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OIL ANALYSIS IMPLEMENTATION STEPS 

Most often, users associate an oil analysis program with a systematic early alert to oil or machine 
failure, i.e., damage control. While these benefits are helpful and frequently achieved, they should 
be regarded as low on the scale of importance compared to the more rewarding objective of failure 
avoidance. 

Whenever a proactive maintenance strategy is applied, three steps are necessary to insure that 
its benefits are achieved. Since proactive maintenance, by definition, involves continuous monitoring 
and controlling of machine failure root causes, the first step is simply to set a target. or standard, 
associated with each root cause. 

In oil analysis, root causes of greatest importance relate to fluid contamination (particles. 
moisture, heat, coolant, etc.) and additive degradation. However, the process of defining precise 
and challenging targets (e.g., high cleanliness) is only the first step. Control of the fluid's conditions 
within these targets must then be achieved and sustained. This is the second step and often includes 
an audit of how fluids become contaminated and then systematically eliminating these entry points. 
Often better filtration and the use of separators are required. 

The third step is the vital action element of providing the feedback loop of an oil analysis 
program. When exceptions occur (e.g., over target results) remedial actions can then be immediately 
commissioned. Using the proactive maintenance strategy. contamination control becomes a disci­
plined activity of monitoring and controlling high fluid cleanliness, not a crude activity of trending 
dirt levels. 

Finally, when the life extension benefits of proactive maintenance are flanked by the early 
warning benefits of predictive maintenance. a comprehensive condition-based maintenance program 
results. While proactive maintenance stresses root cause control. predictive maintenance targets the 
detection of incipient failure of both the fluid's properties and machine components like bearings 
and gears. Following the oil sampling procedures. selection of appropriate sample testing proce­
dures, and interpretation of test results outlined in this section. immediate corrective action can 
then be directed to effectively avoid failure chain reactions and fwtber ~lf-deslruction. 
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OIL SAMPLING METHODS 

Optimal performance in oil sampling depends directly on succeeding in the following three areas: 

1. SELECTING OPTIMUM SAMPLING POINT 

In circulating oil systems such as shown in Figures 1 and 2, the best location is a live zone of the 
system upstream of filters where particles from ingression and wear debris are the most concen­
trated. Usually, this means sampling on fluid return or drain lines. In some cases where oil drains 
back to sumps without being directed through a line (e.g., a diesel engine), the pressure line 
downstream of the pump (before filter) must be used. Always avoid sampling from dead zones 
such as static tanks and reservoirs. Splash, slinger ring, and flood-lubricated components are best 
sampled from drain plugs after considerable flushing or preferably, using a portable circulating off­
line sampler. 

/ Sample here 

Motors, valves 
~-------< cylinc:lers, actuators t------; 

)lo )lo 

Pump 

Ref:iervoir 

FIGURE 1 Hydraulic system fluid sampling on return lines upstream of filters for routine analysis. 

2. COLLECTING REPRESENTATIVE SAMPLES 

Once a sampling point is properly selected and validated, a sample must be extracted without 
disturbing the integrity of the data. When a sample is pulled from turbulent zones such as at an 
elbow as in Figure 3, particles, moisture, and other contaminants enter the bottle at representative 
concentrations. Moreover, machines should always be sampled in their typical work environment, 
ideally while they are running with the lubricant at normal operating temperature. Likewise, during 
(or just prior to) sampling, machines should be run at normal loads, speeds, and work cycles. 

Sampling valves should be flushed well prior to sampling. Never fill a sample bottle more than 
three-fourths full to enable adequate agitation by the lab. Avoid sampling methods that involve 
removing the bottle cap, especially where significant atmospheric contamination is present. 

With many noncirculating systems, static sampling is the only option. Often this can be done 
effectively from drain ports if a sufficient volume of fluid is flushed through prior to the actual 
sample. Alternatively, drop-tube vacuum samplers could be used, especially for larger fluid systems 
(Figure 4). Care should be taken to always sample a fixed distance into the sump. Flushing of the 
suction tube is also important Never reuse suction tubes to avoid cross contamination and mixing 
of fluids. 

