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ABSTRACT
The film thickness decay of grease-lubricated bearings is determined by a loss of lubricant from
the bearing. One of these loss mechanisms is base oil evaporation. In this article, a model is pre-
sented for evaporation where the volatiles leave the bearing by breathing. The model is applied
to a typical drive cycle where the temperature is varied in time. The impact of the volatility of
base oils and quality of sealing on the evaporation losses can be quantified with this model.
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Introduction

Evaporation is a mass transfer process in which a material
from the liquid state will transform into a gaseous state
below the boiling point (1, 2). This is particularly relevant in
grease-lubricated bearings because of the limited volume of
oil in the “grease reservoir” that is available for lubrication.
Besides oxidation and leakage, evaporation is considered to
be one of the loss mechanisms that would have an impact
on the grease life in rolling bearings (3). The prediction of
the evaporation rate becomes particularly important for pre-
dicting the bearing performance at higher temperatures and/
or long times. After all, grease-lubricated bearings are run-
ning in starved lubrication conditions, where the film thick-
ness is determined by the availability of oil in the inlet.
Evaporation of lubricant is one of the mechanisms that will
have an impact on this. In addition, because the oil is usu-
ally a mixture of components having different properties,
unequal evaporation of oil components may also change the
properties of the oil such as the viscosity (4). The variation
in viscosity could lead to a change in the film thickness,
wear, and friction (4).

It is estimated that within a year, 1ml of mineral oil
could be lost per square centimeter if the oil is kept at 60

�

C and in a vacuum (5, 6). Therefore, many researchers have
been working on this topic, particularly those studying bear-
ings for space and hard discs.

In general, the evaporation rate of an oil layer will
depend on the oil layer film thickness, molecular weight,
and functional groups. Very often a pragmatic approach is
followed. To our knowledge, the first study on evaporation
loss of lubricants from bearings was conducted by Booster

and Baker (7) and Mahneke and Schwartz (8) in the 1970s.
They studied the evaporative loss from bearings with differ-
ent seals and used the empirical equation from Mahncke
and Schwartz (8):

E ¼ 1� exp � t
3600a

� �b
 !

, [1]

where E is the ratio of evaporated and original oil present in
the grease. a and b are parameters that depend on the tem-
perature, grease type, and experimental conditions, for
which the values had to be experimentally determined.
Booster and and Baker (7) tested the evaporation of grease
to predict the evaporation loss for 4,000 h. They found that
the evaporation becomes significant for petroleum greases
when the temperature is above 100

�
C. The evaporation loss

for silicone oils was not significant. Application of these
evaporation measurements to running bearings is not trivial.
For example, other than in bearings, which are sealed off,
their tests were conducted in an open, well-ventilated envir-
onment (9).

Evaporation also plays a role in modeling oxidation
where large molecular weight molecules are transferred into
low molecular weight molecules, which are much more vola-
tile, as modeled by Naidu et al. (10). The evaporation rate
in this work was estimated by a zero-order kinetic equation
and the evaporation rate constant was determined experi-
mentally. This rate constant was found to follow an
Arrhenius relationship with the temperature.

Other available models for the evaporation of oil were
developed specifically for magnetic recording systems. The
experimental studies on the lubricant depletion from the
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magnetic drive systems by Tagawa et al. (12, 13) have shown
that when the oil layer thickness is very thin—that is, on in
the order of thickness of a monolayer (12), so typically less
than 100 nm thickness—the vapor pressure will be attributed
to the disjoining pressure (14–17). This change of saturated
vapor pressure due to the disjoining pressure can be estimated
from the Gibbs-Duhem equation (15, 18). For thicker layers,
the influence of disjoing pressure can be disregarded; hence,
the evaporation loss can be estimated from TGA
measurements.

Although some inspiration can be obtained from these
models, using them without suitable adaptations for bearing
applications is not possible. For “normal” rolling bearing
applications, the oil layers are thicker than those of mono-
layers, so the evaporation from very thin layers will not be
addressed here. The evaporation rate can therefore be
assumed to depend on the surface area, temperature,
molecular weight, saturated vapor pressure, and vapor pres-
sure of the lubricant only. The vapor pressure depends on
the expulsion rate of evaporated products (volatiles). This is
determined by diffusion and by flow caused by “breathing
of the bearing.” Breathing is the process of a pressure-driven
flow, in and out of the bearing, caused by expansion and
shrinkage of air and volatiles inside the free volume of the
bearing, which is a result of the generation of volatiles itself
but also by temperature fluctuations. This breathing will
accelerate the evaporation of the base oil due to a reduction
of the concentration of volatiles inside the bearing. Volatiles

may also escape through the gap between the seal and inner
ring in the absence of a pressure drop. In that case, migra-
tion is caused by a concentration difference of volatiles
inside the bearing and outside the bearing. This can be
described as a diffusion process and can also be called
breathing. In this article, we will address all three processes.

