AHOTAIISA

Mucax 1.B. T'inpaBiiuHe MOJICJIIOBaHHS MEPEX JOIIOBOr0 BOJOBIABEICHHS 3a
HAsIBHOCTI peryjoBaHHs CTOKy. — KBsamidikamiiiHa HaykoBa mpals Ha IpaBax
PYKOIIUCY.

Juceptarmiss Ha 3700yTTS HAYKOBOTO CTymeHs JokTopa (dimocodii 3a
crierianpHicTIO 192 — ByniBaunTBO Ta nuBUIbHA 1HXeHepis ( 19 — ApxitekTypa Ta
OyniBHUIITBO). — HamionaneHuit yHiBepcuteT “JIbBiBChbKa nositexHika”, JIbBiB, 2021.

[Ipobiiema 3arorieHHsS YpOaHI30BaHUX TEPUTOPIM B VYKpaiHi BHACHIIOK
301IbIICHHST 00’€MIB Ta BUTpAT MOBEPXHEBOIO CTOKY IIJCHUIIIOETHCS 3POCTAIOYUMU
TpeHaamMu ypOaHizaiii, KJIIMAaTHYHUMH 3MiHAMHU Ta TPOOJIEMHUM TEXHIYHUM CTAaHOM
BOJIOBIJIBIAHUX MEpPEX. AHaI3 BKa3ye Ha Te, IO aKTYalbHICTh III€l MpoOsemMu
3pOCTaTHUME YIPOJOBXK HACTYIHUX ACCATWIITH. [[e cioHykae HayKOBY Ta iH)KEHEPHY
CIIUIBHOTH JI0 PO3POOKH CTpaTeriil 1 MIaHiB yIPaBIiHHS JOIIOBUM CTOKOM, a TaKOXK
0 ILIMPOKOT0 BIPOBAKEHHS B YKPAiHCbKY 1HXKEHEpHY MPAKTHUKY CHUCTEM
peryJitoBaHHs TOBEPXHEBHM CTOKOM, SIKI MalOTh OyTH HAyKOBO OOIpYHTOBaHI Ta
MIPUCTOCOBAHI JI0 MICIIEBUX KJIIIMAaTUYHUX, MICTOOY/IIBHUX Ta €KOHOMIYHUX YMOB.

Y po0oTi BHUPIIIEHO BaXKJIMBE HAYKOBO-TIPAKTUYHE 3aBJaHHS — PO3POOJICHHS
HOBUX 1 YJOCKOHAQJICHHS BIJIOMHX METOMIB MOJIEITIOBAHHS JOIIOBOTO CTOKY Ha
3a0yZIOBaHUX TEPUTOPIAX 3 YypaxXyBaHHAM PETYIIOBAIBLHOTO BIUIMBY OKPEMHUX
€JIEMEHTIB BOJOBIABIAHMX cCHopyA. Pe3ympraTé poOOTH MarOTh 3HAYEHHS IS
3a0€3MeUYeHHs] KOMIUIEKCHOI HAJIMHOCTI CUCTEM BOJIOBIJIBEICHHS HACEJICHUX ITyHKTIB
VYkpainu B yMOBax MOCTIMHOTO HAPOCTaHHS TEHJEHIIN ypOaHi3alliiHUX MPOIIECIB Ta
3 ypaxyBaHHSM TI00aJbHUX 3MIH KIIIMATHYHUX TTApaMETPIB.

BusnavanbauMm (dakTopoM i po3poOJieHHsS Ta IMIUIEMEHTallll aJeKBaTHUX
NPaKTUYHUX IUIAHIB 3 YMPABIIHHSI TOBEPXHEBUM CTOKOM € MOro HayKOBO-
OOTPpYHTOBAaHE MOJICJIIOBAHHS, SIKE€ 3HIHCHIOETHCA BIAMOBITHO A0 KIIMATHYHUX
XapaKTepUCTUK 1 TapaMeTpiB OaceliHa CTOKYy 3 YypaxyBaHHSM Jlalla3oHIB ix
IPOrHO30BaHOI 3MIHU B Yacl.

MopentoBaHHsI TOBEAIHKMA MOBEPXHEBOIO CTOKY 3 YpOaHI30BaHUX TEPUTOPIN €

CKkJaaHoI0 OaratodakTopHOO mpoOiemoro. OOrpyHTOBaHO, IO JOCTOBIpPHI



pe3yabTaTH MOENIOBAHHS CKJIAAHUX JOUIOBUX BOAOBIABIAHMX MEPEX 3 HASBHICTIO
PEryIIOBAIBHUX CIIOPYJ MOKHA OTPUMATH JIMIIIE 3 3aCTOCYBaHHAM OaraTopakTOpHUX
YHCENIbHUX MOJEJIEH, 110 peani3yoThCs Y BIANOBIIHUX KOMIT FOTEPHUX MPOrpaMax.

