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Â ïðîöåññå ýêñïëóàòàöèè íàáëþäàþòñÿ ñëó÷àè ïîÿâëåíèÿ óñòàëîñòíûõ òðåùèí â ïîðøíå-

âûõ ãîëîâêàõ øàòóíîâ îïïîçèòíûõ êîìïðåññîðîâ. Â öåëÿõ îöåíêè âåðîÿòíîñòè èõ áåçîò-

êàçíîé ðàáîòû ïðîâåäåíî èññëåäîâàíèå íàãðóæåííîñòè øàòóíîâ êîìïðåññîðîâ, ðàáîòàþ-

ùèõ â õèìè÷åñêîì ïðîèçâîäñòâå. Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ íàïðÿæåíèé, äåéñòâó-

þùèõ â ýëåìåíòàõ êîíñòðóêöèé áîëüøèõ ðàçìåðîâ, âûçûâàþò áîëüøèå çàòðóäíåíèÿ,

ïîýòîìó èõ íàïðÿæåííîå ñîñòîÿíèå îïðåäåëÿëè ðàñ÷åòíûìè ìåòîäàìè. Ïðè íàãðóæåíèè

øàòóíà èìååòñÿ ó÷àñòîê, ãäå äåéñòâóåò ðàñïðåäåëåííàÿ íàãðóçêà, è ó÷àñòîê ñ çàçîðîì ìåæ-

äó öèëèíäðè÷åñêèìè ïîâåðõíîñòÿìè, ãäå êîíòàêòíîå äàâëåíèå îòñóòñòâóåò. Óñòàíîâëåíû

ñèëû, äåéñòâóþùèå íà ãðàíèöå ó÷àñòêîâ êîíòàêòà è çàçîðà ïàëüöà ñ ðàñòî÷êîé øàòóíà:

ðàäèàëüíàÿ ñèëà N, òàíãåíöèàëüíàÿ ñèëà Q è èçãèáàþùèé ìîìåíò M. Ñèëû N è Q ðàññìîò-

ðåíû êàê ôóíêöèè óãëà êîíòàêòà á. Ïóòåì ÷èñëåííîãî ýêñïåðèìåíòà îïðåäåëåíû íàïðÿ-

æåíèÿ â çîíå îò óãëà á, ñîîòâåòñòâóþùåãî îêîí÷àíèþ çîíû êîíòàêòà, äî óãëà ïåðåõîäà ãî-

ëîâêè â ñòåðæåíü øàòóíà. Ïðè ýòîì âàðüèðîâàëèñü ýêñïëóàòàöèîííûå íàãðóçêè è çàçîðû

â ñîïðÿæåíèè øàòóí – ïàëåö. Ýêñïåðèìåíòàëüíî îïðåäåëåíû âåëè÷èíû è õàðàêòåð èçìå-

íåíèÿ íàãðóçîê, äåéñòâóþùèõ íà êðèâîøèïíî-øàòóííûé ìåõàíèçì êîìïðåññîðà â ïðîöåñ-

ñå åãî ðàáîòû. Óñòàíîâëåí õàðàêòåð ðàñïðåäåëåíèÿ íàïðÿæåíèé â ñå÷åíèÿõ øàòóíà, âûÿâ-

ëåíû íàèáîëåå íàãðóæåííûå ñå÷åíèÿ. Ñîïîñòàâëåíèå äàííûõ íàòóðíîãî ýêñïåðèìåíòà è

ðåçóëüòàòîâ ÷èñëåííûõ èññëåäîâàíèé ðàñïðåäåëåíèÿ íàïðÿæåíèé ïîêàçàëî èõ ïðàêòè÷å-

ñêîå ñîâïàäåíèå. Ïðè ýòîì ÷èñëåííûé ýêñïåðèìåíò ïîçâîëÿåò îöåíèòü îäíîâðåìåííîå

âëèÿíèå íàãðóçîê è çàçîðîâ íà ðîñò íàïðÿæåíèé, ÷òî ïðàêòè÷åñêè íåâîçìîæíî îñóùåñò-

âèòü ïóòåì ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé.
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Fatigue cracks in the piston heads of the connecting rods of opposed compressors can occasionally develop

in service. A study of the loading of the connecting rods of the compressors operating in chemical produc-

tion was carried out to assess the probability of their failure-free operation. Since the experimental study

of stresses acting in large structural elements is rather difficult, the study of the stress state was carried

out using computational methods with subsequent comparison of the results with the experimental data.

When loading the connecting rod, there is an area affected by the distributed load and another area with a

gap between the cylindrical surfaces where the contact pressure is absent. The forces acting on the bound-

ary of the contact areas and the gap of the finger with the connecting rod bore are determined: the radial

force N, tangential force Q and bending moment M. N and Q are considered functions of the contact angle

á. Using numerical experiments, we determined the stresses in the zone from the angle á corresponding to

the end of the contact zone to the angle of transition of the head in the shank of connecting rod in condi-

52 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 5



tions of varied operational loads and gaps in the connecting rod — finger coupling. The values and charac-

ter of changes in the loads affecting the crank mechanism of the compressor during operation are deter-

mined experimentally. The distribution of stresses in the sections of the connecting rod and the most

loaded cross-sections are specified. the results of the numerical experiment are compared with the experi-

mental data. Comparison of the results of numerical and field experiments has shown that the numerical

experiment provides the similar assessment of the stress distribution, moreover, the numerical experi-

ment allows us to estimate the simultaneous effect of both loads and gaps on the stress growth which is al-

most impossible to be determined by experimental studies.

Keywords: loading; numerical experiment; tensometry; stress distribution; probability of failure.

