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SYNOPSIS

The authors drscus?]the design and arformance of marine reduction gbears in turbine and medrum sdpged diesel

f ?ana ere onwz
Hearrn 50 Brmes alls s ortofﬁ ecta HBS examples romb?er CE experjence are use
av Ing a link between des é)ractrc% IS considere

CHl e e T S s L s
[aeration IS qrven ffO € yarious ogeratrngfactors W ect Per ormance and com ?gtrl? ?rstratlon
A e e
I'[ IS e P(EJ (ﬁl\/ searéh %(?V ?Qp entpca ? ce uncertainties In gefa |gn thus mcreasrnﬁ
mar InF S%Et}{/n ¥ the aut OI’S 0 T]TIGWY Into the future and attempt to define what the operator wi
expéacttrom the manufacturer in terms of reliability and maintenance.

1. INTRODUCTION With rationalisation of the turbine rndustry rncludrn thg

Whilst several excellent papers and articles have_been written Imu%ll?t% Sefatﬁ{ %‘ﬁ i r[r]r%\(ljvrurﬁs Soel) drleTelfesrghotlr?ee gho Cgreo
o Stgrewf:%beeme?f mgrrhgngipegrrg%t(t)hserenhag e lﬂ'rttlgsge%%btahclié gear | gwrder but operatrn% exBerrence s more IrmrtTd It is,
; egttsst rﬂ“‘é" 'g”us,%s al enT Hes gearrn e novadays pecifcaons tor may geaing ae necessarly bref as Iufs ot
{ dual deteriorati gttr ossr le reat to Influénce e basic gear design. Nevertheless,
Nevertheless, 0ra ”ﬁ eerrora 10 eEE n,? ﬁpensrve Al he desig margin predicted b the manuf cturershould be
e Sopsig epacemet, g e ot e, s e 0o e ' guidance proviged by (e Varous ciass
mishaps during manufacture or rn?tallatron and somet(i]mes from frcatron socretres and others, such as 150, ASME and AGMA,

Is Qf e t valu
fcairjcltmgJ a?rrcaetslonratFeerqutﬁgtr!y tlo 4 lsPngIguecatt?sea %%%%'th?tggntﬁef a cu atrons%ased on information from Classification Societjes

wr show that surface finish and percentage tooth contact under
res@%ﬂélb'e'% rgrr%Sto? g anufacture, rns\all tion and rg/namrc conditions are- of fundamental importance In- gear

esl

operation show that, for rgelrable ormance all these areas Th
e various Rules will permjt a substantial increase in load
rpe Interde endent Particular %srigcts such as surface finis Rdards Semet Ehe case of Llo ds

factor, provided certaip sta
alignment grrcatron are believed to be critical and the FfJ f oadrng 0D

Rules or exam e, the Increase of surface
mcrdents descrrbe as case hrstorres are Intended to emphasise much ent. Itis In deciding whether the st ndards are

a
In fact, %ern met thatuncertarntres can arise. Whr stt ¢ required
Th iabclgm'plr',ssg Some of Bhe%rh' > eaé%d pv %re”egrg uarrtr)rlense perceriage of ool conact statedﬁl grecr Iy, Mere %o

8 about 70,00 enera Urmose shi qurvae uar |cat|on for surface textur il| be covered
Most ofathe comments reIatrPtﬁ to desrg and_perf roEmance gre a valuaple addition in BS 1807, currently under revision.
drawn from Xperience th these Sh| but |t IS be“eved that OUbtleSS the VarIOUS RUleS a|SO W|” |nC|U e Sm”ar QUIdance In
many apply als a? to the experience of oP

her operators. tmt ecalse 1%Carrngéor di seren%rne aptt)hcatrops Rule may

%ant he erI be operatrng HIS

limit t or,” dependin engine
2. DESIGN, MATERIALS AND MANUFACTURE  cou Irrt ado tedf Jn ge ce Sl]rg fts that suc% a
2.1 Design rest |ct| tl le Tomsfﬁ ncu es va %be discussjons on
The basic re urrement of 2 marr ear set is that it shall further pornt design criteria which are well worth noting.
0 eratefaorup ears wrhcom ete% ? g

mrnlmum 22 Mat I

arntenanceT ac leve t |sthe%e asto %msfg eratrn% aterials
condjions which are subAeet to t Iuenceo several factor Although certain man facturers now favour hard-on-spft
eculrar to the marine e vrronment an w Ich are not gasg mroR/wheeI material combin |ons thro g har%ned gears for
uantry ]JS IS not, perha% lways uB/ grecdate on- Mmerchant ships continue to e the rred choice o most
equently sa txlmar%rhs In_the desig e eroded to a level  turbine/gear makers, even for the high st powers. For diesel gear
at Which gear Wear, in one form or anot er, occurs. sets the” choice generally favours hard- on -soft combinations
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Table I. List of "L" class ships

SHIP “L” CLASS DESIGN
Name Summer Entered Shi Main Ou\tﬁut
dwt Service Builder Engine K

Lotorium 268,450 1975 H. & W. SL. 26,900
Lampas 318,000 1975 H & W. S.L. 26,900
Lepeta 318,000 1976 H &W. S.L. 20,900
Leonia 318,000 1976 H &W. S.L. 26,900
Lima 318,000 19n H &W. S.L. 26,900
N gena 317,207 1974 B.V. SL. 26,900
L10tIna 317,588 1974 B.V. S.L. 20,900
Lottia 317,212 1975 B.V. S.L. 26,900
Limatula 315,700 1974 0.3. S.L. 26,
Limnea 315,700 1875 0.9. S.L. 2(65888
_|_nga 315,100 1975 0.5 S.L. 26,900
LIpdrus 315,700 1975 Q.. S.L. 20,900
i 313700 o % 2 %300
Limopsis 315,700 1976 0.. S.L. 26,900
Latona 218,220 1973 C. de A SL. 24,200
Leda 218,220 1913 C. de A S.L. 24200
Latja 218,220 1974 C. de A. S.L. 24200
Latirus 218,220 1974 C. de A SL. 24200
_ucina 218,220 1974 C. de A S.L. 24200
Lablosa 218,220 1975 C. de A S.L. 24200
Litiopa 310991 19n C.de A S.L. 24,200
Laconica 311,861 1975 M.ES. K.H.L. 26,900
Lanistes 311,881 1975 M.ES. K.H.I. 26,900
Lembulus 254 146 1974 VDS G.E. 23,900
Lepton 318,006 1975 VDS G.E. 21,000

“f” class general purpose ships—8 in number

Summer dwt  — 32230 Entered service — 1974/1976

Shippuilder ~— H.M.V.  Mam Engine  — MANJ/AGW.

Output — 1500 kW

H. & W. Harland & Wolff S.L. Stal-Laval _

B.V. Bremer Vulkan. K.HI. Kawasaki—Heavy Industries

0.5, Qdense Staalsklb?vae_rft GE. General Electric Company U.S.A.

C. de A Chantiers de I’Atlantique M.AN.  Maschinenfabrik—Augsburg

M.ES. Ifs |,ﬁltﬁmeerm é& AGW. . G. Weser ,

S I#)EUI ng Co, Ctd. . H.M.V.  Haugesund Mekaniske Verksted
V.D.S. E:/g oBm\? Dock & Shipbuilding AlS

and sometimes hard-on-hard, ,degendmg on ?ear ?onflﬁuratlon. with hardness, since the maximum hardpess is essentially a
For diesel drive gears, there is evidence that sur ace-,ardfned function of carbon content. The section thickness over which
mnlon% ahre eeded,; otper tmg cbo_ndltlons ca é)r%ve rmia for the _desw?d hardneis IS o be mamta*ned re!]ates to F e Iﬁxrden-
through-hardened material combinations where the diesel drive
u

n

s not"through hydraulic or highly elasic co eI'n S gFelmeyntg tge'ms‘}egricetdl% be|ggn g_on efted By speeifc alloying

| u ul | | Ings. influ In sjz
[ g X gﬁ( ' ?l %'gble J aﬂ ergllar l

e. .

Since no Singl glgear steel can ro_wdefx destr Fropert;ef, |g. 1 lustrates th lonship between hardepability and
?ome_com romise Js necessary; ﬁartlcularyas dentical materials ~ the tensile ,stren%th of some quenched and tempered gear Steels;
or pinion and wheel should' not be used. Among the many their chemical composition is rgwen In Table 11 For Such steels
factors.to be considered In selecting gear steels, the following a 0 Pomt Ifference In Brinell’hardness between the Bl,nlon and
are believed to be of fundamental importance: wheel ysually results in satisfactory operation, pro |ded_thi1t

steels ot adequate strength have been chosen. For the relatively
|? Etregﬁnth; _ _ thin wheel rim sections a material of lower hardepability than that
if) bending and surface fatigue resistance; necess(w for the pinions can usuaIAy be selected.

) wear resistance:. , . Modem f%r%ed steel pinions an forge? or rolled steel wheel

Iv) compatibility with manufacturing processes. rims should have a hi hmtegrl_t%/ and smal graln size; the former

. IS a?hleved b¥] (Yaﬁuu re-melting and the Iatter by close c%ntrol

Clearly adequate sfrength must he maintained over the of orgmg ang heat treatment” operations, togéther with the
approF,r ate ?o tion of the tooth section. For low-alloy. steels, —presente fgraln-refmm%e ments. Grajn size can intluence many
the ultimate tensile strength (U.T.S.) bears a simple relationship  properties, “including toughness, hardenability, ease of heat
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Table Il. Chemical composition of some typical British

through-hardening gear steels taken from BS 970

ALLOY

LR T

treatment and fabrication. A small austenite ?
gher and more Suitable for heat treafment, bein

steels tou
to warping and cracking, with less retained aus

susceptib]

COMPOSITION ( %w)
C Si Mn Ni Cr

EN NO.

on quenching.

For these reasons, a moderatel frnegrarn size of between 6and
8 on the ASTM scale 15 desirable f

steels. T
steels us
summarizes the major e

The Societies’ RuI%s relating to gear desrg ﬁre devised to ensure
g.tooth root and for tooth
stresses. The maximum germrssr le endrnt{;
Erogortto tooth geometry, where
r
tress. The latter takes Into account gear etry as
the tensrestrength of the lower strengt ma?errgf gtehat ogthe

a safe limit for both

surfac
relate

in Shell rfns are shown in Ta
ects of the various elements.

ending, Stress at th
s that for contac

gear wheel.

With safe limits imposed, a [Ero[herly constructed gear set should
e be di gor surface stresses However

ofoerate without excessrv ment, with

the rmrts are Fxcee ed due t P/namrc misa %
perhaps . oth Tr effects su%h as E of surface rnr% vrbratron
or marginal lubrjcatjon, t become. susceptible to surface

contact fatigue (pitting) or,
fatigue suffrrg:rentP )

With low-allo steels the hrg
Eear teeth is obtérn%e from a steel o about
ste

tooth

creases with U.T.S. For these

132

0, 75 tonnes/in2 U.T.S.

he hrgh stren

qear
0 cause tooth breakage.

MINIMUM ULTIMATE TENSILE STRENGTH—OIL QUENCHED AND TEMPERED

FIG. 1. Hardenability of typical gear steel
(through-hardened from BS 970)

? I

enite

Mo

rain size. makes

r through-hardened gear
ggrcal composrtron ran%es of thro ?eh Ihla}rdv\elﬂlecdh

load
stress IS
%nal to a factor hased on the maximum Hertzian contact

n extreme circumstances, bending

hest hendin fatrttfue strength in
% fmm?2
This Is due to the notc sensrtrvrty of
? el and the stress concentration effect at the

oot. Rolling contact fatrgue stren th, on the other hand, in
easons, It high contact stresses are

gresent the gears should be surface-hardened. Processe? such af
arburising and nitriding also result in the generation o resrdua
comRres] rve stresses whrch Improve bending fatigue stren%

ther surt acF treatment which looks Fromrsrn in laborator
disc tests s Tufftriding, a salt-hath trr?rng rocess whic
rncreases the resistance’ of carbon and alloy” steels fo wear,
scuf atigue and corrosion, also reducrn? their notch
sen rtnﬂtyA23 In some Unrsteel ro(!lrn contact fatique tests,
Tufftrioed ~specimens outperformed  gas-nitrided  specimens
and also showed a very high resistance to' scuffing.

2.3 Scuffing

In normal operatjon, S%ars should be separated by an oil film
brid rn the asperitjes. d marginal contact occur, a certain
amoung of protection 1 provrded by the naturall occurrrnq
oxide films.” If these are drsruPted however, métal-to-meta
contact occurs with the possibility of htgh wear and scutfing.
The latter js defined. as grogs damage o th e wor Ing surfaces
caused by the formation, an tearrn%O local welds.

It 1s d comFIex roplem still not fully understood des rte
much Investigation™4). Scuffing o¢curs abru&)tlz accomp anre
frictional heat and sometimes™noise. The surfaces are rng ene
and white-etched transformed layers are produced in t stee
In severe cases, such as ?ne to be described later n the paper, the
whole Ioa carr ran; surface of the gear is destroyed.

yrin scurfing of marine qears Was som thrng of a
groblem eQbut advances rn gear techno 8 ave made it a rare

ceurrent nowadays At one time EP turBine oils were used as a
runnrngs In arg but with most formrrlatrons there was a ecrded
risk of Side effects: such oils are total unnecessar%/ forrunnrn?
Hto ern gear]J ge but on occasions can be of elp in healing
amage surfaces.
rough -hardened gears can be desrgnedwrth ahealthg margin
garnst cutfing b eeprn g[o loads at a modést level:
designing for as hi ha ? ling v Qcity as Fra%trca le to encouraqe
the formation ofan oil film; Selecting an % the %hestvrscos
consrsﬁent erth the re&rurrements of the he rrn%s
using low_slidjng spee s to rscourage the ene atron of he
and ensurrn the best possib ecsur acg finish.

Teeh mal moduewou hea vantageousf? s(ome of the

ove requirements but carﬁ IS necessary to avoid lack of impact

en ng fatigue strengt

n the materrals srde retarned austenite can lead to scuffrng
and Its prefence In the microstructure should be kept to a mi
imum. -~ Alloying elements sueh as chromium, tungsten,
molybdenum, vanadium and silicon, which do not promote
austenite formatiop, are acceptable, Howe(ver other aIonrng
elements, Frrncrgall carbon, but also nrg , manganese an
nitrogen, increase the coptent of retained austenité, For this
rea%on a sub-zero uenchrn? treatment I necessarg %r case
carbyrised. steels. wever etarnet{ au tenrte IS not the ong
consrde ration w en a %essrng the role of al oyrnL? %ements an
other factors ave to. be taken into account,” Furthermore, the
concentratronbi)fa rt) ing eer]nerrr]tlcar{ %e slg tnhrfrcant AItholu%h not

earing problem, this was 1ghlighte e wrre wooling” or
r%achrn%rF\% failures % %hgchgomrunf/ steels srdrn? atghrgh
speeds In White meta earr To prevent such failures it was
necessar%/ to reduce the chromium content of the steel from
3per cent Cr to less than 1.5 per cent Cr.

2.4 Pitting

The rouglhness hardness, thickness and chemical composition
of surface alyerfs the presence of tensile or compressive stresses
In_them, an inclusions or defects in or near the surface, al
affect the resistance to prttrng of the gear teeth.

Fatig Uﬁ prttr ﬁ can take a varre ty of forms, but all belonq to
one or.othe of tfe two | ?nera categories, Incipient or p ro%ress Ve,
Most incipient, or Initi Frt in attrrbute to Ht r%e eof

%h spots on the tooth f grts are small a

ia donm/ distributed, usv rhl eve g Just eowt? rtch
Ine Tnv oin to for a %r prt artrcu arl g
misal He gggfsla resent, Normallythis type of pitting is arreste

onget| terun In. t t e final
imjlar’in cateqor roo in ccyrred on the fina
reduction wheefl slo %i sh%) Hot dresef| and turbrne
driven. This was beljeve ué either to Inaccurate profi

or to lack of tip relief. In any event, no harmful effect on the
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Table Ill. Typical composition ranges of specified

alloying elements for some through-hardening

gear steels used in Shell ships

TYPICAL WHEEL
COMPOSITIONS % WT.

ALLOYING
ELEMENT Wi W2 W3 Pl
Carbon 8.38— 0.35— 0.22— 0.30—
A5 0.45 0.29 0.38
Silicon 0.15— 0.15— 0.15— 0.15—
0.35 0.35 040 0.35
Sulphur <0.035 0.015 0020  <0.035
max. max.
Phosphorus <0.035 0.015 0025  <0.035
max. max.
Manganese 0.50— 0.75— 0.50— 0.30—
J 080 1o 030 030
Nickel <0.6 <0.30 14—
17
Chromium 0.90— 0.80— 0.90— 13—
1.20 1.10 1.20 16
Molyhd 0.15— 0.15— 0.15— 0.20—
oblemm BT 03T 03 0%
Vanadium — 0.03 — —
max.
Specification (1 42 Cr AlS| S 4 Cr
pectfication (1) ¢ AR 2 Wi
Country West USA.  Sweden West
Germany Germany

rnrons was observed and the rttrn drd not continue beyond a

ertarn stage reached in the ea g gears.
amost alwa
move pitting will con itting 1s too reat
to heal, even wh en correct
cracks extendrn rnto the
attrition of t
line.
e pittin
result if the condition cannot be ¢ rrected. In
has been evidence that some form of uperrmpo
com matron of eve?a | of the foIIo feat u?es
le with high sp ots:
e rnag
rm _of damage, associated with_ surface-harden

Caseso (orogressrveprttrnga sdu]e to some form
over 0a commonPr ﬁnment lgss the cause is re-
ri inue If the area lost b?/
and is' unlikely v acti n has. been
taken. Most progressive rttrng IS larger and eepert an initjal
Itettlanlg ItN”h branch\r/ng ahg the form of a t (? d? pallin
(t he de\alengum surface, frequently réfa” ing to adrs nct
weﬁ] eﬁpatte pitch
secondary qs In such cases is much finer, but large, shallow
the f % €as sofs alling within Shell Companies exgg&rencbergheorﬁ
vibrati
was at? eﬁt partly responsible f?r the dama
Generally ‘speaking, confact atr\%ue prttr is the result of a
a) rg sur ace loading due to dynamrc overload mis-
gh sur ace.finish:
susceptible surtace la ers or inclusions:
epuate or Hnsurt hle lubrjcation.
nother f
gars, 15 ex-foliation

%; of tiie 'hardened case. The cause may
nadequate case | rckness %r the presence of hrg resfdua
stresses resultrn from too abrupt a_demarcation bétween case
and_core. has nof occdurred within Shell Companies' ex-
perience of operatrng nitrided gears.

