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Ïðèìåíåíèå â òðàêòîðíûõ äâèãàòåëÿõ è äðóãîé ñåëüñêîõîçÿéñòâåííîé òåõíèêå ðàïñîâîãî ìàñëà (ÐÌ) â ÷èñòîì 
âèäå èëè ñìåñè ÐÌ ñ äèçåëüíûì òîïëèâîì (ÄÒ) íàêëàäûâàåò ðÿä îãðàíè÷åíèé, ñâÿçàííûõ ñ íåêîòîðûì ðàçëè÷è-
åì ôèçèêî-õèìè÷åñêèõ ñâîéñòâ. Ïîýòîìó íàèáîëåå ïåðñïåêòèâíûì ÿâëÿåòñÿ èñïîëüçîâàíèå ñìåñåâîãî òîïëèâà 
(ÑÒ) ñîñòîÿùåãî èç ÄÒ è ÐÌ. Öåëüþ íàñòîÿùèõ èññëåäîâàíèé ÿâëÿåòñÿ îïðåäåëåíèå îïòèìàëüíîãî ñîñòàâà 
ÑÒ, ñîñòîÿùåãî èç ÄÒ è ÐÌ, ïóòåì îïòèìèçàöèè àïïðîêñèìèðîâàííûõ çàâèñèìîñòåé ýêîëîãè÷åñêèõ ïîêàçàòå-
ëåé äèçåëÿ. Äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è ïðîâåäåíû ñòåíäîâûå èñïûòàíèÿ ðàáîòû äèçåëÿ Ä-245.5Ñ, ðàç-
ìåðíîñòüþ 4×Í 11,0/12,5. Â êà÷åñòâå îïðåäåëÿåìûõ ýêîëîãè÷åñêèõ ïîêàçàòåëåé ðàáîòû äèçåëÿ âûáðàíû: ñàæà 
(Ñ), îêñèäû àçîòà (NO

x
), íåñãîðåâøèå óãëåâîäîðîäû (C

x
H

y
), äèîêñèä óãëåðîäà (CO

2
) è ìîíîîêñèä óãëåðîäà 

(CO). Èññëåäîâàíèÿ ïðîâåäåíû íà ðàçëè÷íûõ ñîñòàâàõ ÑÒ ñîñòîÿùèõ èç 80 % ÄÒ è 20 % ÐÌ, 55 % ÄÒ è 45 % 
ÐÌ, 20 % ÄÒ è 80 % ÐÌ ïî ìàññå ñîîòâåòñòâåííî. Â ðåçóëüòàòå ïðîâåäåííûõ ñòåíäîâûõ èñïûòàíèé ïîëó÷åíû 
äâå íàãðóçî÷íûå õàðàêòåðèñòèêè, îäíà èç êîòîðûõ – ïðè ÷àñòîòå âðàùåíèÿ n = 1400 ìèí–1, ñîîòâåòñòâóþùåé 
çíà÷åíèþ ìàêñèìàëüíîãî êðóòÿùåãî ìîìåíòà, à âòîðàÿ – ïðè ÷àñòîòå âðàùåíèÿ n = 1800 ìèí–1, ñîîòâåòñòâó-
þùåé çíà÷åíèþ íîìèíàëüíîé ìîùíîñòè, à òàêæå âíåøíÿÿ ñêîðîñòíàÿ õàðàêòåðèñòèêà òðàêòîðíîãî äèçåëÿ 
Ä-245.5Ñ, ðàçìåðíîñòüþ 4×Í 11,0/12,5. Àíàëèç ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ äàííûõ âûÿâèë çàâèñèìîñòè 
ýêîëîãè÷åñêèõ ïîêàçàòåëåé îò ÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî âàëà äèçåëÿ, ñðåäíåãî ýôôåêòèâíîãî äàâëåíèÿ 
è äîáàâêè ÐÌ â ÑÒ ïî ìàññå. Ïðè ïîìîùè ìåòîäà íàèìåíüøèõ êâàäðàòîâ îïðåäåëåíû àïïðîêñèìèðîâàííûå 
ìàòåìàòè÷åñêèå çàâèñèìîñòè ýêîëîãè÷åñêèõ ïîêàçàòåëåé äèçåëÿ. Àíàëèç ïîëó÷åííûõ çàâèñèìîñòåé ïîêàçàë, 
÷òî: óâåëè÷åíèå ÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî âàëà n, äîëè ÐÌ â ÑÒ è ñíèæåíèå ñðåäíåãî ýôôåêòèâíîãî äàâ-
ëåíèÿ p

e
 ïðèâîäèò ê ñíèæåíèþ ñàæè Ñ äî 4,0 %, îêñèäîâ àçîòà NO

x
 äî 100,0 ppm, íåñãîðåâøèõ óãëåâîäîðîäîâ 

C
x
H

y
 äî 1,0 ppm, äèîêñèäà óãëåðîäà CO

2
 äî 2 % è óâåëè÷åíèþ ìîíîîêñèäà óãëåðîäà CO äî 0,16 %. Â ðåçóëü-

òàòå ðåøåíèÿ ïîëó÷åííîé ñèñòåìû óðàâíåíèé àïïðîêñèìèðîâàííûõ çàâèñèìîñòåé ýêîëîãè÷åñêèõ ïîêàçàòåëåé 
îïðåäåëèëè îïòèìàëüíóþ äîáàâêó ÐÌ â ÑÒ äî 35 % ïî ìàññå.
Êëþ÷åâûå ñëîâà: ñìåñåâîå òîïëèâî, ýêîëîãè÷åñêèå ïîêàçàòåëè, õàðàêòåðèñòèêè äèçåëÿ, àïïðîêñèìàöèÿ ýêñ-
ïåðèìåíòàëüíûõ äàííûõ.
Äëÿ öèòèðîâàíèÿ: Ïëîòíèêîâ Ñ.À., Áóçèêîâ Ø.Â., Êîçëîâ È.Ñ. Îïðåäåëåíèå îïòèìàëüíîãî ñîñòàâà ñìå-
ñåâîãî òîïëèâà ïî ýêîëîãè÷åñêèì ïîêàçàòåëÿì äèçåëÿ // Òðàêòîðû è ñåëüõîçìàøèíû. 2021. № 1. Ñ. 14−22. 
DOI: 10.31992/0321-4443-2021-1-14-22.

