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BU3HAYEHHA HEOBXIITHUX XAPAKTEPUCTHUK BOJAAHOI'O
CTPYMEHS ®OHTAHY JJ151 OTPUMAHHS BAXKAHHOI
TPAEKTOPII IPU BILJIUBI OIIOPY NOBITPS

Y cmammi pozenanymo meopemuuni 00CniOdNCeHHs, AKe NpucesdeHe
npooaemi 6NAUBY 308HIUHIX NPUPOOHUX (DAKMOPIE HA 3aA2anbHULl  BU2TL0
¢onmanie ma HAYKOBO-NPAKMUYHA 3A0a4d NO BU3HAUEHHIO HEOOXIOHUX
Xapakxmepucmuk B00SIHO20 CIMPYMeHs QOHMAHy 3 YPAXYS8AHHAM GNJIUBY ONOPY
nogimps Ha tioeo mpackmopiro. Ilokazano, wo KiacuuHi mooeni pyxy piouHu y
noni MANCIHHA He 3abe3neuyioms O0O0CMAMHbOL MOYHOCMI, OCKIIbKU He
8PAX08YI0Mb 3MIHY hopmu cmpymeHs, mypOyieHmHui mpamu ma aepooOuHamiuHi
CUNU, WO CYMMEBO BNIUBAIOMb HA OATIbHICIb Ma 6UCOmMy niotuomy oou. Memoro
00CNiOJCEeHHs € PO3POONEHH MEeMOOUKY BU3HAYEHHS NOYAMKOBOI WBUOKOCHII,
Kyma 6uxuoy ma 2eomempii conia, sKi 003807A10Mb OMPUMAMU 3A0AHY
npOCMOpos8y MpAEKmMopito cmpymeHsi nio O0i€lo onopy nosimps, aie npu
JIAMIHAPHOMY PYCi OJisl CHPOWEHHSL PO3DAXYHKIS.

Y pobomi 3acmocosano mamemamuuny mooenv pyxy CyyilbHO20 8005IHO20
CMpYyMeHs, Wo 6a3yeEmMvCsl HA PiBHAX 2i0POOUHAMIKU MA CAPOWEHUX 8Upa3ax OJis
CUU AePOOUHAMIYHO20 ONOPY, AKULL 3ANEHCUMb 610 UWBUOKOCMI, WINbHOCHI
nOBIMpsi ma epekmusHo20 nonepeyHo2o nepepizy cmpymens. /s ymouHeHHs
napamempie BUKOPUCMAHO YUCENIbHEe MOOENIO8AHHI MemoooM HO KPOKOBOI
anpokcumayii, wo 3abe3neuye MONCIUGICMb OYIHKU HEeCMANUux pexicumie ma
sapiayii no2ooHux ymos. Pospobnenuii ancopumm 0o3zeonse  uzHayUMU
KOMOIHayii mucky nooadi 8005HO20 CMPYMeHs (QOHMAHY OISl OO0CACHEHHs.
0a2HCAH020 B0OHO20 MANIOHKA.

Ompumani pe3yiomamu MOXCYmsb OYmu 3aCmoco8aHi npu npoeKmy8aHHi
0eKOpamueHUux (QOHmMAauie, THMEPAKMUBHUX 2IOPOOUHAMIYHUX THCMANAYIU ma
MICOKUX BOOHUX KOMMNJIEKCI8, 0e 6adciueo 3abesneyumu cmaOlibHicCmb ma
HOBMOPI0BAHICMb MPAEKMOPIL CMPYMEHs. 3anponoHO8aHaA MemooOuKa ni08UULYe
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MOYHICMb HAIAUIMYBAHHA (POHMAHHUX CUCMEM, 3MEHUYE 8UmMpamu 800U ma
eHepeli ma cnpusie OnmuMizayii XyO0OHCHbO-MEXHIUHUX DIUleHb V MICbKOM)
cepedosuiyi.

Knwouosi cnosa: gponman; 600sHUll cmpyminb, MPAEKMOPIs, DIGHAHHS,
apximexmypa, Cynpomue nogimpsi, NpuKkIaoHa 2eoMempisi.

IlocTanoBka mpo6GaeMu. B ocraHHl yacu cydacH1 1HHOBAIl CHPUSIN
BUHUKHEHHIO 3HAUHUX JIOCATHEHb Ta CYTTEBOTO PO3BUTKY 1 B apXITEKTypi.
JItoacTBO OTpUMAIIO 3MOTY CTBOPIOBATH I11€ OUIBII TUBOBHUKHI 00’ €KTH 3aBISKU
nepeoBUM METOJuKaM OyAIBHUIITBA Ta MpoekTyBaHHA. Dopmu Ta i1ei, sKi
paHile 3JaBajucCs PU3MKOBAaHUMHU Y BHUKOHAHHI a00 HaBITh HEMOXJIMBUMHU,
Hapa3i BTUIIOIOTHCA B JKUTTA KBaJi(hiKOBAHUMU Ta 3aB3STUMHU MPOQecioHaATIaMU
3aBJISIKA KOMIT IOTEPHUM MPOrpaMam Ta 3arajibHoMy rporpecy ycix cucteM. Hosi
IUIAXA PO3BUHEHHS OyJo 3HaAlAEHO 1 y po3pobieHi (ourtaHiB. ChorovacHi
BOJIOTpai TUBYIOTh CBOIMHU HEMEPEBEPIICHUMH Bi3€PYHKAMHU, PYX SKHX CTBOPIOE
BIIUYTTSI TAPMOHIi Ta €JHOCTI B Ayili. BpaxoByroun npoOJEeMHICTh peanizaiii
HOBITHIX TEXHOJOTIM 4Yepe3 iXHIO 3arajibHy CKJIAJIHICTh, BKpail BaKJIHUBO
po3paxyBaTu i Te, sk el 00’eKT Oyae QyHKIIOHYBAaTH HE TUIBKU B TEOPIi, a 1 y
JIHACHOCTI.

