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Foreword

. The first thirty years of this century have seen & remare
Zie development of the steam turbime. It has grown enocrmouse
 fn size, in efficiency, and in the écnpe of its usefulness.
E‘ in hand with this growth has gone an increase in the
fglaxity of the problem of lubricating these turhinéa. This
Efcome about partly because of the extremely hard service ta
'iv the lubricant is put in & large modern turbine snd partly
;-ao of economia.reasona: The dependenee that is placed on
héyinn driving a 70,000 Kva. generator is cf such.magnitude
?} render it imperative that & cessation of operatiom dus .
ubrication trouble shall not come to pass.

'iﬁhrhinc oils have come to be regarded as the highest

f?x lubricants that the refiners are called upon to supply.
i{ter all these oils are enly mixtures ef chemieal gom-

of mare or less unknown constitution and stability,

b eils do change and deteriorate in service. Xt was
jﬁ;&pe of shedding some light on the nature and causes
his deterioration that the work described in this paper
-Es;ertaken. The writer wishes to acknowledge his indebts
é!a to Dr, A. E. Flaowers of The De Laval Separator Company
;;rnishing the samples of material for investigation, and
?;imdssionxto publish the results, also to Professors

‘ik and ¥roth of Georgia School aof Technology for their
'fjee and guidance in the work. ‘ |
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General Discussion of the Problem.

The changes whiech steam turbine lubricating ails

; underga during use may be gqualitatively stated to be

; ag followss g

| 1. 7The eolor hecomes darker.

2.  The viscasity imereases.

3. The acidity inereases.

4. ?ﬁe resistance to emulsification deereases.,
5. @il-imsoluble solids are formed.

The first of these changes may be dismissed without
gfiurther comment since no Quantitative relation between
color, per se, and quality bas been established, although
,!Et. has Been pointed cut by Mesd (20) in bis studies of
k-iﬂﬂiiﬁ&tiﬂﬂ'th&t the color change is an index of the

i jount of -oxfdatiens The increase in fiacnaity which
i:fhn aiX undergoes may serve as an index of ita auita-
;:ﬁility for continued use (1} since the makers of a tur-~
;5hine may specify the viscosity limits for the eil to be
?jised in its lubrication. It is quite possible that the
?{ail in service might hecome so viscous as to be unsuit-
iﬁiiﬁ-fur use although this would Be an extreme case.

. The increase in the aecidity of the oil is one af
%ﬁﬁast interesting features of the problem. The term
idity is misleading sinece thg.ehamical individua;s
bbave not for the mast part been isolated and identified

 acids. However these -substances react as acids

# Bumbers refer to Bibliography.




éfiu phenalphthalein and are ﬁeutralized by pnﬁ#ahiuﬁ
fibydroxide. The comparative rarity of instances of -severe
égmrruaian traceable to these acidic bedies has led to the
gyelief that their corrosive ection is slight (4} amd the
;?i&&k of knowledge of their constitution has ledé to the
%gse of the term "nmeutralization number* (2} raéhar than
;;&aidity‘ for designating the figure expressing the
;}“ﬂdtity present in any eil. The neutralization number
-:: defined as the nugher of milligrams of potassium
fydruxi&e required to neutralize one gram of oil. The
f_jamk deseribed in this paper has to de with these acidie
';wm es and will show that some of them are true acids
?yh-that;thsir potential possibilities for causing corrae
zign are great.

Et_ The decresse in the resistance to emulsification of
TF;;;.hecnmea, when sufficiently great, an index of the
Blity of the oil. The oil in many turbine systems
Cheeomea contaminated with water through steam seal leaks,
;:and this water should be continuously removed by settl-~
__ ing, centrifuging or filtering. It is desirable that
%ﬁhﬂ tendency of the ail to emulsify with this water be

;} ght. The resistance of the oil to emulsification

fa: be measured by the #Stéam Emulsiort Number® (3] =

I?&u S.E. number heing characteristic of am oil from
i%ch.aﬁmixsd waterussﬁarates readily. |

ii The formation and p:edipiﬁ#tinn of solids in the

s

ge gbjectionable to.the turbine user since
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?Enae-solids may cause clogging of oil passages and by
;wpasiting on the tubes of the uil coolars may cause
Bhe il to be fed to the bearinga at too high a temper~
:fumc. These solids are gemerally continuously removed
from the oil of turbine systems by a filter or_centri-
-Qw:e. ‘The s0lid matter plus some emulsified water and
X traine& ail is 3poken of as sludge.

3he follewing tsbulation gives figures for these
ea just discussed as they were ebserved in an
jatual turbine lubricating system (6)

. ¢ New Qil : Qi sfter &t Maximum

z t 3 years 2 ¢t value che
t t months sers served dure
t t vice ¢ ing test
s t ¢ peried
t : t
lsutralization number s 3 t
iz .. EOH per gm of oil) : 06 £ 43 3 57
: N 3
3 : 3 L3
iteam Emmlsion Humber - &t €0 ¢ 240 t 380
3 (seconds) :t t t
t 3 £
g : : t
iEscogity, Saybolt 3 S :
versal at 300 deg. Fo. ¢ s £
s 237 t 268 t 266
s ¥ :
t : :

: The amount aof oil in this system was about one hundred
Bilons. Magkeup oil to the amount of five or six gallons

* year was added as necessary. The eentrifugal purifier
ﬁi-ating an this oif removed about 300 grams—af élndge

nd from 10 to 35 liters uf‘w&ter per mnnth.: f£ is pointed

e _paper deacribzng this test that this removal

’W; Nbdounts for the finetwatien of the




{.

