The Highs and Lows of Engine Lubricaticon: Part I -
Low Temperature, Low Shear Pumpability Studies Using the Scanning
Brookfield Techniqgue.

by Theodore W. Selby, Savant, Inc.

INTEODUCT ION

The subject of engine lubrication has occcupied the minds and
efforts of a significant number of scientists and engineers ever
since the automobile became an important scurce of locomotion for
the world. Despite the attention given to this particular type
of lubricant - often compared to the lifeblood of a human being -
the effects of engine oil and the dependence of these effectis on
its composition of base stocks and additives, =till are being
unravalled. It is +the author’s intent to faocus on certain
critical aspects of todays engine lubricants and +to further
encodrage  technical dialogus on 3 subject of great importance to
this mobile socisty.

A=, indeec, guy soccieby is highly dependent on the
2utomobile and the sengine oil is the lifeblood of the Source of
its power for locomotion, then the subject is important beyond

questicn ang worthy of continuing close attention.

This particular paper has as its subject the low-
temperature, lou-shear response af  an  engine @il The
rheological response of an engine oil to this conditicon has  a
direct bearing on the ability of the engine oil to be pumped. As

the autcmobile and truck have become more and more critical to
our lifestyle, the expectation of service from these devices has
extended to lower and lower temperatures and it is of value to
place ogur present technical! positien in the framework of neay—
history regarding pumpability and its measurement.

But before we can put the subject into perspective, we must
First wview and appreaciate the interrelationship of pumpability
and startability.

HISTORY — Startability

BEarlier in the development cf the sngine - during the ’'38s,
‘dEs, *58=  and 'BEs - thne low—temperaiture problem waz one of
starting the engine. Adequate batteries, starting. svstems,
carburetion =and fuels were some of the very important points  of
technical concentraticn. But after these werse rasolued, there
still Was ©One ares requiring understanding - the rheological

properties of the engine oil and what sffect thess properties had
on the dagree of success in engine starting at temperatures belou
+18 B =3 B B
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For a considerable time gross errors in technical judgement
were caused by the assumption that it was possible to predict
low—temperature effects of the oil on starting by extrapolaticn
of wviscometric wvalues obtained at much higher temperatures.
However, slowly, much information was won at the laboratory bench
and in the cold-room about the true properties of engine oils at
low temperatures. The consequence was that startability was
extended to lower temperatures and became considerably less of a
problem at temperatures of —-18 and even =28 F (-23 to -29 C).

HISTOEY — Pumpability

Development. of engines easier to start at low temperatures
was a strong forward step for the use of the acvtomobile.
However, each step of progress usually reveals some obther factor
Lhickh then needs attention. Some warnlngs came well before the
resolution of the startability problem. In 1948, appeldacrn €13,
considering the role of the engine oil on cold-starting,
investigated the effect of wax on startability. Finding that wax
in %the o0il had little effect on startability, he went on to
comment on another potential effect of wax in an engine oil:

"We therefore conclude that the effect of wax on cold

starting 1s negligible. This deoes not mean that the
presence of wax in motor o©il can be neglected. Uax may nect
affect cold starting, but it can affect pumpability. —-- The
result is oil starvabtion, a high rate of wear, and eventual

engine failure.?

In 1962, the question of engine oil pumpability and its lack
was rvecopensed in an ASLE paper by HMoyver (23. In this paper he
showed that extrapolated viscosities would not explain the actual
lou—temperature response and air-binding of several engine oils
in a pumping test rig using automotive pumps and supply tubes.

In 1963, the author’s rework (3) of llover’s data was made
with a special viscometer using reblends of the oils Mover had
used . [t was found that the measured values of viscosity for
MNoyer’'s woils at low shear rate corresponded very well with his
experimental results. INoreover, the results obtained on  the
special wviscometer could be calculated from the dimensions of
lloyer’s eguipment. From this information and the rhesological
knowledge of oil gelation caused by wax and wax—polymer
interactions gained earlier from low—temperature studies of
engine oils for crankino/starting considerations, the author
noted the possible air-binding effects possible through such
gelation - and the attendent implications for engines capable of
bheing started:

"By any wviewpoint, a highly gelated aoil is wundesirable,

especially if the gelation exists at temperatures at  uwhich

the engine may be started. --- Since gelation can be
controlled either by proper dewaxing technigues, base stock
selection orv additive treatment, it weuld seem that  any
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engine oil marketed should provide adeguate lubrication
under all the envirvonmental ceonditions Tor which 1t =
offerad,

However, pumpability was at that Ltime =2imply not considered
to be a problem despite the lncreased ability Lo start the engine
at low temperatures. For understandabla vsasons, tLhe completion
of  the technical task and the development and accreditation of
suitable measuring eguipment was of more immediate importance.
Thus, engine oil effects on cranking and starting continused Lo
cocupy the attention of the technical community involved in  low-
temperature engine o0il viscometry problems.

