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TEOPETUYHI AOCNIAXEHHA | MATEMATUYHA MOAEJIb
rAPABIYHUX NMPOLECIB AATHUKA PIBHA BOAU

Y craTtTi HaBemeHo pe3ynbTaTM TEOPETUYHUX AOCNIimKEeHb PpoboTun
NOoNNaBKOBOr0O pAaTyMKa PpiBHA BOAU, LLO BUKOPUCTOBYETbCA Y CKnapi
rinppoaBTOMaTUYHOro  perynsaTopa B  OCYWYBaJibHO-3BOJI0XKYBaJIbHUX
cucteMax. 3anponoHOBAHO CHNpPOLWEHY Mogesib, 3aCHOBaHYy Ha aHanisi
piBHOBaru cwi, siKi Ail0Tb HA NONJIABOK Yy po6o4yoMy cepepoBuLli. Po3rnaHyTo
BNJINB reOMeTPMYHMUX NapaMeTpiB NONJiaBKa, MOro Macu, apxiMegoBoi CUNIN Ta
riapocTaTM4yHOro TUCKY B naTpybkax Ha yMOBM CnpaulOBaHHA AaTYMKa.
OTpMMaHO aHaNiITUYHY 3aNeXHiCTb OIS BU3HAYEHHS KPUTUYHOI BUCOTH
3aHypeHHA nonjaBKa, 3a SIKOi BiAOGyBaeTbcA Moro nignuoM i nepeKpuTTs
rinpo3B’aA3sKy. Pe3ynbTtatm MOXXyTb O6yTM BMKOPMUCTaHIi AONA ONTUMI3aWii
KOHCTPYKTUBHMX MapaMeTpiB MOMMIAaBKOBMX [AaTYMKIB | MNiOgBUILEHHA
HaAiIMHOCTI aBTOMAaTU4YHOIO PerysiloBaHHA PiBHA BoOM.

KnrwyoBi cnoBa: MaTteMaTnyHa Modesb; AiaMeTp NaTpybKa; piBHOBara cusm;
AATUYMK piBHA BOAW; NOMJIABOK.

ABTOMaTUYHE peryatoBaHHA PIBHA BOAM € BAXXJIMBOK CKJ1aL0BOM
edeKTUBHOI pobOTM OCyLLYBaNbHO-3BOJIOXYBAaJIbHNUX cucTeM. HaginHicTb
TaKMUX CUCTEM 3HAYHOK MIPOK 3aSIEXKMUTb Big KOPEKTHOI poboTn OATUYMKIB
piBHA BOAW, SAKi 3ab6e3ne4yyTb CBOEYACHE pearyBaHHsA Ha 3MiHy
rippaBniyHmx  ymoB. [lonnaBkoBi  pgatyukym  Habynnm  LWUMPOKOIo
33CTOCYBAHHSA 3aBOAKWN NMPOCTOTI KOHCTPYKLUII Ta aBTOHOMHOCTI, OOHAK IX
pob60Ta BM3HAYAETbCA CKJIAQAHOK B3AEMOMIE IPaBITALIMHUX CWJ, LWO
Lit0Tb Ha nonslaBok. TOMy akTyasibHUM € TeopeTu4He o6rpyHTYBaHHS
YMOB piBHOBAry nonjlaBka Ta BU3HAYEHHS NMapaMmeTpiB, WO BMNINBAKTb
Ha MOMEHT cnpautoBaHHA aaTtymnka [1-2].

MeTtolo pgocnigeHHs € nobynoBa TeopeTMYHOl Ta MaTteMaTUYHOI
Moaeni poboTn NonNaBKOBOro OaTYMKA PiBHSA BOAWM HA OCHOBI aHanily
PiBHOBAaru cuf, Wo LiloTb Ha NOMMABOK, a TAKOX BM3HAYEHHS KPUTUYHOI
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BUCOTU hy,, WNOro 3aHYpeHHsl, 33 SKol BioOyBa€ETbCA MOYATOK PyXy i
CNpaLtoBaHHSA rigpoaBTOMAaTUYHOIO PEryasaTopa piBHSA BOOMW.

Pesynbratn pocnimkeHb. [na pocnigxeHHs poboTM paTymKa
piBHA 0Oyno po3pobsieHO CcrnpoweHy MaTeMaTUu4yHy Moaesb Woro
piBHoBarn. OcHoBok Mopeni € 6anaHc cui, Wo LilTb HAa NOMJIABOK Yy
po6oyoMy cTaHi (prucyHoK).