Static sampling using a vacuum sampler can be improved by installing a quick-connect sampling 
valve to which the vacuum tube is attached. Often this will requhe drilling and tapping, preferably 
in wall of the sump or casing. It is best if the valve can be located near return lines and where 
tust,uJence ~ biat,ar. Somedme8 it is desirable to imtall a short length of stainless steel tubing 
iawlnl from die valve. 
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aii Primary sampling point 
W for trending 

A Secondary sam~ing point 
~ for dKJgn0$6CS 

FIGURE 2 Primary sampling location for large circulating systems is on main rerum line, with secondary 
points for trouble-shooting on individual drain lines from bearings and gearing. A probe-on vacuum sampler 

will be required with insufficient drain pressure. 

FIGURE 3 Elbow sampling locations insure turbulent conditions to provide representative contaminant 

concentration. 

3. MINIMIZING DATA CONTAMINATION 

Since an important objective in oil analysis is the JOUtine monitorina of oil contaminalioa. comidmble 
cme must be taken to awid ••coa11mhwdng the contamiMPL" Oacc llbDDSJJhcric COllllmiDadon is 
allowed to conblCt the oil ..., ii ClllllOl be disdnguished tian tbe oripnal CODIIDIUlllioa-
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!ANSI 893.44 - 19781 

i 
Vacuum-style 

sampler 

Flush 
assembly 

and 
tube 
first 

t 
Suction 

tube 

Tank--

Place clean plastic film 
over bottle opening before 

threading into cavity 

Tribo logy Data Handbook 

t 

Fixed 
distance 

Weight 

Bottom Sediment 
& Water 

FIGURE 4 Drop-tube static sampling can be used with many noncirculating systems. 

Three levels of bottle cleanliness are identified by bottle suppliers: clean (fewer than 100 
particles >10 µm/ml), superclean (fewer than 10), and ultraclean (few than 1). The nomograph of 
Figure 5 helps to simplify the selection of bottle cleanliness for each fluid system. The "expected 
fluid cleanliness" often is just the machine's target cleanliness level. The "acceptable variation" is 
best if less than 20%, which equates to a 5:1 signal-to-noise ratio. 

Scheduled sampling intervals are common in oil analysis. The frequency may be keyed to drain 
intervals or operating hours. Table 1 gives commonly recommended intervals based on operating 
hours for different machine classes. Based on trends, these intervals may be adjusted for the degree 
of atmospheric contamination and the need for machine cleanliness. For very dirty conditions 
around critical machinery, on-site particle counting may be scheduled every other day. The particle 
count is often used as a screen for more comprehensive laboratory analysis. 

The most sophisticated oil analysis programs include a combination of on-site and laboratory 
oil analysis. The decision tree of Figure 6 is very useful in defining the oil analysis requirements 
for a range of equipment applications. Machines with high mission criticality are those that can 
cause excessive downtime costs as the result of failure. Fluid environment severity (FES) rates the 
operating and environmental stress on the health/condition of the lubricant. If a user is trying to 
maintain a cool. dry. and clean oil in a hot, humid, and dusty environment, frequent monitoring is 
a must Operating loads, pressures, and speeds also influence fluid environment severity. Wear 
debris analysis (ferrous density and analytical ferrography) is most efficiently performed on an 
exception basis triggered by either spectroscopy or particle counting. 

SELECTION OF OIL ANALYSIS TESTS 

To be thoroughly effective, a program must encompass three categories of analysis: ( 1) fluid 
properties, (2) fluid contamination. and (3) fluid wear debris. 

FLUID PROPERTIES ANALYSIS 

Thi esaeadal fundion of oil analysis helps insure the fundamental quality of the lubricating fluid. 
The 11111dam to which a used oil's properties should be routinely compared are the new oil's 
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EXPECTED FLUID CLEANLINESS, n > 10 µm/mL 
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FIGURE 5 Bottle cleanliness selection nomograph. 