The call to study pumpability was muted until 1878. As a
result of a very limited and guickly rectified field experience
in Canada and the concerns of one of the automobile
manufacturers regarding the implications of this incident, the
Society of Automotive Engineers conducted a survey to determine
the level of interest in a method to measure the pumpability of
engine oil. Early in 1871, on receiving a positive response from
those guestioned, the SAE sent a letter (347 reguesting the ASTH
Lo

"——— davelop 2 simple laboratory test to measure the ability

of an o0il to flow to the engine oil pump inlet in a manner

trelatable +to engine conditions, and to consider the
relationship between low-temperature oil properties and the
supply from the pump te critical engine parts.”

This reguest unleased a powerful effort to debtermine the
properties of oils connected with pumpability (4 — 283, In the
process 12 Pumpability Reference 0ils (PRO) were developed and
run in sewven full-scale Horth—American test engines, five engine
pumpability rigs, and a wvariety of bench tests. The latter uwere
very ilmportani tests prefacing the choice of a bench test device
or devices around which +to build an A3TI Teast Nethod.
Subseguently, the CEC in Europe conducted similar tests (283
using eight representative European engines with virtually
identical rvesults reported on four of the ASTH Pumpability

FEeTerence Oils.

Yet, during all of this work there was an undercurrent of
feeling that pumpability tests were an unnecessary burden to bear
since the engine cils available had, to that time, shown no sign
of giving field problems (with the exception of the poorly
documented oil initially triggering the pumpability effortl.
While producing conditions in an engine which would bhe wvery
prejudicial to engine longevity, the ASTH Pumpability Reference
Dils were not considered representative of engine oils likely to
be encountered in the field. To append an unnecessary new Ltest
on the already cumbersomely footnoted SAE Classification System,
J—-28@8, seemed a bit much — particularly with other changes hawving
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more evident need such as the extension of the temperature range
over which to determine the cranking/starting characteristics of

the oil.

The asTi work, however, forged ahead. In the process it was
shown that different engine designs had different levels of
susceptibility to pumpability problems, particularly in regard to
those oils showing ‘air-binding’ response of the sort anticipated

18 years earlier. With such oils of the PE0O series, +the oil
would form a gelated mass in the crankcase and when the aoil  pump
began two vremove 0il from the crankcase, the gelated oil was
pulled from a volume immediately surrounding the pump inlet.
iz this occurred, atmospheric pressure forced the overcover of
o0il down to replace that drawn into the inlet, When the
immediate overcowver of fluid had been exhausted, a hole now
extended through the fluid mass to the pump inlet causing the
pump to air-bind. This occurance of air-binding in the test rigs
and engines was observed GbLhrough porbts in the oil pan  and
photographed (7,183. The experimental wverification of the

phenomenon of air-binding predicted from the studies a decade
earlier supported the implications of the sarlier papers  that,

indead, it would be possible to start engines under conditions
where gelated engine o0il would simply not permit the engine to be
supplied with lubricant for some Lime after such starting, a

condition wvirtually assuring heavy engine damage.

The ASTH completed their initial work on the pumpability
project in 1978 with balleoting and approval of the Hini-Eotary
Viscaometer as ASTH Hethod D-3823. In addition, the way was left
clear for other pumpakility methods that might be developed to be
evaluated and ballotted by the ASTH and subsequently submitted to
the SA4AE. Two of these methods on which research continued, used
the EBrookfield Viscometer Iin conjunction with a programmable
liguid bath (21,271,

In early 1879, the SAE balloted and accepted the redesigned
Viscosity Classification 3ystem, which incorporated D-3829, and
called for it to become afficial in September of 1988.

HISTOREY - Pumpakility: Eecent Past; Dramatic Change

gfter all of this work by the ASTH and the SAE, immediately
after the new SAE Viscosity Classification, J380 Sep8d, was in
official effect,., the method was found inadeguate in detecting the
sources of a serious outhreak of pumpability failures. During
the winters of 8B8-'81 and ’'B1-'682, a number of automobile ocwners
experienced field engine failures which seemed, according to the
symptoms reported by the owners, bt bhe largely caused by oil
starvation induced by alr-binding - that is, oil gelation.
Unfortunately, where samples of the oils could ke obtained and
tested, most of these failing oils could not be detected as such
by ASTH MHethod D-382%9 or other methods under developmant using
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the Brookfield Viscometer and, as a conseqguence, the methods were
reluctantly throun into disrepute, at least as far as detecting
potential air-binding oils wsere concerned, The situation was
highly confusing and very stimulating to new studies to determine
the cause of fallure ag tell as a suitable method of detecting
such olle before more engines were rulned.

