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Energy Efficiency of Industrial Oils®

LEV A. BRONSHTEYN (Member, STLE) and JESA H. KREINER
California State University Fullerton
Mechanical Engineering Department
Fullerton, California 92834

Lubricants influence energy efficiency mainly through reduc-
ing energy losses, which include churning losses and friction loss-
es in hydrodynamic, elastohydrodynamic and boundary lubrica-
tion regimes. The total energy loss depends on lubricant viscosity
and chemical composition. Different sources of lubricant-related
power losses in industrial systems are described. The dependence
of churning and friction losses on oil properties is analyzed.

Viscosity shear-thinning and pressure-thickening effects and
their dependence on base oil and viscosity index improver chemi-
cal composition are examined. The role of pressure-viscosity rela-
tionships is emphasized. Some aspects of oil compressibility and
viscoelasticity are discussed in regard to oil energy efficiency. The
mechanism and role of friction modifiers in industrial oil formu-
lations are described. '

Significant savings in machinery energy consumption can be
achieved by using energy-efficient lubricants. Methods for
improving industrial lubricant energy efficiency are discussed and

potential savings in energy consumption are estimated.

KEY WORDS

Energy Conservation; Gear Lubricants; Hydraulic Fluids;
Friction Modifying Additives; Viscosity-Pressure Behavior

INTRODUCTION

How much energy can be conserved by using energy-efficient
lubricants in comparison with conventional ones? It has been esti-
mated that approximately 11 percent of the total energy annually
consumed in the U.S. in the four major areas of transportation, tur-
bomachinery, power generation and industrial processes can be
saved through new developments in lubrication and tribology (7).
A simple analysis reveals that supplying all of the worm gear
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drives in the U.S. with a lubricant that increases mechanical effi-
ciency five percent in comparison to a conventional mineral oil
would result in an annual saving of $6 billion (2). Industrial sur-
veys report that average electrical energy savings of eight percent
were achieved by changing lubricants in compressors from petro-
leum to synthetic diester oils of identical ISO viscosity grades (3).
More recent studies have shown energy savings of five percent in
screw, vane and reciprocating compressors switched from miner-
al to synthetic oil (4).

The majority of contemporary industrial oils have an additive
package containing rust and oxidation inhibitors, defoamant, pour
point depressant, and sometimes antiwear and/or EP additives,
blended in mineral oil basestocks of different viscosities. The
energy efficiency of these oils can generally be improved either by
using additional supplements, separately purchased and blended
into the oils, or by replacing a conventional oil with a new, fully-
formulated, more efficient industrial oil.

Fuel-saving benefits obtained with synthetic and hydrotreated
engine oils and transmission fluids have been extensively report-
ed (5)-(11}. It was supposed that two main factors contributed to
the fuel economy properties of engine oils: the high-temperature
high-shear viscosity (HTHSV) and the boundary friction coeffi-
cient.

The best energy efficiency can be achieved when using all pos-
sibilities for improvement, including boundary friction modifica-
tion and viscosity optimization. Friction modifiers, being added to
the oil additive package in low concentrations (about one to two
percent), reduce boundary friction. Such concentrations have very
little effect on the oil viscometric behavior. Therefore, these two
ways of obtaining energy efficiency improvements can be consid-
ered and utilized almost independently.

SOURCES OF POWER LOSS IN INDUSTRIAL
SYSTEMS

Energy loss in industrial equipment consists of friction losses
in the bearings, gear mesh, vane-ring, piston-liner or other friction
couplings as well as churning losses, seal losses, and losses in the
auxiliaries, such as valves, filters, etc.

The numerical distribution of power losses is load dependent.
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TaBLE |—MECHANICAL EFFICIENCY OF GEAR TRANSMISSION FOR DIFFERENT REGIMES (3)
Parameter/Regime Low Load, High Load, Low Load, High Load,
Low Speed Low Speed High Speed High Speed
Mechanical efficiency, % 91.14 94.95 87.33 95.02
Relative churning losses (if
100 assigned to high load, 75 40 165 100
high speed regime)
Temperature of oil in sieady 50 85 66 108
state condition, °C

The total power loss in a system P, has two parts, i.e., the
power loss without load P, and the increment of power loss due to

the loading P, 5:
Prota, =19 * Po+ (1 - 1) * P oap (1]

where ,, is the fraction of time when the system is unloaded.
The no-load power loss P, consists of two parts:

Po=Pcyo + Py + Pio [2]

where P, is the churning losses, P, is the friction losses and P,
is the leakage losses under no-load conditions.

