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Ñòàòüÿ ïîñòóïèëà 23 èþíÿ 2016 ã.

Ïðåäëîæåí ñïîñîá îòáîðà ïðîá ïàðîâ ÍÒÎ èç ãàçîâ íà îñíîâå ìåòîäà ôàçîâîãî èçîòîïíîãî îáìå-

íà (ÔÈÎ) âîäû. Ðàññìîòðåíû òåîðåòè÷åñêèå îñíîâû ïðîöåññà ÔÈÎ. Ðåçóëüòàòû ýêñïåðèìåíòîâ ñ

îòáîðîì ïðîá èç ãàçà ñî 100 è 40 %-íîé îòíîñèòåëüíîé âëàæíîñòüþ äåìîíñòðèðóþò âûñîêóþ

òî÷íîñòü ìåòîäà. Òàê, ðàçëè÷èå ìåæäó êîíöåíòðàöèÿìè òðèòèÿ â ìîäåëüíîé ñìåñè è ýêñïåðèìåí-

òàëüíî èçìåðåííîé âåëè÷èíîé ñîñòàâëÿåò 2 – 3 % íåçàâèñèìî îò èñõîäíûõ ïàðàìåòðîâ èññëåäóå-

ìîãî ãàçà. Ïðåäëîæåííûé ñïîñîá ïî ñðàâíåíèþ ñ áàðáîòèðîâàíèåì ÷åðåç ñëîé æèäêîñòè ïîçâîëÿ-

åò îöåíèòü äèíàìèêó èçìåíåíèÿ êîíöåíòðàöèè ÍÒÎ â àíàëèçèðóåìîì ãàçå. Âûñîêàÿ ýôôåêòèâ-

íîñòü óëàâëèâàíèÿ èñêëþ÷àåò ïðîñêîê òðèòèÿ, à ìàëàÿ ñòåïåíü ðàçáàâëåíèÿ ïîòîêîâ îáåñïå÷èâàåò

ïîâûøåííóþ òî÷íîñòü èçìåðåíèÿ íèçêèõ êîíöåíòðàöèé òðèòèÿ.

Êëþ÷åâûå ñëîâà: ìåòîä îòáîðà ïðîá òðèòèðîâàííîãî ïàðà; èçìåðåíèå ðàäèîàêòèâíîñòè ãàçà; ôà-

çîâûé èçîòîïíûé îáìåí; òðèòèé.

Ïðè îïðåäåëåíèè ñîäåðæàíèÿ òðèòèÿ â èññëåäóåìûõ

îáðàçöàõ âàæíóþ ðîëü èãðàþò àãðåãàòíîå ñîñòîÿíèå

âåùåñòâà è ïðåäåëüíûå óðîâíè êîíöåíòðàöèè òðèòèÿ.

Â ñëó÷àå òâåðäîãî âåùåñòâà ïðè àíàëèçå ïðèìåíÿþò

ìåòîä ðàäèîëþìèíîãðàôèè [1], æèäêîñòíûå îáðàçöû

èçìåðÿþò ìåòîäîì æèäêîñòíîé ñöèíòèëëÿöèè [2],

à êîíöåíòðàöèÿ òðèòèÿ â ãàçîâîé ôàçå ìîæåò áûòü

îïðåäåëåíà â ïðîòî÷íûõ èîíèçàöèîííûõ êàìåðàõ [3].

Â ïîñëåäíåì ñëó÷àå èçìåðåíèÿ ìîæíî ïðîâîäèòü â ðå-

æèìå îíëàéí. Ñöèíòèëëÿöèîííûå ìåòîäû ïðåäïî÷òè-

òåëüíåå ïðè ðàçîâûõ èçìåðåíèÿõ íèçêîàêòèâíûõ ãàçî-

âûõ ïðîá, íî òðåáóþò ïðåäâàðèòåëüíîãî ïåðåâîäà òðè-

òèÿ èç ãàçîâîé ôàçû â æèäêóþ.