Hine crarri. CucremMaTHuHUM aHami3 Ta CHUHTE3 OCHOBHUX HAayKOBHUX
JNOCHIPKEHb Ta MyOJiKaliid, NPHUCBIYEHUX BU3HAYCHHIO XapaKTEPUCTHUK
BOJSIHOTO CTPYMEHS (POHTAHHUX YCTAHOBOK 3 YpaxyBaHHSIM aepoAUMIUYHOTO
ornopy TMoBiTps. JIOCHIDKEHHS MOXKE JaTH JOMOMOTY CIHeIliaaicTaM IIiJl 4ac
MPOEKTyBaHHS (OHTAHIB Ta BTIIUTH MOXJIMBICTh HAJIEKHOTO Ta Oa)xaHOTO
GyHKIIOHYBaHHA BOAOTpAal0 HE TIIbKM B Teopli, a ¥ Ha TPAKTUIl — KOJIH
HEXTYBaTH BIUIMBOM HAaBKOJIMIIHIX ()aKTOPIB HE BJACTHCA.

AHaJi3 OCHOBHMX JAOCJi/zKeHb i myOJikaniii. I[IpoOiematuka BIUIMBY
30BHIIIHIX MPUPOJIHUX (PAKTOPIB HA 3arajibHUi BUIIISLA (POHTAHIB Ta HAYKOBO-
IpakTHYHA 3a7ada MO0 BU3HAYCHHIO HEOOXITHMX XapaKTEPUCTUK  BOJSHOTO
CTpyMeHs (POHTaHY 3 ypaxyBaHHSM BIUIMBY OIOPY MOBITPSI HA OTO TPAEKTOPIIO
Ta aepOJMHAMIYHOTO OMOPY € MPEAMETOM JTOCIIKEHHSI 0araThoX HAyKOBIIIB Y
rajiy3siX TIIpOJWHAMIKH, MEXaHIKM PIAMHM Ta TEXHIYHOI TiIpaBiikh. Y
KJIACHYHHMX poOoTax 3 ripomMexaHiku [1] 3akinageHO TEOPETUYHI OCHOBH OIHCY
PYXy HECMHCIIOBO1 PIITMHU Ta B3aEMO/I1i TOTOKY 3 OTOUYIOUHUM CEPEIOBUILEM, 1110
cTasio 0a3010 JJis BUKOPUCTaHHS JU(EpEeHUIMHUX MOJENed pyxy BOASHHX
CTPYMEHIB. Y cydacHMX NyOJKallisiX 3Ha4yHa yBara MNPUAUIIETBCS BIUIUBY
aepoJMHAMIYHOTO ONOPY Ta AUCHEpCii Kparesb Ha (GopMy Ta JaNbHICTh MOJIBOTY
cTpyMeHs. Y poOoTax aBTOpIB [2, 3, 4] 1EMOHCTPYIOTh PE3YJIbTATH YUCEIHHOTO
MOJICJIIOBaHHSI 3a JOMOMOTOK KOMIT IOTEPHUX TEXHOJIOTIH, IO J03BOJISE
BpaxyBaTH TypOyJIEHTHICTh, (PparMeHIliI0 CTPyMEHSI Ta C€HEPreTUYHI BTPATH B
noBiTpi. JlocmimkeHHsI MOKa3yloTh, 10 HABITH NMPU HE3HAYHOMY BITPOBOMY
HaBaHTaXXEHHI a00 3MIHM TeMIlepaTypu TIOBITPSI TPAEKTOPIS CYTTEBO
BIIXUJISIETHCS Bl OaJIICTUYHOI MOJEIII.
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Oxpewmi myOikariii 3 JOCI1IKEHHS PUCBSYEHI MPOEKTYBAaHHIO (DOHTAHHUX
CHUCTeM 1 ONTHUMI3alii iX TiApaBIIYHUX MmapameTpiB. Y pobortax [5, 6]
aHAI3yIOThCS 3aJIEKHOCTI MK JIIaMETPOM COIUIa, TUCKOM T0J1ayi, MOYaTKOBOIO
HIBUKICTIO CTPYMEHS Ta BUCOTOIO MiioMa. Y IUX JTOCTIIPKEHHIX MOKa3aHo, 110
MpaBWIbHHUI BHOIP T€OMETPIi COIIa € KIIFOYOBUM I 3a0€31eUeHHs CTa0UIbHOI
TPaA€eKTOPIi 32 YMOB 30BHIIIHIX 3a0py/IHCHB.

