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Design of Marine Diesel Engine Crankshafts: 
Comparison of Measured and Calculated 
Stresses Using the Proposed CIMAC Rules*
Dr-lng. G. Donath and Dipl.-lng. H. Seidemann
M A N  -  B  &  W  D ie s e l  G m b H t

1. SYNOPSIS
During 1972-1979 a Working Group o f  Conseil International Des Machines A Combustion (CIM AC) 
developed new rules for the design o f  marine diesel engine crankshafts, with the aim o f  proposing these for  
standardizing the different rules issued by the major classification societies. In 1979 a research group from  
Bureau Veritas (BV), L loyd’s Register o f  Shipping (LRS) and M A N  started a project to measure and 
compare the measured and calculated stresses in crankshafts and output shafts using the different design 
rules. The authors describe how the work was planned and the points where the measurements were taken 
in a two stroke and a four stroke engine. The actual readings were then compared with calculated readings 
using the proposed CIMA C rules and although some o f  the readings coincided well, there were several 
discrepancies. However, all the discrepancies came within the safety margin and they can be reduced by 
relatively simple modifications to the rules.

2. CIM AC SUB-G RO UP ‘C RANK SH AFTS’ 
PRO PO SED RULES

Sin ce  the cran ksh aft is one o f the m ost im p ortant com ponents 
o f a d iesel e n g in e , c lassificatio n  societies have d eta iled  ru les on 
the d im e n sio n in g  o f this com ponent and m an ufacturers who 
m arket engines in te rn a tio n a lly  req u ire  a p p ro val fo r th e ir 
crankshafts fro m  a ll the m a jo r classificatio n societies. T h e re  
are, how ever, co n sid era b le  d ifferences betw een the ru les of 
in d iv id u a l c lassificatio n  societies (F ig . 1).

A s  a result o f this s itu atio n , engine b u ild e rs are ve ry  keen to 
have the large nu m b er of d ifferent ru les rep laced  by un ified  
req uirem ents. T h e  C I M A C  W o rk in g  G ro u p  ‘C la ssifica tio n  
Socie tie s’ , w hich  is the engine b u ild e r’s panel responsib le  fo r 
co -o p e ratio n  w ith  I A C S  (In te rn a tio n a l A sso c ia tio n  o f C la s s if i
catio n S o cie tie s), therefore m ade arrangem ents as e a rly  as
19 72 fo r a su b -g ro u p  ‘C ra n k sh a ft d im e n sio n ’ to propose a 
m ethod o f c a lcu la tio n .'

T h e  new m ethod should  be co m p letely  transparent and , if  
po ssib le , co ver a ll essentia l points and be in  lin e  w ith the latest 
state o f the art, but be s im p le  enough fo r d a y -to -d a y  use. A s  
engine b u ild e rs  h ave been hand icap p ed  in the past by those 
classificatio n societies w hich dem anded o verd im ensio ned  
cra n ksh a fts, the stresses p erm itted  in the new prop osal m ust be 
h ig h e r ra th er than lo w er than those allow ed  at present.

In  this p a p e r the stresses m easured  w ill be co m p ared  w ith 
those ca lcu la ted  by the C I M A C  prop osal. T h e  essentia l fea
tures o f the ca lcu la tio n  m ethod are d escribed below .

(a) Safety coefficient

A  safety coefficient (S ) is essentia l for the ratin g  o f a crankshaft 
and is defined as:

S — o-DW/o-v ( 1)
w here crDW is the fatigue strength o f the crankshaft and crv is  the 
eq u iva len t stress at the p o sitio n exposed to the highest stress.

*  F irs t p re sen ted  a t ICMES '84  in  T rie s te  (S e p te m b e r 1984).

t  The  a c tiv it ie s  o f M A N  D iese l E ng ine  D iv is io n  and  o f B &  W  D iese l, C o pe nhagen  w e re  
c o m b in e d  in to  M A N -B  &  W  D iese l in  1984.

So as not to depart from  past e x p erien ce, the 1 . 1 5  m in im u m  
va lu e  fo r S has been m ain ta in ed  and  was v e rifie d  by re ca lcu la t
ing crankshafts w hich have g iven satisfactory serv ice .
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FIG. 1 V a ria tio n s in a c ra n k sh a ft UTS a c c o rd in g  to  th e  ru les  of 
v a rio u s  c la ssifica tio n  s o c ie tie s  fo r e n g in e s  w ith  th r e e  d iffere n t  

n u m b e rs  of cy lin d ers
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(b) Fatigue strength

T h e  fatigue strength o f a cran ksh aft la rg e ly  depends on the 
com p onent. T h e  lite ra tu re  a v a ila b le  at the b eg in n in g  o f the 
w ork was o f little  assistance in  ca lcu la tin g  the fatigue strength 
v a lu es from  the static strength va lu es o f the m a te ria l. A lm o st 
100 results o f fatigue strength investig atio n s m ad e throughout 
the w o rld  on d ifferent sized cra n ksh a fts w ere co llected  and 
used to d e rive  an e m p ir ica l fo rm u la .2

(c) Definition o f the equivalent stress

T h e  eq u iva le n t stress used in  E q n  ( 1 )  necessitates the selection 
o f a su itab le  fa ilu re  theo ry. It w as, th erefo re, d ecided to adopt 
the von M ise s cr ite r io n , w hich  is w id e ly  used throughout the 
w o rld  and w h ich , a cco rd in g  to in vestig atio n s o f d u ctile  m ate
r ia ls ,3 errs on the safe side.

F o r  the stress co n d itio n  o b ta in in g  in the cra n ksh a ft, the 
e q u iva le n t stress is:

crv = V(ag + 3 r2) (2)
w here <rB is the m ax im u m  a ltern a tin g  ben ding stress and r  is the 
m ax im u m  a ltern a tin g  to rsio n a l stress, the m ean stresses being 
neglected.

W h e n  ca lcu la tin g  the d e cis iv e  safety co effic ien t, E q n  (2) is 
w o rked  out fo r the c ra n k p in  and jo u rn a l fillets o f a ll cra n ks and 
the m ax im u m  va lu e  is inserted  in E q n  ( 1 ) .

(d) Stress concentration factors

W h e n  ca lcu la tin g  the notch stress in fille ts, the selected 
n o m in a l stress is m u ltip lie d  b y  the stress co n cen tratio n  factor. 
T h is  m ethod avoid s co m p lica ted  ca lcu la tio n s o f d ou b tful accu
racy.

W h e n  the w o rk  o f the C I M A C  group co m m en ced , a 
research p ro je ct o f the G e rm a n  In te rn a l C o m b u stio n  E n g in e  
R esearch A sso c ia tio n  ( F V V )  had  ju st  been com p leted. W ith in  
the scope o f this p ro je ct, stress co ncen tratio n factors in  b en d 
ing and torsion w ere d eterm in ed  fo r a ve ry  large range of 
geom etric d im e n sio n s, w ith use h a v in g  been m ade o f a ll 
im p ortant fo rm e r in ve stig a tio n s o f o ther a u th o rs.4 T h e se  stress 
co ncen tratio n factors w ere used fo r the C I M A C  prop osal, 
w hich also m ade it necessary to take  o ver the p e rta in in g  
n o m in al stress d e fin itio n .

(e) Bending stresses

A c c o rd in g  to (d ) a b o ve, the n o m in a l a lte rn a tin g  b en d in g  stress 
used  in  ca lcu la tin g  the m ax im u m  a ltern a tin g  b en d in g  stress is 
defined  as the ra tio  o f the b en d in g  m om ent in the w eb centre to 
the resistance m om ent in  the w eb cro ss-sectio n . T h e  F V V  
in ve stig a tio n s show ed that, to o bta in  the n o m in a l stresses in 
the jo u rn a l f ille t, an a d d it io n a l stress, p ro p o rtio n a l to the ratio  
o f the transverse force to the cro ss-sectio n a l area o f the w eb, 
m ust be add ed. Sep arate stress co n cen tratio n  factors fo r this 
stress w ere w o rked  out by F V V .

T h e  C I M A C  p rop osal uses e ith e r the sing le  cra n k  o r the 
co n tin u o us beam  m ethod fo r o b ta in in g  the web ben ding 
m om ent and transverse force. In  the s in g le -cra n k  m ethod, the 
cra n k  be in g  ex am in ed  is cut in  the centre o f the a d jace n t m ain 
b earings and is s im p ly  sup ported  there. T h is  statica lly  d e te rm i
nate m ethod is used by m an y classificatio n  societies and  engine 
b u ild e rs , but ignores the c la m p in g  effect o f the ad jacen t cra n ks 
and the effect o f the forces passing from  the a d jace n t cra n k  to 
the cra n k  u n d e r review .

T h e  co n tin u o us beam  m ethod is expected to be m ore a ccu 
rate. H e re , the cra n ksh a ft is represented by a substitute beam  
w ith  a constant cro ss-section w hich  is sub jected  to the loads 
from  a ll forces acting  on the entire  cra n ksh a ft. F o r  the cross- 
sectio nal a rea o f the substitute beam , a c irc u la r  d ia m e te r is 
d eterm in ed  on the basis o f experience.

A lth o u g h  the co n tin u o us beam  m ethod req u ires m ore ca lcu 

la tio n  w o rk , it n o rm a lly  reveals stresses w hich are lo w er and 
co in cid e  better w ith those m easu red . I f  the sam e safety factor 
is used in  both ca lcu la tio n  m ethods, the co n tin u o u s beam  
m ethod gives a low er h idd en safety factor and  therefore better 
u tiliza tio n  o f the m ate ria l.

(f) Torsional stresses

T h e  n o m in al stress is defined as the ra tio  o f the calcu lated  
v ib ra to ry  torques to the p o la r m om ents o f resistance o f the 
respective cra n k p in s  o r jo u rn a ls . T h e  to rs io n a l m om ents are 
d eterm ined  by the fo rce d -d a m p e d  v ib ra tio n  m eth o d 5,6 and , 
p ro v id e d  a substitute system  is used co nsisting  o f single m asses 
and stiffnesses o f the cran ksh aft and  the system  com p onents 
connected to it, satisfactory a p p ro x im a tio n  to the m easured 
stress can be ach ieved .

D u r in g  the design phase o f an e n g in e, a to rsio n a l v ib ra tio n  
system  from  w hich  the highest e q u iva le n t stress acco rd in g  to 
E q n  (2) can be expected m ust be used fo r d e te rm in a tio n  o f the 
d ecisive to rsio n a l stress.

(g) Additional stresses

T h e  ben d ing stresses in  (e) above re fe r to id e a l b e a rin g  a lig n 
m ent and q u asi-sta tic  cran ksh aft perfo rm ance w ithout any 
ben d ing o r a x ia l v ib ra tio n .

T h e  id e a l bearin g  alig n m en t m ay be n e ith er a ch ieved  nor 
m ain ta in ed  o w in g to p ro d u ctio n  e rro rs  and h u ll d isto rtio n , 
resu ltin g  in h ig h e r ben ding stresses than ca lcu la te d . T o  allo w  
fo r th is, and based on p ractica l e x p e rie n ce ,7 the C I M A C  
p rop osal recom m en ds ad d in g  ± 3 0  N /m m 2 fo r two stroke and 
± 2 0  N /m m 2 fo r fo ur stroke engines. T h e  reason for the la rg er 
va lu e  in the two stroke is that this type o f h u ll d efo rm atio n  has 
o n ly  been found  to affect these engines.

It is o n ly  in  ex cep tio n al cases that the afo rem entio ned  
ben ding and a x ia l v ib ra tio n -in d u c e d  a d d it io n a l stresses occu r. 
A s  a g e n e ra lly  reco gnized  ca lcu la tio n  o f such processes has not 
yet been e stab lish ed , it is the engine b u ild e r’s re sp o n sib ility  to 
m ake a llow ance fo r these a d d it io n a l stresses.

3. PLANNING AND H ANDLING  TH E PROJECT

(a) Sharing of tasks

A fte r  tak in g  into account the fa c ilit ie s  at the d isp o sal o f the 
three p artn ers, the tasks w ere a llo cated  as fo llow s.
• M A N  was to select su itab le  engines and sh ip yard s prepared  

to co -o p e rate ; contact these sh ip y a rd s; attend to the te ch n i
cal h a n d lin g  o f the p ro je ct on the testbed and  o n b o a rd ; and 
in stall the strain  gauge system s on the crankshafts.

• B u re a u  V e r ita s  was to m easure jo u rn a l d isp lacem en t paths 
on the two stroke en g in e; the d isto rtio n  o f the engine fram es 
and sup port structures; and the static stresses in the 
cran ksh aft o f the fo u r stroke e n g in e, on a rig id  table w hilst 
the ben ding and support p o sitio n s w ere v a rie d .

• L lo y d ’s R e g iste r o f S h ip p in g  was to m easure the d yn a m ic  
stresses on the testbed and o n b o a rd , using  an eight ch a n n el 
te lem etric system  and a m agn etic tape recorder.

W ith in  the scope o f the t r ia l,  a ll three partn ers w ould  evaluate 
the stresses in the cra n ksh a ft in accord ance w ith th e ir respec
tive in -h o u se  m ethods, M A N  usin g  the C I M A C  proposed 
ru les.

(b) Selection o f engines

O w in g  to the w e ll-k n o w n  design d ifferences in  cra n ksh a fts, it 
was d ecided  that the m easu rem ents should  be tak e n  on a 
tw o -stro ke  engine w ith a se m i-b u ilt  cra n ksh a ft and on a fo u r- 
stroke engine w ith a m o n o b lo c cra n ksh a ft. T h e  engines w ere 
m a in ly  selected on a v a ila b ility , since a co n d itio n  o f the p ro je ct 
was that static m easurem ents on the cra n ksh a ft had to be taken 
p r io r  to in sta lla tio n  in  the engine (o n ly  po ssib le  w ith the fo u r
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stroke en g in e ), before the shop test run and sea tria ls. T h e  
engines selected w ere:
T w o -stro k e  engine: M A N . K 7 S Z  7 0 /12 5  B L

Pow er output =  10 640 k W  
Speed =  130  rev/m in  

F o u r-stro k e  engine: M A N  8 L  40/45
Pow er output =  4400 k W  
Speed =  600 rev/m in

(c) Points o f  stress m easurement

T h e  m ain  a im  was to record the ben ding and to rsio n a l stresses 
in  the cra n k  p lan e  and in  the plan e at 90 deg to the cra n k  p lan e, 
caused by the gas and m ass forces and a n y m isa lig n m en t from  
the b earing  tra ck d efo rm atio n . T h e  m easurin g points selected 
are show n in  F ig . 2 . In  a d d it io n , one torsion m easurin g point 
consisting o f a fu ll strain  gauge bridge was p rovid ed  e ith er on 
the output shaft o r on the lin e  shafting.

(d) Reference quantities

T h e  fo llo w in g  were also m easured:
• c y lin d e r c y c lic  pressure fo r one o f the c ra n ks concerned and
• T D C  o f c y lin d e r no. 1 (the cylin d e rs and cra n ks being 

counted from  the co u p lin g  end of the engine).

(e) Selection of cranks to be examined

• Two-stroke engine: E n d  cra n k at the co u p lin g  end to record 
a n y influen ce o f lin e  shaft ben ding. E n d  cra n k  at the free 
end to record  the anticipated  highest ben ding stress.

• Four-stroke engine: E n d  cra n k at the co u p lin g  end, to 
record any influence from  the flyw heel or co u p lin g ; and 
cra n k no. 4 , as this is one o f the two adjacent cranks with the 
sam e o rie n tatio n  in the m id d le  o f the engine with the highest 
ben ding stress.

(f) M easurement program m e

M easu rem ents were to be taken at no load, 5 0 % ,  7 5 %  and 
1 0 0 %  lo a d ; and when turn ing  the crankshaft un d er cold  and 
w arm  co nditio ns.

4. CO M PARISON BETW EEN M EASURED AND  
CALCULATED STRESSES: GENERAL

A s  m entioned in Section 3 , the results o f the m easurem ents 
were recorded by L R S  on m agnetic tapes. F o r  further in vesti
g a tio n , abstracts o f these tapes w ere transferred to p ap er and 
c ircu la te d  to the other two partners.

T h e  a im  o f M A N ’s interpretatio n o f the m easurem ent results 
was to prove that there was a satisfactory co incid en ce between 
the stresses calcu lated  by the C I M A C  m ethod and the actual 
m easurem ents o r, at least, that the use of the C I M A C  m ethod 
fo r d im e n sio n in g  a crankshaft does not in vo lve  any risk . S in ce, 
in the C I M A C  m ethod, the operatio nal re lia b ility  of a 
crankshaft is defined by the ratio  of fatigue strength to e q u iva 
lent stress, the latter p o int is proved if  insertio n  of the m easured 
values into E q n  ( 1 )  gives a safety coefficient va lu e  w hich is 
e ith er the sam e or h ig h er than the calcu lated  va lue. It w ould  be 
ideal if  the calcu lated  stresses, as a function o f tim e, ta llie d  w ith 
the m easured stresses. T o  check th is, the graphs provid ed  by 
L R S  were d ig itized  by M A N  and plotted together w ith the 
calcu lated  results. T h e se  d iag ram s show  satisfactory co in c i
dence, but also some d iscrep ancies. S in ce  some o f these d is
crepancies are typ ica l o f e ith e r tw o-stroke or fo u r-stro ke  
crankshafts, the results fo r the two engine types are dealt with 
separately  in Section 5. H o w e v e r, som e typ ica l d eviatio n s are 
discussed here.

D e v ia t io n s  consisting  o f a p a ra lle l d isp lacem ent between the 
plots of ca lcu la ted  and m easured readings m ay be due to

FIG. 3  T o rsio n al s tr e s s e s  in th e  tw o -s tro k e  e n g in e

m easuring eq u ip m ent d rift. D r ift  is due to tem perature d iffe r
ences in the e n g in e, w hich are often u n a v o id a b le  w ith the units 
used fo r the strain  gauge techniq ue. S in ce  o n ly  the a lternatin g  
stress va lu es are used to ca lcu la te  eq u iva le n t stress in  the 
C I M A C  m ethod, there is no need to attach a great d eal of 
im p ortance to p a ra lle l d isp lacem ents.

T h e  results from  the fo u r-stro ke  engine revea led  d iscrep an
cies w hich w ere in it ia lly  in e x p licab le  and M A N  took an op p o r
tu n ity  to recheck the results from  the co -o p e rative  research 
p ro ject on a fo u r-stro ke  engine o f the sam e type and with the 
sam e n u m b e r o f cy lin d e rs, w hich happened to be on the 
testbed in A u g sb u rg . T h e  w o rk was confined to an assessm ent 
o f the im p o rtan t m easu rin g  points. S in ce  it was possib le to 
c la r ify  d u rin g  this repeat m easurem ent som e of the d iscrep a n 
cies that o ccu rred  d u rin g  the o rig in a l m easurem ents on the
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Table I: Comparison between measured and calculated results of the two-stroke engine (installed onboard)

Torsional
stress,

T

(N /m m2)

Bending
stress,

^8
(N/mm2)

A dditiona l
stress,

°add
(N/m m2)

Equivalent
stress,

^equ
(N/m m2)

Deviation
from

measured
value,
AfTequ
(%)

Safety 
coefficient,a 

S

CRANK 1:
1.1 Measured 19 47 — 57 — 3.51
1.2 Calculated, w ith  additional stresses measured 14 42 — 48 -1 6 4.15
1.3 Calculated according to CIMAC, statically indeterm inate 14 40 30 74 + 29 2.73
1.4 Calculated according to  CIMAC, statically determ inate 14 84 30 116 + 104 1.72

CRANK 7:
7.1 Measured 16 69 — 74 _ 2.70
7.2 Calculated, w ith  additional stresses measured 2 75 __ 75 + 1 2.67
7.3 Calculated according to CIMAC, statically indeterm inate 2 71 30 101 + 36 1.99
7.4 Calculated according to  CIMAC, statically determ inate 2 84 30 114 +54 1.76

8 S based on fatigue strength (<7lat) =  200 N/mm2.

fo u r-stro ke  e n g in e, o n ly  the results o f the repeat m easu re
m ents are used for the fo u r-stro k e  engine in  S ectio n  5.

