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METHODS FOR THE DETERMINATION OF THE
LUBRICATING ABILITY OF LUBRICANTS.',-

P

: The problem of the ex/pt determination of those properties :
‘of an 01l—or ther lubricant /'which-go-under the name of "lubricating
ability" 1s occupying technicians in'increasing measure. ' The chemiecal
1ndustry,~both with and.without ‘the use of natural. o;lsT_develops by -

synthetic processes lubricants of widely varied ‘structure, viscos1ty,
stability etc, and renders them suitable for special’ purposes. AS

. soon as’ it was recognised that: both in‘the" laboratory and in: industry
+1t was possible to be independent of the. control of natural oil . .

_resources and thus: of- their inherent- properties ‘an abnndance: of - new”

ﬂ;products appearedk _Thes products -possess the general ‘physical: e

. properties of a’ I’brican but- their applicability to~technical

,1ubricating processes must yet be- avaluated. Jgp. e

- “ff—*Therewis sn‘eqyally great number of phzsical an ”chemical ,
‘processes for producing or removing partiotvlar important properties. -
_The literaturc on tho subjJectiis so extensive that it is- impossibloe
“to. tabulate ‘it oven: approximatoly. The most comprohensive survey~ o~
‘can bo-found in the twosvolume roport of tho Institution of Mech,. '~
Enginodrs on tho lubrication conforcnée in-London, 1937, (Lubricants
“and Lubrication).; In the meantime noew. methda“developeu in Gormany
—havenmadeuthOir appoarance, Undoubtodlysome. physical. ‘proporties are
. not-aceuratoly measured with all theso methods. -The- question—isj“v
‘to what oxtont any conclusions thus.arrived at are important for”the r
tochniaal lubricﬁtion offoct propor -or. are applicable*to it“”“¥§*~

u\

. I., Technical lubrioating abilitv. ,

' Tho fact cannot bo ovorlooked that- 1ubrication always N
constitutos a tochnical process involving the kinematics design and _
tochnological charactoristics of the machino parts and mo chanisms .
involved; and th$s~irrsspcetivo of ‘'whother tho minute pin of a high-—-
precision ‘gear or the hosvyishaft: of-a-Lerge ongimoars: considorod. o
‘It is'always a question of transmitting forces from a moving %o a i
stationary~part through the oil film; l.0. a procoss of transmission .
of enorgy which, considoring tho small quantitios and dimensiéns -
-of tho actual loaded oil film, constitutes quitc anvexceoptional strain
oﬁ those small olowments, - This rosults in turbulent thormal, chomieal
or othor intermolecular reastions,  So many difficult- probloms, a1l
covered by the concopt of "lubricating ability", ariso, that b £rom, _p
practical standpoint division. into~wido groups is Doco 1 ;

‘thus possible to cover tho most. typical cases as fi“@ ‘proximation
‘without neglec¢ting more acourato work ‘on spocial subjocts. The two
most froquent fundemental casos are sliding friction in cylindricsl -
‘shafts” or flat contact surfaces,.and rolling friction-betwecn rolling
cylindrieal surfacos, with or without suporimposod slliding friction.-
Tho-formor-is- furthcr charoctorisod~by continuity of sction tho‘
lattor by poriodicity. ' o . ,

IR

i 5%ons"aoration of those covors the_majority"of tcchnical
lubrication ‘procosges, If tosts arc designed .to cover the abovo two

- classos, thon they will also includo tho most important varietlos of
practical conditions, and_~ what is particulerly important - the . -
. prevailing typo of rlow procoss. -1t must not bo overlooked that all -
theso-and in particular tho two practical groups;soom ‘always to bo-
~connectod with cortain flow procosses so that thoy must also be. . "
dofinod as hydrodynamic., Tho kind of hydrodynamic stross 1s of groat .
significanco for tho carrying ca pacity and tho -ultimate stress_ of .
1ubricants. This ‘applios in particular to the-rogion ofﬁso-csllod
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"hydrodynamic fricticn® and even into the region of boundary. friction,

[ RN

_ tHough. other: factors appesr’ in this case. .. -

- If the test method is £oo remote from the type of flow ~ . i
-‘prevailingqinjpracticb;ﬁtha;nasglts5ar$jnot(appliCable.fiThisj%Sigke;jy
» ba :

T
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freaSDn:Why?méthodS@ﬁﬁterestingfin:themselves;gﬁSfe.g.;theib

ng;hodgbfyBoerlage;lThomasV,itlﬂnderﬁqgftho§e”Q:ﬁViewbg{ﬂﬁ& uge:
;1nbtho'?4T;Reﬁand;mhny?Othersfgivq?xaryg1ntggg§ping;rasulﬁ§'?pnlyg,@,M
ngparaBIEZWithfthqeq&ipmantjusediﬁTThey;dbﬁngtthWQVerrailqygaf e

b-ili!?iif : 