BEEAKTHEOUGH IN PUNMPABILITY PROGEESS

The desired breakthrough in determining the cause was made
by Stambaugh and O0*'llara (297 in a series of engine cold room
tests conducted with the same temperature profile that had been
experienced in a region, Sioux Falls, Scuth Dakeota, December 1-2,

18988, a day which was known to produce engine failures at this
location. Uhen the so-called *Siocux Falls’ cooling cycle shoun
in Table 1 was used., the results wers wvary =imilar to those

associated with the air—-bound condition of earlier experiences in
the ASTI studies,.

Hext to producing failure conditions by simulating a certain
field temperature cycle, the most interesting feature of the test
was the narrow soak temperature ‘window’® within which the engine
oil had te be held corstant to produce the failing results.
Eaizing or lousering the soak and/or the pumping temperatures by
oniy a matter of a few degrees would cause the adverse behavior

of the oil in the engine to appear and disappear. A third
interesting product of the study was that the HiniEotary
Viscometer - of D=38Z29 development — when exposed to the same
cold-room conditions with the engine gave similar results in that
high ‘vield stresses’ were shown when the engine was producing
air—-binding responses. The only difference betwueen the treatment

af the oils put in the engines and the oils put in the stripped
MEYV was in not preheating the ocils in the latter.

DEVELOPHMENT OF THE SCANNING BEOOKFIELD TECHHIGUE
Basis of Study -

After the engine failure experiences of the winter 88-°'381,
when it was finally recognized and admitbed that all the previous
pumpability tests were inadeguate, +the author and his associates
elected to follow a path hinted at during some of their capillary
work at low temperatures. This capillary work with diesel fuels
indicated that when there was a tendency for the fuel to form
crystals at some given temperature, the tendency wag amplified by
moving the fuel bpback and forth through the capillary and
measuring the wviscosity at each pass to determine the rate of
crystallization by its effect on the fuel viscosity. In effect,
the +technigue was a wvarient of the use of nucleation technigues
in superconcentrated solutions.

In developing a laboratory test, the suthor and his
associates felt that Lthere were several criteria to be met if the
test were Lo be most effective in predicting the pumpability



page B

response of engines to the engine oil:
the desired test should
1} correspond with the field results producing pumpability
failure,
22 be repeatable and reproducible,
23 ke 5= short as possible commensurate with conditions 1

=

gnd F
43 be relatively simple to set up and run, and unambigucus
in interpretation;
particularly  in the light of the results of Stambaugh and 0'lMara
292, the method should
52 have only one test mode and not require either prior
information as to proper test Ltemperatures or the use of
multiple tests to identify a potential failure condition.
i The latter condition was one of the early shortcomings of the
application of D-3829 as a pumpability test method in that
testing for flow-limited and air-binding behavior reguired tuo
different test approaches. Further, D-3829 requires that
possible air-binding response  be  sought at Luo higher
temperatures for an oil indicated at a lower temperature Lo be
flogu—limited C(280}.3

Prior to  the development of the Scanning Brookfieid
technigue, direct. imitaticon of Hature was conceived to be tLhe
only approach to pumpability methods. That is, the oil was to be
held guiescent. as possible (as in the engine sumpl and be exposed
to some cooling condition kbelieved bto bhe reflective of what
happened in the field. An ultimate example of this method of
approach was mentioned earlier where Stambaugh and 0O'HMara (292
used =2 stripped down (i.e. non—insulated? HiniEotary UViscometer
in the cold-room alongside of the engine in the evaluation of the
response of the engine oil te the Sioux Falls cycle. (Uhile they
Wwere nobt recommending the approach, the experiment was successful
in showing that the HEV could be responsive to cils with air-
binding properties if the proper temperature conditions and time
of exposure were chosen.?

In contrast Lo the pricr art of determining pumpability
responzse of an engine oil through imitation of MNature, the author
viewad the need as more the encouragemsnt of Nature to respond to
nucleaticon conditions if an engine 0il were gelation-prone. It
was considered that the akility of an oil to form some degrese  of
gelation is related to four factors:

1} the concentration of oil components capables of forming a

structure in the oil,

21 the rate at which these components beccme available to

form a structure as a result of change of temperature,

3?7 the degres of opportunity for these components to

associate in structure-building processes., and

42 the wvulnerability of the structure to degradation if

shearing conditions are present.
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The first ig, of course, the predominant factor in whether there
will be a structure-building process at all. The second and
third factors are rate-controlling in the building of a structure
and the fourth factor is rate-controlling in the destruction the
structure and, obviously opposed +to the second and third
processes of structure building. In the practice of prior art,
the proce== of structure nucleatiocn and growth — the second and
third factors (which are encouraged by fluid motion) - were
perforce inhibited by trying to eliminate the third factor.