T h e  m easurem ents on the tw o -stro ke  engine d u rin g  the 
co -o p e rative  research p ro ject d id  not reveal any fund am en tal 
d ifferences betw een the m easurem ents taken on the testbed 
and those taken o n b o a rd , apart from  a d ifferent to rsio nal 
v ib ra to ry  state w hich  was to be expected. T o  s im p lify  m atters, 
o n ly  the results o f the m easurem ents taken o n b o ard  are co n
sidered  in  Sectio n 5.

A s  m ay be noted fro m  Sectio n 3, a large nu m b er o f strain  
gauges w ere a p p lie d  to e very  cra n k  ex am in ed . T o  s im p lify  the 
co m p ariso n , o n ly  the m ax im u m  ben d ing and the m axim um  
to rsio n a l stresses in  the fillet are consid ered . H o w e v e r, the 
stresses in the fille t have a ra th e r steep grad ien t and it is 
therefore po ssib le  that the m ax im u m  stress was not reco rd ed , 
as the m ax im u m  stress co u ld  o ccu r betw een two strain  gauges. 
O n  account o f this p h en o m en o n , a 5 - 1 0 %  d evia tio n  from  the 
m easured  results is feasib le.

It  sh o u ld  also be noted that o n ly  ca lcu la te d  stress co ncen tra
tion factors co u ld  be used in the stresses ca lcu la te d , w hereas 
ex p e rim e n tal v e rifica tio n  is the usu al p ractice  if  h igh a ccuracy 
is  re q u ire d . F o r  this reason , a fu rth er 5 - 1 0 %  d evia tio n  is 
possib le in  the case o f the ca lcu la ted  stresses.

5. C O M PARISO N BETW EEN C ALCULATED AND  
M EASURED STRESSES

T o  start w ith, the ca lcu la te d  and  m easu red  stresses were 
co m p ared  on the basis o f stresses plotted against tim e in  the 
jo in t  d ia g ra m s. F o r  those fillets in w hich  stresses were 
m easu red, the safety coefficient d ifferences betw een the 
m easured  and  ca lcu la te d  stresses by d ifferent m ethods w ere 
co m p ile d  in  tab u la r form .

5 .1 . Two-stroke engine
It is not stan dard  p ractice  in the C I M A C  and o ther ca lcu la tio n  
m ethods n o rm a lly  used to calcu la te  stresses in  the fillet at the 
jo u rn a l next to the sh rin k  fit, as the fille t h a rd ly  exists because 
the d im en sio n s o f the jo u rn a l and the s h rin k  fit d iam eters are 
o n ly  s lig h tly  d ifferen t. T h e  reason fo r the om ission  of this 
ca lcu la tio n  is that, in  co m p ariso n  w ith the c ra n k p in  f ille t, the 
stresses are low . T h e  m easurem ents taken have co n firm ed  this 
and the jo u rn a l fillet o f the se m i-b u ilt  cra n ksh a ft does not have 
to be co nsid ered.

5.1.1 Torsional stresses
F ig u re  3 com p ares the ca lcu la ted  and m easured  to rsio n a l 

stresses in the in te rm e d iate  shaft 
and  in  the two c ra n k p in  fillets at a 
pow er output o f 10 3 0 2  k W  at 136 
re v /m in . T h e  cra n ksh a ft stress 
a m p litu d es from  F ig . 3 are given 
in  T a b le  I.

F ig u re  4 com p ares the to rsio n al 
stresses m easu red  and the va lues 
ca lcu la te d  as a fu n ctio n  of engine 
speed w ith in  the in te rm e d iate  
shaft.

C o in c id e n c e  o f the po sitio ns of 
the 1/7  and  1/4 resonances m eans 
that the substitute system  th eo reti
c a lly  selected fo r the to rsio n al 
stress ca lcu la tio n  reflects the plan t 
perfo rm ance v e ry  w ell. It is also 
a pparent that the to rsio n a l stress 
in sm ooth shaft sections can be 
d eterm in ed  a ccu rate ly  b y  the 
fo rce d -d a m p e d  v ib ra tio n  m ethod; 
the m ag n itud e o f the stresses c a l
cu lated  in  the resonance itse lf 
la rg e ly  d ep en d in g  on the d am p in g  
va lues used fo r the c a lcu la tio n . In 
the exam p le e x am in e d , the 
assum ed o v e ra ll d am p in g  agreed 
ve ry  w ell. F in a lly ,  on account of
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FIG. 4  T o rsio n al s tr e s s e s  T  a n d  to r q u e  M  in th e  in te rm e d ia te  s h a ft  of th e  tw o -s tro k e  e n g in e
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the low  d raught o f the sh ip , the actual m e an -to rq u e -in d u ce d  
stress was low er than the one ca lcu la ted  and used in  F ig . 4. T h e  
v ib ra to ry  torque c a lcu la tio n  used the m ean torques m easured.

In  F ig . 3 , the to rsio n a l stresses calcu lated  in the interm ed iate  
shaft as a function o f tim e co in c id e  ve ry  w ell w ith the to rsio nal 
stresses m e asu re d ; but there are con sid erab le  d ifferences 
between the ca lcu la ted  and m easured to rsio nal stresses in the 
two c ra n k p in  fillets. T h e  easiest w ay o f e x p la in in g  these d iffe r
ences is to lo o k at the graphs fo r cra n k no. 7 , w here the 
ca lcu la te d  to rsio n a l stress is v irtu a lly  zero. T h is  is un derstand 
ab le  since there is o n ly  the m ass o f one web and one flange 
betw een the c ra n k p in  o f cra n k no. 7  and the free end o f the 
cran ksh aft. S in ce  the torque m ust be zero  at the free en d , there 
can o n ly  be m in im a l stress in  the free-en d  fillet o f the last 
cra n k. T h e  m easured  to rsio n a l stress shows a peak in the zone 
after the fir in g  o f c y lin d e r no. 7 , w hich gives rise to the 
assum p tion that there is  som e re latio n sh ip  w ith the fir in g  force. 
T h is  p h eno m en on is d iscussed in d etail in Section 7.

5 . 1 . 2  B e n d i n g  s t r e s s e s
T h e  calcu lated  and m easured stresses are show n in F ig . 5 for 
the two fillets m easu red. T h e  d ed ucib le  va lu es have been 
in clu d ed  in  T a b le  I.

In  o rd er to assess the q u a lity  o f the ca lcu la tio n  using the 
continu ous beam  m o d e l, a llow ance m ust be m ade fo r the 
a d d itio n al stresses prod uced  in the fillets as a result o f bearin g  
m isa lig n m e n t, w h ich  p la y  a role in the case o f the tw o-stroke 
engine. T h e se  stresses w ere d eterm ined  sep arate ly  by m eans 
o f a tu rn in g  test in the w a rm e d -u p  co n d itio n . T h e  assum ption 
that the stresses m easured  d u rin g  o peration contain  these 
stresses w hich  are su p erim p osed  on the stresses from  com b us
tion and  m ass forces is ju st if ie d , as the ca lcu la tio n  m ethod can 
o n ly  ca lcu la te  the latter. T o  perm it an o b je ctive  co m p ariso n , 
the ca lcu la te d  stresses w ere corrected by the a d d itio n al stresses 
m easured. T h e  curves show n in F ig . 5 are therefore those that 
could  be ca lcu la ted  p rovid ed  the m isa lignm ent is  know n. T h e  
d ed ucib le  am p litu d e s from  this are entered in T a b le  I fo r each 
cran k.

F ig u re  5 co m p ares the corrected calcu lated  and m easured 
bending stresses in cra n ks no. 1 and no. 7. It w ill be seen that in 
cra n k  no. 1 the m easured ben d ing stress is about 1 0 %  higher 
than that ca lcu la te d , w hereas in  cran k no. 7 it is about 1 0 %  
low er.

5 .2  Four-stroke engine

N o n e  o f the fo rm er ru les d istin g uish ed  between cra n k p in s  and 
jo u rn a ls  in the stress ca lcu la tio n . H o w e v e r, the F V V  results, 
w hich have been incorp o rated  into the C I M A C  p ro p o sa l, 
m ake a d istin ctio n  between the stress co ncen tration factors for 
c ra n k p in  fillets and jo u rn a l fillets. In  the case o f the fo u r-stro ke  
e n g in e, the co m p ariso n  between calcu la tio n  and m easurem ent 
has been extended to fo ur fillets and the output shaft.

A s  discussed in  Sectio n 4, the results from  M . A . N . ’s repeat 
m easurem ents taken on the testbed w ith the engine developing 
the fu ll 4400 k W  pow er output at 600 rev/m in  were used fo r the 
com p ariso n betw een calcu lated  and m easured readings. O n ly  
the to rsio n al m easurem ents taken on the output shaft d u rin g  
the jo in t  m easurem ents w ere used, as they agreed w ith the 
calcu lated  results and there was therefore no p oint in repeating 
the tria ls.

5 . 2 . 1  T o r s i o n a l  s t r e s s e s
In  F ig . 6, m easured and calcu lated  stresses are plotted against 
tim e. (T h e  d educib le  a m p litu d es are g iven in T a b le  I I . )  T h e  
d iagram s o f p in  fillets in F ig . 6 also show  the fir in g  p o sition o f 
the cra n ks in  question and  o f ad jacen t cy lin d e rs, and it can be 
seen, e sp e cia lly  at cra n k p in  fillet no. 4, that, at about 40 deg 
after fir in g , the d ifference between calcu lated  and m easured 
readings is re la tiv e ly  large. It m ay be assum ed that the web 
torsion effect d escribed in  Section 7  and the tangentia l force on 
the c y lin d e r un d er review  and o f a d jacen t cy lin d e rs  p la y  a part

FIG. 5  B ending s tr e s s e s  in th e  tw o -s tro k e  e n g in e  (m e a s u re d  
o n b o a rd )

FIG. 6  T o rsio n al s tr e s s e s  in th e  fo u r-stro k e  e n g in e  (m e a s u re d  on  
te s tb e d )
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FIG. 8  S a fe ty  co effic ie n ts  ( tw o -s tro k e  en g in e )

in  this d iscre p a n cy. In  the case o f the output shaft, ho w ever, a 
good co in c id e n ce  between calcu la te d  and  m easured  to rsio n a l 
stresses is o bta ined .

5.2.2 Bending stresses
In  F ig . 7 , the m easured  and ca lcu la te d  stresses are plotted 
against tim e. T h e  d ed u cib le  a m p litu d es are also  in c lu d e d  in 
T a b le  I I .  W h e re a s the curves and e sp e c ia lly  the a m p litu d e s at 
the two fillets o f c ra n k  no. 4 co in c id e  q u ite  w e ll, a co n sid e ra b le  
d evia tio n  of the stresses in the c ra n k p in  and jo u rn a l fillets o f 
c ra n k  no. 1 can be seen at about 360 deg. A  s im ila r  d eviatio n  
had a lre a d y been noticed  in  the m easurem ents taken in the 
co -o p e rative  research p ro je ct and was in stru m e n ta l in  the 
d ecisio n to repeat the stress m easu rem ents. T h e  repeat 
m easurem ents also in c lu d e d  the jo u rn a l d isp lacem ent path o f 
cra n k  no. 1 and  th is record  in d icate d  the reason fo r the 
d e v ia tio n . T h e  ob servatio ns m ad e are o u tlin e d  in S ectio n  8.

6. ASSESSM ENT OF TH E DIFFER ENCES  
BETW EEN CALCULATED AND M EASURED  

STRESSES W ITH REFER ENCE TO THE SAFETY  
C O EFFICIENT

6.1 Two-stroke engine

T a b le  I perm its a c ritic a l assessm ent o f the d ifferen ces between 
the ca lcu la ted  and m easu red  stresses and th e ir  resultant in flu 
ence on the safety coefficient. It  can be seen that the eq u iva le n t 
stress m easured  on cra n k no. 1 is a litt le  h ig h e r than the 
ca lcu la ted  stress in the second lin e . H o w e v e r, i f  the safety 
coefficients are exam ined  in  acco rd an ce w ith  the two m ethods 
in  the C I M A C  p ro p o sa l, it can be seen that the safety 
coefficient o f both cra n k s, even using  the statica lly  in d e te rm i
nate va ria n t in the C I M A C  p ro p o sa l, is m a rk e d ly  lo w er than
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the m easu red  v a lu e ; the reason being that the a d d itio n al 
stresses co ntained  in the C I M A C  proposal are far h ig h er than 
those a ctu a lly  d eterm in ed  d u rin g  the m easurem ent. T h e  bend
ing stress acco rd in g  to the co ntinu o us beam  m o d el, in c lu d in g  
the a d d it io n a l ± 3 0  N /m m 2, is about 4 6 %  h ig h er at the m ore 
h ig h ly  loaded  c ra n k  no. 7 than the stress m easured and the 
e q u iva len t stress used as a basis fo r appro val is still about 3 5 %  
higher than the one calcu lated  from  the m easured readings.

In  F ig . 8 the safety coefficients ca lcu la ted  b y the two m ethods 
in the C I M A C  prop osal are plotted against engine length. A n  
im p o rtan t fin d in g  from  this graph is that the lowest safety 
coefficients that o ccu r using the statica lly  indeterm inate 
m ethod are lik e ly  to be e ith e r in the m id d le  o f the engine (on 
account o f a h igh to rsio n a l stress) o r at the free end (on account 
o f the highest ben d ing stress).

6.2 Four-stroke engine

H e re  again the d ifferences between calcu lated  and m easured 
results m ust be assessed on the basis o f the safety coefficient 
show n in T a b le  I I .  T h e  calcu la tio n  m ethod used is the C I M A C  
one d escribed  in Section 2 , but w ithout the im p rovem ents 
proposed in  S ectio n  8.

T h e  m ain  v a ria tio n  between the calcu lated  and m easured 
ben ding stresses is  in  cra n k no. 1 (discussed in  Sectio n 5 .2 .2 ) ,  
and results in the e q u iva len t stress being about 3 5 %  too low 
and the ca lcu la ted  safety coefficient too high if  no allow ances 
fo r m isa lig n m en t etc. are m ade w hen w o rk in g  out the e q u iva 
lent stress (to rsio n was ca lcu la ted  using the forced-dam ped  
m ethod and b en d in g  stress was calcu lated  by the statica lly  
in d eterm in a te  m ethod  in  o rd er to o btain the e q u iva len t stress).

E v e n  if  an allo w ance fo r m isa lig n m en t is added to the 
ben ding stress, the e q u iva len t stress in L in e  1P 3  o f the table 
rem ains about 1 8 %  below  the va lu e  d eterm ined  from  the 
m easured  results. H o w e v e r, in L in e  1P 4  the statica lly  d e te rm i
nate ca lcu la tio n  m ethod furn ishes an e q u iva len t stress w hich is 
h ig h e r and  a safety coefficient w hich is low er than the m easured 
va lues.

In  this context the co m p ilatio n  of the safety coefficients on 
the strength of the statica lly  indeterm inate  and statica lly  deter
m inate ca lcu la te d  ben ding stresses in  F ig . 9 is of interest. It can 
be seen that, acco rd in g  to the statica lly  indeterm inate bending 
stress ca lcu la tio n , the lowest safety coefficient is in the m id d le 
of the engine. T h is  is w here the statica lly  indeterm inate  and 
determ inate ca lcu la ted  ben d ing stress, and thus the p erta in in g  
safety coefficients, are alm ost of the sam e size. T h is  is due to 
the firin g  force effect of a cy lin d e r and the m ass effect com ing 
from  the a d jace n t c y lin d e r, add in g up in  the dead centres at the 
‘in n e r’ fillets o f cra n ks nos. 4 and 5.

T h e  resultant ben d ing stress is a lm ost as high as the one 
calcu lated  acco rd in g  to the s in g le -cra n k  m ethod w ith s im p ly  
sup ported jo u rn a ls . T h is  effect occurs in a ll crankshafts w ith an 
even n u m b e r o f cra n ks and is ev id e n tly  w ell recorded  by the 
ca lcu la tio n  m ethod, as m ay be noted from  L in e s  4P 1 and 4P 2 
in  T a b le  I I .

v o .
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A
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FIG. 9 Safety coe ffic ien ts  (fou r-s troke  engine)
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FIG. 10 C alcu la tion m odels fo r crankshafts

7. INVESTIG ATIO NS INTO DIFFERENT VALUES  
OF TO RSIO NAL STRESSES IN CRANKPIN  
FILLETS OF THE TW O -STROKE ENGINE

I f  the d ifferences betw een the m easured and calcu lated  stresses 
in F ig . 3 are a n alysed , the largest d ifferences alw ays occur 
when large tangentia l forces act on the cra n k throw . T h is  is 
p a rticu la rly  evident from  the m easurem ent taken on throw no.
7, where m axim um  stress occurs exactly  at the m om ent when 
the m axim um  tan gentia l forces act on the cra n k p in .

T h a t the no rm al to rsio nal v ib ra tio n  ca lcu la tio n  cannot 
reveal effects o rig in a tin g  from  tangentia l forces becom es o b v
iou s from  F ig . 10 when it is rem em bered  to w hat extent the 
crankshaft ca lcu la tio n  has been s im p lifie d .

T h e  th re e -d im e n sio n a l beam  m odel o f a cra n k  shows that
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three sectional forces and m om ents in  the p ins o f a crankshaft 
have to be allo w ed  for. T h e  sym b o ls used fo r the m om ents 
m ark  the plan e w hich is  defined by a co up le  o f forces e q u ivalen t 
to the m om ent. A lth o u g h  such ca lcu la tio n  m odels are som e
tim es used, such a proced ure  seem s to be too co m p lica ted  fo r 
an acceptance c a lcu la t io n .8 F o r  this reason , the n o rm a l p ro 
cedure is to d ecoup le  in such a w ay that a o n e -d im e n sio n a l 
co n tin u o u s beam  m odel is v iew ed ; the ben d ing and the to r
s io n al stresses being d eterm in ed  by separate ca lcu la tio n s.

T h e  to rsio nal stress ca lcu la tio n  o n ly  a llow s fo r the torques 
around  the cran ksh aft axis and co nseq uen tly  force effects are 
not a llow ed  for. A  point o f im p o rtance is that the no rm al 
ben ding stress ca lcu la tio n  allo w s for a ll forces and m om ents in 
the cra n k p lan e and in  a plane arranged  at an angle o f 90 deg to 
it; the ca lcu la tio n  thus reveals the ben d ing stress vector w hich

a ctu a lly  exists in the centre o f the w eb. H o w e v e r, to calcu la te  
the ben d ing stress o f each c ra n k , o n ly  the p ro je ctio n  o f this 
m om ent in  the cra n k  p lan e  is used.

In  F ig . 1 1  m om ents o ccu rrin g  in  the p lan e  v e rtica l to the 
cra n k  plane are interpreted  as b en d in g  if  re lated  to the p ins but 
as to rsio n a l m om ents if  re lated  to the web axis.

I f  the sam e n o m in al cro ss-section is used as fo r the ben d ing 
stress, a p a ra b o lic  n o m in a l stress d istrib u tio n  occurs at the 
edge o f the cro ss-sectio n w hen a to rsio n a l m om ent is a p p lie d ; 
the m ax im u m  d istrib u tio n  being  in the m id d le  o f the lo ng side,
i.e . w here the fillet is. In  the event o f the to rsio n a l m om ent 
being kno w n, this n o m in al stress can be ca lcu la te d  w ith the a id  
o f the to rsio n a l resistance m om ent o f the web cross-sectio n. 
A d ju stm e n t by a stress co ncen tratio n factor gives the fillet 
shear stress.

