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1. Introduction

Rotary machines get worn out gradually, mainly because of erosion and the presence of unwanted materials in
lubrication systems. Performance of lubrication oil is really effective in this regard. On the other hand, life cycle of
each machine can be longer by using condition monitoring techniques. Modern lubricants are more capable in
reduction of erosion and corrosion. Lubricant oil degradation under operational conditions is a problem which leads
to considerable economic losses [1]. Precipitation of degradation products in lubrication cycle which results in
formation of varnish is the most important factor. Varnish is an insoluble thin brown or black layer that deposits on
the inner surface of bearings and hydraulic systems such as pipelines, valves, exchangers, filters, and other
equipments. Fig. 1 shows an example of varnish formation on an Inlet Guide Vane (IGV) valve positioner from a

large-frame turbine [2].
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Fig. 1. Varnish formation on Inlet Guide Vane (IGV) valve from a gas turbine
(Courtesy of Clarus technologies)

Sludge is another possible contaminant with similar chemical properties as varnish. However, unlike varnish, sludge
does not deposit on metallic surfaces; it is rather suspended in oil bulk as a semi solid black lump or something like
grease [2]. In other words, varnish is the appearance of the phenomena that contaminants coat on the metallic surfaces
and sludge is the mixture of the oil oxidation products and other solid contaminants in the oil bulk. It should be noted
that sludge and varnish are formed as a result of oil degradation. Blockage of control valves and filters is a prevalent
problem in lubrication and hydraulic systems because of sludge formation. To prevent this problem, the first step is
to have the basic knowledge of the mechanism of varnish and sludge formation. In the second step, oil analyses would
be useful in determination of the presence of contaminants in the lubricant. It is proved that oxidation is the main
reason for oil degradation [3] and a lot of works focused on the determination of mechanism and kinetic rate of
oxidation reactions [3-10].

Gatto et al. [5] focused on oxidation of turbine oil. They showed that during oil oxidation, many products such as
aldehydes, ketones, water, alcohols, and carboxylic acids are produced. Presence of the mentioned products increases
the oil viscosity. Meanwhile, aldehydes and ketones take part in condensation reactions named as Aldol Condensation
[11]. These reactions can progress leading to the formation of polar high molecular weight oligomers and low
molecular weight polymers. Presence of oligomers increases the oil viscosity significantly. These materials have a
finite solubility in the lubricant. Condensation products mostly contain aromatic groups which have quite different
behaviors in comparison with the paraffinic and naphthenic oil molecules [5]. This property makes them insoluble in
the lubricant. Sometimes, chemical changes of oligomers make them insoluble in the non-oxidized portion of the oil.
In this condition, insoluble materials are separated. In fact, after phase changes, sludge and varnish appear in the
system. As discussed before, sludge remains dispersed while varnish deposits on metal surfaces. Varnish formation
is further promoted by the absorption of polar oligomers on hot polar metal surfaces [5].

It is hypothesized that oligomers and condensation products are the main reasons for sludge and varnish formation.
As a result, the potential of varnish formation can be easily distinguished by measuring the condensation products in
the lubricant. The common oil analyses are not singly capable of detecting varnish formation potential [12]. Usually,
this risk is diagnosed after the occurrence when it is too late. A number of excellent works have been published to
cover this issue [13-29]. In the continuation of the mentioned works, the present study has attempted to introduce a

set of analytical methods for the determination of the formation and the presence of varnish.
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Electrostatic discharge can lead to temperature increase and degradation in Iube oils, on which a huge number of
studies are reported [30-31]. These factors are highly effective in lube oil degradation containing additives and lead
to a dramatic decrease in the additives. Hence, oxidation will occur faster in base-stock and sludge and varnish form
consequently. Commonly, some additives are added to the base-stock to prevent the oxidation procedure in industrial
applications. In the presence of enough antioxidants, degradation does not start. Therefore, for accelerating the
degradation, only oxidation and thermal degradation of the base-stock are studied in this work. In this study, we
presented a new analytical guidelines using common and inexpensive analyzes such as Fourier Transform Infrared
(FTIR), viscosity test, Total Acid Number (TAN), Interfacial Tension Test (IFT) and ultracentrifuge to determine the

time of sludge formation in lubricants in order to avoid equipment damage and inevitable compensation effects.