The no-load churning losses are caused by churning, squeez-
ing, ventilation, acceleration and deceleration of lubricant in
pumps, gears and other devices. The no-load friction and leakage
loss can often be neglected because their values are very small.

The load-dependent power loss P, ., consists of four parts:

Ploap=Pen+ P+ Pax+ P (3]

where P, is the churning losses, P is the friction losses, P, is
the losses in auxiliaries, and P_is the leakage losses under load
conditions.

Since the churning and friction losses represent the most sig-
nificant fraction of the total power losses, the authors will con-
centrate on them in the analysis. Thus, because the values of Py,
F,x» P.o and F_are negligibly small in comparison with PF’ the
authors obtain

Protan=to* Pyt (1- 1) * P oap- to* Poyo + (1- tg) * (Pey + Pp) [4]

The difference between P, and P, in Eq. [4] is that the vis-
cosity of the compressed oil under load conditions in hydraulic
systems will be higher, resulting in higher churning losses in com-
parison with no-load conditions. For example, in contemporary
hydraulic systems, pressures of 35 MPa (5000 psi) can be reached,
approximately doubling the viscosity of the oil. The pressure in
hydrodynamic journal bearings may be twice as high as in a bulk
fluid (approximately 70-100 MPa) resulting in a four to five times
viscosity increase compared to unload conditions. This may con-
tribute additional friction losses due to increased viscous drag in
bearings. In addition, the bearing power losses depend on lubri-
cant viscosity behavior at high share rates, which occur in thin

film bearing lubrication typical of the hydrodynamic or elastohy-
drodynamic regime.

Churning losses in gear systems, sometimes called splashing
losses, can be estimated with Eq. [5]:

PCH - I0-18 cgepe n0.6 R UZ.IS

ereb [5]
where g is the coefficient depending on gear wheels, p is the oil
density, 7 is the kinematic viscosity, v is the peripheral speed of
the gear, r is the pitch radius, and b is the wheel width.

Taking into consideration only lubricant-related parameters,
the authors obtain

Pey=Kepe "10'6' NeAL (6]

where K 10« g * r* b is a coefficient depending on gear wheel
parameters.

It is important to note that churning losses in gear systems
depend on oil density with exponent one, viscosity with exponent
0.6 and speed with an exponent of about 2. This dependence is not
likely to be changed much for no-load hydraulic pumps because
the nature of the process remains the same. But in loaded
hydraulic systems, higher viscosity and density of a compressed
fluid will contribute to higher churning losses.

Table 1 illustrates the mechanical efficiency and churning loss-
es experimentally measured for a car’s manual gear transmission
with a reference mineral oil operating in four regimes with differ-
ent levels of load and speed (5). These data indicate that the rela-
tive contribution of churning losses to total losses is maximum for
low-load, high-speed operating conditions that result in the mini-
mum mechanical efficiency of the transmission.

In spray-lubricated gear transmissions, no-load losses are
lower than in bath-lubricated systems, but the viscosity depend-
ence of losses is approximately the same. A four-times increase in
viscosity has caused approximately a 1.6 to 1.7 times increase in
no-load power losses for spray-lubricated gears (/2), which
roughly corresponds with the exponential dependence shown in
Eq. [5].

It has been shown (/3) that friction losses for gear transmis-
sions are proportional to the fiction coefficient that is measured
independently for the same friction conditions. The dependence of
friction losses on load, gear tooth surface roughness and oil vis-
cosity was expressed by exponential correlations (/3)
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5
Pp = (Py/b)"e RMAXB' Tog' (7]

where Py is the normal load on the tooth surface, b is the width of
the gear tooth, Ry, . is the maximum surface roughness and g, is
the oil kinematic viscosity at 90°C.

