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Abstract– Starvation is frequently encountered in rolling element bearings. The occurrence of starvation inhibits
the generation of pressure and hence results in reduction in film thickness. On the other hand, starvation is helpful
to suppress rolling friction and gross skidding of rolling bearings. This paper reviews some typical issues related
to starvation such as the generation mechanism of starvation, starvation criteria, lubricant replenishment, starved
grease lubrication and starved contacts with restricted oil feeding. The model of feed-loss balance determining the
starvation state in both model tests and full bearing tests is discussed. This paper may be useful for understanding
and controlling starvation in rolling contacts.
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pects of suppression in friction torque and gross skidding, partial starvation may be beneficial to bearing lubrication.
Lubricant starvation in EHL rolling contacts has attracted attention since the 1960’s. Over the past decades, persistently studies on starvation were conducted. In this paper, some typical work related to starvation such as the generation mechanism of starvation,
starvation criteria, lubricant replenishment, model and
full bearing tests of starvation and others will be reviewed. This work may be beneficial to better understanding of the mechanisms of starvation.

1. Introduction
In rolling element bearings, the contacts between rolling elements and raceways are lubricated by elastohydrodynamic lubrication (EHL) films. Basically, the
formation of EHL films is determined by the physical
parameters at the inlet zone [1, 2] such as lubricant viscosity, speed and inlet geometry. Given these parameters under sufficient lubricant supply, film thickness
can be well predicted with simple film thickness formulas [3-5]. Under fully flooded state, the inlet gap is
completely filled and the film thickness will no longer
rise with increasing lubricant amount, whilst churning
losses may continue to grow. However, if the inlet gap
is partially filled, the initial point of pressure formation
is shifted closer to the edge of the Hertzian contact.
This results in the hydrodynamic effect playing a role
in a more restricted area and thus in a reduction in film
thickness, a situation which is known as starvation.
Unlike under fully flooded conditions, EHL films in
starved contacts will be sensitive to the conditions of
inlet lubricant supply which are closely related to running speed, lubricant viscosity and lubricant feeding
methods. For instance, starvation is prone to be encountered in rolling bearings running at high speeds
[6], lubricated by grease [7], with restricted lubricant
feeding by oil mist [8] or oil-air [9] lubrication, or operating at low temperatures [10-12]. The presence of
starvation may eventually force the contacts into a severe situation where asperity contacts will take place
and the risk of failure e.g. by scuffing increases.
On the other hand, a restricted lubricant supply to the
inlet zone will inhibit reverse flow and subsequently
reduce rolling friction [13]. As Baly [14] observed in
grease lubricated bearing tests, the variations of friction torque against speed exhibited a regime where the
values were relatively lower. Correspondingly, the film
thicknesses at the same speed range were lower as
well, which was believed to be caused by starvation.
This suggests that moderate starvation can be helpful
in reducing bearing friction. In addition, the reduced
film thickness will result in a higher traction to suppress the gross skidding [15]. Therefore, from the as-

2. Generation mechanism of starvation
According to the Ertel-Grubin [1, 2] theory, the EHL
lubricating films are mainly developed in the inlet region. As shown in Figure 1, in fully flooded EHL contacts, the inlet convergent gap is fully filled by lubricant. The pressure will initially build up at an infinite
position far away from the edge of the Hertzian contact
region. For a given inlet gap geometry, by inputting the
dimensionless parameters of loading, speed and solid
material, the film thickness can be obtained through
film formulas [3-5]. However, if the lubricant amount
is not sufficient to fill the whole gap, the pressure will
start to develop at a limited distance from the edge, resulting in a starved contact. Under starvation conditions, characterized by the appearance of an oil-air meniscus ahead of the contact, film thickness will also be
a function of the oil amount supplied to the inlet. That
means, inlet lubricant supply is an additional input parameter. One of the methods to describe this parameter
is the inlet distance S from the oil-air boundary to the
contact edge [16], as shown in Figure 1. It should be
noted that pressure formation starts right at the position
of the oil-air meniscus. It is apparent that the closer the
meniscus approaches the contact, the thinner the film
thickness and the greater the degree of starvation.
Therefore, the inlet oil supply condition is a crucial parameter determining film formation.
During bearing operation, lubricant on the track
is displaced to both sides by the rolling elements due
to successive passages. Partial lubricant attached on
the boundary surfaces (h disc and h ball in Fig.1) in
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Figure 1: Fully flooded EHL and starved EHL