;‘gahqrally;usefhl,determinatibﬁ;bffﬁhs’pfaét;ﬁél*}uhticéting- :
_Thoy aro mainly useful only for purely selontifis purposes. —

e .au,ﬁThe(Umpvdnbianal”?IScdsitygméﬁsurqmont‘1ﬁﬂthofv18c0metertﬁh3f,_
“on the othaer hand -a fér;gnﬁator~practical;sigaificapce;:‘In,the,ff o
. hydrodynamic equations-this: is tho only physical quantity; and e
,;thereﬁore;itsqufect,ingtbo“rdgionfof;hydrod?ﬁamiC'floating;fricticn-;_
..ostablishos the lubricating ability in this flow condition, . & - -
‘. Unfortunately, however, the -viscosity de onds. not ‘only on temperature '
,lbutialﬁoabnjprossure,:agfact'whichglaaQS‘tb?insurmpuntable'm@themg e
atical difficulties.'chrQQVOr,=inunarrow_spaces:thelhydrodynamio"1_;~
. ‘Pressure -is Jlargoly overshadowed by surfaco effocts and variations’ .-
~in the stwﬁbture-Qﬁzthd’oilafilm.,*mhis'condition,of'Boundary'FnicQ;pn,
‘at- tho Yimit of tho .carrying capacity of the-oil and of "its moleoular -
stability, 1s howover in:many cases: decisivo-for working socurity, - . -
;;B%”agalggm:ﬁith.mochanicalgtcstSyOnjmdtals,.tho prineiple of -obtaining - .
t ofultimato;stross,1n.orggrthgaacartainfthe;gharqcteristic properties, .
'san}bo,applicd'to:tostiﬁgathe,C§fryingﬂcapaciﬁy_ofﬁanf011 f1lm7g*The i
hydrodynamic lubrication thoory shows that two.sliding or rolling. /-

' surfacos got closer to oach othor, 1.9, the -film thickness de'croases,

e P B

‘the- groater tho load and tho lowor the rolative veloeiby, For a

given loed tho film hns a minimum voloeibty at which it collapsos, ..
f.0, .8t the limit of its_carrying. capacitys  An aocurato approclation
: of‘this_oonditionyianggtheWhilo;;,Iﬁjﬁﬂ@@~d60p~inwthq_re ion of ..
‘boundary lubrication, 1,0, in'that phasé of lubricatlon atb hich no ~
-motal wear has yot occurrod, though thore alroady appodrs stiffeming.
of thooil £ilm and a variation in the molocular structurc, 48 proved

in numorous tosts, tho fundamental difforoncos betwoon lubricents and-

~botween metal supfdcos appoar thon with particular clarity.

° " Tho curvatuno of tho sliding or rolling surfacos ig also
. importent+=Horo.tho cylindrienl—8haft ina p ain.boaring ropresents .

.. ona oxtrome, tho tooth flank and tho prollor bearing.the othey. - The - .
“Yattor allows vory high Hera»vspocific'pressurea;;oﬁflo,OOngg/aqnpm,

. 4nd moro_which howover oceur only periodically at oach point;:. on .the
fs?‘"ﬁﬁﬁprihﬁnd.iin':‘p,la_in_'bea'rings..-wﬂher.e-:l’,ooo_kg/ﬁ.sq,m.-_;_gzye4 raroly .
_“oxceodod, o local state of oguilibrium can elways be athalned.. - ™

iy - ‘ - - . . i . s
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"fIif ;Méch1nds1for\réaliétic’teéfs bff1ubricatihgﬂébility£ j

o Tffi;@ﬁSbeﬁibfcohsidbraﬁions 1éﬁﬁﬁo,thefdevelément;of;ii)igearihg'

',bosﬁ1madh&nejgzy,seur*ﬁast*maéhineba;Bqth,»originally;deaigned;for»_:‘

~other purposes,: have proved, wheh corroctly used, excallent machines ™
: forhggggipg_Luﬁrggating;ab;lggy in practianl oasesd, . T

' 1) 'Bearing tést tmchines

snd el e e R SRR SN SR R ERD e
., . & Bosigh of bearing tesf machinoe is ysed, similer to that -
doséribod in Nboker's repobt “'Ubct don Schmiorvorgang im Gloiflager! -

- (No.352), but of:-a reduced sizo for shafts 60-mm,dismeter-and 400-mm,
long (Fig, '1)v: For maximum rigidity the test shaft is mounted In 3 -
'béﬁp@ngs;,_theﬁtest'boaringjis'fittodxinla steel ¢asing, - to which the-
loads arve appliod-by means of wolght through:a 1:100 lover systom, ..
" The friction moment on tho bearing is measured by an:acdecuratoly..i-. " -
calibrated friction scalo. Thia;mgchineaproduoes;withOut;dofprmapipng

e R
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‘bearing loads up to-300.kg/sq.cm. and over, referred to the projecked.
qarea,ofqthe;shart;x¢1pyiscinivenvthroughwa}Lppnardggonverter;and a- o
~Flender gear box, so that the' circumferential speed can be varied  ~
“between 0,05 and 9.5 m/sec. .As boundary friction rarely. operates at
speeds in excess of 3 m/sec,; the transition stage into the range:of -

hydrodynsmio friction can bo easily attained,

SfT " The oil: 18 drawn by a gear-pump from a tank ab a Ziven ..
temperature and pumped under pressure into an oil ‘pocket (Longitudinal
vgrgovejswjInletgpressuﬁe,?temperature#anﬂjquqntity#apaﬂmeasured:;g.Pv_
;cdggtantly;‘;the:Opbrating=temp§ratuféﬁbyTaethermOGBqueTinsertediiﬁf
urface close to the pressure. peak, which indicates -

“the-bearing  surf ;
‘diroctly The temporsture of thg oil filme .~ . o v iy

.- The Tests are always made in a state of: equilibrium after .
‘ipreliminaryﬁruﬁnihg-in}f“Accordiﬁguto]the{kind:of“bearing,matarialv)
different loads are applied and at constant load the tests are run. . .
“with varying speeds It is generally sufficient to start with a top -
. shaft speed-of-3.14 m/sec. subsequontly-reducing it to a minimum, : Theo
~momont of the film collapse is clearly marked by tho sefzuré of the =
mechino and tho. sudden jumping up of the friction torque. This is.
often praceded by an uncertain region-in which the scale _shows: signs. -
- of ‘unrest.. With sufficient foresight it is however possible to cross
'Lﬁh;siregion~and~r000rqrthe-pointior@minimum;film;thiékﬁesssatgwnichxf
the film\carpying\capacityjhas~not_entirely'disappeared,_' B A

