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Under severe bearing conditions, deposits form on the loaded part of bearing pads and if this happens
excessively, it could lead to unacceptable rises in temperature and vibration. Deposits are mainly organic
compounds, formed as oxidation by-products, which are insoluble in lubricating oil and can be the precursor
to deposits. In this study, the deposit precursor in lubricating oil was investigated in detail and the deposit
production mechanism was demonstrated. Furthermore, the difference of oil type effects and the dependence
of conditions on deposit formation are also considered.
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1. Introduction

Lubricating oil deteriorates while in service. Severe
deterioration, which can occur locally in some cases,
can lead to a deposit problem. This could affect the
functionality in systems. The problem caused by oil
deposits that affects poor lubrication caused by clogging
of the lubricant line has been known well. The deposits,
however, have some kind of root and visual appearance
and composition. Adhesive deposits forming on hot
metal surfaces with which lubricating oils are in contact
is one of them and the most well-known. They can be
observed in the sump and oil lines of gas turbines,
rings/liners of diesel engines and oil lines of
turbochargers; all of which have surfaces at
temperatures exceeding 300°C. Such deposits are due to
the remarkable thermo-oxidation reaction of oils on hot
metal surfaces and can be controlled by selecting proper
oils with high thermo-oxidation stability and reducing
the metal surface temperature [1-4].

On the other hand, despite little degradation in the
lubricating oil and acid number and viscosity
resembling those of fresh oil, deposits are still observed
in the form of accumulated oxidative degradation
products. Even slight oxidation degradation could
significantly impair device functionality. In recent years,
deposit, so-called varnish, has been recognized as a
problem reaching epidemic proportions in power
generation and other gas-turbine applications [5-10].
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The deposit trends to build up in bearings, servo valve
and various parts of the turbine. In terms of bearings,
excessive accumulations of the deposit could result in
significantly increased temperature and vibration. This
is thought to be due to the increased heat load of
lubricating oil coinciding with a rise in service
temperature and a change in oil from Group I base to
Groups I or III. However, introduction of cases, the
selection of proper lubricants [11-14], monitoring
methods [15-20], and filtering methods [21-23] have
been reported a lot, but the studies for the elucidation of
the phenomenon itself such as the detailed mechanism
of the deposit and the relation of oil degradation with
the deposit have not been carried out.

In this study, we have conducted an analysis of
deposits that were observed in the bearings of a process
gas compressor. Focusing on contamination such as
oxidation by-products in lubricating oil, detailed
consideration of the precursor for the deposit was
conducted by simulated oxidative degradation tests,
using lubricating oils. The size and quantity of the
contamination in the post oil of the simulated oxidative
degradation tests are confirmed. We also attempted to
reproduce and demonstrate deposits identical to those
detected in the actual service compressor using the
rolling test rig, which simulates the bearing, as well as
observe the presence of oxidation by-products leading
to the formation of such deposits. Furthermore, the
lubricant type dependency and the effect of the
condition such as speed, load and temperature are
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discussed.

2. Experimental programs

2.1. Analysis of deposits formed on loaded part of
tilting bearing pad in actual service compressor

As mentioned, the deposit built up can be observed
in bearings, the servo valve and various parts of the
turbine. To clarify the composition of the deposits and
the form of deposition, the deposits formed on the
loaded part of the tilting bearing pads under severe
bearing conditions, as shown in Fig. 1, was analyzed
using infrared absorption spectrometry (IR) and
Scanning Electron Microscope -Energy Dispersive
X-ray Spectroscopy (SEM-EDX).

In an actual service compressor, conventional
mineral oil-based turbine oils are used. As they are
operated at a temperature of 60°C, the bulk oil could
hardly be degraded and carbonized. However, oxidation
by-products could be generated a little by localized
heating, since the local maximum temperature of the
bearing surface is about 120°C.

