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Lubricants in use today are rormally nrepared from
rerined nineral oil fractiohs, and in serviee those oils
hava to withstand severe conditions of temvarsture and
piregsura.

Daspite the many advances in refining techhiques and
thie use of additives,‘the iife of an o0il is still limited.
in the course of GQuiy it may pecome contaminated with dust,
water and metar fragments rendering it less efficient as a

iubricant. Mggq\idporpgnt than this, however, is deterioration
due Lo oxidation. This changes the characteristics of the oil
and resuits in the production of such undesireable nroducts as
siudge, locquer and acids.

Unfortunateiy, the conditions under which lubricating
0ils are required to operate are precisely those which
sromote oxidation. Splashing of oil and resultent intinmate
contact with air is a feature oif nost engines. The principles
on which internal combustion and compression ignition engines
overate necessitate the air for combustion coming into contact

with thin fiims of oil. Since high temperatures are an

essential characteristic of 21l engines, the bulk of the oil



@

is always at a fairly high tcmpsrature, and due to sliding
notion hizh temperaturses ars momentarily developed at points
vhere the oil is in thin filnms.

As engine design advances and new principles of
motivation, sueh as the gas turbine, are introduced, the
above factors inerease in magnitudé and 1ﬁbricating oils are

required to withstand even more stringent conditions.
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“iperal lubricating oils are derlved from crude petrolewn

is. apart from a low percentage of impurities, a complex

173 ol hydrocarbons. The number of individual hydrocarbons

ceat ond the trahsition in properties so gradual that it is

ibla, other than with low molecular weight material, to
te ‘ndividval components by the orthodox physical and

al rethodsg. [nfarence has, however, given an accurate

2rt o the nature of petroleum.

tt hzs been shown that petroleum mixituves cin be divided

1)

Three groups viz:

>

Feraffins, or saturated hydrocarbons with straight or
brencihad chains,

\z.pthenes, saturated cyelic hydrocarbons of one or more
rings which may have paraffin side chains.

ﬁr«mabi@s; hydrocarbons coxtainlig one or jore aromatis
ruclei, which may have napthenerings and/oci paraifin

side chalns.

()

‘n addition a numbew of other factors peculisdy to

hydro:

arbons in onetroleum have been estapiished,



These Ilnclude:

(a) Paraffins preseni are wostly straight chains. There
.ar2 very fev isoparaffinsg

{b) Moleculss con@aining,aromatic rings without napthene
rings are. raves ' |

(¢) Wher there is more than 6ne aromatic ring these are
ccndenseds x, »

(d) Asphaltic material conéists mainly of polycyclic
axonatiesy

(e} Arvometic rings generally have short paraffin side
chains, napthene rings long side chainsg

(f) There may be up to five rings per molecule.

’Pﬁé proportion of different hydrocarbhons present in -
crude netroleum varies widely from field to field and this
inevitably decides what may be derived from it. Fractions
with viscosities greater than 50 seconds Saybolt at 100°F
are vsad in the preparation of lubricating oils and are
termed "Lubricating oil distillate"., Separation of the
distillate from the crude oil is carried out in a number of
refining processes, distillation being the first of them.
This removes low molecular weight components and may also be

used to separate high boiling and asphaltlc material.



A seconﬁery funetion of distillation is to divide the
lubricating constituent into narrower boiling range fraations.
The temperature requifed to distil all but the 1ighter'
lubricating oils at atmospheric pressure would lead to
considerable: thermal cracking and, consequently, the operation
is normelly done under vacuum.

’hev it is desired To recover a heavy '"bright stock!,
lost om the removal of asphaltio'maferial from an oil by
distillation, the resinous andiasphaltic material is removed
by sclvent. precipitation. In this process oil ié mixed with
g svulsable solvent, such as propane under preésure, and two
layers separate. When stripped of solvent the lower layer -
gives the precipitated solvent, the upper layer ths oil and
any wzx present.

Thé removal of excess aromatics from a lubric¢ating
fraetion is done by extraction with a suitable polar solvent.
Sueh solvents as sulphur dioxide, furfural and phenol when
mixed with an oil give two phases. The upper phase, or
"raffinate™, contains the required paraffinic and naphthenic
constituents plus & little solvent, the lower phase, or
"extract" contains the bulk of the solvent and the aromatics.
Remeval o7 the solveat. by distillation yields an aromatic

residue and the required oil.
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Jax is precipitated from lubricating oll by chilling
and ro2nmoved by filtration. A suitable solvent, in which wax
is insoluble, is often incorporated to facilitate filtration,

Two other common refining techniques employed are
sulphuric acid treatment and adsorption on a suitable solid
such ns elay o» Fuller's earth. The former removes the same
type of material as solvent extraction, which has largely
replaced %, The latter improves clarity and colour by
renoval of compounds of a polar nature such as phenols.

'he fractions of different viscosity obtained from the
refining »rocesses are blended in calculated proportion to
give lubricating oils of a required viscosity. Depeﬁding on
the vee to waich the oll is to be put additives may be
incornvorated in it.

Analysis of Mineral 011

Investigation into the deterioration of lubricating oills
requires 25 much as possible to be known about the starting
material. Owling to the impossibility of separation into
individual componenis it has long been established that a
complete molecular analysis is impossible. A large number of
empirical and semi-analytical methods have however been

proposed. Van Nes and van VWesten give details of these. (1)
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The most informative and unambiguous method to date,
for assessing mineral oil, has proved to be Structural Group
Analysis. Here the hypothetical mean molecule in the fgaction
is considered and the distribution of the carbon.atomg among j
the three types of hydrocarbon groups present given;
i.e. the percentage of the carbon atoms in paraffinic,
naphthenic and aromatic structure. Also given are the number
of naphthenic and arcmatic rings per mean molecule.

The cléssical nethod of structural group ;ﬁalysis is
the "direct' method, all other forms being evolved from this.
The nethod is bésed on theoretical considerétion of the
mathéaatics of hydrocarbon molecules. '

£ paraffin molecule of a given molecular weight will
have a definite and deduclible percentage of hydrogen. With
the introduction of naphthene rings into this molecule each one
added gesults in the loss of two hydrogen atoﬁs. Any saturated
molecule contaihing naphthene =rings will, therefore, have a
lower hydrogen content than the paraffin 6f the same molecular
weight. It is possible to establish & direct relationship.
between hydrogen content, qolecul#r,ueight and thé number of
rings ner molecule in & gaturated hydrocarbon, viz:

Rp = 1+(8.326~0,5793H)4/100

il 2atis by
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nere By is the number of naphthenic rings per molecule
H ig¢ the percentage of hydrogen
M ic the molecular weight.
In the case of a molecule containing aromatic rings,

~

when these are hydrogenated to saturated rings, each aromatic

carbon ator adds a hydrogen atom. The hydrogen taken up in the

hydrezernation of double bonds 1s thus & measure of the nuumber

of arsomatie rings present and an equation for this can be
aerived. The analysig of the resulting saturated molecule
can he counpleted as above, exeept that the.percentag&
hydrogzen .é now a measure oi the total rings present in the
criginal nolecule. The difference between total rings and
aromatic rings gives naphthenic rings. From the piciure of
the hrpothetieal mean molecule so obtained the carbon
distribut on can be calculated.

the oxupsrimental technique of the direct method for
structura’ zroup analysis consists of carefully controlled
hydrogenation fellowed by an accurate measurement of the

hydrogze:

material
factors :
and whethe
equations

t2in assumpitions requlre to be made

To be analysed by structural group

ontent in the saturated molecule.

regarding the
analysis. Such
whether naphthene rings are five or six memberad
r rings are condensed or not affect the theory and

dewived therefrom.
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The fiprst publishedimethod of structuraligrouﬁ analysis
a8 due to VliugtergWaterman and van Weéten, and is known as
'Waterman Ring Analysis" (2). Additivity is a feature of
iydrocarbon molecules and the authors noted that the Lorentiw

oreng specific refraction

= ne
r = nc-l.1 -
n2+2 a ;
here n = refractive index at 20 C using the sodium - D - line

and ¢ = density at 20 C

s additive for increments of C and H, Hence "r" is
yroportional ﬁo the percentage‘hjdrogen in the hydrocarbon
iolecula, Measurement of specific refraction and molecular
weight. in & saturated oil samplé thus gives the number of fings
Her molecule. | : - | :

For.the analysis of samples cbntaining aromatic rings the
came workers gave a method usiné aniline ﬁoint (2). The
oniline point for the sample under examination was measured.
This was compared with the corresponding value‘for the completely
hydrogensted sample of the same molecular weight and specific
refraction as the~origina1 sample; obtained.from a graph. ‘
The difference in the two aniline points was then, by means
of suitable factors, employedAto give the percehtage of aromatic

rings and to predict what the Speéific reffaction of the:

cample would be were it completely hydrogenated.

< isiraled SENGIOE S T e sk

e PN

L

S
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The Waterman ring analysis which dispened with the
difficult mezsurements of the direct method wes refined by
Leanderste to glve the "density method"™ (1) .. This dispensed
with The measurement of aniline point. Instead the aromatic
content and the specific refraction of the completely
hydropenated sample were estimated from the difference between
the densily of the.ssmple and the density of the completely
hydrogenated oill of the same molecular weight and sﬁecific
refraction a2s the original sample. The latter factor was
obtained; as with aniline point, from a curve.

Lt this stage analysis was reduced to the measuremnent of
rexraetive index, density and molecular weight. During
attempts To sinmplify the density method equations for
obtairing carbon distribution and ring content were evolved
in terme of The above quantities which eliminated the need
for calculating the specific refraction. These equations are
the basis of the n-d-M method of structural group analysis (1)
deseribed in detail later.

L nore »recent publication gives a method which replaces
the meagurenent of molecular weight by the meaéurement.of
kinematicvviﬁcosityu The method is duve to Boelhouwep and
Waterman and known as the Vy-n-d method (3). Details of this

method are also given later in this work.
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Chemlstry of Hydrocarbon Oxidation

P e S e e RO

“he complex nature of lubricating oil makes it lmpossible
o identify specific products of oxidation except those of loﬁ
molecular welght including carbon dioxide and watef.- Since,
however, fractions are composed mainly of paraffin, waphthene
and aromatic hydrocarbons it is 6f advantage to consider ths
oxidation of these. Zuidema (%) has reviewed the work in this
field and hss postulated possible reaction mechanisms,

t moderate temperatures (ca. 15d°C) oxidation of
paraiiins has shown the formation of preponderant quantities
of ketones a3 well as a series of aclds ranging from formic
to those containing one less carbon atom than the original
hydrocarbon. These, when considered quantitatively, indicate

ttaek to be centred primarily at the beta carbon atom, with

o

B

the gomma secondarily involwved and so on toward the centre of
the molecule., Small guantities of alcohols have also been
fTound.

Water can account for a considerable proportion of the
oxygenr used in all hydrocarbon oxidations and in the case of
parafiins, acids and formaldehyde are also found in the
Liquid products. Gaseous products contain mainly carbon.
dioxide wlith carbon monoxide, hydrogen and saturated

hydrocarbons of low molecular weight,
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Many studies of all types of hydrocarbon oxidation have
shown thgt the principle products formed in the early stages
are hydroperoxides, which later decompose to give the ketones
already menﬁioned.. From this Zuidema has postulated the
mecheanism, ‘n the temperature range considered, to be:

HH 0~-0=-H

CHg{CHi)n-;(;‘,ué-H + Op = CE’.B(CHQ)nmi-CHg

B
Paraffin Hydroperoxide

0
- CH3(CHy)-C-CHy # Hy0
Ketone

0 0 0
CHy CHp)y=C-CH3 4 p=> CHy(CHp)p=C-0H + H-C-H
Hetone Carboxylic acid Formaldyhyde

There would also be some molecules where the attack
would be at the gamma rather than the beta carbon to give
the correspondihg ketone. The carboxylic acid would then
contain cne less carbon atom and acetaldehydebwould be split
off. The acids may be further oxidised by similar
mechanisms at other carbon atoms and the aldehydes are
probably oxidised to the corresponding acids and to some
extent. to carbon dioxide and water. The formation of alcohols

is believed to be the result of the reductlon of the peroxide.

00H -
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00R 9H
" { M13. ’l ) ~ cr s
G {3\\(11{?’)31“(‘/@*43:3’ =3 (;H3(Ch2)n-°?=‘rCH3 + 0
H B
Hydroperoxide Alcohol

listers could be formed by condensation of an acid and

Chavann2 and Bode (5) have made an extensive study of
the oxidation of l,M4~dimethylcyclchexane and Dupont. and
havarme (6) studied the oxidation of cyeclopentane derivatives.
Zuidera cites these as typical Cg and Cg naphthenie
hydrocarbon oxidations,

The »rinciple oxidation product of 1,4%-dimethylcyclohexane
was. 1. t-dimethyleyelchexanol. Other products included water,
carbon diuxide;(3=methy1=8lacetyivaleric acid, acetic acid,
@~nethylvaleric acidy dimethylcyclohexanediol and
acetonylacetone as well as small amounts of hydrogen, carbon
monoxide, meshane, ethane and formic acid,' The postulated
mechanism for the reaction is attack at the tertiary carbon

atom to form the peroxide, as with the paraffin,

Be = W2 " Hz Hy
g e e et s —— T ooH
M3 Ha : H2 Hz

4 .. dimet? hexan H roxide of 1, % ~ dimethyl-
1y dimethyleyelohexanfle yadropero 9 cyclohexage
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The peroxide then decomposes by reduction to give the

vl.coho
ta H?‘ nz “z
L ~ L20H H ou ;
NS i - \/ \/ -y D \/
H3 Wy Mg Hz H2 M3 My H
In the case o the paraffins the formation of the alcohol was

secondery reactiony for this material it is the main one,
The formation of the diol cen be similarly explained.
The other oxidetion products require the rupture of the

naphthene rirg which takes place when the peroxide is further

xidised
H2 E2 0 H S5l
’i e I T '} i ]

/. \o .+ 02 == CH3C CHp CH> C CHp C ~ OH

cEf\_.____/om CH3
+ HpO

dydroperoxide of B
1, % - dimetbyleyelohexans B- Methyl ~§ acetylvaleric acid

This differs from a paraffin in that it is the-hydrOperoxide
itself which is oxidised and not the ketone. Also the product
can have the same number of carbon atoms as the original |
hydrocarbon. /Lcetonylacetone formation may be explained by
Turther attack of the molecule at the other tertiary carbong
which appears to be the vulnerable part of the naphthene ring

as follows:
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a g9 ) 00H 0
e o 1 i 1 ] ]
f.?,5-13IC.r‘izCHZb’CH?_CQOH + 0Op=» CH3CCHyCHpCCHyCOH
A 1
CH3/ CH3
@wmethy1~8iacetylvaléric acid Hydroperozide of
| R methyl-§-acetyl-
0 0 valeric acid
I i
= JH;CCHpCHpCCHy + CHOHCOOE:
Acztonylacetone Glycolic acid

(lycolics acid was not reported in the oxidation and
Zuidera asswnies it o be oxidised to simpier produets such as
Tormir. acid, carbon dioxide and watei', The formation of
®-methylvaleric acid is explained by the oxidation of the

hydroreroxide vith a split in the naphthene ring thus:

H2 H> §
a N/ + Up =% (CH3 = CHp « € =« CHo C - OH
5 TR N o +- 2% “ o L2 Cﬁ3 :
.'.'12 H> 2
Hydreperoride 6F Q. Meithylvaleric acid
1y % « Dimethylecyclohexane + CH3COOH acetic acid

The formation of hydrogen, methane, and ethane, present in

very small guantitiesy is assumed to be due to eracking.
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The oxidation of two n-alkyl cyclopentanés, ethyl and
butyl, already referred to, produced ketones of the same
numbelr o?l<wﬂ%on atoms as the origiﬁal hydrocarbono' This is
believed to he due to the reduction of the hydrOperoxide formed
at the b@?ﬁ&&ly carbon atom and in this way diffe;s from the

cyelchexsne derivative which formed an alcohol initially.

é ﬁg_ﬂu;ﬁ;R ¥ Eg_,;_~29§
2<:' + 02 g Eh< )
&R e
Alwyl cyclopentane Hydroporoxide of alicyl cyclo-
0 pentane

—-=wp CH « CH CH CHC<~ R+ 0 alkyl bupyl ketone
Also forned wers keto derivatives of heptanaie and nonanaic

aclds for which tha‘general equation would be

o 00H e

i ’/.E':. e VR R 0 .

= # 0 ———3 R C (CH2)3 COOH
Hn B

Lower molecular wgighﬁ acids were alsd.produced as products
of further ox*datiuna'

The reason for the diffevence between C5 and C6
naphthenes is not ulea? but may have been due to there being
two tertiary groups in one and only one 1n.the-05her moleculey
or hic

the difference in size of either ring or side chains

o¥ possibly to different conditions of oxidation.
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Noswwithstanding, the two illustrations show what may happen
on oxidation of naphthene and gives some general principles
regarvolng the mechanism,

The work of Stevens (7) and Stevens and Roduta (8) on the
oxidation of benzene derivatives can be used to postulate the

mechanism of aromatic hydrocarbon oxi€ation. Oxidations at

e

moder: ng Lemperstures have shown attack by oxygen to be always
centzed aboulb a carbon atom attached to the benzine ring to
give eldehydes in the case of methyl benzenes and ketones in
the cose of substituted benzenes containing one or more alkyl
groups larger then methyl. . When the carbon atom attached to
the benzene ring is a tertiary éaﬁbon the ketone contains the
smaller of tha other two groups attached to the.carbon atom,
the vemsining one splitting off to give a low molecular weight
acid. This has also been found to be the case if one .of these

grours is a phenyl group; No maftér whethet*an-aldehyde or
ketone is formed the mechani.sin islessentially'the-same; -the
formation of a C = 0 carbonyly group.at'the vulnerable carbon
in the nolecule, Acids resulting from the further oxidation
of aldehydes and ketones are also ohtained.