The values of the exponents in Eq. [7] are 8 = 0.1, $ = 0.08, ¢
=0.05-0.12. The value of ¢ is dependent on load: the small value
is used for high load and the large value is used for low-load con-
ditions. But even for low-load conditions, boundary or EHD lubri-
cation is supposed to exist in a sliding gear contact because Eq. [7]
is based on the assumption that the friction coefficient decreases
while sliding velocity increases. This is a characteristic of bound-
ary and EHD lubrication. Hydrodynamic lubrication exists in the
range of sliding velocities greater than 1 m/s (/3).

It is interesting to note that even the large value of ¢ =0.12 in
Eq. [7] is considerably less than 0.6 which is used in Eq. [6] for
the churning losses-viscosity dependence. That means that viscos-
ity has a much stronger effect on churning losses than on friction
losses. For high-load conditions ¢—0 and friction losses become
almost independent of oil viscosity.

ROLE OF OIL VISCOSITY

Energy losses are defined by initial oil viscosity and its tem-
perature, pressure and shear rate dependence. The initial oil vis-
cosity is usually chosen based on considerations other than ener-
gy efficiency such as flow rate, temperature range, wear, leakage,
etc. Conventional industrial hydraulic fluids for plant indoor
applications do not usually contain viscosity index improvers
(VI1) as the fluids are not supposed to be used at sub-zero tem-
peratures.

The shear-thinning effect due to temporary mechanical realign-
ment of a polymeric viscosity index improver (VII) has been
observed for multigrade engine oils to give better fuel economy
than single-grade oils. This reversible behavior reduces the effec-
tive viscosity of the lubricant under high shear operating condi-
tions resulting in a reduction of viscous drag and an improvement
in fuel economy. Simultaneously, this non-Newtonian oil behavior
causes the EHD film thickness drop to the value defined by the
effective high shear viscosity. Thus, the potential negative effect
of viscosity thinning turns out to be beneficial for energy conser-
vation, providing that the effect is reversible.

Hydraulic pumps operate at high fluid shear rates. An oil for-
mulation that shear thins dramatically may have a much higher
viscosity at low shear rates but would pump better and require less
driving power in actual practice.

There is a great number of synthetic fluids as well as conven-
tional mineral blends that can be used as base fluids for contem-
porary industrial oils. The most common alternatives to conven-
tional mineral-based oils are synthetic polyalphaolefins, polygly-
cols and esters, as well as so-called “very high viscosity index”
(VHVI) petroleum hydrogenated base oils produced either by
severe hydrocracking or by paraffin isomerization processes
developed in recent years.

It is assumed that petroleum base oils do not experience any
shear-thinning effects within a reasonable range of shear rates.
However, when studying ultrathin liquid films (/4), the shear thin-

ning effect was found to exist even for pure hydrocarbon fluids
like hexadecane that was previously considered to be Newtonian.
Shear-thinning was observed starting from a shear rate as low as
10 s for layers of one-to-three molecular dimensions confined
between atomically smooth plates. The onset of shear thinning
implies the existence of a characteristic rheological relaxation
time of about 0.1 s. Since the relaxation time of single hexadecane
molecules is well-known to be less than 10 s, this finding may
reflect collective motion rather than the motion of single mole-
cules.

It is interesting to point out that, in this case, it is not necessary
that the liquid boundary structure be an ordered structure similar
to an ionic solid. The ordering is expected for polar long-chain
adsorbed molecules, such as stearic acid, but not for hexadecane.
This structure may be analogous to an amorphous glass state,
which is well-known to occur for liquid lubricants under glass
transition pressure or at very low temperatures. Contrary to an
ordered structure with more expressed viscoelasticity, an amor-
phous structure behaves like a plastic solid.

Results closely associated to those mentioned above for hexa-
decane were found for highly pressurized liquid lubricants (15),
(16). These findings confirmed that the viscosity is very sensitive
to fluid structure, which is quite different in boundary layers from
that in the bulk because of the influence of the solid surface. The
phenomena of surface vitrification and the aligning effects of solid
surfaces may be contributing factors in determining differences in
the performance of petroleum and synthetic base oils.

