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Abstract

The article gives a review of air data system, the perspectives for expanding the improvement of
its functional capability are determined. The conditions for increasing the technical capabilities of smart
air signal systems, produced on the basis of advanced technology used on the 5th generation US military
aircraft and civil aircraft, have been determined. The installation of additional air pressure receivers on
smart air signal systems, along with the measured altitude and speed parameters, presents the possibilities
and algorithms for measuring the angles of roll, pitch, yaw and lateral speed of aircraft, which are the
necessary primary flight parameters.

Keywords: aircraft, air data system, total and static air pressure, smart probes, vane, angle of attack,
attitude, yaw angle.
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Hava signallari sistemi ila ucus aparatlarinin faza vaziyyati vo
istigamatinin 6l¢iilmasi
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Xiilasa

Mogalods mévcud hava signallart sistemlorinin tohlili aparilmig, onun funksional imkanlarinin
genislondirilmasi perspektivlori miioyyan edilmisdir. Qabagqcil texnologiya asasinda yerina yetirilon, 5-ci
nasil ABS harbi toyyaralorinds, sornisin hava gomilorinds totbiq edilon smart hava signallar1 sisteminin
texniki gostaricilorinin artirilmasi tiglin sorait miioyyan edilmisdir. Smart hava signallari sisteminds slavo
tozyiq vericilarinin qurasdirilmasi ils, 6l¢iilon hiindiirliikk-siirat parametrlari ilo yanasi, slavs olarag, zaruri
pilotaj parametrlor kimi hesab edilon hava gomisinin kren, tanqaj, vurnuxma bucaqlarinin va yan siiratinin
olglilmasinin miimkiinliiyti vo alqoritmlori verilmisdir.

Acar sozlor: hava gomisi, hava signallar1 sistemi, tam vo statik hava tozyigleri, smart tozyiq
gebuledicilari, hiicum bucag, foza vaziyyati, vurnuxma bucagi.

DOI: 10.52171/2076-0515_2022_14 02_7 14

V]IK: 629.7.05

N3MepeHre NpoCTPAHCTBEHHOTO MOJI0KEHHUsI M HANIPABJIEHUS
10JIeTA JIETATEJbHbIX ANNIAPATOB CHCTEMOM BO3AYIIHBIX CHTHAJIOB

T.A. Kapumin

Asepbatioscancrkaa Hayuonanvnas akademus asuayuu (Mapoakauckuii np. 30, baxy, AZ1045,
Aszepbaiiooican)

Jlisi mnepenucKm:
Kapumiu Torpya / e-mail: tkarimli@mail.ru

AHHOTAUA

B cratee mpoBoguTCcs 0030p CHCTEMBI BO3IAYNIHBIX CHUTHAJIOB, OMPEACNEHBl MEePCHEKTUBBI
COBEPIICHCTBOBaHMs €¢ (YHKIMOHAIBHBIX BO3MOXKHOCTEH. OIpelneneHbl YCAOBHS — YBEIHUYCHUS
TEXHUYECKAX BO3MOXHOCTEH CMapT-CHCTEM BO3AYIIHBIX CHTHAJIOB, NPOU3BOAWMBIX Ha OCHOBE
MEePEIOBBIX TEXHOJIOTHA, TPUMEHAEMBIX Ha BoeHHBIX camoneTax CIIIA 5-ro moxonmeHus u rpaKIaHCKIX
BO3IYIIHBIX Cy/lax. YCTaHOBJICHHEM JOMOJHUTEIHHBIX MPUEMHUKOB BO3AYIIHBIX JTaBICHUN HA CMapT-
CHUCTEMax BO3IYIIHBIX CHUTHAJIOB, HApSALY C HU3MEPSIEMBIMH BBICOTHO-CKOPOCTHBIMH IapaMeTpaMH,
MIPEICTaBICHbl BO3MOXXHOCTH M aJITOPUTMBI U3MEPEHHH YTIIOB KpeHa, TaHTaXka, PHICKaHUS W OOKOBOi
CKOPOCTH BO3IYIITHBIX CYIIOB, SBISIONTNECS HEOOXOUMBIMU MHJIOTAKHBIMHU TTapaMeTPaMH.

KiroueBble cjioBa: BO3AYHIHOC CyAHO, CUCTEMa BO3AYIIHBIX CUI'HAJIOB, IMOJTHOC U CTAaTUYCCKOC BO3-
AYHIIHOC OaBJICHUC, CMApT-IIPUCMHUKHU ,I[aBJ'IeHPIﬁ, yroJ aTaku, NpOCTPaHCTBECHHOC
TTOJIOKCHUEC, YT'OJI PBICKAHU.
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Giris

Hava gomilarinin (HG) idaroedilmasi va
navigasiyasi masalalarinin halli zamani ugus
hiindiirliyd, Gfiqgi ve saquli siiratlori 6lgan in-
formasiya monbayi kimi, bir gayda olaraq,
aerometrik 6lgmoa metoduna osaslanan hava
signallar1 sistemindan (HSS) istifads edilir [1].

Miiasir HG-dos rogemsal HSS totbiq edil-
mosi navigasiya, avtomatik idaroetms vo ugus
rejimlarinin  optimallasdiriimas: ilo slagadar
olan miirakkab masalalarin daha daqiqg hallino
imkan verir. 9gor HG ugusun tohliikali hiin-
diirliik-siirat parametrlorino yaxinlasarsa, HSS
miivafigq isiq vo Sos signalizasiya signallarimi
hasil edir.

Aerometrik metoda osaslanan HSS ils,
xususilo qgitoloraras1 uguslart yerina yetiron
HG-do osas vo ehtiyat informasiyalarinin
olgtilmasinin etibarligini atrirmag, metodik xo-
talar1 azaltmaq moqsadi ilo eyni bir informasi-
yalarin bir ne¢o miixtolif iisulla l¢iilmasi zo-
ruridir. Bu zorurat peyk sistemlorindon golon
signallarin kosilmasi naticasinds 6ziinii daha
gabariq formada biiruzs verir.

Aerometrik {suldan istifado etmoaklo,
toyyaralorin pilotaj xiisusiyyatini xarakterizo
edon, bucag parametrlorindan olan hiicum bu-
caginin Vo sliriismonin Olglilmasi qurgusu ge-
nis istifado edilir.

Horokatli flyugerdon, qizdiricidan, gov-
dadan vo onun daxilinds yerlason 6l¢ii sxe-
mindon ibarat olan qurguda hiicum bucagin-
dan asili olaraq, flyugerin bucaq yerdayismasi
vericinin ¢ixisinda elektrik signalina c¢evrilir.
Qanada boanzar, firlanma oxu otrafinda harokot
edon, axinlanan simmetrik cisim olan flyuger
hava axininda qurasdirilir.

Flyuger miioyyan voziyystdo aerodina-
mik momentlo gorarlasir. Lakin qurgu bir sira
quisurlara malikdir. Bels ki, flyugerin mexani-
ki harokati naticasinds yaranan siirtiinma qiiv-
vasi hassashigin azalmasina vo alot Xotasinin

artmasina sobob olur, bununla yanasi, qurgu
yalniz hiicum bucagini va siiriismani 6l¢a bilir
[2].

Aerometrik metoda ssaslanan, hava pa-
rametrlori sistemina malik, Airbus, A340-
500/600 [3], Boeing 747 [4] hava gomilarinda
istifado edilon dord odad, Boeing 787-da [5]
iSo li¢ odad tam vo alt1 adad statik tozyiq go-
buledicisindoan, iki adod havanin tam tempera-
tur vericisindan, qizdiricilarla tachiz edilon iki
odod flyugerli hiicum bucagi vericilorindan
isifado edilir.

Tozyiq Qobuledicilorindon, temperatur
Vo hiicum bucagi vericisindon monimsanilon
verilonlar osasinda, hava parametrlori modul-
lar1 vo miivafiq hesablayicilar hava parametr-
lorinin giris signallarinin daxil olmasinin idaroa
edilmasi, hava parametrlorinin hesablanmasi,
tam vo statik tozyiq gobuledicilorinin, havanin
tam temperaturu vo hiicum bucag: vericilori-
nin qizdirilmasi, hava parametrlori sisteminds
olan nasazliglarin miiayyon edilmasi vo bu ba-
rodo hesabatin hazirlanmas: yerina yetirilir.
Belo hava parametrlori sistemindo asagidaki
parametrlor miioyyan edilir: statik tozyiq, tam
tozyiq, tasir tozyiqi, dinamik tozyiq, tam hava
temperaturu, statik hava temperaturu, baro-
metrik hiindiirliik, hiindiirliiyiin doyisma stire-
ti, indikator hava siiroti, kalibrasiya edilmis
hava siirati, hoqiqi hava siirati, maksimal istis-
mar siirati, Max odadi va hiicum bucagi.

Masalonin aktuallig

Moveud sistemls HG-nin kren, tangaj,
vurnuxma bucaglarinin va yan siiratinin 6lgiil-
momasi digar 6lgma metoduna asaslanan iner-
sial navigasiya sisteminin hesabina tomin edi-
lir.

Belo ki, HG-nin kren, tangaj, vurnuxma
bucaglarinin tohliikali haddinin agmas1 gati
yolverilmozdir [6].
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Miiasir Airbus A350, A380 vo Embraer
ERJ-170/190 HG-do, 0 cumlodon 5-ci nosil
ABS horbi tayyarslorinds gabagcil texnologi-
yalardan istifadoys osaslanan smart HSS tatbiq
edilir [7].

Embraer ERJ-170/190 HG-d> tatbiq edi-
lan smart HSS digar toyyaralordaki sistemdon
forgli olarag, hiicum bucaginin flyugersiz
oOl¢iilmasi naticasinda mexaniki siirtiinma istis-
na edilir, asagr ugus siiratlorindo hassasliq,

PT

Mounting
Plate

Absolute

Pressure Card

CPU Card

Power Supply
Card

EMI Card

Sokil 1 — Smart HSS gebuledicisi
Figure 1 — Air Data Smart Probe

Konus tipli boru soklinds olan tozyiq
geabuledicisinds qurasdirilimis daliklordon tam

tozyiq - Py, statik tozyiq - Ps diferensial tozyiq
- P, daxil olur. Smart HSS vericisindo hava

signallar1 kompiiterinds korreksiya edilmis sta-
tik tozyiq, korreksiya edilmis tam tozyiq, tosir
tozyiqi, dinamik tozyiqg, tam hava temperaturu,
statik hava temperaturu, barometrik korreksi-
ya, barometrik hiindiirliik, korreksiya edilmis
barometrik hiindiirliik, hiindiirlityiin doyigmasi,
indikator hava siirati, kalibrasiya edilmis hava
stirati, haqigi hava siirati, maksimal istismar
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konstruksiyanin etibarlilig1 va istismar miidds-
ti artir, pnevmatik boru xatlorinin, tozyiq vo
hiicum bucagi gobuledicilorinde buzlasma
sleyhino qizdiricilarin sahasi, kiitlo gabarit
gostaricilorin  azaldilmasi bas verir, texniki
xidmat asanlasir, amayin mohsuldarligi artir
[8].

Sokil 1-do Smart HSS gobuledicisinin
sxemi verilmisdir.

Multi-
Function
Probe

DifTerential
Pressure

A Electrical
Connector

stirati, maksimal istismar Max adadi vo hiicum
bucagi kimi parametrlor miioyyan edilir [8].
Bir sira parametrlorin 6lgiilmoasins vo sis-
temin etibarliliginin vo istismar miiddatinin
cox olmasina, texniki xidmotin sadaliyino bax-
mayaraq, aerometrik metodla moévcud smart
HSS ilo HG kren, tangaj, vurnuxma bucaqglari-
nin Vo yan siiratinin 6l¢tilmasi miimkiin deyil.
Aerometrik metodla, HSS ilo, xiisusilo,
gitalorarasi uguslari yerina yetiron HG-do osas
Vo ehtiyat informasiyalarin 6lgtilmasinin eti-
barliligin1 atrirmag, metodik xotalar1 azaltmaq
moqsadilo eyni parametrlorin bir nego miixtolif
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metodla olgiilmoasi vacibdir. Bu zorurat peyk
sistemlarindan galon signallarin kasilmasi nati-
casinds, yeristii radiotexniki vasitalorin HG ilo
olagesinin - miimkiinsiizlityiindo  (okeanlarin,
qitblorin, ¢coxsayli dag silsilolorinin tizarindon
ucarkon) oziinii daha gabariq formada biiruzs
verir, belo ki, HG-nin bucaq vaziyyatlarinin va
navigasiya parametrlorinin 6l¢iilmasi, ugusun
avtomatik idaro edilmasi yalniz inersial navi-
gasiya sistemindan asili olur.

Peyk, radiotexniki signallarin olmadigi,
ehtiyat informasiyanin c¢atismazhig: ilo miisa-
yiot edilon xiisusi soraitlordo uguslar1 yerina
yetirarkan inersial navigasiya sistemindon tam
asililigi aradan gotiirmok mogsadilo aerometrik
metodun imkanlarini artirmaga imkan veran
HG-nin bucaq parametrlorinin (kren, tangaj,
vurnuxma) va yan siiratinin 6lgiilmasine sorait
yaradan HSS islonmasi gitolorarast uguslari
yerina yetiron toyyarslor ti¢iin aktual mosalo-
lardan biri hesab edilir [2, 9].

Qarsiya goyulmus masalonin halli zama-
n1 hava signallar sistemi ilo HG-nin foza vo-
ziyyatinin (kren vo tangaj bucaglari), vurnux-
masimin Vo yan siirotinin 6lgiilmasinin aero-
metrik metodu vo qurgusunun timsalinda
asagida qeyd edilon moaqgsad nazards tutulmus-
dur:

- tobii vo texniki amillordan asili olan ye-
ristii radiostansiyalardan vo peyk sistemindan
golon signallarin kasilmasi (xtisusilo dag silsi-
lolori, okean va qiitblorin tizerindon uguslari
yerino Yyetirorkon) soraitindo uguslart davam
etdirorkon, olavo olaraq miihiim pilotaj para-
metrlor kimi hesab edilon HG-nin kren, tanqaj,
vurnuxma bucaglarinin va yan siiratinin 6l¢iil-
moasi;

- informasiya etibarliliginin vo uguslarin
tohliikasizliyinin - artmasinin  tomin edilmasi
[10, 11].

11

Masalanin halli

Sakil 2-ds togdim edilon, hava gomils-
rinin faza vaziyystinin, vurnuxmasmin va yan
stiratinin Ol¢iilmasinin aerometrik metodla to-
yin edilmasino sorait yaradan gobuledicilarin
HG-do yerlosma yerlorinin sxemi gostarilir.
HG-nin fiizelyajinin 6n hissasinin sol vo sag
toroflorinds  qurasdirilmis dord dost havanin
tozyiq gobuledicisindon 1 (tam tozyiq, diferen-
sial tozyiq, statik tozyiq, yan statik tozyiq go-
buledicilari bir gévdado comlasib) vo 2 odad
havanin tam temperatur vericisindon 2, gana-
din sol va sag toroflorinin ucunda, homginin
fiizelyajin arxa hissasinin sol va sag toraflorin-
do qurasdirilmis 4 dost havanin tozyiq (statik
tozyiq, yan statik tozyiq gabuledicilari bir gov-
dada comlasib) gabuledicisindon 3 va 4 adod
hava parametrlori kompiiterindan (sokildo gos-
torilmayib) ibaratdir [10, 11].

Hava parametrlori kompiiteri hor bir
tozyiq gobuledicilorinin 1 doastino daxil olub,
monimsonilmis tozyiqlors miitonasib olaraq,
stirot vo hiindiirliik parametrlori ilo yanasi, sla-
vo olarag kren, tangaj, vurnuxma bucaglarini,
homginin yan siiratin hesablanmasi va 6lgiil-
mosi amaliyyatlarini yerino yetirir.
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Sakil 2 — HG-do slava qurasdirlilan smart qoabuleldi-
cilorin yerlosmo sxemi

Figure 2 — Location scheme of additional Smart Probes
installed in aircraft
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Kren bucagi sol va sag torof ganadlarin
uclarmda qurasdirilmis statik tozyiq gobuledi-
cilarindon 3 monimsoanilan tozyiglar forgindan,
tangaj bucagi hava gomisinin 6n 1 vo arxa his-
sasinda qurasdirilmig 3 statik tozyiq gobuledi-
cilorindon monimsanilon tazyigloar forgindon,
vurnuxma bucagi vo yan siirot 6n sol va sag to-
roflorda 1 vo arxa hissads qurasdirilmis 3 sol
Vo sag yan statik tozyiq gobuledicilorindon mo-
nimsanilan tozyiglor forgindan formalasir.

Ogor hava gomisi kiilayin tasiri ilo yan
stiroto malik olarsa, onda 6n sol vo arxa sol
hissado qurasdirilan havanin yan statik tozyiq
gobuledicisindoaki yan statik tozyiglor forqi 6n
sag vo arxa sag hissodo qurasdirilan yan statik
tozyiqlor gobuledicisindoaki yan statik tozyiglor
forgi bir-birina barabardirss, hava gomisi yal-
niz yan siiroto goro forglonirss, vurnuxma bu-
cagina malikdir.

Pyansty

Pstat s

Pyan st
|
Pstat__|

PeiarL_
|
Pyansts

Pyansts

Pyanst;
Pt,

|
Pstat, .
Pdif,—
tth, —

tth,
Pstat,
P gift
Pt,

|

Pyan sty
Sokil 3 — HSS informasiya monbolarinin yerlosmo
sxemi
Figure 3 — Location scheme of Air Data System
information sources

Sokil 3-do HG-da smart gobuledicilordoan
monimsanilon HSS informasiya monbalorinin
yerlosmo sxemi oasasinda toklif edilon metoda
olavs olaraq kren, tangaj, vurnuxma vo yan sii-
rot gostoricilorinin hava parametrlori kompii-
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terlorindo hesablanmasinin alqoritmi asagida-
kilardan ibaratdir:
1. Kren bucagi: y~Pyau—Pyag 110 miloyyon

edilir. <0 sol krens (sol ganad asag),
asagi)
Pstata — Pstatz =0 OldUQda, y=0

y>0 sag kreno (sag qanad

uygundur.

olur;

. Tangaj bucagl: 9~Pys—Pga VO Ya

9~ Pyats — Patarz 110 mitayyon edilir. 9<0
sigima (burun asagil), 9>0 yiiksalmo
(burun yuxari) vaziyyatlarina uygundur.
Pstats — Pstan =0 Vo ya Pstats — Pstatz =0
olduqda, 9=0 olur;

Vurnuxma bucagi:
v~ (Pyan stats

ilo miioyyan edilir. <0 sola vurnuxma,

P

F>yan statl) = (Pyan stat2 ~ ! yan statG)

w>0 saga vurnuxma voziyyatloring

uygundur.

(Pyan stats Pyan statl) = (Pyan stat2 Pyan stat6) =0

oldugda, y =0 olur;

P

yan stat 6 )

. Yan stirati:
Vyan

- (Pyan statl —
I:)yan statl — I:)yan stat 3
I:)yan stat 2

=P
Vyan >0 olduqda sag torofo meyilli yan

I:>yan statZ) = (Pyan stats

=P

yan stat5

yanstatd4 Pyan stat 6

siirota, Vyan <0 sol torafo meyilli yan siiroto

uygundur.
Vurnuxma ilo yanasi, HG yan siiroto do
malik olarsa:

{V/ - (Pyan stat5 P

yan stats)

P

yan stat 6)

I:)yan statl) = (Pyan stat2

Vyan - (Pyan statl I:)yan statz) = (Pyan stat5

Sakil 4, 5, 6-da toqdim edilon, hava go-
milorinin foza vaziyyatinin, vurnuxmasinin vo
yan siirotinin Slgtilmasini tomin edon vo miix-
tolif noqtolords qurasdirilan smart tozyiq gobu-
ledicilorindon ibarat aerometrik qurgular veril-
misdir.
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i 7 -

Sakil 4 — Smart tazyiq gobuledicisi (boyiik olmayan
hiicum bucagi {igiin)

Figure 4 — Smart probe (for a small angle of attack)

01 6
Sakil 5 — Smart tazyiq gobuledicisi (boyiik hiicum
bucag iigiin)
Figure 5 — Smart probe (for a high angle of attack )

Sakil 6 — Smart tozyiq gobuledicisi (qanadin uclarinda
quragdirilan)
Figure 6 — Smart probe (on the wingtip)
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Sakil 5 va sokil 6-da fiizelyajin 6n hissa-
sinin sol va sag taraflorinds qurasdirilmis dord
dost tozyiglor gobuledicisinin birinin torkib
hissalori oks etdirilmisdir. Sokil 5-da boyiik ol-
mayan hiicum bucaglarinda manevr edan toy-
yaralor, sokil 6-da iss boyiik hiicum bucagla-
rinda manevr edan tayyarslar ii¢iin nazards tu-
tulan qurgular oks olunmusdur.

Tozyiq gobuledicilarinin girisindo hava-
nin daxil oldugu doliklor oxlarla isaralonib.
Qobuledicilor tam tozyiq gobuledicidon 4,
onun boru xatti 5 vo buzlasma sleyhina qizdi-
ricisindan (sxemds gdstorilmayib); hiicum bu-
cagini xarakterizo edon diferensial tozyiq go-
buledicilordon 6, onun boru xotti 7 vo buzlas-
ma oleyhino qizdiricisindan (sxemdo gostoril-
moyib); statik tozyiq gabuledicilordan 8, onun
boru xatti 9 vo buzlagma sleyhins qizdiricisin-
dan (sxemda gostorilmayib); prototipdon fargli
olarag, yan statik tozyiq gobuledicilordon 10,
onun boru xatti 11 vo buzlasma sleyhino qizdi-
ricisindan (sxemdoa gostarilmayib); prototipdan
forgli olarag, vurnuxma vo yan siirati 6lgon
olava qurasdirilmis hesablayicilardan (sxemda
gostarilmayib) ibaratdir. Boyiik hiicum bucag-
larinda hiicum bucagini 6lgmak tiglin diferen-
sial tozyiq gobuledicilorinin 6 tozyiq gobuledi-
cilorinin dayaq torafindo yerlosdirilmasi mag-
sodouygun hesab edilir [10, 11].

Sokil 6-da ganadin sol va sag torof ucla-
rinda vo fiizelyajin arxa hissasinin sol vo sag
toroflorinds qurasdirilmis smart tozyiq gobule-
dicisinin asas elementlori verilmisdir. Bu ele-
mentlor statik tozyiq gobuledici 12, onun boru
Xatti 13 vo buzlagma oleyhina qizdiricisindan
(sxemda gostarilmayib); prototipdan forgli ola-
rag yan statik tozyiq gobuledicisi 14, onun bo-
ru xotti 15 vo buzlasma sleyhino qizdiricisin-
dan (sxemdo gostarilmayib), prototipdon forgli
olaraq tangaj vo kren bucaglarimi 6lgon olave
qurasdirilmis hesablayicilardan ibaratdir.
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Natica

Olava olgiilon parametrlor HSS kompii-
terlorindo hesablandigdan sonra, informasiya
etibarliliginin vo ugusun tohliikasizliyinin arti-
rilmas1 moagsadilo, miivafiq elektrik signallart
vizual vo audio xoboardarliq, miihafizs, ugusun
avtomatik idaroetma sistemlorine Gtiirtiliir.

Bu informasiyalar osasinda miivafiq vi-
zual vo audio xobardarliq, miihafizs, ugusun
avtomatik idaroetmo sistemlorindan istifado
edilmakls uguslarin tohliikasizliyinin artiriima-

st son daraco vacibdir. Belo ki, statistikaya
asason iimumi aviasiya gozalarinin 20%-2 go-
dor olan hissasi mohz fozada istigamotlonma-
nin pozulmasi sababindon bas verir. Bunlardan
90%-nin faciovi sonlugla naticalondiyini nozs-
ro alsaq, toklif edilon metod va qurgunun slava
informasiya manbalori kimi istifade olunmasi
HSS texniki imkanlarinin geniglondirilmasi ilo
yanasi, uguslarin tohliikasizliyinin artmasina
sorait yaradir.

texniki imkanlarinin
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Abstract

Laser sensing methods have been used since the 60s, and since the 90s this method has reached a
new level along with the reduction in the cost of the element base, and the development of computer
technology and software. Currently, the laser sensing method has been recognized as one of the most
modern active methods of remote sensing of environment. KA-14 LIDAR (Light Detection and Ranging)
developed at the National Academy of Aviation was successfully tested for the detection of oil pollution,
and based on the analysis of fluorescence spectra of detected oil spills, distinctive features were observed
between the spectra of oil samples extracted in the zones of the Absheron Peninsula. To create a database
based on the spectra of various oil samples belonging to various Oil-Gas-Production Companies (OGPC),
the KA-14 LIDAR calibration process was carried out, and the fluorescence spectra of the mentioned
samples were measured using the calibrated KA-14 LIDAR. The database that will be created based on
these results can be used to determine to which Company of the Absheron Peninsula the identified oil leak
belongs to.

Keywords: laser sensing, LIDAR, fluorescence, oil pollution.
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Miixtalif zonalarda cixarilan neftlorin fliioressensiya spektrlorinin

olciilmasi magsadi ilo KA-14 LIDAR-1min kalibrovka edilmasi

I.Z. Sadixov
Azarbaycan Milli Aviasiya Akademiyast (Mardokan pr. 30, Baki, AZ1045, Azarbaycan)

Yazisma liiciin:
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Xiilasa

Lazer zondlama {isullar1 60-Ci illordon baslayaraq istifado olunmaga baglamis vo 90-c1 illardon
etibaron bu tisul element bazasinin ucuzlasmasi, hesablama texnikasinin vo program tominatinin inkisafi
ilo birlikds yeni bir soviyyays yiiksoldi. Hazirda lazer zondlama tsulu otraf miihitin oan miiasir aktiv
mosafodon zondlanma tisullarindan biridir. Milli Aviasiya Akademiyasinda islonib hazirlanmis KA-14
LIDAR-1 (Light Detection and Ranging) neft ¢girklonmalorinin askarlanmasinda ugurla sinagdan kegirilmis
Vo agkarlanan neft sizintilarinin fliioressensiya spektrlorinin analizi osasinda Abseron yarimadasinin
miixtalif zonalarinda ¢ixarilan neft niimunalorinin spektrlori arasinda farglondirici xiisusiyyatlor miigsahido
olunmusdur. Miixtolif NQCI-no moxsus neft niimunalorinin spektrlori asasinda verilonlor bazasmin
yaradilmas1 moqgsadi ilo KA-14 LIDAR-nin kalibrovka prosesi hoyata kegirilmis vo kalibrovka edilmis
KA-14 LIDAR-1 vasitasi ilo s6zii gedon niimunalarin fliloressensiya spektrlori 6lgtilmiisdiir. Bu spektrlor
asasinda yaradilacaq verilonlor bazasi agkarlanan neft sizintilarinin Abseron yarimadasinin hansi zonasina
aid olmasinin miisyyanlogdirilmoasinds istifads edils bilor.

Acar sozlor:  lazer zondlama, LIDAR, fliioressensiya, neft ¢irklanmalari.
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Kaauoposka LIDAR KA-14 ¢ ne/ibio n3aMmepeHus CieKTpoB

¢payopecueHuun HedTH, 100bIBAEMOH B PA3JIUYHBIX 30HAX
N.3. CaabixoB

Asepbatioscanckan Hayuonanenas akademus asuayuu (Mapoaxsanckuii np. 30, baxy, AZ1045, Azepbaiioscan)

s mepenucku:
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AHHOTAUA

B cratee paccmaTpuBaeTcsi METOJ Ja3epHOrO 30HAWPOBAHHS — OJIUH W3 CAMBIX COBPEMEHHBIX
aKTHBHBIX METOJOB JAHMCTAaHLIMOHHOTO 30HIWPOBaHHS OKpyKaromed cpenpl. PaspaboraHHBI B
HarmmonansHott Akamemun Asmammu KA-14 LIDAR (Light Detection and Ranging) Opin ycmemnrHo
UCTBITaH NMPH OOHApYXEHNUH HE(TAHBIX 3arps3HEHUIl, 1 Ha OCHOBE aHAIU3a CHEKTPOB (IIyOpecLECHINH
O0OHapyXCHHBIX yTeueK He()TH HaOII0JaUCh OTIINYUTENFHBIE 0OCOOCHHOCTH MEXKY CIIEKTpaMH 00pa3IoB
HedTH, JOOBIBaEMBIX B 30HaX AMNIIEPOHCKOro noxyocTpoBa. C mespio co3aanus 0a3sl JaHHBIX HA OCHOBE
CIEKTPOB DPAa3NMYHBIX 00pa3LoB HePTH, NPUHALISKAIMUX Pa3IMYHbIM HedTerazomo0bIBaloOIIM
JIOMITaHUSAM, OBLI MpoBeeH npoiiecc kanuopopku KA-14 LIDAR, u ¢ nomomsto kaimbpoBanHoro KA-14
LIDAR 0bumi u3MepeHbl CHEKTPBI (IIyOPECHSHIIMU OTIIEIbHBIX 00pa3ioB. ba3a maHHBIX, KOTOpas OyneT
CO3/laHa Ha OCHOBE 3THX IOKYMEHTOB, MOXKET OBITh HCIIOJB30BaHA Ui ONPEAEICHUS TOrO, K KaKOH
KOMITaHUHM ATIIIEPOHCKOTO MTOJTyOCTPOBA OTHOCHUTCS BBISIBIICHHASI yTE€UKa HEPTH.

KaroueBsble cioBa:  nasepHoe 3oHaupoBanue, LIDAR, dyopecniennys, HeTsHbIE 3arps3HEHUS.
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Introduction

Rapid and reliable detection of oil leaks
on the water surface is one of the most
important issues in terms of Environmental
Protection in the coastal zones of the seas.
KA-14 LIDAR, developed at the National
Aviation Academy with the financial support
of the State Oil Company of Azerbaijan
Republic, has been successfully applied in the
detection of oil spills occurring on the surface
of the Caspian Sea and Absheron Peninsula.
The working principle of KA-14 LIDAR is
based on laser-induced fluorescence (LIF) of
oil spots [1-5]. Crude oil is a very broad and
diverse class of substances and complex
compounds of hydrocarbons, salts, amines,
sulfur compounds, and metals. It is known that
the main components of crude oil include
carbon (83-87%), hydrogen (11-14%), oxygen
(up to 3%), nitrogen (0,1-2%), sulfur (0,05-
6%) and microelements - metals (<0,1%; more
common metals: iron, nickel, copper and
vanadium) [6-7]. The basis of fluorescence
spectroscopy applied for oil measurement and
identification its aromatic compounds and
their derivatives, which are the source of
fluorescence of oil. 25-75% of the total
carbohydrate content of the oil is made up of
aromatic carbohydrates, the main of which
consists of dual compounds. These
compounds consist of benzene, naphthalene,
anthracene,  phenanthrene,  fluoranthene,
benzpirole, and other polycyclic aromatic
carbohydrates and their derivatives, as well as
porphyrins, which form heavy metals.
Fluorescence irradiation of crude oils depends
on its chemical composition, the concentration
of  fluorophore, and  physicochemical
properties of the oil. The fluorescence
spectrum has wavelengths greater than 260
nm, encompassing the ultraviolet and visible
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range of light, and is more noticeable in the
spectral range of 270-500 nm [8-11].

Currently, there are 8 OGPC and 4 Joint
ventures located in different zones of
Absheron peninsula in the Republic of
Azerbaijan. The calibration process of KA-14
LIDAR and spectra of some samples were
presented in the presented work to measure
the fluorescence spectra of the oil samples
obtained at the different Oil-Gas Production
Companies.

Methodology

The calibration process of KA-14
LIDAR was carried out in the following
sequence: Laser cooling system checked; The
wavelength of the laser radiation (obtained
from the Collimator and perceived by the
telescope) was measured; Energy of laser
pulses is measured;

Fluorescence spectra have been excited
by the third harmonic’s of the Nd: YAG laser
(A =355nm). Parameters of excitation: the
diameter of the laser beam is d=5mm (after
collimation); pulse frequency f = 20Hz; pulse
duration is T = 7ns.

As a reference in the measurements, oil
stain artificially spilled on asphalt was taken
and fluorescence spectra of oil stain were
drawn by KA-14 LIDAR from different
distances. In Figure 1, the results obtained
from a distance of 50m and 120m are
presented.

Spectra presented in Fig.1 were used
from an average of 6 files, with 630 pulses in
each.

Figure 2 presents separate integral
spectra of oil, oil on asphalt, and asphalt. The
spectrum of oil was obtained by the method of
separation of the spectrum of oil on asphalt
from the spectrum of oil on asphalt.
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i At the next stage, the fluorescence
: q"\"ﬂ""", spectra of 7 different samples of oil belonging
l,t," to Absheron Peninsula were measured.
2 I' Measurements were carried out in
laboratory conditions, using KA-14 LIDAR in
“ Daunce. » the following sequence:
- Firstly, background measurements were
) i made in the closed state of the laser output;
s ‘,'JIH:““&. - Secondly, the fluorescence spectrum of
§ il crude oil was measured,;

Dutasce m

Figure 1 — Fluorescence spectra of oil stain sprinkled
on asphalt from (spectra were detected by KA-14
LIDAR): a) 50m and b) 120m via KA-14 LIDAR
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Figure 2 — Integral spectra of oil stain, oil and asphalt
on asphalt @) 50m and b) 120m distance drawn

The experiment was carried out in the
bright hours of the day on the territory of the
National Aviation Academy. The energy of
the laser was selected as E=10J and E=12J,
respectively.

The results of the measurements made
on the basis of calibration correspond to the
results published in modern literature.
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- Finally, the background spectrum was
recorded with the removal of the given object
from the fluorescence spectrum.

The signal input time was 120sec for all
measurements. In Figure 3, fluorescence
spectra of oil samples belonging to 7 OGPCs
located on the Absheron peninsula were
investigated.

f.units

Intenmity, re

Wavelength, nm

Figure 3 — Spectra of 7 different samples of crude oil
belonging to SOCAR Oil-Gas Producing Companies by
KA-14 LIDAR

The main differences between the
fluorescence spectra of crude oil samples
extracted from different zones are as follows:

- State of spectrum maximums of
radiation;

- Presence of “shoulder” shaped bends
on the sides of short and long waves;

- Width and shape of the irradiation
strip.
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Conclusion

The results of measuerements carried
out by means of calibrated KA-14 LIDAR
confirm that the LIF spectra of crude oil
obtained in different zones of the Azerbaijan
Republic are different.

The creation of the database based on
this feature will allow determinaton of which
one of OGPCs belongs this lekage.

It should be noted that currently, work is
underway to measure Raman spectra of crude

oil samples and to include these spectra in the
database.
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Non-Equilibrium Thermodynamics with Linear Modes

in Tribo-couplings (Part I)
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Abstract

The article examines the following questions: thermal conductivity and thermoelectric phenomena
in tribo-couplings; electro-kinetic phenomena and chemical reactions in tribo-couplings; the discussion of
the results. An algorithm of non-equilibrium thermodynamics is proposed, which contains thermal
conductivity and thermoelectric phenomena in a non-massive metal friction element and electrokinetic
phenomena in the near-surface layers of a polymer lining. In linear modes of operation of friction pairs of
brakes, it is shown that due to the cross effect with temperature gradients for metal elements, two
equilibrium states are revealed - a steady surface temperature and a thermal stabilization state; for a
polymer lining, the equilibrium state is considered to be the burnout of the binder components from its
near-surface layer with the formation of liquid islands. The flow of electrokinetic phenomena in the near-
surface layer of the polymer lining and the determination of: the potential of the fluid flow and the
resulting electric current; effect of electro-osmosis and liquid pressure. From the above parameters, ratios
are formed that are equal to the Onsager and Saxen ratios, which makes it possible to determine the
parameters by calculation.

Keywords: nonequilibrium thermodynamics, linear mode, friction pair, metal and polymer friction
elements.
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Xiilasa

Mogalads, tribogovusmalarda istilik kegiriciliyi vo termoelektrik hadisalar; elektrokinetik hadisalor
va kimyovi reaksiyalar nozordon kegirilib. Qeyri-miivazinat termodinamika alqoritmi toklif olunub ki, bu
algoritmda geyri-kiitlovi metal friksion elementindo istilik kegiriciliyi vo termoelektrik hadisalar, polimer
kiindonin ist tobagolorinda elektrokinetik hadisalor mévcuddur. Onsager vo Saksen nisbatlorina barabar
olan nisbotlor formalagdirilmisdir ki, bu da parametrlori hesablama yolu ilo miioyyanlagdirmoys imkan
VErir.
Acar sozlor:  geyri-miivazinat termodinamika, xatti rejim, siirtinma ciitii, metal vo polimer friksion

elementlor.
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AHHOTAUA

B cratee paccMaTpuBaeTCs:  TEIUIOMPOBOJHOCTH UM TEPMODJIEKTPUUECKHUE  SIBICHUS B
TPUOOCOIPSIKCHUAK; JICKTPOKHHETUYCCKHE SBJICHUS M XUMUYECKHE PEaKIMd B TPUOOCOIPSIKCHUSX.
[IpemoxeH anropuTM HEPAaBHOBECHOW TEPMOIWHAMUKH, KOTOPBIH CONEPKHUT TEILIONPOBOAHOCTh U
TEPMODJICKTPUYECKHE SBICHHS B HEMAaCCHBHOM METAIUIMYECKOM (PHUKIMOHHOM DJJIEMEHTE |
ANICKTPOKUHETUYCCKUE SBJICHUS B NMPHUIIOBEPXHOCTHBIX CJIOAX MOJIMMEpHOU Hakiaaaku. CHopMUpOBaHBI
OTHOIIIEHHUS, KOTOpble paBHBI cooTHomeHusM OHcarepa u (CakceHa, YTO TIO3BOJSIET OIPEACIATH
MapaMeTpsl pacYeTHBIM ITyTEM.

KuroueBsble cji0Ba: HepaBHOBECHas! TEPMOJIMHAMUKA, JIMHEHHBIN PeXUM, TTapa TPEHUs, METAIITMUECKUN U
MOJIMMEPHBIN (PUKLMOHHBIE 3JIEMEHTBHI.
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Introduction

For the state of friction pairs of brakes
close to equilibrium, a general theory can be
formulated based on linear relations (Onsager
and Saxen) as applied to a metal friction
element and a friction lining. In this case, non-
massive  metal  friction elements are
considered. For the latter, an equilibrium state
is observed for a steady surface temperature,
when its gradient becomes minimal.

The second equilibrium state is
thermally stabilized, when the minimum
temperature gradient is reached across the
thickness of the metal friction element. As for
the friction lining, its near-surface layer
undergoes  destructive changes at a
temperature above the permissible one [1].

Analysis of literature data and statement of
the problem

The study [2-6] indicates that with an
increase in the relative humidity of the air in
friction pairs, an increase in the wear of their
working surfaces is observed, caused by an
increase in the friction moment. In addition, it
is noted that an increase in environmental
humidity can cause an increase in the wear of
a polymer friction element by more than 200
times [1].

At the same time, it was noted in [2, 5]
that with an increase in the partial pressure of
water vapor in the intercontact gap of friction
pairs, the friction moment decreases, and,
consequently, the wear of the friction material
decreases.

Thus, it follows from the considered
works that the relative humidity of the air
entering the intercontact zone of friction pairs
carries an additional load and causes a change
in their operating parameters.
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The effect of moisture on the
tribological parameters of friction units of
brake devices must be considered through the
prism:

- corrosion due to exposure to moisture,
salt or other environmental components;

- direct conversion of thermal energy
into electrical energy in friction pairs;

- electric balance of currents in the zone
of contact of friction pairs;

- intercontact gaseous
friction units;

- nanotribological processes that occur
on the working surfaces of friction pairs and in
the near-surface layers of friction linings.

All this must be considered from the
point of view of the influence of
nonequilibrium thermodynamics on the energy
load of friction pairs of brakes with linear
operating modes in their tribocouples. The
paper [7] illustrates the equilibrium and
nonequilibrium  statistical mechanics as
applied to the surface layer of a polymer
lining, which is in the solid state and in phase
transitions of the 1st and 2nd order.

Using the mathematical apparatus,
taking into account the electrons and ions of
the surface layer of the overlay, a consistent
system of three states is built, the criterion for
evaluating which is the thermodynamic limit.

However, none of the listed works noted
cross effects in tribocouplings and the
determination of relative parameters relating
to the thermal conductivity of metal friction
elements and thermokinetic phenomena in the
near-surface layer of the polymer lining.

This is achieved using the Onsager and
Saxen relations, when triboconjugations are
considered from the standpoint  of
nonequilibrium thermodynamics with linear
loading modes [8].

medium in
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Formulation of the problem

Main questions of the article: thermal
conductivity and thermoelectric phenomena in
tribocouplings; electrokinetic phenomena and
chemical reactions in tribocouplings; the
discussion of the results.

Objective substantiation of the
possibility  of  using  non-equilibrium
thermodynamics with linear regimes in tribo-
couplings of friction pairs of brakes.

Modes of operation of friction pairs of
brake devices

The modes of operation of the drum-and
disk-shoe brakes of vehicles, as well as the
band-shoe brakes of drawworks are aperiodic
cyclic. The testing of braking devices of
vehicles is carried out according to the
standards of the United Nations Economic
Commission for Europe [6] on three types of
modes: "0, "I", "lI". The zero type of test
refers to the preliminary. Both during the first
and second types of testing of drum and disc
brakes of vehicles, temperatures develop on
their friction surfaces that exceed those
allowed for friction lining materials. However,
they do not reduce the effectiveness of drum
and disc brakes due to the ingress of moisture
on their working surfaces during the
movement of vehicles.

Stabilization thermal state of the metal
friction element corresponds to
thermodynamic equilibrium, in which the
internal parameters of the system are the same.
In this case, the brake drum or brake pulley
have a complex shape and all their internal
parameters do not depend on the coordinates.
From this point of view, the process of
establishing thermodynamic equilibrium can
be considered as a process of equalizing
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internal parameters, which is accompanied by
the transfer of thermal energy from metal
friction elements to their flanges and fastening
protrusions until we have a negative heating
rate of the metal friction element with a
positive heating rate of its flange. It is known
that in thermodynamic processes temperature
is defined as a parameter whose constancy
characterizes the position of thermodynamic
equilibrium. In addition, the temperature
equalization of metal friction elements and
their flanges and mounting protrusions is
accompanied by convective and radiative heat
transfer from their matte surfaces. From this
point of view, temperature belongs to
generalized thermodynamic potentials, and its
deviation from the equilibrium level
determines the intensity of the heat transfer
process [6-8] depending on whether the metal
friction element is heated or forced to cool.
Initially, consider the process of heating
a metal friction element. In the steady state,
the energy W, entering the system from the
outside, due to the dissipation of mechanical
energy into thermal energy during the
implementation of specific loads (Wy + A4W)
in the friction units of the brake devices,
should dissipate into the environment from the
matte surfaces of the metal friction elements.
When a disturbance appears in the
tribosystem (in the form of water drops or
thermal-oxidative destruction of the binder
components of polymer friction materials at
temperatures above the permissible level), the
thermal state of metal friction elements
changes. Let us assume that the perturbation
manifests itself in a change in only one
parameter II, i.e., the surface temperatures of
the metal friction elements, and it is they that
determine their further thermal regime. It was
further established that the change is small,
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i.e., that only such deviations are considered at
which the segments of the temperature curves
that determine the thermal regime can be
considered linear. In a disturbed thermal
regime, when energy is redistributed between
the matte and polished surfaces of a metal
friction element due to the forced cooling of
the latter (when AI7 appears), this balance is
disturbed, since the properties of the
tribosystem change, in which energy is
absorbed. If the properties of the tribosystem
are such that the energy consumption W=Wy
+AW after the deviation of the thermal regime
(after the disturbance) will occur more
intensively than the increase in energy
AWy=f(IT), which the next interaction of
friction nodes can give after the disturbance,
then the new (perturbed) the thermal regime
leads in the tribosystem to maintaining the
previous thermal regime (or a regime close to
it), i.e. tribosystem will be stable. From this
definition of stability (stability) it follows that
the mathematically written condition for its
conservation, or. as they say, the criterion of
stability K will be the condition

AW [ AIT > AW, = ATT

or in differential form d(V, - W)dIT < 0.

We introduce the notation Wp - W=AWg
and call it excess energy. This energy is
positive if the additional energy of the
thermochemical reaction of destruction of the
binding components of the materials of the
friction linings and radiation heat exchange
between the working surfaces of the friction
pairs of the brake device will increase more
intensively than the load energy of the
tribosystem, including losses for friction work
in its friction units. The stability criterion is
now written in the form

d(AW;) K<0.

drz

<0 or
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The thermal regime is stable if the
derivative of the excess energy with respect to
the defining parameter 77, i.e., the temperature
is negative for the polished surfaces of the
friction metal element of various types of
brake devices. It should be noted that a small
fraction of the energy of the metal friction
element is spent on the formation of a double
electric layer according to the scheme “the
polished surface of the metal friction element
is the working surface of the friction lining”
[9].