Figure 2: Equilibrium films and replenishment mechanisms (Greased contacts)

combination with the replenished lubricant, will converge at the inlet zone. The total lubricant amount determines the inlet boundary. In principle, the displaced
lubricant in the side bands [17] (in Figure 2), should
flow back to the rolling track due to a surface tension
gradient [18]. The reflow amount of lubricant from the
side bands can be predicted from a formula proposed
by Chiu
C 
  0 OA t
(Eq. 1)
2 0

air interface and t is the time interval between successive rolling element passages. It is clear that at high
speeds the time interval will be so short that the replenishment will be dramatically reduced. A similar situation occurs if the lubricant viscosity η0 is too high, e.g.,
when the lubricant, especially grease, operates at low
temperatures. The parameter of hside is usually determined by the amount of (external) lubricant charging.
hside will be much lower under restricted oil feeding
(e.g., oil mist or oil-air lubrication). Therefore, at high
speed, highly viscous oil and/or restricted oil feeding
conditions, the lubricant amount available will be less
than necessary to form a full EHL film, Although lubricant replenishment induced by capillary force contributes to the formation of side reservoirs [19], it only

C0 is a factor obtained from a computation depending
on the ratio of the contact radius a and the height of the
ridges hside. γOA denotes the surface tension at the oil-
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plays a local role. In essence, the degree of starvation
is determined by the balance between the loss of bulk
lubricant from the track and the lubricant replenishment adjacent to the track.

boundaries does not match the experimental observations. Moreover, when the inlet boundary reaches the
contact edge, numerical predictions will become not
available, limiting the utilization of this criterion to
moderate starvation conditions.

3. Starvation criteria

3.2. Inlet free boundary layer
Actually, in reality the inlet boundary is a free boundary. A new criterion considering free boundary conditions was developed by Chevalier [21] based on Elrod’s theoretical work [22, 23]. The main idea is to define a fractional film content θ which represents the ratio between the film thickness of the inlet oil layer hoil
and the gap height h. The complementarity conditions
are set as: 0 ≤ θ ≤1, p = 0 (starved part of the inlet
zone), or θ = 0, p > 0 (fully flooded part of the inlet
zone). A modified Reynolds equation used for starvation is expressed as

To quantitatively assess the onset and the degree of
starvation, different criteria have been defined to correlate the inlet conditions with the film thickness.
3.1. Inlet distance
The features of starved EHL contacts were first observed visually by Wedeven [16] via optical interferometry. Wedeven linked the inlet boundaries to the reduction in film thickness by defining the inlet distance
S as shown in Fig. 1, which can be expressed as
 h h  1  Rh0 
(Eq. 2)
S  b 0

a1 3
 1.21 
The variables of S, hb, h0 and a are also presented in
Fig. 1. Equation (2) indicates that the central film
thickness is a function of the position of the inlet meniscus. As the inlet meniscus approaches the Hertzian
contact circle, the film thickness will decrease. In
terms of the experimental data, Wedeven found that
hb/h0 ≈ 9 is the critical condition for the onset of starvation. Furthermore, Wedeven provided a semi-empirical formula to predict the starved EHL film thickness
23
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Thus the inlet boundaries can be determined automatically by calculations. Both the shape and location of
the inlet meniscus can be controlled. Using this
method, Chevalier [21] investigated the features of
starved EHL films by setting different distributions of
inlet layers such as a constant oil layer or a harmonic
oil layer.
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Using inlet distance as input parameter, Hamrock and
Dowson [20] numerically solved the starvation problem. The critical dimensionless inlet distances m* are
expressed as
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(Eq. 5)
Figure 3: γ as a function of

M L  0.14,0.22,0.35,0.63,1.00, r  1 [25]

where Hc,F and Hmin,F denote the dimensionless central
and minimum film thickness under fully flooded
states. Beginning from a dimensionless inlet distance
m  m , lubricant starvation will occur. By means of
the least-square curve fit method, the relationships between starved film thickness and that of fully flooded
film thickness are defined as

H c, S

 m 1 
 H c, F   
 m 1

M L for different ellipticities:

To link the evolutions of inlet layer and EHL films to
the number of overrollings, Chevalier [24] introduced
a parameter γ to reflect the resistance against side flow.
The relation between film thickness reduction and oil
layer available is established as