General evaporation models for liquids

There are a variety of methods and theories that can be
used to calculate the evaporation rate of liquids. The com-
monly used methods are based on the kinetic, diffusion, or
mass transfer theories (19–21). In this section, these models
will be discussed briefly, followed by selection of the model
that will be used in our study.

Model based on kinetic theory of gas

In 1882, Hertz (22) came up with an equation for evapor-
ation using the classical kinetic theory of gases. He con-
cluded that “every substance will have a maximum
evaporation rate, which depends only on the temperature of
the surface and on properties of the substance” (21, 22). His
equation describes the relation between the molecular weight
of the liquid and the saturated vapor pressure as a function
of the temperature (22, 23). The evaporation rate can be cal-
culated from the frequency of collisions between the vapor
molecules and the liquid surface (21, 24).

Nomenclature

A Surface area for oil layers inside the bearing ½m2�
Agap Surface area of the gap between shield and inner

ring ½m2�
B Bearing width ½m�
b Shield thickness ½m�
C Concentration ½mol=m3�
Cv Concentration of volatiles ½mol=m3�
Ca Concentration of air molecules ½mol=m3�
d Bore diameter ½m�
Do Outer diameter of the bearing ½m�
D Diffusion coefficient ½m2:s�1�
E Ratio of evaporated and original oil present in the

grease [-]
K Mass transfer coefficient ½m:s�1�
m Molar mass ½kg=mol�
M Bearing mass ½kg�
N Evaporation mass flux ½kg=m2:s�
n Number of moles of gas [mol]
nv Number of moles of volatiles [mol]
nv, lost Number of moles of volatiles lost from the bearing [mol]
na Number of moles of air molecules [mol]
na, lost Number of moles of air molecules lost from the bear-

ing [mol]
p Pressure ½Pa�
patm Atmospheric pressure ½Pa�
pv Vapor pressure ½Pa�
pv, sat Saturated vapor pressure ½Pa�
pref , sat Saturated vapor pressure ½Pa�
t Time ½s�
T Temperature ½K�
Ta Atmospheric temperature (air outside bearing) ½K�
TA Arrhenius temperature ½K�

Tl Liquid-phase temperature ½K�
Tv Vapor-phase temperature ½K�
Tref Reference temperature for saturation pressure determin-

ation ½K�
Tr, ref Reference temperature for evaporation coefficient deter-

mination ½K�
R Gas constant ½J:mol�1:K�1�
V Volume ½m3�
Vb Free volume in bearing ½m3�
a Evaporation constant
b Evaporation constant
vv Mole fraction of volatiles vv ¼ nv=ðna þ nvÞ
va Mole fraction of air molecules va ¼ na=ðna þ nvÞ
g Dynamic viscosity ½Pa � s�
� Kinematic viscosity ½mm2=s�
r Evaporation coefficient
re Evaporation coefficient
rc Condensation coefficient
rref Reference evaporation coefficient
Dh Enthalpy of vaporization
DHobs Constant
DSobs Constant
d Diffusion length ½m�
qb Density of the bearing material ½kg=m3�

Subscripts
B Subscript denoting “breathing” by temperature increase -
diff Subscript denoting diffusion through the seal gap -
E Subscript denoting evaporation -
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The equation for the evaporation rate from Hertz was
further improved by Knudsen (27) (21, 23, 25) . He noticed
that the evaporation rate was over estimated by Hertz’s the-
ory. He argued that a molecule that hits the surface would
not necessarily condense but could also bounce back. The
evaporation rate will therefore always be lower than pre-
dicted from Hertz theory. To accommodate this, he intro-
duced evaporation and condensation coefficients in the
evaporation expression given by Hertz

N ¼
ffiffiffiffiffiffiffiffi
m
2pR

r
re

pv, satffiffiffiffi
Tl

p � rc
pvffiffiffiffiffi
Tv

p
� �

, [2]

where N is the evaporation mass flux, m is molar mass, R is
the gas constant, pv, sat is the saturated vapor pressure, pv is
the vapor pressure, Tl is the liquid phase temperature, and
Tv is the vapor-phase temperature. rc and re are condensa-
tion and evaporation coefficients, respectively, with values
ranging from 0 to 1. In practice, the liquid and vapor tem-
peratures will be almost identical, so Tl ¼ Tv ¼ T: Very
often (25,28,29), this equation is further simplified by
assuming re ¼ rc ¼ r, giving

N ¼ r

ffiffiffiffiffiffiffiffiffiffiffi
m

2pRT

r
pv, sat � pvð Þ: [3]

Here r is called the evaporation coefficient, sometimes also
referred to as the accommodation coefficient (25). In 2012,
Zhou et al. (18) experimentally showed that this evaporation
coefficient follows an Arrhenius temperature relationship
and proposed the following equation:

rðTÞ ¼ exp DHobs � TDSobsð Þ: [4]

Here DHobs and DSobs are constants. These are experimen-
tally determined and are not related to enthalpy and entropy
as suggested by their symbols (18).

