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Óêðà¿íà

Íà îñíîâ³ áàëàíñó ìàñ ðîçðîáëåíà ìîäåëü äèíàì³êè ðîç÷èííèõ ñîëåé ó âîä³ îõî-
ëîäæóâàëüíèõ ñèñòåì îáîðîòíîãî âîäîïîñòà÷àííÿ. Çàïðîïîíîâàíà ìîäåëü âèðàæå-
íà ó çàãàëüí³é ôîðì³ äëÿ óìîâè ïîñò³éíîñò³ îá’ºìó îáîðîòíî¿ âîäè ³ íåñòàö³îíàð-
íîñò³ âõ³äíèõ ³ âèõ³äíèõ ïîòîê³â. Ìîäåëü âðàõîâóº ñèòóàö³þ, êîëè êîíöåíòðàö³ÿ
ðîç÷èííî¿ ñîë³ á³ëüøà, í³æ êîíöåíòðàö³ÿ ö³º¿ ñîë³ â îáîðîòí³é âîä³, ³, òàêèì ÷è-
íîì, âðàõîâóº òåõíîëîã³÷íó íåîáõ³äí³ñòü çì³íè äæåðåëà æèâëåííÿ ñèñòåìè ïðè
àâàð³éí³é (íàäçâè÷àéí³é) ñèòóàö³¿ íà ñïîðóäàõ ï³äãîòîâêè æèâèëüíî¿ âîäè. Ðîçðîá-
ëåíà ìîäåëü äàº ìîæëèâ³ñòü ç äîñòàòíüîþ äëÿ ³íæåíåðíèõ ðîçðàõóíê³â òî÷í³ñòþ
ïðîãíîçóâàòè âîäíî-õ³ì³÷íèé ðåæèì ðîáîòè ä³þ÷èõ ³ íîâèõ îáîðîòíèõ ñèñòåì îõî-
ëîäæåííÿ ³ îáèðàòè îïòèìàëüí³ âàð³àíòè óïðàâë³ííÿ òàêèìè ñèñòåìàìè (ìåòîäè
ñòàá³ë³çàö³éíî¿ îáðîáêè îáîðîòíî¿ âîäè, ï³äãîòîâêè æèâèëüíî¿ âîäè, îáñÿãè ïðî-
äóâêè òîùî). Çàïðîïîíîâàíà ìîäåëü ïåðåâ³ðåíà â ëàáîðàòîðíèõ óìîâàõ äëÿ âè-
ïàäê³â êîíöåíòðóâàííÿ ³ ðîçáàâëåííÿ äîáðå ðîç÷èííî¿ ñîë³ NaCl ³ âñòàíîâëåíî,
ùî ïîõèáêà íå ïåðåâèùóº 2% ³ º åêñïåðèìåíòàëüíî-ïðèëàäîâîþ. Äëÿ ð³çíèõ çíà-
÷åíü ñêèäíèõ ïîòîê³â (ïðîäóâêè) ïðîàíàë³çîâàíî çì³íó êîåô³ö³ºíòà êîíöåíòðó-
âàííÿ äëÿ âèïàäêó ïî÷àòêîâî¿ ð³âíîñò³ êîíöåíòðàö³¿ ðîç÷èííî¿ ñîë³ ó æèâèëüí³é ³
îáîðîòí³é âîäàõ ³ ïîêàçàíî, ùî âñòàíîâëåííÿ äèíàì³÷íî¿ ð³âíîâàãè ì³æ îáî-
ðîòíîþ ³ æèâèëüíîþ âîäàìè ìîæóòü äîñÿãàòè äëÿ ïðîäóâîê 1–4% äåñÿòêè ³ íàâ³òü
ñîòí³ îáîðîòíèõ öèêë³â ³ òàêó ³íåðö³éí³ñòü ñèñòåìè íåîáõ³äíî âðàõîâóâàòè â ïðî-
öåñ³ åêñïëóàòàö³¿ ³ ïðîãíîçóâàííÿ ðîáîòè îõîëîäæóâàëüíèõ ñèñòåì îáîðîòíîãî
âîäîïîñòà÷àííÿ.
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Âñòóï
Îõîëîäæóâàëüí³ ñèñòåìè îáîðîòíîãî âîäî-

ïîñòà÷àííÿ (ÎÑÎÂ) º îäíèìè ³ç íàéâàæëèâ³øèõ
ñèñòåì ó òåõíîëîã³÷íèõ ïðîöåñàõ ï³äïðèºìñòâ áà-
ãàòüîõ ãàëóçåé ïðîìèñëîâîñò³ òàêèõ ÿê õ³ì³÷íà
ïðîìèñëîâ³ñòü, åíåðãåòèêà, ìåòàëóðã³ÿ òîùî [1].
Òàê³ ñèñòåìè º íå ò³ëüêè íåâ³ä’ºìíîþ ÷àñòèíîþ
òåõíîëîã³÷íîãî ïðîöåñó àëå ùå é â³äíîñÿòüñÿ äî
ïðèðîäîîõîðîííèõ åêîëîã³÷íèõ ñèñòåì. Îäíèì ç
îñíîâíèõ ïðîöåñ³â, ùî â³äáóâàþòüñÿ â ÎÑÎÂ º

çì³íè êîíöåíòðàö³é ÿê ðîç÷èííèõ òàê ³ ìàëî-
ðîç÷èííèõ ñîëåé, ùî ÷àñòî ïðèçâîäèòü äî çì³íè
ô³çèêî-õ³ì³÷íèõ ïàðàìåòð³â âîäè ³ ïîã³ðøåííÿ
ðîáîòè ÎÑÎÂ. Çì³íà êîíöåíòðàö³¿ ðîç÷èííèõ ñî-
ëåé º ðåïåðîì äëÿ îö³íþâàííÿ âîäíî-õ³ì³÷íîãî
ðåæèìó ³ âèä³ëåííÿ â îá’ºì³ ÎÑÎÂ òâåðäî¿ ôàçè
ìàëîðîç÷èííèõ ñîëåé, òîìó ÷àñòî ðîç÷èíí³ ñîë³
ùå íàçèâàþòü òðàñcåðàìè. Ïðè÷îìó, óòâîðåííÿ
òâåðäî¿ ôàçè êàðáîíàòó êàëüö³þ ç ã³äðîêàðáîíàò-
íèõ ñèñòåì, ÿêèìè º â îñíîâíîìó âîäè îáîðîòíèõ
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ñèñòåì, ïðèçâîäèòü íå ò³ëüêè äî çàáðóäíåííÿ
òåïëîîáì³ííîãî îáëàäíàííÿ, à òàêîæ ³ äî âèä³-
ëåííÿ â îá’ºì³ òà ïîòðàïëÿííÿ â àòìîñôåðó
âóãëåêèñëîãî ãàçó [2,3], ÿêèé º ïàðíèêîâèì ãà-
çîì, à çíà÷èòü åêîëîã³÷íî àêòèâíèì ³ ïîòðå-
áóþ÷èì êîíòðîëþ ³ óòèë³çàö³¿. Òàêèì ÷èíîì,
ïðîãíîçóâàííÿ çì³íè âì³ñòó ðîç÷èííèõ ñîëåé ó
âîäíîìó îá’ºì³ ÎÑÎÂ øëÿõîì ïîáóäîâè ³ ïåðå-
â³ðêè ìîäåëåé íà îñíîâ³ çàêîíîì³ðíîñòåé âîäî-
îáì³ííèõ ïðîöåñ³â, ùî â³äáóâàþòüñÿ ó âîäíîìó
îá’ºì³ ÎÑÎÂ, º âàæëèâîþ íàóêîâîþ çàäà÷åþ.