Although no peroxides have been reported it is assumed

that the initiating stage in aromatic hydrocarbon oxidation is

the Tormation of a hydroperoxide group at the carbon atom
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attached to the benzene ring. The peroxide then decomposes
elther by dehydration to give an aldehyde or ketone, or by
loss of a molecule of alcohol, later oxidised to an acid, to
| form a ketone, depending on whether the starting material
contains a methyl group, an alkyl group or is a tertiary carbon
atom,
Taking durene as a typical methyl benzene the mechanism

of oxidation is given as

CHB \ >"CH3 . 4 O —_— CH-'/ ‘-C H

|
CH, .5

Durene | | H’fdm‘)mbx 'AQ

/ \-Q -H T H O
§ ook

C\‘\

Duv-y\\c. o\d&\\JC\Q

. an : ' ¢H3 .' .
/ \-c_ H 4O, —> -C-OH
£ '\ >

o Ely.

CHa .
:Duvy\\c G‘Ae‘\\ldﬁ - ; Duv,\\c. QC\A
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Ethyl benzene can be taken as an example of the

oxidation of an alkyl benzene and the mechanism is postulated

thus:

P ? ?m»i /'""""\..:'>

(L2 Chtl %@L =% ¢, TRRc ey Ll G

H f{ +H,0

Ethyl beazene Hydvopevoxide. A"‘*"H““"'\{.

( /'C~c\4 £0) o if Tl Ly P RERERAL §
AC@'\'ﬁ’\ev\o nR. Benzorc aad FW"‘JA“’\YJ’Q

5

2 H-C-H =+« 0y —>Z2ZHCOOH

FbwquAQ}YJQ, Formic acy

If R and Rl represent H or alkyl groups or if one of them
is a phenyl group in the following structure

/jCR

where R and Bl may be the same but when they are not if R is

regarded as the smaller group, general equations applicable to
the above hydrocarbon oxidations and also applying to the case
where the carbon atom attached to the benzene’iing is a

tertiary carbon may be represented as follows
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2RoH + ©. —> R'cooH

Aechol Acd
tert-Butylbenzene cannot form a hydropéroxide at the carbon
atom adjacent to the benzene rigg since it is a quatenary
carbon. This would explain the fact this compound is known
to-be very stable Qnder.oxidisingAconditions.

In comparisoh ;b'naphthenes no rupture of the ring

structure takes place during the normal oxidation of aromatic

hydrocarbons and oxidation always results in the production

of dark énsoluble condensation products,

When oxidation of complex 1ubricating oil fractions,
containing 1arge numbers of hydrocarbons 1s_carr1ed out it is
only possible, in the case of the bulk of the produ¢ts formed,
to obtain functional groups. Work done has shown the above

mentioned products to be found in varying percentages, the:
relative amounts and nature of these depending on the starting
material. Moreover, one type of hydrocarbon is known to

influence the attack on another.
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Dornte (9) and Denison (10) both report preponderant
quantities of perbxides when white oil is oxidised; For the
saeme material Dornte found the products formed, in terms of
the percentage of the oxygen absorbed in each, in order of
magpitude to besperoxide,.carbonyl, water and acid. Rl
Considering the works of Dornte (9), Fenske et al (11) and
Hicks-Bruun et al (12) lubricating oils can be expected on
the average to give 40% of the oxygen abéorbed as water and
beﬁween 3. and 104 =s carbon dioxide. i

Tt has long been established that oxidation of high
aromatic oils gives high percentages of-asphaltenes,-and
consequently refining processes have been partly directed
towards removal of these by solvent extrﬁction.'.

| These asphaltenes are analogous to the dark insoluble
pfoducts referred to in the oxidation 6f pure aromatic hydroe
carbons and Larsen et al (13) in the oxidation of a
lubricating oil progressively extracted to remove aromatics
and report that less aromatic samples give less asphaltenes,
nore weter and less carbon dioxide,. -

Zuidems (1k) cohparing avallable data, yoints out that
the distribution of absorbed oxygen, among the products, in

the oxidation of a lubricating oil resembles that of a pure
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alkyinaphthalene oxidation and states that this class of
~ompound may be the one bearing the brunt of the attack by

oxygen in the complex mixture of hydrocarbons in lubricating

oil,
Rgtes of Oxidation

_ The physical properties of ‘an oil after oxidation are
dependent on the nature of the products formed and also on ths
amounts present, determined by the rates at which they are
produced. The kineties of the oxidation of pure hydrocarbons,
mixturss and lubricating oil fractions has besen studied by a
number of Workers. Rate kinetics can be indicated by the
absorption curve, showing the volume of oxygen absorbed,. by a
fixed weight of sampley, plotted to a base of time.

Stabilities can be shown by the time required for a fixed
weight to absorb a predetermined volume of oxj'gene Dornte et
al (9. 15, 156), Larsen, Thorpe and Armfield (1%7), Fenske et al
(11), von Fuchs and Diamond (18), Balsbough and Oncley (19)
and Hock and Lang (20)-report,1nvést;gations of this nature,
Chernozhukov and Krein (21) deseribe an alternative method
whereby they oxidised samples in a bomb under pfessure and
took the sapcnification number as a measure of the extent of
oxidation.

Zuidema (14 ) has co-ordinated the available data on

o¥idation rates and stabilities from which it is possible to
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indicate genaral trends. Work on pure hydrocarbons generally
considers those compounds whose molecule 1s either a paraffin

a

<

naphtheneq an olefin, a benzene or-naphthalene aromatic or a
comhination of thesa. ?araffins, naphthenes and alkyl
naphthenes have been found to have intermediate stabilities.
The least stable compounds are thos containing olefinic double
bonds . benzene rings with alkyl side chains and partially
hydrogenated naphthalenes, Naphthalene derivatives on the
other hand have beea shown to be the most stable of the
hydrocarbons with naphthalene itself the most stable of all,
It hae in fact been shown that compounds containing a
polyaromatic nucleus are extremely stable. -

‘he oxtreme stabllity of naﬁhthalene, aromatics compared
to the benzens homologs is considered by Larsen, Thorpe and
Armfield (17) o be due to the difference in the oxidation
products as inhibitors, napht!ols on the one hand, phenols on
the ofthew. This they justified by adding some prsxidised

of -methylnaphthalene to n~amylbengens which when oxidised
gave a similar absorption rate curve to the former.

Wihen the double bonds of olefins and alkyl benzenes ares
hydrogenated to the éorresponding paraffins and.alkyl -
cyclohexanes it is found that there are incﬁ@ﬁ?ﬁ@iﬁ&%hgxg

stabilities to oxidation.,
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On the ohter hand when naphthalene is hydrogenated there is

a marked loss of stability; so much so that tetralin is the
least stable hydrocarbon to oxidation known. Complete
hydrogentation to decalin results in an increase in stability
again but with a value still considerably less than the original
naphthalens.

Long alkyl side chains in cyeclic hydrocarbon molecules
reduce the stability. Molecules containing a stable group
such as a naphthalene, and an unstable one such as an olefinic
bond give intermediate stabilities,

The rates of oxidation of isomeric hydrocarbons depend on
the positions of the different groups within the molecules. The
results of Larsen, Thorpe and Armfield (17) show that in the
oxidation of primary, secondary and tertiary amylbenzene the
order of increasing stability is as given. This is in line with
the reaction mechanisms proposed. The primary derivative on
oxidation forms the hydroperoxide at the carbon atom adjacent
to the benzene ring, which dehydrates to the ketone. In the case
of the secondary derivative the hydroperoxide will be formed as
before but since there is no second hydrogen on the carbon
2djacent to the benzene ring the ketone will be formed and

alcohol split off. This involves the splitting of a C - C bond

whereas the former does not., In the case of tertiary amylbenzene
no hydroperoxide can be formed at the carbon adjacent to the

henzene ring.
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In the oxidation of mixtures of hydrocarhons of different
¢habilities the rate obtained is not an intermediate stability.
The nixture may in fact be considerably more stable than any of
tne components. There appears to be interaction between the
various molecules,.

The aromwatic content of a mixture of hydrocarbons has been
found to be significant in oxidation rates.  According to
von fuchs and Diamond (18), Fenske et al (11) and others, there
is an optimum aromaticity (in the region of five to ten percent)
glving maximum stability.

IThe effects of Lubricating 0il Oxldation

The oxidation of a lubricating oil causes a number of
changes in its properties nofmally detrimental to engine operation.
Thus the oil can be said to have deteriorated. In the laboratory
deterioration is seen as a darkening in colours an increase
in viscosity; the ability for solid and semi-solid material to
sottle out and an inerease in the value given by a carbon
residue test. In engines it has a number of effects leading to
inefficsient running and a shortening of engine life.

Bearing Corrgsion e

Bearing corrosion results from the solution of bearing

rebak brracidss. This in turn leads to metal failurs and

contamination of oil,



"he problem has been made more serious by the replacement of

the formerly used corrosion resistant. babbit netals by alloys

required to withstand the temperéture-ana load conditions of

rodern engines. Man& of these alloys'contain the éhemically

veactive cadmium, The acids causing corrosion are not only

Those produced on oxidation of the lubricating oil but also

N
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jueous ‘acids formed on combustion of the fuel,

The mechanism of bearing corrosion by oil solutions of
"ganic acids has been shown to differ from the normal
.ssolution of a metal by an aqueous acid in that an oxidising
rent nust also be presentm. The action of this may be ﬁo form
ne oxide of the metal, which is in turn dissolved by the acid,

* to prevent polarisation by oxidising the hydrogen to water.

onison (10) has shown that the peroxides formed act as

idising agents., In the early stages of an oil oxldation

en the peroxide content was high and the acidity low a lead

test strip becane coated with an oxide film vhich was later

ssolved when acids were formed., Again, an oil high in peroxides

d low in acidity was found to be much more corrosive than one

igh in acidity but free of peroxides.

Other workers have shown molecular oxygen to be an

idising agent promoting corrosion but it is only effective at

ralatively Low temperatures when its solubility is appreciable.
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& number of factors influence the rate at which oil
oxidation may cause bearing corrosion. Different acids give
lifferent corrosion rates. The relative amounts of acids and

seroxides formed in relation to other products will cause oils

of equal stebiliby to differ in corrosive effect. Certain

:onstituents in the oil or products formed during oxidation

nay cause passivation of bearing surfaces. Temperatures, loads,

:ngine desigr and fuel used are all factors likely to influence

the rate of bearing corrosion.

sludge and Lecguer

The oxidation of a lubricating'oil also creates oxidétion
yroduets which are insoluble in the buik of the oil, Thess
appear in two forms, viz., particles which settle out from the
oLl or "siudge', and hard coatings on engine parts, termed
'Laecguer”., The problem is complicated by dust, water, products
of incomplete combustion and oxidation of the fuel,,irqn oxide
“rom corrosion and wear, etc. which are ususlly also present.

" 0ils with high aromatiec and éulphur cortent glve the least
soluble oxidation products. This is esaeciailyitrue of
ondengad ring aromaticéa The insoluble products are probably

ters resulting from the condensation of acids and alcohols.

193]

enis and Clayton (22) suggest that lacquer may be formed'by

condensation of the oxyacids on hot metalic surfaces.
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It has been shown (l%ﬁ) that'increasing.degrees.of
sxtraction of a Californian distillate gave decreasing formation
of asPnalteheso Similar results'are obtained when quantities
of unextracted olil are added to an extracted (aromatic frée)
one. The fact that lacquer can be formed with a mixture of
©wormel lubricant and an unstable white oil although none forms
with white oil alone indicates that the formation of insolubles
is not proportional to the instability of oil but depends on
he prosence of aromatics.

When oil 1n§olubles firét form they are colloidal and
only when they flocculate is sludge formed. Flocculation
deperds on the ability or otherwise of the oil to keep
‘insolubles® in solution or colloldally dispersed. Oils of

o

differant corposition differ in their dispersant action.

Peraffins have poor solubility characteristics for asphaltenes
but as the nephthene content inecreases solubility increases,
‘nereasing aromatics in an oil inereases the solubility and the

creater the nﬁmber of aromatic rings the léss iﬁsoluble settles
out, oince paraffinicity is associated with high viscosity
indexe high viscosity index will result in more asphaltenes
coming out of solution.

On oxidationg lubricating oil may form producté making it
iora solvent to colloidally dispersed insolubles. Soluble metal
s0aps formed by the acid products of oxidation and engine metals

ave dispersant action,
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Increasing the fempérature-of’én‘oil iﬁcrea;es its
‘ability to keep sludge in solutibn but this leads to
inereased oxldation. v ' .

The field of additives has been given little attention
in the present work but certain compounds have dispersant
properties and are incorporated in oils. Such additives are
known as detergents.

Friction and w«ar

Two main types of lubrication are ehiorntorad whare o119 1ee
used. namely hydirodynamic ahd boundary lubrication. A third |
form, extreme preséure lubrication, is é special type of
boundaryVlubricétion. The produbts of oxidation of lubricating
oils have a bearing on all of these.

wnen two Slldlﬁg surfacea are spearated by a continuous |
film of oil the lubrication is hydrodynamic. The laws of
hydrod ynamics apply to this film and the coefficiént.of friction
is ovonorflonal to the dimensionless paraneter ZNgs where Z is
the Oi"VlaCUSWtV9 I the relative speed of the two surfaces
ané P the pressure between them° Hence under constant load
and speed conditions friction is proportional to viscosity. \
Consequently. oxidation haé little effect except insofaf as
the resulting increesse in viscosity may increase the coefficient,

but this is often offset by dilution by the fuel.
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- Boundary lubrication exists when the oil film is 5o thin
that the laws of hydrodynamics do not apply and some metal to
tetal contact exists. The nature of the friction is dependent
on the surface »roperties of the oil and the forces of the metal
>il boundary. O0ils of the éame viscosity msy give different
coefficients of friction. This property is known as "oiliness".

Little appears to be known about the effects of lubricant
oxidation on friection; but polar compounds are fornéd and since
they are surface active agents, they should be capable of %
reducing boundary friction. Exline, Kramer and Bowman (235 and
{ing (24) have shown that the oxidation of s lubricatlﬁg oil
Lmproves boundary lubrication. .

Extreme jressure, or E.P., lubrication, is characterised by
righ pressures and temperatures, but despite the terminology, it
Ls mainly a high temperature effect. It is encountered chiefly
n hypeid gears. As bearing pressure increasés, the.oil film
hrecomes thin, abraisive wear takes place and the high
semperatures generated causé temporary welding and tearing away

of the metal. The latter effect is termed "sipure®., —

Many comdounds containing oxygen such as carboxylic acids,
asters, ketones and oxidised peﬁroléum fractijons; all of which
are formed when an oil is oxidised, improve EQP.'lubrication
but 1ittle work appears to have been done on oxidised oils as
such, The mechanism by which these compounds aect is believed to

e chemical., Due to the high temperatures generated reactions
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bake place: with the metal, the products of which prevent seizurg
and reduce friction. A particular reaction is the formation
of soap films with carboxylic acids and metals.

As with lubrication little can be found in the literature
on the effect of oil oxidation on wear, except corrosive: wear,
already dealt with. It is generally recognised, however, that
apart from corrosive wear oxidation generalliwéauses a decrease.
under boundary and E.P. conditions. Since there is no metal to

metal contact there is no wear in pure hydrodynamic lubrication.
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Oxidation Tests L
A nhmber of tests have been devised for predicting the

nrobable behaviour of a lubricating oil when used under
oxidising conditions. Some of these measure stablility or the
extent to which the oll oxidises. Others measure the effects
produced due to the existence of produets of ox;dation in the
oil after oxidation has taken place. There are also tgsts which
seek to simulate practival conditions in which the above
variables are measured while the oil is in the process of
oxidising. :

Laboratory tests are used for small scale testing and may
give good initial predictions but are limited in their scope.
On the larger scale. engine tests which nearer approach true
operafing characteristics,have been devised.

-~ Oxidation stability of lubricating oils is generally
- examined by contacting with air or oxygen at elevated
temperatures. The method is usually to bubble the gas through
the oil,

Many varieties of this method have been proposed but only
one has bgen adopted in this country by the insiitule of
Petroleum for engine oils. This is the test which originally
appeared as the Bri{ish Air Ministry, or B.a.M., oxidation

test for aviation engine oils.
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Garner, Kelly and Taylor (25) describe the work they did
on the origiral ‘test concerning the reproducibility of the
results and the effects of small changes in the specified
constant conditions. Their paper appeared nrior to the adbption
of the test as a standard by the Institute of Petroleum.

‘In the test (I.P.48/4%) air at the rate of 15 litres per
hour is bubbled through %0 ml. of oil in & boiling tube
maintained at 200°C for 6 hours. The_boiliné tube is then
vemoved and allowed to stand at room tempenature for 12 to 18
nours. After this time the tube.is replaced snd blowling
sontinied for a further 6 hours when the tube is removed and
allowed to cool, | 7

The extent of the oxidation is dsterminsd by conmparing the
viscosity and carbon residue ofifne oxidised sample with the
- corresponding values for the ofiginsl oil: Kinematie viscosities,
a2t 100°F,1for the two sémples are'éxpressed'as a ratio:

viscosity after oxidation
viscosity before oxidation

The v1sc051ty of an oil generally tends to increase on
~xidation and the nearer the ratio tends to unity the less the
oil has oxidised under the test condit10ns.» Carbon residue is
neasured before and after oxidation.by the Ramsbottam method
and the increase noted. A quantity of'fherilAis evaporated in
the absenes of sir)in a glass bulb at 55d§0;, The . amount of

residue remaining is expressed as a percentage.




