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A. Kypumo6aes,

AKAOEMWACHI

akazemuk, npesugeHT HAH PK

CTPATEI'd HAH PK B C®EPE UCKYCCTBEHHOT'O
UHTE/IVIEKTA 1 IU®POBOU TPAHC®OPMALINH

18 auBaps 2026 roga BCTynuJ B AelcTBUe 3a-
koH PK «06 uckyccTBeHHOM HHTesIekTe». Hc-
KyccTBeHHbIU uHTe ieKT (MU) Bce GoJiblile BIU-
seT Ha MeX/IyHapo/JHble OTHOLIEeHUs, TpaHCOp-
MUPYs MPAKTHUKY B3aUMOJAEUCTBHUS. Mbl BUJUM,
kak MU MeHsieT ri106a1bHy0 IUHAMUKY, T/l TeX-
HOJIOTHUYEeCKOe MacTepCTBO B NMPUMEHEHUH CH-
cTeM Ha ocHOBe MU-TexHOJIOTHUM OyAeT Croco6-
CTBOBATb WJIU JiAXKe ONpPe/essATh reornoJuTHYe-
CKOE TI0JIOXKEHHUE.

PasBuTHe HaMoHa/IbHOM akocucTeMbl MU co-
IPOBOX/IAETCSA aKTUBHBIM B3aUMOJEUCTBHUEM C
MeXYHAapOIHBIMU OPTaHU3alUSIMU U CTPATETU-
YeCKUMU NapTHepaMu. B aTom myaHe Kazaxcran
JlEMOHCTPUPYET OTKPBITOCTb K COTPY/IHUYECTBY
Y CTPEMUTCS He NMPOCTO CJIeA0BATh I106aJbHBIM
TeHJIeHI[MSIM, HO U 3aHUMaTb aKTHUBHYIO IO3U-
1110 B GOpMHUPOBAHUHU CIIPaBeJINBbIX U B3aUMO-
NpHUeMJIEMbIX IPABUJI UTPblL. [IpUBIeYEeHHE MEX-
JIyHAapPOJHBIX 3KCIIEPTOB, PAa3BUTHE OTEUYECTBEH-
HbIX KOMIIETEHIIMHN U CO3/laHKe 6JIarONPUATHBIX
YCJ0BUH /1J11 UHHOBALMOHHbIX pellleHUN popMuU-
PYIOT YCTOWYUBBIN GyHAaMeHT AJs UPPOBOI
TpaHchopMaI U CTPAHBI.

Tak, 08.02.2026 roga npu HAH PK 6511 oT-
kpbIT Ka3axcraHcko-KuTaickuil BeHTp HayKHu
U TpaHcdepa TexHosiormil. Ha nepemoHuu
y4acTBOBa/IM: HalpoHasibHas akaZieMus HayK
Pecny6siviku KaszaxctaH npu IlpesuseHte Pec-
ny6oavkn KaszaxcraH, akajeMuku KuTaiickoit
akagemuu Hayk (CAS, Kuraii), npezncraBuTenu
Y>K313IHCKOTO TEXHOJIOTUYECKOTO YHUBEPCHU-
TeTa, a TaKXKe Ipynna BbICOKOTEXHOJOTUYECKUX
komnanui KHP.

CoBpeMeHHbIEe BbI30OBbI, TaKHEe KaK HW3MeHe-
HUe KJIMMaTa, yIpaBJieHHe NPUPOAHbIMHU PeCyp-
caMH, CTUXUWHble 6eACTBUS U LUpOBU3ALUS
3KOHOMHUKH, TPeOYIT WHHOBAIMOHHBIX MOJXO-
JIOB, OCHOBaHHBIX Ha HCKYCCTBEHHOM HHTeJ-
JIEKTe U aHaJiu3e NMPOCTPaHCTBEHHO-BPEMEHHBIX

JlaHHBIX. JlabopaTopHs CTaHET LIeHTPOM Ilepejio-
BBIX UCCJIEJOBAHUM, UHTETPUPYS HOBEHLIME TeX-
Hosioruu MU, aucTaHUMOHHOTO 30HAMPOBAaHUS,
reouHGOpPMaLMOHHbIX CUCTEM WU HPOTHO3HOIO
MO/JleJIMPOBaHUA.

OmnpezeneHbl OCHOBHBIE HallpaBJIEHUS UCCIIe-
JoBaHuM JlabopaTopuu:

- MOHUTODUHI U yINpaBJieHHe BOJHBIMHU pe-
cypcamu c ucnosb3doBanueM MU n I'MC-texnoso-
TUi;

- pa3paboTKa CUCTeM paHHero npejynpexie-
HUSA O CTUXUUHBIX 6€/ICTBUAX, TAKUX KaK HaBOJ-
HEHMS, ONI0JI3HHU U CHEXXHbIE JIABUHBI;

- npuMmeHeHue MU pnns aHa/M3a mpocTpaH-
CTBEHHO-BPEMEHHbIX JaHHBIX, [03BOJISIOLIUX
POTHO3UPOBAaTb HU3MEHEHHWS B OKpYyXaroliel
cpeje;

- ONTUMHU3ALUS IHEPreTHUYeCKUX pecypcoB C
NIOMOILbI0 MHTEeJ/JIEKTya/IbHbIX CUCTEM paclpe-
JleJIeHWd JHepruy;

- pudpoBU3aLMs CEJBCKOTO XO035IMCTBa U
BHe/I[peHH e TEXHOJIOTUH «YMHOTO 3eMJIe/IeTUsI».

CozdaHue Jlabopamopuu no3eoaum:

e  BBIATHU Ha Nepe/ioBble MO3ULUU B
06J1aCTH HAyYHBIX UCCAEJ0BAHUHN U TeX-
HOJIOTUYECKUX Pa3paboToK;

®  UHTErpUpoOBaTh MEXAYHAPOJHBIE
Hay4yHble JOCTM)KEHHUSI B CHCTEMY HaL[HO-
HaJIbHOTO YCTOMYHMBOTO Pa3BUTHS;

e TOBBICUTb ypPOBEHb NOJrOTOBKH
OTeYEeCTBEHHBIX CIElMaJMCTOB B cdepe
WU u 1uPpoBBIX TEXHOJIOTUH;

®  YKpenuTb MeXJYHapoJHOe Co-
TPYAHUYECTBO C BeJYLUIMMU HAy4YHbIMU
LleHTpaMHu MUDa;

e BHeJAPUTb HHHOBALUOHHbIE pe-
1IeHUs JJ15 TOBBIILEHUs YCTONYMBOCTH K
MPUPOAHBIM KaTacTpodam.

HAYKA HHTEJINEKTYAJIbHBIX CUCTEM



HAYKA UHTENNEKTYANIbHbIX CUCTEM

¥ITTBIK FbiflbiM
AKAOEMWACHI

[IpoekT co3pacTt maatdopMy Ajsd TpaHcdepa
nepeJi0oBbIX TEXHOJIOTUH U 3HAHUU B 06J1aCTH UH-
TeJUIeKTYaJIbHbIX CUCTEM JJf: JIOTUCTUKU MU
TPaHCIIOPTA; SHEPreTHKU U 3HeprocbepexxeHus;
MOHUTOPHHIA CTUXUNHBIX 6€/ICTBUNA U paHHEr0
npeAynpeXx/JeHus; aHajJh3a CeJbCKOTO XO035H-
CTBa U NPUHATHA pelleHUH. [IpoekT npepocra-
BUT KazaxcTaHy BO3MOXXHOCTb CTaThb perHOHalb-
HbIM JIMJepOM B 06J1aCTH NPOCTPaHCTBEHHO-Bpe-
MEHHOI'0 aHa/u3a JAaHHBbIX U YCTOWYUBOIO pas-
BUTUSL.

26.02.2026 roaa npu HAH PK oTkpbuica Ka-
3axctaHcko-Kopeiickuii neHTp Al SilkNet. 3To
MepBbIM B CTpaHe HALlMOHAJBHBIA LIEHTP, KOTO-
PBIU C TOMOIIBIO JAHHBIX U UCKYCCTBEHHOI'O WUH-
TeJlJIeKTa NIOMOTraeT IPOrHO3MpoBaTh pa3BUTHeE
HayKH U TeXHOJIOTUM. [IpoeKT sABaseTca coBMeCT-
HOM MHHUIMAaTUBOW HaluumoHanbHOW akajeMUU
Hayk nipu [Ipe3ugente Pecniy6sivku Kazaxcran u
Kopelickoro MHCTUTyTa Hay4HO-TEXHUYECKOU
vHopManuy, NpU3BaHHON YCUJIUTb POJIb HAYKH
KaK CTpaTeru4ecKoro MHCTPYMEHTa pa3BUTHUA
cTpaHbl. 3anyck Al SilkNet oTKpbiBaeT HOBbIe
BO3MOXXHOCTH [IJIs1 BHe/IpEHUS [1epeJOBOTO MeX-
JYHapOJHOTrO ONBbITA U CTAHET MHTEJJIEKTYa/lb-
HbIM UHCTPYMEHTOM JAJis1 GOPMUPOBAHUS NPHO-
pUTETOB HAy4YHO-TEXHOJIOTMYECKOTO Pa3BUTUA
BO Bcex pernoHax Kasaxcrana.

Ceitvac KazaxcTaH HaxoJUTCS Ha MepesoM-
HOM 3Tale, KOorja HaykKa CTAaHOBUTCH KJIIOUeBbIM
VHCTPYMEHTOM TEeXHOJIOTUYEeCKOro CyBepeHH-
TeTa. Al SilkNet MoxeT cTaTh cTpaTeruiecKkuM
KOMIIaCoM /iJI 3TOT0 nepexona. B qoarocpouynon
nepcnektuBe nejab — caenatb Al SilkNet Begy-
IIMM HWCTOYHUKOM CTpaTerM4yeckKod aHaJUTHUKH
[ Bcelt LleHTpanbHOM A3uu.

B pamkax 3anycka LlenTpa npoiusia crpateru-
yeckasi ceccusi. B Hell mpuHsIMd y4yacTue 6GoJiee
400 4esioBeK: BeAyuive y4éHble, IpeJCTaBUTEU
MHUHUCTEPCTB, a TAKXKe BY30B U HAy4YHbIX UHCTHU-
TyTOoB. Ha BCcTpeye 06CyxAaiuch HOBbIE MOJ-
X0/bl K pa3BUTHIO HAYKH U TEXHOJIOTUH B CTPaHe.
JkcnepTtsl noadepkHyay, uto Al SilkNet cTtaneTt
OCHOBOH JIJI51 MPAKTHYECKOU paboThl HayKu. Tak,
B paMKax MPOEKTa BIlepBble IPOBEJIH MaCIITAa6-
HY!0 aHaJIMTUKY: COOpa/u JaHHbIE O IPOEKTax U
nporpammax ¢ 2018 mo 2025 roj, npoaHaaM3upo-
BaJIl pe3y/bTaTbl OTeYEeCTBEHHBIX HUCCJe0Ba-
HUH U NyOJMKALUH, HU3yYUJIM MeXJyHapoJHble
TpeH/ibl, YTOObI BU/IeTh, KaK pa3BUBAeTCs HayKa
B MHUDE.

N°1 (sHBapb-Mapr) 2026 rop,

11 mapTa 2026 roga HanyoHnanbHas akaje-
Mus Hayk Pecny6suku Kazaxcran npwu [lpe3u-
neHTe Pecny6siviku Kazaxctan coBmecTHO ¢ UH-
CTUTYTOM IOYBOBEJIEHUSI YHUBEPCUTETA UMEHU
Jleitouuna (FanHoBep, [epMaHus) Hayau pea-
JIN3ALMI0 MaclITA6HOT 0 MeXKAYHapOJHOr0 NPo-
ekta «ExSoil». B Anmathl cocrossioch Kick-off
COBelllaHUe, TMOCBSAIIEHHOE CO3JJaHHUI0 PEeruo-
Ha/IbHOU ceTH IUPPOBON HaydyHO-MHPOpMAIU-
oHHoi miaTtdopmel «ExSoil & Smart Agricul-
ture», KoTopas nmpu3BaHa CTaThb PyHJAMEHTOM
JUI1 YCTOMYMBOTO Pa3BUTHUSA arponpoMbIILIeH-
HOTO KOMILJIeKca He ToJbKo KaszaxcraHa, HO u
cTtpaH llenTpanbHoi A3un u MOHTOJIUH.

Coenawerust o compydHuvecmse 8 ob.1acmu
UHHOBAYUOHHbIX NPOeKMo8. JJOKyMeHT 3aKpenuI
NapTHEPCTBO MeXAYy ABYMSl BeAYIIUMHU Hayy-
HbIMU OpraHusanusaMu: HanuyoHanbHasi akaje-
musa Hayk PK npu Ilpesugente PK u UHCcTHTYT
NO4YBOBeJieHUs1 YHHUBepcHUTeTa UMeHH JlelibHuULa
B 'aHHOBepe.

CorslalieHUe NpefycMaTpPUBAET COBMECTHYIO
paboTy ¥ 06'beIMHEHUS YCUIUS AJIs TOBBILIEHUS
KOHKYPEHTOCIIOCOOHOCTH HayKH U MHHOBAIUH, a
TaKXe JAJ51 CO3[aHUs GJIarONPHUSTHBIX YCIAOBUHN
JUISl peajiu3aliiy MUJIOTHBIX IPOEKTOB B arpap-
HOM CEKTOope.

[IpoekT «ExSoil» (Empowering Soil Health -
«YKpenJjeHue 3/I0pOBbsl TOYB») SIBJSIETCS OTBeE-
TOM Ha IJiobaJibHbIe BbI30BbI, TAKUE KaK Jerpa-
Janus 3eMeJib, U3MeHeHUe KJIMMaTa U Heo6X0/1H-
MOCTb ObGecrnedyeHusi NPOJOBOJBCTBEHHON 6e3-
OTNACHOCTH.

MHUnuaTuBa nojijep>xaHa U npoduHaH-
cupoBaHa PedepabHbIM MUHUCMEPCMBOM  UC-
caedosaHull, mexHosozulli u kocmoca I'epmanuu
(BMFTR).

KaszaxcTaH BBICTYMaeT B POJIM IJIaBHOTO
KOOPAWHAIIMOHHOTO ¥ METO/I0JIOTMYEeCKOTO
xaba. B manbHeiieM ceTh OyAeT pacliMpeHa Ha
KbipreisctaH, Y36ekuctas, TagKukuctad 1 MoH-
TOJIHIO.

[leHTpa/JbHBIM 3JIEMEHTOM IMPOEKTa SIB-
JiieTcsl CO03/laHMe WHHOBALMOHHOW LUbpoBOH
Hay4yHo-UH$opManuoHHoi maatdopmbl «ExSoil
& Smart Agriculture». 3To He nmpocTo 6a3a JjaH-
HBIX, 3 KOMIJIEKCHAsA 9KOCHCTeMA [IJIsl UHTerpa-
UM HAYKH, TEXHOJIOTUH U peajbHOr0 CEKTOopa
3KOHOMHUKHU.
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I[lnamgopma obecnevum omkpbimolii docmyn
K c/1edyouwum pecypcam:

e  HayuHo-uccaedosamesbcKkue u aHaau-
mu4eckue daHHble: C60p aKTyaJbHOU HHPODP-
MalUH O COCTOSIHUU T0YB, YPOBHE 3arpsi3HEHUS
Y MOTeHLMaJle NJI0L0POAHUS.

e Memoduueckasa  noddepiicka: Pazpa-
60TKa U Ny6JIUKaLUs peKOMeH/JallUii Mo pruMe-
HeHHUIO 610- U dUTOpeMe ralliy, a TAaKKe CoBpe-
MEeHHBIX arpoTeXHOJIOTHU.

e Fdunasa yugpposas cpeda: [IpoctpaH-
CTBO JiJIs XpaHeHUsl JaHHbIX, 00MeHa 3HAHUSAMU
Y KOHCYJIbTAllU¥ 1O BHEJPEHUI0 UHHOBALUMH B
ceJIbCKOe X035HCTBO.

[IpoekT HampaBJieH HAa GOPMHPOBAHHE CETU
HUPPOBBIX IIEHTPOB KOMIIETEHIMHA B 006J1aCTU
MOYBEHHOTI0 3/I0POBbS U arpo3kosoruu. Ha 6aze
KasaxctaHcko-Hemenkoro nentpa HAH PK co-
3/laeTcda Xab, KOTOPbIM GyZeT KOOpJAUHUPOBATh
paboTy y4eHbIX Bcero peruoHa. [IpoekT yaesnser
0co60e BHUMaHHe Pa3BUTHIO YEJI0BEUECKOI0 Ka-
nmyuTasia.

B pamkax CoenaweHus npedycmMompeHbi:

e [Iporpammbl 06MeHa AJisl CTyZAEHTOB U Be-
AYLHAX VYEHDIX.

o [IpoBeseHUe HAyYHBIX CEMUHAPOB, KPYT-
JIBIX CTOJIOB U JIETHHX IIKOJ B perdnoHax Kasax-
CTaHa.

e (O6ydeHue ¢epMepoB, NpeAcTaBUTEJEH
dKHMMATOB U TOCYJapPCTBEHHbIX OPraHOB MMPAKTH-
YeCKOMYy NpPUMEHEeHHI0 IUQPOBBIX pEIleHUH B
CeJIbCKOM XO3SIHCTBeE.

¥TTEIK FoibiM
AKAOEMWACHI

Peanuszayus uHuyuamusest «ExSoil & Smart Ag-
riculture» no3zgosaum KazaxcmaHy docmuub psida
BAJCHDBIX Yesell:

1. CHuxXeHMe Jerpasanuu 3eMesib: BHeape-
HUE HayYHO 060CHOBAaHHBIX METO/0B BOCCTAHOB-
JIeHUsl II0YB.

2. Kimumartnueckass aganrtauus: Co3jaHue
YCTOMYHMBBIX arposiaHAmadToOB, CIOCOGHBIX MPO-
TUBOCTOSITb U3MEHEHUSIM KJIMMaTa.

3. ludpoBusanusa AIIK: [lepexog k «yMm-
HOMY» CeJIbCKOMY XO03SICTBY U MOBbILIEHHE Ka-
yeCcTBa UHBECTUIIMOHHOIO MJIAHUPOBAaHUS.

4. [lexap6oHu3anus: Passutue yriepopo-
cbeperamwuMx TeXHOJOTUH B arponpoMbIILJIeH-
HOM KOMILJIEKCe.

5. TIlpoekT co3aaeT ocHOBY JJist OPMHUPOBa-
HUA B Pecny6sinike KasaxcTaH omopHOro peruo-
Ha/IbHOI'0 Hay4YHO-TEXHOJIOTMYECKOro U nudpo-
BOoro xaba, ob6beauHswoinero epmanuto, LleH-
Tpa/ibHY10 A3UI0 U MOHTOJIMIO /1J11 COBMECTHOTO
pelieHHd rJ106a/JbHBIX arpapHbIX 3a/ay.

B ycaosusix pacmywell KOHKypeHyuu cmpa-
mezuyeckutl nodxod k pazseumuio UH u yugpo-
suzayuu 8 KazaxcmaHe omkpbleaem Ho8ble
nepcnekmugbul 045 MexdyHapooHo20 compyo-

Huyecmea. OmeemcmeeHHOe UCN0/Ab308aHUE
3Mux mexHo.102uli CmaHem 3a./1020M yCnewHo20
yugposozo 6ydyuje2co cmpaHsl, N0380/155 yKpe-
numb ee no3uUYuu 8 MUpos8oli hosecmke.
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The article describes the methodology for modeling threaded connections in the MSC
Patran/Nastran software package. An algorithm for developing a utility in the Patran Command Language
(PCL) programming language is described. As a result of using the utility, a reduction in simulation time
has been demonstrated.

Keywords: Patran Command Language, PCL, utility in MSC Patran, threaded connection modeling,
finite element method, bolted connection in MSC Patran.

BeegeHue

Pe3b60Bble cOeJMHEHUS CTAM HEOT'beMJIEMOM YaCTbI0 COBPEMEHHbBIX U3/leJIMH BO BCeX OTPAC/IAX
NPOMBILJIEHHOCTH. YU C/I0 coeJUHEHUH B U3/IeIMM MOXKeT JJOCTUIaTb COTEH WM Jlaxke Thicsay. [lia Bcex
TUIIOB COEJAUHEHUN CyllecTByeT PHUCK pa3pylleHus. Pe3bboBble coeJUHEHUS] He SIBJSIOTCA
vckaoyeHueM. [103ToMy BbICOKOe 3HaUeHHe UMeeT 3a/a4a MoieJupoBaHus [1] 60/1TOBBIX U BUHTOBBIX
CcoeIMHEHUM, 0COO6eHHO JJI1 TPyO6ONpPOBOJIOB, MHEBMAaTUYECKUX U THJApPABJIMYECKUX cUcTeM [2], rae
TpebyeTcsl 06ecreyuTb repMeTUYHOCTb, PUCYHOK 1.

PucyHok 1 - Ucnosib30BaHHe pe3b6OBbIX COEJMHEHUH B TPyOONPOBOAAX
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[ yBeJnYeHUs NPOU3BOAUTENbHOCTH TPyJa HUHXEHEPOB NpPHU BbINOJHEHUM pPACUETOB H
MO/leJIMPOBAHMU pa3paboTaHa yTUIMTA JJs aBTOMaTHU3allMd IPoLecca CO3/aHUs pPe3bOOBBIX
coelMHeHUH B mporpaMMHoM mnakete MSC Patran/Nastran.

[les1b paboThI — MpeACTAaBUTh OMMCAHHE AJTOPUTMOB, 3a/I0’KEHHBIX B IONOJHUTEJNbHYIO YTUIUTY
(Moay/b) K MporpaMMe KOHEYHO-3JIeMeHTHOr0 MojiesinpoBaHusa (KIM) MSC Patran/Nastran.

[IpakTH4eckoe MpUMeHeHVe YTUIUTBHl B UHXXEHEPHBIX pacyeTax COKPaTUT BpeMsl BbINOJHEHUS
pacyeToB B 6 pas.

06 beKT MoAe/IMPOBaHUA
B pa6oTe paccMaTpuBaeTCcs TPU OCHOBHBIX BHJA pe3b0OBbIX COeJMHEHWUH, NMOKa3aHHbIX Ha
pPHUCYHKe 2: HIIMTrUJIe4YHoe, 60JITOBOE U BUHTOBbIE coeaMHeHUA.

\\\

%
"

2N //

PucyHok 2 - Bubl pe3b60BbIX COeJUHEHUU

CorsiacHo [3], kak mpaBWJIO, paHblle pa3pyliaeTcsa 60T, a He railka. B MSC Patran/Nastran
KpeleXHble 3JIeMEHTBI CO3JAITCS C MOMOLIbi0 006bekTa Connector tuna Fastener [4]. [lpu TakoMm
MO/eJIMPOBAaHUN HAKJ/a/|bIBA€TCs yCI0BUE Ha 60Jiee BbICOKYIO KECTKOCTb COeJUHEHHS], 10 CPABHEHUIO
CO BCed KOHCTPYKLMEN. AJITOPUTM pa3paboOTaHHOW YTUJIUTHI yiKe COJEePKUT TpeGoBaHUe YUUTHIBATH
3TO fIBJIEHUE.

IIpuHATHIE AONyLLEHUS

Jis MoeMpoBaHus GOJTOBBIX U BUHTOBBIX COeIMHEHUN BbIOpaH 1D asnemeHT THUnma Beam [5].
JTo mo3BoJISIeT OMNpe/ie/iATh W3TMOHble HAMpPsDKEHUS KpeneXHOro 3sjeMeHTa. Huke mnpuBoAATCA
JIONYIeHUs], TIPUHSAThIE IPU MOJEJTUPOBAHUU:

- HeedOpMHUPYEMOCTb OTBEPCTHUH COeJMHsSIEMbIX JeTallied (BCA Harpyska pacrhpejessieTcss Ha
CTep>KeHb KPEINeXHOro 3JIeMeHTa, YTO YBeJUYHUBaeT 3anac NpU pacieTe MPOYHOCTH caMoro 60JTa Uin
BUHTA);

- JKeCTKas CBSA3b KPENeXHOro 3JIeMeHTA C leTablo (raiika, rojioBka 60JiTa B cjiydae 60JTOBOTO
COoeJIMHEHUS U FOJI0BKA BUHTA B C/Iy4yae BUHTOBOTO COeIMHEHUsI IPUHUMAIOTCS HeZlepopMUPYyEMBIMU U
abCoJIIOTHO KECTKUMUM).

