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Preface

This application handbook is designed to provide specific application
recommendations for SKF customers. It should be used in conjunc-
tion with the SKF catalogue Rolling bearings. It is not possible, in the
limited space of this handbook, to present all the information neces-
sary to cover every bearing application of twin screw compressors in
detail. SKF application engineering service should be contacted for
specific bearing recommendations. The higher the technical demands
of an application and the more limited the available experience, the
more advisable it is to make use of SKF’s application engineering ser-
vice. The handbook, however, will give you a starting point and guide
you as to what questions to ask. We hope you find this handbook
informative and helpful.
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Developments and advantages
of twin screw compressors

The first operating twin screw compressor was developed by Svenska
Rotor Maskiner (SRM) in Stockholm, Sweden in the 1930s. SRM
acquired several key patents on the new compressor. The first appli-

cation was a supercharger for airplane engines. After further develop-

ments, an industrial air compressor was introduced in the mid 1940s.

At that time, SRM also started to sell technology licences.

When first launched, the twin screw compressor competed with the

reciprocating piston compressor. The twin screw compressor design

offered potential advantages in terms of smaller physical size, lower

vibration and noise level, and improved reliability, efficiency and cost.

Reciprocating piston compressors are still used today in many appli-

cations, when the volume flow is low and the pressure level is high.

Twin screw
compressor function

In a twin screw compressor, two meshing
rotors are turning in opposite directions inside
the compressor housing. The rotor profile can
be either symmetric or asymmetric. Asym-
metric rotors allows for higher performance.

Increased number of lobes increases the
rotor stiffness and allows for higher pres-
sures which is common in refrigerant com-
pressors (fig. 1).

On the suction side of the compressor,
gas is drawn into the suction opening in the
housing and into the cavity produced

between the housing wall and the two rotors.

As the rotors turn in opposite directions, the

cavity increases in size and moves forward,
drawing in more gas until the cavity has
passed the suction opening. At this point the
cavity begins to decrease in size as it contin-
ues moving forward. As the cavity reaches
the discharge side, the compressed gas is
pushed through the discharge opening in the
housing (fig. 2a to d, page 12).

Fig.1

female rotor

symmetric profile
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Developments and advantages of twin screw compressors

Fig. 2
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Aslide valve can vary the position of the
suction and discharge openings. This makes
it possible to control both the volume and
the pressure ratio. The pressure increase
depends on the volume ratio, but for a given
volume ratio, the pressure ratio depends on
the thermodynamic properties of the gas. An
alternative way to control volume flow only,
is to use variable speed control of the drive
motor.

Several cavities in various stages of com-
pression are being compressed simultane-
ously. The most common drive arrangement
is that the male rotor drives the female. In
such case, the number of cavities equals the
number of lobes of the male rotor. Since
each cavity has a different pressure, a small
amount of gas will leak from a cavity with
high pressure to one with a lower pressure.
The leakage results in loss of efficiency. The
leakage will be minimized by reducing the
clearance between the rotors and the hous-
ing. Three different clearances (fig. 3) must
be considered; the clearance between the

Fig. 3
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tips of the rotors and the cylindrical surface
in the housing (1, fig. 3), the clearance
between the end faces of the rotors and the
housing ends (2, fig. 3), and the clearance
between the rotors (3, fig. 3). The rotor end
clearance is adjusted by adjusting the axial
positioning of the thrust bearings during
compressor assembly. The clearance
between rotor and housing and between the
rotors is influenced by the clearance in the
radial bearings.

Compressor designs

It is possible to classify screw compressor
types in many different ways. The following
distinctions between compressor designs
are important:

e Fluid injected compressors
e Dry running compressors

In fluid injected compressors, a fluid is
injected into the rotor cavities during com-

pression. The purpose of the fluid injection is:

e Seal the leakage gaps between the two
rotors by filling the gaps with fluid

e Absorb compression heat from the gas

e [ubricate the contacts between the two
rotors

e Prevent corrosion

Oil-injected screw
compressors

In oil-injected compressors, oil performs all
four functions. The sealing of leakage gaps
and lubrication of the rotor contacts is very
efficient. The injected oil passes out of the
compressor with the discharge gas, which
then goes through an oil separator. This sep-
arates most of the oil from the gas. The
return oil from the separator is delivered to
an oil reservoir, to be used again for injection
in the compressor and to lubricate the bear-
ings (fig. 4).

Qil-injected compressors operate with
rotor tip speeds in the range 30 to 60 m/s,
which means bearing nd,,1) values of
250 000 to 650 000. Typical shaft speeds
are in the range of 3 000 to 6 000 r/min.
Typical discharge pressures for single stage
oil-injected screw compressors are 7 to
13 bar, and for two stage compressors
25 bar.

d+D
2

nd, =n

where

n = speed [r/min]

d,, = bearing mean diameter [mm]
d = bore diameter [mm]

D = outside diameter [mm]

1) nd,, is the bearing speed n in r/min multiplied
by the bearing mean diameter d,,, in mm
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Water-injected compressors

In air compressors, water can also be used
for injection into the rotor cavity to absorb
compression heat and to seal the leakage
gaps. Since water has high specific heat,
water injection is more efficient than oil
injection at absorbing the heat and thereby
reducing the discharge temperature. How-
ever, as water is corrosive and not an effi-
cient lubricant, the rotors have to be coated
with a polymer or ceramic material. An alter-
native design uses stainless steel rotors
which do not touch, and external timing
gears to facilitate appropriate meshing.
Water-injected compressors with rolling
bearings must have efficient seals between
the rotors and the bearings to prevent water
from leaking into the bearing lubricating oil.

Compressor designs

Liquid refrigerant injected
compressors

In refrigerant compressors, it is possible to
inject liquid refrigerant instead of oil into the
compression cavities. The heat necessary to
vaporize the liquid refrigerant is absorbed
from the compression process. The com-
pressor design can either be similar to the
water-injected compressor, with the bear-
ings separated from the screws, or similar to
an oil-injected compressor, with the use of
SKF Pure Refrigerant Lubricated bearings.

Fig. 4
Oil flow paths in an oil injected screw compressor
One path is for the injection of oil in the compression cavity. This oil also lubricates the suction side bearings, and some is leaking into the
discharge bearing cavity. The other path is for lubrication of the discharge side bearings.
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Developments and advantages of twin screw compressors

Dry running compressors

Dry running screw compressors use external
timing gears mounted on the extended rotor
shafts for accurate meshing of the two
rotors. The rotors are designed never to
touch. For this reason, the clearances
between the two rotors and between each
rotor and the housing, have to be largerin
dry running compressors. Dry running com-
pressors operate at higher temperatures
than injected compressors because no liquid
is injected between the rotors for cooling.
The bearing housings and the screw
housing are separated by effective seals,
assuring that no oil is leaking from the bear-
ing housings to the screw housing. The oil is
only used for bearing lubrication (fig. 5).

Because of the larger clearances and the
lack of fluid for sealing the clearances, the
leakage rate is higher for dry running com-
pressors. For this reason, they are designed to
run at high speed. By running at high speed,
the compression is faster and there is less
time for leakage to occur during each revo-
lution. Dry running air compressors operate
at rotor tip speeds above 60 m/s and bearing
nd,,, values in the range of 800 000 to
1200 000. Typical shaft speeds are in the
range of 10 000 to 25 000 r/min. Since there
is no contamination of the air by injected oil,
dry running air compressors are used in
applications such as medical, food and bev-
erage and electronics, as well as other appli-
cations where air contamination with oil is
sensitive or prohibited. Typically the dis-
charge pressure is 3 to 7 bar. To reach 7 bar,
two compression stages are needed, with
intermediate cooling.

Fig. 5

Oil flow paths in a dry air screw compressor

The oil injected by jets and is only for bearing lubrication. To prevent leakage of oil into the air stream, the compression cavity and the screws are

sealed from the bearing cavities.
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Future trends

Energy efficiency, reliability, noise level and
cost continue to be the main drivers in screw
compressor development. For bearings, this
means requirements for improved rotor
positioning accuracy, low friction, varying
speeds and low cost.

Smaller bearing operating clearances,
narrower tolerances, energy-efficient com-
pressor designs and higher load capacities
enable bearings to meet those require-
ments. Optimized bearing arrangements will
enable compressor designs to take advan-
tage of high performance bearings.

Variable speed drive (VSD) technology has
a strong influence on screw compressor
design and performance. This technology is
not in itself new, but cost reductions have
made it economically feasible to use the
technology in screw compressors. VSDs
make it possible to operate at peak efficiency
as operating conditions vary. The speed of
direct drive compressor designs is no longer
limited to 3 000 or 3 600 r/min, so compres-
sors are able to run at both higher and lower
speeds. Gear drive designs can be replaced
by direct drive designs. This requires bear-
ings that can also run at varying speeds,
both high and low.

Another future trend is the introduction of
new refrigerants, with lower global warming
potential (GWP). The new refrigerants, such
as R1234ze, have different pressures and
cooling capacities, that will affect bearing
loads, speeds and lubrication

akF
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Bearing applications in twin

SCrew CoOmpressors

Compared to bearing applications in other types of machinery, appli-
cations in twin screw compressors are more challenging for several
reasons. One is that bearing size is limited because of the fixed centre
distance between the two rotors. Another factor is that the rotor posi-
tioning accuracy must be high and so bearing clearance must be small
and bearing runout tolerances small. Bearing mounting and adjust-
ment of rotor end clearance are other factors to consider in the selec-
tion of the bearing and bearing arrangement. This chapter discusses
the factors affecting the bearing application and offers recommenda-

tions on how to select a good bearing arrangement and suitable

bearing type.

Bearing function and
selection criteria

Bearings in twin screw compressors provide
accurate radial and axial positioning of the
rotors and support rotor loads. These func-
tions must be performed reliably, with low
friction and low noise generation. With accu-
rate rotor positioning, it is possible to design
compressors with small clearances for high
efficiency. A high radial positioning accuracy
is achieved by using bearings with small
operating clearances and small runout toler-
ances. Axial positioning accuracy is accom-
plished by small axial bearing clearance or
preload.

Axial positioning is also affected by the fit
between the thrust bearing inner ring and
the rotor shaft and bearing deflection and
displacement due to centrifugal forces.
Interference fits will change the relative axial
position of the bearing rings after mounting.
Axial positioning of the rotor is further

akF

affected by the accuracy of the end clearance
adjustment during assembly. Thrust bear-
ings mounted with interference fits make the
end clearance adjustment more difficult.

The rotor centre distance can be a limita-
tion in the bearing selection. Since the rotor
design affects the centre distance, the rotor
design and bearing selection process is
sometimes iterative.The centre distance
limits the outer diameters of the bearings.
Therefore, if one rotor carries a higher load,
it is possible to select a larger bearing for this
rotor and a smaller bearing for the other
rotor. This design option, however, conflicts
with the desire to minimize the number of
different bearings in the compressor. It also
requires additional tooling for the production
of the compressor housing.

The rotors can be supported on rolling
bearings or on a combination of hydrody-
namic and rolling bearings. Small operating
clearances are the main advantage of rolling
bearings. Rolling bearings also have lower
friction than hydrodynamic bearings, require

less oil for lubrication and cooling, and are
less sensitive to momentary loss of lubricant
and flooding of refrigerant than hydrody-
namic bearings.
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Bearing applications in twin screw compressors

Twin screw compressor
bearing loads

Bearing loads in twin screw compressors are
produced hy:

e (as pressure on the rotors

e Gear forces from input and timing gears

¢ Rotor forces from transmission of torque
from one rotor to the other

¢ Induced loads from rotor inertia at startup

¢ |In semi-hermetic compressors, electric
motor rotor weight and magnetic force

e Loads from incompressible fluids being

trapped between the rotors

Induced loads from centrifugal forces in

thrust bearings

e Spring preload or balance piston forces

e Loads from belts drive

The gas pressure is low at the suction side
and high at the discharge side (fig. 1). The
gas pressure along the length of the rotor
produces radial forces on the rotors. These
forces are higher at the discharge side. The
gas also produces axial forces from the pres-
sure acting on the projected areas at both
the suction and discharge end of the rotors.
The difference between these two forces is
the net axial gas force on the rotor. The axial
gas force is always directed towards the suc-
tion side and is larger on the male rotor.

Balance pistons

Stationary or rotating balance pistons can be
used to reduce the net axial force acting on
the thrust bearings. A rotating balance piston
is a disc mounted at the suction end of the
rotor. Gas at discharge pressure from the
compressor is allowed to act on the end face
of the disc, producing an axial force directed
towards the discharge side. This force bal-
ance axial gas force on the rotor (fig. 2).

A stationary balance piston uses a bearing
for transmission of the balancing force to the
rotor (fig. 3).

18

Fig.1

suction side

discharge side

Gy

Fig. 2
In order to reduce the axial force from the rotor, stationary or rotating balance pistons
are sometimes used.
A rotating balance piston is a disc mounted at the discharge end of the rotor.
Fig. 3
A stationary balance piston uses a bearing for transmission of the balancing force
to the rotor
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Gear forces

In a gear-driven compressor, (fig. 6,

page 20) the forces from the gears are also
supported by the rotor bearings. By varying
the gear helix angle, it is possible to control
both the magnitude and direction of the gear
axial forces. This can cause the net axial
force on the rotors to reverse and can cause
rubbing between the ends of the rotors and
the housing on the discharge side. It can also
cause instability. A reverse thrust bearing
can be used to avoid rotor rub and instability.
Reverse thrust bearings can either be spring
loaded or arranged such that the axial bear-
ing clearance is limited or eliminated com-
pletely. If there is an axial bearing clearance,
then the rotor end clearance must be larger
than the axial bearing clearance.