T able II: C o m p ariso n  b e tw e e n  m e a s u re d  a n d  c alcu la te d  re s u lts  of th e  fo u r-stro k e  e n g in e  (on  te s tb e d )

Torsional
stress,

T

(N /m m2)

Bending
stress,

(N /m m2)

Additiona l
stress,

(N /m m2)

Equivalent
stress,

qu
(N/mm2)

Deviation
from

measured
value,
AcTgqu
(%>

Safety 
coe ffic ien t‘  

S

CRANK 1— PIN
1P1 Measured on testbed 24 85 — 95 — 2.15
1P2 Calculated statically indeterm inate, w ithou t additional 23 47 — 61 -3 6 3.34

stresses
1P3 Calculated according to CIMAC, statically indeterm inate 23 47 20 77 -1 8 2.63
1P4 Calculated according to  CIMAC, statically determ inate 23 101 20 127 + 34 1.60

CRANK 1—JOURNAL
1J1 Measured on testbed 18 70 — 76 — 2.67
1J2 Calculated statically indeterm inate, w ithou t additional 19 71 — 78 + 2 2.61

stresses
1J3 Calculated according to  CIMAC, statically indeterm inate 19 71 20 96 + 27 2.11
1J4 Calculated according to CIMAC, statically determ inate 19 125 20 149 + 95 1.37

CRANK 4— PIN
4P1 Measured on testbed 24 95 — 104 — 1.95
4P2 Calculated statically indeterm inate, w ithout additional 31 92 — 106 +2 1.91

stresses
4P3 Calculated according to  CIMAC, statically indeterm inate 31 92 20 124 + 19 1.64
4P4 Calculated according to  CIMAC, statically determ inate 31 101 20 132 + 27 1.54

CRANK 4—JOURNAL
4J1 Measured on testbed b 107 — — — —
4J2 Calculated statically indeterm inate, w ithou t additional 26 114 — 123 — 1.65

stresses
4J3 Calculated according to CIMAC, statically indeterm inate 26 114 20 142 — 1.43
4J4 Calculated according to CIMAC, statically determ inate 26 125 20 152 — 1.34

8 S  based on fa tig u e  s tre n g th  (<rfal) = 203.3 N /m m 2.
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F ig u re  1 2  show s that the shear stress as a function o f tim e can 
be w ell ap p ro x im ated  by this ca lcu la tio n  m ade w ith a co n tin u 
ous beam  program m e w h ich  is n o rm a lly  used fo r the statically  
in d e te rm in a te  ben ding stress ca lcu la tio n . T h e  o n ly  m o difica
tio n  re q u ire d  was that the space-fixed com ponent o f the bend
in g  m o m en t, ca lcu la ted  in  the web centre, was not projected  
into  the c ra n k  p lan e  but into  a p lan e  v e rtica lly  to it. Selection 
o f the stress co ncen tration factor in  this case is d ifficu lt. S in ce  
no e x p e rim e n tal va lu e  was to hand  fo r this shaft, the m axim um  
stress w as m atched to the va lu e  m easured. F o r  this purpose a 
stress co ncen tration factor a TW =  2 .5  was re q u ire d  but this 
stress co ncen tration factor is not u n iv e rsa lly  a p p lica b le . I f  the 
type o f cra n ksh a ft is d ifferent, it w ill change co n sid e ra b ly . In  
the case o f a sm all fo u r-stro ke  engine, for e x am p le, a m arke d ly  
low er stress concen tration factor was found e x p erim en tally  
and a co rre sp o n d in g ly  low er shearin g  stress was calcu lated.

D e p e n d in g  on the sign o f the shear stress from  the web 
to rsio n , the to rs io n a l stress resulting  from  the torsional v ib ra 
tion ca lcu la tio n  can be increased  o r decreased. It w ill be noted 
from  F ig . 3 that the influence o f the web torsion at throw  no. 1 
leads to a red u ctio n  w ith in  a range o f about 30 deg c ra n k angle. 
A ls o , in the case o f the fo u r-stro ke  engine d ifferences between 
m easured and calcu lated  readings can be seen, w hich are due 
to web to rsio n , e.g. in  F ig . 6 at throw  no. 4 and about 580 deg 
cra n k  angle.

C o n c lu s io n s  on the C I M A C  calcu la tio n  m ethod are dealt 
w ith in the fin al section. It  m ay be taken fo r g ranted, how ever, 
that the shear stress le ve l due to web torsion is m a rk e d ly  low er 
than the to rs io n a l-v ib ra tio n -in d u c e d  m axim um  to rsio nal stress 
level that occurs in the engine, e sp ecia lly  if  resonance in flu 
ences o ccu r at the to rsio n a l v ib ra tio n .

8. INVESTIGATIONS INTO DIFFERENT VALUES 
OF BENDING STRESSES IN THE FOUR-STROKE  

ENGINE

F ig u re  13  shows the lo ad in g  and  seating arrangem ents o f a 
co ntinu o us beam  m o d e l.9,10 It is assum ed that the resultant 
loads act on a point in the m id d le  o f each pin and w eb; the 
re cip ro catin g  m asses and the gas forces act in  the m id d le  o f the 
c ra n k p in ; the rotating m ass o f the cra n k  and o f the connecting 
rod is d istrib uted  betw een two web centres; existing counter
w eights are  m ounted in  the sam e place and the beam  is seated 
on lin e a r sp rings, i.e . m ovem ents o f jo u rn a ls  w ith in  b earing  
clearan ces are neglected.

If  the d ifferences between calcu lated  and m easured readings 
in  F ig . 7  are con sid ered  fo r cra n k  no. 4, it becom es apparent 
that the d ifference consists m a in ly  of a tim e-co nstant stress 
sh are, w h ich  is o f a com p ressive nature in the cra n k p in  fillet 
and o f a tensile  nature in  the jo u rn a l fillet. T h is  m eans that the 
d ifference is caused by a constant ben ding m om ent. Such 
m om ents are caused e x clu sive ly  by the effect o f the rotating 
m asses. P re su m a b ly , the d istrib u tio n  o f the rotating m asses in 
the ca lcu la tio n  m o del is not correct in  this case. B e tte r co in c i
d ence co u ld  p o ssib ly  be a ch ieved  if  a la rg e r share o f the 
ro tating  m ass was assum ed to be in  the cra n k p in  centre.

A t  this cra n k in  the m id d le  o f the engine, the co inciden ce of 
the d yn a m ic  stress va lues is excellent so that other s im p lifica 
tions o f the ca lcu la tio n  m odel are evid e n tly  un im p o rtant in this 
case, w hich proves that the stress concen tration factors ca lcu 
lated b y  the C I M A C  p rop osal are correct. T h e  com p ariso n 
betw een calcu la tio n  and m easurem ent show n in F ig . 7 for 
throw  no. 1 is less satisfactory. A p a rt  from  the aforem entioned  
d ifference by a tim e-co nstant share, w hich  is p a rt icu la rly  
v is ib le  in  the c ra n k p in  fillet, it is noticeable that large d iffe r
ences o ccu r m a in ly  in  the v ic in ity  o f the T D C s  o f the throws.

T o  e x p la in  this p h eno m en on it is necessary to e x p la in  first 
the co n d itio n s at the co u p lin g  end o f this engine. F ig u re  14 
shows that the cran ksh aft has been extended by an a d d itio n a l 
seated flange shaft. T h e  pow er ta k e -o ff fo r the cam shaft is

FIG. 1 5  B en d in g  s t r e s s  c alcu la tio n  for c ran k  no. 1 of th e  four- 
s tro k e  e n g in e , a llo w in g  for th e  a c tu a l s e a tin g  c o n d itio n s
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between the two outboard bearings. T h e  b en d in g  stress ca lcu 
latio n m o del a llo w ed  fo r the o verh u n g  m ass o f the flyw heel and 
co u p lin g  w ith  an a d d it io n a l outb o ard  b e a rin g  O . A s  w ill be 
noted from  the p a rticu la rs  stated below , in tro d u ctio n  o f this 
b ea rin g , w hich produces a su b stan tia l c la m p in g  effect at the 
cra n ksh a ft end , is not ju stif ie d .

It  was found by m easu rin g  the m ovem en t o f the jo u rn a l next 
to cra n k  b earing  no. 1 that, ow ing to the m ass force effect, the 
shaft is lifted  w ith in  the range o f about 360 deg cra n k  angle and 
bears against the top shells o f the c ra n k  b earin g s. T h e  re ca lcu 
latio n o f this lo ad  case re ve a ls  that, at the sam e tim e, the shaft 
lifts o ff the bottom  shell o f the o u tb o a rd  b earin g . It is apparent 
from  the gas force lo ad  case, a lso  show n in  F ig . 14 , that lift -o ff  
takes p lace  at the o u tb o a rd  b e a rin g  as w e ll, w hich leads to the 
co n clu sio n  that the rea ctive  forces are n e g lig ib le , i.e . that this 
b ea rin g  does not p rod u ce a c la m p in g  effect.

I f  a ca lcu la tio n  a ro u n d  360 deg cra n k  angle is c a rrie d  out on 
the basis o f actual seating  co n d itio n s (up w ard  d isp lacem en t of 
the p ins at bearin g s nos. I  and  I I  by the b e a rin g  c lea ran ce  and 
absence o f the outb o ard  b e a rin g ), the d yn a m ic  stresses as a 
function o f c ra n k  angle are recorded quite w ell (F ig . 15) and 
there is qu ite  a good co rre la tio n  betw een calcu la ted  and 
m easured d yn a m ic  b en d in g  stresses.

In  cra n k  no. 1 , the m easured stress in  the c ra n k p in  fillet is

FIG. 14 Factors a ffec ting  bending  stresses a t coup ling  end o f the  
fo u r-s tro ke  engine

la rg e r than in  the jo u rn a l fille t. T h e re  is  no e x p la n a tio n  fo r this 
ph enom en on as the ra tio  o f c ra n k p in  fille t to jo u rn a l fillet 
stress should  be the sam e in every  c ra n k , if  it is assum ed that 
these stresses are p rod uced  by ben d ing m om ents in  the m id d le  
o f the webs caused b y  transverse forces. A  possib le  e x p lan atio n  
is that the force acting ra d ia lly  on the c ra n k p in  at the c o u p lin g  
end deform s the cra n k  a x ia lly  (c ra n k  web deflection) and , due 
to the a x ia l c la m p in g  effect at the a d jace n t lo catin g  b e a rin g , 
the entire  cra n ksh a ft m ass m oves a x ia lly  tow ards the free end 
as in  F ig . 14  (bo tto m ), fo r instance due to the gas force.

T h e  m ass force d evelo ped  d u rin g  this p u shin g  process gives 
rise to ben d ing m om ents in  the c ra n k , w hich  are  su p erim p osed  
on the tra n sve rse -fo rce -in d u ce d  m om en ts so that the stress 
a m p litu d e le ve l re v e rsa l betw een c ra n k  p in  and  jo u rn a l, 
d escribed  a b o ve, appears to be po ssib le . S in ce  this ph en o m 
enon was not investigated  a n y fu rth e r, the effect d escribed 
m ust be regarded  o n ly  as a theory.

It  w ill be noted that the ca lcu la tio n  m ethod in  the C I M A C  
prop osal gives rise  in this case to co n sid e ra b le  d ifferences 
betw een ca lcu la tio n  and m easu rem ent. T h is  is e v id e n tly  due to 
the a d d itio n a l outb o ard  b e a rin g , w hich does not bear un d er 
certa in  load  co n d itio n s. I f  the o utboard  b e a rin g  is left out of 
the c a lcu la tio n , the ca lcu la te d  stress va lu e  in the c ra n k p in  fillet 
is  ± 8 8  N /m m 2, w h ich  is close to the ± 8 5  N /m m 2 stress 
m easu red. H o w e v e r, in  the jo u rn a l f ille t, the ca lcu la ted  stress 
is  ± 1 0 8  N /m m 2 and the m easu red  one ± 7 1  N /m m 2; co n 
sequ ently  the ca lcu la tio n  is on the safe side.

In  this context, ow ing to the integrated  thrust b e a rin g , the 
tw o -stro ke engine also features a ra d ia l outb o ard  bearin g  
w hich had to be taken in to  co n sid era tio n  to ensure that the 
m easured  and  ca lcu la ted  results ta llie d . In  the tw o -stro ke 
engine, no forces act upw ards.

W ith  regard to fu rth e r refinem ents o f the ca lcu la tio n  
m ethods fo r the ben d ing stress in  cra n ksh a fts, there does not 
seem to be a n y  urgent need to in tro d u ce a h ig h e r-q u a lity  
stiffness m o d e l1112 fo r the cra n ksh a ft itse lf on account o f the 
afo rem entio ned  d ifference betw een m easu rem ent and  c a lcu la 
tio n . M o re  accurate re co rd in g  o f the b o u n d a ry  co n d itio n s 
o b ta in in g  at the co ntinu o us beam , m a k in g  a llo w an ce fo r the 
b ea rin g  c lea ran ces, w ould  be m o re im p o rtan t.

9. SUM M ARY OF RESULTS

A s  far as is kn o w n , this is the first tim e that id e n tica l and 
co m p rehensive stress m easurem ents have been c a rrie d  out on 
several cra n ks o f d ifferent cra n ksh a ft designs. T h e  m o re 
im p o rtan t results are as fo llow s.

(i) Forced-dam ped vibration method using sim ple 
substitute system s'

T h is  m ethod is used w o rld -w id e  fo r ca lcu la tin g  to rsio n a l 
stresses and the results co in c id e  w e ll w ith the actual m easu re
m ents taken on sm ooth shaft sections. T h e  stan dard  red uction 
m ethod fo r s lig h tly  d am ped  system s n o rm a lly  results in  an 
accurate ca lcu la tio n  o f the resonance p o in ts, the a m p litu d e s of 
the resonances being d eterm in ed  b y  the q u a lity  o f the e m p irica l 
d am p in g  va lu es used.

(ii) Additional torsional stress

T h e  o p p o rtu n ity  to m easure to rsio n a l stresses in  a fillet through 
w hich v irtu a lly  no torque passes revea led  an a d d it io n a l to r
sio n a l stress w h ich  has h ith erto  not been taken in to  co n sid e ra 
tion . T h is  to rsio n a l stress is due to the ben d ing m om ents 
o rig in a tin g  in  the c ra n k p in  or jo u rn a l b e ing transform ed  in the 
web into to rsio n a l m om ents acting  a ro u n d  the web axis.

W h e re a s the d e te rm in a tio n  o f these m om ents is not d ifficu lt 
to q u a n tify , d e te rm in a tio n  o f the related  stresses is im p ed ed  as 
no stress co ncen tration factors have been d eterm in ed  yet for
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this type o f stress. T h e  ± 1 4  N /m m 2 difference (T a b le  I) 
between the calcu lated  and m easured readings fo r cra n k no. 7 
of the tw o-stroke engine gives some idea o f the m agnitude of 
these stresses. T h is  d ifference m ust be com p ared w ith the 
m ax im u m  ± 4 5  N /m m 2 to rsio nal stress generated in  this engine 
by v ib ra to ry  torques.

(iii) Discrepancies between calculated and measured  
torsional stresses

A lth o u g h  the effect in  ( i i)  above was first d iscovered in a 
v ib ra to ry-to rq u e -fre e  w eb, it can also be found in a ll stresses 
m easured  on the crankshafts o f tw o-stroke and fo u r-stro ke  
engines. T h is  effect is the m ain  reason fo r the la ck  o f co in 
cidence betw een ca lcu la ted  and m easured stresses. In  a fo u r- 
stroke e n g in e, som e idea o f the a d d itio n a l to rsio nal stress can 
be g a ined  from  the cra n k p in  fillet o f cra n k no. 4 (F ig . 6); this 
a d d itio n a l to rsio n a l stress am ounts to about ±  13  N /m m 2 and is 
thus o f a s im ila r  size as in the tw o-stroke engine.

W h en  the m axim um  a d d itio n al w eb -to rsio n -in d u ced  stress 
in  a crankshaft has been estim ated, the question of the effect 
on the eq u iva le n t stress is d eterm ined  m a in ly  by the phase 
angles. In  the w orst case the va lu e  of the to rsio nal stress in  the 
w eb can add itself a lg e b ra ica lly  to the co nvention al torsional 
v ib ra tio n  stress.

(iv) Allowance to be made for the additional torsional 
stress

T o  allo w  fo r this new to rsio nal stress in a sim p le  w ay, it is 
suggested that ±  15  N /m m 2 should  be added to the torsional 
stresses ca lcu la ted  by the m ethod proposed by C I M A C ;  the 
proposed m ethod being id e n tica l to those used by alm ost all 
engine b u ild e rs and classification societies. It is up to the 
engine b u ild e rs to decide w hether o r not this stress should  be 
verified  m ore accu rate ly  by m eans o f a test.

(v) Additional bending stresses

T h e  m easurem ents have show n that, in  fo u r-stro ke  engines, 
b earing  m isa lignm ents do not cause a d d itio n a l ben ding stresses 
and this has been confirm ed  by other engine b u ild e rs. T h is  is 
due to com pact constructio n, high stiffness of fram es and 
q u a lity  of m a ch in in g  in  the bearings.

T h e  a d d itio n a l stresses do o ccu r in  large tw o-stroke engines 
but they are m a rk e d ly  low er than the ± 3 0  N /m m 2 proposed by 
C I M A C .  It is recom m en ded  that the a llow ance fo r a d d itio n al 
stress should  be om itted in  fo u r-stro ke  engines and be 
am ended to ±  15  N /m m 2 fo r tw o-stroke engines.

(vi) Bending stresses from gas and m ass forces

T h e  com p ariso n o f the sta tica lly  in d e te rm in a te ly  ca lcu la ted  
ben ding stresses due to gas and m ass forces has show n that 
satisfactory co incid en ce with the m easu red  re su lts, co m p ar
able w ith the accuracy o f the to rsio nal stress c a lc u la t io n , can be 
a ch ieved  as long as no sp ecial b o u n d a ry  co n d itio n s  o b ta in  at 
the co u p lin g  end o f the cra n ksh a ft. T h e  m easu rem ents taken in 
this range o f the fo u r-stro ke  engine re ve a le d  that the b earing  
clearan ce  had a greater influen ce on the stresses. T h is  is to be 
expected, p a rt icu la rly  if  there is  a fu rth e r o u tb o a rd  b earing  
next to the first cra n k  b earing. It was proved  that this b earing  
does not com e to bear in  the T D C s  o f  the first cra n k  so that the 
c la m p in g  stiffness o f the first cra n k is co n sid e ra b ly  low er than 
the one allow ed  for in the ca lcu la tio n .

A ls o ,  it is  not necessary to in tro d u ce the h yd ro d yn a m ic  
theo ry fo r p la in  bearings to the ca lcu la tio n  m o d e l, as reason
able  b o u n d ary  co nditions for the ca lcu la tio n  can be found by 
tak in g  the reactive b ea rin g  forces and d isp lacem ents into 
co n sid e ra tio n . A  sim p le but safe ca lcu la tio n  m odel e n ta ils  the 
o m issio n  o f such a b earing. T h e  safety coefficients ca lcu la ted  in 
this w ay and those d erived  from  the va lues m easu red  are g iven 
in  F ig . 9.

10. CONCLUSIO NS

( i)  T h e  statica lly  in d eterm in ate  ben d ing stress ca lcu la tio n  
m ethod reflects the actual stress co n d itio n s in a crankshaft 
co n sid e ra b ly  better than the sta tica lly  d eterm inate 
m ethod.

( ii)  C o m p a riso n  w ith the m easu red  results show s that, w hen 
the statica lly  indeterm inate  m ethod is u sed , the d ecisive 
safety coefficient still co ntains a ce rta in  h id d e n  safety 
factor.

T h e  statica lly  d eterm inate m etho d , h o w e ve r, in vo lve s 
v a ria tio n  o f the h idd en safety facto r o ve r a w id e r range 
and  is therefore less re lia b le .

( iii)  T h e  statica lly  in d eterm in ate  m ethod sh o u ld  be adopted 
by the classificatio n  societies in  th e ir  u n ifie d  ru les.

( iv ) T h e  C I M A C  prop osals w ould  be fu lly  satisfactory if  they 
in clu d ed  the recom m en dations in  this paper.
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Discussion

B. L A W  (P e rk in s  E n g in e s  L td ) : 1 w ould  first like  to congratu
late D r  D o n a th  and M r Se id em an n  on th e ir interesting paper.

M y experience o f cra n k sh a ft-lo a d in g  and safety-factor p re 
d ictio n  re lates to the h igh-speed  d iesel engines m anufactured 
by P e rk in s  E n g in e s  at Peterborough and S hrew sbury (fo rm erly  
the d ie se l-e n g in e  d iv is io n  o f R o lls -R o y c e  M otors). C u rre n tly  
engines in the range from  40 to 820 hp have a p p ro val ce rtif i
cates from  a nu m b er o f c lassification societies.