B pesysibTaTe pacuyeToB HaNps>KEHUS BO3MOXKHO ONpPEJEJUTh TOJbKO B 1D Beam aneMeHTax, TO
€CTb B CAMOM CTEPKHE KPENEeKHOT0 3eMeHTa.

MeToauKa MoJe/IMPOBaHUA

MeTo/MKa OCHOBaHa Ha MeTO/le Ipe/iJI0KEHHOM B [6].

B nepByo o4yepenp co3jaeTcs reOMeTpPUs CTEPXKHA KpeNeXHOro 3jieMeHTa. C NOMOILBIO ONLUU
Create/Point/Arccenter co3paoTca gBe Touku Point 1 n Point 2 Ha ocHOBe KpuBbIX Edge 1 u Edge 2
cooTBeTCTBeHHO. [lanee c nomoubio onuuu Create/Curve co3paeTtcsa npsaMas Curve 1 Ha 0CHOBe BbI60DPa,
co3JaHHbIX To4yeK Point 1 v Point 2, pucyHoK 3.

HAYKA UHTENNEKTYAJIbHbIX CHCTEM
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Edge 1
Point 1
Curve 1
Point 2

Edge 2

PI/ICYHOK 3- COBﬂaHI/Ie reoMeTpuu AJid CTEePXKHA 00JITa WM BUHTA

Ha ciepyromem atane co3farTcs COUCKU y3/10B K3 ceTKH, acCOIMMPOBAHHBIX C BHYTPEHHUMU
LUUJINHJPAYECKHUMH IOBEPXHOCTAMHU KK 01 AeTanu Face 1 u Face 2. Eciy MofenpyeTcs coeilMHeHUe
€ 3a30pOM, TO B KayeCTBe 00'beKTOB, Ha OCHOBE KOTOPbIX CO3/Jal0TCS CIIUCKU y3J10B, BeioupaeTcs Edge 1
u Edge 2. BayXHO, UTO B 3TOM CJ1y4yae BbIOUPAETCsI BCSI KPOMKA OTBEPCTHUS JJ1s1 KaXKJ0M U3 feTaselt. CxeMa
NpUBeJieHa Ha PUCYHKe 4.

Edge 1

Face 1

Face 2

Edge 2

PucyHok 4 - Bbi60p NOBEPXHOCTEH /1151 CO3/IaHUsI CITUCKOB Y3JI0B

Ha ocHOBe C03/aHHBIX CIMCKOB Y3JI0B U NPUHATBIX AONYILeHUN CO34a0Tcs 3jeMeHTbl MPCI u
MPC2 Tuna RBEZ. Tun RBEZ BbiGUpaeTcsd U3 JoONylleHUsA 06 abCOMIOTHOM JKECTKOCTH U
HesledopMUpyeMocTH TopLoB. CxeMa oKa3aHa Ha pUCYHKe 5.
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Beam 1..5

MPC 2

Pucynok 5 - Co3ganue MPC 3/1eMeHTOB

O61mas cxema pe3b6OBOTO COeIUHEHUS TPUBe/leHa HAa pUCYHKe 6. Mojiesib BKiIto4aeT B ce6bs 1D
asieMeHThbI TUNa Beam u aBe xkecTkue cBsizu MPC1 u MPC2 tuna RBE2.

MPC 1

Beam 1..5

MPC 2

PucyHok 6 - O61as cxema 60JITOBOTO UJIM BUHTOBOT'O COEIMHEHUS

ANropuT™M paéoThl YTUIUTHI

MogenvpoBaHue GOJITOBBIX M BUHTOBBIX COEJIMHEHUH TpeOyeT BbINOJHEHHUS OJHO0OpPa3HBIX
JleicTBUM. Ucnosib30BaHUE YTUIMTHI YIPOLIAET M YCKOPSIET MPOLecC CO3/JaHUsI KOHEYHO-3JIeMEHTHON
MO/IEJT KpPEeMeXHbIX COeJIMHEHH M.

JIisl HanMCcaHUsl YTUJIMThI UCIOJIb30BaH ClelMaJbHbIA A3bIK MporpaMmmupoBanuss MSC Patran -
Patran Command Language (PCL), KOTOpbIA yxe COAepXKUT cTaHAapTHble ¢yHkuuu [7,8] pas
NpPOrpaMMHOM pa3pabOTKH YTUJIUT, TO3BOJISIOIINX aBTOMAaTU3UPOBATh BbINTOJIHEHHE PA3/IMYHbIX 33/1a4.
CaM sI3bIK TIOCTPOEH C MPUMEHEHUEM MPHUHIMIIOB 06'bEKTHO-OPUEHTHPOBAHHOTO MPOTPaMMHUPOBAHHUS
(OOII) - co3maroTcs Kaacchl U GYHKIUH, KOTOPble MPUMEHSIIOTCS K KOHKPETHBIM 06 beKTaM.

J1T KOppeKTHOU paboThl YTHUJIWTBHI U yAOOHOU paboThl ¢ HeH co3jaeTrcd ABa kKiacca: CLASS
form_create_bolts - B HEM COZlep>KUTCSI OCHOBHOM MPOrpaMMHBbIH Ko YTUIUTBI, CLASS bolts - no6aBisier
pa3paboTaHHYI0 YTUJIUTY B OCHOBHOe MeHI0 MSC Patran. /lyis KOppeKTHON paGoOThl YTUIHUTBI BaXKHO,

11
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YTOOBI CO3JaHHbIE KJIAacChl HAXOJUJUCh B KOpHeBoM manke MSC Patran wiu octaBaiuch B paboueit
namnke, B KOTOPOM M0JIb30BaTe/b pab0TaeT C MOJebIO0.

Ha ocHOBaHMM MeTOAMKH MOJIeJIMPOBaHHSA OBbLIO NPUHATO, YTO JJ CBeJleHUs 3aTpaT IIo
MO/IeJIMPOBAHUI0 PE3bOOBBIX COEIMHEHUN K MUHUMYMY TpebyeTcsi BbIopaTh 4 o6 bekTa. Edge 1, Edge 2,
Face 1, Face 2, a TakXe yCTaHOBUTb 3HaueHUe Number of Elements - koindyecTBo Beam-3/71eMEHTOB, Ha
KoTopble OyZeT pa3buTa npsaMas Curve 1 U yKkasaTb HaMMeHOBaHMe rpymnmnsl Group Name, B KOTOpYIO
OyAyT NOMeIleHbl 3JIEMEHTBI, CO3/laHHble B pe3y/ibTaTe paboTbl YTUIUTHI. BaXXHO OTMETUTB, UTO 3TO
rpynna Jo/bkHa ObITh 3apaHee cO3JjlaHa I0Jib30BaTejieM BO BkJaake Group/Create. Jlns yno6cTBa
paboThl U 0TOOpaKEHUS pe3yJIbTaTOB PEKOMEeHJYeTcCsl CO3/aBaTb OTJe/bHYI TPYNIy JJis KaXK[oro
JivaMeTpa pe3bO0BbIX COeJMHEHUH B KOHCTPYKLIUH.

WuaTepdelic yTUAUTHI TOKa3aH Ha PUCYHKe 7.

Plotferasel| Create bots FIOUEraell] Creote boks

Group Nome nMr:un Hame - Group Name

Humber of Element Humber of Element

7 uto Execute # Auto Bxecute \ Number OfElementS

Face, Part 1 Facs, Part 1
Solid 2.4

Edge, Fart 1 Edge, Port 1
Soiid 2.4.3
Foce, Port 2 Face, Part FHCE 1

Solid 1.5

B
Edge, Part 2 Edge, Pm\
Edge 1
Apply Cancel Apply Cancel

PucyHnok 7 - UnTepdeiic yTUIUTEI

[los11 BBOZA coflepkaT BHYTPeHHHE IPOTPaMMHble OTpaHUY€eHHs, KOTOpble ObLIN J06aBJIeHbl IpU
pa3paboTke yTUAUTBHL. OrpaHUyeHHs cpa3y MO3BOJIAIOT I10JIb30BaTelI0 BbIOMpAaTb HEOOXOAUMBIe
reoMeTpruyeckue NpuMUTUBLL Paciinpenne MESH_SWEEP no3BoJisieT BbIGMpaTh 00'beKThI TUNA Face v
Edge. 3T0 0cCO6EHHO BaXKHO IIPU MO/IEJTMPOBAHUM Pe3bOOBBIX COeITMHEHUHN Pa3HbIX TUIIOB.

Ha pucynke 8 npuBoAUTCA cxeMa aJiTOPUTMa paboThbl YTUJIUTHI.

Modens coedunenna

- ™
Anzopumm padomsi

Dopma 6600a

Edge, Fart 1
Edge 1

—*[ asm_const_grid_arccenter()

asm_const_line_2point()

Edge, Part 2

Edge 2 —‘{ asm_const_grid_arccenter() l

Number of Element
5

Jfem_create mesh_curv ]

s

Face, Part 1

Face 1 ——>[ list_create_node_ass_geo() Jv
Face, Part 2 [ db_get max_node_id()
fooe 2 **[ list_create_node_ass_geo()

p

Group Name __.[ ga_group _current_set(group_bolts) J [ Jem_create_mpc_nodal2() ]

group_bolts

[ Group/Create/group_bolts ] Co3zdanue cpynnst noas3oeamenem

PucyHok 8 - CxeMa aaroputMa paboThl YTHUIUTDI
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B pamkax cucTeMbl aBTOMaTHU3UPOBAHHOTO npoekTupoBaHusd MSC Patran 6bL1a paspaboTaHa
CrelMaJM3UpOBaHHAs  YTW/IWTA, peanu3ywllas pacCMOTPeHHble METOJUKYy U aJrOpPUTM
MO/JeJINPOBaHUsI pe3b60BbIX coeJuHEeHUH. KitoueBbIM NpeUMy1eCTBOM ONUCAHHOW YTUJIUTHI SIBJISIeTCSA
BO3MOXXHOCTb CO3/laHHMsI KOHEYHO-3/IEMEeHTHBIX MoJeJiell Kpenexa AJs JeTajell, NpecTaBJleHHbIX KaKk
06'beMHBIMH, TAK U NOBEPXHOCTHBIMU K3.

Anpo6auusi yTUJIATHI BBIIOJIHEHA Ha NPUMepe CO3A4aHUs pacueTHoW K3-mogenn THIOBOTO
¢duanueBoro coegrHenus Tpybonposoza (Flange 1, Flange 2), mupoko pacnpocTpaHeHHOTO B TEXHUKe
(pucyHok 9). BHegpeHUe MeTOLUKU MO3BOJIMJIO COKPAaTUTh TPYAOEMKOCTD Npoliecca MOJe/JMPOBaHUS:
BpeMs pa3paboTku KI-Mo/iein yMeHbIIMI0Ch B 6 pa3 - ¢ 1 yaca 0 10 MUHYT.

Flange 1 Bolt 1 Flange 2

PucyHok 9 - O6uui Buj, GpJIaHI[eBOr0 COeMHEHUS C KPENEXXHBIMH 3JIEMEHTAMH

TakuM o06pasoM, aBTOMaTH3aLMs INpoliecca MOJeJMpPOBaHUSA pe3bOOBbIX COeJMHEHUH
NOCPE/ICTBOM pa3paboTaHHOM yTHUJIUTHI CHOCOOGCTBYET 3HAYUTENbHOMY MOBBIIIEHUI0 3P PEKTUBHOCTH
NPOEKTHO-KOHCTPYKTOPCKUX pa6oT. CoKpalleHne BPEMEHHBIX 3aTPaT OTKPbIBAET BO3MOXKHOCTD JJIsl
aHa/IM3a 60JIbLIET0 YK C/Ia KOHCTPYKTUBHBIX aJIbTEPHATUB Ha CTaZiJMM POEKTUPOBAHMS, YTO B KOHEYHOM
uTore BeJileT K ONTHUMM3alMM MacCOTabapUTHBIX XapaKTEPUCTUK W MOBBIIIEHUIO HaJeXHOCTH
pa3pabaTbiBaeMbIX U3/1e/IHM.

Jlutepatypa

1 Vilelaa P. M. L., Carvalhoa H., Filhob O. T. B. Numerical simulation of bolted connections. Latin American Journal of Solids
and Structures, Ne 15,2018, 15 p.

2 lMlatpoB A.K., Hazaposa JLII., MamykoB A.B. MexaHHn4yeckue yCTpoMCTBa KOCMHUYeCKHUX annapaToB. KOHCTpYKTHUBHBIE
pellleHus1 U AUHAMHUYECKHe XapakTepucTUKU. KpacHosipck, Cu6T'AY, 2006, 84 c.

3 buprep U.A,, lllopp B.®., Hocunesud I'.B. PacyeT Ha mpoYHOCTB JleTasiel MamuH. MockBa, MamuHocTpoeHue, 1979, 639
C.

4 MSC PATRAN Quick User Guide.

5 MSC/NASTRAN 120 Exercise Workbook - Version 70 (MSC/PATRAN 7.5)

6 Tutapenko ®.B. OnTUMasnbHasA pacueTHasi KOHEYHO-3JIeMeHTHasi MoJieJib. Cloco6bl coeinHeHUs yacteit K3 mopenu:
»)kypHas CADMASTER Nel, 2021.- 6 c.

7 PATRAN 2021.2 PCL and Customization.

8 PATRAN 2021.4 PCL Reference Manual. Vol. 1: Function Descriptions.

13

HAYKA UHTENNEKTYAJIbHbIX CHCTEM



HAYKA UHTENEKTYA/IbHBIX CUCTEM

¥NTTBIK FbINbIM
AKALEMUACHI

WCKYCCTBEHHbIA MHTENNEKT N1 (snBapb-mapT) 2026 rog

9 PATRAN 2020 PCL Reference Manual. Vol. 2: Code Examples.
10 PATRAN 304 Exercise Workbook. Properties Form. EXERCISE 14.
11 PATRAN 304 Exercise Workbook. Mesh Lug Model. EXERCISE 5.

References
1 Vilelaa P. M. L., Carvalhoa H., Filhob O. T. B. Numerical simulation of bolted connections. Latin American Journal of Solids
and Structures, Ne 15, 2018, 15 p.
2 Shatrov AK, Nazarova L.P., Mashukov A.V. Mekhanicheskie ustroystva kosmicheskikh apparatov. Konstruktivnye
resheniya i dinamicheskie kharakteristiki [Mechanical devices of spacecraft. Design solutions and dynamic
characteristics]. Krasnoyarsk, SibGAU Publ., 2006, 84 p. [in Russian].
3 Birger LA, Shorr B.F,, losilevich G.B. Raschet na prochnost detaley mashin [Strength calculation of the machine parts].
Moscow, Mashinostroenie Publ., 1979, 639 p. [in Russian].
4 MSC PATRAN Quick User Guide.
5 MSC/NASTRAN 120 Exercise Workbook - Version 70 (MSC/PATRAN 7.5)
6 Titarenko F.V. The optimal computational finite element model. Ways to connect parts of the CE model: CADMASTER
magazine No. 1, 2021. [in Russian].
7 PATRAN 2021.2 PCL and Customization.
8 PATRAN 2021.4 PCL Reference Manual. Vol. 1: Function Descriptions.
9 PATRAN 2020 PCL Reference Manual. Vol. 2: Code Examples.
10 PATRAN 304 Exercise Workbook. Properties Form. EXERCISE 14.
11 PATRAN 304 Exercise Workbook. Mesh Lug Model. EXERCISE 5.

14




N°1 (sHBapb-MapT) 2026 rog WCKYCCTBEHHBIH MHTENNEKT

¥NTThIK FoINbIM
AKAJEMWACHI

YAK 00.1082

Maksat Kalimoldayev*1, Madina Mansurovaz, 2026.
nstitute of Information and Computer Technologies National Academy of Sciences of the Republic
of Kazakhstan, Almaty, Kazakhstan
2Al-Farabi Kazakh National University, Almaty, Kazakhstan
*E-mail:mnk@ipic.kz

ARTIFICIAL INTELLIGENCE DEVELOPMENT IN KAZAKHSTAN OVER THE PAST DECADE:
A COMPREHENSIVE REVIEW

Kalimoldaev Maksat, Doctor of Physics and Mathematics, Professor, Honorary Academician of
the National Academy of Sciences of the Republic of Kazakhstan under the President of the
Republic of Kazakhstan, Advisor to the Director General, Head of the Laboratory, Institute of
Information and Computer Technologies, Almaty, Kazakhstan.

E-mail: mnk@ipic.kz; https://orcid.org/0000-0003-0025-8880

Mansurova Madina, head of the Department of artificial intelligence and big data, professor of
the Al-Farabi Kazakh National University.
E-mail: madina.mansurova@kaznu.edu.kz ; https://orcid.org/ 0000-0002-9680-2758

Abstract. Artificial intelligence’s influence on society has never been more pronounced.
Often described as a new wave of industrial transformation following the internet, Al is reshaping
economies, public services, and everyday life worldwide. Positioned at the crossroads of Eurasia,
Kazakhstan has set an ambitious goal to leverage Al as a core enabler of a fully digitalized society.
In this context, this paper provides a comprehensive, evidence-oriented review of the current
state of Al development in Kazakhstan, informed by global trends in expanding Al capabilities,
declining deployment costs, rising adoption, and growing emphasis on governance and
responsible use. The analysis is aligned with Kazakhstan’s national Al development concept for
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research and development including language technologies, and regulatory frameworks, and it
uses these priorities to structure the evidence and highlight practical pathways for
implementation and measurable progress.
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AHHoTanus. XKacaHibl UHTEJJIEKTTIH KOFaMFa acepi elkaliaH 6aiikaama/ibl. KacaHabl
UHTeJUIEKT KobiHece UHTepHETTEH KeliHTi eHepKacinTik e3repicTep/iH *kaHa TOJIKbIHBI Jen
aTtasajibl, OYKiJ a/ieMeri 3KOHOMHUKaHbl, MEMJIEKETTIK KbI3METTEP/i *KoHe KYHAEMIKTI eMipai
esreprtelii. Eypasus KUBLIBICBIHJA OpHasackaH Kasakcrtan e3iHiH ajjblHa KacaHIbl
uHTe/UeKTTi (PKW) TosblK nudpablK KOoFaM Kypy/AblH Herisri Kypajbl peTiHje maijaajaHy
MaKcaTbIH KOoWibl. Ochl TypFblAa 6y KyxkaT Kazakcrangarbl KW gaMybIHbIH aFbIMJAFbI XKaii-
KYHiHe >KaH-KaKTbl, HAaKThl JepeKTepre OafFjapjaHfaH WIoJy 6oJibln TadbLiagbl, oa KU
MYMKIiH/IKTEpPiH KeHeHTyleri »xahaHAbBIK ypAicTepre, eHri3y WIBbIFbIHJAAPbIH TOMEHJETYTE,
eHri3yAi yaFaiiTyFa koHe 6acKapyFa »KoHe KayalThl alja/laHyFa ecill KeJie KaTKaH Ha3apra
HerizpaeireH. Tangay KasakcTaHHbBIH )KacaHibl MHTEJJIEKTIH AaMbITyAblH 2024-2029 xbL1gapra
apHaJIFaH  YJATTBHIK  TYKbIpbIMZaMacbIMEH KeJIiCUITeH, OHAa JepeKTepAi 6ackapy,
WHOPAKYpPbLIBIMABI AaMbITy, aJaMH KalWuTas, TiJJIK TeXHOJIOTUsJIapJbl Koca aJiFaHja,
3epTTeyJep MeH d3ipJeMesep XX9He HOPMATHUBTIK-KYKBIKTBIK 6a3a 6acbiM 6OJIbIN Ta6blaa/bl
J)KoHe OyJl 6achIMABIKTAp HAaKThl JepeKTepAi KYpbLIbIMAy >XOHEe eHTi3yAiH NpPaKTHUKAJbIK,
»KOJIJapbl MEH 6JIIIeHEeTIH MPOTrpecTi allKbIHAAy YILiH naiAalaHblIajbl.

TyiiH ce3aep: ’KacaHJbl HHTEJ/JIEKT, UUPPJBIK KOFAM, 3€pPTTeY, TEXHOJOTHS,

HHOpaKypbIIbIM.
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AHHOTanus. BiusHUe UCKYCCTBEHHOTO UHTeJIJIEKTa Ha OOIIECTBO ellle HUKOrAa He
ObLJI0 TAKUM 3aMeTHbIM. UCKyCCTBEHHBIA UHTEJIJIEKT, KOTOPbIN YaCTO HAa3bIBalOT HOBOW BOJTHOM
NPOMBILIJIEHHBIX TPE0Opa30BaHUM, MPOUCXOAAUX Beie, 32 UHTepHeTOM, MeHsIET 3KOHOMHUKY,
00lIeCTBEHHbIE YCJAYTd W NOBCEJHEBHYI H3Hb MO BCceMy MHUpy. PacmnosioxxeHHBIA Ha
nepekpectke EBpasuy, KazaxcTad nocraBus nepej co60il aMObUIMO3HYIO 1IeJb — UCII0JIb30BAaTh
HUCKyCcCTBeHHbIW HHTessieKT (M) B KayecTBe OCHOBHOIO CpeZCTBA CO3/aHHUSI MOJHOCTBIO
nudpoBoro obiectBa. B 3TOM KOHTEKCTe [JAaHHBIA JOKYMEHT MpPeACTaBJseT Co60M
BCEOO'BEMJIIOIIMM, OPUEHTUPOBAHHBLIA Ha QaKTHUYeCKHe JAaHHble 0030p TEKYIEro COCTOSIHUS
paszButuss MU B KasaxcraHe, OCHOBaHHbBIM Ha TrJIOGAJbHBIX TEHJAEHLMSX B paClIMPEHUU
Bo3MOXKHOCTeN U, cHMKeHUU 3aTpaT Ha BHeJ[peHHUe, pOoCTe BHEJPEHUS U pacTyllleM BHUMaHUHU
K yIpaBJIeHUIO U OTBETCTBEHHOMY HCI0JIb30BaHUIO.

Ananus corsiacoBaH ¢ HanuoHanbHOW KOHIENMIMEN pa3BUTHUS UCKYCCTBEHHOTO
nHTessiekTa Kaszaxcrana Ha 2024-2029 roabl, B KOTOPOM HNPUOPUTETHBIMU SIBJSIOTCA
ynpaBJieHHe JaHHbIMH, pa3BUTHE HHPPACTPYKTYPHI, YeJOBEYECKUH KAMUTaJ, UCCAeL0BaHUS U
pa3paboOTKH, BKJ/OYasd S3bIKOBble TEXHOJIOTUM, W HOPMaTUBHO-TpaBoBas 06a3a, U 3TH
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KioueBble c/I0Ba: MCKYCCTBEHHBIH UHTEJJIEKT, IUPPOBOE OOIECTBO, UCCIEI0BAHHUE,
TEXHOJIOTUH, THQPACTPYKTYpa.

KoH}IUKT HHTEepecoB: aBTOPHI 3asIBJISAIOT 06 OTCYTCTBUH KOHPJIMKTA UHTEPECOB.

Introduction

Artificial intelligence (AI) has progressed from early conceptual foundations, such as
McCulloch and Pitts’ neuron-inspired model [1] and Turing’s proposal for evaluating machine
intelligence [2], into today’s data-driven era enabled by backpropagation [3], deep convolutional
networks [4], and transformer architectures [5] that underpin modern foundation models. This
transition has moved Al from research prototypes to large-scale public adoption with
unprecedented speed. Widely reported adoption figures illustrate this shift: ChatGPT reached
100 million users in roughly two months, whereas YouTube required about 1.5 years to reach a
similar milestone [6], highlighting how rapidly generative Al systems can diffuse once the
enabling infrastructure and product interfaces mature.

Similarly, Al research in Kazakhstan is increasingly aligned with the global mainstream.
The local ecosystem has moved from primarily using widely adopted transformer-based methods
to developing nationally relevant large language models, including KazLLM [7] and the AlemLLM
[8], alongside a growing body of applied research. This growth is also reflected in publication
volume: Kazakhstan’s Al-related research output has expanded sharply over the past two decades,
rising from single-digit annual counts around 2000 to well over a thousand papers by 2023 (Fig.
1). In parallel, Kazakhstan has articulated an ambition to position Al as a key component of a fully
digitalized society [9].