Evaporation model based on diffusion theory

In the absence of convection, evaporation will be limited by
diffusion in the gas phase. This was addressed by Maxwell
in 1877 ( 26 , 30 ), who studied the evaporation of a station-
ary droplet . This process is referred to as “diffusion-con-
trolled evaporation” (30). The diffusion rate is usually
estimated using Fick’s first law (19, 20, 30). The following
relation was used by Karis and Nagaraj (21) to derive the
vapor pressure pv from the evaporation measurements in a
nitrogen environment:

N ¼ D
d

m
RT

� �
pv, sat: [5]

Here D is the diffusion coefficient and d is the diffusion
length. Note that this equation is quite similar to Eq. [3].
However, including a condensation term is not pos-
sible here.

Sometimes this diffusion equation [5] is further simplified
by replacing the ratio of diffusion coefficient and diffusion
length by a constant K, which is called the “mass transfer
coefficient” and the model a “mass transfer model.” This
model has been applied to “oil spill evaporation,” where the
evaporation of oil from very thin layers on water is calcu-
lated (31) :

N ¼ K
mpv, sat
RT

: [6]

Evaluation of the evaporation models

There are more models that can be used to predict the evap-
oration rate of oils, such as models based on the statistical
rate theory (25, 32), which are still under development and
are complex. These go beyond the scope of this article, in
which we will use an engineering approach.

To estimate the evaporation loss of base oil from grease in
a bearing, we have selected the Hertz-Knudsen model, Eq. [3].
This is because the surface speeds in a rotating bearing are
generally quite high and it is assumed that by perfect mixing
all evaporated molecules are distributed in a uniform manner
within the bearing volume and that there will be no concen-
tration gradients near the evaporation surface. This means
that the evaporation rates will not be determined by diffusion.
Because of these high speeds, the diffusion length (Eq. [5])
will approach zero. Applying the diffusion model would only
be appropriate for bearings running at very low speed.
However, in that case the temperatures are usually lower and
evaporation is therefore less relevant for those conditions.

Evaporation loss model for rolling bearings

Bearing configuration

The model that will be outlined here describes evaporation in
shielded bearings; that is, bearings that are sealed by noncon-
tacting seals. This means that there is a thin gap between the
seal and the inner ring; see Fig. 1. This gap may be closed by
grease or bled oil. This closure is very “fragile,” though. Even

Figure 1. Schematic representation of the bearing.
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though it is sealed by the grease, there will often be a very nar-
row gap that will allow some transport of volatiles from the
free volume of the bearing into the atmosphere.

Evaporation will take place from the surface of the grease
itself. After all, grease consists mainly (80–90%) of base oil. In
addition, it will occur from the very thin base oil layers that
are formed on the functional surface of the bearing by grease
bleed (33). The oil layers on the grooves and rolling elements
are sheared/overrolled, so it may be assumed that the surfaces
of these layers are regularly “refreshed.” Evaporated oil from
these layers will be replenished with bled oil from the grease.
The films are thin but sufficiently large (thickness on the
order of magnitude 0.2 lm) to neglect the effect of disjoining
pressure on the vapor pressure. Hence, it is assumed that the
total surface area inside the bearing is covered with a layer of
base oil or grease from where evaporation takes place. This
surface area, denoted here by A, can be calculated by taking
the sum of the surface areas of the inner ring, outer ring,
shield, and rolling elements. The dimensions that are needed
to calculate this for standard bearings can be found in rolling
bearing catalogs such as SKF (34).

Evaporation model

Evaporation will take place from the surface into the free
volume of the bearing, Vb, which can be approximated by
using the bearing mass and outside dimensions:

Vb ¼ p
4
B D2

o � d2
� ��M

qb
, [7]

where B is the bearing width, d is the bore diameter, Do is
the outer diameter, M is the mass of the bearing, and qb is
the density of the bearing material (qb ¼ 7, 800kg=m3 for a
full-steel bearing).

The evaporation rate is determined by the vapor pressure,
which is again determined by the concentration of volatiles
inside the free volume. Evaporation will increase the vapor
pressure and therefore decreases the evaporation rate.
Evaporation will stop once the vapor pressure in the free vol-
ume is equal to the saturated vapor pressure of the lubricant.

The free volume of the bearing Vb is filled with na moles
of “atmospheric molecules” and nv “volatiles” formed by
evaporation of the thin layers of oil, with surface area A,
formed by grease bleed in the bearing. Evaporation contin-
ues until the air is saturated; that is, when the vapor pres-
sure pv has reached the saturated vapor pressure pv, sat:

The number of molecules that are evaporating per unit of
time is calculated using the Hertz-Knudsen equation [3]:

dnv
dt

¼ r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2pmRT

r
pv, sat � pvð ÞA: [8]

The saturated vapor pressure, pv, sat, at temperature T, is cal-
culated using the Clausius-Clapeyron equation (33):

ln
pref , sat
pv, sat

¼ Dh
R

1
T
� 1
Tref

� �
, [9]

where pref , sat is the saturated vapor pressure of the oil at
temperature Tref and Dh is the enthalpy of vaporization.