~ .+ . The shq%g‘of‘the tomporature curves gives the upper limit, . -
‘1.0, towards the high speod region, .The top limit load, 1l,6. maximum:

carrying capacity is that at which the tomperature rise (within the
measure spoed ranga) shows a definite tondency towards an-equilibrium
value below the stipulated upper limit of 80°C, If the speed is :- .

furthor increased, the load must be reduced, due to the proportionate ..
inerease in friction-work dones - . . G

e .

T Plge @ shows a typical graph for a metal-bearing with the .
laboratory reforence oil, Rhenania Ossag BC-8. Tho oil inlet pressure..
was ‘kopt constant at 3.5 atm, and 5 loads.of 44.4, 86,2, 127.,5, 169
‘and 210 kg/sq.cm, roforred to the projected area of the ocarrying .-
‘surface. The boaring cloarsnco is .0,25 mm. on the diameter. . -

.. At-'the minimum load of 44 kg/sq.cm, tho m curve is a géod -
‘oxample of tho typical shape .according to the hydrodynamie laws, il.0.
‘a drop till¥an inversion point is reached,then a:steep rise at the
boundary-friction up to & minimum final velocity of 0.08 m/sec,. . .If
the Yoad is increased, the A curvos become flatter; - the boundary. . -
friction'region expands further and the limiting speed increascs, .. !
“The uncortain region also-expands.  At. tho maximum load -of 210 kg/sq.cm.
~the use of low speeds is doubtful. ' : v . S

7T If it 487a case of comparing a group of oils, inlet temperature,

01l prossure and bearing-cloarance are kept strictly constant, and the

- same_shaft is-used, - Great care 18 taken to avoid seizure, 1.0. actual-
woar and the same bearing is used throughout. If however the influence
.of differont boaring materials is to be considered, it 1s adviseble '
to.choose 'two extremoly different‘kinds;fe,g._W.M.Qg_and.plastius,

© .~ In principlc vach combination oil-bearing material gives a
‘differont diagram; it is however impossible to combine o.g. 8 oils
with~tho much groator number of bearing-meteriads and one or two onity
are considered. - - ST h R e LN

f'aﬁ\ ‘The measuromont of¢the.oilﬁthpoqgh&ut,'so;pallgd;”oil-slippage"
(Schlﬁpfigkeit)g;oflthe“comqgnpn;on;“isAa;go.important,;,Ihefmeasured_»
oil quantities are plotted in. fuigPesial diagram. (see Fige 2);.. they .
riso nearly linearly. with tho speéwgﬁndjgivo‘almost4b1wayslthe-\ﬂ'
cheractoristic result, that high ‘darrying capacity combinations . -
oxhibit o small oil flow, low earrying capacity combinations on the

L : ’—_.3’ -
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vy -Fige: 3 :shows the results of "tests on a Series of oils; the
‘MDL.-Values, 0il quantities and v, .., measured at the minimum speed
2are;compared.;ﬁThisjcompariSOQrglvesfcharacteristiq*data;”&Avgrenp'of”-
TaniI§,ofgsimilar;compOSitibn'butfveryfdifferent.viScosityﬁarewcompared;
- fluid ones on the left, viscous ones on the right in order of increasiyg
. viscosity (Fig, 6 shows o viscosity curve). It appears that the =
minimum velocity and the oil quantity fall off &s the viscosity goes.
up,” whilst the friction coefficient,élvarieS“Qbmparatively~little;‘~,‘1
It must be _noted that it is a. question: of measurements in boundary ‘
friction and the numerical- value of 4 cannot always be: accurately =
-determinedgvzIn;the!present"dasign_ofgbearing‘testrmachine»the*“ e
-sensitivity of the friction balance mounted on knives depends to a .
lerge extent on the load.. If however tests are carried out at the = .
~ Samo- load. throughout, the savalues can well be :compared without using -
tho absolute numerical value.  Often undue importance is laid on the
pumoricnl value of M both in bosts and calculation; ‘the insufficient
comparability of the test apparatus and the practical value d6 not = -
- Justify this importance, - L oot o= P G T e e T

- f“_f“heJoombdrisonicontéined'in,Fig;;5*§h6Wé‘qudlitativeachparattvef'
~values, from which with. somo experience the relativo properties of . 1
j:tg%sigrgup.canjbe ensily doduced. —Quantitative data cdn also be

- obtained. SR TN T E UL E S
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’Quanﬁita#ivé'oii‘charabteristiés o

L - If one starts from the assumption that the hydrodynamic laws
of the friction theory apply also to the region of boundary friction,

.28 long &8 the temperature prevailing at the measuring points and the

- corrosponding viscosity arc teken into account, it is possible to
-calculate tho width of the minimum clearance resulting from ‘the
-displacoment of the shaft, as well as tho displacement ongloef o
1f d_1s the becring clearance, they aro connected by equation:® =

i h°= 6 (- coi'_’{d)l - o (N S
At bhe limiting spoods the displiceriont anglos are always vory small;

hore and in the calculation of tho minimum clearance, microscopic
. Superfilclal roughness must naturally bo.neglected. Another factor which
ris neglocted whon-tho tést point lios in the?rising‘branCh”éf_thfgﬁf‘ ,
. eurve, 18 the manifest structural change of the oil £ilm in very—émall
- clearances, i.e, tho variation of viscosity with prossure. These -
‘offocts cannot bo.calculated in advence, which-however doos not seom

necessary as results will: show later, IR »
T bTable 1‘¢oﬁ£ains tho moasured values of Noin and tho caloulatod _
valuos ofQ, and hy (= width of minimum'gap), as Woll as tho kinematic
viscositiosa1 at 309C for a sories of 8 oils of givon structure, The
values of h, and ¢f, wore calculated on viscosities corresponding to .
~tho tomporagures'moasured-at»nmiﬁ~ R N ' T

’ " The following expression was used: - _ _ '

Cio‘coscxo - 6 Ry . U.._(I gonst) .

