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Verification of Crankshaft Design and Fatigue Strength for 
in-line and v-type Marine Diesel Engines 

1 Introduction

Ea�� p��pul���n ma��ne ��e�el en��ne ��all be te�ted 
and �e�t��ed �n ��de� t� be u�ed �nb�a�d a ���p. T�e 
ne�e��a�y p�e-��nd�t��n ��� �e�t���at��n �� t�e app��val 
�� t�e en��ne p��t�type. T��� p���e�� �� ��mm�nly �alled 
t�e type app��val and pe����med unde� �upe�v����n 
�� �la�����at��n ����et�e�. T�e en��ne type app��val 
p���edu�e ��n���t� �� �eve�al p�a�e�: app��val �� 
d��umentat��n and t�e type te�t p����am, �upe�v����n 
du��n� t�e type te�t �� t�e en��ne, �ev�ew �� t�e �bta�ned 
�e�ult� and ���uan�e �� t�e Type App��val �e�t���ate [1]. 
�la�����at��n ����ety �n ��a��e pe����m� all t�e�e �tep�. 

T�e e��ent�al �tep �n t�e d��umentat��n app��val p�a�e 
�� t�e app��val �� ��an���a�t de���n, w�t� �e�pe�t t� �t� 
�at��ue �t�en�t�. A �a�lu�e �n t��� p�a�e may �ave an 
adve��e e��e�t �n en��ne p��je�t, ��n�t�u�t��n, p��du�t��n, 
te�t�n� and e�pe��ally �n �t� expl��tat��n.

Unde��tand�n� t�e �mp��tan�e �� t�e ��an���a�t de���n 
app��val, t�e Inte�nat��nal A�����at��n �� �la�����at��n 
S���et�e� (IA�S), �n �l��e ���pe�at��n w�t� t�e 
Inte�nat��nal ��un��l �n ��mbu�t��n En��ne� (�IMA�, 
t�e en��ne bu�lde��’ a�����at��n), devel�ped t�e Un��ed 
Requ��ement UR M53 – �al�ulat��n �� ��an���a�t� ��� 
Inte�nal ��mbu�t��n En��ne� �n 1986. T��� d��ument 
wa� �ev��ed �n 2004, t� ta�e �nt� a���unt ��me �mp��tant 
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O����nal ���ent��� pape�
�e���n app��val �� ma��ne ��e�el en��ne� ��an���a�t� ��, �n �ene�al, ba�ed up�n t�e 
Te��n��al Rule� �� �la�����at��n ����et�e�. T�e�e Rule� �e�ula�ly ��nta�n p��v����n� 
�� t�e IA�S UR M53 d��ument: �al�ulat��n �� ��an���a�t� ��� Inte�nal ��mbu�t��n 
En��ne�. T�e a��eptan�e ���te��a a�e �elated t� �at��ue �t�en�t�. T�e ma�n d�awba�� �� 
t��� d��ument �� t�at an e��ent�al pa�t �� t�e p���edu�e �� n�t de�ned – ��w t� dete�m�ne 
��nemat�� value� and w���� ����e� ��all be ta�en �nt� a���unt �n t�e ��mpl��ed ��n�le 
��an� �e��p���at�n� me��an��m m�del �� �n-l�ne and V-type en��ne�. Add�t��nally, a� t�e 
de���n app��val �ta�t� ���m t�e �yl�nde� p�e��u�e v�. ��an� an�le �u�ve �ubm�tted by t�e 
en��ne manu�a�tu�e�, t�e�e value� �an be u�ed ��� d��e�t evaluat��n �� t�����nal v�b�at��n 
ex��tat��n ����e�. 
T��� pape� a�m� t� �ll t�e ab�ve-ment��ned �ap, p�e�ent�n� t�e p���edu�e �y�temat��ed 
by t�e aut���� t� evaluate all t�e ��nemat�� value� and ����e� �elevant ��� ��an���a�t 
�at��ue �t�en�t� val�dat��n. T�e ba��� �dea �� t� �ta�t t�e analy��� ���m t�e ��nne�t�n� 
��d, �n�tead �� t�e p��t�n. T�e t����n�met��� app��x�mat��n p���edu�e ��� �yl�nde� 
p�e��u�e� (ne�e��a�y ��� V-type en��ne� ��an���a�t �at��ue �t�en�t�) and ��� tan�ent�al 
����e� (ne�e��a�y t� dete�m�ne t�����nal v�b�at��n ex��tat��n) �� al�� p�e�ented. T�e ent��e 
�al�ulat��n �� �llu�t�ated �n a �ele�ted a�tual en��ne example. 

Provjera konstrukcijskog oblika i zamorne čvrstoće 
koljenastog vratila rednih i V brodskih dizel motora

Izv��n�znan�tven� člana�
Kla����a��j��a d�uštva u p�av�lu ��n�vaju �d�b�enje ��n�t�u���je ��ljena�t�� v�at�la na 
�v�j�m Te�n�č��m p�av�l�ma. P�av�la u�b�čajen� �ad�že �d�edbe d��umenta IA�S UR 
M53: P���ačun ��ljena�t�� v�at�la b��d���� d�zel���� m�t��a. K��te��j� p���vatlj�v��t� �u 
p�vezan� �a zam��n�m čv��t�ć�m. Glavn� ned��tata� �v�� d��umenta je t� št� b�tan d�� 
�jel�v�t�� p��tup�a nj�me n�je �d�eđen – �a�� �d�ed�t� ��nemat�č�e vel�č�ne, te ��je ��le 
t�eba uzet� u �bz�� u p�jedn��tavljen�m m�delu �tapn�� me�an�zma � jedn�m ��ljen�m 
za �edne � V m�t��e. ��datn� � t�me, buduć� da �d�b�enje zap�č�nje �d ���vulje tla��va 
u ��l�nd�u � �v��n��t� � �utu ��n�� ��ljena, ��ju d��tavlja p���zv�đač m�t��a, �ve �e 
vel�č�ne m��u �����t�t� u nep���edn�m p���ačunu uzbudn�� ��la t��z�j���� v�b�a��ja. 
Ov�m �e �ad�m tež� p�pun�t� navedenu p�azn�nu, p���az�m p��tup�a, ��je�a �u aut��� 
u�bl�č�l�, za �d�eđ�vanje �v�� ��nemat�č��� vel�č�na � ��la značajn�� za p��vje�u zam��ne 
čv��t�će ��ljena�t�� v�at�la. Temeljna je zam��a� zap�čet� �d anal�ze �jn��e, umje�t� 
�l�pa �l� �tapa. P���azan je � p��tupa� t����n�met��j��e ap�����ma��je tla��va u ��l�nd�u 
(ne�p��dn�� za zam��nu čv��t�ću ��ljena�t�� v�at�la V m�t��a), �a� � �b�dn�� ��la 
(ne�p��dn�� za �z�ačun p�bude t��z�j���� v�b�a��ja). �jel�v�t� je p���ačun p���azan na 
�zab�an�m p��mje�u �tva�n��a m�t��a.

Nenad.Vul��@�e�b.��



318 Nenad VULIĆ et. al., Ve����at��n �� ��an���a�t �e���n... St��ja��tv� 49 (4) 317-331 (2007)

Symbols/Oznake 
ap  – p��t�n a��ele�at��n, m/�² 
  – ub�zanje �l�pa/�tapa 

Ak  – ����ne F�u��e� ��e����ent 
  – ����nu�n� F�u��e�-�v ��e���jent

B  – ��an�web w�dt�, mm 
  – š���na �amena ��n��a ��ljena

Bk  – ��ne F�u��e� ��e����ent 
  – ��nu�n� F�u��e�-�v ��e���jen

d  – en��ne �yl�nde� b��e, m 
  – p��mje� ��l�nd�a m�t��a

dx  – ��an� p�n d�amete� (D), �� ��an� j�u�nal d�amete�  
    (DG), mm 
  – p��mje� ��na�a ležaja �jn��e (D), �l� p��mje�  
    temeljn�� ��na�a (DG), 

F  – a�t�ve �� �ne�t�al ����e, N 
  – a�t�vna �l� �ne���j��a ��la

Fr  – �e�ultant ����e a�t�n� �n t�e ��an� web  
    pe�pend��ula� t� �t� ax�� �� ��tat��n �n �ad�al  
    d��e�t��n, N 
  – �ezultantna ��la na ��n� ��ljen� ���m�t� na  
    nje��vu �� v�tnje u �ad�jaln�m �mje�u

Ft  – �e�ultant ����e a�t�n� �n t�e ��an� web  
    pe�pend��ula� t� �t� ax�� �� ��tat��n �n tan�ent�al  
    d��e�t��n, N 
  – �ezultantna ��la na ��n� ��ljen� ���m�t� na  
    nje��vu �� v�tnje u �b�dn�m �mje�u

g  – a��ele�at��n �� ��av�ty, m/�² 
  – ub�zanje ��le teže

G=mg  – we���t, N 
  – tež�na

iCR  – �ad�u� �� �ne�t�a �� ��nne�t�n� ��d ab�ut �t�  
    �ent�e �� ��av�ty (�OG), m 
  – p�lumje� t��m��t� ma�e �jn��e ��� tež�šta

JCR  – ma�� m�ment �� �ne�t�a �� t�e ��nne�t�n� ��d  
    a��und �t� �ent�e �� ��av�ty (�OG), ��m² 
  – m�ment t��m��t� ma�e �jn��e ��� tež�šta