AHaJi3 BKa3ye Ha Te, 110 HalOUIbII BUKOPHCTOBYBAaHMM Ha ChOTOJHI y CBITI
IHCTPYMEHTOM JJIi KOMII IOTEPHOTO MOJEIIOBAHHS POOOTH CHUCTEM JOIIOBOTO
BOJIOBIJIBEJICHHS Ha ypOaHI30BaHUX TEPUTOPISIX € MporpamMHuil komruiekc SWMM.
PazoM 3 TuM, SWMM BUKOPHCTOBYE psi/i CIPOIICHUX IMIAXOAIB O MOJCIIOBaHHS
T1APOJIOTIYHO-TIAPABIIYHUX XapaKTEPUCTHK CHUCTEM JOIIOBOTO BOJOBIIBEICHHS.
3o0kpeMa, JJIsi MOJISTIOBaHHS TIEPBUHHUX TiJIporpadiB CTOKY 3 OKpeMUX MigdaceiHiB
CTOKY BUKOPHUCTOBY€ETHCS HAOMMKEHHM METOJ| HENIHIMHOrO pe3epByapy, B SKOMY
nigbaceiiH AOBUTbHOI (OPMH B TJIaHI YMOBHO PO3IJIAJAETHCS SIK PIBHOBEIUKUN 3a
IUIOLIEI0 MPSIMOKYTHHK 3 JOBXXHHOIO, PIBHOIO pajilyCy KOHIIEHTpAIllli MOBEPXHEBOTO
MOTOKY, a MOXWJ MigdaciieHa y HampsMKy [0 AOUIONpHiiMada MPHUITYyCKAEThCS
OJIHAaKOBHM Y BCIX HOT0 TOYKaXx.

[Ipn TUTaHyBaHHI EKCIIEPUMEHTAIBHUX JIOCHIDKEHb TiAporpadiB  CTOKY
OOTPYHTOBaHO CHUCTEMY MaclITabiB AOCHIKYBaHMX (i3uuHux BenuuuH. [lpu
MacimTaOHuX Koedirientax rauOuau motoky Cy= 1, cepeaHboi MIBUIKOCTI MOTOKY
Cy =1, yacy C,= C; , 1HTeHcuBHOCTI oy C,= 1/C;, nioii gomonpuitManbHOTro
orBopy C,= Ci, BAaeTbcs NOCATTH HAa (I3MYHIA MOJENI OJHAKOBOTO MacIITaly
00’€MHOI BUTpaTH JAOLIYy, [OBEPXHEBOTO MOTOKY Ta BUTPATU KPi3b AOLIONpHUIIMAY
Co=Cr; OKpiM TOro OJHOYACHO 3a0e3MeuyeThCcsl MOAIOHICTh MOJEIBHOIO Ta
HATYPHOTO sIBUIII sIK 32 KpuTepiem dpyna, Tak i 3a kputepiem PeitHonbaca.

3ampoeKTOBaHO Ta 3MOHTOBAHO JOCHIAHY YCTaHOBKY, Ha SKIi MOXHa
eKCIIEPUMEHTAJIbHO MOJENIOBAaTH Tiaporpagu JOMIOBOIO CTOKY 3 THUIOBHUX
KBaJpaTHUX y IUIaHl TMig0acedHIB CTOKY Yy Jlana3oHi 3HAa4€Hb TI'€OMETPUYHOTO
macmtady C;= 10—30, mo BignmoBigae HaTypHUM MigdaceiiHaM 3 pO3MipaMu Bin
15x15m po 45x45 M. KoHCTpyKIisi €KCIepUMEHTaIbHOI YCTAaHOBKH JI03BOJISIE
MOJIETIOBAaTH TiAporpadu CTOKY 3 IUIOCKUX MiAOaceiHIB AJid PI3HUX BUCOTHUX CXEM
31 3HAYEHHSAMH IIO3J0BXHBOTO Ta TmomnepeyHoro mnoxuiiB Big 0,005 mo 0,02.
OOrpyHTOBaHI B pOOOTI METOAM EKCIEPUMEHTAIBLHUX IOCHTIKEHb Ta 0O0poOKH

eKCIIEPUMEHTAJIbHUX JaHUX 3a0e3MeuyloTh BIAHOCHY TMOXHMOKY BH3HAYEHHS



MaKCHMaJbHOI BUTpaTH CTOKY He Oinbinoro 3a 0,48 %.