- where ¢ is tho cloarance number = §- and- I 4s the inéqg}al,of>h ; -

V.

, et : N . o - e
- goometrical function of the displacement angle, which for the region

- -in.quostion asgumes a constant.valuemw;lnstead;of_the;absolute-.,_\ -

b“cloarance'c==ditheJrelntiveabearing‘cloarance“Q/R‘can also be SR
introduced, This equation is taken from.the method developed by the-
-author: in book 4 of "Forschung im-Ingenieurwesen™ 1935, p.16l et scqq.;

..‘44 -



it allows the calculation, with?comparetive ease and accuracy, of the
“values cﬁ'cx o “opr h : s ‘ o ‘ SR o ke

_'V Fundamentally small values of and h should correspondf_,«;
to small values of nmin +In reality ho@ever o@ing to the large n» .
values of the oil group, both quantities increase. W1th increasing i
v150081ty, i.6. wider gaps are permitted by the higherwviscosity. ,='~
E.ge in the llghter load -group for W.M.80 at-p = 44.4 the bottom .
limit of the ‘carrying capacity of the film is not attained; ‘with the
_avgilable driving gear technlcal difficulties prevent a further speed
ﬁre uction. S

- Even for V. 0 andofo 0 the film thickness never reaches Zoro
~value as _in theory,.“there remains always a definite film thickness,- - -
-partilularly for oils of" high molecular weight end great chain 1eng§h.v3

: , The' carrying capacity of the oil film at the critical bottom i
:limit can be expressed 1n terms of .- ) :

v minimum_gap | nd:‘;p e

p'
o
ll

: ; minimum practlcal speed

3
g
l

RO .':Ft'°5“ ccnst o ho

‘where tho valueoof the constant depends upcn the apparatus used./If
:we assume.' S L _ ‘ L

S _ - -’*.:. 000 h. .
o s jlff; A .:; R LA A

the rolative carrving capaclty of the oils can be expressed in terms
of or referred to & reforonco.olld ST : R

: Table II collects the Ft values for the oil group in questlon, “'
.Fig. 5 gives a graphic survey. o L

-~ - . P /

This characterictic howaver . does not explain the above-mentionod
fact that the oil quantities measured with the various combinations ‘
- of materials are widely diffcrent for given goometrical dimonsions of-
the boarings. Thoy docrease with increasing oil viscosity or molecular
“weights It is therofore:.obvious that*the~specificloil flow:must %ﬁr
“includod in the coofficmont. .

: : Onco the minlmum gap. h has boon cqlculatod 1t is possible .
to £ind by a simple oonv6r51on the gap width .in which the oil prossure
attains its theoretical maximum and dp/dy = O: . Pure laminar flov-can—
bo assumed, which-on the shaft oquals U, the poripheral velocity of
~the .shaft and falls off to O linoarly towards tho bearing curfaﬂo. :
,Tho oil quantlty pumpod into the actual carrying gap 1s- TR

/

'whoro h is t§9 gap width at tho prossure~pcak and b ‘tho boarlng
w1dth. For hn = 1,226 X ho,‘b = 4 cm, U = 6 n nmin cm/soc

S 60
2 O 314 . nmin (shaft dimensions 6?\mm. diametor 40 mm length) 1t 18

\
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ST D T R f=*“',w~.<:f¢jff7fﬁ77”.“-* -
.. If we now relate the above factor Fy to this expression for oil
quantity and form the expression: .. . 1 T . T
72000 4 by 1000 5 Bg - oo 1800 Const™ "
e e - Cm ——

T Pminl S

i Bt . .8 2T 2 .
bagn e @ 707 by s aa” B’

,iﬁdthéidghéﬁéntglooowisfﬁainﬁéipéd;4ﬁ ‘

s Thus the'calcdlaﬁédfquéntity hﬁvis'elimiﬁdtedfand_thé_new _*"
§f§¢?9erqw=L%Z:0 ,;1s¢b¢sed_only_onfghg1meh§uredjquaptity pmiﬁ;: §t_
S v Palnt e e e
:1s~inverselygproportional'touitsgsquare, It expresses the carrying -
capaoity charactoristic reduced to the specific_oil consumpbion. -~ .
Nnturai§y¢itahgs:onlyaa Tolobive, meaning in comparison with a given . -
roferorice oil. ~Its structuro howevor is excoptionally simple and ‘it .
1s basod on a measurable value, .This clarifies the importance of = -
the minimum speed, directly connected with the film failure, for the
cgrrying-gapagipy-of‘themoiliw‘§m;‘; . e ey e P

. It-is therofore independent of the total-oil quantity flowing

‘through the boaring, which is also measured, though it is difficult -~ .
“tc . relate to the geometrical dimensions -owing to the three~dimensional
charactor of the flowe = '/ L —— Famm— i