Too low an axial force on the bearings can
be detrimental if the loads become less than
the minimum required load for satisfactory
operation. The timing gear forces and iner-
tial forces from transmission of torque
between the rotors are usually small, except
at compressor startup. Analysis of bearing
loads in screw compressors is complicated
and should be performed through detailed
analysis of compressor design parameters
and operating conditions.

Belt drive forces

An alternative way to change the speed
between the drive motor and the compressor
input shaft is to use a belt drive. This is only
possible in an open drive arrangement and
typically used in oil injected air compressors.

The addition of the belt load must be
accounted for in the selection of compressor
input shaft bearings.

Separation of radial and
axial forces

In cylindrical roller and angular contact ball,
or four point contact ball bearing arrange-
ments, the loads are separated such that the
radial loads are taken by the cylindrical roller
bearing (fig. 4), and the axial loads by the
angular contact ball or four point contact ball
bearing (fig. 5). The load separation is accom-
plished by a radial gap between the outer ring
of the angular contact ball bearing or the four
point contact ball bearing and the housing
(fig. 4 and 5). With this design it is not possi-
ble for the angular contact ball bearing or
four-point contact ball bearing to take radial
load, or for the cylindrical roller bearing to
take axial load, since it is axially compliant.
The advantages with this arrangement are:

The angular contact ball or four point con-
tact ball bearing bearing operates with
axial load only; all balls have the same
contact loads and contact angles. In this
way, cage forces are minimized and load
capacity maximized.

The load capacity of the arrangement is
optimized with the separation of axial and
radial loads into two bearings.

It is easy to set the rotor end clearance
when the angular contact ball or four-
point contact ball bearing is mounted with
a light shaft fit. There are many ways to do
set the rotor end clearance.

Fig. 4

Radial bearing loads

Bearing function and selection criteria

Reverse thrust and backup
bearings

The compressor generates pressure as soon
as the rotors start rotating. That ensures
that there is always an axial gas force on the
rotors acting towards suction.

There are situations, however, when the
net axial force can reverse. One such situa-
tion is when the compressor starts up. There
are then inertial moments acting on the
rotors. The inertial moments generate axial
forces. On the female rotor the direction of
the inertial axial force counteracts the direc-
tion of net gas force and the direction of the
net axial force can be towards discharge.

There is also a speed dependent reverse
thrust force generated by the thrust bear-
ings. This force is produced by centrifugal
forces acting on the rolling elements.
Because of the contact angle with the outer
ring, when the rolling elements are forced
against the outer ring, an axial component of
the centrifugal force is produced. This force
tends to separate the bearing rings. If there
is not enough axial gas force present, rotor
rub can occur. This is seldom a problem, but
can happen at nd,,, speeds greater than
450 000. It can be avoided if a backup bear-
ing is used. Diagram 1, page 49 shows the
ring separation (and rotor displacement) in a
single angular contact ball bearing at various
speeds. In diagram 2, page 50 a backup
bearing has been added to the single
bearing.

In tapered roller bearings used to take
combined loads, there is also an induced
reversed axial force from the radial force
(fig.6, page 66).

Fig. 5

Axial bearing loads

akF
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Bearing applications in twin screw compressors

Fig. 6

Setting of rotor end
clearance

In principle, there are two ways to set the
rotor end clearance. One is to use shims or
spacer rings with precise width. The spacer
width or shim thickness should be deter-
mined by measuring bearing widths and
compressor components. The spacers or
shims can be positioned between the radial
and axial bearing (fig 7) or between the
radial bearing and shaft shoulder. (Alterna-
tively, bearing sets with controlled widths
and stand-out are available SKF.) The bear-
ings should be clamped axially on the rotor
(fig. 7). The other way is to leave a small

(1 mm) gap between the shaft abutment and
the thrust bearing, then drive up the thrust
bearing to the desired position on the shaft,
to produce the desired rotor end clearance. A
locking device is then placed behind the
angular contact ball bearing inner ring

(fig. 8).
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Fig. 8
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Bearing arrangement
examples

A pair of two angular
contact ball bearings
at discharge-side

In fig. 9, two universally matchable angular
contact ball bearings mounted face to face
are used. The inboard bearing carries the
axial and most of the radial load. The out-
board bearing is a back up bearing. The rotor
end clearance is set by a spacer between the
abutment on the rotor and the inboard
bearing. The load capacity is limited since
only a single angular contact ball bearing
carries most of the load. The arrangement
has reverse load capability. Angular contact
ball bearings with different contact angles
can be considered, but two 40° bearings, BE
design in combination with CB clearance, is
the simplest arrangement. If the axial load is
light and the radial high, and the load ratio
F./F, <1,0 a bearing with 25° contact angle,
AC design, would be the optimum for both
bearings.

Cylindrical roller and angular
contact ball bearing
discharge-side arrangements

The simplest cylindrical roller bearing/
angular contact ball bearing arrangement is
one single cylindrical roller bearing and one
angular contact ball bearing (fig. 10). The
axial load capacity is limited since there is
only one thrust bearing. The rotor end clear-
ance is set by matched spacers or shims and
the bearings are clamped axially on the
shaft. There is no reverse thrust bearing and
no reverse thrust capability.

Fig. 11 is similar to fig. 10 except that the
inner rings are not clamped on the shaft.
Instead there is a small gap (1 mm) between
the cylindrical roller bearing and the shaft
abutment as described in the section Setting
of rotor end clearance, page 20. The gap
allows setting of the rotor end clearance by
pushing the cylindrical roller bearing and
angular contact ball bearing inner rings into
the correct position. A lock nut or other
means can be used to push the bearings on

NOTE: when angular contact ball bearings are
used in double or triple arrangements, they
should be universally matchable, with GA or CB
clearance.

L= ] <t oN
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Fig. 9

Fig. 10

Fig. 11
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Bearing applications in twin screw compressors

the shaft into the right position. The locknut
shown in fig. 11 is the SKF KMD nut, which
can be locked at an exact axial position by
means of locking screws.

Fig. 12 shows one cylindrical roller bear-
ing and two angular contact ball bearings in
tandem. This is similar to the arrangement
in fig. 10, except that there are two angular
contact ball bearings in tandem to take the
axial load and thus provide higher axial load
capacity. The rotor end clearance is set by
matched spacers or shims and the bearings
are clamped axially on the shaft. There is no
reverse thrust bearing and no reverse thrust
capability.

Fig. 13 shows one cylindrical roller bear-
ing, two angular contact ball bearings in tan-
dem and one deep groove ball bearing as
reverse thrust bearing. The deep groove ball
bearing is spring loaded on the outer ring.
There is a spacer between the deep groove
ball bearing and the angular contact ball
bearing to ensure that the outer ring of the
deep groove hall bearing will not touch the
outer ring of the angular contact ball bear-
ing. The reverse thrust load capacity is equal
to the spring force. The load of the deep
groove hall bearing is always equal to the
spring force and the spring force will add
load to the angular contact ball bearings
(diagram 6, page 53). For determination of
spring load, see chapter Bearing preload,
page 51.

Fig. 14 is similar to fig. 11 except that
there are two angular contact ball bearings
in tandem and a deep groove ball bearing as
reverse thrust bearing. The reverse thrust
deep groove ball bearing must be located
behind the lock nut. The bearing should have
a smaller inner ring diameter and being
abutted by a shoulder on the shaft.

Both fig. 14 and 16 show a PTFE seal
between the screw and the bearing housing.
For information about PTFE seals see
page 69.

NOTE: when angular contact ball bearings are
used in double or triple arrangements, they
should be universally matchable, with GA or CB
clearance.

22
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Fig. 15 shows one cylindrical roller bear-
ing and two angular contact ball bearings
arranged face-to-face. In this arrangement
the additional angular contact ball bearing is
the reverse thrust bearing. The outer rings
are clamped with a spring. The spring load
will not add load to the thrust bearing. The
load of the reverse thrust angular contact
ball bearing is not easily determinable, and
depends on rotor axial load, the clearance
between the angular contact ball bearings
and the speed (centrifugal forces on the
balls) (diagram 5, page 53). The general
clearance recommendation for the angular
contact ball bearing setis GA. For determi-
nation of spring load, see Bearing preload,
page 51.

Fig. 16 is similar to fig. 15, except that
there are two angular contact ball bearings
in tandem to take the axial load, providing
higher axial load capacity. The third bearing
in face-to-face arrangement is the reverse
thrust bearing.

Fig 17 shows one cylindrical roller bearing
and one four-point contact ball bearing. This
is similar to fig. 7, page 20, except that the
thrust bearing is a four-point contact roller
bearing instead of an angular contact ball
bearing. Unlike the angular contact ball
bearing, the four-point contact ball bearing
has a built-in axial clearance and equal axial
load capacity in both directions. In this way, it
functions as both main and reverse thrust
bearing. The axial clearance should be small
to avoid excessive axial displacement in case
of reverse thrust. For twin screw compres-
sors, the clearance is typically C2L. If the
speed is very high, a larger bearing clear-
ance should be selected (table 2, page 83)
to avoid excessive three point ball contact
caused by centrifugal forces on the balls. The
inner rings must be clamped on the shaft to
ensure correct clearance of the four-point
contact roller bearing.

L= ] <t oN
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Fig. 15

Fig. 16

Fig. 17
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Bearing applications in twin screw compressors

Tapered roller bearing
discharge-side arrangements

Tapered roller bearings should be arranged
face-to-face so that the inboard tapered
roller bearing takes both the radial and the
axial load. The outboard tapered roller bear-
ing controls the axial clearance between the
bearings and serves as a reverse thrust
bearing.

The contact angle of the inboard bearing
should be selected such that the bearing is
seated toward the suction end of the com-
pressor. This means that the ratio of axial to
radial load should preferably be:

Fo, 075

F. Y
but at least

Fa, 05

FoY

where

F, = total axial load on bearing [N]

F, = applied radial load [N]

Y = bearing axial load factor, according to
the SKF catalogue Rolling bearings

If not the rotor will move within the bearing
axial clearance towards the discharge end of
the compressor.

If the outboard bearing is spring loaded,
fig. 19, the axial load on the inboard bearing
can be increased by increasing the spring
load to satisfy the formulae above.

This means that the male rotor bearing
should usually have a large contact angle
(fig. 18) and the contact angle of the female
rotor bearing should be smaller (fig. 19). The
reverse thrust tapered roller bearing is
lightly loaded and can be smaller than the
load-carrying bearing (fig. 18).

The reverse thrust bearing can be either
spring loaded or set with shims to produce a
small clearance between the two bearings.
(fig. 20). Because of difficulties in controlling
heat generation and maintaining a control-
lable preload, SKF does not recommend
negative clearance (preload). With too little
clearance, or preload, there is a risk of early
bearing failure due to excessive heat genera-
tion and runaway preload.
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Fig. 18

Fig. 19

Fig. 20
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Bearing arrangement examples

The axial bearing clearance should be Fig. 21
smaller than the rotor end clearance, to
allow reverse thrust loading without causing
rotor rub. A deep groove ball bearing can
also be used as a reverse thrust bearing, but
should be spring preloaded since it has low
axial stiffness (fig. 21).

Traditionally tapered roller bearings of the
same size and designation have been used
for both the load carrying bearing and for
the backup bearing. With this arrangement
the load capacity of the backup bearing is
not fully utilized (fig. 22).

If there is no reverse load, and depending
on the ratio of the axial to radial load and the
bearing contact angle, it may be possible to
use only one tapered roller bearing (fig. 23).
Because of the contact angle, the radial load
will induce an axial load in the reverse direc-
tion to the axial gas load. If the gas load is
greater than the reverse induced load, one Fig. 22
single bearing can be used. In order to mini-
mize the reverse induced load, a tapered
roller bearing with a small contact angle,
meaning large Y factor, should be used. The
reverse induced load can be calculated with
the formula:
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where

F, = total axial load on bearing [N]

F. = applied radial load [N]

Y = bearing axial load factor, according to
the SKF catalogue Rolling bearings

If the reverse load calculated with this for-
mula is equal to the axial gas load, the bear-
ing loaded zone will be 180 degrees. If the Fig. 23
ratio of axial to radial load changes, the
loaded zone will change and the rotor axial
and radial position will change. It is recom-
mended that the axial gas load should be at
least double the induced reverse axial load.

Since this bearing is carrying radial load, it
should be mounted with an interference
shaft fit. This means that the standoff will
change after mounting. This shift can be
accounted for in the selection of spacer
width (page 67).
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Bearing applications in twin screw compressors

Suction-side bearing
arrangements

The most common suction side bearing
arrangement is a single cylindrical roller
bearing or needle roller bearing. A snap ring
on the shaft can be used to prevent the inner
ring from moving axially (fig. 24). Alterna-
tively an NJ bearing can be used with the
flange of the inner ring is positioned on the
inboard side of the rotor, preventing the ring
from moving axially (fig. 25). If the load is
lightitis also possible to use a deep groove
ball bearing as a suction-side bearing

(fig. 26) or an angular contact ball bearing
with 25 degree contact angle (AC suffix).

The angular contact ball bearing should
be spring loaded (fig. 27). An angular contact
ball bearing will also function as a reverse
thrust load bearing. The spring load, (F,)
should be:

F.>0,6F,
where

F. = Spring load [N]
F. = Radial load [N]

Fig. 24

Gear shaft bearing
arrangements

Compressors with speed increasing gears
have a gear shaft coupled to the motor shaft,
and a gear that drives a pinion which is fitted
at the end of one of the rotors, usually the
male. The purpose of the gears is to increase
the compressor speed to get the specified
COmMpressor capacity.

A common bearing arrangement for the
gear shaft is tapered roller bearings
arranged in cross location face-to-face, with
the gear in between. This arrangement is
simple and easy to assemble. The axial
clearance should be set with shims (fig. 28).
An alternative arrangement for higher
speeds and loads is to use a four-point con-
tact ball bearing as the fixed bearing and two
cylindrical roller bearings as radial bearings,
with the gears between the cylindrical roller
bearings (fig. 29).