i; neutralization number of the oil during the test since as
;; is well known some of the acidic bodies of used oils are

? apprﬁci#?ly water gsoluble. The article further states
Ethst at the time the ofl showed the meximmw Heutralizatien

% number practieslly no water was being removed from the
?Isyatemh.

i- Iiﬁ may be remarked that the above figures represent
ifiery'maderate #&lues, that is to say, they show but slight
-?ﬁeterinration of the eil. As representative of fairly
ikaweré deterieration the writer recalls having observed
?}aed oils which showed neutralization numbers as high

2‘; 1.8 mg. KOH per gm. oil and ateam emulsion numbers

i¥ 600--900 sec. The extreme in turbine oil deteriar-
itiun.acaura when the eoil ‘gﬁea te liver®, that is, the
ﬂﬁtire bedy of oil bhecomes a semi-solid mass of sludge

‘ir emulsion. HNeedlesa %o say this phenomenan is rareg
fjcases.uf it have come under the direct observation

f the writer.

:; The principal cause of these various changes in

#bina cils is generally coneceded to be oxidation,

iﬁi‘is hastened by heat, moisture, and contact with

E Light (7} and electrie currents (4) have alsa
q"ﬁlua having the effeect of haatening deterioration
?i. These last two factora hcwever need hardly
Eaidered in cannectiun.with.turbine oil deterioration
5 the construetion af mmdenn turbine aystams 13 auch
ta practically prealude any action by either a&f these

j“f-' ACR,.
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It thus appears that turbine oil deterioration is
in reﬁlity & speciasl ecase of hydrocarbon oxidatien and
& consideration of the work of previous investigators in

| this field is in order.

Review of the Work of Previous Investigators.

The subject of bydrocarbon axidation is ome of great
:ﬁﬁiraraity and the literature on the subject voluminous.
ijhm the most part the work dene falls naturally into twa
iglasae&, the first being werk done on controlled oxida-
with the idea of producing valuable products, e.gZ.
:ﬁﬁ oholas, and fatty acids, the second clmss comprising
research work on the uncontrolled oxidation which causes
?eteriaratian ef eils in service, This type of work

; be further Quh&ivide& into (a} efforts te establish
55. mechanism of the reactions and, (b} efforts to identify
;ﬁg produets. Taking wp these various phases of the sub=
t in the qr&er given it is seen that as early as 1880
few:- (7] devised a process for converting petroleum dis~-
_}_htea into saponifiable acids. As far as is known this
;@«;sa never attained aﬁy practical success probably for
Qﬁn«:c reasons. Brooks (8} states that it was in 1896
bt Eyerly and Mebery first descriled their maw welle

?d precess faor manufacturing ‘artif;aial.&sgh&lt' by
‘éﬁz air through heavy high boiling petra;enm.reaiduea
~qi: to five daéa-ét 230 dege. C. Water is-formed

;}f proecess and_ﬁhé‘fiﬁal products contain but
lgen leading Brooks to the helief that oxidized
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bodies which are at first formed finally polymerize or
condense with the elimination of water. At lower tempera=-
tures these condensation reactions eceur to only a slight
extent and the primary oxidation preducts may be recovered
as such. |
In 1905 Wglther (9) cleimed a process for the vapor
phase oxidation of petrocleum hydwocarbons tao produce use-
ful products. It has, however, bheen shown by James (5}
that Walther'a'hfncesa.due to the high temperatures and
high air raties used could hardly bave praduced any great
guantity of materials of commereial value. |
James (5)(11) has described his awn work on aeil
oxidation leading to the develepment of a process for the
vapor-phase, law temperature, catalytic oxidation of the
:;haiigha%ic bydrocarbons of petrocleum. He has found the
5anidea of such matala as uraniun and molybdenum to be
:feapaeially useful as catalysts for the oxidation re-
| action, the uranium oxide having the specific property
ﬁ af catalyzing to a marked degree the aldehydic stage of
tfnxidatinn. In his procesa the temperature of the catalyst
iifcreana‘-through which a mixture of air and hydracarbon
;f;&pqr ia passed is maintained at from 280 to 380 dege. Co
i He gtates that below 240G deg. C yery little axiéatian.
f takes place while above 500 deg. C. no results of indus-
;ﬂtrial value are obtained. It may be aoted here that the

'J'u;t af theae tem@ezaturea is eonalderahly higher than

“&uea ifn. problama af oiI detericration oryin




As to the products ohtained by this oxidation James
atates that they represent in general all the stages of
the oxidation of sliphatic hydroearboss frem. alcohols
acids. These ascids, he adds, are not true fatty acids
but are oxygenated and respond to all the aldehyde react~
; ions. He further points out & fact which appears to bear
'”;ap the writers werk viz. that the partislly oxidized
'igram’aona thermally decompese to form both hydracarbens
3. er molecular weight and oxidized bodies of lower
weight, ‘ |
: In a later publication (10} Bitler and James deseribe
rcia.l plant for earrying Ion ‘this oxidation processe
: ' ing & Pennsglvania kercsene an alcohol denaturant
e "'ﬁehal‘ is prepared, enough formaldehyde being
as a by produet to warrsnt its recavery &s hexame-
Blienotetranine. Water soluble acids are alse formed
of -%hich has not been worked cut. Formie
'._h:mav.er been identified.
fiher worker in this field Marks (12},cites the
2 o of earboxylic aecids by oxidizing with air a
hydrocarben mixture at a temperature aof 100 ta
deg. € and a pressure of 100 to 35G pounds per square