2. Theory of oxidation reactions

As stated in the introduction section, various theories are introduced about the mechanism of oxidation reactions.
Among the different theories [3, 5], we believe that the theory introduced by Gatto et al. [5] can present a better view
on this issue. In order to validate their theory through our experiments, a brief review of their method is presented in
this section. Based on Gatto et al. [5], the oxidation reactions start through radicalization reaction, as shown in the
following:

RH +0, - R.+HOO. (1)
This reaction generally occurs very slowly at room temperature, but speeds up at temperatures above 100°C.
Furthermore, metals like iron and copper can promote the initiative reactions effectively. The effects of transition
metals in either catalyzing or inhibiting oil oxidation in the liquid phase have been extensively reported in the
literature [32-33]. In this work, copper has been used as the reaction catalyst. The presence of copper leads to hydro
peroxide decomposition reaction and formation of alkyl peroxy radical.

Cu” +ROOH — Cu*" +RO.+OH" 2
The second step in oxidation reaction is free radical dispersion. At this stage, an alkyl radical reacts with oxygen and
forms an alkyl peroxy radical ROO. (Eq. (3)). This reaction occurs very fast; its product (ROO.) attacks the
hydrocarbon molecule, detaches the hydrogen from the former molecule, and forms a new R. (Eq. (4)). Alkoxy
radicals, in comparison with peroxy radical, are more active in taking part in a fast reaction with oxygen while peroxy

radicals are more reactive towards Hydrogen.

R.+0, - ROO. 3)
ROO. + RH - ROOH +R. 4
In the third step, water and alcohol are produced. This step is named as the branching step by Gatto et al. (2006).
ROOH — RO. + HO. ®)
RO.+RH — ROH +R. (6)
HO.+RH — H,0+R. (7

Finally, free radicals convert to aldehyde and ketone as follows:
RR'HCO.—»>RCH=0+R". ®)
RR'R"CO.-»RR'C=0+R" )
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2RR'CHOO. — R'RC =0+ RCHOHR' + O, (10)

Generally, R and R’ are aromatic groups which do not take part in oxidation reactions. The presence of aromatic
branch makes a quite different structure for ketone molecules in comparison with non-degraded part of the oil. In
addition to ketones and aldehydes, molecules such as carboxylic acids are formed during the oxidation mechanism.
Carboxylic acids are formed by oxidation of aldehydes and ketones. The mechanism for this oxidation varies based
on the type of aldehydes and ketones derived from the lubricant [5]. The presence of these compounds leads to
decreasing the oil viscosity. Aldehydes and ketones participate in poly-condensation reactions and produce oligomers
and high molecular weight components, which in turn, increase oil viscosity and decrease interfacial tension. Fig. 2
shows how oligomers are produced. The oligomers have a limited solubility in the base-oil. Therefore, when oxidation
reactions proceed, they separate from the non-degraded oil and precipitates as a solid phase. Two different scenarios
might happen. In the first scenario, oligomers are attracted by polar metallic surfaces to form varnish. In the second
scenario, the solid phase accompanied with water droplets and other particles in oil make a viscose lump which

suspends in the base-oil. This viscose lump is known as sludge.

o] OH O OH
I " | I |
3R'H,C — C — CH,R” ——» “RH,C — C — R'HC — C — CHR” — C — CH,R”
| |
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o
I

“RH,C — C —= RC— C — CR” = C — CHR”
| |

CHR’ CHR’

Fig. 2. Condensation of similar ketones and formation of pseudo-polymer (Courtesy of Ref [5])

