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AHHoTanus. B cratee paccMoTpena mpoOnema pacueTa KadecTBa BOABI B BOAONPOBOIAHBIX CETAX C KOHTYpaMu
3aMKHYTOM 1MpKymsanud. [IpoBeneHHBIN 0030p paboT MO MOJENMPOBAHHMIO KadyecTBa BOABI B CHCTEMax
BOJIOCHA0KEHHMSI ITOKa3all, 4TO CYIIECTBYET OOJIBIIOE YUCIIO (PaKTOPOB, BIUSIONIMX HAa KAYECTBO BOJIBI B CHCTEMaX
BosocHaOxeHus. Hanbonee mmpokoe pacupocTpaHEHHUE Ha IPAKTHUKE HOTy4JHII0 00e33apaknBaHNE BOIBI XJIOPOM.
Ha xoHHeHTpamuio xjopa B BOAE HAKJIAIBIBAIOTCS [BYCTOPOHHHE OTPAHUYEHUS, M IKCILTyaTallHOHHBIE
opraHuzaiy 00s3aHbI MOAJEPKUBATh TPEOyeMyI0 KOHLIEHTPALMIO XJIopa 10 KpaHa KaxJoro norpeoburens. B
IpoLecce TPAaHCIIOPTUPOBKE BOABI KOHIIEHTPALIUS XJIOpa CHU)KAETCSl U3-3a B3aMMOJICUCTBHS C MaTepHaIOM TPYO
U PacTBOPEHHBIMH BeIlecTBaMH. TakuM 00pa3oM, OJHUM W3 OCHOBHBIX ITOKa3aTesieil KadecTBa BOJBI MOXKET
SIBIATBCS ee Bo3pacT. CyllecTBYOLIE MOENIN pacyeTa BO3pacTa BOAbI HE MO3BOJIIOT PACCUUTATh BO3PACT BOABI
B CHCTEMaXx BOJOCHAO0XEHHS NPU HAIMYMM KOHTYPOB 3aMKHYTOM Iupkymauuu. [IpennokeH TOMONIOTHYecKHH
AITOPUTM pacdeTa BO3pacTa BOJBI B CETAX C KOHTYpaMH 3aMKHYTOM LUpKyisinuu. IIporpaMMHas peann3anus
ITOpUTMa HHTETPHPOBAHA B MH(POPMAIMOHHO-BRUUCTUTENbHBIN KoMIuieke «kAHI'APA-BC» u anpobupoBaHa
Ha YyCIOBHBIX M peanpHbIX mnpumepax CBC. IlporpaMmHas peanu3anus ajaropuTMa IOKaszajga BBICOKYIO
BBIYHMCIIATENbHYIO 3()()EKTHBHOCTh M MOXET OBITH NMPHMEHEHAa Ha NPAaKTHKE IPH aHAIN3€ PEXHUMOB CHCTEM
BojocHaOxeHus. [lokazaHO, YTO CYIIECTBYIOT BCETO HECKOJBKO CHOCOOOB YNPABICHUS KadeCTBOM BOIBI B
cucrteMax BoJocHaOkeHMs. [Ipe/ioskeH HOBBIM MOIXOJA K YNPABJICHHIO KaueCTBOM BOJbI, OCHOBAaHHBIN Ha
CO3/aHUM KOHTYPOB 3aMKHYTON IUpKyIauuu. JlaHHBI moaxon TpeOyeT MHHHMMAIBHBIX KamUTaJbHBIX U
9KCIITYaTaIllHOHHBIX PAcXo0B MO CPAaBHEHHUIO C JAPYTMMH HM3BECTHBIMH criocobamu. [IpeacraBieHHBINH MOAXOX
HOCHUT YHUBEPCAJbHBIH XapaKTep M MOXET ObITh MPHUMEHHM IJIsl pacyera pa3jiMuHbIX MapaMeTpoB KauyecTBa
TPaHCIIOPTHPYEMOM CPEIbl B JIIOOBIX TPYOOIIPOBOHBIX CUCTEMAX.

KaioueBble cioBa: cructeMa BOJOCHAOXKEHUs, KAYECTBO BOJIBI, BO3PACT BOIbI, XJIOPHPOBAHUE BOJIBI, YIIPABIICHUE
KayeCTBOM BOJBI, KOHTYP 3aMKHYTOW HUPKYJIALUU
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BBenenue. KauecTtBo BOJBI B CHCTEMax BOJIOCHA0KEHHUS TOPOJOB MMEET IMEPBOCTEIEHHOE
3HAYEHHUE, TaK KaK OT HErO HAMPSIMYIO 3aBUCHUT 3JI0POBbE kuteiieid. K coxxaneHuro, HeCMOTps Ha BCe
MpeINpPUHIMAEMbIE YCHUIIMS, Ka4eCTBO BOJABI B MCTOYHHKAX, MCIOIb3YEMbIX IS BOJOCHAO0KEHHUS,
MPOJI0IKaeT CHUKaThesl. Ha ceronusmuuii 1eHp B Mupe 0oinee 3 MIIp. 4eI0BEeK HE UMEIOT JOCTYIIa
K YUCTOM NUTHEBON Boje. [IpakTHyeckn BCE€ MCTOYHUKHM TIOJBEPrarOTCA AHTPONOTEHHOMY U
TEXHOTC€HHOMY BO3JICCTBUIO pPa3HON WHTEHCHUBHOCTU. [IpoOiema kauecTBa NHUTHEBOM BOJIBI
aKTyallbHa Kak B TJIOOATbHOM MaciiTabe, Tak W B paMKax OTAENBHO B3STOTO PErHoHa WU
HACEJIEHHOTO IyHKTAa.