2.5 Manufacture

The performance of a gear set, assuming correct tooth design
depends greatly on the accuracy of manufacture, both of
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TYPICAL PINION

COMPOSITIONS % WT.

MAJOR ROLE OF
ALLOYING ELEMENT

as guenched hardness,
hardenability and strength.

strength and hardenability.

P2

o
w

o

kept as low as possrble {0 mrnrmrze
embrittlement, selﬂ eh%tron and
the presence of stlp

22 B2 85 &%
o BPO w

<

—
(Sa}
Lo
(Sa)

strength, hi
ties up sulphu

strength and toughness without

brrttI%ness promotes fine grain

size, hardenability.

hrgh h%rdenabrlrty, hardness and
h hardenability,
gmper Htt?ene)ss

grain refinement,

%h hardenability,

N oo So S oo oo
So oo So So oo oo

oo oo
o oo
f=t) C

->< I~ IO

strength, hi
minimizes t

oo coro
|

SIS
2238E

Sweden

In"composition according t
requirements of ear manu acure
T prc [ materr combrn Er

(1) there ma bemrnorad#u stments

ar elements and of the gear case. The necessarr{ hi hstandard

surface finish cannot be attarned If the Injtial mach rnrnP
ear Is Indifrerent. There 1s little tha% can be done to correct

srve undu ations of rn%ccurate profile resulting from %t%?y

Shavin finis 0Cess an cannoq ade
correct su (auﬂs The throughphardened ears in Sﬁ ﬂ
arehobbe and shaved to a surfac

e finish ofahout 0.8 |im ;30 ”5}5
Even wrthareasonabl fine finish the shaving process can have
a significant, ef %

% ect on the nature of the sur a§e Slow cuttin
spee s can %rv%rrse toc attermg ang eage bul up causing Sig-
nificant work-haydening t e surface " layers. A hrgh cuttm%
speed, on the ogher han whilst p roducmr%; a cIeaner cut Cﬁ
generate local flash tem eratures sf cret to trans orm t(?
urface Eometrmes producl tl ﬁyers of high hard nﬁss an
extreme rittleness. An exam attermar mg is shown In
trisf\avcmol?t %ur?ace ntrhs% assaochatedecrarc] Senton the materjal’s
hardness: Foryshavrn theu er r?n Plrsrrtpt ere ron of3 VrcLers
naraness which correspon?s agﬁ]roxrmatedy 1250 N/mm?2
581 Qna U.T.S. Consequent the stan gornts of achrnrng
hag e%rgdrr;? fagrgsugs regggh theeffectrveupp r limit for through-
is of thi
te |n man acture accurate eshin andugn H
sur ace mrs en on se ectrve $h avrn e ways _in
th rs rs carrre o Ut R/gear makers vary f om the a Plcatmn of
floor now oW to computer con ol utihizing
errorfeedhac ]Jnacoe %ep
The fina tper ormance of t gear set depends as much upon the
accuracP/ the gear case as On the [g Is; errors rn ar case
Ef ng which’ do not come to fght durin checks
wr aImost certainly cause problems during ns nin the
Producm%
element

chin
‘Pherefore one of the most important factors in
133
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reliable gears is quality contro? app?red both to the gea



FIG. 2. a) Chatter markings on tooth flank, b) Taper
section through longitudinal axis of a shaving groove,
showing cracks associated with chatter effect

and to the gear cage. There have been oneortwo instances within
hell Companies’ ex enence whic g?est thﬂt this has bﬁ
ess than adequate ven If they ar ctua y pr?vr ed e
user should at least have access to the results of’qua ItX contro
records |n term of surface finish, Hndula lons, profile n Itch
error?( % all of whic shoug be within toler nce
tTohluSserlsnd of |n ormation is not always made available, complete,

2.6 Surface texture

The measurement of surfa}ce texture is of fundamental im-
ortance Jtthe prodHctron of uality g e]rs The two vanables
onsr ered are rou %ss and Waviness a Iustrate In f?
g Ness comprises t errreng; ularities resultraﬂ] mamﬁc nrngS
Eroc $S Wavrness IS a co 0ponen u? Ic roud ness
uperimposed an IS due to varioys actorﬁ assocraed with
manufa turg g ﬁs chatter, vibration, machine cyclic errors,
warprng and so fort
Surface texture |sBract’qcaII3/a sessedb drlawrnt‘;lafrne pornted
iamond %t}/ us across the surface. ah ? ementﬁ of the
st us, hi magnr led, are recoréfe grag ically. At't e same
time, tem vements are comd)u eect[) nrcaé to produce a
numerical_ assessment ofthes rface, this ri efined as Ra or
Centre ing Averae the_most_co J”? dl u ted numerical
ratin erIIustrat ns n Fi s 3b an ¢ descrioe how CLA 1s
defined for a prescri ed sa th Sur ace texfure values
are norma assesse ast su Its o severa samprng
ths, T cut off en%t sh ou be ch osen 50 as to tak

BCC unt hot g aviness and the fine caerou hness. Its

e horne In mind that t eroughness wrl prohab var accor mrh]
to the djrection in which it measu}red and to the position 0
the_tooth where it 15 measured. Where p Fssr e, traces of the
surface should be obtained, as many different surface forms
134
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Fig 3a Surface characteristics

Fig. 3d Surface profiles of equal CLA value —
(from Proc. | Mech. E 1967-68. Vol. 182 Pt. 3G p. 2)

line drawn such that the sum of the areas embraced by the

below the line

Over a length of surface L, the centre line is a
face profile above the line is equal to the sum of those

Areas A+C+E+G+l = areas B+D+F+H+J+K

d below the centre line

The CLA value of the surface is the average height of the profile above an

h1+h2+h3--——-hn 1 [-zero
CLA — “ = hndL

Where h is the height of the profile above or below the centre line at points at unit distances apar

I Units = Sampling length

Fig 3t Derivation ol CLA
illustrations by cou

FIG. 3. Surface texture

rtesy ot Rank Taylor Hol>Son'

can have the same CLA or Ra value All the surfaces shown jn
% have the same CLA value but they obviously would
behave quite differently in Practrce
In respect of g?ann riteria for_surface rou%hness should bg
rert?rtned ﬁetggmmo as entIC neersht Toon Etmlwor in ?anks %fan
§ear teeth must befessrthanythe fs Im thrc?(ness wh?ch IS normaﬁly
few microns. Hrg quality fgear specifications will, therefore,
call for a surfac u?hnesso about one micron Ra or CLA.
As mentigned ear (Jer surface texture requirements will be
mclude in the revised BS 1807.

3. INSTALLATION

Two most important requirements during installation are the
attainment ofg od static gear alignment with the Ielast ossible
constraint 0 qear ase; an te oPtrmum alignment of
en nes and propulsons aftrn to the gear set

ethods used W manufacurers to verify sho rg rHent
differ widely but the ob ect IS t0 ensure cofrect gear-me
wrth the ear case fastene down. The use of transter mar mH
referaply red and blue on prngon and. whee Eespectrvely, 15 still

e only” practical method of check mg iif contact

and thé permanent tage records obtained are. Valuable. for
angsrﬁ%%e on any future occasion when gear alignment is In
Adjusf)ment after the gears have entered service is most unde-

srrable erng ex ensrv% and time-consuming; one or two GP
s | s had t0 have such attention after co mrssro%ng g
becomeclear aftersome ears |n service t tall

gars are .those which re e least ad ustment o
a(eaar |ﬁ%§e in the ship and vﬂhrcﬁ mos Fosely atched the shop
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Thermal effects have the br&lgest influence on en%me %ear
It]mment which should se be optimum for
Iu d runnin condr“on Coupling erxrbrIrty can only take a
|m|te account frnsta ation errors.

Propulsion shaft alignment is_still commonly checked by the

ckm method althou hrncreasmd use I1s mad ofstrarn ag
|s not as repeatable as the atter the ackrn

Rro ably easjer to apply when a check is req u red

as shown that cerfain elementary points s ould

best results are to be obtained. They are summarised below.

Jackm should oan be carried out in a truly hol]or trul coId
ngine ¢ n ition. T VJJeraAures Inside and outside t eshrﬁ hould
etecorded, together with details of ballast condition which should
be as near as possible to that obtaining for the original alrgnment
The. effect of nlﬂuegceJ étérrrlnlbers shtould be verified, if necessary*

by shimming selecte s. Before commencing the actual
Ja)c king, the mam shaft shoul% be rotated to ensure no hang -up

on the’ thrust,
use Jackmg points at nproperly machined pads, which

shouIthe protected when not in use

spacer between the jack and.shaft should be used, the to
side orpwhrch IS shaped td the radius ot he shaft. d

At Iea?]t two sets of readrnbgs should be taken the shaft being
rotated through 90° or 180° between each set.

3.1 Dynamic alignment

Static gear aljgnment at the time of installation |n the ship
can be. assessed readily and with fair accuracP( albeit in a
gualrtatrve sense. It 1s, however, the accuracy of a gsnmentunder

d?%namrc conditions which reaIl counts and this much more
Tece b
selected teeth whrch have heen Eﬂamted wrth
This 1s, g?arn a qualitative assessment Which can be the subject
of strain-gauging selected teeth of the,

t experlence

|cutto measure. Normfa 0pactrce for m“/years has een

A e the percenta tooth contact along, and over, the
fIa observrn
a hard t{rymg acqUer, such as Talbot Blue or Dykem. Removal
of the acquer In |cates the load-carrying area ot the togth,
of energetic debate on board during trials.

A more modern agpro (ch is the now fully developed technnﬂue

ain wh | so tha

uantitative measurement of root strajn can be ma e as_the
Ifferent Pmrons enter and  leave mesh with the wheel. Thré
datter approach s more recrse and has the advantage that loa
|str|buhon across the f ot flanks can be recorded-at any time
during t erunnm? in of the gears from Irﬂ tto full foad. Hovever,

it dogs not provide all the” information required to judge the
quality of tooth contact.

Assessment okalrg ment qu lity is even more |mBortant for
mo ern.gears than e ode more conservatr rated,
units. Th percentaoe contact over and aong the teett is P
cisely defined In Lloyd’s Rules as a condifion for Permrte
Incr ase In \%ar oah actor, together ith an acceotabe surface
roug ness owever, Is°not defined quantitatiyely. This
laftér can also become the' subject of debate, and will Be dealt
with in a later section.

The permissible load increase of 33 per. cent is considerable,
and |fphe grescrrbe congrtrons f3 P ignment and surface
roughness are not met the effective safet margin .of t e ear
sef can be reduced below an acc}e [evel bearrng ind
Lherenvrronmenta factorsw Ich. may aso Influence nment
T e&e include ge r case deflection: mgerature |st |db t}on
:jnsfrI et and outside the case; shafting alignment; an
eflections.

No matter how accuraely the gear elements are made, they
will functron correctI onl)ﬁm a gear case wherg good alignment

IS retame at f H -power. I esserice, %ear case deSign is a matter
{ ach IEVIB é |s erthe Y syffici rrordrt to “resist torque
effects or eliberately allowing deflection to occur In such a

way that the symmetry 0f the gears is not affected(6-7).

GeneraIIy, and especially for fabrrcated cases, there Is increased
%wareness of the (JnH)ortance of structHre desPn Gear case ar]d
earin gort eectrons can now e pre ct(e mor? 0se
with the aid of finite-element analysis. In fl ition, ful scaIe
deflection tests of a gear case under simulated Joad can be
carried out to confirm predictions. Yet, although detailed attention
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e Watc ed if

IS paid to %ear element desrgn only two of the Classification
rse%elr%tng% mention gear case design and then only as a general

Uneven temperature distribution inside a g:ar case can result
in asymmetrrc exriansrons of pintons and/or wheel, both radjally

and “axially, resultin ffective misalignment®), Sometimes
observatio ofodlfrlngd gﬁouratron ann%Qhe trgs f%mronteeth
can be g clue that loa ot even. This IS most

Istripution is
marked In cases where an EP ol has been In Use.

Incorrecty aligned propulsion shafting can result in damage

he fina|" reduction f(%ears Main whéel bearing. sensitivitie
are gh and ifthere Is sy |crent drsparrty between the'loads carrie

the forward and after bull ggar bearings, there could be a
tendency to skew, resulting In"“opposite ‘end” overload with
possrble fatrgue pitting (9).

A% in, the hogging” and. sagging of the aft-end hull between
loadéd and ballast conditions”have been the subject of much
discussion In refation to %earmg Performance Absolute deflections
of the hull ?rrder can bE quité large. However, the machinery is
%ensrtrve only 10 ebe thons relative to a base line between ‘the
orward and” after bulkheads, hefe are in the order of 1.0 to

0-mm, and should not significantly affect the [oad drstrrbutron
There are cases where Serious pL oblems a%ose ut it 1s believed
that these were the exception rather than the rule.

Over recent years, a number of comprehensive measurement
programmes have been undertaken by Shell Companies with the
ald “of th% leading Classification  SoCieties, the obrrect op. each
occasron erng to check the sensitivity of the mai machrnerg
Paru%u larly g2aring, to changes in the operating condition” of

All tFt)re factors mentioned above were considered in these tests
and the conclusron reached was that provided the mstal ation
of marn(o tis.carried out to a |% standar II" designed
ma}r]rgrrt%a 'éé”neéb is generally more tolerant 0 varrables than™ has

[t Is to the CE&?II of the CIassrfrc}a]tron Socretres and otherg
concerned wrth measurement that both simp ean sgg |st|cat%
technig ues ave now been refined so that re jable data can
ac urred recorded in forms which lend themselves readrly
to simple or in-depth analysis,

4, LUBRICATION AND MAINTENANCE

The lubricant should he reat d as an mte ral Part% a geared
turbine system, rts\ﬁ sica emrca ope ties being con-
sidered in the same wa as thoseo a gear steel. 1t Is disapp omtrnd
that, aipart from gener reference to Iubrrcatron systems< amonﬁ
the Classification Societies onv Norske VeritaS make speciic

ic

mention.of lubricant characteris
errh orF botkh abrrcates an coSIs the gears, in addition
tectmg them from corrosron |scos\)é IS a pnme chara er

Wi donShOltl(rjtotbgo ag(tg ause exces erc0 rHanm?osss
i USe EXcessiv |
Tuhe ?ulﬁ oll flim gjves t gqowest ?rrctron and wear Lfosse %

same time providing the greatest protection against scuffmg

and pittin

La%oratqory tests have hown that prttmg life | mcre ses with oil
film thickness*” a this Is orne out the ractrcal
experience drscusse ater. W ar, scu n? érn |tt|n? can. a
e It from made?uate cl) Pf distributed ail ?g rh/ Initial
cleaniness, both o teor an e ear svstem is als ortant,
together with adequate cleanin e olf In service. The resence
ofabrasrve particles in the syst m can give rise to serious troyhles,
p]arltrcH arly if the gears are’operating"under marginal conditions
of loadin
Or?vrsgosrty for oeared turhine svlstems has, to be a compromise
to satisfy the redur ements of the nigh-speed bearings as well as
those of the fina reductron Over m nv gears this has not given
rrse to senous ﬁro lems but, with incredsed gear loadings,” It |s
believed that there 1. now less margin of fs fety in respect of
prolﬁctrona nstottm as opposed to fcu th

The earo ordese arsescan e selected On its own merits,

ere |s less demand or oxr tion resrstance and anti-rust

g rmance, an the vrscosr gst suited ear operatin
Arons can be reference, a mme aI oil ‘withou

EP additives shoul be used as there 1s little risk of scuffing In
modern gear designs.
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FIG. 4. Wohler fatigue tests on En 25 steel in oil and water

4.1 Corrosion

The main corrosion
rn steam turbine syfte s in which some
% beit In very small Hrantrtres Ste%s must be taq e%p
the water content as low as possible because the results of
COrrosion can be serious

This has been dem nstrated in the Iaboratosy ?/ using the
Wonler rotatrn([r bending fatrgue test. - Steel mens were
subjected to fatigue at Varipu stresses In or or oll-in-water
mixtures. Re ults r”us rated In Frq st owed that no corrofs %n
oceurred wrt a fu ormu lated Turbipe or irrespective of t
Presence ofwater. In’ these tests a sharp fatigue Irmrt was obtarned
ndrcatrn\? no corrosion fatr Ue.

vY er, omission of the anti-rust additive from *he 0il
formulation re]sulte in severe rustrn% In the presence of water
and no fatrgue Imit wasmeasurable | gractrce this would mean
the danger-of heavy, rapr pitting of the gear teeth and eventual
failure ue tq corasion fatigue.

well marntarned eare turbrne Iubrrcatronsste[n erll have

roblem in marrnewqear Iubrrcatron oceurs
ater rs aways Pre ent,

a low top-y rateo un 12 per cent of the fot Frorri
ger ear Ith the oxr t]on [nfi rt resent in the rndtra
harge, t |sfreshen|ng of the oil Is sufficient to give it an indefinite
antr xr ation lif

\rer the anti-rust addrtr e sometr es reaches an un-

arh epta ow level awi e Stron Bm v5arrous 8ause
IS will arent in e ever Procedure
Rustr(rjrotestr whrc orse stee s ecr ens are immersed In a

stirre salt watermxt re for ours. Deterigration in
ger ormance in thrf test ercates tque need for addition o?antr rust

dditive tq th charge. This has been done success
occasrogs in S?] ? [ sh PS gand without srdee e?fects thus o[)vrgtr
the need for a new ol charge.

