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Ýêñïëóàòàöèÿ ýëåêòðîáóñîâ â çèìíèõ êëèìàòè÷åñêèõ óñëîâèÿõ Ðîññèè ñîïðÿæåíà ñ íåîáõîäèìî-
ñòüþ ïîääåðæàíèÿ ïîëîæèòåëüíûõ òåìïåðàòóð àêêóìóëÿòîðíûõ ÿ÷ååê òÿãîâîé áàòàðåè ââèäó ìàê-
ñèìàëüíîé äîñòóïíîé ýíåðãèè ïðè òåìïåðàòóðå áàòàðåè ïëþñ 20…25°C. Ïðè ýêñïëóàòàöèè àêêó-
ìóëÿòîðíûõ ÿ÷ååê, èìåþùèõ îòðèöàòåëüíûå òåìïåðàòóðû, ïðîèñõîäèò ñíèæåíèå ýíåðãèè áàòàðåé 
íà 20…25 %. Ñðåäíÿÿ òåìïåðàòóðà â Öåíòðàëüíîé ÷àñòè Ðîññèè êîëåáëåòñÿ îò ìèíóñ 18°C äî ïëþñ 
25°C. Äëÿ îáåñïå÷åíèÿ ðàáîòû áàòàðåé â âûøåïðèâåäåííûõ äèàïàçîíàõ òåìïåðàòóð ïðèìåíÿåòñÿ 
óñòàíîâêà ñèñòåìû òåðìîñòàòèðîâàíèÿ. Äàííûå ñèñòåìû â çàâèñèìîñòè îò óñëîâèé ýêñïëóàòàöèè 
âûïîëíÿþò êàê æèäêîñòíûìè, òàê è âîçäóøíûìè. Ïðè âîçäóøíîì îáîãðåâå è îõëàæäåíèè áàòàðåè 
â êà÷åñòâå èñòî÷íèêà òåïëà èñïîëüçóþò àâòîíîìíûé âîçäóøíûé îòîïèòåëü: ãåíåðàòîð íàãðåòûõ 
âîçäóøíûõ ãàçîâ, à äëÿ îõëàæäåíèÿ – ïðèòî÷íûå è âûòÿæíûå âåíòèëÿòîðû. Íàãðåòûé âîçäóõ ïðî-
õîäèò ïî êîëëåêòîðó îò àâòîíîìíîãî îòîïèòåëÿ ê âõîäíûì âåíòèëÿöèîííûì îòâåðñòèÿì. Ãåîìå-
òðè÷åñêàÿ ôîðìà êîëëåêòîðà âëèÿåò íà âåëè÷èíû ðàñõîäîâ âîçäóøíûõ ïîòîêîâ, âûäóâàåìûõ èç 
÷åòûðåõ âûõîäîâ. Íåðàâíîìåðíîñòü ðàñõîäîâ ÿâëÿåòñÿ ïðè÷èíîé íåíàäëåæàùåãî ïðîãðåâà áà-
òàðåè, ÷òî â ñâîþ î÷åðåäü ïðèâîäèò ê ðàçáàëàíñèðîâêå çàðÿäà ìåæäó îòäåëüíûìè áàòàðåéíûìè 
áëîêàìè è ñíèæåíèþ åìêîñòè áàòàðåè. Çàäà÷åé èññëåäîâàíèÿ ÿâëÿåòñÿ îïðåäåëåíèå ãåîìåòðè÷å-
ñêîé ôîðìû âîçäóøíîãî êîëëåêòîðà, îáåñïå÷èâàþùåãî ðàâíûå ðàñõîäû òåïëîâîãî âîçäóõà ÷åðåç 
âûõîäíûå îòâåðñòèÿ. Ðåøåíèå äàííîé çàäà÷è âûïîëíÿëîñü èòåðàòèâíûìè ðàñ÷åòàìè âîçäóøíûõ 
ïîòîêîâ â ðàçëè÷íûõ ãåîìåòðè÷åñêèõ ôîðìàõ êîëëåêòîðà â ïðîãðàììíîì ïðîäóêòå ANSYS CFX. Â 
ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòà âîçäóøíûõ êîëëåêòîðîâ, ïðåäíàçíà÷åííûõ äëÿ îòîïëå-
íèÿ è âåíòèëÿöèè ñèëîâûõ áàòàðåé ýëåêòðîáóñà. Îïðåäåëåíà îïòèìàëüíàÿ ôîðìà, îáåñïå÷èâàþ-
ùàÿ ðàâíûé ðàñõîä òåïëîâîé ýíåðãèè ÷åðåç âûõîäíûå îòâåðñòèÿ.

Êëþ÷åâûå ñëîâà: ýëåêòðîáóñ, áàòàðåè, îòîïëåíèå, ðàñ÷åò âîçäóøíîãî êîëëåêòîðà.
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â âûøåïðèâåäåííûõ äèàïàçîíàõ òåìïåðàòóð 
áàòàðåè ïðèìåíÿåòñÿ óñòàíîâêà ñèñòåìû òåð-
ìîñòàáèëèçàöèè [2]. Äàííûå ñèñòåìû â çàâè-
ñèìîñòè îò óñëîâèé ýêñïëóàòàöèè âûïîëíÿþò 
êàê æèäêîñòíûìè, òàê è âîçäóøíûìè. 

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ îïðåäåëåíèå 

ãåîìåòðè÷åñêîé ôîðìû âîçäóøíîãî êîëëåê-
òîðà äëÿ ïîäâîäà òåïëîâîé ýíåðãèè â ñèñòåìó 
îòîïëåíèÿ áàòàðåé ýëåêòðîáóñà.

Ìàòåðèàëû, ìåòîäû èññëåäîâàíèÿ 
è îáñóæäåíèå ðåçóëüòàòîâ
Ïðè âîçäóøíîì îáîãðåâå è îõëàæäåíèè áà-

òàðåè â êà÷åñòâå èñòî÷íèêà òåïëà èñïîëüçóþò 
àâòîíîìíûé âîçäóøíûé îòîïèòåëü: ãåíåðàòîð 
íàãðåòûõ âîçäóøíûõ ãàçîâ, à äëÿ îõëàæäåíèÿ – 
ïðèòî÷íûå è âûòÿæíûå âåíòèëÿòîðû [3]. Ïðèí-

Ââåäåíèå
Â íàñòîÿùåå âðåìÿ â ìèðå ïðîèñõîäèò ðàç-

âèòèå ïàññàæèðñêîãî àâòîìîáèëüíîãî ýëåêòðî-
òðàíñïîðòà: ýëåêòðîìîáèëåé è ýëåêòðîáóñîâ.

Ýêñïëóàòàöèÿ ýëåêòðîáóñîâ â çèìíèõ êëè-
ìàòè÷åñêèõ óñëîâèÿõ Ðîññèè ñîïðÿæåíà ñ íå-
îáõîäèìîñòüþ ïîääåðæàíèÿ ïîëîæèòåëüíûõ 
òåìïåðàòóð àêêóìóëÿòîðíûõ ÿ÷ååê òÿãîâîé 
áàòàðåè. Ìàêñèìàëüíàÿ äîñòóïíàÿ äëÿ ðàñõî-
äîâàíèÿ ýíåðãèÿ áàòàðåé [1] äîñòèãàåòñÿ ïðè 
ðàáîòå ÿ÷ååê â äèàïàçîíå òåìïåðàòóð ïëþñ 
20…25oC. Ïðè ýêñïëóàòàöèè àêêóìóëÿòîðíûõ 
ÿ÷ååê, èìåþùèõ îòðèöàòåëüíûå òåìïåðàòó-
ðû, ïðèâîäèò ê ñíèæåíèþ ýíåðãèè áàòàðåé íà 
20…25 %. Ñðåäíÿÿ òåìïåðàòóðà â Öåíòðàëü-
íîé ÷àñòè Ðîññèè êîëåáëåòñÿ îò ìèíóñ 18oC äî 
ïëþñ 25 oC. Òàêæå äëÿ áàòàðåé íå ìåíåå êðè-
òè÷íî âëèÿíèå âûñîêèõ ïëþñîâûõ òåìïåðàòóð, 
ñâûøå 40oC. Äëÿ îáåñïå÷åíèÿ ðàáîòû áàòàðåè 
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öèï äåéñòâèÿ âîçäóøíîãî îòîïèòåëÿ îñíîâàí 
íà ïðèíóäèòåëüíîé âåíòèëÿöèè ðàçîãðåòîãî 
âîçäóõà â òåïëîîáìåííîé ñèñòåìå îòîïèòåëÿ. 
Ïðè ñãîðàíèè òîïëèâíîé ñìåñè â êàìåðå ñãî-
ðàíèÿ îáðàçîâàâøèåñÿ ãàçû íàãðåâàþò ñòåíêè 
òåïëîîáìåííèêà, êîòîðûé ñ âíåøíåé ñòîðîíû 
îáäóâàåòñÿ âîçäóõîì. Âîçäóõ, ïðîõîäÿ ÷åðåç 
ðåáðà òåïëîîáìåííèêà, íàãðåâàåòñÿ è ïîäàåòñÿ 
â êîðïóñ áàòàðåé, ïîâûøàÿ òåì ñàìûì òåìïå-
ðàòóðó àêêóìóëÿòîðíûõ ÿ÷ååê. 

×àñòî êîíñòðóêöèÿ êîðïóñà òÿãîâîé áàòàðåè 
èìååò íåñêîëüêî âõîäîâ äëÿ ïîäà÷è âíóòðü òå-
ïëîãî âîçäóõà (ðèñ.1). 

Ïðè óñòàíîâêå 2-õ áàòàðåé, ïðåäñòàâëåííûõ 
íà ðèñ. 1, òàêèì îáðàçîì, ÷òî âõîäíûå îòâåðñòèÿ 
ðàñïîëàãàþòñÿ äðóã íàïðîòèâ äðóãà, òðåáóåòñÿ 
ðàçðàáîòêà âîçäóøíîãî êîëëåêòîðà, êîòîðûé 
äîëæåí îáåñïå÷èâàòü ðàâíûå ðàñõîäû ìåæäó ÷å-
òûðüìÿ âõîäíûìè îòâåðñòèÿìè (ðèñ. 2).

Ãåîìåòðè÷åñêàÿ ôîðìà êîëëåêòîðà âëèÿåò 
íà âåëè÷èíû ðàñõîäîâ âîçäóøíûõ ïîòîêîâ, 
âûäóâàåìûõ èç ÷åòûðåõ âûõîäîâ. Íåðàâíîìåð-
íîñòü ðàñõîäîâ ÿâëÿåòñÿ ïðè÷èíîé íåíàäëå-
æàùåãî ïðîãðåâà áàòàðåè, ÷òî â ñâîþ î÷åðåäü 
ïðèâîäèò ê ðàçáàëàíñèðîâêå çàðÿäà ìåæäó îò-

äåëüíûìè áàòàðåéíûìè áëîêàìè è ñíèæåíèþ 
åìêîñòè áàòàðåè. 

Çàäà÷åé èññëåäîâàíèÿ ÿâëÿåòñÿ îïðåäåëå-
íèå ãåîìåòðè÷åñêîé ôîðìû âîçäóøíîãî êîë-
ëåêòîðà, îáåñïå÷èâàþùåãî ðàâíûå ðàñõîäû 
òåïëîâîãî âîçäóõà ÷åðåç âûõîäíûå îòâåðñòèÿ. 

Ðåøåíèå äàííîé çàäà÷è âûïîëíÿëîñü èòåðà-
òèâíûìè ðàñ÷åòàìè âîçäóøíûõ ïîòîêîâ â ðàç-
ëè÷íûõ ãåîìåòðè÷åñêèõ ôîðìàõ êîëëåêòîðà â 
ïðîãðàììíîì ïðîäóêòå ANSYS CFX [4, 7].

Ìîäåëü òå÷åíèÿ âîçäóõà â êîëëåêòîðå – 
òóðáóëåíòíîå òå÷åíèå [5]. Îäíàêî â ïðîòî÷íîé 
îáëàñòè, íåïîñðåäñòâåííî ïðèìûêàþùåé ê ïî-
âåðõíîñòè òâåðäîãî òåëà, ñêàçûâàåòñÿ òîðìîçÿ-
ùåå âëèÿíèå ïîâåðõíîñòè. Â ýòîé óçêîé îáëà-
ñòè èìååò ìåñòî ðåçêîå èçìåíåíèå ñêîðîñòè ïî 
íîðìàëè ê ïîâåðõíîñòè îò íóëåâîãî çíà÷åíèÿ, 
êîòîðîå îíà èìååò íà ñàìîé ïîâåðõíîñòè, äî 
çíà÷åíèÿ, ñðàâíèìîãî ñ òåì, êîòîðîå óñòàíàâ-
ëèâàåòñÿ âäàëè îò ïîâåðõíîñòè. ßâëåíèÿ, ïðî-
èñõîäÿùèå â ïîãðàíè÷íîì ñëîå, èãðàþò ñóùå-
ñòâåííóþ ðîëü êàê â îïðåäåëåíèè âåëè÷èíû 
ãèäðîãàçîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ [6], 
òàê è â îïðåäåëåíèè èíòåíñèâíîñòè ïðîöåññîâ 
òåïëî- è ìàññîîáìåíà.

Ðèñ. 1. Áàòàðåéíûé áëîê ñ äâóìÿ âõîäíûìè îòâåðñòèÿìè äëÿ ïîäà÷è òåïëîâîãî âîçäóõà

Ðèñ. 2. Âîçäóøíûé êîëëåêòîð äëÿ îòîïëåíèÿ äâóõ áàòàðåéíûõ áëîêîâ
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Ïîýòîìó íà âòîðîì ýòàïå ÷èñëåííîãî ìî-
äåëèðîâàíèÿ â Ansys CFX, çàêëþ÷àþùåìñÿ 
â ñîçäàíèè ðàñ÷åòíîé ñåòêè, áîëüøîå çíà÷å-
íèå èìååò ó÷åò ïðèãðàíè÷íûõ ñëîåâ ïðîòî÷-
íîé ìîäåëè. Îò êà÷åñòâà ñîçäàííîé ñåòêè íà 
ïðÿìóþ çàâèñèò äîñòîâåðíîñòü ðàñ÷åòà. 

Ìîäåëü ñ ãðàíè÷íûìè óñëîâèÿìè ïðåä-
ñòàâëåíà íà ðèñ. 3. Ðàáî÷åå òåëî ìîäåëè – Air 
at 25 C, îïöèÿ ðàñ÷åòà ïåðåäà÷è òåïëà – Total 
Energy. Íà ìåñòå âõîäà â êîëëåêòîð óñòàíîâ-
ëåíî ãðàíè÷íîå óñëîâèå – Inlet, ñ ïàðàìåòðîì 
ìàññîâîãî ðàñõîäà îòîïèòåëÿ è òåìïåðàòóðîé 
50 ãðàäóñîâ. Íà ÷åòûðåõ âûõîäàõ óñòàíîâëåíî 
îãðàíè÷åíèå Outlet ñ ïàðàìåòðîì äàâëåíèÿ 1 
àòìîñôåðà.

Ïðè ïðîåêòèðîâàíèè ïðÿìîóãîëüíîé êîí-
ñòðóêöèè êîëëåêòîðà îòîïèòåëÿ àêêóìó-
ëÿòîðíûõ áëîêîâ ýëåêòðîáóñà ËèÀÇ-6274, 
ðàçðàáàòûâàåìîãî ïðè ôèíàíñîâîé ïîääåðæ-
êå Ìèíèñòåðñòâà îáðàçîâàíèÿ è íàóêè Ðîñ-
ñèéñêîé Ôåäåðàöèè â ðàìêàõ äîãîâîðà № 
ÄÍ01/0001/216/15 ìåæäó ÎÎÎ «ËèÀÇ» è 
ÌÃÒÓ èì. Í.Ý. Áàóìàíà, áûëè èññëåäîâàíû 
íåñêîëüêî âàðèàíòîâ îïûòíîãî îáðàçöà êîë-
ëåêòîðà (ðèñ. 4). Äàííûé êîëëåêòîð ñîáðàí èç 

ïîëèóðåòàíîâûõ ðóêàâîâ, êîòîðûå ñîåäèíåíû 
òðîéíèêàìè. Â îòëè÷èè îò âàðèàíòà ñî ñòàëü-
íûì îñíîâàíèåì îáëàäàåò çíà÷èòåëüíî ìåíü-
øåé ìàññîé, ïðîñòîòîé ñáîðêè, à òàêæå áîëåå 
ëó÷øèìè òåïëîèçîëÿöèîííûìè ñâîéñòâàìè.

Â êà÷åñòâå êðèòåðèåâ, ïî êîòîðûì îöåíèâà-
ëàñü êîíñòðóêöèÿ êîëëåêòîðà, áûëè âûáðàíû 
ìàññîâûé ðàñõîä âîçäóõà, ñðåäíÿÿ òåìïåðàòó-
ðà â âûõîäíûõ ñå÷åíèÿõ, ñðåäíÿÿ ñêîðîñòü íà 
âûõîäàõ. Õàðàêòåðèñòèêà ìàññîâîãî ðàñõîäà 
âîçäóõà ïîêàçûâàåò óñðåäíåííóþ èíòåíñèâ-
íîñòü ïðîòåêàíèÿ âîçäóõà ÷åðåç âûõîäû êîë-
ëåêòîðà – ðàâåíñòâî ýòèõ çíà÷åíèé íà ÷åòûðåõ 
âûõîäíûõ ñå÷åíèÿõ ïîçâîëÿåò ðàâíîìåðíî ïðî-
ãðåâàòü àêêóìóëÿòîðíûå áëîêè. Ñðåäíèå çíà-
÷åíèÿ òåìïåðàòóð íà âûõîäàõ òàêæå ïîçâîëÿ-
þò îöåíèòü èíòåíñèâíîñòü ïðîãðåâà áàòàðåé. 
Ðåçóëüòàòû ðàñ÷åòà ïðåäñòàâëåíû â òàáë. 1–3. 
Ëèíèè òîêà ïðåäñòàâëåíû íà ðèñ. 5. 

Ðèñ. 3. Ãðàíè÷íûå óñëîâèÿ ìîäåëè

Ðèñ. 4. Âîçäóøíûé êîëëåêòîð èç ïîëèóðåòàíîâûõ 
ðóêàâîâ

Òàáëèöà 1

Ñðåäíÿÿ òåìïåðàòóðà íà âûõîäàõ ïðè îêðóæàþùåé òåìïåðàòóðå 0 °Ñ

Ïðÿìîóãîëüíûé 
ñòàëüíîé 

êîëëåêòîð, °Ñ

Ïîëèóðåòàíîâûé êîëëåêòîð ñ 
ïîñëåäîâàòåëüíûì ñîåäèíåíè-

åì âõîäîâ, °Ñ

Ïîëèóðåòàíîâûé êîë-
ëåêòîð ñ ïàðàëëåëüíûì 
ñîåäèíåíèåì âõîäîâ, °Ñ

Âûõîä 1 40 48 44

Âûõîä 2 43 37 44

Âûõîä 3 40,5 39 44

Âûõîä 4 44 47 44
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Çàêëþ÷åíèå
Íà îñíîâå àíàëèçà ïîëó÷åííûõ äàííûõ 

ðàñ÷åòà ìîæíî ñêàçàòü, ÷òî âàðèàíò ïîëèó-
ðåòàíîâîãî êîëëåêòîðà ñ ïîñëåäîâàòåëüíûì 
ñîåäèíåíèåì ðóêàâîâ íåðàáîòîñïîñîáåí è íå 
âûïîëíÿåò ïåðåäà÷ó âîçäóøíîãî ïîòîêà ê 2 è 
3 âûõîäàì. Ïðè àíàëèçå ëèíèé òîêà èñõîäíîãî 
ñòàëüíîãî ïðÿìîóãîëüíîãî êîëëåêòîðà áûëî 
âûÿâëåíî îáðàçîâàíèå çàñòîéíûõ çîí, òåìïå-

ðàòóðà â êîòîðûõ ïîíèæàåòñÿ. Ïîëèóðåòàíî-
âûé êîëëåêòîð ñ ïàðàëëåëüíûì ñîåäèíåíèåì 
ðóêàâîâ ïîêàçûâàåò àíàëîãè÷íûå ñèììåòðè÷-
íûå ðåçóëüòàòû ìàññîâîãî ðàñõîäà âîçäóõà, êàê 
è èñõîäíûé ïðîåêòèðóåìûé êîëëåêòîð, íî â 
íåì ìèíèìèçèðîâàíû ïàðàçèòíûå çàâèõðåíèÿ 
ïîòîêà, ÷òî â ñâîþ î÷åðåäü ïîëîæèòåëüíî ñêà-
çûâàåòñÿ íà òåìïåðàòóðå èñõîäÿùåãî âîçäóõà.

Òàáëèöà 2

Ñðåäíÿÿ ñêîðîñòü íà âûõîäàõ

Ïðÿìîóãîëüíûé 
ñòàëüíîé 

êîëëåêòîð, ì/c

Ïîëèóðåòàíîâûé 
êîëëåêòîð ñ ïîñëåäîâàòåëü-

íûì ñîåäèíåíèåì âõîäîâ, ì/c

Ïîëèóðåòàíîâûé 
êîëëåêòîð ñ ïàðàëëåëüíûì 

ñîåäèíåíèåì âõîäîâ, ì/c

Âûõîä 1 1,2 3 1,8

Âûõîä 2 1,8 0,1 1,5

Âûõîä 3 1,9 0,05 1,5

Âûõîä 4 1,3 3,5 1,8

Òàáëèöà 3

Ìàññîâûé ðàñõîä íà âûõîäàõ

Ïðÿìîóãîëüíûé 
ñòàëüíîé êîëëåêòîð, 

10-2 êã/c

Ïîëèóðåòàíîâûé êîëëåêòîð 
ñ ïîñëåäîâàòåëüíûì 

ñîåäèíåíèåì ðóêàâîâ, 
10-2 êã/c

Ïîëèóðåòàíîâûé êîëëåêòîð 
ñ ïàðàëëåëüíûì ñîåäèíåíèåì 

ðóêàâîâ, 
10-2 êã/c

Âûõîä 1 -0.91386 -1,9755 -1,2123

Âûõîä 2 -1.1841 ~0 -0,8326

Âûõîä 3 -1.1489 ~0 -0,8266

Âûõîä 4 -0.83634 -2,1075 -1,2118

Ðèñ. 5. Ëèíèè òîêà âîçäóõà
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DETERMINATION OF THE GEOMETRIC SHAPE OF THE AIR COLLECTOR 
FOR SUPPLYING THERMAL ENERGY TO THE HEATING SYSTEM OF ELECTRIC 

BUS BATTERIES

I.V. Prokhorov, Ph.D. D.O. Butarovich
Bauman Moscow State Technical University, Moscow, Russia, prokhoroviv@yandex.ru, buta73@mail.ru

Operation of electric buses in the winter climatic conditions of Russia is associated with the need to 
maintain positive temperatures of battery cells of the traction battery, taking into account the maximum 
available energy at battery temperature plus 20 ... 25 ° C. When operating battery cells that have negative 
temperatures, the energy of the batteries decreases by 20 ... 25%. The average temperature in the 
central part of Russia ranges from minus 18 ° C to plus 25 ° C. To ensure the battery operation in the 
above-mentioned temperature ranges, a thermostating system is installed. Depending on the operating 
conditions, these systems are performed both liquid and air. For air heating and cooling of the battery, 
a self-contained air heater is used as a heat source: a generator of heated air gases, and for cooling - 
supply and exhaust fans. Heated air passes through the collector from the auxiliary heater to the inlet 
ventilation holes. The geometric shape of the collector affects the flow rates of the air streams blown 
from the four outlets. Uneven consumption causes improper heating of the battery, which in turn leads 
to a charge imbalance between the individual battery packs and a decrease in battery capacity. The 
objective of the study is to determine the geometric shape of the air manifold, which provides equal heat 
flow through the outlet openings. The solution of this problem was performed by iterative calculations of 
air flows in various geometric forms of the collector in ANSYS CFX software. The results of calculation 
of air collectors intended for heating and ventilation of electric bus power batteries are presented in 
the article. The optimal shape, which ensures an equal flow of heat energy through the outlet holes, is 
determined.

K  eywords: electric bus, batteries, heating, air collector calculation.