Fraom past experience with engine ocil/fadditive structure

formation (213, the author considered that the rate of formation
of a structure for an air-binding o1l might predominate over the
vrate af degradation of the structure and, under any
circumstances, the '‘shards’ of the degraded structure would still
affect the viscosity of the continuous liquid phase. Thus, the
beginning and extent of structure formation should be manifest if
the measuring technique were sufficiently sSensitive. It was

considered  that +the engine oil to be studied should ke taken
relatively slowly through the lowu-temperature range of interest
while being stirred continucocusly to encourage the interaction of
structure—building components. Simply stirring the sample was
not considered sufficiently informative since a much better
approach would be to use the rotor of a Cousette—-type wviscaometer
as the stirrver and, . thus, tc be able to continuously measure the
effects of such stirrvring.

First Results -

Aoccordingly, the author and his associates s=set up an
experimant using a 3Siversco programmable liquid bath for
producing and regulating the necessary low temperature program at
B degrees Celcius per hour, a Brookfield ERheolog Viscometer (the
predecessor Lo the Brookfield Digital unit used in later studies)
for measuring and recording viscosity continuously, and a special
test <cell comprising a stator made out of a test tube and
relatively close-fitting Brookfield rotor. The oils selected for
contrast were a known Hewtonian low—temperature calibration ail
and the other was a sample of a field failing oil guite =imilar
to one of Lthose used by Stambaugh and O'HMara (29). The first
results of +the test, showun in Figure 1, were immediately
gratifying. The result with the field-failing oil showed a
dramatic *break’ from the normal curve expected with Hewbtonian
behavior. Noreover, the break occurred at essentially the same
temperature, T+1Z F (—-1@ C), indicated by Stambaugh and O0'Mara to
be the ‘window?® at which the o0il in question gave sSuch adverse
alr—-binding performance. These results plus some evidence of a
good degree of repeatability — repesat curves showing wvariations
of less than 1 degree Celcius — were presented by the author (323
as a discussion of the Stambaugh, D*'Mara paper (292 in e=arly

1982,
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When first reported, the Scanning Brookfield results
elicited s=surpri=ze o gome technical guarters in that it showed
definite evidence of the lack of neceszity to hold engine oils
gquiescent befores relevant analysis of pumpability was made. Quite
the contrary, the study showed that shearing the engine o1l could
produce information not otherwlise awvaillable. Particularly
important was the fact that the technigue seemed to clearly
identify the temperature ‘window’ shown by Stambaugh and O'Mara
Lo pbe critical to failure of the gils. Further, the technigue
produced a form of analysis which, if applicable to obther field-
failing oils, reqguired only one technique and no prejudgement of
an oils low temperature response point nor did it require
mualtiple temperatures of analysis. Thus, the Scanning Brookfield
technigue immediately met sewveral of the five test ecriteria
mentioned earlier.

Developmental Efforts —

Further work on the Scanning Brookfield technigue to
determine and optimize the factors influencing the method was
reported i1n the fall of 1982 (33). This work showed that the

Scanning Brookfield technigque
1) was repeztable
2) correctly diagnosed the air-binding, field-failed oils
then available — PEO-21 to PREO-28 (Table 22
2} corrvrectly diagnosed the original a3TH PED set, PEO-1 +to
FRO-16 «(Table 32 with the exception of PEO=-83 which was
indicated by the Scanning Broockfield technigue to have a
tendency toward air-binding and PRO-89 which had been
contaminated with water.
The result on FRO-832 will be discussed later in this paper.

In 1982 and 1983 the Scanning Brookfield technigue was
applied in a series of studies by Ford Hotor Company through the
efforts of Florkowski (later of Standard Qil of Ohiol, Groh and

Misangvi. This study was of certain field-failed oils wvhich had
given inconsistent results in other pumpability tests including
b—-3829, Stable Pour Foint, and a Ford Method, BJza-1. As a
consequence  of positive experience through relatively extensive
evaluation, in 1982 the Scanning Brookfield technigue was made a

tentative Ford Hethod, BJZ27-1, and in late 1984 was made a world-
wide specification for Ford factory-fill engine ocils and Ford
Motorcraft Engine 0Oils. In 1885 +the Scanning Brookfield
technigue, as BJ27-1, was made a part of the Cummins Engine
Company’s requirements.

Also in 1982, the Scanning Brookfield technigue was formally
made a parbt of the activities of the ASTH Task Forece on  Liguid
Bath Broockfield Viscomebtry but only relatively recently ware
there encough active participants to mount a round-rvrobin study.
That study is now virtually complete with five sets of analyses
submitted and four more in advanced stages. Eepeatability and
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reproducibility look encouraging and a report on the effort is
planned for the June ASTH meeting.

With this extensive history of the status of pumpability and
the associated Scanning Brookfield technigue now in perspective,
further considerations of the method can now be presented.