Â íàñòîÿùåå âðåìÿ äëÿ àíàëèòè÷åñêîãî îïðåäåëå-

íèÿ ñîäåðæàíèÿ òðèòèÿ â ãàçîâîé ôàçå ìåòîäîì æèä-

êîñòíîé ñöèíòèëëÿöèè èñïîëüçóþò ñèñòåìû, ñîñòîÿ-

ùèå èç óçëà êîíâåðñèè òðèòèéñîäåðæàùèõ ñîåäèíå-

íèé äî ïàðîâ âîäû è áàðáîòåðà, çàïîëíåííîãî æèäêîé

âîäîé èëè îðãàíè÷åñêèì ïîãëîòèòåëåì (ýòèëåíãëè-

êîëåì) è ïðåäíàçíà÷åííîãî äëÿ ïåðåâîäà òðèòèðî-

âàííîãî âîäÿíîãî ïàðà â æèäêóþ ôàçó [4]. Ïîäîá-

íûå óñòðîéñòâà äîñòàòî÷íî ïðîñòû â êîíñòðóêöèè è

íàäåæíû â ýêñïëóàòàöèè. Ñóùåñòâåííûé èõ íåäîñòà-

òîê — ïåðèîäè÷íîñòü îòáîðà ïðîá (ïîñëå êàæäîãî èç-

ìåðåíèÿ ñîäåðæèìîå áàðáîòåðà íåîáõîäèìî ïîë-

íîñòüþ çàìåíÿòü). Êðîìå òîãî, ïðè íèçêèõ êîíöåíòðà-

öèÿõ òðèòèÿ â ãàçîâîì ïîòîêå äëÿ åãî íàêîïëåíèÿ

â áàðáîòåðå (âûøå ïðåäåëà îáíàðóæåíèÿ àíàëèòè÷å-

ñêîãî ïðèáîðà) â óñëîâèÿõ ìàëîãî ïàðöèàëüíîãî äàâ-

ëåíèÿ ïàðîâ âîäû â àíàëèçèðóåìîì ãàçå è îòíîñèòåëü-

íî áîëüøîì îáúåìå ïîãëîùàþùåé æèäêîñòè îòáîð

ïðîáû çàíèìàåò ïðîäîëæèòåëüíîå âðåìÿ. Ýòî äåëàåò

ìåòîä ïðàêòè÷åñêè íåïðèìåíèìûì äëÿ èçó÷åíèÿ çàêî-

íîìåðíîñòåé èçìåíåíèÿ êîíöåíòðàöèè òðèòèÿ â äèíà-

ìè÷íûõ ïðîöåññàõ.

Öåëü ðàáîòû — ðàçðàáîòêà ìåòîäà îòáîðà ïðîá

òðèòèðîâàííîé âîäû èç ãàçîâ íà îñíîâå ïðîòèâîòî÷íî-

ãî ïðîöåññà ôàçîâîãî èçîòîïíîãî îáìåíà (ÔÈÎ) âîäû

[5, 6].

ÔÈÎ-òåõíîëîãèÿ âêëþ÷àåò èñïîëüçîâàíèå ïðîòè-

âîòî÷íûõ êîëîíí ñ íåçàâèñèìûìè ïîòîêàìè, çàïîë-

íåííûõ âûñîêîýôôåêòèâíûìè íàñàäêàìè (ýëåìåíòà-

ìè, îáëàäàþùèìè âûñîêîé ïðîïóñêíîé ñïîñîáíîñòüþ

è îáåñïå÷èâàþùèìè ìàêñèìàëüíóþ ïîâåðõíîñòü äëÿ

êîíòàêòà âçàèìîäåéñòâóþùèõ ôàç). Â îñíîâå ìåòîäà

ëåæèò ðàâíîâåñíàÿ ðåàêöèÿ ôàçîâîãî èçîòîïíîãî îá-

ìåíà ìåæäó æèäêîé âîäîé ïðèðîäíîãî èçîòîïíîãî

ñîñòàâà è òðèòèðîâàííûì ïàðîì

H2Oliq + HTOvap � H2Oliq + HTOvap, (1)

õàðàêòåðèçóåìàÿ êîýôôèöèåíòîì ðàçäåëåíèÿ (êîí-

ñòàíòîé ðàâíîâåñèÿ) á, ïðåâûøàþùèì åäèíèöó, ò.å. â
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óñëîâèÿõ ðàâíîâåñèÿ êîíöåíòðàöèÿ òðèòèÿ â æèäêîé

âîäå âûøå, ÷åì â ïàðå.

×åðåç êîëîííó ïðîïóñêàþò âîäó ïðèðîäíîãî èçî-

òîïíîãî ñîñòàâà, à ïðîòèâîòîêîì åé ïîñòóïàåò ãàç, ñî-

äåðæàùèé ïàðû òðèòèðîâàííîé âîäû (ðèñ. 1). Òðèòèé

êîíöåíòðèðóåòñÿ â æèäêîñòè íà âûõîäå èç êîëîííû, à

ãàç î÷èùàåòñÿ äî íîðìàòèâíûõ òðåáîâàíèé. Åñëè êîí-

öåíòðàöèÿ òðèòèÿ â âûõîäÿùåì ïàðå ïðåíåáðåæèìî

ìàëà ïî ñðàâíåíèþ ñ åãî ñîäåðæàíèåì âî âõîäÿùåì

ãàçå, òî êîëîííó ìîæíî ðàññìàòðèâàòü êàê óñòðîéñòâî

äëÿ ïîëíîãî ïåðåâîäà HTO èç ãàçîâîé â æèäêóþ ôàçó.