‘  In Table IIT are collected tho calculatod Fy values. The figures
‘marked with an astorisk indicato that at the prevailing low loads the
carrying capacity could not-be‘fully;evaluatedgbecause_it was Lo
tochnieally impossible to reducc the -speed further, - With W,i,80 and
for p =127 kg/sq.cms on the other hand, tho characterictics are fully -
expressed. . ovo T TSI SR AP e

. In Toble IV all figures for. W.H.80, p = 127.5 and synthetic -
resin plastics with p =:52.5 are roferred to ¢il 2 as reference oll;
the difference in carrying capacityiis;cleaply:shown." ST e

~. .- The difference in.-results betwoen the combinations white metal- .
“'stoel and synthotic resin-steel is duo to tho difforent "affinity" of
_each'bearing_material:er'the,shaft, which can only be explained by :
~molecular physics and not by hydrodynamics. = Synthetic rosin plastics—
 have o much lower load limit owing to their bad thermal conductiviity = -
5-and;temperaturovsensitiVity. ST T e e e
S ,:“Figgj43§hows by “how mughhtthpilﬁEslippaggﬂ;gi_gng comhination_
> synthetic resin-steel excocds that -of white motal-steel, For synthetic
‘resin the oil pressure had to be reduced te¢. 1 atm., against 3,5 atm.
__for white metal, in order to' attaln approximatoly the samc oll’ »
quantities with the samo cloarance and tomperatures AS the oil. -
quantity pumped  in the bearing gap propor;-i.e, between hg and hox
amounts only to a swall fraction of the total, it can be assumed -thaot
the total flow is roughly proportional to the square root of the inlet-
‘pressurev If we reduce the oil quantity for W.li,80 by 3,5 at p = 44.4"
we.-obtain the bottom curve of Qminvwhigh;shOWS”how—widelyjthe‘oil L
- 8lippage of the two combinations differs. :Thissapplies'td'allwoils,,
*as woll as. toalloys other than W.li,80, - This fact observed in s
‘numorous tests cannot*be-axplained_hydrodynamically;f'Itfis presumably.

_based on tho fact that the orientation of the oil molecules after . 7
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Pumping under: pressure into the narrow gap has a, stronger effeet thanv
the boundary. surface forees (adhesion forces) which, at least in free,ﬂ;
flow “were so far assumed effective to a distanoe of only 1 or 2 e
molecule 1engths. RN o R D ‘ .
- . o ' } / E
: ' Summing up it can’ be said- the above quantities Fy and F e
considered as comparative quantities give a faithful. picture ofqthe R
carrying capacity measured with- realis ic and closely approximate L
oonditions of sliding friction. g ‘ T

’ after conyeniently reducing

' If we plot quentities Fy and 7
their scale, on a graph for the varioﬁs 0ils (Fig, 5) and the
correeponding viscosity, we find that the variation of the character- ‘
istics for this type of stress follows: very approximately the viscosity.
‘values, . IThese ‘are-.taken at-3b°c ‘100 at the same inlet temperature~

’. This egreement confirms the accuracy of the measurements and
°of_¢be methods used; it also proves that qualitatively the.laws of .
the“hydrodynamic flow thoory seem to apply far:into. the region of 80=
‘called boundary friction, though this is restricted to the typical .
plain -bearing flow and. to the prosent o0il group which has the same
atructure with different molecular weights with the exception of
reference oil-Ne.B.,“, : : T v .if

: It 1s. surprising on the cther hend tha although the ﬁl values ‘
measurod at the limiting speed do not follow the viscoaity or molecular
welght grading, they vary but littloe from one enother (compare Fig.3). "
. The  value expresses the intornal fluid friction, 1.6, the internal
"~ drag of the molocular chains oriented in the direction of flow, which
~'slide along between the adhering boundary chaing, 1t is therefore. e
possible or even probablo that the group tested 15 similar in respect‘“
~of that physical effect (not necessarily viscosity) on which the
-magnitude of the internal friction deponds., This is quite possible.
for the oil group in question; as a similar investigation leads,
“however, to certain rather. obscure problems of physical chemistry, weo
shall not ‘go further into it, - Alternative tost methods are avqilable
for the determination of other-specific propertios.of the oils, which-
.should be known in order to.achieve a completo investigation of the .
lubricating ability under different working conditions. ‘ B

e SoN

‘ 'The method is quite effectivo in the region of typicel plain
bearing 1oadss It can be applied to the comparison of different metal
combinations, which has beon done successfully by keoping tho same

.01l and has’ proved to agree well with practical experience on a large
‘number of substituto materisls. A report on this subject will be -
‘given later, Also the influence of different surfaco conditions,
‘6learances ete., can be explainecd in this way. The multitude of
combinations 1is however so great,. that tho soanty means and equipment N
available at. present ellow only some of the problems to be dealt withe

L The above tests bring up also the following consideratiqnq In
soveral other methods of dotormining the :lubricating ability a’
friction coofficient A2 is often found to be characteristic of the oil
properties and is used as a reference value, This friction coefficieut-
,g,derives from the old Coulomb's Leaw R. = P }g or g4 = R ‘where R

%s gge tangential friction force and P. the outside load perpendicular
o] .