A sharp change in the specific fractions
of the heat of the working area of the friction
lining, which goes to the accumulation of heat
with the surface layer, can be traced in the
middle of the long test mode of the drum-shoe
brake, after which the heating rate stabilizes
and becomes equal to the lower level of the
surface layer of the lining. This is explained
by the fact that in the surface layer of the
lining begins the interaction of the
components of friction materials, which are in
the nature of endothermic reactions.

At the same time, a significant part of
the energy goes to the formation of a double
electric layer "the working surface of the
friction linings (not interacting with the metal
friction element) - the lower level of the
surface layer of the linings", as well as to the
release of the gas mixture and its ionization,
and to the desorption of moisture from liquid
fractions formed in the surface layers of the
overlays.

In addition, in the future, after half the
time of prolonged heating, the inversion of
electrization currents is possible according to
the scheme “polished surface of a metal
friction element - ionized gaseous medium”,
and moisture desorption - “working surface of
friction linings - lower level of the near-
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surface layer of linings” with a positive quasi-
stable their heating rate.

As for the cooling rates of the working
zone of the near-surface layer and its lower
level of the friction lining, by the end of the
fourth minute (after completion of the tests)
they stabilize at negative cooling rates.

Energy AWg should be determined for
the tribosystem as a whole, taking into account
all the influencing processes (heating, cooling,
radiative heat transfer and thermochemical
destruction of the binding components of the
friction material) - working surfaces of
linings" (K<0) (and interacting with a metal
friction element) and "working surfaces of
linings - a metal friction element”,
interconnected by an ionized gas mixture and
moisture desorption. The inversion of the
currents is carried out in the opposite
direction, i.e., the sign of the electrification
currents changes.

Carried out according to the above
criterion of stability (stability) of the
tribosystem according to the ratio: the
emissivity coefficients of the polished and
matte surfaces of the metal friction element
and the energy of thermochemical reactions
occurring during the destruction of the binder
components located in the friction lining and

their energy characteristics in pure form, i.e.
without structural connections with other
components in the lining, shows the intensity
of the external impact on the tribosystem from
the point of view of stabilizing the thermal
state of its metal friction element when the
physical and chemical properties of the
surface layers of the friction linings change.

Thermal conductivity and thermoelectric
phenomena in tribocouplings

Let us dwell briefly on the basic
principles that take place in thermal problems.

Reciprocity is used in solving some
problems of heat conduction; this means that
if the heat source Is located at point 1 causes a
temperature change At = f(z) at point 2, then if
the source is moved to point 2, the same
temperature change At will occur at point 1.

It should be emphasized that at mutual
points the rates of temperature change are the
same, but the temperature gradients are
different, so it must be remembered that the
transition to a mutual problem is not a
transition to an equivalent problem - the
temperature fields turn out to be different.

The importance of applying the
reciprocity principle in problems of heat
conduction is known [1].

Linear modes

Reciprocity ratio

Symmetry principle

Thermal conductivity and thermoelectric phenomena

'

Electrokinetic phenomena

Figure 1 — Algorithm of nonequilibrium thermodynamics with linear regimes in tribocouplings
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These include under the action of a heat
source: in a semi-limited body or in an
unlimited plate; a plate covered with a layer of
turbulent fluid, as well as in a plate in the
presence of a fluid layer and an adiabatic
condition on one boundary, and a type Ill-rd
boundary condition on the other.

Symmetry - proportionality, proportio-
nality of the parts of the product located on
both sides of the middle of the center. On fig.
1 shows the algorithm of non-equilibrium
thermodynamics in triboconjugations of brake
friction pairs.

In metal friction elements of brake
devices, the heat flux may differ in direction
from the temperature gradient; a temperature
gradient in one direction can cause heat flow
in the other direction. Entropy production is
determined by the expression

S, 0 (1
oS alt) )
where Jgi — heat flow; x — Cartesian

coordinates; 7 — surface temperature.
The heat flux for a discrete system of

tribocoupling is determined from the
expression
R NI o T o kR LI 2
Il @
where Ljx — Onsager ratio.

For anisotropic solids, the thermal

conductivity is a second rank tensor. Fourier's
law in this case is written as

oT
J. :_2 k, —
qi - ik an

(3)

Based on comparison (2) with (3), we
obtain the equality

(4)
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The reciprocity relation 1, =L, then
means that
Kic =Kui, ©)
i.e., thermal conductivity is a symmetrical
tensor. For many metallic friction elements,
their symmetry of their crystal structure
implies that k, =k,;. However, this does not at

all mean confirmation of the reciprocity
relations, since it follows from the trigonal,

tetragonal, and hexagonal symmetry of
crystals that
K, =Ky, . (6)

If the reciprocity relations are valid, then
kp =ky =0, (7

Equation (7) implies that a temperature
gradient in the x direction causes a heat flow
in the positive y direction, but a gradient in the
y direction causes a heat flow in the negative x
direction. It follows from Onsager's
reciprocity relation that the validity of the
reciprocity relation is confirmed.

A parameter such as the temperature
gradient (1/T) in the interface of friction pairs
can cause a heat flow, but also other flows,
such as an electron flow, and as a result, an
electric current. The thermoelectric effect is
one of the cross effects, in which the
temperature gradient causes not only a heat
flux, but also an electric current, and vice
versa (Fig. 2 a, b).

Thermoelectric effect is a cross effect
between thermodynamic parameters, heat and
electric flows. According to fig. 2 a shows the
Seebeck effect, in which two dissimilar metal
conductors are connected in a circuit, and each
connection is at different temperatures.
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Seebeck effect
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Figure 2 a, b — Basic thermoelectric phenomena in tribo-couplings

As a result, an EMF is generated. The
last component, ~10-5 V/K, may differ from
sample to sample. In the Peltier effect (Fig. 2
b), two compounds are at the same
temperature and a current passes through
them.

Electric current leads to the appearance
of a heat flow from one connection to another.
The Peltier heat flux is typically ~10-5 J/(s-A).

The Seebeck effect gave rise to the
Peltier effects and the accompanying
Thomson, Joule - Lenz effects. The last two
are that if there is a temperature difference
along the conductor through which the electric
current flows, then heat is released or absorbed
(depending on the direction of the current) in
the volume of the conductor.

To reduce the effect of heat on electrical
circuits, the distribution of the Peltier effect is
used, which consists in the uneven presence of
the concentration of alloying elements in the
branches of the electrical circuit.

According to Table 1 Osnager recip-
rocity relations for Cu-Al thermocouple is the
minimum value (0.77), and for the Cu - Bi
thermocouple - the maximum value (1.0 V)
due to the different position in the table of D.I.
Mendeleev and a significant difference in
atomic weights.
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Table 1 — Experimental data confirming the

Osnager reciprocity relations when operating
thermocouples in a linear mode
Thermocou | 7, °C | IIIT, | -A¢/AT, | Lge/Leg
ple uviK | uviK

Cu—Al | 158 | 24 3,1 0,77
Cu—Ni 0 | 186 20,0 | 0,930
Cu—Ni 14 | 20,2 20,7 | 0,976
Cu-Fe 0 |[-10,16| -10,15 | 1,00
Cu-BI 20 | -71 -66 1,08
Fe —Ni 16 | 33,1 31,2 1,06
Fe-Hg | 18,4 | 16,72 | 16,66 | 1,004

The design of the drawworks band-shoe
brake has symmetry (Fig. 3). The symmetry of
the design does not mean that the energy load
of the left and right brakes is the same due to
the non-equilibrium thermodynamics that take
place in their friction pairs.

2

Ivotherm

Figure 3 — Symmetrical arrangement of band-shoe
brakes in a drawworks: 1 — brake pulleys; 2 - friction
lining; 3 - brake band; 4 — drum
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Electrical phenomena in tribocouplings

Electro-kinetic phenomena correspond to
the interaction between the microelectric
current and the flow of liquid entering the
interfaces of friction pairs.

Let us consider two parts of the friction
lining 1, 2 (Fig. 4 a), separated by a porous
partition. If a voltage V is applied between the
two parts of the lining 1 and 2, then the current
flows until the pressure difference Ap takes a
stationary value. This pressure difference is
called electroosmotic pressure.

On the contrary, if the fluid flow J from
one part of the lining 1 to another 2 is created
by the specific loads of the metal friction
element 3 (Fig. 4 b), then a microelectric
current flows between the electrodes, called
the flow current. The electroosmotic effect is
successfully used to remove moisture from the
friction surfaces of interfaces of braking
devices [10].

As  before, the  thermodynamic
description of these effects begins with a
formula for the production of entropy under
the above conditions. In this case, we have an
essentially discrete system in which there are
no gradients, but there is a difference in
chemical potentials between the two parts of
the patch.

For discrete systems, which are friction
pairs, the entropy production per unit volume s
is replaced by the total entropy production
d;S/dt.

In addition, the entropy produced by the
flow from the first part of the lining to the
second can be formally represented as a
chemical reaction, for which the difference in
electrochemical potentials is converted into
affinity.
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In this way,
4 _y Al ®
dt 4T dt
where
A = (ﬂ& + ZkF@)_(ﬂf + ZkF¢2); )
d&, =—dn; =dn?. (10)

In the given dependences, the superscripts
indicate two volumes of the overlay: z is the
ion charge of component k, F is the Faraday
constant, and ¢ is the electric potential.

For a relatively small pressure difference
between the two parts of the patch, since
(Oux /Op) = Vv s the partial molar volume, we
can write
(i - 422 )= vidp (11)

Dependence (9) after transformations has
the form

ds 1
dt _Tzk:( "

(12)

1
dnk]Ap + i
dt T

D> (= 1)Ag

where Ag=¢—-¢, n 1, =zFnt/dt - electric
current due to fluid flow k.

After a series of substitutions and
transformations, calculated dependencies (13-
18) were obtained (Table 2).

Figure 4 a, b — Electrokinetic phenomena in a friction
lining at rest (a) and under the action of specific loads
(b) in a friction pair: 1 - friction lining; 2 - capillary; 3 -
metal friction element
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Table 2 — Parameters and their ratios in friction linings of tribocoupling

Parameters and ratios Estimated dependencies
. Ab) __ Lo _ges; (13)
Flow potential A ), Ly
v _ I Zhe ggr. (14)
S Electroosmosis I spo 1
2
e
g (A J _ b g6, (15)
(98] - - — - —4 )
9 Electroosmotic pressure AD ), 2
O
! Ly :
_ - =12 -104; 16
Fluid flow current (J )M,_O » 10)
Saxen ratios (Aqu _ [J] _09; a7
Ap 1=0 I Ap=0
(Apj _ ('j _098. (18)
A¢ J=0 J Ap=0
The friction lining FK-24A, located on  Discussion of results
the incoming branch of the brake band, was Studies of non-equilibrium thermo-

studied at a surface temperature of
390 - 430° C, when formaldehyde resin burned
out from the surface of the lining and the
formation of liquid islands was observed (see
Table 2) at a difference in specific loads of 0,3
MPa between the incoming and outgoing
surface of the lining showed the following:

- the Onsager ratio for the considered
parameters varied from 0,95 to 1,06;

- dependencies (17, 18) are called the
Saxen relation and when using the formalism
of nonequilibrium thermodynamics, their
validity is more general and their values vary
from 0,9 to 0,92.
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dynamics with linear regimes in tribocouples
of friction pairs based on the reciprocity
relation and symmetry principles made it
possible to establish the following:

an algorithm of non-equilibrium
thermodynamics is proposed, which contains
thermal conductivity and thermoelectric
phenomena in a non-massive metal friction
element and electrokinetic phenomena in the
near-surface layers of a polymer lining;

- in linear modes of operation of friction
pairs of brakes, it is shown that due to the
cross effect with temperature gradients for
metal friction elements, two equilibrium states
are revealed - a steady surface temperature and
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a thermal stabilization state; for a polymer
lining, the equilibrium state is considered to be
the burnout of the binder components from its
surface layer with the formation of liquid
islands;

- the flow of electrokinetic phenomena
in the near-surface layer of the polymer lining
and the determination of: the potential of the
liquid flow and the resulting electric current;
effect of electroosmosis and liquid pressure;

- from the above parameters, ratios are
formed that are equal to the Onsager and
Saxen ratios, which makes it possible to
determine the parameters by calculation.

Conclusion

Systematize and present in the form of
algorithms,  perturbations, potentials and
gradients in the energy fields of metal-polymer
friction pairs. The maximum energy load of
metal friction elements and their heat transfer
capacity, consisting in the combined action of
conductive heat transfer with radiative and
convective heat transfer from their surfaces, as
well as the allowable temperature for polymer
lining materials.

The initial conditions for a metal friction
element must be variable, which would
correspond to its steady state and its thermal
stabilization state.
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Abstract

In the first part of the paper, the attention is given to the main principles of the physical methods, as
well as the "mechanical-thermal™ loading of friction pairs of braking devices. In the second part of the
paper, the analysis of principles is conducted and their impact on the energy fields of the brake friction
pairs are illustrated. Based on the operation of the principles, the following energy fields are distinguished
in pairs: "electric-heat," "chemical-thermal", and "electromagnetic”. The "electric heat field" is based on
the contact-pulse interaction of micro-protrusions of friction surfaces with various gradients of electrical
potential and temperature under given boundary conditions. The "chemical-thermal” field rests on the
model of a double electric layer in a pair of brake friction. The "electromagnetic” field is associated with a
harmonic variable external electric field. Let us give an analysis of all energy fields.
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Xiilasa

Magalonin birinci hissasinds fiziki metodlarin imumi prinsiplaring, homginin ayloc qurgularinin “mexano-
termiki” gorginliyina diggat yetirilib. Moagalonin ikinci hissasinda prinsiplarin tahlili aparilib vo onlarin aylocin
stirtinmos ciitliniin enerji sahoalaring tasirlori giymotlondirilib. Prinsiplorin tesirino osasen, asagidaki enerji saholori
clit-clit ayird edilir: "elektro-termiki", "kimyovi-istilik", "elektromaqnit". “Elektro-termiki saha” verilmis sorhad
sortlorindo miixtolif elektrik potensiali qradientins Vo temperatura malik siirtiinms Sothinin mikrogixintilarinin tomas-
impuls qarsiligh tosirina osaslanir. “Kimyovi-istilik” sahasi oylocin siirtiinma ciitiindo ikigat elektrik tobagosi
modeline osaslanir. "Elektromaqnit" sahasi harmonik doyison xarici elektrik sahasi ilo slagoalondirilir. Isdo biitiin
enerji sahalarinin tohlili tagdim edilib.
Agar sozlor: fiziki metodlar, ayloc qurgulari, siirtiinma ciitii, metal friksion elementlar, enerji sahalorinin birges

tosiri: “elektro-termiki", "kimyavi-istilik", "elektromagnit".
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MIPUHITUIIOB ¥ MPOWJLTIOCTPUPOBAHO X BIMSHUC HA DHEPTETHUYCCKHUE ITOJIS Map TPEeHUs TOpMo30B. Vcxonms u3 meii-
CTBUS TPUHIMIOB, BBIJCICHBl TOMAPHO CIEAYIONINE JHEPreTUYECKUE TOJS: «DIEKTPOTEIIIOBOS», «XHUMHKO-
TEIUIOBOEY, U «3JIEKTPOMArHUTHOEY. «DJICKTPOTEIUIOBOE MOJIeY 0a3UpyeTcs Ha KOHTAKTHO-UMITYJIbCHOM B3aUMOJICH-
CTBUY MHUKPOBBLICTYIIOB MOBEPXHOCTEH TPEHUS C PA3TUYHBIMU TPaIMEHTAMH AJIEKTPUIECKOTO MOTEHIINANIa U TeMIIe-
paTypsl IIpH 3aJJaHHBIX TPAHUYHBIX YCIOBHSIX. « XMMUKO-TEIIIOBOEY MOJI€ OMUPAETCS Ha MOJIENb IBOHHOTO 3JIEKTPU-
YECKOTO CJI0S B Mape TPEHUS TOpMo3a. «DIEKTPOMArHUTHOE) T0JI€ CBSA3aHO C TAPMOHUYECKUM MEePEMEHHBIM BHEIII-
HUM DJIEKTPUIECKUM MosieM. [IpUBOIUTCS aHau3 BCEX SHEPTETUIECKUX TOJICH.

KnaioueBble cioBa: ¢usnyeckue METO/BI, TOPMO3HBIC YCTPOMCTBA, Mapa TPEHUs, METANIMYECKUH (PUKIMOHHBINA

JJICMCHT, COBMECCTHOC ﬂeﬁCTBHG OHEPreTUICCKUX MOJICH: «OJICKTPOTECIIIOBOI'0», «XUMUHKO-
TCIJIOBOTO», U «BJICKTPOMATrHUTHOT'O».
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BBeaenue

[Ipumenenue pa3anuHbIX oOehu3nYe-
CKMX IPUHLMIOB OTKPBIBAET LIMPOKHUE BO3-
MO>HOCTH I pacueTa ¥ aHajau3a JuHaMuye-
CKOI'O0 M TEIUIOBOTO PEKHUMA METaJUIMYECKUX
(PUKIMOHHBIX JJIEMEHTOB JIMCKOBO-, Oapa-
0aHHO- U JIGHTOYHO-KOJIOJJOYHBIX TOPMO3HbIX
YCTPOWCTB U CTAHOBUTCSI KAYECTBEHHO HOBBIM
METOJOM pPELIEHUS] AUHAMUYECKUX M TEeIIo-
BBIX 3a]1a4.

Marepuasibl CTaTb B 3HAYUTEIILHOU
Mepe HaIlpaBJICHbl HA OLEHKY «QJIEKTPOTEILIO-
BOI'O», «XMMHUKO-TEIUIOBOIO» M <«QJIEKTpOMar-
HUTHOI'0» DHEPreTUYECKUX IOJIEN MMap TPEHUs
TOPMO3HBIX YCTPOMCTB.

AHAJIN3 JUTEPATYPHBIX AAHHBIX M MOCTA-
HOBKA NMP00OJIeMbI

OcTaHOBUMCS KpaTKO Ha MNPUMEHEHUH
(bU3MYECKUX MPUHIMIIOB B TUHAMHYCCKUX H
TEIUIOBBIX 3a/ladaxX IO OLIEHKE HarpyKeHHO-
CTH TIap TPEHUS TOPMO3HBIX YCTPOICTB.

[IpuHUIMI TPUYMHHOCTH HAIIEN MPUMe-
HEHHUE B JIEHTOYHO-KOJIOJOYHBIX TOPMO3ax
OypoBbIx siebenok [1]. Cmbicn mpuHIHMIA 3a-
KJIIOYAeTCs B OYEPEIHOCTH PacCCMOTPEHUS
AKCIUTyaTallMOHHBIX MapaMeTpPOB: HATSKEHUS
Ha0Oeraromeil u cOeraromieil BETBH, CHIa Tpe-
HUS, HOPMAJIbHOE YyCWIHE, yJAeJIbHas Harpys-
Ka, JUHAMHYECKUH KOd(DPHUIMEHT TpeHus,
TOPMO3HOM MOMEHT, TeMIlepaTypbl (TIOBEpX-
HOCTHAs, BCHBIIIKK, OObEMHAas), MeXaHHUYe-
CKHME U TEPMUYECKUE HAIIPSKEHUS, U3HOC.

[lepeuncnenne MeTomoB (aHAIUTHYeE-
CKOTO, YHCIIEHHOTO, aHaJIOrOBOTO, rpaduye-
CKOTO U 3KCIIEPUMEHTAIBFHOT0) M UX aHallu3
[0 OIpPEAEIECHUIO0 MOBEPXHOCTHBIX TeEMIIepa-
Typ pabouux jAeraneil TOpPMO3HBIX YCTPOMCTB
HaIlUTH OTpakeHue B padote [2].

OpHako npu aHanM3e METOJOB TEIJIOBO-
ro pacuera map TPEHUS TOPMO30B HE OBLIH
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PaccCMOTPEHBI METOJAbl (PU3NYCCKUX TPHHIIH-
TOB.

OKBUBAJICHTHbBIE JIEKTPUUYECKHE CXEMBI
MCIOJIB30BAIKCH TPpU MojenupoBanuu Ha RC-
MOJIEJISIX TEIIOBOTO PeXuMa 3JIEMEHTOB TOp-
MO3HOro OapabaHa TPaHCIIOPTHOTO CPEICTBA.
B maHHBIX WCCIETOBaHWSIX TMPUMEHEH MPUH-
[IUTT B3aUMHOCTU MEXIY KOHCTPYKTUBHBIMH
napaMmerpamu 0001a 6apabaHa u ero uiaHIem
[3, 4].

W3ydyeHue 5>IEKTPOJIMHAMUKHA TOBEPX-
HOCTHOTO CJIOS TOJMMEPHOM HaKIaJKH IMOKa-
3aJ10, YTO B €€ MPHUIOBEPXHOCTHOM CJIO€ MPO-
TEKalOT akTUBHBIN |, U peakTuBHBIN | TOKH.
[TocneaHue 3aMeHEHbl SKBUBAJIECHTHOW AJIEK-
TPUYECKON CXEMOH C UACAIBHBIM JJIEKTpUYE-
ckuM cornpoTuBieHrueM R u emxoctsio C [1].

B pabote [5] mist cucTteMbl ¢ 3IIEKTPO-
MarHUTHBIM TIOJIEM BBIJIEPKUBATUCH 3aKOHBI
COXpaHEHHMsS: MAacChl, UMITyJIbca W DSHEPTHUH.
[Ipu sToM He OBUIO yJEIeHO BHUMAaHHUE HHU
OIHOMY (PU3UYECKOMY MPHUHIIMUIY OLIEHKH
HArpy>KEHHOCTH CUCTEMBI.

®u3nvecKre MPHUHIUIBI MOTYT TPUMeE-
HATBCS B PA3IMYHOTO POJAa COOTHOIICHUSX.
Tak, HanpuMep, B COOTHOIICHUH B3aUMHOCTH
Omncarepa, korma pedb HIET O YacTHIIAX,
HAXOJSAIIUXCS B TOCTyHmaTelbHO M Bpalla-
TEIbHO JIBHXKYIIUXCS CHCTEMax B TEIJIOBOM,
AIIEKTPUYECKOM M DIIEKTPOMATHUTHBIX TOJISX
[6]. Pa3posHenHble HaHHBIE IO JJIEKTpPHUYE-
CKHM TIOJISIM Tap TPEHUS  TOPMO3HBIX
YCTPOMCTB 3aCTABHIIM UCKATh HOBBIN TOJIXO K

UX 0000IIEHHIO.

ITocTanoBKa 3agaun

Crnenyer pemuTh mpobdIeMy HCIOIb30-
BaHUs (UBNYECKUX MPHUHIIUIIOB TMPUMEHU-
TEJIbHO TPEHHUSI  TOPMO3HBIX
YCTPOWCTB U PacCMOTPETh (PPUKITMOHHOE B3a-

HMOI[GfICTBI/IG HUX CICAYIOUUX OJHCPreThyC-

K Mapam
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CKHX TOJIEH: «3JEKTPOTEIIOBOIO», «XUMHKO-
TEIJIOBOTO» U «3JIEKTPOMArHUTHOTOY», a TAaKkKe
OLICHUTh OCOOEHHOCTU HArpyXEHHOCTH IMap
TPEHHS] TOPMO3HBIX YCTPOMCTB B 3TUX DHEPre-
TUYECKUX TMOJISX.

Leas padoTbl — 000CHOBaTH NpPUMEHEHHE
(U3NIECKUX METOJIOB K OIICHKE Harpy>KeHHO-
CTH Map TPEHUSI TOPMO3HBIX YCTPOICTB.

dnekmpuueckKozo ¢ menji06bim
rpa,I[I/IeHTHaH TCOpUA TBCPABIX TCII U HA
I'paHunax Me)K(l)aSHBIX CJIOCB B MHTCPBAJIC I10-

BCPXHOCTHBIX TCMIICPATYP HUKE W BBIIIC JO-

IIyCTUMOM  JUIi  MaTepuajga IMOJUMEpPHOU
HaKJIaIKW TO3BOJJIMT O4Tb OTBET Ha BOIIPOC
oOecrieyeHrsT TOJOKHUTEIBHOTO TpaJHeHTa
MEXaHWYEeCKHX CBONMCTB B MMOBCPXHOCTHBIX
CIIOSIX METAJUIONOIMMEPHBIX Map TPEHHs TOp-
MO3HBIX YCTpoicTB. OJHAKO MPH 3TOM CyIIe-
CTBEHHOE BJIMSHUE OKAa3bIBAIOT TI'PaJUCHTHI
ANIEKTPUYECKOTO MOTEHIUANIA ¥ TeMIepaTyphl
Ha B3aHMOHCﬁCTBYIOMHX MOBECPXHOCTAX IId-
TEH KOHTAaKTOB MUKPOBBICTYIIOB IIAp TPEHHUS
«(MOJIUMEP-METAIIII» U T10 UX FJIY6I/IHC.

B Tabn.1 nokazaHo miecTh ciiydyaeB KOH-
TaKTHO-UMITYJIbCHOTO B3aMMOJCHCTBHUSI MUK-
POBBICTYIIOB TIOBEPXHOCTEH TPEHUs C pa3iny-
HBIMU TPaJMEHTaMU 3JIEKTPUYECKOIO MOTEH-
yaja U TeMIepaTypbl NpH 3aJaHHBIX Ipa-
HHUYHBIX ycloBHAX. Kparko mpoananusupyem

Ka)KJIbII U3 CIIy4aes.

[lepBbIit ciydait. AcummeTpusi HaOIIO-
JaeTcs B OTIENBHBIX 30HAX TaM, IJIe PaccTos-
HUE I OT KOHTaKTa BEJIUKO [0 CPAaBHECHHUIO C
pamuycoM @, KOHTAKTHOTO MSATHA MHUKPOBBI-
CTYNoB A, KOTOpOEe B JaHHOM CJIy4ae MMEET
dopmy Kpyra.

Y CcTaHOBNEHO, YTO TPaJUEHT MOTEHIHa-
Jla B 30HE CTATUBAHUS YMCHBIIIACTCS MO0 Mepe
YBEJIMUCHUSI PACCTOSHUS OT KOHTAaKTa, IPH-

MEpHO KaK l/a,?. [Tpu 3TOM 00U TPOCTpAH-
CTBCHHBIN 3apsi/] B OT/IEIBHBIX 30HAX CTATHBA-
HUS 110 BEJIMYMHE TIOYTH TaKOW ke, Kak U 3a-
pSIBI B HETIOCPEICTBEHHON OJM30CTH OT TISAT-
Ha KoHTakTa. CrenoBaTeiabHO, BIHSHUC
VIETBHBIX 3aps0B Ha JJIEKTPUUYECKOE IOJIEC B
30HE CTATUBaHUsS MPEHEOPEKUMO Mano. AHa-
JIOTUYHBIC PACCYXKICHUS CIPABEIUIMBLI B OT-
HOIICHUH TETIOBOTO TIOJIS.

Takum 00pa3oM, acUMMETpusi HE Hapy-
IIaeT 3aKOHA 3aBUCUMOCTH BHAA ¢, 3 B
HanOoJiee Y3KUX YacTSIX CTSATHBAHHS, TaK Kak
TPaJIMEHTHI TEMIIEPATYPhl U HANIPSHKCHUSI B HUX
BEITUKH, & aCHMMETPHS B OTICIBHBIX 30HAX HE
OTpa)kaeTcsl Ha OOIIEeM HANpSDKCHUH CTSATHUBA-
HUSI ¥ Ha PA3HOCTH TemIiepatyp 6 KOHTaKTHOM
MOBEPXHOCTH IIATHA B3aUMOJICHCTBHSI.

Bropoii ciydail XxapakTepeH I MeTall-

JIONOJIMMEPHBIX nap TpeHus. [Ipu HarpeBanum
MUKPOBBICTYIIOB TTOBCPXHOCTHU KOHTAKTa YCJIO-
Bust (dg,/dn)»>=0 u (dt/dn), = 0 me cobmoa-

IOTCsI, TIOCKOJIbKY MMEETCsl pa3HOCTh TeMIlepa-
Typ MEXKIY B3aUMOJCHCTBYIOUIMMHU MATHAMU
KOHTaKTOB. [Ipy 3TOM TEMI0BOM MOTOK AETUTCS
Ha JIBE YacTH: MPOJIOJIBHYIO (4acTh X) M TIOIe-
peunyto (dactb Y). TeruioBoit moTok BAOIbL Y
BBI30BET OTKJIOHEHHE PE3yJbTAaTOB pacdera o
3aBucuUMOcTH (3) (cM. Tabm. 1) npumepHoO Ha Be-
manny (Wyx/Wy)100, %. Cocrapistomue ypas-
HeHus (3) onpenenstorcs mo 3aBucuMocTM (1)
u (2). Ilocne BBHIMOMHEHHBIX PacYeTOB HAa OCHO-
B€ 3HAUEHWI MapaMeTPOB MOTYYUIH BETHUYUHY
OTKJIOHEHUST TerutoBoro moroka W,/W, <0,05,
KOTOpPOW MO>KHO TIpeHeOperarh.

Tperunil ciydall XapakTepeH IJIsl WHTEH-

CHBHOTO MAacCOIEpeHOoca OT MHKpPOBBICTYIIOB
KOHTAaKTUPYIOUIMX TIOBEPXHOCTEH 10 CXeme
«I0JIMMEpP-MeTAI» U HaobopoT. OH onpenens-
€T SHEpPreTUYecKUe YPOBHHM B3aMMOJCHCTBUS
MHKPOBBICTYIIOB TISITEH KOHTAKTOB COIJIACHO
3aBucuMOcTsIM (4) u (5).
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Taﬁmma 1- KOHTaKTHO-I/IMHyHI)CHOG B3aHMOI[eI>iCTBH€ MHKPOBBICTYIIOB HOBerHOCTGﬁ TPCHUA C pas-
JIMYHBIMU T'PAJUCHTAMU JJICKTPUUCCKOIO MMOTCHIMAJIA U TEMIICPATYPhI IIPH 3aJaHHBIX T'PAHUYHBIX YCJI0-

BUAX

Table 1 - Contact-pulse interaction of microprotrusions of friction surfaces with different gradients of
electric potential and temperature under specified boundary conditions

Ne Cryvau B3auMOJIEHCTBHS 151~ .
o/ 3aBHCUMOCTH JUTS OIIEHKH JIEKTPHIECKHUX U TEIUIOBBIX TTOJIEH
TEH KOHTaKTa
Tlono:keHNE SMEXTPHECKOro do, yMeHbIIaeTcs: Kak 1/r% kaxplii (), BIMseT Kak O,/r; He
1 TIOJIs1 HA MSITHE KOHTAKTa: dn
aCHMMETPUIHOE, HApyIIAeTCs 3aBUCMMOCTb BUa @, — 9.
T
: 2
CUMMETPUYHOE C IIPOBOJAUMO- (de, / dn)3 =0, (dt/dn), =0; J.Pkdf =05p,". 1)
5 CTAMH, KOTOPbIE OTIHYAOTCSL: !
" | cymecTBeHHO (Mapa «IoJiu- Wy =0125a,4,; (2)
- S 1
Mep-MeTaL) =2 _ ©)
17a;1, 2ma,4,
do. : K
. ? =0, g =0 J.&dt:O,S(pZ, (4)
HE3HAYMTETHHO (Iaphl: «Me- dn ), dn ), > >
3. | Tau-MeTamny; «IoIHMep- T
nosumep»). [ P4, dt=01250", (5)
0
[E (6)
— 2.
4 bumerannuyeckue nsaTHa KOH- J: ;dt =050,
' TakTa
(gradp, ) ,,, OTTHIACTCS OT (gradg,) "
b2
d .
(%] -0 (&) o(dwj 0 (7)
dn ), dn/, dn 4,
B3auMo/IeiicTBHE SIeKTpHYe- (dT/dg,) ,,,, =0 3AMEHAETCS DKBUBATICHTHBIM yCIIOBHEM
bo
CKHX U TEIIOBBIX TIOTOKOB: A0 dt T
5. | ogMHAKOBOI MJIOTHOCTH HA 2l =1 =v. Ad__, Ipﬁ dt=05¢," +Yp,- (8)
: z\do, x de
IISITHE KOHTAKTa, Aso t
.
jpidt:0,5u2+171u- C))
t
Q=lod9 ; (10)
i)t (&) 0 fmee  GD
z do do ), x do,
IIpu nepeHoce TEIIOHOCHUTE- T o T
5 JISIMH 3JIEKTPUYECKOTO TOKA C J‘ pi dt=05¢.7 - ,[ do, J‘ odt- (12)
" | IOBEPXHOCTHBIM I'PAIMEHTOM t ot
TeMITepaTypbl o, =7,9; (13)
T
2
J.pxln dt=0,5¢, {% 7, [(to +T) —tg]}. (14)
t
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YerepThlii citydail OTJIMYAETCS OT TPETh-
ero rpagueHtamu (gradp.)apr u (gradp,)apo.
TaK KaKk DSHEPreTHYECKHe YPOBHH METaJlIOB,
BXOJSIINX B OMMETaIL, Pa3INuHbL

[lare1ii cayyait. [ToBepXHOCTh MsITHA KOH-

TAKTa MHKPOBEICTYNIOB A  yIOBIETBOpSIET
I'PaHUYHBIM YCJIOBUSIM, HO HE YJOBIJIETBOPSET
yenosuto (dg,/dn)ago, Tak kak Agy mepeceka-
ercsl TEIUIOBBIM MOTOKOM, IUIOTHOCTh KOTOPOT'O
MIPONOPIMOHANIBHA IJIOTHOCTH 3JEKTPUUYECKOTO
ToKa j. Benmencrue atoro momydaem Y], roe Y
MMEET eIMHUIY M3MepeHHs HampspkeHus. [lo-
CKOJIbKY TEIUIOBOM MOTOK MPOMOPIUOHATEH |,
OH HE BHOCUT HM3MEHEHUI B CHUCTEMY 3JIEMEH-
TapHBIX JINHUM TOKa.

B pesynbraTte npeoOpa3oBanuii psina 3a-
BUCHUMOCTEW TOJYYWJIN BbIpakeHue (8) mis
OLICHKU TEIJIOBOI'O MOTOKA B MHTEpBAJIE TEM-
nepatyp 0 - t © Ipu U3MEHEHUU TEMIIEPATYP
or t o T [Belpakenue (9)]. YacTh TEIIOTHI
[MenpTbe (/1) yXOOUT B HCCIACIYyEMOE ISTHO
KOHTAaKTa M COCTaBJIsIET TEIJIOBOU MOTOK /11J,
a U sBJII€TCS HANIPSKEHUEM 30HBI CTSTUBAHUS
Ha HEM.

AHnanu3 3aBucumMoctH (9) mokasbIBaer,
YTO IpU HEOOJBIINX BEIWYMHAX U, XapakTep-
HBIX JJI METAJUIONOJUMEPHBIX Map TPEHHS,
3¢ dexT [lenbThe BBI3BIBAET 3aMETHOE OTKJIO-
HeHue U OT 3aBUCUMOCTH BUAA @, - t.

IllecToi cnyyall XapakTepuU3yeTcs Iie-

PEHOCOM TEIUIOHOCUTENSIMU 3JIEKTPUUECKOTO
TOKa 13 Oojiee B MEHEE HarpeTyro 30Hy IsATHA
KOHTAKTa, JISKAIIYI0 Ha IIYyTH €r0 J[BUKCHHS.
DTO OCYyHIECTBISETCS TMOCPEACTBOM APdeKTa
ToMIicoHa, THTEeHCUBHOCTh KOTOPOTO 3aBUCUT
ot koddpdunuenta Tommncona (or). 3ammcan
KoinuecTBO TerioThl (10), moctynatomieit ot
CEUEHMs] MHUKpPOBBICTYIIa C TEMIIEpaTypoit
t + dt x cocenremy ceueHunIo ¢ TemIepaTypoit
t ¢ yueToMm rpaHUYHBIX YCIOBHH, U UCHOJIB30-
BaB 3aBHCUMOCTH BHja (12), mocne okoHuya-
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TETHHOTO HMHTETPUPOBAHUS TOJIYYUIH BBI-
paxenue (13).

B nanpHeiiiemM npuMeHuB yCIOBHUE, YTO
npu OOJBIIUX TeMIlepaTypax METaNInYecKOro
pIIeMEHTa TPEHUsS op MpomopluoHaneH 7, B
OKOHYATEIILHOM BHJIC TIOJy4aeM 3aBUCUMOCTD
(14). Iocnenusist cBSI3BIBACT MEKIY COOOM Ma-
paMeTphl AJIEKTPUYECKOTO U TEIJIOBOTO I0-
JIeH, TOKH KOTOPBIX TPOHU3BIBAIOT MATHA KOH-
TaKTa MUKPOBBICTYIIOB TPYIIUXCSI TOBEPXHO-
cTei.

[Ipy KpaTKOBPEMEHHBIX TOPMOKEHUSX
IpU OTCYTCTBUHU TEIUIOOTJAYU OT MAaTOBBIX
MOBEPXHOCTEHN IIKUBA MPOUCXOJUT WHTECHCHUB-
HOEC aKKyMYJIHMPOBAHHE TEIUIOThI, KOTOPOE
MOJKET MPUBECTH €r0 K MPEeTbHOMY TEIUIO-
BOMY COCTOSIHHIO ero oboma. Jlns ymporeH-
HOTO PacCMOTPEHHUs 3aJauyd TEIUIOMPOBOIHO-
CTH TIpeHeOperaeM TEIJIOOTAauel B OKpyXka-

IOLIYIO Cpeay.

Xumuueckozo ¢ meniogvim

TeopeTnueckue HcCIeI0BaHUS HeECTa-
IIUOHAPHBIX (U3NKO-XUMHUYECKUX IPOIECCOB
B KOHTaKTHOM 3a30p€ MEX]ly MUKPOBBICTYIa-
MU METaJUIONOJIMMEPHBIX Map TPEHHs TOp-
MO3HBIX YCTPOMCTB NP yCIOBUH, 4TO K < 1
(k03¢ GUIMEHT B3aMMHOTO MEPEKPBITUS Tap
TpeHus), O6a3upyercsi Ha HCMHOJb30BAHUU OC-
HOBHBIX IOJOXEHHUH TEOpuu: HecTalloHap-
HOW muddy3un; ra30BOM TMHAMUKU; XUMHUYE-
CKOM KHHETHMKH M DJIEKTPOTEpMOMEXaHUYe-
CKOT'O TPEHUS.

[Tpu sTOM MasnoBaxKHast pojib OTBOIAUTCS
npoleccaM HeCTallMOHAPHOM JOCTaBKU M TO-
TpeOJIEHUs] aKTHBHOTO KOMIIOHEHTa Cpelbl B
MEXKOHTAKTHBII 3a30p MMKPOBBICTYIIOB Me-
TAJIJIONOJUMEPHBIX nap TpeHus. OO0y poib
3aHUMAIOT a/JCOPOLIMOHHBIE MPOIECCHl, IMPO-
UCXOJAIIMEe Ha METAJUIMYECKOM (PpUKIHOH-
HOM 3JIEMEHTE.
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AICOpOLIMOHHBIE TPOLIECCH CUIBHO M3-
MEHSIOT paboTy BBIXOJA AJIEKTPOHOB B TIPO-
necce oOpazoBaHHS aJICOPOLIMOHHON CBSI3H
MEXy CBOOOTHBIM aTOMOM HJIM MOJICKYJIOW U
MMOBEPXHOCTHBIM JUIIOJNBHBIM clioeM. H3me-
HeHue paboThl BBIXOJA JIEKTPOHOB METaJUIU-
YECKOU TTOBEPXHOCTH (PPUKIIMOHHOTO IIEMEH-
Ta aJCOPOMPOBAHHBIMA aTOMaMHU WA MOJie-
KyJIaMH TIPSMO TIPOTIOPIIHOHATBHO WX 3Pdek-
TUBHOMY JIUTIONIGBHOMY MOMEHTY W CTETICHH
3amnojiHeHns ToBepXHOCcTH. [Ipu amcopOumm
BO3HUKAET TMOBEPXHOCTHBIM JBOMHOW DJICK-
TPUYECKUN CJIOM, BIMSIOMIMN HAa U3MEHEHUS U
pacrpeenieHust SJICKTPOHHBIX 3apsI0B B HEM.
bonee Toro, pabora, coBepiaemas 3JI€KTPO-
HOM, HAXOJSIIIMMCSI B aJICOPOMPOBAHHOM CJIOE,
3aBUCHUT OT TOrO, Kak JuIoib (puc.l) pacmoso-
KEH OTHOCHUTENIHLHO (BOOOpa)kaeMOM) 3IIEKTPO-

a)

o

HEUTPAIbHOM IIOCKOCTU. [Ipyu 3TOM 311EKTpOH
COBEpIIacT paboTy MO MPEOAOJICHUIO TOJBKO
MOJIHOTO WJIM TIOJIOBUHBI MOTEHLMAIA a/IcopOU-
poBanHoro cinost. [Ipu 3ToM HeoOXoauMO yuu-
ThIBaTh TOT (AKT, YTO B MOBEPXHOCTHOM CIIO€
(PUKLIMOHHON HAKIAJKW TpPH BBITOPAHUU CBSI-
3YIOIINX KOMIIOHEHTOB €€ MaTephajioB MpH JO-
CTHXKCHHUU JIOITyCTMMOM TEMIIEpaTypbl U BBIIIE
€€ MOJIEKYJbl 00pa30BaBILETOCS PACTBOPUTENS
CHJIbHO OPUEHTHPOBAHBI, B PE3YJIbTaTe YEro Mx
3 eKTUBHBINA AUMONTBHBIA MOMEHT YBEIIMYMBA-
€TCsl TI0 OTHOIIEHHIO K JHIOJIBHOMY MOMEHTY
MOBEPXHOCTH METALTUYECKOr0 (PUKIIMOHHOTO
ANieMeHTa. ITO OOCTOSTENBCTBO U SIBISIETCS OA-
HUM U3 OCHOBHBIX YCJIOBHI;'I HHBCPCUU MHOKC-
CTBa MHKDPOTOKOB OT pPaboOdeil TMOBEPXHOCTH
HaKJIaZIOK B pabouyl0 MOBEPXHOCTh METaJUINYe-

CKOTO (DPUKIOHHOTO HJIEMEHTA.
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Pucynok 1 — JTumonu, KOTOpbIC BOSHUKAIOT P aICOPOLIMU HA TIOBEPXHOCTH METAJlIA:

a, 6 — xeMOCOpOLHs: KOBAJICHTHAsT, HOHHAS; B — (hu3mdeckas copOiws (d — paccTosIHIE MEXKIY ICHTPaMH 3apsiIoB)
Figure 1 - Dipoli, which occur during adsorption on the metal surface:

a, b - chemisorption: sow-tape; ionic; ¢ - physical sorption (d - distance between charge centers)

W3 BBIEH3I0)KEHHOTO CIEAYET, 4TO
TpHOOXUMHSI 3aHMMAET BaXHOE MECTO B TPH-
00JI0THY TTap TPEHHS TOPMO3HBIX YCTPOMCTB.

B Tabn. 2 mpuBeneHo MecTo TpUOOXH-
MHUHU B TpUOOJOIMM Hap TPEHHUsS TOPMO3HBIX
ycTpoicTB. OCTaHOBUMCSI Ha HEKOTOPBIX M3
IIPOLIECCOB.

[lepeiineM K OLIEHKE TPUOOKUMHETHYE-
CKOMl MoOJeNnu B3aMMOJCHCTBHUS MeTauinye-
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CKOTO (PpUKIIMOHHOTO AJIEMEHTA MIPH TPEHUU C
ra3oBoi (ha3oi.

TpubokuHETHYECKAsT MOJENb TPEeIIIo-
JKCHaA JId pPa3IMYHBIX IIPOLECCOB, KOTOPLIC
MPOUCXOJAT B CIO€ MHUKPOHEPOBHOCTEH Me-
TATHYECKOT0 (PPUKIIMOHHOTO DJIEMEHTa IOJ
NEHCTBUEM YIPYTUX WU TUIACTHYECKUX JIe-
dopmanuii pu TOPMOXKEHUH B MPUCYTCTBHH
ra3oBou cpensl (puc. 2).
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Ta6auna 2 — Mepapaxudeckue ypoBHU TPHOOIOTHH
Table 2 — Hierarachic levels of tribology

TPUBOJIOT'UA
I
HAVYKA O TPEHUHN

Tpubomnnazma — TpuboxumMust — TpudOU3MKa 1 T.J.