Fig. 27

Fig. 25

Fig. 28

B Th

Fig. 26
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Bearing lubrication

Bearing lubrication Table 1

Viscosity classification in accordance with IS0 3448

Bearings in twin screw compressors are

lubricated by flow of circulating oil. The oil Viscosity grade Kinematic viscosity limits at 40 °C
X . mean min. max.
lubricates the rolling contact surfaces and
the sliding surfaces within the bearing. The - mm?2/s
lubricant also provides corrosion protection
and cooling to the bearings. In oil-injected ISOVG 2 2.2 1,98 2,42
compressors, the oil lubricating the bearings ISOVG 3 3,2 2,88 3,52
is th il that is iniected into th B ISOVG 5 4,6 44 5,06
IS the same ol . atls injected mto the com 1ISOVG 7 6,8 612 7.48
pressor to lubricate the rotors, remove the ISOVG 10 10 9,00 11,0
heat of compression and seal gaps. ISOVG 15 15 135 16,5
ISO VG 22 22 19,8 24,2
ISO VG 32 32 28,8 35,2
il vi 1 ISO VG 46 46 41,4 50,6
Oll V'SCOS|ty ISO VG 68 68 61,2 74,8
ISO VG 100 100 90,0 110
Operating viscosity v is the principal param- ISOVG 150 150 135 165
ete.r for §electlpg a pgarmg lubrlcan.t. Luprl— 1SOVG 220 220 198 242
cating oils are identified by an IS0 viscosity 1SO VG 320 320 288 352
grade (VG) number. The VG number is the IS0 VG 460 460 414 506
. . A ° ISO VG 680 680 612 748
viscosity of the oil in mmZ/S at 40 °C. Stand- 1SOVG 1 000 1000 900 1100
ardised viscosity grades are shown in I1SO VG 1 500 1500 1350 1650
table 1. The viscosity index (VI) is indicative
of the change in oil viscosity with tempera-
ture. From diagram 1, the viscosity of an ISO )
grade oil can be determined at the bearing Diagram 1
operating temperature. Synthetic oils are Viscosity-temperature diagram for IS0 viscosity grades
also used in compressors. The main reasons (Mineral oils, viscosity index 95)

are higher thermal stability, which results in
reduced carbon buildup on hot surfaces, and

. } . o Viscosity [mm2/s]
in refrigeration compressors, miscibility

characteristics of the oil and the refrigerant, 1000 1Y \ \
500 i\\%\\\\

200 \\\\\§§\\\§\\\S
° \\\k\\\\\\ijo\Q\Ss\\
N NN
AN
& NN
NN
5 SO
N N R

Operating temperature [°C ]
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Bearing applications in twin screw compressors

For example, miscibility with HCFC-134a is
the reason why polyolester (POE) oils are
used with this refrigerant. Synthetic oils
have a higher viscosity index than mineral
oils and therefore a higher viscosity at ele-
vated temperatures (diagram 2). The vis-
cosity index of synthetic oils can be in the
range of 130 to 200. Qils with a high viscos-
ity index have less viscosity decrease with
increase in temperature. Common synthetic
oil types used in compressors are the polyal-
phaglycol (PAG), polyalphaolefin (PAQ), and
polyolesters (POE). Synthetic lubricants have
lower effective viscosity in the rolling con-
tacts compared to mineral oils. This is due to
a lower viscosity increase under the pressure
of the rolling contact. This difference is char-
acterised by the pressure-viscosity coeffi-
cient () of the lubricant. The net effect of
higher viscosity and lower pressure coeffi-
cient is that there is no significant influence
on oil film thickness. The rated viscosity vq
required for adequate lubrication is obtained
from diagram 3. The actual operating vis-
cosity is obtained from diagram 1, page 27.
The operating viscosity selected for screw
compressors should be greater than vy, this
means k should be greater than 1,0 and
preferably greater than 1,5. The lubricant
viscosity should not be too great since this
causes excessive bearing friction and heat.
The ratio k of actual viscosity to v; should be
used for calculation of the SKF rating bear-
ing life, page 31.

v

K=—
V1

where

K = viscosity ratio

v = actual operating viscosity of the lubri-
cant [mm2/s]

v4 = rated viscosity of the lubricant depend-
ing on the bearing mean diameter and
rotational speed [mm2/s]
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Diagram 2

Approximate temperature conversion

Viscosity [mm?2/s]
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Diagram 3

Estimation of the minimum kinematic viscosity v, at operating temperature

Required viscosity v, at operating temperature [mm2/s]
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The required oil viscosity is also deter-
mined from that needed for injection
between the rotors. ISOVG 46 and VG 68 are
typical for airscrew compressors. In refriger-
ant and natural gas compressors, the oil is
diluted with dissolved liquefied gases, this
reduces the viscosity. For refrigerants, the
viscosity of the oil/refrigerant mixture can be
determined from two graphs, first for the
dilution [%] at equilibrium at a given temper-
ature and pressure, the second (diagram 4)
for the viscosity of the mixture at the dilution
[%] from the first graphs. Such graphs, Daniel
plots, are available from oil suppliers.

QOil dilution in natural gas compressors
occurs primarily from light hydrocarbon lig-
uids (natural gasoline). The viscosity of the
mixture can be calculated by the method
described under Natural and sour gas com-
pressors, page 88.

Because of the lower pressure-viscosity
coefficient of dissolved liquefied gases and
differences in compressibility and molecular
weights, the viscosity of the mixture cannot
be used for calculation of k without an
adjustment, diagrams 5 and 6.

With the adjustment factor (multiplication
factor), these effects can be taking into
account.

Bearing lubrication

Diagram 4

Kinematic viscosity of an oil refrigerant mixture as a function of temperature and dilution
weight %

Kinematic viscosity [mm2/s |
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Temperature [°C |
Diagram 5 Diagram 6

Correction factor for k vs dilution weight %, POE oil, ISO VG 68 and

R134a

Multiplication factor for k

Correction factor for k vs dilution volume % of gasoline in mineral oil

Multiplication factor for k
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Bearing applications in twin screw compressors

Filtration

Definitions

Compressor lubrication systems often
include filters to remove solid particle con-
taminants. Filtration is needed to clean the
system of contaminants that can damage
the bearings. Bearing life is affected by the
cleanliness of the compressor lubricant. Fil-
ters are rated according to size and a B ratio.
The B ratio defines the efficiency of the filter
to remove particles of a given size.

The By(q ratio is defined as follows:

B = No. of particles entering filter
X(©) = "No. of particles leaving filter

where

x = particle size (c), microns [um]
based on the automatic particle counting
method, calibrated in accordance with
1S011171

For example, a rating of B3() = 200 means
that for every 200 particles that enter the
filter, only 1 particle greater than 3 microns
leaves the filter. The finer the filter, the more
quickly the system is cleaned of contamina-
tion. When a fine filter is used it may be nec-
essary to have coarser prefilter, to avoid fre-
guent clogging of the fine filter.

Filter selection

The filter specification in compressors is typ-
ically in the range of B3() = 200 to B4q(c) = 75.
Finer filters increase bearing life, but the
degree of increase depends also on the vis-
cosity ratio k and the bearing load intensity
P,/P. If the k value is high, a change to a finer
filter can give significant improvement in
bearing life. If k is low, a finer filter cannot
compensate for the poor lubrication condi-
tion and the benefit may be questionable. In
such a case it may be more effective to
increase the bearing size. For evaluation of
filter specifications, SKF computer programs
are available which take into account all of
the above mentioned factors.

30

Oil changes

Qil change frequency depends on operating
conditions, temperature, lubricant quality,
bearing cleanliness, and the cleanliness of
the lubrication system. Mineral oils oxidize
and require shorter replacement intervals
compared to synthetic oils. The actual
replacement interval is specified by the com-
pressor manufacturer or determined by oil
sample analyses. Longer intervals between
replacements are possible at lower operat-
ing temperatures. Compressors are some-
times equipped with oil coolers to remove
heat. Synthetic oils are more resistant to
deterioration from exposure to high temper-
atures and have long service life.

Lubricants may require more frequent
replacement if contamination is present. The
gas in the compressor (refrigerant, air, natu-
ral gas, etc.) can dilute the lubricating oil and
have a significant influence on the operating
viscosity (Natural and sour gas compressors,
page 88).

Lubrication, oil-injected
compressors

The oil flow rate is determined by the differ-
ential pressure at steady state operation.
This flow rate is usually more than needed to
lubricate the bearings, while the flow rate at
start up may be marginal. To ensure oil
availability at start-up, the drain holes in the
bearing housing should be located between
the 7 and 8 o'clock positions, so that a pool of
oil is left in the housing at shutdown. The
drain holes should be adequately sized to
eliminate the risk of flooding the housing and
bearings during operation.

The required oil flow can be calculated
from the balance of heat input by friction and
heat removed by convection and oil flow. This
can be done with SKF computer programs.
Please contact SKF application engineering
service for information. The minimum flow
rate required can be estimated from the
formula:

Qyyi, =0,00005 B D

where

Qpriry = Minimum required oil flow [I/min]
B =the total bearing width [mm]

D  =bearing outer diameter [mm]

Fig. 30

0il flow path for oil jet lubrication at nd,,, greater than 800 000
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Lubrication by oil jet

In dry running (oil free) air compressors
operating at ndm speeds in excess of

800 000, oil is supplied to the bearings by oil
jet (fig. 30). The compression cavity is sealed
from the bearing housing.

The oil jet must be directed axially
between the bearing inner ring and cage
(fig. 30). The oil viscosity and flow rate must
be suitable to lubricate and cool the bear-
ings. The jet speed should be 15 to 20 m/s to
avoid deflection from the air curtain of the
bearing. The shaft and housing temperature
of dry air compressors is high because the
heat of compression is not removed by oil
injection. Depending on speed and tempera-
ture, the bearings are lubricated by a syn-
thetic oil with an ISOVG 32 to ISO VG 68
viscosity. The lubrication system should
include fine filtration. The oil flow to the
bearings should not be too great, as that
would cause excessive friction and tempera-
ture rise. In order to drain off excessive oil,
SKF recommends drainage on both sides of
the bearings. The oil flow required should be
determined by testing, whereby the flow and
jet speed are varied and the temperature
rise of the oil is measured.

The oil flow path upstream of the jet hole,
or nozzle, should be designed to minimize
pressure drop before the nozzle. The pres-
sure drop should take place in the nozzle.
The jet velocity can be calculated by the Ber-
noulli equation:

where

v = jet velocity [m/s]

P = pressure drop across the nozzle [Pa]
p = Oil density [kg/m3]

NOTE: This equation is valid only for short
nozzles where the effect of viscosity is small.
The oil flow can be calculated by the
equation:

Q=0,05pvd?

where

Q= oil flow [l/min]

= nozzle coefficient, typically 0,6 to 0,8
v = jet velocity [m/s]

d = nozzle diameter [mm]

akF

The nozzle should have a minimum 1 mm
diameter to prevent the risk of being clogged
by debris. As a rule of thumb, a 1,0 mm noz-
zle diameter and a pressure across the noz-
zle of 100 kPa will produce a jet velocity of
15 m/s and a flow of 0,5 |/min.

Bearing rating life

Three different life calculations can be used
for selection of bearings and calculation of
bearing life:

e basic rating life
o SKF rating life
e SKF advanced fatigue life

SKF basic rating life

1000000 (C)p
Lion=

60n P

where
L10n =basic rating life (at 90% reliability)
[operating hours]
= rotational speed [r/min]
=basic dynamic load rating [kN]
=equivalent dynamic bearing load [kN]
=exponent of the life equation
—for ball bearings, p = 3
—for roller bearings, p = 10/3

T O O3

This is the classic bearing life formula, which
is still used by many engineers today. The
only inputs are basic dynamic load rating,
speed and (equivalent) bearing load.

It should be noted that if angular contact
ball bearings in face to face or back to back
are arrangement is used, the effect of cen-
trifugal forces on the balls must be
accounted for in the equivalent load. The
axial component of centrifugal forces on the
balls in one bearing becomes external load
on the other, and vice versa. The effect of
centrifugal force should be accounted for if
the nd,,, speed is greater than 450 000 and
can be calculated with SKF computer
programs.

Since the formula was first introduced in
the 1940s, the basic dynamic load rating has
been increased several times, due to
improvements in bearing steel, manufactur-
ing methods and optimization of internal
geometry.

Bearing rating life

Care should also be taken when selecting
the bearing load used in the calculation. If
the compressor will be operating at different
loads and speeds at different times, then
load cycles should be used in the calculation.
If instead, the maximum load and speed are
used, the selected bearings may be too big,
with too much friction and higher risk of fail-
ure from overheating and/or light load
skidding.

For calculation of load cycle life, the loads
and speeds should be represented as a his-
togram, where the load and speed are con-
stant for each block. The life for each block is
then calculated and the total life is the sum
of the life in each block, using the formula on
page 37 in chapter Bearing life at varying
operating conditions.
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Bearing applications in twin screw compressors

SKF rating life

In the SKF rating life method, not only are
basic dynamic load rating, speed and (equiv-
alent) load accounted for, but also lubrica-
tion, contamination and fatigue load limit
(P,)- The fatigue load limit is the load at
which a bearing life is infinite, if operating
with full film lubrication and in a clean
environment.

These influencing parameters are
accounted for in the agyg factor, which can be
found in diagram 11, page 34 and
diagram 12, page 35. This method of calcu-
lation has been standardized in ISO 281, and
is much more precise in prediction of rating
life, compared to the basic rating life
formula.

The effects of lubrication and contamina-
tion on bearing life are very strong. Care
should therefore be taken when selecting
the lubrication factor k and the contamina-
tion factor n, please refer to diagram 1,
page 27 and diagram 3, page 28 for deter-
mination of the lubrication factor k and
diagrams 7 to 10 and table 3 for n. If actual
lubrication and contamination conditions are
not favourable, the actual life may be much
shorter than calculated. Please note that if
askr = 1,0 the SKF rating life is the same as
the hasic rating life.