FRESENT CONSIDERATIONS OF PUNPAERILITY RELATED TO
THE SCANNING BROOCKFIELD TECHNIQUE

CONFIGURATIONS OF THE EQUIFHENT

The present instrumental setup has taken three forms in the
hands of different investigators as= a result of interest in the
method. ©One of these forms, developed by K.O. Henderson of Ethyl
Additives uses one source of coolant to transfer refrigerant to
insulated outboard <cells each of which records its oun
temperature/viscosity relaticonship. Ascoke Deysarkar of Penn=zoil
Froducts uses a device which locks the stator to the EBrookfield
Viscometer head for ease of assembly and repeatable positioning
of the rotor within the stator. J.H. O0’'MNara of Eohm and Haas
uses a similar approach but a different rotor/stator geometbry.
Each of these investigators would undoubtably prefer to speak of
their own approaches but, it should be noted that, when using the
same rotori/stator geometry, each approach seems to give results
within the reproducibility and repeatability of the technigque.

The standard geometry of the rotors/stator is showun in Flgure
2.

Most Common Configuration —

The most common setup for Scanning Brookfield viscometry is
ona like that shown in Figure 3 using a Brookfield UViscometer
head, Nodel LUTD-5¥ and the Siverso programmable liquid bath,
Model 418. Lihile only slightly different, the setup of the
author and his associates emploves two Brookfield heads and a
Lwo—channel recorder tFigures 4a and 4b2? +to doublae the
productivity of the Siverso programmable liguid bath. It will be
noted that the glass cap over the test cell, shown more clearly
in Figure % in position and in Figure B in an exploded view, is
used to cover the cell and provide an injection port for dry
nitrogen gas to sweep the inner cell air volume. This forestalls
precipitation on the cold inner surfaces of the cell during humid
days.

FEESENT TEST TECHHIGQUE
Analysis -

Essentially the test technigue is one of heating the test
engine o¢il +to betueen 80 and 9@ degrees O for an hour with or
without stirring. Then the test cell, filled with akout 28cc of
the oil, 1is placed in the coclant held at 15 degreses Celeocius,
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The rotating rotor position is then adjusted until it registers
least. output of torgue. At this point the rotor speed is turned
dowun to 8.3 EPH and the bath is guickly lowered to -5 degrees C,
and held until the rotor torque output has stabilized. Uhen the
torgue output has stabilized, the test cell cooldown at 1 degree
per hour is initiated. The test is terminated when the capacity
of +the Brookfield head to record tLtorgque is exceeded. The
resultant curve taken from a strip chart or recorded digitally is

then anzlyzed.

Calibration -

Calibration of the test cell is quite similar in approach
except that a known Hewtonian oil is cheosen and only five or six
temperature steps are used to establish the viscosity/torgue
reading vrelaticonship. To assist in reading the raw data, the
author and his associates have followed the practice of spanning
the chart pen output so that the chart reading i= proportional to
viscosity and the chart can be roughly read directly.

aMALYSIS OF THE DATa FRODUCED

UDepending on the purpose of using the Scanning EBrookfield
ttechnigue, analysis of the resultant data can take several forms.
The data that result from a Scanning Brookfield analysis arve
first evident on the strip chart paper as a continuous line. A
smooth curve with no abrupt changes, &8s is shown in Figure 1 for
the satisfactory oil. finy departure from the smooth curwve is
evidence that some other process is operative and the temperature
aof the occurance may likewise be of interest. Sometimes the
departure 1is abrupt and continuous as in the case of the poor
fluid of Figure 1. At other times the abrupt change may soften
and the curve revert to previous change althocugh at a higher
leval of visgosity as a consequence of the initial abrupt change.

Uhen the raw data from the strip chart or other recorder are
then plotted on ASTH/Walther paper (a2 Log-Log viscosity wversus
Log absolute temperature coordinate paper?, the data now yield
further information depending on the degree of departure from a
straight line on this logarithmic paper. In any case in which an
abrupt change is gvident an the strip chart or other recorder,
that change will alsoc be evident on the ASTH/UWalther plot. The

following mection will discuss the significance of these polnt=.

‘Hewtonian® wversus NHon-Hewtonian Viscosity/Temperature Curves -—

In the absence of any suitable way to refer to a
viscosity/temperature curve on ASTH/Walther (log-log viscosity
versus log absolute temperaturel) paper, and noting that mineral

ail and their formulated products generzally seem +fto e=x=hibit
Hewtonian behavior at low shear rates whensver the curve forms a
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straight line on such paper, the auvthor will wuse the term
‘Newtonian Viscosity/Temperature Curve’ or ‘Newtonian UTC' to
signify this simplistic form of flow behavior. Any other curve
will be called ‘non-Hewtonian’ with or without further

definition.

