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THERMAL STABILITY OF AVIATION OILS:
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Oripinal Weights o ' : s . IR ' \ o '
Original . . B ’ 160.0 .. ~ 160.0. . . 160.0 160.0 - 160.0 : 160.0 ~160.0
- After heating ' : .-1e8.,3. 1446 , '146.5 119.2 129.3 137.6 137.1
Loss ' ' YK A Yo o 8.6 31.8 20.7 12.6 12.9

Vol. of gas from 160 gm.oil ' : B o o L . ‘ : s ' ‘
—!‘r__iﬁree of M2 et 0°/760 mm Hg . Ltr. ‘ 0.087 0.116 o 0.236 - 0.210 : .. 0.7 0.061
Refraction . .np 20 ‘ : e

Original
After heating

Sp. gr. et 20%. xg/L . ) : , - o :
Original . . . " 0.893 0.902 . 0.883 - - 0.861 c.854 0.851
After hesting - " -, .. 0.887.  0.896 0.877 . 0.869 0.847 0.848

Deorease oo oem : 0.006 - 0,006 . 0.006 : --0.002 . 0.007 0.003 -

1.4969 . 1,4987 . T 1.4782 1.4783 1.4736 1.4727
11,4949 . 1.4962 1.4866 1.4777 " 1.4763 1.4710 1472

Visoosﬁy at 50°C,

originel ' Lo - 0 22.0 2 21,

2,4 v 21,
After heating ‘ ‘ 0 7.86 .8, 4.
- Decrease . . - o ] -.65.0 62. Co ' 77.5
Acid Number ; - o - N : v v
“Originel K ‘ : ' o. 0.0 ' © 0.0
After heating ‘ 0.0 © . 0.0 . 0.0 0.03

- 8.4,
60.

Change : . ' plus -~ 0. plus plus " plus 1.26 minus 0.03 0.03. minus0.02 L - plus

M. . . . ) . xx‘;inug | mi'nus B ! ’ ) mim‘?
Orininal o .. 0.06 SL 0,17 N - S 0417 - 0.0 0.22
‘After heating - UER o 15 5 B o 0.32° . 2,24 . ©0.22 0.16 0.17 : ;
Chexugs : plus 0,05 minus 0.16 plus 0.15 minus 2.60 minus 1.26 plus ~0.05 1 0:16 mims 0.06.. 0.10 minus0.29 minus
Conradson Coking ' - ‘ ' o _ - : Lo S e Co
Originel . : T 0,267 - 0.20 1,23 C0.77 . .. 0.73 0.03 . : 0.13 . 0.I3
After heating . DY 0.83 . o 0.26 . - 1,47 .. 0.81 - L 0. 0.14 .- ... 0. . 0.30 0.12
Change ' plus ’ 0.08 plus. 0.06 plus 0,24 plws -0.05 ,02 ' -plus 0.0l plus 0.11 -plus 0.08 . 0.17 plus 0.01 plus

_Ramsbottom Coking: . . . . i S e e B : S SRR SRR
Original ‘ o 0.26 -+ : 1.03 © L0, 0.07 0.22 0.18
. After heating ‘ . 0.33 - . 1,23 - g . . 0420 0,79 0.19
Change ' _ plus 0.07 plus ‘plus 0.20 plus. 0.06 ~plus .0. -plus plus 0.67 plus 0.01 plus
Bromine No.(McIlhiney) ¢/100 g e : ‘ L ' ‘ g
Original o "
After heating " " ) : . o ) ) . .
Change L 15 plus - 7. 1.6 .- 5.8 plus’ < plus . 7.6 : ! plus
Moleoular Wt, Determinetion T o IR . AR Co : 8 e .
Original A - A ’ s oo . e R YN . : ' 668
After heating Co R _ 480 4 - ‘563 T ' : : 460 . 503 s 545
Change . ' minus 192 mimus 170 minue 216 minus . 116 minus 144 minus -63 - .minus 266 . minus " minus 298 mims227  mims 123

4.6
10.6
6.0
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THERMAL STABILITY.OF AVIATION OILS. P o
COMPARISON OF TWO THERMALLY-TREATED OILS (6 hours, 400 c.)

% ) /

01l Nou 6 01l No, 7
Napthenio | - Smthetio

Losses due to heating % | 2.8
Volume of gas (Ng-free) ',  .Ltr. 0,067 -
‘| Decrease of viscosity at

21,2
0,236

50°C.

Deorease .of Molecular
; weight R ) i 63. -
Inorease of Bromine Number g¢/100g 6.2 -
‘| Rinning time in Siemens ‘ N
... Test engine T Uh

Temperature of plug .‘ring ‘,-58000/,
Ageing ‘propertles D.V.L. .
method 4 hras, 2769,
. Volatility %o
Asphalt R 4

% 45.5 SRALLE

Physico-chemical investigations into. tho
combustion process in the engine.

We Jost

\

: Aftor discusSing tho most important of ﬁho provious physico-
chomical investigations into the combustion process of organic
compounds with roference to ongine-bohdaviour, our own research in this

‘field, as well as the conclusions drawn, are briefly outlined. On the

basis of this material, we share the opinion that knock in the ongine
is caused mainly by spontanoous oxidation. resctions in the unburnt

‘part of the mixturo in tho' cylinder. Tho guestion .as to how far a
" truo-detonation can occur here is loft open. By applying the-

congoptions evolved for chain roackions rogarding the chomical roactionq

wnuu coke placo in the unburnt part of the comproessed chargo, it is

possible to arrive at a clear arrangemont of the material on knock
with difforent- fuels, behaviour in mixtures and the offects of antiw
knock agents., It is already. possible to reach approximate quantitative
ratios. The oxtent to which conclusions may be drawn rvegarding other
possibilitlos of developmont is disoussod, : . .
Index, ,
I~ Introduotion'ahd gonaral summary, . -

R . 7 . :

l, . Objoct of the investigations,

2. "Regarding the naturée of tho knoékingmprbcess.

-8. Genoral data on the - oxidation . mochanics of hydrocarbons,

Our own oxperiments, v ‘ '

)

1. Examination of the thermal decompositionrpf‘hydroqarbons.
2. Examination of.the slow oxidation of hydrocarbons, ™ "
3. Sbectroscopic igvestigatiqn.‘ o

4, lMeasuremont of flaﬁe speeds of hydrocarbons, mixed‘with
air at room temperatures and atmospheric prossuroc,

5. Flamo speods at highor tomperatures and prossures,

6., Examination of combustion and knocﬁ in adisbatically
compressed mixtures, - — . ’ i :

7. Investigation into tho action of anti-knock substancese
! ' .

‘Genoral conclusions and survey,
“Summary.

i-ist of works quoted,




Introduction. and.general summarpy., - i
1. Object of the investimations. -

The attainablo degreo of officiency of the Otto-angine is
limited, among other things, by the knock .of the fuel which S
pocurs with rising compression, As shown by photographs of K
flamos and Indicator diagrams, the knoock must conslst of a : A
ighly accelorated combustion 3 part—of-the—charge;—— b
mﬁrﬂfﬁm}mﬁﬁﬁﬁﬁ‘poss ibly by shock . i
waves and gas, oscillations. (of. also Pe 7)e It i3 a woll P
known fact that tho tendency to knock is vexry ¢losoly .connected :
Wwith tho chemical oomposition of tho fuels, and that knocking
may be influoncoed favourably by vory slight admixtures of '
cortain substances (lead totragthyl," iron carbonyl ote,) or -
unfavourably (peroxides, ozone, nitrites otc.). ' The object of
rasearch must be to examine with accuracy the roactions taking

gine and the

possibilitios of modifying it. Such a complote insight into
the. process taking place in an I.C. ongine must undoubtedly
be a long term affeir, and even 80, a reliable comprehension .
of the processes should not be oxpocted, as is possible in an
electric motor, Novertheless, in order to make use of the /
possibilities available. for inercasing the efficioncy of I.C,

» 8 more accurate knowledge of the combustion process

is a necessary prosupposition,

I Experiments with the'general physico~chemical fundamentals
of these processes should only be of significance in so far as
they influsence investigations on the engine itself, and enable
one to eliminate.unnecessary or unprofitable experiments, In
whet direction experiments on the " oxidation machinery itself
should be conducted, and what are the immediate objects, are
metters that will be explained in' the following review,

Regarding the nature of knéck, - . : ) ”

' Photographs of the combustion brocoss, both in a bomb and -
in the engine itself (with visual window in the cylinder head,
recorded on a rotating drum, or by a series of instantaneous
exposures), furnish qualitatively the following diagram (1),

Fig, 1. The flame moves,- gometimes with a certain ignition
delay, from the point of ignition at & spesed which 1is certainly
not constant, but 1s steady and varies comparatively:little, -
thriough the gas chamber, ' The bregsure inecrease runs on ;
corresponding lines; ‘it is nok indeed proportional with time,
but steady, without sudden surges and rises (Fige 1b), The :
flame spseds observed are a few m/s in bombs ,in engine
axperiments up to-about 30 m/s, the increase over the bombs
being due to gas turbulence in the combustion chamber,
. If a piston which closes 2 cylindrical gas chamber is ¢
accelerated, there will be. set up in the gas a pressure wave
(2), ‘which moves at loeast with the velocity of sound: with the
veloclty of sound when the amplitude”is'very‘Small, over the
Speed of- sound when the amplitude is finite, - By means of a
£lame accelerated in the primary stage (cf. Fig, 1), the '
unburnt gas is compréssed in a Similar way as by a moving
-piston: the possibllity of shoeck waves must therofore be
reckoned with, Such shock waves in the unburnt ‘gas may be
rondered visible by direct means with shadow end Schlieren
‘photographs; In Fig. 2 we reéproduce a photograph by Payman
and Pitman (3), wﬁich'shows‘quite‘clearly &. shock wave. of this
typo in the unburnt gass On the left may be seen an ordinary

=




flame photograph with irregular speed of flame; . from & bend in
the front of the flame, a multiply reflected retrogade shock-
wave appears to run, 8 shown by the corresponding Schlieren .
photographs on the right, the bend in the frontof the flame
is produced by a shock-wave, which was produced in front of

¢ fhe flame front and was refiectod at tho end of the tuba.

" The propagation of the shock-wave obeys rather complicated

1 laws, as gas wperatures-with—superimposed
currents are present, In the figure on the right the. s
conditions are shown diagrammatically; it is worthy of .note
that the wave starting from the ignition spark is go weak .
that ‘it does not appear on the Schlioren picture and does not
make itself noticeable by any action on the flame front. In
burnt gases the shock wave often travels up and down, a fact.
which may be verified quite simply by the ropeated lighting

" of the gases, 1In Flg, 3 we give some of our own photographs,
.which do not indeed show the shook-wave in the unburnt portion,
a8 Schlieren photographs are not avallable; the exlstence of
the shock-waves ia however vevealed by their effect on the
flame front, while they are at once visible in burnt gases,
In all-cases, tho flame speeds, some hundred m/s,‘arq Lo
considerably higher than under emgine conditions, even though
our experiments were carried out with hydrocarbons, not indeed
in mixtures containing air, but with nitrogon and oxygon
mixtures that are richor 4n oxygen., It 'should nevertheless

. ‘bo emphasised that the ocourse of combustion in Fige. 2 and 3

‘18 different from the. oase of knocking combustion, With a
“8hock-wave as in Fige 3 there is obtainod an indicator diagram
‘a8 Fig, 4, and the oscillations will be sot up before the
maximum pressure is attained, since of course the pressure
waves travel ahead of the flame, Diagrams such as Fig, 4,-
which however have small oscillation amplitudes, ean be
obtained with non-knocking combustion, It appears that gas
0scillations can be produced in othor ways than by shock-waves,
"ef, the obseorvntions made by Lewis and v, Elbe (4). -Wo cannot
here go into the authors! bProposed interpretation of their . -
oxperiments, but woe should point out that we do not consider
the .connection with the knocking process assumed by Lewis
and v, Elbe.to be probable. . R B

/

P . A _theoretical computation of the speed of flame o
...~ Propagation, a knowledge of which viould admit of inferences as
to the production of bressure waves, 1is #o far not possible., . |
It is indeed known that there is a value designated- as "normal
combustion speed", which gives the rate at which a combustion
surface normally moves towards. the quisscent unused gas, The
flame speeds observed are always higher than in the rirst case
owing to the additional action of currents. The- observed ]
figures for normal combustion speeds are botween 10 to 20 em/s
and 10 m/s; flame speeds are known up to some hundred n/s,
. Rogarding the mechanics of flame propagation,. it 1s & known
‘faet that the combustion is carried from the combustion
'~ surface into the unused gas by heat conduction and by the
diffusion of the freo atoms and radicals which are formed in’
most flames; the normal ‘speed of combustion therefore depends
on tho heat conductivity,‘diffusion~velocities‘and c¢hemical ,
T reaction velocitiaes, T o - :

. - There 1s & ocompletely different set of machinery by
. which an explosion can bg propagated. If tho intensity of"
. theiabove~montioned shock waves is groat enough for the .
" chomical reaction to proceed sufficiently fast in the front -
of the wave, a coupling of shock-wave and reaction will take
place., If tgis procoss bocemes stationary, we speak of

-3 .




“‘detonation, "~ The detonation veloclities are quite independent

of heat conductivity and the velocities of diffusion and _
chemical reaction (1t being assumed thdt the reaction speed
" is sufficiently high, Stherwise the reaction cannot keep pace
with the shock-wave and no detonation .will ocour; this is

the case with many mixtures which are actually explosive) and
‘may be computed from the general basioc equations for hydro-
dynoamics and thermodynamics, whoreby they agroe with the :
oxperiment; - the.-onden—of agnitude—for-gpeoeds—of-detonation——y

may be glven as-about: 2 km/s. According to information so

© far available, most of tho orgenic compounds used as fuols
-whon mixod wifh air avo incapable of propagating a‘dotonation .

wavo; ' however, experimental conditions doviate considerably

from conditions in the ongine (lower pressure and lower

initial tomperaturo).

E Sinco in ongino knock, highly accolerated combustion
and shock wavos may be observed, it was tompting to rogard
knock as moroly a detonation of the rosidual charge. It
would, howover, bo\proforablo not to usoe tho torm detonation:
. Yor tho knocking prnocoss, as long. as it romains unprovod -
whothor it 1s roally a dotonation in the usual rhysical

sensc of tho tormi : . .

T If in a cylfndricdl tubo thore is a combustion outlet,
whore‘cqmbustion‘paSSOS“into'dotonation,'1ndicution of
prossure at tho ond of tho tube romote from ignition would
show a curve in accordance with Fig. 53 pressure maximum
and inception of oscillations co-incide, as the detonation
wave 1s the most rapid process occurring in the mixture,.:
When pressure 1is indicated at . other points, this is no
longer the cnse; before the maximum pressure has been
reached, reflected waves may alreedy have been recorded. The

facts against the presence of true detonation in engine’ .
knock are as follows: _ ' L o :

‘Doterﬁinations of the‘sbeéd of knocking'combustion_produced
figures which, although quite high, were considerably below
-the speed of dotonation, about 300 to 500 m/s (5).

The observation that undér normel conditions the mixtures
usod 'in the engine do not detonate, ' ‘

Instantancous photographs of engine combustion by Rassweiler
and Withrow (6), which do not revoal a progrossive detonation
wave in knock, but self-ignition oeécirring at varying points. -
in the combustion chambor, : ' : o7

The fact that stationary detonation wavos"ard‘known.only in
cylindrical tubes, and in any case romain in narrowing -

vossels, while in oxpanding spaces thoy are oxtingulshod

owing to tho attenustion of the divergent waves, In-an

oengino, therofore, the preliminary geomotrical conditions

for dotondtion are not in all onses present. On the other .-
hand, tho well known dependence of knock on the shape of the-
combustion chamber malkes i tompting to assume the possihility -
of -the combined aetion of shock-waves in connection with knoe'r.

Just. like- flame photographs in the engine, laboratory -
exporiments, which produced in udiabaticaily-compbessed gas
mixtures a combustion similar to knock, did not appear to
indicate any detonation, although thoy did indicate shocke
waves travelling up and down in the burnt gas (1). _ Our own
oxperimonts cortainly produced no detonation, but rather
nuggenggd flamo 'spoeds compared with the normal speed of
combustion, . .. Lo R




- rin-y‘»eXperiiner'its- by ‘Sokolik:and Voinov (1) with flame = .~
photographs in the engine, speak in favour of detonation.

Nevertheless, most of these photographs only show cloarly the
shock-wave travelling back through ths burnt gases, whereas a
primary detonation wave can only be seen in a few photographs
and even there only over. a very short distance. The photo-
raphs of Sokolik and Voinov, one of which is reproduced in
ige 6, Seem to us at the moment t¢ ) _ .
aggwoller and Withrow, while in regard to other writers, 1t.
may be said that .the accuraocy of their measurements is o
inferior to that of Sokolik and Voinov. The question as to
the nature of knocking ocombustion must therefore temporarily
be left open; - all the same, it is evident that the flame.
speed under such conditions 18 st least ten times greater
than under normel conditions, : . to

However important it may be to obtain an answer to the

question as to the nature of knock, for the praotiee, and
even for the theory, of the combustion process, an-even more
important question is: when and how 18 knocking combustion
caused, and in what way it can-be’ prevented., ~We shall thero-
foro koop this question well in view in the course of our
investigations, - From fhis standpoint, the following may be

. 8tated: Tho fuel-air mixture drawn into the ongine cylinder
1s brought by adiabatic compression to a temperature at which -
very often the oxidation ' reactions (without spark ignition) .
which occur automatiocally in the mixture can no longer be
overlooked, ,and perheps become so rapid that after a shorter
or longor poriod of induction self-ignition takes place,
Instead of this, 1t may also be said that the mixture is
heated to the vicinity of or even beyond the‘%elf-ignition
temperaturo”, it being well known thet at the self-ignition
temporature, ignition does not take place instantaneously,
but only affer a finite poricd of induction, and that the
self-ignition temperatire is not a characteristio constant
for the ‘type of fuel in questIon, depending as it does, not
only on tho composition of the mixture and the pressure, hut
on- furthor factors such as ths dimensions of the vessel, the
material and temperature of the walls, -the presencoe of. certain
Impurities até. ‘The processes taking place in the compressed
mixture in the engine may be shown. in the following rather

- 8lmplifie& manners: Fig. 7. For the sake of simplicity, it
is assumed that the piston .1s halted at the end of the
compression stroke; in the diegram, the -absclssa is the time
and the ‘ordinate the reaction, Witﬁjthe'advancing flame
through spark ignition alons, the reaction would take place
as shown in Fig, 7b {continuwous line); even without spark
ignition, with'a sufficlently high compression the spontancous
roaction would finally lead to complete transformation, Fig.7. .
This spontanocous rosction in the unburnt. mixture will take
bPlaco in all cases, ovén next to the advancing flame, but of
course 1t 'is not unaffeoted by the latter, and vice. versa,
Various limiting cases may arlso, Fige 7c; . spontancous
reaction leads rather to the spontanoous ignition of the
mixture prematurs'ignition; -or else, Flg., 7d, combustion
bakes piace normally, but owing to the advancing flame, the
transformation is caught up by the reaction in the unburnt -
part which leads to spontaneous ignition, A reaction as in-
Flg. 74 prosents the typloal aspeet of knock combustion.
(From instantaneous photographs of aenglnes made by Rassweiler

»and Withrow (6), it will be "seen that this desoription

i corresponds to actual conditions). Before wae discuss this
ool -~8% greater léngth, we should.like to point out that the :

diagrom in Fig, 7d points to two ways of eliminating knock:

a) ‘Aéqelgraﬁion of - tho norumal 6ombu§tion; so that theAfIQme

‘» ,\ﬁ‘-. 5 - - . (\




__rasches the end before the.speed. of the.-reaction of -the - - - -
~unburnt’ portion has exceeded a critical figure;

b) Keeping the reaction to the unburnt mixture, e.g. by
. sultable additives. - . .

N These are precisely the metheds that have been adopted
in practice: acceleration of the flame by turbulence in the-
-gases, restriction of the reaction in the unburnt portion

tnt Leltnock—agents—sweh a8 ron oarbonyl -etc,

' If the aspect of Fig, 74 (which is of course to be
viowed as a very much idealised approximation) were essentially
correct, parallels might be oxpeoted betwsen knock behaviour,
- spontaneous ignition properties and the influencing of the
réactions leading to gpontaneous ignition, This is to a grost
oxtent tho ocase. ) ‘

C "Spontanoous ignition temperatures” and maximum rates

of 'the pressure rise (in bomb oxplosions), i.e. figures élosely '
connected with the spood of the flame, have beon brought by .
Brown and Watkina (7) into relationshlp with knock resistanco,
oxpressed by Ricardo’s highest useful compression ratio, The
latter 1s higher, tho higher tho spontaneous. ignition
temperature and the lowor the maximum speed of the pressure -
rlge. " The eonncction with the spontaneous ignition tomperature
13 that which might have been oxpeoted, but really quantitative
rolations with. 1t cannot be anticilpated owing to the lack of
definition of the spontancous ignition temporature. The
offeot of tho pressure rise with Brown and Watkins is slight;
in the group n-heptane, n-octans, henzol and toluol, the
deviations from tho mean value of this factor. is only about,

¢ 5%, and in tho most extrome casé, othanol is eliminated.

It 1s, however, doubtful whether. tho speod of the pressure
rise, in the sense -adduced by Brown and Watkins, actually
‘plays a part; this, owing to the very slight influence of
thiz factor, is not of docisive importance for Brown and
Vatkins' osonoclusionss It is not qulte cortain whether a rapid
prossure rise is unfavourable for knock, If s true detonation
ware involved, this might be.the case, but the observation
made, that turbulenos rostrains knock, belies this., Further-
more, the bomb experiments, from which Brown and Watkins
obtained the speod of the. pressure rise, were carried out,

not with fuel/air,‘but with hydrocarbon/oxygen/nitrogen
mixtures which were richer: in oxygen, It is therefore not
cortain whether the figures obtained are of any significance
:for the very much loss rapid combustion: in alr. - v o

A ‘ .

. Fig. 7 shows that the course followed by the reactions
leading -to spontansous ignition, especially those relating to
dopendence on’preasure, temperature and composition of the
mixture, must be khown, and that tho ignition temperatures
obtained under conditions deviating from engine conditions are-

- not in themselves adequate. (This doss not of gourse preclude -
tho faol that in comparing various fuels, ‘careful assessments

~,aetec, carriod out with ignition testers of some kind, will :

- provide raesults that are of some use,) Here we have the
object of rosearch into the physico-chomical basis of engine
consumption, The oxldction machinery of the fuels in :
question must be studied from slow roactlions to extreme

“conditions of knock combustion, : .

3. Goneral data 6h the oxidation mochanics of h rooarbéns. :

‘The ¢ombustion of hydfoQarbons"résults in carbon

- L




dioxide and water, with excess air, and in carbon monoxids, . .
"800t eto. with excess fuel. - The assumption that when hydro-
carbons are burnt,.appreciable quantities of hydrogen ste ' .
formed, or that when ready for combustion they break gown, by
the aoction of oxygen, into carbon monoxide and hydrogén, finds
little support in experiments, (From the knowa spoed of
decomposition of hydrocarbons (cf, p.23), it will be found that
" with the times and tomperatures.occurring in engines, sucha -
deoomposition ‘does not’ take place to any apprecimble extent).
LE-has—been—round—that—manyhydrosnrbons voac ¥6ry wuch moro
roadily with oxygen than do carbon monoxide and.hydrogen, 80
that 1t may be assumed that the combustion machinery does not,,
as a rule, produce these substances ns intermediate products.
.This does not exclude thae possibility that combustion is a
chain reaction, which is brought about by an extremely slight
decomposition -of the fuel. The theories about so-called
Mchain reactions" have proved oxtremely. fruitful here as.
elsowhero in tho kineties of reactions and have wmade it
Possible to establish certain goneral laws, whereby order may
be brought to experimontal fect 'and predictions may to somo
oxtont be made. (cf. p. 38 et seqq). : :

.. If hydrocarbons of the paraffin sories, mixed with air,
are honted for a cortainlongth of time - in the region of 1
minuto -« to various temperaturos, there will be obsorved
;(oxoopt in the .caso of the first membors of the paraffin
"series) from about 200° onwards a noticeable reaction, which
risos with temporaturc and may roesult in ignition in about
tho region of 5009, More acourate investigation, (8) rosults .
in the observation that has long boon knoéwn in individual .
* cases, viz that: o C . . '

- Even at low tomperatures the reaction is accompanied by a
luminesconce and that in the vicinity of 250-300° "¢p1d
flemes" occur. Those are flamos that ‘are associatod with a
Pale glow and advance, slowly (about 10-20 cm/s) through the
reaction vessel and although causing a cortain amount of hent
do not result in tho complete ‘ignition of the mixture. The
. reaction products are carbon monoxide, aldehydes, possibly

“hydrogen, water and a slight quantity of carbon dioxide;
furthermore, slight traces of peroxide mey be detected,
Nevertheless, a true explosion may develop from the "cold
flame" (9), . . S

) The toemperature at which the cold flamo is brought‘aboutp
1s reduced with increasing length of chain of the paraffin

‘molecule, whoreas if tho chain is branched (as in ‘isooctanse),
it is augmented, It is a well known fact that n=paraffins
are more prone to knock the longer thoir carbon atom chaln,

* whereas branched paraffins are freo from knock .{isooctane);
there is thus a complete parallel betwoon tho occurrence of
cold. flames and knock phenomena,. It is therefore scarcely
to be doubted that the reaction rosulting in the cold flamo
is the same as that which causes knock in the engine. In
-8upport of this, it may also be stated that 'a spectroscopic—
examination of the unburnt mixture in the engine Just before

- knocking takes place: pointed to the presence of formaldehyde.
(10), which.almost cortainly represents one of tho main ‘

"roeaction products in cold flames and is responsible for the
‘luminesity of cold flames (11). Furthormore,; both cold . _
flames and knock may be suppressed by the addition of lead
toetraothyl and other anti<knock substances. Even at
atmospheric bressure, the roaction in the range of ccld -