2.2. Observation of particulate insoluble contamination

in deteriorated oils made by localized heating

The deposit can be observed, though the lubricating
oil does not degrade so much as mentioned. We have
checked whether in such oil, oxidation degradation
particles can actually be generated. To determine the
presence and size of insoluble oxidation by-products,
particle contamination was observed using a test method
to deteriorate oil by localized heating, utilizing the
panel-coking test shown in Fig. 2. It is normally utilized
to evaluate deposits on hot metal surfaces. In this study,
however, the focus was not on deposits on
high-temperature panel surfaces, but on the post
lubricant of the panel-coking test. This test method was
employed in order to promote local deterioration with
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Fig. 1 Example deposit formed on the loaded part of
the tilting bearing pad
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Table 1 Condition of the panel coking test

Test oil amount (cm’) 300
Oil temperature in oil reservoir (°C) 60

Panel temperature (°C) 280

Duration time (hours) 3

an unchanged total acid number and viscosity. In this
evaluation test, the oil degradation products in contact
with the hot metal surface were generated locally and
became insoluble oxidation by-products in the oil.
Under the test conditions as shown in Table 1, the
insoluble products can be clearly identified. The size
distribution of the insoluble products in test oils was
evaluated using liquid particle counters shown in Fig. 3.

In terms of test oils, some lubricating oils, which
were mainly ISO VG46 grade, were used. As the base
oil type is considered to be related to the varnish
problem occurring in gas turbines, Groups I-V turbine
oils were selected for the evaluation.

2.3. Base oil Group difference of particulate insoluble
contamination
The oxidative degradation test with oil circulation,
as shown in Fig. 4, was performed to ensure a change of
the insoluble contamination with duration time for each

FED TEST
METHOD STD
No.791, Method
3462

Fig. 2 Panel-coking tester
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Fig. 3 Particle counting method in oil using an
optical cover principle

base oil Group. During this test, the lubricant is heated
locally, like the panel coking tester, and insoluble
products formed in the oil. In this examination test,
which was carried out using the comparatively large
quantity of 2500 cm’ to evaluate, oil can be extracted
and analyzed for every predetermined time.

Conducting preliminary tests, the test conditions
under which insoluble products could clearly be
identified with an unchanged total acid number and
viscosity were determined, as shown in Table 2.

2.4. Demonstration of deposition by particulate
insoluble contamination using rotating four-ball test
The presumed deposition mechanism is based on the
concentration of insoluble products within a narrow gap
corresponding to film thickness, as shown in Fig. 5. A

Localized heating

at copper coil with
temperature
control

Collecting oil _
sample |

L@

Fig. 4 Oxidative degradation test with oil
circulation

rotating four-ball test in accordance with the IP300
procedure [24] easily enables a gap in the targeted film
thickness and could be a possible method of deposit
demonstration for a short duration, although with a film
thickness lower than that of actual bearings. As shown
in Fig. 6, this test apparatus consists of an upper rotating
ball and lower test balls. The upper ball rotates while
making point contact with the three lower balls, which
also rotate while revolving in a race having a specific
curvature.

Table 2 Condition of the oxidative degradation test with oil circulation

Coil for localized heating

Test oil amount (cm’) 2500
Circulating rate (cm’/min) 1
Oil temperature in oil reservoir (°C) 60
Copper

Length:100 mm/@1 mm

Coil temperature (°C)

260

Duration time (hours)

24-120
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Fig. 5 Presumed deposition mechanism

To demonstrate deposition in the form of insoluble
particles on a bearing surface, rotating four-ball tests
were conducted using degraded oil. The degraded oil
had the extremely small insoluble amount of 0.0002
cm’/100 ml. The test was conducted under the
conditions shown in Table 3 while feeding lubricating
oil to barely immerse the entire surfaces of the test balls.
In the contact between the upper ball and lower balls,
the 4 value, which means the minimum oil film
thickness divided by the surface composite roughness, is
0.6, which means the boundary lubrication regime.
Since the direct contact between the upper ball and

Upper ball Race
rotates

Lower balls rotate
with revolution on
the race

Deposit forms
at ball/race

1P300/75"Pitting failure tests for oils in a medified
four-ball machine”

Fig. 6 Four-ball test to demonstrate deposition

lower balls can be assumed, the deposition could not be
observed. On the other hand, in the contact between the
lower balls and race having a specific curvature, the A
value is 1.9, which means a mixed lubrication regime
leading to a possible gap for concentration of insolubles.
Accordingly, a deposit of insoluble products on the race
can be expected to be formed.

The test apparatus has an acceleration sensor with a
mechanism that automatically shuts off the drive system
upon detecting abnormal vibration. While carrying out
the test, the formation of a deposit was observed by
measuring vibration acceleration.