The comparison betwueen Hewtonian VTC response and non-
Hewtonian behavior when rendered on ASTN/Walther paper is shoun
in Figure 7 for the two oils of Figure 1. Uith these as an
example, the meaning of ‘Hewtonian VTC’ and ‘non-Hewtonian’® or
‘structural’ become wvirtually self-evident. Betweaen these
extremes are an infinite number of responses. Examining the
ASTH/Walther curves for the original flowu-limited PRD series,
shown in Figure &, some of this wvariety becomes apparent. Here
there is evidence of completely Hewtonian UTC response as well as
gentle departures from it. However, tLthere 1is neo extreme
departure from the Hewionian VUTC.

In strong contrast to the Newtonian WTC response, the non-
Hewtonian curwves assoclated with air-binding are produced when
structure—building phenomena strongly manifest btheir presence as
shown in Figure 9 for the air-binding oils of the same original
FPREO series. Again, one is struck by the range of non-Hewtonian
response of these original PRED air-binding =z=eries and by the fact
that the engine tests themselwves show much variation in  whether
they respond in an air-binding mannevr. Clearly, there is much to
be understood in the involwvad engines/oill-—pumpability
relationshio.

From the foregoing, it i= evident that engine oils may or
may not. exhibit non-Hewtconian behavior in low-shear, low—
temperature flow under the stimulus of the Scanning EBrookfield
technigues. filmost without exception, when there is a non-
Hewtonian curve generated on the ASTH/Ualther plot, the curve
has an ‘ogee’ or s-shaped pattern or, at. least a portion of the
pattern. In s=ome cases the departure from the simple Hewtonian

UTC is guite mild and is associated with flow-limited behavior;
in obther cases the departure is guite abrupt and associated with
alr-binding behavior,; in still other cases the response is mixed
where +the ogee patbtern asscciated with structure appears bub
Wwithout. the level of abruptness characteristic of +Lthe field-
failed oils.

DETECTION OF FOTENTIAL FIELD-FAILING EHNGINE DILS
Flow—-Limited Qils -

Flaow—limited behavior is the simplest rheoclogical property
of an oil to measure and predict. Any of the various applied or
proposed viscometric pumpability tests have thus far showed clear
responze Lo flow-limited o0ils as well as agreement with one
another, including the D-382% IMEV and the Scanning Brookfield
technique.



For example, information from a HNorth American engine oil
collection and analysis program contained data permitting
compatrison of 175 low-temperature results from D-3823 and
Scanning Brookfield analyses of marketed engine oils (343, The

data showed that, at the test temperature reqguired by J380 for
the SAE grade invelved, more than 88% of the NEV single point
values fell within 2 degrees C of the Scanning Brookfield curve
and for 55%% of those IEV data, the values fell on the Scanning

Brookfield curve. INoreover, of those remaining oils which showed
poorer  agreement between the MNEV and the Scanning Breckfield
several (Z20%) had evidence of strong gelation, characteristic of
air—binding ocils which characteristic, as previously noted, more
strongly affects the sensitive Scanning Brookfield in its
results.

fis showun in Tables 2 and 3, the temperature at which an oil

reached 4@ Fa.s or 48,6880 cF was found to be effective in
predicting conformity with SAE J388@. The temperature at which an
oil reaches this wviscosity is called the Critical Pumping
Temperature, or CPT, and this single criterion applies to both
flow=limited and =zir-binding coils.

i recent paper by Stambaugh (35) indicated that the so-
called *flow curves’ generated by the Scanning Brookfield
technigue, had poor correlation with the ‘oiling times' observed
in certain engines and at certain test temperatures using three
experimental ocils fully formulated to meet the regquirements of
J328® FEB84. The threes oils were made with three different VI
Improver systems: polymethacrylate (PH&2, olefin copolymer (QCP,
and hydrogenated styrene//isoprene, CHZTY. This okservation of a
lack of correlation between the Scanning Broockfield '‘flow curves?
and the ‘oiling times’ led Stambaugh to suggest that the Scanning
Brookfield may be a poor method for ranking flow-limited oils.
While this may he trus, the data of reference (34> previously
discussed do net seem to supporit his suggestion. Eather, 1t shows
relatively close correlation between the results of method 0-3829
and the Scanning Brookfield with the exception of a few oils some
of which were strongly non—Hewtonian.

The work he ﬁenerated, houwever, ha= additional valus in
further understanding the engine pumpability relationship
particularly since his work calls several assumptions into
question and it is well to consider these guestions even i1if they
cannot  be answered at this point.

First i= the guestion of whether the oils used by Stambaugh

are ‘non-Hewtonian', as the term is defined in this paper. That
is, do they individually or collectively have structure—forming
characteristics. Scanning Brookfield tests on the threse oils

reported in two Eohm and Haas presentations to the auvtomotive
industry (35) indigates that at least the PHA-containing oil is
non-Hewtonian as denoted by an ogee curve. If ane or mare of
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these o0ils is non-Newtonian, . then the second guestion is one of
whether there 1s oy showld ke 3 pavallzsl  Betussn the  euvue
generated by the Scanning Brookfield and the curve generated by
‘ciling times’.

