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Kasilma sartina malik olan Dirak sisteminin xiisusi halli hagqinda

Allahverdiyeva Natavan Ohmadali qizi OR¢'P 0000-0002-5600-2385

Sumgayit Doviat Universiteti, Sumgayit, Azarbaycan, dosent
natavanallahverdiyeva@sdu.edu.azz

MOQALO HAQQINDA MOLUMAT XULASO
M"’Q_alanin tar_i)fﬁ’Si Interval daxilinds N sayda kasilma sarti olan kanonik sokilds birélciilii
DE?I'XII(_)Ima tarixi: 20.10.2025 Dirak tonliklori sistemino baxiumisdir. Kasilma sortlori daxilinda ham
Diizolis tarixi: 28.01.2026 hayacanlanmamis Dirak tonliklori sisteminin, ham d» hayacanlanmuis Dirak
Qobulolunma tarixi: 06.02.2026 tonliklori sisteminin Yost tipli hallori dyranilir. Hayavanlanmamus sitemin,
_ yoni Pauli operatorunun dogurdugu tonliklor sisteminin Yost tipli hallinin
AQ""’ S”f"l?’r . _ o _ askar géstoriligi taptimisdir. Belo ki, kasilma noqtalorinin dogurdugu har bir
Dquk sistemi, P‘?”ll matrist, anstlma intervalda hallin analitik ifadasi alinmigdwr. Dirak tonliklori sisteminin Yost
sorti, Yost halli, inteqral tonlik hallinin odadiyi inteqgral tonlik tapilmisdir
Giris
Asagidaki tonliklor sistemino baxaq:
By + Q(X)y = y,0 < X < o, 1)
0 1 - .
burada B = 0 Pauli tipli matrisidir,
X X
Q(X)z(p( ) q(x) j
q(x) —p(x)

¥1(X)

A —spektral parametr, p(x), q(x)—iso kompleks qgiymsotli funksiyalar, y(x) :( )
Y,(X

] - axtarilan

halldir vo miisyyon a; € (0,00),a; <@,,, j =1..,N =1L N >2 ndqtolorindo
y(a;-0)=M,y(a;+0), j=1...N )

a; 0
1} diisturlart ils toyin olunur bels ki,

]
By aj

kasilma sartlorini 6doyir. M matrislori M :[

a; #0,B;, ] =L N haqiqi adadlordir.

Toqdim olunan moqasds (1)-(2) mosalosindo (x) =0 oldugda hollin askar ifadosi
tapilmigdir. (1)-(2) maesolesinin Yost tipli hollinin 6dadiyi inteqral tonlik tapilmisdir. Alinan
naticalor (1)-(2) masolasi liglin miixtalif spektral masalolorin dyranilmasinda istifads oluna bilor.
Qeyd edok ki, kosilmo sorti olmadiqda vo ya bir kosilmo sorti oldugda oxsar masalalor [1]-[4]
islorindo baxilmigdir.

Hoayacanlanmamuis sistemin Yost halli

Ovvalca hayacanlanmamais tonliklor sistemina baxaq:

By’ =y 3)
Molum oldugu kimi (3) sisteminin
y — e—ﬂBX , (4)
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matris-funksiyasi soklindo halli var.
Indi iso (3) tonliklor sisteminin (2) sortlorini ddoyan hoallini quraq. Bu halli

—ABx
€ , X>a
EO (X’ /1) = B N
e Cy, Ay <X<ay
burada C, - machul matrisdir. (2) sartinden aliriq ki,
—JBa, _ —Bay,
e ""Cy =M e,
barabarliyi 6donilir. Buradan iss aliriq:
ABay, —JBay
C, =e""M,e :

Asagidaki matrislori daxil edok:
M;:%(MNiBMNB) (5)
B® =—1, burada | vahid matrisdir, asagidaki miinasibotlori tapiriq:
BM|, :%B(MN +BMNB):%(BMN ~-MB)

M/ B =%(|\/|N +BMNB)B:%(MNB—BMN)
Demali,
BM, =-M\B
boraborliyi dogrudur. Eyni qayda ils aliriq ki,
BM, =M. B.

Boraborliyi dogrudur. Riyazi induksiya metodundan istifads edorok isbat etmok olar ki,
B"M{ =(-)"MyB", B"M, =M B"
miinasibatlori 6danilir. Buna gors do
e M) =M e™ } ©)
e—lBXM ,; — M &e—le
miinasibatlori 6donilir. Asanligla yoxlamaq olar ki,
M, =My +My
miinasibati 6donilir. Buna gors do aliriq:
C, = o8\ Ne’*BaN — B (|\/| ’J\] + My k—ﬂ,BaN _
NN ﬁe—ﬂBaN e\ &e%BaN -M :\I-e—/IBaN a8y
"M L = M+ M e,
Belaliklo aliriq ki, (1)-(2) masalosi Q(x) =0 oldugda (aN_l,oo) araliginda

E,(x,4) ={

soklinda xiisusi hollo malikdir. Indi iso bu halli (aNf2 ,ay ) araligina elo davam etdirok ki, homin hall

e, x> a,
— A—Bx + ~—A(2ay—x)B
Me™ +Mge ™0 ayy < X<ay

(1) tonliyini vo
y(ay,—0) =My, y(ay +0)
sortini 6dosin. Holli (aN PN _1) arahgmda e *¥C,_, soklindo axtarsaq vo kosilmo sortini nozoro
alsaq asagidaki miinasibot alinar:
M N—1(M ';e—/u'::aN,1 +M ;e_AB(ZaN —aN,l)): e—iBaN,lcN L.
Ogor
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M E—l = %(M v EBM4B)
matrislorini daxil etsok vo
My =M, +My,
eyniliyini nozare alsaq sonuncu barabarlikden tapiriq:
Cy =™ (M, +M ;_1)(|v| e M ;e*ﬂ@awaw—l)B):
=™ (Mg, + My e (M, + Mje 78 )=
(Mg + My e 2 My, +Me e

Bu miinasibatlorden aliriq ki, (1)-(2) masolasi Q(x) =0 olduqda (aN72,+oo) araliginda

(Mg e +M[_ e @8 Mo+ Mje ™) a, , <x<ay,
E,(x,4) = M.e ™ +M e 8 a  <x<a,

—ABx

e ™, x>a,

soklindo xiisusi hollo malikdir. Prosesi bu ciir davam etdirsok induksiya metodu ilo alariq ki, (1)-(2)

moasalasinin - Q(x) =0 oldugda (aj_z,aj_l) intervalinda hoalli
(M e+ M7 e @8 M-+ Mre™P )
(M7, +M7e7®) (Mg +Mje®)

soklindadir. Bu miithakimalordon asagidaki teoremin dogrulugunu aliriq:
Teorem. Q(x) =0 oldugda (1))-(2) mesalesinin (0,+c0) intervalinda halli

(M7= M o e
x...(M,; + Mge"aNB), a,<x<a,;,j=2..N-1a,=0

Eo(x,4) = — —JBx +n—A(2ay-X)B
MNe +MNe 1aN_j|_<X<a'N

e, x> a,

soklindo gostorilo bilon xiisusi halli var.
Hoayacanlanmis sistemin Yost halli

()

Indi (1) tonliyino baxaq. Bu tonliyin elo E(x, 1) hollini axtaraq ki, A parametrinin hor bir

haqiqi qiymati ti¢lin
lim E(x,A)e™ = |

sorti ddonilsin. Bu ciir halls Yost halli deyacoyik.
(1)) tonliyini
By — 4y =—-Q(x)y
soklinds yazaq vo sabitlorin variasiyasi iisulunu totbiq edok. (1) tonliyinin hallini
y(x,4) = E(X,4)C(x, 1)
soklinds axtaraq.(10) gostarilisini (9) tonliyinds yazsaq alariq
BE,(x,4)C'(x,4) = -Q(X)y(x, 1),

Buradan iso

C'(x,4) = E;*(x, 1) BQ(X) y(Xx, 1),

miinasiboti alinir, bels ki, B™ = —B oldugunu nozors aldiq. Axirinct barabarlikdon tapiriq:

C(x,4)=C, —TEol(t,}t)BQ(t)y(t,ﬂ)dt

Bu boraborliyi (10)-da nazoro alsaq

(8)

©)

(10)
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y(x,2) = E, (x, 1)C, —TEO (x, A)E;(t, A)BO(t) y(t, A)dt

tonliyi alinar. (8) sorting esason C, =1 oldugunu aliriq .
Beloliklo, (1) tanliyinin Yost halli

E(x,4) = E, (X, A) —TEO (x, A)E;*(t, A)BOQ()E(t, A)dt, (12)

inteqral tenliyini 6doyir, burada E,(x,A) funksiyast (7) diisturu ilo toyin olunur. Digor torafden,

(11) inteqgral tonliyinin halli (1), (2), (3) mosalasinin Yost hallidir. Dogrudan da (11) tonliyindon
toromo alsaq, E(x,A) matris-funksiyasinin (1), (2), (3) masalasinin halli oldugunu alariq.
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Summary
On a special solution of the Dirac system with a discontinuous condition
Allakhverdiyeva N.A.

Keywords: Dirac system, Pauli matrix, discontinuity condition, Jost solution, integral equation

A one-dimensional Dirac system in canonical form with N discontinuous points inside the interval is
considered. In the presence of discontinuous conditions, the Jost-type solution is studied both for the unperturbed
system of Dirac equations and for the perturbed system of Dirac equations. n explicit representation of the Jost type
solution for the unperturbed system, i.e. for the system generated by the Pauli matrix, is found. Moreover, an analytical
expression for the solution was found in each interval formed by the discontinuity points. An integral equation was
obtained that satisfies a Jost-type solution.

Pe3tome
00 oco0oM pemienun cuctembl /lupaka ¢ pa3pbIBHBIM YCJI0BHEM
Annaxeepouesa H.A.

Knrwouegvie cnosa: cucmema Jupaxa, mampuya Ilaynu, ycnosue paspwisa, pewenue Mocma, unmezpanvroe
ypasnenue

PaccMoTpeHa onHOMepHas cucTema Jlupaka B kaHoHmdeckoii gopme ¢ N paspelBHBIME TOuKamMu BHYTpH
vHTepBana. IIpy HaIMUMM Pa3pBIBHBIX YCIOBHIl M3ydaeTcsi pelleHHe THIA MocTa Tak is HEBO3MYIIEHHOH CHCTEMbI
ypaBHeHMH Jlupaka, Kak U U1 BO3MYIIEHHOM cucTeMbl ypaBHeHul [lupaka. HaiineHo siBHOE IpelCcTaBiICHUE PELIECHUS
tina MocTst 11 HeBO3MYILEHHOM CHCTEMBI, T.€. [JIs CHCTEMbI TIOPOX/IeHHO Matpuiei ITaymi. IIpu 5TOM B KakaoM
uHTEpBase, 00pa3yeMoM TOYKaMH pa3pbliBa, HAWJEHO aHAINTHYECKOE BhIpakeHHe pemeHus. [loayueHo nHTerpaibpHoe
ypaBHEHHe, KOTOPOMY YIOBIETBOpSET pelienue Trma Mocta.
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Oz-6ziina gosma niiva tipli operator amsall ikinci tartib diferensial
operatorlarn yiiksak tartibli requlyarlasmis iz diisturlan
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MOQALD HAQQINDA MOLUMAT XULASO
Magalanin tarixgasi Bu moagalada son intervalda niiva 6z-0ziina birlasan amsallart olan ikinci
Daxilolma tarixi: 23.09.2025 doaracali diferensial operator tonliklori nazardon kegirilir. Bazi sartlor yerino
Diizalig tarixi: 22.12.2025 yetirildikda, bu operatorun spektri bu tonliyin amsallart tigiin arasdirithir, bu
Qabulolunma tarixi:03.02.2026 spektrin qurulugu miiayyanlasdirilir. Bu operatorun qatnama teoremlori siibut
edilmisdir. Daha yiiksak sifarigli operatorlarin nizamh izi ii¢iin asimptotik
Acar sozlar diisturlar aliriq

Hilbert fozasi, operator, operator-
diferensial tonlik, sarhad sortlari,
moxsusi adadlor, moxsusi vektorlar, oz-
oziina qosma operator, niiva tipli
operator, rezolventa, spektr,
requlyarlagmis iz

Tadqiq olunmus moqalods sonlu pargcada 6z-6ziino qosma niiva tipli operator omsalli li¢iin
ikinci tortib diferensial tonliklorin yiiksok tortibli requlyarlasmis iz diisturu alinmigdir. Baxilan
mosalonin maxsus adadlorinin qurulusa va bazi spektral xassolor [1] moqalosindo aragdirilmisdir.

Qeyd edok ki, diferensial operatorlarin requlyarlasmis iz diisturu ilk dofo 1.Q. Qelfand va
B.M.Levitan torsfindon sonlu pargcada Sturm-Liuvill tonliyi {igiin alinmisdir [2]. Bozi diferensial
operatorlar ti¢lin requlyarlasmis iz diisturlar1 L.A. Dikiy torofindon todqiqi olunmusdur [3].

Bu istigamotdo M.G. Qasimov vo B.M. Levitan [4], V.A. Sadovniciy [6] vo [5], V.A.
Sadovniciy [6] qiymatli todqiqatlar vardir.

[k dofs R.Z.Xolilova torofindon ikinci tortib operator omsalli diferensial tonliklor {igiin
requlyarlagmis iz diisturu isbat olunmusdur [7]. Bu istiqgamatds operator omsall1 diferensial tonliklor
iiclin E.Abdukadirov [8], M.Bayramoglu [9], ©.A.Adig6zslov [10], F.Q.Maksudov, M.Bayramoglu,
O.A.Adgdzolov [11], N.M.Aslanova [12], H.I.Aslanov vo K.G.Badolova [13] Albayrak I., Kokliik,
BayramovA.M. [14] torafindon iz diisturlari tadqiq olunmusdur.

Tutaq ki, H separabel Hilbert fozasidir.

H, = L,([0,1]; H) fozasinda

() =-y"(0)+Qx)y, 0<x<1 1)
diferensial ifadosi vo
y(0)=0, y(M)+ay(1)=0, a>0 (2)

sorhad sortlori ilo L operatoru toyin edok. Burada Q(x) operator-funksiyasi istonilon X€[0,1] ti¢iin H
Hilbert fozasinda 6z-6ziino qosma niiva tipli operator oldugu forz olunur. OSlava olaraq Q(X)
operator-funksiyasinin agsagida gostorilon sortlori do 6dodiyini forz edirik:

1. Q(x) operator-funksiyasinin (0,1) intervalinda 2k tortibli zaif toromolori vardir vo istonilon

X€[0,1] Tgilin Q((;lc))(l =0,1,2..2k) operatorlar H fozasinda 0z-6ziina qosma niivo tipli

operatorlardir.


mailto:hetemova@
http://www.ssu-scientificnews.edu.az/

Hoatamova R.F. | Scientific News 26 Issue 1 (2026)

2. lstenilon x€[0,1] iiciin |[Q(x)|H < %minm(,umJr1 — WUy) burada py <py < <py, <

-1 cos VA + a sinVA = 0 tonliyinin miisbot kokloridir.
3. H-fozasinda elo ortonormal {¢,,} bazisi var ki,
n

D 10COPnlls, < o0
n=1

4. Istonilon feH vo 12 iigiin fol(Q(Zk-l) (x)f,f)zx =0
5. 1=01,..,2k ) Tug¢iin ”Q((fc)) || o funksiyalar1 [0,1] parcasinda Olglilon, mohdud
%51
funksiyalardir. Burada o, (H) -H Hilbert fozasinda tosir edon biitiin niiva tipli operatorlar fozasidir.
6. [0,1] pargasmnin ii¢ ndqtolorindo Q(Z({)_l -0, (=1,2, ... k-1) vo Q1) =0, (j =0,1,..k)
sortlori 6danilir.

Lo ila ly(y) = —y"'(x) diferensial ifadasi vo (2) sorhod sortlori ilo toyin olunmus operatoru
isara edok.

L, operatorunun spektri VA cos VA + asimv/A = 0 tonliyinin miisbat koklorindon ibarat olan
{,um}moi 10 < Uy < Yy <l < -o+, goxlugudur. Tanliyin hor bir kokii sonsuz tortibli moaxsusi
odaddir. u,, maxsusi adadina uygun ortonormal moxsusi vektor-funksiyalar

L|J£,?,)1(x) = amSm UmX " P, = 0’1’ (3)
soklindadir. Burada

PR | R— 4)
m — [1+aTcos3Vi
Qeyd edok ki, Lo operatorunun  p,,,-lardan fargli moxsusi adadi yoxdur. Dogrudan da, agar Lo

operatorunun ,,,-lordan fargli ,ue{ym}m _ 1 Moxsusi adadi vo uygun y(X) moxsusi funksiyasi

olardisa, bu halda L operatoru 6z-6ziina qosma operator oldugundan y(x) funksiyasi {amSm UnX -
(p”}:=1,n=1 sisteminin biitlin elementlaring ortoqonal olardi. Bu sistem isa tam system oldugundan
y(x)=0 olardi. Bu sistem isa tam sistem oldugundan y(X)=0 olardi. Bu isa y(x)-in maxsusi funksiya
olmasina ziddir. Bu zidiyyot Ae{um}moi oldugunu gostorir. Demali, maxsusi vector-funksiyalar

yalmz (3) soklinda elementlordir.
L operatorunun spektrinin qurulusu haqqinda [1] mogalasinds isbat olunmusdur ki, L
operatorunun spektri

1

Qi = [m = IQCOIHy, i + IIQ)IIH L m = 1,2,...
parcalarinin birlosmasindon ibarot coxlugun alt ¢oxlugudur, belo ki, a) L operatorunun €,
par¢asina daxil olan vo p,, — dan forgli olan hor bir spektr noqgtesi sonlu tortibs malik olan izds
edilmis moxsusi adoddir; b) u,, néqtalori L operatorunun sonlu va ya sonsuz tartibs malik olan
maxsusi adadi ola bilar;

© . . . .
c) {Amn}n —1 ilo L operatorunun Q,, par¢asina daxil olan moxsusi oadadlorini igars etsok,

lim, o Ay = Wy, miinasiboti dogrudur.
{Ymntm=1n=1 ilo L operatorunun {A,,,}m-1,=1 Moxsusi ododlorino uygun ortonormal
moxsusi vector-funksiyalar sistemini isara edok.

Tutaq ki, b, = {)l: [A] = %minm(/xpﬂ - yp)}

Br?m =(, lprgm)Hllpgmr Bnn = ¢ lpmn)Hll/)mn
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Bu halda

- 5

m=1n=1
033 ©
m=1n=1
=)y G5 ) "
m=1n=1 m=1n=

isbat olunmusdur ki, agor A adadi Lo vo L operatorlarinin requlyar ndqtosi ise, onda Ry — R}
operator H; fozasinda niivs tipli operatodur, yani (R; — RY) < o, (H,).

Eyni zamanda R, — Ry operatoru p(A) rezolvent ¢oxlugunda o;(H) fozasinin normasina
nozaron analitik funksiyadir, yoni

Z|/1np—,up|<oo, p=12,.. (8)

siralar miitlaq yigilandir.
Indi iso requlyarlagsmis iz diisturunun alinmasi {igiin vacib olan boazi miinasibatlori gostarak.
Qeyd etdik ki, 2ep(2) oldugda (R, — R} )eoy (Hy). Onda (5) (6), (7) barabarliklordon

tr(Ry = RY) = ZZ(W—A um—/1> ©)

m=1n=1

oldugunu alariq.

k
Bu boraborliyin har torfinin % —Yya vurub alinmis ifadeni |A| = b, = g(,upﬂ — ,up) ¢evrasi izra
inteqrallassaq alariq:

o f A<tr(Ry — RO)dA = Z Z("m 25 (10
|A|=bp m=1n=
Ogor Ry = R} — RjQ(x)R] boraborliyini nozoro alsaq asagidaki miinasibotin dogru
oldugunu alariq:

N
Ry —RY = Z(—nf RO(QRY) + (—~1)/*1R, (QRY)" ™ (11)
j=1
burada N istonilon natural ododdir.
RY(QRY)Y (i =12..) VoR, (QR,({)N+1 operatorlarinin H fozasinda niiva tipli operatorlar
oldugunu nozors alsaq, (10) va (11) borabarliklorindon alariq:

ZZ(A k) = Z (1) flk[RA(QRA)N+1 (12)

m=1n= [A|=bp

burada

Ml = SV
p 2mi

j tr((QrS)' ] da (13)

|A|=bp

10
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Sonuncu ifadeni miisayyon cevirmolor aparmaqla asagidaki sokilo gotirmak olar:

(=1 -k
j_ N k-1 0
e fa tr[QRY]dA (14)
|A|=bp
(1)-6) sortlarindan istifa do etmokls asagidaki miihiim teorem isbat olunmusdur:

Teorem 1. Ogor Q(x) operator-funksiyasi 1)-6) sortlorini 6doyorso, onda asagidaki

barabarliklor dogrudur:

hmM]—O j=2k+2 (15)
p—©
lim Aetr[Ry(QRY)" | da = 0,N = 2k + 2 (16)
p—oo
1A1=bp )
lim M} = (; . [trQ@k=2 (1) — trQ@k-2)(0)] (17)
p—

Ogor (10), (12) boraborliklorindon vo Teorem 1-don istifado etsok, osas notico olaraq
asagidaki teoremi alariq:

Teorem 2. Ogor Q(X) operator funksiyasi 1) - 6) sortlorini 6doyirsa, onda asagidaki
boraborlik dogrudur:

= s 2k+1
TZI {;(A’fnn —tm) — k- Z ]l'(_l)jﬁifn [Ak_ltr(QRg)j]} _

( 1) k[t Q((lz)k_z)—tTQ((,Zk_z)] (18)

Bu boraborliyin sol torofindoki siraya L operatorunun K tortibli regulyarlasmis izi deyilir.
(18) diisturu iss L operatorunun K tartibli regulyarlagmis iz diisturu deyil.
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Summary
The high order regularized trace formulas for second order differential equation with
self-adjoint nuclear class operator coefficients
Khatamova R.F.

Keywords: Hilbert space, operator, operator-differential equation, boundary condition, eigenvalue,

eigenfunction, spectrum, self-adjoint operator, nuclear type operator, resolvent, regularized trace.

In this paper the second order differential-operator equations with nuclear self-adjoint coefficients are

considered on the final interval. With some conditions on coefficients of this equation the spectrum of this operator is

researched, the structure of this spectrum is defined. The theorems of resolvent of this operator are proved. We get
asymptotic formulas for regularized trace of the highest order operators.

Pesrome
®opMyabI peryasipu30BaHHOIO CJie/la BBICOKOI0 MOpsaKa JJist 1updepeHINATEHOTO yPaBHEHUS BTOPOTro
MOPSIAKA C siAePHBIMH ONIePATOPHBIMM K03 puumneHTaMu
T'amamosa P.@.

Knrouesvie cnosa: ['unbbepmoso npocmpancmeo, onepamop, onepamopHo-oudepenyuaivruoe ypagHeHue,
epanuuHble YCao8us, coOCmeeHHvle 3HAYeHUs, CHeKmp, cOOCmBeHHble OnepamopHule
QYHKYUY,  CAMOCONPAXCEHHBIL — onepamop,  AdepHvle  ONepamopwvl,  pe30abeeHmd,
pe2ynapu308aHblil ceo.

B pabore Ha KOHEYHOM OTpE3KEe paccMaTpHBAIOTCS ONepaTopHO-AuddepeHInalbHbe ypaBHEHUS! BTOPOTO
Hopsiika C SJACPHBIMU CaMOCONPSDKEHHBIMU Ko durmeHnramu. [Ipu HEKOTOpBIX YCIOBUSAX Ha KOA(PQUIMEHTHI
OCHOBHOI'O YpaBHEHHS HCCIIEIyeTCs CIIEKTP JAHHOTO ONepaTopa, ONPEASNsieTcs CTPYKTypa 3TOro crekTpa. Boasres u
JIOKa3bIBAIOTCA TEOPEMBI O PpE30JIbBEHTE IAaHHOTO omnepartopa. llommaroTcst acHMITOTHYECKHE (GOpPMYIbl s
PEryISIpU30BaHHOrO CeAa MOpPsAKa TAaHHOTO OIepaTopa.
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Knroueswie cnosa

ONMUMATbHOE YNpasieHue, 3a0aud
I'ypca, eunepbonuueckue ypagHeHus
8MOPO20 NOPAOKA, UHMESPO-
oughpepenyuanvrvle ypasHeHus,
V08U ONMUMATLHOCIU, 0COObIE
YApAeneHus, NPUHYUN MAKCUMYMA
Tonumpseuna, sapuayuonnvie
Memoobl, 2paHuiHble YCa08usl,
Yhpassemvle npoyeccyl

B pabome paccmampusaemcs 3a0aua onmumanbHo2o YnpaseieHus Onis
npoyeccos, ONUCLIBAEMbIX UHMEZPO-OUPOEPEHYUATbHLIMU — YPAGHEHUAMU
2UnepooNULecK020 MUna 6mopo2o NOpPsiOKa ¢ paruyHbimu yerosusmu I'ypca.
Uccnedyiomess  6onpocbl  OnmMuMAnbHOCmMu — YNPAGIeHUll, A  MAaKdice
cywecmeoganue U - CEOUCMEA O0COObIX  YNPAGLEHUU, BOZHUKAIOWUX 8
paccmampusaemom  kiacce 3aday. Ha ocnoee npunyuna maxcumyma
Houmpsieuna u  Memoo08  8APUAYUOHHO20 — UCHUCTEHUL — NOJTYYEHbl
HeoOxoOumvle ycnogus onmumanvhocmu. Ocoboe @uuMaHue yoensdemcs
AHATU3Y  BbIPONCOCHHBIX CIYYAes8, NPU KOMOPLIX KIACCUYECKUE VCILOGUSL
ONMUMATLHOCMU 0KA3bl8aiomces Heoocmamounvimu. Tloxazano, umo nanuyue
UHMESPATIbHBIX — ClA2AeMbIX — CYWECMBEHHO — GIUsiem  HA  CMPYKMypy
ONMUMANbHBIX U 0coObIX ynpaeieHuil. Ilonyuennvie pesyrbmamol Mocym
OblMb  UCNONL306AHBI  NPU  MAMEMAMUYECKOM — MOOCIUPOSAHUU U
ONMUMUZAYUU  NPOYECCO8, ONUCHIBACMBIX UNEPOOIUUECKUMU —UHMeSPO-
oughgepenyuanoHbIMU YPAGHEHUSIMU

B npannHoif pabore paccmaTpuBaeTcs Herjajakas 3a7ada ONTHUMAIbHOTO YIPaBIICHUSA,
OMHChIBaeMasi CUCTEMOU TUIEePOOTMYECKUX YPABHEHHUI BTOPOTO MOPSIIKA.

ITocTanoBka 3amaum.

g depeHIMaIbHBIX ypaBHeHHH BonpTeppa runepOosinyeckoro tuma

JonmycTuM gaHHBIA mpolecc 3aHaéTcs CUCTEMOW HHTErpo-

t x
2, (t, %) = f(t, ), 2(t, X)u(t, X) + j jg(t, x,7,5,2(z,s),u(z)s)dsdr, "
1

fo Xo

(t,x) € D=[t,,t,]x[X;, %]

C KpacBbIMHU YCIIOBUAMU

z(ty, x) =a(x), X (%y, %)
2(t, ;) =b(t), te (t;,1,) (2)
a(Xo) :b(to)

3mece  h(t, x,z,u),9(t, x,7,s,z,u),a(k),b(t) w u(t,x) — 3amamapie N -MepHBIE BEKTOP-

GbyHKIUH.

u(t,x)eU cR", (t,x)eD (3)

[Tox nomycTuMbIMU OyZieM MOHUMATh YIPABIAIONINE QYHKITUH.
[Tpeanonoxum, kaxaomy U(t,X) OTBeyaeT €IUHCTBEHHOE aOCOIIOTHO HENpEephIBHOE

pemrenue Z(t, X).
Paccmorpum
orpanuueHusix (1)-(3).

3a1a4y HaxO0XICHUA

MUHUMAJIBbHOTO 3HAa4YeHUs (QYHKIHMOHANAa MpH
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SU) =(z(71, %) 2(74: %)) - 4)
VYrpaBieHue JOCTaBIsIONIEe MHUHUMAIBbHOE 3HadeHWe (QyHKOuoHany (4) HazoBeM
ONTUMAJILHBIM yIIPABICHUEM.
ITycrs (u(t, x), z(t,x)) - duxcupoBannslid, a (U(t, x) =u(t, X) + Au(t, x), Z(t, x) = z(t, X) + Az(t, X))
- IPOU3BOJIbHBIE — IONYCTUMBIE MPOLIECCHI. 3anuilieM npupaileHue GyHKIIMOHaIa KauecTBa:
AS(u) =S(0) = S(u) = (Z(7y, %)+ (72 %)) = 2(2(73, % )10, 2(74, X, )) (5)
Scuo, uto AZ(t, X) peurenue kpaesoii 3a1aun

Az, (t,x) = f(t,x Z(t,X)u(t,x)) - f(t,x z(t, x)),
u(t, x) + j T[g(t, X,7,8,2(7,8),U(z,9))—g(t, x, 7,8, 2(z,s),u(z,s))]dsd ©)
to X
Az(ty,x) =0, Az(t,x,)=0 (7
¢(t, X) - HekoTopasi N -mMepHast BEeKTOp-QyHKITHUSI.

U3 ToxnectBa (6) umeeM:
% t %

| [t 0z, (6 dxdt = [ [yt L (%), 20t %), 00 0] -
— f[t, x, z(t, x),u(t, X)]dxdt + ]1' T[Jt' Jx'x//’(t, gt x,7,s,2(z,s),u(r,s)) - (8)
-g(t,x,7,s,2(z,s),u(r, s))ds:jro](;let

Ha ocHoBaHuM TeopeMbl PYHKIIMH UMEET MECTO CIICAYIOIIEe BBIPaKEHHE:
t % t

| [w'en] Jx'[g(t, X,7,8,2(,5),0(z,5)) -

ty Xp to Xo
-9(t, x,7,8,2(7,s),u(r,s))dsdz]dxdt =
"y 9)

=[] Jv'@.9)lg(s.tx2(t),0(t, ) -

to X t X
—0(z,s,t, %, z(t, x),u(t, x))]dsd z]dxat.
BBCI[GM (1)YHKI_II/IIO raMI/IHLTOHa-HOHTpHFI/IHa IS paCCManHBaeMOﬁ 3a4a4Uu B BUJIC
H(t, x, z(t, ), u(t, x), o(t, X)) = w'(t, x) f (t, X, z(t, X)u(t, X)) +

X

+ [ w99 5.t x 26 ),u(t, x)dsdr.

Torma, yuutsiBas Toxnaectsa (8) u (9) mpupamienue (5) uenoro yHkuuonana (4) MOXHO
3armcarh B BUJE

AS(U) = (7 (71, %)), (74, X ) — 9(2(71%)) 0 2(7, X)) +

4

t X
+[ [yt )zt xdxdt - [ [IH (% 269,08 0,p (6 )) - HE X 20 %),  (10)
h X to X
u(t, x), w(t, x)]dxdt.
Ha ocrnoBanuu dhopmynsr Teiimopa MOXHO HaMmMCATh CICTYIONTUE PA3TIOKEHUS

14
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(Z(7y, %) (7 X)) = @(2(70, %) sees 27, X, ) =
_ Zk: 09 (2(ry, %)), 2(7 s Xk))AZ(rI, x,)+

= 08,
+= ZAZ (Tl’ | a (0(2(711 1)’ ’Z(Tk’xk))AZ(TJ, j)+ (11)
I]—l a a
+ 01([2 |Az(z;, %)[IP)
i=1
H(t,x,z,U,p)-H(t,x,z,0)=H,(t,x,z,U,p)Az +
12
+%A2'sz(t,x,z,U,w)Az+02(||Az||2). (12)
3nech |of - Hopma Bektopa @ = (&, ¢y, &, ) onpenensemas popmyIoi H(ZH ‘0[ ‘ rae

i=
0,(«x) - Bennunna Gosee BHICOKOTO MOpsAKA, 4eM (L, T.€. o(a)/a—>0 npu a —0, (1) HITPUX
BEKTOPOB OIEpals CKaJIPHOI0 IPOU3BEIEHUS, a JUIsl MaTPUIL — Ollepalisl TPAHCIIOHUPOBAHHUS.

YuureiBass paznoxkenus (12) u3z  Qopmynsl npupamenus (10) mocie HEKOTOPBIX
peoOpa30OBaHUA TTOTYIUM:

AS(U) :iégp,(Z(Tl,Xla)’a:”Z(Tklxk))AZ (Tp |)+

82¢(Z(71v X1), 2(7, X))
+= .;AZ LX) a0 Az;(z;,X;) +

H (& x)Az(t, x)dxdl HH (t, %, 2(t, %), u(t, X), w (t, ¥)2(t, X)dxdt -

o b

—TTH '(t, %, 2(t, X), T (t, %),y (8, X) = H(t, %, 2(t, X), u(t, X), w (t, x))]dxdt -
—tﬁHz(t,X,Z(t.X),U(t,X),t//(t,X)—Hz(t,x,z(t,x),u(t,x),://(t,x))]'Az(t,x)dxdt_
"ﬁﬂ(t X)H (6%, 2(t, ), u(t, %), (&, X)cclt -

——TTAZ (t, X)[H., (&, %, 2(t, %), T %),y (8 X)) —H,, (¢ X, 2(8, ), u(t, X), p (8, X)] %

t0 X

x Az(t, X)dxdt + 0, [Z”Az(r, 1) ] Toz (Jaz(t, )| )dxdt. (13)

to %o
[Tockonbky AZ(t,X) a0COJIIOTHO HEMpEphIBHOE permieHue kpaeBou 3amauu (1) - (2) , 1O

MOXHO 3a1ucaTb, 4TO

Az(t, X) :Jt.JX'AzIS(r, s)dtd (14)

to Xo

15
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X
A2(z,, %) = j ja (t, X)Az, (t, X)dxdt , (15)
fo X
rie ot x), 1= 1n xapakrepucTuieckas QyHkuus obmactu [t,, T,]1x[X,, X;], 1= 1,n. Vuursisas
dbopmyisl (13) u (14) HonyqaeM CIIPaBEJIMBOCTh TOXKJIECTB.
z a¢) (Z(Tlv 1)’ o (Tk ) Xk))AZ( |! |)
— 083,
thx g ' (16)
= J. J‘Zal (t, X) ago (Z(Tl’ Xla)"'” Z(Tk ! Xk)) Aztx (t, X)dth
a

ty X =1 i

“ H. (t, X, z(t, X), u(t, X), w (t, X)Az(t, x)dxdt =
’ X: Xt % (17)
= [[T] [Hi(z.5.2(z,5),u(z, 8),w (7, 5))dsd7]Az, (t, X)dxdt.

[Tpunumas Bo BHuManus Toxkzaectsa (16) u (17) moxydum, 4yTo
b g

AS(U) =] [ et x) 202, 1); 220 %) o, (1 xydxdt +

toxoll i

+ﬁt//’(t,X)Aztx(t,X)dxdt—tﬁ[tﬁH '(z,8,2(z,8),u(z, ), (z,8))dsd r] x
ty Xo thX t X

><AZtx(t'X)dth—]lT[Hz(t,x,z(t,x),U(t,x),:p(t,x)—

- H(t,x,z(t,x),u(t,x),w(t,x))]dxdt—ﬁ[HZ(t,x,z(t,x),U(t,x),.//(t,x)_

—H, (t, %, z(t, x),u(t, x),w(t, x))]'Az(t, ;):jxdt—
——ﬁAz (t,X)[H,,(t, x, z(t, x),u(t, x), ¥ (t, x)Az(t, x)dxdt —
——tﬁAz (6 X)[H, (6 X, 28, %), (1, X), w (8, X) -

H,, (t, X, z(t, X),u(t, x),y (t, X)]' Az(t, x)dxdt +

+0 ([Z”Az(r,,x,)”] ) - j j o, (|Az(t, x)|")dxdt. (18)

to Xo
Ecin  mpeamonarats, uto Bektop-(ynkmms (1, X) sBasercs permenneM HHTErpambHOTO

YpaBHCHUA
4 X

w(t.x) = [ [H;(z,5,2(r,5),u(.)p(z,5)dsdr -
- (2(z, %), 2 %)) o
RS agDZTl, e 27, X,
zai(t’ 63.

i=1

16
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To (hopmyna npupamenus (18) mpumer Bua:

4 X

AS(U) = —j j[H (t, X, z(t, X), T(t, X), w(t, X) — H (t, X, z(t, ), u(t, X), w (t, x))]dxdt —

= [ JTH, (€% 20,50, (t %), (6 %) = H, (6 X, 28 ), u(t, %), (8 )] Az(t, x)dxdt +
o (20)

13 O’ p(2(7y, X ) e Z(T, X, )
+_ AZ' -,X- 1™/ H k1 Mk AZ .’X. _
2;'1 (7, %) oa,0a, i(75,%;)

- %} TAZ'(L X)H,, (t, x, z(t, x), u(t, X), w(t, X)Az(t, x)dxdt + 77(u,Au(t, X)),

rac

Y X

1AW =0, (X Jaz(a, X)) - | [ A7t 0) %

(21)

t %
x[H, (t, %, 2(t, X),u(t, X), y (t, )] dxdt - | [ o, (JAz(t, X)|)dxdt.
ty X,
HEOOXO/IUMBIC YCIIOBHUS ONITUMAIILHOCTH.
N3 xpaeBoit 3agaun (6)-(7) nepexoast K SKBUBAJICHTHOMY YPAaBHEHHIO MTOJTYYHM

Az(t, x) =.t“X' f(z,s,z(z,s),u(z,s) - f(z,s,2(z,s),u(r,s))]dsdz +

tx s

+[ [ [lo(z.s.a. 8.2, B). U(ex, B) - 9.5, t, B, 2, ), u(er, B)ded B1dsdr.

to X% to X

Otcrona nomny4aem, 4ro

Az(t, x) = jj. f(z,s,2(z,9),u(z,s)) - f(z,s, z(z,s),U(z,9)) +

to Xo

+ f(z,s,2(z,s),u(z,s) - f(z,s,z(z,s),u(r,s))]dsdz +

+[[[[lg(@ B.7,5,2(z,5).U(z,5) - 9(ex, B.7.5,2(z,5) (7,5)) +

thX 7S

+9(e, B, 2(z,8)u(z,s)) - 9(e, p,7,S, 2(z,S)u(z, s)) [dad S]ldsd .

3I[CCB nepexoasa K HOpME U UCITOJIb3Yyd YCIIOBUC .HI/IHIJ_II/II_Ia, noJrygacm:

|Aaz(t, x)|| < Zl.t[ .X[||Az(r, s)|dsdz + j i[|| f(z,5,2(z,s),U(z,9)) - f(z,8, 2(z,5),u(z,s))| +

fo Xo to Xo
+[[lote. B.7,5,2(z,5).u(z,5)) - 9(@, B, 2(z,5), u(z, 5))|ded Aldsd,

rae Z, =const>0.
ITpumenum k nocneaneMy HepaBeHCTBY Jlemmy I'ponyomnna-Bennpodda, Toraa

|Az(t, x)| < sz.j‘[” f(z,5,2(,9),U(z,9)) - f (z,s,2(z,5),u(z,s))| +
o (22)

+ ﬁllg(a, B.7,5,2(z,5),U(z,9)) - 9(a, 8, 7,5, 2(z,5),u(z, 5))|dad Sldsd,

17



P3aesa B.I'. | Scientific News 26 Issue 1 (2026)

(Z,=const >0).