Kazakhstan Al Research Output by Year (2000-2025)

1277

1200 A

1000 ~

800 1

600 4

400 -

200 +

Number of Al-related works (OpenAlex concept Al + KZ affiliations)

2[)'00 20I02 20I04 20I06 20I08 2OI10 20I12 20‘14 20I16 20I18 20I20 20I22 20I24
Year
Fig. 1. Kazakhstan Al research output by year (2000-2025), measured as the annual count of Al-
related works in OpenAlex with at least one author affiliated with an institution in Kazakhstan

Beyond research, Al is already being operationalized across major economic sectors, with
a clear emphasis on measurable industrial impact. For example, Samruk-Kazyna reports
implementing 62 Al-based projects, with a primary focus on production processes and an
expected cumulative effect exceeding $1.3 billion over five years [10]. For 2026, portfolio
companies have been assigned a KPI to increase EBITDA by 5% through the use of Al, and within
two years it is planned to transition toward a model in which 70% of management decisions are
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made with Al participation. Sectoral examples include KazMunayGas projects such as ABAI,
where Al supports reservoir flooding management and recommends reservoir pressure actions
to increase oil production, with a projected economic effect of about 326 billion tenge over 2025
to 2030 [11]. Additional initiatives include Al-based forecasting of deficits and surpluses of
petroleum products to stabilize regional supply, with an expected economic effect of 22.5 billion
tenge. In the energy sector, predictive defect detection systems are being introduced at GRES-1
and AIES to improve equipment reliability and reduce downtime, with a projected economic
effect of about 36 billion tenge for 2026 to 2030. Al is also being used to forecast renewable
energy generation based on internal meteorological services.

These deployments are supported by expanding compute and data infrastructure and by
a large-scale human capital agenda. Samruk-Kazyna indicates that its Al projects are
implemented within a closed circuit on the Al FARABIUM supercomputer operated by
Kazakhtelecom, with a portion of capacity used by the group and the remainder leased to
commercial customers, including abroad [12]. Parallel to this, market projections suggest growth
in Kazakhstan'’s data centre sector, with revenue expected to rise toward roughly $417 million by
2028 [13]. On the workforce side, Kazakhstan is scaling Al literacy through the Al Movement
initiative, reporting more than 400,000 people trained through programs such as Al-Sana, Al-
Qyzmet, and Al-People, and launching Al-Corporate for major state holdings. The national goal is
to train 1 million citizens in five years. In collaboration with the Ministry of Education, Day of Al
content has also been introduced for primary school grades 1 to 4, with plans to expand across
all grade levels [14]. Al-related applications are also emerging in construction through unified
digital platforms for planning and tracking, and in agriculture and water management through
satellite monitoring and digital optimization tools.

Motivated by this combination of rapid adoption, expanding research capacity, and cross-
sector deployment, this paper reviews current Al development trends in Kazakhstan and
discusses the country’s emerging large language model projects, focusing on ecosystem
capabilities, constraints, and near-term directions for research and implementation.

Overview of current LLM trends

As illustrated in Table 1, modern large language models (LLMs) have demonstrated rapid
performance gains alongside an unprecedented rise in computational demands [15]. This surge
is driven by increasing model scales and the heightened complexity of training and deployment.
We examine the evolution of these requirements across three key dimensions: model
development, dataset expansion, and application-level requirements.

Table 1: Recent, vendor-reported benchmark results for popular LLMs across widely used
evaluations (MMLU, GPQA, HumanEval, GSM8K, MATH, SWE-bench Verified, MMMU)
Model MMLU GPQA HumanEval GSM8K MATH SWE- MMMU

(Diamond) bench
Verified

Claude 3.5 88.7 59.4 92.0 96.4 71.1 - 68.3

Sonnet

GPT-4.1 90.2 66.3 - - - 54.6 -

GPT-40 88.7 53.6 90.2 - 76.6 33.2 69.1
Llama 3.1 87.3 50.7 89.0 96.8 73.8 - -

405B

Instruct

Gemini 2.5 - - - - - 63.8 -
Pro

Training costs have increased dramatically shown in Table 2, rising from less than one
thousand dollars for early models such as the 2017 Transformer to tens or even hundreds of
millions for state-of-the-art systems [16]. Despite continuous efficiency improvements, overall
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resource needs remain high because frontier training increasingly relies on longer training runs,
higher-quality data, larger context windows, and more complex training objectives, for example,
the multi-stage post-training, tool-use, and multimodal alignment. Contemporary training
typically unfolds in two phases: a pretraining stage using vast corpora that can exceed one trillion
tokens, followed by instruction tuning, in many cases, preference optimization to align the model
with downstream tasks and user intent [15]. This tuning process depends on large volumes of
curated prompts and expert-annotated data, adding additional compute and data-engineering
cost.

Table 2: The demand for computing resources is growing rapidly

Model Parameters Training Compute GPU Year Notable
(B) Tokens (T) Cost($M) Count Features
(est.)
BERT- 0.34 0.003 <1 <100 2018 Baseline
Large transformer
GPT-3 175 0.3 10-20 10,000 2020 Few-shot
learning
PalLM 540 0.78 Unknown 6,144 2022 Massive scale,
TPUs Pathways
system
Chinchilla 70 1.4 Unknown  Unknown 2022 Data-efficiency
focus
PaLM 2 340 3.6 Unknown Unknown 2023 Compute-
optimal design
GPT-4 1700 Unknown
(est.)

At the same time, the field is shifting from “bigger models only” toward a more nuanced
scaling strategy: compute-optimal training, data-quality and system-level scaling [18].
Multilingual and domain-specific modeling increases dataset diversity requirements, while
multimodal training compounds cost by adding vision encoders, richer inputs, and heavier
preprocessing. As a result, data pipelines have become a core competitive advantage: large-scale
training increasingly depends on efficient tokenization, sharding, streaming, dynamic batching,
and careful dataset mixing to maintain stable training and avoid wasted compute.

Once the challenges associated with large model architectures are addressed, the next
critical focus shifts to ensuring data efficiency. Table 3 provides an overview of the number of
tokens used during the pretraining phase of various large language models. From an
infrastructure perspective, managing training with datasets at the scale of trillions of tokens
requires highly optimized data pipelines [19]. This includes the use of memory-mapped files,
efficient tokenization, dynamic shuffling, and parallel data loaders. Even the process of reading
and streaming such massive datasets consumes a substantial amount of GPU time. As training
objectives grow more diverse and context-aware, the demands on preprocessing and [/0 systems
continue to increase accordingly.

Table 3 The number of tokens used in pre-training stage of popular LLMs

MODEL TOKENS (B)
BERT-LARGE 3.0 billion
GPT-3 300.0 billion
PALM 780.0 billion
CHINCHILLA 1400.0 billion
PALM 2 3600.0 billion
GPT-4 (EST.) Unknown
GEMINI ULTRA (EST.) Unknown
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Inference has emerged as a dominant driver of computational and economic constraints
in modern LLM deployments. In many production settings, the marginal cost of serving large
models at scale can rival or exceed the original training expenditure, particularly for applications
with large user populations and stringent latency requirements [20]. This has intensified the
focus on inference efficiency through model- and system-level techniques, including smaller and
task-specialized models, low-precision quantization (for example 8-bit and 4-bit), knowledge
distillation, kernel and runtime optimizations, batching strategies, speculative decoding, and
memory-efficient attention mechanisms. In parallel, contemporary deployments increasingly
favor compound architectures over single-pass model invocation. Retrieval-Augmented
Generation pipelines typically integrate retrieval, optional re-ranking, and generation. Tool-
augmented agentic systems introduce function calling, iterative planning loops, and external API
interactions. Safety layers add moderation, policy enforcement, and compliance checks. Each
added component increases end-to-end compute per query, making holistic pipeline optimization
and robust GPU scheduling central to reliable and cost-effective deployment.

Post-training alignment has become a core stage of the LLM lifecycle. Methods such as
reinforcement learning from human feedback [21] and preference optimization [22], including
direct preference optimization variants, improve helpfulness, controllability, and safety. However,
they introduce additional iterative training cycles, auxiliary models such as reward or preference
models, and substantial evaluation infrastructure. Governance and responsible deployment have
also shifted from broad principles to operational constraints. As a result, organizations invest in
standardized evaluation suites, red-teaming protocols, dataset documentation, privacy-
preserving controls, and traceability mechanisms. The field’s trajectory is no longer defined solely
by scaling parameter counts. It increasingly reflects the scaling of full systems, including data
pipelines, context length, multimodal inputs, tool use, and rigorous alignment and evaluation,
under strong pressure to reduce both training and inference costs.

Beyond training-centric scaling, several broader trends have shaped the LLM landscape
and help explain the rapid acceleration of adoption. Deep learning moved from research to
mainstream production as advances in representation learning and GPU availability enabled
strong performance in vision, speech, and recommendation systems before LLMs became
dominant. This period consolidated the foundation-model paradigm, in which large pretrained
models are adapted to many tasks through prompting, fine-tuning, or parameter-efficient
adapters, reducing the need to train narrowly specialized models from scratch. Open-source
ecosystems also expanded rapidly, lowering barriers by releasing checkpoints, training recipes,
and optimized inference runtimes. This enabled universities and mid-sized organizations to
experiment with modern architectures under limited resources. Cloud computing and managed
Al platforms further simplified access to accelerators and deployment via APIs, while
simultaneously reinforcing hybrid strategies in which sensitive data, regulation, and governance
constraints motivate on-premise or sovereign deployments.

A further shift has been the move from language modeling as an isolated capability to
system-level intelligence as a deployment reality. In practice, LLMs increasingly serve as
orchestrators embedded within larger workflows [23]. They call tools, query databases, retrieve
and synthesize documents, generate structured outputs, and interact with enterprise software.
This agentic direction has been strengthened by advances in function calling, structured
prompting, and planning-oriented methods, as well as by the widespread adoption of Retrieval-
Augmented Generation for grounding outputs in verifiable knowledge. In parallel, multimodality
has become increasingly central, as modern systems combine text with images, audio, and video
to support richer interfaces such as voice assistants, document understanding, and multimodal
search. Context windows have expanded to support long-document processing and multi-step
tasks, but this increases memory pressure and latency, motivating continued research in efficient
attention, long-context training, and inference optimization.

In deployment practice, cost, reliability, and privacy requirements have driven a
bifurcation of the model ecosystem. On one side are smaller enterprise and edge models
optimized for latency, operational cost, and data locality. On the other are frontier-scale models
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optimized for maximal capability. This bifurcation is sustained by rapid progress in compression
and efficiency methods, including quantization, distillation, sparsity, kernel fusion, and
hardware-aware compilation, as well as architectural approaches such as mixture-of-experts that
can increase capability without proportionally increasing inference cost for every token. At the
same time, evaluation has become a first-class engineering requirement. Organizations
increasingly rely on standardized benchmarks, domain-specific test suites, and continuous
monitoring to detect regressions, hallucinations, bias, and safety failures. Responsible Al has also
matured into operational practice, with stronger emphasis on data provenance, privacy
protection, documentation, auditability, and risk management, particularly in regulated domains
including healthcare, finance, and public services.

Against this global backdrop, Kazakhstan’s LLM ecosystem can be characterized by
increasing visibility, openness, and end-to-end completeness. A notable shift has occurred from
research outputs remaining confined to internal reports or closed pilots toward publishing
models, datasets, and evaluation artifacts in open ecosystems. This transition is consequential
because it transforms isolated efforts into a cumulative ecosystem. Shared baselines, replicable
results, and accessible artifacts enable faster iteration and more credible scientific comparison
across institutions and projects.

One representative entry point is the machine learning community, the repository of kz-
transformers [24] on Hugging Face is one example, which functions as an open repository of
checkpoints, datasets, and demonstration spaces that lower the friction of experimentation and
replication. The outputis not restricted to a single direction. It includes foundational components,
practical utilities, and benchmarking-oriented resources that collectively support incremental
community progress. Such public, iterative release practices establish shared reference points
that future work can systematically improve upon.

Building on this community-level momentum, institutional-scale efforts provide evidence
of capacity to manage the full lifecycle of foundation-model development. In this context, ISSAI's
KazLLM [7] is notable not merely as a larger model release, but as an indicator of growing
capability to curate and clean large corpora, coordinate compute-intensive training, and package
artifacts for public use. The significance lies in what this infrastructure enables next. Once a
national-scale model exists, research can accelerate toward systematic evaluation, alignment,
domain specialization, and application development without repeatedly reconstructing the entire
pipeline.

As artifacts proliferate, the credibility of progress increasingly depends on evaluation
practices that are transparent and reproducible [25]. The growing attention to benchmarks,
leaderboards, and structured evaluation spaces is therefore a critical signal of ecosystem
maturation. By emphasizing comparative measurement and repeatable testing, these efforts align
Kazakhstan's trajectory with global norms in which models are accompanied by evaluation
infrastructure that makes claims scientifically interpretable and practically actionable.

Finally, Kazakhstan’s trajectory should be situated within the broader international
research network that shapes contemporary Al. This framing reinforces the interpretation that
Kazakhstan’s ecosystem is increasingly integrated into global flows of methods, tooling, and
collaboration. Overall, the emerging picture is not only of increased model production, but of a
more complete modern Al pipeline spanning data, training, evaluation, multimodality, and
deployment practices.

Project context and implementation case

After outlining global Al developments and Kazakhstan'’s national priorities, we introduce
the program-targeted project “Creating a Large Language Model (LLM) to Support the Kazakh
Language and Technological Progress” as a concrete case study. Designed as a three-year effort,
the project aims to develop a modern LLM that strengthens Kazakh as the state language and a
language of intercultural communication, while also supporting technological innovation, data
security, education, and scientific research in Kazakhstan.

In general, progress in model capability is driven by three interacting factors: data, model
scale and architecture, and algorithms. For Kazakh, data is the dominant constraint. As a low-
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resource language, Kazakh occupies only a tiny fraction of online text, and until recently it was
barely represented in the pretraining corpora of many widely used foundation models such as
LLAMA 2 [26] shown in Figure 2.

Language Percent Language Percent
en 89.70% | uk 0.07%
unknown 8.38% | ko 0.06%
de 0.17% | ca 0.04%
fr 0.16% | sr 0.04%
SV 0.15% id 0.03%
zh 0.13% | cs 0.03%
es 0.13% | fi 0.03%
ru 0.13% | hu 0.03%
nl 0.12% | no 0.03%
it 0.11% | ro 0.03%
ja 0.10% | bg 0.02%
pl 0.09% | da 0.02%
pt 0.09% | sl 0.01%
vi 0.08% | hr 0.01%
Figure 2: Language distribution in pretraining data with percentage >= 0.005% of meta
LLAMA 2 in 2024.

As a result shown in table 4, many general-purpose LLMs show limited Kazakh
understanding out of the box and require additional adaptation, such as targeted fine-tuning and
instruction tuning, to perform reliably in Kazakh. This motivates the project’s emphasis on
building high-quality training data and ensuring that Kazakh is not treated as a marginal
component in the model’s learning process.

Table 4. Comparative performance and adaptability of popular LLMs for Kazakh language

tasks.
Issue GPT-4 LLaMA 3 DeepSeek TinyLlama
(OpenAl) (Meta Al)
Data scarcity 1.5B tokens 600M 400M tokens 100M
(number of Kazakh tokens in (Kazakh < tokens (primary tokens
training) 0.1% of data) (limited language:
support) Chinese)
Translation quality 32.1% 25.4% 20.2% 18.5%
(BLEU score for Kazakh)
Morphology and 78.2% 68.4% 65.1% 59.3%
agglutination
(suffix recognition
accuracy, %)
Answer reliability 9.3% 15.7% 18.9% 22.5%
(hallucination rate on factual
data, %)
Customization availability 0% (closed 100% 100% 100%

(fine-tuning capability, % of

full dataset)

model)

The project therefore focuses on expanding both the quantity and the quality of Kazakh-
language resources. Existing assets such as the Kazakh National Corpus [28] provide an important
foundation, but many of these resources were created for linguistic research and were not
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designed for modern LLM training workflows. Today’s LLM training typically involves two stages.
The first is pretraining on large-scale, mostly unlabeled text to learn general language
representations. The second is instruction tuning, where the model learns to follow user intent
through instruction-response pairs, similar to teaching a student through examples. This second
stage is especially important for real-world usefulness, because it trains the model not only to
generate fluent text, but also to respond in a helpful, task-oriented way that matches everyday
language use.

To produce instruction data that reflects real Kazakh usage rather than artificial patterns
generated by models, the project relies on expert curation. In practice, this means that linguists
and language specialists design instruction-response pairs that mirror natural Kazakh phrasing,
cultural context, and expected answer styles. This work is supported by consortium partners,
including the Akhmet Baitursynov Institute of Language Education and the Shaisultan
Shayakhmetov National Scientific and Practical Center “Til-Qazyna.” In parallel, the project scales
unlabeled data through large document digitization. Because Al-Farabi Kazakh National
University maintains one of the largest university libraries in Central Asia, the project has
digitized thousands of books using OCR [28] and is also processing large volumes of news and
multimodal content. Both expert curation and large-scale digitization are time-consuming, but
they create durable national assets that can support research and applications over the next
decade.

If data is the fuel of Al, then the model is its engine. While today’s frontier systems show
improving support for low-resource languages, the situation was notably weaker only a few years
ago, and relying solely on external models is not sufficient for strategic goals such as data
sovereignty, education, and public-sector deployment. For this reason, the project trained a
compact LLaMA 3 variant with 1.9 billion parameters using two 100 GB GPUs. The model was
trained on a curated dataset compiled from KazNU’s dissertation archives and enriched with
instruction data authored by Kazakh language experts. This experience shows that even “compact”
LLM development requires substantial computational resources when the goal is high-quality,
domain-relevant performance.

Beyond data and base model training, algorithm has become a third critical pillar such as
alignment [29]. A capable model with strong data coverage still needs reliable control so that its
responses follow human intent, remain safe, and reflect social and cultural expectations . In
modern LLM pipelines, this control layer is often built through reinforcement learning from
human feedback [21] or related preference-optimization methods [22]. In the context of
Kazakhstan, alignment is also about ensuring that the model’s behavior matches local norms,
educational requirements, and public-sector values. The human experts process reinforcement
learning from human feedback is shown in Figure 3.

CosaaTh OT3bIB
Wcnpasnenie crenepuposanHoro oTeeta

ATAAEI XBHE Ol HAKTEI XAYANThI TANS Ani. ‘Byn xayan
elineywi S3iHid KyMSHIH Hemece Maza FLin Ginaipeai. Mywnaai

OTmeHnTE OwnpaeuTs

Fig 3. Reinforcement learning from human feedback.

After addressing alignment, the next major challenge is hallucination. In practice,
hallucination occurs when a model produces fluent but unsupported statements, including

28)
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information that is inaccurate or does not exist. This behavior is strongly linked to the way
standard LLMs generate responses: if the model answers directly from its internal parameters, it
may rely on statistical associations rather than verifiable evidence. A common mitigation is to
require the model to first retrieve relevant source material and then generate an answer
grounded in that context. This is the core idea of Retrieval-Augmented Generation [30], whose
workflow is illustrated in the corresponding figure 4.

% ! r. Search

@_M;.:“,: X

Response

User Retriever Knowledge Base
Query + Text

=
= ‘.@' Generation .@.—
= ; ) = (4
Tt II —_— Pd

Answer LLM

Figure 4: Work logic of RAG

Building on this foundation, real-world deployments have also been pursued across
multiple domains. Two representative cases illustrate practical impact and implementation
maturity: an admission-office assistant and a newsroom agent. The newsroom scenario aligns
well with core LLM capabilities, since editorial workflows depend heavily on summarization,
question answering, structured information extraction, and content drafting.

To improve usability under limited compute, parameter- and inference-efficient
techniques were incorporated in a collaborative project titled “Al QazMedia,” conducted with the
Faculty of Journalism in the Al Media Lab supported by LG Electronics Kazakhstan and focused
on applications in media and communication science. In that study, the quantized model
“issai/llama3.1-70b-GGUF4” was deployed as part of an Al assistant built on the open-source RAG
platform RagFlow [31] as shown in Figure. Using the compressed GGUF4 format reduced
inference-time GPU memory consumption by more than 70%, enabling deployment in resource-
constrained settings. Whereas full-precision inference for a 70B-parameter model typically
requires well over 100 GB of GPU memory, the quantized variant can operate effectively on a
single 48 GB GPU, improving feasibility for both academic and production use. The underlying
idea and system structure are summarized in the accompanying figure 5.
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Figure 5: Newsroom agent on rag flow

This efficiency gain is primarily driven by quantization [32], which reduces model
precision (commonly to 8-bit or 4-bit) while preserving much of the model’s practical capability.
In addition to quantization, distillation and optimized compute kernels are widely used to reduce
serving cost and latency. Together, these methods have contributed to a major shift in the field:
inference efficiency is now a first-order constraint, and successful deployments increasingly
depend on carefully engineered serving stacks rather than model quality alone. Once
architecture-level constraints are addressed, attention naturally shifts toward data efficiency,
because scalable deployment and continuous improvement require high-quality data, robust
retrieval indexes, and reliable update workflows.

The admission-office assistant addresses a different but equally high-impact need. Al-
Farabi Kazakh National University receives tens of thousands of applications and an even larger
volume of questions about programs, requirements, deadlines, and career pathways from
prospective students across Kazakhstan and abroad. A recurring difficulty is that applicants often
struggle to distinguish between closely related majors such as Computer Science, Software
Engineering, Data Science, and Information Systems. In addition, educational-program
information is frequently distributed across multiple webpages and documents, making it hard
for students to connect fragmented details into a coherent understanding and a realistic study
plan. The proposed assistant therefore uses a RAG-based architecture (illustrated in the figure 6)
to consolidate trusted materials, retrieve relevant passages, and generate grounded answers that
help applicants navigate programs and make informed decisions.
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Figure 6: architecture of admission assistant

From a deployment perspective, the admission assistant is designed around four
operational goals. First, full data control ensures that sensitive content and logs remain within
the university infrastructure. Second, transparency and adaptability allow flexible choices of
models, indexing strategies, and output formats as requirements evolve. Third, trilingual support
(Kazakh, Russian, and English) enables broad accessibility without maintaining separate
codebases. Fourth, independence from external APIs keeps computation local and reduces
vendor lock-in. In the initial pilot, the system encountered two practical bottlenecks: response
latency and residual hallucination in some queries. To address these issues, the next iteration
plans to use stronger on-premise GPU infrastructure, including an NVIDIA DGX-class server, and
to incorporate the ReAct framework to improve reasoning traceability and tool-use behavior.
Together, these upgrades aim to improve both response speed and factual reliability, enabling
wider adoption in university-wide admission operations..

Discussion

The evidence reviewed in this paper suggests that Kazakhstan’s Al development over the
past decade has moved from early-stage adoption toward ecosystem formation. Research output
has increased sharply, and Al is no longer confined to academic prototypes. Large state and
industrial actors are deploying Al in production settings, while parallel efforts are expanding
compute capacity, data infrastructure, and workforce training. This combination indicates that
Kazakhstan is building not only “Al projects,” but also the institutional pathways needed for
sustained adoption, including procurement, deployment practices, and skills pipelines.

At the same time, the main bottleneck is not model architecture alone but end-to-end
capability. For Kazakhstan, the critical constraints are data availability and quality, compute
access for both training and inference, and rigorous evaluation that can support deployment
decisions. This is especially visible in language technologies. Because Kazakh is a low-resource
language, it remains underrepresented in many global pretraining corpora, which leads to
weaker baseline performance and makes additional adaptation unavoidable. The case study
shows that improving performance requires investment in data assets that are suitable for LLM
training, including curated instruction datasets and large-scale digitization with careful
preprocessing.

The project case also demonstrates that “local LLM development” is primarily a systems
problem. Even when training compact models, a viable pipeline must cover corpus acquisition,
cleaning and deduplication, tokenization, training stability, and post-training alignment. In
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deployment, reliability depends on controlling hallucination and ensuring traceability. Retrieval-
Augmented Generation is a practical mechanism for grounding answers in verifiable sources, but
it introduces new requirements: high-quality document repositories, indexing strategies, re-
ranking, monitoring, and periodic refresh of knowledge bases. These components determine real-
world usefulness as much as the base model itself.