1000 000 (C)p

Liomh = @1 askr Lion= —%o0n |p

where
a1 =life adjustment factor for reliability
(- table 2, values in accordance with
IS0 281)
askr = SKF life modification factor
(> diagrams 11 and 12, page 34 and
35)
Lyon = basic rating life (at 90% reliability)
[operating hours]
=rotational speed [r/min]
=basic dynamic load rating [kN]
=equivalent dynamic bearing load [kN]
=exponent of the life equation
— for ball bearings, p =3
—for roller bearings, p = 10/3

T U O 3
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Table 2
Values for life adjustment factor a;
Reliability Failure SKF rating life Factor
probability
n Lom 3y
% % million revolutions -
90 10 Liom 1
95 5 5m 0,64
96 4 Lsm 0,55
97 3 Lam 0,47
98 2 Lom 0,37
99 1 Lim 0,25
Diagram 7
Contamination factor n_ for
e circulating oil lubrication with on line filters
e solid contamination level -/19/16 in accordance with IS0 4406
e filter rating Bq() = 75
Ne
1,0
0,9
0,8
0.7 dm [mm]
0,6 ——— —250
05 T —_—160
’ — e 100
0,4 — ——— 60
0.3 — e I
’ T e - 40
_~ —
0,2 7 —— 25
01 Z—=— —
0,0
0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0
K
Diagram 8
Contamination factor n_for
e circulating oil lubrication with on line filters
e solid contamination level —/17/14 in accordance with ISO 4406
o filter rating Bs(¢) = 75
Ne
1,0
0,9 "
08 m [r;;r[l]]
0,7 // - 160
0.6 o o ——100
7~ —
0,5 — /60
T e
0,4 7 = —__— J— 40
S — 25
0.3 S~ | J— /
’ /, — ™
011 ———
0,0
0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0
K
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SKF Advanced fatigue
calculation

In the basic rating and SKF rating life
method, the bearing load capacity is charac-
terized by one constant — the basic dynamic
load rating C. The external forces are used to
calculate a equivalent load which is based on
a series of assumptions, e.g. parallel bearing
ring displacements, no misalignment, half of
the rolling elements loaded. In the SKF
Advanced fatigue calculation, the contact
force and stress of each rolling element to
raceway contact is calculated and the bear-
ing is viewed as a system. The lives of the
individual contacts are calculated and added
statistically to yield the life of the bearing. In
this life calculation, the effects of lubrication
and contamination are also taken into
account, whereby the n.and agy factors are
different in each contact. For calculation of
the contact loads and stresses, the effect of
clearance, misalignment, speed, load distri-
bution among the rolling elements and the
centrifugal forces on the rolling elements are
taken into consideration. This calculation
requires computer analysis. The effect of
centrifugal forces is especially important for
angular contact ball bearings at higher
speeds, typically 450 000 and higher, see
page 49, and table 1, page 79. The SKF
Advanced fatigue calculation is the most
accurate calculation method that exists to
predict rating life for SKF bearings.
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Bearing rating life

Diagram 9
Contamination factor n. for
e circulating oil lubrication with on line filters
e solid contamination level -/15/12 in accordance with ISO 4406
e filter rating B4y = 200
Ne
1,0 dm [mm]
i 140
U - 100
, / e T 60
0.6 / | 7 ~
’ // //, // // 40
0,5 7 71T _— /25
0.4 yAW 4 A " I,
, / /S 7~ —
, /7/ 7 = | —
o2 ¥ = ——
LN W/ P ara®
0,11
0,0
0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0
K
Diagram 10
Contamination factor n_ for
e circulating oil lubrication with on line filters
e solid contamination level -/13/10 in accordance with 1SO 4406
o filter rating B4 () = 200
L dm [mm]
10 \ \ \ \ \ I | 250
-
0,9 / 7 //%?étléo
0.8 I/ 7 > 100
0.7 I ]/ P _~ 60
, 171/ pd ~
06 1/ / 7 = 40
05 177/
, 17/ / 7 | =~
os LA
, 11/ / P
W/ / /-~
3112/
o2/
0,1
0,0
0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0
K
Table 3

For filter rating B3() = 200, it can be esti-
mated that in-line Rilters will produce
cleanliness class 11/8 and the following n,
values can be used if the contaminates
are predominately hard metallic particles:

Contamination factor n. values for:
e circulating oil lubrication with on line

filters
o filter rating B3 = 200
e k>1,0
dn Nc
mm -
25-40 0,9-0,93
40-100 0,93-0,95
100-250 0,95-0,96
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Bearing applications in twin screw compressors

Diagram 11
Factor acy for radial ball bearings
50,0
| 1]
il
- /// // / //
10,0 /
| /
y// I/ /
5,0 < 1/ /17 / ]
V. // / /
)
o /, / / / °/ /
] / / / / N4
/// / [/ /7
10 // / /// / //// &
/ 5//// /// /
05 /A’// / /// /// // //
/1 /| /1
://%// // y/
,// - //
=7 >
—/’1—/’/’ /’/’0/&6’
01 —— T 1 0l
SKF Basic design
0,005 0,01 0,02 0,05 01 0,2 05 1,0 2,0 5,0
SKF Explorer design
0,005 0,01 0,02 0,05 01 0,2 0,5 1,0 20 .
3

If k > 4, use curve for k = 4.

As the value of n (P,/P) tends to zero, asyr tends to 0,1 for all values of k.
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Bearing rating life

Diagram 12
Factor acy for radial roller bearings
001
20,0 /A / / / /’
///// ///
50 / // / / 1//
v 7 i1//
7/ /).
10 //VA//// ;77/ ///
%%//é// yauy
o
0.2 /:fg,éjf/ — '// S
e
0,1 — =
0,05 SKF Basic design
0,005 | 0,01 | 0,02 005 | 01 0,2 0,5 1,0 2,0 5.0
\
SKF Explorer design
0,006 001 0,02 0,05 01 0,2 0,5 1,0 2,0 5
ne %
P

If k > 4, use curve for k = 4.

As the value of n (P,/P) tends to zero, agkr tends to 0,1 for all values of k.
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Bearing applications in twin screw compressors

Examples of oil cleanliness and dilution

of oil by refrigerant on SKF bearing rating

life

Operating conditions
Bearing
Speed [r/min]

nd,

Axial load [kN]

Radial load [kN]

Fatigue load limit, P, [kN]
Equivalent bearing load, P [kN]
P./P

Dynamic load capacity, C [kN]

Basic Lyg bearing [h]

7306 BE
2950

Air compressor lubricated with (pure) oil

Lubrication conditions

Qil viscosity grade

Operating temperature [°C]
Operating viscosity

Minimum adequate viscosity, v
Lubrication condition, k

ISO 46

70

15 from diagram 1, page 27
9,7 from diagram 3, page 28
1,5

Refrigerant compressor lubricated by a mixture

of oil and refrigerant

Lubrication conditions

POE oil viscosity grade
Operating temperature [°C]
Refrigerant

QOil dilution by refrigerant
Oil/mixture viscosity [mm2/s]
Correction factor

Adjusted viscosity [mm?2/s]
Minimum adequate viscosity, v
Adjusted k

IS0 150

80

R134a

10%

17 from diagram 4, page 29
0,57 from diagram 5, page 29
9,7

9,7 from diagram 3, page 28
1,0

ISO cleanliness N, Askr SKF Lygrating  Filter size ISO cleanliness 1, askk  SKF Lignmn Filter size
class life class rating life

- - - - Hm B - - - - pm B
—/19/16 0,09 14 42300 40 75 -/19/16 0,07 075 22700 40 75
—/17/14 019 31 93600 25 75 -/17/14 014 14 42300 25 75
—/15/12 0,63 97 293000 12 200 -/15/12 0,27 30 90 600 12 200
-/13/10 0,84 50 >1000000 6 200 -/13/10 0,63 13 393000 6 200
-/11/8 093 50 >1000000 3 200 -/11/8 0,931 32 >1000000 3 200

36

n. from diagrams 7 to 10, page 32 and 33

askr from diagram 11, page 34

1) From table 3, page 33
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Bearing system life

Itis sometimes of interest to calculate the
system life for all bearings in the compressor.
In bearing system life, the Lqq life of all bear-
ings is considered, such that if one bearing
fails, then the system of bearings is consid-
ered to have failed.

System life, L4, can be calculated as
follows:

=z

1 Ny
Lioses 2 L&
where

L1gs = system life, in hours or revolutions

Lyg; = life of an individual bearing, in hours
or revolutions

N = number of bearings in the system

e, =10/9 for ball bearings; 1,35 for roller
bearings

e, = equivalent exponent for all bearings in
a system of ball and roller bearings,
this can be estimated with the follow-
ing formula:

N
2@
i=1

e,= N

Whenever possible, the loading used to eval-
uate the selection of the bearing should be
based on the duty cycle in which the com-
pressor will be operated. The duty cycle con-
siders the period or percentage of time that
the compressor will operate at a given load,
speed, temperature, etc. condition.
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Bearing life at varying
operating conditions

If the operating conditions are continually
changing, bearing life cannot be calculated
without first reducing the duty cycle to a lim-
ited number of simpler load cases (diagram
13). In situations of continuously changing
load, each different load level can be accu-
mulated and the load spectrum represented
as a histogram of constant load blocks. Each
block should characterize a given percentage
or time-fraction during operation. Note that
heavy and normal loads consume bearing
life at a faster rate than light loads. There-
fore, itis important to have peak loads well
represented in the load diagram, even if the
occurrence of these loads is relatively rare
and limited to a few revolutions. In case of
peak loads, the static safety factor need to be
verified (SKF catalogue Rolling bearings).

Within each duty interval, the bearing load
and operating conditions can be averaged to
some constant value. The number of operat-
ing hours or revolutions expected from each
duty interval, showing the life fraction
required by that particular load condition,
should also be included. Therefore, if N;
equals the number of revolutions required
under the load condition P4, and N is the
expected number of revolutions for the com-
pletion of all variable loading cycles, then the
cycle fraction U = Ny/N is used by the load
condition P4, which has a calculated life of
L1om1- Under variable operating conditions,
bearing life can be rated using:

Lo - 1

10m =

UL U U
Liomi  Liom2  Laoms

+ ...

where

= SKF rating life (at 90% reli-
ability) [million revolutions]

= SKF rating lives (at 90%
reliability) under constant
conditions 1, 2, ... [million
revolutions]

= life cycle fraction under
the conditions 1, 2, ...
Note:U; + Uy + ..U, =1

Liom

Lioma Laom2s -

Uy, Uy, ...

The use of this calculation method depends
very much on the availability of representa-
tive load diagrams for the application.

Bearing rating life

Requisite bearing life

The requisite screw compressor bearing
lives have traditionally been a basic rating
life of 30 000 to 60 000 hours. This has
worked well for the industry, but there are
reasons to challenge this practice. To opti-
mize the bearing size selection, a more
detailed consideration of the lubrication con-
dition and cleanliness is a must. The SKF
rating life method allows this. The SKF
Advanced fatigue life method allows to even
consider more aspects like centrifugal loads
on angular contact ball bearings. Care
should be taken not to over dimension bear-
ings to achieve long rating life, as this could
result in higher friction and risk of light load
skidding. Itis recommended to calculate with
both basic and state of the art life formula,
such as the SKF Rating life and the SKF
Advanced Fatigue calculation.

Diagram 13

Duty intervals with constant bearing load
P and number of revolutions N
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Bearing applications in twin screw compressors

Operational
limitations

Limiting speeds

In the SKF catalogue Rolling bearings, two
speed ratings are defined; the reference
speed and the limiting speed. The reference
speed is based on the balance of frictional
heat generated by the bearing and heat dis-
sipated from the bearing housing. The refer-
ence speed listed in the SKF catalogue Roll-
ing bearings is based on the SKF friction
model and derived from thermal equilibrium
in oil bath operating conditions under stand-
ardized operating and cooling conditions
defined in IS0 15312. Since screw compres-
sors operate with circulating oil lubrication,
where the frictional heat is removed by oil
flow, the reference speed is not of practical
use.

The limiting speed is based on mechanical
and kinematic considerations such as cage
strength, mass and guidance. For high speed
operations such as in dry air compressors,
ring guided cages are used because with
ring guidance the cage is better centered in
the bearing than with rolling element guid-
ance. For angular contact ball bearings, the
contact angle is also important. The mini-
mum load needed for angular contact ball
bearings increase with speed and contact
angle. If the speed is too high and the con-
tact angle too large, the minimum load
required becomes so high that the bearing
cannot carry any external loads. By using
ceramic balls (hybrid bearings) the minimum
load required is reduced and the operating

speed can be increased. (page 57). Running
precision, or runout, is another speed limit-
ing factor. At high speed the balance of the
rotor is affected by the runout of the bearing
and the shaft seat. This means that bearings
with reduced runout tolerance should be
used and the run out tolerance of the shaft
seat should be reduced (table 2, page 83).
The limiting speed is listed in the SKF cata-
logue Rolling bearings, but application
parameters such as bearing clearance, shaft
and housing fits and lubrication must also be
considered. At very high speeds, oil jet lubri-
cation should be used (page 31)

Because of the circulating oil and oil jet
lubrication schemes used in screw compres-
sors, and optimizing the application parame-
ters and bearing design details, the limiting
speed may be exceeded. Please contact SKF
application engineering for advice. The rec-
ommended maximum speeds are often, as
in this book, referred to in terms of ndm
speed, which is the inner ring speed multi-
plied with the bearing mean diameter
(page 12).