Óñ³ ðîçðîáëåí³ ìîäåë³ äèíàì³êè êîìïîíåíò³â
ó âîä³ ÎÑÎÂ âðàõîâóþòü âõ³äí³ ³ âèõ³äí³ ïîòîêè
ïî â³äíîøåííþ äî îáîðîòíî¿ âîäè ³ áàçóþòüñÿ íà
îñíîâ³ çàêîíó çáåðåæåííÿ ìàñè (áàëàíñó ìàñè).
Îñíîâí³ ïîòîêè âêàçàí³ ó â³äïîâ³äíèõ íîðìà-
òèâíèõ äîêóìåíòàõ ³ ðîçðàõîâóþòüñÿ íà îñíîâ³
ïàðàìåòð³â òåõíîëîã³÷íèõ ðåæèì³â êîíêðåòíîãî
ïðîìèñëîâîãî ï³äïðèºìñòâà. Ìîäåë³ êîíöåíòðó-
âàííÿ ñîëåé ó âîä³ ÎÑÎÂ ìîæíà ðîçä³ëèòè íà ò³,
ùî áàçóþòüñÿ íà ïîòîêàõ, âåëè÷èíà ÿêèõ íå
çì³íþºòüñÿ ç ÷àñîì [1] ³ íà òàê³, ùî âðàõîâóþòü
çàëåæí³ñòü ïîòîê³â â³ä ÷àñó [2]. Îñîáëèâ³ñòþ ìî-
äåëåé, ùî áàçóþòüñÿ íà ïîñò³éíèõ ïîòîêàõ ³
ïîñò³éíîìó îá’ºì³ âîäè ÎÑÎÂ, º òå, ùî âîíè
ìîæóòü âèðàæàòèñü ïðîñòèìè àëãåáðà¿÷íèìè âè-
ðàçàìè áåç âèêîðèñòàííÿ ñêëàäíèõ ìàòåìàòè÷íèõ
ïðîöåäóð. Òàê³ ìîäåë³ ëåãêî ïåðåâ³ðèòè åêñïåðè-
ìåíòàëüíî ó ëàáîðàòîðíèõ óìîâàõ, õî÷ íà
ïðàêòèö³ âîíè ðåàë³çóþòüñÿ íå ÷àñòî. Ìîäåë³ æ,
ùî âðàõîâóþòü çì³íí³ñòü òåõíîëîã³÷íèõ ïàðàìåòð³â
[4,5] àáî íàâ³òü âêëþ÷åííÿ äîäàòêîâèõ ïîòîê³â
(íàïðèêëàä ÿê ïðè ðåöèðêóëÿö³¿ [6,7]) ÷è ïðî-
õîäæåííÿ ó âîä³ ÎÑÎÂ ð³çíèõ ô³çèêî-õ³ì³÷íèõ
ïðîöåñ³â (íàïðèêëàä êðèñòàë³çàö³¿ [2,8]) íå ìàþòü
ïðîñòîãî àëãåáðà¿÷íîãî âèðàæåííÿ ³ ïîòðåáóþòü
âèêîðèñòàííÿ ñïåö³àëüíèõ ÷èñëîâèõ ìàòåìà-
òè÷íèõ ïðîöåäóð. Òàê³ ìîäåë³ åêñïåðèìåíòàëüíî
ïåðåâ³ðèòè ñêëàäíî, àëå âîíè ÷àñòî çóñòð³÷àþòüñÿ
íà ïðàêòèö³ äëÿ ðåàë³çàö³¿ îïòèìàëüíèõ âîäíî-
õ³ì³÷íèõ ðåæèì³â ðîáîòè ÎÑÎÂ [9–11]. Íåîá-
õ³äíî â³äì³òèòè, ùî ìîäåë³ êîíöåíòðóâàííÿ ðîç-
÷èííèõ ñîëåé âèêîðèñòîâóþòü òàêîæ äëÿ âèçíà-
÷åííÿ óòâîðåííÿ ê³ëüêîñò³ òâåðäî¿ ôàçè ó âîäíî-
ìó îá’ºì³ ÎÑÎÂ [1] ìàëîðîç÷èííèõ ñîëåé,
íàéá³ëüø ïîøèðåíèìè ç ÿêèõ º êàðáîíàò êàëüö³þ
[12] òà ñóëüôàò êàëüö³þ [13,14]. Òðàäèö³éíà ìî-
äåëü êîíöåíòðóâàííÿ ñîëåé â îõîëîäæóâàëüíèõ
îáîðîòíèõ ñèñòåìàõ [1] íå îïåðóº òàêèì âàæëè-
âèì ïîêàçíèêîì ðîáîòè ñèñòåìè, ÿê ê³ëüê³ñòü
öèêë³â ïðîòÿãîì ÿêèõ âñòàíîâëþºòüñÿ äèíàì³÷íà
ð³âíîâàãà. Êð³ì òîãî, â ³ñíóþ÷èõ íà ñüîãîäí³ ìî-
äåëÿõ íå ïåðåäáà÷àºòüñÿ âàð³àíò ðîáîòè îõî-
ëîäæóâàëüíî¿ ñèñòåìè, êîëè êîíöåíòðàö³ÿ ñîëåé

â æèâèëüí³é âîä³ á³ëüøà í³æ â îáîðîòí³é. Íà
íàø ïîãëÿä, öå çóìîâëþº ðîçðîáêó òàêî¿ ìîäåë³
êîíöåíòðóâàííÿ ñîëåé, ÿêà á âðàõîâóâàëà íàâå-
äåí³ âèùå àñïåêòè.

Ìåòîþ äàíî¿ ðîáîòè º ïîáóäîâà ìîäåë³ äè-
íàì³êè êîíöåíòðóâàííÿ ³ ðîçáàâëåííÿ ðîç÷èííèõ
ñîëåé ó âîä³ ÎÑÎÂ ³ ¿¿ ïåðåâ³ðêà â ëàáîðàòîðíèõ
óìîâàõ.