IIpouecce! u ABIEHNST TPHOOIOTHH

Uactrunast v iomHast KoHAeHcanust; 1udy3us; cyOamManys; ra3omnorionieHne;

copO1mst — ajicopOust; aecopOIus — abcopOIHs; COPOIIMOHHOE PABHOBECHUE H T.II.

Peakiun: OKMCJICHMS, BOCCTAHOBJICHMSI; KOPPO3UHU, KaTaIn3a,

raJJbBaHHYCCKaA U T.I.

XHUMHUYECKOE PAaBHOBECHUE U T.II.

Ha pHucC. 2 YCIOJb30BaHbI CJICAYIOLIHNC

obo3Hauenus: | — XumuyecKas peaxuus
CO, +M SMO+CO; |l — xumugeckas pe-
aknugs CO+M S C+MO; Il — kananbl B

MHUKPOBBICTYTIAX. 3alITPUXOBAH MOBEPXHOCT-

pasnena o0o3HaYeHa TpUOOeCOpOIHs, CTpel-

KOW BHU3 — TpuboabcopOmus, IBOMHBIC
crpenku — Tpuboauddysus. I'azoas daza mo-
cTUraeT pabodyeil MOBEPXHOCTH METaJUIHYe-

CKOTO (PPUKIIMOHHOTO 3JIEMEHTa MyTeM audg-

¢by3un, a moToM ajicopoupyercs.

HBI CJIOW, HapyLIEHHBIA IIyTeM TPEHUs

ckosibkeHusi. CTpenkol BBEpX Ha TIpaHMIE

Co. Co,

= g TS 4
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Pucynok 2 — TpuOoKuHETHYECKAs MOJCIb TpuOocopOIiu u Tpudbopeakiuu B cucreme CO; - metamur: CO,,,,—CO,
B razoBoit aze; CO; ,5.—CO, B agcopbupoBannom cocrostauu; CO, 4. — CO, B abcopOupoBanHOi (opme, Te ke
napexce! 11 CO,

Figure 2 - Tribokinetic model of tribosorption and triboreaction in the system CO, - metal: CO,,,,—CO, in the
gas phase; CO, ,o.—CO, in an adsorbed state; CO, ,,.—CO, in absorbed form, same indices for CO,
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TpuboabcopObuus MPOUCXOIUT IO TOY-
KaM, KOTOpBIE MOTAJU MOJT ICHCTBHE CHII TpE-
HUs. B 3aBUCUMOCTH OT yCIIOBHI KOHTaKTHPO-
BaHUs Nap TPEHHUsI TOPMO3HOTO YCTPOMCTBA U
UX TEIUIOBOTO COCTOSHHSI HETIOCPEICTBEHHO B
nporecce TOPMOXKEHUSI TIPOUCXOAUT TPUO0ao-
copOumsi B TpuOOImiIazMe W3 Tra3oBOH (asbl
HapsAIy ¢ TPUOOXMMHUYECKON peakuueil wim c
azicopOIelt u peakiuen raza Ha padodeil mo-
BEPXHOCTH METAUTMYECKOTO (PPUKITUOHHOTO
JJIEMEHTA.

Kpome Toro, TpuboaacopOHpOBaHHBIM
ra3 ajfcopOupyeTcst METalioM, U TOJIBKO TTOCIIe
ATOTO TPOHMCXOJAT C HUM XHUMHYECKHE Ipe-
BpatmieHus. Hapsny ¢ stum tpuboadbcopOupo-
BaHHBII T'a3 Ha MHUKPOYYACTKaX KOHTAKTHPO-
BaHUS MEPEHOCUTCS] B UX IPUMOBEPXHOCTHBIC
cion (Tpuboanddysus), B KOTOPBIX XUMHUYE-
CKasl peakiysl B 3HAYUTEIBHON CTEIICHU OIpe-
JEIsIeTCS MpoleccaMu TpubocopOoIu u aud-
¢by3um [7].

B cnydae, xoraga ckopocTh Tpubocopo-
MU ¥ TPUOOPEAKIMU OJHOTO TOPSIJIKA, PeaK-
ISl CMEUIaeTCsl B CTOPOHY pabodyeil moBepx-
HOCTH METAJUIMYECKOTO (PPUKIIMOHHOTO 3Je-
MeHTa. IIpu »TOM HeoOXoaMMO O0OpaTUTh
BHUMaHHE HAa TO, YTO TPHUOOUHIYKIIMOHHBIC
IpoIlecChl OYE€Hb YacTO CYIIECTBEHHO OTIH-
YalTCsd OT COOTBETCTBYIOIIUX TEPMOMHIYK-
IIMOHHBIX MPOIECCOB, U MOITOMY KOHCTaHTHI,
KOTOpBIE XapaKTepu3yroT abcopOruio u aud-
Gby3ur0 Ipy TEPMOAKTHBAIIMN, HEJb3S UCTIONb-
30BaTh ISl OMIMCAHUS TPUOOKWHETHYECKUX 3a-
KOHOMEPHOCTEM.

[IpencraBneHue nap TPEHUS TOPMO3HBIX
YCTPONCTB B BHJIE KOHJIEHCATOpPA IO3BOJISIET
KOHCTAaTUpOBaTh, 4YT0 auddepeHInanbHbIe
€MKOCTH JIal0T OTBEThl HAa MHOTHE 3 (EeKTHI,
BO3HHUKAIOIINE BO3JIE€ 3apsDKEHHON MOBEPXHO-
cTi paszzaena. OcoOEHHOCTH CTPYKTYphl JABOM-
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HOTO CJI0sl IpecTaBiieHbl Ha puc. 3. Ha mo-
BEPXHOCTH pa3fesia MOTyT IpPUCYTCTBOBAaTh
XUMHUYECKHE aJICOPOMpPOBAaHHBIE HOHBI, B JaH-
HOM CJIy4a€ aHUOHBI, KOTOPbIE UMEIOT TOT XKeE
3HAaK, YTO U paboyasi IOBEPXHOCTh METaJIHYe-
CKOro (DPPUKIIMOHHOTO 3JIEMEHTa TOPMO3HOTO
ycTpoiicTBa. JlaHHBIE AHHOHBI AETUAPATHPO-
BaHbl, U 4epe3 UX LIEHTPbI IPOXOJUT BHYTPEH-
HAAs TuiockocTh ['enmbmronbua. Crnoit [tepHa
00pa30BBIBaETCS TJIaBHBIM 00pa3oM 3JIEKTPO-
CTaTHYECKU aJICOPOMPOBAHHBIMH KaTHOHAMU,
yepe3 LEHTPbl KOTOPBIX MPOXOJUT BHEUIHSSA
wiockocTh ['emronbia. [lpu sTom Oonbiias
YacTh MOBEPXHOCTH pa3zelia 3aHATa MOJIEKY-
namu Bojbl. Kpome TOro, Ha CUIIbHO 3apsiKeH-
HOM MOBEPXHOCTH pazjiena KOHLEHTpalus aj-
COpOMpOBAaHHBIX HOHOB BeCchbMa Maja, IO-
CKOJIBKY OJIMH MOH NpuXxoauTcs Ha ~10 AZ

IIpencraBnenHas Ha puc. 3 cxemMa OYEHb
HarJHO BCE WUIIOCTPUPYET IJISL TOrO Cilydasi,
KOI/la METaUTMYECKUi (PPUKLIMOHHBIA AIIeMEHT
HAaxXoJUTCsl B cTaTUKe. VHavye Bce MPOMCXOIUT B
JuHamuke. [Ipy TopMokeHMH JAHMCKPETHOE MHO-
KECTBO MMKPOKOHTAKTHOI'O B3aUMOJIEHCTBUS
NOBEPXHOCTEH “Bpallaroluiicss MeTauinye-
CKHI1 37IeMeHT — (DPUKIIMOHHAS HaKJIaaKa  TMpHU
Pa3IMYHBIX MX TEIJIOBBIX COCTOSHUSX Oyner
BHOCHUTb CYLIECTBEHHBIE HM3MEHEHMsSI B pac-
CMOTPEHHYIO paHEe CXEMY: NEpEnosipu3ausl
MOHOB M KAaTHOHOB, MU3MEHEHHE IOJOKECHUS
IUIOCKOCTEM, KOrja BHYTPEHHSAS IJIOCKOCTh
CTaHET BHEIIHEH, 1 HA000pPOT, MX CYIIECTBEH-
HbIM M3MEHEHHEM YCPEAHEHHBIX 3JIeKTpHue-
CKHX CBOMCTB; MOBEPXHOCTb JKUJKOCTH CTaHO-
BUTCSI HEOJHOPOJHOM B TOM MOHUMAHHUH, YTO
€e CTPYKTYpYy HapylmawT aiacopOupoBaHHbBIE
YaCcTHUIbl MaTepUaJIOB HAKIIAJKU U JAPYTHUE CO-
CTaBJISIIOIIME BHOCSAT MU3MEHEHHUS B IPOLIECCHI
U SIBJICHUSL.
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Pucynok 3 — /IetanbpHas MOJIIb IBOMHOTO CJI0s B ITape ~’MeTa/ul-Bojia”’; 1 — MOBEPXHOCTh METAJlIa C MOTCHIIMAIOM
oM ; 2, 3 — miockoctu ['emronbia u ['yu ¢ moteHumanamMu @; U @,; 4 — CoJIbBAaTUPOBAaHHbBIE KATHOHEKI; 5 — crienudu-
YecKue aJicopOMpPOBaHHBIC AHUOHBL, 6 — HOpMaJibHas CTPYKTYpa BoIbI (€=78,5); 7, 8 — citou BOIbI: TIEPBHIii (€=6);

BTOpPOH (£=32); € — AMDIEKTPUUECKAsl TOCTOSTHHAS BOJIbI

Figure 3 — Detailed model of the double layer in the metal-water pair; 1 - metal-to-metal surface with the potential
oum ; 2, 3 - Gemgolts's planes and Gui with potentials ¢; and ¢,; 4 - salt-watated cations; 5 shows specific adsorbed
anions; 6 - normal structure of water (¢=78.5); 7, 8 - water layers: the first (¢ = 6); the second (¢ = 32); ¢— a dielec-

tric constant of water

AHanmu3 mOpoleccoB TeIIooOMEHa B
obone TopMo3HOro OapabaHa W BO (HpHK-
[IMOHHBIX HAKJIAJKaX MMPH B3aMMOACHCTBUH HX
pabounx MOBEPXHOCTEH C OMBIBAIOIIMMHU Ta-
30BBIMU CMECSIMH, & TaK)K€ MacCOIEepeHoca oT
pabouux MOBEpPXHOCTEH HaKJIaJAOK Ha palo-
4yl0 MOBEPXHOCTh 00042 OapabaHa mMokasarn,
YTO B HMHTCHCHU(UKAIMM TEIUIO- U Maccoo0-
MEHHBIX MPOLIECCOB CYIIECTBEHHYIO POJb UI-
paeT ypoBeHb TEIJIOBOI'O COCTOSIHHSI MaTepH-
aJIOB  TIPUTIOBEPXHOCTHOTO CJIOS (PPUKIIMOH-
HOU HaKJIaQJIKH.

Paznmuuator cnemyromue Temreparyp-
nepenanbl.  MEXAy HapyXHOHW TO-
BEPXHOCTBHIO 000/1a TOpMO3HOTrO OapabaHa u
OMBIBAIOIIUM BO3/1yXOM; MEX1y BHYTPEHHEH
U HapyXHOH MOBEPXHOCTSIMH 00013 TOPMO3-
Horo Oapa0aHa W OMBIBAIOLIUM BO3IYXOM;

HBbIC

MEXIy pabOYMMHU TOBEPXHOCTSAMH (HPHUKITH-
OHHBIX HAKJIAZIOK U OMBIBAIOIINM BO3IYXOM (B
WHTEpBAJIC TEMIIepaTyp, HIDKE IOMyCTUMOMN
TEMIIEpATypbl); MEX]TY pabOUYMMHU MOBEPXHO-
CTSIMU U YPOBHSIMHU IPUIIOBEPXHOCTHBIX CIIOEB
(PUKIMOHHBIX HAKJIAI0K; MEXIy pabounmu
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NOBEPXHOCTAMH (DPUKIMOHHBIX HAKIAJOK MU
OMBIBAOIEH Ta30BOW CMECHIO; MEXKIY BHYT-
pEHHEW TOBEPXHOCThIO 0002 TOPMO3HOTO
OapabaHa W Ta30BOH CMECBIO, OMBIBAIOIICH
BHYTPCHHIOIO ¥ HApPYXHYK [OBEPXHOCTHU
obona.

[Iporecchl U sSBIEHUS, IPOUCXOISAIINE B
napax TpeHHs 0apabOaHHO-KOJIOZOYHOTO TOp-
MO3a TPaHCIIOPTHOTO CPEJICTBA, PEATH3YIOTCS
MIOCPEICTBOM TEIUIOTIEpeIayH.

Ha puc. 4 a, 6 wucnonb3oBaHbl cle-
nywomue obo3Hauenust: tp, to p, tos t 0c -
TEeMIIepaTypbl: pabodell MOBEpXHOCTH 0002
TOPMO3HOTO OapabaHa; pabodeil TOBEpPXHOCTH
(PUKIIMOHHON HaKIaAKH; 0007a TOPMO3HOTO
OapabaHa; OKpyXaroliei cpeabl.

[lpu sToM »srmemMeHTaM (HPUKIMOHHOTO
y3Jla TOpMO3a OTBEYAIOT COOTBETCTBYIOIIHE
KOOPJIMHATHI (X).

B uHTepBane JOMyCTUMBIX TeMIEpaTyp
JUIE  MaTepHuajoB (PUKIMOHHON HaKJIaJIKA
nMeeT Mecto (pa3oBeIil iepexos 1-ro poaa ero
KOMITOHEHTOB.
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Pucynok 4 a, 6 — Teruonepenaya yepe3 3JeMEeHTHI Tap TpeHus (a - 10, 6 - mocie A0MyCTUMON TeMIIEpaTyphl MaTe-
pHaoB (PPUKIMOHHOW HakJaJKW) OapabaHHO-KOJIOJOYHOIO TOPMO3a aBTOMOOMIIs: 1 - TopMo3Ho# Oapaban; 2, 3, 4 -
0001, TOAKPEIUIAIONICe KOIbIIO, OOKOBas cTeHKa O0apabaHa; 5 - ppuUKIMOHHAsI HAKIIAIKA; 6 - TOPMO3HAs KOJIOJKA; 7 -
3a30p MEXIY JEMEHTAMH TPEHHUs; 8 - MPUIOBEPXHOCTHBIN cioi Haknanky; 9, 10, 11, 12,13 - 3aKkoHOMEpPHOCTH U3-
MEHEHHS TeMIIePaTyp MO TOJIIHWHE: IIPUIIOBEPXHOCTHOTO CJIOS HAKJIaJKH, COOCTBEHHO HAKIIAAKH, 000/1a TOPMO3HOTO
OapabaHa 1 CcII0S BO3LyXa, OMBIBAIOIICTO €r0 BHYTPEHHIOI W HAPYKHYIO TOBEPXHOCTH

Figure 4 a, b - Heat transfer through the elements of friction pairs (a - up to, b - after the permissible temperature of
the friction lining materials) of the drum-shoe brake of the car: 1 - brake drum; 2, 3, 4 - rim, sub-fastening ring, side
wall of drum; 5 - friction lining; 6 - brake shoe; 7 shows the clearance between the friction elements; 8 shows the
near-surface layer of the patch; 9, 10, 11, 12,13 - patterns of temperature change in thickness: near-surface layer of
lining, actual lining, brake drum rim and air layer washing its inner and outer surfaces

PaccmoTpum mporecc, KOTOpbIH MMEET  Cpelbl BCIEJICTBUE IPOTEKaHMSI IPOLECCOB

MECTO MEXIy IMapaMud TpeHHs OapabaHHO-  HWCHApeHHs, CyOJIMMAaluu, JeCOpOIUH, U T.II.,
KOJIOJJOYHOTO TOPMO3a TPH YCIOBUH, YTO MO-  JIMOO MOBEPXHOCTHIO UX CTOKOB NPH KOHJEH-
BEPXHOCTHBIN CIIOW (DPUKIMOHHOW HAKJIAJAKH  cauuy, ajacopounu, abcopbumu u 1.1. [lo oT-
JOCTHUT TEMIIEPATypPhl BBIIIE JOIMYCTUMOM. HOLIEHHUIO K Ta30BbIM CMECSIM B LIEJIOM IIO-

BeposTHBIMH HMCTOYHMKAMM MOCTYIUIE-  BEPXHOCTH pa3/iela WIPaAlOT POJib IOJIYNPO-
HUSI OKPY)KAIOLIeH Cpe/ibl B KOHTAKTHYIO 30HY ~ HHUIIAEMBIX  Teperopogok.  KomMmoHeHTHI

nap TPEHHsS TOPMO3a SIBIISICTCS KOHTAKTHBIA  HENpepbiBHO MDD YHIMPYIOT B HAIIPABICHUH,
3a30p M OTKPBITBIC YYacTKH IMOBEPXHOCTH  HOPMAaJBHOM K paboueil MoBEpXHOCTH 00012
TpeHus. Ha HUX mpoucxoauT agcopOupoBaHne  TOPMO3HOTO Oapabana. IToT nuddy3MOHHBIN

MOJIeKYIN rasza (aacopOuuoHHb 3Q(eKT) mpu  MOTOK KOMIIOHEHTOB COTPOBOXKAAETCS
HETIOJTHOM B3aMHOM TNEPEKPBITUH TMap Tpe-  BCTpeuHOH auddy3neil OCHOBHOM cpenpl, T.e.
HUSL. OMBIBAIOIINM BO3yXOM.

[Ipu 5TOM OCHOBHOH Cpeno SBIAETCS Ho c¢ npyroif CTOpOHBI, COBEPIIECHHO

OMBIBAIOIIUI BO3JYyX MEXAY IIapaMu TPEHUs  OYEBUAHO, YTO OCHOBHAS Cpena, Uisl KOTOPOM
TOpMO3a. B TO ke BpeMs NPUIIOBEPXHOCTHBIM  MOBEPXHOCTH IIap TPEHMsI HEIPOHMIIAEMBI, HE
CJIOM HaKJIaJIOK TOPMO3HBIX KOJOJOK SBJSETCS  JOJDKHA MEePEMEINaThCs B HaIpaBICHUH, HOP-
700 HWCTOYHMKOM KOMIIOHEHTOB Ta30BOM  MaJbHOM K pabodeil TOBEPXHOCTH 000712
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TOpMO3HOTO ©OapabaHa. DT JaBa B3aUMHO
MPOTHBOIOJIOKHBIX TPEOOBAHUS yIOBIETBO-
PSIOTCSI TEM, YTO BO3HHMKAET TCUCHHE CMECH,
HarpaBJIeHHOEe HaBcTpeuy auddy3noHHOMY
MIOTOKY OCHOBHOM CpeJlbl 1 KOMIICHCHPYIOIIEE
ero (3ddexr Credana).

Wrak, ©Ha sBneHus auQQy3nOHHON
NPUPOJIbI HAKJIABIBACTCS IPOLIECC, UMEIOIIHUI
XapaKkTep KOHBEKTHBHOTO MEpeHOCa Bellle-
crBa. HeWrpanusyst muddy3HoHHBIH TIEpeHOC
OCHOBHOH Cpeibl, KOHBEKTHBHBIH ITOTOK CMe-
CH, OYEBHHO, YCUJIMBAET MEPEHOC COCTABIIs-
IOIMX KOMIOHEHTOB. OOIIass KapTHHA Tepe-
pacrpeneieHus: ra30BOi cMecH B o0beMe 3a-
30pa MEXy MapaMu TPEHHUsSI TOPMO3a H3MEH -
eTcsi, 0 YeM CBHUJCTEILCTBYIOT JIaHHBIC, MPU-
BeJICHHBIC B Ta0I. 3.

@OpUKIMOHHBIE MAaTEPHAIbI JJIsI TOPMO3-
HBIX YCTPOMCTB JIOJKHBI UCCIIEAOBATHCS C TO-
3UIUH  (PU3UKO-XMMHUYECKOH MEXaHWKH Tpe-

HUS B PEXKUME TOPMOXKEHHS C MPUMEHEHHUEM
TEPMOTrPAaBUMETPUUECKOTO U Au(depeHn-
aJIbHO-TEPMUUYECKOTO METOI0B aHainu3a [1].

Pe3ynbrarhl yKa3aHHBIX HCCIIEJOBAHHMA
U1 oO0pasna u3 marepuana OK-24A npencra-
BIICHBI HA PUC. 5. YCTaHOBJIEHO, YTO JECTPYK-
uusa obpazua OK-24A naunHaeTcss mpu TeM-
nepatype 300 °C. PaccuuranHasi sHEprusi ak-
TUBAIMK pasniokeHus: oopasna PK-24A coc-
taBmwia 85,5. JlokazaHo, 4To oOpaselr pacma-
JaeTcsl B TeYeHue 15 MUHYT mpH MOAJepKa-
HuM ero temnepatypsl 400 °C.

CKopoCTh YMEHBIIEHHS] €r0 Macchl MpU
JANbHEWIEM YBEIHMUYEHUU TeMIlepaTypbl BO3-
pactaer. HeoOXonuMoO OTMETHUTH, UYTO PEXKHU-
MbI uccienoBanus marepuana DOK-24A nHa
TEPMOCTOMKOCTh B BHJE 00paslia He Bcerja
OTBEYAIOT peaJbHBIM YCJIOBHUSIM pabOThI MPH-
MOBEPXHOCTHBIX CJI0€B (PPUKIIMOHHBIX HaKJIa-
JIOK B TIapax TPEHHsI TOPMO3HBIX YCTPOMCTB.

Tabauna 3 — [IpomeHTHOE COOTHOIIEHUE KOMIOHEHTOB ra30BOM cMecH, 00pa3oBaHHON B MEKKOHTAKT-

HOM IIPOCTPAHCTBE MAPbI TPEHUS

Table 3 - Percentage of components of the gas mixture formed in the contact space of the friction pair

Mapka Coneprxanue ra3a, mac. 1ois, %
Howmep Temnepa-
KOMIIO- Apyrue
po6BI Typa, °C H; 0; N, CO, | CO | XCyHn i
HCHTA Ta3bl
1 DK-24A 150 * 198 | 78,8 | 0,28 * *
2 - 215 * 19,8 | 78,8 | 0,23 * *
Ocraiib-
3" - 420 0,123 | 19,1 | 79,5 | 0,13 * *
HOC
4" - 500 0,171 | 16,3 | 81,6 | 0,24 | 0,43 0,24
5 - 730 0,308 | 98 | 81,2 | 0,08 | 6,51 1,06
IIpumeuanue:

*Hannuue CJICA0OB YKa3aHHBIX I'a30B.

**OT160p P00 OCYIIECTBIANCSA U3 YETHIPEX 30H (TOYEK) OJHOBPEMEHHO.
***[lon qpyruMu razamu noapasymesaetcs: Ar, Ne, He, Kr, N,O, Xe, O,, Rn [9].
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T- Temnepatypa;
T - Bpems

{;/200°c

Pucynok 5 — JlepuBatorpamma obpasua OK-24A: AW-
TIOTEPU MACCBI, ONTPEACIIAEMBIE 110 TEPMOTPABUMETPHU-
yeckoit kpuBoit; dW/dt- ckopocts m3menenus (audde-
peHIHATEHO-TepMOTpaBUMETpUIecKas KpuBas); AT-
muddepeHnnanbHO-TepMUIecKast KpHBast

Figure 5 - Derivatogram of sample FK-24A: AW-
weight loss determined by thermogravimetric curve;
dw/dr - rate of change (differential-thermogravimetric
curve); AT-differential and thermal curve

JlecTpyKiusi ppUKIIMOHHBIX MaTEPHAJIOB
COIPOBOKIAETCS WHTCHCUBHBIM JIBIMJICHHEM,
a 3areM OOpa30BaHUEM XHIKHUX (pakiuil B
nopax WX IMOBEPXHOCTHOTO ciosi. [Ipu sTOoM
MOJICKYJIbI aJIcCOPOEHTa BeChbMa MPOYHO yIep-
JKHUBAKOTCSA B MHUKPOIIOpax IMMOBCPXHOCTHOTO
CIIOSI MaTepuaya BCIEJICTBHE TOTO, YTO OHH
OKPYKCHBIL OOJIBIIMM KOJIMYECTBOM aTOMOB
yriepoja.

AncopOuust ra3oBod (ha3el — 3TO TPO-
[IECC KOHJIEHCAI[MH, KOTOPBIA MPOUCXOIUT B
YCIOBUSIX, KOTJIa SHEPTUsl aICOPOIIMH OKa3bl-
BaeTCs JIOCTATOYHOW Ul KOHJICHCALMU Tapa.
CKOHJIEHCHPOBABIIMICS Map OCTaeTcs B IO-
PUCTON CTPYKTYpE yriepojia B BHJIE JKHUIKO-
CTH.

KpOMe TOro, SKCIICPUMCHTAJIbHBIMH HC-
CJICIOBAaHUSIMU YCTaHOBJEHO [8], 4TO cocTaB
ra3oBOil cpelmbl OKa3bIBaCT 3HAYUTEIHHOE
BIIUSTHUE HA MPOLIECCHI ANEKTPOTEPMOMEXAHU-
4ecKoro TpeHus U u3HamuBanus. [Ipu padote
B Ta30BBIX Cpeliax, COAEpKalluX B CBOEM CO-

CTaBC 02, Ha IATHAX KOHTAKTOB MHUKPOBBICTY-
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IOB IPOMCXOJUT HMHTEHCHBHOE OOpa3oBaHUeE
OKHMCHBIX IUIEHOK, OOECreyuBaromux padoTy
(PUKLIMOHHOTO COMPSIKEHUSI B PEKUME OKHC-
JUTENBHOTO M3HOCA, YTO HUCKIIIOYAET CXBaThl-
BaHUeE.

nekmpuueckozo ¢ MaZHUHHbIM
HpI/I OKCIUTyaTalluu

JICHTOYHO-
KOJIOJIOYHOT'O TOPMO3a BaKHOM IPAKTUYECKON
3a/1a4eil ABISAETCSI OrpaHUUEHUE TEMIIEPATypPhl
000/ia IIKMBAa IpU HArpeBaHUM HHEprueit
3JIEKTPOMArHuTHOro nois. Ompenenum ee H
UCITOJIb3yeM B JalIbHEHIIEM 3TO 3HaUeHUEe s
OLIEHKH (YHKIIMM HCTOYHMKA B YPABHEHUU
TEIUIONPOBOAHOCTH.
3anumieM ypaBHeHHMe MakcBemna ams

OJIHOPOAHOM Cpefbl, KOTOPBIM SIBISIETCA Me-
TATMYECKUH 000/ MIKUBA, IPU yCIOBUH, YTO
TOK CMEUIEHHSI B HEM SBJISETCS  He-
3HAYUTENIbHBIM B CPaBHEHUHU C TOKOM IIPOBO-
JUMOCTH.

Tok cmemieHust - 3T0 YCIOBHOE Ha3Ba-
HUE JIOKAJIM30BAaHHOI'O IEPEMEHHOIO HJIeK-
TPUUYECKOIO TOJIsI, KOTOPOE COIPOBOXKIAETCS
MOSIBJIEHUEM MAarHUTHOTO MoJjs. B otinnuue ot
JIPYTUX TOKOB (IIPOBOJUMOCTH U KOHBEKIIUH)
OH HE CO3/1aeTCsl YHOPSAJOUYEHHBIM JBUKECHUEM
3apsA0B, MO3TOMY INPU OTCYTCTBHM JIUAJIEK-
TpUKa (M €ro Nepenoysipu3alyy) OH He CIO-
COOCTBYET HarpeBaHHIO 00012 IIKUBA.

Bmecto Toka mpoBoaumoctd (J) H
MarHUTHOM MHAYKIUH (B) MOJACTaBUM MX 3HA-

YEeHUsI U3 TAKUX ypaBHEHUN
j=ok; B=H,

rac o - BI)Ipa6OTaHHaH OHTpOIHA B CAWHHUIC

(15)

00beMa; 1 - MarHUTHAsI MPOHUIIATEIBLHOCTH; E,
H - HanpspKeHHOCTh SJIEKTPUYECKOrO M Mar-
HUTHOTO MoJjieit

[locne 3TOro mojayyuM CHUCTEMY YypaB-
HEHHUH.
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rot H =of; (16)

divH =0; @an

rot E =—,uﬁ; (18)
or

divE=0; (19)

Boinonnus onepauuio rot k oboum ya-
CTSIM ypaBHEHUS U yuTs (POPMYITy BEKTOPHOTO
aHam3a
rotrot H =grad divH —AH,
mojyunMm i cirydas div H = 0:

AH = ,uaa—H, (20)
ot

IJie 7 - BpeMs, B TE€YCHHE KOTOPOTO MPOUCXO-

JTUT TIPOIIECC.

VYpaBuenue (20) OTHOCHTCS K Kiaccy
napaboIMYECKUX YPAaBHEHUH, IIO3TOMY K HEMY
MOJKHO TPUMEHSATh BCE METOBI MaTeMaTH4e-
ckoii pusuku [9, 10]. B cBsa3u ¢ TeM, uTO BEK-
topsl B, D, H, E nia paccMaTpuBaeMbIX 3a/1a4
CBS3aHBI C TapMOHUYECKH TIEPEMEHHBIM
BHCITHUM TIOJIEeM (HarpeBaHUE MPOUCXOIUT
CUHYCOHWJIAJIbHBIM TOKOM), WX TPOIIEC Tpe/-

CTaBUTh KOMIIJICKCHBIM YU CJIOM

H =H, exp(ior),

rae H, — amMmuTyaa BEKTOpa; @ - KPyrosas
yacroTa. Toraa nmomy4yaem:

@zg[Haexp(ia)f)]zia)l-] , (21)
or Ot

Win

AH = i,uowl—] : (22)

o

Hanpasnss Bektop H nepneHauky-
nsipHo TiockocTu X0y, u3 (22) umeeM:

0°H
07°

—iuoH =K?H . (23)

Pemenne 3Toro ypaBHeHUs UMEET BU:

H = ,&exp(— kz)+ I_;)exp(kz). (24)

CBs3b MECXKAY OJJICKTPUYECKHUM M Mar-
HUTHBIM IIOJIEM OIIMCBHIBACTCA C IIOMOIIBIO
BBIPpAXKCHUA:

rotl—o| = aé . (25)

[Tocre moncraHoBku B (25) BBIpaxke-

HUE JUIsl BEKTOPA JIEKTPUIECKOTO TIOJS MPH-
oOperaeT BU/I;

E=1I, z{,&exp(— kz)+ éexp(kz)} ) (26)

rne [y - eIMHUYHBIN OpT.

[TepBbiii unen BblpakeHus: (26) omucChI-
BAeT 3aTyXaHHE DJIEKTPUYECKON BOJIHBI DJIEK-
TPOMarHUTHOTO TIOJIs, KOTOpas TMajaeT Ha
BHEIITHIOI TOBEPXHOCTH 000712 TOPMO3HOTO
IIKMBa, BTOPOH - OTpakeHHYIO BoOJHY. Jlis
HOJYOTPAaHWYEHHOT0 y4acTKa LIKKBA MpH B =
0 momyuaem:

H = ,&exp(— kz);

E- M 5,&exp(—kz)- (27)
o
[TOCTOSSHHYIO ~ MHTETPUPOBAHHS A

ompezieNiieM U3 TPaHUYHBIX YCIOBUM: Ha
HapYXXHOM MoBepXxHOCTH 000a 1mikuBa (Z = 0)
HANPSDKEHHOCTh MAarHUTHOTO TIOJST B BO3AYXE

° o

H =H,. Yka3aHnHas BeJlM4MHA HE U3MEHUTCS

IIPU MEPEXO/Ie Yepe3 IPaHully «BO3IYyX - Me-

Taum, T.e. ipu Z =0 H =H, B merare.

Takum o6pazom

H = HO0 exp(—kz). (28)

1 IpakTUYEeCKUX pacdyeToB JJIEKTPU-
YECKUX U MArHUTHBIX IOJIEH, KOTOPbIE BO3HU-
KaloT B 000/1€ TOPMO3HOI'O IIKMBA, 4acTO HUC-
M0JIb3YETCsl BEJIMYMHA O, KOTOPYIO Ha3bIBAIOT
«TJTYOMHON IPOHUKHOBEHUS OIS
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2
\| ouc

5= ) (29)
Ha rinyObune 6 o6oma mkuBa aMIuMryaa
KoJieOaHUH T0JIel YMEHBIIUTCS B € Pa3, T.€.

Hy;=He™; (30)

E, =Ee; (31)

rae Ho, Eo - HanpsiXKEHHOCTh MAarHUTHOTO M
AJIEKTPHUYECKOTO TIOJICH.

B monyuennsix 3aBucumoctax (30),
(31) yurem TO, 9TO KOX(PDHUIMEHT 3aTyXaHHS

BoiH k = fious =1+i/(5),

Toraa

H= Hoexp(—“ij; (32)
o

= _iH I (1), 33

E =it~ exp( : z) (33)

o o

rae H, E - Tekyliue BeIMYMHbl MarHUTHOTO
U DJICKTPUYECKOTO MOJIeH MPHU HAIUYHUU 1-TO
KOJIMYECTBa CJIOEB 000/1a IIKMBA C IEpEeMEH-
HOW KOOPJMHATOM Z; B KQKJAOM U3 MOJICH.

B nanbueiimem onpenensem ¢assl H u
E. V3 Beipakenuit (32) u (33) mocie HeCI0xk-
HBIX TIpe0Opa3oBaHuil MOTyYaeMm:

Z.

Oy =af —— —or-24 7,
d s ETOTSTY
(/7H_¢E:%' (34)

Takum 00pa3om, s TUIOCKOH BOJIHBI B
o0oje IKWBa B JIOOOH MOMEHT BpPEMEHHU B
Touke Z (haza BEKTOpa 3JIEKTPUUECKOro IMOJIs
orepexaeT (azy BEKTOpa MarHUTHOTO MOJIS
Ha 1/8 mepuoma. Ha puc. 6 mpuBeneHsl rpa-
(GUKM MTHOBEHHBIX 3HAYEHUH HAINpPsHKEHHO-
CTEH BJIEKTPUYECKOro £ W MarHuTHoro H mo-
neil B Meramie o0Ooxa mkuBa. Bo BpemeHu
YKa3aHHbIE BEKTOPbl MEHSIOTCS CHHYCOU-
JAJIBHO, a B IIPOCTPAHCTBE UX U3MEHEHHUE HO-
CHUT alepuOANYEeCKH XapakTep U ObICTPO 3a-

45

TyXaeT B HaNpaBIIEHUU PACHPOCTPaHEHUS
AIIEKTPOMArHUTHOTO TTOJIS.

Bennuuna ¢azoBoit
CTpaHEHHUS JIEKTPOMArHUTHOTO TOJIsl B 000]1€

OIKKBa

CKOPOCTH PpacIpo-

20
= |22, 35
-2 (35)
[Ipu 3TOM JIITMHA BOJIHBI paBHa:
(36)

A=2r i
\| oo

N3 mnosy4eHHbIX 3aBUCUMOCTEH JJISt
¢dazoBoii ckopoctu (35) u IMHBL BOJHBI (36)
B MeTayie 000/a IIKWBA BUIHO, YTO OHM 3a-
BUCSAT OT MapaMEeTPOB i, ¢ U OT KPYroBO# ya-
CTOTHI .

B Tabn. 4 npuBeneHsl AaHHBIE A, V¢ U O
JUIs cTanu (MaTepuaia 000/1a IIIKKUBA).

Pucynoxk 6 — Iliiockast 3ieKTpOMarHuTHast BOJIHA B Me-
TANINYECKOM 0602[6 TOPMO3HOI'O IIKHBA CO CTOPOHBL
€ro BHEIIHEH MOBCPXHOCTHU

Figure 6 - Flat electromagnetic wave in the metal rim
of the brake pulley on the side of its external surface
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Taﬁnnua 4 — XapaKTepI/ICTI/IKI/I MJIOCKOM 3J'ICKTpOMaI‘HPITHOI7[ BOJIHBI 1 I‘Hy6I/IHI)I €€ NPOHUKHOBCHUA B TC-

JI0 O6OI[3 IIKWBA MIpU UHAYKOUOHHOM Harp€BaHuun

Table 4 - Characteristics of the flat electromagnetic wave and its penetration depth into the body of the

pulley rim during induction heating

Yacrora, JlnnHa BOJTHBI (B €M) ®asoBas cKopocThb (V,, , I'my6uHa NpOHUKHOBEHUS
A, c? JUISL CTAJIU TIPH: CM/C) B CTAIH TIpH: (6, MM) B cTanb npu:
t=20°C: |t=800C; t=20°C t =800°C t=20°C t =800°C
u=10 ©=10

50 4,46 44.6 2,23-10° 2,23:10° 0,71 7,11
2,5-10° 0,63 6,33 1,55-10° 1,55-10* 0,1 1,0

10* 0,316 3,16 3,16:10° 3,16:10* 5,0-107 0,5

10° 3,16:10° 0,316 3,16:10* 3,16:10° 5,010° 5,010

[Ipoananu3upyeM IMOJydEHHBIE pacyeT-
HBIC IaHHBIEC.

C yBenn4eHHEM YacTOTHI A IEKTpOMar-
HUTHOH BOJIHBI TNTyOMHA €€ MPOHUKHOBEHHUS O
B CTaJb YMEHBINAETCs. PacyeTsl BBITOIHEHBI
IpU TIOCTOSIHHOW BENWYMHE MarHUTHOHM Ipo-
Hunaemoct (¢ = Const). OnHAKO OTMETHM,
YTO MarHuTHas nponuiaemocts u = f(H) sB-
JI€TCSA BEJIMYMHONW NIEPEMEHHOM, TO3TOMY I10-
JydeHHbIE JaHHbIe (DAKTUYECKH SBISIOTCS
MPUOINKEHHBIMH.

3akiioueHne

Hcnonp3oBanyue KOMOMHAIMM COCTaB-
TSOMUX (PU3HUUECKUX TMPUHIUIIOB MPUMEHH-
TeIbHO K (PUKIUOHHBIM MapaM TPEHHs TOP-
MO3HBIX YCTPOWCTB TMO3BOJIMJIM YCTAaHOBUTH
3aKOHOM€pHOCTI/I N3MCHCHUS SHCKTpI/I‘IeCKI/IX
158 TCITJIOBBIX HOJ'ICﬁ HpI/I KOHTAKTHO-
VMMITYJIbCHOM B3aUMOJEUCTBUU MMKPOBBICTY-
I10B HOBerHOCTCﬁ TpeHI/Ifl C pa3J'II/I‘-IHI)IMI/I
rpaJeHTaMU JIEKTPUYECKOTO MOTEHIMANA U
TEMIIEpaTypbl TpPH 33JaHHBIX TPAHUYHBIX
YCIOBUSIX.

Teopernyeckue wucCClIeIOBaHUS HECTa-
III/IOHapHI)IX (1)I/ISI/IKO-XI/IMI/I‘I€CKI/IX HpOHCCCOB
B KOHTAKTHOM 3a3ope Me>1<)1y MI/IKpOBBICTyrIa-

MU MCTAJUIONIOJIMMCPHBIX IIap TPEHUA TOP-
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MO3HBIX YCTPOMCTB NpHU YCIOBUH, 4TO Ky < 1
(k03¢ GUIMEHT B3aMMHOTO MEPEKPBHITUS Tap
TpeHus1), O6a3upyercsi Ha WCIOIB30BAHUU OC-
HOBHBIX TOJOXXEHUI TEOpUM: HECTalMOHap-
HOM nuddy3un; ra3oBoi JUHAMHUKHU; XUMUYe-
CKOM KHHETHKH M DJIEKTPOTEpPMOMEXaHUYe-
ckoro TpeHus. [Ipu 3ToM ManoBakHas poOJb
OTBOJUTCS TpolieccaM HeCTallMOHApHOW J10-
CTaBKH U MOTPEOJICHUSI aKTUBHOTO KOMITOHEH-
Ta cpeabl B MEKKOHTAKTHBIN 3a30p MUKPOBBI-
CTYIIOB METAJJIONIOJIMMEPHBIX Map TPEHUS.
OO0myr0 poip 3aHUMAIOT  AJCOPOIMOHHBIC
MIPOLIECCHI,
CKOM (PPUKIITUOHHOM DJIEMEHTE.

Jns mIIOCKOM 3JEKTPOMAarHUTHOM BOJI-
HBI, TIONIAAIONIEe Ha BHEIIHIOK MMOBEPXHOCTh
000/1a TOPMO3HOTO IIKHBA, B JII00O0I1 MOMEHT

MpoOUCXOoJAIMe Ha MCTAJIINYC-

BpEMEHM B 3aJlaHHOM TOouke (pa3a BekTopa
AJIEKTPUUYECKOrO IO onepexaer (a3y Bek-
TOpa MarHUTHOTO ToJis Ha 1/8 mepuona, 4to B
JAIbHEWIIEM MO3BOJIMIIO OLEHUTh XapaKTepHU-
CTHKH IUIOCKOW 3JIEKTPOMAarHUTHOW U I1yOu-
Hbl €€ MPOHUKHOBEHUS B TeNO 0007a IIKMBa
IPU UHIYKTOPHOM HarpeBaHMHU.

VYcTaHoBiIeHO 00lee KOJIUYECTBO Tel-
JIOBOM 3HEPIuM, KOTOpasi pacpOCTpaHsIETCs B
Tene o00o0ja WIKMBAa IMPU €ro MHAYKTOPHOM
HarpeBaHuM, MO3BOJMBIIAS CHENATh CpPaBHU-
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TEJIbHBIM aHAIN3 COOTHOLUICHUN HANPSKEHUU
MarHMTHBIX M JIEKTPUYECKHUX MOJEH U OKa-

3aTh, 4YTO COOTHOIICHUE (E/ on SABJISIETCS

MOYTH KBAa3UCTAOWJILHBIM B HHTEpBaJie TEM-
nepatyp Huwxke Touku Kropu (780°C). Takum
0o0pa3oM, BHEIIHSSI MOBEPXHOCTh 000/1a IIKU-

Ba pabotaer B 30HE (peppOMAarHUTHBIX
CBOMCTB €ro Marepuana.
[Ipoananu3upoBaHel  3aKOHOMEPHOCTHU

MU3MEHEHHsI TeMIIepaTyp Ha BHEIIHEH MOBEpX-
HOCTH W BHYTPH HPUIOBEPXHOCTHOTO CIIOS
00012 TOPMO3HOIO ILIKHBA BO BPEMEHU IIPU
MHIYKTOPHOM HarpeBaHUU.
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The paper describes an algorithm for calculating structurally orthotropic shells of rotation
with an arbitrary shape of the meridian and an arbitrary law of change in the rigidity of the shell
along the meridian. In this case, a number of restrictions are imposed on the law of change in the
shell stiffness. Under the action of an axisymmetric load on the shell, the method of dividing the
shell into a system of curvilinear rods lying on elastic supports and an elastic foundation turned
out to be effective. At the same time, the limitations inherent in these algorithms do not provide a
solution to many problems of interest to a design engineer. In this regard, the finite element
method, which was previously successfully applied in the study of unsupported shells, is promis-
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Firlanma iizlorinin hesablanmasinda son elementlorin tatbiqi tisulu
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Xiilasa

Moaqalads meridianin sarbast formasi vo meridian boyunca qabigin sartliyinin sarbast doyismasi ilo
konstruktiv-ortotrop firlanma gabiglarinin hesablanmasi alqoritmi tosvir edilmigdir. Bununla yanasi,
gabigin sortliyindo doyisiklik ganununa bir sira mohdudiyystlor qoyulur. Qabiga asimmetrik yiik tosir
edorkon mohkom dayaqlarda vo moéhkom osasda yatan oyri xotti cubuqlar sistemine qabigin
parcalanmasimin qobulu somorali oldu. Eyni zamanda, bu algoritmloro xas mohdudiyyatlor layiho
miihondisi ti¢lin maraq doguran bir ¢ox problemlarin hallini olde etmoys imkan vermir. Bu baximdan, son
elementlorin totbiqi metodu ¢ox perspektivlidir, avvallor moéhkemlondirilmamis qabiglarin tadqiqinde
miivaffoqiyyatlos tatbiq olunub.