3. Experimental
3.1. Material
In this work all materials (toluene and normal pentane) have been prepared from Merck Ltd. The base-stock SN100
produced by Behran Iranian Oil Company has been used as the oil sample. According to manufacturer specification,
this base-stock is categorized as API I or Paraffinic group. Its physical properties are reported as follows:

= Viscosity = 19.19 ¢St at 40°C (based on ASTM D-445)

= Viscosity Index = 100

= Specific Gravity = 0.836 at 15.55°C (based on ASTM D-4052)

3.2. Experimental setup

Thermal degradation of lubricants has been achieved in a setup similar to batch distillation setup. The apparatus is
equipped with thermostatic bath, thermal sensor, round-bottom flask (5 liters), condenser, small round-bottom flask
(0.5 liters) for collecting condensate, and an air reflux. A copper coil (with length of 20cm) has been utilized to

accelerate the rate of oxidation. In Fig. 3, the scheme of our setup is depicted. Base-stocks were heat-treated up to 90,
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110, 130, and 150°C. Different samples were withdrawn after different time intervals (including 3, 6, 12, 24 and 48

hours). Heating procedure continued for 48 hours.

Air Flux
Temperature

Controller rH1
00

o]

Lubricant
Silicon Oil

| Copper Catalist

| Heating Element

Fig. 3. Schematics of the degradation apparatus (distillation system with air reflux and
copper catalyst)

3.3. Oil analysis

The conducted analyses are FTIR, viscosity test, TAN, IFT, and ultracentrifuge. FTIR has been determined by a
Shimadzu FTIR-8400S with KBr pellets, in the region of 400-4000cm™. The FTIR-8400S device is combined with
the IRsolution-a32 bit high performance FTIR software to analyze the samples. The IFT tests have been determined
using a thermostat tension-meter KSV Sigma700. It is a computer controlled and user programmable tension meter.
Interfacial tension has been measured by Du Noiiy ring method by using a platinum/iridium alloy ring. The
temperature was controlled with a circulation water bath Julabo F12. At least 50ml of samples was needed for
measuring surface tension each time. The tension-meter device has been calibrated with de-ionized water with surface
tension of about 71.7mN/m at 25°C.

Ultracentrifuge (micro high speed Centrifuge-Vision, VS-15000N) has been used for the separation of produced
oligomers. This device has been equipped with one rotor with maximum 15000 rounds per minute speed. It contained
24 tubes each with 1.5ml capacity. The tubes were filled by samples and rotated for 30 minutes. The viscosity was
determined by a rotary viscometer POLYVISC-VISCO STAR L. This device is able to measure the viscosity of
liquids from 3 centipoises up to 1000000 Poise. The temperature of viscosity measurements is 20°C. TAN was
determined according to ASTM D664 standard test measurement using Mettler-DL67. The ASTM D664 covers
procedures for the determination of acidic constituents in petroleum products, lubricants, biodiesel, and blends of

biodiesel. The range of acid numbers included in the precision statement is 0.1mg/g KOH to 150mg/g KOH.

4. Results and discussion
In this section, attempts have been made to find justifications for varnish and sludge formation using experimental

results and theoretical concepts. In Fig. 4, the FTIR results for various lube base-stock samples are presented.
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Fig. 4. FTIR spectra of lubricants: (a) Samples degraded for 48hr at different temperatures; (b) Samples
degraded at 130°C for different times

WT

Fig. 4(a) contains the results of FTIR for different samples including degraded and non-degraded oil at four different
temperatures (90, 110, 130, and 150°C) after 48hours. In order to find the variation of FTIR spectra with respect to
time, the temperature was kept constant at 130°C. Then, at different time intervals, samples were withdrawn and
tested. The results are presented in Fig. 4(b). Comparison of different samples showed that new peaks have been
created gradually. It implies that the oxidation reaction as well as partial thermal decomposition has been progressed
and new materials were produced. The breakage of the carbon chain leads to formation of free radicals (Eq. (1)). Free
radicals are highly active and are responsible for speeding up the chemical chain reactions [12]. Fig. 4 shows that in
the region of 1700-1750cm™, some changes have occurred. These changes can be the result of oxidation products,
mainly ketones formation. In the present spectra, observed band at 1730cm™, shows that at temperatures 110, 130
and 150°C, thermal degradation has happened; meanwhile the presence of ketones is also justified.