Èçîòîïíûé ýôôåêò ïðè êîíòàêòå æèäêîé âîäû è åå

ïàðà íàáëþäàåòñÿ âñëåäñòâèå ðàçëè÷èÿ ïàðöèàëüíûõ

äàâëåíèé ïàðîâ ëåãêîé (H2O) è òðèòèðîâàííîé (T2O

èëè HTO) âîäû.

Â [5] ïîêàçàíî, ÷òî ïðîöåññ ÔÈÎ äîëæåí ïðîõî-

äèòü â àäèàáàòè÷åñêîì ðåæèìå. Â ýòîì ñëó÷àå ïðè

êîíòàêòå ãàçà (îòíîñèòåëüíàÿ âëàæíîñòü ìåíüøå

100 %) ñ æèäêîé âîäîé â ïðîòèâîòî÷íîé êîëîííå òåì-

ïåðàòóðà êîíòàêòèðóþùèõ ïîòîêîâ áóäåò óìåíüøàòüñÿ

çà ñ÷åò ýíäîòåðìè÷åñêîãî ïðîöåññà èñïàðåíèÿ âîäû.

Çàâèñèìîñòü êîýôôèöèåíòà ðàçäåëåíèÿ äëÿ ðàç-

áàâëåííûõ ðàñòâîðîâ îò òåìïåðàòóðû ìîæåò áûòü

îïèñàíà ñëåäóþùèìè óðàâíåíèÿìè [7]:
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Òàê, ïðè òåìïåðàòóðå î÷èùàåìîãî ãàçà 25 °C

(îòíîñèòåëüíàÿ âëàæíîñòü áëèçêà ê 0) ñòàöèîíàðíàÿ

òåìïåðàòóðà ïîòîêîâ â êîëîííå ñîñòàâèò âñåãî 6 °C

[8]. Â äèàïàçîíå 6 – 25 °C çíà÷åíèå êîýôôèöèåíòà á

ìîæåò ìåíÿòüñÿ îò 1,092 äî 1,120 [5].

Ïðè ïðîöåññå ÔÈÎ ïðèìåíèòåëüíî ê îòáîðó

òðèòèðîâàííîãî ïàðà èç ãàçîâîé ôàçû óðàâíåíèå ìà-

òåðèàëüíîãî áàëàíñà äëÿ ðàçäåëèòåëüíîé êîëîííû

ñëåäóþùåå:

Gvap, inzin + Lliq, inxin = Gvap, outzout + Lliq, outxout, (4)

ãäå Gvap è Lliq — ïîòîêè âîäÿíîãî ïàðà è æèäêîé âîäû

íà âõîäå è âûõîäå êîëîííû, ã�÷; x è z — óäåëüíûå àê-

òèâíîñòè òðèòèÿ â âîäå è âîäÿíîì ïàðå íà âõîäå è âû-

õîäå êîëîííû, Áê�êã (â íàøåì ñëó÷àå xin = 0).

Âûñîòà êîëîííû, íà êîòîðîé óñòàíàâëèâàåòñÿ ðàâ-

íîâåñèå ìåæäó ïðîòèâîòî÷íûìè ôàçàìè æèäêîé âîäû

è åå ïàðà, íàçûâàåòñÿ âûñîòîé ýêâèâàëåíòíîé òåîðåòè-

÷åñêîé ñòóïåíè ðàçäåëåíèÿ hýêâ [9]. Êîëîííà ñ âûñîòîé

íàñàäî÷íîãî ñëîÿ H áóäåò ñîäåðæàòü n = H�hýêâ òåîðå-

òè÷åñêèõ òàðåëîê. Â òàêîé êîëîííå ñòåïåíü äåòðèòèçà-

öèè ãàçà DF (äëÿ ñëó÷àÿ 100 %-ãî íàñûùåííîãî ïàðà-

ìè âîäû ãàçà íà âõîäå) ìîæåò áûòü ðàññ÷èòàíà ïî ñëå-

äóþùåìó óðàâíåíèþ:
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1 , (5)

ãäå

ë = Gvap�Lliq — (6)

âåëè÷èíà ìîëüíîãî ñîîòíîøåíèÿ ïîòîêîâ.