TABLE 1 
Recommended Oil Sampling 
Frequencies 

Diesel engines-off highway 
Transmission, differentials, final drives 
Hydraulics - mobile equipmenl 
Gas turbines - induslrial 
Sieam turbines 
Air/gas compressors 
Chillers 
Gear boxes - high speed/duty 
Gear boxes - low speed/duty 
Bearings - journal and rolling clement 
Aviation reciprocating engiJles 
Aviation gas turbines 
Aviation gmr boxes 
Aviation hydraulics 

Hours 

150 
300 
200 
500 
500 
500 
S00 
300 
1,000 
500 
25-SO 
100 
100-200 
100-200 
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properties; a listing of each of the new oil properties should be a standanl fixture on used oil 
analysis reports. Examples of common tests inelude viscosity. tolll acid number. coca1 base number. 
infrared for oxidation. emi&1iob spectlOlc:Op)' for additive elemmts. lash poinL specific gravifl. 
and rotating bomb oxida&ion • (R80l'). 



880 Tribology Data Handbook 

Particles, Moisture, Heat Semi-onnuolly 8i·monthly Mcnlhly Doily 

V'ISCOSity Never Annually Quortcily 
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md ond 

On<:ondilion On·oondition 

On-aindition 0( Ex 

FIGURE 6 Decision tree for defining oil analysis requirements. 

FLUID CONTAMINATION ANALYSIS 
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Despite the use of filters and separators, contaminants are the most common destroyers of machine 
surfaces that ultimately lead to failure and downtime. For most machines, solid contamination is 
the number one cause of wear related failure. Likewise, particles, moisture, and other contaminants 
are the principal root cause of additive and base stock failure of lubricants. It is important to perform 
basic tests such as particle counting, moisture analysis, glycol testing, and fuel dilution as directed 
by a well-designed proactive maintenance program. - ---

FLUID WEAR DEBRIS ANALYSIS 

Unlike fluid properties and contamination analysis, wear debris analysis relates speeifically to the 
health of the machine. Owing to the tendency of machine surfaces to shed increasing numbers of 
larger and larger particles as wear advances, the size, shape, and concentration of these particles 
tell a revealing story of the internal-state condition of the machine. Two methods are commonly 
employed: 

• The first method is emission spectroscopy, which evaluates several elements present in 
the oil such as iron, aluminum, copper, chromium, and lead. While not truly quantitative 
due to an in-built bias towards only small particles, spectroscopy has been found to be 
exceedingly useful in numerous applications. 

• The second method, known as analytical ferrography, overcomes the particle size bias 
of spectroscopy but bas only limited ability to distinguish the elemental qualities of the 
particles. 'Ibis is due in part to the fact that it is a visual examination of the particles on 
a slide (fenogram). The ovetriding benefit of fenography is its unique ability to detect 
many common wear mechanisms through the skillful eye of an experienced tribologist. 
'fypically. wear debris deasity analysis or ferrous particle counting is performed as a 
screen prior to analytical ferrop'lphy. This ~ that a sufficient number of particles 
a,__, prior to die prepndcm fl. a ferqram. 
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■ W. De&is Using Analytical Fenogi~ 

FIGURE 7 Tracing failure progression to oil breakdown and surl'ace distress. 

Tracing a failure to its roots leads to effective strategies for avoiding future failures. Figure 7 
shows the failure progression leading to oil oxidation and surface distress. Different tests in oil 
analysis can be used to monitor this progression with the primary goal of responding proactively 
to random root cause conditions. Failing this. oil analysis offers the opportunity to detect incipient 
or impending failures, often before ineparable damage occurs. 

Streamlining oil analysis can be effectively done when on-site oil analysis tools are available. 
For many machines, the particle counter serves as the best first line of defense. Only when particle 
counts exceed preset limits is exception testing perfonned. The best exception test is ferrow particle 
analysis, such as a ferrous particle counter. When ferrous levels are high. a failure condition exists. 
triggering yet further testing and analysis. In adc6tion to on-site panick- couoting. on-site moi tore 
analyzers and viscometers also assess importlDI IOOl cause conditiom. 

Table 2 relates the most c:ommon 11S1S performed by oil analysis inslrunlenlS and &be problems 
they would detect. While certaia aaas 1111 primary .iadicalors af pmbJems. odlas aw used only for 
confirmation purposes. Pmm thil dlllt kGIII bl lCCII dall partic~ CCJIIIMUIS. emission spccuoscopy. 
and intnnd spectnJKopJ are 11DQ111 Ille mlJlll .... llile iastlul.,.,, iD ail wl • Table 3 lisls 
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the 1:1ost c?mmon oil analysis tests for various types of machines and whether they are scheduled 
on-site or m the laboratory. 