[aTtunk piBHA BOAW Yy CKnagi rigpoaBTOMAaTWM4YHOro perynsatopa
PIBHA BUKOHYE (YHKLIHO pearyBaHHs CUCTEMW HA 3MIHW PIBHA BOOU Yy
CKMAHOMY Konopsisi. Moro npuHuMn poboTu Monsrae y BUKOPUCTAHH
nonnaBka, AKUK Nig Ai€ FigpocTaTUYHUX CUA | BarM BOoASIHOro cToBMa
3MIHIOE CBOE MOJIOXKEHHSA, 3aMUKako4uM abo BiAKpMBaKOYUM rigpaBrivHUN
3B'A30K. [N KOpPEKTHOro BW3HA4YEHHS YMOB MOro CrnpautoBaHHSA
HeobXxiAgHO BMKOHATW aHani3 piBHoBarn cun, Wo AiloTb Ha NOMJABOK Yy
pob6o4yoMy cepeioBULL.
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PucyHok. Cxema cun, Wwo fitoTb Ha NONJIAaBOK faTYMKa piBHSA Bogu
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na nobynoBu TeopeTUYHOl Mofesni NPUUHATI Taki napaMeTpu
AaTYnKa:

Tabnuus
[eoMeTpUYHI Ta GI3NYHI XapPaKTEPMCTMKMN NOMIABKA
MNapameTp [No3HayeHHs Po3MipHicTb
[liameTp BepxHbOro naTpybka D, M
[iameTp HMXKHbOro NaTpybKa D, M
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NpPOLOBXeHHSA Tabnnui

[iameTp nonnaeka D, M
Bucorta nonnaska hp M
lNoBHEe 3aHYypeHHS NonJaBKa h, M

Maca nonnagka m, Kr

Hanip Ha TpybonpoBsogi

. ’ h1 M
riapo3B A3KY

Hanip Boan B CKWOHOMY KONOOA3i h, M

Mnowi nonnaeBka Ta naTpybKiB BM3HA4YalTbCA CTAaHAAPTHUMMU
reoMeTpU4YHMMU CNiBBIAHOLWEHHAMMU:

D2
s =X (1)
4
S_ﬁﬂ'f S_RDE S—ﬁﬂé
T !

[NoBHMIW 06'eM NonnaBka Ta 06'eM 3aHypeHOl YacTUHU NONJaBKa
BU3HA4YaloTbCs BiANOBIAHO A0 reoMeTpil LMNiHOPUYHOro Kopnycy:
Ve =5,"h, (2)

L;[DEWEEH&.L‘;;EE}ﬂEEEH )
Cunn, Wo [itoTb Ha NMNOMNJ1IaBOK
Ha nonnaBoK o4HOYAaCHO Ait0Tb HACTYMHI CKIAgoBi CUJI:
Cvna TsXiHHSA nonnaBKa byne piBHOW:
G =myg, (3)
0€e m - Maca nonnaekKa;
g — NMPUCKOPEHHS BiJIbHOro NagiHHA 2,81mM/c.
ApximepnoBa cuna:
Fa = PoVersypennn - (4)
[e p - rycTUHa BoAW;
g — MPUCKOPEHHSA BiNbHOro nagiHHAa 9,81M/c;
'[‘.?

FREY PEEEA
Ins  4acTKoBO 3aHypeHoro ronflaBka apxiMegoBa  cuna

nponopuiHa BUCOTI 3aHYpeHHs h,:

— 0D'eM 3aHypeH0l YacT HHH NOOJABK, M.

Fy(hz)=pgS,hs (5)

Cvnn rigpocTaTMYHOro TUCKY y NaTpybKax:
Foeps = P151; (6)
Fam = P253, (7)

ne Py 1a P, = TUCKM pigWHKN y BEPXHBOMY | HUXKHBbOMY NaTpybKax.
3Bepxy Ha MNOMIaBOK AI€ cuna TUCKY Py
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P, = pghyS,, (8)
Oe p— rycTvHa soau;
g — NPUCKOPEHHSA BiIbHOrO NaAIHHS;
hy —Hanip Ha TpybonpoBoai rigpo3B A3Ky;
5y — NNOLLa NOMNJIaBKa Ha iKY A€ TUCK BOAM.
3HM3y Ha OHO MOMNaBKa [Ai€ cuUNa TUCKY P, SKa BU3HAYaAETbCH
PIBHAHHAM
P, = pghs 5, | (9)
Ae p— rycTvHa soau;
g — NPUCKOPEHHSA BiIbHOMO NaAIHHS;
ho — Hanip BOAW B CKUOHOMY KONoas3i;

S, — NJowWa NonnasKa, Ha AKy Ai€ TUCK BoaM.