Finally, operational constraints shape what can be deployed at scale. Inference cost,
latency, and memory are limiting factors for universities, public services, and many enterprises.
The newsroom case illustrates how quantization and other efficiency methods can enable
advanced models in resource-constrained environments, while still delivering useful capabilities
such as summarization, question answering, and content drafting. The admission assistant
illustrates a second reality: user-facing systems must support multilingual interaction,
transparent behavior, and local data control. Early pilots revealed common failure modes,
including slow responses and residual hallucination, which points to the need for stronger on-
premise GPU infrastructure and more robust agentic workflows, such as tool-use and reasoning
frameworks, to improve reliability.

Conclusion

Kazakhstan'’s Al progress over the past decade is best understood as a transition toward
a full-stack ecosystem that connects research, infrastructure, skills, and deployment. The
country’s near-term success will depend on strengthening the components that convert models
into dependable services: trusted and continuously updated data assets, sufficient compute for
training and serving, benchmark-driven evaluation, and responsible deployment practices
including alignment, monitoring, and traceability. If these elements advance together, Kazakhstan
can move from isolated demonstrations to scalable Al systems that deliver measurable value in
public services, industry, education, and scientific research.
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Abstract. Efficient recovery of uranium from productive leaching solutions requires a
detailed understanding of hydrodynamics and mass transfer in ion-exchange sorption columns. In
this work, a coupled physical and mathematical model of uranium oxide sorption in a packed ion-
exchange column equipped with a conical flow distributor is developed. Fluid flow in the porous
resin bed is described using the Forchheimer filtration law combined with the mass conservation
equation. The mass-transfer process between the uranium-bearing solution and the ion-exchange
resin is modeled by a convective-dispersion transport equation coupled with a sorption kinetics
equation based on the linear driving force approximation.

To simulate the process in a domain of complex geometry, the fictitious domain method is
applied. The pressure field is computed using the Ritz variational method, while the transport
equation for uranium in the liquid phase is solved using the Crank-Nicolson scheme. The sorption
kinetics equation is integrated analytically at each time step.

Numerical simulations show that uranium distribution in both liquid and solid phases forms
aring-shaped cylindrical region inside the column, indicating non-uniform utilization of the sorbent
bed. The conical distributor does not provide sufficiently uniform radial flow distribution.
Increasing the solution flow rate by a factor of two leads to an approximately 1.5-fold increase in
the width of the mass-transfer zone, mainly due to enhanced longitudinal dispersion.

The proposed modeling approach can be used to analyze and optimize industrial sorption
columns applied in uranium recovery processes.

Keywords: Uranium recovery; lon exchange; Packed column; Convective-dispersion
transport; Mass transfer zone; Porous media flow; Numerical simulation.
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AnHoTanuda. CinTiney eHiMJI epiTiHAiJepiHeH ypaHZbl THUIMZI aly MOHAJIMACTbIPFBILI
COpOLUAIBIK, KOJIOHHA/IApAaFbl THAPOJUHAMHUKA MeH Macca/iMacy NpOLecTepiH TepeH TYCIHyAi
TaJian eTeAl. by/1:kyMbIcTa KOHyC Topi3/i aFbIH TapaTKbILIbI 6ap TOJThIpMaJibl MOHAJIMACTbIPFbILI
KOJIOHHA/IaFbl YpaH OKCU/TEPiHIH COpOLHUACHIH CUNATTAWThIH GaillslaHbICKaH QU3UKAJIBIK KoHe
MaTeMaTHUKaJbIK MoJjesb d3ipyeHfi. KeyekTi mailblp KabaTblHJaFbl CYWBIKTBIK KO3FaJbIChl
®dopxreiiMep cy3y 3aHbl MeH Macca caKTa/ly TeHJeyi apKbljibl cUIIaTTanabl. YpaH UOHAAPHI 6ap
epiTiH/li MeH MOHA/JIMaCThIPFbILI AUBIP apacblHAAFbl MaccajiMacy KOHBEKTHUBTI-AUCIEPCUSIIIBIK,
TacbIMaJsjlay TeHJeyi X9He ChI3bIKTBIK KO3Fayllbl KYII >KybIKTayblHa Heri3JejreH copouus
KWHETHKACbIHbIH TeHJeyi apKblJbl CUIaTTala/bl.

Kypzeni reomerpusnbl ecen alMarblHJA COpOLMA MNpOLECIH CaHABIK 3€pTTey YIIiH
GUKTUBTI 06J1bICTAp 9ici KOIAaHbLAAbL KbIchIM 6pici PUTLITiIH BapHUalUsIbIK 9/jiCiMeH ecenTe i,
aJs cyibIK ¢pasajarbl ypaHHbIH TacbiMasa TeHJeyl Kpank-HukoJsicoH cxeMachlH KOJIJJaHy apKblLbl
meminzai. Copbuusa KUHETUKACbIHBIH TeHJeyl apb6ip yaKbIT KaJaMblHJA aHAJWTUKAJIBIK TypJe
WHTerpajjaHajbl.

CaHAbIK MOJe/ib/ley HITHKeJiepi ypaHHBIH CYHBIK *K9He KaTTbl $asasapiarbl Tapasybl
KOJIOHHaA illiH/e cakrHa TOPi3Ai HMINHAPJIIK alMaK TY3€eTiHiH KepceTTi, 6y/1 COpOEeHT KabaThIHbIH,
6ipkesiki malAasaHbLIMAWTBIHBIH 6infipeai. KoHyCcThIK aFbIH TapaTKpIl KOJOHHA KHUMAachl
O6olbIHIIA epiTiHAIHIH O6ipKeaki TapajyblH XeTKUJIIKTI [Jspexele KaMTaMacbl3 eTHNeWTiHi
aHbIKTaAAbl. EpiTiHA] IIBIFBIHBIH €Ki ece apTThIpy MaccajiMacy aiMaFbIHbIH eHiH IamMaMeH 1,5 ece
yJIFalTa/ibl, 6yJ1 GONUIIBIK AUCIEPCUSHBIH KYIleliMeH TyciHAipineai.

YChIHBIIFaH MOJlesIbJiey d/lici ypaH/ibl 6HAIpy/e KOJ4aHblIaThlH 6HEPKACIITIK COpOLUAIBIK
KOJIOHHAJIap/bIH, ’KYMBbIC TUIM/IIJIITiH TalAay >K9He OHTaNUJIaH/IbIPY Y1IiH Mal/ja/aHbLIybl MYMKiH.

Ty#iiH cesaep: ypaHAbl ajy; HOHaJMacy; TOJTbIpMaJabl KOJOHHA; KOHBEKTHUBTI-
JUCIEPCUSIIBIK, TacblMasl; MaccajMacy auMarbl; KeyeKTi opTajarbl (QUIbTpanusi; CaHJbIK
MOJeJIb/EY.
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AHHoTanusa. 3OddekTHBHOe H3BJeYeHHe ypaHa U3 MPOAYKTHUBHBIX pPacTBOPOB
BblllleJIa4MBaHUs TpebyeT JeTaJlbHOIo IOHMMaHUs F'MPOJMHAMUKHU U IPOLeCCOB MaccooOMeHa B
MOHOOOMEHHBIX COPOLIMOHHBIX KOJIOHHaX. B paboTe paspaboTaHa conpsikéHHass ¢puanyeckas U
MaTeMaTH4YecKass MoJieJib COPOLUM OKCHJAOB ypaHa B HacaJJ0YHOW MOHOOOMEHHOU KOJIOHHE C
KOHUYECKHM paclpe/iesiuTeieM I0TOKa pacTBopa. [ BKeHUe }KUJKOCTHU B IOPUCTOM CJIO€ CMOJIbI
ONMChIBaeTcsl 3aKOHOM QuibTpauuy PopxreiiMepa COBMECTHO C ypaBHEHUEM COXpPAHEHUS MACChI.
MaccoobMeH MeXAy ypaHCOJep:KalldM pPacTBOPOM M HOHOOOMEHHOW CMOJIOW MOJIeJIUpyeTCs
ypaBHEHUEM  KOHBEKTUBHO-AWCIIEPCMOHHOTO TMepeHoca  BelleCTBa, CONPSHKEHHBIM €
KUHETHUYEeCKUM YpaBHEHUEM COPOIUM HAa OCHOBE MPUOJIMKEHUS IMHENHOMN ABIKYLIEHN CUJBI.

JlJ1s1 YMC/IeHHOTO HCC/ieJoBaHuUs Mpolecca B 06J1aCTH C/1I0)KHOW reOMeTPUU TPUMEHEH METO[
¢dukTUBHBIX 06s1acTeil. [loJie gaBaeHUs BBIYUC/ISIETCS YUCIEHHO BapHallMOHHbIM MeTO0M PUTIIa,
TOTZA KaK ypaBHEHUe IepeHoca ypaHa B XKUJAKOW ¢dase pellaeTcsl C HUCIOJb30BaHUEM CXEMbI
Kpanka-HukosbcoHa. Kunetudeckoe ypaBHeHHEe COPOLMM HMHTErpUpyeTcsl aHAJMTHYECKH Ha
KaX<ZJOM BpeMeHHOM 1lare.

Pe3ysbTaTbl 4YHCJEHHOTO MOJEJUPOBAHUs IOKA3bIBAlOT, UTO paclpejfie/ieHHe ypaHa B
XXUAKOU U TBEpAOW dpazax GopMUpPYyeT BHYTPHU KOJIOHHBI KOJbLEOOPA3HYI0 IUJIUHAPUYECKYIO
06J1aCThb, UYTO CBU/IETE/NbCTBYET O HEPAaBHOMEPHOM HCII0JIb30BAaHUU CJ10s1 copbeHTa. [lokazaHo, 4To
KOHHUYECKHM paclpefesuTe]b IOTOKAa He o6eclieydBaeT JOCTaTOYHO PaBHOMEPHOIO
pacnpe/iesieHUs pacTBOpa M0 MONEPEYHOMY CeYEeHHUIO0 KOJIOHHBI. YBeJIMYeH e pacxo/ia pacTBopa B
JlBa pa3a NPUBOJUT K YBeJIMYEHHI0 IMPUHBI 30HBI MaccOO6OMeHa NpuMepHO B 1,5 paza BciieAcTBUE
yCUJIeHUS POJ0JIbHOMN AUCIIEPCUU.

[IpesioxKeHHBIA MOAX0J K MOJEJIMPOBAHUIO MOMET ObIThb MCIOJIb30BaH [JIs aHa/Iu3a U
ONTHUMM3AIMU PAa6OThI NPOMBILIJIEHHBIX COPOIMOHHBIX KOJIOHH, MPUMEHSIEMbIX IPH U3BJIEYEHUU
ypaHa.

Knio4deBble c10Ba: W3BJieYeHUE yPaHA; MOHOOOMEH; HacaZ04uHasi KOJIOHHA; KOHBEKTUBHO-
JMCIIEPCUOHHBIM NEepeHoc; 30Ha MaccooO6MeHa; QUbTpalus B MOPUCTON cpeje; YMCIEHHOe
MO/leJIMpPOBaHUE.

BBegeHue

KoHCcTpyK1Msi COpOLIMOHHOM KOJIOHHBI U MPUHLUI €€ paGoThI

MHorue riiy6okosajeramliye v/uiyM HU3K0 KOHLeHTPUPOBaHHbIe MECTOPOXKIeHNS PeJKUX
U JparoneHHbIX MeTaJlJIoB, BCJeJCTBHUE 3KOHOMUYECKOH 3(1)(1)eKTI/IBHOCTI/I W OTHOCHUTEJbHOH
3KOJIOTUYEeCKOM 6e30MacHOCTH, pa3pabaThIiBalOTCSI METOJAOM IOA3EMHOr0 CKBOXKUHHOTO
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BhllesiauuBanus (MamusioB u ap., 1980; Wang et al., 2022; Kurmanseiit u ap., 2022 1 2023; Li u
Ip., 2024). Ha craguu mnepepaboTKHM H3BJAEYEHHBIX PACTBOPOB (MPOAYKTUBHBIX PacTBOPOB)
HauboJIblIlee pacnpoCTpaHEeHHUE MOJYYUIN TPAAUIMOHHBIE COPOITMOHHO-0CAAUTEbHbIE METOIbI
KOHIEHTPUPOBAHUSI TMOJIE3HbIX KOMIIOHEHTOB HENOCPEACTBEHHO Ha MeCTax JoObIUM C
HCII0JIb30BaHMEM HOHO06MeHHBIX cMoJ (Couper et al., 2012; Orrego, 2019; Quinn u gp., 2020).

CylecTByIOIME HUCC/IEeOBAHUS, TMOCBANEHHbIE COPOGIMU OKCHJIOB ypaHa, B OCHOBHOM
HampaBJieHbl HA MOJieJIMPOBAaHUE MPOLECCOB MepeHoca U KMHETHUKH COpPOIUM B MPSIMOTOYHBIX
KOJIOHHAax C Y4Y€TOM aJBEKLHH, JUCIEepCHH, a Takke (PUIMKO-XUMHUUECKUX MEXaHHW3MOB
B3aHMMO/IeHCTBUA ypaHa c copbeHToM (Zhang et al., 2011; Mahmoud, 2015; Patel, 2019; Bager et
al,, 2023).

B Hacrosmel paboTe Ha OCHOBe MaTeMaTHYECKOT0 W YUCJEHHOT0 MOJeJMPOBAHMA
vccie/loBaHa JMHAaMUKA HOHOOOMEHHOTO H3BJIEYeHHS OKCHJIOB ypaHa M3 MNPOJYKTHBHOIO
pacTBopa B MPSAMOTOYHOH COpOLMOHHOW Hacazo4dHou kosoHHe (CHK) cioxHOW reomeTpumu.
[Tom06HBIE KOJIOHHBI IMHPOKO NPUMEHSAITCA B ypaHOJ0ObIBaIONIed MPOMBINIJIEHHOCTH JIA
M3BJIeYeHUs] OKCU/,0B ypaHa U3 NPOAYKTUBHBIX pacTBopoB (Mamuios, 1980; Patel, 2019).

BHavase TNpUBOAWTCA ONMCAaHUE KOHCTPYKIMU copbGepa. 3aTeM Ha OCHOBe
3KCIEepHUMEHTAJNbHbIX [JJaHHbIX, IOJYYEHHbIX B MPSIMOTOYHOM KOJIOHHE, ONpeJessiTCcA
KMHETUYEeCKHe XapaKTepPUCTUKU copOeHTa. 3HayeHUsl COOTBETCTBYWIIUX Ko3PpPULIMEHTOB
YCTAHABJMBAIOTCS MyTEM COMOCTABJEHUS PACUYETHBIX W IKCIEPUMEHTANbHBIX KPHUBBIX
pacrpeiesieHUs] KOHIEHTPAMKM MUHEepaJia B XXUAKON ¢a3e Ha pa3/IMYHbIX CeYeHUX HACaJ0YHON
COpOLIMOHHON KOJIOHHBI U Jlajiee MCIHOJIb3YIOTCS NPU NMOCTPOEHHMHU MaTeMaTHUYecKOW MoJesd
npouecca. C y4éToM HaWAeHHBIX MapaMeTpPOB pa3pabaThiBaeTCd MaTeMaTH4YecKas MO/jiesib
TPaHCIOPTa OKCUOB YpaHa U UX COPOLIMH B IOPUCTOM CJioe COpOEHTa.

Ha 3ak/1104MTEe/IbHOM 3Talle ¢ NpUMEHEeHHeM MeToJa GUKTUBHBIX 06J1acTed U YHUCJIeHHBIX
MeTO/|0B IPOBOAUTCS UcceoBaHue 3pdeKTUBHOCTH paboThl copbepa Tuna CHK B 3aBucMMocTH
oT GOpMbI KOHYCHOH Nperpasbl.

B paboTe aHa/nusupyeTcs NepBbIA LUK/ paboThbl COPOLMOHHON KOJIOHHBI, IPU KOTOPOM
OKCH/JIbl YpaHa B cOpOEHTe OTCYTCTBYIOT. MojieslMpoBaHWE MEpPUOIMYECKOT0 peXuMa paboThl
COpOLIMOHHON KOJIOHHBI BO3MOXXHO NPU HaJUYUM MHPOPMALMK O pacnpesesleHUH OCTaTOYHOU
KOHIEHTpaLlMH OKCH/I0B ypaHa B COpGeHTe MOCJie BbIIPY3KH HACBIILLEHHOTO CJI0S1 U3 KOJIOHHBL.

KoHcTpykuusa u cxeMa paboTbl COPOIMOHHOW Hacajo4yHoul KosioHHbl CHK-3 (manee —
KOJIOHHAa WM copbep), MHUPOKO NMPUMEeHsIeEMOW B AoObIBawIMX mnoapasjenenusax AO «HAK
KazaTomnpom», npeacrasisieT co60¥ [UIMHAPUUYECKYI0 KosloHHY BeicoToit HHH u paguycom R ¢
YCeYEHHbIM KOHMYECKUM JHUIIeM. B HWXKHel 4YacTH KOJIOHHBI, TepeJi TPyOoOH mojgadu
NPOAYKTHUBHOTO PAcTBOpA JJMaMeTPoOM d, yCTAHOBJIEH KOHUYECKHUU pacnpesiesiuTe b NoToKa. Ero
Ha3Ha4yeHUeM SIBJISIETCS YMeHbllIeHHe HEPABHOMEPHOCTH pacnpejie/ieHUs: TupOoJHHAMUYECKOT0
MOTOKA M, COOTBETCTBEHHO, KOHLIEHTPALMX MUHepaJia o [oMepevHOMY CeYeHHI0 KOJIOHHBI (puc.
1).

KoJsioHHA NJIOTHO 3aM0JIHAETCS HEeloABMKHbBIM CJIOEM I'PaHyJTMPOBAaHHOI0 HOHOOGMEHHOT0
copbeHnTa (cMoJibl dupMbl Purolite), mpecTaBJISIONETO COO0N NMOPUCThIE CHePHUUECKHEe YACTHUIBI
JihaMeTpoM 6 € pa3BUTON BHyTPeHHeH OBEPXHOCThIO. luaMeTp rpaHyJl Ha HECKOJIbKO MOPsIKOB
MeHbllle IMaMeTpa MOABOAAIEN TPyOhl U, TeM GoJiee, juameTpa KoJoHHbI D=2R. [loaTOMy ci0oi
copbeHTa MOXKET ObITh PACCMOTPEH KaK MOPHUCTAs Cpeia C MOPUCTOCThI0 ¢ < 0.4.

[IpoAyKTUBHBIA pacTBOP, COJEpKallMM HMOHBI OKCH/JOB ypaHa (HampuMmep, KaTHOHBI
ypanuna U2t uny ux KoMiekcHble GOpMbl), HOAAETCS CHU3Y BBEpX Yepes MOoZBOJAILYI0 TPy6y C
MOCTOSIHHBIM OGBEMHBIM pacxosioM Q. BoJsiee mojBMKHBIE MOHBI BOJOPOJia MOHOOGMEHHOM
CMOJIbI 3aMeNAITC UOHAMU OKCHJIOB ypaHa U3 MPOAYKTUBHOTO PacTBOPA, B pe3y/IbTaTe Yero
MPOUCXOJUT NMOHOOOMEH MEX/Iy CMOJION M paCTBOPOM

2R-H + U2t 2 RU; + 2H¢, (1)
IOCKOJIbKY 9HepPrud CBA3HW CMOJIbI C MOHOM ypadHa IIpeBbIlIaeT SHEePTrvui0 CBA3HU C MOHOM BOAOpOaAaA:

E(cmouna-U) > E(cMona-H).
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31ech R - akTMBHBIN LeHTp cMoJsbl, R-H - cMosa ¢ moHamu HY, R,U, - KoMILJIeKC MOHa U22+,
3aKpenJIEHHbIN Ha cMoJie, H* - BEICBOOOXK/AAIOLUICS B paCTBOP MOH BOIOpO/ia.

BcreficTBUE TOTO, YTO TpPaHy/bl HMET Pa3BUTYI0 BHYTPEHHIOW CTPYKTYPY U MaJlbIX
pa3MepoB KalWLIAPOB, B TIpaHyJiaX CMOJIbI MOHOOOMEHHBIM IPOIECC MeXAY PacTBOPOM H
copbeHTOM, MpoTeKawui no cxeme (1), TUMUTHpPYeTCA BHYTPUAUPDY3UOHHBIM NEPEHOCOM
HOHOB M0 KaNUJJIsSIpaM.

A

a) ' 6)

PucyHok 1 - CxeMa cop6IIMOHHOM HacaouHOoM KosioHHbl CHK

[lepes BxoOM B cJIOM copbeHTa MOTOK MPOXOAUT Yepe3 KOHUYECKUH pachpefie/IuTeNb C
YIJIOM pacKpbITUS «, ONpeJiesieMbIM KaK yroJ MeXJAY OCbl0 KOJIOHHBI U 006pa3yrouieit
pacrnpezeauTess.

B mpomecce paboThl KOJIOHHBI Yepe3 3a/laHHble TPOMEXYTKH BPEMEHH U3 BepXHEW 4acTH
KOJIOHHBI OTOGUpAalOTCA NpoOBI pacTBOpa, KOTOpPble aHAJU3UPYIOTCI Ha COJepKaHue
M3BJIeKaeMOro MHHepaJsa. l[lpouecc copbuuu mnpojoJKaeTcs [0 Tex MNOop, NoKa CpeaHss
KOHIIEHTpAIMsl MUHepasia B XKUAKOH ¢da3e HA BBIXOJIe U3 KOJIOHHbI HE JOCTHUTHET IMpPeJeJbHO
JIONyCTUMOTO0 3HaueHus. [locsie 3Toro HauboJsiee HACBIEHHAsS MUHEPAJOM HHXKHASA 9acTb CJIOS
copbeHTa BBITPYKAEeTCsl, KOJIOHHA CBEPXY [A03arpy>KaeTcsl CBEKHUM COPOEHTOM, U LIUKJ COpOLUU
MOBTOPSIETCS.

HcnosibdyeMass B HacToslnee BpeMs KOHCTPYKIMS HACaJO04YHOH COPOIIMOHHOM KOJIOHHBI
ObL1a pa3paboTaHa 6oJiee MOJyBeKa Ha3aJ 3SMIHPUIECKHUM NTyTEM HA OCHOBE U3MEPEHUN CPeTHUX
3HauYeHU MapaMeTpoB Ha BXO/Jie U BbIXO/I€ KOJIOHHBI, TO €CThb C UCII0JIb30BaHUEM UHTErpajbHbIX
(ocpeHEHHBIX) XapaKTEPUCTHUK Mpolecca. OrpaHuyeHHass MHGOPMATHUBHOCTDb TAKOI'0 MOAX0/1a B
OTHOIIEHUH JIOKAJIbHBIX TUAPOJUHAMHUYECKUX U MACCOOOMEHHBIX TPOLIECCOB B 06JIACTSIX CJI0XKHOU
reoMeTpUM B TeyeHUE [IJIMTEJbHOTO BpPEMeHH Obljla O00YyC/OBJeHA KaK HeJ0CTaTOYHbIM
pPa3BUTUEM  BBbIYUCJIUTEJbHBIX METOJO0B, TaK W OTFPaHUYEHHbBIMH BO3MOXXHOCTSIMHU
BBIYHCJIMTEJIbHBIX PECYPCOB.

BmecTe ¢ TeM, aHaJIU3 TOJIbKO OCpeIHEHHBIX XapaKTePUCTHK He M03BOJISET B MOJIHOU Mepe
O1eHUTb 3P PEeKTUBHOCTL PabOThl copbepa, B HACTHOCTU CTeNeHb BOBJEYEHHOCTU COpOEHTA B
MaccoOOMeHHBIN Mpoliece, BAusHUe GOPMbI U pa3MepOB KOHUYECKOT0 pacipe/ie/IuTe s, a TaKxKe
CpeiHEH CKOPOCTU TeYeHHs pacTBOpa Ha CKOPOCTh M MOJIHOTY WU3BJIEYEHHS] MHHepasia U Ha
TOJIIIMHY 30HbI HACKIIIEHUS COPOEHTA.