34

Another test based on the same principle and used to
evaluate the oxidation characteristics of lubricating oils is the

Indiana oxidation test (26); In this, eif'aflthe'rate of 10 litres
ser hour is blown through 300 ml. of oil contained in a glass
tube of specified dimensions and maintained at 3%1?F in an oil
nath. At intervals samples are withdrawn and examined for sludge
value. This is obtalned by diluting with A.S.T.M, precipitation
naphtha, filtering and weighing the sludge precipitated;
L graph of sludge is drawn to a base of oxidation time end the
times required for the formation of (i) 10 mg. sludge per
10 gm, oil and'(ii) 100 mg. sludge per 10 gm. oil estimated and
taken as the criteria of oxidation, Viscosities may also be
measured in this ﬁest,

When applied to oils conta ining additives the Indiana
test glves results 1nconsistent with those obtained in prac tice.
The test has accordingly beei modified to give the "Indiana
sbirring oxidation test for lubricating oils" (27), Instead
of air blowing the sample is aerated by high speed stirring of
the oil. 250 ml, of oil in a 500 ml. beaker maintained at 330°F
is stirred with a glass stirrer at 1,300 r.p.m. in the pressncs
of copper and iron cabtalysts. Sludge-ahd aeidity vhich cre
measured. every 24 hours for a maximum of 72 hours, are taken as

the eriteria of oxidation.
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In the Sligh oxidation test (28), a lOng.-sgmple of oil
ls placed in a special glass flask fitted with a ground‘énd
>lamped stopper, The flask is filléd with oxygen and_plééed in
2 bath at 20000 for two and a half hours., ‘At the end of “this
»eriod the flask is cooled and the asphaltic material determilned,
che number of mg. in the 10 gm. of oil being recorded as the
5ligh number. v

Another type of stability test in which the oxidising gas
is bubbled ﬁhrough the oil sample is éarried out ‘with an -
apparatus first. described b& Dornte (9) and now common iﬁ oil
investigation. The zas used is oxygénfand the equipment records
sontinuously the abéorption of it by the oil. Oxygen bubbles
shrough the oil in a closed circuit. The oil itself is
coptained in a giass cell kept at a constant high temperature.
\s the gases, contaiﬁing lighter products of oxidation, leave
she cell they pass th?ough an absorption and cohdensing system
vhich removes them énd may also serve to recover them for
sxamination and esfimationo' As well as the quantity of oxygen
absorbed in a given'time the shape of the absorption-time'curve
Lls used to characﬁerise'thé sample;

- A nunber of tests are aﬁailable for measuring the defects
> otherwise of a deteriorated oil. Examples of such

leterminations are bzaring corrision,.wear; gludge and lacquer

ormations ete.., A few of these measure the required quantity
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o anvalréady oxidised oil with no further oxidation taking
vlace during the test. The majority, however, simulate '
sperating conditlons by starting with fresh oil progressively
seing oxldised during the test oeriodo
© The Existant Corrosivity or E.C. test (29) is an example
>f a test in which no appreciable oxidation_takes place during
.he test. This is a bearing corrosionitest, the'principle of
vhich consists in exposing a specimen of bearing metal,
yrepared under specified conditions and'wéighed on an analytical
>alance, to the oil at the conditions of the test. - In the E.C,
-0st the specimen is immersed in 20 gms. of oil at 156 C for
20 minutes with air agitation at the rate of 6.3 ml. per minute.
'he Underwood (30) and Thrust bearing corrosion tests provide
yyamples of bearing corrosion tests in which the oil is oxidised
~ Auring the test period, In the Underwood (30) oil at a
semperature of 3259F is sprayed through air'and impinges on a
specimen of bearing metal. Catalysis in the test is provided
by copper baffles in the machine. The sample size used is
1500 ml, and measurements are taken after 5, 10 and 15 hours. .
"he Thrust bearing corrosion; or T.B.C. test (31) has a bearing
surface: subjécted tola sliding action by steel at a pressure of
.25 pounds per square inch for 20 hours. The oil temperature

s 225 P,




Lacquer and sludge egtimations'are generally carried out
in test engines. There are no standard laboratory tests but
some Workirs have estimeted lacquer by suspending a glass slide
‘n oxidising oil and weighing the amount deposited (11). Sludge
and insolubles are frequently medsured by-prééipitating these
“rom the oil by diluting with a suitable solvent, filtering and
weighing the precipitate.‘ The.weight of insoluble recovered and
2ts nature depend on the choide.of solvenf used. |

Apart from corrosiée wear there'are nd.tests specially
cesigned. to test the mechanical properties of an oxidised oil,
ests for determining Sﬁch'factoré as rate of weatg coefficiént
of frictiong seizure load, étco, with 1ubricants'in general can
t.owever be adapted for this'purposeq"Bytmeasuring the desired

ffeet on the fresh oil and on the oxidised oil the effect of
cxidation is a?cerfainede .

Engine tests run in the laboratory under carefully controlled
conditions are used in an attempt to approach true oberating
conditionsjwhenAestimating the efficiency of a lubricant. .Each
tesﬁ.generaliy makes provisioh for the.estimatién of several
factors. Lacquer-ié measured‘ﬁy~diésembling the engine at the
end of the test and inspecting the components. A points rating
system. is used to evélﬁate the‘laéquering; i.eo no'lacquer
rated at 10 to a heavy brown or black deposit rated at O.

Flilters and oil lines are examined for sludgg and insolubles,
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Both corrosive and abrasive wear is measured in engine tests

welghly | selected parts, usually piston rings, before and
er operations. ' ,

More recently weighing has been replaced by having radio-
ive piston rings and estimating the wear from the radinéﬁﬁf
ivity in the oil. | | :

Mos’ engine tests make provision for sampling the oil to
yw various estimations to be made-on it,

Engines operate under a wide diversity of ruﬁning
IﬁitioDSIOf load, speed and temperature. Corréspondingly a
r=e number of engine tasts have been devised. A'number of
sce and their conditions have been standardised by the
-ordinating Research Council of America (32). The L-T test
¢ & single cylinder caterpillar diesel engine. Its main
» 18 in the moderate oil_temperature field. The L~3 uses a
¥ cylinder caterplllar diesel engine, One of the most. widely
. engine tcsts of all is the Lel, operating in the high oil
‘perature renge and using a regular Chevrolet. engine. A G.M.
el of threey; four or six cylinders is used in the L-5 test.

Backoff describes an engine test used in the moderate
perature range using a Chovrolet engine (33). This, an
en used testy is known as the FL-2,

A Lawson single cylinder engine has proved useful for oil

ting due to its smallness, simplicity and low sample
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requirement. Georgi has co~ordinated the test conditions of
nineteen laboratories using this engine (34).
The table below gives the conditions for some of the

familiar tests referred to and shows the diversity of standard
conditions in use. '

Test. Load Speed. o011 Temp. Duration- Jacket
hePo ToDole op Hours  Temp.°F

L -3 37 1400 212 120 200

L~ 4 30 3150 280 wid 200

L -5 27 2000 230 500 180

FL- 2 45 2500 155 %0 95

Lauson 1.3 to 1.6 1600 to 235 to 280 2% to 120 180-%00

Laboratory oxidation tests use simpler and cheaper

apparatus. Theii sample requirements are small. The number

of variables in 1ab6raﬁqry tests are low and kept to a

minimhm; there is thus a greater degree of control. However,
it has been realised that results obtained in the laboratory ara
often not borne out in actual engine operation. An oil may be
shown' by conventionalismall scale tests to have good
characteristics'but be quite unsuitable in practice. This is

more and more the case with compounded lubricants. The reason
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for this is seen in the fact that laboratory tests tend to
concentrate on one or a few aspects of cxiiation or of the
already oxidised oil. Although this enables a.close study of
the variable in question in actual practice the same variable
may be obsanred by other effests, Laboratory tests give good
initial predictions. 2k

Engine tests give a truer approach to the cohditipns
under which the oil in question will be required to function.
All the variasbles present in practice are present to some degree
in the test engine. The results of such tests are more conclusive
The disadvantages of engine tests lie in their cost and the
degree of skill required in operating them and interpreting the
results., Also the large number of variables present makes it
difficult to decide which factor is causing what. Rather

than being used on an analytical basis an engine is used more

for proofing tests,



Purpose of Research.
The purpose of the present investigation is to examine

the»changes taking place in_oilé of known analysis, during
oxidation in the standard oxidation test of the Institute of
Petroleum (38). The use to which the data is to be put is
outlined below..

Any oxidation test must necessarily yield empirical
results., Today there are, however, several fairly rapid
and accurate methods for analysing oils. It is intended
to show whether or not the more fundamental analysis figure
is of more value in predicting the performance or liability
to deteriorate, of an oil; than the result of an oxidation
test. If the oxidation test result can be predicted from
analysis then the test need not be performed. Part of this
investigation, therefore, is to find how oils of different
analysis behave in the oxidation test,

Necessary to the above is to find a suitable method
of anaiysis. The best to date is the n - dﬁu‘M but others
have been proposed which are - quicker and give essentially
the same results. One of the purposes here is to examine
- a recent method, to test its accuracy against the n - d ~ M

method and to try to speed up the process if possible.



The method of calculatioh in oil analysis is often laborious
and it is intended to find how this can be speeded up.
This would make the method suitablg for routine operation.

Since the standard 6xidatioh test referred to is
widely used, an examination of the changes taking place
during the time of oxidation is made. A number of physical
conétants'and bther factors are measured on oils of known
anélyqis. This will provide data which can be compared
with that obtained for oils oxidised in other designs of
apparatus and under practical or operating conditions in
engines° I7 it should be shown that the above changes are
proportional tp time of oxidatien then it would be possible
to shorten the time of the standard:oxidation test. Where
possible, attempts are made to explain changes in terms of
oil analysis.

Mach of the literature on oil oxidation contains
'details of oxygen absorption rate studies. These are
usually made in apparatus of special design. It is
proposed here to measure absorption (rate and gquantity)

taking place in the standard test.
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The changes in the lubricating properties of oils
which have undergone oxidation in the standard oxidation
test are to be measured. This is to give data which

enables the standard test to be compared with the practical
aspect of lubricating oils.
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ANALYSTS

The deterioration of lubricating oils by oxidation is
dependent on the nature of the oils considéred, With complex
hydrocarbon mixtures this is not easy to define. Thé purpose
of the following section i1s hence twofold:

i) To give as much information as is khown about the
history of the oil samples used before they reached the
Laboratory,

il) 7o examine the most recent methods for ahalysing mineral
oils and use them to examine the fractions worked on.

A1l oils used in the investigation were mineral oil
fractions in the lubricant viscosity range. All had been refined
to some extent but were free from any additives. Apart from
two of the samples these were supplied by various oil companies.,

The sample number, source of supply and anyAinformation
ziven by the supplier regarding their origin and history is
shown in Table I, -Table I1I gives the constants, viz. refractive
index, density, molecular weight and kinemaﬁic viscosity for each
sample as measured by methods to be detailed later.

Seventeen samples have been used in this work. All of them
have been incorporated to investigate two receht methods of
structural group analysis to find their respective advantages.

In the course of this work the'analyses of the samples have
been pbtained.

The methods of analyses studied were the n-d-m method which
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required measurements of refractive index, density and molecular
wolght and the Viyen~d method using kinematic viscdsity, refractive
index and density. Some consideration was also given to the
possibility of using the Vy~n-d method outwith the rather

narrow limits specified for it.
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TABLE I

Sample  Supplier
Number :

S : o ey

Source of Crude 01l and History

d Sternol Ltd.

Mid Continent - Solvent refin-
ed neutral

=

Mid Continent: - Solvent refin-

2 do
ed medium viscosity oll
3 do Mid Continent - Solvent refin-
ed bright stock -
“Shell" La Paz 0ilfield, Venezuela =

Research Ltd.

Prepared from & par d}iﬁic type
feedstock by furfural extracte~

" lon, dewaxed and given a light

earth treatment

pen——

Esso Development
Company Limited -

w3y

- = PR S——

Kuawailt - Preparéd by distill-
ation, phenol extraction, de-
waxing and clay treatment

6 Supplied privately

Believed to'be a mixture of
crudes - no refining details

7 Supplied privately

prees - PP

Persian Gulf - no refining
details

&} Esso Development
Company Limited

Veneguela - Prepared by distile

- lation, phenol extraction and

clay treatment
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TABLE I (Continued)

"Shell"

Research Ltd,
* stock, vacuum distilled, treated

Lagunillas 0ilfield, Venezuela =
Prepared from nephthenic type feed

caustic soda solution and vacuum
distilled again

*Shell™
Research Ltd.,
do
do
do
do
do
do
do

Samples 10 to 17 inclusive represent
a series of oils of increasing
aromaticity supplied as requested.
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Sample: Ref. Ind, Density | Molecular Kin. Viscosity
Number at 20°C at 20°C weight at. 20°C
n d M - Vi
&k 1.4807 0.8683 397 82.77
2 1.4839 0;8828 Lyl 282.16
L 1.4358 0.8796 533 329.33
5  1.4803 0.8697 538 235.27
& 4 1,485 0.8816 328 54,15
7 14808 0.3845 525 292 47
& 1.501.6 0.9057 476 8147 . Sl
10 14736 . 0,8561 396 51.22
s 1. 480k 0.870L 469 135.2%
12 1.4830 0.8752 550 1339.98
1 1.5052 10,9113 311 58.32
3 1.4920 0,891k 674 2076..6
1.98%% 0. g ER 410 1078.0
13 1.4920 0,8917 837 1947.0
15 1.5260 0,9463 366 523.61
16 1.5569 0.98%1 261 77.07
17 1.5810 1.0193 339 5200.6

Table 2
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The n=d=M methog og. §L‘;gg§g§lg QE‘QLLQ: Mm Sis
Starting from the ph_ysiéal constants refractivé index,

a, density, d, and molecular weight, M',.van Nes é.nd van Westen
describe a method for the St-ructﬁral Group: Anaiisis of' mineral
511 fractions based on the stastical analysis of a large number
of samples (I:). From general equations of the types:

C.% 8+ bad + cam

R=a + h'MAd - C.IMAm

whera C 1s the percentage carbon in one type of.
structure

R is the mean numbér' of ’rir.lg‘s per mblecule

Ad is the difference between measured density
(4) and the density of the limiting normal
paraffin (hypothetical)paraffin containing
infinite CHp groups, in the liquid state)
at the same temperature,

An is the: similar aquantity for refractive
index

M ‘is the molecular weignt
and a, by c, & , b’ and ¢’ are comstauts
The percentage ca.;r'bon in totali ring structure {CH) , aromacic
ring structura (CA), the mean total number of rings, pexr
molecule (Rp) and number of aromatic rings per molecuie (Ry)

may be found.



50

Two equations are given for each quantity to be calculated,
one for low range aromatics and one for high range. The reason
Tor two sets of constants is not clear but is believed by the
authors to be due to an assumption made when evolving the method
not being striectly correct in the high;r'aromatic ranges. The
essumption is that all aromatic rings are condensed each
cdditional one after the first in the molecule contributing
four carbon atoms. | ,

The percentage carbon. in paraffinie structure.(cp),
raphthenic structure. (C)) énd the mean number of naphthenie
rings per molecule (R,) are estvimated by difference.

The method is intended for the Structural Group Analysis
cf olefin free petroleunm distillates boiling above the gasoline
range. It is considered suitable for, since it has been based
cay, samples which include fractions of molecular weight 19% and
unwards, fractions: containing ?5‘anrbon,in ring structure where
the aromatic rings do not excesed the naphthenic rings by more than
1% times and fractions having up to four rings per molecule with
not more than halfiqf them aromatic.

Provided sulphur (S) does not exceed 2°/°a correction. can be
made for it,

The method is not suitable for individual hydrocarbons.
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pegerminatio;g
Refractive index (n} and density (d,)."'are"measuned at 20°C
end the molecular weight (M) is determined. If the sulphur
content (S) ie expected to exceed a few tenths_ of one per cent:
it is also estimated. These quantities are substituted in the
following equations:
For measurements at 20 C
A8d = d -« 0.8510
An = n - 1,4600
Thesa in turn are usgd. to determine two factors v and w used in
subsequent: calculatioas viz:
v = 2.5lm -0 d
¥ =6d - lellan
The percesntags carbon in aromatic structure is given by:

when v is +veC, = 430v + 36%0
when v is =veCp = 6700 + 3600
M

The percentage earbon in ring structure (naphthenic rings
+ aromatic rings) is given by:
when w is +ve CR = 820w + _1.‘_0_}%92 = 3

S5
shen w is =ve Cp = 140w + 10300 =35
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The parcentage carbon in naphthenic structure and

paraiffinic structure is given respectively by

#

Cy = Cgp = Ca
Cp = 100 « CRr-
Ihe mean number of aromatic rings per nmolecule is ;iven by
vhen v is #vwe Ry = Ol + 0.055 My
when v 1s =ve Ry = O, + 0,080 Mv
The mean total number of rings per molecule (naphthenic
+ aromatic) is gziven by '
when w is +ve Rp = 1.33 + 0,146M (w - 0,0055!
21BR W igU-ve Rp = 1,33 + 0,146M (w - 0,0053)
Thé mean number of naphthenic rings per molecule 1is .
giﬁen by
Ry = Ry = Bp
A similar series of equations is avallable for measurements of
refractive index and density at 70°C when these are not available
at 20°¢, |
Van Nes and van Westen in their original publication (13

give a series of ﬁomographs for solving the equations mechanically



53

The Vi-n-d method of Structural Group Analxsis

Boelhouwer and Watermsn give a method for the Structural

Group Analysis of mineral oils based on kinematic vis;osity
(Vk), refractive index (n) and density (d) (3).