Table 4
Cage and seal material compatibility with gases
The table shows maximum continuous operating temperatures [°C]
Material SKF suffix Air NH3 Sour gas Sweet gas FR
PA 66 P, TN, TN9 120 80 80 110 110
PEEK PH, PHA 160 120 120 160 160
Brass, pressed Y + - - + +
Brass, machined M, MA, ML + + + +
Steel, pressed J + o} 0 + 0
Steel, machined F, FA + a * + +
Nitrile (NBR) RS1 100 0 ) 80 0
FKM RS2 230 - - 200 0
Sour gas = gas containing H,S
FR = fluorinated refrigerants
+ = possible
—=not possible
0 = not recommended
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Limiting temperatures

The maximum allowable bearing operating
temperature is limited by either lubrication
conditions or bearing materials. The higher
the temperature, the lower the lubricant
viscosity and the thinner the lubricant film
separating the bearing raceway and the roll-
ing elements. The thermal stability of the
lubricant is also reduced at high temperature
(page 27). Lubrication considerations limits
the bearing temperature of most screw
compressors to 100 to 120 °C.

The materials used in bearing compo-
nents also have temperature limits. The lim-
iting criteria is different for different material
types. For polymer cages the criteria is age-
ing, which makes the cage brittle and weak.
The presence of aggressive media can accel-
erate the ageing process and this lowers the
temperature limit (table 4). The presence of
aggressive media also limits the tempera-
ture for metal cages (table 4).

The steel in the bearing rings and rolling
elements also have temperature limits,
depending on the heat treatment. At ele-
vated temperatures structural transforma-
tions occur in the steel, affecting the dimen-
sions of the components. In general, the
higher the hardness, the lower the tempera-
ture at which the transformations occur. To
control dimensional change at elevated tem-
perature, SKF bearings are heat stabilized to
different temperatures depending on the
bearing type (table 6).

Bearing compatibility with
gases

Exposure of the bearings to gases within the
compressor may require the selection of
certain specific materials for the bearing
seals and cages. The gases may adversely
affect the materials, making them age or
become ineffective. Experience and tests
made at the SKF Engineering and Research
Centre in the Netherlands have established
the suitability of common bearing materials
for use in the presence of certain gases, see
table 4. The gaskets, paints, and other seals
within the compressor may also be affected
by the composition of the gases. In some
cases, the possibility that the gas could con-
tain liquid contaminates such as water, may
also dictate the suitability of the material.
For more details, please also refer to the
section on gas compressors in this handbook.

Operational limitations

Table 5 Table 6
Values of IS0 standard tolerance grades Dimensional stability
Nominal dimension Tolerance grades Bearing type Temperature [°C]
IT5 IT6 IT7

> < max.
mm pm Deep groove ball bearings 120

BE and AC angular contact ball bearings 150
10 18 8 11 18
18 30 9 13 21 ACD and CE angular contact ball bearings 120
30 50 11 16 25

Four point contact ball bearings 150
50 80 13 19 30
80 120 15 22 35 Cylindrical roller bearings 150
120 180 18 25 40

Needle roller bearings 120

Tapered roller bearings 120

L= ] 1 o
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Bearing applications in twin screw compressors

Shaft and housing
tolerances

Recommended shaft
tolerances

SKF recommendations for ball and roller
bearing shaft tolerances in twin screw com-
pressor applications appear in table 7.
Tolerance grades for bearing seats and
values of I1SO standard tolerance grades can
be found in table 5, page 39 and table 8.

Housing tolerances -
bearings taking radial loads

ISO K6 is the generally recommended hous-
ing tolerance for cylindrical and needle roller
bearings supporting radial loads. This toler-
ance results in a transition fit between the
bearing outer ring and housing. This allows
for easy assembly and prevents the outer
ring from creeping in the housing bore. It
also minimizes the total clearance between
the rotor shaft and the housing.

This is important for precise positioning of
the rotor. For easier mounting, it is also pos-
sible to use K7 or J7 tolerance but then the
clearance between the outer ring and housing
is greater and there is a greater risk of ring
creep (table 1, page 79 and table 2,
page 83).
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Table 7

Recommended shaft and housing tolerances
Bearing type Bearing bore diameter, d

10<d<50 50<d <100 100<d <150
- mm
Ball bearings, taking axial load only i5,j6 i5, 6 j5,j6

RF RF RF
Deep groove ball bearings, k5, k6 k5, k6 m5, mbé
taking radial load only H6, H7 H6, H7 H6, H7
Cylindrical roller bearings, mb n5, n6 p5, pb
taking radial load only K6, K7,J)7 K6, K7,J7 K6, K7,J7
Tapered roller bearings taking mb5, mé6 n5,n6 pb
combined loads K6, K7,J)7 K6, K7,J7 K6, K7,J)7
Tapered roller bearings taking k5, k6 k5, k6 k5, k6
axial load only RF RF RF
Recommended bearing shaft seat surface finish Ra = 0,8 pm
Recommended bearing housing seat surface finish Ra = 1,6 um
For cylindrical roller bearings, when using n5 and pé tolerances, radial internal clearance greater than Normal is necessary.
RF = radially free
Envelope requirement (symbol ® from IS0 14405-1) not written but applies.

Table 8

Tolerance grades for bearing seats

Shaft seat

AB

AB

Dimensional tolerance  Geometrical tolerance grades
grade

Radial run-out Axial run-out
t )

IT5 IT4/2 T4

ITé6 IT5/2 IT5

IT7 IT6/2 IT6

L= ] 1 o



Housing tolerances - bearings
taking axial loads only

Bearings taking axial loads only, in combina-
tion with a separate radial bearing, including
reverse thrust bearings, should be radially free
in the housing. The housing bore should be 1
or 2 mm larger in diameter than the bearing
outer ring. If such bearings are constrained
from moving radially, by too heavy clamping
force, they will take a combination of radial
and axial loads, and the radial bearing will
take less or no radial load.

Bearings taking axial loads only should be
clamped with a spring to ensure sufficient
but not excessive clamping see page 52,
Clamping of outer rings. The bearing rings
can also be slotted (N4 or N, suffix) and fitted
with an anti-rotation pin, mounted in the
housing or housing end cover. This is com-
mon with four point and single row angular
contact ball bearings. The spring can func-
tion either as a clamping spring or as a
preload spring, fig. 12 and fig. 13, page 22.

L= ] 1 o

Shaft and housing tolerances
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Ball bearings in twin screw
COMPressors

Ball bearings are used in twin screw compressors, either as main
thrust bearings, or as reverse thrust bearings, or backup bearings to

control axial clearance or preload in a set of bearings. Angular contact
ball bearings with large contact angles are well suited as main thrust
bearings because of their higher axial load capacity, compared to
bearings with smaller contact angles. Angular contact ball bearings
can also be used as backup bearings. Deep groove ball bearings are

also a good choice as spring loaded reverse thrust bearings. If the

loads are light, deep groove ball bearings can also be used to take

radial loads.

Deep groove ball
bearings

Deep groove ball bearings have deep unin-
terrupted raceway groves with close oscula-
tion (conformity) with the balls. This design
enables the bearing to take radial and axial
loads in both directions. In order to make
bearing assembly possible, there are fewer
balls compared to the same size angular
contact hall bearing.

Deep groove hall bearings have limited
radial and axial load capacity compared to
angular contact ball bearings and cylindrical
roller bearings. When high load capacity is
not needed, deep groove ball bearings can
be a good and economical alternative.

The main application is as reverse thrust
bearings, but deep groove ball bearings can
also be used as the suction end radial bear-
ing, if the radial load is light. Bearings with

steel or polyamide cages can be used in most

cases. The bearing internal clearance

akF

depends on the application but is typically
greater than Normal (C3 suffix). Table 1,
page 44 lists the values of unmounted radial
clearance. The initial clearance in a bearing is
reduced by interference fits and if the shaft
and inner ring operate with a higher tem-
perature than the outer ring and housing.

The bearing must support at least a mini-
mum radial or axial load for satisfactory
operation. The recommended minimum
radial load can be determined according to
the SKF catalogue Rolling bearings. An axial
load can be provided by a spring.
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Ball bearings in twin screw compressors

Recommended minimum
axial spring force

The recommended minimum axial spring
force is determined as follows:

F=k0,01d
where

F = minimum spring force [kN]
d = bearing bore diameter [mm]

Cages

Depending on their design, series and size,
SKF deep groove ball bearings are fitted with
one of the cages shown in table 2. The
standard stamped steel cage is not identified
in the bearing designation. For compatibility
of gases see table 4, page 38.

Allowable misalignment

Operation under misalignment reduces
bearing life. The maximum allowable mis-
alignment is 2 to 4 minutes, but limiting
misalignment to less than 1,5 minute is rec-
ommended in screw compressors. For
detailed recommendations see table 1,
page 79. Misalignment is caused by bending
of the rotor, positioning tolerances of the
radial bearing housings and clearances.

Table1
Radial internal clearance of deep groove ball bearings
T
NS
Bore diameter Radial internal clearance
d c2 Normal C3 C4
over incl. min. max. min. max. min. max. min. max.
mm um
18 24 0 10 5 20 13 28 20 36
24 30 1 11 5 20 13 28 23 41
30 40 1 11 6 20 15 33 28 46
40 50 1 11 6 23 18 36 30 51
50 65 1 15 8 28 23 43 38 61
65 80 1 15 10 30 25 51 46 71
80 100 1 18 12 36 30 58 53 84
100 120 2 20 15 41 36 66 61 97
120 140 2 23 18 48 41 81 71 114
140 160 2 23 18 53 46 91 81 130
260 180 2 25 20 61 53 102 91 147
180 200 2 30 25 71 63 117 107 163
The axial clearance is 5 to 15 times the radial, depending on bearing series and radial clearance class
L, alkiF



Deep groove ball bearings

Hybrid deep groove ball
bearings

SKF deep groove ball bearings are also avail-
able as hybrid bearings, with ceramic balls
made of bearing grade silicon nitride (SisN,).
See chapter Hybrid angular contact ball
bearings, page 57.

Table 2

Cages for deep groove ball bearings

Steel cages Polymer cages Brass cages
Cage type Riveted, ball centered Snap-type, ball centered Riveted, ball, outer ring
or inner ring centered
Material Stamped steel PA66, PEEK, Machined brass
glass fibre reinforced glass fibre reinforced
Suffix - TN9 TNH M, MA or MB
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Ball bearings in twin screw compressors

Single row angular
contact ball bearings

Single-row angular contact ball bearings are
the most commonly used ball bearings in
twin screw compressors. They support pure
axial loads or combined radial and axial
loads. The most important features of this
bearing type are its high axial load capacity
combined with a high speed rating. Single-
row angular contact ball bearings operating
with a small clearance or a light preload pro-
vide good axial positioning accuracy of the
rotor. For oil injected screw compressors, the
most commonly used SKF single row angu-
lar contact ball bearings are of the 72 BE and
73 BE series which have 40° contact angle.
Also used are series 72 ACand 73 AC with
25° contact angle.

Fig.1

Clearance / Preload class
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For dry air compressors, which operate
atnd,, speeds over 800 000, bearings of
70 and 72 series with 15° and 25° contact
angles are used, 70 ACD, 70 CD, 72 ACD,
72 CD. See table 1, page 79 and table 2,
page 83.

Universally matchable single
row angular contact ball
bearings

Bearings for universal matching are intended
to be used in double and triple arrange-
ments in screw compressors. Single row
angular contact bearings are usually
mounted in face-to-face arrangements to
facilitate easy adjustment of the rotor end
clearance and for easy dismounting.

The standoff between the rings is manu-
factured to close tolerances. When two bear-
ings are mounted immediately adjacent to
each other, a given specified internal clear-
ance or preload, for example CB or GA, will
be produced without shimming (fig. 1).
Bearings mounted in tandem will distribute
the load equally between the bearings
(fig. 2).

Universally matchable bearings can also
be used as single bearings. Most bearings
belong to the SKF Explorer design and as
such have smaller dimensional and geomet-
rical tolerances, increased load carrying
capacity and speed capability.

Universally matchable bearings in the
72 B(E) and 73 B(E) series are identified by
the suffix CA, CB or CC for internal clearance
or GA, GB or GC for preload.

Arrangements of universally matchable
bearings used to support axial loads, provide
accurate axial positioning of the rotor. Bearing
sets made for preload (e.g.: GA suffix) provide
axial positioning on both directions without
clearance. Angular contact ball bearings

combined with a spring loaded reverse
thrust bearing also provide accurate axial
positioning, but the reverse axial force capa-
bility is limited by the spring force. If the axial
load of the compressor is heavy, two axial
load carrying bearings can be arranged in
tandem, with a third bearing as a backup
bearing in fig. 16, page 23.

The standard SKF bearings available for
universial matching have the CB or GA suffix,
e.g. 7310 BECB or 7310 BEGA. The CB suffix
denotes that the bearing is universally
matchable and that a pair of these bearings
will have a certain axial clearance when
mounted in the arrangements shown in
fig. 2. The GA suffix denotes that the bearing
is universally matchable, but a pair of these
bearings will have a light preload when
mounted in any of the arrangements shown
in fig. 2.

Tables 4 and 5, page 48 lists the values of
unmounted axial clearance and preload for
the universally matchable bearings. The ini-
tial bearing clearance or preload is only
assured when the bearing rings are axially
clamped together. The initial clearance in a
bearing pair is reduced or initial preload is
increased by interference fits and if the shaft
and inner ring operate with a higher tem-
perature than the outer ring and housing.
SKF Explorer universally matchable bearings
are produced with Pé precision class dimen-
sional tolerances and P5 precision class
geometrical tolerances as standard.

Fig. 2
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Cages

The SKF BE and AC design bearings are pro-
duced as standard with five optional cages
(table 3); the glass fibre reinforced polyam-
ide 6,6 cage (P suffix), the PEEK cage (PH
suffix), the pressed brass (Y suffix), and the
machined brass cage (M suffix). A limited
number of bearings are also available with a
machined steel cage (F suffix). For compati-
bility of gases see table 4, page 38.