KadectBo Bozbl B cuctemax BogocHabxkenus (CBC) onpenensieTcss COCTaBOM M KOJTUYECTBOM
npuMeceld B Hell. MOXHO BBIIENINTH JBE KAaTErOPUU MPHUMECEH, BIUSIOIMIMX HA Ka4eCTBO BOJABI Y
notpedureneit: 1) u3MeHsOmuUecss B MPOIECCe TPAHCIOPTA; 2) MOCTOSHHBIE, T.e. KOHIIEHTpAIUs
KOTOPBIX B BOJE COXPAaHAETCA B NPOLECCE TPAHCIIOPTUPOBKU M 3aBUCUT OT KayecTBa BOJBI Ha
ucTouHUKE. [TOBIMATH Ha BTOPYIO KATETOPUIO MOKHO UCKJIIOUHUTEIHBHO C TOMOIIBI0O OYMCTKH BOJIbI
Ha ucTouHuke. Hanbonpmunii HHTEpeC MpeCTaBIsAeT MepBasi KaTeropusl, MOCKOJIbKY KOHIICHTPAIIHS
MPUMECEN ITON KATETOPUU 3aBUCUT OT MOTOKOPACTPEIEIICHUS.

OuncTKy MUTHEBOM BOJBI 0 TpeOyembIx okazateneii (B PD i1 muTheBOM BOIBI HOPMUPYETCS
conepxanue cpoime 1500 BemecTB) OCymecTBISIOT, KaKk MPaBUIJIO, HA UCTOYHUKE BOJIOCHAOKEHHUSI.
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B 3aBucuMocTH OT THHa 3arps3HEHUs NPHOEraloT K XUMHUYECKOH, MEXaHWYeCKOW, (U3HKO-
MEXaHHYECKOH, yIbTpaduoIIeTOBOM U Jp. BUJAM OYUCTKH M MX KoMOumHamusiMm. [Ipu 3TomM Bona
JOCTHraeT TpeOyeMbIX MoKa3aTesel Mo MyTHOCTH, 3amaxy, IPUBKYCY, COJIEPKAaHUIO COJIEH U Ta30B.
OTaenbHO BBIICISIIOT Ipolecc o0e33apa)KMBaHUS BOAbBI, T.€. YHUUTOKCHHE HMEIOIIUXCS B BOJE
OakTepuid U MUKpoOOB. [[s1 3Toro mcmnonwp3dyercs o6e33apakuBaHHE BOABI YIbTPaQHOIETOM U
XJIOpOM. B oTIIYme OT XUMHYECKUX COSTMHECHUMN, KOHIIEHTpAIUs OaKTepHii U MHKPOOOB B TIpoIiecce
TPAHCIIOPTAa MOXET U3MEHATHCA BCIEICTBUE UX pa3MHOKeHUsA. Ha ceropHsuiHuil 1eHb B MUpPE B
6o1ee yem 99% CBC nnst cHIKEHUS KOHIEHTpaluu 0akTepuil UCTIOIb3YIOT XJIOPUPOBAHUE.

XJop nmpuMeHsIeTCsl 11 00e33apakuBaHus BojbI yke 6osee 200 ner. Briepsoie B 1895 roay B
Hero-Mopke Hauamu XJI0pupoBaTh BOJONPOBOAHYIO BOAy. COrIACHO HOPMATHBHBIM TPEOOBAHUSM,
KOHIICHTpPALIUS XJI0pa B BOJIE JUIS €€ 00e33apaXMBaHM JOJKHA HAXOAUThCS B nuanasone 0,7-3 mr/in
B 3aBUCHUMOCTHU OT TUIIAa UCTOYHUKA (ITOJI3€MHbIN MJIM MOBEPXHOCTHBIN). B TOXe Bpems octarouHas
7103a XJIopa y norpedutens npuaumaetcs papHoi 0,3-0,5 mr/n (cormacHo CanlluH 2.1.4.1074-01) u
BOJIOCHAO>KaIOIasi OpraHU3alysl JAODKHA OOECIIEYHTh KAadyeCTBO BOJBI 10 KaXIOTO KpaHa, a He
TOJIBKO B TOUKE MOJ]a4€ BOJIbI B ceTh. Hu3Kkast KoHIIEHTpanus xjaopa BeneT K pocty 6akrepuii B CBC.
[ToBplllIEHNE KOHIIEHTPALMU XJIOpAa BeAeT K 00pa3oBaHUIO TpUTajJoMeTaHOB [l], 4To HeraTUBHO
BJIMSET KaK Ha 3I0POBbE JIIOJICH, TaK M YCKOPSIET MPOIECC KOPPO3UH METALINYEeCKUX Tpyo [22].
Taxum 00pa3om, Ha MPAKTUKE OJHUM U3 IVIABHBIX IAPAMETPOB, XapAaKTEPU3YIOIIUM KaueCTBO BOJIbI
B CBC, sBisieTCcsl KOHIIEHTpPAIMS OCTaTOYHOro xyiopa. KoHIeHTpalusi 0CTaTOYHOTO XJIOpa, B CBOKO
ouepe/b, 3aBUCHUT OT psJia XapaKTePUCTUK CETH, TJIaBHOW M3 KOTOPBIX SIBIAETCS BpeMs TpaHCIOpTa
Bozbl. [Ipy Hanuuuum B cetu KOHTYpoB 3aMkHyTOU nupkyisuuu (K3L) onpeaenuts Bo3pacT BOAbI
OOIICNTPUHATHIMUA METOJaMHU CTaHOBHUTCS HEBO3MOXHO. Borpocam ompezeneHusi Bo3pacta BOJIBI B
CBC ¢ K311 nocesiiena nannas pabora.

