] H300pakeHUU, KOTOpOe
MPUMEHSETCS B PyTUHHOM KJIMHUYECKON MpakThke. JlaHHbIN
TUII IPOBCPOK MOXKHO HCIIOJIL30BATh MPHU HCO6XOI[I/IMOCTI/I
W3MEpPEHNH TEeOMETPHUYECKHX TapaMeTpoB amIuIHKaTopa
" npeamnojara€MbiX MECT PacCIlOJIOKCHUA MCTOYHHKA U3JTY-
YeHHsl B KaHAJe B KaXKJIOH JOMYCTUMOW IMO3UIUU TPEObI-
BaHus. OCHOBHOE IMPEUMYIIECTBO TAKOr0 CIOc00a KOHTPO-
7T — OTCYTCTBHE HEOOXOMUMOCTH JKCILTyaTalliy JOTIOTHU-
TEJIBHOrO 00OpY/IOBaHMS, @ TaKKE MPOCTOTA BBIMOJIHEHUSL.
OpHAaKO JaHHBIN CIIOCO0 He 00JaJaeT BEICOKOW TOYHOCTHIO,
TaK KakK Tpe6yeTc;[ IMPOBEACHUC PEKOHCTPYKIIUU allTlJINKATO-
pa. DTO BHOCHT JIOTIOJIHUTEIBHBIC MTOTPEITHOCTH B U3MEpe-
HUS, 0COOCHHO TPH HAJUYUH alIUIMKATOpa ¢ KPUBOIMHEH-
Hol popmoii KaHana s ABUKCHHUS UCTOYHUKA M3JTYUCHUSI.
IIpoBepky TeOMETPHYECKHX IapaMeTpOB aIlIINKaTOPOB
MPENMOYTUTEILHEE BBITIOIHSATh MEPUOUYCSCKU B MPOIIECCE
WX WUCTIONB30BaHUSA, & TAKXKe I allUIMKaTOPOB PyYHOTO
H3TOTOBJICHUSA NIEPCT KAXKABIM KIIMHUYCCKUM ITPUMCHCHUCM.
DTO MO3BOJIAT COKPATUTH BpeMs, 3aTpadynBaeMoe Ha IIpOBe-
JICHUE TIPOIeIyp KOHTPOoJIsl KauecTBa. OJJHAKO JaHHBIN CIIO-
co0 He MOAXOMHT IJIS ONPEEICHUs TTO3UIHH TTPEeObIBAHUS
HCTOYHHKA, YTO ABJIACTCA BaXHBIM OTAallOM BBOJA alIlJIMKa-
TOPOB B KJIIMHUYECKYIO IKCILTyaTaIHIO.

Tabaumma 2.

Pesyabrarbl

JUCIIEPCHOHHOI0 AHAJIM3A (KPUTHYECKHUIT
ypoBeHb 3HayuMoctu 0,05)

Table 2.

Results of the analysis

of variance (critical significance level 0.05)

Crnioco6 | Croco6 Ne1 | Crioco6 Ne2 | Crioco6 Ne3
THonoocenue 1
Crioco6 Ne 1 - p=0,967 | p=0,000
Croco6 Ne2 | p=0,967 - »=0,000
Cnocob Ne3 | p =0,000 | p = 0,000 -
Tonooswcenue 2
Crioco6 Ne 1 - p =0,005|p =0,000
Croco6 Ne2 | p = 0,005 - » =0,000
Cnocob Ne3 | p =0,000 | p = 0,000 -
Ionoowcenue 3
Croco6 Ne 1 - p =0,001|p=0,000
Croco6 Ne2 | p = 0,001 - » =0,000
Cnoco6 Ne3 | p = 0,000 | p = 0,000 -
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Fig. 2. Diagrams of the distribution of source-
camera distance values for different positions
of the applicator: a — position 1, b — position 2,

¢ — position 3
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Hcnonp30BaHne MpeAnokeHHOro (paHTOMa IS IOy YeHHs H300paskeHnH (PEHTTEHOBCKUX M KOM-
NBIOTEPHOW TOMOTpaduu) anmanKaTopa B BOAE MO3BOJMT MOBBICUTH KaYeCTBO BU3yallM3allUU U, KaK
CIIeICTBHE, — PEKOHCTPYKIIMHU aNIIIHKATOpPA.

3akaaouenue. [IpoBeneHo Mcciaen0BaHUE CIOCOOOB OLIEHKH TOYHOCTH MPEObIBAaHMS HCTOYHUKA U3~
Jy4YeHUs B TEPANEeBTHUSCKOW MO3UIMH B paMKaxX MpPOILENypbl KOHTPOJIS KauecTBa MPU BBOJE allllIH-
KaTopoB B KJIIMHUYECKYIO dKCIUTyaTaluo. [I[puMeHeHne H30IeHTPUUYECKOTO PEHTICHOBCKOTO anmnapara
B IIPOLETYPHOM OMEIICHHH JaeT IMIHUPOKUH CHEKTP BO3MOKHOCTEH JUISl IPOBEICHUS TPOLETYp KOH-
TPOJIsS KaueCTBa amniuinkaTopoB. Hanmnune kauecTBEHHOT0 MU(PPOBOro M300paskeHUsI UICTOUHUKA U3JTY-
YEHUS J1aeT BO3MOXKHOCTh TOYHO MJCHTU(PUIUPOBATH MO3UIMH NPEObIBAHMS B KaHAJIE allllJIMKaTOPOB,
YTO IMO3BOJACT MMOBBICUTH TOYHOCTH JOCTAaBKH J1035bI, 0CO0EHHO IIpH UCIIOJIL30BaHUHN allllJIMKATOPOB UH-
JUBUAYAJIBHOTO U3TOTOBJICHUS.

[pennoken (GaHTOM Ul MPOBEICHUS MPOLEAYP KOHTPOJS KAauecTBa IPH BBOJE aNIlJIMKaTOPOB
B KJIMHUYECKYIO SKCIUTyaTaluio. M3MepeHrne MOITHOCTH JI03bl OT HUCTOYHUKA B (DAHTOME MOXKET OBIThH
UCTIONB30BAHO TP MPOBEICHUN NPOLENYP KOHTPOJIS KayecTBa aIllTUIMKATOPOB C PEHTICHO3AIIUTHEI-
MU BCTaBKaMH. JTO MO3BOJHT BBISIBUTH PeasibHbIH KOIDOUIUEHT NPOMYCKaHUS 3aIIUTHBIX TJIACTHH,
B TOM YHCJIE 103y B TIOJyTEHH 3aLIUTHBIX PHCIOCOOICHUI.

[IpeasioxkeHHOE YCTPOMCTBO MPEAOCTABIISCT IUPOKHE BO3MOXKHOCTH JJIS MPOBEACHUS KOHTPOJIS
Ka4ecTBa alllJIMKaTOPOB ¥ TIO3BOJIMT MPOBOAUTH Pa3IMYHbIC H3MEPEHHUS IS JTI0OOT0 THITA ANITUINKATO-
POB. FeOMeTpI/I‘IeCKI/Ie OH_[I/I6KI/I B OIIPCACIICHU U TTOJIOKCHN A HCTOYHHUKOB MOTYT IPUBECTHU K pa3INuUAM
MEKIY pacueTOM JJO30BOTO PACIpE/ICIICHHS U IOCTaBICHHOW Ha anmapare 1030i. BHenpenue cooTet-
CTBYIOINUX MNpoHeAYP KOHTPOJIA KaueCTBa B KIMHHUYCCKYIO IMPAKTHUKY MHUHUMU3SUPYCT HOIPCITHOCTH
OTITyCKa JI03bI C HCTIOJIb30BAHUEM Pa3IUYHbBIX TUIIOB alIUIMKATOPOB. [IpaBuibHast 1 KOppeKTHAsI cTpa-
TEruss PEKOHCTPYKIUU alllJInKaTopa obecrieyur YPOBEHb NOIpCHIHOCTH PEKOHCTPYKIUU JJId 3HAYH-
TEJIBHOTO CHIDKEHUS BIMSHMS HAa JOCTaBKY J03bl. [Ipy mpaBHIBHOM MPOBEACHUU KOHTPOJIS KauecTBa
HEOIIPEIeNICHHOCTh PEKOHCTPYKIINH, KaK IPaBHJIO, MEHBIIIE, YeM APYTHE HEONPEIeIICHHOCTH OpaxuTe-
panuu (IBH)KEHHE OpPraHoOB B MPOLIECCE MOATOTOBKY U OKOHTYPUBAHUE MUIICHU M OPTaHOB PUCKA).
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IMPOI'HO3HAS OINIEHKA UBMEHEHUS OBBEMOB INOJJIEXKALIUX INTYBUHHOMY
3AXOPOHEHHUIO PAJIMOAKTUBHBIX OTXOA0OB B AKTUBUPOBAHHBbIX
PEAKTOPHBIX KOHCTPYKIUAX B ITPOUHECCE UX BBIAEPKKHU ITOCJIE
OKOHYATEJBHOI'O OCTAHOBA SHEPI'OBJIOKOB BEJIOPYCCKOM ADC

AHHoTauus. [IpeacTaBnens! pe3ynbTaThl paCIeTHBIX UCCICIOBAHNI KOTHYECTBA TBEPABIX BEICOKOAKTHBHBIX U JIONTOXKH-
BYIIUX CPEJHEAKTHBHBIX paguoakTHBHBIX 0TX070B (BAO n JICAO), oOpa3yromuxcsi Ipu HEUTPOHHOH aKTHBAlMU MaTEpH-
aJI0B KOHCTPYKLMH, MpUJIETAIOIUX K aKTUBHOM 30He peakTopa BBOP-1200 benopycckoit ADC, B 3aBUCUMOCTU OT BPEMEHHU
10CJIe OKOHYATENIFHOTO OcTaHOBa peakTopa. Ouenka 00beMoB BAO u JICAO akTHBaIIMOHHOTO MPOUCXOKACHU S, 00pa3yOLIIX-
cst 3a 60 net skcruryaranun peakropa BBOP-1200, BeImonHeHa Ha OCHOBAaHUY PacYETHBIX HCCICIOBAHNH HAaBEJCHHON aKTHB-
HOCTH KOHCTPYKIIMOHHBIX ¥ 3aIIUTHBIX MaTePHAJIOB C HUCIOJIE30BaHUEM peakTOpHBIX 1 MoHTe-Kapiio mporpaMMHBIX KOZOB
(SERPENT 2, TBC-M, DYN3D, MCU-PD). B pe3ynsrare paccueTHBIX HCCIICIOBAHUN YCTaHOBIECHO, YTO MAcCChl U 0OBEMbI
AKTUBUPOBAHHBIX MaTEPHAJIOB, IO yPOBHIM 3arps3HeHus oTHocsmuxcs Kk BAO n JICAO, B teuenue 10 met mociie okoHYa-
TeJIBHOr0 OCTaHOBa peakTopa BBAP-1200 Benopycckoit ADC OymyT COCTaBIATh COOTBETCTBEHHO 273 T u 43 M. B unrepsa-
ne 30—70 yieT BBIAEPIKKM Macchl M 00BbEMBI aKTHBUPOBAHHBIX MaTepHajioB dTHX Kareropuit PAO cocTaBsST cOOTBETCTBEHHO
262 1 u 33 m°. [pu BeIAEpsKKE OT 100 10 200 JIET Macchl M 0GBEMBI AKTHBUPOBAHHBIX MaTEPHANIOB 3THX Kateropuii PAO cocra-
BT cootBeTcTBeHHO 118 T 11 15 M. OCHOBHOI BKJIa/1 B BEINYHHY HHTEIPATbHON yACTBHOM AKTHBHOCTH MATEPHAIIOB KOHCTPYK-
Uil BBITOPOAKH, IIAXTHI, HAIIABKH, KOpITyca peakropa, 6ioka 3amuTtHbIX TpyO (B3T), mpocTpancTBa Mo akTHBHOHN 30HOM,
TEMION30NANNH B TedeHne 10 JeT mocie 0CTaHOBa peakTopa GyAyT BHOCHTH H30TONBI -Fe (mepuoj monypacnana 2,7 roja),
0Co (5,27 rona) u ®Ni (96 ner), a nocne 10 net Beyepxkn — SNi. OCHOBHOM BKIa[ B BETHUMHY HHTErPAIbHON yICTbHOM
AKTHBHOCTH MaTePHANIOB roromarorumx snementos (ITJT) ¢ Dy,TiOs B Teuenne Bcero cpoka xpaners 6yaer BHocuTs Ni.