Äëÿ êîëîííû, îáåñïå÷èâàþùåé â ñòàöèîíàðíîì

ðåæèìå DFñòàö � 100, ìîæíî ñ÷èòàòü, ÷òî zout ïðåíåáðå-

æèìî ìàëà ïî ñðàâíåíèþ ñ zin. Ïðåîáðàçóÿ óðàâíåíèÿ

(4) è (6), ïîëó÷àåì âûðàæåíèå äëÿ çàâèñèìîñòè óäåëü-

íîé àêòèâíîñòè òðèòèÿ â æèäêîñòè íà âûõîäå îò àê-

òèâíîñòè â ïàðå íà âõîäå:

x
G

L
z z

out

vap,in

liq,out

in in
� � � . (7)

Íà ïðàêòèêå áîëüøèé èíòåðåñ ïðåäñòàâëÿåò

çàäà÷à îïðåäåëåíèÿ îáúåìíîé àêòèâíîñòè ãàçà Agas,

êîòîðàÿ ìîæåò áûòü ðàññ÷èòàíà ïî ñëåäóþùåìó

óðàâíåíèþ:

A x
L

G
gas out

liq,out

gas

� , (8)

ãäå Ggas — ïîòîê ïîñòóïàþùåãî â êîëîííó ãàçà, ì3�÷.

Óðàâíåíèÿ (7) è (8) âåðíû òîëüêî äëÿ ñëó÷àÿ ñòà-

öèîíàðíîãî ðåæèìà. Ïðè ïåðâîíà÷àëüíîì ïóñêå ïî-

òîêîâ ãàçà è æèäêîñòè âíóòðè ðàçäåëèòåëüíîé êîëîí-

íû ñíà÷àëà ïðîèñõîäèò íàêîïëåíèå ñòàòè÷åñêîé

(ÄHñòàò) è äèíàìè÷åñêîé (ÄHäèí) çàäåðæåê (ïî æèä-

êîñòè) è òðèòèÿ â íèõ.

Ðåæèì êîëîííû, ïðè êîòîðîì íå ìåíÿþòñÿ ìàòå-

ðèàëüíûå ïîòîêè ïî âåùåñòâó è èçîòîïó, íàçûâàåòñÿ

ñòàöèîíàðíûì, à ïðîìåæóòîê âðåìåíè îò ïóñêà ïîòî-

êîâ äî åãî óñòàíîâëåíèÿ — âðåìåíåì âûõîäà. Ó÷èòû-

âàÿ, ÷òî â ïóñêîâîé ïåðèîä êîíöåíòðàöèÿ òðèòèÿ ìåíü-

øå, ÷åì â ñòàöèîíàðíîì ðåæèìå, ìîæíî ñ÷èòàòü, ÷òî

êîëîííà, îáåñïå÷èâàþùàÿ DFñòàö � 100, âñåãäà ðàáîòà-

åò ïðè ïðàêòè÷åñêè 100 %-íîì èçâëå÷åíèè òðèòèÿ èç

ãàçîâîãî ïîòîêà íåçàâèñèìî îò áëèçîñòè ê ñòàöèîíàð-

íîìó ðåæèìó.

Åñëè ïðèíÿòü, ÷òî àêòèâíîñòü (êîíöåíòðàöèÿ) òðè-

òèÿ â ïàðå ïî âûñîòå êîëîííû ëèíåéíî ìåíÿåòñÿ îò zin

�� 
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H O2 liq Gas + H O2 vap

Gas + HTOvapHTOliq

Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà

ïðîöåññà óëàâëèâàíèÿ ïàðîâ òðè-

òèðîâàííîé âîäû ìåòîäîì ÔÈÎ



íà âõîäå äî zin�DF íà âûõîäå, òî ïîëó÷èì óðàâíåíèå

äëÿ îöåíêè âðåìåíè âûõîäà êîëîííû â ñòàöèîíàðíûé

ðåæèì (ë áëèçêà ê 1):
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	�H z z DF

G z

àêò in in

vap,in in

( )
,

2
(9)

ãäå

ÄHàêò = ÄHñòàò + ÄHäèí. (10)

Íà ïðàêòèêå ñòàöèîíàðíûé ðåæèì íàñòóïàåò çà-

ìåòíî áûñòðåå, ÷åì ýòî ïîêàçûâàþò îöåíêè ïî (9).

Ðàçëè÷èå îáúÿñíÿåòñÿ õàðàêòåðîì äâèæåíèÿ æèäêîñòè

ïî íàñàäêå ïðè ìàëûõ ïëîòíîñòÿõ îðîøåíèÿ êîëîííû.

ÄHñòàò ïðåäñòàâëÿåò ñîáîé íå îáìåíèâàþùèéñÿ íåïîä-

âèæíûé ïðèïîâåðõíîñòíûé ñëîé æèäêîñòè, ïî êîòî-

ðîìó òîíêîé ïëåíêîé ñòåêàåò ÄHäèí. Ïðè îöåíêå âðå-

ìåíè âûõîäà â ñòàöèîíàðíûé ðåæèì ó÷èòûâàëè òîëü-

êî ÄHäèí:
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	�H z z DF

G z

äèí in in

vap,in in

( )
.