4.2 System maintenance

Cleanliness is the watchward which must be used from the
outset if the plant s to be really trouble-free.
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At every stage of installation, cIeanIrness of comPonents is of
garamount |m£0rtance The.time and attentrﬁn aid to meticulous
Ieanrng at the commissionin stagfe rg andsome drvrdens
Flush mg proced ure are no ? ined I consr?era e detail,
they should be fol owed to the letter. In particular, clean|iness
of new ?ear ase. s ouri recelve special attention; experience

ests that this 1s not always the case.

nce the system Is commrssrone and in normal operation,
Istra(rghtforward good housekeeping will ensure a low maintenance

Some water and other contaminants will mevrtablﬁr he present
in the system. Reqular attentron to filter and to ce trrfu n A
the correct temperature, 70° to 80°C, should be part o
housekee mq Most of the S gl VLCC are frtted wrth full Iow
?oalescrn f ter? and delh rfrgrs In additi r} to 5lim filters
or removing solids; results have been very satrs actory.

¥ comﬂonen S whdch are removed for exatmrn&atr r] shouIE
he sc upulo slg/ gane be ore reassemb % ouble chec
made fo ensuré that they have been rea?s mbled correctly. Lack
of vi Ianv\e hrr this drrectron durrpq refits can Jesult In serrous
damage. Within the ex errenee 0 e authors’ company. there
have "been two expensive Incidents urrnq refits, one ‘dug to
incorrect assembly of the lubricating oil supply and one in which a
comgonent Was actu [ly omrtted from reassembl

Routine checks of il condition itre a %0 eneral guide to
system cIe nli ess(Put an¥ Iz1bnor alities in sme or\a\P earance

f the or ollowed up immediately more
comprehensrve tests.

4.3 Inspection

Gear inspe tron? are valugble only when carrred out thorou?hly
at Intervals o [rot ess than srx onths. More f reﬁuent Ingpectigns
are not usual necessar\{ rnvrte contamr ation,. The first
srgns of trouble can easgr be missed If the Jnspection I t 0
Infrequent or r]]ot s%srt tic. This is_particularl érue of the

main wheel teetn t access IS sometimes limited.
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In cases of fatigue damage, it is often desirable to monrtor the
Pro ress, of pitting. This Is esé achieved by usrn hlue ta
ecords from ‘one r more marked teeth. From c efu re ar
tarrr]ensnrt ﬁ% pr%ssrble to plot the area lost throug |ttrn against
unni U

Forgdetarled investigation, silicone rubber replicas have
consrdera le advantages over resin materials. Silicone rubber
Pro uce& |p gaccu ate neqatrves of machrnrng marks, surface
low and mjcr prts anéi ? resin can reproquce re-entrant
Its; excepti naI frne etail of the sur ace can be obtained. A
ositive can be cast from the original and aIumrnrzed to provide
an almost exaot du licate of the actual gear surface.

Angther useful technique 1S the use”of acetobut rate lastic
film (dTrraf ) which 1s a pIred fo the (T;riar surface after fl odrnP
with |met?/ tone and all owrn the Tilm to dry before remova
The .main difficu tg with Tnao F prppensrt to curl. Surface
detars however, can eo serve a slide 1s re ared and the
H]astrc |mapr81ected rrect[y on to a screen, or 1yaumrnrzrn

esur ace an examrnrnrt]; under a microscope. The replica i
of course, a ne%atrve of the gear surface.

For examining debn? associated with damage to the 9ears
magnetic plugs correctg/ posrtroned in way Of the lub |cant
flow are a si ple mean ?btarnrn samples. Examrn tion 0
such debris c% often |dentr gar process e.g. anrasive,
Prttrn etc. Where the gears( tooth surfaces) diffey substantially
n ch&mical composition, it 'can ebuse to dentity which %ear
IS suftering damage. The major benefit of mag netrc 8I g5 15
that samples can be taken while the g earrn% IS'In operatr

The s annrn e ?ctron microscope"has In recent’ years proved
an extremﬁl use | instrument for tT;zirr wear investigation.

eoause of 1ts consr derable d(epth of Tield :il great rafige of
ma?nr fication  when compared with opfical miCroscopes, the
Instrument 1s rdeal for to1p ﬂraphrcal studres Moreovgr with, its
uantitative analytical facilities, system  debris and reaction
roducts can often be identified.

4.4 Lubricants testing

Re?ular examination of representative oil samples, drawn
whilst the, system Is In opjeratron IS useful as a gen ral chepk on
oil condition. Service hours and top-up quantitiés should always
be supplied with the test sample which, in the case of Shell shigs,
Is submitted to the laboratories for routing checking of viscosity,
acidity and water content at six-monthly intervals.

4.5 Spectrographic oil analysis programme (SOAP)

The spectrographic analysis programme was developed to
monitor Fhe dege?gpm nt otlweafrngcrrtrcfll applications Euch aé
aero endrnes the alm bein to re ict fal ure efore it occurre
s0 that emedra action. cg aben In good time.
The test itselt 1s carried out by urning-a small representatrve
samp]le of ol in an a.c. rcs[uck hetween agrap hite .rod :1 3
ite disc, wetted b?/ e oll. The radiati tted is anfa [yse
computerc ntrolfed spectrometer and the am unt 0 a
metals in the oil etermrne com anson with standard samples
Attentrop] Is drawn o the ese ce of any meta in amou?ts
?reatert revrop aﬂgree limits, for example, 1 p or
ron, which generally “indicates the extent of wear of oil-wetted

su he method js precrse cheap and rapid and could be useful
for marine applications

4.6 Ferrography

This is a comparatrveRy new monitoring technique presentl
berng evaluated by Shel esearch Ltd It 5.2 means ofmeasunn
the Severity, gnd |dent| mg the nat ure of wear Eprocesses 1h

technique 1S ased on the Extraction of magnetically susceptible
wear particles from a lubricant under the influence ofa magnetic

fe hjr the ferrographic ana ser a metered sample of dilyted oil
IS passe downJ R Inclin ?rde aced etwe%n he oVes o?
P manent magnet, This develo (t]h mag netrcgradrentaon%
h Ien%th of tife slide so thatwearpar Icles in the 0il samples ar

ubjected to an increasing magnetic field as they move down the
sIrde The particles deppsrt out accordrng to volume and magnetrc
susceptibility, the smaller and less susceptible being deposited
at ’t\he end of the slide

on-magnetic matenals which have been subjected to wear
are also déposited at the exit region because small particles of
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ruT e(rl

high magnetiecsssusceptibility get attached to them during the
ft%ng ferrogram is examrned for particle type size and

ar
O?ncentratron By ex(?mrnatron of ItS 0 trca) densr J € severrty

wear can also be determined, A “wear seventy n
calculated by usrnd a direct- readrn%ferro graph

ex" can be

The main’ constraint of the technique’ is the upper limit of
Bartrcle size which can he deatwrth 0 that it maptphave to he
sed In conjunctron with magnetic plugs.

The orepornpetechnr uefe 0pvrde in‘the Iaboratorgrt%s comrpt

hensive a picture as po 1b

what IS hagroenrnag
service. This is a. valuabl art of a gener research programm

aimed at Improving gear p rformanc
5. CASE HISTORIES

Xperience over man years of operatrn turbine Bk:lnt ranglr]ng
a

betw en 5600 kW. %750 hPt 91640 kW (22
deemt%r[r] trat ir reliability the gearing. However,

00 sh
[d)urrn%
onanzas” which were to rove 50 cost]

er years SIZQS an OWErs mcreas COHSI ﬁ K It was in

tﬁese sh |s built between 1966

itherto un-

suspected desr%n weaknesses appeared both in the null and in

the eane 00

g efrcrencres in gearrn% are rare but those which occur

% ve exceedrn Hcost

Ider. enow e

att at time form a, op exam However, t

materrals for the e{prc crcsp erfectl satisfactor
The load carryi capacra/ofnrtrrded

well within requirements an

or two cases removal of the white laye

areful ng of the affected area was suf
?rnrsh lt rhegworkrng surtace a?ter whrc
assembled for normal servic

ears 1s behzved t
no sign of distress due to qve
has ever been observed on e ve n}h many ?ears examined.

occurred hut
dr not, with one expe tion, rove trouEIesome Generall

the o erator as well as to the
docu en\ed far ures of eprc chc unrts<1
use of nitride

b

roa

In

Ehrs

icient to restore the
the gear was re-

In one Instance, the sun Wﬁeel illustrated jn Frgq(es damage had

e e o ke e
| | wor
nitrided teeth: aftercareq‘uf hgh)rn t?]

tion. It should be rememberfm t nitrid %em%ea\rere/erenaes

are more vuInerabIe to hand amaq

chﬂped If hand ed rou%hllyorknocke in Transit.
e use of th rp dened materials for turbine

iven, no _cause fo

rcetsraéveapgrtt?rtnéoccurred and these are drscussed helow. A n

h rob ceurred which could be attribut

strtlfnesg er her o?h ear cas orotj ah

Neverth eess the fully chocked

I serious concern. Two cases, of S?OW

gar sets incorporate fpll chocked ggatro cansgde%sr
r U

replaced. On
surfaces of
ere Was no fur ther detenora

[‘\tS

ears has

n? b%r
e

desrgn IS belreved to be more

vuwera le to uJeIe cts such sedrst rtrono tr] %ten structure

gavy seas an Iectrono thesr sd?ub

aI ast and loaded condrtrons Successfu

ontod COﬂSGfV&tIVE ratr gars

oftom hetween
eration demands

ate alignment of gars ro Bson shafting In
cate g [deers fnc opulsion shftng 1

FIG. 5. Pitting and white layer removal on sun
wheel
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A Iarge nymber_of the Shell ships are egurpped with Stal-
W (36,000 shp),
a_foyr-point sppport for the i
IC units for the frrst
the HP train, sec nd redp\ctrons the final-
an cpnvpntrona
Inter-
eature s the
y manrpulatron

Laval A
red

do

actions are therefore, minimjzed. An addrtron%
provision for on-site’ correction of alignment
of adjustable spring-boxes, at each ?orner of the “gear case. This
hflS roved to bea quick and ef

a anent Rractrce

he

ngines of varyin powersupto 21,000k
These .enginés Incorporat
uctron gears. A? a resuy

In the” case o

ction gear case Is, of course, narrower t
uble-reduc hon articulated designs. Gear pa?e

t of using epicyc

resenti
s, each of whi

oW to various PI’O le
owing areas:

related to one or more of the fol

basig¢ design
%} ck aIrt?{cl Ifgmanufacture

operating environment.

5.1 Manufacturing accuracy

The two cases of frnaI reduction pittin
occuyred arIy r|
monrtore 0 estahlish th e rate
for real concern partrcu arnp as ot nips were slo
for substantra g

eriods. So

showed that %he pro ress of t| gwas con arnable

The uynits

reduction gears was ecessary
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FIG. 6. Identical forms of surface blemish, different
ships, different shipyards

ective means”of optimising

a general account of experience with geari
reference I magde h f Pn hg h

3 mentioned above
e |fe of the %ear sets an ach was carefully
ro ress elther vglave cause

fteamrn

months’ op eratron at tull powe

y a manu acturer Whose gears
were suffering an unusua h| hcasualt rafe, above 2? ercent

nag significant damage. | ew Cases replacement of the final

A curious feature of these gear sets which were all of the same
frame size, p ?ve to be h g?n extensive trackrng In the very
?arly st %eso running ofth inal reduction, teeth, due to some
orm 0 ontamrnant Ithougfh the surface frnrs of the affected
gears appeared 0 be srirrous %ma . o |rect connectjon
wrth fatigue pitting could be esta % ed. Des rtedt e feﬁtt at
the se? commissioned by different shipyards, fo owrng
strict fushrn? procedures the “marks apgear Fq on the toot
flanks weresnkrngp similar, as can be seen in %

Attempts to ide tf% the contamrn nts have beeh unsuccessful
but 1t 1s known t at S |Iarso called dirt tracking was experienced
In s%veral ships ot erthan th Bse of. Shell,

Ittin (p lem ha]s gen investl pted in p}epth by the
manufacture in others, lead |n to contlusions that the “hasic
cause was lack of accurac pear cutting and finishing. . In
addition, there was evrden e, tha the temp rature distribpition
throu%h 'the anron% main wheel was not even, causing a
tendenicy for heavy base loading of the double helix. "

5.2 Metallurgy and surface finish

The marn pIant of the err%;ht general purpose sh(ps comprises
two medium-speed diesel e inés drivin srn%e reduction gears

that transmit 7500 kW to a Variable pitch propéller.
aThe original cho?ce of ogl was a Iegd 3 EP type ofEfB cStp v?gcos?ty

In the first ship, after four months in operation at full power,
rapid gropressrv prttrnt{ of Brnrons and_main whee| oc urred
andt ol was changed oaf I EP typ e80 cStvrscosrtyfat 50°C.
The ¢ch an e In EP formulation was on or reasons 0f ration-
%rsaﬂ he main 0 rict was 10 mcreti the yiscosity an r]
im thickness. Whilst theprttrn? owed down considerab
eIe nlagn?s()t cease; It was necessary, finally, to renew all the gear
Operating from new with the oil of higher viscosity, the re-
Elacement gears also suffered progressre fatr%ue hown in

9. 7, Fi 8?hows the loag- rg area lost per_ 1000 hours
of runnrna at full power. Qf the |eg ships_In service, the first
?uffered pro ressrve |t Ing In two ars fs. Three others showed

atrgue age w IC sta ilize the remainder were
satiSfactory. As mentioned earlier, the hest Rerformers wer
thop1 whr h required the least adjustment wheh being installe
here at some length because there were several factors con-
trtbutrn% to the problem, Including design, surface finish and
9n K value was 144 but, when calculated agarnsdt
LIo S 193 Rules the allowable K valug assumrnsg %
finigh pect of
surface fatigue resistance.
The dear were I]obbed and pnrshg shavrng to desrgg
Xa
reas of t 8 f%“f ears showed t Tt surface rou hness var\
eween In the latter regions, peak to va
erc&pé ar eareaso poor surface finish, often in the region

The consrder?ble investigation into these failures js dealt with
alignme
as 125, Iindicating a margrnal gear design In re
surface Yinish of 0.8 fim CLA (32 liin ination 0f undamag
sert s o ’o 7 amwer measurefd Close examination showe

FIG. 7. Progressive pitting on replacement gears
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FIG. 8. Pitting rate of gears suffering progressive pitting

K-FACTOR (METRIC)

PRACTICAL UPPER LIMIT FOR HOBBED AND SHAVED
THROUGH-HARDENED PINIONS

K-FACTOR (BRITISH)

FIG. 9. Ultimate tensile stress vs K factor (Lloyd's Rules)
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Since the K value depends on gear geometry it is possible,
for a particular \%ear de5| n, to Iate ultimate terisile stress to the
K va ue as showp in F ich Indica sthat In th|s case
the wheel require asteeloflo N/mm2UTS or 65'/1n2(293 H %
an d the inions_(based on crjte na already mentlonedP %t eel Of
1158 N/mm2UTS or 75 t/in2(340 Hg). It’s worth noting that the

r
W
4

FIG. 10. Surface of gear tooth close to end of progressive
pitting marks, showing association of pitting with deep
machining marks
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P — Pitch point
S — Represents sliding direction. In the addendum,

sliding in the same direction as rolling ; in the

dedendum, it is in the opposite direction to
rolling.

~  Represents direction of crack propagation
The distorted surface layers flow in the same
direction as that of sliding

FIG. 11. Schematic representation of sliding and
crack propagation directions

required m|n|mum strength or, rather, hardness, of the pinion
was such that h |g uaIYShF hn would he ﬂlfflCUttO achieve,
nre spect of |gn men A ear ?ets showed a Persmtent
enc to mar eavy aft” e deliberate attempts to hias
Ing forward when carrying out static athmen Scrapmg
?eanng () corregt maters rove Iar%e meffectlveg
that namic ede%} ere resgonm
teselverovm?71 icult to estaplish.
ears showed that pitting started m the
qlon ofte |tc ling i the orm of mlcro Its, often assocated
h regions 0t poor ma? mmg and con5|d rable surface Iast|c
fow A tsyplca(J sectlon rfo he pinions at the
the pits, sprea mg aft to forward, |ss own In Fig. The p|ts
had spread for more than half the face width of the gears.
Associated with the pits were cracks penetratlng In the dnechong
shown schematlcag/ In Fig u% there were Isolate
exceptions. Taper ectlons and mlcr ardness measurements
showed that the oné;m achlnlnn arkf were ass%mated wit
reg %ns of Increased har nes? g ticularly at_the bhase of the
rilng groove simifar effects caused by in-service sconng
were also-oserve
Invgsn at|ons 0‘ the surface by scannlngtede tron- mlcroscopy

qwed developed |ts ini micro
fustrated In Fig. 12andthe $50C at|on o}mmro rgltSWIth Eur?ace

e
of th
It w )2/ conclude
Th eexacte gan tl%ﬂ of
Examinat {

flow over mac r]n marks n. g ]11 Transverse sections
through such developing micro-pits are shown in Figs. 14 and 15
Ieadln to t(he likely ‘sequence of micro-pit formation depicted in

|gs
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6 Jaded 76 A ‘086T "(NL} 3 Jew | suell

Arrow 2 in above showing micro-pit associated
with machining mark

Initiation of fully developed pit by micro-pit (1)

As (c) but showing micro-pit initiation region
associated with chatter marks

FIG. 12. Association of micro-pits with machining
marks and fully developed pits—starboard pinion

Micro-pit associated with machining mark (3)
showing surface flow across machining mark
adjacent to pit



Emgrrrcal reI?tronsh ﬁs have been develoged for c?ntact
fatrp Irmrs re ating the stress [Imit to hardness. and also_to
sur ai rnrs . 18 shows the effect of surface finish accordin
? eda eto forthe ears under discussion. Since these wey
earY suf errq rom namrc misalignment which would
ef ectvey raise he value of S max (maximum Hertzian contact
stress) I F ? Ittin would not be unexpected considering
the poor surface finish observed.