T h e  ca lcu la tio n  procedures for crankshaft and m a in -b e a rin g  
lo a d in g  used at P e rk in s  has been d escribed in a C I M A C  
p a p e r.1 T h e  cran ksh aft and engine stiffnesses are first co m 
puted using a fin ite -e lem en t com p uter p rogram . L o a d  against 
deflection equations based on these stiffnesses are then solved 
(in  a separate com p uter p rogram ) throughout the engine cycle , 
with a m a in -b e a rin g  o il film  representation based on the 
‘m o b ility ' m ethod. T h e  proced ure has been va lid ated  by com 
p arison of predicted  and m easured crankw eb strain  in a h igh
speed d iesel engine. T h e  m a jo r conclusions in the com p arison 
o f p redicted  and m easured strain  were:
1. T h e  statica lly  d eterm inate (or s im p le throw ) m ethod was 

incon sistent and g en era lly  grossly overestim ated the 
cran kw eb  loading.

2. T h e  a v a ila b le  forced dam ped te ch n iq u e sfo rto rs io n a l v ib ra 
tion were adequate in pred ictin g  the stress com ponents 
indu ced  by torsion.

3. M ost o f the d iscrep an cy between predicted  and m easured 
strain  at the crankw eb  adjacent to the flyw heel was due to 
m a ss-a cce le ra tio n  and gyroscopic effects not being rep re
sented in  the ca lcu la tio n  proced ure.

T h e se  findings are g e n e ra lly  in  agreem ent w ith those presented 
in  the paper.

T h e  proced ure fo r crankshaft assessment used in P erk in s 
fo llow s the general p rin c ip le s reported in the paper. A ccu ra te  
cra n k sh a ft-lo a d in g  p red ictio n  (ben ding and torsion) is fu n d a
m ental in  the d eterm in a tio n  o f the fatigue safety factor. O n 
h igh-speed  d iesel engines m o d ellin g  o f the jo u rn a l-b e a rin g  
ch aracteristics and the crankcase  structure is necessary in 
o rd er to com pute the cra n k  lo ading  a ccurate ly. T h e  im p o r
tance o f crankcase  stiffness was h ighlighted  in a recent e x p e ri
m ental and theoretical study. It was found that a 3 0 %  reduc
tion in the cran kw eb  bending m om ent resulted from  selective 
stiffening o f the crankcase structure. T h e  proposed C I M A C  
ru les w ould  lead to less accurate load p redictio n because the o il 
film  and cran kcase  stiffnesses are grossly s im p lifie d . W hat 
p rovision  is there in the proposed C I M A C  ru les fo r selection of 
a p p ro p riate  sp rin g  constants to represent the crankcase sup
porting stru ctu re ?

H a v in g  d eterm ined  the crankshaft lo a d in g , the next stage in 
the assessm ent procedure is calcu latio n  o f critica l stresses. T h e  
stress co ncen tratio n factor approach has proved to be effective 
fo r this ca lcu la tio n . T h e  safety-factor ca lcu la tio n  gen erally  
in clu d es an allow ance fo r m ean stresses.

T h e  a llow ance has a sign ificant effect on high-speed  d iese l- 
engine cran ksh afts, because there are significant m ean 
crankw eb bending m om ents (u su a lly  tensile  m ean stress is 
indu ced  in m a in -jo u rn a l fillets) accord in g to the indeterm inate 
calcu la tio n  m ethod. C ra n k sh a ft fa ilu re  statistics d erived  from  
engine test-bed ru n n in g  co rrelate very w ell with com puted 
fatigue safety factors w hich includ e the m ean stress factors, 
and co rrelate ve ry  p o o rly  with safety factors w hich do not 
in clu d e the m ean stress effect. F o r  a typ ica l proven engine 
d esign, the safety factors, based on loadings com puted from  
the statica lly  d eterm inate (sin g le  throw ) and statica lly  in d eter
m inate m ethods, are 1 .2  and 1 .7 . respective ly. A  single safety- 
factor acceptance crite rio n  should  not be ap p lied  to results 
from  both m ethods. A p p lic a tio n  o f the crite rio n  ( 1 . 1 5 )  
suggested in  the C I M A C  ru les indicates a m arg in  o f safety fo r 
extra lo ad in g  w hen indeterm inate  ca lcu la tio n s are used. In  m y
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e x perience o f h igh-speed  d ie se l-e n g in e  cra n k sh a fts , I ju d g e  
this m arg in  to be excessive and w o u ld  not b e lie ve  the 
crankshaft design to be v ia b le  if  the safety facto r was 1 .1 5  
based on the statica lly  in d eterm in ate  m ethod.

In  co n clu sio n , although I agree w ith m an y o f the p rin c ip le s 
advocated in  the pap er, I  m ust em phasise  the necessity for 
in c lu s io n  in  the ru les o f accurate c y lin d e r-b lo c k  stiffness 
m o d els, m ean stress in  the safety-fa cto r ca lcu la tio n  and , in 
p a rticu la r, acceptance levels fo r safety factors w hich are 
ap p ro p riate  to the ca lcu la tio n  m ethod. T h e  ru les w o uld  not 
id e n tify  vu ln e ra b le  h igh-speed  d ie se l-e n g in e  crankshafts and 
th e ir effectiveness in assessing other classes of d ie se l-e n g in e  
crankshafts is questionable.

G .  C .  V O L C Y  (B u re a u  V e r ita s ) : T h e  authors o f this very 
va lu a b le  p aper are to be co m p lim en ted  fo r the trem end ous 
w ork perform ed  on such a com p lex p ro b lem  as the m easu re
m ent and ca lcu la tio n  o f stresses in cra n ksh a fts. I am  also 
im pressed by th e ir courage in  u n d e rta k in g  such an a rdu ou s 
task. T h e  crankshaft is the m ost m ysterio u s and co m p licated  
piece o f m ach in e ry  I have encountered  in  m y p ro fe ssio n a l life , 
and I have been w o rk in g  on it over the last 25  y e a rs .2-6

B e in g  fascinated by the nu m erou s p rob lem s re lated  to the 
cra n ksh a ft, I  was lu ck y  w hen, m an y years ago, I encountered 
A .  S ch iff, from  M A N , w ith w hom  I have often spoken o f the 
p o ssib ility  o f o b ta in in g  greater know ledge o f crankshaft 
b e h a v io u r, p a rticu la rly  in view  of the seriou s dam age ( in c lu d 
in g  the b re ak in g  o f crankshafts) w hich occu rred  a ll o ve r the 
w orld  at the b eginning  o f the 1960s. T h e  reasons for these 
d ifficu lties were in co m p a tib ilit ie s  betw een the f le x ib ility  o f the 
structure o f new ly b u ilt ships (a lw ays o f greater tonnage) and

FIG. D1: 3D FEM m odel o f a half-crank
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FIG. D2: 3D FEM m odel o f a crankshaft

the increased  stiffness o f the lin e  shaftings, in c lu d in g  the 
cra n ksh a ft. T h is  was also  the reason w hy M A N  and B & W  
d ecided  to b u ild  the bo x-type structure o f engine g ird e rs , now 
adopted w o rld  w id e .7

H o w e v e r, the sam e co u ld  be said  o f the d ecisio n  o f C I M A C  
co n cern in g  the need to rea n a lyse  the m ethods used by d ifferent 
classificatio n  societies to ca lcu la te  the scantlin gs o f the 
cran ksh aft w hich  led to its stiffness. T h is  ha n d ica p p ed  the 
d ie se l-e n g in e  m an u factu rers. W h e n  the C I M A C  C ra n k sh a ft  
su b -g ro u p , u n d e r the d ire ctio n  o f D r  D o n a th , fin ished  its 
w o rk , it was necessary to co m p are the p rop osal fo r the future 
o f shaft design w ith the re a lity , by fin d in g  the co rre la tio n  
betw een ca lcu la tio n s and m easu rem ents. T h e  a im  was also  to 
present co n v in cin g  argum ents to I A C S  fo r adoption as a ru le  o f 
the prop osal put forw ard  by C I M A C .

In  view  o f the above it was d ecided  to create a jo in t  venture 
between C o m p a n ie s  w hich h ave, in the past, show n the most 
interest in the b e h a v io u r o f cra n ksh a fts, and so L lo y d ’s R e g is 
ter of S h ip p in g  was in v ite d  to jo in  M A N  and B u re a u  V e r ita s  in  
this research team .

T h e  task o f B u re a u  V e r ita s  in  this co op erative research 
p ro je ct has been threefo ld :
1. T o  p ro v id e  a theo retica l check o f the m ethod used to 

ca lcu la te  cran ksh aft scan tlin g  as proposed by the C I M A C  
w o rk in g  p arty and the su p p lem en ta ry  m ethod proposed by 
L lo y d ’s R e g iste r, w hich consid ers the cran ksh aft to be a 
sp a tia l h yp ersta tic  beam . T h e  m o dern F E M  m ethods w ere 
a p p lied  to the treatm ent of the cran ksh aft un d er static and 
d yn a m ic  co n d itio n s.

2. T o  use the th eo retica l and  e x p erim en tal results to p rovid e 
su p p le m e n ta ry  data and in fo rm atio n  (fo r th eo retica l ca lcu 
latio n s and th e ir  co rre la tio n  w ith exp erim ents) on the 
effects o f in te rn a l (tra je cto rie s o f jo u rn a ls )  and external 
(th e rm a l effects, lo ading  and sea co n d itio n s, influence of 
lin e  shafting and  p ro p u lso r) factors on the b e h a v io u r o f 
crankshafts.

3 . T o  estab lish , a lso  by using  F E M ,  a m ethod w hich allow s the 
sp atia l po sitio n  o f cran ksh aft jo u rn a ls  in th e ir bearings (ie 
the rea l a lig n m en t co n d itio n s o f the cran ksh aft) to be 
d eterm ined  from  readings o f cra n ksh a ft d eflexions.

T h e  above ap p lied  to both tw o- and fo u r-stro k e  engine 
crankshafts.

T h is  co n trib u tio n  w ill d eal o n ly  w ith the essential results of 
the research un d ertaken  by B u re a u  V e r ita s . T h o se  interested 
in greater d e ta il are  referred  to I C M E S  ’84 held  in T r ie ste  in 
Sep tem b er 1984. T h e  m ost im p o rtan t results are related  to:
• M easu rem ents perfo rm ed  on the cra n ksh a ft o f a fo u r-stro ke  

engine and  co rresp o n d in g  F E M  ca lcu la tio n s re lated  to 
d efo rm atio n and  stress;

• P re v io u s research related  to the ca lcu la tio n  o f stresses w ith 
an e q u iva le n t h yp erstatic  beam  rep resen ting  the cran ksh aft. 
F ig u re  D I  show s a 3 D  F E M  m odel o f a h a lf -c ra n k , w ith the

3 D  F E M  m o del o f the co rresp o n d in g  cran ksh aft in F ig . D 2 .
B y  a p p ly in g  w ell know n forces to the cra n ksh a ft, the e q u iv a 

lent von M is e s /H e n c k y /H u b e r  stresses can be calcu la te d . A n  
ex am p le  o f such ca lcu la tio n s  is presented in F ig . D 3 .

FIG. D3: Von M ises stresses in crank no. 4

U n fo rtu n a te ly , how ever, the results o f these F E M  c a lcu la 
tions w ere d isa p p o in tin g . In  fact, the lo n g , la b o rio u s and 
expensive ca lcu la tio n s by the m ost ad vanced  th eo retica l m eans 
( F E M  calcu la tio n s on speedy com p uters) have proved  that 
prag m atic  so lutio ns o f te ch n ica l p rob lem s are better than m ore 
so phisticated  m ethods. T h e  lim ita tio n s  o f F E M  are h ighlighted  
w hen p ractica l and usab le  so lu tio n s are re q u ire d .

T h e  sub -stru ctures m ethod is p a rt icu la r ly  su itab le  fo r this 
k in d  o f structure because o f the geo m etrica l re p etitio n . A ls o  
the general stiffness and d efo rm atio n  o f the cra n ksh a ft can be 
w ell represented. H o w e v e r, the exact sup p o rtin g  co n d itio n s 
are not easy to evaluate.

A n o th e r im p o rtan t co n clu sio n  w h ich  can be draw n from  
these ca lcu la tio n s concerns the great d ifficu ltie s  o f such an 
a n alysis . T h e se  d ifficu ltie s  a p p ea r at each le ve l o f the ca lcu la 
tions. A n o th e r d ifficu lty  lies in the in terp reta tio n  o f the results.
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c 3 u
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3
I  = equivalent moment of inertia eq
£gq= equivalent diameter

Measured values

■^max.eq- ®'4®® ̂ journal

D =0770 D max,eq journal

■^min,eq "0-107^journal

D >0.553 D max,eq journal

Calculated values 

Anax, eq= 0^02 ^journal

D =0.795 D max,eq journal

^min,eq ® '9^ jo u rn a l
D . =0.662 D- , nmn,eq journal

I  = 0  2 8 8 /  max,eq journal
D =0.734 D. max.eq journal

/  . =0 .193 7 . . min,eq journal
D . = 0.858 D. , min.eq journal

FIG. D4: V alu es of m o m e n ts  of in ertia  on b e n d in g  an d  e q u iv a 
len t d ia m e te rs  of th e  w e b s

T h e  m ain  d ifficu lty , how ever, is in  the m o d ellin g  of such a 
com p lex spatia l structure as a crankshaft and e sp e cia lly  o f the 
fillets.

It is im p o rtan t to note that the refinem ent o f the mesh for 
stress ca lcu la tio n  in  the fillets is so far p ra ctica lly  unsolved. 
T h is  is because the fillets are spatia l structures and refinem ent 
o f the corresp o n d in g  m esh presents serious prob lem s fo r the 
softw are. W e  know  o f no such program m e and no in fo rm ation  
co uld  be found on the subject.

H e n ce  there is a need fo r a less th eo retica l, s im p le r 
ap p ro a ch , w hich co u ld  be supplem ented by input data 
obtained  from  experim ents and concentration factors. C le a r ly  
the best ca lcu la tio n  m ethod uses e ith er an eq u ivalen t h yp er
static beam  o r a sp atia l beam  in the d eterm inatio n of the 
scantlin g  o f the crankshaft in view  o f the d ifferent loadings 
req u ired  to d eterm ine the ben ding m om ents and shearing 
forces.

T h e  w o rk o f B u re a u  V e r ita s  shows the need to find s im p le r 
and easier m ethods for d eterm in in g  the scantlings of 
crankshafts. In  view  o f the above, the C I M A C  C ra n k sh a ft 
sub -gro u p  m ust be congratulated  fo r d ecid in g  to replace the 
crankshaft by a beam . I am glad that D r  D o n a th  and M r 
Se id em an n  cam e to the conclusio n that the h yperstatic un
d eterm ined  beam  should  be adopted by the c lassification 
societies as the u n ifie d  ca lcu la tio n  m ethod.

I w o uld  lik e  also to draw  attention to some results o f 
p revio u s w o rk on this sub ject w hich was pu b lish ed  some years 
a g o .3-5 8 W h e n  stud ying  seriou sly  dam aged crankshafts and 
th e ir m ain  bearings I found that a ve ry  im p o rtan t role is p layed 
by structure d e fo rm a tio n ,2 as w ell as by the a lignm ent o f the 
cra n ksh a ft,3_6,8-9 le a d in g  me to recom m end a curved  alignm ent 
o f the cra n ksh a ft, predeform ed  by sagging d u rin g  outfitting.

I have also  had  the chance to investigate the in trin s ic  p rop er
ties o f a crankshaft w hen lo o kin g  fo r its e q u iva len t m om ent of 
in e rtia  in  ben ding. T h e  results o f this in ve stig a tio n 3-5 are 
presented in  F ig . D 4 , from  w hich can be seen 7eq =S /  o f a beam  
having  the d ia m e te r o f the jo u rn a l (o r p in ).

H a v in g  found re a listic  va lu es o f / eq, the stresses o ccu rrin g  in 
the crankshaft w hen a jo u rn a l is  losing contact w ith its co rre 
spond ing bearin g  co uld  be d educed. F ig u re  D 5  shows the 
results, w hich are from  3 .4  to 6.6 tim es m ore than the stresses 
o f the beam  o f jo u rn a l (o r p in ) d ia m e te r co m m o n ly  used to fix 
the ru le s fo r d e te rm in in g  the scantlin gs o f the crankshaft.

max -J-I L -y y -r -  ~ 0 .350/. . 
*  Z _ /  *  journal

■̂ eq
min / L y ^ .  = 0.150/journQ|

Oea =<
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_ min - r T L / ^ .  = 0.662 £>j0urnQ|

max «—I —̂7 yr-r- ss o 440 (~ )
*  ' v 'journal

(— )«q =
"-in = ° ^ ( 7 ) journal

mi" = 0 41°  °b«ndjournal

° fle x  = <
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* * bend journal

min ^~7 /~ T  = l.H O a t 1.920 Ocomb.journal
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in the case of arbitrary a and x equal in turn to 3.0 and 5.0 kg/mm^

-  Equivalent moment of inertia

D  = Equivalent diameter

(^) = Equivalent modulus of inertia

FIG. D5: S tra in s  in th e  w e b s  a s  a re su lt of lo ss  of c o n ta c t  
b e tw e e n  a pin a n d  its  b e arin g

FIG. D6: Influence of th e  v a lu e  of th e  m o m e n t of in ertia  of a 
c ra n k s h a ft  o n  th e  d is trib u tio n  of b e arin g  re a c tio n s  a n d  b e n d in g  

m o m e n ts
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T h e se  va lu es o f the stresses e x p la in  the reason fo r the 
p re vio u s dam age to b earin g s and stiff cra n ksh a fts w hen placed 
on a flex ib le  engine g ird e r (w ith transverse webs) m ounted  on 
found ations that are not stiff en o ug h , the stiff crankshaft being 
sub jected  to the d efo rm atio n o f the sh ip ’s stru ctu re .2-8-9

M o re o v e r, / eq is not constant o ver the w hole length o f the 
cran ksh aft but va ries as a function o f the angle between 
ad jacen t cra n ks (see also F ig . D 4 ) . F o rtu n a te ly  the p u b lish e d 5 
c a lcu la tio n s and F ig . D 6  show  that this v a r ia b ility  o f /d o e s  not 
influen ce the d istrib u tio n  o f ben d ing m om ents and bearin g  
reaction forces.

In  view  o f the ab o ve, I w ould  lik e  to ask the authors how the 
e q u iva len t m om ent o f in e rtia  / eq o f th e ir hyp erstatic  equ ivalen t 
beam  cra n ksh a ft is d eterm ined . A ls o  o f interest is the question 
o f w hich va lu es o f / cq they have found  p re v io u sly  in  com p ariso n 
w ith the m om ent o f in e rtia  /  o f a p in  (o r jo u rn a l) ,  eg fo r the 
d yn a m ic  ca lcu la tio n s presented in  th e ir  paper.

R. B. SIGGERS (L lo y d 's  R eg iste r o f S h ip p in g ): D r  D o n a th  
and  M r S e id e m an n  are to be congratu lated  on a v e ry  w ell 
presented p a p er, w hich w ill be o f interest to engineers and 
stress a n alysts a ll o ver the w o rld . T h e  p aper sets out honestly 
and c le a rly  both the successes and  the p rob lem s encountered .

T h e  co op erative  w o rk between C I M A C  and I A C S  should  in 
the v e ry  n e a r future re su lt, after m an y years o f w o rk , in the 
p u b lica tio n  o f un ified  req u irem en ts fo r d im e n sio n in g  
cran ksh afts. T h is  m ust seem  an e x trem ely  attractive p ro p o si
tion to the m a rin e  engine m an ufacturers a ll o ve r the w o rld . 
T h e  lo g ic  is irre fu ta b le , as show n in  F ig . 1 o f the p a p e r; the 
cran ksh aft is not aw are o f be in g  classed by L R ,  B V  o r any 
o ther society so it  is a good id ea to have a un ified  ap p roach. 
H o w e v e r, w hilst the p ap er gives cause fo r som e o p tim ism , in 
m y o p in io n  we are  st ill som e w ay aw ay from  this id e a l.

‘In  the b e g in n in g ’ we used m ean stress, w hich was later 
superseded by m ean and a ltern a tin g  stress (cau sing  m any 
d iv is io n s). T h e o r ie s  of G o o d m a n  and  Sod erb erg  w ere adopted 
alm ost as a fash io n . A  m ultitud e o f o th er theories are a v a ila b le : 
G o u g h ’s e llip se , e llip se  a rc , G o u g h -P o lla r d , V D 1  2226 , 
E S D U ,  m o dified  G o o d m a n  and  o f course G e rb e r. F o u r o f 
these are show n plotted on an R - M  d ia g ra m  in  F ig . D 7 ,  from  
w hich an ap p re ciab le  band is a lre a d y  fo rm in g.