Loss of volatiles from the bearing

Breathing mechanisms
Even in the absence of air flow through the bearing, the vol-
atiles that are formed in the interior of the bearing by evap-
oration may be lost from the bearing. This will happen
through the gap between the bearing seal and shaft. There
are three “breathing” mechanisms for this.

Evaporation increases the pressure, causing gas (airþ vo-
latiles) to flow out of the bearing. In our model it is
assumed that the temperature fluctuations are not “abrupt”
and that the resistance to gas flow through the gap between
the shield and inner ring can therefore be neglected. The
gas volume that is lost can then be calculated from the
growth of the gas volume caused by evaporation. In this
mechanism the flow is therefore only determined by expan-
sion and shrinkage of the air inside the bearing by evapor-
ation (or condensation), assuming a constant (ambient)
pressure. This mechanism is called here “expansion by evap-
oration” (EE).

The second cause of migration of volatiles is flow caused
by a pressure difference induced by temperature fluctua-
tions. This may result from variations of the operating con-
ditions in a bearing (such as load and speed), which will
lead to variations in frictional heat and therefore tempera-
ture. The increase or decrease of temperature will then cause
respectively “expansion or shrinkage” of the gas inside the
free volume. This effect is denoted here by “isobaric thermal
Expansion” (ITE).

The third mechanism is a loss of volatiles caused by dif-
fusion, driven by a concentration difference of volatiles
inside and outside the bearing. It is important to notice that
this is different from the diffusion model described in sec-
tion Evaporation model based on diffusion theory. This
effect is denoted here by “Diffusion” (D).

The model also applies to bearings that are sealed with
“contacting seals.” In that case diffusion can be neglected.
However, the other breathing mechanisms can still occur
due to the flexibility of the (usually rubber) seals.

Expansion by evaporation
The vapor pressure is the result of the pressure caused by
the evaporated molecules and is related to the number of
molecules following the ideal gas law (31):

pv ¼ nvRT
Vb

: [10]

Because the bearing is sealed by a noncontacting seal, the
total pressure is constant and equal to the atmospheric pres-
sure. So

patmVb ¼ nv þ nað ÞRT [11]

or

Vb ¼ nv þ nað ÞRT
patm

: [12]

Due to evaporation during a very small time interval dt, the
number of volatiles will increase with dnv. This leads to a
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virtual increase of the volume by

dV ¼ RTdnv
patm

: [13]

It is assumed that air and volatiles are well mixed. Hence,
the fraction of volatiles, or concentration, in volume dV is
the same as in volume Vb. The concentration of volatiles
and air read respectively:

Cv ¼ nv
Vb þ dV

� nv
Vb

[14]

and

Ca ¼ na
Vb þ dV

� na
Vb

: [15]

The lost numbers of volatiles and air therefore are

dnv, lost
dV

¼ Cv [16]

dna, lost
dV

¼ Ca: [17]

Substituting these in Eqs. [14] and [15] will result in the fol-
lowing equations:

dnv, lost
dV

¼ nv
Vb

[18]

dna, lost
dV

¼ na
Vb

: [19]

Replacing dV using Eq. [13] gives

dnv, lost
RTdnv
patm

¼ nv
Vb

[20]

dnv, lost
dnv

¼ nv
Vb

RT
patm

: [21]

So the evaporation loss flow rates read:

dnv, lost
dt

���
EE

¼ nv
Vb

RT
patm

dnv
dt

[22]

dna, lost
dt

���
EE

¼ na
Vb

RT
patm

dnv
dt

: [23]

Using the Hertz-Knudsen equation [8] then gives the fol-
lowing for the rate of lost volatiles:

dnv, lost
dt

���
EE

¼ nv
Vbpatm

r

ffiffiffiffiffiffiffiffiffi
RT
2pm

r
pv, sat � pvð ÞA: [24]

Note that condensation causes a decrease in the gas volume
and therefore does not lead to a loss of volatiles.

Isobaric thermal expansion
A change in temperature not only affects the evaporation
rate but will also cause a change in volatile content in the
free bearing volume. An increase in temperature will result
in “breathing out” and a decrease in temperature will result
in “breathing in.” Breathing out will lead to a loss of vola-
tiles. Breathing in will inhale the cold air from the

atmosphere and dilute the concentration of volatiles, lower-
ing the vapor pressure so that new evaporation can
take place.