Äëÿ äîñÿãíåííÿ ìåòè áóäóòü ðîçãëÿíóò³
òåõíîëîã³÷í³ ïàðàìåòðè ðîáîòè ÎÑÎÂ ç ãðà-
äèðíÿìè ³ âñòàíîâèìî îñíîâí³ ïàðàìåòðè, ùî
âèçíà÷àþòü êîíöåíòðóâàííÿ ³ ðîçáàâëåííÿ ðîç-
÷èííèõ ñîëåé ó âîä³ ÎÑÎÂ.

Ìåòîäèêà åêñïåðèìåíòó
Ö³ëü ëàáîðàòîðíîãî åêñïåðèìåíòó – ³ì³òóâà-

òè âîäîîáì³í â ÎÑÎÂ áåç âðàõóâàííÿ âèïàðîâó-
âàííÿ ³ ïåðåâ³ðèòè ìîäåëü äèíàì³êè ðîç÷èííî¿
ñîë³. ßê áóäå ïîêàçàíî äàë³, ê³íåòè÷íèé êîåô³ö³ºíò
çì³íè êîíöåíòðàö³¿ â îá’ºì³ ÎÑÎÂ (êîåô³ö³ºíò
á³ëÿ ÷àñîâî¿ çì³ííî¿) íå çàëåæèòü â³ä ïîòîêó âè-
ïàðîâóâàííÿ ³ äî òîãî æ íåïåðåðâí³ âõ³äí³ ³ âèõ³äí³
ïîòîêè ìîæíà çàì³íèòè áàãàòîðàçîâèì äèñêðåòíèì
âîäîîáì³íîì, à òîìó òàêèé åêñïåðèìåíò ñë³ä ââà-
æàòè êîðåêòíèì. Â îñíîâó åêñïåðèìåíòó    ïîêëà-
äåíî äîñë³äæåííÿ çì³íè êîíöåíòðàö³¿ ìàëîðîç÷èí-
íî¿ ñîë³ ó íåçì³ííîìó îá’ºì³ ïðè áàãàòîðàçîâîìó
âîäîîáì³í³ (ðèñ. 1). Âîäîîáì³í ðåàë³çóâàâñÿ øëÿ-
õîì âèäàëåííÿ ïåâíîãî îá’ºìó Vout ç êîíöåíòðà-
ö³ºþ cout ³ç áàçîâîãî îá’ºìó V0 ³ äîçóâàííÿì òàêî¿
æ ê³ëüêîñò³ îá’ºìó Vin ç êîíöåíòðàö³ºþ cin. Áàçî-
âèé ðîç÷èí, îá’ºìîì V0=1 äì3 çàëèâàëè â õ³ì³÷íó
ì³ðíó êîëáó ç ì³òêîþ, ùî â³äïîâ³äàëà 1 äì3 êëàñó
òî÷íîñò³ À (ÄÑÒÓ ISO 1042). Âñ³ ðîç÷èíè ãîòóâà-
ëè ³ç ñîë³ NaCl ìàðêè õ.÷. íà äèñòèëüîâàí³é âîä³
ç ïèòîìîþ åëåêòðîïðîâ³äí³ñòþ 3,5–4,0 ìêÑì/ñì.
Ï³ñëÿ âèäàëåííÿ ³ç V0 ÷åðãîâî¿ ïîðö³¿ Vout, çàëè-
âàëè ÷åðãîâó ïîðö³þ Vin ³ ðîç÷èí ó ì³ðí³é êîëá³
ðåòåëüíî ïåðåì³øóâàëè äåê³ëüêà õâèëèí øëÿõîì
ñòðóøóâàííÿ êîëáè. Ï³ñëÿ ïåðåì³øóâàííÿ âîäî-
îáì³í ïîâòîðþâàâñÿ àíàëîã³÷íî âêàçàí³é âèùå
ïðîöåäóð³ ³ çà êîæíèì ðàçîì âèì³ðþâàëàñü
åëåêòðîïðîâ³äí³ñòü îá’ºìó Vout. Ïèòîìó åëåêòðî-
ïðîâ³äí³ñòü âèì³ðþâàëè àíàë³çàòîðîì ð³äèíè
êîíäóêòîìåòðè÷íèì ÑÊÂ (ÒÓ Ó 33.2–14082639–
003–2001, Õàðê³â) ç òî÷í³ñòþ ±1%. Äîçîâàí³
îá’ºìè áóëè íàñòóïí³: 10, 20, 30, 40, 50, 100, 150,
200 ìë, ùî â³äïîâ³äàëî âîäîîáì³íó 1, 2, 3, 4, 5,
10, 15, 20%. Òàêèé ä³àïàçîí â³äïîâ³äàº âèêîðèñ-
òîâóâàíèì çíà÷åííÿì ïðîäóâêè (ñêèäó) â ÎÑÎÂ.

Ðåçóëüòàòè
Ìîäåëü äèíàì³êè ðîç÷èííèõ ñîëåé
Ìîäåëü äèíàì³êè ðîç÷èííèõ ñîëåé âêëþ÷àº

ðîçãëÿä òåõíîëîã³÷íèõ ïàðàìåòð³â ïîòîê³â âîäè ³
ðîçãëÿä äèíàì³êè ðîç÷èííèõ ñîëåé â çàãàëüí³é
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ôîðì³ ³ ïðè óìîâàõ ñòàëîñò³ ïîòîê³â ³ áàçîâîãî
îá’ºìó.

Òåõíîëîã³÷í³ ïàðàìåòðè ïîòîê³â âîäè â ÎÑÎÂ
Îñíîâí³ ïîòîêè ÎÑÎÂ ïðèâåäåí³ íà ðèñ. 2,

çã³äíî ç ÿêèì ðîçãëÿíåìî îñíîâí³ òåõíîëîã³÷í³
ïàðàìåòðè ðîáîòè ÎÑÎÂ, ïîâ’ÿçàí³ ç âîäíèìè
ïîòîêàìè:

1) îá’ºì âîäè â ÎÑÎÂ V0, ì3;
2) âèòðàòà îáîðîòíî¿ âîäè â ñèñòåì³ Qîá,

ì3/ãîä;
3) âòðàòè âîäè íà âèïàðîâóâàííÿ ïðè

îõîëîäæåíí³, Qâèï, ì3/ãîä;
4) âòðàòè âîäè íà ïðîäóâàííÿ (ñêèä âîäè ³ç

ñèñòåìè) Qïð, ì3/ãîä;
5) âòðàòè âîäè ó âèãëÿä³ êðàïåëüíîãî âèíî-

ñó Qêð, ì3/ãîä;

6) â³äá³ð âîäè íà òåõíîëîã³÷í³ ïîòðåáè Qòåõ,
ì3/ãîä;

7) âòðàòè âîäè íà î÷èñíèõ ñïîðóäàõ Qî÷,
ì3/ãîä;

8) âòðàòè âîäè íà ô³ëüòðàö³þ Qô, ì3/ãîä;
9) äîäàâàííÿ âîäè â ñèñòåìó äëÿ êîì-

ïåíñàö³¿ âòðàò (æèâëåííÿ ñèñòåìè), âêàçàíèõ ó
ï.ï. 3-8 Qæ, ì3/ãîä.