Ââåäåíèå

Â õèìè÷åñêîé ïðîìûøëåííîñòè ìàøèíû è

àãðåãàòû ðàáîòàþò â àãðåññèâíûõ ñðåäàõ, ïðè

âûñîêèõ äàâëåíèÿõ è òåìïåðàòóðàõ. Ïåðåðàáà-

òûâàåìûå ðåàãåíòû ïðåäñòàâëÿþò ñîáîé âçðûâî-

îïàñíûå è òîêñè÷íûå âåùåñòâà. Â ýòèõ óñëîâèÿõ

îòêàçû îáîðóäîâàíèÿ ìîãóò âûçûâàòü ÷ðåçâû-

÷àéíî îïàñíûå ñèòóàöèè. Ñëåäîâàòåëüíî, ìàøè-

íû è àãðåãàòû äîëæíû îáëàäàòü íàäåæíîñòüþ,

ãàðàíòèðóþùóþ áåçîïàñíóþ ýêñïëóàòàöèþ. Íà

ðÿäå ïðåäïðèÿòèé, ýêñïëóàòèðóþùèõ àçîòîâîäî-

ðîäíûå êîìïðåññîðû, íàáëþäàëèñü ñëó÷àè ðàçðó-

øåíèÿ øàòóíîâ [1]. Îáñëåäîâàíèå ðàçðóøåííûõ

ìàøèí ïîêàçàëî, ÷òî âñå ñëó÷àè ïîëîìîê èäåí-

òè÷íû è ÿâèëèñü ñëåäñòâèåì ïîÿâëåíèÿ óñòàëîñò-

íûõ òðåùèí â ïîðøíåâûõ ãîëîâêàõ. Êàê ïðàâè-

ëî, îáðàçîâàíèå òðåùèí íà÷èíàëîñü ñ âíóòðåí-

íåé ïîâåðõíîñòè ãîëîâêè â åå ñðåäíåì ñå÷åíèè.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ðàáîòîñïî-

ñîáíîñòè ýëåìåíòîâ êîíñòðóêöèé, îòëè÷àþùèõñÿ

áîëüøèìè ðàçìåðàìè è ðàáîòàþùèìè â õèìè÷å-

ñêîì ïðîèçâîäñòâå, ïðåäñòàâëÿþò áîëüøèå çà-

òðóäíåíèÿ. Ðàñ÷åò ïðî÷íîñòè ãîëîâêè øàòóíà

êîìïðåññîðà ñîäåðæèò ðÿä äîïóùåíèé, íà íåãî

âëèÿþò êðèâèçíà ãîëîâêè, óãîë çàäåëêè, çàçîð

ìåæäó ïàëüöåì è âòóëêîé, êîíñòðóêòèâíûå îñî-

áåííîñòè èñïîëíåíèÿ ãîëîâîê. Öåëü ðàáîòû —

èññëåäîâàíèå íàïðÿæåííîãî ñîñòîÿíèÿ ãîëîâêè

ýêñïåðèìåíòàëüíûìè è ðàñ÷åòíûìè ìåòîäàìè

ñ èñïîëüçîâàíèåì ÷èñëåííîãî ýêñïåðèìåíòà â

öåëÿõ ñîïîñòàâëåíèÿ ïîëó÷åííûõ ðåçóëüòàòîâ.

Ïîñêîëüêó ïîâåðõíîñòíûõ ïîâðåæäåíèé, âîçíè-

êàþùèõ îò äåéñòâèÿ êîíòàêòíûõ íàïðÿæåíèé,

â îáñëåäîâàííûõ ìàøèíàõ íå íàáëþäàëîñü, ïðè

îöåíêå âåðîÿòíîñòè áåçîòêàçíîé ðàáîòû øàòóíà

èõ âî âíèìàíèå íå ïðèíèìàëè. Ðàíåå óæå ðàñ-

ñìîòðåíà âåðîÿòíîñòü îòêàçà ýëåìåíòîâ ìåõà-

íè÷åñêîé ñèñòåìû â çàâèñèìîñòè îò çàçîðîâ [2] è

èñïîëüçîâàíû ìåòîäû îöåíêè ìåõàíè÷åñêèõ

ñèñòåì ïóòåì ìîäåëèðîâàíèÿ èõ òåõíè÷åñêîãî ñî-

ñòîÿíèÿ [3].

Ìåòîäû èññëåäîâàíèÿ

Èññëåäîâàíèÿ ïðîâîäèëè íà êðåéöêîïôíîé

ãîëîâêå øàòóíà êîìïðåññîðà 6×ÁÊ-355 (ïîðøíå-

âîå óñèëèå 25 ò). Ïðè íàãðóæåíèè øàòóíà ìîæíî

âûäåëèòü äâà õàðàêòåðíûõ ó÷àñòêà (ðèñ. 1): çîíó

êîíòàêòà öèëèíäðè÷åñêèõ ïîâåðõíîñòåé øàòóí-

íîãî ïàëüöà è ãîëîâêè øàòóíà ñ óãëîì êîíòàêòà

2á0, ãäå äåéñòâóåò ðàñïðåäåëåííàÿ íàãðóçêà, è

ó÷àñòîê ñ çàçîðîì ìåæäó öèëèíäðè÷åñêèìè ïî-

âåðõíîñòÿìè, ãäå êîíòàêòíîå äàâëåíèå îòñóòñòâó-

åò (á0 < ö < –á0). Ïðàêòèêà ïîêàçàëà, ÷òî îáðàçî-

âàíèå è ðàçâèòèå óñòàëîñòíûõ òðåùèí, ðàçðóøå-

íèå ãîëîâîê â ïðîöåññå ýêñïëóàòàöèè ïðîèñõîäè-

ëè â ñå÷åíèè ãîëîâîê ñ êîîðäèíàòàìè 80 – 100° îò

ïðîäîëüíîé îñè ñèììåòðèè øàòóíà, ÷òî ñâèäå-

òåëüñòâóåò î äåéñòâèè ìàêñèìàëüíûõ íàïðÿæå-

íèé â ýòèõ ñå÷åíèÿõ. Ñëåäîâàòåëüíî, íàèáîëü-

øèé èíòåðåñ âûçûâàåò ðàñïðåäåëåíèå íàïðÿæå-

íèé â ýòèõ çîíàõ, à íå â ìåñòå ïåðåõîäà ãîëîâêè â

ñòåðæåíü øàòóíà. Ñëó÷àè ðàçâèòèÿ òðåùèí â

çîíå êîíòàêòà ïàëüöà ñ ïîâåðõíîñòüþ øàòóíà íå

íàáëþäàëèñü. Êàê îòìå÷åíî â [4], íà ãðàíèöå êîí-

òàêòà è çàçîðà ïàëüöà ñ ðàñòî÷êîé øàòóíà ïðè

ïåðåõîäå ê ñòàòè÷åñêè îïðåäåëèìîé ñèñòåìå âîç-

íèêàþò ðàñòÿãèâàþùàÿ (ñæèìàþùàÿ) ñèëà N, ïå-

ðåðåçûâàþùàÿ ñèëà Q, èçãèáàþùèé ìîìåíò M.