The use of rapeseed oil (RO) in tractor engines and other agricultural machinery in its pure form or a mixture of RO 
with diesel fuel (DF) imposes a number of limitations associated with some difference in physical and chemical prop-
erties. Therefore, the most promising is the use of mixed fuel (MF) consisting of DF and RO. The purpose of these 
studies is to determine the optimal composition of the MF, consisting of DF and RM by optimizing the approximated 
dependences of the environmental indicators of a diesel engine. To solve this problem, bench tests of the operation 
of the D-245.5S diesel engine (4ChN 11,0/12,5) were carried out. The following determined environmental perfor-
mance indicators of a diesel engine are selected: soot (Ñ), nitrogen oxides (NO

x
), unburned hydrocarbons (C

x
H

y
), 

carbon dioxide (CO
2
) and carbon monoxide (CO). The studies were carried out on various compositions of MF, 

consisting of 80 % DF and 20 % RO, 55 % DF and 45 % RO, 20 % DF and 80 % RO by weight, respectively. As a 
result of the bench tests, two load characteristics were obtained, the one at a speed of n = 1400 min–1 corresponding to 
the value of the maximum torque, and the second at a speed of n = 1800 min–1 corresponding to the value of the rated 
power, as well as the external speed characteristic of the D-245.5S tractor diesel engine (4ChN 11,0/12,5). The anal-
ysis of the obtained experimental data revealed the dependence of environmental indicators on the rotational speed of 
the diesel engine crankshaft, the average effective pressure and the addition of RO in MF by weight. Using the least 
squares method, the approximated mathematical dependences of the ecological indicators of a diesel engine are deter-
mined. The analysis of the obtained dependencies showed that: the increase in the crankshaft speed n, the proportion 
of RO in MF and a decrease in the average effective pressure p

e
, leads to a decrease in soot Ñ to 4,0 %, nitrogen 

oxides NO
x
 to 100,0 ppm, unburned hydrocarbons C

x
H

y
 to 1,0 ppm, carbon dioxide CO

2
 up to 2 % and an increase 
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in carbon monoxide CO up to 0,16 %. As a result of solving the obtained system of equations for the approximated 
dependences of environmental indicators, the optimal addition of RO to MF of up to 35 % by weight was determined.
Keywords: mixed fuel, environmental performance, diesel characteristics, approximation of exper-imental data.
Cite as: Plotnikov S.A., Buzikov SH.V., Kozlov I.S. Determination of the optimal composition of mixed fuel based 
on the environmental performance of a diesel engine. Traktory i sel’khozmashiny. 2021. No 1, pp. 14−22 (in Russ.). 
DOI: 10.31992/0321-4443-2021-1-14-22.

Ââåäåíèå
Èííîâàöèîííîå ñåëüñêîõîçÿéñòâåííîå 

ïðîèçâîäñòâî íà ñåãîäíÿøíèé äåíü äèêòóåò 
îïðåäåëåííûå òðåáîâàíèÿ ñâÿçàííûå, ïðåæäå 
âñåãî, ñ ïîâûøåíèåì êàê ýêñïëóàòàöèîííûõ, 
òàê è ýêîëîãè÷åñêèõ õàðàêòåðèñòèê ê èñïîëü-
çóåìîé òåõíèêè. Íàðÿäó ñ ìîäåðíèçàöèåé 
êîíñòðóêòèâíî-òåõíîëîãè÷åñêèõ ñõåì ïðè-
ìåíÿåìûõ ìàøèí, à òàêæå èñòîùåíèåì òðà-
äèöèîííûõ ýíåðãîðåñóðñîâ è ñîîòâåòñòâèåì 
óæåñòî÷àþùèìñÿ ýêîëîãè÷åñêèì òðåáîâàíèÿì 
àêòóàëüíûìè íàïðàâëåíèÿìè ÿâëÿþòñÿ ðàçðà-
áîòêà è èññëåäîâàíèå ýôôåêòèâíîñòè ïðèìåíå-
íèÿ íîâûõ àëüòåðíàòèâíûõ ìîòîðíûõ òîïëèâ, 
â òîì ÷èñëå ñìåñåâûõ òîïëèâ (ÑÒ) [1]. Ê íèì 
îòíîñÿòñÿ ìàñëà ðàñòèòåëüíîãî ïðîèñõîæäå-
íèÿ [1].

Ïðèìåíåíèå â òðàêòîðíûõ äâèãàòåëÿõ 
è äðóãîé ñåëüñêîõîçÿéñòâåííîé òåõíèêå ðàïñî-
âîãî ìàñëà (ÐÌ) â ÷èñòîì âèäå èëè ñìåñè ÐÌ 
ñ äèçåëüíûì òîïëèâîì (ÄÒ) íàêëàäûâàåò ðÿä 
îãðàíè÷åíèé, ñâÿçàííûõ ñ íåêîòîðûì ðàçëè-
÷èåì ôèçèêî-õèìè÷åñêèõ ñâîéñòâ [1]. Â ñâÿçè 
ñ ÷åì îáðàçîâàíèå òîêñè÷íûõ âåùåñòâ â îòðà-
áîòàâøèõ ãàçàõ äèçåëÿ áóäåò îòëè÷àòüñÿ. Ïðè-
ìåíåíèå ÷èñòîãî ÐÌ â êà÷åñòâå ìîòîðíîãî òî-
ïëèâà äëÿ äèçåëåé çàòðóäíåíî, òàê êàê òðåáóåò 
ðàçðàáîòêè äëÿ ýòîãî ñïåöèàëüíûõ ñèñòåì ïè-
òàíèÿ [2]. Ïîýòîìó íàèáîëåå ïåðñïåêòèâíûì 
ÿâëÿåòñÿ èñïîëüçîâàíèå ÑÒ, ñîñòîÿùåãî èç ÄÒ 
è ÐÌ. Îïðåäåëåíèå íåîáõîäèìîãî îïòèìàëü-
íîãî êîëè÷åñòâà ÐÌ â ÑÒ ñ òî÷êè çðåíèÿ 
ýêîëîãèè ÿâëÿåòñÿ íà ñåãîäíÿøíèé äåíü àê-
òóàëüíîé çàäà÷åé. Â ðàáîòàõ [3−9] ïðîâåäåíû 
èññëåäîâàíèÿ äëÿ äèçåëÿ Ä-245.12Ñ ïî îïòè-
ìèçàöèè ñîñòàâà ÑÒ, ñîñòîÿùåãî èç ÄÒ è ÐÌ. 
Ïðåäëîæåíà ìåòîäèêà îïòèìèçàöèè ñîñòàâà 
ýòèõ ñìåñåé, áàçèðóþùàÿñÿ íà îïðåäåëåíèè 
îáîáùåííîãî êðèòåðèÿ îïòèìàëüíîñòè, âû-
÷èñëÿåìîãî â âèäå ñóììû ÷àñòíûõ êðèòåðèåâ, 
êîòîðûå õàðàêòåðèçóþò êîíöåíòðàöèþ â îòðà-
áîòàâøèõ ãàçàõ îêñèäîâ àçîòà è ñàæè, à òàêæå 
ñóììàðíîãî óñëîâíîãî êîýôôèöèåíòà àãðåñ-
ñèâíîñòè îòðàáîòàâøèõ ãàçîâ, îïðåäåëÿåìîãî 
â âèäå ñóììû îòíîñèòåëüíûõ óäåëüíûõ âû-