1. Umeromuecsi MoJieJIM pacyeTa v ynpapjieHus KauecTBOM. PaGoThI 0 co31aHUI0 MOeneit
OLIGHKH KauecTBa BOJIbI B cucteMax BogocHabxenus (CBC) Benytes yxe 6omnee 30 ner. Jloctarouno
MOJTHBIH 0030p MCCIIEIOBaHU 110 KOHTPOJTIO M yIIpaBiieHHto kadecTBoM Bojibl B CBC npuBeneH B [3].
Ha cerognsimHuii eHb CYHIECTBYET 3HAUUTEIbHOE KOJIMYECTBO TEXHOJOTMN OUMCTKHU BOJBI U
KOHTpOJIs pocta Oaktepuit [4, 5]. JIns mogasnenus pocta 601e3HETBOPHBIX OaKTEepHil, Kak MPaBUIIO,
IpUMEHsieTC  J1e3uHGUIMPOBaHWE BOJABI XJOpoM [2], Kak OAWH U3 Haubosee JCLIeBBIX,
3¢ (}EeKTUBHBIX U JOCTYNHBIX (JUIsI MPOU3BOJCTBA, XPAHEHHUS U TPAHCIOPTHUPOBKU) METOJIOB,
MTOCKOJIBKY PacTBOPUMBII B BOJIE XJIOP MPOJOJIKAET NMPENATCTBOBATh POCTY OaKkTepHii, B OTJINYHE,
Harnpumep, oT yIbTpa(HoneToBoro ode33apaxupanus, 3 (HEeKTUBHOTO JUILb B MeCTe MOTpeOIeHUs
BOJIBIL.

OaHuM U3 MEepBBIX ANTOPUTM pPACIpPOCTPAHEHMs] XJIOpa B CHUCTEMaxX BOJIOCHAOXKEHUS
npemnoxun Jloy [6] (coBMecTHas Mojenb ruipaBiuku W kadectBa Bojasl B CBC). Anroputm
nporHo3a kavyectsa BoJsl B CBC paccMmoTpeH B [7]. ANropuTM pacueTa BpeMEHU TPaHCTIOPTa BOJIBI
B CBC ¢ ycTaHOBUBIIMMCS PEKUMOM TpeicTaBieH B [8].

[Ipu TpaHcopTHpOBKE BOJIbI K MOTpeOuTeNsiM KoHLeHTpauus xjopa CBC cHumkaercs, u3-3a
B3aMMOJICHCTBHSI CO CTeHKaMu TpyO W pacmama xmopa [9-13], BcieacTBue B3aMMOIEHCTBHS C
pacTBOPEHHBIMU B BOJIE BeEIIECTBaMU (a30T, Cylb(arhl, kKene3o, opranuka u 1.71.) [14]. Otu nBa
mpolecca MPUHSATO pacCMAaTPUBATh HE3aBUCHUMO JIPYT OT Jpyra. 3HAUUTeIbHAs 4acTh UCCIICTOBAHUIMA
MOCBSIIIIEHAa OIIEHKE CKOPOCTH pachaja XJopa B 3aBUCUMOCTH KOJMYECTBA OPraHMYECKUX
COeIMHEHUH B BOJIe, HA4YaIbHOW KOHIIEHTpaImu xyopa [15], remnepatypsi [16], Bo3pacta Bojsl [17],
Mmatepuana [12], nuamerpa u Bo3pacra Tpy0 [18-20], ckopoctu Teduenus [21,22], Hanmuuus cTaHIMN
pexnopupoBanus [23,24] u np. B pabote [25] mokazaHo, 4To TMHAMUKA PEKUMOB TAaK)KE OKA3bIBACT
3aMETHOE BIUSHUE Ha KAYECTBO BOJIbl. METOA0I0TUS OLIEHKH OCTaTOYHOM KOHIIEHTPAIMH XJI0pa AJIs
CHCTEM BOJIOCHAOXKEHUS C TIPEPBIBUCTOM MOIaueii BOABI MpeiockeHa B [26]. Pazsutue u mmpokoe
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pacrmpocTpaHeHue Mojienu pacyeTa kauectBa Bojibl B EPANET [27] moBnusiiio Ha cTaHIapTHI OLICHKH
kadecTBa BoJbl CBC U MO3BOIMIIO AKCIITYyaTAIMOHHBIM MPEANPUATHSIM TOYHEE OIEHUTH KA4eCTBO
BOJIbI B CBOMX cucTemax. Mctopust pa3BuTHs MOJIeH KauecTBa BOJbI, ucnoib3yemoit B EPANET,
npusejieHa B [27]. B pabdote [28] npuBeneHo cpaBHEHUE MOJENel pacnaaa xjiopa 1 u 2 mopsaka B
nakete EPANET MSX.