_Table 4 gives typical ·targets and limits in oil analysis. For optimum results, these limits should 
be m~u~nced by the machine, its application, and the goals of the user. Where possible, targets 
and l!m1ts s~ould ?e quantifiable and directed towards producing a specific benefit, such as 
machme/l~bnc~nt hfe ext_en~ion. Rate-of-change of certain tests values, such as elemental spec­
troscopy, 1s an important md1cator of condition. 

TABLE 3 
Oil Analysis Tests to be Performed by Machine Application 

Equipment Type 

Large Rolling 
Air/Gas Diesel Hydraulic Large Gear Element Industrial 

Test Compressors Engines Systems Boxes Bearings Turbines 

Particle count s, s s, s, s, s. 
Ferrous particle count E, s E, E, E, E, 

Analytical ferrography EL EL EL ~ ~ E1. 

Spectrometric analysis s s EL Ei. s s 
FfIR s s s 
TAN s s s s s 
TBN s 
Viscosity s s s s s s 
Moisture s, s s s s s, 

Nore: S, Routinely scheduled analysis performed by a commercial or in-house lab; S1• routinely scheduled analysis 

performed in-house at fairly high frequencies; E1, test performed on exception basis triggered by out-of-limit particle 

counts; and Bi_, tests performed on exception basis by either a commercial or in-house lab. triggered by out-of-limit 

ferrous particle counts. 

INTERPRETING TEST RESULTS 

Most machines are highly complex, consisting of exotic metallurgy and intricate mechanisms. The 
numerous frictional and sealing surfaces usually employ varying contact dynamics and loads. all 
sharing a common lubricant. A failure to gain knowledge about these many internal machine details 
as a reference base for use in interpreting oil analysis data may lead to confusion and indecision 
in response to oil analysis results. A good approach is to build a three-ring binder with index tabs 
for each machine type. Include in this binder photocopied pages from the service and operation 
manuals plus other accumulated information. The following are examples of data and information 

to include: 

I. Identify types of bearings in use and their metallurgy. 
2. Identify input and output shaft speeds/torques. 
3. Identify type of gears in use, speeds. and loads. Determine gear metal hardness. surface 

treatments, alloying metals. 
4. Locate and identify all other frictional surfaces. such as cams, pistons. bushings. swash-

plates, etc. Determine metallurgy of surface treatments. 
5. Locate and identify coolers and beat exchangers and type of ftuim used. 
6. Obtain fluid flow circuit diagramslscbemalics. 
7. Locate and determine the types of smls in use. both e temal and intanal. 
8. Identify possible contacts with process dlcmical.1 and types. 
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TABLE 4 
Suggested Targets and Limits in Oil Analysis 

Upper Lower 
Limit 

Auid Properties 
Viscosity 
TAN (mineral base) 
TBN 
Oxidation Products (e.g., FflR) 
Elemental 
FfIR 
Hash point 
RBOfrrDST 

Contaminants 
Particles 
Water 
Glycol (coolant) 
Fuel-FflR 

Wear debris 
Ferrous density 
Elemental density 
Analytical ferrograpby 

Limit 

+10% -10% 
+l Acid no. 

-50% 
Test dependent Test dependent 
Application dependent -25% 
Test dependent Test dependent 

20°-30°C drop 
-20% 

CLI•JLEMb 
LEMb 
Test dependent 
3% 

Test dependent 
Application dependent 
Visual only 

• CLI = Contaminant life index (see Reference 3). 
b LEM = Life extension method (see Reference 3). 

Rate of 
Change 

Yes 
Yes 
Yes 

Yes 

Yes 
Yes 

Yes 
Yes 
Yes 

9. Record lubricant flow rates, lubricant bulk oil temperatures, bearing drain and inlet 
temperatures, and oil pressures. 

10. Record detailed lubricant specification and compartment capacity. 
11. Record filter performance specification and location. 