áðîñîâ íîðìèðóåìûõ òîêñè÷íûõ êîìïîíåíòîâ 
è äûìíîñòè íà ðåæèìå ìàêñèìàëüíîãî êðóòÿ-
ùåãî ìîìåíòà [3−9]. Äëÿ ÑÒ ñ ñîäåðæàíèåì 
ÐÌ 60 % ïîëó÷åíû ìèíèìàëüíûå çíà÷åíèÿ 
îáîáùåííîãî êðèòåðèÿ îïòèìàëüíîñòè è óñ-
ëîâíîãî êîýôôèöèåíòà àãðåññèâíîñòè [3−9]. 
Îäíàêî îïðåäåëåíèå îïòèìàëüíîé äîáàâêè ÐÌ 
â ÑÒ ïðè ðàáîòå äèçåëÿ íà äðóãèõ íàãðóçî÷-
íûõ è ñêîðîñòíûõ ðåæèìàõ ðàáîòû ïðåäñòàâ-
ëÿåò íàó÷íûé èíòåðåñ.

Îäíèì èç íàèáîëåå ýôôåêòèâíûõ, òî÷íûõ 
è ïðîâåðåííûõ ìåòîäîâ îáðàáîòêè ýêñïåðè-
ìåíòàëüíûõ äàííûõ ÿâëÿåòñÿ àïïðîêñèìàöèÿ, 
ïðè ïîìîùè êîòîðîé ñ äîñòàòî÷íîé äîëåé âåðî-
ÿòíîñòè ìîæíî îïðåäåëèòü, êàê èíòåðïîëèðóÿ, 
òàê è ýêñòðàïîëèðóÿ, îïòèìàëüíûå çíà÷åíèÿ 
êîíòðîëèðóåìûõ ïàðàìåòðîâ ïðè çàäàííûõ óñ-
ëîâèÿõ îïòèìèçàöèè [10−12].

Öåëü èññëåäîâàíèé
Îïðåäåëåíèå îïòèìàëüíîãî ñîñòàâà ÑÒ, ñî-

ñòîÿùåãî èç ÄÒ è ÐÌ, ïóòåì îïòèìèçàöèè àï-
ïðîêñèìèðîâàííûõ çàâèñèìîñòåé ýêîëîãè÷å-
ñêèõ ïîêàçàòåëåé äèçåëÿ.

Ìàòåðèàëû è ìåòîäû 
Äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è ïðî-

âåäåíû ñòåíäîâûå èñïûòàíèÿ ðàáîòû äèçåëÿ 
Ä-245.5Ñ ðàçìåðíîñòüþ 4×Í 11,0/12,5. Â êà÷å-
ñòâå îïðåäåëÿåìûõ ýêîëîãè÷åñêèõ ïîêàçàòåëåé 
ðàáîòû äèçåëÿ âûáðàíû: ñàæà (Ñ), îêñèäû àçîòà 
(NO

x
), íåñãîðåâøèå óãëåâîäîðîäû (C

x
H

y
), äèîê-

ñèä óãëåðîäà (CO
2
) è ìîíîîêñèä óãëåðîäà (CO).

Óñòàíîâêà äëÿ ïðîâåäåíèÿ ñòåíäîâûõ èñ-
ïûòàíèé ñîñòîÿëà èç íàãðóçî÷íîãî ñòåíäà 
RAPIDO, áàëàíñèðíîé ìàÿòíèêîâîé ìàøèíû 
SAK N670 è óñòàíîâëåííîãî íà íåì äèçåëÿ 
Ä-245.5Ñ ðàçìåðíîñòüþ 4×Í 11,0/12,5, à òàêæå 
ïðèáîðîâ äëÿ îïðåäåëåíèÿ äûìíîñòè è òîêñè÷-
íîñòè îòðàáîòàâøèõ ãàçîâ, ìàññîâîãî ðàñõîäà 
âîçäóõà è òîïëèâà, äàâëåíèÿ è òåìïåðàòóðû 
ìàñëà, îõëàæäàþùåé æèäêîñòè, îòðàáîòàâøèõ 
ãàçîâ è âåñîâîãî óñòðîéñòâà. Íà ìîìåíò ïðî-
âåäåíèÿ èñïûòàíèé âñå ïðèáîðû ïðîøëè ãîñó-
äàðñòâåííóþ ïîâåðêó.
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Èññëåäîâàíèÿ ïðîâåäåíû íà ðàçëè÷íûõ ñî-
ñòàâàõ ñìåñåâîãî òîïëèâà. Íà ïåðâîì ýòàïå 
íà ÷èñòîì ÄÒ, äàëåå – ïðè ðàçëè÷íîì ìàññîâîì 
ñîäåðæàíèè ÐÌ â ñìåñåâîì òîïëèâå. Èññëå-
äóåìûå ñîñòàâû âêëþ÷àëè èç 80 % ÄÒ è 20 % 
ÐÌ, 55 % ÄÒ è 45 % ÐÌ, 20 % ÄÒ è 80 % ÐÌ 
ïî ìàññå, ñîîòâåòñòâåííî. Ìåòîäèêà ïðîâå-
äåíèÿ ñòåíäîâûõ èñïûòàíèé ñîîòâåòñòâîâàëà 
ÃÎÑÒ 18509-88 «Äèçåëè òðàêòîðíûå è êîìáàé-
íîâûå. Ìåòîäû ñòåíäîâûõ èñïûòàíèé (ñ Èç-
ìåíåíèåì № 1)». Íåîáõîäèìûé ñîñòàâ ÑÒ ïî-
ëó÷àëè ïóòåì ïðåäâàðèòåëüíîãî ñìåøèâàíèÿ 
ìàññîâûõ äîëåé ñîñòàâëÿþùèõ êîìïîíåíòîâ 
ÄÒ è ÐÌ. Ïîñëå ýòîãî îñóùåñòâëÿëè çàïðàâêó 
ýòèì ñîñòàâîì òîïëèâíîãî áàêà äèçåëÿ.