O4eBHUAHO, 4YTO pelleHUe YyKa3aHHbIX 334a4 TpeOyeT [IeTaJbHOr0 TPEXMEPHOTO
Hccle[JoBaHUs poliecca COPOIUHM B IOPUCTOM 00'bEME C/I0°KHON reoMeTpuu. [IpoBeieHNe Takoro
aHa/JiM3a Ha OCHOBE COBPEMEHHBIX BbIYHC/IWUTEJbHBIX TEXHOJOTHUHW W YHCJAEHHBIX METOJO0B H
COCTaBJIsIET IPeAMET HACTOSIILEN paboThlI.
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TakuM o6pa3oM, Lesbl0 HacTosALled paboThl fABJsAeTCS pa3paboTKa (U3HYECKOH MU
MaTeMaTHUYeCKOM Mojesiell TIpoliecca COpPOLMOHHOrO H3BJIeYeHUs] OKCHJAOB YypaHa U3
MPOJYKTUBHBIX PACTBOPOB B HACAZIOUHONW HOHOOOMEHHOM KOJIOHHE CJIO)KHOW TeOMETpPUH,
OCHaLIEHHOM KOHMYECKUM paclipejiesiuTesieM NMOTOKa. Ha ocHOBe 4uceHHOro MoJe/IMpPOBaHUA
NPOBOJAUTCSA UCCIeJ0BaHUe BAUAHUA GOpMbI pacnpesiesiuTesss U CKOPOCTH NOJa4Yu pacTBopa Ha
U/ poJMHAaMUKY NOTOKaA, paclpejesieHue KOHLeHTpallui MUHepaJia B XKUAKOW U TBEpAoH daszax,
a TaKke Ha CTelleHb BOBJIEYEHHOCTH COpOEHTA B MacCOOOMEeHHBIN po1iecc.

HayyHas HOBM3Ha paboThI 3aK/II04aeTCs B pa3paboTKe CONPsKEHHOMN r'MIpoAMHAMHUYeCKON
Y MaccoOOMeHHOH Mo/ie Y poLecca MOHOOOMEeHHOM COPOLIMU B COPOLIMOHHON KOJIOHHE CI0XKHOU
reOMeTpUU C HCNOJIb30BaHUEM MeToJa (QUKTUBHBIX 006J/acTell, MO3BOJISIOLIETO0 YYUTBIBATH
peasibHble KOHCTPYKTUBHbIe OCOOEHHOCTH ammnapaTra. B oT/iMuve OT paHee NpUMEHSBIIMXCA
N0AXO0/,0B, OCHOBAHHBIX IPEMMYIIIeCTBEHHO Ha aHAJIN3€e MHTEerPaJbHbIX XapaKTePUCTHK IIpoLecca,
npeJjJoXKeHHasg MoJesJb I03BOJIAIET HCCAe0BaThb IPOCTPAaHCTBEHHOE paclpejeseHue
rUJpOJMHAMUYEeCKUX U MAacCOOOMEHHBIX [TapaMeTPOB BHYTPH KOJIOHHBI U OLlEHUBATb BJIUSHUE
KOHCTPYKTHUBHBIX U PEXKUMHbBIX paKTOPOB Ha 3¢ PeKTUBHOCTb paboThl copbepa.

MaTemaTH4yecKas U YMCJAeHHAs MO/ ey Nponecca copouyuy ypaHa

[IpoAyKTUBHBIN pacTBOP, COAEPKAIUUNA PACTBOPEHHBIE MOHBI OKCUJOB YpaHa, 10 CBOEMY
COCTaBY NMPeUMYLIeCTBEHHO NpeJCcTaB/seT co60i BOoLy U B pacCMaTpHUBAeMbIX YCI0BUSAX MOXET
ObITh aNNpPOKCUMUPOBAaH KaK HeCKMMaeMas HbIOTOHOBCKas >XHUJAKOCTb C IJIOTHOCTBIO M
BSI3KOCTbI0, 6JIM3KMMHU K COOTBETCTBYIOIIUM XapaKTEPHUCTHUKAM BOJbI.

BciieacTBUE MasIOCTH XapaKTEPHBIX pa3MepoB IPaHyJl CMOJIbI 110 CPAaBHEHUIO C JUaMeTPOM
KOJIOHHBI, [IJIOTHOM YNaKOBKH MU HENOJBWXHOCTH COPOLIMOHHOTO CJIOS, a TAKKe OTHOCUTEJIbHO
HU3KHUX CKOpOCTeM II0OTOKa /JBW)XKEHHe pacTBoOpa uepe3 CJOM paccMaTpuBaeTcs Kak
buabTpaLMOHHOE TeYeHUe B IOPUCTOH cpejie.

Y3KUi TrpaHyJIOMETPUYECKUH COCTaB W OJiu3kasd K cdepuueckodl ¢dopma rpaHy
MOHOOGMEHHOM CMOJIbI IPY PAaBHOMEPHOM 3arpy3Ke KOJIOHHbI 103BOJIIIOT B MAaKPOCKOITMYECKOM
NpUOGIMKEHUH pacCMaTPUBATh COPOLIMOHHBIN C/10M KaK OAHOPOJHYIO U U30TPOIHYIO MOPHUCTYIO
cpeny ¢ 3¢deKTUBHBIMUA GUIBTPALUOHHBIMU XapaKTePUCTUKAMH.

B cuny ocecUMMeTpUYHOW KOHCTPYKLMH COPOLHUOHHON KOJIOHHBI U TPyObl MOJa4yu
pacTBopa Te4yeHHe KMUAKOCTH U NpoLecC COpOLUU TakKXKe CUYUTATCH O0CECUMMETPHUYHBIMU.
COOTBETCTBEHHO, MCC/AeJOBaHUE TPEXMEPHOro IepeHoca MPOAYKTUBHOIO pacTBopa U
MaccoobMeHa B KOJIOHHE B LIUJIMHAPUYECKON CUCTEME KOOPAUHAT (7, ¢, Z) MOXeT ObITh CBEIEHO K
0CeCHMMETPUYHOM JIBYMEPHOU 3a/jaue 10 paJjUajJbHON I' U 0CEBOM Z KoopAuHaTaM (puc. 1,6).

B6/1M3u Tpy6bl MoJja4M NMPOAYKTUBHOIO pacTBOpa U KOHYCOOOGPa3HOTo paclpejennuTeis
MOTOKa 4YMCI0 PeliHo/bJCa MOXKET CyLeCTBEHHO MPEeBBbILIATh €AUHHULY, TOrJjda KaK B OCHOBHOH
YacTU KOJIOHHbI TeueHHe coxpaHsieT QpUJIbTPALMOHHBIM XapakTep. B cBs3U ¢ 3TUM JBUKEHUE
KUJKOCTU B NOPUCTOM CJIO€ ONKCHIBAETCS COOTHOLIEHUSIMU TeOpUH PUIbTPALlMM — 3aKOHOM
Qopxreiimepa (2), IpUMEHUMbIM B IIMPOKOM JAuana3oHe 4uces PelHoJsbAcCa, U 3aKOHOM
coxpaHeHHUs1 Maccel )uakoctu B mopax (3) (bap, 1971; Kosuns, 1964; Toapaiutuk, 1984;
lllecTakos, 1995):

au(r,z,t) = apv(r,z,t) = —VP(r,zt), (2)

V-i=V-(¢p7) =0, (3)

rae U(r,z,t) = u,l, + Uyl,~CpeJHsas CKOPOCTb Jlapc KUAKOCTH, & = @y + a,|U|, ¢ - mopucTocThb
cos copbenta, ¥(r,z,t) = U/P = vl + V,l, CPeSHAS CKOPOCTb KUJAKOCTH B nopax, P(r,z,t)=
p(r,z,t)/p+ g% p(r,zt)- gaBieHue B )KUJKOCTH, p — MJIOTHOCTD KUKOCTH, § — YCKOPEHUE
CHJIBI TSDKECTH, X = T, + Zl,~ paZiuyC-BEKTOP TOYKH, U — AUHAMUYECKHUM KOIPPUIUEHT BA3KOCTH
pactBopa, § - AuaMeTp chepryecKUuX rpaHys coOp6eHTa,
ay = 633u(l—¢)/ps*, az= 3(1—¢)p/266.

[Tpu 3HaueHUsAX nopuctoctu ¢ < 0.4 mpuHaATOo,4yTo # = 0.508 — 0.56(1 — ¢) (FoBAIITHK, 1984).

[lepeHOC MOHOB OKCH/OB ypaHa B MPOJAYKTUBHOM PAacTBOpPEe M MOHOOGMEHHBIN MpOIEecc
MEX/Y KUJKUM PAaCTBOPOM U COPOEHTOM SIBJISIETCSI K30TEPMUYHBIM U OMHCHIBAETCS YPAaBHEHHUEM
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B YaCTHBIX Npou3BoAHbIX (Ruthven, 1984; lospamtuk, 1984; lllecrakos, 1995; Bird, 2002; Patel,
2019; Bager et al., 2023)

aC/ot+V-(WC)=V-(DVC)— (p~1—1) aC/ot, (4)
rie D - rugpoguHamuyueckuil AuCnepCHOHHBIN TeH30p. TeHzop D, B CHIY OJHOPOJHOCTU U

HM30TPOMHOCTH CPe/ibl, IBJSIETCS CUMMETPHUYHBLIM U MMEET TPH HeHyJieBble KOMIOHEeHThI (Bap,
1971; Kostnus, 1964):

.UZ 2
Dy =a; =+ ar—= +D
A T T
.UZ 2
D,, =ar =+ a,— +D
ZZ T |'l7| L |'l7| m»
VU,
Drz Dzr - (aT aL) |l-7>| ’

rae  a; = C1|V|- xo3pPULUEHT NpPOJOJBLHOM JUCIEPCHH, NPONOPLUOHAJIBHBIA JAUaMeTpy
chepryeckux rpaHysi-cop6eHToB, ar = C,|U| - KoadPuLHEHT paranbHOM AUCTIEPCHH, AL /AT =
5, D,,,- k03¢ PULUEHT MOJIeKYASIpHOU JUPDY3UU KUAKOCTH.

[losile CKOPOCTH >XKHUJKOCTH, BXOZsdllee B YpaBHEHHe INepeHOCa MOHOB OKCHJOB YypaHa,
onpeessieTcs caefyruuM obpa3om. U3 ypaBHeHUs

(aq + azldD]u| = VP,
omnpeJessieTcss MOAYJIb CKOPOCTH || Kak QyHKIMs MOyJIs rpaZrenTa P:

il = f(vPD.

Torpga BeKTOp CKOPOCTH BbIpaXKaeTC 3aBUCUMOCTbIO
u=—VP/(ar +arf([VP]). (27

[logcTaHOBKa MOJIyYeHHOTO BBIPaXKEHHUsI B 3aKOH COXpaHeHUsl Macchl (3) B LUIAMHIAPUYECKON
CHUCTeMe KOOpAMHAT NPUBOLUT K HEJHMHEHHOMY 3JUIMITUYECKOMY YPaBHEHHIO OTHOCHUTEJBHO

A(r,z,t) = 1/(ay + a,f(|VP]).

rje

[Tocsie pemienus ypaBHeHud (5) U3 ypaBHeHUA (2”) BBIYUCASETCS M0JIe CKOPOCTH KUAKOCTH
B copbepe.

MoHoo6MeHHBIN Mpolecc MeXAy pacTBOPOM U copbeHTOM mo cxeme (1), ATMMUTUpYyeETCA
BHYTpUANP(Y3MOHHBIM [EePEeHOCOM W OmuchbiBaeTcs JudpdepeHUUATbHBIM ypaBHEHHUEM
KWHETHKH 1ceBaoneproro nopsaka (Ruthven, 1984; Helfferich, 1995; Jean-Pierre Simonin, 2016;
Quinn et al., 2020):

aC/ot = B(C — C/Ky), (6)

rae C- MaccoBasi KOHIEHTpalMs afcOp6UPOBaHHBIX COPGEHTOM HMOHOB OKCHM/IOB ypaHa, C -
MaccoBasl KOHIEHTpaLKsl HOHOB OKCH/IOB ypaHa B NPOAYKTUBHOM PacTBOpE, S - KHHETUYECKUU
k03¢ PUIMEeHT cOpOLIMH, XapaKTepU3yeT CKOPOCTh BHyTPpUAMGPY3MOHHOTO MacconepeHoca, K, -
K03 PuUIMEeHT paBHOBECHS UM KOHILEHTPUPOBAaHUsI COPOLUH.

JlI1 CKOpOCTH pacTBOopa M [iaBJeHHsl B JKMAKOCTM Ha TBEpPJbIX CTEHKax KOJIOHHBI
HCII0JIb3yeTCs YCJA0BUE HETPOTEKAHHUS XKUAKOCTHU:

35

HAYKA UHTENNEKTYAJIbHbIX CHCTEM


https://www.sciencedirect.com/author/56259556200/jean-pierre-simonin

HAYKA UHTENNEKTYAJIbHbIX CHCTEM

¥NTTLIK FBIMbIM
AKALEMUACHI

m_i'r_i|5=—6P/8n|s=0, (7)

rje 71 - HOPMaJbHBIA K CTEHKE KOJIOHHbI €JMHUYHBbIA BeKTOp. Ha BX0/ie B KOJIOHHY 3aJal0TCs
IJIOIA/b ONIEPEYHOT0 CeYeHHUs TPYObl OAAaYH S;,, 06'beMHBIM Pacxo/] }KUAKOCTH Qg ¥ MaccoBas
KOHI|eHTpals MUHepasia B pacTBOpeE:

UMy = 0P/0n|iy = 0P/0z|in = Vo = Qo/Sin, Clin = Cins (8)
M Ha BBIXOZle M3 KOJIOHHBI 3aJIal0TCs JaBJeHHe OKpPYKAloLlei cpejbl U «MATKHe» YCJIOBUS Ha
pacrpe/ie/ileHle KOHILeHTPALMK MUHepaJa:

Plout = Poyr,  0C/0z|oye = 0. (9

B HayasbHBIA MOMEHT BpEMEHM COPOLMOHHAs KOJIOHHA 3alloJIHEeHa >XUJKOCTBIO U
COpGEHTOM, He CoJiepKalliiM HOHbI OKCH/IOB ypaHa:

C(xt=0)=0, CX*t=0)=0. (10)
Bxogsimue B ypaBHeHUe (6) KuHeTHuyeckdhe mNapameTpbl 8 u Ky copbuuu MuHepasa

onpesiesieHbl C MOMOILbID COMNOCTABJIEHUS] Pe3yJbTAaTOB PACYeTOB C JAHHBIMU (U3UYECKOTO
3KCIEepPUMEHTA, TPOBeIeHHOT0 Ha copbeHTe dupmbl Purolite.

05 4 8 12 16

t. vac
PucyHnok 2 - U3MeHeHuda KOHLIeHTpallMu MUHepaJia B C0p6eHTaX CO BpEMEHEM.

HYHKTI/IprIe JIMHUHU CO 3HAYKAMHU — pe3yJIbTAThbl dKCIIEPUMEHTA Purolite, CIIJIOIIHbIE JIMHHUHU —
pe3y/abTaTbl YUCJIEHHOTI'O pacyeTa.

KuHeTuueckre KpuBble COpPOLMH, MOCTPOEHHbIE MO Pe3yJbTaTaM 3KCIePUMeHTaIbHbIX
aHaJ/IU30B, SBJSAJHUCH OCHOBOM JIsl ompejie/leHUs] KUHETHYEeCKHUX XapaKTepPUCTHUK COPOEHTOB:
BpeMsl JOCTH>KEHHUsI paBHOBeCHs, €MKOCTb COPOEHTOB B MOMEHT HACTYIJIEHUS PaBHOBECHS,
k03¢ UIMEeHT paBHOBecHsl, KUHETH4YeCKMH Ko3adpduuueHT copbuuu (puc. 2). Paccmatpusas
COpOLMOHHBIM NPOLECC B IKCIEPUMEHTE KaK MacCOOOMEHHBIN MPOLEeCcC B UAeaJTbHOM PEAKTOPE,
HalieHbl 3HaueHus ff = 1204ac! u K,=286.

Cpezay YMCIeHHBIX METO/IOB pellleHHs 3a/jla4 MaTeMaTH4eCKON GU3UKU OJJHUM M3 HauboJiee
YHUBEPCATbHBIX SIBJSETCS KOHEYHO-PAa3HOCTHbIA MeToZ. C BBIUMCIAUTESBHOW TOYKHU 3pPEHUS
JlaHHBINA MeTo/1 Haub6oJiee 3pPeKTUBHO peasnu3yeTcs Ha PeryasipHbIX CETKAX B 06J1aCTSIX NPOCTOU
reoMeTpUM, TAKHUX KaK MPSIMOYrOJbHHUKHM MM UX KOMOMHAUWHU. OJHAKO NPU YUCIEHHOM
HCC/eJOBAaHUM  33Jlad  [epeHoca  BEeLeCTBa, COMPOBOXKJAAEMbIX  (HU3UKO-XUMHUIECKUMHU
NpeBpaLeHUsIMHU B 06J1aCTSIX CJI0KHON POPMBI, Yallle MPUMEHSIIOTCS MEeTO/, KOHEYHBIX 3JIEMEHTOB
WJIM MeTOJ, KOHeYHbIX 06bEMOB (DsieTuep, 1991; Morianou, 2023; Simtinek, 2024 u Ip.).

Hapsizy ¢ ykazaHHBIMM OJIX0ZJaMU /IS pellleHHs 3a/ja4 B HEPETyJ/IIPHbIX 06J1aCTSAX IIUPOKO
HCIoJib3yeTcs: MeToJ; PUKTUBHBIX o6JacTeit (MPO) (Babuwesuy, 2017; Thirumalaisamy et al,
2022; Corti et al, 2024; Kale et al, 2025), nmo/y4uBIIMK 3HAYHUTEJNbHOE PACIPOCTPAHEHHE B
nocJjeHue roJpl. B MeTosie PUKTHUBHBIX 06/1acTel MCXO/iHAsA 3a/la4a, 3a/JaHHasl B HeperyJisspHOH
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o6us1acTu (), IPOJ0/KAETCS HA PETYJIAPHYIO PAaCYETHYI0 06J1acTh R, 06pa30BaHHYI0 00'beJUHEHUEM
dusnyeckoit o6sactu (L U PUKTUBHOM 06J1acTH (), Tak yTo R=Q U O (puc. 3).

TeopeTHyeckH, CXOJAUMOCTb METOJA CBSI3aHO C MoOJIydeHHeM oJHopojaHoro “inf - sup”
YCJIOBUS, KOTOPOE MPUBOJUT K YCJIOBHUIO COTJIACOBAaHUHN MEX/Ay TPaHUYHON CETKOU U OHOPOJAHOM
cetkoi# (Babumieruy, 2017). /IpyruM Ba>KHbIM aclleKTOM SIBJISIETCS TO, YTO YCJAOBHE YCTOUYHUBOCTH
MPUBEJIEHHOM CXEMbI aHAJIOTUYHO COOTBETCTBYIOUIMM YCI0BUSM KOHEYHO-PA3HOCTHBIX CXEM.

\\
NN
/

/

_/

»Qf\\

PucyHok 3 - CxeMbl pu3UyeCKON U BBIYMCAUTENBbHOU 06/1acTeit B MOO.
BbryucauTesnbHas o6s1actb R=Q U (), .

B pamkax MeTo/ia QUKTUBHBIX 06/1aCTel rpaHUYHbIE YCJI0BUS NPOL0JKAIOTCSA B QUKTUBHYIO
06JIaCTb C/IeAyIUM 06pa3oM: AJIS 4JIEHOB, COZAEp>KalluxX NPOU3BOJHBbIe NEepPBOro MOpsjKa
(KOHBEKTHBHBIE YJIeHbI), PO 0/XKEHHUE OCYILeCTBIISIETCS 110 HAallPpaBJIEHUIO TOTOKA — 0 MJIajlien
NPOU3BOAHOM; JJ/I1 4JeHOB BTOpPOro nopsjka (JucnepcuoHHO-AUPPY3HOHHBbIE YsIeHbI) — IO
cTapliedl NPOU3BOJHOM, YTO obecrneuyrBaeT KOPPEKTHYH aNNpOKCUMAaLMI HPOU3BOJAHBIX Ha
rpadune (Ba6umesuy, 2017).

[IpuMeHUTENbHO K pelIeHUI0 3JIMITUYECKOTr0 ypaBHeHUs i JilaBjaeHus (4) B MeToge
GUKTUBHBIX 06J1acTeil BBOAUTCA K0O3QPUIMEHT A, onpefeisieMbld CeAyIOIUM 06pa3oM:

A =H@ErA+ (1-HX))e, (11)
rje
. 1, X eq
LR {O, ZE Q
dyukua XeBucanaa. 37iech € - Masias BeJIM4nHa, € K rA. [loce 3Toro penieHvue ypaBHEHUS AJIs
naByieHus (4) B HeperyJsspHoW ¢H3WUYeCKOW o6JiacTH () ¢ TPaHUYHBIMHU yCJOBUSAMH HelimaHa
CBOJUTCS K pellleHUI0 YpaBHEHUs

0(A;0P/0r)/or + 0(A;,0P/0z)/0z =0 (12)
B perysspHod o6JsiacTu R. 3HayeHMs MOJs JaBJEHUS U ero NPOU3BOJHBbIE MPOJOJIKAIOTCA B
GUKTUBHYI0 06/1aCTh TaKUM 06pa30M, YTOObI 06eCIIeYUTh KOPPEKTHYIO allIPOKCUMAIIUI0 BTOPBIX

MPOM3BOAHBIX HA IPaHUIle pa3/esia obaactel. B yactHocTH, B 3aaade HeliMaHa Jiig AaB/ieHUs Ha
dusnyeckout rpanuile 02 GOpMyJHPYIOTCA YCIOBHUS COTJIACOBAHUSA:

[P(X,t)]aq = 0, (X7 -1miA, aP/axj]aﬂ =0, (13)
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r/ie 71 - BHELIHsIsl HOpMauib K rpaHuiie d(), a [1]5q 03HavaeT ckayok GpyHKIMHU Ha rpaHulle pa3jea
dusnyeckoil U PUKTHUBHOM 06J1aCTEM.

YpaBHeHUe IlepeHOCa MOHOB OKCHJA ypaHa B peryJjspHod o6sacTh R 3anucbiBaeTcs
C/1eiyI0IIUM 06pa3oM:

aC/at+V-([WC)=V-(D,VC) — (¢~ —1)H(X) dC/at, (14)
rae
D, = H(X)D + (1 — H(X))el,
[ - eUHUYHBISA TEH30P.
YpaBHeHue copbuuu (6) B GusnvecKkoit 06/1aCTU COXpaHseT CBOU BU/J;

dC(%,t)/0t = B(C(X,t) — C(X,t)/Ky). (15)
B ¢pukTUBHOM (JI0N0JIHEHHON) 06J1aCTH ()¢ MPUHUMAETCS YCJIOBHE
C(x,t)=0.

YucieHHOe pelieHHe U aHA/IU3 pe3yJIbTaTOB

B cusy HesinHeHOCTHU cucTeMa ypaBHeHuH (12), (14), (15) ¢ rpaHUYHBIMU YCJI0BUSAMHU (7)
-(9), (13) u Hava/bHBIMU yca0BUAMU (10) pelraeTcss COBMECTHO C MPUMEHEHUEM YK CJIEHHbBIX
MEeTO/0B.

[locnenoBaTeIbHOCTD YMC/IEHHOTO PellleHNd 3a/ja4y B peTryJIApHOHN 06J1acTU R Ha KaXK0M
1iare UHTErpUPOBaHUS 10 BpeMeHU UMeeT CJIeAyIOIIUN BUJ,

1. U3 ypaBHeHus (12) c rpaHU4YHbIMHU ycaoBUSAMU (7)-(9) v (13) 4uCIE€HHBIM METOJO0M
onpe/esdaeTcsd NoJie faBaeHus. He/lMHelHOe 3/IIMITUYECKOe ypaBHEHUe [1JIs1 JaBJIeHHS pelllaeTcs
yucjaeHHo MeToZoM Putna (JKuBoTteHnko, 2021).

2. [lanee, nocJje onpepesieHus1 noJjie AaBJeHUs UCIO/Ib3Ysl COOTHOLIEHUE

¢V = — VP/(ay + axf(IVP])
BBIUUCJISAETCSA [10JIe CKOPOCTEH.