. flemes may occasionally develop into an ordinary explosion




- . {Curiously enough, no longer at a2 temperature about 50° -

~~~higher !~ This peculliarity may be explained by the speclal —
nature of the chain machinery of the reaction, which cannot
be discussed in detail here), but when the pressure is
suitably inoreaSed, it 13 regularly the case (9). For

- medium paraffins (propane, butane and olefine ), investigations

' -are available by Townend and his collaborators (12) from the
Dones Institute, which show that with rising pressure, the
ignition whioch originally took place at higher temperatures,
comes withi ‘ ange he cold Ame 8 ho

NEO _Q me
addition of lead tetraethyl can displace it
higher temperature range.

‘Flg. 8 .ahows a typiecal reaction curve as a function of

" tomperature_ for nsheptans, in accorddance with Edgar and
collaborators (13), it has beeh investigated in differont .
quarters (including ourselves). In the diagram, the reactlon,
oxpressed as the oxygen consumption or carbon monoxide formed .
(at low temperatures there is produced, oven with excess of
alr, very much more monoxlde than dloxido) is plotted at tho
top, while the temperaturo forma the sbsclssa, A steep rise
in speed occurs in the rogion of 250°c, marked in tho dilagram
as A;’' this is the region in which cold flames are to be o
found. Above 3000 the speed drops again in a cortain

. tomperature range. -In tho range of maximum speed in Fig, 8,
increaso,in pressure would bring about a true explosion,
Direct .experiments of this type are not available for
ne-heptanoe, but we may refor to experiments by Neuman and
Alvazov (i4) with pentane-oxygen mixtures, which are . com
reproduced in Flg. 9. As these are mixtures free from oxygen,
all the pressures are naturally relatively low, and it will
boe noted that in the viecinity of 340° a relatively slight,
Ainerease 'in pressure. would raise the speed of the reaction
vory considerably. As regards mixtures with air, reforence
should be made to the investigations by Townond and his
collaborators, which have aslroady been mentioned,

-We shall not discuss in detail here the many artidles
the slow oxidation. of hydrocarbons and tho correlation of
- the data obtained with anti-knock data; we shall revert to
- our own experiments, but refer here principally to genoral
domonstrations (15), (16) and furnish only a few results by
‘Bstraddre (15), who has investigated tho spood of oxidation
in a number of hydrocarbons, mixed with oxygen. : Sho calls .
""transition tomperatures' those of the rapid rise in spoed,
corresponding approximately to A in Fig. 8. (in her oxperimental
. conditions there is no maximum speed in mixtures with oxygen),
- and’ those temperaturas are tabulated in the following Table I1;
their sequence corresponds roughly to the rising recsistance -
to knock, which we give, after Lovell, Campbell and Boyd (17)
in torms of critlcal compression ratios, On tho whole; to
rising reactlion temperature there corresponds rising
reosistance to knock, but in individual cases there are a
number of divergences, and it is certainly not permissible
© to charactorise hydrocarbons of the most varied groups
merely by a factor such as the transition temperature. To
"~ bake an oxample, only the n-paraffins wore seen to give
strict parallelism between the transition temperatures and
~the resistanco to knock. It must also be. remembered that
,a mixture with oxygen does not behave in exactly tho same
[way, as a mixture with air,
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. Temperatures of the transition to violent reaction for

~various-hydrocarbons mixed with oxygan,
as well as oritical compression rzg os for the same hydro-
carbons after Lovell, Campbell and Boyd. ’

-E%ngggzggg.‘ Transition temp,°0  Crit. comprassion ratio

Heptane : © 300
l-Hepteng _ 320

an, after Estraddre, =

'_towobtaihvoﬁ,awlabéfétOryuscalemaﬂoomﬁdSéion‘analpgous;tp,”mwdwmm

knock, if a mixture of gas in a bomb is ignited under
relatively mild pressure and temperature- conditions,.  The
bomb, however, must be such that exclusively as the result
of .adiabatic ocompression by the gases being burnt, a
sufficiently large residue of gas is maintained during.a

' gufficiéntly long poriod of induction above a oritiocall

temperature and pressure., By this means Wheeler (20) and
his colleagues obtained knock combustion by using an

Hexane-
Cyclohexane : Lo 345 -
Methyleyoclohexane - 340
l-Heptine 3556
Cyolohexadiene - 355
l-Hexene . 370
Cyclohexene ) 410
Isooctane : I 500

Benzol

e 330

[ Y]

NoGoOnMGED

T O had i (G0

650

e
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A collation of the results of slow oxidation, as in
Table I, does indeed reveal parallels with knocking, but is’
naturaliy Inadequate for quantitative purposes only. For
this purpose, the reaction at higher pressures must be ., - |
gtudied, and here, in the vicinity of the explosion limit, the
method of Tizard and Fye is probably the most suitable, The
mixture 1s compressed adiabatically, the compressing piston
.1s maintained at the upper déad sentre and the pressure-time
curve is plotted. A reaction (which hore is-associated with

~the generation of hoat) is announced by deviations from the

normal: cooling curve, and of course the most Intoresting-

.case is the one where spontensous ignition occurs after a

_ poriod of induction., The method has not so far beon used

for investigating kineticsy we.feel that it is very important

- end have: prepared mgasurements for this purpose. It is
~antieipated that with a knowledge of the. eombustion prooess,
important statements on knock behaviour will be. possiblo

over a-wide temperature and pressure rango.

Attempts have moreover been made to obtain on a :

‘laboratory scale combustion corresponding to knock, but here

a whole host of difficultios arise. As it is a well known
fact that knocking starts when the mixture bofore. ignition’
was kept to a certain minimum temperature and compressed to
a . certain minimum pressure, attempts might be made to fill an

-experimental bomb, .under the same conditions,- with the

-mixture and then ignite it. ' In practice, however,  this

cannot be done, as under such conditions spontaneous ignition
takes place while the bomb is being filled, This difficulty .
vanishes if, as in the engine, the mixture is brought by

: adiabatic compression to the experimental conditions and at-

once ignited. —A“suitable process for this purpose was first

.evolvod by Duchéne (19) and produced servicesbls results on e

.knock behaviour, - A fow defegts that wore present were

avoided in the device used by oursolves {of. Pe. 34 ot séqq).
j - N . : .

"As already‘mentipned-onlsevdral’ocoadions, it is

probably essential for the .inception of knock that a defiﬂite

part of the resldual charge should romain for a definite :
minimum period above a cortain critical pressure and tomperature
limit, In addition to augmented co6ling, this is why, in

:small‘gylinders,Mknqpk only begins at higher compression .
ratioa than in large’ eylinders™ (because ‘in small oylindors,

‘pgmbust;on‘is’ovor sogner).“ On the" othor hami,~ %t is possible

9 - . ~_‘_] i

extremely-Targe—combustion—chamber;—a—oytrinder-36-cm—long-and-
15 cm in diameter. It mi§ht woll be expected that with —
protracted period of burning and reduced cooling, knock-is

. obtained under conditions that would not occur in the engilne
‘and in normal laboratory conditions, This talllies with the

results obtained by Wheeler.and his colleagues, who.secured,
even under quite mild .conditions knock and towards the end

. increased flame speed, as well as inoreased pressure rise and

movement of the gaseous mass.(shock waves), It was also

found (and this has also been mentioned by other observers)
that with knock combustion, the luminosity-of the flame 1s
woak to start with, while intense luminosity (afterglow) o
occurs at the end, owing to sudden compression, compared with .
more uniform luminosity with normel consumption. The .
exporiments of Thompson and Wheeler also showed that gas
vibrations alone do not entail knock. :

. 1t is.&riking that, when conditions are otherwise
ldentieal, knock does noﬁ oocur if the nitrogen in the :
mixture is replaced by helium or-argon, when the flame speed
and pressure rise are both doubled. Tﬁe explanation of this
phenomenon 1ls probably simpler than the writers suppose.

- Knock is absont not slthough the speed of combustion is

inoroased (as Thompson and Wheeler observe) but because it

"is inoreased, for the last part of the mixture does not .

romain sufficiently long above the critical pressure and

" temporeture -limits. The addition of inert gas (which raises .
-the flame tomperature and speed mainly owing to-the 1ow~'¢

specific heat) thus has the same offect as eddy.

Of particular importance are, moreover, the experiments

. (chiefly of American research workers) into anti-knock
“properties as a function of the composition of tho fuels, as

well as theo action of lead tetraethyl with various substences.

- For practicdl reasons we shall discuss these in connection

with our own oxperiments later on.-

-~ As wo._had. repeatedly to make use of theories about chain-
reactions, a few remarks will bo inserted about these reactions
here, 'The developmont of a reaction from qulet carly stages

. to final conflagration was at one timg, after van t'Hoff,

morely £hought to be what to-day is known as heat explosion
(21). Owing to the exothermic, originally slow, reaction,
the temperature of the mixture rises, and this involves a -
speed up of ‘tho reaction and thorofore an increase Iin heat
production. . This agalin causes a rise in temperature; etc.
until finally the speed of the reasction knows no limits, -
These thoorles still hold good to-day, but we now know that

. thore is a second way by which the reaction speed, at first
~without incroase in tomporature, can ingrease out of all

limits - the so=-called explosion by chain branching (22):
.7 Ifa réaction, such_asktﬂe’;égbustion”of'hydnogen:_
T 2Hy 4 Oy = 2HZ0 (1),

dpoi'ﬁot—proceod_inagccordance with £ho mecéhanics of thq’
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,to,obtain,on.uvlabé;atofyﬂscale aﬂoomﬂﬁéﬁion»analogousLtommﬁmeww :

knoeck, if a mixture of gas in a bomb is ignited under
relatively mild pressure and temperature- conditions,.. The-
" bomb, however, must be such that exoclusively as the result
of .adisbatic compression by the gases being burnt, a

sufflciently large residue of gas 1s maintained during.a

" sufficiéntly long period of induction above a oriticall
temperature and pressure. By this means Wheeler (20) and
his colleagues obtained knock combustion by using an

gXLToMeLy largo oompbustion chamber, & Cylinder

16 em in diameter, It might well be expected that with
protracted period of burn%ngvand reduced cooling, knock-is

. obtained under conditions' that would not occur in the engine
and in normal laboratory oconditions. This tallies with the
‘résults obtained by Wheeler .and his colleagues, who. secured,
oven under quite mild .conditions knock and towards the end
‘increased flame speed, as well as increased pressure rise and
movement of the gaseous mass.(shock waves), It was also
found (and this has also been mentioned by other observers) -
that with knock combustion, the luminosity-of the flame 1is
weak to start with, while intense luminosity (afterglow) : .
occurs at the end, owing to sudden compression, compared with
more uniform luminosity with normel consumption, The . -
exporiments of Thompson and Wheeler also showed that gas
vibrations alone do not entail knock. S

. It is sgriking that, when conditions are otherwise
ldentieal, knock does.noé oocour if the nitrogen in the :
mixture is replaced by helium or argon, when the flame speed
and pressure rise are both doubled, The explanation of this
phenomenon 1s probably simpler than the wrilters suppose,

- Knock is absont not although the speed of combustion is

_ ineroased (as Thompson and Wheeler obsorve) but because it

"is inoreased, for. the last part of the mixture does not .
remain sufficiently long above the critical pressure and
"bemperaturo -limits., The addition of inert gas (which raises
the flame tomperature and speed mainly owing to-the low:
spocific hoat) thus has the same offeot as eddy. T

Of particular importance are, moreover, the exporiments
. (chiefly of American research workers) into anti-knock
“propertios as a function of the composition of tho fuels, as
well as the actbion of lead tetraethyl with various substences.
" 'For practicdl reasons we shall discuss these in connection
with our own oxperiments later one- .

©7 .t As wo’'had -repeatedly to make use of theories about chain
reactions, a few romerks will be inserted about these reactions
hero,  The development of a reaction from .quiet early. stages

. to final conflagration was at one timg, after van t!Hoff, -
merely thought to bo what to-day is known as hoat explosion
(21), Owing to tho exothermic; originally slow, reaction,

the temperature of the mixture rises, and this involves a
speed up of tho reaction and thorefore an lincrease in heat
production. . This agalin causes a rise in temperature; etc,
untll finally the spsed of the reasction knows no limits.
Theseo. thoories still hold good to-day, but we now know that

. thore is a second way by which the reaction spsod, at first
"wlthout increase in temporature,-can increase out of all
limits - tho soecalled explosion by chain branching (22):

- 'If a reaction, such as the‘q%pbustion*of'hydrogen:__

EBEH 0 s A )

dpa&Inot—proceod—inngccOrdance with the mechanics'bf*thq'

T

emperical equation, bﬁtvpassea_through a‘séries of inter-

" mediate reactions (such as is often the case in practice), -
such as, (selected arbitrarily from the series of.conceivable
reaction diagrams): , - 3 -

e o . .
e . Hy =2H : ' (2)

)  HeOp z0H&#O - (3)
‘ . OH.4 Hp = Hp0 4 H (4)
OeHp =OH e H o (5)

H4OH ¢MeaHyO¢M , )

040+ Mep0Op N ‘ (8)

. OH ¢ OH = HgO ¢ H' S, (9)
we speak. of a chain reaction, (In the equations 6 to 8 the
third reaction partner is in each case a further molecule M,
because it is well known that such reactions cannot proceed as
the collision of two bodies). - The disintegration of the . -
hydrogen molecule into. atoms commences the reaction chainj. the
reactive H atoms continue reacting in accordance with (3),
This is a reaction chain, because owing to the reactions (3)
to.(5) continuing the chain, no reactive particles are consumed;
indeed fresh ones are formed. The newly formed particles can

. %g?n.in(t?bir turn react in accordance with one of the reactions
: to (5

. until they are finally consumed by one of the last
reactions_zG) to (9)«: The reactions (3) to (5) have a further
pecullarity: thoy are sach started by an active particle (H or
0 atom); on the right hand side, as products of the reaction,
two active particles however appear (0 or H atom plus .OH"
radical) and these two continue the chain, Whether the reaction
8peed assumes-a stationary, finite value, or increases beyond
all proportion depends on whether the chain-broaking reactions
(6) to (9) preponderate or othorwise over the reactions of the
chainebranching (3) and (5).,. Should the chain-branching
reactions predominate, the number of active particles will
stoadlly increase, along with the reaction speod, and we thus
have an explosion, . This inorease in thoe speed of tho reaction
may tako place without the temporature necessarily rising.

When the explosion has taken place,' with exothermic reactions

“the temperature must eventually rise as well, but only as a

result of the -oxplosion. -(If a reaction takes placo as.a chain
reaction and explosion occurs, it must not be inferred from
this circumstanco alone. that the explosion is brought about by
chain branching). The formal ratios with chain explosions have
beon treated by Semenofif“in particular, but it would be too :
formidable a task to discuss this in detail hero. .

"1t is characteristic of chain reactions that an intro-
ductory stage, e.ge reaction (2) above, i3 often assoclated
with a large number of dopondent reastions (3), (4), (5), as
tho active particles are not-consumed in these roactions. —
Roactions are known which have ‘a chain length of 10° members,
If a substance la added in small quantities which suppresses

such chain earriors; oc.g. H atoms, it 1s obvious that through  ---

tho olimination of a single H atom a large number of reaction
stoges may fail to take place which would otherwise have ensued.

/This woans that the reaction can be considerably restricted;

on the other hand, by the artificial production of chain




"éarriers, e.gs froe atoms by'photo¥chemical means, the
reaction is very much~Naccelerated, = .

. Roeactlons of this type are known in the oxidation ..
reactions of the hydrocarbons., Lead.tetraethyl (but only when
decomposed in the presence of air-oxygen, i1.e. when it is
Probably converted into oxide) restricts the reaction very
considerably (Egort 23 while organic peroxide substances

are capable of disintegrating into two radicsl fragments,
accelorate the reaction to a very grest extent (24). These
are the samoe substences that suppress or provoke knock-(lead-----
totraethyl has no effect when combustion has developed). .

Chain reactions of the type described above are
froquontly complicated by the fact that chain starting and/or
.+ 'broaking reactions can take place wholly or partially on the
wall, In the engine the wall - apart from the effect of
overheated points,-whish-wmay bring about ignition - scarcely
plays so important a part; it merecly has a cooling effect on
the comprossed and burning ganses. .This is dus to the fact
‘that the wall is cooler than the compressed gas mixture and
-that for purposes of diffusing activatod particles from the N
wall to the inferior of the gas times are required which far X
- and away exceod the time available for combustion. If it is
Zdesired to follow more closely the processes taking place in
the compressed gas, the reaction must be allowed t6 take
. place more slowly, so that it -can be observed in all stages.
.- By teking samplos at determined intervals by means of
special valves, a numbor of important results will be
obtalned directly from the engine itself., Cf. Egerton (25)
and his colleagues)., Then the wall at once.comes into play;
this must always be remembered in evaluating such experiments,

: which ecannot, however, be dispensed with,

11, Our own in§est15ations; ‘ : :
1 Examination of the thermal decomposition of hxdrocafboné.‘

In accordanco with what has been said above, we extended
our experiments both to the slow -0xidation of hydrocarbons.
as well as to the rapid reaction resulting in spontaneous
ignition and to combustion with and without knock, As it can
be assumed with certainty that the combustion of hydrocarbons

-'is a chain roaction, and since there is much in favour of the
~fact that the roaction may be initlested by & primary
decomposition of the fuel, we oxamined this in groator dotaeil, .
(In the caso of slow oxi&ation- on a laboratory scale at low .
temperatures, the reaction is probably started on the wall;
an oporation in which the wall plays an important part may,
howaver;be rejacted in the case of .the engine. for the reasons
mentioned above). Boerlage and -van Dyck (25 a) were tho first

" . to call attention to tho relationship between thormal

~ decomposition and ceténo numbers or octane numbers of Tuels,
and givo details of oxporiments with a number of substances,
Aineluding n~hoptene and i-octanc., Whereas on the wholg there
‘was a smooth rolationship between the tondency to decompose
and the roadiness to ignite in -the Diesel engine (ceoteae
number), or eclse tho contrary relationship to anti-knock:
(octane numbor), iso-octane bohaved irregularly. -It: S -
-decomposes about twice as readily. ‘as n~heptane, although it )
has greator anti-knock propertics than the latter. A4s a :
matten of fact, this is robt to be wondered at bocause, if the
thormal decomposition determines the start of the reaction

!
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_ohain, the primary stage 1s only .one of the factors deter~ .
mining the speed, Thermal decomppsition can therefore only
be used as a measure of anti-knock when all the other factors
remain the same, as particularly in the series of n-paraffins,

. Wo thought it would be of some use to go over the above
relationships and we give here some information concerning the
results, which are of interest especially concerning the
cracking process, In order to obtain some insight into the
tthermai-decomposititon—of—hydrocarbons;—w Yowappars
in which the hydrocarbon to be examined was passed through a
spiral of Supremax glass tubing, heated in an electric oven.
We passed the hydrocarbons with a carrier gas through the
oven (hydrogen or nitrogen) and eompared, by means of a )
calorimeter, the heat conductivity of the gases ‘emerging from
tho ovon'wifh that of the gases entering it. It will be o
realised that under our conditions the main feature noted in
the stream of nitrogen was the splitting off of the hydrogon
~from the hydrocarbon as shown by increase in heat conductivity,
whereas in the hydrogen stream, decomposition into hydrocarbon
fragments was manifestod by a decrease in the heat conductivity.
Furthermore, we obtainoed, generally by absorption in-bromine,
the quantity of olefins formed, which served as a check on the
other measurements., For a more asccurate investigation.of .the .
. 'reaction process (which is not a simple monomolecular
decomposition), we-followod 1h a fow substances the reaction:
in ‘g static apparatus, by means.of tho pressuro increase and
' analysis 6f the oracked gases,” The sallont results are.
- contained in Table 2 belows ' - ‘

Tablo 2. Decomposition constants of hydrocarbons.,

" Compound o Partial

Pressure k,10° et
mm Hg 570 600 = 640

l-Octene . . 12,8 22
Diisobutylene ‘ 38,6
y~-Hoptene | . - 40
Cyclohexene 70°
-Hexonoe . - 20
oty -Hexene ‘ .. 20
Diisobutyl . . ; 23
" n-Octane. - . 10,6
Isooctano . 38—
n-Heptane ; " 35.5
Dimethylcyclohexane 19.6
Methylecyclohexene 20
" Cyclopentene . 20
n-Hoxane . 120
Mothyleyclohoexane - 31.8
Ethylbonzol 10
. Cyclohexane 77 : ‘ -
‘Ethanol = 44 o v 14.4
:Methanol . . 54,7 - o’ -3,
Toluol 21 . ) ‘ . 24 ——
: (o]

2
_ 6
Benzol 85,4 44 4,0

. Having regard to the tendency to knock, the.following
was ascertained.as the result of our experiments: dina.
homologous.series (n-paraffins, ne-olefins ), tho tendénecy to
decompose ‘increases in a similar way to the tendency to knock.

~Branched hydrocarbons with .the samé number of carbon atoms

s
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- p08sess--only-a-alightly-different-tendency to-decompose; with---
very different anti-knoock value; the differing anti-knock
value is not, therefore, brought.about by a different thermal
stability. . Non-paraffinic (or olefinic) hydrocarbons of
higher anti-knock value are distinguished by their relatively
high thermal stabllity, .but conditions were not so simple as
to provide a gquantitative parallel. "It may nevertheless be
stgted that with substances .of Eartioularly'high anti-knock
value, vigorous thermal oxidation 0 ot gseqq) is only
set up at temperatures whore the thermal decomposition is also
noticeable (order of magnitude 1% per & ), . This statemont and
- the decomposition constants in Table 2, which.show-how much
of the hydrocarbon would disintegrate in one second if
- dlsintegration were to proceced at the initial speed, makes
3t~ possibleo-to ecalculate that no apprecieble soparation of
hydrogon takes placo during the times available in tho engine.
It would be. far bolow 1%), - e . ‘

. Investigation of thormal stability initiated by our-
solves, with a viow to tho possibility of influencing the
course of combustion by additives, promiso to be oxtremoly
‘intoresting, since Poase (26) has recently found that.by the
addition of nitrogon, theo decomposition of butane is -
congiderably restrictod. A4s do & number of othor observations,
including our own experiments, these investigations favour the
-assumption that tho thermal decomposition. can tako .place to a
considerable extent over radical chains, and.this can be made
to harmonise with the findings of Patat, Sachase, Steacle etc.
(27). A discussion here would, however, occupy too much ,
space. c -

" Exami on of the slow oxidation. of hydrocarbons,

: In order to obtain an insight into the oxidation .. .
bohaviour of a large number of hydrocarbons, we made use of

a flow apparatus such as was used by Edgar and his colleagues.
The reaction vessel was cylindrioal, about 3 em in dlameter
and 20 ¢m long, with a volume of about 120 comj - it was made
of Jena instrument glass or Supremax gless and could be
heated in an eloctric furnace to the temperature of .the

. experiment, 1Investigatlons were carried out with hydrocarbons
‘mixed with air and -of different eompositions, with verious
reaction times, We only give below experiments with
stolchiometric composition (éorrespond;ng to the combustion

of COgp plus Hg0), and at a flow speed of 10 litres/hour at

- room gemperature (we selected this speed as a standard),

- .corresponding to a duration in the reaction vessel of about

. 21 sec at'300° (at 'other temperatures.altered in inverse
proportion to the absoluté temperatures), The flow speed was
measured with a differential gauge with calibrated capillaries;

" the gas mixture was first made by air being passed through a

suitably temperature-controlled spiral washing flask filled
with hydrocarbon, so that the gas analysis could be' checked’
on the completion of combustion., Subsequently, the following
arrangement .was adopted, which was more ‘convenient, whereby
the process could be carried.out with a few cem of hydro-
carbon (Fig.10): through the horizontal portion of a T-tube .
flowed fresh air; the vertical branch, which consisted in -

" part of a:capillary, was filled with fuel up to a certain
lovel so that it dropped precisely in the desirsd quantity.

The T itself was gently warmed (to about 509), 'In order to
-smooth out any time fluctuations in-tho composition (in the
.dropping rhythm), we allowed the mixture to enter first of
all a3 litre mixing flask, then for -checking purposes it~ = -
was placed.in a celorimeter. device, the readings of which were,

v

" calibrated for each hydrocarbon by means of ‘gas analyses on~ .

the completion of  combustion. The reaction wds normally
' ST a1 e e ‘




_rocorded by gas analysis in the Orsat appardtus,

_ With. paraffins, olefins and naphthenes there generally
. takes place a course of -oxidation which is a function of the
. temperature, as shown qualitatively in Fig. 8. The sudden
steep increase in velocity at A corresponds to the occurrence
of cold flames which occur rhythmically (about every 20 seo)
" but which cease when the temperature is about 50° higher.
Their occurrence could easily be detected by fluctuations in i
e~rete—o$—£&ow—o£—the—gaseew——@he—aomposibion—oﬁ«the-m1xtune——_j
affected the sppod of the reaction to the extent that : :
" Increased richness raised it considerably. Our investigations
altogether cover some 40 hydrocarbons of the following groupss, -
paraffing, olefins, saturatoed naphthenes, unsaturated naphe
thenes, aromatics, alcohols, ethors and ketones, Investigations
were also carried out with mixtures of two substances, as well
, @8 with substances of the various groups with the addition of
load tetraethyl, iron carbonyl, and aniline. -Of the paraffins
. examined, some have already been studied by Edgar and his
collaborators (13), and data was already available regarding
. 8ome of the othor substances (Estraddrets experiments are not
quite comparable, as they were conducted with pure oxygen, and
8ince the presence of nitrogen, oven though it does not 1ltself
_take part in the reaction, nevortheless affeots it)., Since,
however, only experiments carried out under really identical
condltions are comparable and fit to serve as a basis for far-
reaching conclusions, and since contradictory results wore
froquontly obtalned a certain amount of repetition was unavoi-
dable. On the whole, we wéro able to confirm Edgar's
.eonclusions, that the .oxidisability of paraffing decreases
“with lnoreasing branching and the primarily oxidation .
corresponds o the oxtont of decomposition of the longest side
. chain of the molecule. v T

L Besldes isooctano (2.2.4~trimethyl pentene), the most
stable paraffins are hexamethyl ethane and isohepéano (2e243
" trimethyl butano). - Within the paraffin group;,—the-sequence
of decreasing oxldilsabillity epproximately corresponds to that
of rising octane numbers, and simillarly in the olefin series.
‘Olefins and naphthenes are much more stable during oxidation
than the corresponding paraffins, but not in . all.cases; e.g..
di-1sobutyleone, despito greater knock stability, is more.
oasily oxidised than lso-octane, That a comparison between
_substances in different groups 1s only permissible up to a
‘point as regards knock behaviour, may easily be appreciated
on the basis of theoriecs regarding ohain reactions, In .
-addition, relationships may be worked out regarding mixed . .. -
‘octane numbers and the ability to be influencéd by additives -
(ef. pPe 41 ot 86Qq), . S SR S v

. A number of other results have been collated in Figures
-11=16., Those diagrams reveal a good many irregularities. As
‘already stated, there is found in the paraffins, olefins and
‘naphthones (with the exceptlion of the high anti-knock value
- substances such as isooctane) a curve such has already been:

- met. with in Fig. 8, Tho first steep rise in velocity (A in
Fig. 8) would, at high pressures, entail spontaneous ignition .
and pave the way for knock; wo therefore generally find that
when anti-knock additives are used, this steep rlsae is toned
'down. If as the result of pressure increase, this.steep rise
. in velocity passes..into self-lignltion, it will at once be
“apparent that the pressure increase required for this purpose-
. noed by no means be the samo for all substences,  Therefore :
the sequence of'oxidisability may not be exactly that of-anti. - -
.. knock.value;. such secondary .influences can least dlsturb -
~ :.tho sequence .in homologous series, such as tho n-paraffins,
. . . ‘,_,“ . R S v - B .




Mthe“parqfﬁins”generally,”the”olefinsuetc..VOurwexperiments~bave<
accordingly confirmed the observation that has already been
made, namely that within the various groups, the sequence of
oxidlsability is to a very large extent that of anti-knock

. value and that, broadly speaking, there are parallels outside
these limits as well, while deviations occur in individual
' ¢ases, A valuable contribution is afforded by the fact that

" for most of the hydrocarbons investigated by us, information
on anti-knock value is available by American authors (28), :
By—oareful—evaluation—{compartson With on y really analogous
combinations) such experiments should enable us &0 predict

- 'the knoock behaviour. S . '

. :It is furthermore evident that the pronouncements’' as to
anti-knoock value, which have already been evalunated gqualita-
tively from behaviour during slow oxidisation, .could also be
, 0xtended to quantitative statements if behaviour at highor
prassures were examined for the various meterials; this is
.therefore one of the most important aims of our ‘measurements,

"

h Some detailed reforences must alsoc be made to the notable
oxidetion stability of kotones, especially those with
branched carbon chalns, 'and also mesityls, If these substances
Were available at reasonable prices, it would probably be

. bossible to obtain combinations with a barticularly high
~octanc number and at tho same time considerably increased

combustion hoat compared with alcohols,

With the object of securing a quantitative determination
‘of' the exporiments, a large number of measuremonts’ were
‘earriod. out on selected substances in a statiec apparatus)

which made it possible to vary more considerably the conditions’

~of the exporiments and also the pressure, although here only
up to meximum atmospheric pressure, Out of a very large )
numbor of individual measurements, only & small selection.
‘will bo illustrated here, Figs, 16 to 18, Flg. 16 1is .
‘explained by the ocaption, It is noteworthy -that with increased
‘enrichment (the alteration in composition attaing a degree

- Which no longer concerns engine combustion) the speed of
reaction attains & sharp maximum in the region of 240-270°;
the reaction 1s completely quiescent. Having regard to knock,
it must be stressed that merely from the variation in the '
reaction speed due to-the composition, it 1s impossible to
draw conclusions ds to the corresponding variation in antie
knock velus, for as a result of the change in the mixture,

the: flame speed is-also altered (cfi p.30 ot seqq). : ,

. -+ The extent to which the reaction speed can depend on
pressure.1s shown by Flge 17, "in which the reaction in

. 8tolchlometric iso-octane-sir mixtures, with 1 minute'’s .

~duration of the reaction at 6329, is shown, as a function of
the total pressure, When the pressure is doubled, there 4is

- transition from a field of scarcely notlceable resction to
explosion, ’ : S - o

‘Flg. 18 shows somo highly'interébting results which we
obtained with dlethyl ketone; the reaction is plotted in
teorms both of pressure increase and of oxygen consumptilon and

‘sometimes accompanied by'exploSion, whereas at lower bemperatures

CO formation, for a stoichiometric ketone-air mixture and also -

for ketone plus nitrogen. In the latter ocase only a thermal
decomposition is observed, and it must be emphasised that it -

1s to'be seen in approximately the ‘same areda as the oxidetion.

The oxidation-. of the ketone appears to proceed very much.
more ‘Simply. than that of the hydrocarbons and 1ts dependence

-w e
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7T on”temperature is shown as a simple exponential function. A
knowledge of the - oxidation. behaviour of ketones is also
important having regard to the combustion .of knook-resisting,.
branghed paraffins, for when side chains are decomposed by
oxidisation,- ketones should be produced as intermediate

" products., t was for this reason that we subjooted ketones

-0 cloder research,

F_Spanhnoacoe10-1nvostigation= -

When, in chemical roactions, it is deduced from the :
goneral. courso of the reaction thet a chain roaction 1is taking
place, ‘but the intermediate products formed are so unstable
that it is out of tho question to deteoct them by direct
“chemlcal means, spoctroscopic investigations occasionally

- permit of further conclusions. In normal flames it 1s a well
> known faot -from tho omission speetrum (29) that CH, CC and OH
radloals are prgsent, Vaidya ?50) has recently found in many

" flamos the presonge. of a hithorto unknown band system, which
is perhaps emitted by a radical HCO. We are able to show that

" tho gamo band system 1is contained in the flames of atomised
fluid fuels such as have boen oxamined by Noumann .and his
colleaguos . (31) in regard to Diesel combustion,

: Rassweiler and Withrow {32) in particular have conducted
, -Bpectroscopic investigations with engines under normal and

knocking combustion conditions; the investigations embraced
both emission and absorption. In addition to differences in
the emission spectrum, they detected (what for us is more
important) formaldehyde in tho knock aree, by means of -
absorptlon photogrdphs, just before knocking. In the case
of slow oxidation, Egorton and his colloagues in particular,
by means of absorption photographs, have been able to verify
the ocourrence of intermediate products, : : .

... *Since tho slow oxidatlon of hydrocarbons as already
mentioned, is associated in ‘certain toemperaturse ranges with
00ld flames, and above such temporatures with at least
luminescent phenomena, it seemed to us that a spectroscopic

- examlnation of these luminous phenomena would be -of importance,
Spectral photographs of cold flames were already known at the
commencement of our work (34), but the attribution of the
emission bands obsorved. to formaldehyde was only published by
Ubbelohde-London (35) during our experiments. -We took photog-+
graphs mainly with a view to finding whether, -with slow oxid.

tion, it wes possible to déteot OF bands. ~In the case. of - - -

heptane and octane We were able to confirm. the luminescence
apectra of Emeléus but beyond this, up to tomperatures of only
about 50° below the ignition limit, we weire unable to find
any further bands, This is of importance as 1t enables coertain

_reaction oporations under discussion to be ruled out, but
dotails ‘of all this cannot be given here. : :

* 4. .Meoasurement of flame speeds of hydrocarbons, ﬁixed with air
v “at room temperature and atmosphoric pressure.

- Having regard to the behavidur under knocking combustion, -
it was Important to possess first data for normal flame
-propagation in pure combinatlons, . Strangely enough, only very
little data for the combinations in question were available.

In our oxperimental arrangement wo followed closely the

standard apparatus used by Bone, Wheeler etc. 30 that our

results can be comparéd -direct with those of the English

8chool. . The flame travolled in a horizontal tuba of 2¢H-em __ i~
intérnal diameter and about 60 cm length; the gas mixture - Co
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-!,insiderit;was~ignited~ot~one-end-of~the tube by removing-a- -

ground stopper, the flame being a.small one. For £illing
purposed, -the tube could be svacuated with a mercury vapour .
. pump primed with the normel apparatus; the gas mixture was - -
+then admitted from a gasometer (the meroury acting as the
sealing fluid), The flame was photographed on standard film -
Wwith the rotating drum used for our other experiments, and a
