Bearing Design
Considerations for Pumps
and Compressors
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I.OOdS, Ilfe, fl"S, Pumps and compressors are ubiquitous in industrial settings. These
° machines can be found anywhere there is a need to transport liquids or circu-
mat.erla.ll a nd late or compress gasses. Manufacturing, chemical processing, food and beverage,
IU brlcahon mu Si' construction, mining, oil and gas, agriculture, and power generation industries all
employ the use of turbomachinery. Reliability and minimizing downtime are crit-
a" be evaluath ical in these applications. Rolling bearings are integral to the operation of pumps
. and compressors and must be able to withstand moderate to heavy loading and
to ensure ophmql harsh operating environments. A wide variety of ball, roller, and needle bearings
performa nce of can be found in these machines; however, this article will focus on the most com-

o mon type of bearing used, the deep groove ball bearing.
|'U rbodehlnery. Benefits of using deep groove ball bearings include the ability to handle high

speeds and carry loads in the radial—and to a lesser extent—axial, directions. To
/\/\Ork Ma nego| d, Technicol ensure reliable and efficient operation, correct bearing selection is an essential
. step in the design process of pumps and compressors. It is important to perform
/\/\Orkeh ng Ma nager, AST an analysis of the components and operating conditions from both a static and
Beqri ngs dynamic perspective to gain a complete understanding of the loads (both magni-
tude and direction) the bearings will encounter in the application. Deep groove
ball bearings are designed to primarily carry radial loads, but they can also sup-
port moderate axial loads as well. In most turbomachinery applications, bearings
are subjected to both radial and axial, or combined, loading. Once the loading is
understood, the basic bearing life is calculated and then adjusted if necessary.
This adjusted life is then compared to the desired design life to determine if the
bearing is suitable for the application. Lastly, specifications including shaft and

housing fits, bearing material, and lubrication need to be determined.

Bearing Load Ratings

Manufacturers of ball bearings typically publish load ratings—both static (C,,)
and dynamic (C,)—for each bearing part number they produce. The static load
rating, or static capacity, is the amount ofload a non-rotating bearing can support

without causing permanent deformation to its rings and/or balls. Industry
at www.powertransmission.com standards specify that a total deformation of 0.0001 of the rolling element
diameter (at the center of the most heavily loaded element) is acceptable
for most bearing applications. The dynamic load rating, or dynamic capac-
ity, is the amount of constant radial load a rotating bearing can withstand
for one million revolutions. While the methods used to calculate load rat-
ings vary from one manufacturer to the next, both the American Bearing
Manufacturers Association (ABMA) and the International
Organization for Standardization (ISO) have published
equivalent standards related to load ratings and bearing life:

o ABMA Standard 9—Load Ratings and Fatigue Life for
Ball Bearings

o ISO 76—Rolling Bearings—Static Load Ratings

o ISO 281—Rolling Bearings—Dynamic Load Ratings and
Rating Life

For Related Articles Search

bearings

Industrial compressor refrigeration station in a manufacturing facility.
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An important point to remem-
ber about load ratings: the static and
dynamic load ratings are derived dif-
ferently and have no direct relation-
ship. While both load ratings depend
on bearing component geometry, the
static load rating also depends on the
applicable contact stress level, whereas
the dynamic capacity depends on the
accuracy to which the components are
manufactured and the quality of the
material used.

Bearing Life

The inner and outer rings of a radial
ball bearing are constantly loaded
during rotation. This produces mate-
rial fatigue which eventually leads
to bearing failure. The bearing life of
individual bearings can vary consid-
erably, even if they are of the same
size, same material, and subject to the
same operating conditions. For a sta-
tistically large group of identical bear-
ings operating under the same condi-
tions, basic rating life is the number of
revolutions reached by 90 percent of
the group of bearings prior to the first
evidence of material fatigue. The basic
rating life can also be expressed in
hours. Examples of typical design life
requirements for common operating
conditions are shown in Table 1.