Table 3 Standard test condition of the rolling four-ball test

Amount of oil (cm”) 20 Lower balls rotating speed (m/s) 0.34
Lubrication Oil bath Lower balls revolution speed (m/s) 0.11
Contact Rolling Film thickness between upper ball and 0.02
lower balls (pum)
Test balls 12 inch steel ball Film thickness between lower balls and 0.07
race (Lm)
A value (=Film thickness/ Surface
Oil temperature (°C) 60 roughness) between upper ball and lower 0.6
balls
A value between lower balls and race
Load (N) 650 *Mixeq lubrication regime (le.ading to 19
possible gap for concentration of
insolubles )
Upper ball rotation 1200 Maximum contact pressure between upper 4
(rpm) ball and lower balls (GPa)
Upper ball rotating 0.46 Maximum contact pressure between lower 0.8
speed (m/s) balls and race (GPa)
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Fig. 7 IR results of actual deposit on bearing pad

3. Results

3.1. Analysis of deposits formed on loaded part of
tilting bearing pad in actual service compressor

The results are shown in Figs. 7 and 8, in which the
composition of the deposit is shown to be mainly
organic compounds in the form of oxidation by-products,
which are usually insoluble in lubricating oil and may
be a precursor to deposits. The element detected is
carbon and oxygen, which originates from oxidation
by-products. Also from the result of SEM-EDX, it can
be confimed that the main ingredient of the deposit is
carbon.

In the results of SEM, relatively large particles,
10-60 pm in size, were observed in comparatively thick
deposits around the central part, appearing condensed
and crushed. On the other hand, comparatively fine
particles, 5-30 um in size, were observed at the portion
with comparatively thin deposits around the edge. The
latter is considered the earlier stage of deposit formation,
and the former is considered latter stage. The deposit is
considered a phenomenon to which the insoluble
particulates in oil adhere, and it is thought that
adherence particles become large with the advance of
deposit formation. It can be thought that the precursor of
remarkable deposit formation is particle contaminations
in the order of several tens micron in oils.

3.2. Particle size distribution of particulate insoluble

contamination

The result of the particle size distribution, which is
the rate of increase in insoluble within each particle
range, is shown in Fig. 9, while the actual usage result
of the oil is also noted. Figure 9 shows the results of 3
oils of Group I oils, 8 oils of Group II or III, 5 oils of
Group V and 1 oil of Group I+III. Results confirmed
that the amount of insoluble particulate tended to
increase for both oil in actual use and post-test oil, even
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Fig. 8 SEM results of actual deposit on bearing pad

with unchanged viscosity and total acid number. The
viscosity data is shown in Fig. 10.

In addition, differences emerged depending on the
base oil Group. In mineral oil-based Group I, the
number of smaller insoluble particles below 15 pum
tended to increase, while other Group types showed
more insoluble particles 15-50 pum in size. As mentined,
the deposit formation is thought to be related to a
change in oil from Group I base to Groups II or III.
While many smaller particles in Group I can be
observed, many particles with a diameter of a particle of
tens of micrometers can be observed in Groups II or III.
This result proves that it is easy to generate a deposition
phenomenon in the case of Groups II or III. In terms of
actual service oil, which is categorized as Group I+II,
the distribution of insoluble particles is close to the case

of Group I. In the case of the fresh oil of Group I+III, it

can be seen that the number of smaller insoluble
particles below 15 pm tended to increase, as same as
Group I, although the rate of each particle size increases
remarkably. In actual service, the filtering might result
in the reduction of insoluble particles above 15 um in
size.
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Fig. 9 Particle distribution in post-oils

In order to check not only the particle size
distribution but also quantitative differences, the
insoluble amount of each type of oil was estimated. The
sum of the product of the count and the average particle
volume in each particle size range can be considered as
indicators of insoluble products, as shown in Fig. 11.
This figure shows the change in the amount of insoluble
products. Group I oils tended to show fewer insoluble
products than fresh oil, while there were also fewer in
Group V oils. Since Group I and Group V oils are polar
in nature, it is thought that it is easy to dissolve a
deterioration product. Therefore, it is thought that such a
result was brought. However, Group V oils are usually
excellent in oxidation stability, and might generate very
few insolubles.