Âèòðàòè, âêàçàí³ ó ï.ï. 3–8, áåðóòüñÿ ç â³äïî-
â³äíèõ òàáëèöü àáî ðîçðàõîâóþòüñÿ çà â³äïî-
â³äíèìè ôîðìóëàìè, â çàëåæíîñò³ â³ä ïåâíèõ óìîâ 
³ êîíñòðóêö³é åëåìåíò³â ÎÑÎÂ. Âèòðàòà îáî-
ðîòíî¿ âîäè Q (â êã/ãîä) çàëåæèòü â³ä òèïó ïàðî-
ñèëîâî¿ ÷àñòèíè ÒÅÑ ³ â³äíîøåííÿ Q (êã/ãîä) äî 
âèòðàòè ïàðè (â êã/ãîä) íàçèâàºòüñÿ êðàòí³ñòþ 
îõîëîäæåííÿ.

Ìîäåëü ê³íåòèêè ðîç÷èííèõ ñîëåé ó âîä³ ÎÑÎÂ
Äàë³ áóäåìî ââàæàòè, ùî âõ³äí³ îá’ºìè ³

êîíöåíòðàö³¿ öå îá’ºìè ³ êîíöåíòðàö³¿ ïîòîê³â
æèâëåííÿ, òîáòî ò³, ùî â³äïîâ³äàþòü ï. 9 (ñ³n=ñæ),
à âèõ³äí³ îá’ºìè ³ êîíöåíòðàö³¿ â³äïîâ³äàþòü ïî-
òîêàì âñ³õ âòðàò îêð³ì âèïàðîâóâàííÿ (ï. 3),  òîáòî
ò³, ùî â³äïîâ³äàþòü ï.ï. 4, 5, 6, 7, 8 âîäè ³, ïðè-
÷îìó âèõ³äí³ êîíöåíòðàö³¿ ð³âí³ êîíöåíòðàö³ÿì â
îáîðîòí³é âîä³ (ñout=ñîá).

Äëÿ ïîáóäîâè ìîäåë³, âèêîðèñòàºìî
ïðèíöèï ñóìóâàííÿ ïðîöåñ³â, ÿê³ â³äïîâ³äàëüí³
çà âõ³äí³ ïîòîêè (óòâîðåííÿ) ³ âèõ³äí³ ïîòîêè (çíè-
ùåííÿ) êîìïîíåíòà (ðå÷îâèíè) ³ç äàíîãî îá’ºìó
[15], ùî áàçóºòüñÿ íà îñíîâ³ áàëàíñó ìàñ, òîä³ ó
çàãàëüíîìó âèãëÿä³ çàïèøåìî:

Ðèñ. 1. Ñõåìà åêñïåðèìåíòó ç âèçíà÷åííÿ äèíàì³êè

ðîç÷èííî¿ ñîë³ â îá’ºì³ V0 â ïðîöåñ³ âîäîîáì³íó Vout íà

Vin. ñæ – êîíöåíòðàö³ÿ ðîç÷èííî¿ ñîë³ â æèâèëüí³é âîä³;

ñîá – êîíöåíòðàö³ÿ ðîç÷èííî¿ ñîë³ â îáîðîòí³é âîä³.

Ðèñ. 2. Ñõåìà îáîðîòíî¿ ñèñòåìè îõîëîäæåííÿ ç ãðàäèðíÿìè: Ã – ãðàäèðíÿ; ÊÏ – êàìåðà ïðèéîìó æèâèëüíî¿ âîäè;

ÍÑ – íàñîñíà ñòàíö³ÿ; Ê – êîíäåíñàòîð; Qîá, Qâèï, Qêð, Qñê, Qæ, Qâòð – ïîòîêè (îá – îáîðîòíî¿ âîäè; âèï – âèïàðîâó-

âàííÿ; êð – êðàïëèííîãî âèíîñó; ñê – ñêèäí³ (ïðîäóâêà); æ – æèâëåííÿ; âòð – ³íø³ âòðàòè (íà òåõíîëîã³÷í³ ïîòðåáè,

íà î÷èñíèõ ñïîðóäàõ, íà ô³ëüòðàö³þ))
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( ) ( )
k n

об
i i i i

i 1 i 1

dM
a t f (t) b t g (t),

dt = =

= ⋅ − ⋅∑ ∑   (1)

äå Ìîá – ìàñà êîìïîíåíòà â îáîðîòí³é âîä³; ài(t)
– ê³íåòè÷íèé êîåô³ö³ºíò ³-ãî âõ³äíîãî ïîòîêó;
f³(t) – ôóíêö³¿, ùî âèçíà÷àþòü çíà÷åííÿ êîíöåíò-
ðàö³é êîìïîíåíòà ó ³-ìó âõ³äíîìó ïîòîö³ â äàíèé
ìîìåíò ÷àñó; b³(t) – ê³íåòè÷íèé êîåô³ö³ºíò ³-ãî
âèõ³äíîãî ïîòîêó; g³(t) – ôóíêö³¿, ùî âèçíà÷àþòü
çíà÷åííÿ êîíöåíòðàö³é êîìïîíåíòà ó ³-ìó âèõ³ä-
íîìó ïîòîö³ â äàíèé ìîìåíò ÷àñó.

Ó íàéïðîñò³øîìó âèïàäêó f³(t) ³ g³(t) ìîæóòü
áóòè êîíöåíòðàö³ÿìè êîìïîíåíòà, ài(t) ³ b³(t)
âèçíà÷àþòü â³äïîâ³äíî âõ³äí³ ³ âèõ³äí³ ïîòîêè äà-
íîãî êîìïîíåíòà. Òîä³, âõ³äíèì ïîòîêîì êîìïî-
íåíòà º ïîò³ê â îá’ºì³ æèâèëüíî¿ âîäè (Qæ, ï. 9) ³
â³äïîâ³äíî à1=Qæ, à f1(t) – êîíöåíòðàö³ÿ îäíîãî ³ç
êîìïîíåíò³â ðîç÷èííî¿ ñîë³ (íàïðèêëàä, Cl–) ó
æèâèëüí³é âîä³ òîáòî f1(t)=ñæ(t). Ç âðàõóâàííÿì
âèùåñêàçàíîãî, çàïèøåìî:

(t)cQ(t)fa жж

k

1i

ii ⋅=⋅∑
=

.  (2)

Äëÿ âèõ³äíèõ ïîòîê³â, çã³äíî ç ï.ï. 3–9 çà-
ïèøåìî:

n

i i пр об кр об

i 1

тех об оч об ф об

b g (t) Q c Q c

Q c (t) Q c (t) Q c (t).