glow-~lamp was used to record the time. Photographs made ‘of

-tho same mixture showed flame speeds which differed from eash:

other at most by a few percent; among the sources of orror
for tho final rosults, unrolisbility in moasuring the flame
photographs is therefore negligible, and uncertainties in the
composibion of the mixture are chiefly tq blame, as minor o
fluctuations oould not be excluded owing to the presence of
groasod cooks, -

. In the ensuing Fig.1l9 we reproduce o typical flame
photograph' for evaluation purposes the first, rectilinear
portion of the uniform flame propagation was aiwaya used. At
the ond of this portion, the uniform portion (except in
mixtures with a very low fleme spooed) passed into an oscillating
movement, which 1s not, however, idontieal with the oscillations
observod with knock combustion.

.

Our rosults are collated in Figs, . 20 and 21;  they
revoal a number of characteristlic relationships but not a
simple connection with the knock behaviour, as might have been
expected. In almost all the substances examined; the maximum
of tho flamo speed is displaced far towards the rich mixture
side,- somotimes up to and beyond twico the stolchiometric
figure. This is & woll-known oxperience. J

, A
’ In regard to the knook behaviour, according to Fig. 7
a high flame spoed, 1.0, & rich mixture is favourable, but
“8ineco, on tha- ot hor hand, the reaction in the unburnt’ portion,
whioh initiates knock, is enhanced by increased enrichmoent,
-conclusions should not be drawn from the flameo  -speed’ alone.
. On‘tho whole, differences in tho flamo speeds under the

" wixture conditions occurring in practice are extremely slight.

" Having regard to the engine, it must be remembered that-
the flame spoeds found by.oursolves are first of all consider-
-ably increased by turbulenco and that they are also modifioed-
by the higher pressure provailing in the engine and by the
higher temporature., Increasing tho pressure does not
neoessarily raise tho flame speed; indeed, experiencae points
to:.the fact that-increasing pressure indeed increases the

vantity involved in the roaction, but lowers the flame speed
?the flame speed being approximately in inverse proportion to
the root of the pressursa),. ‘ .

Flame spoeds-at higher temporatures and Eressures.

We' went on to carry out a long series of experiments on
flame propagation at high temperatures and pressures, These
did not, indeoed, aim at tho moasurement of flame 'speeds,-but

" rather at finding conditions under which knocking combustion

ocan be obtained. . Since, as already mentionéd, we finally
found 1t more profitable to.work with adiabatically compressod
mixtures, ~the oldor exporiments will only receive brilef
montion. After a series of preliminary oxperiments, where the
main difficulty was to find a window material capable of
rosisting the streosses met with (tomperatures’ up to and beyond
250°0, initlal pressures up to about 10 atm,. ), and which we
sucoessfully solved by using mica windows of a few tenths of




e 'mm in thickness, " e “eventually worked with a copper tube, -
oontainlng 4 w1ndows about 10 cm long and sealed with plate
glaas and lead packing. When well. prlaced, no difficulties
were exporienced in working with these’ windows, The tube
could be heated in a suitable slectric oven and was filled by
e supply cylinder and a sultable system of valves; a umixbure
-of ‘the hydrocarbon with air or air plus oxygen in the desired
proportions was prepared in this oylinder. The supply - oylinder

—end—all-the-pipelines—and-velves-had—to-be-heated—in—ondoe:
provent the—fuol-from_condensing, and.-spscial precautions were .
necessary against oxplosion. The photographs obtained in this
arrangomont with mixtures rich in oxygen showed the .charac-
toeristic shock waves elready mentioned, but it was not possible
to soocure knock; indoeoed, in the exporiments conducted to this
end . with fuol-air mixturos ot high temperatures and high
initial prossures, spontagoous ignition occurred in filling -
the emplosion tube.

" Wo shall only quote a few oxemples here, Fig. 22 oclearly
shows for a relativoly disruptive mixture (benzol stoichio=- :
motrically with (52 Oy plus 48 Np)) the shock wave. which
dilstorts tho front of the flame and is propagated in the burnt
gases at a speod of about 1.5 lm per sec; for nehexane and.
i-octane, almost tho same photographs are obtained.

- Fig. 23 shows n-hoxane in stoichiometric mixture with
(29 6 0o -plus 70,4 No ), 1.0 atm.initial pressure and 188°
1nitial tomperuture- owing to the low speed of the flame,
however, tho flamo front is very much jagged by the pressure .

_wavo, yot without abnormal rise in speod. '
. T . T “‘Tfh—*

' In contrast to.this, FPig. 24 shows a photograph of n-
‘heptanc-air (stoichiomotrically) at 225° inltisl temperature -
and 851 atm, abs, initial pressure. Here the flame front is
not noticoably affected by distortion, but all the same:
towards the end there occurs a sudden rise in speed with

retrograde wave, which may perhaps—be-interpreted as a
transitlon to kunock,

: We are not clcar whether the speed 1norease of flamos
observed by Nielson (36) as the result of oseillations, is
identical with the increase in speed with knooklng. ‘

Exemination of combustion and Knock in adiabaticellx

comprossod“ﬁ?ﬁtﬁ?ﬁé.

: ‘An -arrangoment for 1aboratory scale study of knooking
combustion and the spontaneous processes taking place in the
compressed gas was developod after lengthy proliminaries on
the following lines: Pig. 25. Tho mixture of gas is admlttnd )
at aetmosphoric pressure into the vertical cylinder Z
dimonsions 30 mm diameoter and about 700 mm length, and the
reaction vessel R is attached.at right angles at the Tower
-~ extremity, It is then compressed by the plston K with tho
' 50 kg. drop weight G. The piston is kept in 1ts lowest
position by a special arrangement of pawls, and:the burden
of the drop-wef,ht is borne by two powerful spiral springs. .-
Furthermore, a simple wmechanical device ensures that an
ignition_ spark passes when the pilston reaches its: lowest
position (or at an earlier moment if desired)s The course of
the flame can then bo recorded both photographlcally on a
rotating drum by‘mouns ‘of visual windows in the reaction '
vaessel or by pressure indication with pilezo quartz,  In order
to follow the reaction 'which takes'place automatically in the
comprossed mixture, tho ignition spark is omitted and only:
the pressuro is recorded. The whole apparatus cap be heated
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“by electricity to over 200°; and the~ ‘coiipression ratiocan
be varled from about-i v 5to’1l : 10._ For the various measure-
ments several,different roaction vessels.are used, and for
knocking combustion a vessol 100 mm in length 25 mm internal

" .-dismeter and window throughout the whole lengt ‘Was found.to

be the most-suitablo., In crder to investigate spontaneous
raaction in the adiabgtically compressed mixture, a vessel
was used 40 mm in diamotor and of the same length Wthh was

was prepared on similar lines to that described abovo for'

the flow apparatius for~ slow*oa_hation, ."“The“composition~was
again chocked by measurihg the neat conductivity,. after

.oalibrating by Orsat analysis on complete combustion.

In proof of the phenormona observed, Flg., 26 shows a
serles of typical photographs, obtailned with an old type -
reaction vessel, about 20 cm 1ong, with 2 windows, . It shows °
clearly the various types of combustion: “ordinary flames
(speod about 10 m/s), flames with self-ighition only in one
portion of the unburnt mixture, but without knock, transition
from normal- combustion to knock combustion (speed greater
‘than 100 m/s) and finelly premature - ignition before the
passage of the spark and simultanoous knock. -

Furthor. oxperiments wore conducted in a shortor reaction

' vessol with a somowhat wider bore (see: .above ), because here -/

knock combustion is obtained under milder temperature conditions.

" Pig. 27 shows a few photographs obtained in this way, while

Flg., 28 contains tho rosulfs of a series.of experiments with
neheptane for determining tho knock limit 'as a function of

the initlal temperature., The initial temperatures are plotted
for various compression ratios (abs,.,) at which knock started,

a3 well as calculated final compression pressures and

temperatures, on the assumption of adiabatic compression.
Owing to cooling losges, these figures are therefore too high
and they only have relative imporfance for.experimental
-purposes. It must, howover, be mentioned that under the
conditions of this sories of experiments spontaneous ignition
was always assoclatod with knock,

. -In aooordance with the main object 'of these invostigatkm%
woe devoted our attention more to the physical characteristics

. of knotk than to the conditions for its. inception, and in like

7o

- manner our subsequent experiments will deal meinly with the

knock beheviour of mixtures and the influence of additives. :

Invostigation into tho action of anti-knotk substances.

It is a well=known fact that the ‘anti-knock substances
only have a slight effoct on the flame or detonation once . .
formed, but that they can appreciably restrict the spontareonq
reaction in tho unburned mixture, - Experiments by Egerton
have moreover shown that lead tetraethyl for example, is not

- active as such, but only when it has d131ntegrated at a

modaratéely high temporature (about 300°) in.the presence of
Joxygen, probably in the form-of a lead oxlide.  There are no’
available snalogous cxpaeriments. for iron carbonyl,

Egerton (37) has also drawn conclusions from those -
experimonts and has invostigatod on the engine itself the
influensing of knock by the addition of metallic vapour,.
Owing to its low vapour prossure, load was regarded as un-
sultable, but thallium and. potassium both had a pronounced
anti-offect while.sodium, cadmium and zinc were Iinactive.
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In tho case of thallium, it was found thdt pronounced action
only took plage when it was fed to the engine with eir (riot
with nitrogen)., It is therefore only gctive as -an oxide.
This is oonsistent with Egerton's experience with lead tetra-
ethyl, (Contradictory results by Berl and his colleagues )
(38) might have been caused by a deviation in the experimental
methed ). In any case, it is certain that the decomposition
* products of metallic anti-knock substances restrict the ‘
~thérmal—oxidation—of-thehydrocarbongy——r——r——mr——re—m——|

From the--point of view of our reactiorn-kinetic
experience, this can only mean that the anti-knock ‘agents
affect the. chain reaction of combustion, by breaking the
chain or preventing it from branching. Only in thils way can

cmtho -Bobivity -of -extremely small asmounts be accounted for,
It is also known that tho wall of the vessel restricts ths
reaction, and it was thorefore tempting to assume, as
Bodenstein (39) has done, that the anti-knock substances,
singe they are only effective when decomposed, likewise act
as "walla" in the form of metallic or oxide dust. It appeared

. to.be of some importance to explore these questions and to

_ascertain in what way finely divided metals and other solid
substances affect the oxzidation of hydrocarbons. .

.~ 'Passing over experimental details (the experiments with
lead vapour, for instance, required considersble preparation
in order to exclude all the possibilitiles of trouble), we will
montion the results of the experiments carried out in this
connection., lLiead vapour restricts the slow. oxidatlon: both
of n-heptane and of iso-octane, and to & less extent that of
benzol, In these experiments, the lead was supplied by
molten lead at 800-900° and mixed with a current of nitrogen.
Since bofore entering the reaction vessel the stream of gas
“was oooled down some hundreds of degrees, it follows that the.
action 18 to be attributed, not to molecularly dispersed lead,
but to metal or oxide in tho form of very fine solid particles.
The interesting experiment of feeding the lead in a current of
oxygen, so that oxide would be present from the outset, could
not, unfortunately, be carried out without ambiguity. 1In all
cases special control experiments had to be carried out to

- eliminate the action of the lcad deposited on the surface of

the-vessel.

With a different apparatus, a series of experiments was
then carried out on the action of finely divided solids ecarrisd
along in the gas. . Tho solids selected wore:.  soot, maghesium,
aluminium oxide, kieselguhr, lead oxlde; -these substances also
rostrict the oxidetion of hydrocarbons. It is therefore to
bo assumed that the addition of substances which disintégrate

“"-in the engine forming solid particles, may have a favourable
offect on knock, Thils is particularly interesting in.the case
of soot, ‘ .

[

III. General conclusions and _survey,

: We-.now propose to collate the conclusipnsfwhich have been
drawn from previous experiments and from our own, regarding the knocking
‘process, In the unburnt, adiabatilcally cowpressed mixture, spontaneous
reactions take place which are oxid2%l02 reactions based on a chain
system, and may result in knock.  The nature of the chaln reactions
~ . thomselves has not yet been explained, although various theories have
‘ been bullt up concerning them, e.g., combinations of the peroxide type
or radlcals are supposed to piay a considerable part. However, we
shall not dwell here on the more or less hypothetical considerations
(40 concerning the reaction system, and will only give such conclusions
. which are based on the fact of the presence of a chain reaction and on
" the possibility of its being influenced by additives, but not on the
' : ’ - 21" - ‘ '
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If. in & chain reaction the primary process 15 followed by-a
___8orles. of reaction stages, the average length of chiifi ' §, if b 1s
~——-the probability that the chain will break at a given stage is given by:

o I = I S - T (20)

Tince une.spéed of the reaction is’/ proportional to the number of -
-transformed molecules ‘and therefore to the length of the chain, this
gpeed, v, is proportional to j, thus: . : s

' v = oonstant/b o (1)

. If the probability of the. chain breaking is: proportionsl to
.the' concentration of a chain-breaking substance, 4 (the ratios for
- chain reac¢tions are shown here in very plausible, but not .strictly
- well-founded form, Reference should be made to a general explanation
of this subject (e.g. by Semenoff)), then we have: T .

. v ‘b 1s prSSSFQiona; tod . ' . . te)

therefore : ; o A o
velk/a : (13)

As the réactive’gas mixture, in. our .case hydrocarbon plus air, either
itself has a chain breaking actlon, or else substances of this nature
arise. in the course of the reaction, we have without additives:

: N vakAd, S Co(1a) - w
and with the addition of a phain-bfeaki_ng substance? ‘
| valkflagiplus ) - (1s)

where do and d are not both merely concentrations, but one of them
contains a factor allowing for different probabilities of chain-
breaking. It will be seen from (152 that if"d.signifies about 3 com

load tetraethyl per gallon of fuel as. i3 customary in English and. -
Ameriecan work, which we quotie ‘here), the rolative decrease in speed

by the addition of 1 com lead tetraethyl bocomes léss the more. lead .- -

is added.  This 1is femiliar experience with the ac ivity of anti. o
knock agents, whioh does not happen to be the case ith lead alone, - o
but is a general fact, It thus seems purposeléss toseek an antleknock. . .
agont which, with the same efficiency as lead, has.the same spgoifilc
efflciency in large quantities as in small, (x) — : :

(x)A thaoretical grasp of knocke~behaviour with increasing super-
charging and its influencing by enti-knock agents does not at present
soom possiblo.  On the one hand we have no reliable knowledge as to .- .
tho .change in ‘the speed of the reaction as the result of pressure
(the variation in the flame speed with pressurs would have some. R
influence on knock behaviour)s furthermore, it must be assumed that
.tho main effect of supercharging on knock behaviour is derived fpom
the altered initial temperature of the mixture and from the changed
oconditions for the relative heat conduction in the combustion chamber, .
All this makes 1t rathor improbable from the start that the ratios
obtained for changss in compression can be applied without .
modiflcation to the case of supercharging., oL

\
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- Attempte may: be made to deduot approximate quantitative - :
ratios between the lesd additive and knook behaviour of a fuel, perhepa
oxpressed by the maximum useful oompression ratio after Ricardo. (x)

The roaction spood 115}-¢enprally depends on temperature, 1.0

K g k'oxp (-Q/RT) (xx) .- / {18)

« where T is the absolute temporature R ths, gas- constant and Q the
so=o0alled h onshy -
~composition and pressure, but as a first approximation we shall regard

© it here as a oonstant, Approximetely, therefore, the whole spoed of
‘the reaotion may be written thus:e ‘

e s klexp (-Q/RT)/(do . d) o (17).
rrre” T 18 the initial temperature of the gas drawn into the oylinder,

: gho ginal temperature of comprossion (ignoring the. cooling losses) is
T,:w ere, ‘ . o

T s T g x-1 ST (1e)

;”whore 1s the comprossion ratio and x the ratio of specifio heats
X = oy ov., From (18) we. have (17) becoming.

v
“

: A - v = k'/(doed). exp(-Q gl x:/RT ) *uzif: (19)

'.We assume that under certain conditions knock occu;s 1f the "spoed
of the rdaction exceeds a critical figure, which, particulsrly in the
ocase of the compression ratio & and without anti-knrck additives is
given by ‘ . . L i

i

e vkr 2 k'/do-exP(—Q el'x/RT ) I )

be
Now -1if anti-knock additives ‘wore to/added in ‘the _concentration a,
"the speed of the resction would drop in accordance with the. above
formula, and knock would accordingly cesse. Weo now imagine that “the
compression ratio has been inoreased to such an extent, by
that the speed regains its oritical figure and knocking is sumed,
Thus we have: . N '

& IR R,

Viep k'/(dom).exp(-cz(e»ag)l“"/m ) (21)

’ From (20) and (21) there results the. desired rolationshi p betwsen the
anti=knock substance, d, and the increase of the critical compressior

a‘

IR T

(= )Even if the maximum useful compression retio is not a particularly,
© . guitable- ptandard for a practical knook value deteérmination, ns it”

" depends on the engine and working conditioms, 1t is neverthéless

" rocommended for correlation with all phjsico-chemical ‘ratios because «
vtigce the working conditions are known - it furrdishes a direot rolation.
8hip with other determining physglcal factors, such as temperature and
pressure, To compare the maximum useful compression ratios with '
octane numbers, we publish a dlagram after Campbell (41) and his
colleagues, which gives the maximum useful compression ratio for ne
heptane/isooctane mixtures (CFR Research Method), Fige 29, Undor
normal engine conditions compression ratios Were abcat one ‘unit -

. higher,: .. . -

(xx} - = :
L expx - g™




Wf:jTﬁe'next"équation"is: "

'

(déod )/dd =‘exp(-QC8 #aa)‘l'x-el'x)/BTo) _ (22) -

Por the sake of simpiicity'we assume (which is true only to a limited
extont) thet§€1s amall compared with 8 , so we have finally: .

. ..the speed of the reaction:

7

A

R

103(‘ L;doodj./do )= oQ/RTo.(x-l).A e/€ I ('23 )\l

or, : :
‘ _Ag T const.log((dged)/d ), . (24)

The faot thaet this equation, whose applicability should not
be overestimated, agrees woll with tﬁs experiment, 13 shown by Fig.30,
in which four series of experiments by Hobl and Rendel (42) are :
plotted; the curves are, in accordance with (24) caloulated with

- conatant values as given in the figure., Proceeding backwards in (23)
one can caloulate Q from these figures and this will be found to be
~+ 20,000 cales which, so far as the order of magnitude is concerned,
agrees woell with obsorved heat of actiggtion. -

o - From the point of view ‘of the theory of chaln roactions, this
not only enables us to undorstand the influence of various quantities
of anti-knock substances, but more lueid connections botwoen knook :
rosistance and lead sonsitivity will be found, as well as the behaviour
~in mixtures of tho individual groups of fuels (mixed octane numbers),
go that some idea is obtained as to whdt can be achieved in practice

and may therefore be aimed at.

R For  tho observed anti-knock value of a hydrocarbon combination
under given:.conditions, it 1s in our opinion of decisive importance
that tho spontaneous reactions ( oxidatien. . resctions) taking place in
tho adilabaticelly compressed mixture should not exceed a cortain
critical spoed., We saw above, Equations (11) and (13), the reaction

--8pead written in tho'form v » k/b, where k contained the probability
of the ohain forming and b that of 1t being broken. Semenoff in

- partiocular has stressed the importance of chain-branching reactions,
These are reamctions set up by ‘an active particle continuing the chaln,

~and in the course of which two or more such partiocles are formed, that
is to say, reactions by which the number of the chain .carriers and =
therefore the speed of the reaction, are increased (cfs p.l19)., If"a"
roprosents-tho probabllity of the branching of the chain, we have for

vik/(baa)  (28)

an oXpression which lncreases out of all proportion for a-~e» b, even
without @ tompoyaturo piso ocovvring in consequenpe of the head of tho
seaction, Although such processes are of importance for the oxid@e -
tion of the hydrooarbons, we must content ourselves here with a more
summery treatment. (25) states qualitatively:  The speed of the o
_"reactlon is lower, the smaller the number of the chain-forming pro=
cesses (proportional to k) and of the chain branchings (a), and the:
larger the number of the chain breskings (b)., If we no longer &
mention the chain branching expressly, we may accordingly say that -
a fuel is the more knocke~resisting the fewer the ochains formed and .
the more they are broken. A given, good knock behaviour can therefore
-come about in several ways, e.ge. @ither by very few chains being’
formed,- while the probability of breaking. is normal to great; or ;
else, by a normal smount of chains ‘being formed, while the probability

. 'of breaking 1is great, If, out of a serles of. conceivable ocases, we

- 24 =
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number these two groups I and II, all observations favour.the faet .

77 _that if wo plase & cortain paraffin or naphthalens in Group I, an

analogous unsaturated combination of the same knockmresisting proper-
ties must be assigned to Group II. . To teko an example, more chain-
forming‘propesses tako place in olofins then in paraffins, and however
a larger number of chain-breaking processes so that, on the whole, the
structure being otherwise .tho same, an olefin is even morée knock- e
roslsting than the corresponding paraffin. This can only be explained
by tho fact thet the chemically more reactive olefins are less rapidly
oxidised—then—the—ocorresponding prreffins: —From tiis—st e
there emerge a number of important deductions as to lead sensitlivity
-and behaviour in mixtures with other fuols, -

- In the same way as we concluded above, that the action of a I
glven lead additive 1s less, tho more lead waes proviously added to the
fuol, woe can now @rrivo at the conclusion that the action of the lead

.'is basod on its chain-breaking (or anti-branching) character and that
a lead additive will be less active the groater the chain-breaking
activity alroady possessed by the mixture of fuel. Therefore, the
knock resistaned being ‘the same, a substance from Group I will exhibit
& highor sensitivity to lead than another substance of Group II. This
has to a very large extent been confirmod by experience (cf. Fige3l).
o . The question mJy also be asked, how is the knook-resistance of

" a glven fuel alterod by the addition of a second fuel? {e.g. oxpressed
a8 mixed octane numbor¥.~ If, for instance, we prepare an n-heptane- ¥
isooctane mixturo, containing 10% isooctane, asccording to the definition
the octane number: will be 10, If, instoad of iso-octane we added to
'tho neheptane another fuel in the same quantity and with the same
cctane number as iso-octane (i.e. 100), the octane number of the
mixture -can be greater or less than 10, i,e. the mixed octane number

.of the fuel in quostion can be greator or less than 100, From the
point of view of the chain theory, it is to be expected that the
addition of a knook-resisting fuel not only acts as a diluent of the
loss. knock~resisting fuel, but also a reciprocal influeneing of the
course of reoactlon takes placo, which.may result in a higher. or lower
degree of anti-knock, according to the law of mixtures. In particular
a fuel of the afore-mentioned Group II (i.e. one with a powerful :
chain-breaking offoct) whon added to a fuel from Group I, will .
considorably rostrict the speed of the reaction by bresking the .chain,
‘1eas it may exhibit a particularly high mixed octane number; this has
been observed (cf. Fig.32). As  pubstances of Group II have a low
load=sensitivity, compared with equally knookw-resisting substances in

. Group I, it follows that exbremely high (i.e. highor than can be
oxpocted from the law of mixtures) mixed octano number and high lead
sensltivity are to a large extent mubually exclusive.. (x) There .is

.~ also. documontary proof of this, . cfs Fig. 32.  Attempts may be made teo

~. obtaln in the same way an dpproximate gquantitative ratio for increasing
the knock resistence of various hydrocarbons by the same lead additive;
as was done above for the action of different types of lead additive
in the same fuel. . (The approximate character of the considerations
19 emphasised; out of a number of factors, we.took ons which probably
oxorts. the strongest influence)., Thore will then be found for groups
of analogous: fuéls a ratio between knock resistance £ of the fuel
(again expressed by the maximum useful comprossion retiec) and its
improvement by a given lead additiveA ¢, a simple rolationship which

-we mention here without inferonces (43). By "analogous fuels" we -
mean - quite arbitrarily - those in which the eritical speed of
~oxldlsation . at the knock limit is reduced by the same lead additive
in the seme ‘way. ~Such substances mey be. regarded as analogous, but

‘ )Whognevaluating_the present material, it. should be borne in mind
..~ that tho scale of the octano number is a ‘very uneven standard for

- . tho ‘antleknock value, measured approximately in the'natural secale of
the oritleal comprossion watio, - Cf. Pig: 89. Lo v w
o : ' - 25 .- '
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--Whathermsuch:afolaésificationvis-ampractical~onefvisva~matterwfor¢~w~~~«m

experience to teach, (In order to avoid misunderstandings, it is
pointed out that in the range of high octane numbers (about 60), the
raising of the ootane number and increase in the critical compression

. ratlo are by no means proportionzl.The inorease in the.qritical ‘
compression ratio becomes more strongly marked with rising ootane-
numbor; o.g. if the octane number rises from 90 to 91 {after
Campboll,Lovell end Boyd, SAE Journal Vol, 26, 1930, p. 163) the
result will be three times the amount of rise in the oritical
compression ratio compared with an increase in the octane-numbor 1ror
70 to 71, It must olso be remembered that our ratio can only apply

- t0 pure combinations within determined groups of materials of similar
chemical behaviour (e.g. paraffins, naphthenss, olefins, acetylenes
otc.) and not necessarily to technical fuel mixtures with varying

e —-0ONEONE _Of aromatices and possibly alcohols).

.

The ratio deduqed‘iga .
L Ag = const X . - (2p)

where is the oriﬁioal compression ratio, x. 2 cB/gv and where the
consta%t can be expressed by values that are in principle capable of
observation., We will merely add, that the constant is greater the
more the speod of the reaction i3 reduced by a glven lead additive

(eege. when the. reaction is accelerated by lead).. In Fig. Sl.are
plottoed Campbell's rosults for the offect of lead on a large. numboer
. of hydrocarbons (44) and tho dashed curve corresponds to the equation .
27 , : S , S
Ag =015 g (27)
’ etor 0.113 has not been calculated theoretically, and may be
'gggagiod with 'reasonable values of the factors making up the constant,
/A striking point, and one which“would never have been anticipeted, 1s
.that the limiting law (27) reproduces faithfully the behaviour of both
paraffins and naphthenes, 'and this ‘points to certain agsumptions e
regarding the mechanism which will not'be discussed in detail here. ...
In all the other hydrocarbons, with -the same’ knock resistance, the
load effect is less than in the ocase of these two; indeed, in. a

resistance, ' corresponding to negative values. of- the constant in :
Equation (ée).vrThgs behgviour agroes with the theories which we have
evolved above rogarding the .influence of chain.forming and breaking = -
processes on knock behaviour; i,e. the chain-breaking:effecet in. these
fuels -is actually greater, so that the addition of lead has less .
effect ‘on -the speed: of-the roaction or else tho chain-forming action::
of tetrasthyl lead (which—-is able tosplit off radicals. thormally) R
predominatos. : : . oo : Ly

: © Prom this it might be expected that: the hydrocarbons farthest
"to the right in Fige 31 have relatively tho lowest mixed osctane number
ant vice verssa~(x). This too is obtained direct from the experiments
by the Amoericans, which we -have collated in Fig. 32, where lead
sensitivity (4%; ) is. plotited agdinst aniline equivalont (as a :
. standard for the mixed octane’ number ). - . S

Lo Tha-individuﬁl hydrocarﬁoh'groups folloW’in'thisffigurp in
précisely—thersamo'saqgenoe as in the previous one. This is the

(x) That 18 to say, not thaﬁ.theyiaﬁst ﬁéceséarily have low mixed
, octane numbers, but merely that,measured by the octane number. of the
smaller than those to the left.

S a6 .

. relatlonship.alreadyﬂgiﬁen"nbove,mviz.Athat»extremaly;highAmixed»m§~v~~nw?

octane numbors and high lead sensitivity do not occur together. It

18 regrettable that sm far there-is no analogous material regarding.
the engine bohaviour of oxygen-containing organic combinations (meinly
alcohols, othors, ketones) and.the effect of lead on thom, Our past
investigations into slow combustion glve'rise to the following -
.assumptions rogarding the bohaviour of ketones. With dilute paraffin
(and ciuilerly, in practice, with alcohols ‘and aldohydes as well) the
chain reaction produces aldehydes and a gradual break-up of the -

at the knock 1limit and that it may occasionally assume nhegative values =

number-of - combinations,’ the addition of ledd even:- impairs the»knpokvt"l'

Smel SubStaﬁdeﬁ tho mixod octano-numbers £o the right are on an everago suitable than substances with a particularly high mixed octane numbep . -
o - ‘ e T RS ‘ , oo e O B pgrbientariy high %

moloculer -
"R.CHp.CHz -3 R.CHyeCHO = R,CHO  eto.

In molooules with branched chains,. e.g. isooctane (im order to avoid

migundorstanding, it 1s omphasisod that the word chain is used both

for chains of atoms in the molecule and for chains -of partial roactions.
in a complicatod reaction systom), an analogous reaction 1is not . .

possibleo, but instoad of the branching in the molecule, in the case of

;hq C-atoms marked thus @, only a ketone instead of an aldehyde can ‘
orm ' , : '

and the course of the reaction in, tho above sense would come to &
standstill (in accordanco with the observation first voiced by Edger,
that thoe  primery slow reaction goos as far as corresponds with the
break~up of tho longest side chain in the moleoul@:

R R .. R -
Dorooy —>  LoH,0H0 —F %0 (Rotone)
R.” . 'R /7 ] ) Rz/

2l — - Rg : S

" We wero therefore of the opinion (43) that the oxidation . gtability

observed,  liko tho knock-resistance of branched paraffins, is :
dependont on the stability. of kotones wvhich are formad 1n§ermediately.
This assumption was confirmed by investigating the oxidatlon :
behaviour of varlous ketones, which caused: partioularly high knocka.
rosistance to be anticipated for these substanecos. We should thoreferc
like to assumo that kotones rosemble isoparaffins as rogards all their
attributes and that thoy porhaps only ‘possess slight sensitivity to:
lead; this would be in asgreoement with the oceasicnal hints that can
be found (45). S ‘ - T

. ‘Overall, our past investigations lead us to meke the following'
deductions. Since the processes resulting in knock are .chain resctions
and tho~action of the anti-knock agonts consists in broaking ‘the chaing
we have tho relationships discussed above botween anti-knock action, .
oconstitution of the fuel and 4ts behaviour in-mixtures. It would o
appear that the varying dogrees of lead sensitivity aro ‘dependent on
the differont lengbths of the reaction chains which ocour in the various
hydrocarbons. bofore the addition of the lead, and”the reésult of this ~—
would be that normally, in cases whore satisfactory lead-effect is not
obtained (oxcept when this 1s brought: about by the quantity of lead
involved, etc) there will be no other antisknock agont active in very
small -¢concontration. Whother as a general rule thore is no agent

- superior to load, cannot of course be stated, but it does seem tolerabiy,

cortain that -in theo presonco of lead appreciablé increases .in the
activity are out of the quostion, AS regards the cholce of knookw
rosisting fuols that can be improved by the addition of load, Wigs,:

--31 and 32 refor to tho branched paraffinsg and naphthenes, which are

woll lmown' in this connection.” For . a still furthor incresse in\the

‘knogk~reosistance of fuels, say over and abovo 100 octane number, new.

anti-knock substancos'of.ﬁighvefficibncy will: probably b® less

gt

[




.50 _be added in greater. concontration...As.regards.the. remaining. .. ...
possibilities, our experiments in connection with slow oxidation a8
well as the general experience shown in Figures 31 and 32, will
provide some informations Unfortunately, the choice 1is very much
restriocted by tho demands other than knock-resistance that are made

- on fuela: e.g. freedom from projudical gun formation, suitable boliling
point and highest possible heating value, and in the case of additives
used in high congentiation, s reasonable price -- all these limit the
field -considerably, :Our further investigations will aim at extending

: srionce, ospooinll : titative Tola

ship with knocking. At the momont wo should like to conjecture that.
kotones of branchod hydrocarbons; such' as di-isopropyl-kotone, methyl
tort, butyl-kotons (pinacolin) and possibly isopropyl tert, butyl
kotono will oxhibit sultablo bohaviour; at least, our observations
with slow oxidation favour such substances, but as rogards practical
application, tho question of cost of manufacture would be the deciding
factor,  Furthormore, we feel that it is of the highest importance to
study the poculilaritios of the oxidation wmochanism in goneral and
tho nature of the reasction chains of oxygenated organic combinations
(with tho excoption of aldehydos, regarding which more is8 known, and
which are closely allied to the corresponding paraffins, although
more oasy to oxidise than the lgtter). T :

VIV. Summary.,

' Our investigations have shown that a knowledge of tho behaviour
of hydrocarbons during slow oxidation: on tho basis of theories re=-
garding chain roactions, pormits.a systematic arrangement and an
understanding of tho material concerning knock behaviour, lead
" sonsitlvity and mixed octane numbors of the -same fuols, The guiding

principle here is always that when tho oxidation reactions, which
take place spontancously in the unburnt portion of the adisbatically
comprossed mixturo in the ongine, excoed a certain oritical spoed
limit, kfhook ensuos, Attompts to establish approximate quantitative
- ratios in special cases (action of load.additives in differont amount s,
load sensitivity of the paraffins and naphthenes) are succossful in 80
far as inforences may be drawn to tho correctness of our fundamental
.thoories; and that it asppears promising to continue tho investigations
with the objoot of ascertaining more gonoral quantitative ratiod for
knocks In this connootion, the investigations which have alroady beon
initiated for following the reaction in the adiabatically compressed
mixturo, as woll as for studying knock by moans of photographs of
flames and pressure reoording, should be of importance. For practical
purposes, the exporimonts which wo have so far conducted indicate in
- what direction it is desirable . to oriontate our work for Improving. - -
- 'knogk. behaviour, - - . S : L : o
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Pigs 1 = Plame photograph and pressure diagram (diagram)
"Fig. 2 = Flame and shock wave by Payman and Titman,

'Fig;- - Photogreph of flame with shock wavea.

3
Fige 4 = Prossure diagram with flames with shock waves (diagram)
5

Fige

- Prossure diagram on detonation.

-30 = 7




the
Proceeding to
ng to left as shoeck

 Prograss of reaction in Zone of combus
Product 4in ongine (diabumr)——”,—__—-—timnd

‘.Typical¢ioabfioﬁ curve for'n-hobtane, after Edgap,

Fig.

Rate of oxidation, of pontane + uxygen as a function of
Pressure and temporaturo.

"Carburettor" for making mixtures of hydrocarbon‘and air,

Slow  oxidation . of mixtures of hydrocarbon and air in
various‘combinqg;ons. ’

-Depondence of speod of

ograph of a flame on igniting open end (on loft
of a tubq closed at ong end,

'Photos of flamos with shock waves in gontrast o knocek,
. little dependont on nature of fuel used, :
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Plamo without shocyk wa&os*buf‘with acceleration at