Increase in temperature. Volatiles and air molecules are pre-
sent in the free volume of the bearing Vb. When the tem-
perature changes, this gas volume will change. When the
temperature increases with dT it expands with dV and will
not fit inside the bearing. Again, it is assumed that there is
no resistance to flow and this will therefore instantaneously
be outside the bearing. This volume dV will contain a num-
ber of molecules (air and volatiles) dn that can be consid-
ered as being lost. It is assumed that the ideal gas law
applies and that the total pressure remains equal to the
atmospheric pressure:

patm ¼ nRT
Vb

[25]

with

n ¼ na þ nv: [26]

Here nv is the number volatiles and na is the number of air
molecules. So when the temperature changes with dT, the
volume will change with

dV ¼ nR
patm

dT: [27]

With this change of volume, the concentration will change.
When the volume increases to Vb þ dV the number of mol-
ecules n will remain constant. This means that the concen-
tration now becomes

C ¼ n
Vb þ dV

: [28]

This concentration is uniform, so the number of molecules
leaving the bearing in volume dV by breathing will be

dnlost
���
ITE

¼ n
Vb þ dV

dV [29]

or

dnlost
n

���
ITE

¼ dV
Vb þ dV

� dV
Vb

: [30]

Combining Eqs. [27] and [30] gives

dnlost
n

���
ITE

¼ nR
patmVb

dT [31]

or

dnlost
dT

���
ITE

¼ n2R
patmVb

: [32]

So the number of molecules that are lost by increasing the
temperature depends on the number of molecules itself and
on the bearing free volume. With n ¼ na þ nv the lost num-
ber of volatiles nv can be calculated by

dna, lost
dT

���
ITE

þ dnv, lost
dT

���
ITE

¼ ðna þ nvÞ2R
patmVb

: [33]
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It is assumed that air and volatiles are perfectly mixed. The
mole fraction of air and volatiles in new virtual volume dV
will be equal to the mole fraction in Vb. Hence, we can use
the following equations to find the air and volatiles lost dur-
ing the breathing out process:

dnv, lost
dT

���
ITE

¼ vv
ðna þ nvÞ2R

patmVb
[34]

dna, lost
dT

���
ITE

¼ va
ðna þ nvÞ2R

patmVb
[35]

with vv ¼ nv=ðna þ nvÞ and va ¼ na=ðna þ nvÞ the mole
fractions of volatiles and air molecules, respectively. This
can be further simplified by substituting the values for vv
and for patm from Eq. [25].

dnv, lost
dT

���
ITE

¼ nv
T

[36]

and

dna, lost
dT

���
ITE

¼ na
T
: [37]

Decrease in temperature. If the temperature decreases with
dT, fresh air with volume dV, containing dna moles of air
molecules, is sucked into the bearing. In that case the vola-
tiles are not lost, as was the case with a temperature
increase, but the concentration will be reduced. More specif-
ically, at temperature T there were n ¼ na þ nv moles of
molecules. When the temperature is now decreased with dT
these will now be diluted by dna air molecules, originating
from a volume dV. Again, it is assumed that there is no
resistance to flow and this “breathing in” will therefore
occur instantaneously.

The reduction of volume applies to the bearing volume V
¼ Vb, filled with air and volatiles with total number of mol-
ecules n ¼ na þ nv (mol). It is again assumed that the ideal
gas law applies and that the total pressure is equal to the
atmospheric pressure. So at temperature T

patm ¼ nRT
Vb

[38]

with n ¼ na þ nv:
So when the temperature reduces with dT, the volume of

gas inside the bearing (that will be replaced by air from out-
side the bearing) will be reduced by

dV ¼ na þ nvð ÞR
patm

dT: [39]

This dV be filled with air molecules from outside the bear-
ing. The concentration of air molecules in air is

na
V

¼ patm
RTa

, [40]

where Ta is the temperature outside the bearing (ambient
temperature), which can be considered constant.

Hence the “inhaled” number of air molecules reads

dna ¼ patm
RTa

dV: [41]

With Eq. [39] this gives

dna ¼ patm
RTa

na þ nvð ÞR
patm

dT [42]

or

dna
dT

¼ na þ nv
Ta

, [43]

with na the air molecules inside the bearing volume Vb.