In Fig. 5, the results of TAN analysis for oil samples withdrawn at 90, 110, 130, and 150°C is presented. The results
reveal that TAN increases with respect to temperature and time. This phenomenon can be the result of the formation
of acidic compounds due to the oxidation reactions. However, no significant changes in TAN at 90°C is observed. It
is mentioned that oligomer compounds are produced during oil degradation because of Aldol Condensation [11]. The
presence of oligomers changes the oil viscosity. In order to investigate these effects, the viscosity of samples at
different temperatures and time intervals has been measured the results of which are presented in Fig. 6. It is observed
that viscosity of all samples increased at the beginning of the experiments as a result of vaporization of available light
components. After the first peak, viscosity decreases because of formation of ketones, aldehydes and acidic
compounds. Finally, poly condensation reactions start and consequently viscosity increases. It can be deduced that

the oxidation process starts when viscosity decreases.
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Fig. 5. Total acid number variation as a function of time and temperature
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Fig. 6. Viscosity variation as a function of time and temperature

The IFT tests are usually used as an analytical tool in monitoring transformer oil [14]. In this work, the variation of
IFT has also been monitored. The interfacial tension of water and oil is expected to decrease when polar surface-
active compounds appear at the interface. Fig. 7 shows the results of IFT analysis for the oil samples withdrawn at

90, 110, 130, and 150°C temperatures.
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Fig. 7. Interfacial tension variation as a function of time and temperature

In this figure, it is observed that the rate of decrease of IFT increases with increasing temperature. In the case of
samples withdrawn at 150°C, after 24 hours a sharp change in slope can be observed. In the interfacial tension, this
behavior can be attributed to the formation of impurities in the oil. The highest production of oligomers with high
molecular weight is observed at 150°C for 24hr as well as 48hr of heat treatment.

The ultracentrifuge test confirms the same results. In this regard, all samples were placed in a dark room for three
days to let the degradation products deposit. The formed sludge was separated using a micro centrifuge device at
15000rpm. The results showed that the amount of sludge increases with temperature. Fig. 8 shows that at 90°C the
minimum amount of sludge is produced while Fig. 9 illustrates that at 150°C the maximum amount of sludge is

created. The summary of these results can be seen in Table 1.

"48h 24h 12h 6h

Fig. 8. No deposit products were observed for the samples at 90°C in
ultracentrifuge tube

6h 12h 24h 48h

Fig. 9. An increase in amount of deposit products in ultracentrifuge tube
as a function of time for samples withdrawn at 150°C

Sasaki et al. [34] reported that while the sludge sampled from a gas turbine lubrication cycle is insoluble in normal
pentane, it is soluble in toluene. In this work, in order to check whether the separated sludge included polar oligomer
compounds or not, it was dissolved in normal pentane. Afterwards, the insoluble part was separated and dissolved in
toluene as a polar solvent. It was observed that the most part of the sludge was completely soluble in toluene. Hence,
it can be concluded that the main part of the sludge includes polar oligomers. The FTIR results of dried sludge confirm

these results in Fig. 10.