VY npansgx ykpaiHChKUX JOCHITHUKIB [7, 8, 9] po3risgatoThes 1HKEHEPH1
METOJIMKHA OOUYHCIICHHS BUCOTH (DOHTaHIB, MapaMeTpiB HACAIOK Ta BTpaTa eHeprii
3 BHUKOPUCTAHHSIM CIPOUICHHX aHATITUYHUX 3aJeKHOCTeH. Aje I Mojeni
OpUJATHI A1 MPAKTUYHOTO MPOEKTYBaHHS, BOHM HE BPAXOBYIOTH JETAIbHO
MOBEIHKY CTPYMEHS Ha BEJIMKUX BHUCOTAX Ta CKJIAJLy B3a€MOJII 3 MPOBITPEHUM
CEpEeIOBUIIEM.

3a HamuM aHai30M JIITepaTypy TMOKa3aB, M0 aKTyaJbHOIO 3aJUIIUTHCS
npobiema B iHTerpoBaHomy miaxoai [10], skuit OM moe€aHyBaB aHaJIITHYHI
MOJIeJi, EKCIIEpUMEHTAIbHI JaHH] JJIs1 BA3HAYCHHS ONTUMAIBHUAX XapaKTePUCTHK
BOJSIHOTO CTPYMEHS 3 ypaxyBaHHsAM omopy TmoBiTps. Came yTOYHEHHS IuX
3aJIEKHOCTEN 1 € HAYKOBOIO MPOOJIEMOI0, HAa BUPIIICHHI SKO1 CIIPSIMOBaHa CTaTTSl.

OcHoBHa yacTuHA. J[I0/ICTBO BIAIITOBAHO TAK, 00 3aBXIU IPArHyTH J10
HENEePEBEPIICHOI Kpacu CBOiX BUTBOPIB. B Oy1b-sKOMy BH/I MUCTELITBA aBTOP HE
3aCTOKOIThCS ITOKU HE BIIOBUTH Ty CaMy MY3Y, 3HalIe TOM caMUii ITUISIX PO3BUTKY
CBOT'0 IIPOEKTY Ta BPELITI-PEIIT HE MPOJAEMOHCTPYE YBECH CIIEKTP €MOLIMHOCTI,
AKui OyJI0 3amjiaHOBaHO TEpenaTh Ha cTaail po3poOku iaei. Mutmio BKpai
HE0OX11HO, 1100 HOro 00’ €KT HE TUILKH Mepe/laB HEOOX1/IHI HACTPOI1 TJig1ayam, a
i1 BaOWB cBOIM BUTJIAAOM ixHI 0o4i. Tak 1 B OAHIN 3 HAWIOIIMPEHIIIUX BHU/IIB
nepeaay JIIIMHOIO CBOIX NEpeXnBaHb — apxiTekTypi. Kpaca € onHuM 3 gpaktopis,
IO CTOSITh TOPOID B CAaMOMYy O3HAYEHHI I[bOTO HampsMy. AJie HE MEHII
BOKJIMBUMU € W TOHSITTS MIITHOCTI Ta KOPHUCTI, Kl TaKOX BXOJSATH Y BiJIOMHUIA
BUCJIIB JTABHBOPUMCBHKOTO apXiTeKTopa BiTpyBis NMpo TOJOBHI YMHHUKH, IO
XapaKTepU3yTh apXiTekTypy. [IpoTe, € BUMAagKK KOJM Il CKJIAJAO0BI HE JIUIIE
OKpeMI1 YaCTHUHH, HAsIBHICTh IKMX HEOOX1/IHa [l CTBOPEHHS ICHOI 111JI01 KApTUHH,
a JeTajl MexaHi3Mmy, Kl MPsSMO 3aJIeKaTh OJWH BiJ OHOTO Ta OKPEMHUMH HE
BBaXarOThcs [1]. UymoBMM MpuUKIagOM CIYrylOTh (OHTAaHM — HEBEIUKI
apXxITeKTYpHI (OpMHU, 110 BUKOPUCTOBYIOTHCS [JISi MPUKpAIIAHHSA Ta O1IBIIOI
(GyHKIIOHATBHOCTI TApKiB, CKBEpiB Tomo. JloJaeMo BIIMB HABKOJHUIITHIX
(bakTopiB 1 MPUKIIA]] CTaHE TTOBHICTIO 3p03yMuIUM. L{i 00’ €xTH BaOISATH TYpUCTIB
HEPII 32 BCE CBOIMU MTPUTOJIOMIIIEHUMH Bi3€pyHKaMHU, III0 YTBOPIOIOTHCS 3aBISKU
PYXy BOISHUX CTPYMEHIB. AJle 10 CTaHETbCS 3 TEOPI€I0 HA MPAKTUI KOJHU
POMNaxyTh COPUSATINBI YMOBH i 11 A1i7 Came B TaKUX BUIAJKaX KOHCTPYKTUB
(MIHICTH Y KOHTEKCTI BXE 3raJlaHOr0 TE3UCy) Ta Kpaca 3ajiekaTh OJHE BiJ
OJIHOTO. Y 1i¥ cuTyaIlli MaJlbOBHUYICTh HISIK HE Oy/i€ BTUJICHA, SIKIIIO T€OMETPUYHI
MUTAaHHS HE OyAyTh BUPIIIEHI 3a3/1aJIeriIb, BOJHOYAC CKJIAIHICTh BTUJICHHS SIKMX
3QJICKUTH BiJ 171€1 BUTIIALY (Kpacu) menoli Boau. J{iis 3a0e3neueHHst HeoO0X1aHo1
TpaexkTopii MNOTPIOHI pO3paxyHKH TOB’si3aHI 3 MAaTEMaTHKOIO, (PI3MKOIO,
OaJIICTUKOIO, MPUKIAAHOIO Ta aHAIITUYHOIO reoMerpiero. B munynux pobOoTax
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aBTOpamMu posOupanacs mpoOjemMa BIUIMBY CYNPOTHBY TIOBITpSL Ha 3arajbHe
COPUHHATTS Bojorparo (muB. mokiamdime [2]). Bke y mpomy mociimkeHHi
OPOBOASTHCS MaTeMaTH4YHI PO3paxyHKH, HEOOXITHI JUJIsl  HIBEJIIOBaHHS
CTPYMEHEM JIaHOT MPOOIEMH.