Diffusion of volatiles through the seal gap (D)
The volatiles from the bearing can also leave the bearing
through the narrow gap between the shield and the bearing
inner ring by diffusion. This is not pressure driven but con-
centration driven and can be estimated using Fick’s first law,

dnv
dt

���
D
¼ �AgapD

dc
dx

, [44]

where dnv is the change in number of volatiles in the bear-
ing, Agap is the surface area of the gap, D is the diffusion
coefficient, and dc

dx is the concentration gradient of the vola-
tiles in the gap in the axial direction. Again the concentra-
tion of volatiles can be calculated using the ideal gas law:

C ¼ pv
RT

: [45]

The concentration is assumed to be constant in the bearing
volume and linear in the shield gap, going to zero outside of
the bearing. With a shield thickness b and substitution of
Eq. [45] into Eq. [44] this gives

dnv
dt

���
D
¼ �AgapD

pv
bRT

¼ �AgapD
nv
bVb

: [46]

The lost number of volatiles by diffusion through the shield
gap then reads:

dnv, lost
dt

���
D
¼ � dnv

dt

���
D
: [47]

The diffusion coefficients in gases are commonly estimated
using Chapman-Enskog theory (19). The simplified form of
this equation for the diffusion of oil vapors into the nitrogen
atmosphere is given by Karis and Nagaraj (20):

D ¼ 3:55� 10�9
�
0:0357þ 1

m� 1000

	1
2
T

3
2, [48]

with m the molar mass (kg/mol) and T the temperature (K).

Summary of the evaporation loss model

Due to evaporation, the number of volatile molecules (nv) in
the bearing increases and the number nv, lost leaves the bear-
ing by thermal expansion and diffusion.

At each point in time the change in the number of vola-
tiles in the bearing is calculated using
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dnv
dt

¼ r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2pmRT

r
pv, sat � pvð ÞA, [49]

where r can be estimated by,

r ¼ rref 2
T�Trref

Ta : [50]

The saturated vapor pressure can be calculated from

ln
pref , sat
pv, sat

¼ Dh
R

1
T
� 1
Tref

� �
: [51]

The vapor pressure inside the bearing can be calculated
from

pv ¼ nvRT
Vb

: [52]

The total amount of volatiles leaving the bearing is deter-
mined by ITE, EE, and D through the seal gap:

dnv, lost
dt

¼ dnv, lost
dT

���
ITE

þ dnv, lost
dt

���
EE

þ dnv, lost
dt

���
D
: [53]

For ITE, there is a difference between a temperature
increase and decrease. When there is a temperature increase,
dT> 0,

dnv, lost
dT

���
ITE

¼ nv
T
, [54]

and for a temperature decrease, dT � 0,

dnv, lost
dT

���
ITE

¼ 0: [55]

For EE there is difference between a positive and a negative
dnv=dt, as calculated in Eq. [49]. If dnv=dt >0, then

dnv, lost
dt

���
EE

¼ nv
Vbpatm

r

ffiffiffiffiffiffiffiffiffi
RT
2pm

r
pv, sat � pvð ÞA, [56]

For a negative flow, when dnv=dt � 0,

dnv, lost
dt

���
EE

¼ 0: [57]

Finally, the volatiles lost by diffusion are given by

dnv, lost
dt

���
D
¼ �AgapD

nv
bVb

, [58]

Evaporation measurements

The evaporation model parameters from the Hertz-Knudsen
equation [3] were measured using a thermogravimetric ana-
lyzer, on polyalphaolefin (PAO) oils with kinematic viscos-
ities of 31, 47, and 63 cSt at 40

�
C. A droplet of oil was put

in the ceramic pan where it was distributed evenly.
Measurements were carried out at 80, 100, 120, 140, 160,
and 180

�
C in a nitrogen atmosphere for 3 h. As mentioned

above, the temperature dependence of the evaporation flux
follows an Arrhenius behavior. Instead of using the original
formulation from Zhou et al. (18), Eq. [4], we will use a
more convenient formulation that is commonly used in
grease life models (3):

r ¼ rref 2
T�Tr, ref

TA , [59]

where rref is the evaporation coefficient at temperature Tr, ref

and TA, an Arrhenius temperature.
The evaporation coefficients are shown in Fig. 2. It can be

seen that the evaporation coefficient increases exponentially
with increasing temperature. The estimated parameters for all
tested oils are listed in Table 1. Using these values we can esti-
mate the evaporation rate of these oils at any temperatures.

Simulation results

Configuration and simulation drive cycle

All calculations will be done for a single bearing. Studying the
effect of bearing type and bearing size goes beyond the scope
of this article. We selected a 6209-2Z bearing and the three
PAO oils for which the parameters are given in Table 1. An
arbitrary temperature drive cycle was used where the bearing
was run at 150

�
C for 10 h and at 70

�
C for 10 h. This cycle

was repeated for 2 years. Other relevant parameters are listed
in Table 2. To study the effect of different evaporation loss
mechanisms, simulations were run, showing not only the total
loss but also the separate loss of volatiles by volume expansion
by EE, ITE, and D.

Figure 2. Evaporation coefficient for the PAO oils listed in Table 1.

Table 1. Oil evaporation parameters.

Parameter PAO 30 cSt PAO 46 cSt PAO 68 cSt Unit

Tr, ref 413 433 433 K
rref 3:73� 10�4 9:55� 10�5 7:27� 10�5

TA 25.8 13.7 19.1
Dh 14,603 21,908 27,450 J
pref 0.1347 0.2133 0.2266 Pa
Tref 366.3 421.9 421.9 K
m 0.554 0.629 0.69 kg=mol

Table 2. Relevant parameters for the 6209-2Z bearing.