In many cases oil analysis data can be inconclusive when used alone. When combined with 
sensory inspection information, however, a reliable, more certain, determination can be made. 
Likewise, the application of companion maintenance technologies (like vibration and thermogra­
phy) can help support a conclusion prior to expensive machine tear-down or repair. Table 5 gives 
examples for combining analytical data with simple sensory and inspection data in defining oper­
ating problems. The analytical data are primarily generated from on-site or laboratory oil analysis 

~-
The oil analysis report of Figure 8, generated from user oil analysis software, shows how 

effectively data can be presented for simple interpretation and analysis. The software allows users 
to customize their reports for individual machine and lubricant applications. 
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TABLE 5 

Oil Analysis Data Interpretation and Problem Identification 
Problem Area 

Wrong lubricant 

Antioxidant depletion 

Dispersancy failure 

Base oil deterioration 

Water contamination 

Coolant contamination 

Fuel dilution 

Air entrainment 

Abrasive wear 
conditions 

Analytical Indications• 

Change in viscosity, VI, Hash point, 
additive elements, FfJRlbl spectra, 
T AN(<)fTBN(d) 

Change in wear patterns 

Inspection/Sensory Indications"' 

Change in oil gauge or bearing temperalure 
Bearing distress or noise 
Hard 1uming of shaft 

Decreasing TANC<1, RBOT oxidation life, 
and Zn/P conten1 

Oil darkening 
Pungent odor 
Hol running Increasing viscosii;y, TANC<I, particle 

count 
fTIR: decreasing antioxidant, increasing 
oxidation, sulfation, and/or nitration 

fTIR!bl, low TBNCdl 
Increasing particle count, pentane 
insolubles 

Defined inner spot on blotter test 
Increasing viscosity, TANC<J, particle 
count, and/or ferrous particles 

Decreasing TBNtdl 
Change in VI and increasing dielectric 
constant 

Increasing viscosity, TANf<J, Ca, Mg, 
and/or Na 

Rapid additive depletion/failure 
CrackJe test, VJSAC•>, .l(FlO, FfIRl'1 

Increased dielectric constant 
Bloner test sh.up or star-burst peripbciy 
on inner spot 

Increasing viscosity. copper, particle 
count, wear metal, Na, B, and/or K 

FfIR<b>: glycol 
Crackle test. VISA''', Kfl11 

Low oil viscosity, flash point 
Additive and wear metal dilution 
(elemental analysis) 

FfIR<bl/gas chroma10grapby for fuel 
Rising particle count and wear metals 
Increased viscosity, TAN"1, water. and/or 
fTIR<111 for oxidation 

Silicon defoamant levels too high/low 
Blotter test: coJcc-lib carbon OD parch 
Increased silicon. alnroioum. particle 
count and/or feaous puticle5 

Water conlllDinadoa 
Penogram bas c:oniq -· silica 
panicles 

Filter inspection: sludge on media. filter in 
bypass 

Black exhaust smoke 
Deposits on rings and valves 
Poor oil/water separability 
Air entrainment/foaming 
Pungent odor, sludge/varnish fonnation 
Blotter spol yellow/brown, oil darkening 

Oil clouding/opacity, water 
puddling/separating,sJudgiog,foaming 

Evidence of fretting wear/corrosion 
Filter: paper is wavy. high pressure drop, shon 
life. Fenogram shows rust 

Valve stictioo, orifice silting, bearing 
distress/failure, noisy pump/bearings 

Bearings dark charcoal color, distmsed 
Dispcrsancy failure, sludging. varnishing 
Blotter rest: sticky. blade center 
Falter plugs prematurely. oil has mayonnaise 
coosistency, ~-bite exhaust smoke 

Rising oil levels and oil gauge temperanatts 
Blotter test: halo around center spol 
Blueexbaustsmoke(collapscdrings).plugged 
air filter. defective injectors 

Oil bas diesel odor, o,-erfueling conditions 
Oil doudiag/f'oamiq. incra5e in oil gauge 
temperallltt 

SpoagyMow hydraulics. ca,itatioo of 
pumplbariDg. noisy openwoa 

ScralCh marking orlpolishmg of fiiclml 
surfaces 

Culling wear on bloner/pllcblli mafia 
FillerJlnllher/seal failme 

885 
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TABLE 5 (CONTINUED) 
Oil Analysis Data Interpretation and Problem Identification 

Problem Area Analytical lndications;a Inspection/Sensory Indications<•> 

Corrosive wear 
conditions 

Failed filter 

Overheating 

Misalignment, 
imbalance. 
overloading 

Impending failure of 
bearing. gear. pump, 
etc. 