Äëÿ îïðåäåëåíèÿ óãëà êîíòàêòà 2á0 ïðèíÿòû ñëå-

äóþùèå äîïóùåíèÿ: ãîëîâêà øàòóíà íåðàñòÿæè-

ìà, ïàëåö àáñîëþòíî æåñòêèé, ñèëû òðåíèÿ â

çîíå êîíòàêòà îòñóòñòâóþò. Â îáëàñòè êîíòàêòà

ãîëîâêà øàòóíà ïëîòíî ïðèëåãàåò ê ïàëüöó. Äëÿ

ðàññìàòðèâàåìîé êîíñòðóêöèè æåñòêîñòü ïàëüöà
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Ðèñ. 1. Ñèëû, äåéñòâóþùèå â ãîëîâêå øàòóíà îïïîçèò-

íîãî êîìïðåññîðà

Fig. 1. The forces acting in the connecting rod head of the

opposed compressor



íà íåñêîëüêî ïîðÿäêîâ áîëüøå æåñòêîñòè ãîëîâ-

êè øàòóíà. Â ýòîì ñëó÷àå êðèâèçíà âíóòðåííåé

ïîâåðõíîñòè ãîëîâêè øàòóíà â ïðåäåëàõ óãëà

êîíòàêòà áóäåò ðàâíà êðèâèçíå ïàëüöà. Òîãäà íà

ó÷àñòêå AB (ñì. ðèñ. 1) êðèâèçíà ïîñòîÿííà è èç-

ãèáàþùèé ìîìåíò [5]
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ãäå E — ìîäóëü óïðóãîñòè; Ix — ìîìåíò èíåð-

öèè; r — ñðåäíèé ðàäèóñ ãîëîâêè; 1/ñ* = 1/(r0 +

+ h/2) — êðèâèçíà ãîëîâêè â îáëàñòè êîíòàêòà,

r0 — ðàäèóñ ïîðøíåâîãî ïàëüöà, h — âûñîòà ñå-

÷åíèÿ ãîëîâêè.

Íà ãðàíèöå ó÷àñòêîâ êîíòàêòà è çàçîðà ïàëü-

öà ñ ðàñòî÷êîé øàòóíà, íàïðèìåð, â ò. B, âîçíè-

êàþò ðàäèàëüíàÿ ñèëà NB, òàíãåíöèàëüíàÿ ñèëà

QB è èçãèáàþùèé ìîìåíò MB (àíàëîãè÷íàÿ êàð-

òèíà áóäåò íàáëþäàòüñÿ è â ò. A). Ïîñêîëüêó æå-

ñòêîñòü ïàëüöà íà íåñêîëüêî ïîðÿäêîâ áîëüøå

æåñòêîñòè ãîëîâêè øàòóíà, òî [6] íà ó÷àñòêå êîí-

òàêòà BO áóäåò äåéñòâîâàòü ïîñòîÿííûé èçãè-

áàþùèé ìîìåíò MB. Èç óñëîâèÿ ñîïðÿæåíèÿ ó÷à-

ñòêîâ AB è BO èçãèáàþùèå ìîìåíòû ðàâíû:

MB = M*. Ìîìåíò â òåêóùåì ñå÷åíèè, ïðè íà÷à-

ëå îòñ÷åòà óãëà á îò ãðàíèöû ó÷àñòêîâ (êîíòàêò-

íûé óãîë 2á0), ñîñòàâèò

M = M* + NB(1 – cos á) – QBr sin á. (2)

Òîãäà óðàâíåíèå óïðóãîé ëèíèè êîëüöà [6] áóäåò

èìåòü âèä
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Ïîäñòàâèâ ôîðìóëó (2) â óðàâíåíèå (3), ïîëó÷èì
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ãäå W = –dV/dá — ðàäèàëüíîå ñìåùåíèå òî÷êè

êîíòàêòà; V — îêðóæíîå ñìåùåíèå òî÷êè êîëüöà;

r — ðàäèóñ óïðóãîé ëèíèè êîëüöà.

Óãîë ïîâîðîòà íîðìàëè (') îïðåäåëèì èç âû-

ðàæåíèÿ [6]

( � �

V

r r

W1 d

d�

.

Êàê îòìå÷åíî â ðàáîòå [7], èñïîëüçóÿ ãðàíè÷-

íûå óñëîâèÿ ïðè á = 0 è á = ð – á0, ìîæíî îïðå-

äåëèòü çíà÷åíèÿ ñèëîâûõ ôàêòîðîâ N è Q êàê

ôóíêöèé óãëà á. Ìåòîäîì ÷èñëåííîãî ýêñïåðè-

ìåíòà ñ èñïîëüçîâàíèåì ôîðìóëû (4) íàõîäèëè

íàïðÿæåíèÿ â çîíå îò óãëà á0 äî óãëà ïåðåõîäà ãî-

ëîâêè â ñòåðæåíü øàòóíà. Ïðè ýòîì âàðüèðîâàëè

ýêñïëóàòàöèîííûå íàãðóçêè è çàçîðû â ñîïðÿæå-

íèè øàòóí – ïàëåö. Ðàñ÷åò íàïðÿæåííîãî ñîñòîÿ-

íèÿ ãîëîâêè øàòóíà ïðîâîäèëè äëÿ ñå÷åíèé, íà-

õîäÿùèõñÿ â ïðåäåëàõ óãëîâ îò á, ñîîòâåòñòâó-

þùåãî îêîí÷àíèþ çîíû êîíòàêòà, äî ö = 135°

(ñì. ðèñ. 1). Çàäàííûå íàãðóçêè ñîîòâåòñòâîâàëè

ýêñïëóàòàöèîííûì: 180 êÍ ïðè íîìèíàëüíîì

ðåæèìå ðàáîòû; 250 êÍ — ïðè ðàáîòå ñ ïåðåãðóç-

êîé; 100 êÍ — ïðè íåäîãðóçêå ìàøèíû. Çàçîðû

â ñîïðÿæåíèè øàòóííûé ïàëåö — ðàñòî÷êà øà-

òóíà òàêæå çàäàâàëè â ñîîòâåòñòâèè ñ ýêñïëóàòà-

öèîííûìè: êðàéíèå çíà÷åíèÿ — 0,05 è 0,15 ìì.