Acar sozlor: firlanma, polinom, son elementlor, agirliq morkozi, zirve elementlori, yiiklor vektoru,
harakat vektoru.
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AHHOTALMSA

B pabote onucan anroput™ pacuera KOHCTPYKTHBHO-OPTOTPOIIHBIX 000JI0YEK BPALICHHUS C IPOU3-
BOJILHOH (pOpMOI MepHInaHa 1 MPOU3BOJIBHBIM 3aKOHOM M3MEHEHUS XKECTKOCTH 000JI0YKH BIIOJIb MEpPU-
muana. [Ipu 3TOM Ha 3aKOH M3MEHEHHsI KECTKOCTH O0OJOYKM HaKJIaJabIBaeTCs psAn orpaHudeHuit. Ilpum
JeWCTBUM Ha 00OJIOYKY OCECHMMETPUYHONW Harpy3Ku 3((EKTHBHBIM OKa3aJics MPHUEM paculieHeHHUs: 000-
JIOUKH Ha CHCTEMY KPHBOJIMHEWHBIX CTEp)KHEH, JISKANINX Ha YIPYTUX ONOpax U yIpyroM OCHOBaHWH. B
TO K€ BpeMs MPUCYINUE STUM aIrOpUTMaM OTPaHHUYECHMs HE NAIOT PEUICHHs MHOTHMX 3aad, MPenCTaBIIs-
IOIUX MHTEpEC I WH)KEHepa-POEKTUPOBIINKA. B 3TOM OTHOIIEHNH MEPCIEKTUBHBIM SIBISIETCS METOJ
KOHEYHBIX 3JIEMEHTOB, KOTOPBIA paHee OblJ YCIEUIHO NMPUMEHEH IIPHU MCCIECA0BAHUN HEMOIKPEIUIEHHBIX
000JI0Y€K.

KiroueBsble cjioBa: 000JI0YKa BpAIICHHUS, TOJUHOM, KOHCUHBIC JIEMEHTBI, IICHTP TAKECTH, BEPIIHH-
HBIE 3JIEMEHTBI, BEKTOP HArpy30K, BEKTOP MEePEMEIICHUM.
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BBeagenue

[Tpu pacuere 00o0y0OYKa BpalieHHs pa3-
OMBaeTCsl HA HECKOJbKO KPUBOJIUHEHWHBIX KO-
HEYHBIX 3JICMEHTOB.

Kaxnaplii U3 3JIEMEHTOB NPEACTABISET
co00i 000JI0YKYy BpalIeHUS, BBIPE3AaHHYIO U3
MCXOJHOM JIBYMS TIOCKOCTSIMH, TICPIICHIMKY-
JSIPHBIMU OCH 0005104KH [1-3].

O06o3Ha4uB yepe3 2| minHy dyeMeHTa B
HaIpaBJICHUU MEPHIMaHa, COBMECTUM C Cepe-
JMHOM ITyTM KOOPJIMHATHYIO IUIOCKOCTH I, @

CHCTEMBI KOOPJIUHAT r,¢,Z , B KOTOPBIX OyaeM

3a71aBaTh MOJ0XXEHUE TOYKH CEPEIHMHHOU IT0-
BEPXHOCTHU 000I0uKH [4].

BBens nmanee Oe3pa3MepHbBI TapaMeTp

_S
=

rae S — JJIMHA AYTH, OTCUUTHIBaeMast
BJIOJIb MEpPHIMaHa OT CEPEIUHbI TOYKHU, OIpe-
aenuMm I U Z 4depe3 Oe3pa3MepHBIl mapamerp
n.

st aToro Oynem 3amaBaTh ' TOJIHHO-
MOM YETBEPTOr0 MOPSIIKA:

1)

B KOTOPOM IIOCTOSHHBIE I, ONPENCIIAIOTCA U3

2, 2
r=r+n,+6Ln +n; +0n,,

YCJIOBUIA:

r:r*

(n=xLr=r;n=0 (2)

IZI€ r.ur,— TOYHOE 3HAYEHHE pajuyca U €ro
IIEpBOM NMPOU3BOJHOM IO KOOpAMHATE 7] Ha
Y3JIOBOM (77 = +1) WJIN LEHTPAIBHOMN (77 =0) .

[Ipn pemeHun 3agayv yCTOMYMBOCTH
IJJACTUHBI C IPUMEHEHUEM METO/Ia KOHEUHBIX
3JIEMEHTOB  yJIOOHO MJealu3UpOBaTh KOH-
CTPYKLHMIO B BHUJAE TPEYTOJBHOIO 3JIEMEHTA.
OTOT 3JIEMEHT UMEET ABAALATh CTENEHEN CBO-
00/b1 U MO3BOJSET O0ECHEeYnuTh B y3/ax He-
IIPEPBIBHOCTh KaK IOJISI NEPEMEIICHUN, TaK U
TIOJIS1 HATIPSIKEHUM.
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ITocTanoBka 3agaun

OnuieM npoueaypy peuieHus 3a1auu ¢
HCIIOIB30BaHHUEM TAKOT'O DJIEMEHTA.

O6o3naunMm uepes U u 9 mepemere-
HUS B HAMPABICHUH OCEH X W Yy IS IIOCKO-
HaIpsSHKEHHOTO 3JIeMeHTa. B kauecTBe Hewus-
BECTHBIX, MOJICKANTUX ONpPEICICHUI0, TPH-
MEM TMEPEeMEIICHHUS] U UX TEpPBbIE€ MPOU3BO/I-
HBIE B Y3JIOBBIX TOYKAX IO HANPABJICHUIM X U
y ¥ TIepeMENICHUs LIEHTPa TAKECTH dJIEeMEHTa
u, u 9 [4-8].

KoopauHnats! ieHTpa Tshkectu X, M Y, oIpe-

JENSFOTCSI 10 (hOpMYyJIaM:
1

X, §(X1+X2 +X3);

1 .
Ye =§(yl+y2 + y3),

COOTBETCTBEHHO BBIOpAaHHOMY UHUCIY
(HE3aBUCUMBIX HEM3BECTHBIX Y3JIOBBIX IEpe-
MCIICHUI 2JieMeHTa) OyaeM 3ajaBaTh IIOJIe
IIEPEMELICHUN BHYTPH 3JIEMEHTA IOJHBIM KY-
OUYECKHM MTOJTUHOMOM:

U=a, +a,X+ay+a,x° +axy+ay’ +
+a,x* +a X’y +agxy’ +a,y’;

G=a, +a,X+agy+a,X +aXy+
+aY° + A X + 85X Y +AXY” + 8,y

IIpu aTOM
ou

X:_’ u —a_u, 3—@, 19 :%-
ox v oy ox oy

MeToab! perieHust

CoOTHOILIEHHE MEXIY MEePEeMEIICHUSIMU
B BepHH/IHaX 3JICMCHTA MU IIOCTOAHHBIMU 3a-
MUIIEM B MAaTPUIHOH Gopme B BHIE:

{Ui}:[M (Xi7yi)]{a} (3)
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U _al _
U, a,
U
rae y .
{Ui}= {a}= ,
\ .
Vx a19
_Vy_ | Ay |
1 x y x¥ xy y> ¥ Xy x> yY¥ 000 0 O O O O O O
01 02x y 0 3 2y y» 0 000 0 0 O O O O O
001 0 x 2 0 x> 2x 3y 000 0O 0 O 0 0 0 0
M y)]= ! ’ : s e e e s
000 O O O O O 0O 0 1 x vy X xy¥ y X Xy xy vy
0000 0O O O O O O 0102x y 0 3 2xy y> 0O
0000 0 0 0 0O 0 0 001 0 x 2y 0 x 2x° y
COOTBeTCTBeHHO, MIOJTHBIN BCKTOp HepeMeH_[eHI/Iﬁ Y3J10B
{U,}=[ANHa}, 4)
raoe
{U..} [M(x;, ¥1)]
U _ {LJZn} _ L"c A= [M (X2’y2)]
[ n]_ !{Ucn}_ 19 ’ - M
{USn} c [ (X37y3)]
U} [F (X, Y]

[ToamaTtpuiia, ucnosab3yemMas Jisi ONPECIICHHs] BEKTOPa MEPEMEILICHUM IEHTPa TIKECTH
AJIEMEHTA, UMEET CJIEAYIOILYIO CTPYKTYPY:

2 3

X Yo X XYe Yo X XY, XY XY Yo 0 0 0 0 0 0 O 0 0 0

1
F(x.,Y.)]= ©
FOYT=10 6 0 0 0 0 0 0 o 0 0 1 x Yy, X %y ¥© X Xy, XV, ¥

MatpuuyHoe ypaBHeHuE (4) MO3BOJISIET BeipaxkeHust i KOMIIOHEHT Jedopma-
BBIPA3UTh HEOIPEeIeHHbIE KOOQPHUIIMEHTH @ ITUH U TUIOCKOHATIPSKEHHOTO JIEMEHTA
yepes MepeMeIeHus y3JI0B U LIEHTpa TKECTH

ou 09 ou 09
EX = Ey :_,j/xy =—4+—
{a}=[AI"{U,}, 5) OX oy oy OX
COOTBETCTBEHHO MOJIHBIN BEKTOP Ile- Vcnone3yst  ypasHenue (6), MaTpHILy
peMeIeHni B TPOU3BOILHONM TOYKE PJIEMEHTA nedopmanuii MOKHO 3alUCaTh B BUIE:
EX
{u}=[M (AU} 6) {E}=[BIAI'{U,}{E}=|E, | )
7/xy
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0102y y 0 3% 2y y> 0 000 0 O O O O O O
BlI=lo o0 0 0 0 0 0 0O 0 001 0 x 2y 0 x* 2xy 3y°
001 0 x 2y 0 0 2xy 3y 01 0 2x y 0 3x* 2xy y> 0
CooTHoteHrne Mexy AehopMarusiMy | Orcroja MaTpulia >KECTKOCTH Ompeje-
HaHpﬁ)KeHI/ISIMI/I JINTCA COOTHOILICHUCM .
{o}=[7KE}, (8) (12)

rae [ ¥]- marpuna, umeromas cieayrouryro
CTPYKTYpY:

£ 1 v 0

[;(]:1_‘/2 v 1 1O
0 0 v

2

OKOHYATEIBHO C YYETOM BBIPAKECHHUS
st nepopmaniuu (7) MaTpuiia HalpsHKEHUH
O-X
{o}=|0o,

Ty

OIpeEIsAETCS ypaBHEHUEM:

{o}=[11[BIAI ", } 9)

Martpuna skecTkocTd saemeHta. [is

BbIBOJIa MAaTpHUIbl KCCTKOCTU J3JICMCHTA BOC-
MMOJIB3YEMCA IIPUHIUIIOM pPaBCHCTBA pa6OTBI
Y3J0BBIX CHJI Ha HOTCHHH&J’IBHOﬁ OQHCPTUH
3JIEMCHTA.

FUNKIVI= [ env, o

rze € — oTHocuTeNnbHas AeopMarys.

HHuTerpupoBanue NpoBOIUTCS 10 BCEMY
o0bemy 31emMenTa. [loncTaBisis B ypaBHEHHE
(10) BeIpaxenus (7) u (8), mosyduM BbIpaxe-
HUS JUIS yCUIIMH B y3J1aX

{sh=[KIU, }=

[ (Bl [ABlv[A Y,y D
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[K1=[AI™" [[BI'[£][BIdV[A]"

B o6miem ciydae
dV =t(x, y)dxdy, rzme t(X,¥)- Tomuuna

OJICMCHTA.

HDCO6D330B8.HI/Ie MaTpuIbl XKCCTKOCTH.

Martpuiia >KeCTKOCTH MOXET OBITh HEmocpe/I-
CTBEHHO IPUMEHEH I pacuera KOHCTPYK-
LIH, OJJHAKO, ITIOCKOJIbKY LIEHTpPaJIbHbIE IIEpe-

Mmemtenus U, u V. He yuacTBYIOT B CONpsDKe-

HUH, 1EIecO00pa3HO MOHU3HUTH PA3MEPHOCTH
MaTpuibl JkecTkocTu. Martpunsl [k], {S} u
{U} u ycrnoBusi paBeHCTBA BHEIIHHUX CHII BO
BHYTPEHHUX Yy3J1aX MOYXKHO 3amucarh B OJ0u-
HOU (hopMe CIIEeTYIONIM 00pa3oMm:

RIESEeE s

[Ke ] [Ke] [V}
TJI€ UHIACKCHI Vv W C OTHOCSITCS COOTBET-

(13)

CTBEHHO K NEpEeMEUICHUsIM WIN CUjlaM B Bep-
muHax Wik uentpe. U3 Beipakenwnit (13) mo-
Clle TIEPEMHOXKEHHs OJIOKOB IMOJIyYUM JBa
MaTPUYHBIX YPaBHEHUS:

Gk =K U3+ [K U Y (14)

e =[Ko, U3+ K U T (15)

Uckmrouns manee {U. .} u3 ypaBHeHHI

(14) u (15), nomyuum:
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{S3-[K. HK} {8} =

4 (16)
:{[va] _[va][ch] [Kcv]}{U v}
NJIn
{5, 3=[KKU,} a7)
rac
{S:3={5.3 - [K K I{S: 3,
(18)

[K] = [va] - [ch][ch]_l[Kcv]

BekTop SKBHBAJIEHTHBIX HArpy30K MoO-
XKeT OBITh BBIBEICH W3 TPUHIIAIA PABEHCTBA
BUPTYAJIBHBIX pabOT MPHIOKEHHBIX U Y3J10-
BBIX Harpy3oK.

ITonaras, uro {G}- MaTpuiia 5KBHBa-
JICHTHOW Harpy3Ku, paboTy, COBEPIICHHYIO
y3n0BbIMH cuiaMu {G}, Ha BO3MOXKHBIX IIe-

PEMCIICHUAX {éLJ n} MOJKHO 3aIllucaThb B BUJEC

W ={U, }{G} (19)

Ilomaraem manee, 9To

F

0
0

=g
0

0

ManI/II_Ia'CTOJ'I6eI_I MMPUITOKCHHBIX 00BEMHBIX

CHJI, 3aIIMILIEM BUPTYaIbHYIO PabOTy 3THUX CHJI
Ha BO3MOYKHBIX IEPEMENEHUAX {5U }:

AW = [{8U (x, )} {F}aV

Vv

(20)

YuurtniBas IMOJIYYCHHOC BBIIIC BhIPAKE-
Hue (6), moryqaem

W ={U, ¥ (AT [[M (x, y)]{FXdV)  (21)

53

[pupasuse oW, u OW wu3 ypasHeHui

(19) u (21), HaiimeM MaTpHILy-CTOJIOCI IKBH-
BaJICHTHBIX HAIPY30K:

{G}=[AI™ [[M (x, y)'{FYaV (22)
S
Martpuna-cronbern SKBUBAJIEHTHBIX Har-
py30k umeet pazmep 20x1.
AHaJOTMYHO 17 BEKTOpa MOBEPXHOCT-
HBIX CHII:

{PY=[AT™ [ M (x, y)'{L}dS (23)

I[J'IH CHUJI, ITPHUJIOKCHHBIX HA I'PaHUIAX
3JIECMEHTA.

{3 =[AT" [IM(x, y){Q¥dL (24)

rae {Q} — marpuma-cronber cui, IPUIOKEH-
HBIX Ha TPAHHUIE JJIEMEHTA, J. O3HAuYaeT WH-
L
TErPUPOBAHUE TI0 KOHTYPY.
[TockonbKy TpU pacueTe KOHCTPYKIIUU
BEKTOp mnepemernieHuit anementa {U } 3ame-

HsieM BektopoM{U, }, BKIIOYAIONIAM TOJBKO

nepeMeleHls] B y3/1aX, BEKTOPBI-CTOJIOIIbI
NPUBEJICHHBIX HArpy30K JOJUKHBI OBITH Mpe-
o0pa3oBaHbl K HOBOMY BEKTOpYy MO (opMmy-
JaM.

{G}=1{G,}-[K, 1K '{G.}
{Pr} :{Pv}_ [ch] [ch]il{Pc}
[V/] :{l//v}_ [ch] [ch]_l{Wc}

Ilocne TOro kak ompenenceHbl MaTPHUILIbI
xectkocTu [Kg]=[Ki][Kz]...[Ks], uToOBI mOIMTY-
4UTh Matpuily kectkocteit [K] mmst momHo#
UJIeaIM3UPOBAHHON KOHCTPYKIIHH, LEIec000-
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pa3HO HCIIONB30BaTh ClENyIollee mpeodpaso-
sanne: [k] = [a]'[k][a]

rae [a] — maTpuua, BbIpaxkaromias COOTHOIIe-
HUE MEX]y HE3aBUCHUMBIMU MEPEMEIICHUSIMU,
COOTBETCTBYIOIIMMU KMHETUYECKUM CTETICHIM
cBOOO/BI OTHEIbHBIX AJIEMEHTOB (Yy3JIOBBIMU
MEePEeMEIICHUSIMHI) ¥ HE3aBUCUMBIMH TIepeMe-
IMICHUSIMHA, TPUHATHIMH JJIT  KOHCTPYKITUH.
[Mopmatpunsl [ag] MaTpuLbl [a] popmupyroTcs
TakK, YTOOBI

U, }=[a,]{U}

BBITIOJIHAJIOCH YCIOBHUE:

3akJjarouyeHue

[IpennoxeHHBIH  MOAXON  IMO3BOJISIET
BKJIIOUATh N'€OMETPUYECKHE JaHHbIC dJIEMEHTA
B MaTpully [Kg], a MaTpuua [a] conepKuT HH-
(dopmanuio, yKa3bIBarollyto, 0 KaKkoMy ajape-
Cy HEOOXOIMMO JIOCTaBHTH AIIEMEHTHI IOJ-
MaTpullbl [Kg] 1pu GopMHUPOBaHMM MATpPULII
[a]. aHHBII crocOO WMACHTUYECH B MPUHITUTIC
croco0y ciokeHust Ko3(pPHUINEHTOB JKECTKO-
cTH, HO Ooiyiee ymoOeH Al pealu3aluu Ha

I1K.
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Abstract
The paper is devoted to the study of wear surfaces of friction composite materials obtained by

powder metallurgy. A scanning electron microscope (SEM) equipped with an energy-dispersive X-ray
spectrometer (XRD) is used to study changes in contact surfaces under various friction conditions and the
nature of the microlayer. The results show that oxidation wear is characteristic of almost all stages. The
sequence of formation of frictional microlayers is also determined.
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Xiilasa

Mogalo ovuntu metallurgiya metodlari ilo hazirlanmig friksion kompozisiya materiallarin yeyilma
sothlorinin arasdirilmasina hosr edilmisdir. Miixtolif siirtiinma rejimlorindo tomas sathlorinds bas veran
doyisikliklari vo mikrotabaglogmonin xarakterini 6yronmok tiglin enerji-dispers X-ray spektrometri (XRD)
ilo tochiz olunmus skanedici elektron mikroskopdan (SEM) istifado edilmisdir. ©ldo edilmis naticalor
oksidlogsma yeyilmosinin togribon biitiin marholalor tigiin xarakterik oldugunu gostormigdir. Homginin
friksion mikrotobagelosmonin formalagma ardicilligi miioyyon edilmisdir.

Acar sozlor:  kompozitlar, siirtiinmo, yeyilma, degradasiya, oksidlosma, adgeziya, mikrotobagalosmao.
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UccaenoBanne popmupoBanus mukpociaoeB ¢ SEM u usyuenue
MEXaHU3MOB M3HOCA BO PPUKIMOHHBLIX KOMIIO3UTAaX

@D.D. IOcyooB

Azepbaiioxcanckuil 20cyoapcmeeHtblil yrusepcumem Hegmu u npomviuiiennocmu (Azaonvie np. 16/21,
baxy, AZ1010, Azepbatioxncan)
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AHHOTANNA
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Giris

Friksion temperatur siirtiinmo omsalina
tosir gostoron osas faktorlardan biridir [1].
Bork cisimlor arasinda siirtiinma zamani mate-
riallarin tomas sathlori arasinda elastik vo plas-
tik deformasiyanin bas vermasi istiliyin yaran-
masi ilo naticalonir [2]. Yaranmis yiiksok tem-
peratur gradiyenti sotho perpendikulyar istiga-
motdo paylanir. Yiiksok temperaturlarda ter-
miki deqradasiyanin bas vermasi totbiq edilon
qiivvani azaldaraq siirtiinma amsalini agagi sa-
lir. Bunun asas sobabi siirtlinmoa zamani yara-
nan enerjinin boyiik bir hissasinin istilik ener-
jisina ¢evrilmasiylo materiallarin tomas sathi-
nin deformasiya vo dagilmasina gotirib ¢ixar-
masi ilo olagodardir [3]. Yiiksok tozyiq vo
temperatur tomas sothlorinin morfologiyasi vo
kimyavi strukturuna tesir etmokls, siirtiinmo
prosesinin miixtalif morholalorinds yeni gatlar
formalasir vo yenidon dagila bilir [4]. Tabiidir
ki, yeyilmo prosesi bas veron miiddotdos Sathlo-
rin geometriyasinin dayismasi siirtiinms foa-
liyyatina ciddi tosir gostorir. Nimunalarin sot-
hindo bas veron doyisikliklori miioyyanlosdir-
mok tiglin siirtiinmoa sothlori SEM-lo tadqiq
edilmis, formalasmus friksion gatlarin kimyovi
torkiblari enerji dispers X-ray spektroskopiya -
element torkibi analizi (XRD) vasitasilo aras-
dirilmigdir. Friksion gatlarin todgiq edilmasi
kompozisiya materiallarinin friksion foaliyyo-
tini, yeyilma mexanizmlarini giymatlondirms-
ya komok etmisdir. SEM tasvirlorinin alinmasi
tictin <9.0e-003Pa vakuum toazyigindan istifa-
do edilmisdir. Arasdirma ti¢tin barit 25%, fe-
nolformaldehid 25%, vollastonit 5%, alimi-
num dioksid 7%, qurgusun 10%, qalay 10%,
silisium dioksid 7%, mis-qrafit 8% vo olave
olaraq harasindan 1 kt.% olmagla tunc qirinti-
lar1, molibden disulfid, magnezium oksid tor-
kibli vo az miqdarda plastifikator (gliserin) ga-
tilmis kompozitdon istifads edilmisdir

57

Isin magsadi

Siirtiinma prosesinds friksion aylac kiin-
dasi materiallarinin tomas sathlorinds mikroto-
bagalasmoanin formalagmasi, onlarin triboloji
xassolora tosirlorinin miiayyanlosdirilmasi va
yeyilma mexanizmlarinin dyranilmasi.

Masalanin qoyulusu

Tadgig olunan materiallarin sothlarinds
bas veran doyisiklor miixtolif siirtiinmo rejim-
larinds aparilmis sinaglara asason aragdirilmis-
dir. Siirtiinmo sinaglart “barmagcig-disk” me-
Xanizmi tzro (vertikal siirtinmo masini
MMW-1) 2000 dovr/daq siiratlo, 1000 N yiik-
1o 200, 1100 va 2500 san. miiddatlorinds apa-
rilmis vo alinmis naticolor miigayiss edilmis-
dir. 1100 va 2500 san. miiddstinds aparilan si-
naglarda soth temperaturu miivafiq olaraq
~320 va >360°C toskil etmisdir. 200 san. miid-
datinds aparilmis sinaglarda temperatur asagi
oldugundan sothlords istilik amili ilo bagli na-
zoro ¢arpacaq doyisiklik bas vermomisdir.
Se¢ilmis smaq miiddstlorinds tomas sathlorin-
do bas vers bilocak doyisikliklor miimkiin deq-
radasiya, oksidlosma vo digar termiki proses-
lara asasan segilmisdir.

Masalanin halli

MMW-1 qurgusunda segilmis sinaq
middotlori {igiin aparilmis triboloji sinaglarin
naticalori codval 1-do verilmisdir.

Yeyilms intensivliyinin hesablanmasin-
da asagidaki diisturdan istifado edilmisdir:
m; —my

J

T

Burada, m; vo m, miivafiq olaraq yeyil-
moadan avval va sonra olan kiitla (qramla), t -
eksperimentin miiddati (saatla), J - iso yeyilma
intensivliyidir (g/saat).
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Cadval 1 — Miixtolif vaxt rejimlorindo aparilmisg
stirtiinms sinaqglarinin naticasi

Table 1 — Results of friction tests performed at
different time modes

Yeyilma Stirtiinmo
Vaxt . Lo
(san.) intensivliyi omsal1 (p)
(g9/saat) maks. | min.
200 0.002 0.34 0.26
1100 0.007 0.46 0.32
2500 0.010 0.29 0.25

Tribolji sinaglarin naticalori yeyilms in-
tensivliyinin 1100 san. miiddatindo siirtiinma-
do daha yiiksok oldugunu gostormisdir ki, bu
da togriban 350°C-dok bas veron deqgradasiya
Vo dekomposiziya ilo baglidir. Tobiidir ki, stir-

tinma middatinin ¢ox olmas: yeyilmonin do
coxalmast demokdir. Sirtinms oamsalinin
maksimum vo minimum giymatlorinin forgli
olmas1 da, mahz deqgradasiya vo dekomposizi-
ya mexanizmlorindon asili olaraq stirtinma
sathlorinin dagilma vo formalasmasiyla slages-
lidir.

Apardigimiz arasdirmalar miihit soraitlo-
rindon vo materialin ayloma faaliyyatindan
asili olaraq 3 osas xarakterik friksion gatin for-
malagdigini gostordi: ilkin morholods forma-
lasan olava gat, deqradasiya naticasinds yara-
nan gat vo ya gaz gati vo oksidlosma gati (cad-
val 2).

Cadval 2 — Niimunolords agkar edilmis friksion gatlarin miimkiin formalagma marhalalori
Table 2 — Stages of possible formation of friction layers found in the specimens

Morhalolor | 1ilkin | Degradasiya | Oksidlosma Bork siirtkii | Abraziv Qaz qatr
(°C) qat qati qati qati qat
25-250 + + * * -
250-350 : + + * * i
350-1000 | - - +- +h- +- +-

(+ istirak edir, -igtirak etmir, +/- iSo har iki varinatin miimkiinliyiinii bildirir)

Olava gat siirtiinmonin ilkin marhalasin-
do mexaniki tasirlordon formalasir. Friksion
temperaturun artmasi ilo oksidlosma vo digar
gatlar formalasmaga baslayir [5]. Miisahido
edilon osas gatlardan slaves ehtimal olunan di-
gor gatlar da codvaldo geyd edilmisdir. Siirtiin-
mo ciitlori hava miihiti ilo daim tomasda ol-
dugu t¢iin oksidlogsma prosesi siirtiinmonin il-
kin dovriindan baglayir. Lakin kévrak oldugla-
r1 tg¢ilin yiiksok temperaturlarda bu gatin qal-
mas1 ehtimali agsagidir vo bu sababdon cadval-
do “+/-*“ igarasi ilo verilmisdir. Bork strtki vo
abraziv komponentlorin yaratdigi qatlar da il-
kin moarholalardon baslayir, lakin yiiksok tem-
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peraturlara davam gotirmasi ehtimal edils bi-
lor.

Ilkin gatlar. Molumdur ki, tomas mate-
riallarinin sothlorindo bas veran yeyilmo va
mixtalif fiziki-kimyavi proseslorin xarakteri
homin materiallarin soth hamarlig: ilo slagali
olan bir prosesdir. Normal yiik verildikca nii-
munanin sathi diskin sothina dogru sixilir vo
hor iki sothdo olan nahamarhglar bir-birina
kegir [6]. Diskin barkliyi kompozitin barkli-
yindan ¢ox yiiksok oldugundan yiiksak siiratlo
firlanma horakatinds niimunanin yeyilmasi bas
verir vo niimunadoan qopmus hissaciklarin bir
¢oxu tomas sathinds galaraq yenidon firlanma
horokatina qosulur. Dovrlorin say1 artdiqca,
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yeyilmis hissaciklor getdikco deformasiyaya,
azilmays va sixilmaya moruz qgalaraq yeni bir
gat formalasur.

Yeni siirtiinma Va yeyilma prosesins cid-
di tosir gostorir. Siirtiinmo qiivvasi yalniz ho-
gigi tomas sahalaring tasir edir. Niimunalarin
sathindaki hoqigi tomas saholori timumi saha
ilo miigqayisado ¢ox asagi olur vo disklo tomas
asason bu saholarls bas verir. Diskin firlanma-
st ilo deformasiya va yeyilma naticasinds ho-
qgigi tomas sathlorinin dayisikliys ugramasi tit-
romolara sobob olur ki, bu da materiallarin siir-
tinmo faaliyyatindo 6z oksini tapir. Tazyiq,
temperatur, deformasiya va yeyilmonin doyis-
mosi hoagiqi tomas sahasinin Olgiisiine tasir
gostorir.

Sokil 1-do kompozitin ssth tosvirinds
haqiqgi toamas sahalori geyd edilmisdir.

Siirtiinmanin baslangicinda halos kalo-ko-
tiir formada olan bu hissalords dovrlorin say1
artigca hamarlasma baslayir vo siirtiinmo
mioyyan qisa zaman kasiyinds stabil artimla
davam edir. Lakin burada, abraziv hissacik
faktoru da miioyyon tosirloro malikdir.

SEMHY 0.0 W WD 14,08 mum

Dot BSE « SE

SEM MAG: 103 b
(Oxlar haqigi tomas soholarini gostarir)

Sakil 1 — Hoqiqi tomas sahalorinin SEM goriiniisii
Figure 1 — SEM view of real contact areas
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Torkibds olan Al,O3 va SiO, kimi abra-
ziv komponentlor siirisma yeyilmasina qarsi
miigavimat yaratmagla yanas: hoqiqgi tomas sa-
halarinin formalasmasinda miihiim rola malik-
dirlor. Lakin abraziv hissaciklor siirtiinma xas-
sasini yaxsilasdirsalar da yeyilmonin artmasi-
na xidmot edir. Metal gat1 ilo disk arasinda ad-
geziya qiivvasi metal gat1 ilo niimuns arasinda
olan qiivvadan {istiin oldugda metal gat1 adge-
ziv vo abraziv yeyilms ilo dagilacaqdir. Ni-
munanin siirtiinma Sathi sahasinin sart dons-
varciklari aylac diskinin iist sathinds cizilma-
lara yol agir. Polad diskin siirtiinmo sathinin
sart zirvalari do hamginin ayloc kiindasinin in-
Co sathindo ciziglar yaradir. Togqusma ham do
iki sort birlosmo arasindaki siirtiinms prosesin-
do do yaranir. Sart donovarciklarlo aylac kiin-
doasinin arasindaki birlogsmis giic diskin sort
noqtolorini qopardan giicdon zoif olduqgda
miixtolif mexaniki tosirlor naticasinds alagonin
itirilmasindon novboti hissa yaranir. Bu isa
miivafiq olaraq stirtinms ciitiiniin, xtisusilo do
ayloc kiindasinin yeyilmasini ¢atinlogdirir. Bu
morhalods, asagi temperatur yarandigindan,
yeyilmo sahasinda iist soth gabigi olmur.

Lakin siirtinma sartlorindon asili olaraq
abraziv yeyilmo mexanizmi forgli xarakter do
dasiya bilar. Belos ki, funksional doldurucu ki-
mi torkibo gatilmis vollastonit materialindan
ibarot hiindiir nahamar sahslor tomas zamani
diskin daha sort nahamar hissalori ilo toqqusa-
raq yeyilir. Yeyilmis hissaciklor miioyyan bir
vaxt middotinds ya diskin sothino yapisaraq
galirlar, yaxud da disklo kiindo arasinda gala-
raq stirtiinma prosesinds istirak edirlor. Lakin
friksion istilik tasirlorindan slagelondirici (fe-
nolformaldehid) 6z funskiyasini itirdikco,
sothds galan komponentlor do yumsalaraq his-
saciklora yarilaraq abraziv yeyilmodo istirak
edirlor [7].
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Bork siirtkii materiallarinin yaratdig: gat.
Friksion gatin formalagmasi sathlorin termiki
foaliyyati ilo yanasi torkib elementlorindan do
asilidir. Yiksok tozyiq vo temperatur tasirlori
altinda friksion gatin formalasmasinda {izvi
elementlor, liflor vo xiisusilo do bark siirtkii
materiallar1 boyiik rola malikdir [8]. Bark stirt-
kii materiallart hom kompozitin, ham do diskin
tomas sothinin haddon artiq yeyilmasinin
qarsini ala bilir. Homginin bark siirtkii mate-
riallar1 aylomo prosesinds yaranan sas-kiiyiin
Vo vibrasiyanin aradan qaldirilmasmda osas
vasitalordan biri hesab olunur. Toklif olunan
kompozisiya materiallarinda friksion gatin for-
malasmasinda molibden disulfid, grafit kimi
bork siirtkii materiallarinin da istirak ilo ya-
nas1 misin da bork siirtkii rolunu oynadigi me-
lumdur. Friksion istilik naticosinds mis sathdo
bork siirtkii materiali rolunu oynayaraq mis
gatt yaradir [9].

Sokil 2-do 1100 san. miiddstinds sinaq
edilmis niimunanin SEM vasitosilo ¢okilmis
sath tosvirlori verilmisdir. Tosvirlordon goériin-
diiyti kimi siirtinms sothinin struktur formasi
ilkin sothdan fargli olaraq ¢oxsayl kigik saho-
lara dolmusdur. Bu fenolformaldehidin deqra-
dasiyasi naticasindo sarbast fenolun ayrilmasi
ilo olagolidir. Sothdo olan hissalordon slavo,
daxili zonalardan ¢ixan formaldehid sathlo ye-
ni sahalor yaratmisdir ki, bu da siirtiinmonin
koskin asagi diismoesino sobab olan xassoni
formalasdirir. 1100 san. miiddstinds aparilmis
sinaglarda siirtiinms omsalinin maksimum va
minimum giymatlori arasindaki kaskin forg bu
sobobdon olmusdur (cadval 1).

Biitiin bunlarla yanasi siirtiinmonin ilkin
fazasinda, friksion materiallarin torkibindoki
tizvi komponentlorin termiki degredasiyasi no-
ticasinda 6zlarindon gazlar (CO, CO,, CHy vo
Hy) buraxirlar. Bu gazlar siirtiinmo sathlori to-
rofindon adsorbsiya edilo bilmadiklori ti¢iin

60

gaz gati omalo gatirirlor. Bu gaz gati xarici
stirtinmo  sathinds siirtkii rolunu oynayaraq
stirtinmoni azaldir [10].

Degradasiya naticasinda yaranan gat

Sakil 3-do miixtalif rejimlor tadqiq edil-
mis niimunalarin sathlarinin kimyavi qurulusu
hagqinda molumatlar verilmisdir. Tomas sot-
hindo amala goalon istilik tasirindon siirtiinma
prosesinda friksion gat formalasir. Buna gora
do siirtinma ciitlorinin ilkin sathinin kimyavi
xususiyyatlori siirtinmadon sonraki sothdon
forgli olmusdur. Sokildo asas nozoro ¢arpan
mogamlardan biri C vo O, elementlarinin 1100
vo 2500 san. sinag middatlorinds forgli olma-
sidir. Bu siirtiinmoa sothlorindo termiki tosirlor-
don bas veran doyisikliklori izah etmoys ko-
mok edir. Sokil 4-do XRD grafikinds sokil 3-
do verilmis grafikdon forgli olaraq karbon fa-
zalarin ¢oxluq toskil etmasinin asas sababi
400°C-dan sonra formaldehidin karbonlagmasi
ilo baghidir. Siirtiinma amsalinin kaskin enmo-
si Vo yenidan yiiksalmoys baglamasi, yeyilmo
Kimi gostoricilor hamisi friksion gatin xarakte-
rindan ¢ox asihidir.

Friksion gatin formalagmasinin on mii-
hiim xiisusiyyati 1so siirtinmo amsalinin sta-
billiyini artirmasidir. Belo ki, yeni gatin for-
malagmas1 yeni tomas sothlorini formalasdira-
raq surtinmo Xarakteristikasini stabillogdir-
moklo yanasi, ham yeyilmonin qarsisini alir,
hom do sos-kiiyiin aradan galxmasinda da yar-
dimgi1 olur. Friksion gatin formalasma prosesi
cox miirokkob prosesdir va siirtiinma sathlori-
nin termiki parametrlorindon asili olaraq miix-
tolif xaraktera malik ola bilor. Siiriisma siirati,
tomas tozyiqi vo temperatur amilindon asili
olaraq friksion gatin mikrostrukturu fargli ola
bilir. 1100 san. miiddstinds sinaq edilmis nii-
munanin sathinin element torkibi siirtiinmadan
avvalki element torkibindoan forgli ¢ixmusdir.
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SEMHV: 2008V WO! 1558 mm SEMHW 2004V WO 1555 mm
SEM MAG: 2.01 k. Det SE 500 = SEM MAG: 118 ke Dat 8

Sokil 2 — Niimunenin siirtiinms sinaglarindan a) avval va b) siirtiinmanin ilkin morhalasinds sath tosvirlari.
Figure 2 — Surface images of the sample a) before friction tests and b) at the initial stage of friction.

Full scale counts: 787
Integral Counts: 70657
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Sakil 3 — 1100 san. miiddatinds aparilmis siirtiinms Sathinin XRD analizi
Figure 3 — XRD analysis of the friction surface performed in 1100 sec.
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Sakil 4 — 2500 san. miiddstindo aparilmus siirtiinma Sothinin XRD analizi
Figure 4 — XRD analysis of the friction surface performed in 2500 sec.
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Bu doyisikliyin sobabini fenolformalda-
hedin 200-320°C temperaturda deqradasiyaya
ugramasiyla izah etmok olar.

Sokil 5-do verilmis tosvirdo ayrica mis
gatlarina rast golinmasa do, oksigenlo zangin
sahalordo mis elementino rast golinmisdir.
Yiksok temperaturlarda sathdoki nanokristal-
larin yenidoan Kristallasmasi naticasinds kovrok
friksion gat formalasir ki, bu da bir név grafit-
do oldugu kimi yeni gat formalasdiraraq bark
stirtkli rolunu oynayir. Friksion gat siirtiinmo
omsalini azaltsa da, natico etibarilo disk vo
kiindanin tomas sahasindan ayrilan diger ma-
terial hissaciklor ilo garisaraq, triboloji xasss-
lorin stabillosmasine sobob olur. Bu gatin for-
malasmasi adgeziya yeyilmasini asagr salir vo
stirtiinmo omsalini stabillogdirir.

Oksidlasma gati

Sakil-5-do 2500 san. miiddatinds SEM-
lo ¢okilmis tosviri verilmisdir. Siirtiinma Sath-
larinin XRD analizi oksigenls zongin sahalarin
coxlugunu gostormisdir. Homginin sothds C,
O,, Si va Al kimi elementlors do rast golinmis-
dir. Bu biitiin niimunalordo oksidlosma yeyil-
mosinin ¢oxluq toskil etdiyini gdstormisdir
(sokil 4).

Yiiksok temperatur vo siirot rejimindos
materiallarin sathi dorhal havadaki oksigenls
reaksiyaya girarok oksidlosma gati amals goti-
rir. Stirtinma sinaglar1 zamani niimunalar agiq
hava ilo tomasda oldugundan artiq ilkin mar-
haloalordon baslayaraq metal komponentlorinin
oksidlosmosi bas verir. Siirtinmo cutlarinin
sirtinma vo Yyeyilmo xarakteristikasi, tomas
sahalarinin formalasmasi, dagilmas: va inksa-
fi, forma adaptasiyasi, termiki deformasiya ki-
mi proseslordon c¢ox asilidir. Friksion istilik
materialin oksidlogmasing, termiki moéhkomli-
yina vo plastikliyino tosir gostorir. Bu isa sath
strukturunun dayismasina (siirtiinma sathinds
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atom vo ya molekullarin diffuziya ve adsorbsi-
yasi) Va faza ¢evrilmalarino sobab olur.

Dayismalor naticasinds sathlor arasinda
garisiliglt tasirin doyismasi quru siirtinms foa-
liyyotino do 6z tosirini gostorir. Oksidlosma
gat1 ¢ox kovrak olur va siirtiinma qiivvasinin
tasirilo ¢ox ke¢modon dagilma vo yeyilmoys
moruz galir. Oksidlosmo gatinin yeyilmasi ga-
tin barkliyi ilo kompozitin barkliyi arasindaki
asililigdan asilidir.

Sakil 5 — Yeyilmo sothininin SEM tasviri va ¢oxluq
toskil edon elementlarin paylanma sahasi

Figure 5 — SEM images of the worn surface and the
area of distribution of the dominant elements

Friksion gatin barkliyi kompozitin bark-
liyindon no godor az olarsa, yeyilmo do bir o
godar ¢ox olacaqdir. Oksidlosma gat1 friksion
materialin sothini okscisim materialinin toma-
smdan gorumagla yeyilmonin migavimatini
artirmasimdan slavs siirtiinmonin do azalmasi-
na sobob olur. Oksidlosmo gati hom do frik-
sion materialin sothini okscisim materialinin
tomasindan gorumagla, siirtinmoa omsalini
azaldir vo yeyilmanin miigavimatini iss artirir.
XRD analizin naticalorino asason miixtalif
vaxt miiddstlorinds aparilmis sinaglara miiva-
fiq olarag temperatur doyismasina gora yeyil-
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ma sathlarinin element torkibi sokil 3-do veril-
misdir.

Natica

Tocriibalor verilmis torkib ti¢iin sinaq re-
jimlorindon asili olaragq osason ii¢ potensial
friksion gatin formalasdigini gostordi: ilkin
morholodo formalasan olavo gat, deqradasiya
naticasinds yaranan gat ve ya gaz gati, oksid-
losmo qati. Yeyilma intensivliyi 1100 san.

miiddatinadok daha yiiksok olmus va oksidloas-
mo yeyilmasi togribon biitiin moarhalalar iigiin
xarakterik olmusdur. Eyni zamanda, 1100 san.
miiddatinds sinaq edilmis nimunalords frik-
sion istiliyin 320-340°C ¢atmagla tizvi kom-
ponentlorin degradasiyaya ugradigini vo 2500
san.-don sonra 340-400°C haddino ¢atmagla
fenolformaldehidin karbonlagmas: tosdiq edil-
misdir.

[i dr.]. Uzly treniya v mashinostroenii.

[i dr.]. Vliyanie vlazhnosti na
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The Role of Contact Spots of Friction Pairs of Microprotrusions in
The Energy Loading of Braking Devices

D.A. Volchenko!, H.F. Miralamov?, V.S. Skrypnyk’,
N.A. Volchenko®, D.Y. Juravlev'

! Ivano-Frankivsk National Technical University of Oil and Gas (Ivano-Frankivsk, Ukraine)
? Azerbaijan Engineering Academy (Mardakan ave. 30, Baku, AZ1045, Azerbaijan)
¥ Kuban State Technological University (Moskovskaya st. 2, bld. A, Krasnodar, 350072, Russia)

For correspondence:
Skrypnyk Vasily / e-mail: skripnik-vs07 @ukr.net

Abstract

The article demonstrates that the presence of temperatures (flash, surface and volume) requires clar-
ification that there is still a steady temperature and a thermal stabilization state of a metal friction element,
when the temperature gradient over its thickness remains constant and minimal for some time. Relation-
ships between one and two materials of metal friction linings with impulsive normal forces and current
surface-volume temperatures of friction pairs and the allowable temperature of the FK-24A material are
established. The introduction of the obtained data on the energy levels of the contact patches of micropro-
trusions of friction pairs of brakes will significantly improve their quality and significantly reduce the
volume of tribological studies.
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9ylac qurgularmin enerji yiiklanmasinda siirtiinmo ciitii
mikrog¢ixintilarimin kontakt lokalarinin rolu
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Xiilasa

Mogalada gostorilir ki, soth vo hocmi temperaturlarinin isiltisinin mévcudlugu, onun qalinligr {izorindoki
temperatur gradiyenti bir miiddot sabit vo minimal qaldiqda bels, Qorarlasmis temperatur vo metal siirtiinma
elementinin termostabilizasiya vaziyystinin do mévcud olmasinin dagiglesdirilmasini telob edir. Metal friksion
kiindslorin bir vs iki materiallar1 ilo impuls normal qlivva, siirtiinma ciitiiniin cari sath-hocmi temperaturu vo ®K-
24A materialinin buraxila bilon temperaturu arasinda nisbatlor miisyyon edilmisgdir. Oylaclorin siirtiinma ciitlorinin
mikrog¢ixintilarinin kontakt lokalarinin enerji saviyyslori hagqinda molumatlar slds edilmisdir.