Association of micro-pits with machining marks

Higher magnification view of (a) showing surface
flow across machining mark

Higher magnification view of (b) showing fatigue
cracks at surface of flowed layer

FIG. 13. Association of micro-pits and surface flow
with machining marks in starboard pinion, forward
of continuous pitting
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It is Perha svgnl\frcant that this dia
the gears mr ell ‘have shown an r roved rfJerf mance |
the urface fi |sh had met design requirements of 0.8 er CLA
which s apevroxrmatelg/ equrvalent t0210 25 gm peak-fo-valley,
since there been a larger safet maﬂrn

This rather full rnvestrgatron s oweq that, | cases of severe
overload surffcefrnrsh iscrucial but, perhacpso equal rmgortance
are the metal urgrc?( changes that c%n ? cur on th 9 ar tooth
surface such as work-hardening and the formation of cracks.

5.3 Marginal lubrication

The importance of ensuring. that gears and bearings are
op erateé rPn er normal nrhrrcaqron congrfrtrons cannot beg over-
stresseF ﬁnalty for. negalegt can li rohrbrArv good
example is the heavy prttrng enera syrface disturbance in
hoth he addendum” and dedendum of a_final reduction wheel
from a 0,000 kW 28,000 shp) set shown rn Frg 19, The pinions

wer%aso ama%e but not to'the sameex ent.
eéprttJrgoo curred due_fo gross oi suPplgl restriction over a
1o eratron The tause of oil deficiency 1s pbvious

(ﬁl otO?Pa 20 which shows the state of the ol
fr ter frtte before the sPraiers Mutton cloth had been wrapped

ram also suggests tha%

round the filters for f 0ses and subsequently over-

Fooke It became so baéy g ﬁtarpnrnated that thquauzey burst,
and this robably saved tegears

WQ Interesting points em r{;e from this classic example of an

o eratrn faut e pite the restricted il supply, the gear had not

gi have een expected, suffered” from scuffing. This

|I|ustra es the conservative nature of the gear design in this Tespect.

Sliding direction

Transverse taper section through shaving marks,
showing flowed layer and crack

Propagation of crack from edge of shaving mark
into matrix

FIG. 14. Initiation and propagation stages of a crack
associated with shaving marks on the starboard
pinion
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Sliding direction (opposite to
apparent direction of point
of contact)

----- Sliding direction (opposite to
apparent direction of point
of contact)

Propagation stage of fatigue crack which initiated Detail of fatigue crack shown in (a)
at region of surface flow across machining mark

FIG. 15. Taper sections, showing initial stage in formation
of a micro-pit in the dedendum of port pinion adjacent to
the pitch line

Stage | Formation of machine groove; (b) with micro—crack at corner of groove
Stage Il Flow of surface layers into groove from one side; (b) with micro—crack at corner of groove
Stage |11 Propagation of fatigue crack
Stage IV Detachment of metal ligament leaving micro—pit
SLIDING DIRECTION *SLIDING DIRECTION

SLIDING DIRECTION

FIG. 16. Schematic representation of sections through
various stages of micro-pit formation

Trans | Mar E (TM). 1980, Vol 92, Paper 9 143



FIG. 17. Schematic representation of sections through various stages of micro-pit formation

The prttrng peenrng and hammering of both addendum and
dedendum Qu'1 hdve been br?ught ahout b
tectron At EO errttﬁgn nr%gnn?al gg%tsrn te eragure [t]he gsls
W VISCOS vigi

cushronr R Fubrreant restriction cadged notpscu%?rnr(? Lut
nother 1| ustratron of the same phenomenor” was

Ittin
Pepor?d in an SME apertlo) _
[n the event,_ the ear wa avedb and. i strL 0 eratrng
satisfactori hy The cure was feeted reIrevrn(I; amage
p[rtofthe eIrxbytwrstrnrlzoft earca to redis rrbutetheload
e amount of il supplied_wa3 Increased 3/ openrnq uEu e
orr ices hefore the sPra ers. Finally, a new ch r%eo full EP oi
used thereafter topping up wrth normal double-inhibited

th in oil.

5.4 Design, installation and operation

Scuffing failures in modern gearing are extremely rare but the
example in Trg 2 rIIustra|r1es raphrcal%w at c?n hap rﬁen wh eH
matters real ﬁeoto?ra s are of the anead an

i %Wer final reductfon” of a gear transmitting
%?%HOk\W 60h ) at %6 rev/mr

Investrﬁatron showed tha}W for manufacéurrng reasons, the
?ear teet heen cut wit a modified add um dedendum
atlo rsultng In increased slid rrf]g speeds. The oil guantities
sugp(}égl }]0 vtau sear sprayers, were fOr various reasons, Iowerthan
Frnallg/ the gears were, subrleeted to appreciable over-torque
at an eafly stagg In commissioning
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ac of oil TQ'

Thus, here was an example where desrrr;n installation and
operation had all p Ia}red a part in the failufe. This was a com-
Roundrng of several tactors, any one of which by itself would
ot have”been responsible, which caused failure.

6. CONCLUSIONS

Advanced design, manufacturr[% and installation techniques
have resulted in rmgroved Per ormance. of %ears over_the past
decade, particularly that of turbine gearrnﬂ \/LCC. The ore
learnt about envifonmental condjtions, the closer to its limits
a desrﬁn can be safely operated in the future. However, some
cautio Is needed I two special respects.

For VLCC rgearrng there ha? heen a %eneral dem éand for
rncreased power and lower propeller speed. TO meet such demand
Proven esrgns have sometimes been extra%? lated in Size, rather
an re esr ne This 1s.0f course reasonable but Rroger rer{rard
io Irmrr hons reIatrng to size and t F
erent now edge of the more severe environmental con rtrons

Secondl no matter how excellent js a ?ar desjgn, it wil| not
grove reliable nIessmanufa}cture and rnst led.to hrgh standar?
aceehrarl:% is can he achieved only with strrf lity conro
th rou% stages o manu ?ctue to final comm ssronrn9
Means of anp yrnﬁ;qua Ity contro stil] vary among both_builders
?r?ents slgpvos IS'1S fonsr dto e an area Where improve-
r

atest measuring techniques and
reducin refance on sPr pfloor experrence howgvervalﬂable
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WHEEL
(DESIGN)

PINION
(DESIGN

Limiting Hertzian contact stress, oHa , vs BHN for various levels of
surface finish { peak-to-valley)

( l'urn =40 micro- inches, 100 N/mm2= 6 48 tonf/in2)

FIG. 18. Limiting Hertzian contact stress vs BHN

FIG. 19. Pitting of final reduction wheel

Considerable emphasis has, been plafced in this Hap%r upon
accur?te alllgnment and good surface finish as belg asic {0
[)e“%b ation ExpenI nce has shown tgls fo be nécessary In
oth turbine and diese 8$armge Indeed, In meetmg the ?
two requirements a number func rtamtles dug to enyirofimenta
tactors are mipimized, This Js particularly so ffor shaft alignment
variations which are inevitable, irrespectiv ceyracy, “Again,
In order to mest these two requisites the authgrs $I|eve ther 15 4
nleed for a more thorough understanding of surface finish and
alignment

?} has been su% ested fon occaslons that very large ship size
‘Wf fhaftm% t machinery can imgose proplems. of
aft alignment. T |s |s perfectly true but, again experience has
Trans | Mar E (TM). 1980, Vol 92, Paper 9

FIG. 20. Contaminated sprayer filter

(b) Astern flanks

FIG. 21. Scuffing of final reduction wheel

shown that, if installation is carried out with dug regard fo thermal
and hull effects, %ere need be no reduction in thge rehability of
main gearing.

In future the user will have a choice of design philosophies.
?lsgffereéi b?/ most budders an extension of existing. technglo gx
refing ease the cost and increase the reliability of con-
venHona gpan% In_contrast, STAL-LAVAL offer what Is de-
cribed a beginning of the road”: new technology

Incorporat ed in thelr Ve% Advanced Pro ulsmn concept. T |s
IS now within reﬁ ners who are reEare to back new
tetc ologe y, matching certain de e? menH risks against promises
more gconomic operation an mately higher reliability.
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In the context of this discussion VAP is of most interest for
the yse of epjcyciic units in the final reduction- ear whrch
permits a srgnrfr antly shorter, narrower main engine1a

Geared medium-speed diesel mstallatrons ma wel be used
more Wi exforVL C In the future. This wr epend. greatl
t e operating experience with shrps currently |n service an on
ueI uahdy over the next decade nselectmq the transmissjon

tesel plant In these and other a?p ications, verr Im-

Fortant factors are the characteristics o en?me couplings,
h }s}electrono gar aﬁerrals and their surface treatment.

The authqrs, dg not |evethate|t er tanker or container ship

%)erators will in future re&rurrem% ergowers The demand wjll be

rextremeeconomyan comp ter ||ab|||ty The latter will_be

g(r:] Iegl/SRIICatIIOTT%rfe%e I’%OUCI %Srlgm tHath PI’GCISE Exguton

nt onwards It Is
up to the operator to marntam his plant as i |t were his private
property.
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Discussion

DR SIMON ARCHER MSc, CEnrg FIMarE (Consultant),
sald, that the authors per had rendered a signal servrce tq tfie
marine Industry, The mF asis on Investigafional work and the
\dleircz(r)rgtron of the techniques now available were particularly
Lookrno back some 25 ¥ears fo the marine turbine gearrng flg
surve n his own, to the In fitute 1 19560, 1t wou
P [hatthe rinci aI r ressmre |ab|| to date had been the
tual elimination 0 ?
gear replacement, but thrs strI [eft the “hard annual” of pittin
ama Sw ich fortunately, however, rarel demanded gearrn
Ont

renew

e deern side the adoption of higher specific tooth Ioadrng
had been facl tated bys ch fa%tors a%rmé)roved materials, more
accurate machining inishing, - better lubrication, greater

attentron to ceanlrness |m#rove "knowledge of the effécts of

a |gnment on gear oer ormance, efc.

f the various factors men IOF(Fd as heing o{ fur}da entaJ
|mportance In gear rafing, he would agree that surrace finis
?/ug?rc alignment of meshing elements were probably the most

On surface finish, as the authors h%d predicted, the revised
BS 1807 would Include toIerances for the various qualrty classes
and 1t was noted that the Shel throu?h -hardened gears, havmﬁ
aspecrfredmaxrmum Ravalue ofabou OBJ 2(un oul 0
the curr nt BS Pﬂsas be re resentative of ‘a real |gO

8ualr% h, ass mum Wav eent Hto
%samdp en th o 25 mm taken | Irection.
Itwas to be oped that other earing rethuIatory bo%es such as
isr fication Socrfe ,es ould™ foflow suit before long

11 1972 was helpful here).

T e authors’ warnm remarks on the Possrble hazards of the
%havmlgz Process woul awakgn echoes ?] equarters and
105 o lPa er had shown some, horrific examples of

what could be sparked off by the sort of machining grooves
146

acture as causes of

(5) ARCHER, S,
Reduction Gears”. Trans. |

1956, “Some Teething Trougles mOFéogts irvar
(6) PINNEKAMP, W, 1974

. Mar, E."Vi
“Performance 0 Marine. Re-

duction Gears wrth o ern Design Features™. Trans.
|, Mar Vo %% 48.
(7) YOUNG, 4, “Gearrng for Modern Propulsion

ﬁ%stelms GEC Journal of Science and Technology Vol. 41.

SHANNON, J. F., 1977. “Marine Gearing”. Marine Media
anagement Lid for [. Mar. E.

. G. C., 1975, “Reductron Gear Damages Related

0 External Influences”. Marine Technology Vol. 12, No. 4,

.M., 1976, ASLE Transactions 19.3, pp, 239-249.
T ,1976, Lubrrcatron Engrneerm 32.1pp. 17-24
N ., 1965/6, Proc. 1. Mech. E. London, 180,

. F., 1974/5, Proc.

%p 82
eratm
ro

=
<=
(=
|—

N~ O

—
(%)
—

xperience and
10n  Epicyclic

u
-498
ME 72 PTG-45,
sed by Inadequate
T-114,

—~ o~ e
=
e

—
i
~

M
ON
v
a

| s (P )
x>
==OR=
UL
(-
>
<
DT

——
——
SO

—

|, 197; S
977 ‘Prfth C Be Cau
cation 7DE

9. BIBLIOGRAPHY

in 1970. 1. Mech E. London, 184, Part 30.

E. Merritt, 1971, Pitman.

Gear Ha qdhook by D W Dudle 1962 McGraw Hill.

Materras for Marrne Mach merg E Itors S. Frederick and
Cap er, 1976, Marine Média Management Ltd. for

EIastoh drodynamic _ Lubrication by D. Dowson and
Hrggv inson; 1977, Pergamon Press.

Gearin
E Gear %rneermg by

=~ooro—

which might be associated with (doubtless) poor qu%hty shaving,
As Dr “Archer had seen, in some cages the.” so-called
“Improvement” in surface texture achiev process,

thi
esroescrally on |n|ons of hroh tensil |§trfe|n?s er?%%‘e‘?ss Eeendonto

lon’ th 1S3 ||tg usm%
about 10 tmzé 5 Vitkers) gr ar er nion mat rrah
would recomme frnrshmg by grinding. This wou have t e
ﬁdd ed advanta ena m a more accurate modrfrcatron of
eroa an les o be [ao awa adi frcu tg with savm%
and, usua also an [ rovementr othépr to be achieve

It was apparent, rse wrt gaher load factqrs

currently” being a opte ehgdmocr%rrectdonnow Ouc%c%mmro w

creasrn important,
Hcto hehxcorrectron and 1t would e valuabeto know of th
S e ractice and experience on the ships listed in Table |.
snotedt at nearl 85 Ber cent ofthe ‘L™ class ships had
earrng esrgned and/for built py Stal-Laval, whose charao]errstrc
hilos been o provr e sufficient flexiility in t e ear
0X cons ructron to enable compensator%/ [pmroynw eel
jrustments to be made In the final reduction, to allow for suc
actors as hull distortion, temrferature effects, etc. It was beljeved
Stal-Laval claimed an enviable record of freedom from pitting
in therr final reduction gears and I wouId be interesting to know
whet er Shell exgenenc hadjustrfredt at cIarm

Rthermport nt matter of quaLty ontro rt htIX mphasized

e aythars, op erators shou € anle to saréguar errown

|tere S b%/ ﬂSIStlngt at they were sum) ied wit ﬂua lit (i Pl

records of a gortant m asureme s as a contract

gatron and that th claimed the rig tofaﬂroval or otherwrse
ne | sut Itgmatively, they Could delegate this approval

to t e C assr |cat|on surveyor,
Finally, D Archer wished to comment on the vexed question
ofmarns aft alrdnment for rrgrdh{]cou led earmg
[

the t?trust an prgpgﬁeprrghertmla 0y l?ne!ghes o? a reﬁagfarﬁexr% e
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couplmP as was sometimes practicable with smaller oil engine
Installafions. However, feasibility and cost appeared o have dis-
couraged development in that direction, at least for higher power
turbine machrpe}/ Therefore, one had to contend” with the
conseduence ot direct coup mg

As the size of majn wheel earrn%JournaI%hd rown i
30-in diameter and above eann?cl rances had co resRon %y
increased (often 0.001 inlin. of dfameter). This meant fhat un
the not”"static Ioad distribution on forward and aft bearrn s

was eﬁual the resu [tant dynamic bean[t reactions
only Dbe uneriua but, more Importantly, they woud not ?
exactly parallel. The consequences of” this seemmgl smaI

deviation (often no more than 8°to 10°) could pe illustrated by a
recent case where the following meaSLPre and calculated Iogds

lied:
ppHot” static light ship loading— %%gtonnes forward bearing

Corresponding resultant — 4.1 tonnes, forward bearing

*hot” dynamic | oa g 52.3 tonnes, after bearrnd

Neglecting the_influence of oil film action, the calculated effect
of that dif r?ntral loading was to cause 3 main wheel skew,
where y the forward journal centre was displaced relative to
that of the a tJournaI 0004ﬁ In upwards and to starboard at
an angle of 55° o the horizonta

Forthe full Ioaded ship at full power, usrggsproxrmrt%egau es
a somewhat smaller deflection of at%outOOO in was red
at about 65° to the horizontal and the amount of skew increased
raprdly with the rev/mip.

The |m ortant result, however was the unexgectedly % e
%hag contact Qtooé ‘opening”) across a

CBS, W |ch calcu ated alon the lines of actron of the four

p'”'gnfnggre mesnes ?gmﬁime 1 fower 000 i il
LP upper00005 in (HA g ﬁg 4 in (HF
HA = F av orwar

These deflections were ofcourse compérable In r)na nitude to
an}* helix correctrons for pinion combrned pendin and torsion
ich might be applied and must render the task of the gear-
mgteercfghat much more difficult In his efforts to compensate for
There? re, it appeared vital tha rqearmakers shoyld S{)GCIT
veray much smaller tolerance In differential loading ofmanw eel
edrings than was t ecurrent practrce Moreover in order etqter
to co ensate or ch anges of hull deflection befween |t_ihts R
fa ed condrtr ns an drfferentral Ioadm% should b
tesenseo eavier forward | qhts Ip condition, as had

been consjstently recommende
The authors \yrews on this probtigm would be much appreciated.
FIMarE (GEC Marine and

MR YOUNG, Eng
Industnal Gears Ltd) stated that it was always re reshing to hear
esign, manH facture a]n operation from

commen&s on ge?rm
the stan ornt of the ope tOI’ and the authors Pa per was no

% tron They h dexrtJress their %news with cIa ity, and were
stre s the limited choice o geare turbine” plant now
a alla e T IS was re?retta le, but“also, inevita lT wit the
decline In te Eu ar t}/ of steam. turbine [propu sion, This
semr monopo tron ed to certam absurdr les in th at some
%ns co mong/avara ewere aowe Zcontmue re-use
rat rth anb up-to-date lo |coft errderna roach.

The au\ s were obviously [n dif frcu ties whep ar%rrlg that
throud ardened gears were tne Pre erred choice aso
admitting that for”diesel_drive hard-on-soft and hard-on-hard
were mare appro priate, There was one American gear manu-
facﬁurer who carme that the best approach. to deSign wasq
settle on the largest bull gear that could pe fitted Into the ship
Most of the ? r desrgns still bern? produced hy the s ecralrst
trug m]% mg&ru a%trurers seemed to rely on this same approach for

[ ugti

gar here diesel engme centre distance was, fixed by
considerations of access andengine room space, the shipbuilder
would not toIerate meffrcrent esrg1 by the gear manufacturer
who was normally ind egen dent of the engine Builder.