K  – �a�t�� �� ��an���a�t p��du�t��n p���e�� 
  – �a�t�� p��tup�a p���zv�dnje ��ljena�t�� v�at�la

Ke  – �a�t�� �� �nfluen�e �� adja�ent ��an� and bea��n�  
    �e�t�a�nt 
  – �a�t�� utje�aja �u�jedn�� ��ljena � �ubn�� uvjeta u  
    ležajev�ma

ℓ  – len�t� �� ��nne�t�n� ��d, m 
  – dulj�na �jn��e 

ℓR  – d��tan�e �� ��nne�t�n� ��d �ent�e �� ��av�ty t�  
    t�e ��an� p�n �ent�e, m 
  – udaljen��t tež�šta �jn��e �d ��ed�šta ��na�a ležaja  
    �jn��e

L1  – d��tan�e between ma�n j�u�nal �ent�e l�ne and  
     ��an�web �ent�e, m 
  – udaljen��t �zmeđu ��ed�šnj�� p�e�je�a temeljn��  
    ležaja � �amena ��n�� ��ljena 

L2  – d��tan�e between ma�n j�u�nal �ent�e l�ne and  
     ��nne�t�n� ��d �ent�e, m 
  – udaljen��t �zmeđu ��ed�šnj�� p�e�je�a temeljn��  
     ležaja � �jn��e

L3  – d��tan�e between tw� adja�ent ma�n j�u�nal  
     �ent�e l�ne�, m 
  – udaljen��t �zmeđu ��ed�šnj�� p�e�je�a dvaju  
     �u�jedn�� temeljn�� ležajeva

m  – numbe� �� �yl�nde� p�e��u�e �un�t��n p(α)  
     d����ete p��nt� 
  – b��j d����etn�� t�ča�a �un���je tla�a u ��l�nd�u  
     p(α)

mCR  – ma�� �� ��nne�t�n� ��d, �� 
  – ma�a �jn��e

mp  – ma�� �� �e��p���at�n� pa�t� (p��t�n, p��t�n p�n /  
     p��t�n ��d and ������ead), �� 
  – ma�a d�jel�va u �tapn�m ��banju (�l�p � ���v�n��a  
     �l�pa, �l� �tap, �tapna m�t�a � ���žna �lava)

mW   – ma�� �� ��tat�n� pa�t� (��an� p�n, ��an� web,  
     ��unte�we���t� and ��nne�t�n� b�lt�), �� 
  – ma�a ��t��ajuć�� d�jel�va  (��na�a ležaja �jn��e,  
     ��n��a ��ljena, temeljn�� ��na�a � p��tuute�a)

M  – a�t�ve �� �ne�t�al m�ment, Nm  
  – a�t�vn� �l� �ne���j��� m�ment

MBrN  – bend�n� m�ment, Nm  
  – m�ment �av�janja

Mt  – a�t�ve m�ment a�t�n� �n t�e ��an�  
     a��und �t� ax�� �� ��tat��n, Nm 
  – a�t�vn� m�ment na ��ljen� ��� ��� v�tnje

n  – en��ne n�m�nal �peed, �pm 
  – naz�vna b�z�na v�tnje m�t��a

N  – ��de� �� t����n�met��� app��x�mat��n 
  – �ed t����n�met��j��e ap�����ma��je

p  – �yl�nde� p�e��u�e, N/m² 
  – tla� u ��l�nd�u

pm,e  – mean e��e�t�ve p�e��u�e, N/m² 
  – p���ječn� e�e�t�vn� tla�

pm,i  – mean �nd��ated p�e��u�e, N/m² 
  – p���ječn� �nd����an� tla�

Pm,i  – mean �nd��ated p�we� pe� �yl�nde�, �W 
  – p���ječna �nd����ana �na�a p� ��l�nd�u, 

Pm,e  – mean e��e�t�ve p�we� pe� �yl�nde�, �W 
  – p���ječna e�e�t�vna �na�a p� ��l�nd�u

QrN  – ��ea� ����e, N 
  – p�p�ečna ��la

r  – ��an� �ad�u� (�al� �� �t���e), m 
  – p�lumje� ��n��a ��ljena (p�l�v�na �tapaja)

rW  – �ad�al p���t��n �� ��tat�n� pa�t� ��mm�n �ent�e  
     �� ��av�ty, m 
  – �ad�jaln� p�l�žaj zajedn�č��� tež�šta ��t��ajuć��  
     d�jel�va
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rX  – �llet �ad�u� �� ��an�p�n (RH), �� �llet  
     �ad�u� �� ��an� j�u�nal (RG), mm 
  – p�lumje� za�bljenja ��na�a ležaja �jn��e  
     (RH), �l� p�lumje� za�bljenja temeljn��  
     ��na�a (RG)

R  – �ea�t�ve ����e, N 
  – �ea�t�vna ��la

sp   – p��t�n d��pla�ement mea�u�ed ���m  
     t�e t�p dead �ent�e (T��), m 
  – p�ma� �l�pa/�tapa mje�en �d ���nje m�tve  
     t�č�e

s=2·r  – �t���e, m 
  – �tapaj

t  – t�me, � 
  – v��jeme

vm =s·n/30  – mean p��t�n �peed, m/� 
  – p���ječna b�z�na �l�pa/�tapa, 

vp   – p��t�n �peed, m/� 
  – b�z�na �l�pa/�tapa

W  – ��an�web t����ne��, mm 
  – deblj�na �amena ��n�� ��ljena

z  – en��ne w����n� �y�le (z=2 ��� tw�- 
     �t���e; z=4 ��� ��u�-�t���e en��ne�) 
  – �adn� ���lu� m�t��a (z=2 za dv�ta�tne; z=4  
     za četve��ta�tne m�t��e)

α – ��an� an�le (an�ula� d��pla�ement),  
  mea�u�ed ���m t�e t�p dead �ent�e (T��), ° 
 – �ut ��n��a ��ljena (�utn� za��et),  
    mje�en �d ���nje m�tve t�č�e

αB, αT – ��an�p�n �llet �t�e�� ��n�ent�at��n  
    �a�t��� ��� bend�n� and t�����n 
 – �a�t��� ��n�ent�a��je nap�ezanja p��  
    �av�janju � uv�janju za za�bljenje  
    ��na�a ležaja �jn��e

β – ��nne�t�n� ��d an�ula� d��pla�ement,  
    mea�u�ed ���m t�e  
    �yl�nde� ax��, ° 
 – �utn� za��et �jn��e, mje�en �d ���  
    ��l�nd�a

βB, βQ, βT – ��an� j�u�nal �llet �t�e��  
    ��n�ent�at��n �a�t��� ��� bend�n�,  
    ��mp�e����n and t�����n 
 – �a�t��� ��n�ent�a��je nap�ezanja  
    p�� �av�janju, tla�u � uv�janju za  
    za�bljenje temeljn��a ��na�a

δm – mean ab��lute e���� �� app��x�mat��n 
 – p���ječna ap��lutna p���eš�a  
    ap�����ma��je

δmax – max�mal ab��lute e���� �� app��x�mat��n 
 – najveća ap��lutna p���eš�a ap�����ma��je

δs – mean �qua�e e���� �� app��x�mat��n 
 – ��ednja �vad�atna p���eš�a ap�����ma��je

εCR – ��nne�t�n� ��d an�ula�  
    a��ele�at��n, �ad/�² 
 – �utn� ub�zanje �jn��e

ηmech – me��an��al e����en�y �at��,  
 – me�an�č�� �tupanj djel�vanja

θ – an�le �� p�a�e ����t, de�n�n� t�e  
    �yl�nde�� ��n�t��n �equen�e, ° 
 – �ut �azn��a p�ma�a, ��j� �d�eđuje  
    �ed��l�jed paljenja u ��l�nd��ma

λ=r/ℓ – �at�� �� ��an� �ad�u� t� t�e  
    ��nne�t�n� ��d len�t�, 
 – �mje� p�lumje�a ��n��a ��ljena � dulj�ne  
    �jn��e

σadd – add�t��nal bend�n� �t�e�� due t�  
    m��al��nment, bedplate de���mat��n, ax�al  
    and bend�n� v�b�at��n�, N/mm² 
 – d�datn� �av�jn� nap�ezanje u�l�jed  
    p���eša�a �ent�a��je temeljne pl�če �  
    njen�� de���ma��ja, te u�l�jed uzdužn�� �  
    p�p�ečn�� v�b�a��ja

σB  – m�n�mal ten��le �t�en�t� ��  
     ��an���a�t mate��al, N/mm² 
  – najmanja vlačna čv��t�ća mate��jala  
    ��ljena�t��a v�at�la

σBFN  – n�m�nal alte�nat�n� bend�n� �t�e��  
     �elated t� t�e ��an�web, N/mm² 
  – naz�vn� na�zmjen�čn� nap�ezanje  
     u�l�jed �av�janja u �amenu ��n��a  
     ��ljena

σDW  – all�wable �at��ue �t�en�t� �� ��an���a�t,  
    N/mm² 
  – d�zv�ljena zam��na čv��t�ća  
     ��ljena�t��a v�at�la 

σQFN  – n�m�nal alte�nat�n� ��mp�e���ve  
     �t�e�� due t� �ad�al ����e �elated t� t�e  
     ��an�web, N/mm² 
  – naz�vn� na�zmjen�čn� tlačn�  
     nap�ezanje u �amenu ��n��a ��ljena  
     u�l�jed �ad�jalne ��le 