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oompressionyratiov1:6,4;.1
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Fig, 31 -

Fig, 32 .
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‘- .. The Properties of Safety Fuels
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SynopsisT  The purpose of THe WOTK WA t0 GStAvIISi e basis—for—the-specifis
ation of a safety fuel. The influence of chemicul composition and'of chemico~
physical proporties, boiling range end.vapour prossure in particular, on the
liability to catch fire was invéstigated. ‘The fire risk was measured not only '
by the ease of ignition (flash polnt, self-igpition point, ignition limits)

of the liquid and atamized fuels, but particularly, alsg by the velocity of
gﬁ;ngzopagation. The ‘suitabil_ity- of sarfety fuelq for use in the engine was

" ’
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1. Rgason for the' Investigation -

~When eeroplanes crash the impact produces ‘fuel fireés, This gave rise to invest-
igations which aimed at replacing the light fuels responsible for these fires
by fuels less liable to cebeh fire i.e.so-called safety fuels, . Such an inyest-
_igation must proceed by ascertaining for a large numbsr of fusls those properties
which ere found to be responsible for the inflammability; the properties have
to be compared among themselves and. finally related 1o the ‘chemico—physicdl
properties &nd bthe constitubion of the fuel, Itvshould them be possible to’
© dstermine the probable fire-safety of a fuel in the engine om ths tesis of lab-
ziatirylexpefimegts. The fire-gafety .should then be founded’ on'a physico-.
smical explanation and it shoul ) ' )
tatis tapien 5 should be possible to’ indicate new ways of producing »

'

L

2; General

After the crash and the disintegration of the fuel tank it can be teken that
. the fuel will exist in three’ forms, apart from the gaseous phase, t.e. free
_liquid, absorbed liquid (6.g. in sand) and’'in the ‘form of floating droplets
{mist}. For all threé’ cuses the fire safety depernds on the ease of ignition and

2) . For the spreadirig .of the fleme :
a) Velooity on the surface of the open 1liquid
iy b) Velocity in the absorbed liquid

Edr 1)a) ., Ignitidx{ Temperature for ignition at glowing‘points may be determined

by an ignlklon valuo test ThstymEnt—{ergeFentzeoh)j—for :
‘ignition it may be determined by a flash point apparatus. .
Foyr 1)b) The fuel must be vaporised for the determination of the ignition
- limite, Comparisons between fuels in regard to the .formation of an
ignitable mixture at the. surface may be mede from the position of the
ignition limits., In thig oonnéction it is necessary also to determine
the volume within which fuel mists are ignitable. The source of -
ignition is here of partipular'eignificance. : . :
‘For 2)a) The simplest method for determining ‘the velooity of spreading of the
. ¢ fleme on the surface of the open liquid, is to measure the time taken
by the flume to cover a fuel path of small but uniform width, Thus the
experimental wessel must be in the form of & groove. Since the temp-.
erature plays a large part in the gletermination,_ it must be controlled. .

For 2)b) -Absorption of the fuel may be carried out, e.g. ‘in a wick.
3, Test Material ‘ C o
e

Typical examples of the various materials which qualify-for use 48 fuels were -
investigeted, 1.e. paraffinic hydrocarbons (gasolines), aromatics, hydrogenated
arcmatics, alcohols, ethers and ketonas. -Besides chémically pure pubstances,
“blends were investipgeted, such as are used as fuels, or have bYeen proposed as
safety fuels. . In the selection of sub%;ances we made & point of taking sub/stt-.-
_ ‘ances of widely varying combustibility from sach/ class,  'The properties of the
materials are summarized in %ables 1 ~ 7. Unless otherwise. indicated these-.. .
values are from. the DVL. The recsption numbers refer to thé .semples exemined
by ihe DVL. In figures 3 - 5, the lgnition limits end flash points,tal;en from
the literature, and the DVL values for the self-ignition points according to
Jenbzcch, have been plotted in terms.of the. numbsrs of carbon dtoms in the
molecile for several of the tabulated substances snd some. additional materials.

4. Hieihod of Investigation . .|

i

the velocity of propagation of the fleme.  Ignition is favoured py & low temp-

erature of ignition and by a large range of ignitability ofthe vapour/air
mixture, Ignition also depends on the source 6f ignition (glowing point, spark '
or flame). For fued mist the gquestion of ‘importance is how large a volume 18
within the limits of ignition for a given émount of fuel atomized.

.Combining the factors mentiohed, 1l.e. property responsible for catching fire
(ienition temperature, ignition limits, velocitly of propdgstion), source of
ignition ( ‘glowing point; spark, flame) end disbribution of fuel ‘(open liguid;
absorbed liquid, mist), would give rise to a large number of test serieas These
are not all of equal practical importance. This, when the running’ time of ‘the’
flame 1s determined the source of ignition will be irrelavent'’ This running .-
time determination will be superfluous for fuel mist sinee:the veloeity of flame
. propagation in finely distributed fuéls is" of such magnitude ‘that differences
" dre of no practical ‘importante. . The Tollowing tests remain: - = - v
N 1) For'the fgmition ", o .o oo G sl
a) Igunition Temperature in relation to source of ignition
b) Limits of Ignition also'in reletion o scurce of ignition.
Voan . e : .

S o

. . three minutes.

i) Lsboratory. Experiments

of fleme alomg suifface\ ,'d'f' »li'qu_i'q:l’;'.

a) ’R\i»nniug' time

* Figure I shows. the lron trough serving as the test. apparatus. Thé inner part,
3 m. long, contains the fuel, while water at the. desired temperature 18 cont-
ained in “he cuter section. 350 ccs, of fuel are poured in, and when the fuel
“has essumed the-temperature of the water, it is ignited at one end. Ignitiom
is effected by a glowing wire in thecase of easily inflemmable fuels, end in

" "fhe cose of ‘fuels inflemmmble with difficulty, by a match or wick which is left

in the fuel till ignition occurs. If the fuel aid notcatch fire aftexr 10 mins.
it was classified as nop~inflemmable.. = The ‘time: teken by the flame %o cover the
_ three metres was measured in seconds and called the "runining time of -ihe flame*s -
The reproducibility of this value was good.  {Thus the following values were'
‘found; for benzene: 1.7, 1,5, 1.7; for .dieiSQpropylketongz 13,8, 13,0, 1405 .
for iso-butyl aleonol: 71.0, 72.2; for ‘xylene: 101,1108).  Only for very long
running times (several minmites) did @ifferences arise through change in the -,
: emount, "eemposition and temperaturs of the unburnt. fusl. - To avoid errors of
this kihd the totul runnirng time was calculated from the distenge coversd after
The experimental temperatlre was normally 20°C. The high boiling fuels were also
ignited at 309G ‘and. 40°C . . The’ experiments were carried out in a closed .7
draught-free room Draughts affect the. results considerably. :

— i
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. b) Running time of fleme in absorbed fuela:

Only fuels which are ignitable with difficulty were used for these experiments.

A wick 6 mm. thick was souked with fuel, and, without squeezing, freely suspended
botween two ‘stands. Tho time teken by the flame to cover 1} m. was measured, :
and twice this time was entored in the tables, since tests with & wick 3 m. long
proved-diffioult—because-the-wiok-breaks.—It-was-ascertain wever, that the
progress of the flame along the wick was uniform so that the above calculation ia
legitimate. a PN . ' :

.

¢} Ignition of Fuel Mist: ' -

The arrangement for devermining the ignition range of fuel mist (eee £ig.II)
consisted of .an injection pump with a nozzle, all fimmly mounted on a table. On
the ssme table en igni%ion device was moveable -along the axis of the fuel jet,’
and could be fitted yith a hot .wire or an ignition plug. The injection pump was

. menipulated by hand?g‘hus showed discontiruous injection pulses. - The fuel was
atomized at .a pressure of 120 atm. using both quick and slow succession of
.injection pulses, .In the first case the pulses followed each other so closely
that a flame once started would be meintained during further injections. In the
second case the flame died down in the interval between injections. The source
of ignition, in action all ‘the time, was slowly moved away from the nozzle until
ignition of the fuel mist no longer osourrod., The distance in cm; between nozzle
and 'injection pump was called the ignition range. In.determining this range it
is of importanceé whether one judges ignition by observation of .the vigible fleme
or by means of the accoustic phencmenon {explosion). ZEven the lighting up of
a amall region of single fuel drops was taken as visible inflsmmation., The
explosion only eccompanied larger flemes, thus jeading ‘to a smaller ignition range
than the visible inflammetion. The direction of propagation of the flame always '
conformed to the direzticn of the jet; striking back of the flame from the sourcs
of ignition to ths nozule wus not. observed. . . ’

The following fuels wore examined: Shell Flugbenzin '02.87, Denzens, ‘Dekalin,

Tetialin, Ethyl Alcohol, and the Safety Fuels sh.1 upd Stila.  The last was also
exsmined in blends with 10% gasoline of differen’ boiling range and with 10, 20
and 30% of aviation gasoline. : : .

Q) Ignitebility of Hot Surfuces:

The jznition value test instriment of Jentzsch was used for testing the ignite

atility of hot surfages {without flame ). The ignition tempsrga’cures are measured
. in oxyzen az;& cannot therefore be applied directly to practital conditions, but
~useful comperetive values are obtained. . ' ‘ . - : .

11) Engime Tests

The Safety Tveld St 1 (326/38) and St la ’(2‘2/'59) were tested for knock behaviour
in W 132.1 ongine by the DVL supercharge method at boost air temperatures of

80° and 130°C |

. The tqét conditions of the sxperiment were:
-~ R.P.M. e 1800
7' Compression Ratia £ 6.5:1 ) o
' Cooling Air Pressure 200 mm, water column oo
- Stert of Injection’. .- 132 B.T.C. S
Injection Pressire™ .60 atm, : R ‘
Tgniticn: Optimum ignition at N = 0.7; 0.9 and 1,1 for knock~free
g opexation ) : B . T
Intensity of Knock: 6 to 10 :Luipulsas per minute
Furthermore the octane numoexr vias determined in the CFR en‘giné' according to the-
 Motor and Resoarch Methods. . : : i .

b




' 5. Experimental Results.

It is clearly seen from Fig. III that paraffins and olefins have low self-
ignition points and, aramatics, alcohols, and ketones have high ones. Hydro~
gonated aromatic compounds have, intermediate values. Lowering of the gell~
ignition point was obasrved with increasing size of the molecule in & homolo-
BEous Seriss{soe puTattins; ketonesv)+

a hopologuus @eries the Ilach points naturally rise with the number of carbon .
abens in the moliecvle (see Fig.IV). Alcohols have particularly high flash points.

he mejor 4ha sunsbances in question the igrition limits extend over
540 % vot YL indreesing molecular s129 both ignition limits
ition veglua is reduced. Alcoliols, ethers and olefins furnish
coms oxcephions, the mglon sometimes belug considerably larger. .

In Pig. V5 %he igriion ranges of fuel mist are compared with the running tinmes
of the flame., ' Fig. VI shows that high boiling point fuels are more liable to
catch fire whsn stomized thén low boiling fuels;. that 1is, they retain their

 ignitability at a greeler distance from the fuel source when ignition occurs at’
a glowing poin. (sec curves 3 and 4): :

This 1s explained by the property of high boiling fuels of forming an ignitable
mixture for a longer time-and of often having a lower 'self-ignition point then’
tow boiling fuels. A different sequence is. obtained for ignition with & spark=
ing plug. The igniticn range increases as the volatility of the fuels increases.
A similar result is cobtained with glow ignition if the occurremce of’ ignition .

ie determined, not optically, but accoustically, that is by noting the explosion.
That a rapld cuce n of injection pulses increases the ignition range for all
fuel mists ig underslerdable. : o . .

The velocity of fleme spreadingin the groove (running time of the flame) varies
botween very wids limits for tie fuels examined (2 to 1540 secs at 20°C). Fig.
A beswecn velocity of prepageticn and the initial’
1 of the flame ineresses with the initial boiling
y of the rumning time of the fleme is shown by
1 ; sarbons up to an-inltial boiling temperature of
g Lhe -ime 12 beiween 2.0 and 2.6 secs. ¥or a higher:
boiling polnt the running time cf the rimm incresses rapidly (1so~
Atk initial boiling point'l5B°C~ and running time of the flame 443 8ec.)
clagces behave similarly. . In these also, "the running time of the
#laas up %o sn initial boiling temperature of 120° amounts to less than 2.5 seos '
and: ineeoses steeply with higher initial boiling temperature. The alcohols.
" azeia cpecial case; the running time of the flame being @onsiderably-above that . |
- of the usval fuel groups. The high specific heat and latent ‘heats of the alcohols '
are the reason for this. - S ) B = o |

: us shange in the rumning time of the flame for various fuels

i s obsdrved when a certain limit of. the initial boiling temperature is
passcd, cen also bs observed when the test temperature is changed with the same -
fusl. Thus xylene (tenition boiling “temperature 136°C) gives a running time of
the flame of 105 seca. at 20°C, tut only 3.9 secs at 40°C (see Fig. VIII). The

~intervel. between the tempersture of the fuel and it 1HITIal boiling temp. ’
is clearly importaat, Wnen this interval was 1less than 100°C, & running time
of a few seconds was found -for all the hydroccrbons examined; otherwige the
flame spread very slowiy. A similar, if not quite as steep, increase 18 given
by alcohols when the temperature differerce smounts to about 65°C. (Example:
Isobubyl elechol wibh imiticl boiling point _1o5°c and running times of 30 and
3 gecs. at 30 aad 40°C espeetively). Ethers and ketones behave similarly 1o
the hydrosarbon If inatond of the temperature difference we oonsider the = -
product of spscific hoat and temperature difference, the deviation of the
alcohols srom the cther fuel. types becomes less in regard to the steep part of
the cuzve. It would therefore. be -interesting to establish a relation betwesn
heat capacity end running time of the flame.- At present, however, there are not
enough' deta on’ mean spedific héatd of the gompounds in question:over the temp=

_ erature intervals exsmined.” .. ERN o ’ o

'
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The effect of temperature on the flame running time is considerable; this may
be seen from Fig. VIIL for some fuels of high boiling point. The following
comparigons apply to a temperature of 20%. ‘ .

Thel'safety fuel St la is one of the fuels which. did not catch fire at all. Fig.
IX shows.the effect of various gasoline additions on—tha-tnflammability (Table

'

Mﬂwm-nmnwnﬂamlmmmmwiﬂwe the .
emz9 running tize uJ that of pure gasoline. In order to attain the same effeot
“for L7-fuel 20% is nesded. The additions mentioned have much less effect on
the ignilicu wenge of avemized St ia (Table ‘vIII). Thus in determining the
acunt of 1ight fuel %o bs added to the safety fuel for the purpose of starting,
tre mein point is to consider i¢ the influence on the running time of the flame
and o= the Tlash poini. It should be mentioned hers that it would be possible -
to giert on gas frem cylinders or even light -fuels, the containers of which
cecouid te jettiscned after starting. S i .

Fig. X shows the irfluence.of the, vapour pressure (20°C) on the running time
o' the flamo. . Arcmatic hydrocarbons having vapour pressures above 20 mm. give
running timss ¢ abcut 2 saconds. o ‘ ‘

The runnirg time incrseas:s steeply with lowerwapour pressures. The other fuels
(except aleohole) have very low running times of the fleme (2 secs.), the vapour
pressures being 35 mn and over, Alcochols of vapour pressure above 20 mm. have:
considerably longer rumning times than the other fuels. This difference dis-
appears at lower vapcur pressures. ‘ .

The temperature Limit fer lash point below which the velocity of propagation
1s very great is al about plus 10°¢C (Fig. XI). This applies fairly uniformly
to all types of fuels. Thae alcohols here show better agreement with the gasol-
ines then when iujtizl toiling temperature end flame running time are used for
the ‘comparison, : : . ’
46 relation betweern gelr- zion point end fleme rumning time is shown for

a nurber of fuels in Fig. Within single fuel groups the spontaneous ignitio
moinh seems o full with increaging flame running time, as far us may be judged
T the. Limited dato available. (see ketoned; ‘aiimatics, alcohols and . ethers),
i aan be expectal frum the above relation Lekween self-ignition point
s rumning time  (bul it s ot %o be assuned +hat there is a direct
counnetinn between self-ignition point and the running time ol the flame). The
rucker of the ignition values available is also too mmall o establish a -

iow (Fig. XIIL) The ignition value could not be deteymined Ffor many of the

cea, .

XI¥ chowd the running time- of the fleme. for.the flels absorbdd in a wick
as a function. of the flash point. The ruming time in the open. groove: for the
sawe. fuels has been included for the purpose of comparison. The running times
in the ‘wick ave much shortexr than in the groove and. closer togeth'er. - The two-

‘ J avemasic Zuels (both in wick and groove) kave a longer running time in relation.
- fio—£lash_point then the obher fuels. F :

The resulta of the engine tesis of the two safety fuels and of Shell-Borneo-
-reference gasoline ara.given in Figs. XV and XVI. The extent to which St la mey
be supercharged at boosh air temperatures B80° ‘and 130° in the rich region is.
almost equal to that of §% 1. At weak mixvures St lu 1s better at 80 and 130°,

o and et 8090 the curve 1ie4 epprociebly atove that of the Dorneo referende gas-

$

oline while at 130°C 1+ 13 approxifately equal to the reference fuel. -

Disregarding the inerezved consumption St la is equivalent in performence to -
the. Borneo gareline in Yhs lean region and highly ‘superior in the rich region.

© The cotans mmbers asecrding “to the CFR - Motor and’ Research -~ method are given .

in Table X, -

n,.
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dy—of-the-oxidationproductswhteh are IoTied by
the action of air on hydrocarbon oils at high temperatures.

Summary Oxygen combines with hydrocarbon oils when heated
in air. Until recently, this gbsorption was. controlled, up
to a point, by means of the saponification number., In this
.report, additionasl methods of identifying and determining
quantitatively further oxygen groups in aged oils are given..
The oxygen compounds "which were identified {converted to mng.
KOH/gm) amount to gbout three times the quantity of those
previously determined. -The methods described are suitable .
for determining the character of the oils in the laboratory.

Conteg“&s: I. Introduction

II. Short 'Summary of the Previous Knowledge
. .'0f the Reactions and Methods. Discussed,-

. III. Short Summéry of the Reactions and Methods
Employed in this Report. o

IV. General.

1. Determination of the acid number. -

2. " - of the saponification numbexj

3. Detection and determination of free
hydroxyl groups... o L i

"4, Detection and determination of "neutral"
oxygen. - ‘ . )

V. Experimental Methods. o
VI.. Discussion of the experiments.

VIiI. Summary.

VIII. Bibliography.
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INTRODUCTION

It is a well known fact ‘that hydrocarbon oils have &

tendency to form deposits, especially on machine parts at high

‘temperatures. ° Sooner or later this causes the lubricating
efficiency of +the o0il to be impaired, thus leading, in
unfavourable chges, to local accumalation of deposits and to ..
seizure of the moving parts. The purpose of this work is to -
review the rossibilities of protecting refined minersl oils
and synthetic hydrocarbon oils against such degeneration.

For ‘Shemical deposits to form, at least at: temperatures

.up “to_4007C, the presence of ‘oxygen (or other substances suc@

as sulphur, products of combustion etec. )-is essential, " In:
this short report the influence of &ir on a hydrocarbon oil
at various temperatures is discussed, ‘under conditions in.
which deposits in-the o0il are gtill wnformed.r . The oxygen, ©. .
which is . sgbsorbed by, or has-combined with the oil, .is estimated
qualitatively. andquantitatively, without particularly taking -

e
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. R B S : ; : P . and the kinetiés of the reaction. Thedoxygen-compogngs or
* THE CHEMISTRY OF IEPOSIT FORMATION IN HYDROCARBON OILS. : ‘ . types of oxygen compound thus,. determined asre examine or
. . : Wl ; i I thgrmal stability in the oil. This will not be discussecd
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The yolatile substances which are formed bi the oxidation
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1. SHORT REPORT ‘ - S - S
. ! i o b b d — cf'hyd&ogarbon*oits—urE”nUt"diBcusseu Inthis paper.

& Fiudy ot "tTe oxidation products which are formed by

1
‘the action of air on hydrocarbon oils at high temperatures. B ‘ : . e ‘ _ R .
Summg;x’ Oxygen combines with hydrocarbon oils when heated L i) o ’ . ~IT._ . SHORT SUMMARY OF THE PREVIOUS KNOWLEDGE OF THE REACTIONS
in air. Until recently, this sbsorption was. controlled, up - | ikt 1 . e T P / AND METHODS DISCUSSED ‘
%o a point, by means of the saponification nmumber. In this B il j : S o . 4 g
report, additional methods of identifying and: determining e oo, . Not much is known gbout the nature of the oxygen compounds.
quantitatively further oxygen groups. in aged -0ils are given.. ; : : , - Tin g hydroca?bon 0il which has been oxidised (aged) in air.:
The oxygen compownds which were identified {converted to mg. i ‘ ] In the voluminous lltergture'on the oxidation of a number of ..
KOH/gm) amount to about three times the quantity of those L N ~,hyd?ocarbon oils with air or oxygen under various condltlons{
Previously determined. -The methods described are suitable . N . g ¢ : : At is stated that . the following substances are +o0 be found in
for determining the character of the oils in the laboratory. - ¢ ] ) : the residual oxidised oil: acids, carboxylic acids, asphalto-
: ) ‘ i Lo ' A : ' . genic acids, pseudo—?cids, esters or lactones and esto%ides
gl : . I ction . : ' R Y (ol : " and acid anhydrides (these substances are included in the
GOnte L ) I -ntrOQu . B : “-~  saponification number). In addition to these resins,asphalts,
II. Short Summary of the Previous Knowledge ‘ ' . ‘ : T (these substances are obtained by adsorption or fractional o
1of the Reactions and Methods Discussed. - e ‘ : : precipitation) and finally cokes are also found. Generally
' ‘ : , o i - . speaking, nothing definite is known about. the acids or
. ITI. Short Summary of the Reactions and Methods BR ' : I saponifiable substances, apart from the acid number, the
_ Employed in this Report. ' co R U : ‘ - saponification number, and acetyl number (1), the approximate
Lo ‘ : ) o . - -average molecular weight and other physical constants of .
IV. General. S SR T , T T substances or mixtiures of substanoces which have not always been
’ ‘ i , . completely isolated. o ‘ : '

1. Determination-of +he acid number. - ' ‘ o s o s :
» o Lo _ B . ‘ © [ According ‘o Sachanen (2), these "resins" are neutral
2. " - of the saponification number . \ Bl . : compounds, which may be already present in the fresh o0il and .
SRR : N S S L £ i . which. may contain 2 4o 3 oxygen atoms per molecule (3). .. These
3. Detection and determination of free K : ‘ .. " regins hdve an .approximately constant average molecular weight
hydroxyl groups. : e - ; ! : roughly equal to that of the hydrocarbon o0il., They are
4. Detection and determinstion of "ieutral o - Primarily formed in large quantities in heavy lubricating oils,
' oxygen. . S, : o .and, accordimg to Sachanen, they do not ocecur in gesolines.
Experimental Methods. ‘ ’ - N F Marcusson (4) describes the resing as "saturated. polycyclic
Discussion of the experiments. : : heterocyclic compounds." Owing to "intra-molecular atomic
‘ p ) - rdisplacement" or further oxidation accompanied by dehydration,
they are converted into -agphdltenes (substances insoluble in

Summary. ‘ C S A B Y. & ;
‘ . : i . __.gaesoline) and Pinally into oil-cokes, .

- Bibliography. S B B G ; L : o oo . .
T R S o A S : Apart. from its) origin, the resistance of a hydrocarbon oil
o . . . : ‘ ; - tO‘oxidation~depends on its degree of refinement. In génerdl,
v O - -as_the degree of refinement increases, the resistance to
INTRODUCTION L i E . . : E ) oxidation rises. at first, and then falls, this bein ace
) v = , c . 8y s - by an increase in the formation of ‘acid products (5%. With
It is a well known fact ‘that hydrocarbon oils have a. L . ‘ - regard to.the mechanism of oxidation, Engler (6) assumed that
+ tendency to. form deposits, especially on machine parts at high [ ; ' the intermediate products were peroxides; +this hypothesis is
. temperatures. Sooner or later thig causes the lubricating [ ik S now.being followed up, especially in experiments. using pure
efficiency of the oil to be impaired, thus leading, in ~ ‘ v * . compounds (7). . Evers.and Schmidt (8) give the quantity. of
unfavourable chges, to local accumulation of deposits and to .. § : , ' o J combined oxygen, in hydrocarbon o0ils. oxidised by their method -
seizure of the moving parts. = The purpose of this work is t0 - o : ' fend calculated from the saponification number) as a constant
review the possibilities of protecting refined mineral oils A ‘ _ : % of the oxygen absorbed. . Obenaus (9) finds the values are *
and synthetic hydrocarbon oils against such degeneration. e ‘ . much lower and more variable... Iwanow (10) considers that the
‘ At : , ‘ SRR : , oxidation conditions indicated by him can be generalized, and '’
‘For chemical deposits to form, at least at temperatures .- ‘ ) - -shows that carboxylic acids. are the,main‘products of oxidation.
up "to 4007C, +the presence of ‘oxygen (or other -substances such- - : oL S o ; ) : ;. . -
as sulphur, products of combustion etc-)»is-eSsential, In T : . . . ubsequent to the complet;on of. the analytical section of. ”
~ this short report the influence of air on a hydrocarbon oil o - o . this paper, data appeared showing evidence of further oxidation
at various temperatures is discussed, under conditions in g KU . products, the nature and ‘quentity of which have only beén S
which deposits ih the oil are still unformed.: - The oxygen, . ‘ ' - approximately’ estimated. - Thus, by means of the Grignard
which is sgbsorbed by, or has- combined with the o0il, is estimated £ : C R R -
qualitatively and quantitatively, without particularly taking
L ! :
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~reaction, Assaf and Gladding and other workers (11) found, in
" aged insulating oils, some substances which combine with the
‘Grignard reagent (CH,M I) and others which evolve mbthane on
“reacting with the Gr?gﬁard Reagent, They consider these
reactions to be caused by, on the one hand, ketones, aldehydes,
- esters and peroxides, and, on the other hand, acids, alcohols,
. and active hydrocarbons,*sfwww‘ : ‘ T T

i

IIY. SHORT -SUMMARY OF. THE REAGTTONS’AND METHODS EMPLOYED IN -
' : THIS REPORT. ) .
- o o . . . T | | e . R IS
! .- Assuming that. the hydroxyl groups present in an oxidised
hydrocarbon oil are not included in the saponification number
(and these need not necessarily occur only in combination with -
an acid group, e.g. in hydroxyacids), a slightly modified form
of the Verley-B8lsing (12) method for essential oils - consisgting
0of acylating in presence. of pyridine, and back-titrating the
unconsumed acylating agent - may be employed. The results
obtained by this method, which will be considered in more detail
later, have not always been fownd satisfactory. These results
.. were therefore compared with those obtained by the Tschugaeff

' (15)¢Zerewitinoffn?l4) method. The number of free hydroxyl .
groups fouwnd by this method are 4 or ‘5 times the number of free
carbonyl groups. c B ‘ ’ '

] - An attempt was then made to obtain the remaining oxygen,

. which was temporarily present as oxygen bridges (acetals, ethers,

-+, stable lactones, stable peroxides etc. ) or as Pfree carbonyl
- groups,-in-a form which is easily analysed. - For this purpose
the oxidised oil was treated, in a bomb, with sodium alcoholate
in an alcohol-benzene solution at various temperatures, in order

. that: hy droxy-compounds may be formed (15). Here, too, :

. expectations were fully confirmed, additional hydroxyl groups
being formed in a considerably greater quantity than previously
detected. It was not easy to deduce the structure of the
original oxygen compound, which was apparently in the form of
a "resin'. From the ease with which the conversion o hydroxyl
groups occurs,. it appeared probable that it was rather a case
of the reduction of the carbonyl groups. The ability of this
oxygen compound to combine with a Grignard reagent was therefore
examined. A positive result was obtained, so thet one may - - .
fairly safely assume the presénce of ketones, since ethers .seldom
react with Grignard reagents at low temperatures (16). In the
meentime it appears that it is desirable to have more exact -
information sbout this oxygen compound, and therefore attempts
are being made to gain more concrete knowledge of the compound
by its concentration or isolation. = A

i
. / .
IV. GENERAL

. ' The essentials of the method employed and the possibilities. -

 ‘which it shows are discussed briefly, as far as appears necessary

here, In the discussion of the analytical results which follows
it is assumed that this section has been read.

y

* (Assaf'and‘Gladding'believe,.from‘experiments using pure M
compounds, -that the "Esters" add quentitatively to the Grignard
reagent, and assume that the small amount of residue remaining -
consists of the above-mentioned substances. -How-little this view
~is justified, will appear from the work carried out here..) :
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i. Determinetion of the a¢id number

___The\acid number covers the following classes of
substances:~ : ‘ L d

(a)! true' carboxylic acidst ) e

) - L

«F
\5QH . }
pseudo~acids ‘and substances of 'en acidic characfer,
‘Thege are groups of substances such as ketones, phenols,

© hydroxymethylene compounds ("Oxymethylene"),‘hydroxylac—

.\ tones ("Oxylaqtog;"), etc. ~ It is improbable that they

. are presentjip large quantities. ) L T

; The acid number (and saponification number) are

, debermined in principle by the conventional method,

. described in "Holde" (1936), using Alkali Blue 6B as

~ indicator. A"diScussion of this determination in this-

. report is unnecessary. K

2. Determination of the sapdnificatibn numbex
" The séponification'ﬁﬁﬁber, after allowing for the

substances jncluded in. the:acid number, covers the following
classes of compounds:-- C .

(a)  écia‘anhydrides{ Cg\z  0 ' peroxides e.g.C,O-O\C,,C

¢ 0’ N N
(b) . normal esters: =0 lactones; € =—— = 0
BRI ) i Q- -

BEstoldes: 020 6 - Ce 0 .
' T i \\O//"

Peroxides:

.- Aldehydes:

. . : T
(i.e‘:Aldehydes, which generally have no carbon atom, bearing
hydrogen which 1s directly linked-with the carbonyl group;
that is to say, those which give the- Cannizzaro reaction.)

:The substances given under (a) do not produce esterifiable
hydroxyl groups on-'saponification, while those given under (b)
produce hydroxyl groups which are,.in some cases, formed in
equivalent quantity. - Thus, in principle, it is possible to
determine the percentage of the substances given under (a) and-

. {b).. (acetylation by the Verley-B8lsing method, or determination
of the increase in active hydrogen by the Tschugaeff-Zerewitinoff
method-in which the increase in- the acid number is’ determined. )
It is possible . that the hydroxyl groups formed which do not
come from esteréﬂ(reduction of. carbonyl groups) would have a
disturbing influence on the reaction. The saponification and-

~ subsequent treatment should. thercfore be carried out under. the: .

. mildest possible’ conditions. - A ' R

. 7 . 3 . :
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»,  Results naturally vary according to the time taken for i
saponification and the strength and the water content of the
alcoholic caustic alkali solution employed... The effective
value could be approached by Ffirst carrying out a preliminary
saponification. with a strong caustic alkali sclution, quanti-
tatively recovering the saponified oil, isolating the esters.

) Cbossiﬁgy 1actones§ so formed and determining them with N/2

o 2N i i " -

: The behaviour of the substances, identified by means of
the. saponification number, with Grignard reagents is algo of
interest. A suitable procedure for’this is as follows:_

. _Aged o0il is heated to 155°C with sodium aleoholate in
alcohol-benzene solution (see page 12), This results in the
almost quantitative conversion of the combined oxygen, which

" {according to Previous experience) would combine additively
with the Grignard reagent (if present), into'hygroxyl groups,
while the "esters" are not reduced, even at 200°C. " (No

.. reduction in the saponification.number occurs in forming
alcohols or hydrocarbons. ) A fixed quantity of methyl mag-
nesium iodide is added to the 0il which has been pre-treated
with sodium alcoholate; heat is then applied, resulting in

- the evolution of methanec,”’ the quantity formed corresponding to
thé emount of active hydrogen presents—.. ) ) .

R - H+ CHy Ug I ———— OH, + R Mg I.,

.= while addition simultaneously tskes place. If the excess
methyl magnesium iodide is decomposed by an excess of 4 sub-
gtance containing active hydrogen, Ceg., aniline, methane will
also be formed. Comparison with a blank experiment would then
-give the saponification number ifs:- . i

1) The "esters" and acids (17) take up two molecules.of the
magnesium gompound,_thus: '
o | c{{S o S _,(+C-xo‘-Mgf)
i 0= 0~ Mg I CH ‘
C=0" No-¢  +ocm ng's '
\7 Y.+ CHy Mg T 3 € -0-MgI
RPN - N . > .
or €~ T -0 ' ‘ CH,,
o Gy c-o0-mgD)
o ‘ ' CHy; © . ‘ s
Q=0 é o - :
o - mg 1+ 2CH; Mg I G - 0 - Mg I+1ugo+gI,

CHE

All the substances under IV 2, (a) and (b) (p. 6), including
carboxylic acids, normally* act in this way ?in_presence of an
- -~ excess of Grignard reagent),- with-the exception of. secid ..
anhydrides, which can combine with {one), two or 4.moles (18)
of the magnesium compound: = e.g. R o
e =00 : CH, L ) '

No voaCH, Me T, L .

~ T AL g 0T+
c S0 TR R ‘ .

CHE,, -

Mg O ¥ Mg I,

* If they rehet at the temperature of the exporiment.
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~ Other exceptions are the aldehydes, which add one molecule,. and
a few peroxides, whose behaviour towards the Grignard reagent

is unknown. : g . U

2). The esters are practically gpeaking not enolised, since

.,..0otherwise the Grignard reagent would react with the hydroxyl .
- groups which form and thuse displace the equilibrium in® favour of

"enol formation. This is illustrated by the speed with which

; e eqUITILTIW of the desmotropic mixture is adjusted and Ghe
.8peed with which the. two Grignard reactions occur. However,
serious error in this direction is not to be expected under the
conditions of the test. - !

The value obtained with the Grignard ‘reagent is-actually
much less than that obtained when carrying out preliminary
_saponification, However it is interesting to note, that the .
two values become-almost identical if we assume that the acids
"present after treatment with alcoholate (the acid number .
increases approximately.3 or 4-fold) do not react quantitetively
+ with the organo-magnesium compound, while the remaining "esters"
do. It is, however, impossible* to draw conclusions concerning
the reactivity of the acids, normal esters, lactones, acid :
"anhydrides etc., present in the used oil,  towards Grignard
reagents. . In any case, a knowledge of the relative rates of
feaction of the individual groups with the Grignard reagent
greatly facilitates the evaluation of the Grignard analysis.
Naturally the structure of the compound in other reéspects, i.e.,
its solubility, the solubility of the. intermediate products of
.reaction with Grignard reagent, etc. must be taken into account
(Thus, according to Houben (18), the reaction of citraconic,
.anhydride with methyl magnesium iodide is almost "explosive"
while succinic anhydride .requires weeks or even months for
reaction to-occur.)  According to C.E. Entemann (19), the
-reactivity of the groups is in the following descending orders:-

~-CHO ';‘COCH‘,5 - NCO .~ ~COF -0006H5' -COCl: —CQ?r 0000235.

The only interesting point here, which concerns us in this paper,
-is the greater reactivity of the carboryl group compared with
the ester group.

- 3. - Detection and Determination of Free Hydroxyl Groups
ZHfdroxil value; in mé KQHZE of 9115:- ‘ C ]
(2) Acefylation in»greéence of pyridiné . §

‘ The following compounds are—discussed: primary, sécondary, .
and, . as an exceptipn, tertiary alcohols, (enols), and phenols.

(b) Determination of active hydrogen with Grignard reagents.
The following compounds gre discussed:

substances under (a) with quentitative determination of the
tertiary ralcohols, substances given under IV 1 (acid number),

enols and other compounds eontaining active hydrogen, such as
- hydrocarbons (e.g. cyclo-pentadiene (20) indene, and fluorene
{(21) or their derivatives); 5 CH groups and normeal hydrocarbon
compounds containing activated groups such as CSHSCHZGOOMgI (22),
etc. R G oo o
. - ‘ P )
[ EE

N /

* It is doubtful whether:we_have.¢o eéi\with those substances -