Mr Young was puzzled by the authors’ statement In the section

1) @RCHE% nDsr SA1a19§ %%rétepcge dggg Troubles in Post-War Reduction
ﬁuen gs” Marrne ethn re)gy Al aT{JoDzlam(%% Sbe$9|€hed36t£ aEn)dte[s'%%l
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FIG. D1 ISO loading calculations against Lloyd's K value

on installation: “The best alrgned gears are tho%e which require
the least ﬁdgustment of the gear.case In the shrﬁ t In the section
qn case histories they ha pard tribute to t Rrovrsron on the
Stal-Laval AP gear- box for o?trmrzmg 9ment after In-
%tallatron He ouId we understand a distaste foy scrapmg of
earrrhg to ef ect gnlf)rovement |maﬁ;med they” w
have Deen an adjustment tacility on their F ca%s sh :P
He re resene acom any that had épron erf éstati earings
over the last 20 ears and. at trme also béen glad to have
been able to adjust in a civilized manner.

The au ors had mentioned surface, rou%hness and wavingss
as tw? erent aspects of tooth finish d proposed a
Imit for th %ter on?/ Wavmess was, covered In a relatnf] a/
coarse manner le error limits, Hrs own ex errence
shown Ehat Wavl ess at a cIosers agrnﬁ;t an tde rmal rofrle
errors w]rthawave ength beyon aép up in a norma
surface finish traverse, could have a vital effect g tooth surface

rance Cohulg the ‘authors comment OIT h)a

romru been mentigne asava ua eallogm%element

w ere scuffing was to be avolde Young. wou Yalgoree

inion Were nrtrr ed S medauthorrtres mdeed wou
onc o |um mtroug har ne lPnron and whee as equaL
un esrra le to nickel. thors” view backed up
disc t?sts The su gaestron that carburrsed gears must always be
eeg rozen to avold scuffing was new to him. His Company
1o uced many carburised gears, and this extra sub-zero process

wa
Tshe autrhors use of EP oils as a heaIrng medium seemed to
extend to Frtted gears, They were of courseé, the oIl experts, but
he would [jke an” explanati ?n of the action ?f the orI In such a
case Was It reaIIy beneficial, or just acase 0 (?ver i1?
short . comment “on k 'ﬁ calculatrons
e new loading rules

Classﬁ datron Socretres were mterpretmg t
I their own %nngz aXs to %reat drscouragement of
mdependent thoug tlg/ ne ad ad occasion t compare
ferent esr ns on the latest IS asrsa %

aY)a ue. T E

a nump er of
Pote he results on fcom letion arn t Llo s
esults |n terms of sa ety actor actua ovel llowanle stresf
t};<ave such goo correlation that he wondered |f the old simp

factor was such a bad idea after all (see Fig. D
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FIG. D2 Cracked teeth and rim of bull gear wheel
shp = 19500 n = 105 rev/min

MR G. C. VOLCY, MSe, CEng SBureau Verrtasg expressed his
thanks fo the authors for their Invitation to contribute, which he
did with qreat Heasure as he ad had thebrrvrle eofcollaboratrn
wrt Mr aun ers-Davies for mgng years. Onge again, th % afte

his colleagues had produced an outstanding paper, backed
by tﬂg r?rrsrgres r?f lt] tenressatrng i eaatmnotwrthstandrn apers
on th eysu bject, t ere Wds Iﬂtle feedback of opergtor eyflpeprreJ
anElthatte were fillin u this g >P

e Wou like to add some examples of such experience,
collected durrn% his work in a Bureau Verrtas trouble- shootrng
team, which m my endorsed the authors statements; and als
to show some “horror pictures”

He a%reed with the authors about the rmgortant role Iaged
moynting and correct alignment statrc dynamic me
shafting ‘in the trouble-freé operation of marine é;e ring, wh |c
was ho brid and shaved with micron precision an ?x posed
%o exlterfna9 drfstﬁrtrng Influences of the order of several mrI Imetres
see Ref. 90 e

Mr Saunders- g ?es might recall the case of five jumboized
tankers. of about 60,000 dwt, all affected h severe Pttrn% even
before umb orzrn This reac ed s c an e ent ne of
them the ar aass 0 e repl ace Thereafter
correct e avro(r fr heen ensured bg rational re- alrgnment of
ine_shafting and elimination ofA ft bearin he thrust
shaft which"had been |ncorpor ted Into.the thrust casing. How-
ever, on the other four tan ers] ratronal re-alignment, and
elimination of contact between t f aft bearing on the thrust
block and the correspon Ing Journal on the shaft, were suffrcrent

to sto
vgas W rth rgememberrnq that .in_the Hast (in old-fashione
desr%s with either Integral or independent thrust bearrnd
ourna garrn S armrnt[; to supRort the shaft had. be
corForate ﬁ rust Hte ear)[/) sixties, in a drtron
to the ncreasing fexrbrlrty of the double Dottom steelwork, |
had been one. of the most important causes of catastrophrc
failures, (see Frg s.D2a
In the Jrst case, afterre Iac ment of the bull%ar re- alrgnment

and eljmination of cont ct between the journal apd earrng
strut% had been Installed to redyce the excessive flexibility of
the t rust earing and jts foundation.

he second case, wrth the strfferfoundatron ofan inde endent
thrust lock, _the solution had consisted of re-alignment and
Eggnlrnatron of the contact between the thrust shaft Journal and

D4 showed (Prttrng sgallrng and heavy wear of the after

eIrxd e to ananH us causes, butthis i l)me wrtt} an rndependern
thrust #earrn e remedy was as a OVT Atterwards, In ﬁ
cases, t to the full s

e gears were_behgvin tisfaction of t
owner, b tt%rt an ﬁre the changes; in the fiast case they hag

”°fr?ever’hr8%”u€uahe% hrust bearings with. tilting pad supports,
8 ?n Hna attacrh%d o

wrthoutjournal earings and with the casing

Y c/ocr)rffrib\rgnsGdfcal|glrsr)r6nséntActUll aring harHlecgmheeW@arrne gear and line shafting
148

d. Cracked rim of bull-gear wheel.

b. Broken teeth of bull-gear wheel.

c. Damages to teeth of H.P. pinion.

FIG. D3 Damage to main gearing 2nd reduction
shp = 2100 n = 110 rev/min

FIG. D4 Pitting, spalling and heavy wear of after helix
shp = 17600 n = 108 rev/min
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FIG. D5 Pitting, spalling and heavy wear of
forward helix

a. Aft helix of wheel

c. Aft helix of LP pinion. d. Forward helix of LP pinion

FIG. D6 Pitting, spalling and undercutting of
final reduction teeth
shp = 22000 n = 82.5 rev/imin

the foundation steelwork gn the level of the shaft axis, had
solved the inconveniences of old-fashioned thrust bearings.

However, the period of the tanker bonanza had seen new
troubles can d by the steelwork of the hull girders and engine
room double bottoms.

These phenomena being insufficiently understood at the time
dar_na%e yEq_ttm hag oc%urred on theyforwar parts of forward
heliceS (see Fig. D5).

The remedy had been to decrease the flexibility of the inde-

FIG. D7 Chronology of meshing deterioration

Trans | Mar E {TM). 1980, Vol 92, Paper 9
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FIG. D8 Hogging and sagging of double bottom deformation
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Pe dent thrust bearrnq foundation apd, especially, rational
e-alignment, taking nto accoynt the hoggrn deformation of
the aft part of the hull gjrder and its double Bot om(f2) Atter onl
t ree t four weeks Of operation the progress of pitting ha
SOXR and the gear had ehaved correctl
other Interesting and]ana o?ous %asg oncerned two tankers
of about 120,000 dwt where pittin gen recor ed on the
forward r;art of forward heIrces of the bull ?ear 1q. R
showed the.ch rono(?gny of events from which the rapid
dete oratr n of meshrn could e noted.

n the first s | the remedy had consrsted in the mternal
rearnmento the b gearan teprtra re-ali nm nt of
ling s atm% n the secon ship the Imes arting onl been
ratronaIIyr aligned.

These counterm%asgres also requrred modrfrc?tron f the aft
hush cifthestern tu (vaddrtronalsope bormﬂ thew |temeta
as well as slope horing of the stern tube itself. TRis made It pgssible
ho counteract a deformation of about 3.5 mm of the double

ottom steelwork.

About 18 years a%o during his researches concernin troubles
affgctmg crankshaft and bearings of diesel engmes %cv
|scovere unexpected hogging of the aft rt)art of the
grrder in fuIy loaded ships while"the rest of that girder waé
aﬁgm The converse 0 trs \range phenomenon. occurre

oing from full Joad to ballast or emﬁty conditions. He
had confir ed these effectsb calculations, the results of which
oundb%en ublished m 3>and similar results had been

ers, especially in JapanC4
urm P r¥| there were also other,

candes n loading conditions,
IocaI de ormatons superimposed on the general de ormatrons
due to deformations

%rr ers. hese wer % e
ottom and outsrdeéh ell. His latest experimental ﬁndt eoretrca
work on VLCCs an eveH ULCCs showed that these two types
of deformation were |nter ependent.

From the Pornt of view of %earmg and line shaftm what

countedwe hedgublebottom efom tions. There as r%;Ir
during loa m? rp during |sc ar m utaas
conventrona R/eso C saIy u}o

On the co ships, es ecral ULCCs the

hi
importance of out de %he gg formations and th |r effects in the
e ine_room were such that.the |res Itant double bottom de-
ation ‘was, sagging during  loa mti and hogging when
anation were shown on

|schar§;mrd This henomenon angd 'tf ex
dmor tails are avara e<h).
ovg phasized = the comFexrt)(] of _deformation
Bhenomena ue to thrust begrm\u [ting, hull uder double
ottom and outside shell, and even the resence ot the pillars
sup{)ortmr%t e superstructures or enﬁme %asmﬁ;

would be |mrﬁru dent to gener 76 e a?reed with the
auth ors t at a smooth curve o |r er de ormatron wa

sually less important than the oca rmat|o h
Ho ttom steel woﬁ< %hese different types o? Imc | H ormaron
to ether with. the effects of therm I exPansron of steelwork
were the mam factors In, the correct sfatrc quasi-static and
ynamr%argnmen geann% line s atmg
ese reasons hé did not favo r r id onnectron of %ear
casing with double bottom steeIwork as In favour ofa point
suE port, such as proposed v in the K, ang by Stal- Lava
re% ?m (assured by corfect cearances and erxrbrIrtX of the
ine shaftin were hasic concelots of marine engineeri
xceFtronw s th etars aft whic shouldb stiff in ordert move
odily with the flexibility of the steelwork(6).
as Important to ~understand each roblem,. then try to
create favou abIe condrtrons( whrc(h left t & machinery free to
comEensate for human | ?we ge bv adapting itself
to IfS bearings,. which refte on the flexible steelwork
The new design of Stal-Laval’s VAP Instailation, wel| endorsed
bh the authors, was in line with this consideration and he entirely
ared their opinion.

2) VOL[ ey, C 1969, “Damage to main gearing related to shafting align-
3) W h) " 7 ‘Farc dvr trons of the hull and rational alignment
4y | Osh tm é]

e gt' TR Ol

5) :
ull”qir r?tee FH ormations o "engine room
Uredl) itz Techmical Bulf
o Eesﬁgﬂnfgytélfénn thli Céec guofver Irtg ofr;su Iojr‘f1 5 r’(\J sher) 5" RJeucnoem{Br;gdatrons

Trans | Mar E (TM). 1980, Vol 92, Paper 9

MR R. C. BRYANT (Geperal Ele tnc Co, USA), considered
that the_authors’ ve tr(mey paper ad addet? r)nuc?t needed
perspective to the sutfject.

The need for emphasrs on (lualrt control during manufacture
and on aétentron \Broper installation procedures’ was certamgl
confirme nis 0 omoanrvs experlence. |n some area
such as flushing a new gear unit after installation, it was necessary
to ? tf]eyond merely. defining the procedure, and actugllv )
verify fhat the objectives had” been accomglrshed and t
Bvart of the roce ure had been overlooked or bypassed Thex

ere please eam that no. operatin lems had bee
the thodu?trgnpo? nrtnded gearmg

encountere as a result o
to the Sheﬁ I d ho ed that in future other owners an

feet an
operators .woul ncouraged to accept surface-hardened
ﬁo?elr?t? wrh |ts attengant aﬁ antages o? Peduced size ang/or

Hher margins of safety with respect to tooth surface
eterioratio

The authors had correctlyroomted out that hull and foundatign
deflections. guring operation  could méro uce gear casmg dis-
tortions of the same_ order of ma%nrtu g as the”|nternal torsion
and bendrng deflectrons caused Dy forces within the gearing.
However th |fs not mean that orrectrons should not be mae
for those deflections which cou [pre cted. It was pos |
to calculate, quite accurately the internal distortjons an
rcr? u%%réggte for them, thereby, reducing the effect of the external

MR J. P. KERPESTEIN, CEnd
said that the authors, had (iurte 9 htlz P asized the Im-
ortance of quality_ for Ero on ed tro blef e eratron of
ropulsion_gearing. That a ect d not onava te esrﬁ;
and manufcture ‘of gearing and to internal gea n alignmert,
but also to_the settrnP of the qear unit n the ship an theg %rcrse

FIMarE ﬁRO al Schelde)

the entire pr usron sYS em alignment, the shipyard bein
strgngly mvoh?ed)pm the latter two. J by /
ome

which thé authgrs would like to see. In addition anies who
were also nvolved. in designing and manufacturing propulsron
([;ears for naval ships (including his own Company) were able
%ve their customers control over the dualrt they would get.
Suc manufacturers generalh{com ied with NATO feq urrements
concerning an ef ectrveﬂuar control Frogrammew hich alp
to organi apon rocedures, and drscr and led to a oduct
which satisfied the requirements o e cont flCt nee suc
Hrogra me wasdmple ented 1t would normally be effective for
on-mi tary Ero ucts also. It mig t therefore e conclyded that
H)varsan Jor owners could et the qualrt the wrshe% for
hat from some%earmﬁmanu acturersthe could even obfain
documented assurance that control existed over the whole
process, from earl desrgn stage to deliver ey
However, shipyards owners seémed to byy on price,
not .on uaIrt partrcullar|y for me ium speed (iesel engine
%eann recent years t een anu ero examﬁe of
reakdowns conse uent u}pon t is pol |c?/ for th e shipbuilders
and awn rsconce d the |ttemess?ftha Bvoor qualit must ave
remained | ter the sweetness of the | ? Brrcew ? S
However e en when the gearing manu act rer ha SUR ied a
Mdteyprﬂ ct he was to so eexterht t the merc \esr
atter must coordinate all the settin n ali nme
data and instructions received from the§r|me mover and earmg
ine shattin

earrn$ manufactyrers were able to supgo%the qualrty

manufacturer and transform these, todether with
alignment analysrs data, Into_one inteqrated system setting an
all nment anal ysrsq an socrated procedures,

urth ermore the s der. must grovrde his Part of the
earrn% [ubricati ing o stem with rather rrord re rements on

IeanIr ess Shrp ard activities had a direct influence on ro
on% reliab e earing operation and, therefore, the quality
asp twas % Im or[J nt |th e Yards.

W en all the above een done properly one should have a
el 'frf”“%h.%‘f?ns gtesrtrems for earing could be, and had_been
devrsed from the l?SUZ [ simpl %W grv hich mainly monitored
earm\% temperatures to much more sophrstrcate types, €. g
tose hich were capa eofmonrtormt\;Nsuchavrta condrtron

|str|butron across the gear face However, the best
ev could provide was an earIy warning ofan undesirable situation
which already existed.
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It would be interesting to learn from the authors which
Eeratmg érrameters they wouId Irke to see monitored in turbrne
garrn In_medjum’ speed diesel en%me gearrn% 50 that
ea/elotpgtents If needed, could possibly be directed I the area
Indicate

COMMANDER M. D. COOPER, CEn FIMarE, RN gShrp
Department, [h) E?] ) wished to %ment the authors
conclusions from the poift of view o rship operator.

First, for knowledg ofw at constitute sever envrronmental
condrtrons warshjp con |t|ons coud he second .to. none. .One
?u |d onl R reciate the skill of noatestransmrssron desrgner
Nt)errthsu/_\r iving the rigours of a fishery protection patrol In"the

Second tqe endorsed the authors’ point ofvrew on mstaIIatr%n
and commrssromn and would add that, in his view, it was t

gners resp 8 |I|tﬁ/ to sgecrfrrr the standard% which needed
atc |eve uring tis [p (? hesemust be both practicanle
fectl gy dem ns lis safisfaction.

He wou fu[%%est at te “new” technolo to solve thri
authors problems existed and had been well proved by nava
ear manufacturers. Far from berng at the Deginning” of the

o were a gopd_ way down it.
ar(he [ ugtratron otp farlad/res Bresented in the é)aper were
remrnrscent of the. farures the Nag had to cope with some
thirt myears previous 3/ blems were so0 ved Sy
mveé nt ofconsrdﬁr besums ftax azers money In re earch
evelopment. The resu |ts of that work were s(are
articipating members of what was most recently known ast e
avry and ~ Vickers Gear Research Assocratron commonl
referred to by the ugly acronym NAVGRA. A thouﬁ;h onn){ one
ompany was named”in the title, several maéor Britjsh. manu-
acturers were member}s The. activities o] h Asaocratron had
een published hefore this Institute ia ot er earned Institytions.
Over the years, naval ?ear dgveo ment h ﬁ grogresse on a
hroad front ndh dnow eache hP srtronw er main redyction
ears rated a actors roa n econs ere
or servrce T results o eve ment been en orse
y mil |ons o orsepower ogrs of 0 eratrona exoenence The
%rt knowledge was available to the_participat g members
the former AVGRA organization. T ey were frée to use it
|n any oftherrdesn%rns be the foranaval or'mercantile operat?
Th ere mufst e uch in co mon etween the re urremfnts or
%ear hoxes hoth wars ES and m%rc nant ships. Reliability
ust he at the toBof hoth lists althy uo the subse uent order of
ttn utes migh Wh at was likely to differ %wever wa
P“ e One was ‘prepared \o a]y to a rve the st%ndar]
rec}ur it rntrs atena dresu ts had to be %t
he would commend the thou % at a NAVGRA naval gea
manufacturer coyld also offer much that had already been pal
for by someone else.