σV  – equ�valent alte�nat�n� �t�e��, N/mm²  
  – �edu���an� na�zmjen�čn� nap�ezanje, 

τN  – n�m�nal alte�nat�n� t�����nal �t�e��  
    �e�e��ed t� ��an�p�n �� ��an� j�u�nal,  
    N/mm² 
  – naz�vn� na�zmjen�čn� nap�ezanje u�l�jed  
    uv�janja u ��na�u ležaja �jn��e �l� u  
    temeljn�me ��na�u 

φv  – �al� �� t�e an�le between �yl�nde� axe� �n  
    �a�e �� V-en��ne� 
  – p�l�v�na �uta �zmeđu ��� �u�jedn��  
    ��l�nda�a u V-m�t��a

ω=π·n/30  – ��an���a�t �peed �� ��tat��n, �ad/� 
  – �utna b�z�na ��ljena�t��a v�at�la, 

ωCR  – ��nne�t�n� ��d an�ula� vel���ty, �ad/� 
  – �utna b�z�na �jn��e
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�ut�tand�n� ���ue� �n t�e �����nal d��ument. T�e�e a�e 
t�e �nfluen�e �� ��l b��e�, t�e ba��� ��� evaluat��n �� t�e 
�t�e�� ��n�ent�at��n �a�t���, a� well deta�l� ab�ut t�e 
�nfluen�e �� p��du�t��n p���edu�e and �u��a�e t�eatment 
[2]. 

Alt��u�� t�e UR M53 (2004) a�m� t� be a �el�-�tand�n� 
d��ument, un���tunately t��� �� n�t t�e �a�e. Re�a�dle�� 
�� t���, p�a�t��ally all �� t�e �nte�nat��nally �e���n��ed 
�la�����at��n ����et�e� ba�e t�e�� Te��n��al Rule� �n 
t��� d��ument. T�e d��ument ta�e� �nt� a���unt all t�e 
ne�e��a�y �nfluen�e�: de���n ��ape, d�men���n�, mate��al 
and t�e �pe�at��nal l�ad�n� �� t�e ��n�le ��an�. H�weve�, 
t�e ma�n �ut�tand�n� ���ue �n t�e UR M53 (2004), �n t�e 
aut����’ �p�n��n, �� t�e �a�t t�at t�e �pe�at��nal l�ad�n� 
�al�ulat��n ��mmen�e� w�t� t�e ����e� a�t�n� �n t�e 
��an���a�t. T�e d��ument �t�el� la��� a un����m and 
�t�a���t���wa�d p���edu�e ��w t� dete�m�ne t�e�e ����e�, 
���m t�e data �eally p��v�ded by en��ne manu�a�tu�e��: 
�yl�nde� p�e��u�e� v�. ��an� an�le table� �� �u�ve�, 
en��ne �peed, a� well a� t�e d�men���n� and ma��e� �� t�e 
p��n��pal en��ne �e��p���at�n� me��an��m ��mp�nent�. 
I� t�e d��ument [2] �ad been extended by t��� p���edu�e 
�t w�uld �ave been a mu�� bette� ba��� ��� t�e app��val 
�� en��ne ��an���a�t de���n w�t� �e�pe�t t� �t� �at��ue 
�t�en�t�, e�pe��ally �n t�e �a�e �� V-type en��ne�.

T�e ba��� ��al �� t��� pape� �� t� p��p��e t�e ne�e��a�y 
exten���n �� t�e IA�S UR M53 (2004) d��ument. T��� 
exten���n ��all p��v�de a un��ed and �t�a���t���wa�d 
p���edu�e ��� �al�ulat��n �� t�e ne�e��a�y ��nemat�� 
value� (d��pla�ement�, vel���t�e� and a��ele�at��n�), a� 
well a� t�e exte�nal a�t�ve, exte�nal pa���ve and �ne�t�al 
����e� a�t�n� t� t�e ��nne�t�n� ��d, �n ��de� t� dete�m�ne 
l�ad� �nt� a ��n�le ��an�. T�e ta�� �� t� p�e�ent t�e 
�al�ulat��n �� t�e ��nemat�� and dynam�� value� �n a 
�ene�al ���m: a un�que p���edu�e b�t� ��� t�e �n-l�ne and 
��� t�e V-type en��ne�.  Add�t��nally, t�e pape� p�e�ent� 
t�e t����n�met��� app��x�mat��n �� �yl�nde� p�e��u�e� 
and t�e tan�ent�al ����e�, ne�e��a�y ��� �al�ulat��n� �� 
��an���a�t �t�en�t� �n �a�e �� V-type en��ne� and t�e 
�al�ulat��n �� t�����nal v�b�at��n�, t�e latte� be�n� bey�nd 
t�e ���pe �� t�e pape�. 

T��u�� t�e aut���(�) �ave al�eady dealt w�t� t��� 
�ubje�t �n p�ev��u�ly publ���ed pape�� [3, 4], t�e  
p�e�ented p���edu�e �ad t� be w��tten ���m ���at��. 
T�e p�e�ent app��a�� �� mu�� �lea�e� and ��mple� t�an 
t�e p�ev��u�ly publ���ed �ne. Textb���� [6-10], t��u�� 
ve�y ��mp�e�en��ve, �ene�ally t�eat t��� p��blem 
�mplement�n� �e�ta�n ��mpl���at��n�, w���� a�e av��ded 
�e�ea�te�. Be��de� t�e ba��� app��a�� t� ��an���a�t 
app��val, t�e pape� p�e�ent� t�e dete�m�nat��n �� 
��nemat�� value�, dynam�� value� and b��efly t�e �at��ue 
�t�en�t� �al�ulat��n�. T�e t����n�met��� app��x�mat��n 
�� p�e��u�e� and tan�ent�al ����e� �� ��ven a�te�wa�d�. 
F�nally, a ����t de����pt��n �� t�e devel�ped �al�ulat��n 

p����am t��et�e� w�t� an a�tual en��ne example �� al�� 
��ven. T�e aut����’ �nal a�m �� t� ma�e t�e ���at�an 
Re���te� �� S��pp�n� �n�lude t�e p�e�ented p���edu�e 
�nt� t�e�� Te��n��al Rule�, t�u� ��nt��but�n� t� t�e 
�ene�al unde��tand�n� �� t��� app��a�� and ma��n� t�e 
l��e �� ��a�t�n� de���ne�� and �la�����at��n ����et�e� plan 
app��val �ta�� ea��e�. 

2 Crankshaft simplified model and 
the input data 
In a����dan�e w�t� t�e IA�S d��ument UR M53 

(2004) t�e ��mpl��ed ��an���a�t m�del, ��n���t�n� �� a 
��n�le ��an�, tw� ne���b�u��n� ��an� j�u�nal� and t�e 
��an� p�n �� �u����ent ��� t�e �al�ulat��n �� t�e ��an���a�t 
�at��ue �t�en�t�. T�e �nfluen�e �� t�e adja�ent ��an�� 
and bea��n� �e�t�a�nt� t� bend�n� �t�e��e� �� a���unted 
��� by t�e emp����al �a�t�� Ke. H�weve�, t�e ��an���a�t 
��n�t�u�t�ve �t�u�tu�al ��ape (w�t� all t�e ne�e��a�y 
deta�l� – t�e �elevant d�men���n�), a� well a� t�e mate��al 
p��pe�t�e� �� t� be ta�en �nt� a���unt. 

T�e ba��� �nput data a�e �elated t� t�e en��ne �yl�nde� 
/ ��an� me��an��m d�men���n�, ma��e� and exte�nal 
l�ad�. T�ey a�e: 
- w����n� �y�le (2–�t���e, �� 4–�t���e), 
- d�men���n� (d, r, ℓ, ℓR, rW), 
- ma��e� and �ne�t�al p��pe�t�e� (mp, mCR, iCR, mW), and 
- l�ad�n� �elated p��pe�t�e� (g, p = p(α), n, ηmech, τN). 

It ��all be n�ted t�at t�e en��ne n�m�nal �peed n �� 
a��umed t� be ��n�tant. Ma�� �� �e��p���at�n� pa�t� mp 
(p��t�n and p��t�n p�n – �n �a�e �� a t�un� p��t�n en��ne, �� 
p��t�n, p��t�n ��d and ������ead – �n �a�e �� a ������ead 
en��ne) �� add�t��nal t� (mean�n�: ex�lude�) t�e ma�� 
�� t�e ��nne�t�n� ��d pa�t �n �e��p���at�n� m�t��n. T�e 
ma�� �� ��tat�n� pa�t� mW (��an� p�n, ��an� web and 
��unte�we���t�), t��et�e� w�t� rW, d�e� n�t a��e�t ����e� 
a�t�n� �n t�e ��nne�t�n� ��d. 

W����n� �y�le, d�men���n�, ma��e� and �ne�t�al 
p��pe�t�e� a�e de�ned �n t�e en��ne d��umentat��n 
�ubm�tted ��� app��val. T�e en��ne manu�a�tu�e� al�� 
�ubm�t� t�e �yl�nde� p�e��u�e� v�. ��an� an�le� table. A� 
t�e ��an� an�le� α a�e de�ned a� mea�u�ed ���m t�e t�p 
dead �ent�e (T��), t�e �ubm�tted p(α) data u�ually �ave 
t� be m�d��ed t� l�e w�t��n t�e �nte�val �� αmin/max= ±180 º 
��� tw� �t���e en��ne�, �� ±360 º ��� ��u� �t���e en��ne�. 
T�e p(α) data ��all be ��ven �n d����ete ���m, ��� at lea�t 
eve�y 5º ��an� an�le [1, 2]. 

