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YIOCKOHAJIEHHS AJITOPUTMY BU3HAUYEHHSI TEOMETPUYHUX
PO3MIPIB OB’EKTIB Y IIIOILIIUHI 3 BUKOPUCTAHHSAM
CKAHJAMH-METOY

C. 10. IInecneyos, K. /1. Bipuenko, A. O. Konecnuuenko, IO. O. Ilnecneyos
Hayionanenuti mexuiunutl ynisepcumem « XapkieCoKuil NOJIMEXHIYHUL THCIUMYM»,;
sya. Kupnuuoea, 2, m. Xapxis, 61002, Yrpaina, e-mail: serhii.pliesnetsov@khpi.edu.ua

O06’eKTOM JOCTiKEeHHST B poOOTi € CIUIaifH-aHaNi3 CKaHIaiHy. MeToto poOoTH € po3podKa YIO0CKOHAICHOTO
ITOPUTMY CKaHJIANH-IIONIYKY KOHTYpPY Ta BH3HAUCHHS TI'COMETPHYHUX IapaMeTpiB 3pa3KiB y IUIOLIMHI 3
BHKOPHCTAHHAM 3ac00iB CrutaiiH-iHTepnosimii. HaBeneHo orisin psay icHYIOUHX IOCTiIKEeHb y cepi mporpaMHIX
pillleHb AJIsT BU3HAYCHHS Ta aHAN3y KOHTYPIB HAa 300pa)k€HHSIX. BUSABIEHO TpEeHIW PO3BUTKY ANTOPUTMIYHUX Ta
HEHpPOMEpEIKEBUX CHCTEM JUISL TOIIYKY KOHTYpiB 00’€KTiB, IpOTE 3a7ada METPOJIOTIYHOI OLIHKM TakuX 00’€KTiB
cnabo po3BUHEHA 1 MOKe OyTH JociipkeHa. BHKOHaHO pO3pOOKY METOIMKH MOIIYKY TOYOK Ha KOHTYpI 3
BUKOPHCTAHHSIM CIUIAMH-IHTEPIIONSILIi A0 BEKTOPY WIKCENIB CKAaHJIAHHY 3 BHSABJICHHSAM TOYKO KOHTPACTHOTO
nepexojy yepe3 aHalli3 TOYOK 3HAKO3MIiHM NIMATKOBOI (YHKIIT CIulaifHy Ha MoAynmi QYHKIIT MoXigHOT 10 GYyHKIT
CIUIaliHy 3 ypaxyBaHHSAM KOHTPACTHOI Pi3HHLI MK JOTHYHHMH TOYKaMH Ha JOCIIIKYBaHOMY 300pa)keHHI 00’ €KTY
KOHTpOJI0 a0o BuMiproBaHHs. HaBeneHo BiANOBiAHY Bidyamizamilo Ui BUIAAKy IPOCTOTO CKaHJIAMHY 3
MaTeMaTHYHAM TeCcTyBaHHAM Ha 0a3i cucremm Scilab. Ha 06a3i mMeTomuku po3poOIeHO ajaropuTM aHaJi3y
CKaHJIaliHy Ta po3po0JIeHO MpOorpaMHUi 3aci0, Mo peanidye qaHuid anroput™. Po3poOky BUKoOHaHO Ha 0a3i peHmepy,
mo pearnizye crangapt OpenGL 3 BHKOPUCTaHHSIM eJeMeHTiB 0i0OmioTekn Boost sl BHKOHAaHHS CIUTaiH-
iHTepnomsmii, a takok GTK mns oTpuMaHHS OXOIUTIOIOYOTO TPSMOKYTHHKAa MiHIMaJdbHOI IUIOIII METOIIOM
obepToBoro cymnopty. OIiHEHO TOCTOBIPHICTh PE3yJIbTATIB POOOTH, 3 pe3yNbTaTaMH, IO € TPUHHATHUMH IS
IH)KEHEpPHOT'0 BUKOPHUCTAHHS IIPOTrPaMHOT0 3aC00y 3a yMOBH KOPEKTHOI'O HaJaITyBaHHA. TecTyBaHHS IIPOrPaMHOTO
3aco0y BUKOHAHO Ha 0a3i CyKYITHOCTI TECTOBHX 300paKeHb, IO BKIIIOYAIM OBAJbHI iZiealbHI TECTOBI 3pa3ku 0e3
IPaJieHTHHUX 30H MEPEXOay Ta 3 JBIKOBHM KOJIBOPOM, MOJICNIBHI 3pa3KH, BiapeHaepeHi 3acodbamu pennepy Cycles y
ckiani Blender 3D, Ta ¢ororpadiyni TecToBi 3pa3ku.

KaiouoBi cioBa: merposoris, BUMIpIOBaHHS, aHalli3 300pa’keHHs, po3poOKa NMpOrpaMHOro 3abe3IedeHHs,
MOUIYK KOHTYPY, CKaHJIaiH, CIIaifH-1HTePIIOJISIIis.

The object of research in the paper is the spline analysis of the scan line. The purpose of the work is the
development of an improved algorithm for scanning contours and determination of geometric parameters of samples
in the plane using spline interpolation tools. An overview of a number of existing studies in the field of software
solutions for the definition and analysis of contours in images is presented. Trends in the development of
algorithmic and neural network systems for finding contours of objects have been revealed, but the task of
metrological assessment of such objects is poorly developed and can be investigated. The method of finding points
on the contour was developed using spline interpolation to the vector of pixels of the scanline with the detection of
points of contrast transition through the analysis of the points of change of sign of the piecewise function of the
spline on the module of the function of the derivative of the function of the spline, taking into account the contrast
difference between the tangent points on the investigated image of the control object or measurement. The
appropriate visualization for the case of a simple scanline with mathematical testing based on the SciLab system is
given. Based on the methodology, an algorithm for scanline analysis was developed and a software tool was
developed that implements this algorithm.The development is based on a renderer that implements the OpenGL
standard using elements of the Boost library to perform spline interpolation, as well as GTK to obtain an enclosing
rectangle of minimum area by the rotary caliper method. The reliability of the work results was evaluated, with
results that are acceptable for engineering use of the software under the condition of correct configuration. Testing
of the software tool was performed on the basis of a set of test images, which included oval ideal test samples
without gradient transition zones and with binary color, model samples rendered by Cycles rendering tools in
Blender 3D, and photographic test samples.

Keywords: metrology, measurement, image analysis, software development, contour search, scanline, spline
interpolation.



6 Memoou ma npunadu KOHmMpPOJII0 AKOCMI

Beryn
Ha JAHUI MOMEHT CHUCTEMU
pO3IMi3HaBaHHS KOHTYPIB Ha0yBalOTh

IIMPOKOTO PO3MOBCIOKEHHS Yy BCIX cdepax
KUTTS, B TOMY YHCII Yy MeTpoJorii. Cucremu
NOLIYKY Ta aHalli3y KOHTYpPIB JO3BOJISIIOTH
po3Ii3HaBaT, Kiacu(dikyBaTH, TOCTIKYBATH
o0’ekTM  Ha  300pakeHHi,  MPOBOAUTH
KOHTPOJIb T4 BU3HAYATH X XapaKTEPUCTUKH.
CucreMu TIOIIYKY KOHTYPIB MOXYTh
0a3yBaTHCh Ha AITOPUTMIYHUX Ta HEUPOHHHUX
MoiesiX. Y 000X MiXOMIB € MEeBHI HETOMIKH
Ta MepeBary SK 3 TOYKH 30PY MIBUIKO/II1, TaK 1

AKOCTi, 1 TOTPIOHMX  OOYMCIIOBATIBHUX
MOTY>KHOCTEH.

BopHouac posmi3HaBaHHS KOHTYpPIB Yy
METPOJIOT1], 0COOJIMBO YKpaiHCBKIiH,

3QIIMIIAETHCA BITHOCHO CIIA0KO PO3BUHYTOIO
obnactro. BimmoBigHOo, poboTta y maHOMY
HANPSIMKY € aKTyalbHOIO.

Merta podoTu — po3poOuTH
YIOCKOHAJICHUH aJrOPUTM CKaHJIAWH IOLIYKY
KOHTYpY Ta BH3HAU€HHS T€OMETPUYHHUX
napamMeTpiB  3pa3kiB y  IUIONMHI 3
BUKOPHUCTAHHIM 3aco0iB CIUTaiH-
IHTEepIOJIALI].

AHajli3 Cy4YacHMX 3aKOPAOHHMX i

BITUM3HSIHMX J0C/IIIKeHb Ta MyOaikanii

PosmizHaBaHHS Ta YTOYHEHHSI KOHTYPIB
00'€KTIB Ha 300paXEHHSX € BaXIUBOIO
TEXHOJIOTIEI0 B Pi3HUX cdepax KHUTTSI Ta Mae
Oarato mepcrekTuB po3BUTKY. Lleit mporec
0a3yeTbCs Ha METO/ax KOMII'IOTEPHOIO 30py
ta 1mryyHoro iHtenekry (LLI), i #oro
BUKOPHUCTAHHS MMOCTIHO PO3IIUPIOETHCS.

Cratts [1] npucssiuena po3poOrii MeToay
IIBUKOTO TONIYKY IU(GPOBUX 300paxkeHb Y
BEJIMKUX CXOBHINAX JaHuX. Ha ocHOBI aHaIizy
ICHYIOUHX MOJIeJIell 1 TIONIyKOBUX CEPBICiB,
aBTOpPU  MPOIMOHYIOTH  BUKOPUCTOBYBATHU
creuiajJbHUi II1a0JIOH 300pakeHHs, AKHH €
IHBapiaHTHUM 10 PI3HOMaHITHUX
TpaHcopmarliii  300pakeHHs, TaKUX SK
CTUCHEHHS, 3MiHa SCKPaBOCTI 4YM IHIII
epextu. CTBOpEHHs MIA0NOHY I KOXXHOTO
300pa)KeHHsI J03BOJISI€E 3HAYHO MPUCKOPHUTH
IpoIleC MOIIYKY 1 MOPIBHAHHS 300pakeHb y
CXOBHUIIAX.

ISSN 1993-9981 print
Ne 2 (53) 2024 1SSN 2415-3575 online

OcHOBHa yBara 30CEpEIKYETbCS Ha
e(EeKTUBHOCTI METONy, 30KpeMa TOYHOCTI Ta
MIBUIKOCTI MOIIYKY. 3anponoHOBaHMI
ANITOPUTM Tiependavae MoOya0BY MIAOIOHY
300pakeHHS MPU HOTO TIepIIoMy 30epeKeHHi,
MICHS YOro Iied 11adioH BUKOPHCTOBYETHCS
JUTSl TIOJANBIIMX TOMIYKIB. Y CTaTTl TaKOX

PO3MIISIIAIOTECS  MPOOJIeMH,  TMOB'sI3aHi 3
nyOmoBaHHSAM 300pakeHb Ta 1X PI3HUMH
TpaHchOopMaIlisIMH.

ExcriepyMeHTanbsHO MIATBEPIKEHO, IO
METO/I JTO3BOJISIE IBHUJKO 1 TOYHO 3HAXOIUTH
300pakeHHS B CXOBHIIAX, 110 MICTATHh TOHA]
100 Tucsu 300paxkeHb, 3 PI3HUMH KJIacaMH
00'€KTIB, TaKUMHU K OOJWYYs, TPAHCIOPTHI
3acobwu, Oy/iBiIi TOIIO.

ABTOp CTaTTi PO3MOBITA€E TIPO PO3POOKY
METOJly  IIBUAKOTO TMOIIYKY [HU(PPOBUX
300pakeHb y BEJIMKHUX CXOBHIIAX JaHUX. BiH
MIPOIMIOHYE aJTOpPUTM, SIKUU Oa3yeTbcs Ha
CTBOPEHHI1  CHEIaJIbHUX  IIa0JOHIB NS
KOXKHOTO 300pakeHHs, IO JO03BOJIIE 3HAYHO
CKOpPOTHUTHU yac MOITYKY. Meron
OpieHTOBaHMH  Ha  I1HBapiaHTHICTH [0
Tpanchopmarlliif, Takux SK CTHCHEHHS abo
3MiHa  SICKpaBOCTi, 10 pOOUTH  HoOro
e(eKTUBHUM IS BEIMKUX 0a3 JaHuX, JC €
pu3uK nyOmOBaHHA 300pakeHh abo  iX
BU0O3MIH.

Crarts [2] mpucBsYeHa TOCIIHKCHHIO Ta
3aCTOCYBAHHIO  HEWPOHHUX  MEpex  JUid
BUpIIIEHHS 33/a4 pO3Mi3HaBaHHS 00’ €KTIB y
300pakeHHSX. ABTOpU aKIEHTYIOTh yBary Ha
BaYKJIMBOCTI BUKOPHUCTAHHS Cy4aCHHX
HEUPOMEPEIKEBUX MiAXOIB, SIK1
3a0e3Meuy0Th BUCOKY TOYHICTH 1 IIBHJKICTH
pu poOOTi 3 BEIIMKUMHU OOCATaMU JaHUX Ta
CKJIaJTHUMH 300pa’keHHIMH.

OCHOBHI TeMH CTaTTi BKIIOYAIOTh:

[Tpuntumm poOOTH HEUPOHHUX MEPEK —
OIUCYIOTHCS 0a30Bi apXiTEKTYpHU HEHPOHHUX
MEpEeK, 10 3aCTOCOBYIOTHCS TUTSE
pO3Mi3HaBaHHSI O0’€KTIB, Taki SIK 3TOPTKOBI
netipordi mepexi (CNN). TloscHroeThes, sk
Il MOJIeNli BUKOPUCTOBYIOTh PIi3HI IIapu s
BUTSTHCHHS XapaKTEPUCTUK 3 300pakeHHS 1
SK  BOHM  HABYAIOTBCS  PO3IMI3HABATH
pi3HOMaHITHI 00'€KTH.
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AHaJi3 TOYHOCTI MOJENe — aBTOPM  BEHTWJIBHHX MAaTPHIlh, JIEMOHCTPYIOUH iX

JOCIIJDKYIOTh TOKa3HUKUM TOYHOCTI POOOTH
HEWPOHHHUX MEpEeX y 3ajJadax po3IMi3HABaHHS
00’extiB. IIpoBOAATBCA EKCIIEPUMEHTH Ha
pi3HMX Habopax MaHWX, SIKI JEMOHCTPYIOThH

nepeBaru BUKOPUCTAHHS TITUOOKUX
HEHPOHHUX  MepeX I IiJBUIICHHS
TOYHOCTI.

ITepeBaru BUKOPUCTAaHHS
HEHpOMepe:KeBUX MIAXOAIB — y  CTaTTi

MIIKPECTIOEThCS, 10 3aBASKH MOXKJIHUBOCTI
HABYAHHSI HA BEINUKUX Ha0opax JIaHUX,
HEHPOHHI  MepeXi  TOKa3yloTh  YYJOBI
pe3ynbTaTd B 3aJadax  kimacudikamii 1
pO3Mi3HABaHHS  CKJIQJHUX  OO'€KTIB,  sKi
MOXYTh OYTH CXOXUMH a00 4YacTKOBO
3aKpPUTHMHU.

BukopucranHs y peanpbHUX J0JaTKax —
aBTOpHU PO3IIIAIAI0Th 3aCTOCYBAHHS
HelipoMepek [UId po3Mi3HaBaHHS 00 €KTIB y
pPI3HHUX Taiy3sX, TakKux SK MEIUIMHa,
aBTOMOOUTbHA TPOMMUCIIOBICT, O€3leka Ta
BiJICOCIIOCTEPEIKECHHS. 3aBagKu
BUKOPHUCTAHHIO TJIMOOKUX MOJIENEH, CHCTeMU
CTarTh OUIBII HaIIHAHAMA Ta
ABTOMATHU30BAHUMHU.

Y poboti [3] BUKOHAHO OCIIIKEHHS
iHTerpanii mamuHHOro HaByaHHs (ML) B
ONTUYHY METPOJIOTIIO, PO3KPHUBAIOYHN
MOKPAILLEHHS e(eKTUBHOCTI Ta
PE3YIBTATUBHOCTI BUMIPIOBAJILHUX TMPOIIECIB.
3 akmeHToM Ha (a3oBy JAEMOIYISALIIO,
pPO3TOpTaHHA Ta TMepeTBOpeHHs ¢a3zu y
BUCOTY, OTJISI TIAKPECTIOE, SK alTOPUTMHU
ML TpanchopmyBaii TpaguIliiHI METOIU
ONTUYHOI METPOJIOrii, [IPOIOHYIOYU
MOKpaIieHy IIBUIKICTD, TOYHICTh i
MOKJIMBOCTI 00poOku manux. I[ligBUIICHHS
€(DEeKTUBHOCTI MiIKPECITIOETHCS TTPOTPECOM Y
TeHEepYBaHHI  JaHUX,  IHTEJIEKTyaIbHOMY
BimOopi Ta  crTparerisix  oOpoOku, e
anropuTMu ML npHImBUAIIAIN METPOJIOTIYHE
OIiHIOBaHHS. EQEeKTUBHICTh MiJBHUIYETHCS B
TOYHOCTI BHUMIpIOBaHb, 3aBasku ML, 110
3a0e3meuye HaAiiHI PIICHHS A CKIAJHUX
3aBJaHb PO3Ii3HABAHHS 00pa3iB 1 3MEHIIIEHHS
mymy. KpiM TOro, miIKpECTIOETHCS POJIb
napajgeNbHUX OOYHCIEHb 3 BUKOPHCTAHHAM
rpadidyHUX TPOIECOpPiB 1 MPOTrPaMOBAHUX

BOXJIUBICT y MIATPUMII OOYHCIIOBAIBHO
IHTeHCUBHHUX anroputMiB ML st o6poOku B
peanibHOMy  daci. KynbpmiHamiero  1boro
OTJISITy € BU3HAUEHHS MalOyTHIX HampsMKiB
JOCHIJUKeHb,  MIAKPECICHHS  MOTEHI[ay
nepeaoBux Mojenedt ML 1 OurbIn mIMpoKuX
3aCTOCYBaHb B ONITUYHIA METPOJIOTI].