: In a preliminary publication Boelhouwer, van Steenis and
Waterman indicate a graphical relationship between kinematic
viscosity of saturated or hydrogenated wineral oils and their
structure (35). Taking as the axes of & graph the logarithm of
kinematic viscosity {log V) ) and refractive index, lines of
constant density and ring content (mean number of rings per
molscule) (Ry) are drawn. The way in which the relationship
may be used to determihe the mean number of rings per molecule
in a'hydrogenated oil fraction is indicated. Boslhouwer and
Waterman in the publication referred to initially, extend the
graph to include curves of constant molecular weight (M) and
percentage carbon in ring structure (CR), Figucve 1 shows the
graph. _

The method is further developed to include oll fractions
containing aromatic rings. By means of equations involvihg a
factor Ad? the physical constants {kinematic viscosity and
density) that the aromatic fraction would have if it wers

completely hydrogenated mzv be predicted and the point

#The difference between the density of a hydrogenated oil having
the same kinematic viscosit¥ and refractive index as the sample-
to be analysed (from Fig. 1) and the density of the sample itself
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corresponding to these obtained on the original graph. As
molecular weight, percentage carbon in ring structure and the
total number of rings per molecule are the same for the aromatic
0il and the same oil when hydrogenated these values can be read
from the graph. |

The percentage carbon in aromatic structure (C,) is given |
by an equation in AD. Two equations one for low range values,
one for high, give the mean number of aromatic rings per
molecule (RA)° Percentages of carbon in paraffinic structure
(Cp), nephthenic structure (Cy) and the mean number of naphthenic
rings per molecule (RN) are obtained by difference. |

Provided the percentage sulﬁhur {S) in a fraction is
reasonably low it may be corrected for.

Natural limits are placed on the method by the boundaries
of the graph - Figure 1 - used.

Determination

Measurments of kinematic viscesity (Vy) in centistokes,
refractive index (n) and dsnsity (d) are made at 20°C. The
percentage sulphur (S), if it is appreciable, is estimatedo

Taking the logarithm of kiﬁematic viscosity (log Vk)

and the refractive index a density d’is read from Figure 1.
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This is used to obtain factor ad vizs
ad=d' - a
The density d¥ of the theoretically compleﬁeiy: hydrogenated
cll is ascertained from:

L

d d - 0.624d - 0.008S

The logarithm of kinematic viscosity log V,;‘ of the
theoretically completely Hydrogenated oil is given bys:
log Vk¥ (1 - 34d) log Vi +Ad
Using d¥ and log Vi* in Fig. | the molecular weight (M),
perecentage carbon atoms in total ring structure (CR) and the
mean total number of rings per molecule (Rp) :are'. read.
The percentage carbon atoms in aromatic sfructure is

estimated from ad viz:
= 600ad = Moaa)z

end the average number of aromatic rings per molecule from:

2RLL+ 1=MxCy - where RA>1
‘ 2 800

3Ry =MxCy when Ry<1
2?855
The percentage carbon in naphthenic structure and, péraffinic
structure is given respectively by Cy = Cr - Co  and
The nean number of naphthenic rings per molecule is given by

By = Bp = Ry
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Nomographs AR S e A < :

By their nature the equations required by the Vk~npd_method
ar laborious to solve, ' Van Nes and van Hesten overcame siﬁilar
Aifflculty by the construction of four nomographs to resolve,
quickly and less laboriously, the equations required by.the
a=d-M method. The value of these led to the construction of
omographs. for the mechanical solution of the Vy-n-d equations.
3y suitable scale layout a solution could be achieved using tﬁree
nomogrephs. The complete analytical technique reduces to the
letermination of the three physical cdnstants aﬁd the‘uée df four
diagrams (the graph plus three nomographs). :

The nomographs, shown in Figs. 2; 3 and %, require ten
scales. - These are numbered for easy description. Fig. 2'
sontairing scales I o IV gives ad, d' and C4 alresdy defined.
3y taling a straight line between d and d'.and extending it to cut
the othar scales Ad and Ci are given on scale III and d* on
icale IV, Due to the closeness of scales 1 and IT it ié-found
w0 be of some advantage 1f the third decimal place pf,Ad is
btalned by inspection and the line accurately placed at this
before reading é*o. | : _

scales V and VI on Fig, 3 give Vi - Ad on scale VII.

‘'he siwmple addition of 4d to this gives Vk‘ - Fig, ngives
Hg = ne selection of the two possible equations being necessary

this being accounted for by the scales.
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The nomographs do not take into account the sulphur
- correction to d“,which is not often requirede‘ When this is
necessary it is done as explained in the original method,

i.e, subtraction of 0.008S from'd?e
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-Experimental Procedurs

The refractive indices, densities, molecular weights and
- kinematic viscosities were measured on seventeen oil samples
by the methods explained later, The values obtaw‘d’”‘aze
a.lreadj shown in Table 2, These were substituted in the
appropriate method and the n-d-M and ‘Vk-oxi-.-'d. analyses obtained
_ for each sample. On substitution, six of the oil '-samplgs were
found to be outwith the graph used iﬁ'the,\l'k-»n-dr method; Thé
_constants of the oils which could only be analysed by the
n-d-M method (assuming no "ex’crapoiat.idﬂ’lbfl_ the Yk-nmd,- graph)
afg shown in the second section of Table 1. The first section
contains the bulk of the samples and-thesé could be g&ﬁfysed
by both techniques. | '

- A1l calculations of the Vy~n-d analysis were carried out
using the nomographs constructed and a 3pecimen calculation is
prese_nted@-- Table 3gives a suitable layout for quick
| estimation. The first column conta,ins the measured constants of
the fraction and intermediate quantities in the calculation,
the other two glve carbon distribution and ring, content respect;-
lVGlY'o For comparison sample calculations for the sanme fnaction
analysed by the ned-M method are given in 'l'ablalé using the
nomographs supplied by the authors.

Complete analysis figures for the oils which could be
analysed' by both methods were evaiuatéd and the comparisons are
given in Tables 5and 6 .

O ::_!\. a B e P o = oy e 4 SO A Sl gy
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Lo obtaln an accurate ebaluatiqn the results were axamined'by
the "{" {test of statistics. A short-explenation of the test

is given at the end of this section and the results of the test
shéwn in Table 7.

For the six oils outwith the Vy-n-d graph, a process of
sxtrapolation of the graph (Fig. 1) was tried to find the
reliability of this operation. Table 8shows the results
3bta1néd.and the correspondingxresults,giyen by the n-d-M
analysis of the samples. . The differences between the two sets

of results aras also in the: Tables
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Constants : ICarbon. B Ring Contenft
Distribution and Mol. Wt.
log .Vk_ ! 203716 CA 301 RT 2030
n ' 1.4803 Cr 30.0 Ry f 0,19
] 5 ;
d ; 00,8697 ' Cp 70,0 Ry 2,11
. . 0.8750 | oy | 26.9 M | 520
ad | 0.0053
a* l 0.8665
i!‘.og Vf{.“ . bd! 2330
Log Vi | 2.335 |
! SR J Bt
Table 3
Constants Carbon - Ring Content
{ Distribution 3
Il lal‘h803 | CA . 3_03: RA £ 0021
| @& 0.8697 | ‘Cp | 29.0 Ry | 2.35
M 538 g 25.7 Ry | 2.1%
v «0,50 Cp L0
| RERS 1 ' |
Table &
NOTEs All measurements at. 20°C.,
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c e B il Ve - n - d
' Ry By 4 Bp | By | By |.Bp
1 1.68 1 0.32 .|. 2400 ‘,_1;59 | 0.32 | 1.9
> 1.88 | 0.55 | 243 | 2.02 | 0.50 | 2.52
Iy 2,30 | 0.3% | 2.6% | 2.30 | 0.30 | 2.60
5 2,1k 0.21 2.35 | 2.11 0,19 | 2,30
6 1.9% | 0,31 | 2.26 2,10 0.25 2,35
7 21 | 056 | 2.67 | 23 | 0.0 | 2.63)
8 2033, | 0077 - ]330 12560 | 0.7%. | "3:33
10; obaak 0.6 | 170 . | 1.96 | ool -} 1490
I 1y 2,02 | 0,22 | 2.2% | 200 | 0,29 | 2.20
12 2.30 . | 0.2% 2.55 2,40 0,20 2,60
% . 11.86 .l'oe7o 'szosé | 1.88 o.62 -1 2,55

fable Yo. 6
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= 1,l N 5 _T j i .
ITEM- | MEAN STANDARD | STANDARD| . PROBABILITY
DIFFERENCE {DEVIATION; ERROR OF| : FOR
M 4.0 [+29.00 | 9.0 * | 040 | 0.7~ 0.6
C, + L0 |+39 1.0 1.0} oM - 0,3
CR e loo + 307 loO 190"" ’ O.)"‘ - 0.3
Cy 13 + 3.8 G 11k 03 = 062
Ca + 047 + 1.0 0.3 242 0,05 = 0,02
Rp = 0,02 |+ 0.09 0,03 0.63 0,6 « 0,5
Ry - 0,05 |+ 0,12 10,04 1,62 | 0,2 = 0,1
R, 0,0 |+ 0,02 0.06. 0,65 0,6 = 0,5

Table No. 7
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The Measurement of Refracgixg ;g@;ces

Refractive Indices were measured by an Abbe Refrasctometer,

regularly checked with distilled water. All measurements were
méde at 2d°c using the Sodium. - D = line.
Tﬁe Measurement of Density : '

A simple technique using a U-tube pycnometer was evolved
to measure densities@'

The pycnometer emﬁloyed was a modificatibn of the Cup-
type;pycnometer reconmnended by'vaﬁ Nes and van‘westen, for use
in the n~d-M method (1 ) and described_by'Lipk;n;,Mills,

Martin and Harvey (36). The essential difference here was the
omission of ground glass removeable cups on each limb, These
naq been intended to provide traps for expansion should the
temperature of weighing exceed that of measurement and
reservolrs when the £illing temperature sxevoded Lhe
neasurement.Lemperaturea As measurements in the foregolng work
were. generally made at témpeyatures of the same order or

higher than those of welghing and filling, the quantities
invblved were small and thus in the case of such viscqus-non
volatile.ﬂiquids could be contained as droplets on the tops of
the limbs. The method recommended by Lipkin.et al (36) for
huoyaney correction during weighing wﬁs used, i.e. no correction

was applied to weighings during the calibration or density
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measurenent but an apparent inlume waé found which was used %o
obtain the apparent density: This di¢Foned. from the setaal
density by a maximum of three units in the fourth decimal placa.
When accuracy at this level was fequined a final cbrrection
could be appililed by means of an equation to give the true
density in vacuo. '

Design _
.~ The pycnometer, Figure 53, consists of a U-shaped tube

of 1 mm capillary with a bdlb blqﬁn in one limb.’ The top of
sach 1limb is ground flat and glass‘lug&‘aré_fitted which allow
a suspension hook to be attached. Volumes are from 6 to 8 ml.
Fi1line, Emptving and Cleaping | '

These operations are carried out by means of-a filter pump:
with a trap fitted as shown in Figure 5p. Rubber-connéctions,
which deterlorate under the action of hydrocarbons, are kept to
a minimam and frequently replaced. Figure 5p shows the
arrangement for filling. The limb containing the bulb is
immersed in the liquid to be measured and the connection from
the trap is attached to the other limb., With oils of low
viscosity gentle suction is used, with more viscous material
the pycnometer is 1eft,t§ 111 uhder.fuli available suction.
When completely filled tﬁe punmp. is disconnected; before

removal of the instrument from the oll.
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ixcess oil is wiped from the top of each limb before immersion
in the thermostat. |

When the pycnometer 1s to be emptied, the suction tube is
connected to the 1imb containing the bulb and the oil sucked
into the trap. A bealker of‘solveht,'petroleum ether or benzene
(acetone in the case of aqueous material) is then placed as
shoun in Figure 5b and the solvent allowed to sweep through %o
remove the oil. When no oil famains thé beaker is removed and
- sucking continued to air dry the instrument.

The apparent volume of the pyenometer was found using
Treshly distilled water as follows.

The clean dry pycnometer was washed on the outside with
acetone to remove any static charge, suspended by its hook on
the balance and weighed to the nearest 0.1 mg.., It was filled
as described and suspended in a thermostat maintained at 20°C
¥ 0.05°C for twenty'ﬁinut954 Excess water was then removed from
she tips of the’limbs.ﬁith absbrbent paper. The pycnometer was
eeﬁoved, cleansd and dried on fhe outside and washed down with
ncetdne befors weighing. The apparent volume ﬁasifound by
dividing the .weight. ofwater in air by'thé'density of water at
20°C (0,99823 gm./mj.)
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Determination
The technique used to determine oll densitlies was the

same as that described for calibration except that the ground
glass fops ﬁere.wiped with a clean cotton cloth instead of
absorbant paper. The apparent density was calculated by
dividing the weight of oil in air by the apparent volume of
the pycnometer. By adding:é.correctioﬁ factor (C) to the
appa;ént'density'féA),>the'true density in vacuo was obtained.
The equation éor the correction factor 15; according to
Lipkin (36), C = 0,0012 (1 - dy).
Thg Measurement of Mgleculér Weight
Two methods are availabie for determining the molecular
welghts of high boiling-dil fractions; Both entail adding an
inerement of the oil fo a suitable solvent., The cyroscopilc
method depehﬁs on the resultant depression of the freezing
nolnt; the ebulloscopic 6n the elevation of the boiling point.
Apparatus reguirements are simpier for the former method it
indicgtions are that.the results obtained.may differ considerably
from the true‘valueso‘ Mair quotes 2 number of references to this:
sffect (37). | '
The ebulbioscopic method is recommended by van Nes and'
van Westen (3 ) for the n-d-M snalysis and it has been used in

the foregoing work..
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Vhen a‘ quantify of o0il is added to a si-zi@gxble ‘e‘:_c;?en,t_ o b &
“can be shown tl;at.,' under ideal cohdipions, the f§sultix;g" rise
in boiling point is related to the molscular weight of the oil
by the equation ' ;

M = K ,§§ 100

vhere M = Molecular weight of oll

C = Céneentration of oll in solvent
: (gns per gm) '

AT = Elevation of bolling point
K = EbuJJ; .;Loscopic co_nstant-

In practice ideal conditlons are not realised and the
molécular'weight as calculated -from the formula. is not the
same at all concentrations,. Mair (37) and van Nes and van
Westen (1) recommend that the melecular weight indicated by
zero concentration be ‘ca.k-en., This is found by plob.b:l.ng‘
molecular weight or bdiling bbih\t'.eievation. at a number of
eaxicents:atioﬁs and extending the best lina among t,hé points to
meet the molecular wolght axis.

Measurements are made in an ebulhs.oscope, a vessel fitted
with a condenser and contalning boliling solvent. Prov;l,§i.o_n isg
made for heating,v embéature measurement and oil. additiom
A nmumber of’ f':ctors have. to be taken into account in the
design and oporaolon ofebu_.Jﬂ oscopes° The boiling point of

the solvent changes as.the a’cmospheric pressure varies during
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a test to give falseé temperature di.rrerenc'es. By operating
two aSullioscopes aidé'by side, one_of'ihich cdntaihé only
.bo:lling solvent, any change in the boiling point may bé hoted and |
e corresponding ‘_com.cti.on made to the indicated temperabm
dirfercnce.' : : g
Superhaating 18 elu:l.natod by having a Cottrell vapour urt
pump uhidhAenguros a steady stream of liquid in intimate contact
with vapour: flowing over the thermomater bulb. T

A certain amount of solvent is always out of solution in
the form of vapour and hold up in the condenser; - This gives
a calculated concentration, based on the weight of solvéﬁt,
less than the actual. By ensﬁring a coritrolled boiling rate to
give a constant hoid up this faétor is accounted for by the
sbullioscopic constant of the instrument.
Description of Apparatus

.  The ebullioscope, a modified version of that described.
by Mair (37), is shown in Figure Designad for easy
replacement; it uses a standard condenser and standard grouml
glass Joints. Temperatures are measured on a Becknan'

thermometer held in the upper part by a cork. The underside of
- the cork is coated with ™Araldite', a resin material which sets

. hard and is .unaffé.cted. by boiling 'solvent;  This prevents
saturation of the cork and solvent leakage. The two legé of the
Cottrell pump are directed on to the thermometer bulb and both

pump: and bulb are protected from cccled solvent, returned from
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the condennr. br a length of ghu tubo. Heating is by a miero
gas bumer controlled by a sorevcnp on the burner tum.ng
A six inch length of two inch diametor glaas tube shlelds
burney and solvent-containing section af tha ebulliosoopC. The
apparatis operates on forty mls. of solvemz |
Two ew.ll:l.osoepoe are operated gide by ei.de in a glass case,
because of the adverse effects of draughts on the thermal
equilibrium of the system, |
01l additions are mde by means of a short length of
burette (total length approximately six inches) with a
suspension hook for weighing The burette, containing oil, is
| clamped above the vert:.cal condenser and olil alloved to draop to
tha foot. where it is mhed 1nto the solvent. Accurate control
of inerement s:l.ze: 'by the stopcoeck (lubriea.tad by the oil heing
added) enables any desived temperature elevation to be realised,
Detemmination '
Benzene was found to be a,sujtable solvent and was used
exclusively. : .
| Before a determination both ebullioscopes were boiled with
%0 mls. of pure ‘benzens followed by emptying, dry:lng and
reﬁlling of the ‘one to be used for measurements with exactly
%0 nls. of Denshne measured at 20%c, Boiling was recommenced and
-the rate adjusted to gj.ve o suitable hold up (two drops per
. second returred from the condenser) o Vhen the temperature

recorded by the' Beckman thermometer was constant to within
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-

-

0,005 c the first additian uus nmdo to give an.inltial
elevation of 0.2 to 0. 3 Ce . staighing the burette gave the
weight.of oll added by difference. Further successive -
increases in the boiling point elevation of approximately Q.loc
were obtained by adding increments of oil until a total
temperatuza.rise of l C was recorded, The exact;temperatanclat
the start and after each addition was recorded to ths.noarast
°001 C, waighings wera to the nearest milligram.