. which can. be determined by ‘the saponification number. :




'ffbéédﬁré (ai:" § ‘ . _
Acet&lation was carriéd out by the Vefley—B&isipg method,
i.e. with acetic anhydride in the presence of pyridine:-

“R - OH + (CHyC0), 0. Cgly N —mmnoms >

hoWaYafaVatel 4 - Fa UL & . | J

L\VV\J\IIIS S \J5n5 EA l .

" The excéss acetic anhydride which has been saponified with
agqueous alkali or water, and the acetic acid, which was freed
by acetylation, is then back-titrated using phenolphthalein as
indicator. In order to observe the colour change, the deter-
mination was carried out in a carbon tetrachloride solution,
care being taken to ensure that the concentration of sodium °
acetate in the remaining aqueous solution is always approxi-

. mately constant, and has an approximately constant temperature.

. The advantage of this method is that it is relatively
gpeaking economical, and permits the degree of esterification to.
"be measured directly, without isolating the acetyl product, or
removing the unreacted anhydride. The disadvantage is that, .
in spite of the mild conditions, the acetic anhydride has a )
.great tendency to-dehydrate other substances, so that, in- the
presence of free acid, these other substances can actually be

. .partially ‘converted into anhydrides with or without formation

©.of an acetylated compound.  Inthe case of quantitative de-.
~hydration, with the formation of an acetylated compound, too
high a hydroxyl value (Hydroxydzahl) is obtained in relation to
the acid number and, in the case of a reaction involving

" quantitative "non-dehydration", the maximum hydroxyl value is
too low. These' two extreme cases cannot be assumed a priori,

. 'so_that the error must be considerably less. With pure

. palmitic aci'd, there was a positive . .error of about 30% of the
“acid number (in this determination using, purd-compounds acetyl-
acyl~ether types of compound predominate) (23). There is no
.danger of exchange of ester radicals (with a consequent dehydra-
tion of the freed acid) under the given conditions. The : .
possgible irc reasc in degree of saponification of the acid anhy- . .
drides produced by pyridine is not shown by an increased @ ‘
consumption of aqueous KOH. ° Acylation by the type of.anhydride
present, or closing of the lactone ring by acetic anhydride was
not observed.- ' : oo - : : :

" The following facts and results are sufficient to show that
the corrections to be applied for the acids present, cannot be
_great: sharp increase in the acid number is obtained on saponi-
‘fication and on comparing the hydroxyl valués (Hydroxylzahlwerte)
obtained with those obtained by the Tschugacff method. The
‘M"neutral oxygen" present is converted into hydroxyl groups by means
of sodiumnlcohalbefresulting in a sharp increase in the acid number.)
"~ and -the hydroxyl value is correctly detérmined with Grignard
reagent. . Thermal decarboxylation and. treatment as under IV, 4a
(page 13). "The last-named tests will "be reported in thé next
report. When the acid number is increased, it-must be borne in
-mind that the OH groups, which farm during 'saponification, might
be of a tertiary nature and can thus be determined with a Grig-
nard reagent, but not-by acetylation. However, even in this
extreme case, the error is only half the acid number (see the
Experimental Section: 0il 8275025 h } ‘ .
. A, v 275725 hrs.’ .

Prooédure’QBL:“Determinatiﬁn.of active hydrogen by the Téhugaeff—.

Zerewitinoff method. . )
- ‘By the use of methyl magnesiumuiodide,actiﬁéfhydrogen is .
. obtained in the;form of thg methane produced. . In this case, as

} o

Wk
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already mentioned, carbonyl groups, alcoholié and phenolic
groups and hydroxyl groups formed by enolisation are .also
involved. ‘Hydrocarbons can be ignored far the present. By
‘comparing the values obteined by (a) end (b), we may deduce _
the presence of tertiary groups, or hydroxyl groups (including . -
gnols) which cannot. be esterified or only esterify with .
difficulty. The possibility that the Grignard reagent has a
educing effect (towards carboxyl groups, esters etfc.) must"
be borne in mind, since the formation of hydrocarbons msy occur
When methyl magnesium iodide, which may form ethane; is used-
this contingency can be ignored (24).

With regard to analyses mede with Grignard reagents, it
can be stated that, in general, the results vary aoccording to
the .experimental temperature and concentration, which may be
due to either the slowness of reaction between individual .com-
pounds, or the displacement.of the tautomeric equilibrium. The
present method is to allow the reagent to react for 20 minutes
both at room temperature and at 90°C. Higher temperatures
cannot very well be used, since the ether used here Ffor the .
smooth reaction (with which, according to Meisenheimer, the
organo-magnesium compound combines) would otherwise react with
the methyl magnesium iodides! Since the. Grignard reagent also
reacts (25) with molecular oxygen, the oil which is being tested
must be freed from air in accurate determinations.: The quentity
of dissolved oxygen is, however, generally very small.  After
the Grignard reagent has been standardised, it must be kept. free
from air, and, if stored in a dark place, its quentitative
efficiency will be preserved for soms months. .

'The'results can ‘be satisféctoriiy reproduééd.'

4, ‘Detection and Determination of "Neutral" Ox
KOH. S .

{a) Treatment with sodium slcoholate in alcohol-benzene solution
at_temperatures_above 150°C and determination of the resulting
hxdroxxl.ggoups’as'in_Section v, 3. ) . ) .
o Thié covers the following:- ether-like subétancqé; ketones
(aldehy des) and peroxides. - o ‘ : :

(b) Treatment with Grignard reagent at temperatures below 100°G,
and determination of the orgango-magnesium compounds used up .
-without the formation of hydrocarbons.- . . :

This includes the following substances: ‘ketonesA(aldehydes)
.peroxides, substances determined under Section IV, 2, carboxylic!
acids, -and compounds having a "weskened" ether link.. - ’

: Eae!
Procedure_‘(a): T

o Sodium alcoholate was allowed to react with the oil at
155°C for 5§ hours in a sealed bomb, the oil then being recovered
quantitatively. Since the resulting alkali number (Hydroxyl-
zahl) rgmains practically constant at+ emperatures between ;3000
and 200°C, the reaction is assumed %o take Place quantitatively
at 1557C. The sapgnification;number also remalhs practically
unchenged up to 200°C, so that the "esters" are mot” reduced to
alcohols. One cannot assume the addition of the hydroxyl
‘groups to double bonds ete., since hydroxyl, values remain - . - k
constant in oils having different thermal tréatment. . Although
the possibility of. the formation 6f Gvén less common compounds .’
should be mentioned, its discussion here is unnecessary. - - The -
secondary fcmmation, at high temperature, of such oxygen
compounds from hydroxyl groups present, (i.e. formation of

pes
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vmﬂé¥6ﬁes %yy&éi}drdgenation, formation of etheis by déhydration)

was not observed.

' _As =lready stated, treatment with sodium alcoholate may
result in either a reduction of carbonyl compounds (ketones) or
the fission of the ether link. The latter reaction would occur
in the. following wayt- ‘ . ’

A

R— "“"*—‘10-

'Valcopoiéggy%i;;;£é5¥;huaing agueous and’abaolufe alcohol, Tgé
preliminary-saponification is sufficient to show, without -

indulging too freely in speculation, that it should be possible

"to indicate and discuss here a few simplifications which would
give a clear-cut picture of the situation and of b
available means of differentiation. - ‘ possible

\ At the conclusion of the Experimental~Section—t: Pe

R0 R F 2 Ta - 02 I —— > |
'R - 0 - Na +iR' ~ 0 - Ng f Ry -_0 1vR1,P
so ‘that two hydroxyl groups per molecule would be formed.

. It is scarcely necessary to consider peroxides and alde-.
hydes -here, owing to. the eat therma% gtability of the
compound in. the aged oil (eé.g. at 400°C) and the resistance to-
alcoholic caustic alkali and acids. - ’ :

. . Since alcohol having a low water content (absolute alcohol
from Kahlbaum) was wsed for prepering the alcoholate, the
posgibility of the additional formation of ethyl. esters, when -
esterification is being carried out, must be considered, whereby
additional hydroxyl groups would be identified in the oil.
However, it would take -too long to discuss -here all the possible
.effects of the sodium alcoholate. . - '

Procedure (b):

oxidised oil at 90 (100°C) in different proportionsg. The
- velues obtained, as already mentioned, cover practically all

. carboxylic acids end saponifiable substances with the exception
of carbonyl compounds (and peroxides and ethers, which cannot
be saponified to acids)... When the saponification number was.
"discussed (IV, 2); it was shown that, after treating a used oil
with godium alcoholate there remains a certain "capacity for
‘addition" to the Grignard reagent, which, however, only corresg-
ponds to that part of the substances which can be estimated by

means of the saponification number. It is impossible to say -at. ..

present how far. this "capacity for addition" can be attributed

- to substances which were already present in the oil, (e.gv‘ e
" esters, lactones, acid anhydrides, acids, etc.) or to secondary

products of the-aocoholate treatment, such.as, for example,
acids formed by -seponification of the-esters-(the acid. number
. increases 3 or 4-fold). = One cannot, naturally, éxclude the
possibility that some of the substances .dealt with here are not. -
those included in the saponification number, but are any com-
pounds which do not redét with sodium alcoholate (i.e: ethers,
ketones which are difficult to reduce, ete. ). It is therefore
by no means certain what, or how much, must be subtracted from
the value obtained by direct reaction of the Grignard reagent
- with a used o0il, in order that a comparigon may be made with
the values obtained for substances covered by IV, 4a.

Thede facts can be“explained, however, “by comparing the
"capacity for addition" of +the "esters" for Grignard reagent with

that of the acids resulting from treatment with alcoholate, with- -

. out. considering the absdlute quantity involved, For this
purpose’ a preliminary saponification is carried out where

. hecessary, under the same conditions as for the alcoholate treat-l-

ment,except that lower temperatures must be used here. {See

Bxperimental -Section). - :The .influence of possiblé-esterificatibnﬁ

~ which might occur. on treatment with the alcoholate and wh;ch :
~-could also alter the "capacity for addition" towards Grignsrd
reagent, is best determined by comparing the results of the
‘ A LSRR R e, s R

e

l Oilm(N) and a

Jy The-organo-magnesium compound was allowed to react with—the 4
c

are presented as they most probably occur, with examples agd
it is shown that,-ip spite of the sOmewha%'obscure sgate’of
affairg, it is possible for satisfactory conclusions to be :
reached. (A simplified summary»§howing”the'possible‘fOrms of

- oxygen compounds appears on-p. %6

V. _EXPERIMENTAL METHODS

1. _Oxidation (Ageing) of Hydrocarbon Oils. -

To establish more genersl facts ebout the oxidétion‘ '
. RO ; of
refined hydrocarbon oils (aviation 0ils), an examination was
made of two paraffin-base 0oils (Pg and Ps), a naphthene-bage
Synthetic oil - (S), A S

S

| | Table 1, ,
Some Physical Characferistics of‘the Oils. -

Tygglof , D?gsiyy’, " Refraction ~ Molecular - Viscosity
'20 » : (n:go) ; 'Welght_ 50 .

[

0.882° 1,878 691 . 28,2
0.890. 1.4927 715 Q 24,2/
0;911’ 1.5019 612 -19.8.
0.854. ' 1,736 730 20.6

LY

“The oxidation is carried out in a half-open sl
(30 cms diameter, 9 cms high), using charges gf 2§€§§% ;z?sg%he
temperature of the oil6 eated in.a ‘tin ‘bath, is kept
constant to. within +.17¢ v S, ‘was stirred during ageing,
he.day-time (an iron gtirrer .

.area of vanes = 10 x 3 sq. cms). -  The whole ‘apparatus

was-plgced in alwell mentilated, half-closed fume cupboard..

. The conditioﬂs\of ﬁageing" in each case are indi
: . cated. i
the follow;ng manner, The ‘oils are identified in such a wa?

© Pg 2507 23 hrs: Welght of o0il, 2,500 to 5,000-gms agéd at
SRR - '2507C for 23 hours.  Ash conte i1ise
0il, 0.21 mg/g. : ‘.:nt o th? oxidised




Pe_275° 23 hrs: ‘Weight of oil, 2,720 gms, aged at 275°C for
S S 23 hours. ~Loss by evaporation, 24.5%.

Pg 275°%: Weight of o0il, 2,930 gms. "Samples of 100 to
' 'lsoggms. were taken after 7:5, . 15, 23, 31,
i - 368.5,46 and 53.5 hours. After 60 hours,
‘ oxidation was discontinued; 710 gms of g
2 pitch-like-materi-al-remaine 0 B
: eveporation was approximately 40.5%. ,

Pz 300": - .~ Weight of 0il, 2,860 gms.  Semples of 50 gms
: . were taken af%er,8i~ and 16 hours. Total
) S duration :of ageing, 23 hours;  loss by-:. -~
evaporation, 42,6 . S .

Pg 300° Hy0:. - Weight of 0il, 2,780 gms. - Damp air was also
- . passed through the oil (50 litres per hour;
- 2.9 gms H,0 per hour). Samples of 50 gms
- were takefl ‘gfter 8 _and 16 hours. Duraetion of
test, 23 hours.~ Toss by evaporation, 49.8%.

&

Ps 250° 23 hrs: Weight of oil 3;500 gme. ‘(aged at 250°C For |

.23 hours).

N_250% - - Weight of 0il, 2,650 gms. 60 g. and 90 g.-
) ) samples were taken after 8 hours snd 16 hours.
Tota% duration: 25 hours. Loss by evaporationy -
- 244 3%, R [ ,

8 275% | Weight of oil, 1,750 gms. Samples ‘taken after
K . 9 hours and 17 hours %85 and 80 gns. ) Total
dura%ion: 23 hours. Loss by evaporation,’
v 41, 6%, . aol : .

(The losd. by eiraporation is related in ‘each case to the total
duration ‘of the test). - < L

The asphalt determinations, which were carried out on the
‘principle laid down by Holde in "Hydrocarbon Oils and Greases" "
(1933), (in determining the hard asphalt, petrgleum ether
from Kghlbaum having a boilirng. range of 30 to 50°C. was used
instead .of normmal gasoline. ) gave the following results:

;

P, 250° 25 hrss ‘Neither hard nor soft asphalt formed.

o] e ‘ L s
P_275": * - No @sphalt up to an ageing time of 38.5
.-g._..__‘- T »hOU.I‘S'- L 4 . .

P,2759 46 hre:
gt ®e s

5.4% soft asphalt, no hard asphalt.’
o Pé 275° 53,5 hrs: 15% soft asphalt, no hard asphait.

i

“P 275960 urs: . 22,14 soft asphalt, and traces of hard
- - ~asphalt, : :

Pg 3A00° 23 hrss Traces. of goft asphalt, no hard é,sphalt.v ‘

"

o Eg'zoo° Hy0 23 hrs: Traces of soft asphalp;’no hard asphalt.

 5.275° 23 hrs: . No saft asphalt; no. hard asphalt.

/
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" 2.__Acid snd Saponifiéation number:-

.- The acid and saponification number were determined, as
.-~ laid down in Holde: "Hydrocarbon 0ils snd Greases" (1333),

with ‘10 times the quantity of benzéne-96%. alcohol mixture - .
(2:1) and using alkali blue 6B as indicator (1% solution in
96% alpohol). '~ Unless otherwise indic ated, sa
canrtinued For ome hour with N/2 alcoholic caustic .potash., = C
Tables. 2 and 3 show the influence of the strength of +the alkali,::

~the -duration of saponification, etc. - - . ‘

. mmlea

Veriation of the Acid and Saponification Number with Ageing
g S ‘Period. - .o T

P 275°. |
- ki

‘Agéing Period  7.5- 15 23 31 38.5 46 53.5 60

y
A

- Acid No. S - : ‘ : :
(N/10 KOH) ' . . 0.38 0.569 0.96 1.42 1.74 1.76% 2.06 2.21

Sa’pdhiffé&ti,on No.™ I [ -
(NADKOH) . 1,15 - B.54 4,62 5.78 8.04 10,68 11.23

(/2 KOH) , 0 4.43 6.88 8,21 10.13 14.95 17.24

' *In thig acid number d eterminabion the change of colour was
particularly difficult to observe. ' :

» Izble 3. ..
Variation of Saponii’i'cation.Number with Conditims of Saponi-
o : ﬂ ‘ fication, . .

P_275° 23 nrs
T
Saponi:f’ication_ Period (in hours). - 0.5 1 R U A
_Seponification. N/10 KOH. - 3.32 - 3.54 -4.18 SBupp
“"Number:' . . . . - -
N/2 KOH 4,07 4.45 a.ob

5 295° 23 hrs s

Seponification Period (in howrs) 0.6 - . 1. 3
Saponification /10 KOH ~  ° Lo B4 6.8
Numbers N/2 . KoH L 8.35 8,90  : 9.25
2N..KOH . " 9,0-- 10,6

|

r

An attempt i to: determine the ‘acid anhydridé by’ titrating -
the '0il, after pre-treatment’ with pyridine, by means of
an alcoholic solution of caustic ‘alkall, was unsuccessful, = .
(This pyridine treatment was carried. out to-increase the degree .
~of ‘saponification of anhydrides ‘with water or agqueous slcohol. )




THydroxyl Veluwe. ..

.~ The acetylation is carried out 'in 2 100 cc Erlenmeyer .
flask with a ground-glass stopper or a ground-glass delivery
tube, the upper end of which is drawn out to form a capillary.

—A fixed amount (7.00 giws) of the aged oil is.weighed into . the
flask and 15 ccs' of a solution containing 10 parts of acetic

ydride, 50 parts of pyridine ‘and 115 parts o S

—ehtorideis—atded FFom & burette., The flask is closed and -

"“allowed to stend overnight; ' a delivery.tube is then Fitted to
thevfg,ask'which is.heated for three hours on a water bath at
‘65-75"C, After cooling, a solution of 3 parts by weight of ..
sodium acetate. (CH,CO0 Na.3H,0) in 10 parts by volume of water
{10 com) is added ‘%o the reaftion. mixture and this is ‘then
shaken ‘cautiously Tor-one minute with simultaneous cooling.

" About 75% of the volume of N/2 Na' OH given by a blank deter- -
mination is then added from a burette, and this is shaken for
half o minute. After adding 2 to 3 drops of phendlphthalein,

. the mixture is titrated wntil a permanent pink coloration is
observed. The difference between the consumption of N/2 NaOH
fouwd in this way, and that fownd in a blank +test with wuse
01l gives the increase in free hydroxyl groups. . :

To determine the effect of thef ree acids or -anhydrides |
present, (apart from the acétioc: anhydride) the‘oil was treated
with pyridine-carbon tetrachloride solution  (without anhydride)
as .above and, after adding the same volume of sodium acetate L
solution as is formed ‘st the end of a normel test, the titration. |
was carried out. One may thus. ascertain the maximum error
. which can occur if the acids. are not.de-hydrated or the anhy-
- drides are saponified. .~ The values obtained are, on the
average, 50 to 75% of the acid number. Yo B
N = . L : | . .
. In'order to find out the most favourable regction tempera-
ture for the analysis, the following tests were made with an.

aged ‘oils’ - ‘ o o -
‘ . Deble 4, e

.. -Heating Period (hrs) 1 . 1 "3 . 575 575 17
Approximate Temperature (°C) 70 1000 70 70 100 20
_ Byaroxyl value (mg. KOH/g) 5.2 5.05 5.6 5.55 5.30 4.1

. It will be observed that at 100°C (boiling water-bath)
there is a reduction in the Hydroxyl values. The addition of
0.15% water before heating does not alter the values., . The - :
results remain constant if the oil is Pirst treated wg.th
pyridine-carbon tetrachloride for 3 hours at about 70°C

then ré-heated for a further thres hours after

- acetic anhydride. i : : ) i

: The increase of the pydroxyl velue with egeing is illustra-
ted in the: case of Pg 2756~ 23 hrss . .

Table 8.

123 Bl 38,5 53.5 60

¢

“Ageing Period (nrs) 7.5 15

' Hyaroxyl Vhlue LT e T S
' (mg KOH/gm) 1297 . 4.27 .5.60 '7.78 7.30 8,00 = 8.10

[




“The hydroxyl values in this report are given as they wer
recorded, without any ‘corrections. whatsoever and in the °
Discussion of the Experiments, . reference is mgde t9 their
probable effective values. - . )
‘ The reproducibility is good, as can be scen from the _ ‘
¥ollowing hydroxyl values for P_ 250 23 hrs and P 276" 23 ‘hrs
yhich were obtained hrougho the .couw e—of_—a—y-e- 4

P 250% 23 hrs: Difference, in N/2 Na OH, compared with the
B " Vlank experiment: 1. 00, 0.98, 1.02, 1.08,
' © 11,10, (1.24), 1.10. ‘ :

P, 275° 23 hrs: Difference, in N/2 Na OH, compared with blank
—g-'—————-—g - experiment: 1i98, 2,00, 1.95, 2.17, 2.11,

S S 2,07, 1.98, 2.04. ‘
The buretté used was a nommal calibrated one with divisions of
Q.l ce,. sa that the variations. could have been due to errors

-n reading.

4i___Treatmert with Sodium Ethoxide
e e e e R T ARC A0

.. 20 gms of the oil under test i's weighed into & 50 ce
Erienmeyer flask and poured into & Durobax bomb with 50 ccs of
benzene. 40 ccs of a sodium ethoxide solution are cautiously

" added to the benzene solution. {4 gms of sodium are added to
100 ccs of absolute alcohol®) in an Erlenmeyer flask with a ..

" delivery tube and g bunsen valve. ) The *bomb is then sealed,

" the reaction mixture is dissolved by warming, if gecessary,, and
heated in a bomb.Ffurnace for, e. &. 5 hours at 155°C. . After
cooling, the.bomb is o ened, the contents are poured into a 100
cec. distillation flask ringing once with benzene . ar . orice with

. absolute alcohol) and the liquid evaporated down, in a stresm

~of nitrogen, on an oil-bath at a ‘temperature of 65-70 C, the .

© pressure being 20 mm. Hg.: The residue is left to cool in the

stream of riitrogen, and is then transferred to =& separating

funnel with 100 ces of ether and chaken with 30 ccs of water
for a short time while cooling. During cooling, 20 ccs of

- 20% sulphuric acid containing 10% of sodium sulphate, are added
- in three portions,  and shaken for 10 minutes. After ‘allowing

the mixture to: stand, the lowexr aqueous layer is separated off,

quantitatively if possible (addi»ng‘if necessary .some solid

sodium sulphate).. The ether layer is then shaken with a

vsaturated aqueous 'sodium. sulphate solution, the wash liquid is '~ E

‘drained off and.the ether golution is dried with ignited sodium
. sulphate, After filtering into a 100 co distillation flask

- the ethér is distilled off and the residue is finally Mariedq"
for an hour in a stream-of n%tr’dgeg at 10 mm Hg and at an oil
bath temperature of 90 to 95°C (60°C is sufficient for light
oils). . ‘ :

‘ - To establish the order in which %he reaction occurs, an

initial experiment was carried out in theé bomb furnage used

here, keeping the temperature c onstant to. within + 4°C by .

electrical control. = The results obtained do not merit a ™ ‘

profitable investigation of the kinetics of reaction to be made

for theg present. P 275° 23 hrs was heated on an "air bath"

. at 105°C for ‘215,400% and 775 minutes. - The resulting effective

- bydroxyl values are 3.7, 3.4 and 5.4 mg. KOH/gn. S ’

N - T ) - W ) . .
*The. "absolute .alcchol" used was from Schering-Kaklbaim, -

<
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When 96% alcohol is used to.prepare the sodium alcoholate
solution, the characteristic numbers -(inoluding acid and
- saponification number) are practically the seme as with
' "absolute" alcohol. . C ' .

’ Table 6 shows the results of sodium alecoholate treatment
on the various aged oils. The figures &s previously fowmd f£or
the acid numher.and_saponi£ica$ion—number—ara ey PO
,comparison. ‘ :

- Pable 6

Results of Treating Various Aged Hydrocarbon 0ils with Sodium
. : Alcoholaté. ‘ . .

Aged Oils | Bofove treatment with |  Affer treatment with
- need Rile ‘ Sodium Aleoholate : Sodium Alccholate.

No} Description Acid| Sap. No _|HywraxylllAcid|  Sap. No. 1. [Effective
. ’ | Wo.|W/16 [ N/2 Value || No. [N/10 [N/2 JValue §whmwi
o ) : : {Value = -

Py | 0.0 | 0. 04" 0.0 flo.o | 0.0 ] o Lo

2,250° 25 nrs | 0.71[2.50 | 3.1 3.55 | 8.4

sz759 23 hrs  |'0.98| 3, 47 5.6 - ( 15.2
|P,275° 28.51rs | 1.77|5,78 |8, ' {7 la0.4

P,300° 25 h¥s - | 1.45[4.70 |6 B ’ | 1s.8-
g Pézod°25h&sﬂzo 1.65(6.75 | 1 [11.5
P250° 25 hrs | 0.67]2.6 | . 27| 414 10,

¥ 250° 25 nrs  [1.15[5.90 | . ~5.15 | 7.36 11.6 [6.6
7,25 10,5 [11.5 |25 6.9

|s 275925 nrs 1.92[6:40 {8.90 |81

C

'fFuither tests,wiil be made’ to ascertain whether itristetter to
‘use sodium amylate insteed of the sodium alcoholate, and to
.avoid the use of 'bomb tubesa : . : )

!

" 8. Analyses with Griegnard Reagent -
:  ‘The organo-magnesium compound is prepared by allowing
250 ccs of-igo-amyl ether distilled over sodium, 19 gms of S
" magnesium, and 70 gms of methyl lodide to react in an atmosphere
of nitrogen. . The excess of methyl iodide was expelled in a . .
-Yacuum with nitrogen using.an oil bath temperatur
theﬂreaction'mixture,containing.the'exceSE magnesium filtered
off in an atmosphere of nitrogen, o '

‘The“analysis was\carried out with thgkagpaiatus éhbwn‘in~
A R

Pig. 1. This consists of a Supply vessel of-300-ces- .
capacity and a burette (B), which will hold 10 or B ccs. .. The
-_latter_is divided into 0.1 ce divisions, but cen still be -
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accurately read off to 0.0l cc.  The intermediate section (C),
the reaction vessel (D), the delivery -tube (F), the attachment
E), and the burette are supplied with normel ground-glass
Joints. - T : , :

The supply. vessel is filled (after the air in (4) na (B)
has been entirely displaced._by—dz!y—nﬁrogen—)—wﬁhmmwtn

’

the reagent to come into contact with air, since otherwige g

- precipitate would form which would block the outlétVtube of the [

burette. The burette is filled by creating an excess pressure
in the vessel (A) with nitrogen*. On connecting up the gas .
‘chambers, (A} and (B) the burette is emptied. The emd "of the
burette, which is drawn out into g capillary, is closed with g
&lass rod inserted in a plece of rubber tubing##, "

- Por carrying out the analysis, 2:5 gms of oil are trans-

* ferred into the wide part of the vessel D)**%, which is Ffirst
warmed and .then uwniformly dried, together with 8.0 or 4.0 ccs

‘ of anisole (distilled over sodium)., The intermediate section |
(C) is smeared with "apiezan" grease (only the u

The air is expelled from the vessel (D) with nitrogen,

by means of the induction tube (F). - (blow out the two arms .
alternately, 4 times every § minutes).  The tube {F), now )

. closed, is carefully lifted out in the stream of nitrogen by
connecting it to the nitrogen supply by means of the cock 4 ..
(displace ‘the air from the connection), This is carried out -

ing a strip of dry cloth rownd the tube and stopper. }

‘ removing the rubber,  the tube (F) is inserted through the
.burette connection, into (C) (D). A strip of filter paper is .
forced between the ground glass joints to enable—the stream of
nitrogen’ to escape.  Aftér connecting (C) to (B) (with the aid

., of spiral springs ) a certain volume of Grignard’reagent is -
allowed -to flow into the narrow arm-of (D). i

After carefully removing the burette and fitting (E) (which’

serves to-admit a certain volume (2 ccs)-of a l:l mixture. of :

aniline and ‘anisele, first cock 6 aend then cock 4 are. closed.

- The reaction vessel, which has: been filled in this way, is then
‘connected .to.the three-way cock of the gas-collecting burette,

the air between cock 4 and the burette is d
g the pressure of the r

T's connected with the b ... The rest of. .

‘the snalysis ds-self-evident; — Tt is aﬂvantage'éu’s"“bo work ‘
.always at the seme reduced pressure (2 to 5 cm of ‘mereury) when
shaking the resetion mixturev SR I ' B

The duration of the reaction at 90°C was 20 minutes, while =

at low femperatures .(20°¢). it was allowed o continue {with
repeated shaking) witil the volume did not change within five
minutes. . : Throughout the test the tempera_ture of the reaction

- *The O'sraﬁi-'GlﬂhJ.ampen,'C'ompahy..’«-u Berlin supplies niﬁ-ogen' '
c,or,ltaini_ﬁg_only_.l/lo,'QOO%‘ of éxygen. e T

**The rubber 1g changed each time béfore uging the réa'gent‘,"

-after draining off. g small volume and slso each time after use;

it was not observed that the rubber had a bad effect on the
reagent. FE ‘ Lo ‘ s s o

*#¥The vessel is best dried.at 1109, especially if the reamction

vessels have ‘p'e;-n used for analysis for ‘e long time. |

Kl

"ireséel ié ‘kept constant and equal to the egterna,lt emperature.
The reaction mixture is then heated (to 90°C) in a water bath
'next to the reaction vessel,

- The collecfing burette has a capacity of 100 ces. The

‘values of blank determinations shall not be more than 80 ces.

Jable 7 ahoﬂa_the,_nesul:ts—ob#&i—ned—from—the—Grlgnard reaction
o L

of OH groups from the -acetals present.

-compared with those obtained by acetylation, or, to .put it
another way, the resiilts obtained by the sodium alcoholate
treatment compared with those obtained by the effect of the
organo-magnesium cdompound on the gged oll., The Grignard
solution used was about 0.9 molar in Experiments 1 to 7 and .
11-15 (Table 7), gnd in Experiments 8, 9 and 10 it was about
1.3 molar. = The reaction mixture in its unreacted state (with
the exception of Experiment 10 (0.4 molar)) was 0.25 to 0.28
molars in relation to methyl magnesium iodide, In comparing
the results,. the conditions as regards temperature, concentra~
tion, and time must naturally be taken into account.  Under
the test conditions which are glven here, only the tempersture
has a pronounced influence. . Co ‘

: The reproducibility is as followsgsw= . - o

In determining active hydrogen + 0.25 .cc_methane, i.e, about

t 2% of the actual value; c : -

In determining the blank values (effective values). t 0.5%;

In determining the acid groups with which the Grignard reagent . .
combines, -3 0.5 cc of methane*. . ) ‘ ‘ . ‘

In accurate experiments the blank value with 300 ccs of
Grignard reagent does not alter by more than 1 occ. : -

6. _Preliminary Saponmification =

The preliminary Saponification was carriead out-in the same
way as the normal determination of the saponification number,

nditi re evident from Table 8 end, in part, from Table

The saponified 0il was worked up exactly as in V, ¢4 after

" treatment with s ‘The relation of the volume

0f sulphuric acic ! i present

. aqueous solution

about 2%

A.s"‘ mentioned in the General section, the, objec‘t of . the.

'préliminazy-'saponificationtwas 10 show how the hydroxyl velue .

after saponification (determined by acetylation) compares with
the increase—in .the agcia number or with the hydroxyl value' as
determined by the Zerewitinoff method.. In this way conclusiong
may be drawn asbout acid enhydrides emd the influence of the -

~acids on the method of acetylation,
‘extent the "capacity for addition" +

changed by the saponification and au
Table 7, Experiments: 9,.10 and 15),
attainable saponification number,

-effective value, i5 determined in the above way. ~The results -

of Test 2 may- have been obtained, in some cases, by the “formationr

1
. !
. o o
™ i

*When several-tests ‘wére mé,de and’ an bavergge taken, the mé.rgin"‘
of error neaturally. diminishes considerably; the samé is “true

when series of analyses are carried out.
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Table 8.

Varlatlon of the Saponification, Acia and Hydroxyl Numbers

after Prellminary Saponlficatlon.

oidré&}crease—SaponIﬁcatxon
No.
N/lO ‘N/2

No. in acid

No.

2.84

*d
nog -
N
B
.o
(=]

2,47
2,45
3,65

N e N e e s et st N

4.0

16,68

1.69

|7, ovs:
6. 72|

+

- *Increase at 90 g
**Increase at 20°C

hrg:

1 hour. - After saponificatio

Zeble 8. (Test conditions) -~

160 ccs of benzene-alcohol (2s1)
50 ccs N/10 alcoholic KOH; - 1 hour.-

7100 ccs of benzene +. 50 ccs alcohollc H SO

(95 g abs. alcohol + 5 ccs H,0 + 3 g H SO )

ﬁ neutralise with
alcoholic caustic alkall, then work up in the -
normal manner, B ;

1160 ccs of’ benzene-alcohol (2 1)

- 50, ¢cg -of N/10 alcoholic KOH. -~ 1’ hour.
After saponification, neutralise with N. HCl,
.then work up in the normal manner.

.200 ccs-of benzene-alcohol (2:1)

100 ccs of N/2 alcoholic KOH; boil for 30
minutes; after adding 100 ccs of H20, boil

~again for 30 mlnutes-- mix in ‘a'separating.

funnel with a’ sufflcient amount of water such

~that the solution contains 50% alcohol; ' shake,

- drain off and extradct 3 times with 50% alcohol
 eonta1n1ng 27to 3% of alkali. S .

. 185 ces - of benzene-alcohol (2 l)

}50 ces. of 2N alcohollc KOH; " 1" hour.
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| 23 g P, 300° 23 hrsi— -230*pcs;of_benzene-alcbhol,(2:1)
: 8 .. 57,5 cos of N/2 alcoholic KOH;
1 hour.

16 g S 275° 23 hre: 160 ccs of benzene-alcohol (231)
50 ccs of N/2 alcoholic KOH;

> 4 2_hours,

20 g § 275° 23 hrs: 200 ccs of benzene-alcohol (2:1)
o . 50 ccs of N/2 alcoholic KOH;
2 hours.

25 g S 276° 23 hre: 250 ccs of benzene-slcohol (2:1)
' , 62,5 ccs of N/2 alcoholic KOH;
: 1 hour. . . | ——
;o -

- 7. ‘Reduétion with Sodium in Alcohol-Benzene Solutio

;- - The reduction was carried out by adding small piecés of
,sodium to a solution. of the aged oil in alcoholic benzene. in
the cold and allowing the reaction to take place on a water
bath.. - The result is similar to that of the preliminary
saponification, except that the acid number, saponification
number, and hydroxyl number increase by 15 to 25%. Since too
Tew experiments were made and they were also, in‘part, non-
reproducible, it was not possible to go into these results in
‘more detail. o . ‘ /

. (Tﬁe increaée in acid number and gaponification number,
- apart from the peroxides ete., could also»be caused by the

presence of ortho-hydroxy-acids).

8, Atbempt té Isolate the droxyl Compounds by Forming the

Sodium Alcoholate.

I An attempt was made to form acid esters by esterifying
with phthallic anhydride and succinic anhydride in the presence
of pyridine, go' that the hydrocarbons could be more easily
. separated. The result of the acylation was so bad that no
further experiments were carried out. An attempt to acylate
the hydroxyl group in the form of the sodium alecoholate was
also unsuccessful (26). o e
s Isolation of :the sodium alcoholates (carrying out, among
others, an experiment with tertiary sodium butylate) which should
be converted, by the secondary alcohols formed by the treatment
of the alcoholate, into the sodium salts of these secondary '
alecohol -groups (27), also produced wsatisfactory results. =
(The alccholate mixture - obtained by heating in the homb tube
as in V, % - 'was eveporated .at an external bath tempersture of
90 0 150°C in a vacuum.in presence of nitrogen until ary, =
again suspended in sodium-dried petroleum ‘ether and decanted
(with the aid of a centrifuge), so freeing it of the hydro- . B
carbons. The sodium alcoholates appear to, be somewhat "soluble"
in ‘the petroleum cther. ) :

. An attempt.to isolate the compound by adsorption, from a
dry petroleum ether golution, on to powdered, freshly heated \
caleium. chloride. likewise gave & negative résult. = T T




DISCUSSION OF THE EX;PERIMENTS

-/ y

' A fow examples are available to construct only ‘a rough
picture of the oxygen compounds present without going into .
debails, mince the number of experiments made is not sufficient
to take into account' and evaluate all the possibilities
—indicated—in—tho-Goneral—seotion——The—conclusi-ons—which—oce
" be'drawn from the above experiments are.sufficient for the )
purpose of this work, so that there is no need for further work
at the present. ‘ )

'

The following conclusions on the influence of acids
present in aged oil on the hydroxyl value and of the c¢onclusions
drayn as to the presence of acid anhydrides, still require )

“final -confirmation, -since-they are only based on the results of
. the tests in Table 8 (preparatory saponification). The other
" Tigures are ‘averages of two or more experiments, and may be
relied on. . )

: >1) and 2) _Wothing need be said abput: the acid and saponi~
fication number. The acid anhydrides will be discussed in
connection with the hydroxyl value. .

"3) Hydroxyl Valuwe. = ™'

‘ Table 4 shows that. the hydroxyl values vary according to
.the tgst conditions. ~ The conditions of acetylation (3 hours
at 70°C) should bring sbout a practically quantitative esterifi-
cation,. at least of the secondary alcoliol groups obtained after
the sodium alcoholate treatment. Comparison of tests 3 and 5,
Table 7, shows that the hydroxyl. value obtained by the Zerewiti-

.noff method, increases by 8.56 (from 8.90 to 17.46) and the - i

. hydroxyl value obtained by acetylation by 9.6 (from 5.6 to 15.2),
The fact that the hydroxyl values obtained by acetylation is
"greater than that by the Zerewitinoff method is explained by

. the existence of enols, which would be reduced as the result of

- the alcoholate treatment, amd replaced by "secondary alcohols.
The total hydroxyl value after treatment with aleohol is found
to be 2.26 greater when determined by Grignard reagent than when
determined by acetylation. It is impossible to say whether )
this’ difference i due to . the presence of textiary &dlcohols,
active hydrocarbons, etc. i R E s ,

> : The influence ‘of ‘acids on” the d etermination 6f “the hydroxyl -
- value. cgn’ be seen in Table 86 Experiments 1, 3, 5 and. 6.

- (P, 275” 23 hrs,, and P_ 300°. 23 hrs.). Tests 1,'3 and 5 show

. 'that,. given the test ‘coﬁditions specified on page.27' the
hydroxyl number rises sharply. with  the strength of the causgtic
alkali used in saponification, but. bears no relation to the acid
number, (In Experiment.3, the compound was neutralised
Aimmediately with N/10 KOH after 'the saponification, and only -then’
was- the distillation carried out, so-that it is here that the
.most correct values: are to be found). It might be concluded
from this, that when saponifying with strong caustic alkali and -

« then working up, hydroxyl groups formed by reduction of carbonyl
groups will appear. R ) o ST o

T It follows: from Experiments 1 and 3 .that there has either
" been a rise-in the hydroxyl value, which has been obscured by
the acid number (see .General:section), or that no new-hydroxyl
groups  are fomed in saponification: (saponified acid “anhydride).
Judging from the results it appears -impossible that the free
“acids ‘should simulatg hydroxyl groups. (Experiment.3). : In -
Experiment 6:(P. 300 23 hrs. ) the hydroxyl number obtained by
scetylation is 8.4 lower than'that fomnd by the Zerewitinoff |




method, so that it is to be agssumed that the increase in the
quantity of ‘acide (increase in acid number 2.25) obscures a
small part (0.4) of the hydroxyl number, which is in accordance
.with the-test-already mentioned. The objection that this is N
g question of fertiary hydroxyl groups, can hardly be supported# . FT
It mast be borne in mind that there may be fewer enol groups oo