_."E-'g;a-ff and Schaad (13} recently published & compre-
-u review of the work done to date on the oxidation
p_;ra&‘“fin hydreecarbons. hé;y..-.-list among the
I'_'tim: prodactggz"ﬁﬁic'ﬁ have been identified; methyl and
.L?'wleahé 13;. formaldehyde, acetaldehyde, formic and I

7.
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::._:yh;eeti.c: acids, hydrocarbons (both saturated and unsaturate
of lower molecular weight than those originally sub-
.{gitted to the oxidation reaction, resins (which are prob-
;‘&ly aldehyde polymers) and even traces of hydrogen per=
h---- de. They zlso present a list of possible research
lproblems in this field and = hibliography of 120 refer-
rces. A large percentage of the work whieh they report
been done on methane with a view to develeping com-
reial processes for the msnufacture of formaldehyde.
P&aaingl now ta the work which deals with the mechan~
is and products of the oil deterioration reactions one
at once struck by the enormously increased activity
in. this field in the last five years. |
_ Gurwitsch(?} wrote in 1924 that “the mechanism aof
j-- s oxidation process and the behavior of individual
'-raca-rhan groups, have, unfortunately never heen accur-
tely investigated, so that the little work dome on this
Biect provides only vague indications but no certain
';". a ..
This statement should not however he taken as
:'icating a complete lack of knowledge up to that time
Brooks(8) atates that in 1904 Engler and Weissberg
itablished their theary of the mechanism of organic
Bgtions. To quote Brooksg
_ has heen shown by the well kngﬁnl_wnrk of Engler
__5-' ssherg (1) that organic substances, which alone
eai&hly ._&ffgqted. by air or oxygen, may readily -




- oxidized in the presence of a second substance which is
abhle of direct oxidation. They have shown that the
Iatter class of substances form peroxides and their hype-
ithesis is that these peroxides may then effect the oxid=
; tion of substances wirich by themselves are inert tn-
_Imgan. Thus, paraffin wax is only veryﬂalm:ly affacted
air or oxygen at 150 deg. but the oxidation is very
meh accelerated if a small quantity of previously
."uieiized material is introduced. Umsaturated hydroear-
ons which are é&p&hle of forming peroxides, accerding
*t& Engler®s theary‘

BHC =—CHR; + Qy—

' \D ;g/c.ml

mey in this way bring sbout the oxidation of saturated
igdrucarhan&.* -
3 That this theory was based on careful experiment-
.gtion and sound reasoning seems to the writer to be evidence
:e(l by the way in which the findings of subsequent inves-
"ffﬁig&tara have supported it. For example Dighy (8} states
the irom and copper soaps which he found im trans-

Bmer oil sludge "probably act eatalyticslly in promote

_" oxidation.® Likewise, Waters (17) (18} observed
fmtitm of resinous substances in axi&ized oils

i _ the course of his wark was led ta the belief that
-raaina promoted fuz*ftggr gxidation by acting as

wgen carriers. "




_ Waters alsc investigated the effect of unsaturation
?:ua of sulfur content (23) on axidation of oils Qnd found
hat, of seweral cils investigated by him, the one h&ving
the highest percentage of ﬂnsaturation, showed the least
?midatinn, Apparently he did not regard this as evidence
gainst Engler®s theory since he explained it as perhaps
kﬁing due to greater amounts of catalysts or oxygen carr-

5 . in the more highly oxidized eoils. With reference

0 the sulfur content of the cils he found that increase

fn sulfur content inereased the amount of oxidized mater-

Bk formed and that the sulfur content of the oxidation
ucts was higher than that of the original eils

4 Buring the World War intensive research was con-

15te¢ in Germany on the synthesis of fatty acids. Much

P the work was based on oxidation of paraffin wax end
_Ezrding to Brooks ™the most complete results published
i=eate that the Best yields were obtained without the
§ition of any catalytic material other than a small

éént of previously oxidized material added to initiate
i_~s¢tian.'

?hfx is readily seen from the faregoing that Engler's
*y at least as regards the idea of *autaxid&tian*

f! hbundant evidence in its faver. It is alsa a@parent
'%ihere is excellent faundatiaﬁ for the belief, gsnerale
o 1¢ hy turh;ne engineers, that the presence of sludge
s uses ths rapid fnnmation of ‘more sludge.
\examplc of more recent work on the msg

711 m&aum may be cited the work of Has

i-ﬁhlidh.tlﬁ} and that of Mead and callaboraters |



These workers were pfimarily interested in the deterior-
ation of transformer oils, and its prevention by the use
of antioxidants or negative catalysts. Haslam and Fro-
hlich propose the following scheme as representing the

S

exidation proeess,

hydroearbons—»alcohols ——#aldehyd.e;

ketones
| ¥
naphthes i and condensation and polymer-
fatty acidg ézaxia? products E&sphaltic
odies

They also point out the further possibility of continued
oxidation of tﬁe acida followed by condensation to asphal-
tic bhodies. (Cf. James loc. cit.}] They show that the
alcohols and aldehydes formed have but little atability
and are further oxidized almost as fast as formed. The
action of the negative catalyat is to delay the initial
step i.e. the formation of alecohols.

Mead and his coworkers determined the effect of
temperature on the reaction rate and give the temper-
ature..coefficient as 2.4 per 10 deg. C between 120 deg. C
and 130 deg. C. They found that the rates of sludge and
scidity formation were low at the start but increased as
- the axperimént progresaed. The rate of oxygen shsorption
| increased with the unsaturation of the oil at lemst for
f ails frem the ggﬁs base erude. (Cf. Waters, lac. eit.)
| In addition they give the following comclusionst ;
1. The scidity development in commercisl trans-

former oil is autoéatalytic at lew initial acidity,
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but not at relatively high initial acidities which
are obtained by additions (up to 5 per cent} of
deteriorated ail.