= ~In- reality R—alwuys standsiforhthe»integral of the very variable -
‘shear stresses occurring over tho friction gap, alternating between
the stationary and moving surfaces, which are different, This
integral is however a: complicated function of the formz

Rg I’,.o n U (f )
® o e S '?
-« e

R4




lwndreqc}isftheaclearancasnumber‘andlerE?)vaﬁ'invo1vedttrigonometrical,
'function_ofgthe“éngle;coVaring,the;actual,1ubrication*gap;ﬁgThe;value’4
°va*0rQL¢vnriés.with;variatiohf?ihhthéSQHVQlués;1gltkisxthsqdiffqrence
‘between a slide or -a pin pressed against a revolving pulley.and two. ' ¢
chindqrs;ﬂparallel;orgat_right,angles,‘rdlledﬁagainstJeachjother;o;. _
_Other,geometricaltrelationshipexmaywbeﬂciteds‘;Each.givesﬁa different
.Value%bfng?}l~All{these;va1ues;-evenfif;measured;mostkacqurately;;aro
.never>mutua11y'cOmparablegw‘Thgy;cannot*thereforaggivéjequalﬁresults*;
for the o6il properties, apart from the fact that boundary friction .
can also be oxpressed differemtly. . . e -

"w;_‘_'ﬁThe‘frictionTQOOffioieﬁﬁadlcanﬂpe_ieﬂg;red,only;ggfthqsﬁ‘;wv o
‘L -apparatus ‘in question; this renders evident the above mentioned need

" for adapting tho test method as accurately as possible to:practical
‘conditions. -Only whon thewthicknesstofvthevlayer{falls off?to=monq,w,'ﬁ
molecular dimensions, ‘1.0, 1t becomes a surface £ilm, does the friction
-goefficiont assume again a constant valuo according to Coulomb's law.(5)

g

2) 1The:6afryiﬁg7cdpécity‘iﬁ'the geér tés£{ﬂg3dpparatu§;:'“Lf

. ;A tost apparatus wes doveloped in the writer's laboratory some
- years ago which allows the recording and “photographing on an oscillo=~
. graph of the variation of the frictlon forces tangontial_and%perpend%c-r
- ular t ‘%heftooth flank-on running gear wheéls under Joad, Books 25 1)
" and 59(2) of the "Deutsche Kraftfahrtforschung" contain o detailed -
roport on this subject. Originallygdeveloped-to=inveat1gateythe.;»;J.
_general loading effects on tooth flanks, and noisiness, this. .. . .
instrument very soon proved:-to be.an excoptional device to test not
only the: accuracy of*t?gghvcutting‘but‘also.the action of different
Jubricants. . Dietrich ‘= has' alreoady mentioned it and established
tho remarkablo fact that the friction variations decrease as the .
. viscosity increases. - This contrasts with the popular view-that the:
function is a direct one.  These tests were further 3ve;oped by the
"inelusion of metered lubrication, on which‘Pietsch‘(zufreportod-in :
,détail@‘,If-an‘accuratolywmoasuredroil'quantity, 1 to 5 cu,cm., 1=
spread; quite uniformly on all tooth flanks after cleaning. them - -
thoroughly, tho shape of the friction curve shows tho time "wear" .of .
the o1l film. The picture in the froshly lubricated condition is tho
same as with _immersion lubrication. After a cortain time, i.04 aftoer
& - corresponding number of lead fluctuations, the oscillogram shows .
very irregular friction jumps on some and later on all tooth flanks; -
moreover these arc marked by the appoarance of frotting corrosion .
merks on the flanks. The times involved vary between 2 and 60
minutes so that they can be measured with sufficient accuracy. They
are characteristic:for each.oil and to & certain extent represent the
"ondurance" of the oil film, IR IS : S P L

- . This is a reallstic test, in the conditions characteristic of -
tooth load. It covers a wide regibgfof-practicalwlubrication'tech-‘
nique, and @ Very‘importqpyjone‘;,The stress has a periodic character- -
as each tooth is engaged ‘for-short periods, The provailing pressures,
ealeulated on the basis-of ortz pressures, reach very high values
{up to 10,000 kg/sq.cm.)e Thpy must thorsfore be absorbed in very - . -
narrow gaps, i.e., in-the'distinct boundary friction region of the oil.
£ilm, The’extent‘tovwhich-hydrodynnmicvlgﬂg;gtill apply in these
narpow gaps*of)mﬂieeularfbfder'is uncertain;~ Peppler has. already”™

doalt, in 4n carlior paper; with~tests on this; subjects. — o T

SO From the kinematics point of view the relative motions betweon
tooth flanks are interesting bocause a rolling motion is .always o

- superimposed on the sliding motion. Pure.rollin% motion prevalls at

. the pitch=circle.  In his work (p.14) Pietsch \2) gives a clear

" .picture on the poculiar form of rolling paths, According to him in
‘the course of rolling the oll layers subjected to high” pressure . . .
break off continuouslyjbocause-theWPOintHof4app110at16n;of.the load

" moves ‘continuously. Tho. oil layor 1s subject to a kind of " _

oeo



stress" which unaouotedly affects ‘the. molecular cohesion ‘of” the
layer in a different manner than pure sliding motion. o

i e F g i

TR If we. compare the endurance ("life ) of an oil series against
i eference 0il, the resulting values give a new characteristic value
f. this type of stress. - Pletsch's. investigntiens have: ehown ‘that . -
“quantitatively these values are not in accordance with the L values.»
‘This is: co?firmed by similar tests on the first oil series whichwas’
used for plain bearing tests, . As tho quantities Fg or P -“showed a =
- Very ‘cledr relationship with the’ viscosity, the comparisgn of the .
“(absolute) 1ife vplpes Ro. with the viscosaty (Fig.6) shows: g rather-_
indepondent behaviour. Only: the 1qst two—highly viscous 0ils 7 and- "
8 show -a clear rise if in large’ quantity. ~It-should however be noted
that thoy have a greater adhesive strength and they eannot be, removed
so ensily from tﬁe Tlaﬁk. R e L

7 Likewise the meusured friction variations with a gredually
falling tondency. show as littlo dependance on viscosity as the‘)&
values, ot nmin o; tho plain bearing tests for the purpose of
comparison. e AL S AU ) s ,‘.