alcohols) after saponification than before. _ The M
a f” énolic compounds (also, of ketones) could be R
established by the Grignard determination with the help of g
various solvents. Experiment 9 (S 275% 23 hrs) presents =
gimilar case. Thus, values found by acetylation hardly need
correction, or if they do, then. the correction will be.a . .
fraction. of the appropriate acid number. The esters which are
hydrolysed in-the preliminaery saponification are, to a great
extent, acid anhydrides §Cf' the increases in the. hydroxyl .
number in tests 1, 3, (6), 6, 7, 8 and 9 of Table 8).

But these findings require to be checked end clarified, as
.already mentioned. . Above all, by systematically investigating
. the increase in the acid number relative to the hydroxyl value,
‘the d egree of reduction of the carboxyl groups must be deter-
mined. ) '
4) Weutrzl" oxygen:

S Table 7, examples 11 %0 15 (8 275° 23 hrs.) reveals the
. fo’llowing" factss~ ‘ :

: After treatment with sodium ethoxide, the hydroxyl number
(Experiment 12) igs Ffound to be 26.60 by the Zerewitinoff method,
and 25.0 by the Verley-Bblsing method (Table 6, Expt. 9).. .Thisg
corresponds to an increase.of 16.02 and 16.90 while the. propor-

. tion . which adds Grignard reagent falls from 17.1 to 13.65 ng,
KOH/gm (Tests 11 and 12).— The acid. number increases from -
5.58 to' 7.5. h : : C .
‘ These results can be brought into agreement with each other
if it is assumed that, when treating with sodium alcoholate, the
“ketones are reduced. : : T

.- Test 15 ghows that, in the saponification of "egters" .
. ‘corresponding to an acid number of 4.76 (the acid number - . -
:~ increases from 1.92 t0'6.68), the capacity of the oxidised oils
. to7add Grignard reagent decreases.by l.55 mg KOH/g.. ~Assumingy
for the sake of gimplicity, that the 1.55 mg KOH/gm are derived’
from the partial reduction of Ketones** (gsee Test 22 t_reat%lent
with sodium alcoholate using an air bath temperature of 105°C),

*As already mentioned. here, it could be a question of ‘secondary
hydroxyl groups resulting from reduction. The acid numbers
calculated from the Zerewitinoff value would have o be more
accurately determined than was the case in.the method shown in
page 18, . : 4 e -

*¥If the 1.55 mg KOH/gm were derived, not from ketones, but from
"esters", the relative reactivity of the "esters" to the acids .
is at least 85% of the valus obtained with synthetic oil,
("Esters" and acids add 2 moles of Grignard reagent) so “that the
gituation only alters slightly. Test 15 was only ‘made once.
In the examples which are given here.there is practically no
difference in the additive capacity of P, 0ils before -enda fte
" . saponification. The values given for the Py Gils. are average, - - : .
. va%ges. of sevéral"tests and determinatiohls which agreed very
Swell., . : . T

1
1 . .




this experiment shows that the "esters" which cause .the - .
inereased acid number have reacted with practically the same
amount of reagent as the acid. It is impossible for the
Grignard reagent to add quentitatively to the acids and ;"esters"
silnce in Test 12, after the treatment with sodium alcoholate
there still remains a capgeity to add Grignard reagent :

amp , -KOHiS-mv— & he—s Zt L oY HUHbeT
of 13.86 (according to Experiment 7, Table 8) in the simple
-cage requires 27.72 mg KOH/gm. ‘ o

This is to say that nearly half the substances’ covered
by the saponification number react with Grignard reagent and
that, if the gcid number increased during the treatment with
alcoholate, this increase causes practically no change in the
capacity to add Grignard reagent. ' The reduction in the’
reactivity 'of aged oil is therefore entirely due to some third
subgtance. The extent of the decrease in capacity to add
Grignard ‘reagent is equal to the increase in the hydroxyl value
after the sodium a_lcoholage treatment, - Experiments with
Pg 2757 23 hrs and P; 300° 23 hrs show & 'similar result oven
more clearly (cf. ex%ez"iments 3 and 5; 7, 8 and 9, Table 7.
See also Table 6.) 'Experimegt 7 also proves that the capacity
to add Grignard reagent at 20YC is not very different from that.
at 907C. Only a slight variation of the situation can occur
from the limits of error of the Grignard reaction as laid down.
in the discussion and from other possible errors.: B S

¢ . Por this reason, and in accordamc e with the facts given in
Section ITI, page 5 and Section IV, ¢, page 13 the change ' - :
produced in the hydroxyl. value and in the. capacity to add Grig-
nard reagent by the treatment of an naged o0il with sodium

' alcoholatg can with certainty be attributed to ketones.

VII. ~SUMMARY ‘
It was shown that in the ageing of moil, in’dependentlir
of the type (mineral, synthetigi the following conclusions can
be drawns . :

(1) .Pree hydroxyl groups are formed in the order of magnitude
. ~of the saponification number (determined in the usual way)..
.of the aged o0il in question, R e )

(2) "Neutral" oxygen compounds are formed in the order of
magnitude of twice the hydroxyl value, which can be .
degeribed with certainty as ketones. Thus the total oxygen
“(in mg XOH/gm) which isg present is sbout three fimes ag
great as that determined by the saponification number, \

- :Methods, which can ‘be employed as .standard tests in the
-laboratory are¢. described for determining these oxygen’
compounds quantitatively, thus characterising the : )
resigbance to ageing and the uses to which the oils can be
put. . : . .

.=The -possibilities-of gaining a more complete ‘and differen-

" tiated knowleédge of the Saponification number are discussged,
together with initial experiments to be carried out for: ..
this. purpose. - o oo . - "
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Anal ses ‘with Gr:. rd Re

Description

b e
> 275%38"
P 275%3"
p 275%3"Na 155°
P 275°51h,
500° og
500 23h

s 275%3"Ne 155°
s 275%3 = 200°
s 275%3PNa 200°

S 275 23h sap.

1
2
3
4
5
6
7| P
s|P
9
10
"11‘
12
13

B
IS

The index Na. 155 31gn1£1es treatment w:Lth ‘sodium alcoholate at 155 C. :

n - --gap. - signifies. that-the 0il has undergone preln.mlnary saponlf:.catlon.
Experlments 1 and 2 -have been btaken 'g@g blank determinations - o
I'x‘l Expt 2 the Gr:Lgnard reagent was allowed to react w1th the o:Ll for 50 mlns. tz'a't: 1(2)8 g.

" " 10 4 ce. o:f:‘ a.nlsole are used mstead of the usual 8 cc. : : ‘
.8 Expts,; 13 and. 14 the Sap.No.,:Ls estimated with 2N ‘alcoholic. KOH.




True carboxylic , : _ _

-acids R : o Titration with alcoholic

i ~ caustic potash.

| Pseudo-zcids and .. ‘ ‘
substances with
: "acidic character
2. - ..} acid ‘anhydrides,

"Esterst esters, etc.

"Saponification and Ti

o Acetylatlon ,
(by Verley—30181ng fiethod) .

Determination of active:

“hydrogen (by the Zerewitinoff
" i method.)

Ketones : i

: | (Aldehydes). : NN SRR
tNeutralt - : Ll ) S R R | B Treatment w1th sodlum

; i T R N ‘ ethox1de.
“‘Peroxides”

e _ _ 2 S J 7 Treatment with
Ether-like . - 7 =0 — e Grignard i reagent.
Substances. ' SRR L S ‘ T :

. Tne dOlee llnes glve the 1nd1v1dual methods by whlch substances can actually be
determlned :

The SngLe lines glve “the': other p0551ble methods by w,
estlmatlon of. the substanceswcan be.:carried..o :
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German Aviation Research
" Report No. 804

‘ Testéyon a synthetic oil of the Ruhrchemie A.G.
in_the liquid-cdoled—{Reissgokithlt)

i

sinple-cylindor test engine
by K. Dehn
Synopsis:

An endurance test on ‘the synthetic oil of the Ruhrchemie was carried
out in the liquid-cooled single-cylinder test engine until the piston
rings seized. The results are compared with those of ‘other oils used
with good results in ‘sero-¢ngine operations.

Contonts:

Introduction
Matorials used
l. Fuels
2, 0ils
Test procodure and results
1. Comparative run with "Stenavo 140"
2. Endurancs run with the R.C. oil
3. Alteration of the oil :
4. Piston ring wear
5. 0il consumption !
€. Behaviour of the oil in other
endurance runs. o
IV. Summary T R

I. Introduction: .
) On the basis of lebofatory tests end of the test run in the Sicmons
oil test engine it hmst bo assumed that the synthotic 61l of the Ruhr~ .
chemie A.G., Holten, is an cxcellsnt oil for heavy duty aero engines. . °
An endurance test was carricd out in. thé singlo-cylinder teést engine with
‘thé liquid cooled EMW VI cylinder in order to check this end particulerly
to obtaip information on the behaviour of the. oil in continuous operation.

4 N (. .
IT. Matorials used:

The'laboratory tests of fuels. end Lﬁbricgﬁts used for this endurance
test end for the test run with Stenevo 140 uscd as a basis of comparison
are tabuleted as follows :-—. . : ) i

" N " . . . 1 ..
1. Fuocls )
Endurance run 3617 - Endurehce run’ 9
_/with R.C..0il " with "Stansvo 140"

v

gasoline . )
Supplior o PR Olex {¥o. 258/3¢) D.&,P.G.
Density @ 20°C (kg/1.) . 0.731 , 0,728

Puel typo ‘ 0.N. 87 aviation _ Stanevo 87

, ‘Refrective: Index : 7 1.4096 ER 1.4070

Gum' test- (glass dish) (mg.) B3 . 4.0
,Sulphir content % S 0.03 L C0W0L
Iodine number i B3 oo I
Octane -number - -~ e BP0 gge
T.EeL. (Vol. %) Ly 0,083 e

”(édnfinued on pege 2)

= . - : /‘

re




DistilTation on A S.T. M. rethod

undumnce run SGII Endurance run 9
with R.C. oil with Stanavo 140

1
I.B,P.OC
Distilled et 5o°c (vol %)
L 60 "
70
80
90
100
110
120
130
140
- 150

m
®

t

s s s &

£y

ChRON RO

v

B R e R S
(RS ECRC Rl =N S

F.B.P,°C .
Residue (vol. %)
Loss - | a

2. Oils

a) Test oil of Ruhrchemie A.G. erhausen/I-Iolten
Type: SO 2001 (irproved quality) . o :
Rec. No., 41/36 (analysis) snd 255/36 (endurence test)
. The oils 41/36 end ?.;5/30 supplied-for the analysis
* and for the endurpnce test hed to be delivered in
the sams quality, . Tae figures for 255/36 are 1ndi-—
cated in. bracKets in the following “test results.

Colour: reddish—brorn, slightly fluorascent
Siell: mild-:
Density & 20°C "(kg/l.): 0.8c3 (o.evo)
Rofractive Index - £ 1.4804 (1.4837)
“:Viscosity. at .;OOG ;'. Z1.7 {22 ’5)
. ST 5 <139 (145)
Solid foreign mat'l;er i 0.0
Ash. - ST e 040
Asphelt +. 0.
Neutralisation No. - 0 0.
‘Srpoaificetion No. 0.
" Cerbon Rcsidue (Rems— X
. ‘bottom) ) © 3 0430 .(0.34)
. DVL sgeing: ’
Volatility (27500) %. 79. o
Asphalt = T %i 8.8

Apeing Test (Air Ministry)‘:‘

o Original oi-Lé'T'~ "aged 0il = increase

Svecific gravity @ 2000 . 0.883 0 0,893 0,030

Viscosity: @ 37.89C, OE (Cp)' . 44.5 (287) - 150-(1002) 237 (249)"
" 1.50 n T gy (139) 04 7 '(429) ‘198 (z08)

'Gvrbun residue (Rr-usbottom) 0,50 . e 0 827 . 0.562

:(dqxjtinuéd on page 8) o




b) Roference oils

Endurcnee run 9 . ENQUIANCY TUNS
: 4L, 44, 45

Type . Stenavo 140/ Groen Bnnd
‘Sunplisr ) DesisP G " DuV.0.A.G.
Dedsity & 20°C (kg/i.) ~ 0.892 ‘ 0,883
Refr:étive Index 1.4964 ' 1.4879
Viscosity @ .509C- (E}. ... 30,1 ° . 21.6
. " o wn (Cp) 199.4 . )

Solid foreign matter

(wt. %) ‘

Asik

Asphclt : .

Noutrelisetion number

Saponiricstion No.

"III. Test pz‘oc_zedure “and re_sults:' S o

_ 'The test run_was made on a DVL single-cylinder test engine, équipped
with cylinder end piston of the Rl VI engine, series 7.-  The tost was
carried out as in the endursnce runs deseribed in the DVL report PB 172

. Dehn/Gléser, "Use of motor-bonzenc in sero ongines subject to high .

. thermal loed". One of these test runs cerrisd out on 0.N. 87 avietion
.. gasoline_ and Stanavo 140 oil 18 used as e besis of reforence for the
© 'following tost pun. . PR Sl

1. Referencac run on vGtenovo 140" (endurence Tun 9)

;.. ' Bonzene-frea, "Stanevo g7" and "Stanevo 140" _wér'e used.-  The follow~
ing operationel conditions eppliod : - T .
Powor . . .4k Hours 45 H.P. at 1590 r.p.m.
o i i %hour 50 H.P. £t 1650 T.D.
Fuel consumption gr/HP/h 245 .

keel/HP/h 2560 -

-Coolant: outlet ‘temp,- o - - .1409C
. 0il outlet temps . esoc
Compression ratio €.8
Ignition timing (° b. T.D.C.) 20
Temperature in the centre of '

the piston crown (determined ' : .
by molting plues) ; .~ betwoon 290 and 3059C

The test eurves appesr in Fig.l. The sndurence- test mog dis=
continued after 63-5/4 hours becruse repeatéd power drops gave rise to '
. the assumption thet one or.moro piston rings were stuck. It wes found )

thet the top ring was stuck betweon 700 and 1700;-the second bstween
70° end 175° . - Rings % and'4 wore free. The: o1l holes of the 01l
sereper ring were partly ‘choked." . Otherwise -the enginoc. condition wes )
normel.. - During the. tost, oll semples were” taken from the return pipe -
efter:10, 25, 35, 50 end 60 hours, as woll ss’ shortly before stopping
tho cngine. T N

2. Fnjurence Yun on RiC. oil ﬁost No. 3611‘ )

1 The 0.N. 87 rvintion gasoline used with Strnavo 140 later: becemo
no -longer aveilable without- benzens; an 0.N. 87 Olox avistion .gasolino '’
heving the-séme-density as the proviously used Stanavo-87 ‘wag., therefors: -
used. - The results of leboratory tests for this filel and .for lubris ¢

eting conditions for: this endurcnce ‘tost ere tho seme es thos

7

~éant. SO 200L ' (improved quelity) ere showi. on pageg 1 and:2. "The: opexr= o



the reference test (see vage 3). On the test run a new cylinder and
pistor n-tGoptze—Frllt-rings a_a \fter e 13 hours:
‘running-in period, cylinder and piston were teken dowm, cleensd and
moasured.  ‘The engine casing and the 0il lines were aluc rofully
cleaned before starting tho cndurance run. N ’ R

The tost curves ere given in fig. 2. After 20, 35,. 50 end 60

- hours tho.cylinder was lifted and a check was madas. The valvas. vere
always'slightly slack and consoguently were po-ground. This, gp;évor,

. oceurred also in the eerlier endurence tests with "Stenavo 140" &nd is
caused by a failure the velve sorts. When: examined efter €0 hours,
the-pystoﬂ rings weTo completoly frco. The rosult &t this'stege ‘is
thorefore more fevourable than efter 63—5/4‘hours in the roforence tost
with "Sterave 140", when two rings vwore pertly stuck. The cylinder

_was not .teken down betweon 60 'and 90 hours. No power drop or increasad
~blow-by-into the c¢renkecase was mscertained bafore this stage. After .
dismentling the cylinder, the following results werc fomnd =

) on rings: - : The top ring sticks
somewhst et.ome point, though it euill moves in- ity groové. . -The
second ring is seized on = narrqﬁ sector botwoen 1200 and 165°. The
fect thet no irrogularities occurrod in the ‘ongins .cperation up to the
90th hour, leads us to infer thet the two top rings moved quite freoly’
in their grooves “during operestion.-.The 3rd end Ath rings are completely
looss,. The oil holes in the piston end screper rings are unobstructed.
The eppearance of tho guégscn pin Iis normel.t The pisteon crown shows
1ittle oil-cnrbon (#bout 0.1 mm.); ~on the piston rim a thin ridge of
0il. cerbon edn be ssen . on inlet and exheust side. The rubbing faces

“on both pisten end cylinder hevo worn well and present no seoring.  Both
velves ars not quite ges-tight. Connocting rod end bush are feul 1dss.
The sperking plug hrs &.good appoaranca. Fig. 3 shows the piston efter
90 hours oparrticn. : :

. If the two tosts ars compared, it sppesrs thet thcvruﬁning time
until the pistoen rings stick wes considerebly lcnger for the R C.. cil
(90 hours) then for Stgpevc 140 (63—3/4 pours). - In-the farmer no power
-drop or inereased blow-by intc the crenkcesé hed cceurred; the rosult
was -oven better them with the rofersnce cil. :

-3. Alteration Eg.tﬁe.ﬁil"

Bhe tost results of the cil semplos teken during the endurance run o
3617 are shown on fig. 4. It shows the inereese cof fereign metter, ash
end esphalt ccnbtent, ‘as well as of density, viscosity and_5mponificat1qn
“pumber with the rumning time.  Ths drop in velues nfter -the 70th hour -
is due te¢- topping up with fresh oil (sée fig. 2}.. No fresh cil wes
sdded batween 35.end 70 or between 70 end 90 hours, because' the oil con=
sumption cen betteér be det@rmined if the oil cireuletion is disturbed
es little as pcssiblas “If the cil esnsumed by tho_engino-is made up at
. very lerge intervels, the quentity of -¢il in circulaticn decrenses con—
sidorebly (see fig. 2). . (The."lubricent weight in the tank" tneludos ~
the woight of the tenk, ce 26 kg.). This must be taken into sccount
. “when eneslysirg the test results, becruse the oil.ageing,increasss'as the.
quentity of >il in* circuletion dreps. . In tho R.C. cil,thp considerable
. -rise in seponificetion’ numbsr end in density is perticulerly surprising.
,The"othor properties of the ~il chenge to the normel extent. E
~Fig. 5 shows tho elteretion of the cil: in endurance run Ne. 9.

. Piston riﬂg Tear e R
. v_ The weight-lcss cf'the>piston:rings at 1 hcurly_ihtervalé'in tést»lu.
No. 3637 is shown in fig. 6. . The ‘weer per ‘hcur-of ‘the piston rings in
.3 runs which extended:for houbs. end in which "Gargoyle hero Mobiloil .

2 . : . ) " S
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Groen Band"™ was used, is alsc given for compa isom. These shcrt endur-
AT o-teste~wore-gerrio cithin rk of other tests, though
on the seme engine and under nearly equel test conditi
In particuler tho nGootze ‘F.11" piston rings used Tor & U

trated in fig. 6 ceme from tho game delivery. In the tests carried out
with "Greon Band" however "special avietion gascline" ves usod. Tho i
piston ring weal cen bae influenced by s whcle soriss of factors., ALl -
the seme, the rosults illustreted in fig. 6 lead to the conclusion thet
the R.C. ¢il hes exceptionally gocd lubriceting properties, beceuse the.
pistcn.ring wear in this oil is lcwer thén 1in the .woll-known. Green Bend
cil. ” . . .

3

It con be assumod that tho high saponification number and the low
piston ring wear erc interconnsctod. The high seponification numbers
.show thet beside orgenic acids, largoe quentities of sapcrifiable products
~ have been. fermed Juring the run. fmong those arc osters aud lactones,

. which presume 1y . Have a positive sffect on the lubriceting ability simil-
erly to tho = ids; motal sceps ero als? )113¢ . ¥rome Yhe esh coentont

in the filtored ¢il it is possiblo t> drv e .cortain conclusion regerding
tho amount of motel s3eps, e.g. in ths filtexd usod 0il nftor 90 hours
running time, 0.11% esh was found which morns thet »t tho most 40% of
the saponifieble’ components erc prosont os motel soeps, whoreas the greater
propertion ere csters and lactcneés. . ’ .

5. 0il consumption .

.. Both for R.C. 031 end Stenevo 140 tho spocific eonsumphion varied
betweon 4 e#nd € g,/HP/h. , which corresponded &5 the npmel eonsumpsion for
the BMW-VI engine. On the bp.'sis of our tests it is’ impossible’ to decide
whether the consurption wes lower with ono oil tYan with the other, - -
beceuso the veriatiecns lay within 1imits nf errors in mersuroment. - When..
“Greon Band® wes used the ¢il consumption lay within the indicated limits.

Q. Behaviour of the o ih cther endurcnee tests

. After this test 361y with.the Ruhrchemie il and Avistion Gasoline
0.N. 87, three cther runs were errried out with tho seme oil, but with
" other fusls. A detailsd report cn these tests with the 3 test fuels:
R.C. elkyl benzenc (N5.38)-end TiG: ‘iscpropylbenzoene (No. 391T) was .
already published (DVL report UM 428 Glasev'/Dohn < upgsting of Aifferent
21kyl benzenes in. the 1iquid-cooled rern cngine single~cylinder engine®.”
The tests wers carrisd out in ths same eonditions as No. B6II. The =~
running times were however shortér, which is “ue to the fuels employed.
Test No.38 was discontinued efter 57 hours. "~ At thet timo no power
drop or increased blow-by into the crenkeess had sceurred, -just as in
‘ Test, 36rI. Xlso the-piston eonditicn corresponds roughly to thet of
test 361T beceuse in, both ceses the time of ~nsot of ring sticking wes
.. determined, but during the run the rings still moved. freely in sheir
~ grooves. ~ Ocnsequently & coparison of tho pistoin ring wear 'in the two . -
‘tosts séoms possible. The ring iwsr, cspecially the top-ring, deponds
on whothor 2. ring sticks.  In-this *se the hot combusiion gases cen
flow around the ring, .thus considersbly. Gecelerating its weer. Boside
test 36rr the weight-loss. &t hourly ntarvels, of the piston rings in
tost 30T .1s nlso plottod in fig. 6. 1% oppears thet.here’ too the pisten
ring Wear is very low. For the first ring tho wear is rether higher
+-then 4n:the previous tcast. . This is duo perhaps to tho fagt -thet in
“the -operetion with alkyl benzene mixture the meen temperatures in the
.. ecmbusticn chember. aro rethor highor then.whon 9., 87 etion gagoline
" is vsed, .. This is most apperent ia the eass::of the top ring which.ds -
" most exposed o the sombustion” ghses. PR E PR

In tests 37 end 38 '*il senples. were £ls té_keh;dﬁfi_ngbp\g;‘ai;ion.
‘Iha test results e;-’é,‘show:p in“figss 7. nnd'S'. ‘Here ‘too ‘a comparatively !
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gtoop risc of tho»'-saponifics:tion number sppoers although not to the
Seme J6gret a8 in, $6BE BOTIe " —

In both cases, however, & seponificetion numbor-cf over %.0 is
reached after 40 hours. : : .

$ VI, Summexy /
In the comprrison of the synthetic oil of Ruhrchemic 130 2001, )
improved quelity® in the liquid-cooled BMi VI single cylinder test ongine
with "Stanevo 140", a considerably longer running timo before the piston
rings stuck wes fcund in the former then in the latter. Perticularly
surprising is slso the low wear of the piston rings in the test on the
synthetic oil. The "investigetion of the oil semples teken after 10y 25,
35, 50, 70, 80 and 90 hours showed generally tho normal ageing tondoncies.
The saponificetion number, hovover, incroeases excepticnaliy rapidly. It
ig possible thet the high seponificetion number end the good lubricating
~ ability ers ipterdependent. . Leter tests with tho synthetic oll and
-different fuels meinly eonfirmed tho previous results. o,

'

. . ! . !

Curves for endursncc test No. 9.

Curves for cndurance test No. 36II.

Piston after 20 hours run with Rubrchenie oil. .

Alteration of the.cil after encurance toest 36II.

.’th;eraticn of tho oil after endurence test 9. . -

‘Comperison of the weer of piston rings in the vericus eadursnce .
tests.. ! : : . e : : K

: xuters;tlioh of the ¢il mftor endursnco tést 37.
Altoration &f the oil efter onfursnce test 8.

7
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THE LOW TEMPERATURE BEHAVIOUR OF LUBRICATING OILS
by K. iebald

© Summaxy

s The physical processes which take place in multi component
mixtures up to the‘potmt of solidification are discussed and
explained. The various methods used for determining the flow
properties of mineral oils are described and the results thus
obtained are ‘compared, showing ‘that, according to the methods
- used, faultless. assessment. is not possible. A method for
determining the flow resistance was .thus evolved in'an experi-
mental apparatus developed at the DVL.. .
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I. PURPOSE OF THE PROPOSED INVESTIGATIONS ) Y

‘ The ability to use oils at low temperatures is ovie of
the most important demands made by the aircraft industry.

This stipulation is of far-reaching importance, since the
serviceability of oils at low temperatures is one of the de-
‘-rméﬂr&rq;~facﬂnrrs-ffo1F—ﬁre“11ﬁtraxH:ti13r‘ui?1nﬁ¢hﬁ1r€y‘1ﬁf‘§é? ce,

. The resistance to cold of machine oils, including engine
oils, whose low temperature behaviour is to be discussed in .
this article, is of particular significance. In contrast to
the motor vehiclé, aircraft are exposed, even in gymmer, to
low temperatures and, in winter, temperatures of -50°C and below
are not uncommon at high altitudes., If the normal\&imit of
resistance to low temperatures is taken as about -30°C, it will
be realised that, to eliminate possible risks, the operational
safety of the engine calls for special properties-of the
lubricant. ‘ : o : :

In technical engine ;processes, e.g. starting up engines
.and maintaining lubrication, the lubricant, even under the
influence of low temperatures, must be so fluld, that on the
one hand the starting up of the engine is not made difficult
(i.e. that the bower consumed by freeing the engine-parts
-immersed in oil is not increased by additionsl .resistance) and
-on the other hand that the engine does not seize up by the pipe
lines becoming frozen. Inadequate lubrication would: result in
the destruction of the engine parts. ‘ Lot e

Even vwhen these difficulties.are to some extent countered
by pre-heating or by placing the oil tank'in-the viecinity of
+ the engine, an engine oil having lowest possible solidifying
point as well as adequate flow properties is required for
operational safety. : o . :

Leboratory investigations regarding the suitability of a
“certain lubricant have made it possible, in the past; to arrive
at an approximate evaluation, but the highest ‘degree of accuracy
and reliegbility is always ensured by .an engine test., - However,
the construction and operation of the cold. chamber necesgsary for
testing and accommodating an engine involves considersblée }
expense, and the fact that it is unprofitable makes expensive
-engine tests out of the guestion. Recourse must therefore be
had to-an appropriaste preliminary 1aboratory'determinatipn.'

In this article, an attempt will be made t0 provide some
information as to the physical processes occurring when an oil .
-solidifies, and to develop a suitable procedure which sheds
light on solidification processes end which similates practical
~conditions. : ‘ ) ‘ R

II. _GENERAT DATA ON THE T,OW-TEMPERATURE
e BEHAVIOUR OF HYDROCARBONS ~ -

v,

 A’1; TGEEE*ﬁSedvin fhis repgrtﬁ(Coiloi@p and Crystalloids).

. The behaviour of mineral oils in the cold (e.g.: changes i
their flow properties which are particularly affected by low
_temperatures) calls for a spedial consideration.of the physical
laws which mist be taken into account for eévaluating the
. solidification process. = At low temperatures, olls deviate
-from Newton's and Poiseuille's"léws-according to the amount of .

f




solid matter formed; on the whole this tendency is more pro-
nounced the richer the oils are in paraffin (2wex). For
practical purposes, a marked doviation characterises a rather— "
poor oil, since the oil circulation is greatly reduced by a

gneat deal of precipitation. : :

¥ L On cooling, the viscogity is not solely affected b

kS gradual transition from the purely oily state to the solid
amorphous form;: +the precipitation of solids in & colloid or
crystalline form is also a deciding factor in viscosity
changes. The. speed and duration of cooling exert a consider-
able effect on the structural aggregates forming on solidifi~
cation. ; - o ) o .

'~ Since the colloid and crystelline ‘solutions will be dis-
cugsed below, the terms require some explanation as regards
their actual significance and the distinction between the two
must be defined. By "colloid" and "erystalloid" solutions
are meant the apparently homogeneous mixtures of two or more
substances.  The difference between crystalloid and codlloid

. {genwine and non-genuine) solutions lies in the order of
magnitude of- their smallest garticleg._ Whereas crystalloids
have a diameter of about 10-7 to 10-® cm., ,colloids, which.
are generally an aggregate of molecules, have a diameter of
10-4"t0 10-5 cm, On this fact are based the various experi-

. mental methods for crystalloid and colloid solutions. Owing
-t0 ‘their smaller molecular diameters, crystalloids have a ]
higher rate of diffusion and therefore a higher osmotic pres-
sure, which results in a lowering of the freezing point under-
pressure and a rise in the boiling point. In the case of
crystalloid solutions with a normally erystalline substance as
a disperse phase, the solid is again deposited in itg unchanged —
crystalline form when the solvent or dispersion medium has
been evaporated. .On the other hand, colloid. solutions

generally assume-an amorphous, horny characteron evaporation.

T An important test for colloid. solutions is that the
dissolved -substance will not pass through a parchment membrane..
Owing to their large molecular diameter, "colloids (also called
"ultramicrons"), gan be seen through an ultramicroscope. - As
a rule their inhomogeneous character can be ascertained by -
means of a good microscope. They can be detécted by the naked
eye from their Tyndall effect.' . At high temperatures colloid
.solutions are:on the:whole less stable than :at the normal i
temperature. . Their solubility must therefore dscrease with -
rising temperature, in. contrast to the crystalloids. Colloid
solutions lie between crystalloid solutions and suspensions,
“but there is no sharp transition between crystalloids and

. .colloids.

2, Changes :in the flow properties'as'a funétion ofs
" a. the composition of the lubricants. L
b. . previous heat treatment. o

: It has already been mentioned that wiscosity on cooling
does. not obey any particular 1aw. Since minerel oils are
multi-component mixtures, i.eé. mixtures of different high-
molecular hydrocarbons, their behaviour on solidification, for

—exampl e, will not be correctly estimated by ascertaining the
setting point which corresponds to the freezing point of +the
chiemically homogeneous substances. - Sinceé. the various com-~

ponents .are precipitated partly in crystalline and partly in
.amorphous form under’ thé influence of low temperatureds, the
.80lidifying process ig highly complicated. . Owing 'to thig

I




fact Vogel (1) invdétigatcd more closely the processes of
golidification and melting. He collates these very clearly
and distinguishes betwcen: - : .

Chemical ces ‘which have a sharpl.

. ; %
- determined melting point and freezing point that can be
- determined with rather less accuracy.:

+ - . i 3
2. Mixtures of chemically homogeneous substances which form
crystals on solidification, c¢.g. paraffin wax, which on
freezing passes, through all the melting points of its. compon-
ents and gives a mean melting point which may be determined
with an accuracy of 1.,to 2 degrees, providing the melting
points of the various components do not diverge too much from
this mean. The freezing point should not be far removed from
the mean melting point if super cooling is avoided.

3. Substances forming an smorphous mass on sclidification
without having actual freezing or melting point, but whose
solidification point can be-estimated from the viscosity curve.

4. HMixtures of substances solidifying in amorphous or )
crystalline form, such as is generally the case with mineral
oils. : For determining the solidificdtion point in this case,
the viscosity curve .must also be: taken into account. At the
temperature where formation of solids occurs, the viscosity
curve shows a definite break. . According to Gurwitsch, this
temperature is between 2 and ‘5. degrees above the true freezing
poin It is possible that ‘here colloid particles of paraffin
wax secparate out in the same way that gelatine gelatinises,
but it can ‘also be explained by thHe incipient crystallisation
of the .paraffin waxi Cloudiness would therefore point to
crystallisation and glassy 'solidification to a colloidal state.

Many workers postulate the possible existence of a colloid
solution of the'paraffin wax in the mineral oil.. . More or less’
satisfactory explanations are given for the viscosity changes
in the oils by comparing them with the viscosity anomalies of
colloid solutions, but without (owing to experimental diffi- -
culties) adducing experimental proof. ' If it is a question of’
the existence of colloid particles in the solidifying oil, the

- viscosity rise at the..setting poirt-is-uhnderstandable, since --
‘glight quantities of colloidal particles can make even thin
substances viscous. A rcmarkable property of some colloid
solutions, e.g. ‘the albumens, is the transitional change in
solidity .caused by mechanical treatment:” Dissolved colloids, .
which form gels on standing, pass reversibly into a sol when
shaken or forced through a capillary, and decrease considerably
in viscosity thrmugh this change of form. This condition is
‘known as the "flow resistance". The change in viscosity, the
-determination. of which was carried out at a fixed working -
-temperature in mwlti-component mixtures--such as would be found -
in motor oils, maey equally well be caused by the liquid C
‘crystals.e . Until true crystalligation takes place, these
-liquids pass through phases, known.as isotropic, nematic or
smectic, in which no separation of crystals occurs. (PFig. 1la).
Since various oils lose the principal properties of normal
liquids in the low temperature range and occupy an intermediate
.state which magy resemble that of the liquid crystals, - there is
some ‘justification for speaking of "pseudo-plasticity", which
denotes a state lying beiween normal liguids and actual plastic
substances. . B . FR . ER o

S Very consideérable influence on the low temperature
‘behaviour of mineral oils .is caused by previous heat treatment,
inasmuch.as-both viscogity and solidification point, quite -

apart from the time factor, depend to & wvery great extent on




previous heating. This phenomenon is more pronounced in the
case of oils rich in paraffins than in naphthenic or asphealtic -
oils. The viscosity and the solidification point may be
raised or lowcred by preliminary treatment. It frequently
happens that viscosity and setting point rise on cooling when
movement of the oil takes place, but fall when cooling occurs
without disturbance of the oil. . The paraffin wex which 1s
precipitated—at—the—usual~temperatures—and-i-g-di-gsodved-b;
prehoating, will not separate out on being left to cool v‘vith‘-v
out disturbance owing to supercooling, but when the precipita-
tion of the dissolvced paraffin wax tekes place with movement,
finer. crystals are produced than originally and therefore the -
setting point will be higher. ‘ ‘

B If the cauvsc of solidification is considered to be the
formation of a paraffin lattice, (perhaps in such a way that the
solvent, in this casc the oil, ig held by the paraffin wax
‘erystals as by a sponge), it might be imagined that the quantity -
-of liquid retained depends on the size of the crystals forming
this lattice. . The..gize of these crystals is determined by .
the previous treatment. - ' e
. If the paraffin wax content of the oil is de_crease'd, or
if the paraffin wax is eliminated by suitable methods  (pressing
or filtering), the resistance to the ‘infl vence of low tempera-

.tures becomes. considerably greater. This does not mean to
say, however, that the greater resistance to low temperature
is also a standard for a qualitative high-grade. lubricating
0il. comparsble with ageing, lubricating properties, etc.

B. “Experimental results in the 1iterature.

1, Solidification.
For the low-temperaturc behaviour of oils as found in -
practice, two-characteristics have so far been the determining
factors: the setting point, and the flow properties under
-slight pressurc. The, setting point was used as a standard for
the flow of the oil to the pump (flow under theinfluence of

gravity), and the flow properties under pressure as a standard

for the flow of the oil to' the lubrication points. - :

) The ‘Pour Point or setting point (2), which is used for i
characterising the behaviour of hydrocarbons at low temperatures;,
“'does not, however, characterise the gquality of ‘an-oil at low -~
‘working temperatures sufficiently clearly, since conditions in
operation may be quite different, e.g. the cross sections of
the pipe-lines are, in practicc, comparatively narrow. In all
“eircumstances the oil will therefore tehd t0. seize up in . these
pipes rather than in, say, the sump, the capacity of which is:
quite different. . Since the oils have no.components which
golidify wniformly, the determination itself is inaccurate )
(See p. 3 ), quite independently of the subjective errors of the
obgserver, and furnishes no. information regarding the behaviour
of the oils’'close to or below the setting point. : ’

2. Flow propez;‘bi es.

: The. behaviour of the oil below the setting point is in the
F,,,firs‘t place characterised by determining the flow properties, .
‘since these, of all the various properties of mineral oil, are
most strongly affected by low temperatures. . .The apparatus
evolved by Vo§e1 (3), in. which. the commencement” of flow
(Plieszbeginn) can be estimatedy mekes oxact measurements of
viscosity possibile. Thﬁ reproducibildisty of. the figures is
accurate to withinid™; owever ‘the setting point and commence~ -
ment of flow did not always agree in thg case of the various -




oils exammed, s:ane the commencement “of flow in one case lay
below and in other cases lay above the Pour Point determined
by the ASTM method., . VWhen the method was .applied, however, it .
was found that no relisble conclusions ocould be drawn as to
its practical use, since various oils daid to be resistant to
low temperatures behaved less favourably thah the poorer oils.
W. Steinitz (4) refers briefly to the work of the Research
Laboratory of the Texas Coal and Oil Gompamr on highly dewexed
angey oils. ot only- oW setting
.point, .but in.contrast to other oils, which solidify. completely
below their setting points, .they have well-marked flow proper-.
ties over a wide range below theé setting points.’ This shows
that, by the method of determination used, the setting point
does not correctly characterise. the quality of an oilj

indeed, the behaviour below the setting point is of more .
‘decisive importance. On examining the solidified oils in &
pressure viscometer, the Ranger olls showed an equally as good -
behaviour as the high-grade Permnsylvania oils. Coastal oils
and oils of Californian origin, which completely lost their
flow properties below their pour points, behaved much less
:t‘avoura’oly. : . .

i Vogel's apparatus for determlnlng tha commencement of .
_-flow algo enables the viscosity to be determined. Vogel points .
out the characteristic behaviour of oils, whose viscosities
after previous heat treatment sre much lower compared with the
non-pretreated oils. Purthermore, the viscosities of -
paraffinous oils measured a8t decreasing temperatures, exhibit