KuroueBble c0Ba: pagioaKTUBHBIE OTXOABI ATOMHBIX DJIEKTPOCTAHIINH, BHICOKOAKTUBHBIC TBEP/bIE PaTHOAKTUBHBIE
OTXOAbI, JOJTOXHUBYIUIHUE CPCAHCAKTUBHBIC paJUOAKTUBHBIC OTXOAbI, 3aXOPOHCHUEC PAAUOAKTHUBHBIX OTX0/10B

Jast nuruposanusi: [Ipornosnas orenka H3MeHEHH 00BEMOB MOAJIEKANUX TTTyOMHHOMY 3aXOPOHEHHUIO PaJnOaKTHB-
HBIX OTXOJIOB B aKTHBHPOBAHHEIX PEAKTOPHBIX KOHCTPYKIUSAX B IPOLECCE UX BBIICPKKHU MOCIE OKOHIATEIEHOTO OCTAHOBA
sHepro6siokoB benopycckoit ADC / M.JL. XKemxypos [u ap.] / Bec. Hau. akaa. HaByk Benapyci. Cep. ¢i3.-T9XH. HaByK. —
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PREDICTIVE EVALUATION OF CHANGES IN THE VOLUMES OF RADIOACTIVE WASTE TO BE DEEPLY
DISPOSITIONED IN ACTIVATED REACTOR STRUCTURES IN THE PROCESS OF THEIR STORAGE AFTER
THE FINAL SHUTDOWN OF THE BELARUSIAN NPP POWER UNITS

Abstract. This paper presents the results of computational studies of the amount of solid high-level and long-lived inter-
mediate level radioactive waste (HLW and ILW-LL) generated during neutron activation of structural materials adjacent to
the core of the VVER-1200 reactor of the Belarusian NPP, depending on the time after the final shutdown of the reactor. The
assessment of the volumes of HLW and ILW-LL of activation origin, formed over 60 years of operation of the VVER-1200
reactor, was carried out on the basis of computational studies of the induced activity of structural and shielding materials
using reactor and Monte Carlo program codes (SERPENT 2, TVS-M, DYN3D, MCU- PD). As a result of calculation studies,
it was established that the masses and volumes of activated materials, according to the levels of pollution related to HLW
and ILW-LL, within 10 years after the final shutdown of the VVER-1200 reactor of the Belarusian NPP will be 273 tons and
43 m?, respectively. In the interval of 30—70 years, the masses and volumes of activated materials of these categories of RW
will amount to 262 t and 33 m?, respectively. From 100 years to 200 years, the masses and volumes of activated materials
of these categories of RW will be 118 t and 15 m?, respectively. Within 10 years after the reactor shutdown, isotopes °Fe
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(2.7 years), ©°Co (5.27 years), ©Ni (96 years) will make the main contribution to the value of the integral specific activity of the
materials of the structures of the fence, shaft, surfacing, reactor vessel, block of protective tubes (BPT), the space under the
core, thermal insulation; after 10 years — ©*Ni. The main contribution to the value of the integral specific activity of materials
of absorbing elements (PEL) with Dy, TiOs during the entire period of storage will be made by **Ni.

Keywords: radioactive waste of nuclear power plants, solid high-level radioactive waste, long-lived intermediate level
radioactive waste, burial of radioactive waste
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BBenenne. B cootBeTcTBUM ¢ pekomMeHmanusIMu MAI'ATD u TpeOOBaHHSIMH, COACPKAITUMHUCS
B HAI[MOHAJbHBIX HOPMATUBHBIX JJOKYMEHTAaX, MpoIiecc BbiBoja 0J10koB ADC U3 3KCILTyaTal[uH JIOJIKCH
YUYUTHIBAThCS, HAYMHAS CO CTAJUU TPOSKTHUPOBAHUS CTAHIUH. J{JI 9TOTO y>ke Ha ATOM dTare HeoOXo-
JUMa OlleHKa 00'beMa U paIMallMOHHBIX XapaKTePUCTUK OTXOJ/IOB, KOTOPBIE OYAYT 00pa30BBIBATHCS MTPH
BBIBOJIC HEPrO0JIOKA U3 AKCILITyaTaliH.

BriBog n3 skcruryaramuu 61oka ADC MOKET OCYIIECTBIISATHCS PA3ITMIHBIMU CIIOCOO0aMU (BapuaH-
Tamu) [1], BBIOOp KOTOPBIX OMpeesieTcsl HallMOHAJIbHONH TeXHUYECKOM MOTMTUKON, peain3yeMoi Mpu
BBIBOJIE M3 PKCIUTyaTallnd 0ObEKTOB HCITOJb30BaHMS aTOMHOM SHEPTUH, JTUO0 MyTeM MHOTO(AKTOPHO-
r0O aHalin3a psijia TEXHUKO-DKOHOMHYECKUX, COLMATBHBIX U IPYTUX (HaKTOPOB.

JIelicTBY FOIIIMMU HOPMATHBHBIMU JJOKYMEHTAMH PsiJia CTPAH IMPEAYCMaTPHBACTCS peaTu3alius Ciaeay-
FOIINX 0a30BBIX BAPUAHTOB BBIBOA M3 AKCIIITyaTaI[i OTpabOTaBIINX HA3HAYCHHBIH CPOK CITYKObI OJI0KOB
ADC: 3axopoHeHUe, HeMeJICHHAs! JINKBUIALMS, OTI0KEHHAS JIMKBUAANUS (B 3apyOeHOH HOpMaTHBHO-
TEXHWYECKOH JTUTepaType OHU UMErOT ciexyrontue odbo3nadeHus: ENTOMB, DECON u SAFSTOR).

Bapuant «3axopoHeHHe» Tpearnonaraet JOKaIH3alnIo U 3aXOPOHEHHE BHICOKOAKTUBHBIX KOHCTPYK-
UK, cUCTeM U 00OpYJOBaHUS, KaK MPABHIIO, HA WX INTATHOM MECTE 3a CYET CO3JaHMs 3allUTHHIX Oa-
PbEPOB, MCKITIOYAIOIINX HECAHKITMOHUPOBAHHBIN JTOCTYIT K HUM U paclpoCcTpaHEeHHE PaJHOaKTHBHOCTH
B OKpYy:karouryto cpeny. Cienyer OTMETUTb, YTO YKa3aHHbIH BApHAHT HE COOTBETCTBYET YCTAHOBICHHBIM
B PecrryOmmke bemapych HOpMaTHBHEIM TpeOOBAaHHUSAM K 3aXOPOHEHHUIO PaTHOaKTUBHBIX 0TX0m0B (PAO)
B 3aBHCHUMOCTH OT UX KJIacca U OOLIMM KPUTEPHUSM MMPHEMIIEMOCTH JITAHHBIX OTXOAOB IS 3aXOPOHEHHUSI.

BapuanTt «HemenneHHas IHUKBUIAIUS» IPEIOIAraeT IMOJNHBINH JEMOHTaX CTPOUTEIBHBIX KOH-
CTPYKIIM, CUCTEM W 00OpPYIOBAaHUS TOCIE TOATOTOBHTEIBHOTO dTala W IMOCIEeIYIONYI PEKYJIBTH-
Banuio (BoccraHosyieHue) rromanaku ADC. PaboThl 1Mo JeMOHTaXy BBICOKOAKTHUBHBIX KOHCTPYKIIHM
peakTopa, Ipyrux pajHoaKkTHBHO 3arpS3HEHHBIX CHCTEM W O0OPYAOBAaHUS MPOU3BOASATCS MpaKTHUe-
CKHU Cpa3y Mocje OKOHYATENBHOrO ocTaHoBa Oioka ADC, BBITPY3KH U yJaleHUs SJCpHOTO TOIUIHMBA.
HemoctaTkoM maHHOTO BapuaHTa SIBISIOTCS OOJBININE MaTepUaibHbIe W (DMHAHCOBBIE 3aTpPaThl, 00Y-
CJIOBJICHHBIE BEICOKHM YPOBHEM PaJIMOAKTUBHOCTH U OosbiiuM 00beMoM PAO pa3iiHuHBIX KIacCOB.

BapuaHT «0TI0XKEeHHAsI TUKBUIAIMSD) 3aKIIFOYASTCS B TIOJTHOM JIEMOHTa)XKe KOHCTPYKIUI peakTopa,
crcTeM 1 000py/I0BaHUS, IIPOU3BOMMOM TOCIIE ATANa X JUINTEITHHOW Oe30MaCHON BhIICPYKKH MOJT Ha-
OJI0ICHUEM B LIEJISIX €CTECTBEHHOTO CIa/ia PaJIuOaKTUBHOCTH O YPOBHS, IPHEMIIEMOTO JJIsl TIPOBeEIe-
HUS JJeMOHTaXXHBIX paboT Ha 0a3e MMEIOIINXCS CPENICTB TEXHOIOTHYECKOTO OCHAIIIEHUS.

B oTHOMIEHNN 00pa3yeMbIX MPpH JTUKBHIAIUN SHEProOIOKa BEICOKOAKTHBHBIX PaJHOAKTHBHBIX OT-
xonoB (BAO) ux jmmtenbHas BBIAEPIKKA MOXKET TaKKe TPeOOBAThCS NI CHI)KEHUSI 00 bEMHOT0 dHEP-
TOBBIICTICHUS 10 3HAYCHUHU, periaMeHTHpoBaHHBIX 1t PAO kiaccoB 1 u 2, u mepeBoma PAO kmac-
ca | B kyacc 2 As yIpoIIEHUsI CUCTEMBI 3aX0poHeHus. Kpome Toro, 3a c4eT BBIACPKKH MOXKET OBITh
CHHKEHa MOIITHOCTD JI03bI TaMMa-U3JIyueHHUs Ha MOBEPXHOCTH TUIAHUPYEMBIX K MCTIOIh30BAHUIO yTia-
k0BOK PAO 110 3HaueHMIA, peraaMeHTUPYEMbIX IpaBUiaMK O€30MaCHOCTH MPU TPAHCIIOPTUPOBAHUH pa-
JIMOAKTUBHBIX MaTEPHAJIOB.

[IponomKUTENFHOCTH dTAMa JITUTSILHON BBIJICPKKH JIOJKHA OIPEACISTHCS B pe3ybTaTe JAeTallb-
HBIX TE€XHHKO-IKOHOMHYECKHX ONTHMH3AI[MOHHBIX PacyeToB M MoxeT coctaBuTh OoT 30 g0 100 ner.
CremyeT OTMETUTH, YTO HEOOXOMMMOCTh OpPTaHHW3alHNH IIUTEIBHOTO XpaHeHUsS BAO U TONTOXUBY-
IIMX CPEIHEaKTUBHBIX paguoakTUBHBIX 0TX010B (ACAO) U cpokH XpaHEHHUS MPH peau3alud Bapu-
aHTa «OTJIOKEHHAs JIMKBHJIALWS» JUISl BBIBOAA M3 JKCILTyaTamuy 3HeproOiokoB bemopycckoit ADC
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MOTYT OBITH OOYCJIOBJICHBI CPOKAMH CO3IaHUS M BBEACHUS B DKCITyaTallWIO ITYHKTA TIyOWHHOTO 3a-
xoponenust PAO. CornacHo knaccupukanuu PAO nist oGecrieueHust J0JIr0CpOYHON 0€30MacHOCTH MPH
3axoponennu BAO u JICAO BKIIFOUEHBI B KJacchl | U 2 ¥ JOHKHBI 3aXOpPaHUBATHCH B TIyOOKHX reo-
nornueckux popmarusx. [IpopadoTka Bompoca 0 coopyeHUU MyHKTa 3axopoHeHus: PAO BBICOKOM ak-
TUBHOCTH, 00pa3yeMbIX B pesyibrare skcruryatanuu benopycckoit ADC, B T1y00KOH reonornyeckom
(hopmaruu ABiIsieTCsl OMHOM M3 OCHOBHBIX 3a7ad «CTparerun oOpalieHus ¢ paJuoaKTUBHBIMH OTXO-
mamu bermopycckoil aTOMHOM ayekTpocTaHIumy (rmoctaHosienne CoBeta MwuHUCTpOB PecmyOiamku
Benapyce ot 2 utons 2015 ., Ne460 «OO0 yTBEpX)ACHUHU CTpaTErnu OOpaIlleHHUs C PaJUOAKTHBHBIMH
0TX0maMu benopycckoif aTOMHON AIIEKTPOCTAHITHI).