Another factor is oil viscosity-pressure behavior. It is described
by pressure-viscosity coefficient @, the value of which reflects the
rate of oil viscosity increase under increasing pressure. In com-
parison with conventional mineral oils, highly paraffinic polyal-
phaolefin and hydrotreated base oils have lower o and their vis-
cosity is less dependent on pressure. Introduction of a DI additive
package into base oil decreases its pressure-viscosity dependence
as well (7).

Compressibility is vitally important for hydraulic fluids, one of
the main functions of which is to transmit power. Precise power
transmission in high pressure hydraulic systems requires the fluid
viscosity (as well as volume) to be the least sensitive to pressure
or have the smallest pressure-viscosity coefficient o.. Low viscos-
ity at high pressure is also beneficial for the reduction of viscosi-
ty-related churning power losses under load conditions. However,
a certain compressibility can be convenient in that it dampens
pressure surges caused by switching and thus provides smoother
operation.

Pressure-viscosity and temperature-viscosity properties are
known to be loosely related. High viscosity index oils tend to be
less compressible. Both these properties of liquid hydrocarbons
are strongly dependent on molecular structure. According to exist-
ing theories of liquid structure, the more degrees of freedom in the
molecular structure of a liquid, the higher its compressibility (/7).

The decrease in free molecular space under high pressure
results in a higher tendency of structuring, and shear thinning
starts at lower shear rates. When the molecules of the liguid have
made all the steric adjustments possible, further increase of pres-
sure works against intermolecular repulsive forces. For very high
pressures, a glass transition to solid-like behavior occurs and a
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Fig. 1—Paper stack model of lubricant behavior in EHD contacts.

critical shear stress is required to initiate sliding. For mineral oils,
the glass transition pressure is usually about 0.8 GPa at 30°C (/8).

In practice, a hydraulic fluid is often simultaneously exposed
to temperature, pressure and shear stresses. Sharp pressure surges
in a hydraulic system cause cyclical heating and cooling of oil due
to encrgy dissipation. This energy dissipated in hydraulic fluids
may be much higher than in gear oils, in which temperature is
usually controlled by friction heat developed in the gear mesh.
When pressure grows, causing oil thickening, the temperature rise
coincidentally imposes the opposite effect of viscosity drop, com-
pensating the final viscosity change. The dissipation process and
cnergy loss is dependent on the relationship of dynamic parame-
ters of the mechanical impact and fiuid relaxation time which
defines oil viscoelastic properties.

Besides the shear thinning effect, VI-improved oils exhibit
another aspect of non-Newtonian behavior: viscoelasticity. The
viscoelastic effect is considered to be important for energy con-
servation and friction reduction. The ability to store elastic energy
and produce normal forces during steady flow has been measured
in lubricants which contain high molecular weight VII. The
authors of Ref. (19) reported that long-chain polymer VII created
the “network” structure with rubber-like properties in a low
molecular weight liquid medium. The viscoelastic effect of this
structure results in normal stresses exerted on the bearing surfaces
and contributes to the oil film thickness (1/9), (20). The authors of
Ref. (21) showed that assuming relaxation time to be proportion-
al to viscosity, viscoelastic normal stresses can result in increases
of 20 percent and higher in load-bearing capacity. That, in turn,
may contribute to friction reduction and energy conservation, The
numerical modeling suggested that at high eccentricities in journal
bearings (the most severe HD case, close to EHD), pressure-thick-
ening dominates the viscosity behavior rather than shear-thinning
or temperature-thinning. That means that lubricant rheology, as
well as friction energy losses for highly loaded contacts, tends to
be affected more by the pressure-viscosity relations than tempera-
ture or shear dependence.

ROLE OF OIL MOLECULAR STRUCTURE AND
CHEMICAL COMPOSITION

While viscosity mainly controls the hydrodynamic behavior of
lubricants, their molecular structure has a direct effect in EHD and
boundary lubrication. The effect of a lubricant’s molecular struc-
ture on its friction behavior can be illustrated by the so-called
paper stack model shown in Fig. 1 (22).