: It can be concluded thst this test method encountere physicol ,
properties of the oils othor than those met in the sliding tost. An -
0ll group aubjected ‘to sliding action cen give cherecteristios ‘exactly
corresponding to the viscosity, -without giving the. same mo rating whon i
subjected to a different kind ‘of nction undor "break-off' conditions,

ives-without-affording-conclusions ns to the carrying capacity in =~
the gear or similar cases, - The fact that these oils react practically
in tho same way_to tooth flank agtion, and aceording to thoir viscosity
“grade to sliding action, affords tho conclusion thot’ they possoss &
~8imilar structural property, which affocts the sliding action but not
the rolling action, although thoir molocular weights and viscosities'
are widoly- different. Tho following comparison shows thet theo
_viscosity or relatod characteristics of the-sliding action do not
"have the samo-importance” for tho earrying: capacity in the: breuk-off
stato, ‘An oil of ontirely difforent chomical structurc, having a -
viscosity noarly equal to that of oil 4 (oil X) was tested with an -
o1l doso of 1 cuscm, at 100 r.p.m. and 47 kg.. tooth load on tho samo
test gears,, Its 1ifo time was 55 min, against. 13 for oil 4, the -
frict on amplitude Tmox being 3 5 mm. as ogainst 15 o, for oil 4. -

: Fig. 6 shows the point in question for Ro. or T for the o1l
ot equol viscosity. The difference under the same tes% conditions ’.
1s solf-ovident, It is oven cloarer if we oexamine-the oscillogroms. ,
Tho osocillograms f£or all oils of series 1l to 8, which are not - -
roproduced‘here, are all of tho samo fypo, analogous to the cill -‘71
grems 4 and 5, p. 18 of Pietsch'!s paper. Only the maximum(a udes
Tnax diffor slightly,_as -shown in Fig, 6.. 011 X on the other hand -
givos an oseillogram similar to No.15 on p.20 of the above mentionod
paper, with small déflections and dumping of the oscillations, - This
proves that a structural effect in this oil allows the combination
of comparatively low viscosity with the high endurance of an oil of ‘
ten~times the viscosity. , s

No other technical method has so far been discovered whioh
emphasizes these offocts; it is clear thet they can -supply valuable :
‘indications as to the structure ‘of now synthetic oils, under realistic
‘operational conditions, The idoa of. -using gears for 011 . tosting has
been repeatedly appliod, among othors by the Friedrichshafen gear-

- fastory. Thoy always. depond ‘howoVor upon the moasurement of the -

enorgy oxpenditure of complete gear units. ‘The lubrication process

proper  on tho. flank in ‘tho. carrying gap 1s strongly over shadowed - -

~~by splash offects, pump. offogts ote, - Only tho use of the oseillo-
"graph permits the lsolation of tho friction proper with the guipmont

‘ used hore.u These tosts are enly a beginning and can certainly be -

B — h
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improved upon. In particular they could be extended to higher 1oads
fand speeds.. .  The load applied here to the gear. palr used corresponds
}to a Hertz pressure of ‘about 3,000 kg/sq.cm.;j-, S :__H,__‘x_ppﬁ_

‘ " The Same method also permlts ‘the easy determlnation of - the
;degree ‘of ‘deterioration of the lubricating ability, as’ can often .
~oceur. in the'sump:of an engine when the oil is thinned by gasoline
ivapour.~~A ‘normal oil) similer-to No.4 of -series 1-8:(top curve). end
‘8 new ‘product of dlfferent ‘structure (bottom curve) are compared in -
Fige7« "The filrst oil is: clearly considerably affected by the: gasoliner
dllution whilst the second seems. almost-completely unaffocted. -The .
above can provide valuable 1nformation on synthetic oil production. '

f‘IIIQi.Break;Off‘method-tests.‘ﬁ[,'h

IEaE As the tests above descrlbed are rather length and increasingly,
1lerge oil quantities are involved in plain bearing tests, it is =
~Qesirable to find quick test methods which allow rough testlng of some"
“of the large ? ber of combinations,. The method described at p.74 of
“book ‘2, 1941 ‘sarves this purpose.. After initial pressure (up = -
“to. motellic ‘contact ) the oil samples are. tested for their tensile or --
- shear strength between two plates by. breaking-off: in the .vortical or =
tangential direction. ' This is done by measuring the break-off tlmeﬁg
for a given: broaksoff tonslon d 0 A simple‘relatlonship was always»
~3feund of the type-' S , . i

O’z . tz = h . f or- d . n s 3 Const.vvk

Tho so-cellcd broak-off tenacity o, or \ & has the dimen31ons of v
visecosity (kg.seq/sq.cm.) and it represents a quantity equivalent to-
‘the-usual viscosity measured by the viscometer. If however one Pefers -
it to tho klnomatic viscos1ty nnd ostablishes the- quotientsv'z ﬂii :

op }{j s %s , thoy represent a non-dimons::.onal quantlty, equal for»l"
t

all’ temper ures, “and hav1ng a definite ‘value for each 'oil, These
valugs represent ‘no absolute physical quantity, as they aro largely
dependent ‘'on the microstructure. of the plate surfaces, Under the
‘same test conditions they -ean only be usod as comparative values, by
forming the quotiente ¥z : i.e. by determining~the ratio of '

S The phy51co-ohemlcal meaning of ‘these characteristios is. being
thoroughly investigated in the appropriate institutes; the concepts
. adhesive ‘capacity, surface tension and cohesion. pressure, as well as‘

borlentation effeots all affeot the. results. ' . o

'tensile to shear strength.