Ñðåäíåå çíà÷åíèå çàçîðà ïðèíÿëè ðàâíûì

0,1 ìì. Ïî ðåçóëüòàòàì àíàëèòè÷åñêèõ ðàñ÷åòîâ,

â êîòîðûõ âàðüèðîâàëè íàãðóçêè â äåòàëÿõ êðè-

âîøèïíî-øàòóííîãî ìåõàíèçìà è çàçîðû â ñî-

ïðÿæåíèè ðàñòî÷êà øàòóíà – ïàëåö øàòóíà,

îïðåäåëÿëè íàïðÿæåíèÿ, äåéñòâóþùèå â íàèáî-

ëåå íàãðóæåííîì ñå÷åíèè ãîëîâêè øàòóíà. Ðàñ-

ïðåäåëåíèå íàïðÿæåíèé íà âíóòðåííåé ïîâåðõ-

íîñòè ãîëîâêè øàòóíà â çàâèñèìîñòè îò íàãðóçêè

è âåëè÷èíû çàçîðà ïîêàçàíî íà ðèñ. 2.

Äëÿ ýêñïåðèìåíòàëüíîé îöåíêè íàïðÿæåííî-

ãî ñîñòîÿíèÿ øàòóíà áûëè ïðîâåäåíû íàòóðíûå

òåíçîìåòðè÷åñêèå èñïûòàíèÿ ïðè ðàçëè÷íûõ ðå-

æèìàõ ðàáîòû êîìïðåññîðà.

Îñíîâíûìè çàäà÷àìè ýêñïåðèìåíòàëüíûõ èñ-

ñëåäîâàíèé íàïðÿæåííî-äåôîðìèðîâàííîãî ñî-
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Ðèñ. 2. Ðàñïðåäåëåíèå íàïðÿæåíèé íà âíóòðåííåé ïî-

âåðõíîñòè ãîëîâêè øàòóíà, ïîëó÷åííûå ÷èñëåííûì ýêñ-

ïåðèìåíòîì: ñïëîøíàÿ, øòðèõîâàÿ, øòðèõïóíêòèðíàÿ

ëèíèè ñîîòâåòñòâóþò çàçîðàì Ä, ðàâíûì 0,15, 0,10,

0,05 ìì

Fig. 2. Stress distribution on the inner surface of the head

of the connecting rod obtained in numerical experiment:

solid, dashed, and dash-dotted lines correspond to gaps Ä

0.15, 0.10, and 0.05 mm, respectively



ñòîÿíèÿ øàòóíîâ êîìïðåññîðà ÿâëÿëèñü: îïðåäå-

ëåíèå âåëè÷èíû è õàðàêòåðà èçìåíåíèÿ íàãðó-

çîê, äåéñòâóþùèõ íà êðèâîøèïíî-øàòóííûé

ìåõàíèçì êîìïðåññîðà â ïðîöåññå åãî ðàáîòû;

óñòàíîâëåíèå õàðàêòåðà ðàñïðåäåëåíèÿ íàïðÿæå-

íèé â ýëåìåíòàõ øàòóíà ñ âûÿâëåíèåì íàèáîëåå

íàãðóæåííûõ ñå÷åíèé; ñîïîñòàâëåíèå ðåçóëüòà-

òîâ ÷èñëåííîãî ýêñïåðèìåíòà ñ äàííûìè ýêñïå-

ðèìåíòàëüíûõ èññëåäîâàíèé. Òåíçîäàò÷èêè íà-

êëåèâàëè íà ãîëîâêó øàòóíà ïî ñõåìå, ïðåäñòàâ-

ëåííîé íà ðèñ. 3. Áûëè ïðèíÿòû íåîáõîäèìûå

ìåðû äëÿ çàùèòû òåíçîäàò÷èêîâ îò êîððîçèîí-

íîé ñðåäû, òåìïåðàòóðíûõ âëèÿíèé è ýëåêòðè÷å-

ñêèõ íàâîäîê. Äëÿ èñêëþ÷åíèÿ âëèÿíèÿ âîçíè-

êàþùèõ òåìïåðàòóðíûõ äåôîðìàöèé èñïîëüçî-

âàëè êîìïåíñàöèîííûå òåíçîäàò÷èêè, êîòîðûå

íàêëåèâàëè íà ïëàñòèíû, èçãîòîâëåííûå èç òîãî

æå ìàòåðèàëà, ÷òî è øàòóí. Êà÷åñòâî ñóøêè

òåíçîäàò÷èêîâ ïðîâåðÿëè ìåãîìåòðîì. Ìåñòà íà-

êëåéêè òåíçîäàò÷èêîâ çàêðûâàëè ëàâñàíîâîé

ïëåíêîé, ïîâåðõ êîòîðîé íàíîñèëè ãåðìåòèçè-

ðóþùåå ïîêðûòèå íà îñíîâå áèòóìíûõ ìàññ,

ñîñòàâëåííûõ ïî ðåöåïòóðå è òåõíîëîãèè, ïðèâå-

äåííûõ â [8]. Ïîñëå íàíåñåíèÿ ïîêðûòèÿ äîïîë-

íèòåëüíî êîíòðîëèðîâàëè ñîïðîòèâëåíèå èçî-

ëÿöèè, öåëîñòíîñòü òåíçîäàò÷èêîâ è îòñóòñòâèå

êîðîòêîãî çàìûêàíèÿ íà ìàññó øàòóíà. Òåíçî-

ìåòðè÷åñêèå èñïûòàíèÿ ïðîâîäèëè ïðè ðàçëè÷-

íûõ ðåæèìàõ ðàáîòû êîìïðåññîðà. Ïîëó÷åííûé

â ðåçóëüòàòå ýêñïåðèìåíòà ìàññèâ äàííûõ îáðà-

áàòûâàëè ñòàòèñòè÷åñêèìè ìåòîäàìè äèñïåðñè-

îííîãî àíàëèçà [9, 10]. Ðàñïðåäåëåíèå íàïðÿæå-

íèé íà âíóòðåííåé è íàðóæíîé ñòîðîíå ãîëîâêè

øàòóíà ïðåäñòàâëåíî íà ðèñ. 4.