, Experience shoued that the shorter the time lapso between
the start and flnish of a test the more reproducihle the results.
For this reason only one reading of temperatuna vasg taken.aftez
an addition (sufficient'time being allowed for the apparatus to
stabilisa) instead of the mean of several., Any slight
deviations from the mean were averaged out:ovér all the additions.
Simultaneouslylwith thesg readings the temperature of the pure
boiling solvent was recorded. i :

£ number of Barometer readings were made;throughout:a“
determination in order to éorrectithe ebullioscopic constant for
pressure changes.
galculét;og £ A . ' B .

It was desirable to obtain the'molecular weight.cprresponding
to ﬁhe concentrétion after each oil addition and Sefora:tho next
was made. This involved solﬁing equation I quickly.
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Taking the ebullioscopic constant. as 27 (an average. value
found for benzene) and the weight of 40 mls., ‘of pure benzene a®
o
20 C as 38.1760 gms. the equation-reduces to

M_0.768aT
w

where w xweight of oil imcrement

I"igure. 7 shows the nomograph for solving this. By ta.king a
Jtraight 1ine between AT (approrriassly corrected fax any change
in solvent ‘boiling point) and w on the axes 1ndicated the _
zdntersect. on the centre axis gives the molecula.r veight. The
values so obtained are plotted against boiling point elevations.
and the best line among points extended to zero boiling polnt
elevation t0 give the molecular we:lght assuming an ebullioscopie
constant of 27. The value 80 obba;ined has to be adjusted foi
eny difference between the ectual constant and 2?, whioh there
“invariably will bs since it is a f\mction of the instrument and
atmospheric pressure, The correction to be added is given by
(K¢ 27)}{

Where K' = ebullioscoplc constant. at time of
determination.

The ebullloscopic constant is obtained for the 1nstrulnent
by calibration with compounds of k.nown molecular weight in a
panner similar to the determination of nolecular weighte
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Tetralin (M.Wt, = 138 ) and naphthalene ( 28 ) vere. used, the.
later being added in pellet form. Equation I'was uséd to
determing K and the values obtained plotted to a base of boiling
~ poin¥ elevation (4T)., The best straight line among: points was
eifended to cut.the axls at zéié A T and this value. taken as the
-cbullloscopic constant (K,) for the-instrument-at the mean
utmospheric pressure (po) aﬁ which the calibration was made.

Ven Nés and van Westen (1) give an equation to correct
the ebullioscople edonstant for ﬁressure changes. It is

K' = K, + 0.2% (po = p)
whers p = atmospheric pressure during determination

;he;Meggpxgment_pfiKinematig Viséogitz
Kinematic viscosities were measured by U-tube viscometers

ltept at 20°¢ in thermbstated baths. The method .was according
to the Institute. of Petroleum'"V1scosity (Kinematic) Absoluts
Units" IP - 7%/%7 Method C. Calibration of viscomater: was
according to British Standard Speeification B.S. 188.
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T =T

The. t-test of statistics evolved by "Student", gives =
suitable method of determining whether the results given by
two different methods, designed to yield the same answer, are
significantly different or mot. FUREL LT

If a number of samples are anaiysed bv'fhe tuo.msth&ds and
it 1s desired to show that they do not differ the null hypothesis
is adopted and it is assumed that there is a.differénceiin the
rnethods. The difference between individual resulté -'i.s then
taken (i.e. Result obtained by first method - Result. obtained
by second).  These may beA represented by X, X, X, etc, and they
vill have a mean value 3 , If there are n results in all there

vill be (p=1)degrees of freedom and the standard deviation will
be given by S

2
)

: _ iite
where S _ 2 .x)
n-1

end the standard error of the mean will be given by
) . ' :

The quantity t.is given by the ratio of the mean of the

differences (X) to the standard error of the mean and tables of
t give the probabllities of t for any given number of degrees

of freedonm.
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Each of the above stastical quantities has boizi estimated
for each of the items given by the n-d-M and Vku-mfd"msi:hods. of
analysis and shown in Table 7. |

It is generally accepted tﬁat if the probabii:lty is 0,05
or greater then there is no signifieant d:lrference, if it lies
batween O 05 and 0,01 then the difference is in tha stastical
sense probably sn.gnificant. and “eseults less than 0.0l show
that the difference is significant.

As seen in Table 7 all results except that for C, shpu
that there is no significant difference and the null hypothasis
:an be rejected. In the case of Cy the differeﬁce betkeen
methods 1s probably significant and it remains 1;;0 examiné the
cesults obtained and determine to what extent the re'sults are
‘affected. |
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Discussion of Results : _

The purpose of the Vi~n-d method of Structural Group
_inalysis is to dispense with the difficult and un#fénﬁérdiséd
measurement of molecular weight and replace it by the standard
neasurement of ldnematic viscosity. . 'As a result the time saved
in obtaining the constants is considerable (molecular weight
may take more than an hour) and the degree of precision and
technique required is much less. :

When the constants are ‘obtained the time and effort requirod

to calculate the analysis figures is the same in either case but.
the Vy-n~d method entails the use of a graph with its attendant

estimetions of interpolated'poipts ﬁhich.ma& lead to‘inacéuracies
&8 against a complete solution by equations in the ng45u method.
It must also be remembered that the Vy-n-d method is derived
from a lesser amount of fundamental data in the form of'samples
of known analysis and consequently the n-d-M must be reéarded'as
the more accurate techniquee. .

As explained earlier and as seen from the results obtained
the 1limits of the Vy-n-d method are much narrower and
- consequently the method is found to be of less general
applicability. The aforesaid linmits are particularly: ‘

inconvenienit in the high aromatic ranges.
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The analysis of the eleven samples _wh.tch were within tﬁe
range of the Vj~n-d method have been compared with the
corresponding n-d-M analysis in Tables.5 and 6. Viéual
inspection shows favourable comparison énd when. fha results
are examined statistically, in Table 7.by the t-fest it 1s
shown that for all quantities except C, the differences in the
methods are not significant. Results for Cy show that the
difference between the methods is probébly significént, in the
statistical sense, but when the results are considered it is.
seen that although the n-d-M method tends to giye;higher
results than the Vy-n-d, the mean diﬁference for the eleven
~results is OnlY'0o7% in Cp, 1,8, the hﬁd*M.On the averaga can
be. expected to give a value for Cjp O.Z%Ahigherifhén the Vy-n-d.

Table 8 shows. the resuits of analysis by the n-d-M methaod
and the Vy-n-d method when eiﬁrapoiatidn of the graph had to
be employed. Also’shown_are the differehces'pbtained‘in the
results of both methods. In genéral when éxtrapolation is
along the log Vy axis of Figure 1, the results obtained are
:ompérable; This is because the.lines of consfant density are
almost parallel to the log Vk axis in this region and
axtrapolgtions can be easily and accuratelj made; Vvize

saaples 35 9 and 13, With high aromatic samples, however, which
have hnigh refracﬁive indices, results do not compare favourably
23 seem with samples 16 and 17. The process of extrapolation

Ls more difficult especially the fundamental estimation of
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density from the graph.. ﬂovever the diffiéulty of extrapolation
does not aloﬁe account for the large differences here in the two
methods. If wﬁs.gssumed that for some reason the Vy-n-d
relations bre#k down in tﬁe high aromtic region and an

exemination was made ot the equation provided for estimating
Ca which is
= 600 4 - .(40ad)?

It can be shown that by differentiating C, with respect to
Ad that there is a maximum possible value that Cp can have.

i.e.dCA = 600 - 3200 4
dad
‘and vhen %‘;Cﬁ" =0 g Ad = 0,188
and vhen ad has this value Cp = 574
Hence the equation has.é 1im1tihg value of carbon in
aromatic structure of.57%'and fhe nearer the percentage-of.carbon
atoms in aromatic structuﬁe approach this the less accurate the
estimation of C, is likely to be.
The conditiohs of use of the Vkrnpd method instead of the
n-d«M can be summarised, therefore, as follows:

1) Tt can be used with confidence when the constants
,measured lie within the graph supplied.

'1i) It is safe to. extrapolate.along the log V; axis.

<111) Extrapolation along the refractive index exis is an
indication of high aromatic content and will certainly
yield erroneous results,
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The Standard Oxidation Testo

The following section considers the behaviour of
refined lubricating oil fractions of known analysis in the
"8tandard Oxidation Test for Lubricating 0ils" of the
Institute of Petroleum 1,P L/l (38).

Structural Group Analyses of the oils have heen obtained
in the previous section.

In the first instance the relationship between analyses
and the results obtained in the standard test, performed
according to specification, has been investigated.

During the analysis of results it was seen that some
factor undefined the analysis and physical constants of the
0il was active. This was believed to be due to the fact that
oils of similar structural group analysis may have différent
molecular analysis. An attempt has been made to minimise
this effect by studying a series of samples from the same
original oil which had been subjected to progressive
extraction to remove aromatics.

A study of the rate and quantity of oxygen absorbed from
the exidising air during the standard test has been made.

Concluding the section is an investigation of the way in
which some physical eonstants of oils vary with time of
oxidation in the standard test apparatus,



Ixperimental Procedure

The standard oxidation test, outlined below, has been
carried out on the seventeen petroleum fractions analysed in
the previous section. Table 9 gives the results and_shgws the

main items in the structural group analysis, the kipematic
viscosity‘at‘lbooF, the viscosity ratic and the increase in
carbon residue. The carbon residuwe results have further been
nlotted against the percentage carbon in aromatic st;uctgre'in
#igure 10, An attempt to plot a similer curve for viscosity
ratio showed no simple relationshipo

The Standa 2. 1ne

The test consists of passing air at 15 litres per hour
thrbugh a %0 ml, sample of oil, in a2 boiling tube,Akept.at.
200°C? for six hours, then leaving for eighteen to twenty-four
hours and repeating for a further six hours to give a total
oxldation time of twelve hours., Kinematic viscosity at 100°F
and Ramsbottom carbon residue are measured before and after
oxidation. The ratio of the viscosity after cxidation. te the
ficecesity befope, and the inerease, dn oxidetiony of the

pareentage carhon vesidue are taken as measuvren of the

The porticulapy apparstus used is shown in Figure 3,
Dimensions ars according to specification. Heatlug iz hy means
of two flat external heaters of 300 and 600 watts and one-

internal heater of 250 watts,
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Heating up from coldtis carried out using the two large heaters,
on control for safety. During operation,the 300 watt. heater,
which-is slightly iess fhan required to balance the losses from
the bath, is on continuously and the internal heater on control
uaintains the bath at 200 C.

. Air 1s supplied by a small.“Proctor"-diéphram vibrating
at mains frequency to give a non~pulsating air flow. Flow
rates are measured by a U~tube flowmeter,

The apparatus is capable of taking four sample tubes and

the.proce@ure followed was according to specification,

.Kinematic viscosity measurements at 100°F, before and
after oxidation were measured as-described on page 74 . The
ratiom of the viscosity before to that after oxidation gave
thg viscosity ratio. ; |
_ ‘The determination of the Ramsbottom carbon redidue befors
and after oxidation to evaluate its increase was’according %o
standard procedurs I.P, 14/45 (38). The test estimates the
percentage carbon residue remaining in a pyréi glass or silica
bulb of specified dimensions after vapourisation of l‘tolhzgmsc
of oil at 55000 and the apparatus constructed (a lead bath) to
~take two bulbs 1s shown in Figure 9. The special arrangement

ol the lagging found necessary to obtain the required'temperature

is outlined,
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Ixtration of. a High Arvomatic 011 | |
The results of the above work are discussed in detall

later where it is concluded that aromatic content is one of the

main factors in deterioration. However, in certain casesy; and

especially with the viscosity ratio measurenents, no simple

correlation is obtained with C, or the other measured quantities.

This is believed-to be due to differences in molecular structure,

lL.e. wiether non arcmatic bonds are single or double, whether

rings are eondensed or not, etc.. It is also the only factor

on which injrfmation was not obtalnable.

Lt was felt that if the problem of molecular pattern could
“bs kept constant and the aromatic content varied a clearer idea
- of the changes on oxidation would be obtained. Since molecular
arrangement depends on the origin of the oil a series of
samples were derived from one starting material.

This was done by the progressive removal of aromatics
from an oil with C, = 287 by extraction with a solvent to give
2, number of samples of varying aromatic contenty, which were
then analysed and tested by the oxldation test. .

-Bqual volumes (150 ml.) of high aromatic oil and furfural
were shaken in a 500 ml, separating funnel and allowed to stand
for three hours. The phases were separated by running off the
sxtract, OSolvent waé removed from the extract by atmospheric
distillation and recovered. Final'traces were then reioved

by steam distillation using Youngsberg's test for traces of
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furfural in aqueous solution (39) (Aniline: and glacial acetie
c*d gLve a red coloratlon with traces of furfural in aqueous

solutlon,) water zrom the steam distillation was removed by

ucilnary atmosgheric dlstillation. The extracts, viscous
black materlals, were retained for examination. :

There was very little solvent in the raffinate and this
Was renoved by steam dlstillation only. The raffinate provided
oil 11 ‘hter ia colour than the starting materlal to give the
second oll in the series.

By obtalnung a *afflnate similar to the above and taking

.t through the same process of extraction as the original oil
the thl?d member of the series. was ‘obtained. -

Reoetxt SHE] of the above technlques ware carried out until
seven colls in all were available, further extraction being
unadvisable as the quentity of aromstics removed becomes

LLJmBielj SO low as to be negligible. | '

The refrgctive indices, densities and'kinematio viscosittea

were measured,; at 20°C; on each of the samples.and the results

are as indicated below in Table 10,




o s Soan

01l Sample Vi n d
RO 1001.0 1.5296 0.9452
RIL. 781.8 1.515% 0,9300
R2. 678.2 1.5085 0,9206
R3 611.7 1.5048 0.,9151
R 577 .2 1,502k 0,9119
R5 537.8 1.5005 0,909%
R6 514%.0 1.4939 0.5069
Ry 499.6 1,4976 0.9050

Table 10

As can be seen above, these values, vhen examined, were
Cound to be within the limits for the vk-n—d analysis and this
technique was, therefore, used. A correctiocn was made for
sulphur in the original oil, found to be 1.8%; in the others
. the content was negligible.

Oxzidation tests were carried out on the éeries by the
techniqﬁes already déscribed. The results obtained are shown
in Table 11. 4

The Ramsbottom carbon residue increases were plotted agalnst

CA on the graph already drawn, Figure 10, for the various oils
of different origin.

For each sgpplgﬁin the series viscosity ratio was also

g;otted against Cy, The result is shown in Figure 11.
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the Rate at whlch OXJ&.&.L.MMAMM

Tt was of interest to measure the oxygen.absorbed by an oil

:‘urinb the suandard oxidation testm Figure 12 shows the apparatus.
The absorption cell was essentially a boiling tube with the
cork, normally used, replaced by a ground glass Joint sealed at
the top. There was an air inlet tube. Both of these units
cwere constructed to the dimensions specified by the original
ﬁeste‘ In addition an outlet tube was fitted on top of the
sealed joint.
Gases leaving the cell entered a water cooled condenser;
fitted with a trap, & fog trap to remove fine mist and thence
©o an absortion train, In its final form thls consisted of a
pround glass qtopgered U-tube filled with fine calcium chloride
%o remove water, a bubbler bottle filled with concentrated
caustic soda vhich removed carbon dioxide. and hydrocarbon gesesg
and a U-tube of coarse calciﬁm chloride to deal with carry=overs,
L fuynace tube filled with copper oxide;cohverted‘any carbon
ronoxide to earbon dioxide and bydrogen to water and these were

ébsorbed in a U~tube. containing one'limb_of ”ascarite" and one

of caleium chloride. <The ecirculatioh pump was placed after

this U“tubeo
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Air flow rates were measured on a uétér‘filled U~tube
uonstrlction £lov meter and a water £illed manomater neasured
)ressure in the system.

Measured oxygen additions were made by the three way
stop-cock shown, the settings of which were:- all entries and
exits closed, flow of oxygen from a low pressurevsﬁpply'to a
sradusted measuring burette fitted with a mercury levelling bottle,
and flow from the burette into the.appﬁfaﬁﬁs.