T�e type app��val �� t�e en��ne d�e� n�t p�ejud��e �� 
p�e����be t�e ��n��u�at��n �� t�e �e�t �� t�e p��pul���n �� 
aux�l�a�y �y�tem� (�ea��, ��a�t�, p��pelle�� �� �ene�at�� 
��t���). ��n�equently, t�e n�m�nal alte�nat�n� t�����nal 
stress τN ��all be unde��t��d a� t�e value p�ede�ned by 
t�e en��ne manu�a�tu�e��, �.e. t�e �ne t�ey �ee� app��val 
���. 



Strojarstvo 49 (4) 317-331 (2007) Nenad VULIĆ et. al., Ve��� �at��n �� ��an���a�t �e���n... 321Ve����at��n �� ��an���a�t �e���n... 321... 321

��an���a�t mate��al �� de�ned by �t� de���nat��n, 
me��an��al p��pe�t�e� (ten��le �t�en�t�, y�eld �t�en�t�, 
el�n�at��n, �edu�t��n a�ea at b�ea� and �mpa�t ene��y), 
�t� p��du�t��n p���e�� (�a�t, ��ee ���m ����ed, ��nt�nu�u� 
��a�n fl�w ����ed, �� d��p-����ed) and t�e �u��a�e 
t�eatment appl�ed t� �llet� �� ��l ��le�. T�e�e data �an be 
��und �n t�e mate��al �pe����at��n�. 

T�e ��an���a�t ��n�t�u�t�ve �t�u�tu�al ��ape, w�t� 
all t�e �elevant d�men���n� �an be dete�m�ned ���m t�e 
��an���a�t w������p d�aw�n�� �ubm�tted ��� app��val. 
T�e�e data a�e de�ned �n F��u�e 1 [1]. S���n� �t� and ��l 
b��e� �equ��e ��me add�t��nal d�men���n� t� be de�ned, 
a� de����bed �n [2]. 

Figure 1 ��an� d�men���n� ne�e��a�y ��� t�e �al�ulat��n  
Slika 1. Izmje�e ��n�� ��ljena ne�p��dne za p���ačun

3 Methods of loading calculations

3.1 Kinematics of the single crank mechanism

T�e ba��� �dea �� t� be��n by analy��n� t�e ��nne�t�n� 
��d m�t��n, �n�tead �� t�e u�ual �ta�t w�t� t�e m�t��n �� 
t�e �e��p���at�n� pa�t�. T��� app��a�� w�ll av��d b�t� 
t�e unne�e��a��ly ��mpl��ated ���mulae a� well a� any 
app��x�mat��n�, ��ten ��und �n t�e l�te�atu�e de����b�n� 
t�e u�ual app��a�� �u�� a� [6-10]. T�e ���emat��� �� t�e 
��n�le ��an� me��an��m m�del a�e ��ven �n F��u�e 2. 

T�e ��nne�t�n� ��d �� �n a ��mp���te m�t��n, w���� 
��n���t� �� �t� �ent�e-��-ma�� t�an�lat��n and �t� ��tat��n 
ab�ut t�e �ent�e-��-ma��. T�e ��nne�t�n� ��d an�ula� 
d��pla�ement and t�e ��an� an�ula� d��pla�ement a�e 
�elated a� ��ll�w� (�ee F��u�e 2): 

 (1)

��:

 (2) 

����e�ent�at�n� t�e equat��n (1) w�t� �e�pe�t t� t�me 
t, ta��n� �nt� a���unt t�at t�e ��an� ��tat��nal �peed ω �� 
��n��de�ed ��n�tant we �bta�n: 

 
(3)

Equat��n (3) ��ve� t�e ��nne�t�n� ��d an�ula� vel���ty 
ωCR: 

 
(4)

Imp���n� ��n�tant en��ne �peed (ω=��n�t.) t�e 
��nne�t�n� ��d an�ula� a��ele�at��n �� �bta�ned by 
d���e�ent�at�n� t�e equat��n (4) w�t� �e�pe�t t� t�me t, 
a�te� a l�ttle b�t �� t�dy�n� up: 

 
(5)

It �� w��t� n�t�n� t�at t�e equat��n� (1) t� (5) a�e 
val�d �n any quad�ant, ��n�e t�e ab��lute ��nne�t�n� ��d 
an�ula� d��pla�ement �at���e�:│β│<90 º. 

T�e ��a�a�te���t�� p��nt� �� t�e ��nne�t�n� ��d a�e 
den�ted R (��tat��nal p��nt – ��an� p�n), S (��nne�t�n� 
��d �ent�e �� ma��) and T (t�an�lat��nal p��nt – t�e 
��nne�t��n w�t� t�e p��t�n p�n, �� t�e ������ead), a� 
���wn �n F��u�e 2. T�e ����en ����d�nate �y�tem �� 
al�� ���wn �n t�e �ame F��u�e. T�e ����d�nate� �� t�e�e 
��a�a�te���t�� p��nt� (x, y), t�e�� vel���t�e� (vx, vy) and 
a��ele�at��n� (ax, ay) al�n� t�e ����en ����d�nate axe�, 
p���t�ve �n t�e axe� p���t�ve d��e�t��n, may be �al�ulated 
a� p�e�ented �n Table 1. 

F�� ��mpa����n w�t� t�e ��nvent��nal u�ual app��a��, 
t�e p��t�n d��pla�ement sp (mea�u�ed ���m t�e T��), 
vel���ty vp, and a��ele�at��n ap (all p���t�ve d�wnwa�d�, 
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�.e. t�wa�d� t�e ��an� ax�� �� ��tat��n) may be exp�e��ed 
�n analyt��al ���m. F��m t�e value� �n Table 1: 

 (6)

 (7)

 (8)

N�te t�at t�e n�n-d�men���nal �elat��n� (�.e. t�e �elat�ve 
p��t�n d��pla�ement sp/s, t�e �elat�ve p��t�n vel���ty vp/
vm, a� well a� t�e �elat�ve p��t�n a��ele�at��n ap/g) are 
��nven�ent t� p�e�ent t�e p��t�n ��nemat���, e�pe��ally 
�n d�a��am�, �n ��de� t� unde��tand �t� be�av��u�. It �� 
al�� �mp��tant t� n�te t�at all �� t�e ab�ve-p�e�ented 
��nemat�� value� a�e analyt��al, mean�n� t�at t�ey d� n�t 
��nta�n any app��x�mat��n�, w���� a�e ��ten ��und �n 
l�te�atu�e �n a ���m �� �e��e� expan���n� �� ��m�la�. 

3.2 Dynamics of the single crank mechanism in 
rectangular coordinates

T�e analy��� �� t�e ��n�le ��an� me��an��m l�ad�n� 
al�� be��n� w�t� t�e analy��� �� t�e ����e� a�t�n� �n t�e 
��nne�t�n� ��d. T�e�e a�e exte�nal a�t�ve ����e�, exte�nal 
pa���ve ����e� (bea��n� �ea�t��n�) and �ne�t�al ����e� 
(due t� a��ele�at��n� �� ma��e�, �n a����dan�e w�t� t�e 
�’Alembe�t p��n��ple). T�e �ene�al ��tuat��n �� en��ne 
�yl�nde� ax�� �n�l�ned ���m t�e ve�t��al by an�le φv as 
p�e�ent �n V-en��ne� w�ll be ��n��de�ed �e�ea�te�, �� t�at 
t�e �a�e �� �n-l�ne en��ne� (φv=0) may be ��n��de�ed a� 
t�e �pe��al �a�e. 

T�e exte�nal a�t�ve ����e� a�t�n� �n t�e ��nne�t�n� 
��d a�e t�e �a� ����e� a�t�n� �n t�e p��t�n and t�an��e��ed 
t� t�e ��nne�t�n� ��d p��nt T, a� well a� t�e we���t� �� 
��mp�nent� (�� ma��e� mCR and mp) a�t�n� �n t�e p��nt� 
S and T �e�pe�t�vely. T�e �a� ����e� �����nate ���m 
t�e �n�wn and ��ven �yl�nde� p�e��u�e v�. ��an� an�le 
table value� p=p(α), �� �alled t�e expanded �nd��at�� 
d�a��am value�. F�� eve�y ��an� an�le α t�e �a� ����e� 
a�e dete�m�ned a� ��ll�w�:  

 
(9)

In ��de� t� p�e�ent t�e p(α) value� �n ���m �� t�e �u�ve 
t�e n�n-d�men���nal p�e�entat��n w�uld be ��nven�ent �n 
���m �� t�e �elat��n���p p/pm,i  v�. ��an� an�le α. T�e mean 
�nd��ated p�e��u�e �an be d��e�tly �al�ulated a� ��ll�w�: 

 
(10)

T�e �nte��al� �n equat��n (10) �an be nume���ally 
�al�ulated p�e���ely en�u�� by mean� �� t�e t�apez��dal 
�ule, ��n�e t�e p(α) value� a�e d����ete. 

