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Standardized testing for varnish removal
by chemical cleaners

Varnish is one of the most detrimental
byproducts of the lube oil-aging pro-
cess and, unfortunately, is unavoidable
in many mechanical systems. One way
to address this issue is through the use
of surface-active chemicals (chemical
cleaners) that soften and remove the
varnish from component surfaces. There
are many chemical cleaners available, but
currently it is difficult to choose between
them because there is no standard meth-
od for measuring the removal of var-
nish in lubrication systems of industrial
equipment. The result is that selection of
a chemical cleaner for a given application
is more of an art than a science. The lack
of a standard for varnish removal also in-
hibits development of new technologies
in this area.

To address this limitation, Chevron
Lubricants partnered with the Univer-
sity of California, Merced to develop a
standard test instrument and procedure
for characterizing varnish removal. The
test system is designed to flow chemical
cleaners across flat steel samples con-
taining artificial varnish and provide the

42 - AUGUST 2018

data needed to quantify varnish removal.
The artificial varnish composition, flow
rate and temperature can be varied to
simulate any number of applications in
which cleaners might be used.

The new test approach allows varnish
removal to be imaged real time, enabling
characterization of how much and how
quickly varnish is removed by a given
cleaner. The example shown here dem-
onstrates that one commercially avail-
able cleaner removes varnish much more
quickly than another, under the same test
conditions. A full description of the test
rig and method, as well as a demonstra-
tion of their ability to compare cleaners,
is given in the peer-reviewed paper be-
ginning on Page 44.

The development of this new test
method was made possible through the
collaboration between STLE members
in industry and academia. Specifically,
Zhen Zhou and Elizabeth Montalvo,
chemists at Chevron Lubricants, part-
nered with Ashlie Martini and her me-
chanical engineering students at the Uni-
versity of California, Merced to combine
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Test Cell

their respective expertise to develop the
new approach. The result is a promising
experimental method that might be the
foundation of a new testing standard.
Further, the project provided valuable
industrially relevant experience to stu-
dents who will become the next leaders
in our field.
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ABSTRACT

Varnish deposits are a detrimental by-product of hydrocarbon oxidation that can ultimately result
in component failure. Varnish is often removed by flushing a system with chemicals that soften the

varnish, allowing suspension in the fluid, and removal by filter media. However, at this point it is
difficult to evaluate the effectiveness of a chemical flushing compound because there is no stan-
dard technique for characterizing removal amounts and rates. Here, a test system is designed and
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built to address this issue. The system provides a means of characterizing the ability of a chemical © 2018 STLE
compound to remove artificial varnish under carefully controlled conditions. Test metrics include

mass loss and time-lapse, photographic data. The approach is demonstrated here by comparing

two standard varnish removal chemicals and the findings establish the viability of the method as a

standard test for characterizing varnish removal using chemical flushes.

EDITOR’S NOTE:

Making a decision to chemically flush a
lubricating oil system in order to remove
varnish deposits raises the question: Will
it work? The end-user is heavily dependent
on reputation and trust with the flushing
company, and the flushing company is
dependent on fluid evaluation, physical
inspection and past experience to answer
such a question. This month’s Editor’s
Choice paper, which also was a presentation
at the 2018 STLE Annual Meeting, details a
method for evaluating flushing chemicals
using carefully controlled variables such
as flow rate, temperature and dosage rate.
Standardizing the setup and variables
would help flushing companies and
end-users properly predict the outcome

of a proposed flush before either party is
committed.

Evan Zabawski, CLS
Editor

44 - AUGUST 2018

INTRODUCTION

Varnish is formed as hydrocarbon base fluids degrade through oxidation. Oxi-
dation is accelerated by exposure to increased temperature, mechanical stress-
es, ultraviolet light, entrained air, electrostatic discharge and wear materials
(metals) found in typical machines [1,2]. Varnish is formed as soluble primary
oxidation products, such as acids, water and alcohols, follow condensation and
polymerization reactions to form insoluble products [3]. These products are
polar, causing varnish to adsorb on metal surfaces where further agglomeration
thickens the varnish [4]. Varnish formation depends not only on the formation
of polar compounds, but also upon the concentration of those compounds ex-
ceeding their solubility limit, which is temperature-dependent. Varnish typical-
ly has a gold-orange appearance that darkens as the thickness increases. How-
ever, varnish appearance can vary with factors such as base stock and additive
package constituents, temperature, atmospheric content and surface material
[5].