0.29

(Eq. 6)

r


1  r

(Eq. 9)

where  = Hc/Hcff denotes the dimensionless film
thickness reduction, while r  Hoil Hcff denotes the dimensionless oil thickness on the track. It is then possible to evaluate the film decay with the number of
passes n under the assumption of r(n) = (n-1). Thus,
(n) can be written as

0.25

 m 1 
(Eq. 7)
H min, S  H min, F  

 m 1
where Hc,S and Hmin,S denote the central and minimum
film thickness under starved conditions.
Although the inlet distance is a simple and direct criterion to describe the degree of starvation, the limitation
is that the value of inlet distance is difficult to determine in practice. Also, the assumption of straight inlet

(n) 
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film thickness prediction, and lubrication related bearing life [30].

The parameter γ is determined experimentally or can
be numerically obtained from plots of (n) = f(n).
Later, Damiens [25] obtained the parameter γ for different operating conditions. The influence of ellipticity
κ on the values of γ was also studied. Figure 3 shows
the variations of γ with M L , indicating the increase

3.4. Starvation degree model
Taking into account the lubricant replenishment induced by surface tension effects, Cann et al. [31] proposed a starvation degree model, which can be expressed as
 ua
(Eq. 11)
SD  0
hoil s
where σs denotes surface tension and hoil∞ is the oil
height in the vicinity of track. SD is the starvation degree. The influence of each parameter on film thickness was studied individually by keeping other parameters constant. From the value of SD, both the onset
and degree of starvation can be determined. Thus the
film thickness could be quantified under different operating conditions [31].

in γ with M L decreasing.
Obviously, this criterion describes a precise geometry
of the inlet meniscus and the starvation degree is physically determined.
3.3. Free surface thin layer flow
In rolling bearings, there are many factors such as cage
effects and centrifugal forces affecting the distribution
of the lubricant layer on the races. Van Zoelen et al.
[26] developed a free surface thin layer flow model using axisymmetric rotating surfaces. The effects of centrifugal forces on the surface flow of an oil layer were
analyzed in relation to the geometry of the raceway.
The general trend of layer decay under centrifugal effects was accurately predicted. The film thickness inside the starved EHL contacts was directly related to
the distribution of the layer on the track. Based on this
model, Van Zoelen et al. [27] developed an improved
model to predict the contact pressure-induced film
thickness decay for long-term operation without replenishment [28]. A central film formula was obtained
to predict the decay of starved film thickness. One feature of this model is that the reduction of film thickness
is a function of time, whereas according to the Chevalier-Damien model it is a function of number of rolling
element passages n. Moreover, it can accurately predict the decay rate for small values of r(n).

4. Lubricant replenishment
To maintain an acceptable inlet lubricant condition,
lubricant replenishment from two sides of the track is
expected. The replenishment process was first modeled by Chiu [18] who gave equation (1) to predicate
the replenishment amount. The replenishment behavior was later experimentally observed by Pemberton
and Cameron [17]. Figure 5 shows an oil reservoir
around the EHL contact, which presents a typical “butterfly” shape. At the rear of the contact, the lubricant
splits into two distinct side bands which will spread
due to the squeezing motion of the surfaces and surface
tension forces. The inlet boundary condition is determined by the balance between the rate at which oil is
entrained and the rate at which it is lost around the contact edges [17].

Figure 4: Layer variation across track at different times for
roller bearing 22317 [29]

Figure 5: Oil reservoir, contact and track (own work)

Extended work was carried out by Van Zoelen [29] to
model the oil loss from the track in a complete bearing
with multiple rolling element EHL contacts and with
the applied load to the rolling elements varying along
the circumference of the bearing. The results showed
that a bearing cannot sustain an adequate layer of base
oil on the running track unless significant replenishment takes place. Figure 4 shows the layer variations
across the track at different times for a spherical roller
bearing 22317. This model presents a new alternative
way to study and optimize lubricant migration, EHL

Chiu’s model was extended to oil-mist lubricated full
bearings by Olaru and Gafitanu [32, 33] who modified
the replenishment model according to the bearing geometry parameters. By considering the lubricant replenishment, the starvation criterion [20], film thickness reduction factor, and thermal factor [34], a good
agreement between test results and theoretical predictions was obtained.
However, one limitation of Chiu’s model is that the
side bands are assumed thick so that it is only suitable
for moderate starvation. In order to simulate extremely
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starved EHL contacts e.g., the parched EHL [35],
Guangteng and Spikes [27] proposed a disjoining pressure induced replenishment mechanism. The evolutions of film thickness with entrainment speed under
fixed oil amount of 1.5 g are shown in Figure 6. For
the curve of w = 70 N, the stage of rapid drop in film
thickness can be simulated by Chiu’s model, and the
stage at which the curve tends to level off can be predicted by the disjoining-pressure-driven flow model.

track. By imposing lateral vibrations on the main rolling direction, lubricant can be drawn back into the central track [46]. In light of the theory of free boundary
layer [24, 25], an oil layer was pre-formed by preceding contact and then was delivered into the contact to
be tested [47], thus the starvation degree can be controlled.