2
(11)

Â õîäå ýêñïåðèìåíòîâ îïðåäåëÿëè âëèÿíèå èñõîä-

íîé âëàæíîñòè ãàçà (RH ) íà ýôôåêòèâíîñòü äåòðèòè-

çàöèè ìåòîäîì ÔÈÎ è âðåìÿ âûõîäà ðàçäåëèòåëüíîé

êîëîííû â ñòàöèîíàðíûé ðåæèì. Ñõåìà ýêñïåðèìåí-

òàëüíîé óñòàíîâêè ïðèâåäåíà íà ðèñ. 2. Ãàç íàñûùàë-

ñÿ ïàðàìè âîäû â íàñûòèòåëå 2, â êîòîðîì öèðêóëèðî-

âàëà òðèòèðîâàííàÿ âîäà. Çàòåì åãî ïîäàâàëè â ðàçäå-

ëèòåëüíóþ êîëîííó 1, êîòîðóþ îðîøàëè âîäîé ïðè-

ðîäíîãî èçîòîïíîãî ñîñòàâà. Ðåçóëüòàòû ýêñïåðèìåí-

òîâ ïðåäñòàâëåíû â òàáëèöå (óñëîâèÿ ïðîâåäåíèÿ

ýêñïåðèìåíòîâ: G = 12 ì3�÷, Tin = 19,8 °C, H = 4,8 ì).

Âèäíî, ÷òî íåçàâèñèìî îò èñõîäíîé âëàæíîñòè

ãàçà âðåìÿ âûõîäà êîëîííû â ñòàöèîíàðíûé ðåæèì

îïðåäåëÿåòñÿ òîëüêî ñîîòíîøåíèåì ìåæäó çàäåðæêîé

è ïîñòóïàþùèì òðèòèåì. Çàìåòíîå ðàñõîæäåíèå ôòåîð

è ôýêñ äëÿ ñëó÷àÿ íåíàñûùåííîãî ãàçà îáúÿñíÿåòñÿ

òåì, ÷òî â ðàñ÷åòå íå ó÷èòûâàëè ýôôåêòû ìàññî- è

òåïëîïåðåíîñà, âîçíèêàþùèå ïðè íàñûùåíèè ãàçà

â êîëîííå.

Â ïðîöåññå èññëåäîâàíèé êîíöåíòðàöèÿ òðèòèÿ â

ãàçîâîé ôàçå ðîñëà âñëåäñòâèå ïîâûøåíèÿ åãî êîíöåí-

òðàöèè â àïïàðàòå-íàñûòèòåëå çà ñ÷åò èçîòîïíîãî ýô-

ôåêòà ïðè èñïàðåíèè âîäû. Ñîïîñòàâëåíèå àêòèâíî-

ñòè òðèòèÿ â ãàçîâîé ôàçå, îïðåäåëåííîé ïóòåì ïîëíî-

ãî âûìîðàæèâàíèÿ ïàðà èç âõîäÿùåãî âîçäóõà, ñ

ðàñ÷åòíîé âåëè÷èíîé, ïîëó÷åííîé ïî óðàâíåíèþ (7),

ïîêàçûâàåò, ÷òî äàííàÿ ìåòîäèêà ïîçâîëÿåò îöåíèâàòü

äèíàìèêó èçìåíåíèÿ àêòèâíîñòè òðèòèÿ âî âðåìåíè.

Íà ãðàôèêå (ðèñ. 3) ïðåäñòàâëåíû ðàñ÷åòíûå [ïî

óðàâíåíèþ (7)] çíà÷åíèÿ zin,calc, ïîëó÷åííûå íà îñíîâå

ýêñïåðèìåíòàëüíûõ äàííûõ xout,exp. Âèäíî, ÷òî ðàçëè-

÷èå ìåæäó ðàñ÷åòîì è ýêñïåðèìåíòîì íå ïðåâûøàåò

3 % íåçàâèñèìî îò èñõîäíûõ ïàðàìåòðîâ èññëåäó-

åìîãî ãàçà. Ïðè ýòîì óâåëè÷åíèå àêòèâíîñòè òðèòèÿ

âî âõîäÿùåì ãàçå ïðèâîäèò ê ðîñòó åãî àêòèâíîñòè
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Ðèñ. 2. Ñõåìà ýêñïåðèìåíòàëüíîé óñòàíîâêè: 1 — êîëîííà

ÔÈÎ; 2 — àïïàðàò-íàñûòèòåëü; 3 — êîìïðåññîð; 4, 18 — êîíò-

ðîëëåð ðàñõîäà ãàçà; 5 — ïåðèñòàëüòè÷åñêèé íàñîñ; 6 — ýëåêò-

ðîíàãðåâàòåëü; 7 — ËÀÒÐ; 8 — òåïëîîáìåííèê; 9 — òåðìîñòàò;