Varnish deposits are one of the most detrimental by-products of hydro-
carbon oxidation [6,7]. Varnish fills the tight clearances between the valve and
bore in hydraulic circuits causing erratic valve operation and in some cases ful-
ly seized valves [6]. Varnish contributes to decreased efficiency, increased wear
and corrosion, impaired oil cooler performance and inadequate hydrodynamic
lubrication. Journal bearings that experience varnish build up have increased
shear rates, increased operational temperatures and, in extreme cases, bearing
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failure [8]. A sticking inlet guide vane valve of large frame gas
turbines, such as those used in the power generation industry,
can produce a fail-to-start, or shut-down event [9].

More efficient combustion processes have been achieved by
increasing combustion temperatures [10]. This has strained the
capabilities of materials and the lubricants that separate them.
For temperatures greater than 100°C, each increase of 10°C
doubles the rate of oxidation, which directly contributes to the
inevitable formation of varnish and the eventual depletion of
anti-oxidant compounds [11]. Internal combustion engines
are well known for creating environments conducive to varnish
formation where, in the ring pack of the piston, temperatures
can exceed 250°C [12]. Air compressor temperatures can exceed
250°C, causing varnish formation which decreases the working
clearances of rotor blades and robs efficiency [13]. The rapid
compression of entrained air can produce temperatures in ex-
cess of 500°C and electrostatic discharge creates localized tem-
peratures upwards of 10,000°C, causing thermal degradation of
the fluid [14]. Temperatures such as these lead to accelerated
rates of varnish formation and decrease the working life of the
fluid.

The first steps in minimizing hydrocarbon oxidation are
implemented at refineries where techniques are employed to
remove undesirable components that are easily oxidized, such
as unsaturated hydrocarbons, polar components and wax, from
crude oil [3]. Synthetic oils are widely produced to combat ther-
mal degradation by producing molecular chains that are fully
saturated, uniform and predictable during formation. Further
oxidative resistance is provided through the use of strong an-
ti-oxidation compounds designed to work synergistically with
other additives, thereby providing superior performance and
degradation resistance [15].

Varnish mitigation methods are also implemented by remov-
ing primary oxidation products using electrostatic and adsorp-
tion methods. Electrostatic varnish mitigation takes advantage
of the polar nature of varnish combined with dielectrophoresis
to remove varnish and varnish pre-cursors. Adsorption typical-
ly uses filter media with pores small enough to retain oxidation
by-products. While these methods are successful in removing
degradation by-products, they require extended durations for
optimal performance with no shut down time, and tempera-
tures should be maintained in a range that allows varnish to re-
main in suspension and be removed by filtration. Furthermore,
caution must be used when choosing filter media, which can
inadvertently remove beneficial additive compounds from the
fluid [16].

Varnish removal can also be performed using chemical
flushing compounds. Flushing involves circulation of fluid
through the lubrication system or a component to remove var-
nish or other contaminants. ASTM D6439 provides guidelines
for flushing turbine lubrication systems [17]. While the elec-
trostatic and adsorption methods are reactive to the formation
of varnish, the chemical flush is proactive in removing varnish.
Chemical flushing compounds soften varnish, allowing it be
suspended in the fluid and removed by filter media. This process
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can be very fast, depending on the chemicals used, and allows
the system to remain fully functional while the cleaning process
occurs. Moreover, the removal of additive package compounds
by filtration is not a concern since a full oil change will occur
when the process is complete, allowing very fine filter media to
be used.

One issue with varnish mitigation and removal has been a
lack of standard methods to characterize removal amounts and
rates. This is in sharp contrast to the many standards that are
available to characterize an oil’s resistance to oxidation, the pre-
cursor to varnish formation, e.g. ASTM D974 or D664 [18,19],
ASTM D2272 [20], ASTM D445 [21], ASTM D92 [22]. Such
standards provide consistent methods for testing lubricating
oils before and during use, but it is equally important to quan-
tify and standardize varnish removal. Standardized testing for
varnish removal by chemical flushing could ultimately enable
direct comparison of the effectiveness of chemical compounds
as well as guidance for selecting a compound for a given appli-
cation.