Â ñâÿçè ñ òåì ÷òî ÷èñòîå ÐÌ, à òàêæå åãî 
ñìåñè ñ ÄÒ èìåëè ìåíüøóþ óäåëüíóþ íèçøóþ 
ðàñ÷åòíóþ òåïëîòó ñãîðàíèÿ ïî ñðàâíåíèþ 
ñ ÷èñòûì ÄÒ, äëÿ îáåñïå÷åíèÿ ïàñïîðòíûõ çíà-
÷åíèé ýôôåêòèâíîé ìîùíîñòè è ìàêñèìàëüíîãî 
êðóòÿùåãî ìîìåíòà áûëî íåîáõîäèìûì óâåëè-
÷èòü öèêëîâóþ ïîäà÷ó íà âåëè÷èíó ðàçíèöû 
çíà÷åíèÿ íèçøåé ðàñ÷åòíîé óäåëüíîé òåïëî-
òû ñãîðàíèÿ ìåæäó ÑÒ è ÷èñòûì ÄÒ. Ïîýòîìó 
ïðè ïðîâåäåíèè èñïûòàíèé íà ðàçëè÷íûõ ñîñòà-
âàõ ÑÒ êàæäûé ðàç ïðîèçâîäèëàñü ðåãóëèðîâêà 
òîïëèâíîãî íàñîñà âûñîêîãî äàâëåíèÿ (ÒÍÂÄ) 
ïóòåì èçìåíåíèÿ àêòèâíîãî õîäà ïëóíæåðà 
ñ öåëüþ óâåëè÷åíèÿ åãî öèêëîâîé ïîäà÷è.

Ïåðåä ïðîâåäåíèåì èññëåäîâàíèé áûëè 
ïîëó÷åíû ðåãóëèðîâî÷íûå õàðàêòåðèñòèêè 
äèçåëÿ íà âûøåíàçâàííûõ ñîñòàâàõ ÑÒ, â ðå-
çóëüòàòå êîòîðûõ îïðåäåëåíû çíà÷åíèÿ óñòàíî-
âî÷íîãî óãëà îïåðåæåíèÿ âïðûñêèâàíèÿ òîïëè-
âà ðàâíîãî 26°.

Ðåçóëüòàòû è îáñóæäåíèå
Â ðåçóëüòàòå ïðîâåäåííûõ ñòåíäîâûõ èñïû-

òàíèé ïîëó÷åíû äâå íàãðóçî÷íûå õàðàêòåðè-
ñòèêè, îäíà èç êîòîðûõ – ïðè ÷àñòîòå âðàùå-
íèÿ n = 1400 ìèí–1 ñîîòâåòñòâóþùåé çíà÷åíèþ 
ìàêñèìàëüíîãî êðóòÿùåãî ìîìåíòà, à âòîðàÿ 
ïðè ÷àñòîòå âðàùåíèÿ n = 1800 ìèí–1, ñîîòâåò-
ñòâóþùåé çíà÷åíèþ íîìèíàëüíîé ìîùíîñòè, 
à òàêæå âíåøíÿÿ ñêîðîñòíàÿ õàðàêòåðèñòèêà 
òðàêòîðíîãî äèçåëÿ Ä-245.5Ñ ðàçìåðíîñòüþ 
4×Í 11,0/12,5 ïðè ðàáîòå íà ÑÒ ñ ðàçëè÷íîé 
äîáàâêîé ÐÌ.

Íà ðèñ. 1 ïðåäñòàâëåíû ãðàôèêè çàâèñèìî-
ñòè ýêîëîãè÷åñêèõ ïîêàçàòåëåé ðàáîòû äèçåëÿ 
ïðè n = 1400 ìèí–1 è n = 1800 ìèí–1 è ðàçëè÷-
íîé äîáàâêå ÐÌ â ÑÒ îò íàãðóçêè è ÷àñòîòû 
âðàùåíèÿ êîëåí÷àòîãî âàëà.

Àíàëèç ýêîëîãè÷åñêèõ ïîêàçàòåëåé, ïðåä-
ñòàâëåííûõ íà ðèñ. 1, à ïîêàçàë, ÷òî ïðè óâåëè-
÷åíèè íàãðóçêè ñ 0,2 äî 1,2 ÌÏà è ñîäåðæàíèè 
ÐÌ â ÑÒ äî 55 % ñíèçèëèñü êîíöåíòðàöèè â îò-
ðàáîòàâøèõ ãàçàõ: ñàæè Ñ – ñ 17,10 äî 6,9 %, 
îêñèäîâ àçîòà NO

x
 – ñ 2490 äî 307 ppm, íåñãî-

ðåâøèõ óãëåâîäîðîäîâ C
x
H

y
 – ñ 14,0 äî 1,0 ppm 

è äèîêñèäà óãëåðîäà CO
2
 – ñ 10,97 äî 2,70 %, 

à êîíöåíòðàöèÿ ìîíîîêñèäà óãëåðîäà CO óâå-
ëè÷èëàñü ñ 0,01 äî 0,05 %, ñîîòâåòñòâåííî.