ABTtOopu pobotu [4] 3a3HAYaOTh, IO
po3mizHaBaHHA (GOPM € aKTHBHOK TEMOIO
JOCITIJKEHB Y Tay31 KOMIT FOTEPHOTO 30PY Ta
rpadiyHux o0uucieHb. TuUM HE MeHI,
ICHYIOY1 METOM BCE II€ MAaIOTh MIEBHY HU3BKY
TOYHICTH 1 €(eKTUBHICTb, M0 3HAYHO
oOMexye 1X 3aCTOCYBaHHS B  CHCTEMi
KOMIT'FOTEPHOTO 30py. Y IBbOMY JOKYMEHTI
JOCITIJKY€ETHCSI OOMEKEHHSI CTPYKTYPH O3HaK,
AK€ 10 CyTi TOripulye NPOIYKTUBHICTh
posmizHaBaHHs. KpiM TOro, Mu NMpoOmOHYyEMO
IMIBUJIKUKA METOJA  po3mizHaBaHHS  (opwmu,
3aCHOBaHUN Ha JIBOPIBHEBOMY OOMEXEHHI

OOMEKEHHS KOHTYPHOTO KO/IyBaHHS
(CC2RR), KU 3abe3neuye OLTBIII
epEeKTHUBHY TEOPETHYHY MIATPUMKY JUIs
NPaKTUYHOTO  3aCTOCYBAaHHA  Bi3yaJbHOTO

anroputmy. CC2RR 3MeHITye oOMeEXEHHS,
[0 BUKOHYIOTBCS Bl  BUIUICHHS  Ta
BUPAKEHHS KOHTYPHUX O3HaK BiMOBIIHO.
[To-nepme, A KOHTYpY (HOpMHU OOMEKEHHS
BUJJICHHS ~ O3HAK  KOHTYPY  3MEHIICHO
IUIIXOM TEepPETBOPEHHS HANpPSIMKY TOYOK
KOHTYpy Ha CErMEHTH KOHTYpY; MO-IpyTe,
JUIS ~ 3aKOJIOBAHOTO  CErMEHTa  KOHTYpY
OOMEXKECHHSI BHUPXKEHHS O3HAKU KOHTYPY
3MEHIIY€EThCSA; 1HIIMMH CIIOBaMH, MOTOYHHIA
HAmpsIMOK 3BOJWTHCS O TMOMEPEIHBOTO Ta
HacTynmHoro HamnpsMkiB. Kepyrouuch uumu
1IesIMH, KOJIOBa BlJICTaHb XeMmMiHra
BUKOPHUCTOBYETHCS TUIS Y3rO/KEHHS
XapaKTEPUCTUK KOJYBAHHS ITCIIS IMOJBIMHOTO
3MEHIIEHHSI  OOMEXEHb, 1 oTpumaHi
pesynbratu. ExcriepuMeHTanbHI pe3yabTaTH
MiATBEPIKYIOTh, III0 METOJT 3HAYHO MOKPAIIY€E
MPOYKTUBHICTh, sika mpaioe 1o 500 pasis
MBUAINIE, HDK ICHYIOYlI METOQU OIKUCY Ha
OCHOBI  KOHTYpiB  (OpMH,  OJHOYACHO
30iUTbpIIytoun HadilHICTh. Lle poOuTh MeTon
KOPUCHUM Y  TPAKTUYHIA  MPOTpaMHIi
CHCTEMI.
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PoGora [5] cnpsimoBaHa Ha JOCIITKEHHS

MeTpoJiorii  KOHTYpiB. Y  KOHTYpHIH
METpPOJIOTii CD-SEM (ckanyrouuit
€JIEKTPOHHUIH MIKpPOCKOTI KPUTUYHOTO

po3Mipy) TIpuU3HAYae Oe3MepepBHY MEXKY
PO3IIMPEHUM XapaAKTEPUCTHKAM 300paKEeHHSI.
Mexa 3a3BU4Yail NMPU3HAYAETHCS K MPOCTA
(GyHKIIS IHTEHCUBHOCTI CUTHAIy, HAaIlPHUKJIA],
MOPOTOM SICKpaBOCTI abo TpamieHToM. OaHAK
OKOJIMIII PI3HUX TOYOK Y3IOBXK MeXi 00’eKkTa
MOXXYTbh 3HaYHO BiIpi3HATHUCSA. J[esKi yacTHHU
KOpJIOHY MOXYThb MaTh ONM3bKi CyCiaHi
00’ekTH, TOmI SAK IHIN €  BIJHOCHO
13ompoBaHMMHU. CycCiJiHI €JeMEHTH MOXYTb
NIePEIIKOKATH BUXOY BTOPUHHHX
€JIEKTPOHIB. TakuM YMHOM, pi3Ha OJIM3BKICTH
CyCi/IiB BITUBA€ HA BHUSIBJICHY IHTCHCUBHICTD.
Pi3HUIS iIHTEHCUBHOCTI, BUKJIMKAHA PI3HHUIICIO
cyciictBa, Moke OyTH  HENpaBHIbHO
IHTepIpeToBaHa sK 3MIIIEHHS KOHTYDY,
HANpUKIal, KOJM KOHTYp NEPEeXOIHWTh Bif
130JIbOBAHOTO  CyCiACTBA 10  INIJIBHOTO.
Bennuuna 11i€i Bapiarii 3CyBY OIIIHIOETBCS 3a
JIOTIOMOT 010 300pakeHb, CTBOPEHUX
JMONSEL, momemorounM MeTogoM MoHTe-
Kapno SEM  BTOpMHHUX  €JIE€KTPOHHHUX
300pakeHb, Ha OCHOBI TIPOCTHUX 3pa3KiB
TECTOBUX MOJIENIeH 13 PI3HUMH OKOJIHUISIMHU.
[ToxiGHI CTPYKTYpH 3r0A0M OyJIM BUMIPSIHI SIK
SEM, Tak i aTOMHO-CHJIOBOIO MiKPOCKOIIEIO
(ACM).  OwueBumHi 3pymeHHsS  (TOOTO
NOMIJIKH) TopsAKy Big 0,5 aHM 1o 1,0 HM s
KOXKHOTO  Kparo CIOCTepirajiucs sSK Ha
MOJICTThOBAHHUX, TaK 1 Ha BUMIpsHUX SEM-
300pakeHHsX TopiBHSHO 3 AFM, komm
MOJIOKEHHST ~ KpaiB ~ MpU3HAJyalmucs  3a
JIOTIOMOT OO (hikcoBaHOTO KOHTYDPY
sicKpaBocTi 300pakeHHs. [Ipu3HadeHHs1 kpaiB
3a SICKPaBICTIO BIJHOCHO JIOKAJLHOTO (JOHY Ta
JIOKAJbHOT MaKCUMAJIBHOT SICKPaBOCTI
IPU3BENO JI0 BUMIpPIOBaHb, SIKI OyiIM MEHII
YYTIMBUMH JIO BIJIMIHHOCTEH CYCIJICTBA.
Iloxo cnaiiH-iHTepIoOJsANii
CrutaifH-1HTEepITOJISIIIS, Moai0HO 1o
MOJIIHOMIQJIBHOT 1HTEPIONSAIii, BUKOPUCTOBYE
MOJIIHOMH HH3BKOTO CTYINEHS B KOXXHOMY 3
iHTepBaNiB 1 BHOHMpae  MOJIIHOMiaJbHI
dbparMeHTH Tak, mo0 BOHH TJIAJKO ITiIX0IHITN
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omuH a0 opHoro. Otpumana QyHKIisA
Ha3UBa€ThCA criaitHoM (puc. 1) [6,7].
CrutaiiH  Mae  BIANOBiZaTH  IIEBHUM

0a30BUM BUMOTAaM 3 TAKUMHU OOMEXKEHHSIMU:
1. KoxeH TOJIHOM TPOXOAHUTH YEpe3
BIMOBIAHI KIHIIEBI TOUKH.

2. Ilepmi moximui 30iraloTbcsi Y
BHYTPIIIHIX TOYKaX.
3. Jlpyri moximHi  30iraroTeCa Y

BHYTPIIIHIX TOYKaX.
4. Jpyri noxiaHi 3BEPTAIOTHCS B HYJIb Y
KIHIIeBUX TOYKaX.

B ocHoBi maHOoi po0OOTHM  JIEKHUTH
BUKOPUCTAHHS  CIUIAWH-IHTEPIONSAIIT IS
ONMCY CKaHJalHy TMpH TMOIIYKY TOYOK
KOHTPACTHOTO TMEPEXOTy.

6
P
41 b,
2 -
0 T T T
0 1 2 3 4

Pucynok 1 — Ky0iunnii cniaiin, inTepnoasoBanmii
Mmixk Toukamu (1, 1), (2, 5) i (3, 4), Oyayernest 3 ABOX
KyOIYHHMX N0JIiHOMIB

Teopernuna 6a3a podoru
B y3aranpHeHOMY BUTIIANI CKaHJIAWH €
JUCKPETHUM Ha0OpOM 3 N TOYOK, KOXHa 3
SKUX Ma€ KOOPJAMHATH X Ta Y:
X, X X, X3 .. X

S: n—1 ) (1)
Yo i Vo Vs o Yy

i Touku MarTh (MOXYTh) 3HAXOJIUTUCH
y 3aIeKHOCTI SK OBl MHOXHMHH S, Ta S,
VTBOPIOIOUM  (YHKI[IOHAIBHY  3aJICXKHICTh
Sy(Sx)-

Taki MHOXWHH, 3a3BHYail, HaW3py4HilIe
OMHCYBAaTH 3 BUKOPUCTAHHSIM CIUTAiHIB [8].

CrnaitH-QyHKIis, 001acTh BU3HAYCHHS
SKOT po30MTa HAa YacCTUHHU, Ha KOXXHOMY 31
qacTUH (QYHKIIE € JIeIKHUM TOJIHOMOM
(MHOTOWIEHOM). BiNbIl TOMMPEHUM THUIIOM
CIUIAH-IHTEpNONALIl €  IHTepHoJsLmis 3
BHUKOPHUCTAHHIM KyOIUHHX CILIaiHIB [9].
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Tox, crmaH-QyHKIIIO #(x) MOXHa
IPEJCTaBUTH SIK CyMY (YHKIIIi:
n—1
1(x)= 2./ (%),
@)

ne fi{x) — me ¢yHKHil, MO Yy CYKYIHOCTI
YTBOPIOIOTH CILIAKH.

OpnHi€I0 3 OCHOBHUX YMOB JUIsl KOPEKTHOI
noOyJ0BH KyOi4HOTO CIUIAaliHY € pIiBHICTb

3HaYeHb TOXIAHMX JPYroro CTYIEHS Yy
KIHI[EBUX TOYKaX KOXHOTO 31 IIIMaTKIB
CIUIaiiHy, TOOTO:

£"(x)=fi0"(x)- 3)

O4eBHUIHO, IO MOXiIHA JPYTOTO CTYICHS
BiJl KyOi14HOI mapabonu € GYyHKIIEI JOTHIHOI
0 1i€i mapabony y TOodYIli, a CHIBMHAIIHHS
3HaYeHb JOTUYHUX TapaHTye€ BHUKOHAHHSA
YMOBH TJIaJIKOCTI CIUTaifHY.

Y  mHalimpocTimoMy  BHUIAIKY, KOJHU
CKaHJaiiH Mae OiHapHy cTtpykrypy (0, 1),
CKAHJIAaWH ONHUC MOro MaTWMe BHIJIAM SK
MPEICTABJICHO Ha pHUC. 2.

Sk MOJKHA MOOaYMTH, CIUIaiH-
MPEJICTABICHHS A€ TI€BHE YSBJICHHS IIPO
CTPYKTYPY 300pakeHHS, ajieé BUMarae aHajizy
ICTOTHOI KINBKOCTI €KCTpeMaJIbHUX 3HAYEHb.
[{ro 3amauyy MOXHA CIOPOCTUTH, SKIIO

/| S /
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BUKOPUCTAaTH SIK OCHOBY TEpIly MOXITHY
|t'(X)| B 3HAWEHOTO CILIalHYy.

TakuM 4YHMHOM, OCHOBOIO IJIsi aHami3y
CKaHJIAHY MPHU MOIIYKY TOYOK MEPEXOy CTa€e
aHaI3 MOJYJIS MepuIoi MOXiHOT Bix QPYyHKITT
CKAHJIAlHY.

IIporpamuo-anropuTMiuHa peaJizauis
pobotu

IcHye MUPOKWN CHEKTp I1HCTPYMEHTIB
JUIST BUKOHAHHSI CTUIalH-THTEepIosALii Ha 6asi
PI3HUX MPOTpaMHUX 010J110TEK Ta 3aCO0IB.

Opnniero 3 OipII MOMMPEHUX 0i10Ti0TeK
3arajJbHOT0 3aCTOCYBAaHHSI, 110 PO3POOISIETHCS
y KOH'IOHKIiT 31 crangaptom CH++, €
oiomioreka Boost [10]. fx 3a3HavaroTh
pPO3POOHHKH, «MHU TIParHEMO BCTAHOBUTH
«ICHYIOYY TpaKTUKy» Ta HaJgaTH JOBIIKOBI
peamizanii, mo0 6ibmiorekn Boost Oymu
MPUAATHUMHU JIJIST MOYJIMBOT CTaHJIapTH3aIlii.
[Mounnaroun 3 pgecatu 0Oi0miorek Boost,
BKJIFOUEHUX 70 TeXHIYHOrO 3BiTY 010710TEKH
(TR1), 1 mpoAOBXKYOYH 3 KOXXHHM BHITYCKOM
cravnapty ISO nmna C++ 3 2011 poky,
Komiter crammaprie C++  mpomoBxye
nokyianatucs Ha Boost sik Ha HiHHE KEpeso
JUIS JTIOTIOBHEHb IO CTaHAApTHOI Oi0mioTekw
C++».

[HCTpyMEHTap Ans CrulaiiH iHTEepHOJIsLii
HaJal0Th TaKi MPOrpaMHI KOMIUIEKCH SIK

#

!

Pucynok 2 — I'padiune npencraB/ieHHs CKaHJIaHY
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MathCAD, Matlab ta Scilab [11]. Ocranniii
Oyno BUKOPHCTAHO npu no0y/10Bi
MaTeMaTHYHOTO TIAXOAy TPU CTBOPEHHI
HABEJICHOI y POOOTI aNTOPUTMIKU

Kmnac kyGiunoro B-cmnaiina, HamaHuit
Boost [12], nmo3Bonsie MBUIKO W TOYHO
iHTeproifoBaTH  (PyHKIIifO, sIKa BigoMa B
PIBHOBIUIAICHUX  TOYKaxX.  [HTEPIOJSIIis
KyOidyHOro B-cruraitHa uucenbHO CTaOUIbHA,
OCKIUJIBKA BHUKOPHUCTOBYe OaszucHi (yHKHIT 3
KOMITAKTHOIO TIATPUMKOIO, T0OymoBaHi 3a
JIOTIOMOT 010 iTepariitHoi 3ropTku. Ha BiaMiny
BIJI TpaaUIliiHOT KyO14HOT CIUIaliH-
IHTepHoJAlii, 1e TMoraHo O0OyMOBJEHO,
OCKIJIBKM TJIOOanbHA TMIATPUMKA KyOI4HHX
MOJIIHOMIB MPU3BOAUTH JO TOTO, IO HEBEIHUKI
3MIHM JaJ€KO BiJ TOYKH OI[IHKH MAaroTh
BEJIMKWI BIUTMB Ha OOYMCIICHE 3HAYCHHS.

Sk mokazano y [13], AKicHe BU3HAYCHHS
KOHTYpy  00’€KTy 3  BHUKOPHCTAHHSM
CKaHJIaliH-MeTo1y € MO>KITUBUM 3
NpURHATHOIO TouHicTIO. [IpoTe, B OCHOBI
MeToay OyJo 3akiajeHo «OpyTdope»-miaxi,
10 YCKJIAIHIOBATIO 3a7a4y BHUSBJICHHS TOYOK
NEepexoly y CKIaHUX BUMAIKaX.

B nomepenHix po6oTax BHKOPHCTAHO
po3podky [14]. Ha ©6a31  crTBOpeHOi
anropuTMigHOi 0a3m TocTae HEOOXiIHICTh
YIOCKOHAJIEHHSI TIOTEPEeIHbO  PO3POOJIEHUX

QITOPUTMIB 3 YpaxyBaHHSAM BiJIOBIIHOT
METOTHKH.
Po3pobniennii  anroput™,  CTPYKTypy

SKOT'O HaBeJIeHO Ha puc. 3, BKIIIOYA€ HACTYIIHI
eTanu:

1) Orpumaty TOTOYHWUN CKaHJaWH Yy
BUTJISAJII HAOOPY (BEKTOPY) MIKCETiB.

2) VYcepemnHUTH KOJBOPOBI  KaHAIU
KOKHOTO TIKCENI0 Ta MPHUBECTH JO €JUHOTO
YHCIIOBOTO 3HAYEHHS.

3) BuxoHaTH YTBOpPEHHs CKaHJIAlHY
3acobamu Oi0miorekn Boost Ta orpumaru
MepIry MOX1IHY I KOKHOTO TIKCEIsI.

4) 3HaWTH TOYKH 3HAKO3MIHHOCTI IS
MepIIOi MOX1THOI.

5) BigkuHYTH TOYKHM 3HAKO3MIHHOCTI,
KOHTPACT MIKCENIB MJIsl SIKUX HE TEPEBHUIIYE
MOPOTOBE 3HAYCHHS.

6) BuszHauuTH KOOpIWHATH TOYOK 3
ypaxyBaHHSIM MacIITaOHUX KOEQIIiEHTIB.
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7) OTpuMatd BUNYKJIHH OXOIUTFOIOUUIN
KOHTYP AJISl OTPUMaHOT0 Habopy TOYOK.

8) Otpumaru MPSIMOKYTHHUK 13
HAalMEHIIOI IUIOUICI0 3 BHUKOPHCTAHHSIM

aNropuT™My  OOEpTaIbHHUX  CYNOPTIB 3
6i6miorexn GTK.

9) OOuucauTH 3HAYEHHS TrabapuTiB
OTPUMAHOI0 NPSIMOKYTHHKA.

Po3pob6nennit MporpamMHUi 3acio
0a3yeTbcs  Ha  TONEpPEAHIX  PO3poOKax
kapenpu  KPCKJI, [IOKa3aHUX  BHIIE.

[IporpamMa BKIItOYa€ JBa OCHOBHHX JIOTIYHI
OJIOKH: peHJIep Ta JIOTIYHUM OJIOK.

Jloriunmuii OJIOK BiAIOBIZA€ 3a BBEACHHS,
00poOKy maHUX, BIJICTIIKOBYBaHHS OOpaHHUX
KOpPHCTYBa4eM  oOmepallid, HaJalTyBaHb,
TOIIIO.

Pennep peamizoBaHo Ha 0asi momepenHix
HapoOok aBTopa [15], cmpsMoBaHHMX Ha
CTBOpEHHsI (DYHKIIOHAJIBbHOI O10JI0TeKH JUIs
penaepiary Ha 6a3i OpenGL. Pennep Hamae

MOXXJIUBICTh ~ BUBOJUTH,  MacmTaOyBaTH,
mepeMilryBaTH  300paKeHHS, BiOOpakaTu
TOYKM Ta JIHII  33laHOTO  KOJIbOPY,

OHOBJIIOBATH JaHI.

Pennep  moB’s3aHuil 3 JOTIYHUM
MoyneM. BikHO peHIepy BUKOPHUCTOBYETHCS
JUIS BU3HAYEHHST KOOPJAMHATHOTO BBEIACHHS
JTaHUX KOPHCTYBAUYEM.

Oxpim  BikHa peHzaepy, iHTepdeiic
KOPHCTYBaya pO3pPOOJCHOrO HPOrPaMHOro
3aco0y BKJIIOYAE TaHEIb I1HCTPYMEHTIB

(puc. 4), moO BKJIOYAE KHOMKY BIAKPUTTS
300pakeHHs (1), IHCTpYMEHTH HaJalITyBaHHS
MacITaOHUX Koe(irieHTiB (2),
HaJIalTyBaHHS opory BUSIBIICHHS
KOHTPAaCTHUX TOYOK (3), KHOMKY BHKIJIHKA
aBTOoBUMIpIOBaHHS (4) 3 MOXIHMBICTIO
BHUKOPHCTOBYBAaTH SIK HOBUW, TaK 1 CTapuid
QITOPUTM 32 BIJANOBITHUM HaJAIITYBaHHSIM
(5). pe3ynbTaTH BUMIPIOBaHb MOMIIIYIOTHCS
JI0 BIATIOBIAHOTO XypHAITY (6).

Buximgauii xom oHOBIEHOI  (yHKIIII,
CTBOPEHOI y BIAMOBIAHOCTI A0 pO3pOOJIECHOTO
anroputmy (puc. 3) HaBeJICHO Ha BiAMOBIIHIN
cropinmi GitHub [15].