To address this, a test has been designed to quantify varnish
removal using chemical cleaners. The test system has been de-
signed to allow control of flow rates and temperatures across
a flat steel sample containing artificial varnish. The artificial
varnish is produced using common oxidative mechanisms and
is characterized to ensure the material accurately simulates
varnish produced within a gas turbine engine. The varnish is
then subjected to chemical flushes at controlled flow rates and
temperatures. Testing metrics include mass loss and time-lapse
video data, where the latter is analyzed quantitatively to deter-
mine performance parameters, including the maximum rate of
varnish removal. The approach is demonstrated by comparing
two typical chemical flushing compounds. Results show that the
new test approach provides a consistent and reliable way to eval-
uate chemical flush effectiveness.

METHODS

The artificial varnish used for the test system is formed by re-
producing oxidation mechanisms, similar to those expected to
occur in gas turbine engines, in the lab. The artificial varnish is
prepared by, first, aging a mineral base oil sample per common
lube oil aging tests, such as ASTM D7873 [23]. Then, the aged
oil is filtered and sludge samples are collected. Next, 100 mg of
the sludge is applied to a steel coupon. The varnish coupons
are placed in the oven for 3 hours at 135 C. After baking, the
varnish outside of a prescribed area in the center of the coupon
is removed. A representative coupon with varnish is shown in
Figure la. The result is characterized using Fourier-transform
infrared spectroscopy (FTIR), shown in Figure 1b. The analysis
reveals that the artificial varnish exhibits peaks associated with
gas turbine oil degradation. The FTIR data also provides esti-
mates of the composition weight percent and the artificial var-
nish is found to contain 70% C, 9% H, ~20% O and less than
1% N, Fe and Cu. These results indicate that the artificial var-
nish is a reasonable approximation of varnish that might occur
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Figure 1. (a) Photo of a representative steel coupon with varnish before testing, showing the dimensions of the coupon and varnish. (b) FTIR analysis of
artificial varnish created in the lab that exhibits peaks consistent with what is expected for varnish produced by gas turbine oil degradation.

during component use. Each coupon is weighed prior to testing.

The test system is comprised of nine main components, as
shown in Figure 2. Test system flux is provided by an electric
motor, which has a V/F inverter, coupled to a vane pump. An
adjustable pressure relief valve is set to bleed any pressure over
150psi while a variable area flow meter tracks total flow through
the system. A 3-way ball valve is used to divert flow from the
main line to a by-pass line metered by a very accurate posi-
tive displacement flow meter. The desired flow is then directed
through the test cell where the coupon is housed. The fluid, with
any removed varnish particles, is filtered and then returned to

Figure 2. Test system schematic showing the nine main components includ-
ing: pump, pressure relief valve, variable area flow meter, 3-way ball valve,
test cell, filter, heater, positive displacement flow meter and reservoir.
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the reservoir passing over the heating coils.

The test system can provide flow rates varying between
0.1<Q(GPM)<48 through the test cell, and the temperature ca-
pabilities range from 40<T(°C)<120. Depending on the viscos-
ity of the fluid (tests reported here conducted with an ISO-46
fluid) being tested, the Reynolds numbers that can be generated
within the test cell range from 10<Re<40,000.

The heart of the test system is the test cell. Figure 3 on Page
48 shows a schematic and photo of the test cell. The design en-
sures that the entire surface of the varnish is exposed to the fluid
flow. The placement of the coupon in the test cell is such that
the top of the coupon, where the varnish resides, is flush with
the bottom of the incoming pipe wall. This provides a continu-
ous no slip condition from the pipe wall to the coupon, thereby
exposing only the varnish to the fluid flow. This simulates many
environments where varnish is formed on the no slip boundary
conditions of machinery. The lid of the test cell is made of va-
por polished polycarbonate allowing a camera to be positioned
above the coupon for recording.

Each test is preceded by flushing the system with the base
stock to remove any remaining fluid from the previous test.
First, the system is drained and air is injected into the system
for 5 minutes to remove previous test fluid. Then, the system is
flushed with 5 gallons of base fluid for 20 minutes, for a total of
90 gallons of flow. Finally, a new test fluid is added to the system
and circulated through both the main and by-pass lines.