=

⋅ = ⋅ + ⋅ +

⋅ + ⋅ + ⋅

∑
  (3)

Âèðàçèìî ìàñó ðå÷îâèíè â îáîðîòí³é âîä³
(Ì) ÷åðåç ìàñîâó êîíöåíòðàö³þ (ñ, êã/ì3) çàïè-
ñàâøè, ùî

0VcM ⋅= .  (4)

Îñê³ëüêè Qòåõ, Qî÷ òà Qô çàëåæàòü â³ä
êîíêðåòíèõ óìîâ åêñïëóàòàö³¿ îáîðîòíî¿ ñèñòåìè
³ íà ñòðóêòóðó ìîäåë³ äèíàì³êè ðîç÷èííèõ ñîëåé
ó âîä³ ÎÑÎÂ íå âïëèâàþòü, òî â íàøîìó âèïàäêó
íå áóäåìî âðàõîâóâàòè ö³ ïîòîêè. Íà îñíîâ³ (1) ³
âðàõîâóþ÷è, ùî îá’ºì âîäè â öèðêóëÿö³éí³é
ñèñòåì³ (V) ð³âíèé

TQV0 ⋅= ,  (5)

äå Ò – ïåð³îä öèðêóëÿö³¿ îáîðîòíî¿ âîäè â
ñèñòåì³, à òàêîæ ââ³âøè â³äíîñí³ ïîòîêè

об

i
i

Q

Q
q = , (6)

çàïèøåìî íàñòóïíå:

( )
ж ж

об

кр пр об

q (t) c (t)dc 1
,

q (t) q (t) c (t)dt T

⋅ − 
=  

− + ⋅  
  (7)

äå q – ïîòîêè, âèðàæåí³ â äîëÿõ îäèíèö³ â³ä
âèòðàòè îõîëîäæóâàëüíî¿ âîäè (Q).

Âèäíî, ùî (7) º ë³í³éíèì íåîäíîð³äíèì
ð³âíÿííÿì ïåðøîãî ïîðÿäêó ç³ çì³ííèìè êîåô³ö-
³ºíòàìè:

об
об

dc
p(t) c r(t),

dt
+ ⋅ =   (8)

äå

( )кр пр

1
p(t) q (t) q (t) ,

T
= +   (9)

( )ж ж

1
r(t) q (t) c (t) .

T
= ⋅   (10)

Ðîçâ’ÿçîê ð³âíÿííÿ (8) ìàº âèãëÿä (êîðí³):

( )об 0

1
c (t) r(t) s(t)dt C ,

s(t)
= ⋅ ⋅ +∫   (11)

äå

( )s(t) exp p(t)dt .= ∫   (12)

Ç âðàõóâàííÿì (12) çàïèøåìî çàëåæí³ñòü
êîíöåíòðàö³¿ ðîç÷èííî¿ ñîë³ â îáîðîòí³é âîä³ â³ä
÷àñó (mîá(t)):

( )
( )( )

об

1
c (t)

exp p(t)dt

r(t) exp p(t)dt dt C .

= ×

× ⋅ +

∫

∫ ∫
  (13)

Ó ð³âíÿíí³ (13) êîíñòàíòó Ñ âèáèðàºìî ³ç
ïî÷àòêîâèõ óìîâ (çàäà÷à Êîø³) äëÿ t=0
ñîá(t)=ñîá(0).

Ðîçãëÿíåìî ðîçâ’ÿçîê (13) äëÿ óìîâ êîíöåí-
òðóâàííÿ ³ ðîçáàâëåííÿ êîìïîíåíò³â ðîç÷èííèõ
ñîëåé (íàïðèêëàä, õëîðèä-³îí³â, Ñl–).

Äëÿ ïðîöåñó êîíöåíòðóâàííÿ ïî÷àòêîâ³ óìîâè
çàïèøåìî, ââ³âøè êîåô³ö³ºíò êîíöåíòðóâàííÿ (k)
ó âèãëÿä³ [1,2,6]:

об

ж

c (t)
k(t) .

c (t)
=   (14)
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Òîä³ ç âðàõóâàííÿì (14) ïî÷àòêîâ³ óìîâè çà-
ïèøåìî ó âèãëÿä³:

(0)ck(0)(0)c жоб ⋅= .  (15)

Íà íàøó äóìêó, óìîâà (15) º íàéá³ëüø çà-
ãàëüíîþ ³ âðàõîâóº äîâ³ëüí³ (ô³çè÷íî çíà÷èì³)
ïî÷àòêîâ³ çíà÷åííÿ êîåô³ö³ºíòà êîíöåíòðóâàííÿ
(k(0)<1, k(0)>1, k(0)=1). Ç âðàõóâàííÿì (15), à
òàêîæ âðàõîâóþ÷è, ùî äëÿ âèïàäêó:

const3qconst2,qconst1,q пркрвип ===   (16)

ìàºìî:

( ) кр прq q
exp p(t)dt exp t

T

+ 
= ⋅ 

 
∫  òà

( )
вип кр пр кр пр

кр пр

r(t) exp p(t)dt dt

q q q q q
exp t .

q q T

⋅ =

+ + + 
= ⋅ ⋅ +  

∫ ∫

Òîä³ ³ç (13) ³ (16) îòðèìàºìî, ùî

(0)c)k(k(0)C ж⋅−= ∞ ,  (17)

äå çã³äíî ç [1,2,6]:

вип кр пр

кр пр

q q q
k ,

q q
∞

+ +
=

+   (18)

³ íàçèâàºòüñÿ ãðàíè÷íèì êîåô³ö³ºíòîì êîíöåí-
òðóâàííÿ [1].

²ç ð³âíÿííÿ (13), âðàõîâóþ÷è (16) ³ (17), çà-
ïèøåìî âèðàçè äëÿ êîíöåíòðóâàííÿ     ðîç÷èí-
íèõ ñîëåé ó âîä³ ÎÑÎÂ, ùî ìàº âèãëÿä:

об ж ж

кр пр

c (t) k c (k(0) k ) c

q q
exp t .

T

∞ ∞= ⋅ + − ⋅ ×

+ 
× − ⋅ 

 
  (19)

Íà îñíîâ³ ð³âíÿíü (14) ³ (19) çàïèøåìî âè-
ðàç äëÿ äèíàì³êè êîåô³ö³ºíòà êîíöåíòðóâàííÿ ó
çàãàëüíîìó âèïàäêó (äëÿ k(0)<1, k(0)>1, k(0)=1)
êîíöåíòðóâàííÿ ñîëåé ó âîä³ ÎÑÎÂ:

кр пр

k(t) k (k(0) k )

q q
exp t .