The thivrd guestion 1s in regard to the Sioux Falls cooling
cycle and vhether it is a uniwer=sal 2ngine conling technigue oy
detecting the air—-binding propensity of oils. If one or more of
the three oils were actually capable of air-binding response and
the Sioux Falls cycle were not a universal discriminator of air-
binding response in engines, then perhaps other cycles should be
evaluated.

The latter point was amplified recently when the application
of the Scanning Brookfield technigue of BJZ7-1 led to the finding
of  a 15wd8 on the market which, as showun in Figure 18, gave
strong evidence of potentially failing in the field under certain
temperature conditions. Both the HNEV at -20 degrees T and the
Cold-Cranking 3imulator at -125 degrees C gave acceptabls results,
Without engine tests, however, the temperature conditions leading
to possible pumping problems were not known beyvond the fact that
the Scanning Brookfield indicated that initiation of structure-
building was about —18 degrees C (+15 degrees F). Corrvoboration
of  the Scanning Brookfisld results das obtained using a TP-1 HEV
cycle which 1s a another proposed ASTH method for determining
pumpability utilizing the MNEV and a modified cooling cycle (362,
Houwever, in the cold-rvroom engine tests, +the o0il would not fail
with +the Sicux Falls ovole (and several variants). The oil
finally was brought to failure by imitating the TP-1 cyvcle at
Wwhich point bthe oil failed in the engine in a wvery evident

MANNSY . 1t car be concluded that the nature of the cold-room
cycle Is also critical in regard to effectively testing an ails
pumpilng response and the Sioux Falls cycle, while very

significant, is not a universally applicable cyocle to detect air-
binding potential.

This, of course, brings back the guestion of whether or not
any or all of the three engine oils blended and tested by
Stambaugh might, in their oiling curves, only reflect the Sioux
Falls response while the Scanning Brookfield technigue might be
giving information concerning temperature effects likely +to
produce  structure over the entire temperature range of interest.
Ferhaps, had some other cooling cycle for the sngine tests on the
three o0ils been made, say =similar to the TP-1 eycle, the results
reported might have fallen in a different order.

The latter vresults also call into question the original
engine tests for pumpability. Had these engine tests been cold-
soaked for different lengths of time, or cooled doun more slouly
to the test ftemperature, the results might have been more uniform
among the engines and some cils which first appeared flowu-

limited, would then appesr air-binding. Perhaps this is +the
reason Why, with the Scanning Brookfield approach, PR0O-83 would
szem Lo be more of an air-binding oil. This behavior of FPRO-83,

which was reported, as noted earlier in this paper, in an SAE
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presentation in 13882 (33), was recently confirmed by Henderson,
et al., 1n a study using new MHEV methods (36).

fir—-binding Qils -

The most insidiocous form of pumpability failure is air-
Linding: probagly baecause Witk & flew-limitad @il - if the il is
too viscous to pump - it is too viscous to start.

fis previously detailed, this structure-building, non-—
Hewtonian form of flow constraint was the primary cause of much
engine damage in the winters of '8@-81 and '81-'82 in both North

America and in Europe. It was alsc the primary cause of the
development of the Scanning Brookfield technique which, although
expectad to ba effective in detecting flow-limited behavior, was

primarily intended +to be a method of detecting air-binding
responsa across the broad band of temperatures to which engines

are exposed. The method was to be singular - that is, only one
method should be required, if possible, with no multiple
determinations to *hunt’ possible failure nor other data to
narrow the search. While other pumpability methods presently
being developed have much to commend them, as far as i=s known to
the author, the Scanning Brockfield is still the only method
which meets the important criteria above with sufficient

sensitivity and precision.

The most ocutstanding characteristic of potentially air-
binding oils in the Scanning Brookfield test is the relatively
abrupt change in rate of increase in viscosity at some critical
temparature. If that rate of change continues until the
viscometer torque read-out is driven off-scale, the chances are
very good that the oil will air-bind in a sensitive engine under
some low-temperature exposure conditions. At present there have
been no exceptions to this experience. For example, note the
seqguence of ASTH/Walther curves for the field-failing series PEO-
21 to PRO-28 in Figures 11 and 12; all of the Scanning Breookfield
non—-Hewtonian curves for this series are essentially wvertical

after forming a brief first leg of the ocgee curve. The exception
is PEO-Z6 which, although guite wvertical during the second leg of
the ogee, does begin to form the third leg before exceeding the

40,888 cP limit at about —-17.5 degrees C. It is of interest that
FPREO-26 1s a European engine oil which failed there during the
winter of 'G@-'Bl1.