Îáñóæäåíèå ðåçóëüòàòîâ

Àíàëèç ðàñïðåäåëåíèÿ íàïðÿæåíèé, ïîëó÷åí-

íûõ ðàñ÷åòîì, ïîçâîëÿåò îöåíèòü òåíäåíöèþ èõ

èçìåíåíèÿ â çàâèñèìîñòè îò âåëè÷èí ïðèëîæåí-

íîé íàãðóçêè, çàçîðîâ â ñîïðÿæåíèè, à òàêæå èç-

ìåíåíèå óãëîâûõ êîîðäèíàò ñå÷åíèé ñ ýêñòðå-

ìàëüíûìè çíà÷åíèÿìè íàïðÿæåíèé. Èç ðèñ. 2

âèäíî, êàê ìåíÿåòñÿ õàðàêòåð ðàñïðåäåëåíèÿ íà-

ïðÿæåíèé íà âíóòðåííåé ïîâåðõíîñòè ãîëîâêè

øàòóíà ñ óâåëè÷åíèåì íàãðóçîê. Ïîêàçàíî âëèÿ-

íèå çàçîðà íà ðîñò íàïðÿæåíèé â ñå÷åíèÿõ ãîëîâ-

êè è íà êîîðäèíàòû ñå÷åíèé ñ ìàêñèìàëüíûìè

íàïðÿæåíèÿìè. Óâåëè÷åíèå çàçîðà îò ìèíèìàëü-

íîé äî ìàêñèìàëüíîé âåëè÷èíû âûçûâàåò ðîñò

íàïðÿæåíèé íà 20 – 30 %. Ñ ïîâûøåíèåì íàãðó-

çîê â ïðåäåëàõ îäíîé âåëè÷èíû çàçîðà â ñîïðÿ-

æåíèè êîîðäèíàòû ñå÷åíèÿ ñ ìàêñèìàëüíûìè íà-

ïðÿæåíèÿìè ñìåùàþòñÿ â ñòîðîíó óâåëè÷åíèÿ

óãëà ö (ñì. ðèñ. 2). Óâåëè÷åíèå çàçîðà ïðè îäíîé

è òîé æå íàãðóçêå, íàîáîðîò, ïðèâîäèò ê ñìåùå-

íèþ óãëà ö â ìåíüøóþ ñòîðîíó.

Ïî ðàñïðåäåëåíèþ íàïðÿæåíèé ïî óãëîâûì

ñå÷åíèÿì ãîëîâêè øàòóíà äëÿ âíóòðåííåé è

âíåøíåé ïîâåðõíîñòåé ãîëîâêè øàòóíà ïðè äåé-

ñòâèè ðàñòÿãèâàþùèõ ñèë 250 è 180 êÍ (ñì.

ðèñ. 4) âèäíî, ÷òî ñ ðîñòîì íàãðóçîê áîëåå ðåçêî

óâåëè÷èâàþòñÿ íàïðÿæåíèÿ äëÿ ñå÷åíèé âíóò-

ðåííåé ïîâåðõíîñòè ãîëîâêè øàòóíà ïî ñðàâíå-

íèþ ñ åå âíåøíåé ïîâåðõíîñòüþ. Ìàêñèìàëüíûå

âåëè÷èíû íàïðÿæåíèé, äåéñòâóþùèå íà âíó-

òðåííåé ïîâåðõíîñòè ãîëîâêè øàòóíà, â 2,7 – 2,9

ðàçà ïðåâûøàþò íàïðÿæåíèÿ íà íàðóæíîé ïî-

âåðõíîñòè ãîëîâêè. Ýòî ñîîòâåòñòâóåò òîìó, ÷òî

âñå èìåâøèå ìåñòî ñëó÷àè îáðàçîâàíèÿ òðåùèí è

ðàçðóøåíèÿ íà÷èíàëèñü ñ âíóòðåííèõ ïîâåðõ-

íîñòåé ãîëîâîê. Îòñþäà ñëåäóåò, ÷òî äëÿ îöåíêè
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à á

Ðèñ. 3. Ðàñïîëîæåíèå òåíçîäàò÷èêîâ íà âíóòðåííåé (à) è âíåøíåé (á) ïîâåðõíîñòÿõ ãîëîâêè øàòóíà

Fig. 3. Location of load cells on the inner (a) and outer (b) surfaces of the head of the connecting rod



ïðî÷íîñòè è íàäåæíîñòè øàòóíîâ êîìïðåññîðà

íåîáõîäèìî â ïåðâóþ î÷åðåäü ó÷èòûâàòü íàïðÿ-

æåíèÿ, âîçíèêàþùèå íà âíóòðåííèõ ïîâåðõ-

íîñòÿõ ãîëîâîê øàòóíîâ êîìïðåññîðîâ. Çàâèñè-

ìîñòü íàïðÿæåíèé îò òèïà è âåëè÷èíû íàãðóçêè

ïîêàçûâàåò, ÷òî ðàñòÿãèâàþùèå íàãðóçêè îêàçû-

âàþò áîëüøåå âëèÿíèå íà ðîñò íàïðÿæåíèé, ÷åì

ñæèìàþùèå (ðèñ. 5).

Ñîïîñòàâëÿÿ ðåçóëüòàòû ÷èñëåííîãî è íàòóð-

íîãî ýêñïåðèìåíòîâ (ðèñ. 6), ìîæíî ñäåëàòü âû-

âîä, ÷òî îíè äàþò àíàëîãè÷íóþ îöåíêó ðàñïðå-

äåëåíèÿ íàïðÿæåíèé, íî ÷èñëåííûé ýêñïåðè-

ìåíò — áîëåå êîíñåðâàòèâíóþ ïî èõ âåëè÷èíàì.

Êðîìå òîãî, ÷èñëåííûé ýêñïåðèìåíò ïîçâîëÿåò

îöåíèòü îäíîâðåìåííîå âëèÿíèå óâåëè÷åíèÿ çà-

çîðîâ íà ðîñò íàïðÿæåíèé, ÷òî ïðàêòè÷åñêè íå-

âîçìîæíî ñäåëàòü ïóòåì ýêñïåðèìåíòàëüíûõ

èññëåäîâàíèé [11]. Ïðîâåäåííûå ýêñïåðèìåí-

òàëüíûå èñïûòàíèÿ ïîçâîëèëè îïðåäåëèòü íà-

ïðÿæåíèÿ â ãîëîâêå øàòóíà â ïðîöåññå ýêñïëóà-

òàöèè. Òåíçîìåòðè÷åñêèå èñïûòàíèÿ ïîêàçàëè,

÷òî øàòóí ðàáîòàåò ïðè ðåãóëÿðíîé ïåðåìåííîé

íàãðóæåííîñòè ñ àñèììåòðè÷íûì öèêëîì. Óñòà-

íîâëåíî, ÷òî íàèáîëåå íàãðóæåííûì â êðåéö-

êîïôíîé ãîëîâêå øàòóíà ÿâëÿåòñÿ âíóòðåííÿÿ

ïîâåðõíîñòü åå ñðåäíåé ÷àñòè, ðàñïîëîæåííàÿ â

ïðåäåëàõ óãëà ö = 95 – 115°. Äëÿ äàííîãî ñå÷å-

íèÿ øàòóíà, êàê íàèáîëåå íàãðóæåííîãî, ïðîâå-

äåíà îöåíêà âåðîÿòíîñòè ðàçðóøåíèÿ â çàâè-

ñèìîñòè îò íàãðóçêè è âåëè÷èíû çàçîðà c èñïîëü-
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Ðèñ. 4. Ðàñïðåäåëåíèå íàïðÿæåíèé ïî óãëîâûì ñå÷åíèÿì ãîëîâêè øàòóíà ïðè äåéñòâèè ðàñòÿãèâàþùèõ ñèë 250 (à) è