Takum 00pazom, s pazpaboTKU TEXHHUECKUX MPEAJIOKEHUN, TIPOrHO3HBIX MJIaH-TPadUKOB MO Op-
ranu3anuu cuctembl oopamienus ¢ BAO u JICAO B mporiecce BbIBOIA M3 KCIUTyaTanuu benopycckoii
ADC, BO3MOXHBIX TEXHOJIOTHYECKAX W KOHCTPYKTUBHBIX PEIICHUN TI0 CHCTEME TITyOMHHOTO 3aXOpOHe-
Hust 5TuX PAO Heo0X0nMMO MMETh IPOrHO3HBIC KOJMYECTBEHHBIE JaHHbIC TI0 00bEeMaM B Macce aKTHBHU-
POBaHHBIX PEAKTOPHBIX KOHCTPYKLHUN, OTHOCAILIUXCS IO YPOBHIO yaenbHOUM akTuBHOCTU K BAO 1 JICAO,
B 3aBHCUMOCTH OT JUTHTEIIEHOCTH MX BBIICPIKKH MTOCIIe OKOHYATEILHOTO OCTAHOBA SHEProOIIoKa.

PacueTHOe mporHo3upoBaHuMEe OOBEMOB PaJHOAKTHUBHBIX OTXOAOB, OOpa3yroOIIMXCS B pe3yibra-
T€ HEHTPOHHOW aKTHMBAIMK OETOHOB paJHAIlMOHHOW 3aIMTHI 32 CPOK IKCIUTyaTallud peakTopa THIIa
BBOP, B 3aBUCUMOCTH OT JJIUTEIBLHOCTH MX BBIACPKKHU MOCTE OKOHYATEIHHOTO OCTAaHOBA peakTopa
paccMoTpeHo B [2—4]. JlaHHbIe O aKTUBHOCTU KOHCTPYKLHH PEaKTOPHOM YCTAaHOBKH HUCXOJs U3 Bpe-
MEHH TIOCJIC €€ OCTaHOBAa MPEICTABICHBI B MaTepruaiax mpoekta bemopycckoir ADC 1 9acTHIHO OITy-
OnukoBaHkl B [1, 2]. B [2] BBIIIOJIHEHO pacyeTHOE MOJICIMPOBAHKNE AaKTHBAIIUN 3JICMCHTOB KOHCTPYKIIUH
peakropa npu skcrnyaranun ADC ¢ BBOP-1200, npu 5ToOM B COOTBETCTBHUHU C POCCHUHCKMMH CaHU-
tapHbIMU mpaBuiaamMu oopamenus ¢ PAO (CanlluH 2.6.6.2796-10 «CanuTtapHbie IpaBuiia 00pameHus
¢ paguoaktuBHbIME oTXonamu (CIIOPO-2002)») Bce KOHCTPYKIMU peakTopa ObLIN pa3/ieieHbl Ha TPH
rpymmbl TBepabix PAO (BBICOKO-, CpeiHe- U HU3KOAKTUBHBIE). OHAKO B HACTOSAIIEE BPEMS MPOEKT-
HBIC ¥ JINTEPATyPHbIC JaHHbIC TI0 00beMaM aKTHBUPOBaHHBIX PAO pa3jienbHO MO KaTeropusiM, B TOM
qycie noanexamux rinyonnaomy 3axoponennio BAO u JICAO, B 3aBUCUMOCTH OT JJIMTEIBHOCTH UX
BBIJIEP>KKH [IOCJIE OKOHYATEJIBbHOr0 ocTaHoBa peakTopa BBOP-1200 benopycckoii ADC 0TCyTCTBYIOT.

Lenv nacmoswezo ucciedoganus — NONYYSHHE TTPOTHO3HBIX KOJIMYECTBEHHBIX JAaHHBIX MO 00be-
MaM U Macce aKTUBUPOBAHHBIX PEAKTOPHBIX KOHCTPYKIIMM, OTHOCAIIUXCS 110 YPOBHIO y/IEIbHOM ak-
tuBHOCTH K BAO n JICAO, B 3aBUCHMOCTH OT IJIUTEIBHOCTH WX BBIICP)KKH TOCIE OKOHUYATEIHEHOTO
octaHoBa 3Heprodioka bemopycckoit ADC.

Metonuka ucciaenoBanuii. [ pacuera konuyectBeHHbIX n3MeHeHnii BAO u JICAO B akTuBH-
POBAHHBIX PEAKTOPHBIX KOHCTPYKIHMSAX B MPOIECCE UX BBIAEPKKH TOCIE 3aBEPIICHUS SKCILTyaTalHu
9HEPro0I0Ka HCIOJIb30BAaHbI MOJIyYEHHBIE aBTOPAaMU HACTOsLICH MyONuKauuu B [5—7] pe3ynbTarhl
OIIEHKM 00BEeMOB M pajauanuoHHbIX xapakTepucTuk BAO u JICAO Ha MOMEHT OCTaHOBa peakTopa
BBOP-1200 benopycckoit ADC. B ykazanHbIX paboTax pacdeThl HaBEJICHHOW aKTUBHOCTH KOHCTPYK-
LIMOHHBIX U 3aIIUTHBIX MAaTE€pPHAJIOB MPOU3BOJUINCH JJIsI CPOKA IKCILTyaTaluu peakropa 60 et ¢ uc-
TTOJTb30BaHMEM peakTOpHBIX 1 MonTe-Kapio mporpamMmmusix komoB: SERPENT 2 (tpexmepnsbrit MoHTE-
Kapno kox pacuera peakropoB, VIT Technical Research Centre of Finland, nmunensus Ne L1K002/
JIPNRMINSK); TBC-M (arrecranmonnsiii macropt ot 21.02.2002 Ne135); DYN3D (iuneH3uoH-
Hoe cormamrenne Ne0012011 mexnay LleaTrpom mm. I'ememronsma Jlpesaen-Poccernmopd, ['epmanus,
1 OOBbeTMHEHHBIM HHCTUTYTOM SHEPreTHYEeCKUX U AepHbIX uccienoBanuii — Cocasl HAH Benapycn);
MCU-PD (arrecrannonnsiii maciopt oT 24.10.2018 Ne456).

[Iporuosusie gannabie mo aktuBHOCTIM BAO u JICAO, oOpasyromuxcs B pe3ysbTare aKTHBAINH
HEHUTpOHAMU KOHCTPYKIIMOHHBIX M 3alIMTHBIX MaTepuanoB peakTopa BBOP-1200 3a 60 net skcrutyata-
nun benopycckoit ADC, B 3aBUCHMOCTH OT BPEMEHH BBIJICP)KKHU TIOCIIE OCTAHOBA PEaKTopa, OBIIH II0-
JIy4EeHbI Ha OCHOBE JIAHHBIX HA MOMEHT OCTAHOBA C YUETOM PaJMOaKTHBHOIO pacmasia 1o Gopmyse [8]

t

-0,6
A4(D)=40e T,

rne A; — akTUBHOCTH i-T0 paguoHykinaa, bk; A;(0) — akTHBHOCTH paJMOHYKJIN/Ia HA MOMEHT OCTaHOBA
peaxTopa, bk; T — nepuon nonypacnaia paIuoHyKIuaa, C; ¢ — BpeMs MOCJIe OCTaHOBA, C.
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XapakTepuCTUKHU HanOoJee 00IydaeMbIX 2JIEMEHTOB KOHCTPYKIHH peakTopa BBOP-1200, paccma-
TpUBAEMbIX B pacueTax, MpHuBeJcHbI B TaOim. 1. PacueTHas reomeTpusi KOHCTPYKIIMH peaKTopa mpej-
cTaBiicHa 38 y4acTKaMu (KaXKJIbIH 3JIEMEHT KOHCTPYKIIUHU MOXET COCTOSITh U3 HECKOJIBKHX y4aCTKOB
B COOTBETCTBHH CO CXEMOH PACIIONIOKEHUS aKTHBHPYEMbBIX KOHCTPYKIHi). CXeMBI PacIoNIOKEeHUS aK-
TUBHPYEMBIX KOHCTPYKIIMW U MaTEpHUaJIOB B paiioHEe aKTUBHOMW 30HBI peakTopa BBOP-1200 B pagnamns-
HOM M aKCHAaJIbHOM HAIPABJICHUSAX TPEICTABICHBI B [7].

Tab6nunma 1. XapakTepucTHKH HamGosee 00.,1y4aeMbIX 2JIeMeHTOB KOHCTPYKIHH peakTopa BBOP-1200

Table 1. Characteristics of the most irradiated structural elements of the VVER-1200 reactor
DIIeMEeHT KOHCTPYKIMU Houep . Marepuan HHOTH(;CTB’ AKTHBHpYe- O6nem, v
y4acTka, j T/M Mas macca, T
Briroponka 3 08XI18HIOT-Y 79 41,5 5,26
15 7.9 24,1 3,05
[laxTa 08X18HIOT-Y ?
31 13,7 1,74
[Tnura nuxuss B3T BeicoToii 34,7 cm (6e3 I12J1) 08X18HIOT-Y 7,9 14,6 1,84
9
[1DJ1 B minTe HUKHEH BBICOTOM 34,7 cM 42XHM * 5,65 0,20 0,04
DyZTIO5
B3T 6e3 mutut u [12J1 (cinoit BeicoToit 20 cm) 1014 08X18HI10T-Y 79 1,51 0,19
TI9JT (B4C, xax bl cioit 20 cM BBICOTOI) 42XHM + B4C 3,25 0,081 0,025
51 (Dvy2T105) B 30HE KOHILIEBUKOB TB)JIOB, CIOH | 0.09 0.016
BBICOTOH 13,7 cMm A2XHM + 565
i Dy,TiO ’
HBJ:[ (Dy2T1(25) B 30HE HAIPaBJIAIOIIUX KaHAJIOB, 5 Y2 1105 0.034 0.006
CIIO# BBICOTOM 5 cM
Tornotutens [19J1 Dy, TiOs 29 Dy,TiOs 49 0,0079 0,0016
O6omouka [12J1 30 42XHM 7,9 0,0042 0,0005
HpOCTpiiHCTBO TTO]] AKTUBHOMN 30HOM (KaXKbIH CJION 4-8 08XISHI0T-Y 7.9 1,52 0.19
BBICOTOM 20 CM)
B 16 08XISHIOT +Nb | .0 207 0.30
HYTPUKOPITyCHAsI HaIlJIaBKa
YIPHEOPTY 32 227 [ 029
K © ) 17 LSXHMDA 79 91,4 11,57
opryc (0e3 HaTTaBKH
Py 3 523 | 662
HuxHasist yacth 34 2,22 2,04
Tennouzons- 091°2C +
st OcHOBHas 4acTh 18 0SX1SHI0T 1,09 7,38 6,78
Bepxwusis uacts 19 1,44 1,32
JleBast HMOKHSISI 4aCTh 35 14,1 4,09
JleBast OCHOBHAs YacCTh 20 CeprieHTHHu- 47,0 13,6
Cyxas 3amura | JIeBast BepXHsisi 4acTh 21 TOBBIN OETOH + 3,45 9,18 2,66
[IpaBast HHXKHAS YacTh 36 craib 3 24,1 7,0
IIpaBas ocHOBHas 4acTh 22 80,4 23,3
o Huxuss yacts 25 CeprieHTHH- 58,7 10,4
(,p:;lg :aﬂ IIpaBas BepXHss 4acTh 26 TOBBIH OETOH + 5,64 58,7 10,4
JleBas BepxHsist 4acTh 27 craib 3 41,7 7,4
Buonornyeckas 3ammura 28 Ce}) MCHTCHHTO 2,78 19,6 7,05
BbIi1 OeToH + 6op
JleBast HKHSIS 9acTh 37 9,6 43
Crpourens- C o
HEIH 6eTOH JleBast OCHOBHAS YacTh 23 TPOUTCJIBHBIN 31,8 14,5
. 0eTOH ¢ 100aBKOI 2,2
3a cyxou [IpaBas HIKHSS 4aCTh 38 6ona 10,1 4,6
3aIATON P
[IpaBast ocHOBHasI yacThb 24 33,7 15,3

IIpumeuanue.