Figure 7: Enhancement of oil replenishment by wettablility
gradient (own work)

Figure 6: Evolutions of central film thickness with entrainment speed ue under different loads, PAO 40, oil amount
1.5 g (own work)

Later, Jacod et al [37] divided the replenishment mechanisms into an ‘out-of-contact’ mechanism and an ‘incontact’ mechanism. As shown in Figure 2, the ‘outof-contact’ reflow is generated due to the surface tension gradient and disjoining-pressure. The ‘in-contact’
reflow is induced by local capillary forces. The effect
of ‘in-contact’ reflow was verified experimentally by
observing the oil reservoir grow-up under stationary
contacts [37].
However, Gershuni et al. [31] found for fully lubricated bearings that the lubricant replenishment induced by surface tension was negligible, whilst the
centrifugal forces played a dominant role. Due to a
similar reason, the effect of centrifugal forces is primarily considered in Van Zoelen’s simulations [26].
Liang et al. [39] investigated the influence of centrifugal forces on oil reservoir distributions using a model
test device.
From the model tests, it was found that the critical
speeds beyond which progressive starvation will take
place [31], is far lower than those encountered in practice [40]. However, bearings can usually safely work
long periods, indicating that other mechanisms impact
lubricant replenishment. For instance, the spin effect
may transport lubricant back into the rolling track [41].
Damiens et al. [42] found that the cage clearance could
significantly affect the starvation response due to lubricant redistributions. Cann and Lubrecht [43] confirmed that due to the reduction in contact width under
unloading, the contact replenishment was improved. In
another work, Cann and Lubrecht [44] observed the
film recovery when the bearing is at a standstill.
Some approaches are utilized to artificially force
replenishment. Ali et al. [45] developed a lubricant
channeling unit to guide lubricant flowing back to the

Figure 8: Enhancement of oil replenishment by skewed surface flow (own work)

In the absence of an external aid, lubricant spontaneous replenishment is expected to maintain an acceptable EHL film. By creating a wettability step with
chemical coating at the two sides of a rolling track, a
robust lubricant replenishment was induced [48]. As
shown in Figure 7, the oil reservoir is enhanced remarkably by a wettability gradient. Apart from this, it
is found that if a gyroscopic effect is introduced, a side
slip effect increases the inlet distance [49] of the meniscus. Figure 8 shows that the inlet oil supply is improved when the surface velocities are skewed with respect to the rolling direction.

5. Starved grease lubrication
The majority of rolling element bearings is grease lubricated. However, the mechanisms of grease lubrication are much more complex than those of oil lubrication. The main reason is that, as a two-phase material,
the rheological properties of grease highly depend on
the shear situations. The base oil bleeding rate and replenishment behaviors are closely related to the grease
shear degradation. Other factors such as temperature,
centrifugal force and pressure also affect the base oil
bleeding rate. But there is a common belief that starvation prevails in grease lubrication. To acquire the information about grease lubrication both model tests
and full bearing tests are conducted. The purpose of
model tests is to explore the basic lubrication mechanisms, whilst full bearing tests are necessary for the
comprehensive evaluations of grease performance.
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Central film thickness, nm