s ympaBieHUsT KadyecTBOM BOJBI 3a CYET COKPAIICHHUS BPEMEHU TPAHCIOPTA BOJBI
MPEJIOKEHBI aNTOPUTMBI 3aKphITHS 3aABMKeK Ha cetu [29]. B pabore [30] mpenmoxxeHo
HCIIOJIb30BaHUE HBOJIIOLIMOHHOTO aJrOpUTMa JUIsl OTKIIOYEHHSI YYaCTKOB CETH C ENbI0 CHIKEHUS
BpeMeHHu TpaHcropTa ((haKTHUYECKH CO3JaHHMe M3 KOJBIIEBOH CEeTH ApeBOBHAHON). B pabore [31]
MIPEITIOKEHBI aJITOPUTMBI TUTAHUPOBAHUS COBMECTHOM PabOThI HACOCHBIX M CTAHIIUI XJIOPUPOBAHUS
JUTSL TIOJICP KAHMSI MAaKCUMAJTBHO BBICOKOI KOoHIIeHTpatuu xjiopa B CBC. B [32] paccmoTtpena 3aqaua
MUHUMU3ALUN UHBEKLIHUNA XJI0pa B ONpeAeNIeHHbIX TOUKaX CEeTH JJIS MOJAJIEp>KaHusl ero TpedyeMoro
ypoBHs. [TokazaHo, 4TO B TaKOM cilyyae yJIaeTcsl CHU3UTh KOJMYECTBO HCIOIb3YEMOI0 XJIOpa, IO
CPaBHEHHIO C XJIOPMPOBAHHEM BOJIBI TOJILKO Ha HCTOYHHKE. B pabore [33] ans npeBoBuIHOIM ceTn
pelIeHa 3a/1a4a OnpeIesiCHUs] MECT YCTAHOBKH CTAHIIUN XJIOPUPOBAHKS M BEIMUYUHBI HEOOX OTMMBIX
7103 XJI0pa U1 MOAepKaHUsI ONTUMAIILHOTO YPOBHSI OCTATOYHOT'O XJIOpaA B CETH.

AJTOpUTM  JTMHAMUYECKOTO MOJEIMPOBAHMS  KayecTBa BOABI JUJISI  OTCICKHBAHHS
pPacTBOPEHHBIX BEIECTB B BOJOPACIPEACTUTEIbHBIX ceTsAX npezacrasicH B [34]. B pabore [35]
MIPOBEJICHO CPAaBHEHNE HECKOJIBKUX M3BECTHBIX BBIUMCIMTEIHLHBIX METOIOB pacueTa KaueCTBa BOIBI
(ocHOBaHHBIX Ha MeTo/ax Dilnepa u Jlarpanka) u caenanbl BIBOABI 00 UX 3 (PeKTUBHOCTH.

[IpoBeneHHsII 0030p MOKAa3all, YTO OCHOBHAS 4YaCTh paObOT HaIlpaBJIeHa HAa U3yueHue (aKTOPOB,
BIMAIONIMX HAa CKOpOCTh pacmnaaa xjopa B CBC. B oOmem Buie CKOpOCTh pacmaaa Xjopa B
TpyOOIIpOBOIE MOXKET OBITH IIPE/ICTABICHA YpaBHEHHEM TIepBOro nopsaka (1) uiau BToporo nopsjaka

(2) [36].

C(t) = C:Oe_Kt (1)
7[1 b?<c }
C (t) - Coe " 0 (2)
rae CO — HayvaJIbHas KOHHGHTpaHI/ISI XJ'[Opa, K — CKOpOCTB XHMquCKOﬁ peaKHI/II/I, KOTOpaﬂ

OTIpeJIeNIAETCs] COBOKYITHOCTBIO (haKTOPOB, MPEACTaBIEHHBIX nanee, I — BO3pacT BOJbI. Y CIOBHBIN
rpaduK 3aBUCUMOCTH KOHIIEHTPAIIMH XJI0pa B BOJE OT BPEMEHHU IIPUBEIEH Ha pucyHke 1.

%

C
%_ -

t

Puc. 1. Mi3MeHeHNEe KOHIIEHTPALMH XJIOpa BO BPEMEHHU B TPYOOIIPOBOIe
@akTopsl, TPUBOASIINE K CHIDKEHUIO KOHLIEHTpanuu xjiopa B CBC:
— VYBenuueHue KOJIMYECTBAa OPTaHUYECKUX MPUMECEH.
— VYMeHblIEHNE Ha4aJIbHOM KOHLIEHTPALMHU XJIOpA.
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— VYBenuueHue TeMIEPATyphl BOBI.

— VYMeHblICHHE AUaMeTpa TpyO.

— ¥YBenuueHue Bo3pacrta Tpyo.

— VYBenuueHue CKOPOCTH TEUEHHUS.

— IIpumenenue Metaminyeckux Tpyo.

— Hanuuue HecTanMoHapHBIX TUAPABIUYECKUX PEKUMOB.

— Hanuuue pesepByapos.

O0630p nUTEpaTYpHI MO0 MOACIUPOBAHUIO KadecTBa Boabl B CBC moka3zai:

1. lupoko wHccnenoBaHbl MOJENM aHaIW3a KadecTBa BOJbI B 3aBUCUMOCTH OT Pa3IUYHbIX
¢dakTopoB. DaKTHUECKH, KIIIOYEBBIM MapaMETPOM, OTPaKAIOIIMM OOIIee KauecTBO BOJBI B
CBC, MOXeT SIBJISIThCS BO3PACT BO/IBI.

2. IlocraBneHHble 3aJjaydl PEIIAIOTCS MPEUMYIIECTBEHHO TOIMOJIOTHUYECKUMU alrOpuTMaMu,
KOTOpBIE€ HAapsiMyto He ipuMeHuMbl pu Hanmuuu K31 Bapuants! pacueros ceteit ¢ K31 He
paccMaTpuBarOTCA.