[13J1 — mornomarommuii anement, B3T — 610K 3aIIUTHBIX TPYO.
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Pe3yabraTsl u ux oocy:xaenue. K PAO kmaccoB 1 u 2, corlacHo HOpMaM M IIpaBujaM 1o ooec-
MEYCHHIO SCPHON M paauanuoHHON Oe3onacHocTH «be3onmacHocTh mpu oOpalieHuu ¢ pajguoaKTHB-
HBIMH oTxofamu. Oo0mue monokeHus» (HopMel 1 mipaBuiia o 0OCCIICUCHHIO SIICPHON M paIHaioH-
HOI Oe3omacHOCTH «be3omacHoCTh Mpu O0paleHUH ¢ PaJHOaKTUBHBIME OTXoMaMu. OOIIMe MmoJokKe-
HUSI», YTBEPXKJCHHBIE MMOCTAHOBICHHEM MWHHCTEPCTBA MO0 YPE3BBIYAHHBIM CUTyanusM PecryOnuku
Bbenapycs ot 28.09.2010 Ne47 (B penakiinu MOCTaHOBIEHUSI MUHUCTEPCTBA MO YPE3BbIYAMHBIM CHUTYa-
nusim PeciyOmukn Bemapyce ot 24.07.2017 Ne33)), otHocarcs BAO, ecinu oHH SIBASIOTCS TBEPIABIMU
PAO u cogepxar OeTa-u3mydaromnue paauoHyKINIbI (32 HCKIIOYEHHEM TPUTHS) C YAIbHOW aKTHBHO-
cthio Gonee 107 Bi/r. K kiaccy 2 otHocatcs Takxe JICAO, conepskarye 6eTa-H3Iydaromye pauoHy-
KJIHIBI (32 HCKITFOUEHUEM TPUTHS), C IEPUOJOM Torypacmaja 6onee 31 roga u yaenbHOW aKTHBHOCTHIO
ot 10* no 107 Br/r.

[IporHo3HbIe MaHHBIC TIO KOJIMYECTBEHHBIM M pagualiMoHHBEIM XxapakTtepuctukam BAO u JICAO,
00pa3yoLIUXcs B pe3ylbTare akTUBAlUd HEUTPOHAMHU KOHCTPYKLIMOHHBIX M 3aIUTHBIX MaTepHalioB
peakTopa BBOP-1200 3a 60 neT skcmryatanuu bemopycckoir ADC, B 3aBUCIMOCTH OT BPEMEHH TIOCTIe
OCTaHOBa peakTopa mpejcTaBieHbl B Ta01. 2—10. AKTUBHOCTH KJIACCU(HUIIMPOBAHBI 110 U30TOIAM, HX
CyMMapHbIe aKTHBHOCTH U CYMMapHbIe yAeTbHbIe aKTHBHOCTH, CYMMapHbIE aKTHBHOCTH U CYyMMapHBIe
ynenbHbie akTUBHOCTH JICAQ, Macchl M 00beMbl aKTUBUPOBAHHBIX MAaTEPHAJIOB B 3aBUCHMOCTH OT Bpe-
MEHU TPEeJICTaBICHBl OT MOMEHTa OCTaHOBa peakTopa o 200 et BBIAepKKH BKIOYUTENBHO. [Ipu pac-
YyeTax aKTUBHOCTH DIIEMEHTOB KOHCTPYKIUH ypoBHS BAO cymMMUpOBanCh BCe MpeICTaBICHHBIC H30-
torbl, mpu pacuerax JCAO cyMMHPOBaINCH JHUILIb H30TOIBI C EPUOAOM Nodypacnana 6ojuee 31 roga.

B Ta61. 2—10 >keaThIM IIBETOM BBIJICIICHBI H30TOITBI C TIEPUOAOM Ioypacmana 6onee 31 roma. B Ta-
onunax 2—4, 7-11 kpacHbIM IIBETOM 0003HaYCHBI AKTUBHOCTH, YACIbHBIC AKTUBHOCTH, MAaCChI, INIOTHO-
CcTH 1 00BEeMBI MaTepuaioB, oTHocsamuxcst K BAO. B Tabmmiax 4—7, 11 3eeHbIM IIBETOM BBIJCIICHBI aK-
THBHOCTH, yJeJbHbIE aKTUBHOCTHU, MacChl, IJIOTHOCTH U 00beMbl MaTepuaioB, oTHocsmuxcsa Kk JJCAO.
B Ta6m. 11 npeactasnensr maccel 1 006beMbl BAO 1 JICAO B 3aBUCHMOCTH OT BPEMEHH ITOCIIe OCTAHO-
Ba peakTopa.

Tabnuma 2. AKTHBHOCTH H YaeJbHbI€e aAKTUBHOCTH, MAaCChl U 00beMbl AKTUBUPOBAHHBLIX MaTepUajioB
BBII'OPOAKH B 3AaBUCUMOCTH OT BPEMEHH I10CJI€ OCTAHOBA peaKTOopa

Table 2. Activities and specific activities, masses and volumes of activated materials of the baffle, depending on
the time after shutdown of the reactor

= Iepuon AKTHBHOCTB, Bk
E noaypac- | PacuerHbie Bpemst BoLICPRKIL, JCT
E naja, napameTphbl
et 0 3 5 10 30 50 70 100 150 200
4 5736,00 7,46E+08|7,46E+08 | 7,46E+08 | 7,45E+08 | 7,43E+08 | 7,42E+08 | 7,40E+08 | 7,37E+08 | 7,33E+08 | 7,28E+08
3Mn 0,85 1,99E+16 | 1,75E+15 | 3,45E+14 | 6,00E+12 | 5,45E+05| 4,95E-02 | 4,49E-09 | 1,23E-19 | 3,06E-37 | 7,60E-55
SFe 2,70 1,82E+17 | 8,43E+16 | 5,04E+16 | 1,40E+16 | 8,24E+13 | 4,86E+11 |2,87E+09|1,30E+06 |3,47E+00| 9,25E-06
80Co 5,27 2,83E+16 | 1,91E+16 | 1,47E+16 | 7,60E+15 | 5,48E+14 | 3,95E+13 | 2,85E+12| 5,51E+10 | 7,68E+07 | 1,07E+05
¥Ni |7,50E+04 1,95E+14 | 1,95E+14 | 1,95E+14 | 1,95E+14 | 1,95E+14 | 1,95E+14 | 1,95E+14 | 1,95E+14 | 1,95E+14 | 1,95E+14
ONj 96,00 3,14E+16 | 3,07E+16 | 3,03E+16 |2,92E+16 | 2,53E+16 | 2,19E+16 | 1,89E+16 | 1,53E+16 | 1,06E+16 | 7,41E+15
%7r |1,53E+06 1,20E+06|1,20E+06 | 1,20E+06 | 1,20E+06 | 1,20E+06 | 1,20E+06 | 1,20E+06 | 1,20E+06 | 1,20E+06 | 1,20E+06
PmNb| 13,60 3,05E+12 |2,62E+12|2,36E+12 | 1,83E+12 | 6,61E+11 | 2,39E+11 | 8,61E+10 | 1,87E+10 | 1,46E+09 | 1,14E+08
%Nb |2,03E+04 7,82E+08 | 7,82E+08 | 7,82E+08 | 7,82E+08 | 7,81E+08 | 7,81E+08 | 7,80E+08 | 7,79E+08 | 7,78E+08 | 7,77E+08
%Mo 3,50E+03 3,20E+12 | 3,20E+12 | 3,20E+12 | 3,19E+12 | 3,18E+12 | 3,17E+12 | 3,16E+12 | 3,14E+12 | 3,11E+12 | 3,08E+12
PTc |2,13E+05 5,46E+11 | 5,46E+11 | 5,46E+11 | 5,46E+11 | 5,46E+11 | 5,46E+11 | 5,46E+11 | 5,46E+11 | 5,46E+11 | 5,46E+11
Acyumas b | 2,61E+17 | 1,36E+17 | 9,59E+16 | 5,10E+16 | 2,61E+16 | 2,21E+16 | 1,91E+16 | 1,55E+16 | 1,08E+16 | 7,61E+15
Macca,r |4,15E+07 |4,15E+07 | 4,15E+07 |4,15E+07 |4,15E+07 | 4,15E+07 | 4,15E+07 |4,15E+07 | 4,15E+07 | 4,15E+07
Acywvar BE/T|6,29E+09|3,28E+09|2,31E+09 | 1,23E+09 | 6,29E+08| 5,33E+08 | 4,61E+08 | 3,72E+08 | 2,61 E+08 | 1,83E+08
Ajcao, Bx
Ajcao, bx/r
P, /v’ 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06
v, M 5,26E+00|5,26E+00|5,26E+00|5,26E+00 |5,26E+00|5,26E+00|5,26E+00 [5,26E+00|5,26E+00|5,26E+00
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Tadbaumma 3.

B 3aBHCUMOCTH OT BPEMEHH IIOCJIC OCTAHOBA PeaKTopa

AKTHBHOCTH H YAaeJabHbI€ AaKTUBHOCTH, MACCbI U 00beMBbI AKTHBHPOBAHHBIX MaTE€pPHUAJIOB IIAXThbI

Table 3. Activities and specific activities, masses and volumes of activated materials of the mine, depending
on the time after the shutdown of the reactor
= Tepron AKTUBHOCTb, bk
2 nojrypac- Pacuernie Bpems BbIIEPKKH, IET
E nana, et apaMeTphbl
’ 0 3 5 10 30 50 70 100 150 200
“e | 5736,00 7,69E+07 | 7,69E+07 | 7,69E+07 | 7,68E+07 | 7,66E+07 | 7,64E+07 | 7,63E+07 | 7,60E+07 | 7,55E+07 | 7,51E+07
Mn 0,85 1,87E+15 | 1,64E+14 |3,25E+13 | 5,64E+11 | 5,12E+04 | 4,65E-03 | 4,22E-10 | 1,16E-20 | 2,87E-38 | 7,14E-56
SFe 2,70 1,86E+16 | 8,61E+15 | 5,15E+15 | 1,43E+15 | 8,42E+12 |4,97E+10 |2,93E+08 | 1,33E+05 | 3,54E-01 | 9,46E-07
80Co 5,27 3,32E+15 | 2,24E+15 | 1,72E+15 | 8,91E+14 | 6,42E+13 | 4,63E+12 | 3,34E+11 | 6,46E+09 | 9,01E+06 | 1,26E+04
¥Ni | 7,50E+04 2,96E+13|2,96E+13 | 2,96E+13 | 2,96E+13 | 2,96E+13 | 2,96E+13 | 2,96E+13 | 2,96E+13 | 2,96E+13 | 2,95E+13
ONi 96,00 3,15E+15 | 3,08E+15 | 3,04E+15 | 2,93E+15 |2,54E+15 | 2,20E+15 | 1,90E+15 | 1,53E+15 | 1,07E+15 | 7,44E+14
37r | 1,53E+06 1,10E+05 | 1,10E+05 | 1,10E+05 | 1,10E+05 | 1,10E+05 | 1,10E+05 | 1,10E+05 | 1,10E+05 | 1,10E+05 | 1,10E+05
PMNb| 13,60 5,14E+11 | 4,41E+11 | 3,98E+11 | 3,09E+11 | 1,11E+11 | 4,02E+10 | 1,45E+10 | 3,15E+09|2,46E+08 | 1,93E+07
%*Nb | 2,03E+04 7,36E+07|7,36E+07 | 7,36E+07 | 7,36E+07 | 7,35E+07 | 7,35E+07 | 7,34E+07 | 7,33E+07 | 7,32E+07 | 7,31E+07
%Mo | 3,50E+03 5,33E+11 | 5,33E+11 | 5,32E+11 | 5,32E+11 | 5,30E+11 | 5,28E+11 | 5,26E+11 | 5,23E+11 | 5,17E+11 | 5,12E+11
PTc | 2,13E+05 9,06E+10 | 9,06E+10 | 9,06E+10 | 9,06E+10 | 9,06E+10 | 9,06E+10 | 9,06E+10 | 9,06E+10 | 9,06E+10 | 9,05E+10
Acyunas b | 2,71E+16 | 1,41E+16 | 9,98E+15 | 5,28E+15 | 2,64E+15 | 2,23E+15 | 1,93E+15 | 1,56E+15 | 1,10E+15 | 7,74E+14
Macca, r |3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07
Acysua, BE/T| 7T,17TE+08 | 3,74E+08 | 2,64E+08 | 1,40E+08 | 6,98E+07 | 5,90E+07 | 5,11E+07 | 4,13E+07 | 2,90E+07 | 2,05E+07
Ajicao, bx
Ajcao, br/r
p, /M | 7,90E+06| 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,.90E+06 | 7,90E+06 | 7,.90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06
v, m? 4,78E+00 | 4,78E+00 | 4,78E+00 | 4,78E+00 |4,78E+00 | 4,78E+00 | 4,78E+00 | 4,78E+00 | 4,78E+00 | 4,78E+00