5.1. Model tests
Ball-and-disc configuration is usually employed to
model the contacts between rolling elements and rings.
By this model test approach, the behaviors of grease
lubrication can be detected. Great efforts were invested
by Cann to reveal the grease lubrication mechanisms.
By observing the evolution of film thickness as a function of disc revolutions or time, Cann [50, 51] found
that film thickness was initially higher than that with a
corresponding base oil lubrication, but then dropped
rapidly. Eventually, an equilibrium film lower than that
with base oil, was reached. Similar observations are
shown in Figure 10. The initial higher film thickness
indicates that thickener particles are entrained into the
contact [52]. The drop of thickness is caused by progressive starvation due to the displacement of lubricant
from the track. The displaced lubricant does not readily reflow unless the yield stress is exceeded.
During the evolution process shown in Figure 9, grease
thickener particles are deposited on the rolling track.
With the test proceeding, more base oil is released due
to a breakdown of the thickener structures, but the released oil is also prone to be expelled from the contact.
Finally, a stabilized film is reached due to a flow balance. In some cases, film recovery at a final stage is
also found. This is mainly due to an increase in fluidity
of the base oil or worked grease caused by repeated
600

shear or elevated temperatures [53]. The evolution of
lubricating films determined by a flow balance is schematically given by Cann [53], see Figure 10. The film
thickness recovery at stage III is attributed to the improved local supply of lubricant to the contact area at
higher temperatures. Similar measurements were conducted by Hurley et al. [54] and Huang et al. [55]. In
the whole process, the flow balance is influenced by
the oil bleeding rate and the yield stress of the bulk
grease. The relationship between shear degradation of
grease and the amount of oil release is modeled by Mérieux
[56].

Figure 10: Flow balance in grease lubrication [53]

Grease
Base oil
ue = 96 mm/s
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0
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1200
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(a) Variations of film thickness with disc revolutions

(b) Images of grease and base oil films
Figure 9: Evolutions of grease lubricated contacts with disc revolutions (own work)

troscopy and optical interferometry. Both shear degradation and elevated operating temperature could facilitate the intermittent flow of worked grease and continued flow of base oil, which improves the lubricant
availability and hence contributes to the hydrodynamic
film component [58].

From her observations, Cann concluded that the
separating films were constituted by two components:
a residual film and a hydrodynamic component, which
can be expressed as
(Eq. 12)
h = hresidual + hEHL
The residual layer is a static layer on the track which
has been confirmed by Cann et al. [57] using IR spec-
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The mechanism of film formation is schematically described in Figure 11. Åström found that a primary reservoir at the sides of contact governed the lubricant replenishment [59]. The surface tension forces were
strong enough to extract base oil or grease with lower
soap content from the bulk grease. The size of the primary reservoir also depends on the grease charging
amount [60]. As shown in Fig. 12, for the smaller
amount of grease, the primary reservoir is also smaller
and the inlet distance diminishes. It is found that the
film thickness levels off and is speed independent, suggesting an equilibrium state. The curve for 50 mg is
elevated compared to that of 3 mg, indicating a higher
level of flow balance. With 200 mg, the starvation effect is to a certain extent counteracted by the effect of
centrifugal force on the grease reservoir located closer
to center than the track in a ball on disc set-up. Under
such starvation conditions, Cann [58] emphasized the
effects of capillary force on the local replenishment
and the resulting flow balance. It is apparent that a
large reservoir forms under 200 mg. But depending on

the shear situations at different speeds, the film thickness varies with speed.
The main drawbacks of model test comparing with full
bearing situations are the rather short time scale, lower
contact pressure, absence of spin effect, different feedloss balance mechanisms, different rolling-sliding
states, different effects of centrifugal force and different lubricant flow states [61, 62]. But the model tests
are beneficial to explore the basic mechanisms of
grease lubrication.

Figure 11: Composition of grease film in a bearing contact
(not to scale)

Figure 12: Influence of the amount of grease on the EHL films on the ball-on-disk apparatus [60]

film thickness drops with speed suggests that the bearing operates under moderate starvation state. Correspondingly, in the same speed range, the friction torque
also experiences a regime with lower values. The final
increase in friction torque with speed infers a severely
starved lubrication state is reached. Due to starvation,
unlike for full lubrication, there is no strictly positive
correlation between base oil viscosity on one hand and
film thickness resp. bearing friction torque on the other

5.2. Full bearing tests
Little work is conducted to assess the full bearing performance under starvation conditions. Using a full
bearing test bench, Baly et al. [14, 63] simultaneously
measured the film thickness via a capacitance method
and the friction torque in angular contact ball bearings
(7008C). The results of frictional torque and film
thickness are shown in Figure 13. The regime where
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hand. The minimum values of film thickness, and, correspondingly, of friction torqueses are encountered for
the base oil with the highest viscosity.