Sample no. Parameter Value Unit

1 Surface area of evaporation 0.0166 m2

2 Free volume 1.57� 10– 5 m3

3 Gap between the shield and inner ring 0.275 mm
4 Shield thickness 0.33 mm
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The significance of the various loss mechanisms

To study the significance of the various loss mechanisms,
the cycle as defined above was run for various cases, where
in all cases the base oil in the bearing was evaporating and
could escape from the bearing by means of EE, ITE, or D.
Only PAO 46 oil is considered.

Loss of volatiles only by isobaric thermal expansion
Figure 3 shows the variation of temperature, vapor pressure,
remaining oil, and evaporation rate for the selected temperature
cycle. Only the first two cycles are shown. At the beginning of
the cycle, the vapor pressure is zero, so the oil starts to evaporate.
This increases the vapor pressure inside the bearing and the
evaporation rate gradually decreases. After 10h, the temperature
increases to 150

�
C, leading to a loss of volatiles by ITE and a

reduction of the remaining oil in the bearing. It also leads to a
higher saturation vapor pressure, resulting in a sudden increase
in evaporation. The vapor pressure again starts to increase in the
bearing and reaches the saturated vapor pressure. After 10h, the
temperature drops to 70

�
C. Fresh air is sucked into the bearing,

which reduces the concentration of volatiles. The lower tempera-
ture also reduces the saturated vapor pressure of the oil, resulting
in condensation. This leads to a gradual decrease in the vapor
pressure until it reaches the saturated vapor pressure where the
condensation stops. When the temperature subsequently rises to
150

�
C again, volatiles escape by “breathing out” (ITE), reducing

the remaining oil in the bearing. Moreover, it increases the satu-
rated vapor pressure, leading to evaporation again. This cycle
repeats itself for 2 years. We can observe that at both low and

high temperatures, the vapor pressure reaches the saturated
vapor pressure quickly. This is because we assumed in this sec-
tion that the volatiles can escape from the bearing only during an
increase in temperature.

Loss of volatiles by volume expansion by evaporation
This section describes the volatiles that will escape from the bear-
ing during evaporation by a virtual expansion of the gas volume
caused by an increase of volatile molecules while keeping the
pressure constant, p ¼ patm: ITE and D are not considered here.
The variation in vapor pressure, evaporation rate, and loss of vol-
atiles when only this mechanism is considered are shown in Fig.
4. Volatiles escape from the bearing throughout the considered
time period but the loss is more pronounced when the tempera-
ture changes. This is due to the large difference in vapor pressure
and saturated vapor pressure when the temperature increases.
The figure also shows that the loss induced by this mechanism is
very small compared to the loss due to other mechanisms.

Loss of volatiles by diffusion
To estimate the diffusive losses, we have to define the area
of the gap between the shield and the shoulder. Usually, this
gap is filled with grease that partially or completely closes
the gap. The actual area depends on the type of grease, seals,
temperature, load, time, and other operating conditions. It is
difficult to predict the exact value of this area at this point,
and it is beyond the scope of this article. Hence, we consid-
ered two extreme possible conditions; that is, a gap areas of
0.01% and 100% of the total area between the shield and the

Figure 3. The variation in evaporation rate, oil remaining in the bearing, vapor
pressure, and temperature cycle with only ITE as a loss mechanism.

Figure 4. Response to a variation in temperature with only EE as a
loss mechanism.
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inner ring shoulder. For simplicity, from here onwards, the
percentile area is denoted by a prefix. The variation of evap-
oration rate, oil remaining, and vapor pressure are shown in

Fig. 5. Unlike losses caused by ITE, the diffusion losses are
continuous. When considering an area of 0.01%, the vapor
pressure inside the bearing is always nearly equal to the

Figure 5. Response to a variation in temperature when only the diffusive loss mechanism (D) is considered. (a) 0.01% of the shield gap is open and (b) shield–inner
ring gap totally opened.

Figure 6. Response to a variation of temperature when all loss mechanisms are included. (a) 0.01% of the shield gap is open and (b) shield–inner ring gap
totally opened.
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saturated vapor pressure and the loss of volatiles is the same
order of magnitude as for ITE. The evaporation rate shows
a sudden short increase when the temperature increases due
to an increase in the saturated vapor pressure. Because of
the very small gap, hardly any volatiles can escape and the
vapor pressure will therefore increase quickly, leading to a
very low evaporation rate. By contrast, when the shield gap
is 100% open, the diffusive losses are four orders of magni-
tude larger, leading to a continuous low vapor pressure. The
vapor pressure never reaches the saturated vapor pressure,
leading to continuous evaporation and therefore to a much
higher evaporation loss.