Each sheet of paper in the stack represents a lubricant mole-
cule. The stack is compressed vigorously in a direction perpendi-
cular to the paper plane and is subject to a rate of shear in trying
to pull single sheets of paper out of the stack. This action will be
more difficult and will require more energy the more uneven the
paper surface is and/or the stronger the interaction between the
individual paper planes. This corresponds to a high traction coef-
ficient.

The single molecules are accelerated by a shear stress to a dif-
ferent extent depending on the distance from the contact surface.
The resistance to a shearing stress depends on a shape of the mol-
ecule. Disk-shaped molecules with nonbranched hydrocarbon
chains provide lower traction. This model concept also allows one
to predict that molecules shaped like balls or ellipsoids should
have lower friction because they are susceptible to rotating, slid-
ing, rolling and spinning motions.

Even insignificant changes in molecular structure can have
extraordinary effects, provided they take place near the “active
molecular effect center” responsible for molecular interactions.
Usually these centers are oxygen, nitrogen, sulfur or other nonhy-
drocarbon heteroatoms of functional groups attached to a molecu-
lar carbon frame. Minimizing functional groups involved in inter-
molecular interactions facilitates molecular motion and decreases
friction.

Polycyclic fluids have higher traction coefficients than mono-
cyclic (22), (23). It was also shown that the pressure-viscosity
coefficient o has the predominating effect on the maximum fric-
tion coefficient. The degree of branching of the carbon chains in a
molecule was defined as a critical parameter of aliphatic oil fric-
tional behavior causing o to increase for more branched chains.
The effects of molecular structure were shown to become more
important at elevated pressures.

The effect of oil chemical structure on friction losses was stud-
ied in more detail in (24). The comparison of losses measured for
the high and low sliding velocities and load range showed that the
benefits of synthetic fluids were more evident for the high-speed
and high-load test conditions that characterize newer machinery
designs. Two kinds of synthetic oils - polyalphaolefin and polyg-
lycol - behaved alike: they gave 12-20 percent lower friction loss-
es in comparison with a mineral oil for the high-speed and high-
load conditions and showed no practical differences in losses for
the low-speed and low-load test.

The hydrocracking process results in basestocks containing
more paraffinic and less aromatic hydrocarbons while PAO con-
sists of almost only paraffins. This molecular structure, as was
discussed previously, has better temperature-viscosity and pres-
sure-viscosity behavior, resulting in a high viscosity index and
low pressure-viscosity coefficient .. The high pressure viscosity
of the VHVI base stocks is substantially lower than that of the sol-
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Fig. 2—Structure of metal friction surface layer.

vent-refined basestocks. Therefore, hydrocracked and PAO oils
show significant advantages over conventional mineral oils in
friction reduction under EHD lubrication conditions. It is impor-
tant to note that PAOs are more effective than hydrocracked oils.
Similar results were reported for automotive transmission and
power steering fluids formulated with these basestocks (17).

Energy-saving benefits have been obtained with synthetic
industrial gear oils in comparison with paraffinic mineral oil (12),
(13), (24). Mesh power loss in a gear transmission was reduced by
as much as 50 percent by using polyglycol-type lubricants (/2).
Synthetic polyalphaolefin and polyglycol based oils have shown
friction in the hydrodynamic lubrication regime approximately
12-20 percent lower than that using mineral oil (24).

Conventional mineral-based hydraulic fluids which are used at
plants usually do not contain VII because these fluids are not
exposed to very low temperatures. Nevertheless, VII can help to
utilize the shear-thinning effect for friction reduction and energy
conservation as was described earlier. Polymers can also reduce
leakage problems in hydraulic systems. Apparently, the best poly-
mer for these purposes should significantly thicken oil at low
shear rates but start thinning even at shear rates corresponding to
churning of the oil.

The most commonly used VIIs are polymethacrylates and
olefin copolymers. Polymethacrylates have more stable viscosity-
shear characteristics than olefin copolymers. The shear-thinning
effect tends to be more pronounced for higher molecular weight
polymers and higher polymer concentrations in oil (25).