H a v in g  selected a th e o ry, argum ents o ccu r as to w hether 
stress co ncen tratio n factors sh o uld  be in corp o rated  on m ean 
and a ltern a tin g  parts. N o  text book seem s the sam e. N o w  we 
are presented w ith a neat so lu tio n : ignore m ean stress.

T h e  question o f fatigue end urance  lim its  and  factors o f 
safety can cause d ifferences in  the acceptance o f cran ksh aft 
ratings. H e a t treatm ents such as in d u ctio n  h a rd e n in g  and 
processes such as co ld  ro llin g  o f fillet ra d ii can g ive  enhanced  
fatigue p rop erties, w hich are cu rre n tly  reflected in  o u r R u le s  
by the Z  va lu e , but these w ill also v a ry  from  so ciety to so ciety, 
as w ill the factors o f safety.

T a b le  D I  show s the in fluen ce  o f m ean stress on a case 
cu rre n tly  being dealt w ith. P lease igno re the actu al va lu es as 
the en g in e ’s ratin g  is un accep tab le , but lo o k  at the changes in 
factors o f safety. T h is  engine is a V e e  engine ru n n in g  at 1000 
rev/m in  (w here the in e rtia  forces are co m p a ra tiv e ly  low  so 
m ean stress is  h ig h ). T h e  r ig h t-h an d  co lu m n  at the bottom  
shows the percent change in factors o f safety w hen m ean stress 
is intro du ced .

T a b le  D I I  show s a s m ila r state o f a ffa irs  and  concerns an 
in -lin e  engine ru n n in g  at 1800 re v /m in . T h e  in e rtia  forces 
appear to have reduced the m ean stresses but the d ifferen ces in 
safety factor are st ill o f sign ificance.

I have taken som e tim e to get to the p o in t, w hich  is as 
fo llow s. A lth o u g h  the curren t w o rk is o f eno rm o us va lu e  
regard ing un ified  va lu es fo r a ltern a tin g  stresses and stress 
co ncen tratio n factors, I  w ould  lik e  to ask the authors if , in  th e ir 
o p in io n , the m ean stresses re a lly  sh o u ld  be neglected.

A . H. S Y E D  (L lo y d 's  R e g iste r o f S h ip p in g ): F irst  I w ould  lik e  
to g ive som e b ackg ro u n d  to the C o -o p e ra tiv e  R e se a rch  P ro 
gram m e o u tlin e d  by the A u th o rs .

A r is in g  out o f the need to have a ca lcu la tio n  m ethod w hich 
takes into account a ll the im p o rtan t factors in flu e n cin g  the 
stresses in cra n ksh a fts, a fa ir ly  so phisticated  m ethod was 
d eveloped  by L lo y d ’s R e g iste r o f S h ip p in g . T h e  g u id in g  
c rite r ia  set fo r this d evelo p m ent w ere:
(a) It should  take account o f a ll the im p o rtan t factors in a

T ab le  DI: Influence of m e a n  s tr e s s . V ee e n g in e  ru n n in g  a t  1 0 0 0  
rev /m in

Parameter Input data

Ultimate tensile strength 690.0000 690.0000
Ultimate shear strength 483.0000 483.0000
Endurance lim it in bending 274.7000 274.7000
Endurance lim it in torsion 158.6000 158.6000
Mean direct stress 0.0000 206.5000 |
Rev direct stress 306.8000 306.8000
Mean shear stress 0.0000 43.1000 |
Rev shear stress 97.4000 97.4000

Theory Factors o f  safety

W ithout With 
mean mean Change 

stresses stresses (%)

von M ises-Goodman (Lloyds) 0.7846 0.6278 20
ESDU (M =  1.5) 0.7846 0.6877 12
Goodman-Gough ellipse quadrant 0.7846 0.5778 26
Goodman-Gough ellipse arc 0.7932 0.6505 18
Kerr-W ilson com bination 0.7846 0.7620 3
ESDU-Gough quadrant 0.7846 0.6770 14
ESDU-Gough arc 0.7932 0.7157 10
Gerber-Gough quadrant 0.7846 0.7278 7
Gerber-Gough arc 0.7932 0.7508 5
DNV-Gough quadrant 0.7846 0.6751 14

, , endurance lim it 274.7
von Mises stress V(306.82 + 3 x  97.42) 

=  0.7846
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transparent w ay so that the source can be traced and any 
m o d ifica tio n  o r a d d itio n  can be e a sily  m ade as m ore 
in fo rm atio n  becom es a v a ila b le ;

(b) It sh o u ld  be rea so n ab ly  eco n o m ical to use both in term s of 
h u m an and co m p uter resources.

F o r  this p u rpose, the fin ite -e le m e n t m ethod was considered 
but re jected  on the ground s o f being too tim e consum in g fo r a 
d a y -to -d a y  ca lcu la tio n  m ethod. A  n u m e rica l approach based 
on c la ssica l b en d in g  theo ry was therefore adopted w hich 
m odels the cran ksh aft as c lo se ly  as possib le to its actual shape 
rather than an e q u iva len t straight beam . T h e se  are fu lly  
described in R e fs 10 , 1 1  and 12 .

It  was d ecided  at the outset that a fu ll-sca le  m easurem ent 
w o uld  be attem pted to v e rify  the ca lcu la tio n  m ethods. W ith  
this o b je ctive  in v iew , B u re a u  V e rita s  and the au th o rs’ co m 
p any w ere ap p ro ach ed . It was found that in  p a ra lle l w ith our 
d evelo p m ent, M A N  were a ctive ly  in vo lve d  in  d evelo p in g  the 
C I M A C  m ethod, and out o f this com m on interest the jo in t  
venture fo r m easurem ents d escribed in the p ap er was un d er
taken.

L lo y d 's  R e g iste r has a great d eal o f expertise in strain  
m easu rem ents, w hich is la rg e ly  used for tro ub le-sh oo ting  
in vestig a tio n s, but these m easurem ents were done s im p ly  as 
an a id  to design. I b e lieve  that this is the first tim e that such 
la rg e -sca le  m easurem ents have been successfu lly  ca rrie d  out 
on two d ifferent engines un d er actual w o rkin g  con d itio n s on 
test-bed and at sea.

T u rn in g  to the p a p er, the authors' re m a rks regarding  the 
shear stress in the cra n k p in  being caused by torsion in 
cra n kw e b , as show ing in F ig . 1 1  of the pap er, is interesting. 
H o w e v e r, the c ra n k p in , even at the free end, is sub jected  to a 
torque due to the com ponent o f b earin g  reaction in a plane at 
right angles to the cra n k p la n e . T h e  bearin g  reaction in  turn is 
influen ced  by the m ovem ent o f the jo u rn a l in  the bearin g  c le a r
ance u n d e r ru n n in g  co n d itio n s and the f le x ib ility  of the b earing  
support structure. In  o u r m ethod o f ca lcu la tio n , in it ia lly  the 
effect o f b e a rin g  clearan ce  was not taken into account but it has 
since been fu rth er developed  to in clu d e this and predicts the 
jo u rn a l ex cu rsio ns w ith in  the bearin g  through the engine 
cycle . F ig u re  D 8  shows the effect of b earing  clearan ce on the 
bed ding stress and F ig . D 9  on the shear stress. N ote that w hen 
bearin g  clearan ce  is taken into account, the co rre la tio n  o f ca l
culated and m easured  stresses is acceptable.

T h e  authors have dem onstrated the effect of jo u rn a l m ove
m ent in  the b earing  c learan ce, as show n in Figs 14  and 15 of the 
paper. A s  this effect m ay have a critica l influen ce on the 
m axim um  stress range in the system  for some designs of 
en g in e, I  w ould  lik e  to ask the authors what proced ure they 
adopt to predict this at the design stage as the C I M A C  m ethod 
has no p ro v is io n  fo r it.

A  grey area at present is the f le x ib ility  o f crankshaft seating 
and  in this respect a v e ry  w ide range o f A  va lues, w ith a recom 
m end ation for a m ean , are proposed by C I M A C .  T h e  actual 
va lu e  to be used, no d ou bt, rem ains a m atter o f jud gem ent. It 
w ould  therefore be o f interest to learn  if  the a u th o r’s co m p an y 
has ca rrie d  out any m easurem ent or calcu la tio n  o f structural 
stiffness, static o r d yn a m ic, in w ay o f bearin g  pockets and if  so 
some d eta ils o f this w ould be appreciated .

F in a lly .  I w ould  lik e  to thank the authors for a very interest
in g  p ap er and  also fo r th e ir fu ll co -o p eratio n  in  the C o -o p e ra 
tive R ese arch  Pro gram m e.

R . H . C R O W T H E R  ( L lo y d ’s R eg ister o f S h ip p in g ): I w ould 
lik e  to congratulate the authors on a ve ry  interesting paper.

T h e  problem  o f appro val o f crankshafts has been exercising  
the m in ds of the classificatio n societies in recent years. M eet
ings o f I A C S  have been held to co n sid er and discuss the 
C I M A C  proposals. A t  the last m eeting a m easure of agreem ent 
was obtained  and the m a jo rity  o f the societies agreed to accept 
the docum ent.

T h e re  a re , how ever, aspects o f the docum ent w hich  are 
view ed w ith some reservatio n s, the most im p ortant one being

T able  Dll: Influence of m e a n  s tr e s s . In-line e n g in e  ru n n in g  a t  
1 8 0 0  rev /m in

Parameter Input data

Ultimate tensile strength 690.0000 690.0000
Ultimate shear strength 483.0000 483.0000
Endurance lim it in bending 282.5000 282.5000
Endurance lim it in torsion 162.8000 162.8000

Mean direct stress 0.0000 67.9000
Rev direct stress 201.0000 201.0000

Mean shear stress 0.0000 17.9000 |
Rev shear stress 84.7000 84.7000

Theory Factors o f safety

W ithout With
mean mean Change

stresses stresses (%)

von M ises-Goodman (Lloyds) 1.1353 1.0111 12
ESDU (M  = 1.5) 1.1353 1.0912 11
Goodman-Gough ellipse quadrant 1.1345 1.0456 9
Goodman-Gough ellipse arc 1.0968 1.0116 8
Kerr-W ilson combination 1.1345 1.1265 7
ESDU-Gough quadrant 1.1345 1.1087 2
ESDU-Gough arc 1.0968 1.0702 3
Gerber-Gough quadrant 1.1345 1.1268 1
Gerber-Gough arc 1.0968 1.0884 1
DNV-Gough quadrant 1.1345 1.0894 4

.... ....................... endurance lim it _ 282.5
von Mises stress V(2012 + 3 x 84 72)

=  1.135

the absence o f any co nsid eratio n o f the m ean stresses in the 
cra n ksh a ft, p a rticu la rly  the ben d ing m ean stress. T h e  ca lcu la 
tion fo r both p in  and jo u rn a l fillets are based on the ben ding 
m om ent o f the centre lin e  o f the w eb. A d d it io n a lly  at the 
jo u rn a l fillet a llow ance is m ade fo r the shear fo rces, w hich 
cause a d irect stress in the web. In  m ost cases the stress range 
in  the jo u rn a l fillet is h ig h er than the stress range in the 
cra n k p in  fillet, and thus the factor o f safety at the jo u rn a l fillet 
is the least. H o w e v e r, crankshafts ra re ly  i f  ever fa il through the 
jo u rn a l fille t, and the ex p la n a tio n  m a y  be that the m ean 
stresses are com p ressive in the jo u rn a l fillet and tensile  in  the 
cra n k p in  fillet. C o u ld  the authors com m ent on this aspect of 
m ean stress?

R e se rvatio n s have also been expressed that w here the p r in c i
pal stress axis rotates the von M ises crite r io n  o f fa ilu re  m ay not 
be the most appro p riate.

F ig u re  1 o f the p ap er is m ost in stru ctive . T h e  engine does not 
know  w hich classification society stam p it bears and p re 
sum ab ly w ill run h a p p ily  at the low est stip ulated  U T S  show n, 
and it was to end such an o m alies that agreem ent was o b ta ined  
to the docum ent.

I w ould  take exception to the co n clu sio n s w hich  ask the 
classificatio n societies to adopt the sta tica lly  in d eterm in a te  
m ethod. It  was d ecided  at the m eeting that a s im p le  ca lcu la tio n  
was req u ired  and the statica lly  d eterm inate m ethod was 
adopted. In  the case o f tru n k piston engines this gave a ve ry  
reasonab le estim ate o f the range o f stress m easured in this 
series o f tests, and also in tests reported by M r G u p p o  and M r 
G a u d io  of G M T  in th e ir paper ‘C ra n k sh a ft  ben ding stresses: 
ex p erim en tal investigatio ns and ca lcu la tio n  m ethods’ (R e f. 12  
of the p ap er). T h e  sam e does not ap p ly  to crosshead engines 
and the statica lly  d eterm inate m ethod gives an overestim ate of 
the stress. T h e  c lassificatio n  societies, how ever, agreed to 8 0 %  
of the d eterm inate stresses.

In  fatigue the range o f stress is im p o rtan t and the m axim um  
range is u su a lly  g iven by the stresses at T D C  and B D C  in  the 
case o f tw o-stroke engines, and T D C  and B D C  in  the case of 
fo u r-stro ke  engines. T h e  sim p le  ca lcu la tio n  cannot expla in
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w hat happens betw een these two points, but it w ill g ive a good 
estim ate o f the range.

I .  J .  B I C K L E Y  (M irrle ss  B la ck sto n e  (S to ckp o rt) L td ) : T h e  
authors are to be co n g ratu lated  on the c le a r w ay they have 
presented th e ir p ap er on a fa r fro m  straightfo rw ard  topic.

M y  com m ents and q u eries are on b e h a lf o f the intended  
users o f these ru les w ho have an e sse n tia lly  p ractica l approach 
and are fa m ilia r  w ith the a p p lica tio n  o f c lassificatio n  society 
ru le s, p r in c ip a lly  L R S  (P a rt 5 , C h a p te r 2) used to d eterm ine 
allo w ab le  pow er outputs and D N V  (P art 4 , C h a p te r 2) used to 
d eterm in e  a llo w a b le  n o m in a l c ra n k  to rs io n a l stresses.

T h e  ru le s sh o uld  in co rp o ra te  a s im p le , straightfo rw ard  and 
c le a r m ethod to en ab le  use as an in it ia l design tool. T h is  w ould  
in c lu d e  graphs as w ell as fo rm u la e  fo r the stress co ncen tration 
ca lcu la tio n s and a s im p lifie d  m ethod o f ra d ia l-fo rce  c a lc u la 
tio n , p a rt ic u la rly  fo r V e e  engines. T h e  prop osed  ru le s are too 
cu m bersom e to enab le  such an assessem ent to be m ade.

T h e  ru les should  also in co rp o ra te  a m ore rig o ro u s a n alysis  
m ethod w hich w ould  enable  a m ore accurate assessm ent o f the 
fin al design o f cra n k  to be ca rrie d  out. W e  have used o u r 
cu rren t m ethod o f cra n ksh a ft stress ca lcu la tio n s successfu lly  
fo r 15  y e a rs .13 T h is  m ethod in corp o rates both a statica lly  
in d eterm in ate  approach and m ean -stress effects. W e e n tire ly  
end orse, th erefo re, the a u th o rs’ m a in  co n clu sio n  that these 
ru les should  adopt the statica lly  in d eterm in a te  a p p ro a ch , at 
least as an o p tion . W e  do b e lie v e , ho w ever, that m ean-stress 
effects m ust be in c lu d e d  if  the true state o f stress w ith in  the 
c ra n k , and hence its safety, is to be d eterm ined .

A  factor o f safety o f 1 . 1 5  fo r such a v ita l com ponent as a

FIG. D8: B en d in g  s tr e s s e s  in no . 4  cran k p in  of a fo u r-stro k e  
e n g in e .------ , m e a su re d ; a ----- , c a lc u la te d  w ith o u t  b e arin g  c le a r

an ce; b -----, c a lc u la te d  w ith  b e a rin g  c le a ra n c e

FIG. D9: T o rsio n al s t r e s s e s  in c ran k  n o . 7  (free  e n d ) of a tw o -  
s tro k e  e n g in e .------ , m e a s u re d ;  a ----- , c a lc u la te d  w ith o u t  b e a r 

ing c le ara n c e; b -----, c a lc u la te d  w ith  b e a rin g  c le a ra n c e

cra n ksh a ft is  too lo w , e sp e c ia lly  in view  o f the a u th o rs’ co m 
m ents (Section 4) that two separate d e v ia tio n s o f 5 - 1 0 %  in  the 
m easurem ents are feasib le . I f  cra n ks have proved  satisfactory 
in the past w ith factors o f safety o f 1 . 1 5  then this in d icates that 
the m ethod o f ca lcu la tio n  is in a p p ro p ria te . It  m a y  be that the 
m ax im u m  to rsio n a l and  ben d ing stress co n cen tratio n s do not 
co in c id e  o r that there is a phase d ifferen ce  betw een the ben d ing 
and to rsio n a l lo a d in g . H o w e v e r, the reasons fo r the satis
facto ry op eratio n  o f such cra n ks sh o u ld  be d e te rm in e d , ra th er 
than assu m ing that a facto r o f safety o f 1 . 1 5  is , and w ill 
continu e to be, a cceptable. G e n e ra lly  sp e a kin g , w hen the 
o p eratin g  co n d itio n s are w ell know n the m in im u m  facto r of 
safety sh o u ld  be 1 .3 .

D id  the autho rs also m easu re the fre e -e n d  a m p litu d es as 
w ell as the to rs io n a l stresses? T h is  w o uld  p ro v id e  a fu rth e r 
check on the a ccu racy o f the ca lcu la tio n s.

T h e  low  in crease in  fatigue strength facto r ( 1 .0 5 )  due to C G F  
forgin g o f cra n ks does not accord w ith the h ig h e r benefits 
c la im ed  by the cra n k m an u factu rers o r a llo w ed  by the c la ssifi
catio n so cieties’ ru le s as they now  stand.

T h e  cu rren t generation o f cra n k  designs in co rp o ra te  a th in - 
w ebbed h ig h ly  o verla p p ed  d esign, w hich is o utsid e the 
param eters of these C I M A C  ru les. H a v e  the autho rs an esti
m ate of the extra am o u nt o f research necessary to enable  the 
ru les to cope w ith a cra n k o f m odern design o r one w hich m ay 
be designed in  the foreseeable fu tu re ?

A lth o u g h  the ru le s deal w ith barred  speeds and c y lin d e r 
im b a la n ce , they do not a p p ea r to co n sid e r the effect o f a 
m alfu n ctio n  o f a d am p er in d a m p e r-co n tro lle d  to rs io n a l c r it i-  
cals w here the ben d ing stress is low  and the to rsio n a l stress, 
a llo w ed  by the ru le s , is h ig h . A n  agreed code o f p ractice  should  
be in co rp o ra te d  into the ru les to d isco urage system s w h ich , 
although they m eet the ru le s w hen new , co u ld  g ive  fa ilu re s  at a 
la te r date.

T h e  ob servatio ns in  Sectio n 9  that a d d it io n a l stresses should  
be allow ed  fo r in the to rsio n a l ca lcu la tio n s  o ve r those ca lcu 
lated by the C I M A C  m ethod and that the a d d itio n a l ben d ing 
stress proposed by C I M A C  is halved  fo r tw o-stroke engines 
and  o m itted  altogether fo r fo u r-stro k e  engines, su re ly  h ig h 
lights to the in a d e q u acy  of the present C I M A C  prop osals.

A  set o f ru les w hich has been agreed by a ll the m a jo r 
c lassificatio n  societies and is a m ore accurate reflection o f the 
true state o f stress w ith in  a cra n ksh a ft is c le a rly  in e ve ryo n e ’s 
interest. H o w e v e r, the lim ita tio n s  o f these p rop osals and the 
results and o b servatio n s o f the authors fo llo w in g  th e ir  exercise 
w ith L R S  and B V  illu strate  the size o f the task to be com p leted  
before such a un ified  set o f ru les can be adopted.