(A) Film thickness
(B) Friction torque
Figure 13: Test results using greases with different base oil viscosities [14]

Figure 14: Variations of film thickness and starvation-factor with speed [14]
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Figure 15: Comparison of moment between measurement and calculation with correction factor [14]

Figure 14 shows that, starting from moderate speeds,
the measured film thicknesses were considerably
lower than those predicted by the traditional EHL theory. In this example, the measured film thickness continuously decreased in a large speed scope from 3000
min-1 to 22,000 min-1. In order to characterize this discrepancy, a ‘Starvation-Factor’ was introduced by defining the ratio between the actual and theoretical film
thickness hmess/hEHD. It can be seen that this factor is an
exponential function of speed, which decreases from
2.5 to 0.2. It should be noted, though, that such a relationship is strongly history-dependendent and only
valid after reaching a certain maximum speed and
waiting for steady-state conditions at each speed where
a measurement is taken. Returning from periods with
high speeds, film thicknesses will at first be lower and
then will then recover to a certain extent when subsequently operating steadily at a lower speed. The higher
the maximum speed, the more pronounced this effect
will be. In contrast, when steadily increasing speed
with a freshly greased bearing, film thicknesses will at
first be higher for each speed and then slowly decay
when the bearing continues to run steadily at this
speed. Thus, the results presented in Figs. 12, 13, 14
and 15 are only valid for truly steady state conditions
and after reaching the individual maximum speed of
each test. It can be concluded that the real degree of
starvation depends on a sensitive equilibrium which
requires time to re-adjust after each change of conditions.
Furthermore, to characterize the starvation effects
on the friction torque, a rolling resistance correction
factor ΦFS was employed [64], which was originally
used for the calculation of oil-lubricated bearings. The
modified factor ΦFS links the real hydrodynamic friction torque to the uncorrected hydrodynamic friction
torque:
(Eq. 13)
MRoll red hyd = ΦFS ⋅MRoll voll hyd

where MRollredhyd and MRollvollhyd denote the real hydrodynamic friction torque and the uncorrected hydrodynamic friction torque. The factor ΦFS can be calculated
from
ΦFS

A


e

B


 40 nC L

(Eq. 14)

In equation (14), the coefficients A and B need to be
individually determined for each grease. CL is a bearing type specific factor, n the rotational speed and ν the
viscosity of the base oil at operating temperature. It is
interesting to note that a roughly linear relationship exists between hmess/hEHD and ΦFS. Obviously, the change
of inlet conditions brought about by starvation simultaneously reduces film thickness and, in the same way,
shear losses in the fluid before entering the parallel gap
in the contact.
Figure 15 compares the measured results with the calculated results corrected by ΦFS. It can be seen that the
calculated curve matches well with the measured curve
up to 17,000 min-1; beyond that speed the correction
function is no longer valid. Overall, it can be noted that
at low speeds the correction values are greater than 1
and at high speeds, significantly smaller than 1.The
“undulations” in the calculated curves are due to the
fact, that the measured bearing outer ring temperatures
were used to determine the base oil viscosities for each
speed which in turn formed one input for the calculations.
Baly’s work also showed that the number of balls – and
therefore the time between ball passages - affects the
film thickness in some speed ranges. Moreover, the full
bearing test results were compared with those of model
tests. Similar patterns of film thickness with speed
were found [63].
Cen and Lugt [65] also investigated the film thickness
behavior in full bearings, finding that all bearings run
in starvation. Similar to the findings in model tests they
also observed that during start up the films are usually
higher than the films expected for base oil lubrication,
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but decrease after a typical running time. Then the film
usually stays unchanged and even speed independent,
i.e., the starvation increases with higher speeds. Furthermore, Cen and Lugt [65] observed that the greases
with lower shear stability gave higher film thicknesses
than greases with higher stability films. This of course
does not mean that these greases are better suited as
the study did not investigate grease life [65].
Starvation seems more prone to occur at low temperatures due to high apparent viscosity and low bleeding
rate. At low temperatures, the grease will be subject to
high shear stresses even at low shear rates, which will
subsequently result in high start-up and running torques. Wikström [10] measured the starting and steady-

state friction torque of grease lubricated rolling bearings at low temperatures. The main conclusion is that
the base oil properties are important for starting and
running torques both at low and high temperatures.
Gerstenberger [11, 65] measured the friction torque at
continuously low temperatures over a long period of
time. It can be seen in Figure 16 after 150 hours; the
friction torque and the temperature at the inner-ring
flange begin to fluctuate considerably, indicating the
occurrence of starvation. Furthermore, the lubrication
state at the large roller ends was observed using UVinduced fluorescence technique. Figure 17 gives a series of roller ends pictures. In this way, the profiles of
grease can be plotted which provides direct evidence
of starvation.