B 3agaui ctpyminbs (ouTany Oyae HampaBiIeHHH Wi KyTOM BIoOpY,
YTBOPIOIOUM 3aBJASKH €TarnaM miaioMy Ta MaJiHHS KPUBY, AKa B AIMCHOCTI JHILE
nomiOHa 10 mapabonu — OamicTuuHa (Yepe3 BIUIMBA  HABKOJHUITHHOTO
cepenoswuia) [3]. Po3rissHyTO cCriouaTKy i1eamiCTHUHY TPAEKTOPIIO, 3a KO0 Ma€
3MIHIOBATUCh BOASHUM CTPYMiHb. 3 aHATITHYHOI reoMeTpii (hopMysia TpaEKTOPii
PyXy TiJla, KHHYTOTO TiJ KYTOM O J0 TOPU30HTY 3 MOYATKOBOIO IIBHKICTIO Vy
BUTJIAJIA€ HACTYITHUM YMHOM:

W) == +1gax ()
2v,” cos’a
e g — NPUCKOPEHHS BilbHOro nmaminus [9.81 m/c?].
B 1301b0oBaHIi cucTeMi, A€ TUIO HE CTUKAETHCA 3 IHIIMMHU YHHHUKAMHU
PIBHSIHHS YTBOPIOE MapadoIiyHy TpaekTopito (puc. 1).
Tenep BUBECHO PiBHSAHHA PYXY IIPU BpaxyBaHHI ONOPY MOBITPS. Y LIbOMY
BUIIQJIKy Ha TUIO OyJe JMiSTH Ha JOAaTKoBa cuia F,,,,. BoHa 3anexuTh Bif

HIBUKOCTI T1J1a Ta 3alUCY€ThCS Y HACTYITHOMY BUIJISII:
F:}l’l()p = _kv (2)

ne k — koedilieHT onopy MOBITPsI, IO 3aJICKUTH BiJl (GOPMHU Ta MACH Tijla, a TAKOXK
BiJl yMOB HaBKOJIMIIIHBOT'O CEPEIOBUINA; V — BEKTOP IIBUKOCTI [4].

vk

Puc. 1. TpaexTopis Tijla, KHHYTOTO IiJ{ KyTOM JI0 TOPU30HTY B 130JIb0OBaHil cucTemi
BHUMIPIOBAHHS

3HaK MIHYC CTaBUMO pa3oM i3 KoedirieHToM k, OCKUIBKH OImip MOBITPS
CHOBUTBHIOE TUTO. Jlymst oOnermeHHs po3paxyHKIB B HAIIOMY JOCIIIKEHHI
NpUMMAaEThCS, 1110 (POHTAH /1€ HE Yy TypOYJICHTHOMY, a y JJaMIHAPHOMY PEKUMI.

Jlist Toro, mo6 omucatv PiBHSHHA MO KOOpPAMHATAM 3ragaemMo [[pyruit
3akoH HproTOHA, 3BIIKH Ma€EMO:

123



F=ma 3)
Jie m — Maca Tijia, a — MPUCKopeHHs, F — cuna

B Toii camuii yac mprCKOpEHHS @ — 11€ OX1JHa MIBUIKOCTI V B Yaci:

dv
=— 4
a=— 4)

OTtxe, BpaxoByroun ¢popmynu (3) Ta (4) 3axkoH HeroToHA MOKHA 3amucaTi

y HaCTyITHOMY BHUTJISIII:

dv
2 F 5
m— (5)

Po3knamaeMo pyx Tija mo ocsiM KOOpAUHAT 1 OTPUMAEMO CUCTEMY PIBHSHb:

mdvx — kv (6)
dt
d 7
mlz—mg—kvx. @
dt

Y dopmyny (7) nogaemo 3HaUEHHS CWUJIH TSOKIHHS (F),=mg), OCKUIBKH 1€
PIBHSIHHS BEpPTUKAJIBHOI CKJIAMOBOI TpaekTopli. Cuia TSXKIHHSA [l1€ TaKOX
BEPTUKAJILHO, aJIe€ CKEPOBYE TUIO y MPOTUIICKHY CTOPOHY (BHH3), TOMY il BILTUB
Ma€ TO3HAYaTHCS y PIBHSHHI 31 3HAKOM MiHyc. Y Bupasl (6) ued 1g0/1aHOK
HEeMOTPiOHUM, 60 OMUCYETHCSI TOPUIOHTAIBHUN PYX Y37I0BXK OCI X.