G .  S . M O L E  (S to rk  W e rk sp o o r L td ) : T h is  m ost interestin g  
p ap er com p ares stresses ca lcu la ted  acco rd in g  to C I M A C  ru les 
w ith m easured  stresses in the cra n ksh a fts o f tw o- and fo u r- 
stroke in -lin e  engines.

T h e re  is no reference in  the p a p e r to V e e  co nfigu ratio n 
engines w h ich , in m y e x p erien ce, have been sub ject to p ro b 
lem s. sp e cifica lly  in  re la tio n  to bearings but also on o ccasio n to 
cran ksh afts. C a n  the authors g ive an in d ica tio n  o f how  the 
C I M A C  ru les are in terp reted  in re la tio n  to the d o u b le -fir in g  
load at each cra n k and w hether any m easu rem ents on test-beds 
o r in service have been m ade to v e rify  the ca lcu la te d  v a lu e s?

C a n  they also advise  if  the sam e facto r o f safety o f 1 . 1 5  
a p p lie s  to V e e  engines as fo r in -lin e  e n g in e s?

C .  G R A Y  (R ic a rd o  C o n su lt in g  E n g in e e rs ): T h e  developm ent 
o f un ified  ru les fo r the design o f m arin e  d ie se l-e n g in e  
crankshafts w ill c le a rly  give m an y benefits, and  it is e n co u ra g 
in g  to see that the program m e o f m easu rem ents has 
d em onstrated good agreem ent between the ca lcu la ted  and 
m easured  stresses.

It seem s su rp ris in g  that o n ly  the c ra n k p in  and jo u rn a l fillets 
have been con sid ered  as possib le sources o f fatigue fa ilu re s. In  
a design office w h ich  d eals w ith a w ide range o f engine sizes, 
from  m ed iu m -sp e e d  designs dow n to h igh-speed  engines of
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less than 1 litre  cap acity , the lu b ric a tin g -o il hole b re ak-o u t in 
the c ra n k p in  has to be co nsid ered  as an a d d it io n a l, possib ly 
c r it ic a l, stress-ra isin g  feature. O n  engines having  a sim ple 
through hole from  jo u rn a l to cra n k p in  the b re ak-o u t is not 
close to the neu tral axis o f b en d in g , and this increases the total 
stress.

A lth o u g h  the p aper is concerned o n ly  w ith large m arin e 
d iesel engines it m ay be o f interest to note that the crankshafts 
o f auto m o tive engines are often o f n o d u la r cast iro n w ith the 
fillets ro lled  to increase th e ir fatigue strength by 5 0 %  o r m ore. 
U n fo rtu n a te ly , it has not so far proved p racticab le  to a p p ly  a 
s im ila r  treatm ent to the o il h o le , and it can therefore becom e 
the w eakest po int.

W ith  regard to safety factors, the va lu e  o f 1 .1 5  proposed as 
the m in im u m  a llo w ab le  is below  the usual range o f values used 
b y us for crankshafts and other m a jo r com ponents. T h e  m ain  
reason appears to be that the fatigue strength d erived  from  the 
proposed C I M A C  ru les itself contains a safety factor. In  
p r in c ip le , w ould  it not be better to have a single o v e ra ll safety 
factor instead o f one safety factor fo r the calcu lated  equ iva len t 
stress and anoth er safety factor for the fatigue strength o f the 
cra n k sh a ft?

O n e  feature w hich we b elieve m akes out own m ethod fo r 
ca lcu la tin g  crankshaft bending stresses a p p licab le  to a wide 
range o f designs is the treatm ent o f the web cross-section. 
Instead o f basing the n o m in al stress on a section p e rp e n d icu lar 
to the web we base it on a section through the cra n k p in  and 
jo u rn a l fillets. T h is  gives a clo ser ap p ro xim atio n to the state of 
stress existing in  crankshafts with large o ve rla p  and re lative ly  
thin w ebs. T h e  fillet stresses are then d eterm ined  m ore accu
rate ly  because they are less affected by the accuracy o f the 
stress co ncen tratio n factors.

S . A R C H E R :  T h is  paper w ill be w elcom ed by all m arin e  engine 
bu ild e rs and crankshaft d esigners, since it contributes pow er
fu lly  to the argum ent fo r the u n ifica tio n  o f classificatio n society 
crankshaft ru les (F ig . 1 o f the paper) and prom otes the w o rk of 
I A C S  in that context.

T h e  p ap er is a rare  exam ple o f co op erative research between 
the m arin e  engine m an ufacturin g  indu stry and the c la ssifica 
tion societies. H o p e fu lly  it w ill encourage s im ila r  coop erative 
research in other m arin e  engineering  fields.

T h e  authors use the C I M A C  proposed m ethod o f calcu latio n  
as a base against w hich to com pare the va rio u s m easured 
stresses, but u n fo rtu n ate ly  they have om itted to give relevant 
d eta ils  o f it fo r the benefit o f those u n fa m ilia r  with it. C o u ld  
they please p rovid e  d eta ils o f the proposed m eth o d ?

In  the tw o-stroke engine it was regrettable that no stresses 
w ere m easured  in the cra n k p in  fillets other than the end 
cra n ks. P re su m a b ly  this was due to the extra d ifficu lties of 
instrum entatio n such m easurem ents w ould have in curred . 
H o w e v e r, if  th is had been p o ssib le, p a rticu la rly  at the most 
h ig h ly  stressed c ra n k , the va lu e  of the research w ould ce rta in ly  
have been augm ented.

A s  regards the lim itin g  fatigue strength o f the crankshaft 
m ate ria ls , it is noted that an e m p irica l fo rm u la  has been 
d e rive d , based on exp erim en tal results o f tests on a large 
nu m b er o f cran ksh afts. A lth o u g h  d etails are p resu m ab ly  given 
in R ef. 2 of the p a p er, it w ould again be helpful if  the fo rm ula  
could  be presented. C o u ld  the authors also state the ultim ate 
tensile  strength o f the (presum ed forged) shaft m ateria ls  for 
com p ariso n w ith the assum ed values o f fatigue strength given 
in the p a p e r?

O n  the stress concen tration factors m entioned in Section 2, 
it w ould  be useful if  the authors could  indicate what va lues 
have been used in the ca lcu la tio n s fo r both d irect and to rsio nal 
stresses. C o u ld  they also  state w hether these are theoretical 
va lues o r fatigue red uctio n factors, tak in g  account o f the notch 
se n sitiv ity  o f the cran ksh aft m a te ria ls?

T h e  ca lcu la tio n s fo r co m b in in g  the d irect and to rsio nal 
stresses are based on the von M ises c rite r io n , the authors 
ob serving  that th is errs on the safe side. In  a d ifferent a p p lica 

tion I m ade use o f this fo rm u la  in m y 1964 p ap er to this 
In stitu te ,14 and pointed out that it c le a rly  show s the im p o rtan ce  
o f to rsio nal stresses com p ared  w ith d irect stresses.

T h e  ca lcu la tio n s ap p ear to assum e that the von M ises 
fo rm u la  is a p p lica b le , even if  the d irect and  to rsio n a l c y c lic  
stresses are not in -p h a se. W o u ld  such a s im p lific a tio n  s ig n ifi
can tly  affect the calcu lated  safety coefficients.

I am  surp rised  that the autho rs, in th e ir c a lcu la tio n s  o f safety 
coefficients, have m ade no a llow ance fo r the effect o f m ean 
stress, both d irect and  to rsio n a l, in  re d u cin g  the lim itin g  
fatigue strength o f the cran ksh aft m ateria ls. T h is  is su re ly  w ell 
established in the h istory o f fatigue research (eg G e rb e r  and 
G o o d m a n ).

In  m y e a rlie r  p a p e r14 a s ix -c y lin d e r, tw o -stro ke engine w ith a 
forged se m i-b u ilt  shaft was investigated. T h e  ben d ing co n d i
tions were co n ve n tio n ally  assum ed as fo r a s im p le  u n ifo rm  
c y lin d ric a l shaft, encastre at the m id -le n g th  o f the m a in - 
bearin g  jo u rn a ls . T h is  gives a ben ding m om ent a p p ro x im a tin g  
fa ir ly  c lo se ly  to that obtained  at the m id -th ick n e ss  of web when 
using  a s im p ly  supported assu m p tion. A lth o u g h  the w eb- 
section m o d u lus is o n ly  about 7 0 %  o f that o f the pin o r jo u rn a l, 
for s im p lic ity  a ll stresses w ere ca lcu la te d  on c ra n k p in  d ia m eter, 
ie an underestim ate o f some 3 0 % .

T h e  shaft cra n k p in  d iam eter was 550 m m  and less than 1 %  
o ver rule size with a m in im u m  U T S  o f 32  to n /in 2 (494 N /m m 2 or 
50.4 kg/m m 2). T h e  cra n k p in  fillet ra d iu s was 25 m m  recessed 20 
mm  into webs.

O n e  o f the factors investigated was the effect o f a rtif ic a lly  
in creasin g  the flyw heel m om ent o f in e rt ia , so as to b rin g  the 
ninth o rd er (cran kshaft m ode) into p ro x im ity  w ith the service 
speed, g iv in g  a d y n a m ica lly  m agnified  stress eq u al to the 
m axim um  allow ed in L lo y d ’s g uidance notes of ± 1 6 0 0 p s i ( ± 1 1  
N /m m 2). T h e  rem oval o f this p a rtly  resonant c r it ic a l v ib ra tio n  
stress increased the calcu lated  safety coefficient by som e 2 0 -  
2 5 % .

T h e  e q u iva len t d irect stresses due to b en d in g  and  torsion 
(in c lu d in g  the ninth c ritic a l)  w ere ca lcu la te d  usin g  va rio u s 
c rite r ia  o f fatigue fa ilu re  (M a rin , G o ta v e rk e n -S o d e rb e rg , and 
G o ta v e rk e n -m o d ifie d  G o o d m a n ) and  tak in g  account o f m ean 
stress. A t  the m ost h ig h ly  stressed po sitio n  (fo und  to be abaft 
no. 5 c ra n k , no. 2 in  the au th o rs’ co n ven tio n ) the calcu lated  
safety coefficients ranged between 1 .5 2  fo r the M a rin  and 
G o ta v e rk e n -S o d e rb e rg  m ethods to 1 .8 1  for the G o t a v e r k e n - 
m o d ifie d -G o o d m a n  m ethod.

A t  the least stressed location abaft no. 1 c ra n k , the ca lcu 
lated coefficients va ried  in a narrow  range betw een 2 .2 5  and 
2 .5 1 .  T h e se  values com pare w ith the a u th o rs’ C I M A C  ca lcu 
lated statica lly  d eterm inate safety coefficients in  F ig . 8 o f the 
paper fo r the tw o-stroke engine. S in ce , p re su m a b ly , in the case 
of the autho rs’ se v e n -cy lin d e r engine there are no reso nant, or 
p a rtia lly  resonant, torsional v ib ra tio n  c r itic a ls , it is necessary, 
fo r a better co m p ariso n , to e lim in ate  the effect o f the ninth 
o rd er, g iv in g  safety coefficients at no. 5 cra n k  o f 1.8 5  and 2 .2  
fo r the above respective m ethods.

T h e  m easured stresses for the end cra n ks in  F ig . 8 o f the 
paper indicate m uch low er va lues than w hen using  e ith e r o f the 
two proposed C I M A C  calcu la tio n  m ethods, but w ith less 
red uction com p ared  w ith the statica lly  in d eterm in ate  c a lcu la 
tions. It w ould therefore seem that the latter, w h ich , perhaps 
co in c id e n ta lly , agree w ell with m y results for the s ix -c y lin d e r 
engine using the G o ta v e rk e n -m o d if ie d -G o o d m a n  b asis, w ould  
represent a re a listic  preference in  the prop osed  C I M A C  ca lcu 
latio n m ethods. It  w ould  produce a low er h id d en  safety factor 
and therefore m ore efficient u tiliza tio n  o f the crankshaft m ate
r ia l,  as c la im e d  by the authors.

T o  investigate the effect o f a x ia l v ib ra tio n  in  the s ix -c y lin d e r 
engine, the ben ding-stress range was increased  by an assum ed 
± 4 0 0 0  psi ( ± 2 7 .6  N /m m 2). (See C I M A C  R e p o rt A .  13 , 
C o p e n h a g en , w herein it is stated that such a high stress had 
been m easured in no. 10  c ra n k  fillet near the service speed with 
the d am p er in o p e ra tiv e .)  O n  the G o ta v e rk e n -S o d e rb e rg  c a l
cu la tio n  m ethod the safety co effic ien t, at the most h ig h ly
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stressed section abaft no. 5 c ra n k , was thereb y reduced by o n ly  
about 1 0 % .

O n  the sam e b a sis, to estim ate the effect o f m isa lig n m e n t o f 
the tw o-stroke cra n ksh a ft, a 5 0 %  in crease in  b en ding-stress 
range was assum ed and gave a red uctio n o f o n ly  8 %  in  safety 
coefficient.

T h e  stress concen tration factors fo r the s ix -c y lin d e r 
crankshaft w ere taken as 3 .0  and  1.6  fo r ben ding and to rsio n , 
respective ly. H o w e v e r, a cco rd in g  to M a rin , q uoting L ip s o n  et 
a l, , 15 the co rresp o n d in g  notch se n sitiv ity  factors fo r annealed  
steels are q  =  0 .4  and q  =  0 .8 5, re sp e ctive ly , g iv in g  fatigue 
reduction factors o f 1.8  and 1.5  for ben ding and to rsio n , 
resp ective ly . U s in g  the G o ta v e rk e n -S o d e rb e rg  c rite r io n , this 
w o uld  in crease the safety coefficient at no. 5 cra n k  by som e 
1 3 % .

T h e  authors are to be co n g ratu lated  on the results o f th e ir 
research and in  p a rt icu la r on th e ir w o rk in  co nnectio n w ith the 
effect of shear stresses due to web tw isting in add in g to, or 
sub tractin g  fro m , the to rsio n a l stresses. N o te , ho w ever, that 
these are a p p re c ia b ly  low er than the la tter, e sp e c ia lly  w hen 
there is to rsio n a l resonance.

C . A R C H E R  ( L lo y d ’s R e g iste r o f S h ip p in g ): It is often the case 
that papers o f a theo retica l nature n e ith e r attract the attend
ance that they m erit nor p ro vo ke  a h ig h -le v e l tech n ica l d iscus
sion . F o rtu n a te ly  this o ccasio n has proved  that a to p ica l sub ject 
can p rovid e  a basis fo r a successful te ch n ica l m eeting. D r  
D o n a th  and M r S e id e rm an n  have p ro v id e d  a lu cid  p a p er, a b ly  
presented, and they are to be co ngratu lated .

T h e  proposed C I M A C  ru les fo r cra n ksh a fts have evo lved  
over the last decade o r so, la rg e ly  due to the enthu siastic 
support o f D r  D o n a th  and his co lleag ues. C o n c u rre n tly  L lo y d 's  
R eg iste r o f S h ip p in g  had  been co ndu cting  a p rogram m e o f 
hard w are m easurem ents and c a lcu la tio n -m e th o d  d evelopm ent

Authors' reply____________________
C o m m e n t s  o n  th e  c o n t r i b u t i o n s  to  d i s c u s s i o n

W e are ve ry  p leased that o u r p ap er on a re la tiv e ly  un usual 
sub ject has attracted so m uch attention and g iven rise  to so 
m an y co n trib u tio n s. O n  m an y o f the questions ra ise d , we 
should  lik e  to give a d d itio n a l com m ents and in fo rm atio n . 
H o w e v e r, this presents a p rob lem : in the 10 co n trib u tio n s 
re ce ive d , nu m erou s p rob lem s are dealt w ith several tim es, 
a ltho ugh from  s lig h tly  v a ry in g  points o f v iew . R e p ly in g  to a ll 
the co n trib u tio n s in  o rd e r w o uld  lead to rep etitio n  and o u r 
re p ly  w o uld  becom e too len gth y. W e  have therefore su m 
m arized  o u r re p lies by sub ject m atter, w ith reference to the 
v a rio u s  co n trib u to rs.

G e n e r a l
In  som e o f the co n trib u tio n s (eg that o f D r  L a w ) the C I M A C  

p rop osal has been critic ise d  as b e ing  too im p recise  because, for 
e x am p le , it o n ly  ro u g h ly  a llow s fo r influen ces such as stiffness 
o f the fram e. In  other c o n trib u tio n s it has been stated that parts 
o f the ca lcu la tio n  are too co m p lica te d . T h e se  co n trad icto ry  
o p in io n s co nfirm  that the C I M A C  su b -g ro u p  has m ore o r less 
reached  the goal a im e d  at, as the C I M A C  p rop osal m ust be a 
co m p ro m ise  ca lcu la tio n  m ethod w ith general v a lid ity  fo r a 
large va rie ty  o f engines w hile  at the sam e tim e be in g  as precise 
as possib le  w ith a ju st if ia b le  ca lcu la tio n  effort. T h e  prop osal 
w as not d raw n up fo r the p r im a ry  purpose o f p ro v id in g  a m eans 
o f cra n ksh a ft p re -d e s ig n in g ; engine b u ild e rs  can do this by 
s im p lify in g  the prop osal.

W e sh o u ld  lik e  to em phasize that o u r p aper was p r im a rily  
intended  to present the results of a jo in t  investigatio n p ro ject 
w hich co m p ared  the stresses in  the o rg in a l cra n ksh a fts m ea
sured  on la rg e -b o re  engines w ith the ca lcu la te d  results. A  
d e ta ile d , fu lly  co m p reh en sive  presen tation o f the C I M A C  
ca lcu la tio n  m ethod g iv in g  sub stantia l reasons fo r the in d iv id u a l 
steps d id  not fit in  the space lim its  set by the In stitute. R e fe r-

w hich was reported w id e ly , p a rt ic u la r ly  in  the u b iq u ito u s 
'S ilv e r  B o o k ’ . 10

T h e  jo in t  research p ro je ct d ecrib ed  by D r  D o n a th  brought 
together the d ifferent ap proaches to stress a n alysis  w hich  had 
been d evelo p ed , w ith that o f B u re a u  V e r it a s , and  co m p ared  
the ca lcu la tio n s w ith d irect m easu rem ent. I had the fortune to 
be a ctive ly  in vo lve d  throughout the p ro je ct. T h e  technica l 
p rob lem s associated w ith the d irect m easu rem ent o f strain  on 
an o p eratin g  d ie se l-e n g in e  cra n ksh a ft w ere ch a lle n g in g . T h e  
expertise d eveloped  in the L R S  T e c h n ic a l In vestig a tio n  
D e p artm e n t o ver m an y ye ars resulted  in the co lla tio n  o f the 
va lu a b le  m easurem ents in d icate d  in  the paper. D u r in g  the 
p ro je ct a free flow o f te ch n ica l in fo rm a tio n  betw een a ll the 
p artners was m a in ta in e d . T h e  end result was a m ost w orthw hile  
te ch n ica l exchange w hich prod uced  the co n clu sio n s, am ongst 
o thers, g iven in the paper.

T h e  d iscussio n o f this p ap er has been broad  and  liv e ly , as 
indeed  were m an y of those d u rin g  the jo in t  research p ro ject 
d escribed . It has been p a rt ic u la r ly  interestin g  to note the range 
o f o p in io n s expressed. T h e  im p ressio n  g iven is that in d u stry  is 
not n e cessarily  agreed that the C I M A C  p ro p o sa l, w hich  is 
soon to be adopted as the basis o f a un ifie d  classificatio n  
req uirem ent by I A C S ,  are e n tire ly  satisfacto ry. Som e adverse 
com m ent has been m ade about the retrogression to s im p lifie d  
so lu tio n s w hereas o ther re m a rks in fe r that the proposed 
m ethods m ay  be o ve rco m p le x , w hen co n sid ered  w ith the 
safety factors. I  s in ce re ly  hope that this p ap er w ill prom ote 
fu rth er d iscu ssio n  in  the n ea r future so that som e consensus can 
be o b ta ined  from  B rit ish  in d u stry  for the w hole range o f engine 
sizes.