2. Sludge formation 'aeams-hto be greatly influenced

by the initial _&cu:{d.-ity of the o0il, much more sludge
being formed at high initial scidities (obtained by
additions of deteriorated oil) than at the low
acidity of the new oil,*

One of the'most recent publications dealing with
the mechanism of oxidation reactions is that af Pf;pe s
Dykstra and Edgar (21) who have studied the vapor phase
oxidation ef ocectane and its isomers. They interpret
their data as Xeading to the follewing conclusion.

*The oxidation of the hydroacarbons proeceeds in the
main by the following stepst (a) Oxygen attacks the
methyl group at the end of the longest open end straight
chain of the molscule forming an aldehyde, (b} This
aldehyde is further oxidized to an aldehyde af the next
smaller number of carbon atoms by & *chain® reactien in
which CO is formed and hy a side reaction in which ea.a
is formed. These reactions continue until a branch in the
hydrocarbon chain occurs at whieh paint the oxidation
slows down markedly; or (in the case of very lang chains})
until a secondary explosive reaction sets in.%*

Passing now from the work which has beeén primarily
c:emzed with the mhanim of oxidation to that which

'Jq_&fly at. idenxifieatian of the products it

=

F thare has be.en no lack of effort along this




1ine. Several warkers have made proximate or ultimate
anxzlyses of turbine or transformer oil sludges, the prox-
imate analyses bBeing based for the most part on tké select~
ive action aof Gertain.aalmenta:

For example Blukziey-CIAJ reports the analysis of &

turbime ail sludge as followst

Per Cent
Wmta_r 8
011 (Petroleum ether soluble) 43.3
Ethyl ether soluble 50.4
Chloroform soluble 2.2
Insoluble (mostly metallic iren)
Total 10G.8

These variouws solvents were applied to the same partid&
of sample in the order named, i.e, the ethxl ether extract
did not include any petroleum ether soluble material.
Similarly, Salathe (15) cites a turbine oil sludge
that econtained 42.5% water and 13.6% acids. (Aliphatic
snd naphthenic acids calculated en am oil free basis).
This sludge gave a positive test for acetaldehyde and
had a high saponification number.
Winchester (22) has analysed a considerable number
of turbine oil sludges and cites the following as an

examplet:

Per Cent

Water 83.5
0il (Petroleum ether soluble) 8.4
Scaps (Ethyl Ether soluble} 19.7
Agphaltenes (carbon tetrachloride

. oy soluble) 2.7
Insoluble : 23
Total Vet 97 .2

scheme of analysis .involwed successive extractions

®with the solvents listed and ash determinations on the




original sludge and the various extracts. He alsc analys-
ed the ash. For the example ci:ted he found 1.49% of ash
hased on the water-free sludge., This ash consisted of®

Per Cent
Fo,05 and AL, 9;° _ 47.1
Cu U E - 3263
Si Oy 11.2
Undetermined . 9.4
Total - I0G.

: While it is quite true that this pioneer work on

h'__ proximate asnalysis is difficult of interpretation, enough
cct it bhas already been done to show that it may gomeievahly
hecome a methad of great value in the diagnosis of lub-
ficating o0il troubles.

h: A gpimilar scheme of analysis has been used by CGher-
?HOGkur (1) who gives the follawing values for a turbine
:-alndgeﬂ : ‘

Per ﬂunf__
Water Sﬁmﬁ
0il (gasoline soluble} 29,5
Gasoline insoluble 35.0

: found the gasoline insoluble portion to consist of
¥g.5% of aleaohol soluble material 72.6% of benzol-soluble
jnd 11.2% of insoluble residus. The alcoholic extract
ontained organic acids and organic salts of iren. The
i»ige extré&t contained asphalts anﬂ-g;ganie salts of
-l-and capper;_lrhé‘inho;nhle portion econtained free

1 and capper;g;gd_gqmg gilica and carban.
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As to the nature of the sludge forming reactions
Chernojnokoy distinguishes three kinds of sludge, to witi
»(1] Sludge formed through the polymerizationm and
axidation af tarry substarices and having the appears
ance of the so cdlled asphaltenes. This sludge is
never formed in properly refined oils. |
(2) Sludge of a distinetly scid dharacter formed
through the uxidatiun.anﬁ polymerization of unsat-
urated compounds and the basic hydrocarhons of fhe
0il. This sludge is usually a& sticky and viscous
" mass of a browmish coler.
(3) Sludge composed of irom and copper salts of
organic acids. These are f ormed hy reactioms ef
the organie acids with the metals especially when
| water is present to promate rusting."™
; In a later paper (24} the same writer apparently revised
i:&nmEWhat his opinions as to the mode of formation af the
; second variety of sludge for he ptates “The saturated
;%hwdraeafhana form, by oxidation, high molecular weight
iZaaida or "sludge of the second kind* which cannot be
| éissolved in petroleum ether and has an acidity which
éwariea between 60 and 110 milligrams of KOH per gram
. of acid.*
_ An example of sludge analysis which is interesting
'f: account af the high sulfur content found ia cited by
Stedn cev and fﬁézi&akaia (25) who found.in a transformer
sludge 13.16% of ash in which they identified Iren,
ar, 1eaa; énﬁwtiﬁ;ﬁ'ﬁhe’ultnwate analysis of the sludge




on & water and ash free basis was, Sulfur 78.03%, Hydrogen
9.29%, Nitrogen .83% and Oxygen (by difference} 11.48