' con51derable viscosity hysteresis by comparison with the

v1 :5003115103 measured at increas:.ng temperatures. . X

W Ostwald and thre (5), and latey M Arveson (6), re-
ported similar snomalies in the viscosity of.various lubricating
0ils. 'In-all cases.the irregularities areé attributed to the
1nf1uence of the previous heat treatmmt of the o:.ls. . )

. The determlnatlon of the settlng po:Lnt, commencement of
" flow and viscosity in the low temperdture range has Pormed the ™
‘subject of an exhaustive ihvestigation by -S. Exk . (7). On "~
being supercooled, a number 6f o0ils of-different origins and
- viscosities exhibited an increase in viscosity and;’ generally
speak_ln & gave different characteristic viscosity curves; these
curves, on passing from high to- low temperatures, . present a: :
different shape ‘compared with those produced by increasing the’
temperature of. the eupercooled test. oil (Fig,.1).. . In addition
to measuring ‘the setting point, the commencement of flow and
the low temperature viscosity of lubricating oils refined in
different ways, Erk deétermined the paraffin content, -the -
refragctive indéx and the molecular weight—of the oils- “: He
condluded from thése investigations that there is no definite
- relationship bgtween setting. point, commencement of flow and .
v1scos:.ty at C.. and~ the pa_raffin‘ content and molecular weight
the o:.ls. : : : '

. . The effect of prev:.ous cooling or heatlng on the ‘Solidifi-
cation process.was also exemined by P, Woog - (8). ' ' He ggreed
with previous workers that viscosity measured .on cooling ig less
than that measured with increasing temperature after previous

’ eool:.ng, and he advances by way of wxplanation t gwell-lmovmw
laws of crystal-fozgatlon. - An 0il cooled to -80"C, which is-
then brought to -207C and 'afterwards heated, showg a higher -
melting temperature than when it is:cooled to -80°C in the gane, ‘
way &nd . brought -at -once: to thg mlting temperature, i
eliminating the perlod at'-20°C The oil is fownd to be in a -
glagsy, unstable’ condltlon, whlch disappears 1mmediatelx at the
moment of meltlng. The 1ntroduct10n of a stage at -20°C brlngo




. about crystallisation, the number of crystals depending on the
length of time'at which the il remains at the temperature of
-20°C, The number of crystels agein affects the melting
point..  These divergencies, observed in paraffinic oils during
the determination of the melting point, were attributed to

paraffin wax crystals contained in the oil. ' In order to .
oD nYod N z g ha'b,-be’f m

mencing an expegiment, the 0il is first wa.rmgd“to 100°C, then
cooling to + 20°C and further cooling to -80-C. »

. - The aforementioned phenomenon of viscosity hysteresis ‘
““gould not be ascertained in the case of castor oil. On account
of this S. Brk (9) carried out the mioroscopic investigations
described below, which afforded some explanttion as to whether
the solidification phefOomena could be caused solely by the
formation of paraffin crystals without the assumption of
'/ existence of a mesomorphic state in the oil on solidification.
The procéss of solidification was observed in polarised light.
The liquids used consisted of high setting-point oils, dis-
tillates, from a German crude 0il rich in paraffin. and oils -~ .
obtained from the latter by dewaxing. On- warming, the crysgals,
which werg visible under the microscope, began to melt at 32°C,
and at 50 C . the last traces had disappeared. On slo\g cooling, ./
" first traces of crystal fomatiox& were observed at 307C. ' The :
. erystals: grew rapidly, and gt :20°C a-fairly cohesive 18.ttice
had been.formed. Within the limits of accuracy of 27, .
observations tended to show that the appearance of the first
‘paraffin crystals coincides with the setting-point determined
by the standard process. Subsequent inves':)cigations confirmed
_the necessity-of preheating test oil to 50 C. The liquefaction . .
of““the. solidified oil by-disturbance (in this case by gentle
gtifring) could likewise be obgerved under the microscope.
“Erk broke down the structure’of the crystals by pressing the
“lens slightly on the cover glass. Gaps into which thé oil
flowed were produced between the clustered crystals,” by the
action of the pressure difference brought sbout by bending the
cover glass. On further cooling, small crystals (about 8
microns. long), were formed in the fluid part of the specimen,
-which impeded movement. A further breakage of the crystal -
lattice enabIdd the flow to be - observed at very much lower tem-
peratures. , On heating, these crystals re-melted and the flow
of the crystal-free parts again occurred, and only stopped after
‘. all the pressure differénces in the specimen had been eliminated,
-(See Fig. 2 - 7.7 The melting temperature coincides™with-the -
getting point obtained if- the o0il. is ¢mstantly stirred. The
fact that low pressure differences are sufficient %o "iquefy"
-oils up to 50" below their real setting point, suggests that,
below their setting point, the oils no longer possess any f£low
resistance when the crystal structure is destroyed.

This supposition was. confirmed by Erk,using a capillary
viscometer with varying pressures. He found that although the
solidified 0il no longer possesses any flow resistance, its
-viscosity is still dependent on the shear gradient. ~M.Bourdiol .|
(10), who has.also éamined the sqglidification process under
the microscope, hds supplied a remarkable contribution to this
work. . He cooled castor oil for g brief period to -807C. and

- observed the formation of a glassy, translucent, salve-like
. structure. Only after treatment lasting several days at -20%
=could the oil Be solldified to form a hard, waxy mass. . On
. heating to % 3~ it became soffer and at + 15~ acquired the .
viscosity of normal fluid castor oil. : -Heating to'over. 50°C
destroyed ‘all the crystalline nuclei. . The investigations,”
which were carried out inwinter at a éufficiently low tempera-
ture, showed-under the microscope the présence -of spherolithic,
-double refracting crystals Whereas. at temperatures above -’
. o i g : - ) .
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-20°C the crystal nuglei only formed with difficulty but grew
very rapidly, at -21°C they form very rapidly but grow slowly.
They attain the size of 20 microns, are readily deposited in
small. quantities, and, when exemined in a capillary viscometer,
caused considerable interference in the flow. The presence -
in o P . al nuclei, of dismeter not greater

than 4 to 5 microns, resulted in the formation of an aepparently
homogeneops, whi te Baste; At higher temperatures, e.g. L
between 0°C and + 8°C, the crystal growth ceases andé at tem-
peratures above + 8°C, they vegin to melt; .at 18-20°C they
- are -completely invisible. - _ o - .

An o0il, which is extremely resistent to low temperatures,
may be obtained .if a method of treatment is employed Whigh'
makes use of these phenomena. . The oll is cooled to -207C
over a pesiod of 15 hours and allowed to. remain at a tempera-
ture of 0°C for two weeks. --The crystals will then be deposited

and the oil may be decanted.

e In addition to the f ormation of crystals, an investigation
of 6 samples, obtained by the fractional solution of castor
0il in petroleum ether,-indicated the occurrepce of mesomorphiec
“phases waich -only become:isotropic above . 11 C. The com- s
pletely solidified castor oil must therefore be regarded as a.
heterogeneous mixture of a fibrous mesomorphic phase with
_ spherolithic crystals. ‘ S ‘

.y

3, Shear gtrength, plasticity and vigcosity anomalies.

B _ Purther information on the processes .occurring on the
solidification of mineral oils and the viscosity anomalies
thereby brought about in the range of plasticity is given in a
very exhdustive article by M. Jordachescu (11).-  For his-
investigations he used a capillary viscometer, fitted with a..
constant vacuum .device. The first experiments with paraffin
oils of Pgnnsylvania.n origin, carried out at a working tempera-
ture of '0°C at which the oils were plastic, gave considerable
viscosity.variations. = When a constent working temperature
had been gbttained, the first measurement was made followed by -

" further dcterminations at longer intervals (about one determi-
nation daily), until after 14-22 days the viscosity figures -
remained constant. Fig. 8 shows the shape of the curve as a

- function of -time, where Curve 1 illustrates the viscosgity of

) tge 0il which has been:cooled with a falling tempergture to:
0~C, “while Curge 2 shows. the reverse process after % hour's ‘
cooling o -80°C and-immediate subsequent plecing of the oil _..-
on ice. The measurements were carried out with the same '
capillary. tube. On reaching the stable condition; viscosi ty .
measurements were made at various degrees of vacuum and the
curve of discharged volume against pressure. (See Fig., 9) was
plotted with the discharged volume as ordinate and the sub- .
‘atmospheric pressures as abscissa. . The pressure axis was .cut.

- by extrapolation . thus giving a figure termed the- "critical -
shear pressure", an expression g¢prresponding to the Yield Value.
If an oil has reached a state ¢f eguilibrium, the shear
pressure is a constant. The ‘],'vz‘vogressive alteration of an oil

~-at a definite woxking temperatupe is likewise shown by a chage

‘in. the shear pressure which rises continuously. In 811 the
oils: investigated, the. graph of discharged volume against

- pressure-was found.to be a strajght line. Jordachescu comes
to the conclusion that even at low pressures (10-20 mm) the oil
.flow could be determined, but that the curve meets the abscissa

.8 f%‘ﬁ- mm?lfrom the starting point owing to. a definite ¥igidity

din e oils. A
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In contrast to normal liquids, whlch have only one

‘ viscosity at’'a given working temperature and where the

viscosity/pressure graph is a streight line running parallel
to the axis of pressure, s rise in viscosity of 139 poises
wasg obgerved in one test oil. To eliminate these v1scos1ty
variations the oils were sfibjected to heat treatment - and,
culating Figure,
formulae proposed: for- determinlng the efflux constants- of
colloid solutions having similar 1rregular1ties in v1scosity
was employed. .

Investigations, which were carrled out with the above— ;

,'mentloned samples’ Permpylvanian ‘experimental oil a few days

after their preparation,.showed that differences developed in
viscosity and shear pressure under the same experimental con-

‘ditions; . they show that, even under the same conditions,. 1t

is not always possible to secure the same values.

. The'01ls wh%ch had been exposed for sbout ‘one month fo &
‘temperature of 0°C and whose original colour was brown with a
green fluorescence, exhibited considerable cloudiness and were

sllghtly ‘whitish in colour. This turbidity, which was
found .in all the {'plastic" oils examined, could not .be elimi-
nated. . I% dlsa pears at high temperatures, but reappears at
0-C, as soon 'ag the oils have been ‘exposed to this temperature
for a sufficiegt length of time. If an oil is suddenly o
‘heated to +207¢, after it has. been kept for a month &t 0°C,
plastlclty will no longer be deteécted.at this temperature.

The 1nvest1gatlons were aleo extended to cover the maximum
possible reduction in viscosity by measuring a flow—reslstlng
"sample which had already attained its stable condition. It
was fomd that until a constant figure had been reached, the

‘viscosity continually dlmlnlshed but after attalning thls
flgure fell no further. ’

All +the investigations carried out w1th oils of different
origins and viscosgities showed the appearance of turbidity and
viscosity anomalies, ewen though the periods in which their
final viscosity value was reached varled in their plasticity
range these oils were flow-res1st1ng. In the case of. e Russian
naphthenic. 0il, the viscosity in the plastic range decreased
‘instead of increasing and at the same time cloudiness phenomena
were more pronounced than with -ordinary oils. The reduction
in viscosity is expoained by the precipitetion of & definite
substance which could not be isolated,;-but the author concludes
that this precipitate cannot be the cause of the plastlc state
of the oil, .

Plastlclty ‘is a property common to all mlneral 0118,
‘whatever their origin; and is always accompahied by a wvariation
in visgcosity at some constant working temperature and by the
occurrence of flow reslstance. On remaining for a prolonged -
period at some temperature within-the plasticity range,
cloudiness will occur, such'a ‘temperature being characterlstlc

. for ecach oil and lying somewhat above the. temperature et which'

the oil no longer flows.h , \

IIT. DESIGN OF THE EXPERIMENT

‘A Materlals Used

The materlals uged for the expernments were two oils with =

. a'paraffin base, ‘one-rnaphthenic -0il and the one:a naphthene

base compounded oil. . The experimental 0ilg were d:stlnguished
by the letters’ A, B, C.and D Oils A, B and'D were glso sub- -
. jected to addltlonal reflnement and these .refined products

o : -




were included. in the ‘experiments. To: eliminate resinous
components, a Bavarian Puller's earth "Bleichton G", of —
Messrs. . Blelchton, Munich, was used. This is an acid
activated materlal, having the following mean compositlon-

72.5% 510,53 13% M,0,; 5% Fe,y04; 1.5% MgO; 0.8% CaO} 7.2%
o-by—ignibio _ Rl ,

e The propertles o:f:’ the experimenta.l oils are collated in
Table la. .

Aaratu ‘; ’ - : ‘ :
‘ The process adopted for determlnlng ‘the getti Zp int
was in accordance with ‘the ' commonest and most usual methods,

as'given in "Richtlihien Fr den Einkauf und Priifung von
Schmiermittéln"; DIN DVM 3662, (1936). v

Commencement of flow and v150051ty were obtained in
Vogel's apparatus. The apparatus consists of a device for
producing a constant excess pressure by a 600 mm column of
water, a Dewar vessel of gbout 40 mm internal diasmeter and
. .about 180 mm high, which was used for holding the cold _bath .
and the test apparatus proper, a U-tube with a tube agttach-
ment for applying the pressure.. . In the lower 1limb of the-
U-tube a thermometer: was inserted by means of rubber bungs,
and a sccond thermometer was placed in the bath ligquid. In
order to obtain measurements as accurate as possible and free
from the subjective errors of the observer, the narrow limb
of the U-tube carrying the graduatlons wasg'. subdlv:Lded between
each: graduation. (See Fig.10.) . R

Foxr the wscosz_t leasurements, a precn.s:.on model of the

prpler viscometer-(12), fitted with an ultra-thermostat, was-
" also used. (See F:.g.ll.) It was. %mposmble to read off the
measurements at temperatures below 0°C with this viscometer
owing to the fact that the cooling jacket of the apparatus
proper became completely iced up %dew point of air). However,
the hlg,'g degree of accuracy in determingtions of viscosity’
- above -0°C ‘made it degirable to use this viscometer:for low "
temperatures as well and, after suitable reconstruetlon, the
defect of icing was eliminated. .

T In the method for viscosity meastrement dependlng on the
eccentric drop .of a sphere, the full eccentricity of the’
_falllng sphere is ensured by the gact that the drop-tube.is
placed at m-constant angle of 80 The ball is thus easily
‘guided. The factors used in th:.s method are accurately
- defined. mathematically; . thus, the internal diameter of the:
‘hollow cylinder made of normal glass is measured with an
“accuracy. of within +0.002 mm,’and the diemeten-of: the corrosion~
free metal balls measured. with an accuracy of +0.001 mm.. . The
* “balls must Have an exactly (;entral centre of gravity. For
 filling the drop-tube some ?:O to 40 ccs of llquld are required.
- The -ball "E", which is 1ntepded for highly viscous liquids,
was used in carrylng dut the experiments. . This ball, which
is made of tungsten, covenp a measuring range of 20,000 to
‘400 000 Centlpoises. OWJTIlg to its low coefficient of- expan-
sion, the variation in th specific. gravity.of -the ball is
slight and can Ve omitted ' since it lies 'within the margin of
error-of the measurements.. After the ball has been put into
*the .drop tube and the stop- -pin has been. turned, the instrument
is:placed -in the normal pogition in“its holder. After rotating
the. in strument through 1807, the ball falls into its dinitial
‘position; . the instrument” :L».: ‘rotated once more and nieasurement.
of the. tlme of dropp:.ng lS then commenced. . .




X .of the upper end of the ‘tube, i

. The calculation of the absolute dynamic viscosity in -
centipoises is made by the following formula - ) Co

'lr %—"F. (Sk —‘Sf) . K,

. ' o .
where 41 = the absolute viscosity in centipoises, F = the
time_ of £ Lling—osf;the—ba'l-l-,—sf-——bhe—specﬁ:fi-c—gr f
. the ball, Sp = the specific gravity of the liquid being
-examined at the exped mental temperature and K = ball constant.
In order to eliminate icing, which generally occurs -
where cooling baths are used, smaller cold chambers were )
adopted. A cold box made by I.G. Parben was reconstructed
in ‘such a way that a constant ‘accurate temperature could be
obtdined. . The cooling apparatus which is used in place of
the H8ppler viscometer ultra-thermostat,, cmsists of a -
double-walled cold box, -the space between the walls are filled .
with kiegelguhr and the inner chamber ig divided into two com- -

A metal case for holding carbon dioxide snow is inserted in -
" the smaller of the two compartments; “the front part of this
case is made of wire netting. The advantage of this device .
is that, in the event of too great a consumption’of refrige-
rant, it can be independently removed from the experimental

. chamber-and filled again within a few minutes. Since the:
slit apertures may be closed by a lever which can be operated
from outside, the lowest possible heat dbsorption occurs at :
thé moment of charging. The larger compartment, which is -

‘intended to hold the Hbppler viscometer, is fitted with a ther- '

mostatic heating resistance and a fan. = A mirror placed ’

behind the—apparatus makes it possible to read off the scale. -,

by shining light through.it. ., The three-walled window and the

" partments by an.intermediate wall provided with slits (Fig. 12). .

- experimental chambem are ‘perforated to facilitate the insertion

of ‘'metal eocks; - this makes it possible to evacuate with ease -

both the intermediate window. spaces and ‘the “experimental
chamber. The dew-poeint whichZoccurs as a result of the tem~':
perature drop and the icing vhich accompanies it are thereby -
eliminated to a very-large extent. . The fall-tube, which is
fitted with distance tubes instead 6f the glass jacket, is
connected to two externally operated guides in ‘the gxperimental
chamber and is aligned by means of adjustment screws snd

an incorporated water-level. ' : : :

‘The determination of the' pour viscosity (StockzBhigkeit)

was carried out in an apparatus proposed and developed by A.
Baader (13). The apparatusconsists of a Dewar vessel into
which. are inserted three test tubes (25 mm internal dieameter)
held by corks. - .The cork also contains an opening for filling.

the vessel with carbon dioxide snow. - A copper ‘tube, -carrying -

a tin-plated metal disc close to its upper edge, 1is inserted )
centrally into.the test tubes Which are filled with 50 ccs of
' 'the test oil. " A hook, which epgages with - the unhinged eye -
tg fitted with a counter-weight
attached to cord and roller. gy carefully removing the
support-beneath the weight, tl}fa copper tube can be withdrawn
slowly from the solidified 0ily’ * The formation of reduced -
pressure at the lower-end of-the tube is avoided by £itting -
in-the ‘tube a copper rod having a certain -amount of plays -
- .The rod, which at.its upper end has’a knob bearing on the:
.copper ‘tube, is removed from: the solidified -0il before the

tube is.withdrawn.  All slipping bétween the tube and the o0il .

mist be avoided..— In 6rder t0 'securc “the mogt uniform tempera-
ture: drop possible, ~refrigerant is added in/ small portions -
to- the_Dewar vessel filled' with alcchol. . After ‘a ‘temperature
of -357C is reached) this ‘working temperature is kept constant
for 30 minutes. - - As soon as +tHe comter-weight -of-the ‘copper

A
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tube is withdrawn from the solidified oil until it leaves -
the surface, The same process is repeated with the second
and third. test tubes. The error of measurement amounts to
+ 3% of the mean values T S, ’
A pressure viscomegter was developed at the DVL in which
perations can be’ carried t_up..to pre £ 10 :
he apparatus, as shown in Figs. ) & y consists of the

1 A pressure deviée,vfitted with préssure—tight cocks. and
valves; e : S

2. The actual experimental apparatus, consisting of a U-
shaped - capillary of 3 mm internal diameter carrying
regevoirs at both ends. = The object of the pear shape of
the measuring vessel is to permit removal of the whole of
the test oil at the end of the experiment. The capillary
(and reservoir) is suspended in a Dewar vessel f£illed -
with alcohol. A small pump provides uniform 'stirring of

-the alcohol bath. S : . “ ‘ o

The measurement of the gtarting resigtance was carried-
out in ah experimental appargtusc onstructed by the I.¢. Farben-
"A-G.,  "Technischer Prtfstand" (14) - cf. Figs. 29 and 30.
The cold box consists of two compartments, .fhe containér in
the rear chamber being charged with.compressed CO,. . The
‘experimental arrangement in the test-chamber,consgstsfof'a test
shaft and a test bearing ring (Tagerring). The test shaft
is carried by two bearings and is driven by an intermediate
shaft. The drive is by an electric motor whose speed of 2800 .,
r.p.m, is reduced to 56 r.p.m. by worm gearing. .. The test
shaft is put _into gear by means of a clutch. The torque
exerted on the bearing is, transferred to a light impact .rod on
an indi cator fitted to. the top of the. apparatus.  Other devices
in the test chamber, such as a slotted intermediate wall, a
heater ahd a ventilator, enable the working temperature . to be
- kept constant. e . : = . o

. i ] S B

It must be mentioned here that in carrying out the experi-
ments difficulties arose in manipulating the apparatus, which
made ‘it necessary to alter the experimental design proposed by
~the I.G. Farben A~G. - It will be necessary - and provision
‘has. already. been'made. for .this - to subject the apparatus to g -
thorough reconstruction, which will then maké it possible to .
eliminate these proubles. ER o T

- 0. Method of Investigation.

. The investigations regarding the getti £ _point and the.
determination: of the commencement of flow as given by Vogel
(Erdbl und Teer, part 33, 111 Jahrgang), were carried.out in
conformity with well-known methods.. . Since the rate of--cooling
has a considerable effect on the size of the crystals formed,
the test oils were cooled iyisuch a way (when determining the

« - commencement of £low and yp/to the workigg tenp eratures) that -
- the temperature drop amounped to gbout 1°C in one. end a half
minutes, -that is to say iy the manner prop sed by and ‘later
‘improved by Brunck (15). ; T . . ‘

;- In order to-aScertaﬁh,the effect of time lag on the cooled
oils, experiments were egrried out in which the temperature !
(working temperature) wis kept constent for 10, 16, 30 and up
to 90 minutes. .  Viscosity determinations were carried. out.

At the same- time the effect of time lag was -ascertained.. When...

v




-13= .

the working temperature i’or the’ viscosity détermination was
attained, it was kept constant for a certain period of time.
After applying the excess pressure by the 600 mm column of
water, the time was noted. in which the 0il rose from mark 3
hi-g—time;—multipiied—by—the-constants
the caplllaries, g).ves the gbsolute viscosity in.centi~

‘poises.

o When examining viscosity variations of the test oils in
‘the HUppler viscometer, the serviceability of the additiongl
equipment, "in this case the cold box, was tested. The small
‘compartment of the cooling apparatus used for holding the
freezing nixture was charged with carbon dioxide snow ‘and the.
‘experimental chamber proper was -exposed to the most extreme
temperature possible by fully opening the apertures of the
1n'b8rmcd1 ate wall. The lowest temperature measured was
-35-C The enow obtained from a carbon dioxide cylinder was
1nadequate to maintain the temperature over a perlod of .
several hours. Experiments made with the solid €0,, which
;15 obtainable commercially, nade it possible to sec re a
* cold-box temperature of -60 C within a short time. The ‘can-~
sumption of the solid carbon diexide was low.and the working
temperature could be maintained without trouble once a con-
stant value had been attained. The HBppler viscometer, *’
which was conhected in the main chamber in the mammsa:- a.'lready
mentioned, was f£illed with the test oil. and the ball "E" was
ingerted in the drop tube. = After the latter has been. 1 brought .
into position requircd for measuring. thé viscosity, .thHe" time-

_is determined in which the ball fall’s through: the measuring -
—distance between the marks A and B, The time. is taken from
the-moment when thé lower edge Of the ball appears to touch
the upper mark, av01d1ng any paralla.x in viewing the latter,
until the: lowest mark.is reached. The third mark C on the
“drop tube of the mr ecision model used, and which is half, way

between marks A and B, enables long .dropping: times to be’ short-&
ened, and thus fac%)lltates carrying out the experlment at; .
temporature of ~20°C and lower. The calculation of- gbsolute
viscosity in centipoises :Ls effected :|.' accordance with fhe
formula on page 1ili- : :

- In the descrlption by Baader o:f.’ the apparatus for deter-
our, viscosity, some information was given as to
the .experimental -details, However, these experiments were
ended ‘prematurely s:.nce no cons:.stent figures could be obtained.

“The method 3roposed by Vogel, to heat the 011 first for
10 minutes at 50°C, was  also, used in-the experiments with the
pressure v1scometer. At 30° C, the test oil was poured into
the 50 cec reservoir and cooled to the working temperature.
Thig. temperature was maintained .for 1 hour, attention being
paid to the. fact that, owing to the- release of the latent heat
of fusion, the cooling process can ‘be considerably delayed. ‘
After applying the pressure, the 0il is forced through.the
capillaries into the.measuring vessel. The time taken for
the measuring vessel t o. fill was reécorded with a stop-watch.
Oon completlon of the experiment, the oil was" again Forced into
thé reservoir through a secord préssure p:LpelJ.ne and. the .
experiment was -repeated. The v1scos:|.ties were calcula:bed in-
accordance with P ~seu111e s laws : i . SR

el

. v = volume of liquld = 25 ccs

To= radlus of the ce.p:.llary 9 0¢15 ‘cm
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1 = longth of the capillary = 19.6 ‘cms
p = measured pressure difference.

T = measured time.

Substituting the constants of the apparatus, the formula is
51mplif1 ed -tos

o ) 7\ E 0.4 i patm . '( eec.“ )
Slnce the capil:\.eﬁéﬂy‘ Bhnds in & lafrge liduid-‘reservon,r and the
Hagenbach correction (Kohlrausch), is sufficiently small -
throughout -the vwhole range of measurement, the applicatlon of

_.Poigeuille's 1aw in the above form is adm1551b1e.

‘In measurlng the startlng reslstances in the I-G. —appara—
tus, the test o0il was heated in the way described above. . -

- After. this, the journals and test bearing rihg were -coated. with. »

.the 0il (which had been cooled to room temperature) and then
.agsembled. In order to obtain a uniform film, the journal was _

- allowed to rotate a’few times in the test bearlng ring. .

‘Excess oil was then removed-by moving the ring to and fro
during running. In the following experiment axial dlsplace- .

- ment of the test bearing ring was prevented by a spring. The

indicator. and impact rod were then set in position, and, by .
opening the siits of. test chambér wall, cooling was commenced.

‘Heating end slit adjustment ensure that the working temperature ;

is kept constant once it ‘has been regulated. . After an

“interval of 1 hour, the motor is started up’ and the-clutch is

engaged by pressing the recordlng gtylus. to. the .indicator drum.
The "breakaway resmtance" i3 shovn:by ‘s break in the indicator’
curve, which rises to.a maximum value and -then slowly drops.

At the end of the experiment the slits are closed and heating .
ig aBpl:Led at full intensity. The test chambér is heated to
+ 40°C 'and kept. at this temperature for 30 minutes. The further -
course of the experlment ig evident from the method déscribed
above. It is not necessary to prepare the journal and tesg
bearing ring with fresh oil.: When the temperature of +40

has been reached, it .suffices to engage the ¢lutch and allow

,the ;]ournal to make a few rotatlons An the rlng. e

Calculatlng the adhesnve tren h of the 011 from the 1ndicator
deflectlon. T o RS L , ISR

‘ Indlcator mark« 1 atm = 5 mm for drum of 2. 02’7 cm dlameter. )

" Bquivalent force of drum for 1 Kg/sq cm= 5 m = ﬂ 2 02'72 .1

/

=322 Kg.

Deflections: 5. mm = 3,22 Kg t“hu's 'L-mm in- the_‘recorded
’ graph = 0.644 Kg : o

Lever arm: for ell shaft dlameters = 6 e

i




. Digmeter of shaft . 40 L 50 60

- Power at the circum- 5 o
. ference for 1 mm of - . : . S .
- the recorded  zraph 0.644x6/2 0.644x6/2.5 0,644x6/3

“per 10 mm ring width. 12,56

Adhesion Kz/sq cm
per 1 mm on .-
reporded graph .-

Width) 10 um 7 0.154 90,0985 " " 0.0684
v of) 20mm . 0.077 .. . ~0.0493 - ©. 0. 0342
‘Ring ) 40mm . . 0.0385 0.0256 0. 0171

" The i_ndiéator has ‘a recording height of 70 mm. .

The test oils A, B’ and D were subjected to after-treat-
ment with Fuller's earth. For this purpose, the oils were
‘diluted. with high boiling gasoline. in the approximate propor-
tion of 1 : 54 The Fuller's earth was added in small o
‘quantities until, after sheking for sbout 15 minutes, the ‘
resultant solution was no longer discoloured. .After standing
for an hour, the mixture was filtered. ‘In oxder to free the
earth completely from any oil adhering to it, the former was
washed several times with gaSoline until a sample of th
filtrate left ho residue of o0il on evaporation, .- .

IV. _EXPERIMENTAT, SEGTION -

.of Setting Point and Commencement of Flow - -

‘ The setting point and commencement of flow are given in -
-Tables 1 and 2. .As_.will be seen from-the table .1, . .
the ftime - interval ha% no effget on: the commencement of flow.

* Bven cooling—from:107C. to 20”C below the expected commencement
of flow failed to produce further values. _—

..+ A'relationship between the.commencement of flow and the

' "setting point ‘could not be obtained. .. Except in-the case of
-.0i1:D, -the. temperature of commencement- of flow-was generally -
‘higher than the setting point. . Such was also the case with
~the-refined’oils A and B.. ~PFurthermore, the effect of previous
heat treatment was: determined in oil .A.-° The oil whose . ;
commencenment of flow--was bei"gg investigated and®™which had ngt
been preéviously heated to 50°C, showed a valie that was 3.5%¢
lower than the commengcement 'of flow of the pre-treated original.
0il. ° A test, carried out several days afteran investigation
with the same pre-treated 'oil.specimen, showed a decline in

. ~the effect of weliminary heat treatment, since: -the new }aluev
for the ‘commencemént of flow approached the figure found for
Jthe non-pretreated specimen (See Table 2).° o

' " Whereas the effect of previous heat treatment vanishes .
again after a certaih-length of time (because thig:ig a
reversible process), refining has a permenent influence on L
the behaviour of mineral oils at low .temperatures. Examina-."
tion of ‘the original oils.A and D showed that, in contrast ‘o
- 0i1-B in which refining had no effect on ‘the setting point,acon-
- sidernble rise in this setting point: occurred after they had been

- freed from'resins. ' These resins, which are removed from the g

s oils, thus probably éexert a protective ;effect (when: present).

- R L e |




which prevents the paraffin wax from being’ precipitat'ed at
low temperatures.. (These resins are-apparently colloidal in

character.) .. 3

i

In evaluating the experimental results of viscosity
determination-this phenomenon will be discussed in greater

asing Vogél's' apparatus fogp

- determining thie commencement.of f£low, Wwere gffected at, . 0°C ..

and -10°C.. The viscosities,like the solidifidatioh point,.

" '.are also .dependent on the previous treatment of the oils, aldd
and cloudiness.caused by the precipitation of- solid .consti~
tuents was-also - fownd: here. On the whole; this phenomenon
is more pronounced with paraffin oils than with oils with. a
naphthene or asphalt base. It is gshown more clearly by the
‘experiments carried out in the HBppler viscometer. This
.8light cloudiness became more intense as soon as the constant
‘final viscosity figure had been reached. .

The viscosities at 0°C determined by Vogel's method were
= indspendent of -thetime interval. On the other hand, at - :
-107C those time intervals -had a considerable effect on the
vigcosities of the two oils A and D, but a very much smaller
effect on the viscosities of oils B and C which solidify at
« - Lower temperatures (Table 3). The reason for this is . =
probably the fact that oils with a.higher setting point exhibit
a‘fgregggr tendency to precipitate paraffin wax at a témperature
o] -l . Y * - . . . . . ‘

) Investigations carried out with oil D, which had been
freed from its regin-s with Fullexr's earth, already showed lack
of agreement at 0°C. It is assumed that .the cause of. this.
is the extraction of the resin, because if this was the case
the precipitation of the paraffin-wax crystals takes pldce at
even higher temperatures. : . W, . :

E— oY

2. By ‘the HSppler _Vivécém‘ei:ér.‘

In - determining the ¥iscosity at 0°¢ by HBppler'!s method,
the figuresfor all the experimental oils were almost twice as
-high as. the.viscogities determined by Vogel's apparatus or.by
extrapolation. It would.therefore appear that the viscosity . .

. @ifferences are to be attributed to the "thermal history" of ’
“the:oile; * The oils examined in the Hbppler viscometer were
not subjected to any special preliminaxy heat treatment, as was
"the case with the salples examined by Vogel's method. However'
o diesel fuels; which will form the subject of asubsequent
report, on being examined in the H8ppler viscometer, did not
glve any differences in the finagl values, whether they were
pre-treated or not. In.order to avoid any lack of clarity,-
0il D was tested, after pre-treatment, in a further series of

. experiments..: - )
©__.The viscosities of the oils A, B, C and D, and the vefined . .,
0ils A and B, which were determined.with stricter temperature

" control, are shown in Tables 4 and 4a and Figures 13 to 16. i
. After the oils had been brought to the working temperature,

measurements were initiated at, ‘or shortly: dfter, the-attain-

~ment of tl{xis; temperature. " A characteristic shown by all-the
oils examined was a tendency-of their viscosities to increase,

49 shown.by the shape of: the plotted viscosity curves, ‘whose




angle with the abscissa became increasingly steeperlthe lower
. the working temperature. Whereas. the naphthene-bagse cog-
pounded oil C did not vary in viscosity at 0°C.and at -5 C
‘from the beginning to the end of the experiment (Pig 15), the -
paraffin-base oils A(Fig.13) and B(Fig. 14) and the naphthene-
base 0il D (Pig.16) showed a slight tendency 0 incrgase in
SO o : 0-.=20=C-gho
this-particularly clearly, - Until a constant dropping-time
had bveen reached, a sharter or longer period of cooling was
necessaxy. With a short cooling.period, uncompounded oils
(A, B'and D) show a uniform rise of the curve, which, however,
presently passes into a straight line parallel with the. . -
abscigsa; the compounded 0il, on the other hand, takes very .,
much longer to reach a constant dropping-time of this kind.
Owing -to-variations in the .times of dropping, the curve
undulates before finally becoming a horizontal straight lines
It might be agsumed from these apparently surprising changes
. /in the.dropping-times (ttreated as a fwnction of temperature),
{which occurred with sae degree of regulerity and in which
_the 0il only reached. constant temnperature after a certain
peried, thal aggregates of various structures have been )
formed and are broken dowi by the, uniform fall of the sphere.
- If-the oil is-allowed t6 stand (i.e. if the procedure of
" dropping the sphere is interrupted for a prolonged period)
the oils will ‘be fownd +to0 have a higher .viscosity than before:

S . L . The lohger the procedure of dropping
" the spherc is interrupted, the higher will be these maximum
values. (See Figs. 13 and 15). Thus, for instance, in the -
. ease of 0il €, the measurement was interrupted before a conx
vo8tant dropping was reached and the oil was allowed to stand
- for almosgt two.hours. Here too, 'a suddeén increase in the )
viscosity could be observed. The viscosi ty determined gfter
the "maximum .figure" had been reached was 'very congiderably-
lower and agreéed with the Ffigures: of the: subsequent measure-
ments. The explanation of-this "higher viscosity" value
obtained is that the solid:constituents suspended in the oil-
were able.to coalesce and.form more compact aggregates and.
thus offered  greater resistance (flow resistanceé) to the
‘dropping of the ball. After streamline flow has been .
restored (ive. after the break up of thewhole structure) the
resulting -viscosity figure must approach or actually reach a
final valud. ' a . . T . , :

) Similar processes to the one just described were repeated: -
“in the examination of.the pre-greated sample -of 0il D which
was carried out at 0-C and ~10°C. By comparing the viscosities