In terms of Groups II and III, these oils are not polar

®Freshoil  ® Post oil in panel coking test
Kinematic viscosity at 40°C (mméi/s)
20 25 30 35 40 45 50 55

Group I -cil A

Group I -0il B

Group I -oil C
Group I -0il D *1

Group L -0il E *1
Group II -0il F
Group I -0il G *1

Group I -0il H
Group Il -0il1 *1
Group II -0il 1 *2
GroupIl-oilK *1

Group I +1I-ailL

Group V -oil M *1: Including ami

Group V-oilN *1 :;”;,i:::z,,uw

Group V-0il 0 *1 Others: none or Phenal
Group V-oil P *1 oxi
GroupV-0ilQ*1 |

Fig. 10 Viscosity of test oils
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in nature, but are better for oxidative stability and have a
tendency which cannot generate easily insoluble
products. For oils including amine antioxidants or
ZnDTP, “*1” or “*2” are noted respectively in Fig. 10.
Although amine-type antioxidants are said to be prone
to form sludge when heated at a high temperature, the
amount of insoluble products does not necessarily
increase. It can be affected by the difference in oil
species in both the base oil and additive and could
depend on the formation of insoluble. Insoluble
oxidation by-products could also be affected by the
compatibility of additives.

3.3. Base oil Group difference of particulate insoluble
contamination
It was confirmed that particulate insoluble products

Insoluble (cm3/100ml)
0.0004 0.0008 0.0012 0.0016

o

-0.0008 -0.0004

Group I -0il A
Group I -0il B
Group I -ailC —
Group I -0il D *1
Group Il -0il E *1
Group I -0il F
Group I -0il G *1
Group I -0il H
Group I -oil 1 *1
Group I -oil ) *2
GroupII-oil K *1
Group I +II-oilL
Group V -0ilM
Group V -0il N *1
Group V-0il0 *1
GroupV-oil P *1
GroupV-oilQ *1

panel:280°C, duration time:3hours

(using panel coking test)

*1: including amine antioxidants
*2: including Zn0TP
Others: nane or Phenol antioxidants

Fig. 11 Change in estimated insoluble volume of
post-oils
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Fig. 12 Change in insoluble oxidation by-product
as a function of time

increase even when viscosity and total acid number
remain unchanged, depending on the base oil type
Group. Accordingly, the test carried out in order to
ensure a change in the insolubles with duration time for
each base oil Group is shown in Fig. 12. This shows the
increase in insoluble products compared to fresh oils as
a function of duration. For mineral oil-based Group I,
despite few initial insolubles, insoluble products
increased rapidly after it had degraded to some extent.
Group V oils, meanwhile, which have polarity and in
which deterioration products can easily dissolve,
generally revealed few insoluble products. Accordingly,
the solubility of a deterioration product can be
considered the factor affecting the amount of insoluble
products in oils.

In addition, even in Group V oils, the oil-P, which
has been blended with the amine-type antioxidants,
shows considerble increase for insolubles. As mentioned,
amine-type antioxidants which are said to be prone to
form sludge, does not necessarily cause the increase of
insolubles by heating. However, if the antioxidant is not
compatible, the amount of insolubles may increase even
for Group V oils like oil-P.

3.4. Demonstration of deposition by particulate
insoluble contamination using rotating four-ball test
Conducting the four-ball test which was expected to

demonstrate deposit formation, the deposition of
insoluble products on the race was observed for a short
duration of 200 hours. The SEM-EDX observation
results are shown in Fig. 13. It can be seen that the
deposit on the race of the four-ball test is composed of
carbon resembling the actual deposit. While the actual
deposit on the bearing surface was in particle form and
considered attributable to the adhesion of particles, the
deposit on the race of the four-ball test was crushed.
Although the contact between lower balls and the race is
in a mixed lubrication regime, the oil film thickness was
considerably thin and the deposit was thought to be
crushed.

The test apparatus in accordance with the IP300
procedure has an acceleration sensor with a mechanism
that automatically shuts off the drive system upon
detecting abnormal vibration caused by fatigue damage.
In general, the 62 of vibration acceleration which means
dispersion, as shown in Fig. 14, is used for the detection
of pitting fatigue failure. On the other hand, the deposit
formation cannot lead to outstanding abnormal vibration.
Therefore, the analysis of acceleration data is needed,
evaluating deposit emergence on the race of the
four-ball test. Although the change in acceleration
caused by deposit formation was very slight, the g6 of
vibration acceleration indicates the change of contact
surface and can be used for the detection of deposit
emergence as shown in the lower figure of Fig. 14.
Figure 15 shows the correlation between insolubles and
the o6 of vibration acceleration in an actual service
compressor. It can be seen that the o6 value goes up
with operation time and is in agreement with the
increase in insolubles. As the deposit formation on the
bearing surface is actually confirmed to be
corresponding to the change in g6 value, the o6 value is
a proper index for the detection of deposit emergence.
Being back to the case of the deposit formed under the
conditions shown in Table 3, the time to deposition can
be estimated at about 70 hours.