Circulation was effected by'a'diaphrah'pump,'V1brating at
rains frequencys with a specially constfuéted body and leake
proof diaphram. A drawing of the puﬁp islshown, Figﬁra 13,
Bostic was used to seal the diaphram and on.ﬁestingg the
permeability of the rubber allowed n6 leakage.,

Heating of the cell was carried out in the bath described
for the standard test on page 81
Frocedure. | . ' |

- Before using the apparatus all ground glass joinﬁs and
stoppérs were coated with silicon stop-cock greése.and tﬁe
system tested for leaks by first ranning, without oil, under a
few oms. water gauge pressufe then under a few oms vacuum,

until no pressure change was indicated in either case.
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When leék proof conditiohs were established 40 mls. of the
oil to be tested were placed in the cell and allowed to reach
200°C in the heating bath for twenty minutes when the cell was
connected to the circult. _

At the start of e test the time ‘was noted, the pump
switched ony and the flow_adjuéted to 15 litres per hour,

s oxygen was absorbed, indicated by a decrease in pressure,
additions were meile at_time-intervals dependent on the
absorption rate for the sampie being tested. All oxygen
additions were meaéured at atmospheric 3ressﬁre, the tenmperature
noted and the volumes adjusted to N.T.Ps

Considerable diffiéulty was found in obtaining absorbents
capable of removing all the gaseous oxidation products.

L number of tests were carrid out to find these.
Izapdnation of Suitable Absorbents
£11 standardisation tests were'carried out with one.oilo

Details are given of it below in Table 12

gt o

Sample Number 5
Refraetive Index ah 20 C 1.4803

| Density at 20 ¢ 0.8697

iﬁﬁm@MrMﬂgm 538

! Kinematliec viscosity of 20 C 235,3

i Viscosity Index | - ;

J- i _“ __‘ Nl o> sis : 8
Cx 25.7 , Ry 2.1k

Cp 71.0 Rk . By 2,33

T ES ARG rEOEIR OF. BN TR aT oL T ST e e =

I CA 303, A - RA . 0.21'
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Each separate-system'or absorbénts used with their
position in the circuit is listed numerically 4r. the text

below. A _ » :

(1) At first it was thought thatlﬁgter vapour carbon
dlcide: snAl Garton fiehonih would.}epresenﬁ.the bulk of the gas
%o be ubsorbed. The initial absorption train after the
condenser and fog trap therefore consisted of a Uhtube
containing fine calclum sulphate, & U-tube of coarse calcium
sulphate, a U~tube of ascarite (for CO2), the furnace, and
Jetube with dna limb of ascarite and one of calcium suiphateo

Three tests each consisting of two six hour periods were
carried out conSeéutively without changing the absorbentas.
The results are shopm in Figure 1l

Tre first test sliowed a tendency for the rate;indicated by
the- slope of the absorption.curve, to slow down.as the test ‘
proceded. On restarting the second six hour period, a day later,
when the circuit once again initlally contained only air, the
starting rate was higher than the final rate for thé-previous
perlod. The tendency'was.again for the rate to fall away.

The seéond test showed the same general charactefistics
as the first but more defined as indicated by the pronounéed
peak at six hours. Since it was seen that at the start of a run,
vhen only air was in the systen, the rates were higher, it was
decided to flush the system with air four hours after the start
of the second pefio:dc As shown, the rate increased. The lower

position of the curve on the graph indicated that the overall



S e

-2




;5

rats for the second test:ﬁas lower fhgn the first.

The third test.showéd the previous trends %o continue. The
overall rate was lowai and thé absorption rates decreased as the
test proceded; absorption in fackt having ceased during the
second period of test. ' |

The continual lowering ofrthe rate of'absorption from test
to test indlcated that the absorbents were yrogre351vely being
rendered inaﬂtive by the organic gaseous products formed on
oxidatione Confirmation of this was obtained from the fack _
that in a short length of the first U-tubs the calcium sulphate
aésumad é yellow colouy,

The gradual siowing of thg.fgteé-of_absorjtion as a test
pfoéeded with sulbsequent increases when.the system was flushed
with air led to the conclusdon that there was a graduai
aceymulation of some unabsorbed gas in the system., This was

thought to be same gas as rendered the absbrbenté inactive, but
it later srovaed to contain a large percentage of carbdn dioxide
due to poisoned absorbent.

The above results are in agregement with those of Dornte
(9, 15, 16) who found that as the partial pressure of the
oxygen decreased the -absorption rate also decreasedt

Study of the graphs at this stage indicated that when

normal conditions were attained it would ba possible to predict
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the twelve hour absorption figure from a six hour test.
Subsequent tests were, therefore, made over six.hours.

(i1) Efforts were now directed towards removing the organic
gas poisoning the absorbents. Two methods were considered,
activated charcoal as an absorbent and a freezing trap.

- 1n the second U-tube the calcium sulphate was replaced by
activated charcoal and a six hour test carried out. The

‘absorption curve is shown in figure 15. At the end of this test

it was decided to analyse the gas in the circuit using a Hempel
gas analysis apparatus and it was found to contain 144 carbon
dloxide. showing the ascarite absorption to be poisoned.

(1ii) To remove carbon dioxide a bubbler bottle of
concentrated caustic soda replaced--the activated charcoal
followed by a drying agent. At this .stage the more efficlent
dryinz agent calcium chloride was used to replace the calcium
sulphate.

This test gave a higher absorption rate than any previous
testy a gas analysis indicated an oxygen content in the region of
207 at the end of six hours and flushing the system with ailr
produced: no change in the absorption rate. The indications,
therefore, were that all gaseous products were removed by the
caustic soda, originally intended to remove carbon dioxide.
Confirmation of this gxisted in the deep yellow discolorgtion
of the solution and the formation of dark brown residues in the
bubblexr,
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The .sbove  was later to be taken as the final absorption.
systen., ' : l s
(iv) On reverting to the original system and a froezing trap,
of solid ¢arbon dioxide in acetone, low rates were again abtained
Figure 15. It would appear that the retention time in the
freesing trap was too low to coundense eveyything.
(v) A repeat tost with the finalised absorption train gave
reproducible results as s.wwn.
Absorption Rate Studies
"Six hour absbrptioxi tests were carried out on edght samples
of lubricating oil fractions. The molecular weights and
percentages of carbon in aromatic structurs, Ca, for each sample
are givari in Table 13. Full details and ned-M analysis for
each oil is giveri in Tables 1 and 2, The absorption curves are

shown in Figure 16.

Four selected oils were progressively oxidised and the nature
of the changes in a number of constants examined. = Complete
analyses of the samples were avallahle from the earlier work.
Procedure " e

" Four refined lubricating o:li fractions were choden, three
of low aromatie content (less than the critical value of 10% of
~ the carbon atoms in aromatia structure already rgoforxed to)
but of widely differént molecular weights, and the fourth of

high aromatic content.



5 1838 7A.01 3.3 1257 P02l Ak
- 1933 1 67.51 6.2.126.3 1 0.3 1'2:%
6 1328 § 54.5] -8.7 |36.9 { 0.31 | 1.95
7 525§ 67.0| 8.9 | 24.1 | 0.56 | 2.11
8 476 | 58.3 | 13.0] 28.7 | 0.77 | 2.33
9 1410 | 54.0§ 25.2] 28.8 | 1.30 | 2.19
16 126k | 72.0 | 15.2| 26.8 | 1.50 | 1.50
17 1339 {'7a.0 | 52,81 36,2 |"2.30 | 1.53

Table 13
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A summary of the analysis and cther pertinent data relating to the
oils used appears below in Table 1)y

. — - s s —— - - = __l\

Sample No.|Mol. : Cp’} Ca J O | Ry 4 Ra
Wte L
| T ¢ 1
1 397 57:3 | 6.5 |36.2}1.68]0.32
Low. 2 Wﬁ 6".2 905 2603 1.8& 0055
Aromatic '
3 674 67.5 | 6.8 |25.7] 2.9% | 0.56
| High 16 264 - 28,0 | 45,2 {26.8]1.50]21.50
lAromatic

: Progr9§sive oxidation of these samples was carried out
using the épparatus of the standard oxidation test. (38). The
test specified that air at a rate of 15 litres per hour be
passed through %0 ml. of oil in a boiling tube kept at 200 C
for two six hour periods to give a time of oxidation of twelve
- hours. In this work all conditions were as specified, except
for the time of oxidation, which was varied from 0 to 12 hours,
-Oxidétion times exceeding six hours were carried out in two
stages on consecutive days.

For the four series of oxidised oils obtalned densities,
viscosities, viscosity indices and surface. tensions were
"measuredn’ Ramsbottom carbon residues were determined for the

series . derived from sample No., l.
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Densities were measurad ab 2000 in thermostated watér
paths,. A calibrated specific gravity bottle was usad for the
series froi éaﬁple No. 1 and the srrors arising from the oll
~tiapped iﬁ éhe ground glass stopoer were evident uﬁen'dehsity
was.graphed‘againsﬁ'timenof oxidation, Eigurg 17 Sﬁbsequent
measurements.wgre'by the U-tube Hvenometer method sralved and
described in détéil sarlier. Tho values ohtained ware also
plotted on Figure 17.

Viscositles were neasured in centistokes according to the
Institute of Petroleun spe:ificniicu'LF?‘QQJQJTusiDg calibrated
Oswald U-=tube viscometers in = chepnostated water bath as
described on page T4 at a .tempelati,_l.re of l.(;*O@Fo Values
obtaihed were plotted in semi»ioggrithmie co-ordinates te a
base of oxi@atinh time. These appear in Figure 18°,

Viscosity measurements at 213&F gave the viscosity index
according to the Institute of Petroleun specification.

Table 15 shous the results.

Surface iensionsgin dynes per 3&.,at ZO@C were
measured bf Sugdeﬁ’g bubble pressurs method,dessribed WY
F&n@lay(40)oFbr reagons deseribsd later only a few results

have bsen recorded.These Are in Tablelb,
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© The Rensbotton carbon residus determinatiag is & purely
enpirieal test but as its increase om oxideflon is oms of the
quantities required in the standard oridatlon test the nature
of its change during oxidation for one 36riss (Sample No. 1)

of oxidised samples vas determined., The test was carried out -
according to the Institute of Petroleum specification 1.p,14/45
;md the results obtainéd ~ 1nc.rl.nse in carbon residue - plotted
to a base of time of oxidation of the sample as shown in
Figure 19.
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Discussion of Results
The followlng discussion is in three parts each relating
to the various types of tests carried out,

The results for the normal oxidation tests with the oil
analysis figures for the seventeen samples are shown in Table 9
Ls established by other workers aromatic cantent is a significant
factor  in deterioration. Results are consequently tabulated in
order of increasing percentage carbon in aromatic structure Cj.

The first general indication is that belowia vﬁlue of
Cp = 10% thers are no definite trends in the viscosity ratio
end carbon residue increase. However, above this wvalue both
factors increas markedly with increasing Cjp. Respective values

at.Cp = 9.5 ere 1.27 and 0.53%, whereas at CA = 52.8 are 3% and
$.26%. This would indicate that at high aromatic levels CA is:
the prinecipal controlling factor, and that a change in the
rature of oxidation takes place at about. Cj = 10.

It was not expected that the results could be expressed
graphically as many factors besides aromatic content varie@
from sample to samplé (molecular weight, nature of carbon bonds,
esc.). This was fbﬁnd to be the case with viscosity ratio.
However, by plotting C; and earbon residue increase a direct
rolationship was indicated. Figure 10 shows this. At values of

——



Cy less than 10% a scatter of points within a narrow carbon
residue band is shown.

It may be concluded frpm the foregoing that above the:
aritical value of €y = 10% the oxidised products are formed from
the aromatie portion of the all, whereas when.C, 1is less that
chis velus ars mainly derived from the saturated element.
{naphthenic and paraffiniec). Since aromatic products are less
7olatile and more residue forming in nature this explains. ths
relationship between carbon residue increase and Cj in the upper
aromatic ranga.

In the lower aromatic range the indefinite and low resultes
may be attributed to the fact that the oxidised saturated
compourds are more volatile and areymostly'vaporised in the
carbon residue test but those which do form residues are mixtures
of products derived from naphthenic and paraffinic hydrocarbons,
cgch with 1ts own characteristic residue weighty, in proportions
cepending on the originai oil. s

The above also gxplains the viscosity ratio results,
oxidised aromatics being more viscous than.oxidiséd paraffins
and naphthenes:. Lack of correlation may be due to the fact
thatt all oxidised products are still present in the oil during
azviscoéity measurement. wvhile during a residue determination

oxidised saturated material is mainly wvaporised.
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Since the fractions tested represent.a haterdgeneous
collection of refined oils of aifferent geological origin, the
order of magnitude of the increase of carbon residue on oxid-
ation should be predictable if Cj is knowm.

The results for similar tests on the series of extracted

When results for carbon residue increase are plotted on the:
sraph already drawn, Figure 10, the curve coincides with that
already obtained cpnfirming what has been said.

With the series of extracted oils a eorrelation is now
apparent between viscosity ratio and Cp as shown in Figure: 20,

It is interesting to note that at values of Ca 13?5 than 10%

vhe graph tends to fall towards the viscosity ratio axis. This
wouid confirm that below this figure compounds of a different and
less viscous nature are formed but above the compound are the
more viscous type derived from aromatics.

It is also noted that if the linear portion of the graph
vere: producad 1t would pass thiough unity on the viscosity ratio
axls. This would indicate that if the oxidation of aromatics
vas not replaced by oxidatiorn of mainly saturated compounds the
viscosity would not increase when an oil of zero aromatic content

were oxidised.



Details velating to the samples on which absorption tests
were carried oubt are given in Table 13 and the absorption curves
ire shown ih Pigure 16,

A1l graphs, excepi. for the initial induction period at the:
stant, are linear or almost linear, i.e. oxygen is absorbed at
1 constant rate. :

Dornte (9, 15, 16) states that three types of absorption:
:urves are obtained, depending on the prodnct,being oxidiseds
.) Autocatalytic where the rate increases with time; 1ii) Linear
shere the ratae: is coﬁstant.and; iii) Autoretarded where the
ate deersases with Sime.

Other workers show similar results or curves which are for:
nari of the time of one type and partly the othem. In all three -
:ases, however, oxidation was much more severe, the cel;sﬁnormally
wving sintered. glass bases, to give 1ntimate‘contacﬁ;between
sas anc oily and using pure oxygem. In the present work the
absorption is equivalent. to only a very short oxidation timse,
and the curves will “herefore be necessarily linear. A

Tre order of magnitude of various factors inlthe standard
widation test ave derived from the results obteined. For the
0ils tested th e maximum rate of absorption of~oxygen.was

135 ml. measured at N.T.P., per hour, the minimum 35 ml. per hour.



The total absorption which could be expected in the

stendard test is obtained by inecreasing the six hour absorption.
by a factor of two and is seen to wary from 420 ml. of oxygen
at N.T.P. %o 1640 ml. for the particular fractions investigated.

The influence of aromatics has again been studied. No
correlation is appareht until Cy is graphed against absorption
after six hours {a factor-which is proportional to the rate of
absorpition) when a curve of the type. showm: in Figure: 16A is
obtained. This indicates that at low walues: of Cp, absorption
ts very high, decreasiﬂg to a minimum at approximately 10% CAs
thea inereasing with increasing percentage carbon atoms in
iromatic structures. |

In the previous sectién it was shown that above & value: of
g of approximately: L0%the increase in Ramsbottom. carbon. residue
on oxidation. was proportibnai'to Cp while below this value a.
scattor of Tesults arcound a mean value was obtained. Similar
hut less definite results were glven for the viscosity ratio.
At this point it had been assumed that these effects were
reglated to the formation of non-volatile residue-forming products
bove: the criticel value of Cp. On the other hand, below the
sritical value the saturated hydrocarbons were oxidised to give
nore: volatile products.

In the present section a definite change in the nature: of

the oxidation-absorption mechanism is seen at Cy = 10%.



This confirms that two different processes are taking place and:
the change from one to the other occurs at the same value: of Cp
in both investigations,

Denison {10) states that, when using pure compounds; both
saturated hydrocarbons and aromatics are exiremely stable to
xidatlon as indicated by absorption tests, but:mixtures of
these are extremely unstable. Booser and Fenske (k1) confirm
-hat pure aromatics are stable but in mixtures appear to be pre-
ferentially oxidised. It seems, therefore, that one type of
hydrocerbon acts as a catalyst for the oxidation of others.
Therefore, if it is assumed that (i) in the case of low aromatics
‘oils contalning less than critical value) these catalyse the
oxidation of saturated hydrocarbons, and (ii) in the case of
high aromaties (above critical value found) that the oxidation
of thesa 1s catalysed by the saturated hydrocarbons, irrespective
of the amouﬁﬁ.of catalyst present in each case, an explanation
of the results of the present investigatlon is obtained, i.e.
in (i) absorption is dependent on the preferential oxidation of
saturated hydrocarbons only and in (ii) on the preferential
oxidation of aromatics only 10% Cj or 90% saturated hydrocarbons
representing the critical value where change over takes place.

Ls with Tthe previous investigation, the samples used here

represent a heterogeneous selection of diverse origins and the

results should therefore be general. Due, however, to the



complexity of oil oxidation they cammot be expressed mathematic-
ally. .

One of the complexities is the role of the naphthenic and
paraffinic constituents which have been considered collectively
as saturated hydrocarbons. As the ratio of these two alter
it is expected that the course of the oxidation will also alter
but indications from examination of Tables 5 and 6 are that the
effeet is slight compared with that of aromatics., The same
conclusion may be stated when molecular weight is considered.