Tabnawu I a 4. AKTHUBHOCTH U YaeabHble aAKTUBHOCTH, MAaCChI U 00bEeMBI AKTUBHPOBAHHBIX MAaTE€PUAJIOB
HallJIaBKH Kopmyca B 3aBUCUMOCTH OT BPEMEHH IOCJIe OCTAHOBA peaKkTopa

Table 4. Activities and specific activities, masses and volumes of activated materials of the vessel cladding,
depending on the time after the shutdown of the reactor
g TepHox Pacuerne AKTHUBHOCTB, Bk
2 nojypac- BpeMs BeIAEPHKKH, €T
£ | nana,ger | TPANETPH 0 3 5 10 30 50 70 100 150 200
“¢ | 5736,00 1,95E+09| 1,95E+09 | 1,95E+09 | 1,95E+09 | 1,94E+09 | 1,94E+09 | 1,93E+09 | 1,93E+09 | 1,91E+09 | 1,90E+09
*Mn 0,85 1,84E+12 | 1,62E+11 | 3,19E+10 | 5,55E+08 | 5,04E+01 | 4,57E-06 | 4,15E-13 | 1,14E-23 | 2,83E-41 | 7,03E-59
SFe 2,70 6,57E+13 | 3,04E+13 | 1,82E+13 | 5,05E+12 | 2,98E+10 | 1,75E+08 | 1,03E+06 |4,68E+02 | 1,25E-03 | 3,34E-09
0Co 5,27 1,42E+13 | 9,57E+12 | 7,36E+12 | 3,81E+12 | 2,75E+11 | 1,98E+10 | 1,43E+09 | 2,76E+07 | 3,85E+04 | 5,38E+01
PNi | 7,50E+04 1,34E+11 | 1,34E+11 | 1,34E+11 | 1,34E+11 | 1,34E+11 | 1,34E+11 | 1,34E+11 | 1,34E+11 | 1,34E+11 | 1,34E+11
SNi | 96,00 1,33E+13 | 1,30E+13 | 1,28E+13 | 1,24E+13 | 1,07E+13 | 9,27E+12 | 8,02E+12 | 6,46E+12 | 4,50E+12 | 3,14E+12
37r | 1,53E+06 2,71E+02|2,71E+02 | 2,71E+02 | 2,71E+02 | 2,71E+02 | 2,71E+02 | 2,71E+02 | 2,71E+02 | 2,71E+02 | 2,71E+02
3mNb| 13,60 4,94E+12 | 4,24E+12 | 3,83E+12 |2,97E+12 | 1,07E+12 | 3,87E+11 | 1,40E+11 | 3,03E+10 |2,37E+09 | 1,85E+08
%Nb |2,03E+04 1,99E+10 | 1,99E+10 | 1,99E+10 | 1,99E+10 | 1,99E+10 | 1,99E+10 | 1,99E+10 | 1,98E+10 | 1,98E+10 | 1,98E+10
%Mo | 3,50E+03 1,68E+08 | 1,68E+08 | 1,68E+08 | 1,68E+08 | 1,67E+08 | 1,66E+08 | 1,66E+08 | 1,65E+08 | 1,63E+08 | 1,61E+08
PTc | 2,13E+05 2,01E+07|2,01E+07|2,01E+07 | 2,01E+07 | 2,01E+07 | 2,01E+07 | 2,01E+07 | 2,01E+07 | 2,01E+07 | 2,01E+07
Acysma» BX | LOOE+14 | 5, 76E+13 | 4,24E+13 | 2,44E+13 | 1,22E+13 | 9,83E+12 | 8,32E+12 | 6,65E+12 | 4,66E+12 | 3,30E+12
Macca, r |6,24E+06|6,24E+06 |6,24E+06|6,24E+06|6,24E+06 | 6,24E+06 | 6,24E+06 | 6,24E+06 | 6,24E+06 | 6,24E+06
Acysuas BE/T| L6OE+07 | 9,22E+06 | 6,80E+06 |3,90E+06 | 1,96E+06 | 1,58E+06 | 1,33E+06 | 1,07E+06 | 7,47E+05 | 5,28E+05
A picao, B 1,32E+13 | 1,30E+13 | 1,25E+13 | 1,09E+13 | 9,43E+12 | §,18E+12 | 6,62E+12 | 4,66E+12 | 3,29E+12
Ajicao, br/r 2,11E+06 |2,08E+06|2,01E+06 | 1,74E+06 | 1,51E+06 | 1,31E+06 | 1,06E+06 | 7,47E+05 | 5,28 E+05
p, /M | 7,90E+06/| 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06
¥, M 7,90E-01 | 7,90E-01 | 7,90E-01 | 7,90E-01 | 7,90E-01 | 7,90E-01 | 7,.90E-01 | 7,90E-01 | 7,90E-01 | 7,90E-01
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Tabnumoma 5 AKTHBHOCTH H yAe/bHble AKTHBHOCTH, MACChI H 00beMbl AKTHBHPOBAHHBIX MATEPHAJIOB
KOpIyca B 3aBHCMMOCTH OT BpEeMeHH I0cJie 0CTAHOBA PeaKkTopa

Table 5. Activities and specific activities, masses and volumes of activated materials of the vessel, depending on
the time after shutdown of the reactor

= Tepuox , AKTHUBHOCTB, Bk
; moJrypac- n:;:;?;;i Bpewms Boinepkku, et
T | mana, ger 0 3 5 10 30 50 70 100 150 200
“c | 5736,00 9,84E+05 | 9,84E+05 | 9,83E+05 | 9,83E+05 | 9,80E+05 | 9,78E+05 | 9,76E+05 | 9,72E+05 | 9,66E+05 | 9,61E+05
*Mn 0,85 2,37E+13|2,08E+12| 4,11E+11 | 7,14E+09 | 6,49E+02 | 5,89E-05 | 5,35E-12 | 1,46E-22 | 3,64E-40 | 9,05E-58
SFe 2,70 1,72E+14 | 7.96E+13 | 4,77E+13 | 1,32E+13 | 7,79E+10 |4,59E+08 | 2,71E+06 | 1,23E+03 | 3,27E-03 | 8,74E-09
Co 5,27 2,13E+13 | 1,44E+13 | 1,10E+13 | 5,72E+12 | 4,12E+11 | 2,97E+10 | 2,14E+09 | 4,14E+07 | 5,78E+04 | 8,06 E+01
PNi |7,50E+04 2,56E+10|2,56E+10 | 2,56E+10 | 2,56E+10 | 2,56E+10 | 2,56E+10 | 2,56E+10 | 2,56E+10 | 2,56E+10 | 2,56 E+10
ONi 96,00 2,66E+12|2,60E+12 | 2,57E+12|2,47TE+12 | 2,14E+12 | 1,85E+12 | 1,60E+12 | 1,29E+12 | 9,01E+11 | 6,28E+11
S7r | 1,53E+06 1,61E+03 | 1,61E+03 | 1,61E+03 | 1,61E+03 | 1,61E+03 | 1,61E+03 | 1,61E+03 | 1,61E+03 | 1,61E+03 | 1,61E+03
PMNb| 13,60 7,05E+09 | 6,05E+09 | 5,46E+09|4,24E+09 | 1,53E+09 | 5,52E+08 | 1,99E+08 | 4,32E+07 | 3,38E+06 | 2,64E+05
%Nb |2,03E+04 1,34E+06| 1,34E+06 | 1,34E+06| 1,34E+06 | 1,34E+06| 1,34E+06| 1,34E+06| 1,34E+06 | 1,33E+06 | 1,33E+06
Mo |3,50E+03 7,29E+09 | 7,29E+09 | 7,28E+09 | 7,28E+09 | 7,25E+09 | 7,22E+09 | 7,19E+09 | 7,15E+09 | 7,08 E+09 | 7,01E+09
PTe | 2,13E+05 1,33E+09| 1,33E+09 | 1,33E+09 | 1,33E+09 | 1,33E+09 | 1,33E+09| 1,33E+09 | 1,33E+09 | 1,33E+09 | 1,33E+09
Acyvinias BK | 2,20E+14 | 9,.87E+13 | 6,17E+13 | 2,14E+13 | 2,67E+12| 1,92E+12 | 1,64E+12| 1,33E+12 | 9,35E+11 | 6,62E+11
Macca,r |1,44E+08|1,44E+08 | 1,44E+08 | 1,44E+08 | 1,44E+08 | 1,44E+08 | 1,44E+08 | 1,44E+08 | 1,44E+08 | 1,44E+08
Acyniniar BK/T| 1,53E+06 | 6,87TE+05 | 4,29E+05 | 1,49E+05 | 1,86E+04| 1,34E+04 | 1,14E+04 | 9,23E+03 |6,50E+03 | 4,61E+03
Ajicao, bx | 2,69E+12 12,64E+12 | 2,60E+12 | 2,51E+12 | 2,18E+12 | 1,89E+12 | 1,64E+12| 1,33E+12 | 9,35E+11 | 6,62E+11
Agcao, Br/r| L8TE+04 | 1,84E+04 | 1,81E+04 | 1,75E+04 | 1,51E+04 | 1,31E+04 | 1,14E+04 | 9,23E+03 | 6,50E+03 | 4,61E+03
P, /M3 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06
v, M 1,82E+01 | 1,82E+01 | 1,82E+01 | 1,82E+01 | 1,82E+01 | 1,82E+01 | 1,82E+01 | 1,82E+01 | 1,82E+01 | 1,82E+01

Taobnwu o a 6. AKTHBHOCTH U YaeJdbHbIe aAKTUBHOCTH, MACCHI U 00BEMBI AKTUBUPOBAHHBLIX MAaTEPHAJIOB
TENJOU3O0JALIUN B 3aBUCUMOCTH OT BPEMEHHU MOCJI€ OCTAHOBA pPeaKTopa

Table 6. Activities and specific activities, masses and volumes of activated materials of thermal insulation,
depending on the time after shutdown of the reactor