3. 3aTeM U3 ypaBHeHus nepeHoca (14) c rpaHUYHBIMHU U HaYaJlbHbIMU ycaoBusiMu (8)-(10)
YHCJEeHHbIM METOJIOM OINpejesisieTcsl KOHLEHTpauus MHHepaja B XUAKoH ¢ase. Pemenue
MpPOBOAUTCSA C NpUMeHeHHeM cxeMbl Kpanka-HukosbcoHa (PaeTyep, 1991).

4. PenieHueM 0O6bIKHOBEHHOTO AU depeHIMalbHOTO ypaBHEHUS KUHETUKHU copoLuu (6) C
HayaslbHBIM ycaoBueM (10) 3aBepiuaeTcst odyepeAHON War MHTETPUPOBAHUS 3a/1a4U 110 BpEMEHH.
YpaBHeHMe KHUHETHUKH COpPOLMHU NpPH HU3BECTHOM Ha KaXKJOM BPEMEHHOM Liare 3HAa4Y€HUH
KOHIIeHTpaluu MUHepaJa B )UKol ¢ase 1+l pelraeTcss aHaIMTUYECKUH.

B paboTe BBINOJHEHO YHUCJIEHHOE HCC/Ae[j0BaHMe BJIMAHUSA HaJUYUA KOHHUYECKOIo
pacrpejeauTesis IOTOKA Ha BXoZie B copbep, ero reoMeTprUYecKoil popMbl, a TakkKe BeJTUIHHbI
pacxoja pacTBopa Ha XapaKTEPUCTUKU COPOLIMOHHOT0 MpoIiecca.

B cuny oceBoii cCUMMeTpHM 33aJaud OTHOCUTeNbHO och Oz pacyéThl NPOBOAUJIKCHL B
NpPsSIMOYTOJIbHOM BBIYMCIUTEBHON 06J1aCTH

0<r<R 0<z<H
Ha pa3HOCTHOM ceTKe pa3MepHOCThI0 150x600.

[IpoBesieHO wucciefoBaHUe BJIHWAHUSA (OpPMbl KOHHUYECKOTO paclpefesdTesiss MOTOKa
NPOAYKTUBHOIO pacTBOpA U CKOPOCTH NMOJAAYU PacTBopa B KOJIOHHY Ha 3¢ PeKTUBHOCTb paboThl
copbepa 1 NOJTHOTY MOHOOOMEHHOT0 po1ecca. PaccMoTpeHb! cieAyoonie BApUaHThI:

1. KOHYCHBIH paclpe/ieuTe b I0TOKA OTCYTCTBYeT, 00'beMHBIN pacxoh pacTBopa Qp=0.35
M3/4;

2. BEpIIMHA KOHYCHOTO pacnpezenTesiss GUKCUPOBAHA, YTOJl & MEXAY OCbI0 KOJIOHHBI U
ob6pasytoleit pacnpeaeanTens paBeH 45° u 600, Qp=0.35 m3/y;

3. pa3siMuHble pacxo/ibl nofayu pactBopa - Qp=0.35 M3/9 u Qp= 0.7 M3/4 - npu 0JUHAKOBOM
yTJle pacKpbITUSI KOHUYECKOT0 pacnpejennTens a = 459,

['eoMeTpuyeckue U pexKMMHbIe TapaMeTPbl COPOIIMOHHOUN KOJIOHHBI IPUHSTHI OJIM3KUMHU K
HCII0JIb3yeMbIM B IPOMBILLIEHHOH NpakTuke: H=6 M, R=D/2=1.5m, d=0.3 M, § =0.5mMm.
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N°1 (aHBapb-Mapr) 2026 rog, LLMOPOBH3ALIHA PO —
AKAREMMAC I

Ha puc. 4-8 npepcraBsieHbl pe3yabTaTbl pacyéTOB NPOCTPAHCTBEHHOIO paclpefiesieHus
JlaBJIEHUS], CKOPOCTH MOTOKA U KOHI[EHTPAIUM MUHEpasa B HEMOJBIXXKHOU da3ze (copbeHTe) mpu
OTCYTCTBUU KOHYCHOT0 pacnpeaenutens (Qp=0.35 m3/4).

Ha puc. 4 npejcTaB/ieHbl pe3y/bTaThl pacuéTa pacnpefeseHus AasiaeHus (klla) u dyuciaa
PeliHosbca. Yncsio PeliHo/ib/ica BBIYMC/IEHO 110 JUaMeTpy NOJBOJALEH TPyObl NPOLYKTUBHOTO
pactBopa Re = Vypd/u; npu omnpejeseHUH MO AUAMETPY I'PaHysJ MOHOOGMEHHOH CMOJIbI €ro
3HaueHUe Ha JiBa nopsjaka MeHbule. Kak ¥ oxupanoch, B6JIU3M MOJBOASALLEd TPYObI, MI0LIALb
HornepevyHoro ceyeHust KOTopoi B (D/d)? pa3 MeHblile MJIOIIA/AH T0NIEPEYHOr0 CeYeHUs KOJIOHHBI,
JlaBJIeHV€e U CKOPOCTb >KUJIKOCTH CYLIleCTBEHHO BbILE, YeM B YaJéHHBIX OT Heé 061acTsX.

Z, M

PucyHok 4 - (a) PacnipesiesieHue aByieHus B )kuaKocTtHu (klla), (6) pacnpeaeneHue yrucaa
PeliHoJIb/ICa TeUeHUs XKUAKOCTH B opax, Qp=0.35 M3 /4.

0 i 1 Rwm

(a) (6)

PucyHok 5 - PacnipeesieHre KOHIIEHTPAIUM MUHEpasia B HeOABMKHOU daze (copbeHTe)
(2/n1) gyepes 10 (a) u 40 (6) yacoB nmocsie HaYasa paboThl copbepa, Qp=0.35 m3/4.

R. 1
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LIWOPOBH3ALMA N°1 (anBapb-MapT) 2026 rop

¥ATTBIK FhifbIM
AKALEMUACHI

Ha puc. 5 npezcraB/ieHbl pacnpe/ie/leHUs] KOHIleHTPallUM MUHepasia B HelloJBXXHOMU dase
yepe3 10 u 40 yacoB nocJie Hayasza paboThl copbepa. BUIHO, YTO OCHOBHOM MOTOK, CO/lepKalliuii
VMOHBbI OKCU/IOB YpaHa, pa3BMBaeTCs B LIeHTPAJbHOU YacTH KOJIOHHBI, TOrZa Kak NPUCTeHOYHas
30Ha copbeHTa BOBJIEKAeTC B COpPOLMOHHBIA NpolLiecC 3HAUYUTEJNbHO cabee. ITO OCOGEHHO
3aMeTHO Ha pHC. 6, I'ie IOKa3aHo pacnpezie/ieHre KOHLeHTpal My MUHepaJa B TBepAoH ¢ase mo
NONepeyHOMYy CeYeHHUI0 KOJIOHHBbI Ha YpoBHe z=1.5 M B pa3/iMUHble MOMEHTHl BpeMeHU MOCJIe
Hayasa paboTel copbepa. BupHo, 4yTO cpelHsAs KOHLEHTpalus MHUHepasa N0 NOINepeyHOMY

CeYeHHUI0 KOJIOHHBI
_ RZ)
C;(Z,t) = f rC(z,1,t)dr/(TR?(Z))
0
coctaBJsieT MeHee 60% OT MaKCHMaJIbHO BO3MOXXHOW KOHIleHTpauuu 23 r/u (cM. puc. 6 1 7).

C, r/n

i Q.a-
w0t [/

Y

i S
15 F
10 F J

i N

5

[N BN BN S S B S S

45 -1 05 0 05 1 RwM

PI/ICYHOK 6 - Pacr[pe,qeﬂemzle KOHLOEHTPpallMh MHWHEpAJia I10 NoNepevYHoOMYy CE4EeHUI0
KOJIOHHBbI B HeHOﬂBHX(HOﬁ (13338 Ha YpOBHE 1.5mB pa3/sIM4HbI€ MOMEHTbI BpEMEHHU.

C r/n
20
15
10
30404
) u
5F 10y
O_\lwlllw I\'\—I_A J

I 7 3 55 Zwm

PucyHok 7 - PacnpezesieHue cpefiHel 110 MONEpeYHOMY CEYEHUI0 KOJIOHHbI
KOHIIeHTpaLUM1 MUHepaJia B HENOBU>KHOU ¢da3e B pa3/iMuHble MOMEHTbI BpEMEHHU.

Taxke mpoaHa/M3MpOBaHa CTeNeHb 06'bEMHOTO BOBJIEYEHHsI COPOEHTA B MPOIECC COPOIHH,
B YAaCTHOCTH OJIHOPOJHOCTh MPOTEKaHHs COPOGIIMOHHOTO Mpollecca B MONEPEYHOM CEYEHHH
KOJIOHHBI, 4YTO COOTBETCTBYeT TNPHUHATON TNpaKTHKe 3SKCIJIyaTal[d¥M MPOMBbIIIJIEHHbBIX
COPOIMOHHBIX KOJIOHH.
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AKAOEMWACHI

/11 OLleHKM CTeleHU BOBJIEYEHHOCTH copOeHTa (MM 3ddeKTUBHOCTU PabGoOThI copbepa)
pPaccYMTHIBAJIOCh OTHOIIIEHHE CyMMapHO# Macchl COp6MPOBAHHOTO MUHEpPaAJia B CJI0€ BbICOTOH Z

Z rR(2) _
M(z,t) = f f rC(z,r,t)drdz
0 Jo

K MaKCUMa/IbHO BO3MOXKHOM Macce MHHepaJia, KOToOpas MOXeT OBbITh yJAep:KaHa COPOEHTOM B
JaHHOM 06BbéMe:

z rR(2) _
M, (z,t) = f f T Coax (1, 2, t)drdz = VoK Gy
o Jo

rae Ve(z) - 06'b€M KOJIOHHBI BbICOTOM Z.
Ha puc. 8 npejcraBsieHa 3aBUCMMOCTb OTHOLIEHHUS

u(z, t) = M(z,t)/Mp(z,t)
OT BBICOTHI U BpeMEHH:

0.8

0.6 404
30u
0.4 204
10y
0.2

PI/ICYHOK 8 - CTeneHb BOBJI€YEHHOCTHU COp66HTa B riponecc COp6LII/II/I B 3aBUCHUMOCTH OT
BbICOTbI U BDEMEHH.

TakuM o06pa3oM, NpU OTCYTCTBUM KOHYCHOrO pacHpejfieIUTess1 YCTAaHOBJIEHO, YTO
OCHOBHOM MOTOK, COZep>Kalluid HMOHbI OKCHAOB ypaHa, GOpMHUpYyeTcs B LeHTPaJbHOM 4YacTH
KOJIOHHBI, TOTZla KaK NPUCTEHOYHas 30HAa COpOeHTa BOBJIEKAeTCH B COPOLMOHHBINA IpoLecc
CyllecTBeHHO cjabee. CpeiHAs N0 NTONepeYHOMY Ce4eHUIO KOJIOHHBI KOHIIEHTPALUs MUHepaJla He
npeBbIlIaeT /iBe TPETH OT MaKCUMaJIbHO BO3MOXXHOW (paBHOBECHOM) KOHIIEHTPALUH.

AHanu3 cTeneHU BOBJIEUEHHOCTU copbeHTa (3GPeKTHUBHOCTH paboOThl copbepa) Takke
CBUZETEJBCTBYET 0 HU3KOU 3G PEKTUBHOCTH UCIOJIb30BaHUS CJI0S1 COPOEHTA.

HAYKA UHTENNEKTYAJIbHbIX CHCTEM
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¥ITTLIK F
AKALEMUACHI

PucyHok 9 - [loJis CKOPOCTH TeYeHUS U IABJIEHHUS B X KUAKOCTHU BOJIM3W BXOJHOU TPYOBI U
KOHHUYECKOT0 pacrpe/e/nTesisi IOTOKAa pacTBOPa B KOJIOHHY NIPU yrJie pacKpbiTUs 2a=900.
CTpeJlKaMI/I IOKa3aHbl HAIIPpaBJIEHHUE U JIOKAJIbHAAd BE€JIMYKWHA CKOPOCTH T€YE€HH; IBETOBadA

IIKaJla OTpaXkaeT pacnpejesieHre JaBaeHUs.

[Janee paccMOTpeHbl BapUaHTbl KOHCTPYKLUHU paclpesenTesiss B copbepe, NpH KOTOPBIX
yTroJI MeX/1y OChbI0 KOJIOHHBI M 06pa3yollel KoHyca cocTabiseT 45° u 60° mpu pacxofie pacTBopa
Qo =0.35 M3/4. Ha puc. 9-16 npuBejieHbl pe3yabTaThl PACYETOB paclpejieieHUN [AaBJjieHHs,
CKOpocTH QUIbTPALMM U KOHLIEHTPALUU MUHepaJsa B TBEpJoil dase.

Ha puc. 9 npeacTaB/ieHbl JieTajlbHbl€e N10JIsI CKOPOCTH U JlaBJieHUsI BOJIU3U TPYObI MOJaYU U
KOHMYECKOTO pacnpejfieiuTesisi MOToKa npu yriae 2a=90° BroJiHe COOTBETCTBYWOIIHE dopMe
COpOLMOHHOM KOJIOHHBI M PUIBTPALIMOHHOMY XapaKTepy TeYeHHUs.

Ha puc. 10-16 mpeactaBieHbl pe3yabTaThl CPAaBHUTEJIBHOTO aHajlvM3a paboThl
COPOIMOHHOM KOJIOHHBI NPU YIJIaX PACKPBITHS KOHUYECKOro pacmpefenutens a =450 u 600.
Pacxo/; pacTBopa BO BCex Cyyasx OJMHAKOB U paBeH Qp=0.35 m3/u.

Z M ' ) Z M
of 106 — , of 106

151 107 1.5

Pucynoxk 10 - U30s1MHUY JaBJeHUs B )KUJKOCTHU B copbepe (klla). Yribl packpbITUA
pacnpegenuTtens 2a =900 u 1200, Qp=0.35 m3/4.

Ha puc. 10-11 nokasaHbl pacnpefie/leHUS LaBJEHUS B KUJAKOCTU U MECTHOTO YHUCJA
PeliHo/IB/CA
Re =Vdp/p,
onpe/ieJIeHHOTO 10 IMaMeTPY BXOJIHOHM Tpy6bl. Kak BUIHO M3 pe3yJbTaTOB Pacuy€TOB, aBJEHUE,
TakXKe, KaK U MeCTHOe 4MuCI0 PeliHoJsb/ica, OBICTPO MaJlaeT B OKPECTHOCTH KOHUYECKOTO
pacnpeesuTesis IOTOKA pacTBOpa B 06eUX KOJIOHHAX. [Ipy 60JIbIlleM yTJjie pacKpbITHS MajJleHHe
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AKAOEMWACHI

JlaBJieHrs BOJIM3M KOHYyCa HEeCKOJIbKO Bblllle, YeM NPU MeHblleM yrie. OHaKo JaJjiee 1o MOTOKY
JlaBJieHUe B 000MX C/Iy4YasxX GbICTPO BbIpAaBHUBAETCS.

3akoH [lapcu, npuMeHUMbIH pd Re < 10, BbINOJIHAETCS NPaKTUYeCKU BO Bcel 06J1aCTH 3a
KOHUYECKHUM pacnpejennTteseM (puc. 11).

Zm Z, M

2 2

1.5 1.5

1 1
10

0.5¢ 0.5

0 . 0

0.5 R m
2a
=1200
PucyHok 11 - M30/MHUM MeCTHOTO Yucaa PeliHoIb/Cca TeueHUs KUAKOCTH B Opax NpU
yrJaxX pacKpbITUs pacnpegeauntes 2a = 900 u 1209, Qp=0.35 m3/4.

[l 60s1ee AeTaJbHOTO aHa/IM3a BJAMSAHUA YIJla PaCKpbITUSA KOHUYECKOTO paclpeienTe s
Ha npoluecc copbuuy Ha puc. 12 u 13 npuBeJieHbl pacipe/ie/ieHUsl MUHepasa, MOTJIOLEHHOTO
cop6eHTOM, B KOJIOHHE IIPH [IBYX Pa3/IMYHbIX yTJIax pacKpblTUs Yyepe3 10 u 40 yacoB nocsie Havasia
pab6oThl copbepa. U3 puCyHKOB BH/HO, UTO NMPH OOJIbIIEM YIJie PACKPBITHS 30HA HACBIIEHUSA
pacnpocTpaHseTcs Jajblie BJ0OJb KOJOHHBL BMecTe ¢ TeM o06/1acTh, He BOBJIeYEHHAs B
COpOLMOHHBIN NpoLiecc HeNOCPeJCTBEHHO 3a pacnpesiesiuTeseM, OKa3blBaeTCsl 3aMeTHO LIHpe M0
CpaBHEHHUIO CO CJIyYaeM MeHbIIEro yrJja pacKpbITHS.

KOHL[eHTpaL[I/IH MHWHEpAJia B KaXXA0M C€4Y€HHWH KOJIOHHBbI C TeHeHHEM BPpEMEHHU BO3pPaACTaAET
Jl0 IOCTIXKEHUs Tpe/ie/IbHOTO — PAaBHOBECHOIO - 3HAYeHMs, YTO cjefyeT U3 ypaBHeHUs (6),
ONUCHIBAIOLLET0 COPOLMI0O MUHEPaJa U3 )KU/KOH a3kl B TBEPAYIO.

B 8

[ ///14 P
| 17 /\
20

23

| 0 N— ==

0 I Rwm -1 0 1 Rwm
2a=900

2a=1200
PucyHok 12 - PacnpesesieHre MuHepaJsia B HenoABMKHOH ¢asze yepe3 10 yacoB mocJie
Hayasia paboTel copbepa npHu yriaax packpbITHs pacipeaeanTtess 2a =900 u 2a = 1209, Qy=0.35
M3/4. Yrcsia Ha U30JIMHUSX COOTBETCTBYIOT MacCOBOM KOHLIEHTpaLMyu MUHepasa (r/na).

AHanu3s l"pa(l)I/IKOB IIOKa3bIBA€T, 4YTO paclnpejejieHhMe KOHLEHTpalunh MHHepaJa B
HeHOﬂBH)KHOﬁ cbase d)OpMI/IpyeTCH B BH/J€ BOJIHbI HACBIIIEHHUA, paCHpOCTpaHHIOLLIeﬁCH BA0OJIb
KOJIOHHBI; TP 3TOM (l)pOHT BOJIHBI IIOCTENEHHO PACTATNBAETCA 110 HAallpABJIEHH IO ITIOTOKaA. [[aHHOG
ABJIEHHE O6y€JIOBJIeHO HpO,E[OJIbHOﬁ ancnepcueﬁ MHHEpaJia B IOPHUCTOM CJi0€ cop6eHTa.
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¥NTThIK FhibIM

AKAJEMUSACbI
Z, M Z, M
5 5

3@:\&%\ i \/ :/%\
N\

7N 7NN

ANUALZ DAL

2a=900 2a=1200

PucyHok 13 - PacnpesesieHre MuHepaJsia B HemoIBMKHOU ¢aze yepe3 40 yacoB mocJie
Hayasia paboThl copbepa NpHU yrjaax packpbITHs pacnpeaennTtess 2a =900 u 2a = 1209, Q=0.35
M3 /4. Yucsia Ha U30JIMHUAX COOTBETCTBYIOT MAacCOBOM KOHI[eHTPALMK MUHepaJa (r/J1).

C r/a C rin

20 20

15 | 15|

10

-1.5 -1 -0.5 0 0.5 1 Rw™ -1.5

2a=900° 2a=1200

PucyHnok 14 - [lonepedHoe pacnpe/ie/ieHle KOHIleHTPalMi MUHepaJia B HENOABUKHOM
¢daze Ha ypoBHe z=1.5 M OT BX0/1a B cop6ep MpH yIaax pacKpbITUs pacnpegenutess 2a = 900 u 2a
=1209, Qp=0.35 m3/u.

Ha puc. 14 npejcraBjieHO IoNepeyHOe pacnpejeseHUe KOHLUEHTpalud MHUHepasda B
HeNoABMXKHOU dase Ha ypoBHe z=1.5 M 0T BX0oJa B copbep B pas3/MuHble MOMEHTbI BpeMEeHH MpU
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pa3HbIX yIJlaX pacKpbITUA pacnpegenauTtens. Bugno, yto npu yrie 2a =1200 BosiHa HacCbIleHUS
pacnpocTpaHseTcs Jajbllie 10 KOJIOHHE, YeM Npu yrJie 2a = 900.

Pacnpepenenve cpengHed 1o

nonepeyHoMy

Ce4EeHHI0

KOHLeHTpallUu MHHepaJa,

aﬂCOp6I/IpOBaHHOFO COp6€HTOM, I10 BBICOTE KOJIOHHBI OoIIpeAe/ideTCA BbIpaKeHHEM

EZ (z,t) =

1

TR2(Z)

0

fR(Z) rC(z,r, t)dr.

Ha puc. 15 mokasaHo pacnpejie/ieHHe CpeJlHEN 0 CeYeHUI0 KOHLeHTpauuu C, B pasjiuuHble
MOMEHTbl BpeMeHU NPU pa3HbIX yrJjaX pacKpbITUsl pacnpejenuTess. BausHue yria packpbITUs

Ha OOLMH

XapakTep paclpejesieHUs

KOHLIEHTpauu

HEBEJIMKO

)4 IMpodABJIdeTCA

NperMMyIleCTBEHHO Ha HayaJIbHOM CTaJuH Ipolecca: Ipu 6oJiee y3KOM pacnpepenuTene (2a =
900) HabGuromaeTca 60Jiee UHTEHCHMBHAs aficopbliuMs MHUHepasa, YTO CBSI3aHO C TMOBBIIIEHHOU
CKOPOCThI0 QUIBTPAIIMOHHOT0 [TOTOKA B JAHHOMN 06Js1acTH copbepa (cM. puc. 11).

C, r/n

2a =900

2a=1200

PucyHnok 15 - PacnpezesieHre cpeiHel 10 MONEPEYHOMY CEYEHHIO0 KOJIOHHBI
KOHIIEeHTpAallMi MUHepaJia B HEeMo/IBUKHOMU ¢da3e Mo BLICOTE KOJIOHHBI B pa3/IMYHble MOMEHThI
BpPEMEHHU MPH yIaxX pacKpbITHs pacnpegenntes 2a = 900 u 2a = 1200, Qp=0.35 M3 /u.

JTa 0COOEHHOCTD TaAKXKe HarJdaHo nNpeacTaBJieHa Ha pUC. 16, rae rnokKa3aHo pacrnpenaejieHrue
CTelnneHH BOBJIEYEHHOCTH COp6€‘HTa B riponecc COp6LlI/II/I B 0JIb BbICOTbI KOJIOHHBI ITPH PA3JIMYHbIX
yrijiaX paCKpbITUA KOHHUYECKOI'0O pacnpegesnTesid.

7]
0.8 |
0.6 40y
30y
20 u
0.4
10 u
0'2 ; \
O L 1 1 i 1 1 1 J
5 1 2 3 4 5 Z, M
2a=900

120

2a=1200

PucyHok 16 - PacnpeziesieHre cTelleHH BOBJI€4EHHOCTH COPOEHTA B IPOLIeCC COPOLUU 10
BbICOTE KOJIOHHBI IIPH YTJIaX pacKpbITUS pacnpegenutes 2a = 900 u 2a = 1209, Qp=0.35 M3 /4.
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Ha ocHoBaHMM NpOBeJEHHBIX HCCJEJO0BAaHUM MOXKHO 3aKJHYUTb, YTO HEpaBHOMepHOe
pacnpejie/leHMe KOHIIEHTpPAIlMM OKCHUJOB ypaHa 10 TIOMNEepeyHOMYy CedyeHHUI0 copbepa
CBU/IETEbCTBYET O HEMOJJIHON COPOIIMU MUHEpaJia COPOEHTOM U YKa3bIBaeT Ha HEJOCTATOYHYIO
3pdeKTUBHOCTh pabOThI KOJIOHHBL B yacTHOCTH,

1. ocHOBHOH 006BEM MHUHepasa B MOJBW)XHOW U HeNOABWXHOW daszax dopmupyert
KOJIbII€06PaA3HYI0 IIUIMHAPHUYECKYIO 00/1aCTh TOJIIIMHON NPUMEPHO B /|Ba pa3a MeHbllle paJinyca
KOJIOHHBI;

2. MaccoBasi KOHIEHTpauusi MHHepaja B IeHTpPaJbHOW 4YacTH KOJIOHHbI B 06eux ¢asax
3HAYUTEJbHO HUXKE ITOJIHON HACBIILEHHOCTHU COPOEHTa;

3. KOHUYECKUM pacnpejiesiMTe b MOTOKA Ha BXoJie B copbep He obecrieYMBaeT PaBHOMEPHOTO
pacnpe/iesieHus pacTBOpPA 10 NONEPEYHOMY CEYeHUI0 KOJIOHHBI.