The system is initially run without the coupon until the
temperature reaches steady state. Then, the flow is stopped
temporarily and a prepared coupon is inserted into the test cell.
The camera lighting is turned on and photographic ~ »»p
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Fig re 3 (a) Wireframe CAD model of test cell showing location of coupon
and varnish (b) Photo of the test cell without the polycarbonate lid. The
varnish coupon prior to testing can be seen in the center of the cell. Dimen-
sions on both figures correspond to the scale bar shown in the lower right
corner of (b).

recording begins. The system is turned back on and the desired
duration of testing is performed. During the test, images are
captured using a 12.0 MP resolution camera set to take a pho-
tograph every 10 seconds. The placement of the camera is fixed
so that the position of the varnish is the same for all tests. Upon
completion of the test, the coupon is removed from the test cell
and dried in heptane to remove any fluid from the sample prior
to weighing. An initial post-test mass recording is done and 24
hours later another is performed to ensure no further change
occurred due to evaporating heptane. The difference between
the pre-test and post-test mass is identified as mass loss, one of
the metrics used to characterize varnish removal.

Here, the test system is demonstrated with two fluids, Fluid
A and Fluid B, both of which are known to have varnish re-
moval capabilities. Both fluids are commercial cleaners blended
at the same weight percentage with a 46 ¢St (at 40°C) base oil.
The chemical components of these commercial cleaners are un-
known. However, the flash point of the commercial cleaner in
Fluid A (<100°C) is much lower than that of the commercial
cleaner in Fluid B (>200°C), which indicates higher light sol-
vent content in Fluid A.
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All tests are conducted at a temperature of 90°C, a flow rate
of 4.5GPM and a duration of 120 minutes. With a flow rate of
4.5GPM, an average velocity of 10.12 ft/s (3.08 m/s) is created
within the test cell. The viscosities of the two fluids tested are
17.27 and 12.82 centi-Stokes (cSt) at 90°C, which correspond to
Reynolds numbers in the high laminar flow regime (Rey=1,442
and Rep=1,944). These conditions are selected to approximate
lubrication conditions in a gas turbine engine, as well as to opti-
mize the test in terms of sufficient varnish removal with a min-
imum test time. Two tests are run for each fluid under these
conditions.

RESULTS

The mass loss results for the two tests performed on each fluid
are shown in Figure 4. There is a significant difference between
the total mass removed by Fluid A and Fluid B during the 120
minute test. On average, Fluid A removed 95.9% of the varnish
while Fluid B removed 46.9%. The error in the two measure-
ments is 1% for Fluid A and 34% for Fluid B. However, despite
the relatively large error for Fluid B, the difference between the
two fluids is statistically significant, i.e. the minimum removed
by Fluid A (95.4%) is much greater than the maximum re-
moved by Fluid B (56.7%). Although the composition of these
fluids is not known, the properties of Fluid A indicate it has a
higher light solvent content, which may explain why it is able to
remove more varnish. 44 d
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Figure 4. Percent varnish mass removed during the 120 minute tests on
Fluid A and B. Insets show photos of the coupons after each of the tests.
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Figure 5. Algorithm used to quantify varnish removal including: 1. original image, 2. cropped image, 3. location of steel reference site, 4. averaging steel
values, 5. locating varnish region, 6. averaging varnish K values, 7. collect data during test and 8. normalize data to generate a plot of the amount of varnish

as a function of time.

The mass loss results are informative and clearly illustrate
a difference between the two fluids. However, the images taken
during testing can be used to provide more information about
varnish removal. An algorithm is developed to analyze the im-
ages of the varnish coupons taken during the test using the val-
ue of the black (K) in the CMYK color scale. An illustration of
this algorithm is shown in Figure 5. First, an image of the test
cell before the test is taken and the image is cropped to include
just the coupon. Then, a region with no varnish is identified and
the average K value is calculated from that region to use as the
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no-varnish reference (K,;,). This is repeated for a region with
only varnish (K,,,,). Then, during the test, the average K value
of the varnish region is obtained. After the test, the K values at
each time are normalized using the references K,;, (no varnish)
and K, (maximum amount of varnish). This step ensures that
the algorithm can be applied for any varnish or fluid, i.e. having
any initial appearance or color.