Increased TAN1<>, particle count, 
spectrographic iron and bearing metals, 
water 

Decrease in TBN<dl 
Ferrogram shows submicron debris at 

ferrogram tail, rust particles, metal 
oxides 

Increasing silicon/aluminum, particle 
count, ferrous particles, and/or 
elemental iron 

Ferro grams show green-looking particles, 
cutting wear, filter fibers 

Increasing ferrous particles, particle 
count, flash point, viscosity, or oil 
specific gravity 

Ferrograms show friction polymers, 
oxides, bluing/tempering of particles, 
sliding wear particles, bearing particles, 
e.g., babbiu 

Ferrograms densely loaded with black­
iron oxides, dark metallo oxides, severe 
cutting and sliding wear, tempered 

particles, large, chunky particles, or 
bearing metals 

Increase in viscosity, TAN<<>, particle 
count, and/or ferrous particles 

Depiction of Zn and P 

Exponential increase in particle count and 
number of wear particle concentration 

Increase in iron or bearing metals 
Fcnogram shows rate increase in spheres, 

dark metallo-oxides, particle bluing, 
spalling/chunks, severe sliding/galling 
particles, cutting wear 

Fretting, pilling, and etching on contact 
surfaces 

Transient electric currents, high engine 
blowby 

Rust on patch or filter media 

Valve silt lock, noisy bearings 
Unchanging or high delta P of filter 
Frequent bearing failures, high levels of 

bottom sediment 

Bearing distress/failure 
Hot spots and high bearing metal temp. 
Evidence of coking/sludge 
Burnt/rancid odor, high oil gauge temp. 

Engine lugging/stalling, black exhaust 
Raised oil, bearing metal, or jacket-water 

temperature 

Dark, foul smelling oil, bearing 
distress/f:ailure, hard turning of shaft 

Abnormal vibration, noise 
Blotter test: coke, metal chips 
Metal chips on filter, highly loaded chip 

detectors 
Shaft wobble, vibration, acoustic changes, 

blue exhaust smoke, bot spots, hard turning 
shaft and/or high bearing metal temperatures 

Patch/blotter shows coking 

,., Not all of lbc identified indications would be expected for each problem area. 

'"' Fourier transfonn infrared spectroscopy. 
'" Tocal acid number. 
"'1 Total bue number. 
1r1 Vapor-illduccd scinlillalion analysis. 
,n Karl Fischer. 
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Sample ID.: 
Equipment Code: 

0068 
2-01-001 

887 

CRITICAL 
Equipment Desc.: 
Equipment Area: 
Lubricant: 

FORCED DRAFT FAN 2A 
LARGE FANS & MOTORS 
MOBILGEAR 630 

Sampled; 21.JUL-95, 05:47pm 
Issued: 17.JAN-98 

Hours on Oil: 534.0 
Equipment Notes: 
NEW OIL BASE SIGNATURE AND TARGETS: 
VISC 220 CST TAN 1.1 MG KOH/GM 
TARGET ISO <14/11 TARGET H20 <500 PPM 
ADDITIVES: Ca 550, Zn 625, P 650 

Reported: 11hJUL-98 

Sample comments: 
dCA ISO Code js 18/15. This Is In the CRITTCAL RANGE 
The dVA reading (285.00cst.) at o40 deg. Celsius Is above or 
borders the range (200.00 lo 240.00) cSt. 
dMA reading (0.009%) Is In the NORMAL range. 
Analytical rerrography reveals: 

A high level or Severe Wear. 
Anal hy - Bar Graph Spectrographic analysis reveals: 

Norma:-'.! W~e'-'-a'-';::;'::::;::;::;~;;':!:=======----~I A CRITICAL level or Iron. A CAUTION level or Zinc. 

Severe Wear 

Cutting Wear~-~~~~ 

Sphericals 

Non-Ferrous Metals 

SIiica/Dirt/Debris ~-w .,-;._ 

Fibres 

Plastics/Ceramics 

Friction Polymers 
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FIGURE 8 Oil analysis report. 
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