Loss of volatiles by considering all three loss mechanisms
Figure 6 shows the evolution of vapor pressure, volatiles, mass
loss, and evaporation rate when losses induced by all three
mechanisms are considered. Here, the loss induced by diffusion
is calculated for both 0.01% and 100% shield gap openings. It
can be noticed that for 0.01% and 100%, the oil loss and the
evaporation rate is clearly different, not only when the tempera-
ture changes but also for the time periods when the tempera-
ture is constant. When the seal gap is 100% open, as explained

in the previous section, diffusive losses dominate. When the
gap is almost closed, all three loss mechanisms should be taken
into account. These results also show that for a very good sealed
bearing, evaporation losses are small but both diffusive losses
and ITE are on the same order of magnitude. However, the
sealing quality is clearly the most important factor for prevent-
ing losses by evaporation. Note that the evaporation losses are
very significant with a totally opened gap.

Impact of the different loss mechanisms on the total
oil loss

The variation in vapor pressure, flow rate, and oil loss a
shown in Figs. 3, 4, 5, and 6 for different mechanisms for a
few cycles. Figure 7 shows the influence of different loss
mechanisms on the oil lost from the bearing in 2 years; that is,
after the full drive cycle. It was assumed that 30% of the free
volume of the bearing is filled with grease for which the oil
content is 85%. Again two cases are shown with shield–inner
ring gap openings of 0.01% and 100%. For an almost closed
gap (i.e., 0.01% gap opening), both diffusion and breathing
effects give a comparable contribution to the total evaporation
rate. However, for the 100% opened shield gap, the diffusion

Figure 8. Effect of gap opening on the oil loss. All three loss mechanisms are
taken into account.

Figure 9. Oil loss at different temperatures after 2 years of drive cycles, where
the bearing is running for 10 h at 70

�
C and 10 h at temperatures ranging from

75–150
�
C.

Figure 7. Percentage oil lost after 2 years by considering different loss mechanisms where “Total” refers to “including all mechanisms” (EEþ ITEþD). (a) almost
closed shield–inner ring gap and (b) open shield–inner ring gap.
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loss is 71.5% and all losses combined add only 0.001%, so
clearly the diffusive losses dominate in that case.

Impact of the quality of sealing

Figure 8 shows the effect of sealing by varying the gap between
the shield and the inner ring with 100, 80, 60, 50, 20, 1, and
0.01%. The effect of the gap opening was been studied by con-
sidering all the loss mechanisms. The oil loss is lower than 1%
for up to a 1% gap. When the 20, 40, 50, 60, 80, and 100%
opening is considered the loss is 16.7, 31.6, 38.7, 45.6, 58.9, and
71.5%, respectively. It is interesting to see that the losses could
be as high as 71.5% if the bearings are not sealed efficiently.
The most extreme case would be an open bearing without
shields. Any volatiles will be expelled from the “bearing vol-
ume” immediately and the vapor pressure will always be zero,
leading to an evaporation rate that is only dependent on tem-
perature (see Eq. [3]). The loss of oil during this situation is
100% for the 2-year cycle.

Impact of temperature

To study the impact of temperature, a 10% shield gap open-
ing was selected. Figure 9 shows the evaporation after 2
years for different drive cycles, each with the same min-
imum temperature of 70

�
C but now with different max-

imum temperatures. The maximum temperatures vary from
75 to 150

�
C. It can be seen from this figure that the oil loss

is exponentially increasing with increasing temperature. This
behavior is due to an exponential increase in the saturated
vapor pressure and evaporation coefficient of the oil. We
can see that for the same shield gap opening, oil loss at 75

�

C is 2.4%, increasing to 8.7% at 150
�
C.

Conclusions

The Hertz-Knudsen equation was selected to estimate the
evaporation rate of base oil from grease inside bearings. It
was shown that three mechanisms control the flow of vola-
tiles out of the bearing: EE, ITE, and D through the gap
between the shield and inner ring. The model was applied
to a shielded ball bearing undergoing an arbitrary selected
temperature drive cycle. Here the loss by diffusion through
the gap between the shield and inner ring is the dominating
loss mechanism if this gap is not blocked by grease. For an
almost closed gap, the frequency of temperature fluctuations
in the bearing dominates the oil loss. Losses by evaporation
will be higher in the case of high operating temperatures
and high frequencies of temperature fluctuations and are
related to the evaporation rate of the base oil and the quality
of the bearing sealing. These conclusions suggest that con-
tacting seals (with a 0% gap opening) are always preferred
to reduce evaporation losses. However, such seals generate
heat, which increases the temperature, leading to higher
evaporation losses. Ideally, the grease itself should close the
gap between the shield and inner ring.

Oils with low molecular weight molecules, which typically
have a high saturation pressure, will show high evaporation

losses. The examples that were selected here were extreme cases.
Oxidation of the base oil will have a major effect on the results
here and the selected example is therefore only illustrative.
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