Both the ABMA and ISO standards
use the same method to determine
the basicratinglife of a bearing. When
the bearing experiences combined
loading (both radial and axial loads)
the standards provide a method to
determine the equivalent radial load
(P,).The equation for the basic rating
life of a dynamically loaded ball bear-
ing is as follows:

Table 1 - Typical Design Life Requirements (hours)

3
LlO = (gr ) X 106
and
0h = % X Ly

Where:

L;, = Basic Rating Life [revolutions]
C, = Basic Dynamic Load Rating [N]
P, = Equivalent Radial Load [N]
Ly, = Basic Rating Life [hours]

n = Operating Speed [rpm)]

The basic rating life formula is
acceptable for general use and corre-
lates with 90 percent reliability, com-
mon material and manufacturing
quality, and conventional operating
conditions. However, for many appli-
cations where a reliability greater than
90 percent is required, and/or where
there are special bearing properties or
a deviation from conventional operat-
ing conditions, an adjusted rating life
formula is used:

Li.=aXaXa; X Ly
and

_ 16667

= X
Lm‘h n Lnu

Where:

L,, = Adjusted Rating Life; Reliability
of %100-[1) % [revolutions]

a; = Life Adjustment Factor for
Reliability

a» = Life Adjustment Factor for
Special Bearing Properties
(Material Type and Quality)

as = Life Adjustment Factor for
Operating Conditions

L,.»= Adjusted Rating Life;
Reliability of (100-n) % [hours]

n = Operating Speed [rpm]

Life Adjustment Factor for
Reliability, a;

Bearing reliability is expressed as the
percentage of a group of identical
bearings operating under the same
conditions that will attain or exceed a

Operating Condition Basic Rating Life Ligp

Infrequent operation 500

Short or intermittent operation; failure has little effect on function 4,000 - 8,000
Intermittent operation: failure has significant effect on function 8,000 - 12,000
8 hours of non-continuous operation 12,000 - 20,000
8 hours of continuous operation 20,000 - 30,000
24 hours of continuous ocperation 40,000 - 60,000
24 hours of guaranteed trouble-free operation 100,000 - 200,000

Table 2 - Life Adjustment Factor for Reliability, a
Reliability, % 90

specified life. For the basic rating life,
Lo, the bearing reliability is 90 percent
and a;, = 1. When a reliability greater
than 90 percent is required, the corre-
sponding life adjustment factor should
be selected from Table 2.

Life Adjustment Factor for Special
Bearing Properties, a.

Special bearing properties can
be accounted for by using the life
adjustment factor a,. Improve-
ment in manufacturing techniques
and heat treatment of bearing com-
ponents have led to an extended
fatigue life for bearings. Most bear-
ing manufacturers commonly use a
value of a, = I, representing the use
of high quality, vacuum degassed
steel. However, a value of a,> I may
be used if the bearing steel has an
extremely low level of impurities.
Conversely, if a hardness reduction
is caused by a special heat treatment
process, a value of a, < I should be
applied. It is important to note it is
not possible to define relationships
between special bearing properties
and the values of a,. These values
are determined through empirical
means and can vary widely between
suppliers. Always consult the bear-
ing manufacturer before considering
using an a, factor other than 1.

Life Adjustment Factor for
Operating Conditions, a;
Non-conventional operating condi-
tions related to lubrication, speed,
and mounting are considered with the
life adjustment factor a;. Under good
lubrication conditions, i.e., a perma-
nent oil film exists between the roll-
ing elements and the rings, then a;
= 1. In situations where the lubricant
film thickness is less than the compos-
ite roughness of the two surfaces, a; <
1. If the rotational speed of the bear-
ing is very low (mean bearing diame-
ter times operating speed is < 10,000)
then a value a; < I is required. For
designs in which a bearing is mounted
to a shaft with aloose fit, a value of a; <
1 should be used.