Friction modifiers create boundary layers on rubbing metal
surfaces, physically adsorbing and chemically interacting with the
surfaces. The structure of these boundary layers is different from
the surface layers created by regular antiwear or EP sulfur, phos-
phorus or chlorine-containing additives. These additives reduce
wear, but, as a rule do not decrease (and often increase) friction
force and energy consumption.

There are two main groups of oil-soluble friction modifiers,
which are proven to be effective in engine oils: organomolybde-
num compounds and ashless organic ester- or acid-based additives
like stearic acid or octadecanol. Organomolybdenum additives
such as molybdenum dithiophosphate (MoDTP) or molybdenum
dithiocarbamate (MoDTC) react chemically with surfaces, and are
effective for boundary lubrication at high temperatures. Their fric-
tion reduction activity is based on the thermally activated chemi-
cal reaction with metal surfaces, and their effectiveness is higher
at higher temperatures (26). Long-chain polar organic acids or
esters work at lower temperatures providing relatively thick
antifriction films adsorbed on metal surfaces.

The antifriction efficiency of friction modifiers depends on the
composition and thickness of the surface layers created on rubbing
metal surfaces. The suggested structure of these surface layers is
shown in Fig. 2 (27).

The multilayer composition consists of A - a layer of adsorbed
lubricant molecules; B - a resin-like film of oxidation and destruc-
tion products of the lubricant components; [this film contains ele-
ments (C, O, S, P, Ca, Zn, etc.) included in the lubricant composi-
tion]; C - a layer of secondary structures formed during the fric-
tion process as a result of diffusion of active components of the
lubricant (mainly O and S) into the metal surface, with a subse-
quent formation of nonstoichiometric compounds with an orient-
ed microcrystalline structure; and D - a layer formed as a result of
the carbonization and hardening of the metal surface. The thick-
ness of each layer depends on the lubricant composition and fric-
tion conditions and is approximately in the range of 10-50 nm for
the B layer and 50-3500 nm for the C and D layers. The formation
of the C and D layers occurs simultaneously. The final thickness
of the D layer may be greater, equal to, or less than the thickness
of the C layer depending on friction conditions. The better
antifriction efficiency was observed to correspond to the thinner C
and D layers allowing the localization of the tribo-chemical
processes in smaller microvolumes. The thicker the layer of the
material involved in friction process, the higher the friction coef-
ficient.

CONCLUSIONS

1. Approximately five-to-eight percent energy savings are
achievable by using energy-efficient industrial lubricants
compared with current typical products.

2. Lubricant-related energy losses in a hydraulic system are
load dependent and consist of churning and friction losses.
Churning losses are mostly influenced by oil viscosity
while friction losses largely depend on oil chemical com-
position. Boundary friction coefficient, high-temperature
high-shear viscosity and pressure-viscosity coefficient are
the most important oil properties defining oil energy effi-
ciency.

3. The shear-thinning and viscoelastic effects of viscosity
index-improved hydraulic fluids can be utilized for friction
reduction and energy conservation. The best polymer for
these objectives should significantly thicken oil; however it
begins to thin at low shear rates corresponding to the oil
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pumping process. In addition, viscosity index-improved
hydraulic fluids can reduce leakage problems and improve
low temperature fluid pumpability in hydraulic systems.

4. Lubricant rheology as well as friction energy losses for high-
ly loaded contacts tend to be more affected by pressure-vis-
cosity relationships than temperature or shear dependence.
Since hydraulic fluids are usually subjected to high pres-
sures, the pressure-viscosity behavior is one of the most
significant fluid properties to be taken into account while
selecting a hydraulic fluid. A minimal pressure-viscosity
dependence, as shown for polyalphaolefins, is the most
beneficial for energy conservation as well as for antiwear
performance. Hydrogenated petroleum oils produced by
severe hydrocracking processes are considerably cheaper
than polyalphaolefins but show similar performance, and
can be regarded as a good compromise between perform-
ance and cost.
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