Po3B’s13aHHA PIBHSHB:

dv, —
dt
m , = —Edtx.
v, m
[HTErpyemo:
v m

X

k
nv, =——t+C,.
m

VY pe3ynbTaTi 1HTErpyBaHHS OTPUMAHO KOHCTaHTY. 3BOJMMO Yy CTYIIiHb
: C
3HauyeHHs e. Jlyig cnpouieHHs gani Oynae no3HaueHo e ' =C,



3a mouarkoBow ymoBow v _(0) =v, cosa. Maemo: v, cosa = C,e’ =C,.
OTXe OTpUMaEMO PiBHSHHS MIBUAKOCTI TiJIa MO OCI X:

k
=t

V. =y, cosa*xe ™ (8)

: dx .
Ockinpkuv (¢) = Z IHTETPYEMO 32 YACOM:
4

k
——
x(t)=[v,cosaxe " dt

[Ticyist BUpilIEeHHS MAaEMO HACTYIHY BIJITOBI/Ib:

k
Vv, COs,, m

x(1) = (1-e ™) 9)
Po3risiHyTO piBHAHHS 3aJ1€KHOCTI HIBUIKOCTI IO OC1 y:
m ﬁ =—-mg —kv;
dt
di =-mg—kv ;
dt "
dl =-mg—kv ;
dt .
dv
m y

[IpoinTerpoBano Bupa3 (JiHIMHE PIBHSAHHA TMEPIIOTO  MOPSAKY).
3aCTOCOBYEMO IHTETPYBAILHUI MHOKHUK:

dvy
—+—y =—g
dt m "’
BBOAMMO MHOKHHUK Ta TIOMHOKa€MO Ha yCi YaCTHHHU:

J' %dt k,

p)y=em =em;
j‘kt dv k L L
e 7y+—e’” v, =—ge”
I m

JIiBa yacTtuHAa cTaja MOX1JHOIO:
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d ( kt) k,
—(v.e")=—ge™;
dt &

k k

—t —t
ven =[—gemdt

k k

m _ o
ven =—gfemdt.

B pe3ynbTaTi iHTErpyBaHHA OTPUMAaHO HOBY KOHCTaHTY. [lo3Hauumo ii Cs,

k k
—t

m —t
v,e” :—g;em +C;;

k
— mg
— m __
v, =Cse .

k

[TincraBiasieMo TOYaTKOBY YMOBY:

. m
v,sin, =C, ——g;
k

: m
C,=v, sma+—g.
k

B pe3ynbpTaTi Ma€MO HACTYITHE PIBHSHHS:
k
. mg. —t m
v, = (v, sin, + —kg)e "o— _kg
Jlnst otpuMaHHs y(t) IHTETPY€EMO 32 4acOM:

k
y(t) = [ (v, sin, + %)e " di— | %dt

Maewmo:

. m
1) = —+

Tenep Bu3HauuMo ¢ 3 piBHAHHA (9):
_k, o
— .
Vv, sin, m
_k, o
m .
. b
Vv, sin, m
k kx
——t=Inl-——);
m Vv, Sin, m
kx

t:—ﬂ:ln(l— ,
k Vv, sin, m
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OTpuMaHy TOTOXXHICTb MmijacTaBiasieMo y dopmyiy (11). Ilicnsa cnporensb
OJIEP>KYyEMO 3arajbHe piBHSIHHS y(X) TPAEKTOpIi pyXy Tijia, KHHYTOTO MiJ KyTOM
JI0 TOPU30HTY, 3 ypaxyBaHHSIM JIIHIHHOTO OIOPY MOBITPS:

: 2
V, Sin,, mg mg kx
yx)=("—*+ )+ —In(l——) (12)
v,cos, kv,cos, k Vv, COS,, m

3amaeMo KOHKPETHI 3HAYEHHS XapaKTePUCTHK POHTaHY y (OpMYITy pyXy B
130J71b0BaHi# cucremi (1).

Jnsa nocaimkenHs 0yno oOpaHO HACTYITHI MOKa3HUKU:

ITouaTkoBa MIBHAKICTE Vo= 10M/C;

KyT kumaHHs 10 BiTHOIICHHIO 0 TOPU30HTY o =60°

Maca BoastHOTO cTpyMeHs (YyMOBHA) = 1KT

Koedimient onopy nositps = 0,2

9.81
2*10° *cos” 60°
y(x)=-0.196x" +1.73x

y(x) = +x” +tan 60°;

Bbynyemo neit rpagik. [licis yoro miictaBisieMo Ti cami 3HaU€HHS (OHTaHyY
y popMyI1y 3 ypaxyBaHHSIM JIiHIIHOTO oropy noBiTps (12).

10 *sin 60° 1*9.81 1°9.8 0.2x
y(x)=( + )x +——In(l - ;
10*cos60° 0.2*10*cos 60’ 0.2 10*cos60° *1
0.2x

y(x)=11.53x+245In(1 - T)

[TopiBHIOEMO 1B oTpuMaHi ¢yHkuii (puc. 2). Ilicns BpaxyBaHHs
CYNpOTHUBY TOBITps (mapameTpy, W0 NOpUCYyTHIA sume y dopmym (12))
TPAEKTOPIsI CTPYMEHIO MepecTane OyTy napaldoiiuyHo0. BIuB HaBKOJUMIITHBOTO
(dakTopy 3aBaka€ TUTY JAOCATTH TUX CAMHUX KOOPJAMHAT BEPIIMHU (YHKIIT, TKHX
BOHA HaOyBaJia B 0€3MOBITPSIHOMY MPOCTOPI.

yﬂl A

k.
\

\
m ‘
/

/

H max
H max
-~

5 3 6 \\ 8 \-——
X

Puc 2. TpaekTopist pyXy BOASHOTO CTPyMEHS B i30Jb0BaHill CHCTEMI (—) MpH 3a1aHuX
XapaKTepUCTHKAX Ta TPAEKTOPIsl HOro pyXy IpH BILIUBI ONOpPY NOBITPs (— — —)
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3aBIaHHSM JIOCIIKCHHSI € TaKe KOPUTYBAaHHS XapaKTEPUCTUK TPAEKTOPIl
IIpU OTIOPi TOBITPS, SIKE HAAACTDh JaHId QYHKIII Ti caMi KOOPAWHATH 3€HITY, SIKi
BOHA J0csATajga B 130JIb0BaHIA CHCTEMI MPU MOYATKOBHUX JAHUX. 3a JOTOMOTOIO
o0YHMCIIeHh HEOOX1HO 3HANTH HOB1 3HAYEHHS MTOYATKOBOI MBUAKOCTI V' TA KYyTY
MOJIBOTY Q' JIJIsl PIBHSHHSI 3 ypaxXyBaHHSIM BIUTMBY MOBITPSHOTO CEPEIOBHUIIA, SKi
3aI0BOJIBHATBH 301T MOTP1OHMX ToUOK. Ha mpakTuili Taka morpeda Moxe MmojsraT,
HaIpUKIIaa, y HASBHOCTI CIIEI1aIbHOTO I1JICBIYYBaHHS BOJIOTPArO B TIEBHIN TOYII
a00 3a0e3MedeHH] caMe SIKOiCh KOHKPETHOI KOoHIrypaiiii ¢ooHTaHy TOIIo [5].

Jl7is 11bOTO CTIOYaTKy Oy/ie 3HalIeHO KOOPAMHATH BEPIIUH PiBHSHHS 03
BIUTMBY HAaBKOJUIIIHIX (PaKTOPIB.

2 .
x = v, sin2a :_i; (13)
2g 2a
1.73

X =— > 4414
2*(=0.196)

2 .
v, sinfa 4dac-b*

: 14
; 2g 22 (14)
b= 38
19.62)

OTxe KOOpIMHATU BEPIIMHU JAHOTO Tijla PU HEXTYBAHHI OTIOPOM TOBITPS

HACTYTIHI:
xs =441 y,=3.82

Tenep miacTaBiasieMo OTpUMaHHI 3HAYEHHS Y PIBHSHHS 3 BIUIUBOM OTIOPY
noBiTps (12). [lo3nagaemo mrykaHi mapaMeTpu: HOBa MOYaTKOBA MIBUAKICTD Vo',
HOBHUH KYT MOJILOTY IO BITHOIIICHHIO 10 TOPU30HTY O

Jl7is 0OJETHIeHOTO 3amucy OKPYIJIMMO 3HAYeHHS KOOpIWHAT BEPIIWH 0
coTeHb. OTpUMA€EMO PIBHSIHHS:

! !

* Q1 * *® *®
3.82=(V0, smz N 1 9'.81 ')4.41+1 9'§lln(l— 0;2 4.'41 )
v, cos,  0.2*y; cos, 0.2 v, cos, *1
382 = (tana +— o0 441+ 245In(1— 2582 .
0.2*vy, cos, Vv, €OS,

AHaniTHYHE PIIIEHHS TaHOTO PIBHSHHS BKPaill BaXKKE Y CBOEMY BTLUICHHI.
[To-mepirie HassBHICTh TAHTEHCY Ta KOCUHYCY Pa3oM i3 JorapupMoM CTBOPIOIOTH
He JiHilHicTs. [To-apyre 3MiHHI vy Ta €OS o' 3HAXOMATHCSA B UYHMCEIBHHUKY, B
3HAMEHHUKY Ta y Jiorapudmi onHo4acHO.ToMy TPUTOHOMETPHYHI (PYHKIIi Ta
jorapuM 3aBakar0Thb BUPA3UTH HEB1OMI O[HA 3 0/1HOI. CaMe TOMY 3aCTOCY€EMO
METOJ MiA00py, SIKUM € OAHUM 3 HaOUIbII MOIIUPEHUX YHUCEJIBHUX CIOCO0IB
pimeHHs 3a7a4 [6]. Hamn HOB1 3HaueHHsSI HE OyAyTh CHJIBHO BIIAPI3HATHCS BIJ
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MIOYATKOBUX, TOMYy 0araTto O04YMCIIEHb HE JOBENEThCS POOUTH IS TOTO, abu
BUUTH Ha HEOOXIJHY MOYATKOBY IIBHIKICTb Ta KyT MOJbOTy. OCKIIBKM Ha
noOynoBaHux rpadikax BHUIHO, [0 KOOPAWHATH BEPIIMH HE 30iraloThcs Mpu
CTalluX 3HAYEHHSX, TO Oy/e TPOXH 3MIHEHO MOYATKOBI XapaKTEPUCTHKHU IS
nepioi nepeBipku. 3 (I3UUHUX 3aKOHIB CTAa€ 3pO3yMUIMM, IO TMOYaTKOBA
MIBUKICTh MAa€ CTATH OUIBIIIOIO 32 MPECTaBICHY B MEPIIOMY BapiaHTI.