They further state, citing experiment&l evidence in
support of their helief, that the sulfo-acids ( and the
sodium salts of these aeids) which may be present in oils
which have been sulfuric acid treated and insufficiently
washed, play an important part in catalyzing the con-
densatien reactions which largely account for sludge
formation. %

Frank (26} in a general discussion of the changes
taking place in insulating and lubrieating oils dﬁring
use cites those commonly observed (See page 1)} and in
. addition states that the tar number of the 0il increases
% and the iocdine number decreases. This last especially,
E!indic&tes to him that unsaturates play an important
1role in oxidation. Ha suggeats the use of methyl alca-
;hnl for extracting the acidic bodies from used ails so
: these acids may be isolated and identified. He
mentions the reported formation of acetic acid by oxida-
.iian of heavy oils (Gf. Brooks loc. eit.) but contends
% at stray current phenomens have preobably moare to do
jith its formation then has direct air oxidation.

" In a later paper (27) Erank describes the analysis
f‘a turbine oil sludgé. He extracted the sludge with
itane and ethyl.ayher; cbtaining from the acetone
action 11.4% of material and from the ether extrac-

ifﬁﬁhh&aed on water and oil free sIudge. The
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_F;~:tane extract had the appearsnce of an organie iron
isalt. By treatment of these extracts with hydrochlorie

i, Id he separated the organic aq}ds from which he obtzsined
the following datar

o Acetone-HCL Ether-HCI
extract extract
. Saponifiecation number I25.2 180.

. Mean molecular weight 448.3 310.

- €arhon 75.7 68.8
Hydrogen o3 7.4
Oxygen 16,0 23.8
Empirical formula Cog Hxnl, Gy gtias0

In commenting upon these results Frank suggests that
 fitargenna in acid and saponification numbers may '
eate that the acid obtained from the acetone extract
_?tranaformed to a lactone goon after its fermation.
fowever, the hazard of such thearizing is perhaps best
}nhnwn by quoting his own conclusiont ®I forbid myself

'to make further deductions and recommend that the figures
| given be regarded ss material for further wark rather

. than as explanations."*

The writers own experience with sludge analyses
r'leads to the observation that the splitting of the iron

. sgaps with HECY is very diffieult to acecomplish on account
i;ﬁ the gummy resinous nature of the materials.

: It is apparemnt from the forégaing review af the
iterature that many gaps in our knowledge of oil deter-
| j1=aducta-§till exist, further that the study of

_Haluble;prgéﬁé%é which are prohably the most

e, especially in the case. of turbine cil has




been rather neglected.
Basis of the Present Work.

In view of the demonatrate& importance and far
reaching effects of oil oxidation reaetioms, it is quite
natural that considerable effeort has beem spent on the

% &evelapment of tests for measuring the oxidizability or
% aging tendency of mineral eils. A recent review (28)

. listed not less than fifteen such tests and it im quite
3poasible that as many more have been proposed but have
i«ut gained wide acceptance.

There are five tests which are in more or less
‘;,“”,n use in this country, these heing as followss:

1. The Waters Carbonization Teat (27}.

2. The Sligh Oxidation Test (29).

3. The Snyder Life Test (30).

4, The Eunk’saudge Accelerator Test (31)(32).

5. The Stability Test of Rogers and Miller (33).
In each of these teats the o0il is subjected to
.;-datiun under controlled eonditions, after which the
ﬂtent of oxidation is judged by some convenient eriter-
3 guch as the sludge content or neutralization number,
fhe firat three tests are used for both turbine and insul-
?rng oils, the last two being designed for turbine oils
f particular. ©Of these two the Funk test mast nearly
‘_roachaa duplicz;'n:tian af the actual turbine conditiens.
?}926 the writer had occ&sinn to make & series of tests

;-ame turblne ails uaing the Funk apparatus and at the




conclusion of the tests decided to attempt the idemtifica~

tion of some af the oxidation products formed im the oils

during the tests. This paper has to do with the results
of this work. For the sake of furnishing a background

i far this present work & description of the apparatus and
- the test results is included at this point.

_ The Sludge-Accelerator test was originally develaoped
';hy Mr. ¥, E. Funk of the Philadelphia Electric Company
}ﬁhr use in testing the turbine oils purchased by his
éompany. The teat subjecta the 0il to the action of heat,
 5r, water and metals (iron and brass).

: The apparatus used by the writer differedfrom Funk's
-”:ign only in minor details and is known and marketed
*The Funk Sludge Accelerator.® Its constructional
'tail is shown on Enclosure *A®. Essentially it con-
_i;ta of a east iron bex-like Gahtainor or tank 48 em

- by 38 cm deep”and 26 em wide (inside measurements).

je top is clesed by a cast iron lid fastened with.c&p‘
7?ia 50 as to make a water and air tight joint, XAcrass
:.inaide of the container four baffle plates extend
b side to side. Two of these haffles extend from

% the tap to within 4 em of the bottom the othex
| extending from the hottom to within about 7 emd
_'-_ep. The container is thus divided inte fiwe
?iwa&rtmgnﬁa. Mounted on the outside of it is
_. jrives a pump and blower. The pump -tekes sucti
Fen the compartment at one‘énd of the container and dis-



é eharges into the compartment at the other end. The
}TEIQWBr foreces air into the container at a point below
1_the surface of the oil under test the air then escaping
}through a vent pipe to which.isfconnected a gas meter
éiur recording the voldge of air passed. The apparztus
Wi acinae & thermometer, gage glasses-and sampling
ivalves. _

To make a test thirty liters of the oil and three
;%era of distklled water are poured into the apparatus,
. the cover fastened down. The pump and blower are
ted and heat applied by means of two Meker burners
;at under the container. The temperature is brought
Y deg C (205 deg. F) and maintained at that peint.