MR F. S. LYNAM, CEn FIMarE SEsso Internatronalg

260 ttragrjtrraanar;wt e

ore rec ntexp ence of tanke gropu sron gearing. A trona[¥
Elg%lsmsrng on the_development”of pits “from " manufacturirg

marrne pro fsron ?ears was an excellent example of the valye
o] feedback ot service experience to which they had reterred In
t err mtro uc lon.

esy nad commented, the various National and Classi-
frcatron ocleties’ Standards coud he |m€roved However, any
Potentra Improvements rngearmanu acture must inevitably have
he commrt ent of th rg ar mfanufacturers hehind them”to be
successfu The embo d improved standards In future
propu sron gars wou requrre reat care In manufacturrng
/s been achieved gh

yth]eldc]osht ofaﬁé‘é?”hld”m f] gest atan ards wlans etaqso%
signi |cant using,

furface finish, which wer (Lurte normaI on many

e 1o
unless Its toothed area coud be requce
for examole surface -hardened teeth or multiple  torque-patiis
{0 traHsm he loads

e T S A

facturm standards and desidn eatures inc d g m(nov tions
when necessary. h applicat |ons] %are turbines
were just suc acasew ere around" 30,000 shp had to be trans-
152

mitted to_a ver}q slow- runnrnﬁ; grooelle}r reIatlve to previous
practice, To maintain the tooth load/inc alues, an prnron
Rro portions é en cu[rent In_merchant marme ractice wo]
ave re urre a trrge redyctiop (i;ear box. of the parallel-s
rhj gear designers’ solutions offered an utrmatey
e bodred coud bepaced In three grouo& 8s follows:
Double reduction gear havrng div fd tordue paths in the
Frrmar reductron and consequent input mrons
F mahn wheel, toPether with some mcrease upon the
ICva uest en current r through-hardened gears.
ﬁ e lay oult avin dardened pinions~and the even
g er K values so

le and trj Iepreerm?ctteon trains with epjcyclic gear
Doub j uctl ins with epicycli
having agpro pri tew ?n h K values 1n thephgd -0n- d
meshes, th two mh) inions to the main wheeI
operatm at the throu% ﬁrd ned” K valyes then current.
att e sefcond solutjon wast e only

roduced outo

wn eﬁgenence was, t
one w ich service time, t ough he
cas]s in service. Considerin

3)

believed this was not true o all %
ﬂear comPonent art]s seEarater, e final reduction o
ird alternative Pd laced in te same categ o(g/
This, ex enence related to the years when these ?ears wor
continy usI)/at full load and not'to therreas?/ life of the past few
gearhs Environmental disadvantages were basically the same for all

The authors had (tJ ghrcally |IIustrated the |mBortance of the
anti-corrosion eared-turbines' Ibrrcatrng oll.
However, much his own exéperrence suggeste that™ tooth
surface fissures and fatrgue cracks were not 0 we rotected as
the exposed sur ace. Ifthis could roroven then a ¥ atroue
amage of the surface _became a potential problem tor turbine
gtet%rr?troannd surface finish should receive poportronately more
The authors’ commerﬁs on aIr ent redurremepts were hndeed
relevant. However, the ¢ ? a gnmen that related to the stiff
output shaft connections, t ough” usually. tolerable, remained
?n unsatisfactor )X feature. T er? was considerable gustrfrcatron
uttrn a flexible spacer-coupling in the outoutsh f of future
geaf his type, and technical acceptabe squtrons were
vailable. This would elimjnate one’source of misal t{nment
The other sources of misalignment were internal 1o the gear-
hox and could be divided into elastic and thermal def ectr ns
%smenﬁroned by the authqrs. Elastic deflections could be checked
analysis_ and test before the design was But into servrce
ermal deflections were not so e Wto Ere Ict but.th }/cou
minimized by appropriate care att e (esign sta?e ind strrbutron
of oil flows and by suitable methods, of construction for gear
eIeants For exaniple, the almost. Hnwersal rend towards ear
whees of close constructdon with interna e}p ragms and
re atrveX thin rims was directionally wrong It tenfperature
varratro s were to be minimized.
maILM the capabrlrtP/ of a turbrn% to overload its gearin
when h lresrstance increased should ementrone% On éxistin
vessels, the va ue o an accurate torsionmeter shoul ot
upderestimated. On futyre units, this torque Increase should be
allowed for In the %esrgn rating, of steam turbine propulsion
unrts h they were to be considered as having efrectivel
available power.

J DUNFORD, CEn%
arﬁ]ethat Mr Rich

constant

FIMarE (Ship Department

MODQPE rds had recommended visual

Inspectjo ear teeth at six-monthly infervals. What
ms ection f reduenc drd he recommend forgo rnal bearings and
ooth or Iexrb

for an%/ me e cou Irn%s a socrated with th(fse
far I 'té If indee were inspected at all? Could he also
ease indicate whet er a grnstrumentatron was used to monitor
he condJron of the tanker {boxes and, if so, what criteria

to assess t e nee h rnsg fd r| Or repair actjon.
From his own recent experience he would also like o confirm
the value of modern too surface |mpressron matenas 0th to
Frovrde a permanent. recor aghar damage and to assist In the
aboratory' nvestigation of Its calises.

were

MR H. MACPHERSON (Y-ARD Ltd) #hou ht tn aRerwas

interestin m rmat ve a d he hope I
dnwanre%wou Iowt eau ors’ exar}n hygwmgafeer%)
thelr sea expenence
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The statement that the best alrgned g]ears were those reﬂurrrn%
th Ieast adjustment of the gear Case in the sh rg would indjcat
that th econsAructron of the gear cases referred to must ave been
v ry stiff therefore strong enough to maintain Interna gear

ignment agamst outsrde infliences such as setting up and Ship
movements gear boX and main thrust block™ seatings also
required to be of” substantjal Progortrons to resist the torque
reactrrlJn in the gearrn null d lections and the thrust from the
ng hecause ge(ar boxfa gnmen t could be upset by seating

ection due to lack of stiffness

Another factor affectm% gear alignment wa(s the |anuence of
the main shafting. His Company “undertook shaft argnment
alculations for a number. of cIrents and still found a tend ncy f

ave oo many bearings .in the, s Ine, making 1t a very
assembl ? ¥hus allowing shrg dietllectrons to hgveabr ef%ect

on el a gnment Did the authors come across this tendency
we check gout the, shﬁft alignment predictions of the various
shi yar s building their ships?
ual |ty ontro was of prime importance durrn construction
a set’0 ngearrn It would be rnterestrng now how the
aut 0rs’ compan ensure thﬁt the nec ssa}/]qualr was biult
Into their gear-oxes. use shipbuilders qualit

e
control org nization or drd the))/havet elr o n quality contr
Inspectors?

nother ar a_now recejvin more attention fwas condition
monitorin machinery to avoid op enrng urn or inspection.
Many ships now had data Iogﬁ facrlrtrf d use was berng
made of this equi ment to monit rJ) @ sion. machinery. Ha
the }a]uthors c0 ﬁ ever consider monrtorrng %ar hox
health and, 1f so, wnat parameters would they consider measuring
to n ure an accyrate indjcation of conditjons mnside the gear-box,
thus Increasing the inspection period to 12 or 18 months.

MR B. A. %HOTTER {Westland Helicopers) stated that, for

many years, t |tt|ng nrough-hardened Fgears had been the
factor “limiting theyr | ad capacity. The mechanism of pit pro-
duction was normall

a atrg]ue rocess assoclated with the contact
roll fg ction of the contact area movmg
overtg surface coul accou t for some of the crack developmen
raulic pressure. However, with Involute profiles the
reIaHve influence of rolli mg anH slrdmg(were drffrcu!)t to seParate
as they occurred In virtuatly the same” direction, Observatlon of
idevelo ment fgear teeth havrng conformal rofrles where
olling ac urreda ng the tooth g dgr Ing up and down
t e tooth height, showed that 1t was the slidin gcom onent that
initiated the pitt]). The association of pitting with surface
asperities and ‘with the area of maximum EHL tractron forces
just brilow the pitch line suggested that not onI%/ the surface
normal force was rmgortant th oug this WﬁS t orce

stress condrtrons T

consrdered In designin thg teeth. It th %urfaces ? r orcespa e
a significant Part In { ucmﬁ pits, there wou pear i
? %ue cratc ecting the local conditions resBonsrb e for

mor ossihil rslgfa fech

arent coef crent of friction with rough surfaces wa
hrgherethan \Atlrtah tsr(nnootcr c?onomﬁalrjacrtlecra?tts hadrbeaen %e\éelope

ive, hi r Ictl Istic varl

tra smrssrgns 1chus tgoth thg fubrrcant an e sur?ace ?Fnrsﬁ
could influence the shear forces %esent The character of the
surface asperities wasafo |keIIy e significant. Abrupt changes
of slope were more like duce h|§her stress gradients than

ir more undulating surface an in consequence woud he more
|ker to fall by

afatrgue r%cess IA s%gé)eare that t ere
was “hope that f%ture esearch_and development coud make a
srgnrfrc nt contrr ution to the improvements n reliability which
Were berg uge
Regar authors comments on_ scuffing, he would like to
sound a wor of warning. On some aircratt gearing, occasrohna
scuffing had been a pro Iem and_ an antiscuffing tréatment
been. introduced to trg to.minimjze the problem. Howevr
scutfin recurred Rerr dically and this. was thought to
assoclated with sl |%] tflu tuatrons in the rerI properties. FoIIowrng
one recurrence a more detailed study of the failure was starfe
and several interesting points cameto light; one was the fact
1) C F and SH T R B A 2 ‘Development of Cirar Gearing”,
2) é&oj - 9?5% urface |n$ H Drsc Machining Testing of

ear ate |a MA. paperpresented
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that the failures were edge initiated. |t was not the general surface
conditions which were rrf |evant, on%/ those at_thé discontinuity
where the tooth contact line came o a tooth tip. Modrfymg the
edge geometr led to a srgnrfrcant |mﬂrovement A secong T ctor
0 or_importance was that aat fhis ed ?(c?ntrn Ity, t e
antr s(cuffrn treatmen ?ndere fallure more likely rat ert an
less i 3/ hus, if one found that a laboratory “test. sh owe
Improveq scuffin g resistance, 1t was_not certarn that it wou

necessarrl work for all cases of scuffrn% enera), when those
arrcraft ars scuffed, the whole tooth area was affected. It was
on a/acar ful” observation” that revealed where the damage was

The surfacehblemrshes shown in thﬁ authors’ Frg 6were ver
mterestrng T esrmrarrty of the markings would Certainly see
more thai coincidence. He h% seen some tooth Eurface features
which had occurred. during the manufacture of the teeth due to
metal fragments having beén rubbed on t efmrshed tooth surf?ce
[n the shavrng system” there were several processes takrng place
at the tool interface, of which the cutti ng action w s on one
LA S R
utti [ U Vi
cutter It cg F get rglled rrf)to t(he tooth fIankand burnrs ed overg
Subsequent og ration of the %ear couId re atrvel c]klsy result
In the particle becomrng tached. s Was
formulated after 00king a Frg . Read |n on further Mr Shoter
had come to F Fg 143,"a section through a shaved surface. Just
ahove and to the Teft of the scale box one could see an area
which could be a fragment oféust such a form The scale here was
distorted due to the'ta Per section, but scales became even more
drs#ortﬁd when a small object was run Qver. )r/]a steam roller!
A further mvestrgatron an g the lines of this nypothesis might
show some Interesting results.

DR J.
drstmctlx
one wit

F. ?HANNON wrote that the authors had chosen two
different well-known desrgns for their tanker fleet,
ﬁrc cnc)Prrmary and Parallel shaft secondarg rg%ars

mounted ble s mmetr cal final reduction gea

flexibl mounte to pro (f adJustment t

%Ign ent: the other, a DTA esrgn wrt a stif box

ully chocked to the foundatron former tethrust

was placed aft and free from the ear 0x, while In the atter It

wa mcorgoraéed at the forwad end of the main wheel shaft

and was accordingly much smaller.

All the gears, were through -hardened except the nitrided sun
and Iane mrons of t e eprcycnc gears. Would the authors
sa}/ ow these d gng Iger qrmed ‘ang responded to shafting
sa |gnment un eh iffere tbaIIast con itions.

He “could vouch for a recent gear, of rw)roxrmately

50,000 shp at 80 rev/min of srmrlar DTA desrrgn which was also

fully choc ed In this suaerlgJ set.of machinery the shaft alignment

to ive eg ﬁ loads on the bearin fo the w eel was easl)
roIIe ustment to i T ummer at of the mal

el, to covert g range a e conditions.
1ehere were also Brrtrsgn d)esr

mis-
combrne

ns oft e DTA type with combmed
oxef which were flexibly mounted and ad really. flexible
couplings on the quill shafts instead of the relatively “intlexiole
gear t otn cou |n%

With these ced develogmentg it would be advisaple t
have continuous monrtorrng ending moment at the aft
end of the m%m wheel shaff to indicate the load balance on. the
bearings of the main wheel shaft, so that optimum conditions
could e maintained. i

It was surprising that none of the builders of the “L” class
shrtt) ad taken. a antage of the “hard-on-soft” combination of
materials esgecral as It gave an added safeguard [t might he
that the enefits were ng enera understoo Prttmg and wear
R S A S

X r i | [
teslow}er ISC )of th dparr erated r? gn tron srmﬁP
that occurrrnlg on th % % endum of a gear tooth and was Prone
to prttrng wtereasd(tj aster disc was subject to the conditions
ring on the a
h J surrface hardj ned disc and a throu hhardened drf]c
were use (hard n-soft) and both had a %oo surf ac% frnrs
pecra Zte ard disc, two Important points could be observed:
ntesot(drsc ran slower than the hard dis g as In the
dedendum condition, the pitting limit of the soft disc was
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about 66nper cent of its ultimate Hertzian stress and was
not rnflue ced by the hardness of the fast disc.
But wh en the soft disc ran fas]ter than the hard drsc whosg

jtting Timit was ver %; the limit_of pitting of the soft
Fh ag rarsed to It mate Hertzjan §(essure which, as
shown Dby Chesters( >3 (numer-

Ily) to”the tensjle st V\tﬁs apﬂroxrrnat
cally) to"the tens esren e materia
When)thrs was agl ag d pinion and “soft” wheel,
the dedenda of the Soft teeth tend d to wear but had to do S0 In a
conHu ate m nner wrtf tt]e hard pinion, whrch did pof wear,

/ equal

hat.the dedenda of the soft teeth Polrs and. work harden
thus rarsmg the Ioad ca pacity to the u pohen&ral of the soft
wheel. This'had b een ful and rn Service.

ored ont] \ \1
Itwsrmperatrvet at th rnrons ould have a good surface
rnrs as above, otherwise a ro gh surface would shave the soft

Afurther benefit was that quth the higher K loadi n%permrt
a reduction In_ helix_face width could be made which ‘improved
the ca acrt for misalignment over t % ternatrve wide face
wrt t soft ?n -soft ear as shown z YoungC

[t would value 0 have meas r ments 0 the surface
finish and tooth profrle of the ears In Table | of tega ore
and after service, to see the likely improvement in uface inish
and thewear steps, If any. These Wear stegsdrd not detract in ang
way from the pérformance of the gears. Such information woul
be useful to the revisers of BS 1807.

MR P. W. MURRELL (Vickers Shrpburldrng Grou erred)
de the foIIowrng comments and observatron on the rpg

[t was disturbin as a gearmag desjgner and suwo lef t0 hear
tevrewe re se an operdtor that hrs sPecr cations were
necessarr rre at it was not possrb %g eatly }o Intluence
asrc esl n hrIst It was, true that the user, for his own
est r terest duarnt himselt with the desrgn of the
g he woul e o eratl (i it was also in his best interest to
nsure that the designer fully a

t e u?er nd indeed the gre erences and fe?rs the. useh ﬁ

ave rom rstprevrous experience, One way of ensuring. that Was
tiro theéne aratron ofa det iled statement of re urrements
which™ any

Igner would accept and appreciate. Joint
discussions ta hp garin pd)

n the %ormu atron 0 ? e]srgn to meet
those requirements coi.rJd Frovr e confidence To the user at an
early stage, and wou

ve the designer the o or uni
the d th tunit
optrmrzrng the desron to eusersre urrements uc ap P/
heen "ad or many eyars hetween MO ?] the
su% ers, the naval servicé experience rIIustra e benefits.
rstt e use{ mig h ave a te%c oice o eared fur rne
Rant Murrelwoudsu estthatt ersrsteneoftrou
ardened %ears for mercha ips was not due to esr b
erenc would Rort oungs(?prnron that It resulted
rom e afckofex erre ce knowled gand ca abrlr%ofdesrann
an manufa cturrn sur ace- ar ene gears esu Iers.
For some 2 ¥e s and more Murrgll's Comp een a
g{ota onist o eus of car urrzed or.induc ronh rdened ?ear
ements throughout t e earrn% or turbine ang diese orobu
The views expressed uthqrs on scuffing were relevant,
as would he exoected from a manuflacturer of marrne [u rrcants"
t.was Interesting to note Mr G vrns re erence to the
crrte]ron The contributor’s Comp an%/ had a ogted the recrprocal
Ar ratro X, as a criferfon rn(s fing asses ments since 1976;
ased on the anaysrs of rsc an gear . scuf rng research.
rec mmended a] value of minimum- acceptance.
Reference to e ranHence of retarne ustenite on scuffrnlg
was a ain relevant but he considered this in Iuencg to be mar%ma
§_respect it must he stated t ha YV hijst reezi ﬁ
carburrze steels would reduce the level o retarned austenite,
It woud also reduce te ending fatigue stren?th of the stesl
For asr tgarn In scuffing resistance, a risk of tooth breakage

mrﬂ res
was mterestmg to note the views of the authors with regard

ofth urface F’\altrgHeEBEhavrour of Gear

" o RS T io}rwl8 U ce on i
2) Ud%l Hte - i 8& 5 ngExperrmem’s on %near Tooth
3 Marrne urbrne &earlbox MCAST Trl'ghgl ’avolgtron ofa New Range of
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preciated the requrrements of

to_pitting, and their acceptance, almost, that pitting was in-
evitable gnd satgsfac ary provrded thaf It was not progressive.
Pitting of any form inhis Company’s opinion, constituted a
failure ?far[rear and couId be avorded it the desrdn were adeduate
The exfolia ron of a surf ace hardened gear a t a nitrided
or srmrlar sha ow case depth treatme % shou not occur
with a properly carburized orrnductron ardened gear.