T

∞ ∞= + − ×

+ 
× − ⋅ 

 
  (20)

Îáãîâîðåííÿ ðåçóëüòàò³â
Ó îáãîâîðåíí³ ðåçóëüòàò³â ðîçãëÿäàþòüñÿ ðå-

æèìè êîíöåíòðóâàííÿ, ðîçâåäåííÿ ³ ðåæèì

êîíöåíòðóâàííÿ â ðåàëüíèõ ÎÑÎÂ ïðè ñòàëèõ ïî-
òîêàõ ³ áàçîâîìó îá’ºì³.

Äèíàì³êà êîíöåíòðóâàííÿ
Ðîçãëÿíåìî ïðîöåñ êîíöåíòðóâàííÿ ðîç÷èí-

íî¿ ñîë³ øëÿõîì âîäîîáì³íó ó îá’ºì³, ùî íå
çì³íþºòüñÿ ç ÷àñîì áåç âðàõóâàííÿ âèïàðîâóâàí-
íÿ. Äëÿ òàêîãî âèïàäêó êîíöåíòðàö³ÿ äîçîâàíîãî
îá’ºìó Vin áóäå á³ëüøà, í³æ êîíöåíòðàö³ÿ â áàçî-
âîìó îá’ºì³ V0, òîáòî, í³æ êîíöåíòðàö³ÿ â îá’ºì³,
ùî âèäàëÿºòüñÿ Vout (ðèñ. 1), ³ òîä³ cæ>cîá. Â
ä³þ÷èõ îõîëîäæóâàëüíèõ ñèñòåìàõ òàêå ìîæå
â³äáóâàòèñü, íàïðèêëàä, êîëè âèíèêàº íåîáõ³äí³ñòü
çì³íè äæåðåëà æèâëåííÿ ñèñòåìè àáî ïðè àâà-
ð³éíèõ (íàäçâè÷àéíèõ) ñèòóàö³ÿõ íà ñïîðóäàõ
ï³äãîòîâêè æèâèëüíî¿ âîäè. Çã³äíî ç öèì
êîíöåíòðàö³ÿ äî âîäîîáì³íó (ïî÷àòêîâà) ó áàçî-
âîìó îá’ºì³ V0 áóäå ì³í³ìàëüíîþ, òîáòî ó äàíîìó
âèïàäêó ñîá(0)=ñmin, à ê³íöåâà êîíöåíòðàö³ÿ áóäå
ð³âíîþ êîíöåíòðàö³¿ â îá’ºì³ æèâëåííÿ (ñæ) ³ òîä³:

min
min

ж

c
k(0) k ,

с
= =  

ж

ж

c
k 1.

с
∞ = =           (21)

Âðàõîâóþ÷è (21) íà îñíîâ³ çàãàëüíèõ âèðàç³â
(19) ³ (20), çàïèøåìî ð³âíÿííÿ äëÿ êîíöåíòðàö³¿
ðîç÷èííî¿ ñîë³ ó îáîðîòí³é âîä³ (22) ³ ð³âíÿííÿ
äëÿ êîåô³ö³ºíòà êîíöåíòðóâàííÿ (23):

об ж min ж

кр пр

c (t) c (k 1) c

q q
exp t ,

T

= + − ⋅ ×

+ 
× − ⋅ 

 
  (22)

min

кр пр

k(t) 1 (k 1)

q q
exp t .

T

= + − ×

+ 
× − ⋅ 

 
  (23)

Äàë³ âðàõóºìî, ùî

t
n,

T
=   (24)

äå n – ê³ëüê³ñòü öèêë³â îáîðîòíî¿ âîäè.
Òîä³ ìîæíà çàïèñàòè:

об ж min ж

кр пр

c (t) c (k 1) c

exp (q q ) n ,

= + − ⋅ ×

 × − + ⋅ 
,  (25)

min

кр пр

k(t) 1 (k 1)

exp (q q ) n .

= + − ×

 × − + ⋅ 
  (26)

Ç ð³âíÿíü (25) ³ (26) âèäíî ô³çè÷íèé çì³ñò
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ìíîæíèêà (qêð+qïð) – öå ÷àñòêà îá’ºìó âîäè (ïî 
â³äíîøåííþ äî áàçîâîãî îá’ºìó V0) ÿêîþ îá-
ì³íþºòüñÿ áàçîâèé îá’ºì V0 ç æèâèëüíîþ âîäîþ 
çà îäèí öèêë. Äàë³ îòðèìàºìî ôîðìóëè äëÿ ïåðå-
â³ðêè åêñïåðèìåíòàëüíèõ äàíèõ ç ìîäåëëþ êîí-
öåíòðóâàííÿ ðîç÷èííèõ ñîëåé ó âîä³ ÎÑÎÂ. Âðà-
õîâóþ÷è, ùî åëåêòðîïðîâ³äí³ñòü ïðîïîðö³éíà êîí-
öåíòðàö³¿, òîáòî σ=À⋅ñ (äå À – êîåô³ö³ºíò ïðî-
ïîðö³éíîñò³), çàïèøåìî:

( )
( )

об ж min ж

кр пр

σ (t) σ k 1 σ

exp q q n ,

= + − ⋅ ×

 × − + ⋅ 
, (27)

( )min

кр пр

k(t) 1 k 1

q q
exp t .

T

= + − ×

+ 
× − ⋅ 

 
(28)

Ðåçóëüòàòè åêñïåðèìåíò³â ³ òåîðåòè÷íî¿ ìî-
äåë³ (21) ïîêàçàí³ íà ðèñ. 3 ³ 4. Âèäíî, ùî ïî-
õèáêà ïåðåâ³ðêè ìîäåë³ ê³íåòèêè ðîç÷èííèõ ñî-
ëåé ó âèïàäêó ¿õ êîíöåíòðóâàííÿ áëèçüêà äî ïðè-
ëàäîâî¿ ïîõèáêè ëàáîðàòîðíèõ åêñïåðèìåíò³â ³ òàêà
ïåðåâ³ðêà ââàæàºòüñÿ çàäîâ³ëüíîþ.

Äèíàì³êà ðîçâåäåííÿ
Ðîçãëÿíåìî ïðîöåñ ðîçâåäåííÿ ðîç÷èííî¿ ñîë³

ó íåçì³ííîìó îá’ºì³ øëÿõîì âîäîîáì³íó áåç âðà-
õóâàííÿ âèïàðîâóâàííÿ. Â òàêîìó âèïàäêó êîí-
öåíòðàö³ÿ äîçîâàíîãî îá’ºìó Vin áóäå ìåíøà, í³æ
êîíöåíòðàö³ÿ îá’ºìó, ùî âèäàëÿºòüñÿ Vin (ðèñ. 1),
òîáòî cæ<cîá. Çã³äíî ç öèì êîíöåíòðàö³ÿ äî âîäî-
îáì³íó ó áàçîâîìó îá’ºì³ V0 áóäå ìàêñèìàëüíîþ
ñîá(0)=ñmax, à ê³íöåâà êîíöåíòðàö³ÿ áóäå ð³âíîþ
êîíöåíòðàö³¿ â îá’ºì³ æèâëåííÿ (ñæ) ³ òîä³:

max
max

ж

ck(0) k ,
с

= = ж

ж

ck 1.
с∞ = = (29)

Òîä³, âðàõîâóþ÷è (21), íà îñíîâ³ çàãàëüíèõ
âèðàç³â (19) ³ (20), çàïèøåìî ð³âíÿííÿ äëÿ êîí-
öåíòðàö³¿ ðîç÷èííî¿ ñîë³ ó îáîðîòí³é âîä³ (30) ³
ð³âíÿííÿ äëÿ êîåô³ö³ºíòà êîíöåíòðóâàííÿ (31):

( )об ж max ж

кр пр

c (t) c k 1 c

q q
exp t ,

T

= + − ⋅ ×

+ 
× − ⋅ 

 
(30)

( )max

кр пр

k(t) 1 k 1

q q
exp t .