e} 1 0.92 0.84

0.77 0.64 0.62 0.53 0.44

0.33 0.21 0.1 0.037

DECEMBER 2023 ]7POWEI’ Transmission Engineering 21



\—[}

Life Adjustment Factors—
Additional Considerations

Pumps and compressors are often
subjected to non-standard loading
and operating conditions that may
require further consideration beyond
the life adjustment factors previously
described. Additional life adjustment
factors are typically provided by bear-
ing manufacturers, based on empirical
data. These include adjustments for:

o Sinusoidal loading (encountered
in rotating and reciprocating
machinery)

o Step loading (due to operating
modes and/or external forces)

o Reversing loads

e Vibration

e Oscillation

o High speeds

o Inner ring versus outer ring rotation

o Temperature and environmental
effects

Life adjustment factors allow engi-
neers to develop a more accurate
approximation for bearing life, spe-
cific to the application and/or operat-
ing conditions. Bearing manufactur-
ers often use additional, proprietary
factors in determining both load rat-
ings and life calculations for their cus-
tomers. Accordingly, it is important to
consult with bearing manufacturers in
conjunction with the previously refer-
enced industry standards during the
bearing selection process.

Bearing Fits
Selecting the proper shaft and hous-
ing fits is critical in optimizing a radial
ball bearing’s performance and life.
Improper bearing fits—too loose or too
tight—can cause undesirable operat-
ing conditions and premature failure.
Fits that are too loose lead to damage
of the housing bearing seat, reduced
rotational accuracy, and excessive
wear, noise, and vibration. Conversely,
fits that are too tight will give rise to a
reduction in radial play, overheating, or
unintended preloading. Overly tight fits
also require very large forces to mount
a bearing on a shaft (or remove it). The
internal design of a pump or compres-
sor should allow for the support of the
bearing rings across their entire width
and circumference. In doing so, the
entire load carrying capacity of the

Cutaway view of an industrial centrifugal pump. Ball bearings can be seen in several locations on the shaft.

bearing will be utilized. The housing
and shaft fits must be selected so that
there is no creep, or slippage, between
the components. These fits are deter-
mined by the tolerances specified in
the ISO-286 standard, along with the
specified bore and outer diameter tol-
erances of the bearing.

Bearing Material
It is generally assumed the load ratings
published by bearing manufacturers
are based on the use of high-quality,
heat-treated steel. This is the basis for
using a life adjustment factor a, = I dis-
cussed previously. The most common
material used to produce load carrying
bearing components (balls and rings)
is AISI 52100 chrome steel. The chem-
ical composition of this steel features
a high carbon content and the inclu-
sion of chromium. Using controlled
processing and heat-treating methods,
the finished bearing components pos-
sess high strength able to resist crack-
ing and a hard surface to resist wear
and subsurface rolling contact fatigue.
Accordingly, 52100 steel exhibits good
fatigue life in rolling element bearings.
A disadvantage of using 52100
steel for bearing applications
is its poor corrosion resis-

a maximum operating temperature of
120°C (248°F). In applications requir-
ing resistance to higher temperatures,
it is possible to increase the maximum
operating temperature of the bearing
through heat stabilization of the com-
ponents. This process involves a tem-
pering treatment at a temperature
corresponding to the desired operat-
ing temperature. This elevated tem-
pering treatment does have a detri-
mental effect on the hardness of the
steel, and as a result the load carry-
ing capacity of the bearing is reduced.
Table 3 lists common designations for
specifying the heat stabilization treat-
ment and the corresponding temper-
ature ranges. These designations can
vary from one bearing manufacturer to
the next, so the supplier should always
be consulted prior to selection. While
bearings made from heat stabilized
steel are an expensive solution, they
offer enhanced resistance to high tem-
peratures, reduced risk of failure, and
extended operating life. Applications
such as ovens, furnaces, kilns, blowers,
and exhaust systems can benefit from
using heat stabilized bearings.