10, 11, 16 — ïðîáîîòáîðíèêè; 12 — áàëëîí ñ ãåëèåì; 13 — êîíò-

ðîëëåð ïîòîêà âîäû; 14 — êðèîñòàò; 15 — ãèäðîçàòâîð; 17 —

ìàíîìåòð; V1, V2, V3, V4 — åìêîñòè ñ ïðèðîäíîé âîäîé, ìåðíàÿ,

ïðèåìíàÿ, ñ òðèòèðîâàííîé âîäîé; ÂÇ1, ÂÇ2 — çàïîðíûå êðàíû;

T1, T2, T3, T4 — òåðìîïàðû; RH1, RH2 — ãèãðîìåòðû
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Ðèñ. 3. Óäåëüíûå àêòèâíîñòè òðèòèÿ

â æèäêîñòè íà âûõîäå èç êîëîííû è â

ïàðå íà âõîäå äëÿ ñëó÷àåâ íàñûùåí-

íîãî (à) è íåíàñûùåííîãî (á ) ãàçîâ

(�— xout,exp,�— zin,exp,�— zin,calc)



â âûõîäÿùåì ïîòîêå æèäêîñòè, à â îòëè÷èå îò áàð-

áîòàæíîé ñõåìû ðàçáàâëåíèÿ îáðàçöà íå ïðîèñõîäèò,

òàê êàê ïðè ë � 1 xout � zin. Ýòî ïîçâîëÿåò ïîâûñèòü

÷àñòîòó è ïðîèçâîäèòü áîëåå òî÷íûå èçìåðåíèÿ.

Äëÿ îöåíêè âðåìåíè îòêëèêà ñèñòåìû (ðèñ. 4)

íà èçìåíåíèå àêòèâíîñòè òðèòèÿ âî âõîäÿùåì ãàçå

ïðè ïîñòîÿíñòâå îñòàëüíûõ ïàðàìåòðîâ ïðîâåëè

ñëåäóþùèé ýêñïåðèìåíò: ïîñëå âûõîäà êîëîííû 1

(ñì. ðèñ. 2) â ñòàöèîíàðíûé ðåæèì âîäó â åìêîñòè V4

(1090 ÌÁê�êã) çàìåíèëè íà âîäó ñ áîëüøåé àêòèâ-

íîñòüþ (1430 ÌÁê�êã). Ïîñëå äîñòèæåíèÿ íîâîãî

ñòàöèîíàðíîãî ðåæèìà âîäó âíîâü ïîìåíÿëè

(990 ÌÁê�êã). Îòìåòèì, ÷òî àêòèâíîñòü òðèòèÿ âî âõî-

äÿùåì ãàçå íåñêîëüêî íèæå, ÷åì â åìêîñòè V4. Ýòî

ñâÿçàíî ñ êîýôôèöèåíòîì ðàçäåëåíèÿ ïðè íàñûùåíèè

ãàçà ïàðàìè òðèòèðîâàííîé âîäû.

Ñêîðîñòü âûõîäà ñèñòåìû â ñòàöèîíàðíûé ðåæèì

ïðè èçìåíåíèè êîíöåíòðàöèè òðèòèÿ â ãàçå, ïîñòó-

ïàþùåì â êîëîííó, îöåíèâàëè äëÿ ñëó÷àåâ ïîëíîãî

íàêîïëåíèÿ è äîíàêîïëåíèÿ èçîòîïîâ.

Ðåæèì ïîëíîãî íàêîïëåíèÿ õàðàêòåðèçóåòñÿ ðåç-

êèì èçìåíåíèåì êîíöåíòðàöèè, ïðè ýòîì èñõîäíûì

êîëè÷åñòâîì èçîòîïà â çàäåðæêå ìîæíî ïðåíåáðå÷ü.

Äëÿ âûõîäà êîëîííû â ïåðâûé ñòàöèîíàðíûé ðåæèì

(ñì. ðèñ. 4, ó÷àñòîê I ) ïîòðåáîâàëîñü íå ìåíåå 40 ìèí,

÷òî ñîãëàñóåòñÿ ñ ïîëó÷åííûìè ýêñïåðèìåíòàëüíûìè

äàííûìè (ñì. òàáëèöó). (Çà ñòàöèîíàðíûé ðåæèì ïðè-

íÿò ìîìåíò âðåìåíè, ïðè êîòîðîì ðàçëè÷èå ìåæäó àê-

òèâíîñòÿìè òðèòèÿ â æèäêîñòè è ãàçå íå ïðåâûøàåò

5 %.)