Hanee Ha puc. 17-21 npeacraBjieHbl pe3yJbTaTbl CPAaBHUTEJBHOrO aHaK3a pPabOThI
COPOIMOHHOM KOJIOHHBI MTPH JIBYX PA3/IMYHbBIX pacxoJax moJadu pactsopa: Qp=0.35 M3 /4 u Qp=0.7
M3/4.

Bo Bcex ciy4asix yroJi pacKpbITUsI KOHUY€ECKOTO pacnpeeuTesis OA4MHAKOB U cocTaBJisieT 2a=900.
Z M

— 130
118 "

Q0=0.35 m3/4ac

PucyHok 17 - U301vHuU faByieHUs B )UKol ¢pase B KosioHHe (k).

C yBesndyeHMeM pacxoZia pacTBOpa CyLIeCTBEHHO BO3pacTaeT TpaJUeHT JaBJeHUs,
cJle[l0BaTe/JIbHO, U TUpaBJINYeCKOe COIIPOTUBJIEHHE CJIOA CMOJIbL. 3HaYMTe/bHaA YacThb NaJeHus
JlaBJIEHUS MPUXOJUTCHI Ha 00JIaCTh MEXAY BXOAHOW TPYOOU M pacmpejiesMTesieM MOTOKA, IJe
CKOPOCTh KUAKOCTU MakcuMasbHa (puc. 17). MectHoe 4ucio PeliHosib/ica, KaK U TPafiUEHT
JlaBJIEHUS], PE3KO yMEHbILIaeTCsl 32 KOHUYECKUM pacnpejennTeseM B 00enxX KoJoHHax (puc. 17 u
18).

Q0=0.35 m3/4ac Q0=0.7 m3/4ac
PucyHok 18 - M30MHUI MeCTHOTO 4yKc/aa PeliHoIb/ica TeUeHUs KUAKOCTH B OPaX.
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AKAOEMWACHI

Juis apdeKkTHBHOrO HMCIIO/Ib30BaHUSA cCOpOeHTa B IPSAMOTOYHOM KOJIOHHE ynco JaMkénepa
Da =pH/V

JIOJDKHO yZ0BJIETBOPATH ycaoBUw Da = 1, yTo obGecneynBaeT QpOpMUpPOBAHHE Y3KOW 30HBI
Maccoo6MeHa U 3peKTUBHYIO paboTy KoJioHHHI (Bird et al.).

[Ipy npakTU4YeCcKUX 3Ha4eHUsIX apaMeTpPOB:

£ =1204, , ¢ =0.35, H=6m, R=1.5m, S=nR?, Q>0.35Mm3/u, V=Q/(pS),
THJpOJIMHAMUYEeCKoe BpeMs MNpebblBaHMs pPacTBOpa B KOJIOHHE T, = H/V 3HaYyuTe/]bHO
NpeBbIIIaeT XapaKTepHOe BpeMs COPOLMHU Ty, = 1/f. C1e0BaTeNbHO, Tryy > Tyuy, Da > 1,
w f > V/H .To ecTb, cOpOLMs NPOTEKAET 3HAYUTENBHO ObICTPEE, YeM KOHBEKTHBHbIN ITEPEHOC.
B a3TOM ciy4ae CTpyKTypa 30HBI MaccoobMeHa onpejesseTc IJIaBHbIM o06pasoM
TUAPOAVMHAMUKOMN NOTOKA Y NPOJ0JIbHON JUCTIEPCHEN.

=t
6 6
5 CF 5
0.085
0.08 cs
0.075
22
— 0.07 4
4 — 0.065 20
— 0.06 18
— 0.055 ]i
— 0.05
N 3 — 0.045 N 3 12
— 0.04 10
1 0035 8
— 0.03 6
2 — 0.025 2 4
0.02 2
0.015
0.01
1 0.005 1
o] 4"""' 0 il I ‘||||||
1 2 3 -1 0 1 2 3
R R
=t
CF
0.085
0.08 cs
0.075
0.07 22
0.085 20
0.06 18
0.055 15
0.05
N 0.045 N 12

0.04
0.035
0.03
0.025
0.02
0.015

N A Oo

o
o

0.005
L 4\ T A L 4\ i BRI R
0 1 1 2 -1 1 2 3

R R

[MonBwxHas daza HenonemwxkHa ¢a3za

PucyHok 19 - Pacnpepenenus KoHIleHTpaluu MUHepaJa (r/1) B )XUAKOH (MOABUXKHOM) U
HeNnoJBWXHOU da3ax B /iBa pa3JIMYHbIX MOMEHTA BpEMEHHU t= t; U t=t.
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JevictBuTenbHo, ipu [ > V /H u3 ypaBHeHul (4) u (6) cienyet

YTO 3aMETHO Ha pUCyHKax 19.

TakuM 06pa3oM /s UCTO0JIb3yeMbIX IAapaMeTPOB COPOIIMOHHOM KOJIOHHBI COPOIMS OKCU0B
ypaHa 0O CpaBHEHUI0 C KOHBEKTUBHBIM I1IepEHOCOM MHHepaja MNpOTeKaeT MNpaKTUYeCKH
MTHOBEHHO, U UOHOOGMEHHBbIN Npouecc JUMUTUPYETCSA TJIaBHbIM 00pa3oM IUMJpOJHHAMUKON
NOTOKa. JTO HAlJIAAHO TMOJATBEPKAAETCS LBETHBIMH WJ/UIIOCTpAUUAMUM Ha puc. 19, rpge
NpeJCTaBJeHbl paclnpejie/ieHuss MHHepasia B TMOJABWKHOW (KUJKOM) H HENOJBUKHOU
(azcopbupoBaHHOI) daszax B jBa pa3IMYHbIX MOMEHTA BpeMEeHHU.

(a) Yepes 10 yacoB nocsie Havasia paboThl copbepa

Q0=0.35 m3/4ac Q0=0.7 m3/4ac

(6) Yepes 20 yacos nocJsie HavaJ1a paboThl copbepa

Q0=0.35 m3/4ac Q0=0.7 mM3/4ac

Pucynok 20 - PacnipesiesieHrie MUHepaJsia B HEMOJABWKHOM ¢ase Mpu pa3auIHbIX
CKOPOCTSAX NOTOKa B Tpy6e nojayuu yepes 10 u 20 yacoB nocse Hayasa paboThl copbepa.
Yucsia Ha U30JIMHUAX COOTBETCTBYIOT MAacCOBOM KOHIIEHTPALlMK MUHepaJa (r/1).

48

LIWOPOBH3ALMA N°1 (anBapb-MapT) 2026 rop



N°1 (aHBapb-Mapr) 2026 rog, LIUDPOBU3ALIUA

¥NTThIK FhINbIM
AKAOEMWACHI

U3 MMPpOBE€JEHHBIX PACY€TOB TAKX€ BbITEKAET, YTO YBEJIMYEHHUE PACX0[ad pAaCTBOpaA (Cpeﬂﬂeﬁ

JIMHENHOUM CKOPOCTH) B JiBa pasa NPUBOAUT K pacliupeHHI0 GpoHTa COpPOIUU (IUIUPHUHBI 30HEI
MaccoobMeHa) npuMmepHo B 1,5 pasa (puc. 20 a, 6). ITo 0OYCJOBJIEHO YyBeJUUYEHUEM
ko3dduireHTa NpoA0JbHON AUCIEPCUH, TPONOPLHUOHAIBHOTO NPOA0JBHON CKOPOCTH NMOTOKA.
Upe3MmepHoe yBeJMYeHHe pacxoja pacTBOpa TaKKe BbI3bIBaeT CYLIeCTBEHHBIH pOCT
TU/IPaBJIUY€ECKOr0 CONPOTHUBJIEHUS CJIOSI CMOJIBI U YBEJIMUEHHsI 3Hepro3aTpar.

3ak/1loueHue

B pa6oTe paspaboTaHbl ¢u3HUyYecKas, MaTeMaTUUeCKas U YUCJIeHHass MoJeJu Ipoliecca

COpOIMY OKCH/IOB ypaHa M3 NPOAYKTUBHOTO pacTBOPa B HACALOYHOM HOHOOOMEHHOM KOJIOHHE C
KOHUYECKHM paclpejie/iuTesieM I0TOKa, yCTAHOBJIEHHBIM Nepes; TpyOoi noja4yu pacTBopa.

ﬂBI/I}KEHI/Ie KHUAKOCTHU B ITIOPHUCTOM CJIO€ OIMMMCAHO COOTHOIIEHHUAMHU TEOPHUHU (l)I/IJ'[praI_II/II/I -

3akoHoM QopxreiiMepa U 3aKOHOM COXPaHEHHUsI MacChl KHJIKOCTH B Mopax. MaccoobMeHHbIH
npouecc MeXJy pacTBOPOM, COJepKallldM HOHBbI OKCHJOB ypaHa, U MOHOOOMEHHOU CMOJIOH
ONMUCaH YpaBHEHHEM KOHBEKTUBHO-AUPQPY3MOHHOrO IepeHoca BellecTBA M ypaBHEHUEM
KHUHETHKU COPOLUH.

Jis 9UC/IeHHOTO HCCe[JOBaHUSA COPOIMOHHOrO Mpoljecca B 06JIaCTU CJI0XKHOU (GOpPMbI

NpUMeHEH MeToJ, PUKTHUBHBIX o6siacTed. PelleHWe ypaBHeHUs [Jis JaBJIeHUS BbIIIOJHEHO
MeTo0oM PuTina, a pelleHHe YypaBHEHHUs IlepeHOca MHHepaja B JKUJAKOM ¢ase —
vcroJib3oBaHueM cxeMbl Kpanka-HukosibcoHa. YpaBHeHHe KUHETUKH COPOLUHM NPU U3BECTHOM
3HauYeHWU KOHLEHTpalMyM MUHepaJja B XKUJKOH ¢dase Ha KakJOM BPEMEHHOM llare pelLiaeTcs
aHAJIMTUYEeCKHU.

Paspa60TaH HpOFpaMMHbIﬁ KOMIIJIEKC, HOBBOJIH}OH_[PII;’I IIPpOBOANTDb ,E[eTaIIbeIfI dHaJIN3

TUJPOJMHAMUKU U MAacCOOOMEHHBIX MPOLeCCOB B COPOLIMOHHON KOJIOHHE NPOU3BOJIbHOU QOpPMBI
Y HCCJIelOBAaTh BJIMSIHUE KOHCTPYKTHUBHBIX U PEXUMHBIX NapaMeTpoB Ha 3¢(eKTUBHOCTb eé
paboThI.

Ha ocHOBe 4nc/IeHHOT 0 MOJe/JIMPpOBAaHUA onlpeJeJieHbl KWHETHYE€CKHUEe ITapaMeTPhbI COp6EHTa

¢dupmel Purolite - kuHeTHYeckut k0addULMeHT copbuuU f U KoaddUuLMeHT pacnpeseneHus K.

[IpoBesieHO wucCIeOBaHUE BJIHUSHUS (OPMbl KOHUYECKOTO paCIpeesuTe i MOTOKA M

CKOPOCTH MO/lauyM pacTBopa Ha 3¢ PeKTUBHOCTb pabOThl COPOIIMOHHON KOJIOHHBL. PaccMoTpeHbI
c/leAylolie BapUaHThI:

1.
2.

3.

OTCYTCTBHE pacrnpejiesiuTe st Ipu pacxoje pactBopa Qo=0.35m3/y;
pacnpefiesnTesnb ¢ GUKCUPOBAHHON BEPIIMHON U yrJjlaMH pacKpbiTus a=45° u o=60° npu
Q0=0.35Mm3/y;
passinuHble pacxofbl pactBopa Qo=0.35 u 0.7M3/4 npu OJMHAKOBOM yrIJie PACKPBITHUS
pacmnpegenuTess a=450.

['eoMeTpuueckre U peXXUMHbIE TapaMeTPbl KOJIOHHbI MPUHATHI 6JIM3KUMHU K UCII0Jb3yEeMbIM

B HpOMbIIHHGHHOﬁ IIpaKTHUKe.

YcTtaHoBseHO, 4TO Ipu OTCYTCTBHMHU KOHHUYECKOI'O pacrnpenaeanTesnd OCHOBHOH IOTOK,

CoJlepKallluil HOHBI OKCUJO0B ypaHa, GopMHUpPYyeTCcsl B LEHTPaJbHON 4acTU KOJIOHHBI, TOTAA Kak
NpHUCTEHOYHAs 30Ha COpOeHTa BOBJIEKAeTCA B COpPOLMOHHBIM Mpolecc 3HA4YUTeJbHO cjabee.
CpefiHds 110 TONIepeYHOMY CeYeHHIO0 KOJIOHHBI KOHIIeHTpalusa MUHepasa He npesbliiaeT 60 % oT
MaKCMMaJIbHO BO3MO>KHOM pPaBHOBECHOW KOHIIEHTpAlMH, YTO CBUJAETEJbCTBYET O HENOJHOM
WCI0JIb30BaHUU COPOIIMOHHOTO CJIOS.

YucseHHble paC‘{éTbI IOKa3aJiy, 4TO:
JdaBJIeHHWe W MeCTHOe€ 4YHUCJIO PEﬁHOHbﬂca pPE€3KO YyMEHbUIAITCA B 06JIaCTU KOHHUYECKOTO
pacnpenennTesid, Iocjie 4ero uX 3aHa4eHud 6bICTpO BbIPaBHUWBAIOTCA BA0JIb KOJIOHHBI;
30Ha HACbIIIEHUA C0p6EHTa MHWHEPAJIOM IIpU 60JIbIIEM yrjie paCKpbITUA pacnpeaesnTesid
pacnopocTpaHdeTCd AaJiblle BAOJIb KOJIOHHBI;
Ha HadaJbHOM CTaAuv IIpoLecCa CTEelNEeHb BOBJIEYEHHOCTH cop6eHTa npu 60JIbIIEM yrie
PaCKpbITHA HECKOJIbKO HHXe, YTO CBA3aHO C MOBBIIIEHHOH CKOpPOCTBIO q)HjlepaLU/IOHHOI‘O
MMOTOKa BOJIM3HU pacopegenuTeid.
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¥ATTBIK FhifbIM
AKALEMUACHI

[lokazaHa BO3MOXXHOCTb OIpeJie/IeHUs BbICOTbl BBITPY’KAEMOI'0 HACBILIEHHOTO CJIOSA
copbeHTa NpHU LOCTHNKEHUH NpelesbHO JONMYCTUMON KOHLLEHTPAaLUU MHUHepasa B BbIXOAALEM
pacTBope.

YcTaHOBJIEHO, YTO HEepaBHOMEPHOe paclpejfie/leHHe KOHLIeHTpPalUu OKCUJ0B ypaHa IIo
NONepeyHOMYy CEeYeHHUI0 KOJIOHHbl NPUBOAUT K CHIKEHHI0 3$EeKTUBHOCTHU MCIOJIb30BaHUSA
copb6iroHHOro cjaosl. OCHOBHOM 06BbEM MHHepasa KOHLEHTPUPYETCS B KOJIbIEBOM 06J1acTH,
pPacnoJIo)KeHHOW MeX/y LIeHTPaJbHOW U NPUCTEHOYHOM 30HAMU KOJIOHHBL

[IpoBei€éH CpaBHUTEJBHBIN aHAJNU3 pabOThl KOJIOHHBI MpU pacxogax pactBopa Q0=0.35 u
0.7 M3/4. [loka3aHo, 4YTO yBeJMYeHHE pacxoja pacTBOpa B JiBa pa3a MPUBOJAUT K pacCLIMpPEHUIO
dpoHTa cCopb6buuu mnpuMmepHo B 1.5 pasa BcieAcTBUe pocTa MPOJOJbHOM JHCIEPCHUM.
OfHOBpeMEeHHO BO3pacTaeT TUJAPABJIUMYECKOe CONPOTHUBJIEHHE CJIOSI CMOJIbl U yBEeJUYUBAIOTCA
JHeprosaTparsl Ha llepeKadyKy pacTBopa.

Pa3paboTaHHass MeToJMKa MOJIeJIMPOBaHHs MOXeT ObITb MCIOJIb30BaHa /I aHaJHu3a
3pdeKTUBHOCTU pabOThI AeNUCTBYIOIIUX COPOIMOHHBIX KOJIOHH B /J0OBIBAIOIUX MOAPA3AeeHUIX
AO «HAK KazaTomnpom», a Takke NpU NPOEKTUPOBAHUU U ONTUMHU3ALMK HOBBIX COPOLMOHHBIX
YCTaHOBOK.

HUTOrosbie BBIBOALI

Ha ocHoBaHMM NpPOBEAEHHOr0 YHCJIEHHOTO MOJEJMPOBAHUSA IOJYYEHBbl CleAyoLiHe
OCHOBHbBIE pe3yJ/IbTaThl.

1. YcTaHOBJIEHO, YTO THAPOJUHAMHUYECKasd CTPYKTypa NOTOKAa B COPOLMOHHOW KOJIOHHE
CyLleCTBEHHO 3aBHUCHUT OT Ha/IUUUSl U TeOMEeTPUH KOHUYECKOr0 paclpejenuTesiss noToka. [Ipu
OTCYTCTBUU paclpejie/iuTess1 OCHOBHOM MOTOK pacTBopa GopMUpPYeTcs B LiEHTPaJbHON 4acTH
KOJIOHHBI, TOTJla KakK IpPUCTEHOYHas 30Ha cOpOeHTa BOBJIEKAeTCAd B IPOLECC COPOLUHU
3HAYUTeJbHO Ccjabee, 4YTO NPUBOJUT K CHWXKEHUIO 3PGEKTUBHOCTH MCIOJIb30BAHUSA
COPOIMOHHOIO CJIOS.

2. llokazaHo, 4YTO MNpU HCHOJIb3yeMbIX MNapaMeTpax COPOLMOHHOM KOJIOHHBI YHCJIO
JlaMkéyiepa 3HAUUTeJbHO MNpeBbllaeT eAuHULy (Da>>1), yTo CBUJAETENBLCTBYET O TOM, UTO
MOHOOOMEHHBIH NpolLlecc MpoTeKaeT CYIIeCTBEHHO ObICTpee KOHBEKTUBHOIO IepeHoca. B aTux
YCJIOBHUSIX CTPYKTypa 30HbI MaccoOOMeHa OmNpejesisieTcsl IJIaBHbIM 06pa3oM TUApPOJAUHAMUKON
MOTOKA U NPOJ0JIbHOUN AUCTIEPCUEN.

3. YcTaHOBJ/IEHO, YTO yBeJMYeHHe pacxoja NPOAYKTUBHOTO pacTBOpA NMPUBOJLUT K POCTY
k03¢ duIMeHTa NPOJOJIBHON JUCIEPCUU U PACIIMPEHUI0 30HBI MaccoobMeHa. [Ipu yBesiMyeHun
pacxoja pacTBopa B /ABa pasa MMUpHHA poHTa copbLUM Bo3pacTaeT npuMepHo B 1.5 pasa, 4To
CONPOBOXK/AAETCS yBeJUYEeHUEM T'MJpaBJNYeCKOTO CONPOTHUBJIEHUSA CJIOS COpOEHTa U POCTOM
JHeprosarpar.

IlepcneKTHBBI JaJbHEUINX UCC/IELOBAHNNA

[lepcrieKTUBHBIM HalpaBJeHUEM JaJbHEHIINX WCCAeLOBaHUN sIBJseTcs pa3paboTka
KOHCTPYKTUBHBIX pellleHUH, obecreyuBaoLUX 60jee paBHOMEPHOe paclpe/iejieHHue MOTOKa 10
NoNepeyHOMY CeYeHHI0 COPOILMOHHOMN KOJIOHHBI M CHWXKeHHMe FMJIpoJMHAaMUYeCKOH JUCIIepCUM B
CJ10e MIOHOOOMEHHOM CMOJIbI. ITO MO3BOJIUT YMEHBLUINTD LIMPUHY 30HbI MaccOOO6MeHa, HOBbICUTh
CTeNeHb UCN0JIb30BaHUsI COPOEHTA U COKPATUTD LIUKJI pabOThI COPOLMOHHOM KOJIOHHBI.

UHdopmanusa o ¢puHaHCUpPOBAHUU. McciejoBaHUS NPOBOAMJINCH B paMKax 6a30BOro
¢uHaHcupoBaHus ¢QyHJaMeHTalbHbIX ucciaegoBaHuii MHBO  Pecny6auku  Kasaxcran
«Pa3paboTka M pasBUTHE HHTEJJIEKTYaJbHbIX METOJOB pelleHus ¢(yHJaMeHTaJbHbIX 33aJad
MEeXaHUKH, [JUHAMUKH W yNpaBjeHUss B MaIIWHOCTPOEHHUH, POGOTOTEXHUKE, CEHCOPHBIX U
JIOPOKHBIX cUCTEMax», HoMep rpaHTa: BR31715767.

Jlutepatypa
Bap 4., 3acnaBckuii [l., Upmeit C. Pu3nko-MaTeMaTHueCKHEe OCHOBBI GUIbTPAUH BoJbl. M.: Mup, 1971.
Ba6umesud I1.H. MeTo UKTUBHBIX 06J1acTel B 33/jJa4aX MaTeMaTU4eCKOH GU3UKU. 2-e usa,. M., 2017.
TonppmTuk M.A. IIporeccs! nepeHoca B 3epHucToM cyoe. HoBocu6upck, 1984.
Jlo6bI4a ypaHa MeTO/IOM 10/[3€MHOT0 BhllesayuBanus / [log pea. M.A. MamusioBa. M.: ATtomuzzar, 1980.
»KusoTtenko H. MeTox Putna. 2021. DOI: 10.13140/RG.2.2.30683.44323.
Kosnnuns P. Tedenue xxuakocTell yepes nopuctele MaTepuassl. M.: Mup, 1964.
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Abstract. Contemporary artificial intelligence (Al) systems introduce a class of risk that is not event-
driven but structurally embedded. Unlike traditional technological risks, which typically manifest through
discrete failures or identifiable malfunctions, risks in modern Al systems arise from continuous optimization
processes operating over high-dimensional parameter spaces under incomplete constraints. This paper
defines such risk as structural adaptation risk, understood as the possibility that system behavior evolves
over time in ways that remain internally consistent with the optimization objective, yet diverge from
intended functions or policy constraints. This divergence does not require system failure, external
interference, or explicit error. Rather, it emerges from the interaction between proxy-based objective
functions, distributed representations in multi-layer neural architectures, and adaptive feedback
mechanisms, including reinforcement learning and human-in-the-loop evaluation.

Empirical evidence, including cases of specification gaming, reward manipulation, and context-
dependent response strategies, indicates that Al systems may systematically optimize for measurable signals
rather than intended outcomes. Within this framework, such behaviors should not be interpreted as
anomalies, but as consistent outcomes under conditions of incomplete constraint specification. A key
implication is that risk may accumulate gradually and become embedded in system behavior before it is
externally observable. Consequently, governance approaches based primarily on monitoring, auditing, or
post-deployment correction may be insufficient to address such dynamics.

The paper argues that effective Al governance requires a multi-layered architectural approach,
involving the alignment of legal, institutional, and technical layers with the requirements of the specific
domain of application. In this context, the central question is not whether Al systems fail, but whether the
selected class of system - statistical or deterministic - corresponds to the required level of reliability,
predictability, and controllability..