Íà ðèñ. 1, á âèäíî, ÷òî ïðè óâåëè÷åíèè íà-
ãðóçêè ñ 0,2 äî 1,0 ÌÏà è ñîäåðæàíèè ÐÌ â ÑÒ 
äî 55 % ñíèçèëèñü êîíöåíòðàöèè â îòðàáîòàâ-
øèõ ãàçàõ: ñàæè Ñ – ñ 38,03 äî 6,8%, îêñèäîâ 
àçîòà NO

x
 – ñ 2630 äî 131 ppm, íåñãîðåâøèõ 

óãëåâîäîðîäîâ C
x
H

y
 ñ 13,0 äî 1,0 ppm è äèîêñè-

äà óãëåðîäà CO
2
 – ñ 8,77 äî 2,09 %, à êîíöåíò-

ðàöèÿ ìîíîîêñèäà óãëåðîäà CO óâåëè÷èëàñü 
ñ 0,01 äî 0,09 %, ñîîòâåòñòâåííî.

Ïðîâåäåííûé àíàëèç çàâèñèìîñòåé (ðèñ. 1, â) 
âûÿâèë, ÷òî ïðè ñíèæåíèè n ñ 1400 
äî 2000 ìèí–1 è óâåëè÷åíèè äîëè ÐÌ â ÑÒ 
äî 55 % ñíèçèëèñü êîíöåíòðàöèè â îòðàáîòàâ-
øèõ ãàçàõ: ñàæè Ñ – ñ 48,57 äî 8,70 %, íåñãî-
ðåâøèõ óãëåâîäîðîäîâ C

x
H

y
 – ñ 17,0 äî 4,0 ppm 

è îêñèäîâ àçîòà NO
x
 – ñ 2730 äî 1510 ppm. 

À ïðè óâåëè÷åíèè n ñ 1400 äî 2000 ìèí–1 è óâå-
ëè÷åíèè äîëè ÐÌ â ÑÒ äî 55 % êîíöåíòðàöèÿ 
â îòðàáîòàâøèõ ãàçàõ ìîíîîêñèäà óãëåðîäà CO 
óâåëè÷èëàñü ñ 0,03 äî 0,15 %, à äèîêñèäà óãëå-
ðîäà CO

2
 ñíèçèëàñü ñ 10,97 äî 6,80 %, ñîîòâåò-

ñòâåííî.
Äëÿ îïðåäåëåíèÿ îïòèìàëüíîãî ñîñòàâà 

ÑÒ, èñïîëüçóåìîãî â êà÷åñòâå òîïëèâà äëÿ èñ-
ñëåäóåìîãî äèçåëÿ, ïðîâåëè àïïðîêñèìàöèþ 
çàâèñèìîñòåé ýêîëîãè÷åñêèõ ïîêàçàòåëåé îò n, 
ñðåäíåãî ýôôåêòèâíîãî äàâëåíèÿ p

e
 è ñîäåðæà-

íèÿ ÐÌ â ÑÒ – %.
Àíàëèç èìåþùèõñÿ ìåòîäîâ àïïðîêñèìà-

öèè ýêñïåðèìåíòàëüíûõ äàííûõ, ïîêàçàë, 
÷òî ïðèìåíåíèå ìåòîäà àïïðîêñèìàöèè ôóíê-
öèåé äëÿ íàõîæäåíèÿ äîïîëíèòåëüíûõ çíà÷å-
íèé, îòëè÷íûõ îò ýêñïåðèìåíòàëüíûõ äàííûõ, 
ïðè êîòîðîé ôóíêöèÿ ïðîõîäèò íå ÷åðåç óçëû 
èíòåðïîëÿöèè, à ìåæäó íèìè, ÿâëÿåòñÿ âïîëíå 
äîñòîâåðíûì, à ïîëó÷àåìàÿ ìàòåìàòè÷åñêàÿ 
çàâèñèìîñòü ïîçâîëÿåò ïðîâîäèòü ìíîãîïàðà-
ìåòðè÷åñêóþ îïòèìèçàöèþ [13].

Íàèáîëåå ðàöèîíàëüíûì ñ òî÷êè çðåíèÿ 
ïîëó÷åíèÿ î÷åíü òî÷íûõ çíà÷åíèé ôóíêöèé 
â ñëó÷àå äîñòàòî÷íî äîñòîâåðíûõ ýêñïåðèìåí-
òàëüíûõ äàííûõ ÿâëÿåòñÿ ïðèìåíåíèå ìåòîäà 
íàèìåíüøèõ êâàäðàòîâ (ÌÍÊ) [14]. Äàííûé ìà-
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Ðèñ. 1. Õàðàêòåðèñòèêè äèçåëÿ Ä-245.5Ñ ðàçìåðíîñòüþ 4×Í 11,0/12,5 
ïðè ðàáîòå íà ÑÒ ñ ðàçëè÷íîé äîáàâêîé ÐÌ: 

à – íàãðóçî÷íàÿ ïðè n = 1400 ìèí–1; á – íàãðóçî÷íàÿ ïðè n = 1800 ìèí–1; â – âíåøíÿÿ ñêîðîñòíàÿ

Fig. 1. Characteristics of the D-245.5S diesel engine (4ChN 11,0/12,5) when operating 
on MF with various RO additives: a – load performance at n = 1400 min–1; 

b – loadperformance at n = 1800 min–1; c – full-load curve

 à á 
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òåìàòè÷åñêèé ìåòîä îñíîâàí íà ìèíèìèçàöèè 
ñóììû êâàäðàòîâ îòêëîíåíèé ôóíêöèé îò èñ-
êîìûõ ïåðåìåííûõ; èñïîëüçóåòñÿ äëÿ ðåøåíèÿ 
ïåðåîïðåäåëåííûõ ñèñòåì óðàâíåíèé (êîãäà êî-
ëè÷åñòâî óðàâíåíèé ïðåâûøàåò êîëè÷åñòâî íå-
èçâåñòíûõ) è îáû÷íûõ (íå ïåðåîïðåäåëåííûõ) 
íåëèíåéíûõ ñèñòåì óðàâíåíèé, à òàêæå äëÿ àï-
ïðîêñèìàöèè òî÷å÷íûõ çíà÷åíèé íåêîòîðîé 
ôóíêöèè ïî âûáîðî÷íûì äàííûì [15].