O n  b e h alf o f those present and the In stitute o f M a rin e  
E n g in e e rs  I w ould  lik e  to th an k D r  D o n a th  fo r h is p resen tation 
and to extend o u r co lle ctiv e  g ratitud e to h im  and M r S e id e r
m ann fo r th e ir excellent paper.

ence should  be m ade to R e f. 1 o f the p a p er, w hich  u n fo rtu 
n ate ly  o n ly  exists in  the G e rm a n  language, to the U n if ie d  
R e q u ire m e n ts ( U R ) 16 w hich is in the possession o f a ll c la ssifica 
tio n  societies, o r to the text o f the C I M A C  p rop osal w ith the 
d etailed  ex p la n a tio n s a p p e n d e d ,17 w hich was m ade a v a ila b le  
to a ll c lassificatio n  societies.

S u b s t i t u t e  s y s t e m
M r Syed  has re m a rke d  that the th re e -d im e n sio n a l beam  

m odel in the ‘S ilv e r  B o o k ’ 1" better represents the cran ksh aft 
than a constant cro ss-sectio n substitute co n tin u o u s beam . 
T h e o re tic a lly , this is correct. W e  w o u ld , ho w ever, po int out 
that fo r exem p lified  lo ad  cases we have show n the m om ent 
c u rv e , w ith eq u al b e a rin g  stiffness, fo r a constant cro ss-section 
co n tin u o us beam  as w ell as fo r a th re e -d im e n sio n a l beam  
m odel. T h e  m om ent curves o b ta ined  w ere not id e n tica l 
m a th e m a tica lly , but the d ifferences w ere n e g lig ib ly  sm a ll. T h e  
ca lcu la tio n  effort re q u ire d  fo r a constant cro ss-sectio n c o n tin u 
ous beam , ho w ever, is d istin ctly  low er.

A s  to the o rig in  and m agn itud e o f the substitute in e rtia  
m om ent used by us and m ention ed  by M r V o lc y ,  we had 
intended  to show in o u r p ap er the p re cis io n  that can be 
ach ieved  w ith the C I M A C  prop osal. T h e re fo re , we have kept 
to the va lues given there: fo r the tw o -stro ke  en g in e, the 
substitute d ia m e te r was fixed at 8 5 %  and fo r the fo u r-stro k e  
engine at 8 0 %  o f the c ra n k p in  d ia m eter. A  substitute d ia m e te r 
o f about 8 6 %  o f the c ra n k p in  d ia m e te r co u ld  be d e rive d  from  
M r V o lc y ’s ben d ing tests m ade on the fo u r-stro ke  engine 
cran ksh aft. T h e  s lig h tly  h ig h e r va lu e  can p ro b ab ly  be ex p la in ed  
by the fact that on this crankshaft the jo u rn a l had  a la rg e r 
d ia m e te r than the cra n k p in .

A c c o rd in g  to o u r e x p e rie n e , this d evia tio n  o f the substitute 
d iam eter has p ra ctica lly  no influen ce on the p re cis io n  o f the 
result. O f  m ore im p o rtance is the selection o f the correct
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b e a rin g  stiffness. A d a p tin g  the calcu lated  results to the m ea
sured results by m eans o f bearin g  stiffness v a ria tio n  co m p en
sates fo r the e rro r in  the substitute d iam eter.

D r  L a w  m ention s the influen ce o f the fram e stiffness on the 
ca lcu la tio n  result. F o r  a g e n e ra lly  a p p lica b le  ca lcu la tio n  p ro 
posal fo r e ve ryd a y use, the a p p lica tio n  o f fin ite -e lem en t ca lcu 
la tio n  m ethods fo r the bearin g  stiffness is , how ever, out o f the 
q uestion. P r in c ip a lly , the influen ce o f the b earing  stiffness is 
a llo w ed  fo r in  the so -ca lled  A  value o f the C I M A C  prop osal, 
w hich represents the re latio n sh ip  between crankshaft stiffness 
and bearin g  stiffness. A s  has been established by C u p p o  and 
G a u d io , in  R e f. 12  o f the pap er, and as ap p lied  by us, an 
adaptation o f ca lcu la ted  and m easured stresses perm its us to 
d eterm ine this A  va lu e  fo r a typ ica l engine o r fram e design and 
to transfer it to o ther engines. H o w e v e r, the A  va lu e  cannot be 
d eterm ined  p r in c ip a lly  by a static test or by ca lcu la tio n  because 
it a lso m akes allo w ance fo r the influence o f the lu b ricatin g  film  
a nd , to som e extent, the bearin g  c learan ce.

C o m p a riso n s between m easured and calcu lated  results were 
m ade by o u r co m p an y to d eterm ine the m agnitude o f A  for the 
engines it b u ild s , w ith a re la tive ly  narrow  scatter. F o r  two- 
stroke engines we o b tained  A =  3 to 5 , fo r m edium -speed  
engines w ith the cran ksh aft em bedded in the bedplate A =  4 to 
6, and  fo r the m ed iu m -sp eed  engines with un derslung 
crankshafts and fo r h igh-sp eed  engines A  =  5 to 8.

T h e  use o f the statica lly  d eterm inate ca lcu la tio n  m ethod in 
the U R  is regarded by us as a first step. F o r  the stress 
ca lcu la tio n s o f any in d iv id u a l throw , the statica lly  in d e te rm i
nate m ethod is d e fin ite ly  m ore precise (see com m ent o f M r 
C ro w th e r). F o r  c a lcu la tin g  the sm allest safety coefficient of a 
w hole cra n ksh a ft, eg o f a m ed iu m -sp eed  engine, the d ifference 
betw een the statica lly  d eterm inate m ethod and the statically  
indeterm inate  m ethod is re la tiv e ly  low , as illu strated  by F ig . 9. 
F o r  the throw  w ith the sm allest safety coefficient there is also 
satisfactory agreem ent between the calcu lated  and m easured 
results. A c c o rd in g  to C u p p o  and G a u d io  and as show n in 
T a b le s  I and I I  of the p ap er , the statically  d eterm inate m ethod 
o f ca lcu la tio n  is p ra c tic a lly  a lw ays on the safe side. E v e n  
though the statica lly  determ inate m ethod provid es fo r o ver
d im en sio n ed  cran ksh afts in  certain  cases, as m ention ed  by D r  
L a w , the U R  in its present form  is fo r engine b u ild e rs d istinctly  
su p e rio r to the great nu m b er o f p re v io u sly  used and d iffering  
c a lcu la tio n  fo rm u la e  proposed by the classificatio n societies, 
not least because it is easier to use.

A d d it io n a l stresses caused by ben ding v ib ra tio n s and g yra 
tion effects are know n to us from  the lite ra tu re .18 T h e  C I M A C  
c a lcu la tio n  p rop osal m akes allow ance fo r these o n ly  in  a 
general form  as the ‘m em ory q u an tity  o-add\  W h e n  the proposal 
was discussed in  the C I M A C  gro up , none o f the m em bers had 
encountered  such ph enom en a in practice , and they p rob ab ly 
o n ly  o ccu r on u ltra -h ig h -sp e e d  engines not fa llin g  un d er the 
U R .  M o re  d istinct are the d eviatio ns between m easured and 
ca lcu la ted  results on the end throw s o f engines w ith outboard 
b ea rin g s, as d escribed  in the pap er, w here it has been p rop 
osed, fo r the tim e b eing, that better agreem ent between 
ca lcu la ted  and m easured  results is obtained  if  the outboard 
bearin g  is d isregarded  in  the ca lcu la tio n . T h e  p o ss ib ility  of 
sup plem enting  a ca lcu la tio n  p rogram  fo r co ntinu o us beam s to 
in c lu d e  d ire ctly  the in fluen ce  o f bearin g  clearan ces m ay cer
ta in ly  be expected fo r the near future in  v iew  o f the rate o f 
co m p uter d evelopm ent.

A lth o u g h  both o f the engines dealt w ith in the p aper w ere 
in -lin e  engines, in  rep ly  to M r M o le ’s com m ents the C I M A C  
calcu la tio n  m ethod a p p lies to both in -lin e  and V e e  engines. 
T h e  o n ly  essential d ifference is the m o dified  ca lcu la tio n  o f the 
ra d ia l force, w hich is d escribed in m ore d eta il in  R e f. 16.

S t r e s s  c o n c e n t r a t i o n  f a c t o r s
T h e  graphs and fo rm u lae  co nsid ered  necessary by D r  

B ic k le y  a lre a d y  exist: the graphs are co ntained  in  the ex p la n a 
tory notes re latin g  to R e f. 17  and the fo rm u la e  in R e fs  16  and 
1 7 . O u r  ex perience is that w hen the ca lcu la tio n  m ethod is used

Table Dill: Stress concentration factors

Engine Pin Journa l

bending torsion bending shearing torsion

Two stroke 
Four stroke

4.07 1.71 
1.88 1.85 1.92 3.47 1.88

re la tiv e ly  often, the p rogram m in g o f stress co ncen tratio n 
factor fo rm u lae  is m ore co nvenient than the use o f g raphs.

F o r  the co m p arative  ca lcu la tio n s d escribed  in  the p ap er the 
stress concen tration factors w ere d eterm in ed  fro m  the above 
m ention ed  sources. T h e  actu al factors used are g iven in  T a b le  
D H L

T o  answ er the question as to how , fo r a cran ksh aft outside 
the scope o f the C l M A C  p rop osal, the stress concen tration 
factors can be d eterm ined , it is a ve ry  la b o rio u s p roced ure to 
d e rive  the stress co ncen tratio n factor ch a racteristics from  a 
large nu m b er o f test results, as d escribed  in  R e f. 4 o f the paper. 
A n  extension o f the stress co ncen tratio n factor ch a racteristics 
in  respect o f the range o f certain  param eters w o u ld  re q u ire  the 
new d eterm in atio n  o f a ll ch aracteristics and in vo lve  m uch 
effort.

If  the calcu la tio n  proced ure d escribed  is o n ly  to be used for 
a specific crankshaft outside the scope, there is a re la tiv e ly  
s im p le  m ethod o f o b ta in in g  the necessary stress concen tration 
factors by m ak in g  a steel m odel w ith w hich to d eterm ine the 
stress concen tration factor by the use o f strain  gauges. T h e  
p o ss ib ility  o f re -w o rk in g  the steel m odel in  in d iv id u a l parts 
a llow s several s im ila r  geom etric va ria n ts  to be treated w ith  a 
single basic m odel. T h e  d eta ils  o f the proced ure  are also 
d escribed  in  R e f. 4 o f the paper. T h e  stress co ncen tratio n 
factors m ention ed  in  the paper are a ll sta tica lly  m easured 
va lues rep resenting the re latio n sh ip  o f the m ax im u m  fillet 
stress to the reference va lu e . T h e  influen ce o f the stress 
g radient on the fatigue strength asked  fo r by M r A r c h e r  is 
contained  in the fatigue strength fo rm u la .

A s  regards the reference cro ss-section fo r the n o m in al stres
ses, w hich on m u ltip lica tio n  by the stress co ncen tratio n factors 
y ie ld  the fille t stress, we agree w ith M r  G r a y  that this cro ss-sec
tion can also be p laced o b liq u e ly  between the fillets of 
c ra n k p in s  and jo u rn a ls . In  this case, stress co ncen tratio n 
factors other than those used w ith the m ethod co n tain ed  in  the 
C I M A C  prop osal m ust be used.

C o n s id e r in g  the w hole range o f g eo m etric  v a ria n ts  o f c ra n k 
shafts covered by the C I M A C  p ro p o sa l, the exactness o f the 
stress concen tration factor to be used fo r a specific  va rian t 
doubtless depends on the total n u m b e r o f test results used in 
d eterm in in g  the characteristics. A s  d escrib ed  in  R e f. 19 , the 
F V V  test prog ram m e, the results o f w hich  w ere incorp o rated  
in the C I M A C  p rop osal, co m p rised  a total o f 590 d ifferent 
m easu rin g  va rian ts o f its tests and 2 18  m easu rin g  va rian ts of 
o ther authors for d eterm in in g  the ch a racteristics. N ot least as 
a result o f the great characteristics d ensity  re a ch ed , it was 
possib le to obtain a standard d e v ia tio n  o f < 1 0 %  for the 
ben d ing stress concen tration factors and < 8 . 5 %  fo r the torsion 
stress co ncen tration factors. T o  v e rify  w hether a n o th er d efin i
tion o f a reference cro ss-section w ith the p ertinent stress 
co ncen tratio n factors w ould y ie ld  better results fo r the stresses, 
the new d efin itio n  w ould have to be a p p lie d  to the a b o ve- 
m ention ed  808 d ifferent test results, w hich w ould  in vo lve  a 
great d eal o f effort. W e  b e lie ve  that the high accuracy m en
tion ed  above w ill not be reached  by stress co ncen tration 
factors from  anoth er source.

W e  agree w ith M r G r a y ’s o b je ctio n  that u n d e r certain  
circu m stances the outlet of the o il bore can represent a w eak 
point on a cran ksh aft. It sh o u ld , how ever, be recalled  that the 
case o f treated fillets, the most prob ab le  case w here this m ight 
o ccu r, is not covered  by the U R .  T h e  p h ilo so p h y  o f the 
C I M A C  sub -gro u p  was that in  the case o f stan dard  crankshafts
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the d esigner w ill a lw ays be in  a p o sitio n  to shape the outlet of 
the o il bore so that the safety at this po int is h ig h e r than in  the 
fillet.

U n t il now an argum ent against the in c lu s io n  o f a ca lcu la tio n  
sp ecification has been the fact that it is d ifficu lt to find g e n e ra lly  
a p p lica b le  stress co ncen tratio n factors fo r this po int that apply 
to a ll po ssib le  va rian ts. F o r  this reason the U R  co n tain s the 
re m a rk  that on request from  the c la ssifica tio n  society the 
engine b u ild e r is , from  case to case, to fu rn ish  p ro o f fo r the 
safety at this po int.

Additional stresses
It does not seem  fa ir  fo r D r  B ic k le y  to argue that d ifferences 

betw een the o rig in a l form  o f the C I M A C  p rop osal and p ro 
posals co ntained  in  o u r p a p e r suggest general sh o rt-co m in g s o f 
the fo rm er. N o te  that the C I M A C  p rop osal was draw n up in 
the ye ars 1 9 7 2 -19 7 9 . U n t il now o n ly  e m p ir ica l va lu es co u ld  be 
used fo r the a d d itio n a l stresses due to m isa lig n m en ts w hich 
d e fin ite ly  exist but are d isregarded  in  m ost o f the present 
c la ssifica tio n  ru les.

W h e n  the p rop osal was draw n u p , it was evid ent to the 
C I M A C  su b -g ro u p  that the m e asu rin g  results a v a ila b le  fo r this 
aspect w ere scarce. In  v iew  o f the d iscrep a n cies ex istin g  b e
tween p ractice -p ro ve n  cra n ksh a fts and the design specified by 
som e classificatio n  fo rm u la e  (F ig . 1 o f the p a p e r), the engine

a n t i  • ’

Sign Material t b , Tow 
kp/mm?

O St 37 423 105
• St 100 87.9 29.0
V CrNi-stee 91 1 31.0
T 65 Si 7 (125) 18 0
□ 50CrV4 (130) 20.0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
x Two-stroke engine 

x  Four-stroke engine t B
^  Table D ll o f R B. Siqgers

FIG. D 11: In flu en ce of th e  to rs io n a l m e a n  s tr e s s  o n  th e  to le ra b le  
to rs io n a l s tr e s s  a m p litu d e

b u ild e rs  co u ld  not afford  to w ait u n til a n y po ssib le  future 
developm ents had been in c lu d e d  in the new ca lcu la tio n  p ro p 
o sal . T h e  fin d in g s on a d d it io n a l stresses m en tion ed  in  the p ap er 
o n ly  becam e know n after sub m issio n  o f the p ro p o sa l to I A C S .

M ean  stress in flu en ce  a n d  fa ilu re  theo ry
S e ve ral co n trib u to rs co m p la in e d  that the C I M A C  prop osal 

does not m ake a llo w an ce fo r the in flu en ce  o f the m ean stresses 
in  d e te rm in in g  the reference stress. T h is  p o int was also  a 
sub ject o f im p o rtan ce  in  the d iscussio n s betw een the w o rk in g  
groups o f I A C S  and C I M A C ,  and therefore we sh o u ld  lik e  to 
substantiate in  d eta il w hy th is d ecisio n  was re a ch ed , w hich at 
first sight seem s em b arrassin g .

It is g e n e ra lly  know n that the fatigue strength is red uced  by 
tensile  m ean stresses; this a p p lies both to u n i-a x ia l v ib ra tio n  
stresses and to rsio n a l stresses. S in ce  the effect o f m ean stresses 
depends on th e ir m ag n itud e and on the m a te ria l, it is necessary 
fo r a q u an tita tive  statem ent to investigate how  both p aram et
ers behave in  the case o f cran ksh afts.

In  the d im en sio n less H a ig h  d ia g ra m . F ig . D IO , a n u m b e r o f 
test points have been p lotted , som e o f w hich w ere taken from  
the lite ra tu re 20 and  som e from  own in vestig a tio n s. T h e  steels 
co ncerned  fa ll w ith in  the tensile  strength range o f a B =  500 to 
1000 N /m m 2 and are fre q u e n tly  a lso  used fo r crankshafts. 
T h e se  a x ia l fatigue tests therefore show  the p rob ab le  influen ce 
o f the m ean stress on the fatigue strength o f cra n ksh a fts un der 
a ltern atin g  ben d ing stresses. A s  can be seen, the G e rb e r  
p a ra b o la  un der the c la ssica l app ro ach w o uld  be the best suited. 
O p tim u m  agreem ent w ith the m ean va lu e  o f the test results is 
a ch ieved  if  the function w ith the exponent m  =  1 .6  is chosen.

In  F ig . D 1 0  we have also entered the ca lcu la te d  m ean 
stresses referred  to the tensile  strength that w ere o b ta ined  
from  o u r investig atio n s on the tw o -stro ke and  fo u r-stro k e  
engines as w ell as that g iven in T a b le  D I I  o f M r S iggers. A s  to 
T a b le  D I ,  we should  lik e  to re m a rk  that we do not co n sid e r it 
acceptable that a d ecisive  influen ce  o f the m ean stress is proved  
by a fictitio u s case that is outside the scope o f the C I M A C  
p ro p o sa l; the safety coefficient is  3 2 %  below  the a d m issib le  
lim it  and the a ltern a tin g  ben d ing stress a lo n e exceeds the 
fatigue lim it  by 1 1 % ;  a cco rd in g ly  the m ean stresses are also 
u n re a lis t ica lly  high.

B y  an alo g y to the treatm ent o f the ben d ing stresses, the 
to rsio n a l stress b e h a v io u r is represented in F ig . D l l . 21 O w in g  
to the test m a te ria l, no in fluen ce  o f m ean stresses can be seen 
in the range o f to rsio n a l m ean stresses o f cra n ksh a fts; 
n evertheless, a fo rm u la tio n  w ith the e llip t ic  eq u atio n is used in 
the fo llo w in g . In  this connection we sh o uld  lik e  to point out 
that the u ltim ate to rsio n a l strength r B is s lig h tly  h ig h e r than the 
u ltim ate tensile  strength crB ; it can be ca lcu la te d  in  accord ance 
w ith the a p p ro x im a tio n  fo rm u la 22 g iven below . It w o uld  be 
interesting  to know  w hy in the d iscussio n  the u ltim a te  shear 
strength is used in this co nnectio n and  was assum ed to be
0 .7 <rB , as show n in the exam ples of M r  Siggers.

I f  the o p in io n s expressed la te r are ig n o re d , the safety 5  
(p ro p osal m ade by V D I ,  d escrib ed  in R e f. 23  on p. 67) can be 
ob ta ined  w ith the fo llo w in g  e q u atio n s, usin g  the a b o v e -m e n - 
tion ed  m ean stress dependences:

w here

o-d T o

1 -

(3)

(4)

t D  — t d w .

r B *  1 .3 2 a -B -  0 .0 0 0 3 5 o iN /m m 2.