=t Tepuor , AXTHUBHOCTH, bk
g noaypac- n:;:;-:‘;i Bpewmst BbLICPIKKH, JIET
& | mana, et 0 3 5 10 30 50 70 100 150 200
4c | 5736,00 1,50E+08 | 1,50E+08 | 1,50E+08 | 1,50E+08 | 1,49E+08 | 1,49E+08 | 1,49E+08 | 1,48E+08 | 1,47E+08 | 1,46 E+08
**Mn 0,85 3,85E+11 | 3,38E+10 | 6,68E+09 | 1,16E+08 | 1,05E+01 | 9,57E-07 | 8,69E-14 | 2,38E-24 | 5,92E-42 | 1,47E-59
3Fe 2,70 4,86E+12|2,25E+12| 1,35E+12 | 3,73E+11 |2,20E+09| 1,30E+07 | 7,65E+04 | 3,47E+01 | 9,25E-05 | 2,47E-10
0Co 5,27 747E+11 | 5,03E+11 | 3,87E+11| 2,01E+11 | 1,45E+10 | 1,04E+09| 7,51E+07 | 1,45E+06 | 2,03E+03 |2,83E+00
¥Ni |7,50E+04 1,43E+09 | 1,43E+09 | 1,43E+09 | 1,43E+09 | 1,43E+09 | 1,43E+09 | 1,43E+09 | 1,43E+09 | 1,43E+09 | 1,43E+09
ONi 96,00 1,32E+11 | 1,29E+11 | 1,27E+11 | 1,23E+11 | 1,06E+11 | 9,20E+10 | 7,96E+10 | 6,41E+10 | 4,47E+10 | 3,12E+10
B 1,53E+06 3,42E+00|3,42E+00|3,42E+00|3,42E+00 | 3,42E+00| 3,42E+00 | 3,42E+00 | 3,42E+00 | 3,42E+00 | 3,42E+00
BMNb| 13,60 3,89E+07|3,34E+07|3,02E+07|2,34E+07| 8,43E+06 | 3,04E+06| 1,10E+06 | 2,38E+05 | 1,86E+04 | ,46E+03
9Nb 2,03E+04 2,32E+03 |2,32E+03 | 2,32E+03 | 2,32E+03 | 2,32E+03 | 2,32E+03 | 2,31E+03 | 2,31E+03 | 2,31E+03 | 2,30E+03
Mo |3,50E+03 4,02E+07 |4,02E+07 | 4,02E+07 | 4,01E+07 | 4,00E+07 | 3,98E+07 | 3,96E+07 | 3,94E+07 | 3,90E+07 | 3,86 E+07
PTe 2,13E+05 7T,41E+06 | 7,41E+06 | 7,41E+06 | 7,41E+06 | 7,41E+06 | 7,41E+06 | 7,41E+06 | 7,41E+06 | 7,41E+06 | 7,41 E+06
Acyymas B | 6,13E+12 |1 2,92E+12 | 1,87E+12| 6,98E+11 | 1,25E+11 | 9,47E+10 | 8,13E+10 | 6,58E+10 | 4,63E+10 | 3,28E+10
Macca, r | 1,10E+07 | [,10E+07 | 1,10E+07 | 1,10E+07 | 1,10E+07 | 1,10E+07 | 1,10E+07 | 1,10E+07 | 1,10E+07 | 1,10E+07
Acysma> BK/T|5,55E+05|2,64E+05 | 1,69E+05 | 6,33E+04 | 1,13E+04 | 8,58E+03 | 7,37E+03 | 5,96E+03 | 4,20E+03 |2,97E+03
Ajcao, B | 1L34E+11 [ 131E+11 | 1,29E+11 | 1,24E+11 | 1,08E+11 | 9,36E+10 | 8,13E+10 | 6,58E+10 | 4,63E+10 | 3,28E+10
Ajicao, bx/r| 1,21E+04 | 1,18E+04 | 1,17E+04 | 1,13E+04 | 9,78E+03 | 8,48E+03 | 7,36 E+03 | 5,96E+03 |4,20E+03|2,97E+03
P, /M’ 1,09E+06 | 1,09E+06 | 1,09E+06 | 1,09E+06 | 1,09E+06 | 1,09E+06 | 1,09E+06 | 1,09E+06 | 1,09E+06 | 1,09E+06
Vv, m? 1,01E+01 | 1,01E+01 | 1,01E+01 | 1,01E+01 | 1,01E+01 | 1,01E+01 | 1,01E+01 | 1,01E+01 | 1,01E+01 | 1,01E+01
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Tab6numma 7. AKTHBHOCTH U y/eJbHble AKTHBHOCTH, MACChI H 00beMbl AKTHBHPOBAHHBIX MATePHAJIOB 0/10Ka
3alMTHBIX TPYO B 3aBHCHMOCTH OT BpEMeHH I0CJIe 0CTAHOBA PeaKTopa

Table 7. Activities and specific activities, masses and volumes of activated materials of the block of protective
pipes depending on time after reactor shutdown

= I AKTHUBHOCTb, Bk
§ cpHot PacuetHbie
g noJypac- napameTphi Bpems BbIIEPKKH, IET
T | mana, et 0 3 5 10 30 50 70 100 150 200
H¢ | 5736,00 1,20E+06 | 1,20E+06 | 1,20E+06 | 1,20E+06 | 1,20E+06 | 1,19E+06 | 1,19E+06 | 1,19E+06 | 1,18E+06 | 1,17E+06
*Mn 0,85 4,30E+13 | 3,78E+12 | 7,46E+11 | 1,30E+10 | 1,18E+03 | 1,07E-04 | 9,71E-12 | 2,66E-22 | 6,61E-40 | 1,64E-57
SFe 2,70 2,95E+14 | 1,37E+14 | §,17E+13 | 2,27E+13 | 1,34E+11 | 7,88E+08 |4,65E+06 | 2,10E+03 | 5,62E-03 | 1,50E-08
Co 5,27 4,49E+13 | 3,03E+13 | 2,33E+13 | 1,21E+13 | 8,69E+11 | 6,26E+10 |4,51E+09 | 8,74E+07 | 1,22E+05 | 1,70E+02
¥Ni |7,50E+04 5,17E+11 | 5,17E+11 | 5,17E+11 | 5,17E+11 | 5,17E+11 | 5,17E+11 | 5,17E+11 | 5,17E+11 | 5,16E+11 | 5,16E+11
ONj 96,00 5,07E+13 | 4,96E+13 | 4,89E+13 | 4,72E+13 | 4,08E+13 | 3,53E+13 | 3,06E+13 | 2,46E+13 | 1,72E+13 | 1,20E+13
37r | 1,53E+06 1,96E+03 | 1,96E+03 | 1,96E+03 | 1,96E+03 | 1,96E+03 | ,96E+03 | 1,96E+03 | 1,96E+03 | 1,96E+03 | 1,96E+03
BmNb| 13,60 4,90E+09|4,21E+09 |3,80E+09 |2,94E+09 | 1,06E+09 | 3,83E+08 | 1,38E+08 | 3,00E+07|2,35E+06 | 1,84E+05
%Nb |2,03E+04 1,66E+06|1,66E+06|1,66E+06 | 1,66E+06 | 1,66E+06 | 1,66E+06|1,66E+06 | 1,65E+06 | 1,65E+06 | 1,65E+06
%Mo |3,50E+03 5,07E+09|5,07E+09 |5,06E+09 | 5,06E+09 | 5,04E+09 | 5,02E+09 | 5,00E+09 |4,97E+09 |4,92E+09 | 4,8 7E+09
PTc | 2,13E+05 7,56E+08 | 7,56E+08 | 7,56 E+08 | 7,56E+08 | 7,56E+08 | 7,56E+08 | 7,56 E+08 | 7,56 E+08 | 7,56E+08 | 7,56E+08
Acyumas b | 4,34E+14 | 2,21E+14 | 1,55E+14 | 8,24E+13 | 4,24E+13 | 3,59E+13 | 3,11E+13 | 2,52E+13 | 1,77E+13 | 1,25E+13
Macca, r |2,22E+07|2,22E+07|2,22E+07|2,22E+07 |2,22E+07 |2,22E+07 | 2,22E+07 | 2,22E+07 |2,22E+07 | 2,22E+07
Acysvas BE/T| 1,96E+07 | 9,97E+06 | 7,01E+06 | 3,72E+06 | 1,91E+06 | 1,62E+06 | 1,40E+06 | 1,14E+06 | 7,99E+05 | 5,64E+05
Apcao, b 5,01E+13 |4,94E+13 | 4,77E+13 | 4,14E+13 | 3,59E+13 | 3,11E+13 | 2,52E+13 | 1,77E+13 | 1,25E+13
Ajicao, br/r 2,26E+06|2,23E+06|2,15E+06 | 1,87E+06 | 1,62E+06 | 1,40E+06 | 1,14E+06 | 7,99E+05 | 5,64E+05
P, /v’ 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,.90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06
v, M3 2,80E+00|2,80E+00|2,80E+00|2,80E+00|2,80E+00|2,80E+00|2,80E+00|2,80E+00 |2,80E+00|2,80E+00

Tabnumuma 8 AKTHBHOCTH U yleJIbHble AKTHBHOCTH, MACCHI H 00'beMbI aKTHBHPOBAHHBIX MATEPHAJIOB
NMPOCTPAHCTBA MO AKTHBHOIi 30HOH B 32aBHCHMOCTH OT BPEMEHH I10CJIe OCTAHOBA PeaKTopa

Table 8. Activities and specific activities, masses and volumes of activated materials in the space under the
core, depending on time after shutdown of the reactor

=t Tepuor , AKTHBHOCTB, bk
E nosypac- n:;:;Tei;]; Bpewms BbLAEpKKH, JET
= | mana, et 0 3 5 10 30 50 70 100 150 200
“c | 5736,00 1,30E+07|1,30E+07| 1,30E+07 | 1,30E+07 | 1,30E+07 | 1,29E+07 | 1,29E+07 | 1,28E+07 | 1,28E+07 | 1,27E+07
SMn 0,85 5,31E+13 | 4,66E+12 | 9,22E+11 | 1,60E+10 | 1,45E+03 | 1,32E-04 | 1,20E-11 | 3,28E-22 | 8,16E-40 | 2,03E-57
>Fe 2,70 3,20E+15| 1,48E+15 | 8,87E+14 | 2,46E+14 | 1,45E+12 |8,54E+09|5,04E+07 | 2,28E+04| 6,09E-02 | 1,63E-07
0Co 5,27 3,33E+14 | 2,24E+14 | 1,73E+14 | 8,94E+13 | 6,44E+12 | 4,64E+11 | 3,35E+10 | 6,48E+08 | 9,04E+05 | 1,26E+03
Ni |7,50E+04 4,86E+12 | 4,86E+12 | 4,86E+12 |4,86E+12 | 4,86E+12 | 4,86E+12 | 4,86E+12 | 4,86E+12 | 4,85E+12 | 4,85E+12
ONi 96,00 5,74E+14 | 5,62E+14 | 5,54E+14 | 5,34E+14 | 4,62E+14 | 4,00E+14 | 3,46E+14 | 2,79E+14 | 1,94E+14 | 1,35E+14
%7r | 1,53E+06 2,56E+04|2,56E+04|2,56E+04|2,56E+04 |2,56E+04 | 2,56E+04|2,56E+04 | 2,56E+04 | 2,56E+04| 2,56 E+04
BmNb| 13,60 1,08E+10 |9,27E+09|8,37E+09 | 6,49E+09 | 2,34E+09 | 8,45E+08 | 3,05E+08 | 6,61E+07 | 5,18E+06 | 4,05E+05
%Nb |2,03E+04 2,05E+06|2,05E+06|2,05E+06|2,05E+06|2,05E+06 |2,05E+06 | 2,05E+06 | 2,04E+06|2,04E+06 | 2,04E+06
Mo |3,50E+03 1,L12E+10 | 1,12E+10 | 1,12E+10 | 1,12E+10 | 1,11E+10 | 1,11E+10 | 1,10E+10 | 1,10E+10 | 1,09E+10 | 1,08E+10
“Tc | 2,13E+05 1,00E+09 | 1,00E+09| 1,00E+09 | 1,00E+09 | 1,00E+09 | 1,00E+09 | 1,00E+09 | 1,00E+09 | 1,00E+09 | 9,99E+08
Acyuvas BK | 4,16E+15 | 2,28E+15 | 1,62E+15 | 8,74E+14 | 4,75E+14 | 4,05E+14 | 3,51E+14 | 2,84E+14 | 1,99E+14 | 1,40E+14
Macca, r | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06
Acyunas br/T|5,48E+08 |3,00E+08 | 2,13E+08 | 1,15E+08 |6,25E+07 | 5,33E+07 |4,62E+07 | 3,73E+07 | 2,62E+07 | 1,85E+07
Apcao, Bx
Ajicao, Br/T
P, /M 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06
v, M 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01
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TaO6nuuma 9 AKTHBHOCTH M y/leJbHble aKTHBHOCTH, MACChI H 00beMbl AKTHBHPOBAHHBIX MATEPHAJIOB
norjomawmux 31emeHToB (Dy,TiOs) Hag akTUBHOI 30HOIi, cpoK ciay:k0b1 10 J1eT B 3aBUCHMOCTH OT BPeMeHH IocJie
0CTaHOBA peaKTOpa

Table 9. Activities and specific activities, masses and volumes of activated materials of absorbing elements
(Dy,TiOs) above the core, service life of 10 years depending on the time after shutdown of the reactor