Ïðè èçìåíåíèè àêòèâíîñòè òðèòèÿ âî âõîäÿùåì

ãàçå íà 20 – 40 % (ðåæèì äîíàêîïëåíèÿ) âðåìÿ îæèäà-

íèÿ (ïî ñðàâíåíèþ ñî ñëó÷àåì ïîëíîãî íàêîïëåíèÿ)

çàìåòíî ñîêðàùàåòñÿ. Òàê, ïðè ïîâûøåíèè (ó÷àñòîê

II ) è óìåíüøåíèè (ó÷àñòîê III ) àêòèâíîñòè òðèòèÿ â

ãàçå íà 30 % âðåìÿ âûõîäà êîëîííû â ñòàöèîíàðíûé

ðåæèì ñîñòàâèëî 20 – 25 ìèí. Ìåíüøåå âðåìÿ îòêëè-

êà â ðåæèìå äîíàêîïëåíèÿ îáúÿñíÿåòñÿ ñîïîñòàâèìû-

ìè çíà÷åíèÿìè êîíöåíòðàöèé òðèòèÿ â çàäåðæêå è âî

âõîäÿùåì ïîòîêå ãàçà.

Òàêèì îáðàçîì, ìåòîä ÔÈÎ — ýôôåêòèâíûé ñïî-

ñîá ïåðåâîäà òðèòèðîâàííûõ ïàðîâ â æèäêîñòü. Ïðè

âûñîêèõ ñòåïåíÿõ äåòðèòèçàöèè (DF > 100) êîíöåí-

òðàöèÿ òðèòèÿ â æèäêîñòè íà âûõîäå èç êîëîííû ñâÿ-

çàíà ñ åãî êîíöåíòðàöèåé íà âõîäå ÷åðåç âåëè÷èíó

ìîëüíîãî ñîîòíîøåíèÿ ïîòîêîâ ë. Îïðåäåëèâ äèíàìè-

êó èçìåíåíèÿ êîíöåíòðàöèè òðèòèÿ â æèäêîñòè íà âû-

õîäå, ìîæíî âîññòàíîâèòü äèíàìèêó èçìåíåíèÿ åãî

êîíöåíòðàöèè â ãàçå. Îäíàêî íóæíî ó÷èòûâàòü, ÷òî íà

ñòàäèè ïåðâîãî çàïóñêà êîëîííû ïðîèñõîäèò íàêîïëå-

íèå èçîòîïà è îòáîð ïðîáû íà àíàëèç íåâîçìîæåí. Íå-

ñìîòðÿ íà ýòîò íåäîñòàòîê ïðåäëîæåííûé ïîäõîä ïî-

çâîëÿåò çàìåòíî ïîâûñèòü òî÷íîñòü èçìåðåíèé ïî

ñðàâíåíèþ ñ ìåòîäàìè áàðáîòèðîâàíèÿ è èçìåðåíèÿ ñ

ïîìîùüþ èîíèçàöèîííûõ êàìåð.

ËÈÒÅÐÀÒÓÐÀ

1. Ohuchi-Yoshida H., Hatano Y., Kino Y., Kondo Y. Tritium depth profi-

le in matter using an imaging plate � Fusion Eng. Design. 2012. Vol. 87.

P. 423 – 426.

2. Al-Haddad M. N., Fayoumi A. H., Abu-Jarad F. A. Calibration of a li-

quid scintillation counter to assess tritium levels in various samples �
Nuclear Instruments and Methods in Physics Research Section A: Accele-

rators, Spectrometers, Detectors and Associated Equipment. 1999.

Vol. 438. P. 356 – 361.

3. Chen Z., Peng S., Cheng S., Tan Z., Wang H., Masao M. Analysis of

ion recombination in ionization chambers for tritium measurements � Fu-

sion Eng. Design. 2015. Vol. 101. P. 52 – 55.

4. Munyon W. J., Reilly D. W., Webb J. AGHCF gaseous-effluent tritium

sampling system: design considerations and performance testing results �
Health Phys. 2008. Vol. 94. P. 75 – 85.

5. Perevezentsev A. N., Rozenkevich M. B., Pak Y. S., Marunich S. A.,

Bukin A. N. Phase isotope exchange of water as a gas detritiation

method � Theor. Found. Chem. Eng. 2013. Vol. 1. P. 47 – 54.

6. Hayashi T., Iwai Y., Kobayashi K., Nakamura H., Yamanishi T., Pere-

vezentsev A. R and D of atmosphere detritiation system for ITER in

JAEA � Fusion Eng. Design. 2010. Vol. 85. P. 1386 – 1390.

7. Van Hook A. Vapor Pressures of the Isotopic Waters and Ices � J. Phys.

Chem. 1968. Vol. 72. P. 1234 – 1244.