Cnpo6a 1. O6pano 3nauenus v =10.5 m/c. Kyt nmonpory o 3anuimaemo
koJumHIM (60°).

[Ticns miaCTaHOBKHA OTPUMAEMO HACTYITHE PIBHSHHS:

% ot 4 % 2 % *
3.82:(10'5 sin 60 N 1*9.81 )441+1 9'81n( 0.2*4.41

10.5%cos60° 0.2*10.5c0s60°" 0.2? 10.5*cos 60° *1

Po3paxyHku IpUBOJATH 10 HACTYITHUX 3HAYECHB:
3.82=3.98
TOTOXHICTh HE OTPUMAHO.
Cnpob6a 2. Jlani 6yae o6pano 10.625 m/c ta 59.3°.
3.82=4.27
OueBHIHO, 110 HEOOX1IHA TPETS Crpooda.
Cupo6a 3. Ilinobupaemo 3nauenns: 10.75 m/c ta 58.6°.
3.82=3.82
Byno oTpuMaHo TOTOXHICTh MIJISXOM MiAOOPY KITBKOX Bapialliil 3HaUYEHb.
[1106 KoOpaAMHATH aroreiB 000X PiBHAHB 30IMIMCS, MOYATKOBA IIBHIKICTD Vg Y
PIBHSHHI 3 CYNPOTHUBOM MOBITps Mae AopiBHioBatu 10.75 m/c, a KyT HOJIBOTY
a'=58.6°. HoBi 3HaueHHs IPUBOAATE 10 3MiHM PiBHSAHHS IPH OIOPi MOBITpS:

0.2x
=10.4x+245In(l - ——
(x) x ( 5.62)

[lepeBipsieMO naHe CTBEpIXKEHHS 3a JIOMOMOrol MoOyIoBU rpadikib.
KoopauHatul y,u,, 301rucs st 000X piBHSHB, 110 MIATBEPIKYE TEOpito (puc. 3).

BucHOBKH Ta mepcneKTHBH. Y JOCIHIHPKEHHI MPOBEAEHO aHATITUYHE U
yucelbHe OOIPYHTYBAaHHS MapaMeTpiB  BOJASHOTO CTpyMeHS (DOHTAHHOI
YCTaHOBKH 3 ypaxyBaHHSIM aepoJIMHAMIYHOTO OTIOpY TOBITpsi. BcTaHoBieHO, 110
dbopma TpaekTopii Ta MaJbHICTh BUJIBOTY CTPYMEHS 1CTOTHO 3aJIe)KaTh HE JIUIIIES
BiJl MOYATKOBOI IIBUIKOCTI Ta KyTa HaxwWily COIUIa, ajie W BiA KoedilieHTa
J000BOTO OMOPY, BOASHOTO (hakena Ta yMOB HABKOJMIIHBOTO CEPEIOBHUIIA.
[IpoBenennii aHami3 JIO3BOJWMB BU3HAYWTH JIalla30HM EKCILTyaTariiiHUX
XapaKTEePUCTHK, 3a SKUX 3a0e3nedyeTbcsi (GOpMyBaHHS CTaOUIBHOI Ta
MIPOTHO30BAHO1 TPAEKTOPIT CTPYMEHS.
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v A=B

N

%/ 1 2 3 3 cAuy | & 6 / 8\ YX
L )

Puc. 3. I'pagik, Ha sKOMY 300pa’k€HO TPAEKTOPIIO MOIBOTY CTPYMEHS (POHTAHY IPU
3aJJaHUX 3HAYCHHSIX 0€3 BIUIMBY HABKOJHIIHIX ()aKTOPiB (—) Ta TPAEKTOPIIO MOIBOTY I[LOTO
K CTPyMEHS IIPH CYTIPOTHBI MOBITPS, aJie 3 HOBUMH XapaKTEPUCTUKAMH, SIKi 33]J0BOJIbHSIOTH

30ir BepiMH 060X QyHKIiH (— — —)

OTpuMaHi pe3ynbTaTd MIATBEPIKYIOTh, 110 BIUIMB OINOpPY MOBITPS HE
MO>KHA ITHOPYBATH MPU TOYHOMY MOJEIIOBAHHI (POHTAHHHUX CUCTEM, OCOOJIMBO
JUIsl IEKOPATUBHHUX Ta I1HXXKEHEPHHX KOHCTPYKLIM 31 CKIIAHOIO T'€OMETPIEIO
CTPYMEHS.