T

= + − ×

+ 
× − ⋅ 

 
(31)

Äàë³ îòðèìàºìî ôîðìóëè äëÿ ïåðåâ³ðêè 
åêñïåðèìåíòàëüíèõ äàíèõ ç ìîäåëëþ êîíöåíòðó-
âàííÿ ðîç÷èííèõ ñîëåé ó âîä³ ÎÑÎÂ. Âðàõî-
âóþ÷è, ùî åëåêòðîïðîâ³äí³ñòü ïðîïîðö³éíà 
êîíöåíòðàö³¿, òîáòî σ=À⋅ñ (äå À – êîåô³ö³ºíò 
ïðî-ïîðö³éíîñò³), çàïèøåìî:

( )
об ж max ж

кр пр

σ (t) σ (k 1) σ

exp q q n ,

= + − ⋅ ×

 × − + ⋅ 
(32)

( )( )
max

кр пр

k(t) 1 (k 1)

exp q q n .

= + − ×

× − + ⋅ (33)

Ââàæàþ÷è, ùî çà îäèí öèêë â³äáóâàºòüñÿ
îäèí âîäîîáì³í ÷àñòêîþ âîäè (qêð+qïð) ³ âèêîðè-
ñòîâóþ÷è âèðàçè (32) ³ (33), ìîäåëü áóëà ïåðå-
â³ðåíà â ëàáîðàòîðíèõ óìîâàõ, çã³äíî ç íàâåäå-
íîþ âèùå ìåòîäèêîþ äîñë³äæåíü. Ðåçóëüòàòè åê-
ñïåðèìåíò³â ³ òåîðåòè÷íî¿ ìîäåë³ ((22) ³ (23), (25)
³ (26)) ïîêàçàí³ íà ðèñ. 4. ²ç ðèñ. 5 òà ðèñ. 6
âèäíî, ùî ïîõèáêà ïåðåâ³ðêè ìîäåë³ äèíàì³êè
ðîç÷èííèõ ñîëåé ó âèïàäêó ¿õ ðîçáàâëåííÿ áëèçüêà
äî ïðèëàäîâî¿ ïîõèáêè ëàáîðàòîðíèõ åêñïåðè-
ìåíò³â ³ òàêà ïåðåâ³ðêà ââàæàºòüñÿ çàäîâ³ëüíîþ.

Äèíàì³êà êîíöåíòðóâàííÿ ó ðåàëüíèõ ÎÑÎÂ
Â³äì³òèìî, ùî ó ðîáîò³ [2] íàäàíî âèðàç äëÿ

êîåô³ö³ºíòà êîíöåíòðóâàííÿ ó ôîðì³:

вип

кр пр

кр пр

qk(t) k
q q

q q
exp t .

T

∞= − ×
+

+ 
× − ⋅ 

 

(34)

Âèäíî, ùî âèðàç (32) º ÷àñòêîâèì âèðàçîì ³
ñë³äóº ³ç (20) äëÿ óìîâè k(0)=1, òîáòî äëÿ ïî-
÷àòêîâèõ óìîâ (0)c(0)c жоб = . Çâ³äñè âèïëèâàº,
ùî ê³íåòèêà k(t), ùî îïèñóºòüñÿ âèðàçîì (20) º
á³ëüø çàãàëüíîþ ³ ðåêîìåíäóºòüñÿ àâòîðàìè äëÿ
âèêîðèñòàííÿ àíàë³çó âîäíî-õ³ì³÷íîãî ðåæèìó
âîäè ÎÑÎÂ ïðè äîâ³ëüíèõ ô³çè÷íèõ ïî÷àòêîâèõ
óìîâàõ, òîáòî ïðè äîâ³ëüíèõ ïî÷àòêîâèõ çíà÷åí-
íÿõ k(0). Õî÷à âèðàç (20) º çàãàëüíîþ ôîðìîþ
ê³íåòèêè êîåô³ö³ºíòà êîíöåíòðóâàííÿ âñå æ ïðî-
àíàë³çóºìî âèïàäîê, ðîçãëÿíóòèé ó [1] ç âðàõó-
âàííÿì (24). Ðåçóëüòàòè íàâåäåí³ íà ðèñ. 7.   Âèäíî,
ùî äëÿ âåëè÷èí ïðîäóâêè 1–4% äëÿ õàðàêòåðíèõ
ïåð³îä³â öèðêóëÿö³¿ îáîðîòíî¿ âîäè 30–100 õâè-
ëèí òðèâàë³ñòü âñòàíîâëåííÿ äèíàì³÷íî¿ ð³âíîâà-
ãè âîäíî¿ ñèñòåìè â ÎÑÎÂ, ìîæå ñÿãàòè äåñÿòê³â
³ íàâ³òü ñîòåíü ãîäèí (äåñÿòêè ³ ñîòí³ öèêë³â).



117

Dynamics of soluble salts in cooling systems of circulating water supply

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2024, No. 5, pp. 111-120

Ðèñ. 3. Çàëåæí³ñòü êîíöåíòðóâàííÿ ñîë³ NaCl â³ä ê³ëüêîñò³ öèêë³â âîäîîáì³íó.

Ë³í³ÿ – òåîð³ÿ, êâàäðàòè – åêñïåðèìåíò (à). Â³äïîâ³äí³ çíà÷åííÿ â³äíîñíèõ ïîõèáîê (b).

 Çíà÷åííÿ âåëè÷èí âîäîîáì³íó ó â³äñîòêàõ âêàçàí³ íàä ðèñóíêàìè

Ðèñ. 4. Çàëåæí³ñòü êîíöåíòðóâàííÿ (a) òà êîåô³ö³ºíòà êîíöåíòðóâàííÿ (b) ñîë³ NaCl â³ä ê³ëüêîñò³ öèêë³â âîäîîáì³íó

äëÿ ð³çíèõ çíà÷åíü âîäîîáì³íó: 1 – 1%; 2 – 2%; 3 – 3%; 4 – 5%; 5 – 20%
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Ðèñ. 5. Çàëåæí³ñòü ðîçáàâëåííÿ ñîë³ NaCl â³ä ê³ëüêîñò³ öèêë³â âîäîîáì³íó. Ë³í³ÿ – òåîð³ÿ, êâàäðàòè – åêñïåðèìåíò (à).