The only sample containing appreciable sulphur was sample
No, 9. Denison (10) states that sulphur is a definite inhibitor.
This could explain the lower absorption than sample-16 which is
of almost the same aromatic content, o

In reviewing literature on absorption, Diamond, Kennedy
and Lavsen (42) indicate that absorption of oxygen does not
depend on the bulk of the oll present, but only on the area
axposed to the oxygen. This indicates a defect in the standard
oxidation aﬁparatus and absorption cell used where the area of
oil in contac’ with air varies as the bubble size emerging from

the air inlet tube., This will be a functlon of the surface

properties of the oil.
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Effect of Oxidation Time on Physical Properties of Oils

Work on viscosity often indicates that the logarithm is
additive. Viscosities have, therefore; been plotted against a
logarithmic scale.

Density and viscosity when plotted to a base of time of
oxidation shows in 211 cases, linear relationships. Density
correlations are shown in Figure 17 . The »rates of increase of
this factor; for the three oils in the low aromatic range are,
as can be seen, of the same order and relatively low (0.00042,
0,000%+5 and 0.00098. units per hour) with a tendency for the rate
to increase as the molecular weight decreases. The sample in
the high aromatic range shows a much increased rate (0.00317
mits per hour).

Similar characteristices to density are shown by the
logarithm of viscosity in Figurel® . The three low aromatic
yils giving gradients of the same order, with a tendency to
~nerease ag the molecular weight decreases and the high aromatiec
oil giving a graph o? markedly increased gradient.

The relationship for the density of a liquid resulting
from the mixing of two liquids of dissimilar density;
assuming no volume change: on mixing, shows that density is in

this wm additive, i.,e. if x parts, where x is small in



"

relation to unity, of a liquid of density D¢ is added to unit
volume of liguid of density D, the resulting liquid will have a
density Dy given by

Dy = D + xDg
or the resulting density is a linear function of x. Comparing ]
this, with the relationship. obtained in Figure 17 the oxidation
process studied can be regarded as equivalent to the regular
addition with time of limited quantities of a liquid of highex:
density.

It was found previously that the oxygen absorbed was
lirectly proportional to time of oxidation. Since it may be
assumed that a constant proportion remains in the oil in the
form of oxidised hydrocarbons, it is evident that the density is
iirectly proportional to the oxygen in the form of oxidised.
products in the oil. From this it may be deduced that each
ml. of oxyger entering the oil forms a definite amount of
oxidisad producte or products of characteristie dénsity, and
these 4o not change markedly during the whole course of the
oxidation test.

If the density function is replaced by the logarithm of
viscosity; the same equation holds for the viscosity of a
liguid formed by the nixing of two liquids of different viscosity.

Parallel conclusions can, therefore, be drawn for the

oxidation process when viscosity is considered.




The more dense and viscous nature of the products formed
on oxidation of high aromatic oils is seen from the above
deductions and Figures 17 and 18. A further contributing
factor is possibly that more of the products formed remain in
solution in the oil.

The table of viscosity indices, Table 5, shows that in all
cases there is no significant change in the viscosity temper-
ature relationship for the oils on oxidation within the maximum
sinme of oxidation used. In general when the oils are oxidised
both the high and the low viscosity points rise simultaneously
and proportionately.

Although the surface tensions of the oil samples Gover a
range of values, oxidation would appear to have little effect on
the result. Complete results are, therefore, shown. for one
series only, in Table 16, {

The empirical nature of the Ramsbottom carbon residue test
rzives a graph, Figure 19, which tends to be linear but could

21sc be shown to have a rate which decreases with time.




Time of Viscosity Indices
Oxidation 2 3 16
=_hours

0 +101 +101 | +94 -120

s +97 |+107 | +96

3 +98 |[+103 | +98

1 +92 |+101 | +95 =124

13 +9]

2 +97

3 +9¢ {4102 | +95 =125

6 +100 +102 196 =70

9 +100

12 #4100 | 495 ~75

Table 15
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(011 Sample Surface Tension
dynes/cem, at 20°C

Sample ITI

0 36.45

% 38.25

3 38.17

3 38. 34

3 327

6 38.84

12 38.27
Sample I iy .96
Sample XVI 38.85

Table 16
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iffect of Oxidation on Lubricating Properties OL U

The following éection deals with the changes in the
lubricating and mechanical properties of oil fractions in the
course of oxidation in the standard oxidation test (38). Three
types of test apparatus have been used.

Ihe Avery Brownsdon Machine
The modified Avery-Brownsdon machine used in this investi-

gation measures wear and oil film pressure characteristics. of
oils.

In its original form the machine carries out a type of wear
test first described by Brownsdon (43). A one inch diameter
hardened steel wheel, 0.1 inches thick, with a 0.05 inch radius
on the periphery, rotates against a flat, oil lubricated specimen
of bearing metal, held against it.underload, to produce an
elliptical scar. The length of the major axis of the scar after
running for fifteen minutes at 500 r,p.m.zwith a load of 20 lbs,
is taken as a measure of the wear. : | :

- In its present form the machine has %een adapted to perform
a test first used by Jannin (4¥4) and described by Connelly (45).
It uses a one inch diameter wheel, half inch in breadth,
rotating against a one tenth inch wide flange of a specimen of
bearing metal made to the dimensions show in Figure 23. The
bearing metal is held to the rotating wheel under load to'produce
a cylindrical impression with wear. Provision for measuring

the depth of impression enable a curve of wear against time to be

Plotted )



As the projected area of the scar is contimmally increasing
‘and the force between specimen and wheel is constant so the:

pressure between the’ rubbing surfaces is continually decreasing.
According to Connelly, iae principle will record "wear under

service conditions and rate of wear at different pressures”.

Normally the Avery Br@wnadon kachine is used to test bearing
metals and factors such as the nature of the wheel used, its
surface finish, speed, load, oil used and its rate of feed
are important. Here the machine is employed to test deteriorat-
ed oils. Consequently in any one series of tests all the above
except the lubricating medium are kept constant and in the com-
plete investigation the only factor which has been changeq is
the bearing metal material.

A photograph of the modified test unit is shown in
Figure 2%, The hardened wheél is driven from a V-belt pulley
by a + hep. electric motor. Speed control is. by a rheostat in
the motor circuit and a revolution counter enables the speed
to be checked.

The specimen of bearing metal is clamped to a table which
is free to move in a wvertical direction and the force between
specimen and wheel is provided by a lever arm and weights,
parallel to the whesl axis. Figure 23 shows the arrangement.

A hand lever, with a locking position (load off) enables the
table and speciment to be brought up and into contact with the
wheel, gradually, to prevent shock loading and deformation of
the hearing metal.
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As wear proceeds table and specimen move upwards producing
a "depth of scar' reading on a micrometer dial gauge.

!

The oil under test drips at a controlled rate on to the wheel

from a funnel above it. Times are read from a stopclock.
Tost Procedure

During the investigations the following operating factors
were used..

0il drip to the wheel was maintained at three drops per
minute. The locad was 30 1bs.. The one inch diameter wheel was
of hardened steel, Brinell number 507, ground and homed. A
constant surface finish was ensured by rubbing before each test
with the same grade of fine emery cloth (grade 00). A speed of
200 r.p.m. was used.

Two types of bearing metals were used. Prelininary tests of
bearing mstals were uged. Preliminary tests were made wlth a
vin base metal, then subsequently a lead base metal was employed.

Before using th2 machine it was necessary the wheel should
be set as true as possible, as wear readings were made to the
nearest 0,000l inch, Any eccentricity resulted in oscilléﬁions
of the micromster dial gauge pointer. This was best aehigve&
by varying the relative positions of wheel and spindle to find
that of least eccentricity. Traversing the breadth of the .
wheel with various positions of the bearing metal specimen to
find ©the best position further eliminated oscillation.

On starting a test the specimen of bearing metal was clamped
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in position. A feeler gauge was placed between it and the
stationary wheel and the load applied. The dial gauge was set
to zero less the feeler thickness, to ensure that the gauge
read zero when the load was first apﬁlied to the specimen.

With the speed above 200 r.p.m. oil was allowed to drip,
the stop clock started, the load carefully applied, to prevent
deformation of the bearing metal, and the speed adjusted to
200 r.pelo. Wear was initially rapid and measurements vere
recorded frequently (every five minutes). Later in the test it.
was sufficient to take readings every quarter hour and then
every half hour. Wear finally ceased and the test stopped. At
the end of a test the length of scar on the bearing metal was
neasured .

Q) Internretation of Results

b If the depth of scar is plotted to a base of time of test
curves of the types shown in Figures 6 327are obtained.

A measure of rate of wear is given by the slope of the curve at
& particular point. As shown the rate is initially rapid,
hecoming less and finally ceasing. It may be assumed that
initially theze is dry friction due to the small area and hence
high pressure between wheel and bearing metal. This is followed
by boundary lubrication, quasi-hydrodynamie Iﬁbrication, and
finally, hydrodynamic lubrieation. In the latter the pressure

becones sufficiently low not to rupture the oll film.,
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This pressure is referred to as the "oritical® or "equilibrium"
film pressure snd is the maximum pressure which the particular oil
used will support under the running conditions of the test.
Connelly has used volume instead of depth as a measure of
wear, but the curves obtained have essentially the same
éharacteristicso .
From the geometry of the cylindrical scar formed in the
test an expression relating its length 1 to it depth h is

ziven by -
T 2/_dh-u?-

where 4 is the diameter of the wheel. If the force between
wneal and bearing meatl specimen is Fy the width of specimen b,

then the pressure at any depth P is given by-

T ‘
2bfm -

This equationyis used for calculating critical film
pressures when wear ceases.

The effect of using different bearing metals is illustrated
by results given later.

Softer lead base metals give higher rates of wear than
tin base, and therefore they have been chosen for all but the
preliminary tests. They do suffer, however, from some flow of

the metal.
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Thomson, Scott, Ferguson and McBroom (46) show that when
different loads are used displacement of the wear curves is
obtained. The rate of wear varies with the load, butthe
critical film pressure remains the same. The same authors show
that oils of higher viscosity give lower rates of wear and
higher eritical pressures but as is shown by the results
obtained on this investigation, viscosity is not the only
importani. property of the oil.

Wear Tesis

Analyses of the oil samples oxidised in the standard
oxidation apparatus and used in the Avery-Brawnsdon machine are
giver. in Tables 5 and 6. '

Prelimirary weer tests; of the type déscribed, using a
tin base bearing mestal are given in Figures 26 and 27, the oils
used being samples 2. snd 3. Following this, in Figures 28 to 32,
is a more detailed ceries in which a lead base bearing metal
was employed. Samples 4, 5, 6 and 7 were used and 16 oxidisad
from 0 to 2% hours.

It is evident from the figures that oxidation causes a g
decrease in both the rate and amount of wear produced in the
test. Sample number 5 shows particularly high changes and the
exceptional pature of this low avomatic oil has already been

poin.ted-outo At this stage there is, however, no indication of
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a correlation with standard oxidation test results (Table 9),

nor oil analysis. Sample number 16 with high aromatic content
and poor oxidation test results can be seen to give curves of
similar type to sample number k4.

The results for all oils are collected together in Figure 33.

Critical pressures are plotted to a base of time of oxidationg

and an 'mexpected result is obtained. It can be seen that the
graphs which are linear, show a rate inerease which is of the

sama order for all samples.

Again, sampl e number 5 shows exceptional characteristics.

The rate of increase is high up to nine hours when it then
assunes a nomal slope., Samplé 16 has no exceptional charact-
eristies.

Classical lubrication theory indicates that when speed is
constant the pressure at which hydrodynamic conditions begin is
proportional to the viscosity. Examination of critical pressures
for the unoxidised oils however, does not verify this. This
was also born out in the work of Thomson, Scott, Ferguson and
MeBroom (46) who, when using the same machine, with three oils of
different viscosity obtained different values of Reynold‘'s
Number at the critical dpressure. It would seem that in the
present test that if factors such as wheel hardness, bearing
metal, etc, are constanty, the final pressure is a complex

relationship of wviscosity and oil constitution.
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This would explain why sample number 16 gives a graph not
differing greatly from the others, although the viscosity becomes
very high on oxidation (the viscosity ratio is 8.4). The reason
for similar rates is, however, less easily explained. It is
known that certain compounds and chemical groups have a consid-
erable effect on lubricating properties. The formation of such
groups at rates which differ somewhat, but not to the extent of
those responsible for high viscosities and residues, is possible.
Their formation may be more dependent on physical conditions than
oil comstitution. If, as is probable, the responsible groups.
are intermediates in the oxidation process, then it mqst be
assumed that the amount present in the oils approximately is
proportional to time of oxidation.

Evidence to support this will be given later when an
examination of the change in acidity with oxidation is made on
the above samples,

It does not appear possible to relate these particular
Lubricating properties with the results obtained in the

standard test.
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The Four Ball Machine
The four ball machine is a standard apparatus used in-“;

research on lubricants. It is based on the original technigue
of Boerlage: (47). Three ¥+ inch diameter hardened steel balls
are clamped in the base of a cup containing lubricant. A
similar® fourth ball rotates at high speed on top of these. The
balls form a pyramid structure with a known force pressing the
two units together. Circular scars formed on the three bottom
balls, at the points of contact, are measured optically.
Arrangements also exist. for measuring friction torques during
running .

The contact conditions of the four ball test gives sliding
motion under high pressure and therefore similzies conditions
in gears. It is thus useful for testing gear lubricants and
B.P, additives, but much useful information may be derived by
testing lubricating oil fractions.

Properties evaluated are load carrying capacity; protection
againglt seizurey intensity of seizure, ability to restrict
damage after seizure, and wear reducing and frictional charact-
eris¢ics of the oils tested.

A photograph of the Stanhope machine used in this work is
given in Figure 25. The motor runs at a constant speed of

1375 r.p.m.. The driving spindle terminates in a chuck holding

the top hardened steel ball, which rotates on top of the other
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three, clamped in a steel cup by a ring and locking #wt. The

balls are covered with lubricant, about 8 ml. being required.
The cup.is mounted on a thrust bearing, consisting of a ball race, |
and permitting horizontal movement to ensure automatic centreing
of top ball when theload is applied. Vertical displacemat of
the bearing under the action of a loaded lever arm provides the
entire force., Variations in load are obtained by weights sus-
pended from various points on the arm. A locking device keeps
the load in an "off" position until it is required.

Frictional torques are measured by an arm attached to the
cup and a wire from this to a calibrated spring. Elongation of
the spring is magnified and recorded on a rotating drum. The
drum rotates onne every 70 seconds to provide a continuous
record of friction throughout the test.
Test Procedure

The motor is run unloaded for some minutes before testing to
remove undue frietion from the bearings. Four steel balls and
cup:are cleaned with light petroleum spirit and the three balls
clamped in position. The fourth ball is slipped into the :chuck
and the cup filled with the sample to be tested.

L predetermined load is selected and is gently applied by

removing the locking device.
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The fourth ball automatically centres to give equal loads between
the top and the other three balls.

A zero base line is drawn on the recording paper fixed to
the drum which is then connected up. When the drum is revolving
the test is carried out with the motor running for one minute.

At the end of the test the three balls are removed from th= cup,
cleaned and the scar diameters measured by microscope. Each scar
18 measured in two perpendicular directions and a mean of the six
readings taken.

A new set of balls is used for each load.

According to standard procedure; the cup should be filled
with fresh sample for each load. As samples in the present
work were small, this was not possible. A number of preliminary
tests indicated that results were not affected by using the same
oil for several loads.
interpretation of Results

Table 17 shows a typiéal set of results for a four ball test.
When the scar diameter is plotted on logarithmic co-ordinates to
a base of load, curves of the type shown in Figure 26 are obtain-
ed. A line, the Herz line, represents diameter of indentation
produced under a number of static loads. TFor low loads AB lies
close to this. When point B is reached seizure of the metal
takes place until an area sufficient to support this load under
the o0il film conditions is reached at C. After seizure a line

CD increasing with lcad is obtained until point D is reached

T T ——




SAMPLE -~ KUWAIT OXIDISED FOR SIX HOURS,

éggé.i-‘ed Three scars measured in two .directipns (given in mms.)

{gs 1 2 3 I 5 6 Mean
10 0.384 | 0.402 | 0.391 | 0.417 | O.403 | 0.422 | 0.403
6o 0.432 | 1.464 | 0.480 | 0,446 | 0.451 | 0.477 | 0.458
70(1) | 0.535| 0.516 | 0.495 | 0.480 | 0.540 | 0.518 | O.514
70(2) | 0.460 | 0.470 | 0.516 | 0.492 | 0.500 | 0.478 | 0.486
75(1) 0.493 | 0.508 | 0.509 | 0,522 | 0.522 | 0.512 | 0.511
75(3) 0.501L ] O.4851) 0.49% | 0,509 | 0.509 | 0,532 | 0.505
75(2) 2,075 1.925 | 1.948 | 1.870 | 2.220 | 2.035 | 2.012
80(1) 2.463 | 2.315|:2.413 | 2.518 | 2,263 | 2.260 | 2.37k
go(2} | 2.383 | 2.180 | 2.484 | 2.358 | 2.298 | 2.160 | 2.313
go{1) 2.133 | 2.013 | 2.283 2.118 | 2.288 | 2.160 | 2.166
c0{2) 2.330 | 2.250 | 2.300 | 2,115 | 2.418 | 2.303 | 2.286
100{1) 2,365 | 2.233| 2.445 | 2.120 | 2.500 |.2.363 | 2.338
100 2,590 | 2.430 | 2.598 | 2.478 | 2.460 | 2.255 | 2.468
120 2.870 | 2.682 | 2.628 | 2.4,80 | 2.790 | 2.738 | 2.698
1450 3.183 | 3.243 ] 3.220 | 3,060 | 3.103 | 3.135 | 3.157
160 3.303 | 3.408 | 3.275 | 3.393 | 3.245 | 3.090 | 3:286
170 L.320 | 3.283 | 3.480 | 3.150 | 4.088 | 3.265 | 3.576
180(1) 3,208 | 3.473 1 3.348 | 3:388 | 3.338 | 3.463 :} 3.370
180(2) WELDED

Table 18
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where the intensity of the heat generated is so great that the
balls weld themselves together. The seizure load, weld load and
general shape of the curve are factors used for comparing
lubricants.