[Tycts UeU mpoussonsublii BekTop, (6,¢&) €[ty 1) x[Xy,X) - nmpousBonsuas Touka JleGera
ympaenenuss U(t,X) , a &>0 mnpou3BONBHOE JOCTaTOYHO MajO€ YHCIO, TakKoe, 4YTO
O<e<t, E<e<X. u(t,x) onpenenum no Gopmyine

V —u(t,x),(t,x) e[0,0+&)x[E,E+¢
s (- [V U100+ 0)x ) -
0,(t,x) e D\[8,0+ &) <[, & +¢).
Yepez Az, (t,X) 0003HaYMM CrenMaiIbHOE MpHpalieHne coctosHust Z(t,X) yrmpaBiaeHHs
u(t, x) . 13 ouenku (22) mosyuaem, 4to ||AZ4 (t, X)|| <Z,a(t,x) e D (24), rme Z, =const >0,
VYuuteiBas oueHky (24) u popmyny (23) u3 (20) momydum pasioxeHue:
S(U + AUZ) - S(U) = _gz[H (0’ ‘f! 2(0! Cf),V) —H (0! 51 2(01 é:)! U((9, é:))] + O(éV)
Teopema 1. J{ns ontumansHocti pomyctumoro yrpasinenns U(t, X) Heo6xommmo, 4T06b!
HEPaBEHCTBO
H(0.£,2(0,8),v,w(0,8)) - H(0,£,2(0,£),u(0,),v(0.£)) <0 (25)
BhIIONHsIIOCH 11st Beex (6, &) €[, t) x[X,, %) .

CdopmynupoBaHHOE HEOOXOAMMOE YCIOBHE ONTHMAIBHOCTU SIBJISETCS €CTECTBEHHBIM
pacmpocTpaHEHHEM Ha paccMmaTrpuBaemyro 3anaudy npuHiuna makcumyma JI.C.Ilontpsiruna. 9to
yCIOBUE CTAaHOBUTCS HE H(G(EKTHBHBIM, T.€. €ro HeIb3sd HCHOJIB30BaTh S HaXOXKICHUS
HaIpaBJICHUN TMOJO3PUTENbHBIX HAa ONTHMAJIbHOCTh, €CIM COOTHOIIEHHE (25) TOXIAECTBEHHO
BBITIOJTHSIETCS BAOJb YIPABICHUSI.

B cootBeTcTBUM C 3TUM IOIyCTMMOE YIIPABICHHUE U('[, X) OyZeM Ha3bIBaThb OCOOBIM, €CIIU

pu Beex V €U HepaBencTBo (25) BBINONHIETCS KaK TOXIECTBEHHOE PaBeHCTBO Ha D .
[epeiizem K OTy4EHUIO HEOOXOIUMOTO YCIIOBHUS ONITHMAILHOCTHA OCOOBIX YIIPABICHUH.
BeneM o0o3HaueHUS

f,[t,x]= f,(t, x, z(t, x),u(t, x)), 9,[t,x,7,s] =9, (t, X,7,S,2(z,S),u(z,s))
A Tt X]= f (L x, z(t, x), U(t, x)) — £, z(t, x),u(t, x))
A TG X]= 1, (E x, z(t, x), U (t, x)) — £, (t, X, z(t, X), u(t, x))
W3 kpaeBoii 3anaun nosyuum, uto AZz(t, X) sBIseTcs pelieHHueM JMHeapu30BaHHOM KpaeBoi
3aJa4uu

Az, (t,x) = f,[t, x]Az(t, x) + j i q,[t, X, 7,8]Az(z,s)dsdz +

fo Xo

. (26)
+A AL, x]+”Aﬁg[t, x,7,s]dsdz + h,(t, X; Au)
Az(t,,x)=0 @27
Az(t,x,) =0, R(t,x,t,x)=E
31echb
h, (8, %; Au) = A, £ [t, X]Az(t, X) + j j A.9,[t X, 7, 5]AZ(z, s)dsd 7 +
t) X (28)

4o

+[ o, (Jaz(z, s)|)dsdz + o, (Jz(t, X)).

fo X%

[Mycte R(t, X, 7,S) (NxN)-MarpuaHas GyHKIHUS SBISIONIEECS PEIICHUEM 3a1a41

18
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R_(t,X)=R(t, x,7,9),[r, s]+jj R(t, X, @, £)9,[e, B, 7, sKded 3,

R(t,x,7,X) =0, R(t, x,t,5) =0, R(t,x,t,x) = E.
Torna pemenue TMHEapU30BaHHON KpaeBoi 3a1aun (26)-(27) MOXKeT OBITh IPEICTABICHO B BUE:

Az(t,X) = j JX. R(t,x,7,5)A; f (z,s)dsdz +

ty X
t

|
T

R(t, x,7,5)h (7, s; Au)dsdz.

+

—_—
—_—

R(t,x,a, £)A;9(e, B,7,5)dadf]d wds + (29)

O C— <

—
S
>

0

+

—_—
—_—

—
x<

0 70

Eciu BBecTit 0003HaYECHUSA

h, (t, X; Au) = n R(t, x,7,S)h,(z,s; Au)dsdz

M (z,s,u(z,s)) =R(t, x,z,9), f(z,s, z(z,s,u(z,s)) +

+[[RC %@ Ag(a. B.2(z,5).u(z. 5))dedp,

TO TipenacTaBiieHue (29) MOKeT ObITh 3aITMCAHO B BUJIC

Az(t, X) =j.j.[M (t,x,7,s,0(z,S)) —

fo %o

—M(t,x,7,s,u(z,s))ldsdz + h, (t, X; Au).

(30)
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Xiilasa
iki tortibli hiperbolik inteqro-diferensial tanliklor iiciin Qursa masalasi ils tasvir olunan
sistemlords optimal idaraetma masalalari
Rzayeva V.G.

Acgar sozlor: optimal idaraetma, Gursa moasalosi, ikinci tortibli hiperbolik tonliklor, inteqro-differensial
tonliklor, optimalliq sartlori, xiisusi idaraetmalor, Pontryagin maksimum prinsipi, variasiya
tsullar, sorhad sartlari, idara olunan proseslar.

Isda ikinci tortibli hiperbolik tipli inteqro-differensial tonliklorlo tosvir olunan proseslor {igiin optimal idaroetma
problemi todqiq olunur. Optimalliq moasalalori arasdirilir vo bu sinif problemlords yaranan xiisusi idaroetmolor tohlil
edilir. Pontryagin maksimum prinsipi va variasiya tisullar1 istifads olunmagqla optimalligin zaruri sortlori alds edilmisdir.
Xiisusi hallara ayrica diqqet yetirilir, burada klassik optimalliq sertlori kifayat etmir. Gosterilmisdir ki, inteqral
torkiblorin mdvcudlugu optimal va xiisusi idareetmslorin strukturuna shomiyystli tosir gostorir. Alinan naticoler
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hiperbolik inteqro-differensial tonliklorlo tosvir olunan idaro olunan proseslorin riyazi modellogdirilmoasi vo
optimallagdirilmasi {i¢iin istifado oluna biler.

Summary
Optimal control problems in systems governed by the Goursat problem
for second-order hyperbolic integro-differential equations
Rzayeva V.G.

Key words: optimal control; Gurs problem; second-order hyperbolic equations; integro-differential equations;
optimality conditions; singular controls; Pontryagin maximum principle; variational methods;
boundary conditions; controlled processes.

This work investigates the optimal control problem for processes described by second-order hyperbolic
integro-differential equations with Gurs-type boundary conditions. The study addresses the optimality of controls and
analyzes singular controls arising in this class of problems. Using the Pontryagin maximum principle and variational
methods, necessary conditions for optimality are derived. Special attention is given to degenerate cases where classical
optimality conditions are insufficient. It is shown that the presence of integral terms significantly affects the structure of
optimal and singular controls. The obtained results can be applied to the mathematical modeling and optimization of
controlled processes governed by hyperbolic integro-differential equ
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Neftlorin naqli zamani xlor iizvi birlasmoalarinin toyinind» istifads olunan 6l¢ii
vasitalorinin vo avadanhqlarin diizgiin totbiqinin vacibliyi
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MOQALD HAQQINDA MOLUMAT XULASO
Magalanin tarixgasi Mbaqalada xloriizvi birlagsmalar (XUB) torkibli nefilorin nagli va
Daxilolma tarixi: 09.12.2025 emali zamam korroziyamin asas monbalorindon biri oldugu
Diizalis tarixi: 02.02.2026 .. i R .
Qobulolunma tarixi: 03.03.2026 gos.tarll.lr va XU.B-ZI.’I normadan fzmq Volmasznm istehsalat,
iqtisadi va ekoloji risklor yaratdigi vurgulanir. Bu magsadla
Acar sézlor XUB-in idara olunmasi, mansayinin tahlili va monitoringinin
Xlor tizvi birlagsmalor, diizgiin tagkili tizro miiasir yanasmalar taqdim edilir. Model
hidrotamizlama, riforming, neftlor iizorindo buxar fazali niimuna gétirmo va qaz
potensiometrik titrlomo, xromatoqrafiyvasi ilo aparilmis todqiqatlar gostormisdir ki,
mikrokulonometr, rentgen iisul neftin néviindon va tarkibindon asili olmayaraq XUB-in

fliiorosensiya, xromatoqrafiya  siiratli askarlanmasina imkan verir. Diizgiin tatbiq olunduqda
bu yanasma ¢irklonmis neftin boru komorlorina va emal
zavodlarina daxil olmasimin qarsisint vaxtinda almaga sorait
yaradir

Giris

Azorbaycanda va bir sira digor neft nogl edon dlkolords xloriizvi birlosmalorin (XUB) boru
komorlarina vo neft emali zavodlarina daxil olmasi ciddi texnoloji vo iqtisadi problemlors sabab
olmusdur. Bu vaziyyatin an gabariq niimunasi 2019-cu ildo Rusiyanin “Drujba” boru koamarinda bas
veron hadisadir ki, XUB-lorin yalmz hor on giinden bir analiz edilmosino dair normativ toloblor
bodyiik miqyash itkilorlo noticolonmisdir [1]. Neft emali zavodlarinda XUB-lor asason benzinin
hidrogenlo tomizlonmasi marhalasinds hidrolize ugrayaraq HCI vo ammonium xlorid omslo gatirir
va bu maddaler xiisusilo hava ilo soyudulan qurgularda intensiv korroziyaya sobab olur. XUB-lorin
qaynama temperaturlarinin benzin fraksiyalar1 ilo ist-iisto diigmosi osas zodslonmonin katalitik
riforming vo izomerlosmo qurgularinda bas vermosino gotirib ¢ixarir vo bozi hallarda
katalizatorlarin aktivliyinin itirilmasine sabob olur. Son onillikde (2010-2025) aparilan todqiqatlar
gostarir ki, XUB-lorin yaratdig1 risklorin azaldilmasi onlarin ¢ixarilmasi, miqdarmin azaldilmasi vo

askarlanma mexanizmlorinin tokmillosdirilmasi ilo bagl miixtolif yanagmalarin inkisafini tolob edir
(sokil 1).
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- Uzvi xloridlarin agkarlanma

Uzvi xloridlarin gixarilmasi va azaldilmasi
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Sakil 1. XUB-lorin statik tohlili (2010-2025-ci illor, 1-normal, 2-riskli, 3-kritik hadd).

Todgigatlara osasen neftdo olan XUB-lorin komponentlorinin sxematik tosviri verilmis ardiciligla

doyisir vo homin birlosmolerin qaynama temperaturu 60-210 °C arasinda olur.
Cl

H Cl Cl
Cl e Z ¢

Xloroform- €I~ "Cl  Karbontetraxlorid- €'~ "©! | Tetraxloretilen-  CI ,
H

{ )—c PSR
Xlorbenzol- , Dixlorometan- H~ "ClI |

Neftdo mévcud olan xloriizvi birlosmoalorin (XUB) hidrolizi naticesinda korroziyaya sobob
ola bilon qaz fazali HCl-in omolo golmo mexanizmi asagidaki reaksiyaya uygun olaraq hoyata
kegirilir:

RCI + H,O = ROH + HCI
CCl,(g) + 2H,0(g) = CO,(g) + 4HCI(g)
CHCl(g) + H20(g) = CH»0(g) + 2HCI(g)
CeH4Cl2(g) + 2H20(g) = C¢H4(OH)2(9) + 2HCI(9)
CCI,CCly(g) + 4H,0(g) = HCOOH(g) + CO,(g) + 4HCI(g) + H»(Q)

Gostorilon reaksiyalarin noticosindon goriinlirki proses vaxtinda askarlanmasa qlobal
tohliikalor yarana bilor.

Tadqiqgatin metodikasi

XUB-lorin yaratdig1 potensial tohliikalorin qarsisini almaq iigiin onlarin toyini {izro bir sira
iisullar vo standartlar moévcuddur.

Potensiometrik  titrloma  iisulu  (argentometriya):  Potensiometrik titrlomo iisulu
(argentometriya) XUB-lorin toyininda on genis istifado olunan metodlardan biridir vo TOCT P
52247-2004 (Metod A), ASTM D4929 (Metod A) vo UOP 588 standartlarinda tosvir olundugu
kimi, nlimunanin qeyri-lizvi duzlardan tomizlonmasindon sonra tizvi xloridlerin dehalogenlosmasi
vo omolo golon xloridlorin titrlonmosi prinsipi ilo isloyir. Siliso vo glmiis/giimiis-xlorid
elektrodlarina malik GT-200 titratoru bu standartlara tam uygun olaraq hom manuel, hom do
avtomatik rejimdo yiiksok doqiqliklo neft vo karbohidrogenlords iizvi xloridlorin toyinini hoyata
kecirir.

Mikrokulonometrik titrloma tisulu: XUB-lorin iimumi migdarini toyin edon mikrokulometrik
metod 'OCT P 52247-2004 (Metod B), ASTM D4929 (Metod B), UOP 910, ASTM D5808, UOP
779, EN 14077, ASTM D5194 vo ASTM D7457 standartlarinda tosvir olunur vo ilkin distilla,
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niimunanin yanmasi vo mikrokulometrik titrlomo marhalslarini shato etmakls yanasi, MDC-210 va
TOX-300 detektorlarinda 0,05 ppm, NSX-2100 analizatorunda iso 0,01 ppm hossasligla toyinata
imkan verir ki, bu da standartlarda tolob olunan 1 ppm haddindon xeyli yiiksok doqiqlik demokdir.

Rentgen fliiorosensiya iisulu: Neftdo XUB-lorin toyini {iciin totbiq olunan rentgen
fliioresansiya tisulu TOCT P 52247-2004 (Metod B) va 2017-ci ildo ASTM D4929-a (Metod C)
daxil edilmis olub, Bregg difraksiya prinsipi ilo isloyon dalga dispersiyali spektrometriyanin
miidaxilo edon amillorin olmamasi sobabindon yiiksok doqiqlik tomin etmaesi ilo yanasi,
monoxromatik dispersiya prinsipi osasinda foaliyyat gdstoron CLORA 2XP analizatorunun XUB-
lori 0,07 ppm-o godar toyin edorok modvcud standartlarin hossasliq taloblorini iistolomasi vo olave
olaraq asag1 qatligl kiikiirdiin analizinds do istifado olunmasi ilo xarakterizo olunur.

Konduktometrik detektorlagma ila ion xromatografiya: TOCT P 57033-2016 vo UOP 991-13
standartlarinda tosvir olunan iisul neftds iizvi halogenlorin iz migdarlarinin (0,1 ppm-o gadar) toyini
ticiin istifade olunur vo Mitsubishi AQF-2100H sistemi hom {iizvi xlor, hom do diger halogen vo
kiikiird torkibli birlosmoalori etibarli sokildo miioyyon edo bilir. Rentgen fliioresansiya vo
konduktometrik detektorlu ion xromatoqrafiyasi yiliksok haossasliqla miixtolif torkibli neftlorin
tohliline imkan verdiyi halda, potensiometrik vo mikrokulonometrik metodlar torkibindo halogenid
vo kiikiirdli maddolor olan niimunsloro totbiq oluna bilmir. Miisahidolor gostorir ki, benzin
fraksiyasinda XUB-lorin 40-50 ppm olmasi nagl xatlorinde 2-3 giin orzinds korroziya yarada vo
Samara—Belarus komorinds oldugu kimi milyon tonlarla neftin ¢irklonmasine sobob ola bilar.
Hazirlanmig metod [5] XUB-lorin real vaxtda monitoringini vo Henri qanununa osaslanan buxar
xromatoqrafiyasi ilo xottdaxili analizi tomin edorak istehsal proseslorinin avtomatlagdirilmasina vo
miiassisalorin rogamsal transformasiyasina sorait yaradir [6].

Naticalar vo onlarin miizakirasi

Neftin keyfiyystino nozarstin avtomatlagdirilmasi niimuno hazirlanmasi zamani bas vero
bilon sistematik itkilori azaldir vo XUB-lorin toyininin doqigliyini artirir [7]. Bu mogsadlo tatbiq
olunan SARA analizi gazsizlasdirilmis neftin doymus karbohidrogenlora, aromatiklora, qatranlara
vo asfaltenlora ayrilmasina asaslanir vo Azorbaycanin garisiq model neftlori tigiin naticolor Cadval
1-do gostorilmisdir [8].

Cadval 1.
SARA analizinin naticalori
Karbohidrogenlor = |Azerba}£;mn r|nuxt911f qe;;zlq nleftl "
q.b-180°C

Nefto gora ¢ixim, % 0 16,7 16,5 18,5
[MapaduHo-HadTEHBI — 92,5 90,2 92,0
Aromatik karbohidrogenlor:

Monoaromatik - 6,9 9,2 75
Biaromatik - 0,6 0,6 0,5

180-350 °C

Nefto gora ¢ixim, % 50,0 38,3 28,5 26,5
Parafin-naften 70,8 75,4 83,1 88,2
Aromatik karbohidrogenlor:

Monoaromatik 10,7 13,3 8,5 7,1
Biaromatik 13,7 10,0 7,9 45
Poliaromatik 48 1,3 0,5 0,2

>350 °C

Nefto goro ¢ixim, % 50,0 45,0 55,0 55,0
Parafin-naften 32,7 20,7 42,3 66,4
Aromatik karbohidrogenlor:

Monoaromatik 115 11,9 10,0 9,9
Biaromatik 5,2 55 47 3,6
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Poliaromatik 27,3 37,7 24,2 12,8
Neytral gatranlar 7.8 7,0 59 2,7
Turs qatranlar 115 12,8 9,5 4,0
Asfaltenlor 4.1 4.6 3,4 0,9
Nefto goro comi

Parafin-naften 51,8 53,6 61,8 76,9
Aromatik karbohidrogenlor:

Monoaromatik 11,1 11,6 9,4 8,7
Biaromatik 9,4 6,3 4,8 3,2
Poliaromatik 16,1 17,5 13,5 7,1
Neytral gatranlar 3,9 3,2 3,2 15
Turs gatranlar 5,8 5,8 5,2 2,2
Asfaltenlor 2,1 2,1 1,9 0,5

Niimunalora avvolcaden molum miqdarda XUB alavo edilmis vo daha sonra buxar fazal
nlimuns gotiirma qurgusundan istifado olunaraq qaz xromatoqrafiyast ilo onlarin qatligi miioyyon
edilmisdir. Todqgiqatlar TOCT 33342-2015 vo I'OCT P 52247-2004 standartlarinin toloblarine
uygun olaraq B metoduna asasen aparilmis, eyni zamanda 5-200 ppm diapazonunda miixtalif XUB
konsentrasiyalari ilo tomiz niimunalorin miiqayisali analizi hoyata kegirilmisdir. Prosesin is prinsipi
sokil 2-do gostorildiyi kimi, neft niimunasinin qizdirilmis xsttdon niimuno gotiirms cihazina
Stiiriilmesi vo 20-150 °C temperaturda iizvi xlor, kiikiird torkibli birlesmalor vo formaldehidin
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Sakil 2. Buxar fazali niimuna gotiiran cihazdan
istifada edarak qaz xromatoqrafiyasi metodunun
sxemi.

buxar fazasia kegmaosi asasinda qurulmusdur.
Niimuns gotiirmo cihazi komponentlorin buxar
fazasina kecirilmosini tomin etmok {igiin
qizdirilan inert qazla isloyir vo tarazliq
yarandigda buxar analitik xromatoqrafin
dozalayici1 dovresino Otiiriiliir. Buxar—maye
nisbatinin 10-90% intervalinda saxlanmasi vo
20-150 °C-do termostatiklosdirmo 6l¢moalorin
doqiqliyini artirir, dozalayict ddvroye daxil
olan 100 mkl-5 ml niimuns iso xromatoqrafik
stitunlarda ayrilaraq detektorda qeydo alimnir.
Analizatorun kalibrlonmasi sertifikatlagdirilmis
qarisiqlarla  avtomatik hoyata kegcirilir vo
naticolor 5-200 ppm diapazonunda aparilmis
paralel xromatoqrafik veo rentgen-fliloresans
Ol¢moalari ilo TOCT 33342-2015-in B metodu
lizro miiqayisodo yiiksok doqiqlik gdstormisgdir.
Smagqlar gostorir ki, iisul neftin torkibindon
asili  olmayaraq XUB-lorin birbasa toyinini
tomin edir, yalniz 200 ppm-don yiiksok
qathiglarda durulagdirma tolob olunur vo ilkin
distillo  vo titrlomo morhalslorinin  aradan
qaldirilmast sayesindo istehsal proseslorindo
operativ monitoring {li¢iin Ustiinliik yaradir.
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Cadval 2.
Miixtalif analiz iisullarimin miiqayisali naticalori
Atomar xlora géro hesablanmis miqdari, ppm
XUB Nel Ne2 Ne3 Ne4 Ne5
(Gppm) | (10ppm) | (20 ppm) (50 ppm) (200 ppm)
Karbon tetraxlorid 0,924 1,801 3,752 9,362 52,111
Trixloroetilen 0,130 0,134 0,143 0,174 0,413
Xloroform 0,330 0,456 0,733 1,455 5,746
Tetraxloretilen 0,047 0,099 0,194 0,433 2,054
1,1,1,2-Tetraxloroetan 0 0 0,032 0,068 0,310
Pentaxloretan 0 0 0,158 0,184 0,385
Heksaxloretan 0 0 0 0,136 0,187
1,1,2,2-Tetraxloretan 0 0 0 0 0,366
Comi 1,432 2,491 5,011 11,813 61,572
XUB-lorin naftaya gora
hesablanmig miqdari. 450 7,33 15,73 45,34 309,46
XUB-lorin naftada miqdari.
I'OCT 333422015 gora 5 10 20 50 215
Daqiqlik, % nisbat. —9,98 —26,69 —21,35 -9,3 47,23
Cadval 3.
Neftin torkibindan asili olaraq XUB-lorin tayini
Neft niimiinesi XUB-lorin faktiki alinmis miqdarlarinin noticeleri, ppm
5 ppm 10 ppm 50 ppm 100 ppm 500 ppm
Nel 3,08 7,35 61,24 40,30 1158,18
Ne2 4,03 9,66 47,74 93,05 596,17
Ne3 4,40 9,66 47,74 93,05 596,17
Ne4 3,98 7,78 44,08 94,42 382,47

Azorbaycanin miixtolif model neftlorino 100 ppm XUB olave edilmoklo aparilan tohlillor
gostormisdir ki, noticolor neftlorin gatran, asfalten vo parafin torkibindon formalasan faza
quruluslarindan asili olaraq doyisir. XUB-lorin operativ askarlanmasi iigiin CHROMOS sirkatinin
hazirladig1 onlayn analizator boru komaorlorindo vo nasos stansiyalarinda real vaxtda monitoring
imkani tomin edir vo saha sinaqlart laboratoriya tisullarindan daha yiiksok doaqiqlik niimayis etdirir

[9].
Cadval 4.
Torkibina 100 ppm XUB alava edilmis 28 may nefti ilo garisdirilmis neftlorin tohlili.
XUB-lorin _10/90- %
Sixliq 20 oC miqdart nlsbe_tlnde 100_ _ Qotran, | Asfaltenloar,
Model neft kg/m?® ' 1 034 ppm-li npft/tamlz Parafin kutlo % kutlo %
niminolori | 1o rag00 ppkﬁt o, | neftXUB-orin | kiitlo % |Silkogelli| ~TOCT
' . miqdari, I'OCT 11851.| qatran. 11858.
ASTMD 4 0
4929, ppm x10™ kiit.%
ASTMD 4929.
28 may 856,0 100 - 1,91 12,80 0,76
Balaxani 876,0 0,9 9,3 0,31 7,6 0,01
Buzovna 991,6 0,8 8,1 0,88 10,8 0,13
Suraxani 848,8 0,7 11,8 1,71 1,7 <0,01
Yuxar1 Qala 868,3 0,9 7,4 0,28 51 <0,01
Asagi Qala 880,0 0,6 9,8 0,35 3,4 0,08
Bibi-Heybot 877,5 0,6 10,9 0,54 5,9 0,11
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Bibi-Heybot 887,0 0,7 13,6 1,10 11,3 0,17
parafinli

Binogadi 902,7 0,5 8,7 0,68 9,1 0,08
Muradxanl 876,8 0,6 14,6 571 18,3 4,82
Qaradag 848,6 0,4 15,4 5,98 4.3 0,12
parafinli

Qaradag yagh 904,0 0,7 11,3 1,34 9,7 0,02
Neft Daglari 887,0 0,4 9,7 1,65 11,6 0,54
Gilinosli 861,0 0,9 10,1 0,43 6,8 0,59
Ciraq 862,5 0,8 10,4 0,38 57 1,9

Axin miiddatindo avtomatik olaraq neftdo mévciid olan XUB-lorin 0,1 —10 ppm intervalinda
miqdarinin toyin etmok imkanina malikdir (cadval-5).

Cadval 5.

CHROMOS-un toklif etdiyi iisulla XUB-Iori avtomatik alina bilon naticalori

Kompound Torkibi Had (ppm) Yiiksok had (ppm)
Karbon tetraxlorid 0,1-5 10
Xloroform 0,1-5 10
Dixlorometan 0,1-5 10
1,2-Dixloroetan 0,1-5 10
Trixloroetilen 0,1-5 10
Tetraxloretilen 0,1-5 10
1,1,1,2-Tetraxloroetan 0,1-5 10
1,1,2,2-Tetraxloretan 0,1-5 10
Pentaxloroetan 0,1-5 10
Heksaxloroetan 0,1-5 10

Dozalayici tisulla etibarli 6lgmo yalniz proses sabit temperatur vo miioyyon olunmus hacmds
aparildigda miimkiindiir; axinli buxar fazali niimuno goétlirmo zamani iso komponentlorin tam
tarazliga kegmosi liglin vaxt ¢atmadigindan doqiq moalumat olds etmok olmur vo arbitraj analizlori
iclin néqtovi toplum tisulu daha mogsadouygun hesab edilir [10]. Buxar fazali analiz boru xottindo
real vaxtda XUB monitoringino imkan verir, korroziya riski yaradan hallar barado operativ qorar
vermayi tomin edir vo qobul-tohvil proseslorindo XUB moanboyinin avtomatik identifikasiyasini
miimkiin edir. Onlayn xromatoqrafin kalibrlonmesinin avtomatik olmasi vo dlgmolorin insan
faktorundan asili olmamas1 Usulu daha etibarli edir vo CHROMOS sisteminin laboratoriya
analizlorino nisbaton yliksok doqiqlik vo iqtisadi istlinliik gostordiyi qeyd olunur [11]. Bununla
bels, ilkin moarhalolords eyni cinsli neftlor {i¢iin laboratoriya analizlori ilo paralel miigayiso tolob
olunur vo nogl zamani yaranan problemlorin qarsisini almagin on effektiv yollarindan biri XUB-
lorin miqdarinin diizgiin monitorinqi vo qrup torkibine uygun secilmis kimyovi reagentlordon
istifadadir [12].
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Summary
The importance of proper application of measuring instruments and equipment used
in the determination of organochlorine compounds during the transportation of oils.
Nurullayev V.H., Gurbanov G.R., Gasimzade A.V., Aliyeva G.M.

Keywords: organochlorine compounds, hydrotreating, reforming, potentiometric titration, microcoulometer,
X-ray fluorescence, chromatography

The article examines oils containing organic chlorine compounds (OCCs), which are a major cause of
corrosion during transportation and processing, and whose excess levels pose significant production, economic, and
environmental risks. Modern approaches for managing OCCs, identifying their origin, implementing mitigation
strategies, and ensuring proper monitoring are proposed. Studies on model oils (paraffinic, asphaltene—naphthenic, and
tar-containing) using gas chromatography with a vapor-phase sampler demonstrate that OCCs can be reliably and
rapidly detected regardless of oil type or composition. Proper application of this method enables timely prevention of
contaminated oil entering pipelines and refineries.

Pesrome
BakHOCTH MPABUJIBHOTO MPUMEHEHHS M3MEPHTEIbHBIX MPHOOPOB M 000PYA0BAHHS, HCIIOIb3YeMBbIX
TIPH ompe/ieJIeHUN XJI0POPraHNYecKuX coeAMHeHnii MPH TPAHCIOPTHPOBKe HedTH.
Hypynnaes B. X. I'ypoanos I. P., I'aceimzaoe A. B., Anuesa I'. M.

Knrwouegvie cnosa: xiopopeanuueckue coeOuHeHus, 2uOpOOYUCMKA, PUDOpMUHS, NOMEHYUOMEMPULECKOe
MUmMpoeanue, MUKpOKyJIOHOMEMPUs, PeHM2eHOPryopecyenyus, Xxpomamozpapus

CraTpst TOCBsIIeHa THpobOJeMe KOPPO3WH, BO3HUKAIOMIEH NPH TPAHCIOPTHPOBKE W TepepaboTke HepTH,
conepxkamieit xaopopraandeckue coeauHeHns (XOC), KOTOpble IpH MPEBBIIICHHA HOPM CO3Af0T IPOU3BOACTBEHHEIE,
9KOHOMHYECKHE W HKOJOTHYECKHe PUCKH. B paboTe mpemmoskeHBl COBpeMEHHBIE MOAX0nabl K ympasieHnio XOC,
aHAM3y UX TPOUCXOXKICHHSA, CHIDKEHHIO UX COJACpXKaHWS M opraHu3anmud S()(EKTHBHOTO MOHHTOPHHTA.
HccrnenoBanus, BBIOJIHEHHBIE HAa  MOJCNBHBIX  HeTIX  (HMapapUHHUCTBIX, achalbTeHO-HA(PTEHOBBIX U
CMOJIOCOJIEPIKAIINX) METOJIOM Tra30BOi XpomaTorpaduu ¢ MCIOIb30BaHHEM Mapoda3HoOTo MpoOOOTOOPHUKA, MTOKA3aTH
BO3MOXXHOCTH omnpejeneHnss XOC He3aBUCHMO OT THIA M cocTaBa HE(TH, a TaKKe MX IKCIIPECCHOTO OOHApY>KEHHS.
KoppekTHOoe mnpuMeHeHHe MeToAa MO3BOJISIET CBOEBPEMEHHO IpEOoTBpaliaTh MOMaJaHue 3arps3HEHHON HepTH B
TpyOOIIPOBOAKI U HA HedTenepepadaThHIBAIONINE 3aBO/IBL.
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Magalanin tarixgasi Togdim olunan moaqals klassik fundamental tizvi reaksiyalardaki problemlor,
Daxilolma tarixi: 15.01.2026 onlarin arasdirilmasi va yagsil kimya prinsiplorinin tatbiq edilmasi ilo movcud
Diizalis tarixi: 06.02.2026 problemlarin aradan qaldiriimasina hasr olunmugdur. Kimyavi mahsullarin
Qabulolunma tarixi: 03.03.2026 va proseslorin layihalondirilmasinda  yasil kimyamin istifads edilo bilon

miixtalif prinsiplorindan istifads olunmasi-tullantilarin azaldalmasi, enerjiya
Acar sézlar gonaat edilmasi va daha tahliikasiz maddalarin (halledicilor) axtarilmast iigiin

klassik iizvi reaksiyalar, yasil kimya vo ~ samarali va innovativ yollar toklif edir vo bununlada iqtisadiyyata, comiyyata

onun 12 prinsipi, atom igtisadiyyati, E-  va biosfera fayda verir va qoruyur.

amili, ion mayelari, ultrasas Bu prinsiplor daha dayamqly inkisafi tomin edir va ya barpa olunan

stialandirilmast xammaldan istifada va mahsulun istismar miiddati va ya son utilizasiyasi ti¢tin
layihalandirma kimi masalalari ohato edir

Amerikali alim Pol Anastas “yasil kimya”konsepsiyasini (terminini) ilk dofa 1991-ci ildo
elm vo sonaye diinyasina (ABS Otraf Miihitin Miihafizosi Agentliyi) daxil etmisdir. Bu
konsepsiyanin elmo daxil edilmasi Yasil Kimya Progqraminin baslanmasi ilo irali siiriilmisdiir.
Kimyanin otraf miihito tosirini azaltmagqla borabar 6z yaxsi niyyetlorini saxlamaga imkan vermok
ticiin iki alim Anastas vo Varner 1998-ci ildo “Yasil Kimya: Nozariyyo vo Tacriiba” kitabini nosr
etdirmis vo bununla da,“yasil kimyanin on iki prinsipi”’nin formalagmasina nail olunmusdur.

Bu elm sahasinin cavan olmasina baxmayaraq, onun prinsiplorinin iizvi kimyanin genis
aspektdo molum olan klassik reaksiyalarinda totbiq olunmasi, reaksiya soraitlorinin
yaxsilagdirilmasina, prosesin ekoloji tomiz soraitdo aparilmasina, alinan moagsodli mohsulun atom
somaraliliyina sobab olur [1].

Mohz bu sadalananlara daha da aydinliq gotirmok iiclin konkret bir nego niimunalori
nazardon kiigirak.

I. Anri reaksiyasi: Reaksiyanin yerino yetirilmosi vo alinan naticolora asason, mohz bu
prosesin, yasil kimyanin 1,2 va 9-cu prinsiplorinin toloblarins cavab verdiyi miisahids olunur.

Bu reaksiya nitroalkenlor soklindo yan mohsullarin alinmasi ilo nitrometan vo aldehid
arasinda gedon aldol tipli B-hidroksinitrobirlosmalarin sintezi reaksiyasidir.
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Anri reaksiyasinin mexanizmi

Yasil kimya prinsiplorinin asas gotiiriilmosi ilo B-hidroksinitro birlosmolorin Anri metodu
iizro sintezi reaksiyasinin aparilmasi toklifi Kalyani Rackumar vo b. torofindon verilmisdir. Bu
reaksiyanin aparilmasinda miislliflor banan qabigimin keskin (tiind) kiiliindon katalizator kimi
istifado etmis vo yiiksok gdstoricilora malik naticalor oldo etmislor.

o

0. .0
Ty E Q5N OH
N R:ZJLH 2 } (
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Anri reaksiyasi, Ri- alkil grupu, Ry-alkil va ya aril grupudur, katalizator- banan qabigimin kiiltidiir.

Komponentlorin katalizatorla on yaxsi nisbotlorininin, yoni aldehid vo nitroalkanin
ekvimolyar nisbatlori zamani mohsulun ¢iximi 98% toskil etmisdir. Reaksiyanin gedisindo yan
mohsullar alinmir, bu atom somarsliliyinin (AS) 100%, E-amilinin isa 0,115 alinmasina imkan
verir. Reaksiya holledici istirak etmoadon gedir vo olava enerji sorfi tolob olunmur.

2018-ci ildo Abdellattif, Moxtarin iginds, katalizator kimi alimomaqnezium tabagali ikili
hidroksidlorin istifads olunmasi zamani, haddon artiq yiiksok tezlikli (HAYT) siialanmanin Anri
reaksiyasinin gedisino miisbat tosiri niimayis etdirilmisdir [1,2].

(]
D*mfo M R R,
R; °H o N_H
2
R1+H 90 °C OH
R CBY (14-20 muw, 300 BT) R4

KaT.

Anri reaksiyalarinda HAYT siialandirma, katalizator (aliimomagnezium tabaqgali ikili hidroksidlar)

Mohsulun hesablanmis ¢iximi, mohz HAYT stialandirmanin istifadosi zamani 98% toskil
etmisdir. Oxsar noticolora, HAYT stialandirma sistemlorindo katalizator kimi ultrasas tosirinin (US)
istifadosi zamani da nail olunur.

II. Barbye reaksiyasi: Metaliizvi reagentin ketonla qarsilighh tosir reaksiyasindan uygun
spirtin alinmasu Barbye reaksiyasi kimi moshurdur. Barbye torofindon kosf edilmis orjinal proses
miibahisasiz bir sira istiinliiklors malik olsa da, amma bozi catismayan cohotlor do movcuddur.
Mosalon, prosesin gedisinds “in situ” (substratin istirakinda) metaliizvi reagentin hazirlanmasi tolob
olunur ki, bu da prosesin aparilmasinda ¢otinlik toradir, belo ki.metaliizvi araliq moahsul suya qars1
cox hassasdir,reaksiya qabiliyyastlidir. Bu kimi sobablora goéro Barbye reaksiyasi baglangic olaraq
susuz holledicilords yerino yetirilmisdir. Reaksiyan1 yalnmiz yiiksok reaksiya qabiliyyatli
alkilhalogenidlorlo aparmaq olar. Barbye reaksiyasi tsiklopentanonun sintezinin daha miihiim
kimyavi proseslorindon biridir.

- O= .

/ I~ 0 OH

_y Me (Mg, Li Al Sm, Sbuap.) o/ Ri™ R, 1 H' k

R :ﬁ'_ = R ME K R"i R-\'RE - R:I-F -\'RE
R

-MeBr”

Barbye reaksiyasimin prinsipial sxemi. X-halogen. Me —metal

Yasil kimyanin—enerjiyo qonast 6-c1 prinsipinin |l-istiqamotni nozors alaraq, Barbye
reaksiyasinin modellogdirilmosi sahasindoki ilk addimlar, maqneziumun litiumla ovoz edilmosi
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olmusdur, lakin oldo olunan nailiyysti iso prosesin ultrasoslo (US) birbasa intensivlosdirilmasinin
naticasi saymagq olar. Ultrasasin totbiqi ilo Barbye reaksiyasi {izro mithiim kimyavi komponentlarin
sintezi shomiyyatli istiinliiklora malikdir, bels ki, reaksiya kommersiya baximindan ol c¢atan olan
tetrahidrofuranda (THF) aparila bilor vo reaksiyanin gedisindo reduksiya vo enollasma kimi alavo
proseslor miisahido olunmur. Allil- vo ya benzilhalogenidlorin istiraki ilo hoyata kegirilon bu
reaksiyalar daha yaxst c¢iximlarla >95 % naticolonir. Li/THF/US-in istifado olunmasi ilo
modifikasiya olunmus Barbye reaksiyasi sokilds toqdim edilir [3-5].