3 OoKiB Ha MonsiaBoK 3aTBOpa AilOTb CUAM PIBHI MiXK cobow no
BEJINYMHI Ta NPOTUNEXHI 3a HanpssiMoM. BoHM BpiBHOBaXywTb OfHA
OHY, i IX pe3ynbTyto4a byge piBHOW HYJIHO.

PiBHoBara cnn

MonnaBoK NoYnHae pyxaTuca Bropy ToAi, KOnu cuna, Wwo fie Bropy,
nepeBuULLYE CUNY, WO Oi€ BHU3:

Fér:lpr_',' =+ Ry (10)
Fops = 0 + Fogp (11)

BpaxoBytoun KoediuieHT BUTPATK U, cuna 3BEpPXY BiL rapo3B’sa3Ky
BM3HAYAETLCA AK:

'Farn'p:,' -
Feps = 4P S5, (12)
ne P, - cnna TUCKyY fKa i€ Ha NonsiaBoK 3Bepxy;
Sy — NJiowa nonnaeka;

Fé!—:l!!;

u— KoediuieHT BUTpaTn Tpybonposoay vepes AKNMM HaaXxoauTb BoAa.
BpaxyBaHHA U [0O3BONISIE TOYHILlEe MOLENHBATU peanbHy cuiy
TUCKY HA TMONNaBOK, OCKiNbKM He Becb Hanip 3 Tpybonposoay
nepenaetbcs 6e3nocepenHb0 Ha noBepxHio nonnasBka [lpu u=1 Becb
TUCK nepepnaetbca 6e3 BTpaT. [lpy u<1 4acTUHA TUCKY PO3CIETLCH
Yyepes BTpPaTK B TpybonpoBoai, L0 BigNOBIgAE peasibHMM yMoBaM poboTu
cuctemu [31.
YMmoBa piBHOBaru
G+'FI|EHEP!{=FH+EII{I:E~ ' (13)
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AKWoO F o = Fo NOMJABOK Byfe 3anMWaTCS y 3aKPUTOMY CTaHiI,

ropy
ANS BUNAAKY Fiou. = Bz NONNABOK CNNIMBATUME, NPU Fron, = B BiH
6yne 3HaxoouUTUCS y CTaHi piBHOBAaru.

YMoBa KpUTU4YHOro Harnopy

KputuyHa BMCcOTa 3aHypeHHA nonnaBka hg, BU3HAYAETHCH
MOMEHTOM, KOJIM CUNW 3PIBHOBAXYIOTLCK:

'Eu:'up}' = FE::—:::!, H (1 4)
G + Fogpr = Fal i) + Fuge 5 (15)
By = —Wp‘;‘; J (16)

h «p — KPUTUYHMW HANIP, M;

G - Bara nonnaska, H;

Fsgepxy — CUNA TUCKY 3BepXY, H;

Fr — apximegoBa cuna, H;

Fsunsy — CHNa TUCKY 3HU3Y, H;

p — FyCTWHa Boau, Kr/m>;

g — NPUCKOPEHHS BiNIbHOro NagiHHS, M/c?;

S, — nolla nonnaBkKa, M2,

Ls dopMyna pos3sonse BU3HAUUTU i3MYHY BMUCOTY BOAM Haf
NOMMaBKOM, MPU SAKIK CUIN 3PIBHOBAXKYKTLCA | MOMNJABOK MOYUHAE
nigHiMaTucs.

YMoBa KpUTUYHOIO HANnopy Npuv NponopLuinHin apxiMenoBin cuni

G+F;Ep::=FA'?:I_ZP+ Pz 5 (17)
FA-%={G+f§m;}_ Frome 5 (18)
hﬂ _ (G+FBEP_~;7]- Foprz : (19)
g Fa
ﬁ?:p;rrpun = hz ) g~ B ' (20)

Fa

HaHa dopMyna BpaxoByeE HacTKOBE 3aHYPEHHS MOMIaBKa, TOMY Aa€
peanicTM4Hy BeMYUHY KPUTUYHOI BWUCOTM [ANS CNPaLbOBYBAHHSA
AaT4yMKa.