F�� t�e �a�e �� ���d ��de� �t �� �mp��tant t� p��nt 
�ut �e�e t�at, �n�e t�e me��an��al e����en�y �at�� ηmech 
�� �n�wn, t�e mean e��e�t�ve p�e��u�e pm,e �� dete�m�ned 
a� ��ll�w�:  

 (11)

Figure 2 S��emat��� �� a ��e�el en��ne ��an� me��an��m 
m�del
Slika 2. S�emat��� p���az m�dela d�zel m�t��n�� me�an�zma

point: R S T

x r·��nα (ℓ– ℓR)·��nβ 0

y r·���α r·���α +ℓR·���β r·���α +ℓ·���β

vx rω·���α (ℓ– ℓR)·ωCR·���β 0

vy –rω·��nα –rω·��nα– ℓR·ωCR·��nβ –rω·��nα– ℓ·ωCR·��nβ

ax –rω²·��nα (ℓ– ℓR)· 
(εCR ���β–ωCR² ��nβ) 0

ay –rω²·���α –rω²���α–ℓR· 
(εCR��nβ+ωCR²���β)

–rω²���α–ℓ· 
(εCR��nβ+ωCR²���β)

Table 1 P���t��n�, vel���t�e� and a��ele�at��n� �� t�e 
��nne�t�n� ��d ��a�a�te���t�� p��nt�  
Tablica 1. P�l�žaj, b�z�na � ub�zanje �a�a�te���t�čn�� t�ča�a 
�jn��e
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Mean �nd��ated p�we� and mean e��e�t�ve p�we� 
pe� en��ne �yl�nde� at t�e en��ne n�m�nal �peed a�e 
dete�m�ned a� ��ll�w�:

 
(12)

 (13)

Figure 3 Exte�nal a�t�ve, exte�nal pa���ve and �ne�t�al ����e� 
a�t�n� �n t�e ��nne�t�n� ��d
Slika 3. Vanj��e a�t�vne, vanj��e pa��vne � �ne���j��e ��le ��je 
djeluju na �jn��u

T�e exte�nal pa���ve ����e� a�t�n� �n t�e ��nne�t�n� 
��d a�e ���wn �n F��u�e 3 (d�tted ve�t���) t��et�e� w�t� 
t�e exte�nal a�t�ve �ne�. T�ey a�e t�e �ea�t��n� �n t�e 
��nne�t�n� ��d bea��n��. T�e �ea�t��n �n p��nt T a�t� �n 
����z�ntal d��e�t��n, w�e�ea� t�e �ea�t��n �n p��nt R �� 
de��mp��ed �nt� t�e tw� ��mp�nent�: ����z�ntal and 
ve�t��al. 

T�e �ne�t�al ����e� a�t�n� �n t�e ��nne�t�n� ��d a�e 
al�� p�e�ented �n F��u�e 3 w�t� t�e�� value� ���wn �n Table 
2. T�e �ne�t�a �� t�e ��nne�t�n� ��d a��und �t� �ent�e �� 
��av�ty JCR �� ta�en �nt� a���unt d��e�tly, ba�ed �n t�e 
t�e��y p�e�ented �n [11]. Subd�v����n �� t�e ��nne�ted 
��d ma�� �nt� tw� �� t��ee pa�t� (e.�. �n [3, 8] �� [12]) 
���wed t� be unne�e��a�y and �� t�u� av��ded. T�e JCR �� 
de�ned a� ��ll�w�: 

 (14)

P���t�ve d��e�t��n� �� t�e �ne�t�al ����e� (and t�e 
�ne�t�al m�ment) a�e ���wn �n F��u�e 3 and t�ey a�t al�n� 
t�e p���t�ve d��e�t��n� �� t�e ����d�nate axe�. 

S�n�e �’Alembe�t p��n��ple �a� been �mplemented 
t�e evaluat��n �� t�e un�n�wn� (exte�nal pa���ve ����e�) 
t�an����m� t�e dynam�� p��blem t� t�e �tat�� �ne. T�e 
un�n�wn ����e� a�e dete�m�ned ���m t�e t��ee �tat�� 
equat��n� (ΣMR=0, ΣFy=0 and ΣFx=0), �bta�n�n� t�e �nal 
exp�e����n�:  

 
(15)

 (16)

 (17)

N�te t�at t�e value� ne�e��a�y t� dete�m�ne t�e �ea�t�ve 
����e� �n equat��n� (15) t���u�� (17) �ave been ��ven by 
exp�e����n� (5), (9), (14) and t���e �n Table 1. On�e t�e 
�ea�t�ve ����e� a�t�n� �n t�e ��nne�t�n� ��d �ave been 
�bta�ned, t�ey be��me t�e a�t�ve ����e�, a�t�n� t� t�e 
��an� p�n. T�e t�tal ����e� a�t�n� �n t�e ��an� �edu�ed t� 
t�e ��an� ��tat��n ax�� (�ee F��u�e 4) a�e dete�m�ned by 
��tat�n� t�e ����d�nate axe� by t�e an�le α and by add�n� 
t�e ��an� �el� we���t and t�e �ent���u�al ����e: 

 (18)

 (19)

 (20)

T�e �nally �bta�ned ����e� a�t�n� �n t�e ��an� a� 
�tated �n equat��n� (18) t� (20) a�e t�e �ne� ne�e��a�y ��� 
t�e �at��ue �al�ulat��n� and t�����nal v�b�at��n� ex��tat��n 
evaluat��n�. 
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Figure 4 F���e� a�t�n� �n t�e ��an� web and t�e�� �edu�t��n t� 
t�e ax�� �� ��tat��n
Slika 4. S�le ��je djeluju na ��n� ��ljen� � nj���va �edu���ja 
na os vrtnje

3.3 Dynamics of the single crank mechanism in 
natural coordinates

An alte�nat�ve app��a�� u��n� natu�al ����d�nate� �n 
��de� t� dete�m�ne ����e� a�t�n� �n t�e ��an� w�ll al�� 
be p�e�ented, a� �t �a� been ��und u�e�ul t� ve���y t�e 
����e�tne�� �� t�e exp�e����n� �n �e�tan�ula� ����d�nate�. 
T�e ��nne�t�n� ��d m�t��n �� ��mp��ed �� t�e t�an�lat��n 
exp�e��ed by t�e a��ele�at��n ap (equat��n 8) and t�e 
��tat��n exp�e��ed by t�e an�ula� vel���ty ωCR (equat��n 
4) and an�ula� a��ele�at��n εCR (equat��n 5). Exte�nal 
a�t�ve, exte�nal pa���ve and �ne�t�al ����e� a�t�n� �n 
t�e ��nne�t�n� ��d a�e ���wn �n F��u�e 5, all t��et�e�, 
���w�n� t�e ����en p���t�ve d��e�t��n� �� t�e natu�al 
����d�nate� (den�ted a� έ and ώ).

Table 3 ���w� t�e ��nemat�� and dynam�� quant�t�e� 
ne�e��a�y ��� t�e evaluat��n �� t�e un�n�wn �ea�t�ve 
����e� Rb, Rε and Rω.

By mean� �� �’Alembe�t p��n��ple t�e un�n�wn 
�ea�t��n ����e� a�e dete�m�ned ���m t�e t��ee �tat�� 
equat��n� (ΣMR=0, ΣMT=0 and ΣFω=0), p��v�d�n� �nally: 
(N�te: p��t�n a��ele�at��n ap �� dete�m�ned by equat��n 
(8), and t�e �ne�t�al ����e Fin=mp·ap) 

Figure 5 F���e� a�t�n� �n t�e ��nne�t�n� ��d exp�e��ed 
�n natu�al ����d�nate�
Slika 5. S�le ��je djeluju na �jn��u �z�ažene u p����dn�m 
����d�natama

Table 2 We���t� and �ne�t�al ����e� a�t�n� �n t�e ��nne�t�n� 
��d �n t�e ��a�a�te���t�� p��nt� 
Tablica 2. Tež�ne � �ne���j��e ��le na �jn��u u �a�a�te���t�čn�m 
t�č�ama

point: R S T

Gx 0 –mCRg·���φv –mp g·���φv

Gy 0 –mCRg·��nφv –mp g ·��nφv

Fx 0 –mCR·ax,S –mp g ·ax,T

Fy 0 –mCR·ay,S –mp g ·ay,T

Mz 0 –JCR·εCR 0

Table 3 Requ��ed ��nemat�� and dynam�� value� �n t�e 
��a�a�te���t�� p��nt� R and S �� t�e ��nne�t�n� ��d
Tablica 3. P�t�ebne ��nemat�č�e � d�nam�č�e vel�č�ne u 
�a�a�te���t�čn�m t�č�ama R � S �jn��e

point: R S

aε –ap·��nβ+ℓ·εCR –ap·��nβ+(ℓ– ℓR)·εCR

aω –ap·���β+ℓ·ωCR² –ap·���β+(ℓ– ℓR)·ωCR²

Fε 0 mCR·aε,S

Fω 0 mCR·aω,S

Mz 0 JCR·εCR
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 (21)

 
(22)

 (23)

T�e t�tal ����e� a�t�n� �n t�e ��an� a�e �bta�ned by 
��tat�n� t�e ����d�nate �y�tem a��und �t� �����n ��� t�e 
an�le α+β add�n� t�e ��an� �el� we���t and t�e �ent���u�al 
����e: 

 (24)

 (25)

Re�ult� �bta�ned by equat��n� (24) and (25) w�ll be 
t�e �ame a� t�e �ne� p��v�ded by equat��n� (18) and 
(19). 