Acar sozlar:  oyloc qurgusu, siirtiinma ciitii, mikrogixintilarin kontakt lokasi, dinamik vs istilik yiiklonma.
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PoJib IiITEH KOHTAKTOB MUKPOBBICTYIIOB NAP TPEHUS
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AHHOTAN NS

B craTtbe mokazaHo, 4TO HaJIMYHE BCIBIIIKH, IOBEPXHOCTHOW M OOBEMHOM TeMmneparyp TpeOyeT yTOUHEeHHS,
TaK Kak eCTh €lle YCTaHOBUBILASCS TEMIIEPaTypa U TePMOCTAOMIM3AIOHHOE COCTOSIHIE METaNTNYECKOTO (PUKIIU-
OHHOTO 3JIEMEHTa, KOTJla TpaJlueHT TEMIepaTyphl 110 ee TONIIMHE Ha HEKOTOPOe BpeMs OCTaeTCs MOCTOSIHHBIM U MU-
HUMaJIbHBIM. Y CTaHOBIICHBI COOTHOLICHUSI MEXAY OJHMM W IBYMS MaTepHalaMH METaLTMYECKUX (PUKIIHOHHBIX
HaKJIQZIOK C UMITYyJIbCHBIMH HOPMQJIBHBIMH CHJIAMH M TEKYIIMMH MOBEPXHOCTHO-OOBEMHBIMH TEMIEpAaTypaMu map
TPEHHUS U OIyCTUMOM TeMmepaTypoii Matepuana OK-24A. TlomydeHsl JaHHBIE 00 YHEPTETHYSCKUX YPOBHSIX IISATCH
KOHTaKTOB MUKPOBBICTYIIOB ITap TPEHHUSI TOPMO30B.

KiaroueBrbie ciioBa: TOPMO3HbIC YCTpoﬁCTBa, Hapbl TPEHUA, IIATHA KOHTAKTOB MUKPOBBICTYIIOB, AJMHAMHUYCCKAA U
TCIJIOBAsA HArpy3ka.
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Introduction

Both the rheological characteristics that
determine the contact interactions of the spots
of microprotrusions of the friction sur-faces of
the brakes and the frictional characteristics of
friction depend on the energy load of the fric-
tion unit. In the process of sliding friction sur-
faces, heat is generated and its surface-volume
temperature rises. With the relative rest of the
friction surfaces due to the removal of heat,
the surface-volume temperature de-creases.

Heat removal from matte and polished
surfaces of metal friction elements also takes
place with relative sliding of friction surfaces.
The wear resistance of friction surfaces de-
pends on the rheological and frictional charac-
teristics of the friction pairs and, therefore, on
the surface-volume temperatures of heating of
the friction pairs.

Analysis of literature data and statement of
the problem

The paper [1] presents the results of a
study of the friction force up to the slip
threshold. With the help of a second-order dif-
ferential equation relating stresses and defor-
mations of bodies under the action of forces,
the laws of change in the friction force, as well
as the criterion for choosing materials for fric-
tion pairs, are established. Only the mechani-
cal component of the friction power was taken
into account.

The work [2] is devoted to the study of
impulse specific loads in friction pairs of a
drawworks band-shoe brake. In the latter, no
attention was paid to the displacement of the
contact of microprotrusions of friction pairs up
to the slip threshold. This parameter signifi-
cantly affects the static coefficient of mutual
overlap of brake friction pairs.

The work [3] is devoted to deformations
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of contact patches of microprotrusions of fric-
tion pairs of a band-shoe brake. However, it
did not consider the displacement of contacts
of microprotrusions and their influence on the
increase in the area of frictional interaction.
The change in the free energy of the near-
surface layers of metal friction elements is
given in [4]. However, this did not take into
account the type of contact for the displace-
ment of the contacts of microprotrusions of
friction pairs under the action of an external
energy impact. The work [5] considers neutral,
blocking and ohmic contacts of microprotru-
sions of brake friction pairs. At the same time,
the influence of the energy levels of various
types of contacts on their displacement was
not established. A significant part of the
stresses arising in the process of electro-
thermomechanical braking is concentrated in
the surface layers of metal friction elements.
In microzones of actual touch spots, as shown
in [6, 7]. These stresses become proportional
to the flash points and cause strong heating in
thin layers of the friction surface, leading to
the formation of burns, thermal spots and mi-
crocracks. During cooling after braking of the
friction element, a temperature gradient oc-
curs, causing large thermal stresses. Surface
temperature gradients determine the non-
uniformity of the thermal field [8], and tem-
perature gradients across the thickness of the
metal friction element determine the thermo-
stable state [9].

The constant value of the surface tem-
perature gradient is characteristic of the steady
temperature, when the amount of heat gener-
ated on the friction surface for some time is
equal to the amount of heat removed to the
environment. With a thermally stable state of a
metal element, the temperature gradient over
its thickness becomes minimal in magnitude.
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The following questions were included
in the materials of the article: levels of ener-
gy loading of friction pairs of brakes; energy
levels of contact patches of microprotrusions
of friction pairs under their dynamic loading;
the discussion of the results.

The aim of the work is to establish the
role of contact spots of microprotrusions in the
formation of thermal fields in friction pairs of
braking devices.

Levels of energy loading of friction pairs of
brakes

The levels of energy loading of friction
pairs of brakes are determined by the flash
temperatures, surface and volume, which are
characteristic of a thermal field. We believe
that it is in the surface layer that, under the

action of the flash temperature '9”, thermal
fatigue cracks are initiated. These cracks de-
velop further between braking cycles as a re-
sult of cooling of the surface layer and the

formation of a temperature gradient from 9*,
when the thermal stresses under the surface
layer reach the highest values. With an in-
crease in the surface-volume temperature, the
nature of the transformation of structural com-
ponents in the material changes, the strength
of the grain boundaries decreases, and the oxi-
dation rate increases. All these processes af-
fect the crack initiation mechanism.
Considering that the temperature flash
can quickly reach several hundred degrees,
these instantaneous temperature rises can
bring the material into a state of plasticity,
when the frictional resistance drops. Also,
since the temperatures at the actual contact
spots of microprotrusions do not exist for long
(10%-10) s, it is not the properties of the stat-
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ic strength of the surface layer of the materials
of the friction pair that are important, but the
properties of fatigue strength, given that the
crystal lattice of a solid body reacts on impacts
through 10°-10% s [8]. Therefore, the restruc-
turing of the surface layer under the action of
external thermal loads occurs precisely in the
process of the formation of the temperature
field, and by the time the thermal stabilization
state is reached, the surface layer is already
under the action of certain residual stresses.
The formula proposed in [8] was used to cal-
culate the flash temperature $; on a single

microprotrusion contact spot:
3 :x/§+1 i dp+ja; N .
"2 alarfa, +a, sind, 1S, -S|
where d, — average diameter of microprotru-
sion touch spots; 4, — area of the actual touch
spot; 11, 4, — coefficient of thermal conductivi-
ty of materials of micro protrusions of friction
pairs; a, — coefficient of thermal diffusivity of
the friction lining material; S, —S,, - sliding
speeds of conjugate friction pairs.

Dependence (1) is valid for Peclet num-
bers Pe=Vd,/a, >20. Typically, friction units
operate at high initial relative speeds, usually
at Pe>20. At the end of the sliding stage
of the friction surfaces, when the speeds
V =S, —S,,, become small Pe < 20, flash point

Fy 1s small and is less than 5% of the surface-

@)

volume temperature &. Based on this, the
formula for determining §; at Pe <20 unsuit-

able. Taking into account that plastic defor-
mations of microprotrusions take place during
heating, the area of the actual spot of their
contact is determined by the following approx-
imate dependence

A =N/HB,, 2)
where N — impulsive normal load on friction
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surfaces; HB; - Brinell hardness of the friction
lining material.

The average diameter of a micropro-
trusion spot for a plastic microcontact is de-
termined by the formula
d — 8r1hlm|: N TSV1

Y Ayby, HB, ,
where ri, hi, — radius of curvature and maxi-
mum height of microprotrusions; bo, v1 — pa-
rameters of the reference curve of micro-
roughnesses; 4.1 — contour contact area.

So, to calculate the average tempera-
ture on the i-th friction contact patch, the de-
pendence has the form

3)

(4)

where @nfdi - heat flow distribution coefficient,
determining the share of the heat flux passing
through the i-th surface of the contact spots of
microprotrusions  during  friction  y;
coefficient taking into account the effective
heat absorption of the volume of
microprotrusions; b; average effective
thickness of the i-th microprotrusions of
friction pairs; keca — coefficient characterizing
the formation of the constructive contour area
of the microprotrusion contact patch; Ag —
nominal area of contact of surfaces of spots of
microprotrusions; a; =4 /(c;5;) - thermal
diffusivity (here A; — coefficient of thermal
conductivity, ¢; — specific mass heat capacity,
pi material density of the i-th part
constituting the friction pair); Ny u Wy —
power and work of friction.

Friction pairs, consisting of metallic and
non-metallic friction elements, washed by air
flows in braking devices, are multilayer ob-
jects. The latter includes the working layer of
the friction pair [8].
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The process of formation of the working
layer depends on the thermal mode of opera-
tion of the rubbing pair. There may be cases
when the metal working layer does not have
time to form, and then a very intensive spread-
ing of the metal of the metal element of the
pair (steel or cast iron) on the surface of the
friction lining can occur.

The heat transfer coefficient in the heat ex-
change process through such a multilayer ob-
ject as "the environment of the intercontact
zone - a metal friction element - washing air"
is determined by the dependence of the form:

©

where a1, a, - heat transfer coefficients from:
intercontact medium to the working (polished)
surface of the metal friction element; its outer
(matt) surface to the washing air; 1, 41 - the
thickness of the rim and the coefficient of
thermal conductivity of the metallic friction
element.

The heat transfer coefficient in the heat
exchange process through the "medium of the
intercontact zone - the near-surface layer of
the friction lining - the body of the friction
lining - the base of the brake shoe - the air
washing it" is determined by the dependence
of the form:

1

(6)

K, =

071 Ag i A a;
where a3 - heat transfer coefficient from the
matte surface of the base of the brake pad to
the washing air; dg, d, dp - thickness: the
surface layer of the friction lining, the lining
itself and the base of the brake shoe; Ag, A1, Ap -
thermal conductivity coefficients: the surface
layer of the lining, the lining itself and the
base of the brake shoe.

If the stabilization thermal

state is
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reached by the metal friction element of the
brake device, the dependence for determining
the heat transfer coefficient through the
“washing air - the metal friction element, the
medium of the intercontact zone - the surface
layer of the friction lining” is determined by
the dependence:

1 (7)
15 16y
-+ J—

sl
o

+ 3L
A

sl

Dependencies (6) and (7) take into ac-
count the thermal resistance of the near-

Sg

surface layer [‘j of the friction lining, the
value of which determines the direction of the
heat flow.

Based on the values of heat transfer co-
efficients in friction pairs, we determine the
coefficients of heat distribution between their
elements during braking:
K — KEIIV

YKL+ Kp

where ZK;V - average value of heat transfer

(8)

coefficients in the heat-exchange process
"medium of the intercontact zone - metal fric-
tion element - air washing it" for the period of
time from the beginning to the end of braking;

ZK;;V - the average value of the heat transfer

coefficients in the heat exchange process of
the multilayer object "medium of the
intercontact zone - near-surface layer of the
friction lining - the body of the friction lining -
the base of the brake shoe - the air washing it"
for a period of time from the beginning to the
end of braking.

It has been established that the increase
in bulk temperature under conditions of heat
transfer to the environment is quasi-
proportional to the increase in the work of
friction, and at the same time, the increase in

69

volume temperature is always less than the
increase in the increase in surface temperature
over the same time, and the decrease in vol-
ume temperature as a result of heat transfer to
the environment occurs according to Newton's
exponential law [8].

As a result, the following dependence
was obtained for estimating the average bulk
temperature at the stage of sliding friction sur-
faces

& (t) =80 + [,9\/ (tBS )— S0 ]e’Kz(t*tss) n

t
+K; I N; (r)e_KZ(t_T)d T.

tHC

©9)

where 4, - ambient temperature; Ky’ and K,

— constant coefficients depending on the ther-
mophysical properties of materials and the de-
sign of the friction unit; Ny (t) — friction power;
4, (tgs) - average bulk temperature of a node
at a moment of time tgs, corresponding to the
beginning of the slide.

The average bulk temperature at the
stage of relative rest will be determined by the
dependence
8/(t)= S +[& (ter )~ S0 ", (10)
where tgr — the time of the beginning of the
relative rest stage.

In the process of heating the friction
units, the hardness of the materials of the fric-
tion elements decreases. In [9], the depend-
ence of the hardness of the surface-bulk tem-
perature was obtained as a result of processing
experimental data

e
[my(e™ + 95, -9 F +1)
where HBj — material hardness at normal
temperature; mi;, mp, mgz — constant coeffi-
In

(11)

HB, = HBzo{ml +

cients; - the value of the surface-volume
temperature at which HB (9 ) maximum.
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Energy levels of contact spots of micropro-
trusions of friction pairs under loading

The friction and wear characteristics of
the friction pairs of the friction units of the
brake change significantly depending on how
the braking energy is absorbed. The latter
largely depends on the method of its supply
(impulse or continuous) in the process of brak-
ing. With the first method, a significant part of
the friction work is realized at the initial stage
of braking, and with the second method, the
friction work is distributed over time more
evenly. This determines the nature of the tem-
perature fields, the values of surface and bulk
temperatures, and their temperature gradients.

According to the molecular-mechanical
theory of friction, implemented through elec-
trothermomechanical frictional interaction, the
dynamic coefficient of friction depends on the
mechanical properties of the materials of the
pair, the microgeometry of the contact spots of
the protrusions of the elements of the friction
pairs, which regulate the energy levels of the
conduction contacts (ohmic, blocking and neu-
tral) and adhesive properties [5, 8, 14].

All electrothermomechanical processes
on the microcontact that affect the characteris-
tics listed above also affect friction. During
braking, the generated electric currents and the
accumulated thermal currents at the friction
contact change, occur at the friction contact,
structural transformations occur, physico-
chemical reactions occur, and the properties of
the surface layers of the materials of the fric-
tion pair change. The intensity of these pro-
cesses is influenced by the load (impulse or
continuous), sliding speed, temperatures
(flash, surface and volume) and washing cur-
rents of the environment. Under the conditions
of an unsteady friction process, these factors
change continuously.
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The processes of electrothermomecha-
nical friction are carried out on the actual con-
tact area, consisting of many discrete contacts
with different electrothermal resistance, and,
as a result, with different energy activity, ac-
companied by microcapacitors and mi-
crothermobatteries with their instantaneous
switching when the areas of contact spots of
microprotrusions change, subject to the condi-
tions at the first stage of frictional interaction
(45 <4p), based on the fact that the actual con-
tact area (45) small compared to nominal (4,)
and at the same time, the components of the
generated electric currents are summed, and
under the condition 4,=A4; the triboEMF is
fixed in conjunction with the variable gradi-
ents of the mechanical properties of its materi-
als. The rate of penetration of interacting puls-
es of electric and thermal currents affects the
intensity of wear of microprotrusions during
repolarization, and the magnitudes of thermal
currents on the surfaces of the contact spots of
microprotrusions are determined using the hy-
pothesis of summation of temperatures on the
surface, taking into account the generated
electric currents
toen =1 +Alg, (12)
where ts — surface temperature; Ats; — surface
temperature that develops from the action of
generated electric currents.

When analyzing the actual and contour
contact area, it was found that they are contin-
uously changing, since the mechanical proper-
ties of the materials of their surface and near-
surface layers change under the influence of
temperature deformations and stresses and are
subject to wear. The contour contact areas are
unevenly distributed over the surface, their
distribution and migration also depend on the
load and wear.

It is known that the surface temperature
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of friction pairs is an integral factor reflecting
the effect of the heat flux intensity on the fric-
tion contact q (specific friction power Np),
those joint effect of specific load (p), sliding
speed (V) & dynamic coefficient of friction (f):

a) b J
HH HEB

LT

kLT

8o i pC ]

L°C W

N =g, = fpV. (13)

Based on the foregoing, let's move on to
the analysis of experimental data obtained in
the laboratory.

Figure 1 a, b, ¢, d, e, f. — Patterns of changes in the hardness of HB of various materials used in friction units, on
temperature t and the relative value d/L (d, L are the diameter and friction path of the contact patch): a - steel
30KhGSA,; b - cast iron ChNMKh; ¢ — FPM brand FMK-845; d — FMK-11; e - FPM brand MVK-50A,; f - retinax
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Figure 2 — Experimental dependences of the modulus

of elasticity E(=== ===), Poisson's ratio g (== =)
and linear expansion coefficient o (=)  steel
30HGSA on temperature t.
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The discussion of the results

On fig. 2 shows the experimental graph-
ical dependences of the modulus of elasticity
(E), Poisson’s ratio (x) and linear expansion
coefficient (a) steel 30HGSA from tempera-
ture (t) from which it follows that the specified
parameters in the temperature range (50.0-
10.0)°C are constant. This is due to the fact
that in the noted range of surface tempera-
tures, a steady thermal state of friction pairs
usually sets in.

As experimental studies and theoretical
analysis show, the greatest influence on the
change in the friction properties of materials
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during braking is exerted by the surface tem-
perature at the friction contact. Indeed, tem-
perature significantly affects the mechanical
properties of friction pair materials (Fig. 1 a,
b, ¢, d, e, f). Especially, the change in the
hardness of HB metal friction elements is not
noticeable (puc.l a, b) from temperature (in
the interval from 300 to 500 °C) and relative to
the value d/L (d, L — diameter and friction
path of the contact patch). As for friction lin-
ing materials (puc.1 c, d, e, f), then in their
surface layers in the above temperature range,
the phenomenon of tribocracking took place,
significantly reducing the hardness of the sur-
face layers of the overlays.

It has been established that the ratio of
the hardness of steel according to Brinell to
the same parameter for cast iron (Fig. 2) is in-
versely proportional to the ratio of the acting
impulse normal forces on cast iron and steel
and is expressed by the equality
Hs/Hci = No/Ngi. (14)

At the same time, the ratio of the current
Brinell hardness value of cast iron or steel to
the permissible value is proportional to the
ratio of the current value of the surface-
volume temperature of the friction lining (FK-
24A material) and is expressed by the
equation
Hst/Hﬂ = tst/tﬂ (15)

Substituting into relation (14) we got
1.6 = 1.65, and into the second (15) we have
0,376 = 0,375.

Theoretical and experimental studies of
the energy loading of friction pairs of various
types of braking devices with the separation of
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microprotrusion contact spots from them made
it possible to establish the following: the pres-
ence of temperatures (flash, surface and vol-
ume) requires clarification that there is still a
steady temperature and a thermal stabilization
state of a metal friction element, when the
temperature gradient over its thickness re-
mains constant and minimal for some time;
electrical and thermal processes on the contact
patches of microprotrusions showed that the
totality of temperatures and their gradients,
depending on the work and friction power;

the ratio of the hardness of steel according to
Brinell to the same parameter for cast iron is
inversely proportional to the ratio of the acting
impulse normal forces on cast iron and steel is
expressed by the equality Hg/Hci = No/Ng; at
the same time, the ratio of the current Brinell
hardness value of cast iron or steel to its al-
lowable value is proportional to the ratio of
the current value of the surface-volume tem-
perature to the value of the allowable surface
temperature of the friction lining (FK-24A
material) and is expressed by the equation
Hs/Hn = ta/ty; the introduction of the obtained
data on the energy levels of spots of contacts
of microprotrusions of friction pairs of brakes
in the form of data will significantly improve
their quality and significantly reduce the vol-
ume of tribotechnical studies.

Conclusions

The role of contacts of microprotrusions
of brake friction pairs in the formation of their
energy loading has been proved.
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Abstract

The paper examines the problem in risers and in the case of multiphase flow due to the relief of the
seabed, and shows the desirable and undesirable conditions in the curves rising from the seabed to the
platform, ie in the elbow sections. The undesirable conditions that occur in the part of the pipe that rises to
the platform, ie in the elbow sections of the vertical pipe, are shown mathematically. Due to the relief of
the seabed, the accumulation of mechanical solids in the depressions of subsea pipelines between
platforms and from the platform to the shoreline considering that it leads to the perforation of subsea
pipelines and environmental pollution, in the latter part a technological scheme is proposed to prevent
such cases. The technological scheme is simulated according to the results of laboratory analysis by Aspen
HYSYS program and graphical dependences of various thermodynamic parameters were given.
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Multifazal sualti boru kamarlarinin istismar samaraliliyinin

artirilmasinin bazi masalalari
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Xiilasa

Mogalads dik borularda va doniz dibinin relyefi ilo slagadar olaraq multifazali axin zamani yaranan
problemlor arasdirilmig, donizin dibindon stasionar 6ziilo qalxan oyrilords, yoni ayribucaqlilarda
aragdirmalar naticasindo arzuolunan vo arzuolunmaz sortlor gostorilmisdir. Borunun o6ziilo galxan
hissasindas, yoni dik borunun dirsok hissalorinds omolo golon arzuolunmaz hallarin riyazi tasviri
verilmigdir. Daniz dibinin relyefi ilo olagodar olaraq, Oziillor arasi vo sahilo gedon su alti boru
komoarlorinin ¢6kok hissalarindo mexaniki bark hissaciklorin toplanmasi sualti boru kamarlarinin
desilmasine va otraf miihitin ¢irklanmasina sebab oldugunu nozars alaraq, sonuncu hissads isa homin
hallarin garsisin1 almaq {iglin texnoloji sxem toklif olunmusdur. Aspen HYSYS proqrami vasitaSilo
laboratoriya tohlili noticalorina uygun texnoloji sxemin simulyasiyasi aparilmig vo miixtalif termodinamiki
parametrlorin grafiki asililiglart verilmigdir.
Agar sozlor:  dik boru, platforma, kondensat, mexaniki hissaciklor, separator.
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AHHOTAIMSA

B crarbe nepBUYHO HCClIEIOBaHbI TPOOJIEMBI, BOZHUKAIOIIUE B MYJIbTH()A3HOM IIOTOKE, CBI3aHHbIE
¢ penbeoM JTHA MOpsl U B paiizepe, MOKa3aHbl JKeJlaTeTbHBIC U HeKeaTeIbHbIC YCIOBUS B KOJIEHAaX B Me-
cTax moabéMa TpyOOmNpoBO/a OT IHA Ha IIaTdopMy. PaccMoTpeHBl HeXenaTelbHbIE YCIOBUS B MeCTax
noabpEéMa TpyOoIpoBoa Ha matopMy, T. €. B KOJICHaxX paiizepa ObUIM MOKa3aHbel MaTeMaTHyecku. CKoIl-
JIeHWEe TBEPABIX MEXAHWYECKUX YacTHLl B YIIyOJEHHBIX MeCTax IHAa B MOJABOJHBIX TPyOOIpoBOJax M0
Oepera win Mexay miuargopMaMmiu, CBI3aHHOE ¢ pelbe)OM MOPCKOTO JTHA, CTAHOBUTCS MPUYUHOMN MpOKa-
JIBIBAaHUSI TIOABOAHBIX TPYOOIPOBOIOB M 3arpsi3HEHMS OKpYy»Karomien cpensl. st mpeaoTBpalieHust TAKUX
CJIy4aeB IPHUBEJCHA TEXHOJIOTNYECKas CXEMa, IPOBEIEHa CUMYJIALUSA TaHHONW cxeMbl. C MOMOILIBI0 MPO-
rpammbel Aspen HYSYS mokazansl rpaduueckie 3aBUCHMOCTH Pa3IMYHBIX TEPMOJWHAMUYECKUX Mapa-
METPOB, COOTBETCTBYIOIIMX pe3ybTaTaM Ja00paTOPHBIX aHAIH30B.

KunroueBble ciioBa: paiizep, miarpopma, KOHICHCAT, MEXaHUUECKUE YACTHIIBI, CerapaTop.
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Giris

Azorbaycan doniz gaz-kondensat yatag-
larindan istehsal olunan qaz-kondensat ga-
risiglart (o ciimlodan sulu, mexaniki hissacik-
1i) ozillords saquli gravitasiya separatorlarin-
da gaza vs kondensata ayrilaraq miivafiq boru
komoarlari ilo nagl olunur. Qazin dafalorlo se-
parasiya olunmasina baxmayaraq, olgiisii bir
ne¢o mikrometr olan mexaniki bark hissacik-
lor dibina ¢oka bilmir vo oksar hallarda gaz
aximni ilo aparilir. Naticodo magistral gaz ko-
morilo istehlakgiya verilon gazin torkibinds
nomlik vo toz halinda olan mexaniki bark his-
saciklorin miqgdar1 boazi hallarda normadan
xeyli artiq olur. Nomliyin vo mexaniki bork
hissoaciklorin tutulmasi ti¢iin  koamoarin son-
lugunda adoaton siizgoacli separatorlar qurasdiri-
lir vo onlarin isino daim nazarat olunur. Nati-
cada, giin arzinds separatorun siizgaci dofalor-
lo tomizlonmaya va doyisilmays moaruz galir
ki, bu da xeyli omok sarfino, vaxt itkisina, se-
paratorun isci tozyigindo nominal hacmi gador
gazin atmosfers atilmasina vo belsliklo otraf
miihitin ¢irklonmasino vo karbohidrogenlorin
itkisina sobab olur. Boru kamarloari (va dik bo-
rular) neft yataginin gan damarlaridir; doniz-
doki karbohidrogen ehtiyatlarinin istehsalinda
bir sira moagsadlar tigiin istifado olunur (sokil

1) [1].

Peyk quyulan Dik boru £4 Axn xatti sahils
) - [ * -'4.\‘/."/
v—“ p—— FITT LN
// Sualtt manifold
//
g Axin xatti

Sokil 1 — Sualt1 boru kamoarlari va dik boru sistemlori
Figurel — Submarine pipelines and riser systems
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Bundan olava 6ziillor arast su alti boru
komorlorinds doniz dibinin kalo-kétiir relyefi
ilo olagadar olarag, boru komorlorinin ¢okok
hissalorinds vo dik borularin doniz dibindan
Oziilo galxan ayrilorinds (dirsok hissalarinda)
multifazali axin zamani har hansi bir texnoloji
problem yaranarsa, mexaniki bark hissaciklor
diba ¢okar vo tixaclar yarana bilor. Sadaladigi-
miz hallar bas verarss, sualti boru kamarlari-
nin eroziya vo korroziyasi naticasinds istismar
miiddoti azalar vo ya desilmolor naticasinds,
komorda desilmoalor vo yariglardan sizmalar
bas verar.

Xiususilo do noagl olunan multifazali
axmlarin torkibindo CO; va H,S kimi korrozi-
yanin siiratinin artmasina sorait yaradan agres-
siv_komponentlorin maddolorin olmasi arzu-
olunmaz texnoloji risklorin bas vermo ehtima-
lin1 daha da artirir.

Isin magsadi

Sualt1 boru kemarlarinds va dik borular-
da multifazali axin zamani istismar samaralili-
yinin arasdirilmast vo aparilmig laboratoriya
stnaglarinin naticalorina uygun olarag, mexa-
niki hissaciklarin tutulmasi tigiin totbig olunan
texnoloji sxemin Aspen HYSYS programi va-
sitosilo hesablanmasi.

Masalanin qoyulusu

Aparilan miisahids va todgigatlar natico-
sindo miioyyan olunmusdur ki “Giinagli” ya-
taginda quyulardan gixarilan har litr mayenin
torkibinds 0,01-0,4 mm olgiilords 0,5-4 g me-
xaniki garisiglar olur. Homin mexaniki hisse-
ciklorin boru kamarlorinds ¢okmasi naticasin-
do avadanliglarin girklonmasi, onlarin istismar
miiddati va istismar mahsuldarliginin azalmasi
bas verir va olava Xxarclor yaranir.

Molumdur ki, timumiyyatlo ballastlarin
— su, mexaniki garisiglar vo duzlarinin miq-
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darina gora xam neftlorin torkibi miixtalifdir.
Bir ¢ox hallarda neftlorin garismasi zamani as-
falten, parafin vo gatranlarla yanasi geyd olu-
nan ballastlarin da ¢6kmasi bas verir [2].

Multifazali quyu mohsullarinin  mey-
dangalar aras1 va sahilo nagli zamani boru ko-
morlarinin kalo-kotiirlii relyefli daniz dibinin
¢cokok yerlarinds, eloco do doanizin dibindan
oziilo galxan hissasindo su, parafinlor, mexani-
ki garisiglar vo duz birlogsmalori yigilir ki, bu
da boru kamarinin isci en kasiyinin azalmasina
Vo naticads yigilan birlosmalarin mexaniki vo
kimyovi tosirindon eroziya-korroziyaya ugra-
masina sabab olur.

Klapanlar, ¢onlor, tutumlar, separatorlar
vo sairo kimi mekaniki statik avadanliglar
forgli nov bir korroziyaya garst hassasdir, an-
caq boruxatlori mulfifazali axinda igindoki
COg,, H5S, H,0, bakteriya, qum va sairo var-
ligindan dolay1 korroziyaya daha meyllidir [3].
Noticods materialin deqradasiyasi giic, elastik-
lik, zarbs giicii vo sair kimi mexaniki xtisusiy-
yatlarin itirilmasina sobob olur [4]. Bu, mate-
rial itkisino, galinligin azalmasina vo bozon
son ugursuzluga sabob olur [4].

Miisahidalar naticasinds neft tfiigi boru
komarinin dibinda, moahsul dirsays daxil olma-
dan bazi neft sizintilarinin oldugu miisyyan
edilmisdir (sok. 2) [5].

Problemin riyazi ifadasi
Dik boruda tazyiqin riyazi olaraq ifadasi
asagidaki sokil 3-o osason beladir [6]:

P = AR, + AP, + AP, + AP, + AP, (1)

AP, - hidrostatik tozyiq; AP, strtiinmo
tozyiqi; AP, — tocil naticoasinds yaranan tozyig;
AP, — klapanda tozyiq diskiisii; APy —
seperatourun tozyiqi.

77

(@ j __ Dikboru
[ Pa——
‘ )
f i\*
\ Smnalarhn\en
A

Boru kamani

Sokil 2 — a) sualt1 boru kemari dik boru konfiqurasiya-
siin sxematik diaqramu, (b) qozaya ugramis sualt1 boru
komoarinin goriiniisi

Figure 2 — a) Schematic diagram of the subsea pipeline
riser configuration, (b) view of the failed subsea
pipeline

P

Sakil 3 — Boru kamori-dik boru konfiqurasiyasi
Figure 3 — Pipeline-riseconfiguration

Dik bourdaki tozyiqin gazin sarfiyyatina
olan hassasligi asagidaki kimi ifads oluna bilor

[6].
dP _ dAP, , dAPs , dAP,  dAPy | dPg
- @t a@ @ @ a @
Stabil vaziyyatda:

E >0 (3)
Qeyrl-stabil Vaziyyatdoa:

E <0 4)

Texnoloji sxemin izah1

Qaz-kondensat quyularindan ¢ixan moh-
sul ilkin separator (S-1) qurgusuna verilorok
gaza vo kondensata ayrilir. Separatorda gaz-
dan kondensatin daha yaxst ayrilmast igiin
onun maye va qaz c¢ixislarinda tonzimlayici
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klapanlar, govdesinds iso ¢ixis kamerasi qu-
rasdirilmigdir.

Cixis kameras: igorisindo nozaroat Olci
cihazi olaraq lizgac qurasdirilir, onun vasitosi-
lo separator daxilinde maye saviyyasi tayin
edilir. Maye ¢ixisindaki tonzimlayici klapan
vasitasilo separatorun daxilinde maye saviyys-
si sabit saxlanilir. Belo ki, separatorda ayrilan
kondensat vo mexaniki garisiq hissaciklori
drenaj ¢ixigindan bilavasito maye xottina vuru-
lur. Separatorun dibinde mexaniki hissaciklo-
rin yigilmasmin qarsis1 alinir. Noticodo gaz
mexaniki hissacik vo garisiglardan ayrilir. La-

kin, ikinci SDO-ys gedon xotto miioyyon miq-
darda mexaniki hissaciklor arsin buraxma ka-
merasi1 ilo gatirilir, ona goro do istehlakgiya
verilon gazin tam tomizlonmasi ti¢iin yenidon
separatora verilir. Burada gaz mexaniki garisiq
va kondensatdan tam ayrilir. Qaz birbasa naql
xattina verilir (sokil 4). QX - uygun olaraq 1,
2, 3, 4-cli qaz xattloridir; MX - uygun olaraq
1, 2, 3, 4, 5-ci maye xottloridir; K - uygun
olaraq 1, 2, 3, 4, 5 — klapanlardir; S-1, S-2 —
uygun olaraq birinci vo ikinci oOziillordoki
separatorlardir; K — kollektordur.

QX3 Qaz xatti 4
S -
K-5
—O_’DQ— S-2
K-1 K-3 QX2
P Maye xatti 5
e e P | S—
MX-3 K4 =
L b - |
MX-1 K-2 MX-2

Sakil 4 — Texnoloji sxemin Aspen HYSYS proqraminda qurulmasi
Figure 4 — Creation of the technological scheme in the Aspen HYSYSS software

Aspen HYSYS programinda texnoloji
sxemin qurulmasi vo labaratoriya analizlorinin
naticolorine asason simulyasiyanin aparilmasi
vo termodinamki parametrlorin grafiki asililig-
larinin alinmasi.

Gostorilon  texnoloji  sxemin  Aspen
HYSYS programinda hesabatini aparmaq ii¢iin
asagidaki laboratoriya analizlorinin naticalori-
no uygun maddoslarin tozyiq, temperatur, sor-
fiyyat1 vo mol fraksiyalari, uygun olaraq cad-
val 1 va 2-do verilmisdir.

Noticaloarin grafiki simulyasiyalarinin gaz
xatti 4 ii¢lin toyini vo termodinamiki parametr-
lorin grafiki asililiglart asagida (sokil 5, 6, 7)
gostarilmisdir.
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Sakil 6 — Qaz xatti 4 ligiin temperaturun hacm payidan
asililig1 (%-1o)

Figure 6 — Temperature & VVolume percent relationship
for gas line 4
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Sakil 7 — Qaz xatti 4 iigiin standart maye sixliginin hacm
payindan asililigi (%-1)
Figure 7 — Standart liquid density & VVolume percent (%)

Natica

Aparilmis todgigatlar naticasindo miioy-
yan olunmusdur ki, dik borularda har hansi bir
arzuolunmaz hal bas verorso, mohsulun torki-
bindoki mexaniki bark hissaciklor sualt1 boru
komorinin dibina ¢okiir vo naticods boru komo-
rinin daralmasina vo desilmoasino sobab olur.
Noaticado, yaranan desiklordon sizmalar bas ve-
rir vo otraf miihitin ¢irklonmasina sabab olur.

Drenaj xattinin noql xottino birlasdiril-
moasi naticasinde mexaniki bark hissaciklarin
separatorun dibindo ¢okiib gqalmasinin qarsisi
alinmisdir. Bunun naticasinds separatorun tez
siradan ¢ixmasinin qarsist alinir vo istismar
miiddoti uzanir.

Qazin mexaniki hissaciklor vo konden-
satdan tam tomizlonmosi {igiin yenidon ikinci
SDO-ya gondarilir, burada istehlakgiya verilon
gaz mexaniki bark vo maye hissaciklarindon
tam ayrilir.

f1kin verilonlor program vasitosilo hesab-
lanmis vo gazin tomizlonmasing verilon texno-
loji sxem vasitasilo tam nail olunmasi gostaril-
misdir. T1kin verilon parametrloro uygun olaraq
grafiki simulyasiyalar gostorilmisdir.

Cadval 1 — Temperatur, tazyiq v Sorfiyyatin hesabati ligiin qaz xotti 1-o daxil edilmasi
Table 1 — Inclusion of temperature, pressure and molar flow to gas line 1 for calculation

Axinin adi Qaz xatti 1 Buxar fazasi Maye fazasi
Buxar/faza fraksiyasi 0.9905 0.9905 0.0095
Tempratur (C) 32.10 32.10 32.10
Toazyiq (atm) 40 40 40
Molyar sarfiyyat (kq mol/saat) 2567 2543 24.46
Kiitls sorfiyyati (ton/giin) 1105 1047 58.04
Standart ideal maye hocmi (m®/saat) 142.9 139.5 3.463
Molyar entalpiya (kC/kg mol) -7.776e+0.004 -7.636e+0.004 -2.233e+0.005
Molyar entropiya (kC/mol C) 153.7 153.7 159.6
Istilik axin1 (kC/saat) -1.996e+0.008 -1.941e+0.008 -5.464e+0.006
Maye hocmi standart soraitdo (m®/giin) 1.452e+0.006 1.439e+0.006 81.45
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Cadval 2 — Maddolorin mol fraksiyalarinin hesabat iigiin programa daxil edilmasi
Table 2 — Inclusion of mole fractions of substances to the program for reporting

Maddalar Mol fraksiyalari Buxar fazasi Qaz fazas1
Azot 0.0078 0.0079 0.0005
Karbon dioksid 0.0015 0.0015 0.0006
Hidrogen sulfid 0.0000 0.0000 0.0000
Metan 0.9470 0.9545 0.1661
Etan 0.0212 0.0212 0.0165
Propan 0.0065 0.0064 0.0150
i-butan 0.0015 0.0014 0.0075
n-butan 0.0026 0.0025 0.0173
i-pentan 0.0012 0.0011 0.0163
n-pentan 0.0010 0.0008 0.0169
n-heksan 0.0015 0.0010 0.0542
n-heptan 0.0023 0.0010 0.1399
n-oktan 0.0020 0.0004 0.1643
n-nonan 0.0007 0.0001 0.0661
H,0 0.0000 0.0000 0.0000
C10+qaz-1* 0.0032 0.0002 0.3188
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Abstract

The paper provides newly synthesized complexes of samarium and gadolinium (I11) with terephthal-
ic acid examined by X-ray, elemental, IR spectroscopic and derivatographic analysis. Based on the results
obtained, the chemical formulas of the complexes, the form of coordination of p-phtahalic acid, as well as
the processes of thermal decomposition and the formation of isostructural supramolecular coordination
compounds are established. It is also found that, despite the same compositions and structures, the thermal
decomposition of these compounds is not lonely, which is explained by the nature of the metals and the
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Sm va Gd (III) tereftal tursusu ilo supramolekulyar
birlosmalarinin sintezi va fiziki-kimyavi todqiqi
S.R. Mommoadova
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Baki, Azarbaycan)
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Xiilasa

Samarium vo gadoliniumun (III) tereftal tursusu ilo yenidon sintez edilmis komplekslori rentgen,
element, IQ-spektroskopik vo derivatoqrafik analizlori vasitosilo todqiq edilmisdir. ©ldo olunan naticalora
osason komplekslorin kimyovi formulu, tereftal tursunun koordinasiya formasi, hamginin termiki
parcalanma  vo  izoquruluslu  supramolekulyar  koordinasion  birlogmolorin  amologalmasi
miioyyanlosdirilmisdir. Bu birlogsmolorin torkibinin vo qurulusunun eyni olmasina baxmayaraq, termiki
parcalanmasi forqli gedir, bu da metallarin xarakteri vo ligandlarin stereokimyasi ils izah olunur.

Acar sozlar: komplekslor, lantanidlor, tereftal tursusu, izostruktur, molekulyar birlogsmalor,
polimermasamali qurulus.

DOI: 10.52171/2076-0515_2022_14_02_81_88

YIK: 541.49:544.35

Cunrte3 n (1)I/I3I/IKO-XI/IMI/I‘IECKO€ HCCJICA0BAHUE CYITPAMOJICKYJ/ISAAPHBIX

coequHennii Sm u Gd (I11) ¢ TepedTaneBoii kucja0TOIM
C.P. MamenoBa

Hnemumym kamanusza u neopeanudeckou xumuu um. akao. M. Haeueea HAH Aszepbatioscana
(np. I'. Towcasuoa, 113 AZ1143, Baky, Asepbatioscar)

g.ﬂﬂ NEPENUCKHU:

Mawmenosa Cabuna /e-mail: sb_mamedova@mail.ru

AHHOTANUA

B crartpe mpuBoOAsTCA pe3yiabTaThl N3YYE€HHS BHOBh CHHTE3MPOBAHHBIX KOMILIEKCOB caMapHs U ra-
nomuaust (1) ¢ TepedraneBoit KUCIOTONH METOJaMH pPEHTIeHOrpaduueckoro, siaeMeHTHOro, MK-
CHEKTPOCKOIIMYECKOTO ¥ JICPUBATOTPAUICCKOr0 aHAIW3a. Y CTAaHOBJICHBI XMMUYECKUE (hOPMYJIBI KOM-
IJIEKCOB, (hopMa KoopauHAINY TepedTaneBoil KUCIOTH, a TAKXKe MPOIECCHl TEPMHUYECKOTO Pa3TIOKEHUS 1
(hopMHpOBaHUST M30CTPYKTYPHBIX CYNPaMOJEKYISPHBIX KOOPAMHALMOHHBIX cOoeAnHeHWH. Takxke ycra-
HOBJICHO, YTO, HECMOTPS Ha OJJMHAKOBBIC COCTABBI M CTPYKTYPHI, TEPMHUECKOE PA3I0OKCHHUE ITUX COC/IH-
HEHUI MPOUCXOIUT HEOTUHAKOBO, YTO OOBICHAETCS XapaKTePOM METAJUIOB M CTEPEOXUMHUEH JINTaH/OB.

KiroueBble c10Ba:  KOMIUIGKCHI, JIAHTAHHU[BI, TepedTaneBas KHUCIOTa, M30CTPYKTYpa, MOJEKYJSPHbIC
COEJIMHEHMS], TOJTUMEpPHAas IIOPUCTasi CTPYKTYpa.
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BBeaenue
Penkozemensubie anemenTsl (P39) 1 ux

COEIMHEHUS HAaXOAT MIMPOKOE MPUMEHEHHE B
Pa3IMYHBIX 00JIACTSAX HAYKU, TEXHUKU U IMPO-
u3BojcTBa [1, 2]. OcoOblit MHTEPEC MpeacTaB-
50T KoMiuiekcHble coeaunenust P39 (I1l) ¢
OpraHWYEeCKUMH JIUTAHJAMH, KOTOpbIE HC-
MOJIB3YIOTCS B PaJIMO3JIEKTPOHUKE, B CO3aHUHU
KBAaHTOBBIX T'€HEPATOPOB, B KAYECTBE JIFOMU-
HO(pOPOB, B AHATUTHUYECKON XUMHUHM TPU CO-
3/laHUU HOBBIX (U3UKO-XMMHUYECKUX METOJIOB
aHanu3a. B Ouosiornu MCHoiIb30BaHUE TaKUX
COEIMHEHMI TO3BOJIIET MCCIEN0BATh MPOIleCc-
cel Metabonu3Ma u oOMeHa BemiecTB. Kpome
TOrO, CHHTE3 M HCCIEJOBAaHUE TaKUX KOM-
MJIEKCHBIX COEIWHEHUU TMPEACTABISIET OIpe-
JICJICHHBI TEOPETUYECKUN UHTEPEC B CBS3H C
M3YYCHHEM WX CTPOCHHS U CIocoda KOOpIIH-
HaIUU.

CucremaTH4eckoe H3Y4YEHHE KOMILJICK-
coB P3D ¢ MOHOKapOOHOBBIMHU KHCIOTaMH, B
YaCTHOCTH ¢ OCH30MHOW KHCIIOTOM M ee Mpo-
W3BOJHBIMHU, C a30TCOAEPKAIIMMHU T€TEPOLINK-
JINYECKUMH COCIUHCHHUAMH, a UMEHHO ¢ 1,10-
(EeHaHTPOIMHOM | 2,21-IH/IHI/IpI/II[I/IH0M, ¢ oc-
HoBanueMm llludda Hayato AOBOIBLHO TAaBHO
[3-7]. Onnako B nuTepaType HaHHBIX O CTPYK-
Type 3TUX COEIUHEHMI MaJlo, YTO, 0 HalIeMy
MHEHHUIO, CBSI3aHO C TPYAHOCTSIMH MOJTy4eHUs
MOHOKpHUCTaIIOB. MIMeloTcs cBeileHUs! TOJIBKO
IUI. HECKOJIBKHUX coenuHeHnid P3D ¢ OeH3oii-
HOM KHCJIOTOM M €€ NMPOU3BOJHBIMU: HEOJUMA
U TaJI0JIUHUA C 2,21-I[I/IHI/IpI/IHI/IHOM, HeoauMa U
espormust ¢ 1,10-denantpormmaom m 2,2'-
munupuaaHoM [3-6, 8, 9]. Ha ocHoBanuM 3THX
WCCIIETOBaHMM ClieJaH BBIBOJ], YTO KOMILIEKCHI
Nd u Eu ¢ 1,10-penarpomuaom u 2,2%-
JTUTHPUTTHOM U30CTPYKTYPHBI.

Takxe M3ydeHbl pa3HOJIUTaHIHBIE KOOP-
JTUHAIMOHHBIE COCAMHEHUS JIAHTAHOWUIIOB C
1,10-denanTpoHOM, 2,21-ILHHHpH)1HH0M u
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CaJMUMIIOBOM KHCIIOTOM; NPEIIOKEHO CTPOE-
Hue, nokasannoe B [10].