OOrpyHTOBaHO Ta pPO3POOJIEHO YIOCKOHAJNECHUN TPUBUMIPHUNA CEKTOPHHI
METOJI, IO JO3BOJIIE BPAaxXOBYBAaTH (PaKTUUHY KOH(DITYpallif0 Ta BUCOTHY CXEMY
ypOaHi30BaHOTO TigdaceiiHa CTOKY 32 paXyHOK aBTOMAaTUYHOTO BU3HAYCHHS TTOXHIIIB
JUTS KOKHOTO CEKTOpa Ha TMiACTaBl OOpOOKM JaHWUX IIOJ0 TPhOX TEOAE3UUHUX
KOOpAMHAT YCIX XapaKTepHUX TO4YOK TmijgdaceitHa. IlepeBaroto TpUBUMIPHOTO
CEKTOPHOTO METOJYy HaJl MPOCTUM CEKTOPHHUM METOJIOM € BpaxyBaHHA 3MIHHOTO
MOXMJTY TTOBEPXH1 JI0 TOLIONpUiiMaya Jisl mig0aceiHiB 3 MJIOCKO TOIOJIOTIE.

BpaxyBanns y 3D cekTOpHOMYy METOJi 3MIHHOTO TIOXWJIY IUIOCKOI
ypOaHi30BaHOi MOBEPXHI, 3aJIEKHO Bl PO3TAIlyBaHHS CEKTOpPa, 3yMOBIIOE BIAUYTHI
3MiHH B Tiporpadax CTOKYy: CKOPOUEHHS Yacy MOBEpXHEBOi KOHIeHTparllii Ha 13,7 %
Ta 3011blIEeHHS TKOBOI BUTpatu Ha 11,3 % mopiBHSHO 3 pe3yapTaTaMH 3a MPOCTHM
CEeKTOpHUM MeTo10M. [1opiBHIHO 3 METOIOM HElNiHIHHOTO pe3epByapy 3D cexkropHuii
METO/] Ia€ MaKCUMaJIbHy CEKYH/IHY BUTPATy JIOIIOBOTO CTOKY, Oinbiny Ha 43,8 %.

Po3po6ieno mMaTemMaTnuHy MOJENb PETYNIOBAIBHOTO BIUIMBY Ha riaporpadu
JIOIIOBOTO CTOKY €EMHICHHX CIOPYJ CHUCTEM JOIIOBOTO BOJOBIABEACHHS — BiJ
3BUYAMHMX KaHAII3alIMHUX KOJOJS31B JI0 CIICIiaIbHUX PErYJIIOBaJILHUX Pe3epByapiB
nomoBux cTiunux Box (PICB). Po3poOneHo BiANOBIAHY YHCEIbHY CXEeMy Ta
JITOPUTM KOMIT FOTEPHOTO PO3PaxyHKy, IO TO3BOJIAIOTH PO3B’SI3yBaTH MPSMY Ta
3BOPOTHY  3aja4dl  TiApaBIIYHOTO  MOJCIIOBAHHS:  BH3HAYUTH  MMOTPIOHMIA
peryIoBabHUIA 00’€M €MHICHUX CHOPYJ NpH 3aJaHUX TPAHUYHUX IapaMeTpax
rigporpadiB CTOKY y 3aIlaHMX KOHTPOJBHUX Mepepizax ado X BUSHAYUTH MapamMeTpu
rizporpaga CTOKy TMpH  33JaHUX  XapaKTEpPUCTUKAX  BUIIEPO3TAIIOBAHUX
PETYIIOBATBHHUX CHIOPYI.

Po3paxyHKoBi 3HaUeHHs KOeilieHTIB perynoBaibHoro 06’ emy PJICB, otpumani
3a 3amporOHOBAaHUM y poboti meroaoMm, y 7,1 — 12,9 pa3 menmi 3a BiAMOBimHI
3HadyeHHs 3a MeTojioM CIIOI'ACY, 1m0 MOSICHIOEThCA SK PI3HHUIICID O€3pO3MIpHHUX
rizporpadgiB MNPUTOKY, TaK 1 BpaxyBaHHAM Yy 3aIpOMNOHOBAHOMY METOJI

peryJIroBalIbHOI 3JaTHOCTI PO3TAIlIOBAHOI BUIIE BOJAOBIABIIHOT MEPEXKi, SIKa KiJIbKICHO



XapaKTepU3y€eThcs KOe(]IiEHTOM pETyJIOBaHHS MAaKCUMaNbHOI BHUTpaTH abo X
Koe(]ilieHTOM 3alTOBHEHHS BUIBHOI EMKOCTI Mepexi [3.