3.4 Trigonometric approximation of engine 
operating parameters

IA�S UR M53 (2004) p�e����be�: “t�e max�mum and 
m�n�mum t��que� a�e t� be a��e�ta�ned ��� eve�y ma�� 
p��nt … by mean� �� a �a�m�n�� �ynt�e��� �� t�e ����ed 
v�b�at��n� ���m t�e 1st ��de� up t� and �n�lud�n� t�e 15t� 
��de� ��� 2-�t���e �y�le en��ne� and ���m t�e 0,5t� ��de� up 
t� and �n�lud�n� t�e 12t� ��de� ��� 4-�t���e �y�le en��ne�” 
[2]. H�weve�, t�e d��ument [2] �t�el� d�e� n�t p��v�de a 
w��d de����b�n� ��w t� d� �t. S�, t�e next exp�e����n� 
w�ll de����be t�e t����n�met��� app��x�mat��n �� t�e 
�yl�nde� p�e��u�e p(α), a� well a� t�e tan�ent�al ����e 
�n t�e ��an� p�n Ft, a� t�e e��ent�al �tep �n t�e qu�ted 
IA�S �equ��ement. N�te t�at t�e �equ��ement a�tually 
�all� ��� t�e t�����nal v�b�at��n� �al�ulat��n, �n w���� t�e 
t����n�met��� app��x�mat��n� �� e�t�e� �� t�e ment��ned 
pa�amete�� a�e needed.

T�e �un�t��n p(α), ��ven by value� �� p �n d����ete 
p��nt� α1, α2, … αm �� t� be app��x�mated by t�e 

t����n�met��� �um �n a����dan�e w�t� t�e ��ll�w�n� 
exp�e����n: 

 
(26)

T�e t����n�met��� app��x�mat��n ��ve� t�e be�t 
�e�ult� w�en t�e ��e����ent� Ak and Bk a�e ta�en a� 
F�u��e� ��e����ent� [12]: 

 
(27)

 
(28)

N�te t�at: αm�n,max=±π·z/2 (�.e. ±180º ��� tw�-�t���e 
and ±360º ��� ��u�-�t���e en��ne�).  S�n�e t�e �un�t��n 
p(α) �� ��ven �n d����ete p��nt�, t�e �nte��al� �n (27) and 
(28) ��all be �al�ulated nume���ally, e.�. by mean� �� t�e 
t�apez��dal �ule: 

 
(29)

 
(30)

Qual�ty �� nume���al app��x�mat��n �an be jud�ed, 
�� ne�e��a�y, by e�t�e� �� t�e t��ee ��ll�w�n� nume���al 
e�����: 

 (31)

 
(32)

 
(33)

In �a�e �� t�e t�����nal v�b�at��n� ex��tat��n evaluat��n 
t�e app��x�mat��n �� t�e tan�ent�al ����e a�t�n� �n t�e 
��an� Ft �� needed. It �� �bta�ned ��ll�w�n� t�e �ame 
p���edu�e by �ub�t�tut�n� Ft value� �nt� equat��n� (26) 
t� (33). 
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T����n�met��� app��x�mat��n� a�e �� utm��t 
�mp��tan�e �n �a�e �� V-en��ne�, be�au�e t�e d��tan�e 
am�n� t�e tw� ne���b�u��n� an�le� αi and αi-1 m���t be 
e�t�e� n�t un����m �� n�t a ��mm�n mult�pl�e� �� t�e 
V-an�le 2φv.

3.5 Influence of the cylinder ignition sequence

T�e t����n�met��� app��x�mat��n p�e�ented by 
equat��n (26) �n te�m� �� ��an� an�le� α may be exp�e��ed 
�n te�m� �� t�me, �ub�t�tut�n�: 

 (34)

I� t�e value� p(α) a�e ��ven ��� t�e p�a�e ����t θ=0º 
and t�e t����n�met��� app��x�mat��n ��e����ent� Ak and 
Bk a�e �bta�ned by exp�e����n� (29) and (30) �n t��� �a�e, 
t�en t�e ��e����ent� A’k and B’k ��� t�e p�a�e ����t θ are 
�bta�ned by t�e ��tat��n�: 

 
(35)

 
(36)

N�te t�at t�e equat��n (26) appl�e� d��e�tly t� t�e 
����ted-�n-p�a�e �a�e (θ≠0º), �ub�t�tut�n� t�e ��e����ent� 
Ak and Bk w�t� t�e ��e����ent� A’k and B’k.

3.6 Calculation of stress concentration factors and 
operational stresses 

Fat��ue �t�en�t� �al�ulat��n �n [2] �� ba�ed up�n 
t�e n�m�nal �t�e�� app��a��. T��� mean� t�at t�e 
equ�valent �t�e��e� a�e �al�ulated ���m t�e n�m�nal �t�e�� 
��mp�nent� �n��ea�ed by �t�e�� ��n�ent�at��n �a�t���. 
T�ey a�e t� be ��mpa�ed w�t� t�e �at��ue �t�en�t�, w���� 
�� dependent up�n t�e ��an���a�t manu�a�tu��n� p���e��, 
�u��a�e t�eatment, ��ze (d�amete�) and �llet �ad��. 

T�e �al�ulat��n �� �t�e��e�, �t�e�� ��n�ent�at��n �a�t��� 
and �at��ue �t�en�t� �� de����bed �n IA�S UR M53 (2004) 
[2] w�t� en�u�� deta�l� ��� �t� p�a�t��al appl��at��n, �� �t 
w�ll be �nly b��efly de����bed �e�ea�te�, �tat�n� �nly t�e 
e��ent�al exp�e����n�. H�weve�, t�e �al�ulat��n �� t�e 
bend�n� m�ment�, n�t ent��ely de����bed �n [2], de�e�ve� 
��me add�t��nal �a�e, ��n�e �t d���e�� ��� t�e �n-l�ne and 
��� t�e V-en��ne�. 

Implement�n� t�e n�m�nal �t�e�� app��a��, 
alte�nat�n� bend�n� m�ment� MBrN and alte�nat�n� ��ea� 
����e� QrN de����ve ��� �at��ue �t�en�t� a�e �al�ulated 
��� t�e �tat��ally dete�m�ned �y�tem ��mp��ed �� a 
��n�le ��an�t���w �upp��ted �n t�e �ent�e �� adja�ent 
ma�n j�u�nal� [2]. T�ey a�e dete�m�ned ���m t�e ��an� 
j�u�nal �ea�t��n ����e� Rr, dependent up�n t�e t�tal �ad�al 

����e� Fr a�t�n� �n t�e ��an�. In t�e �a�e �� �n-l�ne-type 
en��ne� Rr=Fr/2, w�e�ea� �n t�e �a�e �� V-type en��ne� 
t�e ��an� j�u�nal �ea�t��n ����e� RrA and RrB (adja�ent t� 
t�e ��nne�t�n� ��d� bel�n��n� t� t�e �yl�nde� ban�� A 
and B, �e�pe�t�vely) a�e:  

 (37)

 (38)

F�� �n-l�ne-type en��ne� alte�nat�n� ��ea� ����e �n t�e 
�ent�e �� t�e ��l�d web ��: 

 (39)

and ��� V-type en��ne�:

 (40)

F�� b�t� en��ne type� alte�nat�n� bend�n� m�ment �n 
t�e �ent�e �� t�e ��l�d web ��:

 (41)

N�m�nal alte�nat�n� bend�n� �t�e��e� �n t�e �ent�e �� 
t�e ��l�d web (�� t����ne�� W and w�dt� B) [2]: 

 
(42)

N�m�nal alte�nat�n� ��mp�e���ve �t�e��e� [2]: 

 
(43)

N�m�nal alte�nat�n� t�����nal �t�e�� τN �� t�e value 
�pe���ed by t�e en��ne manu�a�tu�e��’, a� t�e �ne t�ey 
�nqu��e app��val ���. In ea�� ��mplete (p��pul���n �� 
aux�l�a�y) �n�tallat��n, t�����nal v�b�at��n �al�ulat��n 
�� t� p��ve t�at t��� value �� n�t ex�eeded �n t�e en��ne 
��an���a�t. 

St�e�� ��n�ent�at��n �a�t��� ��� e�t�e� t�e ��an� p�n 
�llet �n bend�n� and t�����n (αB, αT), �� t�e j�u�nal �llet 
�n bend�n�, ��mp�e����n and t�����n (βB, βQ, βT) are 
expl���tly de�ned �n [1, 2] dependent up�n ��an���a�t 
d�men���n� (F��u�e 1) and need n�t be �epeated �e�e. 

Equ�valent alte�nat�n� �t�e�� �n t�e ��an�p�n �llet [1, 
2]: 

 (43)
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Equ�valent alte�nat�n� �t�e�� �n t�e ��an� j�u�nal �llet 
[1, 2]: 

 (44)

3.7 Calculation of fatigue strength and 
acceptability criteria 

Fat��ue �t�en�t� �� t�at value �� equ�valent alte�nat�n� 
�t�e�� (V�n M��e� �t�e��) w���� t�e ��an���a�t �an 
pe�manently w�t��tand at t�e m��t ����ly �t�e��ed p��nt� 
(��an�p�n �llet� and j�u�nal �llet�). It �� dependent up�n 
manu�a�tu��n� p���e�� and �u��a�e t�eatment (�a�t�� 
K), d�amete� (dX), mate��al ten��le �t�en�t� (σB) and 
�llet �ad�u� (rX). T�e ��ll�w�n� ���mula may be equally 
appl�ed t� dete�m�ne �at��ue �t�en�t� b�t� �n t�e ��an�p�n 
�llet and �n t�e j�u�nal �llet [1, 2]:

 
(45)

A��eptab�l�ty ���te���n �� t�e �at�� �� �at��ue �t�en�t� 
and equ�valent alte�nat�n� �t�e�� �n ��an�p�n �llet� and 
j�u�nal �llet�. T�e ��an���a�t �� adequately d�men���ned 
w�en t�e ��ll�w�n� exp�e����n �� �at���ed [1, 2]: 

 
(46)

Add�t��nal a��eptab�l�ty ���te��a �n [2], ��mp����n� 
�at��ue �t�en�t� �n ��l b��e� and �a�ety �� ����n� �t �n 
t�e �em�-bu�lt ��an���a�t� a�e bey�nd t�e ���pe �� t��� 
pape�. 