3. Hnsa obecnieuenus Tpedyemoro kauectsa Bojibl B CBC mpuMeHsIOTCs pa3inyHble HHKEHEPHBIC
MpPUEMbI: U3MEHEHUE HAyalbHOW KOHIEHTPAIMU XJIOpa, ONTUMAalIbHAs PAacCTaHOBKA CTaHIIUI
XJIOPUPOBaHMSI, CEKIIAOHUPOBAHNUE CETU WM MOBBIIIEHUE JaBICHNS HA HACOCHBIX CTAHLIUAX C
LI€JIbIO TIOBBIIIEHUS PacX0/l0B U T.1.

4. OTCyTCTBYIOT pEryJisipHble METO/IbI yIpaBlieHus: kadecTBoM Bojbl B CBC.

1. Pacuer Bo3pacrta Boabl B cersix ¢ K3II. B mannoii pabore 3a OCHOBY B3SIT MOIXOH K
VIPaBIEHUIO KaueCTBOM MOTOKOB B ceTsx ¢ K31, onmucannsiit B [37]. Kak BunHO U3 ypaBHeHUH | 1
2, CKOpOCTh pacrazia XJiopa HalpsIMyl0 3aBUCUT OT BPEMEHHM TPAHCIIOPTa WJIM, UHBIMHU CJIOBAMH,
BO3pacTa Bojbl. TakuM o0pa3om, AJis pacdeTa KOHIIEHTPAIIMHU XJI0pa HE00X0JUMO 3HATh KaK BO3pPacT
BOJIbI B KaXJ/IOM y3Jie, TAK M CKOPOCTb paciajia XJopa Ha KaKJJOM Y4acTKe CETH.

B of6mem caydae ans ompeaereHHs BoO3pacTa BOJbl HEOOXOJUMO IPOBECTH pacyer
notokopacnpeaeneHus [38] (s onpeneneHus pacXo10B Ha Y9acTKaxX ) M MPUHATH MPEANOIOKCHHE,
YTO B y3JIaX CE€TH MTPOUCXOJUT IOJHOE CMEIIEHUE OTOKOB. Toraa /i y3ia cxo/1a IOTOKOB (PUCYHOK
2) BO3pACT UCXOAIIETO MOTOKA MOXKET ObITh BHIUMCIIEH 1O opmyrie (3), a BpeMsi TpaHCIIOpTa BOJIbI
10 YYacTKYy OIpeJesIIeTCsl CKOPOCThIO BOAbI ((hopmyna 4).

v

Puc. 2. ®parmMeHT ceTu co CX0J0M ITOTOKOB Pa3HBIX BO3PACTOB

_ QL+ QL
-
ArQ ©
I
t, =—, 4
"=y @
rae t,t, — Bo3pacT BXOZAIMX B y3€d MOTOKOB BOABI, t, — BO3pacT HMCXOIAINEro M3 y3ia

MOTOKA, — PACXO0/1 BXOIAIINX B y3€l MOTOKOB, Q, = Q, +Q, — pacxoj MOTOKOB, HCXOIAMINX U3 y371a,
t

CKOPOCTPH BOJIbI HA TAHHOM y4acTKe (M/C).

wps — BDEMS TpaHcmopTa 1o TpybompoBogHomy ydacTky Ne3 (c), | — mnmna ywactka (m), V. —
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Ecmu B cetn ectp K31, To BeruucIuTh BO3pacT BoAbI Mo dopmyse (3) He MpencTaBiIseTCs
Bo3MmokHbIM. Hanmnuue K31 B peanbubix CBC — noctarouno yactoe siBinenue. [lpu stom HekoTopoe
KOJIMYECTBO BOJIbI IOCTOSIHHO LIUPKYJIMPYET BHYTPH ceTH (pucyHok 3). Kak mpaBuiio, Takue KOHTYpBI
oOpasyrotcst Beienactsue padotel HacocHbIX cranimii (HC), u cBsa3eiBarot Beixog HC ¢ ee BxooM.
[Tpu 3TOM COTPYAHUKH DKCIUTYaTAl[HOHHBIX OpPraHHU3alni, KaK MPaBUIIO, 3HAIOT O HAJIMYUU TAKHX
KOHTYPOB, HO B KaXJIOM KOHKPCTHOM CJIydac HaXOAATCA BCCKUC IMPUYUHBI I UX IMOAACPKAHUA
(obecrieueHne HEOOXOAMMOTO JIABIICHUS B y3JlaX, UCKIIOUEHUE 3aMep3aHus TPYOOIIpoBOaa U T.1.).
[Tpu Hammuum K31 B cetn He ymaeTcs onpeaeauTh BO3PACT BOJBI B y3JaX KOHTYpa C ITOMOIIBO
ypaBHeHUsI (3), MOCKOJIBKY HEM3BECTCH BO3PACT OJHOTO M3 BXOJSIIUX B Y3€JI TOTOKOB.