Jisi  TOATBEPXKACHUS TPEATIOKEHHOTO
CTPOCHUSI PA3HOJUTAHTHBIX KOMIUIEKCOB ObLI
BBIMIOJTHEH KBAHTOBO-XUMHMUYECKUN pacueT TH-
MOTETUYECKUX KOMILUIEKCOB, KOTOphIE BBIOpa-
HBI B KQUECTBE MOJICIbHBIX COEAMHEHUN:

La (LY, (NO3)s u LaL*HL*(NO3),,
rue Lt 1,10-penanrponu; HL* - CaAIUIIAIO-
Basi KUCIIOTA.

Ha ocHOBaHMM KBaHTOBO-XMMHUYECKOTO
pacuera MoyiydeHbl pacyeTHBIC JaHHbBIE MEX-
ATOMHBIX PAaCCTOSHUU W 3apsA0B aTOMOB ISt
MOJIEJIbHBIX COEIUHEHHH M Pa3HOJUTaHIHOTO
kommiekca LaL'HL*(NOj),. Takke panee
HaMU OBUIM CHHTE3UPOBAHBI KOMIUIEKCHbBIE
COETMHEHUS caMapHsi, HEOJAUMa U TaJOJNHUS
C o-(pTaneBoi KUCIOTON ¢ XMUMHUYECKOH (op-
MYJION
sz(C6H4(COO)2)3(H20),
Nd,(CsH4(COO0),)3(H20),
Gd,(CsH4(CO0),)3(H20)

U KJIaTpaTHbIE COCTUHEHUS
[Sm(CsH4(COO0)2)3(H20)2(HCOOH)s,
[Gd2(CsH4(COO0)7)3(H20)s]
(CH3COOQOH), [10,11].

AHanu3 JIUTEpaTypHOTrO Marepuaia Io-
Ka3bIBaeT, YTO OCOOBIA HWHTEpPEC MPEICTaBIIS-
10T komiuiekesl P339 (lll) ¢ apomarnyeckumu
JIBYXOCHOBHBIMH KHCJIOTaMH, B YaCTHOCTU C
0- U n-(hTaneBbIMU KUCIOTaMHU.

Heabio naHHON pabOTHI SIBISETCS CHH-
Te3 U (PU3UKO-XMMHUYECKOE HCCIIeIOBAaHUE HO-
BbIX npezacrasureneii P30 ¢ oprannueckumu
JUTaHJaMH, B YacTHOCTH ¢ TepedraneBoit
KHCJIOTOM.

B pabote ucnonb30BaHbl METOIBI UCCIIC-
JIOBAHUS: AJIEMEHTHBIM W PEHTreHO(a30BbIN
aHaiu3bl, Metoasl MK-criekTpockonuu u tep-
MOTPAaBHUMETPHH.



Azorbaycan Miihandislik Akademiyasinin Xabarlori
2022, cild 14, N2 2, 5.81-88
Mammodova S.R.

Herald of the Azerbaijan Engineering Academy
2022, vol. 14, no. 2, pp.81-88
Mammadova S.R.

oA S v 153

.
| I U,

- ) LA L' '
et N UL TR N 5 9 o Vi A At AN A e o,

| |

- ,. | A N}
QRIS R [NV A AN AWV At

Pucynok 1 — JIudpakroraMma KOMIDIEKCHOTO coeTUHEHUsIcaMapus (a) u ragomHust (0)c TepedTaneBoOHKUCIOTOH
Figure 1 — Diffraction pattern of a complex compound of samarium (a) and gadolinium (b) with terephthalic acid

O0cyk1eHne pe3yJibTATOB

ComnocTaBjieHHe PEHTTEHOTPAMM CHHTe-
3UPOBAHHBIX COEWHEHHH IIpe/CTaBICHO Ha
puc. 1, a, 6. AHanu3 peHTreHOrpaMM MoKasal,
YTO MOJy4YeHHbIE COSMHEHHs COCTOST M3 OjI-
HOi (a3bl M BBICOKOKPHUCTAIMYHBL. Pacrmpo-
CTpaHEHHE MUKOB IO BCEH audpakTorpamMme
03HAYAET, YTO COCAMHEHHS MMEIOT BBICOKYIO
CUMMETPUIO U TapaMeTpsl
sueek npubmusurensro 10.03; 9,70; 6.06A u

3JIEMEHTAPHBIX

10.11; 9.63; 6.03A u XOpOIIO UACHTUDHUIIH-
PYIOTCS TTOJI yKa3aHHBIMM MakcuMyMamu. Kak
BHJHO M3 YKa3aHHBIX Ju(pakTorpamMm U Ia-
paMEeTpOB 3JEMEHTAPHBIX SYEEK, OHHM HJCH-
TUYHBI U, BUJIUMO, H30CTPYKTYPHEI.

DJIeMEHTHBIE COCTaBbl CHUHTE3UPOBAH-
HBIX O0Opa3IOB KOMIUIEKCHBIX COCIMHEHHI
MpeJICTaBJICHbI B TAOJIHIIE.

[To pe3ynpraTaM XUMHUYECKOTO 3JIEMEHT-
HOTO aHanu3a ObLI CAeNaH BBIBOJ, YTO COCTa-
Bbl TMOJyYEHHBIX COCIMHEHUI OTBEYAIOT I'EK-
caakBa-TpUTepeTaIaTO-TUCaMapus U TeKca-
) wm
XOPOIIIO COTJIACYIOTCSl C pe3yJbTaTaMU pPEHT-

aKkBa-TpUTEepePTAIATO-TUTATOIUHUS

reHorpaguuecKkux aHaiau3oB. BaxkHo oTMe-
TUTh, YTO MPOBEICHHbIE HAMHU paHee UCCIIe0-
BaHUs TOKa3aiH, 4To n-pTanaTel camapus U
raIoNIMHUST HEU30CTPYKTYPHBI U IO BCEM Ia-
paMeTrpaM OTJIMYarTCa Apyr ot apyra [11,
12]. Dro, ckopee Bcero, HEMOCPEIACTBEHHO 3a-
BHUCHUT OT CTEPEOXUMUU KUCIIOT.

Taﬁnnua — PeSyJ'ILTaTBI JJICMCHTHBIX aHAJIN30B 06pa3u013 CHUHTC3UPOBAHHBIX NPOAYKTOB
Table — Results of elemental analyzes of samples of synthesized products

CoenuHeHUs Bpytro-dhopmymna Coneprxanne (HaliieHO/ BEIYUCIIEHO), %0
Sm, Gd C H
Smy(n- SM,CpsH24015 32.95/33.37 | 31.68/31.99 | 2.49/2.68
CsHy(COO0)2)3(H20)s
Gdy(n-CsH4(COO0),)3(H20)6 Gd,Cy4H24018 33.96/34.37 | 31.22/31.51 | 2.39/2.64
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HK-crieKTpOCKONMUYECKHUE UCCAEAOBAHUS
KOMIUIEKCHBIX COCIMHEHUI IMOKa3bIBAIOT, YTO
B MK-cnekrpax, cooTBETCTBEHHO B 00JacTsX
1585-1463, 1532-1377 u 1505-1308 cm™ u
1586-1424, 1540-1311 u 1505-1311 cm™ m0-
SIBJIAIOTCSI YETKUE TOJIOCHI, KOTOPbIE OTHOCST-
Csl K aCUMMETPHUYHBIM (Vz5) 1 CHMMETPHYHBIM
(V) momocaM MOTIIOMIEHUS KapOOKCHIIBHBIX
rpymnm TepedTanatHbiXx AuaHuoHoB [13]. Pas-
HULIBI MEeXIYy Vas U Vs, KOTOpbIE, COOTBET-
CTBEHHO, cocTaBioT 122, 155 u 197 em? u
162, 229 u 194 CM'l, MOKa3bIBAOT, YTO Kap-
OOKCHIIaTHBIC aHUOHBI Tepe(TaTaTHBIX KUCIOT
HUMEIOT XeNMaTHyIo GyHKuio [14].

Kak BugHo w3 puc. 2, a, 6, B UK-
CHEKTpPaxX HMMEIOTCS LIUPOKHE MOJOCHI, COOT-
BeTCTBEHHO B oGmactsix 3200-3600 cm™ (max.
3451 em™) 1 3200-3600 cm™* (max. 3461 em™),
OTHOCSIIIAECS K MOJIEKYJIaM BOJBI.

B HK-cnektpax 0OHApYX EHbI TaKkKe IMO-
nocel ipu 1608,23 u 1608,57 CM'l, OTBEYalo-
e AeopMaIOHHBIM KOJIe0aHUsIM MOJIEKYT
Boael (HOH), yto monTrBepikmaer Hamuyue
KPUCTAJIJTU3AIMOHHOMN BOJIBI.

Jns ompeneneHusi KOJWYECTBA BO/IBI,
TEMIIEpaTypbl M XapakTepa JeruapaTaluu,
TEPMUYECKON JIECTPYKIMU MPOBEIECH TEPMO-
rpaduyeckuii aHaIM3 KOMIUICEKCHBIX COEIUHE-

HUW B TeMIIEpaTypHOH o00JacTu 20-1000°C,
IOO/MHH,

(CKOpOCTh  HarpeBaHHs STaJIOH
Al,03).

W3 npeacraBieHHbIX HA pUc. 3, a U 6 Je-
pUBATOIpaMM  KOMIUIEKCHBIX  COEJUHEHUN

BUJIHO, YTO, HECMOTPS HAa U30CTPYKTYPHOCTh U
OJIMHAKOBBI XUMHYECKHMM COCTaB, TEpMHUE-
CKasl JECTPYKIMS KOMILUIEKCOB MPOTEKAET pa3-
mnuHo. Tak, Ha xpuBoil JITA komIuieKCHOro
COETMHEHUS] caMapHsl HaONIoJaloTCs JBa SH-
norepMuueckux dsddexra ¢ MakcUMyMaMu
npu 108,2°C u 248,1°C, MIPU KOTOPBIX yAaJIs-
ot1ed 4,9% u 7,9% Maccel, COOTBETCTBEHHO.
OTH Macchl COOTBETCTBYIOT 2 U 4 MOJeKyjIaMm
H>0. D10 03HauaeT, 4TO MOJIEKYJBI BOJABI W3
KPUCTAJIJIMYECKON PEHIETKH YIAISIOTCS B JBE
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Pucynok 2 — MK-criekTpsl KOMILICKCHOTO COeIMHCHUsIcaMapus (a) U rafonuHus (0)c TepedTaaeBoil KHCIOTOM
Figure 2 — IR spectra of a complex compound of samarium (a) and gadolinium (b) with terephthalic acid
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Pucynok 3 — JIepuBaTorpaMmma KOMIDIEKCHOTO COeTMHEHMs camapust (a) u ragonmHus (0) ¢ TepedraneBoit kuciaoTon
Figure 3 — Derivatogram of a complex compound of samarium (2) and gadolinium (b) with terephthalicacid

B cinydae ragonnHOBOro KOMILIeKca Ta-
KO€ € KOJIMYECTBO BOJBI M3 KpHUCTAILIMYE-
CKOW pELIETKH YyHanusieTcss B OJHY CTaJHI0 C
MaKCUMYMOM  YETKOTO  3HIOTEPMHYECKOTO
sddexra mpu 181°C. D10, mo-BHmHMOMY, 00Y-
CIIOBJICHO TPHUPOJON MeTajla ¥ MX KPHCTal-
norpaduueckoi Mo3UIMENH B CTPYKTYpE.

be3BoiHbIE TPOIYKTHI KOMILIEKCHBIX CO-
€IMHEeHUI yCcTONYuBBI /10 Temmnepatyp 280 u
500°C, mocie wero HauMHAETCS pasnoKXeHue
0€3BO/IHBIX MPOAYKTOB KOMIUIEKCHBIX COEIIU-
HEHUIl B TeMIlepaTypHbIX HHTepBanax 280-
776°C u 500-8980C, COOTBETCTBEHHO.

Kak Bugno u3 kpusoi [ATA, pasznoxe-
HUE OE3BOIHBIX MPOAYKTOB M BBITOPaHHE Op-
TaHUYECKUX OCTaTKOB TakKXKe MPOUCXOIUT
cBoeoOpaszHo. Pasznoxkenue O6e3BOIHOTO MPO-
IyKTa KOMILIEKCa caMapusi MPOUCXOTUT Oe3
KaKoro-imubo sHAoTepMuyeckoro sddexra —
Cpa3y HAuMWHAETCS BBITOPAHWE OPTaHMYECKOU
9aCcTH KOMIUIEKCA, U 3TOT MPOIIECC COMPOBOXK-
JaeTcsl MIUPOKUM HK30TepMUYecKuM 3 dek-
TOM B TemreparypHoM nuTepsane 280-898°C,
a pasnokeHue OE3BOJHOTO MPOAYKTa KOM-
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IUIEKCHOTO COEAMHEHUSI — TaJO0JHHHS COIPO-
BOXKJIA€TCSI HEYETKUM SHIOTEPMHUYECKUM 3(-
(hEeKTOM ¢ MAKCUMYMOM 540°C. CumikoM BbI-
COKas TeMmmepaTypa HE JaeT eMy 0 KOHIa
(dopMHpOBATBCS U TIEPEKPBIBACTCS IK30TEP-
MHUYECKUM 3(pPEeKTOM, KOTOPHIH MOSBISIETCS 32
CYeT BBITOpPaHHUS OPraHMYECKOro ocTaTtka. B
9TOM Cllydae BBITOpAaHUE OPraHHYECKOTO
ocTaTKa MJIET ropas3o ObICTpee MO CPaBHEHHIO
C KOMIUJIEKCHBIM coefuHeHneM camapus. [Ipu
3TOM MOTepss Macchl cocTaBisAlT 49,16%
(Bbru. 49,27%) u 48,77% (48,55%), cooTBeT-
cTBeHHO. KOHEUHBIMU TIPOTYKTaMU TEPMOJIH3a
sBsitoTest SmpO3 u Gd,O3 COOTBETCTBEHHO.
Takum 00pa3oM, KOMIUIEKCHBIMU (U3U-
KO-XHMUYECKUMU UCCIIEOBAHUSMHU BBISIBJICHO,
YTO KOOPAMHALMOHHOE YHUCIO KaXJIOTo IIEeH-
TpaJIbHOTO atoMma 9, U 3TO OOBSICHSETCS yda-
cTHEM B o0Opa3oBaHMM CBsi3el f-opOurtaneii.
A — KOOPJIMHALMOHHBIA MOJIUAIP-ICBATHBEP-
MUHHUK. Takke yCTaHOBIJIEHO, YTO MOJy4YeH-
HbIE KOMITJICKCHBIE COCTUHEHHUS UMEIOT, COOT-
BETCTBEHHO, XMMUYECKHE (POPMYIIBI:
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sz(C6H4(COO)2)3(H20)6

n
Gd2(CeH4(CO0),)3(H20)6
¥ U30CTPYKTYPHBL. B KOOpIAMHALIMOHHOE

OKPY’KCHHE METaJUIOB BXOJST LIECTb aTOMOB
KHCIIOpO/ia TpeX KapOOKCHIIATHBIX TPYII JHa-
HUOHA, TPU aTOMa KHCIOPO/a U TPU MOJICKYIIbI
BOJIBI.

Pucynok 4 — Ilpennonaraemas cxemaTH4eCKasl CTPYK-
Typa KOMIIJICKCHOI'O COCIUHCHNA CaMapusd U raJoJIMHU
¢ TepeTareBoOil KHCIOTOU

Figure 4 — Supposed schematic structure of the com-
plex compound of samarium and gadolinium with ter-
ephthalic acid

Ha ocHoBaHuu moOJMy4eHHBIX pe3yNbTa-
TOB TPHUBEJICHA TpeArojaraemMas cxemarude-
CKasl TOJUMEPHO-CIOUCTasi CTPYKTypa KOM-
IJIEKCHBIX coenuHeHuid (puc. 4). B cTtpykrype
00pa3yroTcsl KOJIOHKU, uMmerole ¢popmy mpa-
BUJILHOTO UIECTUTPAHHUKA C  JTUAMETPOM
~20A. [IpennonaraeM, 4T0 KOOPJAUHAIMOHHO
CBSI3aHHBIE MOJIEKYJIBI BOJBI YYacTBYIOT B 00-
pPa30BaHUM BHYTPHU- U MEXCIOUCTON CETH BO-
JIOPOAHBIX CBs3e W TakuM obpazom 2D
CTpYKTypa mpeBpaiaercs Ha 3D cTpykTypy u

CYIIpaMoJIeKyJy.

3KCHepI/IMeHTaJII>Haﬂ 4acTb
Pentrenoa3oBelii  aHAMM3 TPOBOIUIH
na npubope Commander Sample 1D (Coupled
Two Theta) ¢ meaubiM katomoM. UK-criekTpsbr
IIOTJIOLICHU S CHUMAJIN Ha  CIICKTPOMETPC
Nicole 1810 ¢upmer Thermo Scientific, B 00-
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1
mactu 400—-4000cm .
BUJIC CYCIICH3WH B Ba3eIMHOBOM Macie IpHU

OO0pa3npl TOTOBWIHA B

KOMHATHOW TeMIiieparype. [lepuBaTorpaMmsbl
3anuchBANCh Ha naepuBatorpade STA-449,
F-3 (®PI'). DnementHbiit anaim3 Ha C, H BbI-
nosiHeH Ha aHanmuzatope CHNSO«E» dbupmbr
CarloERBA. CopueprxaHrie METaIOB PacCUH-
THIBAJIM U3 KPUBOM MOTEPH MACCHI MO KOJUYe-
CTBY OKCHJOB, TOJYYEHHBIX ITIOCJIE€ HarpeBa-
Hust Ha gepuBarorpade 10 900°C.

CuHTe3 KOMILIEKCHBIX COeTUHEHUIt

JlJist cuHTEe3a KOMIUIEKCHBIX COSJIMHEHUN
SmCI3-6H20, GdC|36H20,
NaHCO; «xu» wu TepedTaneByl0 KHUCIOTY
«x4». B3pemumBanu gBe HaBecku TepedTaiie-
Boi kucioTel 1o 0.498 r (0.003 mMoib) U Kax-

HCII0JIB30BaJIN

Iyto pacTBopsuid B 50 MJI AUCTHIUTMPOBAHHOU
BOoIbl ¢ mpubaBieHneM K kaxmod 0,504 T
(0.006 monp) NaHCO3. K momydeHHBIM TOpSI-
YUM pacTBOpaM IIOCTENEHHO MpUOaBISIIN
0,729 r (0,002 mom;) u 0,743 r (0,002 mom) BO-
JIOPaCTBOPUMBIX SmCl3-6H,0
GdCl3-6H,0, coorBerctBeHHO. OThHHIBTPO-

coJe u
BaHHbIE OCAJKM CHayajga IMPOMBIBAJIUCh He-
CKOJIBKO pa3 IUCTUJUIMPOBAHHOM TEILION BO-
JIOM, a TMOTOM OCH30JI0M, W BBICYIIHBAIUCH
BHayajie Ha BO3JyX€, a 3aTe€M B CYIIMJIBHOM
mkady mpu 50°C. TTOMMKpPHCTANIHYECKHE TO-
POLIKH UMEIOT JKEITOBAThII LIBET.

3akJjarouyeHue
BnepBrie  cHHTE3MpOBaHBI
caMapus U TaJI0OJIMHUSA ¢ TepedTaaeBO KUCIIO-

KOMIIJICKCBI

TOW M YCTaHOBJICHO, YTO, B OTJINYHE OT (praje-
BOIl KHCJIOThI, OHU 00Pa3yl0T U30CTPYKTYPHbIE
KOMIUIEKCHI. PSmoM (QHU3HKO-XMMHUYECKUX HC-
CJIEIOBaHUM YCTAHOBJIEH UX COCTaB U XUMHUE-
ckas dopmymna. [lpennoxena npeamnonaracmas
CXEMaTU4eCKasi CTPYKTypa CHUHTE3UPOBAHHBIX
KOMILJIEKCHBIX CO€ITUHEHUU.
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Abstract

A normalized mathematical model of tropospheric refractivity is proposed. An analytical expression
is obtained for calculating the quantity of the partial pressure of water vapor, at which the total delay
reaches a minimum value. On the basis of the available factual material, an experimental confirmation of
the presence of a minimum of the total tropospheric delay predicted due to the proposed model is found.
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GPS-signallarin cam gecikmasinin zaman dayismasinin
proqnozu masalasi
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Xiilasa

Moqalads troposfer refraktivliyinin normalasmis riyazi modeli toklif edilmisdir. Su buxarlarinin
parsial tozyiginin hesablanmasi ii¢lin com gecikmoni minimal qiymsats catdiran analitik ifade alinmigdir.
Oldo edilmig faktiki material vo toklif olunmus model osasinda prognozu verilmis com troposfer
gecikmasinin minimuma ¢atdirilmas1 miimkiinliiyiiniin eksperimental tasdiqi agskar olunmusdur.

Acar sozlor:  GPS-signal, com gecikma, riitubat gecikmasi, quru gecikmo, refraktivlik, prognoz.
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Bonpockl nporuo3a BpeMeHHOro u3MeHeHHsl CyMMAapHO
3agaepxku GPS-curnaon
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AHHOTAUA

[pennosxkena HOpMUPOBaHHAS MaTeMaTHUECKash MOJENb pepakTHBHOCTH Tponocdepsl. [Tomyueno
AHAJIMTUYCCKOC BBIPAKCHHUC IJId BBIYMCIICHUA 3HAYCHUA HapHUaIbHOI'0 JAaBJICHUA BOASHBIX ITApOB, IIPU
KOTOPOM CyMMapHasi 3alepXKKa [OCTHUraeT MHHMMaJbHOH BenuuuHbl. Ha ©0asze wumeromierocs
(akTHUECKOrO MaTepHuaia OOHapyKEHO OSKCIIEPUMEHTAIIbHOE TMOATBEPKICHHE HAIWYHUS MHUHHUMYyMa
CyMMapHO# TpornochepHOi 3aIepKKH, MPEICKa3aHHON Ha OCHOBE MPEIOKEHHON MOJIEITH.

KaroueBbie cioBa:  GPS-curnan, cymmapHas 3amepka, BIaXHas 3aJep)KKa, Cyxas 3aJepiKKa,
PePpPaKTUBHOCTb, TPOTHO3.
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Giris
Molumdur ki, GPS mévqetayinetms Sis-
temloarinds sohvlorin yaranmasinin asas sobob-
lorindan biri da troposferin adekvat modelinin
olmamasidir. Is [1]-da geyd olundugu kimi adi
halda zenit istiqgamatinds troposfer sahvi 2,5 m
borabordir. Bu sohv iki torkibden ibaratdir:
“riitubatli” vo “quru”. Quru torkib com gecik-
monin toqribon 90%-ni togkil edir vo o, sabit
olaraq, oncodon asanligla tapila bilor. Ancaq
rltubat torkibi 6z yliksok zaman doyiskonliyilo
forglonir. Belo ki, “riitubat” komponenti tropik
zonada zenit istigamotindo 40 mm c¢ata bilor.

[2, 3]-cl islordo geyd olundugu kimi,
hotta qisa bazis masafoli differensial GPS
sistemlordo  troposferin  qeyri  sabitliyi
movqetoyinetmonin gézocarpan godor sohvino
gatirib ¢ixara bilor.

Is [4]-do yagisin GPS movqetoyinetma
sistemlorinin  keyfiyystino  etdiyi
kompleks qiymotlondirilmosi masslasina ba-
x1lib, yagisla bagli asas amillor tohlil olunub
vo noticodo onlarin neqativ tosirinin  yro-
nilmoasi tiglin yanasma yollar1 gostarilib.

Yuxarida qeyd etdiklorimizi

tasirinin

N9Zara
alsaq, onda bu masoalonin asagidak: alternativ
goyulusunu aktual hesab etmok olar [5]:

1. Troposferin  fiziki parametrlorinin
ayri-ayriligda modellorinin ~ ovozing, com
zaman gecikmosinin zamanla doyismasinin
riyazi modelini yaratmaq, yaxud da formalag-
dirmag.

2. GPS-signallarin com troposfer gecik-
masinin zamanla doyismasinin dncodon demo-
si miimkiinliiyiiniin todqiqi masolosi.

Siibhasiz ki, com troposfer gecikmasinin
zamanla doyismosinin adekvat riyazi modelini
yaratmaq ticlin homin gecikmonin ayri-ayr1
torkiblori vo xiisuson do zaman doyismalori
tohlil olunmalidir.

91

Mbasalanin halli

Is [3]-do gostorildiyi kimi, miioyyon t
zaman ZHD  zenit hidrostatik
gecikmosi bu ciir toyin olunur

aninda

ZHD (t)=10’6TNd(t)dh ! 1)

burada N, (t) - com refraktivliyin hidrostatik
h, -

komponentinin qiymatidir; yer sothinin
yiiksokliyidir.
ZWD zenit riitubat gecikmasi bu ciir

toyin olunur

ZWD (t)=10’6TNW(t)dh )

Bu zaman com refraktivliyin hidrostatik
va riitubat komponentlari bu ciir toyin olunur

Ky P(t) R, , (3)
M d

,et) ., e(t)}
k +Kg Z
{ TR T
burada k, =77,6+0,05 (K/I'Tla); p(t)- quru

vo riitubatli havanin com sixhigidir (Kr~M'3);
R, - universal qaz torkibidir, (I-mon "K™);

N, =

(4)

Mg-quru havanin molyar ¢okisidir, (kr-kmo™).

burada k,=70,4+22 (K/TITla);
(KTTa); M, -
¢okisidir, (Kr-KMon'l); e(t) - su buxarlarinin
parsial tozyiqidir; T(t) - horaratdir (K);
k, =(3,739+0,02)-10° (K*/TTla);

buxarinin inversli sixilma amsalidir,

k =77,6+05

riitubatli  havanin molyar

vavl- Su

Z;1 =1+1650 ()(1 0,01317T, +1,75-10* T2 +1,44-10°T?)

burada T, - horarotdir, °C.
(1)-ci ifadoys goro asagidaki barabarliyi
alinq:
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‘ { PR, _elt), Mw} _kPy(t) . (5) Baxilmas1 {igiin com refraktivliyin
Mg T Y M T ‘ asagidaki normalasmis qiymotini nozordon

burada P, - quru havanin parsial tozyiqidir.

20 EOPRIPUPSIN0
W 2,

N =71‘_’ -ZM+ kK,

,1’

burada Z; 1~ quru havanin inversli

sixilma amsalidir,
Zd’l =1+P, { 57,97-10" (1+ 052) 9,4611-10°* _}2} .

Asagidaki ifadoni nozors alsaq

P, (t)=P(t)-e(t), (7)
burada P(’[) - com tozyiqdir; P, - quru
havanin parsial tozyiqdir.
(7)-ci ifadodon asagidakini ahrlq:
k1[|:,(t)_e(t)]'z(;1 - kz 3 k[P( ]
N:f%(t)z (T +Tj ) + (8)

{e(t)ﬁ;@.leso.(fl(n))} ok T),

burada:
f,(T,)=1-0,01317T, +175-10° T +144-10°T,

k, k
fz(kz,ks,T):_erT_sz_

Beloliklo, com refraktivlik asagidaki
ikihaddli kimi tomsil oluna bilsr

N =aF, [e(t)]+ a,F, [e(t)] ' 9)

burada;

F,[e(t)]=P(t)-e(t);

()] = e(t)+e_:_(3t)-1650- L(T):
kl ) Zd_l .

k )
a, = f,(k,,Kk;,T).

o, =
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kegirak:

N = aF [e(t )]+ a,F, [e(t)] ) (10)
nor a +a,
Nisbi amsallar1 daxil edak:
b= By =

al+a2 al+a2

Cox giiman ki, g, + 3, =1.
Beloliklo, com refraktivliyin normalas-
mi§ qiymati bu clir toyin oluna bilor:

N, = 5F [e(t)]+ 5.F, [e(t)]
P(t)=const sorti altinda su buxarlari-

(11)-ci
modelds asagidak: doyisikliklora gotiracok:

(11)

nin parsial tozyiqinin  azalmasi

1. F, [e(t )] qiymatinin azalmasina;
2. F [e(t )] giymatinin artmasina.

e(t) qiymoti artsa, onda oks prosesin
bas vermasini gozlomok olar.

Yuxarida qeyd etdiklorimizi
N nor
tivliyin normalagsmis qiymotinin doyismosi
xarakterinin prognozunun miimkiinliiyii xiisusi
maraq dogurur.

Nnazara

alsaq, onda demok olar ki, com refrak-

Bu suala cavab vermok {igiin is [2]-do
gostorilmis ¢oxmeyarli optimizasiyaya dair
tadqiqat naticalorinden istifade etmok moaqgsoda
uygun olardi.

Bu isdo gostorilir ki,
miioyyan go(t) funksiyasindan qarsilight in-

ogor  sistem

versiv formada asililigda olan iki F; vo F;
keyfiyyot funksionallarla xarakterizo olunarsa,
yoni F go(t)-nin artan, F,iso azalan
funksiyasi olarsa, onda xatti kombinaedilmis
funksional bu ciir olacaq:
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L=7-F[p(t)]+ 7, F, [ol)]

\A) oldugda, miioyyan ¢, (t)

ntr,=1
ndqtesinds 6z minimumuna catacaq.

N, giymatini minimuma endiran e(t)
giymotini tapmaq lclin (10)-cu ifadonin
suratini ekstremuma todqiq etmok kifayatdir.

(10)-cu ifado birinci
toramoasini alib, onu sifira borabor etsok:

2e(t) 1650 fl(Tz)}o, (12)

suratinin

-y +a2{l+
3

(12)-ci ifadodon bunu alariq

_1 T3 .
2-1650 f,(T,)

e(t)=(al

2

(13)

Beloliklo, atmosferin com normalasmis
refraktivliyinin yuxaridaki modelino osason,
(13)-cii  ifado e(t)
gqiymatinds, ZWD azalan, quru gecikmo iso
artan zaman intervalinda com gecikmonin

ilo  toyin olunan

minimumu miisahido olunmalidir.

Misal kimi, DAEJ stansiyasinda miisa-
hido olunmus eksperimental gecikmo naticalo-
rini nozoro ¢atdiririq (sokil). GOstorilmis
grafiklordon goriiniir ki, 01.09 - 02.09 zaman
intervalinda ZWD, ZHD -nin oksfazali doyis-

molori miigahido olunur vo noticodo com
gecikmo minimal qiymoatdon kegir [6].

ZTD& ZHD (cwm)

ZWD (cwm)

Sokil — Kanadanin DAEJ stansiyasinda 25.08.2002-03.09.2002 tarixindo com gecikmonin (ayri 1), hidrostatik
gecikmonin (2) va riitubat gecikmosinin (3) zamanla doyigsmasinin qrafiklori [6]
Figure — Graphs of change of total delay (curve 1), hydrostatic delay (2) and humidity delay (3) on time in Canadian

DAE]J station on 25.08.2002 — 03.09.20002 [6]

Beloliklo, com refraktivliyin toklif et-
diyimiz modeli, onun ayri-ayr1 torkiblarinin
zaman doyismolorinin Oyronilmasi asasinda,
com refraktivliyin zaman doyismasinin prog-
nozunu demoyos imkan verir. Aydindir ki,
zaman mosolasSinin oks qoyulusu da mim-
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kiindiir, yoni com troposfer refraktivliyinin vo
su buxarlar1 refraktivliyinin = dyronilmasi
osasinda hidrostatik troposfer refraktivliyinin
zamanla doyigsmosinin xarakterini do 6ncodon
demok olar.
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Notico - Oldo edilmis faktiki material vo toklif
Aparilmis  todqgiqatlarin = yekununda ~ olunmus model osasinda prognozu verilmis

asagidaki osas naticolor alinmisdir:

- Troposfer refraktivliyinin normalasmis
riyazi modeli toklif edilmisdir.

- Su buxarlarinin parsial tozyiqinin
hesablanmasi iiciin com gecikmoni minimal
qiymata catdiran analitik ifade alinmigdir.

troposfer  gecikmasinin - minimuma
catdirilmast miimkiinliiyliniin eksperimental
tasdiqi askar olunmusdur.

coam
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Abstract

The paper shows how important it is when designing to take into account the features of the wing
aerodynamics and solving the issues of regulating the stability of the aircraft. Further development of
unmanned aviation to ensure long-term flight of unmanned aerial vehicles directly depends on the ratio of
power and weight, power and overall dimensions of control systems (propulsion systems), aerodynamic
features of the wing, as well as aerodynamic quality factors of the wing of the aircraft. The energy
consumed during flight by an aircraft directly depends on the chosen wing shape. At the same time, in
order to save the energy of the aircraft during flight, in order to quantitatively exceed the coefficient of lift
created by the angle of attack of the wing from the coefficient of resistance, during the design period of
the aircraft it is necessary to use mainly this wing design.
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Tatbigi programlar asasinda konvertoplan tipli pilotsuz ucus

aparatimin planerinin kompiiter modellasdirilmasi
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Xiilasa

Mogalads, ugus aparatinin layihalondirilmosi zamani qanadlarin aerodinamik xiisusiyyatlorinin
nozars alinmasimin vo dayanigligin tonzimloanmasi masalalarinin hall olunmasinin vacibliyi gqeyd olunur.
Homginin, ugus zamam sorf olunan enerji ugus aparat: tigiin segilmis ganadin formasindan vo homlo
bucagindan asili olaraq qanadin yaratdigi qaldirici qiivve amsalinin garst miigavimat qiivvasi omsalindan
ne¢o dofo boyilik olmasimi gostoran komiyystdon birbaga asili olur va layihalondirmo zamani ugus
aparatinin ugus vaxti enerjiyos gonast etmok imkanina sahib konstruksiyadan istifads etmak tolob edilir.

Acar sozlor:  pilotsuz ugus aparati, konvertoplan, planer, u¢an qanad, aerodinamik xiisusiyyatlor.
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AHHOTAUA

B cratee oTMeueHO, Kak BaXXHO NMpPH MPOEKTHUPOBAHWU YUUTHIBATH OCOOEHHOCTH a’3pOJUHAMMKH
KpblJJa M PELICHUS BOMPOCOB PErYJINPOBaHMA YCTOWYMBOCTH JICTATEIIBHOIO ammaparta. JHeprus,
notpebiisemMast BO BpeMs I10JICTa JIETATEIbHBIM allllapaToM, HAlpsMYyIO 3aBHCUT OT BBHIOPaHHOW (OPMEI
Kpbuia. [Ipy 3TOM B 1ENsSIX 3KOHOMHMM SHEPrMM JIETATENIbHOTO almapara Mpd BBIOJHEHWH TOJeTa s
KOJIMYECTBEHHOTO TPEBBIICHUS KOA(PHUIICHTa MOIBEMHOW CHIIBI, CO3[aBaeMOW yIJIOM aTaku Kpblia OT
KO3(HILIEHTa CONPOTHBJIECHUS, B TEPHOA NPOCKTUPOBAHUS JIETATEIBHOIO ammapara TpelyeTcs
WCIOIb30BaTh MPUMYIIIECTBEHHO JaHHYIO0 KOHCTPYKIIMIO KpbLIa.
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KpbLIO, a3POJAVMHOMUYCCKUEC 0COOEHHOCTH.
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Giris

Pilotsuz ugus aparatlarinin uzun miiddat-
li ugusunun tamin edilmasi — ugus aparatlari-
nin inkisafi, planerin enerji vo ¢aki, giic vo ho-
rokatverici sistemlorinin gabarit 6lgtilorine nis-
botindon, ganadin aerodinamik xiisusiyyatlo-
rindon, hamginin ugus aparatinin ganadinin ae-
rodinamik keyfiyyot omsalindan birbasa asili
olur.

Isin magsadi

Sabit "ugan ganad” formali planer konst-
ruksiyasina sahib konvertoplan tipli PUA-nin
“SolidWorks”, “ANSYS”, “Profili” vo “Xf-
lir5” totbigi programlar osasinda kompiiter
modellasdirilmosi.

PUA-nin ugusunun avtonomluq sartinin
6donmasi an vacib vo miirokkab hallardan biri-
dir. Bu sobabdon hazirlanan PUA-lara goyulan
asas tolob sarbast ugusun tomin edilmasi sorti-
nin 6danilmasidir. Artiq tam va yaxud gismon
avtonom PUA-lar hazirlanmisdir. Osas avto-
nomluq UA-nin ugusu idaroetmo prosessoru,
inersial navigasiya, tozyiq vo s. duygaclarin
verilonlori ilo tomin edilir. Tam avtonomluq
sortinin odonilmoasi halinda UA-nin istonilon
situasiyaya adekvat cavab vermok vo toyyaro-
nin xarici tasirlora (mahdudiyyatlora) garsi da-
yaniqliq xisusiyyatlori gostormasi ilo xarakte-
rizo olunmasidir [1, 2].

Konvertoplanerds darti1 vo galdirict mii-
horriklor UA-nin manevr imkanlarini artirir.
Miiharriklorin vaziyyati (saquli, tfiiqi) va islo-
mo ardicilligindan asili olarag ham galdirma
qiivvesi, ham do dartt qiivvesi yaranir. UA-nin
galxmasi galdirict miiharriklor (firlanma miis-
tovisino paralel), iifiigi ugusu iso (firlanma
miistovisi perpendikulyar) dartt miiharriki he-
sabina yaranir. Naticodo UA tayyars rejimindos
ucusu davam etdirir. ©Oks proses zamani iso
UA saquli ugus (multikopter) rejimina kegir.
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Qaldirict miiharrik parlorinin qarsiligli oks isti-
gamoatlards firlanma momentlarinin diferensial
forglonmasi naticasinds qalxma, darti miihor-
riklarinin yaratdigi darti qiivvasi naticasinda
iraliloma vo UA-nin eleronlarinin hiicum bu-
caqglarini doyismasi noaticasinds istigamatlonma
horokati yaranir. Konvertoplan toyyars reji-
minds iifiiqi ugus zaman1 helikopter va goxro-
torlu UA-larin mohdudiyyatlorindon (az ugus
moasafasi vo asagi ugus siirati) azad olur.

“Ugan qanad” sabit ganad konfiqurasi-
yali UA-ya aid olub, strukturuna ganad, fiizel-
yaj vo quyruq hissasindon ibarat sado forma
daxildir. Flizelyaji olmayan “u¢an ganad” tip-
li sabit ganadli toyyaro modellori do méveud-
dur. Homginin “uc¢an ganad” konstruksiyasina
tutacaglar, asqilar, yiik bolmasi, eloco do saqu-
li vo ufuqi stabilizator gisminds kigik konst-
ruktiv birlogsmolor do daxil ola bilir [3].

“Ugan qanad”-m aerodinamik
xiisusiyyatlari

UA-da galdirma qiivvasini aerodinamik
soth yaradir vo galdirma qiivvasi ilo paralel
olaraq, ona miioyyon qodor oks olan monfi
garst miigavimat vo siirtiinmo qiivvalori yara-
nir. Homginin iifiiqi, saquli stabilizator, fiizel-
yaj va s. ugus Zamani miioyyan oks miigavimat
qiivvalari formalasdirir. Yaranan bu oks qiiv-
valarin qiymoti  “u¢an ganad” formasinda
asag1 olur. Az da olsa, yaranan galdirma qiiv-
vasi hesabina UA-nin ugmasi tomin olunur.
“Ucan qganad” konstruksiyasinda ganadin ya-
ratdigi galdirma qiivvasino nisboton daha az
slavo miigavimat yaranir va biitiin konstruksi-
ya galdirma qiivvasi yaratmaq imkanina malik
olur. Bu xiisusiyyat adi qanad konfiqurasiyala-
r1 ilo miiqayisads “u¢an ganad”’m somaralili-
yini yiiksoldir [4]. Umumiyyatlo, “ucan ga-
nad” konstruksiyasiin asagi oks miigavimot
quivvesi, yiikksok aerodinamik galdirma omsali,
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asagr askarlanma ehtimalina sahib olmasi,
ucusun maxfiliyinin tamin olunmasi vo s. kimi
miisbat x{isusiyyatlor ilo xarakteriza olunur.

“Ugan ganad” formasinin hava axininda
aerodinamik spektrinin asimmetrik olmasi so-
bobindan (axinda on yiiksok deformasiya gana-
din on boyiik sath ayriliyino malik oldugu yer-
do miisahido olunur) hamin néqtads hava axini
daha ¢ox sixilir va oksine asagi, daha az ayrili-
yi olan sathdo damlasakilli formanin aerodina-
mik spektri isa (cismin simmetriya oxu axinin
horakot istigamati ilo uygun oldugda) simmet-
rik va rovan olacaqdir.

Konstruksiyasinda sabitlosdirici vo ida-
roetmo sothlorinin sado olmamasi sobabindon
onun formasi geyri-simmetrik hesab olunur va
idaroedilmasi miirokkob sayilir. Qeyd olunan
bu xiisusiyyatlorin aradan galdirilmasina calis-
digda yiiksok aerodinamik keyfiyyat omsali,
asagl ¢oki vo kigik aerodinamik miigavimot
giymati Kimi miisbat xiisusiyyatlorin azalmasi-
na sabab ola bilar.

Adi UA-larda aktiv vo passiv dayaniqliq
istigamatlandirici siikan va saqiili hava stabili-
zatoru vasitasilo aldo olunur. “Ug¢an ganad”
formasina bu konstruksiyani totbig etmok
mimkiin deyildir. Bazi “u¢an ganad”da ganad
sonlugu olmur vo UA miiayyan bir torofo me-
yillondikds boyiikk qanad mosafosi hesabina
ganadda daha yiiksok miigavimat qiivvasi ya-
ranir [5]. Naticads tolob olunan tarazlasdirici
qiivva formalasir.

Aktiv dayanigliga qanad uclarinin yaxin-
liginda yerloson miioyyon formali ayloc (ele-
ronlar) vasitasilo alave miigavimot qiivvasi ya-
ratmagla nail olunur. Planero miixtalif konst-
ruksiyalar, bels ki, ayri-ayr1 hava ayloc sistemi
Vo eleronlar, homginin diferensial dart1 qlivvasi
yaradan sistemlor tatbiq edilo bilor. “Ugan ga-
nad’1n iifiiqi ugusu zamani passiv dayanigliga
nail olmaq tigiin sag va sol ganad sonlar1 maili
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bucaq soklindo yuxariya burulmus sokildo ha-
zirlanir.

Bu sobabdon, X oxu iizrs iifliqi ugus za-
man1 UA-nin idars edilmasi ganad sonlarinda
yaranan diferensial turbolentliyin minimuma
endiririlmasi hesabina daha asan oldo edilir.
Qanad sonluguna yaxin yerlagan eleronlar toy-
yaranin aktiv dayanigligiin tomin edilmasino
komok edir. Eleronlar diferensial galxma pro-
sesini, bu da UA-nin ugusunun idars edilmasi-
ni vo ya pilotun kren siiratini tonzimlomoya
imkan yaradir. ©noanavi ugus aparatlarinin ¢o-
xunda tftiqi stabilizator var vo 0, Y oxu iizro
passiv dayanigliga nail olmaga komok edir.
Digar torofdon, aktiv dayanigliq bu stabiliza-
torda yerlogon galdirict servo miihorrikli ida-
roetmo mexanizimlorin komayi ilo (verilmis is-
tigamotdo saquli qiivvani artirir vo ya azaldir)
aldo olunur. “Ugan ganad”da iftuqgi stabiliza-
tor yoxdur.

Bu sobabdon, asas ganadin arxa hissasi
stabilizator rolunu oynayir vo ganadin arxa
hissasi forgli hazirlanir. Hicum bucagi boytik
oldugda yaranan tmumi firlanma momenti
qiivvasi hiicum bucagimi daim azaldir. Digor
torofdon, aktiv dayanigliq gqanadin arxa hisso-
sinda yerlason noazarst sothlori vo eleronlar va-
sitasilo alda olunur.

Kiiy effektini azaltmaq tigiin PUA-nin
galdiric1 vo darti qiivvasini akkumulyator bata-
reyasi ilo gidalanan elektik miharriklori,
homg¢inin uzun middstli ugusu tamin etmoak
tigtin dart1 miiharrikini daxili yanma miiharriki
(DYM) ilo avoz etmoyin miimkiinlilyii todgiq
olunmusdur.

PUA-ya qoyulan iqgtisadi vo istehsal to-
loblori UA ugusa tam hazir oldugdan sonra
giymatlondirilocokdir. Sistem va qurgulara go-
yulan asas tolob PUA-nin avtonom ugusunun
Vo istismarinin sado olmasi sortlorinin 6dean-
mosidir [6-8].
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Tahlil olunan konfiqurasiya variantlari

Burada PUA-nin layihalondirilmasi za-
man1 miiqayiss edilon eskiz layihalari tasvir
edilmis vo toklif olunan mixtslif konfiqurasi-
ya variantlarinin giiclii vo zaif toraflorinin toh-
lilinin naticalori verilmisdir.