TecryBanns po3po0bieHoro I13
BHUKOHYBAJIOCH Ha 0a3i TpPhOX  THIIIB
rpadiyHUX 3pa3KiB:
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measLogFile("mLog.bd")

useDldMethod

fullAutoMeasureOld(tolerance,
density, crawlerBuffer)

measMarkers.clear( )

globalDeltaSet.clear( )

digRef->logStuff(CString("Starting automeasure™))

pointCandidates = { }

glm::vec3 cClr = getDataPixels{tex_data,

texCh, xp, yp, w, h)

cClrAvg = colAvg(cClr)

scanlineData[i] = cClrAvg

spline(scanlineData.begin( ), scanlineData.end{

}o spl_t0, spl_h)

| currDerivative = spline.prime(0)

‘ prevDerivative = spline.prime(0) |

‘ nextDerivative = spline.prime(0) |

0101O) @®

QG &

ri=1; ri < mx2-1; ri++

TaK Hi

|an_x:ri| |an_x:j‘

‘an_y=_|| |an_‘,r=r||

\_'_1

‘ prevDerivative = abs(spline.prime(ri-1)) |

‘ currDerivative = abs(spline.prime(ri}}

| nextDerivative = abs(spline.prime(ri+1)) |

bendPoint{prevDerivative, currDerivative,
nextDerivative)

abs{scanlineData[ getSideld(ri,
crawlerBuffer, mx2 - 1, true)] -

false)]) > tolerance

scanlineData[getSideld(ri, crawlerBuffer, mx2 - 1,

‘ pointCandidates.push_back{{an_x, an_y})

ri = 0; i< mx2; ri++

currSpline = abs{spline(ri))

11

glm::vec2 pt:; pointCandidates; {
measMarkers.push_back({ pt..h - pt.y });
//globalDeltaSet.push_back({ pt.x.h - pt.y });
¥

processPointSet{measMarkers)

resultingRect = getBoundingBox{ )

[
resultingRect.extentScaled.x =
resultingRect.extent.x * scaleX
resultingRect.extentScaled.y =
resultingRect.extent.y * scaleY

measlournal.push_back(resultingRect.extentScaled.x * 2)

measJournal.push_back(resultingRect.extentScaled.y = 2)

digRef->outpMeaslourn( }
measLogFile.close( )

PlaySound(L"SystemExclamation”,
NULL, SND_ASYNC)

O® e

PucyHnok 3 — Biiok-cxema aJiropuTMy CKaHJIaifH MOLIYKY KOHTYPY Ta BU3HAYEHHs PO3MipiB 06’€KTy

Ha 0a3i cnuiaiiH-iHTepmosiuii
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Pucynok 4 — 3nauymi eeMeHTH iHTepdeiicy kopucTyBada po3po0/1eHOro NPOrpaMHoOro 3acody
1 — BiAKpHUTTA 300paxeHHs, 2 — HAIAIITYBAHHA MacIITAOHNX KoedilieHTIB, 3 — HAJJAIITYBAHHSA MOPOTr0BOro
3HAYeHHA Ta IHPHHU Oydepy, 4 — BUKINK aBTOBHUMIPIOBa4a, 5 — aKTHBaLisl OHOBJIEHOI0 AJTOPHUTMY
aBTOBHUMIipPIOBaHHsA, 6 — ypHAJ pe3yJbTAaTiB BUMipIOBaHHsI

1) imeanmpHl 3pa3kuM, IO  MAarTh
0e3yMOBHY KOHTpAcTHICTh Ha piBHI 100%);

2) MOJEeNbHI 3pa3Ku, PeHAECPH SIKUX OyII0
orpumano 3 Bukopuctanusm [13 Blender 3D
[16, 17];

3) dboTo3pasku BiToMUX rabapuTis.

Ha puc. 5 — 10 BimoOpakeHO pe3yabTaTh
TECTYBaHHs  QJITOPUTMy  Ha  3pa3Kax
HaBEJIEHUX THIIIB.

TecryBaHHs TOKa3ago, IO OHOBJICHUN
ITOPUTM, 3arajioM, HaJa€ OUIBII BHUCOKY
TOYHICTh BH3HAYEHHS KOHTYPY 3a YMOBH
KOPEKTHOTO HaJIAIITyBaHHSA, HIK OpyTdopc-
BepCis MoIepenHbol peaizallii, i CrpanboBye
KOPEKTHO y OUIBIIIHN KUTBKOCTI BUMAAKIB.

[Ipn KOPEKTHOMY HaJIaIITyBaHHI
AJITOPUTM HaJae BIJIIIOBITHICTH
HOMIHAJIBHOMY 3HAQU€HHIO, L0 BiAPI3HAETHCS
He Oinble, HiXX Ha 4 BiJICOTKH.

B Toi1 e yac anropuT™ Ha 0a3i crutaiiHy
€ OubII TMOBUIBHMM, 1HOAI 10 3-4 pazis,
BUKOHYIOUM 00poOky kampy 1024x1024
npotsirom 3-4 cexkyna npotu 0,7-1 cexynau
s OpyTdopc-anroputMy, Xoda Ha JlaHi
pe3yibTaTd MOXKE JIOJIATKOBO  BIUIMBATH
OIIBHICTh CKaHYBaHHS Ta pSJI  IHIIUX
napamMeTpiB, ypaxyBaHHS SKHX HE BXOJAWJIO Y
3a/a4i poboTH.

BucHoBku

1. IIpoananizoBaHO iCHYIOYI YKpaiHCBKI
Ta 3apyODKHI JOCIHIKEHHS MO0 aHaji3y Ta
pO3Mi3HaBaHHS KOHTYpIiB 00’€KTiB Ha 300pa-
KEHHSX. BHSBICHO TpEeHIN PO3BUTKY alTOPHT-
MIYHUX Ta HEHPOMEPEIKEBUX CHCTEM JIS
MOIIYKY KOHTYpPIB 00’€KTIB, TpoTe 3aaada
METPOJIOTIYHOT OLIIHKM TaKUX 00’€KTIB PO3BU-
HEHa c1a0Ko, 1 TOMY OTPEOY€ JOCIIIKEHHS.

2. CTBOpeHO METOIWKY aHami3y 300pa-
JKEHHS Ha OCHOBI CIUIAMH-IHTEPITIOJIAIIT CKaH-
TaiiHy 3 aHaIi30M 3HA4eHb MEPIINX MOX1THUX
GyHKIIN crutaliHy y TOYKaxX 3HAKO3MIHHU IS
BUSIBJICHHS TOYOK KOHTPACTHOTO Tepexoay Ha
CKaHJIaiHi.

3. Ha ocHOBI CTBOpPEHOI METOIUKHU
PO3pOOJIEHO aITOPUTM JUIsi TOIIYKY TOYOK
3HAKO3MIHM y BHOIpLI NepmUX MOXIAHUX
KYCKOBOi  CIUTaH-QYHKINI I 3aJaHOTO
Habopy MIKCENiB.

4. PeanizoBaHO pO3pOOJICHUN aTOPUTM Y
BUTJISIZII OHOBJIEHOI (DYHKIII aBTOMAaTUYHOTO
BHMIPIOBAaHHSI, OTPUMAHO MPHUPICT TOYHOCTI B
cepenabomy Ha 1% (Bim 5% mo 4%) 3a paxy-
HOK TIiJBHUINEHHS 4Yacy BHUKOHAHHS aJro-
putmy. Ilporpamue pimeHHs peaniz3oBaHO Ha
6a3i OpenGL-pennepy ta 616110TeKH CTUIalH-
iHTepnossALii y cknaai Boost.
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Pucynok 5 — IneanbHuii 3pa3ok
IJ15 LHpoKoro 0ydepa

Pucynok 7 — MopenbHuii 3pa3ok MyaHCOHY
IJISl BUTSITYBAHHS

Pucynok 9 — ®izuunnii 3pazok 0ipku
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PEYOBHUH
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MMPOT'HO3YBAHHA BUHUKHEHHSA JE®EKTIB T'HYTUX ITPODLJIIB

O. L. Kypanoo, IO. O. Ilnecnueyos, C. IO. Ilnecneyos
Hayionanvnuti mexuiunuu ynisepcumem « XapKieCoKuil NOIIMEXHIYHUL IHCIUMYIY,

eyn. Kupnuuosa, 2, m. Xapxkis, 61002, Vrpaina,; e-mail: Yurii.Pliesnetsov@khpi.edu.ua

3pocTaHHs CIOXKWUBAHHS THYTHX HPO(INIB, IO CIIOCTEPIracThesl 32 OCTAHHE ACCATWIITTS y PI3HUX Taly3sx
BUPOOHMIITBA Ta OYAIBHUIITBA, BUMAra€e MOIIyKy HOBHX TEXHOJOTTYHUX PIllIeHb Ta 3aCTOCYBaHHs HOBUX Marepialis,
110 3a0€e3MeYyI0Th BUCOKY SIKICTh BUPOOIB 32 MiHIMaJbHUX BUTpAT y npoueci BupoOHunTsi. lllnpoke 3acrocyBaHHs
npo¢iniB y OYyIIBHULTBI (ICKOpPATHBHI CTIHOBI Ta MOKpIBEJbHI MAaHENI 30BHINIHEOTO BHUKOHAHHS, BHYTPIIIHI
JIEKOpPaTHBHI TaHeNi, CHJIOBI HeCy4l KOHCTPYKIIi) 3YMOBIIOE BHCOKI BHMOTHM A0 IX 3aXHCHO-JEKOPaTHBHUX
BJIACTHBOCTEH, 10 JIOCATAETHCS 3aCTOCYBAHHSAM BiJIIOBIIHUX MOKPUTTIB. ['HyTI cranesi nmpodini HaOyau 3HAYHOTO
MOIIMPEHHS B MaIMHOOYIyBaHHI Ta 1HIINX IPOMHUCIOBHX rajly3sX 3a OCTaHHI pOKH. BOHU CIIyrylOTh OCHOBOIO VIS
PI3HOMAaHITHHX KOHCTPYKIII — BiJ IPOCTHUX OTOPOX MO0 CKIAJHUX MEXaHi3MiB i MamuH. Bim iXHBOI SKOCTI
3aJICKUTh MIIHICTh, TOBTOBIYHICTH i Oe3leka TOTOBUX BHPOOiB. B maHuWili yac mmpoke 3acTOCYyBaHHS 3HAXOISAThH
nporecy 0e3mocepeHbOr0 BUTOTOBICHHS MPOQLTiB 3 JTHUCTOBOTO Marepiaiy, sSIKHi Mae GaraToriapoBe HOKPHUTTS,
IO BXXC HAHECEHE y NPOMHCIOBHUX YMOBaX. Take MOKPUTTS Mae BHCOKI XapaKTEPUCTHKH MIL[HOCTi, IIHPOKY
KOJILOPOBY TaMy 1 BIIMIHHY KOpO3iiiHy criiikicTe. BurorosieHHs mnpo¢ino 3 Takoro Marepiainy € OuIbII
e(eKTUBHMM, HDK HAHECEHHsS IOKPUTTS Ha BXKE TOTOBUH Npodinb. [HTeHCHiKalis (GOPMOYTBOPEHHS I03BOJISIE
3MEHIIUTH KIJIBKICTh TEXHOJIOTIYHUX MEepPeXoJiB, 3a0€3NeUuTH 3JeleBICHHs O0JaJHaHHS, MIABUIIATH IOTO
MOOITBHICTh, KOMITAKTHICTh, C€KOHOMIUHICTh, 3HM3MTH BHUTPATH Ha IUIONI, SIKE BOHO 3aiiMae, 3MEHIIHUTH 4Yac
nepeHanaro/keHHst Ta iH. OTKe, BOKJIMBO 3HATH, SIKMM YHMHOM BHM3HAYaTH SIKICTh THYTHX HpoQimiB mepex ix
BUKOPHUCTaHHSIM. Jl0 OCHOBHHUX IiepeBar THYTHUX NPO(]ITIB BIAHOCATHCSA: HEOOMEXKEHHH COPTAMEHT MONEpPEeYHUX
MEPEeTHHIB THYTHX NPOQiIiB, MO0 OTPUMYIOThCS MNPO(MILTIOBAHHAM; BHCOKAa NPOIYKTHBHICTE BHPOOHHIITBA;
MOJJIMBICTh Je(pOPMALifHOTO 3MIIIHEHHS MaTepiairy, sike 0OYMOBJICHO OCOOTMBOCTSMH MPOIECy MPOQiTOBaHHS.
Paszom 3 mepeBaramu, MalOTh MiCIle JOCHTh BHCOKI BHTPAaTH 4Yepe3 HasBHICTH Opaky. Lli oOcTaBmHH MOTPEOYIOTH
aHaNli3y TPUYHH, SKi MOXYTh TPHU3BECTH O BHUHUKHEHHs Ae(eKTiB THyTHX mHpodimiB. Y poOOTI mpeacraBieHa
knacudikamis medekTiB THYTHX Npo(uUIB Ta MEpeliK MOXIUBUX NPUYUH X BHHUKHEHHS, II0 € BAXIMBUM Ta
aKTyaJhbHHM 3aBJAHHSAM IMOJO aHAI3y TEXHOJIOTIYHHX IPOIECiB BUPOOHUIITBA THYTHX MPOQLTiB Ta 3a0e3IMeYeHHs
KOHTPOJIIO TX SIKOCTI.

KarouoBi ciioBa: nedexru, kiacudikaiiis, sKicTb, COPTAMEHT, MaTepialu, IIOKPUTTS, HEPYHHIBHUI KOHTPOJIb,
BUMIPIOBaHHS, BJIACTHBOCTI MaTepiaiB.

The increase in the consumption of bent profiles, which has been observed in the last decade in various
industries of production and construction, leads to the search for new technological solutions and the use of new
materials that ensure high quality of products at minimal production costs. The wide use of profiles in construction
(decorative wall and roof panels of external execution, internal decorative panels, power-bearing structures) leads to
high requirements for their protective and decorative properties, which is achieved by the use of appropriate
coatings. Bent steel profiles are increasingly used in machine building and other industries in recent years. They are
used as a basis for various structures, from simple fences to complex machines and mechanisms. The quality of
these profiles directly affects the strength, durability and safety of structures. In our time, the processes of direct
production of profiles from sheet material, which has a multi-layer coating, which has already been applied in
industrial conditions, are widely used. This coating has high strength characteristics, a wide range of colors and
excellent corrosion resistance. Making a profile from such material is more effective than applying a coating to an
already finished profile. The intensification of molding makes it possible to reduce the number of technological
transitions, ensure the equipment becomes cheaper, increase its mobility, compactness, economy, reduce the cost of
the space it occupies, reduce the time of reconfiguration, etc. Therefore, it is important to know how to determine
the quality of bent profiles before using them. The main advantages of bent profiles include: an unlimited range of
cross-sections of bent profiles obtained by profiling; high production productivity; the possibility of deformation
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hardening of the material, which is due to the features of the profiling process. Along with the advantages, there are
quite high costs that arise as a result of the defect. These circumstances require an analysis of the reasons that can
lead to defects in bent profiles. The study presents a classification of defects in bent profiles and a list of potential
causes for their occurrence, which represents an important and relevant task for analyzing the technological
processes involved in the production of bent profiles and ensuring their quality control.

Keywords: defects, classification, quality, assortment, materials, coating, non-destructive testing,
measurement, material properties.

Beryn bopmyrounx BaJIKIB; HEIPaBWIbHE

Ha cporopHimHiii JOeHb Yy TEXHIYHUX  IOJIOKEHHS oci npodiTIOBaHHA y
CHCTEMax  3acTOCOBYIOTH  Oumbmie 250  BepTUKAIbHIM  TUIONIMHI;  HEPIBHOMIpHUH
TUIIOPO3MIpIB CIEMIaNbHUX THYTHX MpodismiB.  3a30p KajiOpy BaJIKiB; BIAXHWJICHHS UIMPUHH
[lepetnHyn HaMOLIBII BXUBAHUX 13 HUX,  3arOTOBKU; HEBIpHE HaJIalTyBaHHS
HaBesieHi y Tabum. 1 Ta tadm. 2. npaBWwiIbHOTO mpucTporo. Lleit  pisHOBHT

Y BaroHoOynyBaHHI THyTI mnpodimi  gedeKkTiB cHocTepiraeTeCsi Ha  Hpodiisax

JI03BOJISIFOTH OTPUMYBATH HOBI KOHCTPYKTHBHI
pIIICHHS MIOJ0 OKPEMHUX BY3JIB Ta €JIEMEHTIB
BaroHiB. Y  KOHCTPYKIi YOTHPHUBICHUX
CYLIbHOMETAJIEBUX BaroHiB Oau3bko 25%
Horo Macu CKJIagaroTh THYTI mpodimi, sKi
JI03BOJISIIOTH ~ CTBOPUTH  HAIBBaroH 3
BUCOKMMH EKCIUTyaTalliiHUMH SIKOCTSAMH Ta
Cy4aCHHUM 30BHIIIIHIM BUIJISIIOM.

Kaacudikauis negexTin THYTHX
npodginis
Hedextu MIPOCTOPOBOL bopmu

BUHHUKAIOTh Yepe3 MOPYLICHHS PEeXUMIB Ta
cxeM hopmoyTBopenns [1-8].

[lporun y BepTUKaNbHIA  MJIOLIMHI
(MOB3IOBXKHIN NPOrMH) MNPOPUII0  MOXKE
CIOPUYMHUTH. TIOMHJIKM Yy BHOOpi JAiaMeTpiB

NPaKTUYHO BCIX THIIOPO3MIpIB, IO MOB'I3aHO
3 PI3HULEIO MMO3/I0BXKHIX AehopMaltiil moauup,

SKi IJITHHAIOTHCS, Ta CTIHKA MPOQuIIO
BHACIIIZIOK TIOPYIICHHS PEXHUMIB 1 CXeM
(hopMOYTBOpEHHSI.

[Iporunanns npodinro y

TOPHU3OHTANIBHIHN TUTOIIKHI (11a0JIe01I0HICTD)
BiIOyBae€ThCS 3  HACTYINHHX  IPHUYHH:
HeTpaBWJIbHE TOJIOKEHHS OCi MPOQLTIOBAaHHS
B TOPU3OHTAJIBHIN IUIOIIMHI; HEpiBHOMIPHHMA
3a30p y BaJkax Mpo(diIe3rMHAIILHOTO CTaHY;
OluHe 3MIIEHHS 3arOTOBKM Ha TMOMEPEeaHIX
nepexonax; radJIenoaioOHIC T BUX1IHOI
3arotoBku (Oinmbie 3 MM/M); TMOMHJIKOBA
cxemMa (OPMOYTBOPEHHS HECUMETPHUIHOTO
npodinto, abo HeMpaBUIbHE HAJIAIITYBAHHS.

Tabauus 1 — CnenianbHi ruyTi npogidi

Ne [lepetnn npoq)m}o A B C A H R So

1 80-135 | 10-43 - - 15-98 | 1,6-6,4 | 0,5-3,2
2 8-52 | 25-92 - - 7-77 |15-56 | 0,3-0,8
3 13-17 | 25-120 | 10-45 | 4-13 | 13-100 | 1,0-8,6 | 0,5-2,3
4 6-25 | 36-126 | 16-48 | 4-22 | 22-64 | 2,3-7,1 | 0,6-2,6
5 1-13 8-35 - - 10-22 | 4-11 | 0,5-1,3
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Taoauus 2 — I'nyTi npodii
3 BiZ0OpTYBaHHSMH, 1110 32CTOCOBYIOTHCS
y MalIMHOOYAyBaHHI

Ilepetun Hanimeny-
Ne pel Y 3acTocyBaHH:
podinro BaHHS
. . | OxaHTyBaHHH,
| Creniansauit ;
1 CVTIK CHJIOBI
t CJIIEMEHTH
ot . . | JIinii
Creniansauit
2 .. |renedoHHOrO
C-ttonioHui R
3B’SI3KY
. ., | Jlinii
N CoewajpHui
3 . Tesne()OHHOTO
pohins ,
3B’SI3KY
CreniaibHUM .
4 \ , . Temmmiu
pohins
5 Cremiansauii | ABTOMOOLIE-
npodisne OymyBaHHs
6 CremianibHuid | ABTOMOO1IE-
poinb OymyBaHHS
7 11 I- Kopuro- ABTtomo0ine-
noJi0HUH OymyBaHHs
CxpyuyBaHHSA npodiaro MOX€E

BiZIOyBaTHCs yepe3: MOMMIIKH y BHOOpI cxeM
dbopmyBaHHS; 3MIIIEHHS OCI MPOQUITIOBAHHS;

HEpIBHOMIPHOCTI ~ 3a30py B  BA&JKOBHUX
KajmiOpax; BIOXWJIEHb HapaMeTpiB 3aroTOBKU
(mrabnenoioHICTh, PI3HOTOBIIUHHICTD,
BUKOPUCTAHHS 3aKpUTHX POIMKOBHX
KaniOpiB);  HENmpaBWJIbHE  HAJIAIITYBaHHA
IPABUJIBHOTO OJIOKY.