OTprMaHO EeKCIIePUMEHTANbHY 3aJeKHICTh KOe(]IlleHTa CTOKY \ BiJ BUCOTH
mapy omnaaiB /y, 110 3 BUCOKHUM CTYIEHEM TOYHOCTI MOKe OyTH OIucaHa JIHIE
TPEHIy 3a JOTICTHYHOI0 Mojestto. [Ipu 3HaueHHi hy,=< 7 MM eKCIepUMEHTaJIbHHI
koedimieHT ctoky Y~ 0,95, mo BiAMOBIZA€E 3HAYCHHIO, K€ PEKOMEHIYETHCS B
YHHHUAX B YKpaiHi METOJUKAX PO3paxyHKY MMapaMeTpiB JOMIOBOTO CTOKY 3 MOBHICTIO
BOJIOHETIDOHUKHUX ypOaHi30BaHUX OaceiHiB cTOKy. 3a 30imbIeHHs /1y KOoeimieHT
CTOKY TIOCTYIIOBO 3pOCTA€, ACUMIITOTHYHO HAOIIKAIOYUCH 10 3HAYCHHS Ymax = 0,988.

YI0CKOHAIEHO METOAMKY EKCIIEPUMEHTAIBLHOTO BH3HAYEHHS MaKCHMAalbHOI
BUTPATH JIOMIOBOTO CTOKY, IO TOJSATAE Yy anmpOKCHUMAIHIA 0O0poOIll miama3zoHy
eKCIIEPUMEHTAJIPHIUX TOYOK Ha KPUBIH 00’€My B OKOJI TOYKH MaKCHMyMYy, IO
BIJIIOBIJIA€  TPHUBAJIOCTI  MOJEIBHOTO JOULYy £y, BIJHOCHA PI3HUIL  MIX
PO3paxXyHKOBUMH 3HAYEHHSIMH MaKCHMaJIbHOI BUTPATH, OTPUMAHUMU 3 JIHIHHUX Ta
KBaIpaTUYHUX anpokcuMmalliii, He nepesuurye 0,18 %.

ExcniepuMenTtansHi Timporpady JOMIOBOTO CTOKY, OTpUMaHi Ha (i3W4YHINA
MOJIENl, CYTTEBO BIJPI3HAIOTHCSA BIJI TEOPETUYHUX TiporpadiB, BHU3HAYEHUX 3a
CEKTOPHUM 1 TPUBUMIPHUM CEKTOPHHM METOJOM, a TAaKOXX METOJIOM HEIHIHHOTO
pesepByapy. [IprunHa Takoi BiIMIHHOCTI TIOJIATAE B MPUITYIIIEHH] PO BUIBHUI BUTIK
pIIMHU 3 TepuTopii migdaceiiHy, 10 MNPUHUMAETBCS Y BCIX BHUIIE3TaJaHUX
TEOPETUYHUX MOJICTISX.

OTpuMaHi eKCHepUMEHTalbHI TiJiporpadu TPUTOKY B JOUIONPHUIAMATIBLHUM
KOJOJS3b CKJIAMAIOThCA 3 TPhOX XapakTepHux eramiB. I[lepmmii eram BiamoBimae
poIlecy KOHIIEHTPYBaHHS MMOBEPXHEBOTO CTOKY 3 TEPUTOPIi migdaceitHa Ta BITbHOMY
BUTIKaHHIO KPi3b JonIonpuiiMaibHui oTBip. Ha mbomy etami oTprMaHO aHAJOTIUHY
MOBENIHKY €KCIEepUMEHTAIbHUX TifporpadiB Ta BIAMOBIAHUX TEOPETHUYHUX
nepeadayeHb, 3p00JIECHUX 3a TPUBUMIPHUM CEKTOPHUM METOIIOM.

Hpyruii eranm rigporpadiB BiIOyBAa€TbCS MiJ BIUIMBOM JBOX PYIIHHUX
dakTopiB: 3 omgHOrO OOKY, TUIABHOTO TEPEXO0y TMOBEPXHEBOTrO Tiaporpada Ha

MOCTIAHY BEJIWYUHY BUTPATU NPU { > foy , 3 THIIOTO — MOCTYNOBUM 301JIBIIEHHIM



ITMOMHM TIOTOKY B MICII PO3TalllyBaHHs JOMIONpUAMAadya Ta MEPEXOoaoM HOro
CIIOYATKy B PEXHM BOJO3JIMBA 3 IMPOKHM TIOPOTOM, a Jaji — B PEKUM HaIliPHOTO
BUTIKaHHA Kpi3b OTBIip. [liamip, 3yMOBIEHHI OOMEXKEHOI0 MPOMYCKHOIO 3AaTHICTIO
JOMIONPUIMAIBHOTO OTBOPY, 3YMOBJIIOE 3BOPOTHHU BIUIMB BBEPX IO Tedil Ha
MOBEPXHEBUI MOTIK, YTBOPIOIOUM BIAMOBIAHY KIHEMATHYHY XBUJIIO, IO PYyXa€TbCA
IPOTU HAMPSAMKY Tedii. Pe3ynbraTtoM Takoi B3aeMOil € 9iTKO BUPAKECHUN XBIIIHOBHIMA
XapakTep eKCIepUMEHTAIbHUX TiaporpadiB Ha APYyromMy eTarli.