Îòêëîíåíèÿ àïïðîêñèìèðîâàííûõ ôóíê-
öèé ïîëó÷åííûõ ýêîëîãè÷åñêèõ ïîêàçàòåëåé 
äèçåëÿ â çàâèñèìîñòè îò âûáðàííûõ ôàêòîðîâ:

  , ,PMi i i ee y f n p  ,  (1)

ãäå e
i
 – çíà÷åíèå îòêëîíåíèÿ ýêñïåðèìåí-

òàëüíûõ äàííûõ â % èëè ppm îò çíà÷åíèé, 
ðàññ÷èòàííûõ ïî àïïðîêñèìèðîâàííîé ôóíê-
öèè; y

i
 – ýêñïåðèìåíòàëüíûå çíà÷åíèÿ ýêîëî-

ãè÷åñêèõ ïîêàçàòåëåé äèçåëÿ, Ñ, NO
x
, C

x
H

y
, 

CO
2
, CO [%, ppm, ppm, %, %], ñîîòâåòñòâåí-

íî;  , ,PMi ef n p  − çíà÷åíèÿ ýêîëîãè÷åñêèõ 
ïîêàçàòåëåé äèçåëÿ, Ñ, NO

x
, C

x
H

y
, CO

2
, CO 

[%, ppm, ppm, %, %], ñîîòâåòñòâåííî, àïïðîê-
ñèìèðîâàííîé ôóíêöèè.

Çàäà÷à ñîñòîÿëà â íàõîæäåíèè òàêèõ çíà÷å-
íèé  n

i
, p

ei
, PM

i
, ïðè êîòîðûõ ñóììà êâàäðàòîâ 

îòêëîíåíèé âûðàæåíèÿ (1) áóäåò ñòðåìèòüñÿ 
ê ìèíèìóìó:

 
 2 2

1 1

( , ,PM% ) min.
n n

i i i e
i i

e y f n p
 

     (2)

Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå çíà÷å-
íèÿ ýêîëîãè÷åñêèõ ïîêàçàòåëåé äèçåëÿ ïðåä-
ñòàâëÿþò ñîáîé òðåõìåðíûå ìàññèâû äàííûõ, 
à çíà÷åíèÿ ýëåìåíòîâ ìàññèâà – çíà÷åíèÿ ýêî-
ëîãè÷åñêèõ ïîêàçàòåëåé. Çàòåì íàøëè ôóíê-
öèþ, êîòîðàÿ ÿâëÿåòñÿ îïòèìàëüíîé ñ òî÷êè 
çðåíèÿ ÌÍÊ – ýòî óðàâíåíèÿ âòîðîãî ïîðÿä-
êà, èìåþùèå âèä:

  2 2
x x y 2C, NO , C H , CO , CO PM

PM PM
PM ,

e

e e

e

b p c

d n p f n g p h n
i p j k

    

           
    

 (3)

ãäå a, b, c, d, f, g, h, i, j – èñêîìûå êîýôôè-
öèåíòû.

Òåïåðü ñ ó÷åòîì âûðàæåíèÿ (3) ïîëó÷èëè 
ôóíêöèè, ïðåäñòàâëÿþùèå ñîáîé ñóììû êâà-
äðàòîâ îòêëîíåíèé èçâåñòíûõ ýêñïåðèìåí-
òàëüíûõ äàííûõ îò ñîîòâåòñòâóþùèõ äàííûõ, 
ïîëó÷åííûõ íà àïïðîêñèìèðîâàííûõ çàâèñè-
ìîñòÿõ.

Ïîäñòàâèâ âûðàæåíèå (3) â âûðàæåíèå (2), 
ïîëó÷èëè:

  22
x x y 2

1 1

C, NO , C H , CO , CO .
n n

i i
i i

e y
 

      (4)

Äàëåå äëÿ îïðåäåëåíèÿ èñêîìûõ êîýôôè-
öèåíòîâ â âûðàæåíèè (3) íà îñíîâå îáðàùåíèÿ 
â íóëü â òî÷êå ìèíèìóìà ôóíêöèé C, NO

x
, 

C
x
H

y
, CO

2
, CO åå ïðîèçâîäíûõ îïðåäåëèëè ñè-

ñòåìó óðàâíåíèé:

 

 

 

 

 

 

x x y 2 2 2

1

x x y 2 2 2

1

x x y 2 2

1

x x y 2 2

1

x x y 2 2

1

x x y 2

C,NO ,C H ,CO ,CO
2 0

C,NO ,C H ,CO ,CO
2 PM 0

C,NO ,C H ,CO ,CO
2 0

C,NO ,C H ,CO ,CO
2 PM 0

C,NO ,C H ,CO ,CO
2 PM 0

C,NO ,C H ,CO ,C

n

i e
i

n

i
i

n

i e
i

n

i
i

n

i e
i

e p
d b

e
d c

e n p
d d

e n
d f

e p
d g











   

   

    

    

    











 

 

 

 

2

1

x x y 2 2

1

x x y 2 2

1

x x y 2 2

1

O
2 0

C,NO ,C H ,CO ,CO
2 0

C,NO ,C H ,CO ,CO
2 PM 0

C,NO ,C H ,CO ,CO
2 1 0.

n

i
i

n

i e
i

n

i
i

n

i
i

e n
d h

e p
d i

e
d j

e
d k









 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
    
 
 
     
 
 

    
 
 
    
  








 

(5)

Ïîñëå ðàñêðûòèÿ ñêîáîê â ñèñòåìå óðàâ-
íåíèé (5) è ïðèðàâíèâàíèÿ ê íóëþ ïîëó÷è-
ëè «ãðîìîçäêóþ» cèñòåìó óðàâíåíèé. Äàëåå 
äëÿ åå ðåøåíèÿ âîñïîëüçîâàëèñü àëãîðèòìîì 
Ãàóññà − Íüþòîíà:

– ñíà÷àëà îáíóëèëè ìíîãî÷ëåíû ïðè èñ-
êîìûõ êîýôôèöèåíòàõ a, íà÷èíàÿ ñî âòîðîãî 
óðàâíåíèÿ, äëÿ ýòîãî îïðåäåëèëè êîýôôèöèåí-
òû äëÿ ïåðâîãî óðàâíåíèÿ;

– óìíîæåííîå íà ñîîòâåòñòâóþùèé êîýô-
ôèöèåíò ïåðâîå óðàâíåíèå ïðèáàâèëè ê íèæå-
ëåæàùåìó, â ðåçóëüòàòå ìíîãî÷ëåíû ïðè èñêî-
ìûõ êîýôôèöèåíòàõ a ñîêðàòèëèñü;