Haiibinbmomy CKpPY4YyBaHHIO

MiJ/1aI0ThbCcsl HECUMETPpUYH1 mpodiii, Xoda B
OUTBIIOCTI BUIMAJKIB CKPYYYBaHHS MOXe OyTu
YCYHYT€  BIANOBIIHMM  HaJAIITyBaHHSIM
PaBUIBHOTO MIPUCTPOIO. YcyHeHHs
CKpYYyBaHHs pijalie MPHU3BOJUTH 10 BTpPATH
CTIMKOCTI nepudepiiHux €JIEMEHTIB
npodiTro, HIXK 3armoOITaHHs MOB30BXHHOMY
IIPOTHHY npodinto 3a JIOTIOMOT OO
OpaBWIbHOTO THpucTporo. CKpydyBaHHS €
HACIIiAKOM He30aIaHCOBAaHOCTI1
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nedopMaIifiHuX XapaKTePUCTUK MOJHIb, L0

MiATUHAIOTHCA. v npodinoBanHi
MONEPEDKCHHST  CKpYYyBaHHS  NpodiiiB
YaCTKOBO  JIOCSTAETbCA 32  PAaxyHOK:
MiATMHAHHA ~ TIOJMIb HA  Pi3HI  KYTH;
KOMOiHalii MigTMHAHHA Ta  PO3TMHAHHS
MEHIIOI 3a IMUPUHOK TIOJNHIlI; TOBOPOTY
MEPETUHY npodinto BIZTHOCHO oci
npodiTrOBaHHS.

Bigxunenns pO3MipiB [IEPETUHY
npodiar0  Bil ~ HOMIHAIBHUX  PO3MIpIB

MIPOSIBIIIETHCS Y. HETOPOPMYBaHHI MPOQLIIO
10 BHUCOTI; BIAXHJICHHSAX MO IITUPHHI ITOJIHII;
NpYKHHEHHI Ta BIAXWIEHHIX Y MiCIAX
3TUHAHHS.

HenodopmyBanHs mpodinro 1Mo BUCOTI
MOB'SI3aHe 13: 3aHMXKEHOI0 ITUPUHOIO BUX1THOL
3aroTOBKY; HEPIBHOMIPHUM 3a30pOoM;
PO3KPUTTSIM BAJIKOBOT'O Kaiiopy.

Bigxunenns no mumpuHi Ipodiio 9acto
Bi/I0YBaIOTHCSI 4Yepe3 3MiHY KPUBHM3HHU MicCLs
3TMHaHHSA B 1mpoueci JaedopMyBaHHS, UIO
MOB'I3aHO 3 MpYXHUMU nedopmartismu. [Ipu
pO3BaHTaXXEHHI (BUXOAl1 Mpoduo 3 Kamidpy
4eproBoi napu BAJIKIB) npodiib
pPO3LIUPIOETHCA  HAaBITH  3a  BIICYTHOCTI
3HAYHUX BIAXUJIEHb KYTIiB Y MICLSX 3THHAHHS.
[Ipu cTHCHEHOMY 3THHAHHI TPYKUHEHHS
Moke OyTH TakoX BII'€EMHUM  4epe3
0CaJ[)KEHHSI 3arOTOBKH B 3aMKHEHOMY Kaiiopi.

Pi3HOTOBIIMHHICTE — 3MiHA TOBIIUHA
Marepiany npodito, o0yMOBJIIEHE
HECTaOUIbHUMH  yMOBaMHM  HPOQLIOBAHHS.
Tax, npu rapsaomy NpOKaTyBaHHi
PI3HOTOBIIMHHICTH HAUACTIIIE BUKIHKAETHCS
3MIHOIO 3a30py MK BaJIKaMH Ta KOJIMBaHHIM
3yCHJIb MPOKaTyBaHHSA. Pi3HOTOBIIMHHICTH
TaKO’X MOKE CTATH HACHIJIKOM HE3aJ0BIIbLHOT
SAKOCT1 PO ITIOI0YHNX BaJIKIB.

Brpara crifikocTi €JeMEHTIB THYTOTro
npodiar0  PerJaMeHTYEThCS  BIIMOBITHUMU
HOPMATUBHUMH JOKYMEHTAMH, OCKUIBKH €
MPUYMHOIO, M0 TEPEIIKOKAE CKOPOUYCHHIO
qucia Mepexo/iB.

Jlinii YepuoBa-Jlromepca — 1me cuiau
TUTOIIMH KOB3aHHS, 1110 BUXO/AATH Ha MOBEPXHI
BHXIJTHOT  3aroTtoBku. Jlepektn TICYIOTh
30BHIIIHIA ~ BUIJSA — THYTHX — Npodifis,
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3MEHIIYIOTh ~TOYHICTh iX po3mipiB, mo  (puc.l,a). 3mamMu  YTBOPIOIOTBCS  TIpHU
MPU3BOUTH 10 OpaKy. MICIIEBIN TIACTUYHIN nedopmariii BHACIIIOK
KpomkoBa XBUJISICTICTD —  PpI3KHX MEpervHiB 1 € HEBHIIPAaBHUM OpakoM
HEIUIOIMHHICTG Y BHUIVIAAI  YepryBaHHI  mpoiiro.
rpeOHIB 1 3amajWH, M0 YTBOPIOIOTHCA 3muHaHHS (puc. 1, 6) MOXHa BiHECTH 10
BHACIIZIOK  HEpPIBHOMIPHOTO  BUTATYBaHHA  Opaky mpodimo. Haifuacrime BOHO BHHHKA€E

MeTajay MO JOBXHHI Ta IMUPHUHI 1mTadu ado
mucta. e nedext HaifyacTiiie BUHHMKA€E MPU
BUT'OTOBJICHHI TOHKOCTIHHUX
MIMPOKONOJIMYHUX THYTUX mnpodinis. [lpu
BHUCOKIH YKOPCTKOCTI MOJIUIIb, 110
MIATUHAIOTECSA, MOXKE MaTH  Micle, SK
KPOMKOBa XBMJISICTICTh, TaK 1 3J7aM TOJIHIIL.
3namu HOJIUIb YTBOPIOIOTHCS npu
BUHUKHEHHI MiCILIEBOT [UIACTAYHOT
nedopmarii BHACHIAOK Pi3KUX MEPErHHiB 1 €
HEBHIIPAaBHUM OpaKoM MpoQiIko.

Jedextu rayrux npodiiis, nos'szani 3
PYHHYBaHHAM

Jedextn moBepxHI THYTHX mpodiiiB
MPOSIBIIIIOTECSL Y BUTIIAIL:  3aJIUPOK;
MOJIPSITIAH; PYHHYBaHHS TOKPUTTSL.

[TprunHOIO 3aAMPOK 1 TOAPSITHH MOXKYTh

OyTH: JKOPCTKI cXeMH (POpPMOYTBOPEHHS
(BeMiMKa KOHTAKTHAa Hampyra); He3aJoBUIbHA
AKICTb TIOBEPXHI (OPMYBAIBHUX BaJKIB;

HEpIBHOMIpHUH 3a30p B KaniOpi poboumx
BaJIKiB; HaJMipHa IIMPHUHA 3aroTOBKU IpHU
BUTOTOBJIEHHI IPOQLII0 B 3aKPUTHUX KaJliOpax.
[Ipy BUTOTOBJEHHI CTaJl€BUX TOHKOCTIHHHMX
npodiaiB 6€3 MOKPUTTS MPobIIeM, TTOB'I3aHUX
13 3a3HaYECHHMMM MOBEPXHEBUMH JedeKTami,
3a3BMYall HE BUHHKAE.

Takuit  nedekr, Ak  HepiBHOMIpHE
nedopmartliiine 3MIIHEHHS, TMOB'S3aHUNA 13
3MIHOIO MEXaHIYHUX BJIACTUBOCTEN MaTepiany
3aroTOBKM Ta 3a3BUYail CYNPOBOJKYETHCS
3HWKEHHSM  IUIACTUYHOCTI  OKpeMHuX  ii
ninsHOK. Ller medexT € pe3ynbratom: pi3HHX
OOTHCKaHbL 3 OOKIB BHXIJHOI 3aroTOBKHU;
PI3HOTOBIIMHHOCTI; HEPIBHOMIPHOTO
HarpiBaHH IO IIUPHUHI 3aTOTOBKH Ta 1H.

[Ipy  HecnpUATIMBOMY  BIUIMBI  Ha
MEXaHIuHI BJIACTUBOCTI MeTany (MOpYIIEHHI
BUMOT TIpU TepMOOOpOOILl) MOXKe BUHUKATH
KpPYITHO3EPHUCTICTb.

[Ipr BHCOKIH >KOPCTKOCTI MOJUIb, IO
MIATMHAIOTECS  MOXKE MaTH  Micle, SK
XBUJICTICTh KPOMOK, TaK 1 3JlaM IIOJIHIII

IpU KOHTAKTI 3aroTOBKU 13 OypTOM BajKa.
[TpuunHOIO MPIOHMX CKJIAJ0K HA BHYTPINTHIN
noBepxHi  (puc.1l,B) €  HecnpusATIUBE
MOETHAHHS CUJIOBHX (hakTopis,
HEPIBHOMIPHUI 3a30p BaJIKOBOTO Kamiopy.

LLbes

B

Pucynok 1 — ledexTn rayTHX npodinis:
a — 3J1aM noJinui, 0 — 3SMUHaHHS, B — APiOHI CKIaaKH,
I — PYliHYBAHHS 30BHILIHBOT0 KOHTYPY,
1 — 3aTHCKaYi

Haiibinpmr  cepilozdHuMu  nedextamu
THYTUX NOpoQuIB € aedexTH, Mop'a3aHl 3
pYHHYBaHHSM. Tpimunan (pyitHyBaHHS

30BHILIHBOTO KOHTYpPY) (pHc. 1, I) BUHUKAIOTh
y MICISIX BUTHHY Ha 30BHIIIHINA MOBEpPXHI 1
HaifuacTime TpU3BOJATH JIO OCTATOYHOTO
BiZIOpaKyBaHHS IIPOKATY. ITpyunun
TPIIIUHOYTBOPEHHS: HE/IOCTaTHS
IUIACTUYHICTh MeTaly Ta JaedeKkTd Horo
MIKPOCTPYKTYPH; MaJll paAlyCu 3TUHAHHS Mif
yac npodiIOBaHHS; HasBHICTb PHUCOK abo
rMOOKUX TOAPSANUH, W0 30iraroThcs 13
30BHIIIHBOIO TOBEPXHEIO MICIISl 3STHHAHHS.

TpimmHu HalyacTilie CHOCTEPIraloThCs
npu npo(iJroBaHHI 3arOTOBOK 3 MaTepiaiiB,
mo  Baxko nedopmMyroThca.  3aTHCKayl
(puc. 1, m) BUSIBISIIOTHCS y BUTJIISAAL
MOTOBUIEHh HAa BHYTPIIIHBOMY KOHTYp1 Mpu
3TUHAHHI 1 HalyacTille BHHUKAIOTH Y
pe3ynbTaTi HepIBHOMIPHOI Aedopmariii cMyru
y MOTIEPEUYHOMY HAIPSIMKY.
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Marepianu, mo 3acTOCOBYHOTHCH [JIsl
BHPOOHMITBA THYTHX NPoQijiB

MarepianamMu A1 BUTOTOBIICHHSI THYTUX
npodiaiB  CIyXaTh HHU3BKOBYTJEIEBI  Ta
JIETOBaHI CTali, KOJbOPOBI METaaM Ta IHIII
crutaBu.  Kpim  Toro, MoxyTh  OyTH
BUKOpUCTaHI IulakoBaHi abo Oimeranesi
Marepiaiu.

Marepian, 1o  oOupaeTbcs I
BHUT'OTOBJICHHS THYTUX TPOQ1iTiB, HE MOBUHEH
MaTH CTPYKTYpPY BUIBHOTO IEMEHTUTY Ta
PI3KO BUpPAXKEHY MEXY IUIMHHOCTI, OCKLIBKH
MOJKJIMBA TOSIBA TPIIIMH Yy MICHSX 3THHAHHS
mTab, Ta MosiBa OPYKiB HA TOBEPXHI TOTOBOTO
podito.

Marepianu, 1O 3aCTOCOBYHOTBCS LIS
BUTOTOBJICHHSI THYTHUX MNpo(iIiB y pi3HHUX
cdepax, BapilOIOTbCA BiJ] PYJIOHHUX CTayel
3BHYAIHOI SIKOCTI /0 KOJBOPOBUX METAliB,
CIUTaBiB 3 pI3HUMHU THIAMHU TOKPUTTIB 1
KOMITO3UTIB.

Marepiaju 6€3 NOKPUTTS

HeBubGarnmuBumMu y  TEXHOJIOTIYHOMY
BIJIHOIIIEHHI € HU3bKOBYTJIEIEBl CTali, Je

BIUIMB  BYIJICHIO  BHU3HAYAETBCA  HOTO
CTPYKTYpOIO. Hesenuki KUJTBKOCTI
PO3pI3HEHUX 3epeH [EMEHTUTY Ta

IJIACTUHYACTOTO TMEpIiTy HE MOTIpHIYIOTh
IJIACTUYHUX BJIACTUBOCTEHN, y TOW dYac sK
HasIBHICTb CITKH CTPYKTYPHO-BUIBHOTO
[IEMEHTHUTY MOXKe pi3Ko 3HHU3UTH
IUTACTUYHICTh cTalli, BcTaHoBieHy 3a ['OCT
9045. ban ciTku TIOBHHEH TOpiBHIOBATH 2-3.
[Tapamerpu  TBepaocTi  crami  iICTOTHO
3ajnexarb Bl BMICTY a30Ty (uuM Ouiblie
azoTy, TUM OinpIIa TBEPICTD).
JedbopMoBaHICT, y TEepHIOMY HAOIMKEHHI
OILIHIOETHCS BIHONIICHHSM MEX1 IITUHHOCTI
(or) Mo Mexi MinHOCTI (os). PekomMeHaoBaHi
3HaueHHSI  (o+/os) MaTepiaiiB Ui
npodimtoBanns ckianawts 0,55-0,60, abo
BU3HAYAIOTECS  BEIUYMHOI  BIJHOCHOTO
BUJIOBXKEHHS Os.

Jns  BupoOHMITBA THYTUX HpodiIiB
HaWYacTillle 3aCTOCOBYIOTHCS CTajll MapokK:
Cr. 2, Cr. 3, Cr. 4, Cr. 5, Cr1. 6 (ciokiiiHi abo
kurusai), cranb 08 xm, cramp 10 kI, craib
0810, ctamp 0912, m1a IKuX CKiIad, MEXaHIuHi
XapaKTePUCTUKH, BHJIM TOCTAa4aHHA Ta
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BIJIMOBIIHI CTAaHJAPTU BKA3aHI B JIOBITHUKAX.
B HaBemeHux Mmapkax CTajed BiJHOCHE
BUJI0BXKEHHS nepesuiiye 20%.

Bucoxominni amrominieBi craBu (B9S,
B93, 01420) i wmarnieBi crmiaBu (MA2-1,
MAS), mo aedpopMyrOThCs, MatOTh BiJHOCHE
BUOOBXKeHHS Bin 7% mo 12%, axroMmiHi€BI
cwiaBn  (AMuoM, AMr2M-AmréM), 1o
nedopmyroThes — 20%.

Y twranoBux cmiaBie (OT4, BT)S)
BEJIMYMHA BiJTHOCHOTO BUJIOBKEHHS
po3TamoByeThess y aiamasoni Big 10% 1o
15%.

3a3HaueHi BUIIE TIPynud MarepialiB
MalOTh JI0 TOTO J ICTOTHY aHI30TpPOIiIO
BJIACTMBOCTEH, sKa BIUIMBAE HE TIIbKA Ha
XapaKTEePUCTHKN TUIACTHYHOCTI, ane 1 Ha
CUJIOBI MTapaMeTpH MPOIIECy.

Marepiaau 3 MeTa1eBUM MOKPUTTAM

B aBiamifiHiii MPOMHUCIOBOCTI HIUPOKO
3aCTOCOBYIOTh IIAKOBaHI aTIOMIHIEBI CILIABU
JUIsl BUTOTOBJICHHSI €JIEMEHTIB  (DIO3eNsKY
JiTampHOTO  amapary. YucTuid — amoMiHik
3aCTOCOBYETHCS /ISl TJIAKyBaHHS aBilallifHUX
craBiB, 1mo  nedopmyroteea.  CraB
amoMiHito 3 1% UWHKY 3aCTOCOBYETHCS IS
MminHux cmiasiB (B95). Ilpu BukopucTanHi
CTHCHEHOTI'O 3TMHAaHHS s THYTUX HpodiliB
MaJoi  BHCOTH  BUHUKAE  TOPYIICHHS
IUTAKYIOUOTO  TOKPUTTA TOOJIM3y  TOPIIIB.
CrnocrepiratoTbcsi TaKOXK AePEKTH, BUKIUKAHI
3HAYHUMHU KOHTAaKTHUMH HANPyTraMu, a TaKOX
CTUCKAIOYUMHU HANpyraMd Ha BHYTPIITHBOMY
KOHTYpl 30HU 3TMHAHHA. 3a3HadeHi JedeKTu
MOB'SI3aHI TAKOX 3 PI3ZHULEI0 MEXaHIYHUX
BIIACTMBOCTEH OCHOBHOTO MaTepialy Ta
TUTAKYIOYOTO TIapy.

Jnis 3aXucTy MeTany BiJ KOpo3ii s
METAJICBOTO  MOKPHUTTS  CTAJIEBOI  CTPIUKH
HallyacTilie 3acTOCOBYIOTh LIMHK. HaHeceHHs
METAJIEBOTO TOKPUTTS HA OCHOBI IIHHKY
MEeBHOI TOBIIMHU 3MIMCHIOIOTH TapsauM abo
ENIEKTPONIITUYHUM crocoboM. OILMHKOBaHA
CTallb, OTPHMaHa 3 Taps4oro pO3IUIaBYy, Mae
Kpalli 3aXWMCHI BIJIACTMBOCTi, a MOKPUTTS
3a0e3nedye 3HAUYHY aAre3it0 1 MIIHICTh Y
NOPIBHSAHHI 3  EJEKTPOJIITUYHOI  CTALIIO.
Came TomMy Onm3pbko 70%  TOBEpXOHb
[IUHKYIOTh 3 PO3IUIABIB.
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[Ipu  QopmoyTBOpeHHI  MOPYIICHHS  3a PaXyHOK 3HIDKEHHS TEPTS 3aroTOBKHU [0
MOBEPXHI OIIMHKOBAHOT 3arOTOBKM  IOBEPXHI IHCTPYMEHTY, IO JJa€ MOXJIUBICTh

CIIOCTEPITa€ThCS TMPHU BEIMKUX KOHTAKTHHX
Hampyrax, a HajgumnaHHsa (TIepeHeceHHs
MOKPUTTS. Ha (opMyrodi Balku) — y pasi
HE3a/I0BUIBHOI SIKOCTI TOKPUTTSA BHUXIJIHOI
3aroTOBKH. 3a yYMOB, IO TMEPEIyIOTh BTpaTi
CTIHKOCTI, Ha eJIEMEHTaxX npodinro
3'ansitoThesl  MiHIT  YepHoBa-Jlronmepca, ki
MOTIPIIYIOTh CITOKHBYI1 SIKOCTI.

Martepiajii 3 opraniyHuM MOKPUTTIAM

Jlns 3axucTy MeTaniB BiJ KOpo3ii yacTiiie
3aCTOCOBYIOTHCSI OpPTaHiyHi MOKpHUTTS. Bubip
MOKPUTTSI TOBMHEH 3a/I0BOJIBHITH TaKUM
BUMOTaM: Majla TPUBATICTh (OpMyBaHHS Ta
CYUIIHHS IOKPUTTS; BUCOKI (h13MKO-MEXaHI4Hi
Ta JIGKOPAaTHBHI  BIACTHBOCTI, JOCTaTHS
KOpO3iliHAa CTIMKICTh; CTIHKICTh 0 MOJAIBIIO]
nepepoOKH MaTepiaiy.

3a3HaueHUM BUMOTaM 33J0BOJIbHSIOTH
MOKPHUTTS, IO HAHOCATHCS Ha PYJTOHHHMA

Marepiaia, sSKi  MOXHA  IOJUIMTH  HAa:
TEPMOPCAKTUBHI; TEePMOIUTACTUYHI, 110
OJICPXKYIOThCS 3 piakoi ¢a3u; MomiMepHi
ILTIBKH.

B nHam uyac mpakTuuyHO BCi JakogapOoBi
Matepianu, ans ¢apOyBaHHS JIMCTOBOTO Ta
PYJOHHOIO  MarepiajiiB, BHUPOOJISAIOTH Ha
OCHOBI ~ CHUHTETHMYHUX  OJIITOMEpPIB  Ta
MOJIIMEPIB, 1110 MOAUISAIOTHCA HA TP TPYIIH:

1) TepMopeakTBHI MOKPUTTA (aKpUJIOBI,
nomniedipHni (ITIE), enoxcuani (EID));

2) TEPMOIJIaCTUYHI1 ITOKPUTTS
(momiBinimxmopuani  twractuzomi  (IUJI) Ta
OpraHo3oii, a TaKOXK KOIOJIIMEPH
BIHUIXJIOPHLY);

3) miiBKK (HAa OCHOBI MOJIBIHUIXJIOPUIY
(ITBX), nomniedipHi MaTepiany, MOJINPOIILIEH.

3 6aratb0X XapaKTEpUCTHK MOJIMEPHUX
MaTepiajiB uig  MpoueciB  MpodiltoBaHHS
HalOIIbIIN I iHTEpec BUKJINKAIOTh
XapaKTepUCTHKU KIHIEBOro HamiB(aOpHukaTy
(;mucta abo crpiuku). 3 BUMOT NMPOdiTIOBaHHS
HalBaXJIMBIIIKUM cepell (13MKO-MEXaHIYHUX
BJIACTUBOCTEH MOKPHUTTS € HOTO €TaCTUYHICTB,
M0  JO3BOJISIE  3OIHCHIOBAaTA  3THHAHHSI
3arOTOBKH. [Moxputrs MOKPAILYIOTh
nedopmarliiiny 374aTHICTh MeETaly, 30KpeMa,

JlocsrTy 3Ha4YHUX CTYyNEHIB nedopmartii.

st OIIHKH! TEXHOJIOTTYHOCTI
BUTOTOBJICHHSI TOTO 4YH 1HIIOTO MPodiIo
XapaKTePUCTHKU MOKPUTTS MOBUHHI
000B'sI3KOBO OpaTHcs A0 YBaru.

BucHoBKkH

1. ¥ poboti npencrasiieHa kiacugikais
nedekTiB THyTHX MNpodiaiB Ta MepertiK
MOJKJIUBUX MPUYHH iX BAHUKHEHHS.

2. BcranoBneHo, mo MarepialioMm s
BUTOTOBJICHHS THYTHX MpOQUIIB CIyKaTbh
MaJIOBYTJIEIEBl Ta JIETOBaH1 CTaii, KOJIbOPOBI
METajay Ta pi3HI CIUIaBW, IUJIaKoBaHi a0o
OimeTanesi Marepiaiu dapboBaHi,
OIIMHKOBAHI Ta iH.

3. Jng 3axucTy OCHOBHOTO MeTaly
CTalieBOi CTPIUKM BiJ KOpO3ii Haifuacrime
3aCTOCOBYIOTh IIMHK. HaHeceHHs MeTaneBoro
MOKPHUTTS HA OCHOBI IIMHKY IEBHOI TOBIIMHH
3MIMCHIOIOTHh TapssdyuM a00 eJIeKTPOJITHYHUM
CIOCOOOM.

4. OuuHKOBaHa cTajb, OTPUMAaHA 3
rapsiuoro posmiiaBy, Ma€ Kpalll 3axXHCHI
BJIACTUBOCTI (MIOKPUTTS Ma€ Kpairy ajaresiro i
MILHICTB) y MOPIBHSAHHI 3 €JIEKTPOJITUYHOIO

cTauito, ToMy Omu3bko 70% TOBEpXOHBb
[UHKYIOTh 3 PO3IUIABIB.
5. Ilokputrrs CYTT€EBO MOKpAILIyIOTh

nedopMalliiiHy 31aTHICTh METally 32 PaxyHOK
3HMKEHHS TEepTA 3aroTOBKM 110 TOBEPXHI
IHCTpYMEHTY, 10  HaJa€  MOXJIHBICTh
JOCATHEHHS BEJIMKUX CTYIEHIB AedopMariii.
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GUIDED WAVE RADAR LEVEL SENSORS:
CALIBRATION AND ENVIRONMENTAL IMPACTS
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This study presents a detailed uncertainty analysis for guided wave radar level sensors, focusing on the
calibration schemes and environmental influence factors. Guided wave radar level sensors are used in numerous
industrial applications, especially for harsh environmental conditions. While some of the sensors are designed for
technological operations control and do not require extreme precision levels, there are applications where a high
level of precision is crucial. The analysis highlights the impact of environmental factors, such as temperature,

pressure, and air humidity, on measurement accuracy and calibration effectiveness. Key uncertainty contributions—
including those from reference instruments, random noise (signal-to-noise ratio impact), nonlinearity, and dielectric
constant variability—are assessed under reference and extended environmental conditions. Results demonstrate that
under controlled environments, measurement uncertainties remain within acceptable thresholds. However, when
significant environmental variability is introduced, contributions from dielectric constant changes and time
estimation noise amplify uncertainty bands, especially for long-range measurements. Practical calibration
recommendations are provided to maintain measurement accuracy in controlled and harsh operational conditions.
Additionally, the study compares scenarios using high-accuracy calibration setups with cost-effective alternatives
for non-critical applications. These comparisons guide sensor manufacturers and metrological regulators in
optimizing calibration practices while balancing cost and performance. The findings underscore the importance of
compensating for dielectric constant variability in dynamic environments. Future work should explore uncertainty
reduction techniques, including real-time correction. The provided insights are instrumental for improving
polymetric sensor systems and ensuring reliable level measurements in diverse applications, fostering advancements
in industrial automation and process control.
Keywords: measurement uncertainty, calibration, guided wave radar level sensor, dielectric permittivity.

[IpoBeneHo neTanbHUN aHaNi3 HEBU3HAYCHOCTI Ui XBHJICBOIHI pagapHi piBHEMIpH, 30CEpeKYIOUYNCh Ha
cxeMax KamiOpyBaHHS Ta BIUTMBI ()aKTOPiB HABKOIMIITHHOTO CEPEOBUINA. XBIIEBOIHI paJapHi piBHEMIPH IIHPOKO
3aCTOCOBYIOTHCS B IIPOMHUCIIOBOCTI, OCOOJIMBO B YMOBaxX OPCTKHX €KCIUIyaTalliiHuX cepeqoBuil. YacThHa Takux
CEHCOPIB IpH3HAYEHa I TEXHOJIOTIYHOTO KOHTPOJIIO i HE MOTPeOYIOTh BUCOKOTO PIiBHS TOYHOCTI, TOMI SK iHIII
3aCTOCYBaHHS BHUMAaralOTh HAJBHCOKOTO pPIiBHS TOYHOCTI. Y JOCTIUKEHHI PpO3IMISHYTO BIUIMB (DaKkTOpiB
HaBKOJIMITHBOTO CEPEJIOBHINA, TAaKWX SIK TEMIIepaTypa, THCK i BOJIOTICTh TOBITPSA, HA TOYHICTH BHMIpIOBaHb Ta
ehekTuBHICTh KaniOpyBaHHs. [IpoaHani30BaHO KOMIIOHEHTH HEBHU3HAYEHOCTI BKIIIOUYHO 3 TIOXHOKAMH €TATOHHUX
IHCTPYMEHTIB, BUNIaJKOBUMH HEKOMIICHCOBAHUMH (PIyKTyallisMU pe3yJbTaTiB BUMIPIOBaHb, HEJNIHIHHICTIO QyHKIIT
NIEPETBOPEHHSI Ta BapiaTHBHICTIO Mi€NEKTPUYHOI HPOHUKHOCTI. AHaJi3 BHUKOHAHO JUIA ETAJOHHUX YMOB 1
PO3LIMPEHOT0 Jliala30Hy YMOB HaBKOJMIIHBOTO CEPEAOBHINA. Pe3ynbTaTd IOKa3ylOTh, IO HEBH3HAUYCHICThH
BUMIPIOBaHb 3aJMIIAETHCS B MEXaxX JIOMYCTUMHUX HOPM JUISI MIMX KOHTPOJBbOBAHMX BiJCTaHEH Ta pedepeHCHHUX
yMOB ekcriryaranii. OqHak, 3a yMOB 3HA4HOI MIHJIMBOCTI HaBKOJMIIHBOTO CEPEAOBHINA, 3MIHH JIENEKTPHUYHOT
MIPOHUKHOCTI Ta HIyMY B OLIHII 9acy 3Ha4yHO 301JbLIYIOTH 3arajlbHy HEBU3HAUCHICTh, OCOOJIMBO JUUI BUMIPIOBaHb Ha
BEIMKHUX BiacTaHsx. HaBeneHo mpakTH4HI peKOMeHJamii moJ0 MiATpUMaHHS TOYHOCTI BHMIpIOBaHb IS PI3HUX
YMOB eKCIUTyaTallii. ¥ cTaTTi HaBeAECHO IMOPIBHIHHSA CIEHAPiiB BHUKOPHCTAHHS BHCOKOTOYHHX KaliOpyBaJbHHX
CTEH/IIB 13 albTEepHATHBAMU BIIHOCHO HHU3BKOi BapTOCTi, NPUIAATHAUMH ISl HEKPUTHYHUX 3aCTOCYyBaHb Ta
3a0e3meueHHs PiBHSI HEBU3HAYCHOCTI THUIOBOI JJISI TEXHOJIOTIYHOTO KOHTPOJO. Taki MOPIBHAHHS € KOPUCHUMH SIK
JUIS BUPOOHHWKIB CEHCOPIB, TaK i1 I METPOJIOTIYHUX CIYXO MiANMPUEMCTB ab0 PETYISITOPHUX YCTaHOB JUIS
onTHMI3alil MIXoIiB 10 KaxiOpyBaHHs, OaTaHCYIOUM MIXK BapTiCTIO Ta NPOJYKTHBHICTIO. Pe3ypraTn gociikeHHs
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MAKPECTIOI0Th BYKINBICTh KOMIICHCAIIi BAPiaTHBHOCTI JieNEKTPUIHOT MPOHUKHOCTI JJIS 3aCTOCYBaHb 31 3HAYHIMH
3MiHAaMH YMOB eKcIDTyaTamii. IlepCIeKTHBHOIO TEMAaTHKOIO IMOJANBIINX MJOCHiIKEHh € po3poOKa METOiB
3MEHIIICHHS! HeBU3HAUCHOCTI, BKJIFOYHO 3 JTOCII/DKCHHSM HEBH3HAYEHOCTI 32 YMOB BBEICHHS Kopekumii. HaBemeHi
MOJICJi Ta BHCHOBKM € I[IHHHUMH i1 BIOCKOHAJCHHS NOJIMETPHYHHMX CHCTEM, 3a0C3MCUyrOud HaJiiHICTh
BUMIPIOBaHb DIBHSI B PI3HOMAHITHUX 3aCTOCYBAaHHSIX 1 CHOPHUSAIOYM PO3BUTKY IPOMHKCIOBOI aBTOMATH3AIll Ta

praBJ'IiHHH TEXHOJIOTYHUMU nmponecamu.

KoaiouoBi ciioBa: HeBH3HAueHICTh BUMIPIOBaHb, KaliOpyBaHHS, pajapHUN JaT4MK pIBHS HAaIpaBJIeHOI Iii,

JieIeKTPUIHA IPOHUKHICTE.

Introduction

Accurate measurement of liquids and
solids levels is essential for standard industrial
processes [1]: controlling storage tanks,
ensuring precise filling in production lines,
preventing overflows or dry running, and
complying with  stringent safety and
environmental regulations. The reliability and
precision of level sensors directly impact
operational efficiency and product/process
quality in industries such as oil and gas, food
and beverage, chemical and energy, and
manufacturing.

The quality of level sensing can be
characterized by accuracy, repeatability,
resolution, response time, and the influence of
different environmental factors on the
measurements. Measurement uncertainty or
maximum permissible error (MPE) are critical
concepts considered for several applications,
such as warehouse monitoring, technological
overfill  protection, or  safety-related
applications. Uncertainty represents
confidence in a measurement result, often
defined by statistical analysis, while MPE
refers to the maximum allowable deviation
from the true (actual) value during operation.
Understanding and minimizing uncertainties
makes processes reliable and allows using
results of such measurements for specific
purposes, e.g., custody transfer applications.
This article focuses on guided wave radar
(GWR) Sensors, which leverage
electromagnetic energy for precise level
measurement. GWR sensors can operate
effectively in various liquids and under
extreme environmental conditions. While
radar-based sensors are notable for their non-
contact  operation,  which ~ minimizes
contamination risks, GWR sensors stand out
for applications demanding high precision,
such as monitoring liquids with low

permittivity or in pressurized vessels. Another
advantage of GWR sensors is their ability to
work as a polymetric system, enabling
simultaneous measurement of multiple
parameters, such as level, temperature, and
pressure, using a single device. However,
achieving and sustaining such accuracy
necessitates a meticulous calibration process
and corresponding techniques. This process
ensures traceability, enhances accuracy and
provides consistent performance.

A calibration procedure aligns a sensor’s
output to a known standard or reference. This
involves adjusting measurements for level
sensors to reflect accurate product levels
under controlled conditions.

Calibration can establish/correct the
measurement scale during manufacturing and
test the accuracy and performance throughout
the sensor's lifecycle. By using appropriate
reference standards, calibration enables the
tuning of sensors during production. It verifies
the sensor's performance under standard or
specific required conditions if a predefined
calibration table is available.

This article addresses the calibration of
GWR sensors, examining the impact of
dielectric  permittivity  variations under
reference and non-reference environmental
conditions. It then makes recommendations to
reduce measurement uncertainty, which is
valuable for manufacturers, end-users, and
regulators.

The main objective of this study is to
analyze the influence of the environmental
factors under reference and non-reference
conditions and to

1 evaluate the uncertainty in level
estimation across extended environmental
conditions for particular level sensor and
calibration procedures;
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2 propose recommendations for sensor
manufacturers, end-users, and independent
evaluators on  reducing  measurement
uncertainty.

Literature review and analysis. It’s
essential to consider a measurement model
and corresponding calibration scheme to
highlight possible sources of uncertainties. A
typical GWR level sensor uses a widely
known time domain reflectometry principle
[3-9]; the simplified measurement model is
described by Eq. (1):

L =

C
t.
N 1)
where L — distance from generator/receiver of
electromagnetic pulses; ¢ — speed of light in
vacuum; ¢ — dielectric constant of the vapor
phase of a product through which the
electromagnetic pulse propagates; t — the time
delay between moments of sounding and
receiving the reflected pulse; the coefficient of
" stands for the fact that the electromagnetic
pulse propagates along double the length of
the probe (forward and backward).

In this case, the main feature that estimates
distance L is the time delay t (if the vapor's
dielectric constant is considered a constant).

However, sources [10-13] show significant
variability in the dielectric constant of air (or
correlated  parameters under  changing
environmental conditions). Limited focus has
been given to how these variations propagate
into measurement uncertainty as this influence
is traditionally considered as t. This leads to a
need for appropriate corrections both for
calibration and measurement stages to reduce
the overall uncertainty. For example, some
known  correction techniques  consider
changes in the dielectric constant of the
media, especially when working with vessels
under high pressures [14-16]. It’s worth
noting that some of these techniques use
dynamic or online correction based on
reference knowledge about distances or time-
of-flight. In contrast, others require the direct
use of provided correction coefficients and
uncertainty measures. Independent of the
technique  applied, understanding  the
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reference uncertainty after initial calibration is
crucial for calculating the total uncertainty for
a specific application.

Methodology. The calibration process for
level sensors is typically performed under
reference conditions, as defined for accurate
sensors in [17]. National reference standards
are employed for the most precise
calibrations, such as the Ukrainian National
Standard of the Unit of Length for the Liquid
Level (DETU 03-02-15) [18]. This standard
reproduces the unit of length based on the
global constant—the speed of light in a
vacuum—and  achieves an  extended
uncertainty of Uys=+0.3 mm over a range of 0
to 20 meters. Using interferometers enables
highly accurate distance measurements, with
the transfer of the unit of length to high-
precision level meters conducted via direct
comparison.

However, equipment  manufacturers
employ their own calibration setups due to the
costliness and timings of the complete
calibration cycle with national standards.
These setups are optimized for their specific
technological processes and are generally less
accurate than national standards but more
practical and cost-effective for routine
operations. For instance, the calibration setup
at AMICO Group is an example of such an
approach. Fig. 1 illustrates the calibration
setup used in this study, along with its
simplified design and working scheme.
Figure 1 illustrates the components of the
calibration setup for level sensors:

e Level Sensors Calibration Complex
(LSCC): control system managing the
calibration process.

o Reference Measurement (RM)
Instruments: Equipment responsible for the
reference level estimation: laser rangefinder +
magnetic encoders-based system to measure
the position of the reference plate or reflector;

o Reference Plate (RP): reference plate or
reflector.

e Additional  Reference  Instruments
(ARI): temperature, pressure, and humidity
sensors distributed in the measurement zone.
They allow temperature and humidity to be
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Figure 1 — Structural Diagram of a Calibration Stand for Evaluation and Tuning of Level Sensors

measured at multiple points along the sensing
axis of level sensors and the temperature of
liquids.

e Pumps and Valves Control Subsystem
(PVCS): This subsystem regulates the flow
and level of the liquid in the calibration setup;

o Level Sensors under test (LS;..LSp):
The sensors are being calibrated.

o Vessels with controllable liquid (V1,
V2): These reservoirs store liquid and set a
specific liquid level during calibration.

The reference measurement instrument
(RM) relies on a precision reflector for
accurate operation. During a single calibration
cycle, several level sensors can be calibrated
simultaneously. The procedure involves
repeated  measurements, capturing the
readings from the level sensors under test and
those from the reference instrument RM. At
the same time, all the environmental
parameters are monitored to satisfy the
requirements of the particular procedure.

The distance  (level)  measurement
reference instrument has an extended
uncertainty of ALgm=0.4 mm. Temperature
sensors in the calibration complex have
extended uncertainty AT = 0.5 °C, AP = 1 kPa
for pressure and ARH =25 % for relative
humidity.

Environmental Influence. The study
considers the following reference conditions:

e Temperature (T) in [15, 25] °C.

« Relative Humidity (RH) in [40, 80] %.

e Pressure (P) in [86, 106] kPa.

Values for dielectric permittivity can be
interpolated using experimental tabular data
[12] or applying known equation [13]:

e, 10 -T211(P+48T-PS -RH]-lO‘G, @)

where g is the permittivity of vacuum, T is
the absolute temperature (K), RH is the
relative humidity (%), P (mm Hg) is the
pressure of the air, and PS (mm Hg) is the
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Figure 2 — Dielectric constant of air depending on humidity value and pressure for a fixed temperature
value

pressure of saturated water vapors at the
temperature T.

Uncertainty Propagation. The effect of
the changes in &, on the distance estimation
AL, can be roughly assessed by substituting
(2) into the relation for the level estimation
Q).

AL _|oL

€

.Ag,:‘ ot ‘A ()

s 4% /2

where A4L. is the contribution of the
uncertainty in distance estimation due to
uncertainty in the dielectric permittivity value
Ae. Two main approaches to define 4¢ depend
on the measurement mode used. The first
mode is the most widely used, and it assumes
no corrections if the measurements are
performed within specified ranges of pressure,
humidity, and temperature without applying
any corrections for environmental conditions.
In this case, the maximum uncertainty in
permittivity is defined by the maximum
difference in dielectric permittivity values
within the given ranges. This approach
assumes a worst-case scenario where no
compensations for environmental influences
are applied, potentially leading to higher
uncertainty in distance estimation.

The second approach assumes that the
sensor is applying corrections depending on
the data about the dielectric constant and
uncertainty or based on the environmental
conditions and model provided. In this case,
the dielectric constant is recalculated for air
using Equation (2). The uncertainty in Ag can
then be propagated through the uncertainties
of the reference measurements. In this case,
corrections are applied to account for the
influencing factors, reducing the overall
uncertainty in distance estimation and
calibration. However, the resulting Ag
depends on the accuracy and reliability of the
reference instruments used.

It is essential to assess the impact of these
factors on the uncertainty in level estimation,
considering the trade-off between simplicity,
where measurements are taken without
additional  corrections, and  improved
accuracy, achieved by applying corrections.
Based on the specified reference conditions
within the given ranges, the variation analysis
reveals the following results for the dielectric
constant of air. The minimum value,
1.000543+0.000007, occurs under 45.00%
relative humidity, a temperature of 15.0°C,
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and a pressure of 645 mmHg. The maximum
value, 1.000766+0.000010, corresponds to
conditions of 75.0% relative humidity, a
temperature of 25.0°C, and a pressure of 795
mmHg. The Arden Buck equations were
applied to calculate the saturation vapor
pressure Ps to temperature for moist air [21].

The stated uncertainty interval is derived
from uncertainty propagation using Equation
(2), based on the uncertainties of the reference
sensors for temperature, pressure, and
humidity. It’s worth noting Figure 2 shows an
example of the dielectric constant dependence
for some fixed temperature values while
varying the pressure and humidity of the air as
a media of wave propagation.

Figure 2 also shows a point with the
dielectric constant value corresponding to
given reference conditions and a region where
the dielectric constant lies within the
calculated uncertainty region.

It’s necessary to consider additional
sources of uncertainty to consistently analyze
the contribution to the measurement process.
Related to simplified Equation (1), the
uncertainty comes from uncertainty in time
estimation Atg and uncertainty in distance
measurement, which comes from the
reference measurement instrument AlLgm.
Several factors, including the sounding pulse
shape and the signal-to-noise ratio, influence
uncertainty in time estimation. These
characteristics vary for each specific sensor
and play a critical role in determining the
accuracy of time measurement.

This uncertainty component generally
depends on the distance between the sensor
and the measured surface (or reflector). As the
electromagnetic wave propagates, the shape of
the reflected pulse changes with distance,
introducing additional variability in the time
measurement (the amplitude of the reflected
signal decreases with the increase in distance,
decreasing the signal-to-noise ratio). To
model this dependency, the uncertainty in
time estimation Aty can be expressed as a
function of the distance L. A practical
approach is to approximate this relationship
using an exponential curve:
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AL (L)=A-exp(B-L), (4

where L is the distance between the generator
and interface air-liquid (or reflector),
parameters A and B are determined during the
calibration process based on the sensor's
characteristics and its operating conditions.

The calibration function is usually stored in
a tabular form, and level calculation is done
according to Equation (5):

L= Lc,i +M'(t_tc,i)’ (5)

ci+l ~ ‘¢,

where t . <t<t,,— measured delay

between sounding and reflected pulses;
L. L;..,— corresponding  data  about

distances saved in the calibration table.

The following contributing factors were
considered to analyze  measurement
uncertainty:

Nonlinearity between Calibration Points:
Hardware tolerances in the guidewave system
introduce a nonlinearity of up to +0.3 mm,
representing the maximum  permissible
deviation between two calibration points. This
is a fixed contribution for each segment of the
calibration table.

Random Error in Time Estimation Atg. The
random error in time measurement varies with
the distance L and is modelled using noise
analysis on the experimental data. The
uncertainty in time estimation is calculated
using Equation (4) and is distance-dependent,
accounting for the degradation of the signal-
to-noise ratio with increasing distance.

Uncertainty of the Reference Instrument:
The accuracy of the reference device used
during the calibration procedure directly
impacts the calibration uncertainty. This
contribution is considered fixed.

Uncertainty Due to Changes in Dielectric
Constant:  Variations in  environmental
conditions affect the propagation time of the
electromagnetic pulse, introducing additional
uncertainty, and this can be simulated using
Equation (6), which propagates uncertainty in
the dielectric constant into uncertainty in time
estimation due to difference in dielectric
constant:
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L RH € [20, 90] %, P € [50, 120] kPa. The

At (L) =

- Ag, (6)
Cve

Using Equations (2), (5), and (6) along
with the uncertainty propagation model, the
contributions from each factor were analyzed.
The results of these calculations are presented
and discussed in the next section of this
article, providing insights into the impact of
each uncertainty component on the overall
measurement reliability and quality.

Figure 3 provides a comprehensive view of
these findings, highlighting the interplay of
uncertainty contributions from reference
instruments, time noise, nonlinearity, and
dielectric constant variability under various
environmental scenarios. Figure 3a highlights
results for Reference Conditions without
considering additional variability of the
dielectric constant.

The uncertainty band is calculated under
reference environmental conditions
RH = 60+2.5%, T =20+0.5°C, P =96+1kPa.
These conditions assume minimal variation in
the dielectric constant of air. The
measurement uncertainty for this case remains
within the 1 mm band for distances up to 16.5
meters for the given setup and sensor
characteristics. The uncertainty contributions
from individual sources remain balanced, with
no dominant contributor. This scenario is
representative of controlled environments
where variations in temperature, pressure, and
humidity are minimal.

Figure 3b explores the impact of the
maximum allowed variability in environmental
conditions within the specified reference
range (T € [15, 25] °C; RH € [40, 80] %,
P £ [86, 106] kPa). Variations in the dielectric
constant for this case significantly expand the
uncertainty band, especially at greater
distances from the level interface. The effect
of distance amplifies this uncertainty as the
time delay becomes more sensitive to changes
in dielectric constant at longer distances. This
result shows the importance of accounting for
environmental variability during the calib-
ration and measurement phases. Figure 3c
demonstrates results for extended practical
conditions. For those Te[-20, 55] °C;

uncertainty band increases substantially,
which reflects the influence of more
considerable  variations  in  dielectric
permittivity. Figure 3c also shows the
application of a low-accuracy reference
instrument (ALgm =2 mm), which results in
higher uncertainty while simplifying the
calibration procedure and reducing timings
and costs, making it suitable for many
practical applications where  precision
requirements are less stringent.

Figure 3a shows that the uncertainty
contributions from time measurement and
dielectric constant variation at short distances
are relatively small, while the nonlinearity
between calibration points becomes more

noticeable. The multiplicative effect of
dielectric constant variation dominates the
total uncertainty at longer distances.
Corrective actions, such as dynamic
compensation, are critical for those cases, and
their  efficiency should be researched
additionally.

In a controlled environment, uncertainty
levels are well within the acceptable
threshold. However, incorporating dielectric
constant corrections becomes essential for

broader  environmental variability and
distances (Figures 3b, 3c) to maintain
accuracy, particularly  for  long-range

measurements. For relatively small ranges (up
to 5 m), even mid-accurate calibration
systems can be used to enable the required
levels of accuracy. In contrast, complex high-
accuracy reference equipment must be used

for long-range distances and precision
applications.

Conclusions. The presented results
highlight the calibration scheme's

effectiveness under controlled conditions and
recommend appropriate reference instruments.
Detailed uncertainty  estimations  were
performed, providing numerical results for
various combinations of uncertainty sources.
These results help to understand each factor's
relative impact and significance, guiding
improvements in sensor calibration.
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Figure 3 — Uncertainty Estimation Results for GWR Level Sensor:

Analysis of Contributions and Key Components Across Various Environmental Scenarios
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Comparisons across varying conditions
demonstrate the critical role of controlling
humidity, pressure and temperature to provide
necessary  corrections. For small-range
sensors, calibration setups can be relatively
simple and  cost-effective. ~ However,
increasing the measurement range leads to a
nonlinear rise in complexity and associated
costs. The study highlights the significance of
future efforts in assessing uncertainty, both
with and without dynamic correction for
environmental  variations, especially in
applications functioning under highly variable
conditions. The analysis supports further
enhancement of polymetric sensors utilizing
GWR, enabling advanced signal processing
for maximum information extraction..
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INPOBEJEHHSA METPOJIOT'TYHHUX JOCJIIIKEHD JITYNJIBHUKIB
I'A3Y B IIAITA30HI OB’EMHOI BUTPATH I'A3Y J1O 25 000 M*/TO/JI
B PAMKAX EHEPTETUYHOI BE3IEKA YKPATHU

B. B. Maniceeuu, /1. O. Cepeoiok, IO. T. Ilenixkan, B. b. Kamamaii
Hepoicasne nionpuemcmao « leano-OpanKiscbKull HAYKO80-8UPOOHUYUL YeHmp cmandapmu3ayii,
memponocii ma cepmugbikayiiy, eyn. Bosuuneyvxa, 127, m. Isano-®panxisecok, 76006, Vrpaina,
e-mail: ifstandartmetrology@gmail.com

VY crarTi onucaHo po3poOKy poOOYOro eTayioHy Ui MOBIPKH Ta KasliOpyBaHHS JIYMIBHUKIB i BUTPATOMIpIB

ra3y B Hiama3oHi 00'eMHUX BUTpat raszy Bixm 1 m*/romg mo 25 000 m*/ron. OcHOBHa MeTa po3pOOKH - CTBOPEHHSI
poboyoro eranoHa (YCTAaHOBKH), sIKa IMPOCTEKYBATUMETHCS JO HALIOHAIBHOIO €TANOHY YKpaiHH Ta 3a0e3lequTh
BHCOKY IOCTOBIPHICTH BUMIPIOBaHB Ta BIATIOBIIHICTh CY9acCHHUM TEXHIYHHM i METPOJIOTIYHAM CTaHAapTaMm. BuOip
NPUHOUIY POOOTH NPOBEOCHWH Ha OCHOBI aHANi3y iCHYIOUMX THUIIIB YCTaHOBOK, BKJIOYHO 3 YCTaHOBKAaMH
JI3BOHOBOTO THUILY, IIOPIIHEBHMH YCTAHOBKaMH, YycTaHOBKaMH PVTt-Tumy, COIUIOBHMH YCTaHOBKAMH Ta
yCTaHOBKaMH Ha 0a3i €TaJOHHMX JIYWIBHHKIB ra3dy. BpaxyBaBmmu iX mepeBaru, HEJONIKH Ta OOMEKEHHs, Oyio
00paHO THI YCTAHOBKH, IO A€ 3MOTy ¢()eKTHBHO BHPIIIyBaTH MOCTAaBJICHI 3amadi. JlaHa ycTaHOBKa 0a3yeThCs Ha
0araToNiHIHHIA CHUCTEM] €TaJOHHHMX JIYMJIBHUKIB TYypOIHHOTO Ta POTOPHOIO THIIIB, SIKA MOXE 3a0€3IEeUUTH
BIZIMOBITHY METPOJIOTIYHY HPOCTEKYBAHICTh 1 JAaCTh MOXJIMBICTh PO3IIMPHUTH Jiala3oH BiJTBOPIOBAHHX BHUTpPAT
icHyrouoi eranoHHoi 0a3u YkpaiHu. 3acTocyBaHHs 0araTOpiBHEBOi CHCTEMH pETYJIOBaHHS BUTpaT rasy, ska
peajizoBaHa Ha YaCTOTHOMY YIpaBJIiHHI 00epTaMu JIBUTYHIB Ta O3UIIIHHOMY peryJIloBaHHi 3amipHoi apMarypH, 1ae
MOXKJIMBICTh 33/1aBaTH Ta cTabUIi3yBaTH BUTPAaTH HA PI3HUX peXHMax POOOTH YCTAaHOBKU. BaXkIMBHM acmeKkToMm
PO3pOOKH € 3aCTOCYBaHHs CYYaCHUX aJTrOPUTMIB PO3PaxyHKY, SIKi BPaxoBYIOTh BIUIMB TEMIIEPaTypH, THCKY Ha
3MiHy 00'eMy mix wac mocnimkeHHs. Kpim Toro, mporpamae 3a0e3Ie4eHHs] YCTAHOBKU 1HTETPY€e BUMOTH CyJacHUX
METOJIMK TOBIPKH JIYHIBHHUKIB TYpPOIHHOTO, POTOPHOTO, YJIBTPa3BYKOBOTO THIIB Ta JIYMIBHUKIB i3 BOYJZOBaHHMHU
meperBopioBadaMu  00'emy. lle 3abe3nmedye aBTOMATH3aIlil0 MPOIECiB POOOTH YCTAaHOBKH Ta (HOpMyBaHHS
BIATNOBIIHUX €JEKTPOHHUX HPOTOKONIB MOBIpKH. Pe3ynbTaTH eKCIepUMEHTabHUX JOCITIIKeHb IiATBEPIUIH
BHUCOKY €(DeKTHUBHICTh OOPAHOTO THITY YCTAHOBKH 1 aKTyaJbHICTh po3po0OKu. /laHa yCTaHOBKA 3/1aTHA MPAIIOBATH B
LIMPOKOMY Jiiara3oHi BUTpaT, a came Bix 1 M*/rox mo 25 000 m*/rox, mo poOHTh ii YHIKaJIbHUM PIilICHHSM IS
METPOJIOTIYHOTO 3a0E3MEYCHHST MPOMHCIOBUX JIYMIBHUKIB ra3y. TakoX BiI3HAYAETHCS TMOTCHIIAT IS
MDKHApOJHOI iHTerpaimii Ta TOAANbBIIOr0 BH3HAHHS BHMIPIOBAIBHUX Ta KaJdiOpyBaJbHUX MOXIJIMBOCTEH B
ATIT«IBAHO-®PAHKIBCbKCTAHAAPTMETPOJIOT'I51» Ha MikHapOHOMY piBHI.

Kirouosi ciioBa: O6’eM Ta 00'eMHa BUTpaTa rasy, IpOCTEKYBaHICTh, POOOUHIi €TaJIOH, MIOBIPOYHA YCTAHOBKA,
MOBipKa, KaJiOpyBaHHS.

The article describes the development of a working standard for the verification and calibration of gas meters
and flowmeters within a volumetric gas flow range from 1 m*h to 25,000 m*h. The primary goal of the
development is to create a working standard (facility) traceable to the national standard of Ukraine, ensuring high
measurement accuracy and compliance with modern technical and metroThe principle of operation was selected
based on an analysis of existing types of facilities, including bell-type systems, piston systems, PV Tt-type systems,
nozzle systems, and systems based on reference gas meters. Considering their advantages, disadvantages, and
limitations, a facility type was chosen that effectively addresses the set objectives. It is based on a multi-line system
of reference turbine and rotary meters, which provides the necessary metrological traceability and allows for an
expanded range of flow rates compared to the existing reference base of Ukraine.The use of a multi-level gas flow
control system, implemented through frequency control of motor speed and positional regulation of shut-off valves,
allows for setting and stabilizing flow rates across different operating modes of the facility.An important aspect of
the development is the application of modern calculation algorithms that consider the effects of temperature and
pressure on volume changes during testing. Additionally, the facility's software integrates the requirements of
current verification methodologies for turbine, rotary, ultrasonic meters, and meters with built-in volume converters.
This ensures the automation of the facility’s operations and the generation of corresponding electronic verification
protocols.The results of experimental studies confirmed the high efficiency of the selected facility type and the
relevance of the development. This facility can operate over a wide range of flow rates, from 1 m?/h to 25,000 m3/h,
making it a unique solution for the metrological support of industrial gas meters. Moreover, it highlights the
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potential for international integration and further recognition of the measurement and calibration capabilities of SE
"IVANO-FRANKIVSKSTANDARTMETROLOGY™" at the international level.
Keywords: Gas volume and volumetric flow, traceability, working standard, verification facility, verification,

calibration.

Beryn

OO0niK TPUPOAHOTO Tazy € OJHIEI 3
KJIFOYOBHX CKJIAJJOBUX CYy4aCHOI EHEPreTUYHOI
CHUCTEMH, apKe Ied pecypc  Bifmirpae
KPUTUYHO BAXJIMBY POJb Yy MPOMHCIOBOCTI,
EHEepreTHlll, KOMyHaJTbHOMY TOCIOJApCTBI Ta
noOyToBOMYy CeKTOpi. Y CBiTi, A€ MOCTIIHO
3pOoCTae TMOMUT Ha EHEPropecypcu Ta ix
BapTICTh, 3a0€3MEUeHHsI JJOCTOBIPHOCTI Ta
MPO30pPOCTI B OOJIIKY CIOXHUTOTO Ta3y €
KPUTUYHO  BOXJIUBUM  3aBAAHHAM, IO
HaNpsMy BIUIMBAE HE TUIBKH Ha €KOHOMIKY B
iJIOMy, ajie 1 Ha KIHIEBOTO crokuBada. Lle
MUTaHHS OXOIUIIOE IUPOKHUI CIEKTP aCHeKTiB
- B TEXHIYHHX pIlIEHb 10 EKOHOMIYHOI

e(eKTUBHOCTI, ONTHMI3ye BUKOPHUCTAHHS
pecypciB 1 3abesmedye  TpO30pICTH Y
pO3paxyHKax.

CyuacHi cucteMu OONIKy razy MHOBHMHHI
BIAIMOBIAATH BUCOKUM TEXHIYHAM 1
METPOJIOTIYHUM CTaHAapTaM, 3a0e3neuyroun
JIOCTOBIPHICTh BHUMIPIOBaHb 3a OyAb-SKHUX
yMoOB ekcrutyarauii. Hagilinuit o0mik ra3zy mae
BA)XJIUBE 3HAYCHHS HE JIUILE JJIsI €KOHOMIKH
Vkpaiau, MiANPUEMCTB, 5K BUA00YBAIOTh,
30epiratoTh, TPAHCIIOPTYIOTh TA CHOXKUBAIOThH
uel pecypc, aie W Oud  3BUYAMHUX
crioxuBayiB ra3y. EdektuBHuil 001ik rasy He
JWIIEe 3HIKYE BHUTpATH, alleé HW CHpUsE
dbopMyBaHHIO BIAMOBIAAIBHOT €HEPreTUYHOT
MONITHUKK IS CTaJoro  €KOHOMIYHOI'O
PO3BUTKY Ta  €BPONEHCHbKOI  iHTerparii
VYkpainu.

[le mnuTaHHS OCOOMMBO akTyalbHE B
yMOBax IMABUIICHHS IIIH HAa EHEProHOCIi,
HEOOXIJTHOCT1 3MEHIIEHHS TEXHIYHUX BTPAT Ta
peamizaiii cTpaterii eHeproeeKTUBHOCTI, 110
CTOITh mepes OaraTbma KpaiHamu CBITY. Y
IIbOMY KOHTEKCTI BHUBYEHHS MEXaHI3MiB,
TEXHOJOTI 1 MmOXoaiB 10 0OmiKy Tra3y
Ha0yBae MeprIovYeproBoro 3HaYCHHSI.

Y MIPOMHCIIOBOCTI, e obcsaru
CHOKMBaHHS Ta3y MOXYTh CSTaTh 3HAYHHUX
MacmTaliB, OCOOJMBO  BAXIJIHUBY  pOJIb
BIJIIrPalOTh TMPOMUCIIOBI JIYUJIBHUKHA Ta3y

BEIMKOrO  jgiamerpa. JIiYMmpHUKM — ra3y
niamerpom Big DN300 1o DN500 € yactuHOIO
ra30TPaHCIOPTHOI CUCTeMU YKpaiHH, SIKi BKE
BUKOPUCTOBYIOTBCSI B Ta30pO3MOJILIBHUX
CTaHIsMX, HAPTOra3oBUX MiAIPUEMCTBAX Ta
BEJIMKUX MPOMHCIIOBUX 00’€KTax sl OOJiKY
IpHU TPAHCHOPTYBAHHI ra3zy y MariCTpaJbHUX i
PO3NOAUIBHUX ~ MEpekax. Bucoxorouni
MPOMHUCIIOB] JIIUYMIBHUKHA 3a0€3MeuyloTh He
JIUIIE HaTIAHUI KOHTPOJIb 00cHriB
CMOXHMBAHHSA, aje W CIPHUSIIOTh 3HUKCHHIO
BTpaT Ta omnrtumizanii oOJiKy NPUPOJHHOTO
razy. 3acTOCyBaHHS TaKUX JIYHJILHUKIB
JIO3BOJIIE BHUMIPIOBATH 3HAuHI 00CSTH Ta3y
IpH 3aCTOCYBaHHI MIHIMQJIBHOI KUIBKOCTI
3ac001B Ta JOIIOMI>KHOI'0 00JIaJHAHHS.

Y 1pOMy KOHTEKCTI BaXKIUBOIO €
HaJIeXKHa METpoJsioriuHa 0a3a, sfika J103BOJIUTH
Ha BIANOBIJHOMY PiBHI MPOBOAUTU POOOTH 3
MOBIPKM, BHIIPOOYBaHHS Ta KaniOpyBaHHS
JIYUJIbHUKIB razy aiamerpom nonaza 300 M.

Meta po6oTu - 37iiicHUTH PO3pOOKY Ta
MPOEKTYBaHHS POOOYOT0 €TAIOHY OJIWHUIID
00’eMy Ta 00’€eMHOI BUTpaATH ra3y B Jliana3oHi
Big 1 M3/F0I[ mo 25000 M3/FO)1, AKun Oyne
MIPOCTEKYBATUCS 10 HAI[IOHAIBHUX €TaJIOHIB
VYkpaiHu, MO MaloTh MDKHApOJIHO BHU3HAHI
BHUMIpIOBaJIbHI Ta KaJiOpyBaibHI MOKJIMBOCTI
i 3a0e3MeYeHHs BUCOKOI  JIOBIpH  Ta
JIOCTOBIPHOCTI BUMIpPIOBaHb y BiJAMOBITHOCTI
710 MDDKHApOAHHUX CTaH/IapTiB.

AHaJIi3 iCHyI0OUHMX YCTAHOBOK

PoGoui  eranmonum  (ycTaHOBKM)  JUIst
MOBIPKM, BUIIPOOYBaHHS Ta KaniOpyBaHHS
JIYWJIBHUKIB 1 BUTPAaTOMIpIB Ta3y MOXHa
MOAUTUTH HAa KUIbKa OCHOBHHX THUIIB B
3aJIe)KHOCTI  BiJl 1XHBOI KOHCTPYKLIi Ta
NpUHIMIYY [ii, a caMe Ha: A3BOHOBI,
nopurHeBi, PV Tt-tumy, comioBi 1 ycTaHOBKU
Ha 0a31 eTaTOHHUX JIIYMIbHUKIB.

Po6ounii eranon 06'eMy ra3y 13BOHOBOTO
tuny [l] ckmamaerscst 3 pesepByapa 3
pIIMHOIO, y SKOMY pO3MIIIEHUH MA3BiH,
30alaHCOBaHUI MPOTUBArOl0, IO KPIMUTHCS
THy4YKMM TpocoMm uepe3 mkiB. Jlo #oro
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CKJIay BXOJATh HPUCTPIH KOMIIEHcalii Baru
J3BOHY, KOHTPOJBbHA JIiHIS 3 MiHIMaJIbHHUMH
mpopizamMu, TPYOOIPOBIJ ISl BCTAHOBJICHHS
ra3oBOr0 JHYMJIBHHKA, PETYJISATOp BHUTpAT,
JATYUKU TEPEMILLEHHs 13BOHY, TeMIIepaTypH
1 THCKy, a TaKOXX KOHTpoJyiep s 300py Ta
00po0OKku pe3ynbratiB. [IpucTpiit komneHcarrii
Barn Mae (GpopMy KOMOIHOBAHOTO IIKiBa, IO
BKJIFOYA€E IUJIIHAPUYHY Ta KOHIYHY IMOBEpPXHI
3 0araTOBUTKOBOIO KaHABKOIO /IS Tpoca.
I'eomerpiss  mKiBa  po3paxoBaHa IS
3a0e3rmeueHHs] PIBHOBArH JI3BOHA 3aJICKHO BiJI
HOro XapakTepUCTUK, TYCTUHM pIIUHH Ta
Baru NpoOTHBAry.

JI3BOHOBI YCTAHOBKHM XapaKTEpU3YIOTbCS
BHCOKOIO METPOJIOTIYHOIO TOYHICTIO,
IOPOCTOTOI0  KOHCTPYKLIi Ta  TPUBAIUM
TepMiHOM CiyxOu. OpHaK iXHI HEIOJIKH
BKJIFOYAIOTh BEJHMKI pPO3MIpH, OOMEXKEHUN
niama3oH BiZITBOPIOBAJIbHUX BUTpAT,
OOMEXEHUIl KOHTPOJbHUH 00’€M, a TaKOX
YYTJIUBICTh 10 MiKPOBHTOKIB.

[TopmiHeBa ycTaHOBKa JJsl JIIYWIBHUKIB
Ta  BUTpaTOMIpiB ra3zy [2]  BKIIOYae
KaiOpoBaHUI BHMIpIOBAJIBHUI TPyOONpOBin
13 TIOPIITHEBUM PO3AUTIOBAYEM, JBA JIETEKTOPH
HOro TOJIOKEHHS, PEBEPCUBHE JDKEPEIIOo
BUTpaT Ta 0o0iikoBui mpuctpiid. IlopineBnii
pO3aioBady, BUKOHAHUH y BUTJISAIL
MOPUCTOTO €JaCTUYHOTO TOpa 3 BHYTPILIHIM
TUCKOM, BHIIUM 32 CTaTHYHUM THCK Yy
TpyOONIpOBOJI,  OCHAIEHUH  HINEIbHUM
OpUCTpOEM, BOYJOBaHMM B HOro CTIiHKY.
VYcraHoBKa J103BOJISIE 3a0€3MEUYUTH  BUCOKY
TOYHICTb 1  JIOCTOBIPHICTh  BHU3HAYEHHS
METPOJIOTTYHUX XapaKTEPUCTUK JITYMIBHHUKIB 1
BUTPATOMIpIB Ta3y s PIi3HUX PoOOUYMX
cepeoBUI (HAPUKIIA, TIOBITPSI, TPHPOTHIHA
ra3) Ta mapameTpiB TUCKY.

YCTaHOBKM 3 MOPLIHEBHMMHU €TaJOHAMU
(GYHKIIOHYIOTh 32 MPUHIUIIOM BUMIPIOBAHHS
0o0'eMy Ta3y, BHUTICHEHOTO TIOPUIHEM Y
3aMKHYTIH cUCTeMi, 110 3a0e3meuye BHCOKY
TOYHICTh  pe3ynbpTaTiB. BoHH  4yn0BO
HIIXOASTh Ul KaliOpyBaHHS YCTaHOBOK Ha
HEBEJIMKUX BUTpPATaX, ajieé MAalOTh OOMEXEHHS
npu poOOTI 3 BEIUKMMHU BHUTpaTamM 1
BiJI3HAYAIOTHCS CKJIQ/IHICTIO €KCILTyaTallii.
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[ToBipouni ycranoBku PVTt-tuny |[3]
(THCK, 00'eM, TeMIlepaTypa, qac),
METPOJIOTIUHY OCHOBY SIKHX CKJIQJa€ €MHICTh
i3 3aCyBKaMH Ta MIPHUETHYBATLHOIO
apMaTyporo, y BHYTPIIIHIA TOPOXXHHUHI SKOi
BMOHTOBaHI JaTYMKH TEMIEpaTypu, IpH
ILOMY €MHICTH Mae BIJIBOIH VTS
BHUMIPIOBaHHS HAJUIMIIKOBOTO THCKY B Hill, a
00'eM rasy, KMl BHUTIKA€ 13 €MHOCTI 4epe3
JTIYMIBHUK, 11O MOBIPSE€THCS, BU3HAYAETHCA 32
PIBHSIHHSIM Ta30BOTO CTaHY Ha OCHOBI 00'eMiB
€MHOCTI 1 apMaTypH, JaHUX (Pi3UKO-XIMIYHOTO
CKiIaamy  poboyoro  cepemoBHINA, — Yacy
BUTIKaHHS 4Yepe3 JIYWIbHUK Ta 3HAYCHb
TEMIEPATypH 1 TUCKY, OTPUMAHUX HA MOYATKY
1 B KiHII BuUMiptoBaHb. lIpoTe 1i ycTaHOBKH
MalOTh HHU3BKY HPOAYKTHBHICTH POOOTH, IIO
TOSICHIOETHCS 301bIICHHSIM qacy
BUMIPIOBaHHS yepe3 HEOOX1THICTh
JOJTATKOBOTO BUTPUMYBAHHS I cTaOiTi3amii
nporeciB 'y cucremi. B VYkpaiHi BoHHU
3aCTOCOBYIOTBCSL ~ TUIBKM ~ TpU  TOBIpII
noOyTOBUX  JHYMIBHUKIB Tra3y, OCKUIbKU
MOBIPKAa MPOMUCIOBUX JIYWIBHUKIB Ta3y
BUMarae BEJIHMKO] MaTepialloEMHOCTI
pe3epByapa Ta BHpIIIEHHS MpoOiieM, IO
BUHUKAIOTh MPH BUMIPIOBaHHI TEMIEpaTyp B
HBOMY.

[MpuHIMI aii yCTaHOBOK Ha KPUTHYHUX
comnax [4] rpyHTyeTbCs Ha CTBOPEHHI 3a
JIOTIOMOT0I0 JDKEpesa BUTPAaTH KPUTUYHOTO
peXUMY BWTIKaHHS dYepe3 BikaiaiOpoBaHe
cowo. B naHomy pexumi BuUTpara uepes
JOCIIIJTHY JIJISTHKY 3aTUIIAEThCS CTa0LTBHOIO.
PexxuM TMOTOKY BM3HAYa€ThCS HOMIHAIOM
COIUTa KPUTHYHOTO BHTOKY Ta TIEperagoM

TUCKY Ha HbOMY, SKHH HE IIOBUHEH
nepesumtyBatd  0,7. IlIBuakicTh TOTOKYy B
HalOiIbIl ~ 3BY)KEHOMY  Micli  coria

BCTAQHOBIIIOETHCS PIBHIM IIBUAKOCTI 3BYKY,
no  3abe3nedye  HAA3BUYAMHO  BHUCOKY
CTabOITBHICTh BUTpPATH. XapakTepHOIo
OCOOJIMBICTIO ITUX YCTAaHOBOK € CTaOUTHHICTH
BIITBOPEHHS 00’€MHOI BHUTPATH MPOTITOM
TPHUBAJIOTO YacCy.

JlxepenamMu MOXHUOOK IMX YCTAaHOBOK €
TOYHICTh BHUTOTOBJICHHSI npodiaro
KPUTUIHOTO coruia, TOYHICTh iioro
BCTAHOBJICHHS B TPYyOOTNpOBia (CHiBBICHICTB,
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JOTPUMAaHHS BiJIOBITHOTO TEPEnaay THUCKY
Ha HOMY.

[lepeBaroro  COIUIOBHMX YCTaHOBOK €
BHCOKAa CTaOLIBHICTh iX XapaKTEPUCTHK B
yaci, caMe TOMY  KpPUTHYHI  cormia
BUKOPHCTOBYIOTh B SIKOCTI MepeaaBalbHUX
€TAJIOHIB B 0araThboX KpaiHax, a TaKOoX TMpHU
MDKHapOJHHMX 3BIpsHHsX. HemomikoMm mux
YCTAHOBOK € T€, II0 TOYHICTh BHMIipPIOBAaHHS
3aJIC)KATh BiJl HASBHOCTI JOMIIIOK B rasi, skl
BIUTMBAIOTh HA TEOMETPHYHI PO3MIpH COIUIA, a
TakoK (DIKCOBAHOCTI BHUTpAT, IO MOXKYTh
OyTH BIATBOPEHI BHUXOASYH 3 HASBHUX B
YCTaHOBIIl HOMIHAJIIB COMENT KPUTUYHOTO
BUTOKY.

[Mpuanun i YCTaHOBOK Ha 0a3i
€TaJIOHHUX JIYMJIBHUKIB Ta3y TPYHTYETHCS Ha
MOPiBHSHHI pe3ynbTaTiB BUMIPIOBaHb
JTYMIBHAKOM Ta3y, IO JOCHIKYETbCS, Ta
€TAJIOHHUM JIYMWIBHUKOM Ta3y, BUTpaTa AJis
SKUX  3a0e3medyeTbcss 32 JOMOMOTOIO
KEpPOBAHOTO JPKEpesa CTBOPEHHsI BUTPATH. 3a
JOTIOMOTO0 ~ CHUCTEMH  KEepyBaHHS  Ta
BHUMIPIOBAaHHS, Ta BiJIMOBIAHOTO MPUKIATHOTO
POTPaMHOTO  3a0€3MEUYCHHS, 3IIHCHIOETHCS
aBTOMAaTUYHE KEPYBAaHHS MPOIIECOM BHCTaB-
JICHHS BUTPATH T4 CaMUM BHMIpPIOBaHHSM, a
Tako)X  30epekeHHs  Ta  (OpPMYBaHHS
BIJIOBIAHOTO IIPOTOKOJTY BUMIPIOBAHHS.

[lepeBaroro  TakMX  yCTaHOBOK €
MO>KJIUBICTh PO3MIMPEHHS Jiana3zoHy
BIITBOPEHHsI 00’eMy Ta 00’€MHOi BHUTpaTu
raszy IMijJ 4ac JOCHIPKEHHs JYWIbHUKA Ta3y,
SAKUI Mae 3HAYHO IMIMPIIMKA Jiama3oH BUTPAT
Ta moTpedye  MPOMYCKaHHS  BEJIHKOTO
KOHTPOJIBHOTO 00’eMy Ta3y AJii OTPUMAaHHS
JIOCTOBIPHOTO Pe3yIbTaTy BUMIPIOBAHHS.

[Ticns  mpoBemeHoro  aHamizy  Oymo
OPUHHATO  pIIEHHS  BUKOPUCTATH  JUIA
peamizanii poOOYOro eTajlioHa YCTaHOBKY,

peamizoBaHy Ha ©0a3l NPHUCTPOIO IS
KaJiOpyBaHHS Ta TIOBIPKH JIYMAJIBHUKIB 1
BUTPATOMIpIB ra3y [5], M0 CKIagaTuMeThes 3
OJTHOTHITHHUX eTaJJOHHUX JMYUILHUKIB
BKIIIOUEHUX MapanenbHo. [Ipunnun mii takoi
YCTaHOBKH IPYHTYETHCS Ha SIBUTIT
AINTUBHOCTI TIOTOKIB, IO MPOXOJATh dYepes
€TAJIOHHI JIIYMJIbHUKH.

1 mepeBaru ICHYIOUMX YCTaHOBOK, 3pOOUTH
BIIMOBIIHI BUCHOBKM 1 BpaxyBaTH iX TIpH
pO3po0IIi poOOUOTo eTANOHY /ISl MOBIPKH Ta
KamOpyBaHHSI JIYMJIBHUKIB 1 BHUTPATOMIpIB
ra3y B JianazoHi o0'emMHuX BuTpaT Big 1 10
25 000 m3*/rom.

®opmyBaHHA wLijel cTATTI

HeoOxigHicTh CTBOPCHHS TaKol
YCTAaHOBKH  TNPOJUKTOBAaHA  BiJACYTHIM B
VYkpaidi METpoJIoriyHUM 3a0€3MEUYCHHIM IS
MOBIPKM Ta KaliOpyBaHHS JIIYMJIBHHUKIB Tra3y
tunopo3mipamu 10 G16000 3 BHYTpIlIHIM
niametpom a0 500 mm. Tomy po3poOka Ta
npoektyBaHHsi poOouoro eranony (PE), a
caMe YCTaHOBKM B Jiama3oHi 00’€MHOi
Butpatu g0 25000 M3/FO,Z[, sIKa 3MOXKE
3a0e3MeUnTH HAJIEKHY MPOCTEKYBAHICTD [0
HalllOHAJBHOI €TaJoHHOI 0a3u, IO Mae
MDKHApPOJHO BH3HaHI BUMIpIOBaJIbHI  Ta
KaJiOpyBabHI MOXJIMBOCTI 1 30epiraerscs B
AIT “IBAHO-®PAHKIBCBKCTAHAAPT
METPOJIOT'IA”, mae BenuKy aKTyalbHICTb

Yy KOHTEKCTI EHEProHE3aJIeKHOCTI HaIIoi
KpaiHu.

OCHOBHMH TEKCT CTATTI

PobGounii etamon DN50 — DN500 3

MAaKCHMAJIBHOIO BHTPATO0 0 25000 M%/rog
po3po0IsieThCst 3 JTOTPUMAHHSAM — BHMOT
JACTY 3383:2007 [6] Ta nmpu3HA4YeHHI I

NOBIPKM  JIYWIBHUKIB  razy 3rigHO 3
«IIopsaxom IIPOBEJCHHS MOBIPKH
3aKOHOJIaBYO peryaboBaHUX 3aco0iB

BUMIPIOBAJILHOT TEXHIKW» [7] y B1IMOBIIHOCTI
no: ICTY 9033:2020 [8], ACTY 9034:2020 [9],
JICTY 9036:2020 [10], ACTY 9037:2020 [11],
a TakoX MoOXe OyTH 3aCTOCOBaHMN TpHU
BUMPOOYBAaHHSAX Ta OIIHIN BIAMOBIIHOCTI
TYUIBHUKIB Ta3y Ha BiAMOBIIHICTH BUMOTaM

Texuiunoro permamMeHTy 3aco0iB
BHUMIPIOBAJIbHOI TeXHIKH [12].
ChopmyemMo  mepenik ~ BUMOT  JIO

€TAJIOHHOI YCTaHOBKM B Jiama3oHi 00’ €MHOi
BHTpaTH 10 25000 M*/rox;

- poboumit €TaJIoH MMOBHUHEH
3abe3neuyBaTd MPOCTOTY Ta  HaAIHHICTb
(repMETHYHICTB) T’ €IHAHHS JIYUIBHUKIB
3riAIHO 3 BUMOTaMU JI0  MOHTYBaHHS
JIYUIBHUKIB  pi3HOTO THUMY (TypOiHHOTO,
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Pucynok 1 — CTpykTypHa cxeMa po0o40ro eTajioHa

POTOPHOTO  Ta  yIBTPA3BYKOBOrO), IO
MicTaTbes B EJl Ha 111 TIYMIIbHKKY,

- MiClsl BCTAaHOBJICHHSI IE€PETBOPIOBAYIB
TUCKY i TeMIepaTypu poOo4Yoro ceperoBHUIlna
B JIYWIBHUKAX, IO JOCIIKYIOTh, MAarOTh

BIJMOBIJaTH  BHMOTaM, YCTaHOBJIEHUM B
eKCIUTyaTaliiHIid  JOKyMeHTalil Ha
JIYAIBHUK,

- KOHCTPYKTHBHE O0(popMIIEHHS POOOYOro
€TaJloHa TIOBMHHO BIJINOBIATH CYyYaCHUM
BUMOTaM €pPrOHOMIKH Ta JU3aiHY;

CrpykTypHa cxema poOOYOoro erajgoHa
HaBezleHa Ha puc. 1.

YMOBHI MO3HAa4e€HHS Ta HOMEHKJIATypa
€JIEMEHTIB, 300pa)k€HUX Ha CTPYKTYpHIH
cxemi, HaBeJleH1 y Tabmui 1.

[TpoexTyBaHHS 371ICHIOBAIN KEPYIOUHChH
HACTYITHUMHU BUMOT'aMU:

- KOHCTPYKIIist €TaJloHa  TIOBHHHA
3a0e3nedyBaTu 3py4yHe Horo o0CIyroByBaHHs
Ta JOCTYIl O BCIX HOTO €JIEMEHTIB, a came,
€TAJIOHHUX JIYWIBbHUKIB, TEPETBOPIOBaUiB
THUCKY Ta TeMIIepaTypH, 3aCyBOK TOIIIO;

- gocmigHi Hii  1-2  Ta  eTanoHHi
JYUIIBHUKA 2—6 MOBUHHI OyTH pO3MIilleHl Ha
Bucoti 950 mm Haz piBHeMm mijoru (Etanon 1
NOBHMHEH OyTH PO3MILIEHUI Ha OAHINA BUCOTI 3
ETtanonom 2 abo Hag HUM);

- JIOCNiJHI Ta €TaJOHHI JiHiI NMOBHUHHI
3a0e3nevyBaTu MpUETHAHHS TIEPETBOPIOBAYIB
Temneparypu Ha  Bigctani  2DN  mo

eTaJoHa/IYnIbHUKA Ta 2DN iCIIst
eTaJIOHa/TIYHIIbHUKA.

- JlocaigHi Ta e€TaJOHHI JIiHII MOBHUHHI
Maru (bituHrH IUIA BiIOODPY
TUCKY/pO3pipkeHHs Ha BiacraHi 2DN 1o
eTaJIOHa/TIYMIbHUKA Ta 2DN MiCIIs
eTaJIOHa/IIYMIIbHUKA;

- gociimHl  JiHIT  IMTOBHHHI Oytu

OCHAIIICHHI JONOMDKHUMH €JIeMEHTAMU JIJIs
MOHTa)XY/JIEMOHTQXY 3a JOMOMOTOI0 KpaH-
6anku abo Tenbdepa;

- mI JOCHIAHHUMH JIHISIMH T[IOBHHHI
Oy pO3po0JieHI TEpPEeHOCHI pEeryiorui
OTOpPH JUISl YTPUMAHHS BIJMOBIAHUX HPSIMHX
minsHok  DN50, DN80, DNI100, DN150,
DN200, DN250, DN300, DN400, DN500;

- BCl BUTOTOBJIEHI €IEMEHTH POOOYOTro
eTaJloHa TOBUHHI OYyTH TOKPUTI 3aXHWCHUM
NOKPUTTSM ((apOa/ranbBaHidYHE TOKPUTTS);

- BXIJHI IUISIHKH TPYOOIPOBOJIB Iepen
Eranonnumu muniasHuKamMu 1 — 6, a Takoxk
nepen  JOCTKYBAaHUM  JIIYMJIBHUKOM — HE
noBuHH1 Oyt MeHIMMH HIK 10DN;

- BUXIiJHI JUISSHKU TPpyOOTIPOBOIIB MiCIHS
Eranonnux miuuiabHUKIB 1 — 6, a TAaKOXK ITiCIIA
JOCTIPKYBAHOTO JIIYWJIbHUKA HE TIOBHHHI
Oytu MeHmuMHu HiXK SDN;

- BiJCTaHb Tepel BXIIHOK AUISHKOIO
TYWIBbHUKA 1 OyAb-SKOK TMEPEeHIKOJA0 He
MMOBUHHA OyTH MEHIIIOO 3a 3.5 M.
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Tabumnus 1 - YMOBHI mo3HaYeHHsI Ta HOMEHKJIATypa HeoOXiTHMX eJIeMeHTiB,

siKi OyAyTh 3aCTOCOBaHI B CKJIa/i yCTAHOBKH

Tlo3nauenns

HomeHnkiatypa

Bentumnsatop — 1 mr.

Bentunsitopu 3 enextponsurynom 45 kBt. 3000 06/xB. - 4 .

[MoBoporHwuii 3aTBop DN50 PN16 BupoOHuITBa — 1 10IT.

IToopornwuii 3arBop DN300 PN 16 BupoOHuITBa — 4 1MIT.

IToBoporHwuii 3atBop DN150 PN16 BupoOHuIITBa — 1 1IIT.

FO
o draelle

[TepeTBOproBaui TeMneparypy 3 30BHIIIHBOO pi3pOor0 M20x1.5 — 7 .

®
®

[TepeTBOproBayi nepemnamy TUCKY — 8 HIT.

Bi6porcraBka, EPDM, Py16 (diameTp y BiAMOBIAHOCTI 7O MiCIsi MOHTaXY)
— 6 mT.

Kpan ¢mann. Ay 50/50 ninero3Bapuwmii (Py=16, T=-35...+180°C) — lmT.
Kpan kynvoBuii Guannesuit 565 Iy 150 Py=16 — 1 wir.

Kpan ¢masn. [y 300/300 1ineHO3BapHMiA 3 pemyktopoMm (Py=16,
T=-30...+180°C) — 1.

(Micye 6cmanoenenus 6ionogiono 0o oiamempy mpyoonposooy)

3aTBOp OUCKOBUI MOBOPOTHUIT Mik(pranuesuii, 6atepdusait DN150 PN16 —
1 mT.

3aTBOp OUCKOBUI MOBOPOTHUIT Mik(pnanuesuii, 6atepdusait DN500 PN16 —
L.

T Xa¥e X O

Dnanuesi min’ efHAHHA ;
Jlinig 1 — Big DN50 o DN150
JIiuii 2 — Big DN50 1o DN500

Eranon 1

Etanon poropuoro tuny G100 — 1 mr.

Eranon 2

Etanon poropHoro tuny G650 — 1mr.

Etanon 3 — Etanon 6

Etanon typ6innoro tuiry G4000 DN300 — 4.

Jlinis 1

JocnigHa miHiS Is1 MOHT2XY JIYMIBHHUKIB T3y POTOPHOTO, TYpOiHHOTO,
yIBTPa3ByKOBOTO THITIB YMOBHOTO niamerpy Big 50 MM jmo 150 mm 3
yHiBepcaJdbHUM (rmaHIeBUM TiJ’€JHAHHAM 10 (JIaHIIB JTIYHIBHUKA
po3paxoBaHoro Ha THCK Big PN6 mo PN100

Jliuis 2

JocnigHa niHiS IS MOHT2XY JIIYMIBHHUKIB T3y POTOPHOTO, TYpOiHHOTO,
YIBTPa3BYKOBOTO THITy YMOBHOTO miameTpy Bim 50 MM mo 500 mwm
3 yHiBepcaJibHUM (JaHIEBUM Tix’€IHaHHAM A0 (IaHLIB JIIYMIbHUKA
po3paxoBanoro Big PN6 no PN100
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[Tpunuun ycraHOBKM NOOYyIOBaHUI Ha
NOPIBHSHHI TPUBEACHOTO 10 CTaHAAPTHUX
yMOB 00’emy Ta3y, SKHH  OOJIIKyBaB
CTAIOHHUM JIYUAITBHUK 13 00’eMoM,
BUMIPSIHUM JIOCIIITHUM JIYHUJIbHUKOM, SIKUN
MOBIPSIETHCA. B SIKOCTI €TaJIOHHUX
JIYMIHHUKIB B YCTAHOBII 3aCTOCOBaHUI HaOip
3 YOTUPbOX TYpOIHHUX Ta JIBOX POTOPHHX
JYUITBHUKIB.

PoGounii eranoH, SKUMl CIPOEKTOBAHUMN
daxiBusmu  JII1  “IBAHO-®PAHKIBCBHK-
CTAHJAPTMETPOJIOI'IA” [13] 3
MaKCHMaJIbHOIO BUTpaToro a0 25000 M3/FO,I[,
CKJIaJIa€TbCS 3 CHUCTEMH TPYOOIPOBOMIB 3
arperatraMyd Ui CTBOPEHHS IOTOKY Tasy,
Habopy napajieJIbHO BCTAHOBJICHUX
eTalioHHUX  JiyminbHUKIB razy (EJ) 1
JOCITIJIKYBaHOTO JTYMITBHUKA razy,
BCTAQHOBJIGHOTO TMOCIIOBHO 10 ETAJIOHHHUX
JYNITBHUKIB, CUCTEMH peryitoBaHHs
BUTpAaTH, TIEPETBOPIOBAYIB TEMIEpaTypu 1
TUCKY, CUCTeMH 300py, mepenadi i oOpoOku
iHdopmaii. B ckiaal ycTaHOBKHM mapaiebHO
BcTaHOBIIEHI eTaynonHi miumibarkn DN 300 3
MOYJIMBICTIO 0JTHOYacHOi poOotu. Ilpu oMy
HaOip 3 mectu EJI mexaHiyHO po3B's3aHuit
BiJl arperaTiB CTBOPEHHS IOTOKY Ta3zy 1
JIOCJIIJDKYBAHOTO  JIIYMJIBHUKA Ta3y uepes
creniaaizoBaHi BIOpOBCTaBKH, Y4OTUPH
napajenbHuX ertamoHHux JiHii 3 EJI 3
Butparoro 6500 M>/rox IPOMNOPILiHI
3pPOCTaHHIO 3HAYEHHS JOCTIKYBaHOL
BuTpatd. CucTeMa peryJIroBaHHs BUTpATH
ra3y depe3 IOCT/DKyBaHWW IJYMIBHHUK Ta3y
BUKOHaHa OaraTOCTyneHeBa 1  BKJIIOYAE
arperaTHl JUlsi CTBOPEHHS TIOTOKY 3 YaCTOTHUM
yIOpaBIiHHAM,  JAJAS  4YOTHPHOX  JIiHIH,
perymsTop BUTpATH 3 MO3HIIHHUM
peryroBaHHAM cTalumizamii MOTOKY MpH
PI3HUX peKuMax poOOTH arperary i 3acCyBKH 3
00epTOBMMH  TIPUBOJAAMH 1  TO3HI[IHUM
pEryIoBaHHAM I 3a0e3MeueHHs] TOYHOTO
BHCTAaBJIECHHS BUTpPATH B KOXHIN €TaJOHHIN
ninii. 3D-Monens pobovoro eTanoHy OAUHUIID
00’emMy Ta 00’€MHOI BUTpATH a3y B Jliana3oH1
00’emHOi BuUTpatu Binx 1 M3/I‘O,Z[ mo 25000
M3/F0I( HaBeJleHa Ha PHC.2.

ITapanenbue BUKOPUCTAHHSA
€TAJIOHHMX JHYWIBHHUKIB Tazy ¥y

TaKUX
CTEHIII

Memoou ma npunadu KOHmMPOJII0 AKOCHE 39

II03BOJISIE 30UIBIINTH niamna3soH
BI/ITBOPIOBAHUX BHUTPAT, IO 3AJCKUTH Bif
KUIBKOCTI BCTAaHOBJIEHUX i 3a0ISTHUX
€TaJIOHHUX JIYUIBHUKIB Ta3zy, 3a0e3MeuuTH
METPOJIOTIUHY TPOCTEKYBaHICTh BUMIPIOBAaHb
IO HaIlOHAJIBLHOI eTaJoHHOI Oa3u, a caMe 10
BTOPMHHUX €TAJIOHIB B Jiana3oHi 00'€éMHOI
BUTpATH rasy 10 7800 M°/roj, 10 BOIOMIIOTH
MIKHAPOJHO BH3HAHMMHU BHMIipPIOBAJIbHUMU
MOJIMBOCTSIMH Ta omy0iikoBanumMu CMC-
psankamu B MikHapomHid 6a3i KCDB mig
rpudom UA4.

JiuunpHUKYA TPOUIUIM KamiOpyBaHHS Ha
JEPKAaBHOMY BTOPUHHOMY €TAJIOHI OJMHHUIIb
00’emy Ta 00'emHoi Butpatu razy BETY 03-
01-03-11 Ta BETVY 03-01-04-12 TakuMm 4YHHOM
IxHl TUHAMIYHI niana3soHu OyayTh
NepeTUHATUCS 33  JEKUIbKOX  3HAYCHb
00’eMHux BuTpar. Lle nae cyTTeBi nepesary, B
NOPIBHSAHHI 13 ~THUNOBUMH  TOBIPOYHUMH
YCTaHOBKAMH 3 €TAJIOHHHMH JIIYMJIbHUKAMU, B
JKWX Jlalma3oHd €TAJOHHUX JIYMIBHUKIB
NEPETUHAIOTHCS TUIBKM B OAHIN CHIIbHIN
TOYII.

To6To 13 3acTocyBaHHSIM MPOrPaMHOIO
3a0€3MeYeHHs] YCTAaHOBKH € MOXJIHMBICTh
MPOBEJCHHS J1IaTHOCTUYHUX BUMIPIOBaHb 3
METOI0 TOCTITHOIO KOHTPOJIIO CTabUIbHOCTI

METPOJIOTTYHUX XapaKTepUCTUK Ta
HEBHU3HAUEHOCTI BUMIPIOBAHb YCTAHOBKH.

v BIIMIOBITHOCTI 10 ITopsanky
KaJliOpyBaHHST ~ BTOPMHHUX Ta  poOOYMX
€TaJIOHIB [14], YCTaHOBKH, K1
3aCTOCOBYIOTBCSl Ul TIPOBEICHHS TIOBIPKH
3aKOHOJIaBYO peryaboBaHUX 3aco0iB

BUMIPIOBAJIbHOT TEXHIKH — JIIYWJIBHUKIB Tra3y,
MOBUHHI TMPOWTH OOOB’SI3KOBY TPOLEAYPY
KamOpyBaHHSI 13 PO3pPaXyHKOM 3HA4YEHHS
PO3MIUPEHO] HEBU3HAYEHOCTI.

Po3paxyHOK po3ImupeHoi HeBU3HAYEHOCT]

BHUMIPIOBaHb €TaJIOHHO1 YCTaHOBKH
3MIACHIOETBCA Mg Yac TPOBENCHHA i
kanmiopyBanHs. [Ipouenypa kamiGpyBaHHS
MPOBOAUTHCS  3TigAHO  Meroauku  [15].
Meroanka Ha TOYaTKOBOMY €Talll rnepeadoadae
MOETAIHE KaJiOpyBaHHS KaHaliB

BUMIPIOBAaHHS THUCKYy Ta Temmeparypu (Ha
JIHISX  CTAJIOHHUX JIYMJIBHHUKIB Ta Ha
nocimimHii - miHiD) 1 wacy. KamiOpyBaHHs
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BKAa3aHUX KaHAJliB MPOBOJAUTHCS B CKIAl
YCTAaHOBKM [  BUKIIIOUYEHHS  BIUTUBY
MOHTa)Xy, 3a0€3MeYeHHS TEePMETHYHOCTI Ta
MepEeBIPKH poboTtu MIPOTPaMHOTO
3a0e31eyeHHs . s KaiOpyBaHHS
3aCTOCOBYIOTh KalliOpaTtop THUCKY, TEpMOCTAT
3 €TaJOHHHM TEPMOMETPOM Ta YaCTOTOMIp.
Jlis KO)KHOTO KaHally BU3HAYAEThCS CKIIa/10Ba
CyMapHOi HEBU3HAYEHOCTI 3a THUIOM A Ta
TUIIOM B (3 BpaxyBaHHSIM HEBU3HAUEHOCTI

€TaJIOHHOro  3aco0y, SKUM  TPOBOJIWIU
KaiOpyBaHHS).
KaniGpyBanHss KkaHany  BHUMIpIOBaHHS

00’eMy razy, TOOTO €TaJIOHHOTO JIYHIIbHUKA,
BIIOYBAa€TbCSA 13 3aCTOCYBAaHHSIM €TaJIOHIB
nepeaBaHHs. ETanonu nepeaBaHHs
IPOXOJATh TMEploJIMYHe KajniOpyBaHHS Ha
HAI[IOHANTFHUX JIEP)KaBHUX T[EPBUHHUX Ta
BTOPMHHUX €TajoHaX 00’eMy Ta BUTpPaTU
rasy.

KpiMm TOrO, TPOBOAMUTHCS PO3PaXyHOK
CKJIaJI0OBOI HEBU3HAYEHOCTI, SKa 3YMOBJICHA
e(eKToM HaKONMUYEHHS 00’eMy yepe3 3MiHY
TeMIepaTypu 3a qac MIPOBECHHS
KanmiOpyBaHHs. [l 3MEHIIEHHS  BIUIUBY
IbOTO €(eKTy, YCTaHOBKA CKOHCTpyHOBaHa 13
3aCTOCYBAHHSM YOTHUPHOX napanxeIbHuX
muik  (dy 300 ™M) gns MOHTaxy
JYMJIBHHUKIB, 3 MOJKJIMBICTIO BiJICIKAHHS
JI0JJAaTKOBOTO TpHeAHYBaHOro 00’emy. Ilpu
bOMY, PO3PaxyHKH  TpPOBOAATHCA  JJIs
KOXXHOTO €TAJIOHHOIO JHYWIBHHUKA B CKJIAl
YCTaHOBKH.

PospaxyHok miel CKJIaZIOBO1
HEBU3HAUEHOCTI 3/IIHCHIOETHCS 32 HACTYIHOIO
dhopmyIor0:

A =\. . |TenMM _TstMM |_|_| TenMM _TstTM | (l)
Vol T Ty +273,15|  |Typ +273,15)

S

V.. —
MPOCTOPY  YCTAaHOBKM  MIDXK  €TaJIOHOM

NepeaBaHHs Ta €TAJIOHHUM JIYMIbHUKOM,
M, T, T T, T v - TEMIIEPATYPU B

enMM ? "stMM * "enTM ! " stTM

CyMapHuUil 00’€M BHYTPILIHHOTO

KiHIl (€Nn) Ta Ha modarky (St) BUMIpIOBaHHS
NEPEeTBOPIOBAYIB HAa €TAJIOHHOMY JIYMIIBHUKY
(MM) Ta Ha eranoni mnepexaBanus (TM)
BigmosigHo, °C.

HeBusnauenictb BHUMIPIOBAHHS,
3yMOBJIeHa e()eKTOM HaKOMUYEHHS 00’ eMy:
A,
Ug, =100 -—==—, 2

EHi \/§VK

VK — KOHTpOJBHHUH 00’€M, KU TPOXOIHTH

gyepe3 CTAJIOHHHWH JIYWIBHUK 332 Yac OJHOTO
. 3

BHUMIPIOBAHHS, M.

Hactymanm eTarnom MIPOBOTUTHCS
KagiOpyBaHHS ~ €TAJIOHHMX  JIYMJIBHHKIB.
KamiOpyBanHss  €TaJOHHMX  JIIYMJIBHUKIB
PEKOMEHAYETbCS TMPOBOAMTU B  TOPSIKY
crialaHHs MaKCUMAaITbHOT BUTPATH.
KanibpyBanus KOYKHOTO €TaJIOHHOTO

JIYUJIbHUKA IPOBOAUTHCS HE MEHIIE HIX B 9-
TH TOYKaX 00'€MHOT BUTPATH, PO3MOIIICHUX Y
BChOMY Jiama3oHi 00'€eMHOT BHUTpaTH Y
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