180 êÍ (á): Á1 è Á2 — âíóòðåííÿÿ è âíåøíÿÿ ïîâåðõíîñòè ãîëîâêè øàòóíà

Fig. 4. Stress distribution on the angular cross sections of the head of the connecting rod under the impact of tensile force: a

— 250 kN; b — 180 kN; B1 — the inner and B2 — the outer surfaces of the head of the connecting rod
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Ðèñ. 5. Ðàñïðåäåëåíèå íàïðÿæåíèé ïî óãëîâûì ñå÷åíè-

ÿì ãîëîâêè øàòóíà ïðè äåéñòâèè ðàñòÿãèâàþùåé ñèëû

180 êÍ: 1 — ðàñòÿæåíèå; 2 — ñæàòèå

Fig. 5. Stress distribution on the angular cross section of

the head of the connecting rod under the impact of tensile

force 180 kN: 1 — stretching, 2 — compression
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Ðèñ. 6. Ðàñïðåäåëåíèå íàïðÿæåíèé íà âíóòðåííåé ïî-

âåðõíîñòè ãîëîâêè øàòóíà, ïîëó÷åííûõ ðàñ÷åòîì (Á1) è

ýêñïåðèìåíòàëüíî (Á2)

Fig. 6. Stress distribution on the inner surface of the head

of the connecting rod, obtained by calculation (B1) and ex-

perimentally (B2)



çîâàíèåì äàííûõ î íàïðÿæåííî-äåôîðìèðîâàí-

íîì ñîñòîÿíèè ãîëîâêè øàòóíà ïðè ýêñïëóàòàöè-

îííîì íàãðóæåíèè (ñì. òàáëèöó).

Õàðàêòåðèñòèêè ñîïðîòèâëåíèÿ óñòàëîñòè

øàòóíà îïðåäåëÿëè ïî ðåêîìåíäàöèÿì [12, 13] è

ÃÎÑÒ 25.504 «Ðàñ÷åòû è èñïûòàíèÿ íà ïðî÷-

íîñòü â ìàøèíîñòðîåíèè. Ìåòîäû ðàñ÷åòà õàðàê-

òåðèñòèê ñîïðîòèâëåíèÿ óñòàëîñòè». Øàòóí èçãî-

òîâëåí èç ñòàëè 40Õ, äëÿ êîòîðîé íà îñíîâå ñïðà-

âî÷íûõ äàííûõ ïðåäåë âûíîñëèâîñòè ó–1 = 280 –

290 ÌÏà. Ïðåäåë âûíîñëèâîñòè øàòóíà îïðåäå-

ëÿëè ïî ìåòîäèêå, ïðèâåäåííîé â ÃÎÑÒ 25.504

ïî ôîðìóëå

ó–1ä = ó–1/K, (5)

ãäå ó–1ä — ïðåäåë âûíîñëèâîñòè äåòàëè; K — êî-

ýôôèöèåíò ñíèæåíèÿ ïðåäåëà âûíîñëèâîñòè,

ó÷èòûâàþùèé ñîâìåñòíîå âëèÿíèå êîíöåíòðà-

öèè íàïðÿæåíèé, ñíèæåíèå ïðåäåëà âûíîñëè-

âîñòè ïðè óâåëè÷åíèè ðàçìåðà äåòàëè (ìàñøòàá-

íûé ôàêòîð), êà÷åñòâî ïîâåðõíîñòíîé îáðàáîò-

êè, ïîâåðõíîñòíîå óïðî÷íåíèå, àíèçîòðîïèþ

ìàòåðèàëà. Âåðîÿòíîñòü ðàçðóøåíèÿ äåòàëè

îöåíèâàëè, èñïîëüçóÿ ãèïîòåçó Ñ. Â. Ñåðåíñåíà –

Â. Ï. Êîãàåâà [12] î ïîñòåïåííîì ñíèæåíèè ïðå-

äåëà âûíîñëèâîñòè âñëåäñòâèå öèêëè÷åñêèõ

íàãðóçîê:

) )

)

)
� � �

� �

� � �

�

�

�

�

�

�

�

�

 

!

"

"

#

$

%

%

1 1 1

1 1

1 1
i i

i

i

i

i

n

N
k

a
. (6)

Çäåñü ó–1i — ïðåäåë âûíîñëèâîñòè èñõîäíîãî ìà-

òåðèàëà, ñîîòâåòñòâóþùèé áàçå 107 öèêëîâ, íå

ïîäâåðãàâøåãîñÿ ïðåäâàðèòåëüíîìó íàãðóæå-

íèþ; k — ïàðàìåòð, õàðàêòåðèçóþùèé èíòåíñèâ-

íîñòü ñíèæåíèÿ ïðåäåëà âûíîñëèâîñòè îò ïðåä-

âàðèòåëüíîãî íàãðóæåíèÿ; Ni — ÷èñëî öèêëîâ ïî

êðèâîé óñòàëîñòè èñõîäíîãî ìàòåðèàëà, ñîîòâåò-

ñòâóþùåå àìïëèòóäå íàãðóæåíèÿ óai. Ïðàêòè÷å-

ñêèé îïûò èñïîëüçîâàíèÿ óðàâíåíèÿ (6) ïîêàçàë,

÷òî âåëè÷èíó k ìîæíî ïðèíÿòü ðàâíîé 1,65. Ïðè

ðàñ÷åòå ïî ôîðìóëå (6) ïðèíÿòû äîïóùåíèÿ, ÷òî

àìïëèòóäû â áëîêå íàãðóæåíèÿ ðàñïîëîæåíû ïî

óáûâàþùåé è öèêëè÷åñêîå íàãðóæåíèå óæå ïî-

âðåæäåííûõ ïðåäâàðèòåëüíûì öèêëè÷åñêèì

íàãðóæåíèåì îáðàçöîâ ïðèâåäåò ê íîâîìó ñíèæå-

íèþ ïðåäåëà âûíîñëèâîñòè.