Figure 16: Friction torque compared to the temperatures at the inner-ring flange (grey) and at the outer ring exterior surface
(black) (barium-complex soaped grease, Fax = 50 kN, n = 75 min-1, T = -15°C) [11, 65]

Figure 17: Pictures of a roller, each picture is separated by a period of 6 revolutions of the inner ring [11, 65]

Similar to lubrication states controlled by feed-loss
balance in model tests, this balance also exits in grease
lubricated full bearings. Booser [67] and Baker [68]
were the first to propose the feed-loss balance to clarify the mechanisms of grease lubrication. Based on the
results at low temperatures, Wikström [62] suggested
a new feed-loss balance as shown in Figure 18. Obviously, the mechanism of feed-loss balance in full bearings is more complex than that of model tests.

Figure 18: Suggested feed-loss balance [62]
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6. Starved contacts with restricted oil
supplying
Nowadays, high speed spindles are employed by machine tools to improve the surface quality of mechanical parts. Consequently, there is a requirement of
higher limiting speed of rolling element bearings.
Some conventional lubrication methods such as oil
bath, circulating oil and grease lubrication face challenges in such environments. Alternatively, the oil-air
lubrication technique which directly delivers fine
droplets to the rolling track by pressurized air has received attention [13]. However, the mechanisms of oilair lubrication are not fully explored yet. In oil-air lubrication, only a minute amount of oil is injected into
the bearings. It is actually a type of restricted oil supplying technique, which leads to a constantly starved
operation in the region of optimal friction torque. The
parameters of air pressure, tube length, oil feeding interval as well as the nozzle structures will affect the
distributions of droplet and hence lubrication state.
Fundamental studies under oil-air supplying were conducted by Liang et al. [69] who investigated the influence of the oil supply rate on the degree of starvation.
More fundamental work has been carried out numerically and experimentally to investigate the film formations under droplet feeding [70-72]. Figure 19
shows the numerical results of the passage of a single
droplet. It shows that the droplet is so small that it cannot fully spread and causes local surface deformation.
Most recently, van der Kruk et al. [73] employed droplet-on-demand printing as a novel method to precisely
control lubricant supply at a minimum level. In Figure
20, the film thickness evolution over time is presented.
With droplet feeding, the transition of lubrication state
from severe starvation to nearly fully flooded state can
be observed. The results provide a very strong incentive for further investigation of droplet-on-demand
printing as a method to achieve optimum (re)lubrication at minimum level in the realistic setting of a rolling bearing [73].

Figure 20: Image sequence of a contact that is lubricated
with a droplet supply frequency of 5 Hz. The entrainment direction is from left to right. Time develops in lexicographic
order from left to right [73]

7. Summary
This paper reviewed some typical issues related to starvation in rolling contacts. The starvation mechanism,
starvation criteria, lubricant replenishment, starved
grease lubrication and starved contacts with restricted
lubricant supply were introduced. The starvation degree is determined by a feed-loss balance which is encountered both in model tests and in full bearing tests.
Lubricant replenishment mechanisms induced by surface tension gradients, disjoining pressure and capillary force are distinguished by model tests. More complex sources of lubricant replenishment such as rolling
element spin, vibration, cage effect etc exist in full
bearings. These replenishment mechanisms contribute
to an available feed-loss balance level and thus starvation state. Full bearing tests have demonstrated that the
occurrence of starvation is beneficial to reduce friction
torque. This idea is shown in Figure 21 where an optimum range exists [69]. Within this range, the frictional
coefficient is as low as possible without causing mixed
friction and wear. That means the supplied amount of
lubricant and hence starvation degree should be precisely controlled. For grease lubrication, the oil bleeding behavior depending on the grease degradation, the
grease flow and distributions in rolling bearing should
be further explored. For oil-air lubrication method,
more fundamental knowledge about the influence of
the solid surface on droplet distributions, the design of
oil supplying structures and mechanisms of dynamic
film formation are to be acquired.

Figure 19: Numerical EHL pseudo-interference patterns
when an oil droplet passing through an EHL contact, lubricant: 5P4E, w =30 N, ue =10 mm/s, radius of the steel ball
=12.7 mm [70]

Figure 21: Variation of friction coefficient with κ [13]
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