(5)

(6)
T h e  fatigue lim its  are evaluated  by E q u a tio n s  (4) and (5) w ith 
the m ean stress influence and entered into the e llip t ic  
E q u a tio n  (3 ), w hich in  the special case o f r DW =  o-DWV 3  
co ntains the von M ises crite r io n . W e  suppose that M r  S iggers

Goodman : n -m - 1 
Gerber : /> = 1, m=2
Elliptic equation: n = m = 2

Sign Material Sign Material

• Ck 45 Q C35
+ St 52 ■ Ck60
o 25CrMo 4 O 42CrMo4
X 34Cr4 * St 60
V SAE 4130 * SCM 2
T 1.77345

FIG. D 10:

0.1 0.2 0.3 0.4 0.5 
L iab le  DII of R.B. Siqgers 

c. Four-stroke engine 
v. Two-stroke engine

In fluence of th e  b e n d in g  m e a n  s tr e s s  o n  th e  to le ra b le  
b e n d in g  s t r e s s  a m p litu d e
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Sign Material °B ^BW
kp/mm2

• C10 (fu ll test) 39.6 24.4

O C10 (hollow test) 24.8

r a n  (normal heqt 
treatment) 59.6 30.5

C 40 (annealed) 43.8 25.3

C 90 78 32.4

© Ni steel 48.4 31.5

3 Ni steel 66.5 30.5

C CrV steel 69 39.5

■ NiCr steel (fu ll test) 82.5 49.7

□ NiCr steel (hollow test) 46.3

9 NiCr steel 82.5 47

E NiCr steel 153 74.5

© NiCrMo steel 92 55.3

a NiCrMo steel 114 61

V Ni steel 74.5 31.6

H GG 21.2 22.1

B GG 20.2 22

V GG (inoculated) 33 18.3

▼ CuC r-G G 45.8 28.4

ffi CrM o-GG 29.5 13.3

N iCr-G G 26.6 12.6

1.0

0.9

0.8

0.7

0.6

0.5
BW

0.4

0.3

0.2

0.1

fflv. 1 ----- 1 1 1 1 '

i .Mohr theory

I i i

I  /

l "  H  h ' N 'N \
L y  von Mises Jy  \  
r  theory a \  /

/  1 ' ’—
/  /

/  /  /  
Maximum /  
shear theory

□ N .  \  . /

/  J s .  \  \
/  „

i i l i i i i i i L
0.1 0.2 0.3 0.4 0.5

g

B̂W

0.6 0.7 0.8 0.9 1.0

FIG. D 12: D e p en d e n c e  of th e  to rsio n a l fa tig u e  lim it on th e  b e n d in g  fa tig u e  lim it in fe rro u s  m a te ria ls

has a p p lie d  a s im ila r  m ethod to calcu late  the safety coefficients 
w ith other m ean stress dependences being used.

Q u a n tita tiv e  e va lu a tio n  of the above re lation sh ip s y ie ld s, 
fo r the crankshafts dealt w ith in o u r p a p er, a red uction in safety 
by the m ean stress influen ce o f less than 1 %  and o f 1 . 6 %  for 
T a b le  D I I  o f M r S iggers. W e  feel that com p ared w ith the 
scatter o f o ther ch a racteris in g  q u an tities it is not w orth m akin g  
allow ance fo r such a neg lig ib le  influence.

In  the absence o f personal exp erience, we w ill not d eal with 
the case o f the h igh-speed  d iesel engines referred  to by D r  
L a w , on w hich high tensile  m ean stresses are said  to o ccu r even 
in  the jo u rn a l f illet. W e  th in k , how ever, that the C I M A C  
prop osal is not intended , at least not p r im a r ily , fo r such 
engines.

D r  L a w  and M r C ro w th e r state that crankshafts are know n 
to b reak  p re fe ra b ly  in  the c ra n k p in  fillets, and the suspicion is 
expressed that this is a result o f tensile  m ean stresses. In  the 
C I M A C  w o rk in g  g roup nothing was know n o f such experience, 
and in  o u r co m p an y there has been no case o f a broken 
cran ksh aft due to fatigue fa ilu re  fo r the last 15  years. W h ere  
crankshafts have b rok en  it has a lw ays happened in connection 
w ith bearin g  dam age. W e can h a rd ly  im agine that other engine 
b u ild e rs have statistical test m ateria l on real fatigue fa ilu re  of 
crankshafts that are w ith in  the scope o f the prop osal.

M r C ro w th e r and M r A r c h e r  refer to the question o f the 
a p p lic a b ility  o f the von M ises crite rio n . A s  is shown in F ig . 
D 1 2 , 24 the a p p lic a b ility  is su fficien tly  proved  fo r steels if  there 
is a synchronous and s in u so id a l stress pattern o f the sam e 
v ib ra tio n  frequency.

R e ce n tly , two new theories have becom e know n in respect 
o f stresses in  cran ksh afts, with the m agn itud e and  d irection  o f 
the m ain  stresses v a ry in g  o ver one cyc le : the shear stress 
intensity  th e o ry 25 and the theo ry o f S im b u e rg e r.26

N o  ap p lica tio n s o f the first theory to crankshafts have yet 
been p u b lish e d , but som e interesting  results, p a rtly  supported 
b y  tests, are co ntained  in the research rep ort, such as:

T ab le  DIV: S a fe ty  fa c to rs  c alcu la te d  a c c o rd in g  to  d iffere n t  
th e o rie s

Engine type 
(two stroke)

Safety factors

von Mises Simbuerger

Bore 760 mm, stroke 1550 mm,
power 2400 hp/cyl 2.5 2.7

Bore 760, stroke 1600 mm,
power 2600 hp/cyl 2.8 3.0

Bore 580 mm, stroke 1700 mm,
power 1920 hp/cyl 2.6 2.6

• A  phase shift is o f no influence on the fatigue strength in the 
case o f sin u so id a l stresses o f the sam e freq u ency.

• If  m ean stresses o ccu r, the phase sh ift does have an in flu 
ence.

• Fre q u e n cy  d ifferences affect the fatigue strength.
• A  tria n g u la r stress pattern increases the fatigue strength 

and a trap ezo idal stress pattern red uces it in com p ariso n 
with s in u so id a l patterns.
T h e  theory o f S im b u e rg e r also allo w s the general stress 

co nd itio ns to be calcu lated . O n e  o f the m em bers o f the 
C I M A C  C ra n k sh a ft su b -g ro u p . M r A e b e r li o f S u lz e r, tried  to 
apply this theory to m easured cran ksh aft stresses. A s  can be 
seen in  T a b le  D I V ,  the von M ise s crite rio n  contained  in  the 
C I M A C  p rop osal tends tow ards the safe side in  com p arison 
w ith the S im b u e rg e r theo ry.

W e  co n sid e r these new approaches to be p ro m isin g , but 
in c lu sio n  in the C I M A C  prop osal was out o f the question 
because extensive com p uter program s are re q u ire d  to evaluate 
the stress patterns. It rem a in s to be seen w hether future 
findings w ill ca ll fo r a m o d ificatio n o f the strength theory fo r 
cran ksh aft ca lcu la tio n s.
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Fatigue strength
It  was pointed out by M r  S iggers that the C I M A C  prop osal 

does not contain  up rating  factors fo r treated cra n ksh a ft fillets. 
T h e  question as to w hether such u p ratin g  factors sh o u ld  be 
in c lu d e d  was discussed in  great d e ta il, both w ith in  the C I M A C  
su b -g ro u p  and in the d iscussio n s w ith I A C S .  T h e  C I M A C  
su b -g ro u p  was o f the o p in io n  that treating p roced ures such as 
in d u ctio n  h a rd e n in g , ro llin g  o r sh o t-p e e n in g , d epend in g on 
the m ethods used, d iffe r so va stly  that the ex isting  test m ate ria l 
does not suffice to estab lish  the general a p p lic a b ility  o f such 
factors. T h e  C I M A C  p rop osal and the U R  therefore contain 
the re m a rk  that such u p ratin g  factors have to be substantiated 
from  case to case.

A  special case o f u p ratin g  factor is that fo r co n tin u o u s-g ra in  
flow forg in g. T h e  test m a te ria l used fo r the C I M A C  fo rm u la  
perm itted  an u p ratin g  factor o f 1.0 5  to be d e rive d  fo r co n tin u - 
o u s-g ra in  flow -forged cra n ksh a fts, w hich in  co m p ariso n  with 
the u p ratin g  facto r co m m o n ly  used by L lo y d ’s R e g iste r is 
regarded as too sm all by D r  B ic k le y .

A fte r  sub m issio n  of the C I M A C  p rop osal to I A C S ,  an 
in vestig atio n  p rogram m e on the fatigue strength o f large 
crankshafts was conducted in G e rm a n y  by F V V  (F o rsch u n g s- 
vere in ig u n g  V e rb re n n u n g sk ra ftm a sch in e n  e .V . ) .  U n lik e  the 
C I M A C  c o m p ila tio n , w hich was lim ite d  to the co lle ctio n  of 
a va ila b le  tests m ad e at m an y d ifferent points and by d ifferent 
m ethods, this program m e co m p rised  investigatio ns on 20 
crankshafts by the m ost m odern and strictly  u n ifo rm  m ethods, 
w ith the results being evaluated  by one in stitu tio n . A p p ro x i
m ately  eq u al num b ers o f the crankshafts investigated w ere 
o p en -d ie  forged and co n tin u o u s-g ra in  flow  forged. T h e  in ve sti
gations d id  not reveal any sign ificant d ifferences between these 
two fo rg in g processes. N ote that the con tin u ed  technica l 
d evelopm ent a p p a re n tly  results in a p erm a n e n tly  im p ro v in g  
p u rity  o f steels; eg the gra in  flow is h a rd ly  v is ib le  in m icro 
graphs. It seem s reason ab le  that im p ro vem en ts in strength as a 
result of the gra in  flow are therefore no lo n g er o f influen ce.

T h e  fatigue strength fo rm u la  w o rked  out by the C I M A C  
su b -g ro u p  and m ention ed  in the p ap er is co ntained  in R e fs  1 
and 2 o f the p a p e r; as requested, it is repeated below :

o-DW =  K(QA2cth +  39 .3)

xfo.264 + 1.073P--2 + 785 -  + H)
\  4900 ixB V  R )

w here crB is the tensile  strength o f the crankshaft m ate ria l in 
N /m m 2, D  is the cra n k p in  d ia m e te r in  m m . R  is the fillet ra d iu s 
o f the p in  in  m m , and K  is  the co rrectio n factor fo r the 
m an u factu rin g  process.

F o r  co m p a riso n , the u ltim ate tensile  strength va lu es o f the 
o p e n -d ie -fo rg e d  fatigues investigated  in  the jo in t  p ro ject are: 

K 7 S Z  7 0 /12 5  B  en g in e, 640 N /m m 2 
8 L  40/45 en g in e, 590 N /m m 2.

FIG. D13: F requency o f th e  sa fe ty  coe ffic ien t in th e  case of 
fo u r-s tro ke  eng ines w ith  s ta tica lly  de te rm in a te  ca lcu la tion  of 

th e  bend ing  stress

Safety coefficient
D r  L a w  and D r  B ic k le y  co m p la in e d  that the a d m issib le  

safety coefficient for the v ita l com p onent o f the cra n ksh a ft has 
been fixed at a v e ry  low  va lu e  o f 1 . 1 5 .

It is true that such a low va lu e  is  un u su al fo r o th er co m p o 
nents and d istin ctly  h ig h e r va lu es are reco m m en ded  in the 
lite ra tu re . It can , ho w ever, be proved  that in  con n ectio n  w ith 
the entire  ca lcu la tio n  p rop osal the estab lish m en t o f this va lu e  
is reason ab le  and that the acceptance o f cra n ksh a fts acco rd in g  
to this p rop osal in vo lve s no risks.

In  d raw ing up the C I M A C  ca lcu la tio n  prop osal it was m ade 
a p rin c ip le  that the in d iv id u a l ch a racte riz in g  q u an titie s  y ie ld in g  
the safety coefficient should  contain  as few ‘h id d e n ’ m arg in s as 
p o ssib le. T h is  is o f great im p o rtan ce  to the engine b u ild e r w hen 
using  the ca lcu la tio n  proced ure  as a d im e n sio n in g  a id , and 
in d iv id u a l in fluen ces are to be in c lu d e d  in  respect o f th e ir 
effective im p o rtan ce. W h e n  tak in g  into  account the fact that 
a ll in d iv id u a l q u an tities are sub ject to statistical scatter, the 
m ost exact m ethod w ould  be to refer the ca lcu la tio n  fo rm u la  
fo r every  q u an tity  to the average va lu e  o f the scatter and to 
d erive  the necessary safety coefficient from  this scatter by 
statistical m ethods.

U n fo rtu n a te ly , it show s in  the fin al a n a lysis  that the m ean 
v a lu e  and scatter are o n ly  know n re la t iv e ly  exactly  in the case 
o f the ca lcu la tio n  fo rm u la e  fo r the stress co ncen tratio n fa cto rs . 
F o r  a ll the other q u an titie s  this is not the case, and  some 
n ecessarily  still contain  h id d en  m arg in s that cannot be d eter
m in ed  q u a n tita tiv e ly , o r at least o n ly  im p re c ise ly . A s  was 
co rre ctly  assum ed by M r  G r a y ,  it can also be estim ated  on the 
ground s o f m ore recent test results that the fatigue strength of 
about 8 0 %  o f the cra n ksh a fts tested is h ig h e r than that ca lcu 
lated by a p p ly in g  the C I M A C  fo rm u la .

A s  it seem s that the safety cannot be expressed by an 
absolute v a lu e , a lim it had to be fixed by re ca lcu la tin g  fo r a 
n u m b er o f e ngines for w hich sufficient safety had been proved 
in p ractica l o p eratio n . T h is  is d em onstrated by the c a lcu la tio n s 
m ade by M r S ch o lz  o f G e rm a n isc h e r L lo y d  to v e rify  the 
C I M A C  p rop osal.

F ig u re  D 1 3  shows the freq u en cy d istrib u tio n  o f the safety 
coefficient o f 43 fo u r-stro ke  engines w ith sta tica lly  d eterm inate 
ca lcu la tio n  o f the ben d ing stress. T h e  ca lcu la tio n  results were 
grouped in classes w ith a w idth o f 0.05.

F ig u re  D 1 3  show s that as m an y as eight cra n ksh a fts are 
w ith in  the safety range o f 1 . 0 5 - 1 . 1 5  and w ould  therefore not be 
acceptable acco rd in g  to the C I M A C  p rop osal w hen a p p ly in g  
the statica lly  d eterm inate m ethod. W h e n  ca lcu la tin g  the b en d 
ing stress by the statica lly  in d eterm in a te  m etho d , these c ra n k 
shafts w ould  at least rise to class 1 . 1 5 - 1 .2 0  and co u ld  thus be 
accepted. T h is  effect was intended  by the C I M A C  su b -g ro u p  
because it in vo lve s the necessity o f a p p ly in g  the m ore exact 
ca lcu la tio n  m ethod in cases of stringent m ate ria l eco no m y.

T h is  is a lso the reason w hy in the C I M A C  p rop osal the sam e 
a d m issib le  safety coefficient has been chosen fo r statica lly  
d eterm inate and statica lly  in d eterm in a te  ben d ing stress ca lcu 
la tio n s. M a k in g  reference to an exam ple in w hich the sta tica lly  
d eterm inate m ethod y ie ld s  about 4 0 %  h ig h er v a lu e s  than the 
statica lly  in d eterm in a te  o ne, D r  L a w  dem and ed  that d ifferent 
coefficients should  be fixed. T h e  argum ent against th is is that 
d istin ctly  sm alle r d ifferences o ccu r fo r fo u r-stro k e  engines 
w ith p o sitio n -a lig n e d  throw s. T a b le  I I  o f the p ap er show s that 
the d ifference on the throw  w ith the least safety is o n ly  7 % .  
H o w e v e r, such cases have p r im a r ily  been co n sid ered  in su p 
po rting  the a d m issib le  safety coefficient.

It has been pointed  out that the U R  y ie ld s  h ig h e r safety than 
in F ig . D 1 3  despite the statica lly  d eterm inate ca lcu la tio n  
m ethod because in  the U R  the a d d itio n a l ben d ing stress has 
been reduced from  20 N /m m 2 in the C I M A C  p rop osal to 10 
N /m m 2. W e  b e lie ve  this change to be ju stif ie d  because the 
d iscussion o f the C I M A C  p rop osal revea led  that no a d d itio n al 
d yn a m ic  ben d ing stresses resu ltin g  from  a lig n m en t o ccu r on 
m odern fo u r-stro ke  engines (tru n k -p isto n  engines) and so o n ly  
part o f the h idd en safety is e lim in ate d .
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W e th in k  that the p reced in g com m ents show that the I A C S  
and C I M A C  w o rk in g  groups have dealt tho ro ughly w ith the 
question o f the ad m issib le  safety coefficient, and that am en d 
m ents w ould  o n ly  be reasonab le if  new aspects in the assess
m ent o f in d iv id u a l ch a racte riz in g  q u an tities turn up in the 
future.

T e s t  p r o g r a m m e  o f  t h e  c o o p e r a t i v e  r e s e a r c h  p r o j e c t  
It was assum ed that the tw o-stroke engine throw s selected 

fo r the investigatio n w ould  not be those sub ject to the highest 
stress. T h e  reason for the selection of the throw s investigated 
was that at the co u p lin g  end the influence o f the lineshaft was 
to be in c lu d e d  w hile  at the free end the highest bending stress 
m ust be expected because o f the u n ila te ra lly  m issing restraint.

F ig u re  8 o f the p aper shows that the calcu lated  safety value 
on som e throw s w ith in  the engine is as low as at the free end (at 
any rate it is not co n sid e ra b ly  low er). W h ile  the safety at the 
free end depends on the high bending stress, the torsional 
stress is  p red o m in an t in the m id d le  o f the engine.

I n t r o d u c t i o n  o f  t h e  U n i f i e d  R e q u i r e m e n t
In  several co n trib u tio n s it was pointed out that im p ro ve 

m ents are req u ired  before the U R  can be im p lem ented . It w ill 
doubtless have been noticed that some o f these proposals are 
co n trad icto ry. F o r  ex am p le, should  we d evelop a sim p le and 
sufficiently  exact ca lcu la tio n  m ethod fo r everyd a y use or draw  
up a sophisticated  ca lcu la tio n  m ethod w ith an exactness m a k 
ing allow ance fo r the latest state of the art.

T h is  has been the sub ject o f d iscussions w ith in the C I M A C

su b -g ro u p  as w ell as those, exten ding o v e r se ve ra l years, 
between the I A C S  w o rk in g  p arty on engines and  the C I M A C  
crankshaft sub -grou p.

F ig u re  1 of the p ap er illu strates the u rg e n cy  o f the p ro b le m : 
present circum stances do not a llo w  the en g in e  b u ild e rs  to 
tolerate the situ ation that fo r one and the sam e engines two 
d ifferent crankshafts have to be b u ilt , d ep en d in g  on the c la ss ifi
cation society in charge o f acceptance. It is not d ifficu lt to 
im ag in e  that one m in o r aspect o f a ca lcu la tio n  p rop osal lik e  
that presented here can be discussed fo r so long that new 
results turn up; thus possib le good a ch ievem ents are lost in the 
p erm anent search fo r even better ones.

W e  w ish to th an k a ll the m em bers o f the C ra n k sh a fts  
w o rk in g  group of the w o rk in g  party on engines w ho agreed 
w ith the o p in io n  that o n ly  a prag m atic  so lu tio n  is po ssib le , and 
we th an k in p a rticu la r M r C ro w th e r, w ho also supported this 
standpoint in his co n trib u tio n  to the d iscussio n .

T h e  U R  n ecessarily  constitutes a co m p ro m ise  betw een the 
two a b o ve-m en tio n ed  extrem e attitud es. It has been agreed 
between the w o rk in g  p arty on engines and  the C I M A C  sub
group that the U R  is but a first step in the right d ire ctio n . T h e  
coop erative  research pro ject on w hich  we have rep orted  shows 
that the ca lcu la tio n  m ethod is on the safe side. E x p e ctatio n s 
w ere left u n fu lfille d  on the part o f both the w o rk in g  p arty on 
engines and the C ra n k sh a fts  su b -g ro u p ; they are  to be re a lize d  
in a future versio n . A l l  co n trib u tio n s that m ay im p ro ve existing 
w eaknesses o f the draft are w elcom e. T h e y  m ust, how ever, 
m ake a llow ance fo r the p ractica l lim its  o f such a ca lcu la tio n  
prop osal.
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