%T

1350 1450 1550 1650 1750
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Fig. 10. The strong absorption at 1730cm™! suggests that the toluene soluble fraction
was oil oxidation products with carboxylic acid
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In summary, in Fig. 11, it is shown that how varnish formation potential can be detected using the presented test

package.
Table 1. The summarized results of proposed analytical package
Time range of Change of analysis result
Temperature (°C) . TAN IFT . . TAN
degradation (h) (mg KOH/g) FTIR (mN/m) Viscosity ucC (mg KOH/g)
Oxidation No e
0-3 0 Thermal N -0.082 1.5 ( !
degradation © A
Oxidation No .,
3-6 0 Thermal -0.027 0.18 (]
. No L
degradation s
Oxidation No ,
90 6-12 0 Thermal -0.503 -0.274 ( |
. No S
degradation e
Oxidation No .,
12-24 0 Thermal -0.789 -0.007 ( I
. No L
degradation e
Oxidation No s
24-48 0 Thermal -0.494 1.026 ( I
. No S
degradation e
Oxidation No ,
0-3 0 Thermal -0.779 2.828 -
. No L
degradation -
Oxidation No .,
3-6 0.01 Thermal -0.171 0.962 ( I
. No s
degradation s
Oxidation No ,
110 6-12 0.02 Thermal -1.249 -1.79 ( I
. No L
degradation e
Oxidation Yes .,
12-24 0.03 Thermal -0.931 0.83 ( I
. No s
degradation s
Oxidation Yes ,
24-48 0.02 Thermal -0.753 2.52 ( I
. Yes L
degradation e
Oxidation Not .,
0-3 0 Thermal -1.461 4078 (]
. Not s
degradation e
Oxidation Not s
3-6 0.015 Thermal -0.694 0.852 ( I
. Not L
degradation -
Oxidation Not .,
130 6-12 0.035 Thermal -0.789 -0.39 ( I
. Not L
degradation e
Oxidation Yes N
12-24 0.1 Thermal v -0.835 0.44 ( fl
degradation s 2 b
Oxidation Yes T
24-48 0.11 Thermal v -2.612 1.67 ( !
degradation s il
Oxidation Not s
0-3 0.005 Thermal -1.607 3.459 -
. Not S
degradation -
Oxidation Yes .,
3-6 0.045 Thermal -0.85 1.891 ( I
. Not L
degradation e
150 Oxidation Yes T
6-12 0.045 Thermal Not -0.888 -0.58 ( I
degradation ° R
Oxidation Yes T
12-24 0.135 Thermal v -1.999 2.49 ( !
degradation s il
24-48 0.14 Oxidation Yes -6.813 1.35
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In this study we have discussed the procedure of predicting the potential of varnish formation of Iubricating oils. We
have studied oil degradation mechanism utilizing different analytical tests such as Fourier Transform Infrared (FTIR),
viscosity test, Total Acid Number (TAN), Interfacial Tension Test (IFT) and ultracentrifuge. The result of these tests
is summarized in Table 1. The procedure of oil monitoring can be summarized as follows: observation of band in the
range of 1700-1750cm™ in the FTIR spectra (in Fig. 4) shows the occurrence of oxidation reactions (initiation stage
and then propagation stage) that can be shown in 130°C and 150°C samples at 48hr. This phenomenon is the first step
of varnish formation. In order to control the oxidation reactions TAN tests must be carried out. The sharp rise of TAN
and decrease of viscosity (which can be shown in 130°C and 150°C samples in Fig. 5) are indications of aldehyde and
ketone formation. Aldehydes and ketones participate in poly condensation reactions and, as a result, oligomer
components are produced. The presence of heavy compounds increases the viscosity of the lubricant; this increase
has been shown higher in 150°C samples (in Fig. 6). The heavy components are surface active as well as polar and
decrease the value of interfacial tension. It is observed that the rate of decrease of IFT increases with increasing
temperature. In the interfacial tension, this behavior can be attributed to the formation of impurities in the oil. As
would be expected, the highest production of oligomers with high molecular weight is observed at 150°C for 24hr as
well as 48hr of heat treatment. Finally, ultracentrifuge test can be utilized to prove the presence of insoluble oligomer
compounds. The results showed that the amount of sludge increases with temperature. In general, we showed the

consistency of the analysis results with the chemistry of the sludge formation process.
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