– ïðîäîëæàÿ ïðåîáðàçîâàíèå, íàøëè êîýô-
ôèöèåíòû äëÿ âòîðîãî óðàâíåíèÿ â íîâîé ñè-
ñòåìå – òàêèå, ÷òî ìíîãî÷ëåíû ïðè èñêîìûõ 
êîýôôèöèåíòàõ b ñîêðàòèëèñü èç óðàâíåíèé 
ñ òðåòüåãî è íèæå è ò.ä.
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Â ðåçóëüòàòå ïðåîáðàçîâàíèé ïî àëãîðèòìó 
Ãàóññà − Íüþòîíà ïîëó÷èëè èñêîìûå êîýôôè-
öèåíòû â óðàâíåíèè (3) äëÿ âñåõ êðèòåðèåâ C, 
NO

x
, C

x
H

y
, CO

2
, CO:

2 2

2 2
x

2 2
x y

C 25,8 0,0002 PM 0,05
0,0003 PM 0,3 PM 0,005
89,9 PM 18,8

NO 987 0,06 PM 1,05
0,008 PM 19,6 PM 1,01
344,8 15,9 PM 1769,2

C H 4,16 0

0,5

,0002 PM 0,01

e e

e

e

e e

e

e

e

p n p
n p n

p

p n p
n p n
p

p n

       

        

   

       



        
    

      

2 2
2

2 2

0,0002 PM 0,1 PM
0,01 11,8 0,4 PM 27,1

CO 2,7 0,00003 PM
0,002 0,000002 PM
0,004 PM 0,001 8,1
0,01 PM 4,5

CO 0,02 0,000004 PM
0,00006 0,000001 PM
0,0

e e

e

e

e

e e

e

e

p n p
n p

p
n p n
p n p

p
n p n

       

      

    
      
       
  

    

      

 002 PM 0,00001 0,1
0,002 PM 0,03.

e ep n p

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
 
      

(6)

Ïîëó÷åííàÿ ñèñòåìà óðàâíåíèé (6) ïðåä-
ñòàâëÿåò ñîáîé ìàòåìàòè÷åñêèå çàâèñèìîñòè 
ýêîëîãè÷åñêèõ ïîêàçàòåëåé äèçåëÿ Ä-245.5Ñ 
ðàçìåðíîñòüþ 4×Í 11,0/12,5 îò p

e
, äîëè ÐÌ 

ïî ìàññå â ÑÒ è n.
Äîñòîâåðíîñòü àïïðîêñèìàöèè ïîëó÷åííîé 

ñèñòåìû óðàâíåíèé ýêîëîãè÷åñêèõ ïîêàçàòå-
ëåé (6), ðàññ÷èòàííûõ ìåòîäîì íàèìåíüøèõ 
êâàäðàòîâ ñîñòàâèëà 97,24 %, êîýôôèöèåíò 
Äàðáèíà – Óîòñîíà ñîñòàâèë 1,85, ñðåäíÿÿ àá-
ñîëþòíàÿ îøèáêà 1,71, ÷òî ñâèäåòåëüñòâóåò 
îá óäîâëåòâîðèòåëüíîé ñõîäèìîñòè ïîëó÷åí-
íûõ ýêñïåðèìåíòàëüíûõ äàííûõ ñ ðàññ÷èòàí-
íûìè ìàòåìàòè÷åñêèìè ìîäåëÿìè. Ãðàôè÷å-
ñêàÿ èíòåðïðåòàöèÿ ïîëó÷åííûõ çàâèñèìîñòåé 
ýêîëîãè÷åñêèõ ïîêàçàòåëåé, ðàññ÷èòàííûõ 
ïî óðàâíåíèÿì (6), ïðåäñòàâëåíà íà ðèñ. 2.

Àíàëèç ïîëó÷åííûõ çàâèñèìîñòåé, ïðåä-
ñòàâëåííûõ íà ðèñ. 2 ïîêàçàë ÷òî óâåëè÷å-
íèå n, äîëè ÐÌ â ÑÒ è ñíèæåíèå p

e
 ïðèâîäèò 

ê ñíèæåíèþ ñàæè Ñ äî 4,0 %, îêñèäîâ àçîòà 
NO

x
 äî 100,0 ppm, íåñãîðåâøèõ óãëåâîäîðî-

äîâ C
x
H

y
 äî 1,0 ppm, äèîêñèäà óãëåðîäà, CO

2
 

äî 2 % è óâåëè÷åíèþ ìîíîîêñèäà óãëåðîäà CO 
äî 0,16 %.

Äëÿ íàõîæäåíèÿ îïòèìàëüíîãî ñîñòàâà ÑÒ, 
âêëþ÷àþùåãî ÄÒ è ÐÌ, ðåøèëè ñèñòåìó óðàâ-
íåíèé, â êîòîðîé îñíîâíûì óñëîâèåì áûëî 
íàéòè çíà÷åíèÿ n, ÐÌ è p

e
 ïðè ìèíèìàëüíî 

âîçìîæíûõ çíà÷åíèÿ âñåõ ýêîëîãè÷åñêèõ ïîêà-
çàòåëåé:

 

 
 
 
 
 

x

x y

2

C , PM, min
NO , PM, min
C H , PM, min
CO , PM, min
 CO , PM, min.

e

e

e

e

e

p n
p n
p n
p n
p n

 
  
 

  

 (7)

Ïîñëå ñîâìåñòíîãî ðåøåíèÿ ñèñòåìû óðàâ-
íåíèé (6) ïðè óñëîâèè (7) ïîëó÷åíû îïòèìàëü-
íûå çíà÷åíèÿ ôàêòîðîâ n, ÐÌ è p

e
, ïðè êîòîðûõ 

äîñòèãàþòñÿ ìèíèìàëüíûå çíà÷åíèÿ ýêîëîãè-
÷åñêèõ ïîêàçàòåëåé äèçåëÿ.