Â³äïîâ³äí³ çíà÷åííÿ â³äíîñíèõ ïîõèáîê (b). Çíà÷åííÿ âåëè÷èí âîäîîáì³íó ó â³äñîòêàõ âêàçàí³ íàä ðèñóíêàìè

Ðèñ. 6. Çàëåæí³ñòü ðîçáàâëåííÿ (a) òà êîåô³ö³ºíòà êîíöåíòðóâàííÿ (b, âêëàäêà äëÿ k áëèçüêèõ äî îäèíèö³) ñîë³ NaCl

â³ä ê³ëüêîñò³ öèêë³â âîäîîáì³íó äëÿ ð³çíèõ çíà÷åíü âîäîîáì³íó: 1 – 1%; 2 – 2%; 3 – 3%; 4 – 5%; 5 – 20%
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Âèñíîâêè
Íà îñíîâ³ áàëàíñó ìàñ ðîçðîáëåíà ìîäåëü

ê³íåòèêè ðîç÷èííèõ ñîëåé ó âîä³ ÎÑÎÂ, ùî âè-
ðàæàºòüñÿ ó ð³âíÿííÿõ (13), (15), (19) òà (20).
Ìîäåëü ïåðåâ³ðåíà â ëàáîðàòîðíèõ óìîâàõ äëÿ
âèïàäê³â êîíöåíòðóâàííÿ ³ ðîçáàâëåííÿ ³ âñòà-
íîâëåíî, ùî ïîõèáêà íå ïåðåâèùóº 2% ³ º åêñïå-
ðèìåíòàëüíî-ïðèëàäîâîþ.

Çàïðîïîíîâàíà ìîäåëü, íà â³äì³íó â³ä ³ñ-
íóþ÷èõ, ðîçøèðþº ä³àïàçîí ñôåðè ¿¿ âèêî-
ðèñòàííÿ â óìîâàõ ð³çíèõ ñï³ââ³äíîøåíü êîí-
öåíòðàö³é äîáðå ðîç÷èííèõ ñîëåé æèâèëüíî¿ ³ îáî-
ðîòíî¿ âîä ³ çì³ííèõ êîíöåíòðàö³é ñîëåé â æè-
âèëüí³é âîä³, â òîìó ÷èñë³ ó âèïàäêó, êîëè cæ>cîá.

Ðîçðîáëåíà ìîäåëü äàº ìîæëèâ³ñòü ç
äîñòàòíüîþ äëÿ ³íæåíåðíèõ ðîçðàõóíê³â òî÷í³ñòþ
ïðîãíîçóâàòè âîäíî-õ³ì³÷íèé ðåæèì ðîáîòè
ä³þ÷èõ ³ íîâèõ ñèñòåì âîäíîãî îõîëîäæåííÿ ³
îáèðàòè îïòèìàëüí³ âàð³àíòè óïðàâë³ííÿ òàêèìè
ñèñòåìàìè (ìåòîäè ñòàá³ë³çàö³éíî¿ îáðîáêè îáî-
ðîòíî¿ âîäè, ï³äãîòîâêè æèâèëüíî¿ âîäè, îáñÿãè
ïðîäóâàííÿ òîùî).

Íà îñíîâ³ àíàë³çó çàïðîïîíîâàíî¿ ìîäåë³
âñòàíîâëåíî ô³çè÷íèé çì³ñò ìíîæíèêà (qêð+qïð)
ó ïîêàçíèêó åêñïîíåíòè âèðàç³â (22), (23) òà (25),
(26) – öå ÷àñòêà îá’ºìó âîäè (çà â³äíîøåííÿì äî
áàçîâîãî îá’ºìó V0), ÿêîþ îáì³íþºòüñÿ áàçîâèé
îá’ºì V0 ç æèâèëüíîþ âîäîþ çà îäèí öèêë.

Ïðîàíàë³çîâàíî çì³íó êîåô³ö³ºíòà êîíöåí-
òðóâàííÿ äëÿ âèïàäêó k(0)=1 ³ ïîêàçàíî, ùî õà-
ðàêòåðí³ ÷àñè âñòàíîâëåííÿ äèíàì³÷íî¿ ð³âíîâàãè
ìîæóòü äîñÿãàòè äëÿ ìàëèõ ïðîäóâàíü (1–4%) äå-
ñÿòêè ³ íàâ³òü ñîòí³ îáîðîòíèõ öèêë³â ³ òàêó
³íåðö³éí³ñòü ñèñòåìè íåîáõ³äíî âðàõîâóâàòè â ïðî-

öåñ³ åêñïëóàòàö³¿ ³ ïðîãíîçóâàííÿ ðîáîòè ÎÑÎÂ.
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DYNAMICS OF SOLUBLE SALTS IN COOLING
SYSTEMS OF CIRCULATING WATER SUPPLY

V.R. Gayevskii a, *, V.L. Fylypchuk a, O.A. Syrovatskyi b

a National University of Water and Environmental Engineer-
ing, Rivne, Ukraine
b O.M. Beketov National University of Urban Economy in
Kharkiv, Kharkiv, Ukraine
* e-mail: v.r.haievskyi@nuwm.edu.ua

A model of the dynamics of soluble salts in the water of
cooling systems of circulating water supply was developed based
on mass balance principles. The proposed model is expressed in a
general form under the assumption of a constant volume of
circulating water and non-stationary input and output flows. The
model accounts for scenarios where the concentration of soluble
salts exceeds their concentration in the circulating water, thereby
considering the technological necessity to change the system’s
power source in the event of an emergency at the feedwater
treatment facilities. The developed model enables accurate
prediction of the water-chemical regime in both existing and new
recirculating cooling systems, sufficient for engineering calculations.
It also facilitates the selection of optimal management strategies
for such systems, including stabilization methods for recirculating
water, feedwater preparation, blowdown volumes, etc. The model
was validated under laboratory conditions for cases of concentration
and dilution of highly soluble NaCl salt, with an observed error
margin not exceeding ±2%, attributed to experimental and
instrumental factors. The variation in the concentration factor
was analyzed for different blowdown rates, assuming initial equality
of soluble salt concentrations in feedwater and circulation water.
It was shown that establishing dynamic equilibrium between the
circulation and feed waters can require dozens or even hundreds
of circulation cycles for blowdown rates of 1–4%, and this system
inertia must be considered during operation and when forecasting
the performance of cooling systems with circulating water supply.

Keywords: cooling systems of circulating water supply;
dynamics of soluble salts; concentration factor; feedwater;
blowdown; circulating cycle.
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