Àëãîðèòì ðàñ÷åòà äîëãîâå÷íîñòè ñ èñïîëüçî-

âàíèåì ôîðìóëû (6) ïðèâåäåí â [13]. Âåðîÿò-

íîñòü ðàçðóøåíèÿ äåòàëè çà íàçíà÷åííûé ïåðè-

îä ýêñïëóàòàöèè ïðè çàäàííîì çàêîíå ðàñïðåäå-

ëåíèÿ àìïëèòóä íàïðÿæåíèé èëè áëîêå íàãðóæå-

íèÿ, ïîëó÷åííûìè ýêñïåðèìåíòàëüíî, îïðåäåëÿ-

ëè ñ ïîìîùüþ êâàíòèëè

u
n

n
ð � �

�
�

1
2 2 2

1

~

~
,

� �
) �

(7)

ãäå ~n = nð/n îòíîñèòåëüíûé êîýôôèöèåíò çàïà-

ñà, nð = óa max/ó–1 — ïðåäåëüíûé êîýôôèöèåíò

íàãðóæåííîñòè; n = ) )amax �1ä — îòíîøåíèå

ñðåäíåãî çíà÷åíèÿ ìàêñèìàëüíîé àìïëèòóäû â

áëîêå íàãðóæåíèÿ ê ñðåäíåìó ïðåäåëó âûíîñ-

ëèâîñòè; íó–1 — êîýôôèöèåíò âàðèàöèè ïðåäåëà

âûíîñëèâîñòè; íå — êîýôôèöèåíò âàðèàöèè

ìàêñèìàëüíûõ àìïëèòóä â áëîêå íàãðóæåíèÿ.

Ïðåäåëüíûé êîýôôèöèåíò íàãðóæåííîñòè nð =

= óa max/ó–1 îáîçíà÷àåò, ÷òî ïðè óa max/ó–1 > nð

óñòàëîñòíûå ðàçðóøåíèÿ íàñòóïÿò äî èñòå÷åíèÿ

ñðîêà ñëóæáû èëè çàäàííîãî çíà÷åíèÿ äîëãîâå÷-

íîñòè, à ïðè óa max/ó–1 < nð ðàçðóøåíèé íå áóäåò.

Ïî ïîëó÷åííûì çíà÷åíèÿì êâàíòèëåé ñ èñïîëü-

çîâàíèåì òàáëèö ìàòåìàòè÷åñêîé ñòàòèñòèêè

[14] îïðåäåëÿëè âåðîÿòíîñòü ðàçðóøåíèÿ. Ñ èñ-

ïîëüçîâàíèåì ôîðìóë (6) è (7) ïî àëãîðèòìó,

ïðèâåäåííîìó â [13], îöåíåíà âåðîÿòíîñòü ðàç-

ðóøåíèÿ øàòóíà â çàâèñèìîñòè îò âåëè÷èí íà-
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Characteristics of variable stresses acting on the connecting rod in operation

Ñðåäíåå çíà÷åíèå
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òóäû öèêëà óàý, ÌÏà
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Ðèñ. 7. Âåðîÿòíîñòü ðàçðóøåíèÿ øàòóíîâ â çàâèñèìîñòè

îò íàãðóçêè è çàçîðà â ñîïðÿæåíèè. Çíà÷åíèÿ ïîðøíåâûõ

ñèë: 1 — 250 êÍ; 2 — 180 êÍ; 3 — 100 êÍ

Fig. 7. Dependence of the probability of failure of the con-

necting rod on the load and gap in the coupling: 1 — 250 kN;

2 — 180 kN; 3 — 100 kN



ãðóçêè è çàçîðà. Ðåçóëüòàòû ðàñ÷åòà ïðåäñòàâëå-

íû íà ðèñ. 7.

Çàêëþ÷åíèå

Íàïðÿæåíèÿ â ãîëîâêå øàòóíà îïïîçèòíîãî

êîìïðåññîðà, íàéäåííûå ÷èñëåííûìè ìåòîäàìè

èññëåäîâàíèÿ, ïðåâûñèëè íàïðÿæåíèÿ, îïðå-

äåëåííûå ýêñïåðèìåíòàëüíî, íà 7 – 22 % è äàëè

áîëåå êîíñåðâàòèâíóþ îöåíêó íàïðÿæåííîãî

ñîñòîÿíèÿ. Èñïîëüçîâàíèå ðàñ÷åòíûõ ìåòîäîâ

îïðåäåëåíèÿ íàïðÿæåíèé ïîçâîëÿåò îöåíèòü

âëèÿíèå íàãðóçîê, çàçîðîâ â ñîïðÿæåíèè ïàëåö –

ãîëîâêà øàòóíà è çàáëàãîâðåìåííî ïðèíÿòü íå-

îáõîäèìûå ìåðû ïî ïîääåðæàíèþ òðåáóåìîãî

óðîâíÿ âåðîÿòíîñòè áåçîòêàçíîé ðàáîòû.

ËÈÒÅÐÀÒÓÐÀ

1. Ãóñåâ Á. Ì., Íåñâèæñêèé Ô. À., Ïåòðîâà È. Ì., Ôèëè-

ìîíîâ Ì. À. Ïîâûøåíèå íàäåæíîñòè îïïîçèòíûõ êîìïðåñ-

ñîðîâ / Ýêñïðåññ-èíôîðìàöèÿ. Îòå÷åñòâåííûé ïðîèçâîäñò-

âåííûé îïûò. Ñåðèÿ àçîòíàÿ ïðîìûøëåííîñòü. 1986. ¹ 4.

Ñ. 8 – 10.

2. Ïåòðîâà È. Ì., Ôèëèìîíîâ Ì. À. Âåðîÿòíîñòü îòêàçà ýëå-

ìåíòîâ ìåõàíè÷åñêîé ñèñòåìû â çàâèñèìîñòè îò çàçîðîâ /

Ïðîáëåìû ìàøèíîñòðîåíèÿ è íàäåæíîñòè ìàøèí. 2018. ¹ 2.

Ñ. 25 – 29.

3. Ãðèá Â. Â., Ïåòðîâà È. Ì., Ðîìàíîâ À. Í. Îöåíêà âåðîÿò-

íîñòè îòêàçà ìåõàíè÷åñêèõ ñèñòåì ìîäåëèðîâàíèåì òåõíè÷å-

ñêîãî ñîñòîÿíèÿ / Ïðîáëåìû ìàøèíîñòðîåíèÿ è íàäåæíîñòè

ìàøèí. 2016. ¹ 5. Ñ. 55 – 60.