Table 3 - Bearing Steel Heat Stabilization Levels

Heat Stabilization for

tance. Consequently, bearing Designation e e ——
surfaces must always be pro- S0 < 150 °C (302 °F)
tected with a coating of rust 3 =200 °C (392 °F)
inhibitor oil to prevent oxida- 52 <250 °C (482 °F)
tion. Bearings manufactured 33 <300 °C (572 °F)

from 52100 chrome steel have
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Stainless steel is a common alterna-
tive for making bearing components,
as it is more resistant to surface corro-
sion (due to a higher content of chro-
mium). The chromium in the steel
reacts with oxygen to form a thin, pas-
sive layer of chromium oxide on the
material surface, rendering it resistant
to corrosion. AISI 440C stainless steel
has a high enough carbon content
that it can be hardened using standard
heat-treating methods. However, due
to differences in the chemical compo-
sition between 440C and 52100 steels,
440C steel cannot achieve the same
level of hardness as 52100 steel. As a
result, the load carrying capacity of a
stainless-steel bearing is 20 percent
lower than that of a chrome steel bear-
ing of the same dimensions.

Lubrication
Appropriate bearing lubrication is one
of the most critical factors in ensuring
bearings achieve their required design
life. Designers of pumps and compres-
sors must consider the most suitable
lubricant for the operating environ-
ment, as well as the method of lubri-
cation, when specifying a bearing. The
life adjustment factor a; = I assumes
that the loads, speed of rotation, and
lubricant characteristics all contribute
to maintaining a constant thin fluid
film between the balls and raceways.

Grease lubrication is commonly used
for ball bearings. Bearings are often
lubricated “for life” by the manufac-
turer due to the design configuration
and/or constraints. Some designs may
include grease fittings, which allow for
bearinglubrication at regular mainte-
nance intervals. Temperature
range, load, and speed are
the primary considerations
when selecting a lubricant.
Bearing manufacturers typ-
ically lubricate ball bear-
ings with a standard all-purpose
grease that is suitable for most appli-
cations. However, it is a best practice
to always consult with an engineer to
either ensure the standard lubricant
is appropriate or to select an alternate
lubricant for optimal life and perfor-
mance. Grease lubricants consist of a
base oil and thickener, and often con-
tain additives. Many different types

of base oils, thickeners, and additive
packages are commercially available
to address a variety of operating con-
ditions including:

 High and low temperatures

o High speeds

 Highloads

o Moisture and humidity

¢ Vacuum

Designers should select sealed or
shielded bearings whenever possible.
These enclosures prevent contaminants
from entering the bearing and assist
with grease retention. Single lip seals
are most common, but double and tri-
ple lip seals are very effective at prevent-
ing moisture and liquids from entering
a bearing. There is a trade-off, however:
using these multiple lip seals lead to an
increase in torque, friction, and heat
generation during bearing rotation.

Oil lubrication is effective in high
speed and high temperature appli-
cations, providing excellent cooling
properties. Unlike grease, oil should
never be considered a lubricant “for
life” option for bearings. Oil lubrica-
tion requires a continuous flow of oil
supplied to the bearing. The oil bath
lubrication method is commonly used
in larger, slow speed compressors and
pumps. By design, the bearings are
either partially or completely sub-
merged in an oil bath. Oil mist lubrica-
tion, used in high-speed applications,

Cutaway view of a centrifugal compressor used in the oil and gas industry.
Bearings can be seen in several locations on the shaft.

involves injecting a fine mist of oil into
the bearing. Oil mist lubrication offers
better heat dissipation than an oil
bath. As with grease lubricants, select-
ing the proper oil is crucial to optimal
bearing performance. Oil lubrication
systems should include filtering and
continuous monitoring of both the
quality and amount of oil.

Summary

Proper bearing selection is one of the
main factors in achieving reliabil-
ity and longevity from turbomachin-
ery. Application loads, bearing load
ratings, and the selection of proper
bearing fits, material, and lubrication
all must be evaluated to achieve the
required life of the equipment. Peri-
odic maintenance and re-lubrica-
tion is also important for trouble-free
operation. Pump and compressor fail-
ures are costly and difficult to repair.
A thorough analysis of the application
will provide guidance on both proper
bearing selection and preventative
maintenance, leading to the optimal
performance of the machinery.
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