= AKTHBHOCTB, bk
E nnoisfgzlc[— Pacueriste Bpems BbIACPKKH, JIET
E nana, et fapaeTpet 0 3 5 10 30 50 70 100 150 200
Ye | 5736 1,78E+09 | 1,78E+09 | 1,78E+09 | 1,78E+09 | 1,78E+09 | 1,77E+09 | 1,77E+09 | 1,76E+09 | 1,75E+09 | 1,74E+09
*Mn| 0,85 1,29E+11 | 1,13E+10 |2,24E+09 | 3,89E+07 | 3,53E+00| 3,21E-07 | 2,91E-14 | 7,97E-25 | 1,98E-42 | 4,93E-60
BFe | 2,70 1,04E+13 | 4,83E+12 | 2,89E+12 | 8,02E+11 [4,73E+09 | 2,79E+07 | 1,64E+05 | 7,44E+01 | 1,99E-04 | 5,31E-10
0co | 5,27 8,40E+11 | 5,66E+11 | 4,35E+11 | 2,26E+11 | 1,63E+10 | 1,17E+09 | 8,45E+07| 1,63E+06 | 2,28E+03 | 3,18E+00
¥Ni |7,50E+04 1,90E+12 | 1,90E+12 | 1,90E+12 | 1,90E+12 | 1,90E+12 | 1,90E+12 | 1,90E+12 | 1,90E+12 | 1,90E+12 | 1,90E+12
O3Ni 96 2,48E+14 | 2,42E+14 | 2,39E+14 | 2,31E+14 | 2,00E+14 | 1,73E+14 | 1,50E+14 | 1,20E+14 | 8,39E+13 | 5,85E+13
3Zr | 1,53E+06 7,14E+03 | 7,14E+03 | 7,14E+03 | 7,14E+03 | 7,14E+03 | 7,14E+03 | 7,14E+03 | 7,14E+03 | 7,14E+03 | 7,14E+03
%Nb |2,03E+04 3,65E+05 | 3,65E+05 | 3,65E+05 | 3,65E+05 | 3,64E+05 | 3,64E+05 | 3,64E+05 | 3,64E+05 | 3,63E+05 | 3,62E+05
%Mo |3,50E+03 2,36E+09|2,36E+09|2,36E+09 | 2,35E+09 | 2,34E+09 | 2,33E+09 | 2,33E+09 | 2,31E+09 | 2,29E+09 | 2,27E+09
PTe |2,13E+05 1,64E+08 | 1,64E+08 | 1,64E+08 | 1,64E+08 | 1,64E+08 | 1,64E+08 | 1,64E+08 | 1,64E+08 | 1,64E+08 | 1,64E+08
S7Th | 150 1,03E+13 | 1,01E+13 | 1,00E+13 | 9,80E+12 | 8,93E+12 | 8,14E+12 | 7,43E+12 | 6,46E+12 | 5,13E+12 | 4,07E+12
8Th | 150 774E+12 | 7,63E+12 | 7,56E+12 | 7,39E+12 | 6,74E+12 | 6,14E+12 | 5,60E+12 | 4,88E+12 | 3,87E+12 | 3,07E+12
Dyl 0,396 1,88E+14 | 9,89E+11 | 2,99E+10 | 4,73E+06 | 2,98E-09 | 1,88E-24 | 1,19E-39 | 1,88E-62 |1,87E-100|1,87E-138
Acywuas B | 4,68E+14 | 2,69E+14 | 2,62E+14 | 2,51E+14 | 2,17E+14 | 1,89E+14 | 1,64E+14 | 1,34E+14 | 9,48E+13 | 6,75E+13
Macca, r | 1,92E+06 | 1,92E+06 | 1,92E+06 | 1,92E+06 | 1,92E+06 | 1,92E+06 | 1,92E+06| 1,92E+06 | 1,92E+06 | 1,92E+06
Acyvar BE/T|2,43E+08 | 1,40E+08 | 1,36E+08 | 1,30E+08 | 1,13E+08 | 9,82E+07 |8,55E+07 | 6,95E+07 |4,93E+07 | 3,51E+07
Apicao, Bx
Ajcao, bx/r
p, /MY |5,65E+06 |5,65E+06 | 5,65E+06 | 5,65E+06 | 5,65E+06 | 5,65E+06 | 5,65E+06 | 5,65E+06 | 5,65E+06 | 5,65E+06
v, M 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01

Tab6numoma 10. AKTHBHOCTH H yAeJbHble aKTHBHOCTH, MACChI H 00 beMbl AKTHBHPOBAHHBIX MATEPHAJIOB
noryiomammux 31eMeHToB (Dy,TiOs) Hax aKkTUBHO# 30HOH, CPOK CJIY:KObI 3 roJa B 3aBUCHMOCTH OT BPeMeHH Mocje
0CTAaHOBA peaKkTopa

Table 10. Activities and specific activities, masses and volumes of activated materials of absorbing elements
(Dy,TiOs) above the core, service life 3 years depending on the time after shutdown of the reactor

I;( Tepron AKTHBHOCTB, bk
E nojypac- 11::;::4’22;: Bpewms BbLaCpKKH, I€T
= nana, iet 0 3 5 10 30 50 70 100 150 200
o | 5736 2,02E+09|2,02E+09 | 2,02E+09 | 2,02E+09 | 2,01E+09 | 2,01E+09 | 2,00E+09 | 2,00E+09 | 1,98E+09 | 1,97E+09
Mn| 0,85 2,58E+12 | 2,27E+11 | 4,48E+10 | 7,78E+08 | 7,06E+01 | 6,41E-06 | 5,83E-13 | 1,59E-23 | 3,96E-41 | 9,86E-59
SFe | 2,70 796E+12 | 3,69E+12 | 2,21E+12 | 6,11E+11 | 3,60E+09 | 2,13E+07 | 1,25E+05 | 5,68E+01 | 1,52E-04 | 4,05E-10
0co | 527 8,28E+12 | 5,58E+12 | 4,29E+12 | 2,22E+12 | 1,60E+11 | 1,ISE+10 | 8,32E+08 | 1,61E+07 | 2,25E+04 | 3,13E+01
N | 7,50E+04 6,64E+11 | 6,64E+11 | 6,64E+11 | 6,64E+11 | 6,64E+11 | 6,64E+11 | 6,64E+11 | 6,63E+11 | 6,63E+11 | 6,63E+11
8Ni 96 8,76E+13 | 8,57E+13 | 8 45E+13 | 8,15E+13 | 7,05E+13 | 6,11E+13 | 5,29E+13 | 4,26E+13 | 2,97E+13 | 2,07E+13
%7r |1,53E+06 2,10E+03 | 2,10E+03 | 2,10E+03 | 2,10E+03 | 2,10E+03 | 2,10E+03 | 2,10E+03 | 2,10E+03 | 2,10E+03 | 2,10E+03
%Nb [2,03E+04 2,42E+06 | 2,42E+06 | 2,42E+06 | 2,42E+06 | 2,42E+06 | 2,42E+06 | 2,41E+06 | 2,41E+06 | 2,41E+06 | 2,40E+06
%Mo |3,50E+03 7,06E+09 | 7,06E+09 | 7,05E+09 | 7,05E+09 | 7,02E+09 | 6,99E+09 | 6,96E+09 | 6,92E+09 | 6,85E+09 | 6,79E+09
PTe | 2,13E+05 1,18E+09 | 1,18E+09 | 1,18E+09 | 1,18E+09 | 1,18E+09 | 1,18E+09 | 1,18E+09 | 1,18E+09 | 1,18E+09 | 1,18E+09
ST | 150 1,67E+13 | 1,65E+13 | 1,63E+13 | 1,59E+13 | 1,45E+13 | 1,33E+13 | 1,21E+13 | 1,05E+13 | 8,35E+12 | 6,63E+12
BSTh | 150 1,15E+13 | 1,13E+13 | 1,12E+13 | L,IOE+13 | 9,99E+12 | 9,11E+12 | 8,31E+12 | 7,23E+12 | 5,74E+12 | 4,56E+12
Dy | 0,396 5,88E+14 | 3,09E+12 | 9,32E+10 | 1,48E+07 | 9,31E-09 | 5,87E-24 | 3,70E-39 | 5,86E-62 |5,85E-100] 5,84E-138
Ay K| 723E+14 | L27E+14 | LI9E+14 | 112E+14 | 9,59E+13 | 8 41E+13 | 7,39E+3 | 6,10E+13 | 444E+13 | 3,25E+3
Macca, T | 2,42E+05 | 2,42E+05 | 2,42E+05 | 2,42E+05 | 2,42E+05 | 2,42E+05 | 2,42E+05 | 2,42E+05 | 2,42E+05 | 2,42E+05
Agyunas BT | 2,99E+09 | 5,24E+08 | 4,93E+08 | 4,62E+08 | 3,96E+08 | 348E+08 | 3,05E+08 | 2,52E+08 | 1,84E+08 | 1,34E+08
Ancao, Bk
Ajicao, Br/r
p, oM | 5,76E+06 | 5,76E+06 | 5,76E+06 | 5,76E+06 | 5,76E+06 | 5,76E+06 | 5,76E+06 | 5,76E+06 | 5,76E+06 | 5,76E+06
V,m® | 4,20E-02 | 4,20E-02 | 4,20E-02 | 4,20E-02 | 4,20E-02 | 4,20E-02 | 4,20E-02 | 4,20E-02 | 4,20E-02 | 4,20E-02
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Ta 6 1 u u a 1. Macesl (r) u 06beMbl (M°) BHICOKOAKTHBHBIX H J0JI0KHBYIHX CPeIHEAKTHBHBIX
PaAHOAKTHBHBIX 0TX0/I0B B 3aBHCHMOCTH OT BpeMeHH I0C/Ie 0CTAHOBA peaKTopa

Ta ble 11. Weights (g) and volumes (m?) of high-level and long-lived intermediate level radioactive waste,
depending on the time after the shutdown of the reactor

Onement Bpems BbIIEpKKH, IET
[TapameTp
KOHCTPYKLHHU 0 3 5 10 30 50 70 100 150 200
s V,m>  |5,26E+00|5,26E+00|5,26E+00|5,26E+00|5,26E+00|5,26E+00|5,26E+00|5,26E+00|5,26E+00|5,26E+00
BITOpPOAKA
P Macca, r |4,15E+07|4,15E+07 |4,15E+07 |4,15E+07 |4,15E+07 |4,15E+07 |4,15E+07 |4,15E+07 | 4,15E+07 |4,15E+07
IlaxTa V,m>  |4,78E+00|4,78E+00|4,78E+00 | 4,78E+00 | 4,78E+00 | 4,78E+00 | 4,78E+00 | 4,78E+00 | 4,78E+00 | 4,78E+00
peakropa Macca, r |3,78E+07|3,78E+07 |3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07 | 3,78E+07
. V,m> | 7,90E-01 | 7,90E-01 | 7,90E-01 | 7,90E-01 | 7,90E-01 | 7,90E-01 | 7,90E-01 | 7,90E-01 | 7,90E-01 | 7,90E-01
aliaBKa
Bt Macca, r |6,24E+06|6,24E+06|6,24E+06|6,24E+06|6,24E-+066,24E+06| 6,24E+066,24E+06| 6,24E-+-06|6,24E+06
Kopriye V,m>  |1,82E+01 | 1,82E+01 | 1,82E+01 | 1,82E+01 | 1,82E+01 | 1,82E+01 | 1,82E+01
peakTopa Macca, r |1,44E+08|1,44E+08 |1,44E+08 | 1,44E+08 | 1,44E+08|1,44E+08 | 1,44E+08
V,m> | 1,01E+01 | 1,01E+01 | 1,01E+01 | 1,01E+01
Terton3onsius
Macca, r |1,10E+07|1,10E+07 [1,10E+07 | 1,10E+07
3T V,m>  |2,80E+00|2,80E+00|2,80E+00|2,80E+00|2,80E+00|2,80E+00|2,80E+00(2,80E+00|2,80E+00|2,80E+00
Macca, r |2,22E+07|2,22E+07|2,22E+07|2,22E+07 |2,22E+07|2,22E+07 |2,22E+07|2,22E+07|2,22E+07|2,22E+07
TpocTpancTo V,m>  |9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01 | 9,62E-01
11071 aKTHBHOMN 30HOH | Macca, r |7,60E+06|7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06 | 7,60E+06
II3JI (Dy,TiOs) V,m> | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01 | 3,41E-01
CO CPOKOM CITYKOBI
10 roxa Macca, v |1,92E+06|1,92E+06 | 1,92E+06|1,92E+06 | 1,92E+06 | 1,92E+06 | 1,92E+06 | 1,92E+06| 1,92E+06 | 1,92E+06
[I3JT (Dy,TiOs) V,m>  |4,20E-02|4,20E-02 |4,20E-02 |4,20E-02 | 4,20E-02 |4,20E-02 | 4,20E-02 | 4,20E-02 | 4,20E-02 | 4,20E-02
CO CPOKOM CITY KOBI
3 roxa Macca, r |2,42E+05|2,42E+05 |2,42E+05|2,42E+05 | 2,42E+05 | 2,42E+05 | 2,42E+05 | 2,42E+05| 2,42E+05 | 2,42E+05
c V,m®  |4,33E+01|4,33E+01 |4,33E+01 | 4,33E+01 |3,32E+01 | 3,32E+01 |3,32E+01 | 1,50E+01 | 1,50E+01 | 1,50E+01
MMa
Y Macca, r |2,73E+08|2,73E+08 |2,73E+08 | 2,73E+08 |2,62E+08|2,62E+08 | 2,62E+08| 1,18E+08 | 1,18E+08 | 1,18E+08

HDpuwmeuanmune [I3J]-nomomatommuii anement, b3T — 610k 3aIUTHBIX TPYO.