Allowable misalignment

Operation under misalignment reduces
bearing life. The maximum allowable mis-
alignment is 2 to 4 minutes, but it is recom-
mended to keep the misalignment lees than
1,5 minute in screw compressors. Misalign-
ment is caused by bending of the rotors,
positioning tolerances of the radial bearing
housings and clearances.

Single row angular contact ball bearings

Table 3

Cages for single row angular contact ball bearings

Polymer cages

Brass cages

Steel cages

:

(X000®

Cage type Window-type, Window-type, Window-type,
ball centred ball centred ball centred

Material PAG66, PEEK, Stamped brass, Machined brass Machined steel
glass fibre glass fibre stamped steel
reinforced reinforced

Suffix P PH Y M F
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Ball bearings in twin screw compressors

Table 4
Axial internal clearance of BE and AC design universally matchable single row angular contact ball bearings arranged back-to-back or
face-to-face
C
Bore diameter Axial internal clearance class
d CA CB CC G
over incl. min. max. min. max. min. max. min. max.
mm um
- 18 5 13 15 23 24 32 - -
18 30 7 15 18 26 32 40 - -
30 50 9 17 22 30 40 48 - -
50 80 11 23 26 38 48 60 - -
80 120 14 26 32 Lt 55 67 - -
120 160 17 29 35 47 62 74 26 76
160 180 17 29 35 47 62 74 20 72
180 250 21 37 45 61 74 90 20 72
250 280 - - - - - - 20 72
Axial clearance for BE and AC are the same.
Radial clearance for a pair of BE is ~0.85 axial clearance.
Radial clearance for a pair of ACis ~0.46 axial clearance.
Table 5
Preload of BE and AC design universally matchable single row angular contact ball bearings arranged back-to-back or face-to-face
G
Bore diameter Preload class
d GA GB GC
over incl. min. max. min. max. min. max.
mm um
10 18 +4 —4 -2 -10 -8 -16
18 30 +4 —4 -2 -10 -8 -16
30 50 +4 —4 -2 -10 -8 -16
50 80 +6 -6 -3 -15 12 24
80 120 +6 -6 -3 -15 =12 24
120 180 +6 -6 -3 -15 -12 24
180 250 +8 -8 —4 -20 -16 -32
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Bearing minimum axial load

For satisfactory operation, an angular con-
tact ball bearing must carry a certain mini-
mum axial load. At increased speed, centrif-
ugal forces on the balls will cause a change
in the contact angle between the inner and
outer raceways, (fig. 3). The differences in
contact angle will cause sliding, in particular
at the inner ring, which increase friction and
can cause adhesive wear. At increased
speed, the gyroscopic moment acting on the
balls will increase and cause spinning motion
of the balls, causing additional sliding on the
raceways. Adequate axial load minimizes the
risk of sliding, both from centrifugal force
and gyroscopic moment. With effective
lubrication, the negative effect of insufficient
axial load is reduced. At increased speed,
axial displacement of the bearing inner ring
relative to the outer ring will also occur
(diagram 1). The axial displacement can
cause the compressor rotor end clearance to
decrease. If the axial force is insufficient, this
may result in the rotor coming into contact
with the housing. The magnitude of the ring
displacement varies with rotor speed. Insuf-
ficient axial load also reduces traction of the
balls on the raceways and can cause ball
skidding and variation in ball orbital speed
from ball to ball. This will result in increased
loads on the cage and possibly cause cage

Single row angular contact ball bearings

ball bearings can be calculated from the
following equation:

n 2
Famin=A (m)

where

F. min = Minimum required axial load [kN]
A = minimum load factor

n = rotational speed [r/min]

Values of minimum load factor A are listed in
table 6, page 50.

Bearings with small contact angles are
better suited for high speed and light axial
load applications because of their lower
requirement for axial load.

During operation, the minimum required
axial load can be internally maintained by
limiting the internal axial clearance. This can

Fig. 3

be accomplished with a backup bearing. With
small axial clearance, the balls are loaded by
centrifugal force against the raceways with
low variation of contact angles (diagram 2,
page 50). As the axial clearance increases,
so does the difference in the inner and outer
ring contact angles. This allows increased
internal sliding. The minimum axial load can
also be maintained by spring preloading.

Contact angles

~—o

i

<.

7 ) ) at low speed at high speed
damage. The minimum required axial load
for satisfactory operation of angular contact
Diagram 1
Axial rotor displacement vs axial load
SKF 7312 BEGAP
Axial displacement [um]
25
- E———
/ P / MVWW V]
-25 / /
-50
-75 /
-100 / + -
Direction of rotor
-125 displacement
-150
175 / — 0 r/min
/ — 300000 nd,,
0 1000 2 000 3000 4000
Axial load [N]
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Ball bearings in twin screw compressors

Table 6

SKF single row angular contact ball bearing, minimum axial load factor

Size Bore A factor

diameter 72 BE 73 BE 72AC 73AC 70ACD 72 ACD 70CD 72CD
- mm
01 12 0,000283 0,000536 0,000114 0,000212 0,000054 0,000092 0,000020 0,000034
02 15 0,000383 0,000907 0,000156 0,000363 0,000080 0,000156 0,000029 0,000057
03 17 0,000625 0,00141 0,000254 0,000563 0,000138 0,000254 0,000051 0,000093
04 20 0,00113 0,00191 0,000461 0,000771 0,000250 0,000460 0,000092 0,000168
05 25 0,00159 0,00391 0,000656 0,00158 0,000352 0,000655 0,000130 0,000241
06 30 0,00377 0,0074 0,00155 0,003 0,000801 0,00135 0,000295 0,000496
07 35 0,00674 0,0111 0,00277 0,00453 0,001078 0,00249 0,000398 0,000915
08 40 0,0102 0,0173 0,00419 0,00707 0,00138 0,00311 0,000511 0,00115
09 45 0,012 0,0268 0,00496 0,0109 0,00246 0,00495 0,000911 0,00182
10 50 0,014 0,0418 0,00584 0,017 0,00287 0,00583 0,00106 0,00215
11 55 0,022 0,0574 0,00917 0,0234 0,00504 0,00915 0,00187 0,00337
12 60 0,0344 0,0846 0,0143 0,0345 0,00576 0,0110 0,00213 0,00405
13 65 0,0478 0,112 0,0199 0,0456 0,00653 0,0153 0,00242 0,00563
14 70 0,0529 0,145 0,022 0,0592 0,0100 0,0174 0,00371 0,00641
15 75 0,0599 0,171 0,025 0,0701 0,0112 0,0196 0,00417 0,00725
16 80 0,0801 0,216 0,0334 0,0887 0,0171 0,0278 0,00635 0,0103
17 85 0,114 0,27 0,0474 0,111 0,0190 0,0384 0,00706 0,0142
18 90 0,149 0,333 0,062 0,137 0,0264 0,0598 0,00979 0,0221
19 95 0,191 0,406 0,0796 0,167 0,0292 0,0729 0,0108 0,0269
20 100 0,239 0,63 0,0997 0,258 0,0320 0,0933 0,0119 0,0344
21 105 0,302 0,669 0,126 0,274 0,0429 0,118 0,0159 0,0434
22 110 0,353 0,906 0,147 0,371 0,0557 0,133 0,0207 0,0493
For hybrid bearing A factors, multiply the values in the table by 0,4.

Diagram 2

Axial rotor displacement vs axial load
Two universally matchable angular contact ball bearings in face-to-face arrangement
Active bearing A: 7310 BEGAP
Back up bearing B : 7310 BEGAP or 7310 ACGAP
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Tandem-mounted single row
angular contact ball bearings

Single row angular contact ball bearings
arranged in tandem are commonly used in
screw compressors to support high axial load
on the male rotor. The tandem mounted
bearings can be positioned adjacent to a
cylindrical roller bearing, which supports the
radial load (figs. 12, page 21 and 16,

page 23).

The angular contact ball bearings are
mounted radially free (RF) in the housing
and have a radial clearance of 1 or 2 mm
with the housing bore. With this arrange-
ment, it is appropriate to determine the rat-
ing life of each angular contact bearing indi-
vidually rather than as a set. The SKF Explorer
universally matchable bearings are made to
precise tolerances and can distribute the
axial load equally between the bearings in
tandem arrangements.

For tandem bearings supporting combined
axial and radial load, the bearing rating life is
determined according to the SKF catalogue
Rolling bearings. For SKF bearings mounted
in tandem and supporting only axial load,
the bearing rating life is determined using
the external axial load distributed equally
among the bearings, and using the basic
dynamic load rating C for one single row
angular contact ball bearing.

Below is an example of the life calculation
for bearings arranged in tandem, supporting
only axial load:

2 SKF 7310 BEGAP arranged in tandem
F. =0[kN]

F,=10[kN]

n =3 600 [r/min]

C =75kN for1 bearing

P=0,35F,+0,57F,for F./F, > 114

Load per bearing
F./2=5kN

P=0,57x5000=2,85kN

Lo Ao C\ 106 741003
10060 |\ P ) " 60x3 600\ 2850

=84400h
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Bearing preload

The purpose of bearing preload in angular
contact ball bearings is to:

¢ prevent light load skidding and sliding
e control contact angles

e improve load distribution

e increase bearing stiffness

e improve shaft positioning accuracy

In twin screw compressor applications, bear-
ing preload is used in angular contact ball
bearings for all these reasons. Preload can
increase the fatigue life of a bearing by
improvement of internal load distribution
(diagram 3), but too much preload can
reduce bearing fatigue life. Preloaded bear-
ings are more sensitive to misalignment and
incorrect mounting than bearings with
clearance.

Single row angular contact ball bearings

Diagram 3

Relationship between bearing life and preload/clearance

Life

Preload

0 Clearance

NOTE: the dotted line indicates potentially unstable working conditions
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Ball bearings in twin screw compressors

Preload by axial displacement

Diagram 4 shows the static load deflection
for two preloaded angular contact ball bear-
ings. This diagram is typical of 40° bearings
arranged either back-to-back or face-to-
face. The preload force Fj in this example is
produced by the elastic deflection g of the
bearings when clamped against one another.
When an axial load K is applied to the shaft,
the load in one bearing (A) increases and the
load in the other (B) decreases. Bearing A is
denoted the “active” bearing. The deflection
in the active bearing increases, while the
deflection in the inactive bearing decreases.
The inactive bearing is the backup bearing.

Diagram 5, shows load-deflection for a
pair of rotating preloaded bearings. Under
rotation, the preload force increases due to
centrifugal forces on the balls. The force of
the backup bearing is never fully reduced to
zero due to centrifugal forces and will always
add force to the active bearing. At increased
speeds, spinning of the balls due to gyro-
scopic moment will occur if the residual
preload in the inactive bearing is less than
the minimum required axial load, F, min-
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Preload by springs

It is also possible to preload bearings by
using springs. In that case bearing B is
loaded by a spring, acting on the outer ring
(see diagram 6). There must be a clearance
fitin the housing to allow the spring loaded
bearing outer ring to displace axially. There
must also be a spacer between the inner
rings of bearing A and bearing B to assure
that there is a gap between the outer rings,
and that the spring force cannot be trans-
mitted to the outer ring of bearing A. The
spring force on bearing B will add force to
bearing A. Diagram 6 also shows the load
deflection for an angular contact ball bear-
ing, spring preloaded by a deep groove ball
bearing.

An advantage with spring preloading is
that the force on the preloaded backup bear-
ing is always the same and equal to the
spring load. When used as reverse thrust
bearing the spring force limits the amount of
reverse force that can be taken. If the reverse
force exceeds the spring force, then the rotor
will displace and rub against the housing.

Spring loading can also be used to reduce
force on the main (fixed) thrust bearing, by
applying the spring force on the suction side

Table 7

bearing in the opposite direction to the main
(gas) load.

The criteria for selection of spring force
are given in table 7.

Clamping of outer rings

To assure separation of radial and axial force
between the radial and the thrust bearings,
there should be a radial gap between the
outer ring of the thrust bearing and the
housing. This way the rotor shaft can dis-
place radially in the radial bearing without
adding radial force to the thrust bearings. In
twin screw compressors, the preferred
arrangement of angular contact bearings is
face to face. This means that the outer rings
must be clamped axially to control bearing
clearance. The axial clamping force must not
be too large, since that would prevent radial
displacement of the thrust bearings. It must
also not be too light. For this reason springs
are used to provide a controlled clamping
force. The criteria for selecting the clamping
force are given in table 8.

Table 8

Criteria for selecting axial preload spring
force

1 The spring preload should be greater
than the maximum possible reverse
axial load from the rotor.

2 The spring preload should be greater
than the minimum load required for
the spring preload bearing.

3 The spring preload should give an
acceptable Ly life of the spring
preload bearing.

4 The spring preload should be great
enough to prevent any reverse dis-
placement of the main thrust bear-
ings due to centrifugal forces gener-
ated in the main thrust bearings.

5 The addition of the spring preload to
the load of the main thrust bearings
should be acceptable for the Ly life
requirement of the main thrust
bearings.

Criteria for selecting clamping spring force

1 The clamping spring force should be
greater than the maximum possible
reverse axial load from the rotor.

2 The clamping spring force should be
greater than the induced axial load
from centrifugal force in the thrust
bearings.

3 For bearings that should not be radi-
ally free and for bearing inner rings,
the clamping force should be less than
Co/4, where C, is the lowest static load
capacity of a bearing which is part of a
set of bearings. This criterion is based
on deformation/distortion of bearing
rings which can occur if the clamping
force is too high.