The results of this analysis for the two fluids are shown in
the top panels of Figure 6. The normalized K value necessarily
starts at 1 and then decreases as the varnish is removed pp-p
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Figure 6. Time-lapse photographic results for Fluid A and Fluid B. Top portions of each graph display the normalized K value from the algorithm shown in
Figure 5 while the bottom portions of the graphs show the 1st derivative of the normalized data. The derivative provides a means of identifying the time at

which the varnish removal rate is a maximum and of steady state removal.
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during the test. It can be observed that the rate of change of the
K factor with time is faster for Fluid A, indicating that this fluid
removes varnish more quickly. Fluid A also reaches steady state
varnish removal sooner than Fluid B. These observations can
be quantified by taking the derivative of the K factor vs. time
data, as shown in the lower panels of Figure 6. First, the time of
the maximum varnish removal rate can be identified from the
maximum negative value of the derivative. Second, the time at
which the magnitude of the derivative decreases to below -5E-3
for at least 2 minutes is identified as steady state, i.e. after this
time, very little additional varnish is removed with continued
flow. Using this approach, we can determine that Fluid A’s max-
imum varnish removal rate occurs, on average, 3.5 min after
the test started and reached steady state at 17 min. For Fluid
B, the maximum removal rate occurs at 12.2 min and reaches
steady state at 48 min. This indicates that Fluid A reached its
maximum removal rate and steady state removal sooner than
Fluid B.

The analysis above enables quantitative comparison of
times, but only qualitative comparison of the mass loss and rate
of mass loss. To address this, the K values in Figure 6 need to be
associated with mass removed. To determine the validity of this
approach, the percent change of the normalized K value during
the test is compared to the percent change of the coupon mass.
The results are shown in Figure 7. The difference between the
mass loss change and K value change is less than 4%, indicat-
ing that these two measures of total varnish removed are quite
consistent. Based on this consistency, we can multiply the nor-
malized K values by the start of test masses to general plots of
varnish mass removed as a function of time.

100
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40

Varnish Removed (%)

30
20+
10 4
K Value K Value

Mass Mass

Fluid A Fluid B

Figure 7. Percent varnish removed quantified by the total change in the
normalized K factor during the test and the difference between the coupon
mass at the start and end of the test for Fluids A and B.
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Figure 8. Top plot shows the average values for both fluids using the nor-
malized K value multiplied by the original start of test varnish mass show-
ing the actual mass of removal. The bottom plot shows the derivative of the
varnish removal data.

Figure 8 shows the varnish removal in terms of mass as a
function of time. Here, the data points at each time are calcu-
lated as an average from the two tests on each fluid. This result
enables quantitative comparison of the fluids’ varnish removal
performance. We identify three parameters to fully characterize
the varnish removal: maximum varnish removed, time at which
the maximum varnish has been removed and maximum rate of
varnish removal.

Using the three characterization parameters mentioned
above, a direct comparison between Fluid A and B can be made,
as shown in Figure 9 on Page 54. In all cases, the parameters are
averages from the two tests performed on each fluid. First, Fluid
A removes substantially more varnish from the coupon than did
Fluid B (95.9% vs 46.94%). The time required to reach steady
state varnish removal is also shorter for Fluid A than Fluid B
(17 min vs 48 min). Finally, Fluid A has a much larger maxi-
mum varnish removal rate than Fluid B (6.42 mg/min vs. 1.62
mg/min). Taken together, the comparison of these parameters
shows that Fluid A is a much more aggressive chemical com-
pound than Fluid B, removing twice as much varnish in half of
the time.

CONCLUSION

Varnish is an unavoidable by-product of hydrocarbon oxidation
that is exacerbated by heat, metals, entrained air, spark discharge
and other factors. With the inevitable formation of varnish,
methods of mitigating and removing varnish are critical to ex-
tending the life and performance of mechanical systems. Chem-
ical flushes are a commonly used approach to varnish removal.
However, there is a wide variety of different chemical »»»
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compounds available for this purpose and, there has not been
a standard method of characterizing their effectiveness. To ad-
dress this issue, we designed and constructed a test system capa-
ble of simulating the removal of varnish under realistic machine
operating conditions. Two types of data are measured: the mass
of varnish removed before and after the test and images of the
coupon during testing. This data can be analyzed to yield three
performance metrics: the percent varnish removed during the
test, the time required to achieve steadystate varnish removal,
and the maximum rate of varnish removal. The new approach
is demonstrated here by applying it to compare two chemical
flush compounds. The two fluids exhibit very different varnish
removal performance, where one removed varnish several times
more quickly than the other, resulting in twice as much varnish
removed in half the time. This example reveals the robustness
of the test equipment design and of the post-test analyses. We
anticipate that this test can provide a means of standardizing the

Figure 9. Comparison of Fluids A and B in terms of three varnish remov-
al performance metrics. Left: maximum percent varnish removed. Center:
time required to achieve steady state varnish removal. Right: maximum

removal of varnish using chemical flushes. €

varnish removal rate.
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