[lepcnexkTuBamMu MOAAQIBIINX JOCIIKEHb €: PO3IIUPEHHS MOJENl 0
TPUBUMIPHOTO MPOCTOPY 3 ypaxyBaHHSAM TypOYyJIEHTHOCTI, MyJbCallli CTPYMEHS
Ta B3a€EMOJIIi CYCIAHIX MOTOKIB y 0araTocomyioBuX (OHTAHHUX CHUCTEMAX;
po3po0Ka TMPUKIATHUX 1HKEHEPHUX METOJMK Ta TMPOTrpaMHUX MOMAYJIB, SKi
JO3BOJISITh TPOEKTAHTAM OMNEPATHBHO PO3PAXyBaTH MapaMeTpU BOASHOIO
CTpyMEHA W  OTpPUMYBATH  TPAEKTOPII0O  MAaKCUMAJIbHO  BIAMOBIIHY
JTIN3ANHEPCHKOMY 3aJIyMY.
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DETERMINATION OF THE NECESSARY CHARACTERISTICS OF
THE FOUNTAIN WATER JET TO OBTAIN THE DESIRED
TRAJECTORY UNDER THE INFLUENCE OF AIR RESISTANCE

The article considers theoretical research, which is devoted to the problem
of the influence of external natural factors on the general appearance of fountains
and the scientific and practical task of determining the necessary characteristics
of a water jet of a fountain, taking into account the influence of air resistance on
its trajectory. It is shown that classical models of fluid motion in a gravitational
field do not provide sufficient accuracy, since they do not take into account the
change in the shape of the jet, turbulent losses and aerodynamic forces, which
significantly affect the range and height of water rise. The purpose of the study is
to develop a method for determining the initial velocity, ejection angle and nozzle
geometry, which allow obtaining a given spatial trajectory of the jet under the
action of air resistance, but with laminar motion to simplify calculations.

The work uses a mathematical model of the motion of a continuous water
jet, based on the levels of hydrodynamics and simplified expressions for the force
of aerodynamic resistance, which depends on the speed, air density and effective
cross-section of the jet. To refine the parameters, numerical modeling using the
stepwise approximation method was used, which provides the ability to assess
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unstable modes and variations in weather conditions. The developed algorithm
allows you to determine combinations of supply pressure, nozzle diameter and
ejection direction to achieve the desired water pattern.

The results obtained can be applied in the design of decorative fountains,
interactive hydrodynamic installations and urban water complexes, where it is
important to ensure stability and repeatability of the jet trajectory. The proposed
method increases the accuracy of fountain system settings, reduces water and
energy consumption and contributes to the optimization of artistic and technical
solutions in the urban environment.

Problem statement. In recent times, modern innovations have contributed
to the emergence of significant achievements and significant development in
architecture. Humanity has been able to create even more amazing objects thanks
to advanced construction and design techniques. Forms and ideas that previously
seemed risky to implement or even impossible are now being brought to life by
qualified and dedicated professionals thanks to computer programs and the
general progress of all systems. New paths of development have also been found
in the design of fountains. Modern water features amaze with their unsurpassed
patterns, the movement of which creates a feeling of harmony and unity in the
soul. Given the problematic nature of implementing the latest technologies due to
their general complexity, it is extremely important to calculate how this object
will function not only in theory, but also in reality.

Purpose of the article. Systematic analysis and synthesis of basic scientific
research and publications devoted to determining the characteristics of the water
jet of fountain installations taking into account aerodynamic air resistance. The
study can help specialists in the design of fountains and realize the possibility of
proper and desired functioning of the water feature not only in theory, but also in
practice - when it is impossible to neglect the influence of environmental factors.

Analysis of major studies and publications. The issue of the influence of
external natural factors on the general appearance of fountains and the scientific
and practical task of determining the necessary characteristics of a fountain water
jet, taking into account the influence of air resistance on its trajectory and
aerodynamic resistance, is the subject of research by many scientists in the fields
of hydrodynamics, fluid mechanics and technical hydraulics. Classical works on
hydromechanics [1] laid the theoretical foundations for describing the motion of
a meaningless fluid and the interaction of the flow with the surrounding
environment, which became the basis for the use of differential models of water
Jjet motion. In modern publications, considerable attention is paid to the influence
of aerodynamic resistance and droplet dispersion on the shape and flight range
of the jet. The authors’ works [2, 3, 4] demonstrate the results of numerical
modeling using computer technologies, which allows taking into account
turbulence, jet fragmentation, and energy losses in the air. Studies show that even
with a slight wind load or change in air temperature, the trajectory significantly
deviates from the ballistic model.
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Separate publications from the research are devoted to the design of
fountain systems and optimization of their hydraulic parameters. Works [5, 6]
analyze the dependencies between the nozzle diameter, supply pressure, initial jet
velocity, and lift height. These studies show that the correct choice of nozzle
geometry is key to ensuring a stable trajectory under conditions of external
contamination.

Works by Ukrainian researchers [7, 8, 9] consider engineering methods for
calculating the height of fountains, nozzle parameters, and energy loss using
simplified analytical dependencies. But these models are suitable for practical
design, they do not take into account in detail the behavior of the jet at high
altitudes and the composition of the interaction with the ventilated environment.

Our analysis of the literature has shown that the problem will remain
relevant in an integrated approach [10], which would combine analytical models,
experimental data and modern computer tools to determine the optimal
characteristics of a water jet taking into account air resistance. It is the
clarification of these dependencies that is the scientific problem that the article is
aimed at solving.

Keywords: fountain, water jet; trajectory; equation, architecture;, air
resistance, applied geometry.
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