4. Ôåîäîñüåâ Â. È. Ñîïðîòèâëåíèå ìàòåðèàëîâ. — Ì.: ÌÃÒÓ,

2018. — 543 ñ.

5. Ãîëüáàö-Êîêèí Ý. Ì. Ðàñ÷åò ïîðøíåâîé ãîëîâêè øàòóíà ñ

ó÷åòîì åå æåñòêîñòè è çàçîðà ïîñàäêè â íåé ïàëüöà / Ýíåðãî-

ìàøèíîñòðîåíèå. 1969. ¹ 8. Ñ. 39 – 41.

6. Áîÿðøèíîâ Ñ. Â. Îñíîâû ñòðîèòåëüíîé ìåõàíèêè ìà-

øèí. — Ì.: Ìàøèíîñòðîåíèå. 1973. — 456 ñ.

7. Ïåòðîâà È. Ì., Ôèëèìîíîâ Ì. À. Îöåíêà íàäåæíîñòè øà-

òóíîâ êîìïðåññîðà / Ïðîáëåìû ìàøèíîñòðîåíèÿ è íàäåæíî-

ñòè ìàøèí. 2018. ¹ 2. Ñ. 25 – 29.

8. Òåíçîìåòðû â ìàøèíîñòðîåíèè: Ñïðàâî÷íîå ïîñîáèå / Ïîä

ðåä. Ð. Ë. Ìàêàðîâà — Ì.: Ìàøèíîñòðîåíèå, 1975. — 288 ñ.

9. Ñòåïíîâ Ì. Í. Ñòàòèñòè÷åñêàÿ îáðàáîòêà ðåçóëüòàòîâ ìåõà-

íè÷åñêèõ èñïûòàíèé. — Ì.: Ìàøèíîñòðîåíèå, 1972. — 232 ñ.

10. Õèêñ ×. Îñíîâíûå ïðèíöèïû ïëàíèðîâàíèÿ ýêñïåðèìåí-

òà. — Ì.: Ìèð, 1967. — 405 ñ.

11. Ãðèá Â. Â., Ñàôîíîâ Á. Ï., Æóêîâ Ð. Â. Äèíàìèêà ìåõà-

íèçìà äâèæåíèÿ ïîðøíåâîãî êîìïðåññîðà ñ ó÷åòîì çàçîðîâ â

ïîäâèæíûõ ñîåäèíåíèÿõ / Âåñòíèê ìàøèíîñòðîåíèÿ. 2002.

¹ 4. Ñ. 3 – 7.

12. Êîãàåâ Â. Ï. Ðàñ÷åòû íà ïðî÷íîñòü ïðè íàïðÿæåíèÿõ, ïåðå-

ìåííûõ âî âðåìåíè. — Ì.: Ìàøèíîñòðîåíèå, 1993. — 363 ñ.

13. ÌÓ. Ðàñ÷åòû äåòàëåé ìàøèí íà âûíîñëèâîñòü â âåðîÿòíîñò-

íîì àñïåêòå. Ðåäàêòîðû: À. Ï. Ãóñåíêîâ, È. Ì. Ïåòðîâà,

È. Â. Ãàäîëèíà. — Ì.: ÈÌÀØ ÐÀÍ — ÌÖÍÒÈ, 1991. — 85 ñ.

14. Áîëüøåâ Ë. Í., Ñìèðíîâ Í. Â. Òàáëèöû ìàòåìàòè÷åñêîé

ñòàòèñòèêè. — Ì.: Íàóêà, 1965. — 464 ñ.

REFERENCES

1. Gusev B. M., Nesvizh F. A., Petrova I. M., Filimonov M. A.

Improving the reliability of opposition compressors / Ékspress-

inf. Otech. Proizv. Opyt. Ser. Azot. Promyshl. 1986. N 4. P. 8 –

10 [in Russian].

2. Petrova I. M., Filimonov M. A. Probability of failure of me-

chanical system elements depending on the gaps / Probl. Mashi-

nostr. Nadezhn. Mashin. 2018. N 2. P. 25 – 29 [in Russian].

3. Grib V. V., Petrova I. M., Romanov A. N. Evaluation of the

probability of failure of mechanical systems modeling of techni-

cal condition / Probl. Mashinostr. Nadezhn. Mashin. 2016. N 5.

P. 55 – 60 [in Russian].

4. Feodosiev V. I. Resistance of materials. — Moscow: MGTU,

1970. — 560 p. [in Russian].

5. Gol’bats-Kokin E. M. Calculation of the piston connecting

rod taking into account its stiffness and clearance of finger /

Énergomashinostroenie. 1969. N 8. P. 39 – 41 [in Russian].

6. Boyarshinov S. V. Fundamentals of structural mechanics of

machines. — Moscow: Mashinostroenie, 1973. — 456 p. [in

Russian].

7. Petrova I. M., Filimonov M. A. Evaluation of the reliability

of the connecting rod of the compressor / Probl. Mashinostr. Na-

dezhn. Mashin. 2018. N 2. P. 25 – 29 [in Russian].

8. Strain gauges in mechanical engineering. Reference book /

R. L. Makarov (ed.). — Moscow: Mashinostroenie, 1975. —

287 p. [in Russian].

9. Stepnov M. N. Statistical processing of mechanical test re-

sults. — Moscow: Mashinostroenie, 1972. — 232 p. [in Rus-

sian].

10. Hicks C. Basic principles of planning the experiment. — Mos-

cow: Mir, 1967. — 405 p. [in Russian].

11. Grib V. V., Safonov B. P., Zhukov R. V. Dynamics of the

mechanism of movement of the piston compressor taking into

account the gaps in the movable joints / Vestn. Mashinostr.

2002. N 4. P. 3 – 7 [in Russian].

12. Kogaev V. P. Strength calculations at stresses variable in

time. — Moscow: Mashinostroenie, 1993. — 363 p. [in Russian].

13. MU. Calculations of machine parts for endurance in the proba-

bilistic aspect / A. P. Gusenkov, I. M. Petrova, I. V. Gadolina,

Eds. — Moscow: IMASh RAN – MTsNTI, 1991. — 85 p. [in

Russian].

14. Bol’shev L. N., Smirnov N. I. Tables of mathematical statis-

tics. — Moscow: Nauka, 1965. — 464 p. [in Russian].

58 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 5