of these oil s'a.m'ple‘sl'Wit%' the. figures of the untreated oil, . -
differences (Which at -109C amount to almost 25%).will be foumd
in the initial: figures and, after reaching the stable state,
in the final figures (Cf. Table 4 with Table 4a). Moreover,
the viscosities ascertained at 0%C and -10°C were even higher,

These ‘facts dispose of the! Possibility - of eplaining the - .
differences in the viscosities, given by the ‘Vogel and HBppler

- viscometers, by their dependence on previous heat treatment;
.indeed, the discrepancies between the viscosity figures obtainéd

© . with the various-typés of apparatus used are probably caused
by certain still unexplained peculiarities of the apparatus, -

. especially of the HYppler viscometer.

- In. contrast to’ the reduction in the viscosities of colloid
solutions, which s0lidify in the form of gels, the dropping-
times .in 0ils A-to D increase. consid erably. The phenomenon ;
-of; the gel fomation, ‘o¢curing in some. colloid solutions when -~
they are allowed- to stand, is a charscteri stic property. The




flow resistance is dependent on the exigting ge]_. condition. -

. A change in viscosity, caused by disturbance from applied’ .

' presgure or the dropping of ‘the sphere and brought about by'-
the increased shearing force, is noticeable by the variations .

- in .the consecutive times of falling in'the case of albumens
exanmined in the H8ppler viscomet At high concentrations
and—wi-th—consecuwbive—dr t ] il s C
are a typical example of colloids, give very much shorter
fall times compared with the milti-component mixtures A to D, .
It may therefore be assumed that a process of crystallisation
takes place in the oils. The question previously referred
t0, as to whether gel or crystal formation ococurs, would be . ..
decided in favour of crystal -formation in.this case. Co

Of course, the final c¢rystal lattice which first forms
-1s broken up by the ball-drop, .which is started shartly after
a constant temperature has been reached, The prolonged - )
-in‘tervals between two measurements at a fixed working tempera-
ture cause further growth and coalescence of the crystalline
substances floating about in the oil, As elready stated,
these impede the dropping of the sphere and cause g decrease
‘in the falling times until a state of equilibrium is reached
as expressed by constant times of falling. .

It was furthermore ascertained: at the DVL that, in the
case of 0il having a high content of oxidation products, the
consecutive times of dropping were legs., . With unused oils.
containing no oxidation products (hard and soft asphalt = o), .
this decrease in droppingtime did not occur. It may there~
fore be inferred that the oxidstion products are colloidsl.
in character. : (RS — )

If one compares the résults of the work .carried out by

M. Jordachescu (see Fig, 8) with the experimental results given
.by the H®ppler viscometer (ged Pigsy 17 .and 18), it will not
- be very difficult to draw a parallel.between the two methods,’
However, the simpler operation of the H8ppler viscometer ig -
to be preferred to. the rather troublesome pressure apparatus,
The cooling apparatus in its improved form offers no difficul
ties for maintaining _constant'temperatu.x‘eovsr eny length of
 time and at working temperatures down to -6 ¢« In both .
vigscometers the shearing forces are the factors used in measur-~
ivig the viscosity, whether it is a falling sphere or the =
~o-applied pressure that breaks down  the structure aggregates

- formed in the cooled 0il, We find that similar viscosity -
anomalies occur, and cane to the coficlusion that the.precipita-
tion of the crystal nuclei, a definite number of which are to
be found in the 0il, can be brought about in 2 brief space of
time, viz. by contimually moving the ball in the oil,: The
value of the final viscosity thus determined should also be
"the final value of the same oil after being treated  for
several weeks in the pressure apparstus.  This deduction.is.
only of theoretical value, however, as in practice, as we have
seen, the oils are stabilised (under the same conditions) - -
giving quite different final figures. - X

The experimental results show that a longer or shorter -
interval between two measurements resulted in viscosity
figures of varying megnitude, which, however, with a. steady
"pall drop approached the final result and finally remained
constant at the figure already determined. - ’ )

. The inv"estigatio.n‘ carried: out to determine ‘Wwhether & state
..of rest has any effect on-the viscosities of the wnused clds A'to D,
. wag also.extended to 011 ‘B treated with Puller's earth. ~In- .
L LT : : — T T .
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this 0il to0,;. a rise in viscosity was’ ‘observed.; The oils
contain on -an average three per cent mineral oil resins.
These are oxidised polycyclic compounds. "If the viscosities
of the resin-free oils aré determined in the Hlsppler visco-
'meter or in Vogel's apparatus, the values found will be cm=
~ siderably lower, providing that paraffin-wax .separation has
ot—-t&ken—pl—aee-as—%the—ori—gi—nai-oﬁ:e,—-lh » f
- paraffin-wax has already occurred, the viscosity at ‘the seme
‘temperatures is very much higher than in the original oils.
Thise phenomenon is attributed “to the fact that the resins act
as o kind of protective colloid which prevents the paraffin
~from separating out at low temperatures. Thus, resins tend
~torLower the setting point. - . :

The increase. in wiscos. ty as a function of time ‘and the
-dgcrease’ after leaving. the oil A to stand at a temperature of
5°C below the working temperature, is shown in Fig.17. Fig.

- 18 shows the samé process in the case of the refined oil A.

On 8on'c1udin§ a series of experiments, the oil was cooled from
~207C to -257C. Drop-time measurements could not, however, be .
carried out at this temperatyre.”’ ~Measurements could only be
resumed after heating to -207C, but at first they gaveoh;i.gher
viscosities than previously.obtained by cooling to -20°0. -

. The figures fell ‘steadily with regular ball-drop until the
‘state of equilibrium was reached; - the viscosities then measured
were equal in value to those obtained by cooling’to -20%C;

i Each pair of curves exhibits the same characteristics,
viz, the curves meét at a point (f'inal-visoosity figure) and
“their further course runs parallel to the abscissa, '~ In both "
cases, the oil:which has been normally cooled to the working - .
temperature reaches the final viscosity figure more quickly than
when the process is reversed. . In arny cage, the refined oil 4,
which was brought to a temperature of .-15 C, reéached 3he stebke
state much earlier than the fresh oil exeamined at -20°C. (See

. Tables 6 and 7)., . - ’ ;

: It has already been mentioned that -the viscosi ty .anomalies
are to be attridbuted to the separation of a certain portion of
the paraffin-wax crystal's in the 0il, From: the curves in Fig,
17 and 18, it can be stated that the crystels which separate
on cogoling below the working temperature, will pass into
. 'solution on heating until an equilibrium concentration has been
- attained; i.e. the amount-of crystals pr ecipitated at the
. normal speed. of cooling equal;s the .amount formed when-the pro-

cess is reversed.

Neverthelegs, the measurements were made on the same day.
After the experiments had been repeated several times with the
mtreated oil-samples, it was Tound that—the viscosity altera-

“tion of an o0il does not alway s proceed in the ‘same .way if .
observed on different day sy ‘even when carried out under the
same experimental conditions. There was no hope, however, of
always reaching identi cal finsl figires in this manner., I
practice, the viscosities fluctuate to the same extent., . -

The information put forward by Erk. from microscopic - S
investigation of oils-wi-th ~low—setting points- shows that, "after
overcoming 'the difficulties caused by the nature of ‘the tempera~
‘ture range, microscopic research methods can be g valuable aid
in examining ‘the-erystal-forming processes in the oils A to D
which have high setting points ‘and. are exposed b0 low tempera-

- tures,’ .  Finally,nin many ccases, this method of investigation '
provides: an explanation for phenomena that. have long.been known

|
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-~ %o ensure a fixed size relationship. - ' -

but have remained. unéxplained. .. The oil -preparations having
low getting points used by Erk show the presence of crystal
nuclei even at- high temperatures. The first traces of the -
"crystal formation grew, on cooling, into a fairly cohesive
lattice. Since the quantities of o0il used in the micré--
scopic examination were very small, they cooled relatiwvely
fast and showed rapid crystal i : i ;

~In the case of an 0il in the drop tube of the HBppler
‘viscometer {(about 30-40 ccs), crystallisation is very much
slower, possibly as the result of supercooling and the high
" vigcosity of the oil. - The latter also brings ebout the
" glow rate of growth of the'grystals. If, for -instance,
castor oil ig cooled to -80-C., the oil remains unchanged.
If it is again heated to a temperature at which viscosity is.
sufficiently low so that the growth of crystals can take
Place, the oil solidifies into a wexy mass. Through the con-.
tinuous dropping of the ball, supercooling. must be stopped
for some time and the crystals are precipitated thus causing -
an increase in the viscosity. -"8ince the rate of cooling
has a very powerful effect on the size of the crystals pre-
‘cipitated, the oils were cooled to$ he working temperatures
so that the temperature drop was 1°C in 1% minutes in order

.- PFig. 19 shows for the oils examined (according to their
origin) breaks in the curve which are caused by increases - -in
viscosity. This should show that the state of egquilibrium g
of the system is altered by the separation of the hydrocarbons..
This foct agrees: with -the results of exemining the effect of
time on viscosity at low temperatures. T ' :

. The viscosity figures plotted in Fig. 19 are those ‘
obtained when. the stable state was reached, i.e. the "plasti-.-
city" and the flow resistance caused by this plastic' state :
were destroyed by the constant movement of the. test  ball. “The
stable state is similar to the flow resistance which, on
breaking down the crystal lattice, exerts an influende-on the
viscosity behaviour. It has already been stated that the
alteration- of ‘an oil up to the stable condition only proceeds -

in the same manner 'in the rarest cases:. =~ It is therefore
impossible to obtain a curve with well-defined breaks in the

low- temperature.range. o . !

© " No significance can be attached to the formulae employed.

by various workers or to the extrapolation of viscosity :

figures obtaiged' at high temperatures, for the temperature =
range below 0°C. ' Although the use of formulae eliminates the _ -
drawback of lengthy individusl measurements,  these formulae
are-nevertheless orly applicable to a temperature range above
- 0%C.and do not permit the mathematical determination of the
behaviour of o0ils at low temperatures: : b

The vi scosity anomalies obéervedAwheh using the H&pple_r‘
viscometer suggested that comparative measurements should be,

carried out with a gravity-~flow viscometer. o

Tie Vogel-Ossag viscometer sppeared to be the most .
- sultable for t his purpose =nd viscosity 'messurements were made
at.a constant workingi temperature of 0.-C, using a wide-bore
‘“capillary. A Dewar vessel filled with-melting ice was used
. for maintaining constant  temperature. . The figures obtained
c.with this viscometer showed the samé irregularities-in vis~
-cosity as were fownd in- the dropping-sphere and pressure




viscometers. Oils A, B and D, 'which had not been pre-treated,
showed a tendency to increase in viscosity. '  With 0ils A and
C, viscosity rose only slightly during a..}ieriod of 4% or 7
hours (the 0il being continually drawh ifito the bulb and
immediately allowing flow to take plabe), while the viscosity
of .0il D rose in ebourh ¥ hours from 10,6680 centipoises to
0 ii-poiathe-i’iigdree-f—loe—oi—?.-D—wh—ich—had

‘previously been heated to 50°C, were appreciably higher than
those for the untreated oil: 'i.e. a rige in viscosity from -
11,460 centipoises to 12,310 centipoises within 3-hours, The
rate and duration of cdoling also showed considerable in-
fluence here, inasmuch as wher the test oils were suddenly ..
cooled with ice, they . showed different figures from the oils
that were cooled down to the working temperature by ‘the normal .
procedure, - A ) o ‘

) The formation of pareffirn-wax crystals, which coglesce
in the 0il to form a lattice structwre,'is also asgsumed here,
"By breaking up the structure aggregates formed in the oil in
the reservoir and in the oil-sample after it has been drawn '
into the bulb, both the sud ing-up process and. the flowing back
caused by- gravity are of considerable influence.: -The crystal
lattice, broken by the sucking-up process can reform in the
‘bulb, since the constant viscdsity value had not been reached
and a’'very long time was required for the viscosity measure- .
ment, : ) ) : .

4., By the pressure viscometer. . B
. In the literature section ofthis report, detailed refer-
ences have already been made to the viscosi ty anomalies, while
in tHe experimental section the results—of:our own experiments )
have been discussed, .all of which show the peculiar -characteris-
tics of viscosity changes which occur in the various pleces of .-
apparatus and also at low .pressures. These characteristics -
could not be observed in the apparatus developed by the DVL.,
-~The viscosities, insofar as they were measured above 0.5 atm.
excess pressure, did not. change after the tests had been - -

" repeated several times.- With regard to the "starting values!
(Anlaufwerte‘),_the measurements of which are regubrly too high,
the explanation given by Yusiti Nisizawa is quite plausibles -~
viz. at the start .of the measurement, the true meniscus '

“of the moving liquid  (Stromprofil) end regular flow form -~
have not been. completely 'sttaineéd.: -~ ‘The result-of - the experi-
ments, which were carried out at different pressures, showed
that the viscosity measurement gave the same value when calou- .
lated from Poiseuille's formuls whether an excessg ‘pressure of
2 atm. or 10 atm. was applied (the. latter being maximum )
pregsure for the glass capillary). Whereas, in the case of
the solidified oil the separated crystals form a connected net-
~work, in the interstices of which the liquid component is held

‘as.in-a sponge, the viscogity figire calculated by Poiseuille's
formula ig a measure ‘0f the resistance exertéd after the break-
‘down of the: o0il-gtructure amd crystal miss. .. It ig not, how- ——
ever, possible to characterise suffici ently the behaviour of ~ :
the lubricants at low temperatures by one factor, namely: .
the "flow resistance" already mentioned by Erk. The - transfer

+of the oil into the measuring vessel at low temperatures and
high pressures immediately destroys its plastic state (des-

, truetion of flow resistance after overcoming - the resistence of -

the crystal structure), so that after exceedihg the Mflow ’
limit", a broken crystal structure remains, whose pulpy consis-

‘tency undergoes no further change when the tests are carried .
cout at & determined working tempergture.  * The force required.
to bresk up the erystalline structure is not produced in +the

»
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apparatus, since even when the measurements are repeated
several times (as mentioned above) they give results which
remain constent among themselves. An attempt was therefore
made to.establish a relationship bétween  the resultsobtained
in the pressure viscometer, and thdse produced by .the I.G.
apparatus which will be described below. Nevertheless, it
was not found ibl o establd ) -

n starting up an engine from cold, a certain "stickiness"
has to be overcome. The I.Gi has provided us with the means
of ascertaining this energy factor with sufficient accuracy.
The flow resistance which Gomes. into play, after the "bre
away" cammot, howevetr, Be measurdd by thil method.. . (Note:

owing to the heat of friction, the power required to keep
— the engine "in motion-drops steadily without reaching a

definite end-point). Since further details.of the measure-.

.ment of the "breakaway resistances" have been given in enother

section, we shall merely state that the two pieces of appara-~

tus supplement each other very well in characterising the oils .

as regards low temperature behaviour and in operation, as

they enable the technical requirements .of engines to be satis-

fied.to a very large extent. - ] .

. The exp erimental apparatus mekes it possible to measure
the flow resistance with a gufficient degree of ‘accuracy {(i.e.
the flow resistance which opposes the "pregsure" of the pre-
cipitated crystals. ) The' ,values shown in the curves in
,Pigures 22 to 27 are end-va ues and lie on 'a straight line.

. The measurement of -the’flow resistance is fixed as an exactly
definable ‘quantity. It must not be imagined that, in visco-.
sity determinations under pressure (in 8¢ far as the latter.
exceeds a given limit), special attention must be paid to rate
of coaling. In investigations with the oils mentioned in this
articleymo influence could be observed. When a determined.
-pressure was. exceeded (thus in the case of oil A, 3 atm. excess -
pressure was sufficient), it was found that the oils were not
more flow-resistant even in a fairly wide range below thel r
setting points. ' -The faet that no definite determination of
the flow resistance could be made in this investigation, was -
probably mainly due to the small capacity of the container used .
for experiments below the setting-point. With suitable o
apparatus, however, all the difficulties should be eliminated
and it should be possible to caryry out an .ideal determination
of the flow resistance, To what-extent the various oils are
-dependent on-the applied -pregsure-above their. setting points,
will be reported elsewhere on completion. of the modified
apparatus. It will mere&yv be stated here that the oil»l?Q/S'?

-~ with a setting point of 0°C, which was also later on included
inTthe series of experiments as test oil "E", exhibited i
peculiar’ behaviour,— Thisooil wag congiderably liquified at a
woxk ing temperature of -10°C and ‘at 1 atm, excess pressure,

80: that it was not possible to determine the time required for
;¢ £illing’ the measuring bulb.. 2 . S o
At certain temperatures the curve given in Fig. 28 shows
‘a number of breaks ‘which, -as already mentioned, are to be -
attributed to the fact that precipitation occurs with falling
temperatures and this brings about disturbance in the
equilibriuim system.- - .This precipitation may be. attributed to
the formation of crystals, the quantity of which is dependent
.on the temperature, a process which persists until. the state .-
v ofequilibrium has been reached: i.e. the "saturation limit".
The pressure applied: prevents: the:-crystals. from coalescing to:
-form “a crystalline structure.,. .. . - . : ;

o
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To examine this "structural viscosity" investigations
. were carricd out with a test oil YE" mixed with 20% flaked
graphitec, and in another geries of experiments using 5%
lamp, black. As will be seen from Fig, 26, the hopes of
! determining some deviation of viscosity were not realised. -
All the values lay on a straight line. A deformatlon of the

THUSPTE g
‘strength’) was complete even on applying the lowest possible
excess pressure of 0.5 atm. in the pressure apperatus; - i.e.
the resistance limit was cxceeded. Structural viecosity was.
_ certainly present in a range below 0.5 atm’ exceBB8 pressure,
“but~it is impossible to cover this range accurately with-the~
DVL pressure apperatus, as the manometer does not function

. with the required degree of precigion over this range. In
order to illustrate the poss:Lble structural viscosity (16),
~the flow curve of a suspension of 5% lamp black in castor oil
has been included ih this report (cf. Pig.26a). This curve

- clearly shows that a suspension possesses a certain flow
resistance; +to overcome thls, a fixed pressure must be
~applied. . ! . ]

< L. _Examination of the breakaway ance

Al I.G. aara‘tus. ’

Whereas the DVL pressure viscometer is an instrument
whlch must be regarded more or less as.a laboratory test
apparatus, the I.G.. apparatus is an instrument which has been
designed with close regard to actual engine .conditions. A
‘clear &ptinguishing characteristic is given by rating the
various oils by means-of the position of a curve meximum. The
curves shown in Figs. 31 t0.35 were-prepared at-different
working temperatures and-on -different days, and present a

gimilar form throughout.  Fig. 34 shows curves: which were
directly recorded by ‘the apparatus on the recording strip of
the indicator, and the similarity of the shape of the curve
{(the curves are plotted together for the.sake of clarity)’
makes it p0551b1e to draw_conclusions as to.the accuracy of:
the measuring method. Fig. 36 shows the stickiness of the oil
.in- relation to temperature. The resistance caused by the
breakaway of the crystalline “cement" formed on the engine
parts as a result of low temperature treatment rises rapidly
.to a maXimum, and then gradually falls, o 1ng to a temperature
increase’ of-the oil f£ilm caused 'by. friction. ‘The setbing
‘point stops the oil flow as a result of 1ts denslty- ‘it is of
no :corisequence here. The resistance to breakdge of the crystal

“structure formed by .low temperature treatment, is easily de-
termined by tle apparatus; - on the other hand, on attaining
a maxlmum, the flow resistance exérted by the oil-crystal mass,
‘which is an, important factor in determining théefurther
behav:Lour, cannot be measured with thls apparatus.

. In this artlcle, detalled regard has been paid to the
theme’ "The value of viscosity determinations in the low tem- -
perature range and also the viscosities extrapolated from high
temperatures by various methods". As the viscosity at the
beginning of a determination differs essentially from that
.measured on attaining the stdgble state, no reliance can be
placed on the dependence of an exitrapolated v1scosa.ty (€. 8.
by Walther) on’the: stlcklness. e .

'




‘V.v SWJAI{-ISEH) DI SCUSSION OF_THE EXPERIMENTAL.

" RESULTS AND CRITICLISM OF THE METHODS.

. The usual test.methods applied for estimating the low-

t temperature behaviour of lubricdating oils are inadequate. The
" behaviour at fixed, more or less low temperatures differed -
from-that_calculated—from-the-posi-tion—of—the-wiscogi-ty—curve

" or predetermined by certain methods. These methods were

..inadequate in gb far as they omitted part of the engine re-

. quirements. The. present investigation is therefore devoted
o the resistance of the oils to the commencement of flow and’
to_the_flow-itsklf, —The—Lormer-occurs—in—practice-when-cold=
engines are started . and 'the latter during the subsequent
operation.- ' C . R o ‘

. -Resiétancé” _the commencement of flowe

~The duration of cooling has po influence on the commence-~ -

ment of flow. - Preheating to +50 g causes the commencement

- of flow to drop temporarily-by 3.5°-C, while refining by elimi-
nating the resins increases it .permanently, because, before o
.refining, the crystallisation of the .paraffin was delayed by -

.. the protéctive colloidal action of the resins. There is no
“relationship between setting point and commencement of flow.
o It is possible to measure the starting resistances with

. the L.G. Farben-Industrie apparatus by -suitebly modifying the
experimental procedure, since the .curve mdximum represents the
peak point of the breakaway force and the transition of the -

- s0lid system to--an_,qil—crystal mgss. - B PR

'Inveistiga'& ions carried out ‘irllv‘ty;he Baader apparatus for )
determining "setting viscogity" (Stockzhhigkeit) were premature-
1y -conecluded, since comparative results could not be obtained.

"2, Resigtarce to £low proper.

..The ‘final results of all the work on visco_ai"%y necessi-
tates a classification under the following three headings:

(a)  Cause of the anomalies. o
e Viscosity measurements in three viscometers which operated
- -at-low shear- strength, produced widely divergent figures and
gave rise to. viscosity anomalies. = Even when the procédure
“was.-modified. in the HOppler viscometer (preliminary heat
treatment of the 0ils), no change in these snomalies was .pro-
duced, altlough the conditions of reproducibility were improved.
This is attributed to a disturbance of the internal structure
owing to destruction. of the flow resistance. - ’

R

(b)” Pinal viscosity due to low and high shéaring ';f;'brces.

‘ It was fownd.that measurements immediately following one
another produced final viscpgity figures which deviatéd from
the initial value by 'up to 90%, and which varied on differént:
days., A final viscosity which became stable after a’ certain
period, was only determined in viscometers working with a low
‘shear pressure. For this reason, and also because in
practice various conditions depending on the method of coolin
- and the operational procedure are attained, it is impossible
“to obtain serviceable results with viscometers of this typc.
Better figures were those obtained with a pressure vigecometer
designed by the D.V.L., because here the viscosity variation
.. was _eliminatet_i.l Since the behaviour of engine oils in the.
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low temperature range'(with regard to resistance to flow) }
depends on their flow resistance, and the characteristic high -
shear pressure of this appardtus immediately destroys  the
plastic state of the oil, the measurements by this. apparatus
of the flow resintance(which is exerted by the oil and

cryst i ises-the—-»

behaviour in operation.

- (c) Practical standardisation of viscosity.

The investigations have shown that, at low temperatures,

. too much importance should not be ettributed to experimental
viscosity data if the final viscosity is not known and the
series " of experiments has not been pursved to the end. Until
the final state has been reached, the viscosity is—only B
"approximate or apparent". The actual viscosity measuregxents
can therefore -only be carried out at temperatures above 0°C.
The extrapolation of viscosity from this range to low temper-
atures camnot be applied to engine oils. The breaks in the
viscosity curves, met with in estimating the final viscosities,:
.are a.characteristic of the crystallising out of paraffin- -
waxes and  are not covered by extrapolation. Even when a
high pressure is used (up-to 10 atm excess press.), extra- ‘
polation is not possible, since breaks in the. curves arc glso -
shown when using this apparatus. - L ‘
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0il
Spdeific gravity at 20°C

TABLE 14

. Ref?active In@ei |
‘Solid Foreign Matter
: éeti'ri‘n‘g Point °¢
Plash Point ©G

Ignition Point

Neutralisation No mg KOH

_SépQValue mg. KOH
Ash .

Mol-weight




TIME INTERVAL (Mins)
; .

QGommencement of Flow
{7C)-of: ‘

0i1

A
0il B
0i1 €
0il D - -15.0
X
B
D

0il A (de-resinated) -

0il

s

" do )
0il D |
o TABLE 2
e Englne Qilsg”
Determlnat1on of Commencement of Flow

"Settlng Commence— Mean Temp:of Rate of ‘Time
Point- ment of Value cooled cooling ‘Interval.
o '0¢ . flow OC og - 0il+0¢  OC/min

o I % Ay L .
~18.0 ' ~17.5 ") -17. 5 ).-80 = 1.5 15
~18.0 ° -15.5 **) - =30 15
S al14.0 °),--14 0 0y 25 ‘ 15
-14.0 9) B S-T: e : 60
: ~16.5° *) o .25 ‘ 15+
A (de-. 0. 16,5 ' -l4.5 . 0L, L -30 : 15
resinated) v o =1440 TERY e LBO L ‘

B e O 22,0 -17.0. o800 e LeE 15
Bt DTS TR0 ~17.0 L 90

"B (de- .ﬂ" -22. 0.-2-20.0 500 407 15
re51nated) RO Y =20,07 et =40 . <80

I 223:0  -21.5 -30 15
oo ' -21.5 *21.5 . 59 S 60

-13.5 = -15.0

. Do . :‘. -30 - . s W 10
Lo T Iiso

-15.0. . @0 . 80
D (_d.e- . ~945 ’-12_-5‘ 12 5 -25 - - - 18 .
résina?e@),\» —12A5 alaly -25. , 30

L) Value for the non—treated oil
-0) Value of the heat treated 011"

‘ '_+) Value after dlsappearance of heat effectﬂ»
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~ DABIE 3 B

Viscositiés obtained by Vogel's
- Method. o

fype of 0il : . "Viscoai ties (in cps) at:
. - Ooextrap. Measgred Stérage Measurgd Storage
: ) at 0°C. " Period at -10°C - 'Period.
(Mins) “(Mins)

7729 7896 ‘ " 10. 57449 : 10
e 7895 ) 15 42180 20
7895 20 46227 30

8930 7667 15~ 26121 . 1o
o 7667 15 26648 20
7667 20 '

.'B (de- - L - 21900
resinated) - _ . . 22230

7420 : : 26554
. ) 26591

9692 <100 61475
- 67475

70395

77007

-

150636

L ‘ " 185706
D (de- [ B o pogaz
resinated) . | . 159592
e e : : 198930
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o TABLE 4 L
' Viscosity of 0il D with the Hbppler Viscometer
K - at 0 C. ' : o

Storage.Period Stop—&atch . Centipoises. Centistokes.
in Mins. ) reading C e ‘ '

5 . . 13,4% - 18599 -20194
8 - . S 13,40 B ; ‘
20 ‘ 13,6"
25 - 13,9"
30 - : 14,0"
33 . S VL
C.. 40 ' 14,4"
45 o 14,4"
50 . ) ig,an.
55 . . ' 14,6"
60 14,6"
65 - 14,6".
70 , 14,6""
o . l4a,6"
14,6"
14,6"
14,6"
14’ 6‘-]!' "
14,6".
14, 6"
14,6"

‘at =5%C .

28,3" 39275 .,
28,5" RN
-28.6"- - .
28.9" o
29,1" B

. 29,3"
29,5"
29,7" .
29,8"
29,9"
30,0"

1 30,0% . .
BO,0M L
30,0"
30,0"
30,0" - L.
30,0"

..-30,0"

30,0
30;0" -
30,0"

30, 0"
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CONTINUATION OF TgLE 4.

Vlscos}ty of 0il D with the Hbppler Vlscometer'
at -1o°c L

Storage Period . Stop-watch’ Centipoised. OCentistokes.
: in_Mins, reading. : i -

15 .0 . 1Y 14,0" 102651 110735
20 - 14,2" . S
25 : 14,8"
. 32 . 15’9n
. 37 ' 11 16,2"
45 11 16,6 o ,
50 -~ ! 1e6,8" - 106555 . .. .114613
55 - — 165 ; . 5. Ll o
- 681 . 16,8"
. 68 o 16,8"
75 16,87
8l o o 16, Tgn
88 16,8"
94 S "16.8"
100 - . 1v 1e 8%
© 108 . . 16 8
110 © .1t 16,8
115 - 16 8"
©120 . , 16, 8"
125 : ~16,8"
130 » 16,8",

B , ' TABLE 4a
Vlscos1ty of Pre—treated 011 D (Heated for lO mlns.at 50°C)
at -00C : e -
15 - S e 9,2" “ioves - 13833
16 - : i 10,5"" R
17 - ;11,0
18 e 11,6
19 12,2"
20 L 12,7
T : Co 1By
13,6"
13,7
3,9
Cla,2"
14,37
14, 51
14,5
14,5"
14,5 -
14,5ll ;
14,7"
14-?7"

120986 22704 o

15,1"
15,1"




. CONTINUATION OF TABLE 4a

Viscosity of Pre-treated 0i1 D (Heated for 10 min at 50°C)
at -10°¢

Storage Period - Stop-watch Centipoises. Centisgtokess
in Mins, reading. i - . §

20 ST 69,3" i~ 82060 88237
24 : 12,7" - :
28 , ‘ 1g,1"
32 . 23,2"
37. - 25,7"
42. . SR 1 .28,6"
46 28,9"
53 ‘ 29,2
65 - ' ) 31’7n
70 32,6"
76 " 33,5"- ,
82 o 33,9 o , o
89 no 35,5 132237 . - 142290
94 o . 35,5" , ,
99 : , 35,4"
101 . 35,5m:
107 35,4"
117 o 35, 4"
124 , ‘35,4
134 : 35, 4"
145 _ 1 35,4"

F . at -15°C ) o
20 ; : g:.zz,gx " .2812590 YL 302419
30 31.32,2 o :
20 - Bt By, 3N

50 <L

60 ) - 3! . .

75 . 31.53,5" : : o
'188”‘ » - ‘*g:' B B27709 . 0350858
115 3
125 = 31
140 . Loar

.. o . 3
‘ 3!

S175 .. . ,
190 oar

205 i 3t
. ' 3t

_.;“;¢ . “at -20°C L -
Time for the sphere to fall through 1/8 of.the'measuring
_distance was 240 mins. - The measurement was therefore
discontinued. o ' :
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TABLE 5

* Bquilibrium reached.after .++s minutes cooling
~Temperature - # 0°%  -5% - <10°C -15% ' -20%C

0il-4A 35 -3-0 35 60 120~

0i1 B 26 75 . .86 185 = .90

oir ¢ .. immediately immed- 195 - 470
‘ A T _iately s

0il D 85 65 50 90

011 A (de- .
resinated) ' . 95
0il1 B (de- L
resinated . - 20 30 .75

TR ., IABIE 6 CL |
qucoslty of 0il. A @ 20°C with rising temperature
- (Half distance -of fall)

Duratlon of. Coollnb Stop—watchv Centip01ses.. Céntistokes.
~in Mins. : reading - s
20 . . 6155, 8"
47 R 6114, 5% _ .
w72 6' 5,3" e o
95- . . 6t 3, 4" -’ _ . L .
117 S 5153, 0" Final value of the
", 140 : f. .- B'37,.8Y “constant dropping time
160 . e 5'41,8" . .obtained.with" falllng ’
210 o - 5136,5" tempe rature
232 D : 5133, 6" .
283 ) 5132, O" L - 51 . 18. A
275 : ' 5130, 2" : a .
297 . o 5128, 6
325 7T e “5'20, 4"
. 3565 . L 5'18, 9"'

IABLE 7

Vlscos1ty of 011 A (de~ reslnated) at -15°¢C w1th rlslng
temperature (Full distance of fall) .

Duration of Cooling. - Stop-watch’ Centipoises. Centistokes.
' in Mins. ‘ f.;reading‘ -
-5 L 3'34 an" ) 2984656 e 330526
15° ‘ BT Qen 0 .
26 - . 2T43.4v
33 . . ‘ 2138 .,4"
41 R 2134.6"
63 ) . o 2'26.5"
72 . 2'19.8"
79, o 2116,.8" .
-85 ) 2116,6"
95 o o 2116.6" L : S .
llO FTEE 2'16 6"-. : A

Flnal value of constant dropplng tlme obtalned w1th falling
: temp. 2'16
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T ‘ i carried out several dHBomv

WH%um,ow.oww emsw.oow . <ommHLommmmA Flow Hmmwmdmbom Hb omuwwwopmmm m& 4mwwo¢m wwmmmswmm Au<ﬁ Em&ﬁomv

. P . . wﬂmmmswm in maB.
Viscosity ) : . ) o .
(extrapol.) 2.0 3.0 4.0 5.0 - ,m.o_ 7.0
6,420 - 7,000 7,000 6,970 T
10,900 - - 15,900 - - 15,600 15,200
19,590 - - 31,400 31,700 31,000 =
9,070- . 8,150 - 8,00 - = -
16,690 : . - 15,800 - - 15,800 15,800
82,880 - . - 34,100 . 34,000,

‘8,240 - 7 7,400 @ = . 7,210 7,400
. 153870 © - 14,700 14,700 -14,700 . - . -
29,540 _ - 29,200 '28,900 28, 28,800

10,000 © 10,100 -~ 10,000 ,850 -
19,9300 . - - 20,800 - 20,000 . 20,000
39,525 - - 50,600 . 48,300 -
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FiG.l. Flow reelstance and solldification characteristice
-of 5 dfferent oils ‘and caetor oil. o :

IlIGs—l-&—I‘sUtrbpi"‘”—'—Nema‘alc . Smectic - . Crystalline

Illustrationg of phaae changes up to crystall:.sation.
Prom: Annales de 1 Office National des. Comb. qu. PR

FIG. 5, . 011 at’ 40° C after previous heafing 't'o 45°C. ‘
FI’G.‘4. 011 heated to 50 °C ‘then eu.ddcnly cooled to 20°C
FI6. 5. - 041 heated to 50°C then slowly cooled to l4° '

FIG.6. 0il broken down at o° c. f, .
\PIG. 7.

FIG.'B'.- L Varlation of the v1scos:Lty of an oil w1th time.-""
-PIG. 9. Curves for dlscharge quantity agalnst pressure.’. _
g FI,G.‘l'O. Apparatus for determlning the ecmmencement of flow.

A= ‘cooling bath
"= U-tube with side ‘Irube to pressu.re eouz'ce.
= Dewar vessel T
= Measunng marks.
= Air stirrer -
= Thermometer '

FiG,.vll.: ’Pr.eé‘:i.‘ie'ion model of the prpler vi scometer. o
FIc.12, ‘Refrigerator mth Hppler v:LSCOmeter. '

PIG. 13. Vlscoelty .momalies detemned w:.th the H&ppler
: ;v1scometer.‘ (011 4)

FIG.14.' Vlscosity anomalies detemlned w:L'bh the H&ppler i
=i ¢+ viscometer. (01 B).

'fFIG-’l-‘S .»-Vlscosn.ty anomalles de'bermlned w:Lth ‘the H&ppler"
" rViscometer. (0il-C)

F‘IG.'16<.‘ Vlscosrby anomalles determlned wrbh the HtSppler'
e visoometer. . (0i1 D) -

T-E_TIG. 17. Variation of Viscosity of en u.nused ‘011 with tlme
: (obta:.ned w:.th the Hdppler viscometer)

FIG.18. <Var:LatJ.on of viscoslty ‘of &’ de—reeinated 011 w:rbh
S : ta.me (obtalned _in H&ppler v.lscometer)

R

-~ PIGS19: Ena- values Of’ v1scos:Lt1es obtained: by the H&pple
SA0Y apparatus, (Oils ‘A5 B,-C, D, A de-res:.nated ‘and. B
R de-resnlated) T ‘
PIG. 20, . S

- PIG. 21, ._ The’ VL Pr'evssure' vis:eos'in.zetler.i
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- P1G.22, Flow resistance at various pressures (recorded in .
: - DVL. pressure viscometer) (0il A) - S

FIG.23, Flow Tesigtance at variots pressures (recorded in
o DVL_ pressure.viscoaneter) 11-BY ' ’

. PI6.24. Flow resistance atVerious pressuves (recorded in
: ‘ DVL pressure viscometer) (01l C)v L o
FIG.25. . Flow. resistance at various pressures (recorded in
— DVL pressure viscometer)  (0i1-D) L

1s

DVL préssure visecometer) (0il E, Unused oil,

-FIG.26.. Flow resistance 'ét'»vai-ious”p'ressures"(reco_:fd‘ed An
¥ 20% graphite)

Sl . R e L . LT y . )
FIG.26a. Flow curve, K of a suspension’.of 5% by vol. lamp black
- in castor oil. (Shear dynes/cm?) T :
FIG. 275 " Flow resi stance at verious pressures (recorded'in E
" .DVIL pressure vi_scomegor)‘, (0118 A,B,C,D recorded &t
a temperature of -107C) i : IR

~

| FI6.28.° Visdosity cubves of two oils. . . -

Y 1

'FIG.29. Cold-box of the I.G. Farben Industrie (general view)
PIG.30.. I.G. ,Appara.tué,'('i'nféri'dr')‘i : ‘

FIG.31.. .R‘eéomings'_.‘of brebak’:aw&wf r.e_,s"istance.v (oj_l 4, 0:.1 B).

PIG, 32, ditto -
PIG.B3. SV aitto

PIG.B4. . ditbo. 041 Cu. ,
PIG.38... ° ' §itte . 0l A, B,C&D =
FIG.26. “Adhesive strengths ( Curve mexima) of various oils as

~a function of ‘temperature,
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Summaxy: The D.V.L. pressure F-cceleration method £nd 1ts fpplication

are described in detzil, in' the discussion of the theoretical
basis of the process, the state of developmcnt of the more 1mportmt knock-
measuring methods is deseribeds ; .

In the series of tests-on the C F. R. and B.M. W, 152 .u.nglo—cylinder ’
‘engines, in which the influence of nuacrous working conditions on knock |
beheviour was investigeted, it wos shown that there wes & s:unilar behaviour

. vith similar fuels vhen the dzp/dtz was measured. ‘

" The knock. l1mit curves of four fueJ.s, of dlfferent chemical com- =
" position, which were found surslly by the D.V.L. supcroherge test method,
were estoblished with greater certainty by the d p/dt measuranent. The
D.V.L. pressure acceleration method- is-thus £ fulfilment of the long-
cherished desire to measure the onset of knocking objectlvely, that is to
- say, W:Lthout the’ unccrtzllnty of the aural method.:

/

CONTINTS

Intmductlon.
Descnption of the D.V.L. xgrebsure acceleratmn method.

‘Physicul condi tions.

1. Amplitudes of vressure functions. )

.2, Theoretical basis of thec kink which charrctenses the
beginning of knocking. : .

IEngine tests.. \L/\
1, Physico-chemical prepern es of the fuels 1nvest1gated
‘end’ their octene numbers.
2. Test engines and test condi tions. - .
. 3. Test results: . ‘ '
*+ *{a) Influence of vanous test condit:.ons on the. onset
of knocking. ¢
(b} Knock limit curves of different fuels obtmned
) accor(ms to“ the preasure acceleration method and
. 'the eural method. . s

v Criticism and conclusions.

S Blbliogrgphy.<