4 Example and a brief discussion of results

T�e p�ev��u�ly p�e�ented t�e��y �a� been �mplemented 
�n t�e p����am S02Crank, devel�ped �n t�e ���at�an 
Re���te� �� S��pp�n� by mean� �� MS Ex�el/VBA t� 
be u�ed �n t�e p���e�� �� ��e�el en��ne� type app��val. 
��mpa�ed w�t� t�e p�ev��u� p����am de����bed �n [3, 4] 
t�e p�e�ent �ne �ad t� be w��tten ���m ���at�� be�au�e �t 
�ully �mplement� t�e p�ev��u�ly p�e�ented t�e��y. 

T� �llu�t�ate t�e �mplementat��n �� t�e p����am 
an example �� ��an���a�t �at��ue �t�en�t� �al�ulat��n 
��� an a�tual en��ne, type app��ved �n t�e pa�t by t�e 
���at�an Re���te� �� S��pp�n� (�RS), �a� been �ele�ted 
and ���wn bel�w. T��� �� an �n-l�ne type l�w-�peed tw�-
�t���e ������ead tu�b���a��ed ma��ne ��e�el en��ne. 
En��ne �nput data and �al�ulat��n �e�ult� a�e ���wn �n 

Table 4. Ha�m�n�� analy��� ��mp�nent� a�e ���wn 
�n Table 5, w�e�ea� t�e ��an���a�t �at��ue �t�en�t� 
�nput data and �al�ulat��n �e�ult� a�e ���wn �n Table 
6. G�ap��� p�e�entat��n �� n�n-d�men���nal ��nemat�� 
a� well a� dynam�� value� �� ���wn �n F��u�e� 6 t� 9. 
Value� �bta�ned by �a�m�n�� analy��� ��mp�nent� a�e 
���wn �n F��u�e 6 ��� �yl�nde� p�e��u�e� and �n F��u�e 9 
��� tan�ent�al ����e�, t��et�e� w�t� t�e �a�m�n�� analy��� 
�nput data, p��v�n� p�a�t��ally t�e qual�ty �� t����n�met��� 
app��x�mat��n. 

T�e �bta�ned �e�ult� may be b��efly d���u��ed 
a� ��ll�w�. It �a� been p�a�t��ally p��ved t�at t�e 
�ubd�v����n �� ��nne�t�n� ��d ma��e� �nt� tw�- �� t��ee 
pa�t� �� unne�e��a�y – t�e ma�� m�ment �� �ne�t�a a��und 
�t� �ent�e �� ��av�ty �� t� be �mplemented d��e�tly. An 
�nte�e�t�n� �a�t �bv��u� ���m n�n-d�men���nal ��ap�� 
�� ��nemat�� value� �� t�at a��ele�at��n �� �e��p���at�n� 
��mp�nent� �bta�n� �at�e� ���� value� �e�a�dle�� �� t�e 
�l�w en��ne �peed. ��n�equently t�e �nfluen�e �� �ne�t�a 
����e� t� t�e t�tal ����e� �� ���n���ant: ��u��ly 20 pe� 

Figure 6 �yl�nde� p�e��u�e� v�. ��an� an�le �u�ve
Slika 6. K��vulja tla��va u ��l�nd�u �v��n� � �utu ��n�� 
��ljena

Figure 7 K�nemat�� value� de����b�n� p��t�n m�vement
Slika 7. K�nemat�č�e vel�č�ne ��je �p��uju ��banje �tapa
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�ROATIAN REGISTER OF SHIPPING

�RANKSHAFT �AL�ULATIONS FOR INTERNAL �OMBUSTION ENGINES

P����am: S02CrankL.xls/vba Ve�.: 2.0(21 MAR 2007)

En��ne manu�a�tu�e�: N/A Type: (common rail)

ENGINE INPUT DATA α  p  α  p  α  p  

cycle= 2 [º] [ba�] [º] [ba�] [º] [ba�]

d= 600 mm -180,0 0,5 1,0 145,7 12,0 150,2

r= 1125 mm -179,0 0,5 2,0 144,5 13,0 150,7

l= 2300 mm -178,0 0,5 3,0 143,6 14,0 150,4

n= 114 �pm -177,0 0,5 4,0 143,3 15,0 149,0

mp= 3525 �� … … 5,0 143,5 16,0 147,0

mCR= 2084 �� -5,0 136,2 6,0 144,2 17,0 144,6

ℓR= 1192 mm -4,0 139,7 7,0 145,3 18,0 141,9

iCR= 1005 mm -3,0 142,5 8,0 146,4 … …

mW= 10074 �� -2,0 144,6 9,0 147,5 178,0 0,5

rW= 326 mm -1,0 145,8 10,0 148,5 179,0 0,5

g= 9,80665 m/�2 0,0 146,2 11,0 149,4 180,0 0,5

ηm= 0,95

ENGINE OUTPUT RESULTS

s= 2.250,00 mm pmi= 20,14 ba�

vm= 8,55 m/� Pi= 2.434,37 �W/�yl

ω= 11,94 rad/s pme= 19,13 ba�

λ= 0,49 Pe= 2.312,65 �W/�yl

min max mean amp

Ft= -1 012,74 1 100,63 43,94 1 056,68 �N

Fr= -780,77 2 964,93 1 092,08 1 872,85 �N

Tt= -1 139,33 1 238,21 49,44 1 188,77 �Nm

Table 4 En��ne �ene�al �nput data and �al�ulat��n �e�ult� ��� t�e �ele�ted �al�ulat��n example 
Tablica 4. Opć� ulazn� p�da�� � m�t��u � �ezultat� za �zab�an� p���ačun��� p��mje�

Figure 8 Ga� and �ne�t�a ����e� �n t�e p��t�n
Slika 8. S�le u�l�jed tla��va � �ne���j��e ��le na �tap

Figure 9 F���e� a�t�n� �n t�e ��an� p�n
Slika 9. S�le na ��n� ��ljen�
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HARMONIC ANALYSIS OF ENGINE PARAMETERS

p�e��u�e� [ba�] tan�ent�al ����e� [�N]

k A(k) B(k) A(k) B(k) angle p p_appr Ft Ft_appr

0 53,70889 0 -573,569 0 [º] [ba�] [ba�] [�N] [�N]

1 44,16721 10,15393 314,196 581,2161 -180 0,5 0,517 -566,84 -566,74

2 29,5867 10,46085 3,068852 128,7191 -179 0,5 0,513 -571,15 -571,138

3 19,67049 8,575934 -66,3442 85,24632 -178 0,5 0,499 -575,43 -575,516

4 11,86588 7,316912 -84,0828 225,8604 -177 0,5 0,487 -579,70 -579,815

5 6,50853 4,605767 -87,3935 194,3425 -176 0,5 0,485 -583,94 -584,016

6 3,708329 2,880035 -68,2304 113,997 -175 0,5 0,494 -588,18 -588,159

7 1,51771 1,522138 -53,8739 65,08343 -174 0,5 0,507 -592,42 -592,314

8 0,532002 0,262903 -37,7809 32,70408 -173 0,5 0,516 -596,65 -596,54

9 0,101242 -0,27106 -22,8812 16,09423 -172 0,5 0,513 -600,89 -600,845

10 -0,21301 -0,75088 -14,0546 5,771426 -171 0,5 0,501 -605,13 -605,188

11 -0,15828 -0,96952 -5,69383 -0,6648 -170 0,5 0,488 -609,40 -609,508

12 -0,13472 -0,98461 -0,60722 -2,30816 -169 0,5 0,483 -613,68 -613,77

13 -0,06032 -0,98855 2,388216 -3,11232 -168 0,5 0,49 -617,98 -617,992

14 0,027134 -0,8684 4,238898 -2,67201 -167 0,5 0,503 -622,32 -622,237

15 0,067627 -0,77401 4,700385 -1,81764 -166 0,5 0,515 -626,68 -626,571

16 0,111533 -0,64686 4,73419 -1,0872 -165 0,5 0,517 -631,09 -631,023

17 0,118264 -0,54326 4,238246 -0,52416 -164 0,5 0,507 -635,54 -635,566

18 0,135956 -0,44754 3,681789 -0,08416 -163 0,5 0,493 -640,04 -640,14

19 0,12164 -0,36559 2,944671 0,185971 -162 0,5 0,482 -644,60 -644,697

20 0,123742 -0,30903 2,32708 0,191363 -161 0,5 0,483 -649,21 -649,242

21 0,115614 -0,25729 1,935222 0,30858 -160 0,5 0,496 -653,89 -653,83

22 0,106611 -0,21623 1,583933 0,274435 -159 0,5 0,512 -658,63 -658,534

23 0,102767 -0,18372 1,366563 0,215336 -158 0,5 0,523 -663,45 -663,391

24 0,097051 -0,15074 1,176059 0,203672 -157 0,5 0,519 -668,35 -668,376

Table 5 Ha�m�n�� analy��� �e�ult�
Tablica 5. Rezultat� �a�m�n�j��e anal�ze

�ent ��� t�e ��an� an�le� ����e�p�nd�n� t� t�e ����e�t 
�yl�nde� p�e��u�e. T�e a��eptab�l�ty �a�t��� �� 1,80 ��� 
t�e ��an� p�n �llet and 1,39 ��� t�e j�u�nal �llet a�e 
�at�e� ���� ��mpa�ed w�t� t�e �equ��ed �ne �� at lea�t 
1,15. T��� p��ve� t�at t�e en��ne ��an���a�t �a� been 
����e�tly ��aped and d�men���ned ���m t�e p��nt �� �t� 
�la�����at��n and t�at t�e type app��val p���e�� wa� 
all�wed t� p���eed t� t�e next �tep: te�t�n� �� t�e en��ne 
p��t�type. 