4 The clamping force should not be
larger than necessary to limit radial
loading of thrust bearings.

akF



Single row angular contact ball bearings

Diagram 4
Preload diagram for two angular contact ball bearings in face to face arrangement
Axial load
Axial load Axial load
bearing B bearing A
|

Fo K
Fq preload force
K external force
Oa0, Ogg initial preload displacement

S0 B0
Axial displacement
Diagram 5
Preload diagram for two angular contact ball bearings in face to face arrangement
Axial load

Axial load Axial load

bearing B bearing A
At speed: blue and red curve
At zero speed: blue and red dotted curve
Fo preload force
K external force

Axial deflection
Diagram 6

Preload diagram for one angular contact ball bearing (A) and one spring loaded deep groove ball bearing (B)

Axial load
Axial load
bearing A
K )
) Axial load Fo preload force = spring force
/Fo bearing B K external force

Axial displacement
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Ball bearings in twin screw compressors

Four-point contact
ball bearings

Four-point contact ball bearings (QJ prefix)
are primarily used in oil flooded refrigeration
and high speed dry air compressors to sup-
port axial load only. The bearings have a two
piece inner ring and an outer ring with two
raceways (fig. 4). This design makes possible
a large contact angle, small axial and radial
clearance and a large number of balls. The
contact angle is 35°. The cage is outer-ring
guided made of machined brass or PEEK
(table 9). The above mentioned features
make the bearing well suited for high speed
applications.

If loaded with pure radial load, the bearing
will have two contact points on the inner ring
and two on the outer ring. This explains why
it is called a four-point contact ball bearing,
but it is not intended to be used that way. In
screw compressors the bearing should be
used for thrust loads only. The thrust load
can act in both directions (fig. 4b and 4c).
Because it cannot be preloaded and must
always operate with clearance, functionally it
is similar to but not the same as a pair of
single-row angular contact ball bearings.
The inner rings must be clamped axially to
ensure correct axial clearance and the side
face of the innerring is recessed to avoid
warping if clamped too high up on the side
face.
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At high speed and light axial load, the balls
are forced radially outwards by centrifugal
force contacting both raceways of the outer
ring and the load-carrying inner ring
raceway.

If the axial load increases, the load on the
outer ring increases on one raceway and
decreases on the opposite one, but there is
little change in contact angle. The contact
motion is a combination of rolling and sliding
at all three contacts. With increased load, the
rolling motion increases at the loaded con-
tacts. At high load the contact at the opposite
side of the outer ring ceases (fig. 5,
page 55).

If the speed increases, then the centrifugal
force on the balls increases and the contact
force on the outer ring increases, but again
there is little change in contact angle. At high

speed, the load at which three-point contact
ceases is higher than at lower speed.

If the axial load reverses, the relative axial
position of the outer and inner ring shifts
and the previously unloaded inner ring
becomes loaded.

By applying a spring loaded backup bear-
ing, itis possible to shift the axial load at
which the clearance shifts (diagram 7). With
the contact angle more or less constant, the
deflection curve of the four-point contact
ball change very little with speed and load,
compared to angular contact ball bearings
(diagram 1, page 49).

Because of the partial rolling and sliding
motion, it is important that four-point con-
tact ball bearings operate with the lubrica-
tion parameter k equal to or greater than 1,5.

Fig. 4

Loads and contact points

Table 9

Cages for four-point contact ball bearings

Brass cages

S
o
)

Polymer cages

v
Cage type Window-type, Window-type,
outer ring centred lubrication grooves in the guiding
surface, outer ring centred
Material Machined brass PEEK,
glass fibre reinforced
Suffix MA PHAS
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Bearing minimum load and
clearance

Four-point contact ball bearings should
carry a minimum axial load for satisfactory
operation. The criteria for determination of
minimum axial load is gyroscopic spinning of
the balls, as described for single row angular
contact ball bearings.

The formula for calculating the minimum
required axial load is the same as for single
row angular contact ball bearings, but with
the A factor adjusted for the difference in ball
complement and contact angles of the two
bearing types:

NV
Famin=A (m)

where

F. min = Minimum required axial load [kN]
A minimum load factor

n = rotational speed [r/min]

Values of minimum load factor A for series
QJ 2 and QJ 3 four-point contact ball bear-
ings are listed in table 10, page 56. As men-
tioned above, four-point contact ball bear-
ings cannot be preloaded like a pair of single
row angular contact ball bearings. Itis nec-
essary to maintain an operating clearance at
all times. Avoid excessive clearance since it
negatively affects screw axial positioning

accuracy. In oil flooded twin screw compres-
sors, C2L clearance is a common choice for
this reason. For dry air twin screw compres-
sors, which operate at high speed and high
temperature, it may be necessary to use
larger clearances, such as C2H, CN, or C3L
(table 11, page 56).

Allowable misalignment

Operation under misalignment reduces
bearing life. The maximum allowable mis-
alignmentis 2 to 4 minutes. SKF recom-
mends limiting misalignment to less than
1,5 minute in screw compressors. For
detailed recommendation see table 1,

page 79. Misalignment is caused by bending

Four-point contact ball bearings

of the rotor, positioning tolerances of the
radial bearing housings and clearances.

Bearing loads

Four-point contact ball bearings can theo-
retically carry combined loads, but radial
loading should be avoided because it can
lead to severe three-point contact on one
side and cause bearing damage. Because it
is difficult to predict the ratio of axial to radial
force in screw compressors, use four-point
contact ball bearings for thrust loads only
and in combination with another bearing to
take the radial load (fig. 17, page 23).

Fig. 5

The effect of centrifugal force in a four-point contact ball bearing
The centrifugal force F. moves the ball radially outwards, but the movement is constrained
by contact with the opposite side of the outer ring. This is causing three point contact.

Fa

Diagram 7

Rotor axial displacement vs axial load

Axial rotor displacement [um]
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External axial load [N]
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VAL

Direction of rotor displacement

(W

Direction of rotor displacement

— One Four point contact ball bearing, SKF QJ 210 C2L

— One four point contact ball bearing SKF QJ 210 C2L and

one spring loaded angular contact ball SKF 7210 CD
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Ball bearings in twin screw compressors

Fits and clamping Table 10
SKF four-point contact ball bearing, minimum axial load factors
The recommended shaft tolerance is j5, see . )
table 7, page 40, this allows the shaft to Size Bore diameter éuf;ctor a3
locate the two inner rings concentrically and
minimize rotor run out. If a tighter fit is used, - mm
bearing clearance has to be analyzed accu-
rately and possibly adjusted, especially if the 03 17 0,000427 0,00087
bearing clearance is small (eg. C2L). 04 20 N/A 0,00143
. . 05 25 0,00126 0,00278
SKF recommends clamping the outer ring
axially by means of a spring. This makes it 06 30 0,00256 0,00508
; ; _ 07 35 0,00473 0,00744
possible to cqntrol the (':lampmg force accu 08 10 0.0066 00118
rately. Excessive clamping can lead to outer
ring distortion and radial loading. Too little 09 45 0,00871 0,022
: . ; 10 50 0,0103 0,029
clampm.g can lead to puter ring rotation. To 1 o5 0.0172 0.0404
determine the clamping force, please refer to
table 8, page 52. The larger size QJ bearings 12 60 0,0242 0,0549
have an anti-rotation slot (N2 suffix) to be = e e s
. o . . . 14 70 0,04 0,0954
used in combination with a locking pin.
15 75 0,0453 0,122
16 80 0,0629 0,155
17 85 0,0768 0,193
18 90 0,106 0,26
19 95 0,138 0,317
20 100 0,176 0,442
22 110 0,277 0,635
24 120 0,354 0,785
26 130 0,411 1,06
28 140 0,556 1,40
30 150 0,793 1,65
32 160 1,099 2,12
34 170 1,257 2,92
36 180 1,392 3,38
N/A: Please consult SKF for availability
Table 11
QJ axial clearance
Bore diameter Axial internal clearance
c2L c2M C2H C2 CN C3
over incl. min. max. min.  max. min.  max. min. max. min. max. min.  max.
mm pm
10 18 15 40 28 53 40 65 15 65 50 95 85 130
18 40 25 50 38 63 50 75 25 75 65 110 100 150
40 60 35 60 48 73 60 85 35 85 75 125 110 165
60 80 45 73 59 86 73 100 45 100 85 140 125 175
80 100 55 83 69 96 83 110 55 110 95 150 135 190
100 140 70 100 85 115 100 130 70 130 115 175 160 220
140 180 90 123 106 139 123 155 90 155 135 200 185 250
180 220 105 140 123 158 140 175 105 175 155 225 210 280
The radial clearance is 0,7 times the axial.
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Hybrid angular
contact ball bearings

Hybrid bearings have rings made of bearing
steel and rolling elements made of bearing
grade silicon nitride (SizN,).

The following hybrid bearing types are
available:

¢ Deep groove ball bearings

¢ Angular contact ball bearings

e Four point contact ball bearings
e Cylindrical roller bearings

e Sour gas bearings, see page 88

The advantages of hybrid bearings in twin
SCrew COmpressors are:

e Silicon nitride has lower density (60%)
than steel. Because of this, the effect of
gyroscopic moments and centrifugal
forces, as discussed for angular contact
ball bearings and four point contact ball
bearings, is much less. For bearing perfor-
mance, this means higher speed capability
compared to bearings with steel balls.
Cylindrical roller bearings with silicon
nitride roller can run faster compared to
bearings with steel rollers.

CAUTION: Be sure to select an appro-
priate cage in order to take advantage of
higher speed capabilities.

akF

¢ Higher hardness and lower coefficient of
friction than steel balls and rollers. The
advantages are longer fatigue life, lower
operating temperature and less wear in
marginal lubrication conditions.

For bearing life calculation purposes,

k =1,0 can be used, even if the actual k
value is lower

Another advantage, in cylindrical roller
bearings with roller made of silicon nitride
is that the risk for light load skidding is
lower.

Insulating properties. As a non-conductive
material, silicon nitride protects the bear-
ing rings from conducting electric current,
thereby preventing damage caused by
electrical erosion. This can occur if there is
a voltage difference between the rotor and
the housing.

Silicon nitride has lower coefficient of
thermal expansion than steel. This means
less sensitivity to temperature gradients
within the bearing and more accurate
control of preload/clearance. Temperature
gradients typically result from high speed
operation.

Silicon nitride has higher modulus of elas-
ticity than steel, ensuring less deflection
under load.

Hybrid angular contact ball bearings
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Roller bearings in twin screw

compressors

Roller bearings, primarily NU type cylindrical roller bearings and
tapered roller bearings, are used in twin screw compressors as radial
bearings. Cylindrical roller bearings can operate at high speed, have
high load capacity and are axially compliant, facilitating easy separa-
tion of axial and radial load when used in combination with angular
contact ball bearings. The inner and outer rings can be mounted sep-
arately in the compressor. Tapered roller bearings are also used, tak-
ing combined radial and axial loads.

Cylindrical roller
bearings

Bearing design and features

SKF cylindrical roller bearings of EC design
are used in twin screw compressors for their
high speed and high radial load capability.
They have a large number and size of rollers,
logarithmic roller profile, and optimized
flange geometry. The bearings are available
with ranges of internal radial clearance for
optimization of rotor position accuracy. The
SKF EC cylindrical roller bearing is produced
standard with ISO P6 radial runout. All SKF
cylindrical roller bearings are made to
Explorer specifications. The NU type cylindri-
cal roller bearing is commonly used in twin
screw compressors since it allows separate
assembly of the inner ring and outer ring/
roller assemblies onto the shaft and into the
housing respectively (fig. 1). The NU type
bearing accommodates axial displacement

L= ] <t oN

Fig.1

o -

Interchangeable components
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Roller bearings in twin screw compressors

due to thermal expansion of the shaft. NU
type bearings allow both the inner and outer
rings to be mounted with interference fits for
more precise positioning of the rotors.

The SKF NU cylindrical roller bearings
have two integral flanges on the outer ring to
guide the rollers. The bearings have “open”
flanges, i.e. the inward face of the flange is
inclined by a defined angle (fig. 2). The flange
design, together with the roller end design
and surface finish, promote the formation of
a lubricant film to reduce friction and fric-
tional heat. The roller logarithmic profile
(fig. 3) optimizes the stress distribution in
the roller/raceway. The logarithmic profile
also reduces sensitivity to misalignment and
shaft deflection (fig. 3).

The optimized finish of the contact sur-
faces of the rollers and raceways maximizes
the formation of a hydrodynamic lubricant
film and minimizes friction.

Fig. 2
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Minimum load

Cylindrical roller bearings (like all bearings)
must be subjected to a certain minimum
load in order to create enough traction (fric-
tion) between the rollers and the inner ring.
Without traction, the rollers will slide (skid)
on the innerring. If there is some but not
enough traction, the rollers will partially roll
and skid. Traction is the main driving force.
There are also braking forces, viscous fric-
tion drag from lubricant on the roller and
cage assembly and rolling resistance in the
raceway contacts, flange contacts, cage to
outer ring contacts as well as inertial forces
from rapid acceleration.

Skidding can lead to metal smearing
between the bearing rings and the rollers.
The greatest risk is smearing on the inner
ring of a NU type bearing, which is com-
monly used in screw compressors.

The following factors maximizes traction
and minimizes braking;

sufficient applied load

low oil flow

effective drain of oil from the housing
minimized bearing clearance

¢ slow acceleration

Use of bearings with small rollers such as
the NU 2 series instead of NU 22,

NU 3 or NU 23 series.

Use of roller guided instead of outer ring
guided cage if speeds permit.