In oil SQrIOS 1 - 8 (with the exceptlon of reference 011 2)
‘“the values “and a8 romain at almost the same level; they soom
therefore to ge.ind pendont of visoos;ty gradlng exactly as-do tho :

valuos Ro,//.i m“”and Tin o - S RN e
» B Tho follow1ng example—shews very 1ntoresting developmonts of"
this kind. An. 011 which is chemically well defined and soluble in
wator, i1.0. producos no omulsion, was-tosted for lubricating abillty
'in tho boaring tost maohlno- tho ‘results wore outstanding, with "
flgures roughly correspondlng to 1ts v1scoslty though rathor higher.

' 'If the puro. 0il' is dlluted in increas1ng proportion withoo
dlstilled -wator, tho figuros obtained in the gear or: the" break N
‘test vary as shown in tho following graphs.  in Fig. 8 tho vidb#csities
at 30°C are- plotted against the volumetrio dildtlon‘retlo, els@.valﬁes




and \y as well as. their quotient V= \}‘ Jtys referred to pure oil

assumed --l-.It appears ‘that whilst the: v1scos;ty falls offv teadily .
m.th increasing proportion oi' water the lsy . values,n( '*!1 g )

as’ well as the Q’ values at first rise steeply, then remain onstant~
for a certain: range and and then again rise steeply with clear sharp'
bends at about: 35 and 50% water ‘additions, As the w values represent :
the ratio of' broak-off tenacity to (viscometer) viscosity ‘the decrease-
‘of§].appears in the first part of the range and not in the middle and = -
subsequent’ portions, ‘beecause in the region of 35 to 657 water dilution i
the viscosmty decreases only sligh 1 . «;;'; SRR S R T :

' * Each mixture ratio represents a clearly derined oil-i it 1§ e =g
'therefore quite clear that break-off tenacity cannot be s simple fuhatnon
‘,of viscometric vzscosity, but it follows other intermolecular effects. SR

J;' Fig. 9- shows the same discontinuities-"in it the enduranoe e
values Ro measured in the goar test are plotted in alsolute values
~against the mixture ratio., Herewagain distinct breaks appear at 55
.and 50%. ; _ ‘ St - : - - ~mmay

e Fig. lO shows the friction deflections corrosponding to the '
,,=average friction coefficient for various kinds of oll dosing, A steady
- riso of tho friction:values appears so clearly to go together witha = =

-riso in the wator content, i,0.,with a docroase of the viseosity, ‘that

~tho abovo-montioned. faot_is#deﬁiaitely confirmed, This proves again = . .
_that in tho stato of boundary friotion: provailing. in the goar test the
" hydrodynamic laws arc rovorsod; also that’ high viscosity oils. produce
"botter friction conditions in gcars than low viscosity oils irrespective
-of thoir chemical structuro. ;f‘v. o
e It is difficult to make comparisons of this kind with naturally
.‘occurring olls, which have an exceptionally involved -chemical. composﬁnon
‘renderod oven moro complicated by blending. ' Thoy are not.soluble in .
‘wator and: producoe omulsions, On the other hand gear and break-off
tosting allows tho easy: comparison of a largo varioty of synthetic -oils : -
of different molocular structure, in which definiteo changes of the L
- .ehemical structuro take place, This should considerably case. the choice.
:of the 1arge number of possible compounds. ‘ - _ A :

i o The purpose of this rcport was not to submit numerical results
. -on tho technical lubricating ability of any particular ‘oil, but to .
~-demonstrate technical mothods with technical quantitios by moans -of -
which those:results can be obtainod in test conditions very ‘close to
‘the actual conditions of tochnical lubrication. Thus purpose Was'
largely -attained in bearing and goar tests; the bresk-off tests’ are
~designed to ascertain certain structural. proporties of the oils. :
“Thorough-physical fundamontal research is noeded to relate then to
lubricating offect., Thelr statistical dotormination would afford -
cortain relativo possibilitices of comparison., An exact or absoluts
dofinition of the concopt "LubFitating ability" in tho physical sonse:
does not exist and probably nover will, The engineors would derive f
littlo holp oven if furthdr reosearch should lead to an agreoment on
this concopt, as practical lubrication technique will always bhear
rofercnce to tho special roquirements of the- application. Horein 1ies
tho significanoe of ‘tho abovc described methods.
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_Oil comparison in plain bearings. Lo

=

fcombarieon of the oil slippage between W M eo-and synthetio

o resin beanings at lower 1imit speed.‘j

-ffcomparison of plain bearing characteristics Ft and Fq with
the’ viscosity Q (30°C) I i _

3ffcomparison of the. break-off oharacteristics, viscosity and
- friction: coefficients.for “min° bearing metal IM 80 .

ARy

f'011 deterioration due to fuel effect on oil x and another fi
'oil of Similar viscosity. S ol

. Relative graph of lubrication characteristios and.yiscosityum.
~in terms of mixture ratio. sl ‘

iLife as a function of ‘the mixture ratio for different oil

quantities and load. o

'.\.

Increase in the friction amplitudes (friction coefficiente)
on dilution - oil x and distilled water.'_j_j-» .
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