] ail and water are thoroughly admixed by the pump and
a ced to travel thfough the apparatus in a tortuocus path
jue to the bhaffles previougly mentioned. The rate of
pirculation of théioil-water mixture is about 35 liters
i}r minute and the supply of air to the apparatus is
jept at 40 liters per hour.

&bout fifty to seventy five hours of operation are
fyually required to test an oil. This operation need nat
je continuous, in fact a rest period of eight hours or
pre out of each twenty four is recommended. The rate
if deterioration of the oil is gaged by means of samples
frawn at five-hour intervals as the test progresses.
content of sludge and emulsion in the sample is

jetermined by cantriiuging,w&nd the neutralization nuwher

zﬁ. -




ermined on the oil and water separately. The sludge
:i of the o0il is also determined by precipitating
ﬁ#ludge with a mixture of ethyl alcohol and petroleum
H'Q d then centrifuging. )

B the series of t;Sts run by the writer two Funk
§ze Accelerators were used. One of these was as des-
pibed above. The other differed only in that it had a
Bset of stainless steel (U-loy) inserted under the cast
_'_ﬁ-ucm lid so as to eliminate from the sludging effect of
jhﬂ 0il the influence of loose scaly rust which had been
found to flerm on the 1id in previous runs. These machines
?-re operated about nine hours per day. The test period
®as seventy-five hours so that about a week was required
iur each test.

- Three 0ils were tested, two runs heing made on each
T?ione run in each-machine. The oils were high quality
ine oils beingﬂaescrihed as light, medium and heavy
Ee. These oils were made from naphthenic base crude
;-a high vacuum distillation processe.

' . The characteristics of the oils before and after
j?ltested are shown on Enclosure "B®. It will be
f?that the changes in viscosity, steam emulsion

and neutralization number_are quite appreciahle.
'generally believed that the effect on the ail of
hour in the Funk Sludge Accelerator is comparable to
lat of 100 hours of actual turbine service. While the

L

ssults of this test are of interest here only as a

21.



will.be

‘background to the present work it may be pointed out that.
these oils tested would all class as very good cils for
turbine usee.

When the sludging tegt on an o0il was completed the
mixture of oil, water and sludge was drained from the Funk
machine and passed through a De laval Centrifugal 0il
?ﬁrifier. This separated the mixture into its components,
which were reserved for further exsmination. The work
deseribed above was carried on in the Process Laboratory
. of the De Laval Separator Company. The examination of the
. water samples and identification of the acids dissolved
.-_- therein was done at the Georgia School of Technology.

Examination of the Water from the Funk Sludge
Accelerator.

It will be noted on Enclosure "B*™ that the neutral-
i-tion.number of the water at the end of each sludging
.’1'. was from four to eight times the neutralization
iser of the oil from that test. Since a little over
iée liters of water from each test was available, it
;gonaidered that the total content of acidic bodies
he water was suffiecient to warrant an extended inves-
%ﬂn. An examination of these water samples was
fﬁre under taken.

. cge samples being very dilute solutions no tests,
%9; the common acids, were attempted at the start.
i;decided to attempt to concentrate the solutions

of fractional distillation, so apparatus was set




up as described below. A 5 Iiter round bottom flask was
used as the still body, This was surmounted by a Hempel
columm made of 25 mm, a.d. Pyrex tubing 90 em. leng. Ihe
firat filling tried in this column was 5 mx glass balls
?i_ but the hangup of liqufa in this packing ﬁ&s 80 great
that the balls were removed and replaced with 5 mm. o.d.
giass tubing cut into pieces 6-7 mm. long. The depth of
packing was 71 em. and the column was lagged for a dis= |
4 tance of 56 em, from the bottom, the uppéf portion serving
; as a dephlegmator. The distilling flask was alse lagged
% except on the bottom where it was fitted with an electric
-:"'heater. The six samples of water were distilled separately
%in this apparatus, the heat input being adjusted so as
'._t-o give a ratic of reflux to distillate of about 1tl.
'?fe distillates were collected in 250 ml. portions, and
-iftr&ted with .0560 K potassium hydroxide solution, using
snolphthalein as indicater. As each distillation
:;ngresaed the neutralization number of the distillate
éhawn by these titrations graduzlly increased. When
22 neutralization number reached a value of about 0.2
distillation was discontinued, and the residue in the
:ill, usually about 500 ml., was set aside for further
I}eatig&ti&n; Most of the acid content of the six water
;nlea was by this procedure concentrated in the still
t:&uea, thua%?educing the volume of liquid from about
:'tera to leaatthﬁn thgfe. The amount of acid which
}_p&saed gver ﬁ;tp;éggwgiétillmte was almost negligible

}}amparissn with the total, nevertheless, an attempt




was made to concentrate the neutralized distillates and
recaver the potassium salt for examination. This proved
to be a rather difficult proceeding, amd was finally ab-
andoned.

It is thus seen, that these distillations did not
throw much light on the preblem. The vapor temperatures
did'not differ appreciably from the hailing paint of wa-

{ ter. It was however noted that at the beginning of each
digstillation a gelatinous gray-green precipitate formed
in the water, ind;cating the presence of easily hydrolyz-
ed salts.