Toklif olunan layihalarin giymatlondiril-
mosi osasinda yekun konfiqurasiya segilmis-
dir. Bu zaman saquli galxma vs iifiigi ugusun
tomin edilmoasi sisteminin stiinliik vo catis-
mazliglar1 miiqayiss edilmisdir.

Naticado, ikinci — iifiigi ugusun tomin
edilmasi tiglin darti miiharrikindan istifads et-
mok varianti segilmisdir. Bu variant i¢iin
“ucan ganad” tipli planer — 4 odad galdirict
Vo 1 odad dart1 qlivvasini yaradan kollektorsuz
elektrik miiharrikdon (DYM-don), eloco do
parlardan ibarat sistemdir. Burada PUA-nin 4
elektrik miihorriki ilo saquli galxmasi, ifiiqgi
ucusun tomin olunmasi magsadi ilo dart1 qiiv-
vasini yaradan miiharrikin iso diismasi va oksi-
No proses basa diistiliir.

Ikin baza élciilor

Baza olgiilor kiitlo nozoro alinmagla
mioyyan edilmisdir. PUA-nin tam ¢okisi
elektrik miharrikli birinci hal {igiin <6 kq va
ikinci hal tigiin <16.5 kq hesablanmigdir. Coaki-
yo daxil olan komponentlorin se¢imi aparil-
musdir. Miigayiss olunan hor bir UA konfiqu-
rasiyasi tgtin eskiz layihosi ¢okilmis (sok. 1)
Vo se¢ilmis konfiqurasiya tigiin ¢oki hesabati
apartlmisdir.

Coki gostaricilori PUA-nin hazirlanmasi
zaman ilkin layiho olaraq nazoro alinmisg vo
novbati marhalalards bu gostaricilarin yenilon-
Masi miimkiindiir.

Layiholondirilon konvertoplanin ilkin
olaraq hesablanmis vo ehtimal olunan para-
metrlari odobiyyat [9]-da verilmisdir.
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Sakil 1 — “Ugan ganad” korpusunun CAD program
tominat1 bazasinda hazirlanmig sxemi

Figure 1 — Schematic of the "Flying Wing" body based
on CAD software

“Ugan gqanad” tipli planerin layihalandi-
rilmasi

“XFLR5” program tominati bazasindan
istifado etmoklo tohlillor aparilmis vo “ucan
qanad” profilinin parametrlori hesablanmigdir.
Ilk 6nca, “ucan ganad” korpusunda istifado
edilocok on yaxsi aerodinamik profil segmok
tciin iki forgli aerodinamik sathlorin CFD
(havamin dinamik axini) analizi aparilmig vo
todgig olunan ganad profillarindon  biri
se¢ilmisdir. Bunun ii¢clin “XFLR5” proqra-
“XFOIL” program
bazasindan istifado edilmisdir.

Bazadan secilmis panel kodundan istifa-
do etmoklo "u¢an ganadin” aerodinamik soth-
lorinin aerodinamik xiisusiyyatlori giymatlon-
dirilmisdir.

Analiz

minin alt sistemi olan

sothlorin
qalinhglar1 yiiksok olan “S” seriyali aero-
dinamik sothlor (S5010, t/c=9.82%, S5020,
t/c=8.40%) segilmis vo onlar tigiin Reynolds
ododi  genis diapazonda hesablanmisdir
(sok.2).

“XFLRS5” bu qiitblori gotiirmakls vo la-
zim olduqda forgli Reynolds adadlarindan isti-
fado etmoklo hesablamalar arasinda interpol-
yasiya edarok VLM — vorteks gofos iisulu ana-
lizina uygun faiz nisbati slave edilmisdir.

liglin  aerodinamik
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Ne | Name | Thickness (%) | at (%) | Comber (%) | at (%) Points |TE Flap (°) | TEY Hinge Show Points Centerline
1 | S5010 9.82 7.60 2.20 27.60 62 0.00 0.00 v v v
2 | S5020 8.40 27.80 2.62 27.80 62 0.00 0.00 v v v

Sakil 2 — S5010 va S5020 aerodinamik sathlorin “XFLR5” proqram bazasinda hesablanmis goriiniist
Figure 2 — Calculated view of S5010 and S5020 aerodynamic surfaces based on XFLR5 software

S5020 seriyali aerodinamik sathin
secilma sobabi agagida geyd edilmisdir:
- ki¢ik burulma smsalina sahib olma (c/4);
- ganadin galdirma qiivve amsalinin mak-
simum yiiksalmo giymatinin ganadin aerodi-
namik omsali gostoricisindan s/4 godor asagi
olmasi. Qaldirma vo siirtinmo omsallar
S5010, S5020 ardicilligr ilo artr.

Hiicum bucagmin on yiiksok qiymati
S5010 tiglin toxminan 12-13 daracs olur. La-
kin konvertoplan tipli PUA-nin galdirma gii-
ciinii tamin etmoak ti¢lin daha yiiksok qaldirma
omsali talob olunur [10].

Hicum bucagmin on yiiksok qiymaoti
S5020-da toxminoan 6-7 doracads geyds alinir.
Planerin miioyyon hiicum bucag: altinda ug-
masina imkan yaradir (sok. 3 a,b).

Tohlil edilmis iki aerodinamik sathlor
arasindan toxminon 3,3 hiicum bucag: altinda
S5020 sifira yaxin olan on asagi Cm Y-0 om-
salina malik olur. Xordanin % hissada qiivve
momenti omsalina goéro aerodinamik sathlor
tistlinliik daracasinae géra S5010 va S5020 ardi-
cilligla siralanr.

Konstruktiv olarag ganad sonlugunun
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yigilmast va burularaq saquli yuxariya istiga-
motlonmoasi UA-nin vo ganadin dayaniqligini
yiiksaldir [11].

Aerodinamik sothin secilmosindon asili
olaraq, Cm=c/4-in asag1 giymatlorinds qiivvo
momenti amsali sifira yaxin olur. UA-nin ga-
linlig1 ilo xordasimin nisbatinin gdstaricisi asas
parametr olub, todgigat zamani onun nazars
alimmasi vacib sortdir.

Daha yiiksok galinliga (t/c) malik va da-
ha ¢ox daxili hacm tolob edon néqtads yerlos-
dirilocok aerodinamik sathli ganad ““fiizelyaj”
adlanir. Bu sabobdoan, galinliga (t/c) vo ganad
sonluguna goro ustiinliik siras1 t/c = 9.82%
olan S5010 vo t/c = 8.40% olan S5020 toskil
edacokdir.

UA-nin dinamik davranisi dayaniqliq v
nozarat xiisusiyyatlori ilo mioyyon edilir ki,
bu da 6z névbasinds planerin aerodinamik xii-
susiyyatlori ilo baghdir.

Planerin “u¢an qanad” formada oldugu-
nu nazoars alsag, ganadin diizgiin aecrodinamik
dizaynda olmas:1 tolob olunan dayamqliq vo
nozarat xtisusiyyatlarini tomin edoacokdir.
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Sakil 3 —a) Cm aerodinamik soth va b) Cl amsallarinin hiiciim bucagindan asililiq grafiklari
Figure 3 —a) Cm aerodynamic surface and b) graphs of CI coefficients depending on the angle of attack

Ucusun idaroetmo sistemlori aerodina-
mik tarazligin pozuldugu hallarda dayanigligin
tomin edilmasino caligirlar. XFLRS programi
ilo ganadin sads ti¢ 6l¢iilii modeli, iki Gzl va
burulmus formasi hazirlanmis, elaco do UA-
nin aerodinamik xiisusiyyoarlori vo dayaniqliq
analizi aparilmisdir [12]. UA-nin ugus texniki
xususiyyarlorinin analizindo adadi metoddan
istifado edilir vo burulganli axin vo yaxud
VLM metodunu 6ziindo comlosdiron tapsirig-
dan istifado etmoklo XFLRS programi tothiq
edilir. VLM analizi galdirict cisimlorin havada
miitloq axinini oks etdirir. Bu sabobdon PUA-
da kecorli olan asag1r Reynolds odadlori tiglin
bu isul real goriinmiir. XFLRS program tomi-
natina asasan aerodinamik qiivvalora gostori-
lon oks tosirlor yaranan qiivvo omsallarindan
geyri-xatti asili olur. Aerodinamik profili ana-
liz edarkon VLM analizi naticasindo toyin olu-
nan qiivvalori giymatlondirmak vo daha real
riyazi model aldo etmokdon 6trii alinmis hollo-
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rin XFoil analizi aparila bilor. Hazirlanmis
modelds “miistoqillik hipotezi “ni nazori ola-
rag, totbiq etmok miimkiin deyil. Bu sababdan,
XFLR5 programi vasitasi ilo aldo olunan nati-
calorin vo tatbigi hallorin ilkin model olaraq
yoxlanilmasi1 miitloq hesab olunur. Buna bax-
mayaraq, alds olunan naticalor, “u¢an gqanad”
modellorini miigayiss etmok ti¢iin Kifayat edir.
Qanadin analizini aparmaq ti¢iin qanadda bir-
dofalik niimuna analizi tisulundan istifads olu-
nur. UA-nin agirliq moarkazinin yerlosmo yeri,
ganadin qaldirma giicii, qiivwvoa momenti vo
stirtinmo omsali vo s. miixtolif aerodinamik
xuisusiyyatlori miiayyoan etmok tigiin kiitlo ta-
razligi hali tomin olunur.

Bundan olava, yan vo uzununa dayaniqg-
lig1 miloyyon etmok tgiin dinamik dayanigliq
hesabatlar1 aparilir. Bu analiz tigiin dord forgli
ganad sonlugu tortib etmisik (qanad sonlugu:-
0°, 45° 60° vo 90° olan ganadlar). Qanad son-
lugu qaldirma qiivvesini tomin edir vo bu za-
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man daha yiiksok qaldirma omsali tolob olunur.
Miioyyan hiicum bucagi altinda daha yiiksok
stirtiinmo amsali UA-nin uzaq mosafoys ugma-
sin1 tomin edacakdir.

Sok. 4-do tosvir olunan grafikdon galdir-
ma omsallarinin yiiksoldiyi aydin goriiniir vo 6°
-12° hiicum bucag: altinda ganad konfiqurasi-
yas1 45° olan ganad iigiin on yiiksok olur. 0° hii-
cum bucagi altinda olan amsaldan eyni ganad
konfigurasiyasinda hamar sothdo monfi galdir-
ma qiivvasi olmasina baxmayaraq, uzununa da-
yaniqlig mane olacagindan, istifadesi t6vsiyo
edilmir.

" TI_Re0.100_M0.00_N9.0
S ke T1_Re0.150_M0.00_N9.0
59020 71 Re0.200_M0.00_N9.0
—— T1_Re0250_M0.00_N9.0
T1_Re0.300_M0.00_N9.0

)

——T1_Re0.100_M0,00_N9.0
crc T1_Re0.150_MO.00_N9.0
3301071 "Re0 200 M0O.00_ NOO
y——— TI_Re0.250_M0.00_N9.0
o T1_Re0.300_M0.00_N9.0

Sakil 4 — C 1/Cd amsalinin hiiciim bucagindan asililiq
grafiki

Figure 4 — Graph of dependence of the coefficient CI/Cd
on the angle of attack

Cm vo alpha nisbatino gora, on yaxsi
qanad konfiqurasiyasi har iki konfiqurasiyadan
birinin 90° ilo olmasidir (sok. 5).

Dinamik dayaniqliq ti¢iin ganad sonlugu
olmadan ganadin hom uzununa, ham ds yan is-
tigamotdo sabitliyini tomin etmok miimkiin de-
yildir. Belalikls, hazirlanan UA-da saquli stabi-
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lizator rolunu oynayacaq ganad totbigi ortaya
¢ixmigdir. Bu, ganadin kren vo istigamoti do-
yismo momentloring tosir gostorarak sistemi ta-
razliq vaziyyatino kegiracak.

x=5.968
o y=0003 ppps
0! 20 40 60 80 100 120
4 3| dStw3tm0459winglet 60
) (1) —— T2-VLM2 winglet 60
&5tw3tmO459winglet 90 V4
| @ T2-VLM2 winglet 90 vi
-0.010
0015
-0.020
&5tw3tm0459winglet 90 V2

-0.0257(3)4} T2-VLM2 for zero moments aoa
T2-VLM2 winglet 90 V2

| diStw3ttm0459
-0.030/(4y— T2-VLM2 no winglet

| dSw3tm0459winglet 45 i

(5— T2-VLM2 winglet 45
Sakil 5 — Qiivvo momentinin hiiciim bucagindan asililiq
grafiki

Figure 5 — Graph of the dependence of the moment of
force on the angle of attack

Qanad sonlugu olan konfiqurasiyali
"ugan ganad"-m dinamik dayamqlig 0°-900°
soviyyesino godor artir. Ilkin olaraq 900° bu-
caqg altinda “ugan ganadin” korpusunu hazirla-
maq tigiin CAD program tominatindan istifado
olunmusdur. UA-nin ilkin maketi ¢oki, 6l¢ii vo
aerodinamik xiisusiyyatlordan istifads etmoklo
qurulmusdur (“XFLR5” proqraminda sinag-
dan kecirildiyi kimi). Artiq “virtual prototip”
hazirdir. Tam modellosdirmak ig¢iin “Solid
Works” vo “ANSYS” kompiiter program to-
minatlarindan istifado etmoklo miixtalif hesab-
lama sinaglar1 aparmag vo modeli daha da tok-
millogdirmok tiglin yeni parametrlor oldo et-
mok miimkiindiir.

Bunun tigiin UA-nin konstruktiv dizaynm
“SolidWorks” program tominatinin bazasinda
miitkommal sakilda ¢okilmisdir.
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ANSYS program tominatlarmn tatbiqi ilo
aerodinamik sinaqglar

Aerodinamik sinaglarin aparilmasi tigiin
osas tapsiriqlar asagidakilardir: “u¢an qanad”
profili tizorindoki axin Sxemini miioyyon et-
mok;miigqavimoat vo galdirma qiivvalarinin qiy-
matlorini toyin etmok.

Aerodinamik layihalondirmonin yekun
baza konfiqurasiyasina uygun olmasimni tomin
etmok tigiin “Ansys-Fluent” aerodinamik si-
naglar1 aparilmigdir. Kompiiter modelini ha-
zirlamagq iiciin 8° hiicum bucag: altinda toyin
edilmisdir. Bu, UA-nin z oxu otrafinda 8° bu-
caq altinda hondasi firladilmasi ilo miimkiin
olmusdur. PUA-nin otrafinda uygun aerodina-
mik vo termal tor ¢okilmisdir. Asagidak: para-
metrlordon istifado edilmokls, tor tamamlan-
musdir.

Aerodinamik sinaglarin naticalari

Analiz naticasinds “u¢an gqanad” korpu-
su tizarindoki asag statik tozyiq yiiksok siiratlo
olagalidir. Homginin statik tozyigin ganadlar
tizorinds vo korpusun arxasina dogru yiiksol-
diyi toyin edilmisdir. Yuxar1 vo asagi sathlordo
tozyiq paylanmasmin noticalori sok.6 a,b-do
verilmigdir. Bu, yuxar1 vo asagi sothlor arasin-
daki tozyiq forginin oldugunu agiq gostorir.
Tozyiq paylama konturu gostorir Ki, “u¢an ga-
nad “mn asagisinda yaranan tozyiq planerin yu-
xar1 hissasinds yaranandan yiiksokdir. Ovazlo-
yici tozyiq forgi Y oxu boyunca +Y istigamo-
tindo qiivva meydana gatiracokdir.

Bu, konstruksiyanin galdirma qiivvasi
yaradilmasina sabab olacaqdir. UA-nin uzunu-
na ox istigamatinds tozyiq paylanmas: “ug¢an
ganad "1n 6n hissasindoki yiiksok tozyiq sahe-
sini oks etdirir. Arxa torafds nisbaton yiiksok
tozyiq sahasi var vo bunun iglin “u¢an qga-
nad”in “fiizelyaj” sahasinin konstruksiyasini

tokrar layihoalondirmays ehtiyacin olmasimi
gostorir.
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Sokil 6 — a) Profildo uzununa ox boyunca va par
sahasinds tozyigin vo b) uzununa ox boyunca vo par
sahasinds siirat paylanmasinin aerodinamik sinaqglar
Figure 6 — a) Aerodynamic tests of pressure along the
longitudinal axis and the area of the pen in the profile
and b) the distribution of the image along the
longitudinal axis and in the area of the pen
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Sakil 7 — a) Daxili atraf axin kanali tigiin statik tazyiq vo b) uzununa ox boyunca va par sahasinds tozyiqin konturlari
Figure 7 — a) Static pressure for internal peripheral flow channel and b) contours of pressure along the longitudinal

axis and in the feather area

Ugus zamanit “u¢an ganadm parlarinin
sahasi boyunca yaranan tozyiq paylanmasi
asag1 dinamik tozyiq sahasi formalasdirir.

Sok. 7-da par sahasinds vo ugan ganadin
“fizelyaj” sahasindoki siirot profili oks etdiril-
misdir. Par sahosindoki desik siiratin demok
olar ki, sifira borabar oldugu iki sahoado siiratin
azalmasina gotirib ¢ixarir. Bu iso 0 demakdir
ki, bu sahado tozyiq artimi misahido olunur.
Flizelyaj tizorindaki siirot profili Giglin yuxari
Sothin boyiik bir hissasinds asagi sothlo miiga-
yisodo daha yiiksok siirot oldugu goriiniir. Bu,
galdirict giivvani yaratmagq tigiin kifayat edir.

XFLRS5 program tominati bazasinda PUA-
nin statik dayanmiqhig

Tonzimlonan xiisusiyyatlora malik PUA-
nin yaradilmasinda talobatin oldugunu nozors
alsaq, har li¢ ox boyunca statik dayaniqliq xii-
susiyyatlorini nozars almaq lazimdir. Bu, osa-
son, PUA-nin tarazlama xiisusiyyatlorini
miioyyanlosdirir. UA-nin yana vo uzununa da-
yaniqliga malik olub-olmadigin1 yoxlamagq
tciin “XFLRS5” program tominatindan istifado
edilmigdir. Havanin xiisusiyyatlori sixliq ti¢iin
1.027 kq/m3 vo kinematik 6ziiliiliik {iigiin
1.685e-05 m?san toyin edilmisdir. Statik da-
yaniqliq analizi tizro edilon hesabatlardan ae-

rodinamik qiivvo momentlorinin tokco tosiret-
mo bucagi funksiyasi dasimadigi, hamginin
PUA-nin X, y, z oxlarn istigamatindo tangaj,
kren va istigamat doyismasi tigiin forgli natice-
lor olds edildiyi gonastine golinmisdir. Hiicum
bucagindan asili olaraq geyd olunan mailliyin
giymotinin monfi olmasi sobabindon tangaj
moment amsalinin uzununa statik dayaniqlig

b/, <0 sortini odoyir. Belaliklo, hor iki
konstruksiya uzununa statik dayanigliga ma-
likdir; hesablanmis 1-ci doracali tonzimlonmis
hiicum bucag: («,) = 0.68691° vo hesablan-
mig 2-Ci daracali tonzimlonmis hiicum bucag:
(a.) = 0.34363° toskil edir. 2-ci model 1-ci
modello miigayisodo daha uzununa statik da-
yaniqliga malikdir, ¢iinki grafikdo do gostoril-
diyi kimi onun mailliyi 2-ci modelo nisbaton
daha ¢oxdur. “Ugan gqanad’in Korpusunun
agirliq markozlori miivafiq olarag, 1-ci va 2-Ci
modeldan 0.30947 m vo 0.44391 m mosafodo
yerlogir. Yan statik dayanaqgliq sortlori, geyd
olunan mailliyin, miivafiq olaragq, moanfi va

miisbat olmasidir,yoni dC’/d¢ < 0ve dC"/dﬁ > 0.
Belaliklo, bu iki grafikden aydin olur ki, PUA

uzununa istigamatli statik dayanigliga malik-
dir.
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Natica

Sabit "ugan ganad” formali konvertoplan
tipli PUA-nin “SolidWorks”, “ANSYS”, “Pro-
fili” vo “Xflir5” totbigi programlar: asasinda
kompiiter modellasdirilmasi aparilmis vo opti-
mallasdirilmis aerodinamik xarakteristikalar
mioyyanlosdirilmisdir. Layihalondirilma nati-
casindo PUA-nin konstruksiyasi, aerodinamik
va dayaniqliq xiisusiyyatlori miiayyan edilmis,
eloco do oldo olunan hesabat vo konstruktiv
molumatlara asason, baza gisminds ganad aci-
lis1 3.5 m olan PUA-nin sec¢ilmis kiitlo ele-
mentlori vo yekun konstruksiyasi layihalonorok
hazirlanmigdir. PUA-nin harokatverici hissalo-
rinin imumi ¢okisi 6724 q toskil edir. Bura

miiharriklor, parlor, servoétiiriiciilor, servootii-
riictiniin korpusu, disli ¢arxlar, ESC vo akku-
mulyator batareyas: vo barkidici lovazimatlar
daxildir. Layihalondirmo zamani segilmis ser-
vootirtcilor bir saniyadon az miiddatds talob
olunan reaksiya miiddatini almaq tgiin kifayot
goadar firlanma momentini tamin edir. PUA-nin
hazirlanmast {igiin lazim olan, yerds galan di-
gor inersial navigasiya, rabits, idaroetmo mik-
rokontrolleri vo digar birlasdirici 16vhalordan
ibarat avionika sistemi 3500 q. ¢okiya malik-
dir; Faydali yiikiin maksimal kiitlosi 2410 q
alinir; PUA-nin maksimal ugus ¢okisi 16900 g-
a barabor olur.
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Abstract

The article demonstrates the significant role of the impact of training samples on the processing of
satellite images for the accurate classification of crops. To achieve the goal of the study, three machine
learning methods are tested by classifying various satellite data with high spatial resolution. As a result of
the application of machine learning methods, the results are compared and a method with a high classifica-
tion accuracy is selected. Based on the obtained data, crop maps have been developed and an assessment
of the vegetation state for the research period is carried out.
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Kand tasarriifat1 bitkilarinin tasnifatlandirilmasi

va giymatlondirilmasi iiciin masin 6yranma iisullarmin tatbiqi
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Xiilasa

Mogalada kond tosarriifati bitkilarinin dagiq tosnifatlandirilmast {igiin  peyk tasvirlorinin emalina
tolim niimunsloarinin tasirinin miithiim rolu niimayis etdirilmisdir. Toadgigat mogsadina nail olmaq iigiin
yiiksok mokan ayirdetmali miixtolif peyk molumatlarinin tosnifatlandirilmasinda ii¢ masin Syronmo
metodu sinaqdan kegirilmigdir. Magin yranmeo tisullarinin totbigi naticasinds alinan malumatlar miiqayises
edilmis vo yiiksok tosnifat dogigliyino malik metod geyd olunmusdur. Alinan naticalor osasinda kond
tosarriifatt bitkilorinin novlarinin Xaritalari hazirlanmig va tadqiq olunan dovr tigilin vegetasiya vaziyyatinin
giymatlondirilmasi aparilmigdir.

Acar sozlor:  peyk tosviri, tolim niimunosi, masin 6yranma, tosnifatlandirma, giymatlondirmo, kond
tosarriifati.
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IIpumeHeHre METOA0B MAIIIMHHOTO O0Y4YeHUS IS

KJIACCH(PUKALNM CeJIbCKOX03MCTBEHHBIX KYJIbTYP
A.H. bananosa, C.I'. KyaneBa

Asepbatiooncanckas Hayuonanvnas axademus asuayuu (Mapoaxauckuii np. 30, baxy, AZ1045, Azepbaii-
oorcan)

s mepenucku:
Kynuesa Cona / e-mail: guliyeva.s.h@gmail.com

AHHOTAIUSA

B craTthe moguepkuBaeTcs poib BAMSAHUS 00y4aeMbIX BEIOOPOK Ha 00pabOTKy CIyTHHKOBBIX W300-
paKeHUN I TOYHOW KIIACCH(DHUKAIINH CETbCKOXO3IHCTBEHHBIX KYIbTYp. I MOCTHIKEHHS LI HCCIIe-
JOBaHUA OBLIO anmpoOMPOBAHO TPU METOAA MAIIMHHOTO OOYYEHHS MPHU KIacCH(PUKANA Pa3IHIHBIX CITyT-
HUKOBBIX JAaHHBIX C BBICOKHMM IPOCTPAHCTBCHHBLIM PA3PCHICHUEM. B PE3YIbTATC NMPUMEHCHUA METOAOB
MAIIWHHOTO O0Y4eHUsI MPOBEACHO CPABHEHHUE PE3YJIbTATOB U BEIOPaH METOJ] C BHICOKOM TOUHOCTBIO KJlac-
cuduxanun. [lo moxydeHHBIM TaHHBIM pa3paOOTaHBl KapThl THUIIOB CEJICKOXO3IHCTBEHHBIX KYNbTYp U
MpOBE/IeHa OIIEHKa BETETAIIMOHHOTO COCTOSIHUSA 33 UCCIIEYEMBbIi TEPHO/ BPEMEHH.

KiroueBble ciioBa: CIyTHHKOBOE M300paxkeHue, oOydaemasi BbIOOpKa, MalIMHHOE 00y4YeHue, Kiac-
cU(UKaLKs, OIICHKA, CEITbCKOXO035CTBEHHAS KYJIbTYpa.
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BBenenue

Kak u B apyrux cdepax demoBeyeckon
JEeSITEILHOCTH, B CEIbCKOM XO3SHCTBE BEACTCS
MOCTOSIHHBIM TOUCK HOBBIX TEXHOJIOTMH, KO-
TOPBIC MO3BOJISIFOT YIIYYIIUTh MPOIIECC MPOU3-
BOJICTBA TPOAYKIIMH M PAIMOHAILHOTO HC-
MOJIb30BaHUS TPUPOIHBIX pecypcoB. PazBurue
KOMIIBIOTEPHOH WHAYCTPUH, TIOSBJICHUE Ha
PBIHKE TOYHOM CEIbCKOXO3SMCTBEHHOM TeX-
HUKH C TIPHUEMHHUKAMH TT00aTbHOW CHCTEMBI
no3urmonupoBanust (GPS), BCEBO3MOKHBIMU
JaTYNKaMH U OOPTOBBIMH KOMITBIOTEPAMH C
COOTBETCTBYIOIIUM TPOTPaMMHEIM OOecreue-
HUEM, a TaKXe BO3MOXXHOCTBHIO HCIIOJB30Ba-
HUsl Teorpaduyeckoll MHPOPMAIIMOHHON CH-
crembl (I'TIC) myist 06pabOTKH M BU3YaTH3aIHH
MIPOCTPAHCTBEHHO-aTPUOYTHBHBIX JTAHHBIX
MPUBEIM K TMOSBICHUIO HOBOW KOHIICTIIIUH,
Ha3bIBACMOM mounbim 3emaedenuem [1].

JUis  pemieHus 3amad  MOHHUTOpPHHTA
CEIIbCKOXO3SMCTBEHHBIX TOJIEH OoJbIoe 3Ha-
YCHHUE UMEET BBIOOP ONTHMAIBHOTO METOJa
KJacCU()UKALMU CITyTHUKOBBIX CHHMKOB U
UJACHTU(DUKAIIMHA CEITbXO3KYJIBTYp. 3a MOCIe/-
HUE JCCATUICTUS ObUTH pa3paboTaHbl Pa3iny-
HBbIC METOJIbI JIUISl KOHTPOJIMPYEMO U HEKOH-
TPOITUPYEMOU KIACCU(PUKAIIMHA CITYTHUKOBBIX
n300paxeHwui [2].

OOy4Jaronire BRIOOPKH SIBIISIFOTCSI OJTHUM
U3 BAXHBIX DJJIEMEHTOB KOHTPOJIUPYEMOM
KJ1acCU(UKAIUKU, TTOCKOJIBKY B 3aBUCHUMOCTH
OT XapaKTEPUCTHK TaHHBIX OOYYEHHUS U HUX
aJlanTaluy ¢ alITOPUTMOM OOYYEHHSI OHH MO-
T'YT TIOBIUATHh HAa OXKHJIAEMbIE PE3YJIbTAThI KaK
OTPHUIIATETHHO, TAK U MOJOXKUTEIHHO [3].

OCHOBHOH 1eJIBbI0 UCCIICIOBAHUS SIBJIS-
eTCsl ONpejelieHUEe BIUSHUS 00yJacMbIX BHI-
OOpOK Ha KIACCHU(PUKAIUIO CIyTHUKOBBIX
M300paKEHUI BBICOKOTO pa3peliCHUs s
UJCHTU(DUKAIIMA THUIIOB CEIIbCKOXO3SHCTBEH-
HBIX KYJIBTYD.
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ITocTanoBka 3agaun

Jis mOCTHXKEHHS e HCCIeIOBaHUs
ObUIM TIOCTABIJICHBI CIEAYIOIIME 3a/la4u: MPU-
MEHEHHE METOJIOB MALIMHHOTO OO0y4YeHHUs AJIst
KJIacCU(UKAIIMKN CITyTHUKOBBIX M300pakKeHUH;
U3ydeHUE BIMSHHUA OOBbEMa JAaHHBIX HA TOY-
HOCTh KJIACCU(HKALUK C MCIIOJIB30BAHUEM
Pa3HOT0 KOJMYECTBA KJIACCOB M OOYYaIOIMINX
BBIOOPOK; CpaBHEHHE pE3yJbTaTOB pa3HBIX
CHHMKOB BBICOKOTO pa3pelieHHsi B OJMHAKO-
BBIX YCJIOBUSIX; OIpEJeNIeHHe TOYHOCTH Kiac-
CU(pUKAIMA  CIYTHUKOBBIX  HM300paXKeHUH;
OLICHKAa COCTOSIHUSI CeJIbCKOXO3SHCTBEHHBIX

KYJBTYP B TCUCHHUC BCTCTALIMOHHOI'O II€puoaa.

Pemenue 3agaun

B wmccaemoBaHnu OBIIM HMCIOJIB30BAHBI
CryTHUKOBBIE M300paxkenust Azersky u Plan-
etScope, kapra MOCEBOB M 3E€MEILHOTO IIO-
KpOBa, HA3eMHBIC JaHHBIC U BeO-KapThl. Tep-
pUTOpHUSL HCCICIOBAHUS, 3aHUMAIOIIAs TLIO-
manes 119 KMZ, npeacrasieHa Ha puc. 1. Cemno
['o3myOynar pacrojgokeHO B MPEAropHOM
MECTHOCTH IOro-BocTo4yHOM uyactu Illexun-
ckoro paiona. Ha uccnenyemoi Tepputopun
BCTPEYAIOTCS TaKue OOBEKTHI, KaK PEKH, IO-
CEJIKH, TTOJISI CEITbCKOXO3SIMCTBEHHBIX KYIBbTYD,

JyTa, Jeca, TOpbl U T. JI.

Pucynok 1 - Teppuropus uccienoanus (ceno ['o3iry-
Oymar, lllexnHCKUIT paiioH)
Figure 1 - Study area (Gozlubulag district, Sheki re-

gion)
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CnyTHUKOBBIE M300pakeHHS OBUIH I10-
Jy4eHBI cO CIyTHHUKA Azersky 1o cienyromum
maram: 2 Mas, 22 Mas, 3 uUroHdS U 23 HIOHS
2019 rona. Jlnsa cpaBHeHUS pe3ysIbTaTOB Kjlac-
cU(pUKAMKA C PA3JIMYHBIX CIIYTHUKOB OBLIH
BBIOPAHBI n3o0pa-
KEHHS C MPOCTPAHCTBEHHBIM pa3pelieHueM 6

MYJIBbTUCIICKTPAJIbHBIC

M U 3 M COOTBETCTBEHHO misi Azersky u
PlanetScope. Jlatel © BpeMms MOJydYCHHS
CHMMKOB COOTBETCTBYIOT JUIst Azersky 2 mas
2019 r., 07:21:49,5 u PlanetScope 2 mas 2019
I., 06:15:37 cOOTBETCTBEHHO.

[Tanxpomaruueckue HU300paKeHUS
Azersky ¢ MpOCTPaHCTBEHHBIM pa3pelIcHUEM
1.5 M UCIIONIB30BANKCH B KAYECTBE BCIIOMOTa-
TEIBHBIX TOJIBKO JUIsI BH3yaJbHOTO aHaJM3a,
uacHTH(GHUKAIIMN 00BEKTOB U YUYACTKOB MTOCEB-
HBIX TUIOIIA/ICH, PACIIOJIOKEHHBIX Ha UCCIIETY-
€MOM TepPUTOPHH.

OcHOBHBIE O0yYaroIKue BBHIOOPKH IS
JaTbHEHIIINX Tpoleayp ObUIM W3BJICUEHBI U3
KapThl IIOCEBOB U 3€MENILHOTO MMOKPOBA, Tpe/I-
CTaBIICHHOH Ha puc. 2.

Nezenda

Fpanmus: pakonos
0 nwernya

I xnonox

| Kneoep

N 7265«

P Caxaprae cosmna
|  Can

| Apyrue pacresma
| Nyra

B Nec

I Boaa

| Bonora

1 Nowsa/xammu

Pucynok 2 — Kapra cenbckoxo3siCTBEHHBIX KYJIBTYp H 3eMHOTO TIOKpoBa AzepOaiimxana (Azepkocmoc, 2019)
Figure 2 — Crop and land cover map of Azerbaijan (Azercosmos, 2019)

Ha xapre cenbCKOX035MCTBEHHBIX KYJlb-
Typ U 3€MHOT0 HOKpOBa MMeeTcsi MHpopMa-
LU O Pa3IMYHBIX KATEropusxX, TAKMX KakK MH-
bpacTpykTypa, NIIEHUIA, XJIOMNOK, TabaK U Ap.

JlonoaHUTENbHBIE 00yUaroue BEIOOPKU
OBLTH CO31aHBl HA OCHOBE BEO-KAapT M Ha3eM-
HBIX JaHHbIX. KoopauHaTel mosiell ¢ ompene-
JICHHBIMU THUIIAMHU KYJIbTYp OBUIM CHATHI C
nomoinsio mpudopa GPS E-Trex 10.

MeTomoJ10THsI HCCJIETOBAHUSI TIPEACTaB-
nser cobor 3 exTUBHBIE MeTOa Kiaccudu-

109

Kallid CIyTHUKOBBIX CHUMKOB C TOJyoOyude-
HUEM, HE TpeOYIoImUH HaIMYUS O0ydaronux
BBIOOPOK ISl BCEX KJIACCOB B CBSI3M C OCHOB-
HOU TIEJTBI0 UCCIICIOBAHMSI.

Metooyiorust MccaeIoOBaHusl BKIIIOYACT B
ce0s1 CIIeyIoNre 5 OCHOBHBIX 3TAIOB:
1. nonydyeHme W mTpeABapUTeNnbHas oOpa-
00TKa U300paXKEHUM;
U3BJICUCHNE HEOOXOAMMBIX KJIACCOB W3
KapThl CEIIbCKOXO3SHCTBEHHBIX KYJIbTYpP U

3C€MCJIbHOT'O ITIOKPOBA,
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3. co3maHue O0yd4aromux BBIOOPOK M KJjiac-
cuduranys n300paKeHHIA;

4. OIlGHKa TOYHOCTH M CpaBHEHUE pPE3Yb-
TaTOB KJIACCU(IMKAIMK PA3IUYHBIX CITyT-
HUKOBBIX N300pakeHuil;

5. Bepudukanus pe3yibTaTOB U MOHHUTO-

PUHT TECTOBBIX CEIbCKOXO35HCTBEHHBIX
MIOJIEH.
Knaccudukanmsi cnyTHUKOBBIX H300pa-
KEHHI pACCMATPUBAECTCA KaK KOMIUJIEKCHBIN
MOAXO0J Ha OCHOBE MPUMEHEHHS TPEX METOOB

KJIacCCU(PUKAMKA  MAIIMHHOTO  OOYYCHUS:
MaKCHUMaJIbHOE npaBIono1oome (ML),
MaligHa OIMOpPHBIX BekTopoB (SVM) w

cnyyaitabrii nec (RF).

[Tepen kmaccudukanuen n3oOpakeHU
ObUTa BbITIONTHEHA aTMocdepHas KOppeKIus,
9TOOBI YIYYIIUTh KAa4eCTBO H300paKCHHS H
npeoOpa3oBaTh 3HAYCHUS H300pakeHU U3
U3Iy4YeHUus1 B oTpaxeHue. OTpaxkeHue, n3Me-
pPEHHOE B BepXHEH yacTu aTMOC(Ephl, YpE3BbI-
YaifHO MOJIe3HO, TOTOMY YTO 3TO COINOCTaBH-
MO€ YHUCJIO C JIF0OOro CIyTHHKA B JIIOOOM Me-
CTe, KOTOpOE HE MEHSETCS B 3aBUCHUMOCTH OT
BPEMEHH CYTOK HJIM BPEMEHH roja, Moka He
U3MEHUTCS cojiepkuMoe Tepputopuu. [lpu
BBIUHCJIEHUM CIEKTpaJIbHbIX MHAEKCOB B ['NIC
YacTO WCMOJNB3YeTCs] TaKue HHICKCHI, Kak
NDVI unmn NDWI [4]. TTocne stana mpeobpa-
30BaHMs M300pakeHHs ObLTM 0Ope3aHbl 1O
uHTepecyromuM odmactsam (AOI) u npeobpa-
30BaHbl B €UHYIO CUCTEMY KOOpPIUHAT.

Knaccudukanus moxer ObITH ompene-
JIeHa U3 MHOKECTBa UCTOYHHMKOB, HAYMHAs OT
(haKTHYECKNX HA3eMHBIX HMCCIIEJOBAHUH MECT
orbopa Tpo0O,
ChEMKH WJIH CITYTHUKOBBIX H300paXkeHui [5].

UCTIONB30BaHUsl  adpooTO-

Kapra cenbCkoX035HCTBEHHBIX KYJIBTYP
M 3EMENIBbHOTO TMOKpOBa MJiA HCCIeAyeMOi
TeppuTOpUU ObUIa M3BIICYEHA M3 KapThl IS
Bce TeppuTopum A3zepOaimkana. JlaHHas
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Kapta ObUIa mpeoOpazoBaHa M3 PacTPOBOTO B
BeKTOpHBIH Popmar. V3 10 mpemcraBIeHHBIX
KiaaccoB 6 KiaccoB OBbUIM HCKIIOYEHBI, a 4
KJlacca, TaKue Kak MIIEHMIIA, JIyTa, JIEC U MoY-
Ba / KaMHH, UCIIOJb30BaIUCh IS Jallb-
Heimero ananu3a. K 4 kinaccam, moJry4eHHbIM
W3 KapThl, ObUTH Takke J00aBJICHBI 2 Kiacca:
BoJla U stuMeHb. Kitacc BoJbI ObUT OMNpesesicH
BU3yaJIbHO W moATBepkaeH Open Street Map —
KapToi, KOTOpas MOoKa3aHa B BHUJE CJIOS Kap-
el ESRI Ha puc. 3.

e
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Pucynok 3 — Kapra cenbckoX03sHCTBEHHBIX KYJIBTYp U
3€MEJIBHOTO MIOKPOBA UCCIEAYEMOM TEPPUTOPUU
Figure 3 — Crop and land cover map of the study area

OOyyaronrie BBHIOOPKM Ui copTa s4-
MEHb OBLIM TIOJIYYCHBI Ha OCHOBAHWM Ha3eM-
HBIX JIaHHBIX, MMOJYYEHHBIX ¢ mmomotbio GPS.
HaiineHHrIi Ki1acc BOOBI UMEET BaXKHOE 3HA-
YeHHe, TaK Kak i OOecnedeHus ypoKaid-
HOCTH CEITbCKOXO3SMCTBEHHBIX KYIbTYp B TIe-
pPHOJ UX BETreTaIllui UMEETCS OCTPhIA NeUIIUT
BOJIbI [6].

[Ipumenenne o0O0y4aromux  BBIOOPOK
OCYIIECTBIISIIOCh TPEMS Pa3HBIMU CITOCOOAMH.

B nepeom skcnepumenme oOydaromiue
BBIOOPKU OBLIM Cr€HEPUPOBAHBI CIy4YalHBIM
o0pa3oM Ha OCHOBe 6 KilaccoB 0e3 cobofe-
HUS (UKCHPOBAHHOTO YUCIa O00BEKTOB. J[ist
KOKIOro Kiacca ObUIO MPUMEPHO CO3/IaHO
CJEeMyIolee KOJIMYECTBO O00pa3IoB, MOKa3aH-
Hoe B Ta0mI. 1.
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Tabémuua 1 - OGyuarormue BEIOOPKH 1 1-T0 KC-
IepuMeEHTa
Table 1 - Training samples for the 1% experiment

Kaacc Ooyuaromue BEIOOPKH
[Mmenumna 87

Slumenn 8

Jlyr 42

[Tousa, ckana 20

Jlec 15

Bona 21

Taémmna 2 - OOyuaroniye BBIOOPKU JJis 2-TO 3KC-
MEePUMEHTA
Table 2 - Training samples for the 2™ experiment

Kaacce Oo0yuarime BbIOOPKH
[Mmenunna 50
Jyr 30
Tlousa, ckaia 25
Jlec 20
Sumenn 10
Bona 20

Ta6auna 3 - O0y4aronue BEIOOPKU s 3-TO IKC-
NEepUMEHTa
Table 3 - Training samples for the 3" experiment

Kaacce Oo0yuarime BbIOOPKH
[Mmenunna 50
Jlyr 30
[TouBa, ckana 25
Jlec 20

Taémuua 4 - TouHocTh KiTaccupuKauu n300pa-
xkenuii Azersky Bo Bpemsi 1-ro skcriepuMeHTa
Table 4 - Overall accuracy of classified Azersky
images during the 1% experiment

2 Mas 22 mag | 3 UroHA 23

% % % HUIOHS
%
ML 67 41 58 54
SVM 72 61 66 67
RF 75 66 68 68

Bo 6mMopom SKcnepumerme JIBa KilacCa
ObLIH ,Z[O63BJICHBI K KJIaccaM, IMOJTYYCHHbIM U3

111

KapThl W KJaccam, 0 THIIAM CEeJIbCKOXO03-
SAUCTBEHHBIX KYJIBTYp W HIACHTU(DUIUPO-
BaHHBIM BOJIHBIM pecypcam (Tali. 2).

B mpemvem 9Kcnepumenme WCIONIb-
30BIMCH 00y4Yarole BEIOOPKH, TOTydYeHHbIE
TOJBKO W3 KapThl, H OBUIO  CO3JIaHO
OTPENICIICHHOE KOJIMYECTBO BBIOOPOK ISt
KaX10ro kiacca (taoi. 3).

[IpoBenena  kmaccudukanus

yeThipeXx u300pakeHnit Azersky um oreHeHa

BCEX

TOYHOCTH Kinaccudukammu (Tadi. 4).

Hannmyummii  pe3ysnbrar ¢ BBICOKUM
3HAUEHUEM TOYHOCTH KIACCU(PUKAIUN OBLI
BBIOpaH W3 KJIAacCH(HUIIMPOBAHHBIX H300pa-
xkenuii  Azersky s
pe3ysbTara pe3yabTaTOM
PlanetScope.

Amnanmus AJi TMPOBCACHHUA PAa3JIMIHBIX

CpaBHCHHUA  O3TOIO

C CO CHHMKa

HKCIEPUMEHTOB M0 pPEANTH3aLUU O00yUJaIOMINX

BBIOOPOK Ha OCHOBE

n3o0paxkenust Azersky, mosydeHHOro 2 wmas
2019 ropna,

IMPOBOAUJIICA

M0 DJTOW Jare TakXe ObLIO

BBIOpaHO M300pakeHWE, MOJIY4YEHHOE CO
cnytauka PlanetScope. Touno Takas e
oreparys ObL1a pOM3BE/ICHA TSt

uzobpakenuss PlanetScope, momyuenHoro B
TOT K€ JIeHb, UYTO U H300paxkeHue Azersky.
[lo pesynpTaram OILEHKM TOYHOCTH KJlac-
cudukanyuu ObUTa cocTaBieHa Tadbnuma 5.