Puc. 3. [Ipumep KOHTYpa 3aMKHYTOH LUPKYISIIIAA

Ha ocnoBe mogenu [37] peasn30BaH UTEPaTUBHBIM TONOJOIMUYECKHH alrOpUTM pacyera
BO3pacTta Bojbl B ceTsx ¢ K3LI:
1. Crpourcs rpad cetu, 3amar0Tcsi HEOOXOAUMBIEC MICXOTHBIC TAHHBIE U PEIIASTCs 3a/jaua pacueTa
MIOTOKOpAcIpeieeHus s MOJIy4eHHsI pacX010B BO/IbI HA ydacTKax (BETBsAX rpaga).
2. VI3BeCTHBIMM JITOPUTMaMH T€OpHH IpadoB (HarpuMep, OUCK B I1yOuHy, anroputM droiiaa,
anroput™ bpenra) nHaxoautces K3LI.
3. B K3Il maxomsTcs XOpabl — y4YacTKM C MHHHMAIBHBIM pacxojoM. Pacxom Ha xopue
npezcTaBisieT co0ol MUPKYIAIMOHHBIN pacxoa B K311,
4. OnpenenstoTcst y3ibl CX0/1a TOTOKOB — KOHEUHBIE Y3JIbl XOP/I.
5. Jng xaxaol XopAbl Ha3HAyaeTcsl HEKOTOPBI HayalbHBIA BO3pacT BoAbl (Hampumep, 0 wim
BpEMsI POXO0K/IEHUSI TIOTOKOM XOP/Ibl).
6. IlpoBoautcs pacuer Bo3pacta Bojbl B K3L1.
ITo pe3ynbpraTam pacdeTa Ha3HAYaeTCsl HOBBIM BO3pacT B y3J1ax cxona norokos K311,
8. TloBTOpSATH 1. 5-6 10 TOCTHKEHHS TPEOYEMON TOYHOCTH pacyera.
Ha xaxxpgoif mrepauuu aiaropuTMa BBIYMCISETCS HEBS3Ka B y3nax cxoga morokoB K3LI mo

dbopmye (5).

~

0=Qt +Q,t, —Q.t;. (5)
2. Ilpumepsl pacuyera Bo3pacta Boabl B ceTsix ¢ K3II. IIpencraBneHHbit anroput™ Obu1
peann3oBaH B BHJIE IPOTPAMMHOTO MOAYJNS U MOJAKIIOYEH K pa3pabOTaHHOMY U Pa3BUBAaEMOMY B
HC3M CO PAH MBK «<AHI'"APA-BC» [39, 40]. Ha pucyske 4 npeacTaBieHbl TECTOBbIC PACUETHBIC
CXEMBbI ¢ OJHUM (pUCYHOK 4.a) u 1ByMs (pucyHok 4.0) K311 (cxeMbl oTnn4aroTcs JIIMHAMH Y4aCTKOB
U pacrojaraeMbIM HallOpOM Ha HacOCHOH craniun). Ha cxemax BblaeneHs! y3ibl, Bxoasmume B K31
u xopzbl. I3MeHeHne Bo3pacTa BOJBI B y3JIaX CXOJia MOTOKOB B Mpoliecce paboThl aaroputma s
MPUBEICHHBIX CETeH MpeIcTaBIeHbl Ha pucyHke 4 (B-r). st cereit ¢ 1 K31 anropurmy nocratodHo
3-4 wtepanuu, 4TOOBI OLEHHUTH BO3pacT Boabl. CeTh C JABYMS KOHTypamH TpeOyeT mopsiaka 6
UTEpalHii, T.€. C POCTOM YHCJIa KOHTYPOB YUCIIO UTEPALUil BO3pAcTaeT.
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Puc. 4. Pacuernas cxema ¢ oqaum K31 (a); pacuetnas cxema ¢ aeymst K311 (0); nsmenenue
BO3pAacTa B y3JIaX CX0Jla IOTOKOB B 3aBUCHMOCTH OT UTEPAIIMU AITOpUTMA (B, T)

Kak yxe ynomuHanoch paHee, OJHOM HM3 NPUYMH Pa3paOdOTKH MPEICTABICHHOTO BHIIIE
anroputMa sBisics ToT (dakt, yto peaiabHbie CBC uacto umeror K3K. Beneacrsue sToro onenka
BO3pacTa M KadyecTBa BOJBI U1 TAaKUX CHUCTEM BBI3bIBAeT 3aTpyAHeHus. Ha pucyHke 5 mpuBeneHa
pealibHas pacdeTHas CXeMa BOJOCHAa0KEHHS ropoja, conepikamias Heckoybko K31 u mopsaka 45
000 y3noB cetu. Pacuer Bo3pacrta BojbI BO BCEX y3J1aX JaHHOM cxeMbl 3aHuMaeT MeHee 1 cek. Takum
0o0pa3oM, MOXXHO KOHCTaTHpPOBaTh, YTO HCIIONB30BAHHE MPEIIOKEHHOTO alropuTMa pacueTa
BO3pacTa BOJBI Jake Ui ceTed OONbIIOoN pa3MEepHOCTH HE NPEICTABISAET BBIUHUCIUTEIBHBIX
uke skcruryatanuun CBC.
R/ .

1l
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Puc. 5. Pacuernas cxema CBC ropoaa
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AHanu3 pe3ysibTaToB MOKa3all, YTO BO3pacT BOJbI y MOTpeOuTeNel CYIIIECTBEHHO pa3IniyaeTcs.
Haubonee 6au3kue K HCTOYHUKY MOTPEOUTENN UMEIOT BO3pPAcT B HECKOJIBKO YacoB. B To e Bpems
B CETH UMCIOTCS TOTPeOUTENH (HECKOIILKO JIECATKOB), BO3PACT BOJIBI Y KOTOPBIX JocTuraet 30 CyTOoK.
[TonpoOHbIil aHaNMMU3 CXEM MPUCOCAUMHEHHS] TAaKUX IMOTpeOUTeNel MO3BOJMI BBISIBUTH OCHOBHbBIE
MIPUYMHBI OTKJIOHEHUH B BO3PAcTe BOJIBI:

1. TloaxitoueHune nmoTpeduTeNelt ¢ Maoil Harpy3koi K TYIMHKOBBIM CETSIM OOJIBIIOTO JUaMETpa,
KOTOPBIE OCTAJIMCh OT JIMKBUANPOBAHHBIX MTPOMBIIIICHHBIX TPEAPUSITHHA.