FrnaIIy, rn esp gt of the case hrstorres outlrn d In the p ro(e
Mr Murrell wou Sd]zf port the contribugion tfn? er
Cooper |ndthattht ; ta resentg0 closely resemb Tr‘arlures
ex errence in the Royal Nav ears revrous U

R VGRA, thri technol)o%v andy er ence now )avar a[ﬁ %
avord such failures and Was free ge use ?/
member firms in merchant marine fields Itmus also be stressed
as stated by Mr Kerpestein, that high quality assurance was
avarIabIe hit at a rrce and the ues1 on was whetherthe USers

?re wilfing to pay the'price for rncrease in gua lity.. With
re erencet the Stal- LavaI new techno o% mcor rated in the
VAP mach rner%/ ein ‘the begjnni the road”, the
her fir swere rn eed, we

NAVGRA me down that road.

Dr-Ing. H. MEIER-PETER (AG Weser, []em n) hshed
to commient on one of the case stuies mentioped by the authors
To a gearmaker rt was always alarming to learn ahout distress
in one qf the supplied 8ear -poXes. If the same ajsturbances were
reported from a second, oy even a third, gear-hox of the same
design it started to become frrgh\enm and, it the first replacement
gear started to fail, é as an ?
e could add so e rn ormatron to the case of the

However
diesel reduction %\ear mentigned dyt e authors ny ointing out
that, at the time when the frrst rn catron of failure was noficed,

the second andthrrd gear seth di? gf been put into operatr n,
nd the reR C ment gear set ad alreddy been manufactured—
\ Lnte s a su ementahr?/ S are Correctrve action,

ta en, save sgc d and third gear set.

he first gear set been nstalled in the new burIdrn cIose
to, but not wrthrn teqrven assembly tolerances. It was ree
to'evaluate hea ?nmen according to the. dynamic toot co

pattern found tolfowing the commissioning ot the vessel. T

FIG. D9 Tooth contact pattern of idling pinions’
working faces
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FIG. D10 Mass-elastic system

Starboard

Portpinion Q-7T1-OT1-3T
Starboard pinion t-S‘IjToT Q7T

T= Design torque ——

FIG. D11 Effects of torque fluctuation on bearing
reaction forces

Port pinion Main whez1 Starboard pinion

FIG. D12 Engines synchronized to avoid dynamic
misalignment

contact paftern was later evaluated independently by several

ex erfs arnd was unanrmou?? (_1 ed t p be perfect, delsprte the

{ that the gear was heavily misa %

The explanatron lay In th fact that t eshrp was the first of g
series jnvol vrng extensrve”doc and sea trials'in “single engine”
operatjon and ™~ part load” o Peratron modes

Looking at the tooth con act attern Fr ? he rdIrn

pinions’ workm aces, after several gu % rn e en rn

eratron wrtg &e other engine, mdrcgteq an apsolu t ot
ntact The dykem contact’pattern of the working faces oft

Trans | Mar E (TM). 1980, Vol 92, Paper 9

same&nnrons after several hours of full load operation with the
according engme Indicated severemrsalrgnmen The cumulative
confact oftp se two operational modes Iooked like an absolutely
perfect tooth contact.

He would comment on the vibrational performance of the
pro uIsrons stem as that was rather complex with regard to the

possr emo es ot operation.

Fr 0O showed the mass -elastic system note the ﬂY wheel
ad g at a com aratrve dy ate sta[g 8 design. After the first
ormation of pittings had been nofice measurements revealed
that the vi rator or ue was just within the given limifs of
+30 per cent. A glyrn this torgue fluctuation alternativel
the port and star inion, ta m%account ofacertarnp ase
Hgle reslr_rJted |n the ‘effects on the bearing reaction forces

Whilst the effects on the Pmron beﬁrmgs and the forward hull
whee| bearmre; were very limited ft bull wheel bearrng
reaction forcé was er Janentl g shiftin between two extrem
drrectrons This resu ted 1n a wobbling action of the journal and
namic mrsa r%nment In |%rd rto avord that the engines had
to esP/nc ronized (see F
Frna it should bhe hr hlrghted that the replacement gear
w ees er %nufacture at rg earg/ stﬁ%e when noné of
problems had been recognize els were manu-
factur d to and complied wrth a given standard which, at that
time ﬁlmosdt a dozen years ago), was considered normal in
throug hardengd geara
dgures giver and the conclusions drawp in the paperwere
obtaine from the material taken out of the frrst ear set which
rn Its service lite, had been rep eatedILy manua% oned in or T
%r[tooth the rstressed area. Thesé honing marks are clear
vrsr e in Figs. 10 d 13
The contributor fuIIy agreed with the authors' canclusjon that
hgh standards of accuracy wijth regard to manufacturm and
in taIIatron 0 modern gfear desi rﬂns were com ulsory require-
ments. o ern measurn% tec rues and Improvéments in
een eveo ed In the past few years

toot m Jtesr ns h
g rea suIte in vital rmprovements li gear accuracy
and surface finish.

MR A D. RUSCOQE, CEn
gwed the “rabhjt w?r rpatte?
uction gears of a tanke

MarE, said that Fig. D13
tooth’ mar?(mg in the main

FIG. D13 "Rabbit wire" tooth marking in a

main reduction gear

The exceptionally pronounced hobhing marks, besides Rre
senpn ag xtreme exg tpe of macro. and micro-surface fi %
gro 11, gest that something rn?tructrve mrﬁht also
educed from e state of the todth

Sh%vxlcreg sr)%ns rofﬁrswrggs rallel with the rotatiopal axis of the
%ears the load- %earrnq srﬁjraface of the flanks varie ?rom Fss than
0 per cent of the tooth Wrdth to perhaPs 25 Rer cent at the rjght
hand side of thegphot%%r The whole of the tooth width had

the same markin helices.

lanks, which were not
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How was it tha, with such a small load-bearing surface, the
teeth did nof scpff’? SuRpose that with relatively heavy wear a?
there was_ locally with™ running-in processes the “Individua
p?rtrcles of wear debris were very’small'and did not prrdge the oil

ther than the ?h spots Theshe tended %o co Iept togetger
1 o eclon, of ool el n e e ol g st ey
\] [ Il u uci
more anrjycoars%r debris which acce?erated the scu?f pt Was tg
ayoid this ccumu lation, amonpst other things, that one rotated a
plunger, when apprng rt In, foT instance.

N W Sup pose that t e foad- bearrng surface was rnterru ted
p Ee direc ron of ru rrw h) (?r S rndt g tooth
flanks of the F THhe wear debris was posrte In these
g ressrgns h fore rt d accu uahe ap rolled up, and waé

ersed in t ese epressrons the ol present in them an
wa hed awa K] he ol spr hen the ‘teeth passed out of
contact. (The sa eeffectot

ed when circumferential groove&
were_pravided In a plunger surface) Thys there was
running-in. prooess Ithout scuffrng and, because It was rapid
perhaps p p%drd not arise either.

owevr it one did not accep; the ahove explanation, but put
|1d n tioo ali nrln ent (as rAwas in that case? thenéﬁ
things rtrady rtcud esar that the argi ace width o
non case rdened elical oears was lusory as far as
the ac% oading w sconc?rned and that satisf actor¥ B\frformance
BOF 0 tﬁrne with ar sm Ilpr face wrdts as hard to

elieve that the elasticity of such large gears and hoxes could to
plme extfnt cp pensat for maar ment hecause most, If not

ic

double, helical gears seen bz £ contrr ytor howed som
evidence of distress. The only st of case hardene rglfgal

gars the cont rrbutor h d seen were ver Y Narrow srn
ears sh wrn? a are s]cernrble dif %rence I refl(?ct%d li \/9
ue to t pol rs where the eet mated, rs
uniform over etoot width. Two factors hepe the full ex-
Rlprtatron of the full tooth width: the narrow width and the srngle

elix which permitted insitu reaIanment for helix angle differenc
This was not possible without shaving on double fielices.

MR D. McKINLAY ( LIo%ds Re rsAer of ShrHB H) said that
the ‘authors were to. be cp oratp ated . for R a paper
with such a wealth of practical information on gearing.

In the. section dealrng with lubrication and marnten%nce they
had Indicated that théy considered thT lubricant sould e
freated n the same way’ as the gear steel. Mr McKinl ag would
ke to ask If th ely were suggesting that the Classification Societies
%rhg#IdRurlgscorpo ate requirements for lubricant properties into

He was not aware of?ng/ CIassrfrp]atron Sooretg which dig this
and LIo?/ds Regrster of Shi prnfg ad never considered It de-
sirable of necess ry They were, ofcourse, repared {0 give advice
e o, L Rles yere qLoier matel, Dig W auhors
wor? d“hasrs was ossrbpe when dea?rn wrtH de ﬁrch
unlike the steel parts, was considered to be renewab e Item?

MR P. THORNBLAD (Stal-Laval Ltd) said that in any system
feedpackwas essential for(stable contro?l)ab? ?f Tyec)hnrcal
development was no exce(ptr(pn to this ene al Tule. Theref ore
for th s? wor ing._on th eveCp pmenf’ of marine g?nng
survey of the kind the authors had presented waf valudh
_He“also hoped that their aim to generate a rver drscpgsr n
in Wh areas where kpwledge Was gtcom lete, Y)V
fulfilled, Even ifa gr ?at deal were’known, about gearing havrour
today, there were fields in which the designer was Ieft wrth rather
bI toolﬁ eto match the reIentIess requrrements or reli Itlh)e/

on ith econom roduction, He agre
i ﬁ between the too(t]h ?Iaans therr

aut ors™view that the Inter ctro
surface roughness aqd the oll film was_one area in wgrc the
e more

B Ht oner \gere still waiting for the scientists to provi
nowle ﬂe "

He thou ht e to a at modern gear ver failed
to the stres es for which t %ad been Jesrg the did Ol
was hecause. the stressp]s from

p een rncreased erther
rnadeﬂuacrgs in the gears themselves or from external disturbances
not allowed for,

Fig. D14, which was essentrallp the same as Fig. 9 in the paper,
showed the allowable K factor (Lloyd’s Rules) and the allowable

156

800-m
700-

5 600-
N

400--
JOO--
POO--

100--

500 . 1000
Ultimate tensile stress N/mm2

FIG. D14 Allowable K factor and Hertzian stress

Hertzian stress issued by the ISO Committee
From the difference hetween the values 1t coul
that, wh en a gear esrgned to L ogds Rules started to develop
grtrng atréa load must be considerabl g/ %ter than. the
O?Sé terr(r)gld and the cause must be either Inside the gear itself
Installation and alronment was alwags raised when something
went wrong with marjne ?ears The Laval AP machiner
suffered a erres o eprcycr %\ear farlures to which the authors
ad briefl Yre erre and w rc ere the subject of Mr T. P. Jones
paper in p e paper).
na numbe of those cass ru nin mrsalrgI ment played a
very significant role. A series of ac ons inCluding exténsive
mea&urements to monrtor dynamro alig nprent under varjous
conditions and realignment of a numberor gears as a result of
those measurements, soIved the problems
The final reduction stages of the AP machinery had had few
ble_lrns —the two most senp(p ones were referred to In the
ase Istories—and none could be related to misa ?nment
Part of that 800 record was due to careful instaflation work
at the ship-yards and, since mang of the f Ips were built as a
?errs the a ignment procedure Was gradua ly'| rmRrove throu h
rom sea rras ex ?rrenc %rt of the success
ascrrbe iesecra design features 0 te ﬁar casrnro Eac
e wh eev\}%rnron meshes was sup?orte at ree por ts, one

s

unt}er each wheel bearing and one a thp iddle of the pinion.
Thus eac grnron rested rn a State of balance (see Frg 15) s0
|fforany re son the tooth Ioad had a tendenc to Increase towards
one end of the pinion, erther rom rnternal ? lignment or from
ﬁxterna drséur ances, the balance wp ter to relieve the
eavier loa mg "restore. the equilibrium. This was made
Bossrble by thé high erxrbrIrt¥ of the gear casrng The sprrnﬁ
0Xes, Ong at each corner of th ear case were also %hown [
prrnor ple in Fig. rsi(ngt ear .casing with %ard of
hese s rrn econa r(par usted hoth when the
gear was Inistalled on oar ter sea rra

Case rstor,es 53 rnvovF |-Laval rgears and
nertherwas related tot gs in Tah Tlo the pape The ear
damag ed due to te oc ed filter helonged t a tan er com
missl ned rnl dagne was %rscov re% uring a survey
1977 and, ras rt cou e esta rsp the.cloth must a]\f
heen put rntot ilters rrorto seatnit 1sgrteo a grad uaIy
ecre sr flow, no abnormal was found in the gears
urrngt su sequent nrne gars’ service. _

The repair w saII hand work. All prts exceedrnﬂ 2 mm diameter
were smoothed by a hrgh speed grinding machine. The other

Trans | Mar E (TM). 1980, Vol 92, Paper 9



FIG. D15 Gear casing support with adjustment device

VAP 20 MW
TURBINE MODULE

FIG. D16 Layout of VAP plant

FIG. D17 Three stage version of Compact
Planetary Gear
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damaged areas were first polished with oil stone and fine em
pPergan finished with cg trn?s made from a Iastrc resin frﬁe)d

h carborundum, moulded from the und ama rpart of the
teet It was in erestrnﬁ; that the gear was, stil rf(e atrng satrs
actorrl Consr errn%t eIrmrteda curacy that could be achieved
with suc repalr work, it raised doubts as to whether the ultimate
quality aimed for in manufacture was worth the extra cost.

The scutfing case occurred %urrn%the sea trials In a shi srmrlar
to some of th % nTa eI ut not belonging to the Shell Ieet
During the ho ?0 the' wheel, the u er fractured and left
deep marks in the teeth and the wheel had to_be recut with an
addendum modification factor of minus 066 The pinians. were
made oversize to marntan the s e centre drstan e Thrs In-
creased the maximum s s ee m the norma 5mis to
2.4 m/s hut, since It was a fs ear this val ue was still
well within the company’s range 0 experrence The risk of scorrnt{
was checked both™ by the omBany and by an independen
research Institute, and the conclusion was tffat the gearf were
satisfactory for the intended service, provided the” following
redurreme(}s were achjeved:

goo distribytion:
pecified surface finish;
rn adequate tré) and root reliefs.
an extra recaution and because the calculations showed
the riction | osses in.the gear me?hes to have rncreasedb some
per cent, the desrgn ot the ol Prayers Was chan'ge 0 give
agdproxrmate cent more oil to' each mefs or varrous
sons this modification was noh carrred out ulyr as all the

?zz es were not given Increased hole rmensron? he severity
g the damage on drffetrth parts of the gears could to an extent
e_relate to the size of the nozzles.

The Intentjon wais that the increased lube oil flow would remove
the rncreased heat losses and ensure that the %ears operated at a
norma temperature level. It was possible, alth ?h It could never

rr])rove h had the intend rmprovemen of the cooling
hee ﬁchrevedt is gear -hox would not have failed.

t was. educational to look bac it was more

rnterestrn and exciting to look torward to what was comrn
(J_avas nebw turbrne achrne m Y e%nt

re erre to as a grnnrng of eroa tec oogr

Mr Thornblad wrshdto rscusste earrn desl

Fig. D16 showed a layout 0 the VA g ant. [ts most rnterestrn%
feature from a% aqrrn? ruornt of view was the use of a two %tag
eprc ear | reduction. It was mounted overhy

rH In sha n h)f ﬁ ﬂue reaction was. trans rttedW \

the oundation vraa lexi structure, permitting the whole
g}ear to ride on the shaft and fo ow rts deflectrons and move-
ents; so avoiding the ear ern% influenced by external, dis-
turbances and making shafting alignment "a less critical

r
pQIghe ar was ofa new Stal Laval design, the Compact Planetary
Gear 2 derived from the Stoeckicht desrgn used In almost
300 AP-installations. The development was hased on ertensrve
experience from tests, Service, %surements and analysis of
thes e?ears A CPG frotd(tgrpe \Was u]r It and tested jn 1977 and
was later installed in where it had since been in operation

or over
f?yshowed a three-stage version of the same basic design.
The wo first gears .of this krpd intended fo B merican wind
ower plants, ad just completed a 200 h -f0-hack test
rografime under various conditions, rncIudrng measurements
o Ftt estrr%sglers components of a VAP prototype plant were
bern? manufactured a?rd would be teéted uﬂthrn é%(earr rncludrnﬁ
tvgo errnaI reguectron gears which would be run back-to-back at fu
W
P Frnaﬂ epwould ike to asr uuo (ﬂuestrons The frrsé related to
Frd ?] ere the % ank area was expressed In mm2
Thornblad thought the rnformatron would be more useful
rf it wirs also _stated” as a Hercentage fo the active flank area.
Secondly, In Section 5.2 “dynamic” effects” were said 1o have
change the alignment, Weré those “effects” aljgnment chan([;es

9nusrtla\?at%nergtrl%nd sh ?[p h)gsrfr ratronsehasrt/%“an &rlrlrlt%]gn%gt ot e

D JPBRETS vk crbting Exsnorni Enyromnent Tha | MAFETAPPLn
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Authors' Replies

Because fthe n er of contrrbutrons recerved it was not,
unfort na| tPOSSI or the authors to redpg/ to,_contrib utors
Individual b t similar comments relatin pecrfrc aspects of
marine ge design and operation have been dealt with on a
subject By subject basis.