The residues remaining from these six distillations

were then combined and filtered. This combining of the
regidues was éonaidered to be justified by the faet that
the three original oils were successive fractions from
if the same base crude. Their constituent hydrocarbeons
should therefore haye partaken of the nature of an hom-
ologous series, moregver, since commercial ails are not
; elaosely-cut fractions, gome of the same hydracarbons may
E have theen present in each o0il. Thus, even if the aeids
in the water were products of direct exidation, rather
. than decomposition, practically no more contamination

| than already existed should have resulted from combining

% the samples.

A considerable amount of red-brown preecipitate, sub-
fﬁstantially hy&;ated ferric oxide was removed by the filt-

ation of the combinedwresidues. The filtrate was found




to have a neutrglization number of 3.45 mg. of KOH per
gram. &g the total wvolume uf this filtrate was gver
2500 hl. its tbtasl acid content was therefare equiw&Lénﬁ
to about 8.6 grams of KOH. . ’

Thig filtrate waawxhen‘distilleé in the same appasr~
atus as used for the first distillations but at & slaower
rate: se as to inerease the ratia of refl;x ta distillate
and thereby seecure bhetter fractionation. BBven this in-
creased fractionation, however, was ncot sufficient to
prevent the distillation of seme of the mcid with the
water. As in the previous distillations the acidity of
the distillate increased as the distiilation pragressed.
The distillate was at first collected in 250 ml. partions,
this amount being later reduced as the acidity increased.
These samples were titrated with .050 N potassium hydrox-
ide. The potaeaium,aalt.of the unknown velatile aecid
was then.recove:quﬁy evaporation, fellowed by drying te
constant weight at 105 degrees C, Four or five weigh-
ings were usually nécessary for each sample as the pat-
asgium salt wad very hygroscopic. From the weight af
potassium hydrexide required far the neutralization of a
gsampleand the weight of potassium salt obtained, the
combining weight of the unknown acid was calculated for
each of the samples, on the assumption that the acid was
morniobasgic.

The reéﬁi%a of this work aré tabulated on Enclesure
"C*. These results, wiewéd as a whole, ﬁake apparent at
once the fact‘thgtl;&s-brougpt out aniy gradually as the

i S I

work was done, namely:s
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The volatile secidity of the water samples was not, as
gsupposed, due ‘to & series of acids of increasing molecular
weight, but was probably all due to the same acid the com-
kining weight of which was abou% 60. (It will be noted
that the marked deviat?bns from this figure are shown by
the samples of low acid content. The results from these
gsamples are therefare ligble to larger percentages of
error than the others.) ‘

The combiming weight of 60 and the observed hygros-
copicity of the potassium galt indicated acetic acid, soa
some portions of the potassium galt were tested with
sulfuriec acid and ethyl alcohol, strong positive tests
far acetic ascid being thereby abtained. The assumptien
of a monocbasic acid, made use of in caleculating the com-
bining weights referred to above was therefore jéstified.

The finding of this rather large amount aof scetie
acid Lpreaumably‘ﬁgeaent in the wgter samples as ferrous
Ljaﬂetate) was 80 surprising that it at once raised the
. suspicion that some bacterial decompasition of the aamﬁle
| might have taken place during the time (about eme year)
}Iuhich elapsed between the Sludge Accelerator tests and the
: examination of the samples. Thialsuspicion however was
. put at rest by the fact that the samples were in sealed
ftin cans during that time, and that when ﬁpeaed they show-
" ed no evidence aof mold or bacterial action. As finsl proef

the neutralization numbers for these water samples deter-

R

L

mined at this time w@Qe substantial checks on the values

obtained at the_timE’of"iﬁe conclugion of the sludge accel-
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erafor tests.

The distillations so far described had reduced the
volume of the "combined residues"™ to about 5@ ml. The
depasition of solids (ferric oxides) was beginning ta
cause bumping in the flgsk so no further distillatiem
of the residue was attempted in that apparatus. In or-
der ta continue the work a micru—fraetia&#&ing caolums
was set up, madeled after the one deseribed by Cooper
and Famce (34). Instead of the vacuum jacketed column
described, this colums was lagged with mineral woel.

By means of an elee¢tric heating ceil wound aver the lag-
ging a thermometer buried in the lagging was maintained
&t the temperature of the outgoing vaper, thus making

the eolumn practically adiabatie, & 100 ml. flask was
used as the distilling vesgsel. The residue from the
larger still was filtered (to remove irah.amidesl give
ing about 42 grams ,of liquid which was put into the flask
of the micrn-atili. This liquid was dark brawn in coler.
By careful heating twemty ml. of distillate were taken
eff, a reflux ratio of three to four being maintained
during this distidlation. This aaﬁple was prinecipally
water as shown By the vapor temperature (99degrees G

at 738 mm, pressure.) and the neutralization number(S.14
mg KOH per gm.,}. The weight of potassium salt from it
gave a combining weight of 55 for the acid radieal and
addition of sulfurie acid gave a strong acetic acid ador

so it was not further; -tested.




Attention was again turned to the residue which
had become & paaty semi-solid mass on cooling fin: the
diatilliﬁg flagle. A portion of this pasty residue was
taken up with water and slawly evaporated on a wateh-
glazss. There resulted some péle green crystals mingled
with a dark brown gummy materials The crystals were
readily soluble in water, the brown gummy material was
much less so but very soluble in alcohol. The appearance
af the crystals suggested iron salts, (econfirmed by
qualitative test fer ferrous ion) and the first thought
was to attempt to split these salts with sulfurie aecid, ..
and then distill the liberated acids under vacuum, For-
tunately this treatment was not immediately applied. In-
stead a small portion of the pasty residue was heated in &
test tube. It gave evidences of decemposition, the ador
when first heated being reminiscent of burning celiuloid.
On econtinued heatingﬁthe amell of exides of sulfur was
detected. ?allowin; this elue another portion w&a taken
up with water and tested for sulfates with barium-ehloridé
and nitriec acid. A strong positive test was abtained.