2. Ilogxmouenue motpeduteneit k CBC ¢ yuerom TpeboBaHuii mokapHOTO Haazopa. Yacro
pacueTHasi Harpy3ka Ha MOXapOoTYIIeHHE IPEBBIIIACT CPETHIOI HATPY3KY BOJONOTPEOICHUS B
50-100 pa3, a amameTrp TMOABOIALIETO TPYyOONpPOBOAAa TOMOMPACTCS C  Y4ETOM
IIPOTUBOIIOKAPHOU HATPY3KHU.

2.1. AHamornyHO T11.2. B YacTHOM CEKTOpE C MajJol Harpy3koi BOJOMOTPEOICHUS
YCTaHABIIMBAIOTCS MOKAPHBIE THAPAHTHI, 10 KOTOPBIX MPOKIAIBIBAIOTCS CETU OOJIBIIETO
nuamerpa (pucyHok 6.a) (KpacHbIM LIBETOM OTMEUYEHBI TOTPEOUTENH C TOJTYUYaIOLIIe BOAY
C BO3PaCTOM CBBIIIE 3 CYTOK).

2.2. Ananornyso 1.2. Kpome T0oro, 4To MoAKIIOYEHNE HOBBIX MOTPEOUTENEH OCYIIECTBISETCS
OT JIBYX KOJIOALIEB JIBYMSI HUITKaMH TPyOOmpoBoiaMu (pUCYHOK 6.0).

Puc. 6. Tunmunbie cXeMbl pa3MeIIeHus TOTPEOUTENCH ¢ HapYIIICHHEeM KauecTBa BOJIBL: a) B
KOHIIE ATUHHBIX YIHUIL, 0) MPU ABYXTPYOHOU cXeMe MOIKITIOYCHHUS

HopMmanuzanus Bo3pacta u kauecTBa BOJbI B KayKJI0M CIIy4dae pelaeTcss HHAMBUAYalbHO. Tam,
I7ie 9TO JOIMYCTHUMO, BO3MOYKHA TMEepeKIaika TpyObl MEHBIIETO JuaMeTpa MO0 yCTaHOBKA CTAHIIUU
XJIOPUPOBAHMSI Ha BBOJIE B MUKPOpPAOH/KBapTal (XOTd 3TO TpeOyeT 3HAaUUTENbHBIX (PUHAHCOBBIX U
OpraHU3AIMOHHBIX 3aTpParT).

3. upkyasiuus Kak cnocod ynpasjeHusi kauecTBoM Boabl B CBC. Kak yxe yrmoMuHanocs,
Ha TIPaKTUKE CYIIECTBYIOT BCEr0 HECKOIBKO CIOCOOOB pEIINTh MPOOIEeMYy KadecTBa BOJABI Y
OTJIENBHBIX MOTPEOUTENEH, HO YacTO BCE ITU CIIOCOOBI OKA3bIBAIOTCS HEMPUMEHUMBI HIIA CIUIIIKOM
noporu. Emé omaum cmocobom ympaeieHuss kadectBoM Boasl B CBC sBnsercs co3manme
IUPKYJSIITMOHHOTO pacxojia BOABI B ceTH (MO TPUHIUIY UHUPKYISIMA BOABI B CHCTEMax
TEIUIOCHA0KEeHUs1). DTOT COC00, C OJTHOM CTOPOHBI, TPEOYET AOMOTHUTENBHBIX IKCILTyaTaIMOHHBIX
3aTpar (Ha HACOCHBIX CTaHIUAX), HO C JAPYTrOM, MO3BOJSET MOHU3UTH BO3PACT BOJbI, TEM CAMbBIM
obecrieunB TpeOyemoe kauecTBO. TakuM 00pa3oM, CTAaBUTCS IBYXKPHUTEpUATbHAS ONITUMHU3aIIMOHHAS
3a7a4a MUHUMU3AIMU SKCIUTYaTallMOHHBIX 3aTpaT U MOBBIIICHUS YPOBHS KadyecTBa BOJbI. [Ipuuem
II0 CPAaBHEHHMIO C YCTAHOBKOM CTAaHUMK XJIOPUPOBAHUs YCTAHOBKA LMPKYJSIHMOHHOIO Hacoca
00XOUTCS Ha HECKOJIBKO MOPSAIKOB JICHIEBIIC U HE TPEOYET COracoBaHU C HAA30PHBIMHU OPTaHAMHU.
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DOHepronorpebiaeHe IUPKYISIIUOHHOIO Hacoca HE3HayuTelbHOe, T.K. JUId oOecreueHus
HUPKYIALHOHHOTO pacxo/a 0ObIYHO JJOCTATOYHO HAropa B HECKOJIBKO METPOB BOJSTHOTO CTOJIOA.

[TooOHBIN MOAX0 MOXET OBITh MPUMEHHUM K OTICIBHBIM YacTsM CeTH (KakK MpaBHIIO, 3TO
TYIUKOBBIE TOTPEOUTEIN WIIM TPYIIIBI TOTpeduTene, Haxoasmumecs Ha rpanuie CBC).