5 Conclusive remarks

T�e ��al �� t��� pape� �� t� devel�p t�e �y�temat�� 
p���edu�e t�at �el�e� �n IA�S UR M53 (2004) [2] 
Calculation of Crankshafts for Internal Combustion 
Engines. T��� p���edu�e a�m� t� enable a un����m and 
�t�a���t���wa�d evaluat��n �� ��an���a�t de���n and 
�al�ulat��n �� �t� �at��ue �t�en�t� ��� ma��ne ��e�el 
en��ne�, a� t�e pa�t �� en��ne type app��val. 
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Table 6 ��an���a�t �nput data and �al�ulat��n �e�ult� ��� t�e �ele�ted �al�ulat��n example 
Tablica 6. Ulazn� p�da�� � ��ljena�t�m v�at�lu � �ezultat� za �zab�an� p���ačun��� p��mje�

CRANKSHAFT INPUT DATA

concept= 1 (������ead) 

K= 1

Material ��an� web j�u�nal

type= ����ed �teel type= ����ed �teel

σB= 590 N/mm2 σG= 590 N/mm2

σS= 370 N/mm2 ρG= 7850 ��/m3

ρW= 7850 ��/m3

Dimensions ��an�p�n j�u�nal web / ax�al len�t�

DH= 730 mm DG= 730 mm W= 256 mm

DBH= 0 mm DBG= 115 mm B= 1160 mm

RH= 55 mm RG= 11 mm L1= 267 mm

TH= 55 mm TG= 0 mm L2= 520 mm

L3= 1040 mm

Loading Acceptability criteria

τNmax= 28,5 N/mm2 (σDW /σV)min= 1,15

CRANKSHAFT FATIGUE STRENGTH CALCULATION RESULTS

Stress concentration factors in fillets

bend�n� ��ea��n� t�����n

��an�p�n αB= 2,538 αQ= N/A αT= 1,474

j�u�nal βB= 4,689 βQ= 0,578 βT= 1,924

Internal forces Nominal stresses

Ke= 0,8 σBN= 15,79 N/mm2

MBN= 250 025,87 Nm σQN= 2,52 N/mm2

QN= 936 426,47 N

Crankpin fillet J�u�nal �llet

σBH= 40,07 N/mm2 σBG= 75,49 N/mm2

σHadd= 30,00 N/mm2 σGadd= 30,00 N/mm2

τH= 41,99 N/mm2 τG= 54,85 N/mm2

σVH= 100,99 N/mm2 σVG= 141,96 N/mm2

σDWH= 182,49 N/mm2 σDWG= 198,38 N/mm2

(σDW /σV)H= 1,81 (σDW /σV)G= 1,40

���te��a: �at���ed ���te��a: �at���ed
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T�e ba��� ta�� �� t�e pape� �� t� �y�temat��e and 
p�e�ent all t�e m����n� pa�t� �n t�e d��ument [2] �t�el�, �.e. 
��nemat��� �� t�e ��n�le ��an� me��an��m, ��nne�t�n� ��d 
dynam��� �n �e�tan�ula� and natu�al ����d�nate�, a� well 
a� t����n�met��� app��x�mat��n �� t�e �yl�nde� p�e��u�e� 
and ��an� tan�ent�al ����e�. All t�e�e a�e unav��dable ��� 
t�e �al�ulat��n �� ��an���a�t �at��ue �t�en�t� �n t�e ��an� 
p�n and ��an� j�u�nal �llet�. T�e �ema�n�n� pa�t �� t�e 
�al�ulat��n p���edu�e (���m t�e n�m�nal �t�e��e� and t�e 
�t�e�� ��n�ent�at��n �a�t��� t� t�e a��eptab�l�ty ���te��a) 
�� ��mp�e�en��vely ��ve�ed by [2]. T�e �u�t�e� ta�� �� 
t� devel�p and �mplement a ��mpute� p����am ��� t�e�e 
�al�ulat��n� �ta�t�n� w�t� t�e data n��mally expe�ted t� 
be ava�lable at t�e be��nn�n� �� t�e en��ne type app��val 
p���e��: t�e �e��p���at�n� me��an��m d�men���n�, 
�t� ma�� p��pe�t�e�, n�m�nal ��tat��nal �peed and t�e 
�yl�nde� p�e��u�e v�. ��an� an�le �u�ve. 

T�e ��nt��but��n �� t��� pape� w�uld be t�e ���mulat��n 
�� t�e un��ed p���edu�e ��� ��nemat�� and dynam�� 
analy��� �� t�e �e��p���at�n� me��an��m �ta�t�n� w�t� 
t�e ��nne�t�n� ��d m�t��n �n�tead �� t�e p��t�n m�t��n. 
�l��ed ��lut��n� a�e p�e�e��ed and p��v�ded �n ��mple 
te�m� – av��d�n� expan���n �� t�e pa�t��ula� value� �nt� 
�e��e�. M��e�ve�, t�e ma�� p��pe�t�e� �� t�e ��nne�t�n� 
��d a�e t� be ta�en �nt� �al�ulat��n d��e�tly, ba�ed up�n 
dynam��� �� ����d b�dy plana� m�t��n, �n�tead �� �t� 
�ubd�v����n �nt� tw� (�e��p���at�n� and ��tat��nal) �� 
even t��ee pa�t�, t�e latte� app��a�� be�n� u�ually ��und 
�n textb����. T��� a�m� t� be t�e add�t��nal ��nt��but��n. 

T�e �e��p���at�n� me��an��m ��nemat��� �a� been 
p�e�ented ���tly w�t� all t�e ne�e��a�y deta�l�. T�e 
�u��e�t��n �� ��ven ��w t� exp�e�� d��pla�ement�, 
vel���t�e�, a��ele�at��n� and p�e��u�e� �n a n�n-
d�men���nal ���m. T�e dynam��� �� t�e me��an��m �n 
�e�tan�ula� ����d�nate� �� ��mpleted �u�t�e� �n w�t� �t� 
equ�valent p�e�entat��n �n natu�al ����d�nate� w�t� t�e 
a�m t� enable mutual �ev�ew �� t�e p�e�ented equat��n� 
– �e�ult� ��all be �dent��al e�t�e� way. T�e p�e�ented 
app��a�� �� �ene�al en�u�� t� ��ve� b�t� �n-l�ne type 
and V-type en��ne� ��multane�u�ly. T����n�met��� 
app��x�mat��n� (F�u��e� �a�m�n�� analy���) �� p�e��u�e� 
and tan�ent�al ����e� �ave been p�e�ented w�t� all t�e 
ne�e��a�y deta�l�, a� t�e�e app��x�mat��n� a�e �nev�table 
�n �al�ulat��n� �� t�����nal v�b�at��n� and �at��ue �t�en�t� 
�� V-type en��ne�. 

T�e ��mpute� p����am S02Crank �� devel�ped and 
te�ted �n t�e �l�bally w�de�p�ead t��l: MS Ex�el/VBA 
(V��ual Ba��� ��� Appl��at��n�) t� �mplement all �� t�e 
p�e�ented t�e��y. An appl��at��n �� t�e p����am t� an 
a�tual en��ne, �n t�e ba��� �� t�e �nput data p��v�ded 
by t�e manu�a�tu�e� ��� t�e en��ne type app��val �� al�� 
���wn and b��efly d���u��ed. 

Explanat��n �� expe��mental app��a�� �n ��an���a�t 
�at��ue �t�en�t� val�dat��n, w���� �� ��met�me� u�ed by 
�e�ta�n ��u�-�t���e ����-�peed en��ne manu�a�tu�e��, 
�� n�t p�e�ented �e�e a� �t l�e� bey�nd t�e ���pe �� t��� 
pape�. 

Implementat��n �� t�e p�e�ented app��a�� �n t�e 
�al�ulat��n �� t�����nal v�b�at��n� ��� p��pul���n and 
aux�l�a�y �y�tem� ��mp����n� ma��ne ��e�el en��ne�, w�t� 
t�e �ame ba��� �dea �� �ta�t�n� by t�e �yl�nde� p�e��u�e� 
table w�t��n t�e �al�ulat��n �� ex��tat��n data, w�ll be t�e 
matte� �� �utu�e devel�pment and w���. 