Inamsmuch as distilled water only had been used in the
previous work including the Funk Sludge Accelerator runs,
these sulfated c¢ould only have come from . sulfuric¢ aeid
formed by exidation of the sulfur compounds present in the
ariginal oeil.

Teo eheck.ﬁﬁiswpoint sulfur determinations were made
(peraxidé bomb methad) .on .gome of the original oil and
the  oil(water and sludge free) &fter the Sludge Accelerator

tests. These determlnations were not made on.each -Sample
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geparately but on two composite samples, one made up of
the three original oils and the other of the six eils
from the sludging tests. These showed, (average of two
determinations on each], .

New Qil - «0084 % sulfur

0il after sludging test.0048 % sulfur

Thus there was a disappearance of .0036 % of sulfur from

the ¢il, which for the 9@ liters of o0il originally sub-
jected to test would amount to about three grams of sul-~
fur. This is eqﬁivalent to nine grams of sulfuric aeid,
which if converted to ferrous sulfate would more than
acecaunt for the mass of crystals in the"pasty residue®™
previoualy mentioned. Attention was accaordingly eenter=
ed on the *hraun.gummy‘ﬁaterial‘ of the reaidue. A&s
stated, it:waa readil& sﬁluhle in alechol. The aoiutiun
was acid to phenalphthalein. Efforts ta erystallize it
for melting point-aqghcambining weight determinations
were unsuccessful. Treatment of the green crystals from
the residue with sulfurie aecid yielded ne further quan-
tity of thias gummy material but merely checked their ¥ s
previous identification as ferrous sulfate. Finally
awing to gradual dissipation of.the small quantity(pes-
sibly one gram) available of this gummy material, werk

en it was neecessarily sbandoned. °




Examination of the Sludge Samples.

Concurrently with éhs work on the water samples, an
examination of some of the samples of sludge resulting frem
the Funk Sludge ﬁcaélsratqg tests was begun. A little aver
one hundred grams of sludge was“&wailable from each aof the
twa tests an "Light" oil and somewhat less frem the "Medfum®
arnd "Heavy" oil tests. .

Pralimin&:y examimat;an of the sludges from Runsg "A"
and "B" (gee Encla;ure “B*) ghowed them to be emulsions of
ﬁhs water-in-oil type. Thig was to be expected since the
emulgifying agent was presumably a heavy metal scap. The
sludge from Run "A" was light brown, that from Run "B" was
much darker.

These two sludges were freed of waterby adding light
naphtha and distilling, repeating this until no more water
came over. The volggé_of water callected was noted.

The residue was tranéferred to an extraction thimble and
extracted with light naphtha until oil free. The residue
was then weighed. In this way there was found:

Sludge from

Run "A*  Run *B*
Water 69 % 67 %
Dry oil-free sludge 1.6% 1.2%
0il (by difference) _29.4% 31.8%

The aurpriéfngly small amount of actual oil oxidation
praducts availsble in tha&efs%gdgea could hérdly be cansid-
ered sufficient to"ju;tiggdfurpher work. Mareover the time
~allsted to the prohléﬁ waélgractically exhausted and the
examination of the samples was discantinued.
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Canclusions and Biacuaaian'af Results.

1. In turbine oils which are subjected to conditioms
closely appraximating these of actual service, appreciable
quantities of acetic acid may be qumed. In the presence
of water and iron this acid becomes combined as ferrous
acetate. Under oxidizing conditions this may he canwérted
to ferric acetate. Either of these salts may hydrolyze
at temperatures near the boiling peint of water and precip-
itate iran exides or hydrexides. If then, these oxides
of iron should become combined with ather acids, some acetic
acid would be left free to accomplish further corrosiem.

2. Turbine oils, under conditions simulating thase of
use may develep appreciable quantities af sulfurle acid.
This acid is formed by the oxidation of the sulfur compounds
which are present in small amounts, even in highly refined
ails.

3. This warktafiers but little basis for comclusiens
as to the mechanism.éf the formatien of the aeétie acid
found. Previous investigators have detected it ameng the
oxidatien products of oils, but the conditions of its form-
ation were always such that thermal decompositieon (craseking)
might cemeievably have played a part in it. In this ease
such a possibility seems remote. At no time during the work
was the oil subjected to a temperature higher than 100 deg.C,

| and it is generally held that ecracking temperatures are of
the order of 300 deg.C. Thus there is reason to believe

that an oxidized side chain e.g. an ethyl group, is mare

.
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easily split off from the hBydreearbon melecule than is the
same side-chaiﬁ before oxidatien,

4. The evidemce as to the mechanism of sludge forma-
tion is somewhat confusing, It is plausible te suppose
that the hydrous exides of iren, set free as mentioned abave
by the hydrolysis of iron acetates, might cesbine. Wity
erganic acids of high molecular weight, thereby promoting
sludge furmatiun. Iren "scaps" bave been noted in sludges
by ether'inweatigélmra. (e‘g,'Frank, lac. cit.).

This theory haowever is oppased by the fact that the Funk
Sludge &Accelerator runs made with a non-rustimg 1lid on the
machine develeoped more sludge than did the correspomnding
runs made with a rusting lid.(See Emcl., *B"),

Thus it must be concluded that acidity is a mare potent ;
factor in sludge formation than is the nature and conditian'--‘

ef the metals preaeng&“
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