4. Discussion

As mentioned, the deposition is presumed to be
caused by the concentration of insoluble products within

Carbon distribution

30 pm

Fig. 13 SEM-EDX observation of deposits on race of four-ball tester
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a narrow gap corresponding to film thickness.
Accordingly, the amount of insolubles in lubricating oil
and the gap could affect the deposit formation. Making
sure of the estimated mechanism of deposition, the
dependency of the amount of insoluble and the gap
corresponding to film thickness were evaluated using
rolling four-ball tests.

In addition, the consideration of dependency of
insoluble content on the formation was conducted using
four-ball tests under the A4 of 1.9 at a temperatue of
60°C. Tests were carried out in accordance with the
method described in paragraphs 2.4 and 3.4, using
degraded sample oils with a different amount of
insoluble. The degraded sample oils were made under
different temperatures and duration times by a panel
coking test described in paragraph 2.2. They were
different types of base oil in order to confirm the effect
of type of base oil as well as the dependency of
insoluble content on the deposit formation.

The results of the dependency of the insoluble
amount are shown in Fig. 16. It can be seen that, under
this test condition, the deposit can be formed easily in
the oils including insolubles above 0.0002 cm®/ml. It
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Fig. 15 Correlation between insoluble and ¢6 in an
actual service compressor

Japanese Society of Tribologists (http://www.tribology.jp/)

indicates that a lot of insolubles can easily lead to
deposit formation. In addition, it can also be seen that
the trend of its dependency is hardly affected by the
type of oils, though additional data should be needed for
Group V oils that have the possible characteristic to
dissolve oxidation by-products, and it is hard to cause
the remarkable insoluble formation in oils.

In terms of the dependency of the gap corresponding
to film thickness, four-ball tests were performed in
various gaps using 3 type of oils, used oil in actual
service, degraded oil made by a panel coking test and
carbon black contaminated oil. Actually, temperature,
load, and speed were changed in rolling four-ball tests
and the 4 value was controlled with the range from 1.1
to 3.5.

The results of the dependency of lubrication
condition on the deposit formation are shown in Fig. 17.
This figure shows the time to deposition as a function of
A value. It can be said that the lower gap, which
corresponds to film thickness, tends to lead easily to the
concentration of insolubles and the formation of a
deposit. It can also be seen that the trend of its
dependency is hardly affected by the sample oils. In the

200

Eour-ball test (A=1.9)
180
. i Examination 200-hour cose
’g 160 +MO_Group I +1I
g 140 \ MO_Groupll
c *GroupV
:g 120
g
2 100
= “
] .
g 80
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Fig. 16 Dependency of insoluble content on deposit
formation
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case of used oil and degraded oil, insolubles are the
oxidation by-products. On the other hand, in the case of
carbon black contaminated oil, insolubles are carbon.
These indicate that the deposition is caused by the
concentration of insoluble products within a narrow gap
corresponding to film thickness, whatever the type of
insoluble is. In addition, it can be seen that the amount
of insoluble in lubricating oil as well as the gap affects
the deposit formation in Fig. 17. In the case of degraded
oil and carbon black, which were heavily contaminated,
the time to deposition was very short even in the fluid
lubrication regime where the 4 value was more than 3.

5. Conclusions

It was confirmed that particulate insoluble products
increase, even with unchanged viscosity and total acid
number, depending on the base oil type Group. It was
found that Group V oils, which have polarity and in
which deterioration products dissolve easily, could
reduce insoluble products.

Moreover, it was also shown that insoluble products
were responsible for deposition. The demonstration of
deposition by rolling four-ball tests was carried out, and
it was confirmed that very few insolubles cause the
deposition. Deposits can be observed in the lower gap
where insolubles can be concentrated, and it was
confirmed that the amount of insolubles in lubricating
oil and the gap corresponding to film thickness affect
the deposit formation.
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