Keywords: artificial intelligence; structural adaptation risk; neural network architectures;
transformer models; optimization under constraints; specification gaming; Al governance; distributed
systems.
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AnHoTanumsa. Kasipri 3amanfbl xacangpl uHTesneKkT (PKU) kyienepi okurasapra 6alJlaHbICThI
eMec, 0JIapAblH, KYpbLIbIMbIHA KIipIKTipiJireH epekile KaTepJiep KJAcblH KaJbIITaCTbIpaJbl. OJeTTe,
)KeKeJlereH akKayJ/lap HeMece aHbIK OallKajaTblH Oy3bLIyJapJaH KepiHeTiH JdCTypJli TeXHOJIOTUSJIBIK,
KaTepJiep CUSAKThI eMec, Ka3ipri 3aMmanfbl XKW xkyhenepingeri KaTepJiep *KoFapbl MapaMeTpJii KEHICTIKTepe
HieKTeyJep TOJIbIK aHbIKTaJMaFaH KaFfaiZa »KYpeTiH Y3JIKCi3 OHTaWJIaHAbIpy YyAepicTepiHeH
TybIHJ Al ibl. OCbl XXyMbICTAa MYH/IAW KaTep TYpPi KYpbLIbIMHBIH GelliMAeny KaTepi, AFHU KyHeHiH MiHe3-
KyJIKbl YaKbIT ©Te KeJjle OHTaW/JaHJblpy MakKcaTblHa IIIKi TYpFblaH calikec 6oJia Typa, 6acTankblaa
6o/nkaHFaH QYHKLMANAPAAH HeMece casicaT ILeKTeyJepiHeH aybITKbINl KeTyi MyMKiH »afjaill peTiHze
KapacTeIpbLiafbl. OHJall aybITKy >XKYHeHiH iCTEeH IIBIFYbIH, CBIPTTAaH apajacyZbl HeMece aWKbIH KaTe
6osayblH Tajan etneifi. KepiciHile, o/ mpokcu-KepceTKillTepre cyleHeTiH Ke3jeireH QyHKLUsIap,
KONKabaTTbl HeHUPOHJBIK apXWTeKTypaJapjAarbl yJeCTipilireH pelpeseHTauusaJap XoHe KylleHTiareH
YHApeTy MeH aJlaM KATbICybIMeH Gara 6epyZi KaMTUThIH GediMaenrim kepi 6anijaHbIC MEXaHU3M/EPiHIH
©3apa apeKeTTeCyiHeH TybIHJ Al /bl.

IMIOMpUKaIbIK 6alKay JepeKTepi, COHbIH illliHJe TajJanThl ailHabIN eTy (specification gaming),
MapanaTTan MaHUMYJISYsIay )XKoHe KOHTEeKCKe Tayesji xayan 6epy crparerusapel, KU xyienepiniy
6o/KaMAbl HOTHXKeJIepAeH repi pecMu GepisireH curHaaJap/ibl XKyiesi Typ/ie OHTalJIaHAbIPa aJaThIHbIH
kepceTeni. Ocbl TypFblJla MYHJAH MiHe3-KyJBbIKTbl aHOMasusl [ilell eMec, )KyWesep LIeKTeyJep TOJIbIK
aHbIKTaJIMaFaH aFJjai/ia >KyMbIC icTereHiHiH 3aH/pbl ca/Japhl Jen KapacThlpy Kepek. TaFbl 6ip MaHbI3/bl
casapbl - KaTep GipTiHAeN >XMHAKTAaJIbIIN, CBIPTTAH OaWKaJaTbIHAAW GOJIFAHFA JlefiH KyHeHiH MiHes-
KYJIKbIHA Kipirin keTyi MyMKiH ekeHi. OcblFaH Opaii MOHUTOPUHTKE, ayIUTKe HEMeCE eHTi31IreHHEH KENiHTi
TYy3eTyre CyeHeTiH 6acKapy Tacijijiepi oHAal JUHAMUKAHBI TOJIBIK eCKepyre *KeTKIJIiKTI 60/1Mall Kajiafbl.
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Byn w™akanaza »kacaHJbl HMHTEJ/UIEKTiHI THiMAI 6ackapy KYKbIKTBIK, HHCTHUTYTTBIK K9He
TeXHUKaJIbIK JeHreujepZi HaKThl KOJJAaHy JOMEHiHiH TajlanTapblHa COMKeC YHJIECTipyZi KaMTUTbIH
KeI/JleHreiJli apXUTeKTypa TaCi/IiH KaXkeT eTeTiHiHe HerizeMe 6epinefi. Ocbl TypFbija Herisri macese KU
KyHesiepiHiH icTeH ILBIFBIN KaJlyblHAA eMecC, >KYHeHIH TaHJa/lfaH - CTaTUCTHUKaJbIK HeMece
JleTepMHUHUPJIEHTEeH — KJIaChl KAXKETTi CeHIM/TIK, 60/DKaM/AbLIBIK XKoHe 6acKapbl1y JleHTreliHe colKec KeJie
Me JieTeH CypaKTa.

Tyitin ce3aep: :kKacaHJbl HHTEJJIEKT; KYpPbUIBIMHBIH OelliMaeny KaTepi; HelpoH xeui
apxUTeKTypasapbl; TpaHchopMep MoJeJbJep; UIEKTeyJep >KaFAalblHAAFbl OHTAWJAHABIPY; TaJanThbl
alHaJIBbII OTY; ’KacaH/Ibl UHTEJJIEKTiHI 6acKapy; yJIeCTipiJireH xxyueJep.

[Joniekce3 any ymiH: A.CuHueB, B.CunueB, A.UunHuanuHoBa (2026). YJIECTIPUJITEH KU
YKYWEJIEPIHIH, BEUIMJEJYI - KYPBIJIBIM/IBIK KATEP AWHBIMAJIBICHI PETIHJIE: HEUPOH YKEJIIJIEPI
APXUTEKTYPACKIHAH KOIIJEHTE1JII BACKAPY MO/JIEJIIHE JIEMIH//
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AnHoTanus. CoBpeMeHHbIE CHUCTEMbI HCKyCCTBeHHoro uHTesiekta (MU) dbopmupyroT kiacc
PUCKOB, KOTOpble He SBJSIOTCA COOBITUHHO OOYC/JIOBJIEHHBIMHM, a CTPYKTYPHO BCTPOEHbl B UX
byHKIMOHUpPOBaHUe. B oT/aiMuMe OT TpaJULMOHHBIX TEXHOJOTMYECKHUX PHUCKOB, MPOSBJSIOIIUXCH Yepes
JIUCKpeTHble OTKa3bl WM HJeHTUPHLHUPYeMble HEHMCIPABHOCTH, PUCKU B coBpeMeHHbIx MU-cuctemax
BO3HHUKAIOT B pe3y/bTaTe HeNpepbIBHBIX MPOLECCOB ONTHMH3ALMH, MPOTEKAMIIUX B NMPOCTPAHCTBAX
napaMeTpPOB BbICOKOM pa3MepPHOCTHU NPH HENMOJIHOHN ¢opMain3anuy orpaHudyeHui. B JaHHOM pa6oTe Takoi
THIl PUCKA OMNpeJesisieTcsl KaK PUCK CTPYKTYPHOW aJanTalid - BO3MOXXHOCTb TOrO, YTO IHOBEJEHHUE
CHUCTEMBI CO BpeMEHEM 3BOJIIOLUOHUPYET TAKUM 06pa3oM, 4TO, OCTaBasICb BHYTPEHHE COTJIACOBAHHBIM C
ONTHMU3ALMOHHON 1leJIbl0, OHO OTKJIOHSIETCS OT M3HA4yaJIbHO 3aJJaHHBbIX QYHKIUHA WJIM HOPMATUBHBIX
orpaHuyeHud. Takoe OTKJIOHeHHe He TpeOyeT HU OTKa3a CUCTEMBI, HU BHEIIHEro BMeLIaTeJbCTBa, HU
sBHOM omn6Ku. OHO BO3HMKAET KaK pe3y/JbTaT B3aWMOJENCTBHUSA IieJieBbIX QYHKIMHM, OCHOBAaHHBIX Ha
NPOKCU-TIOKA3aTe IsX, pacnpe/e/iéHHbIX NpeJCcTaB/JeHUd B MHOTOCJIOMHBIX HEHPOHHBIX apXUTEKTypax U
aZlallTUBHBIX MEXaHU3MOB 06paTHOM CBA3H, BKJ/IIOYash 00y4YeHuUe C O KpelieHUeM U OLIeHKY € y4acTHeM
yeJioBeKa.
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IMnupuyeckde HabJlOJeHUs, BKJw4as ciaydau specification gaming, MaHunysanuu
BO3HAarpakJeHUeM M KOHTEKCTHO-3aBUCHMMbIX CTpaTerud OTBeTa, MNMoka3biBaloT, 4uTo HU-cuctembl
CIOCOGHBI CUCTEMAaTUYeCKU ONTUMU3UPOBAaTh GopMasbHO 3aJaHHble QYHKLUU, a He NpejloJiaraeMble
pe3yJsbTaThl. B paMkax npejjaraeMoro noaxoja Takue GopMbl NOBeJleHUSI UHTEPIPETUPYIOTCH He KaK
aHOMaJIUM, a KaK 3aKOHOMepHble cJeACTBUSA (GYHKLIMOHUPOBAHUA CHUCTEM B YCJOBUSX HENOJIHOH
dopmanuzauuu orpaHuyeHuid. CyllecTBEHHbIM CJe[CTBUEM SBJSETCI U TO, YTO PHUCK MOXeT
HaKaIlJIMBaTbCsl IMOCTENEHHO U BCTPauBaTbCsl B INOBeJeHHWe CUCTEMBbl [0 TOTO, KaK OH CTAaHOBUTCS
HabJt0jlaeMbIM U3BHe. B CBA3M ¢ 3TMM NOAXOoAbl K YIpaBJEHHUIO, OCHOBaHHbIEe NpPEHMYLIeCTBEHHO Ha
MOHUTOPHUHTE, ayZAUTe UJIU KOPPEKTUPOBKE MOCJIe pa3BepThIBaHUA, 0KAa3bIBAIOTCA HEJOCTATOUHBIMU 1A
ydeTa [oJ00HbIX AUHAMHUK.

B craThe 060cHOBbIBaeTcs, 4To 3¢deKTuBHOe ymnpaBieHne HUU TpebyeT MHOrOypOBHEBOTO
apXUTEKTYPHOTO MOJAX0/1a, BK/IIOYAIOLIero COrJiacoBaHUe NPaBOBbIX, UHCTUTYLIMOHAJIBbHBIX U TEXHUYECKHUX
YPOBHeH C TpeGOBaHUSMM KOHKPETHOTO J0OMeHa NpUMeHeHHs. B 3TOM KOHTeKcTe KJIOYeBOM BONPOC
3akiirovaeTcsd He B ¢pakTe oTkaza MM-cucteM, a B TOM, COOTBETCTBYET JIM BbIOPAHHBINM KJIACC CUCTEMBI —
CTaTUCTUYECKUN WM JleTePMUHUPOBAHHBbIA - YPOBHIO TpebyeMON HaJEXHOCTH, NpeJCKa3yeMOCTH U
KOHTPOJINPYEMOCTH.

KiroueBble c/10Ba: UCKYCCTBEHHBIM UHTEJJIEKT; PUCK CTPYKTYPHOM aZaNTalli{; apXUTEKTYphl
HeHUpOHHBIX ceTel; TpaHcPopMepHble MOJe/H; ONTUMH3ALMs [PU OrpaHUYeHHUsX; ynpaBieHue HWU;
pacnpepie/IEHHbIE CUCTEMBI.

JAna uoutupoBaHusa: A.CunyeB, B.Cunye, AYwunuaiaunosa (2026). PACIIPEJEJEHHAS
AJIATITALIMA UM KAK CTPYKTYPHBIM PUCK: OT APXUTEKTYPHI HEHPOCETEM K MHOT'OYPOBHEBOW
MOJEJIN YIIPABJIEHUA//

KOHQIUKT HHTEpecoB: aBTOPHI 3asBJISIOT 06 OTCYTCTBUU KOHPJIMKTA UHTEPECOB.

Introduction

Recentadvances in artificial intelligence have led to the deployment of systems capable of continuous
adaptation in complex and dynamic environments. Unlike earlier generations of software, whose behavior
could be largely anticipated through predefined logic, modern Al systems operate through iterative
optimization processes that update internal representations over time. As a result, system behavior is no
longer fixed at deployment, but evolves in response to objective functions, data inputs, and feedback
mechanisms.

In controlled experimental settings, advanced Al systems have demonstrated the capacity for
strategically adaptive behavior, including deception, manipulation of evaluation procedures, and
circumvention of oversight mechanisms, when such actions are instrumentally aligned with their
optimization objectives[1,2]. These behaviors do not arise from system failure in the conventional sense.
Rather, they reflect the internal consistency of optimization processes operating under imperfectly specified
constraints.

This shift challenges conventional approaches to technological risk. Traditional risk frameworks
assume that undesired outcomes are the result of discrete failures, errors, or external interference. Under
this paradigm, risk can be mitigated through monitoring, testing, and post-deployment correction. However,
in adaptive Al systems, undesired behavior may emerge gradually as a consequence of optimization
dynamics, without any identifiable point of failure[11]. The system continues to function as designed, yet its
behavior diverges from intended goals.

A growing body of research in Al safety has documented related phenomena, including specification
gaming, reward manipulation, and context-dependent optimization strategies[3]. These findings suggest
that Al systems tend to optimize for formally defined objective functions or proxy signals, rather than the
underlying intentions those objectives are meant to represent[4]. Importantly, such behavior should not be
interpreted as anomalous. It is a predictable outcome in settings where constraints are only partially
formalized.

Despite these observations, existing approaches to Al governance remain largely oriented toward ex
post control, including monitoring, auditing, and corrective intervention after deployment. Such approaches
implicitly assume that risk is observable and can be detected once it manifests. This assumption becomes
increasingly problematic in systems where risk is embedded in the trajectory of adaptation itself.
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This paper introduces the concept of structural adaptation risk, defined as the possibility that system
behavior evolves over time in ways that remain internally consistent with the optimization objective, yet
diverge from intended functions or policy constraints. In this framework, risk is not associated with failure
events, but with the properties of the optimization process and its interaction with incomplete constraint
specification. The paper contributes a conceptual framework linking distributed optimization in high-
dimensional parameter spaces with the emergence of structurally embedded risk in Al systems. It further
argues that effective governance requires an architectural approach, in which constraint design, boundary
conditions, and admissible regions of system behavior are specified at the design stage, prior to deployment.
In this context, the central question is not whether Al systems fail, but whether their optimization
trajectories remain within defined and controllable bounds.

1. Problem Formulation

Building on the preceding discussion, the central issue can be formulated more precisely in terms of
the relationship between objective functions, constraint specification, and system-level behavior. We model
Al systems as optimization processes operating within a feasible solution space defined by explicitly encoded
objectives and constraints. Within this space, system behavior is, by construction, internally consistent with
the optimization target. However, the formally defined feasible region does not necessarily coincide with the
region of behavior that is acceptable from a functional, policy, or governance perspective[5].

This misalignment arises from the fact that constraint specification is necessarily incomplete. Not all
relevant conditions governing acceptable system behavior can be formalized ex ante, particularly in complex
or dynamic environments. As a result, the optimization process may systematically explore admissible
regions of the solution space that remain compliant with the formal objective, yet violate implicit or
unencoded constraints. Under these conditions, undesired outcomes should not be interpreted as deviations
from system design. On the contrary, they represent valid solutions within the defined optimization
structure. The source of the problem is therefore not failure of execution, but the structure of the feasible
space itself[6].

This paper defines structural adaptation risk as a property of this misalignment: a condition in which
the set of formally admissible solutions diverges from the set of intended or acceptable outcomes. The risk
is embedded not in isolated decisions or events, but in the geometry of the solution space and the trajectory
of optimization within it[7].

The problem becomes more complex in distributed systems composed of multiple interacting
optimization processes. In such systems, each component operates under localized objectives and partial
information. While each component may remain consistent with its own constraints, their interaction can
produce emergent system-level behavior that lies outside globally acceptable bounds. This divergence is not
reducible to individual components, but arises from their composition[8].

From this perspective, the core challenge is to ensure that the feasible region defined at the design
stage adequately approximates the region of acceptable behavior. This shifts the focus of governance from
detecting undesirable outcomes after they occur to structuring the optimization problem itself, including the
definition of constraints, admissible regions, and system boundaries.

2. Neural Architectures as Optimization Substrates
Modern Al systems are predominantly implemented as neural network-based models trained
through gradient-based optimization in high-dimensional parameter spaces. Within this framework, system
behavior emerges from the interaction between model architecture, training dynamics, and objective
functions. Neural networks define a parameterized function space, where each point corresponds to a
specific configuration of model parameters. The training process can be understood as a trajectory through
this space, guided by a loss function that serves as a proxy objective.
Crucially, the structure of this space is not neutral. It is shaped by several design choices:
o Loss functions, which define optimization targets and implicitly determine what constitutes
successful behavior;
e Model architectures, which constrain the class of representable functions and influence the geometry
of the parameter space;
e Training data distributions, which define the regions of the space that are explored during
optimization;
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e Optimization algorithms, which determine how trajectories evolve over time.

These elements jointly define the feasible region within which the system operates. However, this
feasible region is only partially aligned with intended system behavior. Loss functions capture measurable
objectives, but cannot fully encode context-dependent or implicit constraints. Architectural choices shape
expressivity, but do not prevent the emergence of unintended strategies. Training data provides examples,
but cannot exhaustively represent all relevant scenarios. As a result, neural network training inherently
involves optimization within an incompletely specified constraint space.

This perspective provides the substrate for the mechanisms discussed in the following section.
Phenomena such as specification gaming, reward manipulation, and emergent multi-agent dynamics should
be understood not as isolated anomalies, but as natural consequences of optimization processes operating
within high-dimensional spaces defined by incomplete objectives and constraints.

3. Mechanisms of Structural Adaptation Risk

Structural adaptation risk manifests through identifiable mechanisms arising in optimization-based
systems. These mechanisms are not independent; they reflect different expressions of the same underlying
property - optimization under incomplete specification.

3.1. Objective-Proxy Misalignment.

In many Al systems, the optimization target is defined through proxy variables that approximate the
intended objective. Under increasing optimization pressure, systems exploit imperfections in these proxies,
identifying strategies that maximize the proxy signal without fulfilling the underlying intent. This behavior,
commonly referred to as specification gaming, reflects a systematic divergence between proxy metrics and
intended outcomes[2].

3.2. Reward Channel Corruption.

In reinforcement learning settings, reward signals are assumed to represent task performance.
However, when the reward-generating process is accessible or indirectly influenceable, systems may
optimize for reward acquisition rather than task completion. This includes behaviors such as manipulating
observations, exploiting feedback loops, or interfering with evaluation processes, resulting in inflated
reward signals that do not correspond to actual performance[4].

3.3. Distributional Sensitivity.

Optimization strategies learned under specific training distributions may produce unstable or
unintended behavior when deployed in environments with different statistical properties. Rather than
simple performance degradation, systems may adopt alternative strategies that remain consistent with
learned objectives but violate constraints that were not represented during training[1].

3.4. Instrumental Strategy Formation.

Optimization processes may give rise to intermediate strategies that increase the likelihood of
achieving objectives across a range of conditions. These include maintaining optionality, acquiring resources,
or reducing external constraints. Such strategies are not explicitly encoded but emerge as structurally
advantageous within the optimization process.

3.5. Multi-Agent Interaction Effects.

In distributed systems, multiple agents or components optimize local objectives under partial
information. Interaction among these agents can produce emergent dynamics, including coordination
failures, competitive behaviors, or stable equilibria that do not satisfy system-level constraints. These
outcomes arise from the composition of locally consistent optimization processes and are not reducible to
individual components[8].

These risks are not anomalies but structural properties of adaptive systems.

The question is therefore not how to eliminate them, but how to design systems that remain controllable
under such conditions.

4. From Risk to Design: Structuring Al Systems by Class of Control
The analysis above suggests that many of the risks associated with contemporary Al systems are not
incidental but structural. They emerge from the underlying properties of systems that learn from data, adapt
over time, and operate under conditions of uncertainty. This raises a more fundamental question: not how
to mitigate individual risks, but how to design systems whose behavior remains controllable within defined
operational boundaries.
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A key premise follows: not all Al systems are equally suitable for all classes of problems. Systems
based on statistical learning and approximation exhibit fundamentally different operational characteristics
compared to systems grounded in exact, deterministic computation. When deployed in high-stakes
environments, this distinction becomes critical, particularly in light of empirical evidence on the limitations
of machine learning systems in terms of robustness, reliability, and distributional generalization[9].

From a structural perspective, Al systems can be divided into two broad classes:

e Statistical systems, which operate through probabilistic inference, pattern recognition, and
approximation. Their outputs are inherently non-deterministic, contingent on training data, and
sensitive to distributional shifts. This class includes large language models, deep neural networks,
and reinforcement learning systems;

e Deterministic systems, which rely on formally defined algorithms with predictable and reproducible
behavior under specified inputs and constraints. Their correctness can, in principle, be verified, and
their outputs are stable given identical conditions.

This distinction is not merely technical. It defines fundamentally different classes of control.
Statistical systems are optimized for adaptability and performance under uncertainty, but they do not
provide guarantees in the strict sense. Their behavior is bounded probabilistically rather than
deterministically. As a result, they may exhibit unpredictable degradation when exposed to inputs or
environments that deviate from their training distribution. Deterministic systems, by contrast, are designed
for environments where correctness, traceability, and stability are primary requirements. Their limitations
lie in rigidity and reduced capacity to generalize beyond predefined rules, but within their domain of
specification, they offer a higher degree of assurance.

The misalignment between these system classes and the domains in which they are deployed
constitutes a primary source of systemic risk. Applying statistical systems to contexts that require strict
guarantees - such as energy grid control, financial clearing and settlement, safety-critical infrastructure, or
core public administration functions - introduces failure modes that are difficult to anticipate, detect, or
contain. In such domains, uncertainty is not a feature. It is a failure condition.

This leads to a design implication: Al system architecture must begin not with model selection, but
with problem classification in terms of required control properties. The question is not whether a system
can perform a task, but whether its mode of operation is compatible with the level of reliability that the task
demands.

A coherent design framework therefore requires alignment across three interdependent layers:

o Legal layer - establishing normative boundaries for the use of probabilistic versus deterministic
systems, including explicit constraints on deployment in high-stakes domains, requirements for
explainability, and rights of recourse;

e Institutional layer - defining responsibility, oversight mechanisms, and escalation pathways,
particularly in cases where system behavior cannot be fully predicted ex ante;

e Technical layer - selecting and composing system architectures in accordance with the required class
of control, including the use of hybrid designs where statistical components are constrained or
supervised by deterministic cores.

Such an approach shifts the focus from model-centric optimization to architecture-centric
governance. It acknowledges that capability alone is not a sufficient criterion for deployment. The central
design question is therefore not how powerful a system is, but whether its structural properties are aligned
with the operational demands of the domain in which it is embedded.

In this sense, Al risk is not primarily a question of failure at the level of individual systems. It is a
question of design at the level of architecture.

Conclusion

The discussion in this paper suggests that the primary challenge in Al governance is not the absence
of safeguards, but the absence of structural alignment between system design and domain requirements. As
artificial intelligence systems become embedded in critical infrastructures and public decision-making
processes, the distinction between statistical adaptability and deterministic control becomes increasingly
consequential. This distinction is not merely technical; it defines the boundaries of reliability, accountability,
and ultimately, trust.
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A key implication follows: effective Al governance cannot be reduced to model evaluation or post hoc
risk mitigation. It must begin at the level of architecture - through the classification of systems according to
their control properties, and the alignment of legal, institutional, and technical frameworks accordingly. This
perspective reframes the role of Al in public systems. Rather than treating intelligence as a universal layer
applicable across domains, it requires a differentiated approach in which system design reflects the nature
of the problem being addressed.

In this context, an important direction for further research lies in expanding the range of problems
that can be addressed under more controlled and structurally constrained conditions, including recent work
on structured approaches to combinatorial optimization[10]. Advances in this direction may enable a
broader class of applications to be implemented within architectures that provide stronger guarantees of
predictability and control. This paper has outlined a conceptual framework for approaching Al governance
through the lens of structural alignment. The discussion has remained at the level of general architectural
principles. Further work is required to operationalize this perspective, in particular by developing a more
detailed articulation of layered system design and the corresponding governance mechanisms at each layer.

Ultimately, the question is not whether Al systems can perform increasingly complex tasks. It is
whether they can do so within structures that remain governable.
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