8. http:��www.psychrometric-calculator.com� Calculate Thermodynamic

Properties of Moist (Humid) Air [electronic resourse] (access 13.11.15).

9. Andreev B. M., Magomedbekov E. P., Raitman A. A., Rozen-

kevich M. B., Sakharovsky Yu. A., Khoroshilov A. V. Separation of

isotopes of biogenic elements in two-phase systems. — Elsevier, 2007. —

304 p.

 � 
����
���������������������������������	�������� ��������� � ��! �

t, ìèí

C
(Í

Ò
Î

),
Ì

Á
ê

ê
ã

�

I

II

III

Ðèñ. 4. Îòêëèê ñèñòåìû íà ñêà÷êîîáðàçíîå èçìåíåíèå êîíöåíò-

ðàöèè òðèòèÿ íà âõîäå â êîëîííó

Ðåçóëüòàòû ýêñïåðèìåíòîâ ïî îòáîðó ïðîá ïàðîâ HTO èç ïîòîêà âîçäóõà

L
H O2

, ã�÷ RH, % Tout, °C ÄHäèí, ã ÄHñòàò, ã ë DF ôýêñ, ìèí ôòåîð, ìèí

218 100 19,8 360 240 0,980 232 �40 47

151 40 13,1 240 200 0,972 538 �40 72
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METHOD OF SAMPLING TRITIATED VAPORS FROM GAS PHASE

USING PHASE ISOTOPIC EXCHANGE METHOD

� A. N. Bukin, A. S. Ivanova, M. B. Rozenkevich, Yu. S. Pak, and S. A. Marunich
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A new method of sampling tritiated vapors (TV) from gas phase is developed on the basis of the phase

isotopic exchange (PhIE) of water. Theoretical foundations of the PhIE process are described. Experi-

mental results of gas sampling (100- and 40% relative humidity) demonstrate high accuracy of the

method. Thus, the difference between tritium concentrations in the model mixture and experimentally

measured value is 2 – 3%, regardless of the initial parameters of the test gas. The proposed method is

more informative compared to bubbling through the liquid, and provides tracing changes in TV concen-

tration in the tested gas. High capture performance eliminates the leakage of tritium, whereas a small de-

gree of flow dilution can improve the accuracy of measuring low tritium concentrations.

Keywords: method of sampling tritiated vapor; phase isotopic exchange; measurements of gas radio-

activity; tritium.

REFERENCES

1. Ohuchi-Yoshida H., Hatano Y., Kino Y., Kondo Y. Tritium depth pro-

file in matter using an imaging plate � Fusion Eng. Design. 2012. Vol. 87.

P. 423 – 426.

2. Al-Haddad M. N., Fayoumi A. H., Abu-Jarad F. A. Calibration of a liq-

uid scintillation counter to assess tritium levels in various samples �
Nuclear Instruments and Methods in Physics Research Section A: Accel-

erators, Spectrometers, Detectors and Associated Equipment. 1999.

Vol. 438. P. 356 – 361.

3. Chen Z., Peng S., Cheng S., Tan Z., Wang H., Masao M. Analysis of

ion recombination in ionization chambers for tritium measurements �
Fusion Eng. Design. 2015. Vol. 101. P. 52 – 55.

4. Munyon W. J., Reilly D. W., Webb J. AGHCF gaseous-effluent tritium

sampling system: design considerations and performance testing results �
Health Phys. 2008. Vol. 94. P. 75 – 85.

5. Perevezentsev A. N., Rozenkevich M. B., Pak Y. S., Marunich S. A.,

Bukin A. N. Phase isotope exchange of water as a gas detritiation

method � Theor. Found. Chem. Eng. 2013. Vol. 1. P. 47 – 54.

6. Hayashi T., Iwai Y., Kobayashi K., Nakamura H., Yamanishi T.,

Perevezentsev A. R and D of atmosphere detritiation system for ITER in

JAEA � Fusion Eng. Design. 2010. Vol. 85. P. 1386 – 1390.

7. Van Hook A. Vapor Pressures of the Isotopic Waters and Ices � J. Phys.

Chem. 1968. Vol. 72. P. 1234 – 1244.

8. http:��www.psychrometric-calculator.com� Calculate Thermodynamic

Properties of Moist (Humid) Air [electronic resourse] (access 13.11.15).

9. Andreev B. M., Magomedbekov E. P., Raitman A. A., Rozen-

kevich M. B., Sakharovsky Yu. A., Khoroshilov A. V. Separation of iso-

topes of biogenic elements in two-phase systems. — Elsevier, 2007. —

304 p.


����
���������������������������������	�������� ��������� � ��! �  �


