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Â íàñòîÿùåå âðåìÿ íàáëþäàåòñÿ èíòåðåñ ê íåòðàäèöèîííûì âèäàì òîïëèâà, ñûðüåì äëÿ êîòîðîãî ñëóæàò âîçî-
áíîâëÿåìûå ðåñóðñû ðàçëè÷íîãî ïðîèñõîæäåíèÿ, ïðåäíàçíà÷åííûå äëÿ ïîëó÷åíèÿ, ïðåæäå âñåãî, áèîòîïëèâ. 
Öåíû áèîòîïëèâ ñîèçìåðèìû ñ öåíàìè òîïëèâ íåôòÿíîãî ïðîèñõîæäåíèÿ, à â íåêîòîðûõ ñëó÷àÿõ äàæå íèæå.
Íàèáîëåå çíà÷èìûå äëÿ ðàáîòû ñâîéñòâà áèîòîïëèâ íå ñîâïàäàþò ñî ñâîéñòâàìè òîâàðíûõ äèçåëüíîå òîïëèâî. 
Â ñèëó ýòîãî ïðè êîíâåðòàöèè ÄÂÑ, èçíà÷àëüíî ñîçäàííûõ äëÿ ðàáîòû íà äèçåëüíîì òîïëèâå, ïîä áèîòîïëèâà 
îáîçíà÷àåòñÿ ïåðå÷åíü ïðîáëåì. Îäíèì èç ïðîäóêòèâíûõ íàïðàâëåíèé àäàïòàöèè ÄÂÑ ìîæåò áûòü èñïîëü-
çîâàíèå ìíîãîêîìïîíåíòíûõ ñìåñåâûõ áèîòîïëèâ. Ðàñøèðåíèÿ ìíîãîòîïëèâíîñòè äèçåëåé è ïðèáëèæåíèÿ 
íóæíûõ ñâîéñòâ áèîòîïëèâ ê àíàëîãè÷íûì äëÿ òîâàðíîãî äèçåëüíîãî òîïëèâà öåëåñîîáðàçíåå äîñòè÷ü ïóòåì 
èñïîëüçîâàíèÿ ìíîãîêîìïîíåíòíûõ ñîñòàâîâ, âñëåäñòâèå ÷åãî ñâîéñòâà îäíîãî òîïëèâî ìîãóò êîìïåíñèðîâàòü 
ñâîéñòâà äðóãîãî.
Èññëåäîâàíèÿ â îáëàñòè òåïëîâûõ äâèãàòåëåé îáû÷íî áàçèðóþòñÿ íà ïîëó÷åíèè äàííûõ ñòåíäîâûõ èñïûòàíèé. 
Ó÷èòûâàÿ äëèòåëüíîñòü è òðóäîåìêîñòü òàêîãî ïóòè, âñå ÷àùå ñòàëè ïðèìåíÿòüñÿ ýëåìåíòû íàó÷íîãî ïëàíè-
ðîâàíèÿ ýêñïåðèìåíòà. Äëÿ ñîêðàùåíèÿ êîëè÷åñòâà îïûòîâ áûëî ïðèìåíåíî ïëàíèðîâàíèå ýêñïåðèìåíòà íà 
îñíîâå òðåõôàêòîðíîãî ïëàíà Áîêñà – Áåíêèíà. Ñòðîèëèñü óðàâíåíèÿ ðåãðåññèè, ïðîâîäèëàñü îöåíêà àäåêâàò-
íîñòè ïîëó÷åííûõ ìîäåëåé è îöåíêà çíà÷èìîñòè åãî êîýôôèöèåíòîâ. Îïèðàÿñü íà ïîëó÷åííûå äàííûå â õîäå 
èññëåäîâàíèé, áûëî îïðåäåëåíî ïðîöåíòíîå ñîîòíîøåíèå èíãðåäèåíòîâ áèîòîïëèâíîé êîìïîçèöèè èñõîäÿ èç 
óñëîâèé äîñòàòî÷íîé ñòàáèëüíîñòè è êèíåìàòè÷åñêîé âÿçêîñòè.
Ðàçðàáîòàíà ìîäåðíèçèðîâàííàÿ êîíñòðóêöèÿ ñèñòåìû ïèòàíèÿ ñåëüñêîõîçÿéñòâåííîãî òðàêòîðà äëÿ åãî ðà-
áîòû íà áèîòîïëèâíîé êîìïîçèöèè, ïîçâîëÿþùàÿ ñîõðàíÿòü åå âÿçêîñòíî-òåìïåðàòóðíûå ñâîéñòâà â ðàìêàõ 
äåéñòâóþùåãî ñòàíäàðòà íåçàâèñèìî îò òåìïåðàòóðû îêðóæàþùåãî âîçäóõà. Ýêñïåðèìåíòàëüíûì ïóòåì ïîëó-
÷åíî ïîäòâåðæäåíèå âîçìîæíîñòè ðàáîòû òðàêòîðà íà ðàçðàáîòàííîì ñîñòàâå íîâîãî òîïëèâà.
Êëþ÷åâûå ñëîâà: ìíîãîêîìïîíåíòíîå áèîòîïëèâî, äèçåëüíîå òîïëèâî, ýòàíîë, ðàïñîâîå ìàñëî, êîìïîçèöèÿ, 
ïëàíèðîâàíèå ýêñïåðèìåíòà.
Äëÿ öèòèðîâàíèÿ: Ïëîòíèêîâ Ñ.À., Êàðòàøåâè÷ À.Í., Ãëóøêîâ Ì.Í., Øèïèí À.È. Ñîçäàíèå è èññëåäîâàíèå 
ñâîéñòâ ìíîãîêîìïîíåíòíûõ áèîòîïëèâ äëÿ òðàêòîðíûõ äèçåëåé // Òðàêòîðû è ñåëüõîçìàøèíû. 2020. № 6. 
Ñ. 6−12. DOI: 10.31992/0321-4443-2020-6-6-12.

There is an interest in unconventional fuels, their feedstock are renewable resources of various origins, intended for 
the production, primarily, of biofuels. Biofuel prices are commensurate with the prices of petroleum-based fuels, and 
in some cases biofuel prices are even lower. 
The most significant properties of biofuels for operation do not coincide with the properties of commercial diesel fuel. 
Due to this, when converting ICEs, originally created for operation on diesel fuel, for biofuels, a list of problems is 
indicated. One of the productive areas of internal combustion engine adaptation can be the use of multicomponent 
blended biofuels. Expansion of multi-fuel diesel engines and the approximation of the required properties of biofuels 
to those for commercial diesel fuel are more expedient to achieve by using multicomponent compositions, the result 
is that the properties of one fuel can compensate the properties of another. 
Research in the field of heat engines is usually based on the acquisition of bench test data. Considering the length 
and complexity of this path, elements of scientific planning of the experiment are increasingly used. To reduce the 
number of experiments, experimental design based on the Box-Behnken three-factor design was applied. Regression 
equations were built, the adequacy of the obtained models was assessed, and the significance of its coefficients was 
evaluated. Based on the data obtained during the research, the percentage of the ingredients of the biofuel composition 
was determined taking into account the conditions of sufficient stability and kinematic viscosity.
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A modernized design of the power supply system of an agricultural tractor has been developed for its operation 
on a biofuel composition. It allows to maintain its viscosity-temperature properties within the framework of the 
current standard, regardless of the ambient temperature. The confirmation of the possibility of tractor operation on 
the developed composition of the new fuel was obtained experimentally.
Keywords: multicomponent biofuel, diesel fuel, ethanol, rapeseed oil, composition, experiment planning.
Cite as: S.A. Plotnikov, A.N. Kartashevich, M.N. Glushkov, A.I. Shipin Creation and study of the properties 
of multicomponent biofuels for tractor diesel engines. Traktory i sel’khozmashiny. 2020. No 6, pp. 6−12 (in Russ.). 
DOI: 10.31992/0321-4443-2020-6-6-12.

 Ââåäåíèå
Â íàñòîÿùåå âðåìÿ íàáëþäàåòñÿ ãëîáàëü-

íûé èíòåðåñ ê íåòðàäèöèîííûì âèäàì òîïëè-
âà, ñûðüåì äëÿ êîòîðîãî ñëóæàò âîçîáíîâëÿ-
åìûå ðåñóðñû ðàçëè÷íîãî ïðîèñõîæäåíèÿ. 
Îáúåìû òàêèõ ðåñóðñîâ ôàêòè÷åñêè áåçãðà-
íè÷íû [1], è ïðåäíàçíà÷åíû îíè äëÿ ïîëó÷åíèÿ, 
ïðåæäå âñåãî, áèîòîïëèâ. Öåíû áèîòîïëèâ ñî-
èçìåðèìû ñ öåíàìè òîïëèâ íåôòÿíîãî ïðîèñ-
õîæäåíèÿ, à â íåêîòîðûõ ñëó÷àÿõ äàæå íèæå 
[10].

Ñëåäóåò îòìåòèòü, ÷òî ìîòîðíûå ñâîéñòâà 
áèîòîïëèâ áîëåå ñîèçìåðèìû ñ àíàëîãè÷íûìè 
öèôðàìè äëÿ äèçåëüíûõ òîïëèâ (ÄÒ), ÷åì àâ-
òîáåíçèíîâ – â ÷àñòíîñòè, îáëàäàþò íàäëåæà-
ùèìè çíà÷åíèÿìè ïëîòíîñòè è âÿçêîñòè. Çà-
ìåòíûì îòëè÷èåì òàêæå ÿâëÿåòñÿ ïîíèæåííàÿ 
èñïàðÿåìîñòü [9]. Ñîîòâåòñòâåííî, ïðèìåíåíèå 
áèîòîïëèâ öåëåñîîáðàçíåå â äèçåëüíûõ ÄÂÑ, 
ò.ê. äâèãàòåëè, ðàáîòàþùèå ñ âîñïëàìåíåíèåì 
îò ñæàòèÿ, ìåíåå ÷óâñòâèòåëüíû ê ñâîéñòâàì 
ìîòîðíîãî òîïëèâà. Îäíîâðåìåííî äèçåëüíûì 
ÄÂÑ ïðèñóùè áîëüøàÿ ñòåïåíü ñæàòèÿ, ïîâû-
øåííàÿ ïîòðåáíîñòü â èçáûòêå âîçäóõà; äèçåëè 
èìåþò íåñðàâíåííî ëó÷øèå ïîêàçàòåëè òî-
ïëèâíîé ýêîíîìè÷íîñòè, ìåíüøóþ âðåäíîñòü 
îòðàáîòàâøèõ ãàçîâ (ÎÃ) [2].

Íàèáîëåå çíà÷èìûå äëÿ ðàáîòû ñâîéñòâà 
áèîòîïëèâ íå ñîâïàäàþò ñî ñâîéñòâàìè òîâàð-
íûõ ÄÒ. Â ñèëó ýòîãî ïðè êîíâåðòàöèè ÄÂÑ, 
èçíà÷àëüíî ñîçäàííûõ äëÿ ðàáîòû íà ÄÒ, 
ïîä áèîòîïëèâà îáîçíà÷àåòñÿ ïåðå÷åíü ïðî-
áëåì. Ê êîòîðûì îòíîñÿòñÿ èíàÿ îðãàíèçàöèÿ 
ðàáî÷åãî ïðîöåññà, îòëè÷èå ïðîöåññîâ ïèòà-
íèÿ è ðåãóëèðîâàíèÿ òîïëèâîì, èíûå õàðàê-
òåðèñòèêè ðàñïûëèâàíèÿ è ñìåñåîáðàçîâàíèÿ 
òîïëèâîâîçäóøíîé ñìåñè, îñîáåííîñòè ñãî-
ðàíèÿ [11]. Îòìå÷åííûå îáñòîÿòåëüñòâà âåäóò 
ê íàðóøåíèþ çàâîäñêèõ ðåãóëèðîâîê äèçåëÿ, 
ïàäåíèþ ðÿäà åãî ýêñïëóàòàöèîííûõ ïîêàçà-
òåëåé, ôîðñèðîâàííîìó èçíîñó äåòàëåé è ñíè-
æåíèþ íàäåæíîñòè è äîëãîâå÷íîñòè äâèãàòåëÿ 
â öåëîì. Îäíèì èç ïðîäóêòèâíûõ íàïðàâëå-

íèé àäàïòàöèè ÄÂÑ ìîæåò áûòü èñïîëüçîâà-
íèå ìíîãîêîìïîíåíòíûõ ñìåñåâûõ áèîòîïëèâ. 
Ðàñøèðåíèÿ ìíîãîòîïëèâíîñòè äèçåëåé è ïðè-
áëèæåíèÿ íóæíûõ ñâîéñòâ áèîòîïëèâ ê àíà-
ëîãè÷íûì äëÿ òîâàðíîãî äèçåëüíîãî òîïëèâà 
öåëåñîîáðàçíåå äîñòè÷ü ïóòåì èñïîëüçîâà-
íèÿ ìíîãîêîìïîíåíòíûõ ñîñòàâîâ, âñëåäñòâèå 
÷åãî ñâîéñòâà îäíîãî òîïëèâî ìîãóò êîìïåí-
ñèðîâàòü ñâîéñòâà äðóãîãî. Ñîîòâåòñòâåííî, 
ñîâìåñòíîå èñïîëüçîâàíèå ÷àñòè äèçåëüíîãî 
òîïëèâà ñ ðàïñîâûì ìàñëîì [8] è ýòàíîëîì ÿâ-
ëÿåòñÿ íà ñåãîäíÿøíèé äåíü âåñüìà èíòåðåñ-
íîé è àêòóàëüíîé çàäà÷åé.

Èññëåäîâàíèÿ â îáëàñòè òåïëîâûõ äâèãàòå-
ëåé îáû÷íî áàçèðóþòñÿ íà ïîëó÷åíèè äàííûõ 
ñòåíäîâûõ èñïûòàíèé, ïîñòðîåíèè ïî èõ ðå-
çóëüòàòàì õàðàêòåðèñòèê è äàëüíåéøåì ãëó-
áîêîì òåîðåòè÷åñêîì àíàëèçå ïîëó÷åííûõ 
êðèâûõ. Â ðåàëüíîñòè ïîëó÷åííàÿ õàðàêòåðè-
ñòèêà ÿâëÿåòñÿ íå ÷åì èíûì, êàê ðåçóëüòàòîì 
îäíîôàêòîðíîãî ýêñïåðèìåíòà. Âûÿñíèòü õà-
ðàêòåð âëèÿíèÿ íåñêîëüêèõ ôàêòîðîâ íà èñ-
êîìûé ðåçóëüòàò â îòìå÷åííîì ñëó÷àå âåñüìà 
ïðîáëåìàòè÷íî. Ðåøåíèå ìîæåò çàêëþ÷àòüñÿ 
â îäíîâðåìåííîì ñíÿòèè ñåðèè îäíîòèïíûõ 
õàðàêòåðèñòèê, à òàêæå ñîâìåñòíîé îöåíêå 
äðóãèõ – ðåãóëèðîâî÷íûõ, íàãðóçî÷íûõ, ñêî-
ðîñòíûõ, ïóñêîâûõ, ðåãóëÿòîðíûõ è ò.ï. – õà-
ðàêòåðèñòèê. Òàêàÿ ìåòîäèêà ïîçâîëÿåò äî-
ñòîâåðíî âûÿâèòü õàðàêòåð è óðîâåíü âëèÿíèÿ 
ëþáîãî ôàêòîðà íà èíòåðåñóþùèå èññëåäîâà-
òåëÿ ïîêàçàòåëè ðàáîòû ÄÂÑ. Ó÷èòûâàÿ äëè-
òåëüíîñòü è òðóäîåìêîñòü òàêîãî ïóòè, âñå 
÷àùå ñòàëè ïðèìåíÿòüñÿ ýëåìåíòû íàó÷íîãî 
ïëàíèðîâàíèÿ ýêñïåðèìåíòà.

Ïðèìåíåíèå òåîðèè ïëàíèðîâàíèÿ ýêñïå-
ðèìåíòîâ â äâèãàòåëåñòðîåíèè ìîæåò áûòü 
îïðàâäàíî ñ ðàçëè÷íûõ òî÷åê çðåíèÿ. Â ïåðâóþ 
î÷åðåäü, ýòî ñîêðàùåíèå çàòðàò íà îïòèìèçà-
öèþ, íåñìîòðÿ íà ìíîãî÷èñëåííîñòü èññëåäóå-
ìûõ ôàêòîðîâ. Òàêæå ïðåèìóùåñòâàìè ìîæíî 
ñ÷èòàòü: äîñòóïíîñòü äëÿ íàó÷íîãî èññëåäî-
âàíèÿ ëþáûõ ïðèðîäíûõ ïðîöåññîâ; ñïîñîá-
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íîñòü óïðàâëåíèÿ ñàìèì ïðîöåññîì èññëåäî-
âàíèÿ, âîçìîæíîñòü ïðîãíîçèðîâàíèÿ äàííûõ; 
æåëàíèå îòìå÷àòü è äàæå ñíèæàòü ìíîæåñòâî 
èëè ïîäìíîæåñòâî èçó÷àåìûõ ôàêòîðîâ è ïà-
ðàìåòðîâ èç âîçäåéñòâèÿ; î÷åâèäíîñòü ïðî-
âåäåíèÿ àíàëèçà â ñðàâíåíèè ñ óæå îïóáëèêî-
âàííûìè äàííûìè èññëåäîâàíèé; ïîâûøåíèå 
òî÷íîñòè îöåíêè ïîñòðîåííûõ ïî ïîëó÷åííûì 
óðàâíåíèÿì ìîäåëåé ïðîöåññîâ.

Çíà÷èòåëüíûé âêëàä â ðàçâèòèå è âíåäðåíèå 
ïëàíèðîâàíèÿ ýêñïåðèìåíòà âíåñëè ðàçðàáîò-
êè Áîêñà è Óèëñîíà, äàííûå èññëåäîâàíèé îòå-
÷åñòâåííûõ ó÷åíûõ Ã.Ê. Êðóãà, Å.Â. Ìàðêîâîé, 
Â.Â. Ôåäîðîâà, Â.Â. Íàëèìîâà. Â äàííîå âðåìÿ 
èìååòñÿ íåêîòîðûé îïûò èñïîëüçîâàíèÿ ìåòî-
äèê ïëàíèðîâàíèÿ ýêñïåðèìåíòà â òðàêòîðíîì 
äâèãàòåëåñòðîåíèè, îòìå÷àþùèéñÿ âûñîêèì 
êà÷åñòâîì ïîëó÷åííûõ ïðè ýòîì ðåçóëüòàòîâ. 
Â öåëîì àíàëèç ëèòåðàòóðíûõ èñòî÷íèêîâ ãî-
âîðèò î òîì, ÷òî äàëüíåéøèå èññëåäîâàíèÿ 
èäóò â äâóõ íàïðàâëåíèÿõ. Âî-ïåðâûõ, èìååò 
ìåñòî ðàçâèòèå ìåòîäîâ ïëàíèðîâàíèÿ ýêñïå-
ðèìåíòà. Âî-âòîðûõ, ïðîèñõîäèò äàëüíåéøåå 
íàêîïëåíèå îïûòà, ÷òî ïîçâîëÿåò èñïîëüçîâàòü 
ìåòîäèêó ïðè èññëåäîâàíèè ìàëîèçó÷åííûõ 
ïðîöåññîâ ÄÂÑ.

Êàê ïðàâèëî, àâòîðû îòìå÷àþò, ÷òî òåîðèþ 
è ìåòîäèêó ïëàíèðîâàíèÿ ýêñïåðèìåíòà öå-
ëåñîîáðàçíî èñïîëüçîâàòü â èññëåäîâàíèè 
ïðîöåññà ñãîðàíèÿ èëè ïðîöåññà îáðàçîâàíèÿ 
òîêñè÷íûõ êîìïîíåíòîâ ÎÃ èëè â ñëó÷àå óñêî-
ðåííûõ èñïûòàíèé. Òåì íå ìåíåå, îòìå÷àåòñÿ, 
÷òî â áîëüøèíñòâå íàïðàâëåíèé èññëåäîâà-
íèé ÄÂÑ íàèáîëåå äîñòîâåðíûå ðåçóëüòàòû 
äàþò ïëàíû ýêñòðåìàëüíûõ ýêñïåðèìåíòîâ. 
Â íàøåì ñëó÷àå èìååò ìåñòî îïòèìèçàöèÿ 
ñîñòàâà òîïëèâà. Íàèáîëåå ðåàëüíóþ êàðòè-
íó îïòèìèçàöèè ìîæíî óâèäåòü ïîñëå îöåíêè 
âëèÿíèÿ ñîñòàâîâ, íå òîëüêî íà ïîêàçàòåëè 
ïðîöåññà ñãîðàíèÿ, íî è íà âõîäíûå ïîêàçàòå-
ëè – âÿçêîñòü, ïëîòíîñòü, íèçêîòåìïåðàòóðíûå 
è äðóãèå ñâîéñòâà ìîòîðíîãî òîïëèâà. Ïîñðåä-
ñòâîì îïòèìèçàöèè èññëåäóåìûõ ôàêòîðîâ 
è ïîñòðîåíèÿ ïîâåðõíîñòåé îòêëèêà, â äàëü-
íåéøåì îòêðûâàåòñÿ ïóòü èññëåäîâàíèÿ ñàìèõ 
ìíîãîêîìïîíåíòíûõ ñîñòàâîâ, ó÷èòûâàÿ íåïî-
ñòîÿíñòâî ðåæèìíûõ ôàêòîðîâ ðàáîòû ðåàëü-
íîãî äâèãàòåëÿ.

Îáçîð ëèòåðàòóðû
Ñëåäóåò îòìåòèòü, ÷òî ðÿä èññëåäîâàòåëåé 

óæå ïûòàëèñü ðàáîòàòü â äàííîì íàïðàâëåíèè. 
Íàïðèìåð, äëÿ îöåíêè ñîâìåñòíîãî âëèÿíèÿ 

ïîäà÷è âîäû è ìåòèëîâîãî ñïèðòà íà âïóñêå 
íà ýôôåêòèâíûå ïîêàçàòåëè äèçåëÿ óæå èñ-
ïîëüçîâàëèñü ýëåìåíòû òåîðèè ïëàíèðîâàíèÿ 
[4]. Ôèçè÷åñêèé ýêñïåðèìåíò îñóùåñòâëÿëñÿ 
íà íîìèíàëüíîé ÷àñòîòå âðàùåíèÿ âàëà äèçåëÿ 
2× 10,5/12,0. Óñòàíîâî÷íûé óãîë îïåðåæåíèÿ 
âïðûñêèâàíèÿ òîïëèâà áûë íàèâûãîäíåéøèì. 
Èñïîëüçîâàëñÿ ñèìïëåêñ-ðåøåò÷àòûé ïëàí 
Øåôôå äëÿ èññëåäîâàíèÿ îïðåäåëåííûõ ó÷àñò-
êîâ äèàãðàììû, îïèñûâàþùåé ñîñòàâ-ñâîéñòâî. 
Ðàñïîëîæåíèå òðèàíãyëèðîâàííûõ êîìïîíåí-
òîâ Õ

1
, Õ

2
, Õ

3
 è îáëàñòü ýêñïåðèìåíòèðîâàíèÿ 

ïðåäñòàâëåíû íà ðèñ. 1.
Ïîëó÷åííàÿ äèàãðàììà èìåëà âèä ðàâíî-

ñòîðîííåãî òðåóãîëüíèêà. Ãðàíè òðåóãîëüíè-
êà ïðåäñòàâëÿëè ñîáîé îñè êîîðäèíàò, ïðè÷åì 
ëþáîé òî÷êå òðåóãîëüíèêà áûë ïðèñóù âñåãî 
åäèíñòâåííî âîçìîæíûé ñîñòàâ ñìåñè. Ïåðå-
ñ÷åò äàííûõ â íàòóðàëüíûå çíà÷åíèÿ ïåðå-
ìåííûõ ïðîèçâîäèëñÿ ïóòåì ðåøåíèÿ ñèñòåìû 
óðàâíåíèé [4].

Äëÿ îïðåäåëåíèÿ îïòèìàëüíûõ íàãðóçî÷-
íûõ è ñêîðîñòíûõ ðåæèìîâ ðàáîòû äèçåëÿ 
2× 10,5/12,0, îáåñïå÷èâàþùèõ íàèáîëüøóþ 
ýêî íîìèþ òîïëèâà è ìàêñèìóì ýôôåêòèâíî-
ãî ÊÏÄ ïðè ðàáîòå íà ìåòàíîëî-òîïëèâíûõ 
ýìóëüñèÿõ ðàçëè÷íîãî ñîñòàâà, àâòîðàìè [7] 
áûëî ïðèìåíåíî ïëàíèðîâàíèå ýêñïåðèìåíòà.

Ðèñ. 1. Íàõîæäåíèå òðèàíãóëèðîâàííûõ 
êîìïîíåíòîâ è çîíà ýêñïåðèìåíòà ïðè ðàáîòå äèçåëÿ 

2× 10,5/12/0 ñ ïîäà÷åé âîäû è ìåòèëîâîãî ñïèðòà

Fig. 1. Triangulated components location 
and the test zone during the operation 

of a 2Ch 10,5/12/0 diesel engine with water 
and methyl alcohol supply
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Íà ðèñ. 2 ïîêàçàíà ïîâåðõíîñòü îòêëèêà, 
õàðàêòåðèçóþùàÿ çàâèñèìîñòü ýôôåêòèâíîãî 
ÊÏÄ îò ðåæèìíûõ ôàêòîðîâ. Àíàëèç ïîëó÷åí-
íûõ ðàñ÷åòíî-òåîðåòè÷åñêèõ äàííûõ íàãëÿäíî 
ïîêàçûâàåò, ïðè êàêîì ñîäåðæàíèè ìåòàíîëà 
â ñóììàðíîì òîïëèâå, ïðè êàêèõ ÷àñòîòàõ âðà-
ùåíèÿ êîëåí÷àòîãî âàëà è ïðè êàêîé íàãðóç-
êå äîñòèãàåòñÿ íàèáîëüøàÿ ýôôåêòèâíîñòü 
ðàáîòû äèçåëÿ. Íåòðóäíî çàìåòèòü, ÷òî ìå-
òîäèêà ïîçâîëÿåò âîâëå÷ü â àíàëèç áîëüøîé 
äèàïàçîí íàãðóçî÷íûõ è ñêîðîñòíûõ ðåæèìîâ 
äèçåëÿ, êîòîðûå ðàíåå îñòàâàëèñü âíå âíèìà-
íèÿ èññëåäîâàòåëåé.

Ðèñ. 2. Çàâèñèìîñòü ýôôåêòèâíîãî ÊÏÄ äèçåëÿ 
îò ðåæèìíûõ ôàêòîðîâ è ñîñòàâà òîïëèâà

Fig. 2. Dependence of the effective efficiency 
of a diesel engine on operating factors 

and fuel composition

Öåëü è çàäà÷è èññëåäîâàíèé
Öåëü èññëåäîâàíèé – îïðåäåëåíèå îïòè-

ìàëüíîãî ñîñòàâà áèîòîïëèâíîé êîìïîçèöèè 
äëÿ òðàêòîðíîãî äèçåëÿ ñ óëó÷øåííûìè ýêñ-
ïëóàòàöèîííûìè ñâîéñòâàìè, ïðèáëèæåííû-
ìè ê ñâîéñòâàì òîâàðíîãî äèçåëüíîãî òîïëèâà.

Çàäà÷è: èññëåäîâàíèå âëèÿíèÿ ñîñòàâà êîì-
ïîíåíòîâ íà çíà÷åíèÿ ôèçè÷åñêîé ñòàáèëüíî-
ñòè è êèíåìàòè÷åñêîé âÿçêîñòè, ìîäåðíèçàöèÿ 
ñèñòåìû ïèòàíèÿ òðàêòîðà.

Ìàòåðèàëû è ìåòîäû
Äëÿ îïðåäåëåíèÿ îïòèìàëüíîãî ñîñòàâà òî-

ïëèâíûõ êîìïîçèöèé, îáåñïå÷èâàþùèõ íàè-
áîëüøóþ ñòàáèëüíîñòü, ïðè ïðîâåäåíèè èñ-
ñëåäîâàíèé áûë çàäåéñòâîâàí ñòàíäàðòíûé 
òðåõóðîâíåâûé ïëàí ýêñïåðèìåíòà Áîêñà – 
Áåíêåíà âòîðîãî ïîðÿäêà äëÿ òðåõ ôàêòîðîâ.

Ôàêòîðàìè ñëóæèëè, ñîîòâåòñòâåííî, 
Õ1 – ñîäåðæàíèå ðàïñîâîãî ìàñëà â òîïëèâå, 
Õ2 – ñîäåðæàíèå ýòàíîëà â òîïëèâå, Õ3 – ñî-
äåðæàíèå äèçåëüíîãî òîïëèâà.

Â êà÷åñòâå êðèòåðèÿ îïòèìèçàöèè ïðèíè-
ìàëè âðåìÿ ñòàáèëüíîñòè (â ìèíóòàõ).

Áûëà ïðîâåäåíà ðàíäîìèçàöèÿ îïûòîâ ñ èñ-
ïîëüçîâàíèåì òàáëèö ñëó÷àéíûõ ÷èñåë [3, 5, 
6]. Ìàòðèöà, íàçâàíèÿ, êîäèðîâàííûå îáîçíà-
÷åíèÿ ôàêòîðîâ, çíà÷åíèÿ êðèòåðèåâ îïòèìè-
çàöèè ïðèâåäåíû â òàáë. 1.

Òàáëèöà 1 

Ìàòðèöà ïëàíà ýêñïåðèìåíòà Áîêñà – Áåíêåíà äëÿ òðåõ ôàêòîðîâ

Table 1. Box-Behnken experimental design matrix for three factors

 № ï/ï Ôàêòîð 1,
ÐÌ (ãðàììû)

Ôàêòîð 2,
ýòàíîë (ãðàììû)

Ôàêòîð 3,
ÄÒ (ãðàììû)

Çíà÷åíèå êðèòåðèÿ îïòèìèçàöèè
(ñòàáèëüíîñòü, ìèíóòû)

1 3 3 3 26,0
2 1 5 3 16,6
3 1 1 3 3,0
4 3 5 5 35,0
5 5 1 3 15,0
6 1 3 1 13,5
7 5 5 3 35,5
8 3 3 3 24,0
9 1 3 5 15,5

10 3 5 1 15,5
11 3 1 1 15,5
12 5 3 1 21,0
13 5 3 5 36,0
14 3 1 5 26,0
15 3 3 3 28,0
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Ïîëó÷åíèå è èññëåäîâàíèå ðåçóëüòàòîâ îñó-
ùåñòâëÿëîñü ñëåäóþùèì îáðàçîì.

1. Ïîäñ÷èòûâàëàñü äèñïåðñèÿ îøèáîê 
îïûòîâ.

2. Ïîäñ÷èòûâàëàñü îäíîðîäíîñòü äèñïåðñèé 
îøèáîê îïûòîâ íà îñíîâå êðèòåðèÿ Êîõðåíà.

3. Ðàññ÷èòûâàëèñü çíà÷åíèÿ êîýôôèöèåíòîâ 
ìîäåëè ðåãðåññèîííîãî àíàëèçà äëÿ âûáðàííî-
ãî ïëàíà ýêñïåðèìåíòà.

4. Îñóùåñòâëÿëàñü îöåíêà çíà÷èìîñòè êî-
ýôôèöèåíòîâ ðåãðåññèè íà îñíîâå t-êðèòåðèÿ 
Ñòüþäåíòà.

5. Îïðåäåëÿëîñü ñîîòâåòñòâèå íàéäåííûõ 
ìàòåìàòè÷åñêèõ ìîäåëåé èìåþùèìñÿ äàííûì 
ýêñïåðèìåíòà ïî F-êðèòåðèþ Ôèøåðà.

6. Äîâåðèòåëüíàÿ âåðîÿòíîñòü ïðîâîäèìûõ 
îïûòîâ çàäàâàëàñü íà óðîâíå P = 0,95.

Ìàòåìàòè÷åñêàÿ îáðàáîòêà äàííûõ îïûòà 
îñóùåñòâëÿëàñü íà ïåðñîíàëüíîì êîìïüþòåðå 
ñ èñïîëüçîâàíèåì ñòàíäàðòíûõ ïðèëîæåíèé 
MicrosoftExcel, StatgraphicsPlus 5.1. Ãðàôè÷å-
ñêàÿ èíòåðïðåòàöèÿ ïîâåðõíîñòåé îòêëèêà 
îñóùåñòâëÿëàñü ñ èñïîëüçîâàíèåì ïðèëîæå-
íèé StatgraphicsPlus 5.1 è Corel DRAW11.

Ðåçóëüòàòû è îáñóæäåíèå
Íà ðèñ. 3 ïîêàçàíà ïîâåðõíîñòü îòêëèêà, ïî-

ñòðîåííàÿ íà îñíîâå àîëó÷åííîãî ðåãðåññèîííîãî 
óðàâíåíèÿ. Ïðè ýòîì ôàêòîð Õ3 (ñîäåðæàíèå ÄÒ 
â ñìåñè) áûë çàôèêñèðîâàí íà âåðõíåì óðîâíå.

Êîìïëåêñíûé àíàëèç ïîëó÷åííûõ â õîäå 
ýêñïåðèìåíòà ïîâåðõíîñòåé îòêëèêà ïîêàçàë, 
÷òî ìàêñèìàëüíîå çíà÷åíèå êðèòåðèÿ îïòè-
ìèçàöèè – ñòàáèëüíîñòè ( = 39,82) – èìååò 
ìåñòî ïðè çíà÷åíèÿõ ôàêòîðîâ: X

1
 = 1; X

2
 = 0,76 

è X
3
 = 1, ÷òî â ïåðåñ÷åòå äàåò ñëåäóþùèå âåëè-

÷èíû: ðàïñîâîå ìàñëî – 34,5 %; ýòàíîë – 31,0 %; 
äèçåëüíîå òîïëèâî – 34,5 %.

Èçâåñòíî, ÷òî âÿçêîñòíî-òåìïåðàòóðíûå 
ñâîéñòâà ÄÒ îêàçûâàþò ñóùåñòâåííîå âëèÿ-
íèå íà ïîêàçàòåëè íàäåæíîñòè è äîëãîâå÷íî-
ñòè äèçåëüíîé òîïëèâíîé àïïàðàòóðû, à òàêæå 
íà õàðàêòåðèñòèêè âïðûñêèâàíèÿ è ðàñïûëè-
âàíèÿ òîïëèâà, ÷òî â êîíå÷íîì ñëó÷àå âëèÿåò 
íà ìîùíîñòíûå, ýêîíîìè÷åñêèå è ïîêàçàòåëè 
íàäåæíîñòè ñàìîãî äèçåëÿ. Ïîýòîìó ñòàíäàðò 
óñòàíàâëèâàåò âÿçêîñòü ëåòíåãî äèçåëüíîãî òî-
ïëèâà â ïðåäåëàõ 3,0−6,0 ñÑò.

Çíà÷åíèÿ êèíåìàòè÷åñêîé âÿçêîñòè ìíîãî-
êîìïîíåíòíîé áèîòîïëèâíîé êîìïîçèöèè 
ïðè ðàçëè÷íûõ çíà÷åíèÿõ ñîñòàâà èíãðåäèåíòîâ 
è èçìåíåíèè òåìïåðàòóðû îêðóæàþùåãî âîç-
äóõà ïðèâåäåíû â òàáë. 2. Êàê âèäíî èç äàííûõ 
òàáë. 2, ïðåäëîæåííûé ñîñòàâ [12] òàêæå ïîçâî-
ëÿåò ñîõðàíÿòü âÿçêîñòíî-òåìïåðàòóðíûå ñâîé-
ñòâà êîìïîçèöèè ïðè èçìåíåíèè òåìïåðàòóðû 

Òàáëèöà 2 

Çíà÷åíèÿ êèíåìàòè÷åñêîé âÿçêîñòè ìíîãîêîìïîíåíòíîé áèîòîïëèâíîé êîìïîçèöèè

Table 2. Kinematic viscosity values of multicomponent biofuel composition

 Ýòàíîë, % Ðàïñîâîå 
ìàñëî, %

Äèçåëüíîå òîïëèâî 
ÄÒ-Ë-40-Ê2, % Òåìïåðàòóðà, Ñ Êèíåìàòè÷åñêàÿ

âÿçêîñòü, ñÑò
30 35,5

35,5
10,0 6,02

30 35,5 20,0 4,95

30 35,5 40,0 3,16

31 34,5
35,5

10,0 5,91

31 34,5 20,0 4,88

31 34,5 40,0 3,07

32 33,5
35,5

10,0 5,80

32 33,5 20,0 4,75

32 33,5 40,0 2,91

Ðèñ. 3. Çàâèñèìîñòü âðåìåíè ôèçè÷åñêîé 
ñòàáèëüíîñòè îò ôàêòîðîâ Õ1 (ÐÌ) è Õ2 (ýòàíîë)

Fig. 3. Dependence of the time of physical stability 
on factors X1 (PM) and X2 (Ethanol)
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îêðóæàþùåãî âîçäóõà â ðàìêàõ äåéñòâóþùå-
ãî ñòàíäàðòà (3,0−6,0 ÑÑò). Óâåëè÷åíèå ëèáî 
óìåíüøåíèå äîëè êàê âûñîêîâÿçêîãî, òàê è ìà-
ëîâÿçêîãî êîìïîíåíòà âåäåò ê âûõîäó çíà÷åíèÿ 
êèíåìàòè÷åñêîé âÿçêîñòè áèîòîïëèâíîé êîìïî-
çèöèè ïðè èçìåíåíèè òåìïåðàòóðû îêðóæàþùå-
ãî âîçäóõà çà ðàìêè äåéñòâóþùåãî ñòàíäàðòà.

Äëÿ ðàáîòû òðàêòîðà íà ìíîãîêîìïîíåíò-
íîé áèîòîïëèâíîé êîìïîçèöèè áûëà ðàç-
ðàáîòàíà îðèãèíàëüíàÿ ñèñòåìà ïèòàíèÿ, 
âêëþ÷àþùàÿ äîïîëíèòåëüíûé òîïëèâíûé áàê 
ñ óñòàíîâëåííûìè â íåì ñìåñèòåëåì è ïîäî-
ãðåâàòåëåì (ðèñ. 4).

Ðèñ. 4. Äîïîëíèòåëüíûé áàê òðàêòîðà ÁÅËÀÐÓÑ-922 
ñî ñìåñèòåëåì è ïîäîãðåâàòåëåì

Fig. 4. Additional tank of the BELARUS-922 tractor 
with a mixing machine and heater

Ñìåñèòåëü ïðèâîäèëñÿ â äåéñòâèå íàñîñîì 
ëîïàñòíîãî òèïà ñ ýëåêòðîäâèãàòåëåì. Ýòî 
ïîçâîëÿëî îáåñïå÷èòü âðåìÿ ñòàáèëüíîñòè, 
äîñòàòî÷íîå äëÿ ïîñòóïëåíèÿ áèîòîïëèâíîé 
êîìïîçèöèè îò òîïëèâíîãî áàêà â öèëèíäðû 
äâèãàòåëÿ. Ïîäîãðåâ áèîòîïëèâíîé êîìïîçè-
öèè äî òåìïåðàòóðû 20−40 Ñ ïîçâîëÿë ñî-
õðàíÿòü åå âÿçêîñòíî-òåìïåðàòóðíûå ñâîéñòâà 
â ðàìêàõ äåéñòâóþùåãî ñòàíäàðòà íåçàâèñèìî 
îò òåìïåðàòóðû îêðóæàþùåãî âîçäóõà [13].

Îòêàçîâ â ðàáîòå ñèñòåìû ïèòàíèÿ òðàêòî-
ðà ïðè ïðîâåäåíèè ïîëåâûõ èñïûòàíèé íå íà-
áëþäàëîñü.

Âûâîäû
1. Äëÿ èññëåäîâàíèÿ ñâîéñòâ ìíîãîêîì-

ïîíåíòíûõ áèîòîïëèâ ïðèìåíåíèå ìåòîäèêè 

ïëàíèðîâàíèÿ ýêñïåðèìåíòà ÿâëÿåòñÿ öåëåñî-
îáðàçíûì è îïðàâäàííûì.

2. Â ðåçóëüòàòå ïðîâåäåííûõ èññëåäîâàíèé 
îïðåäåëåí îïòèìàëüíûé ñîñòàâ áèîòîïëèâíîé 
êîìïîçèöèè èç óñëîâèÿ äîñòàòî÷íîé ñòàáèëü-
íîñòè è êèíåìàòè÷åñêîé âÿçêîñòè.

3. Ðàçðàáîòàíà êîíñòðóêöèÿ ñèñòåìû ïèòà-
íèÿ òðàêòîðà, îáåñïå÷èâàþùàÿ åãî ðàáîòîñïî-
ñîáíîñòü íà áèîòîïëèâíîé êîìïîçèöèè.
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