JluHamika 3MIHU BUTpPATH Ha TPETHOMY €Talll eKCIIEPUMEHTAIbHUX Tiporpadin
€ CEpeIHHOI0 MIX BITHOCHO HIBUJKHUM 3MEHIIEHHSIM BHUTpPaTH B CEKTOPHOMY Ta
TPUBUMIPHOMY CEKTOPHOMY METOJaX Ta 3HAYHO OUJIbII MOBIIBHUM — Y METO/II
HEJIHIHHOTO pe3epByapy.

ExcnepumeHTanbHi rigporpadu CTOKy, OTpUMaHI Uil BUCOTHUX cxem Ne 2 i
Ne 3 3 pi3HMMM 3HAUYEHHSMU IO310BKHBOTO MOXUIY I, Ta MONEPEUHOrO MOXUIY iy,
HIATBEPIMIN BaXIMBICTh BPaXyBaHHs peabHUX T'€0JC3MUYHUX MOXUIIB migdaceiiHa
CTOKY 3aMiCTh TPUHHATTS €IWHOTO CEPEeIHBOTO IO TIUIONII 3Ha4YeHHs. BimHocHa
PI3HUI MK MIKOBUMH €KCIIEPUMEHTATbHUMH BUTpaTaMH CTOKY JiJ1st cxeM Ne 2 1 No 3
CTaHOBUTH 01113bKO 20 %.

[IpencraBiaeHHss  eKCIepUMEHTANbHUX  rigporpadiB y  06e3po3MipHUX
koopauHatax Q' = O/Onax Ta t' = t/ty 1a€ B pe3yabTaTi 3BEACHHS YCiX rigporpadiB y
OJIMH JIOCTaTHHO BY3bKHII MacHB, OCEPEAHCHI 3HAYCHHS SIKOTO MOXKHA PO3TIIAIATH 5K
yHIBepcanbHUil 0e3po3MipHUi Tinporpad CTOKy, IO Ma€ MICHE B JIOCIIIKEHOMY
Jlara3oH1 3MiHU BX1JIHUX [TapaMeTpiB.

CratuctuyHa o0poOka mapaMeTpiB OTPHUMAHOTO OCEPEIHEHOTO EKCIepu-
MEHTaJILHOTO Oe3po3MipHOro rimporpada CTOKY I03BOJMIA OTPUMATH y3arabHEHi
3aJIEKHOCTI: U1 1 eTamy — mpocTy €KCIOHEHIIMHY 3alie)KHICTh (4.8), misg 2 eramy —
MOJIeJIb BOJISIHOT TapH, €KCTIOHEHIIIIHO-1orapudMiuny QyHkiio (4.9), 1 3 etamy —
piBusinHs Piuapnca (4.10). Otpumani 3ajexHOCTI 100pe BiqoOpakaioTh TPaHUYHY
MOBENIHKY HaTypHUX TiporpadiB: aCHMNTOTUIHE 3MEHIICHHS BUTPATH JI0 HYJS TIPU
t — 0, a TakoXX aCHUMIITOTUYHE MPsIMyBaHHA O€3pO3MIPHOI BUTpPATH 1O HYJS IpU

3pOocTaHH1 6€3p03MIpHOTOo Hacy Jo t' = 3.



Ha mizgcraBi ganux HaTypHHX oOcTexeHb y dpaHKiBCbkoMy p-HI M. JIbBOBa
PO3BUHYTO  KOHLEMIIKO €(EeKTUBHUX BOJOHENPOHUKHUX MOKPUTTIB, a TaKOX
OTPUMAHO YTOYHEHY (YHKIIOHAIBHY 3aJIEKHICTh MDK 4YacTKaMu 3arajlbHUX 1
€()eKTUBHUX BOJIOHENIPOHUKHUX TMOKPUTTIB y (GopMi HOPMaIi30BAHOI CTENEHEBOT
3anexxHocTl. [lpum BukopuctanHi 30 eMmipu4HHUX pe3ydbTATIB ISl KOXKHOTO
JOCIIKEHOTO KBapTaly OTpUMaHe 3HadeHHs cremens n; = 1,308, a mpwm
BUKOPUCTAHHI CEPEAHBOTO 3HAYEHHS BOJOHENPOHUKHOCTI BCIET JOCHIIKEHOI
teputopii — n, = 1,275. 1li 3nHadyenHs BigmoBimHo Ha 7,2 % Tta 9,6 % HUKYI
MOPIBHSHO 3 BIJAMOBIAHUM 3HaueHHAM #n = 1,41, oTrpumanum JIiBIHTCTOHOM Ta
Binxsrozom 115 M. Jlensep, CIIA.

OTprMaHy KOpENALII0 MK CyMapHOK Ta €()EeKTHMBHOIO HEMPOHUKHICTIO IS
KUTJIOBHUX KBapTaliiB MicTa JIbBOBa AOLIJIBLHO 3aCTOCOBYBATH SIK BaXKJIMBUI MapaMeTp
NOKPUTTS OaceliHa CTOKY TMpU pPO3pOOJEHHI TIAPABIIYHUX MOJENEH CHCTEM
JIOIIIOBOT'O BOJOBI/IBEICHHS B YKpaiHi.

OO6poOKoIO pe3ynbTaTiB TlAPOMETEOPOJIOTIUHUX CIIOCTEpEekeHb y M. JIbBOBI 3a
nepion 3 1945 p. mo 2018 p. BCTaHOBIIEHO AMHAMIKY TOBFOTEPMIHOBHX 3MIiH B 4aci
BHCOTH PIYHOTO IIAPy OIMAaJiB: 3pOCTaHHs Yy cepeanboMy Ha 1,81 Mm/pik, Ta pigHOT
KIIBKOCTI JHIB 3 aTMOC()EpHUMU ONagaMu: 3MeHIIeHHs Ha 0,24 pik'.

OTprMaHO TEHIEHIII0 MI0A0 301JbIIEHHS 4YacTOTH BWIIAJaHHS JOLIB 3
EKCTPEMAJIbHO-BEJIMKUMU 3HAYEHHSIMU BHUCOTH Imapy. OTpuMaHO 3aJeXHOCTI
MaKCUMaIbHOI JO00BOI BHCOTH mapy OmamiB (/))max BIJ TEPIOAY OTHOPA30BOTO
nepeBuIeHHss P npu BukopucTtanHi mojeni BeiOymia (5.13), mogeni MMF (5.14)
Ta JIOTICTUYHOI cTeneHeBoi mojeni (5.15).

Ha migcraBi oTpuMaHOrO0 OCEpEIHEHOTO EKCIEPUMEHTAIBHOTO Tigporpada
CTOKY B 0€3pO3MIpHHMX 3MIHHMX PO3POOJICHO METOAMKY PO3paxyHKy Tiaporpadis
CTOKY 3 HATYpHUX Mi0aceiHIB CTOKY Ta ampoOOBAaHO I[I0 METOAMKY MJisi THIOBHUX
nigbacelHiB CTOKY 3a KJIIMAaTUYHUX YMOB M. JIbBOBa.

OTpuMaHO 3aJIeKHICTh KOE(]illiEHTa PEryIFOBaHHS MaKCUMAJIBHOI BUTPATH Pmax

aK (QyHKUii iHTeHCHUBHOCTI joury (5.22), mo Moxke OyTH BHKOpUCTaHa IIpH



MOJIETIOBaHH1 TiAporpadiB CTOKy 3 ypOaHI30BaHMUX IIi0ACElHIB CTOKY IUIOIICIO
0,02 — 0,2 ra.

KarouoBi ciaoBa: Bucora mapy oOmajaiB, BHCOTHAa CXEMa, JOIIOBE
BOJIOBIJIBEICHHS, TiAporpad CTOKy, e(peKTHBHA BOJOHEIPOHHMKHICTh, 3arajibHa
BOJIOHENIPOHUKHICTh, KOEQIIIEHT PEryJIOBaHHS BHUTpPATH, MaKCHMMalbHAa BHUTpATa,
MacmTabHl Koe]ilieHTH, madaceiH CTOKY, PETYIIOBaNbHI €IEMEHTH, pe3epByap
JIOIIIOBUX CTIYHHMX BOJI, YaC KOHILIEHTpAIli CTOKY.
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The problem of urban areas flooding, due to increasing the volume of surface
runoff, in Ukraine is exacerbated by growing urbanization trends, climate change and
the problematic technical condition of sewerage networks. The analysis indicates that
the urgency of this problem will increase in the coming decades. This encourages the
scientific and engineering community to develop runoff management strategies and
plans, as well as to widely introduce surface runoff control systems into Ukrainian
engineering practice, which must be scientifically proved and adapted to local
climatic, urban, and economic conditions.

In this work, an important scientific and practical task was solved, namely -
development of new and improvement of existing methods of runoff modeling in the
built-up territories with reflecting regulatory influence of separate elements of
drainage constructions. The results of the work are important for ensuring the
comprehensive reliability of settlement’s drainage systems in Ukraine in the
conditions of constant growing tendencies of urbanization processes and considering
global climate changes.

The determining factor for the development and implementation of adequate
practical plans for surface runoff management is its scientifically substantiated
modeling, which is carried out according to the climate characteristics and parameters
of the runoff basin, considering the ranges of their projected change over time.

Modeling the behavior of surface runoff from urban areas is a complex
multifactorial problem. It is substantiated that reliable results of complex stormwater

drainage networks modeling with the addition of control structures role can be



obtained only with the use of multifactor numerical models implemented in the
appropriate computer programs.

The analysis shows that the most widely used tool in the world today for
computer simulation of stormwater drainage systems in urban areas is the software
package SWMM. However, SWMM uses several simplified approaches to model the
hydrological and hydraulic parameters of stormwater drainage systems. To model the
primary runoff hydrographs from individual runoff subcatchment, an approximate
nonlinear reservoir method is used, in which a subcatchment of arbitrary shape is
conventionally considered as a rectangle with equal area (which have a length equal
to the surface flow concentration radius), and the slope of the basin is assumed to be
the same at all points.

The system of scales of the studied physical quantities was substantiated, for
experimental studies of runoff hydrographs. For next scale coefficients combinations
of flow depth Cy = 1, average velocity Cy = 1, time C; = Cy, rain intensity C, = 1/Cy,
stormwater inlet area C,, = Cy, it was possible to achieve on the physical model the
same scale of rainfall flow rate, surface flow discharge and flow rate through the inlet
Co = Cy; 1n addition, at the same time the similarity of the model’s parameters and
natural phenomena is provided both by the Froude and by the Reynolds numbers.

An experimental installation was designed and developed, on which was
performed a set of experiments which allow experimentally model stormwater
hydrographs from typical square in terms of subcatchments runoff in the range of
values of the geometric scale C; = 10 — 30, which corresponds to full-scale sub-
catchments with sizes from 15 %X 15 m to 45 x 45 m. The design of the experimental
installation allows to model the runoff hydrographs from flat subcatchments for
various high schemes configurations with values of longitudinal and transverse slopes
from 0.005 to 0.02. The methods of experimental research and processing of
experimental data substantiated in work provide a relative error of definition of the
peak discharge less than 0,48 %.

An improved three-dimensional sector method has been substantiated and

developed, which allows to consider the actual configuration and height scheme of



urbanized subcatchment runoff by automatically determining slopes for each sector
based on data processing on three geodetic coordinates of all characteristic points of
the subcatchment. The advantage of the three-dimensional sector method over the
simple sector method is to consider the variable slope of the surface to the stormwater
for subcatchments with a flat surface.

Considering in the 3D sector method the variable slope of an urban sub-
catchment surface, depending on the location of the sector, causes significant changes
in runoff hydrographs: reduction of surface concentration time by 13.7 % and
increase in peak discharge by 11.3 % compared to the traditional sector method.
Compared to the nonlinear reservoir method, the 3D sector method gives a peak
discharge higher by 43.8 %.

A mathematical model of regulatory influence on stormwater hydrograph of
capacitive elements of stormwater drainage systems — from conventional sewage
wells to special control stormwater storage tanks (SWST) has been developed. An
appropriate numerical algorithm and computer application have been developed to
solve the direct and inverse problems of hydraulic modeling: to determine the
required volume of capacitive elements at given limit parameters of stormwater
runoff hydrographs in given cross sections or to determine runoff hydrograph
parameters at given characteristics upper regulatory structures.

The coefficients of the SWST volume obtained by the method proposed in the
work are 7.1 — 12.9 times less than the corresponding values obtained by the
SPbGASU method, which is explained both by the difference of dimensionless
inflow hydrographs and taking into account in the proposed method above the
drainage network, which is quantitatively characterized by the coefficient of
regulation of the maximum flow rate or the coefficient of filling the free capacity of
the network p.

An experimental correlation between the runoff coefficient y and the height of
the precipitation layer /4, was obtained, which can be described with a high accuracy
degree by the trend line according to the logistic model. Complex analysis shows,

that in the range of 4, = 7 mm, the experimental runoff coefficient y =~ 0.95, which



corresponds to the value recommended in the local active methods in Ukraine for
calculating the parameters of rain runoff from completely impervious urban runoff
basins. As A, increases, the runoff coefficient gradually increases, asymptotically
approaching the value of ,,,, = 0.988.

The method of experimental determination of the peak discharge of the surface
runoff hydrographs has been improved, which include approximating the range of
experimental points on the volume curve around the maximum point, which
corresponds to the duration of model rain #;; the present error between the calculated
values of the peak discharge obtained from linear and quadratic approximations does
not exceed 0.18%.

The experimental surface runoff hydrographs obtained on the physical model
differ significantly from the theoretical hydrographs determined by the sector and
three-dimensional sector method, as well as by the method of nonlinear reservoir.
The reason for this difference is the assumption of free outflow from the sub-
catchment, which is accepted in all the above theoretical models.

The obtained experimental hydrographs of the inflow into the stormwater
manhole consist of three characteristic stages. The first stage corresponds to the
process of concentrating surface runoff from the subcatchment and free flow through
the stormwater inlet. At this stage, a similar behavior of experimental hydrographs
and the corresponding theoretical predictions made by the three-dimensional sector
method are obtained.

The second stage of hydrographs is under the influence of two driving factors:
on the one hand, the smooth transition of the surface hydrograph to a constant flow
rate at £ > f.,, on the other — a gradual increase in flow depth at the location of the
stormwater inlet and its transition to long crested weir mode, then — in the mode of
pressure flow through the orifice. Flooding, cuased by the limited capacity of the
stormwater inlet, causes the reverse effect upstream on the surface flow, forming a
corresponding kinematic wave moving against the direction of flow. The result of this
interaction is a clear wave nature of the experimental hydrographs in the second

stage.



The dynamics of flow change in the third stage of experimental hydrographs is
the average between the relatively rapid decrease of flow rate in the sector and three-
dimensional sector methods and much slower — in the method of nonlinear reservoir.

Experimental runoff hydrographs obtained for altitude schemes Ne 2 and Ne 3
with different values of their longitudinal slope i, and transverse slope i,, confirmed
the importance of considering the real geodetic slopes of the sub-catchment runoff
instead of adopting a single mean value. The relative difference between the peak
experimental flow rates for schemes Ne 2 and Ne 3 is about 20 %.

Representation of experimental hydrographs in dimensionless coordinates
Q' = O/Omax and t' = t/t; gives as a result of reduction of all hydrographs in one rather
narrow array which averaged values can be considered as the universal dimensionless
hydrograph of stormwater runoff taking place in the investigated range of change of
input parameters.

Statistical processing of the parameters of the obtained averaged experimental
dimensionless stormwater hydrograph allowed to obtain generalized dependences: for
stage 1 — simple exponential dependence (4.8), for stage 2 — water vapor model,
exponential-logarithmic function (4.9), for stage 3 — Richard's equation (4.10). The
obtained dependences well reflect the limiting behavior of full-scale hydrographs:
asymptotic decrease of the flow to zero at t — 0, as well as asymptotic approach of
dimensionless discharge to zero with increasing the dimensionless time to ¢’ = 3.

Based on the data of field surveys in the Frankivsk district of Lviv, the concept
of effective impervious covers was developed, as well as a refined functional
relationship between the shares of total and effective impervious covers in the form
of normalized power dependence. When using 30 empirical results for each studied
quarter, the value of the degree n; = 1.308, and when using the average value of water
imperviousness of the entire study area — n, = 1.275. These values are 7.2 % and
9.6 % lower, respectively, compared to the corresponding value of n = 1.41 obtained
by Livingston and Veenhuis for Denver, USA.

The obtained correlation between total and effective impervious areas for

residential quarters of Lviv should be used as the principal parameter of catchment's



cover in the development of hydraulic models of stormwater drainage systems in
Ukraine.

Processing of the results of hydrometeorological observations in Lviv for the
period from 1945 to 2018 established the dynamics of long-term changes in time of
the annual precipitation layer: an increase of 1.81 mm/year on average, and the
annual number of days with precipitation: a decrease of 0.24 year !

There is a tendency to increase the frequency of rainfall with extremely large
values of layer height. The dependences of the maximum daily height of the
precipitation layer (4s)max On the period of one-time excess P using the Weibull model
(5.13), the MMF model (5.14) and the logistic power model (5.15) were obtained.

Based on the obtained averaged experimental runoff hydrograph in
dimensionless variables, a method for calculating runoff hydrographs from natural
runoff subcatchments was developed and this technique was tested for typical runoff
subcatchment under the climatic conditions of Lviv.

The dependence of the coefficient of regulation of the maximum flow rate Bmax
as a function of rainfall intensity (5.22) is obtained, which can be used in modeling
runoff hydrographs from urbanized runoff subcatchments with an area of 0.02 —
0.2 ha.

Key words: precipitation layer height, height scheme, stormwater drainage,
stormwater hydrograph, effective imperviousness, total imperviousness, flow control
coefficient, peak discharge, scale factors, runoff subcatchment, control elements,

stormwater storage tank, runoff concentration time.