B Tabn. 12 npuBeneHsl cpaBHUTEIbHBIC JAHHBIC MO WHTETPAIbHOM aKTUBHOCTH JJIEMEHTOB KOH-
CTPYKIUU "yepe3 5 JeT mociie ocranoBa peakropa BBOP-1200, mony4yennsie B naHHOI padoTe u B [1].

OTnnune abCOMOTHBIX BEJIMYUH POLEHTHOIO OTKJIIOHEHHUSI MHTEI'PAJIbHBIX aKTUBHOCTEH MaTepHa-
JIOB BBITOPOJIKH, IIAXThl, KOPIIyca, TEIUIOU30JISLUH, ONOPHOH (hepMBbl, II0JyUYEHHBIX B JaHHOH padoTe,
o cpaBHeHHUIO ¢ [1] coctaBusgeT oT 8 10 92 %. YuuThIBas paznuyus pacdeTHBIX METOIUK, MPUHATHIX
B pacyeTax COCTAaBOB MaTEpHAJIOB, IIPUMECEH, pacCMAaTPUBAEMbIX M30TOIHBIX COCTABOB COBIIAJICHHE
MO’KHO CUUTATh YAOBJIETBOPUTEIBHBIM.

B pesynbraTe BBIMOTHEHHBIX PACCUCTHBIX HCCIICAOBAaHUHI YCTAHOBJIEHO, YTO IIPU CPOKE CITYKOBI pe-
aktopa BBOP-1200 benopycckoit ADC 60 neT npu akTUBaLK HEUTPOHAMH OJM3JISKAIINX K aKTUBHOM
30HE PEaKTOPHBIX M 3alUTHBIX KOHCTPYKInH OymyT obpazoBansl BAO u JICAO B ciemyronux Koiu-
gecTBax (Ha ONMH SHEPTOOIIOK):

Tao6numa 12. HHTerpajbHble aAKTHBHOCTH
B CTAJIBHBIX KOHCprKHI/ISIX BBII‘OpO,ZIKI/I, mrax-

3JIeMeHTOB KOHCTPYKIIMii yepe3 5 jieT nocJjie 0CTaHOBA

ThI Maccoit 79,3 T u o6bemom 10 M° — BAO npn peaktopa BBIP-1200
BbiepxkKe 10 200 ser; Table 12. Integral activity of structural elements
B HallaBKe Mmaccod 6,24 T u 0o0beMoM 5 years after the shutdown of the VVER-1200 reactor
0,79 m> — BAO Ha MOMEHT OCTAaHOBA, a B nepuom
o1 3 1o 200 net Beiaepxkku 3t PAO OyayT OTHO- DJIeMEHT KOHCTpYKILHH A, Bk A, Bk[1] x(gg/;f:)ia
cuthest k JICAO; _ | Beiroposxa 9,59E+16 | 1,57TE+17 | 38,9
B YacTH Kopnyc§ peakTopa  Maccoi [ 9.08E+15 | LO9E+16 8.4
144 T u o6bemom 18,2 m° — JICAO B TeueHue 10 -
Kopnyc ¢ mannaskoit | 1,00E+14 | 1,25E+15 92,0
200 neT BBIIEPIKKH;
o Tenmounsonsamus 1,87E+12 | 1,20E+12 -55,8
B TEIJIOM3OJSIIMU Maccod 11 T u obObeMom
10,1 M — ACAO gno 10 net BbIACPKKHU, a TOCIE B3T 1,55E14 | 4,27E+14 63,7
30 et ot PAO k JICAO y>xe HE OTHOCSTCS; Onopuas pepma 5,20E+11 | 7,36E+1 29,3
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B CTaJbHBIX KOHCTPyKIusax B3T obmeii maccoii 22,2 T 1 06beMom 2,8 M° — BAO Ha MOMEHT
OCTaHOBA, a B mepuon ot 3 1o 200 net Beraepxkku 3t PAO OynyT aBastecsa JCAO;

B METaJUIOKOHCTPYKIUSIX MPOCTPAHCTBA IOl aKTUBHOW 30HOU 001mel maccoit 7,6 T u 00beMOM
0,96 M> — BAO B Teuenue 10 200 JeT BELIEPKKH;

B marepuanax [13JI (Dy,TiOs) co cpoxom ux ciyx0sl 10 et obmieit maccoii 1,92 T u o6bemMom
0,34 M> — BAO B teuenue 10 200 et BBIJICPKKH;

B matepuainax [13JI (Dy,TiOs) co cpokom ux ciayx0sl 3 roga oOmieit maccoit 0,242 T u 06bemMoM
4,2:1072 M*> — BAO B Teuenne 10 200 JIeT BBIACPKKIL.

BrinonHeHHBIE pacdeTsl MOKa3bIBAIOT, YTO B IIMPOKUX AHMANa3oHaX BPEMEH BBIACPKKH IPO-
FHO3HBIE CYMMAapHBIC KOJMYECTBA MOJICKAIIUX [NIYOMHHOMY 3aXOPOHEHHIO paccMaTPHUBAEMBIX
BAO u JICAO ocraioTcsi mOCTOSSHHBIMU. Macchl U 00beMbl aKTUBUPOBAHHBIX MaTEPHAJIOB, IO
ypoBHsiM 3arpszHenus otTHocsamuxcs k BAO u JICAO, B Tedenue 10 1eT BBIASPKKHU MOCIE OKOHYA-
TEJIBHOTO OocTaHoBa peakTopa BBOP-1200 bemopycckoit ADC OyayT COCTaBIsITh COOTBETCTBEHHO
273 T u 43 »>. B unrepsane 30—70 1eT BBICPKKH MACCHl X 00BEMbl aAKTHBHPOBAHHBIX MATEPHATIOB
3THX KaTeropuii PAO coctaBsaT cooTBeTcTBeHHO 262 T 1 33 M. IIpu Beiepikke oT 100 1o 200 et
Macchl ¥ 00BEMbl aKTUBHPOBAHHBIX MaTepuasoB 3TUX kaTeropuii PAO cocTaBsT COOTBETCTBEHHO
118 Tu 15 M.

B ocranpHbIX 1Mana3oHax BpEMEH BBIJIEPKKH MPOUCXOAUT H3MEHEHHE CYMMAapHOT0 KOJIMYECTBA
BAO u ICAO u3-3a nepepacupenenenusi PAO mexny kareropusimu. M3 Tabn. 11 BugHO, 4TO MaTte-
puansl HanmaBku U B3T B TeueHue Tpex JeT ¢ MOMEHTa OCTAaHOBA peakTopa MepeiayT U3 KaTero-
pun BAO B JICAO. Marepuanbl Kopiryca peaktopa B TeueHue mnepuoga 70—100 met m mMarepuaibl
TeruIon30AIun B TedeHne nepuoma 10-30 net Beimepxku nepecraior O0bTh JCAO. Cnemyet oT-
METHUTb, YTO UCIOJIB30BAHHBIC B AAHHOH paboTe MpOrpaMMHBIE CPEACTBA MO3BOJAIOT PACCUMUTATh
TouHOe Bpems nepexoaa PAO u3 ogHON KaTeropuu B APYTrylo M, COOTBETCTBEHHO, KolndyecTBO BAO
n ICAO nns 3aJaHHOTO BPEMEHU BBIJEPIKKH.

B Teuenue 10 et mocie ocTaHOBa peakTopa H30Tombl > Fe (mepuox monypacnazaa 2,7 roxaa), *°Co
(5,27 roma), ®Ni (96 net) 6yayT BHOCHTH OCHOBHOH BKJIaj B BEIHYMHY HHTETPAaIbHON YACTbHON
AKTUBHOCTH MaTE€pHajoB KOHCTPYKLUH BBITOPOAKHM, IIAXThI, HAIlJIABKH, Kopnyca peakropa, b3T,
MPOCTPAHCTBA MO/ AKTUBHOM 30HOM, TEMJIOU30JISALNH, a Tocie 10 JeT BeIACPKKH JOMUHHUPYIOLICH
ABJIAETCS AKTUBHOCTH H30Tona **Ni. OcHOBHOI BKJIaJ B BEIHUMHY HHTETPAIBHOMN yIENbHON aKTHB-
noctu marepuanos [19J1 (Dy,TiOs) B TeueHHe BCero cpoka XpaHeHHUs OyneT BHOCHTH u3oTon *Ni.

Pacuernble uccnegoBaHUs aKTHBAaIlMM MaTepUANIOB CyXOH 3alllUThl, CTPOUTENHHOrO OETOHa,
OTIOPHOW (pepMBI M OMOJOTUYECKON 3alUTHl peaKkTopa MOKa3alu, YTO JJaHHBIE 3JIEMEHTHI KOHCTPYK-
MY ¢ MOMEHTa OCTaHOBa peakTopa He OynyT oTHocuThesa HU K BAO, au k JICAO. Ilpu akTnuBanun
MaTepHajIoB 3TUX 3JEMEHTOB KOHCTPYKILHUHU YUUTHIBAJIOCh 00pa3oBaHue TpUTUs. BBuay orpanunye-
HUMH 110 00beMY IIPEACTABIAEMBIX MATEPHAJIOB B JaHHOW paboTe 3TH pacyeThl HE AAHBI.

3akJrovyeHue. B pe3ynbraTe pacueTHBIX HCCIEAOBAHUN YCTAHOBIJIEHO, YTO MAacChl U 0ObEMBI ak-
THUBHUPOBAHHBIX MaTepUaJIOB, IO YPOBHSM 3arpsi3HeHus oTHocsamuxcsd kK BAO u JICAO, B TedyeHue
10 7eT BBIAEPKKH MOCJIE OKOHUYATEIBHOT0 ocTaHoBa peaktopa BBOP-1200 benopycckoit ADC OyayT
COCTABIIAThH COOTBETCTBEHHO 273 T u 43 M>. B untepnane 30—70 €T BBIACPKKH MACCHl H 00BEMbI
aKTHBHPOBAHHBIX MaTepuanos kateropuit BAO u JJICAO COCTaBAT COOTBETCTBEHHO 262 T 1 33 M°.
IIpu BeIepkke ot 100 mo 200 ;meT Macchl U 00BEMBI AKTHBHPOBAHHBIX MAaTEPHAJIOB dTUX KaTEro-
puit PAO cocrasar cootBetcTBeHHO 118 T 1 15 M>. B oCTanbHBIX AMANa30HAX BPEMEH BBIAEPKKH
MNPOUCXOIUT U3MeHeHue cymMmapHoro koinudectsa BAO u JICAO usz-3a mepepacnpenenenust PAO
MEXK]ly KaTeropusIMU.

[NonyueHHbIe MPOrHO3HBIE KOJIMYECTBEHHBIC JaHHBIC HCIIOIB3YIOTCS ITPH Pa3pad0TKe TEXHUYECKUX
MIPEeIOKEHUH, MPOTHO3HBIX TIaH-IpauKOB 10 Opranu3anuu cucrems! oopamenus ¢ BAO u JICAO
B IIpoliecce BbIBOAA U3 dKcIutyaranuu benopycckoit ADC, BOSMOXKHBIX TEXHOJIOTHUECKUX U KOHCTPYK-
THUBHBIX PEICHUH TI0 CUCTeMe TITyOMHHOTO 3aXxopoHeHwus 3Tux PAO.
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