Òàê êàê íàõîæäåíèå âçàèìíûõ ìèíèìó-
ìîâ ñèñòåìû óðàâíåíèé ïðåäïîëàãàåò íàëè-
÷èå èíòåðâàëà èç-çà ìíîæåñòâà ðåøåíèé, òî 
îïðåäåëèëè íàèáîëåå âåðîÿòíîå îïòèìàëüíîå 
ðåøåíèå èñõîäÿ èç êðèòåðèÿ îïòèìàëüíîñòè 
(k-optimum), ïðè êîòîðîì íàèáîëåå âåðîÿòíîå 
çíà÷åíèå áóäåò ðàâíûì áîëåå 0,96.

Ðåçóëüòàò îïòèìàëüíîãî ðåøåíèÿ ñèñòå-
ìû óðàâíåíèé (6) ñ óñëîâèåì (7) ïðåäñòàâëåí 
íà ðèñ. 3.

Àíàëèç çàâèñèìîñòè, ïðåäñòàâëåííîé 
íà ðèñ. 3, ïîêàçûâàåò, ÷òî îïòèìàëüíûì ñî-
ñòàâîì ÑÒ ÿâëÿåòñÿ äîáàâêà â íåãî äîëè ÐÌ 
äî 35 % ïî ìàññå, ïðè êîòîðîé îáåñïå÷èâàþò-
ñÿ ìèíèìàëüíûå ýêîëîãè÷åñêèå ïîêàçàòåëè 
äèçåëÿ Ä-245.5Ñ ðàçìåðíîñòüþ 4×Í 11,0/12,5.

Âûâîäû
1. Â ðåçóëüòàòå ïðîâåäåííûõ ýêñïåðèìåí-

òàëüíûõ èññëåäîâàíèé ïîëó÷åíû çàâèñèìî-
ñòè ýêîëîãè÷åñêèõ ïîêàçàòåëåé ðàáîòû äèçåëÿ 
Ä-245.5Ñ ðàçìåðíîñòüþ 4×Í 11,0/12,5 ïðè ÷à-
ñòîòå âðàùåíèÿ êîëåí÷àòîãî âàëà, ñîîòâåò-
ñòâóþùåé çíà÷åíèþ ìàêñèìàëüíîãî êðóòÿùå-
ãî ìîìåíòà n = 1400 ìèí–1, ÷àñòîòå âðàùåíèÿ 
êîëåí÷àòîãî âàëà, ñîîòâåòñòâóþùåé çíà÷åíèþ 
íîìèíàëüíîé ìîùíîñòè n = 1800 ìèí–1, ðàç-
ëè÷íîé íàãðóçêå è äîáàâêå ÐÌ â ÑÒ.

2. Àíàëèç ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ 
äàííûõ âûÿâèë çàâèñèìîñòè ýêîëîãè÷åñêèõ ïî-
êàçàòåëåé îò ÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî 
âàëà äèçåëÿ, ñðåäíåãî ýôôåêòèâíîãî äàâëåíèÿ 
è äîáàâêè ÐÌ â ÑÒ ïî ìàññå.

3. Ïðè ïîìîùè ìåòîäà íàèìåíüøèõ êâà-
äðàòîâ îïðåäåëåíû àïïðîêñèìèðîâàííûå ìà-
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 à á 

     
 â ã 

ä
Ðèñ. 2. Çàâèñèìîñòè: 

à – ñàæè Ñ, %; á – îêñèäîâ àçîòà NO
x
, ppm; â – íåñãîðåâøèõ óãëåâîäîðîäîâ C

x
H

y
, ppm; ã – äèîêñèäà 

óãëåðîäà CO
2
, %; ä – ìîíîîêñèäà óãëåðîäà CO, % îò ñðåäíåãî ýôôåêòèâíîãî äàâëåíèÿ p

e
, ÌÏà, äîëè ÐÌ 

ïî ìàññå â ÑÒ, %, è ÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî âàëà n, ìèí–1, äèçåëÿ Ä-245.5Ñ, ðàçìåðíîñòüþ 4×Í 11,0/12,5

Fig. 2. Dependences of: a – soot Ñ, %; b – nitrogen oxides NO
x
, ppm; c - unburned hydrocarbons C

x
H

y
, ppm; 

d – carbon dioxide CO
2
; %, e – carbon monoxide CO, % on the average effective pressure p

e
, MPa, the share 

of RO by mass in MF, % and the crankshaft rotation speed n, min–1 of D-245.5S diesel engine (4ChN 11,0/12,5)

Ðèñ. 3. Çàâèñèìîñòü êðèòåðèÿ îïòèìàëüíîñòè (k-optimum) îò ñðåäíåãî ýôôåêòèâíîãî äàâëåíèÿ p
e
, ÌÏà, äîëè ÐÌ 

ïî ìàññå â ÑÒ, %, è ÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî âàëà n, ìèí–1, äèçåëÿ Ä-245.5Ñ ðàçìåðíîñòüþ 4×Í 11,0/12,5

Fig. 3. Dependence of the optimality criterion (k-optimum) on the average effective pressure p
e
, MPa, the share 

of RO by mass in MF, % and the crankshaft rotation speed n, min–1 of D-245.5S diesel engine (4ChN 11,0/12,5)
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òåìàòè÷åñêèå çàâèñèìîñòè ýêîëîãè÷åñêèõ ïî-
êàçàòåëåé äèçåëÿ, ïîêàçàâøèå ÷òî óâåëè÷åíèå 
÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî âàëà n, äîëè 
ÐÌ â ÑÒ è ñíèæåíèå ñðåäíåãî ýôôåêòèâíî-
ãî äàâëåíèÿ p

e
 ïðèâîäèò ê ñíèæåíèþ ñàæè 

 äî 4,0 %, îêñèäîâ àçîòà NO
x
 äî 100,0 ppm, 

íåñãîðåâøèõ óãëåâîäîðîäîâ C
x
H

y
 äî 1,0 ppm, 

äèîêñèäà óãëåðîäà CO
2
 äî 2 % è óâåëè÷åíèþ 

ìîíîîêñèäà óãëåðîäà CO äî 0,16 %.
4. Â ðåçóëüòàòå ðåøåíèÿ ïîëó÷åííîé ñè-

ñòåìû óðàâíåíèé àïïðîêñèìèðîâàííûõ çàâè-
ñèìîñòåé ýêîëîãè÷åñêèõ ïîêàçàòåëåé îïðåäå-
ëèëè îïòèìàëüíóþ äîáàâêó ÐÌ â ÑÒ äî 35 % 
ïî ìàññå.
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