OH
i R,X, Li "I\
- R TR,
Ri™ ™Ry R

Trae, ¥3, 10-50 mMuH

US-in istirak: ilo Barbye reaksiyasi, X-halogendir

Analoji yolla va yaxs1 ¢ciximla (70%) dimetiltsiklopentenondan pentalen tursusunu almagq olar.

o
<\:\L Li, ELO, ¥3

US-in komayi ila pentalen tursusunun Barbye reaksiyasi tizra sintezi

Elaca do, alkilbenzaldehid vo alkilxlormetilbenzoldan 30 doq. miiddatinds, 0 °C-do Barbye
reaksiyasi izra 70% ¢iximla alkilfenilpropanollar1 almaq miimkiindiir.
Cl

HO
O
R
Lifadmap R
[=] ¥3B, 0 °C, 30 muH. =]

US istifadoasi ilo alkilfenilpropanollarin Barbye reaksiyast tizra sintezi

Fenilbutenonu otaq temperaturunda, 3 doq. miiddotinds,85%-li ¢iximla benzaldehidin
dietilpropenilfosfatla qarsiliqli tosir reaksiyasindan almaq olar.

O
/“v { O/\ :j @/M
) TFCD ¥Y3B

US istifadoasi ilo fenilbutenonun Barbye reaksiyast iizra sintezi

I11. Beylis-Xillman reaksiyasi: Aldehidlorin akrilatlarla tosir reaksiyalari naticosindo a-
(hidroksialkil) akrilatlarin vo ya vinilketonlarla a-(hidroksilalkil) vinilketonlarin alinmasinda C-C
rabitasinin omals golmasi Beylis-Xillman reaksiyasi kimi molumdur.

Hal hazirda Beylis-Xillman reaksiyasi mexanizminin doqiqlosdirilmasi miizakiro movzusu
olaraq qalmaqdadir. Bu soboba gors reaksiya mexanizminin 1983-cii ildo Hoffman torofindon toklif
olunmus sadslogdirilmis sxemininin verilmasi daha moagsadosuygundur. Hoffman torofindon toklif
olunmug reaksiya modelindo, reaksiya ii¢lii- amin istirakinda aktivlosdirilmis alkenin istirak: ilo
aldol kondenslogmasi ilo baglayir. Alinan ion intermediati sivitter- reaksiyanin gedisinds sonralar
sigmatrop yenidon qruplasmaya moruz qalir ki, bu da prosesds katalizator rolunu oynayan tglii-
aminin ayrilmasi ilo yekunlasir [3].

Beylis-Xillman reaksiyasi {izro sintezin aparilmast ii¢iin optimal kondenslogmonin
axtarilmas1 prosesesinin ohamiyyatli uguruna, DABCO ilo katalizo edilon benzaldehidin
metilkrotonatla aparilmasi reaksiyasinda HAYT siialandirmanin prosess miisbat tasiri noticosindo
nail olunur. Bu halda son mohsul yiiksok ¢iximla, 10 dog. miiddstindo alinir.
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Beylis-Xillman reaksiyasinin prinsipial sxemi
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HAYT —siialandriimasvnn istifadasi ilo Beylis-Xillman reaksiyasi

Beylis-Xillman reaksiyasi, hom do superkritik CO,-do reaksiyanin yiiksok konversiya vo
stirat gostaricilori ilo aparllmlsdlr

oH O
DABCO, 50 °C, 24 w.
r\o _— = O
12l.‘.lﬁap [

Superkrztlk haldaki COy-da Beylis-Xillman reaksiyasi

Yuxarida tosvir edilon reaksiyanin spirt istirakinda aparilmasi zamani, yalniz superkritik
CO; soraitlorindo gedon vo lickomponentli birlosma noticosinds omalogolon asas mohsul efirdon

ibarat olur.
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Superkritik haldaki CO,-da iickomponentli Beylis-Xillman reaksiyasi

Beylis-Xillman reaksiyasinin modellosdirilmosino  yanasmalardan biri iso  sintez
reaksiyalarmin yasil kimyanin 5-ci prinsipind uygun olaraq, yasil holledicilor - ion mayelori
miihitindo (IM) aparilmasidir. Miisahido edilmigdir ki, reaksiyamin hoyata kegirilmosi zamani
holledici kimi asetonitrilin heksafliiorfosfat 1-butil-3-metilimidazolla avoz edilmasi, DABCO ila
katalizo olunan benzaldehidin netilakrilatla reaksiyasinin siiratinin 33 dofs intensivlogsmasine gatirir,
lakin bu zaman son moahsulun ¢ixim1 nazars garpacaq doracads asagi diisiir [2-5].

Q Y o~ oH o
+ o DABCO, 24 u. - o
| MN"\N:_
Fole
FHP_ _F
F7 | F

F

Ton mayesi miihitind> Beylis-Xillman reaksiyast
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Lakin tez bir zamanda aparilan tohlillor ¢iximin asagi diismo sobobini aydinlasdirmaga
imkan verdi vo bu catismzligin aradan galdirilmasinin holl edilmoasi yolu tapildi, bu iso Beylis-
Xillman reaksiyas! iizro sintez prosesinds tamamilo yasil holledicilorden (IM) istifads olunmasini
ortaya qoydu. Molum oldu ki, asasi miihitlorde aldehid imidazol kationu ilo garsiligh tosirdo olarkon
sorf olunur, bu imidazol halgasinin ikinci voziyyatindoki protonun yiiksok horokotliliyi sayesindo
bas verir.

Rz
{ N—Rz AN A r/\N oM
[ + N N ae—= + I
A b —y - N\/)
Ry H RT/
/’P/H‘EHO
Rz“/

Beylis-Xillman reaksiyast iizra sintez prosesznda IM—mn imidazol kationunun alava reaksiyasi

Alman naticolorin asasinda gorara alinmisdir ki, inert halledici kimi IM-nin istifadesi zamani
ehtiyatliliga riayot olunmasi miitloq sortlordondir.

Imidazol tsiklinin ikinci voziyyotindoki protonuna goro, pK, gostericisinin kifayot qodor
asagl olmasi vo reaksiyada olavo mohsulun omologalmosi sobabi naticasindo ¢rximlarin asagi
alimmasi problemini aradan qaldirmaq mogsadilo, ikinci voziyyotdo ovoz edilmis imidazol ion
mayelorindon istifado edilmasi toklif olunur. Beloliklo, identifikasiya olunmusdur ki, miixtolif
aldehidlor vo metilakrilat arasinda Beylis-Xillman reaksiyasi, mosolon, heksafliiorfosfat 1-butil-2-
metil-3-imidazolda oldugu kimi yaxsi gedir. Elocads, bu reaksiya osasi nithito qarsi davamli vo
kationu ikinci voziyyotdo fenil- qrupu saxlayan imidazol ion mayelori istirakinda ugurla
aparilmigdir [4-6].

IV. Bidjinelli reaksiyasi:Bidjinelli reaksiyasi ¢ox komponentli kimyovi reaksiyadir,
reaksiyanin gedisi noticosindo asetat sirko efiri, aril- aldehidi (mosslon, benzaldehid) vo
karbamiddon dihidropirimidinonlar alimir. Dihidropirimidinonlar, Bidjinelli reaksiyasinin
mohsullaridir, aczagiliq sanayesinds kalsium kanallarinin bloklagdiricilart va s. kimi genis istifado
olunur.
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Bidjinelli reakszyasmm mexanizmi

Bidjinelli reaksiyasinin mexanizmi dihidropirimidinonlarin alinmasina gatiron bimolekulyar
reaksiyalar seriyasindan ibaratdir. Bu mexanizm 1973-cii ildo Svit torafindon toklif edilmis, 1997-ci
ildo iso Kappe torofindon tam doqiqlesdirilmisdir, mexanizm biitlin reaksiyanin siirotini miioyyon
edon, karbamidin aldehids nukleofil birlosmasi marholosindon baglayir. Onun arxasinca imin-
intermediati omolo gotiron tursu katalizi morholosi golir, bu morholodo omolo golon intermediat
imin- rabitasi lizro asetosirko efiri ilo reaksiyaya girir. Yekun morhalods karbonil qrupu tizro amin
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qrupunun birbasa nukleofil homlosi ilo tsiklin kondenslosmo qapanmasi bag verir, noticods bir
molekul su ayrilir [3,6].Yasil kimyanin prinsiplorini 5,9 nozors almagqla, Bidjinelli reaksiyasinin,
soraitininin optimallagdirilmast yollarinin axtarilmasi istiqamotindo atilan addimlar gosterir ki,
reaksiya sistemino hoddon artiq yiiksok tezlikli (HAYT) slialandirma tosiri prosesin
tokmillogdirilmosino nail olunmasma imkan verir. Niimayis etdirilmisdir ki, B-ketoefirlorin,
benzaldehidin vo karbamidin qarisig1 hoddon artiq yiiksok tezlikli (HAYT) siialandirma tosiri
altinda 1-5 dog.miiddotindo polifosfat efiri istirakinda 61-95%-1i ¢iximla dihidropirimidinonlarin
alinmasina gatirir.
X
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R e
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HAYT-siialandirmann istifada edilmasi ilo Bidjinelli reaksiyasi

Hoddon artiq yliksok tezlikli (HAYT) siialandirmanin tosiri ilo yanasi, ovvalki hallarda
oldugu kimi niimayis etdirilmisdir ki, Bidjinelli reaksiyasi tetrafliiorborat vo ya heksafliiorfosfat 1-
butil-3-metilimidazol IM-nin istirakinda yaxs: gedir. Belo hallarda, enonavi iizvi halledicilorden
istifado etmodon, son mohsulun daha yiiksok ¢iximla alinmasina nail olmaq miimkiindiir [5].
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IM-nin istirakinda Bidjinelli reaksiyas:

V. Dils-Alder reaksiyasi:Dils-Alder reaksiyasiC-C rabitosinin omolo golmosi ilo
naticolonan tipik reaksiyadir. Bu reaksiya, adduktlarin omalogolmasi naticolonan dienofil (2z-
elektron sistemi) adlanan ikili- vo ya ticli- rabitoyo malik olagoli dienlor vo birlogmolarlo
tsiklobirlogsmo reaksiyasidir. Bu reaksiyanin klassik niimunssi, butadienlo (dien) etilen (dienofil)
arasinda, hor iki komponentin ayri-ayriliqda vo ya inert hoalledicido qizdirilmasi1 zamani bas veron
qarsiligh tasirindan ibarardir. Qeyd edak ki, dienofil kimi etilenin avazinas asetilen do istifads edilo
bilar. Dils-Alder reaksiyasindailkin materiallardaki iki m-rabitosi hesabina iki yeni o-rabitasi amalo

galir.
R ~
Vo1 O

R
» S
L+ @

Dils-Alder reaksiyasi
Miitloq sort deyildir ki, dienlor yalniz atsiklik karbohidrogenlor olsunlar, bu reaksiyalarda

bozi heterotsiklik vo ya bozi aromatik birlosmolor do istirak edo bilorlor. Hazirki reaksiyaya
aromatik birlogsmolor icorisindon antrasen ¢ox asanligla daxil olur.
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Antrasen va arinin istiraki ilo Dils-Alder reaksiyasi

Dils-Alder reaksiyasmin haddon artiq yiiksok tezlikli (HAYT) sitialandirmanin tasiri ilo
aparilmast da olverigli soraitlordon sayilir. Beloki, antrasen vo malein anhidridi diglim istirakinda
hoddon artiq yiiksok tezlikli (HAYT) stialandirmanin tosiri altinda 80% c¢iximla addukt omolo
gotirirlor. Homin ¢iximla 90 doq miiddotindo gaynatmagqla gedon reaksiya ilo miiqayisado, toklif
edilon bu reaksiya 90 san orzindo bas verir.

A

Qe 34 . S
— cBu, 50 con. ]
O ok # PR

HAYT-siialandirmanin istifads edilmasi ilo Dils-Alder reaksiyast

Analoji olarag -HAYT-siialandirmanin istifado edilmosi ilo antrasen ksilolda 10 doq.
miiddotindo dimetilfumaratla qarsiliqht tosirdo olur vo noaticodo 87%-1o son mohsul alinir, lakin
onanoavi qizdirilma yolu ils 5 saat miiddatinds ¢ixim 67% toskil edir.

Dils-Alder reaksiyasinin superkritik su miihitindo aparilmasi niimunalori do moalumdur.
Yasil kimya yanagmasindan 65%-li ¢iximla 2-metiltsikloheksen 1-karbonitrilin superkritik su
miihitinds (2,5,6-Ci prinsip)HAY T-stialandirmanin istifado edilmaosi ilo alinmasi miioyyon maraq

dogurur.
=
I (CB‘—I 295 *C, TT Gap, 20 muH.

Superkritik su miihitinds HAYT-stialandirmanin tasiri altinda Dils-Alder reaksiyasi

M

Dils-Alder reaksiyast {izra birlogmalorin sintezindos superkritik halda olan CO,-don do istifdo
etmok miimkiindiir. Bu istiqgamotds aparilan islorin ugurlu noticolorindon biri Lyuis tursular
mosalon, trifliiormetansulfonatla kataliz goraitindo alinan noticolordir. Sxemds superkritik CO;
soraitinda tsiklopentadienin n-butilakrilatla qarsiligh tosir reaksiyasinin gedisi verilmisdir.

0
6.5 % Sc(OTr),
+ n o
/ O'Bu co, 50°C, 15u.

50 - 300 Bap OHBU

Superkritik CO, halinda Dils-Alder reaksiyasi

Bozi hallarda Dils-Alder reaksiyasinda mohsulun ¢iximinin artirilmasina ultra sasin (US)
istifadoe olunmasi ila da nail olmaq olar. Masalon, reaksiyanin ilkin komponentlarinin - avazlonmis
furanlar vo dimetilasetilendikarboksilatin suda ciizi temperaturdaki US-emali son mohsulun 99-
100%-1i ¢iximla alinmasina imkan verir.

Dils-Alder reaksiyasinda tsiklopentadien vo metilakrilat arasinda gedon reaksiyada
tetrafliiorborat vo ya perxlorat 1-butil-3-metilimidazol, trifliiormetansulfonat vo ya heksafliiorfosfat
1-etil-3-metilimidazol kimi ion mayelorinin (IM) istifado olunmasi reaksiya siiratinin vo son
mohsulun ¢iximinin yiiksolmasina sobab olur [4].
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Dils-Alder reaksiyasinda (US) istifads olunmasi

H H
O« Ny = °
H o
8}

IM-miihitind> Dils-Alder reaksiyast

V1. Suzuki reaksiyasi:Suzuki reaksiyasi palladium komplekslori ilo katalizo olunan, aril- vo
vinilbor tursularinin aril- vo ya vinilhalogenidlorls iizvi reaksiyadir. Suzuki reaksiyasi preparativ
iizvi kimyada poliolefinlorin,stirollarin, hom do avozlonmis bifenillorin alinmasinda genis istifado
olunur [17,19].

Suzuki reaksiyasinin miixanizmi, Pd(O) komplekslorinin istiraki ilo katalitik proseslorin
cevrilmalari liclin xarakterikdir, reaksiyanin iimumi sxemi beladir.

o1 Pd
Rq-B + Ry—X —— R,—R,
\YQ OcHoBaHWe

Suzuki reaksiyasinin timumi sxemi

Biarilin bir sira toromolori, miixtalif arilhalogenidlorin su miihitindo hoddon artiq yiiksok
tezlikli stialandirilmasinin (HAYT) istifado edilmosi ilo fenilbor tursusu ilo reaksiyasindan

alimusdir.
R
2 OH o4i0ac), Na,co,, TEAB
+ B R;
R; ‘OH H:D. B, 150 °C, 5 man.

HAYT siialandirmamin tatbiqi il Suzuki reaksiyasi

Maraqlidir ki, yuxarida tosvir olunan texnologiya arilbromidlorin vo arilyodidlorin
istirakinda daha yaxs1 ¢iximlar oldo etmoys sorait yaradir, lakin arilxlorid halinda ¢ixim asag olur.
Bu problem reaksiyanin arilxlorid va fenilbor tursusunun palladium komplekslorinin su miihitindo
istifadosi, eloco do eyni vaxtda yiiksok tezlikl stialandirma ilo soyutma vo qizdirilma metodunun
totbiqi ilo aradan qaldirilir.

Suzuki reaksiyasi iizro heterotsiklik birlosmolorin sintezindo miihiim aspekt kimi HAYT
siialandirmasini  osas gotiirmok olar. Imidazopiridinlorin arilbor tursusu ilo su miihitindo
mikridalgali tosirindoki reaksiyasi, ononovi texnologiyalarin istifadosi ilo verilmis parametrloro
qader temperaturunun artirilmasi hali ilo miiqayisado daha effektiv gedir.

HAYT siialandirmamn tatbiqi il Suzuki reaksiyasi
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Suzuki reaksiyast iizro HAYT siialandirmasi tosiri altinda ariltriazolasilnukleozidlorin
sintezi prosesini hoyata kecirmok olar. Bu birlosmolor miixtalif virus xostoliklorina garst potensial
vasitolor hesab olunur, geyd olunan metodika iizra, 5-ariltriazolasilnukleozidlorin bir morhalali
sintezini effektiv sokilds yerino yetirmok olar.

HMN

T
N7y + OH
i e
N 5
Br o OH
\_\Pd{Pph.‘L. K, CO,, lHZO_ CBY., 120 "C, 15 ramH

oH

OH

Suzuki reaksiyasi iizro HAYT stialandirmast tasiri altinda ariltriazolasilnukleozidlorin sintezi

Arilhalogenidlorlo  arilbor tursular1 arasindaki reaksiyada, su miihitindo HAYT
stialandirilmasinin tesiri zamani, benzotiazol asasindaki Pd(II) komplekslorinin bu reaksiya {i¢iin
daha effektiv katalizatorlar olmas: miisahido olunmusdur. Bu kompleks birlosmoalorin katalitik
foallig1 ilo olagadar dovr saylarinin yiiksok olmasi, onlarin kiitlovi istehsali tiglin ¢ox vacibdir.

Digor yasil metodlarla kimya sonayesino lazim olan birlosmalorin sintezinin Suzuki
reaksiyasi iizro aparilmasinda, IM-don istifads edilmosi (5,6,8 prinsip) daha somorali ola bilar.
Buna, m-metilbifenilin brombenzol va tolilbor tursusundan sintezi, hom do avozlonmis bifenillorin
arilhalogenidlor vo fenilbor tursusundan sintezinin US-tosiri altinda va spirtin az miqdarinin
qarisiginda IM-nin istifadosi ilo aparilan reaksiya gozal niimuno ola bilor. Har iki reaksiya ¢iximimn
90%-don artiq alinmast ils gedir [2,3,5].

F
on T ’?‘:ﬁm——Fth-“F
| S

Br Els F
Pd{PPh;).

IM-nin istifadasi ilo Suzuki reaksiyast

?H
Ry B.. Po(PPh,),. WK
Ot T OO
30°C, ¥3
R3

IM- va US-in istifadasi ilo Suzuki reaksiyast

Notica. Yuxarida tosvir olunan klassik iizvi sintez reaksiyalarmin yasil kimya prinsiplori
yanagmasindan gedisi vo optimallagdirilmas: yollarinin axtarilmasi, onu demoyo osas verir ki,
reaksiya proseslorinin modellosdirilmasinin asas maqamlari, reaksiyanin siiratlondirilmaesi tigtin US-
don, daha enerji effektivliyi (enerjiyo gonast) li¢iin, ononovi termiki metodlardan forqli olaraq
HAYT, alternativ reaksiya miihiti kimi yasil holledici olaraq IM-don istifado olunmasindan
ibaratdir.
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Summary
The roleandprospects of greenchemistryinsolvingexistingproblems of classicalorganicreaction
Mustafaev M.M., Shakhgeldiev F.Kh., Ismailova R.l., Mammadova A.A., Ahmadov V.N.

Keywords: classical organic reactions, green chemistry and its 12 principles, atomic economics, E-factor,
ionic liquids, ultrasonic radiation

The presented article is devoted to the problems of classical fundamental organic reactions, their study and
elimination of existing problems by applying the principles of green chemistry. The application of various principles of
"green chemistry" in the development of chemical products and processes opens up effective and innovative ways to
reduce waste, save energy and find safer substances (solvents), which benefits and protects the economy, society and
the biosphere.

These principles promote more sustainable development or cover issues such as the use of renewable raw
materials and designing for a product's lifespan or its final disposal.

Pe3rome
PoJib ¥ mepcneKTHBBI 3¢JIEHO XUMHHM B PelIeHHH CYNIeCTBYHIINX MP00JieM
KJIACCHYECKUX OPTaHHYEeCKHX peaKmuii
Mycmaghaee M.M., Illaxzenvoues @. X., Hemaunosa P.H., Mammaoosa A.A., Axmeooe B.H.

Knioueevie cnoga: knaccuueckue opeanuyeckue peaxyuu, 3eieHas Xumus u ee 12 npuHyunoe, amomHas
akonomuka, E- pakmop, uonnvie srcuokocmu, yibmpaszeykogoe usnydenus

IIpencraBneHHas CTaThs MOCBSIIEHA MPOOJIeMaM KJIACCHYECKUX (DYHIAMEHTAIBHBIX OPTaHHYECKUX PEaKIUi,
X WCCIENOBaHMIO M YCTPAHEHMIO CYIIECTBYIONIMX INPOOJEeM IyTeM NpPUMEHEHHS! NPHHIUIIOB 3€JIeHOH XHUMHH.
[IpuMeHeHNE pa3NUYHBIX NPHHLUIOB «3€JICHOM XUMHH» INpH pa3paboTKe XUMHYECKUX IMPOIYKTOB M MPOIECCOB
OTKpBIBaeT 3(QQEKTUBHbIE M HHHOBAIIMOHHBIE IIYTH COKpAIIEHHS OTXOAOB, 3KOHOMHMM SHEPrHHM W IIOHMCKa Oolee
0e30MacHbIX BEUIECTB (PacTBOpPUTEIEii), YTO IPUHOCHT TI0JIb3Y U 3alHIIAET YKOHOMUKY, 00IIEeCTBO U Ouochepy.

OTH TUpUHOMIBL O0OECIeunBalOT OoJiee YCTOWYHMBOE pa3BUTHE WIIM OXBATBIBAIOT TaKHE BOIPOCHL, Kak
HCTIONB30BaHUE BO30OHOBISIEMOTO CBHIPhS M TIPOEKTUPOBAHME C YYETOM CpPOKa CIyXKOBl TPOIYKTa MIH €ro
OKOHYATEIbHON YTHIM3AIIH.
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MOQALSD HAQQINDA MOLUMAT XULASO

Magalanin tarixgasi Mbaqgalada kimyavi kinetikamin miihiim sahalarindan biri olan fenomenoloji

Daxilolma tarixi: 20.11.2025 kinetikanin elmi asaslar:, miiasir inkigaf istiqamatlori va tatbiq sahalori tohlil

Diizalis tarixi: 28.01.2026 edilir. Fenomenoloji kinetika kimyavi reaksiyalarin siiratinin empirik va

Qabulolunma tarixi: 24.02.2026 yarim-nazori tisullarla izahini verarak, reaksiyalarin mexanizminin dorin elmi
tahlilina imkan yaradir. Miiasir dovrds hesablama kimyasi, molekulyar

Acar sozlar modellasdirma va kvant kinetik yanasmalar fenomenoloji kinetikanin

kimyavi kinetika, fenomenoloji inkisafina  yeni impuls vermisdir. Maqalado hom klassik, hom do miiasir

kinetika, reaksiya siirati, aktiviosma yanasmalar miiqayisali sakildo arasdirilmis, bu istigamatin galacok tadgiqat

enerjisi, modellogdirma, kinetik imkanlar: giymatlandirilmisdir

tanliklor

Kimyovi kinetika maddslorin ¢evrilmo proseslorinin zamanla neco bas verdiyini dyronon
elmin miihiim sahosidir [1]. Bu elm sahosi kimyovi reaksiyalarin mexanizmini, siirotini vo onlara
tosir edon amillori aragdirir. Fenomenoloji kinetika iso bu iimumi istigamstin empirik vo yarim-
nazari torafini togkil edir; o, kimyavi reaksiyalarin siirot qanunlarinin vo kinetik sabitlorin tocriibi
yolla miisyyan olunmasina asaslanir [3].

Miiasir kimya elminin inkisafi ilo olagodar olaraq fenomenoloji kinetika yalmz sads
reaksiyalar1 deyil, hom do ¢oxkomponentli, zoncirvari vo katalitik reaksiyalar1 izah etmok {igiin
genis imkanlar acir [5]. Fenomenoloji kinetikanin mogsodi kimyovi reaksiyalarin siirotini va
mexanizmini riyazi vo tocriibi sokildo ifado etmokdir [1]. Osas anlayislar - reaksiya siirati, reaksiya
tortibi, siirat sabiti vo aktivlogmo enerjisidir.

Reaksiya stirati tonliyi imumi sokilds asagidaki kimi ifads olunur:

v=k[A]" [B]"

Burada k - siirat sabiti, [A], [B] - reagentlorin qatiligi, m va n iso reaksiya tortibloridir.
Arrenius tonliyi (k = 206 ERT ) kimyovi kinetikanin fenomenoloji asasini toskil edir [1,3]. Bu tonlik
temperaturun reaksiyanin siirating tosirini izah edir vo aktivlosmo enerjisini toyin etmays imkan
yaradir [2].

Fenomenoloji kinetika sonaye kimyasinda, katalitik sistemlorin optimallagdirilmasinda vo
ekokimyavi proseslorin prognozlagdirilmasinda genis totbiq tapir [4,5]. Masolon, ammonyakin
sintezinda, neftin krekingi proseslorindo vo polimerlogsma reaksiyalarinda fenomenoloji modellor
istehsalin samaraliliyini artirmagq {li¢iin miithiim rol oynayir [2]. Homginin, biokimyavi reaksiyalarda
fermentativ sistemlorin kinetikasi fenomenoloji tisullarla Gyronilorok, Michaelis-Menten modeli
kimi taninmis tonliklor aldo olunmusdur [3].

Son onilliklords fenomenoloji kinetikanin inkisafina iki osas istiqamat tosir gostormisdir:
1. Hesablama kimyasi vo modellosdirma - molekulyar soviyyads reaksiyalarin dinamikasini

kompiiter simulyasiyalar ils izlomays imkan yaradir [2,5].

2. Qeyri-xotti kinetika vo xaotik sistemlor - miirokkob reaksiya mexanizmlorinin 6z-6ziino

toskili vo dinamik sabitlik masalalorini izah edir [3].

38


mailto:samira.cavadova@sdu.edu.az
http://www.ssu-scientificnews.edu.az/

Cavadova S.N. / Scientific News 26 Issue 1 (2026)

Miiasir todqiqatlarda kinetik sabitlorin eksperimental toyini ilo yanasi, kvant-kimyavi
iisullarla noazori hesablanmasi genis yayilmisdir [1,2]. Bu, fenomenoloji kinetikanin yalniz empirik
deyil, hom do fundamental osaslara soykonon bir elm sahasino ¢evrilmasinog gatirib ¢ixarmigdir.

Fenomenoloji yanasma sayosindo  kimyovi reaksiyalarin  idaro  edilmosi  vo
optimallagdirilmasi miimkiin olur [4]. Miixtolif amillorin - tozyiq, temperatur, katalizator sothi vo
reagentin gatiliginin - tosiri eksperimental modellarlo doqiqlikle Gyranils bilir [1,5].

Bu iisullar sonaye istehsalinda enerjiyo qonast, mohsuldarligin artirtlmasi vo ekoloji tosirlorin
azaldilmas1 baximindan boyiik shomiyyot dasiyir [3].

Fenomenoloji kinetikanin golocok todqiqat istigamotlori asagidaki masalalors yonolmisdir:

» Nanodlciilii sistemlords kinetik proseslorin modellosdirilmosi [2];

e Siini intellekt vo masin 6yronmasi metodlari ilo siirat sabitlorinin prognozlagdirilmasi [5];

 Biokimyaovi vo farmasevtik reaksiyalarin goxparametrli kinetik tohlili [3].

Bu istigamatlor fenomenoloji kinetikanin ham fundamental, hom ds totbiqi kimya sahasinda
rolunu daha da giiclondiracokdir.

Hesablama kimyasi, yoni computational chemistry, kimyovi reaksiyalarin molekulyar
saviyyads tohlilino imkan veran sahodir. Bu yanasma eksperimental iisullarla miioyyon etmak ¢atin
olan siiratli vo miirokkob proseslori riyazi modellor vo simulyasiyalar vasitosilo dyronmoayo imkan
verir. Fenomenoloji kinetikada hesablama kimyasi1 bir ne¢a asas istiqgamotds tatbiq olunur:

e Molekulyar dinamika simulyasiyalar1 (MDS): Bu metod reagentlorin, mohsullarin vo

kegid voziyystlorinin atom vo molekul soviyyssinds horokotini izlomoys imkan verir.

Simulyasiyalar sayssinde reaksiyalarin mexanizmi, zoncirvari proseslorin siiratine tosir edon

amillar vo enerji profilini doqiqlikle dyronmok miimkiindiir.

e Kvant kimyavi hesablama: Kvant mexanikasina osaslanan metodlar (mosslon, DFT -

Density Functional Theory, ab initio iisullar1) molekullarin elektron strukturlarini tohlil

edorok, aktivlosmo enerjisi, reaksiya potensial enerjisi sothlorini vo kecid komplekslorinin

xtisusiyyetlorini miioyyon edir. Bu, fenomenoloji kinetik modellords istifads olunan siirot
sabitlorinin daha doqiq prognozlasdirilmasina sorait yaradir.

e Kinetik modellorin proqnozlasdirilmasi: Hesablama kimyasi ilo birlosdirilmis

simulyasiyalar miirokkob reaksiyalarin dinamikasini oncodon prognozlagdirmaga imkan

verir. Bu yanasma eksperimental kinetik molumatlarla miiqayisade daha siiratli noticalor
verir vo yeni katalizatorlar, reagent qarisiqlar1 vo soraitlor iigiin optimallasdirilmis modellor
hazirlamaga komaok edir.

e Miirakkab sistemlarin tahlili: Nanodl¢iili sistemlor, biokimyovi fermentativ reaksiyalar

vo coxkomponentli sonaye proseslori ii¢iin hesablama kimyasi olmadan mexanizmlori

anlamaq ¢otindir. Simulyasiyalar reaksiyalarin molekulyar soviyyodo neco bas verdiyini
gostararak, fenomenoloji tonliklorin daha doqiq vo timumilosdirilmis sokildo qurulmasina
imkan verir.

Hesablama kimyas1 vo modellogsdirma fenomenoloji kinetikanin miiasir inkisafinda ovozsiz
alot rolunu oynayir. O, yalniz tocriibi naticolori dostoklomir, hom do reaksiyalarin mexanizminin
dorin izahmi verir, yeni todqiqat istigamatlorini agir vo kinetik modellorin prognozlasdirma
doaqiqliyini artirir.

Qeyri-xatti kinetika vo xaotik sistemlor kimyada va fizika sahasindo miirokkab reaksiya vo
proseslori anlamaga komok edir. Burada osas maqam “qeyri-xattilik” vo “xaos” anlayislaridir.

1. Qeyri-xatti kinetika

o Klassik (xotti) kinetikada, reaksiya siiroti sado xotti asililiqlarla verilir: mosalon, bir
reagentin gatiligi ilo diiz miitonasibdir.

« Qeyri-xatti kinetikada iso reaksiya siirati bir vo ya bir ne¢o reaktantin qatiligimin miixtolif
qiivvatlori vo ya kombinasiyalar1 ilo bagli olur. Noticodo reaksiya naticolori birbasa xotti
prognozlasdirila bilmir. Kicik dayisikliklor bdyiik forqlora sobab ola biler.

2. Xaotik sistemlor
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e Xaos buradaki “tam tesadiifi” monasinda deyil, miioyyon qaydalara omol edon, amma
uzunmiiddatli davranis1 6ncodon ¢atin prognozlasdirilan sistemlor demokdir. Masalon, bazi
kimyovi reaksiyalar 0z-0zlino davranis ritmini doyisir, dovri vo ya ¢ox kompleks
niimunoalor gostorir. Bu sistemlords kigik baslangic forglori (masslon, temperatur vo ya
qatiliq farglari) reaksiyanin gedisatinda boyiik doyisikliklor yarada bilor.

e Oz-6ziino toskil: miirokkob reaksiyalar zamanla miioyyon miintozom strukturlar vo
niimunslor yarada bilir. Masalon, Belousov-Zhabotinsky reaksiyasinda (B-Z reaksiyast)
rong doyisikliklori miioyyon dovrilik gostorir.

e Dinamik sabitlik: sistem daim doyisir, amma miioyyon sabit niimunalor vo ya balanslar
saxlayir. Yoni, sistem tam xaotik deyil, miioyyaon tortibatla horokot edir.

Qisa misal: B-Z reaksiyasi: kimyovi “oscillating reaction” (osillasiya edon reaksiya) kimi
taniir. Rongi doyisir, lakin bu doyisikliklorin xiisusi qaydasi vo ritmi var. Burada hom qeyri-xotti
kinetika, hom do xaotik davranig goriiniir.

Kimyavi kinetikanin fenomenoloji istigamati miiasir elmin miithlim vo dinamik inkisaf edon
sahoalorindon  biridir [1]. O, reaksiyalarin mexanizmlorini anlamaga, onlarin siiratini
prognozlasdirmaga vo praktiki totbiglori optimallagdirmaga imkan verir [3]. Miiasir hesablama
metodlari, riyazi modellor vo eksperimental texnologiyalar fenomenoloji kinetikanin imkanlarini
xeyli geniglondirmisdir [2,5].

Golacok tadqgiqatlar getdikco asagidaki istigamlora yonolacok:

* Nanomiqyasli sistemlorin kinetik modellasdirilmasi [2];

* Siirat sabitlorini prognozlagdirmagq {igiin siini intellekt vo masin 0yronmasinin tatbiqi [5];

* Biokimyavi vo oczagiliq proseslorinds ¢oxdoyiskanli kinetik analiz [3].

Bu istigamatlor empirik kimya ilo nozari molekulyar elm arasinda korpii kimi fenomenoloji
kinetikanin daha da giiclonmasina tohfs veracokdir.
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Summary
The modern state of phenomenological kinetics of chemical kinetics
Cavadova S.N.

Keywords: chemical kinetics, phenomenological kinetics, reaction rate, activation energy, modeling, kinetic
equations

This article analyzes the scientific foundations of phenomenological kinetics, one of the important areas of
chemical kinetics, its modern development directions and application areas. Phenomenological kinetics provides an
explanation of the rate of chemical reactions by empirical and semi-theoretical methods, allowing for a deep scientific
analysis of the mechanism of reactions. In modern times, computational chemistry, molecular modeling and quantum
kinetic approaches have given new impetus to the development of phenomenological kinetics. The article comparatively
examines both classical and modern approaches, and evaluates the future research opportunities of this direction.

40



Cavadova S.N. / Scientific News 26 Issue 1 (2026)

Pesrome
CoBpeMeHHOE cOCTOSTHUE (PEHOMEHOI0THYeCKO KHHeTHKH XMMUYeCKOH KHHeTUKH
Jcasaoosa C.H.

Knroueevie cnoea: xumuueckas KuHemuka, ¢€HOM€HOHOZMH€CKCZ}I Kunemuka, CKopocmb peaxyuu, SHepeus

akmueayuu, Modeﬂupoeanue, Kunemu4dyeckue ypaeHeHus.

B nanHOM craThe AHAJIU3UPYIOTCA HAYYHBIC OCHOBBI (beHOMeHOJ'IOFPI‘IeCKOﬁ KWHCTHUKH, OJHOT'O M3 BaXHBIX
HaHpaBﬂeHI/Iﬁ XUMHUYECKOM KUHCTUKH, €€ COBPCMCHHBLIC HANpPaBJICHUA Ppas3sBUTUA U obactu MMPUMCHCHUS.
DeHOMEHOJIOTHYECKAass KHUHETHKA JaeT 00BIICHEHUE CKOPOCTU XUMHUYECKUX peaxunﬁ OMIIUPUYCCKUMU U
MOJYTCOPECTUICCKMMU METOAAaMH, YTO MO3BOJIACT MNPOBOJUTH Fﬂy60KHI71 Hay‘{HLIﬁ aHaJInu3 MCXaHHu3Ma peaKHI/Iﬁ. B
HaCTOAIIEC BPEMA BbIYUCIUTCIbHASA XUMUA, MOJICKYJISIPHOC MOJACIIUPOBAHNC U KBAHTOBO-KMHECTUYCCKUEC TTOAXOAbI JaJIN
HOBBIN HUMITYJIbC PA3BUTUIO (l)eHOMeHOHOFI/I‘{eCKOﬁ KUHETHKH. B cTaTbe MMPOBOAUTCA CPABHUTCIIBHOC UCCICAOBAHUEC KaK
KIIaCCUYICCKHUX, TaK U COBPEMECHHBIX ITOAXOJ0B, 4 TAKXKE OLICHUBAIOTCA 6yz[yume HCCICOA0BATCIILCKHUE BO3MOXXHOCTH
9TOT'0 HAaITPpaBJICHUS.
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ARTICLE INFO ABSTRACT
Article history: After extraction of polysaccharides from various strains of basidiomycetes
Received 01.12.2025 grown in nature and on various nutrient media, the physico-chemical
Received in revised form 03.02.2026 properties of the obtained samples were studied using several spectral
Accepted 26.02.2026 methods. The purity of polysaccharide fractions was determined for the first
time. It was found that the isolated polysaccharides are branched beta-glucan
Keywords type polysaccharides with branching points.
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Basidiomycetes can serve as sources of biologically active metabolites that are promising
for use in biopharmaceuticals and biomedicine. Particular attention is paid to the development of
methods for isolating biologically active substances from basidiomycetes, which are a promising
object of research - determining the structure and bioactivity of the resulting bioactive compounds,
as well as developing pharmaceuticals based on them that have immunomodulatory and antitumor
properties [1,2]. In recent years, basidiomycetes have become the subject of in-depth research in
terms of searching for new antitumor and various bioactive substances. Researchers have become
increasingly interested in studying the cell wall composition of basidiomycetes. The
polysaccharides they contain are among the most important components of organic compounds and
are involved in many important biological processes. The polysaccharides contained in
basidiomycetes accumulate in fruiting bodies and spores, and their concentration is particularly high
in the mycelium [3]. These polysaccharides, as mentioned above, vary in their chemical structure,
but all contain B-(1.3)-glucan groups in the main chain and B-(1.6)-glucan groups in the branched
regions, which are responsible for biological activity. Chromatography-mass spectrometry is often
used for the structural analysis of polysaccharides. The extracted polysaccharides are light brown
powders, well soluble in water, forming an opaque solution at low concentrations and a viscous
solution at high concentrations [4]. This method allows one to obtain information on the retention
times of its components, their relative abundance in the mixture, and the mass spectra of each
component in a single analysis. As natural raw materials for the extraction of water-soluble
polysaccharides, selected basidiomycetes Ganoderma lucidum, collected from natural habitats in
Republic of Azerbaijan, as well as those obtained by cultivation. Currently, scientific research is
underway in Republic of Azerbaijan to identify natural sources rich in biologically active
compounds, to isolate them, and to determine their structure and biological activity [5,6,7].

Methods

Cultivation process. From pure cultures of the fruiting bodies of this mushroom, a local
strain, Ganoderma lucidum, was obtained for the first time using cultivation. To isolate water-
soluble polysaccharides from the natural raw material, dried, crushed, and defatted tinder bodies
were used, weighed, and extracted three times with hot water in a boiling water bath with a reflux
condenser (Fig. 1 and 2). A water-soluble polysaccharide sample (100 mg) was dissolved in 5 ml of
distilled water and loaded onto a column (14 % 3 cm). The polysaccharides were eluted sequentially
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with a 0-1 M NaCl gradient solution at a flow rate of 60 ml/h. Fractions of 10 ml were collected.
The polysaccharide yield from the column was monitored using the phenol-sulfuric acid method
(Soy flour + glucose; Peptone + glucose; Yeast extract + sodium nitrate + glucose; Soy flour +
vegetable oil; Peptone + vegetable oil; Yeast extract + sodium nitrate + vegetable oil). The fractions
were pooled, concentrated, dialyzed, and lyophilized (Fig.4). A 5 mg sample of the polysaccharide
was dissolved in 1.5 ml of dimethyl sulfoxide, 30-40 mg of finely ground sodium hydroxide was
added, and then 0.5 ml of CH3l was added with stirring. The reaction mixture was left for 1 hour, 5
ml of chloroform was added, and the mixture was washed several times with water. The chloroform
solution was then evaporated, and the residue was hydrolyzed by heating with 1 ml of 2 M
trifluoroacetic acid at 100°C for 8-9 hours. The acid was removed by evaporation with ethanol, and
the resulting methylated monosaccharide derivatives were converted to polyol acetates and
identified using a known method using chromatograph mass spectrometry. The cultivation process
involved two stages: growing liquid seed material and accumulating the fungal biomass (Fig. 3).

Results. As a result of the study, branched polysaccharides were isolated from
basidiomycete raw materials (locally grown and cultivated). The isolated fractions contain branched
polysaccharides in the form of complexes with melanin.
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Figure 1. A - Spectrum of water-soluble polysaccharide fractions isolated from locally grown GW (red line)
and cultivated GWL (blue line) basidiomycete raw materials; B - Infrared spectroscopy of isolated
aqueous fractions of GW (orange line) and GWL (green line) polysaccharides
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Note: 1 - neutral polysaccharides from locally grown basidiomycete raw materials; 2 — anionic polysaccharides; 3 -
Eluent is a gradient solution of NaCl 0 - 1.0 mol/l, the elution rate is 1 ml/min.

Figure 2. A - lon-exchange chromatogram of polysaccharides GW (1) and GW (2) in a DEAE-52 cellulose
column; B - lon exchange chromatogram of polysaccharides GWL (1), GWL (2) in a DEAE-50
cellulose column.
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The degree of branching of B-D-glucans for locally growing basidiomycetes (GW) was
proven to be 0.74, while for cultivated basidiomycetes (GWL) it was 0.38. Submerged cultivation
allows for the production of biomass containing biologically active metabolites. This study
demonstrated interferon-inducing activity of the total fraction of water-soluble polysaccharides,
which is comparable to that of the positive control.

Table 1.
Amount and molecular weight of carbohydrates after fractionation
- . Amount of -
Basidiomycetes Solvent Polysaccharide polysaccharide, % Impurities, %
Locally growing Water GW-1 98.21 0.61
0.1 M NaCl GW-2 64.01 69.78
Cultured Water GWL-1 97.32 0.70
0.1 M NaCl GWL-2 77.54 66.50
Molecular weight parameters of polysaccharides
Basidiomycetes Fraction Mx107° M./M,
Water Fraction (GW) 12.2 1.5
Locally growing Neutral Polysaccharide (GW-1) 175 1.4
Anionic Polysaccharide (GW-2) 10.4 1.4
Water Fraction (GWL) 10.8 1.4
Cultured Neutral Polysaccharide (GWL-1) 10.3 1.4
Anionic Polysaccharide (GWL-2) 9.7 1.2
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Figure 3. Dynamics of glucose consumption, accumulation of fungal biomass and polysaccharides
(Cultivation in pure and together forms with each of the strains to be screened, in a liquid
medium).

As a result of preliminary studies, three environments were selected for each strain that
provided the highest yields of their biomass (Fig. 4). The process of submerged cultivation was
studied on the media selected for each strain. The duration of experiments to study the dynamics of
biomass accumulation of all strains did not exceed 12 days, regardless of whether the culture
reached the last phase stage or not (Fig. 4 A-D).
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Figure 4. Accumulation of biomass (Main results) of the studied fungal strains on selected media
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Xiilaso
Basidiomiset gobaloyinin stammlarindan faal polisaxaridlorin alinmasi
Biinyatova L.N.

Acar sozlar: bioaktiviik, akilma, biokiitla, gobalak stammlari, polisaxaridlor

Tobii halda vo miixtolif qidali miihitlordo yetisdirilon basidili goboloklorin miixtalif stammlarindan
polisaxaridlerin alinmasindan sonra, alde edilon niimunslorin fiziki-kimyavi xiisusiyyatlori bir neg¢o spektral
metodlardan istifado etmoklo dyronilmisdir. ilk dofs olaraq, polisaxarid fraksiyalarinin safligi miioyyon edilmisdir.

Izolyasiya edilmis polisaxaridlor saxolonmo noqtolorine malik saxolonmis pB-qlilkan tipli polisaxaridlor oldugu
miioyyonlosdirilmisdir.

Pe3rome
IosyyeHne aKTHBHBIX MOJIHCAXAPHIOB U3 IITAMMOB 0a3UINOMHULIETHBIX IPHda
bynvamoea JI.H.

Knrwueswvie cnosa: 6u0a1<mu6Hocmb, KyibmueupoeaHue, 6140/\4616’6‘61, wmammbol 2pu606, nonucaxapuabl

ITocne OKCTPAKIHHU MOJIUCAXAPHUI0B U3 PA3JIMYHBIX IITAMMOB 683I/I,ZLI/IOMI/IHGTOB, BbIpAIlICHHBIX B IPUPOAC U HA
Ppa3JIMYHbIX MNUTATCJIIBHBIX CpEaax, (I)I/I3I/IKO-XI/IMI/ILIeCKI/IC CBOMCTBaA TMOJIYUYCHHBIX o6pa3u013 ObLUIH HU3Yy4YCHbI C
HCIOJIb30BAHUCM HCCKOJIbKHUX CIICKTPAJIbHBIX MCTOIOB. BHCpBLIe OblIa OIpCACIICHA YHUCTOTA IMOJHUCAXAPUIHBIX

(bpaKI_[I/Iﬁ. bruto YCTAHOBJICHO, YTO BBIACJICHHBIC MOJHUCAXAPpHUAbI IPEACTABIIAIOT coboi PA3BETBJICHHBIC MTOJIMCaXapuabl
B'FJ’HOK&HOBOFO TUIIa C TOUKaMH pa3BCTBJICHUA.
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ARTICLE INFO ABSTRACT

Article history: The research involved culturing C2C12 cells and transfecting them with a
Received 14.11.2025 pX459 plasmid containing double-guide RNA (dgRNA), Cas9 protein, and a
Received in revised form 28.01.2026 puromycin resistance gene (puroR) by using JetOPTIMUS transfection
Accepted 16.02.2026 reagent. Post-transfection, cells were treated with puromycin, an antibiotic

that inhibits protein synthesis, allowing only cells with the integrated
Keywords resistance gene to survive. Following puromycin selection, cells with
CRISPR/Cas9, Adamts3, Myogenesis,  successful modifications were clonally expanded and genotyped, revealing a
Puromycin selection, Double-guide transfection efficiency of 12.2%, with 77% of expanded clones showing wild-
RNA (dgRNA), NHEJ DNA repair type genotypes. These findings suggest the need to refine the gene-editing

strategy, potentially by using single-guide RNAs (sgRNAs) and optimizing
transfection conditions. Although the targeted exon 2 deletion was not
achieved, this model provides insights into gene-editing approaches and the
involvement of Adamts3 in myogenesis.

Introduction

Skeletal muscle tissue is important for vital functions such as locomotion and respiration.
Furthermore, it helps maintain glucose homeostasis and thermoregulation, stores amino acids
during critical illnesses, and protects bones and internal organs. Loss of muscle mass due to aging
or disease can impair these functions, leading to frailty, increased risk of falls and fractures, and
loss of independence [1]. There are significant individual differences in muscle mass even before
aging begins to reduce it. Studies indicate that 30-60% of these differences are due to genetic
variability [5]. Reverse genetics studies have revealed several essential genes involved in
myogenesis and growth [9]. Nevertheless, it is uncertain whether natural variants in these genes
demonstrate differences in muscle mass and function. Recent genome-wide association studies
(GWAS) reveal that the majority of critical genes regulating myogenesis and muscle growth lie
beyond the approximately 180 genomic areas linked to muscle mass in humans [6].

This project focuses on the Adamts3 gene because of its undiscovered significance in muscle
tissue, particularly in myogenic cells. Adamts3 belongs to the ADAMTS family (A Disintegrin and
Metalloproteinase with Thrombospondin Motifs), which is involved in remodeling the extracellular
matrix (ECM), a process vital for muscle development and repair.

Moreover, recent in silico studies have demonstrated the significance of particular single
nucleotide polymorphisms (SNPs) in the Adamts3 [10]. Cells have the ability to proliferate, grow,
and differentiate into contractile myotubes [4]. This study utilizes CRISPR/Cas9 technology in
C2C12 cells to develop a reliable model to elucidate the functions of Adamts3 in muscle
development and pathology [7]. However, this repair mechanism is error-prone and can lead to
deletions and functional disruptions in the Adamts3 gene [8].
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Materials and methods

To investigate the role of the Adamts3 gene in myogenic lineage, exon 2 was specifically
targeted for excision in C2C12 cells. Subsequent to this targeted modification, clones of C2C12
cells were developed and genotyped to test the accuracy of the genetic modification.

Cell culture. C2C12 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma) supplemented with 10% fetal calf serum (FCS, Gibco™) and 2% glutamine (Gibco™).
They were maintained at 37°C and 5% CO, in a humidified incubator and passaged regularly when
they had 50-70% confluence [4].

Transfection. Cell transfection enables the introduction of genetic materials within the
pX459 plasmid (see figure 1) into low-passage C2C12 cells by using JetOPTIMUS®™ (Polyplus-
transfection® SA, New York, NY) transfection reagent [8]. The dgRNA consists of a CRISPR
RNA (crRNA) and a trans-activating CRISPR RNA (tracrRNA), which together form a complex
that guides the Cas9 protein to the specific genomic target site, facilitating precise DNA cleavage
[12]. JetOptimus®™" was chosen over other transfection reagents due to its distinct formulation that
enhances the delivery of the CRISPR/Cas9 plasmid into mammalian cells, including the notoriously
difficult-to-transfect myoblast cells such as C2C12. The formulation of JetOptimus®" is specifically
designed to protect the DNA during the process, enhance cellular uptake, and minimize cytotoxicity [4].

Figure 1. Plasmid map of X459-G1le&G2a (9513 bp)

The pX459-Gle&G2a plasmid was engineered by Ms. Sonja Rauber. It is a 9513-base pair
circular DNA construct designed for precise gene editing applications. This plasmid includes
several essential components: dgRNA, Cas9 protein, and puroR.

The transfection procedure was done for 2 days following a modified protocol described by
Taye and colleagues [11]. On the first day, a cell suspension of 48,000 C2C12 cells in 1 mL of
growth medium (GM) was prepared, with 500 pL of the suspension added to two wells of a 24-well
plate (density of 12.5k cells/cm?). One well was labeled as transfected and the other as a control,
and both were incubated overnight. The following day, both of the wells were replaced with Growth
Medium. The transfection reagent was brought to room temperature and briefly vortexed. A 1:1.5
dilution of 0.5 pug plasmid DNA in 50 pL of JetOPTIMUS buffer was prepared, vortexed for 1
second, and briefly spun down. After a 4-hour incubation, the medium was replaced with fresh
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growth medium. Transfected myoblasts were cultured for 24 hours to allow for the expression of
the transfected plasmid DNA [4].

Puromycin Selection. In this step, the medium in which the cells were growing was
replaced with a fresh GM. The cells were then exposed to the antibiotic at a concentration of 5
ug/mL for 5 days according to the protocol described by Taye and colleagues [11].

Clonal Expansion. Following puromycin selection, the surviving cells were expanded for a
week and subjected to clonal selection in accordance with the protocol described by Bauer and
colleagues [2]. Initially, the transfected well was refreshed with new GM while the control well was
discarded as all of them died. During the following 2-3 weeks, well-plates were screened with an
inverted microscope, and 57 wells contained colonies of single-cell origin.

Genotyping. The final step in the process was genotyping the expanded clones to confirm
the deletion. First of all, GM was removed and the cells were washed with PBS, trypsinized, and
20% of the cells were seeded in a 24-well plate for further culture, while the remaining 80% were
transferred to an Eppendorf tube and genotyped.

PCR amplification of the CRISPR targeted region. Using the NCBI Primer-BLAST tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/), a pair of primers was designed to amplify a
region spanning the gene deletion site [3]. Sequences of primers used are presented in Table 1 and
target region for Adamts3 gene is shown in Fig 2.

Table 1.
Sequence of primer (with amplicon size) used to amplify CRISPR target region of Adamts3 gene.
Gene Targeted Direction and Primer Sequences (5' to 3') Amplicon size
Name
Adamts3 Forward (A3-F2) CCAAAGAGGCCATTGAGGGT
Reverse (A3-R2) | CAGCTTGCACCCAGTCAGTA 555 bp
Guidel GAGCCTTCTAGGAACAACCG
Guide2 GATAAGAGTGACATTTGAGA (note: complementary strand)

ggcatttctctagttgattcttaggattcaggccacttctcacctggtgaaatgtagactac
gcccccagcccccccccccccttcctgattcgtgtgacttagtattggagtttt_

cactattttactctcttcacagatactaaaattaaagctggccaacaagt
ccctctctcacatagtcatagaattggctcatgttcctgtcacaagagecttctaggaacaa
ccgggggtcaggcttcaggcagcaattccagtctctgggtctectgattageccagtcceceee
aaagcactgatggtagaaataaccaagcagcgagataagatgaaacccagtaaccgtttcett
tttcttgcteccccacceccteecttteccagGCTGGTACTGACGAAATGGTGCARATAGgEaage
ctcctEctcaaatgtcactecttatcctagctgtgagectgagaacaaagttaaggccaagecaa
aagaactgtttctgaaagttttctaatgagtggttaaaataatggatagtcttggaatcatt
tctactcttctgctttcecocgtgggtgggtcgtatgttcctcgggctaagttatagtggecatea
atagccttccacttctggagcatcaatttat_ctgctatgccc
tgggagagttacagtggggtcggaacaccagadatgtataaagttagaccctcaacttgtgt
aacataaggagaaacaaatttagttataactgaagacggttgtcaggatgctaggataaagg
gaaaaagatgaagagaaaattc

Figure 2. Sequence of Adamts3 gene derived from the muscle of mouse. The PCR amplified region
encompassing the CRISPR target in exon 2 is indicated in red, guide RNA sequences are

highlighted in green and the positions of the primer (F2 and R2) used for PCR amplification are
shown in pink (see amplicon sizes in Table 1).

Image Analysis. The acquired images of transfected and puromycin-selected cells were
analyzed using ImageJ software. These measurements were used to set the scales to 200 um and
400 um correspondingly. Next, a square with dimensions 500 um by 500 um was drawn in the
center of the image using the rectangle tool. The images were analyzed to determine the number of
cells per 250,000 pm?.
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Results
To establish an effective CRISPR/Cas9 system, the pX459 plasmid containing a dgRNA, a

Cas9 nuclease expression cassette, and a puromycin N-acetyltransferase was introduced for the
selection of transfected cells (Figure 3).

Transfection and puromycin selection results: Initially, low-passage C2C12 cells were
transfected, with one well serving as the control. As a result, 82 transfected and 21 control cells
were counted (Figure 3A). Furthermore, selection of puromycin-resistant C2C12 cells was achieved
within 9 days post-transfection due to the efficient elimination of non-resistant cells (Figure 3B).
Typically, more than 80% of the cells detached from the cell culture dish and were eliminated
during regular maintenance. The transfection efficiency is 12.2%, as indicated by the survival of 10
out of 82 cells after puromycin selection (Figure 3C).
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Figure 3. The efficiency of transfection and subsequent puromycin selection in C2C12 cells.

(A) The panels demonstrate images of control and transfected cells cultured in complete
DMEM immediately after transfection, with pX459 plasmid showing similar cell density. Scale bars
=400 pm.

(B) The panels demonstrate the effect of puromycin selection by day 3, showing that only
transfected cells with the puromycin resistance gene survive, while control cells have died. Scale
bars =400 pm.

(C) The panel demonstrates the continued viability of transfected cells by day 5, indicating
the successful selection and transfection. Scale bars =200 um.

Clonal selection and genotyping results: Surviving cells were expanded as a total of 600
C2C12 cells were seeded throughout nine 96-well culture plates. The growth of the cells was
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monitored over a period of 2-3 weeks. Out of all the colonies observed during this time, a total of
57 colonies were chosen. It accounts for 9.5% of the seeded cells. Moreover, out of these 57
colonies, the majority (96.5%) were made up of single cells, while a small portion (0.8%)
comprised of two colonies (see Figure 4).
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Figure 4. Screening of C2C12 clones generated from CRISPR-Cas9 plasmid pX459 to detect potential
deletion of exon 2. The CRISPR-targeted locus was PCR amplified from genomic DNA using 555

bp amplicon size, and PCR products were size-separated by electrophoresis on a 1% agarose gel
for 45 minutes.

Discussion

The study aimed to develop a model to study the role of Adamts3 in myogenic tissue
development and growth by generating C2C12 cell clones with a targeted deletion of exon 2 using
CRISPR/Cas9 technology. The outcomes of transfection, puromycin selection, clonal expansion,
and genotyping indicated that all of these clones ended up with wild-type genotypes, suggesting
potential directions for further research.

These findings suggest that utilizing sgRNAs instead of dgRNAs may provide effective
consequences in this research. This approach ensures that both guides are capable of inducing DSBs
independently, increasing the likelihood of successful exon excision when used together, as the
research performed by Ran et al. (2013) demonstrated that this approach is highly effective in
guiding Cas9 to specific genomic loci [8].

Moreover, optimizing the transfection conditions may lead to achieving maximal efficiency
without inducing cytotoxicity. Studies by Cocchiararo et al. (2014) have demonstrated that
optimizing these parameters is essential for achieving high transfection efficiency while minimizing
cell death. Reagents can be designed specifically for C2C12 cells with the higher concentration of
reagents, considering the toxicity effect and increasing efficiency. Viafect" and Fugene® HD
reagents show higher efficiency when reducing cell confluency, while higher cell density was
required to limit cytotoxicity conferred by Avalanche® [4].

To conclude, this research model suggests potential outcomes for investigating muscle
differentiation and growth, whereas the role of the Adamts3 gene in C2C12 cells still needs further
study. By considering the use of sgRNAs, optimization of transfection conditions, and
contextualizing these findings within the broader field of myogenic research, this model
demonstrates a comprehensive approach for identifying the role of this gene in muscle development
and growth.
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Xiilasa
Miogen hiiceyralarde Adamts3 geninin tadqiqi tigiin modelin tatbiqi
Qasimova G.E.

Acar sozlor: CRISPR/Cas9, Adamts3, Miyogenez, Puromisin seleksiyasi, Iki-balod¢i RNT (dgRNA), NHEJ
DNT barpasi
Bu todgiqatin maqgsadi Adamts3 geninin funksional rolunu miisyyenlagdirmek ligiin Clustered Regularly
Interspaced Short Palindromic Repeats-associated protein 9 nuclease (CRISPR/Cas9) texnologiyasindan istifads
etmaklo genin 2-ci ekzonunu hadasflayon (Adamts3-AE2) modelin yaradilmasi olmusdur. Bu yanagma, genin funksional
aktivliyini dayandirmaq moqgsadilo mutasiyalarin induksiya edilmesins asaslanmisdir.
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Tadgiqat ¢orgivasindo C2C12 hiiceyra xotti kultivasiya edilmis vo pX459 plazmidi vasitosilo transfeksiya
olunmusgdur. Séziigedon plazmid iki-bolod¢i RNT (dgRNA), Cas9 proteini vo puromisine davamliliq geni (puroR)
dasimigdir. Homginin plazmid JetOPTIMUS transfeksiya reagentindon istifads olunaraq hiiceyraloro daxil edilmisdir.
Transfeksiyadan sonra hiiceyrolor puromisin antibiotiki ilo seleksiya olunmusdur. Puromisin ziilal sintezini
blokladigindan yalniz davamliliq genini dasiyan hiiceyrolor sag qala bilmisdir. Puromisin seleksiyasindan sonra ugurla
modifikasiya olunmus hiiceyrolor klonlasdirilaraq ¢oxaldilmis vo genotiplondirilmisdir. Naticolora asason, transfeksiya
effektivliyi 12,2% olmus, klonlasdirtlmis hiiceyralorin iso 77%-nin doyismomis (wild-type) genotips malik oldugu
miioyyon edilmisdir. ©lds edilmis naticalor gen-redakts strategiyasinin tokmillagdirilmasinin zaruriliyini tesdiqloyir —
xiisusils tok-baladgi RNT (sgRNA) totbiginin va transfeksiya prosesinin optimallasdirilmasinin vacibliyini vurgulayir.

Pe3ome
Pa3pa6orka mojesu uist u3ydeHusi rena Adamts3 B MHOreHHBIX KJIeTKaxX
Tacvimosa I''3.

Knroueevie cnosa: CRISPR/Cas9, Adamts3, muocenes, omboop nypomuyurom, 0gounasn Hanpasisiouas PHK
(dgRNA), penapayus /THK no mexanusmy NHEJ.

B mccenoBanuy oCymIeCTBISLIOCH KynbTHBHpoBaHUe KieTok C2C12 u ux TpaHcdexnus mrazMunon pX459,
conepxamieit nBoiHyro Hampapistonryto PHK (dgRNA), 6enox Cas9 u TeH ycTOWYHBOCTH K IMypoMHIuHY (puroR), ¢
UCIONIb30BaHNeM TpaHchekunonHoro pearenra JetOPTIMUS.

[Mocne TpaHcdekuun KineTKH 00padaThIBaIM MyPOMUIIMHOM — aHTHUOMOTHUKOM, KOTOPBIH MHTHOUPYET CHHTE3
Oenka, YTO MO3BOJISIO BBDKUTH TOJNIBKO KIETKAM C WHTETPUPOBAHHBIM TI'eHOM YycToiuuBocTH. [locime orbopa
MYPOMHMLMHOM KJIETKM C YCIEHIHBIMH MOJU(UKAIMAMH TOABEPraJIiCh KIOHAIBHOMY  DPACIIUPEHHIO U
TeHOTHIIMPOBAHUIO, YTO TMoKa3ano 3¢dextuBHOCTh TpaHchekuuu 12,2%, npuuém 77% paclIMpeHHBIX KJIOHOB HMEIH
TEHOTHIT AWKOTO THMA. DTH JaHHBIE YKA3bIBAlOT HA HEOOXOAWMOCTb YTOYHEHHS CTPATETHH PEAAKTHPOBAHHS T'EHOB,
BO3MOJXKHO, € WucCHonb3oBaHueM onHoHampaBmaonmx PHK (sgRNA) m ontmMuzamueid ycinoBuil TpaHCHEKINH.
HecMoTps Ha TO 9TO yIaJeHHE LENEBOTO 3K30HA 2 HE OBUIO TOCTHTHYTO, 3Ta MOJIEINb IIPEAOCTaBIsAET MPEACTABICHUE O
MOAXO0JaX K PENaKTUPOBAHMIO I'eHOB K poiu Adamts3 B MuoreHese.
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MOQALO HAQQINDA MOLUMAT XULASO

Magalanin tarix¢asi Bu tadgiqat, Azarbaycanin canub-sarqinds yerlason Vilyascay ¢ayr hévzasinda
Daxilolma tarixi: 23.09.2025 yamaclarm parc¢alanma dorinliyinin  morfometrik tohlilini tagdim edir.
Diizalis tarixi: 16.01.2026 Todgiqatda relyefin  par¢alanma doaracasinin  Gyranilmasinda  daqiqliyi
Qabulolunma tarixi: 06.02.2026 artirmaq maqsadilo GIS texnologiyalarindan va hévza yanasmasindan istifada

olunmugdur. Roqomsal relyef modellorinin (DEM) vo Sentinel-2 peyk
Acar sozlar moalumatlarimin  inteqrasiyas:  yamaclarin  identifikasiyasi  vo  risk
morfometrik tohlil, yamac qiymoatlondirilmasinin daqiqliyini artirmis, tektonik va eroziya tasirlorini on
parcalanmasi, Vilascay hévzasi, GIS- plana ¢ixarmisdwr. Béyiik Qafqaz va Olborz daglart ilo aparilan miiqayisali
texnologiyalari, geomorphologiya, tohlil Vilyas¢ay hévzasinin oziinamaxsus geomorfoloji xiisusiyyatlorini ortaya
hovza yanasmasi, geoxatorlor qoymusdur. Olda olunan naticalar relyefin formalasmasi, tektonik proseslor

va landsaftin tokamiiliinii anlamaga tGhfo verir va torpaqdan istifadonin
planlasdirilmasi, eroziyamin garsisimin alinmast va dayaniqli turizm inkisafi
tictin praktik ahamiyyat daswywr. Hovzo asasli GIS yanasmasi anonavi tor
asaslt metodlardan iistiin olmagqla, gqlobal migyasda geomorfoloji tadgiqatlar
tictin migyaslana bilon bir ¢or¢iva tagdim edir

Giris

Viloscay hovzasi, Azorbaycanin conub-sorqinds, Talig dag sistemindo yerloson, relyefin
giiclii parcalanmasi, aktiv tektonika vo miixtalif litologiya ilo xarakterizo olunan geoloji cohatdon
dinamik bir bolgadir. Yamaclarin dorinino par¢alanmasinin morfometrik tohlili landsaftin inkisafini,
geomorphological proseslori vo ugqun, sel vo dasqin kimi geoxotorlora hossasligi anlamaq iiglin
miihiim alatdir. Onanoavi sator asasli morfometrik metodlar tosadiifi hiindiirliikk se¢imi sobabindon
geyri-daqiq naticalor verir [7]. Bunun oksina, hidroloji va topoqrafik sorhadlori nozors alan hovzo
osasli yanagma relyef tohlili ticiin daha doaqiq ¢argiva toklif edir [6, 5.76-80; 10].

Tadqiqat arazisi, Elburs-Talis dagliq silsilasinin bir hissasi olaraq, Xozaor donizina yaxinligi
sobabindon tektonik-geomorfoloji qarsiliglt tosirlori dyronmok liglin osas bolgadir. Talis daglarinda
ovvalki geomorfoloji todgiqatlar aparilmis olsa da [3; 4], miiasir GIS vo uzagdan zondlama
texnologiyalarindan istifado edon kompleks morfometrik tohlillor mohduddur. Bu todqigat bu
boslugu doldurmagq iciin yiiksok doqiqlikli topoqrafik xoritolor vo Sentinel-2 tasvirlorindon istifado
edorok yamaclarin dorinine pargalanma doracalorini komiyyatlogdirir, onlarin mokan paylanmasini
qiymatlondirir vo torpaq istifadssinin planlasdirilmas: ilo geoxator azaltma tadbirlari tiglin tokliflor
VErir.

Tadgiqatin magsadlori:

1. Viloscay hovzasinds yamaclart dorinine parcalanma daracslorine goro ayirmaq vo tosnif
etmok;

2. tektonik, litoloji vo eroziya proseslorinin qarsiliql tosirini tohlil etmok; (3) davamli torpaq
idaroetmosi va turizm inkisafi ti¢lin praktik tovsiyalor toqdim etmokdir.

Materiallar va metodlar

Viloscay hovzoesi, Azerbaycanin conub-gorqinds, 781,69 km? sahoni ohats edir vo doniz
soviyyasindon Komiirkily daginda 2493 m-o godor miixtalif topoqrafiyaya malikdir. Hovzonin orta
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vo asag1 axinlari riitubatli subtropik zonada yerlosir, Viloscay ¢ay1 Xozor donizina tokiiliir. Miixtalif
¢okmo vo vulkanik siixurlardan ibarot miirokkob geologiyas1 vo aktiv tektonik qirilmalar relyefin
giiclii parcalanmasina sobab olur [5].

Azorbaycan Dovlot Kartografiya Agentliyindon oldo edilmis 1:10,000 miqyash yiiksok
doqiqlikli topoqrafik xoritolordon istifado edorok 464 elementar yamac ayrilmisdir. Dorinino
parcalanma doracasi (AH) asagidaki formula ilo hesablanmisdir:

AH = Hmax - Himin

burada AH — dorinino pargalanma doracesi, Hmax — yamacin maksimum hiindirliyt, H min —
yamacin minimum hiindiirlitytidiir. Topoqrafik xaritslordon 10 m gotnamali raqomsal relyef modeli
(DEM) yaradilmis, yamac sorhadlorinin doqiqgliyini artirmaq iiclin 2024-cii ildo oldo edilmis
Sentinel-2 peyk tasvirlari (10 m xata) inteqrasiya edilmisdir. Hovza asasli yanagsmaya uygun olaraq
yamaclarin ayrilmasi iigiin suayrici tohlili alatlori totbiq edilmisdir. Darinino parcalanma doracolori
yeddi intervalda tosnif edilmisdir: 0-200 m, 200-400 m, 400600 m, 600-800 m, 800—-1000 m,
1000-1200 m vo >1200 m.

Mokan tohlillori ArcGIS 10.2.1-do Spatial Analyst vo 3D Analyst alatlori ilo aparilmis, saho
Ol¢iilori, statistik modellosdirmo vo xarito tortibi hoyata ke¢irilmisdir. Pargalanma kateqoriyalari
iizro mokan doyiskonliyini giymotlondirmok {iciin ANOVA testi totbiq edilmisdir. Azorbaycan
Geoloji Xidmotindon oaldo edilmis litoloji vo seysmik molumatlarla inteqrasiya edilorok geoxotor
hassasliq indeksi hazirlanmigdir. DEM-in daqiqliyini tomin etmak {igiin 10 sahads yerindo yoxlama
aparilmis, sohv faizi 5%-don asagi olmusdur. Noticolor tematik xoritalor (Sakil 1 vo 2), statistik
diagramlar vo cadvallords (Cadval 1 vo 2) imumilosdirilmisdir.

Toqiqatin miizakirasi

Morfometrik tohlil Vilaggay hévzasinds orta doracada pargalanmis yamaclarin (400-800 m)
dominant oldugunu gostorir, bu yamaclar 461,92 km? (59,09%) sahoni vo 270 yamac (58,19%)
togkil edir. Osason orta vo yliksok dagliq zonlarda yerloson bu yamaclar aktiv eroziya vo denudasiya
proseslori ilo formalasir, dag-piyada turizmi ii¢lin uygundur, lakin eroziyaya nozarst iigiin
investisiyalar tolob edir. Zoif par¢alanmis yamaclar (0—400 m) 189,10 km? (24,19%) sahoni vo 154
yamac (33,19%) ohato edir, asag1 axinlarda yerlosir vo yumsaq meyllori sobabindon velo- vo
avtoturizm {¢iin idealdir. Giicli pargalanmis yamaclar (>800 m) 130,67 km? (16,72%) sahaoni vo 40
yamac (8,62%) toskil edir, tektonik aktivlik vo ugqun, sel, dasqin kimi geoxotorloro hossasdir.

Darinins pargalanma doracalarinin mokan paylanmasi tektonik yiiksalma, litoloji miixtaliflik
vo eroziya proseslorinin qarsiliqh tesirini oks etdirir [2]. Giiclii pargalanmis yamaclar qirilma
zonalari vo vulkanik siixur ¢ixintilari ilo olagolondirilir, bu da geoloji xaritalorlo tosdiglonmisdir [5].
Boyiik Qafqaz [16] vo Elburs daglari [18, s.1-12] ilo miigayisali tohlillor Vilogs¢ay hovzasinin Xazor
donizino yaxiligi vo aktiv tektonika sobabindon unikal geomorfoloji xiisusiyyatlorini vurgulayir.
Sentinel-2 tosvirlori asag1 axinlarda six bitki Ortilyiliniin eroziya niimunolorine tosirini gostormis,
torpaq istifadesinin planlagdirilmasina tosir etmisdir. Hovzo osasl yanasma, GIS ilo birlosdirildikdo,
sotor osasli metodlara nisboton daha doqiq noticolor vermis, hiindiirliik artefaktlarini azaltmisdir
[11], s.40-46]. Geoxotaor hassasliq indeksi >800 m pargalanma doracali zonalar1 ugqun monitoringi
iiclin prioritet saholor kimi miioyyonlosdirmis, infrastruktur planlasdirmasi vo folakot riskinin
azaldilmasina tohfo vermisdir.

Naticolor dagliq bolgolordoki morfometrik tohlillor iizro qlobal todqiqatlarla uygunlasir
[19, 21]. Orta daracads pargalanmis yamaclarin tstiinliiyii tektonik va iqlim faktorlarinin tasir etdiyi
dinamik landsaft1 gostorir, davamli turizm va eroziya idareetmasi li¢lin praktik totbiqlor toklif edir
[14].

Cadval 1-5 asason, yamaclarin pargalanma daracasine gora tosnifatt verilmisdir: 0-400 (zoif
parcalanmis), 400-800 (orta parcalanmis), 800-1200 vo 1200-don yuxari1 (yiiksok parcalanmis),
naticalori Cadval 2-don tadqiq olunan rejimds timumilosdirilmisdir.
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Cadval 1.
Vilagcay hovzasi yamaclarinin asas kartometrik vo morfometrik gostaricilori
Dorinlik parcalanmast Komiyyat N Saho S (km?) Yamaglarln
Ss. daracasi (metrlo) Say Faiz Say Faiz sixligt K ,
(yamac/km®)
1 2 3 4 5 6 7
1 0-200 13 2.8 13.21 1.69 0.98
2 200-400 141 30.39 175.89 22.50 0.80
3 400-600 162 34.91 264.88 33.89 0.61
4 600-800 108 23.28 197.04 25.20 0.55
5 800-1000 24 5.17 64.78 8.29 0.37
6 1000-1200 10 2.16 44.35 5.67 0.23
7 1200-don yiiksok 6 1.29 21.54 2.76 0.28
Comi 464 100.00 781.69 100.00 0.59

Sayma (270; 58,19%) va sahasine (461,92 kv.km; 59,09%) gora ([1H=400-800 m) yamaclar
ustlinliik togkil edir. Onlar orta dagliq vo qismen yiiksok dagliq zonalarda yayilmisdir. Burada
iqtisadi foaliyyat li¢iin alavo maliyyas sormayasi tolob olunur. Eroziya vo denudasiya proseslori genis
yayilmigdir. Dag gozinti turizmi miimkiindiir. Belo yamaclarin sixlig1 0,59-dur.

Cadval 2.

Vilyascay hévzasinda miixtalif daracali par¢alanmaya maruz qalmis yamaclarin asas kartometrik
va morfometrik gostaricilori

- v
Yamaclarin dorinlik Komiyyat N Saho S (km?) Yamaglarln
Ss. arcalanma dorocasi Sa Faiz Sa Faiz sixlig1 K
parg y y (yamac/km?)
1 2 3 4 5 6 7
1 Zoif pargalanmig 154 33.19 189.10 24.19 0.82
(0-400)
2 Orta daracada 270 58.19 461.92 59.09 0.59
pargalanmis (400-800)
3 Yiksok par¢alanmig 40 8.62 130.67 16.72 0.31
(800-1200 va yuxari)
Comi 464 100.00 781.69 100.00 0.59
' 180
160
140
120
100
80
60
40
20
0
0-200 200-400 400-600 600-800 800-1000 1000-1200 1200-den Gcox

Sakil 1. Vilyascay ¢ayr hovzasinin yamaclarinin pargalanma darinliklorinin paylanma histogrammasi
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Sakil 2. Vilyascay hovzasi yamaclarinin dorinlik parcalanma daracasinin paylanma diagram..

Zoif pargalanmis (AH =0-400 m) yamaclar asason Vilyascayin asagi axarinda genis
yayilmisdir. Onlar todgiq olunan oarazinin 189,10 kv.km (24,19%) sahasini tutur. Belo yamaclarin
say1 154-2 (33,19%) catir, sixligi isa 0,82-dir. Belo yamaclar iimumiyyatlo iqtisadi foaliyyatin osas
novlori liclin uygundur. Burada velosiped vo avtomobil turizmi miimkiindiir. ©On kigik say1 40
(8,62%) vo sahasi 130,67 kv.km (16,72%) yiiksok parcalanmis (AH=800-1200 vo 1200 m-don
yuxar1) yamaclarla xarakterizo olunur. Burada sel, u¢cqun, dasqin, qaya ug¢qunlari genis yayilmisdir.
Belo yamaclarin saholorini risk zonalari adlandirmaq olar. Burada miihondislik, tikinti vo kond
tosorriifatt islori demok olar ki, miimkiin deyil; qis turizmi, o climlodon macora turizmi ilo mosgul
olmagq olar.

Natica

Vilogcay hovzosinin yamaclarinin dorinino parcalanmasinin morfometrik tohlili relyefin
formalagmasi vo inkisaf xiisusiyyatlorini basa diigmok {i¢lin miithiim naticalor vermisdir. Todqiqat
noticolori gostorir ki, hovzodo orta dorocodo pargalanmig yamaclar dominantdir vo bu, onlarin
iqtisadi istifadosi vo turizm potensialini miioyyonlosdirir. Gliclii pargalanmis orazilor iso tohliikoli
geoloji proseslora goro risk zonalart kimi qiymatlondirilir.

Bu todqgiqatin nozori ohomiyyeti relyefin formalagmasi, tektonik horoketlor vo landsaftin
saquli zonaliligi kimi masalolorin Oyronilmosindadir. Praktik baximdan iso naticolor torpaq
istifadosinin  planlagdirilmasinda, suvarma sistemlorinin = segilmosinds, soharsalma vo yol
tikintisindo, homginin turistik marsrutlarin miioyyonlogdirilmosinda istifado oluna bilor [14].

Golocok todgiqatlarda GIS-texnologiyalarmin daha genis totbigi, homg¢inin uzagdan
zondlama molumatlarinin inteqrasiyasi ilo relyefin dinamik doyisikliklorinin monitoringi tovsiyo
olunur. Golacok todgigatlar parcalanma niimunolorinin zamansal doyisikliklorini izlomok iiciin
gabaqcil uzaqdan zondlama (mosolon, LiDAR, yiiksok doqiqlikli DEM) vo iqlim doyisikliyinin
eroziya proseslorine tosirini inteqrasiya etmolidir. Beynolxalq todqiqat sobokolori ilo omokdasliq
hovzo osasli yanagsmani miixtalif geomorfoloji soraitdo tosdigloyarak, tektonik cohotdon aktiv
bolgolordo otraf miihit idaroetmosini iroli apara bilor. Bu, tohliikoli geoloji proseslorin
prognozlasdirilmasi vo relyefin miihafizosi iigiin daha effektiv strategiyalarin hazirlanmasina komok
edo biler.

57



Almammadli M.G. | Scientific News 26 Issue 1 (2026)

Odabiyyat

Azarbaycan dilinda

[1]. Almommoadli, M.G., Hiiseynova, L.I. Talis dag sisteminin morfostrukturlarinin morfogenetik
xtisusiyyatlorinin tohlili // Biologiyanin miiasir problemlori. Respublika elmi konfransi, 23-24
oktyabr, 2018. Sumqayit: Redaksiya va nosr islori sobasi, —2018, —s.179-180.

[2]. ©lizads, ©.K. Relyefin eksomorfodinamikasi vo onun qiymatlondirilmosi / ©.K.Olizado,
S.A.Tarixazor —Bak1: Elm. —2010.

[3]. Budagov, B. A. Relyef / B. A. Budagov // Azarbaycan Milli Ensiklopediyasi. —Baki, —2012.

[4]. Haciyev, V.D. Naxgivan vo Talisin Mezozoy-Kaynozoy vulkanizmi bdlgolorinin
paleogeomorphologiyasi / V.D. Haciyev, —Baki. —1999.

[5]. Kangarli, T.N. Tektonik rayonlagdirma // —Bak1: Azarbaycanin geologiyasi, IV cild. —2005

[6]. Mehbaliyev, M.M. Relyefin rekreasiya mogqsadlori tiglin morfometrik todqiqi // —Baki: RGO
Xabarlari, —2001, 133(6), —s.76-80.

[7]. Piriyev, R.X. Relyefin morfometrik tohlili metodlar1 (Azorbaycan orazisi niimunosinds) /
R.X.Piriyev, —Baki: Elm. —1983.

[8]. Racabli, T.R. Qarabag diizonliyi vo ona bitisik Kigik Qafqaz yamaclarinin kond tosarriifati
mogsadlori liciin morfometrik tadqiqatlari: / cografiya lizro namizodlik dissertasiyasinin
avtoreferat / —Bak1. 1990.

Rus dilinds

[9]. Anucumos, B.1. OcHoBbl MOpdomeTpudeckoro aHanusa penbeda / B.M. Auucumos, ['po3HbIii:
qury.-1987, -91c.

[10]. Bepnsut, A.M. O6pa3 npocrpancta: Kapra u undopmanus / A.M. Bepnsut, —M.: MbICib. —

1986, —238 c.

[11]. Baropysnbko, B.A. Mopdomerpudeckuii ananu3 penbeda cpeacrsamu ['MC-texHomoruit (Ha
npumepe Cemmuuckoro mepeBana) / B.A.3aropymsko, B.M.Xamapun, A.E.Ts6aes, //
I'eomopdomnorus, —2003 (4), —¢.40-46.

[12]. HukonaeBckas, E.M. Meroauueckue yka3aHHs IO TNPOCKTHPOBAHHIO M COCTABJICHHIO
KOMILJIEKCHBIX HaydHO-CrpaBouHbiX atigacoB / E.M.HukonaeBckas, Mopdomerpuueckue
KapThl penbeda (Beimyck 4). —-M.: MI'Y. —1966

[13]. YepssikoB, B.A. KonwmuectBennoie Meronsl B reorpaduu / B.A.YUepmsikoB, —baphay:
Anraiickuit ['ocynapctBennsiii YauBepcurer. —1998. 258 c.

[14]. Pamxabmu, T.P. Mopdomerpuueckue wuccrienoBanus KapaOaxckoil — paBHHHBI U
MPUMBIKAIOIINX K Hel ckioHoB Maioro KaBkasa B 1ensix cenbCkoro xossiictsa: / ABroped.
muc. k.r.H. —baky. 1990, —24 c.

[15]. Mex6amueB, M.M. Mopdomerpudeckoe rcciieoBaHue pelibeda B peKpeariioHHbIX nensx //
H3zB. PT'O, 1. 133, BBIN. 6, —2001. —. 76-80.

[16]. HetpebOun, I1.6. Mopdomerpuueckuii ananus penseda bonbioro Kaekasa: /' Jlucceprarust
Kanauaara reorpaduveckux Hayk / —Kpacuomap, 2012, —227 c.

[17]. TIupues, P.X. Metonsl MOphOMETPHUECKOTO aHadmu3a penbeda (Ha IpuMepe TePPUTOPUH
Asep0aiimkana) / P.X.ITupues, —baky: Dim, —1983. —119 c.

Ingilis dilinds

[18]. Ehsani, A. H., & Quiel, F. Geomorphometric feature analysis using morphometric
parameterization and artificial neural networks / A. H.Ehsani, F.Quiel // Geomorphology, 99
(1-4), —2008, p.1-12.

[19]. Huggett, R.J. Fundamentals of geomorphology (3rd ed.) / R.J. Huggett, // Routledge. —2011.

[20]. Wohl, E. Mountain rivers revisited / E.Wohl // Water Resources Research, 49(10), —2013, —
p.6583-6597.

[21]. Wilson, J.P. Terrain analysis: Principles and applications / J.P.Wilson, J.C. Gallant // Wiley.
2000

58



Almammadli M.G. | Scientific News 26 Issue 1 (2026)

Summary
Morphometric study of vertical dissection of slopes of the Vilyashchai river basin
Almammadli M.G.

Key words: morphometric analysis, slope dissection, Vilashchai river basin, GIS technologies,
geomorphology, basin approach, geohazards

This study presents a detailed morphometric analysis of slope dissection depth in the Vilashchai river basin
located in the southeast of Azerbaijan using GIS technologies and a basin approach to improve the accuracy of relief
fragmentation studies. The integration of digital elevation models (DEMSs) and Sentinel-2 data improved the accuracy of
slope identification and risk assessment, highlighting tectonic and erosional impacts. Comparative analysis with the
Greater Caucasus and Alborz Mountains highlights the unique geomorphological features of the Vilashchai riverbasin.
The results contribute to the understanding of landformation, tectonic processes and landscape evolution, with practical
implications for land use planning, erosion control and sustainable tourism development. The basin GIS approach is
superior to traditional grid-based methods, offering a scalable framework for global geomorphological studies.

Pesrome
MopdomeTpuueckoe uccaeI0BaHUE BEPTHKAIHHOIO pacyJeHeHHs CKJIOHOB facceiiHa pexu Buasuryaii
Anmameonu M.I.

Knrouesvie cnosa: moppomempuueckuii ananius, pacuieHenue CKIoOHO08, Oacceun pexu Bunewwuwau, I'MC-
mexHono2ul, 2eomop@hoiozus, bacceliHogslil N0OX00, 2e00NACHOCU

B naHHOM wHCCIieOBaHMM MPEJCTABICH ACTANbHBIH MOPHOMETPUYCCKAN aHAIW3 TIIYOWHBI PAaCUICHCHUS
CKJIOHOB B 0OacceiiHe peku Buiisiirgaid, pacrosiokeHHOM Ha Oro-BOoCTOKe AsepOaiimkana, ¢ ucmonb3oBanueMm ['MC-
TEXHOJIOTHI W 0accefHOBOTO MOAXOZa UIA IMOBBIIMICHUS TOYHOCTH H3y4deHHs (parMeHTarum penbeda. WHTEerpamus
uudpoBsIx Moaeneit penpeda (DEM) u nanHbBIX Sentinel-2 MOBBICHIIa TOYHOCTH BBIICICHUS CKIIOHOB M OIICHKH PHCKOB,
MOTYepPKUBas TEKTOHUYCCKIE W dPO3MOHHBIC Bo3aeiicTBrsA. CpaBHUTENbHBIN aHanm3 ¢ bonpmmM KaBkaszoM m ropamu
Anp0op3 TOIUEpKUBaeT YHUKAJIBHBIE TeOMOpP(OIIOTHUECKHE OCOOCHHOCTH OacceliHa pekn Bmmuail. Pesymprater
CIOCOOCTBYIOT TOHHUMAHHUIO (OPMHUPOBAHUS penbeda, TEKTOHMYECKUX IIPOLECCOB M SBONIONUH JaHMmadTa, UMes
MPAaKTUYIEeCKOe 3HAUYCHUE IS TUIAHMPOBAHHUS 3eMJICTIONE30BAaHHS, KOHTPOJIS SPO3UH M YCTOWIHBOTO PAa3BUTHUS TypH3Ma.
BacceiinoBeiii [ MC-noixoa NpeBOCXOAUT TPAIUIIMOHHBIE CETOYHBIE METOJbI, Mpejiaras MaclTadupyeMyl0 OCHOBY
JUTS TII00QTBHBIX TeOMOP(HOJIOTHYSCKUX UCCIICIOBAHUH.
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MOQALD HAQQINDA MOLUMAT XULASO

Magalanin tarixgasi Maqalada UH-60 Black Hawk helikopterinin dagsiyict vintinin formasimin
Daxilolma tarixi: 16.10.2025 aerodinamik samoaraliliya tosiri  CFD  (hesablama maye dinamikasi)
Diizalis tarixi: 23.01.2026 modellasdirma tisulu ilo arasdrilmigdr. Todqigatda diiz (S0) va qilincvari
Qabulolunma tarixi: 28.02.2026 (S2) por konfiqurasiyalari miigayisa edilmis, helikopterinin aerodinamik

gostoricilari analiz olunmugdur. Hesablamalar gostormisdir ki, S2 formasi
Agar sozlar helikopterin aerodinamik keyfiyyatini artirir: Ct toxminan 4 %, FM 8-9 %
aerodinamika, CFD modellasdirma, yiiksalmis, Cp isa 3 % azalmigdw. Bu doayisikliklor hava axmminda
helikopter, par burulganlarin zaiflomasi va tozyiq paylanmasimin barabarlaogmoasi ila izah

olunur. Naticalar gostarir Ki, parin geometriyasinin sada optimallasdiriimasi
helikopterin enerji somoaraliliyini artirmaqla yanagi, yanacaq sarfini va sas
Saviyyasini do azaldwr

Giris

Miiasir helikopter texnologiyalari artiq yalniz ugus giicii va etibarliligla deyil, hom da enerji
somaraliliyi, aerodinamik optimalliq vo akustik sabitliklo qiymotlondirilir. XXI osr aviasiya
mithondisliyinin asas moagsadlorindon biri bu {i¢ asas parametr — itkiyo qarsi miigavimot, yanacaq
igtisadiyyat1 vo ekoloji balans arasinda optimal nisbatin tomin edilmosidir [1, s. 25]. Helikopterin
imumi performansina birbasa tosir gdstoron osas aerodinamik komponent iso dasiyici vint
sistemidir. Porin geometriyasinda bas veran hatta minimal doyisikliklor bels, qaldirma qiivvasing,
giic sarfiyyatina, akustik emissiyalara vo vibrasiya sabitliyino miihiim tosir gostorir [2, s. 518].

UH-60 Black Hawk helikopteri, orta sinif g¢oxmoqgsodli rotor sistemlori arasinda
balanslagdirilmis aerodinamik sxemi va struktur etibarliligi ilo forqlonir [3, s. 64]. Onun konstruktiv
arxitekturasi osas miihorrik sistemi vo otiiriici mexanizmo miidaxilo etmadon par aerodinamikasinin
optimallagdirilmas1 {izro eksperimental todqiqatlara imkan yaradir. Bu xiisusiyyat UH-60
platformasin1 CFD (Computational Fluid Dynamics) analizlori {igiin etibarli baza modelino gevirir
[4, s.153]. Miiasir enerji somoraliliyi standartlarinin sortlosmasi vo yanacaq xorclorinin artmasi
fonunda porin optimal geometriyasinin miioyyonlosdirilmasi helikopter miithondisliyinds prioritet
istiqgamatlordon birina ¢evrilmisdir.

Hazirki tadgiqatin magsadi, SO (diiz par) vo S2 (qilincvari par) konfiqurasiyalariin UH-60
helikopterinin aerodinamik gostaricilorine — Ct (thrust coefficient), Cp (power coefficient) vo FM
(figure of merit) omsallarina tosirini hesablama modellori osasinda miioyyonlogdirmokdir. Aparilmis
CFD analizlori gostormisdir ki, porin formasinda edilon gismen qilincvari ayrilik axin xattlorinin
laminar stabilizasiyasini artirir, burul@an intensivliyini azaldir vo naticodo FM gostoricisindo 89
%-lik artim miisahido olunur [5, s. 204].

Todgigatin elmi yeniliyi ondan ibarstdir ki, S2 formasi1 yalniz aerodinamik somoraliliyi
yiiksaltmir, hom do konstruktiv sadslik, kiitlo balans1 vo mexaniki yiiklonma sabitliyi prinsiplorini
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qoruyur. Bu modernlogsmo yanagmasi osas struktur doyisikliklorine ehtiyac olmadan, UH-60 vo
oxsar sinif rotor sistemlorinds totbiq oluna bilar [6, s. 105827]. Belosliklo, bu is helikopter porlorinin
aerodinamik optimallagdirilmas: sahasindo enerjiys qonastli dizayn vo sos azaldici konstruktiv
hallarin inkisafi tiglin nozori vo hesablama asasli platforma yaradir.

Tadqgiqat metodikasi

UH-60 Black Hawk helikopterinin porlorinin aerodinamik davraniginin tohlili CFD
(Computational Fluid Dynamics) modellosdirmo yanasmasi ilo aparilmisdir. Bu tisul Navye—Stoks
tonliklorinin {i¢Olctllli, geyri-sabit (unsteady) rejimdo holli {lizorindo qurulmus vo rotorun
aerodinamik sahosindo yaranan tozyiq paylanmasi, burulgan axinlari vo itki mexanizmlorinin
simulyasiyasina imkan vermisdir [1, s. 534]. Hesablamalar SolidWorks Flow Simulation vo
ANSYS Fluent miihitlorinds aparilmis, naticolorin sabitliyini toamin etmak {igiin eyni sarhad sortlori,
mesh sixlig1 vo turbulentlik modeli (k—¢) totbiq edilmisdir.

Osas hesablamalar stabil asili ugus (hover flight) rejiminds aparilmigdir. Har iki por varianti
— S0 (diiz par) vo S2 (qilincvari par) ligiin miihorrik giicii, rotasiya tezliyi vo hiicum bucagi sabit
saxlanilmigdir. Bu yanasma, yalniz parin formasinin aerodinamik performansa tasirini izolo etmoya
imkan vermisdir [3, s. 212].

Hesablamalarda istifads olunan parametrlor agagidaki kimidir:

e Havanin sixligt: p = 1.225 kg/m?

o Dasiyict vintin diametri: D = 16.36 m

e Firlanma tezliyi: n = 4.2 dovr/s

e Bucaqli siirat: ® = 26.4 rad/s

e Rotor diskinin sahasi: A = nR?

Aerodinamik omsallar asagidaki ifadslorlo hesablanmigdir [4, s. 76]:

T P cy?

Ci= sy, Cp=— ' FM=
" pAQR)?Y T pA(QR)Y C,’

burada T — galdirma qiivvasi, P — sorf olunan giic, A = tR? — rotor diskinin soth sahasidir.

Hesablamalar 0.5 %-don az nisbi xata ilo konvergensiya aldo edilonadok aparilmigdir. Hesab
sabokasinin (mesh) strukturunda porin uclarinda (tip region) lokal sixlasdirma totbiq edilmis, ¢iinki
burulganlarin yaranmasi vo enerji itkilori osason bu zonalarda bas verir [2, s. 520].

Cadval .
UH-60 helikopteri iigiin SO va S2 konfiqurasiyalarinda Ct, Cp va FM naticalori
(CFD hesablamalar: asasinda)
Konfiqurasiya Ct Cp FM
SO (diiz por) 0.0332 0.0129 0.469
S2 (qilincvari par) 0.0350 0.0125 0.512

Cadveldon goriindiiyii kimi, S2 konfiqurasiyasi Ct omsalin1 5.4 %, FM gostaricisini 9.1 %
artirmig, Cp-ni 1s9 3.1 % azaldaraq daha somorali enerji ¢evrilmosi tomin etmisdir. Bu, porin
geometriyasindaki kicik doyisikliklorin belo aerodinamik performans vo mexaniki yiiklonmo
tizorindo miihiim tosirs malik oldugunu gostorir. Qaldirma qiivvaesinin artmasi ilo yanasi, sorf olunan
giiciin azalmasi, rotor sisteminin daha balansli va “tomiz” axin rejimindas isladiyini siibut edir.

Olds edilon naticalor gostarir ki, parin formasinin doyismasi miiharrik giicii, firlanma tezliyi
vo konstruktiv qurulus sabit qaldigda belo aerodinamik keyfiyyoto tosir edir. Beloaliklo, bu tosir
yalniz geometriya ilo miioyyon olunur vo struktur sistemdon asili deyil. Novbati bolmads bu
forglorin axin paylanmasi vo tozyiq dinamikasi baximindan vizual tosdiqi CFD modellori osasinda
togdim olunur (Sokil 1 va Saokil 2).
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Sakil 1. UH-60 helikopterinin SO Sakil 2. UH-60 helikopterinin S2
konfiqurasiyasinda hava axininin konfiqurasiyasinda hava axininin
paylanmast paylanmast

Sokil 1-do gostorildiyi kimi, SO parinds hava axini uc hissalords yiiksok sixliqlt burulganlar
omoalo gotirir. Bu, axin enerjisinin bir hissasinin induktiv itkilors sorf olunmasina sabob olur.
Qaldirma qiivvasi beorabar paylanmir: maksimum doyarlor porin 0.8—0.9R hissosindo miisahido
olunur, bu da vintin periferik yliklonmasini artirir [5, s. 208].

Sokil 2-do iso qilincvari oyriliys malik S2 parinin axin strukturunda burulgan sixliginin
azaldig1 vo siirat xottlorinin daha sabit paylandigi miisahide olunur. Bu doyisiklik parin uclarinda
tozyiq forqinin azalmasina, naticads induktiv itkilorin azalmasina gotirib ¢ixarir. Natica etibarilo, S2
formasi ilo axin kinetik enerjisinin daha bdyiik hissasi qaldirma qiivvasing ¢evrilir vo vintin timumi
effektivliyi yiiksalir [6, s. 310].

Aparilan CFD modellogdirmo noticolori UH-60 Black Hawk helikopterinin dasiyici
porlorinin formasinin aerodinamik gostoriciloro oshomiyyatli tosir gostordiyini agiq sokildo ortaya
qoydu. S2 vo SO konfiqurasiyalar1 arasinda alds olunan forglor tokco Ct, Cp vo FM kimi say
gostaricilori ilo deyil, hom do hava axminin strukturunda miisahido olunan fiziki doyisikliklorlo
tosdiq edildi.

SO formas {li¢iin hava axin1 asason uclarda yiiksok siiratli burulganlarla miisahido olunur ki,
bu da induktiv itkilorin artmasina vo enerjinin somorasiz paylanmasina sobob olur. S2 formasinda
159 bu burul@anlar daha zoif vo barabor paylanmis voziyyatdadir. Naticads, axin boyunca daha sabit
tozyiq qradiyenti vo borabar qaldirma qiivvasi paylanmasi formalasir [3, s. 212].
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Sokil 3-do gdstorildiyi kimi, SO konfiqurasiyasi tigiin C; omsalinin RPM artimai ilo xatti artim
xarakteri miisahido olunur. Ct doyorlori 230-300 RPM intervalinda sabit galir, lakin bu diapazondan
sonra qrafikdo qeyri-xattilik yaranir. Bu davranis porin uc hissolorindo lokal axin ayrilmalari (flow
separation) vo burulgan strukturunun qeyri-sabitlosmosi ilo olagodardir, bu da vintin imumi
somaraliliyini azaldir [2, s. 520].

S2 konfiqurasiyasi iiglin Ct oyrisi daha stabil vo dik xarakter dasiyir. Bu, porin formasi
dayisdirildikde Ct-in RPM artimina qarst daha yiiksok hessasligla reaksiya verdiyini gostorir.
Beloliklo, eyni miihorrik giicii ilo daha ¢ox galdirma qiivvasi aldo olunur, bu da enerji sorfiyyatinin
azalmas1 va yanacaq samaraliliyinin yiiksolmasi demokdir [4, s. 265].
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Sakil 5-da SO konfiqurasiyasi tigiin giic sarfi ilo Ct arasinda qeyri-xatti asililiq gostorilmisdir.
Ct artdiqca sorf olunan giic proqressiv olaraq yiiksalir, bu da vintin somarsliliyinin miioyyan haddon
sonra azalmasina gotirib ¢ixarir. Basqa s6zlo, daha ¢ox galdirma qiivvasi alde etmoak iigiin enerji
itkisi koskin artir [1, s. 534].

Sokil 6-da S2 konfiqurasiyasi li¢lin eyni analiz toqdim edilmisdir. Burada oyrinin maililik
bucagi daha azdir, yoni eyni Ct doyarlori iiglin giic sorfi daha asagidir. Bu forq orta hesabla 2.8-3.2
% diapazonundadir. Osas sobab, S2 formasinda burulanlarin daha homogen axinla yonlonmasi vo
tozyiq paylanmasinin daha boarabar olmasidir [6,
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Sokil 7 mogalonin asas naticolorindon birini gostorir — Figure of Merit (FM) gostaricisinin
RPM-don asililigini. Gorlindiiyii kimi, SO konfiqurasiyasi iigiin FM 0.46-0.47, S2 {i¢iin iso 0.50-
0.51 intervalinda dayisir. Bu forq 8-9 % somaralilik artim1 demokdir [7, s. 105825]. Bundan slavs,
S2 formasi iiglin FM maksimumu 270-280 RPM araliginda geyds alinmisdir ki, bu da optimal
enerji rejimina uygundur.

Sokil 8-do SO vo S2 konfiqurasiyalarinda Thrust-Torque olagosi miiqayiso olunur. S2
konfiqurasiyasi {iglin eyni qaldirma qlivvesine (Thrust) nail olmaq ii¢iin 2.5-3 % daha az firlanma
momenti (Torque) tolob olunur. Bu, miiharriko diison mexaniki gorginliyin azalmasini vo vibrasiya
soviyyesinin agaglt diigmosini gostorir [8, s. 415]. Notico etibarilo, rotorun Omrii uzanir vo
konstruktiv sabitlik artir.

Natica

Yekun naticolor va perspektivlor. Aparilmis CFD modellosdirmo UH-60 Black Hawk
helikopterinin dasiyict porlorinin formasinin aerodinamik performansa tosirini adodi vo vizual
saviyyads tasdiqladi. SO — S2 keg¢idi naticasinds Ct orta hesabla 4 %, FM 89 % artmis, Cp iso 3
% azalmigdir. Bu forqlor yalniz odadi somorslilik deyil, hom do enerji ¢evrilmo prosesinin fiziki
tokmillogsmasini oks etdirir — hava axininin barabarlogmaosi, burulgan intensivliyinin azalmasi vo
tozyiq paylanmasinin sabitlogmasi naticosinds rotorun mexaniki vo aerodinamik itkilori minimuma
enmisdir.

S2 konfiqurasiyasi hom aerodinamik, ham do struktur baximdan optimal balans noqtesini
tomsil edir. Burulgan enerjisinin azalmasi naticasinde miiharrik yiikii 2-3 % asag: diisiir, bu da
yanacaq sorfini azaldir vo vintin xidmat miiddatini uzadir. Belolikls, sado geometriya doyisikliklori
belo miirokkab konstruktiv yeniliklor olmadan ugus sabitliyini vo enerji gonaotini artirmaq tigiin
effektiv vasito kimi ¢ixis edir.

Golocok todgiqatlar bu istigamotds kompozit materiallardan hazirlanmis parlorin
aerodinamik vo akustik optimallasdirilmasi tizorinde comlona bilor. Qilincvari formanin sos
dalgalarinin yayilmasina tosirinin azaldilmasi, xiisusils sohor vo horbi aviasiyada gizlilik vo komfort
toloblori baximindan strateji shomiyyot dasiyir. ©lds olunan naticolor yalniz UH-60-a deyil, hom do
orta sinif rotor sistemlorinin yeni nosil enerjiys qonastli dizaynlarinin formalagsmasina elmi asas
yaradir.
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Summary
Optimization of the UH-60 black hawk main rotor blade geometry:
a comparative analysis of SO and S2 configurations
llyasov M.Kh., Nusratzade M.I.

Keywords: aerodynamics, CFD modeling, efficiency, helicopter, rotor blade.

This paper investigates the influence of main rotor blade geometry on the aerodynamic efficiency of the UH-60
Black Hawk helicopter using Computational Fluid Dynamics (CFD) modeling. A comparative analysis of straight (SO)
and swept (S2) blade configurations is conducted. Key aerodynamic performance parameters, including thrust
coefficient , power coefficient and Figure of Merit, are evaluated. The numerical results demonstrate that the S2
configuration provides a noticeable improvement in aerodynamic performance: the thrust coefficient increases by
approximately 4 %, the Figure of Merit improves by 8-9 %, while the power coefficient decreases by about 3 %. These
improvements are primarily attributed to the reduction of tip vortex intensity and a more uniform pressure distribution
along the blade surface. The findings indicate that relatively simple geometric optimization of rotor blades can
significantly enhance helicopter energy efficiency, as well as reduce fuel consumption and noise levels

Pesrome
Onrumusauus ¢popmbl Hecyniero Bunra seproaéra UH-60 Black Hawk:
CPaBHMTeIbHBIA aHANN3 KOHpuUrypammii SO u S2
Hnvacoe M.X., Hycpam3zaode M. H.

Knruesoie cnosa: aspoounamuxa, CFD-modenuposanue, s¢pgpexmuernocmo, sepmoném, ionacme

B cratee ¢ uncnosnp3oBaHHEM METOAOB BbruucauTensHON runpoauHamuku (CFD) umccnenoBaHo BIHsSHUE
¢dopmbl Hecymero BuHTa Bepronéra UH-60 Black Hawk Ha ero aspommrammdeckyio 3¢ ¢eKkTHBHOCTh. B pamkax
HCCIICAOBAaHMS MPOBEASH CpaBHUTENBHBIN aHamm3 mpsMoit (S0) m cabmeBunmHOW (S2) KOHPUTYpamuil IJIOTMACTEH.
ITpoananu3upoBaHbl OCHOBHBIE a3poANHAMHYECKHE KOAPQUIHEHTHI: K03 dumeHT Tru, K03()GUINEHT MOITHOCTH H
mokazarenb 3¢dexruBHoctn (Figure of Merit, FM). Pe3ympTaThl YHCIIEHHOTO MOICIUPOBAHHS ITOKA3BIBAIOT, YTO
KoH(urypanuss S2 o0ecnednBaeT IOBBIIICHHE Aa’3pOAMHAMHYECKOTO KadecTBa HECYIIEr0 BHHTA: 3HAYCHHE
ko3(hpmmeTH TArM yBenuuuBaercst npuMepHo Ha 4 %, FM — nHa 89 %, Torma kak Ko3(QIUIMEHT MOIIHOCTH
CHIDKAeTCs NMPUOIN3UTEIbHO Ha 3 %. YirydllleHne XapaKTEepUCTUK OOBSCHSAETCS ociableHneM BUXPEBBIX CTPYKTYp Ha
KOHLIaX JiomacTeii W 0Oojiee pPaBHOMEPHBIM pAacHpeNesieHHeM JaBJCHUS [0 MOBEPXHOCTH BHHTA. [loiydeHHbIE
pe3yNbTaThl CBHIETENLCTBYIOT O TOM, YTO Ja)XX€ IPOCTas IeoMEeTpHYecKas ONTHMHU3alMs (OpMbl JIONACTH MOXKET
CYIIECTBEHHO MOBBICUTH SHEPreTHYEcKylo 3((EeKTUBHOCTh BEPTOJETA, a TaKXKe CIIOCOOCTBOBATh CHM)KEHHIO pacxoja
TOIUIMBA M YPOBHS IIyMa.
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Heterogen serverlari, buferlori vo novbadaki miixtalif tipli sifarislorin saylarinin
farqindon asih olan sicrayish prioritetlori (JP) olan xidmat sistemlarinin
modellari

Mehbaliyeva Esmira Vidadi qiz ORCID 0000-0002-9732-652X

Sumgqayit Dévlat Universiteti, Sumqayit, Azarbaycan, tex.f.d., bas miiallim
esmira.mehbaliyeva@sdu.edu.az

MOQALO HAQQINDA MOLUMAT XULASO

Magalanin tarix¢asi Olgiisii mohdud buferlara (separat Vo iimumi) malik modellor nazardan
Daxilolma tarixi: 21.07.2025 kecirilir. Hor iki tip model iigiin sigrayislt prioritetlor asagi va yiiksok
Diizalis tarixi: 17.11.2025 prioritetli sorgularin say farqindan asili olaraq miiayyan edilir: agar bu forq
Qabulolunma tarixi: 06.02.2026 miidyyan edilmis hoddon artigdirsa, miiayyan ehtimalla asagi prioritetli

sorgulardan biri yiiksak prioritetli névbaya kegir. Digar bir modelda si¢rayish
Agar sozlar prioritetlorin miixtalif tipli sorgularn say forqindan deyil, har bir tipo aid
siiratli server, yavag server, sigrayigl sorgularin konkret saymndan asili oldugu nazorda tutulur. Bu halda qeyri-
prioritet, sorgu, bufer mohdud buferli modellar Gyranilir. Géstarilon modellorin xarakteristikalarini

hesablamagq iigiin daqiq va toqribi metodlar toklif olunur va stasionar
paylanmalarin va xarakteristikalarin hesablanmast iiciin tortib olunmusg
togribi diisturlarin yiiksok daqiqliyi niimayis etdirilir

Separat vo timumi buferlor mévcud oldugu halda miixtalif tipli sorgularin gbzlomaesi ligiin
sigrayislt prioritetloro malik heterogen serverli xidmaot sistemlorinin modellori nozordon kegirilir.
Burada sigrayislt prioritetlorin miixtslif tipli sorgularin say forqindon asili oldugu qabul edilir. Bu
sistemlorin xarakteristikalarinin hesablanmasi vo optimallasdirilmasi ii¢iin doqiq vo toqribi metodlar
toklif olunur. [1-6]

ovvolco miixtalif tipli sorgular tiglin ayrilmis novbolori olan sistem modeli nozordon
kegirilir. Onun struktur sxemi Sokil 1-do gdstorilmisdir. Sistem iki heterogen serverdon ibarotdir:
siiratli (F-server) vo yavas server (S-server). Bu serverlor iki tipli sorgu axinlarina xidmat gostormok
ticlin nazards tutulmusdur — yliksok prioritetli (H-sorgular) vo asag prioritetli (L-sorgular). Bu halda
H-sorgulara F-serverdo, L-sorgulara iso S-serverdo xidmaot gostarilir.

Hesab edilir ki, hor iki sorgu axini sade Poisson prosesidir vo H-sorgular vo L-sorgular tiglin
miivafiq intensivliklor A,, vo A, ilo gostorilir. Hor iki serverdo sorgularin xidmot miiddotlori
eksponensial paylanma ilo tesadiifi komiyyatlor kimi gotiiriiliir; F-serverds vo S-serverds orta
xidmot miiddotlori s vo ug*ilo ifade olunur, bu zaman . > ug . [1-6]

Sorgularin  gbzlomasi  liglin  sistemdo  ayrilmig  Olciilii  buferlor modvcuddur.
H-sorgular iigiin buferin 6lgiisii K, —1 ilo, L-sorgular iigiin iso K, —1 ilo toyin olunur. Basqa
sozlo, sistemdoki H-sorgularin maksimal say1 K|, , L-sorgularin maksimal say1 iso K| qadar ola
bilor. L-sorgularin ndvbado “yaslanmasinin” qarsisini almaq iiclin randomizo olunmus sigrayislt
prioritetlor (JP) asagidaki kimi miioyyan edilir. Golon H-sorgular hamiso H-buferina olave olunur.
L-sorgular iso sistemin vaziyyetindon asili olaraq hamg¢inin H-buferino keg¢a bilor. Sistem voziyyati

har an (nH ,nL), ikiol¢lilii vektorla gostorilir, burada Ny vo N_komponentlori sistemdoki H va L
sorgularmn sayini bildirir. Yoni, L-sorgusu daxil oldugda, J (nH N ), 0<J (nH N, ) <1 ehtimalla H-

buferino kego bilar (agor orada yer varsa) voya 1-J (nH N )ehtimalla L-buferina slavo olunur (ogor
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orada yer varsa), oks halda sistemdon xidmet olunmadan ¢ixarilir. ©gor L sorgusu H buferino
kecirso, o zaman o, H sorgusu kimi xidmat alir.

H -sorgu ———» H - bufer —r

Idgarn; — Ny >r

L -sorfu ——» L - bufer _.,

Sakil 1. Miixtolif tipli sorgular iigiin ayrilmis névbalari olan sistemin struktur sxemi

Tacriibado sistem voziyyotindon asili olan randomiza olunmus sigrayish prioritetlor JP
J(nH ,nL) miixtolif tsullarla miiayyan oluna bilor. Bu prioritetlori miioyyan etmok ii¢iin intuitiv
cohatdon effektiv vo asan totbiq olunan tisullardan biri agagidaki sxemdir. Miioyyan hoddi toyin
edon parametr r, 1 < r < K; daxil edilir vo agor L-sorgusu daxil olarkon L vo H sorgularinin say1
arasindaki forq r -don azdirsa, daxil olan L-sorgusu L-buferino olavo olunur; oks halda L-
sorgulardan biri (névbonin avvalinds olan) & ehtimalla H-buferino kegirilir, vo ya 1—a ehtimalla
L-buferindo qalir; oks halda eyni ehtimalla sistemden itirilir. Bu zaman J(nH ,nL) prioritetlor belo
miioyyon edilir:

o, ¥gar ny —ny =T,
J (g, my) = {O digar hallarda. (1)

Asagida izahin doqiqliyi tiglin (1) diisturuna ssaslanan JP istifado edilir. ©gor (1) diisturunda
a =1 gobul etsak, bu zaman determinik prioritetlor alimir, yoni L vo H sorgularmn say1 arasindaki forg on
az1 r qadar oldugda, névbanin avvalindoki L-sorgusu H-sorgularin ndvbasine kegirilir. [1-6]

Ogor sistemdo miixtolif tipli sorgular ii¢lin iimumi névba varsa, bu zaman buferin Ol¢iisii
K, K <o gobul olunur vo L sorgusunun tipi doyisdikdon sonra o, homin buferds qalir, lakin artiq
H-sorgusu kimi qgobul edilir. Bu modelds r ii¢lin icazo verilon hodd parametrlori 1<r <K
araliginda ola bilor. Bu modeldo asagidaki kimi voziyyatlor miimkiindiir: imumi bufer yalniz bir
tipli sorgularla tam doludur, lakin digor tipli sorgulara xidmat gostoron server bosdur, vo yeni daxil
olan uygun tipli sorgu homin servers ke¢o bilmir. Belo arzuolunmaz hallarin qarsisin1 almagq {iciin
bu modelds asagidak giris siyasati gqobul edilir: ogor bufer yalniz H-sorgularla (vo ya L-sorgularla)
tam doludursa, lakin S-server (vo ya F-server) bosdursa, bu halda daxil olan L-sorgusu (vo ya H-
sorgusu) bufer morhalosini kegorok birbasa S-servers (vo ya F-servera) kegmaosing icazs verilir.
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Summary
Models of service systems with jumping priorities (jp) depending on the difference in the number
of various types of requests in the queue, buffers, and heterogeneous servers
Mekhbaliyeva E.V.

Key words: fast server, slow server, jumping priority, request, buffer

Models with limited-size buffers (dedicated and shared) are considered. For both types of models, jumping
priorities are defined based on the difference in the number of low- and high-priority requests: if this difference exceeds
a predetermined threshold, one of the low-priority requests is transferred to the high-priority queue with a certain
probability. In another model, jumping priorities depend not on the difference in the number of requests of different
types, but on the specific number of requests of each type. In this case, models with unlimited buffers are studied. Exact
and approximate methods are proposed to calculate the characteristics of the presented models, and the high accuracy of
the developed approximate formulas for calculating stationary distributions and performance metrics is demonstrated.

Pe3rome
Mopeu cucTeM 00CIYKUBAHUS C CKAYK000Pa3HBIMM NPpUOPUTETaAaMHU (jp), 3aBUCSIIUMH OT Pa3Tuuus
B KOJIMYeCTBe 3aKa30B Pa3HbIX THIIOB B 0Uepeau, 0ydepax u rereporeHHbIX cepBepax
Mexoanuesa 3.B.

Knroueswie cnosa: bvicmpulii cepsep, MeOneH bl cepéep, npblearujuil npuopument, 3anpoc, 6ygep

PaccmartpuBaroTcst MOIETH ¢ OTpaHUICHHBIME 110 pa3Mepy Oydepamu (cemapabenbHIMA U 00muMH). st 0bonx
THUIIOB MOJIEJICH NpPBIraloline IPUOPUTETHl ONPENEISIIOTCS Ha OCHOBE PAa3HHIBI B KOJMYECTBE 3asBOK C HHU3KHM H
BBICOKHM IIPHOPHTETOM: €CJIHM 3Ta Pa3HHIA IPEBBINIACT 3aJaHHBIA IOPOT, ¢ ONPEICIEHHONH BEPOATHOCTHIO OIHA U3
3asBOK C HU3KUM IIPHOPUTETOM IIEPEBOJIUTCS B OYepellb BHICOKOTO MpUOpHTETa. B apyroit Monenu mpenmoiaraercs,
YTO MPBITAIONINE TPUOPUTETHI 3aBUCIT HE OT Pa3HUIBI B KOJMUECTBE 3asBOK PAa3HBIX THIIOB, @ OT KOHKPETHOTO YHCIIA
3a9BOK KaXJIOro Tuma. B 3ToM ciydae H3ydaroTcs MOJENM C HeorpaHM4eHHbIMH Oydepamu. [lng pacuéra
XapaKTepUCTUK MPEJCTaBICHHBIX MOJEJIEH IpeaararoTcsi TOYHbIE M NPHONMKEHHBIE METOABI, JEMOHCTPHPYETCS
BBICOKAsi TOYHOCTh DPa3paOOTaHHBIX MPHOIMKEHHBIX (OPMYJ JAJsl BBIYMCICHUS CTALMOHAPHBIX DPACIpEleNieHUH U
XapaKTepUCTHK.
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APXHTEKTYPAa HHTEIEKTYAJIbHBIX CHCTEM YIPABJICHHUS NPOLECCAMHU
AeruAPUPOBAHMS YIJIEBOJIOPOA0OB HA OCHOBE HEelPOCeTEeBbIX TEXHOJIOTHI U
HU(PPOBHIX IBOMHUKOB

ORCID 0000-0002-2634-3269
I'yniuesa Hio6ap Anumypaj roi3bl

Cymeaumckuil 2ocyoapcmeennbiil yrnusepcumem, Cymeaum, Aszepbaiiosxcan, 0.¢h.m., npenodasamens
nubar.quliyeva@sdu.edu.az

HHO®OPMALMUA O CTATBE PE3IOME
Hcemopus cmamobu B 0annoii cmamve ananusupyromes  cospemenHvie n00X00bl K YRPAGLIEHUIO
Honyueno: 20.10.2025 npoyeccamu 0e2uOpupo8anus y2ie8000p0008, OCHOBAHHbIE HA MEXHON02UAX
Hcnpasneno: 16.01.2026 uckyccmeenno2o unmennekma. Ilokazanvl nepcnekmuebl nepexoda om
Ipunsmo: 06.02.2026 KAACCUYECKUX MEMOO08 MAMEMAMUYecKo20 MOOEIUPOBAHUsL K A0ANMUGHBIM
cucmemam ynpasieHusi Ha OCHO8e HEUPOCemesblX MEeXHON02Ull U YuPpPosvix
Knrouegwie cnosa ogotinukos.  Ilpeonooicenvl  HOBble  MemoOObl  KOCGEHHO20 — UMEpEeHUs.
decuopuposanue y2nee00opooos, Kamanumuyeckol akmugHoCmuy U CmeneHi 3aKoKkcosannocmu. Pesyibmamol
UCKYCCMBEHHbLIL UHMEIEKM, Uccne008aHs oemoncmpupyiom 603MOINCHOCTU nogbluenUs
Heliponubvle cemu, Yyugposvie apexmusnocmu NPOMbIULIEHHBIX PeaKMOPHO-Pe2eHePamOpHLIX OI0K08 Ha
OBOUHUKU, KAMATUMUYECKUE 10-15%.

npoyeccsl, onmumusayus,
NPOMbBIULIIEHHbLE CUCTIEMbL YNPABIIEHUS

BBenenue

Hedrexumuueckass  NpPOMBIIUIICHHOCTh ~ BKJIIOYAET  MPOILECCHl  KATAIUTHUYECKOTO
JeTUPUPOBAHUS, SIBISIFOIINECS (PyHIAMEHTATbHBIMU B TIPOU3BOJICTBE OJE(HUHOB U apOMATHIECKHUX
coequHeHnil. K kimaccuueckuMm cucTeMaMm yIOpaBle€HUS PEaKTOPHO-PETeHEpaTOPHBIMM OJIOKaMu
(PPB), koTOpBIe B CBOEH OCHOBE OMHUPAIOTCS HAa KIACCUYECKYI0 METOJOJIOTHI0 MaTeMaTHUeCKOe
MOJICIMPOBAHNE U HA TIPUMEHEHUE JTMHEHHBIX PEryJIsTOPOB, B HACTOAIIECE BPEMs MPEAbSIBISIIOTCS
pactyiue TpebOBaHMs K TOYHOCTH, aalTUBHOCTH U dHeproaddextuBHoCTH [3, 6].

[MudpoBoe mpeoOpazoBaHue aBTOMATH3AUUU B XUMHUYECKOW MPOMBIIUICHHOCTH SIBISETCS
COBPEMEHHOW TEHJCHIIMEH, KOTopas MPEeJOCTaBIseT BO3MOKHOCTH ISl MAIIMHHOTO OOYy4YeHHs,
HMCKYCCTBEHHOTO HWHTEJUIEKTA U KOHIEMIUIO HU(POBBIX ABOMHUKOB. CHCTEMBI MPEAUKTUBHOTO
YIOPABICHUS U HEUPOCETEBBIE MOJAXOJbI K ONTUMU3ALUUU KATATUTUYECKHX IMPOIECCOB BBI3BIBAIOT
0COOBII MHTEpEC.

[Ipennaraercss HampaBlieHHWE [Jisi MHTETpPAllUd COBPEMEHHBIX METOJ0B HCKYCCTBEHHOTO
WHTEJUICKTA, TaKUX KaK aJalTUBHBIE HEHPO-HEUETKHE KOHTPOJUIEPHl U HHU(PPOBBIC JTBOWHHKH, C
TPAAUIMOHHBIMM METOJAMH MPOLIECCHOTO YIPABICHUS. IDTa HMHTErpalus OTKPBIBAET HOBbBIE
BO3MOXKHOCTH Il TIOBBILIEHUS HAACKHOCTH M A(OPEKTUBHOCTU YMPABICHUS B CIOXKHBIX
XUMHUYECKUX TEXHOJIOTHYECKUX Mpolieccax. O4YeBUIHO, JaHHAS MPEACTaBIseT cO00W HaYalbHYIO
CTQAWIO TIEpel  BCEOOBEMITIONICH  pa3pabOTKOM  MpOEKTa aBTOMATH3AIlMH  YIpaBJICHUS
MIPOMBIIIIJICHHBIMU TEXHOJOTHUSMHU M TIPEIoaraeT psjaa JOMOIHIIONINX PEIICHUN B 00IacTsIX, KakK
MOJICIIMPOBAHUS, TaK U aJJalITAllN W yIIPABICHUS.

AHaJIU3 COBPEMEHHOIr0 cOCTOsiHUA nmpodJiembl. Kinaccuueckue cucreMsl ynpasinenus PPb
OCHOBaHBI HA MaTEMAaTUYECKUX MOJICTISX, OMUCHIBAIONINX KHHETHKY XUMUYSCKUX PEAKIUi, TETIO -
U MaccooOMEeH, THUAPOAMHAMHUKY TOTOKOB [6, c.205]. OmHako Takue CHUCTEMBI HMEIOT DS
MPUHITATIAATEHBIX OTPAaHUYEHUN:
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1. CnoXHOCTh TapaMeTPHUYECKON HICHTH(PHUKAIMU B YCIOBHUSIX H3MEHSIOIIUXCS CBONCTB
CBIpbs U CTApEHUs KaTanu3aTopa,

2. Orpann4eHHas aJalTHBHOCTh K HECTAIIMOHAPHBIM PeXUMaM padoTHI,

3. Heo0XoauMOCTh SKCIEPTHOIO BMEIIATENbCTBA HPHU OTKJIOHEHHSX OT perijaMeHTHBIX
[apaMeTpoB;

4. HeTouHOCTh KOCBEHHBIX U3MEPEHMM KIIFOYEBBIX MapaMeTpoB (CTENEeHb 3aKOKCOBAHHOCTU
KaTajn3aTopa).

BHenpenve WHHOBalUMN MalmIMHHOTO OOy4YeHHUS J[1aeT HOBBIE BO3MOXKHOCTH B cdepe
YIIPaBJICHUS MHOTOYPOBHEBBIMU XUMUYECKHUMU MTPOLECCAMM:

['myOokue HEHpOHHBIE CETH JIEMOHCTPUPYIOT CIOCOOHOCTh K aHaju3y CIOXKHBIX
HEJIMHEMHBIX 3aBUCMMOCTEM B MHOIOMEPHBIX JAHHBIX HPOLIECCOB, JOCTUras TOYHOCTH
MIPOrHO3UpOBaHus cBbie 95% [7].

B kauecTBe NEPCHEKTUBHOIO HANpPaBJICHHS MATBHEHMIIMX WCCIENOBAaHUN IpeyiaracTcs
KOHLIENITyalbHasl  ApPXUTEKTypa  HWHTEUIEKTYaJIbHOM  CHCTEMBbl  YIpPAaBIEHUS  IPOLECCaMHU
JETUAPUPOBAHUS YIIIEBOAOPOI0B, COCTOSAIIASA U3 HECKOJIBKUX KIIIOUEBBIX YPOBHEH.

YpoBeHb cOopa JaHHBIX BKIIOYAET MCIOIb30BAHHE COBPEMEHHBIX HWHTEpHETa BeIlleii-
CEHCOPOB [UJII MOHUTOPHHIA TEXHOJOTMYECKUX IapaMETPOB, MHTEIUIEKTYaJbHBIX AHAIM3ATOPOB
cocTaBa IOTOKOB, CHCTEM MAalIMHHOTO 3PEHUs [Js JUArHOCTHKH OOOpYIOBaHUS, a TakKkKe
BUPTYaJIbHBIX JIATYMKOB HAa OCHOBE pPa3pa0OTAHHBIX MAaTEMATHUYECKUX MOJENeH, KOTOphIe
00ecreurnBalOT HEMIPEPHIBHOE U KOMIUIEKCHOE MOTy4YeHUE HHPOPMAITUH.

Ha ypoBHe npenoOpaboTKu ¥ QHIIbTpAIMH MPEAJIATAI0TCS aITOPAUTMBI OYUCTKU JAHHBIX OT
BBHIOPOCOB W TMPOIYCKOB, CHHXPOHH3AIUs M OOBEIMHEHHWE PA3HOPOIHBIX JMJAHHBIX, a TaKXKe
CTaTHCTUYEeCKass 00pabOoTKa ¥ HOPMAIM3AIIHSI, YTO TOBBIIIACT KAYECTBO BXOJHON MH(MOPMALIUN IS
MOCJIEIYIOLEro aHaau3a.

YpOBEeHb aHATMTHKH W MOJCIMPOBAHUS MPEAIONaraeT Co3JaHue IU(PPOBOTO JIBOWHUKA
pPEaKTOPHO-PEreHepaTopHOro OJI0Ka Ha OCHOBE THOPUAHOIO MOJECIUPOBAHUS, HCIOIH30BAHUE
HEUPOCETEBBIX MPEAUKTOPOB MJI OLIEHKH KIIFOYEBBIX MMAPAMETPOB IPOLECCA U BHEAPEHUE CUCTEM
OoOHapyKeHHsI aHOMAJIMK ¥ MPEAUKTUBHONW AUATHOCTUKH, YTO JAaeT BO3MOXKHOCTH MPOTHO3UPOBATH
U TIPEAYIPEXIATh OTKIOHEHHUSI TEXHOIOTUUECKUX PEXKUMOB [7].

Ha ypoBHe npuHSATHS pelIeHH 11e71eco00pa3Ho MPUMEHUTh METO bl MyJIbTUKPUTEPUATHHON
ONTUMHM3ALMKN  YIPATISIONIMX BO3JCUCTBUN, aJaNTUBHBIE KOHTPOJUIEPHI, OCHOBAaHHBIE Ha
ITOPUTMAaX MAIIMHHOTO OOYUYEHUS, U CHCTEMBbI MOJACPKKU MPUHATHS pPEIIeHUI omepaTopamu.
JlaHHBIN ypoBeHb OOECIEUMBACT HHTEIUIEKTyaJlbHOE M aJaNTHBHOE YIPABICHHUE MPOIECCOM,
MI03BOJIsI ONIEPATUBHO pearupoBaTh Ha U3MEHEHHUSI U MOJAECPKUBATH ONTUMAJIbHBIE PEKUMBI.

Kak oTmedeHo, HacTosiiee ucciaeoBaHUE B OOJBIIEH CTENEHU HECeT B cebe xapakrtep
MMEHHO MPEANPOECKTHOIO aHajau3a U CTPYKTYPHOIO CHHTE3d, CJIEAOBATEIbHO, TJIABHOM LIENIBIO
JAHHOTO H3Tana WCCIEIOBAHUS SIBISIETCA CTPYKTYpHAs HMHTErpanus >SJEMEHTOB COBPEMEHHBIX
TEXHOJIOTUI MCKYCCTBEHHOTO HHTEIJIEKTa WM MOUCK d(PPEKTUBHBIX KOHCTPYKIHMHA B MPOIIECCHOM
yIpaBiIeHUH, 000TalIEHHOM NPUMEHEHHUEM CPEJCTB MCKYCCTBEHHOTO MHTEIJIEKTa M MAalTUHHOTO
o0OyueHusl.

[IpunuMas BO BHUMaHUE COBpPEMEHHBIE MpoOsieMbl cucteM ympasieHuss PPb u mporpecc
WHTEJJICKTYalbHBIX TEXHOJOTUH YIpaBlIeHUs, HEOOXOAMMO PacCMOTPETh OCHOBHBIE SJIEMEHTHI
MPOIIECCOB, JISKAIMUX B OCHOBE padOTHI 3THX cuUcTeM. [[Is1 MOJTHOTO MOHMMAaHUS BO3MOXHOCTEH
WCIOJIb30BAaHUsl MAIIMHHOTO OOydYeHHUs B YIPaBICHUH PEAKTOPHO-PETeHEPaTOPHBIMH OJIOKaMH
HEO0OXOMMO M3YyUUTh (PU3UKO-XUMUYECKUE OCHOBBI IMPOIIECCOB, KOTOPBIE MPOUCXOISAT B HUX.

TexHOn0rus MCEBA0OKUKEHHOTO CII0S1 C UCIOJIB30BAHUEM MEIKO3EPHUCTOrO KaTajau3aTopa
TPAIUITMOHHO OTHOCUTCS K NMPOJBUHYTHIM, OBICTPO CAMOOKYTIAIOIITUMCSI cUcTeMaM. [ eTeporeHHbIi
KaTaJIUTUYECKUN MPOLECC B IMCEBIO0KUKEHHOM CJIO€, KaK IMPABUIIO, COCTOUT HU3 HECKOJBKHUX
9TanoB. PeareHThl MPOJABHUTAIOTCS K TOBEPXHOCTH KaTaau3aTropa, aacopOMPYIOTCS aKTHBHBIMH
[EHTPaMHU, MPOUCXOTUT XMMHUYECKOE MpPEBpAIICHHEe, IMOCJIe Yero MPOIYKTHl IECOPOUPYIOTCS U
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nepeMemaTcss B ra3oBylo (a3y. Mcnonab3oBaHMe MEIKO3EpHHCTOTO — KaTanu3aTopa B
MICEBJI00KIKEHHOM COCTOSIHUM MOBBIIIAET YEIbHYIO TOBEPXHOCTh KOHTAKTa U UHTEHCU(UIIUPYET
nporeccel MaccooOmeHna.ot 0,01 10 6 MM HIMPOKO HCHONB3YeTCsI B PEAKTOPHO-PEreHepaTOPHBIX
O/loKaX  IPOIECCOB  JETHAPUPOBAHUSA  yrieBojopojoB. Pabora  peakTopHOoro  6ioka
KaTaJIMTHYECKOT0 Tpollecca OCHOBaHAa Ha I0Ja4ye ra3o00pa3HOro peareHTa C OIpeaesieHHON
CKOPOCTBIO CHU3Y BBEPX Uepe3 CIION KaTalu3aTopa, YTo MPUBOJIUT K 0Opa30BaHUIO MICEBIOKUIKOTO
COCTOSIHMSI TBEPIBIX YACTHIl KaTajau3aropa. B 3TOM COCTOSHHMM YaCTHIBI KaTaln3aropa
MEePEeMELINBAIOTCS OU€Hb HHTEHCUBHO U 00Pa3yIOT CUCTEMY, HATOMUHAIOIIYIO KUTIAIIYIO KUJKOCTh
[6, c.114].

['eTeporeHHbI  KaTaUTHYECKUM TMpPOIECC B  ICEBJOOKIDKEHHOM CJIO€  BKIJIIOYAET
MOCJIeIOBATEIBHOCTD CTaANN: TU(PY3HI0 peareHTOB K MOBEPXHOCTH KaTalln3aTopa, afcopOLuio Ha
aKTUBHBIX LIEHTpaX, XMMHUYECKOE INpeBpalleHue, IecopOlui0 NPOAYKTOB U ux auddysuo B
ra3oByio (azy. Mcnonb3oBaHrE METKO3EPHUCTOTO KaTajan3aTopa B ICEBIO0KUKEHHOM COCTOSHUU
o0ecrnieurBaeT 3HAUUTEIHHOE YBEIMUYEHUE YACIbHOM MOBEPXHOCTH KOHTAaKTa U MHTEHCHU(UKAIHIO
MacCcOOOMEHHBIX mporeccos [1].

Haubonee pacnpocTpaHeHHbIM METOJOM MATEMAaTHUYECKOrO OINHCAaHUs MPOIECCOB B
peakTopax 93TOr0 THIA SBIAETCS MOJAETbh IICEBIOOKIKEHHOTO cllosi NBYX ¢a3. B monenn
TICEBJO0KIDKEHHBIM CIIOM COCTOMT W3 JABYX B3auMMoOcBs3aHHBIX (a3. IlnotHas ¢dasza comepxut
YaCTHUIBl KaTadu3aTopa W HMHTEPCTUIHMAIBHBIN ra3, a JUCKpeTHas ¢a3a COCTOMT M3 Ta30BbBIX
My3bIpeii, OPOXOIANMX 4Yepe3 IUIOTHYO ¢azy. B gaByxdasznoit moxenu >hdexTUBHOCTH
OTIPEJIENIACTCSl TOYHOCTHIO OMHCAHUS MEX(Pa3zHOr0o MaccoOOMEHa, m3MepsieMoro KoddduureHTom
Maccornepenaun Mexay (azamu. KonBekTuBHbBIN mepeHoc B oOeux ¢azax, auddy3noHHoe
nepeMenIMBalie B IUIOTHON (a3e ¥ MOTEHIHATFHOE N3MEHEHNE PEeaKIMOHHOTO 00BheMa — BCE ITO
BKJIFOUEHO B MOJIEJNb, KOTOpasi 0COOEHHO Ba)kKHA JJIs PEaKIHii, B KOTOPBIX U3MEHSETCS KOJTUYECTBO
MOJIeKyZ. MoJenb WMeeT MPaKTHYECKYI0 LEHHOCTh H3-32 BO3MOXKHOCTEH MPOTHO3HPOBAHUS
KOHBEPCHH PEareHTOB, CEJIEKTMBHOCTH TMpolecca M ONTHMH3AIMH PEKUMHBIX MapaMeTpoB.
CoBpemeHHbIE U3MEHEHHUs IBYX(a3HOW MOJENN BKIIOYAIOT HECTAI[MOHAPHBIE PEKHUMBI paOOTHI U
yueT cTeaHOBCKOTO MOTOKAa MpH H3MEHEHHH O0beMa peakuuoHHOW cMecu. Mcmomb3oBanue
IByX(a3HOH MOJIEN U COBPEMEHHBIX METOJIOB MAITMHHOTO O0YYEeHHUS MPEOCTABISIET CBOETO PoJia
HOBBIH MOAXO/] K CO3/ITaHNS HHTEJUIEKTYaJIbHBIX CUCTEM YIIPaBIIEHUs, CIOCOOHBIX alalTUPOBATHCS K
M3MEHSIOMIMMCS YCIIOBHSIM TIpoIiecca U 00eCreunBaTh ONTHMAIBHBIE PEKUMBI Pa0OTHI peaKTOPHO-
pereHepaTopHbIX OJIOKOB.

[Ipomecc KaTaTUTHYECKOTO JAETHAPHPOBAHUS TApaQUHOBBIX YTJIEBOIAOPOIOB  HMIPaeT
BOXHYIO pOJb B IOJIYYEHHH MOHOMEPOB I CHHTETHMYECKMX KaydyKOB. ODHIOTEPMHUYECKUI
nporiecc IeTuapupPOBAHHS, IIPOBOAUMBIA B O0JIACTH BBICOKHX TEMIEpPaTyp, MPUBOIUT K OBICTPOMY
KOKCOBaHHIO KaTanu3aTopa. HempepbiBHas pereHepanus KaTajlu3zaTopa B ICEBIOOKHKEHHOM CJI0e
(IIC) sBnsieTcsi OCHOBHBIM MoOKa3areneM dS(PQPEKTHBHOCTH TMPOIECCOB B CHCTEMaX pPeaKTop-
pereHeparop.

MonenupoBaHie TPOIECCOB C TBEPAbIMHA TBUICBHIHBIMH Karanmuzatopamu B [IC
IPOBOJUTCS Ha JONYUIEHHH O KBa3UTOMOI€HHOCTH PEAKIMOHHON cpelbl OKUCIUTENIbHO-
BOCCTAHOBUTEIIBHBIX PEAKIMi BBDKUTAHUS KOKCA, a TaKXKe MAPYruX XUMHUYECKHUH peaKIuy,
UMEIOIIMX MECTO NpU pereHepanuu KartanuzaTopa. OCHOBHBIE BONPOCH MPOEKTHPOBAHUS
KOHCTPYKIIMH, a TaKXe OMpeleNieHHs] peKuMa padOThl CHCTEMBl pETeHepalfd, CBSI3aHBI C
HEO0XOAUMOCTBIO JIOCTUKEHUSI HY)KHOM JTMHEHHOW CKOPOCTH BBOJMMOTO B pereHepaTop BO3ayXa.
OtuMm  daktopom ompenensercss crpykrypa IIC, HauymHAas ¢ TOPO3HOCTH CJOS, CKOPOCTH
(GUIBTPalMOHHOTO TEUEHHsI Ta3a 4epe3 CJIOH, A0 cpelHell CKOpOCTH peakuuil ynaleHus Kokca ¢
MTOBEPXHOCTH KaTaTU3aTopa.

B o6nactu runpomexanuku IIC ocoboe BHUMaHue ynensercs Ha (aKT HaIMIUA
My3bIpbKOBOI  (pa3bl, OOpasyromieiicss U yHUYTOXKAIOLIEHCs B pa3sHBIX TOYKaX MPOCTPAHCTBA B
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pereneparope. Yder oOpa3oBaHHS My3bIpEH M WX HCUC3HOBEHHUS BBEICHHUEM JOIOTHHUTEIHHOM
(a3bl, Ha3BIBAIOLICHCS Pa30aBICHHOM, MPUBOIUT K AByX(asHeiM moaeasm I1C [1, 2].

Hamu mpunsTa ynpomaromee aomymeHue, 9ro crpykrypa [IC cocTouT W3 TUIOTHOW W
pa3baBneHHON (a3. Mexay 3TuMu 1ByMst (pazamMu UMeeT MECTO TEIUIO — U MacCOOOMEH.

Ha pucynke mokazaHa CTpPyKTypa B3auMOCBS3H (pa3 MO MaTepHalbHOMY W TEIUIOBOMY
OanmaHcam.

T'azopaa daza Hag
IICEBJ00EH-KEHHEIM

crmoeM
Iogaqa En |
N i ~ | Pazpmren-nas
Otpox (razt=acTm- | ? daza
KaTanM3aTopa A Er =
KaTaIH3aTo-
pa) < ’
<

FII IF

Puc.l1. /leyxpasnas cmpykmypa nceg000ACUNCEHHO20 COSI peceHepayuy Kamaiuzamopa.

st pazbaBiieHHoM (ha3bl ypaBHEHHsI, HAUAIbHbBIE U TPAHUYHBIE YCIOBHS UMEIOT BHI:

0 dC’ o dC’ ? °
V T_‘_F ~an =E A(C )_ngSCmon (
0 dC,?wn 0 dCrcw)zon
Vi—i +*F —gr = EnA(C, —Chio) TKsC
! )
o dT° o dT° 0
CBV 7+F W:ETAL*(T -T )_kSqmon mon, A3)

k, =k, exp(E, /RT),i=13

ypaBHeHI/IH " HAaYaJIbHBIC YCIIOBUS ,[[J'I}I rasa B INIOTHOM (1)836 HUMCIOT BU:

dd(i F'(8 -C.)+E, A:J'(CO C,)dh—V'(k,C2C, —k,C2C;;
4)
V'=S51— eV,
t=0, CCOZ ©) = CCOZ, C02 ©)= ng,
CO (0) = CCO’ aa (O) = C:d’ Cmon (0) = C;:mn'
VYpaBHeHUs U HadallbHbIE YCIIOBUS JJIs TBEPIOH (a3bl UMEIOT BU/I:
dC
© =F [z(T,C.)-C.1-2C4C,, (k, +k,)V, o
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PreV G = Culilto = T) + 6By (T, — E) = [/ (T = To)dh +

+V 2?:1 wiqi — Dcp (T - Tcp)l (6)

O6o3HaueHus:

t— Bpems;

h — npocTpaHCTBEHHAs KOOPAMHATA;

H — BbIcOTa TICEBAOOKMIKEHHOTO CIIOS;

§ —noinst 00beMa, 3aHATOTO IUIOTHOU (ha3oii;

& —nona o0beMa, 3aHATOro TBEpAoi (a3oi;

C; — koHneHTpanuu B TwiotHoM (ase - kucnopona (Oz), mByokucu yriepoaa (CO»),
MoHookucH yriepona (CO), ancopOupoBaHHBIX YTIEBOIOPOAOB (a1), JOMOJIHUTEIHHOTO TOIUINBA,
MoaBaEMOTO B perenepartop (Tom);

CY , T® — KOHIeHTpaluK BHIIIEYKA3aHHBIX BENIECTB M TEMIIEpaTypa B pa3baBiieHHOl dase;

Cc , T — xoHUEHTpanusi KOKca Ha KaTajau3aTope W TeMIlleparypa IUIOTHOW (a3bl, paBHas
TEeMIIepaType YacTHII,

Py, Py — TUIOTHOCTH KaTaJn3aTopa U Bo3ayxa npu temmeparype 7 ;

Vhc —00BEM MCEeBIOOKUKEHHOTO CIIOS;

V0 = (1 — §)Vc — 00BEM NCEBIOOKMKEHHOTO CII0sI pa30aBIeHHOMN (a3bl;

V'=8(1 — &)V —00bEM NCEBIOOKMKEHHOTO CIOSI TUIOTHOM (asbl;

V = 6&Vc — 06eMBbI ICEBA00KMKECHHOTO CJIOSI TBEpAOoH (a3;

F° F' E,F. — wmaccoBble pacxoisl Ta3oB B pa3baBleHHON M mIoTHOH  (asax,
MUPKYJIUPYIOLIETO KaTAIN3aTopa, a TAK)KE CHIPhS, TI0JJaBAEMOTO B PEAKTOD;

ki koi, E;, — mapamerpsl TeMIIepaTypHOW 3aBHCHMOCTH CKOPOCTEH BBIIICYKAa3aHHBIX
peaxIuii;

Ep, Er — KO3pPUIHEHTH Macco — U TEIUIO0OMEHAa MEXIY Iy3bIpSMH U TUIOTHOU (ha3oid,
paccuMTaHHBIC HA CIUHUILY 00beMa;

A; — >pdexTuBHAsS TOBEPXHOCTh KOHTAKTa MEXIy pPa30aBICHHOW W IUIOTHOW (Qazamu;
q; — TeroBbIe Y3PPEKTHI peaKInii;

Cg, C¢) € — TEIUIOEMKOCTH BO3/1yXa, ChIPhs KATAIUTUYECKOTO KPEKUHTa, U KaTaanu3aTopa;

D¢y, Tep — KOO(pGUUMEHT  TEIUIONOTEPL B OKPYKAIOUIYI CPEAy MW TEMIEpaTypa
OKpY>KaroIen Cpesl;

N — KPaTHOCTb MUPKYISIUU KaTaIU3aToPa;

V; —CTEeXHOMETpUUYECKUE KOIPPHUIHESHTHI;

C; —HavanpHbIC KOHIICHTpALIMK BelecTB Ha Bxoje B I1C;

WHTerpanust METOJJ0OB HCKYCCTBEHHOTO MHTEIUICKTa W KOHIICTIIMHA HU(POBBIX JTBOHHUKOB
OTKpPBIBAET HOBBIE BO3MOXKHOCTH [IJISl YIPABIEHUS CIIOKHBIMU KaTaIMTUYECKHUMH IPOIIecCaMu
JETHAPUPOBAHUS YTIIEBOIOPOIOB. Vcronp30BaHNEe HEUPOCETEBBIX MOJIENICH B COUETAaHUH C (PU3UKO-
XUMHUYECKUMH ypPaBHEHUSMU pPEaKTOPHO-PETEHEPATOPHBIX CHCTEM TO3BOJIIET 3HAYUTEIHHO
MOBBICUTH TOYHOCTH IPOTHO3UPOBAHUS, YCTOWYMBOCTH W aJAlITUBHOCTH TEXHOJOTHYCCKHX
pexumoB. Tem cambIM (opmupyeTcs OCHOBa IJsl TEpexojla K HMHTEIEKTyaIn3HPOBAHHBIM
MIPOU3BOJICTBEHHBIM KOMITJICKCAM HOBOTO ITOKOJICHUS, TJI€ B3aMMOJICHCTBHE JAHHBIX, MOJCICH U
pElIeHN CTAHOBUTCS HEMPEPHIBHBIM M CaMOOO yUaIOIIIUMCS TIPOIIECCOM.

Takoe pa3BUTHE OTpPaKaET E€CTECTBEHHYIO JBOJIIOIUI0 WH)KCHEPHOW MBICIH: OT CTPOTHX
MoOJIeTiell M PEriIaMeHTOB — K THOKMM cHcTeéMaM, CIOCOOHBIM TOHHMMATh W TPEABOCXUIIATH
MOBEICHUE JKUBOM TEXHOJOTHMYECKOM cpenbl. B 3TOM mnepexone COeAUHSAIOTCS KHHETHYECKOE
MOJIETTUPOBAHUE TPOIECCOB, MPOUCXOSIINX B CIOXKHOW PEAKIIMOHHO-PETEHEPAIIMOHHON CUCTEME,
aQHAJINTUKA TPUMEHEHHS TEXHOJIOTUM HCKYCCTBEHHOTO WHTE/UICKTa, KOTOpbhIe 00pa3ys HOBBIM
CHUHTE3, TJe KakKk TpaJuI[MOHHAs MaTeMaThueckas (opmanuzanus 3aJadd YIpaBiCHUS, TaK W
COBpEMEHHBIC TPUHIIUIBI YIPABICHUS COCAMHIIOTCS BO €IWHO, B KOTOPOM TPaJUIIMOHHBIE
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AJIEMEHTHl aBTOMATH3aIllMU TPUHUMAIOT pPa3yMHOE COYETAaHHWE C aNTOpPUTMAMH aJaNnTalud |
HMCKYCCTBEHHOTO MHTEIIJIEKTA.

3akiroueHne

Pa3pabGorannas panHee aByx(dazHas MOJAEIb KHIIAIIETO CJOS KaTalu3aTopa, SIBISETCS
0a30BOM I CO3JAaHME WHTEIUICKTYaJIbHOM CHCTEMBI YIPABICHUS MPOIECCAMH JETHIPUPOBAHUS.
Hcnonw3ys, koMOWMHAnMs H3TOW MOJCIH C TIyOOKMM MaTeMaTHYECKUM MOJICITUPOBAHHUEM,
U(POBHIMUA  IBOWHUKAMH H QJANTUBHBIMU aJTOPUTMaMU BIIOJHE BO3MOXHO CYIIIECTBEHHO
MOBBICUTh TOYHOCTh M HAJAEKHOCTh PEryJUpOBaHUSA. OTOT IMOJXOJ, MPEIOCTaBISET CIIOCO0
paciidpeHusl JeTalu3aliid MOJEIH PEaKTOPHO-PEreHepaTOPHOro OJoKa MJisi BHPTYaTbHOU
JUArHOCTUKH, a IS aHaju3a MHOTOMEPHBIX JaHHBIX I€JI€CO00pa3HO MPUMEHUTh KOMILIEKC
CHETIMAIM3UPOBAHHBIX HEHPOCETEH B IENIAX OIEHKUA COCTOSIHHS KaTaau3aTopa U MPOTHO3HPOBAHUS
nmapamMeTpoB.  I[lepCHeKTHBHBIM  HampaBiI€HHWEM  SBJSETCA  BHEAPEHHE  HEUPO-HEUCTKUX
KOHTPOJIIEPOB, KOTOPBIE 00ecredar caMo00yJaroytocsi aJaiTUBHOCTh K U3MEHCHHIO PEKHMOB U
CBIpbS. DTO TMPEJIOKEHUE CO3JaCT MPOYHBIA (YHIAMEHT JUIsl Pa3BUTHS CHUCTEM YIIpaBJICHUS B
He()TEXVMMHH, HAMpPABIICHHBIX HA TIOBBIIICHHE JSHEProdPQPEKTUBHOCTH H  IKOJOTHYCCKON
0€30IaCHOCTH.
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Xiilaso
Neyroset texnologiyalar: va ragemsal akizlara asaslanan karbohidrogen dehidrogenlasma proseslarinin
agill idaraetmo sistemlarinin arxitekturasi
Quliyeva N.o.

Acgar sozlar: karbohidrogen dehidrogenlagmasi, siini intellekt, neyron sabakalori, roqamsal akizlor, katalitik

proseslor, optimallagdirma, sonaye idaraetma sistemlori.

Mogalods karbohidrogenlorin  dehidrogenlogmasi proseslorinin  idaro edilmasi iiglin  siini intellekt
texnologiyalarina osaslanan miiasir yanasmalar todqiq edilir. Klassik riyazi modellogdirmo metodlarindan neyron
saboko texnologiyalarina vo rogomsal okizlor konsepsiyasina osaslanan adaptiv idareetmo sistemlorine kegidin
perspektivlori gostarilir. Katalizator aktivliyinin vo kokslagsma dorocasinin dolay1 dl¢iilmasi ti¢lin yeni metodlar toklif
edilir. Tadqiqat naticalari sanaye reaktor-regenerator bloklarmin effektivliyinin artirilmasi imkanlarini niimayis etdirir.
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Summary
Architecture of intelligent systems for managing hydrocarbon dehydrogenation processes based
on neural network technologies and digital twins
Guliyeva N.A.

Keywords: hydrocarbon dehydrogenation, artificial intelligence, neural networks, digital twins, catalytic

processes, optimization, industrial control systems.

This article investigates modern approaches to hydrocarbon dehydrogenation process control based on artificial
intelligence technologies. The prospects of transition from classical mathematical modeling methods to adaptive control
systems based on neural network technologies and digital twins are shown. New methods for indirect measurement of
catalytic activity and coking degree are proposed. Research results demonstrate possibilities for 10-15% efficiency
improvement of industrial reactor-regenerator units.

Architecture of intelligent control systems for hydrocarbon dehydrogenation processes based on neural
network technologies and digital twins

75



Scientific News - Series for Natural and Technical Sciences 26 Issue 1 (2026)

journal homepage: www.ssu-scientificnews.edu.az

UOT 66-95 DOI 10.54758/16801245_2026_26_1_76
Qarisdirici intigallarin elektromexaniki parametrlari asasinda polimerlosma
prosesi gedisina operativ nazarat masslasi
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MOQALD HAQQINDA MOLUMAT XULASO

Magalanin tarix¢asi Taqdim olunan tadgiqat isi periodik polimerlasma proseslarinin temperatur,
Daxilolma tarixi: 21.10.2025 konsentrasiya, inisiator va inhibitor tominati rejimlorinin verilmis program
Diizalis tarixi: 06.02.2026 tizro  inkigafimin  avtomatlasdirilmis  idaraetma  sistemi  Saviyyasinda
Qabulolunma tarixi: 03.03.2026 realizasiyasina hasr olunmugdur. Reoloji todqiqat asasinda qurulan nazarat

sisteminin aparat vasitasi olaraq ananavi olgii sistemlarindan fargli, yani
Acar sézlar reaktor daxili garigdirict agreqatin elektromexaniki parametriarindan istifada
polimerlasma prosesi, operativ asasinda identifikasiya moasalasi garsiya qoyulur. Géstarilir ki, reaksiya

nazarat, reoloji todgiqat, sabit corayan  materiali — siispenziyanin qeyri-nyiiton xassali maye sinfinda tadgigi 6l¢ma

intiqall, elektromexaniki xarakteristika ~ prosesina operativlik, identifikasiya obyektina isa informativlik gatirma
baximindan orijinal yanasmant oks etdirir. Bu yanasmanin elmi va praktiki
cahatdan asash oldugu miivafiq saraiti kifayat qodar dolgun ks etdiran pilot
qurgusunda aparilan simaqlarda oz tosdiqini tapa bilmisdir. Taklif olunan
identifikasiya alqoritmi qurgunun an Zzoruri elektromexaniki parametrlorini
daxil edir ki, bu da sistemin hassasliq gostaricilarinin giymatlandirilmasina
imkan verir

Giris

Molumdur ki, yiiksok molekullu birlogsmalords vo o climlodon polimer osasli materiallarda
oksor mexaniki parametrlor onlarin molekulyar kiitlo paylanma funksiyalar1 (MKPF) ilo six
olagoalidir [1, 2]. Polimer materiallar todqiqinde bu paylanmalari statistik momentlor osasinda
parametriklosdirmodon genis istifado olunur [3]. Konkret materiallar {i¢iin bu statistik momentlorin
qiymatlondirilmasi MKPF-lorin alds edilmoasindon he¢ do asan deyildir. Ciinki parametriklosdirmo
yalniz tadqiqat masalalorinde informasiya emalinin sadslosdirilmoesine xidmet edos bilir, baxilan
funksiyanin alds olunma texnologiyasina hec¢ bir metod gatirs bilmir[4].

Hazirda polimerlorin vo ya digor yiiksok molekullu materiallarin istehsali zamani bu
funksiyanin real vaxt miqyasinda tokamiiliinii somorali sokildo izlomok faktiki olaraq miimkiin
deyildir. Elmi adobiyyatda faktik MKPF-lor ilo texnoloji rejim parametrlori arasinda korelyasiya
asililigindan istifado cohdi agkar sokildo 6ziinii gostorir. Bu sahodo genis totbiq tapmis bir sira
ekspres metodlar yaranmisdir ki, onlarin oksoriyyeti 6zliiliikk faktoruna istinad edir (Mark-Kuhn-
Houwink tonliyi) [5].

Elmi-texniki odobiyyatda polimerlorin viskozimetrik analizino hosr olunmus coxsayli
todqiqatlara rast golmok miimkiindiir [6, 7]. Lakin bu gobildon olan eksperimental dlgmalarin real
prosesdon konarda, yoni real vaxt rejimindo, aparat daxilinde deyil, yalniz laboratoriya soraitindo
hoyata kegirilmasinin geyri-operativlik vo kalibrlonmo problemlori yaratdigi da molumdur ki, mohz
bu sababdon bii miihiim gdstaricinin praktiki baximdan informativliyi he¢ do yiiksok qiymatlondirile
bilmir.

Todqgiqatimizda qarsiya qoydugumuz osas moqgsod mohz Ol¢ii sistemi aparat vasitslorinin
istehsal miihitino kogiiriilmasine nail olaraq, avtomatlasdirilmis gaydada reoloji 6lgmolorin hoyata
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kecirilmosini tomin edon metodikanin islonmosi vo bu metodikani realizo edon sistemin sintezi
olmusdur.

Qeyd edok ki, miiasir soraitdo istehsal proseslorinin dinamikasmin real vaxt rejimindo
monitoringi bir zarurat togkil edir ki, mohz bu sabobdon do qarsiya qoydugumuz problem bilavasito
idara olunan keyfiyyot probleminin halline yonaldilmisdir.

Moasalonin qoyulusu. Polimer istehsali texnologiyasinda molumdur ki, latekslorin
qarigdirilmasi ticiin tolob olunan giic baslangic hadds orta zoncir Olgiilori ilo miitonasib suratde
artdig1 halda, sonraki arttm zamani agkar qeyri-xatti xarakter dasimaga baslayir. Qeyri nyiiton xasso
dasiyan oksor yliksok molekullu materiallarin qarigdirilmasi prosesinds 6zlii miigavimat momenti
siirat qradiyentindon 6ziinomoxsus xarakteristikalar osasinda doyisir.

Tadgiqatimizin osas ideya xottini kompozit materiallarin istehsal morhslasinds xammalin
axiciliq ayrilorine moxsus bu 6zal cohatin yekun keyfiyyatin prognozunda bilavasito istifado etmok
togkil edir. Bu ideyanin on asas 6zalliyi kimi iso hesab edirik ki, monitorinq prosesi ii¢iin reaktor
daxili qarisdiric1 intigalin operativ is¢i xarakteristikast on zongin operativ informasiya monboyi
olaraq, bilavasita istifads edilo bilor.

Olgii texnikasi baximindan qeyri nyiiton xassoli miihitin reoloji gdstoricilorinin toyin
edilmosindo on yaxin analogiya olaraq, siibhasiz, Brukfild viskozimetrinin ig prinsipini gostora
bilarik. Ol¢ii miihitino daxil edilmis miixtalif qurulusa malik rotasiya oxunun sabit firlanma siirati
ilo firlanmast vo bu zaman meydana ¢ixan miiqavimot qiivvasinin Ol¢iilmasine osaslanan bu
prinsipin real istehsal proseslorindo prototip kimi gotiiriilmosi , demok olar ki, tomamils 6ziini
dogrulda bilir. Brukfild viskozimetri mosolon, DV2T seriyasi ilo istehsal olunan niimuns [8],
praktiki olaraq sonaye miqyasl texnoloji prosesin gedisindo istifadoys gotiyyon yararli sayila
bilmir. Bu mohdudiyysti askar sokilo gdstoron an osas arqumentlor kimi ilk ndvbado asagidakilar
gostorilmolidir:

1. Osas rotasiya elementi olan firlanan parlorin miqyasinin 6l¢gma prosesinds holledici rol
oynamasi. Mosalon, farmasevtika toyinathh bir sira molhomlorin  xarakteristikalarinin
qiymatlondirilmasi [6] {igilin istifads olunan cihazin ham rezervuari, hom do rotasiya parlori farqli
olgtilari togkil edir. Digor torafdon apardigimiz avvalki todqgiqatlardan olds etdiyimiz noticalor [9]
gostormislor ki, reoloji tadqiq cihazinda rotasiyaya qarst miigavimot momentinin qiymatini
muoyyon edon faktorlar igorisinde aparatin gabarit dlgiilori bdyiik shomiyyot dasiyir. Bu faktor
todqgiqat aparatinda 6ziinii niimayis etdiron maye dinamikas1 proseslorinin 6zal cohatlori ilo baglh
olub, miqyas ke¢idi problemi kimi miivafiq sahado nazori miiddoalar1 6ziinds oks etdirir.

2. Molum 6lgmo metodlart vo onlarin hoyata kecirildiyi aparat vasitolorinds rotasiya siiroti
sabitdir vo bu cohat yalniz verilmis siirotlor diapazonunda 6zliiliiylin qiymatlondirilmasine xidmaot
edo bilar. Qarsiya qoydugumuz genis diapazonda axiciliq ayrisinin qurulmasi ilo keyfiyyato nozarat
probleminin qarstya qoydugu mosolonin holling iso, heg clir cavab vers bilmir.

3. Operativ 6lgma prosesinin hoyata kecirilmasi cihazin periodik olaraq polimerlogdirmo
reaktorunun daxiline yerlosdirmok vo avtomatik texniki tominat problemi he¢ do Oziinii
dogrultmayacaq doracado miirokkab avtomatlagdirmani tolob edir.

Olbotto, oOzlillik olgon cihazlarin  oksariyyetindo firlanma bucaq siiratinin  pilloli
doyisdirilmasi nazards tutulmus olsa da, fasilosiz doyison axin siiratli miihitin yaradilmasi qarsiya
qoyulan problemin hallinds prinsipial mahiyyat kosb etmosi do , qeyd etmok lazimdir ki, bir
mithiim arqument kimi nazardon atila da bilmoz.

Bu geyd olunanlarin nozers alinmast ilo toadqiqatimizda operativ monitorinq modeli olaraq
sonaye reaktorunu imitasiya edon pilot qurgu yaradilmis [9] vo toadqigat homin qurgu iizorindo
hoyata kegirilmisdir. Qurgunun prinsipial sxeminda (sokil 1) bucaq siiratinin Olgiilmasi {igiin
taxometr, firlandiric1 elektrik intigalinda miihorrikin I6vbor coroyan siddotinin Olgiilmasi iiglin
ampermetr (1), glic dovrosinin qidalandirma xottindo sabit gorginlik stabilizatoru (7) , elektrik
miihorriki (2), pillesiz friksion 6tlirma vasitasi olaraq pillesiz variator (3), friksion parlorin firlanma
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stiratinin gostoron taxometr (6), lateks ilo doldurulmus rezervuar (4) vo qarigdirict rolunu oynayan
relyefli ucluq 6z oksini tapmisdir.

Gilic dovrasindo gorginlik stabilizatorunun  yerlosdirilmasindo moqgsad sabit carayan
intigalinda mexaniki giico miitonasib olan elektrik giiciiniin qgiymatlondirilmasi tiglin zaruri olan
“volt-amper” komponentlarinin dagiq gqiymatlondirilmasi olmusdur. Variator reduksiya diapazonu
(1-5) intervalinda olan va dastoklo idars olunan mexanizmdoan ibarstdir vo laboratoriya soraitinds
programli suratdo ol ilo doyisdirilir. Bu halda intiqalda vala diison miigavimot momenti yalniz
16vbar coroyani qiymotinds 6z oksini tapir. Siiratin doyisdirilmasi iso biitiin digor elektriki
parametrlorin sabit qalmasi ilo , yalniz variatorun 6tiirmo adadinin doyisdirilmasi hesabina hoyata
kegirilir.

Relyefli silindir goklinds olan qarigdirict todqiq olunan material daxilinds tobogolor arasi
siirlismo Vo miivafiq miigavimot momenti yaradir.

Qeyd edok ki, toklif etdiyimiz 6l¢ii sisteminin doqiqliyini miisyyon edan an asas mosalo
elektrik intigalinin sorf etdiyi ani elektrik giicliniin 6lgtliib, giymatlondirilmasi ilo baglidir.

§ Axiciliq dyrisi funksiyas1 parametrlarinin

L intigalin giic gostaricilori ilo identifikasiyasi
- Elektrik intigalinin  sorf olunan  giic
2 | Cers  baximindan hesablanmasi miihandis prktikasi ti¢iin
X adi mosalo olduguna baxmayaraq, bu O6lgmanin
3 mohz 6lgii sistemi baximindan yerina Yyetirildiyinin
— olavo sortlondirici xiisusiyyatlori do vardir. ilk
6 novbada siiratdon-siiroto ke¢id dinamikasinda ani
{\4 giicin  doyismasinin,  Qorarlasma  prosesinin
yaradilmasina sorf olunacaq miiddatin nozora
alinmasima ehtiyac yarandigi 6ziinii gostorir. Bu
P baximdan, tobii, 6lgmo prosesinin
P kompiiterlosdirilmasindon yarana bilacok Ssamara

.]_] Ozlinii agkar surotdo gostarir.

E ’ Digor problematik masalo miiharrikin sorf
— etdiyi ani elektrik giiciin daqiqg toyin edilmasi, yani
nozoro almmasi ¢otin  olan giic itgilorinin
I I giymotlondirilmasidir. ~ Sorf  olunan  (faydal)
mexaniki giiclin real elektrik ekvivalentinin (f.i.o.

Sakil 1. Pillasiz reduktiv variator tatbigi baximindan) qgiymatlondirilmo mosalasi dagiqliya
asasinda reoloji tadqiq hayata kegiran tosir gostoron osas amil olaraqg meydana cixir.
laborator qurgusu [9]. Praktik naticalor gostorirlor ki, miiharrikin optimal

giic parametrlorinin se¢ilmasi maksimal rotasiya

gliciniin  1.5-2.0 misli diapazonunda gotiirilmosi mogsodo uygundur. Bu miiddeanin
osaslandirilmasi elektrik intiqazinin agagidaki elementar hesabati ilo 6z tosdigini tapa bilir.

Konstruksiyada sabit coroyan intigalinin sorf etdiyi ani giiciin qiymati ilo (I6vbor dovrasinda

is¢i coaroyan siddoti ilo) firlanma horokotine miigavimot momenti arasinda determinik olagoanin

olmasindan istifads edilir. Molum oldugu kimi, mitharrikin rotorunda miihitin 6zIii miigavimatine

gars1 yonalmis elektrik giiciinii asagidaki kimi ifado etmok olar [10]:

R=M-w=PRn; P =1U,; (1)

harada ki, M — firlandirict moment (stasionar rejimds yiikiin miiqgavimot momentine borabar

gotirilir), o—pucaq siirsti , P — faydalt giic (miigavimet momentina qarst yonolmis), F,, I, -

miiharrikin gqida monboyindon gotiirdiiyii elektriki giic vo miivafiq corayan siddati,77” —iimumi giic
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itgilorinin (elektrik vo mexaniki tobiotli) nozoro alinmasi ilo faydali is emsali, U, — nominal
gorginlikdir. Buradan (1) miinasibatlorinin nozors alinmasi ilo asagidaki diisturu yaza bilorik:

M=1,-UZ @)
w

Goriindiiyii kimi, miihorrikin valina diison miigavimat momentinin giymatlondirilmasi tigiin
t¢ fiziki olaraq Olgiilon komiyyatin vo bir nominal xarakteristika molumati kimi balli olan
(mihorrikin faydali is omsali) kifayst edir. Molum oldugu kimi [10] rotasiyada miigavimot
momentinin maye axininda siiriisma goarginliyino, axin siiratinin iss rotasiya siiratine ekvivalent

qobul edilmasi, sabit omsal forgli degigliklo 6ziinii dogrulda, yoni M = F(w) ifadesino haqq
qazandira bilir.

Qobul edok ki, ham @ va ham do M kifayst godor yiiksok dagiqgliklo &lgiilon bilan
komiyyatdir. Bela Olduqda identifikasiya dogigliyi mosalosinin 6lgii aspektini imumi qaydaya
istinad edarok xiisusi téroma konsepsiyasi asasinda tortib etmok heg bir gotinliklo qarsilasmr. Olgii
texnikasinda hassasligin qiymatlondirilmasi alqoritmi kimi malum olan xiisusi téroma yanagmasi
baxdigimiz  mosolodo  axiciliq  ayrisinin - eksperimental identifikasiya  keyfiyyatininn
giymatlondirilmasine do xidmat edas bilor. Bunun tigiin baxilan mexaniki sistemin giic balansi tonliyi
asasinda @ -nin bir vahid artimina elektrik giiciiniin miivafiq artimi miiayyan edilmali va sonra bu
asililigdan momento kegmok lazim golir. Giic balansi tonliyindon istifado mohz yiiksiiz islomo
giiciiniin tocriibonin naticasina gotirdiyi xotanin aradan qaldirilmasina xidmot etdiyini gérmok do
cotin deyildir. Bu giymoti yalniz miiharrikin vo digor mexaniki hissoalorin nominal texniki
parametrlori asasinda qiymatlondirilmasi, tabii, yiiksok dagigliyi tamin eds bilmasa do, talob olunan
daqgiglik sinfino uygunlagdirmani tamin eds bilacokdir.

Bununla yanasi olaraq nazars almaliyiq ki, sokil 1-do gdstorilon laborator qurgusu vo onun
tizarinda hayata kegirilon tacriibalor aslindo bir model niimunasi olaraq daha miihiim idarsetma
mosalanin , yani operativ keyfiyyot analizi probleminin hallino yonslmis oldugu i¢iin bir sira
prinsipial suallar diggest markoazinds saxlanilmalidar. Tobii, bunlar i¢arisinds iki aspekt 6ziinii daha
qabariq gostarir:

- Qarngdirict aqreqatin (friksion parlorin) optimal konstruktiv qurulusuna vo optimal
olgtilarinnin tayini masalasina miistaqil suratds baxilmast;

- Gotliriilmiis  intigalin  elektromexaniki paraetrlori
arasinda doqiq funksional asililigin modellagdirilmasi.

Problemin birinci aspekti, gqeyd eds bilarik ki, mistoqil
istigamot  olarag bozi baxis bucagi altinda ovvalki
todgiqatimizda miioyyan qodor 6z oksini tapa bilmisdir [11].
Polimerlogsmo reaktoru daxilinde qarigdirict intigalinin i
rejimino operativ nozarat vo keyfiyyat tohlilino galdikds isa
burada tadqiqat yiiksok doracads konkretlik tolob edir.

Sokil 2-do elektrik intiqalinda istifado olunan sabit
coroyan miiharrikinin qosulma sxeminin yalmiz bir varianti

verilmigdir. Sokildo miivafiq parametrlor, yoni P -

miihorrikin nominal giiciinii, |, — nominal 16vbar corayanii,

U, — nominal gorginliyi, @, — nominal isci parametrlora

miivafiq  dovr  sirstini, F, I, —  1ovbar  dolagi

miigavimatinin, onun ddvrasine qosulmus olave miiqavimotin  SakKil 2. Miiharrik dévrasinda real
Va tasirlonma ddvrasi miigavimatinin nominal giymatlorini oks Va ekvivalent miigavimatlar [9].
etdirirlor.
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Sabit coroyan miharrikinds ani giiciin mithiim hissasinin 16vbar caroyani ilo miioyyan
olundugunu va tasirlonms caroyaninin iss tocriibo zamani praktiki olaraq sabit galdigini qgobul
etmok olar. Giic itgilarini (I, Iy -do yaranan) imuman istilik itgilori kimi timumilosdirok. Siirtiinma

ilo bagl itgilor mexaniki itgi kimi adlandirilarsa, imumaon bunlarin comini intigalin faydali is omsali
kimi ifado edok.
Digar torafdon 16vbar corayani

I-U,-R-P,A-7n")

1 4
I 2(ra + rd) ( )
tonliyina nazaran tayin edils bilor. Alinin ifado | —ya gors hall edilmis olarsa:
2
IZ—Uni\/Un+4(ra+rd)(Ma)+ RA-7) _\, (5)
201, +1,)

16vbar carayaninin bucagq siiratindon vo dovra parametrlorindon asiligi tigiin diistur alds etmis olariq.
Beloliklo, corayan siddotinin ekvivalenti olan firlandirict moment iigiin lazim olan asas diistur aldo
edilmis olur.

Qeyd etdiyimiz kimi homin diistur sokil 2-do gostorilmis birlosmo varianti ii¢lin 6z
dogrulugunu saxlaya bilir. Sonaye miqyasl qurgu vo aparatlarda qarisdirict intigal asason doyison
coroyan miiharriklorinin istifadasini nozordos tutur. Bu intiqallar siiratin genis diapazonda hamar
doyisdirilmasi {iglin miinasib variant olmadigi Ugiin sabit coroyan masinina keg¢idin masalasi
aktuallasir. Sabit coroyan masinlarinin yiik xarakteristikalarmin tasirlonma dovrasinin qosulma
variantlarinin  miixtalifliyi igorisinda optimal sxemin se¢ilmasi, molumdur ki [13], miithim
mithondis masalasini  togkil edir. Paralel, ardicil vo kompaund birlosmo xemlorinin yiik
xarakteristikalarinin miixtalif oldugu kimi, parametrlorin funksional asililiglar1 da ciddi suratdo
farglondiyi molumdur.

Asag1 stiratlords vo boyiik firlandirict moment talob olunan hallarda ardicil tesirlonmo

sxemino kegid zarureti yaranir. Ardicil vo ya qarisiq tesirlonma sxemlerinda |, ilo @ arasinda

miitonasib asililiq pozularaq, kvadratik qanunla avaz olundugu ilo yanasi, hom do maqgnit sisteminin
doyma rejimi 6zilinii gostarir, elektromagnit sistemi kaskin qgeyri xotti xarakteri kasb edir.

Olbotts, dl¢li texnikast baximindan on olverisli variantin miistagil tosirlonmo vo ya sabit
magnitli tasirlonma oldugunu qobul edorak, sokilds gostorilon variantin qobul edilmasins istiinliik
verilo bilor. Lakin polimerlosmo proseslorindo reaksiya qarisiginin getdikco yiiksalon ozliiliiyti
boyilik miiqavimot yaratdigi paralel birlosmonin miimkiinliiyiinii aradan qaldirir.

Belaliklo, geyd olunun miiddsalar1 {mumilosdirarok asagidaki naticalora galmok
mumbkiindiir:

a) Periodik polimerlosdirma proseslarinds optimal keyfiyyat oldo etmo masalasinin operativ
texnoloji nazarotin miistosna shomiyyati reoloji xarakteristikanin real vaxt rejiminda alds edilmasini,
bu isa 6z ndvbasinda reaksiya garigigi {igiin axiciliq funksiyasinin alds olunmasini talob edir.

b) Qarisdirici mexanizmin miistorok funksiya dasimasi , yoani olava olaraq ondan hom do real
vaxt rejiminda reoloji informasiya monbayi kimi istifado oluna bilmasi, toamamilo real texnoloji
amillors istinad edo bilor. Mohz bu miigtorok funksionalliq amilinin tatbiqi qarigdirict intigali boyiik
miqyasda Brukfild viskozimetr analogiyasina ¢evirarok, operativ monitoring probleminin hallini
reallagdira bilir.

¢) Qarisdirnct intigalin genis siirot vo firlandirici momentlor diapazonlarinda faaliyyati
miitharrik se¢imi mosalosine 6z sortlorini irali siiriir. Bu baximdan miistaqil tasirlonma magnit
sistemino malik sabit coroyan miiharrikinin totbiqi tovsiys olunur ki, onin nominal giicli rotasiya
parlorinin qarsilagdigr maksimal giiciin 1.5-2.0 misli tortibinds olmasini talab edir.

d) Qeyd olunan miiddoalar laboratoriya vo ya yari pilot qurgusunda aparilmis D]J-20
epoksid gotrani iizorinds aparilmis tocriibalor asasinda irali siiriilmisdiir.
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Yekun olaraq qeyd edok ki, qarisdirict intiqalin asas funksiyasi ilo yanasi, onun hom do
reoloji informasiya monbaoyi kimi iki funksionallig, tobiidir ki, istehsalat soraitinds is¢i rejimo 6zol
texnoloji yanagsmani bilavasito nozords tutur. Prosesin periodik olmasi imkan verir ki, daimi rejim
olaraq hor seydon 6nco latekslorin garisdirilmasi hoyata kegirilmali, monitorinq rejimi olaraq iso
reoloji xarakteristikanin alde olunmasi periodik impuls rejiminds yerina yetirilsin.
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Summary
The task of operational control of the polymerization process based on the electromechanical
parameters of mixing devices
Hashimova H.M.

Keywords: polymerization process, operational monitoring, rheological study, DC electric drive,

electromechanical characteristic.

The presented research work is devoted to the realization at the level of an automated control system of the
development of temperature, concentration, initiator and inhibitor maintenance modes of periodic polymerization
processes on a given program. As a hardware tool of the control system built on the basis of rheological research, the
problem of identification is posed on the basis of using electromechanical parameters of the reactor internal mixing
Unit, different from traditional measurement systems. It is shown that the study of the reaction material — suspension in
the non-Newtonian liquid class reflects the original approach in terms of efficiency to the measurement process and
informativeness to the identification object. He was able to find confirmation in the tests carried out on a pilot
installation, which quite fully reflects the relevant conditions in which this approach is scientifically and practically
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justified. The proposed identification algorithm includes the most necessary electromechanical parameters of the unit,
which allows evaluating the sensitivity indicators of the system.

Pe3rome
IIpo6aema onepaTUBHOrO yNIpaBJeHHS MPOLECCOM MOJTUMEPH3AIHU HA OCHOBE JIeKTPOMEXaHHYECKHX
napaMeTpoB MepeMelHBaOIIUX YCTPOiiCcTB
Tawmumosa Y.M.

Knwouesvle cnoea: npoyecc nonumepusayuu, OnepaAmuGHull KOHMPOLb, PEOJOSUHECKOe UCCIe008aAHUe,
INEKMPONPUBOOD NOCMOSHHOZO MOKA, IAEKMPOMEXAHUYECKAS, XAPAKMEPUCMUKA.

[IpencraBneHHas WCClieOBaTeNbCKass paboTa MOCBAIICHA pealu3alliii Ha YPOBHE aBTOMATH3HPOBAHHOW
CHUCTEMBI YIIPABIICHHS pa3pabOTKH MO 33JaHHOI MporpaMMe TEMIIePaTypHOro, KOHIICHTPAIIMOHHOTO, HHUITUHPYIOIIETO
U TOPMO3HOTO PEKHUMOB OOECIECUYCHHUS MPOLECCOB MEPHOANYECKON MOMUMEpU3aluu. B oTinune OT TpaJuiHOHHBIX
HN3MEPHUTENBHBIX CHCTEM B KayeCTBE allapaTHOTO CPEACTBA CHUCTEMbI YIPABICHUS, MOCTPOCHHON Ha OCHOBE
PEOJIOTHYECKUX HCCICOBAHHN, TO €CTh HAa OCHOBE HCIIOJIb30BAHHS AJIEKTPOMEXaHHMYECKUX MapaMeTPOB BHYTPEHHETO
CMECHTENIBHOTO arperata peakTopa, CTaBUTCS BOmpoc o0 wuaeHTudukaiuu. [lokazaHo, 4YTO HCCICJOBaHHE
PEaKIHOHHOTO Marepuana — CYCIeH3MH B KJIAcCe IKHIKOCTeH C HEHBIOTOHOBCKUMHU CBOMCTBAMHU OTpakaet
OpUTHHANBHBIN TMOJAXOJ K IPOIECCY HM3MEPEHHsS C TOYKH 3PCHUSI OMEPATHBHOCTH, a OOBEKTa HIACHTH()UKAIMU-
I/IH(I)OpMaTI/IBHOCTI/I. OH CMOTI' HaWTHU CBOE IMOATBEPKACHNUEC B HUCIBITAHUAX, MPOBCACHHBIX Ha MUJIOTHOM YCTaHOBKE,
KOTOPBIC JOCTATOYHO IMOJHO OTPa)kat0T COOTBETCTBYIOIIME YCIOBHUS, B KOTOPBIX 3TOT MOJXO HAYYHO U MPAKTHYCCKH
obocHoBaH. [lpemmaraeMblii  anropuT™M  WACHTH(HKAMK BKIOYaeT B ce0s  Haubojee  HEOOXOIUMBIC
3JIEKTPOMEXAHUUECKHUE MTapaMeTphl YCTPOUCTBA, UTO MO3BOJISIET OLICHUTh MOKAa3aTed YyBCTBUTEIbHOCTH CUCTEMBI.
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Avtomatlasdirilmis layihalondirms sistemlarinds layihs hsll gobulunun
dastaklonmasi sisteminin islonmasinin metodoloji amillori
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MOQALD HAQQINDA MOLUMAT XULASO
Magalanin tarix¢asi Baxilan  igdo avtomatlasdiriimis layihalondirma  sistemlorindan istifada
Daxilolma tarixi: 29.09.2025 zamant layiha hallorinin gabul edilmasi metodikas: va alqoritmlaori tadqiq
Diizalis tarixi: 22.12.2025 edilir.Bu moagsadlo hall gabulunun dastoklonmasi  sisteminin  strukturu
Qabulolunma tarixi: 06.02.2026 miiayyanlagir va modeli qurulur.Hall gabulunun dastoklonmasi prosesinin

algoritmi iglonir Alqoritmin haor bir addiminda yerina yetirilan masalalar
Agar sozlar aydinlasdirnilir.Layiho  halli  gabulu prosesina iterasiyali  sistem  kimi
CAD sistemlar,layiha halli,hall baxilir.Zaif  strukturlasan masalolarin  formalasdiriimast  prosesi analiz
gabulu,hall gabulu algoritmi, edilir.Layihalondirmanin  baslangic moarhalasi ilo  alagali masalalor  va

alternativlor ¢oxlugu, funksional sxem,  problemlor formalasmasina miihondis biliklorin calb olunmast taklif olunur
biliklor bazas:

Layiholondirmonin baslangic morholosi ilo olagali masololor vo problemlor zoif
strukturlasma sinfino aiddir. Onlarin tosvirindo keyfiyyot xarakterli informasiyalardan, onlarin
hallina iso ekspert biliklorinin colb olunmasi tolob edilir. Axtaris vo variantlarin ¢oxkriteriyali
secimi, onlarin qiymotlondirilmasi vo s. kimi bir sira intellektual funksiyalarin ononavi ALS-2
verilmosi tiglin ALS-5 hall gobulunun dostoklonmasi intellektual alt sisteminin slave edilmosi toklif
edilir [1,2].

Holl gobulunun dostoklonmaosi intellektual alt sisteminin osas xiisusiyyatlori asagidakilardir
[3]: zoif strukturlasan vo he¢ formalizo olunmayan masalolorin holling istigamotlonir, riyazi
modellorin imkanlar1 ilo verilon vo biliklors miidaxilo vo emal iisullarinin kosismosi ilo onlarin
osasinda masalolorin halli, istifadaci toloblorino yiiksok adaptivlik, miixtolif formali dialoglarin
manipulyasiyasina imkan veran interfeys vo istifadaci biliyinin ¢evik dostoklonmasi.

Holl gobul edonin alternativ secim voziyystlorindo bilik vo bacariq kifayot etmodikds
intellektual dostoklomas alt sistemindon, konstruktor sistema tosir {igiin istifads edir. Hall gobulunun
dostoklonmasi intellektual sistema verilonlar va biliklor bazasindan slave modellar bazasi, biliklarin
emallr bloku, istifadoci interfeysi vo idaroedici altsistem daxildir. Modellor bazasina modellor
bloklari, riyazi iisullarla reallasan model vo qrafik tosvir vasitolori vo istifadoci ilo miibadilo
vasitolori daxildir.

Diizgiin hall gobulu — miimkiin alternativlor ¢oxlugundan elasinin sec¢ilmosidir ki, biitiin
miixtolif amillorin qgeydiyyat ilo keyfiyyot funksiyasinin comi optimallasdirilsin. Miirokkob
voziyyatlords, no vaxt ki, hall gobulunun intensiv tisullar1 yararli olmur vo hall gobulunun obyektiv
osaslandirilmasi tolob olunur, hall gobulunun elmi tisullarina miiracist etmok zoruridir, yoni, malum
riyazi iisul vo modellordon istifads olunmalidir.

Yuxar1 soviyyado nisboton az formalizo edilon vo ya tamamilo subyektiv proseduralar
yerlogdirilon se¢im prosedurasinin tam ierarxiyasini qurmaq olar: yuxart saviyyoanin
proseduralarinin formalizo edilmasi iigiin, yoni yiiksok kvalifikasiyali miitoxassisin tocriibasinin
modellosdirilmosi mogsadi ilo miixtolif modellor vo {isullar islonilmisdir. Bunlara geyri-solis
produksiya modellori, geyri-salis voziyyatlor modeli, tosnifat vo kompozisiya modellori, geyri-salis
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miinasibatloro  istiinlik veron modellor.Holl gobulunun dostoklonmosi sistemi dedikdo
planlasdirilan, prognozlasdirilan, layiholondirilon vo 1idaro edilon zorif strukturlasan vo
strukturlasmayan maosololorin formallagdirilmas: vo aktuallagdirilmast {iglin nozordo tutulan
informasiya sistemi basa diistiliir.

Formal olaraq hall gobulunu dastakloyon sistem sistemli analiz ndqteyi-nazordon asagidaki
sokildo tosvir oluna bilor [4]:

<P,S,Z,K,SH,D, M, F, G, U>, 1)

burada: P — riyazi problem, S — sistemin toyini, Z — sistemin mogqsadinin toyini, K — sistemin
somaralilik kriteriyast ¢oxlugu, SH — kriteriyalarin 6l¢ii skalasinin ¢oxlugu, D — sistemin todqiqat
qaydasi, M — sistemin modellosdirma {isulu, A — alternativlor ¢oxlugu, F — alternativlor coxlugunun
kriteriyalar ¢oxluguna inikasi, G — hall gobul edon soxsin farziyyalor ¢oxlugu, U — mogsad
funksiyasimin novii.

Holl varianti
uygundur

layiho N
hollinin holl bilikl
hall gabulunun variantlari variant- HHKIor
dostoklonmosi Nol lorinin qiy- _»| bazasi
sistemi o (2,3,....n) matlondiril
masi

N

e

hall varianti uygun hall N
golmir qebuledici
SOXS

Sakil 1. Hall gabulunun dastaklonmasi iterisial proses kimi

Miixtalif marhalslordon ibarat hall gebulunun dastoklonmasinin tismumi alqoritmi sokil 1.-do
verilmigdir. Baxilan ierarxik ardicilliq gosterir ki, sonraki moarholoys kecid avvalki moarhalonin
reallagmamasindan ¢ox ¢otindir, ancaq miimkiin iterasiyalarla, yoni eyni bir morholonin vo ya
marhololor toplusunun bir ne¢o dofa tokrarlanmasi naticasinda nisbaton somarali natica almaq olar
(sokil 2.)

Hall gabulu alqoritmins uygun olaraq, onda gdstorilon marhalalarin har birins ayriliqda baxagq.
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Sakil 2. Hall gabulunun dastaklonmasi algoritmi.
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Moarhald 1. Problemin formallasdirilmasi vo analizi olan birinci morhalonin reallasdirilmasi
ticlin asagidaki addimlarin yerina yetirilmoasi zoruridir:

- xarici miihitin vo idars obyektlorinin monitorinqi;

- problemin meydana ¢ixmasi vo formallagdirilmast;

- onun yenilik néqteyi-nazardon qiymatlondirimasi;

- basga problemlarla garsiligli alagonin toyini;

- verilon problem {izrs informasiyanin dolgunlugunun va lazimliliginin qiymatlondirilmasi;

- problemo goro informasiya ehtiyatlarinin verilonlor bazasina daxil edilmasi

Movcud problem haqgqinda alinmis molumatlar, sistemin 6zii haqqinda alinmis malumatlar,
sistemin 0zl haqqinda doqiq verilonlorin alinmasi mogsadilo analiz edilir, problemin timumi
qurulusunun yaranmasini vo masolonin moagsadinin vo formalagsmasinin toyini ii¢iin istifadonin
mimkiinliyii 6yronilir [2,5].

P problemini riyazi olaraq agagidaki kimi toyin etmok olar:

P=|A - A, 2)
burada A; — t zaman anindak1 haqiqi vaziyyat;
A’ - t zaman aninda arzu olunan vaziyyatdir.

Moarhals 2. Magsad vo masalonin formallagdirilmast.

Bu morhslads sistemin (Z) magsadi toyin edilir, qlobal mogsad formalasdirilir vo mogsads
nail olmagq tli¢iin masalalor ardicillig islonir:

- problemin hall olunma qgabiliyyastinin toyini;

- problemin hall variantlarinin konseptual iglonmasi;

- problemin hall variantlarinin qiymastlondirilmasi;

- meydana ¢ixan problemlorin ayri-ayr1 masalalora dekompozisiyast,

- verbal soviyyads masolonin qoyulusu;

- verbal soviyyada sortlorin, magsadin vo masalalorin montiqi analizi;

- istifadacilor ticlin masalonin qoyulusu.

Mogsadin formallagdirilmasinin sistemli analizi ndqteyi-nozordon qeyri-salis coxluglar
nazariyyasindon va ekspert lisullarindan istifads nisbaton somarolidir. Magsad vo masalalarin tayini
iiclin geyri-salis ¢oxlugda hor hansi alternativ mogsodlor A,={a;} ¢oxlugunun moévcud olmasi
zaruridir.

Bu morholodo zoif formalasdirilan tisullarin istifadesi do miimkiindiir. Masalon, torkib
hissolori soklindo hor bir variantin tosvirinin ifadosi moagsodilo morfoloji analiz. Bu halda, Z
maogsadinin riyazi funksiyasi bels tosvir edilir[6]:

r ¢ .
w, =99q(X; 4 ’ngdgl)’ 3)

i=1g=1 Jglg

burada, X, i X i-ci miimkiin olmayan toplunu togkil edir, r = [\/|,

" igdg
1 haradab=e
qeb, e):{o )
,haradab # e

Sonra magsadlor ¢oxlugu formallagdirilir:

A={xeAgl Q(x)=0}

Mogsadlor formallasdirilan zaman, sistemli analizin prinsiplori: son mogsad prinsipi,
vahidlik vo slagalilik prinsipleri nozers alinmalidir [3,7].

Marhalo 3. Kiriteriyalarin secilmosi vo onlarin somorsliliyinin qiymaotlondirilmasi. K
kriteriyalar sistemi togkil olundugu zaman sadalanan tosvirlor ardicilligr reallagdirilir: mogsade nail
olunmaq {igiin kriteriyalar sisteminin toyini, alt maqsadlora goéra kriteriyalarin dekompozisiyasi,
kriteriyalarin somaraliliyinin qiymatlondirilmasi [8,9].
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Somarali kriteriyalar sisteminin togkili prosesi yaradici, pis formalizo olunan vo har halda
fordi yanagma tolob edon subyektivlordon ibaratdir. O, giris verilonlorinin geyri-miioyyonliyindon
asilidir. Ona goro, kriteriyalar ¢oxlugunun toyini liglin miixtolif iisullardan istifado olunmasi
zaruridir.

Morhals 4. Alternativlor coxlugunun toskili. Hall gobulu masalslorinds alternativlor konkret
sistemlori 0zilindo ifado edir. Hall gobul edon soxsin evristik diisiincolorino osaslanan alternativlor
coxlugunun toskili prosesini ii¢ ardicil morhaloys bdlmok olar: alternativlor g¢oxlugunun
generasiyasi, alternativlorin strukturlagdirilmasi, generasiya olunmus alternativlor altcoxlugunun
toyini. Alternativlorin geyri-salis ¢oxlugunun generasiyasi li¢iin hor hansi (SV) xassolor toskil edilir
ki, ona linqvistik term kimi baxilir vo onlarin komoyi ilo ciitlor toplusu togkil edilir:

gy - M) ML(V) ML)

Vl VZl V

burada V={V1i, V>, ...,V } lizarinds A geyri-salis ¢oxlugu verilon universal coxlugudur; Ms(V;i) — Vi
elementinin A geyri-salis ¢oxluguna mansubiyyat doracasidir.

Marhals 5. Alternativlorin analizi. Hoall variantlarinin analizi nisbaton vacib morhalo hesab
olunur. Bu zaman, alternativlorin optimallasdirilmasinin yerino yetirilmasi vo toklif olunan
coxluglardan on yaxsisinin se¢ilmosi zoruridir. sistemli analiz ndqteyi-nozardon alternativ hallorin
analizi morholosino daxildir: hsallorin geyri-miioyyanliyinin analizi, optimallagdirma tisullar1 vo
holledici funksiyasinin toyini, miimkiin hallorin qiymaotlondirilmasi, optimal hallin secilmasi
[10,11,13].

Morholo 6. Idaroedici tosirlorin toskili. Bu maorholo, holl gobulunun dostoklonmosi
morhoaloalorinin sonuncusu hesab olunur. Bu morholodo holl gobul edon soxs, holl gobulunu
dostokloyan sistemin toklif etdiyi variantlarin reallagdirilmasina istigamotlonmis bir sira iglori yerino
yetirir.

HQDS reallasdirilmasi iiclin hall gabulu nazariyyesinin klassik sxemlsrinin analizi mévcud
alqoritm vo isullar1 strukturlagdirilmasinin,  optimallasdirilmasinin vo aktuallagdirilmasinin
zoruriliyini meydana ¢ixartdi. Holl gobulunun dostoklonmaosinin klassik sxemlorinde bdyiik hacmda
informasiyalardan istifadonin zaruriliyi verilonlor bazasindan va biliklor bazasindan istifadani zoruri
edir [12,14], tsullarin optimal totbiqi, alternativlorin generasiyasi, alternativlorin secilmosi vo
analizi hall gabulu prosesinin intellektuallagdirilmasina imkan verir.

HQDS-in islonmis iimimi sxemi (sokil3.) informasiya texnologiyasinin miiasir toloblorine
cavab verir. HQDS-in funksional qurulusu elo qurulmusdur ki, miixtolif predmet sahosino aid
maosaloya baxilarkon sistem konkret voziyyoto yenidon uygunlasir. Boylik hocmli verilonlor vo
biliklor bazasinin qurulmasmin togkilinin miimkiinliiyli, problemin predmet sahasindon asili
hallorinin generasiya tisullarinin kriteriyalart sisteminin togkilini vo hallorin secilmosini nozero
almagqla, miixtalif masalalarin hallina gbéra toplanmis informasiyalardan istifadoys imkan verir.

Verilon sxem ¢or¢ivasindo HQDS-nin reallasdirilmasi, HQDS proqramli modernizasiyasi vo
HQDS verilonlor vo biliklor bazasinin doldurulmasi sortlorino goro masalolorin dairasini vo
miqdarin genislondirir. Yerina yetirilon islor naticosindo agagidaki naticolor alinmigdir.

1. Holl gobulunun klassik sxemi vo iisullar sxemi osasinda holl qgobulu nozoriyyosi
oblastinda miiasir tendensiyalarin taloblarine cavab veron HQDS-in funksional sxemi qurulmusdur.

2. Hall gobulunun biitiin morhalslorindo riyazi vo evristik qaydalarin, {isullarin analizi
verilmisdir.

3. Hor morholods istifado olunan hall qobulunun dostoklonmosi iisullari, kompleks
alqoritmlor toplusunun istiraki miixtolif predmet sahasindo funksional masalalorin sayinin kifayat
godor artmasina imkan verir.

n
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Summary
Methodological factors in the development of a decision support system for project solution selection in
computer-aided design systems
Huseynzade A.E.

Keywords: CAD systems, project solution, decision acceptance, decision-making algorithm, set of alternatives,

functional scheme, knowledge base.

The study examines the methodology and algorithms of decision-making for project solutions when using
computer-aided design (CAD) systems. For this purpose, the structure of the decision support system is defined and its
model is developed. An algorithm for the decision-making support process is created. The tasks performed at each step
of the algorithm are clarified. The project solution decision process is considered as an iterative system. The process of
formulating weakly structured problems is analyzed. It is proposed to involve engineering knowledge in the formation
of issues and problems related to the initial stage of design.

Pe3tome
Metonojorndyeckne GakTopsl pa3padoTK CHCTeMbl NOJIEP:KKM NPUHATHS NPOEKTHBIX pelieHuii B
ABTOMATH3HPOBAHHBIX CHCTEMAX MPOEKTHPOBAHUS
Tyceitnzaoe A.3.

Knrwouesvie cnosa: CAD-cucmemvl, npoexmuoe peuienie, npuHsmue peuleHutl, aiopumm npuHsImust peuleHui,
MHOICECMBO ANbMEPHAMUS, (DYHKYUOHAIbHASL CXeMda, 6a3a 3HAHUIL.

B paccmartpuBaemMoii paboTe HCCIEAYIOTCS METOAMKA U aJrOPUTMbI MPUHSITHS MPOCKTHBIX PEIICHUH MpU
HCIOJIb30BAHUN aBTOMATU3UPOBAHHBIX CHCTEM INPOCKTUPOBAHUA. C STOM LEIBbIO ONPEACTACTCA CTPYKTYpa CHUCTEMBI
MOJIACP’KKH MPUHATHSA PEUICHUH U CTpouTCs e€ Mozaenb. Pa3zpabaTeiBaeTcsl anropuTM Mpoliecca MOANCPKKH MTPHHATHS
pe[HeHPIﬁ, IIPpU OTOM Ha Ka)XIOM ITaIl€ aJJlropuTMa YTOYHAIOTCS BBINIOJIHACMBIC 3a/Ia4H. Hpouecc MIPUHATHUA ITPOCKTHOT'O
pelieHnuss paccMaTpuBaeTCs Kak HWTEpallMoOHHas cucTema. AHamu3upyercs mporecce (opmanmsanun ciaabo
CTPYKTYPHPOBaHHBIX 3a7ad. [Ipemmaraercss mpuBiIe4eHNEe WHXEHEPHBIX 3HAHUHN JUIA (POPMHUPOBAHMUS 33124 U PEIICHUSI
HpO6HeM, CBA3aHHBIX C HAYaJIbHBIM 3TAIIOM IPOCKTUPOBAHUA.
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MOQALO HAQQINDA MOLUMAT XULASO

Magalanin tarixgasi Bu todgiqatda virtual tohsil miihitlori iigiin talobalorin fordi foaliyyat
Daxilolma tarixi: 25.07.2025 gostoricilarina — davamiyyat, tapsirig naticalari va interaktivliya — asaslanan
Diizalis tarixi: 06.11.2025 adaptiv todris algqoritmi hazirlanmigdir. Onanavi tohsil sistemlori fordi
Qoabulolunma tarixi: 28.02.2026 gyranma  farqlarini nazora almadigindan, bu yanasmalarin  effektiviiyi

mahduddur. Taklif olunan gaydalara asaslanan alqoritm real vaxtda talaba
Acar sézlar Malumatlarimi giymatlandirir Vo uygun tadris strategiyalarini — masalan,
adaptiv tadris, virtual tohsil miihiti, video ilo takrar, alava testlor va ya ¢atinlasdirilmis mévzular — tévsiya edir.
intellektual giymatlondirmo, Modelin simagi digiin 10 tolobadan ibarat simulyasiya edilmis moalumat
fordilosdirilmis oyronmo, siini intellekt  dastindon istifada olunmus, naticalor cadval Vo axin sxemi kimi vizual
tatbiglari, tolaba faaliyyat analizi vasitalorla tohlil edilmisdir. Algoritm zaif, orta va yiiksak natica gdstaran

tolabalori diizgiin miiayyanlasdirarak miivafiq todris strategiyalar: taqdim
etmisdir. Bu adaptiv yanasma tahsilin fardilogdirilmasini dastaklayir va tohsil
keyfiyyatini yiiksaldir. Vizual va statistik analizlor modelin effektiviiyini siibut
etmis va intellektual sistemlorin  virtual tohsilda totbiginin - taloba
nailiyyatlorini artirmaqda miihiim rol oynaya bilaCayini gostormisdir

Giris

Rogomsal transformasiya noticosindo tohsil sistemi siirotlo doyismokdodir. Virtual
texnologiyalarin, xiisusilo do siini intellekt osasli platformalarin inkisafi, todris prosesini daha
fordilosdirilmis vo samarali hala gotirmok imkan1 yaratmigdir. ©nonavi todris metodlart cox zaman
tolobalorin fordi dyronma torzini va qabiliyyastlorini nozers almadigi ii¢ilin, bu sistemlords fordi
yanasma imkanlart mohduddur [1].

Adaptiv todris sistemlori iso tolobalorin real vaxtda foaliyyatlorini izloyorak, onlarin
naticalorine uygun olaraq todris mozmununu vo tsullarint doyismok gabiliyystino malikdir. Bu
yanagma, tolobalorin zoif vo ya giiclii toroflorini daha doqiq miisyyonlosdirmoys vo onlarin fordi
inkisafina dostok olmaga imkan verir [2]. Adaptiv sistemlar siini intellekt, tobii dil islonmasi (TDI),
ekspert sistemlori vo masin dyronmasi texnologiyalarina osaslanaraq, tolobo davranislarini analiz
edir vo bu analizlor asasinda todris miihitini avtomatik sokildo uygunlasdirir [3].

Bundan olave, virtual miihitlorde telabonin faaliyyatinin qiymotlondirilmoesi do yeni metod
vo alqoritmlorin totbiqini talab edir. ©nanovi qiymatlondirma modellori yalniz yekun naticolors
osaslanir, lakin intellektual yanagma tolobonin foaliyyst, davamiyyot vo interaktivlik kimi
gostaricilorini do nazaors almagi miimkiin edir [4].

Bu mogalodo maqgsad, tolobonin virtual tohsil miihitindoki fordi davranig gostoriciloring
osaslanan adaptiv todris alqoritmini togdim etmok vo bu yanasmanin tohsilin keyfiyyatino tosirini
intellektual qiymotlondirme vasitasils aragdirmaqdir.

Problemin qoyulusu. Virtual tohsil miihitlori genis istifado olunsa da, bu sistemlorin
oksoriyyati biitiin tolobolor liglin eyni mozmun vo metodlardan istifado edir. Halbuki tolobolorin
Oyronmo tempi, diqgot soviyyesi, foaliyyot aktivliyi vo bilik soviyyasi bir-birindon shomiyyatli
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doracads forqlonir. Bu forqliliklorin nozere alinmamasi tadris prosesinin effektivliyini azaldir vo
tohsil keyfiyyotino monfi tosir gostora bilor [5].

Movcud sistemlords totbiq edilon qiymatlondirma modellari asason yekun test noticalori vo
tapsiriq ballarma osaslanir. Lakin bu yanasma tolobonin todris prosesindo gostordiyi real vaxth
foaliyyetlori — masalon, dorslords istirak, miizakirslords faalliq, mdévzuya maraq vo fordi inkigaf
meyillori — nozora almir. Bu iso naticolorin obyektivliyini siibho altina alir vo tolobayo uygun todris
istigamatinin se¢ilmasini ¢gatinlogdirir [6].

Eyni zamanda, tohsil sistemindo fordi yanasmanin olmamasi zaif notico gdstoron tolobolor
ticiin olava resurslarin toklif olunmamasi ilo naticolonir. Halbuki siini intellekto asaslanan adaptiv
sistemlor, bu ciir tolobolori erkon morholodo askar edo vo onlarin ehtiyaclarina uygun todris
strategiyasi toklif eda biler [7].

Bu baximdan, todqigatin osas problemi asagidaki suallarda comlonir:

- Virtual todris miihitindo tolobanin fordi gostaricilorini neca toplamaq ve tohlil etmak olar?

- Bu gostaricilors asaslanan hansi alqoritmlor vasitasilo adaptiv todris sistemi qurula bilor?

- Intellektual qiymotlondirmo hansi {isullarla hoyata kegirilo vo todris prosesino neco
inteqrasiya oluna bilor?

Bu problemlori hall etmok tigiin tolobonin foaliyyatino asaslanan sado vo totbiq edilo bilon
adaptiv alqoritm hazirlanmis vo bu yanagmanin tohsilin keyfiyystina tosiri qiymotlondirilmisdir.

Metodologiya. Moqalodo mogqsad tolobolorin virtual todris mihitindo fordi foaliyyot
gostoricilorine asaslanan adaptiv todris alqoritminin hazirlanmasi vo onun totbiqi ilo intellektual
qiymatlondirmonin hoyata kecirilmasidir.

Toklif olunan metodologiya asason asagidaki prinsiplors asaslanir:

o Talobonin davranisina dair malumatlarin toplanmasi va analiz olunmast

e Bu molumatlara osaslanan gorarlarin verilmasi ii¢lin sads alqoritmin yaradilmasi

e Totbiq olunan alqoritmin naticalorinin vizual va statistik sokildo qiymatlondirilmasi

Cadval (1)-da todris sistemi {igiin talobalordon toplanilan dord osas moalumat qeyd edilmisdir.

Cadval 1.
Talaba foaliyyat gastoricilari va onlarin tasviri
Parametr Tasviri
Davamiyyat (%) Tolobonin darslords istirak faizi
Tapsiriglarin naticasi (%) Tolabanin avvalki tapsiriglardan aldig: ortalama bal
Interaktivlik (%) Forumlarda, suallarda vo miizakiralords istirak saviyyasi
Oyronmo iisulu Toalobanin iistiinliik verdiyi tolim novii (vizual, matn asasli, interaktiv va s.)

Tolobonin virtual tohsil miihitindoki foaliyyat gostoricilorine osaslanaraq onun todris
ehtiyaclarin1 miioyyonlosdiron adaptiv todris alqoritmi hazirlanmigdir. Bu alqoritm asason qaydalar
osasinda qorarvermo (ing. rule-based decision-making) yanasmasina sOykonir vo siini intellektin
ilkin formas1 kimi gobul edilo bilor. Belo ki, sistem istifadoginin fordi gostoricilorine osaslanaraq
onun bilik saviyyesini vo dyronme iisulunu giymetlondirir, vo naticade uygun todris strategiyasi
toklif edir. ©sas mogsad tolobonin dyronma effektivliyini artirmaq vo tolimin fordilosdirilmasini
tomin etmak {i¢iin onun todris davranisina uygun avtomatik tovsiya sistemi yaratmaqdir.

Sistemdo istifado olunan malumatlar 3 asas kateqoriyaya boliintir:

1. lstirak gostoricilori — dorsdo istirak faizi
2. Akademik gostaricilor — avvalki tapsiriglardan alds olunan naticalor
3. Foalliq gostaricilori — interaktivliys osaslanan forum va miizakirs aktivliyi

Bu gostoricilor sistem torofindon roqomsal sokilds toplanir vo avtomatik emal olunur. Hor
parametr 0—100% araliginda ol¢iiliir.

Sakil (1)-ds alqoritmin psevdokodu tasvir edilmisdir.
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def adaptiv_tadris(talaba):
if talsbs["davamiyyet"] < 50 and
talaba["tapsiriq_natica™] < 60:
toklif = "9sas mbvzuya yenidan baxmaq Ucln
video dars”
elif talsba["tapsirig natics"] < 70:
taklif = "9lava testlar va interaktiwv
izahlarla dastak”
elif talaba["interaktivlik"] < 40:
toklif = "Diskussiya forumlarina ydénlandirma
va grup layihslari®
else:
taklif = "Yeni mévzu wa catinlasdirilmis
tapsiriglar”
return teklif

# Talasba nimunasi

telebe1 = {
"davamiyyet”: 45,
"tapsirig_nstica”: 55,
"interaktivlik": 30

¥

print{"Taklif:", adaptiv_tadris(telebeT))|

Sakil 1. Alqoritmin psevdokodu

Alqoritm asagidaki montiq osasinda gorar verir:

e Ogor tolobonin hom davamiyyati, hom do
tapsirlq noticesi asagidirsa, bu onun modvzunu
anlamadigini vo ya todris prosesindon uzaq oldugunu
gostora bilor. Bu halda asas tomol movzulara yenidon
baxmagq li¢iin video dorslor tovsiys olunur.

o Ogor tolobanin tapsiriq naticesi zoif, lakin
davamiyyoti orta vo ya yliksokdirso, bu onun istirak
etdiyini, lakin materiali tam monimsomadiyini
gostorir. Bu zaman olavo izahlarla test vo mosqlor
togdim edilir.

e Ogor tolobonin interaktivliyi asagidirsa,
yoni o dors zamani suallarda vo miizakiralordo
passivdirsa, sistem onu daha c¢ox forumlara, grup
isloring va interaktiv layiholora yonlondirir.

e Ogor tolobonin  biitlin  gostaricilori
yaxsidirsa, sistem ona ¢otinlosdirilmis tapsiriqlar vo
yeni mdvzular toqdim edir.

Bu alqgoritm ilkin marhalo ii¢lin effektivdir,
lakin daha iroli morhalolorde asagidakilarla ovoz
oluna va genislondirilo bilor:

. Qorar agac1 — avtomatik qaydalarin
statistik osasda ¢ixarilmast;

e Qeyri-salis mantiq — geyri-miioyyan yanasma ila qiymatlondirms [8];
e Masin 6yronmasi — tolobs malumatlarinin tohlili asasinda 6yranon modelin qurulmasi [9];
 Giiclondirici yronms — tolobonin zamanla doyison davranisina uygunlagma.

Davamiyyat < 507
Tapsinqg < 607?

eyr
Tapsing < 707
Video ila asas takrar

Xeyr

Olave test va izah

Xeyr

Interaktivlik < 407?

Saokil (2)-ds alqoritmin gorar mantiqini oks
etdiron axin sxemi gostorilmisdir. Bu sxemdo
adaptiv todris alqoritminin neco islodiyi vizual
sokildo gostorilorak, alqoritmin osas qorar
saxolori vo notico olaraq toklif edilon todris
strategiyalar1 oks etdirilir.

Toklif olunan adaptiv todris alqoritminin
funksionalligin1 gqiymetlondirmok moagsodilo 10
toloboyoa dair simulyasiya edilmis molumatlar
osasinda eksperimental testlor aparilmigdir. Bu

testlordo  tolobolorin  davamiyyeti, tapsiriq
naticalori  vo interaktivlik gostoricilori osas
gotiiriilmiisdiir. Hor bir tolobo iiglin  bu

Forum va qrup isi

Yeni va gatin moévzu

gostoricilor sistemo daxil edilmis vo alqoritm

Sakil 2. Adaptiv tadris alqoritminin sxemi

torofindon uygun todris tovsiyssi avtomatik
sokildo miisyyon olunmusdur.

Bu molumatlar iizorindo cadval yaradilmigdir.
Bu vizual cadval vasitosi ilo tolobolor arasinda
forqlor daha asan gOrliniir vo davranis
meyllorinin  tohlili rahatlagir.  Sokil  (3)-do

tolobolorin  foaliyyot gostoricilori rong dorocosinoe goro siralanmigdir: tiind ronglor yiiksok
gostaricilori, aciq ronglor iso asagi noticolori oks etdirir. Bu togdimat hom miiollimlor, hom do
intellektual sistemlor iiglin gorarverma prosesini asanlasgdirir.
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Sakil 3. Talaboa faaliyyat gostoricilori iizra cadval.

Tacriiba naticasindo molum olmusdur ki, asag1 gdstaricilora malik olan tolabalar iigiin sistem
“Video ilo osas tokrar” toklifini vermisdir. Masalon, 2-ci vo 6-c1 tolobalor hom davamiyyotds, hom
do tapsiriq noticolorindo zoif gostoricilor gostordiklorine goro alqoritm torofindon tokrar todris
mozmunlaria yonlondirilmisdir. Bu, onlarin mévzuya kifayst qodor balod olmadiglarini vo asas
biliklorin tokrarlanmasina ehtiyac duyduglarini gostorir.

Orta soviyyali naticolora malik tolobslor, masalon 3-cii, 4-cii, 9-cu vo 10-cu tolobalor iso
“Olava test vo izah” tovsiyasi almisdir. Bu tolobolordo davamiyyot vo interaktivlik gonaotboxs
saviyyads olsa da, tapsiriq naticalori onlarin mévzunu tam manimsomadiyini géstormisdir. Alqoritm
bu tolabalar {igiin alave izahli tapsiriglar vo praktik testlor toklif etmisdir.

Digor torofdon, yiiksok gostoricilora malik tolobalor — mosalon 1-ci, 5-ci, 7-ci vo 8-Ci
tolabalor — sistem torafindon “Yeni va ¢otin mdvzu” soviyyasina kegmoya uygun hesab edilmisdir.
Bu tolobolorde davamiyyeot 85-95%, tapsiriq noticalori isa 87-96% araliginda olmusdur. Bu da
onlarin avvalki tolim maorhalalorini ugurla basa vurduglarint vo daha yiiksok soviyyali biliklora
ke¢moya hazir olduqglarint gostorir.

Bu molumatlar asasinda qurulmus codvoldo (Sokil 3) tolobolorin foaliyyat gostoricilorini
rong doarocesing goro vizual sokilds toqdim etmisdir. Burada tiind ronglor yiiksok noticalari, agiq
ronglor iso asag1 gostoricilori oks etdirmisdir. Vizual togdimat sistemin diizgiin islodiyini vo
tolobalar arasindaki forqlorin doqiq miioyyenlosdirildiyini aydin sokilde gdstormisdir.

Natica. Bu todqiqatda virtual tohsil miihitinde tolobolorin fordi dyronmo gdstariciloring
osaslanaraq todris prosesinin adaptiv sokildo toskili mogsadilo intellektual yanagma totbiq
edilmisdir. Hazirlanmis sads, lakin funksional adaptiv alqoritm vasitasilo tolobonin davamiyyati,
tapsiriq naticasi v interaktivlik soviyyaesi tohlil olunmus v bu gostaricilor asasinda ona fordi todris
tovsiyasi togdim edilmisdir.

Alqoritmin totbiqi gostordi ki, fordi foaliyyst gostoricilorine osaslanan tadris tovsiyalori
tolobalarin real voziyyeotino uygun golir. Bu da adaptiv todris yanagsmasinin tohsilin fordilogdirilmosi
va keyfiyyatinin yiiksaldilmesi baximindan na qodar effektiv ola bilocayini siibut edir.

Eksperimental naticolor gostordi ki, alqoritm talabolorin real faaliyyatlorins uygun qgorarlar
vermok qabiliyyotino malikdir. Yiksok gostoricilori olan tolobolor daha ¢otin mozmunlara
yonlondirilmis, zoif notico gostoronloro iso osas mdvzularin tokrar1 vo olavo izahlar togdim
olunmugdur. Bu yanasma tolobonin todris prosesindo daha effektiv sokildo destoklonmasina vo
fordilosdirilmis 6yronmonin totbiqino sorait yaratmisdir.
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Aparilan analizlor vizual tohlillorlo dostoklonmis, tolobolorin gostoricilori arasinda aydin

forglor vizual olaraq miioyyon edilmisdir. Bu iso adaptiv sistemlorin hom miiollimlor, hom tolobalar,
hom ds intellektual qiymotlondirmas sistemlori {i¢lin no qador faydali ola bilocayini siibut edir.
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Summary
Development of an adaptive learning system in a virtual environment and implementation
of an intelligent assessment algorithm
Akhmadov L.N., Osmanli T. E.

Keywords: adaptive learning, virtual learning environment, intelligent assessment, personalized learning,
artificial intelligence applications, student performance analysis
In this study, an adaptive learning algorithm was developed for virtual education environments based on

students' individual performance indicators such as attendance, assignment scores, and interactivity. Traditional
educational systems often fail to address personal learning differences, leading to limited engagement and
suboptimal results. The proposed rule-based algorithm evaluates real-time student data and provides customized
learning recommendations such as video review, additional tests, or advanced content. A simulated dataset of 10
students was used to test the model, and visual tools such as a heatmap and decision flowchart were employed for
analysis. Results showed that the algorithm correctly identified weak, average, and strong performers and suggested
appropriate educational strategies. This adaptive approach supports the personalization of learning processes and
improves educational quality. The visual and statistical assessments confirmed the effectiveness of the model,
indicating that integrating intelligent systems into virtual learning platforms can significantly enhance student
engagement and success.
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Pesiome
Paspaborka aganTuBHOM cucTeMbl 00y4eHUs] B BUPTYAJbHOM cpe/ie M BHEPeHUe aJIrOpuTMa
HHTEJUIEKTYaJbHON OLleHKH
Axmeooe JI.H., Ocmannot T. 3.

Kniouegvie cnoea: adanmugnoe obyuenue, 8UpmyanbHas o0pasoeamenvHds cpeod, UHMeLIeKmydlbHAs.
oyenKa, NepcoOHANU3UPOSanHoe obyueHue, NPUTOICEHUS UCKYCCMEEHHO20 UHMEeNIeKmd,

AHANU3 yCneeaemocmu cmyoeHmos
B nanHOM wmccnenoBaHuM ObUT pa3paboTaH aJaNTUBHBIA aNroput™M OOYYeHHs IS BHPTYaJbHBIX
00pa3oBaTeNbHBIX CPeJ Ha OCHOBE HWHIMBHIYAJIbHBIX IIOKa3aTeJied YCIIEBAa€MOCTH CTY/IEHTOB, TaKWX Kak
MOCEIAaeMOCTh, OIIEHKH 0 33JaHUSIM U WHTEPaKTHBHOCTb. TpaaMIiMoOHHBIE 00pa30BaTeNbHbIE CUCTEMBI 4acToO He
YUUTBHIBAIOT JIMYHBIE pa3jiMuusl B OOYYEHHWH, 4YTO IIPUBOJUT K OTPAaHHMYCHHOMY BOBJICYEHHUIO CTYIEHTOB U
cyOonTUManbHEIM pe3yibTartaM. [IpeanoKeHHbBIM aarOpuTM, OCHOBAaHHBIM HAa MpaBWIAX, OLECHWBACT JaHHBIC
CTYZIEHTOB B PEaJbHOM BPEMEHH W NPEJOCTABIACT MHINBHIYAIN3NPOBAHHBIE PEKOMEHIALNH 110 00Y4IEHHIO, TAaKHE
KaK IEpecMOTp BHJEO, [OMOIHUTEIbHBIE TECThl WJIM TPOABHHYTHI KOHTEHT. [l TECTHpOBaHWS MOJIEITH
UCTIONIB30BAJICSI CMOJICTUPOBAHHBIM HaOOp JaHHBIX n3 10 CTyAEHTOB, a AN aHAIM3a MPUMEHSUINCH BHU3yabHBIC
WHCTPYMEHTBHI, TAKHE KaK TEIJIOBast KapTa M OJIOK-CXeMa NPUHATHA PeIIeHUH. Pe3ynpTaTsl Moka3aum, 4To aaropuTM
MIPaBMJIBHO MACHTU(GHUIUPOBAT CIa0BIX, CPEAHUX U CHIBHBIX CTYICHTOB, a TaKKe IPEIUIOKII COOTBETCTBYIOIINE
oOpazoBareNbHbIe CTpAaTeruu. DTOT aJalTHBHBIA MNOAXOZ MOJACPKHBACT IEPCOHANN3AIMIO yuyeOHOro mpolecca 1
yIydlIaeT KayecTBO oOpa3oBaHus. BusyanbHas u craTHCTHYECKas OICHKA MOATBepAMiIa 3QQEeKTHBHOCTh MOJIEIH,
yKa3bIBas Ha TO, YTO MHTETPallXsl HHTESIUICKTYaJIbHBIX CUCTEM B BUPTYaJbHbIE 00pa30BaTeIbHbIE MIATPOPMBI MOXKET

3HAYUTENIHHO MTOBBICUTH BOBJICYEHHOCTh CTYICHTOB U UX yCIIEX.
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Miihandislikds siini intellektin rolu, mévcud yanasmalar va galacak istigamatlor

i i 1D 0009-0006-4705-
Hiiseynova Leyla Ilham qiz1 ORCID 0009-0006-4705-709X

Sumgqayit Doviat Universiteti, Sumqayit, Azarbaycan, miiallim
leyla.huseynova@sdu.edu.az

MOQALD HAQQINDA MOLUMAT XULASO
Magalanin tarixgasi Tagdim olunan moaqalads siini intellekt vo masin dyronmasinin miihondislik
Daxilolma tarixi: 17.10.2025 sistemlorina — avtonom naqliyyat vasitalori, agilli idaraetma sistemlori vo
Diizoliy tarixi: materiallarin askar edilmasi kimi sahalora — inteqrasiyasi sistemli sokildo
Qabulolunma tarixi: tohlil edilir, eyni zamanda bu sistemlorin funksional tohliikasizliyinin va
istismar etibarliliginin tomin olunmasmna dair movcud yanasmalar arasdirilir.
Acar sozlar Aparilan tahlil naticasinda movcud elmi nailiyyatlar va aktual problemlor
Stini intellekt, avtonom sistemlar, tumumilpsdiriliv,  homcinin  miihondislik  elmlori  ilo  siini  intellekt
kompiiter elmlori, siini intellekt texnologiyalari  arasinda somoarali va davamli  qarsibigh  alagonin
miihandisliyi, materiallar va istehsal Jformalasdirilmas iigiin asas elmi istiqamatlar miiayyan olunur.

texnologiyalari, etika va masuliyyat

Giris

2000-ci illorin avvallorindo DARPA torofindon togkil olunan Grand Challenge tosobbiisii
avtonom sistemlorin real miihitdo sinaqdan kegirilmosi iiglin miihiim texnoloji impuls rolunu
oynamisdir. Bu togabbiis siini intellekt alqoritmlorinin sensor sistemlori, yerlosdirilmis hesablama
platformalar1 vo idarsetmo mexanizmlori ilo six inteqrasiyasinin zoruriliyini agiq sokilds ortaya
qoymusdur [4]. Bu tosobbiis avtonom sistemlor sahasindo siini intellekt, real vaxt hesablama vo
kiber-fiziki sistemlorin inkisafini siiratlondirmok maqsadi dasiyirdi.

Gozlontilorin yliksok olmasina baxmayaraq, oldo olunan noticolor bir sira ciddi texniki
mohdudiyyotlori iizo ¢ixarmusdir [4], [5]. Ilkin morholodo sinaqdan kegirilmis 21 nogliyyat
vasitosindon yalniz 15-1 final morhoalosino kego bilmis vo onlarin he¢ biri miioyyon olunmus
marsrutu tamamlaya bilmomigdir. Qeyd edilon ugursuzluglarin boyiik oksariyyati yiiksok soviyyeli
siini intellekt alqgoritmlorinin ¢atismazligi ilo deyil, sensorlarin etibarliligi, aktuator nasazliglari,
yerlosdirilmis aparat tominatinin dayaniqlilifi, proqram vo aparat komponentlori arasinda
inteqrasiya problemlori, eloco do real istismar soraitindo kifayot qodor sinaglarin aparilmamasi ilo
bagli olmusdur. Bu fakt kompiiter miihondisliyi baximindan miihiim bir noticoni ortaya qoymusdur:
intellektual alqoritmlor miivafiq hesablama arxitekturalar1 vo six inteqrasiya olunmus sistem dizayni
olmadan effektiv va etibarl foaliyyot gostors bilmoz [1], [2].

DARPA 2005-ci ildo miisabigoni daha miirokkob marsrut vo artirilmis miikafat fondu ilo
yenidon togkil etmisdir. Bu dofo bes avtonom noqliyyat vasitosi marsrutu ugurla basa vurmusdur ki,
bu da qavrayis sistemlorinin tokmillogdirilmosi, sensor molumatlarinin birlosdirilmasi (sensor
fusion), real vaxt rejiminds qorar gobuletmo mexanizmlorinin inkisafi vo nasazliqlara davamli
yerlosdirilmis hesablama sistemlorinin totbiqi sahoasinde miihiim irsliloyislorin oldo edildiyini
gostormisdir. Bu nailiyyatlor sonraki marhslolorde miiasir avtonom naqliyyat vasitslorinin vo kiber-
fiziki sistemlorin inkisafi {i¢iin asas texnoloji baza rolunu oynamisdir [5], [10].

Daha genis kontekstdo, siini intellekt vo masin dyronmasi texnologiyalarinin yetkinlogsmasi
ilo kompiiter miihondislori bu yanagmalarin 06lgmo, hesablama, qorar qobuletmo vo icra
mexanizmlorino malik miihondislik sistemlorino inteqrasiyasina artan maraq gostormoyo
baslamisdir. Avtonom nogliyyat vasitolori, robototexnika, istehsal proseslori vo intellektual
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infrastruktur sistemlorindo siini intellektin proqram vo aparat tominati ilo birgs totbiqi miihiim
transformativ potensiala malikdir [6], [10]. Bu potensial yalniz siini intellekt alqoritmlorinin
movcud sistemlors olavo olunmasi ilo deyil, eyni zamanda molumatyoniimlii modellor, hesablama
arxitekturalar1 vo miithondislik mohdudiyyatlori arasinda yaranan sinerji ilo sortlonir [9], [10].

Lakin DARPA miisabigolorinin tocriibasi gostarir ki, bu istiqamatdas bir sira ciddi problemlor
movcuddur. Real istismar miihitlorinds sistemlorin etibarliliginin, tohliikasizliyinin, dayanigliliginin
vo prognozlasdirilan performansinin tomin edilmosi aparat doyiskonliyi, sensor molumatlarinin
geyri-miioyyanliyi, real vaxt mohdudiyyatlori, sistemlarin yoxlanilmasi va verifikasiya prosedurlari,
eloca do siini intellekt osaslt gorar mexanizmlorinin izah edilo bilmasi kimi masalslarin kompleks
sokildo hollini tolob edir. Bu problemlor xiisusilo tohliikasizlik baximindan kritik olan kompiiter
miihandisliyi sistemlorinde daha qabariq sokilds 6ziinii gosterir.

Siini intellektlo dostoklonon sistemloro maragin siirotlo artdigi movcud soraitdo, siini
intellektin kompiiter mithandisliyi ilo inteqrasiyasinin imkan vo mohdudiyyatlorinin sistemli sokildo
tohlil edilmosi xiisusi aktualliq kosb edir. Bu moqalodo “miihondislik asasli siini intellekt sistemi”
anlayis1 0lgmo molumatlarindan, saho biliyindon vo masin Oyronmosi metodlarindan istifado
etmoklo yanasi, tohliikosizlik, etibarliliq, dayaniqliliq vo tomin olunmus performans toloblorino
cavab veron kompiiter asasli sistem kimi miioyyan edilir.

Avtonom sistemlar va kiber-fiziki hesablama platformalar: (CPS)

Umumi baxis vo kompiiter miihandisliyi konteksti

Miihondislik osash siini intellekt sistemlori arasinda an ¢ox diqqgoet calb edon totbiglorden biri
avtonom noqliyyat vasitoloridir. Quruda, havada vo donizds insan operatoru olmadan foaliyyot gostors
bilon bu sistemlor riskli miihitlordo missiyalarin icrasi, qoza ehtimalinin azaldilmasi, uzunmiiddotli
fasilosiz istismar vo amoliyyat xarclorinin optimallagdiriimasi kimi tistiinliiklor vad edir.

Kompiiter miithondisliyi baximindan bu istiinliiklor yalniz “Al alqoritminin giicii” ilo izah
edilmir. Real natico program—aparat birgo layihalondirmaosi, etibarli sensor infrastrukturu, real vaxt
hesablama, xotaya davamliliq v tohliikasizlik-Kritik sistem taloblorinin eyni vaxtda tomin olunmasi
ilo oldo edilir. Buna goro do avtonom naqliyyat texnologiyalart miihondislik vo siini intellekt
arasinda sinerjinin miizakirasi li¢iin metodoloji baximdan olverisli baslangic noqtosidir.

Avtonom avtomobillar: qavrayis, sensorlarin inteqrasiyasi va real vaxt qararverma

DARPA Grand Challenge miisabiqosindon sonra avtonom yeriistii noqliyyat sistemlori
ohomiyyatli inkisaf morholosi ke¢misdir. Hazirda miixtolif sohorlords siiriiciisiiz taksilor real
miihitdo sinaq vo mohdud istismar rejimlorindo foaliyyot gostorir [4], [5]. Masolon, Waymo-nun
robotaksi xidmati ABS-1n bir sira soharlorindo totbiq ssenariloring ¢ixarilmigdir [6].

Bu tip sistemlordo kompiiter miihandisliyi baximindan asas iraliloyiglor avtonom idaroetmo
texnoloji y1gminin (texniki modullar zoncirinin) tokmillosdirilmasi ils baghdir. Yigin, imumilikda,
asagidaki morhololori ohato edir:

1. Sensor sistemi: kamera, lidar/radar alternativlori, IMU, GNSS va s.;

2. Sensor molumatlariin inteqrasiyast (sensor fusion): ¢oxmenbali molumatlarin

birlosdirilmosi [2], [9];

3. Qavrayis modullari: obyekt tanima, izlomo, semantik seqmentasiya;

4. Lokallagsdirma vo xoritolomo: movqgenin doqiq toyini vo xorita ilo uygunlagdirma;

5. Planlagdirma vo idaroetma: trayektoriyanin planlasdirilmasi, model progqnozlagdirici

1daraetmo vo s.;

6. Real vaxt icras1 vo tohliikesizlik monitoringi: gecikmolarin idara olunmasi veo risklorin

1zlonmasi.

Kompiiter miihondisliyi baximindan bu hadisolor asagidaki miihiim moqami gostorir:
problem cox vaxt “neyron soboko niyo sohv etdi?” sualindan daha genisdir. Qoza vo nasazliqlar,
adoton, sensor etibarliligi, kalibrloms, molumat keyfiyyoti, mithit uygunsuzlugu (domain shift), real
vaxt gecikmolori, aktuatorlardan geriolago vo tohliikosizlik mohdudiyyetlori kimi komponentlorin
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qarsiligh tosiri noticosindo formalagir. Basqa sozlo, sistemin zoifliyi tok bir moduldan deyil, ¢cox
vaxt kiber-fiziki arxitekturanin biitév zaifliyindon qaynaqlanir [6], [7].

Robototexnika va yerlasdirilmis intellekt

Robot anlayis1 vo ML-in funksional rolu

Robot — sensorlar, prosessorlar va aktuatorlarla tachiz olunmus, miihiti hiss edon, gorar veran vo
fiziki diinyada horokot icra edon sistemdir. Robototexnika tarixindo davranis-osash idaroetmo
yanagmalarinin, o ciimlodon subsumption arxitekturasinin miihtim tosiri olmusdur [7], [8].

Masin 6yronmasi robotlarda osason asagidaki funksiyalari giiclondirir:

e Qavrayis: obyektlorin taninmasi vo miihitin semantik sorhi;

e Planlagdirma: tocriibadon dyronorok daha optimal gorarvermo;

« Idaroetmo: geriolage dovrasinds daqiqliyin artirilmasi vo adaptiv idaroetma.

Kompiiter miihondisliyi baximindan iso robotlarin “intellekti” yalniz model keyfiyyati ilo
deyil, hom do konar hesablama (edge computing) mohdudiyyatlori, enerji sorfi, real vaxt
gecikmolori, sensor sos-kiiyii, aktuatorlarin qeyri-xotti dinamikasi vo proqram tominatinin
sertifikatlagdirilmasi toloblori ilo miisyyon edilir [7], [8].

Materiallarin informatikasi vo hesablama yoniimlii material kasfi

Materiallarin axtarigi (kompozisiya—proses—xassa) ¢oxolgiilii vo genis secim mokani tolob
etdiyino goéro AI/ML {igiin olverisli saho hesab olunur. Niimunslorin hazirlanmasi1 vo siaqlarin
robotlasdirilmasi, 6lgmalorin avtomatlasdirilmasi vo ML modellorinin prognozlasdirma mogsadilo
Oyradilmasi naticasinds proses todricon qapali dovrali avtonom kosf modelins yaxinlasir [8], [10].

Kompiiter mithondisliyi baximindan bu istigamot yiiksok mohsuldarligli hesablama (HPC),
paylanmis hesablama, molumat boru xotlori (data pipelines), laboratoriya avtomatlasdirmasi vo
eksperiment idaroetmasinin etibarliligi ilo birbasa baglidir [10].

Etibarh miihondislik-Al sistemlari ii¢iin 9sas cagirislar

Miiasir ML modellori yiiksok noticolor verso do, etibarliliq baximindan domain shift,
diismon toasirlor (adversarial), qoraz vo izah edilo bilmoa problemlari kimi risklor dasiyir. Bu risklor
tohliikasizlik-kritik sistemlordo daha koskin goriiniir: yiliksok diizgiinliikk soviyyoesino baxmayaraq
nadir hallarda bas veran ciddi sohvlar praktik istismarda gobuledilmozdir.

Bundan slava, boyiik modellarin miqyaslanmasi bahalidir vo “daha ¢ox malumat + daha ¢ox
hesablama” yanagmasi ¢ox vaxt azalan golir effekti yaradir.

Etimadin formalasmasi birdofolik deyil, uzunmiiddatli vo yi8ilan prosesdir. Buna goro
sistem dizayninda yalniz interfeys deyil, hom do istismar konsepsiyasi, tolim vo istismar
protokollari, hadisslorin jurnallagdirilmasi vo izah/hesabat mexanizmlori nozora alinmalidir.

Al texnologiyalarinin iqtisadi miqyasinin artmasi fonunda omok bazarinda yerdoyismolor,
molumat moxfiliyi, miiallif hiiquglar1 va baraboarlik masalalari daha aktualdir. Eyni zamanda AI-nin
“gara qutu” xarakteri klassik soffafliq toloblori ilo ziddiyyet yaradir vo avtonomluq soviyyasi,
masuliyyat vo nazarot mexanizmlari lizro tonzimloma ehtiyacini giiclondirir.

Miihondislik osash siini intellekt sistemlorinin inkisafi kompiiter miihondisliyinin ¢oxsaxali
mosalalorini  birlosdirir:  sensor—hesablama—idaroetms  zoncirinin  inteqrasiyasi, real vaxt
performansi, etibarliliq, kiberdavamliliq, verifikasiya/validasiya, insan—sistem interfeysi vo
tonzimloma. Avtonom naqliyyat, robototexnika, istehsal avtomatlagdirmasi, tibbi robotlar vo
material kosfi kimi saholordo real tosir yalmiz alqoritmik toraqqi ilo deyil, moéhkom sistem
arxitekturasinin vo etibarliliq tominati mexanizmlorinin diizgiin qurulmasi ilo miimkiin olacaqdir.
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Summary
The role of artificial intelligence in engineering, existing approaches and future directions
Huseynova L.1.

Keywords: artificial intelligence, autonomous systems, computer science, artificial intelligence engineering,

materials and manufacturing technologies, ethics and responsibility.

This paper provides a systematic analysis of the integration of artificial intelligence and machine learning into
engineering systems — such as autonomous vehicles, intelligent control systems, and materials discovery — while also
examining existing approaches to ensuring the functional safety and operational reliability of these systems.

Based on the conducted analysis, current scientific achievements and existing challenges are summarized, and
key research directions are identified to establish effective and sustainable interaction between engineering sciences and
artificial intelligence technologies.

Pe3tome
PoJib MCKYCCTBEHHOI0 HHTEJIJIEKTA B HHKEHEPUH, CYIIecTBYIOIIHe MOAX0AbI H OyAyIIHe HANPABJIEHUS
T'yceitnoea J1. U.

Kniouesvle cnoea: uckyccmeennvlii uHMeIeKm, A6mMOHOMHbLE CUCHIEMbL, KOMAbIOMEPHbLE HAYKU, UHIICEHEePUs]
UCKYCCMBEHHO20 UHMENIeKMA, MAMepudibl U APOU3600CMEEHHbIe MEXHON02UU, IMUKA U
OMBEMCMEEHHOCHIb.

B HpeﬂCTaBHeHHOﬁ CTaTb€ CUCTEMHO aHAJIM3UPYCTCA MHTETrpalvid UCKYCCTBECHHOTO MHTEJJIEKTA U MAlllUHHOT O
06yHeHHH B MWHXKCHCPHBIC CUCTEMbI — TAKHMC KaK aBTOHOMHBIC TPAHCIOPTHBLIC CPEACTBA, UHTCIIJICKTYAJIbHBIC CUCTEMbI
yhOpaBJeHHsI U OOHapyXXEHHE HOBBIX MaTepHalioB, — a TaKXKe pacCMaTPUBAIOTCS CYLIECTBYIOIIME IOAXOABI K
obecredeHnio PyHKIIMOHATBHON 0€30MaCHOCTH U SKCIUTYaTaIlMOHHOMW HAJIe)KHOCTH ITUX CUCTEM.

Ilo pe3ysbpTaTaM MPOBEACHHOIO aHaaH3a O0OOIIAIOTCS COBPEMEHHBIC HAaydYHBIC JOCTHIKCHUS M AKTyasbHbIC
npoOyieMbl, a TaKKe OIPEIeISIIOTCS OCHOBHBIE HAy4HbIE HAIpaBJIeHHs, HalpaBlieHHble Ha (opMHupoBaHue
3 PEKTUBHOTO U YCTOWYMBOIO B3aUMOCHCTBUS MEXIY WHKCHEPHBIMH HAYKAMH M TEXHOJIOTHSIMH HCKYCCTBEHHOTO
MHTEJJICKTA.
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