The following factors reduce the risk of
smearing damage from skidding:

high oil viscosity (but low flow)
use of AW and EP oil additives
use of NoWear coated rollers
black oxidized rollers

ceramic rollers (hybrid bearing)

The minimum load required to avoid skid-
ding and skid smearing can be calculated
from the formula below

where

F.m = minimum radial load [kN]

k.- = minimum load factor; see bearing
tables in the SKF catalogue Rolling
bearings

n = operating speed [r/min]

n, = reference speed [r/min]; see bearing
tables in the SKF catalogue Rolling
bearings

d,, =mean diameter of bearing
=0,5(d + D) [mm]

Fig. 3

high load and

low load misalignment

With a conventional profile

high load and

low load misalignment

With a logarithmic profile
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Cages

The SKF EC design cylindrical roller bearings
are produced with four basic cages (table 1):

e glass fibre reinforced polyamide 6,6 cage
(P suffix)

e PEEK cage (PH and PHA suffix)

e pressed steel cage (J suffix)

e machined brass cage (M and ML suffix)

The bearings are optionally available with a
machined steel cage (F suffix) for gas
COMPpressors.

Allowable misalignment

Operation under misalignment reduces
bearing life. The maximum allowable mis-
alignmentis 3 to 4 minutes, depending on
the bearing series, but limiting the misalign-
ment to less than 1,5 minutes in screw com-
pressors is recommended to optimize per-
formance and reliability. For detailed
recommendations, see table 1, page 79.
Misalignment is caused by bending of the
rotor, positioning tolerances of the radial
bearing housings and clearance in the radial
bearings.

In order to reduce the sensitivity to mis-
alignment, the rollers have logarithmic pro-
file and the raceways are slightly crowned.

Cylindrical roller bearings

Table 1
Cages for single row cylindrical roller bearings
Polymer cages Steel cages Brass cages
g -
S S— 5
Cage Window-type, roller or outer ring centred Window-type, depending on Riveted
type bearing design, inner or outer e roller centred
ring centred e outerring centred
e innerring centred
Material o PA66, glass fibre reinforced Stamped steel Machined brass
e PEEK, glass fibre reinforced
Suffix e PorPA o — e ML e M
e PHor PHA o J e MA
e MB
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Roller bearings in twin screw compressors

Selection of fits and radial
internal clearance

In order to achieve maximum positioning
accuracy of the rotors and to maximize bear-
ing life, cylindrical roller bearings should
operate with a small radial internal clear-
ance. However, the initial bearing clearance
must be selected to avoid risk of the bearings
becoming preloaded in operation. The oper-
ating radial internal bearing clearance
depends on the initial radial internal bearing
clearance, shaft and housing tolerances, and
the temperature gradient from the shaft
through the bearings and into the housings.
In a screw compressor, it is important to
keep the operating radial internal clearance
of a bearing small for the following reasons:

e The operating radial internal clearance
affects the positioning accuracy of the
rotor and therefore also the compressor
efficiency. The ability to operate with a
small radial internal clearance is a major
advantage of a cylindrical roller bearing
over a hydrodynamic bearing.

e Asmaller operating radial internal clear-
ance leads to low noise and vibration lev-
els in the compressor.

e Asmaller operating radial internal clear-
ance results in longer bearing life
(diagram 1), increased stiffness, and
reduced bearing deflection under load.

However, the radial internal clearance
should not be too small, for the following
reasons:

e There is risk of radial preload, higher tem-
peratures and premature bearing failure.

e |t can cause difficulties in assembling the
compressor and risks damaging the
bearing.

o |f an interference housing fitis used the
housing seat may be ovalized due to the
effect of the press fit on the unsymmetrical
housing. This may increase the possibility
of preloading the bearings and cause diffi-
culties with the assembly.
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Radial internal clearance
ranges

The internal clearance specifications in cylin-
drical roller bearings are according to

IS0 5753 -1. The standard ranges of clear-
ance are the normal range and greater than
normal range (C3 suffix).

Additional clearances with a reduced
range are also available as non-standards.
The reduced clearance ranges use the lower,
middle, and upper half of the standard
ranges. For compressor applications, the
common reduced clearance ranges are CNM
and C3L. The CNM suffix denotes that the
half clearance range is centred on the mean
of the normal range. The C3L suffix denotes
that the clearance is the lower half of C3
range. Bearings with reduced clearance
range should be used for optimum rotor
positioning accuracy. The radial internal
clearance ranges in the SKF catalogue Roll-
ing bearings and the reduced clearance
ranges (CNM, C3L) are maintained even if

rings between bearings are interchanged
from different bearings. This is a unique fea-
ture of SKF EC design cylindrical roller
bearings.

Not all cylindrical roller bearing variants
(CNM, CNH, C3L, etc.) are currently in pro-
duction. Please contact SKF sales for details
on availabhility.

In the withdrawn clearance standard
DIN 620-4:1887-08 the clearance values
were slightly different and were shown as
“interchangeable” and “matched assembly”
values. Bearings having the old matched
assembly clearance are marked by the suffix
R, for example C3R. Table 2 lists the old and
current clearances.

Diagram 1
Bearing life as a function of radial clearance
Bearing life [h]
500 000
Operating clearance
450 000
400 000 /
/ Mounted clearance
350 000 ! \\
300 000 / \
/ \ Unmounted clearance
250 000 N\
I N\
] N
2000001/ N
I Y
I ~—
]
1500001 ~~
I \\
I
100 0001/
LJ
50 000
-20-15-10-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Radial internal clearance [um]

The dotted line indicates potentially unstable working conditions

akF



Cylindrical roller bearings

Table 2

Comparison of cylindrical roller bearing clearances according to withdrawn standard DIN 620-4:1987-08 and current ISO 5753-1

P
d 1S0 5753-1 IS0 5753-1 - common half ranges

over incl C2 CN C3 C4 CNM CNH C3L C3M

Hm = =

- 24 0..25 20...45 45...60 50...75 26...39 33..45 45..53 49..56
24 30 0..25 20...45 45...60 50...75 26...39 33..45 45..53 49..56
30 40 5..30 25...50 45..70 60...85 31..44 38...50 45..58 51..64
40 50 5..35 30...60 50...80 70..100 38..53 45...60 50...65 58..73
50 65 10...40 40...70 60..90 80..11 48...63 55..70 60...75 68...83
65 80 10...45 40...75 65...100 90..125 49...66 58..75 65..83 74..91
80 100 15..50 50...85 75..110 105..140 59...76 68...85 75..93 84..101
100 120 15...55 50...90 85..125 125...165 60...80 70...90 85..105 95..115
120 140 15...60 60..105 100...145 145..190 71..94 83..105 100..123 111..134
140 160 20...70 70..120 115..165 165...215 83..108 95..120 115..140 128..153
160 180 25..75 75..125 120..170 170...220 88..113 100..125 120..145 133...158
180 200 35..90 90..145 140...195 195...250 104..131 118...145 140...168 154..181
d DIN 620-4:1987-08 - interchangeable assembly DIN 620-4:1987-08 — matched assembly

over incl C2R CNR C3R C4R C2R CNR C3R C4R

pm = =

- 24 0..30 10...40 25,55 35...65 10...20 20...30 35...45 45..55
24 30 0..30 10...45 30...65 40...70 10...25 25...35 40...50 50...60
30 40 0..35 15...50 35...70 45...80 12...25 25...40 45..55 55..70
40 50 5..40 20...55 40...75 55..90 15...30 30...45 50...65 65...80
50 65 5..45 20...65 45..90 65...105 15...35 35...50 5575 75..90
65 80 5,55 25...75 55..105 75..125 20...40 40...60 70...90 90..110
80 100 10...60 30...80 65...115 90..140 25...45 45..70 80..105 105..125
100 120 10...65 35..90 80..135 105..160 25...50 50...80 95..120 120..145
120 140 10...75 40..105 90..155 115..180 30...60 60...90 105..135 135...160
140 160 15...80 50...115 100..165 130...195 35...65 65...100 115..150 150...180
160 180 20...85 60...125 110...175 150...215 35..75 75..110 125...165 165...200
180 200 25..95 65..135 125..195 165...235 40...80 80...120 140..180  180...220
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Roller bearings in twin screw compressors

Needle roller
bearings

Needle roller bearings are used in oil-injected
air and refrigerant compressors because of
their high radial load capability and compact
size. This can be an advantage in small com-
pressors, where space is limited. Needle
roller bearings are more sensitive to mis-
alignment then cylindrical roller bearings.
Compared to cylindrical roller bearings the
rollers (needles) are guided by the cage
instead of being guided by the flanges. This
limits the speed and can lead to higher noise
level. Needle roller bearings have separable
rings like the cylindrical roller bearings, but
can also be used without inner rings if the
raceways are made as per the specifications
below.

Needle roller bearings with special clear-
ances, cages or with higher precision have
limited availability. To avoid significantly
reduced bearing life, the angular misalign-
ment should be less than 1,0 minute.

Specifications for raceways
on shafts

e Hardness 58 to 64 HRC.

e Surface roughness Ra < 0,2 um or
Rz <1 pum.

¢ Roundness tolerance [T5/2.

e Material: bearing steel per AISI 52100 or
IS0 683-17. Other hardenable steels can
also be used, but will result in reduced
bearing life.

e Raceway diameter: contact SKF applica-
tion engineering service.
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Tapered roller
bearings

Tapered roller bearings are used in oil
flooded air screw compressors at the male
and female discharge positions, and accom-
modate both axial and the radial load.

(figs. 18 to 23, pages 24 to 25) . They can
also be used to support the input gear shaft
in both oil flooded compressors and high
speed dry air compressors. High axial and
radial load capabilities are the main features
of tapered roller bearings.
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Designs and features

Tapered roller bearings have tapered inner
and outer ring raceways and tapered rollers.
They are designed to accommodate com-
bined loads, i.e. simultaneously acting radial
and axial loads. The projection lines of the
raceways meet at a common point on the
bearing axis (fig. 4) to provide true rolling
and low friction between the raceways and
the rollers. The axial load carrying capacity
of tapered roller bearings increases with
increasing outer ring contact angle (fig. 5).
The size of the angle is related to the factorY.

Y=0,4cota

The value of Y can be found in the SKF cata-
logue Rolling bearings.

Tapered roller bearings

Separable bearings
Single row tapered roller bearings are sepa-
rable, i.e. the inner ring with roller and cage
assembly (cone) can be mounted separately
from the outer ring (cup).

Fig. 4

\

Fig. 5

The choice of a contact angle depends on the ratio axial to radial load
The larger the contact angle a, the higher the axial load carrying capacity.

Angle:

Medium

N
Q
/

Steep
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Roller bearings in twin screw compressors

Because of the tapered shape of the roll-
ers, the contact angles of the outer and inner
rings are not the same, resulting in a force
pushing the rollers against the inner ring
flange (fig. 6). The contact motion between
the roller end and the inner ring flange is a
combination of rolling and sliding. The
geometry of the roller end and the flange is
critical for the formation of a lubricant film
that reduces friction and wear. The friction
between the roller end and the flange causes
heat and limits the speed capability of
tapered roller bearings.

Because of the difficulty in lubricating the
roller/flange contact, SKF does not recom-
mend tapered roller bearings in refrigerant
compressors. This is especially difficult in
ammonia compressors but also in other
refrigerants, such as R-134a.

The SKF Explorer design of tapered roller
bearing is well suited for compressor appli-
cations. This design of tapered roller bearing
features logarithmic roller profile, low fric-
tion steel cage design, and optimized roller
end and flange profiles The SKF tapered
roller bearing is also available in the CL7C
execution. This bearing has optimized roller
end and flange geometry to reduce run-
ning-in wear. The SKF tapered roller bear-
ings are available in the common IS0 series.
The 313 series, having high contact angle is
well suited for the male thrust position in
compressor applications.

Allowable Misalignment

Similar to cylindrical roller bearings, tapered
roller bearings are somewhat sensitive to
misalignment. Operation under misalign-
ment reduces bearing life. The maximum
allowable misalignment is 2 to 4 minutes,
but limiting misalignment to less than 1,5
minute in screw compressors is recom-
mended. For detailed recommendations see
table 1, page 79. Misalignment is caused hy
bending of the rotor, positioning tolerances
of the radial bearing housings and
clearances.

In order to reduce sensitivity to misalign-
ment, inner rings have logarithmic profile
and the outer ring raceways are crowned.

66

Minimum load

Atapered roller bearing must operate with a
certain minimum axial load, which may be
applied by the compressor or produced by
the bearing mounted adjacent to it. The axial
load must be greater than

where

F, = total axial load on bearing [N]

F. = applied radial load [N]

Y = bearing axial load factor, according to
the SKF catalogue Rolling bearings

See also the SKF catalogue Rolling bearings
for additional details. If the axial force on the
bearing ring is too low, it may be necessary
to apply an additional force to the bearing
outer ring to prevent rotation relative to the
housing face. See the section Housing toler-
ances — bearings taking axial loads, page 41.
The face of the bearing can be slotted to
mate with an anti-rotation pin mounted in
the housing. This is a non-standard feature.

Fig. 6
Design and function of tapered roller bearings
Qe
QOf
Q. = Outer ring contact force
Q; = Inner ring contact force
Q¢ = Flange contact force
i
Fig. 7

Axial shift in the relative position of the inner and outer rings of tapered roller bearings after

mounting on a shaft with interference fit

After
mounting

Before

mounting

S =S3—Sp

s = Shift in standoff
s, = Standoff after mounting
s, = Standoff before mounting
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Mounting considerations

Because tapered roller bearings do not come
with a specified standoff between the inner
and outer rings, screw compressors fitted
with tapered roller bearings are relatively
complicated to assembile (fig. 7). Also,
tapered roller bearings have to be mounted
with an interference fit to the shaft. The
interference causes an axial shift of the outer
ring relative to the inner ring (fig. 7). This
shift can be considered when the rotor end
clearance is adjusted. The shift can be calcu-
lated with the formula below.

s=Yi

where

s = axial shift [um]

Y = bearing axial load factor, according to the
SKF catalogue Rolling bearings

i =interference between shaft and bearing
inner ring [um]

When a reverse thrust tapered roller bearing
is used, then the clearance between the two
tapered roller bearings must be adjus