On the other hand, PRO-28 shows that there are wvarving
degrees of non-Hewtonian response and this is amplified when the
various Scanning Brookfield curwves for the original series of
air—-binding PRUs are viewaed as in Figure 9. The guestion becomes
one of determining the minimum non—-Newtonian curve which will
still result in air—-binding failure.

The need seems to be met by PEO-29, a field-failing engine
cil from +Lthe winter of *‘82-783. It is a subtle oil which
frequently passes the stable pour point — the pumpability nemesis
of a number of other field-failing oils. Recent studies with the
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Scanning Brookfield eguipped with the standard rotor/stator
geometLry are shown in Figure 12. The results show that PRE0O-29 is
clearly non-Hewtonian with a pronounced ogese curve and has a
Critical Pumpability Temperature of -24.3 +to -25.4 degrees C
which is definitely borderline for a 10wd® oil. From the
aoriginal strip chart data it was apparent that PR0O-29 started the
second leg of the ogee curve somewhat lower in temperature than
the other members of the notoricus PRO-ZX series.

Following +the experimental lead of Ken Henderson of Ethyl
Aidditives (37}, the author had a smaller diameter (8.5 in.) rotor

made with which PEO-29 was again tested. The resultant strip
chart curwve, while showing a first break at about the same
Lemperature, gawve a much longer second leg before tipping into

the final leg. As shown in the ASTH/Ualther plot of Figure 14,
the Critical Pumpability Temperature was raised to —-21.7 degrees
o a definite failure. These results suggest that, despite good
correlation with air-binding oils with the standard rotors/stator
geometry, much is available to be learned by modifications of the
Scanning Brookfield technigue.

Considerations Regarding the Causes and Effects of the Scanning
Brookfield Technigue -

Une of the first considerations in applying the Scanning
Brookfield +technigue is that regarding sharp non—-HNewtonian
behavior typical of air-binding immediately beyond the chosen
temperature of classification. In other words, is a propensity
afiohg air-binding acceptable below the specifically chosen
Lemperature of fLest? It would seem that., as deadly as air-
binding is to the life of the engine and as expensive as sangines
are today, that perhaps some thought should be given to avoiding
serious  alr-binding potential at temperatures 18 or 15 degrees C
below the lowest tempersture at which the engine is expected to
start.

In the same vein, what of the wide variety of single grade
oils on the market and in wvehicles? Because they are not
classified for low-temperature service, should they not have some
minimum standards of pumpability standards for lower temperature
starting. Faraphrasing a statement guoted earlier im the paper
£33, it would seem that the engine oil would be expected to
protect the engine at whatever temperature the engine could be
started without assistance. However,in the final analysis, even
if +the engine were given some form of starting aid assistance,
the o©il could be strongly structured and air-binding unless some
provision were made for heating the engine oil or otherwise
preventing the consequences of air-binding.

Correction of Air-Binding Tendencies in Hotor Oils -

Considering the varicous possible causes of the occcurance of
air-binding, the guestion arises about correction of the tendency
Wwithout the waste of bthe product. Further, what is a reasonable
goal for such correction?
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While much knowledge and understanding concerning the role
and mechanism of pour point depressants 1s important 1n  the
treatment of formulated products, a relatively simple experiment
showed that, at least in some Cases, air-binding can be
effectively terminated.

Figure 14 shows the conseguences of an effort to correct an
unsuccessfully pour-point depressed base oil shown as Sample F.
This base cil showad all the symptoms of ailr-binding potential in
the Scanning Brookfield analysis. Treatment with Pour-Foint
Depressant A produced Sample G - an obviocus improvement but still
an oil capable of causing air-binding. Treabtment with Four-Point
Depressant B produced Sample H - an oil with a Newtonian VTC.

CONCLUSIONS

While this paper has had the overtones of a techno-
historical essay, there are conclusions to be drauwun.

The subject of pumpability and its contreol is bacoming more
and more of a sericus problem as a consequence of the greater
variety of sources and Lreatment of refined base oils. Effarts
to extend the gquantities of the lighter neutral base oils by
raizsing the dewaxing temperatures has also caused concern. In
the face of this situation, the problem is compounded by the
recent. emphasis on marketing Sw3I@ oils. Such a move will place
even 4greater demands on low-viscosity base stocks and greater
efforts to try to utilize the full content of the distillates
vielding these basestocks. If less dewaxing for such oils is
chosen as one path of ineresasing yield, the techniques of pour-
point. depressancy will be given a great stimualus in research,
development and application. Alternative paths include the
servious consideration of synthetic basestocks.

The Scanning Brookfield technigue is really representative
of many +technigues wutilizing the concept of measuring the
change in a lubricant properity while stressed by changes in

applied conditions., At this tim=, the technigue seems to stand
alone in producing relevant information concerning pumpability of
ogils across the broad low-temperature range of interest. The

technigue is obviously capable of many meodifications to meet this
problem area and others of similar nature.
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