Ta6auna 5 — Tou”ocTs Knaccupukanuu n3oodpa-
JKE€HU BO BpeMs 1-ro skcrepuMeHTa

Table 5 — Overall accuracy of classified images
during the 1* experiment

Azersky,% | PlanetScope, %
ML 67 65
SVM 72 70
RF 75 72

ITo BBICOKOMY 3HAQYCHHIO TOYHOCTHU
ObL1a cocTaBiieHa Kapra (puc. 4).
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Pucynok 4 — KapTa cenbckoX03s5HCTBEHHBIX KYIBTYp U
3eMHOTO TIOKpPOBa, pa3paboTaHHas B XoAe 1-To sKcrme-
pymeHTa

Figure 4 - Crop and land cover map developed during
the 1% experiment

Onenka TOYHOCTH KJaccuuuu

M300pakeHN B XOI€ BTOPOTO IKCIEPUMEHTA
nokazaHa B Tabnuue 6. Beicokuii pesyibrar
OBUT TOJIy4eHBI ¢ TOMOIIbI0 Merona RF wu
73% 4

COOTBCTCTBYIOT I/1306pa)KeHI/I$[

Azersky.

Tab6auna 6 — TouHocTs Kaccudukanuu u3o0pa-
JKEeHHUH BO BpeMA 2-10 OKCIICPUMECHTA

Table 6 — Overall accuracy of classified images
during the 2™ experiment

Azersky,% | PlanetScope,%
ML 65 57
SVM 72 60
RF 73 65

B koHIE BTOpOro sKcrepuMeHTa ObLI

BBIOpaH  TaKxke BBICOKHM

3HAYCHUECM TOYHOCTHU Knaccmbmcaunn U Ha

pe3ynbTar ¢
OCHOBAaHUH 170:¢ MoJIy4eHa
Mpe/ICTaBJICHHAS Ha PHC. 5.

JInst TpeThero 9SKCIEPUMEHTa OICHKU
TOYHOCTH  KJIACCUQUIMU  H300paKeHUit
MIPUBEJCHBI B TAOIUIE 7.

KapTa,

Pucynok 5 — Kapra cenbckoxX03sHCTBEHHBIX KYJIBTYp U
3eMHOTO TIOKpPOBa, pa3paboTaHHAs B XoJe 2-TO JKCIIe-
pUMeHTa

Figure 5 — Crop and land cover map developed during
the 2" experiment

Tadauna 7 — TouHocTs Kinaccupukanuu u3oopa-
JKEHUH BO BpeMsl 3-TO DKCIIEPUMEHTA

Table 7 — Overall accuracy of classified images
during the 3" experiment

Azersky,% | PlanetScope,%
ML 84 77
SVM 83 76
RF 85 79

¥
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Pucynok 6 — KapTta cenbckoxo3sSiiCTBEHHBIX KYIBTYp U
36MHOTO TIOKpPOBa, pa3paboTaHHass B XoAe 3-TO
SKCIEPUMEHTA.

Figure 6 — Crop and land cover map developed during
the 3" experiment

B TperheM 3KCHEpUMEHTE HAWBBICIIAS
TOYHOCTh  KJacCU(UKAUK  M300paKeHUU
Azersky u PlanetScope, cootBercTByfOIIas
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85% u 79%, Oblna momydena metogom RF. B
pe3ynbTaTe IMOJIy4eHa KapTa, COOTBETCTBY-
IOIas HAWBBICHICH TOYHOCTH MO TPEThEMY
sKCHepuMeHTy (puc. 6).

B xome »toro wuccinenoBaHusi ObLIO
OOHapy)XE€HO, 4YTO NpH O0O0ydyeHHHu u300pa-
KCHHUU B Cy4ae NMPHMEHEHHS HAMMEHBIIETO
KOJINYECTBA KJIACCOB OBIJIO TIOJYYEHO BBICOKOE
3HAYCHUE TOYHOCTHU KIaCCUPUKAIIH.

HecmoTpss Ha TO, uTO KO3(pQUIMEHT
Kalma IIUPOKO pPaCIpOCTPaHEH U UCIOIb-
3yeTcsi B KadeCcTBE MEpPhl TEeMaTUYECKOM
TOYHOCTH B IUCTAHIIMOHHOM 30HUPOBAHUH, B
JTAHHOM HCCJICJIOBAaHUM KaK OCHOBHOH METOJ
OLIEHKA TOYHOCTH KJIACCH(HUKAIINU
UCTOJIb30BaHa 0O0MIasi TOYHOCTb,
kod(urmeHt

ObLIa
TaKk Kak
Karma

ABJIACTCA HEIIO0A-

XOJAIIUM IIoKa3aTcjieM JUIA

ToyHOCTH Kiaccuukanuu. C 1pyroil cro-

OIIMCaHHuA

POHBI, 00I1asi TOYHOCTH, XOTSI M HEKOPPEKTHA,
HO UMEET YETKOE 3HAYCHHE W 110 CPABHCHHIO C
KaIma ee jierde mojay4uTh [7].

Takum o00pa3om, Hamboyiee BBICOKAsS
OLICHKA KJ1acCU(UITMPOBAHHBIX
n300pakeHui ObljIa OOHApYX)eHa C TTOMOIIBIO
METOAa KJIaCCU(PUKAIMH CIy4aiHOTO Jieca

TOYHOCTH

(RF). Pa3numa mMexay 3TUMH  pe3yibTaTaMu
IUIE CIYTHUKOBBIX M300pakeHuit Azersky u
PlanetScope Bo BpeMs IepBOTr0O dKCIIEPUMEHTA
coctaBmia 3%, Broporo — 8% u 6% B TpeTbeM
HKCIIEpPUMEHTE.

HecmoTps Ha TO, YTO CyIIECTBYET
npsiMasi CBsA3b, KOTOpasl Obljla YCTaHOBJIEHA
MHOTMMHM HCCJIEI0BATEISIMA MEX1Y BBICOKUM
IIPOCTPAHCTBEHHBIM Pa3pelICHUEM U BBICOKOM
TOYHOCTBIO KJIACCU(HUKAINH, PE3yJIbTaT 3TOr0
HCCIIEIOBaHMs TIOKa3blBa€T HEMHOTo OoJee
HU3KYIO Ui
PlanetScope, koTopoe nmeeT BBOE OoJbllee
IPOCTPAaHCTBEHHOE
nuzoopaxenue Azersky.

TOYHOCTb n300paxKeHus

paspeuicHuc, 4CM

113

KOM6I/IHI/Ip0BaHHOC HCIIOJIB30BaHHUC

METOJIOB  KJIACCU(UKAIUU  JUIS

CHEKTPAIBbHBIX M300paKEHUI M CTaHIAPTHBIX

MYJIbTH-

MCTOJ0B HHTCpHpCTallun ABJIACTCA

OYECBUIHBIM crocooom MIOBBIIICHUS
HaJIS)KHOCTH MOHUTOPHUHTA U KJIacCH(UKAIIN
CEIIbCKOXO3SHCTBEHHBIX KYJIBTYp DPa3IMYHBIX
THUIIOB B COOTBETCTBHHU C MX BETreTallMOHHBIMH
HepHOAaMHU.

Hanee, nns BepuuUKauM MOTYy4YSHHBIX
pe3yibpTaToB  Kiaccuukanumum ObTHM  pac-
CUMTAHBl MHJIEKCHl PACTHUTEIBHOCTH, a TaKXKe
JUIst KJIaccu(UKAITIH
pa3rpaHUueHUN PACTUTEIBHOCTH WIH JAPYTUX
KJIaCCOB TIOYBEHHOT'O MOKPOBA, a TaKkke OBLIO0
HCCIIEZIOBAaHO

3STUCTBEHHBIX TOJICH Ha OCHOBE M300PaKCHUIMA

oMo B npu

COCTOAHUC CCIIBCKOXO-

Azersky.

Paznuunss B Xapakrepe — peakuuu
pacTUTENbHOCTH B  JMana3oHax CIEKTpa
no3BOJISIOT paccuntath uHACKC (NDVI) [8],
KOTOPBII sBIs€TCS OJHUM W3 Haubosee
HIMPOKO  HMCIHOJB3YEMBIX  HMHIEKCOB, B

OCHOBHOM B HCCJIEIOBaHUSIX PACTUTEJIbHOCTH,
TaK Kak SIBJISETCS II0Ka3aTelleM 370POBbs
pacTeHHs U PacCUUTHIBAETCA IO TOMY, Kak
pacTeHHe OTpa)KaeT U MOIJIOUIaeT pazIudHbIe
CBETOBBIE BOJIHBI.

BererannonHbIii HHAECKC OBLT paCCUYUTAH
JUTSL BCEX JIOCTYIHBIX n300pakeHuit Azersky u
Ha OCHOBAaHUU MHJEKCHBIX M300pakeHui
Obula  MpOBEJEHAa  OICHKa
BereTalyy JJis HCCIeIyeMOW TeppUTOpUHU
(puc. 7).

Ha aroit kapre A, B, C u D ykassiBator
natel cHuMmkoB Azersky 2 wmas, 22 wmas, 3

COCTOAHUA

noHd U 23 wmioHa 2019-ro roma coOTBET-
CTBEHHO.
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-

Pucynox 7 — Kaprer NDVI, pazpaboranHbie B Berera-
LIMOHHBIN TIEPUO/T

Figure 7 — NDVI maps developed in the growing peri-
od

[TockobKy Ha 3TUX KapTax ONpeaesieHbI
orpuniarensubie 3HaueHuss NDVI (3HadeHws,
npuOIMKarmuecss K -1), COOTBETCTBYIOIINE
BOJIC, OTO TMOJTBEPXKAAET CYIIECTBYIOIIUE
BOJIHbIC OOBEKTHI B HCCIEIyeMOW 00JacTH,
KOTOpbIE HE OBUIM OTMEYCHBI Ha HWCXOJHBIX
naHHbIX. Jlanee Mt TOCTHIKEHHUS eI TOYHO-
ro 3emiieienusi ObUTM HMCCIIeOBaHBI J[BA HC-
IBITaTeNbHBIX TOJNs. Ha ocHOBe OIleHKH co-
CTOSTHUSI 9THX TOJIel ObLTM OOHapy>KeHBI 00-
JacTH C HAMMEHBIIMMU W HAWBBICIIMUMHU 3Ha-
yeHussMu NDVI, koTopble U TOKa3pIBalOT CO-
CTOSTHHE pPACTUTEILHOCTH Ha WCCIEIYEeMBbIit
nepuosl BpeMeHHU. TecToBbIE CETbCKOXO03sii-
CTBEHHBIE TI0JII UMEIOT CIICAYIOIINE XapaKTe-
pUCTHKH, yKa3zaHHBIE B Tabn. 8. Ha puc. 8 mo-
Ka3aHbl BBIOPAHHBIE CEITHCKOXO3SIICTBEHHBIC
MoJisl Ui JNalbHEHIIEro aHalmu3a M OLEHKH
COCTOSIHUSI CETTbCKOXO03SIICTBEHHBIX KYJIBTYP.

Taémuua 8 — OCHOBHBIE XapaKTEPUCTHKH TECTO-
BBIX MOJIEH
Table 8 — The main characteristics of testing fields

IInomane, ra

Tun KynbTypbl

TTone 1

6,52

IIIICHUIa

TTosne 2

4,50

IIIICHUIa
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PucyHnok 8 - TecToBble c€IbCKOX03HCTBEHHBIE MOJIS
Figure 8 - Testing agricultural fields

KaprI, OIMUCBIBAOIIUE ITUHAMHKY H3-
MEHEHHI BETCTALITMOHHOT'O MHJCKCA B TCUCHHC
BCTCTAIMOHHOI'O II€pHOoaa IJisI MOHUTOPHUHIA
TCCTOBBIX noneﬁ, ITOKAa3aHbI HA PUC. 9.

'S : — o &
~T ,w
0)
; : S
c o
—~———. "

Pucynok 9 — Kapter NDVI:

(a) - mepBoe mone, (6) - BTopoe moJe
Figure 9 — NDVI maps:

(a) —first field, (b) — second field
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B nauane Bereranuu nokaszaTenb yBeIH-
YUBACTCA, B MOMCHT LBCTCHHA €0 pOCT IIpC-
Kpamiaercs, 3areM 1o Mepe co3peanus NDVI
CHIDKAETCSl.

Kak BMIHO mO KapTe, MaKCHUMaJbHOE
3HAYEHUE BETETAlMOHHOTO MHJAEKca ObLIO
BBISIBJICHO B Haudaje Mas B MEPHO] aKTUBHOTO
pocTa pacTeHui,
0,809819 u 0,795082 g KakgOr0 TSCTOBOTO
I10JI1 COOTBETCTBEHHO.

kotopoeX'hb cocraBnsger

3akiro4yeHue

B nmaHHOM Hay4HOM HCCIIEIOBaHUH ObI-
JU TIPOJIEMOHCTPUPOBAHBI BO3MOKHOCTH Ma-
IIMHHOTO O00ydeHus [uisl  Kiaccudukanuu
CEJIbCKOXO3SMCTBEHHBIX MOJIEH C LIEeTbI0 TOY-
HOTO 3emuefienus. J{is TOCTHXKEHUs MpeAaro-
JIOTaeMBIX PE3yJIbTaTOB OBLIO OMPOOWPOBAHO
TPU METOJIa MAITMHHOTO O0YYEHHUS, TAaKHUE KaK
MaKCHUMallbHOE  IPaBIOMNOA00Me, MallhHa
ONOPHBIX BEKTOPOB M CiydauHbIM Jec. Hc-
XOJHBIMUA JTAHHBIMU SIBIISJTUCH CITyTHHUKOBBIE
n3zobpakenus Azersky u PlanetScope.

OnHOIl M3 OCHOBHBIX LEJedl OBUIO 10-
CTH)KEHHE BBICOKOW TOYHOCTH Kiaccuduka-
uuu. [lo pesynbpratam ucciaenoBaHus 1ist U3y-
JaeMBIX THIIOB CEIbCKOXO3SMCTBEHHBIX KYJIb-
Typ ObUIa yCTAaHOBJIEHAa TOYHOCTH KJIACCH(H-
Kanuu. boree BBICOKMIT pe3yabTaT ObUT MOJY-
YeH B TPEThEM DKCIIEPUMEHTE TPU KIacCH(H-
Karuu u300paxenust Azersky ¢ HCronib30Ba-
HUEM METOJla CIy4yaifHOTO Jieca.

JIist MOoNydYeHHsI TOCTOBEPHBIX Pe3yJib-
TaTOB OBUIM BBIOPAHBI TOYTH OJMHAKOBBIC
YCIIOBUSL ISl KaXKJOTO BBEIOPAHHOTO METOJa
00pabOTKH CITYTHUKOBBIX JaHHBIX. bblIO mpo-
BEJICHO TPU IKCIIEPUMEHTA C Pa3HBIM KOJIHMYE-
CTBOM KJIaCCOB M OOYyYarolIMX BBIOOPOK JUIS
uzobpakenuii Azersky u PlanetScope, momy-
YCHHBIX B OJIUH W TOT € JCHb, JJII CpaBHE-
HUS ¥ BIUSHUS KOJMYECTBA ATHX BHIOOPOK Ha
OOpamienne K
pe3ynbTataM Cc 0oJiee BBICOKOW TOYHOCTHIO

TOYHOCTh KJIaCCH(HUKAIIH.

MOKa3bIBAET, YTO ONTHMH3HPOBATH ATy KIac-
CHU(UKAIIMIO MOKHO 3a CYET YMEHBIIIEHHS KO-
JUYeCTBa KJIACCOB W YBEIMYCHHEM KOJIHMYe-
CTBa BBIOOPOK B KJlaccax.

Beima ucnonp3oBaHa BepUGHKaIUsS I0-
JTy4eHHBIX pe3ynbTartoB. llocrme mpumeHeHHs
MAIIMHHOTO OO0y4YeHus: ObUTM OOHAPYKEHBI
BOJIHBIE OOBEKTHI HAa TEPPUTOPUU HCCIICAOBA-
HUS, YTO SABISIETCSA €Ile OAHUM JIOKa3aTellb-
CTBOM TOBBIIIEHUS] TOYHOCTH Kiaccu(uka-
OUH. OTU Pe3yNbTaThl ObUTM MOATBEPKACHBI
pacyeToM BETeTallMOHHOTO HMHJIEKCa, 3auK-
CHPOBABIIIEr0 OTPUIATEIbHBIC 3HAYCHUS, Xa-
paKTepHBIE U BOJHBIX OOBEKTOB.

MOHHTOPHHT JBYX TECTOBBIX CEIIBCKO-
XO3AMCTBEHHBIX I10JIEH ITPOBOJIUIICS HA OCHOBE
pacdera BereTallMOHHOIO HHJAEKca, I0Ka3a-
TEJIM KOTOPOTO COOTBETCTBOBAIM TPOJIYKTHUB-
HOCTH TECTOBBIX  CEIIbCKOXO3SHCTBEHHBIX
HoJiel 3a paccMaTpUBaeMBblil IEPUO]] BPEMEHH.

Cnymnuxkoewvle uzoopadxicenusn Azersky owvinu npedocmasnenwvt ¢ pamxax npoekma OAO

A3zeprocmoc «lIpodsusicenue ycinyz OucmanHyuoOHHO20 HAOI00EHUA 3eMAU 60 UMA YCMOUYU-

6020 pazeumus Azepoaiiorncanay.

PlanetScope 6vinu npuoopemennvt uepes npozpammy noooepircku «Oopazoeanue u uccineoo-

sanusn» komnanuu Planet.
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Abstract

Thermal infrared (IR) images obtained from satellites are widely used in various fields, including
the study of the physical properties of the Earth’s surface, the determination of the density of water,
forecasting of forest fires, observation of volcanic phenomena, as well as the allocation of geological
formations with various physical and chemical properties. Due to the low resolution of satellite thermal IR
scanners, the interpretation of these images is complicated by the presence of numerous physical processes
and usually requires taking into account a large number of different factors. A relatively simple
mathematical model is proposed for a quantitative assessment of some factors. In this article, the
development of a theoretical model for analyzing the temperature distribution on the Earth's surface is
described.

Keywords: thermal, satellite image, infrared, earth, surface, physical, mathematical, model,
agriculture, interpretation triangle.
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Yeriustii obyektlorin siialanma xarakteristikalarinin

hesablanmasinin riyazi modellogdirmasi
B.M. 9zizov, C.S. Mehdiyev, H.N. Mommadov, S.H. Guliyeva
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Xiilaso

Mogaloda biitiin istilik axinlarin1 nozoro alaraq yeriistii obyektlorin sothindo temperatur
paylanmasinin analizini hoyata kegirmays imkan veran arazinin topoqrafiyasina baglanmis riyazi modelin
tosviri toqdim edilmisdir. Istilik doyisikliklorinin dinamikasinin giymatlondirilmesi {i¢iin sistematik
miisahidolorin hesabatinin imkani, regional xarakterli sohvlorin azaldilmasi vo otrafdaki obyektlorin
stialanma xarakteristikalarmin toyin edilmoasinin dagigliyinin yiiksalmasi gostorilmisdir.

Acar sozlor:  istilik, peyk goriintiisii, infraqirmizi, torpaq, soth, fiziki-riyazi model, kond tesarriifati,
interpretasiya.
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AHHOTANINA

B crartee mpencTaBiieHO ONMMCAaHWE MATEMATHYECKOW MOJENH, TNPHUBSA3aHHOW K TOMOrpaduu
MECTHOCTH, 4YTO IO3BOJSET aHAJIU3UPOBATh paclpeleleHUe TEMIIEpaTyp Ha MOBEPXHOCTH Ha3eMHBIX
O00BEKTOB C YYETOM BCeX TEIUIOBBIX MOTOKOB. Iloka3aHa BO3MOXKHOCTH YdeTa CHCTEMaTHYeCKHX
HAOMIOAEHUH Ul OLEHKM AWHAMHUKH TEIUIOBBIX H3MEHEHHUH, CHIDKCHMS PETHOHAJIBHBIX OIIHMOOK H
MOBBIILIEHHUS TOYHOCTH OIPEACTICHUS PAAUALIIOHHBIX XapaKTEPUCTHK OKPY>KAOIINX OOBEKTOB.

KiroueBble ciioBa: TEIUIOBOE, CIIyTHHKOBOE H300pakeHue, MH(paxkpacHoe, 3eMisl, MOBEPXHOCTb,
(usnueckas, MaTeMaTHUECKast MOJIEIb, CEIbCKOE X03HCTBO, HHTEPIPETALHSL.
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Introduction

It is known that, in contrast to the
background, in the decay processes of a
number of long-lived radionuclides that
constantly occur in  nature, distinct
temperature anomalies are created in separate
parts of the earth's surface. These effects are
characteristic, in particular, for significant
areas contaminated with oil or ore processing
wastes generated in the processes of their
extraction and processing in significant areas
of the majority of ore deposits. Furthermore,
there are temperature anomalies caused by the
transfer of energy, or the transportation of
energy and, including those associated with
certain types of malfunctions in the
implementation of a number of types of
technogenic activities [1-3].

Thus, this effect is inherent both in the
areas of production and primary processing of
radioactive substances and in territories
characterized by an increased level of
contamination with heavy oil components, in
the composition of which there is a constant

(over time) accumulation of long-lived
radionuclides [4—9].
Various  optical-electronic  scanning

devices (Landsat 7, 8 — ETM+; OLI; NOAA
18, 19 — VIIRS; Terra, Aqua — MODIS; Terra
— ASTER and etc.) are used to observe
temporal and spatial changes in the natural
thermal radiation of the earth's surface. The
interpretation of the relevant data is carried
out by modern processing programs.
However, the possibility of individual
programs is limited only by a number of
physical processes and factors affecting the
final results. The programs used are based on
fairly simple theoretical models built taking
into account very severe restrictions and ideal
meteorological and geological conditions. For
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the practical application of these methods in
real conditions, further improvement of
technical observations and theoretical analysis
is required [10-14].

Methodology and purpose of work

In order for accuracy improvement of
interpretation of thermal IR information on the
basis of the corresponding physical properties
and processes, a mathematical model of the
surface thermal transfer process associated
with topography has been proposed.

Temperature is determined from the
diffusion equation:

82T 6T
5x2 8t @)
wherein T=T(x,t) — the temperature at depth x
from the surface; t - local time, measured from
midday; y - thermal diffusivity; o- thermal
conductivity.
The decision of the (1) for periodic
heating at a given frequency o is [6, 11].

T(x,t) = Yoo Dn exp(—kvnx) cos(ncot —

Eq — R\/nx) (2)

when D, and ¢, - arbitrary coefficients;

R = \/:% - wave number first harmonic
Arbitrary  coefficients D, &, are

estimated under boundary conditions on the
surface, expressed through the energy balance
between the incident radiation of the Sun and
the outgoing radiation of the Earth, taking into
account the thermal conductivity of the
corresponding environments. At the same
time, the algorithms (MSD 14L; C6MODIS;
C5MODIS) do not take into account
atmospheric  convection, thermal effects
associated with the evaporation of water and
the condensation of water vapor.
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So,atx=0
_Kspec aTs(zlt) = —e6T* +1 (3)
wherein | — absorbing incident radiation,

composed of shortwave solar radiation (A < 4
mkm) and longwave atmospheric radiation (A
> 4 mkm), € — average surface emissivity, 0 -
Stefan—Boltzmann constant, Kgec — thermal
conductivity.

According to (3), the surface
temperature is directly related to the radiative
characteristics of the surface. It is known that
the spectral distribution of thermal radiation of
an absolutely black body is described by
Planck’s law:

g 1
- 1_5 e%—l (4)
wherein W, — radiation spectral densityvatt -
c ?-mkm='; A — the wavelength, mem; T —
black body temperature; C; and C,— optical
coefficients.

The radiation density of real objects is
always less than the density of radiation of an
absolutely black body at the same
temperature. The attitude of these values is
called the emissivity of a real object and is
determined by

W)

e= — [ e(WWydA (5)
This parameter depends on the direction
of measurement. The radiation W;incident on
the onboard sensor is approximated using the
equation

Wy = W, atm(1 -7)+ EWjeartnT (6)

wherein W, 4+ — radiation of the middle layer
of the atmosphere; 1 atmospheric
transmittance; &€ — ground emissivity; Wiegrin
— radiation leaving the earth's surface.
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In order to improve the accuracy of the
thermal model of the Earth’s surface, the
radiation of a clear sky should be taken into
account, the radiation of the clouds and the
scanner onboard the satellite reacts to
radiation over a portion of certain wavelengths
and the filter functions.

Using the Laplace transform, Yacger
derived the dependencies [15] between the
surface radiation and its temperature and
solved the resulting equation for the surface
temperature using the iterative method

P

== ()
wherein f, — average radiation flux incident
on the earth's surface in the n spectral interval;

?1=1 Ts¢n—s+1 n:]-’ 2, v M

pP = Kspec

\/ﬁ
flow period; T - average surface temperature
in the S interval; ¢ - numerical coefficients
determined only by the value of m - the total
number of intervals for 1. The term f,,, equal
to the right side of (3), contains the term with
T} and therefore to find the Ts must use the
iterative method.

The non-linear thermal transfer problem
can also be approached using the finite
difference method. To ensure convergence,
careful selection of spatial and temporal steps
IS necessary. When using the method of finite
differences and Laplace transforms, the
physical meaning is obscured, which can lead
to excessive computer time. Therefore, it was
decided to linearize a member of the equation
describing the radiation flux under boundary
conditions, and then check the numerical
results using a more accurate solution with the
Laplace transform. Within the diurnal changes
in the temperature of the investigated earth's
surface, the results were quite satisfactory.

Earth's thermal inertia; T - heating
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Formulation of the problem

It is known that incident radiation |
consist of shortwave solar radiation Is and
longwave radiation of the sky. The latter can
be approximated 6Ty, where T¢, — effective
radiation temperature of the sky, therefore, the
absorbed flux is ecT;*ky. Then the long-wave

components in the first part of the (3) can be
linearized as

soT* — eaTS4ky~4eaTs3ky (T — Tsky) at

Tl o q (8)
Tsky
The solution of the diffusion (1), which
satisfies the boundary condition (3), the
modified expression (8), can be obtained by

simple substitution. Let us assume that

. 16T
¢, t) =T ——— )
3

where h = 22215k pe 8¢ _ 50

K x2 &t
Satisfies the boundary condition at x=0

Is

b= Tsky + Kh (10)

where I; - absorbed shortwave current. This
term depends on the albedo of the earth's
surface A, solar declination 3, geographic
latitude A, the slope of this surface and can be
expressed as

I, = (1 —A)Sy,CM(Z)cosZ' (11)
where S, - solar constant, C — coefficient
taking into account the weakening of the solar
flux cloud cover, M(Z)- atmospheric
transmission due to zenith angle, Z’ - local
zenith angle for incline. Atmospheric
attenuation is approximately determined by

law v/secz;
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Then
M(Z) =1-0,2Vsecz
where secz = cosAcosd + sinasind

The local zenith angle z'can
calculated by the formula
cosz' = cosdcosz — sind(singcosdsinwt —
cos@sindcosA — sindsina cos wt) (13)
where d - angle of inclination measured from
the horizon down, ¢ azimuth of the clockwise
angle from the north direction. For
convenience, in order to reduce the error
associated with a regional feature, an
additional parameter H (t) should be defined,
which expresses local insolation:
o= {M(z)cosz’, —tg <t < tg

0t <t<tg
where tp and t; — time of sunset and sunrise
local time, provided that—t; <t < t,,cosz >
0 and cosz' > 0.
Therefore
Iy = (1 — A)CHS, (15)
and the boundary condition at x = 0 expressed
by (8) takes the form
SoCH

¢ = Tsky +(1—-4) Kh (16)
The solution of equation (10) satisfying
condition (16) is

(12)

be

(14)

(1-A)S,C
d(x,t) = Topy + —kn
Yo A exp(—kvnx) cos(nwt — &, — kv/nx
(17)
where A,and &,— amplitude and phase of the

harmonic components of local insolation H.
Surface temperature can be determined

by integrating (2)

T(0,£) = h f,” ¢ (v, t) exp(—hp) db = Tyyey +
(1—1;1<)SOC Z?f:o Apcos(nwt—ep—6y) (18)
\/(h+kx/ﬁ)2+(kx/ﬁ)2

where §,, = arctg (k {1—5 + k\/ﬁ)
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The solution of the problem
The effect of the underground heat flux
(Q) can be taken into account if we add the

second solution T = % + %, which satisfies
the boundary condition (3), with a differential

(1).
Recall that K = /3; h
2k

Y
Input r = P\/;

where T = %” and s=hK.

Thenk\/Ezr\/Eand
n S
Vkn+h%Z=h /(r\/é)2+1,

Therefore,
T(0,x) = Tory + 2+ (1= A)S,C -

cos(nwt—en—346y)
Xn=04n V(s+rVn)2+(r+vn)?

8, = arctg(r\/g + rvn)

T

T
S = 4£0Ts3ky

4£O'Tsky
K

(19)

r=F

Average daily temperature Tgc IS
calculated by integrating (19) over a daily
cycle

1 T
Tae == Jy T(0,)dt = Ty, + 2+ (1 -
A)S,CAy - cosgs—0
where

1
Agcosey = ;f
0

It is important to note that the Ty value
does not depend on the thermal inertia of the
earth’s surface, together with the

(20)

TH(t)dt

and
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measured albedo values and topographic data,
it can be used to estimate the subsurface heat
flux Q.

The difference between day and night
temperatures AT is calculated based on the
difference between midday and midnight
temperatures

AT =T(0,0) — T (0, %) (21)
The value AT that is a function of
thermal inertia P can be determined by

systematic observations and used to calculate
changes in thermal inertia.

Conclusion

Thus, by making appropriate changes to
existing information processing algorithms, it
is possible to significantly improve the
accuracy of determining the radiative
characteristics of objects and the temperature
distribution on the earth's surface. Satellite
information obtained in the thermal IR
spectrum is used in various geological and
natural fields. Since the interpretation of such
information is complicated by the influence of
numerous factors, the developed model makes
it possible to determine the optimal
observation time for obtaining quantitative
characteristics of various surface properties. It
is established that the ratio of the difference
between day and night temperatures to the
albedo value depends only on the thermal
inertia, and therefore it can be used to isolate
geological objects.

The dependence of thermal inertia on
density, water content and to some extent on
the composition and condition of vegetation
cover suggests that the described method will
be useful for detecting and accurately
predicting the incidence of agricultural crops.
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Xiilasa

Mogalods Daskason orazisindo yerloson dag-moadon sonayesi tullantilarinin riyazi qiymot-
londirilmasi mosalalori nozorden kegirilmigdir. O ctimlodan, faydali gazinti yataqglarinda yaranan
tullantilarin minimuma endirilmasi, Optimal istismar soraitinin axtarigi ilo olagadar texnogen tullantilar
haqqinda informasiyanin analizi fiziki proseslorin modellogdirilmasinin baza prinsiplorina asaslanan
aragdirmalar1 aparilmigdir.
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AHHOTAIUSA

B cratee paccMOTpeHBI BOIPOCHI MAaTEMATHUECKOW OIICHKH OTXOJOB TOPHOMOOBIBAIOIICH
MTPOMBINIIEHHOCTH, HAXOASIUXCS Ha TeppuTopun Jamkecana. [lan anann3 nHGOpPMAIH O TEXHOTEHHBIX
OTXOJlaX B CBSI3M C MHHUMHU3AIUCH OTXONOB, OOPa3yIOUIUXCSA HAa MECTOPOXKICHHUSIX TOJIC3HBIX
HCKOMaeMbIX. PaccMOTpeH BOMpPOC TMOWCKA ONTHUMAIBHBIX YCIOBUW DKCIUTyaTallud, MPUBEICHBI
WCCIIEIOBAHNS HA OCHOBE OCHOBHBIX MPUHITUIIOB MOJIENINPOBAaHMUS (PU3NIECKIX TIPOIIECCOB.

KiroueBble cjioBa; TEXHOT'CHHBIC OTXOAbI, MATEMATUUCCKOC MOJCIINPOBAHUE, ITOJIE3HBIC NCKOIIAEMBIC,
MUHCPAJIbHBIC OTXOABI.
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Giris

Daskoason Azorbaycanin yiiksok igtisadi
potensiala malik aparici sonaye regionudur.
Bu region onilliklor arzinds toplanib qalmis
miixtolif texnogen mineral tullantilarin boyiik
ehtiyatlarina malikdir. Bu tullantilar asasan
dag-moadon, metallurgiya vo digar saholorin
texnogen faaliyyati naticasindo yaranmisdir.

Faydali gazint1 yataglarinda yaranan tul-
lantilarin minimuma endirilmasi optimal istis-
mar garaitinin axtaris ilo slagadardir. Bu mog-
sadlo mineral resurslarin istismar rejiminin op-
timallagdiriimas:t  modellori istifado oluna
bilor. Texnogen tullantilar hagqinda informa-
siyanin analizi fiziki proseslorin modellosdiril-
moasinin baza prinsiplorins asaslanir.

Isin magsadi

Texnogen tullantilarin yaranmasinin qa-
nunauygunlugu birinci doracali diferensial ton-
liklorlo yazilalarag, riyazi programlasdirma
mosalasino gatirilmasi vo bu tonliklords osas
dayisonlor texnoloji amoliyyatlarin enerji tutu-
mu Vo vaxti olmagqla, riyazi modellorin para-
metrlarini geyri-Xatti on ki¢ik kvadratlar meto-
du ilo giymatlondirmakdir.

Masalanin qoyulusu

Modellasdirmanin metodoloji prinsiplo-
rinin asasinda “model” anlayis1 durur, bu anla-
yis todqig olunan obyektin obrazi kimi basa
diistiliir. Onda modellasdirmoya obyektlor sis-
teminin modellorinin qurulmasi va éyranilmo-
si prosesi kimi baxila bilor. Bu vo ya digor
orazido mineral tullantilar giymatlondirilorkan
iki moarhalo farglondirilir. Birincisi, miisahido
Vo tocriibo marhalosidir, burada todgiqatci zo-
ruri informasiya toplayir. 2-ci marhals toplan-
mis malumatlarin imumilagdirilmasi va nati-
calor gixarilmasindan ibarat olur [1-6].

Tullantilara dair informasiyanin dyronil-
moasi prosesi do morholali prosesdir, birincids

empirik informasiyanin mokan-zaman paylan-
mas1 dagiqlasdirilir. ikinci morhalodo dyroni-
lan obyektin tosviri, imumilasdirilmasi vo no-
zori modelin qurulmas: hoyata kegirilir. Ugiin-
cii morholods ekoloji-riyazi modelin fiziki
proseslorlo adekvatligi yoxlanilir. Demali,
konkret orazido mineral ehtiyatlara dair infor-
masiyanin ekoloji-riyazi analiz prosesi bels
tosvir oluna bilor: tullantilara dair moalumatla-
rin toplanmasi1 — tullantilarin mokan-zaman
paylanma modelinin qurulmas:t — modellos-
dirmo naticalori asasinda texnoloji proseslorin
optimallasdirilmasi. Tullantilarin idara olun-
mas {igiin ekoloji-riyazi modellorin qurulmasi
algoritminin sxemi sok. 1-da tagdim olunur.

RIVAZI MODELIN

RIS AZL MODELIN QURT T MASE ‘. DL s seosd

S

g 4
HESARLAMA
NOTICOLARINGS FavPiRin
MOLUMATLARLA
MUQAYISOSE

ROV AZE MODELEN D
REALLASDIRIINASININ
(RS ETAA T

—_ < -

/1 i

>

FROORAMLASDIRMA ‘ » FENVEDO HESARLAMALAR

Sakil 1 — Riyazi modelin qurulmasi alqoritminin
sxemi

Figure 1 — Schematic of the algorithm for building
a mathematical model

Belaliklo, ekoloji-riyazi modellor tullan-
tilarn emali tizro texnoloji proseslorin fiziki
mahiyyatini oks etdiron metodoloji prinsiplori
shomiyyatli daracada zanginlasdirir vo mineral
ehtiyatlarin rasional istifadasi ti¢iin yeni im-
kanlar acir. Ekoloji-riyazi modelin parametrlo-
rini doyigsmoklo vo EHM-do miixtolif hesabla-
ma eksperimentlori aparmaqgla modellosdirilon
obyektin xassalorinin neco doyismasini prog-
nozlasdirmaq olar.
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Odadi hesablama eksperimentlori notico-
sinds alinmis informasiyan1 emal edarak, riya-
zi modeli miihandis disturlarinadok sadslos-
dirmak olar. Bu diisturlar miirokkab ilkin mo-
delo vo boyiik hacmli hesablama molumatlari-
na osaslanir. Belo diisturlar daha sads iisulla
zoruri informasiya sldo etmoaya imkan verir.

Riyazi modellarin inkisafinin asas yolu
induktivlik, yoni sadodon miirokkobs dogru
yol hesab olunur. Ancaq diger yol da az sho-
miyyatli deyil: deduksiya, yani timumi kon-
sepsiyadan xiisusi modellora, yani konkret si-
tuasiyani tosvir edon modellorlo kegmak. Belo
modellor xiisuson sonaye ekologiyasi problem-
larinin mithandis tacriibasi {igiin gox shomiy-
yatlidir.

Masalanin halli
Adaptasiyali modellor tobii resurslarin

rasional istifadosi mosalalarinin hallinds sama-
rali hal kimi tagdim oluna bilar. Belo modello-
rin qurulmast xiisusi ekoloji riyazi tohlilin apa-
rilmasi naticasinds miimkiin ola bilar.
Molumdur ki, dag-modon sonayesi tul-
lantilar1 asason bork tullantilardan ibarat olur.
Filiz emal1 texnoloji prosesi istonilon texnoloji
proses Kimi enerji tutumu ilo xarakterizo olu-
nur. Tamamilo aydindir ki, sarf olunan enerji-

k(i

nin bir hissssi tullantilarin “istehsalina” sorf
olunur.

Onda ekoloji gostarici gisminda texnolo-
Ji prosesin enerji tutumunu se¢mok olar. Bu
forziyys ekoloji informasiyanin riyazi analizi-
nin klassik aparatini istifado etmays imkan ve-
rir. Bu torzds alinmis riyazi modelin parametr-
lori empirik informasiyalar asasinda miioyyan
edilir. Dag-modon miiassisasinda tullantilarin
yaranmasimnin kinetik modelinin hesabi sxemi
sokil 2-ds tagdim olunur.

Dag-modon sonayesi tullantilarinin ya-
ranmasi Vo lokallagdirilmasinin stasionar pro-
sesi asagidaki siiratlorlo xarakterizo edilir:

dM +)ij
Wi = dén = k(+)ij (Mou - Mij) ' 1)
W, o = dM 5 _ K M )
OiF T T T gy eV (2)

burada M, y;; — j-ci manbadan yaranan i-ci
nov tullantilarin - kitlesi; D - arasdirilan
texnoloji prosesin vo ya biitovliikds istehsalin
enerji tutumu; K, yi, K y;— tullantilarm
yaranma Vo lokallasdirilmasi siirati sabitlori;
M ;j» Mj;— otraf miihitds j-ci menbadon i-ci

nov tullantilarm kutlesinin  ilkin  vo cari

giymotloridir.

Y

Tullantilarin yaranmasi

k()i

Sokil 2 - Tullantilarin yaranma sxemi: MR - material resurslari,

lokallagdirilmasi proseslorinin siirat amsallart

Y

Tullantilarin lokallasdirilmasi

k, i, j - tullantilarin yaranmast vo

Figure 2 - Waste generation scheme: MR - material resources, k, i, j - velocity coefficients of waste

generation and localization processes
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Tarazliq vaziyystino baxaraq, alariq:

S TRV 3)

Mg =M.,
J o0
Y K KO

(1) - (2) ifadalori tullantilarin yaranma-

simin stasionar prosesinin riyazi modelini
yazmaga imkan verir:
dM;;
_ﬂlj( _Mij)7 (4)
Mij [ =0; 8, =k(+)ij —k(Qij;
burada Jj By =K(®)ij ~k Qi
i=1...nj=1..m
(4) tonliyinin halli bels sokil alir:
M =M_;[1-exp(=4;9)] )

Belaliklo, tullantilarin
stasionar prosesi asagidaki siiratlorlo xarak-

terizo olunur:

yaranmasinin

= Moy Mgy =My )M 6
i — d3 - (+)Ij( 0ij — Ij) ij ( )
dM, .
— (i _ 2
Wi = Tj =k Mi ()

Tullantilarin yaranmasi stasionar prose-
sinin riyazi modeli bels yazila bilor:

dM..
d:; = (gij _,BijMij)Mij (8)

(8) tonliyini sabit ilkin sort ii¢lin belo
yazmagq olar:

Mij = MHij exp(gijg)[l'Vije)@(‘gij9)], (9)
burada 7 = My, M,

Tullantilarin yaranmasinin qeyri-stasio-
nar prosesinin riyazi modeli bels sokil alir:

oM;; oM;;

a % o =AM =My, (0
M; (3,0) = M; =const

]( ) 0ij }' (11)
M; (0, t) = My; = const

burada zaman trendi — D(t)=3, + a,t.

Texnoloji proseslorin enerji tutumundan
asilt olaraq tullantilarin yaranma dinamikasi
asagidaki kimi yazila bilor:

M+ (Moij- M 35 expl at(3-2,)]
hansi ki t>Da3,

Mij(3it) =
IJ(91 ) oolj+(MH oou)exp( ﬁl]a319) (12)
hans: ki t>3a3 .
Odadi eksperimentlorin  naticalori  vo

tullantilarin otraf miihito tasirino dair malu-
matlarla miiqayisasi gostormisdir ki, faktiki
molumatlarla daha yaxs1 uzlagsma (12) asilili-
ginda tomin olunur.

Bu riyazi modelin parametrlorinin
giymoatlondirilmasi on kigik kvadratlarin geyri-
Xatti metodu ilo yerino yetirilir.

Bunun {i¢iin asagidaki reqressiya modeli
istifads olunur:

Mij = MHijexp(gijB)

1-yexp(-&9) |+ &, (13)
burada

k=1..,NMe,) =

=0;D(¢, ) = rk ;cov(e, e ) =0k =L

Parametrlorin giymati on kigik kvadrat-
larin modifikasiya olunmus kriteriyasiin (F)
minimallasdirlmasi yolu ilo bels tapilir:

Hljk exp(gu 9) i
F= 14
Z{[1 75 &xp(-;9,)] } (9
A =02 A= min (15)

{Mle ﬁlJ }

burada Mij — enerji tutumuna uygun j-Ci
monbadon yaranan i-ci tullantilarin
eksperimental giymatidir.

nov
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Toklif olunan riyazi modelin adekvatligi
tullantilarin ~ yaranma  prosesino  tatbigon
giymatlondirilmisdir (cadv.).

Tullantilarin bu novii tigiin 15 modelinin
asagidaki xiisusi hali istifado olunmusdur:

Cadval — Tullantilarin yaranma prosesinin riyazi
modellarinin parametrlori

Table — Parameters of mathematical models of
waste generation process

Proses K, R, M(0).
Mt/il 1/QVt-saat | Mt/il
Cirklandirici
maddalarin 4,345 0,442 0,0684
tutulmasi
Stasionar
monbalardon | 1,401 0,269 0,06681
tullantilar
M (2) =[M(0)K exp(r3)] 5)
[K =M (0) + M (0)exp(r3)]*
Vo ya
daM _ rM(l—M) (17)
d> K

Sok. 3 vo 4-do faktiki molumatlarla
hesablama giymatlorinin miigayiso naticalori
togdim olunmusdur.

4“5

an

as

WA

Mes ] o

9
E10 ", kVt-saat

Soakil 3 — Tutulan ¢irklondirici maddolorin kiitlasi
(r=0,96)
Figure 3 — Mass of captured pollutants (r = 0.96)

129

Miiqayiso (15) ganunauygunlugunun
yiiksok adekvatligina dolalot edir. Demali,
otraf miihito tasirin giymatlondirilmasi iigiin
texnoloji prosesin enerji tutumunun istifads
olunmasi fiziki cohatdon osaslhidir.

o1

Mue 10° .1l

o

ax

as

L] ? “ . “ 2}

Ell.l"). kVt- saat
Sokil 4 — Cirklandirici maddalarin timumi kiitlasi
(r=0,98)
Figure 4 — Total mass of pollutants (r = 0.98)

Tullantilarin ~ yaranma  kinetikasi iso
birinci  doracali  diferensial tonliklo ifado
olunur. Bu riyazi modelin parametrlori on
ki¢ik kvadratlarin geyri-xotti metodu
giymatlondirilas bilor.

ilo

Natica

Tosdiq olunmusdur ki, texnogen tullan-
tilarin yaranmasinin qanunauygunlugu birinci
doracali diferensial tonliklorlo yazila bilor, bu
tonliklordo asas dayisonlor texnoloji oamoaliy-
yatlarin enerji tutumu vo vaxtidir, riyazi
modellorin parametrlarini iso qeyri-Xxatti on
kicik kvadratlar metodu ilo giymatlondirmak
olar.

Nozori tohlil vo odadi eksperimentlorin
naticolori gostormisdir ki, texnogen tullan-
tilarin stasionar yaranma prosesinin riyazi mo-
deli kifayot godor yiiksok adekvatliga ma-
likdir.
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