BucHoBkn. Pe3ynbTatm p[ocnigeHb O03BOJSIMAM  OTPMMATH
y3aranbHeHy ¢dopmysly ana BM3HAYEHHS KPUTUYHOI BMCOTW 3aHYPEHHS
Ao

BcraHoBneHo, W0 Ha 3HA4YeHHA h, BNANBAKTb SAK €OMETPUYHI
napameTpu nonnaska (S, V.), Tak i $pi3nKo-MexaHiYyHi xapaKTepuUcTUKu
cepepoBulLla Ta YMOB pob6oTu cucteMu (rycTuHa piguHu p, Maca
nonJsiaBka m, BUcoTa Hanopy Pi, KoedilieHT BUTPATU ).
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3pocTaHHA Macu nonaaBka nNpu3BoguMTb L0 36inbWweHHA Ay,
OCKiNlbKM HeobxigHa b6inbwa apxiMegoBa cuia 0N BPIBHOBAXEHHS
cuctemu. 30iNblEHHS MAOLWi NonepevyHoro nepepidy S, Ta 3aHypeHoro
006'eMy cnpusie 3MEHLUEHHK KPUTUYHOI BUCOTU 3aHYPEHHS 3aBASAKM
NOCUJIEHHK nignoMHol cunan. Pa3oM 3 TuM, NIABULLEHHSA Hanopy y
rinpo3s’'asky (P1) i KoediuieHTa BUTPATU U NIACUIIIOE L0 CUIU TUCKY
3Bepxy, Wo 36inbllye 3HAYEHHS Fp.

Taknm YMHOM, piBHOBara nonnaeka BU3HAYaETbCSA
CNIiBBIOHOLLIEHHSAM MiX BArok MonJjiaBka, apxXxiMegoBOK CUJI0K Ta CU1aMU
TUCKY BiA rigpo3s’'sa3ky. KpntuyHa Bucota 3aHypeHHS h € KIHYOBUM
napaMeTpoM, Lo XapaKTepU3ye MOMEHT MNOoYaTKy Ppyxy nonnaBka W
3a6e3neyye poboTy aBTOMaTUYHOro perynsatopa piBHA Boaun. OTpUMaHI
3aNeXHOCTI MOXKYTb BYTU BMKOPUCTAHI 018 ONTUMI3aLil KOHCTPYKTUBHUX
napaMeTpiB NOMNaBKOBUX OATUYMKIB Y MENiOpaTUBHUX CUCTEMAX.
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THEORETICAL STUDIES AND MATHEMATICAL MODEL OF HYDRAULIC
PROCESSES OF A WATER LEVEL SENSOR

The article presents the results of theoretical studies of the operation
of a float-type water level sensor used as part of a hydro-automatic level
regulator in drainage—irrigation systems. The efficiency of such systems
largely depends on the accuracy and stability of level sensors, which ensure
a timely response of the regulator to changes in hydraulic conditions. In this
regard, the study of hydraulic processes that determine the actuation
conditions of the float sensor is of particular relevance.

A simplified theoretical and mathematical model of the sensor
operation is proposed, based on the analysis of the equilibrium of forces
acting on the float in the working environment. The model takes into account
the action of the float’'s gravitational force, the buoyant (Archimedes) force,
as well as the forces of hydrostatic water pressure from the upper and
lower nozzles of the hydraulic connection. The influence of the float's
geometric parameters, including its diameter, height, cross-sectional area,
and submerged volume, as well as the float mass and the density of the
working fluid, on the equilibrium conditions of the system is analyzed.

Special attention is paid to accounting for the head in the hydraulic
connection pipeline and the discharge coefficient, which makes it possible to
more accurately describe real operating conditions of the sensor while
considering hydraulic losses. Based on the developed model, an analytical
relationship is obtained to determine the critical immersion height of the
float at which the equilibrium of forces is disturbed, the float begins to rise,
and the hydraulic connection is closed.

It is shown that changes in structural and hydraulic parameters
significantly affect the value of the critical immersion height, as well as the
sensitivity and reliability of the float sensor operation. The proposed
approach can be used in engineering calculations and in the design of new or
modernization of existing float-type water level sensors. The obtained
theoretical relationships form the basis for further experimental studies and
practical verification of sensor operation under real operating conditions, as
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well as for improving hydro-automatic regulators in reclamation and water
management systems.

Keywords: mathematical model; nozzle diameter; force equilibrium;
water level sensor; float.
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