Jliis mpuBeNeHHOW HAa PUCYHKE 5 CXeMbl ObUIM IPOBEICHBI pacueThl MO HOPMalU3aluu
Bo3pacta Bojbl yTeM cospanust K3LI. s pparmenTa cxemsl (prucyHOK 6.a) yBeIHUEHHE CKOPOCTH
Bozbl ¢ 0,0017 m/c mo 0,2 M/C TO3BOIMIIO COKPATUTh BO3PACT BOJIBI HA TAHHOM Y4acTKe ¢ 6 CYTOK J0
MOJIyTOpa 4acoB, IPU 3TOM MOILIHOCTh IIUPKYJISIMOHHOTO Hacoca He npeBbicuT 1 kBT. bonee toro,
MOKET OBITh PACCMOTPEH CLIEHAPHIl BKIIOYEHHS HUPKYISIIIMOHHOTO Hacoca 1-2 pa3a B CyTKHU Uid
OOHOBJICHHS BOJBI B JAHHOM Y4acTKe TPYOOIPOBOE, YTO €Ile OOJIbIlIe CHU3HUT HKCILUTYaTallMOHHBIC
3aTparshl.

Jlist cxembl (pucyHOK 7.0) co3manue K31 mo3BomuT yBeauuuth CKOpocTh Bobl ¢ 0,002 m/c 10
0,2 M/c, uTO cHU3UT Bo3pacT Bojbl ¢ 60 yacoB 10 40 munyT. [Ipu 3TOM 3aTpaThl JIEKTPOIHEPTUN HA
oJIIepyKaHue JAHHOTO IIUPKY/ISIIIMOHHOTO pacxo/a OyayT MuHUMaIbHbIME (He 0ostee 20 kBT 4/cyT).

3akiroueHue.

1. IlpoBenéuubplii aHanu3 JUTEpaTypbl MO pacueTy kadectBa Boabl B CBC mokaszan, 4To
KIIFOUEBBIM [1apaMeTPOM, OI[CHUBAIOIINM KaueCTBO BOJIbI, MOKET CUUTATHCS €€ BO3PacT.

2. IlpeanoeH arOpUTM pacueTa Bo3pacTa BoJIbI B BOAONpoBoaHbIX ceTsax ¢ K3LI. [Tporpammuas
peanu3anys JIrOpUTMa IOKa3aja JOCTATOYHYIO BBIYUCIUTENBHYIO J(PQPEKTHBHOCTh Ha
YCIOBHBIX M peasbHbIX cxemax CBC.

3. IpennoxeH HOBBIH criocod yrpasieHus kadyectBoM Bojibl B CBC, ocHOBaHHBIN Ha cO3/1aHUU
LUPKYJSLUOHHBIX PacxXo/0B. BhISIBIEHbI TUIIMYHBIE CUTyalluu, Korja ucrosb3oBanue K3L]
MO3BOJISIET CHU3UTH BO3pacT BOAbl. Armpobamus Ha peambHoM mnpumepe CBC mokaszana
MEPCIeKTUBHOCTh MpEIaraeMoro mojaxonaa, rae ¢ mnomousio co3manus K3L[ ymanocs
MOBBICUTH KaYECTBO BOJBI Y KOHEUHBIX MOTPEOUTENEH (CHU3UTH BO3PACT BObBI).

4. IlpencraBieHHBIN AITOPUTM HOCUT YHUBEPCAIbHBIA XapaKTep U MOXET ObITh MPUMEHEH IS
pacuera pa3Iu4HbIX TapAMETPOB KayecTBa (MJIM COCTaBa) TPAHCIOPTHUPYEMOU Cpe/Ibl B JIFOOBIX
TpyOONPOBOJIHBIX CETAX (BOAO-, TEIUIO-, HedTe-, TIa30CHAOKEHUs, TEXHOJOTHUECKUE
TpyOOIPOBOIBI U IIP.).

BaaronapuocTn. VccnenoBanue BBINOIHEHO B paMKax rocyaapcTBeHHoro 3ananus NCOM
CO PAH (Ne FWEU-2021-0002, per. Ne AAAA-A21-121012090012-1) IIporpamMmsi
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Methods of analysis and provision of water quality indicators in water supply
systems with closed circulation loops

Aleksandr V. Alekseev, Nikolay N. Novitsky
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Abstract. The article considers the problem of calculating the quality of water in water supply systems with closed
circulation loops. The conducted review of works on modeling water quality in water supply systems showed that
there are many factors affecting the water quality in water supply systems. The most widespread in practice is
water disinfection with chlorine. Bilateral restrictions are imposed on the concentration of chlorine in water, and
operating organizations are obliged to maintain the required concentration of chlorine to the tap of each consumer.
In the process of transporting water, the concentration of chlorine decreases due to interaction with the pipe
material and dissolved substances. Thus, one of the main indicators of water quality can be its age. Existing models
for calculating the water age do not allow calculating the age of water in water supply systems in the presence of
closed circulation loops. A topological algorithm for calculating the age of water in networks with closed
circulation loops is proposed. The software implementation of the algorithm is integrated into the “ANGARA-
VS” information and computing complex and tested on conditional and real examples of water supply systems.
The software implementation of the algorithm has shown high computational efficiency and can be applied in
practice when analyzing the modes of water supply systems. It is shown that there are only a few ways to manage
water quality in water supply systems. A new approach to water quality management based on the creation of
closed circulation circuits is proposed. This approach requires minimal capital and operating costs compared to
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other known methods. The presented approach is universal and can be used to calculate various quality parameters
of the transported medium in any pipeline systems.

Keywords: water supply system, water quality, water age, water chlorination, water quality management, closed
loop circulation
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