Ge

e choice of design did not, as was suggested in discussion,

B Jea s of desian did not, ted in d
lie with the merchan shrbowner In most cases, even If he were
10 prePare a detailed statement of regurrements ne would still
be obliged to_accept what a particula shrpgard offered because
the commercial penalty for rnsrstrn? manufacturer not
associated with the shrgyard Was Inva |a ly verz nign.

A chan%e from de ons hallowed by re-Use
overdue In some quarters and there was
mnovatron and more forward-looking design concepts, as
mentrong brfl various contributors. S m% ol er desl ns seem
ndul eg dent on mamtarnrng very high stand ars manu
actur and install atron There was a_Strong.case for tlrsmg
on-soft gear materia combmatrons in tur mg as well rese
lecatron A number of manufacturers did not, however
a ethefacrlrtresortheknow how tp roduce an frn(sh hardened
gear elements. The authors’ experience of hardened gears was
onfine t very satistactory. Werrence with nrrr eg eI ments.
Case exoratro mentiong mt é)aper Was ereve to be rare
with a qg qual rt gear. Carburized, case-hardened or jnductign-
hardened” gears were also re orte to ﬁrve thorout];hly reha le
Service |n merc ant agdp ications. Wit con réa e ex-
Berrence of the Navy also, the aut 0rs would rea |Iy endorse the
se of hard-on-soft gears.

As regards quality control Shell companies had, of course,. the
assistance  of “the “Classification Soc eties. But_ in addition
u %rrntend nts were apﬂomted for all new burldmgis and part

their work was to ensure satistactory product quall h

Naval apg lications were exceptional “since { ere was hot nearly
S0 much. concern with commercral considerations and _the
Abecrfrcatrons could, th?refore he much ? demanding,
?am the ogeratmg rofile of & NavX vessel caI ed for sustarned

Eowlr an extent tha that of a merchant s rg
Partr ar tetanker whrc until recently, was operated at
ull ower contrnuou ny whilst on open sea passage. In Great
Brrtarn The Nﬁther ds and elsewhere there ha heen con-
srder bes from Naval gear research whrch ad] certarnlay
henefited erc ant marrne ? r desrg Unhappily, this special
expertrse was not shared b acturers.

A final esrg oint concerne the apblrcatron of helix cor-
rectron Its neces tg was e endent, on Inion esr n and
loag mF étn In most ¢ ses tegearrng in Shel s been
corrected for com me forsion "and bend m% correctron
was considered desrrabe rn prm%g ad o be ag
mtelhrr;entl and accurately effective  In Practrc As

che had mentrone t could plied more accuratel

be a
by grinding than by an er metho %orrectron for thermd
f)fegts wou?d be ben}e/frcra/l ut more |(]rf?mu tto predict accurately.
Inst Ilation

The 1mportance of good quality carried right throu?h desrﬁ
and manufacture to mstallatron Itwas most Important that t
responsr |t|es of tde P ard and the manufacturer were
thoroug y understood. The wasstrlltoolrttleregar {0 covering
the Intérfaces where responsibilities should be share
In resoect of ali n nt there was no conflict between the
statemens In Sections 3 and 5 of the aper The remarks were
mten d to emphasize that the smaller oun ofadjust ent
nee ed to ac |eve 00d aIrrTJnment in theé EJ e or
t rﬁea(rr was to ﬁrf rm well in service. An additiona bene it cam
esigns mcorporatTd some convenient evrce or
o trmr ng an aready good alignment, e.0. spring boxes or

MSta € be rrng

Was indeed
general neea for

ropellr sh ft co Lamt mlonvead G begwfeee)r(rlb?eann g
B rPe a%arn s | arge?we fmater of cuost s long as t er?Shagft

problfe sn tstTcer? courrltf“ncgs werey unIrL1 ?y té”b'ed%”e‘r% c?pfeogear
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Another reIevant point c?]ncerned the differential Ioadmo of
main wheel bearings. Dr Archer had offered a gra hrc ilustration
of the Influence |t could have on gear alrgnmen he extent of
misali %nment due to main wheel skew was ot awg/s ag reciated
and th casequote wasatrmelgremmdero how helix ?ctron
carefully calculated and a could be completely nullified by
such effect. In those case%wrthm the aythors’ experrence bearm%
reactrons s m asured hoth theéackm% and strain ga 8
methods, een remarkably clo e to those predicted hl
computer for a particular shaft/bearjng arrangement. Mal
wheel Dbearing reactions had t%eein well Within manufacturers’
toIerances for hoth loaded and [ast conditions. In the General
Purpose ships, one or two cases aro%e in which load sharm%
et entemam wheel bearin swas ound to be outsrde [imit
ter the shi heen In ser ce for some time, but In no casg
was the diff rentral greater than 20 per cent. The authors agree
that the forward bearing should be the heavijer loaded inlight
shrrf condition, thus compensating for the ho%gmg of the structdire
tpre g?td %arclo]ndrtron giving genérally an inCreaSe In loading of
The shuttlrgng or wohbling of the Emrons mentioned b
Dr Meier-Peter'was a phenomenon discovered by full-scale tesg
carried out, using strain g u%s in the main Wheel teeth an

osition tran%duc rs, to locate ereIaHve Qosrtrons of the pinion
ournals In h rmrg it would ected fo he resen&
in an single ‘helical installation of srmrI configuration an
woul be influenced both by engine ph asmg and by load dis-
trrbu}tron etween the main wheel bearmg

e Integral th ru%t design was not particularly favoured and

c in the case |stw concerning al rgnmen have been at
east artIK resBonsrbIe he basrccause T trouble. MrVo gg
assdc contribtion underlined, again, the rmportance of un r
stan rnP hu machrner% Intera trons In"'very large ships
rlavartrcu arly, there wa 0 srn le a %nment hawever accurae

hich couldv\})erfectgf satisf aI erp conéhtrons t% |ghenJ
comPromrse as nec sa%ennd was reached by what he

described as rational aj
%%Sbr0£eller shaftmﬁ concemed that of

AI final p tornt regar t
single or two-bea W0
mt%rmedrate shatbea(r;rnl? gut somehadasrngle earmg esg
as had all the General P rrooses ips. The onlycayse for"concem
had heen two singl bearr gdes s which showed atendency to
whirling. That was both. obServed and m%asure and found to be
In fact,” counter whirl in both cases. The amplitudes were not
consrdere gangerous and the phenomenon wai regarded a
undesiraple byt containable. In general, both single-bearing an
two- bearrn? esrgné have, proved satisfactory and the authors
would hesitate to %e which wa? the hetter. C?rtamly the conflict
het ween the relative trffnesseso huIand shaftin wouI aﬁ gar
to avour ec oice of asrw%ebearmgd esign erea a wer
rn making sure that, whichever esrgn was adopted, th
Hta [ation was ac urate and a t Omijga check o d namrcs haft
ehaviour was made before the ship was accepted for service.

Prttmg scuffing and wear
Pitfin and manufacturmg hlemishes were most certarnI not
acce te % the auth orts S norqunal or mevrt%ble ever
inal, any case of pi which occurred. in Shell ships was
% ahl |¥westr ateg ?tm was recognized as a vﬁarnrn
%vhrc mr ht or an f not erald more srmster develoo]ments

tIn any case it should not oceur. Even Irght Initial prttr g was
considered undesrra le. in %erm ars sene of prttrﬂ
was attri utable esr n an ua it manu acture of t
gvears using .the correc materra combination or pinion an

eel, and mstallrng the set to give o fimym alig nment To
answerr] a Specific question, no rttr gat &I had been experrenced
with the final reduction gears engmes

In a similar context number of contributors made hi hlg
Pefrtrne t comments c?ncemmg E\ur ace. wear and one or

eferred to surface blemishes articular reference to the
possrble assocratron of swarf wrth surface blemishes a(ﬁoeared
vaIr hut the ef %ct ad not been proven in practice

s MrL nam had referred to the action of anti-rust additives
where fissurés or machining-related damage existed. The variation

Trans | Mar E (TM). 1980, Vol 92, Paper 9



in t Be and nature of the rust inhibitors precluded a éiefmrte
answer. There was evidence that a rust inhibitor prevented water
from Initiating fatrgue cracks, at least. in rotatin pendrn% tests.
In_ the fissures retérred fo, the additive was | y to De less
effective. In gear applications where gross damage had occurreq,
re-formed racs mn(‘;ht extend owing to a hydraulic crack
ropagatron mechanis

Sevéral comments had been mad ?bout surface finish. In
measuring gear teeth, several cut-off en%ths were used as a
eaere of ‘the hnteractro 0f waviness and syrface ro 5 9hness
g}tgngeaut ors had no direct evidence as to their relative im-
i Unfortunately, in the cases of damage quoted in the paper,
surface re Ircas were not made rror to  the qears entering

servrce and that was now repggnrze as an important omission:
The Bractrpe In future should“be to obtain réplicas, whenever
possible, of new gears.

As regards the use of EP oils, with respect to prttrnlg in the
gartrcular casg of the diesel application the oil was nof used as
earng medium; the change from one type of EP oil to another
?s as Stated in Section 5.2, merelyac an% to a higher viscosit
0| In an att mpt to. increase oil “film thi nes ome EP 0|3
?ht causg g/c emrcal wear asmoothrng? rossl rou hene
surfaces. Thus, the oa carryrng area "o strfacés was
mcreased and agenera smoot Ing out of the p|t profile resulted
%re uctlon | spe Ific load |\9 However, it was known thaf
wrt ther EP oils the corrosive action of the Jubricant had
caused pitting. In the case of turbine ?ears quoted in Section 5.3
the damage was sog pss that it was be gved onl an |mﬁrovement
could result. It should be remembere [hat E pitt) q In that
ship was due to oil starvation, not to overload from misalignment
OrTOther causﬁst Sections 5.3 and 5.4, full
W0, case histories, Sections N were very usefu
ey W ST % bt S Bl
[oss offfank aPea deprcted in Fig. 8 could bepreﬁated(to the on'grna?
flank arzea as a percentage. e flank area was approximately

cm
The reference in Section 5.2 had referred not to shaft vibration
p]t to. some form. of ah% ent disfurbance ﬁo the mrgns an
eel |nt elr bearings, u ert e Influence of loading an sp
ertainly it was established tdat the good static alignmen did
eterror te under namrc conditions.

vaIuabIe However, in

Shannon’s. femarks were ver
consrderrnp the mnoeenc% or otherwi ?f wear steps, It was
necessary 10 drstrngursh etween the per ormance 0o throu%h
hardeng and hard on sotdears [t was believed that in the work
referre tob Dr Shannon the wear ste sresulted from removal
of ve d wer arArcIes wear qrau ceasing. However
cases with throut Iar ened materrlaI combl adtr%)ns ad occdcrred

ere coarse particles were eventyally removed fro surfac
ﬂ.c cttt)mm nced to wear by ?rneyspaﬂrng butnhnrsheg ﬁt
gross pitting

Metalldqrgy and Jubrication
uestion of austepite and scuffing, the positjon taken
By the authors was that, If austenrte encour %ed scdpffrn hen
oth retained austenite pro uced on the su ace uring heat
treatment and manufactyre) and austenite produced during or in
Bheteg/enetgrlseadrng to scuffing were deleterious to the performance
In tﬁe authors’ laboratories, tef]ts had been carried out on
hoth disc and gear rrnegé to study the nature and morﬁhology of
surf ce Iayers evelo durrng he scuffin and scortgof Case-
ar ened gearso Examination of the surf ce layers that formed
unn thé scuffing tests, b transmrssron eec ron Microscop
and Mosshauer sectrosco |dent|f|e a heavily deforme
|xt re ffaﬁustenre and mar ensrhe éat Was consrster%t wrtg
e| gaofala erwrthoutacearl efined structure type, forme
Fromacom&alex cothtnatron ofh |gh temipeéature re #tln from
rictional h atrp Igh contact pressure severe deformation.
uent austenite was con?rdered 10 #ake rpart in the
scu pro ess h the resence of austenite-forming elements
cou| Pe considered to e etrrmer]daLot esAeeé fresrst nce
whre rnte orming elements cou € considere to e heneficia
Metveeysky et alS2) working on Fe- 1% C alloys showed that
while additions of Cr and were benefrcral towards, scuff
resistance, Ni was not. In the discussion of that paper it was

Trans | Mar E (TM). 1980, Vol 92, Paper 9

pointed out that steels such as EN 56 (0.3 % C, 1% Ni, 13% Crg
were drffrcult to lubricate n that was thought to be que to th
absence of chromium car es, the presence of nickel and, the
effect of hi %h chromium contents dec easing thermal conductivit

and thus trmulatrn(r; hrgher contact tem eratures In frictjo
However the authofs were not anar hat the low chromjum
contents present in througC arden ear steels were eleterious
to scuffrn% resistance: disc tests h heen carried out

In"a récent review, arrrsh< ha consrdere te role of
retained aystenite and su ?est that, for benprn% atrr%ue and
Impact resistance, the ret austenite should ? |te
Sper cent In cases of severe sliding the limit should per
cent while for contact fatigue pitting the lower limit s ouId be
10to 15 percent Parrish also pointed out that practica expenence
had necessrt%ed the |mpos|t|on ofahmrt of ngercen retarnﬁ
austenite In the steel fo %as?]har ened w rm shafts owing to t
tendency to scuff when_the hardness fell below 730, Hv. Because
of thosé ranges of desirable austenite confent, which depended
on the com onent eratrng condrtrons It m| ht be necessa
to carrp secon arg/(p %ses sp éts zerg quenchind,
partrcu arly in the casg of highl p lfoyed  case-hardening steels,
t was not the authors’ mtentron 0 su gest that all case- hardened
steels needed to e sub-zero quench e they were ateu
MrYoung orp orntrng out th anomaly |nt etext of aper
The “rabbit wire B ern of tooth marking shown in th slide
rovided l}/ Mr Ruscoe did not come within the authors’ ex-
enence but 1t was surprising that no damage occurred to the

The length of service and design loading  of the Sg%ars had

not bee“ g troned hut such a surface would, it was believed,
eventually suffer pr ting.
There Seemed

0 b some qpnfu?ron in the termrnolo%y use
in Mr Ruscoe’s contribution. “Scuffing” was the term normal
used to escrlbe gross dama echaract rize by the formation of
local welds twe ntfep1 Pfsprac%s Itwas associated with the
Eherma reakdown of the ol did not require a third
ody abrafswe aIthou% in a near crrtrcal ¥cuff S Juatron the
pre%?ncep‘ wear particl smrﬁhtdrsr 'ptthe oil film an acceler te
cu mg Sc?nng was defined a% %ovrn\po esura?e Int

direction ofsrdmg often caused by abrasive particles o forerﬂ
n}]at er or wear debris. Neither phenomenon was evident in t

ra
gfd)as the Classification Rules were copcerned it was
understood that it would be vrrtuaTy |mposS|bIe to include
specific reqptre ents for Iubrrcan(] he pf}ea inferred in th
paper was for eslriners to consider the lubricant at an early
stage and not merely to gresent the ol companres wrth a fait
accompli an%t a request t “lubricate this, p ease g/ con-
sideration 0 Ioads speedss, temaperfatp\re oil film thickness, and
D" ratio would ﬂwe some Idea of the lubricant type required.
Then considerationi could be given to the possible ¢ cts of such
(1L on metals. In addrtron It should be borne In mind that one
Iubr,qcant might not only have to uErrcale quite different sets of
macninery r%;turbrn?s an %ears ut also have to carry ouf its
otherfunc 10 sofcoo Ing, protecting against rust and corrosion
shedding water, etc.

Condrtror] monitoring

Several questions relating to condition monitoring had been

asked efore any system Was adopted } had to be"cqnsidered

w at a vantages it would give over care uIIB/ ept engine. room
ds %1 ar and conscren 10US reportrnd y ships’ en meers

an % ar_and thorough visual ms ectioris with meficulo

recor INg of the results.” Some copditions er%; on, gear teetn,
might be’ detected much more readily by a traifed observer than

by mstrumentatron
Havin ?crded that a monrtorrng system was worth con-

sldertndN e oIIowrn\%were some of the questions to be answered:
porns ere to emonrtore ang. why?
n tpes of trans ucers were to be frtted and how were
the to e calibrated and maintained ?

iii) How were the data to be recorded, analysed and used ?

Failure in.Lu ted

A(Nomponen%s ]l?lmits o(tofltﬂt?rlcaggonscaffl rence mperia O ege

EEVSK and_BUYANOVSKY, I. A,

g{d“
2 1 s
Rlloét-ln 0 HJL%% Tre rrhoer(t) f% a)ls i , No 4, pp 101-109.

159



Iv) What were the marntenance and capital costs and what was

the life of the sys

In the Sheﬁ ship saxtarr[n %rm ple appr ach had been adoEJted
Alarm system% were comprehensive an %r the most g
srgneﬂ tq satls P/ . fequirements, Gear-boxes and gears were
visua X inspected and blue tapes. used to_ensure that no chant{;es

ﬂen ral_condition were occurrrng fdamaqe was seen on the
tee re |caswere made. Bearin rItemReraures and press reé
were measured an sometrmes I 9eneral gearrn? a
roved to be relra le. Consrderat n might be given to |ttrng
osition transducers to measure axial movements and t
easuring orI temperatures near the mesh but those additions
were not re% essential.

Journal Dbearings have aIs roved relrable Inspectron of
selected Dearings woud prob a tae lace no more frequently
than at refit; wear-down readrngs would be taken.

Flexible

design, accuracy 0

cou Irnds were_inspected at refits but, dtept ndrrl dg

manufacture and heat treatmen

be stibject to wear which might necessitate earlier inspection.

log
ﬁ % roved

d or safety and maintenance purpos

eextended

Vibration measurements could be very useful in monitoring
%dts but not all faults manifested thémselves in changes In
ibratio

n,

Vibratio
a_ useful
They cou
taken just

adstic ?essment of
Id pe taken rea and were particular

nsi nature? at ke pornts on H?&I\{u?ggl

efore a ship was due for a refit.

or selected en

On- engrne Instrumentation included the measurement and
t.all important pressures and temperatures usrn%multr

ni- recor ers, Trend recordrng (TJ

most effective in monit rrnegS Psrne eper ormance

e data
could well

nes provided
? rformance,
y helpful if
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