A% loads below the seizure load relationship between the
frictional torque and time shows a steady value. For loads
equal to the seizure load, and above, the relationship is linear
and of a low value. After a few seconds the onset of seizure

causes very high torques which remain high until seizure is
complete. The friction then drops to a steady value, but is
still higher than it was before seizure took place.

The co-efficient of friction at any instant can be estimated
from the foree indicated on the friction trace. It can be shown
that if the force indicated is F Kgs, the load P kgs and the arm
of the torque L mms. Then the coefficient of friction f is given

by £ = 0,200
P

Ls already stated, there is a delay between the start of
a2 test and the onset of seizure for loads above the seizure load.
This delay 1s a measure of the effectiveness of a lubricant in
preventingseizure. The factor is made specific, by estimating
the lcad, which gives a delay of 24 seconds. This is found by
plotting the seizure delay against a number of loads on

logarithmic co-ordinates and interpolating.



From the resolution of the forces acting between the balls
it ean be shown that for a given load the mean specific
pressure in Kg per square cm. is given by

vhere d 1s the scar diameter in mms.

Four Ball Tegts

Sample analyses of the oils oxidised for periods up to
twenty-four hours and used here appear in Tables 5 and 6.

Complete tests on three series of oxidised oils were made.
These are given in Figures 35, 3¢ and 37. Samples used
represent a range of aromatics and are numbers 5, 4 and 16.

The welding load was found to vary significantly with the
time of oxidation., Figure 38 shows this quantity plotted to a
base of oxidation time. Welding loads were also measured on
oxidised samples of oils numbers 6, 7 and 8.

A number of factors have been derived from the first
mentioned figures and are given in Tables 19 and 20. These are
(a) Seizure loadsy (b) Seizure delay loads; (c) Coeffic-
ients of friction before and after seizure and (d) Scar
diameters and pressures, immediately before and after seizure,
and just before welding takes place.

Fezamination of Tables 19 and 20 in conjuncetion with Figures

35, 36 and 37 shows little change in the seizure load on



f Time of Weld Seizure Coeff. of Frict. Seizure
Oxidation Load Load Delay
Hours Kgs. Kzs, Before After Kgs.
Seizure Seizure
Sample No.b

0 140 74 0.057 ©.078 80

1 130 7Lk 0.056 0.089 66

3 150 80 0.056 0.087 70

6 180 75 0,056 0,088 60

9 210 85 0,057 0.082 62

12 210 80 0,057 0.082 68

17 230 Q0 0,048 0.082 60

24 240 100 0.058 0.089 62

Sample No.5

0 140 70 0.059 0.103 80

3 140 80 0.059 0.093 86

6 170 8L 0,060 0,094 79

12 200 8L 0.061 0.093 Th

17 220 Q0 0,052 0.103 68

21 230 85 0.056 0,089 70

Sample Nol6 '

0 150 50 0.023 0.09% 50

i 8 170 50 0.022 0.092 52

3 240 52 0.027 0,091 58

6 280 50 0.023 0.076 61

12 280 70 0,038 0.104 L3

18 320 85 0.027 0.103 59

Rl 360 90 0.022 0.120 2

i

Takle 19



Tabla 20

Time of Scar Diams. in mms. Pressures in Kg/cm?
Oxidation
Hours Before After on Before After on
Seizure | Seizure |Welding | Seizure | Seizure | Welding
Sample
No. 4
| O.45 1.85 3.0 18,700 1,110 800
1 0.50 2.00 | #1371 15,200 950 683
3 0.52 2.00 3.3 15,200 1,030 703
é 0.51 1.97 3.7 14,800 9% | 676
9 0.51 1.98 3.9 16,800 1,110 711
12 0.48 1.95 333 17,800 1,080 992
17 0.50 2.00 39 18,500 1,030 9656
2L 0.65 1.90 o 2 12,100 1,420 { 1,053
Sample
No. 5
0.47 2.03 3.1 16,300 840 7hH2
3 0.50 1,93 31 16, 400 1,050 748
6 0.53 2.13 3.1 15, 400 950 911
12 0.5, 2.00 2.3 14,800 1,080 945
17 0.53 1.93 3.1 16, 500 1,240 | 1,040
2’+ Oo 50 1 7‘7 3c1 1791600 13390 15230
Sample
flos. 16
O 0.3 1.50 3.00 21,100 1,400 856
1 0,37 L33 72,98 18800 | 2033607 993
3 0.38 1.40 3,24 19,700 1,450 11,175
6 0.38 1.30 3.20 17,900 1,520 | 1,400
12 0.50 157 2.70 14,400 1,460 | 1,975
18 0.60 1,37 315 12,200 2,330 | 1,665
2L 0.61 1.26 3.12 12,500 2,800 | 1,890
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oxidation. Any tendenc& is for a slight increase and this is
more noticeable with the high aromatic sample, Seizure delay
shows a tendency to decrease.

Although varying from oil to oil, coefficients of friction

show no significant change on oxidation.
Samples number 4 and 5 show little change in scar diameters

immediately before and after seizure. However, sample 16 gives
a definite increase before and a decrease after. Diameters at
welding show little change on oxidation.

The above arbitrarily selected factors seem to be determined
by the bulk of the sample, i.e. the average oil constitution,
rather than by the presence of a relatively small amount of
oxidised products. Those variations from oil to oll are greater
than those brought about by oxidation. Due also to the scattered
nature of these changes and their smallness, a correlation is
not apparent wi th any measurement of oxidation.

When the pressuresinvolved in the process are calculated
from the applied loads and the corresponding scar diametersg
the high aromatic sample in particular shows a definite change
in pressure with load. Immediately before seizure there is a
steady decrease and immediately after a corresponding increass.
Similar changes are not shown by samples 4 and 5. All samples
do., however, show an increase in pressure at welding due to an

increase in welding load on oxidation.



/,m_:

/ |
Sl

If one congiders'the changes in all the factors tabulated in
Tables 19 and 20‘except welding load,caused by twelwve hours

oxidation, {the standard test time) these are found to be quite
small even with the high aromatie oil and apparently cannot be

correlated with the standard test.
In fact, it would appear only an accurate correlation based on

an exact chemical analysis of the oxidation products would be
feasible. O0il analysis, however, should provide some
estimetion of likely effects, e.g. low aromatic content, giving
the types of change indicated.

The relationship between welding load and time of
oxidation for six oils is shown in Figure 38. The increase in
the load can be seen to be & minimum at the optimum aromatic
content (about Ca = 10%), found in the absorption studies; but
is not a function of the amount of oxygen absorbed. Sample.
number 5 with Cy = 3.3% shows an increase after twelve hours
oxidation of 90 Kgs; and an absorption of 1.5 litres of oxygen.
Corresponding figures for sample number 16 are Cp = 45.2%,

220 Kg and 1.2 litres., The type of oxidation product formed ‘
must be important. Those of an aromatic nature provide
considerably more protection against welding.

When the quantities measured in the standard oxidation test

are compared with welding load, some correlation is evident.
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With viscosity ratio and carbon residue increase there is a
rapid initial increase in welding load. The rate of increase

thereafter becomes less rapid . It wouwld seem that those
)

oxidation products which are effective in the standard oxidation
test are also responsible for the increase in welding load.

The lack of linear correlation, however, shows that the effect
of the products in producing protection against welding tends
to a limiting value as their concentrations increase. This
would appear to indicate that the nature of the oxidation
product rather than its concentration in the oil is important
in preventing welding.
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The normal method of estimating acidity of oils with
alcoholic potassium hydroxide is notfsuitable'tor oxidised
samples. The dark colour obscures the colour change of the
indicator,

End points in acid-alkali titrations can bo determined by
potentiometric means. A reference electrode of constant e.m.f.
and an indicator electrode vhose e.m.f. depends on the pH of
the solution form a cell. When acid or alkali is added to the
cell a measurement of potential diffeience_betuaen the electrodes
gives a measure of the change in pH. Near the neutral point
large differences occur with small additions of titrant. The
end point is taken to be the point where the rate of change is
greatest. .

In the A.S.T.M. method for acidity in oil (48) an equal
mixture of benzene and isopropyl alcohol containing 1% of water
is used as solvent. for the oil. A calomel electrode is the
reference electrode (giving an e.m.f. of 0.242 volts on the
hydrogen scale at 25%) and a gléss qlectrode.the indicator.
Measurements can be made on the pH scale (although they are not
true pH values). These are plotted while additions of alcoholic
potassium hydroxide are being made. A preselected pH value
determined by a specially prépared buffer solution is taken as
the end point,



B
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The method is applicable to acids whose dissociation is
greater than 10-’ and are soluble or nearly so in the solvent.
Experimental Technigue

The electrodes are clamped in a 250 ml. beaker and
comected to a sultable potentometer. The beaker is filled with
a standard aqueous buffer solution of potassium acid pthalate
(pH = 4) and the instrument standardised with this. Since total
acidity is to be measured, the preselected end point for this ie
obtained by adding 10 ml. of buffer stock solution (27.8 gms.
m-nitrophenol and 0.050 equivalents of potassium hydroxide in
one litre iso~propyl alcohol) to 100 mis. of the solvent and
measuring the pH,

Samples of oil varying from 20 to 1 gm. depending on the
approximate acidity are dissolved in 12§/mls. of solvent. (50%
benzene, 49% isopropyl alcohol and 1% water). As additions of
0.IN potassium hydroxide are added from a micro-burette pE
readings are taken. Resulis are expressed as mgms, KOH per gnm.
oll. Using other buffer solutions meaéurements are also
possible of strong acid number and strong and total base number.
Complete details are given in the specification referred to.



Acidity Tests

Acidities were measured on samples nmumbered &, 5, and 16
which had been oxidised for times up to twenty-four hours.
The results are shown in Figure 39.

The aromatic oil which shows the highest rate of
absorption of oxygen gives the greatest increase: in acidity on
oxidation. In fact a comparison of absorptions and acidities.
indicates that a similar amount of acid per unit volume of
oxygen is formed in all samples. On average this is 3 mgms.

KOH per gm. of oil per.litre qf oxygen. When the total volume
of sample is considered it is geen that this guantity represents
about 5% of the oxygen:ébsorbed.

When previously the change in equilibrium or éritical
pressure with degree of oxidation (Figure 33 ) was considered it
was found that small rates of inecrease of approximately the same
order were obtairied for all the oils tested. The results of the
acidity measurements on the same oils might provide an
~explanation of thisy if it is assumed that acidity is related
to film pressure through the formation of metallic soaps on
kthe bearing surfaces.

\ With sample number 5 there is an indication of a more rapid
increase in acidity in the first six hours of oxidation when
the critical pressure is also seen to rise more rapidly with time

of oxidation. The high aromatic sample shows no exceptional



ritieal p:asﬁure changes while its pcldity r-dph.iq 4Jte4Aediate
in range. - On the other hand, sample number 6 shows low acidity
cbnnoe ‘wrd low eritieal prossure changa. Thus, althouoh the

amount is. relatively small, acldluy would appeer to be an
important factor in deciding the effeetiven935~of the deterior-
afed oil, a faet that 1% not taken into considération in the

)
o
b e )

standard oxidation test. Since it seems to bé related to the

anount or'oxygen absorbed it will, therefore, depend on the-

arOthle coatent of the oil, and Lence aromatic conternit should

lve\a APllJblﬂ estimate of the amount of acid likely to be
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The aim of the present work has been an examination of the
Standard Oxidation Test of the inntitnte of Petroleum for lubricating oils.
Although it is known to give snomalous results the test is atili used.

The investigaticn has been designed to show:

(1) the nature of oxidation test results on additive free mineral oils

of known constitution and the possibility of predicting these from, and
replacing the test with, an oil analysis,

(i1) the changes in a number of factors and the rates at which they take
place during the time of axidation;

(iii) if the above changes can be explained in terms of oil constitution
and if the results obtained in the test give an indication of the nature of
likely changes on oxidation.

It bas been hoped to provide data enabling deterioration in the
standard test to be compared with deterioration by other methods.

Rapid analysis of oil fractions was necessary to fulfil the purpose
of the investigation., The Vyx «n -d method of Structural Group Analysis
has been examined with a view to testing its accuracy against the n - d - M
method and speeBing up the process to make it suitable for routine teating.

For oils lying within the limits of the Vi -n ~d method statistical
examination shows no significant difference between methods except for
the percentage of the carbon atoms in aromatic syructureo The n = d = M
method tends to give a higher result., However the difference on average
is only 0.7 per cent and insignificant i'oxr practical purposes,

The limits of the Vj - n - d method are narrow, uxamination of the

possibility of extrapolation of the method shows that it is safe to use
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the mevhod wnerg tne viscosity of the oil examined is highexr than

the upper viscosity limit of the method. Where the refractive index
is higher however extrapolation will lsad to erroneous results. High
refractive index indicates a high percentage of the carbon atoms in
aromatic structure and it is shown that the equation for calculating
this breaks down where the value is high,

Ey constructing suitable nomographs the methods of calculations
in the Vy = n - d method of analysis have been speeded up.

When performed according to specification the standard oxidation
test results depend on the aromaticity of the oil, Oils with less
than 10 per cent of the carbon atoms in aromatic structure show little
change in the two quantities (viscosity ratio and incriase in carbon residue)
neasured in the test. Sueh variations as do occur seeu to indicate
the 1ower the percentage the more the change. Witn more {han 10 per cent
of the carbon atoms in aromatic structure changes are considerable.

The increase in carbon residue can be plotted to a base of sromavicity.
With viscosity ratio the relationship is not so simple, Hoiever when

a series of samples varying aromatic content are prepared by progressive
extraction of one high aromatic oil, wviscosity fatio and aromeyicity can
be graphed.

It is seen above that there is an optimum aromatic content of 10
per cent carbon stows in aromatic structure, where changes in ti: oil
are at a wminimum. Aleo the analysis of the oil is ssen to give some
indicatiion of the results obtained in the standard test,

when the rate of absoxption of oxygen from the air in the stindard

test is measured the optimum value of carbon in aromatic structur is
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again seen, Above and below 10 per cent absorption is high and a
mimizum at this value. Figures ﬁave been obtained showing the order

of absorption. In the 12 hours of the %test this is found to vary from
420 %0 1640 ccs, at N.T,P. for the different oils used.

From absorption studies and standard oxidation tests carried out
according to speecification it has be.n reasoned that below the optimum
aromaticity the attack by oxygen is on the saturated hydrocarbons and above
on the aromatic. The change in a number of factors studied has been
shown to be proportional to time of oxidation in the standard test apparatus,
samples of these are density, the logarithm of viscosity, carbon residue
and absorption of oxygen. Towards the end of the thesis it is shown that
critical film pressure and acidity of each sample is proportional to time
of oxidation. This indicates that if the standard test has to be used the
time could be reduced to six hours instead of 12 and comparable results
would be obtained.

Investigations have been made to find how the lubricating properties
of the oils studied change on oxidation, Wear énd rate of wear change
congiderably, but there is no cor.elation between these and either analysis
or the result obtained in the standard oxidation test., Critical film
pressure - the highest pressure at which hydodynamic lubrication takes
place - has been found to increase at similar rates for all samples on
oxidation,

Four ball tests.found little change in sie ure load, sievure delay
time and coefficient of friction, for the oils studied, on oxidation.

These seem 0 depend more on the bulk of the dil than on the small quantities

of oxidised products. Welding load on the other hand increased markedly
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on oxidation. The amount of the increase is related to the aromatic
content of the original.oil in the same way as the oxidation test |
results, i.e. minimum effect noticed with optimum aromaticity.

The acidity of an oil is an'importani factor in its practical
application ag a lubricant. It has becn found here that this increases
aluost linearly with time of oxication, but the increase is not related
to either the results of the standard oxidation test or the analysis,

It is suggested that due to its importance it would be better to measure
the increase in acidity rather than the viscosity ratio in the oxidation
test.

For the measurement of changes on oxidation, in the standaxd
oxidation test apparatus, oxidationsfrom one to 24 hours have been
used, The test according to specification considers an oil oxidised for
12 hours, RBelow in a table is extracted the data for the moxe iﬁportant
changes afiter this time for oils of differing analysis.

In general the analysis of an oil gives some idea of the types of
change which may be expected. It is possible to predict standaxd
oxidation test results. Howevér, in no case is there definite correlation
betwemn changes in the oil and the standard test result only., Where a
relationship does appear a better one is always obtained with structural
group analysis,

Hodern commercial lubricants contain additives which influence
oxidation. Pubure work might be directed to finding how oils of known
analysis, containing known quantities of specific additives behave in the

standard oxidation test. Behaviour in the test could then be related to
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amalysis and additive contant. A suitable approach would be to take
a few - say four oils in the rsnge low, optimum and high aromatic content
andstudy each with different additive types.

The way in which an 0il behaves in use is the final eriterion
in deciding its efficiency as a luiricant. There is no published
inforuation regﬁrding this factor and the standard test. Where resources
are available field tests pe:forméd alongside the types of teste
described here should yield useful information.

It is unlikely that a method will ever become available for the
complete molecular analysis of an o0il but techniques will be developed
which will approach this. As these are, then it will be necessary
to study the changes in oils on oxidation and these analyées figures,
There are many approaches to the problem but the present has the

advantage of using equipment which im the main is not costly to construct.
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